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Circ6401, a novel circular RNA, is implicated in
repair of the damaged endometrium by Wharton’s
jelly-derived mesenchymal stem cells through
regulation of the miR-29b-1-5p/RAP1B axis
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Abstract
Background Accumulating evidence indicates that mesenchymal stem cells (MSCs) exert tissue repair
effects and therapeutic angiogenesis through their noncoding RNAs (ncRNAs). Our previous studies
showed that MSCs derived from Wharton’s jelly (WJ-MSCs) can ameliorate damaged human
endometrium by promoting angiogenesis. There is limited information on the functions and mechanism
of ncRNAs in MSC-induced endometrial repair, and additional studies are needed for more insights.

Methods Here, WJ-MSCs were cocultured with or without endometrial stromal cells (ESCs) damaged by
mifepristone (cocultured group versus non-cocultured group). TUNEL staining assays, EdU proliferation
assays, �ow cytometry apoptosis assays, and western blot assays were performed to observe the
reparative effect of WJ-MSCs on damaged ESCs. Subsequently, circular RNA (circRNA) and microRNA
microarrays were performed between the two groups. A subset of top upregulated circRNAs was
validated by qRT-PCR. The functions of circ6401 (hsa_circ_0006401) in WJ-MSCs were investigated
using lentivirus-mediated circRNA overexpression assays. The subcellular localization of circ6401 and
miR-29b-1-5p in WJ-MSCs was identi�ed by double RNA �uorescence in situ hybridization. Dual-
luciferase reporter assays and western blot assays were performed to elucidate the regulatory
mechanisms among circ6401, miR-29b-1-5p, and RAP1B.

Results WJ-MSCs signi�cantly improved ESC proliferation and upregulated the expression of vascular
angiogenesis markers. Circ6401 was upregulated in WJ-MSCs cocultured with damaged ESCs, while miR-
29b-1-5p was signi�cantly downregulated. Furthermore, circ6401 was found to bind to miR-29b-1-5p and
prevent it from decreasing the level of RAP1B, a crucial protein involved in the VEGF signaling pathway,
which promoted angiogenesis and stimulated the proliferation of ESCs.

Conclusions Our results showed the abundance and regulation pro�les of ncRNAs of WJ-MSCs during
repair of damaged ESCs, and for the �rst time, clari�ed the underlying mechanism by which circ6401
promotes endometrial repair by WJ-MSCs; thus, demonstrating that circ6401 may serve as a potential
therapeutic target.

Background
The endometrium plays a crucial role in embryo implantation and development. The integrity and
continuity of the basal layer is the key to the periodic regeneration of the endometrium. Damage to the
basal layer due to various reasons may cause endometrial aplasia or pathological alterations, resulting in
amenorrhea, repeated abortion, and infertility [1].

Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs) exist in the Wharton’s jelly and perivascular
area of the human umbilical cord and hold promise for the �eld of regenerative medicine because of their
strong capacity to regenerate injured tissues indirectly through growth factor secretion and
immunomodulation. In particular, several studies have found that transplantation of WJ-MSCs can
signi�cantly increase the number of microvessels at the injury site, improve local blood �ow perfusion,
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accelerate wound healing, and promote organ function recovery [2–5]. Our previous studies showed that
WJ-MSCs can ameliorate damaged human endometrial stromal cells (ESCs) [6, 7], thus, indicating that it is
possible to use WJ-MSCs to repair endometrial damage. To improve the e�ciency of WJ-MSC treatment,
it is necessary to further study the regulatory mechanism by which WJ-MSCs repair ESCs.

Recent studies have revealed that a large amount of endogenous noncoding RNAs (ncRNAs) exist in
MSCs and that these ncRNAs have critical regulatory effects on cell metabolism, cell-to-cell
communication, and immune regulation [8–10]. Circular RNA (circRNA) is a unique class of ncRNA that
form a closed continuous loop by back-splicing with covalently joined 3′- and 5′-ends [11]. CircRNA
molecules are rich in microRNA (miRNA) binding sites and can speci�cally bind miRNAs, thereby
eliminating the inhibitory effect of miRNAs on target genes and upregulating their expression level, that is,
functioning as competing endogenous RNA (ceRNA) [12]. A recent study showed that some circRNAs play
an important role in gene regulation by acting as ceRNAs in MSCs. For instance, a circRNA originating
from the FOXP1 gene (circFOXP1) acts as a miRNA sponge that targets miR-17-3p and miR-127-5p and
promotes the proliferation and differentiation of MSCs [13]. The circRNA Circ_1983 participates in
dicalcium silicate microparticles (C2S)-induced osteogenic differentiation of MSCs by sponge miR-
6931[14]. However, to date, little is known about the mechanisms of action of circRNAs in stem cell
biology, especially in WJ-MSCs.

Rap1b, a highly homologous small G protein of Rap1a, is required for angiogenesis in vivo and for
normal responses of endothelial cells (ECs) to vascular endothelial growth factor (VEGF). A recent study
identi�ed a novel mechanism of Rap1 in regulating responses of ECs to VEGF. Rap1 positively modulates
VEGFR2 activation through the regulation of integrin αvβ3 and works synergistically with VEGF signaling

in vivo[15]. Our previous study showed that WJ-MSCs can reverse the damage of ESCs caused by
mifepristone through upregulating the mRNA and protein expression of VEGF [6].

In the present study, we performed circRNA and miRNA microarray to detect differentially expressed
ncRNA pro�les in WJ-MSCs after coculturing with damaged ESCs. We found that circ6401 was
upregulated, while miR-29b-1-5p was downregulated in the coculture group. Furthermore, circ6401 could
bind to miR-29b-1-5p and prevent it from decreasing the level of RAP1B, a crucial protein involved in the
VEGF signaling pathway, which promoted angiogenesis and stimulated the proliferation of ESCs.

Methods

Cell isolation and culture
Umbilical cords were collected from healthy women with full-term delivery. Endometrium samples were
collected from patients with intramural or pedunculated subserosal hysteromyoma without endometrial
abnormalities to obtain ESCs. None of the women had taken medication or had received hormonal
therapy for at least 6 months before undergoing hysterectomy. The collection and use of human
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biological specimens were approved by the Ethics Committee of the A�liated Hospital of Nantong
University. WJ-MSCs and ESCs were isolated, cultured, and identi�ed as previously described [16]. WJ-
MSCs and ESCs were cultured in Dulbecco’s modi�ed Eagle’s medium F12 (DMEM/F-12; Hyclone, USA)
containing 10% fetal bovine serum (FBS; Gibco, USA), 100 U/ml penicillin, and 100 µg/ml streptomycin at
37 °C in a humidi�ed 5% CO2 atmosphere.

