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Abstract
Osteoporosis is a highly prevalent disease characterized by bone mass loss and structural deterioration. There are evidences 
that altered differentiation of human bone marrow mesenchymal stromal/stem cells (hBMSCs) is a major cause for osteo-
porosis. Recent studies suggest that circular RNAs (circRNAs) are dysregulated in osteoporosis patients and involved in the 
pathogenesis of osteoporosis. In the present study, we are aimed to analyze the circRNA expression profiles in osteoporosis 
patients and identify potential circRNAs that involved in the differentiation of hBMSCs during osteoporosis. Transcriptome 
RNA-sequencing was conducted to search for differentially expressed circRNAs. Transwell assay, ARS and ALP staining, 
and ectopic bone formation model were performed to evaluate osteogenic differentiation of hBMSCs. RNA pull-down assay, 
RNA immunoprecipitation, western blot, and in vitro binding assay were conducted to evaluate the interaction of circRNAs 
and RNA-binding protein HuR. We found that hsa_circ_0008842 (designated as circZNF367) was upregulated in osteoporosis 
patients and decreased in hBMSCs during osteogenic differentiation. CircZNF367 overexpression suppressed migration, 
invasion and osteogenic differentiation of hBMSCs in vitro and in vivo. In comparison, knockdown of circZNF367 promoted 
migration, invasion and osteogenic differentiation of hBMSCs. CircZNF367 could interact with the RNA-binding protein 
HuR, thus reduced the mRNA stability of LRP5. Furthermore, HuR overexpression or LRP5 restoration abrogated the effects 
of circZNF367 overexpression on osteogenic differentiation of hBMSCs. Our results indicated that circZNF367 played a 
role in osteogenic differentiation of hBMSCs via reducing HuR-mediated mRNA stability of LRP5.
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Introduction

Osteoporosis is characterized by decreasing of bone mass, 
impairment of bone microarchitectural and increase risk of 
fragility fractures [1]. It is defined as bone mineral density 
(BMD) T score of  – 2.5 or less. Osteoporosis is a highly 
prevalent disease. It is estimated that one in three women 
and one in five men that aged over 50 will experience 

osteoporotic fractures during their lifetime [2]. There are 
more than 8.9 million fractures caused by osteoporosis 
every year worldwide [3]. Osteoporotic fractures can dra-
matically reduce the quality of life and cause a two–eight-
fold increase risk of mortality [3]. Indeed, the mortality rate 
of osteoporotic fractures of the hip and spine is as high as 
20% [4]. The main risk factors for osteoporosis are old age 
and postmenopausal period, and other risk factors include 
inflammatory arthropathy, immobilization, medications 
and endocrine disorders [5]. Osteoporosis is caused by an 
imbalance between bone resorption and formation. Bones 
are constantly resorbed by osteoclasts and regenerated by 
osteoblasts, and thus remain a dynamic balance throughout 
life [6]. The bone remodeling process is critical for maintain-
ing bone density and mineral homeostasis. Osteoblasts are 
derived from mesenchymal stromal/stem cells that reside in 
the bone marrow (BMSCs). During intramembranous bone 
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formation, BMSCs proliferate and differentiate into osteo-
blasts, and thus promote extracellular matrix proteins pro-
duction and mineral deposition. Therefore, elucidating the 
molecular mechanism of osteoblasts differentiation might 
help to develop new treatments for osteoporosis.

BMSCs, a non-hematopoietic stem cell population first 
found in bone marrow, can differentiate into osteoblasts or 
adipocytes, and thus act an important role in maintaining 
bone stability. There are evidences that altered differentia-
tion of BMSCs is a major cause for osteoporosis [7]. Age-
related osteoporosis is correlated with marrow fat accumula-
tion and decrease of bone formation [8]. BMSCs of aging 
person exhibit lower capacity to differentiate into osteoblasts 
and higher capacity to differentiate into adipocytes [9]. 
Actually, bone marrow fat accumulation has been found in 
the majority of bone loss diseases [10]. The differentiation of 
BMSCs to osteoblasts or adipocytes is delicately regulated 
by many factors, including various signaling pathways and 
transcriptional factors. Wnt/β-catenin signaling pathway acts 
a critical role in cell fate determination and differentiation. 
It is also critical for bone mass maintaining [11]. Previous 
studies demonstrate that Wnt/β-catenin signaling promotes 
osteogenic differentiation and suppresses adipogenic differ-
entiation of BMSCs [12]. Low-density lipoprotein receptor-
related protein 5 (LRP5), a coreceptor of β-catenin, can acti-
vate Wnt/β-catenin signaling and prevent phosphorylation 
and degradation of β-catenin [13]. LRP5 variants have been 
associated with reduced bone marrow density, increased 
fracture risk and osteoporosis [14].

Circular RNAs (circRNAs) are one kind of non-coding 
RNAs with covalently closed-loop structure. Most of circR-
NAs are generated by back-splicing of exons from precur-
sor mRNAs. CircRNAs have various biological functions 
due to their diversity, stability, evolutionary conservation 
and tissue-specific patterns [15]. CircRNAs can interact 
with proteins and function as protein decoys, scaffolds and 
recruiters [16]. RNA-binding proteins (RBP) are impor-
tant regulators for post-transcriptional events, including 
RNA splicing, stability, translation and degradation. Accu-
mulated studies indicate that circRNAs can interact with 
RNA-binding proteins and modulate their functions [17]. 
For example, circular RNA circDLC1 interacts with HuR 
to decrease the stability of MMP1 mRNA, and thus inhibits 
liver cancer progression [18]. There are growing evidence 
that circRNAs are involved in the development of many 
diseases, including osteoporosis [19]. Moreover, circRNAs 
are dysregulated in osteoporosis patients [20]. Dysregulated 
circRNAs are involved in bone metabolism and differentia-
tion of bone marrow BMSCs, too [20]. In the present study, 
circRNA expression profiles of bone tissues from osteo-
porosis patients were determined by transcriptome RNA-
sequencing. CircZNF367 (hsa_circ_0008842), one of the top 
ten upregulated circRNAs, was found to suppress migration, 

invasion and osteogenic differentiation of hBMSCs in vitro 
and in vivo. Furthermore, CircZNF367/HuR interaction 
reduces the mRNA stability of LRP5, thus reduced LRP5 
protein levels and inactivated Wnt/β-catenin signaling. Our 
study provided a novel role of circZNF367 in osteoporosis 
and suggested it as a potential therapeutic target for osteo-
porosis treatment.

