
Page 1 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(6):358 | https://dx.doi.org/10.21037/atm-22-514

Original Article

Integrative analysis of key microRNA-mRNA complexes and 
pathways in aortic aneurysm

Yufei Fu1, Yingying Mao2, Ruoshi Chen3, Anfeng Yu3, Yifei Yin1, Xi Wang1, Liang Ma3, Xin Chen3

1Key Laboratory of Digestive Pathophysiology of Zhejiang Province, The First Affiliated Hospital of Zhejiang Chinese Medical University, Zhejiang 

Chinese Medical University, Hangzhou, China; 2Department of Epidemiology and Biostatistics, Zhejiang Chinese Medical University, Hangzhou, 

China; 3Department of Cardiovascular Surgery, The First Affiliated Hospital of Zhejiang University, Medical School of Zhejiang University, 

Hangzhou, China

Contributions: (I) Conception and design: Y Fu, X Chen; (II) Administrative support: L Ma; (III) Provision of study materials or patients: X Chen, L 

Ma; (IV) Collection and assembly of data: R Chen, A Yu, Y Yin, X Wang; (V) Data analysis and interpretation: Y Fu, Y Mao; (VI) Manuscript writing: 

All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Xin Chen; Liang Ma. Department of Cardiovascular Surgery, The First Affiliated Hospital of Zhejiang University, Medical School 

of Zhejiang University, Hangzhou 310003, China. Email: chenxin0131@zju.edu.cn; ml1402@zju.edu.cn; Yufei Fu. Key Laboratory of Digestive 

Pathophysiology of Zhejiang Province, The First Affiliated Hospital of Zhejiang Chinese Medical University, Zhejiang Chinese Medical University, 

Hangzhou 310053, China. Email: fuyufei@zju.edu.cn.

Background: This study investigated the therapeutic targets of aortic aneurysm (AA) and provided insights 
into the pathogenesis and molecular mechanisms of AA.
Methods: The messenger RNA (mRNA) datasets, GSE9106 (blood samples) and GSE7084 (tissue 
samples), and the microRNA (miRNA) datasets, GSE92427 (blood samples) and GSE110527 (tissue 
samples), were obtained from the Gene Expression Omnibus (GEO) database. Differentially expressed genes 
(DEGs) and differentially expressed miRNAs (DE-miRNAs) were analyzed by limma. Based on the co-
DEGs and co-DE-miRNAs between the AA blood and tissue datasets, the miRNA-mRNA regulatory pairs 
were predicted. Functional enrichment analyses and gene set enrichment analysis (GSEA) were performed 
and the protein-protein interaction (PPI) network was generated to further analyze the related genes and 
their functions. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and tyramide 
signal amplification (TSA)-in situ hybridization (ISH) assays were performed to detect the expression of co-
DE-miRNAs in AA clinical tissue samples and normal aorta samples.
Results: There were 19 upregulated and 5 downregulated co-differential mRNAs. MiR-4306 was the 
upregulated co-differential miRNA, and miR-3198 was the downregulated co-differential miRNA by blood-
tissue co-analysis. Based on the co-DEGs and co-DE-miRNAs, 4 miRNA-mRNA regulatory pairs were 
predicted. PPI networks were constructed of co-DEGs with 6 relationship pairs. RT-qPCR and TSA-ISH 
assays showed the upregulation of miR-4306 and the downregulation of miR-3198 in AA tissue samples.
Conclusions: This study provided evidence regarding the differential regulatory miRNA-mRNA networks 
in AA blood and tissue samples and identified key genes and signaling pathways related to AA, which 
provided insights into potential targets and mechanisms of AA pathogenesis and progression.
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Introduction