ESCs treated with mifepristone and cocultured with WJ-
MSCs
The damaged ESC model and the WJ-MSCs coculture system were developed according to our previous
protocol[6]. Brie�y, the ESCs were dispensed into 24-well plates at a density of 1.5 × 104 cells/well and
cultured in DMEM-F12 with 10% FBS. After 24 h, the medium was replaced with another medium
containing 2% FBS. After 12 h, the cells were treated with mifepristone (#M8046; Sigma-Aldrich, USA) at
the concentration of 60 µmol/L. The medium was then replaced with a fresh medium (DMEM-F12 with
2% FBS) after treatment for 48 h. The Transwell system (24 mm Transwell plate with a 0.4-µm pore
polycarbonate membrane insert; #3412, Corning, NY, USA) was used to establish the coculture system.
WJ-MSCs were seeded on top of the arti�cial basement membrane and placed in the upper part of the
plate for coculture with damaged ESCs. The coculture was stopped after 48 h. ESCs were digested with
0.25% trypsin without ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Carlsbad, CA, USA), and WJ-
MSCs were digested with TrypLE Express (Thermo Fisher Scienti�c, USA).

deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining
Cells were �xed with 4% paraformaldehyde for 30 min at room temperature and washed twice with PBS.
The cells were then incubated in the TUNEL solution containing FITC-dUTP for 60 min at 37 °C according
to the manufacturer’s protocol (#C1088, Beyotime Biotechnology, China). Next, the cells were incubated in
Hoechst 33342 for counterstaining of cell nuclei. Images were captured and analyzed using the EVOS
M7000 Imaging System (Invitrogen, Thermo Fisher Scienti�c). The apoptosis rate was calculated as the
ratio of FITC-positive cells (green cells) to total Hoechst 33342-positive cells (blue cells).

5-Ethynyl-2′-deoxyuridine (EdU) staining
DNA replication was detected by the EdU incorporation assay according to the manufacturer’s protocol
(#C10310-3, RiboBio Co., China). Brie�y, 1.5 × 105 cells were inoculated in a 24-well plate. A labeling
medium was added to each well for 2 h at 37 °C under 5% CO2. Cell samples were �xed with 4%
paraformaldehyde for 30 min, permeated with 0.5% Triton X-100 for 10 min, and washed twice with PBS.
The cell samples were then incubated with Pollo™ 488 dye buffer in caliginous condition for 30 min at
room temperature. Subsequently, Hoechst 33342 was added, and the cell samples were incubated for
30 min. Images were captured and analyzed using the EVOS M7000 Imaging System. The EdU
incorporation rate was calculated as the ratio of EdU-positive cells (green cells) to total Hoechst 33342-
positive cells (blue cells).
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Cell apoptosis analysis by �ow cytometry
ESCs from each group were collected and washed twice with cold PBS for apoptosis analysis. The cell
apoptosis rate was determined using an annexin V-�uorescein isothiocyanate (FITC)/propidium iodide
(PI) apoptosis detection kit (#KGA108, Keygen Biotechnology, China) according to the manufacturer’s
instructions. Cells in each group were prepared in triplicate, and the stained cells were then sorted with a
FACScan �ow cytometer (Becton Dickinson, NJ, USA) within 1 h. The data were analyzed using Flow Jo
software (Flow Jo, Ashland, OR, USA).

Western blot assay
Total protein was extracted with RIPA buffer containing a protease inhibitor cocktail (Thermo Fisher
Scienti�c). The protein concentration was determined using a Coomassie (Bradford) protein assay kit
(Thermo Fisher Scienti�c). Equal amounts of total protein (30 µg) were separated by 12% SDS-PAGE and
transferred onto PVDF membranes (Millipore, Billerica, MA, USA), followed by blocking with 5% skim milk.
The membranes were incubated with antibodies against VEGFA (#ab46154, Abcam), VEGF Receptor 1
(#ab32152, Abcam), VEGF Receptor 2 (#ab194806, Abcam), RAP1B (#ab154756, Abcam), and GAPDH
(#ab8245, Abcam) overnight at 4 °C. The membranes were then washed three times with TBST followed
by incubation with secondary antibodies for 2 h at room temperature. Bands were detected by a
chemiluminescence imaging system (Molecular Imager, ChemiDoc XRS+, Bio-Rad, USA) with Western
Bright ECL HRP substrate (#WBKL0100, Millipore, USA). Band intensities were quanti�ed using Image J
software (NIH, Bethesda, MD, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA containing small RNA was extracted using TRIzol (Invitrogen) according to the manufacturer’s
instructions. RNA quality was analyzed with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scienti�c, USA). To determine miRNA expression, reverse transcription was performed using miRNA-
speci�c primers and a miScript reverse transcription kit (Qiagen, Germany) with RNU6B expression as an
endogenous control. SYBR Green PCR Master Mix (Qiagen) was used to determine mRNA expression,
with GAPDH expression as an endogenous control. To determine circRNA expression, cDNA reverse
transcription and ampli�cations were conducted using a circRNA �uorescence quantitative detection kit
(#GS0201-1, Geneseed Biotechnology, Guangzhou, China) according to the manufacturer’s instructions.
qRT-PCR was performed using the ABI 7500 Real-Time PCR system (Applied Biosystems, USA). The 18 s
rRNA gene served as an endogenous control for normalization. Each relative RNA expression level was
calculated from three different experiments. The sequences of gene-speci�c qRT-PCR primers are
provided in Additional �le 2 Table S1. The primers were designed using the Primer-BLAST program based
on the National Center for Biotechnology Information (NCBI) sequence data. The relative expression level
was calculated by the 2-ΔΔCT method.

