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Circ_0019693 promotes osteogenic differentiation of bone marrow
mesenchymal stem cell and enhances osteogenesis-coupled angiogenesis via
regulating microRNA-942-5p-targeted purkinje cell protein 4 in the

development of osteoporosis

Weifu He", Xiaoyan Shi’, Zhenye Guo, Huan Wang, Mingming Kang, and Zhi Lv

Department of Orthopaedics, The Second Hospital of Shanxi Medical University, Taiyuan City, Shanxi Province, China

ABSTRACT

Circular RNA (circRNA) is a crucial regulator in multiple human diseases, including osteoporosis
(OP). However, the function of numerous circRNAs remains unclear. This study aimed to explore
the role and mechanism of circ_0019693 in bone marrow mesenchymal stem cell (BMSC) osteo-
genic differentiation and osteogenesis-coupled angiogenesis. The expression of circ_0019693,
miR-942-5p and purkinje cell protein 4 (PCP4) was measured using quantitative real-time PCR
(gPCR) or Western blot. Osteogenic differentiation was monitored according to the protein levels
of RUNX family transcription factor 2 (RUNX2), osteopontin (OPN) and osteocalcin (OCN) by
Western blot analysis, and the activity of alkaline phosphatase (ALP). Angiogenesis was evaluated
by tube formation assay. The targeting relationship between miR-942-5p and circ_0019693 or
PCP4 was identified using pull-down, dual-luciferase reporter, and RNA immunoprecipitation
assays. Circ_0019693 was downregulated in serum samples and bone tissues from OP patients
relative to normal subjects. Circ_0019693 expression was enhanced in the stages of BMSC
osteogenic differentiation. Circ_0019693 overexpression enhanced the activity of ALP and the
expression of RUNX2, OPN and OCN, and its overexpression also promoted angiogenesis.
However, circ_0019693 knockdown played the opposite effects. MiR-942-5p was ensured to be
a target of circ_0019693, and miR-942-5p enrichment reversed the effects of circ_0019693. In
addition, PCP4 was a target of miR-942-5p, and miR-942-5p inhibitor-promoted BMSC osteogenic
differentiation and angiogenesis were partly repressed by PCP4 knockdown. In conclusion,
circ_0019693 promotes BMSC osteogenic differentiation osteogenesis-coupled angiogenesis via
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regulating miR-942-5p-targeted PCP4, thus blocking the development of OP.

Introduction

Osteoporosis (OP) is a highly prevalent systemic bone
disease, characterized by bone loss and deterioration
of bone microstructure [1]. The prevalence of OP is
increasing due to the aging of the population [2]. The
progression of OP may be attributed to the imbalance
between osteoblast bone formation and osteoclast
bone resorption [3,4], but its pathogenesis still needs
further elucidation. It is considered that bone forma-
tion and fracture are linked to moderate osteogenesis
and angiogenesis that are often impaired by reduced
recruitment of osteoblasts to the damaged area in
osteoporosis conditions, leading to nonunion of the
fracture [2,5,6]. Nowadays, the promotion of bone
marrow mesenchymal stem cell (BMSC) osteogenic

differentiation is regarded as a therapeutic strategy for
OP [7,8]. Therefore, it is essential to uncover the
molecular mechanisms of BMSC osteogenic differen-
tiation and osteogenesis-coupled angiogenesis.
Non-coding RNAs (ncRNAs) play considerable
roles in epigenetics regulation of gene expression
in multiple biological processes [9]. Accumulating
reports record the pivotal roles of ncRNAs in the
progression of OP [10,11]. Circular RNAs
(circRNAs) are a class of newly identified
ncRNAs, well-known for unique loop-closed
structures. Although the role of circRNA is initi-
ally underestimated, the function of circRNA in
biological processes, especially disease progression,
has attracted more and more attention [12]. In
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view of the high stability of circRNAs in tissues,
cells and body liquids, circRNAs are believed to be
more promising biomarkers compared to other
linear RNA molecules [12,13]. The application of
circRNA sequencing and bioinformatics proves
that certain circRNAs are differently expressed in
OP groups compared with that in non-OP groups,
hinting that several circRNAs are implicated with
the development of OP [14,15]. Progressive
researches illustrate that circRNAs regulate
BMSC osteogenic differentiation. For example,
circ_0024097 contributed to the osteogenic differ-
entiation of BMSCs via regulating its parental gene
and Wnt/p-catenin pathway [16]. Whereas, the
functions of multiple OP-related circRNAs on
osteogenic  differentiation = remain  unclear.
A previous study performed circRNA microarray
analysis and identified that circ_0019693 was one
of the upregulated circRNAs in OP serum samples
[14]. Given that circ_0019693 was rarely explored
in any diseases, we aimed to investigate the role of
circ_0019693 in the development of OP.

