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Abstract

Background: In-stent restenosis (ISR) is a common complication after percutaneous coronary

intervention (PCI), which greatly affects the patients after PCI. Here, we extracted the left internal

mammary artery (LIMA) from 4 coronary artery bypass graft (CABG) patients with stable angina

and 3-vessel coronary atherosclerotic lesions, implanted bare-metal stents (BMS) or paclitaxel



drug-eluting stents (PES), and analyzed their tissue differentially expressed genes (DEGs) to

explore the possible mechanism and pathway of ISR formation.

Methods: To figure out the effects of BMS and PES on vascular tissue and find the potential

target genes for ISR, we explored DEGs from GSE19136 by comparing LIMA tissues implanted

two stents. All DEGs were divided into up-regulating group and down-regulating group and

enriched respectively in Gene Ontology (GO) terms and Kyoto Encyclopedia of Genesand

Genomes (KEGG). Gene set enrichment analysis (GSEA) was aimed at all gene expression data.

Constructing the PPI network of two groups of DEGs, we identified several hub genes and

predicted their regulating miRNAs and key transcription factors (TFs) regulators in the online

database. Additionally, we used RT-PCR to validate hub genes expression in two models of

endothelial (EC) inflammation and vascular smooth muscle (VSMC) proliferation, which

simulated the mechanism of ISR.

Results: The datasets had a total of 759 DEGs (log2|foldchange(FC)| > 1 and P value < 0.05)

identified, including 389 up-regulated and 370 down-regulated DEGs, Bioinformatics analysis

result shows relevant genes function and identified hub genes and their regulating factors. Finally,

RT-PCR validated that there were significant differences in the expression of LIF, CENPE, KIF11,

MMP3, MCM10, and ARHGAP11A in the constructed cell model of EC inflammation, while

GTSE1, GINS2, RRM2 and CKAP2L in the model of VSMC proliferation (P value < 0.05).

Conclusion: Here, using comprehensive bioinformatics analysis and functional enrichment, We

found the potential target genes (LIF, CENPE, KIF11, MMP3, MCM10, ARHGAP11A, GTSE1,

GINS2, RRM2 and CKAP2L) inherent ISR by comparing LIMA tissues implanted with different



stents in GSE19136. We identified several potential genes, which are worthy of new exploration

for the prevention of ISR in the future.

Keywords: ISR, PCI, Bioinformatics, Genomics.

INTRODUCTION:

In-stent restenosis (ISR) is the gradual renarrowing of a stented coronary artery lesion from

arterial damage with subsequent neointimal tissue proliferation1. The application of drug-eluting

stent (DES), including paclitaxel-eluting stent (PES), sirolimus-eluting stent (EES), dramatically

reduce ISR and target vessel revascularization compared with bare-metal stents (BMS)2. Even

though, the overall rate of in-stent restenosis following stent implantation remains high3.

Meanwhile, the rapid implementation of DES in standard practice leads to DES in-stent restenosis

(ISR), which occurs in 3% to 20% of patients, depending on patient and lesion characteristics and

DES type1.

At present, it is believed that the occurrence of ISR is related to inflammation, endothelial

cells (EC) dysfunction, vascular smooth muscle cells (VSMC) proliferation and migration. some

studies have shown that some substances can inhibit the formation of ISR. Inhibiting VSMC

phenotype modulation and proliferation by down-regulating the expression of proliferating cell

nuclear antigen (PCNA) and up-regulating that of p27kip1 may reduce ISR4. Some immune

diseases may also induce ISR5 and drastically reducing inflammatory reactions may reduce the

occurrence of ISR6. Suppressing in-stent neointimal growth by limiting local inflammatory

pathways may be useful in patients undergoing percutaneous interventions7.

Tumor necrosis factor-alpha (TNF-α) leads to EC dysfunction which might be a predictor of



restenosis8-9. At the same time, some miRNAs also play potential but essential roles in ISR and

inflammation in stented arteries2.

However, the specific mechanism of ISR is not clear, especially why different stents lead to

ISR. Here, we tried to use bioinformatics to analyze array based on expression array database and

screen some valuable genes. These gene expression characteristics help to find new targets for the

treatment of ISR and create therapeutic strategies.

