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Abstract: Patients who suffered a traumatic brain injury (TBI) show a faster fracture healing than patients with
isolated fractures. Prior studies have suggested that this process may be accelerated through the inhibition of key
microRNAs. In this study, we aimed to explore the mechanisms underlying this phenomenon, with a special focus
on miR-16-5p, which is markedly decreased in patients with TBI. In vitro, miR-16-5p over-expression significantly
inhibited cell proliferation in MC3T3-E1 cells transfected with agomiR-16-5p. Flow cytometry analysis further dem-
onstrated that the overexpression of miR-16-5p induced cell cycle G1/S phase arrest and apoptosis. Moreover,
target prediction and luciferase reporter assay demonstrated that miR-16-5p could negatively regulate Bcl-2 and
Cyclin-D1 expression. Meanwhile, Bcl-2 and Cyclin-D1 were up-regulated after osteogenic differentiation while the
down-regulation of endogenous Bcl-2 and Cyclin-D suppressed the osteogenic differentiation of MC3T3-E1 cells.
In vivo, PBS, agomiR-16-5p and antagomiR-16-5p were injected into fracture sites to assess any improvements
in fracture healing, which further confirmed the negative effect of miR-16-5p on fracture healing. Together, these
results demonstrate miR-16-5p downregulation may accelerate fracture healing by enhancing the proliferation and
inhibiting the apoptosis of osteoblasts in patients with both fractures and TBI. These phenomena may be exploited

in the treatment of fractures.
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Introduction

Patients with fractures and concomitant trau-
matic brain injuries (TBI) are frequent trauma
cases. Faster fracture healing in these patients
has been widely recognized in comparison to
those with isolated bone fractures. Numerous
research in the past decades have shown that
TBI is associated with rapid callus formation
and bone fracture healing [1-5]. However, the
mechanisms underlying this phenomenon are
still unclear.

Fracture healing involves several cellular and
biochemical processes, including formation of
a hematoma along with inflammation, endo-
chondral ossification, and bone remodeling [6,
T]. The latter stage is key, with osteoblasts be-
ing the primary mediators of bone formation
[8, 9]. Recently, the role of microRNAs (miRNAs)-

short, noncoding single-strand RNAs-have be-
en characterized in fracture healing, where they
have been shown to inhibit osteoblast differen-
tiation and bone formation by targeting osteo-
genic factors [10-12].

Indeed, suppressive miRNAs have been obser-
ved to modulate osteogenic signaling, osteo-
blast growth, and bone formation in humans
[13-15]. Downregulation of miR-367-5p has
been recognized to promote osteoblast prolif-
eration and growth in microgravity-induced
bone healing in which Pannexin-3 (PANX3), a
structural component of the gap junctions and
hemichannels, was shown to be the direct tar-
get of miR-367-5p [16]. On the other hand, a
study [10] has indicated that miR-148a-5p
could suppress osteoblast differentiation by
targeting the insulin-like growth factor 1 (IGF1).
Many other biomolecules have also been link-
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ed with miRNA modulation and osteoblast dif-
ferentiation [17-20]. Both miR-130a-3p and
miR-27a-5p have been associated with osteo-
genesis, by appearing to potentiate the expres-
sion of Runx2, Osterix, Collal, as well as the
alkaline phosphatase activity [21].

Bcl-2 is known to act as an anti-apoptotic mol-
ecule in multiple cell systems, including fac-
tor-dependent lymphohematopoietic and neu-
ral cells, where it can modulate mitochondrial
membrane permeability and caspase activity
by preventing the mitochondrial release of cy-
tochrome ¢ and binding to the apoptosis-acti-
vating factor (APAF-1) [29]. Overexpression of
Bcl-2 has been associated with decreased
osteoblast apoptosis and elevated osteoblast
marker genes [23]. Molecular structural stud-
ies have also corroborated that Bcl-2 is associ-
ated with the osteoblast apoptosis [22, 24].

Cyclin-D1 can regulate cyclin D1-CDK4 (DC)
complex activity, modulating phosphorylation
and the inhibition of several molecules in the
retinoblastoma (RB) protein, thereby regulating
the G(1)/S transition within the cell cycle. Ph-
osphorylation of this protein triggers the rele-
ase of the transcription factor E2F from the RB/
E2F complex, allowing the transcription of the
E2F target genes essential for this process [25,
26]. In bone remodeling, in vitro investigations
on the endogenous role of Cyclin-D1 in osteo-
blasts have indicated that osteoblast progres-
sion can be maintained by promoting the over-
expression of PTEN [27, 28].