CircRNAs have been widely studied for their
molecular sponge effect on target microRNAs
(miRNAs). With the prediction of bioinformatics
tools [17,18], miRNAs targeted by circ_0019693
are easily acquired. MiR-942-5p was shown to be
involved in BMSC osteogenic differentiation by
a recent study [19], and it was also predicted as
one of the targets of circ_0019693. We speculated
that circ_0019693 might regulate BMSC biological
phenotypes by targeting miR-942-5p. It is canoni-
cal that miRNAs sequester gene expression via
combining with gene 3XUTR. Likewise, it is easy
to predict the target genes of miRNA by bioinfor-
matics [20]. Purkinje cell protein 4 (PCP4) was
predicted as a target of miR-942-5p, and it was
declared to be downregulated in rat models of OP
[21]. It should be addressed whether the involve-
ment of PCP4 in OP was associated with
circ_0019693-mediated miR-942-5p.

This study for the first time focused on
circ_0019693 and hypothesized that circ_0019693
played considerable roles in BMSC osteogenic dif-
ferentiation and osteogenesis-coupled angiogen-
esis. Besides, we confirmed the interplays
between miR-942-5p and circ_0019693 or PCP4,
which provided a new mechanism to explain the
role of circ_0019693. Our study aimed to disclose

the role and regulatory mechanism of
circ_0019693 in OP, further providing the poten-
tial management strategy for OP.

Materials and methods
Clinical specimen collection

A total of 43 patients with OP (including 27 females
and 16 males, age range: 50-78 ages) and 17 normal
controls (including 11 females and 6 males, age
range: 53-80 ages) from the Second Hospital of
Shanxi Medical University were enrolled in this
study. Normal controls suffered from external trau-
matic fracture, without OP symptoms. These
patients had no complications or diseases related
to bone metabolisms, such as nephropathy and liver
disease. Besides, before treatment, none of the
patients have experienced any medical therapy.
Blood samples and bone tissues were collected
from these subjects, with the written informed con-
sent from all subjects. Blood samples were left
standing and centrifuged to obtain serum. This
study obtained the permission of the Second
Hospital of Shanxi Medical University.

Cell treatment and cell culture

Human BMSCs purchased from Cyagen (Suzhou,
China) were cultured in OriCell human BMSC
complete medium (No. HUXMA-90011; Cyagen)
at 37°C conditions with 5% CO,. BMSCs were
plated in 6-well plates, and BMSC differentiation
was induced by supplying osteogenic differentia-
tion medium (No. HUXMA-90021) in cell culture
medium. Osteogenic differentiation medium was
renewed every 3 days, and BMSCs were induced
for 3 weeks for use.

Cell transfection

Circ_0019693 overexpression vector (circ_0019693)
and empty vector control (pCD5-ciR), small inter-
ference RNA targeting circ_0019693 (si-circ
_0019693) and negative control (si-con) were con-
structed by Geneseed (Guangzhou, China). The
mimic and inhibitor of miR-942-5p (miR-942-5p
and in-miR-942-5p), and their matched negative
controls (miR-con and in-miR-con) were purchased



from Ribobio (Guangzhou, China). PCP4 siRNA (si-
PCP4) and si-con were also provided by Geneseed.
Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA, USA) was utilized to perform cell transfection
with the guideline of protocol.

