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MicroRNA expression profiling involved in doxorubicin-induced
cardiotoxicity using high-throughput deep-sequencing analysis
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Abstract. MicroRNAs (miRNAs/miRs) are sensitive
biomarkers and endogenous repressors of gene expression
by decreasing mRNA stability and interfering with mRNA
translation. Despite a number of investigations revealing the
dysregulation of miRNA expression associated with cardiotox-
icity induced by doxorubicin (Dox), perturbation of miRNAs
directly resulting from Dox at early stage in cardiomyocytes
and the target gene interaction remain largely unknown. In
the present study, high-throughput deep-sequencing was used
to analyze changes in global miRNA expression in H9c2
cardiomyocytes exposed to 5 yg/ml Dox for 0, 12 or 24 h.
Compared with the 0-h time point, the expression levels of
386 unique miRNAs were altered. Based on miRNA expres-
sion and fold-change, the target genes of 76 selected miRNAs
were further analyzed using gene interaction networks and
pathway enrichment analysis. These miRNAs were involved
in the regulation of different pathways, whose functions
included apoptosis, cell proliferation, extracellular matrix
remodeling, oxidative stress and lipid metabolism. These
differentially expressed miRNAs included let-7 family,
miR-29b-3p, miR-378-3/5p, miR-351-3p, miR-664-3p,
miR-455-3p, miR-298-3p, miR-702-5p, miR-128-1-5p,
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miR-671 and miR-421-5p. The present data indicated that
global wide miRNA profiling in Dox-induced cardiomyocytes
may provide a novel mechanistic insight into understanding
Dox-induced heart failure and cardiotoxicity, as well as novel
biomarkers and therapeutic targets.

Introduction

Doxorubicin (Dox) belongs to the anthracycline family of
antibiotics and is widely used for the treatment of several types
of cancer, including gastric cancer, breast cancer, leukemia,
sarcoma and lymphoma (1). Dox efficiently induces apoptosis of
tumor cells and prevents cell proliferation by intercalating into
DNA and stabilizing a ternary complex with topoisomerase 11
to interfere with DNA replication (1). The use of Dox is limited
due to the development of cardiotoxicity; the risk of heart
disease is 3-5% in patients who receive a cumulative dose of
400 mg/m? and up to 48% in patients receiving 700 mg/m? (2).
A number of studies have demonstrated that Dox is a mito-
chondrial toxin (1,2). Dox induces over-production of reactive
oxygen species (ROS) and ATP imbalance through electron
transport chain uncoupling, resulting in cardiac injury (1).
MicroRNAs (miRNAs/miRs) are a class of small
non-coding single-stranded RNAs (~22 nucleotides in length)
that bind to complementary sequences found in the 3'-untrans-
lated region of mRNASs and regulate post-transcriptional gene
expression by inducing mRNA degradation or inhibiting
mRNA translation (3). miRNAs are ubiquitously involved
in developmental and pathological processes, such as cell
differentiation (4), organogenesis (5), tissue injury and remod-
eling (6), and tumorigenesis. Increasing data have revealed
that miRNAs serve an important role in cardiac functions and
several cardiovascular diseases, such as ischemic heart diseases
and arrhythmia (7,8). Several biological and pathological func-
tions of miRNAs in the regulation of cardiomyocyte survival
or apoptosis have been directly confirmed in animal or cell
models (9,10). In recent years, miRNA expression profiling of
heart tissues in mouse or rat models of Dox-induced cardiotox-
icity have been investigated by miRNA array or quantitative
PCR assay, and numerous changes in miRNA expression
were reported 2-8 weeks after Dox treatment (11,12). It is
well known that the transcription of miRNAs is sensitive to
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cellular stress and triggers a number of downstream biological
processes (13). Changes in miRNA expression profiling in
cardiomyocytes resulting from Dox at the early stage (12 or
24 h post Dox treatment) remain unknown. In the present
study, the rat cardiomyocyte H9c2 cell line was used to inves-
tigate changes in miRNA expression at the early stage of Dox
treatment and the contribution of miRNAs in the initial phase
of Dox-induced cardiomyocytes dysfunction.

