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Introduction

Ischemic cardiomyopathy (ICM) is an important cause of 
heart failure (HF). According to the National Institutes 

of Health, ICM is caused by an interaction of genetic and 

environmental factors (1). To date, a number of studies 

have explored ICM from different aspects (2-4). Long non-
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coding RNA (lncRNA) are a class of non-coding RNA 
whose length is more than 200 nt, and are an important part 
of all non-coding transcripts. The lncRNAs are involved in 
many important biological processes and are also associated 
with the occurrence of many diseases (5). Recent studies 
(6-8) have shown that lncRNA plays an important role 
in cardiovascular diseases, including ICM. The lncRNA 
can play a competitive endogenous role. Competing 
endogenous RNAs (Hub genes) play a role in regulating 
messenger RNA (mRNA) expression by competing with 
mRNA microRNAs (miRNAs). In this study, samples were 
screened from the Gene Expression Omnibus (GEO) (9). 
Through bioinformatics methods, related genes of ICM 
pathogenesis were analyzed and a differentially expressed 
lncRNA-related Hub gene regulatory network was 
constructed to explore potential targets for ICM treatment.

Ischemic cardiomyopathy (ICM) is the most common 
type of heart disease. It is a pathological condition resulting 
from reduced blood circulation and supply to the heart, 
reduced oxygen supply to the heart, and dysregulated 
energy metabolism of cardiomyocytes. In severe cases, ICM 
may lead to massive death of cardiomyocytes. ICM can 
cause acute myocardial infarction (AMI), fatal arrhythmias, 
angina pectoris, or some chronic sequelae, and can lead to 
HF and sudden death. ICM is a type of end-stage coronary 
atherosclerosis disease. Long-term oxygen supply and 
oxygen demand imbalance leads to cardiomyocyte apoptosis, 
necrosis, cardiac fibrosis, scar tissue formation, leading to 
poor prognosis. For a long time, because cardiomyocyte 
necrosis is an irreversible pathological process, ICM lacks 
effective treatment means. Although heart transplantation 
can replace the damaged heart, it is not widely carried out 
due to the limitation of donor and immune rejection. In 
the past few years, research has focused on elucidating the 
molecular mechanisms of the relevant protein-coding genes 
and miRNAs. As the technology developed, an lncRNA 
containing more than 200 nucleotides was discovered. This 
newly discovered RNA proved to play an important role in 
a wide range of biological processes.

Also known as ischemic heart disease (IHD), ICM is 
a common cause of HF, which places a heavy burden on 
families and communities. The pathogenesis of ICM is 
still not fully understood. Several studies (10,11) have 
shown that inflammation, apoptosis, myocardial fibrosis, 
and other pathological changes play an important role in 
the occurrence and development of ICM. We present the 
following article in accordance with the STREGA reporting 
checklist (available at https://jtd.amegroups.com/article/

view/10.21037/jtd-22-1060/rc).

Methods

Data acquisition

Expression profile data were obtained from the National 
Center for Biotechnology Information (NCBI) GEO 
(http://www.ncbi.nlm.nih.gov/geo/), using the data set 
serial number for GSE42955 (species: Homo sapiens). 
Some 12 ICM samples and 5 “Normal heart” samples 
were screened. All samples were detected by GPL6244 
(Hugene-1_0-ST) Affymetrix Human GeneChip 1.0 ST 
Array [transcript (gene) version] platform (Thermo Fisher 
Scientific, Waltham, MA, USA). The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013).

Data preprocessing and lncRNA reannotation

The GEO database was used to download gene expression 
profile data in CEL format, and the robust multiarray 
average (RMA) algorithm of the R software package (The 
R Foundation for Statistical Computing, Vienna, Austria) 
was used for background correction, standardization, and 
summary. The chip platform was used for re-annotation of 
the annotation file. Finally, the probe set of lncRNA and 
mRNA was obtained. The unmatched probe was removed 
by matching probe number and mRNA/lncRNA (gene 
symbol) one by one. For different probes mapped to the 
same gene, the mean values of different probes were taken 
as the final expression value of the particular mRNA/
lncRNA.

