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Abstract
Carotid plaque rupture with thrombosis is responsible for the majority of acute cerebrovascular events.
The study aimed to identify key genes associated with plaque destabilization. In our study, expression
pro�les regarding carotid plaque stability (GSE41571 and GSE120521) were obtained from the Gene
Expression Omnibus (GEO) database and used to analyze differentially expressed genes (DEGs), key
biological processes (BP) and intersecting pathways. And the expression of the DEGs was validated in
clinical and cell samples. A total of 113 DEGs were identi�ed and gene ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis were performed. Among the BP annotations,
changes in “extracellular matrix (ECM) were closely related to plaque stability. “Focal adhesion”, ECM -
receptor interaction”, “vascular smooth muscle contraction” and “regulation of actin cytoskeleton” were
key pathways associated with plaque stability. Genes with top 15 scores (CytoHubba) were selected as
hub genes, including ACTA2, MYLK, CALD1, MYH10, ACE, HMOX1, CYBA, NOX4, LUM, RAC2, COL4A5,
SDC1, UCP2, SORBS1, and FCER1G. Pathway enrichment analysis showed that selected hub genes were
also signi�cantly enriched in “vascular smooth muscle contraction” and “focal adhesion”. Further
detection in tissue and cell samples suggested MYLK, NOX4, COL4A5, SDC1 and CYBA might have
potential clinical signi�cance. 

Introduction
Ischemic stroke has become one of the world's leading causes of morbidity, mortality and disability, and
affects more than 690,000 people in the United States each year.1 And in China, the annual stroke
mortality rate reaches nearly 1.6 million, which puts a great burden on patients’ quality of life and
healthcare expenditures.2 The occurrence and development of ischemic stroke are determined by the
interaction of many factors, among which the formation of atherosclerotic plaques is an important
pathogenic factor.3

Atherosclerosis mainly affects large and medium-sized arteries and especially occurs in organs such as
the heart, brain, and kidney.4 The pathogenesis of atherosclerosis is characterized by a smoldering
vascular in�ammatory disease driven by lipids, involving early lesions (pathological intimal thickening
and intimal xanthoma) and advanced plaque (thin or thick �brous cap atheroma).5

Histological analyses proposed two types of atherosclerotic plaques based on carotid plaque
morphology, including stable and unstable plaques.5 Stable plaques are characterized by a thick �brous
cap, accompanied by macroscopic calci�cation. By contrast, unstable plaques or rupture-prone plaques
have been shown to have typical pathological features and histological evidence of vulnerability,
including a thin overlying �brous cap and an obvious necrotic core, with in�ammatory cell in�ltration,
intra-plaque hemorrhage, and regional calci�cation.6 Rupture of carotid plaques and the consequent
thrombosis is considered the main cause of acute cerebrovascular events5,7. Therefore, elucidating the
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mechanism of unstable plaque formation and exploring underlying biomarkers are essential for the
prevention of ischemic stroke.

In our research, we obtained the gene expression pro�le data from the public GEO database. The study
aimed to investigate signi�cant potential genes associated with atherosclerotic plaque destabilization
and gain a deeper insight into the pathogenesis and progression of atherosclerosis.

Results
DEGs identi�cation After data normalization (Fig. 1A and B), principal component analysis (PCA) was
performed to compare the differences between stable and unstable plaques (Fig. 1C and D). 779
upregulated genes and 750 downregulated genes were identi�ed in the two databases, with 113
overlapping DEGs (Fig. 1E, F and G).

Functional and Pathway Enrichment of DEGs The online tool DAVID v6.8 was used to extract and
summarize functional annotation associated with DEGs (Table I). GO analysis revealed BP terms of the
DEGs were signi�cantly enriched in phagocytosis, ECM organization, positive regulation of B cell
activation and cell adhesion and in�ammatory response; cellular component (CC) terms mainly enriched
in the proteinaceous ECM, extracellular exosome, extracellular region, ECM and extracellular space;
molecular function (MF) terms mainly enriched in calcium ion binding, heparin binding, collagen binding,
immunoglobulin receptor binding and actin binding. KEGG pathway enrichment analysis demonstrated
DEGs were closely related to focal adhesion, ECM-receptor interaction, chemokine signaling pathway,
vascular smooth muscle contraction, regulation of actin cytoskeleton and regulation of lipolysis in
adipocytes.