circRNA and miRNA microarray analysis
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CircRNA microarray analysis was performed with Human CircRNA Array v2 microarray (Capital
Biotechnology, China). miRNA microarray analysis was performed with Affymetrix GeneChip miRNA 2.0
platform (Capital Biotechnology, China). Data were analyzed with GeneSpring software V13.0 (Agilent).
The results of sample analysis are provided in Additional �le 1 Figure S1. To select differentially
expressed genes, we used threshold values of ≥ 2 and ≤ − 2-fold change and a Benjamini-Hochberg
corrected p-value of 0.05. The data were log2 transformed and median centered by genes using the
Adjust Data function of CLUSTER 3.0 software and then further analyzed with hierarchical clustering with
average linkage. A comparative analysis between the T (cocultured WJ-MSCs) sample and N (non-
cocultured WJ-MSCs) sample was performed using fold-change. Hierarchical cluster analysis was
performed using complete linkage and Euclidean distance as a measure of similarity.

circRNA-overexpressing plasmid construction and lentivirus
infection
To generate WJ-MSCs with stable overexpressing circ6401, circ6401 cDNA was �rst synthesized and
cloned into the pLC5-ciR vector (Geneseed) and con�rmed by sequencing. Then, pLC5-circ6401 or pLC5-
ciR empty vector was transfected into 293T cells by Lipofectamine 2000 (Invitrogen) to construct the
lentivirus. The transfection e�ciency was con�rmed by qRT-PCR. After determining the viral titer, WJ-
MSCs were infected by the obtained lentiviral particles.

Prediction of circRNA-miRNA and miRNA-mRNA
interactions
The interaction between circ6401 and miRNA was predicted using miRanda and Targetscan
(http://www.microrna.org/microrna/ and http://www.targetscan.org/, respectively). The miRNA-mRNA
interactions were predicted by Targetscan, while the miRNA binding sites were predicted by miRcode
software (http://www.mircode.org/). Filtering restrictions were as follows: Context score ≥ 140.

miRNA mimic or inhibitor transfection
All miRNA mimics, inhibitor, and their negative controls (miR-29b-1-5p mimics NC, miR-29b-1-5p inhibitor
NC) were purchased from RiboBio and diluted to 50 nM. WJ-MSCs were transfected with miR-29b-1-5p
inhibitor oligonucleotide, mimic oligonucleotide, or their negative controls by using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions. The transfection e�ciency was con�rmed by
qRT-PCR.

Double RNA �uorescence in situ hybridization (FISH)
Circ6401-overexpressing WJ-MSCs were transfected with miR-29b-1-5p mimics. After transfection, the
cells were hybridized with a circ6401 probe (cy3-labeled) and an miR-29b-1-5p probe (FITC-labeled).
Finally, the slides were stained with DAPI (Cell Signaling Technology, Boston, MA) and subjected to
�uorescence signal detection under a Leica TCS SP8 laser confocal microscope (Leica). Sequences of
FISH probes are shown in Additional �le 2 Table S2.
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Dual-luciferase reporter assay
To evaluate the direct binding of miR-29b-1-5p to circ6401 or the 3 -UTR of RAP1B, the fragment of
circ6401 or the 3 -UTR of RAP1B was �rst ampli�ed by PCR and then cloned downstream of the Renilla
gene in the psiCHECK-2 vector (Promega, Madison, WI, USA), which was named as circ6401-wt or RAP1B-
wt, respectively. To generate the circ6401, RAP1B 3 -UTR mutant reporters, the seed regions of circ-
001971 and the VEGFA 3 -UTR were mutated to remove the complementarity to miR-29b-1-5p, and the
resulting constructs were named as circ6401-mut and RAP1B-mut, respectively. Cells were seeded into a
24-well plate. Next, miR-29b-1-5p mimics or NC was co-transfected with the wild-type vector or the mutant
vector. Forty-eight hours after transfection, alterations in the luciferase activity were evaluated by the
Dual-Luciferase Reporter Assay System (Promega) using �re�y luciferase activity for normalization.

Statistical analysis
Data were analyzed using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). Two-tailed
Student’s t test was used to assess statistical signi�cance in two groups, and one-way ANOVA with post
hoc Bonferroni test was used in three or more groups. After comparison test, the differences were
considered signi�cant at p < 0.05 or p < 0.001.

Results

Damaged ESCs were repaired by WJ-MSCsin vitro
In our previous studies, we identi�ed that WJ-MSCs can repair the damaged endometrium both in vitro
and in vivo [6, 7]. In the present study, the TUNEL assay was performed �rst to con�rm the apoptosis rate
of ESCs in situ. Signi�cant apoptosis was induced in ESCs after treatment with mifepristone for 48 h
relative to that in the normal group (Fig. 1A). After coculturing with WJ-MSCs for 48 h, the apoptosis rate
of the damaged ESCs decreased. Quantitative assessment revealed that the apoptosis rate in situ of
ESCs in the coculture group was signi�cantly lower than that in the non-coculture group (p < 0.001)
(Fig. 1C). A subsequent EdU assay showed that the coculture with WJ-MSCs improved the proliferation of
ESCs (Fig. 1B and 1D). In addition, the �ow cytometry analysis showed that the apoptosis rate of ESCs in
the coculture group was signi�cantly lower than that in the non-coculture group (p < 0.001), but it was still
higher than that in the normal group (p < 0.01) (Fig. 1E and 1F). We also detected protein changes in ESCs
by western blot assay. The results showed that mifepristone treatment inhibited the expression of VEGFA,
VEGFR1, VEGFR2, and RAP1B, while coculture with WJ-MSCs reversed the regulatory effects of
mifepristone treatment on these vascular angiogenesis markers (Fig. 1G and 1H). Collectively, these
results show that WJ-MSCs signi�cantly repaired the damage of ESCs by upregulating the expression of
vascular angiogenesis markers in these cells and improving their proliferation.