Materials and methods

Patient samples and cell culture

All participants enrolled in our study signed the written 
informed consents and all procedures involved human tis-
sues were approved by the Ethics Committee of The Third 
Xiangya Hospital (Approve no. 2017-R17021). The proto-
col of our study for human was followed with the ethical 
standards of the institutional committee and with the 1964 
Helsinki declaration and its later amendments or compara-
ble ethical standards. Bone tissues of osteoporosis patients 
(n = 23) and healthy controls (n = 18) were collected at The 
Third Xiangya Hospital from March 2017 to December 
2018. Some pieces of bone tissue were collected when the 
participants were suffering from external traumatic fracture. 
The bone tissue samples were stored in liquid nitrogen for 
further use. The osteoporosis patients did not take any medi-
cine that could affect bone metabolism, nor did they suffered 
from any other disease that might affect their skeletal tissue 
before surgery. The healthy controls were known to have not 
suffered from any chronic condition or disease that may have 
affected their skeletal tissue. Human bone marrow mesen-
chymal stromal/stem cells (hBMSCs) were isolated as previ-
ously described via immunomagnetic isolation of STRO-1 
positive cells from a whole population of bone marrow mon-
onuclear cells [21]. The isolated hBMSCs were maintained 
with Alpha Modified Eagle’s Medium (α-MEM) (Thermo 
Fisher, USA) supplemented 10% fetal bovine serum (Gibco, 
USA), 100 U/mL penicillin and 100 mg/mL streptomycin 
(Thermo Fisher, USA) at 37 °C in a humidified atmosphere 
containing 5%  CO2. For osteogenic differentiation, hBM-
SCs were cultured with osteogenic-induced medium (OIM) 
(Sigma-Aldrich #SCM121) for 7–14 days. For adipogenic 
differentiation, hBMSCs were cultured with adipogenic-
induced medium (AIM) (Sigma-Aldrich #SCM122) for 14 
to 21 days.

Transcriptome RNA‑sequencing

TRIzol reagent (Invitrogen, USA) was used to extract total 
RNAs from bone tissues. Ribo-off rRNA Depletion Kit 
(Human/ Mouse/ Rat) (Vazyme #N406) was used to purify 
the total RNA. Complementary DNA library was built using 



148 G. Liu et al.

1 3

the VAHTS Universal V8 RNA-seq Library Prep Kit for 
lllumina (Vazyme #NR605). Next, the cDNA libraries were 
sequenced by the Illumina HiSeq2500 platform (Illumina, 
USA). Gene expression levels was calculated by RPKM 
values. Dysregulated genes were defined as |log2 Fold 
Change|≥ 1 and adjusted p < 0.05. Each sample had three 
repeats Table 1.

Plasmid constructs

The full length of circZNF367 was cloned into the pLC5-ciR 
vector (Geenseed, China) to build the circZNF367 overex-
pression lentivirus vector. The empty pLC5-ciR vector was 
regarded as control. The AU-rich sequence mutant circ-
ZNF367-mut was generated using the QuikChange Light-
ning Site-Directed Mutagenesis Kit (Agilent Technologies 
#210,518, USA) according to the manufacturers’ instruc-
tion. HuR or LRP5 expression lentivirus vector was con-
structed by cloning the coding sequence for HuR or LRP5 
into the pCDH-Puro (System Biosciences #CD510B-1) len-
tivirus vector. To knock down HuR, LRP5 or circZNF367, 
short hairpin RNAs (sh-RNAs) specifically targeting HuR 
(sh-HuR-1 and sh-HuR-2), LRP5 (sh-LRP5-1 and sh-
LRP5-2) or the junction sites of circZNF367 (sh-circ-1 and 
sh-circ-2) were introduced into the pLKO.1 plasmid. The 
empty pLKO.1 plasmid introduced with a non-targeting 
sequence was used as sh-NC control. GST or Flag-tagged 
HuR truncates were constructed as previously reported [22]. 
The sequences for sh-RNAs were listed in supplementary 
Table 1.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

Total RNAs from tissue samples and cell lines were 
extracted by TRIzol reagent (Invitrogen, USA). For subcel-
lular RNA fractionation assays, cells were lysed by lysis 
buffer (50 mM Tris–HCl pH7.5, 140 mM NaCl, 1.5 mM 

 MgCl2, 0.5% NP-40) for 90 s, then centrifuged at 9000 rpm 
for 3 min. The supernatant and the precipitant were used 
to isolate RNA from cytoplasm and nucleus, respectively. 
PrimeScript RT reagent Kit (Takara, Japan) was used to 
synthesize complementary DNA. Real-time PCR was per-
formed by SYBR Premix Ex Taq kit (Takara, Japan). The 
gene expression level was calculated by the  2−ΔΔCq method 
and normalized to U6 or GAPDH. The sequences for prim-
ers are listed in supplementary Table 2. All samples were 
done in triplicates.

RNase R treatment

A total of 3 μg RNAs were incubated with RNase R (5 U/
μg, Epicentre Technologies, USA) for 30 min at 37 °C. The 
treatment was stopped by heating at 70 °C for 10 min. The 
products was used for qRT-PCR analysis. All samples were 
done in triplicates.

Actinomycin D assay

Cells (2 ×  105) were seeded in 6-well plates for 48 h. When 
the confluency reached 80% -90%, cells were treated with 
2 μg/ml Actinomycin reagent (Sigma, USA) for 0, 4, 8 and 
12 h. Collected total RNAs by TRIzol reagents at the indi-
cated time points and evaluated by qRT-PCR. All samples 
were done in triplicates.

RNA fluorescence in situ hybridization (FISH)

CircZNF367 probes specifically targeting the junction sites 
were labeled with Cy3 and synthesized by Sangon Biotech 
(Shanghai, China). The hBMSCs were seeded on coverslip 
for 48 h, then fixed by 4% paraformaldehyde for 10 min at 
room temperature and permeabilized by 1% Triton X-100 
for 15 min. The cells were incubated with Cy3-labeled circ-
ZNF367 probe at 37 °C overnight. DAPI was used to stain 
the nucleus. Images were taken by a fluorescence microscope 
(Eclipse NI, Nikon, Japan). The sequences of circZNF367 
probe were: 5’-GGCTG GCGAG GATGG AATCC-3’.

Cell Counting Kit‑8 (CCK‑8) assay

The hBMSCs (2500/well) were seeded in 96-well plate 
and treated as indicated. At each time points, cell viability 
was determined by Cell Counting Kit-8 (Beyotime, China) 
as protocol instructed. Briefly, 10 μL CCK-8 solution was 
added in each well and incubated at 37 °C for 1 h. Then, 
optical density at 450 nm was recorded by a microplate 
reader. Each sample was done in triplicates.

Table 1  Demographic characteristics of the participants

Characteristics Osteoporosis (n = 23) Healthy control 
(n = 18)

Gender
Male 13 8
Female 10 10
Age (years) 58.45 ± 4.26 57.55 ± 3.68
Body mass index (kg/

m2)
23.81 ± 1.15 23.56 ± 1.05

BMD (g/cm2) 0.91 ± 0.06 0.64 ± 0.05
Disease duration (years) 10.65 ± 1.62 /
T score  – 2.85 ± 0.54  – 0.65 ± 0.16
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Colony formation assay

Seeded the cells (4000/well) in 6-well plates and cultured for 
14 days without disturbance. The colonies were then fixed 
by 4% paraformaldehyde for 15 min and stained with crystal 
violet for 60 min at room temperature. Images were obtained 
by a scanner. Each sample was done in triplicates.

Flow cytometry

Digested the cells into single cells suspensions. Then, 1 ×  106 
cells were incubated with Annexin-V-FITC (Sigma, USA) 
and propidium iodide (PI) (Sigma, USA) for 20 min avoid-
ing light. Signal at 488/530 nm were evaluated by FACS 
LSR Fortessa (BD Biosciences, USA). Each sample was 
done in triplicates.