Aortic aneurysm (AA) is a permanent and fatal dilation of 
the aorta resulting from degeneration of the arterial wall. 
AAs are usually subdivided into thoracic aortic aneurysm 
(TAA) and abdominal aortic aneurysm (AAA) (1). It is 
well known that though TAA and AAA have different 
incidence rates, distribution, and inheritance, they share 
similar pathological and histological features, such as 
the breakdown of the extracellular matrix (ECM) and 
reductions in smooth muscle cells (SMCs) and inflammatory 
cell infiltration (2). Previous studies found that aberrant 
proteases, including metalloproteinase family, cathepsins, 
and granzymes, along with abnormal TGF-β signaling were 
associated with the initiation and development of TAA 
and AAA (3,4). AA can lead to irreversible progression 
and rupture, which are closely related to morbidity and 
mortality. Surgery can effectively prevent the development 
and rupture of AA (5). However, the features  of  the 
suddenness of AA and the aneurysmal diameters of most 
patients do not meet the surgical guidelines, resulting in 
no preventive treatment of AA (6). Therefore, it is vital to 
have an intensive understanding of the pathogenesis and 
molecular mechanisms of AA to improve early diagnosis, 
predict prognosis, and find new therapeutic targets.

MicroRNAs (miRNAs) are small non-coding RNA 
molecules which negatively regulate gene expression by 
binding to the 3' untranslated region of messenger RNAs 
(mRNAs) (7).  It has been reported that miRNAs are 
important in the control of gene expression since up to 
2/3 of human genes are modulated by miRNAs. MiRNAs 
play vital roles in the physiological and pathophysiological 
p ro ce s s e s  o f  c a rd io v a s cu l a r  d i s e a s e s  an d  he a r t  
dysfunction (8). However, the roles of miRNAs and the 
miRNA-mRNA complex in AA remain to be fully elucidated.

In the present study, we collected miRNA and mRNA 
datasets of AA tissue samples and AA blood samples from 
the Gene Expression Omnibus (GEO) database. We 
performed differential expression analyses and constructed 
miRNA-mRNA differential co-expression networks and 
a protein-protein interaction (PPI) network. Functional 
enrichment analysis was also performed, including Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and Gene 
Ontology (GO) analyses and gene set enrichment analysis 
(GSEA). We also collected clinical tissue samples of TAA 
and normal aortas from heart transplantation recipients 
to further verify theco-differentially expressed miRNAs 
(theco-DE-miRNAs) by reverse transcription-quantitative 

polymerase chain reaction (RT-qPCR) and the tyramide 
signal amplification-in situ hybridization assay (TSA-ISH 
assay) (Figure 1). In this study, the differential regulatory 4 
miRNA-mRNA networks were identified in AA blood and 
tissue samples revealed key genes and signaling pathways 
related to AA, and verified the upregulation of miR-4306 
and the downregulation of miR-3198 in AA tissue samples. 
This study may provide novel clues for understanding the 
mechanism of the pathogenesis of AA and may lead to 
uncovering potential therapeutic targets of AA. We present 
the following article in accordance with the STREGA 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-514/rc).

Methods

Microarray data

The microarray datasets were downloaded from the 
GEO database (https://www.ncbi.nlm.nih.gov/geo/). 
GSE9106 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc= GSE9106) is an mRNA dataset based on the ABI 
Human Genome Survey Microarray Version 2 platform, 
which contains 59 TAA blood samples and 34 control 
blood samples. GSE7084 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc= GSE7084) is an mRNA dataset 
based on the Sentrix Human-6 Expression BeadChip, 
which contains 6 AAA tissue samples and 7 control tissue 
samples. GSE92427 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc= GSE92427) is a miRNA dataset, which 
contains 8 AA blood samples and 8 healthy blood samples. 
GSE110527 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc= GSE110527) is a miRNA dataset based on the 
Agilent-070156 Human miRNA platform, which contains 
19 TAA tissue samples and 19 control tissue samples.

Analyses of differentially expressed mRNAs and miRNAs

The expression matrices of mRNA datasets GSE9106 
and GSE7084 were analyzed by limma (9) to identify 
the differentially expressed genes (DEGs) between the 
AA samples and the control samples. The differentially 
expressed mRNAs were defined by P value <0.05 and 
|fold change (FC)| >1.5 (|log2FC| >0.585), and then the 
intersection was compared to select DEGs.

