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Abstract

Background: MicroRNAs (miRNAs) are critical regulators in osteogenesis and cartilage formation. This study was
designed to investigate whether miR-532-5p plays a role in the regulation of osteoporosis.

Methods: Osteoporotic fractures (OP group, n = 10) or osteoarthritis without osteoporosis (control group, n=10)
were selected as subjects in this study. Quantitative analysis of gene expression was performed by RT-PCR. Western
blot was used to determine the expression levels of protein forkhead O1 (FOXO1). Bioinformatics analyses and
luciferase reporter assay were used to verify the downstream target of miR-532-5p.

Results: Compared with the non-osteoporotic controls, miR-532-5p was upregulated in osteoporotic samples, and
expression of miR-532-5p was downregulated in the osteogenic C2C12 cell model. Overexpression of miR-532-5p
resulted in decreased expression levels of key osteoblast markers, including alkaline phosphatase (ALP), osteocalcin

(0Q), and collagen type | alpha 1 (COL1AT). The inhibitory results of miR-532-5p were reversed. MiR-532-5p
contained a putative FOXO1 binding site. Moreover, miR-532-5p inhibited the expression of FOXO1, and
overexpression of FOXO1 inhibited the effect of miR-532-5p on osteoblast markers.

Conclusions: MiR-532-5p can provide references to osteoporosis by regulating the expression of FOXO1 and
osteoblast differentiation. MiR-532-5p might serve as a therapeutic target for osteoporosis.
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Background

With the trends in population aging, the incidence of
age-related diseases has increased, which requires more
attention and resources to manage diseases associated
with the elderly. Osteoporosis can lead to bone fragility
[1]. One serious consequence of osteoporosis is the oc-
currence of osteoporotic fracture [2]. The pain and dys-
function caused by fracture significantly affect the
quality of life of patients [3]. The prevalence rate of
osteoporosis has increased significantly in recent years
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also due to the increased aging of the global population
[4]. Therefore, it is of great social and economic value to
study the pathological process of osteoporosis. Osteo-
porosis is mainly caused by insufficient differentiation of
undifferentiated stem cells in the fascia scaffold into os-
teoblasts after bone tissue absorption [5].

Recent studies have found that miRNAs play critical
roles in various pathological processes in the body, in-
cluding cell apoptosis, biological growth, virus defense,
hematopoietic processes, glycolipid metabolism, and dis-
ease development [6, 7]. They regulate the proliferation
of osteoporosis and gene expression in bone tissue de-
velopment, and ultimately affect the formation and me-
tabolism of bones [8]. They are also critical regulators of
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signaling pathways involved in bone development and
osteoblast proliferation in bone tissues [9]. MiR-532-5p
is located on Xp11.23 of the human chromosome [10]. It
was reported to have cancer-promoting effect in cutane-
ous melanoma [11]. Studies have found that it is down-
regulated and can inhibit cell proliferation in a variety of
solid diseases [12]. For example, the expression levels of
miR-532-5p in rat osteoblasts were decreased after PTH
treatment. MiR-532-5p plays a critical role in controlling
bone remodeling by MMP-13 [13]. However, the role of
miR-532-5p in osteoporosis is still unclear.

MiRNAs have been found to play their biological roles
by regulating expression of target genes [14]. Forkhead
box protein O (FOXO) is a broad-ranging transcription
factor [15]. FOXO1 belongs to the FOX protein family.
It regulates various pathophysiological processes such as
cell differentiation, DNA damage repair, tumor metabol-
ism, proliferation, and signal transduction [16]. Recent
studies have found that the regulation of FOXO1 in
bone varies with different cell types [17]. In osteoblasts,
FOXOL1 protein promotes protein synthesis by interact-
ing with ATF4 to counteract oxidative stress in bone,
maintaining normal proliferation of osteoblasts [18].
FOXO1 promotes the differentiation of osteoblast pre-
cursors into osteoblasts and may have an inhibitory ef-
fect on osteoclasts [18]. Studies have also found that
overexpression of FOXO1 reduces the number of osteo-
blasts [19]. Collagen type I (COL1A1) is the main com-
ponent of bone matrix and has the function of resisting
deformation [20]. Alkaline phosphatase (ALP) is mainly
expressed in hypertrophic chondrocytes and osteoblasts
during intrachondral osteogenesis [21]. Osteocalcin
(OCQC) is the most abundant collagen in bone. The con-
tent of osteocalcin can effectively reflect the activity of
osteoblasts [22]. In the present study, the functions of
miR-532-5p in the regulation of osteoporosis were stud-
ied and its interactions with FOXO1 were also investi-
gated. This study will provide an experimental basis for
the search for new drug targets.

