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miR-483-3p promotes the osteogenesis of human osteoblasts
by targeting Dikkopf 2 (DKK?2) and the Wnt signaling pathway
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Abstract. Osteoporosis is a systemic metabolic bone disease
during which bone mass decreases and bone quality is reduced.
Maintaining the bone formation capacity of osteoblasts is
crucial for the treatment of osteoporosis. In the present study,
bioinformatics analysis was performed on online microarray
expression profiles to identify miRNA(s) related to osteo-
blast proliferation and bone marrow-derived mesenchymal
stem cell (BMSC) osteogenic differentiation. The specific
effects of candidate miRNAs on cell proliferation, osteo-
genic differentiation and Wnt signaling-related factors were
examined. As regards the downstream mechanisms, online
tools were employed to predict the downstream targets of
candidate miRNAs and the predicted miRNA-mRNA binding
was verified. Finally, the dynamic effects of miRNAs and
mRNAs were examined. The results revealed that miR-483-3p
expression was decreased in bone tissue samples from
patients with osteoporosis. In miR-483-3p-overexpressing
human osteoblasts, cell viability, DNA synthesis capacity
and osteogenesis were promoted, and the protein levels of
Whntl, B-catenin and cyclin D1 were increased. However,
the protein receptor activator of nuclear factor kappa-B
ligand (RANKL)/osteoprotegerin (OPG) ratio and cell
apoptotic rate were decreased. The Wnt signaling, antagonist
Dikkopf 2 (DKK?2), was targeted and negatively regulated
by miR-483-3p. DKK?2 knockdown exerted similar effects
as miR-483-3p overexpression, while DKK?2 overexpression
inhibited cell viability, DNA synthesis capacity and osteogen-
esis. DKK?2 overexpression also decreased the Wntl, B-catenin,
and cyclin D1 protein levels, whereas it promoted the the
RANKL/OPG ratio and the apoptosis of human osteoblasts.
DKK2 overexpression reversed the functions of miR-483-3p
overexpression. On the whole, the findings of the present study
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demonstrate that the miR-483-3p/DKK?2 axis modulates the
bone formation process by affecting osteoblast proliferation,
pre-osteoblast differentiation into mature osteoblasts and new
bone matrix formation.

Introduction

Osteoporosis, a systemic metabolic bone disease, which mainly
occurs among elderly, thin, post-menopausal women (1-4),
with the characteristic features of decreased bone mass,
reduced bone quality and a deteriorated microarchitecture,
which leads to an increased risk of bone fractures. The rate
of bone resorption by osteoclasts overcomes the rate of bone
formation by osteoblasts, which causes an imbalance in bone
remodeling, thus leading to pathological bone disease (5).
Therefore, effective strategies aimed at restoring bone
formation capacity are required in order to develop effective
treatments for osteoporosis (2).

For bone formation, osteoblast progenitors undergo prolif-
eration and differentiation into mature osteoblasts. These
mature osteoblasts subsequently lay down the bone matrix and
mineralize it. Osteoblasts are produced by mesenchymal stem
cell (MSC) precursors via several microenvironment signaling
pathways (6-8), including the Wnt, transforming growth
factor-p (TGF-B) and bone morphogenetic protein (BMP)
pathways, which are involved in the bone cell differentiation
process and bone matrix synthesis. In canonical Wnt signaling,
free (unbound) B-catenin translocates to the nucleus, where
it binds to the T-cell specific transcription factor (TCF) and
lymphoid enhancer-binding factor (LEF) to activate TGF-f and
BMP2 gene transcription. In addition, Wnt signaling enhances
the transcription of osteoprotegerin (OPG) and decreases
the level of receptor activator of nuclear factor kappa-B
ligand (RANKL), thus determining a total decrease in the
RANKL/OPG ratio, which suppresses the differentiation of
osteoclasts and enhances overall bone formation (9). However,
Wnt signaling is deregulated or even blocked by different
molecules in osteoporosis. Dikkopf (DKK), Kremen and
sclerostin factors inhibit LRP5/6 co-factor, whereas secreted
frizzled related protein (SFRP) binds to Wnt factors. Therefore,
the investigation of the inhibitory agents and mechanisms of
Wnat signaling antagonists as well as the recovery of Wnt func-
tions attenuate osteoporosis.