Transwell migration and invasion assay

The transwell chamber (Millipore, USA) was used for tran-
swell migration and invasion assay. Cells (1 ×  105) were 
seeded in the upper chamber without serum. The lower 
chamber was filled with medium with 10% fetal bovine 
serum. Cells were allowed to migrate towards the lower 
chamber for 48 h. To evaluate cell invasion, the chamber 
was pre-coated with 80 μL Matrigel (Corning, USA). The 
migration or invasion cells were fixed by 4% PFA for 15 min 
at room temperature and stained with 0.5% crystal violet 
for 30 min at room temperature. Images were obtained by a 
microscope. Each sample was done in triplicates.

Quantification of alkaline phosphatase (ALP) 
activity

ALP activity was detected by ALP detection kit (Beyotime 
#P0321S, China) according to the manufacturers’ instruc-
tions. Briefly, samples were mixed with the detection rea-
gent, then incubated at 37 °C for 10 min. The optical density 
at 405 nm by a microplate reader. Each sample was done in 
triplicates.

Alkaline phosphatase staining

Human BMSCs were seeded in 6-well plates and cultured 
with osteogenic-induced medium for 14 days, then cells 
were washed with PBS and fixed by 95% cold ethanol. Next, 
cells were stained by the ALP staining kit (CWBIO, China) 
according to the manufacturers’ instructions. The images 
was taken by a microscope.

Alizarin red staining (ARS) and quantification

Human BMSCs were seeded in 6-well plates and cultured 
with osteogenic-induced medium for 14 days, then cells 
were washed with PBS and fixed by 4% paraformaldehyde 
for 15 min at room temperature. Cells were stained with 
0.1% Alizarin red (Solarbio, China) according to the manu-
facturers’ instructions. Images were taken by a fluorescence 
microscope (Eclipse NI, Nikon, Japan). To quantify min-
eralization, the bound dye was dissolved in 10% cetylpyri-
dinium chlorid and absorbance at 570 nm was detected by a 
microplate reader (BioTek Synergy 2, BioTek, USA). Each 
sample was done in triplicates.

Ectopic bone formation assay

To evaluate the role of circZNF367 in regulating new bone 
formation in nude mice, hBMSCs (2 ×  106) were transduced 
with circZNF367, EV, sh-circ-1, sh-circ-2 or sh-NC expres-
sion lentivirius vector and resuspended with tricalcium 
phosphate (TCP) carrier (Bicon, USA) scaffolds at 37 °C 
for 1 h. Then, the cells were implanted into the dorsal sub-
cutaneous space of nude mice (n = 5 for each group). After 
8 weeks of ectopic implantation, the mice were anaesthe-
tized by inhalation with 3% isoflourane and killed by broking 
the neck. The samples were harvested for hematoxylin and 
eosin (HE) and Masson's staining.

RNA immunoprecipitation (RIP) assay

RIP assay was performed via the Magna RIP RNA-Binding 
Protein Immunoprecipitation Kit (Millipore, Billerica, MA, 
USA) according to the manufacturer’s instruction. Briefly, 
2 ×  107 cells were lysed with RIP lysis buffer (20  mM 
Tris–HCl pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 10% 
glycerol, 0.5% NP-40, 0.5% Triton X-100) supplemented 
with proteinase inhibitors and RNase inhibitors (Invitrogen, 
USA), then incubated with magnetic beads bounded with 
antibody against IgG (Cell signaling #3900, 1: 50) or HUR 
(Cell signaling #12,582, 1: 50). The RNAs pulled down by 
these antibodies were evaluate by qRT-PCR.

Western blot

RIPA buffer (Beyotime, China) was used to extract total pro-
tein from culture cells. BCA kit (Thermo Fisher, USA) was 
used to determine protein concentration. A total of 20 μg 
protein lysates was separated by 10% or 12% SDS-PAGE 
and transferred to a PVDF membrane (Bio-Rad, USA). 
Next, membrane was blocked with 5% non-fat milk for 1 h 
at room temperature, and incubated with primary antibod-
ies at 4 °C overnight and secondary antibodies for 1 h at 
room temperature. The protein band was revealed by ECL 
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plus kit (ThermoFisher, USA) using the ChemiDoc Touch 
Imaging System (Bio-Rad, USA). The specific antibod-
ies were: Lamin A/C Mouse mAb (Cell signaling #4477, 
1: 1000), GAPDH Rabbit mAb (Cell signaling #5174, 1: 
1000), Anti-Osteocalcin antibody (Abcam #ab133612, 1: 
1000), Anti-RUNX2 antibody (Abcam #ab192256, 1: 500), 
HUR (Cell signaling #12,582, 1: 1000), FMRP Antibody 
(Cell signaling #4317, 1: 1000), IGF2BP1 Rabbit mAb (Cell 
signaling #8482, 1: 1000), TAF15 Rabbit mAb (Cell sign-
aling #28,409, 1: 1000), LRP5 Rabbit mAb (Cell signal-
ing #5731, 1: 1000), β-Catenin Rabbit mAb (Cell signaling 
#8480, 1: 1000), active β-Catenin (Cell signaling #4270, 1: 
1000), CEBPα Rabbit mAb (Cell signaling #8178, 1: 1000) 
and PPARγ Rabbit mAb (Cell signaling #2443, 1: 1000).

Biotin‑labeled RNA pull‑down

The cells (2 ×  107) were lysed with IP lysis buffer (50 mM 
Tris–HCl pH 7.4, 140 mM NaCl, 1.5 mM  MgCl2, 0.5% 
NP-40) supplemented with proteinase inhibitors and RNase 
inhibitors (Invitrogen, USA). The biotin-labeled RNA probes 
for circZNF367 specifically targeting the junction sites were 
synthesized by Sangon Biotech (Shanghai, China). The cell 
lysates were incubated with 400 pmol of biotin-labeled RNA 
probes for circZNF367 (anti-sense) or scramble probes 
(sense) for 2 h at 4 °C, and 30 μL of Streptavidin C1 mag-
netic beads (Invitrogen, USA) for 1 h at 4 °C. For in vitro 
cyclized circZNF367 RNA pull-down assay, biotin-labeled 
circZN367 and circZNF367-mut were in vitro transcribed 
using the Bition RNA Labeling Mix (Roche, Switzerland) 
with T7 polymerase according to previously reported [23]. 
Next, the linear transcripts were incubated with guide oli-
gonucleotide targeting the circular RNA junction sites, and 
circularized by T4 RNA ligase, digested by RNase R, and 
purified by RNeasy Mini Kit (Qiagen, USA). Cell lysates 
were incubated with 2 ug of biotin-labeled circZN367, circ-
ZNF367-mut or the anti-sense control of circZNF367 for 
4 h at 4 °C, then 30 μL of Streptavidin C1 magnetic beads 
(Invitrogen, USA) for 1 h at 4 °C. The retrieved mRNAs or 
proteins were evaluated by qRT-PCR or western blot. The 
sequences for circZNF367 probe were: 5'-UGGGC CUACC 
ACGUC GGAUU CCAUC CUCGC CAGCC ACUCG 
GCCGC GGCCU-3'; scramble probe: 5'-AGGCC GCGGC 
CGAGU GGCUG GCGAG GAUGG AAUCC GACGU 
GGUAG GCCCA-3'.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software. 
Two-tailed Student’s t test and One-way ANOVA (LSD post 
hoc test) were used to compare difference between two or 
more groups. Data were shown as mean ± SD. P ≤ 0.05 was 
considered statistically significant.

