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Background: In-stent restenosis (ISR) is a common complication following percutaneous coronary 
intervention (PCI). Designing ISR-specific therapeutic targets is important for optimizing coronary stenosis 
therapy. This study aims to find new potential key genes related to ISR and the usefulness of differentially 
expressed genes (DEGs) as diagnostic biomarkers for ISR.
Methods: Microarray datasets of peripheral blood was downloaded from the Gene Expression Omnibus 
(GEO) public database (GSE46560, n=11). The DEGs between the ISR group and the control were 
obtained through the limma package analysis of the R language. Gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were used to obtain the related signal 
pathways. STRING database was used to constructed a protein-to-protein interaction network with DEGs. 
Networkanalyst database was used to predict the target miRNA of the target gene. The area under the curve 
(AUC) value obtained from receiver operating characteristic (ROC) curve analysis was used to evaluate the 
diagnostic effectiveness of the hub gene in distinguishing ISR patients from normal individuals. 
Results: A total of 154 DEGs were identified between ISR group and control group, including 57 up-
regulated and 97 down-regulated DEGs. GO enrichment analysis showed that genes were enriched in 
homeostasis, cell morphology and cell connection. KEGG pathway analysis shows that genes are mainly 
involved in human papillomavirus infection, salmonella infection, human T-cell leukemia virus type 1 
infection, axon guidance and MAPK signaling pathway. CLTA, CAT, STAT5A, CD300A, CA1, NCF2, HBQ1, 
AHSP, SLC4A1 and EPB42 were identified as 10 hub genes. A total of 151 target miRNAs of 7 DEGs were 
obtained, and 149 mRNA-miRNA pairs were identified. ROC curve indicates that CA1, STAT5A and HBQ1 
have high diagnostic value in ISR. 
Conclusions: CA1, STAT5A and HBQ1 are identified as specific related genes for ISR patients. These 
genes may provide new targets for the early identification and treatment of ISR.
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Introduction

In-stent restenosis (ISR) is a common complication after 
percutaneous coronary intervention (PCI), which can lead 
to failure of stent implantation and thus always requires 
repeated intervention (1). ISR is defined as the entire or 
segmental lumen stenosis in the stent with a degree of 
≥50%, which often occurs several months after PCI (2). 
It is also clinically defined as the presence of recurrent 
angina pectoris and electrocardiograph changes indicating 
ischemia, requiring revascularization of the target vessel (3).  
Although the interventional treatment methods are 
constantly being updated through balloons to bare-metal 
stents (BMS) and then to current drug-eluting stents 
(DES), through which the restenosis rate has dropped from 
40% to the current 5-10%, the restenosis rate is still high, 
particularly the emergence of late or even very late stent 
restenosis (4-7). The incidence of very late stent-related 
events within 1 to 5 years after PCI for all stent types is 
~2%/year, which is more common in first- and second-
generation DES compared with BMS (8,9). At the same 
time, due to the elastic shrinkage after implantation and 
the formation of late stenosis, the safety of the current fully 
degradable/absorbable DES is yet to be verified (10,11).

The mechanisms relevant to ISR are as of yet ambiguous 
and exploration into the mechanism of restenosis in the 
stent is still an important issue. Various factors such as lipid 
metabolism disorder, formation of new atherosclerosis, 
chronic inflammation, arterial injury, and poor coverage of 
neointimal struts are involved in the process of restenosis. 
The implantation of BMS causes endothelial damage, 
which can activate endogenous and exogenous coagulation 
systems and releases a variety of vasoactive substances, 
leading to leukocyte adhesion and vascular smooth muscle 
proliferation, even ultimately thrombosis and vascular 
stenosis (12). Many traditional mechanisms of BMS-ISR 
pathogenesis are also applicable to DES-ISR, including 
biological, mechanical, and technical factors. The metal 
framework, drugs, and polymer films of DES can change 
the shear stress distribution at the implantation site, 
triggering intimal hyperplasia and vascular inflammation, 
interfering with the protective effect of endothelial cells 
(13,14). Some drugs may promote the apoptosis of blood 
vessel wall cells, leading to blood stagnation, increasing 
thrombus, and promoting restenosis (15). Compared with 
BMS, the late stent failure associated with DES may be 
due to the formation of neoatherosclerosis in the stent and 
a higher incidence of stent malapposition, especially the 
first-generation DES (16-19). A high degree of calcification 

