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Background: Ruptured intracranial aneurysm (IA) is a disease with high mortality.

Despite the great progress in treating ruptured IA, methods for risk assessment of

ruptured IA remain limited.

Methods: In this study, we aim to develop a robust diagnostic model for ruptured IA.

Gene expression profiles in blood samples of 18 healthy persons and 43 ruptured IA

patients were obtained from the Gene Expression Omnibus (GEO). Differential expression

analysis was performed using limma Bioconductor package followed by functional

enrichment analysis via clusterProfiler Bioconductor package. Immune cell compositions

in ruptured IA and healthy samples were assessed through the CIBERSORT tool.

Protein–protein interaction (PPI) was predicted based on the STRING database. Logistic

regression model was used for the construction of predictive model for distinguishing

ruptured IA and healthy samples. Real-time quantitative polymerase chain reaction (RT-

qPCR) was performed to validate the gene expression between the ruptured IA and

healthy samples.

Results: A total of 58 differentially expressed genes (DEGs) were obtained for ruptured

IA patients compared with healthy controls. Functional enrichment analysis showed

that the DEGs were enriched in biological processes related to neutrophil activation,

neutrophil degranulation, and cytokine–cytokine receptor interaction. Notably, immune

analysis results proved that the rupture of IA might be related to immune cell distribution.

We further identified 24 key genes as hub genes using the PPI networks. The logistic

regression model trained based on the 24 key genes ultimately retained two genes, i.e.,

IL2RB and CCR7, which had great potential for risk assessment for rupture of IA. The

RT-qPCR further validated that compared with the healthy samples, the expression levels

of IL2RB and CCR7 were decreased in ruptured IA samples.

Conclusions: This study might be helpful for cohorts who have a high risk of ruptured

IA for early diagnosis and prevention of the disease.
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INTRODUCTION

An intracranial aneurysm (IA) is traditionally defined as an
abnormal protrusion that appears on the walls of intracranial
arteries and is associated with high morbidity and mortality
(1). Rupture of IAs leads to subarachnoid hemorrhage (SAH),
which may lead to severe consequences. Although ∼2–5% of the
population develops IAs during life, most IAs do not rupture
(2, 3). SAH has a fatality rate of ∼50%, with an incidence rate
of ∼9 per 1,000,000 person-years (4). Therefore, identifying IAs
with a high risk of rupture and providing timely interventionmay
be imperative for improving the risk assessment and treatment.

Previous studies on factors that contribute to an increased risk
of rupture of IAs have mainly focused on morphological factors
and primary diseases (5, 6). Recently, hemodynamic factors, such
as the oscillatory shear index, wall shear stress, and blood flow
velocity, have been shown to be associated with the formation,
progression, and rupture of IAs (7, 8). Wall shear stress is
regarded as the most important factor for IA initiation and
rupture. Nevertheless, the presence of wall shear stress cannot be
detected in clinical practice. Conversely, geometric features can
be used to identify aneurysms that are at risk of rupture. The
relationship between morphological factors and the rupture rate
of IAs has become a research hot spot. Although many studies
have evaluated the relationship between geometric features and
IA rupture, there are still great differences (8–10). In addition,
genetic factors have been shown to be closely associated with
ruptured IAs, and significant efforts have sought to identify
genetic biomarkers for IA rupture (11). To further identify the
potential genes related to the pathogenesis of ruptured IAs, which
may provide novel molecular signatures, we performed this study
and focused on the molecular mechanisms of IA progression and
rupture to identify molecules that affect IA rupture. Furthermore,
we constructed a reliable logistic regression model to assess the
risk of a ruptured IA, which might be beneficial for the timely
diagnosis and subsequent treatment of the disease.

Here, we investigated the potential of gene expression as
a diagnostic marker for ruptured IAs. We finally identified
interleukin (IL) 2RB and CCR7 as diagnostic genes for ruptured
IAs, and a logistic regression model constructed by these two
genes was found to efficiently distinguish patients with ruptured
IAs from unruptured IA samples as well as from healthy
control samples.

MATERIALS AND METHODS

Gene Expression Dataset
The mRNA expression profile dataset GSE36791 was
downloaded from the Gene Expression Omnibus (GEO,
https://ncbi.nlm.nih.gov/geo). There were 18 blood samples
from healthy people and 43 blood samples from patients
with ruptured IAs in the GSE36791 dataset. Whole-genome
mRNA levels of those samples were detected using an Illumina
HumanHT-12 V4.0 expression beadchip. Among the 43
disease samples, there were 21 female samples and 22 male
samples (Supplementary Figure 1), and there was no significant
difference (chi-square test, χ2

= 0.023256, P-value = 0.8788).

The clinical characteristics of the samples are shown in
Supplementary Table 1 (12). The mRNA expression profile
of dataset GSE6551 was also obtained from the GEO database
and included eight ruptured IA samples and six unruptured
IA samples.

