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Purpose: To explore the therapeutic mechanism of bone marrow mesenchymal stem cells derived exosomes (BMSC-Exos) for
doxorubicin (DOX)-induced cardiotoxicity (DIC) and identify the long noncoding RNAs’ (IncRNAs’) anti-inflammation function
derived by BMSC-Exos.

Materials and Methods: High-throughput sequencing and transcriptome bioinformatics analysis of IncRNA were performed
between DOX group and BEC (bone marrow mesenchymal stem cells derived exosomes coculture) group. Elevated IncRNA
(EIncRNA) in the cardiomyocytes of BEC group compared with DOX group were confirmed. Based on the location and co-
expression relationship between ElIncRNA and its target genes, we predicted two target genes of EIncRNA, named cis_targets and
trans_targets. The target genes were analyzed by enrichment analyses. Then, we identified the key cellular biological pathways
regulating DIC. Experiments were performed to verify the therapeutic effects of exosomes and the origin of IncRNAs in vitro and
in vivo.

Results: Three hundred and one IncRNAs were differentially expressed between DOX and BEC groups (fold change >1.5 and p < 0.05),
of which 169 IncRNAs were elevated in the BEC group compared with the DOX group. GO enrichment analysis of target genes of
EIncRNAs showed that they were predominantly involved in inflammation-associated processes. KEGG analysis indicated that their
regulatory pathways were mainly involved in oxidative stress-induced inflammation and proliferation of cardiomyocyte. The verification
experiments in vitro showed that the oxidative stress and cell deaths were decreased in BEC groups. Moreover, from the top 10 EIncRNAs
identified in the sequencing results, MSTRG.98097.4 and MSTRG.58791.2 were both decreased in the DOX group and elevated in BEC
group. While in verification experiments in vivo, only the expression of MSTRG.58791.2 is consistent with the result in vitro.
Conclusion: Our results show that EIncRNA, MSTRG.58791.2, is possibly secreted by the BMSC-Exos and able to alleviate DIC by
suppressing inflammatory response and inflammation-related cell death.
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Introduction
The rapid development of immune checkpoint inhibitors and targeted therapy has advanced tumor therapy into a new era of

precision medicine. Chemotherapy remains the cornerstone of oncological treatment. Doxorubicin (DOX), a variety of cross-
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sectional anthracycline, is indispensable in chemotherapy. However, it can also induce senescence,' apoptosis,” pyroptosis,”
autophagy,* and ferroptosis® of cardiomyocytes, causing arrhythmia, hypertrophic cardiomyopathy, and congestive heart
failure while killing tumor cells.® The cardiovascular damage associated with DOX chemotherapy, termed doxorubicin-
induced cardiotoxicity (DIC), seriously threatens the health of cancer patients due to its progressive, irreversible nature.” At
present, dexrazoxane (DZR) is recognized as the only drug to prevent DIC, but it has a limited effect and poses the risk of
secondary tumors or bone marrow suppression.® Therefore, there is a need to find potential biomarkers and elucidate the
molecular mechanism of DIC, which will benefit the exploration of effective targets for solving the trouble.

It has been proven that DOX triggers the production of ROS, which result in apoptosis, lipid peroxidation of
myocardial cell membranes and damage to myocardial mitochondrial DNA.”'° Reducing ROS levels in cardiomyocytes
may be an effective defense against DIC. However, it remains unclear whether ROS is the only significant factor in DIC.
Inflammation and related cell death (apoptosis or pyroptosis) may also play a role.

In recent years, exosomes have garnered much attention. These vesicles are released into body fluid by all cells and
can regulate recipient cells’ biological activities by delivering nucleic acids, including DNA, messenger RNAs,
microRNAs, long noncoding RNA (IncRNAs), circular RNA, transfer RNA, and piwi-interacting RNAs.'"'? These
noncoding RNAs were also used as therapeutic targets for various cardiovascular diseases. Furthermore, exosomes lack
immunogenicity due to their outer biological membrane. Given these merits, they have been considered to be a latent

13719 qutoimmune diseases,20 as well as DIC.%! For example, researchers

22,23

therapeutic strategy for cardiovascular diseases,
have explored exosomes derived from embryonic stem cells to curb DOX-induced pyroptosis.

Long noncoding RNAs (IncRNAs) have been involved in the apoptosis,”® proliferation or regeneration of
cardiomyocyte.”> 2’ Moreover, IncRNAs in exosomes have been shown to be involved in the inhibition of cardiomyocyte
apoptosis®®?® and pyroptosis.**

In this study, we constructed DIC model in vitro firstly. Then, transcriptome sequencing of IncRNA was performed
between DOX group and BEC group, which confirmed the therapeutic effect of bone marrow mesenchymal stem cell-
derived exosome (BMSC-Exos) on DIC combined with experiments in vitro and in vivo. At last, we discussed and
verified whether elevated IncRNA (EIncRNA) was from BMSC-Exo or not.