The expression matrices of miRNA datasets GSE92427 
and GSE110527 were analyzed by limma (9) to analyze 
the DE-miRNAs between the AA samples and the control 
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samples. The significance threshold was P value <0.05 
and FC >1.2 or FC <−1.2 (|log2FC| >0.263), and then the 
intersection was obtained to select the DE-miRNAs.

Prediction of miRNA-mRNA relationship and network 
construction

Based on the co-DEGs and co-DE-miRNAs, the miRNA-
mRNA regulatory pairs were predicted by searching 
in TargetScan (10), miRTarBase (11), miRDB (12),  
miRanda (13), and miRMap (14). Cytoscape software (15)  
was further used to construct the miRNA-mRNA regulatory 
network.

Functional enrichment analysis

Based on the GO database (16) and the KEGG pathway 
database (17), the DEGs in blood samples and tissue 
samples were analyzed for functional enrichment. Based on 
Fisher’s exact test, P<0.05 was considered to be statistically 
significant.

PPI network construction

The Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) (https://string-db.org/) is a public 
database that provides information about protein 
interactions (18). In our study, the STRING tool was 

used to generate PPIs among the DEGs in AA, with the 
threshold of combined score >0.4.

GSEA

GSEA was performed by the program downloaded from 
https://software.broadinstitute.org/gsea/index.jsp using 
MSigDB C2 CP: canonical pathways gene set collection. 
GSEA is a method of analyzing genome-wide expression 
profile chip data to compare genes with predefined gene 
sets. By analyzing the gene expression profile datasets, we 
can understand how they are expressed in a specific set of 
functional genes and whether there is statistical significance 
in this expression status. In this study, according to the 
functional enrichment analysis of DEGs, mRNA datasets 
of AAA tissue samples were selected for GSEA of the 
expression matrix. The nominal P value and normalized 
enrichment score (NES) were used to sort the pathways 
enriched in each group.

Sample collection and RT-qPCR assay

Eight TAA samples and 8 normal aortas of heart transplant 
recipients were collected from The First Affiliated Hospital 
of Zhejiang University (Hangzhou, China). Written 
informed consent for the use of the collected samples was 
obtained from all participants or their legal guardians. The 
study was conducted in accordance with  the Declaration 
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Figure 1 Schematic overview of the study design. GSEA, gene set enrichment analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia 
of Genes and Genomes; PPI, protein-protein interaction; miRNA, microRNA; mRNA, messenger RNA; DEGs, differentially expressed 
genes; DE-miRNA, differentially expressed miRNA; TAA, thoracic aortic aneurysm; EVG, Verhoeff Van Gieson; RT-qPCR, reverse 
transcription-quantitative PCR; TSA-ISH, tyramide signal amplification-in situ hybridization.
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of Helsinki (as revised in 2013). The study was approved 
by the Ethics Committee of The First Affiliated Hospital 
of Zhejiang University (No. 2021IIT592). The basic 
information and the related medical records were collected 
in Table S1.

Total RNA was extracted from cells using TRIzol 
(Thermo Fisher Scientific, USA). Reverse transcription 
was performed using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher, USA) and specific reverse 
transcription primers. FastStart Universal SYBR Green 
Master (Roche, Switzerland) was used for quantitative 
miRNA detection according to the manufacturer’s protocol. 
The miRNA PCR primers were purchased from Tsingke 
Biotechnology (Tsingke, China). The primer sequences 
can be found in Table S2. Cycle threshold (Ct) values were 
calculated, and the relative miRNA levels were analyzed 
using the 2−ΔΔCt method.

Verhoeff Van Gieson (EVG) staining assay

EVG staining was conducted with the EVG staining 
kit (Abcam, ab150667) according to the manufacturer’s 
instructions. The representative images were captured by a 
digital pathology camera (3DHISTECH, Hungary).

TSA-ISH assay

TSA-ISH was performed using the Paraffin-DIG-TSA-
ISH Kit (Servicebio Technology Company, Wuhan, China) 
following the manufacturer’s instructions. Oligos 5'Digoxin-
TCTCCATTCCCCAGGACTCCAC and 5'Digoxin-
TACTGCCTTTCTCTCCA were used as ISH probes for 
miR-3198 and miR-4306, respectively. The representative 
images of ISH were captured under a fluorescence digital 

pathology camera (3DHISTECH, Hungary).

