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ABSTRACT

We aimed to identify specific circular RNAs (circRNAs) involved in bone repair of trauma-induced
osteonecrosis of femoral head (TIONFH) and to explore the potential mechanism. CircRNA sequencing
on the blood sample collected from patients with and without TIONFH was performed to select cirRNAs
that were significantly differentially expressed, followed by qRT-PCR confirmation. Furthermore, the
functions of one selected circRNA and the potential mechanisms in bone repair of TIONFH were validated
based on the bone marrow mesenchymal stem cells (BMSCs) and osteoclast-like cells (OLCs) through
CCK-8, flow cytometry, transwell assay, luciferase reporter assay, and western blot. A total of 234
upregulated and 148 downregulated differentially expressed circRNAs were identified, and qRT-PCR
showed that circRNA_25487 was significantly upregulated in the peripheral blood of TIONFH patients.
Luciferase reporter assay confirmed the binding effect between miR-134-3p and circRNA_25487.
CircRNA_25487 suppression and miR-134-3p overexpression could promote cell proliferation and in-
vasion while inhibited apoptosis of BMSCs and OLCs. miR-134-3p could target p21. CircRNA_25487
inhibited bone repair in TIONFH by sponging miR-134-3p to upregulate the expression of p21.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Femoral neck fracture is an uncommon injury in the non-elderly
people, which is often caused by high-energy trauma [1]. It is
estimated that the number of hip fractures worldwide would in-
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crease from 1.66 million in 1990 to 6.26 million by 2050, repre-
senting an growing burden on healthcare [2]. Trauma-induced
osteonecrosis of femoral head (TIONFH), the most common aseptic
osteonecrosis of femoral head (ONFH) caused by hip dislocation,
femoral neck fractures, and other hip trauma, is a main complica-
tion of femoral neck fractures [3]. It has been reported that fracture
reduction and internal fixation can promote fracture healing, but it
cannot completely prevent the occurrence of TIONFH. Many fail-
ures of internal fixation are associated with necrosis [4]. Currently,
the molecular mechanism related to bone repair in patients with
TIONFH is still unclear.
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Circular RNAs (circRNAs) are new members of non-coding RNAs
that are derived from exons with closed continuous loop structure.
Compared with their linear counterparts, the circRNAs are highly
stable [5—7]. Recently, studies have demonstrated that circRNAs are
closely associated with the cell proliferation and apoptosis by
sponging miRNAs to regulate gene expression [5,8,9]. A recent
study of Kuang et al. [10] proved that circUSP45 could decrease
osteogenesis in glucocorticoid-induced ONFH by sponging miR-
127-5p. However, to our best knowledge, no study has reported
the functions of circRNAs in TIONFH.

Therefore, in this study, we aimed to identify specific circRNAs
involved in bone repair of TIONFH and to explore the potential
mechanism. With this purpose, we performed circRNA sequencing
on the blood sample collected from patients with and without
TIONFH to select cirRNAs that were significantly differentially
expressed. Furthermore, we validated the functions of one selected
circRNA in bone repair of TIONFH based on the bone marrow
mesenchymal stem cells (BMSCs) and osteoclast-like cells (OLCs).
Our study may provide a foundation for diagnosis and treatment of
TIONFH.

2. Materials and methods
2.1. Clinical sample data

Since January 2015 to April 2015, six patients (without gender
limitations) with femoral neck fractures who developed ONFH after
treatment with manual reduction and percutaneous cannulated
screw fixation in the Henan Orthopaedic Hospital Hip Disease
Treatment Study Centre were involved in this study. These patients
were in line with the diagnostic criteria of ONFH [11]. Additionally,
six age-matched patients with simple femoral neck fractures who
received percutaneous internal fixation and did not developed
ONFH were included as control. There was no statistical difference
in age between the two groups.

None of the patients received drug treatment in the past six
months, and they did not have other joint diseases, autoimmune
disease, systemic inflammation, malignant or chronic diseases,
such as rheumatoid arthritis, gout, a history of knee trauma, joint
infection systemic lupus erythematosus, psoriasis, or hemophilia.