Materials and methods

Cell culture and treatment. Rat H9c2 cardiomyocytes were
purchased from The Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences. Cells were maintained
in DMEM containing 10% FBS (both Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 pgg/ml strepto-
mycin (Thermo Fisher Scientific, Inc.) at 37°C in a humidified
incubator containing 5% CO,. Dox (Zhejiang Hisun Chemical
Co., Ltd.) was obtained from Tongren Hospital (Shanghai,
China). Cells were seeded in a 15-cm culture dish at a density
of 1x10°. Dox was dissolved in normal saline. Cells were
treated with a final concentration of 5 pg/ml Dox for 0, 12 or
24 h at 37°C in a humidified incubator containing 5% CO,,
and then samples were collected. The morphology of H9c2
cells was observed at the aforementioned time points under
a light microscope (Nikon Eclipse Ti-S; Nikon Corporation;
magnification, x10) (Fig. S1).

RNA isolation, RNA-sequencing library construction and
sequencing. Total RNA was extracted from cells using
TRIzol® according to the manufacturer's instructions
(cat. no. 15596026; Thermo Fisher Scientific, Inc.). A total of
3 ug total RNA per sample was used to generate the small RNA
library. Sequencing libraries were prepared using TruSeq®
Small RNA Sample Prep kit following the manufacturer's
protocol (cat. no. RS-200-0012; Illumina, Inc.). The library
quality was examined using Agilent Bioanalyzer 2100 (Agilent
Technologies, Inc.). NEBNext Multiplex Small RNA Library
Prep Set for Illumina was used for sequencing (cat. no. E7300S;
New England BioLabs, Inc.). Deep sequencing of the library
was performed on Illumina NextSeq platform using single-end
1x75 sequencing mode.

Quality control and alignment of sequencing data. Raw
reads were filtered to obtain high-quality clean reads by
removing sequencing adapters, short reads (<35 bp in
length) and low-quality reads using Cutadapt v1.9.1 (14) and
Trimmomatic v0.35 (14). Subsequently, FastQC v0.11.5 (15)
was used for ensuring high quality reads. The resulting clean
reads were mapped to rat genome (assembly Rnor_6.0) using
bowtie2 v2.2.9 with default parameters (16). Using miRBase
as the reference database (http://www.mirbase.org), reads of
each miRNA were determined, and reads per million (RPM)
was adopted as the normalization method to quantify the
abundance of each miRNA.

Analysis of differential expression. Differential miRNA expres-
sion analyses were conducted using DESeq2 v1.20.0 (17). The
false discovery rate control method was used to calculate the
adjusted P-values in multiple testing, in order to determine

the significance of the differences. Genes with an adjusted
P<0.05, regression to the mean value of 10 at the 0-h time
point and an expression level varying =1.5-fold at 24 vs. 0 h
or 12 vs. 0 h were used for subsequent analysis. The cluster
analysis of differentially expressed miRNAs was performed
using the Hierarchical Clustering Explorer v3.5 software
(http://www.cs.umd.edu/hcil/hce/hce3.html).

Functional enrichment and target genes interaction network
analysis. The target genes of rat miRNAs were downloaded
from mirTarBase v7.0 (10), the online miRNA reference
database that stores manually curated collections of experi-
mentally validated miRNA targets. Enrichment analysis
based on Gene Ontology (GO; http://geneontology.org/)
annotation and Kyoto Encyclopedia of Genes and Genomes
(KEGG; https://www.genome.jp/kegg/pathway.html)
pathways for the target genes of differentially expressed
miRNAs was implemented using the ClusterProfiler package
v3.11.0 (7). A pathway (or GO term) with an adjusted P<0.05
was considered to be a significantly enriched pathway (or
GO term). Based on the lists of differentially expressed
miRNAs, information on the target gene interactions was
obtained from the Search Tool for the Retrieval of Interacting
Genes/Proteins (www.string-db.com). Target gene interac-
tion networks were mapped using Cytoscape v3.7 software
(https://cytoscape.org/index.html).

