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Abstract. Primary multiple intracranial aneurysm (MIA) is a 
vascular disease that frequently leads to fatal vascular rupture 
and subarachnoid hemorrhage. However, the epigenetic 
regulation associated with MIA has remained largely elusive. 
Circular RNAs (circRNAs) serve important roles in cardio‑
vascular diseases; however, their association with MIA has 
remained to be investigated. The present study initially aimed 
to explore novel mechanisms of MIA through examining 
circRNA expression profiles. Comprehensive circRNA expres‑
sion profiles were detected by RNA sequencing (RNA‑Seq) 
in human peripheral blood mononuclear cells. The RNA‑Seq 
results were validated by reverse transcription‑quantitative 
PCR. Gene Ontology and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses suggested the functions of these 
circRNAs. A competing endogenous RNA network was 
constructed to reveal the circRNA‑microRNA‑mRNA rela‑
tionship. Among the 3,328 differentially expressed circRNAs 
between the MIA and matched control groups, 60 exhib‑
ited significant expression changes (|log2 fold change|≥2; 
P<0.05). Among these 60 circRNAs, 20 were upregulated, 

while the other 40 were downregulated. A number of down‑
regulated circRNAs were involved in inflammation. The most 
significant KEGG pathway was ‘leukocyte transendothelial 
migration’. The circRNAs Homo sapiens (hsa)_circ_0135895, 
hsa_circ_0000682 and hsa_circ_0000690, which were also 
associated with the above‑mentioned pathway, were indi‑
cated to be able to regulate protein tyrosine kinase 2, protein 
kinase Cβ and integrin subunit αL, respectively. To the best 
of our knowledge, the present study was the first to perform a 
circRNA sequencing analysis of MIA. The results specifically 
predicted the regulatory role of circRNAs in the pathogen‑
esis of MIA. ‘Leukocyte transendothelial migration’ may be 
critical for the pathogenesis of MIA.

Introduction

Primary intracranial aneurysm (IA) is a vascular disease that 
frequently leads to fatal vascular rupture and subarachnoid 
hemorrhage, which is an acute stroke and has a mortality rate 
of nearly 50% (1). Primary multiple IA (MIA) is defined as 
the presence of two or more aneurysms in one patient. The 
reported rates of MIA range between 2 and 45% of IAs (2).

With the accumulation of studies about immunization, 
non‑coding RNAs and epigenetics, the molecular mecha‑
nisms of IA have been widely identified. However, although 
numerous studies have explored microRNAs (miRNAs) (3‑5) 
or long non‑coding RNAs (lncRNAs) (6,7) in IA, circRNAs 
in IA, particularly in MIA, have remained largely elusive. The 
genetic pathology of MIA, particularly in terms of circular 
RNAs (circRNAs) in MIA, remains to be determined.

Since their 3 and 5' ends are connected to form a circle, 
circRNA molecules cannot be broken down by RNase R. 
This feature leads to their high stability and abundance. 
Furthermore, circRNA expression is frequently cell‑ or 
tissue‑specific. In addition, circRNAs may be potential 
biomarkers for diseases (8), as they are conserved between 
species. Previous studies have demonstrated that circRNAs 
have numerous functions, such as sponging of miRNAs and 
gene regulation, and are closely associated with cell func‑
tion and diseases. Due to rapid developments in sequencing 
and microarray technology, systematic investigations of 
circRNA expression profiles in MIA development are now 
possible.
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Using high‑throughput sequencing technology, the present 
study aimed to define the circRNA expression profiles of 
MIA and to explore novel pathological mechanisms of MIA. 
Compared with microarrays, sequencing technology provides 
more comprehensive and reliable data (9), which may improve 
the current knowledge of the epigenetic mechanisms of MIA. 
The present study revealed that certain circRNAs are involved 
in the pathogenesis of MIA and mostly associated with inflam‑
mation. These results were further verified using PCR assays 
in an enlarged cohort of patients with MIA. In summary, 
the present results may give novel insight into the molecular 
mechanisms of MIA, provide ideas for novel treatments and 
promote the exploration of circRNAs as biomarkers.