WJ-MSCs show a variable circRNA expression pro�le when
cocultured with damaged ESCs
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To determine whether circRNAs play a role in endometrium repair by WJ-MSCs, a circRNA microarray
analysis of total RNA isolated from three pairs of cocultured and non-cocultured WJ-MSCs was
performed. Principal component analysis (PCA) was performed to re�ect the contribution rate of each
principal component and the similarity between all samples. Sample analysis results are shown as a PCA
plot, a box plot and a correlation plot (Additional �le 1, Figure S1A-S1C). Differentially expressed circRNAs
were selected for a clustering analysis by applying a fold-change �lter based on p-values ≤ 0.05. Among
the detected circRNAs, 1551 showed differential expression, with a fold change ≥ 8. Of these 1551
circRNAs, 726 were upregulated and 825 were downregulated in cocultured WJ-MSCs. The differences in
circRNA expression pro�les between the two groups are presented as a heat map (Fig. 2A) and a volcano
plot (Fig. 2B). Furthermore, the circos plot (Fig. 2C) shows the most signi�cant circRNA expression
pro�les in the entire genome. Subsequently, a subset of top upregulated circRNAs was selected for further
validation. The circRNAs that were consistent with the microarray data are shown in Fig. 2D. The
presence of head-to-tail junction sequences was con�rmed by RT-PCR and Sanger sequencing (Fig. 2E).
qRT-PCR analysis showed that hsa_circ_0006401 (termed as circ6401), a circRNA originating from the
COL6A3 gene (Fig. 2F), was the strongest regulated circRNA among the validated top upregulated
circRNAs (Fig. 2D).

circ6401 enhances the endometrium repair function of WJ-
MSCs
To investigate the functions of circ6401 in WJ-MSCs, a circ6401-overexpressing plasmid was constructed
(Fig. 3A). GFP expression and infection e�ciency were determined by �uorescence microscopy to select
the optimal multiplicity of infection (MOI) for maximal transgene expression (Fig. 3B). WJ-MSCs were
�nally infected with the circ6401 lentivirus (lenti-circ6401) at a MOI of 50. The results of qRT-PCR
analysis showed that WJ-MSCs infected with lenti-circ6401 overexpressed circ6401 while and the
parental gene of circ6401 was not changed (Fig. 3C). WJ-MSCs infected with lenti-circ6401 or lenti-NC
were then used for coculturing with damaged ESCs. In the lenti-circ6401+ WJ-MSCs cocultured group, the
cell morphology of ESCs was more similari to that in the normal group than those of ESCs in the lenti-NC
WJ-MSCs cocultured group, and the number of nuclear vacuoles was lower than that in the damaged and
non-cocultured group (Fig. 3D). The �ow cytometry analysis showed that overexpression of circ6401
enhanced the effect of WJ-MSCs on decreasing the apoptosis rate of damaged ESCs (Fig. 3E and 3F). To
validate whether circ6401 in�uences the expression of vascular angiogenesis markers, we next con�rmed
that overexpressing circ6401 increased the protein levels of VEGFR2 and RAP1B in WJ-MSCs, whereas
did not increase the protein levels of VEGFA and VEGFR1 (Fig. 3G and 3H).

miR-29b-1-5p is downregulated during endometrium repair
by WJ-MSCs and directly target 3 -UTR of RAP1B
Previous studies have shown that circRNAs can function as miRNA sponges to competitively bind to
miRNA, thus, abrogating the inhibitory effect of miRNA on target genes. To investigate the molecular
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mechanisms through which circ6401 supports endometrium repair by WJ-MSCs, the expression of
different miRNAs was detected by a miRNA microarray analysis. The results of sample analysis are
shown as a PCA plot and a correlation plot (Additional �le 1, Figure S1D and S1E). Among the detected
miRNAs, 43 miRNAs showed differential expression (fold change > 2.0, p-values ≤ 0.05). Of these 43
miRNAs, 34 were upregulated and nine were downregulated in cocultured WJ-MSCs. The differences in
miRNA expression pro�les between the two groups are shown as a heat map (Fig. 4A) and a volcano plot
(Fig. 4B). Furthermore, the circos plot (Fig. 4C) shows the most signi�cantly upregulated (red) and
downregulated (green) miRNA expression pro�les in the entire genome. Interestingly, we found that the
miRNA miR-29b-1-5p, which is signi�cantly downregulated in cocultured WJ-MSCs as shown by qRT-PCR
(Fig. 4D), may target 3 -UTR of RAP1B. The complementary pairing sequence between 3'-UTR of miRNAs
and RAP1B mRNA was obtained from the TargetScan database (Fig. 4E). These results indicate that miR-
29b-1-5p probably was regulated by circ6401 and play a role in the endometrium repair by targeting
RAP1B.

To prove whether RAP1B was the direct target gene of miR-29b-1-5p, 3 -UTR sequences containing the
predicted “seed region” target site of RAP1B and its mut-sequences were cloned into the psiCHECK2.0
vector (Fig. 5A). The dual-luciferase reporter system showed signi�cantly reduced luciferase activity in
WJ-MSCs co-transfected with miR-29b-1-5p mimics and psiCHECK2.0-RAP1B-3 -UTR-wt (p < 0.001),
whereas no signi�cant reduction in luciferase activity was detected in those transfected with
psiCHECK2.0 or co-transfected with miR-29b-1-5p mimics and psiCHECK2.0-RAP1B-3 -UTR-mut (Fig. 5B).
These results clearly indicate that miR-29b-1-5p directly recognized and bound to the 3 -UTR of RAP1B.

To verify whether miR-29b-1-5p affected the RAP1B expression level, we transiently transfected WJ-MSCs
with miR-29b-1-5p mimics/inhibitor and investigated the RAP1B mRNA and protein level at 24 and 48 h
after transfection, respectively. The expression of miR-29b-1-5p was successfully upregulated and
downregulated by the mimics and inhibitor, respectively (Fig. 5C and 5D). The qRT-PCR results showed
that overexpression of miR-29b-1-5p dramatically suppressed the mRNA levels of RAP1B (p < 0.001),
while knockdown of miR-29b-1-5p signi�cantly improved the RAP1B expression level (p < 0.001) (Fig. 5E);
these results were similar to western blot assay results (Fig. 5F and 5G). Taken together, these results
showed that RAP1B is directly targeted and regulated by miR-29b-1-5p in WJ-MSCs.