Results

CircZNF367 is upregulated in osteoporosis patients

To elucidate the potential role of circRNAs in osteopo-
rosis, bone tissues from osteoporosis patients (N = 3) 
and matched healthy controls (N = 3) were subjected for 
transcriptome RNA-sequencing. Differentially expressed 
circRNAs were defined as |log2 fold change|≥ 2 and P 
value < 0.05. In our study, 474 circRNAs were upregu-
lated while 636 circRNAs were downregulated in bone tis-
sues from osteoporosis patients (Supplementary Table 3). 
The top 20 upregulated or downregulated circRNAs were 
depicted in the heatmap (Fig. 1A). Previous studies indi-
cate that differentiation of BMSCs to osteoblasts or adipo-
cytes is involved in the development of osteoporosis [6, 7, 
24]. We speculated that some of these dysregulated circR-
NAs might play a role in the differentiation of human bone 
marrow stem cells (hBMSCs). Thus, the top 10 upregu-
lated circRNAs were introduced into hBMSCs, respec-
tively, and the infected cells were cultured with osteogenic 
medium for 7 days to evaluate osteogenic differentiation. 
Alkaline phosphatase (ALP) is the marker of osteoblast 
differentiation. We found that the ALP activity of hBM-
SCs was significantly decreased by hsa_circ_0008842 
compared with empty vector (EV) control or other cir-
cRNAs (Fig. 1B). The host gene for hsa_circ_0008842 is 
ZNF367, thus we denoted this circRNA as circZNF367 in 
our study. The upregulation of circZNF367 in bone tissues 
that used for transcriptome RNA-sequencing was validated 
by qRT-PCR (Fig. 1C). Next, circZNF367 levels were 
evaluated in an enlarged cohort of osteoporosis patients 
(n = 20) and matched healthy controls (n = 15). Our results 
confirmed that circZNF367 was obviously upregulated in 
osteoporosis patients (Fig. 1D). Besides, the expression 
of circZNF367 was gradually decreased in hBMSCs dur-
ing osteogenic differentiation (Fig. 1E). Taken together, 
our results indicated that circZNF367 was upregulated in 
osteoporosis patients and might involve in osteogenic dif-
ferentiation of hBMSCs.

Characterization of circZNF367

CircZNF367 is generated by back-splicing of exon 4, 5 
and 6 of ZNF367 gene (Fig. 2A). The back-splicing sites 
of circZNF367 was confirmed by Sanger sequencing 
(Fig. 2A). Convergent primers were designed to detect 
the linear transcripts of the host gene ZNF367, and diver-
gent primers were designed to detect the circular tran-
script of circZNF367. CircZNF367 could only amplify 
from the complementary DNA (cDNA) but not genomic 
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DNA (gDNA), confirming the circular structure of circ-
ZNF367 (Fig. 2B). CircZNF367 was resistant to RNase 
R exonuclease digestion, suggesting that circZNF367 had 
a closed-loop structure (Fig. 2C). Furthermore, hBMSCs 
were treated with Actinomycin D for indicated times, then 
the levels of circZNF367 and linear transcripts of ZNF367 
were evaluated by qPCR. CircZNF367 was proved to 
be more stable than the linear transcripts of ZNF367 
(Fig. 2D). The cellular location of circZNF367 was evalu-
ated by subcellular RNA fractionation assays and FISH. 
We found that circZNF367 was predominantly localized 
in the cytoplasm of hBMSCs (Fig. 2E). In FISH staining, 
circZNF367 was mostly accumulated in the cytoplasm of 
hBMSCs (Fig. 2F). Collectively, our results indicated that 
circZNF367 was a bona fide circRNA and mainly located 
in cytoplasm.

Overexpression of circZNF367 suppresses 
osteogenic differentiation of hBMSCs in vitro 
an in vivo

As circZNF367 was upregulated in osteoporosis patients 
(Fig. 1D) and gradually decreased during osteogenic dif-
ferentiation (Fig. 1E), we speculated that circZNF367 might 
involve in osteogenic differentiation of hBMSCs. Thus, 

circZNF367 was overexpressed in hBMSCs and evaluated 
for proliferation, apoptosis, migration, invasion and osteo-
genic differentiation. A circZNF367 expression lentivirus 
vector was constructed and introduced into hBMSCs. The 
empty vector (EV) was used as control. Successful overex-
pression of circZNF367 was verified by qRT-PCR using the 
divergent primers (Fig. 3A). In addition, the expression of 
host gene ZNF367 was not affected by circZNF367 overex-
pression (Fig. 3A). Next, the influence of circZNF367 over-
expression on growth and apoptosis of hBMSCs was evalu-
ated. Our data indicated that overexpression of circZNF367 
showed no evident influence on growth, colony formation 
and apoptosis of hBMSCs (Supplementary Fig. 1A–E). 
In contrast, forced circZNF367 expression apparently 
restrained migration and invasion of hBMSCs (Fig. 3B 
and C). Besides, hBMSCs were cultured with osteogenic-
inducing medium (OIM) for osteogenic differentiation. Circ-
ZNF367 overexpression apparently decreased ALP activity 
of hBMSCs after culturing with OIM for 7 days (Fig. 3D). 
ALP and ARS staining were used to evaluate the mineraliza-
tion level in vitro. Compared with EV group, circZNF367 
overexpression reduced ALP staining of hBMSCs after cul-
turing with OIM for 14 days, indicating that the cells failed 
to differentiate into mature osteoblasts (Fig. 3E). In ARS 
staining, circZNF367 overexpression suppressed mineralized 

Fig. 1  CircZNF367 is upregulated in osteoporosis patients. A heat-
map showed the top 20 upregulated and downregulated circRNAs 
in osteoporosis patients. B hBMSCs transduced with indicated cir-
cRNAs or empty vector (EV) control were cultured with osteogenic-
induced medium for 7 days, then relative ALP activity was measured. 
C the upregulation of circZNF367 in bone tissues that used for tran-