MicroRNAs (miRNAs or miRs) are a class of small, endog-
enous RNAs of 15-25 nucleotides (nts) in length. miRNAs
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modulate gene expression at the post-transcriptional level by
targeting specific mRNAs for degradation or translational
repression (10). With regard to osteoblasts and osteogenesis,
miRNAs have been reported to target the mRNA of several
regulators to elicit or hinder osteoblast differentiation,
depending on the specific targets (11-13). Notably, several
miRNAs affect osteogenesis by targeting Wnt signaling.
For example, miR-29a binds to multiple negative regulatory
factors of Wnt signaling, including Dkk1, Kremen2 and
sFRP2, while its expression enhances bone formation (14).
In addition, miR-218 is elicited through Wnt signaling and
enhances bone formation, binding to multiple antagonists of
Wht signaling, including Dkk1, Sclerostin (SOST) and sFRP2
mRNA. The expression of these miRNAs forms a posi-
tive feedback loop that optimizes Wnt signaling to enhance
osteoblast differentiation within various MSCs (15,16). As a
number of miRNAs have been found to be dysregulated in
osteoporosis or during MSC osteogenic differentiation (17-19),
it was hypothesized that there may be more miRNAs targeting
Wnt signaling antagonists to promote osteoblast proliferation
and osteogenesis.

Herein, multiple sets of online microarray expression
profiles that report the differentially expressed miRNAs
between normal bone and osteoporosis bone tissues, or
between osteogenic differentiated bone marrow-derived MSCs
(BMSCs) and non-differentiated BMSCs were downloaded and
analyzed. The results of the analysis indicated that miR-483-3p
may be associated with osteogenesis. Therefore, miR-483-3p
was transfected into an immortalized human osteoblast cell
line, hFOB1.19, to generate miR-483-3p-overexpressing
cells in order to detect the specific functions of miR-483-3p
overexpression on osteoblast proliferation and osteogenesis.
Subsequently, online tools were used to search among Wnt
signaling antagonists for the direct downstream targets of
miR-483-3p, and DKK?2 was predicted as the downstream
target, and the potential binding of miR-483-3p to DKK2
was then validated. The specific role of DKK2 in osteoblast
proliferation and osteogenesis was investigated. Finally,
the dynamic effects of miR-483-3p and DKK?2 were exam-
ined to investigate whether miR-483-3p exerts its effects by
targeting DKK?2. The present study thus demonstrates that
the miR-483-3p/DKK?2 axis modulates osteoblast prolifera-
tion and osteogenesis through Wnt/B-catenin signaling. This
axis may prove to be a potential target for the treatment of
osteoporosis.

Materials and methods

Clinical sampling. A total of 6 normal bone tissues
(53.50+4.61, female) were obtained from patients undergoing
posterior lumbar interbody fusion (PLIF) at L4/5. In addition,
6 bone tissues were obtained from patients with osteoporosis
[bone mineral density (BMD) T score <-2.5, 59.00+5.48,
female] undergoing PLIF at L4/5. During the process of
the surgery, part of the spinous process from each patient
was collected for tissue analysis. Osteoporosis was diag-
nosed by a BMD T score of <-2.5 at the lumbar or femoral
neck by dual-energy X-ray absorptiometry (DXA) (20). No
differences were observed in age, BMI, serum vitamin D
status, serum calcium and parathyroid hormone (PTH)
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status between the controls and patients with osteoporosis.
Written informed consents were obtained from all subjects.
All clinical sampling was performed with the approval of
the Institutional Review Board and Ethics Committee of
the Second Xiangya Hospital [approval no. 2019(202)].
All experiments were conducted in accordance with the
approved guidelines. Histopathological analysis was
performed on bone tissue samples using hematoxylin &
eosin (H&E) staining and Masson's staining following previ-
ously described methods (21).

H&E and Masson's staining of bone sections. All bone
samples were decalcified using ethylenediamine tetraacetic
acid (EDTA) for 3-5 days following 4% formalin fixation
and were then subjected to paraffin embedding, sectioning
H&E staining, and Masson's staining (Beyotime Institute
of Biotechnology, Inc.) according to previously described
methods (21). Three different fields of vision of each section
were observed using an optical microscope (CKX53,
Olympus Corporation) selected to calculate the mean length
and thickness of the trabecula in each sample. During the
decalcification process, the flexibility of all samples was
evaluated daily and the hardness was assessed by needling
until all samples were flexible and easily pierced by the
needle (21).

