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Abstract. - OBJECTIVE: The pathogene-
sis of doxorubicin (DOX) induced cardiomyop-
athy (DCM) is still uncertain. We aimed to iden-
tify the critical genes and pathways involved in
DCM based on bioinformatics analysis.

MATERIALS AND METHODS: The GSE59672
and GSE23598 mice heart tissue microarray da-
ta were obtained from Gene Expression Omni-
bus (GEO) database. The “limma” package of R
software was used to screen the differently ex-
pressed genes (DEGs). GO (Gene Ontology) and
KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) analyses were performed on DEGs by
using “clusterProfiler” package in R software.
The PPI (Protein - Protein Interaction) network
of DEGs constructed by STRING online data-
base and thereby the top 15 hub genes selected
by cytoHubba in Cytoscape software. The hub
genes interaction was performed by GeneMA-
NIA online database. The “Corrplot” R package
was employed to assess hub genes correlation.

RESULTS: Finally, atotal of 492 and 501 DEGs
were screened in GSE59672 and GSE23598
datasets, respectively. GO analyses revealed
that DEGs were mainly involved in the regula-
tion of extracellular matrix organization, meta-
bolic process, regulation of collagen-contain-
ing extracellular matrix.

KEGG pathway analyses indicated that
DEGs were mainly involved in protein diges-
tion and absorption, ECM-receptor interac-
tion, phagosome, and p53 signaling pathway.
Finally, the 8 hub genes were identified, includ-
ing Collal, Col3al, Colla2, Col6al, Piprc, Ty-
robp, Itgb2, and Ctss.

CONCLUSIONS: The present study identified
a series of key genes, including Col1a1, Col3at,
Colla2, Col6al, Ptprc, Tyrobp, Itgb2, and Ciss.
In addition, important pathways were also dis-
covered. The results of this study may provide a
novel molecular mechanism and potential thera-
peutic targets for DCM.
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Introduction

The malignant tumor remains the most com-
mon reason of death globally. Cardiovascular
diseases and carcinoma are the principal causes
of morbidity and mortality in developed regions'.
Doxorubicin (DOX), an anthracycline antibiotic
drug, is the most widely used clinical chemothera-
peutic agent for the treatment of several cancers?®.
As with the advancement of medical science and
the increasing aging population, the number of
people suffering from cancer will continue to rise
worldwide. However, the clinical benefit of DOX
in patients with cancer is limited by the potential
risk of DOX-induced cardiomyopathy (DCM).
Cancer and heart disease will cause substantial
public health and economic burden. Therefore, it
is crucial to better understand the pathogenesis
and molecular mechanism of DCM.

DCM can be divided into acute and chronic
types: acute DCM usually appears within 2-3 days
from the first DOX treatment, and its characteristi-
cs often include premature beats, tachycardia, and
acute left ventricular failure; chronic DCM emerges
from 30 days to more than 10 years since the start of
DOX administration®. Acute DCM is generally re-
versible but can also manifest as myocardial dama-
ge or progress to chronic DCM. Whereas chronic
DCM usually leads to heart failure and impaired he-
art function*. When the cumulative dosage of DOX
reaches or exceeds 500 mg/m? of body surface area,
it leads to increased ROS production, which in turn
disrupts cardiomyocyte homeostasis’. It is certified®
that DOX medication results in alterations in the
structure of sub-cellular organelles, such as swel-
ling of mitochondria, myofibrillar loss, and cyto-
plasmic vacuolization. The impaired function of
the organelles will negatively affect cardiomyocyte
metabolism and thus promote the progression of
DCM®. DOX treatment usually induces an immune
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response with the release of a series of cytokines.
Previous studies’ indicated that DOX elevates Toll-
like receptor 2, which then induces the nuclear
factor kappa B (NF-kB) and ultimately increases
apoptosis. Currently, although relatively extensive
studies in the literature have been conducted on
DCM, its exact pathogenesis remains uncertain, and
there is a lack of specific and effective therapeutic
agents for the treatment of DCM.