All patients underwent bilateral hips joint X-ray of frog-leg and
orthotopic position, and bilateral hip magnetic resonance imaging
(MRI) examination. Elbow venous blood samples were collected
from all subjects during fasting and stored at —80 °C.

This study was fully in accordance with the relevant provisions
of the 1964 Helsinki Declaration. This study was approved by the
clinical trials ethics committee of Luoyang Orthopaedic-
Traumatological Hospital of Henan Province (Henan Provincial
Orthopedic Hospital) (institutional approval number: 81473704).
All patients had provided the written consent from each clinical
subject.

2.2. Total RNA extraction and library construction

Total RNA of was isolated from each blood sample using TRIzol
reagent (Invitrogen, USA). RNA degradation and contamination
were monitored by agarose gels (1%). Total RNA purity was checked
using Nanodrop. RNA integrity was evaluated by Agilent 2100
Bioanalyzer (Agilent Technologies, USA).

The ribosomal RNA (rRNA) was removed from total RNA using
[llumina epicentre ribo-zero kit (Illumina, USA). Purified RNA
(polyA + and polyA-) was fragmented using fragmentation Buffer)
and then the fragmented circRNA was used as template to syn-
thesize cDNA based on the random hexamers. Double-stranded
cDNA synthesis was then performed with dNTPs, RNaseH and
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DNA Polymerase I. The DNA fragments were end-repaired using T4
DNA polymerase and Klenow DNA polymerase, followed by poly-
adenylation at the 3’ end and purification using AMPure XP beads
(Beckman Coulter, USA). After that, USER enzyme was used to
degrade the second strand of cDNA containing U. Finally, PCR
amplification was performed to obtain the final sequencing library.
[llumina Hiseq4000 was used for sequencing, which produced the
paired-end libraries with 150 bp (PE150) read length.

2.3. Differentially expressed circRNAs identification

After quality control and reference genome alignment, differ-
entially expressed circRNAs between TIONFH group and patients
without TIONFH after femoral neck fracture were identified with |
log2 fold change| > 1 and p value < 0.05. Then cluster analysis was
carried out for differentially expressed circRNAs to intuitively show
the expression of genes in different samples.

2.4. qRT-PCR

Total RNA was extracted from samples using RNA Isolater Total
RNA Extraction Reagent (Vazyme, Nanjing, China). cDNA was syn-
thesized by the GoScript Reverse transcription (RT) System
(Promega, WI, USA). The expression levels of circRNA_25775,
circRNA_33798, circRNA_25487, circRNA_18052 and circRNA_3684
were analyzed using the CFX96 Q-PCR Detection System (Bio-Rad,
CA, USA). The reaction system with 14 pL volume consisted of 3 puL
of cDNA, 1.4 uL of primers, 7 pL of AceQ qPCR SYBR Green Master
Mix (Vazyme Biotech Co., NJ, USA), and 0.4 pL of ultrapure water.
The relative expression levels were calculated by relative quanti-
fication (2722%) method.

2.5. BMSCs culture

The Sprague-Dawle (SD) rats (purchased from Institute of Model
Organism in Nanjing University, China) were killed by neck frac-
ture, and soaked in 75% ethyl alcohol for 5 min, and then trans-
ferred to bechtop. The long bones (femur and tibia) of the mice
were isolated under aseptic conditions and soaked in PBS solution.
The femur and tibia were deeply dissected to remove the attached
muscle tissue, and the metaphysis. The bone marrow cavity was
repeatedly rinsed with 10% fetal bovine serum (FBS) and IMDM
medium (Gibco; 12440053) until the bone marrow cavity turned
white. The washing liquid was collected, and gently blown into
individual cells by the pipette. The cells were inoculated in a six-
well plate and cultured in a 37 °C incubator with 5% CO,. The six-
well plate was not moved during the culture to make BMSCs fully
adherent to the wall. After 48 h of culture, the cells were gently
washed with preheated PBS buffer for 2 times, and fresh medium
was added. After that, the medium was changed every 48 ho. After
6—7 d of primary culture, cells were subcultured.