The circ6401/miR-29b-1-5p /RAP1B axis is involved in
endometrium repair by WJ-MSCs
To establish whether circ6401 acts as a ceRNA by sequestering miRNAs present in the cytoplasm to
inhibit the translation of their target mRNAs, we �rst performed RNA FISH assays to identify the
subcellular localization of circ6401 and miR-29b-1-5p in WJ-MSCs. A Cy3-labeled probe speci�c for
circ6401 and a FITC-labeled probe speci�c for miR-29b-1-5p were used for RNA FISH. The images
indicate that both circ6401 and miR-29b-1-5p are mainly localized in a punctate pattern in the cytoplasm
(Fig. 6A).
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Next, the miR-29b-1-5p target site in the circ6401 sequence was mutated, and the dual-luciferase assay
was repeated to verify the target relationships of miR-29b-1-5p and circ6401 (Fig. 6B). The results
showed a signi�cant effect on luciferase levels, demonstrating the speci�city of the miR-29b-1-
5p/circ6401 target site interaction (Fig. 6C). Moreover, the miR-29b-1-5p level was detected by qPCR, and
lenti-circ6401+ WJ-MSCs showed lower miR-29b-1-5p level than lenti-NC WJ-MSCs (Fig. 6D).

Finally, WJ-MSCs with four types of treatments, namely NC group, circ6401 overexpression group, miR-
29b-1-5p overexpression group, and co-overexpression of circ6401 and miR-29b-1-5p group, were used to
assess the effects of circ6401/miR-29b-1-5p/RAP1B axis in WJ-MSCs. The qRT-PCR results again
con�rmed that miR-29b-1-5p overexpression signi�cantly reduced RAP1B expression, which did not
change even after co-overexpression of circ6401 and miR-29b-1-5p in WJ-MSCs, compared to the NC
group (Fig. 6E).

Discussion
In the past few years, the endometrial therapeutic effects of MSCs derived from different tissues such as
bone marrow [17], umbilical cord [18, 19], human decidual [20], and uterus [21] have been investigated
intensively, thus, providing new approaches to restore the endometrium to its normal morphology and
function. In particular, the umbilical cord Wharton’s jelly was reported to be an ideal source of stem cells
for clinical treatment and scienti�c research applications because of its highest concentration of
allogeneic MSCs compared to that of other tissues [22]. Recently, ncRNAs have attracted much attention
as fundamental players in the regulation of stem cell molecular networks. We previously reported the
endometrial therapeutic effects of WJ-MSCs both in vitro [6] and in vivo [7]; however, the molecular
mechanism by WJ-MSCs perform endometrial repair is still unclear, particularly with respect to ncRNAs.
In the present study, for the �rst time, we determined the differentially expressed ncRNA pro�les in WJ-
MSCs after coculturing with damaged ESCs.

circ6401, a circRNA that was previously reported to participate in gastric cancer development by
regulating miR-3064-5p-induced inhibitory effect on COL6A3 [23], has been rarely reported in MSCs, and
thus, needed to be validated. In the present study, the circRNA microarray analysis and qPCR results
demonstrated that circ6401 was most signi�cantly upregulated in WJ-MSCs during coculture with
damaged ESCs. The overexpression of circ6401 was then found to promote cell proliferation and
increase the protein levels of VEGFR2 and RAP1B; this indicates that circ6401 exerted an angiogenesis
role in WJ-MSCs-induced endometrial repair.

Many studies have revealed that MSCs exert tissue repair and therapeutic angiogenesis through their
ncRNAs. For example, various cardioprotective exosomal miRNAs secreted by transplanted MSCs
showed bene�cial modulatory effects on the heart with myocardial infarction [24]. Kang et al. [25] found
that adipose-derived stem cells induced angiogenesis through microvesicle transport of miRNA-31.
Moreover, circRNA 100290 was reported to positively regulate angiogenesis induced by a conditioned
medium of human amnion-derived MSCs through miR-449a/eNOS and miR-449a/VEGFA axes [26]. Our
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data showed that miR-29b-1-5p, which was downregulated in WJ-MSCs during coculture with damaged
ESCs, directly target 3 -UTR of RAP1B. Furthermore, the RNA FISH results indicated that both circ6401
and miR-29b-1-5p are mainly localized in the cytoplasm, thus allowing the circRNA-associated ceRNA
regulatory pattern in WJ-MSCs. We further performed dual-luciferase assay and successfully veri�ed the
target relationships of circ6401, miR-29b-1-5p, and RAP1B. Our study provided �rst evidence that
circ6401, a molecular decoy for miR-29b-1-5p, regulates RAP1B expression, thereby mediating the
proliferation of ESCs.

Repressor/activator protein 1 (RAP1), a well-known shelterin protein, has been studied widely in cellular
biology and cancers, and it regulates several basic cellular processes, including adhesion, polarity, and
differentiation. Human RAP1 is speci�cally involved in protecting critically short telomeres and has
important implications for the functions of telomeres in senescent cells [27]. In head and neck squamous
cell carcinoma (HNSCC), RAP1 has been found to play a prominent role in cell-matrix adhesion through
the extracellular matrix molecule �bronectin-induced α5β1 integrin and in cell migration through the
RAP1/RAC1 signaling axis [28]. RAP1 is also involved in hematopoietic stem cell survival, oncogenesis,
and response to chemotherapy, which was found to be independent of its association with the telomere
or with its known partner TRF2 [29]. There are two Rap1 genes in vertebrates, which encode highly
homologous Rap1a and Rap1b proteins. Lakshmikanthan et al. [30] indicated that RAP1 is a critical
regulator of VEGFR2-mediated angiogenic and shear-stress EC responses, while RAP1B is the primary
isoform essential for normal VEGF-induced EC barrier dissolution. In the present study, we showed that
ESCs cocultured with WJ-MSCs expressed higher levels of VEGFR2 and RAP1B. Speci�cally, higher
protein levels of VEGFR2 and RAP1B were detected in circ6401-overexpressing WJ-MSCs. Therefore, we
hypothesized that a circRNA-RAP1B signaling axis was involved in the coculture system.

Recent increasing evidence has shown that several ncRNAs may target the RAP1B gene and regulate
tumorigenesis, malignant progression, cell differentiation, etc. [31–35]. In colorectal cancer cells, RAP1B
was found to be a direct and functional target of miR-30b-5p to regulate cell adhesion and mobility.
However, the role of RAP1B in MSCs has been rarely studied. A previous study by Mendelson et al. [36]

showed that megakaryocytes cocultured with MSCs had altered RAP1B gene expression and yielded
platelets that are functional with low basal activation levels. An increased expression of RAP1B was
observed in megakaryocytes cocultured with MSCs isolated from human umbilical cord arteries. Our
results show that the RAP1B gene level was regulated through the circ6401/miR-29b-1-5p axis in WJ-
MSCs,while both RAP1B and VEGFR2 protein levels were upregulated in the WJ-MSCs/ESCs coculture
system and the proliferation of the damaged ESCs was enhanced. The results of the present research
provide new insights into VEGF regulation by RAP1B in MSCs.