Quantitative real-time PCR (qPCR)

Total RNA was isolated by Trizol method
(Invitrogen) and quantified by NanoDrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA).
For cDNA synthesis, HiScript 1st Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China) and
miRNA c¢DNA Synthesis Kit (Cwbio, Beijing,
China) were applied for reverse transfection.
Next, the UltraSYBR Mixture (Cwbio) was used
to perform qPCR reaction. Here, GAPDH was
used as an internal reference for circRNA and
mRNA, and U6 was used as an internal reference
for miRNA. Relative expression was obtained with
the application of the 27**“* method. Primer
sequences were shown as follows:

circ_0019693, F: 5-AGTTGCGGACAACTC
CTTTG-3' and R: 5-TGCCTTCTCCTCCTCT
GAGT-3'; nucleolar and coiled-body phosphopro-
tein 1 (NOLCI1), F: 5-TTCCTGCGCGATAAC
CAACT-3' and R: 5-TGGCAGACTTGAGCC
AGAAG-3'; miR-942-5p, F: 5-GTATGATCTT
CTCTGTTTTGGC-3" and R: 5-CTCAACTGG
TGTCGTGGAG-3'; PCP4, F: 5-TGGGTCTCAG
TCCTAGTGGG-3" and R: 5-TGGAGGTTTGCTA
TGCGTGT-3'; U6, F: 5-CTCGCTTCGGCAG
CACA-3'" and R: 5-AACGCTTCACGAATTTG
CGT-3; GAPDH, F: 5-ACAGCCTCAAGATCAT
CAGC-3' and R: 5-GGTCATGAGTCCTTCC
ACGAT-3'.

CircRNA subcellular location

RNA from cytoplasmic fraction or nuclear fraction
was isolated using the PARTIS kit (Invitrogen).
The expression of circ_0019693 in each fraction
was measured by qPCR, with (-actin as a control
in cytoplasm and U6 as a control in nucleus.

CircRNA identification

CircRNA was resistant to RNase R digestion due
to the lack of 3X and 5K tails. Total RNA was
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treated with RNase R (BioVision, Milpitas, CA,
USA) and then used for qPCR to detect the
expression of circ_0019693 and linear NOLCI.

Oligo(dT),s primers (amplifying mRNAs with
poly(A) tail) and random primers were purchased
from Solarbio (Beijing, China) and used as reverse
transcription primers. The synthesized cDNA was
used for qPCR to examine the expression of
circ_0019693 and linear NOLCI.

Western blot assay

Western blot assay was carried out to examine the
expression of RUNX family transcription factor 2
(RUNX2), osteopontin (OPN), osteocalcin (OCN)
and PCP4 proteins. According to the previous
description [22], total protein was extracted using
the RIPA method (Solarbio) and then quantified by
the BCA method (Solarbio). After separating by 12%
SDS-PAGE, proteins were transferred onto PVDF
membranes, following by blocking with 5% skim
milk. Next, the membranes were cultured with the
primary antibodies (Abcam, Cambridge, MA, USA),
such as anti-RUNX2 (ab236639; dilution: 1/1000),
anti-OPN (ab214050; dilution: 1/1000), anti-OCN
(ab133612; dilution: 1/3000), anti-PCP4 (ab197377;
dilution: 1/1000) and anti-p-actin (ab8227; dilution:
1/3000). Subsequently, the membranes were cul-
tured with HRP-conjugated secondary antibody
(ab205718; dilution: 1/5000). The signaling of pro-
teins was observed using the ECL reagent (Solarbio).

Alkaline phosphatase (ALP) staining assay

BMSCs in 96-well plates were cultured in osteogenic
differentiation medium for 21 days. Then, cells were
washed with PBS and fixed with 4% paraformalde-
hyde. Next, cells were stained using a BCIP/NBT
ALP Color Development Kit (Beyotime, Shanghai,
China) according to the protocol. The differentiated
cells were stained with blue violet.