Reverse transcription-quantitative (q)PCR analysis for
miRNA expression. Total RNA was extracted from cells using
TRIzol® (cat. no. 15596026; Thermo Fisher Scientific, Inc.).
miRNA first-strand cDNA was synthesized from 1 ug total
RNA from cells using the PrimeScript™ II st Strand cDNA
Synthesis kit (Takara Bio, Inc.). The 20-ul volume reaction
system contained 1 pg total RNA, 5 nM reverse transcription
primer (Stem-loop RT primer from Shanghai GenePharma
Co., Ltd.), 20 U reverse transcriptase, 20 U RNase inhibitor
and 0.2 mM dNTPs. The mixture was incubated at 42°C for
15 min and at 85°C for 5 min. gPCR was performed with the
SYBR Green Hairpin-it MicroRNA Quantitation PCR kit
(cat. no. E01006; Shanghai GenePharma Co., Ltd.) according
to the manufacturer's instructions. cDNA (2 ul) was used as the
template for the qPCR reaction system. PCR was performed
using the StepOnePlus PCR system (Thermo Fisher Scientific,
Inc.), and the PCR parameters were as follows: 95°C for
3 min, followed by 40 cycles at 95°C for 12 sec and 62°C
for 40 sec. Rox was used as the reference dye in PCR. The
expression levels of rno-miR-29b-3p, rno-miR-145-5p and
rno-miR-378a-3p were analyzed using the 7500 real-time
PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The primers were included in the aforementioned SYBR
Green Hairpin-it MicroRNA Quantitation PCR kit. Primers
used were as follows: Rno-mir-29b-3p forward, 5'-ACAGCA
ATTAGCACCATTTGAA-3' and reverse, S-TATGCTTCT
TCTCGTCTCTGTGTC-3'"; rno-mir-145-5p forward, 5'-CAG
TCTTGTCCAGTTTTCCCAG-3' and reverse, 5-TATGCT
TGTTCTCGTCTCTGTGTC-3"; rno-mir-378a-3p forward,
5-ATGGTGGACTGGACTTGGAGT-3, and reverse, 5-GTG
CAGGGTCCGAGGT-3; rat U6 forward, 5'-GCTTCGGCA
GCACATATACTAAAAT-3' and reverse, 5-CGCTTCACG
AATTTGCGTGTCAT-3'". Relative miRNA expression was
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Figure 1. Characteristics of miRNAs in Dox-induced H9¢2 cells. (A) Procedure of Dox treatment in H9c2 cells. (B) Venn diagram of miRNA expression at each
time point. (C) Heatmap of the 198 pairs of miRNAs with-3p and -5p mature forms in each sample. Normalized reads per million values were used. 0A/B/C,
12A/B/C and 24A/B/C represent samples collected at 0, 12 and 24 h of Dox treatment, respectively. miRNA, microRNA; Dox, doxorubicin.

normalized to U6 expression and calculated using the relative
2-44C method (18).

Statistical analysis. Statistical analysis was performed
using SPSS v21 (IBM Corp.) and data were analyzed using
one-way ANOVA followed by Tukey's HSD test. All data were
presented as the mean + SD. All experiments were repeated at
least three times. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Dynamic changes in miRNA expression profiling in cardiomy-
ocytes treated with Dox. In order to reveal the dynamic changes
in miRNAs at the early stage of Dox treatment, deep miRNA
sequencing was performed to determine miRNA expression at
the 0-, 12- and 24-h time points (Fig. 1 A). Read counts of each
miRNA were normalized to RPM, and the expression levels of
386 rat miRNAs were identified to be altered after 12 or 24 h

of Dox treatment compared with the 0-h time point (Tables SI
and SII). In the present study, 228 miRNAs were expressed
continuously at the 0-, 12- and 24-h time points by intersecting
miRNAs (Fig. 1B). Mature miRNAs can be generated from
the 5p- or 3p-arm of miRNA precursors, and the majority
of miRNA isoform accumulation is tissue-dependent (19).
A total of 198 pairs of miRNAs were analyzed, and 5p- or
3p-biased miRNA expression was presented at different time
points (Fig. 1C). The results revealed that Dox decreased the
expression levels of most miRNAs; however, the efficiency of
regulation was different between the 5p and 3p isoforms in
each pair of miRNAs. The mechanism of 5p and 3p selectivity
and accumulated expression remains unknown.