Materials and methods

Patient selection. Blood samples of three pairs of patients 
with primary MIA and matched healthy individuals were 
collected at the Department of Neurosurgery, Longyan First 
Hospital Affiliated to Fujian Medical University (Longyan, 
China) between April 2018 and June 2018. Patients in the MIA 
group were selected from patients with onset within 24 h who 
were confirmed to have one ruptured IA by head computed 
tomography angiography (CTA) or digital subtraction angi‑
ography (DSA). The patients received microsurgical clipping 
or interventional therapy within the acute phase (24 h) after 
one of the aneurysms was ruptured. Those patients who had 
cerebrovascular diseases other than IA, systemic malignant 
tumor or severe complications were excluded. Individuals 
in the matched group were selected among individuals who 
were attending a regular health check‑up and underwent head 
CTA/DSA to exclude IA. To ensure the quality of samples, 
the present study excluded patients with factors that may have 
affected the state of peripheral blood, including pregnancy, 
chemotherapy and fever (≥37.3˚C). Individuals in the MIA 
and matched groups were matched based on age, sex and past 
medical history, such as hypertension and smoking. Baseline 
information and clinical characteristics of the two groups are 
presented in Table I. Another 20 individuals were recruited as 
the validation cohort following the same criteria as those for 
the initial study group used for RNA sequencing (RNA‑seq). 
They were divided into 10 pairs of matched patients with 
primary MIA as a test group and healthy individuals as a 
control group. The baseline information and clinical features 
of the two groups are presented in Table II. All volunteers 
included provided written informed consent and the present 
study was approved by the Ethics Committee of Longyan First 
Hospital Affiliated to Fujian Medical University (Longyan, 
China).

RNA isolation and purification. Total RNA was extracted 
from peripheral blood mononuclear cell samples using TRlzol 
reagent (Takara Bio, Inc.) according to the kit's instruc‑
tions, as described previously (10). The NanoDrop‑1000 
(Thermo Fisher Scientific, Inc.) was used to quantify total 
RNA, and optical density at 260 nm (OD260)/OD280 ratios 
between 1.8 and 2.1 were considered acceptable. Agarose gel 
electrophoresis and the Nanodrop spectrophotometer were 
used to check the quantity of RNA prior to sequencing and 
reverse transcription‑quantitative PCR (RT‑qPCR).

circRNA sequencing analysis. RNase R (Epicentre; Illumina, 
Inc.) was used to degrade linear RNA and enrich circRNAs in 
total RNA. Subsequently, the circRNA library was constructed 
according to the manufacturer's protocols (NEBNext Ultra 
Directional RNA Library Prep kit; New England BioLabs, 
Inc.). The Library Quantification kit (Kapa Biosystems; Roche 
Diagnostics) was used to identify and quantify sequences using 
the Illumina HiSeq 4000 system (Illumina, Inc.). By using 
paired‑end sequencing, the nucleotide length of sequencing 
was 150 bp. Single‑stranded DNA was generated using 0.1 M 
NaOH and its loading concentration was 8 pM, which was 
measured by qPCR (11,12). Sequencing quality was evalu‑
ated by FastQC v0.11.7 software (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Adaptors and poor‑quality 
bases were trimmed with Cutadapt v1.14 (https://cutadapt.
readthedocs.io/en/stable/). In order to ensure the quality and 
reliability of data analysis, it was necessary to filter the orig‑
inal data. The filtering comprised the following: Reads with 
adapter were removed; reads with a ratio of indeterminable 
base information of >0.002 were removed; when the number 
of low‑quality bases in a single‑ended read exceeded 50% of 
read length, this paired read was removed. Furthermore, genes 
with low expression levels were filtered in the analysis. The 
threshold values were as follows: 1.5‑fold change (FC), P≤0.05 
and mean value of fragments per kilobase of exon model per 
million reads mapped ≥0.5.

Base calling and image processing were performed using 
Solexa pipeline v1.8 (Off‑Line Base Caller software, v1.8). 
Quantile normalization and subsequent data processing were 
performed using the Ballgown package v2.8.4 (http://www.
bioconductor.org/packages/release/bioc/html/ballgown.html) 
in R software v3.4.1 (www.r‑project.org). Differential expres‑
sion patterns of circRNAs in the samples were visualized 
using hierarchical clustering and a scatter plot. Significantly 
differentially expressed circRNAs (FC >2 and P<0.05) were 
identified using volcano plot filtering.