Methods

Clinical samples

Ten postmenopausal women diagnosed with osteoarth-
ritis without osteoporosis were enrolled in the control
group (Supplementary Table 1). Ten postmenopausal
women who underwent hip replacement due to osteo-
porotic fractures (op) were enrolled in the experimental
group. Samples of these participants were collected at
the Wuhan General Hospital of People’s Liberation
Army from March 2018 to February 2019. None of the
participants had a history of other disease including
metabolic or endocrine disease, chronic renal failure,
chronic liver disease, malignancies, Paget’s disease of
bone, malabsorption syndrome, hormone replacement
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therapy, anti-resorptive or anabolic agents, oral cortico-
steroids, anti-epileptic drugs, or treatment with lithium,
heparin, or warfarin. This study was approved by the
ethics committee of Wuhan General Hospital of People’s
Liberation Army. All participants signed the written in-
formed consent.

Fragments of trabecular bone were obtained from
osteoarthritic patients undergoing replacement knee sur-
gery. The patients had no clinical symptoms of bone
metabolic disorders. These bone samples were minced
into 0.5-1.0 cm” pieces and were washed extensively in
phosphate-buffered saline (PBS) to remove adherent
bone marrow cells. The bone samples were homoge-
nized in Trizol (Life Technologies) and total RNAs were
extracted using the RNeasy kit (Lianshuo, Zhejiang,
China). The concentrations of purified RNAs were mea-
sured using a spectrophotometer (Jinghua, Shanghai,
China).

Cell culture, differentiation and transfection

C2C12 cells were cultured in DMEM/F12 complete
medium containing 10% FBS and were kept in a cell in-
cubator at 37 °C with 5% CO2. Cells were treated with 2
nM BMP-2 (Invitrogen Life Technologies, CA, USA) to
induce osteogenic differentiation. MiR-532-5p mimetic/
inhibitor, mimetic (NC)/inhibitor control (NC inhibitor)
and FOXO1-siRNA (si-FOXO1) (sc-35,382) were ob-
tained from Santa Cruz Biotechnology, Inc. Oligonucleo-
tides and plasmids were transfected with Lipofectamine™
2000 Transfection Reagent (Invitrogen, USA) for 48 h.

Quantitative polymerase chain reaction (qPCR)

Total RNAs of cells was extracted using TRIzol reagent
(Haigene, Heilongjiang, China). qRT-PCR was per-
formed using a ViiATM 7 real-time PCR system (Jinuo,
Shanghai, China). GAPDH and U6 were used as internal
references. The expression levels of IncRNA LINC00461
and miR-30a-5p were detected using SYBR Premix Ex
Taq II (Takara Biotechnology). qRT-PCR were per-
formed with reference to the literature [23]. Primer se-
quences were listed in Table 1.

ALP staining and measurement

C2C12 cells were harvested, the culture medium was re-
moved and ALP activity was measured using the ALP
Colorimetric Assay Kit (Laier, Hefei,China).

Western blot

Total proteins were extracted and protein concentra-
tions were quantified using the BCA Protein As-say Kit.
Protein samples were incubated with rabbit anti-FOXO1
(1:500, Shidai, Shanghai, China) and GAPDH (1500, Shi-
dai, Shanghai, China) for overnight, followed by incuba-
tion with anti-rabbit secondary antibody (1,5000) for 1 h.
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Table 1 Sequences of primers used in qRT-PCR
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Gene Forward primer (5-3") Reversed primer (5-3')
miR-532-5p CTTCCATGCCTTGAGTGTA GTGTGGGAGGGTAATTAAGATG
ué CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
FOXO1 CCAGCCCAAACTACCAAAAATA GAGGAGAGTCAGAAGTCAGCAAC
oC CTGACAAAGCCTTCATGTCCAA GGTAGCGCCGGAGTCTGTT

ALP GACAAGAAGCCCTTCACTGC AGACTGCGCCTGGTAGTTGT
COL1A1 GGGTCTAGACATGTTCAGCTTTGTG ACCCTTAGGCCATTGTGTATGC
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Western blot was performed with reference to the litera-
ture [24].

Luciferase reporter gene assay

Online software starBase (http://starbase.sysu.edu.cn/)
was used to identify the target of miR-532-5p. The wild
type FOXO1-3'-UTR (WT) and mutant FOXO1-3'-
UTR (MT) vectors containing the putative binding site
of miRNA-532-5p were constructed. A reporter vector
containing WT or MT FOXO13'-UTR was co-
transfected into C2C12 cells with miR-345-5p mimic or
NC using Lipofectamine™ 2000. After 48 h of transfec-
tion, luciferase activity was assessed using a dual-
luciferase assay system (Promega).

