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Background: Intracranial aneurysmal subarachnoid hemorrhage (aSAH) is a dangerous and highly fatal 
condition if ruptured. Significant advances have been made in the treatment of unruptured intracranial 
aneurysms (UIAs), but risk assessment methods for early diagnosis of intracranial aneurysm (IA) rupture 
remain limited.
Methods: The datasets of IA GSE13353, GSE15629, and GSE54083 were downloaded through the Gene 
Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) in unruptured and ruptured 
aneurysms were identified by R software using methods such as gene set enrichment analysis (GSEA) and 
weighted gene co-expression network analysis (WGCNA). Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis were performed on the DEGs, and logistic regression 
models were used to construct a prediction model to discriminate UIA from healthy samples. We then 
performed GSEA on the genes in the model, followed by model validation using the GSE54083 dataset. 
Finally, we used the single-sample (ss)GSEA method to investigate the relationship between the diagnostic 
model genes and immune cells and immune function.
Results: A total of 79 DEGs were obtained in patients with IA rupture compared to unruptured controls. 
The results of KEGG and GO enrichment analysis showed that neutrophil activation is involved in immune 
response, neutrophil mediated immunity, and positive regulation of angiogenesis. Interestingly, the results 
of immunoassays demonstrated that the break in IA may be associated with immune T cells. We used 
DEGs and WGCNA to determine common genes. The logistic regression model was trained based on 24 
intersecting genes, and eventually retained 2 genes, KIAA0226L and UPP1, which we found to be reliable 
using the validation set, and GSEA revealed that the diagnostic model was associated with the Hippo 
signaling pathway and vascular smooth muscle contraction, and viral protein interaction with cytokine and 
cytokine were also associated. Finally explored using the CMap database, Tivozanib could be a potential 
small molecule drug for the treatment of ruptured intracranial aneurysms (RIAs).
Conclusions: We identified new diagnostic genes associated with IA rupture, which may provide a new 
way of aneurysm diagnosis.
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Introduction

Intracranial aneurysms (IA) are a group of vasculogenic 
diseases caused by abnormal dilatation of the arterial wall 
due to damage of the elastic membrane and disruption of 
the media within the arterial wall resulting in a reduction 
of local structural integrity. The pathological process of 
IA formation, progression, and rupture is still unknown. 
According to current studies, immune inflammation plays 
an important role in the molecular pathology of IA (1,2), 
where various risk factors cause accumulation of immune 
cells such as macrophages and immune-related molecules 
leading to intracranial vascular endothelial damage and 
extracellular matrix (ECM) disruption and remodeling (3).  
This  leads to dysregulat ion of  the local  vascular 
microenvironment and triggers activation and cascade 
amplification of inflammation in the vessel wall. To date, 
the role of immune cells and immune-related pathways 
and molecules including on IA has only been partially 
discovered. The current novel therapeutic modalities of 
molecular targeted therapy combined with drug scaffold 
technology offer new hope for the advancement of IA 
treatment. In animal experiments, local immunomodulatory 
therapies based on various cellular or molecular targets have 
been shown to effectively promote neurovascular lesion 
repair (4-6). With these explorations and developments 
regarding the physiopathological mechanisms of IA, there is 
a deeper need for potential molecular targets for IA as well 
as new modalities of treatment.

Aneurysmal subarachnoid hemorrhage (aSAH) caused 
by IA rupture is now classified as a subtype of stroke, 
although SAH accounts for only 3% of all stroke subtypes. 
It is also more rapidly progressive and intracranially 
destructive. However, the morbidity and mortality of 
aSAH are considerable (7), with an average age of onset 
of approximately 50 years, the incidence of IA rupture 
occurring approximately 9.1 times per 100,000 per year, 
and 40% of patients dying within the first few days to 
weeks after aSAH. Even after treatment, more than 46% 
of survivors experience disability or long-term cognitive 

impairment due to multiple complications (8), and only 5% 
of patients will resume a life not significantly different to 
that before the onset (9). Since cerebral hemorrhage after 
IA rupture is a major cause of poor patient prognosis (10), 
yet few clinical symptoms precede IA rupture, early and 
accurate screening for pre-rupture IA can provide patients 
with more time for anticipatory treatment.

The main clinical screening tests for IA are computed 
tomography angiography (CTA) and magnetic resonance 
angiography (MRA), which are non-invasive tests that 
require three-dimensional (3D) modeling to accurately 
depict the morphology of the cerebral blood vessels, yet 
CTA and MRA are more time-consuming. The gold 
standard for the diagnosis of IA is cerebral angiography, 
which requires an experienced clinician to perform, 
despite some discoveries of diagnostic markers in IA, their 
exploration has been limited. Therefore, there is a need to 
further search for valuable biomarkers that can be used for 
IA screening in a convenient and inexpensive manner.