MATERIALS AND METHODS

Data source

The array expression data sets (GSE19136) were downloaded from the Gene Expression

Omnibus (GEO) database. A total of 4 human left internal mammary arteries (LIMA) samples

were collected from 4 different coronary artery bypass graft (CABG) patients with stable angina

and 3-vessel coronary atherosclerosis. Each LIMA was divided into three segments, and two of the

segments were fitted with either a PES or a BMS. The experiment includes three groups: control,

PES and BMS, respectively. Each group includes four biological replicates. The data were

analyzed with Expression Console ver.1 using Affymetrix default analysis settings followed by

MAS5 as the normalization method. The trimmed mean target intensity of each array was

arbitrarily set to 100. The three datasets were all quantile normalized and log2-transformed.

Data pre-processing

Differentially expressed gene analysis

Data pre-processing consisted of three steps: transition from gene probes to gene symbols,

data consolidation, and normalization. First, the series matrix files were annotated with an official

gene symbol using the data table of the array platform, and the gene expression matrix files were



obtained. Gene probes without gene symbols or genes with more than one probe were eliminated

or averaged, respectively. The gene expression matrix files of three segments were normalized and

Log2-transformed with R language (R i386 4.0.5).

The differentially expressed genes (DEGs) between BMS group and PES group were

determined using the limma package10 in R. The thresholds were log2 |foldchange (FC)| > 1 and P

value < 0.05. DEG visualization was done using a volcano map and heatmap using ggplot211 and

the pheatmap package12.

Functional enrichment analysis of DEGs

The clusterprofiler R package13, the stringr14 R package and the database for annotation,

visualization, and integrated discovery15 were used to functionally enrich and analyze the enriched

pathways of the key DEGs in Gene Ontology (GO) terms and Kyoto Encyclopedia of Genesand

Genomes (KEGG). The threshold was P value < 0.05.

PPI network construction and analysis

To explore the interacting genes, the search tool STRINGS16 was employed to establish a

DEG PPI network, which was finished using Cytoscape17. Interaction with a combined score > 0.4

was set as the cut-off point. The most important module in the PPI network was identified using

the plug-in Molecular Complex Detection (MCODE)18 of Cytoscape, an application to cluster a

given network by topology, to find densely connected regions. The criteria for selection were as

follows: MCODE scores > 4, degree cut-off = 2, node score cut-off = 0.2, max depth = 100, and

k-score = 2. Subsequently, the maximal clique centrality (MCC) algorithm of CytoHubba19 was

used to explore the PPI network hub genes.

Gene set enrichment analysis



Gene set enrichment analysis (GSEA)20 was performed using GSEA 4.2.3 software.

Enrichment results satisfying a nominal P-value cut-off of < 0.05 were considered statistically

significant. MSigDB was downloaded from http://www.gsea-msigdb.org/gsea/downloads.jsp.

Regulating miRNA prediction

The online prediction tool microRNA Data Integration Portal (mirDIP)

(http://ophid.utoronto.ca/mirDIP)21 was used to predict potential microRNA (miRNA) targeting.

The hub genes of up-regulation and down-regulation were submitted respectively and the top five

predicted miRNAs of each hub gene were chosen and listed.

Key transcription factors (TFs) regulators prediction

The online dataset TRRUST (version 2) (https://www.grnpedia.org/trrust/)22 was used to find

potential key TF regulators of hub genes. We submit all hub genes and all regulators were be

listed.

Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) were seeded on 6-well plates in F12

medium, 5% FBS, 2% penicillin and streptomycin. Rat thoracic artery smooth muscle cells line

(A7r5) were cultured in 6-well plates in DMEM (4500mg/L D-glucose, 1500mg/L NaHCO3),

10% FBS, 2% penicillin and streptomycin.All cells were cultivated in 5% CO2 at 37℃. To verify

whether the predicted hub genes may participate in the formation of ISR, we established two cell

models of ISR mechanism with HUVECs and A7r5. HUVECs were stimulated for 24h used

10ng/ml TNF-α as the endothelial (EC) inflammation model. A7r5 was starved for 24h and

stimulated for 24h used 20ng/ml PDGF-BB or 20%FBS as the vascular smooth muscle (VSMC)

proliferation model.