2.6. OLCs culture

The 4-week-old Wistar rats were rinsed with distilled water and
killed by neck fracture. After soaking in 75% ethyl alcohol for 5 min,
femur, tibia, humerus and radius were isolated with ophthalmic
instruments. Following carefully removing the soft tissue around
the bone, epiphysis was cut off, and the diaphysis was washed twice
with a-MEM culture solution (Hylcone; SH30265.01B), and then
placed in cold a-MEM culture solution. Then the marrow cavity was
washed with a-MEM, and cells mixture was collected and inocu-
lated into the cell culture plate (3.5 mm in diameter), and then
cultured in 5% CO, incubator (37 °C) for 30 min. After 30 min, the
culture solution (containing myelomoncyte) was centrifuged at 800
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r/min for 8 min at 4 °C. The precipitation was resuspended with
medium containing 10~% mol/L of 25(0H);D3 o-MEM. The cell
density was adjusted to 2.5 x 10°/ml, and inoculated to 24-well
plates (osteoblasts had been inoculated beforehand). The plates
were cultured in 5% CO, incubator (37 °C), and 50% medium was
changed every 48h. After 6—7 d of primary culture, cells were
subcultured.

2.7. Target gene prediction

Targetscan (http://www.targetscan.org/) [12] and miRanda
(http://www.microrna.org/microrna/home.do) [13] were used to
predict the potential miRNA binding sites of circRNA_25487. The
target gene of miR-134-3p was predicted by miRanda.

2.8. Cell transfection

Cells were seeded on six-well plates at a density of 3 x 10° in
order to reach 30—50% confluence and miR-134-3p mimic (ugu-
gacugguugaccagagggg) and  si-circRNA_25487 (ACAGACAA-
GATTGAGGTACAT) were subcloned into the modified pcDNA3 (+)
vector (Invitrogen, USA). Cells were also transfected with the cor-
responding negative control vectors using Lipofectamine 3000
(Thermo Fisher Scientific, USA). The miRNA mimic and negative
control were obtained from RiboBio Biotechnology (Guangzhou,
China). Then cells were harvested after 48 h for the validation of
miR-134-3p overexpression by using qRT-PCR analysis.

2.9. Luciferase reporter assays

To construct a luciferase reporter for wild-type (WT) miR-134-
3p, miR-329-5p, miRNA-411-5p, miR-149-3p, miR-485-5p and
miR-30b-3p 3’UTR, the UTR sequences were synthesized and sub-
cloned into the Notl and Xhol sites in the apsiCHECK-2 vector
(Promega). To design apsiCHECK-2 plasmid, the DNA sequences
were synthesized and subcloned in to apsiCHECK-2. Then bacteria
were lysed and plasmids were harvested. The mutant 3’UTR was
produced by site-directed mutagenesis using Phusion™ High-
Fidelity DNA Polymerase (Thermo Fisher Scientific). For trans-
fection, 5 x 10% 293T cells were plated on a 24-well plate with
complete medium. After 24 h, cells were transfected with 50 nM of
pcDNA3.0-ciR25487 or NC pcDNA3.0 using Lipofectamine 3000
(Thermo Fisher Scientific) and were harvested after 72 h of trans-
fection for luciferase activity detection using the Dual-Luciferase
Reporter Assay System (Beyotime, Shanghai). Similar methods
were used to determine the regulatory relation between miR-134-
3p and p21.

Regenerative Therapy 16 (2021) 23—31
2.10. Cell proliferation assay

Cell proliferation was measured with a Cell Counting Kit-8 (CCK-
8; Dojindo, Japan). Briefly, the cells were seeded in 96-well culture
plates at a density of 5 x 103/well. Cell viability was then deter-
mined using the CCK8 at 24, 48, and 72 h after transfection. The
absorbance at 570 nm was measured with a microplate reader
(BioTek, USA).

2.11. Apoptosis assay

BMSCs and OLCs were seeded at a density of 3 x 10° cells/well
in 6-well plates. After 48 h of transfection, BMSCs and OLCs were
collected by trypsinization. Then BD Pharminge™ FITC-Annexin V
Apoptosis Detection Kit (BD Biosciences, USA) was applied to
perform Annexin V/PI staining according to the manufacture's
instruction. The apoptotic rates of each sample were analyzed
using a flow cytometer (ACSCalibur, Becton Dickinson, San Jose,
CA).