scriptome RNA-sequencing were validated by qRT-PCR. D circ-
ZNF367 levels in an enlarged cohort of osteoporosis patients (n = 20) 
and matched healthy controls (n = 15) were evaluated by qRT-PCR. 
E, hBMSCs were cultured with osteogenic-induced medium for indi-
cated times, then relative circZNF367 expression was evaluated by 
qRT-PCR. All assays were done in triplicates. *P < 0.05, **P < 0.05
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nodule formation of hBMSCs after osteogenic differentia-
tion for 14 days compared with EV control (Fig. 3F and 
G). ALP, osteocalcin (OCN) and Runx2 are commonly used 
osteoblast differentiation markers. CircZNF367 overexpres-
sion evidently reduced the mRNA levels of ALP, OCN and 
Runx2 (Fig. 3H). Moreover, the protein levels of OCN and 
Runx2 were significantly decreased by circZNF367 over-
expression, too (Fig. 3I). The above results indicated that 
circZNF367 suppressed osteogenic differentiation of hBM-
SCs in vitro. To evaluate the influence of circZNF367 on 
osteogenic differentiation in vivo, an ectopic bone formation 
model was constructed. The hBMSCs introduced with circ-
ZNF367 overexpression vector or EV control were encap-
sulated in collagen-based hydrogels and implanted into the 
dorsal surface of BALB/c nude mice for 8 weeks. We found 
that circZNF367 overexpression reduced the volume of bone 
formed by hBMSCs (Fig. 3J and K). In H&E staining, less 
bone-like tissues were formed by hBMSCs in circZNF367 
overexpression group (Fig. 3L). Meanwhile, Masson’s tri-
chrome staining showed that collagen fiber bundles were 
less organized and not compactly arranged in circZNF367 

overexpression group (Fig. 3L). These results indicated 
that circZNF367 suppressed osteogenic differentiation of 
hBMSCs in vivo. As hBMSCs are able to differentiate into 
adipocytes, we also evaluated the influence of circZNF367 
overexpression on adipogenic differentiation of hBMSCs by 
culturing with adipogenic-inducing medium (AIM). How-
ever, circZNF367 overexpression showed no influence on 
the mRNA and protein expression of adipogenic markers 
CEBPα and PPARγ after culturing with AIM for 21 days, 
indicating that circZNF367 could not promote adipogenic 
differentiation of hBMSCs (Supplementary Fig. 2A and B). 
Above all, our results indicated that circZNF367 suppressed 
osteogenic differentiation of hBMSCs in vitro and in vivo.

Knockdown of circZNF367 promotes osteogenic 
differentiation of hBMSCs in vitro and in vivo

To further explore the role of circZNF367 in osteogenic 
differentiation, two sh-RNAs (sh-circ-1 and sh-circ-2) spe-
cifically targeting the junction site of circZNF367 were 
designed and introduced into hBMSCs. Compared with 

Fig. 2  Characterization of circZNF367. A schematic map illustrated 
the formation of circZNF367 via back-splicing of exon 2, exon 3 
and exon 4 of ZNF367 gene. The back-splicing junction sites were 
verified by Sanger sequencing. B circZNF367 levels were detected by 
RT-PCR or PCR using convergent or divergent primers from cDNA 
or genomic DNA (gDNA) of hBMSCs, then analyzed by agarose gel 
electrophoresis analysis of PCR products. C total RNAs of hBMSCs 
were treated with RNase R or mock control, then circZNF367 or 
ZNF367 expression levels were evaluated by qRT-PCR and evaluated 
by agarose gel electrophoresis analysis of PCR products. D hBM-

SCs (1 ×  106) were seeded in 6-well plates for 24 h, then treated with 
2 μg/ml Actinomycin reagent at indicated time points. Relative circ-
ZNF367 and ZNF367 expression were evaluated by qRT-PCR. E The 
RNA expression levels of circZNF367, GAPDH and U6 in nuclear 
and cytoplasmic fractions of hBMSCs were evaluated by qRT-PCR. 
The nuclear Lamin A/C and cytoplasmic GAPDH expression were 
evaluated by western blot. F the subcellular location of circZNF367 
was detected by RNA fluorescence in  situ hybridization using Cy3-
labeled circZNF367 probes. DAPI was used to stain the cell nucleus. 
Scale bar = 10 μm
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the non-targeting control (sh-NC), the expression level of 
circZNF367 was successfully knocked down by these two 
sh-RNAs (Fig. 4A). In addition, the expression level of 
host gene ZNF367 was not affected by sh-circ-1 or sh-
circ-2 (Fig. 4A). The influence of circZNF367 knock-
down on hBMSCs was further evaluated. Knockdown 
of circZNF367 showed no effect on cell growth, colony 
formation and apoptosis of hBMSCs (Supplementary 
Fig. 3A–C). However, circZNF367 depletion evidently 
increased the number of migration and invasion hBMSCs 
in transwell assays (Fig. 4B and C). Meanwhile, hBM-
SCs transduced with sh-circ-1, sh-circ-2 or sh-NC were 

cultured with OIM for osteogenic differentiation. Knock-
down of circZNF367 obviously increased ALP activity of 
hBMSCs, indicating improved osteogenic differentiation 
(Fig. 4D). In addition, ALP and ARS staining were sig-
nificantly enhanced by circZNF367 depletion, indicating 
that the extracellular matrix mineralization was elevated 
(Fig. 4E–G). The mRNA and/or protein expression of 
osteoblast differentiation markers ALP, OCN and Runx2 
were also increased by circZNF367 knockdown (Fig. 4H 
and I). In the ectopic bone formation model, knockdown 
of circZNF367 increased the volume of bone-like tissue 
formed by hBMSCs (Fig. 4J and K). In H&E staining, 

Fig. 3  Overexpression of circZNF367 suppresses osteogenic differ-
entiation of BMSCs in vitro an in vivo. A hBMSCs were transduced 
with circZNF367 expression lentivirus or empty vector (EV) con-
trol, then relative circZNF367 and ZNF367 expression levels were 
evaluated by qRT-PCR. B–C, hBMSCs transduced with circZNF367 
expression lentivirus or EV control, then used for transwell migration 
and invasion assays (B). Relative migration and invasion cells were 
shown (C). Scale bar = 20 μm. D hBMSCs infected with circZNF367 
expression lentivirus or EV control were cultured with osteogenic-
inducing medium for 7  days, then relative ALP activity was evalu-
ated. E–I hBMSCs transduced with circZNF367 expression lentivi-

rus or EV control were cultured with osteogenic-inducing medium 
for 14  days, then cells were used for ALP (E) and ARS staining 
(F–G). Relative ALP, OCN or Runx2 expression were evaluated by 
qRT-PCR (H) and western blot (I). Scale bar = 50 μm. J–L, hBMSCs 
(2 × 10.6) transduced with circZNF367 expression lentivirus or EV 
control were implanted into the dorsal subcutaneous space of nude 
mice for 8 weeks, then the bone-like tissues were dissected out (J). 
The average volume of the bone-like tissues was measured (K), then 
the bone-like tissues were evaluated by H&E and Masson’s staining 
(L). Scale bar = 500 μm. All assays were done in triplicates. *P < 0.05
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more newly constructed bone was found in circZNF367 
knockdown group (Fig. 4L). In Masson’s trichrome stain-
ing, there were more compactly arranged collagen fibers 
in circZNF367 knockdown group (Fig. 4L). Collectively, 
our results demonstrated that knockdown of circZNF367 
promoted osteogenic differentiation of hBMSCs in vitro 
and in vivo.