Materials and Methods

Preparation of Samples for Sequencing

Cell Culture

Using Kunming mice at 1-3 days postnatally, we isolated primary neonatal cardiomyocytes as described previously.®'~**
These primary cardiomyocytes were cultured in DMEM/F-12 medium (Gibco, Amarillo, TX, USA) supplemented with
5% fetal bovine serum (FBS) (ExCell Bio, Shanghai, China). Primary BMSCs (Procell Life Science & Technology Co.,
Ltd, Wuhan, China) were cultured in conditioned medium supplemented with 10% exosome free-FBS (System
Biosciences, Palo Alto, CA, USA) for coculture with DOX-injured cardiomyocytes in order to eliminate the interference

of exosomes in FBS.

Cell Groups and Coculture

Two groups of cardiomyocytes were prepared. In the DOX group, primary cardiomyocytes were exposed to 2 pmol/L
DOX (Sigma Aldrich, USA) for 24 hours. Then, the culture medium was replaced with fresh medium (medium
supplemented with 5% FBS) for 48 hours. The experiment was repeated three times (DOX1, DOX2, DOX3). In the
BEC group, DOX-injured cardiomyocytes prepared as for the DOX group were cocultured with BMSCs in a Transwell
coculture system (Corning, New York, USA) (BEC1, BEC2, BEC3), as previously described.”> The pore diameter of
Transwell is 0.4um, which is considered to permit the transmit of exosomes derived from the cells in the upper chambers.
After 48 hours of coculturing, total RNA of cardiomyocytes both in the DOX group and BEC group was extracted using
SparkZol (SparkJade, Jinan, China) for sequencing.
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Bioinformatics Analysis

cDNAs reversely transcribed from the total RNAs in the DOX and BEC were sequenced by an Illumina HiSeq high-
throughput sequencing platform (San Diego, CA, USA) based on sequencing by synthesis (SBS). Raw read data in the
FASTQ format were firstly processed through Perl scripts. Clean reads were obtained by removing reads containing
adapter and other components without regulatory functions from the raw data. All the downstream analyses were based
on clean data. The genome Mus musculus (GRCm38 release95. Mus_musculus. GRCm38 release95.genome.fa) was
employed as the reference database. The transcriptome was assembled using the String Tie software (v1.3.1) based on the
reads mapped to the reference genome after obtaining clean sequencing data. We obtained mapped data that predicted
alternative splicing, structure, and new genes based on sequence comparisons. We annotated the assembled transcripts by
means of the gffcompare program (0.9.8). CPC2 (CPC2-beta),>* CNCI (v2),* Pfam (v1.3),*® and CPAT (1.2.2)"’
software programs were combined to sort non-protein coding RNA candidates. Moreover, they were used to select
IncRNA candidates.

Quality control, including the classification, expression, and sequence conservation of IncRNAs, was conducted
before the differential expression analysis. Cuffcompare (v2.1.1) software was wielded to confirm the different classi-
fications of IncRNAs. String Tie was used to predict the expression level of IncRNAs, which was indicated by the
fragments per kilobase of transcript per million fragments mapped. Conservation between the IncRNA and mRNA was
compared by means of the phastCons software.>®

LncRNAs that were differentially expressed (DE IncRNAs) between the DOX and BEC group were identified and
visualized as a heat map by R package. Pearson’s Correlation Coefficient was used to assess the intra-class differences
(DOX1 vs DOX2 vs DOX3, and BEC1 vs BEC2 vs BEC3) and the inter-class differences (DOX vs BEC). The smaller
the differences within a group and the larger the difference between the groups, the more significant was the difference.
We set the parameter of log,FC (FC, fold change) >1.5 and p-value <0.05 as the selective standard for defining
differential expression of IncRNAs between the DOX and BEC groups. We focused on identifying the elevated
IncRNAs (ElncRNAs) in the cardiomyocytes in the BEC group, which were regarded to be secreted by BMSC-Exos
in the upper chamber. But it needs evidence combined with bioinformatic analyses to support this hypothesis.

Prediction of the Targets of EIncRNAs and Their Enrichment Analyses

Based on the mode of interaction of IncRNAs and their target genes, we adopted two different prediction methods. The
first was mainly based on the positional relationship between the IncRNA and the target genes. Neighboring genes,
within a 100-kb range, were considered as cis_target genes. The second was based on the correlation of IncRNA and
mRNA expression levels between samples. The target genes predicted by this method were defined as trans_target genes.
Specifically, the Pearson correlation coefficient was used as the indicator for the correlation between IncRNA and mRNA
among samples, and the genes with correlation absolute value >0.9 and P value <0.01 were selected as the trans_target
genes of IncRNA.

The differences in target gene clusters were determined by MCODE software. ClusterProfiler’® was used for Gene
Ontology (GO) analysis to reveal the cellular component (CC), biological process (BP), and molecular function (MF) of
the genes targeted by EIncRNAs. KOBAS software was employed to test enrichment of differentially expressed genes in
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. In addition, a novel KEGG enrichment analysis based
on the pathway types developed by Biomarker Technologies was adopted. STRING*” (version 11.0) was implemented to
predict and validate protein—protein interactions. The constructed protein interaction network was imported into
Cytoscape*! software for visualization.