Statistical analysis

Statistical analyses were conducted with GraphPad Prism 
(v8.0). Data were presented as the means ± SEM. Student’s 
t-test was applied to compare the variance between  
two groups. P<0.05 was considered as statistically significant.

Results

Differential expression analyses

The overview of differentially expressed mRNAs and 
miRNAs, including the numbers of upregulated and 
downregulated genes and the numbers of co-differentially 
expressed mRNAs and miRNAs in the datasets, is shown 
in Table 1. A volcano plot showed the DEGs with log2FC 
scores and −log10 P values. The volcano plot of DEGs in the 
AA blood and tissue samples is shown in Figure 2A, in which 
the red dots represented the upregulated genes, and the 
blue dots represented the downregulated genes. The top 5 
upregulated and downregulated genes were labeled genes. 
The heatmaps showed the DEGs clustered between AA and 
normal blood or tissue samples (Figure 2B).

Prediction of miRNA-mRNA regulatory relationship and 
construction of miRNA-mRNA networks

Based on the co-DEGs and co-DE-miRNAs, the miRNA-
mRNA regulatory pairs were predicted. By searching 
several databases, we found the pairs of the downregulated 
miR-3198 and the corresponding upregulated genes (SDS, 
NR2F1, and CLEC2D) and the pair of upregulated miR-

Table 1 Overview of differential expression analyses

Dataset Platform Upregulated number Downregulated number

Blood mRNA: GSE9106 ABI Human Genome Survey Microarray Version 2 platform 667 95

Tissue mRNA: GSE7084 Sentrix Human-6 Expression BeadChip 1,303 1,362

Co_diff_mRNA – 19 5

Blood miRNA: GSE92427 Agilent-031181 Unrestricted Human miRNA V16.0 Microarray 8 5

Tissue miRNA: GSE110527 Agilent-070156 Human miRNA (miRNA version) platform 394 294

Co_diff_miRNA – 1 1

MiRNA, microRNA; mRNA, messenger RNA.

https://cdn.amegroups.cn/static/public/ATM-22-514-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-514-supplementary.pdf
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Figure 2 Identification of DEGs. (A) Volcano plots of DEGs in the AA blood and tissue samples. Blue dots represent the downregulated 
genes and the red ones represent the upregulated genes, with P value <0.05 and |FC| >1.5. (B) The heatmaps of DEGs. Red represents 
upregulation and blue represents downregulation. TAA, thoracic aortic aneurysm; miRNA, microRNA; mRNA, messenger RNA; DEGs, 
differentially expressed genes; AA, aortic aneurysm; FC, fold change.
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4306 and the corresponding downregulated gene TPM2 
(Figure 3).

GO and KEGG enrichment analysis

GO functional enrichment analysis and KEGG pathway 
enrichment analysis were performed on DEGs in blood 
samples and tissue samples (Figure 4 and Figure S1). To 
investigate the biological roles of the DEGs in AA, we 
performed categorized GO annotation analyses including 
biological processes (BP), cellular components (CC), 
and molecular functions (MF). As shown in Table 2,  
multicellular organism development (P=1.81×10−9), G 
protein coupled receptor (GPCR) signaling pathway 
(P=1.82×10−8), and response to organic cyclic compound 
(P=4.35×10−7) were the most significantly enriched BPs in 
AA blood samples. Hsa04080 neuroactive ligand receptor 
interaction (P=1.60×10−4), hsa00260 glycine serine and 
threonine metabolism (P=1.92×10−3), and hsa04020 calcium 
signaling pathway (P=1.95×10−3) were the most significantly 
enriched pathways in the KEGG analysis of AA blood 
samples, as shown in Table 2. In AA tissue sample analysis 
as shown in Table 3, leukocyte activation (P=6.85×10−44), 
cell surface receptor signaling pathway (P=3.21×10−38), 
and myeloid leukocyte activation (P=8.99×10−34) were 
the most significantly enriched BPs in AA. Hsa04640 

hematopoietic cell lineage (P=2.42×10−15), hsa04062 
chemokine signaling pathway (P=1.05×10−12), and hsa04061 
viral protein interaction with cytokine and cytokine 
receptor (P=2.49×10−12) were the most significantly enriched 
pathways in the KEGG analysis of AA.