To address these considerations, we used the GSE13353, 
GSE15629, and GSE54083 datasets from the Gene 
Expression Omnibus (GEO) database, which include 19 
unruptured intracranial aneurysms (UIAs) and 27 tissue 
samples of ruptured intracranial aneurysms (RIAs), to 
construct and validate potential diagnostic marker genes 
for RIAs. We further explored the relationship between 
these diagnostic markers and immune cells, finally we also 
used the Connectivity Map (CMap) database to explore 
possible small molecule drugs for the treatment of RIAs 
and used molecular docking to validate the reliability of 
these drugs in relation to the diagnostic genes. Overall, 
this study characterizes the reliability of the diagnosis of IA 
and the development of related drugs, providing attractive 
genetic signatures for ancillary diagnosis and rupture 
prediction, contributing to mechanistic understanding and 
accurate diagnosis and treatment of IA. We present the 
following article in accordance with the STREGA reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-4068/rc).
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Methods

Data download

We performed a search for IAs through the GEO database 
and selected data on RIAs and UIAs by filtering and 
downloading GSE13353 (containing a total of 11 RIA and 
8 UIA specimens), GSE15629 (which contained 8 ruptured 
and 6 human UIAs and 5 RIAs), and GSE54083 (gene 
expression levels were determined in 8 RIAs, 5 UIAs, and  
10 superficial temporal arteries), and downloaded the 
relevant platform data separately for subsequent analysis. The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013).

Data processing and DEG screening

We first annotated the above downloaded data using perl, 
then normalized and merged the annotated GSE13353 
and GSE15629 data using the limma and sva packages of 
R software (The R Foundation For Statistical Computing, 
Vienna, Austria), and finally used the limma package for 
screening of differentially expressed genes (DEGs) in 
ruptured aneurysms with the following screening criteria: 
log fold change (FC) ≥1, adjusted P value <0.05.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis of DEGs

We took the obtained differentially expressed ruptured 
aneurysm genes and visualized the results using the R 
software packages clusterProfiler and org.Hs.eg.db for GO 
and KEGG enrichment analysis of clusters (11) and the 
ggplot2 package for visualization of the results. All DEGs 
were classified into three categories: biological process (BP), 
cellular component (CC), and molecular function (MF). 
The KEGG (https://www.kegg.jp/kegg/pathway.html) was 
used to predict the metabolic pathway classification and the 
results were presented using the ggplot2 package.

Protein-protein interaction (PPI) network construction

The Search Tool for the Retrieval of Interacting Genes/
protein database (STRING; https://string-db.org/) was 
used to obtain interaction information for proteins with a 
combination score >0.4, which is 0.4. The CytoNCA plugin 
in Cytoscape software (version 3.8.2; https://cytoscape.org/) 
was used to visualize the network.

Weighted co-expression network construction

We used the weighted gene co-expression network analysis 
(WGCNA) R package (12) to analyze normalized data 
for GSE13353, GSE15629 combined to construct co-
expression networks of RIA samples and UIA samples. We 
selected the 25% of genes with the highest variance, and the 
2 WGCNA analyses involved 19 RIA samples and 19 UIA 
samples, respectively. Neighbor-joining matrices storing the 
information of the whole co-expression network were built 
based on Pearson correlation matrix. A topological overlap 
measure matrix was obtained from the adjacency matrix to 
detect the gene modules of the co-expression network. The 
WGCNA converted the adjacency matrix into a topological 
overlap matrix (TOM) based on a soft threshold power. 
Subsequently, the genes were divided into different modules 
using the TOM-based phase dissimilarity measure. We set 
the minModuleSize and mergeCutHeight cutoff thresholds 
to 30 and 0.25, respectively.

Screening of diagnostic genes

We took the intersection of the most relevant modular 
genes and DEGs with clinical features, combined them with 
GSE13353, GSE15629 for normalized data, constructed 
least absolute shrinkage and selection operator (LASSO) 
models using the glmnetR package, and validated the 
diagnostic models using GSE54083 annotated post data. 
The accuracy of the models was validated separately using 
the pROC package.

Single-sample gene set enrichment analysis (ssGSEA) 
single gene and immune infiltration analysis

To understand the immune microenvironment of 
RIAs, we quantified immune infiltration and associated 
immune functions by single-sample gene set enrichment 
analysis (ssGSEA), which calculates an enrichment score 
representing the level of immune cell infiltration and 
immune-related pathway activity (13). The ggplot2 package 
was also used to draw a small tilde map to depict the 
distribution of immune cells and their differences.

Gene set enrichment analysis (GSEA) 

In order to understand the impact of RIA diagnostic 
genes on disease development mechanisms, we performed 
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a ssGSEA, using the limma package, org.Hs.eg.db, 
clusterProfiler package (14), and GSEA of diagnostic genes, 
which were then visualized.

Screening for potential small molecule drugs and 
molecular docking

The CMap database (https://portals.broadinstitute.org/
cmap/) can discover functional associations between 
relevant drugs, genes, and diseases through common gene 
expression changes (15). First, we divided DEGs and into 
up-regulated and down-regulated groups. They were 
uploaded to CMap for GSEA: those with enrichment 
values close to −1 were considered more likely to reverse 
the biological state of RIAs, and results with a P value 
<0.05 were considered statistically significant. The two-
dimensional (2D) structures of potential active ingredients 
were downloaded from the PubChem (https://pubchem.
ncbi.nlm.nih.gov/) and the Protein Data Bank (PDB; 
https://www.rcsb.org/) databases, respectively. Then, 
molecular docking of core targets to small molecule drugs 
was completed using autoDOCK software analysis (16). 
Their binding energies were visualized with a heat map, 
the lower the binding energy, the better the docking effect. 
Finally, as in our previous work, the results were visualized 
for the molecular pair with the lowest binding energy of 
the drug small molecule to the protein macromolecule to 
demonstrate their optimal interaction sites (17).