Differential Expression Analysis
The GSE36791 dataset was first normalized using the robust
multi-array average (RMA) method and standardized by
logarithmic transformation. The Limma Bioconductor package
in R was used for differential expression analysis based on the
normalized mRNA levels, and the genes that met the threshold
of an absolute value of log2-based fold change (|log2FC|) >1 and
a false discovery rate (FDR) ≤0.05 were defined as differentially
expressed genes (DEGs).

Functional Enrichment Analysis
Gene Ontology (GO, http://geneontology.org) terms (including
biological process, molecular function, and cellular component)
and Kyoto Encyclopedia of Genes and Genomes (KEGG, https://
www.genome.jp/kegg/) pathway enrichment analyses were
performed using the “ClusterProfiler” Bioconductor package. A
P-value <0.05 was considered statistically significant.

Immune Cell Analysis
We used the CICERSORT R package to characterize the
composition of immune cells for ruptured IAs and normal
samples based on their gene expression profiles (13). The relative
proportions of a total of 22 immune cells in each sample
were calculated.

Protein–Protein Interaction Network
The interactions among the proteins encoded by the DEGs were
predicted using the STRING database (https://string-db.org/cgi/
input.pl) (14) with the criteria of a minimum required interaction
score >0.4. The protein–protein interaction (PPI) network was
visualized using the Cytoscape software (15). A modular analysis
of the PPI network was performed to identify densely interacting
genes using the MCODE plug-in for the Cytoscape software.

Construction of a Logistic Regression
Model
Multivariate logistic regression analysis was performed using the
glm R package. Sample types including ruptured IA samples
and healthy samples were used as categorical responsive values,
and gene expression values were used as continuous predictive
variables. Then, stepwise regression was performed to further
identify pivotal genes to simplify the model. Receiver operating
characteristic (ROC) curve analysis was used to evaluate the
model to distinguish ruptured IA and normal samples.

Patients
The patients (≥18 years old, n = 15) who were diagnosed with
ruptured IA in Tianjin Huanhu Hospital were selected for this
research. The patients with other diseases or complications were
excluded. A total of 15 healthy persons over 18 years old were
also recruited. Written informed consents were obtained from
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TABLE 1 | Primer sequences for RT-PCR.

Genes Forward primer (5′-3′) Reverse primer (5′-3′) Product length (bp) Tm (◦C)

IL2RB GCTGATCAACTGCAGGAACAC GCGAAGAGAGCCACTTCTGG 131 60

CCR7 AACCCCTCCCTCCATCGTTT CTTTGATCACGCGGAGGCA 176 61

GAPDH GCAAATTCCATGGCACCGTC AGCATCGCCCCACTTGATTT 110 59

FIGURE 1 | Differential expression analysis. (A) Distribution of expression in all samples after normalization. The horizontal axis and vertical axis represent samples

and gene expressions, respectively. The line in the middle of the blue region represents the median value. The upper edge of the blue region represents the upper

quartile, and the bottom edge of the blue region represents the lower quartile. (B) Volcano plot of DEGs. The X-axis and Y-axis represent log2FC and –log10 (FDR),

respectively. The blue dots and red dots represent upregulated and downregulated genes, respectively. (C) Heat map of expression of DEGs in all samples. The

horizontal axis and vertical axis represent the sample type and genes, respectively. Red: high expression, blue: low expression.
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all participants, and the research was approved by the ethics
committee of our hospital (2021-048).

RNA Extraction and Real-Time
Quantitative Polymerase Chain Reaction
Venous whole blood of the 30 samples was collected, and
total RNA was extracted by using a Blood RNA extraction
kit (Tiangen, Beijing, China, cat#DP433). After determination
of the RNA concentration and purity, reverse transcription
was performed with a reverse transcription reagent (Qiagen,
Hilden, Germany, cat#205111). For each sample, the amount of
template RNA was the same. Real-time quantitative polymerase
chain reaction (RT-qPCR) was conducted using a RT-qPCR kit
(Solarbio, cat#SR1110, Beijing, China) on an ABI 7500 Real-Time
PCR System (Thermo Fisher, Waltham, MA, USA). GAPDH was
used as the internal control gene. The primer sequences for RT-
qPCR are shown in Table 1, and the conditions were as follows:
95◦C for 10min, followed by 40 cycles consisting of 95◦C for 10 s,
60◦C for 20 s, and 72◦C for 30 s. The results were calculated by the
2−11ct method.

RESULTS

DEGs
The normalized mRNA levels across all samples are shown
in Figure 1A; these findings indicated homogeneous mRNA
expression among all samples that was suitable for further
analysis. A total of 58 DEGs were identified in the ruptured
IA group compared with the healthy control group, namely, 50
upregulated genes and 8 downregulated genes. The distribution
of log2FC and adjusted P-value are illustrated in Figure 1B.

Figure 1C shows the expression of the 58 DEGs stratified by the
changed direction of expression and sample group.