Assessment of the mRNA expression of hub genes using qRT-PCR

Total RNA was extracted from cells using TRIzol (vazyme, Nanjing, China) according to the

manufacturer’s instructions. Total RNA was reverse transcribed into cDNA using a cDNA

Synthesis Kit (vazyme, Nanjing, China). mRNA levels were tested using QuantStudio Real-Time

PCR System Software (Thermo Fisher Scientific, Waltham, MA, USA). The relative expression

level for each target gene was normalized by the Ct value of β-actin (internal control) using a

2−ΔΔCt relative quantification method. The relative mRNA expression level of TNF- α and PCNA

were used to verify whether the two models were successfully constructed. Triplicate biological

replicates were examined for each group and data were representative of multiple independent

experiments (n≥3). A meaningful analysis between the two groups was performed by an unpaired

t-test, and a P value < 0.05 was considered statistically significant.

RESULTS

DEG analysis

Here, 12 LIMA samples from 4 CABG patients with stable angina and 3-vessel coronary

atherosclerotic lesions from GSE19136 datasets were analyzed. After pre-processing, the raw data

were normalized. Based on the cut-off criteria (P value < 0.05 and log2 |foldchange (FC)| > 1), a

total of 759 DEGs were identified, including 389 up-regulated (The relative expression was high

in PES group and low in BMS group) and 370 down-regulated (The relative expression was low in

PES group and high in BMS group) DEGs. A top 100 DEG expression heat map and volcano map

were shown in Figure 1a and 1b.



Figure 1. Heatmap and volcano plot of all DEGs between LIMA with different stents. a.

Heatmap of DEGs. Each column represents LIMA samples implanted BMS or PES, and each row

represents a DEG. The gradual color change from red to green indicates the changing process

from upregulation to downregulation. b. Volcano plot of DEGs. Green and red dots represent

DEGs with log2|foldchange| > 1. P value < 0.05. LIMA, left internal mammary artery; BMS, bare

metal stent; PES, paclitaxel-eluting stent; DEGs, differentially expressed genes.

Functional enrichment analysis

The significantly different genes were divided into up-regulated and down-regulated groups.

The total GO and KEGG analysis were carried out respectively. The results of analysis in R

language and metascape were highly correlated, mainly in cell proliferation, migration,

up-regulation of chemokines, immune cell activation and inflammatory pathway. At the same time,

some studies on in-stent restenosis show that its pathogenic genes and functions mainly focus on

inflammation, immune activation, cell cycle, proliferation and migration. In addition, we pay



special attention to some rare metabolic and functional pathways, including NABA matrisome

associated, tryptophan metabolism, response to zinc ion pathway and so on. The results of the

enrichment analysis were all shown in Figure 2a, 2b, Figure 3a, 3b, Figure 4a-d, Figure 5a and

Figure 5b.

Figure 2. Comprehensive enrichment results of DEGs in up-regulated group and

down-regulated group. Using the online enrichment tool Metascape, the DEGs in up-regulated

group and down-regulated group are comprehensively enriched and sorted according to the P

value of the pathway (P value < 0.05). a. DEGs in the down-regulated group. b. DEGs in the

up-regulated group. The y-axis labels represent clustered terms; x-axis represent -log10 (P value).



Figure 3. The top 10 significant GO terms enriched in R language. a. DEGs in the

down-regulated group. b. DEGs in the up-regulated group. GO, gene ontology.



Figure 4. The top 10 significant GO terms in BP, CC, MF. a. The column of DEGs in the

up-regulated group. b. The bubble plots of DEGs in the up-regulated group. c. The column of

DEGs in the down-regulated group. d. The bubble plots of DEGs in the down-regulated group. BP,

biological process; CC, cellular component; MF, molecular function.

Figure 5. The top 30 KEGG pathways enriched by DEGs in two groups. a. The bubble plots

of DEGs in the up-regulated group. b. The bubble plots of DEGs in the down-regulated group.

KEGG, Kyoto Encyclopedia of Genes and Genomes.

Gene set enrichment analysis

Expression data matrix of all genes was submitted to GSEA to test the metabolic and

functional pathways that the gene set may be involved in. The results of GSEA are highly

correlated with the enrichment results of GO and KEGG. The GSEA results show high

repeatability and accuracy compared to KEGG and go analysis Including cell cycle, cell division,

inflammatory response, and regulation of the cardiovascular system. Moreover, the analysis

results of KEGG showed that the gene was in cell adhesion molecules (CAMs), cystaine and



methionine metabolism, pentose phosphate pathway, which were shown by several ISR studies.

At the same time, some rare functions were shown in the results, such as coat proteins (COPII)

vehicle coat, COPII coated vehicle car loading and other functions, which were rarely studied in

the cardiovascular system, and possibly become a new direction to study the mechanism of ISR.