Tube formation assay

According to the previous method [23], Matrigel
(BD Biosciences, San Jose, CA, USA) was plated
into 96-well plates for 1 h at 37°C. The super-
natant of BMSCs with various transfections was
collected, and HUVECs cultured in the
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supernatant of BMSCs were added into the
Matrigel-coated 96-well plates. After incubation
at 37°C for 4 h, the efficiency of tube formation
was visualized under a microscope (Nikon, Tokyo,

Japan).

Bioinformatics tools

A total of 3 databases were employed in this study,
including starbase (http://starbase.sysu.edu.cn/),
circular RNA interactome (https://circinterac
tome.nia.nih.gov/), and circbank (http://www.cir
cbank.cn/).

RNA pull-down assay

Biotin probes of circ_0019693 (circ_0019693 probe)
and miR-942-5p (bio-miR-942-5p-WT, containing
wild-type miR-942-5p sequence; bio-miR-942-5p-
MUT, containing mutant-type miR-942-5p
sequence) were provided by Ribobio. The probes
were incubated with streptavidin magnetic beads
(Thermo Fisher Scientific) for 2 h. BMSCs were
lysed and then cultured with probe-coated beads
overnight at 4°C. RNA compounds bound to beads
were eluted and isolated for qPCR analysis.

Dual-luciferase reporter assay

Luciferase reporter plasmids of circ_0019693-WT
(containing miR-942-5p binding site),
circ_0019693-MUT (containing mutant miR-942-
5p binding site), PCP4-3KUTR-WT (containing
miR-942-5p binding site), and PCP4-3XUTR-
MUT (containing mutant miR-942-5p binding
site) were constructed using pmirGLO plasmid
(Promega, Madison, WI, USA). BMSCs were
cotransfected with circ_0019693-WT,
circ_0019693-MUT, PCP4-3XUTR-WT or PCP4-
3XUTR-MUT and miR-942-5p or miR-con. After
culturing for 48 h, luciferase activity was moni-
tored using a Dual-Luciferase Reporter Assay
System (Promega).

RNA immunoprecipitation (RIP) assay

RIP assay was conducted in accordance with the
protocol from the Magna RIP kit (Millipore,
Bedford, MA, USA). BMSCs were lysed and then

incubated with magnetic beads pre-conjugated
with the antibody of anti-Ago2 (Millipore) or anti-
IgG (control; Millipore) to capture RNA com-
pounds. RNA compounds bound to beads were
eluted and isolated for qPCR analysis.

Statistical analysis

Three independent biological experiments were
performed to obtain the experimental data, fol-
lowed by data processing using GraphPad Prism
7.0 (GraphPad, La Jolla, CA, USA). Statistical dif-
ference in different groups was analyzed using
Student’s t-test or analysis of variance. The corre-
lation between two groups was analyzed using
Pearson’s correlation analysis. Data were finally
exhibited as the mean * standard deviation.
A P-value less than 0.05 was defined to be statis-
tical difference.

Results

We reported a circRNA, circ_0019693, whose
expression was aberrantly declined in OP patients,
and its expression was gradually increased during
BMSC osteogenic differentiation. We conducted
gain- and loss-of-function assays to explore the
function of circ_0019693 and monitored that
circ_0019693 overexpression enhanced BMSC
osteogenic differentiation and angiogenesis. We
further summarized that circ_0019693 regulated
miR-942-5p-targeted PCP4 to promote osteogen-
esis and angiogenesis, thus affecting the progres-
sion of OP.

Circ_0019693 expression was reduced in serum
and bone tissues from OP patients

Expression analysis showed that circ_0019693
expression was strikingly decreased in serum and
bone tissues from OP patients compared with that
from normal subjects (Figure 1(a and b)).
Circ_0019693 was derived from the exon6-
exonl2 of NOLC1 gene by back-splicing, with
1334 bp in length (Figure 1(c)). Subcellular loca-
tion analysis presented that circ_0019693 was
mainly located in the cytoplasm relative to nucleus
(Figure 1(d)). After RNase R digestion,
circ_0019693 expression was rarely degraded by
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RNase R, while NOLC1 expression was largely
degraded by RNase R, verifying the existence of
circ_0019693  (Figure 1(e)). In addition,
circ_0019693 was hardly amplified by oligo(dT);s
primers, while NOLC1 could be amplified by ran-
dom primers and oligo(dT),s primers, which ver-
ified the circular structure of circ_0019693
(Figure 1(f)). The data indicated that
circ_0019693 was upregulated in OP.

