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Human umbilical cord mesenchymal stromal cell-derived extracellular vesicles
(HUMSC-EVs) can repair damaged tissues. The expression profile of circular RNAs
(circBRNAs) provides valuable insights into the regulation of the repair process and
the exploration of the repair mechanism. AC16 cardiomyocytes were exposed
to hypoxia/reoxygenation (H/R) injury and subsequently cultured with or without
HUMSC-EVs (Group T and Group C, respectively). High-throughput RNA sequencing
was implemented for the two groups. On the basis of the transcriptome data, gene
ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and
network analyses were carried out to determine the differential gene expression
profiles between the two groups. After screening the circRNA database, the results
were proved by quantitative real-time polymerase chain reaction. The survival rate of
cardiomyocytes exposed to H/R was increased by treatment with HUMSC-EVs. RNA-seq
analysis showed that 66 circRNAs were differentially expressed in cardiomyocytes in
the co-cultured group. The cellular responses to hypoxia and to decreased oxygen
levels were at the top of the GO upregulated list for the two groups, while the vascular
endothelial growth factor signaling pathway, long-term potentiation, and the glucagon
signaling pathway were at the top of the KEGG pathway upregulated list for the two
groups. In the same samples, the 10 most aberrantly upregulated circRNAs were chosen
for further verification of their RNA sequences. Seven of the 10 most aberrant circRNAs
were significantly upregulated in the co-cultured group and in the HUMSC-EVs. Our
results revealed that upregulated circRNAs were abundant during the repair of damaged
cardiomyocytes by HUMSC-EVs, which provides a new perspective for the repair of H/R
by HUMSC-EVs.

Keywords: circular RNA, AC16 human cardiomyocytes, human umbilical cord mesenchymal stromal cell-derived
extracellular vesicles, hypoxia/reoxygenation injury, repair
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miRNA: microRNA.

FIGURE 5 | circRNA-miRNA network diagram. The triangle nodes and circular nodes represent circRNA and target miRNAs, respectively. CircRNAs: circular RNAs.

long-term potentiation, and the glucagon signaling pathway
(Figure 4B).

Prediction of circRNA-miRNA-mRNA

Based on the competitive endogenous RNA (ceRNA) theory,
the first 10 most aberrantly upregulated circRNAs were chosen
to construct a circRNA-miRNA network diagram. As shown in
Figure 5, the network diagram contained 10 circRNAs and 2070
miRNAs. To investigate whether the VEGF signaling pathway is

regulated by ncRNAs, we predicted the targeted miRNAs in the
VEGF signal pathway using multiMiR and identified 14 miRNAs
that targeted two genes involved in the VEGF signal pathway,
namely PIK3CD and PTGS2 (Figure 6).

DISCUSSION

Myocardial ischemia/reperfusion injury is characterized by
cardiac damage as a result of restriction and subsequent
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FIGURE 6 | circRNA-miRNA-VEGF signal pathway network diagram. CircRNAs: circular RNAs. miRNA: microRNA.
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restoration of blood supply to myocardium. Accumulation of
reactive oxygen species (ROS) production and endoplasmic
reticulum (ER) stress prominently contribute to the cell death
in myocardial ischemia/reperfusion injury (20).Our previous
research indicated that HuMSC-EVs could protect cardiac cells
against H/R injury. MSC-derived EVs are considered to promote
the repair of damaged tissues by forming abundant bioactive
compounds such as microRNA and IncRNA (21). In this study,
circRNAs are found abundantly expressed and upregulated
during the repair of cardiomyocytes by co-cultured HuMSC-
EVs following H/R injury. This result suggests that circRNAs
may play a vital role in the therapeutic effect of HuMSC-EVs on
cardiomyocytes after H/R injury.

Previous studies have suggested that circRNAs are related
to tissue repair. Sun et al. (22) used microarray analysis to
identify nine key circRNAs that were significantly increased
during the Wharton’s jelly-derived mesenchymal stem cell repair
of damaged human endometrial stromal cells. Wu et al. (23)
also reported 29 upregulated and 34 downregulated circRNAs
in heart tissue following heart failure induced by myocardial
infarction. In another study, Li et al. (24) used RNA-seq analysis
to identify six significantly altered circRNAs during the repair of
liver injury. Collectively, these data show that circRNAs act as key
regulators of the biological and pathogenic process of damaged
tissue repair. However, whether circRNAs play a part in the repair
of cardiomyocytes that suffer H/R injury remains unclear.
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High-throughput RNA sequencing was employed to screen
for DECs following culture with or without HuMSC-EVs. Sixty-
six significant DECs were detected, 33 of which were upregulated,
and 33 of which were downregulated. Then we paid attention
to the 10 upregulated circRNAs in Group T with the largest
FCs in expression. Seven of these 10 circRNAs were abundantly
expressed in the HuMSC-EVs. We also found that PKH26-
labeled HuMSC-EVs were internalized by cardiomyocytes.
Therefore, it would be logical to conclude that the circRNAs were
delivered from the HuMSC-EVs to the cardiomyocytes, leading
to the elevated expression of circRNAs in the cardiomyocytes.

GO and KEGG pathway analyses were carried out to
investigate the biological function and relevant pathways of
the upregulated circRNAs. In this study, important biological
functions, such as cellular response to hypoxia, cellular response
to decreased oxygen levels, and cellular response to oxygen
levels determined through GO analysis, as well as significant
pathways such as the VEGF signaling pathway and glucagon
signaling pathway estimated from KEGG pathway analysis,
were implicated in several physiological and pathophysiological
activities related to anoxia. For example, VEGF is an angiogenic
growth factor that can stimulate the proliferation, differentiation,
and survival of vascular endothelial cells. Several experiments
have indicated that VEGF plays a cardio-protective role in
myocardial I/R injury (25, 26). Further, most of the host
genes of the seven validated circRNAs, such as ATXNI0,
FAMI126A, SBDS, PICALM, and FTO, are closely associated
with cell survival, cell proliferation, and cell differentiation
(27-31). These results indicated that the upregulated circRNAs
were derived from cell development genes related to cell
proliferation, which may play an important role in the
cardio-protection of HuMSC-EVs.

CircRNAs may regulate the function of miRNAs by acting as
ceRNAs (32). We found that the VEGF signaling pathway was
involved in the cardio-protection of HuMSC-EVs. Therefore,
we constructed a circRNA-miRNA-VEGF signaling pathway
regulatory network for upregulated circRNAs based on
the ceRNA theory (Figure6). The results showed that two
upregulated circRNA-targeted mRNAs were differentially
expressed. PTGS-2, one of the circRNA-targeted mRNAs, also
called cyclooxygenase (COX)-2, was increased significantly in
response to a variety of stimuli, including IR injury (33).Further
investigation of the gene function revealed that PIK3CD,
another circRNA-targeted mRNAs, has been reported to play
a protective role in renal ischemia-reperfusion injury via
activating the PI3K/Akt signaling pathway (34). Combining
our previous study results, we propose that the upregulated
circRNAs may act as miRNA sponges and release PIK3CD
before activating the PI3K/Akt signaling pathway. However,
confirmation of the circRNA/miRNA/PIK3CD association and
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