Validation by RT‑qPCR. To validate the changes in circRNA 
expression identified by RNA‑sequencing, 10 circRNAs, 
including 5 upregulated and 5 downregulated circRNAs, were 
selected. They met the following requirements: i) Length 
of circRNA between 200 and 3,000 bp; ii) |log2 FC|>2; 
iii) P<0.05; and iv) exon‑related circRNA. The expression 
levels of circRNAs were evaluated by fluorescence real‑time 
PCR (C1000; Applied Biosystems; Thermo Fisher Scientific, 
Inc.) in 10 pairs of matched patients with primary MIA as a 
test group and healthy individuals as a control group using 
SYBR Green as the probe, as previously described (13). The 
housekeeping gene β‑actin was used as an internal control. 
The results were calculated using the 2‑ΔΔCq method (14).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis. GO enrichment analysis 
(https://david‑d.ncifcrf.gov/) was conducted to explore the 
potential biological functions of the target genes of the 
circRNAs identified. KEGG pathway analysis (http://www.
genome.jp/kegg/) revealed the signaling pathways the target 
genes of identified circRNAs were involved in at the molecular 
level. Genes with a corrected P<0.05 were considered to be 
enriched.
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miRNA prediction and circRNA‑miRNA‑mRNA network 
construction. miRNA binding sites of circRNAs were 
predicted using TargetScan v7.2 (15), circBank v2014 (16) 
and miRanda v3.3a. Information on miRNA‑mRNA regula‑
tion was obtained using miRTarBase (17) and TargetScan. 
The potential effects of the differentially expressed circRNAs 
associated with ‘leukocyte transendothelial migration’ were 
further predicted by constructing a competing endogenous 
RNA (ceRNA) network of circRNA‑miRNA‑mRNA interac‑
tions. Cytoscape v3.6.1 was used to construct the graph of the 
circRNA‑miRNA‑mRNA network.

Statistical analysis. Normally distributed data were analyzed 
using a two‑tailed t‑test and a Mann‑Whitney U test was used 
for skewed data. All statistical analyses were performed using 
SPSS v19.0 (IBM Corp.). P<0.05 (two‑tailed) was considered 
to indicate a statistically significant difference.

Results

circRNA expression profiles in peripheral blood mononuclear 
cells. The normalized expression profiles are presented in 

Fig. 1. Hierarchical clustering revealed the difference in 
circRNA expression profiles between the two groups (Fig. 1A). 
A total of 3,328 differentially expressed circRNAs between 
the MIA group and the matched group were identified by 
circRNA sequencing analysis. The distribution of circRNAs 
in three pairs of matched samples is presented in a scatter plot 
(Fig. 1B). Compared to the matched group, 60 circRNAs were 
revealed to be significantly differentially expressed in the MIA 
group (|log2 FC|≥2; P<0.05). Among them, 20 were upregu‑
lated and 40 were downregulated (Fig. 1C). Furthermore, 
85.79% of the circRNAs were previously identified in 
circbase (18) and 14.21% were novel (Fig. 1D). Most circRNAs 
had a predicted spliced length <1,000 nt (Fig. 1E). These 
circRNAs were widely distributed among all chromosomes 
except the Y chromosome, since only samples from female 
patients were collected (Fig. 1F). The top 10 most upregu‑
lated and downregulated circRNAs are listed in Table III.

RT‑qPCR validation of differential expression of circRNAs. 
A total of 10 differentially expressed circRNAs, including 
5 upregulated [Homo sapiens circRNA (hsa_circ)_0008911, 
hsa_circ_0074837, hsa_circ_0131628, hsa_circ_0083229 and 

Table I. Baseline data of patients for sequencing and the clinical features of MIA.

A, Clinicopathological parameters

Item MIA (n=3) Matched control (n=3) t/χ2 P‑value

Age (years) 69.33±8.39 68.67±9.29 0.092 0.931
Female sex 3 (100) 3 (100) 0.000 1.000
Hypertension 3 (100) 3 (100) 0.000 1.000
Smoking 0 (100) 0 (100) 0.000 1.000
SBP (mmHg) 156.67±10.60 153.00±11.79 0.401 0.709
DBP (mmHg) 83.67±5.13 84.33±9.07 ‑0.111 0.917
TG (mmol/l) 0.67±0.05 0.75±0.07 ‑1.595 0.186
LDL (mmol/l) 1.81±0.16 1.88±0.13 ‑0.632 0.561
HDL (mmol/l) 1.33±0.10 1.38±0.14 ‑0.511 0.636