Circ_0019693 overexpression promoted BMSC
osteogenic differentiation and angiogenesis

The expression of circ_0019693 was gradually
upregulated during the osteogenic differentiation
of BMSCs (Figure 2(a)). Gain- or loss-function
assays were performed to determine the functional
role of circ_0019693. The expression of
circ_0019693 was markedly strengthened in
BMSCs transfected with circ_0019693, while its
expression was markedly reduced in BMSCs trans-
fected with si-circ_0019693 (Figure 2(b)). Several
osteogenic differentiation-related markers were
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quantified by Western blot. The results presented
that the expression of RUNX2, OPN and OCN was
notably enhanced in BMSCs with circ_0019693
overexpression but largely decreased in BMSCs
with circ_0019693 knockdown (Figure 2(c-f)).
Besides, ALP activity was shown to be markedly
increased in BMSCs with circ_0019693 overex-
pression but largely decreased in BMSCs with
circ_0019693 knockdown (Figure 2(g)). Tube for-
mation assay uncovered that circ_0019693 over-
expression promoted tube formation of HUVECs,
while circ_0019693 knockdown blocked tube for-
mation (Figure 2(h)). These data summarized that
circ_0019693 promoted BMSC osteogenic differ-
entiation and angiogenesis.

Circ_0019693 targeted and negatively regulated
miR-942-5p

Starbase, circlar RNA interactome and circbank
were utilized to predicted miRNAs targeted by
circ_0019693, and miR-942-5p and miR-432-5p
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Figure 1. Circ_0019693 expression was reduced in OP serum and bone tissues. (a and b) Circ_0019693 expression was detected
using gPCR in serum samples and bone tissues. (c) The formation and structure of circ_0019693. (d) The location of circ_0019693 in
cytoplasm or in nucleus. (e) The stability of circ_0019693 was checked using RNase R. (f) The existence of circ_0019693 was ensured

using oligo(dT),g primers. *P < 0.05.
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Figure 2. Circ_0019693 overexpression promoted BMSC osteogenic differentiation and angiogenesis. (a) The expression of
circ_0019693 during the osteogenic differentiation of BMSCs was measured by qPCR. (b) The efficiency of circ_0019693 over-
expression vector and si-circ_0019693 was checked by gPCR. (c-f) The protein levels of RUNX2, OPN and OCN affected by
circ_0019693 overexpression or knockdown were measured by Western blot. (g) ALP activity was examined to determine osteogenic
differentiation. (h) Cell angiogenesis was assessed by tube formation assay. *P < 0.05.

were overlapped by three databases (Figure 3(a)).
We used circ_0019693 probe by pull-down assay
to determine whether miR-942-5p and miR-432-
5p could be enriched by circ_0019693. The data
showed that miR-942-5p, compared to miR-432-
5p, with more abundance, was enriched by
circ_0019693 probe (Figure 3(b)). Then, we
designed the mutant sequence fragment of
circ_0019693 and constructed circ_0019693-WT
and circ_0019693-MUT luciferase reporter plas-
mids (Figure 3(c)). The data revealed that miR-
942-5p overexpression significantly reduced luci-
ferase activity in BMSCs transfected with
circ_0019693-WT (Figure 3(d)). In addition,
circ_0019693 and miR-942-5p were both enriched
in the anti-Ago2-mediated RIP group relative to
anti-IgG (Figure 3(e)). The expression of miR-942-
5p was notably higher in serum and bone tissues
from OP patients compared with that from normal
subjects (Figure 3(f-g)). Circ_0019693 expression
in serum samples and bone tissues showed nega-
tive correlation with miR-942-5p expression

(Figure 3(h-i)). Moreover, miR-942-5p expression
was gradually declined during the osteogenic dif-
ferentiation of BMSCs (Figure 3(j)). MiR-942-5p
expression ~ was  markedly impaired by
circ_0019693 overexpression in BMSCs (Figure 3
(k)). Overall, miR-942-5p was a target of
circ_0019693, and circ_0019693 negatively modu-
lated miR-942-5p expression.