As with the development and maturation of ge-
ne chips, genomics, transcriptomics, proteomics,
metabonomics, and bioinformatics have generated
biological big data. Analyzing biological big data
may enable the understanding of diseases from tra-
ditional pathology to the genetic level and promote
the birth and development of precision medicine.
However, bioinformatics data mining for DCM
has not been reported. Therefore, the present study
aimed to perform bioinformatics-based identifi-
cation of candidate hub genes that participate in
DCM based on the GEO database.

In our study, we applied a gene microarray
of mouse DOX-induced cardiomyopathy from
the GEO database to screen out DEGs and then
annotate differential gene functions and evaluate
gene-enriching signaling pathways. Our study
may provide a novel molecular mechanism and
potential therapeutic targets for DCM.

Materials and Methods

Data Sourcing

The GSE59672 and GSE23598 mice heart tissue
datasets were downloaded from the Gene Expres-
sion Omnibus (GEO) database of the National
Center for Biotechnology Information (NCBI).
GSE5S9672 included three DOX-treated mice and
three control mice, and the platform was GPL1261
Affymetrix Mouse Genome 430 Version 2.0 Array
(available at: https:/bioconductor.org/packages/
release/data/experiment/html/Affymoe4302Expr.
html). GSE23598 included 2 DOX-treated mice
and 2 control mice, and the platform was the same.

ldentification of DEGs

The DEGs of GSE59672 and GSE23598 were
screened out using the “limma” package of R
software (available at: https://bioconductor.org/
packages/release/bioc/html/limma.html). DEGs
were considered as p-values lower than 0.05
and |log2foldChange(logFC)>1. The “ggplot2”
package (available at: https://cran.r-project.org/
web/packages/ggplot2/index.html) was utilized to

1642

generate volcano and PCA (Principal Component
Analysis) plots. The “pheatmap” package (avai-
lable at: https://cran.r-project.org/web/packages/
pheatmap/index.html) was employed to make a
heatmap to visualize the DEGs.

Functional and Pathway Enrichment
Analysis of DEGs

GO functional annotation and KEGG pathway
enrichment analyses of DEGs were conducted
for DEGs by using “clusterProfiler” package in
R software (available at: https:/bioconductor.org/
packages/release/bioc/html/clusterProfiler.html).
Significant enrichment was considered as a gene
count of 2 or more and a p-value lower than 0.05.

Construction of the PPl Network

The PPI network of DEGs was constructed
by the STRING online database (STRING: fun-
ctional protein association network, available at:
https://string-db.org), and thereby, the hub genes
ranked by the score identified by CytoHubba
plug-in Cytoscape software (Version 3.9.1, avai-
lable at: https://apps.cytoscape.org/apps/cytohub-
ba). We also used multiple topological analysis
algorithms, including MCC, MNC, Degree, and
EPC, to predict and explore the top 15 hub genes.
The intersection of screened genes was achieved
by the Venny online tool (available at: https:/
csbg.cnb.csic.es/BioinfoGP/venny.html).

Gene Function Interaction Analyses

The hub genes interaction was performed by
GeneMANIA (available at: https:/genemania.org)
to predict correlations among co-localization, sha-
red protein domains, co-expression, prediction,
and pathways.

Analysis of Hub Gene Correlation with
R Software

To verify the similarity between hub genes,
we used the “Hmisc” package of R software
(available at: https://cran.r-project.org/web/packa-
ges/Hmisc/index.html) to calculate the correla-
tion matrix and its significance level and the
“Corrplot” R package (available at: https://cran.r-
project.org/web/packages/corrplot/index.html)
was applied to create a correlation heat map.