In order to narrow down the target miRNAs, 76 miRNAs
whose expression levels changed by =1.5-fold compared with
the 0-h time point were selected, including 67 downregu-
lated miRNAs and 9 upregulated miRNAs (Table SIII), and
were further classified into 4 clusters using the Hierarchical
Clustering Explorer v3.5 software (Fig. 2A). Changes in
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Figure 2. Dynamics of miRNAs in H9¢2 cells during Dox treatment. Cluster analysis of miRNAs with altered miRNA expression, determined using
high-throughput sequencing, were analyzed at 0, 12 and 24 h after Dox treatment. (A) A total of 76 differentially expressed miRNAs (RPM >10) were identi-
fied, whose expression levels changed =1.5-fold compared with the 0-h time point. The miRNA RPM values were normalized with log10-transformation before
using cluster analysis. The 76 miRNAs were classified into 4 clusters (clusters 1-4) using the Hierarchical Clustering Explorer v3.5 software. (B) Dynamic
miRNA expression curves for each cluster. miR/miRNA, microRNA; RPM, reads per million; Dox, doxorubicin.

miRNA expression patterns for 4 typical clusters are shown
in Fig. 2B. miRNAs in cluster 1 had high expression levels,
with average RPM values >100 at the 0-h time point in H9¢2
cells. Notably, miR-351-5p exhibited the highest RPM value
in cluster 1. The expression levels of miRNAs of cluster 2
rapidly decreased at both 12 and 24 h after Dox treatment.
The expression levels of miRNAs of cluster 3 and cluster 4
tended to decrease following Dox treatment, although the
range of change was smaller compared with that in cluster 2.
The expression levels of most miRNAs in the 4 clusters were
downregulated at 12 and 24 h after Dox administration.
Among the selected miRNAs, some miRNAs are known to
function in Dox-induced heart diseases, such as members
of the miR-30 family or let-7 family, miR-133b, miR-143,
miR-298, miR-29 and miR-34a (6-13). However, the functions
of most of the selected miRNAs in Dox-induced cardiotoxicity
or heart injury remain unclear.

Contribution of Dox-mediated miRNA expression to different
biological processes and pathways. miRNAs directly bind
to target mRNAs to induce mRNA degradation or inhibit
mRNA translation in cells. Based on the mirTarBase database
of differentially expressed miRNAs, information on the down-
stream targets of upregulated or downregulated miRNAs was
collected. A total of 87 genes targeted by the downregulated
miRNAs, and 20 genes targeted by the upregulated miRNAs
were analyzed according to GO terms and KEGG pathways
(Tables SIV-SVII). The upregulated miRNAs contributed to
the biological processes of ‘response to hypoxia’, ‘negative

regulation of cell proliferation’ and ‘cardiovascular system
development’ (Fig. 3A). KEGG pathway analysis revealed that
the upregulated miRNAs were involved in the regulation of cell
survival and apoptotic pathways, such as the ‘hypoxia-induc-
ible factor 1 (HIF-1) signaling pathway’, ‘AMPK signaling
pathway’ and ‘FoxO signaling pathway’ (Fig. 3B). Notably,
the analysis of downregulated miRNAs revealed that several
processes of cell response to chemicals were disturbed, such
as ‘response to organic substance’, ‘response to lipid’ and
‘response to steroid hormone’ (Fig. 3C). Additionally, these
downregulated miRNAs were involved in ‘extracellular matrix
(ECM)-receptor interaction’, ‘focal adhesion” and ‘PI3K-Akt
signaling pathway’ (Fig. 3D).

Regulation of gene networks by miRNAs in H9c2 cells.
Proteins, as products of gene translation, execute biological
functions in cells. Most proteins need be associated with
their partners to form a protein complex, which then has
the capability to be involved in biological functions (20).
Differentially expressed miRNAs induced by Dox in the
present study regulated a number of target genes, and the
proteins translated from these genes were used for mapping
protein-protein interaction networks. For the upregulated
miRNAs (miR-455-3p, -92b-3p, -222-3p, -155-5p, -298-3p,
-351-5p, 664-3p, -145p-5p and -107-3p), the interaction
network consisted of 20 genes (Fig. 4), which were involved
in the regulation of cell fate and stress response pathways
(Table SIV). For example, rno-miR-145-5p targeted 7 genes in
rats (Fig. 4), and these genes were involved in the regulation
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Figure 3. Representative GO and KEGG pathway enrichment analysis of
differentially expressed miRNAs. (A) GO and (B) KEGG pathway analysis of
upregulated miRNAs after Dox treatment, with the top 9 biological processes
and 6 pathways presented, respectively. (C) GO and (D) KEGG pathway
analysis of downregulated miRNAs after Dox treatment, with the top 15
biological processes or the top 15 pathways presented. GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; miRNA, microRNA;
Dox, doxorubicin.