MiR-942-5p upregulation reversed the role of
circ_0019693 overexpression

Rescue experiments were performed to determine
whether circ_0019693 promoted BMSC osteogenic
differentiation and phenotype changes by targeting
miR-942-5p. MiR-942-5p mimic significantly
enhanced the expression of miR-942-5p in
BMSCs (Figure 4(a)). Then, miR-942-5p expres-
sion decreased in circ_0019693-transfected BMSCs
but partially enhanced in circ_0019693+ miR-942-
5p-transfected BMSCs (Figure 4(b)). The protein
levels of RUNX2, OPN and OCN were
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Figure 3. MiR-942-5p was targeted by circ_0019693. (a) MiRNAs potentially targeted by circ_0019693 were predicted by starbase,
circular RNA interactome, and circbank. (b) Pull-down assay was performed to analyze miRNAs enriched by circ_0019693 probe. (c)
The binding site between circ_0019693 and miR-942-5p. (d and e) The binding between circ_0019693 and miR-942-5p was verified
by dual-luciferase reporter assay and RIP assay. (f and g) MiR-942-5p expression in serum and bone tissues was measured by gPCR.
(h and i) The correlation between circ_0019693 expression and miR-942-5p expression in serum samples and bone tissues. (j) The
expression of miR-942-5p during the osteogenic differentiation of BMSCs was measured by gPCR. (k) MiR-942-5p expression in
BMSCs with circ_0019693 overexpression was measured by qPCR. *P < 0.05.

strengthened by circ_0019693 overexpression,
while further miR-942-5p upregulation repressed
their expression levels (Figure 4(c-f)). The
increased ALP activity caused by circ_0019693
overexpression was also reversed by the reintro-
duction of miR-942-5p (Figure 4(g)). Moreover,
we found that the overexpression of circ_0019693
and miR-942-5p markedly reversed the enhanced
angiogenesis of BMSCs relative to alone
circ_0019693 upregulation (Figure 4(h)). These
data proved that circ_0019693 overexpression pro-
moted BMSC osteogenic differentiation and angio-
genesis via targeting miR-942-5p.

MiR-942-5p bound to PCP4 and negatively
regulated PCP4 expression

The potential binding relationship between miR-
942-5p and PCP4 was predicted by starbase, and
then PCP4-3'UTR-WT and PCP4-3'UTR-MUT
reporter plasmids were constructed (Figure 5(a)).
The data from pull-down assay exhibited that high
abundance of PCP4 was enriched by bio-miR-942-
5p-WT probe (Figure 5(b)). Luciferase reporter
assay pointed out that miR-942-5p enrichment
markedly weakened luciferase activity in BMSCs
transfected with PCP4-3'UTR-WT (Figure 5(c)).
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Figure 4. Circ_0019693 played functions by targeting miR-942-5p. (a) The efficiency of miR-942-5p mimic was checked by gPCR.
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osteogenic differentiation of BMSCs in different groups. (h) Angiogenesis was evaluated by tube formation assay. *P < 0.05.

RIP assay presented that PCP4 and miR-942-5p
were both enriched in the anti-Ago2-mediated RIP
group relative to anti-IgG (Figure 5(d)). The expres-
sion of PCP4 mRNA was strikingly decreased in
serum samples and bone tissues from OP patients
compared with that from normal subjects (Figure 5
(e-f)). In addition, PCP4 mRNA expression was
negatively correlated with miR-942-5p expression
in serum samples and bone tissues (Figure 5(g-h)).
The expression of PCP4 protein in bone tissues
from OP patients was also markedly declined
(Figure 5(i)). However, PCP4 expression was gradu-
ally increased during the osteogenic differentiation
of BMSCs (Figure 5(j)). The transfection of in-miR
-942-5p markedly reduced the expression of miR-

942-5p but strengthened the expression of PCP4 in
BMSCs (Figure 5(k-1)). The data indicated that miR-
942-5p negatively regulated the expression of PCP4.