Cell Verification Experiments

Cardiomyocyte Viability Detection

Three groups of cardiomyocytes were prepared, cardiomyocytes without any treatment (NC group), DOX group and
BEC group. Their viability was detected by using a Cell Counting Kit-8 (Meilunbio, Dalian, China) according to the
instructions. The OD value of different groups was used as the index of viability.
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Reactive Oxygen Species (ROS) Detection

As the increase of oxidative stress is a feature for DIC, we confirmed whether BMSC-Exo can decrease it to alleviate DIC
by ROS detection. A Reactive Oxygen Species Assay Kit (Solarbio, Beijing, China), based on a 2’-7'dichlorofluorescin
diacetate fluorescent probe, was used for detection of ROS. First, we loaded the probe in three groups of cardiomyocytes,
with the fluorescent probe by incubation according to the manufacturer’s instructions. After washing the cells, the samples
were viewed directly under a laser confocal microscope. An excitation wavelength of 488 nm and emission wavelength of
525 nm were used to detect the fluorescence intensity in real time. Image J was utilized for quantitative analysis based on
fluorescence intensity.

Real-Time Quantitative Polymerase Chain Reaction (qQRT-PCR) for Cell and Animal Verification Experiments
To confirm the results obtained by sequencing, the top-10 EIncRNAs, we performed real-time quantitative polymer-
ase chain reaction (QRT-PCR). Total RNA was extracted from cell and heart tissue samples using SparkZol reagent.
For mRNA detection, cDNA was reverse transcribed by using a Hifair III 1st Strand cDNA Synthesis kit (YEASEN
Biotechnology, Shanghai, China). A Hieff qPCR SYBR Green Master Mix (YEASEN Biotechnology) was used for
quantification. GAPDH was employed as the control to evaluate the expression level of IncRNAs and inflammation
markers. 27 4C!

Table 1.

method was utilized to calculate the quality of mRNA. The primer sequences are presented in

Animal Experiments

The Isolation of Exosomes

We have utilized the differential ultracentrifugation method to isolate exosomes from BSMC.** In brief, the culture
medium of BMSC was collected and subjected to differential centrifugation steps. Firstly, they were centrifuged at 300xg
for 10 min, we collected the supernatant. Next, the supernatant was subjected to 2000xg for 15 min to remove floating
and dead cells. The supernatants were further centrifuging at 10,000xg for 30 min to remove large extracellular vesicles.
At last, exosomes were isolated from the supernatant by ultracentrifugation at 100,000xg for 2h at 4°C. We used 200uL
ice-cold PBS to resuspend the exosomes. The concentration of exosomal proteins was quantified by BCA Protein Assay
Kit (YEASEN Biotechnology, Shanghai, China).

Table | The Primer Sequence for qRT-PCR

Primer Forward Reverse

GAPDH AAATGGTGAAGGTCGGTGTGAAC CAACAATCTCCACTTTGCCACTG
IL-6 ACAGAAGGAGTGGCTAAGGA AGGCATAACGCACTAGGTTT
MSTRG.75967.15 GCTATCCACTTCACTTTTCCA TCTACCCAACTCCTACCTTCTC
MSTRG.51708.15 CATTCTCTACCCTGCTTCGT GCTACCTTCCTTGCTGTGTT
MSTRG.98097.4 AGAGGATGAGATACACAGGCA TCAGGAGGCTAAACAGAAGG
ENSMUST00000 162380 TAGTTCTTGGCGGTTTCAGT CTCCCTCCGTCTCTCATTC
MSTRG.94952.19 CAGTCATCTCTCTATCCCCTTT CTCAGGGTAGTTCAGTGTTCC
MSTRG.4585.1 GCATTAGAGAAACCAACACAGA GAAACATAGGAGGGAACAAGAG
MSTRG.79460.7 CGTGAAGACCAGAGGACAA GTGGAGACCAGTGATACAAGG
MSTRG.38414.10 CAGGAAAGATGACCAGAGGA GGGGATGTGAAGTGTTGTG
MSTRG.58791.2 TCCTTATGCTTTCTTACGATTCT CAGTCTTTCCAGTTCTCTTGG
MSTRG.12633.8 GGAGAGGCACAAAATAGAGG AAGCAGAACCATAGGACAGC
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Identification of Exosomes by Electron Microscopy

20uL suspension of exosome was absorbed by pipetting gun, then dropped into the copper mesh grid under electron
microscope, stood for about 2 minutes, and fixed exosomes with 2% phosphotungstate solution for about 5 minutes. After
the excess water was absorbed by filter paper, the exosomes were dried naturally at room temperature. Exosomes were
observed under the transmission electron microscope (TEM) and photographed.

Identification of Exosomes by NTA

The sample pool was cleaned with deionized water, and the NTA instrument was calibrated with polystyrene micro-
spheres (100 nm). The sample pool was cleaned with PBS. And the sample was diluted 1000 times to 10%/mL. The
concentration of exosomes in the supernatant of BMSC was determined first, and then the diameter size distribution was
determined.

