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Osteoporosis results from an imbalance between bone for-
mation and bone resorption. Traditional drugs for treating
osteoporosis are associated with serious side effects, and thus,
new treatment methods are required. This study investigated
the role of differentially expressed microRNAs during osteo-
clast differentiation and osteoclast activity during osteoar-
thritis as well as the associated underlying mechanisms. We
used a microarray to screen microRNAs that decreased in the
process of osteoclast differentiation and verified miR-21-5p to
decrease significantly using RT-qPCR. In follow-up experi-
ments, we found that miR-21-5p targets SKP2 to regulate
osteoclast differentiation. In vivo, ovariectomized mice were
used to simulate perimenopausal osteoporosis induced by
estrogen deficiency, and miR-21-5p treatment inhibited bone
resorption and maintained bone cortex and trabecular struc-
ture. These results suggest that miR-21-5p is a new therapeutic
target for osteoporosis.

Bone resorption of osteoclasts and formation of osteoblasts
maintain homeostasis of bone tissue (1). Osteoporosis occurs
when bone resorption is greater than formation (2), and
although it develops in both sexes, it is more prevalent in
postmenopausal females and elderly males (3). The primarily
available treatment against osteoporosis includes calcium,
calcitonin, diphosphate, and estrogen. Calcium supplementa-
tion prevents and treats osteoporosis; however, its long-term
use can induce nausea, vomiting, and indigestion. Moreover,
since the absorption capacity declines with age, calcium effi-
cacy in preventing and treating osteoporosis in elderly in-
dividuals is limited (4). Calcitonin is effective in preventing and
healing of new pyramidal fractures but also associated with
side effects including nausea, vomiting, and flushing, and
hence it is commonly used as a second-line therapy to treat
osteoporosis (5). Bisphosphonates induce apoptosis in osteo-
clasts, thereby decreasing bone transformation, making them
an ideal treatment option; however, long-term use can lead to
overinhibition of bone remodeling and repair, resulting in
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excessive bone mineralization and destruction of bone
microstructure (6). Estrogen is the most effective treatment
strategy for postmenopausal females with osteoporosis; how-
ever, hormone replacement therapy is associated with adverse
reactions in other systems. Estrogen is contraindicated in pa-
tients with allergies, breast cancer, thrombophlebitis, and
vaginal bleeding of an unclear diagnosis, and is not used for
osteoporosis treatment (7). Considering all the above treat-
ment options, safer and more effective treatments and pre-
vention strategies for osteoporosis remain warranted.

microRNAs are short sequences RNA with a length of
approximately 20 to 24 nt that do not encode proteins.
Accumulating evidence has illustrated the important role of
miRNAs in osteoporosis (8). In recent studies, it has been
found that microRNA-29a reduces osteoclast differentiation
by inhibiting osteoclast regulators RANKL and CXCL12 (9). In
addition, the expression of microRNA-148a in osteoporosis rat
model following ovariectomy has been shown to be signifi-
cantly upregulated and that it can affect osteoporosis through
ERα by the PI3K/AKT axis (10). The authors also investigated
the role of microRNA-449b-5p in osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) and found
that microRNA-449b-5p could aggravate osteoporosis by
inhibiting osteogenic differentiation through targeting Satb2
(11). Therefore, investigating miRNAs in osteoporosis may
provide an insight into new therapeutic targets.

S-Phase Kinase-Associated Protein 2 (SKP2) is a protein-
coding gene, which significantly affects cell cycle regulation
(12). In breast cancer, SKP2 promotes tumourigenesis and
radiation tolerance by degrading PDCD4 (13). Runx2, an
osteogenic transcription factor, affects osteoblasts differentia-
tion; SKP2 inhibits osteogenesis through ubiquitin-mediated
degradation of Runx2 (14). In this study, we hypothesize that
SKP2 is a target gene of miR-21-5p and verified the function of
SKP2 in osteoclastic differentiation.

To better understand these effects, we screened miRNAs
differentially expressed during receptor activator of nuclear factor
kappa B ligand (RANKL)-induced osteoclast differentiation
in vitro using RAW264.7 cells. Based on the screening results, we
focused on miR-21-5p as a potential target for osteoporosis
treatment, which was downregulated in mature osteoclasts.
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MiR-21-5p inhibits osteoclastogenesis via SKP2
Bioinformatics analysis was conducted to predict target genes of
miR-21-5p. Moreover, we evaluated the influence of a precursor
miR-21-5p drug in the prevention of osteoporosis in ovariecto-
mized (OVX) mice to determine the therapeutic potential.