B, Details of individual IAs

Case/IA Location Ruptured Type Size (mm)

Case 1
  IA1 Right PcoA Yes Saccular 3x5
  IA2 Left PcoA No Saccular 2x5
Case 2
  IA1 BA Yes Saccular 7x9
  IA2 Left MCA No Saccular 3x4
Case 3
  IA1 Right PcoA Yes Saccular 9x3
  IA2 AcoA No Saccular 3x4

Values are expressed as n (%) or the mean ± standard deviation. MIA, multiple intracranial aneurysm; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; TG, triglyceride; LDL, low‑density lipoprotein; HDL, high‑density lipoprotein; PcoA, posterior communicating artery 
aneurysm; BA, basal artery aneurysm; MCA, middle cerebral artery; AcoA, anterior communicating artery.
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Table II. Baseline data of the two groups of the validation cohort and the clinical features of multiple IA.

A, Baseline data of the test group and the control group of the validation cohort

Item Test group (n=10) Control (n=10) t/χ2 P‑value

Age (years) 57.0±9.31 59.8±8.99 ‑0.684 0.503
Female sex 6 (60) 6 (60) 0.000 1.000
Hypertension 8 (80) 8 (80) 0.000 1.000
Smoking 6 (60) 6 (60) 0.000 1.000
SBP (mmHg) 147.60±14.42 149.40±18.31 ‑0.244 0.810
DBP (mmHg) 83.90±4.68 84.20±8.94 ‑0.094 0.926
TG (mmol/l) 0.70±0.08 0.71±0.09 ‑0.274 0.787
LDL (mmol/l) 1.78±0.15 1.82±0.18 ‑0.518 0.610
HDL (mmol/l) 1.41±0.10 1.35±0.08 1.414 0.174

B, Details of individual IAs

Subject/IA Location Ruptured Type Size (mm)

Test 1
  IA1 Right PcoA Yes Saccular 4x4
  IA2 Left PcoA No Saccular 4x2
Test 2
  IA1 BA Yes Saccular 6x5
  IA2 Left MCA No Saccular 4x3
Test 3
  IA1 Right PcoA Yes Saccular 5x3
  IA2 AcoA No Saccular 5x2
Test 4
  IA1 Left PcoA Yes Saccular 8x7
  IA2 Right PcoA No Saccular 6x4
Test 5
  IA1 Left PcoA Yes Saccular 12x6
  IA2 Left MCA No Saccular 5x2
Test 6
  IA1 Left MCA Yes Saccular 9x7
  IA2 AcoA No Saccular 7x6
Test 7
  IA1 AcoA Yes Saccular 13x10
  IA2 Right PcoA No Saccular 9x6
Test 8
  IA1 Right PcoA Yes Saccular 13x9
  IA2 BA No Saccular 4x3
Test 9
  IA1 Righ MCA Yes Saccular 9x5
  IA2 Right PcoA No Saccular 6x4
Test 10
  IA1 AcoA Yes Saccular 9x3
  IA2 Left PcoA No Saccular 4x3

IA, intracranial aneurysm; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglyceride; LDL, low‑density lipoprotein; 
HDL, high‑density lipoprotein; PcoA, posterior communicating artery aneurysm; BA, basal artery aneurysm; MCA, middle cerebral artery; 
AcoA, anterior communicating artery.
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Table III. Top 10 upregulated and downregulated circRNAs.

CircBase_ID Direction of change Host gene Chromosomal location Length (nt) log2FC P‑value