PPI network construction

Co-DEGs were submitted to the STRING database to 
analyze the PPI relationship of the co-DEGs, and a total of 
6 pairs were obtained, including ARRB2-MAPK8IP3, TK1-
NT5E, NT5E-IL10, IL10-IL27RA, IL10-APOE, and APOE-
PTK2B (Figure 5).

GSEA identifies AA-related signaling pathways

To identify key pathways that were differentially activated 
in AA, we conducted GSEA between patients with AA and 
healthy controls and selected the most significantly enriched 
signaling pathways (top 5) based on their NES (Figure 6, 
Table 4). The most significantly enriched pathways were 
related to natural killer (NK) cell mediated cytotoxicity, 
staphylococcus aureus infection, B cell receptor signaling 
pathway, toll-like receptor signaling pathway, and osteoclast 
differentiation.

RT-qPCR and TSA-ISH staining predicts the expression of 
miR-3198 and miR-4306 in TAA patients

RT-qPCR assays showed that miR-3198 was downregulated 
(*P<0.05) and miR-4306 was upregulated (*P<0.05) in 
AA samples compared with the normal control tissues  
(Figure 7A).

EVG staining showed disrupted elastic fibers in the 
aorta of AA patients.  ISH was performed to investigate 
the role of miR-3198 and miR-4306 in clinical tissue 
samples. Compared with normal aorta samples from heart 
transplant recipients, the expression of miR-3198 (red) 
was significantly lower in AA samples, while miR-4306 
(green) expression was significantly higher in AA samples  
(Figure 7B).

Discussion

AA is a focal dilation of the aorta, with high morbidity and 
mortality. Recently, several studies have reported that non-
coding RNAs, such as long non-coding RNA (lncRNA), 

A B

Figure 3 The significant miRNA-mRNA regulatory pairs of co-
DEGs from AA blood and tissue samples determined by integrated 
analysis. (A) MiR-3198 regulatory pairs and (B) the miR-4306 
regulatory pair were shown by relational graphs. Red represents 
upregulation and blue represents downregulation in AA. Rhombus 
represents miRNA and circle represents mRNA. MiRNA, 
microRNA; mRNA, messenger RNA; DEGs, differentially 
expressed genes; AA, aortic aneurysm.

https://cdn.amegroups.cn/static/public/ATM-22-514-supplementary.pdf
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Figure 4 GO and KEGG enrichment analyses. GO annotation analyses of BP in AA blood (A) and tissue (B) samples. KEGG enrichment 
analyses in blood (C) and tissue (D) samples. GO, Gene Ontology; DEGs, differentially expressed genes; BP, biological processes; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; AA, aortic aneurysm.
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circular RNA (circRNA), and miRNA, play an important 
regulated role in the development of AA (19-21). LncRNAs/
circRNAs act as competitive endogenous RNA (ceRNA)-
miRNA-mRNA interaction played a key mechanism in 
the pathogenesis of AA and involved the occurrence and 

development of AA, including the proliferation, apoptosis 
and migration of vascular SMCs, and biomarkers (22,23). 
However, the molecular mechanisms of AA formation 
remain to be elucidated. It has been reported that miRNAs 
play important roles in various BP. Interestingly, miRNAs 
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Table 2 GO and KEGG enrichment analyses in blood samples (top 10)