Conclusions
In summary, our work describes for the �rst time the role of the circRNA circ6401 that binds to miR-29b-1-
5p and prevents it from decreasing the level of RAP1B involved in the VEGF signaling pathway, which



Page 12/24

Declarations

Acknowledgements
We thank International Science Editing (http://www.internationalscienceediting.com) for editing this
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (No. 81771527), the
Postgraduate Research & Practice Innovation Program of Jiangsu Province (No. KYCX19_2075), the
Social Development Foundation of Jiangsu Province, China (No. BE2018672), the Project supported by
China Post-doctoral Foundation (No. 2018M642299) and the Project supported by Nantong Science and
Technology Foundation (No. JC 2018056).

Availability of data and material
The datasets used in this study are available from the corresponding author on reasonable request, and
all generated data are included in the article and its additional �les.

Authors’ contributions
QS and BS contributed equally to this work. QS, BS, DW and XY were responsible for the concept and
design of this study. XY and YZ were responsible for �nancial and administrative support. QS and BS
carried out all cellular and molecular experiments. YZ, XZ and DW were responsible for all bioinformatics
analyses. QS, BS were responsible for manuscript writing, and all authors read and approved the �nal
manuscript.

Ethics approval and consent to participate

promoted angiogenesis and stimulated the proliferation of damaged ESCs. Acting as a potential
therapeutic target, the circRNA circ6401 may play an important role in the regulation of endometrial repair
by WJ-MSCs.

Abbreviations
WJ-MSCs: Wharton’s jelly-derived mesenchymal stem cells; ESCs:endometrial stromal cells; ncRNA:non-
coding RNA; circRNA:circular RNA; miRNA:micro RNA; VEGF:vascular endothelial growth factor;
RAP1:repressor/activator protein 1; VEGFR:vascular endothelial growth factor receptor; qRT-
PCR:quantitative real-time PCR; 3 -UTR:3 -utranslated region



Page 13/24

All procedures performed in studies involving human participants were in accordance with the ethical
standards of the A�liated Hospital of Nantong University and with the 1964 Helsinki Declaration. Written
informed consent for the use of the tissue was obtained from each woman.

Consent for publication
All authors agree to publish this manuscript.

Competing interests
The authors declare that they have no competing interests.

References
1. Yao Y. Chen R, Wang G, et al. Exosomes derived from mesenchymal stem cells reverse EMT via TGF-
β1/Smad pathway and promote repair of damaged endometrium. Stem Cell Res Ther.
2019;10(1):225.

2. Zhu J. Liu Q, Jiang Y. Wu L, et al. Enhanced angiogenesis promoted by human umbilical
mesenchymal stem cell transplantation in stroked mouse is Notch1 signaling associated.
Neuroscience. 2015;290:288–99.

3. Bullard JD. Lei J, Lim JJ, et al. Evaluation of dehydrated human umbilical cord biological properties
for wound care and soft tissue healing. J Biomed Mater Res B Appl Biomater. 2019;107(4):1035–46.

4. Rabbani S. Soleimani M, Sahebjam M, et al. Simultaneous Delivery of Wharton's Jelly Mesenchymal
Stem Cells and Insulin-Like Growth Factor-1 in Acute Myocardial Infarction[J]. Iran J Pharm Res.
2018;17(2):426–41.

5. Weng T. Wu P, Zhang W, et al. Regeneration of skin appendages and nerves: current status and
further challenges. J Transl Med. 2020;18(1):53.

�. Yang X. Zhang M, Zhang Y, et al. Mesenchymal stem cells derived from Wharton jelly of the human
umbilical cord ameliorate damage to human endometrial stromal cells. Fertil Steril.
2011;96(4):1029–36.

7. Chen X. Yang X, Wu R, et al. Therapeutic effects of Wharton jelly-derived mesenchymal stem cells on
rat abortion models. J Obstet Gynaecol Res. 2016;42(8):972–82.

�. Abraham A. Krasnodembskaya A. Mesenchymal stem cell-derived extracellular vesicles for the
treatment of acute respiratory distress syndrome. Stem Cells Transl Med. 2020;9(1):28–38.

9. Zhao L. Hu C, Han F, et al. Regenerative abilities of mesenchymal stem cells via acting as an ideal
vehicle for subcellular component delivery in acute kidney injury. J Cell Mol Med. 2020;24(9):4882–
91.



Page 14/24

10. Rostami Z. Khorashadizadeh M, Naseri M. Immunoregulatory properties of mesenchymal stem cells:
Micro-RNAs. Immunol Lett. 2020;219:34–45.

11. Memczak S. Jens M, Elefsinioti A, et al. Circular RNAs are a large class of animal RNAs with
regulatory potency. Nature. 2013;495(7441):333–38.

12. Au�ero S. Reckman YJ, Pinto YM, et al. Circular RNAs open a new chapter in cardiovascular biology.
Nat Rev Cardiol. 2019;16(8):503–14.

13. Cherubini A. Barilani M, Rossi RL, et al. FOXP1 circular RNA sustains mesenchymal stem cell identity
via microRNA inhibition. Nucleic Acids Res. 2019,47(10):5325–40.

14. Zhong W. Li X, Pathak JL, et al. Dicalcium silicate microparticles modulate the differential expression
of circRNAs and mRNAs in BMSCs and promote osteogenesis via circ_1983-miR-6931-Gas7
interaction. Biomater Sci. 2020;8(13):3664–77.

15. Lakshmikanthan S. Sobczak M, Chun C, et al. Rap1 promotes VEGFR2 activation and angiogenesis
by a mechanism involving integrin αvβâ . Blood. 2011;118(7):2015–26.

1�. Shi Q. Gao J, Jiang Y, et al. Differentiation of human umbilical cord Wharton's jelly-derived
mesenchymal stem cells into endometrial cells. Stem Cell Res Ther. 2017;8(1):246.