hsa_circ_0135895 Upregulation PTK2 Chr8 853 11.34 0.006
hsa_circ_0008911 Upregulation ZNF512 Chr2 195 11.01 0.008
hsa_circ_0008122 Upregulation TCONS_l2_00012420 Chr19 223 10.90 0.008
hsa_circ_0074837 Upregulation PWWP2A Chr5 965 10.75 0.009
hsa_circ_0078380 Upregulation SCAF8 Chr6 1,159 10.64 0.010
hsa_circ_0093067 Upregulation CAMK1D Chr10 192 10.53 0.010
hsa_circ_0037572 Upregulation SRRM2 Chr16 93 10.33 0.012
hsa_circ_0089775 Upregulation PPP2R3B Chrx 1,253 10.28 0.012
hsa_circ_0000192 Upregulation GALNT2 Chr1 248 9.40 0.022
hsa_circ_0131628 Upregulation SLC22A23 Chr6 414 9.40 0.007
hsa_circ_0009076 Downregulation NRD1 Chr1 228 ‑10.33 0.021
hsa_circ_0000982 Downregulation LOC375190 Chr2 395 ‑10.16 0.024
hsa_circ_0001492 Downregulation ERBB2IP Chr5 364 ‑10.09 0.025
hsa_circ_0000698 Downregulation PHKB Chr16 518 ‑9.90 0.028
hsa_circ_0141172 Downregulation DAAM1 Chr14 310 ‑9.89 0.029
hsa_circ_0002665 Downregulation GDI2 Chr10 343 ‑9.86 0.029
hsa_circ_0001413 Downregulation FIP1L1 Chr4 362 ‑9.86 0.029
hsa_circ_0006208 Downregulation NPAT Chr11 226 ‑9.83 0.030
hsa_circ_0001936 Downregulation BRWD3 Chrx 676 ‑9.82 0.030
hsa_circ_0126525 Downregulation SLAIN2 Chr4 971 ‑9.81 0.030

chr, chromosome; hsa_circ, Homo sapiens circular RNA; FC, fold change.

Figure 1. circRNA expression profiles of patients with MIA and matched individuals undergoing health examinations. (A) Hierarchical clustering, (B) scatter 
plot and (C) volcano plot for the differentially expressed circRNAs between patients with MIA and matched individuals undergoing health examinations. 
(D) Proportion of previously known and newly discovered circRNAs detected by RNA‑sequencing. (E) Length distribution of differentially expressed 
circRNAs. (F) Chromosomal location of circRNAs. circRNA, circular RNA; MIA, multiple intracranial aneurysms; chr, chromosome.
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hsa_circ_0135895] and 5 downregulated (hsa_circ_0018168, 
hsa_circ_0002100, hsa_circ_0000690, hsa_circ_0000711 
and hsa_circ_0000682) circRNAs, were selected to confirm 
the sequencing data using RT‑qPCR. As presented in Fig. 2A, 
the changes observed in all selected circRNAs were similar 
between circRNA sequencing and the RT‑qPCR assays, 
which confirmed the accuracy of the sequencing. As indi‑
cated in Fig. 2B, hsa_circ_0135895, hsa_circ_0000690 and 
hsa_circ_0000682 were significantly differentially expressed 
between samples from 10 patients with MIA and 10 healthy 
individuals (P<0.05).

GO and KEGG pathway analyses. GO enrichment and 
KEGG pathway analysis were performed with genes of a total 
of 3,328 differentially expressed circRNAs (Fig. 3). The top 10 
most enriched GO terms by the upregulated and downregu‑
lated genes of identified circRNAs in the categories biological 
process (BP), cellular component and molecular function (MF) 
are presented in Fig. 3A and B. The top 10 GO terms for the 
downregulated genes of identified circRNAs in the category BP 
were mainly involved in metabolic processes, while those in the 
category MF mainly involved different types of binding func‑
tions. The KEGG pathway analysis revealed that the upregulated 
genes of identified circRNAs mapped to 8 pathways, including 
‘thiamine metabolism’, ‘pyrimidine metabolism’ and ‘DNA 
replication’ (Fig. 3C and E). Furthermore, the downregulated 
genes of identified circRNAs were mapped to 144 pathways, 
including ‘leukocyte transendothelial migration’ in Fig. 4A, 

‘natural killer cell mediated cytotoxicity’ in Fig. 4B, ‘T cell 
receptor signaling pathway’ and ‘NF‑κB signaling pathway’ 
(Fig. 3D and F). The 60 significantly differentially expressed 
circRNAs were also analyzed through GO enrichment and 
KEGG pathway analysis. The GO enrichment analysis was 
unsuccessful due to the low number of circRNAs. Only 
five pathways were obtained in the KEGG pathway analysis of 
the 60 host genes of the circRNAs identified, namely ‘leuko‑
cyte transendothelial migration’, ‘natural killer cell mediated 
cytotoxicity’, ‘VEGF signaling pathway’, ‘axon guidance’ and 
‘Wnt signaling pathway’.

