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A B S T R A C T   

Trastuzumab-induced cardiotoxicity (TIC) is a common and serious disease with abnormal cardiac function. 
Accumulating evidence has indicated certain non-coding RNAs (ncRNAs), functioning as competing endogenous 
RNAs (ceRNAs), impacting the progression of cardiovascular diseases. Nonetheless, the specific involvement of 
ncRNA-mediated ceRNA regulatory mechanisms in TIC remains elusive. The present research aims to compre-
hensively investigate changes in the expressions of all ncRNA using whole-transcriptome RNA sequencing. The 
sequencing analysis unveiled significant dysregulation, identifying a total of 43 circular RNAs (circRNAs), 270 
long noncoding RNAs (lncRNAs), 12 microRNAs (miRNAs), and 4131 mRNAs in trastuzumab-treated mouse 
hearts. Subsequently, circRNA-based ceRNA networks consisting of 82 nodes and 91 edges, as well as lncRNA- 
based ceRNA networks comprising 111 nodes and 112 edges, were constructed. Using the CytoNCA plugin, 
pivotal genes—miR-31-5p and miR-644-5p—were identified within these networks, exhibiting potential rele-
vance in TIC treatment. Additionally, KEGG and GO analyses were conducted to explore the functional pathways 
associated with the genes within the ceRNA networks. The outcomes of the predicted ceRNAs and bioinformatics 
analyses elucidated the plausible involvement of ncRNAs in TIC pathogenesis. This insight contributes to a better 
understanding of underlying mechanisms and aids in identifying promising targets for effective prevention and 
treatment strategies.   

1. Introduction 

Trastuzumab (Tra), a widely used monoclonal antibody, has been 
used for the treatment of breast, colorectal, and gastric cancers [1]. Its 
function involves inhibiting cancer cell growth and enhancing the im-
mune system’s capacity to eliminate these cells. Tra is seldom used alone 
but is commonly combined with chemotherapy and radiotherapy as 
adjuvant therapy [2]. However, its clinical application has been 
hampered by acute and chronic cardiotoxic side effects, know as 
Tra-induced cardiotoxicity (TIC) [3]. 

The main phenotype of TIC manifests as a diffuse decrease in left 
ventricular wall motion and myocardial wall thickness, resembling 
dilated cardiomyopathy [4]. Proven factors contributing to TIC include 
the release of pro-inflammatory cytokine, apoptosis, mitochondrial 
damage, yet, the exact mechanisms remain unclear [5,6]. Exploring 
strategies and biomarkers to prevent this disease is critical and urgent. 

Recently, ncRNAs such as lncRNAs, miRNA, and circRNAs, charac-
terized by covalently closed-loop structures, have garnered significant 
research attention. LncRNAs, except for the minimum size limit of 200 nt 
and a lack of protein-coding potential, exhibit considerable diversity in 
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structural, functional, and mechanistic features, representing a highly 
diverse group of regulatory ncRNAs [7]. Similarly, miRNAs directly 
interact with partially complementary target sites located in the 3′ un-
translated regions of target mRNAs and repress their expression [8]. 
CircRNAs regulate gene expression by influencing transcription, mRNA 
turnover, and translation by sponging RNA-binding proteins and miR-
NAs [9]. Accumulating evidence has demonstrated that ncRNAs could 
play diverse roles in multiple cardiovascular diseases through forming 
complex regulatory networks including feedback loops, ceRNA net-
works, co-expressed networks, and RNA-protein complexes [10–12]. 

Restoration or knockdown of some miRNAs could regulate the pro-
gression of TIC. For instance, Liu et al. validated the miR-497/FGF-23 
axis as a potential indicator for predicting TIC in HER2-positive breast 
cancer patient [13]. Besides, miRNAs are gaining increasing recognition 
as potential molecular markers in the cardio-oncology field, supported 
by promising initial data linking them to cardiotoxicity in breast cancers 
[14]. While there isn’t clear evidence implicating lncRNAs and circRNAs 
as direct targets in TIC regulation, these ncRNAs have close associations 
with other forms of cardiotoxicity [15]. 

Numerous researches have proposed that lncRNA, circRNA, and 
mRNA, competitively bind to the common binding sites of target miR-
NAs, thereby regulating the expression of miRNA or mRNA, a phe-
nomenon known as ceRNA regulation [16,17]. These common binding 
sites are often referred to as miRNA response elements (MREs). 
Furthermore, ceRNA activity is contingent upon the abundance of 
miRNAs and ceRNAs, the binding affinity of ceRNAs to miRNAs, RNA 
editing, and RNA-binding proteins [17]. Imbalances within the ceRNA 
network can contribute to cancer development and progression, as well 
as inflammation, oxidative stress, and apoptosis in normal tissues. 
However, Milano et al. observed that miR-146a-5p mediates human 
cardiac-resident mesenchymal progenitor cells and secretes extracel-
lular vesicles, which aid in preventing TIC in vivo [18]. 

The co-expression network of ncRNAs refers to the network of non- 
protein-coding RNA molecules involved in the regulation of gene 
expression in cells, reflecting the interaction and regulatory relationship 
between these ncRNA molecules, and their expression levels also show a 
certain correlation. Differential co-expression networks have been 
widely used to discover gene modules and hub genes in various cancers, 
such as ovarian cancer [19], retinoblastoma [20], and cervical cancer 
[21]. 

The RNA-binding proteins (RBP) network of ncRNAs refers to the 
interaction network formed between ncRNAs and RBPs. Within the cell, 
RNA-binding proteins regulate the fate and biological functions of target 
RNA by interacting with RNA molecules, including processes such as 
stabilization, transport, translation and degradation. There is a multi- 
level and multi-dimensional regulatory relationship between ncRNA 
and RBP. Numerous studies have shown that RBP plays a key regulatory 
role in cardiac regeneration [22], immune regulation [23], inflamma-
tory diseases [24] and endocrine tumors [25]. 

The involvement of non-coding RNAs (ncRNAs) and ceRNA networks 
in the pathogenesis of TIC has yet to be fully elucidated. This present 
study systematically identifies differentially expressed miRNAs, 
lncRNAs, circRNAs, and mRNAs through RNA sequencing (RNA-seq)- 
based transcriptomic analysis. Our aim is to construct ceRNA networks 
with the anticipation of identifying potential targets for diagnosing and 
treating TIC. 

2. Materials and methods 

2.1. Animals and treatment 

SPF grade C57BL/6 female mice, 6–8 weeks old and weighed 18–20 
g, were provided by Laboratory Animal Center, Xiangya School of 
Medicine, Central South University (Changsha, China). Mice were 
housed at 22–24 ◦C with a 12 h light/dark cycle with unrestricted access 
to fodder and water. All the animal protocols were maintained in 

accordance with the National Institutes of Health guidelines and were 
approved by the Medicine Animal Welfare Committee of Xiangya School 
of Medicine (SYXK-2020/0019). 

Twenty mice were randomly divided into two groups: control group 
(Con, n = 10) and Tra group (Tra, n = 10). Tra (Roche Holding AG, 
Switzerland, Cat#N7323) was intraperitoneally injected in mice (10 
mg/kg/day, once every other day for 4 times). In the control group, a 
considerable dose of saline was assigned. One week after the last 
treatment, all mice were anaesthetized with pentobarbital and blood 
and heart samples were taken. Three of each group were randomly 
selected for follow-up testing. 

2.2. Biochemical assay and echocardiography 

Serum samples were obtained by centrifuging blood at a speed of 
3000 rpm for a duration of 10 min. Biochemical parameters including 
cardiac troponin T (cTnT), lactate dehydrogenase (LDH), Creatine Ki-
nase (CK) and CK-MB were measured (n = 10) by the Department of 
Laboratory Medicine, Second Xiangya Hospital, Central South Univer-
sity using automatic biochemical analyzer kits (Abbott Pharmaceutical 
Co., Ltd., Lake Bluff, IL, USA). 