17. Gil-Sanchis C. Cervelló I, Khurana S, et al. Contribution of different bone marrow-derived cell types in
endometrial regeneration using an irradiated murine model. Fertil Steril. 2015;103(6):1596–605.

1�. Zhang L. Li Y, Guan CY, et al. Therapeutic effect of human umbilical cord-derived mesenchymal stem
cells on injured rat endometrium during its chronic phase. Stem Cell Res Ther. 2018;9(1):36.

19. Xin L. Lin X, Zhou F, et al. A scaffold laden with mesenchymal stem cell-derived exosomes for
promoting endometrium regeneration and fertility restoration through macrophage
immunomodulation [published online ahead of print, 2020 Jun 20]. Acta Biomater. 2020;S1742-
7061(20)30359-7.

20. Muñoz-Fernández R. De La Mata C, Requena F, et al. Human predecidual stromal cells are
mesenchymal stromal/stem cells and have a therapeutic effect in an immune-based mouse model
of recurrent spontaneous abortion. Stem Cell Res Ther. 2019;10(1):177.

21. Saribas GS. Ozogul C, Tiryaki M, et al. Effects of uterus derived mesenchymal stem cells and their
exosomes on asherman's syndrome. Acta Histochem. 2020;122(1):151465.

22. Vangsness CT Jr. Sternberg H, Harris L. Umbilical Cord Tissue Offers the Greatest Number of
Harvestable Mesenchymal Stem Cells for Research and Clinical Application: A Literature Review of
Different Harvest Sites. Arthroscopy. 2015;31(9):1836–43.

23. Sun X. Zhang X, Zhai H, et al. A circular RNA derived from COL6A3 functions as a ceRNA in gastric
cancer development. Biochem Biophys Res Commun. 2019;515(1):16–23.

24. Moghaddam AS. Afshari JT, Esmaeili SA, et al. Cardioprotective microRNAs: Lessons from stem cell-
derived exosomal microRNAs to treat cardiovascular disease. Atherosclerosis. 2019;285:1–9.

25. Kang T. Jones TM, Naddell C, et al. Adipose-Derived Stem Cells Induce Angiogenesis via Microvesicle
Transport of miRNA-31. Stem Cells Transl Med. 2016;5(4):440–50.



Page 15/24

2�. Tang Z. Wu X, Hu L, et al. Circ-100290 Positively Regulates Angiogenesis Induced by Conditioned
Medium of Human Amnion-Derived Mesenchymal Stem Cells Through miR-449a/eNOS and miR-
449a/VEGFA Axes. Int J Biol Sci. 2020;16(12):2131–44.

27. Lototska L. Yue JX, Li J, et al. Human RAP1 speci�cally protects telomeres of senescent cells from
DNA damage. EMBO Rep. 2020;21(4):e49076.

2�. Liu M. Banerjee R, Rossa C Jr, et al. RAP1-RAC1 Signaling Has an Important Role in Adhesion and
Migration in HNSCC. J Dent Res. 2020;99(8):959–68.

29. Khattar E. Maung KZY, Chew CL, et al. Rap1 regulates hematopoietic stem cell survival and affects
oncogenesis and response to chemotherapy. Nat Commun. 2019;10(1):5349.

30. Lakshmikanthan S. Sobczak M, Li Calzi S, et al. Rap1B promotes VEGF-induced endothelial
permeability and is required for dynamic regulation of the endothelial barrier. J Cell Sci.
2018;131(1):jcs207605.

31. Wan J. Guo AA, Chowdhury I, et al. TRPM7 Induces Mechanistic Target of Rap1b Through the
Downregulation of miR-28-5p in Glioma Proliferation and Invasion. Front Oncol. 2019;9:1413.

32. Fan M. Ma X, Wang F, et al. MicroRNA-30b-5p functions as a metastasis suppressor in colorectal
cancer by targeting Rap1b. Cancer Lett. 2020;477:144–56.

33. Zhou B. Xu J, Chen Y, et al. miR-200b/c-RAP1B axis represses tumorigenesis and malignant
progression of papillary thyroid carcinoma through inhibiting the NF-κB/Twist1 pathway. Exp Cell
Res. 2020;387(2):111785.

34. Yang X. Xing G, Liu S, et al. LncRNA LOXL1-AS1 promotes endometrial cancer progression by
sponging miR-28-5p to upregulate RAP1B expression. Biomed Pharmacother. 2020;125:109839.

35. Li J. Li Y, Wang S, et al. miR-101-3p/Rap1b signal pathway plays a key role in osteoclast
differentiation after treatment with bisphosphonates. BMB Rep. 2019;52(9):572–76.

3�. Mendelson A. Strat AN, Bao W, et al. Mesenchymal stromal cells lower platelet activation and assist
in platelet formation in vitro. JCI Insight. 2019;4(16):e126982.

Description Of Supplementary Materials
Figure S1. Sample analysis for the circRNA and miRNA microarray analysis.

A, D Principal Component Analysis (PCA) 3D plot re�ects the contribution rate of each principal
component and the similarity between samples. B Box plot shows the overall gene (probe) expression
before and after normalization of different samples for the circRNA microarray. C, E Correlation Plot
re�ects the similarity between samples. The value of each cell in the lower left is the correlation
coe�cient of the corresponding two samples. The color and area of the circle in the upper right indicate
the degree of correlation of the corresponding sample.

Table S1. Primer sequences for quantitative real-time PCR.

Table S2. Sequences of FISH probes.
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Figures

Figure 1

Damaged ESCs were repaired by WJ-MSCs in vitro A TUNEL assay to detect apoptosis of ESCs in three
groups. scale bar, 20 μm. B EdU assay to detect proliferation of ESCs in three groups. scale bar, 40 μm. C,
D Quantitative analysis of TUNEL assay and EdU assay. Data in panel are shown as means ± standard
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deviation (n = 3). **P < 0.001 E, F ESCs in three groups were stained with Annexin V-FITC and PI, and the
percentage of apoptotic cells was detected by �ow cytometry. Data in panel are shown as means ±
standard deviation (n = 3). *P < 0.05, **P < 0.001 G, H VEGFA, VEGFR1, VEGFR2, RAP1B protein
expression of ESCs in three groups by western blot assay. Data in panel are shown as means ± standard
deviation (n = 3). **P < 0.01 compared with the damaged and without coculture group, ##P < 0.01
compared with the normal group.

