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Abstract

Background: The underlying mechanism of micro (mi)RNA-211 in bone cell apoptosis after
fracture remains unclear. This study aimed to determine the effect and function of miRNA-211 in
bone cell apoptosis in fracture patients.

Methods: Serum samples were collected from patients with fractures and healthy controls.
Serum miR-211 expression was detected by quantitative PCR. MC3T3-El cells were transfected
with a transforming growth factor (TGF)-f inhibitor and phosphoinositide 3-kinase (PI3K) inhib-
itor. The viability of MC3T3-El cells was detected by the MTT assay, and apoptosis was detected
by flow cytometry. Caspase-3/9 activity and the protein expression of TGF-f3, PI3K, and p-Akt
were detected by western blot and immunoprecipitation.

Results: In the fracture group, miRNA-211 expression was significantly up-regulated compared
with controls. We used miRNA-21 | mimics to up-regulate miRNA-21 | expression, and observed
inhibited cell viability and induced apoptosis and lactate dehydrogenase (LDH) activity. miRNA-
211 up-regulation also suppressed the expression of TGF-f, PI3K, and p-Akt proteins.
Conversely, miRNA-211 down-regulation increased cell viability and reduced apoptosis and
LDH activity, as well as inducing the expression of TGF-f, PI3K, and p-Akt. Inhibiting TGF-f§
decreased the effect of anti-miRNA-211 on osteocyte apoptosis.
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Conclusion: Our data indicate that miRNA-211 functions via the TGF-f/PI3K/Akt signaling

pathway in patients with fractures.
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Introduction

Osteoporosis is a chronic inflammatory bone
disease characterized by trabecula structural
damage and reduced bone mineral density,
whose course is regulated by immunoregula-
tion." Estrogen deficiency-induced fracture is
the most common fracture type and is fre-
quently seen in middle-aged and older indi-
viduals, especially women. The jaw is an
active part of human bone reconstruction
which is also subject to fracture.” Jaw frac-
tures may affect oral implant treatments
and delay the healing of jaw injury.’
Additionally, they can lead to the loss of
jaw bone mass, accelerate alveolar bone
atrophy, and reduce the height of alveolar
bone, thereby affecting the outcome of pros-
thodontic therapy.’

Micro (mi)RNAs are a class of short,
single-stranded non-coding RNAs that are
extensively distributed in animals and
plants.*  They function in  post-
transcriptional regulation by binding specifi-
cally with the 3’ untranslated region of target
mRNAs, thereby regulating the expression of
multiple genes involved in several biological
processes including cell growth, differentia-
tion, apoptosis, and tumorigenesis.” miRNA
expression in cells can be changed under the
disease environment, which can induce a
series of corresponding biological functional
changes through alterations in post-
transcriptional regulation.

The phosphoinositide 3-kinase (PI3K)/
Akt pathway is an important downstream
signaling pathway of transforming growth
factor (TGF)-f family members.® The
activated PI3K/Akt signaling pathway reg-
ulates transcription of the target gene in the
nucleus.” The TGF-p response is cell type-
specific, and is regulated by a variety of
components in the PI3K/Akt pathway as
well as other signal transduction pathways.®
TGF signals can mediate the PI3K/Akt sig-
naling pathway to activate the nuclear
translocation of PI3K/Akt, thus activating
or inhibiting the transcription of target
genes that they regulate together.® TGF-f
plays important roles in bone metabolism
and can directly act on osteoblasts and
osteoclasts.” As a TGF-f-specific intracellu-
lar signal transduction pathway, PI3K/Akt
transmits its signals from the cytoplasm to
the cell nucleus, thus regulating expression
of the target gene.’

The healing process of osteoporotic frac-
tures is more complicated than that of ordi-
nary fractures, involving numerous
cytokines in the bone microenvironment.'®
Of these cytokines, TGF-f is an important
growth factor. TGF-f has multiple func-
tions including controlling the proliferation
and differentiation of multiple bone cells.'®
In animal experiments, TGF-f has been
identified at the site of fractures at various
stages of healing.!" The TGF-f content in
the trabecula of patients with osteoporosis
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is significantly lower than in healthy indi-
viduals, resulting in increased bone turn-
over and loss of bone mass.!! However,
the administration of a small dose of
TGF-f promotes osteoblast proliferation,
thereby reducing bone turnover and slow-
ing the loss of bone mass. The increased
in vivo expression of TGF-f induced by
drug treatment may promote osteoblast dif-
ferentiation, resulting in increased trabecula
formation and accelerated bone formation,
thus preventing loss of bone mass.'” The
aims of the present study were to determine
the effects and function of miRNA-211 on
cell apoptosis after fracture.