The Establishment of Animal Model

Thirty male C57BL/6 mice aged 10 weeks (20-25g) were randomly divided into 3 groups: normal control (NC) group,
DOX treatment (DOX) group and DOX+BMSC-Exosome treatment (DOX+BMSC-Exo) group. In NC group, mice were
fed normally without any treatment; in DOX group, mice were intraperitoneally injected with doxorubicin on day 1
(10 mg/kg) and day 8 (10 mg/kg), and acute doxorubicin-induced cardiotoxicity (DIC) model was established in vivo at
a cumulative dose of 20 mg/kg. In DOX+BMSC-Exo group, 50ug BMSC-Exosomes quantized by BCA assay were
injected into the mice via tail vein on day 8, day 11 and day 14, respectively.

The Sirius Red Staining of Heart Tissues
The samples of Murine heart tissue were fixed with 4% paraformaldehyde firstly, and then they were embedded into
paraffin. Tissue sections were then subjected to 3 mm thick for Sirius Red staining.

Statistical Analysis

Image J (v1.8.0) software (NIH, Bethesda, MD, USA) was used to analyze the level of fluorescence in the ROS detection
experiment and to set the scale bar. GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was utilized to
conduct statistical analysis and generate graphs. The unpaired Student’s ¢-test was applied to assess statistical significance
of differences between DOX and NC group or BEC and DOX group. A p-value <0.05 was regarded significant. For
Kaplan-Meier Curve, the p-value was used for the Log-rank (Mantel-Cox) test.

Results
Quality Control of IncRNAs

In total, 34,874 IncRNAs were predicted from the cDNAs of all the samples of two groups by the software as is
illustrated above (Figure 1A). The lincRNAs and intronic IncRNAs accounted for the highest proportion of the sequence
reads of all the IncRNAs (Figure 1B). As shown in the boxplot, the discrete gene expression level distributions in a single
sample (DOX1-3, BEC1-3) and the overall gene expression levels of two groups of samples were visually compared, we
found that the gene expression of two groups was similar*® (Figure 1C). The mean gene expression in the samples is
shown in Figure 1D, different groups of samples showed marked uniformity.

As IncRNA is less well conserved than mRNA, it was necessary to consider the conservation properties. Conservation
scores of mRNA and IncRNA were determined by phastCons software. This showed that the IncRNA was less well-
conserved than the mRNA (Figure 1E). The cumulative distribution of conservation scores and the conservation score
probability density curve is presented in Figure 1F and G, respectively. The IncRNA of samples exhibited fair conservation.

Visualization of Differential Expression of IncRNAs in Cardiomyocytes

Before analyzing the difference between the DOX and BEC groups, Pearson’s Correlation Coefficient was adopted to
compare the intra-group and inter-group differences (Figure 2A). We identified 301 IncRNAs that were differentially
expressed between the DOX and BEC group. In total, 169 IncRNAs were elevated and 132 IncRNAs were down-
regulated in the BEC group compared with DOX group.
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Figure | Quality control of the IncRNAs. (A) Prediction of IncRNAs from four softwares. (B) Classification of IncRNAs in the samples. (C) Expression level of IncRNAs in
two groups. (D) Density of IncRNAs in two groups. (E) The cumulative distribution of conservative scores for IncRNA and mRNA. (F) Conservative score cumulative
distribution. (G) Conservative score probability density curve.

Hierarchical clustering analysis was performed on the differentially expressed IncRNAs. The differential expression of
IncRNAs were presented by the volcano plot (Figure 2B) and heat map (Figure 2C). The green dots represent down-regulated
IncRNAs, the red dots represent up-regulated IncRNAs, and the black dots represent non-differentially expressed IncRNAs.
The top 10 elevated IncRNAs (EIncRNAs) in the BEC group are presented in Table 2.
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downregulated IncRNAs in BEC group compared with DOX group. (C) The hierarchical clustering and difference of IncRNAs between the two groups.
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Table 2 The Top 10 EIncRNAs in the BEC Group

#ID Gene Symbol FDR log,FC
MSTRG.75967.15 MSTRG.75967.15 5.424436673371 16e-13 11.46000386101 19
MSTRG.51708.15 MSTRG.51708.15 5.8756853381905e-13 13.1167967798597
MSTRG.98097.4 MSTRG.98097.4 3.23018583900885e-1 | 11.182354925168
ENSMUST00000162380 4933413CI9Rik-201 4.75803514666033e-1 | 10.7524877343357
MSTRG.94952.19 MSTRG.94952.19 7.80723842820196e-1 | 10.2750351208207
MSTRG.4585.1 MSTRG.4585.1 1.23559402741018e-10 10.1592494783464
MSTRG.79460.7 MSTRG.79460.7 1.8160194202865%-10 11.6374422495268
MSTRG.38414.10 MSTRG.38414.10 5.11526492667872e-10 9.9517968399127
MSTRG.58791.2 MSTRG.58791.2 5.72877434917132e-10 9.69214161606425
MSTRG.12633.8 MSTRG.12633.8 6.37378605363441e-10 9.565391746026

Functional Annotation and Enrichment Analysis of EIncRNAs' Target Genes

To identify the regulatory functions and pathways associated with EIncRNAs and their targets, we performed GO and
KEGG enrichment analyses. The GO enrichment analysis, including the biological process (BP), cellular component
(CC), and molecular function (MF), of cis_target genes is displayed in Figure 3A—C. Both BP and MF results showed
that cis_target genes mainly participated in transcription activities. In addition, they were enriched in inflammation-
related biological process, such as the negative regulation of tumor necrosis factor production, negative regulation of
macrophage activation, negative regulation of interleukin-1 beta production, and regulation of lymphocyte migration. CC
outcomes showed that these genes may function in the nucleus.

