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1  | INTRODUC TION

Mesenchymal stem cells (MSCs) are adult stem cells that are pres‐
ent in various tissues of the human body and are characterized by 

self‐renewal, multiple differentiation potential, immunosuppres‐
sion, and easy transfection. These characteristics make MSCs the 
ideal seed cells for regenerative medicine and as gene therapy vec‐
tors.1,2 MSCs are the second type of adult stem cells used for clinical 
treatment. There are many types of MSC‐based therapies for the 
treatment of various diseases, and additional preclinical and clini‐
cal studies are underway. Currently, there are 864 clinical trials in‐
volving MSCs registered at clinicaltrials.gov. Most studies have used 
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Background: Hypoxic preconditioning alters the biological properties of mesenchy‐
mal stem cells (MSCs). It is not known whether this process has an effect on circular 
RNAs (circRNAs) in MSCs.
Methods: Human placental chorionic plate‐derived MSCs (hpcpMSCs) isolated from 
the same placentae were classed into two groups: hypoxic pretreated (hypoxia) group 
and normally cultured (normoxia) group. The comparative circRNA microarray analy‐
sis was used to determine circRNAs expression and verified by quantitative reverse‐
transcription polymerase chain reaction (qRT‐PCR) in the two groups.
Results: One hundred and two differentially expressed circRNAs in the hypoxia 
group were found compared to that in the normoxia group (fold change >1.5‐fold and 
P < 0.05). The expression levels of circRNAs by qRT‐PCR were consistent with those 
evaluated by microarray analysis. Gene ontology (GO) analysis showed that the puta‐
tive function of their target genes for those differentially expressed circRNAs was 
primarily involved in cell development and its differentiation and regulation. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that tran‐
scriptional misregulation in cancer and mitogen‐activated protein kinase (MAPK) 
signaling pathway were the most significant. MAPK signaling pathway was found to 
be the core regulatory pathway triggered by hypoxia.
Conclusions: The results indicate that the altered expression of specific circRNAs in 
MSCs is associated with hypoxic preconditioning. This finding provides further ex‐
ploration of underlying mechanisms of the characteristic changes of MSCs with hy‐
poxic preconditioning.

www.wileyonlinelibrary.com/journal/jcla
mailto:﻿
https://orcid.org/0000-0002-0161-6590
mailto:wsqone@163.com


2 of 8  |     SUN et al.

bone marrow‐derived MSCs, but placenta‐derived MSCs are easy to 
isolate and culture. Placental tissue provides an ideal source of MSCs 
due to its large size and the fact that it can be acquired without any 
ethical issues.3 hpcpMSCs have better expansion potential and ho‐
mogeneity than other sources of MSCs.4,5 Studies have shown that 
the biological characteristics of MSCs are affected by various fac‐
tors present during their isolation and culture. Hypoxia is one of 
these factors and is known to have certain effects on the cell cycle, 
proliferation, apoptosis, migration, and differentiation of MSCs.6,7

CircRNAs are a class of endogenous RNA molecules that do not 
have a 5′‐end cap and a 3′‐end poly(A) tail. Their ends are linked by the 
3′‐5′ phosphodiester covalent bonds to form the circular structures. 
Sanger et al8 discovered circRNAs in the 1970s. However, the number 
of circRNA studies has decreased after several decades. Advancement 
of high‐throughput sequencing technology and bioinformatics has en‐
abled circRNAs to recently become one of the research hot spots in 
the field of biomedicine.9 Studies have shown that irregular expression 
of circRNAs is associated with an imbalance in certain homeostatic 
processes; moreover, circRNAs participate in the pathophysiological 
process of aging, development, and disease progression.10,11 Several 
studies have demonstrated that circRNAs are abundant in the stem 
cells and can act as a molecular “sponge” to regulate the characteris‐
tics and differentiation of the stem cells.12-14 As reported by Yu et al,15 
circBIRC6 competitively binds to miR‐34a and miR‐145 and is involved 
in the regulation of stem cell pluripotency in the embryonic stem cells. 
A few reports described a role played by circRNAs in physiological 
processes of MSCs. Maass et al16 reported expression of distinct and 
specific circRNAs in MSCs as well as in chondrocytes, osteoblasts, 
and vascular smooth muscle cells differentiated from MSCs. Li et al17 
revealed that estrogen receptor β regulates osteogenic differentiation 
of MSCs through the 2:27713879/27755789/2:240822115/240867
796‐miR‐328‐5p‐mRNA axis. Zhang et al18 uncovered numerous cir‐
cRNAs differentially expressed during BMSC osteogenic differentia‐
tion. The parental genes of these circRNAs were associated with bone 
formation, suggesting that the differentially expressed circRNAs and 
their putative miRNAs were involved in the osteogenic differentiation 
of MSCs. The effect of hypoxic preconditioning on the expression of 
circRNAs in MSCs has not been reported.