Differential mRNA and differential lncRNA screening

The Limma package of R language was used to analyze 
mRNA and lncRNA differences between ICM samples and 
normal samples using the classical Bayesian method. All 
mRNA/lncRNA were tested and corresponding P values 
were obtained. The mRNA/lncRNA with P<0.05 were 
regarded as differential mRNA/lncRNA.

Functional enrichment and pathway analysis of 
differentially expressed mRNA

The enrichment analysis tools used included the Database 
for Annotation, Visualization, and Integrated Discovery 

https://jtd.amegroups.com/article/view/10.21037/jtd-22-1060/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-22-1060/rc


Journal of Thoracic Disease, Vol 14, No 9 September 2022 3447

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2022;14(9):3445-3453 | https://dx.doi.org/10.21037/jtd-22-1060

(DAVID; https://david-d.ncifcrf.gov/) biological processes, 
the Gene Ontology database (GO; http://geneontology.
org/), and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG; https://www.kegg.jp/). The threshold for 
significance was set at P<0.05 and an enrichment number of 
at least 3 was considered a significant accumulation.

Protein-protein interaction (PPI) network construction 
and module analysis

All differentially expressed genes (DEGs) were input 
into STRING (https://string-db.org/) online platform, 
combined score >0.4 was set, and then the calculated results 
were imported into Cytoscape-v 3.9.1 to construct PPI 
network. These interactions include physical and functional 
associations, with data mainly derived from computational 
prediction, high-throughput experiments, automated text 
mining, and co-expression networks. The line between 
two points in the PPI network diagram represents a direct 
relationship between two genes, and the more protein 
points connected by a protein, the more important the role 
of this protein in the whole network. MCODE plug-in was 
used to analyze the most closely connected gene clusters in 
PPI network, and CytoHubba plug-in was used to screen 
out the top 10 genes with the highest connectivity using 
MCC, Degree and MNC algorithms.

Prediction of co-expression relationship between lncRNA 
and mRNA

Pearson’s correlation coefficient of each differential mRNA 
and lncRNA was calculated by one-by-one matched mRNA 
and lncRNA data, and correlation testing was conducted to 
screen the relationship pairs between mRNA and lncRNA 
with R>0.6 and P<0.05. These mRNAs and lncRNA had a 
synergistic expression relationship.

LncRNA function prediction

For each predicted target factor of lncRNA, the r-package 
clusterProfiler was used for GO biological process and 
KEGG pathway enrichment analysis, and the function 
of lncRNA was indirectly predicted through enrichment 
analysis results. The Benjamini-Hochberg method was used 
to correct P values, and P<0.05 and an enrichment number of 
at least 5 were considered as significant enrichment results.

MiRNA prediction and Hub gene network construction

MiRWalk 2.0 (http://mirwalk.umm.uni-heidelberg.de/) 
was used for the differential co-expressed mRNAs, and the 
miRNA prediction results, miRDB (http://www.mirdb.
org/), miRMap (https://mirmap.ezlab.org/), RNA22 
(https://cm.jefferson.edu/rna22/), and TargetScan (https://
www.targetscan.org/vert_80/) were integrated. It was 
considered that the miRNAs appearing in the prediction 
results of the 6 databases were the miRNAs regulating 
target genes. For lncRNAs co-expressed with differential 
mRNAs, 2 tools were used to predict targeted miRNAs: 
miRNA-lncRNA pairs with Score ≥140 and Energy ≤−20 
were screened by using miRanDa (V3.3a; https://bioweb.
pasteur.fr/packages/pack@miRanda@3.3a/) software. The 
online database starBase (V2.0; https://starbase.sysu.edu.
cn/starbase2/) was used to predict the miRNA-lncRNA 
relationship pair, and the intersection of the 2 prediction 
results was taken as the final miRNA-lncRNA relationship 
pair. By integrating differential mRNA-miRNA and 
differential lncRNA-miRNA relationship pairs, first, the 
miRNA-lncRNA mRNA correlation regulated by the same 
miRNA was screened, and the co-expression relationship 
between the combined mRNA and lncRNA (correlation 
coefficient >0.6). The miRNA-lncRNA-mRNA relationship 
pairs were further screened, and Cytoscape software (https://
cytoscape.org/) was used to construct the network, namely 
Hub gene network. We believe that co-expressed lncRNAs 
and mRNA regulated by the same miRNA in the Hub gene 
network are Hub genes of each other.