Functional Enrichment Analysis of DEGs
The GO terms and KEGG pathway enrichment analysis of DEGs
are presented in Supplementary Tables 2, 3, respectively. In
addition, the top 20 most significantly enriched GO terms and
a full list of significantly enriched KEGG pathways are shown
in Figures 2A,B, respectively. These findings illustrated that 58
DEGs were significantly enriched in biological processes (BPs)
related to the immune response, such as neutrophil activation
and neutrophil degranulation. Furthermore, KEGG pathway
analysis revealed that these 58 genes were mainly enriched
in inflammatory and immune responses and cancer-related
pathways. Immune cells have been reported to be closely related
to the occurrence and development of IAs (16). Notably, Miyata
et al. demonstrated that there was considerable immune cell
infiltration, such as macrophage infiltration in IA lesions (17).
Combining the enrichment results of this study, we speculated
that immune cells might be related to the rupture of IAs.

Immune Cells May Be Associated With
Ruptured IAs
The GO and KEGG results illustrated that DEGs were
significantly enriched in several BPs or pathways related to
immune or inflammatory responses; thus, we further analyzed
the immune cell composition in different samples. Using the
CIBERSORT tool, we analyzed the differences in 22 immune cells
between the healthy control group and the ruptured IA group
(Figure 3A). The results indicated that immune cells including
B_cells_memory, T_cells_CD8, T_cells_CD4_memory_resting,
T_cells_CD4_naive, Macrophages_M0, Macrophages_M2,

FIGURE 2 | Functional enrichment analysis of DEGs. The top 20 most significantly enriched GO terms (A) and the full list of significantly enriched KEGG pathways

based on DEGs (B). The X-axis and Y-axis represent the adjusted P-value and biological process or pathway, respectively.
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FIGURE 3 | Immune cell analysis. (A) Differences of 22 immune cells among all samples. (B) Distribution of immune cells for samples between normal and intracranial

aneurysm groups. X-axis, samples type. Y-axis, the proportion of immune cells. (C) Nine immune cell types with significant difference in relative proportions between

normal and intracranial aneurysm groups.

NK_cells_resting, monocytes, and neutrophils were significantly
different between ruptured IA and normal samples (P <

0.05, Wilcoxon test) (Figures 3B,C). In summary, the above
results suggested that immune cells are closely associated with
ruptured IAs.

Potential Core Genes in Ruptured IAs
A PPI network was constructed based on the 58 DEGs
and included 35 nodes and 117 edges (Figure 4A). Then, a
subnetwork composed of 24 nodes and 102 edges was obtained
using the MCODE plug-in for modular analysis (Figure 4A).

Those 24 DEGs were considered potential critical genes in
ruptured IAs.

Two-Gene-Based Logistic Regression
Model
We applied the stepwise regression method to the 24 DEGs
contained in the subnetwork using their expression values and
sample type (ruptured IA vs. normal) as continuous predictive
variables and categorical responsive values, respectively, and
finally retained six genes, including MMP9, RETN, LCN2,
CAMP, CCR7, and IL2RB. The P-values of IL2RB and CCR7
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FIGURE 4 | Logistic regression model could basically differentiate intracranial aneurysms from normal samples. (A) PPI network diagram constructed by DEGs. (B)

The ROC curve of 5-fold cross-validation of the model constructed by IL2RB and CCR7. X-axis: false positive rate (FPR). Y-axis: true positive rate (TPR).

FIGURE 5 | The result of RT-qPCR illustrating the mRNA expression levels of IL2RB and CCR7 in ruptured IA patients (n = 15) and healthy controls (n = 15). ***P <

0.001.

were <0.05 in the logistic regression model, implying that IL2RB
and CCR7 might have a greater contribution to the model than
the other genes. Furthermore, the expression levels of IL2RB
and CCR7 were decreased in ruptured IA samples compared
with healthy control samples. Therefore, we finally constructed
a logistic regression model based on IL2RB and CCR7. The
performance of this model in distinguishing ruptured IA and
normal samples was evaluated by 5-fold cross-validation. The
area under the curve (AUC) value was used to assess the accuracy
of the models in the 5-fold cross-validation. As a result, the AUC
ranged from 0.78 to 1 with an average AUC of 0.92, indicating
the reliability of this model in differentiating ruptured IA from
normal samples (Figure 4B).

Moreover, the performance of this established logistic
regression model based on IL2RB and CCR7 genes was assessed
in another dataset, GSE6551, which included eight ruptured
IA samples and six unruptured IA samples. As shown in
Supplementary Figure 2, the AUC value for dataset GSE6551
was 0.81, indicating that the logistic regression model established

with IL2RB and CCR7 in the GSE36791 dataset could also
differentiate ruptured IA samples from the unruptured IA
samples in dataset GSE6551.