In this study, microarray analysis was used to compare circRNAs 
expressed in MSCs cultured under normoxia and hypoxia conditions. 
Differential expression of circRNAs was validated by qRT‐PCR. Five 
highly matched miRNAs were assigned to each differentially expressed 
circRNA, and the circRNA‐miRNA networks were constructed. The 
target gene of each predicted miRNA was subjected to GO analysis for 
functional prediction and pathway enrichment, and the core pathway 
was analyzed based on the interactions among pathways.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

According to routine laboratory methods, hpcpMSCs were iso‐
lated, cultured, and consistent with the MSCs as defined by the 

International Society for Cell Therapy. The process includes ob‐
taining the placentas after normal cesarean section, sectioning the 
chorionic plate, isolation of the cells using trypsin digestion (Gibco, 
Gaithersburg, MD), and inoculation of the cultures in the T75 flasks 
(Corning, Cambridge, MA). Fibroblast‐like cells were cultured in 
DMEM/F12 (Gibco) containing 10% serum (Gibco). Cell surface mark‐
ers were detected with corresponding antibodies (BD Biosciences, 
San Jose, CA). According to the manufacturer’s instructions (Gibco), 
osteogenic and adipogenic differentiation markers were detected. 
Then, hpcpMSCs were proven to be purely fetal‐derived MSCs using 
short tandem repeat PCR (data not shown). After the P3 generation 
cells reached 80% confluence, cells were cooled by a programmable 
cooler (Planer, Sunbury, UK) and cryopreserved in liquid nitrogen at 
1 × 106 cells/mL/tube. The human placenta protocol was approved 
by the Ethics Committee of the Guangzhou Women and Children’s 
Medical Center, and the mothers provided the written informed con‐
sent. In this study, three tubes of P3 hpcpMSCs from different ma‐
ternal placentas were rewarmed in a 37‐42°C water bath and then 
inoculated in the T75 flasks; these P4 cells were incubated at 37°C 
in a humidified chamber (Labotect, Göttingen, Germany) at 21% O2. 
The cells were cultured to 80% confluence, digested, passaged, and 
propagated into the P5 cells at a 1:2 ratio. One T75 flask was placed 
in a 21% O2 incubator for the normoxia group, and another T75 flask 
was cultured in a 1% O2 incubator for the hypoxia group.

2.2 | RNA extraction

When the P5 hpcpMSCs cells in the hypoxia and normoxia groups 
reached 70%‐80% confluence, cells were washed with saline so‐
lution, and the total RNA was extracted with TRIzol (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s instructions. The total 
RNA was purified by the RNeasy Mini Kit (Qiagen, Hilden, Germany), 
and the RNA was quantified and analyzed by Nanodrop ND‐1000 
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). The 
purity and integrity of the RNA were detected by formaldehyde de‐
naturing agarose gel electrophoresis.

2.3 | Labeling and microarray hybridization

Microarray hybridization was performed according to the manufac‐
turer’s procedure (Arraystar, Rockville, MD). Briefly, the total RNA of 
6 specimens was treated with RNase R (Epicentre, Madison, WI) to 
remove linear RNA molecules and enrich circRNAs. Then, circRNAs 
were amplified and transcribed into the fluorescently labeled cRNA 
with random primers using the Arraystar Super RNA Labeling Kit 
(Arraystar). The fluorescently labeled cRNA was purified using the 
RNeasy Mini Kit, and the concentration and specific activity of the 
labeled cRNA were detected by Nanodrop ND‐1000 spectrophotom‐
eter. A total of 1 µg of labeled cRNA, 5 μL of 10× blocking agent, and 
1 μL of 25× fragmentation buffer were mixed and incubated at 60°C 
for 30 minutes. Finally, 25 μL of 2× hybridization buffer was added to 
dilute the fluorescently labeled cRNA. A total of 50 μL of the hybridi‐
zation solution was loaded on the microarray and incubated at 65°C 
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for 17 hours in an Agilent Hybridization Oven (Agilent Technologies, 
Santa Clara, CA). The hybridized arrays were fixed after washing and 
scanned with an Agilent Scanner G2505C (Agilent Technologies).