Results

RANKL-induced RAW264.7 cells differentiation into osteoclasts

TRAP-positive multinucleated cells were observed in the
RANKL-stimulated group, whereas no TRAP-positive cells
were found in the control group (Fig. 1A). In addition, RT-
qPCR analysis showed that the mRNA expression levels of
TRAP and cathepsin K were increased in the RANKL-induced
group compared with those in the control group (Fig. 1B)
(15). Mouse bone marrow macrophages (BMMs) were induced
by M-CSF and RANKL, and depressions in the surface of the
bone slice were observed (Fig. 1C) (16). These results confirmed
Figure 1. RAW264.7 cellswere induced to differentiate intoosteoclasts byR
for 120 h, and TRAP stainingwas used to analyze osteoclast activity (scale bar, 20
relative mRNA expression levels of TRAP and cathepsin K were analyzed using R
the activity of osteoclasts (scale bar, 500 μm). The defect area was analyzed q
differentiation detected by microarray assays. Red and green represent high a
determined using RT-qPCR. (*p < 0.05, **p < 0.01, ***p < 0.001. Data represe
Student’s t-test.)
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RANKL induction of macrophages differentiation into osteo-
clasts. We selected five pairs of samples for sequencing, which
were not induced by RANKL or RANKL, for 5 days. Twenty out
of the microRNAs significantly downregulated (p < 0.05,
logFC < −2) during osteoclastic differentiation were selected
(Fig. 1D). Furthermore, we detected the expression of micro-
RNAs (p < 0.05, logFC < −3) during osteoclast differentiation
using RT-qPCR (Fig. 1E). Among them, the expression of miR-
21-5p decreased most significantly, and hence was selected for
further investigations, and speculated that it can inhibit osteo-
clast growth, differentiation, or function.

MiR-21-5p inhibited osteoclast differentiation

To further investigate the role of miR-21-5p in osteoclas-
togenesis as a potential target for osteoporosis treatment,
RAW264.7 cells were transfected with vectors to silence or
ANKL.A, RAW264.7 cells were cultured inα-MEMcontaining RANKL (50 ng/ml)
0 μm). B, RAW264.7 cells were stimulated with RANKL (50 ng/ml) for 120 h. The
T-qPCR. C, bone resorption test showed different pit sizes, which represented
uantitatively. D, expression of miRNAs in RAW264.7 cells during osteoclast
nd low expression, respectively. E, the expression levels of microRNAs were
nt mean ± S.D. and the p values were determined by a two-tailed unpaired



Figure 2. MiR-21-5p inhibited osteoclast differentiation. A, MiR-21-5p or anti-miR-21-5p was transfected into RAW264.7 cells, and the expression of miR-
21-5p was detected using RT-qPCR. B, RAW264.7 cells were cultured in α-MEM containing RANKL (50 ng/ml) for 120 h. The effect on cell proliferation was
detected using the CCK-8 assay. C, osteoclast activity was detected using TRAP staining (scale bar, 200 μm). The protein and transcript expression levels of
TRAP, cathepsin K, MMP-9, and MMP-2 were determined using (D) western blot and (E) RT-qPCR. Gapdh was used as an internal reference gene. Migration
was detected by (F) a Transwell assay, and migration efficiency was analyzed quantitatively. G, bone resorption test showed different size of pits, which
represented the activity of osteoclasts (scale bar, 500 μm). The defect area was analyzed quantitatively. (*p < 0.05, **p < 0.01, ***p < 0.001. Data represent
mean ± S.D. and the p values were determined using a two-tailed unpaired Student’s t-test.)
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overexpress miRNAs (Fig. 2A), followed by treatment with
RANKL for osteoclast differentiation. CCK-8 assay showed
that cell growth in the miR-21-5p overexpression group was
weaker than that in the miR-21-5p-silenced group (Fig. 2B)
(17). Similarly, TRAP staining of the induced osteoclasts
showed numerous TRAP-positive multinucleated cells in the
anti-miR-21-5p group, whereas osteoclast formation was
inhibited in the miR-21-5p overexpression group (Fig. 2C)
(18). Western blot and RT-qPCR further showed that the
protein and mRNA levels of TRAP, cathepsin K, MMP-2, and
MMP-9 were decreased in the miR-21-5p overexpression
group and increased in the anti-miR-21-5p group compared
with those in control cells (Fig. 2, D and E) (19).