CircZNF367 interacts with RNA‑binding protein HuR

Accumulated studies demonstrate that circRNAs can inter-
act with RNA-binding proteins (RBP) and act as decoys or 
transporters for these factors [25]. In our study, the possi-
ble RNA-binding proteins that interacted with cirZNF367 
were predicted by CircInteractome and ENCORI. The 

Fig. 4  Knockdown of circZNF367 promotes osteogenic differen-
tiation of hBMSCs in vitro and in vivo. A hBMSCs were transduced 
with sh-circ-1, sh-circ-2 or sh-NC lentivirus vector, then relative 
circZNF367 and ZNF367 expression levels were evaluated by qRT-
PCR. hBMSCs transduced with sh-circ-1, sh-circ-2 or sh-NC lenti-
virus vector, then used for transwell migration and invasion assays 
(B). Relative migration and invasion cells were shown (C). Scale 
bar = 20  μm. D hBMSCs transduced with sh-circ-1, sh-circ-2 or 
sh-NC lentivirus vector were cultured with osteogenic-inducing 
medium for 7  days, then relative ALP activity was evaluated. E–I, 
hBMSCs transduced with sh-circ-1, sh-circ-2 or sh-NC lentivirus 

vector were cultured with osteogenic-inducing medium for 14  days, 
then cells were used for ALP (E) and ARS staining (F–G). Rela-
tive ALP, OCN or Runx2 expression were evaluated by qRT-PCR 
(H) and western blot (I). Scale bar = 50 μm. J–L, hBMSCs (2 × 10.6) 
transduced with sh-circ-1, sh-circ-2 or sh-NC lentivirus vector were 
implanted into the dorsal subcutaneous space of nude mice for 
8 weeks. The bone-like tissues were dissected out (J). Average vol-
ume of the bone-like tissues was measured (K), then the bone-like 
tissues were evaluated by H&E and Masson’s staining (L). Scale 
bar = 500 μm. All assays were done in triplicates. *P < 0.05
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RNA-binding proteins HuR, FMRP, IGF2BP1 and TAF15 
were predicted to interact with circZNF367 (Fig.  5A). 
Biotin-labeled RNA pull-down assay was conducted to 
evaluate these interactions. A biotin-labeled CircZNF367-
specific probe was designed to target the back-splicing 
sites of circZNF367. Our data indicated that circZNF367 
could be specifically enriched by circZNF367-specific 
probe compared with the scramble control (Fig. 5B). Fur-
thermore, the RNA-binding protein HuR was enriched by 

the circZNF367-specific probe, but FMRP, IGF2BP1 and 
TAF15 could not (Fig. 5B). The interaction of circZNF367 
and HuR was verified by RIP assay. Western blot analysis 
indicated that HuR was successfully enriched by the HuR 
specific antibody (Fig. 5C). Meanwhile, circZNF367 was 
enriched by HuR specific antibody compared with IgG con-
trol (Fig. 5C). These results indicated that circZNF367 could 
interact with the RNA-binding protein HuR. HuR has three 
RNA-binding domains, RNA recognition motif 1 (RRM1), 

Fig. 5  CircZNF367 interacts with RNA-binding protein HuR. A, 
the predicted binding sites of circZNF367 and indicated RNA-bind-
ing proteins. B, biotin-labeled RNA pull-down in hBMSCs using 
circZNF367-specific probes and scramble probes. The enrichment 
of circZNF367 was evaluated by qRT-PCR. HuR, FMRP, IGF2BP1 
or TAF15 pulled down by circZNF367-specific probe was evalu-
ated by western blot. C, RIP assay was conducted in hBMSCs using 
the HuR antibodies. Relative enrichment of circZNF367 was evalu-
ated by qRT-PCR. D–E, In vitro binding assay depicting the recov-
ered circZNF367 levels from hBMSCs detected by RT-PCR (lower 
panel) after incubation with full length, truncation, or mutation 
forms of GST-tagged (D) or Flag-tagged (E) recombinant HuR pro-

tein validated by western blot (upper panel). F, biotin-labeled in vitro 
cyclized circZNF367, cicZNF367-mut, and anti-sense control (Con-
trol) were used for RNA pull-down assay. Enrichment of HuR was 
validated by western blot. G–H, hBMSCs were transduced with circ-
ZNF367 expression lentivirus or EV control, then relative mRNA 
and protein expression of HuR were evaluated by qRT-PCR (G) 
and western blot (H). I–J, hBMSCs transduced with sh-HuR-1, sh-
HuR-2 or sh-NC were cultured with osteogenic-inducing medium for 
14 days, then cells were used for ALP (I) and ARS (J) staining. Scale 
bar = 50 μm. All assays were done in triplicates. *P < 0.05. n.s. = not 
significant
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RRM2 and RRM3. In in vitro binding assay, the RRM2 
(103–189 aa), but not RRM1 (19–100 aa), RRM3 (245–326 
aa), or hinge (190–244 aa) domain, of GST-tagged or Flag-
tagged HuR protein was vital for its interaction with circ-
ZNF367 (Fig. 5D and E). HuR is known to bind to AU-rich 
elements (AREs) [26, 27]. To determine the binding sites 
between HuR and circZNF367, an AU-rich sequence AUU 
UAA UAAAU was found in circZNF367. Thus, circZNF367 
and the AU-rich sequence mutant circZNF367-mut (AUU 
GCA UACCU) were in vitro cyclized and used for RNA 
pull-down assay. Compared with the anti-sense control, 
in vitro cyclized circZNF367 significantly enriched HuR, 
but the AU-rich sequence mutant circZNF367-mut failed, 
indicating that the AU-rich sequence AUU UAA UAAAU 
was vital for the interaction between HuR and circZNF367 
(Fig. 5F). Next, we wondered if circZNF367/HuR interac-
tion had any influence on mRNA or protein levels of HuR. 
However, circZNF367 overexpression did not change the 
mRNA or protein level of HuR in hBMSCs (Fig. 5G and 
H). To verify if circZNF367/HuR interaction was crucial for 
the effects of circZNF367, we knocked down HuR in hBM-
SCs and evaluated for osteoblast differentiation. In ALP and 
ARS staining, circZNF367 overexpression promoted osteo-
genesis of hBMSCs, but this was totally abolished by HuR 
knockdown, suggesting that circZNF367/HuR interaction 
was important for the effects of circZNF367 on osteoblast 
differentiation (Fig. 5I and J). Above all, our data indicated 
that circZNF367 could interact with RNA-binding protein 
HuR in hBMSCs.