The representive results of GSEA were listed in Figure 6a-i.

Figure 6. 6 representative GO terms and 3 KEGG pathways from GSEA (P value < 0.05).

GSEA, gene set enrichment analysis; ES, enrichment score; NES, normalized enrichment score.

a. GOBP: positive regulation of blood pressure. b. GOCC: inflammasome complex. c. GOBP :

positive regulation of calcium ion import. d. GOBP metaphase anaphase transition of cell cycle.

e. GOBP negative regulation of cell division. f. GOBP regulation of chromosome separation.

g. KEGG cysteine and methionine metabolism. h. KEGG cell adhesion molecules cams. i. KEGG



pentose phosphate pathway.

PPI network construction and analysis

The 389 up-regulated DEGs and 370 down-regulated DEGs were submitted to the STRING

database to predict the interactions between proteins. The PPI network of DEGs was constructed

using a combined score greater than 0.4, and the two most significant modules were obtained

using MCODE in Cytoscape. Then we selected hub genes from PPI network using the MCC

algorithm and cytoHubba plugin. The 9 hub genes of the up-regulated group included

ribonucleotide reductase M2 (RRM2), kinesin family member 11 (KIF11), cytoskeleton associated

protein 2-like (CKAP2L), GINS complex subunit 2 (GINS2), cell division cycle associated 5

(CDCA5), Rho GTPase activating protein 11A (ARHGAP11A), G-2 and S-phase expressed 1

(GTSE1), minichromosome maintenance complex component 10 (MCM10), centromere protein E

(CENPE). The 10 hub gene of the down-regulated group consisted of tachykinin, precursor 1

(TAC1), C–C motif chemokine ligand 4 (CCL4), C-X-C motif chemokine ligand 8 (CXCL8),

matrix metallopeptidase 3 (MMP3), leukemia inhibitory factor (LIF), interleukin 5 (IL5), C-C

motif chemokine receptor 6 (GPR29/CCR6), interleukin 11 (IL11), matrix metallopeptidase 1

(MMP1), serpin peptidase inhibitor clade B member 2 (SERPINB2). The results were shown in

Figure 7a-d.



Figure 7. Key modules of PPI networks and hub genes. a. key module of down-regulated

DEGs. b. key module of up-regulated DEGs. c. hub genes of the down-regulated group. d. hub

genes of the up-regulated group. PPI, protein-protein interaction.

Regulating miRNA prediction

All hub genes selected from Cytoscape were submitted to online tool mirDIP. The top five

predicted miRNAs of these genes were selected and presented in Table 1 and Table 2. Among

predicted miRNAs, hsa-miR-18a-5p, hsa-miR-122-5p, hsa-miR-24-3p could play significant roles

in coronary artery disease (CAD).



Table 1. Predicted miRNA of up-regulated DEGs.

Hub Genes Predicted miRNAs

RRM2 hsa-miR-93-5p,hsa-let-7i-5p,hsa-miR-519d-3p,hsa-miR-4700-3p, hsa-miR-4666a-3p

KIF11 hsa-miR-381-3p, hsa-miR-122-5p, hsa-miR-4801, hsa-miR-708-3p,

hsa-miR-6760-5p

CKAP2L hsa-miR-5089-5p, hsa-miR-4425, hsa-miR-4781-3p,hsa-miR-4464, hsa-miR-4748

GINS2 hsa-miR-4677-3p, hsa-miR-6726-5p, hsa-miR-668-3P, hsa-miR-4300,

hsa-miR-5591-5p

CDCA5 hsa-miR-1296-5p, hsa-miR-221-5p, hsa-miR-1286, hsa-miR-4326, hsa-miR-6763-5p

ARHGAP11A hsa-miR-4793-5p, hsa-miR-4684-5p, hsa-miR-548ag,

hsa-miR-548ai ,hsa-miR-570-5p

GTSE1 hsa-miR-135b-3p, hsa-miR-4467, hsa-miR-8072, hsa-miR-135a-2-3p,

hsa-miR-15a-3p

MCM10 hsa-miR-5009-3p, hsa-miR-3153, hsa-miR-194-5p, hsa-miR-4276, hsa-miR-5693

CENPE hsa-miR-297, hsa-miR-4499, hsa-miR-187-5p, hsa-miR-556-3p, hsa-miR-2053



Table 2. Predicted miRNA of down-regulated DEGs.