Statistical analysis

The software SPSS 23.0 (IBM Corp., Armonk, NY, USA) 
was used; χ2 test was used for inter-group comparison; 
mean ± standard deviation was used for measurement 
data; independent sample t-test was used for inter-group 
comparison. 

Results

Basic information statistics of DEGs and WGCNA analysis

A total of 18,392 mRNA and 1,384 lncRNA were annotated 
by chip platform annotation files. The Limma package was 
used to analyze mRNA and lncRNA differences between 
ICM samples and normal samples, respectively. Based on 
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the differential mRNA and differential lncRNA obtained by 
screening, bidirectional hierarchical clustering heat maps 
were made respectively. As shown in Figure 1, differential 
mRNA and differential lncRNA could completely separate 
the samples according to pre-grouping, indicating that 
the changes of these mRNAs and lncRNAs were related 
to the occurrence of ICM. By analyzing WGCNA PPI 
network connection in most closely gene cluster, using 
CytoHubba plug-ins using MCC, Degree and newsun focus 
algorithms selected link Degree of the top 10 genes, then 
joint centiscape plug-in degree, betweenness, eigenvector, 
closeness four parameters and so-called objective P value 
and log2[fold change (FC)] value were comprehensively 
analyzed to screen the core genes (Figure 1).

Functional enrichment and pathway analysis of differential 
mRNA

The GO functional enrichment analysis and KEGG 
pathway enrichment analysis were performed for up-
regulated or down-regulated mRNAs obtained by difference 

analysis. Up-regulated mRNA was significantly enriched 
in the GO biological process and KEGG pathway, and 
down-regulated mRNA was significantly enriched in the 
GO biological process and KEGG pathway. As shown in 
Figure 2, upregulated mRNA was significantly enriched in 
endoplasmic reticulum stress (protein folding and unfolded 
protein reactions), extracellular matrix tissues, collagen 
catabolism, and other biological processes, as well as 
metabolic pathways, oxidative phosphorylation, extracellular 
matrix receptor interactions, and other pathways, in 
order of enrichment number. Down-regulated mRNAs 
were significantly enriched in biological processes such as 
inflammatory response and immune response, as well as 
immune response signaling pathways (Figure 2).

Prediction of co-expression relationship between lncRNA 
and mRNA

A total of 3,876 synergistically expressed mRNA-lncRNA 
pairs were screened, including 1,614 mRNAs and 48 
lncRNAs. Table 1 displays the top 7 pairs of correlation 
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Figure 2 GO and KEGG functional enrichment. (A) Histogram analysis; (B) bubble chart analysis. BP, biological process; CC, cellular 
component; MF, molecular function; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

q value

q value

0.01

0.02

0.01

0.02

2

3

4

5

6

7

8

Count

Neuron death 
Regulation of cytokine-mediated signaling pathway 

Regulation of neuron death 
Regulation of response to cytokine stimulus 

Cell growth 
Positive regulation of cellular protein localization

Positive regulation of peptidyl-serine phosphorylation 
Autophagy 

Process utilizing autophagic mechanism 
Positive regulation of autophagy

Neuron death
Cell growth
Autophagy 

Process utilizing autophagic mechanism 
Regulation of neuron death 

Positive regulation of cellular protein localization
Regulation of cytokine-mediated signaling pathway 

Regulation of response to cytokine stimulus 
Positive regulation of peptidyl-serine phosphorylation 

Positive regulation of autophagy

Vacuolar membrane 
Autophagosome membrane 

Inclusion body
Autophagosome 

Mitochondrial outer membrane 
Organelle outer membrane 

Outer membrane
Chaperone complex

Basal plasma membrane 
Basal part of cell

Ubiquitin protein ligase binding
Ubiquitin-like protein ligase binding 

Protein kinase regulator activity 
Kinase regulator activity
Receptor ligand activity 