Bioinformatics analysis and targeted gene prediction. GEO
datasets (GSE74209, GSE115197 and GSE19232) were used for
the analysis of miR-483-3p expression in osteogenesis-related
samples. The IncTar (http://www.cuilab.cn/Inctar) online tool
was used to predict the binding sites between miR-483-3p and
3'UTR of Wnt/B-catenin signaling pathway-related genes.

Cell line and transfection. The human osteoblast 1.19
(hFOBI.19) (CRL-11372™) immortalized human osteoblast
cell line was obtained from ATCC and cultured in a 1:1 mixture
of Ham's F12 Medium and Dulbecco's modified Eagle's medium
supplemented with 2.5 mM L-glutamine (without phenol red),
0.3 mg/ml G418, and 10% FBS (Invitrogen; Thermo Fisher
Scientific, Inc.).

The modulation of miR-348-3p expression was achieved
by transfection with 1 xg/ml miR-348-3p or anti-miR-348-3p
vector (Shanghai GenePharma Co., Ltd.). miR-NC vector or
anti-miR-NC vector was used as a control. DKK?2 overexpres-
sion was achieved by transfection with a DKK2 overexpression
vector (DKK2 OE; Shanghai GenePharma Co., Ltd.). The
empty vector was used as a control. DDK2 knockdown was
achieved by transfection with 20 nM specific small interfering
RNA (si-DKK2, sense, UAUCCUUUAUGUGUCAAACTT
and antisense, GUUUGACACAUAAAGGAUATT, Shanghai
GenePharma Co., Ltd.). si-NC was used as the negative control
(sense, UUCUCCGAACGUGUCACGUTT and antisense,
ACGUGACACGUUCGGAGAATT). All transfections were
performed using Lipofectamine 3000 transfection agent
(Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h, the
cells were harvested for use in further experiments.

Alizarin Red staining. hFOBI1.19 cells were fixed in 4% form-
aldehyde (Klinipath) for 10 min at room temperature, rinsed
once with PBS, rinsed twice with deionized water, and stained
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with Alizarin Red solution (Sigma-Aldrich; Merck KGaA) for
40 min at 37°C to visualize calcium crystals in the matrix.
Images were captured using a microscope (CKX53; Olympus
Corporation) and analyzed using ImageJ software (NIH).

Reverse transcription quantitative-polymerase chain reaction
(RT-gPCR). Total RNA was extracted from target cells (trans-
fected or untransfected) using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). DNA was eliminated by
treating the extracted RNA sample with DNase I (RNase
free; Invitrogen; Thermo Fisher Scientific, Inc.). First-strand
cDNA was synthesized using oligo(dT)20 and Superscript 11
reverse transcriptase (Invitrogen; Thermo Fisher Scientific,
Inc.). mRNA and miRNA expression levels were detected
using SYBR-Green PCR Master Mix (Qiagen, Inc.). The
gPCR thermocycling conditions were as follows: The initial
denaturation was first performed at 95°C for 2 min followed
by denaturation at 95°C for 15 sec and annealing and extension
at 60°C for 30 sec. The denaturation, annealing and extension
were repeated for 40 circles. The expression of GAPDH (for
mRNA expression) or RNU6B (for miRNA expression) was
used as an endogenous control. The relative expression levels
were calculated using the 224¢9 method (22). The primer
sequences are listed in Table SI.

Cell counting kit-8 (CCK-8) assay for cell viability. The trans-
fected or untransfected target cells were seeded in 96-well cell
culture plates at a density of 1x10* cells/ml. Following 24 h of
culture at 37°C, 10 ul of CCK-8 agent (03285; Sigma-Aldrich;
Merck KGaA) were added to each well to detect cell viability
following a 2-h incubation at 37°C. The optical density was
determined at a wavelength of 450 nm using a microplate
reader (VICTOR Nivo; PerkinElmer, Inc.).

5-Ethynyl-2'-deoxyuridine (EdU) assay of DNA synthesis
capacity. At 24 h following transfection, a Click-iT™ EdU
Cell Proliferation kit (C10337; Thermo Fisher Scientific, Inc.)
was used to stain transfected or untransfected cells according
to the manufacturer's instructions. Cells were then imaged
and counted under a microscope (CKX53; Japan Olympus
Corporation).

Flow cytometric analysis of cell apoptosis. Cell apoptosis
was analyzed by flow cytometry using an Annexin V-FITC/PI
Apoptosis Detection kit (Beyotime Institute of Biotechnology,
Inc.) according to previously described methods (23). Target
cells (transfected or untransfected) in each group were
cultured for 24 h, digested, and then washed 3 times with PBS.
Cells were then resuspended with Annexin V-FITC binding
solution (195 pul), and Annexin V-FITC (5 ul) was then added.
Propidium iodide staining solution (10 pl) was then added, and
the cells were incubated for an additional 10-20 min in the
dark. Cell apoptosis was detected using CellQuest software
(BD Biosciences, Inc.).