Statistical analysis

All statistical analyses were performed using R version 4.1.0. 
Statistical significance was set at P<0.05. 

Results

Study process 

This study was sequentially divided into three phases. 
Figure 1 illustrates all the processes analyzed. Firstly, the 
IA sequencing data from the GEO database was searched 
and DEGs were screened, and GO and KEGG analyses 
were performed on these targets. Next, the WGCN was 
constructed using the IA GSE13353 and GSE15629 
datasets, and the DEGs were intersected with the clinical 
module genes. Then, the intersected genes were used for 
the construction of the diagnostic model, and the diagnostic 
model was validated using GSE54083. Finally, the 

diagnostic genes were analyzed for immune infiltration, and 
the relationship between the diagnostic genes and immune 
infiltration and immune cells was investigated.

Identification of DEGs in RIAs

Using the limma package of R software to normalize and 
merge the downloaded data for GSE13353, GSE15629 
data and to screen for DEG analysis, a total of 79 genes 
were determined to be significantly differentially expressed 
in RIAs compared with normal UIA samples, including  
54 upregulated and 25 downregulated genes. Based on the 
ploidy changes, PPBP and CXCL8 were identified as the 
top 2 most up-regulated genes, and ATP1A2 and FMO2 
were the top 2 most down-regulated genes. According to 
the screening criteria: fdrFilter <0.05, logFCfilter >1, a heat 
map (Figure 2A) and a volcano map (Figure 2B) were plotted 
using the limma software package to visualize the results of 
differential gene expression.

GO and KEGG enrichment analysis of RIA DEGs

We further analyzed 79 DEGs of RIAs for GO and KEGG 
enrichment using R software (Figure 3). The specific results 
of GO functional enrichment included analysis of BP, CC, 
and MF. The GO analysis showed that the 79 targets were 
widely distributed, with BP mainly focused on neutrophil 
activation, neutrophil degranulation, neutrophil activation 
involved in immune response, neutrophil-mediated 
immunity, and positive regulation of angiogenesis, among 
others. The CC were mainly distributed in platelet alpha 
granule lumen and specific granule, for which CC is mainly 
involved in virus receptor activity, exogenous protein 
binding, cytokine binding, and immune receptor activity, 
among others.

In addition, these 79 targets are also involved in multiple 
signaling pathways, such as cytokine-cytokine receptor 
interaction, chemokine signaling pathway, complement and 
coagulation cascades, calcium signaling pathway, HIF-1 
signaling pathway, neutrophil extracellular trap formation, 
and Rap1 signaling pathway, among others.

Potential core proteins of RIAs

A PPI network was performed on 79 DEGs of RIAs (Figure 
4A), including 58 nodes and 140 edges (Figure 4B). Then, a 
subnet consisting of 27 nodes and 103 edges was obtained 
using the CytoNCA plugin for modular analysis (Figure 4C). 

https://portals.broadinstitute.org/cmap/
https://portals.broadinstitute.org/cmap/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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We considered these 27 final genes the core genes for RIAs.

Results of WGCNA of RIA samples

We first merged and performed sample clustering analysis 
of the GSE13353 and GSE15629 datasets, then set the 
correlation soft threshold, and obtained 9 clustering_
modules by calculation, and finally obtained 6 module_
traits, in which the expression correlation of blue module 
with ruptured aneurysm region reached 0.5, (P=0.001). 
This module had 36 co-expressed genes, and after finally 

analyzing the co-expressed genes with DEGs, we identified 
24 common genes (Figure 5).

Two-gene based logistic regression model

We used LASSO regression for the 24 DEGs included in 
the above analysis (Figure 6A,6B), using their expression 
values and sample type (RIA vs. normal) as continuous 
predictor variables and categorical response values, 
respectively. We obtained the genes with the lowest 
crossover error by crossover analysis, which finally yielded 

Figure 1 Flow chart of the systematic analysis of diagnostic genes and pharmacological treatment of RIAs. GEO, gene expression omnibus; 
PPI, protein-protein interaction; DEG, differentially expressed gene; WGCNA, weighted gene co-expression network analysis; LASSO, 
least absolute shrinkage and selection operator; GO, Gene Ontology; KEGG, The Kyoto Encyclopedia of Genes and Genomes; AUC, area 
under the curve; ROC, receiver operating characteristic; RIAs, ruptured intracranial aneurysms.
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Figure 2 DEGs in RIA. (A) Heat maps of the top 50 DEGs in RIA; (B) the DEGs volcano plot in RIA. DEGs, differentially expressed 
genes; RIA, ruptured intracranial aneurysm, logFC, fold change.

2 genes, UPP1 and KIAA0226L, with P values <0.05 in the 
logistic regression model. In addition to the healthy control 
samples, the expression levels of UPP1 and KIAA0226L in 
RIA samples were high. Therefore, we finally constructed a 
logistic regression model based on UPP1 and KIAA0226L. 