In this study, we have demonstrated that the
miR-16-5p downregulation may be a key regula-
tor in the faster fracture healing process seen
in TBI patients, through the promotion of osteo-
blast proliferation and the inhibition of apopto-
sis. Moreover, the suppressive effects of miR-
16-5p on Bcl-2 and Cyclin-D1 were also con-
firmed in vitro via dual luciferase reporter
assays. Through both in vitro and in vivo experi-
ments, we have demonstrated that the sup-
pression of miR-16-5p by antagomiR-16-5p
could be a potential strategy for the treatment
of fractures.

Materials and methods
Ethical aspects

All experiments in animals were conducted in
compliance with the Guide for the Care and
Use of Laboratory Animals by International
Committees.
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Human serum samples preparation

Serum from 20 male patients were obtained
using venous blood draw from the Union Hos-
pital, Tongji Medical College, Huazhong Univer-
sity of Science and Technology. Eighteen serum
were obtained from the these 20 patients and
divided into three groups: normal group, frac-
ture group and fracture+TBI group. The mean
age of these patients was (39.73+5.13) years.
The admitted patients underwent conventional
X-ray imaging of fractures, along with the Glas-
gow Coma Scale (GCS) to identify patients with
a TBI, which were ultimately diagnosed on the
basis of a GCS score of 9-12 together with CT
findings. Those in the fracture-only group had
GCS scores of 13 or higher. Any patients with
previous histories of bone-related or nervous
system diseases, malignant disease, open type
Il fractures, diabetes, autoimmune diseases,
other chronic inflammatory diseases, were ex-
cluded, as were any patients with a history
of a prolonged use of steroids, non-steroidal
anti-inflammatory drugs, immunosuppressive
agents, or bisphosphonate therapy. The char-
acteristics of including patients could be seen
in Table 1. The Committees of Clinical Ethics
in the Union Hospital, Tongji Medical College,
Hua-zhong University of Science and Techno-
logy (Wuhan, China) approved this study, and
thorough consent was obtained from all the
participants.

Femoral fracture models

A total of 20 male C57BL/6J mice between the
ages of 6-8 weeks were obtained from the
Center of Experimental Animals, Tongji Medical
College, Huazhong University of Science and
Technology. Anesthesia was induced with 10%
chloral hydrate (300 mg/kg body weight). All
procedures were approved by the Animal Care
and Use Committee of the institution. A longitu-
dinal incision was made, the underlying mus-
cles were bluntly separated without the remov-
al of the periosteum, as described in a previ-
ous study [30]. Then, a femoral mid-diaphyseal
transverse osteotomy was performed using a
low-speed rotary diamond disk. Then, a 0.45-
mm diameter stainless steel X was fixed in the
bone marrow of the fractured bones for stabili-
zation. At 14 and 21 days post operation, half
of the mice were sacrificed respectively, and
the callus at the fracture location was harvest-
ed for Western blotting and PCR analysis.
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Table 1. Clinical information of the patients included in the study

Number Gender Age Ethnic Fracture Fracture TBI aos Time from injury to
(M/F) (year) group (Y/N) position (Y/N) operation (day)
Non-fracture patients
1 M 44 Han N - N 15
2 M 44 Han N - N 15
3 M 30 Han N - N 15
4 M 32 Han N - N 15
5 M 38 Han N - N 15
6 M 45 Han N - N 15
Fracture patients
7 M 45 Han Y Tibia N 15 7
8 M 45 Han Y Tibia N 15 6
9 M 42 Han Y Femur N 14 7
10 M 31 Han Y Humerus N 14 5
11 M 31 Han Y Humerus N 14 6
12 M 42 Han Y Radius N 15 5
Fracture concurrent with TBI patients
13 M 36 Han Y Tibia Y 8 9
14 M 44 Han Y Femur Y 10 8
15 M 45 Han Y Vertebra Y 9 9
16 M 41 Han Y Lumbar Y 8 9
17 M 30 Han Y Patella Y 10 9
18 M 33 Han Y Vertebra Y 12 10

Abbreviations: M, Male; F, Female; Y, Yes; N, No; TBI, Traumatic brain injury; GCS, Glasgow coma scale.