Validation of the IL2RB and CCR7
Expressions in Ruptured IA Patients and
Healthy Controls
To further validate the differential expressions of IL2RB and
CCR7 between ruptured IA patients and healthy controls, the RT-
qPCRwas conducted. As shown in Figure 5, the expression levels
of IL2RB and CCR7 in ruptured IA samples were significantly
lower than those in healthy controls (P < 0.001), which is
consistent with the bioinformatic analysis.

DISCUSSION

IA has become a common disease with ∼1–2% incidence
worldwide (18). Unruptured IAs are increasingly being detected
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as cross-sectional imaging techniques are used more frequently
in clinical practice (19). Recently, a series of key genes in plasma
have been predicted to be potential biomarkers for the diagnosis
of or prognostication for IAs. For instance, Li et al. indicate
that several miRNAs in serum may be involved in the regulation
of IAs, such as miRNA-21, miRNA-22, and miRNA-720; these
are considered promising biomarkers for the early diagnosis of
ruptured IAs (20). Tutino et al. established a diagnostic model
with 18 genes based on whole blood transcriptomes that showed
high accuracy in predicting unruptured IAs (21). Marchese
et al. screened for several markers in peripheral blood of
patients with cerebral aneurysms through transcriptional analysis
(22). Circulating neutrophils were shown to carry a signature
related to IAs, providing a possibility to diagnose patients
with IAs based on biomarkers in peripheral blood (23). Based
on the circulating neutrophil transcriptome data, Meng et al.
constructed a model to predict unruptured IAs (24); this model
was further improved by the integration of machine learning
approaches and large cohorts (25). Quan et al. reported that
the expression of F2-isoprostanes and F4-neuroprostanes in the
plasma of patients with IAs is significantly upregulated compared
with healthy subjects, and these may be considered potential
biomarkers for IA development (26). Kao et al. identified that
patients with high levels of aneurysmal cyclophilin A (CyPA) in
plasma were 15.66 times more likely to have worse neurological
outcomes than those with low levels; this may be a significant
prognostic biomarker for poor neurological outcome in IA
(27). Compared with serum or tissue samples, blood samples
are readily available. In this study, we identified 58 DEGs,
namely, 50 upregulated and 8 downregulated genes in blood
samples from patients with ruptured IAs compared with healthy
subjects, suggesting that these DEGs are potentially involved in
ruptured IAs.

The formation of an IA is initiated by hemodynamically
triggered endothelial cell dysfunction followed by an
inflammatory reaction (28). Previous studies demonstrated
that inflammation is one of the factors that participates in
the formation, progression, and rupture of IAs (29). To
determine the reliability of our analysis, GO and KEGG pathway
enrichment analyses based on the 58 DEGs were performed. As
expected, these DEGs were significantly and majorly enriched
in the BPs involved in inflammatory and immune responses.
Indeed, the dysfunction of endothelial cells, smooth muscle
cells, macrophages, and lymphocytes, as well as their secreted
cytokines, collectively contribute to the formation, growth, and
rupture of IAs (30). Therefore, the differences in 22 immune
cells were analyzed, and nine immune cells were found to exhibit
significantly different proportions in patients with ruptured
IAs compared with healthy subjects. These results confirm that
inflammatory and immune responses are closely associated
with the rupture of IAs and are consistent with the previous
research results including downregulation of transcripts related
to positive leukocyte activation, T-cell differentiation, and CD4+
and CD8+ lymphocytes in IA rupture (12, 31).

PPI networks are viable tools to elucidate cell functions,
disease machinery, and drug design/repositioning (32). Here, PPI
analysis was performed using the 58 DEGs, and 24 DEGs were

screened based on the MCODE method; these were considered
key genes involved in the rupture of IAs. To construct a strong
explanatory model with as few genes as possible, a stepwise
regression analysis was performed. Finally, two optimal genes,
namely, IL2RB and CCR7, which were predicted to be closely
associated with IA development and rupture, were selected.
The RT-qPCR results validated the differential expression of
IL2RB and CCR7 between ruptured IA and healthy control
samples. IL-2/IL-2R is a cytokine of the chemokine family,
and its coding gene mainly contains two different subunits:
IL2RA and IL2RB (33, 34). IL-2 can enhance the proliferative
ability of Treg cells in patients with IA, which is beneficial
for inhibition of inflammation and tissue protection; moreover,
compared with the healthy controls, the IL-2 abundance was
relatively decreased in patients with IA (35). IL2RA, also known
as CD25 (36), has been implicated in neurological pathology. In
a model of stroke, neurogenesis was found to be repressed after
the removal of ILR2A-T cells (37). The allele (rs2104286G) of
IL2RA was also found to have a higher frequency in patients
with neuromyelitis optica than in healthy controls, suggesting
that this IL2RA allele is associated with an increased risk of
this neurological disorder (37). L2RB polymorphisms are also
associated with lung cancer risk in the Chinese Han population
(38). In addition, a series of studies have demonstrated that
IL2RA and IL2RB participate in inflammatory processes in
various human autoimmune diseases such as type I diabetes
(39), rheumatoid arthritis (RA) (40), and multiple sclerosis
(MS) (41). The chemokine receptor CCR7 is a member of the
chemokine receptor superfamily and controls a diverse array
of migratory events in adaptive immunity following antigen
encounter by immunocytes (42). Although there is no direct
evidence that CCR7 is associated with IA, the expression of CCR7
is significantly downregulated in abdominal aortic aneurysm
(43). The migration of mature dendritic cells (DCs) into the
draining lymph node (dLN) is thought to depend solely on
CCR7 (44). CCR7 upregulation also induces prostate cancer
cell migration (45). Finally, a logistic regression model was
constructed based on IL2RB and CCR7. The 5-fold cross-
validationmethod and AUC value of the ROC curve all suggested
that the logistic regression model could reliably separate patients
with ruptured IAs from healthy subjects. Furthermore, the
performance of this logistic regressionmodel based on IL2RB and
CCR7 was assessed in another dataset, indicating that this model
could also differentiate ruptured IA samples from unruptured
IA samples. Therefore, our model could differentiate ruptured
IA samples from unruptured IA samples as well as from healthy
control samples. Due to the fact that ruptured IA causes SAH,
which leads to high mortality (46), our predictive model can
potentially be applied to risk assessment for cohorts with a high
risk of ruptured IA for early prevention and further diagnosis of
this disease.