The migration rate of osteoclast precursors was positively
correlated with the differentiation and activity of osteoclasts,
while the Transwell assays showed that the migration rate of
osteoclast precursors transfected with miR-21-5p was
decreased and that of cells transfected with anti-miR-21-5p
increased (Fig. 2F) (20). Bone slices were covered with BMM
cells transfected with miR-21-5p or anti-miR-21-5p and
induced by M-CSF and RANKL. Following miR-21-5p inhi-
bition, the osteoclast activity became stronger, while deeper
and larger depressions on the surface of the bone slices were
observed, as visualized using scanning electron microscope
imaging (Fig. 2G) (21). Collectively, these results demonstrate
that miR-21-5p inhibits osteoclast differentiation and activity.

Inhibitory effect of miR-21-5p on osteoclasts was rescued by
SKP2

The expression levels of 18 possible target genes predicted
using the four databases (Fig. 3A) were measured when miR-21-
5p was overexpressed in RAW264.7 cells. Genes with signifi-
cantly decreased expression were selected (SOX5, NFIB, SKP2,
and XKR6) (Fig. 3B). We designed the corresponding siRNA to
transfect RAW264.7 cells, followed by osteoclast differentiation
induction with RANKL. Among these, SKP2 inhibition suc-
cessfully inhibited osteoclast differentiation (Fig. 3C). The
predicted binding sites of SKP2 are shown in Figure 3D. Si
SKP2 was transfected into RAW264.7 cells, and the expression
of SKP2 was detected using RT-qPCR (Fig. 3E). During osteo-
clast differentiation, SKP2 was closely correlated with cell
proliferation efficiency, when its expression was inhibited, cell
proliferation was decreased (Fig. 3F). In addition, the expression
levels of TRAP, cathepsin K, MMP2, and MMP9 also decreased
following SKP2 inhibition (Fig. 3, G and H). In the Transwell
experiment, when the expression of SKP2 was decreased, the
migration ability of preosteoclasts also decreased (Fig. 3I). The
bone absorption assay showed that SKP2 was involved in
osteoclast activity, which was decreased upon SKP2 inhibition
(Fig. 3J). This suggests that SKP2 affected the growth, differ-
entiation, and function of osteoclasts.

Next, we designed a rescue experiment to determine
whether miR-21-5p acts on osteoclasts by regulating SKP2.
The expression of SKP2 was detected using RT-qPCR
(Fig. 3K). Cell proliferation was increased when miR-21-5p
and SKP2 were transfected at the same time (Fig. 3L). This
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rescue effect of SKP2 was confirmed by the large number of
TRAP-positive multinucleated cells in the cotransfection
group (Fig. 3M). Changes in osteoclast and migration-related
proteins and mRNAs corresponded to the patterns observed
at the cellular level (Fig. 3, N and O). When SKP2 was over-
expressed, the migration and invasion abilities of osteoclast
precursors were enhanced (Fig. 3P); bone absorption assay
showed that the osteoclast activity was inhibited when miR-21-
5p was overexpressed; however, SKP2 reversed this effect
(Fig. 3Q). This suggests that miR-21-5p can inhibit osteoclasts
possibly by targeting SKP2.

MiR-21-5p suppressed the development of osteoporosis in
OVX mice

We selected 40 healthy 6-week-old female mice and excised
their ovaries bilaterally via a small mid-back incision (Fig. 4A)
(22). After 8 weeks, OVX mice were fully recovered and
randomly divided into two groups, of which one was injected
with precontrol via the tail vein, and the other received pre-
miR-21-5p intravenously, once a week for 8 weeks. The
groups were further randomly divided into two subgroups,
each of which was injected with either AD control or AD SKP2
via the tail vein, once a week for 8 weeks (Fig. 4B). After the
mice were sacrificed, the humerus was collected to extract
RNA, and the femurs for microCT analysis, of which the right
femurs were sectioned and stained. First, we detected the
expression levels of miR-21-5p and SKP2, which were
consistent with the injected drugs: The expression levels of
miR-21-5p and SKP2 have increased accordingly (Fig. 4, C and
D). Furthermore, the microCT results showed that the
increased expression of miR-21-5p inhibited osteoporosis;
conversely, the increased expression of SKP2 promoted its
progression. In addition, our results also demonstrated that
miR-21-5p could prevent osteoporosis by targeting SKP2
(Fig. 4E). The sectioned bone tissues were stained with H&E,
anti-TRAP, and anti-cathepsin K antibodies. We observed
several osteoclasts scattered in the bone cavity of osteoporotic
mice. Importantly, miR-21-5p and SKP2 inhibited and pro-
moted the growth of osteoclasts, respectively; miR-21-5p
inhibited osteoclastogenesis via SKP2 (Fig. 4F). In addition,
RT-qPCR and western blot results showed that miR-21-5p
inhibited the expression of TRAP and cathepsin K, while
SKP2 promoted their expression. This effect was mediated by
the regulatory effect of miR-21-5p on SKP2 (Fig. 4, G–I).
Overall, our in vivo results further show that miR-21-5p and
SKP2 negatively and positively impact osteoclasts, respectively,
and that SKP2 is a downstream target of miR-21-5p.