Western blot analysis of protein levels. Total proteins were
extracted using RIPA lysis buffer (Beyotime Institute of
Biotechnology, Inc.) from target cells (transfected or untrans-
fected). The protein concentration was determined using a
bicinchoninic acid protein assay kit (Beyotime Institute of
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Biotechnology, Inc.) loaded (50 pg per lane) on 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gels, and transferred
onto PVDF membranes (Thermo Fisher Scientific, Inc.). The
membranes were blocked for 2 h at 37°C with 5% non-fat
milk in Tris-buffered saline with Tween-20 (TBST)
and then incubated overnight at 4°C with the following
primary antibodies: Ki-67 (dilution 1:1,000, 27309-1-AP;
Wuhan Sanying Biotechnology), cleaved-caspase-3 (dilu-
tion 1:1,000, ab2302; Abcam), caspase-3 (dilution 1:1,000,
19677-1-AP; Wuhan Sanying Biotechnology), WNTI (dilu-
tion 1:1,000, 27935-1-AP; Wuhan Sanying Biotechnology),
B-catenin (dilution 1:1,000, 51067-2-AP; Wuhan Sanying
Biotechnology), cyclin D1 (dilution 1:1,000, 60186-1-Ig;
Wuhan Sanying Biotechnology), DKK?2 (dilution 1:1,000,
CSB-PA08279A0RDb; CUSABIO), RANKL (dilution
1:1,000, sc-9073, Santa Cruz Biotechnology, Inc.), OPG
(dilution 1:1,000, sc-11383, Santa Cruz Biotechnology,
Inc.) and GAPDH (dilution 1:3,000, T0O004; Affinity
Biosciences). The membranes were then incubated with
an HRP-conjugated secondary antibody (dilution 1:5,000,
SA00001-1 or SAO0001-2, Wuhan Sanying Biotechnology)
for 1 h at 37°C and then coated with ECL luminescence
reagent (Perkin-Elmer Inc.). GAPDH was used as an internal
normalization control.

Luciferase reporter assay for miR-483-3p binding to DKK2
3'-UTR. The DKK2 3'-UTR was amplified by PCR and
cloned into downstream of the Renilla psiCHECK?2 vector
(Promega Corporation), and named wt-DKK2 3'-UTR. The
seed region of the DKK2 3'-UTR containing the predicted
miR-483-3p binding site was mutated to construct the mutant
vector (mut-DKK?2 3'-UTR). These reporter vectors were then
co-transfected into 293T cells (ATCC) with miR-483-3p or
anti-miR-483-3p and the luciferase activity was determined
at 48 h following transfection using the Dual Luciferase
Reporter assay system (Promega Corporation). Renilla lucif-
erase activity was normalized to Firefly luciferase activity for
each transfected well.

Data processing and statistical analysis. Data processing and
statistical analysis were conducted using GraphPad software.
Data are presented as the means + SD, representing the results
from at least 3 independent experiments. Differences between
2 groups were analyzed for statistical comparison using a
Student's t-test. Differences between >2 groups were estimated
for statistical comparisons using one-way ANOVA followed by
Tukey's multiple comparisons post hoc test. Pearson's correlation
coefficient analysis were used for correlation analysis. P<0.05
was considered to indicate a statistically significant difference.

Results

Selection and verification of miR-483-3p. By cross-checking
the data from several sets of online microarray expression
profiles, it was found that miR-483-3p may be closely related
to the osteoblast proliferation and osteoblast differentiation of
BMSCs. According to GSE74209, the expression of miR-483-3p
was significantly decreased in the femur tissue samples of
patients with osteoporosis compared to those in normal
bone tissue samples (Fig. 1A). According to GSE115197, the
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Figure 1. Selection and verification of miR-483-3p. (A) Expression of miR-483-3p in femur tissues of patients with osteoporosis and normal bone tissues
according to GSE74209. (B) expression of miR-483-3p in the osteoblast precursors, bone marrow-derived mesenchymal stem cells (BMSCs), on days 0 and 7
of osteogenic differentiation induction according to GSE115197. (C) Expression of miR-483-3p in osteogenically differentiated or undifferentiated BMSCs
according to GSE19232. (D and E) Representative images of H&E staining and Masson's staining of normal bone tissues and osteoporotic bone tissues.
(F) Expression of miR-483-3p in 6 normal bone tissues and 6 osteoporotic bone tissues determined by RT-gPCR. "P<0.05, “'P<0.01.