Statistical Analysis

The data are presented as the mean = SD and
were analyzed by using SPSS software, version
17.0 (SPSS Inc., Chicago, IL, USA). A p-value
lower than 0.05 was defined as significant.
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Results

Identification of DEGs

The PCA analysis results showed that the PC1
and PC2 values were able to distinguish between
the difference between DOX and control groups
(Figure 1A-B). Finally, a total of 492 DEGs, inclu-
ding 276 upregulated and 216 downregulated DE-
Gs, were identified in GSE59672. 230 upregulated
and 271 downregulated DEGs were screened in
GSE23598 (Figure 1C-D). 201 co-DEGs, including

111 upregulated and 90 downregulated DEGs, were
identified by taking the intersection of DEGs from
GSES9672 and GSE23598 datasets (Figure 1E-F).
The top 30 DEGs of the GSE59672 and GSE23598
datasets were shown with a heat map (Figure 2A-B).

GO Annotation of DEGs

The co-DEGs significantly enriched in 54
GO terms, including 20 BP terms (extracellu-
lar structure organization, extracellular matrix
organization, external encapsulating structure

A C

° ! .Lum !
100- .- 64 I I
3 : G jo°
5 50 2 ; roups m Col15at M
: [ Aoxt |
e T i r=-p=-t-zt [@]oox ‘1 y % .
N ! A e
O -s0- booa ' Acon
A ;
r . i ! “ i
200 100 0 100 ) Fos L Significant
PC1 (34.7%) f g : ® Down
B g ® Not
Al Tg) ® Up
d
100- !
o I 2]
X . : +  Groups
TR e ek T
= : [¢] oox N | ~FES
' 4
Q- -100- * [&] con
H
'
-200- of i "
o ]
100 0 100 200 J
PC1(43%) -4 2 0 2
logFC
GSE23598 GSE59672 ] : (Myh7 o
\ |
I \
7.54 1
| Col3a1 '
J l \
Srsfe) ‘ Myom2
=
E “ | O Cen2 Significant
‘>“, : ® Down
o
F § ® Not
GSE23598 GSE59672 g ® U

logfC

Figure 1. A, PCA plot of GSES9672; (B) PCA plot of GSE23598; (C) Volcano plot of DEGs in GSES9672; (D) Volcano plot of
DEGs in GSE23598. Venn plot upregulated (E) and downregulated (F) genes in both datasets, respectively.
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Figure 2. Heat map plots. A, Heat map plot
of GSE5S9672. B, Heat map plot of GSE23598.
DOX: Doxorubicin; CON: Normal or Control.

organization, response to extracellular stimuli,
and cell-substrate adhesion) (Figure 3A), 13 CC
terms (collagen-containing extracellular matrix,
collagen trimer, an anchored component of mem-
brane) (Figure 3B), and 21 MF terms (glycosami-
noglycan binding, extracellular matrix structure
constituent, heparin-binding, sulfur compound
binding, and growth factor binding) (Figure 3C).

KEGG Pathway Enrichment Analysis
of DEGs

The co-DEGs significantly enriched in 5
KEGG pathways, including protein digestion
and absorption, phagosome, ECM-receptor in-
teraction, Toxoplasmosis, and p53 signaling
pathway (Figure 3D).

PPl Network and Hub Genes

We uploaded the DEGs to the STRING online
database, and thereby, the PPI network analysis
was conducted. The PPI network of the DEGs
was screened by STRING, including 195 nodes
and 652 edges, with a PPI enrichment p-va-
lue<1.0e-16 (Figure 4A). MCODE, a plug-in wi-
th Cytoscape software (available at: https:/apps.
cytoscape.org/apps/mcode), was used to conduct
module analysis to detect critical clustering mo-
dules. Two modules were retrieved from the PPI
network. Module 1 included 33 nodes and 483 ed-
ges with a cluster score (density times the number
of members) of 15 (Figure 4B). Module 2, with 8
nodes and 56 edges, had a score of 8 (Figure 4B).
The PPI network results were further analyzed
by cytoHubba plug-in Cytoscape software. We

also used multiple topological analysis algori-
thms, including MCC (Figure 4C), EPC (Figure
4D), Degree (Figure 4E), and MNC (Figure 4F),
to predict and explore the top 15 hub genes. The
intersection of these 15 genes from the four al-
gorithms by venny online tool revealed 8 candi-
date hub genes: Collal, Col3al, Colla2, Col6al,
Ptpre, Tyrobp, Itgh2, and Ctss (Figure 4G).