Fracture concomitant with TBI mouse models

Twenty mice were modeled as fractures with
concomitant TBI by using the weight-drop de-
vice [31]. After anesthetizing the mice as previ-
ously described, they were placed on a plat-
form under a weight drop, and a 1.0-cm lon-
gitudinal incision was performed in the midline
of the scalp. A micro power drill was used to
expose the skull. Once the target impact area
was fully exposed (1.5 mm lateral to the mid-
line on the mid-coronal plane), a weight of 20 N
was released from a 20-cm height to produce a
brain injury. Finally, the mice were returned to
their quondam cages after closing their scalp
wounds.

micro-CT analysis

Fracture sites were evaluated using a micro-CT
system BRUKER SkyScan 1176 scanner to pro-
vide images at a configuration of 2400 views,
5 frames per view, 37 kV, and 121 Ma. These
images were then analyzed with Bruker micro-
CT evaluation software in several aspects, in-
cluding the segmentation, 3D morphometry,
density, and distance parameters (BRUKER,
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Germany). Briefly, the bones were thoroughly
cleaned off soft tissues before micro-CT. Vari-
ous 3D structural aspects were analyzed, in-
cluding Tb.N, BV/TV per tissue volume, Tb.Th,
Th.Sp, average cortical thickness (Ct.Th), corti-
cal area fraction (Ct.Ar/Tt.Ar), cortical bone
area (Ct.Ar), total cross-sectional area (Tt.Ar),
and BMD. After scanning, the callus’ miRNA
were extracted for PCR and Western blotting.

Cell culture and transfection

MC3T3-E1 cells-a mouse osteoblast cell line-
were contributed by the Huazhong University
of Science and Technology, Wuhan, China. The
a-MEM (Hyclone) was supplemented with 10%
fetal bovine serum (FBS) (Gibco), 1% penicillin
and streptomycin (Hyclone) for cell culture at
the incubation conditions of 37°C with 5% CO,
and 95% relative humidity. Cell cultures bey-
ond the sixth passage were not used for fur-
ther analyses. Lipofectamine TM 3000 (Ther-
moFisher Scientific, USA) was used for the tra-
nsfection of agomiR-16-5p, agomiR-NC, anta-
gomiR-16-5p and antagomiR-NC (GenePharma
Shanghai) at a concentration of 20 uM accord-
ing to the manufacturer’s instructions. Bcl-2

Am J Transl Res 2019;11(8):4746-4760



Downregulation of miRNA-16-5p accelerates fracture healing following TBI

Table 2. miRNAs and mRNA primer sequence

miRNA extraction was performed utilizing

microRNAs or gene name

Primer sequence (5’ to 3’)

TRIzol reagent (Invitrogen), as per the

Mmu-miR-16-5p-Forward
Mmu-miR-16-5p-Reverse

Mmu-miR-U6-Forward CTCGCTTCGGCAGCACAT
Mmu-miR-U6B-Reverse AACGCTTCACGAATTTGCGT
Hsa-miR-16-5p-Forward TGGGGTAGCAGCACGTAAA

Hsa-miR-16-5p-Reverse

Hsa-miR-U6-Forward CTCGCTTCGGCAGCACAT
Hsa-miR-UB-Reverse AACGCTTCACGAATTTGCGT
Mmu-BCL2-Forward GATTGTGGCCTTCTTTGAGTTC
Mmu-BCL2-Reverse CATATAGTTCCACAAAGGCATCC
Mmu-CyclinD1-Forward GGATGAGAACAAGCAGACCATC
Mmu-CyclinD1-Reverse AGAAAGTGCGTTGTGCGGTA
Mmu-GAPDH-Forward TGAAGGGTGGAGCCAAAAG
Mmu-GAPDH-Reverse AGTCTTCTGGGTGGCAGTGAT

GATCACGATAGCAGCACGTAAA
CTCAACTGGTGTCGTGGAGTC

CTCAACTGGTGTCGTGGAGTC

manufacturer’s instructions. cDNA was
obtained using a one-step Prime Script
miRNA cDNA synthesis kit. Then, equal
amounts of cDNA were amplified using
SYBR Premix Ex Taqll (TaKaRa, Japan).
Parameters for the reaction were set to:
95°C for 5 minutes, followed by 40 10-
second cycles at 95°C, and 1 minute at
60°C. After reverse transcription, qPCR
analysis was carried out on the Thermal
Cycler C-1000 Touch system (Bio-Rad CFX
Manager, USA). Relative mRNA and miRNA
expression levels were assessed individu-
ally by the 22T method, utilizing GADPH
and U6 as controls. Data were expressed

Abbreviations: miR-16-5p, microRNA-16-5p; RT-qPCR, reverse tran-

scription quantitative polymerase chain reaction.

siRNA and Cyclin-D1 siRNA (RIBOBIO Guang-
zhou) were transfected at a concentration of
50 nM.