Hub Genes Predicted miRNAs

TAC1 hsa-miR-3675-3p, hsa-miR-1279, hsa-miR-514a-3p, hsa-miR-4797-3p,

hsa-miR-4666a-3p

CCL4 hsa-miR-5739, hsa-miR-1843, hsa-miR-24-3p, hsa-miR-765, hsa-miR-4516

CXCL8 hsa-miR-5692a, hsa-miR-573, hsa-miR-4687-3p, hsa-miR-4312, hsa-miR-376a-2-5p

MMP3 hsa-miR-365b-3p, hsa-miR-365a-3p, hsa-miR-623, hsa-miR-146b-3p, hsa-miR-367-5p

LIF hsa-miR-18a-5p, hsa-miR-18b-5p, hsa-miR-185-5p, hsa-miR-579-3p, hsa-miR-346

IL5 hsa-miR-8084, hsa-miR-4684-5p, hsa-miR-548ag, hsa-miR-548ai, hsa-miR-570-5p

CCR6 hsa-miR-3680-3p, hsa-miR-5581-3p, hsa-miR-4769-3p, hsa-miR-4765,

hsa-miR-4774-3p

IL11 hsa-miR-1260a. hsa-miR-1260b, hsa-miR-1224-3p, hsa-miR-5006-3p, hsa-miR-6778-3p

MMP1 hsa-miR-5190, hsa-miR-5094, hsa-miR-514a-5p, hsa-miR-3152-3p, hsa-miR-6857-3p

SERPINB2 hsa-miR-298, hsa-miR-4253, hsa-miR-4649-3p, hsa-miR-4468, hsa-miR-4727-3p



Key TF regulators prediction

All key genes were submitted to the Trrust database for analysis, all possible key TF regulators

were obtained, listed in Table 3 and sorted according to their P value and FDR (P value < 0.05,

FDR < 0.25), including ETS2, STAT3, NR4A2 and so on, which is highly involved in

cardiovascular disease.

Table 3. Predicted key TF regulators of hub genes.

Key TF Description
Overlapped
genes

P value FDR

ETS2
v-ets erythroblastosis virus E26 oncogene

homolog 2 (avian)
4 1.42e-09 1.84e-08

NFKBIA
nuclear factor of kappa light polypeptide gene

enhancer in B-cells inhibitor, alpha
3 1.03e-07 6.72e-07

STAT3
signal transducer and activator of transcription 3

(acute-phase response factor)
4 6.23e-07 2.7e-06

NR4A2 nuclear receptor subfamily 4, group A, member 2 2 2.53e-06 7.82e-06

FOS
FBJ murine osteosarcoma viral oncogene

homolog
3 3.09e-06 7.82e-06

CEBPB CCAAT/enhancer binding protein (C/EBP), beta 3 3.61e-06 7.82e-06

ZFP36 ZFP36 ring finger protein 2 7.07e-06 1.31e-05

ETS1
v-ets erythroblastosis virus E26 oncogene

homolog 1 (avian)
3 8.3e-06 1.35e-05

RELA
v-rel reticuloendotheliosis viral oncogene

homolog A (avian)
4 1.23e-05 1.65e-05

NFKB1
nuclear factor of kappa light polypeptide gene

enhancer in B-cells 1
4 1.27e-05 1.65e-05

JUN jun proto-oncogene 3 5.56e-05 6.57e-05

GATA3 GATA binding protein 3 2 0.000176 0.000191

EP300 E1A binding protein p300 2 0.000383 0.000383

https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=ETS2&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=NFKBIA&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=STAT3&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=NR4A2&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=FOS&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=CEBPB&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=ZFP36&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=ETS1&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=RELA&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=NFKB1&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=JUN&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=GATA3&species=human
https://www.grnpedia.org/trrust/genelist.2.php?code=a086281053&gene=EP300&species=human


RT-PCR Validation

RT-PCR was used to detect the expression of hub genes in the up-regulated and

down-regulated groups in the total RNA extracted from the cells in the two models. The results of

RT-PCR showed that there were significant differences in the expression of CDCA5, LIF, CENPE,

KIF11, MMP3, MCM10, ARHGAP11A in the constructed cell model of endothelial inflammation,

while there were significant differences in the expression of GTSE1, GINS2, RRM2 and CKAP2L

in the model of VSMC proliferation. The examination of two models’ buliding were shown in

Figure 8a-c and the results of validation in hub genes were shown in Figure 9a-l and Figure 10a-i.