CircZNF367/HuR interaction reduces the mRNA 
stability of LRP5

The RNA-binding protein HuR is proved to regulate mRNA 
stability and translation of genes [28, 29]. Therefore, we 
speculated that circZNF367/HuR interaction might influence 
the stability of certain downstream target genes. To screen 
for potential genes that regulated by circZNF367/HuR 
interaction, hBMSCs were transduced with circZNF367 
expression lentivirus or EV control for transcriptome 
RNA-sequencing. The dysregulated genes in circZNF367 
overexpressed hBMSCs were depicted in the volcano map 
(Fig. 6A, supplementary Table 4). Gene ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis indicated that Wnt/β-catenin 
signaling was significantly repressed by circZNF367 over-
expression (Supplementary Fig. 4A and B). Moreover, a 
series of downstream targets of Wnt/β-catenin signaling 
was downregulated by circZNF367 overexpression and 
upregulated by circZNF367 knockdown (Supplementary 
Fig. 4C and D). Thus, we speculated that circZNF367 might 
affect the activation of Wnt/β-catenin signaling in hBMSCs. 
LRP5, a coreceptor of β-catenin, can activate Wnt/β-catenin 

signaling and prevent phosphorylation and degradation of 
β-catenin. LRP5 is also proved to involve in regulating bone 
marrow density, bone mass maintaining and development 
of osteoporosis [14, 30]. In our study, LRP5 was among 
the top 5 downregulated genes in circZNF367 overex-
pressed hBMSCs (Fig. 6A, supplementary Table 4). This 
was also validated by qRT-PCR (Supplementary Fig. 4C). 
Therefore, we speculated that circZNF367/HuR interaction 
might regulate the mRNA stability of LRP5. Indeed, LRP5 
is a potential target of HuR as indicated in the CLIP-seq 
data (https:// starb ase. sysu. edu. cn/ index. php). In RIP assay, 
overexpression of circZNF367 but not the circZNF367-mut 
reduced the enrichment of LRP5 by HuR antibody, while 
circZNF367 knockdown showed opposite effects (Fig. 6B 
and 6C). Furthermore, knockdown of HuR decreased the 
mRNA and protein expression of LRP5 (Fig. 6D and E). 
In contrast, HuR overexpression increased the protein 
expression of LRP5 (Fig. 6E). To evaluate if circZNF367/
HuR interaction could affect the mRNA stability of LRP5, 
hBMSCs were treated with Actinomycin D for indicated 
times, then LRP5 expression was measured by qRT-PCR. 
HuR knockdown evidently reduced the mRNA stability of 
LRP5 (Fig. 6F). Similarly, overexpression of circZNF367 
but not the circZNF367-mut reduced the mRNA stability 
of LRP5 (Fig. 6G). In comparison, knockdown of circ-
ZNF367 increased the mRNA stability of LRP5 (Fig. 6H). 
As LRP5 can prevent the phosphorylation and degradation 
of β-catenin, we supposed that circZNF367 might affect 
the level of active-β-catenin in hBMSCs. As we expected, 
overexpression of circZNF367 but not the circZNF367-mut 
decreased the protein levels of LRP5 and active-β-catenin, 
while knockdown of circZNF367 exhibited opposite results 
(Fig. 6I). Next, the influence of LRP5 on osteogenic dif-
ferentiation of hBMSCs was evaluated. Our data indicated 
that LRP5 overexpression increased ALP and ARS staining 
of hBMSCs, and knockdown of LRP5 decreased ALP and 
ARS staining of hBMSCs, indicating that LRP5 regulated 
osteogenic differentiation of hBMSCs (Fig. 6J–L). Taken 
together, our results indicated that circZNF367/HuR inter-
action reduced the mRNA stability of LRP5 in hBMSCs.

HuR overexpression or LRP5 restoration abrogates 
the effects of circZNF367 overexpression 
on osteogenic differentiation of BMSCs

The above results suggested that circZNF367 reduced the 
expression of LRP5 by interacting with HuR; however, it 
was not certain that if this was responsible for effects of 
circZNF367 on osteogenic differentiation of hBMSCs. 
Therefore, HuR or LRP5 was overexpressed in hBMSCs 
that stably transduced with circZNF367 expression lentivi-
rus or EV control. In western blot analysis, HuR was over-
expressed and LRP5 was successfully restored in hBMSCs 

https://starbase.sysu.edu.cn/index.php
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(Fig. 7A). Besides, circZNF367 overexpression reduced the 
level of active-β-catenin, but this was abrogated by HuR 
overexpression or LRP5 restoration (Fig. 7A). In transwell 
migration and invasion assay, circZNF367 overexpression 
suppressed migration and invasion of hBMSCs, but this 
effects was diminished by HuR overexpression or LRP5 res-
toration (Fig. 7B and C). CircZNF367 overexpression sup-
pressed osteogenic differentiation of hBMSCs as indicated 
by reduced ALP activity, ALP and ARS staining, but HuR 
overexpression or LRP5 restoration completely abolished 
these effects (Fig. 7D–G). Collectively, our results suggested 

that HuR overexpression or LRP5 restoration abrogates the 
effects of circZNF367 overexpression on osteogenic differ-
entiation of BMSCs.

Discussion

CircRNAs are highly abundant and evolutionary conserved 
in eukaryotes. CircRNAs have a longer half-life time and 
tissue-specific express pattern, which makes them as poten-
tial diagnostic biomarkers. Plenty of studies have uncovered 

Fig. 6  CircZNF367/HuR interaction reduces the mRNA stability of 
LRP5. A volcano map showed dysregulated genes between hBMSCs 
transduced with circZNF367 and EV control. B–C, RIP assay was 
conducted in hBMSCs transduced with circZNF367, circZNF367-
mut, EV, sh-circ-1, sh-circ-2 or sh-NC vector using HuR or IgG anti-
bodies. Relative LRP5 expression was evaluated by qRT-PCR. D–E, 
hBMSCs were transduced with sh-HuR-1, sh-HuR-2, sh-NC, EV or 
HuR, then relative mRNA and protein expression of HuR and LRP5 
were evaluated by qRT-PCR (D) and western blot (E). F–H, hBMSCs 

infected with indicated genes were treated 2 μg/ml Actinomycin for 0, 
4, 8 and 12 h, then relative LRP5 expression was evaluated by qRT-
PCR. I, hBMSCs transduced with circZNF367, circZNF367-mut, EV, 
sh-circ-1, sh-circ-2 or sh-NC vector were used for western blot. J–L, 
hBMSCs transduced LRP5, EV, sh-LRP5-1, sh-LRP5-2 or sh-NC 
vector were cultured with osteogenic-inducing medium for 14  days, 
then cells were used for ALP (J) and ARS (K–L) staining. Scale 
bar = 50 μm. All assays were done in triplicates. *P < 0.05
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the critical biological functions of circRNAs in human dis-
eases, including cancer, cardiovascular disease, neurologi-
cal disorder and osteoporosis [31]. In the present study, we 
screened for differentially expressed circRNAs in osteopo-
rosis patients and evaluated for their potential functions. 
A total of 1110 dysregulated circRNAs (474 upregulated 
and 636 downregulated) were found in bone tissues from 
osteoporosis patients. CircZNF367 (hsa_circ_0008842), one 
of the top 10 upregulated circRNAs, was proved to sup-
press migration, invasion and osteogenic differentiation of 
hBMSCs in vitro and in vivo. Our study provided new evi-
dences that circRNAs were enrolled in the pathogenesis of 
osteoporosis. Virtually, there are growing studies proving 
that circRNAs are dysregulated and involved in the devel-
opment of osteoporosis [20]. For example, Huang et al. 
use circRNA microarray to identify potential cirRNAs that 
associate with osteoporosis and find that upregulation of 
circ_0002060 can be used as potential diagnostic marker for 
osteoporosis patients [32]. Yu et al. use transcriptome RNA-
sequencing to identify differentially expressed circRNAs in 