Cytokine receptor binding
Protein kinase activator activity 

Kinase activator activity 
Cyclin-dependent protein serine/threonine kinase inhibitor activity 

Death receptor binding

Autophagosome membrane 
Inclusion body

Vacuolar membrane 
Autophagosome

Chaperone complex
Basal plasma membrane

Mitochondrial outer membrane 
Basal part of cell 

Organelle outer membrane 
Outer membrane

Ubiquitin protein ligase binding
Ubiquitin-like protein ligase binding 

Protein kinase regulator activity 
Kinase regulator activity 

Cyclin-dependent protein serine/threonine kinase inhibitor activity 
Protein kinase activator activity 

Death receptor binding
Kinase activator activity
Receptor ligand activity

Cytokine receptor binding

0 2 4 6 8 0.10 0.15 0.20 0.25

Gene ratio Gene ratio

A B

coefficients from large to small.

LncRNA function prediction

According to the predicted mRNA-lncRNA synergistic 
pa i r,  mRNA was  used  as  the  target  gene  of  the 

corresponding lncRNA, and GO biological process and 
KEGG pathway enrichment analysis were conducted to 
predict the function of the corresponding lncRNA. The 
GO biological process and KEGG pathway enrichment 
results of each lncRNA ranked among the top 5 items 
(ranked by P value).

Table 1 Correlation analysis of mRNA-lncRNA pairs

Gene symbol Full name Function

CEP55 Centrosomal protein 55 Plays a role in mitotic exit and cytokinesis, recruits PDCD6IP and TSG101 to midbody during 
cytokinesis

NMU Neuromedin U Stimulates muscle contractions of specific regions of the gastrointestinal tract. In humans, 
NMU stimulates contractions of the ileum and urinary bladder

CAV1 Caveolin 1 Form a stable heterooligomeric complex with CAV2 that targets to rafts and drives caveolae 
formation. Mediates the recruitment of CAVIN proteins (CAVIN1/2/3/4) to the caveolae

SEMA6A Semaphorin 6A Cell surface receptor for PLXNA2 that plays an important role in cell-cell signaling

Transcriptional repressor involved in developmental processes

TBX3 T-box transcription factor 3 Probably plays a role in limb pattern formation. Acts as a negative regulator of PML function 
in cellular senescence

Incorporated into fibronectin-containing matrix fibers

FBLN1 Fibulin 1 May play a role in cell adhesion and migration along protein fibers within the ECM

SYNM Synemin Type-VI IF which anchors the extracellular matrix to the cytoskeleton via F-actin

Tryptase is the major neutral protease present in mast cells and is secreted upon the coupled 
activation-degranulation response of this cell type. May play a role in innate immunity

mRNA, messenger RNA; lncRNA, long non-coding RNA; PML, promyelocytic leukemia protein; ECM, extracellular matrix; IF, intermediate 
filament. 
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Figure 4 PCA analysis of key genes related to disease prognostic models. (A) All gene; (B) immune gene; (C) risk gene. PCA, principal 
component analysis.
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MiRNA prediction and Hub gene network construction

The Hub gene network is shown in Figure 3, which contains 
34 groups of miRNA lncRNA-mRNA regulated correlates, 
indirectly inhibiting the expression of multiple mRNAs, 
and thus indirectly regulating the up-regulation of multiple 
mRNAs (Figure 3).

Principal component analysis (PCA)

PCA ana ly s i s  was  per formed  on  these  complex 
transcriptome data to make gene datasets with variables 
more clearly and unambiguously represented in three-
dimensional (3D) space. Panel A shows all the key gene 

sets related to disease, panel B shows part of the gene sets 
related to immune infiltration, and panel C shows the 
key gene sets with prognostic risk assessment value after 
overlapping screening of the former two (Figure 4).

