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Circular RNA Hsa_circ_0006766 targets microRNA miR-4739 to regulate
osteogenic differentiation of human bone marrow mesenchymal stem cells
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ABSTRACT

Circular RNAs (circRNAs) are emerging as important regulators in bone metabolism, which is
mediated by microRNA (miRNA) sponges. However, it is not clear how circRNA regulates osteo-
genic differentiation of human bone marrow mesenchymal stem cells (hBM-MSCs).Therefore,
based on the previous circRNA chip results, hsa_circ_0006766, which is differentially expressed
in the osteogenic differentiation of hBM-MSCs, was screened out, and bioinformatics analysis was
performed to predict potential target miRNAs. During osteogenic differentiation of hBM-MSCs,
hsa_circ_0006766 and its target miRNAs (miR-4739, miR-619-5p, miR-5787, miR-7851-3p, and miR-
3192-5p) were detected by quantitative Real Time-PCR (qRT-PCR). Target gene prediction for the
differentially expressed target miRNAs was performed, and target genes were validated by dual-
luciferase reporter gene assay and qRT-

PCR. It is shown that hsa_circ_0006766 was up-regulated and miR-4739 was down-regulated
during osteogenic differentiation of hBM-MSCs.Moreover, the target gene Notch2 was predicted
to be highly expressed during osteogenic differentiation. And dual-luciferase assay proved that
Notch2 was the gene targeting to miR-4739. Taken together, our finding confirmed that hsa_-
circ_0006766 may act as a major regulatory part in osteogenic differentiation of hBM-MSCs via an
hsa_circ_0006766-miR-4739-Notch2 regulatory axis. Accordingly, hsa_circ_0006766 may affect
the development of osteoporosis and may thus become a therapeutic target.
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Introduction . : : :
vital regulatory functions in all kinds of stem

Osteoporosis (OP) is the most common metabolic
bone-related disease in which bone density and
bone quality are decreased, bone microstructure
is destroyed, and bone fragility is increased,
thereby prone to fracture[1]. One of the mechan-
isms of OP is the imbalance of differentiation of
mesenchymal stem cells from bone marrow (BM-
MSCs) into osteoblasts and adipocytes, resulting in
a decrease of osteoblasts and an increase of adipo-
cytes[2].

circRNA exhibits a circular structure, which
cannot be degraded by RNA exonucleases, and
has strong stability [3-5], can serve as
a microRNA (miRNA) sponge to relieve the effect
of inhibition of miRNA on its target gene and
enhance its expression [6-8]. Previous reports
have shown that circular RNA (circRNA) has

cells’ osteogenic differentiation. For example,
circRNA_33287 regulates osteogenic differentia-
tion of maxillary sinus membrane stem cells
through the circRNA_33287/miR-214-3p/Runx3
axis[9]. Through negatively regulating
microRNA-7, CircRNA CDRlas can regulate
osteogenic differentiation process of periodontal
ligament stem cells, specifically, firstly, CDR1as/
microRNA-7 partially via regulating GDF5, then
CDR1as/GDF5 partly by enhanced p38 MAPK
phosphorylation[10].Furthermore, circRNA can
regulate bone metabolism via the circRNA-
miRNA-mRNA network and influence the occur-
rence and the development of diseases associated
with bone metabolism [11-14]. Recent researches
have confirmed that circRNA may act as a main
regulatory part in the differentiation and
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proliferation of BM-MSCs [15,16]. But so far, the
specific role of circRNA in the osteogenic differ-
entiation of human BM-MSCs (hBM-MSCs) is not
yet clear. Our previous circRNA microarray results
found that hsa_circ_0006766 is up-regulated in
peripheral blood mononuclear cells derived from
patients with postmenopausal osteoporosis[17],
but the specific mechanism in osteogenic differen-
tiation of hBM-MSCs is not yet clear, and it is
worthy of our in-depth discussion.

We aimed to confirm the role of hsa_-
circ_0006766 in the process of osteogenic differ-
entiation of hBM-MSCs in this study. We assume
that hsa_circ_0006766 may promote the osteo-
genic differentiation of hBM-MSCs through the
hsa_circ_0006766-miR-4739-Notch2 axis, and
therefore may become an effective biomarker for
the prognosis and diagnosis of osteoporosis.