MiR-942-5p repression promoted BMSC
osteogenic differentiation and angiogenesis by
increasing PCP4 expression

The expression of PCP4 was remarkably weakened
in BMSCs transfected with si-PCP4 (Figure 6(a)).
In addition, PCP4 expression was markedly upre-
gulated in BMSCs transfected with in-miR-942-5p
but partly repressed in BMSCs transfected with in-
miR-942-5p+si-PCP4 (Figure 6(b)). The protein
levels of RUNX2, OPN and OCN were enhanced
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Figure 5. PCP4 was a target of miR-942-5p. (a) The binding site between miR-942-5p and PCP4 3XUTR was provided by starbase.
(b-d) The relationship between PCP4 and miR-942-5p was validated by pull-down, dual-luciferase reporter and RIP assays. (e and f)
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Western blot. (k) The efficiency of in-miR-942-5p was checked by gPCR. (I) The expression of PCP4 protein in BMSCs with miR-942-5p

inhibition was measured by Western blot. *P < 0.05.

by miR-942-5p suppression, while further PCP4
downregulation repressed the protein levels of
these markers (Figure 6(c-f)). The strengthened
ALP activity caused by miR-942-5p inhibition
was partially restrained by PCP4 knockdown
(Figure 6(g)). Additionally, the simultaneous
knockdown of miR-942-5p and PCP4 reversed
the capacities of angiogenesis promoted by alone
miR-942-5p knockdown (Figure 6(h)). These find-
ings exposed that miR-942-5p functioned in osteo-
porosis by targeting PCP4.

Circ_0019693 positively regulated PCP4
expression by decoying miR-942-5p

In serum samples and bone tissues from OP patients,
we found that PCP4 mRNA expression was

markedly positively correlated with circ_0019693
expression (Figure 7(a-b)). In addition, the expres-
sion of PCP4 protein was notably enhanced in
BMSCs transfected with circ_0019693 but partly
impaired in BMSCs transfected with circ_0019693
+ miR-942-5p (Figure 7(c)). Unsurprisingly, the
expression of PCP4 protein was significantly down-
regulated in BMSCs transfected with si-circ_0019693
but partially restored in BMSCs transfected with si-
circ_0019693+ in-miR-942-5p (Figure 7(d)). The
data suggested that circ_0019693 regulated PCP4
expression by targeting miR-942-5p.

Discussion

Patients with OP often suffer from the delayed
union of bone fractures because of impaired
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osteogenesis and inhibitory angiogenesis [24].
Therefore, it is necessary to exploit the factors
involving in osteogenesis and angiogenesis to sup-
ply promising therapeutic strategies for OP. We
mainly reported the function circ_0019693 on
BMSC osteogenic differentiation and angiogenesis,
thus determining the underlying role of
circ_0019693 in the development of OP.

BMSCs are a kind of multifunctional, undiffer-
entiated cells with regenerative capacity. When
bone is injured, BMSCs spontaneously migrate
to the bone lesion and differentiate into osteo-
blasts, and osteoblasts next secrete extracellular
matrix (ECM) to achieve bone repair [25,26].
Blood vessels are essential to transfer oxygen,
materials and nutrients, which is crucial for bone
mass maintenance and bone regeneration [2,25].
Bone loss repair is a complex process with