Mice were anaesthetized with 1.5% isoflurane, and couplers were 
applied to the left anterior thoracic region after hair removal. M-mode 
echocardiography was performed using a VisualSonics Vevo 2100 
(VisualSonics, Canada), and 10–20 cardiac cycles were recorded (n =
10). Cardiac function parameters including left ventricular ejection 
fraction (LVEF%) and fractional shortening (FS%) were measured and 
calculated using the VevoStrain software workstation. 

2.3. RNA-seq analyses 

Sequencing was performed on the Illumina HiSeq 2500 platform at 
Genergy Biotechnology Co., Ltd. (Shanghai, China). The cDNA libraries 
of circRNAs, lncRNAs, and mRNAs were prepared according to the 
guidelines of TruSeq RNA LT Sample Prep Kit, v2 (Illumina), while the 
miRNAs libraries were prepared using the TruSeqmiRNA Sample Prep 
Kit, v2 (Illumina, San Diego, CA) following the provided guidelines. 
Subsequently, these libraries were sequenced on the Illumina HiSeq 
3000 platform. Three samples were randomly selected from each group 
for sequencing, respectively. 

2.4. Real-time quantitative polymerase chain reaction (RT qPCR) 
validation 

Total RNA was isolated from the heart tissues by using the TRIzol 
reagent (Takara Bio, Dalian, China) according to the manufacturer’s 
instructions. The concentration of RNA was tested by a NanoDrop 
spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized 
from total RNA (1 μg) by using a PrimeScript RT reagent kit (Accurate 
Biology). RT qPCR was performed in a QuantStudio™ 5 Real Time qPCR 
system (Thermo) with SYBR Green I (Accurate Biology) by using gene- 
specific primers. 

The quantitative primers used in the analysis were designed and 
synthesized by Sangon Biotech (Shanghai, China), and are shown in 
Table 1. Among them, the primer sequence for Rian was taken from Yu 
et al. [26]. ACTB (lncRNA), U6 (miRNA), GAPDH (circRNA and mRNA) 
and primers were employed as endogenous controls. Three of each type 
of RNA were randomly selected, with half up-regulated and half 
down-regulated. 

2.5. Construction of the ceRNA network 

The differential expression ncRNAs and mRNAs were screened be-
tween the control group and the TIC model group, choose three from 
each group. The sequences of ncRNAs were determined from the cor-
responding databases, respectively, with circRNAs using circbase (http: 
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//www.circbase.org/), miRNAs using miRbase(https://www.mirbase. 
org/), and lncRNAs, and mRNA using ensemble (https://asia.ensembl. 
org/index.html). We utilized miRanda (www.microrna.org/microrn 
a/home.do) to predict miRNA-binding seed sequence sites, target 
genes and potential MREs. Subsequently, predict the relationships be-
tween miRNA-circRNA, miRNA-lncRNA, and miRNA-mRNA pairs. The 
number of miRNAs that interact with the 3’ untranslated region 
sequence of mRNA and circRNA or lncRNA were obtained. 

Hypergeometric test was performed to estimate the enrichment of 
ceRNA pairs. To forecast the ceRNA score for each pair, we utilized 
shared miRNA-mRNA and miRNA-lncRNA (circRNA) pairs and 
computed it with the following formula: ceRNA_score = MRE_for_shar-
ed_miRNA/MRE_for_lncRNA (circRNA)_miRNA. 

We obtained the Pearson correlation coefficient (PCC) and 

significant P-value for the expression of mRNA and circRNA (lncRNA) to 
assess the responsibility of MREs. The RNA pairs used for constructing 
circRNA-related ceRNA network and lncRNA-related ceRNA network 
were screened with the criteria of PPC≥0.5 and P-value<0.05. 

CeRNAs networks were visualized utilizing Cytoscape software 
(v.3.8.2, San Diego, CA) and degreed the RNAs by CytoNCA. See Fig. 1 
for the specific process. 

2.6. Dual-luciferase reporter assay 

siRNAs, reporter gene vectors and luciferase plasmids were con-
structed and transfected into 5*104 HEK293T cells, which were left on a 
shaker at room temperature for 1 h after 24 h with PLB cell lysate ac-
cording to the manufacturer’s guidelines, and firefly luciferase activity 

Table 1 
Primers used in quantitative real-time polymerase chain reaction.  

Name Forward Reverse 

Circ 3:135655500|135669339 ATTCCGCTATGTGTGTGAAGGC ACGACCGTCAAACTCCAGTTAC 
Circ 8:25640577|25649703 TTCAAGTGATCCCCAGCTTGAG TGTGTTTCCCATGATCCCTTGC 
Circ 13:93341756|93356079 TGACACAGAACTCAGAGCCAAG ACATGAGCTCGAGTGCTGAAG 
Circ 15:4035260|4059996 CAAGGCCCAGGAGAGTAC GGCCATCCACTAAAGCAGTCC 
Circ 8:86665691|86673069 CAGTATGCCTGGTCGTATCATCA AAGTGTAGTGTGGTTTGGGC 
Circ 1:43141698|43153254 GAGTTCCTCAAAGCAGGCCA ATACTCGTCCAAGTGCCAGG 
Arhgap26 TGGAACATAACCACCGAGGATAAGG TGAGTCCAGTGTCCTGCTGATTTC 
Rian CTGTTGTGCCCTCCCTGGATG CCAGCTAGGCTGTGTAAATCATC 
Xist TCTTACTCTCTCGGGGCTGGAAG GAAATACGCCATAAAGGGTGTTGGG 
RMST ACTGACCCCACACATTAGCC ACACACTCACAGCAACCTCTT 
Gm37494 CATAGAAGGGGTGGTGGTGC ATGGGGCTTTCATTGCTTGG 
Ino80dos TCTCACCCAGCTCCTTCAGT GATGCCCTTTTCTGTTTCCAGT 
mmu-miR-206-3p GCGCGATGGAATGTAAGGAAGT AGTGCAGGGTCCGAGGTATT 
mmu-miR-31-5p CGAGGCAAGATGCTGGCA AGTGCAGGGTCCGAGGTATT 
mmu-miR-138-5p GCGAGCTGGTGTTGTGAATC AGTGCAGGGTCCGAGGTATT 
mmu-miR-2137 ATTTTGCCGGCGGGAGCC AGTGCAGGGTCCGAGGTATT 
mmu-miR-33-5p GGGCGTGCATTGTAGTTGC AGTGCAGGGTCCGAGGTATT 
mmu-miR-136-3p GGGCCATCATCGTCTCAAATG AGTGCAGGGTCCGAGGTATT 
Slmap AAAGCAGCGACGACACTACA TCCTGGGCTTCCACCAATTC 
Tnfaip8 GAGATCATTCAGCGCCACCT TTGTTGATGCCGTCGCAAAG 
Mfn2 CCAGCAGGAATTGTCTGGGA TGAGTTCGCTGTCCAACCAG 
Tnpo1 TCAAGCACAGCAGTCCCAAA GCCAGTGCAAAGAGGTTCTCA 
Mipep GGTGCCCTACTGACTTTGCT GGGCGGCATAAAAGACCTGA 
Syngr2 GGCGACCTGCTCTTCTCAG CCAGCACACCCCAGGAAA  

Fig. 1. The full experimental protocol and the specific flowchart of the ceRNA network construction. ceRNA, competing endogenous RNA.  
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was assayed by addition of LARII reagent in a multifunctional enzyme 
marker and normalized to Renilla luciferase activity (F/R). 

2.7. GO and KEGG pathway enrichment analyses 

We selected three from each group for Gene Ontology (GO) enrich-
ment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis to explored the potential functions of 
differentially expressed ncRNA. GO analysis was performed on the 
“Biological Process (BP)”, “Cellular Component (CC)”, and “Molecular 
Function (MF)” categories (www.geneontology.org). KEGG is primarily 
used to explore differentially expressed genes (DEGs) (www.genome. 
jp/kegg/). 