or fibrosis in the lesion and a smaller stent size may 
contribute to stent malapposition (20), where the stent 
cannot completely or uniformly expanded to the diseased 
blood vessel (21). The presence of >30% uncovered 
stent/transverse base is closely related to the increased 
risk of late acquired stent thrombosis after DES (22).  
Neoatherosclerosis can occur several years following stent 
placement and is characterized by the accumulation of 
lipid foam macrophages in the neointima, with or without 
necrotic core formation, and calcification (19,23). It is 
related to increased endothelial dysfunction and enhanced 
lipid diffusion. 

In addition, growing evidence has shown that genetic 
factors and epigenetic factors are closely related to the 
occurrence and development of ISR (24). There may be 
some potential susceptibility genes mutations and certain 
genes may change the sensitivity to these drugs, causing 
drug resistance and promoting restenosis. Ma et al. (25) 
found that paraoxonase-1 Q192R genotype RR can predict 
the occurrence of stent restenosis in patients with acute 
coronary syndrome. Kang et al. (26) believe that ApoE 
gene polymorphism is closely related to the occurrence of 
ISR after intracranial and extracranial artery stenting, and 
genotype E4/E4 is an independent risk factor for ISR. The 
meta-analysis of Wang et al. (27) showed that the insertion/
deletion polymorphism of the gene encoding angiotensin-
converting enzyme was significantly associated with 
ISR, but Agema et al. (28) believed that it was caused by 
publication bias. Therefore, greater understanding of the 
underlying mechanism of ISR is needed.

Bioinformatics analysis is an emerging research method 
in clinical disease. Through exploring the structure and 
function information of macromolecules at the nucleic 
acid and protein levels, it provides us with more relevant 
pathway annotation information of the differential expressed 
genes (DEGs) in the process of disease progression. 

Given the importance of genetic factors in the occurrence 
and development of ISR and the fact that there are no 
current related articles in this regard, we hypothesize that 
there may be some potential susceptible gene mutations, 
which can cause drug resistance and promote restenosis by 
affecting lipid metabolism, poor intimal regeneration, and 
even sensitivity and transportability to certain drugs. We 
used bioinformatics analysis methods to further explore the 
differentially expressed genes of ISR based on the Gene 
Expression Omnibus (GEO) public database, aiming to 
provide new ideas for the pathogenesis of ISR and explore 
the key genes in ISR at the molecular level. We present the 
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following article in accordance with the STARD reporting 
checklist (available at https://apm.amegroups.com/article/
view/10.21037/apm-21-2681/rc).

Methods

Microarray data acquisition

Data with a series number of GSE46560 was downloaded 
from the GEO database (http://www.ncbi.nlm.nih.gov/
geo). GSE46560 was based on the GPL15207 platform 
(Affymetrix Human Gene Expression Array) and was 
a whole-genome sequencing chip data set. The chip 
performed a whole-blood whole-genome sequencing 
analysis of 11 patients, including 6 patients with negative 
restenosis after PCI and 5 patients with positive restenosis 
after PCI. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). 

Data normalization and identification of DEGs 

The GSE46560 raw data file from the GEO database was 
downloaded through the GEOquery package (version 
2.54.1) of the R language (version 3.6.3). We removed 
the probes corresponding to multiple molecules by one 
probe, keeping only the probe with the largest signal 
value when encountering the probes corresponding to 
the same molecule when pinning. Then, we checked the 
standardization of the sample through the box diagram 
(Figure S1A), and check the clustering between the sample 
groups through the principal component analysis diagram 
and the uniform manifold approximation and projection 
diagram (Figure S1B,S1C). Then, using the limma package 
(version 3.42.2) we analyzed the difference between the 
two groups with thresholds of P value <0.05 and |log2fold 
change (FC)| ≥1 (29). To visualize the results, we used the 
ggplot2 package (version 3.3.3) of R language to draw a 
volcano map and used the ComplexHeatmap package to 
draw a heat map (version 2.2.0).