Methods
Cell culture

hBM-MSCs (Saliai, Guangzhou, China) were cul-
tured in human bone marrow mesenchymal stem
cell-specific medium (Cyagen, Santa Clara, CA,
USA), and HEK-293 T cells (Sun Yat-sen
University, Guangzhou, China) were cultured in
Dulbecco’s Modified Eagle’s Medium-high glucose
(Gibco, Grand Island, NY, USA), which contains
10% FBS,1%  100x  Penicillin-Streptomycin
Solution (Gibco) in an incubator.

Osteogenic differentiation of hBM-MSCs

hBM-MSCs cultured to passage 5 were inoculated
into 6-well plate with 2 x 10° per well and further
cultured in a 37°C constant temperature. When
grown to almost 80%, the medium was changed
to mesenchymal stem cell osteogenic differentia-
tion solution (Caygen), and then changed once
every 2-3 days.

Alizarin red staining

Cells that underwent osteogenic differentiation for
14 days were stained with Alizarin Red. After the
cells were fixed with 4% paraformaldehyde for
30 min, washed with PBS. Added with 1 ml of

Alizarin Red S dye solution, stood at room tempera-
ture for 3-5 min. Using PBS to wash cells one more
time, and mineralization was subsequently observed
and imaged using an inverted microscope.

Bioinformatics analysis

TargetScan 7.2 and miRanda miRNA target gene
prediction software were used to predict miRNA
response elements (MREs) within hsa_circ_0006766.
After target gene prediction, the miRNAs were clas-
sified by functional enrichment analysis based on the
Gene Ontology (GO) database. The accession num-
bers of the target genes were used as clues for track-
ing. GO annotations were obtained from the UCSC
Genome Browser. Next, miRNAs with significant
differences in expression levels were categorized
and classified. Kyoto Encyclopedia of Genes and
Genomes (KEGG) mapping was performed basing
on GO annotations, and statistical methods such as
hypergeometric distribution tests were used to deter-
mine significantly enriched biological signaling or
metabolic pathways. Through pathway analysis of
differentially expressed genes, we identified enriched
pathways.

RNA extraction and quantitative Real Time-PCR
(QRT-PCR) analysis

The gene sequences were downloaded from the
NCBI or miRbase databases; the associated primer
sequences are shown in Table 1. hBM-MSCs were
induced to differentiate for 0, 1, 3, and 7 days, after
which total RNA was extracted and purified per
the instructions of the QIAzol Lysis Reagent
(Qiagen, Hilden, Germany). After the total RNA
quality test was qualified, RNA was transcribed
into cDNA per the instructions of the Takara
reverse transcription kit (Kusatsu, Japan). The
cDNA template obtained from reverse transcrip-
tion was added to the detection system per the
instructions of the Takara real-time fluorescence
quantitative PCR kit, and the reaction was per-
formed using the Qiagen real-time fluorescence
quantitative PCR analyzer. U6 and Human (-
actin were selected as house-keeping genes for
miRNAs and circRNAs or mRNAs, respectively.
Each sample was run in triplicate. Relative quanti-
tation was performed by comparing threshold



Table 1. Primers for real time PCR.
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Gene 5'-3" (Forward) 3'-5" (Reverse)
B-actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG
hsa_circ_0006766 CCCTATCCCT TTTCCATATC CTAACTTACC CCTGTAATGG
ALP CCAACCTGAGCTGCCTTTCTCA GCTTCTCCCCTCGTTGCCA
RUNX2 GACCGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCAGA
Notch2 CAGGCACTCGGGGTATGAAA ATGCCCTGGATGGAAAATGGA
ZFP36L1 CCCGACCTTGGACAACTCAA CTGCAGACCCTGGCTTAGTC
Whnt1 ACCTCTTCGGCAAGATCGTC GTTTCTCGACAGCCTCGGTT
u6 CTCGCTTCGGCAGCACA

hsa-miR-4739 AAGGGAGGAGGAGCGGAGGGGCCCT

hsa-miR-619-5p GCTGGGATTACAGGCATGAGCC

hsa-miR-5787 GGGCTGGGGCGCGGGGAGGT

hsa-miR-7851-3p
hsa-miR-3192-5p

TACCTGGGAGACTTGAGGTTGGA
TCTGGGAGGTTGTAGCAGTGGAA

cycle (CT) values. Finally, differences in target
gene expression were analyzed using the 2744¢T
relative quantification.