Category Description Count P value

BP GO:0007275~multicellular_organism_development 211 1.81×10−9

BP GO:0007186~G_protein-coupled_receptor_signaling_pathway 76 1.82×10−8

BP GO:0014070~response_to_organic_cyclic_compound 55 4.35×10−7

BP GO:0019935~cyclic-nucleotide-mediated_signaling 19 8.62×10−7

BP GO:0007165~signal_transduction 199 1.81×10−6

BP GO:0009725~response_to_hormone 52 5.03×10−6

BP GO:0015893~drug_transport 16 7.41×10−6

BP GO:0048468~cell_development 79 7.91×10−6

BP GO:0061564~axon_development 29 1.84×10−5

BP GO:0048513~animal_organ_development 131 2.47×10−5

KEGG Hsa04080~neuroactive_ligand-receptor_interaction 25 1.60×10−4

KEGG Hsa00260~glycine_serine_and_threonine_metabolism 6 1.92×10−3

KEGG Hsa04020~calcium_signaling_pathway 15 1.95×10−3

KEGG Hsa04976~bile_secretion 8 2.60×10−3

KEGG Hsa04728~dopaminergic_synapse 11 4.25×10−3

KEGG Hsa05144~malaria 6 6.03×10−3

KEGG Hsa04720~long-term_potentiation 7 6.69×10−3

KEGG Hsa05146~amoebiasis 9 6.82×10−3

KEGG Hsa04911~insulin_secretion 8 7.72×10−3

KEGG Hsa04512~ECM-receptor_interaction 8 8.84×10−3

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes; ECM, extracellular matrix.

can be easily detected in peripheral blood and can serve 
as biomarkers for diseases, including AA. There is already 
a study aimed at targeting miRNAs and exploiting them 
as potential therapeutic targets for AA (24). This study 
identified candidate miRNAs, targeted genes, and BP 
closely associated with AA formation using bioinformatics 
methods.

Based on co-DEGs and co-DE-miRNAs in AA 
patients’ blood and tissue samples, 4 miRNA-mRNA 
regulatory pairs were predicted. It was reported that miR-
3198 downregulates osteoprotegerin (OPG) expression in 
response to mechanical stress (25) and osteopontin (OPN) 
may be a driver of AAA formation (26). Therefore, miR-
3198 might downregulate and upregulate its target genes 
in AA by inhibiting OPN signaling. One of the target 
genes of miR-3198, CLEC2D, directly binds to histones 
released upon necrotic cell death and thus contributes to 

inflammation and tissue damage (27). It is also uncovered 
that CLEC2D modulates the release of interferon-gamma 
and activates NK cells (28). NR2F1, a target gene of miR-
3198, is a member of the steroid/thyroid hormone nuclear 
receptor superfamily, which participates in a wide range of 
BP, including cancer progression, cell differentiation, and 
neurogenesis (29). SDS, another target gene of miR-3198, 
encodes the enzymes that are involved in metabolizing serine 
and glycine, and is found predominantly in the liver (30).  
MiR-4306 was reported as a potential diagnostic biomarker 
for acute aortic dissection (31). In our study, we found that 
miR-4306 was upregulated and the corresponding target 
gene TPM2 was downregulated in AA blood and tissue 
samples. TPM2, a target gene of miR-4306, showed lower 
expression levels in an atherosclerosis model in a previous 
study (32), but was upregulated in aortic dissection (33). 
Considering their relationship with vascular disease, cell 
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Table 3 GO and KEGG enrichment analyses in tissue samples (top 10)

Category Description Count P value

BP GO:0045321~leukocyte_activation 282 6.85×10−44

BP GO:0007166~cell_surface_receptor_signaling_pathway 546 3.21×10−38

BP GO:0002274~myeloid_leukocyte_activation 191 8.99×10−34

BP GO:0002366~leukocyte_activation_involved_in_immune_response 197 1.24×10−32

BP GO:0002263~cell_activation_involved_in_immune_response 197 3.31×10−32

BP GO:0045055~regulated_exocytosis 212 3.32×10−32

BP GO:0006887~exocytosis 228 3.10×10−31

BP GO:0032940~secretion_by_cell 269 5.39×10−31

BP GO:0034097~response_to_cytokine 285 3.95×10−30

BP GO:0071345~cellular_response_to_cytokine_stimulus 267 1.18×10−29

KEGG Hsa04640~hematopoietic_cell_lineage 49 2.42×10−15

KEGG Hsa04062~chemokine_signaling_pathway 69 1.05×10−12

KEGG Hsa04061~viral_protein_interaction_with_cytokine_and_cytokine_receptor 45 2.49×10−12