2.4 | Data analysis

The microarray scan images were imported into the Agilent Feature 
Extraction software (Agilent Technologies). The raw data from the 
circRNAs microarray were extracted, and the quantile normalization 
of the raw data and the data analysis were performed using the R 
software limma package (R Foundation for Statistical Computing, 
Vienna, Austria). The statistical significance of differences was es‐
timated by paired t test. CircRNAs with fold changes ≥1.5 times and 
P < 0.05 were defined as being differentially expressed.

2.5 | Quantitative reverse transcription‐
PCR validation

Nine differentially expressed circRNAs were selected, and their tar‐
get miRNAs were predicted to be expressed in MSCs and influence 
the biological characteristics of MSCs. Using β‐actin as an internal 
reference, qRT‐PCR was performed by the SYBR Green method. The 
RNA (1 µg) was reverse‐transcribed into cDNA according to the in‐
structions of the PrimeScript reverse transcription kit (Invitrogen), 
and circRNA expression levels were evaluated on a ViiA 7 real‐time 
PCR System (Applied Biosystems, Foster City, CA) using specific re‐
action primers (Appendix S1). All amplification dissolution curves had 
single peaks, revealing no nonspecific amplification, and the experi‐
ment was performed in triplicate. The average Cq value of each sam‐
ple was recorded. The qRT‐PCR results were analyzed by the relative 
quantitative 2−ΔΔCq method. The target circRNA expression levels in 
the hypoxia group were normalized to those in the normoxia group.

2.6 | Bioinformatics analysis

For each differentially expressed circRNA, circRNA and microRNA 
interaction predictions were performed with Arraystar’s homemade 
miRNA target prediction software based on TargetScan & miRanda.19 
The miRNA target genes were predicted using the TargetScan 7.1 
and mirdb V5 databases. The target gene predictions had to be con‐
sistent across both databases. The putative genes were subjected to 
GO analysis (website http://www.geneontology.org) and to pathway 
enrichment analysis (website http://www.genome.ad.jp/kegg). The 
pathway‐pathway interaction network analysis was used to evalu‐
ate the interactions among pathways.20 The circRNA‐microRNA 
networks and the pathway‐pathway interaction networks were 
generated using the Cytoscape V3.6.0 software (The Cytoscape 
Consortium, San Diego, CA).

2.7 | Statistical analysis

Data are presented as the mean ± standard deviation. All ex‐
periments were performed at least three times. The statistical 

significance of the differences between the groups was estimated 
with the paired t test. The R software limma package was used for 
the analysis. P < 0.05 was considered significant.

3  | RESULTS

3.1 | CircRNA expression profiles

In this study, the hypoxia group included three specimens, and the 
normoxia group also included three specimens. Out of 13 617 cir‐
cRNAs on the microarray, the expression profiles of 12 114 human 
circRNAs were obtained by the microarray analysis using the sam‐
ples from the hypoxia and the normoxia groups (Appendix S2). 
Differentially expressed circRNAs were identified using volcano 
plots and scatter plots based on fold change >1.5 and P < 0.05 
(Figure 1A,B). Hierarchical cluster analysis revealed 102 circRNAs 
differentially expressed between the two groups. Compared with 
the expression levels of circRNAs in the normoxia group, the expres‐
sion levels of 85 circRNAs in the hypoxia group were upregulated, 
and 17 circRNAs were downregulated in the hypoxia group vs the 
normoxia group; the changes were over twofold in 27 cases, and all 
these cases were upregulated (Figure 1C and Appendix S3). Among 
these circRNAs, hsa_circRNA_402986, hsa_circRNA_000317, 
and hsa_circRNA_062003 were upregulated, whereas hsa_cir‐
cRNA_000310, hsa_circRNA_403519, and hsa_circRNA_103901 
were downregulated with the highest fold differences.