Gene ontology (GO) analysis and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 
of DEGs

GO enrichment analysis was used to comprehensively 
describe the attributes of genes and gene products in 
organisms, including three ontologies, which describe 
the molecular function (MF), cellular component (CC), 
and biological process (BP) of the gene. KEGG pathway 

enrichment analysis was used to systematically analyze 
the metabolic pathways of gene products in cells and the 
functions of these gene products. The clusterProfiler 
package (version 3.14.3) of the R language was used to 
explore the biological significance and pathways behind 
DEGs and the ggplot2 package (version 3.3.3) was used 
for visualization. P value <0.05 was considered statistically 
significant.

Protein-protein interaction (PPI) network construction 
and hub gene identification 

The online database STRING is a widely used tool 
that provides information about protein co-expression 
relationships (https://string-db.org/). To further explore 
the potential connections between these DEGs, all the 
DEGs in this study were imported into STRING for PPI 
analysis with a combined score >0.4. We then imported 
the calculation results of STRING into Cytoscape (version 
3.7.1) for visualization and correlation analysis (30). Based 
on the PPI network, the cytoHubba plug-in of Cytoscape 
was used to identify the top 10 genes in the PPI network, 
and the molecular complex detection (MCODE) plug-
in of Cytoscape was used to screen out the most closely 
connected clusters with the default setting parameters.

Construction of microRNA (miRNA) co-expression 
network

The online database NetworkAnalyst (https://www.
networkanalyst.ca/) is a miRNA database that can 
be used for gene network construction. We used the 
NetworkAnalyst database to predict the target miRNA of 
DEGs and used Cytoscape to visualize the miRNA co-
expression network.

Diagnostic value of hub genes expression in ISR

The receiver operating characteristic (ROC) curve analysis 
is often used to determine the best diagnostic threshold for 
a diagnostic method. Generally, the Area Under the Curve 
(AUC) value obtained from ROC curve analysis >0.85 is 
considered to have an excellent predictive value (31). To 
evaluate the diagnostic value of central genes, we used 
the central gene expression data in 6 reference restenosis 
negative samples and 5 restenosis positive samples to 
generate a ROC curve. Use the pROC package of the R 
language for data analysis, and use the ggplot2 package for 

https://apm.amegroups.com/article/view/10.21037/apm-21-2681/rc
https://apm.amegroups.com/article/view/10.21037/apm-21-2681/rc
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
https://cdn.amegroups.cn/static/public/APM-21-2681-Supplementary.pdf
https://cdn.amegroups.cn/static/public/APM-21-2681-Supplementary.pdf
https://string-db.org/
https://www.networkanalyst.ca/
https://www.networkanalyst.ca/
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visualization.

Results

Identification of DEGs related to ISR

After screening for inclusion conditions, our study included 
5 samples of post-PCI stent restenosis patients and 6 ISR 
negative controls from the chip data set GSE46560. There 
was no significant difference in demographics between the 
two groups (Table 1). The ISR group included 1 female and 
4 males, with an average age of 60±11 years old; the control 
group included 1 female and 5 males, with an average age 
of 60±16 years old. Based on the previous criteria P<0.05 
and |log2FC|>1, we identified a total of 154 DEGs in ISR 
patients compared with negative patients, including 57 
upregulated genes and 97 downregulated genes (Figure 1). 

Enrichment analysis of DEGs

By using the clusterProfiler package of R language to 
perform enrichment analysis of the DEGs with Homo 
sapiens background, we explored the biological functions of 
the DEGs with GO functional analyses and KEGG pathway 
enrichment (Figure 2). BP analysis revealed that all DEGs 
were mainly involved in (GO: 0007409) axonogenesis, 
(GO: 0048871) multicellular organismal homeostasis, 
(GO: 0048732) embryonic organ development, (GO: 
0048732) gland development, (GO: 0022604) regulation 
of cell morphogenesis (Figure 2A). CC analysis revealed 
that all DEGs were mainly involved in (GO: 0005924) 
cell-substrate adherens junction, (GO: 0005925) focal 
adhesion, (GO: 0030055) cell-substrate junction, (GO: 
0043025) neuronal cell body, (GO: 0097060) synaptic 
membrane (Figure 2B). MF analysis revealed that all DEGs 
were mainly involved in (GO: 0001228) DNA-binding 
transcription activator activity, RNA polymerase II-specific, 