The performance of the model to differentiate RIA from 
normal samples was evaluated by 5-fold cross-validation. 
The accuracy of the model in the 5-fold cross-validation 
was assessed using the area under the curve (AUC) values. 
As a result, the AUC ranged from 0.78 to 1, with a mean 
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Figure 3 Functional RIA analysis of differential genes. (A,B) GO functional enrichment analysis RIA differential genes. (C,D) KEGG 
functional enrichment analysis of RIA differential genes. The size of the bubble indicates the number of RIA differential genes and the color 
indicates q-value. BP, biological process; CC, cell components; MF, molecular function; RIA, ruptured intracranial aneurysm; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes. 

AUC of 0.92, indicating the reliability of the model in 
distinguishing RIA from normal samples (Figure 6C,6D).

In addition, the performance of the logistic regression 
model based on the UPP1 and KIAA0226L genes was 
evaluated in another dataset, GSE54083, which included  
8 RIA samples and 15 UIA samples. The results showed 
that the AUC value of KIAA0226L in dataset GSE5408 was 
0.592 and the AUC value of UPP1 was 0.817, indicating the 
reliability of our model (Figure 6E,6F), and the nomogram we 
used to provide a score for the diagnosis of RIA (Figure 6G).

Immunocorrelation analysis of RIA tissue and diagnostic 
genes

We performed GSEA for UIAs and RIAs using the 

immunesigdb.gmt gene set file in order to explore the 
specific mechanism of action of our diagnostic genes in 
RIAs, after merging and homogenizing the GSE13353 
and GSE15629 datasets, as shown in (Figure 7A,7B). 
Enriched in control group active gene sets were GSE21774 
CD62L POS CD56 BRIGHT VS CD62L NEG CD56 
DIM NK CELL DN, GSE22935 WT VS MYD88 KO 
MACROPHAGE DN,GSE2405 HEAT KILLED VS 
LIVE A PHAGOCYTOPHILUM STIM NEUTROPHIL 
9H DN, GSE31622 WT VS KLF3 KO BCELL UP, 
GSE32533 WT VS MIR17 OVEREXPRESS ACT 
CD4 TCELL DN, and the gene sets that are active in 
the treatment group were GOLDRATH NAIVE VS 
MEMORY CD8 TCELL DN, GSE10325 BCELL VS 
MYELOID DN, GSE10325 CD4 TCELL VS MYELOID 
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DC >4.8

A
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Figure 4 The RIA in DEGs core interaction network. (A) The RIA interaction network of DEGs. (B,C) Core network of DEGs in RIA. 
The darker the color, the larger the graph, indicating that it is in the core. DC, degree centrality; RIA, ruptured intracranial aneurysm; 
DEGs, differentially expressed genes.

DN, GSE10325 LUPUS BCELL VS LUPUS MYELOID 
DN, GSE10325 LUPUS CD4 TCELL VS LUPUS 
MYELOID DN. These results suggest that RIAs may 
be associated with NAIVE, MEMORY CD8 TCELL, B 
CELL, CD4 T CELL, and other immune gene sets were 
associated.

We then performed GSEA of the UPP1 and KIAA0226L 
genes, respectively, to explore the correlation between 
individual genes and immune cells, and the results are 
shown in (Figure 7C) indicating a correlation with activated 
CD4 T cell, activated dendritic cell, CD56 dim natural 

killer cell, eosinophil, gamma delta T cell, myeloid-derived 
suppressor cell (MDSC), macrophage, mast cell, natural 
killer T cell, neutrophil, regulatory T cell, type 1 T helper 
cell, type 17 T helper cell, and so on. In addition, we 
performed immune cell correlation analysis for diagnostic 
genes separately (Figure 7D). Our results showed that 
these 2 genes are associated with activated B cell, activated 
CD4 T cell, activated CD8 T cell, activated dendritic cell, 
eosinophil, macrophage, mast cell, MDSC, monocyte, 
natural killer T cell, neutrophil, plasmacytoid dendritic 
cell, type 1 T helper cell, type 17 T helper cell, and other 
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difference measurement. The colored bands show the results from the automated monolithic analysis. (D) Correlation diagram between 
modules obtained by clustering according to inter-gene expression levels. (E) Heat map of the correlation between module characteristic 
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Figure 7 Immunogene set analysis of intracranial aneurysms and immune infiltration patterns in RIA and normal conditions. (A) 
Immunogene set analysis of ruptured intracranial aneurysm samples and (B) immunogene set analysis of UIA samples. (C) Violin plot 
showing the difference in infiltrating immune cells between the two groups. (D) Heat map of KIAA0226L and UPP1 correlation with 
immune cells. MDSC, myeloid-derived suppressor cell; RIA, ruptured intracranial aneurysm; UIA, unruptured intracranial aneurysm.

immune cells are associated, and these immune cells may be 
involved in the pathophysiological alterations of IA rupture.

GSEA of RIA tissue and diagnostic genes

We next performed single gene GSEA enrichment 
analysis for UPP1 and KIAA0226L as shown in Figure 8. 
Interestingly, in these enrichment analyses, both were 
associated with vascular smooth muscle contraction and 
interaction of viral proteins with cytokines and cytokine 
receptors, and GSEA for KIAA0226L was also associated 
with taurine and hypotaurine metabolism. These results 
suggest that UPP1 and KIAA0226L may be involved in 
vascular smooth muscle contraction and activation of 
cytokines and cytokine receptors, which in turn affect the 

vasculature of IAs, leading to their rupture.