On the other hand, the trans_targets of ElIncRNAs were markedly enriched in cellular localization, in utero
embryonic development, apoptotic processes, intracellular transport, chemotaxis, response to hypoxia, Golgi vesicle
transport, and positive regulation of sodium ion transport (Figure S1A). CC analysis implied that trans targets of
EIncRNAs were chiefly located in the cytoplasm (Figure S1B). In terms of MF, trans_targets of EIncRNAs played
significant roles in ATP binding, protein binding and homodimerization activity, zinc ion binding and superoxide
dismutase activity (Figure S1C).

Human papillomavirus infection, hepatocellular and gastric carcinomas, Alzheimer’s diseases, the Wnt signaling
pathway, mTOR signaling pathway, signaling pathways regulating stem cell pluripotency, and the Hippo signaling
pathway were found to be markedly enriched in the KEGG pathways of cis_targets (Figure 4A). According to the
novel classification of enrichment analysis, cis_targets were highly enriched in endocytosis and apoptosis pathways in
cellular processes, the Wnt and mTOR signaling pathways in environmental information processing, protein proces-
sing in the endoplasmic reticulum in genetic information pathways, cancer pathways and viral carcinogenesis in
human disease pathways, drug metabolism by cytochrome P450 and other enzymes in metabolism pathways, and
olfactory transduction and adrenergic signaling in cardiomyocytes in the organismal systems pathways (Figure 4B).

In terms of the KEGG pathways, trans_targets of EIncRNAs were principally involved in pathways related to cancer, the
PI3K-Akt signaling pathway, focal adhesion pathway, apoptosis pathway, cell cycle pathway, TNF signaling pathway, p53
signaling pathway, and fatty acid metabolism pathway (Figure S2A). We concluded that, based on the novel classification,
the dominant pathways in which trans_targets were involved were mostly responsible for endocytosis and regulation of the
actin cytoskeleton in cellular processes, the PI3K-Akt signaling pathway, and cytokine-cytokine receptor interaction in
environmental information processing, RNA transport in genetic information processing, pathways in cancer in human
diseases, and olfactory transduction and chemokine signaling in the organismal system pathways (Figure S2B).
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Crucial Signaling Pathways in DIC
Based on the analyses above, we can conclude that inflammation or senescence play a pivotal role in DIC. The
inflammation and senescence associated signaling pathways and networks are presented in Figure 5A and Figure 5B,
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Figure 5 The crucial signaling pathways. (A) The chemokine signaling pathway. (B) The cellular senescence signaling pathway. (C) The mTOR signaling pathway. (D) The
p53 signaling pathway.

respectively. The PI3K-Akt pathway and mTOR pathway were found to be markedly involved in the inflammation and
senescence pathways (Figure 5C). Intriguingly, these are in line with the GO and KEGG enrichment analyses. From the
Figure 5A-C, p53 is found not only central to DIC-related pathways, senescence and apoptosis, but also key to
exosome-mediated secretion, implying its significant role in DIC (Figure 5D). Moreover, it is known that inflammation
interacts with senescence. On the one hand, inflammation is a crucial factor for senescence and can accelerate it.***> On
the other hand, senescence can induce senescence-associated inflammatory response (SIR), which is dependent on p53
activity.*® Actually, senescence is a consequence of inflammation response, which is more dominant than senescence
in DIC.

The Verification Experiments in vitro
The above analyses suggested that injured cardiomyocytes can take up BMSC-Exos, which suppress the inflammatory
response or oxidative stress-induced cell death caused by DOX. The ElncRNAs from exosomes may contribute to these
rescue effects. To verify this hypothesis and our sequencing results, we performed a CCK-8 assay and found that
cardiomyocytes senescence or death induced by DOX was reversed by BMSC-Exos (Figure 6A). To verify BMSC-Exos
can downregulate the level of oxidative levels, we also detected the ROS levels in the NC, DOX, and BEC group. The
ROS level was increased in the DOX group and was reduced in the BEC group (Figure 6B). And the qRT-PCR results
show that cellular inflammation was inhibited in the BEC group (Figure 6C).

To verify whether exosomal IncRNAs were upregulated in the BEC group and whether the findings were plausible,
we selected the top-10 elevated IncRNAs in the sequence results for verification, including MSTRG.75967.15,
MSTRG.51708.15, MSTRG.98097.4, ENSMUST00000162380, MSTRG.94952.19, MSTRG.4585.1, MSTRG.79460.7,
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relative expression of MSTRG.58791.2 in each group. (M) The relative expression of MSTRG.12633.8 in each group. (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p
<0.0001.).