of autophagy, lipid metabolism and mitochondrial homeo-
stasis (Table SIV). The function of rno-miR-222-3p in heart
disease or cardiomyocytes has been previously reported (13);
however, its expression profiling during Dox treatment was
newly discovered (Fig. 4). rno-miR-92b-3p expression was
significantly increased at 12 and 24 h after Dox treatment in
HOc2 cells, and it targeted NADPH oxidase 4 (Nox4), whose
expression levels and mRNA alternative splicing induce the
development of heart failure by increasing ROS produc-
tion (3).

ONCOLOGY LETTERS 22: 560, 2021 5

\ Bnip3 KIf5 Camk2g
MTCH2
Cdknic—Cdkn1b 501(12 Kifa
Nox4
rmno-m 2-3p rno-m b-3p  rno-mi 6b-5p
Bel2111 Timp3 CEBPB
Mmp9
rno—mﬁ4-3p rno-m 7-3p rno-m 5-5p
Amnt Srebf1 Agtrib

Pdcd10 Cptila

Figure 4. Interaction network of targeted genes downstream of upregulated
miRNAs. A total of 7miRNAs and their targets were included in the interac-
tion network. The interaction network was visualized using the Cytoscape
software. Rectangle nodes denote miRNAs, and oval nodes denote genes.
miR/miRNA, microRNA.

In the downregulated miRNA group, the range of
fold-change was 1.76-384.67 at 12 or 24 h vs. the 0-h time
point (Table SII), and the network comprised a total of
178 interactions between genes (Fig. 5). According to the
number of targets genes and biological functions, four
miRNAs (rno-miR-29b-3p, rno-miR-378a-3p, rno-let-7a-5p
and rno-miR-17-5p) were localized on critical network nodes
and regulated over 40 genes (Fig. 5). It is well know that heat
shock proteins (Hsp) are important for regulating cell survival
and protein homeostasis in cells. Notably, rno-miR-378a-5p
targeted Hspa5, and rno-miR-17-5p targeted Hspa4 and
Hspa8 (Fig. 5). In the current map, rno-let-7a-5p regulated
the expression of 6 genes, whose functions are associated
with maintaining cell phenotype (such as Myc, Kras and
Tagln) and functions (such as Hmox1, Calml and Vim) (21).
rno-miR-29b-3p expression was significantly downregulated
by Dox in H9c2 cells, and it interfered with the expression
levels of 10 genes in the collagen protein family, which are
important proteins in the ECM. It is well know that the ECM
serves a critical role in signal transduction and material
exchange between the environment and cells. Three miRNAs,
namely rno-miR-145-5p (upregulated), rno-miR-29b-3p and
rno-miR-378a-3p (both downregulated), served as impor-
tant nodes in the gene networks, and their expression levels
were therefore further analyzed using qPCR. The expres-
sion levels of these three miRNAs were consistent with the
results from deep sequencing analysis, with the expression
levels of rno-miR-145-5p being significantly upregulated
and those of rno-miR-29b-3p and rno-miR-378a-3p being
significantly downregulated following Dox treatment for
12 and 24 h (Fig. S2).