Exploration of potential small molecule drugs for the 
treatment of RIAs

In order to explore potential small molecule drugs for 
the treatment of RIAs, we downloaded the results of the 
differentially expressed up- and down-regulated genes 
through the CMap database and selected a score <−85%, 
for which there are 5 MEK inhibitors and perturbagens, 
and we obtained a total of 23 inhibitors (Table 1). Tivozanib 
is a vascular endothelial growth factor receptor (VEGFR) 
inhibitor, and among the differential proteins identified, 
FLT1, FLT4, KDR, KIT, PDGFRA, PDGFRB, and 
others were enriched on VEGFR inhibitor. Therefore, we 
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performed molecular docking of the 6 abovementioned 
proteins with tivozanib respectively (see Figure 9A for the 
2D structure of tivozanib small molecule, and Figure 9B for 
the docking energy heat map). We found that the energy 
required for docking between PDGFRA and FLT4 was 
the lowest. We observed the docking results separately 
(Figure 10A-10F), and the FLT1 and tivozanib AutoDock 
data showed that the FLT1 protein formed 2 ionic bonds 
at positions 472 and 474 of asparagine, respectively. The 
FLT4 protein formed 2 ionic bonds with tivozanib small 
molecule at positions 879 and 1,275 for lysine and serine, 
respectively. The KDR protein formed 2 ionic bonds with 
tivozanib small molecule at positions 879 and 1,275 for 
lysine and serine, respectively. The FLT4 protein formed  
2 ionic bonds with tivozanib small molecule at positions 
475, 476, and 478 for serine, valine, and asparagine and 
formed 2 covalent bonds and 1 van der Waals force with 
tivozanib small molecule. The tivozanib small molecule 
formed a van der Waals force with the asparagine at position 
367 and a hydrogen bond with the tyrosine at position 373 
on the KIT protein. The tivozanib small molecule formed 
hydrogen bonds, ionic bonds, and van der Waals forces with 
asparagine at positions 730, 842, and 846 on the PDGFRA 
protein. Tivozanib small molecule formed hydrogen bonds 
with leucine at position 606, a hydrogen bond and an ionic 
bond with tyrosine at position 771, and an ionic bond with 

aspartic acid at position 849 on the PDGFRB protein.

Discussion

The prevalence of IA is estimated to be as high as 10% 
according to epidemiological surveys. In general, medium-
sized and small IA are asymptomatic prior to rupture. 
Although a majority (91.5%) of asymptomatic and untreated 
IA prove to be stable and do not continue to grow, periodic 
imaging is required for those untreated aneurysms. 
Maximum caution and care need to be exercised in the 
treatment of growing but still asymptomatic aneurysms, 
which are found to rupture in 4% of patients; however, 
patients with IA experience severe SAH in the event of IA 
rupture (18,19). Among the subtypes of stroke, SAH is the 
most devastating and causes early damage to the cerebral 
nerves leading to severe neurological deficits and even death 
at early onset (20,21). The current treatment for IA consists 
of minimally invasive endovascular embolization and open 
surgical resection of cerebral aneurysms. The aim of both 
methods is to isolate the aneurysm from the circulation to 
prevent rupture. However, antiplatelet and anticoagulant 
agents  are general ly  required after  endovascular 
embolization, and the role of these in IAs has been 
controversial. Patients on long-term aspirin have a reduced 
risk of rupture, and the use of antiplatelet aggregating 
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agents such as aspirin may be associated with SAH (22,23). 
The current most effective treatment for vasospasm due to 
SAH is the calcium channel antagonist-nimodipine, which 
has a single selective treatment. Therefore, identifying the 
potential key pathways, genes, and associated potential small 
molecule agents in the process of IA the role in reversing 
rupture is an urgent research task.

In this study, multiple datasets were used to identify deg 
associated with IA rupture for WGCNA. Gene modules 
associated with IA rupture were also identified using 

WGCNA. The resultant module gene was selected as the 
blue module most associated with UIA, and the blue module 
was intersected with the deg to identify a total of 24 core 
genes. These results suggest that these 24 genes may be the 
most critical genes for the formation and development of IA. 
These common genes were used for drug discovery through 
the CAMP database. The next step was to construct a model 
for the diagnosis, using receiver operating characteristic 
(ROC) curves to validate the diagnostic efficacy, and on the 
other hand the performance of a logistic regression model 

Table 1 Identification of drug candidates for DEGs in RIAs

MOA Perturbagen count Perturbagen ID Name

MEK inhibitor 5 BRD-K89014967, BRD-K49865102, 
BRD-K05104363, BRD-K57080016, 
BRD-K62810658