Statistical method
Data were analyzed by the SPSS19.0 statistical software.
The results of data were shown as mean + standard

deviation (SD). Comparisons among multiple groups
were performed based on one-way ANOVA. LSD test
was used for subsequent analysis. P < 0.05 indicated sig-
nificant differences.

Results

MiR-532-5p was down-regulated during osteogenic
differentiation

As shown in Fig. la, compared with the control group,
the expression levels of miR-532-5p were significantly
increased in OP patients (P <0.01), indicating that miR-
532-5p plays a part in the progression of osteoporosis.
As shown in Fig. 1b, the expression levels of osteoblast
markers (OC, ALP and COL1A1l) were significantly
higher in BMP2-treated C2C12 cells (P < 0.01), indicat-
ing successful induction of osteogenesis. As shown in
Fig. 1c, in BMP2-treated C2C12 cells, the expression of
miR-532-5p was significantly down-regulated (P < 0.05,
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Fig. 1 The levels of MiR-532-5p during OP and osteogenic differentiation. a The levels of miR-532-5p in osteoporotic fractures and control
patients. b BMP2-induced levels of OC, ALP and COLTA1 in C2C12 cells. ¢ BMP-2 treatment of cells for 0, 8, 16 and 24 h, after which the
expression level of miR-532-5p was determined** P < 0.01
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P<0.01). These results demonstrated that miR-532-5p
was involved in the differentiation of osteogenic.

Effects of miR-532-5p on osteoblast differentiation in
C2C12 cells

As shown in Fig. 2a, compared with the control group,
the expression levels of miR-532-5p were significantly
higher in the miR-532-5p mimic group. The expression
levels of miR-532-5p were significantly decreased in the
miR-532-5p inhibitor group (P<0.05), indicating suc-
cessful transfection. And the expression levels of OC,
ALP and COL1A1 in the miR-532-5p mimic group were
significantly decreased, and the expression levels of OC,
ALP and COL1A1 in the miR-532-5p inhibitor group
were significantly higher (P < 0.05) (Fig. 2b). ALP activity
was significantly reduced in the miR-532-5p mimic
group, and ALP activity was significantly increased in
the miR-532-5p inhibitor group (P<0.05) (Fig. 2c).
These results demonstrated that miR-532-5p can inhibit
osteogenic differentiation.

FOXO1 was a target of miR-532-5p

To identify the target genes of miR-532-5p in osteogen-
esis, the miRNA target prediction database starBase
(http://starbase.sysu.edu.cn/) was used and FOXO1 was
identified as a potential target for miR-532-5p (Fig. 3a).
As shown in Fig. 3b and c, the expression levels of
FOXOL1 protein were significantly decreased in the miR-
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532-5p mimic group compared to that in the NC group
(P <0.01), while the expression levels of FOXO1 protein
in the miR-532-5p inhibitor group were significantly in-
creased (P <0.01). To validate these results, C2C12 cells
were co-transfected with the miR-532-5p mimic and the
wild-type (WT) or Mut (MT) 3'-UTR containing
FAXO1 and luciferase activity assay was performed. As
shown in Fig. 3d, miR-532-5p significantly inhibited the
activity of the FOXO1-WT reporter gene (P <0.01), but
the activity of the mutant reporter gene was not affected
(P>0.05). These data indicated that miR-532-5p may
exert its biological functions through FOXOL1.

MiR-532-5p inhibits osteogenic differentiation through
FOXO1

The expression levels of FOXO1 protein in C2C12 cells
after BMP-2 stimulation were then examined. The ex-
pression of FOXO1l was significantly upregulated in
BMP2-treated C2C12 cells (P<0.01) (Fig. 4a). In
addition, the expression levels of osteoblast markers
(OC, ALP, and COL1A1) were significantly raised in the
miR-532-5p inhibitor group compared with that in the
NC inhibitor group. Co-transfection with FOXO1 siRNA
significantly reduced the expression levels of COL1Al,
OC and ALP (P<0.01) (Fig. 4b). These results demon-
strated that miR-532-5p inhibited osteogenic differenti-
ation by down-regulating FOXO1.
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Fig. 2 MiR-532-5p inhibited osteogenic differentiation of C2C12 cells. a expression levels of miR-532-5p in C2C12 cells. b mRNA levels of OC, ALP
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Discussion

Osteoporosis (OP) is a systemic chronic metabolic dis-
ease, occurring mostly in postmenopausal women and
the elderly [25]. In recent years, OP has become a world-
wide problem that seriously jeopardizes public health,
and its incidence has been ranked the first among
middle-aged and elderly orthopedic diseases [26]. The
main pathological characteristic of osteoporosis is inad-
equate bone formation during bone reconstruction [27].
The osteoblastic bone formation is an important core
cell for maintaining normal bone metabolism. Therefore,
osteoblasts are of great significance in patients with
osteoporosis or other pathological osteoporosis.