2.12. Transwell assay

As to the transwell analysis, OLC and BMSC cells (1.0 x 10°) in
100 pL of serum-free medium were incubated for the (non-)
Matrigel-coated upper chamber (8-pm pore size, BD Falcon cell
culture inserts, BD Biosciences, USA) following the manufactur-
er's instruction. Total 500 pL of 10% FBS containing medium was
added to the lower chamber. After 24 h incubation, non-
migrated/invaded cells on the upper surface were removed
with a cotton swab and cells migrated to the lower chamber
were fixed with 4% methanol, and stained with crystal violet
staining solution. The number of migrated cells was counted
under a microscope (DM IL, Leica Microsystems) in five random
fields and calculated as the average per field.

2.13. Western blotting

The cells were washed and total proteins were extracted us-
ing RIPA buffer (Beyotime, Shanghai, China). Cell membrane
protein was obtained using a Cell Membrane Protein Extraction
Kit (XY-Bioscience, Shanghai, China). Cytoplasmic protein was
obtained using a Nuclear and Cytoplasmic Protein Extraction Kit
(Kamimi Yasuro Biological Technology, Shanghai, China). The
protein concentrations were normalized using a BCA protein
assay (Thermo Fisher Scientific). Total 30 pg lysate proteins were
separated using 10% SDS-PAGE gels, and then transferred to
PVDF membranes (Millipore, Darmstadt, Germany). The mem-
branes were blocked with 5% nonfat milk in TBST for 1 h and
incubated with specific primary antibodies (p21 (Santa Cruze;
sc-6246), GAPDH (abcam; ab9485)) overnight at 4 °C. Then the
membranes were incubated with horseradish peroxidase-

Table 1

Basic information for TIONFH patients and patients without necrosis.
Factors Non-necrosis group Necrosis group t/y2/Z P value

(n=6) (n=6)

Age (years) 48.00 + 7.75 47.00 + 9.42 0.201 0.845
Sex (male/female) 3/3 5/1 1.552 0.213
BMI (g) 24.61 +3.34 25.25 +3.18 —0.337 0.743
Body temperature (C) 36.77 + 0.41 36.57 + 0.37 0.892 0.393
Pulse (time/min) 76.50 + 1.52 77.00 + 4.86 —0.241 0.818
Breathe (time/min) 18.50 + 1.05 19.00 + 0.90 —0.889 0.395
Systolic blood pressure (mmHg) 123.83 + 10.46 119.33 + 6.56 0.893 0.393
Diastolic blood pressure (mmHg) 81.33 + 6.19 81.17 + 422 0.055 0.958

t, Statistical value of independent-samples T test; 2, Statistical value of Chi-squared; Z, Statistical value of Mann-Whitney Test.
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Fig.1. MRI and X-ray examination of TIONFH patients and the patients without TIONFH. (A) X-ray of patients without necrosis showed a smooth surface without collapse. (B) MRI of
patients without necrosis showed hollow spike-like images without a significant “double line”. (C) X-ray of necrosis patients showed femoral head collapse, density changes, cystic
changes, or hollow or pierced femoral head surface. (D) MRI of necrosis patients showed a clear “double line” sign and displayed high signals on fat-suppressed images.
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Fig. 2. (A) Heatmap of differentially expressed circRNAs. (B) Relative expression levels of circRNA_25775, circRNA_33798, circRNA_25487, circRNA_18052 and circRNA_3684 in

blood samples of two groups detected by qRT-PCR.
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Fig. 3. (A) The relative luciferase activities of six miRNAs, and (B) miR-134-3p had interaction with circRNA 25487-psicheck.

labeled secondary antibodies for 1 h at room temperature. A
SuperSignal® WestDura Extended Duration Substrate was
applied to visualize the protein bands.

2.14. Statistical analysis

All data are shown as mean + standard deviation. Statistical
analyses were conducted using SPSS 19.0 statistical software
(SPSS Inc., Chicago, IL). Data between two groups were analyzed
using t tests, and multiple comparisons between groups were
analyzed by one-way ANOVA. P < 0.05 was considered statistically
significant.
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3. Results
3.1. Clinical data and X-ray and MRI examinations

Clinical data of 12 patients are shown in Table 1. There were
no significant differences for the two groups of patients in age,
sex, MBI, blood pressure and other vital signs. In patients
without ONFH, the surface of femoral head was smooth without
collapse (Fig. 1A). There appeared hollow spike-like images
without a significant “double line” sign (Fig. 1B). Patients with
ONFH showed femoral head collapse or density changes, cystic
changes, or a hollow or pierced femoral head surface (Fig. 1C).
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Additionally, there was a clear “double line” sign and high sig-
nals on fat-suppressed images (Fig. 1D) [3].