(GO: 0046873) metal ion transmembrane transporter 
activity, (GO: 0022838) substrate-specific channel activity, 
(GO: 0005216) ion channel activity, (GO: 0022803) passive 
transmembrane transporter activity (Figure 2C). KEGG 
pathway enrichment showed that genes were mainly 
involved in (hsa05165) Human papillomavirus infection, 
(hsa05132) Salmonella infection, (hsa05166) Human T-cell 
leukemia virus 1 infection, (hsa04360) Axon guidance and 
(hsa04010) MAPK signaling pathway (Figure 2D).

PPI network construction

PPI networks among the DEGs and encoded proteins 
were predicted by STRING (10.5) tools online database 
and visualized by Cytoscape (Figure 3). Putting 154 DEGs 
into the STRING database, a PPI network with a required 
interaction score >0.4 was constructed with 83 nodes and 
93 edges (Figure 3A). We used the cytoHubba plugin to 
identify hub genes, which are the most important in PPI 
network and may play a significant role in the pathogenesis 
of ISR. By intersecting the results from the five algorithms 
of cytohubba (including Degree, Maximum Neighborhood 
Component, Maximal Clique Centrality, Density of 
Maximum Neighborhood Component, and Clustering 
Coefficient), 10 hub genes were identified: CLTA, CAT, 
STAT5A, CD300A, CA1, NCF2, HBQ1, AHSP, SLC4A1 
and EPB42 (Figure 3B). Detailed information on these 
were shown in Table 2. The MCODE plugin was used to 
identify gene cluster modules and we identified 6 modules 
in this network according to the filter criteria. Cluster 1 has 
the highest cluster score (score: 4.5, 5 nodes and 9 edges)  
(Figure 3C), followed by cluster 2 (score: 3.3, 4 nodes and 
5 edges) (Figure 3D), cluster 3 (score: 3.0, 3 nodes and 
3 Edges) (Figure 3E), cluster 4 (score: 3.0, 3 nodes and 
3 edges) (Figure 3F), cluster 5 (score: 3.0, 3 nodes and 3 
edges) (Figure 3G), and cluster 6 (score: 2.8, 6 nodes and 7 
side) (Figure 3H).

Prediction of target miRNAs and construction of the co-
expressed network

The Networkanalyst database is an online visual analysis 
platform that can perform gene expression analysis and 
Meta analyses (https://www.networkanalyst.ca/), and can 
also be used to predict the target miRNA of target genes. 
Putting the 10 DEGs into networkanalyst, we obtained 
151 target miRNAs of 7 specifically expressed hub genes, 

Table 1 Demographic information of 5 ISR samples and 6 negative 
controls 

Characteristics ISR Control P value

Gender 1.000

Female 1 (20%) 1 (17%)

Male 4 (80%) 5 (83%)

Age (year) 60±11 60±16 0.944

ISR, in-stent restenosis.

https://www.networkanalyst.ca/


Chen et al. Differentially expressed genes in coronary stent restenosis1944

© Annals of Palliative Medicine. All rights reserved.   Ann Palliat Med 2022;11(6):1940-1953 | https://dx.doi.org/10.21037/apm-21-2681

and identified 149 mRNA-miRNA pairs. According to the 
prediction results, Cytoscape constructed a mRNA and 
miRNA co-expression network composed of 151 nodes and 
149 edges (Figure 4). SLC4A1 had the most target miRNA, 
reaching 61, while CA1 and NCF2 had only one target 
miRNA respectively. 