However, there are still some limitations in our study. (1)
Patients with ruptured IAs and healthy controls had different
smoking and drinking statuses, which may have led to the
difference in gene expressions. (2) The sample size in dataset
GSE6551, which was used to evaluate the performance of the
model in distinguishing ruptured and unruptured IA samples,
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was small, and a validation cohort with a larger sample size
would be helpful for further assessment of the model. (3)
Although our results indicated that the DEGs IL2RB and
CCR7 between ruptured IA and healthy control samples may
be closely related to IA rupture, it remains unclear whether
the differences in gene expression are the result or the cause
of ruptured IAs. In either case, the identification of IL2RB
and CCR7 could provide insight into the underlying biology;
however, further research is needed to better explain the
detailed mechanism.

CONCLUSION

In summary, our study identified 58 DEGs that are
potentially involved in IA rupture. A reliable logistic
regression model based on two optimal risk genes, namely,
IL2RB and CCR7, was constructed and may have certain
practical value, suggesting that IL2RB and CCR7 may
be considered potential rapid diagnostic signatures for
ruptured IAs.

DATA AVAILABILITY STATEMENT

The datasets generated during the current study are available in
the (GSE36791) and (GSE6551) repositories, (GEO, https://ncbi.
nlm.nih.gov/geo).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Tianjin Huanhu Hospital Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.671655/full#supplementary-material

Supplementary Figure 1 | The details of samples.

Supplementary Figure 2 | The ROC curve. X-axis: false positive rate; Y-axis: true

positive rate. The performance of the model was evaluated by the AUC value, and

a larger AUC value within the range from 0 to 1 reflected a superior performance.

Supplementary Table 1 | Clinical characteristics of the samples.

Supplementary Table 2 | Full list of significantly enriched GO terms of DEGs.

Supplementary Table 3 | Full list of KEGG pathways of DEGs.

REFERENCES

1. Brown RD. Unruptured intracranial aneurysms. SeminNeurol. (2010) 30:537–

44. doi: 10.1055/s-0030-1268858

2. Andreasen TH, Bartek J Jr, AndresenM, Springborg JB, Romner B. Modifiable

risk factors for aneurysmal subarachnoid hemorrhage. Stroke. (2013) 44:3607–

12. doi: 10.1161/STROKEAHA.113.001575

3. Ronkainen A, Miettinen H, Karkola K, Papinaho S, Vanninen R, Puranen M,

et al. Risk of harboring an unruptured intracranial aneurysm. Stroke. (1998)

29:359–62. doi: 10.1161/01.STR.29.2.359

4. Zacharia BE, Hickman ZL, Grobelny BT, DeRosa P, Kotchetkov I, Ducruet AF,

et al. Epidemiology of aneurysmal subarachnoid hemorrhage. Neurosurg Clin

N Am. (2010) 21:221–33. doi: 10.1016/j.nec.2009.10.002

5. Cai W, Hu C, Gong J, Lan Q. Anterior communicating artery aneurysm

morphology and the risk of rupture. World Neurosurg. (2018) 109:119–26.

doi: 10.1016/j.wneu.2017.09.118

6. Jiang Y, Lan Q,Wang Q, LuH, Ge F,Wang Y. Correlation between the rupture

risk and 3D geometric parameters of saccular intracranial aneurysms. Cell

Biochem Biophys. (2014) 70:1417–20. doi: 10.1007/s12013-014-0074-6

7. Meng H, Wang Z, Hoi Y, Gao L, Metaxa E, Swartz DD, et al. Complex

hemodynamics at the apex of an arterial bifurcation induces vascular

remodeling resembling cerebral aneurysm initiation. Stroke. (2007) 38:1924–

31. doi: 10.1161/STROKEAHA.106.481234

8. Li M, Hu S, Yu N, Zhang Y, Luo M. Association between meteorological

factors and the rupture of intracranial aneurysms. J Am Heart Assoc. (2019)