Dual luciferase reporter gene assay

The mouse Bcl-2 and Cyclin-D1 3’UTR contain-
ing the miR-16-5p binding sequence for the
Bcl-2 and Cyclin-D1 genes were amplified from
the mouse genomic DNA using PCR. The prod-
uct was then subcloned downstream of the
stop codon in a pGL3 vector (Promega). A Quik
Change Site-Directed Mutagenesis Kit (Strata-
gene) was used to insert mutations in the bind-
ing-region as per the manufacturer’s instruc-
tions. MC3T3-E1 cells were then transiently
transfected (2.5x10° cells/well) in 24-well pla-
tes with Lipofectamine 3000 (ThermoFisher
Scientific, USA) following the manufacturer’s
instructions. 100 ng of the luciferase constru-
cts and 10 ng of the pRL-TK (Promega) Renilla
luciferase plasmid were co-transfected. A dual
luciferase reporter assay (Promega) was per-
formed following the manufacturer’s instruc-
tions. A luminometer (Glomax, Promega) was
used to quantify luminescence, normalizing
each value from the firefly luciferase construct
to the corresponding Renilla signal.

Quantitative real-time polymerase chain reac-
tion

The calluses from mice with fracture alone and
mice with fracture and TBI were preserved with
RNA Later (QIAGEN) until miRNA extraction. The
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as fold changes compared to their res-
pective controls. Table 2 shows the primer
sequences.

Western blotting

For each group, the harvested samples were
lysed on ice using a lysis buffer (Sigma, Swit-
zerland) with 1% protease inhibitor (Thermo-
Fisher Scientific, USA). Protein was quantified
using a bicinchoninic acid (BCA) protein assay
kit (Yeasen Biotechnology Co, Ltd, Shanghai,
China), with correction according to quantita-
tive results. Subsequently, the protein fractions
were transferred onto an NC membrane (PALL,
USA). Following treatment with 5% skim milk,
the membrane was incubated with 15 specific
antibodies at 4°C overnight, and followed by
the addition of an HRP-labeled secondary anti-
body (CoWin Bioscience, Beijing, China). Visua-
lization was performed via chemiluminescence
(Progma, USA). The primary antibodies used
were anti-collagen | (1:500, Abcam, USA), anti-
Bcl-2 (1:1,000, Abcam, USA), and anti-Cyclin-
D1 (1:500, Abcam, USA). All experiments were
performed in triplicates.

3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide assay

Cells were plated onto a 96-well plate with cul-
ture conditions of 5% CO, at 37°C for 24, 48,
72, and 96 hours. Subsequently, the samples
were subjected to 2 h of incubation at 37°C.
The absorbance was observed for each sample
at 450 nm (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Optical density (OD)
values of all the wells were estimated using a
microplate reader at a wavelength of 450 nm.

Am J Transl Res 2019;11(8):4746-4760
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Figure 1. Downregulation of miR-16-5p in TBI patients and animal models. (A) Relative expression level of miR-16-
5p of serum sample in each group of patients. (B) Relative expression level of miR-16-5p of serum sample in each
group of mice. (C-E) BV (C) and TV (D) of the callus, and BV/TV. All data were expressed as means + SD. Significance
is noted at these thresholds: *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA with a post hoc test was per-
formed. Statistical differences between two groups were determined by Student’s t test. n = 10 patients in each
group. micro-CT, micro-computed tomography; TV, total volume; BV, bone volume; HE, hematoxylin and eosin.

In the cell growth curve, time was placed in the
abscissa and the OD value was placed in the
ordinate.