Diagnostic significances of hub genes

To assess the diagnostic value of hub genes, we analyzed the 
expression profiles of 10 hub genes and generated an AUC of 
ROC curves. Compared with negative samples, all these 10 
central genes except SLC4A1 (AUC of 0.767) (Figure S1D)  
had excellent diagnostic value in ISR samples. The AUC in 

CA1 is 0.967 (95% CI: 0.874 to 1.000) (Figure 5A); the AUC 
in STAT5A was 0.933 (95% CI: 0.780 to 1.000) (Figure 5B);  
the AUC in HBQ1 is 0.867 (95% CI: 0.637 to 1.000)  
(Figure 5C); the AUC in AHSP is 0.833 (95% CI: 0.557 to 
1.000) (Figure 5D); the AUC in CLTA is 0.833 (95% CI: 
0.575 to 1.000) (Figure 5E); the AUC in EPB42 is 0.833 
(95% CI: 0.575 to 1.000) (Figure 5F); the AUC in NCF2 
is 0.833 (95% CI: 0.557 to 1.000) (Figure 5G); the AUC 
in CAT is 0.800 (95% CI: 0.506 to 1.000) (Figure 5H); 
the AUC in CD300A is 0.800 (95% CI: 0.505 to 1.000)  
(Figure 5I). Given that ROC curve analysis >0.85 is 
considered to have excellent predictive value, CA1, STAT5A 
and HBQ1 appear to be the most important biomarkers 
for ISR among these ten genes. Among them, CA1 has the 

Figure 1 Heatmap and Volcano plot of DEGs. Heatmap results of top 20 genes with high and low expression in DEGs between ISR 
patients and negative patients (A). Volcano plot of DEGs that are different expressions between ISR patients and negative patients (B). Red 
dots: upregulated genes; blue dots: downregulated genes; grey dots: Undifferentiated genes. DEGs, differentially expressed genes; ISR, in-
stent restenosis.
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highest diagnostic value.

Discussion

Based on the analysis of the GEO database, we selected 
the genetic data set GSE46560 in GPL15207 and explored 
the genetic mechanism in ISR. The peripheral blood 
samples of patients with ISR after PCI were used as the 
experimental group, and the stenosis negative samples were 
used as the control. One hundred and fifty-four differential 
genes were obtained. GO enrichment analysis shows that 
genes are enriched in homeostasis, cell morphology, and 
cell connection. KEGG analysis of these candidate genes 
mainly focused on the signal transduction pathway of 
Human papillomavirus infection, Salmonella infection, 

Human T-cell leukemia virus 1 infection, Axon guidance 
and MAPK signaling pathway. The PPI network was 
constructed through STRING, and 10 hub genes were 
obtained through Cytoscape, respectively were CLTA, CAT, 
STAT5A, CD300A, CA1, NCF2, HBQ1, AHSP, SLC4A1 
and EPB42. 

CA1, STAT5A, NCF2, CAT and CD300A are closely 
related to ISR, and recent studies have made an effort to 
explore the role of these genes in ISR. CA1 is a member of 
the carbonic anhydrase family. It can reversibly catalyze the 
hydration of CO2 to form HCO3

−, and then quickly combine 
with calcium ions to form calcium carbonate, which directly 
participates in the calcification process and promote calcium 
phosphate mineralization (32). Also, it can participate in 
the calcification process through its effect on γ-glutamyl 

Figure 2 GO and KEGG analysis results of DEGs. GO biological process enrichment result (A). GO cell component enrichment results (B). 
GO molecular function enrichment results (C). KEGG pathway enrichment results (D). GO, gene ontology; KEGG, Kyoto encyclopedia of 
genes and genomes; MAPK, mitogen-activated protein kinase.
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carboxylase. Arterial calcification is an active, cell-
regulated process that occurs in the process of osteogenesis, 
including the conversion of vascular smooth muscle cells 
to osteoblasts and the crystallization and precipitation of 
hydroxyapatite salts, which may cause poor coverage and 
delayed healing in a stent (21). In human tissue, carbonic 
anhydrase can stimulate vascular calcification through CA1, 
which is related to atherosclerosis plaque formation (33). 
STAT5A is a member of the signal transducer and activator 
of transcription (STAT) family, which can be activated by 
the phosphorylation of key tyrosine residues by Janus kinase 
after binding to the receptor. The activated STAT binds 
to a specific DNA sequence, called Interferon-Gamma 
Activated Sequence, and initiates the transfer of target 
genes (34). STAT5 can regulate the expression of genes 
encoding proteins that are involved in cell proliferation, 
differentiation, angiogenesis, inflammation, apoptosis, 
extracellular matrix composition and cell signal transduction. 
Our results showed that STAT5A expression decreased in 
the ISR group. The role of STAT5A low expression in the 
occurrence and development of ISR is still controversial 
and there is no relevant literature to fully confirm it (35-37).  
However, in the cardiovascular system, STAT5 can mediate 
vascular endothelial morphogenesis induced by fibroblast 
growth factor (38). Endothelial cells stimulated by 
inflammation can down-regulate some post-transcriptional 
regulatory factors, such as miR-221/222, which targets 
STAT5A to negatively regulate vascular remodeling (39). 
Ischemia/reperfusion injury after PCI increases the levels 
of cardiac hypoxia-inducible factor-1 and interleukin-10 