PPI Network Analysis The protein-protein direct (physical) and indirect (functional) associations were
analyzed with the STRING database to construct a PPI network (Fig. 2A). The data were further uploaded
into Cytoscape to visualize molecular interaction networks. CytoHubba was used to predict key nodes in
the PPI network, and genes ranking top 15 (maximum correlation criterion) were selected as hub genes
(Fig. 2B), namely actin alpha 2 smooth muscle (ACTA2), Myosin light chain kinase (MYLK), Caldesmon1
(CALD1), myosin heavy chain 10 (MYH10), Angiotensin-converting enzyme (ACE), Heme oxygenase 1
(HMOX1), cytochrome b-245 alpha chain (CYBA), NADPH oxidase 4 (NOX4), lumican (LUM), Rac family
small GTPase 2 (RAC2), collagen type IV alpha 5 chain (COL4A5), Syndecan-1 (SDC1), uncoupling protein
2 (UCP2), Sorbin and SH3 domain-containing protein 1 (SORBS1), Fc fragment of IgE receptor Ig
(FCER1G).

Hub gene functional Enrichment Functional and pathway enrichment analyses were performed to explore
the biological classi�cation of 15 hub genes (Table II). In the BP categories, hub genes were mainly
enriched in muscle contraction, response to hypoxia, cellular response to glucose stimulus, regulation of
blood pressure, superoxide anion generation and superoxide metabolic process. In CC categories, hub
genes were mainly enriched in stress �ber, focal adhesion, lamellipodium, plasma membrane, NADPH
oxidase complex and external side of the plasma membrane. In MF categories, hub genes were mainly
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enriched in actin binding, heme binding, superoxide-generating NADPH oxidase activity, calmodulin
binding, extracellular matrix structural constituent and electron carrier activity. Pathway enrichment
analysis revealed 15 hub genes were signi�cantly associated with vascular smooth muscle contraction
and focal adhesion.

Validation of Hub Genes by RT-qPCR Demographic and clinical data of patients was shown in Table III.
The results showed that hub genes, including MYLK, NOX4, COL4A5 and SDC1, were downregulated in
unstable plaques compared with that in stable plaques (Fig. 2C). In contrast, the expression of CYBA in
the unstable plaques was signi�cantly upregulated. Consistent with the mRNA results of carotid plaques,
the expression levels of MYLK, NOX4, COL4A5 and SDC1 were also decreased in HASMCs treated with
ox-LDL. Besides, and the expression differences were also found in CYBA, ACTA2, CALD1, HMOX1, LUM,
RAC2, UCP2, SORBS1 and FCER1G (Fig. 2D).

Prediction of potential miRNA Genes validated previously were selected and potential miRNAs were
predicted with miRWalk 3.0, TargetScan and miRTarBase. The mRNA-miRNA interaction network was
processed with Cytoscape 3.8.1 (supplementary Fig. 1). The analysis revealed hsa-miR-373-3p targeted
both MYLK and SDC1.

Discussion
Emerging studies reported the occurrence of stroke is closely related to the nature and structure of carotid
atherosclerotic plaques, and the prevalence of ischemic stroke in unstable plaques is signi�cantly higher
than that in stable plaques.8,9 Early identi�cation of rupture-prone plaques can help recognize patients at
high risk of stroke, who may derive a bene�t from early revascularization. In the present study, a
comprehensive analysis of GEO datasets (GSE41571 and GSE120521) was conducted to explore crucial
DEGs between stable and unstable plaques and a total of 113 DEGs were identi�ed. The DAVID database
was used to perform gene enrichment analysis, and results revealed these genes were mainly involved in
the changes of ECM organization and vascular smooth muscle contraction. Furthermore, 15 hub genes
were identi�ed and the enrichment analysis result also highlighted the pathways including vascular
smooth muscle contraction and focal adhesion. The screened hub genes were further validated in carotid
plaque and vascular smooth muscle cell (VSMCs) samples, and the results revealed MYLK, NOX4,
COL4A5, SDC1 and CYBA may have potential clinical values.