Dual luciferase reporter gene assay

HEK293T cells were co-transfected with miR-4739
mimic/negative control and Notch2, Wntl, or
ZFP36L1 wild-type or mutant 3'-untranslated
region (UTR) reporter plasmid. Using Dual
Luciferase Reporter Gene Assay Kit (Beyotime,
Shanghai, China) to measure the firefly and
Renilla luciferase values based on the provided
manual after 48 h of transfection. All assays were
repeated no less than thrice.

Statistical analysis

With the use of GraphPad Prism v7.0 statistical
software, one-way analysis of variance was
employed for multiple group testing, and the
Mann-Whitney test for non-parametric was used
to analyze the differences between groups. P value
of less than 0.05 was regarded as significant.

Results

In this study, we inspected the changes of hsa_-
circ_0006766 during the osteogenic differentiation
of hBM-MSCs by inducing the osteogenic differ-
entiation of it. Through bioinformatics, QqRT-PCR
and dual luciferase, we proved that hsa_-
circ_0006766 may promote the osteogenic differ-
entiation of hBM-MSCs via hsa_circ_0006766—-
miR-4739 -Notch2 axis .

Osteogenic culture of hBM-MSCs

Firstly, in order to confirm the successful induc-
tion of hBM-MSCs, Alizarin Red staining was
performed. Cell aggregates were observed on day
7 of osteogenic differentiation of hBM-MSCs.
Brown calcified nodules were observed on day
14, and Alizarin Red staining revealed red calcified
nodules, indicating a positive staining result
(Figure la). Compared with those at day 0, the
expression levels of mRNAs, such as ALP and
RUNX2, associated with osteogenic differentiation
were significantly higher at day 7 after osteogenic
differentiation (P < 0.01,Figure 1b).

Expression of hsa_circ_0006766 during
osteogenic differentiation of hBM-MSCs and
construction of a circRNA-miRNA-mRNA network

In order to confirm that hsa_circ_0006766 is up-
regulated during the osteogenic differentiation of
hBM-MSCs, we used qRT-PCR to verify and
constructed a circRNA-miRNA-mRNA network
to find the downstream target genes of hsa_-
circ_0006766. QRT-PCR results showed that dur-
ing 7 days of induction of osteogenic
differentiation, hsa_circ_0006766 expression in
hBM-MSCs significantly increased with time
compared with that on day 0 (P < 0.01,
Figure 2a). Hsa_circ_0006766 was predicted to
interact with five miRNAs (hsa-miR-4739, hsa-
miR-619-5p, hsa-miR-5787, hsa-miR-7851-3p,
and hsa-miR-3192-5p) (Figure 2b). The predic-
tion system was then used for identifying target
genes of these miRNAs and a network of
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Figure 1. Differentiation of hBM-MSCs into osteoblasts. (a) Alizarin Red staining of hBM-MSCs shows a large number of calcified
nodules in 14 days. (b) Relative mRNA expression of ALP and RUNX2 during osteogenic differentiation of hBM-MSCs determined by
gRT-PCR. ns, not significant relative to DO group, P > 0.05; *P < 0.05; **P < 0.01.
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Figure 2. Construction of circRNA-miRNA-mRNA network and expression of hsa_circ_0006766 during osteogenic differentiation of
hBM-MSCs. (a) Relative expression of hsa_circ_0006766 during osteoblastic differentiation of hBM-MSCs as determined by gRT-PCR
analysis. ns, not significant relative to DO group, P > 0.05; * P < 0.05; ** P < 0.01. (b) The network of circRNA-miRNA-mRNA
consisting of hsa_circ_0006766(green node), target miRNAs (yellow squares) and their target mRNAs(blue nodes), in which the bone
metabolism related target mRNAs is marked with red.



circRNA-miRNA-mRNA interaction was plotted
using Cytoscape (Figure 2b).