8:e012205. doi: 10.1161/JAHA.119.012205

9. Ambekar S, Madhugiri V, Bollam P, Nanda A. Morphological differences

between ruptured and unruptured basilar bifurcation aneurysms. J Neurol

Surg B Skull Base. (2013) 74:91–6. doi: 10.1055/s-0033-1333622

10. Zhang J, Can A, Lai PMR, Mukundan S, Jr., Castro VM, et al. Age and

morphology of posterior communicating artery aneurysms. Sci Rep. (2020)

10:11545. doi: 10.1038/s41598-020-68276-9

11. Bakker MK, van der Spek RAA, van Rheenen W, Morel S, Bourcier R,

Hostettler IC, et al. Genome-wide association study of intracranial aneurysms

identifies 17 risk loci and genetic overlap with clinical risk factors. Nat Genet.

(2020) 52:1303–13. doi: 10.1038/s41588-020-00725-7

12. Pera J, Korostynski M, Golda S, Piechota M, Dzbek J, Krzyszkowski T,

et al. Gene expression profiling of blood in ruptured intracranial aneurysms:

in search of biomarkers. J Cereb Blood Flow Metab. (2013) 33:1025–31.

doi: 10.1038/jcbfm.2013.37

13. Xiong Y, Wang K, Zhou H, Peng L, You W, Fu Z. Profiles of

immune infiltration in colorectal cancer and their clinical significant:

a gene expression-based study. Cancer Med. (2018) 7:4496–508.

doi: 10.1002/cam4.1745

14. 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

15. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,

et al. Cytoscape: a software environment for integrated models of

biomolecular interaction networks. Genome Res. (2003) 13:2498–504.

doi: 10.1101/gr.1239303

16. Chen Y, Wang X. miRDB: an online database for prediction of

functional microRNA targets. Nucleic Acids Res. (2020) 48:D127–31.

doi: 10.1093/nar/gkz757

17. Miyata H, Koseki H, Takizawa K, Kasuya H, Nozaki K, Narumiya S, et al. T cell

function is dispensable for intracranial aneurysm formation and progression.

PLoS ONE. (2017) 12:e0175421. doi: 10.1371/journal.pone.0175421

18. Brown Jr RD, Broderick JP. Unruptured intracranial aneurysms:

epidemiology, natural history, management options, and familial screening.

Lancet. Neurol. (2014) 13:393–404. doi: 10.1016/S1474-4422(14)70015-8

19. Etminan N, Rinkel GJ. Unruptured intracranial aneurysms: development,

rupture and preventive management. Nat Rev Neurol. (2016) 12:699–713.

doi: 10.1038/nrneurol.2016.150

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 August 2021 | Volume 8 | Article 671655

https://ncbi.nlm.nih.gov/geo
https://ncbi.nlm.nih.gov/geo
https://www.frontiersin.org/articles/10.3389/fcvm.2021.671655/full#supplementary-material
https://doi.org/10.1055/s-0030-1268858
https://doi.org/10.1161/STROKEAHA.113.001575
https://doi.org/10.1161/01.STR.29.2.359
https://doi.org/10.1016/j.nec.2009.10.002
https://doi.org/10.1016/j.wneu.2017.09.118
https://doi.org/10.1007/s12013-014-0074-6
https://doi.org/10.1161/STROKEAHA.106.481234
https://doi.org/10.1161/JAHA.119.012205
https://doi.org/10.1055/s-0033-1333622
https://doi.org/10.1038/s41598-020-68276-9
https://doi.org/10.1038/s41588-020-00725-7
https://doi.org/10.1038/jcbfm.2013.37
https://doi.org/10.1002/cam4.1745
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1371/journal.pone.0175421
https://doi.org/10.1016/S1474-4422(14)70015-8
https://doi.org/10.1038/nrneurol.2016.150
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Li and Qin Potential Diagnostic Genes for Ruptured IAs