Atherosclerosis has been known as a maladaptive chronic lipid-driven in�ammatory lesion, with
dysfunction of endothelial cells (ECs) barrier function as the initiating steps.10 EC dysfunction is mainly
characterized by increased expression levels of in�ammatory cytokines and permeability, which allows
lipid particles to accumulate and in�ltrate in ECM and initiates an in�ammatory cascade reaction.11 The
dysfunctional ECs and modi�ed ECM induced monocyte recruitment, adhesion and transmigration, which
then differentiate into macrophages and constitute the necrotic core by internalizing lipid particles.12

Concurrently, the migration of VSMCs and abnormally secreted ECM contributed to the formation of the
�brous cap.
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Among BP and CC annotations (Table I), the changes in ECM were closely related to the progression of
plaque stability. The disorder of ECM was implicated in the pathogenesis of the atherogenic process, and
changes in matrix protein have been reported to be related to atherosclerotic complications, including
vascular calci�cation and plaque rupture13–15. The composition of ECM proteins changes signi�cantly
during atherosclerotic plaque formation, which is primarily synthesized and excreted by VSMCs,
�broblasts and macrophages.16 Besides, these cells also expressed ECM-degrading enzymes, including
cathepsins, tryptase, and matrix metalloproteinases (MMPs)16. Aberrant expression of ECM-degrading
enzymes could lead to a reduction in the amount of matrix component, and fragmentation of ECM. The
uncontrolled ECM degradation contributes to the gradual weakening of �brous caps and leads to an
instability predisposition.16,17 The role of MMPs in the collagenolysis has attracted much attention.
MMPs are a family of zinc-dependent ECM degrading proteinases, which act a critical role in different
stages of atheromatous plaque.18 Among the MMPs family, MMP-9 (gelatinase) has been widely studied
due to potential pro-atherogenic properties. Multiple studies have con�rmed that patients with unstable
plaques have higher levels of circulating MMP-9 than those with stable plaques, indicating a potential
link between MMP-9 and atherosclerotic plaque destabilization.19 The �ndings were further supported by
overexpression of MMP-9 in macrophages, which exhibited several manifestations correlated with plaque
destabilization in apoE-de�cient mice.13

In addition, enrichment analysis data of hub genes were highly consistent with the results of DEGs. Both
analysis results highlighted focal adhesion and vascular smooth muscle contraction pathways. In normal
arterial walls, VSMCs are characterized as a quiescent contractile phenotype. During the atherogenic
process, VSMCs could transform into a proliferative secretory phenotype.14 The migratory VSMCs and
secreted collagen constitute the main component of the �brous cap and are responsible for plaque
stability and tensile strength. Accordingly, loss of VSMCs leads to undesirable effects. Ox-LDL has been
recognized as a crucial factor for atherogenesis and could induce the apoptosis and death of VSMCs,
accompanied by resultant thinning of the �brous cap.20 VSMCs of the secretory phenotype is also the
primary source of MMPs in atherosclerotic lesions, which in turn promote matrix degradation, �brous cap
weakening and plaque destabilization.21

Focal adhesion kinase (FAK) is known as a protein tyrosine kinase, involved in cell adhesion, migration,
proliferation and apoptosis.22 FAK is predominantly localized in nuclei of VSMCs. Increased matrix
deposition contributes to the activation of FAK, which promotes VSMC proliferation and vascular
remodeling.23 In addition, the activation of FAK has been implicated in cytoskeletal recombination,
indicating a potential link between FAK and changes in vascular contractility. Among the 15 hub genes,
most genes were closely correlated with VSMC contractility, including ACTA2, MYLK, CALD1, MYH10 and
NOX4. The �nal result of veri�cation also demonstrated a signi�cant reduction in these contractility-
related genes (Fig. 2C and D).