2.8. Construction of the co-expression network 

The lncRNA/circRNA-mRNA co-expression network was constructed 
based on expression levels in our dataset. In total, 270 lncRNAs, 43 
circRNAs, 12 miRNAs, and 4131 mRNAs sensitive to Tra treatments 
were utilized to construct the network, employing a criterion of 
Spearman R ≥ 0.95 or ≤ -0.95 and a P-value<0.01. The resultant 
network comprised 98 lncRNAs, 9 circRNAs, 6 miRNAs, and 8 mRNAs, 
and its visualization was accomplished using Cytoscape. 

2.9. The RNA-RBP network 

The RNA-RBP network was constructed based on predicted lncRNA- 
RBP and circRNA-RBP interactions using RBPmap (http://rbpmap.tech 
nion.ac.il/). The lncRNA/circRNA-RBP interaction was determined by 
applying a criterion where the individual RNA sequence contained more 
than 2 motifs for the RBP of interest, selecting the two values with the 
highest Z-score. The RNA-RBP interactome map comprised 15 lncRNAs, 
7 circRNAs, 2 miRNAs, 62 mRNAs and 79 RBPs, and was visually rep-
resented using Cytoscape. 

2.10. Statistical analysis 

Statistical analyses were performed by DEseq software. Histograms 
were constructed by GraphPad Prism 7.00. All data are presented as 
mean ± standard error. The expression level of each ncRNAs, and 
mRNAs is expressed as the logarithm of the fold change on RT qPCR 
analysis. mRNAs and ncRNAs were defined as differentially expressed 
when P < 0.05 and |log2 (fold change)|≥1. A P-value of<0.05 was 
considered statistically significant. All assays were repeated at least 
three times. 

Fig. 2. Validation of the TIC model in C56BL/6 mice. (A) Echocardiography images. (B) The EF and FS of the mice were calculated. (C) Images of H&E staining. (D) 
Images of TUNEL staining in myocardium, nuclei of apoptotic cardiomyocytes appear in green fluorescence and normal nuclei appear in blue fluorescence. The white 
arrow points to the apoptotic cardiomyocytes. (E) Serum biochemical parameters, CK, CK-MB, LDH, and cTnT, were measured by using kits on an automated 
biochemical analyzer. *P < 0.05, **P < 0.01 versus Con (n = 10). TIC, trastuzumab-induced cardiotoxicity; cTnT, cardiac troponin T; LDH, lactate dehydrogenase; 
CK, creatine kinase; CK-MB, an isoenzyme of CK; EF, ejection fraction; FS, fractional shortening. 
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3. Results 

3.1. Trastuzumab-induced cardiotoxicity model evaluation 

We established a Trastuzumab-induced cardiotoxicity (TIC) model 
using 20 mice, as outlined in the methodology section. Echocardio-
graphic assessments were performed to evaluate left ventricular systolic 
function (Fig. 2A). Our findings revealed a significant decrease in both 
LVEF% and FS% in the Tra group compared to the Con group (Fig. 2B). 
Moreover, histopathological examination unveiled marked tissue alter-
ations: while the Con group exhibited normal morphology, myocardial 
tissues treated with Tra displayed severe disruption in myocyte structure 
and interstitial edema (Fig. 2C). 

Additionally, a substantial increase in TUNEL staining-positive cells 
in cardiac tissue indicates cardiomyocyte apoptosis (Fig. 2D). As shown 
in Fig. 2E, the concentrations of myocardial enzyme markers in the Tra 
group including CK, CK-MB, LDH, and cTnT were higher than those 
without giving Tra, suggesting a severe cardiac injury. 

3.2. Full transcriptome sequencing and differential RNA identification 

Full transcriptome sequencing was performed, to estimate the 
expression levels of ncRNA and mRNA based on fragments per kilobase 
of exon per million fragments mapped and then distinguish differential 
expression (DE) of ncRNA and mRNA. All of the DE-RNA was filtered 
with set criteria and showing 43 11(Supplementary Table S1), 270 
DElncRNAs (Supplementary Table S2), 12 DEmiRNAs (Supplementary 
Table S3) and 4131 DEmRNAs (Supplementary Table S4) on the heat-
maps (Fig. 3). What’s more, Table 2 lists the specific information of 
upregulated and downregulated DEGs and the recognized DEGs with the 
most and least differences. 

3.3. RT-qPCR verification 

RT-qPCR was used to assess the dependability of RNA-seq data, so we 
selected three differentially expressed transcripts of miRNA, mRNA, 
circRNA, and lncRNA that were up-regulated and down-regulated 
respectively for verification. The results of RT-qPCR showed the 

Fig. 3. Expression profiles of circRNAs, lncRNAs, miRNAs, and mRNAs. Heatmap of the expression profiles of significantly differentially expressed circRNA (A), 
lncRNA (B), miRNA (C), and mRNA (D) between the control group and model group. Red indicates increased expression, and blue represents decreased expression (n 
= 3). circRNAs, circular RNAs; lncRNA, long noncoding RNA; miRNA, microRNA. 
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variation trend of DEGs in accordance with the RNA sequencing, 
demonstrating that the sequencing data were compelling (Fig. 4). 

3.4. Construction of the ceRNA regulatory network 

According to our previous research and the ceRNA hypothesis, we 
scrutinized DEmiRNAs were investigated for potential enrichment 
within the ‘predicted mRNA and lncRNA co-binding miRNAs’ set. Sub-
sequently, we identified ceRNAs (circRNAs, lncRNAs, and mRNAs) 
engaged in competition for MicroRNA Response Elements (MREs) to 
construct ceRNA networks associated with lncRNAs or circRNAs. The 
visualization of these networks was achieved using Cytoscape (Fig. 5). 
All of the circRNAs, lncRNAs, and mRNAs predicted as MRE targets met 
the criteria of PPC>0.5, p > 0.05. 

The circRNA-associated ceRNA network contains 7 circRNA, 5 
miRNA and 70 mRNA, establishing 12 circRNA-miRNA interactions and 
79 circRNA-mRNA interactions (Supplementary Table S5). A total of 
1569 competitive regulations were associated with lncRNA, miRNA and 
mRNA (Supplementary Table S6). We selected 5 miRNAs exhibiting the 
most pronounced differential expression based on P value, and con-
structed lncRNA-associated ceRNA network in Cytoscape, incorporating 
mmu-miR-10a-5p, mmu-miR-690, mmu-miR-136-3p, mmu-miR-31-5p, 
mmu-miR-193a-3p respectively (Table 3). This network comprised 43 
lncRNA, 5 miRNA, 63 mRNA, 46 lncRNA-miRNA interactions, and 67 
miRNA-mRNA interactions, visualized in Fig. 5B. Notably, mmu-miR- 
664-5p (degree = 35) within the circRNA-associated ceRNA network 
and mmu-miR-31-5p (degree = 53) within the lncRNA-associated 
ceRNA network exhibited the highest scores, suggesting their roles as 

core MREs (Table 4 and Supplementary Table S6&S7). Fig. 5C and D 
depict sub-networks encompassing all competitive relations associated 
with miR-31-5p and miR-644-5p, providing further insights, details in 
Tables 3 and 4 

In order to confirm the ceRNA regulation, we performed a dual- 
luciferase reporter assay in HEK293T cells. We selected two circRNA/ 
lncRNA-miRNA-mRNA axis with the largest score in the circRNA/ 
lncRNA associated ceRNA network respectively for verification. Our 
results showed that knockdown of circRNA (Tnt) and lncRNA 
(Gm29683) decreased their competitive binding with miRNA (miR-345- 
5p/miR-193a-3p), leading to the increased binding between miRNA 
with mRNA (KCNJ5/Vipas39) (Fig. 5E and F). It’s indicated that 
circRNA and lncRNA probably play their own functions through ceRNA 
network, but more experiments are needed to verify ceRNA regulatory 
mechanism if further judgment is to be made. 

3.5. Enrichment analysis 

To decipher the cardiac protection function of the mRNA involved in 
the circRNA- or lncRNA-associated ceRNA network, we executed GO 
and KEGG pathway enrichment analyses respectively. Using enrichment 
analysis, we can summarize the many different genes that look messy 
into a summary sentence that compares the overall response to events. 