AS-703026, PD-0325901, 
PD-184352, selumetinib, 
PD-98059

p38 MAPK inhibitor 3 BRD-K77133231, BRD-K54330070, 
BRD-K52751261

PD-169316, SB-202190, 
TAK-715

HSP inhibitor 2 BRD-K51967704, BRD-K41859756 BIIB021, NVP-AUY922

FLT3 inhibitor 2 BRD-K12502280, BRD-K23192422 TG-101348, lestaurtinib

SRC inhibitor 2 BRD-K47598052, BRD-K19540840 PP-1, saracatinib

ABL inhibitor 2 BRD-K41337261, BRD-K99964838 ZM-306416, bosutinib

RAF inhibitor 2 BRD-K01253243, BRD-K30677119 SB-590885, PP-30

IKK inhibitor 1 BRD-K51575138 TPCA-1

Phenylalanyl tRNA synthetase inhibitor 1 BRD-K39944607 Ochratoxin-a

JNK inhibitor 1 BRD-K84085265 CG-930

VEGFR inhibitor 1 BRD-K53414658 tivozanib

MTOR inhibitor 1 BRD-K67566344 KU-0063794

Glycogen synthase kinase inhibitor 1 BRD-K94176593 TWS-119

HMGCR inhibitor 1 BRD-U88459701 Atorvastatin

Gonadotropin releasing factor hormone 
receptor agonist

1 BRD-A62434282 Goserelin

Histone lysine methyltransferase inhibitor 1 BRD-K74236984 UNC-0321

Calcium channel blocker 1 BRD-K49404994 Levetiracetam

Chelating agent 1 BRD-K07265709 Razoxane

TGF beta receptor inhibitor 1 BRD-K06234293 LY-364947

Cyclooxygenase inhibitor 1 BRD-A22844106 Tenoxicam

PI3K inhibitor 1 BRD-K06750613 GSK-1059615

BCR-ABL kinase inhibitor 1 BRD-K49328571 Dasatinib

CHK inhibitor 1 BRD-K46056750 AZD-7762

DEGs, differentially expressed genes; RIA, ruptured intracranial aneurysm; MOA, CMap mode of action.
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Figure 9 Molecular docking energy heat map. (A) The 2D structure of tivozanib. (B) Molecular docking of FLT1, FLT4, KDR, KIT, 
PDGFRA, and PDGFRB proteins in tivozanib, and the docking energy drawn into a heat map. Red represents high docking energy 
required, and blue represents low docking energy required, the ordinate value is the energy of docking (kcal/moL).

based on the UPP1 and KIAA0226L genes was assessed 
using the GSE54083, ROC curves to validate the reliability 
of the UPP1 and KIAA0226L diagnosis, and a nomogram to 
calculate the probability of RIA occurrence. To investigate 
the mechanism of IA rupture, we performed immune-
related GSEA on our samples, and the results suggested that 
RIAs might be associated with immune cells such as naive, 
memory CD8 T cell, B cell, and CD4 T cell. A single-cell 
sequencing analysis of aneurysm wall-derived T cells in a 
pediatric subarachnoid hemorrhage case revealed that naïve 
T cells and typical memory T cells were mainly confined to 
peripheral blood, whereas CD4-CD8 T cells were strongly 
enriched in the IA wall. In contrast, immune inflammation 
is now considered an important pathogenic factor in the 
formation and rupture of IA and in the development of 
complications after endovascular treatment (24-26). This 
also provides a new direction to further investigate the 
pathological development of immune cells in the walls of 
ruptured IA vessels as well as new therapeutic targets, which 
is a new promising research direction for the treatment of 
our IAs.

After merging and sample clustering analysis of the 
GSE13353 and GSE15629 datasets with 79 DEGs of 
RIAs to take intersections, we obtained 24 intersecting 
genes, and we finally searched for 2 diagnostic signature 
genes by LASSO regression, 1 of which is KIAA0226L, 
which is  a  regulator of  autophagy that  promotes 
autophagosome maturation by facilitating the biogenesis of 
phosphatidylinositol 3-phosphate (PtdIns3P) in late steps of 
autophagy (27). It has been shown that cellular autophagy 

plays an important role in many neurological disorders, 
including brain injury and secondary brain edema due to 
brain hemorrhage (28,29). On the one hand, resveratrol 
protects early brain injury after subarachnoid hemorrhage 
by activating autophagy and inhibiting apoptosis mediated 
by the Akt/mTOR pathway (30). Then IA formation and 
its rupture may be associated with the expression of certain 
autophagic proteins, and activation of phosphatidylinositol 
3-kinase/protein kinase B pathway by a vanadyl compound 
mediates its neuroprotective effect in mouse brain 
ischemia (31). On the other hand: activation of the 
phosphatidylinositol 3-kinase-Akt pathway, combined with 
translocation of p47phox, p22phox and rac1, contributes 
to high glucose-induced superoxide production, leading 
to impairment of adenosine triphosphate (ATP)-sensitive 
K-channel function in human visceral arterial smooth 
muscle cells (32). As for the blood-brain barrier (BBB), loss 
of tight junction (TJ) proteins in brain endothelial cells 
(ECs) leads to BBB disruption, and intracerebroventricular 
injection of autophagy inhibitors rescues BBB leakage 
induced by GM130 silencing, which protects TJ from 
damage by maintaining proper autophagy. We suggest 
that GM130-regulated selective autophagy regulates BBB 
integrity and GM130 upregulation inhibits the autophagy-
lysosome pathway, which may maintain BBB function (33). 
Our GSEA analysis of KIAA0226L showed that its down-
regulated expression was associated with vascular smooth 
muscle contraction. In contrast, a study showed that miR-
331-3p is a direct negative regulator of TNF-α and CD14, 
and its elevation also reduced apoptosis and prevented 
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Figure 10 Core protein docking with tivozanib. The molecules and drugs with the lowest docking energies are visualized in Figure 9. (A-F) 
Visualization of molecular docking results for FLT1, FLT4, KDR, KIT, PDGFRA, and PDGFRB proteins in tivozanib, in that order. Small 
molecule drugs and interacting amino acids are red, proteins are blue, their interactions are yellow dotted lines, and numbers are bond lengths. 