Increased reactive oxygen species (ROS) has proven to be a risk factor for atherogenesis, and NADPH
oxidase complexes serve as the major source of ROS.24 The enrichment analysis of hub genes also
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revealed a change in NADPH oxidase complexes, among which NOX4 was identi�ed to be downregulated
in rupture-prone lesions and ox-LDL-treated HASMCs (Fig. 2C and D). NOX4 is required for the
maintenance of the VSMC contractile phenotype.25 In contrast to other NOX members, NOX4 is
constitutively active and primarily generate H2O2 rather than superoxide. Due to the incapability to
scavenge nitric oxide, low constitutive H2O2 generated by NOX4 was therefore thought to be bene�cial in

atherogenesis and has anti-atherosclerotic functions.26,27

MiRNAs have emerged as a key player in the biological process. With the ability to regulate post-
transcriptional gene expression, the effect of miRNAs on the initiation and development of
atherosclerosis has attracted more attention.28,29 In our study, we predicted the potential miRNAs of hub
genes and observed that hsa-miR-373-3p targeted both MYLK and SDC1, which were involved in
signaling pathways including focal adhesion, ECM-receptor interaction, and vascular smooth muscle
contraction. The results revealed hsa-miR-373-3p was implicated in the progression of atherosclerosis
and may be of potential value in evaluating the severity of atherosclerotic diseases.

The study still had some limitations. First, the study was limited by a relatively small number of cases.
Only 11 plaque samples were analyzed from the GEO datasets. Secondly, due to a lack of clinical data in
corresponding GEO datasets, there might be some biases imposed by other risk factors. Therefore, the
results should be interpreted with caution. Third, further study was needed to explore the role of hub
genes and hsa-miR-373-3p in the progression of atherosclerotic diseases.

Conclusion
Carotid plaque rupture with resultant thrombosis is responsible for the majority of acute ischemic stroke.
Our study was performed to identify the key genes associated with the ruptured traits of atheromatous
plaques. Further detection suggested MYLK, NOX4, COL4A5, SDC1 and CYBA might have potential
clinical signi�cance.

Materials And Methods
Ethics statement Studies involving human samples were approved by the ethics committee of the Qingpu
Branch of Zhongshan Hospital, a�liated with Fudan University (2020-54). All procedures conformed to
the principles outlined in the Declaration of Helsinki and written informed consents were obtained from
all patients before enrollment in the present study.

Data Source and preprocessing GEO is an international public functional genomics data repository
(https://www.ncbi.nlm.nih.gov/geo/). Two gene expression datasets (GSE41571 and GSE120521) were
selected from GEO based on the following inclusion criteria: (1) Homo sapiens (Organism); (2) carotid
atherosclerotic plaque; (3) samples including stable plaque and unstable plaque. The raw data were
obtained from the GEO data repository, followed by background correction and data normalization in the
R software (version 4.0.2).



Page 7/16

Screening of Differentially Expression Genes (DEGs)and enrichment analysis DEGs analysis was
performed by R package limma as previously described.30 |log2 fold change (FC)|>1 and P < 0.05 served
as the threshold to identify the potential DEGs. Functional enrichment analyses of screened DEGs,
including GO terms (BP, CC and MF) and KEGG pathway analyses, were conducted via DAVID online
database (https://david.ncifcrf.gov/). P < 0.05 was regarded as cut-off criteria for statistical signi�cance.

PPI network Analysis The STRING database (https://string-db.org/, Version 11.0) was applied to
methodically analyze the biological functions of screened DEGs and functional interactions between
proteins.31 Cytoscape (version 3.8.1), an open-source software platform32, was used for network data
integration, analysis and visualization. In addition, the hub genes were further analyzed by CytoHubba (a
Cytoscape plugin) as previously described.33

Hub genes pathway enrichment analyses and prediction of potential microRNA The hub genes identi�ed
previously were submitted to DAVID online database to perform functional and pathway enrichment
analysis. P < 0.05 was considered statistically signi�cant. MiRWalk 3.0 (http://mirwalk.umm.uni-
heidelberg.de/) was used to predict the corresponding miRNA with a 3′UTR binding site.34 The predicted
results were further veri�ed by other databases (TargetScan and miRTarBase). The �nal miRNAs at the
intersection were selected and Cytoscape 3.8.1 was used to visualize the miRNA-mRNA network.