KEGG Hsa05140~leishmaniasis 38 3.84×10−12

KEGG Hsa05323~rheumatoid_arthritis 41 5.28×10−11

KEGG Hsa04666~Fc_gamma_R-mediated_phagocytosis 40 2.29×10−10

KEGG Hsa04510~focal_adhesion 66 4.19×10−10

KEGG Hsa04659~Th17_cell_differentiation 42 2.46×10−9

KEGG Hsa04658~Th1_and_Th2_cell_differentiation 38 2.62×10−9

KEGG Hsa05152~tuberculosis 59 5.95×10−9

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes.

Figure 5 Co-DEGs in the PPI network from AA blood and tissue 
samples. DEGs, differentially expressed genes; PPI, protein-
protein interaction; AA, aortic aneurysm.

death, and inflammation, these 4 miRNA-mRNA regulatory 
pairs might play a role in AA formation.

In this study, the GO and KEGG analyses showed that 
the top 10 enriched GO and KEGG terms were related to 
development, inflammation, and immune response. The 
enriched signaling pathways were the GPCR signaling 
pathway, the calcium signaling pathway, ECM receptor 
interaction, cytokine induced signaling, and the chemokine 
signaling pathway. Studies revealed that GPCRs including 
angiotensin II (AngII) receptor type 1 (AT1) signaling and 
the regulator of G-protein signaling-1 (RGS1)-controlled 
signaling pathways in the vasculature control blood pressure 
homeostasis, vascular homeostasis, and injury (34,35). 
Active vascular calcification is known to be linked with 
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high-risk atherosclerotic plaque and AAA formation (36). 
AA formation is characterized by ECM fragmentation 
and inflammation. The calcium signaling and cytokine/
chemokine-induced signaling may be involved in the 
crosstalk between cells and the ECM (37-39).

According to the related pairs of the PPI network from 
the DEGs, interleukin-10 (IL-10) was the key factor. IL-10 
is an immune-regulatory cytokine with a suppressive role 

in inflammatory processes. It was reported that increased 
systemic IL-10 levels could mitigate AAA progression (40). 
NT5E, also known as CD73, has cardioprotective effects 
during myocardial infarction and heart failure. NT5E 
deficiency leads to arterial calcifications (41). IL-27R was 
shown to suppress T cell activation in atherosclerosis, 
and IL27RA deficient mice developed significantly more 
atherosclerosis (42). A previous report also showed that 

Figure 6 Enrichment plots from GSEA. GSEA results showing that (A) NK cell mediated cytotoxicity, (B) staphylococcus aureus infection, 
(C) B cell receptor signaling pathway, (D) toll-like receptor signaling pathway, and (E) osteoclast differentiation were differentially enriched 
in AAA tissues compared with controls. GSEA, gene set enrichment analysis; NK, natural killer; AAA, abdominal aortic aneurysm.

Enrichment plot:
KEGG HSA04650 NATURAL KILLER CELL MEDIAT

ED CYTOTOXICITY

Enrichment plot:
KEGG HSA05150 STAPHYLOCOCCUS AUREUS IN

FECTION

Enrichment plot:
KEGG HSA04662 B CELL RECEPTOR SIGNALING

PATHWAY

Enrichment plot:
KEGG HSA04380 OSTEOCLAST DIFFERENTIATION

Enrichment plot: KEGG HSA04620 TOLL-LIKE
RECEPTOR SIGNALING PATHWAY

A B C

D E

Table 4 GSEA and KEGG analysis in the GSE7084 dataset (AAA vs. control top 5)