Figure 2
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WJ-MSCs show a variable circRNA expression pro�le when cocultured with damaged ESCs A The
differences in circRNA expression pro�les between the two groups by a circRNA microarray analysis are
presented in the form of a heat map. N1-3, non-cocultured WJ-MSCs; T1-3, cocultured WJ-MSCs. Each
group consisted of three individuals. CircRNAs are represented by single rows and samples by single
columns. B Volcano plot of circRNA microarray analysis data. The values on the X- axes and Y-axes
represent normalized fold changes and P values, respectively. The color scale indicates relative
expression, upregulation (red) and downregulation (green). CircRNAs with fold change > 2 and P ≤ 0.05
were regarded as differentially expressed. C Circos plot shows the most signi�cantly upregulated (red)
and downregulated (green) circRNA expression pro�les in the entire genome. D Four upregulated
circRNAs expression level in WJ-MSCs by qRT-PCR. T, cocultured WJ-MSCs; N, non-cocultured WJ-MSCs.
Data in panel are shown as means ± standard deviation (n = 3). **P < 0.01 compare to non-coculture
group. E Sanger sequencing of circ6401 qPCR ampli�cation products. F Genomic location and splicing
mode of circ6401.
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Figure 3

circ6401 enhances the endometrium repair function of WJ-MSCs A Structure of the pLC5-ciR vector which
contained a front and back circular frame. B GFP expression and infection e�ciency were determined
under �uorescence microscopy to select the optimal MOI for maximal transgene expression. MOI of 50
was �nally used. scale bar, 50 μm. C E�ciency of infected circ6401-overexpressing WJ-MSCs detected by
qRT-PCR. **P < 0.01 D The cell morphology of ESCs in the four groups. scale bar, 500 μm. E Flow
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cytometry analysis was used to analyze ESCs apoptosis after cocultured with lenti-circ6401+ WJ-MSCs
or lenti-NC WJ-MSCs. F Quantitative analysis of �ow cytometry analysis. Data in panel are shown as
means ± standard deviation (n = 3). **P < 0.01 G VEGFA, VEGFR1, VEGFR2, RAP1B protein expression in
lenti-circ6401+ WJ-MSCs, lenti-circ6401- WJ-MSCs by western blot assay. H Quantitative analysis of
western blot assay. Data in panel are shown as means ± standard deviation (n = 3). **P < 0.01

Figure 4
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miR-29b-1-5p is downregulated during endometrium repair by WJ-MSCs A The differences in miRNA
expression pro�les between the two groups by a miRNA microarray analysis are presented in the form of
a heat map. N1-3, non-cocultured WJ-MSCs; T1-3, cocultured WJ-MSCs. Each group consisted of three
individuals. miRNAs are represented by single rows and samples by single columns. B Volcano plot of
miRNA microarray analysis data. The values on the X- and Y-axes represent normalized fold changes and
P values, respectively. The color scale indicates relative expression, upregulation (red) and
downregulation (green). miRNAs with fold change > 2 and P ≤ 0.05 were regarded as differentially
expressed. C Circos plot shows the most signi�cantly upregulated (red) and downregulated (green)
miRNA expression pro�les in the entire genome. D miR-29b-1-5p expression in WJ-MSCs cocultured with
or without damaged ESCs by qRT-PCR. N, non-cocultured WJ-MSCs; T, cocultured WJ-MSCs. Data in
panel are shown as means ± standard deviation (n = 3). **P < 0.001. E The complementary pairing
sequence between 3'UTR of RAP1B and miR-29b-1-5p.
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Figure 5

miR-29b-1-5p target 3 -UTR of RAP1B and regulates cellular function of WJ-MSCs A 3' UTR sequences
containing the predicted "seed region" target site of RAP1B and its mut-sequences were cloned into the
psiCHECK2.0 vector to prove whether RAP1B was the direct target gene of miR-29b-1-5p. B Dual
luciferase reporter gene assay to detect interaction between miR-29b-1-5p and RAP1B. RAP1B-mut,
RAP1B 3’UTR mutant type; RAP1B-wt, RAP1B wild type; mimics NC, empty vector control. **P < 0.001 C, D
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qRT-PCR was used to determine the miR-29b-1-5p expression level of WJ-MSCs transfected with
mimics/inhibitor. **P < 0.001 compared to mimics/inhibitor-NC group. E qRT-PCR was used to determine
the RAP1B mRNA expression level of WJ-MSCs in four groups. **P < 0.001 F Western blott assay was
performed to verify whether miR-29b-1-5p affected the RAP1B protein level of WJ-MSCs. G Quantitative
analysis of western blot assay. Data in panel are shown as means ± standard deviation (n = 3). *P < 0.05,
**P < 0.001

Figure 6
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circ6401 acts as a sponge for miR-29b-1-5p and prevent it from inhibiting the translation of RAP1B in WJ-
MSCs A RNA FISH assay for subcellular co-localization of circ6401 and miR-29b-1-5p in WJ-MSCs. Cy3
labeled the circ6401 FISH probe, FITC labeled miR-29b-1-5p FISH probe, DAPI stained cell nuclei. scale
bar, 20 μm. B 3' UTR sequences containing the predicted "seed region" target site of circ6401 and its mut-
sequences were cloned into the psiCHECK2.0 vector to prove whether circ6401 was the direct target gene
of miR-29b-1-5p. C Dual luciferase reporter gene assay to detect interaction between miR-29b-1-5p and
circ6401. circ6401-mut, circ6401 3’UTR mutant; circ6401-wt, circ6401 wild type; mimics NC, empty vector
control. *P < 0.05. D qRT-PCR was used to determine miR-29b-1-5p expression level of WJ-MSCs
transfected with lenti-NC/lenti-circ6401. Lenti-NC, lentivirus with empty vector; lenti-circ6401, lentivirus
with circ6401 overexpressing vector. *P < 0.05. E RAP1B mRNA expression in WJ-MSCs after co-
transfection with circ6401 overexpression vectors and miR-29b-1-5p mimics. Data in panel are shown as
means ± standard deviation (n = 3). **P < 0.001. #P < 0.05 compared to lenti/mimics-NC group; ##P <
0.001 compared to lenti/mimics-NC group; nsP  0.05 compared to lenti/mimics-NC group.
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