Discussion

Cardiotoxicity is the main side effect of Dox treatment that
restricts its clinical application in cancer therapy (1). Specific
biomarkers at the early stage of cardiotoxicity resulting from
Dox treatment are very important to predict and decrease the
risk of heart failure in the clinic. Previous studies have revealed
that circulating miRNAs (8,9), as potential biomarkers of heart
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failure, were very sensitive in patients with heart failure (13).  (miR-455-3p, -92b-3p, -222-3p, -155-5p, -298-3p, -351-5p,
In the present study, 76 miRNAs were identified to be  664-3p, -145p-5p and -107-3p) were significantly upregulated
dysregulated by Dox treatment in H9¢2 myoblast cells. In the  at 12 or 24 h after Dox treatment. Altered expression levels of
upregulated miRNA group, the expression levels of 9 miRNAs ~ miR-145-5p, miR-155-5p and miR-222-3p have been previously
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observed in animal models of Dox administration (22-24).
In particular, miR-145-5p has been previously reported as a
cardioprotective molecule in myocardial ischemic injury (25)
and as a biomarker in LaminA/C-related dilated cardiomyop-
athy (26). miR-351-5p exhibited the highest RPM value in this
group, and has been shown to inhibit Pten expression in H9c2
cells (27). It is well known that PTEN serves an important
role in the development of heart failure by regulating multiple
signaling pathways (28,29). Additionally, miR-351-5p expres-
sion is upregulated by ROS and functions as a proinflammatory
and proapoptotic factor by targeting the MAPK signaling
pathway in both ICE-6 and H9c2 cells (30,31). Furthermore,
several studies have identified that MAPK/NF-xB, a clas-
sical proinflammatory and proapoptotic signaling pathway, is
involved in cardiotoxicity induced by Dox (32,33).

In the downregulated miRNA group, two out of the ten
most altered miRNAs, miR-133b (34) and let-7e-3p (23), have
been reported in previous studies, revealing a minor increase
in circulating miR-133b expression and a dominant contribu-
tion from the skeletal muscle toxicity induced by Dox (34,35).
In the present study, miR-133b-5p expression in H9¢2 cells
was inhibited by Dox and markedly decreased. The main side
effect of Dox are both acute or chronic heart failure, whose
progression begins from myocardial injury that develops into
left ventricular dysfunction (36). These pathological changes
are very important for the progression to heart failure. miR-133
expression in the heart functions as a suppressor of cardiac
fibrosis and cardiac remodeling (10).

miR-29b-3p expression in the present study was markedly
downregulated after Dox administration, in accordance with
previous studies (13,22,23). miR-29b-3p targeted 12 collagen
genes, whose protein levels have been detected and used as prog-
nostic biomarkers in patients with chronic heart failure (37,38).
Additionally, inhibition of miR-29b-3p expression directly
results in apoptosis of myoblast cells in vitro (39). Recent studies
have indicated that miR-29b-3p serves a central role in the
processes of cardiac fibrosis formation and adverse ventricular
remodeling (40,41). Both cell proliferation and apoptosis are
involved in the process of tissue remodeling. In the present study,
miR-702-5p and miR-128-1-5p expression was inhibited by Dox
in H9c2 cells. In previous studies, miR-702 has been shown
to inhibit apoptosis and improve survival of different types of
cells, such as NIH3T3, 293T and embryonic stem cells (42,43).
miR-128 serves a critical role in promoting cardiomyocyte prolif-
eration and heart regeneration by targeting Suz12, a component
of polycomb repressive complex 2, and downregulating Suz12
protein expression in cardiomyocytes (44).

The members of the let-7 miRNA family are involved in the
regulation of cardiomyocyte differentiation and metabolism, as
well as myocardial infarction (45).In the present study, the expres-
sion levels of seven members of let-7 (rno-let-7a-1-3p, -a-5p, -b-3p,
-c-1-3p, -c-2-3p, -e-3p and -g-5p) were inhibited by Dox in H9¢c2
cells, and, to the best of our knowledge, the expression profiles
of six let-7 members in Dox induced cardiomyocytes have
not been previously reported, except for let-7g (9). In previous
studies, both let-7a and -7e downregulated fl-adrenoceptors
expression and modulated their downstream signaling pathways
in cardiomyocytes of rat heart failure models (46,47). Inhibition
of let-7a and -7e expression significantly results in deterioration
of cardiac fibrosis and heart failure (46). However, data on the
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let-7 miRNA family in regulating heart failure are not consis-
tent across different studies and their biological functions in
cardiomyocytes need to be further investigated (48,49). miR-378
improves cardiomyocyte survival (50) and protects cardio-
myocytes against myocardial fibrosis in vivo (51). In the present
study, Dox repressed miR-378-3p and -5p expression in H9c2
cells at the 12- and 24-h time points. In vivo and in vitro studies
have confirmed that miR-378 directly targets caspase-3 (50) and
four key components of the MAPK signaling pathway (Mapkl,
Igfrl, Gfrbp 2 and Ksrl) (52).