miRNA prediction and ceRNA network construction. 
TargetScan, circBank and miRanda were utilized to predict 
miRNAs targeted by the differentially expressed circRNAs. 
The top 5 miRNAs predicted to be targeted by each of 
the three selected significantly differentially expressed 
circRNAs, which were all contained in the three databases, 
are presented in Table IV. The miRNA‑mRNA regulatory 
relationships were further identified using miRTarBase and 
TargetScan. The miRNAs targeted by the circRNAs associ‑
ated with ‘leukocyte transendothelial migration’ and their 
regulated mRNAs were further selected for ceRNA network 
construction. In this network, an upregulated circRNA 
(hsa_circ_0135895) and two downregulated circRNAs 
(hsa_circ_0000682 and hsa_circ_0000690) regulate protein 
tyrosine kinase 2 (PTK2), protein kinase Cβ (PRKCB) and 
integrin subunit αL (ITGAL), respectively, by sponging a 

Figure 2. RT‑qPCR validation. (A) Relative fold changes of circRNAs detected by RNA‑seq and RT‑qPCR. (B) RT‑qPCR results for the 10 selected circRNAs 
in the test and control groups of the validation cohort. *P<0.05, **P<0.01. circRNA, circular RNA; RT‑qPCR, reverse transcription‑quantitative PCR; FC, fold 
change; hsa_circ, Homo sapiens circular RNA; RNA‑seq, RNA‑sequencing. 

Table IV. Predicted miRNAs for the selected significantly differential circRNAs in multiple intracranial aneurysm.

CircRNA ID miRNA

hsa_circ_0135895 hsa‑miR‑619‑3p, hsa‑miR‑4324, hsa‑miR‑5687, hsa‑miR‑3529‑5p, hsa‑miR‑379‑5p
hsa_circ_0000682 hsa‑miR‑448, hsa‑miR‑1248, hsa‑miR‑302a‑5p, hsa‑miR‑627‑3p, hsa‑miR‑1248
hsa_circ_0000690 hsa‑miR‑4726‑3p, hsa‑miR‑4520‑3p, hsa‑miR‑4514, hsa‑miR‑4692, hsa‑miR‑6842‑3p

miRNA, microRNA; hsa_circ, Homo sapiens circular RNA.
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number of different miRNAs (Fig. 5). hsa‑miR‑4778‑3p may 
combine with both hsa_circ_0135895 and hsa_circ_0000690, 
while hsa‑miR‑543 may combine with both hsa_circ_0135895 
and hsa_circ_0000682. Several genes may combine with 
>20 predicted miRNAs, including ITGAL, IL2 inducible 
T‑cell kinase, phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 

catalytic subunit α, phospholipase C γ1, PRKCB, PTK2, protein 
tyrosine phosphatase non‑receptor type 11, RAP1A member 
of RAS oncogene family, ras homolog family member H, 
rho associated coiled‑coil containing protein kinase 1 and 
signal‑induced proliferation‑associated 1. Among the three 
circRNAs, hsa_circ_0135895 sponged the most mRNAs.

Figure 3. GO and KEGG pathway analysis. (A) Upregulated genes of identified circRNAs GO terms. (C and E) Pathways associated with the upregulated genes 
of identified circRNAs. (B) Downregulated genes of identified circRNAs GO terms. (D and F) Pathways associated with the downregulated genes of identified 
circRNAs. The significance of GO term enrichment and the pathways involved in the conditions was determined according to the P‑value. A lower P‑value 
(recommended cut‑off, 0.05) suggests a higher significance of the GO terms and the pathways. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; Sig, significant; DE, differentially expressed; BP, biological process; CC, cellular component; MF, molecular function; hsa, Homo sapiens.
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Figure 4. Pathways associated with the formation of multiple intracranial aneurysms. (A) Leukocyte transendothelial migration pathway. (B) Natural killer 
cell mediated cytotoxicity pathway. Green nodes represent gene enrichment of the pathway, while white nodes have no significance. The red square represents 
adhesion between intercellular cell adhesion molecule‑1 and the complex of integrin subunit αL/integrin subunit β2. KEGG, Kyoto Encyclopedia of Genes and 
Genomes; NK, natural killer; ROS, reactive oxygen species; H2O2, hydrogen peroxide; DNA, deoxyribonucleic acid; cAMP, cyclic adenosine monophosphate; 
NADPH, nicotinamide adenine dinucleotide phosphate; DAG, diacylglycerol; IP3, inositol triphosphate.
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Discussion