3.2 | Microarray result validation

To validate the results of the microarray analysis, the expression lev‐
els of nine circRNAs (hsa_circRNA_002415, hsa_circRNA_102700, 
hsa_circRNA_104981, hsa_circRNA_402986, hsa_circRNA_005232, 
hsa_circRNA_103145, hsa_circRNA_104833, hsa_circRNA_102854, 
and hsa_circRNA_103859) were detected by qRT‐PCR in hpcpM‐
SCs of the hypoxia and normoxia groups. The expression levels of 
circRNAs were consistent with those obtained in the comparative 
microarray hybridization analysis (Figure 2), confirming the reliability 
of the data.

3.3 | Bioinformatics analysis

Five high‐valued miRNA targets were predicted for each differen‐
tially expressed circRNAs using Arraystar’s homemade miRNA target 
prediction software according to specific base pairing. A circRNA‐
miRNA network was constructed for nine circRNAs (Appendix S4). 
The Gene Ontology (GO) analysis of the predicted target genes de‐
tects the putative functions of the target genes (Appendix S5). In 
the biological process of GO analysis, the most enriched GO terms 
are “developmental process” and “nervous system development.” 
Other enriched terms include “multicellular organism development,” 
“cellular developmental process,” and “positive regulation of cellular 
process” (Figure 3). The KEGG analysis showed four meaningful en‐
richment signal pathways (P < 0.05 and false discovery rate <0.05; 

http://www.geneontology.org
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Figure 4, Appendix S6), with the pathways “transcriptional misreg‐
ulation in cancer” and “mitogen‐activated protein kinase (MAPK) 
signaling” being the most significant. The constructed pathway in‐
teraction network was evaluated for pathway‐pathway interactions 
(Figure 5). The MAPK signaling pathway was at the core of these 
interactions.

4  | DISCUSSION

Oxygen maintains metabolism and function of the cells and is es‐
sential for almost all life forms. The effect of oxygen tension on 
cellular biological behavior is the most prominent of a series of in‐
fluencing factors, and it is simple and easy to control the biological 

F I G U R E  1  CircRNAs expression profiles in hypoxia group and normoxia group. A, Scatter plots of circRNAs expression profiles in 
hypoxia group and normoxia group. The values on the X and Y axes in the scatter plot are the normalized signal values of the samples (log2 
scaled). The green lines correspond to 1.5‐fold changes. B, Volcano plots of circRNAs expression profiles in hypoxia group and normoxia 
group. Red dots represent differentially expressed circRNAs (fold change >1.5‐fold and P < 0.05). C, Heat map of circRNAs differentially 
expressed between hypoxia group and normoxia group
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behavior of the cells by controlling oxygen tension.21 The discovery 
of hypoxia‐inducing factors in the 1990s gave rise to a new under‐
standing of the effects of hypoxia in the body.22 The effect of hy‐
poxia on the biological characteristics of MSCs and its application 
in regenerative medicine are not negligible.6,7 Studies have shown 
that hypoxia affects cell cycle, apoptosis, migration, proliferation, 
and differentiation of MSCs. Hypoxic preconditioning can be used 
as an effective means to overcome the shortcomings of the bio‐
logical characteristics of MSCs, such as slow proliferation, low mo‐
bility after transplantation, and gene instability, and can improve 
the effectiveness and safety of clinical application of MSCs. It is 
very important for studies of applications of MSCs in regenerative 
medicine.23,24

Competitive endogenous RNAs (pseudogene transcripts, ln‐
cRNAs, and circRNAs) are one of the hot spots of biomedical research, 
functioning to regulate gene expression by competitively binding the 
miRNA response elements.25 The studies of circRNAs mainly focus on 
the field of cancer, and circRNAs are involved in the development of 
tumors.26 There are few reports on the physiological processes involv‐
ing circRNAs in MSCs. Li et al17 reported that estrogen receptor β reg‐
ulates osteogenesis of MSCs through the 2:27713879/27755789/2:2
40822115/240867796‐miR‐328‐5p‐mRNA axis. CircRNAs and their 
interacting miRNAs play an important role in the osteogenic differ‐
entiation of BMSCs.18 Numerous studies reported the effects of miR‐
NAs on MSCs that involve cell cycle, proliferation, differentiation, and 
migration of MSCs.27,28 It has been reported that miR‐21 is strongly 