expression of miR-483-3p was significantly increased in the
BMSC:s following 7 days of osteoblast differentiation induc-
tion compared to day O (Fig. 1B). According to GSE19232,
the expression of miR-483-3p was significantly increased
in osteogenically differentiated BMSCs compared to undif-
ferentiated BMSCs (Fig. 1C). In summary, the expression of
miR-483-3p was found to be downregulated in osteoporosis,
in which osteogenesis was impaired; however, miR-483-3p

expression was upregulated in osteogenically differentiated
BMSCs.

To further examine miR-483-3p expression in osteoporosis,
osteoporosis and normal lumbar bone tissue samples were
obtained. Representative images of H&E and Masson's staining
of the osteoporosis and normal lumbar bone tissues are shown
in Fig. 1D and E. H&E staining revealed thinner and decreased
trabecular bone in the osteoporotic bone tissues compared to
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the normal bone tissues (control group) (Fig. 1D). Moreover,
the collagen in osteoporosis bone tissues was lightly colored
and was sparsely arranged compared to normal bone tissues
(control group) (Fig. 1E). Consistent with the above-mentioned
online data, miR-483-3p expression was found to be decreased
in 6 osteoporotic bone tissues compared to 6 normal bone
tissues (Fig. 1F). Taken together, these findings suggest that
miR-483-3p may contribute to the pathogenesis of osteoporosis
in a osteogenic differentiation-related manner.

miR-483-3p plays a role in hFOBI.19 cell proliferation and
osteogenic differentiation. To examine the specific effects of
miR-483-3p on osteoblasts, miR-483-3p was transfected into
osteoblasts to generate miR-483-3p-overexpressing hFOB1.19
cells and RT-qPCR was performed to verify the transfec-
tion efficiency (Fig. 2A) and the related indexes. As regards
osteoblast proliferation, miR-483-3p overexpression signifi-
cantly promoted cell viability (Fig. 2B) and DNA synthesis
capacity (Fig. 2C); however, it inhibited cell apoptosis (Fig. 2D).
In addition, the protein level of the proliferation marker,
Ki-67, was increased, while that of the apoptosis-related
cleaved caspase-3/caspase-3 ratio was decreased following
the overexpression of miR-483-3p (Fig. 2E). As regards osteo-
blast osteogenesis, miR-483-3p overexpression significantly
decreased the bone resorption-related factor RANKL/OPG ratio
(Fig. 2E); however, it upregulated osteogenesis marker-related
mRNA expression, including alkaline phosphatase (ALP),
runt-related transcription factor 2 (RUNX2), and osteocalcin
(OCN) (Fig. 2F).In addition, miR-483-3p overexpression signif-
icantly increased the Wntl, -catenin and cyclin D1 protein
levels (Fig. 2E). Alizarin Red staining revealed that DKK?2
knockdown increased hFOBI1.19 cell mineralization (Fig. 2G)
suggesting that miR-483-3p may enhance osteoblast prolifera-
tion and osteogenesis via Wnt/p-catenin signaling.

miR-483-3p directly binds to DKK2. Considering that
miR-483-3p regulates Wntl, -catenin and cyclin DI protein
levels, the IncTar online tool was employed to predict the
downstream targets of miR-483-3p in the Wnt/B-catenin
signaling pathway. Following a cross-check, DKK?2 was
predicted by all the online tools as a direct downstream target
of miR-483-3p (Fig. 3A). Before investigating the specific
effects of DKK?2 on osteoblast proliferation and osteogen-
esis, DKK2 expression was first examined in 6 normal
bone tissues and 6 osteoporotic bone tissues. In contrast to
miR-483-3p expression, DKK?2 expression was significantly
increased in the osteoporotic bone tissue samples (Fig. 3B).
In the tissue samples, Pearson's correlation analysis revealed
a negative correlation between miR-483-3p and DKK?2
expression (Fig. 3C). To confirm the regulation of DKK?2 by
miR-483-3p, miR-483-3p/anti-miR-483-3p we transfected into
the cells to generate cells with miR-483-3p overexpression
or inhibition and RT-qPCR was then performed to verify the
transfection efficiency (Fig. 3D). Consistent with their nega-
tive correlation, miR-483-3p overexpression decreased DDK?2
protein expression, while miR-483-3p inhibition increased
DKK?2 protein expression (Fig. 3E).