(P value < 0.05)

Figure 8. Relative mRNA expression in EC inflammation model or VSMC proliferation

model. a. TNF-α relative expression EC inflammation model stimulated for 24h by 10ng/ml

TNF-α. b. PCNA relative expression VSMC proliferation model stimulated for 24h by 20ng/ml

PDGF-BB. c. PCNA relative expression in VSMC proliferation model stimulated for 24h by

20%FBS. HUVEC, human umbilical vein endothelial cells; FBS, fetal bovine serum; A7r5, rat

thoracic artery smooth muscle cells line.



Figure 9. Relative mRNA expression of hub genes in EC inflammation model. a. CENPE.

b.MMP3. c.MCM10. d. LIF. e. KIF11. f.ARHGAP11A. g. CDCA5. h. GTSE1. i. GINS2.

j. CKAP2L. k.MMP1. l. CXCL8. ****, P value < 0.0001. **, P value < 0.01, *, P value < 0.05.



Figure 10. Relative mRNA expression of hub genes in VSMC proliferation model. a. GTSE1.

b. RRM2. c. CKAP2L. d. GINS2. e. ARHGAP11A. f. KIF11. g. CDCA5. h. MCM10. i. CEPNE.

***, P value < 0.001. **, P value < 0.01, *, P value < 0.05.



Discussion

In patients undergoing percutaneous coronary intervention (PCI), the use of DES has greatly

reduced the need for reintervention when compared with the use of BMS. Nevertheless, in-stent

restenosis continues to remain the principal reason for treatment failure after contemporary

coronary stenting23. The reason for ISR is unclear, so it is still worth exploring the possible and

specific molecular mechanism. The recent development of microarray and bioinformatics has

greatly promoted the research on the mechanism of ISR. However, few studies have conducted a

comprehensive analysis.

Here, some previous studies have shown the specific mechanism of ISR, including ECs

dysfunction, VSMCs proliferation and migration, inflammatory, etc. Studies have shown that

endothelial injury, platelet and leukocyte interactions, and subcellular chemoattractant

inflammatory mediators are pivotal in the development of the inflammatory response following

stent implantation24. MMP9 may be involved in the proliferation and migration of endothelial cells

associated with atherosclerosis25. Meanwhile, when ISR occurred, MMP2 and MMP9 expression

decreased in vascular tissue26, EC dysfunction caused by elevated glucose levels could be useful in

exaggerated ISR in diabetes mellitus 27. In addition, DES inhibits ISR by interfering with the

function of VSMCs, like RhoA inhibitor-eluting stent may suppress SMC phenotypic modulation

through the inhibition of the YAP signaling pathway 28. Our results are highly similar to the

findings, including some inflammation-related molecules like CXCL8, CCl4, IL-5, etc. CXCL8 is

essential for the activation and trafficking of inflammatory mediators29. The level of CCL4 is

increased in atherosclerotic patients.CCR5 is the receptor of CCL4 and plays an important role in

https://www.sciencedirect.com/topics/medicine-and-dentistry/smooth-muscle-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/signal-transduction


coronary atherosclerosis30. Cooperative induction of CCL4 by TNF-α could lead to metabolic

inflammation31.

Additionally, Go and KEGG enrichment analysis showed that they were enriched in cell

cycle, differentiation, migration, metabolism and inflammatory response. Metascape and the R

language analysis were highly similar. Most of them are closely related to the mechanism and

research progress of ISR. The results of GSEA are highly correlated with the enrichment results of

GO and KEGG. Moreover, the analysis results of KEGG showed that the gene was in cell

adhesion molecules (CAMs), cystaine and methionine metabolism, pentose phosphate pathway,

which were shown by several ISR studies.