the synthetic phenotype of vascular smooth muscle cells 
(VSMC) and increased their proliferation (34). Therefore, 
we may in the future exert a protective effect on intracranial 

aneurysmal vessels by inhibiting the protein expression of 
KIAA0226L, thereby reducing the occurrence of endothelial 
autophagy as well as reversing VSMC dysfunction, ultimately.
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The other diagnostic gene was UPP1, which catalyzes 
the reversible phosphorylytic cleavage of uridine and 
deoxyuridine to uracil and ribose- or deoxyribose-1-
phosphate (dRP) (35). The produced molecules are then 
utilized as carbon and energy sources or in the rescue of 
pyrimidine bases for nucleotide synthesis, and dRP has an 
important role in angiogenesis, dRP is a proangiogenic 
paracrine stimulus released by cancer cells, platelets, 
and macrophages and acting on ECs, thereby directly 
activating NADPH oxidase 2 to trigger nuclear factor 
kappa B-dependent angiogenesis, and platelet-derived dRP 
stimulates EC migration by upregulating integrin β (3)  
in a reactive oxygen species-dependent manner (36,37). 
Interestingly GSEA of UPP1 showed that its downregulated 
expression was also associated with vascular smooth muscle 
contraction. These studies show that IA can stimulate the 
expression of UPP1 and thus accelerate the production of 
dRP, which in turn promotes the growth of ECs and exerts 
a certain effect on the healing of blood vessels after IA 
rupture, thus providing some ideas for the development of 
target-specific drugs for IA patients.

Important clinical risk factors for IA include being 
female, hypertension and smoking. Familial intracranial 
aneurysms (FIAs), on the other hand, are found in 
approximately 6-20% of patients with IAs, suggesting that 
genetic susceptibility may play a role in their pathogenesis. 
One study used whole exome sequencing (WES) to identify 
possible IA-associated variants, sequencing 13 individuals 
from three families, seven of whom had IA. They identified 
(PLOD3 c.1315G>A, NTM c.968C>T and CHST14 
c.58C>T) as any significant copy number variants in the 
family (38). In one other study, based on chromosomal 
data from genome-wide association studies (GWAS) of 
250 patients diagnosed with IA and 296 controls, our fine 
mapping analysis showed that four functional candidate 
variants, GBA, TCF24, OLFML2A and ARHGAP32, were 
associated with susceptibility and pathogenesis of IA (39).  
and the presence of the T allele in the rs12976445 
polymorphism was associated with a lower risk of IA 
rebleeding (40). However, the results obtained in these 
studies are limited by the small sample sizes used and 
further research is needed.

Digital subtraction angiography (DSA) is currently one 
of the best methods for diagnosing IAs because it is invasive 
and does not show occluded distal vessels, in addition to its 
high cost and potential risks. DSA is therefore not suitable 
for early screening and treatment of IAs. Recently, detection 
of microRNA (miRNA) in circulating immune cells has 

been used as a means of screening for diagnostic markers of 
vascular diseases such as IAs. One study used serum from 
patients with IA to examine cytokines to analyse serum 
cytokine concentrations. Clinical data and cytokines were 
compared between groups. The study has found elevated 
levels of IL-15, MCP-1 and TNF-β in UIAs (41). On the 
other hand, one study used 66 patients with UIAs, 69 patients 
with RA, and 68 patients with hydrocephalus to perform 
real-time polymerase reaction to detect cerebrospinal fluid 
exosome miR-152-3p. exosome miR-152-3p was lower in 
patients with IAs, with RA being lower than in patients with 
UA (<0.001). the ROC confirmed that exosome miR-152-
3p not only differentiated between UA patients and patients 
with hydrocephalus, but also predicted SAH in patients with 
IAs (42). These studies provide us with some new ideas as 
well as a more diverse approach to diagnosing IA, which also 
needs to be studied on a larger scale.

Currently, no prophylactic treatment or imaging follow-
up is the most effective strategy for patients with aneurysms 
3 mm or smaller, resulting in better health outcomes. More 
aggressive imaging surveillance or prophylactic treatment 
for aneurysm growth should be reserved for patients at 
high risk of rupture (43). The main treatment options for 
large or RIAs include conservative treatment combined 
with imaging follow-up, surgical clamping therapy, and 
endovascular interventions, and the current pharmacological 
treatment for IAs is relatively limited in terms of its 
development due to the fact that, after recent experimental 
studies, IA is considered a chronic inflammatory disease 
affecting intracranial arteries. For example, neutrophils 
are able to promote IA rupture through extracellular traps 
development (44), which suggests the potential of anti-
inflammatory drugs as therapeutic agents for the treatment 
of IA. Whereas a cross-sectional study by a research 
organization showed that statins, calcium channel blockers, 
and angiotensin II receptor blockers were inversely 
associated with RIA, only non-aspirin non-steroidal anti-
inflammatory drugs (NSAIDs) were positively associated 
with RIA (45). One study showed that as inflammatory 
smooth muscle cells (iSMCs) in cerebral aneurysms convert 
to ECs, the cells have reduced contractility and secrete 
more matrix metalloproteinases, and iSMCs induce collagen 
denaturation, which induces EC escape. In addition, iSMCs 
induce EC dysfunction. Cellular escape and dysfunction 
expose the vascular mesangium to blood flow, which 
ultimately attenuates inflammation and slows aneurysm 
development (46).