HOc2 rat cardiac cells, as immortalized cardiomyocytes,
are widely used in establishing cell models of cardiomyocyte
injury induced by different compounds in the medium with
or without the addition of serum (32,53). Previous studies
have indicated that serum withdrawal can significantly
induce changes in miRNA expression in HUVECs and A549
cells (54,55). In the present study, cells were treated with Dox in
complete medium with serum, since serum deprivation could
have induced disturbances of miRNA expression associated
with apoptosis. There is a limitation in the present study, as the
effects of cell proliferation and cell cycle on miRNA expres-
sion in H9¢2 cells could not be avoided. To further investigate
the impacts of serum on miRNA expression, miRNA expres-
sion profiles should be analyzed after treating H9c2 cells with
Dox in medium with or without serum in future studies.

In conclusion, 76 miRNAs were identified to have altered
expression levels directly induced by Dox in a cardiomyocyte
cell line. Notably, to the best of our knowledge, the present
study described for the first time the altered expression levels
of miRNAs in cardiomyocytes treated with Dox, including
let-7 family, miR-664-3p, -455-3p, -298-3p, -702-5p, -128-1-5p,
-671,-421-5p, -378-3/5p and -351-3p. Pathway analysis revealed
that these miRNAs were involved in the dysregulation of
multiple signaling pathways, including the FoxO, HIF-1,
AMPK, focal adhesion, PI3K-Akt, ECM-receptor and mTOR
signaling pathways. The expression levels of these miRNAs
served an important role in the regulation of biological
processes that support cell metabolism and cell stability.
Accordingly, previous studies have reported that the MAPK
and PI3K-Akt signaling pathways serve an important role
in Dox-induced cardiotoxicity (53,56). However, the present
study presents some limitations, since the direct cardiotoxicity
of Dox was only investigated in vitro. Dox and products of
Dox metabolism may serve a role in these biological processes
in vivo. The control group always serves an important role in
experiments, and the 0-h time point group (untreated group)
was chosen as a control in the present study. However, H9c2
cells treated with a vehicle for 0, 12 and 24 h could also be
used as experiment controls. Additionally, using different
doses of Dox on H9¢c2 cells may exclude effects of vehicle on
miRNA expression. These strategies may be useful for future
research in Dox-induced cardiotoxicity in vitro. In future
studies, lower doses of Dox and longer treatment times in H9¢2
cells may more efficiently mimic the progression of chronic
cardiotoxicity induced by Dox. In the future, animal models of
spontaneous tumors or primary tumors should be used to study
Dox cardiotoxicity and analyze miRNA expression profiles
in cardiomyocytes. Analysis of tissues from patients with
Dox-induced heart failure may provide further insight into
miRNA expression profiles, but samples cannot be collected
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at the early stage of Dox-induced cardiotoxicity. The use of
induced pluripotent stem cell-derived human heart organoids
may replace some in vivo experiments and partly overcome the
limitations of cell models in the study of Dox cardiotoxicity.
The present study provided new insights for understanding the
dysregulation of miRNA expression in H9c2 cardiomyocytes
induced by Dox at an early stage. Some of these miRNAs may
have potential as biomarkers or therapeutic targets.

Overall, the present study focused on investigating altera-
tions of miRNA expression in rat cardiomyocyte within 24 h
(12- and 24-h time points) of Dox treatment. The expression
levels of 76 miRNAs were significantly altered in cardiomyo-
cytes treated with Dox, and had >1.5-fold-changes compared
with the 0-h time point group. Only 9 of these miRNAs have
been reported in previous studies of Dox-induced cardiotox-
icity (22-24,34,35). These differentially expressed miRNAs
were ubiquitously involved in numerous biological processes
and functional pathways involved in the regulation of apoptosis,
ECM remodeling, cell differentiation and cell metabolism.
Based on the present data and biological information database,
the interactions with the target genes of these miRNAs were
analyzed and visual gene interaction networks were mapped.
These interaction networks may help to further understand
the roles of miRNA dysregulation in the development of
Dox-induced cardiotoxicity at the early stage, as well as provide
further insight in the involved molecular mechanisms (Fig. 6).
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