The putative binding of miR-483-3p to DKK?2 was then
verified using a luciferase reporter assay. Two different
types of DKK?2 3'-UTR reporter vectors were constructed,
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wild-type (wt-DKK2 3'-UTR) and mutant (mut-DKK?2
3'-UTR) (Fig. 3F). These vectors were co-transfected into
293T cells with miR-483-3p/anti-miR-483-3p, and examined
for luciferase activity. miR-483-3p overexpression decreased
wt-DKK?2 3'-UTR luciferase activity, whereas miR-483-3p
inhibition increased wt-DKK?2 3'-UTR luciferase activity. In
the mut-DKK?2 3'-UTR group, the mutation of the predicted
miR-483-3p-binding site eliminated the miR-483-3p-induced
alterations in luciferase activity (Fig. 3F). In summary, these
findings demonstrate that miR-483-3p targets DKK2 to
decrease the DKK2 protein level.

Effects of DKK2 on hFOBI.19 cell proliferation and osteo-
genic differentiation. As miR-483-3p targets to inhibit DKK?2,
it was hypothesized that DKK?2 knockdown may play a similar
role to that of miR-483-3p overexpression in osteoblast prolif-
eration and osteogenesis. Therefore, si-DKK?2 was transfected
into the hFOBI1.19 cells to generate cells in which DKK?2 was
knocked down and RT-qPCR was then performed to verify
the transfection efficiency (Fig. 4A). As was expected, DKK?2
knockdown significantly enhanced cell viability and DNA
synthesis capacity, while it inhibited cell apoptosis (Fig. 4B-D).
Consistently, the expression of the Ki-67 proliferation marker
was increased, whereas the cleaved-caspace3/caspase-3 apop-
totic ratio was decreased by DKK2 knockdown (Fig. 4E).
As regards osteogenesis, DKK?2 knockdown significantly
decreased the bone resorption-related factor, RANKL/OPG
ratio (Fig.4E), whereas itincreased osteogenesis marker mRNA
expression, including ALP, RUNX?2 and OCN (Fig. 4F). Since
DKK?2 functions as a Wnt/f3-catenin signaling antagonist,
DKK?2 knockdown significantly increased the Wntl, 3-catenin
and cyclin D1 protein levels (Fig. 4E). Alizarin Red staining
revealed that DKK2 knockdown increased hFOBI1.19 cell
mineralization (Fig. 4G), suggesting that DKK?2 knockdown
also promotes osteoblast proliferation and osteogenesis
through Wnt/B-catenin signaling.

Dynamic effects of miR-483-3p and DKK2 on hFOBI.19 cell
proliferation and osteogenic differentiation. To investigate
whether miR-483-3p exerts its functions by targeting DKK?2,
the dynamic effects of miR-483-3p and DKK?2 on osteoblast
proliferation and osteogenesis were examined. hFOB1.19 cells
were co-transfected with miR-483-3p and DKK2 OE, and the
related indexes were determined. The effects of miR-483-3p
overexpression were similar to the above-mentioned observa-
tions (Fig. SA-E). DKK?2 overexpression significantly inhibited
both cell viability and DNA synthesis, but promoted cell apop-
tosis (Fig. 5A-C).Regard to osteogenesis, DKK?2 overexpression
increased the RANKL/OPG ratio (Fig. 5D) but decreased the
mRNA levels of ALP, RUNX?2, and OCN (Fig. 5SE). Consistent
with these cellular functions, DKK?2 overexpression decreased
the Ki-67, Wntl, [3-catenin and cyclin DI protein levels,
whereas it increased the cleaved-caspase-3/caspase-3 ratio and
DKK?2 protein levels (Fig. 5D). Alizarin Red staining revealed
that miR-483-3p overexpression increased hFOB1.19 cell
mineralization, which was decreased by DDK?2 overexpres-
sion (Fig. 5F). Taken together, these data demonstrate that
DKK2 overexpression attenuates the functions of miR-483-3p
overexpression, suggesting that miR-483-3p targets DKK?2 to
promote osteoblast proliferation and osteogenesis.
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Figure 2. Effects of miR-483-3p on hFOBI.19 cell proliferation and osteogenic differentiation. (A) miR-483-3p overexpression was generated in hFOB1.19
cells by transfection with miR-483-3p, as confirmed by RT-qPCR. hFOBI1.19 cells were transfected with miR-483-3p and examined for (B) cell viability by
CCK-8 assay; (C) DNA synthesis capacity by EAU assay, and (D) cell apoptosis by flow cytometric assay. (E) The protein levels of Ki-67, cleaved-caspase-3,
caspase-3, WNTI, 3-catenin, cyclin D1, RANKL and OPG were examined by western blot analysis, and (F) the mRNA expression of osteogenesis markers,
including ALP, RUNX?2, OCN and OPN was determined by RT-qPCR. (G) The mineralization of hFOB1.19 cells was determined by Alizarin Red staining.