MIA is an unpredictably and lethal disease. To the best of our 
knowledge, the specific molecular biological mechanisms of 
MIA have remained to be elucidated. IA, particularly MIA 
and familial aneurysms, may be hereditary (19). Previous 
studies have focused on genes associated with vascular smooth 
muscle cell dysfunction, extracellular matrix components and 
vascular inflammation; however, these genes may be associated 
with a change in risk of IA by <5% (20,21). Gene expression 
is regulated by various factors, which are relatively reversible. 
As non‑coding RNAs, a novel class of lncRNAs, circRNAs, 
are widely involved in gene transcription, post‑transcriptional 

regulation and other biological processes. They have been 
identified and determined to be involved in neurologic 
diseases (22), particularly cerebrovascular disease (23).

In the present study, RNA‑seq technology was used 
to profile differentially expressed circRNAs in peripheral 
blood mononuclear cells from patients with MIA. Samples 
from three pairs of patients with MIA and matched healthy 
individuals were selected to perform circRNA profiling. A 
total of 3,328 differentially expressed circRNAs were identi‑
fied and 60 of these circRNAs were significantly differentially 
expressed, including 20 upregulated and 40 downregulated 
circRNAs. The reliability of the results was validated using 
RT‑qPCR. The trends of all 10 selected circRNAs were the 

Figure 5. circRNA‑miRNA‑mRNA regulation network. The red triangle represents an upregulated circRNA (hsa_circ_0135895), the green triangles represent 
downregulated circRNAs (hsa_circ_0000682 and hsa_circ_0000690), the blue nodes represent miRNAs and the green nodes represent mRNAs. Hsa_circRNA, 
Homo sapiens circular RNA; miRNA, microRNA.
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same (Fig. 2A), but some of them were not statistically signifi‑
cant (Fig. 2B). These results suggested that expression changes 
of these circRNAs are associated with the pathogenesis of 
MIA.

The GO enrichment and KEGG pathway analyses of the 
present study revealed the functional roles of the target genes. 
Since few pathways were identified for the upregulated genes, 
the present study focused on the pathways associated with the 
downregulated genes. It was revealed that most genes that were 
downregulated in MIA were mainly involved in inflammation, 
which is known to be critical for the pathogenesis of IA. This 
was similar to the results of Hao et al (24) and Huang et al (25). 
Inflammation of the arterial wall is one of the recognized 
mechanisms of IA (26). In addition, the aggregation of white 
blood cells and their adherence to inflammatory tissues are 
the basis of an inflammatory response (27). Inflammatory 
response and leukocyte infiltration are the pathological basis 
for the development of IA (28,29). Infiltration of inflamma‑
tory cells is the primary pathological change during the early 
stages of IA (30). circRNAs have been demonstrated to serve 
important roles in inflammation, including the regulation of 
inflammation‑associated genes, recruitment of macrophages 
and modulation of crucial signaling pathways (31). The present 
results suggested that several inflammation‑related biological 
mechanisms and pathways in MIA are potentially regulated 
by circRNAs. The most affected pathway was the ‘leukocyte 
transendothelial migration’ in Fig. 4A. Due to the blood‑brain 
barrier, there is almost no peripheral blood lymphocyte aggre‑
gation in normal brain tissues. However, the adhesion between 
lymphocyte function‑associated antigen‑1 (LFA‑1)/intercel‑
lular cell adhesion molecule‑1 (ICAM‑1) in the pathway 
‘leukocyte transendothelial migration’ serves an important 
role in the migration and infiltration of lymphocytes into 
cerebrovascular wall tissues (32). ‘Natural killer cell mediated 
cytotoxicity’ in Fig. 4B was the other signaling pathway asso‑
ciated with the downregulated genes and was associated with 
MIA formation and development. In addition, studies have 
demonstrated that natural killer cells intensively infiltrate in 
abdominal aortic aneurysm and damage the vessel by inducing 
cytotoxicity in arterial smooth muscle cells (33).