20. Jin H, Li C, Ge H, Jiang Y, Li Y. Circulating microRNA: a novel potential

biomarker for early diagnosis of intracranial aneurysm rupture a case control

study. J Transl Med. (2013) 11:296. doi: 10.1186/1479-5876-11-296

21. Poppenberg KE, Li L, Waqas M, Paliwal N, Jiang K, Jarvis JN, et al. Whole

blood transcriptome biomarkers of unruptured intracranial aneurysm. PLoS

ONE. (2020) 15:e0241838. doi: 10.1371/journal.pone.0241838

22. Sabatino G, Rigante L, Minella D, Novelli G, Della Pepa GM, Esposito G, et al.

Transcriptional profile characterization for the identification of peripheral

blood biomarkers in patients with cerebral aneurysms. J Biol Regul Homeost

Agents. (2013) 27:729–38. doi: 10.1021/ac402886q

23. Tutino VM, Poppenberg KE, Jiang K, Jarvis JN, Sun Y, Sonig A, et al.

Circulating neutrophil transcriptome may reveal intracranial aneurysm

signature. PLoS ONE. (2018) 13:e0191407. doi: 10.1371/journal.pone.0191407

24. Tutino VM, Poppenberg KE, Li L, Shallwani H, Jiang K, Jarvis JN, et al.

Biomarkers from circulating neutrophil transcriptomes have potential to

detect unruptured intracranial aneurysms. J Transl Med. (2018) 16:373.

doi: 10.1186/s12967-018-1749-3

25. Poppenberg KE, Tutino VM, Li L, Waqas M, June A, Chaves L,

et al. Classification models using circulating neutrophil transcripts can

detect unruptured intracranial aneurysm. J Transl Med. (2020) 18:392.

doi: 10.1186/s12967-020-02550-2

26. Syta-Krzyzanowska A, Jarocka-Karpowicz I, Kochanowicz J, Turek G,

Rutkowski R, Gorbacz K, et al. F2-isoprostanes and F4-neuroprostanes as

markers of intracranial aneurysm development. Adv Clin Exp Med. (2018)

27:673–80. doi: 10.17219/acem/68634

27. Kao HW, Lee KW, Chen WL, Kuo CL, Huang CS, Tseng WM, et al.

Cyclophilin A in ruptured intracranial aneurysm: a prognostic biomarker.

Medicine. (2015) 94:e1683. doi: 10.1097/MD.0000000000001683

28. Pawlowska E, Szczepanska J, Wisniewski K, Tokarz P, Jaskolski DJ, Blasiak

J. NF-kappaB-Mediated inflammation in the pathogenesis of intracranial

aneurysm and subarachnoid hemorrhage. Does autophagy play a role? Int J

Mol Sci. (2018) 19:1245. doi: 10.3390/ijms19041245

29. Gruszka W, Zbroszczyk M, Komenda J, Gruszczynska K, Baron J.

The role of inflammation and potential pharmacological therapy

in intracranial aneurysms. Neurol Neurochir Pol. (2018) 52:662–9.

doi: 10.1016/j.pjnns.2018.08.002

30. Tang H, Luo Y, Zuo Q, Wang C, Huang Q, Zhao R, et al. Current

understanding of the molecular mechanism between hemodynamic- induced

intracranial aneurysm and inflammation. Curr Protein Pept Sci. (2019)

20:789–98. doi: 10.2174/1389203720666190507101506

31. Korostynski M, Piechota M, Morga R, Hoinkis D, Golda S, Zygmunt

M, et al. Systemic response to rupture of intracranial aneurysms involves

expression of specific gene isoforms. J Transl Med. (2019) 17:141.

doi: 10.1186/s12967-019-1891-6

32. Vella D, Marini S, Vitali F, Di Silvestre D, Mauri G, Bellazzi R. MTGO: PPI

network analysis via topological and functional module identification. Sci Rep.

(2018) 8:5499. doi: 10.1038/s41598-018-23672-0

33. Cavanillas ML, Alcina A, Nunez C, de las Heras V, Fernandez-Arquero

M, Bartolome M, et al. Polymorphisms in the IL2, IL2RA and IL2RB

genes in multiple sclerosis risk. Eur J Hum Genet. (2010) 18:794–9.

doi: 10.1038/ejhg.2010.15

34. Burchill MA, Yang J, Vang KB, Farrar MA. Interleukin-2 receptor signaling

in regulatory T cell development and homeostasis. Immunol Lett. (2007)

114:1–8. doi: 10.1016/j.imlet.2007.08.005

35. Zhang HF, Liang GB, Zhao MG, Zhao GF, Luo YH. Regulatory T

cells demonstrate significantly increased functions following stimulation

with IL-2 in a Tim-3-dependent manner in intracranial aneurysms. Int

Immunopharmacol. (2018) 65:342–47. doi: 10.1016/j.intimp.2018.10.029

36. Kawasaki E, Awata T, Ikegami H, Kobayashi T, Maruyama T, Nakanishi K,

et al. Genetic association between the interleukin-2 receptor-alpha gene and

mode of onset of type 1 diabetes in the Japanese population. J Clin Endocrinol

Metab. (2009) 94:947–52. doi: 10.1210/jc.2008-1596

37. Saino O, Taguchi A, Nakagomi T, Nakano-Doi A, Kashiwamura S, Doe N,

et al. Immunodeficiency reduces neural stem/progenitor cell apoptosis and

enhances neurogenesis in the cerebral cortex after stroke. J Neurosci Res.