"P<0.05, “P<0.01.

Discussion

The present study demonstrated that miR-483-3p expres-
sion was considerably decreased in osteoporotic bone tissue
samples. In miR-483-3p-overexpressing human osteoblasts,
cell viability, DNA synthesis capacity and osteogenesis were
promoted. Moreover, the Wntl, 3-catenin and cyclin D1 protein
levels were increased, whereas cell apoptosis was inhibited

in miR-483-3p-overexpressing human osteoblasts. The Wnt
signaling antagonist, DKK2, is a direct downstream target
of miR-483-3p. In the present study, miR-483-3p negatively
regulated DKK?2 protein levels. In human osteoblasts, DKK?2
knockdown exerted an effect similar to that of miR-483-3p
overexpression. DKK2 overexpression inhibited cell viability,
DNA synthesis capacity and osteogenesis. DDK?2 overex-
pression also decreased the Wntl, f-catenin and cyclin DI
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protein levels, as well as the RANKL/OPG ratio in human
osteoblasts, and it promoted human osteoblast apoptosis. Thus,
these finding demonstrate that DKK?2 overexpression attenu-
ates the functions of miR-483-3p overexpression, suggesting
that miR-483-3p exerts its effects through DKK?2 and the
Wnt/B-catenin pathway.

The role of miRNAs in osteogenesis has been widely
investigated. Various miRNAs, such as miR-98, miR-335,
miR-433 and miR-542, have been implicated in the promotion
of osteogenesis. In particular, miR-98 binds to SOST mRNA.
leading to osteoblast differentiation (24). miR-335 and miR-433
expression bind to Dkkl mRNA in its 3'UTR, thus promoting
osteoblastogenesis (25,26). During the process of osteoblast
differentiation, miR-335 is highly expressed in pre-osteoblasts,
thereby promoting the response of these cells to the Wnt
pathway and enhancing osteogenesis (26). miR-542 promotes
osteogenesis by targeting sSFRP1 mRNA. In rats, the expres-
sion of miR-542, which prevents ovariectomy (OVX)-induced
osteoporosis, is decreased in post-menopausal osteoporotic
patients, suggesting that miR-542 contributes to the pathological
processes of osteoporosis (27). Of note, it has been reported

that miR-483-5p may target IGF2 to promote osteogenic
differentiation, thus indicating its involvement in osteoporosis
pathology (28). The present study demonstrated that miR-483-3p
expression was inhibited in osteoporotic bone tissue samples,
whereas it enhanced in osteogenically differentiated BSMCs,
suggesting that miR-483-3p is involved in osteogenesis.

As was expected, miR-483-3p overexpression enhanced
cell viability and DNA synthesis capacity, but suppressed
cell apoptosis. Moreover, miR-483-3p overexpression
increased the Ki-67 protein level, but decreased the
cleaved-caspase-3/caspase-3 ratio. As is well known, Ki-67
is a nuclear protein associated with and necessary for cell
proliferation. The inactivation of Ki-67 results in the suppres-
sion of ribosomal RNA synthesis (29). Thus, Ki-67 is used
as a proliferating cell marker (30). As regards caspase-3, it is
the most important executioner caspase. Once the apoptotic
signaling events, either extrinsic (death ligand) or intrinsic
(mitochondrial), occur, caspase-3 is cleaved (31), which kills
cells indiscriminately (32). Therefore, the upregulation of the
cleaved-caspase-3/caspase-3 ratio is a reliable marker of apop-
totic cells. In the present study, miR-483-3p overexpression
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Figure 4. Effects of DKK?2 on hFOBI1.19 cell proliferation and osteogenic differentiation. (A) DKK?2 knockdown was generated in hFOBI1.19 cells by transfec-
tion with si-DKK?2, as confirmed by RT-qPCR. hFOBI.19 cells were transfected with si-DKK?2 and examined for (B) cell viability by CCK-8 assay; (C) DNA
synthesis capacity by EdU assay, and (D) cell apoptosis by flow cytometric assay. (E) The protein levels of Ki-67, cleaved-caspase-3, caspase-3, WNTI,
B-catenin, cyclin D1, RANKL and OPG were determined by western blot analysis, and (F) the mRNA expression of osteogenesis markers, including ALP,
RUNX2, OCN and OPN, was determined by RT-qPCR. (G) The mineralization of hRFOB1.19 cells was determined by Alizarin Red staining. "P<0.05, “P<0.01.