Sample collection Human carotid artery plaque samples were collected from patients receiving carotid
endarterectomy between June 2020 and October 2020. Preoperative Doppler ultrasound examinations
were performed for all participants to assess carotid plaque vulnerability.35 The diagnosis of carotid
artery stenosis was further determined using computerized tomography angiography. Pathological
specimens after the operation (including 5 stable and 5 unstable plaques) were immediately stored in
liquid nitrogen for the following analysis.

Cell culture Human aortic smooth muscle cells (HASMCs) were obtained from ScienCell Research
Laboratories, Inc. and cultured with smooth muscle cell medium (ScienCell).

Human oxidized modi�ed low-density lipoprotein (ox-LDL, Yiyuan Biotechnologies, Guangzhou, China)
was added into the cell culture medium (0, 25 and 50 ug/ml) for 24 hours.36 Cells exposed to
corresponding conditions were then collected to explore the expression levels of related genes.

Real-time quantitative polymerase chain reaction (RT-qPCR) The total RNA was extracted from tissues or
cell samples using TRIzol RNA Isolation Reagents (Invitrogen, Carlsbad, Calif). The following reverse
transcription was performed using Hifair®  1st Strand cDNA Synthesis SuperMix (Yeasen Biotech Co.,
Ltd., Shanghai, China). Afterward, based on ABI QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scienti�c Inc.), the real-time quantitative polymerase chain reaction was conducted with Hieff® qPCR
SYBR Green Master Mix (Yeasen Biotech Co., Ltd.) under the manufacturer’s instructions. Human GAPDH
was applied as an endogenous calibrator to compare the expression levels of targeted genes. The relative
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quanti�cation of mRNA expression levels was analyzed using the 2−△△Ct formula. Primer sequences of
targeted genes were listed in Supplementary Table I.

Statistical analysis Data were presented as mean ± standard deviations or absolute numbers and further
analyzed by Student t-test or Fisher's exact test (SPSS 24.0). P < 0.05 was considered statistically
signi�cant.
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Tables
Table I. GO and KEGG pathway enrichment analysis of DEGs