Hsa_circ 0006766 functional enrichment
analysis

The functional enrichment and pathway of hsa_-
circ_0006766 regulating the osteogenic differentia-
tion of hBM-MSCs was further analyzed by
bioinformatics. GO analysis showed that the target
genes regulated by the five miRNAs related with
hsa_circ_0006766 were primarily enriched in bio-
logical processes (BP) (Figure 3a), particularly the
regulation of signaling and regulation of cell com-
munication (Figure 3b). The possible signal path-
ways of hsa_circ_0006766 are predicted by KEGG
Pathway analysis (Figure 3c). Of these, the MAPK
signaling pathway is closely associated with bone
metabolism (Figure 3d).

Expression of miRNAs targeted by
hsa_circ_0006766 during osteogenic
differentiation of hBM-MSCs

It was verified by qRT-PCR whether miR-4739 is
the target miRNA of hsa_circ_0006766, and the
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target genes related to the regulation of bone
metabolism by miR-4739 were found through
bioinformatics analysis. QRT-PCR analysis showed
that miR-4739 was the only target miRNA signifi-
cantly downregulated within 7 days after induction
of osteogenic differentiation, compared with levels
in uninduced hBM-MSCs (P < 0.05, Figure 4a).
Notch2, ZFP36L1, and Wntl, which are associated
with bone metabolism and were predicted to be
target genes of miR-4739 (Figure 2b), were signifi-
cantly upregulated (P < 0.05; Figure 4f, Figure 4g,
and Figure 4h, respectively). CircRNA profile data
demonstrated four binding sites of the coding
sequence for hsa_circ_0006766 in miRNA-4739
(Figure 5a).

Dual-luciferase reporter gene assay

In order to confirm that Notch2 is a downstream
target gene of miR-4739, a dual luciferase reporter
analysis was performed. TargetScan revealed the
3'-UTR binding site of the miR-4739 target genes
Notch2, ZFP36L1, and Wntl (Figure 5b). Based on
the dual-luciferase reporter gene analysis, the miR-
4739 mimic significantly suppressed the expres-
sion of the target gene Notch2 after transfection

Sig GO terms of DE gene-BP

Regulation of signaling [GO:0023051]

e 11 .. [GO:0006366]

Single organism signaling (GO:0044700]

Positive regulation of cellular process (GO:0048522]
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Figure 3. Functional and pathway enrichment analysis of hsa_circ_0006766. (a) Results of GO analysis. (b) Top 10 GO terms
(biological processes) determined by GO analysis according to the enrichment score. (c) Top 10 pathways determined by KEGG
analysis according to the enrichment score. (d) Map of hsa_circ_0006766-mediated MAPK signaling pathway.
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Figure 4. Relative expression of the predicted target miRNAs of hsa_circ_0006766 determined by qRT-PCR. (a—e) Expression of the
five predicted MREs of hsa_circ_0006766. (f-h) Expression of the predicted target genes of miR-4739 related to bone metabolism. ns,
not significant relative to DO group, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

of the wild-type plasmid related to the negative
control (P < 0.05, Figure 5c). Additionally,
Notch2 expression was restored after mutation of
the binding site (P < 0.05, Figure 5c). Conversely,
the expression of the target genes ZFP36L1 and
Wntl were not inhibited by the transfection of
miR-4739 mimic in wild-type plasmid (Figure 5d
and Figure 5e). These results indicated that among
the predicted genes, Notch2, but not ZFP36L1 or
Wnhntl, is a target gene of miR-4739.

Discussion

circRNA plays a huge role in many diseases
[18,19]. It not only primarily acts as an miRNA
sponge, but can also regulate gene transcription,
interplay of RNA-binding proteins, and participate
in protein translation [20,21]. Previous studies
have demonstrated that differential expression of
circRNA  hsa_circ_0001275 may  become
a potential new diagnostic biomarker in patients
with postmenopausal OP[17], while circRUNX2
can bind to miR-203 and enhance the expression
of RUNX2, thereby preventing OP[22]. It is

reported that a great deal of miRNAs are partici-
pated in bone formation[23]. But in fact, few stu-
dies have paid attention to the relevance and
function of circRNAs in osteogenic differentiation
of hBM-MSCs.