GO analysis enriched a total of 538 terms in the circRNA-associated 
ceRNA network and 1338 terms in the lncRNA-associated ceRNA 
network, and the top terms of BP, CC, and MF were individually listed in 
Fig. 6A&C. Among these, the most magnificent terms in the circRNA- 
associated ceRNA network were “the membrane repolarization”, 
“regulation of protein binding”, and “regulation of molecular function”, 
and the top3 terms in lncRNA-associated ceRNA network were “actin 
filament-based process”, “cellular protein modification process”, and 
“protein modification process”. 

KEGG pathway maps represent metabolic processes, environmental 
information processes, cellular processes, biological systems, and 
human disease and drug development, among others. According to the 
KEGG enrichment results, “hippo signaling pathway” and “axon guid-
ance” were enriched in the circRNA-associated ceRNA and lncRNA- 
associated ceRNA networks respectively (Fig. 6B&D). 

3.6. Co-expression network for lncRNA/circRNA/miRNA/mRNA 

By constructing a co-expression network of non-coding RNAs, re-
searchers can unveil interactions, regulatory network structures, and 
functional insights among non-coding RNAs, aiding a deeper under-
standing of the intricacies of gene regulation within cells. Hence, the co- 
expression patterns of common DEGs were analyzed separately ac-
cording to our RNA-seq data (Fig. 7A). 

The co-expression network diagram comprises a total of 24 lncRNAs, 
7 circRNAs, 2 miRNA, and 8 mRNAs, interconnected by 46 edges. In this 
representation, red nodes denote upregulated genes, while blue nodes 
signify downregulated genes. The findings indicate that mmu-miR-33- 
5p and ENSMUST00000190825 (Rbbp5) achieved the highest scores. 

3.7. RNA-RBP interaction network 

RNA-protein interaction represents another functional mechanism of 

Table 2 
Statistical analysis of all differential expressed noncoding RNAs and mRNAs.  

Differential expression RNAs Total no. No. upregulated No. downregulated Most upregulated (log2 fold change) Most downregulated (log2 fold change) 

circRNA 11503 5518 5984 12:4961218|5006791 (2.83) 14:79009164|79026077 (− 2.84) 
lncRNA 270 106 164 MSTRG.6223.1 (7.26) B130046B21Rik (− 5.52) 
miRNA 1156 432 578 17_14928 (4.44) 18_15424 (− 1.82) 
mRNA 4131 1866 2265 Cnot1 (9.64) Hnrnpu (− 10.68) 

circRNA, circular RNA; lncRNA, long noncoding RNA; miRNA, microRNA. 

Fig. 4. The DE levels of lncRNAs, circRNAs, miRNAs, and mRNAs were vali-
dated by RT-qPCR. The expression levels of circRNAs (3:135655500| 
135669339, 8:25640577|25649703, 13:93341756|93356079), lncRNAs (Arh-
gap26, Rian, Xist), miRNAs (miR-206-3p, miR-31-5p, and miR-138-5p), and 
mRNAs (Slmap, Tnfaip8, Mfn2) detected by RNA-seq were consistent with RT- 
qPCR results (n = 6–10). DE, differential expression; RT-qPCR, real-time 
quantitative polymerase chain reaction; RNA-seq, RNA sequencing. 
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RNAs. Understanding these networks contributes to the investigation of 
the role of RBPs in the occurrence and development of diseases. To 
achieve this, we constructed an RNA-RBP network (Fig. 7B). This RNA- 
RBP network comprises 15 lncRNAs, 7 circRNAs, 2 miRNAs, 62 mRNAs, 
and a predicted set of 79 RBPs. In order to delve deeper into these RBPs, 
we conducted KEGG and GO enrichment analyses. The results indicate a 
significant enrichment in RNA binding, spliceosome, and ferroptosis 
pathways (Fig. 7C–D). 

4. Discussion 

Despite its remarkable efficacy in HER-2-positive breast cancer 
treatment, Tra administration can present challenges linked to heart 
failure and diminished left ventricular contractile function [5]. In the 
landmark study by Slamon et al., 27% of patients treated with combi-
nations of anthracyclines and trastuzumab developed cardiac dysfunc-
tion and 16% developed symptomatic heart failure. In comparison, only 
8% and 3% of patients treated solely with an anthracycline encountered 
these respective issues [27]. Consequently, there exists an urgent need to 
determine the pharmacological mechanism underlying TIC. 

Recent investigations highlight the indispensable role of ncRNAs in 

gene regulation across developmental processes, general health, and 
cardiovascular diseases. NcRNAs have been identified as critical novel 
regulators of cardiovascular risk factors and cellular functions, holding 
substantial promise for enhanced diagnostics and prognostic assess-
ment. Moreover, ncRNAs are rapidly emerging as fundamentally novel 
therapeutics [28]. Consequently, our focus has shifted toward exploring 
alterations in ncRNAs associated with TIC. 

To explore this question, we established a TIC model, revealing 
notable left ventricular cardiac dysfunction characterized by a signifi-
cant reduction in both left ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVFS). Moreover, there was a sub-
stantial elevation in myocardial injury markers including LDH, CK, CK- 
MB and cTnT. Additionally, histological assessments via HE staining and 
TUNEL staining indicated myocardial disruption and increased 
myocardial apoptosis induced by Tra. 

Based on the successful construction of the TIC model, we performed 
a whole-transcriptome RNA-seq to obtain the DE-RNAs associated with 
TIC including 43 DEcircRNAs, 270 DElncRNAs, 12 DEmiRNAs and 4131 
DEmRNAs. Notably, several of these DEGs have been previously impli-
cated in cardiovascular disease. For example, miR-206-3p has been 
linked to myocardial hypertrophy and heart failure [29]. Meanwhile, 

Fig. 5. circRNA-associated ceRNA networks in TIC mice and lncRNA-associated ceRNA networks in TIC mice. (A) circRNA-associated ceRNA networks in TIC mice. 
(B) lncRNA-associated ceRNA networks in TIC mice. Square nodes represent circRNAs, triangular nodes represent miRNAs, diamond nodes represent lncRNAs, and 
circular frames represent mRNAs. Red represents upregulated expression, and green indicates downregulated expression (n = 3). (C) the subnetwork of circRNA- 
associated ceRNA networks. (D) the subnetwork of lncRNA-associated ceRNA network. (E) and (F) the results of double luciferase experiment. HEK293T cells 
were transfected with sicircTtn or silncGm29683, the Renilla luciferase plasmid and Firefly luciferase reporter plasmids harboring the KCNJ5 or Vipas39 3′ UTR. The 
ratio of Firefly (F) to Renilla (R) in relative luciferase activity was plotted. siNC, siRNA with scrambled sequences; sicircTtn, siRNA against the junction sites of 
circTtn; silncGm29683, siRNA against lncGm29683. Data are representative of three independent experiments and shown as mean ± SEM. **P < 0.01 by two-tailed 
Student’s t-test. 
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Table 3 
lncRNA-associated competing endogenous RNA network in TIC.  