proteins, activating AKT, phosphatidylinositol 3 kinase 
and vascular endothelial growth factor (40). STAT5A plays 
a protective role in this process, and this protection role 
will be lost in the absence of STAT5A. NCF2 can encode 
p67phox, which is a component of NADPH oxidase, 
expressed on leukocytes, endothelial cells, and aortic 
adventitia fibroblasts (41). Mutations in NCF2 can lead 
to chronic granulomatous disease, which is characterized 
by abnormal activity of the NADPH oxidase complex, 
with reduced production of reactive oxygen species (ROS) 
and excessive inflammation (42). NCF2 is presumed 
to be related to carotid plaque and may be related to 
unstable atherosclerotic rupture (43,44). In view of the 
importance of NADPH oxidase in cardiovascular diseases, 
it is speculated that NCF2 also plays an important role 
in ISR, but more literature support is needed. CAT is 
the most abundant antioxidant enzyme ubiquitous in 
the human body and the most effective catalyst for the 
decomposition of H2O2. We found catalase decreased in 
the ISR group. As reported, coronary interventions, such 
as balloon angioplasty and BMS and DES implantation, 
can increase vascular oxidative stress through cytoplasmic 
Nox2, eNOS uncoupling and mitochondrial dysfunction 
(45,46). The excessively increased ROS induces the 
proliferation and migration of vascular smooth muscle 
cells and fibroblasts, leading to neointimal growth and 
restenosis (12). Proliferative neointimal cells can also 
produce ROS, which further enhances oxidative stress and 
leads to endothelial dysfunction. Therefore, the decrease 
of catalase is closely related to the occurrence of ISR. 

Table 2 10 hub genes identified by five algorithms of cytoHubba

Gene symbol Description log2FC P value Regulation

CLTA Clathrin light chain A 1.617 0.039 Up

CAT Catalase −1.116 0.045 Down

STAT5A Signal transducer and activator of transcription 5A −1.267 0.005 Down

CD300A CD300a molecule −1.512 0.028 Down

CA1 Carbonic anhydrase 1 −1.662 0.006 Down

NCF2 Neutrophil cytosolic factor 2 −1.672 0.011 Down

HBQ1 Hemoglobin subunit theta 1 −2.053 0.025 Down

AHSP Alpha hemoglobin stabilizing protein −2.141 0.021 Down

SLC4A1 Solute carrier family 4 member 1 −2.251 0.022 Down

EPB42 Erythrocyte membrane protein band 4.2 −2.915 0.018 Down

FC, fold change.
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Figure 5 Diagnosis value of 9 specifically expressed hub genes in discriminating ISR patients from negative patients. CA1 (A), STAT5A (B), 
HBQ1 (C), AHSP (D), CLTA (E), EPB42 (F), NCF2 (G), CAT (H) and CD300A (I). AUC, area under the curve; CI, confidence interval; 
ISR, in-stent restenosis.
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CD300A is a molecule containing an immunoreceptor 
tyrosine inhibitory motif, belonging to the CD300 family 
of paired activation/inhibitory receptors. By binding to 
phosphatidylethanolamine and phosphatidylserine, CD300A 
can regulate the phagocytosis of dead cells (47) and deliver 
inhibitory signals in mast cells to inhibit the production 
of inflammatory cytokines and chemokines induced by 
lipopolysaccharide (48). The down-regulation of CD300A 
may be related to persistent inflammation in ISR. 