increased Ki-67 expression, whereas it decreased the
cleaved-caspase-3/caspase-3 ratio, further indicating that
miR-483-3p overexpression enhances the capacity of human
osteoblasts to proliferate.

Human osteoblast proliferation, pre-osteoblast differentia-
tion into mature osteoblasts and new bone matrix formation via

mature osteoblasts are all critical steps of bone formation by
osteoblasts. In the present study, miR-483-3p overexpression
upregulated the mRNA expression of osteogenesis markers,
including ALP, RUNX2 and OCN, and it increased the Wntl,
[B-catenin and cyclin D1 protein levels. ALP is a typical protein
marker of osteoblast-phenotype and osteogenic differentiation,
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mineralization of hFOB1.19 cells was determined by Alizarin Red staining. "P<0.05, “P<0.01, compared to the control group; "P<0.05, #P<0.01, compared to

the miR-NC + DKK2 OE group.

and ALP activity is the most well-known biochemical marker
of osteoblast activity. The osteoblast phenotype is character-
ized by two stages. In stage 1, ALP is detected during cell
proliferation and matrix maturation (5,33). In stage 2, matrix
mineralization occurs and late bone markers, such as OCN,
are acquired. Multiple anabolic signaling pathways, such as
Wnt and RUNX2 pathways, play positive roles in regulating
bone formation (33). In addition, RANKL and OPG are two

vital factors produced by osteoblasts which modulate the
maturation and differentiation of osteoclasts, which regulate
bone resorption (34). In the present study, as miR-483-3p
overexpression increased the mRNA or protein expression of
these key factors, it was inferred that the overexpression of
miR-483-3p not only promotes osteoblast proliferation, but
also significantly promotes the differentiation of pre-osteo-
blasts into mature osteoblasts and new bone matrix formation
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via mature osteoblasts, thereby enhancing bone formation by
osteoblasts.

As regards the molecular mechanisms, the positive
miR-483-3p regulation of Wntl, -catenin and cyclin D1
suggests that miR-483-3p may target Wnt signaling
antagonist(s) to exert a promoting effect on Wnt signaling. The
Whnt signaling pathway is regulated by two main classes of
modulators, which are classified based on their crosstalk with
Whnt signaling or its receptors (35). Secreted frizzled-related
proteins (SFRPs) belong to the class that not only bind to
Whnt protein, but also antagonize Wnt signaling (36). The
other class consists of the DKK protein family, which binds
to the Wnt receptor complex (37,38). In the present study, the
IncTar online tool was used to search these antagonists for the
potential direct downstream targets of miR-483-3p and DKK2
was identified as a potential downstream target. The experi-
mental results confirmed the putative miR-483-3p binding to
and the negative regulation of DKK?2. Through interacting
with LRPs, DKKs suppress canonical Wnt signaling (39). The
elevated expression of DKK?2 has been reported to induce an
abnormal phenotype of osteoarthritic osteoblasts and poor
in vitro mineralization (40). In the present study, consistent
with previous observations (34), the knockdown of DKK2
in human osteoblasts led to enhanced cell proliferation and
enhanced osteogenesis, while the overexpression of DKK2
led to opposite results. More importantly, the overexpression
of DKK2 significantly attenuated the promoting effects of
miR-483-3p overexpression on osteoblast proliferation and
osteogenesis, suggesting that miR-483-3p exerts its effects by
targeting DKK2.

In conclusion, these findings demonstrate that the
miR-483-3p/DKK?2 axis modulates the osteoblast-mediated
bone formation process by regulating osteoblast proliferation,
pre-osteoblast differentiation into mature osteoblasts, and new
bone matrix formation via mature osteoblasts. As regards
the shortcoming of the present study, the function of the
miR-483-3p/DKK?2 axis warrants further in vivo and clinical
investigations.
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