MSTRG.38414.10, MSTRG.58791.2 and MSTRG.12633.8. To this end, we extracted the total RNAs from the NC group,
DOX group, and BEC group of cells, and conducted qRT-PCR experiments for these genes (Figure 6D-M). Of these
IncRNAs, MSTRG.98097.4 and MSTRG.58791.2 were found to be reduced in the DOX group and increased in the BEC
group. The decrease in the DOX group may indicate that these EIncRNAs are protective regulators against DOX-

mediated injury, while the increase in the BEC group may indicate that they are released by exosomes. Thus, we
identified them as effector molecules in BMSC-Exos.

The IncRNA-mRNA Network of Candidate Regulatory IncRNAs and Core Genes
Mitigating DIC

As is analyzed in Figure 5, p53 has played a vital role during the pathophysiological processes of DIC. To explore other
crucial genes in DIC, we further identified the target genes of candidate IncRNAs, MSTRG.98097.4 and

MSTRG.58791.2, and drew a venn diagram (Figure 7A). Followingly, we constructed the IncRNA-mRNA network
and exhibited the core target genes (Figure 7B and Table 3).

The Verification Experiments in vivo

The exosome is cup-shaped in the photography (Figure 8A). The diameter distribution of exosome is about 100 nm
(Figure 8B). The treatment of exosomes is illustrated in Figure 8C. The survival rate of DOX+BMSC-Exos increased
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Figure 7 The IncRNA-mRNA network between two candidate IncRNAs and their target genes. (A) The common target genes of MSTRG.58791.2 and MSTRG.98097 4. (B)
The network and core genes involving in DIC.
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Table 3 The Target Genes of MSTRG.58791.2 and MSTRG.98097.4

LncRNA Target Genes Common Target Genes

MSTRG.58791.2 | SIfn4, Pdgfb, Hk2, Cd52, Ccl3, Acp5, lI7r, Ndrgl, Mmp8, Pdgfb, Hk2, Cd52, Ccl3, Acp5, II7r; Ndrgl, Mmp8, Atpla2,
Atpla2, Rarres2, Kenql, Cox4i2, Cybb, Ncfl, Cd274, Aldoc, | Rarres2, Kenql, Cox4i2, Cybb, Ncfl, Aldoc, Ccl4, Adarbl,
Ccl4, Adarbl, Pfkl, Tppp, Fyb, Cd86, Wntl0b, Ache, Tpil, Pfkl, Tppp, Fyb, Cd86, Wntl0b, Ache, Tpil, Slc5a7, Vegfa,

Slc5a7, Vegfa, Sikl, C3, Slc15a3, Slcl6a3, Gpr35, Slamf9, Trafl, | Sikl, C3, Slc15a3, Slcl6a3, Gpr35, Slamf9, Psd4, Il rn, Sema4a,
Psd4, Il1rn, llla, Sema4a, Car9, Pramefl2, Slc10a6, Clec5a, Car9, Pramef12, Slcl0aé, Plbdl, ltgal, Arhgap4, Egnl, Oas3,

Plbdl, Corola, Itgal, Arhgap4, EgInl, Oas3, Nirp3, Rac2, NIrp3, Rac2, Rasd2, Uncl3a, Igsf6, Egin3, AbhdI8, Tgm2,
Rasd2, Uncl 3a, Igsf6, Egn3, Abhd18, Tgm2, Prdml, Metrnl, Prdml, Metrnl, Dock3, Fmo2, Milrl, Atpla3, Atplb2, Kif2lb,
Dock3, Fmo2, Milrl, Atpla3, Atplb2, Kif21b, Efhcl, Treml, Efhcl, Treml, Duspl5, Mrap2, Ccrl2, Smtnl2, Mmp10,
Duspl5, Mrap2, Ccrl2, Smtnl2, Mmpl10, Tmem196, C5arl, Tmem|196, Cbarl, Tifab, NIrp10, Oprdl, Rtn4rl2, Spn,

Tifab, NIrp10, Oprdl, Rtn4rl2, Spn, Cysltrl, Prelid2, Osm, Cysltrl, Prelid2, Osm, Ldha, Cenpm, Gm8225, Selenbpl,

Ldha, Cenpm, Gm8225, Selenbp|, Tmem35b, Tigit, Csf2rb, Tmem35b, Tigit, Csf2rb, Cpnel, Gal3st4, Slfnl, Tmem|82,
Cpnel, Gal3st4, Slfnl, Tmem|82, Bcl2alb, Bcl2ald, Bcl2ala, | Bcl2alb, Bcl2ald, Bcl2ala, Gm43720
Gm43720