Name Size NES P value

KEGG_hsa04650_natural_killer_cell_mediated_cytotoxicity 126 2.265 <0.001

KEGG_hsa05150_staphylococcus_aureus_infection 89 2.237 <0.001

KEGG_hsa04662_B_cell_receptor_signaling_pathway 79 2.187 <0.001

KEGG_hsa04620_toll-like_receptor_signaling_pathway 100 2.181 0.004

KEGG_hsa04380_osteoclast_differentiation 126 2.178 <0.001

GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; AAA, abdominal aortic aneurysm; NES, 
normalized enrichment score.
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Figure 7 The detection of miR-3198 and miR-4306 expression 
in tissue samples. (A) MiR-3198 and miR-4306 were measured in 
AA and control tissue samples by RT-qPCR assays (*P<0.05). (B) 
Disrupted elastic fibers in the aortas of AA patients and control 
tissues by EVG staining. MiR-4306 (green), miR-3198 (red) and 
DAPI (blue) were detected by TSA-ISH staining; and the merge 
of miR-4306, miR-3198, DAPI were also shown (Merge). TAA, 
thoracic aortic aneurysm; AA, aortic aneurysm; EVG, Verhoeff Van 
Gieson; DAPI, 4',6-diamidino-2-phenylindole; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; TSA-ISH, 
tyramide signal amplification-in situ hybridization.
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IL-27R protects mice from AAA development (43). APOE 
knockout mice with an AngII releasing pump are used as 
an AAA formation model. PTK2B, also known as Pyk2, 
was related to contractile differentiation in arterial smooth 
muscle (44). However, the relationship between APOE and 
PTK2B remains unclear.

In this study, we found that signaling pathways including 
NK cell mediated cytotoxicity, staphylococcus aureus 
infection, B cell receptor signaling pathway, toll-like 
receptor signaling pathway, and osteoclast differentiation 
was related to AAA. Studies have also revealed that toll-
like receptor 3 and 4 may be promising biomarkers in AA 
(45-47). RANKL, a mediator of osteoclast differentiation, 
is considered as one of the key factors in the pathogenesis 
of aortic dilatation (48). It has also been found that 
atherosclerosis was associated with an increase in NK 
cells in plaques (49). The staphylococcus aureus infection 
pathway and the immune/inflammatory responses regulated 
by B cells were linked to atherosclerotic plaque progression 
(50-52). However, this study is the first to report the 
association of AA formation with NK cells, staphylococcus 
aureus infection, and B cell receptor signaling, and further 
mechanisms need to be discovered. In future research, we 
will further analyze the lncRNA-miRNA-mRNA-ceRNA 
network in AA. Meanwhile, we further explore the functional 
studies of key miRNAs in AA.

Furthermore, AA tissue samples and normal aorta 
samples from heart transplant recipients were collected 
for miRNA RT-qPCR and TSA-ISH staining. The results 
showed that the expression levels of miR-3198 and miR-
4306 in clinical samples matched those from the database 
analyses. Although the sample size was not large enough, 
this study was the first to explore miRNA-mRNA regulatory 
pairs in both blood and tissue samples from AA patients by 
integrated analysis.

Conclusions

In conclusion, integrated informatics analysis could 
identify regulatory networks and significant BP related 
to AA. Furthermore, the RT-qPCR and TSA-ISH 
assays determined that miR-3198 and miR-4306 may 
play significant roles in AA progression. These findings 
provide insights into the mechanisms of AA formation and 
progression, which may be used as potential diagnostic and 
therapeutic targets for AA.
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A B

Figure S1 GO annotation analyses including CC and MF in AA blood (A) and tissue (B) samples. GO, Gene Ontology; CC, cellular 
components; MF, molecular functions; AA, aortic aneurysm.

Table S2 The list of primers

Name Primer sequence (5'-3')

U6-S CTCGCTTCGGCAGCACA

U6-A AACGCTTCACGAATTTGCGT

Hsa-miR-3198-RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCTCCATT

Hsa-miR-3198-S ACACTCCAGCTGGGGTGGAGTCCTGGGGAA

Hsa-miR-4306-RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTACTGCCT

Hsa-miR-4306-S ACACTCCAGCTGGGTGGAGAGAAAG
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