Category Pathway ID Pathway Count P Value

GOTERM_BP_DIRECT GO:0006911 phagocytosis, engulfment 7 9.07E-08

GOTERM_BP_DIRECT GO:0030198 extracellular matrix organization 9 4.15E-05

GOTERM_BP_DIRECT GO:0050871 positive regulation of B cell
activation

4 6.20E-04

GOTERM_BP_DIRECT GO:0006910 phagocytosis, recognition 4 7.74E-04

GOTERM_BP_DIRECT GO:0007155 cell adhesion 11 8.05E-04

GOTERM_BP_DIRECT GO:0006954 in�ammatory response 10 8.09E-04

GOTERM_CC_DIRECT GO:0005578 proteinaceous extracellular matrix 14 6.68E-09

GOTERM_CC_DIRECT GO:0070062 extracellular exosome 40 1.04E-07

GOTERM_CC_DIRECT GO:0005576 extracellular region 29 1.40E-07

GOTERM_CC_DIRECT GO:0031012 extracellular matrix 12 1.47E-06

GOTERM_CC_DIRECT GO:0005615 extracellular space 24 3.23E-06

GOTERM_CC_DIRECT GO:0030027 lamellipodium 8 4.68E-05

GOTERM_MF_DIRECT GO:0005509 calcium ion binding 15 1.14E-04

GOTERM_MF_DIRECT GO:0008201 heparin binding 7 4.43E-04

GOTERM_MF_DIRECT GO:0005518 collagen binding 5 4.90E-04

GOTERM_MF_DIRECT GO:0034987 immunoglobulin receptor binding 4 5.18E-04

GOTERM_MF_DIRECT GO:0003779 actin binding 8 0.001571799

GOTERM_MF_DIRECT GO:0003823 antigen binding 5 0.003640555

KEGG_PATHWAY hsa04510 Focal adhesion 6 0.009643946

KEGG_PATHWAY hsa04512 ECM-receptor interaction 4 0.017819247

KEGG_PATHWAY hsa04062 Chemokine signaling pathway 5 0.030289347

KEGG_PATHWAY hsa04270 Vascular smooth muscle
contraction

4 0.038333964

KEGG_PATHWAY hsa04810 Regulation of actin cytoskeleton 5 0.044267629

KEGG_PATHWAY hsa04923 Regulation of lipolysis in
adipocytes

3 0.049525017
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Table II. GO and KEGG pathway enrichment analysis of hub genes

Category Pathway ID Pathway Description Count P Value

GOTERM_BP_DIRECT GO:0006936 muscle contraction 4 8.70E-05

GOTERM_BP_DIRECT GO:0001666 response to hypoxia 4 3.54E-04

GOTERM_BP_DIRECT GO:0071333 cellular response to glucose stimulus 3 8.36E-04

GOTERM_BP_DIRECT GO:0008217 regulation of blood pressure 3 1.30E-03

GOTERM_BP_DIRECT GO:0042554 superoxide anion generation 2 1.16E-02

GOTERM_BP_DIRECT GO:0006801 superoxide metabolic process 2 1.66E-02

GOTERM_CC_DIRECT GO:0001725 stress �ber 5 6.74E-08

GOTERM_CC_DIRECT GO:0005925 focal adhesion 5 1.76E-04

GOTERM_CC_DIRECT GO:0030027 lamellipodium 4 2.25E-04

GOTERM_CC_DIRECT GO:0005886 plasma membrane 9 5.39E-03

GOTERM_CC_DIRECT GO:0043020 NADPH oxidase complex 2 9.18E-03

GOTERM_CC_DIRECT GO:0009897 external side of plasma membrane 3 1.13E-02

GOTERM_MF_DIRECT GO:0003779 actin binding 5 6.33E-05

GOTERM_MF_DIRECT GO:0020037 heme binding 3 5.58E-03

GOTERM_MF_DIRECT GO:0016175 superoxide-generating NADPH
oxidase activity

2 9.09E-03

GOTERM_MF_DIRECT GO:0005516 calmodulin binding 3 1.04E-02

GOTERM_MF_DIRECT GO:0005201 extracellular matrix structural
constituent

2 0.054175

GOTERM_MF_DIRECT GO:0009055 electron carrier activity 2 0.072135

KEGG_PATHWAY hsa04270 Vascular smooth muscle contraction 3 0.016936

KEGG_PATHWAY hsa04510 Focal adhesion 3 0.04835

 

Table III. Demographic and clinical data of patients
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Variables Stable group (n=5) Unstable group (n=5) P Value

Age (years) 60.6±5.81 63.8±12.6 0.62

Male: female 3:2 1:4 0.52

Hypertension (n) 2 4 0.52

Diabetes (n) 2 2 1.00

hyperlipidemia (n) 4 3 1.00

coronary artery disease (n) 1 3 0.52

 

Figures
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Figure 1

Sample preprocessing and DEGs identi�cation. A, data normalization between stable and unstable
plaques in GSE41571. B, data normalization in GSE120521. C, PCA of gene expression between stable
and unstable plaques in GSE41571. D, PCA of gene expression in GSE120521. E, distributions of DEGs in
GSE41571, with dark dots representing no signi�cantly changed genes. F, distributions of DEGs in
GSE120521. G, the intersection genes from GSE41571 and GSE120521 shown in Venn diagram.
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Figure 2

Key genes screening and validation. A, PPI network for 113 intersection genes from GSE41571 and
GSE120521, with the nodes and lines representing corresponding proteins and interactions between the
proteins. B, the 15 hub genes analyzed with maximum correlation criterion (the redder colors representing
more forward ranking). C, validation of the hub genes in stable and unstable plaque samples. D,
validation of the hub genes in ox-LDL-treated VSMCs.
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