We previously observed significant differential
expression of hsa_circ_0006766 in patients with
postmenopausal OP based on circRNA chip
results. During the induction of osteogenic dif-
ferentiation of hBM-MSCs, we discovered that
hsa_circ_0006766 significantly increased.
Therefore, we speculated that hsa_circ_0006766
is highly correlated with osteogenic differentia-
tion of hBM-MSCs. Only one target miRNA
(MiR-4739) which was discovered to be signifi-
cantly downregulated in osteogenic differentia-
tion of hBM-MSCs. MiR-4739 was reported to
be closely associated with bone metabolism and
is involved in the process of regulating the
osteogenic differentiation of hBM-MSCs[24].
These results suggest that Notch2 is a target
gene of miR-4739.

Studies have indicated that circRNA can affect the
development of diseases by regulating signal
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Figure 5. Dual luciferase reporter detection of target genes of miR-4739. (a)Detailed annotation map of hsa_circ_0006766 with miR-
4739. Only the binding sites of the coding sequence in hsa_circ_0006766 are shown.(b) Predicted binding sites of miR-4739 in
Notch2, ZFP36L1, and Wnt1 determined by TargetScan. Relative luciferase activities in cells overexpressing miR-4739 with wild-type
or mutated miR-4739 binding sites in (c) Notch2, (d) ZFP36L1, and (e) Wnt1. ns, not significant, P > 0.05; ** P < 0.01; ****P < 0.0001.

transduction pathways [25,26]. Through KEGG
pathway analysis, we found that hsa_circ_0006766
mediates MAPK signaling, which is involved in bone
metabolism, and that Notch2 regulates the MAPK
signaling pathway. In addition, ERK1/2, p38-MAPK,
and JNK pathways within the MAPK signaling path-
way are closely associated with osteogenesis of bone
marrow mesenchymal stem cells and treatment of
OP [27-30]. Inducing osteogenic differentiation of
mesenchymal stem cells from bone marrow (BM-
MSCs), the phosphorylation of ERK and p38 plays
a crucial effect in regulating osteogenic differentia-
tion and promoting bone formation [31,32].
Activation of ERK signaling in the MAPK pathway
promotes the stimulation of osteogenic differentia-
tion of BM-MSCs by BMP2/7 growth factors[33].
p38 and ERK1/2 have significant functions in BMP9-
induced osteogenic differentiation of BM-MSCs by

influencing the canonical Smad signaling pathway
[34]. BMP9-induced BMP9 activity and BMP/Smad
signaling in BM-MSCs are enhanced by Notch sig-
naling, thus inducing osteogenic differentiation of
BM-MSCs[35]. Therefore, based on the results of
our study and related reports, we suggest that hsa_-
circ_0006766 promotes osteogenic differentiation of
hBM-MSCs through an hsa_circ_0006766-miR-
4739-Notch2 axis, specifically by enhancing the
expression of Notch2 and regulating the MAPK sig-
naling pathway.

The study had some shortcomings: the func-
tions and mechanisms of hsa_circ_0006766 and
the osteogenic differentiation of miR-4739 in
hBM-MSCs were not determined by their over-
expression or silencing. In addition, the expression
of MAPK signaling pathway-related genes was not
confirmed by qRT-PCR or western blot.
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Therefore, the specific mechanism of hsa_-
circ_0006766 in osteogenic differentiation of
hBM-MSCs requires further investigation.

Conclusion

In summary, we hypothesize that hsa_-
circ_0006766 regulates the MAPK signaling path-
way through a hsa_circ_0006766-miR-4739-
Notch2 axis to promote osteogenic differentiation
of hBM-MSCs and osteogenesis, which may pre-
vent OP. Overexpression of hsa_circ_0006766 or
inhibition of miR-4739 can promote osteogenesis,
suggesting new targets for the diagnosis, treat-
ment, and prevention of OP.

Highlight

1, Hsa_circ_0006766 promotes osteogenic differentiation of
hBM-MSCs.

2, Hsa_circ_0006766 directly target miR-4739 and down-
regulated miR-4739 expression.

3, Notch2 is the target gene of miR-4739.

4, Hsa_circ_0006766 can regulate the MAPK signaling
pathway to promote the osteogenic differentiation of hBM-
MSCs through the hsa-circ-0006766/miR-4739/Notch2 regu-
latory axis.
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