Discussion

After screening for miRNAs differentially expressed during
osteoclast differentiation using gene chip technology, we found
that the level of miR-21-5p was significantly decreased in
mature osteoclasts, suggesting a potential role in osteoclasto-
genesis. This role was confirmed by in vitro experiments in
which miR-21-5p overexpression significantly inhibited the
differentiation and activity of osteoclasts at the molecular level.
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Moreover, one of the predicted target genes of miR-21-5p,
SKP2, was significantly upregulated during osteoclast differ-
entiation, and its overexpression reversed the inhibitory effect
of miR-21-5p. Collectively, these results indicate that miR-21-
5p may act on osteoclast differentiation through SKP2, high-
lighting it as a potential therapeutic target for osteoporosis.
The degree of osteoporosis in the femur bone was reduced in
an OVX mouse model injected with pre-miR-21-5p, demon-
strating the effects of miRNA on osteoporosis.

More than 2000 mature miRNAs have been identified in the
human body to date, which regulate more than 50% of all
protein-coding genes. Accumulating evidence has demonstrated
that miRNAs regulate osteoclast differentiation, maturation, and
apoptosis through complex signaling pathway networks (23). For
example, miR-214-3p transferred from osteoclasts inhibited the
activity of osteoblasts in vitro and reduced bone formation in vivo
(24); TGFβ1/SMAD4 signaling has been shown to affect osteo-
clast differentiation by regulating the expression ofmiR-155 (25).
In addition, miR-506 regulates osteoclast formation by targeting
SIRT1 expression and modulating the TRPV1 channel, reactive
oxygen species production, and TNF-α (26). Although the in-
fluence of miRNAs on osteoclasts has been extensively studied,
data on targeted regulation of miRNAs in osteoclasts for osteo-
porosis treatment remain limited.

In cancer, SKP2 acts as a proto-oncogene. When the
expression of SKP2 is decreased, the invasion and lung
metastasis of osteosarcoma are inhibited (27). SKP2 is a po-
tential therapeutic target to inhibit the invasion of cancer cells
and enhance drug sensitivity. However, data on its role in
osteoclast differentiation are limited. Target genes related to
miR-21-5p can be influenced through microRNAs to treat
osteoporosis. Selective inhibition of SKP2 expression can
inhibit the differentiation of osteoclasts.

Although our study suggests miR-21-5p as a promising
therapeutic targeted against osteoporosis, the development of
miRNA-based drugs remains challenging. Importantly, miR-
NAs do not follow a “one-to-one”model of targets but rather a
“one-to-many” model; hence, a given miRNA will induce side
effects on other target genes. No methods are currently
available for controlling this side effect, and the severity of
potential effects remains unknown (28), which warrant further
investigations.

Experimental procedures

Cell culture

The mouse macrophage cell line RAW264.7 was obtained
from the Cell Bank of the Chinese Academy of Sciences
(CBTCCCAS). RAW264.7 cells were cultured in minimum
essential medium-alpha modified (α-MEM) containing 10%
fetal bovine serum (FBS). RAW264.7 cells were treated with
50 ng/ml RANKL (R&D Systems) to induce their differentia-
tion into osteoclasts.

Tartrate-resistant acid phosphatase (TRAP) staining assay

On the fifth day of differentiation, the osteoclasts were fixed
in 4% paraformaldehyde for 20min at room temperature (25 �C)
and then stained for TRAP (Sigma) and incubated at 37 �C for
1 h. After staining, the TRAP solution was discarded, and the
cells were washed with phosphate-buffered saline (Sigma) three
times. TRAP-positive multinucleated cells were then observed
and counted under an inverted microscope.

Transient transfection

The miR-21-5p mimetic, anti-miR-21-5p, and SKP2 mRNA
vectors were synthesized by RIBO Biotech. iMAXTransfection
Reagent was used to transfect the cells for 24 h according to
the manufacturer’s instructions.