Flow cytometry

Cells treated with ethylene diamine tetra-acetic
acid (EDTA)-free trypsin were collected in flow
tubes 48 hours following transfection. Super-
natant was discarded after centrifugation. Sub-
sequently, PBS was used to wash the cells
thrice, while discarding the supernatant after
every wash. Cells were then suspended in 0.1
mL RNase A (1 mg/mL) and 0.4 mL propidium
iodide (PI) (50 pg/mL) for 10 min. Flow cytom-
etry (FC) was then performed to estimate the
proportion of cells in different stages of the cell
cycle. Staining was performed for 20 min using
calcein-AM and PI solutions for the apoptosis
assay, followed by inverted fluorescent micros-
copy. Pl-stained (dead, red) and calcein-AM-
stained (live, green) cells were quantified in five
randomly-selected fields by three independent
observers. Mean values from these observa-
tions were used for further analysis.
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Statistical analysis

Data are expressed as means = SD. One-way
analysis of variance with Tukey’s post-hoc test
was applied to compare three or more groups
and two-tailed Student’s t-test was applied to
compare data between two groups. Differen-
ces were considered statistically significant
when P < 0.05. GraphPad Prism 7.0 (GraphPad
Software, Inc, La Jolla, CA) was used for all
analyses unless otherwise noted.

Results

The involvement of miR-16-5p in the regulation
of cell proliferation and apoptosis has been
widely studied [32]. Serum miR-16-5p levels
were measured using real-time PCR in thirty
patients which were divided into three groups
(control, fracture, and fracture+TBlI). In order to
decrease confounding factors, all serum sam-
ples were collected from male patients with
ages between 35 and 50 years. Compared to
the fracture-only group, the fracture+TBI group
had significantly lower serum miR-16-5p levels
at 24 h and 72 h post-injury (Figure 1A).

Am J Transl Res 2019;11(8):4746-4760
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Figure 2. Downregulation of miR-16-5p accelerates osteoblast proliferation in vitro. A. Relative expression of miR-
16-5p in MC3T3-E1 cells after transfection with control, agomiR-NC, agomiR-16-5p, antagomiR-NC and antagomiR-
16-5p. B. Cytotoxicity of miR-16-5p on MC3T3-E1 cells. C. The distribution of cell cycles after 24 h treatment. D.
Downregulation of miR-16-5p induced antagomiR-16-5p-treated cell cycle arrest at the S-G2/M phase. All data
were expressed as means + SD. Significance is noted at these thresholds: *P < 0.05, **P < 0.01, ***P < 0.001.
One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined

by Student’s t test.

Also, serum miR-16-5p levels were measured
using real-time PCR in mice models of isolated
fracture and fracture+TBI. The levels were fou-
nd to be significantly lower in the fracture+TBI
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mice model at 24 h and 72 h post-injury (Fig-
ure 1B). In addition, the trabecular bone micro-
structure and the femur characteristics from
the fracture and fracture+TBl mice models

Am J Transl Res 2019;11(8):4746-4760
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were evaluated with quantitative micro-com-
puted tomography (micro-CT), including param-
eters such as trabecular bone volume (BV/TV),
trabecular number (Th.N), trabecular separa-
tion (Tb.Sp), and trabecular thickness (Tb.Th).
We found that the total volume and bone vol-
ume of the callus were significantly higher in
the fracture+TBI group at day 14 post-fracture.
However, we observed that both the parame-
ters were similar between the groups on day 21
post-fracture; as remodeling had now occurred
in the compound group (Figure 1C-E).

Downregulation of miR-16-5p promotes osteo-
blast proliferation in vitro

To explore whether miR-16-5p influences prolif-
eration in osteoblasts, MC3T3-E1 cells were
subjected to various treatments in different
groups: A control group (Lipofectamine 3000
only), an agomiR-negative control group (ago-
miR-NC), an agomiR-16-5p group, an antago-
miR-negative control group (antagomiR-NC),
and an antagomiR-16-5p group. Downregu-
lation of miR-16-5p was observed in the os-
teoblasts transfected with antagomiR-16-5p
(MC3T3-E1+antagomiR-16-5p), in comparison
with the other groups (Figure 2A). MTT assay
was used to characterize the role of miR-16-
5p in osteoblast proliferation. We found that
the cell growth was faster in the antagomiR-
16-5p group but slower in the agomiR-16-5p
group as compared to the control, agomiR-NC
and antagomiR-NC groups (P < 0.05) (Figure
2B).

All groups were also examined with FC and PI
staining to evaluate the staging and cell divi-
sion of the cell cycle. We found that the propor-
tion of cells in the S phase were significantly
larger in the antagomiR-16-5p group than in
the other groups (Figure 2C, 2D). This suggests
that antagomiR-16-5p may stimulate cell cycle
progression.