LncRNA mRNA Shared miRNAs ceRNA 
score 

P- 
value 

ENSMUST00000196434 Kcnj5 mmu-miR-10a- 
5p 

0.604 0.042 

ENSMUST00000131275 Kcnj5 mmu-miR-10a- 
5p 

0.683 0.021 

ENSMUST00000063891 Kcnj5 mmu-miR-10a- 
5p 

0.603 0.043 

ENSMUST00000138767 Nfya mmu-miR-10a- 
5p 

0.587 0.048 

ENSMUST00000181764 Nfya mmu-miR-10a- 
5p 

0.660 0.026 

ENSMUST00000138767 Zer1 mmu-miR-10a- 
5p 

0.728 0.013 

ENSMUST00000227651 Zer1 mmu-miR-10a- 
5p 

0.724 0.014 

ENSMUST00000131275 Fbxo41 mmu-miR-10a- 
5p 

0.704 0.017 

ENSMUST00000209071 Rac1 mmu-miR-10a- 
5p 

0.701 0.018 

ENSMUST00000131275 Syt7 mmu-miR-10a- 
5p 

0.599 0.044 

ENSMUST00000138767 Spag9 mmu-miR-10a- 
5p 

0.776 0.007 

ENSMUST00000209071 Kcnj5 mmu-miR-10a- 
5p 

0.960 0.000 

ENSMUST00000185727 Zer1 mmu-miR-10a- 
5p 

0.745 0.011 

ENSMUST00000209071 Itsn1 mmu-miR-10a- 
5p 

0.640 0.032 

ENSMUST00000185727 Tns1 mmu-miR-10a- 
5p, 
mmu-miR-150- 
5p 

0.647 0.030 

MSTRG.3149.1 Syn2 mmu-miR-10a- 
5p, 
mmu-miR-150- 
5p 

0.758 0.009 

ENSMUST00000185727 Tns1 mmu-miR-10a- 
5p, 
mmu-miR-150- 
5p 

0.864 0.001 

MSTRG.10001.2 Kcnj5 mmu-miR-10a- 
5p, 
mmu-miR-345- 
5p 

0.824 0.003 

MSTRG.10001.2 Ncor2 mmu-miR-10a- 
5p, 
mmu-miR-345- 
5p 

0.600 0.044 

MSTRG.10001.2 Fbxo41 mmu-miR-10a- 
5p, 
mmu-miR-669c- 
3p, 
mmu-miR-708- 
5p 

0.659 0.027 

ENSMUST00000224307 Asap2 mmu-miR-136- 
3p 

0.877 0.001 

ENSMUST00000224307 Extl3 mmu-miR-136- 
3p 

0.628 0.035 

ENSMUST00000135527 8-Sep mmu-miR- 
193a-3p 

0.727 0.013 

MSTRG.2149.1 8-Sep mmu-miR- 
193a-3p 

0.749 0.010 

MSTRG.12004.1 Ube2k mmu-miR- 
193a-3p 

0.990 0.000 

MSTRG.11412.7 Csnk1g1 mmu-miR- 
193a-3p 

0.765 0.008 

MSTRG.6689.4 Islr2 mmu-miR- 
193a-3p 

0.760 0.009 

ENSMUST00000144350 Islr2 mmu-miR- 
193a-3p 

0.642 0.031 

ENSMUST00000238352 Islr2 mmu-miR- 
193a-3p 

0.596 0.045  

Table 3 (continued ) 

LncRNA mRNA Shared miRNAs ceRNA 
score 

P- 
value 

ENSMUST00000225030 Chid1 mmu-miR- 
193a-3p 

0.590 0.047 

ENSMUST00000146250 Knop1 mmu-miR- 
193a-3p 

0.750 0.010 

MSTRG.11412.7 Vipas39 mmu-miR- 
193a-3p 

0.616 0.039 

MSTRG.12004.1 Vipas39 mmu-miR- 
193a-3p 

0.770 0.008 

MSTRG.12004.1 Vipas39 mmu-miR- 
193a-3p 

0.990 0.000 

ENSMUST00000225030 Gimap8 mmu-miR- 
193a-3p 

0.638 0.032 

ENSMUST00000238810 Gimap8 mmu-miR- 
193a-3p 

0.696 0.019 

MSTRG.2149.1 Alg11 mmu-miR- 
193a-3p 

0.589 0.048 

MSTRG.12004.1 Islr2 mmu-miR- 
193a-3p 

0.956 0.000 

ENSMUST00000146250 Zfx mmu-miR- 
193a-3p 

0.666 0.025 

MSTRG.11412.7 Pip5k1c mmu-miR- 
193a-3p 

0.818 0.004 

MSTRG.10001.2 Slc6a7 mmu-miR- 
193a-3p, 
mmu-miR-345- 
5p 

0.613 0.040 

MSTRG.11857.2 Ube2k mmu-miR-31- 
5p 

0.643 0.031 

ENSMUST00000100518 Jade2 mmu-miR-31- 
5p 

0.761 0.009 

ENSMUST00000134284 Jade2 mmu-miR-31- 
5p 

0.583 0.050 

ENSMUST00000123117 Jade2 mmu-miR-31- 
5p 

0.648 0.029 

ENSMUST00000226531 Jade2 mmu-miR-31- 
5p 

0.698 0.018 

ENSMUST00000226531 Nfya mmu-miR-31- 
5p 

0.665 0.025 

ENSMUST00000185727 Cables1 mmu-miR-31- 
5p 

0.588 0.048 

ENSMUST00000134284 Nsmf mmu-miR-31- 
5p 

0.855 0.002 

ENSMUST00000123117 Nsmf mmu-miR-31- 
5p 

0.744 0.011 

ENSMUST00000196434 Nsmf mmu-miR-31- 
5p 

0.700 0.018 

ENSMUST00000201142 Tspan5 mmu-miR-31- 
5p 

0.632 0.034 

ENSMUST00000206239 Ppp1r26 mmu-miR-31- 
5p 

0.786 0.006 

ENSMUST00000228352 Cdc42bpa mmu-miR-31- 
5p 

0.892 0.001 

ENSMUST00000134600 Cdc42bpa mmu-miR-31- 
5p 

0.702 0.018 

ENSMUST00000234288 Cdc42bpa mmu-miR-31- 
5p 

0.592 0.046 

ENSMUST00000217127 Cdc42bpa mmu-miR-31- 
5p 

0.585 0.049 

ENSMUST00000228352 Extl2 mmu-miR-31- 
5p 

0.704 0.017 

ENSMUST00000134600 Extl2 mmu-miR-31- 
5p 

0.837 0.002 

MSTRG.10001.1 Extl2 mmu-miR-31- 
5p 

0.632 0.034 

MSTRG.9389.1 Extl2 mmu-miR-31- 
5p 

0.705 0.017 

ENSMUST00000206239 Hebp2 mmu-miR-31- 
5p 

0.777 0.007 

ENSMUST00000144719 Hebp2 mmu-miR-31- 
5p 

0.749 0.010 

ENSMUST00000206239 Unc93b1 mmu-miR-31- 
5p 

0.622 0.037 

ENSMUST00000228352 Cbfa2t2 mmu-miR-31- 
5p 

0.782 0.006 

(continued on next page) 
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Ziping Song et al. demonstrated that MFN2 overexpression attenuated 
cardiomyocyte necroptosis via the MAM-CaMKIIδ pathway [30]. Addi-
tionally, Yuqiong Chen et al. found that rhapontigenin attenuated car-
diac microvascular injury in diabetes via the inhibition of 
mitochondria-associated ferroptosis through the Prdx2/mfn2/acsl4 
pathway [31]. Collectively, these research results indicate that the DEGs 

Table 3 (continued ) 