MSTRG.98097.4 | Pdgfb, Hk2, Cd52, Ccl3, Acp5, Tbcld8, Cp, II7r, Cd33, Pgf,
Slc2a9, Ndrgl, Mmp8, Pdkl, Atpla2, Rarres2, Kcnql, Cox4i2,
Hyall, Exoc3I2, Aldhla3, Cybb, Ncfl, Ift27, Aldoc, Stac2,
Myhl 1, P4ha2, Ccl4, Plod|, Argl, Adarbl, Pfkl, Fstl3, Adcy2,
Tppp, Thbs4, Eroll, Ednrb, Fyb, Efs, Tgm|, Gtsel, Samsnl,
Cd86, Wntl0b, Bsg, Ache, Tpil, Slc5a7, Vegfa, Sikl, C3, Lvrn,
Lox, Slc15a3, Csté, VIdIr, Slcl6a3, Adam8, Alox5, Gpr35,
Slamf9, Psd4, lllrn, Prrg4, Gss, Wisp2, Efna3, Sema4a, Car9,
Ak4, Pramef|2, Slc2al, Sytll, Ppp2r2c, Slcl10a6,
1700003E16Rik, Plbdl, Itgal, Mmp15, EgInl, Stl4, Pdgfd,
4833427G06Rik, Trf, NlIrp3, Rac2, Dpyd, Rasd2, Celf5, Igsf6,
EgIn3, Prtg, Slc18al, Pafah2, Tgm2, Zfp365, Pln, Metrnl,
Dock3, Maob, Thbsl, Fmo2, Nxph4, Milrl, Cmtm5, Atpla3,
Atplb2, Kif21b, Efhcl, Trem|, AA986860, Dusp|5, Apobr,
Mrap2, Foxfl, Mmp3, Ccrl2, Kenj4, Slprl, Smtnl2, Adamtsé,
Nexmif, Dusp28, Mmp|0, Stbdl, Palm3, Tmem196,
Tmem?229a, Zbtb8b, C5arl, Scn3b, Tifab, Nirp10, Ppplr3g,
Oprdl, Rtn4rl2, Ankrd37, Ppplr36, Cysltrl, Gprl4l,
Arhgap20, Cthrcl, Trigk, Prelid2, Uspl3, Lmcdl, Nkx2-9,
Osm, Pgkl, Ldha, Enol, Hhip, Cenpm, Gm8225, Gm4841,
Trp53il I, Selenbpl, Tmem35b, Tigit, Csf2rb, Fam|96a, C5ar2,
Cpnel, Paké, Gal3st4, Sifnl, Naip2, Bcl2alb, Secl4l5,
Gm7942, Bcl2ald, Bcl2ala, Gm43720, Zscan4-ps|

(Figure 8D). And the fibrosis of cardiomyocytes decreased (Figure 8E) in the DOX+BMSC-Exo group compared with
DOX group. The results of gqRT-PCR showed that inflammation-related mRNAs (IL-1p, IL-6) were repressed in the
BMSC-Exo group (Figure 8F and G). And the expression of MSTRG.58791.2 decreased in the heart tissue in the DOX
group and increased in the DOX+BMSC-Exo group. While the expression of MSTRG.98097.4 is contrary to the
MSTRG.58791.2 (Figure 8H and I). Finally, we summarized the process of our study in Figure 9.

Discussion

At present, cardiovascular disease and cancer are the top two killers threatening human health. The side effects of DOX
on the heart are called doxorubicin-induced cardiotoxicity (DIC). Clinical manifestations of cardiotoxicity, such as
arrhythmia, myocarditis, and heart failure, greatly limit the clinical use of DOX.
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Figure 8 The verification experiments in vivo. (A) Exosomes photographed by transmission electron microscopy (TEM). (B) The nanoparticle diameter identified by NTA.
(€) The schematic design of animal experiment. (D) The survival rate of different groups (p<0.05). (E) The Sirius Red Staining. (F) The relative expression of IL-1B. (G) The

relative expression of IL-6 in each group. (H) The relative expression of MSTRG.58791.2 in each group. (I) The relative expression of MSTRG.98097.4 in each group. (*p <
0.05; ¥p < 0.01; **p < 0.001; ****p < 0.0001).

Currently, the only recognized drug that prevent doxorubicin-induced cardiotoxicity (DIC) is dexrazoxane (DZR), but
its effect is limited and there is a risk of secondary tumor or bone marrow suppression of DZR. It is vital to elucidate the
pathogenesis of DIC and find effective therapeutic targets for the prevention and treatment of DIC.

Studies have shown that reactive oxygen species (ROS) or oxidative stress plays a central role in the emergence of
DIC, which causes damage to cells and release cytokines that activate inflammation response.*” Except nanoparticles’
anti-inflammatory and therapeutic characteristic,*®*’ the therapeutic role of mesenchymal stem cells derived exosomes
on the heart has been confirmed.>® In this study, we compared the differential expression of IncRNAs between the DOX
and BEC group and identified 169 IncRNAs were elevated (EIncRNAs) in the BEC group compared with the DOX
group. The target genes of EIncRNAs were predicted by two different methods based on the positional relationship and
expressive relationship, obtaining cis_targets and trans_targets, respectively.