Meanwhile, through prediction, we analyzed some new genes and pathways in CAD fields

and explained their functions. We found some rare but interesting enrichment functions, such as

response to zinc ion, NABA ECM glycoproteins and NABA matrisomeassociated. These functions

may require us to pay more attention to their role in ISR. The results of GSEA are highly

correlated with the enrichment results of GO and KEGG. At the same time, some rare functions in

GSEA were shown in the results, such as COPII vehicle coat, COPII coated vehicle car loading

and other functions, which were rarely studied in the cardiovascular system, and possibly become

a new direction to study the mechanism of ISR. In all hub genes. We found target genes in

RT-PCR validation of the two groups of models, including LIF, CENPE, KIF11, MMP3, MCM10,

ARHGAP11A in the EC inflammation model, GTSE1, GINS2, RRM2 and CKAP2L in the VSMC

proliferation model. (P value < 0.05)

Some hub genes are highly relevant to CAD. RRM2 encodes one of two non-identical

subunits for ribonucleotide reductase and its peptides-conjugated liposome-polycation-DNA



complex (LPD) (RRM2-CLPD) was effectively bound to VSMCs, resulting in significant cellular

proliferation and migration inhibition. KIF11 encodes a motor protein32. The loss of KIF11 could

result in severely stunted growth of the retinal vasculature33. CKAP2L is a mitotic spindle protein

and its high expression regulated by FOXP3, activates the AKT/mTOR signaling pathway34,

which is also highly related to cardiovascular disease, especially in ISR. CENPE is a kinesin-like

motor protein that accumulates in the G2 phase of the cell cycle. Knocking out CENPE inhibited

the proliferation and induced the apoptosis of primary pulmonary artery smooth muscle cells

(PASMCs) in vivo35. MMP3 are part of the matrix metalloproteinases (MMPs) family, well-known

inflammatory mediators are a family of zinc-dependent proteolytic enzymes that degrade various

components of ECM and non-ECM molecules mediating tissue remodeling in both physiological

and pathological processes, which is relevant to the mechanism of ISR. Moreover, vascular cell

proliferation and apoptosis can also be regulated by MMP3. LIF activates several signaling

pathways, including the JAK/STAT3, PI3K/AKT, ERK1/2 and mTOR signaling pathways, and

down-regulates the expression levels of inflammatory cytokines such as IL-1β, IL-6 and

TNF-α36-37. LIF inhibits angiogenesis and decreases endothelial cell proliferation, migration and

extracellular proteolysis38. But studies have also confirmed that LIF directly promoted activation

of STAT3 and increased blood vessel density in mouse eyes36.

GINS2, CDCA5, GTSE1, MCM10 and ARHGAP11A have been widely studied in oncology.

They are related to the proliferation and apoptosis of many tumor cells and are involved in tumor

proliferation, invasion, metastasis and prognosis39-43. The research on CAD field is still blank. We

can explore whether they are involved in the formation of ISR and related molecular mechanisms

in the CAD field.



Finally, several miRNAs and TFs were predicted using online tools. Among these miRNAs,

hsa-miR-18a-5p, hsa-miR-122-5p and hsa-miR-24-3p garnered the most attention and predicted

TFs regulators are highly related to CAD including EC and VSMC function44-46. Most the

predicted miRNAs have not been studied in the CAD field, it is worthy of exploring furthermore.

However, several limitations are associated with our study. In the experiment, we verified the

roles of the hub genes by simulating the possible mechanism of in-stent restenosis. The probable

reasons are as follows : firstly, due to ethical restrictions, we are unable to obtain the coronary

artery tissue of patients with ISR or the corresponding control tissue. Secondly, for animal model

construction, due to the limitations of experimental conditions, we can not find a suitable animal

to complete the model construction of in-stent restenosis. In addition, for the verification of some

hub genes, we did not fully get the ideal results. It may be due to the insufficient expression of

genes in ECs or VSMCs, and secondly, there may be problems in the prediction itself. Because the

database itself lacks the final "outcome", that is, whether ISR occurs or not, there may be

prediction deviation. Meanwhile, we found that the predicted molecules could not be effectively

amplified by PCR. We did not put these genes into the results, which may be limited by the use of

the model or the low expression in the two cells. We need to further explore the difference and

function of their expression through experiments.

Here, we used bioinformatics to compare the effects of BMS and PES on the gene level of

blood vessels. These results may help us discover the mechanism of ISR formation and provide us

with new targets for predicting, diagnosing and treating ISR. Next, we will further study these

genes and pathways at the experimental level, deeply clarify their relationship with ISR, and

contribute to the treatment of ISR.



Conclusion

Here, using comprehensive bioinformatics analysis and functional enrichment, We found the

potential target genes (LIF, CENPE, KIF11, MMP3, MCM10, ARHGAP11A, GTSE1, GINS2,

RRM2 and CKAP2L) inherent ISR by comparing LIMA tissues implanted with two different

stents in GSE19136. We identified several potential genes, which are worthy of new exploration

for the prevention of ISR in the future.
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