complex signaling cascades, involving osteogenic
differentiation of BMSCs and well-organized
angiogenesis [26,27]. Therefore, the induction of
BSMC osteogenic differentiation and the coupling
of osteogenesis and angiogenesis are of great sig-
nificance for the repair of OP-induced bone
injury. Vascular endothelial growth factor
(VEGF) was required for the coupling of bone
formation and angiogenesis during bone develop-
ment [28]. Emerging evidence revealed that cer-
tain circRNAs were implicated with these
processes. For instance, circ_0113689 was highly
expressed in BMSCs during osteogenic differen-
tiation, and its overexpression accelerated BMSC
proliferation and osteogenic differentiation [29].
Besides, circ_0006215 promoted BMSC osteogenic
differentiation, and the medium of BMSCs over-
expressing circ_0006245 promoted HUVEC
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angiogenesis [19]. Consistent with these studies,
we discovered that circ0019693 expression was
markedly increased during BMSC osteogenic dif-
ferentiation, and circ_0019693 upregulation
enhanced the expression of RUNX2, OPN and
OCN, and the activity of ALP. RUNX2, OPN
and OCN are common markers of osteogenic
differentiation [30], and ALP, produced by osteo-
genic cells (such as osteoblasts), is one of the most
reliable markers for osteogenic differentiation
[31]. The changes in the expression of RUNX2,

OPN and OCN and the activity of ALP in BMSCs
overexpressing  circ_0019693 indicated that
circ_0019693 promoted BMSC osteogenic differ-
entiation. Besides, the supernatant of BMSCs
overexpressing  circ_0019693 strengthened
HUVEC angiogenesis. Unsurprisingly, the knock-
down of circ_0019693 showed the opposite
effects.

The results from pull-down, dual-luciferase repor-
ter and RIP assays verified that miR-942-5p was
targeted by circ_0019693. Previous study reported
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that miR-942-5p acted as a target of circ_0006215,
and its inhibition recovered the ability of BMSC
osteogenic differentiation [19]. Coincidentally,
circ_0074834 overexpression promoted BMSC
osteogenesis and angiogenesis by targeting miR-
942-5p [32]. Largely in agreement with these data,
our data defined miR-942-5p as a target of
circ_0019693. In function, miR-942-5p enrichment
partly depleted the expression of RUNX2, OPN and
OCN, the activity of ALP, and HUVEC angiogenesis
in BMSCs overexpressing circ_0019693, while miR-
942-5p deficiency enhanced the expression of these
markers and ALP activity. The data strongly sup-
ported that circ_0019693 promoted BMSC osteo-
genic  differentiation and  angiogenesis by
suppressing miR-942-5p.

To further exploit the functional mechanism of
circ_0019693, the downstream mRNA molecules
of miR-942-5p were screened. PCP4 attracted our
attention because its expression was shown to pre-
sent an upward trend during BMSC osteogenic
differentiation [33]. Bioinformatics study exposed
that PCP4 was associated with calcium deposition
and the regulation of CaM-dependent protein
kinase, hinting that osteogenic differentiation was
enhanced by PCP4 depending on PCP4-induced
calcium deposition [33]. In addition, PCP4 expres-
sion was declined in rat models of OP, and PCP4
overexpression promoted the differentiation of
osteoblasts obtained from OP rat models [21].
Consistently, our data presented that PCP4 expres-
sion was notably decreased in OP patients but
gradually enhanced during osteogenic differentia-
tion in BMSCs. PCP4 knockdown reversed the
role of miR-942-5p inhibition, leading to the inhi-
bition of BMSC osteogenic differentiation and
angiogenesis.

Conclusion

Taken together, the expression of circ_0019693
was declined in serum samples and bone tissues
from OP patients, and its expression was gradually
increased in BMSCs during osteogenic differentia-
tion. Circ_0019693 overexpression promoted
BMSC osteogenic differentiation and enhanced
osteogenesis-coupled angiogenesis via regulating
miR-942-5p-targeted PCP4, thus potentially pre-
venting the progression of OP. This study for the

first time explores the potential role of
circ_0019693 in OP, which may help to develop
new strategies for OP therapy.

Highlight

e Circ_0019693 is downregulated in osteo
porosis.

e Circ_0019693  overexpression  promotes
BMSC osteogenic differentiation and osteo-
genesis-coupled angiogenesis.

e Circ_0019693 competitively binds to miR-
942-5p to regulate PCP4 expression.

e Circ_0019693 governs the miR-942-5p/PCP4
axis to suppress osteoporosis development.
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