Downregulation of miR-16-5p inhibits osteo-
blast apoptosis in vitro

Flow cytometry was used to assess the role
of miR-16-5p in the regulation of osteoblast
apoptosis. Staining with annexin V-FITC and PI
revealed that the apoptosis rate was higher in
the agomiR-16-5p and lower in the antago-
miR-16-5p group (P < 0.05) as compared to the
control, agomiR-NC and antagomiR-NC groups
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(Figure 3A, 3B). This suggests that miR-16-5p
downregulation potentiated osteoblast resis-
tance to apoptosis.

miR-16-5p directly targets and is negatively
associated with Bcl-2 and Cyclin-D1

To investigate whether miR-16-5p directly tar-
gets Bcl-2 and Cyclin-D1, luciferase reporters
were constructed with either a wild-type (WT)
Bcl-2/Cyclin-D1 3'UTR, or a mutant-type (Mut)
Bcl-2/Cyclin-D1 3’UTR (Figure 4A). Furthermore,
MC3T3-E1 cells were also co-transfected with
luciferase reporter constructs and antagomiR-
16-5p nucleotides. Luciferase activities in both
the WT Bcl-2/Cyclin-D1 3’'UTR and the mutant
Bcl-2/Cyclin-D1 3’UTR reporters were signifi-
cantly increased after exposure to antagomiR-
16-5p, while also affecting the activity of the
mutant Bcl-2/Cyclin-D1 3'UTR reporters (Figure
4A, 4B).

In vitro, cells were transfected with agomiR-16-
5p, agomiR-NC, antagomiR-16-5p, and antago-
miR-NC. After continuous culture for 48 h, high-
er relative levels of Bcl-2 and Cyclin-D1 mRNA
were found in the antagomiR-16-5p group when
compared to other groups (Figure 4C, 4D). Our
previous results showed that serum miR-16-
5p levels were decreased after TBI. To further
explore the association between miR-16-5p
and Bcl-2/Cyclin-D1, serum samples were ob-
tained from animal models with fracture and
TBI to evaluate the corresponding mRNA levels.
We found a significant increase in Bcl-2 and
Cyclin-D1 mRNA levels in the fracture+TBI mice
(Figure 4E), suggesting a downregulation of
miR-16-5p upregulated Bcl-2 and Cyclin-D1.

Downregulation of Bcl-2 and Cyclin-D1 inhibits
osteoblast proliferation

We developed Bcl-2 and Cyclin-D1 siRNAs and
assessed their effect on osteoblast prolifera-
tion and apoptosis to investigate whether the-
se processes were Bcl-2/Cyclin-D1-dependent.
For transfection, cells were divided into con-
trol, sham siRNA, Bcl-2 siRNA, and Cyclin-D1
siRNA groups. After continuous culture for 48
h, MC3T3-E1 cells were subjected to Western
blotting for Bcl-2 and Cyclin-D1 mRNA (Figure
5A). In addition, MTT assay was used to explore
the role of Bcl-2/Cyclin-D1 in osteoblast prolif-
eration. Our results suggested that cell growth
was inhibited in the Bcl-2 siRNA and Cyclin-D1

Am J Transl Res 2019;11(8):4746-4760
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Figure 3. Downregulation of miR-16-5p inhibits osteoblast apoptosis. A. Cell apoptosis of osteoblast in each group.
B. Of cell apoptosis rate in each group. All data were expressed as means * SD. Significance is noted at these
thresholds: *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA with a post hoc test was performed. Statistical
differences between two groups were determined by Student’s t test.

siRNA groups (P < 0.05) (Figure 5B). Addition-
ally, FC with PI staining was used to evaluate
cell cycle divisions in the control, sham siRNA,
Bcl-2 siRNA, and Cyclin-D1 siRNA groups.
Results indicated that a significantly smaller
proportion of cells were in the S phase of the
cell cycle in the Bcl-2 siRNA and Cyclin-D1
siRNA groups than in the other groups (Figure
5C, 5D). Together, these results suggest that
osteoblast proliferation may be inhibited by
Bcl-2/Cyclin-D1 downregulation.