3.2. Differentially expressed circRNAs identification and qRT-PCR
confirmation

A total of 234 upregulated and 148 downregulated differen-
tially expressed circRNAs were identified. The volcano plot and
heatmap of differentially expressed circRNAs are shown in

Fig. 2A and B. Among these differentially expressed circRNAs,
circRNA_25775, circRNA_33798, circRNA_25487, circRNA_18052
and circRNA_3684 had significant differences between two
groups (]log2 fold change| > 1 and p value < 0.05). qRT-PCR was
carried out to validate the expression levels of the five cirRNAs in
blood samples of two groups and the results showed that
circRNA_25487 was significantly upregulated in the peripheral
blood of TIONFH patients (Fig. 2C), which was consistent with
the sequencing results.
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3.3. miRNA binding site prediction and validation for
circRNA_25487

miR-134-3p, miR-329-5p, miRNA-411-5p, miR-149-3p, miR-
485-5p and miR-30b-3p were predicted for circRNA_25487. Lucif-
erase reporter assay showed that the relative luciferase activity of
miR-134-3-p decreased significantly compared with the other
miRNAs, suggesting that miR-134-3-p had interaction with circRNA
25487-psicheck (Fig. 3A). The binding effect between miR-134-3p
and circRNA_25487 was further confirmed (Fig. 3B).

3.4. Effect of circRNA_25487 suppression and miR-134-3p
overexpression on cell proliferation, invasion and apoptosis

The transfection effect of miR-134-3p mimics is shown in Fig. 4A
and B. The relative expression level of miR-134-3p increased
significantly in both BMSCs and OLCs after cell transfection
(P < 0.001). The proliferation rates of BMSCs and OLCs after
circRNA_25487 suppression and miR-134-3p overexpression are
shown in Fig. 4C and D. The results showed that both
circRNA_25487 suppression and miR-134-3p overexpression
significantly increased the proliferation rates of BMSCs and OLCs
(P < 0.001). Additionally, transwell assay revealed that suppression
of circRNA_25487 and overexpression of miR-134-3p could signif-
icantly promote the invasion of BMSCs and OLCs (P < 0.001 or
P <0.05) (Fig. 4E and F). The apoptosis rates of the two types of cells
significantly decreased in circRNA_25487 suppression and miR-
134-3p overexpression groups (P < 0.001) (Fig. 4G and H).
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3.5. miRNA-134-3p target gene prediction

miRanda was used to predict the potential targets of miRNA-
134-3p, and we finally focused on p21 due to its role in cell pro-
liferation. The regulatory relation between miRNA-134-3p and p21
was further confirmed by luciferase reporter assay. As shown in
Fig. 5A, The wild-type 3’-UTR sequence and the mutant 3’-UTR
sequence of p21 were cloned to construct reporter plasmids and
mutant vectors, respectively. We found that co-transfection of miR-
134-3p mimics and wild-type reporter gene plasmid significantly
decreased the luciferase activity. On the contrary, there was no
significant difference in luciferase activity between miR-134-3p co-
transfected mimics and mutant plasmids. Moreover, the expression
level of p21 after circRNA_25487 suppression or miR-134-3p
overexpression was detected through qRT-PCR and western blot.
As shown in Fig. 5B, the relative expression of p21 mRNA signifi-
cantly decreased after circRNA_25487 suppression or miR-134-3p
overexpression in both BMSCs (P < 0.001) and OLCs (P < 0.05).
Western blot analysis showed similar results (Fig. 5C).