Discussion

As type of end-stage coronary atherosclerosis, in ICM, 
long-term imbalance between oxygen supply and demand 
leads to myocardial cell apoptosis and necrosis, cardiac 
fibrosis, and scar tissue formation, resulting in poor 
prognosis. For a prolonged period, ICM has lacked 
effective treatment because the necrosis of myocardial cells 



Journal of Thoracic Disease, Vol 14, No 9 September 2022 3451

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2022;14(9):3445-3453 | https://dx.doi.org/10.21037/jtd-22-1060

is an irreversible pathological process (12-15). Although 
heart transplantation can replace the damaged heart, it 
is not widely carried out due to the limitations of donor 
availability and immune rejection (16). In the past few 
years, research has focused on elucidating the molecular 
mechanisms of related protein-coding genes and miRNAs 
(17-19). With the development of technology, a lncRNA 
containing more than 200 nucleotides was discovered. This 
newly discovered RNA was shown to play an important role 
in a wide range of biological processes (20). The lncRNAs 
play an important regulatory role in the occurrence and 
development of diseases from cancer to cardiovascular 
diseases (21). Mounting studies (22-25) have shown that 
lncRNAs can target miRNAs to play their function as Hub 
genes, that is, lncRNAs can affect the expression of protein-
coding genes by competitively binding to miRNAs, thus 
reducing the degradation of protein-coding genes.

The condition of ICM is a serious disease that harms 
human health (26). It is of great clinical significance to study 
the pathogenesis and new treatment of this disease (27). 
This study included a GSE79962 chip dataset downloaded 
from the GEO database. In addition to a complement 
system, KEGG enrichment analysis in this study also found 
that DEGs were enriched in the advanced glycation end 
(AGE)-receptor for AGE (RAGE) signaling pathway. AGE 
products are a group of heterogeneous proteins produced 
by the non-enzymatic reaction of reducing sugars with the 
amino groups of proteins, fats, and amino acids, with four 
specific receptors (RAGE) (28). Activation of the AGE-
RAGE signaling pathway can promote the generation 
of inflammatory mediators, reactive oxygen species, and 
activate nuclear factor-κB (NF-κB) (29). The level of RAGE 
in serum correlated with the severity and prognosis of heart 
failure. Therefore, regulation of the AGE-RAGE signaling 
pathway may be an important method for the treatment of 
ICM. In this study, it was shown that calcitriol can reduce 
the expression of the key gene FCGR3A. Previous studies 
(30-32) have shown that calcitriol can reduce the expression 
level of RAGE in cardiomyocytes, reduce the accumulation 
of AGE in the aortic wall of diabetic rats, reduce the 
expression level of AGE-induced interleukin 6 (IL-6), and 
inhibit the activity of NF-κB.

In this study, through bioinformatics, differential 
expression of mRNA of ICM functional annotation (GO 
and KEGG) pathway analysis, it was shown that there was 
significant enrichment in fibrosis and endoplasmic reticulum 
stress pathways, and that these pathways prompt the 
pathogenesis of ICM (33). In addition, we also constructed 

differentially expressed lncRNA-related Hub gene networks 
in ICM. The lncRNAs are extensively involved in the 
regulation of various pathophysiological processes; H19 is 
an important member of this family and is closely related 
to ICM. Some studies (34,35) have found that H19 was 
present in the left ventricular tissue biopsy of patients with 
heart failure, and the content of H19 was more abundant 
in the vascular wall. It has also been detected in the heart 
tissue of a mouse cardiac hypertrophy model; its expression 
is up-regulated in the pathological state, and can inhibit 
cardiac hypertrophy.

This study was mainly based on bioinformatics analysis 
without experimental verification. Due to the complexity 
of the organism and the limitation of each database, the 
interpretation of some data may be insufficient. Through 
bioinformatics methods, we found that the onset of ICM 
was closely related to endoplasmic reticulum stress and the 
occurrence of fibrosis, and the related Hub gene regulatory 
network is of certain value for the diagnosis, treatment, and 
prognosis evaluation of ICM, which is conducive to further 
research on the occurrence and development mechanisms 
of ICM.
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