Downregulation of Bcl-2 and Cyclin-D1 pro-
moted osteoblast apoptosis

The impact of Bcl-2/Cyclin-D1 downregulation
in osteoblast apoptosis was assessed with
flow cytometry. Staining with Annexin V-FITC
and PI revealed a higher apoptosis rate in the
siRNA-NC, Bcl-2 siRNA and Cyclin-D1 siRNA
groups than in the control and siRNA-NC gro-
ups (P < 0.05). This indicates that downregula-
tion of Bcl-2/Cyclin-D1 enhanced the osteo-
blast apoptosis.
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Local administration of antagomiR-16-5p ac-
celerates fracture healing in the femur of mice

Fracture sites were treated with local PBS,
agomiR-16-5p and antagomiR-16-5p to assess
their impact on fracture healing. Local injection
was given on the first day, the third day and the
seventh day post-injury. Subsequently, m-CT
examination was performed at days 14 and
21 post-injury. Compared to the control and
agomiR-16-5p groups, greater callus volumes
and smaller fracture gaps were found in the
antagomiR-16-5p group (Figure 7A). Likewise,
the micro-CT showed that the total volume
and bone volume of the calluses were greater
in the antagomiR-16-5p group than in the con-
trol and agomiR-16-5p groups on day 14 post-
fracture. Significant differences in these para-
meters were also found between the agomiR-
16-5p and antagomiR-16-5p groups on day 21
post-fracture (Figure 7B-D). These findings sug-
gest that miR-16-5p negatively modulates bone
remodeling, and its downregulation may accel-
erate fracture healing.
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enous miR-16-5p on the luciferase activity of WT Bcl-2/Cyclin-D1 3’'UTR (luc-UTR), Bcl-2/Cyclin-D1 3'UTR mutant
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B. Effect of endogenous miR-16-5p on the luciferase activity of WT Bcl-2/Cyclin-D1 3'UTR (luc-UTR), the Bcl-2/
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Discussion including miRNAs [33-35]. In particular, miRNA-

16-5p has been highlighted as a regulator of
Previous research has shown that osteoblast cell proliferation and apoptosis [36, 37]. Our
differentiation is regulated by several factors, results outline the therapeutic potential of miR-

4754 Am J Transl Res 2019;11(8):4746-4760



Downregulation of miRNA-16-5p accelerates fracture healing following TBI

A B
-+ Control
257 - siRNANC
-o- siRNA-CyclinD1
2.0 H Bl
CyclinD1 - siRNA-Bcl-2
(]
3 1.5
[}
>
Bcl-2 8 1.0-
0.5
GADPH - ' . |
0 24 48 72 h
C
C1 c2 c3
¢ 5
: 2
¢ ]
] &
£ 2] 5
- ]
. :
K “ Oninneqlg(FE—A) ® ! = . “ Channe‘l:(FE-A) ® " “ Ghannaelg(FE-A) ® e
Control siRNA-NC siRNA-Cyclin D1
4 = ovocy D mm Control
-§i_ B Dip G2-M 80- ’
] e mm SiRNANC
% ¥ mm siRNA-Bcl-2
5 60- ) -
] 9 siRNA-CyclinD1
X Y -
Z§_' g 40- —*—
] t
[
& o $
] & 20- .
] ns
- ® “ Chnnneel: (PE-A) & i 1. o-
siNRA-Bcl-2 G1 S G2/M
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NA-16-5p suppression in osteoblasts to accel-
erate bone remodeling. However, future studies
are necessary to investigate the extent to which
miRNA-16-5p is activated during bone forma-
tion under concurrent TBI.

Several reports in humans, animals, as well as
in vitro studies suggest that TBI could acceler-
ate fracture healing [38, 39]. A recent study
[40] described upregulation of M2 macropha-
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ges following TBI, whose proportions appear to
be associated with an accelerated fracture he-
aling in patients with TBI. Furthermore, some
researchers [41] have explored the positive
effects of TBI on bone healing via histological
analyses conducted in mice models, and have
also identified the crucial role leptin plays in
fracture healing and bone formation, where it
was shown that the absence of leptin attenu-
ated the positive effect of TBI on fracture heal-
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at these thresholds: *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA with a post hoc test was performed.
Statistical differences between two groups were determined by Student’s t test.

ing. In addition, many studies have reported
that TBI can promote bone healing at the mo-
lecular level [42-44]. For example, one study
[42] described the SDF-1/CXCR4 axis to be an
important accelerator of fracture healing with
concomitant TBI, contributing to the endochon-
dral bone repair. In the present study, we have
found a significantly improved osteoblast pro-
liferation and bone healing along with the inhi-
bition of osteoblast apoptosis when TBI was
present.