Cell viability assay

About 1000 cells were seeded and cultured in 96-well plates
for 0, 24, 72, and 120 h to measure the growth rate after
transfection. Cell viability was assessed with the Cell Counting
Kit-8 (CCK-8) assay (Dojindo Molecular Technology); 10%
CCK-8 reagent was added to each well and the cells were
incubated at 37 �C for an additional 2 h. The optical density
value of cells was directly detected on an ELx800 Absorbance
Microplate Reader (BioTek Instruments) at 450 nm.

Transwell invasion assay

The migration rate of osteoclast precursors is also an
important index for evaluating the activity of osteoclasts. A
200-μL cell suspension without FBS (10,000 cells/ml) was
added to the inner chamber of the Transwell plate, and the
lower chamber was filled with empty medium containing 10%
FBS. After 24 h of incubation, the lower surface of the chamber
membrane was fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet, and invading cells were observed
under a bright-field microscope.

Bone absorption assay

BMM cells (10,000 cells/cm2) were covered on the surface
of the bone slices and then induced to differentiate by M-CSF
(100 ng/ml) and RANKL (50 ng/ml) after transfection. After
cell culture, adherent cells were cleaned with trypsin and
sonication. The depression on the surface of the bone slice was
scanned using an electron microscope (HITACHI, TM-1000),
and the images obtained were quantitatively analyzed with
ImageJ (NIH).
Reverse transcription–quantitative polymerase chain reaction
(RT-qPCR)

RNA was extracted from the cells in each group, and 1 μg
total RNA was reverse-transcribed into cDNA using 2 μl of 5X
PrimeScript RT Master Mix (Takara Bio) and 4 μl RNase-free
distilled water to obtain a total volume of 10 μl. The cDNA was
then used as a template in qPCR on an ABI Prism 7500 system
(Applied Biosystems) with SYBR Green QPCR Master Mix
(Takara Bio). Glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) was used as a normalization control gene.

The primer sequences were as follows: SKP2 (forward: 50-
TTGTTCTCCCAGTCACCCTCC-30 and reverse: 50-AGCC
J. Biol. Chem. (2021) 296 100617 5



Figure 3. Inhibitory effect of miR-21-5p on osteoclasts was rescued by SKP2. A, target genes of miR-21-5p predicted by four online analysis tools. B,
when miR-21-5p was overexpressed, the expression of selected target genes was detected by RT-qPCR. C, representative images of TRAP-positive
multinucleated cells after transfection with corresponding siRNA (scale bar, 200 μm). D, target gene binding sites were predicted based on TargetScan.
E, Si SKP2 was transfected into RAW264.7 cells, and the expression of SKP2 was detected using RT-qPCR. F, the CCK-8 assay was used to detect the
proliferation of RAW264.7 cells. The protein and gene expression levels of TRAP, cathepsin K, MMP-9, and MMP-2 were determined by (G) western blot and
(H) RT-qPCR. Gapdh was used as an internal reference gene. Migration was detected by (I) a Transwell assay, and migration efficiency was analyzed
quantitatively. J, bone resorption test showed different pit sizes, which represented the activity of osteoclasts (scale bar, 500 μm). The defect area was
analyzed quantitatively. K, RT-qPCR was used to determine the relative SKP2 mRNA levels. L, the CCK-8 assay was used to detect the proliferation of
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Figure 4. MiR-21-5p reversed the development of osteoporosis in OVX mice. A, diagram of the animal operation procedures (OVX model, tail vein in-
jection). B, experiment grouping and flow chart of tail vein drug injections. RT-qPCR was used to detect the expression of miR-21-5p (C) and SKP2 (D). E, microCT
showed osteoporosis in mice femurs (scale bar, 1 mm, 100 μm). F, H&E staining, anti-TRAP staining, and anti-cathepsin K staining of fixed and decalcification
femur sections (scale bar, 200 μm). Arrows point to osteoclasts. G–I, RT-qPCR and western blot were used to detect the expression of TRAP and cathepsin K.
(*p < 0.05, **p < 0.01, ***p < 0.001. Data represent mean ± S.D. and the p values were determined using a two-tailed unpaired Student’s t-test.)