HBQ1, AHSP, CLTA, EPB42, SCL4A1 may be involved 
in the occurrence and development of ISR, but there is still 
a lack of research in this area. Based on existing research, 
these genes are involved in the composition, maturation, 
stability, cell transport and diffusion of hemoglobin and red 
blood cells. For instance, HBQ1 is one of the components 
of hemoglobin (49), EPB42 is a kind of red blood cell 
membrane protein (50), AHSP is a red blood cell-specific 
chaperone protein (51-53), SLC4A1 is an anion exchanger 
of red blood cell plasma membrane (54). The differential 
expression of these genes may increase the viscosity of 
whole blood by increasing the number of red blood cells 
and reducing the deformability of blood cells. Deficiency 
expression in EPB42 and SLC4A1 has been shown to 
cause hereditary spherocytosis (50,55). Increased blood 
viscosity will increase blood flow resistance and slow flow 
speed, leading to ischemia, hypoxia, and accumulation of 
various metabolites in the tissue, which may also be one 
of the mechanisms leading to ISR. These genes, however, 
may play a pathogenic role by affecting substances transfer 
signal transduction that related to ISR. CLTA is one of the 
clathrin light chains, which participates in cell proliferation 
and migration, and mediates cell endocytosis (56). Impaired 
clathrin integrity may increase the occurrence of ISR by 
mediating macrophages’ endocytosis and clearance of 
lipids (57). The down-regulation of some hemoglobin-
related genes, such as ASHP and EPB42, may be related to 
hemoglobin destruction and iron metabolism disorders, and 
is related to Parkinson’s disease (58). The iron metabolism 
disorder is strongly associated to atherosclerosis, which 
may be involved in the formation of new atherosclerosis 
and eventually lead to the appearance of ISR (59). Finally, 
previous literature has exposed that low expression of EPB42 
in pancreatic cancer is associated with poor prognosis (60). 
HBQ1 is related to the abnormal metabolism of gastric 
cancer cells (61). The occurrence of tumors is closely 
related to the abnormal proliferation of cells. Therefore, we 
consider that the down-regulation of EPB42 and HBQ1 may 

participate in the occurrence of ISR by causing excessive 
cell proliferation.

This research still has the following shortcomings. 
Firstly, the experimental sample we used is too small, and an 
appropriately increased experimental sample may increase 
the reliability of the experimental results. As a small sample 
size study, we have included as many patients as possible 
in order to improve the reliability of statistics. Under this 
limitation, the sex ratio between the control group and the 
experimental group may not be the same, although there 
was no statistical difference. Despite the follow-up of large 
clinical trials, no sex differences in the occurrence of major 
adverse cardiovascular events after stent placement have 
been observed, whether it is a drug-eluting stent (62) or 
the current bioresorbable vascular scaffolds (63). Secondly, 
no other ISR-related peripheral blood gene data sets have 
been found, and we cannot perform verification in multi-
database or multi-gene set. Finally, under the limitation of 
clinical data sources, we have not yet done the validation 
experiment of hub genes, including the detection of hub 
gene expression in peripheral blood samples of ISR patients 
and construction of ISR-related cell and animal models. 
It would be more convincing to analyze the knockout 
of specific genes. Changes in epigenetics also need to 
be considered. Due to the limited analysis methods of 
bioinformatics, we can only make reasonable assumptions 
for the reasons for the inconsistent gene expression levels  
of ISR.

In conclusion, our study explored the genetic and 
molecular effects of related genes in patients with ISR by 
using bioinformatics analysis methods. The results provided 
new insights into the molecular mechanisms of ISR patients, 
CA1, STAT5A and HBQ1 were determined as the relevant 
biomarkers of the disease.
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Figure S1 Box diagram (A); PCA diagram (B); UMAP diagram (C); The AUC in SLC4A1 (D). PCA, principal component analysis; UMAP, 
uniform manifold approximation and projection; AUC, area under the curve; SLC4A1, solute carrier family 4 member 1.
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