4. Discussion

TIONFH is a blood circulation disorder of the femoral head, with
a variety of etiologies that can lead to the death of bone cells and
bone marrow components, thereby causing structural changes of
the femoral head [3]. Therefore, investigation of BMSCs prolifera-
tion is critical for the treatment of this disease. In this study, the
potential mechanism of TIONFH patient bone collapse was
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explored through circRNA sequencing, and circRNA_25487 was
demonstrated to be upregulated in patients with TIONFH compared
with without TIONFH. Further studies revealed that circRNA_25487
inhibited the proliferation of BMSCs and OLCs by sponging miR-
134-3p to regulate p21 expression.

Recent studies on ONFH have focused on the epigenetic regu-
lation of its pathogenesis, specifically on non-coding RNAs, such as
long noncoding RNAs, miRNAs, and circRNAs [ 14—16]. However, the
exact mechanism of circRNAs in the pathogenesis of TIONFH is
largely unknown. Recently, due to the multiple biological functions
of circRNAs in bone remodeling, they have attracted more and more
attention. Our study, for the first time, reported the function of
circRNA_25487 in regulating the proliferation of BMSCs and OLCs
for the treatment of TIONFH.

In the non-coding RNA cluster, circRNAs are relative new
biomarkers, which is found to play important roles in meta-
bolic activities like cell cycle regulation, and immune surveil-
lance [17]. For instance, circTCF25 could sponge miR-107 to
upregulate 13 targets related with cell proliferation, migration
and invasion [18]. circRNA_LARP4 can inhibit cell proliferation
and invasion by sponging miR-424-5p to regulate LATS1
expression in gastric cancer [5]. A more recent study showed
that as a miR-7 inhibitor, circRNACDR1 can trigger the upre-
gulation of GDF5 and subsequent phosphorylation of p38
MAPK and Smad1/5/8, thereby promoting the osteogenic dif-
ferentiation of periodontal ligament stem cells [19]. In the
present study, we found that circRNA_25487 level was
increased in TIONFH patients compared with control. Addi-
tionally, circRNA_25487 suppression promoted the proliferation
and inhibited the apoptosis of BMSCs and OLCs. The mesen-
chymal stem cells (MSCs) have emerged as promising candi-
dates for orthopedic applications. BMSCs are considered as the
progenitors for skeletal tissues, and these cells have been
demonstrated to have a great potential for bone repair [20].
Additionally, osteoclasts have been reported to modulate
osteogenesis [21]. Thus, we speculated that circRNA_25487
may act as a biomarker to regulate the bone repair in TIONFH.

Furthermore, we investigated the potential mechanisms of
circRNA_25487 in TIONFH, and found that circRNA_25487
directly interacted with miR-134-3p. Following that, we
investigated the sponge function of circRNA_25487 and
revealed that circRNA_25487/miR-134-3p/p21 may be a
cascade to regulate bone repair in TIONFH. miR-134 has been
reported to function as a regulator of cell proliferation and
apoptosis. Overexpression of miR-134 could suppress cell pro-
liferation in some human cancers [22,23], while overexpressed
miR-134 promotes cell proliferation in neurons [24], which
suggested a diverse functions of this miRNA. p21, a p53-
inducible protein, is responsible for a bifurcation in cyclin
dependent kinase 2 activity following mitosis, and that this
underpins the proliferation-quiescence decision in cycling cells
[25,26]. P21 is downregulated in various cancers [27], and
plays important roles in multiple cellular processes during
unperturbed cell growth by binding directly to G1/S transition-
related kinases [28,29]. Importantly, Yew et al. [30] have re-
ported that knockdown of p21 in late-passage MSCs exhibits
increased proliferation capacity and increased osteogenic po-
tential. Using p21-/~) knockout mice, a recent study of Pre-
mnath et al. [31] also provided a strong rationale to examine
the role of p21 in bone repair. In our study, inhibited
circRNA_25487 and overexpressed miR-134-3p downregulated
the expression level of p21, which was verified by qRT-PCR and
western blot. Given the important role of p21 in cell prolifer-
ation, we further confirmed the critical roles of circRNA_25487
in TIONFH by regulating the proliferation of BMSCs and OLCs.

Regenerative Therapy 16 (2021) 23—31
5. Conclusions

In conclusion, circRNA_25487 inhibited bone repair in TIONFH
by sponging miR-134-3p to upregulate the expression of p21. The
findings provide a new target for diagnosis and treatment of
TIONFH.
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