F I G U R E  2  qRT‐PCR validation of 
expression levels of circRNAs identified 
by microarray analysis. The error bar 
stands for standard deviations

F I G U R E  3   Top 10 significant GO 
biological processes of the target genes 
of miRNAs interacted with differentially 
expressed circRNAs
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expressed in MSCs and promotes osteogenic and adipogenic differen‐
tiation by regulating BMPR2, SPRY1, TGFBR2, and BMP, inhibits cell 
proliferation by regulating Sox2, and regulates PDCD4, SPRY1, SPRY2, 
and PTEN to enhance cell survival and to protect mitochondrial func‐
tion from mitochondrial apoptosis.29,30 miR‐27b inhibits the migration 
of MSCs by regulating the expression of SDF‐1α, inhibits adipogene‐
sis by targeting transcription factors PPARγ and C/EBPα, and affects 
osteogenic differentiation by regulating APC, SATB2, and GCA.31,32

In this study, comparison of the expression levels of circRNAs 
in the hypoxia and the normoxia groups identified 102 differen‐
tially expressed circRNAs; 85 circRNAs were upregulated, 17 were 
downregulated, and 27 were upregulated by more than twofold. 
These differentially expressed circRNAs may be involved in var‐
ious biological processes and molecular regulatory mechanisms 
of hpcpMSCs under hypoxic conditions. Bioinformatics analyses 
revealed the target binding sites of differentially expressed cir‐
cRNAs and predicted the interactions of miRNAs with their pu‐
tative genes. GO analysis indicated that cell development and 
regulation of cell development are two of the main functions of 
differentially expressed circRNAs. hsa_circRNA_005232 and 
hsa_circRNA_102700 act on miR‐27a‐3p and miR‐27b‐3p, respec‐
tively. hsa_circRNA_102854 acts on miR‐21‐3p. Signal pathway 
enrichment analysis revealed that “transcriptional misregulation 
in cancer” and “mitogen‐activated protein kinase signaling path‐
way” were the most significant pathways, suggesting that these 
differentially expressed circRNAs may affect the genome stability 
and biological characteristics of hypoxia‐preconditioned MSCs. 
The results of bioinformatics analysis of differentially expressed 
circRNAs are consistent with the reported effects of hypoxic pre‐
conditioning on the biological characteristics of MSCs.6,7

In this study, 43 genes are associated with the MAPK signaling 
pathway; the MAPK signaling pathway is at the core of the path‐
way‐pathway interaction network. The MAPK signaling pathway is 
involved in various cellular functions and physiological processes of 
MSCs, such as cell movement, apoptosis, differentiation, growth, and 
proliferation.33,34 ERK, p38, and JNK are the MAPK family members 
involved in signal transduction during MSC differentiation.35 ERK‐
MAPK is activated during cell development and is closely related to 
cell proliferation and initiation of differentiation, while the p38 and 
JNK signaling pathways are likely to play a role in the late stages of 
cell differentiation or apoptosis.33,36 Recent studies have shown that 
the effects of circular RNAs involve the MAPK signaling pathway, 
such as TNF‐α promoting circ‐4099 expression through the MAPK 
and NF‐κB pathways and overexpression of circ‐4099 increasing the 
expression of collagen II and aggrecan in the nucleus pulposus tissue 
of degenerated human intervertebral disks.37 CircRNA BANP and 
circRNA ITCH can interact with miRNA34a and miRNA146a to regu‐
late osteogenic differentiation of the periodontal ligament stem cells 
via the MAPK pathway.38 Promotion of osteogenic differentiation 
of the periodontal ligament stem cells related to circRNA CDR1as is 
modulated through the Smad‐dependent and p38 MAPK signaling 
pathways.39

In summary, we identified 102 differentially expressed circRNAs 
in hypoxia‐pretreated MSCs. GO analysis and pathway enrichment 
analysis showed that the differentially expressed circRNAs affect 
the biological characteristics of MSCs, such as cell development, 
differentiation, cellular processes, and the stability of the genome, 
in agreement with previous experimental studies. Our findings indi‐
cate that specific circRNAs regulate the biological characteristics of 
MSCs in hypoxic preconditioning.

F I G U R E  4  Top 10 significant KEGG pathway of the target genes of miRNAs interacted with differentially expressed circRNAs
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