LncRNA mRNA Shared miRNAs ceRNA 
score 

P- 
value 

ENSMUST00000134600 Cbfa2t2 mmu-miR-31- 
5p 

0.918 0.000 

MSTRG.7959.2 Dpagt1 mmu-miR-31- 
5p 

0.588 0.048 

ENSMUST00000134284 Dpagt1 mmu-miR-31- 
5p 

0.715 0.015 

ENSMUST00000123117 Dpagt1 mmu-miR-31- 
5p 

0.629 0.035 

ENSMUST00000162615 Dpagt1 mmu-miR-31- 
5p 

0.648 0.030 

ENSMUST00000238478 Dpagt1 mmu-miR-31- 
5p 

0.663 0.026 

ENSMUST00000217127 Ripor2 mmu-miR-31- 
5p 

0.617 0.038 

ENSMUST00000100518 Nebl mmu-miR-31- 
5p 

0.603 0.043 

MSTRG.9389.1 Tmem248 mmu-miR-31- 
5p 

0.748 0.010 

ENSMUST00000234288 Usp28 mmu-miR-31- 
5p 

0.775 0.007 

ENSMUST00000217127 Usp28 mmu-miR-31- 
5p 

0.742 0.011 

ENSMUST00000185727 Klrk1 mmu-miR-31- 
5p 

0.732 0.012 

ENSMUST00000228352 Klrk1 mmu-miR-31- 
5p 

0.585 0.049 

MSTRG.10001.2 Usp28 mmu-miR-31- 
5p 

0.718 0.015 

ENSMUST00000206239 Mfsd4b4 mmu-miR-31- 
5p 

0.796 0.005 

ENSMUST00000144719 Mfsd4b4 mmu-miR-31- 
5p 

0.602 0.043 

MSTRG.10001.2 Strip2 mmu-miR-31- 
5p 

0.785 0.006 

MSTRG.11857.2 Midn mmu-miR-31- 
5p 

0.696 0.019 

ENSMUST00000228352 Cdc42bpa mmu-miR-31- 
5p 

0.750 0.010 

ENSMUST00000234288 Gatad2b mmu-miR-31- 
5p 

0.657 0.027 

ENSMUST00000206239 Nlrc3 mmu-miR-31- 
5p 

0.663 0.026 

ENSMUST00000162615 Nlrc3 mmu-miR-31- 
5p 

0.587 0.048 

ENSMUST00000238478 Nlrc3 mmu-miR-31- 
5p 

0.713 0.015 

ENSMUST00000206239 Ptp4a3 mmu-miR-31- 
5p 

0.711 0.016 

MSTRG.11857.2 Ptp4a3 mmu-miR-31- 
5p 

0.676 0.023 

MSTRG.9389.1 Ptp4a3 mmu-miR-31- 
5p 

0.592 0.046 

ENSMUST00000134600 Ppp6r3 mmu-miR-31- 
5p 

0.727 0.013 

ENSMUST00000234288 Ppp6r3 mmu-miR-31- 
5p 

0.807 0.004 

MSTRG.7959.2 Ogfod1 mmu-miR-31- 
5p 

0.661 0.026 

ENSMUST00000228352 Pnpla2 mmu-miR-31- 
5p 

0.797 0.005 

ENSMUST00000134600 Pnpla2 mmu-miR-31- 
5p 

0.753 0.010 

ENSMUST00000234288 Pnpla2 mmu-miR-31- 
5p 

0.667 0.025 

ENSMUST00000206239 Usf3 mmu-miR-31- 
5p 

0.656 0.027 

ENSMUST00000196434 Usf3 mmu-miR-31- 
5p 

0.683 0.021 

ENSMUST00000162615 Usf3 mmu-miR-31- 
5p 

0.779 0.007 

ENSMUST00000234288 Ate1 mmu-miR-31- 
5p 

0.720 0.014 

ENSMUST00000201142 Rab3c mmu-miR-31- 
5p 

0.583 0.050  

Table 3 (continued ) 

LncRNA mRNA Shared miRNAs ceRNA 
score 

P- 
value 

ENSMUST00000100518 Nsmf mmu-miR-31- 
5p 

0.620 0.037 

ENSMUST00000206239 Plekha6 mmu-miR-31- 
5p 

0.779 0.007 

ENSMUST00000134284 Plekha6 mmu-miR-31- 
5p 

0.623 0.037 

ENSMUST00000162615 Plekha6 mmu-miR-31- 
5p 

0.852 0.002 

ENSMUST00000196434 Ate1 mmu-miR-31- 
5p 

0.698 0.018 

ENSMUST00000226531 Ate1 mmu-miR-31- 
5p 

0.817 0.004 

ENSMUST00000228352 Myh14 mmu-miR-31- 
5p 

0.737 0.012 

ENSMUST00000134600 Myh14 mmu-miR-31- 
5p 

0.679 0.022 

MSTRG.9389.1 Myh14 mmu-miR-31- 
5p 

0.724 0.014 

ENSMUST00000134600 Ppp6r3 mmu-miR-31- 
5p 

0.587 0.048 

ENSMUST00000234288 Ppp6r3 mmu-miR-31- 
5p 

0.762 0.008 

MSTRG.10001.1 Mfsd4b4 mmu-miR-31- 
5p, 
mmu-miR-329- 
3p, 
mmu-miR-345- 
5p 

0.612 0.040 

MSTRG.10001.2 Serpina3i mmu-miR-31- 
5p, 
mmu-miR-345- 
5p 

0.871 0.001 

ENSMUST00000228352 Ppp6r3 mmu-miR-31- 
5p, 
mmu-miR-664- 
5p 

0.724 0.014 

ENSMUST00000217127 Ppp6r3 mmu-miR-31- 
5p, 
mmu-miR-664- 
5p 

0.682 0.022 

ENSMUST00000134284 Usf3 mmu-miR-31- 
5p, 
mmu-miR-664- 
5p, 
mmu-miR-669c- 
3p 

0.891 0.001 

MSTRG.10001.2 Ogfod1 mmu-miR-31- 
5p, 
mmu-miR-669c- 
3p 

0.621 0.037 

ENSMUST00000217127 Rab3c mmu-miR-31- 
5p, 
mmu-miR-669c- 
3p 

0.686 0.021 

MSTRG.10001.1 Hebp2 mmu-miR-31- 
5p, 
mmu-miR-708- 
5p 

0.594 0.046 

MSTRG.3205.20 Nadk mmu-miR-690 0.599 0.044 
ENSMUST00000145803 Sh2d4b mmu-miR-690 0.740 0.011 
ENSMUST00000172701 Csdc2 mmu-miR-690 0.745 0.011 
ENSMUST00000172701 Snx8 mmu-miR-690 0.590 0.047 
ENSMUST00000172701 Zkscan1 mmu-miR-690 0.638 0.032 
ENSMUST00000145803 Ssx2ip mmu-miR-690 0.730 0.013 
ENSMUST00000222732 Parp11 mmu-miR-690 0.671 0.024 
ENSMUST00000236107 Parp11 mmu-miR-690 0.590 0.047  
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Table 4 
CircRNA-associated competing endogenous RNA network in TIC.  