Hub Genes Interaction Analyses by
GeneMANIA

PPI analysis of the eight hub genes and their
20 interacting genes was performed by Gene-
MANIA to predict correlations among co-lo-
calization, shared protein domains, interaction,
prediction, and other pathways (Figure 5). The
predicted genes are located in the outer circle,
and the hub genes are in the inner circle. The
results indicate that these genes are enriched in
collagen-containing extracellular matrix, extra-
cellular matrix organization, complex of colla-
gen trimers, extracellular structure organization,
cellular response to acid chemical, response to
amino acid, and growth factor binding.

Hub Genes Correlation Analyses by R
Hub genes are selected both by Degree and
MCC topological analysis algorithms. Thbs2 was
negatively correlated with the remaining hub gene
clusters (Figure 6). However, other hub genes were
positively correlated. The correlation coefficients
between most of the genes in the turquoise module
were greater than 0.60, indicating that the correla-
tion between the pivotal genes is high. The above
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Figure 3. Gene Ontology (GO) analysis of DEGs. A, Biological process (BP) enrichment analysis; (B) Cell component (CC)
analysis; (C) Molecular function (MF) enrichment analysis; (D) KEGG analysis of DEGS.

results indicate that the key genes interact closely
with each other, and the upstream and downstre-
am regulatory effects may be closely linked.

Discussion

Our study identified a number of key genes,
including Collal, Col3al, Colla2, Col6al, Ptprc,
TByrobp, Itgh2, and Ctss. We also uncovered im-
portant pathways that were most closely associa-
ted with DCM in mice, including protein dige-
stion and absorption, phagosome, ECM-receptor
interaction, and the p53 signal pathway.

The prevalence and incidence of DOX-induced
cardiomyopathy (DCM) is still increasing and
thus leads to severe clinical consequences all over
the world. Therefore, further exploring and better
understanding the genetic and molecular basis
of DCM is urgent and of great importance. The

progress of sequencing technology and the deve-
lopment of microarray science provided an oppor-
tunity to investigate the potential biomarkers and
therapeutics of DCM by bioinformatics analysis.
To the best of our knowledge, this is the first
bioinformatics study mining two GEO datasets
to identify candidate hub genes and pathways
that participate in DCM. In the present study, a
total of 492 DEGs, including 276 upregulated
and 216 downregulated DEGs, were identified in
the GSES9672 dataset. 501 DEGs, including 230
upregulated and 271 downregulated DEGs, were
screened in the GSE23598 dataset. Finally, 201
co-DEGs of GSE59672 and GSE23598 datasets,
including 111 upregulated and 90 downregula-
ted DEGs, were identified. To study the biolo-
gical function of DEGs, we conducted further
analyses of GO, KEGG pathway enrichment,
PPI network, and hub gene identification. We
screened potential key genes for DCM, including
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Figure 4. A, PPI network of the screened DEGs constructed by STRING; (B) Significant gene module and enrichment
analysis of the modular genes; (C) Hub genes screened by MCC; (D) Hub genes screened by EPC; (E) Hub genes screened by
Degree; (F) Hub genes screened by MNC; (G) Identification of 8 candidates for hub genes by Venn intersection.

Collal, Col3al, Colla2, Col6al, Ptprc, Tyrobp,
Itgh2, and Ctss. Collal (Collagen type I alpha
1), a member of the collagen family, modulates
cell proliferation, metastasis, apoptosis, and ci-
splatin resistance cellular process. Collal is also
related to cancer progression and prognosis®'®.
Knockdown Col3al (collagen type III alpha 1)
inhibits cell proliferation, migration, invasion,
and immune escape'!. It is concluded that Colla?2