MiR-21-5p inhibits osteoclastogenesis via SKP2
GTGGACTAAAGATAGGCA-30), Trap (forward: 50- GACC-
CACCGCCAAGATGGAT-30 and reverse: 50- CACGGTTCT
GGCGATCTCTT-30), cathepsin K (forward: 50- TCCGCAA
TCCTTACCGAATA-30 and reverse: 50-AACTTGAACAC
CCACATCCTG-30), matrix metalloproteinase (Mmp)9 (for-
ward: 50- CGCTCATGTACCCGCTGTAT-30 and reverse: 50- C
CGTGGGAGGTATAGTGGGA-30), Mmp2 (forward: 50-CCA
CGGGCCCTATCATCTTC-30 and reverse: 50- CAGCACCT
TTCTTTGGGCAC-30), Gapdh (forward: 50- AGCAAGGA-
CACTGAGCAAGA-30 and reverse: 50- GGGGTCTGGGATG-
GAAATTGT-30), miR-21-5p (forward: 50-CCGCGTAGC
TTATCAGACTGATGTTGA-30).

Western blot analysis

Total protein was extracted from the cells by mixing with
radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich),
RAW264.7 cells. M, representative images of TRAP-positive multinucleated cell
TRAP, cathepsin K, MMP-9, and MMP-2 were determined by (N) western blot an
detected by (P) a Transwell assay, and migration efficiency was analyzed qua
sented the activity of osteoclasts (scale bar, 500 μm). The defect area was an
mean ± S.D. and the p values were determined using a two-tailed unpaired S
and the supernatant was collected after centrifugation at
12,000g for 15 min. The proteins were separated using 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene fluoride membrane (Bio-
Rad). The membrane was blocked with 5% skim milk powder
in TBST (50 mm Tris, pH 7.6; 150 mM NaCl; 0.1% Tween 20)
at room temperature for 1 h and incubated with the primary
antibodies against osteoclast-related proteins TRAP, cathepsin
K, MMP-2, and MMP-9 at 4 �C overnight (1:1,000, Abcam).
Cathepsin K and TRAP are important indicators of osteoclast
activity, and MMP-2 and MMP-9 reflect cell migration ability.
After washing with TBST, the membrane was further incu-
bated with the secondary antibody at room temperature for
2 h. The protein bands were visualized with an LAS-4000
Science Imaging System (Fujifilm) and analyzed with ImageJ
software (National Institutes of Health).
s are shown (scale bar, 200 μm). The protein and gene expression levels of
d (O) RT-qPCR. Gapdh was used as an internal reference gene. Migration was
ntitatively. Q, bone resorption test showed different pit sizes, which repre-
alyzed quantitatively. (*p < 0.05, **p < 0.01, ***p < 0.001. Data represent
tudent’s t-test.)
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Target prediction

To explore the mechanisms by which miR-21-5p affects
osteoclast differentiation, we used three separate databases to
identify miR-21-5p target genes: TargetScan (http://www.
targetscan.org), miRTarBase (http://mirtarbase.mbc.nctu.edu.
tw/php/index.php), RNA22 (https://cm.jefferson.edu/rna22/
Interactive/), and miRDB (http://www.mirdb.org/) (29).

Animal model

We established an OVX-induced osteoporosis model to
determine the effects of miR-21-5p on osteoporosis in vivo. All
animal experiments were performed in accordance with the
principles and procedures of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
guidelines for the animal treatment of Sir Run Shaw Hospital
(Zhejiang University affiliated, Hangzhou, Zhejiang). The
bilateral ovaries were removed through an incision on the back
of 8-week-old female C57 mice to establish an OVX model.

In brief, the mice were anesthetized by intraperitoneal in-
jection of 10% chloral hydrate (0.4 ml/100 g) and placed in the
prone position. The hair was cut at 0.5 cm above the inner side
of the thigh root on the back, the skin was sterilized and cut,
and the muscle was separated bluntly. The ovary was stripped
and removed after the uterus was ligated to stop the bleeding.
The muscle layer and skin incision were sutured, and penicillin
was injected to prevent infection. The other ovary was
removed following the same procedure.

The adenovirus precontrol, pre-miR-21-5p, control, and
SKP2 were constructed and provided by Hanbio Biotechnology
(Shanghai) Co, Ltd. After successful OVX modeling, mice were
intraperitoneally injected with adenovirus solution once a
week for 8 weeks. A 100 μl solution containing circSPG21-wt
or -mut was slowly injected into the abdominal cavity.

Statistical analysis

Data represent mean ± standard deviation (SD) and the p
values were determined with a two-tailed unpaired Student’s t-
test (using the 95% confidence interval of the difference be-
tween groups) using SPSS v22.0. Differences between groups
with p < 0.05 were considered statistically different.
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chain reaction; siRNAs, small interfering RNAs; TRAP, tartrate-
resistant acid phosphatase.
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