circRNA mRNA Shared 
miRNAs 

ceRNA 
score 

P- 
value 

17:50047297| 
50055627 

Chd9 mmu-miR- 
200a-3p 

0.78 0.007 

8:41076232| 
41084840 

Rimbp2 mmu-miR- 
200a-3p 

0.60 0.044 

17:50047297| 
50055627 

Rimbp2 mmu-miR- 
200a-3p 

0.76 0.009 

17:50047297| 
50055627 

Sipa1l1 mmu-miR- 
200a-3p 

0.63 0.035 

17:50047297| 
50055627 

Tnpo1 mmu-miR- 
200a-3p 

0.89 0.001 

2:76857904| 
76888087 

Entr1 mmu-miR- 
345-5p 

0.59 0.046 

2:76850570| 
76884197 

Entr1 mmu-miR- 
345-5p 

0.79 0.006 

2:76857904| 
76888087 

Gabpb2 mmu-miR- 
345-5p 

0.59 0.047 

2:76859914| 
76884197 

Ate1 mmu-miR- 
345-5p 

0.74 0.011 

8:41076232| 
41084840 

Bmp8a mmu-miR- 
345-5p 

0.81 0.004 

2:76850570| 
76884197 

Traf3 mmu-miR- 
345-5p 

0.58 0.049 

2:76857904| 
76888087 

Rfc1 mmu-miR- 
345-5p 

0.67 0.024 

2:76859914| 
76884197 

Rfc1 mmu-miR- 
345-5p 

0.70 0.019 

2:76859914| 
76884197 

Ackr2 mmu-miR- 
345-5p 

0.87 0.001 

2:76859914| 
76884197 

Pfkfb3 mmu-miR- 
345-5p 

0.78 0.006 

2:76857904| 
76888087 

Rgma mmu-miR- 
345-5p 

0.60 0.044 

2:76859914| 
76884197 

Rgma mmu-miR- 
345-5p 

0.77 0.007 

2:76857904| 
76888087 

Dnah17 mmu-miR- 
345-5p 

0.85 0.002 

2:76859914| 
76884197 

Dnah17 mmu-miR- 
345-5p 

0.77 0.008 

2:76857904| 
76888087 

Madd mmu-miR- 
345-5p 

0.79 0.005 

2:76850570| 
76884197 

Gm1979 mmu-miR- 
345-5p 

0.73 0.013 

8:41076232| 
41084840 

Chid1 mmu-miR- 
345-5p 

0.67 0.023 

2:76850570| 
76884197 

Syne1 mmu-miR- 
345-5p 

0.63 0.035 

8:41076232| 
41084840 

Serpina3i mmu-miR- 
345-5p 

0.62 0.037 

2:76850570| 
76884197 

Kcnip2 mmu-miR- 
345-5p 

0.85 0.002 

2:76859914| 
76884197 

Pcyt1a mmu-miR- 
345-5p 

0.72 0.015 

2:76850570| 
76884197 

Mfsd4b4 mmu-miR- 
345-5p 

0.71 0.015 

2:76859914| 
76884197 

Brd3 mmu-miR- 
345-5p 

0.63 0.034 

2:76859914| 
76884197 

Tead1 mmu-miR- 
345-5p 

0.90 0.000 

2:76857904| 
76888087 

Kcnj5 mmu-miR- 
345-5p 

0.74 0.012 

2:76859914| 
76884197 

Kcnj5 mmu-miR- 
345-5p 

0.94 0.000 

2:76850570| 
76884197 

Tbc1d14 mmu-miR- 
345-5p 

0.59 0.046 

2:76857904| 
76888087 

Pcyt1a mmu-miR- 
345-5p 

0.62 0.037 

2:76859914| 
76884197 

Map3k13 mmu-miR- 
345-5p 

0.86 0.002 

2:76859914| 
76884197 

Gsk3b mmu-miR- 
345-5p 

0.65 0.029 

2:76857904| 
76888087 

Mapre3 mmu-miR- 
345-5p 

0.78 0.007  

Table 4 (continued ) 

circRNA mRNA Shared 
miRNAs 

ceRNA 
score 

P- 
value 

2:76850570| 
76884197 

Mapre3 mmu-miR- 
345-5p 

0.72 0.014 

2:76859914| 
76884197 

Reep6 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.69 0.020 

2:76857904| 
76888087 

Reep6 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.70 0.019 

2:76859914| 
76884197 

Reep6 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.68 0.022 

2:76857904| 
76888087 

Snta1 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.74 0.012 

2:76859914| 
76884197 

Tsc1 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.60 0.045 

2:76857904| 
76888087 

Csdc2 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.80 0.005 

2:76850570| 
76884197 

Csdc2 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.59 0.046 

2:76859914| 
76884197 

Csdc2 mmu-miR- 
345-5p, 
mmu-miR- 
664-5p 

0.90 0.000 

2:76857904| 
76888087 

Pfkfb3 mmu-miR- 
345-5p, 
mmu-miR- 
708-5p 

0.64 0.032 

2:76857904| 
76888087 

Pcyt1a mmu-miR- 
345-5p, 
mmu-miR- 
708-5p 

0.61 0.041 

2:76857904| 
76888087 

Tead1 mmu-miR- 
345-5p, 
mmu-miR- 
708-5p 

0.79 0.006 

2:76857904| 
76888087 

Map3k13 mmu-miR- 
345-5p, 
mmu-miR- 
708-5p 

0.68 0.023 

7:90160448| 
90197020 

Gpd2 mmu-miR- 
483-5p 

0.74 0.012 

7:90160448| 
90197020 

Afg3l1 mmu-miR- 
483-5p 

0.60 0.043 

19:42562552| 
42583543 

Eif5a mmu-miR- 
664-5p 

0.62 0.037 

2:76857904| 
76888087 

Add1 mmu-miR- 
664-5p 

0.60 0.044 

2:76850570| 
76884197 

Add1 mmu-miR- 
664-5p 

0.67 0.024 

19:42562552| 
42583543 

Zer1 mmu-miR- 
664-5p 

0.63 0.035 

2:76857904| 
76888087 

Zer1 mmu-miR- 
664-5p 

0.76 0.009 

2:76850570| 
76884197 

Zer1 mmu-miR- 
664-5p 

0.62 0.039 

19:42562552| 
42583543 

Prokr1 mmu-miR- 
664-5p 

0.89 0.001 

2:76857904| 
76888087 

Prokr1 mmu-miR- 
664-5p 

0.62 0.039 

2:76859914| 
76884197 

Prokr1 mmu-miR- 
664-5p 

0.61 0.040 

2:76857904| 
76888087 

Mbnl2 mmu-miR- 
664-5p 

0.80 0.005 

(continued on next page) 
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we screened serve as indicative markers of differentially expressed 
dysfunctional ncRNAs associated with TIC. 

The ceRNA network has been described as a complex post-
transcriptional endogenous regulatory network in which circRNAs, 
lncRNAs, and other RNAs act as sponges for miRNAs to regulate mRNA 
expression [32]. Extensive research substantiates that ceRNA activity 
orchestrates a comprehensive regulatory framework within the tran-
scriptome, significantly augmenting the functional genetic landscape in 
the human genome and playing a pivotal role in various pathological 
conditions, notably cardiovascular diseases [33,34]. We propose that 
the DEGs screened by whole-transcriptome RNA seq will play a critical 
regulatory function in TIC by participating in ceRNA networks. Conse-
quently, we constructed a both circRNA-related ceRNA network and a 
lncRNA-related ceRNA network, containing 7 circRNAs, 43 lncRNAs, 10 
miRNAs, and 133 mRNAs. 

Each RNA was evaluated for centrality using Cytoscape’s CytoNCA 
plugin to identify core genes. The analysis revealed that miR-31-5p 
attained the highest degree, scoring 53, within lncRNA-associated 
ceRNA networks. Numerous studies have underscored the involvement 
of miR-31-5p in cancer, cardiovascular diseases, and other pathological 
conditions [35]. Most importantly, Xiaoyu Ji et al. found that miR-31-5p 
alleviates doxorubicin-induced cardiotoxicity through the interaction 
with quaking circRNA Pan3, but its role in TIC is unclear [36]. Similarly, 
miR-664-5p was found to have the highest score of 35 in 
circRNA-associated ceRNA networks. Bo Sun et al. found miR-644-5p, 
carried by bone mesenchymal stem cell-derived exosomes, targeting 
p53 regulation to inhibit ovarian granulosa cell apoptosis [37]. Studies 
have also indicated that miR-664-5p promotes myoblast proliferation 
while inhibiting myoblast differentiation [38]. Notably, the potential 
role of miR-31-5p and miR-644-5p in TIC have not been previously re-
ported, warranting further investigation in our subsequent studies. 

Table 4 (continued ) 