(2010) 88:2385–97. doi: 10.1002/jnr.22410

38. Jia Z, Zhang Z, Yang Q, Deng C, Li D, Ren L. Effect of IL2RA and IL2RB gene

polymorphisms on lung cancer risk. Int Immunopharmacol. (2019) 74:105716.

doi: 10.1016/j.intimp.2019.105716

39. Lowe CE, Cooper JD, Brusko T, Walker NM, Smyth DJ, Bailey R, et al. Large-

scale genetic fine mapping and genotype-phenotype associations implicate

polymorphism in the IL2RA region in type 1 diabetes. Nat Genet. (2007)

39:1074–82. doi: 10.1038/ng2102

40. The Wellcome Trust Case Control Consortium. Genome-wide

association study of 14,000 cases of seven common diseases and

3,000 shared controls. Nature. (2007) 447:661–78. doi: 10.1038/nature

05911

41. International Multiple Sclerosis Genetics C, Hafler DA, Compston A,

Sawcer S, Lander ES, Daly MJ, et al. Risk alleles for multiple sclerosis

identified by a genomewide study. N Engl J Med. (2007) 357:851–62.

doi: 10.1056/NEJMoa073493

42. Yan Y, Chen R, Wang X, Hu K, Huang L, Lu M, et al. CCL19 and CCR7

expression, signaling pathways, and adjuvant functions in viral infection

and prevention. Front Cell Dev Biol. (2019) 7:212. doi: 10.3389/fcell.2019.

00212

43. Biros E, Moran CS, Rush CM, Gabel G, Schreurs C,

Lindeman JH, et al. Differential gene expression in the

proximal neck of human abdominal aortic aneurysm.

Atherosclerosis. (2014) 233:211–8. doi: 10.1016/j.atherosclerosis.2013.

12.017

44. Sokol CL, Camire RB, Jones MC, Luster AD. The chemokine receptor CCR8

promotes the migration of dendritic cells into the lymph node parenchyma

to initiate the allergic immune response. Immunity. (2018) 49:449–63 e6.

doi: 10.1016/j.immuni.2018.07.012

45. Maolake A, Izumi K, Natsagdorj A, Iwamoto H, Kadomoto S, Makino T,

et al. Tumor necrosis factor-alpha induces prostate cancer cell migration

in lymphatic metastasis through CCR7 upregulation. Cancer Sci. (2018)

109:1524–31. doi: 10.1111/cas.13586

46. Wang Q, Chen X, Yi D, Song Y, Zhao YH, Luo Q. Expression profile

analysis of differentially expressed genes in ruptured intracranial aneurysms:

in search of biomarkers. Biochem Biophys Res Commun. (2018) 506:548–56.

doi: 10.1016/j.bbrc.2018.10.117

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.

Copyright © 2021 Li and Qin. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 August 2021 | Volume 8 | Article 671655

https://doi.org/10.1186/1479-5876-11-296
https://doi.org/10.1371/journal.pone.0241838
https://doi.org/10.1021/ac402886q
https://doi.org/10.1371/journal.pone.0191407
https://doi.org/10.1186/s12967-018-1749-3
https://doi.org/10.1186/s12967-020-02550-2
https://doi.org/10.17219/acem/68634
https://doi.org/10.1097/MD.0000000000001683
https://doi.org/10.3390/ijms19041245
https://doi.org/10.1016/j.pjnns.2018.08.002
https://doi.org/10.2174/1389203720666190507101506
https://doi.org/10.1186/s12967-019-1891-6
https://doi.org/10.1038/s41598-018-23672-0
https://doi.org/10.1038/ejhg.2010.15
https://doi.org/10.1016/j.imlet.2007.08.005
https://doi.org/10.1016/j.intimp.2018.10.029
https://doi.org/10.1210/jc.2008-1596
https://doi.org/10.1002/jnr.22410
https://doi.org/10.1016/j.intimp.2019.105716
https://doi.org/10.1038/ng2102
https://doi.org/10.1038/nature05911
https://doi.org/10.1056/NEJMoa073493
https://doi.org/10.3389/fcell.2019.00212
https://doi.org/10.1016/j.atherosclerosis.2013.12.017
https://doi.org/10.1016/j.immuni.2018.07.012
https://doi.org/10.1111/cas.13586
https://doi.org/10.1016/j.bbrc.2018.10.117
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	A Two-Gene-Based Diagnostic Signature for Ruptured Intracranial Aneurysms
	Introduction
	Materials and Methods
	Gene Expression Dataset
	Differential Expression Analysis
	Functional Enrichment Analysis
	Immune Cell Analysis
	Protein–Protein Interaction Network
	Construction of a Logistic Regression Model
	Patients
	RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction

	Results
	DEGs
	Functional Enrichment Analysis of DEGs
	Immune Cells May Be Associated With Ruptured IAs
	Potential Core Genes in Ruptured IAs
	Two-Gene-Based Logistic Regression Model
	Validation of the IL2RB and CCR7 Expressions in Ruptured IA Patients and Healthy Controls

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