six osteoporosis patients and healthy controls, and find 176 
downregulated circRNAs and 211 upregulated circRNAs 
[33]. BMSCs are common progenitor cells for osteoblasts 
and adipocytes. There are increasing studies suggesting that 
circRNAs act an important role in osteogenic differentia-
tion of BMSCs, too. For example, circ_0024097, a circRNA 
originating form YAP1, is proved to suppress osteoporo-
sis by promoting osteogenic differentiation of BMSCs and 
MC3T3-E1 through sponging miR-376b-3p and increasing 
YAP1 expression [34]. Chia et al. report that circ-DAB1 is 
significantly upregulated during osteogenic differentiation 
of hBMSCs, whereas knockdown of circ-DAB1 suppresses 
proliferation and osteogenic differentiation of hBMSCs via 
sequestering miR-1270 and miR-944 and downregulating 
RBPJ expression [35]. Zhi et al. find that exosomal has_
circ_0006859 is significantly overexpressed in osteoporosis 
patients and forced has_circ_0006859 expression inhibits 
osteoblastic differentiation of hBMSCs via miR-431-5p/
ROCK1 axis [36]. In our study, circZNF367 overexpression 
reduced ALP and ARS staining, and ectopic bone-like tissue 

Fig. 7  HuR overexpression or LRP5 restoration abrogates the effects 
of circZNF367 overexpression on osteogenic differentiation of hBM-
SCs. A–C, hBMSCs were transduced with EV, circZNF367, HuR 
or LRP5 lentivirus vector as indicated, then collected cell lysates 
for western blot or used for transwell migration and invasion assay 
(B–C). Scale bar = 20 μm. D–G, hBMSCs were transduced with EV, 

circZNF367, HuR or LRP5 lentivirus vector as indicated, then cells 
were cultured with osteogenic-inducing medium for 7–14  days and 
used for ALP (D) and ARS (F–G) staining. Relative ALP activity 
(E) was tested. Scale bar = 50 μm. All assays were done in triplicates. 
*P < 0.05
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formation of human BMSCs after culturing with osteogenic-
inducing medium, while circZNF367 knockdown exhibited 
opposite effects. Our results indicated that circZNF367 was 
a potential biomarker for osteoporosis and played a role in 
osteogenic differentiation of hBMSCs.

RNA-binding proteins play a key role in post-transcrip-
tional regulation [37]. Accumulated studies indicate that 
circRNAs can bind with RNA-binding proteins and affect 
their interaction with downstream targets. For example, cir-
cular RNA circZKSCAN1 inhibits Wnt/β-catenin signaling 
activation by competing with CCARI for FMRP binding, 
thus suppresses stemness of hepatocellular carcinoma cells 
[38]. In myocardial infarction, circular RNA circFndc3b is 
dramatically downregulated in post myocardial infarction 
mouse hearts, while circFndc3b overexpression in cardiac 
endothelial cells elevates VEGFA expression via decreas-
ing the protein level of FUS [39]. Human antigen R (HuR) 
belongs to the Hu family of RNA-binding proteins. HuR 
can bind with its target transcripts and control their splicing, 
localization, stability and translation [40]. HuR is involved 
in many cellular events, such as proliferation, senescence, 
differentiation and apoptosis [40]. Actually, previous stud-
ies have demonstrated that competitively binding with HuR 
might affect the mRNA stability of its downstream targets. 
In cancer cells, circAGO2 can interact with HuR and pro-
mote its enrichment on the 3’UTR region of target genes, 
and thus reduces AGO2 binding and AGO2/miRNA-medi-
ated gene silencing [22]. In type 1 diabetes mellitus, Circular 
RNA circPPM1F is significantly upregulated and promotes 
LPS-induced M1 macrophage activation via competitively 
interacting with HuR and reducing mRNA stability of 
PPM1F, and eventually activating NF-κB signaling path-
way [41]. Circular RNA circDCUN1D4 is downregulated 
in lung adenocarcinoma. Forced circDCUN1D4 expres-
sion suppresses invasion in vitro and metastasis in vivo 
through binding with HuR and enhancing its cytoplasmic 
transportation, and thus enhances the stability of TXNIP 
mRNA [42]. In the present study, we found that circZNF367 
could bind with HuR. Moreover, silencing of HuR abrogated 
the effect of cricZNF367 on osteogenic differentiation of 
hBMSCs, indicating that the function of circZNF367 was 
possibly due to interacting with HuR. Indeed, circZNF367 
was proved to compete with LRP5 for HuR binding, as circ-
ZNF367 overexpression reduced the enrichment of LRP5 
by HuR antibody, while circZNF367 knockdown increased 
the enrichment of LRP5. Binding with HuR can enhance 
mRNA stability; therefore, we supposed that circZNF367/
HuR interaction could reduce the mRNA stability of LRP5, 
and ultimately downregulated the protein level of LRP5 in 
hBMSCs.

Accumulated studies prove that LRP5 acts a vital role 
in bone formation and osteoporosis. Genome-wide asso-
ciation studies prove that LRP5 variant is connected with 

bone mineral density, osteoporosis, and increasing risk of 
fracture [14, 43, 44]. Furthermore, LRP5 is demonstrated 
to control bone formation locally [30, 45]. Actually, some 
studies also suggest that LRP5 is involved in osteogenic 
differentiation of BMSCs [46, 47]. As a coreceptor of 
β-catenin, LRP5 can activate Wnt/β-catenin signaling 
and prevent phosphorylation and degradation of β-catenin 
[13]. It is clear that Wnt/β-catenin signaling has prooste-
oblastic and antiadipocytic differentiation effects, and 
acts an important role in osteoblastic differentiation and 
bone mass maintaining [11, 48]. In our study, circZNF367 
overexpression suppressed the protein expression of LRP5 
and subsequently decreased the level of active-β-catenin in 
hBMSCs. In contrast, circZNF367 knockdown exhibited 
opposite effects. Our results indicated that circZNF367 
suppressed osteogenic differentiation of hBMSCs through 
reducing LRP5 expression and ultimately inhibiting Wnt/
β-catenin activation. As Wnt/β-catenin signaling played an 
important role in osteogenic differentiation of hBMSCs, 
this might explain the inhibitory effects of circZNF367 on 
osteogenic differentiation of hBMSCs.

In conclusion, we found that circZNF367 was upregu-
lated in bone tissues of osteoporosis patients, and gradu-
ally decreased during osteogenic differentiation of hBM-
SCs. As a bona fide circular RNA, overexpression of 
circZNF367 suppressed migration, invasion and osteo-
genic differentiation of hBMSCs in vitro and in vivo, while 
knockdown of circZNF367 showed contrary effects. Circ-
ZNF367 was found to competitively bind with HuR, thus 
reducing the mRNA stability of LRP5. Therefore, circ-
ZNF367 overexpression decreased the protein expression 
of LRP5, and ultimately restrained Wnt/β-catenin activa-
tion. HuR overexpression or LRP5 restoration abrogated 
the effects of circZNF367 overexpression on osteogenic 
differentiation of BMSCs. Taken together, our results elu-
cidated a novel role of circZNF367 in regulating osteo-
genic differentiation of hBMSCs, and circZNF367 might 
be a prognostic maker or potential target for osteoporosis 
treatment.
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