Studies have shown that miRNAs participate in vari-
ous important biological processes, including cell prolif-
eration, differentiation, apoptosis and development [28].
It has been confirmed that many miRNAs play critical
roles in bone metabolism [29]. The discovery of specific
microRNAs and the underlying mechanisms of their
regulation in bone metabolism involves important clin-
ical issues, such as fracture treatment, disease of osteo-
porosis and osteoarthritis [30]. Recent studies found that
miRNAs are also involved in the differentiation and de-
velopment of osteoblasts [31]. For example, the expres-
sion of miR-346 was upregulated in the hBMSCs into
osteoblasts, and it could bind to glycogen synthetic
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kinase 313 (GSK313) to regulate the Wnt/p-catenin sig-
naling pathway, which promoted the differentiation of
osteoblasts [32]. It was reported that the expression level
of miR-532-5p in osteoblasts was significantly reduced
after 4h [13]. Our study found that miR-532-5p was
downregulated in OP patients was reduced. These indi-
cated that miR-532-5p was involved in the progression
of osteoporosis.

During the differentiation of osteoblast, various
osteoblast-specific genes, such as COL1A1, ALP and
OC, are expressed at different stages [33]. COL1ALl is
secreted by osteoblasts and is the main organic compo-
nent of bone matrix. It plays a part in biomechanical
properties of bone structure. The expression of
COL1A1 can be considered as a molecular marker for

bone formation and bone remodeling [34]. ALP is a
calcium-binding transporter mainly distributed in cell
membrane, and its expression gradually increases with
the degree of cell differentiation, which is an early indi-
cator of osteoblast differentiation [35]. OC is a non-
collagen protein that is specifically synthesized and se-
creted by osteoblasts. It is an essential factor for bone
calcification [36]. This study found that in BMP2-
treated C2C12 cells, the expression of miR-532-5p was
downregulated. The expression levels of OC, ALP and
COL1A1 and the ALP activity in the miR-532-5p mimic
group were decreased compared with the control
group, and the results in the miR-532-5p inhibitor
group were opposite. These results demonstrated that
miR-532-5p can inhibit osteogenic differentiation.
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Studies have found that miRNAs affect the occurrence
and development of diseases through regulation of dif-
ferent signaling pathways. FOXO1 plays important roles
in many biological processes such as apoptosis, stress,
DNA damage/repair, tumorigenesis, angiogenesis and
glucose metabolism, and bone metabolism [37]. In the
osteoblast cell line, FOXO1 regulates redox balance, pro-
tein synthesis, and osteogenic differentiation of cells
through interactions with transcriptional activator 4
(ATF4), bone-specific transcription factor (Runx2) and
ALP [38]. The FOXO1 in osteogenic differentiation has
become a research hotspot. Recent studies found that
protein accumulation of FOXO1l was decreased in
BMMSCs of ovariectomized mice, which was caused by
accumulation of tumor necrosis factor-alpha (TNF-«)
after estrogen deficiency. Mechanistically, TNF-a acti-
vated NF-kB pathway to promote the expression of
microRNA-705, which functions as a repressor of
FOXOL1 through post-transcriptional regulation. Inhib-
ition of NF-kB pathway or knockdown of miR-705
largely prevented the decreasing of FOXO1-mediated
antioxidant defense caused by TNF-a and ameliorated
the oxidative damage in osteoporotic BMMSCs [39].
This study found that expression of FOXOL1 protein was
significantly up-regulated in BMP2-treated C2C12 cells.
FOXO1 may be a downstream target gene of miR-532-
5p. In addition, co-transfection with FOXO1 siRNA in
the miR-532-5p inhibitor group significantly reduced the
expression levels of OC, ALP and COL1A1l. These re-
sults demonstrated that miR-532-5p was able to sup-
press osteogenic differentiation by down-regulating the
expression of FOXO1. Further investigations are needed
to prove the value of miR-532-5p as a biomarker and a
therapeutic target osteoporosis.

Conclusion

MiR-532-5p had a critical function in osteoporosis by
regulating FOXO1 and osteoblast differentiation. It sug-
gests that miR-532-5p can be a potential therapeutic tar-
get for osteoporosis. It would provide experimental
evidence for the clinical prognosis of the disease and tar-
geted intervention therapy.

Supplementary information
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1186/512891-020-03317-y.
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