A recent study of the effect of drug inhibition of 



Annals of Translational Medicine, Vol 10, No 19 October 2022 Page 17 of 20

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(19):1057 | https://dx.doi.org/10.21037/atm-22-4068

epidermal growth factor receptor (EGFR) on IA occurrence 
showed that activation of EGFR in rat VSMCs and vascular 
remodeling and pro-inflammatory transformation in rat 
VSMCs were reduced by treatment with erlotinib. In vitro 
experiments also revealed that EGFR activation in human 
brain VSMCs can be induced by TNF-α and that the EGFR 
inhibitor erlotinib can attenuate the incidence of IA (47), 
which may also make EGFR inhibitors a new targeted agent 
to slow the progression of IAs. Therefore, in our search 
for novel targets and corresponding drugs for IAs, 79 
differential genes expressing up- and down-regulation of 
ruptured aneurysms were imported into the CMap database, 
and we 23 eventually we found tivozanib to be a VEGFR 
inhibitor, and the enriched proteins were FLT1, FLT4, 
KDR, KIT, and PDGFRA. A prospective study found that 
serum FLT1 levels were elevated in aSAH patients at risk 
of severe vasospasm (48), and an experimental study found 
that circLIFR and KDR were downregulated and miR-1299 
was upregulated in arterial wall tissue and human umbilical 
artery smooth muscle cells from IA patients. Forced 
expression of circLIFR enhanced human umbilical arterial 
smooth muscle cells proliferation, migration, invasion, 
and prevention of apoptosis (49). In contrast, platelet-
derived growth factor receptor β (PDGFRB) is currently 
expressed and mutated in intracranial, coronary, aortic, 
and radial artery vascular bed aneurysms (50,51). Thus, 
the 6 VEGFR inhibitor-related proteins mentioned above 
may be able to be targets for the treatment of IAs, and our 
molecular docking showed that tivozanib binds to KDR and 
PDGFRB. Tivozanib small molecule drug was approved 
for use by the Food and Drug Authority (FDA) in 2021 for 
the treatment of relapsed or refractory renal cell carcinoma, 
and it has the ability to reduce chemotherapy-induced 
myelosuppressive effects (52). Tivozanib can reduce the 
accumulation of Tregs and myeloid-derived suppressor cells 
by inhibiting the c-Kit/SCF axis, which is currently found 
in the peripheral blood of IA patients with Th17/Treg 
imbalance, and some investigators have inhibited the PI3k/
Akt/NF-κB through the bone marrow mesenchymal stem 
cell-derived exosome has-miR-23b-3p signaling pathway to 
target KLF5 to maintain Th17/Treg homeostasis, thereby 
inhibiting IA formation (53-55). Tivozanib may become a 
more promising VEGFR inhibitor to delay the progression 
of IA, which needs further investigation.

In this study, we first obtained more reliable diagnostic 
genes KIAA0226L and UPP1 by LASSO regression model, 
and the AUC values of ROC curves reached 0.833 and 

0.844, respectively. We finally visualised the nomogram 
for the UPP1 and KIAA0226L genes and we were able 
to calculate our scores from the expression of the UPP1 
and KIAA0226L genes to obtain the final score for the 
diagnosis. This is used to calculate the probability of RIA. 
Their GSEA analysis showed that the down-regulated 
expression of KIAA0226L and UPP1 was associated with 
vascular smooth muscle contraction. Moreover, the immune 
cell contents of activated B cell, activated CD4 T cell, 
and activated CD8 T cell were positively correlated with 
KIAA0226L and UPP1. We also found 23 inhibitors for 
the treatment of ruptured aneurysms through the CMap 
database. Among them, VEGFR inhibitors may slow 
down the progression of a ruptured aneurysm, and the 
enriched proteins are FLT1, FLT4, KDR, KIT, PDGFRA, 
and PDGFRB. Tivozanib is a VEGFR inhibitor, and we 
also further explored the targets of their interaction by 
molecular docking.

his study had some limitations and further in-depth study 
is required. First, only the GSE13353, GSE15629, and 
GSE54083 datasets were computerized to explore diagnostic 
genes as well as possible markers for treatment and drugs. 
Next, we need to further confirm the therapeutic effect of 
tivozanib on IA through basic experiments using the core 
small molecule drugs in our conclusion. In addition, clinical 
trials of tivozanib for the treatment of patients with IA 
were not performed. In summary, through a comprehensive 
systematic analysis, we obtained KIAA0226L and UPP1 as 
genes for the diagnosis of IA rupture and are hopeful that 
tivozanib will be a novel and promising agent for targeting 
and mitigating the progression of IA.

Conclusions 

Through comprehensive and systematic analysis of the IA 
dataset, we finally ascertained that KIAA0226L and UPP1 
are a novel gene for the diagnosis of IA rupture, and our 
immune correlation analysis suggested that activated B 
cells, activated CD4 T cells, activated CD8 T cell, and 
other immune cell contents were positively correlated with 
KIAA0226L and UPP1. We also explored tivozanib as a 
VEGFR inhibitor, which is anticipated to become a novel 
drug to delay the progression of IA.
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