1646

is involved in cancer and heart failure develop-
ment'?. Col6al, Col6a2, and Col6a3 are all Col-
lagen VI genes; it is suggested that Collagen VI
genes are associated with myopathies'>!*. Ptprc
(Protein tyrosine phosphatase receptor type C),
also known as CD45, is a transmembrane glyco-
protein. Ptprc is an important regulator of T and
B cell antigen receptor-mediated activation'”. A
study from Spain'® suggested that Ptprc was
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upregulated in arrhythmogenic cardiomyopathy
patients. Tyrobp and related genes are mainly
engaged in immunoregulatory mechanisms, such
as NK cell-mediated cytotoxicity and macrophage
fusion. This suggested that immune response may
be involved in the pathogenesis of DCM17. Itgh2
(Integrin beta 2), one of the integrin subunits,
was previously demonstrated to be exclusively
expressed in leukocytes. It promotes leukocyte
adhesion to the endothelium and the ensuing ex-
travasation'®". Zhang et al* reported that ltgh2

participates in cell communication and is involved
in cardiac development. Ctss (cathepsin S) is a
member of the cysteine protease cathepsin family,
which is synthesized as an inactive proenzyme in
the endoplasmic reticulum and is activated by the
removal of the endosomal and lysosomal compart-
ments. It has been reported? that Ctss regulates
the pathogenesis of cardiovascular disease through
mediating extracellular matrix protein degradation
and cell-to-cell communication. The hub genes
interaction analyses indicate that these genes are
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Figure 6. A, Heatmap of co-expression correlation between the hub genes which selected both by “Degree”; (B)
Heatmap of co-expression correlation between the hub genes which selected both by “MCC”.

enriched in collagen-containing extracellular ma-
trix, extracellular matrix organization, complex of
collagen trimers, extracellular structure organiza-
tion, cellular response to acid chemical, response
to amino acid, and growth factor binding.

GO enrichment results of DEGs revealed
that extracellular structure organization, colla-
gen-containing extracellular matrix, and glyco-
saminoglycan binding are crucial for DCM. Pe-
restrelo et al* reported that pathological extracel-
lular matrix prevents cell homing and promotes
heart failure. KEGG enrichment results of DEGs
illustrated that protein digestion and absorption,
phagosome, ECM-receptor interaction, Toxopla-
smosis, and p53 signaling pathway are involved
in the pathogenesis of DCM. Kirschner et al*
found that protein digestion and absorption si-
gnificantly decreased in congestive heart failure
patients. Abdullah et al** affirmed that DOX-in-
duced mice cardiomyopathy promoted the accu-
mulation of autophagosomes and autolysosomes,
inhibited autophagy flux, and resulted in mi-
tochondria dysfunction. Another bioinformatics
study® revealed that ECM-receptor interaction
is involved in the development of cardiac hyper-
trophy. The transcription factor p53 functions
as a gatekeeper, regulating a myriad of genes
to maintain normal cell functions. Basal p53 is
also necessary to maintain normal heart archi-
tecture and physiological function?. Knockdown
p53 level can prevent dilated cardiomyopathy?’.

1648

Lee et al demonstrated that mesenchymal stem
cell-derived small extracellular vesicles protect
cardiomyocytes from doxorubicin-induced car-
diomyopathy by inhibiting p53 signaling®®. The
hub genes we screened have been largely unre-
ported in heart disease and are expected to be
novel targets for DCM. Moreover, those genes are
mainly involved in regulating immune response,
protein degradation, and matrix remodeling, whi-
ch provide new mechanisms for DCM.

Limitations

As the study is an analytical study based on the
GEO database, the chip data were obtained from
mice rather than humans. Thus, the key genes and
pathways determined in this study will have to be
compared and validated with human data in the
future. Furthermore, due to funding and time con-
straints, this study was not validated in vitro and
in vivo. Future research may confirm and promote
the application of our study’s conclusions.

Conclusions

The present study identified a series of key
genes, including Collal, Col3al, Colla2, Col6al,
Ptpre, Birobp, Itgh2, and Ctss. In addition, we also
discovered important pathways, including protein
digestion and absorption, phagosome, ECM-recep-
tor interaction, and p33 signaling pathway that were
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also most closely correlated with mouse doxorubi-
cin-induced cardiomyopathy (DCM). Our results
may provide a more detailed molecular mechanism
and potential therapeutic targets for DCM.
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