Adhesion between LFA‑1 and ICAM‑1 is involved in both 
‘leukocyte transendothelial migration’ and ‘Natural killer cell 
mediated cytotoxicity’ pathways in Fig. 4. LFA‑1 is expressed 
on the surfaces of lymphocytes, neutrophils, monocytes and 
macrophages. As a member of the integrin β2 family, LFA‑1 is 
composed of an α and a β subunit. The α subunit, also known 
as CD11a antigen, is encoded by ITGAL, and the β subunit, 
also known as CD18, is encoded by integrin subunit β2 (34). 
CD11a, which may be transcriptionally regulated by hsa_
circ_0000690, is the binding site for ICAM‑1, enabling stable 
immune adhesion between LFA‑1 and ICAM‑1.

‘Leukocyte transendothelial migration’ may be a key 
biological event in MIA. In the present study, the KEGG 
pathway ‘leukocyte transendothelial migration’ was enriched 
by 151 genes targeted by differentially expressed circRNAs. 
Most circRNAs have been identified to interact with miRNAs 
via fewer binding sites, acting as miRNA sponges to regulate 
transcription. Therefore, the ceRNA mechanism of certain 
circRNAs associated with ‘leukocyte transendothelial migra‑
tion’ was explored. For this, three circRNAs that interact 

with certain miRNAs that transcriptionally regulate migra‑
tion were selected (hsa_circ_0135895, hsa_circ_0000682 
and hsa_circ_0000690) and annotated, since the validation 
experiment confirmed that these three circRNAs were signifi‑
cantly different between the cases and controls. Furthermore, 
a ceRNA network was constructed based on the selected 
circRNAs. Subsequently, circRNA‑miRNA interactions were 
assessed to further reveal the roles of circRNAs as miRNA 
sponges.

It is worth mentioning that the present results demon‑
strated that the downregulated genes were over‑represented 
in pathways associated with inflammation. It is known that 
inflammation is an important factor in the occurrence and 
development of IAs. Therefore, the opposite results would 
be expected. The observed negative association appeared to 
be the opposite of the expected trend. The exact mechanisms 
responsible for these results remain elusive and it was not 
possible to offer a reasonable explanation based on the results 
of the present study. The most recent studies have focused on 
upregulated circRNAs due to the ceRNA mechanism (35‑37). 
circRNAs are widely involved in gene transcription, post‑tran‑
scriptional regulation and other biological processes with 
complex and unknown mechanisms. The ceRNA mechanism 
is just one classical mechanism. Only a small number of studies 
have investigated downregulated genes; however, increasing 
attention is being paid to these (38,39). Therefore, the relation‑
ships among downregulated genes, inflammation and MIA, as 
well as the mechanisms underlying their associations, deserve 
further investigation.

In the present study, circRNA expression profiles were linked 
to MIA development to predict a regulatory role of circRNAs 
in MIA formation, thereby expanding the knowledge of MIA. 
However, the present study had certain limitations. First, only 
circRNAs associated with ‘leukocyte transendothelial migration’ 
were used to construct the ceRNA network, while circRNAs 
associated with other pathways may also have an effect on tran‑
scriptional regulation in MIA. Therefore, further investigation 
including more circRNAs is required. In addition, the effects of 
circRNAs on miRNAs and mRNAs were determined by compu‑
tational analyses and remain to be experimentally demonstrated. 
Further biological in vitro and in vivo experiments are required, 
including validation of the expression of target miRNAs. As 
another limitation, both ruptured and unruptured IAs were 
included in the research objective. Differences in circRNA 
expression in MIA may be caused by not only IA itself but 
also subarachnoid hemorrhage. Whether the results may apply 
to unruptured MIA or single IA with ruptured status warrants 
further investigation. Finally, only samples from female patients 
were used in the present study. There may be certain significant 
differentially expressed circRNAs in the Y chromosome that the 
present study was not able to assess.

To elucidate how circRNAs transcriptionally regulate MIA 
formation and to identify biomarkers of MIA, research in this 
field based on the present results may be performed.

In conclusion, to the best of our knowledge, the present 
study was the first to identify differential expression profiles 
of circRNAs in MIA. Most downregulated genes were mainly 
involved in inflammation. The KEGG pathway ‘leukocyte 
transendothelial migration’ may be critical for the pathogen‑
esis of MIA. circRNAs involved in this pathway, particularly 
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hsa_circ_0135895, hsa_circ_0000682 and hsa_circ_0000690, 
should be further explored in the future.
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