The GO analysis of cis_targets displayed that they were particularly correlated with negative regulation of inflamma-
tion, such as negative regulation of tumor necrosis factor production, negative regulation of macrophage activation,
negative regulation of interleukin-1 beta production, regulation of lymphocyte of migration and negative regulation of
nitric-oxide synthase, suggesting that oxidative stress and inflammation play pivotal roles in DIC. The results were also
in line with the previous studies.”' >*

The KEGG analysis of cis_targets revealed that the Wnt pathway, mTOR pathway, and Hippo pathway were involved
in the regulation of DIC. The Wnt pathway was reported to be involved in the process of arrhythmic cardiomyopathy,>*
cell cycle and proliferation.’> The mTOR pathway has been reported to be a key pathway in DOX-induced
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Figure 9 The whole process of the study.

cardiomyopathy.* The Hippo pathway can modify physiological processes of cardiomyocytes, including development,
proliferation, and signal transmission, and can be targeted to promote regeneration of cardiomyocytes.’®>’ These

pathways may be explored for regulating DIC.

While trans targets were primarily enriched in the biological process (BP) of apoptosis, intracellular transport and
Golgi vesicle transport. The Golgi complex assists the late sorting endosome to form the multivesicular body of
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exosomes, which are then released from the host cells into extracellular fluid through exocytosis and fuse with recipient
cells, releasing their cargoes.'' The results of BP supported the hypothesis that trans_targets may participate in the
biogenesis of exosomes, which executed the therapeutic functions for DIC. The pathways identified in the aspect of
molecular function (MF) of GO show that trans_targets mainly participate in the activities of ATP binding and enzyme
binding, which may supply the energy for exosomes biogenesis.

The KEGG analysis of trans_targets indicated that they mainly take part in pathophysiological activities of cancer,
cell cycle, apoptosis, and fatty acid metabolism. It is known that oxidative stress can induce inflammation and apoptosis.

38.5% which is iron-

Also, fatty acid metabolism is closely related to inflammation, its dysfunction can induce ferroptosis,
dependent and likely to occur in DIC.> The enrichment of fatty acid metabolism pathways may be related to the
regulation of ferroptosis by exosomal IncRNAs. Furthermore, trans_targets were also shown to enrich in the PI3K-Akt
signaling pathway, TNF signaling pathway, and p53 signaling pathway. PI3K-Akt is not only associated with inflamma-
tion (Figure 6A), but also is related to the regeneration of cardiomyocytes, along with the Wnt and Hippo signaling
pathways.”” In addition, PI3K-Akt, mTOR, and p53 pathways construct to establish a complex network of cell
senescence (Figure 6B). P53 is a tumor suppressor protein that also plays a role in programmed cell death, including
apoptosis, senescence, and ferroptosis, and is key to the regulation of the PI3K-Akt pathway and Wnt pathway
(Figure 6A-D). The PPI network provide a whole picture of interaction between candidate IncRNA-mRNA. The
common target genes facilitated us to identify the key genes or pathways.

Combining the results of enrichment analyses of cis_targets and trans_targets, we deduced that exosomes secreted by
BMSCs are likely to rescue the DOX-injured cardiomyocytes by releasing IncRNAs. Our verification assays showed that
exosomes derived from BMSC potently increased the viability, reduced oxidative stress and inhibited the inflammation
response in DOX-injured cardiomyocytes, supporting previous reports,’”®' and qRT-PCR results substantiated that
MSTRG.98097.4 and MSTRG.58791.2 down-regulated in the DOX group and up-regulated in the BEC group. But in
animal experiments, only the expression of MSTRG.58791.2 was consistent with the cell experiment, the expression of
MSTRG.98097.4 is contrary to the cell experiment. The reason may be that both myocardial fibroblasts and cardiomyo-
cytes consist of the heart. When we extracted RNA from the heart tissues, it is unavoidable that the RNA of fibroblasts
interfers with the results. This interference may be more obvious for MSTRG.98097.4. Although the result of
MSTRG.98097.4 is contrary to the cell experiment, but it is not meaningless, which is also shown that exosomes
execute the therapeutic role for DIC. The pathway may be via mediating IncRNAs in the cardiomyocytes instead of
releasing by exogenous exosomes.

There are some limitations in this study. Firstly, the sequencing method is indirect, and we cannot be sure that the
ElncRNAs are exactly derived from exogenous exosomes although there are some evidences pointing that the EIncRNAs
are from the BMSC-Exos. Future work should be concentrated on labeling the candidate IncRNAs in exosomes from host
cells to visualize their movement. Additionally, it is crucial to perform loss-and-gain experiments to verify the function of
ElncRNAs.

Conclusion

Bone marrow mesenchymal stem cell-derived exosomes inhibit the inflammatory response of cardiomyocytes by
mediating IncRNA, thereby alleviating DIC. In addition, a kind of IncRNA, MSTRG.58791.2, which may be derived
from exosomes and regulate DIC, was preliminarily screened out in this study for further study.
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stem cells-derived exosomes; BP, biological process; CC, cellular component; DIC, doxorubicin-induced cardiotoxicity;
DOX, doxorubicin; DZR, dexrazoxane; EIncRNA, elevated IncRNAs; GO, Gene Ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes; IncRNA, long non-coding RNAs; MF, molecular function; SIR, senescence-associated inflam-
matory response.
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