Our findings also suggest that with concomi-
tant TBI, Bcl-2 mRNA and Cyclin-D1 mRNA lev-
els increase, with a concurrent downregulation
of MiRNA-16-5p. In contrast, the overexpres-
sion of Bcl-2 mRNA and Cyclin-D1 mRNA levels
promoted osteoblast proliferation and inhibi-
ted apoptosis. To elucidate the relationship of
miR-16-5p with TBI with respect to osteoblast
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proliferation and apoptosis, as well as bone
formation, potential targets of miR-16-5p were
investigated. Our findings showed that 3'UTR
of Bcl-2 mRNA Cyclin-D1 mRNA had suitable
match sites for the miR-16-5p seed region.
Likewise, the decrease in miR-16-5p levels as
a consequence of transfection of antagomiR-
16-5p led to the upregulation of Bcl-2 and
Cyclin-D1. The luciferase reporter experiment
showed that miR-16-5p directly targets Bcl-2
and Cyclin-D1 3’UTR. In addition, a negative
correlation was found between the Bcl-2 and
Cyclin-D1 levels and miR-16-5p. These find-
ings suggest that the latter are physiological
targets for miR-16-5p, displaying an inverse
association.

Furthermore, we also verified that inhibition

of miR-16-5p by antagomiR-16-5p significantly
promoted osteoblast proliferation and inhibi-
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Figure 7. Local administration of antagomiR-16-5p enhanced fracture healing in mice. (A) m-CT image comparison
of fracture healing between control, agomiR-16-5p, and antagomiR-16-5p group at day 21 after injury. (B-D) BV (B)
and TV (C) of the callus, and BV/TV (D) on postoperative day 14 and 21 was quantified using micro- CT. n = 10 mice
per group. All data were expressed as means * SD. Significance is noted at these thresholds: *P < 0.05, **P < 0.01,
***P < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were

determined by Student’s t test.

ted apoptosis. Our findings in vitro demons-
trated that decreasing miR-16-5p levels in the
fracture site could accelerate the precipitation
within bone formation and healing. These re-
sults suggest that the downregulation of miR-
16-5p accelerates bone formation with concur-
rent TBI through a negative feedback mecha-
nism occurring among miR-16-5p, Bcl-2, and
Cyclin-D1. Moreover, we have produced a mo-
del for the miR-16-5p-mediated inhibition of
osteoblast proliferation and promotion of apop-
tosis by downregulation of Bcl-2 and Cyclin-D1
(Figures 4-6). Interestingly, results from the in
vivo experiment suggested that interruption of
Bcl-2 and Cyclin-D1 activity suppressed bone
formation by promoting osteoblast apoptosis
and inhibiting proliferation.

High expression of miR-16-5p is known to occur
in diffuse large B-cell lymphomas, B cell infil-
trate tumors, and melanomas, indicating that
miR-16-5p participates in immunoreactions as
well [45, 46]. However, we could not find stud-
ies on the role of miR-16-5p in bone formation.
In the present study, we have identified a me-
chanism for Bcl-2 and Cyclin-D1 regulation by
miR-16-5p in osteoblast proliferation and apop-
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tosis. In recent years, studies have indicated
that miRNAs act as significant regulators of
bone remodeling and possibly of human bone
disorders [47-49]. These molecules can regu-
late mRNA at the level of their targets, and the
suppression of miRNAs by antagomiRNAs could
modulate several mRNAs [50]. However, the
function of specific miRNAs on osteoblast pro-
liferation and apoptosis with concomitant TBI
condition remains unidentified.

We observed that the downregulation of miR-
16-5p in TBI is linked to a concurrent overex-
pression of Bcl-2 and Cyclin-D1, as observed in
MC3T3-E1 cells. Underlying mechanisms were
explored by investigating the miR-16-5p target
genes. Results showed that a decline in miR-
16-5p levels with concurrent TBI resulted in the
induction of Bcl-2 and Cyclin-D1. In turn, the
overexpression accelerated bone formation by
promoting osteoblast proliferation and sup-
pressing apoptosis as the therapeutic inhibi-
tion of miR-16-5p in vivo in the mice fracture
models accelerated fracture healing.

In summary, we found that the suppression of
miR-16-5p by antagomiR-16-5p increased os-
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teoblast proliferation and decreased apoptosis
in MC3T3-E1 cells, pointing towards a poten-
tial signaling pathway that may be involved in
fracture healing upon concurrent TBI. Thus, the
inhibition of miR-16-5p with antagomiR-16-5p
and the subsequent increase in Bcl-2 and Cy-
clin-D1 may be utilized as a potential therapeu-
tic strategy in fracture healing.
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