circRNA mRNA Shared 
miRNAs 

ceRNA 
score 

P- 
value 

2:76859914| 
76884197 

Mbnl2 mmu-miR- 
664-5p 

0.62 0.038 

19:42562552| 
42583543 

9530068E07Rik mmu-miR- 
664-5p 

0.62 0.039 

2:76850570| 
76884197 

Rnf114 mmu-miR- 
664-5p 

0.59 0.047 

2:76850570| 
76884197 

Grin3a mmu-miR- 
664-5p 

0.67 0.024 

19:42562552| 
42583543 

Reep6 mmu-miR- 
664-5p 

0.61 0.040 

19:42562552| 
42583543 

Sh3kbp1 mmu-miR- 
664-5p 

0.59 0.047 

2:76857904| 
76888087 

Sh3kbp1 mmu-miR- 
664-5p 

0.68 0.023 

2:76850570| 
76884197 

Sh3kbp1 mmu-miR- 
664-5p 

0.70 0.018 

2:76857904| 
76888087 

Tom1l2 mmu-miR- 
664-5p 

0.60 0.044 

2:76859914| 
76884197 

Trpc6 mmu-miR- 
664-5p 

0.62 0.039 

2:76857904| 
76888087 

Galns mmu-miR- 
664-5p 

0.70 0.017 

2:76850570| 
76884197 

Fgf11 mmu-miR- 
664-5p 

0.69 0.019 

2:76850570| 
76884197 

Rnf146 mmu-miR- 
664-5p 

0.64 0.031 

2:76857904| 
76888087 

Bcl7b mmu-miR- 
664-5p 

0.89 0.001 

2:76850570| 
76884197 

Bcl7b mmu-miR- 
664-5p 

0.64 0.032 

2:76859914| 
76884197 

Bcl7b mmu-miR- 
664-5p 

0.73 0.014 

2:76859914| 
76884197 

Arrb1 mmu-miR- 
664-5p 

0.76 0.009 

19:42562552| 
42583543 

Mapre2 mmu-miR- 
664-5p 

0.59 0.049 

2:76850570| 
76884197 

Mapre2 mmu-miR- 
664-5p 

0.87 0.001 

19:42562552| 
42583543 

Plekhm2 mmu-miR- 
664-5p 

0.62 0.038 

2:76850570| 
76884197 

Ccp110 mmu-miR- 
664-5p 

0.74 0.011 

19:42562552| 
42583543 

Ppp6r3 mmu-miR- 
664-5p 

0.95 0.000 

2:76857904| 
76888087 

Ppp6r3 mmu-miR- 
664-5p 

0.78 0.006 

2:76850570| 
76884197 

Ppp6r3 mmu-miR- 
664-5p 

0.67 0.024 

2:76859914| 
76884197 

Ppp6r3 mmu-miR- 
664-5p 

0.68 0.022 

2:76859914| 
76884197 

Tom1l2 mmu-miR- 
664-5p 

0.60 0.045 

2:76857904| 
76888087 

Bcl9l mmu-miR- 
664-5p 

0.68 0.022 

2:76859914| 
76884197 

Bcl9l mmu-miR- 
664-5p 

0.64 0.032 

19:42562552| 
42583543 

Csdc2 mmu-miR- 
664-5p 

0.73 0.013 

19:42562552| 
42583543 

Wipf3 mmu-miR- 
664-5p 

0.87 0.001 

2:76857904| 
76888087 

Wipf3 mmu-miR- 
664-5p 

0.90 0.000 

2:76850570| 
76884197 

Wipf3 mmu-miR- 
664-5p 

0.65 0.029 

2:76859914| 
76884197 

Wipf3 mmu-miR- 
664-5p 

0.77 0.008 

2:76850570| 
76884197 

Spr mmu-miR- 
664-5p 

0.59 0.048 

2:76857904| 
76888087 

Lemd2 mmu-miR- 
664-5p 

0.78 0.007 

2:76850570| 
76884197 

Lemd2 mmu-miR- 
664-5p 

0.58 0.049 

2:76859914| 
76884197 

Lemd2 mmu-miR- 
664-5p 

0.66 0.027  

Table 4 (continued ) 

circRNA mRNA Shared 
miRNAs 

ceRNA 
score 

P- 
value 

2:76859914| 
76884197 

Eif5a mmu-miR- 
664-5p 

0.71 0.017 

19:42562552| 
42583543 

Kmt5b mmu-miR- 
664-5p 

0.66 0.027 

19:42562552| 
42583543 

Tnip1 mmu-miR- 
664-5p 

0.66 0.027 

2:76857904| 
76888087 

Tnip1 mmu-miR- 
664-5p 

0.74 0.011 

2:76859914| 
76884197 

Tnip1 mmu-miR- 
664-5p 

0.86 0.002 

19:42562552| 
42583543 

Ppp6r3 mmu-miR- 
664-5p 

0.90 0.000 

2:76857904| 
76888087 

Ppp6r3 mmu-miR- 
664-5p 

0.59 0.048 

2:76857904| 
76888087 

Golga1 mmu-miR- 
664-5p, 
mmu-miR- 
708-5p 

0.76 0.009 

2:76857904| 
76888087 

Syngr2 mmu-miR- 
708-5p 

0.70 0.018 

2:76857904| 
76888087 

Fblim1 mmu-miR- 
708-5p 

0.75 0.009 

2:76857904| 
76888087 

Ddx11 mmu-miR- 
708-5p 

0.81 0.004 

2:76857904| 
76888087 

Rab22a mmu-miR- 
708-5p 

0.70 0.017 

2:76857904| 
76888087 

Atg9a mmu-miR- 
708-5p 

0.61 0.040 

2:76857904| 
76888087 

Clmn mmu-miR- 
708-5p 

0.89 0.001 

2:76857904| 
76888087 

Supt7l mmu-miR- 
708-5p 

0.62 0.036 

2:76857904| 
76888087 

Adgrl3 mmu-miR- 
708-5p 

0.60 0.043 

2:76857904| 
76888087 

Syngr2 mmu-miR- 
708-5p 

0.80 0.005  
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Through GO and KEGG analyses, we further analyzed the pathways 
and functions in which the ceRNA networks are involved in. GO analysis 
indicated that these networks are involved in “protein modification 
process” and “regulation of molecular function”, among other life pro-
cesses. According to the KEGG enrichment results, “Hippo signaling 
pathway” and “MAPK signaling pathway” were enriched in the circRNA- 
associated ceRNA and lncRNA-associated ceRNA networks, respectively. 
The Hippo signaling pathway is a signaling pathway that inhibits cell 
proliferation [39]. Recent research has confirmed that the Hippo 
signaling pathway is also involved in cancer development and metas-
tasis, tissue regeneration, and functional regulation of stem cells [40]. 

NcRNA-mRNA interaction stands out as one of the most extensively 
explored molecular mechanisms of ncRNA [41]. To scrutinize the 
interaction and regulatory dynamics among the DEGs, we have devised 
a co-expression network. Within this network, mmu-miR-33-5p and 
ENSMUST00000190825 (Rbbp5) attain the highest scores, indicative of 
their pivotal roles in the network framework. Changes in their expres-
sion levels emerge as pivotal factors influencing alterations in the 
expression patterns of other RNAs within the network. Presently, there is 
a dearth of literature examining mmu-miR-33-5p. Conversely, Rbbp5 is 
commonly perceived as a risk factor, exhibiting elevated levels in dia-
betic cardiomyopathy, with increased expression linked to embryonic 
lethality in mice [42,43]. Our research findings substantiate these as-
sociations; in the TIC model we constructed, Rbbp5 expression is like-
wise upregulated. 

Certainly, beyond the previously mentioned mechanisms, ncRNA 
plays a crucial role in cellular regulation through processes like modu-
lating alternative splicing and transcriptional regulation. Certain 
circRNAs exhibit the ability to interact with transcription factors, 
thereby impacting their binding efficiency on chromatin and subse-
quently regulating the transcription of target genes. This mode of action 
significantly influences the activity of gene promoters, thereby finely 
tuning gene expression levels [44]. Moreover, circRNAs may contribute 

to the modulation of the three-dimensional structure of chromatin by 
engaging in interactions with it, consequently affecting the epigenetic 
modifications of genes, including methylation and acetylation of his-
tones. Throughout the processing of original RNA molecules, splicing 
enzymes possess the capability to selectively excise different exons, 
leading to the creation of multiple mRNA isoforms. In this intricate 
process, ncRNA can interact with splicing complexes, thereby influ-
encing the diversity of gene products. Alternative splicing stands out as a 
pivotal regulatory mechanism capable of generating various protein 
isoforms from a single gene, ultimately enhancing the functional di-
versity of genes [45]. 

5. Conclusion 

We screened 43 circRNAs, 270 lncRNAs, 12 miRNAs, and 4131 
mRNAs by whole-transcriptome RNA sequencing. Subsequently, we 
constructed a circRNA-associated ceRNA network, a lncRNA-associated 
ceRNA network, a co-expression network, and an RNA-RBP network. We 
identified some core RNAs based on these networks which have poten-
tial roles in the treatment of TIC, and we will next investigate their roles 
in TIC. 
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Fig. 7. co-expression network and RNA-RBP network. (A) The co-expression network between DEGs. The same type of RNA forms a circle. Red represents 
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Enrichment of RBPs. (D) The KEGG Enrichment of RBPs. 
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