Materials and methods

Osteoporosis patients

Forty-one patients with osteoporosis
(22 male and 19 female) were recruited in
this study. The mean age was 44 years
(range, 28 to 52 years). Patients complicat-
ed with diseases such as malignant tumors,
diabetes mellitus, and hypertension were
excluded from this study. Written informed
consent was obtained from all participants.
Osteoporosis patients were recruited from
the Department of Orthopedics, Dongying
People’s Hospital. Patients with fractures
were identified by computed tomography
(CT). Serum samples of osteoporosis
patients and 40 healthy volunteers were col-
lected and stored at —80°C.

Quantitative reverse transcription
(qRT)-PCR

Total RNA was isolated from serum
using TRIzol reagent (Invitrogen Corp.,
Carlsbad, CA, USA). cDNA was synthe-
sized from 1pg total RNA wusing a
Reverse Transcription kit (Invitrogen
Corp.). qPCR was performed using an
ABI 7900 RealTime PCR System (Applied
Biosystems Life Technologies, Foster City,

CA, USA). The fold changes of miRNA
were calculated using the 2-AACT method.

Cell culture, differentiation, and
transfection

MC3T3-E1 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco
Cell Culture, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum
(Gibco Cell Culture) in a humidified atmo-
sphere of 5% CO, at 37°C. Cells were trans-
fected with miRNA-211, small interfering
RNA-211, and negative mimics, purchased
from Genechem (Shanghai, China), using
Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. MC3T3-
El cells were transfected with the TGF-f
inhibitor LY2157299 and PI3K inhibitor
LY294002 which were both purchased
from Genechem.

Western blot analysis

MC3T3-E1l cells were washed twice with
phosphate-buffered saline (PBS) and lysed
in ice-cold radioimmunoprecipitation assay
(RIPA) buffer. The protein content was
quantified with the bicinchoninic acid
assay kit according to the manufacturer’s
instructions  (Beyotime  Institute  of
Biotechnology, Shanghai, China). A total
of 50 pug of protein was separated by 10%
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to poly-
vinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA).
Membranes were blocked with 5% non-fat
milk solution for 1 hour then incubated
with primary antibodies against TGF-f

(Santa  Cruz  Biotechnology, Santa
Cruz, CA, USA), PI3K (Santa Cruz
Biotechnology), p-Akt (Santa Cruz
Biotechnology), or GAPDH (Santa

Cruz Biotechnology) at 4°C overnight.
Membranes were then washed with Tris-
buffered saline with Tween and incubated
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with a goat anti-rabbit IgG secondary
antibody conjugated with horseradish per-
oxidase at room temperature for 1 hour.
Immunolabelling was visualized by applica-
tion of the ECL Plus detection system
(Bio-Rad, USA) and analyzed using
Image Lab 3.0 software (Bio-Rad,
Hercules, CA, USA).

Cell proliferation assay (MTT assay)

Cells were inoculated into 96-well plates at
a density of 1x 10* cells/ml/well and cul-
tured with 20 pL. MTT for 4 hours at
37°C. Next, 150pul of DMEM medium
was added to each well and the samples
were agitated at 50 oscillations/min for
30 minutes at 37°C. The optical density
was measured at 490nm by a Universal
Microplate Reader (BioTek, Winooski,
VT, USA).

Apoptosis rate

Cells were added to 1 mL pre-cooled 70%
ethanol at 4°C for 2 hours, stained with
SuL of Annexin V-FITC and 5puL of pro-
pidium iodide, and incubated for 15
minutes. The apoptosis rate was detected
using flow cytometry (BD Biosciences, San
Jose, CA, USA).

Luciferase reporter assay

The 3’ untranslated region sequence of
TGF-f containing the putative miRNA-
211 binding site was inserted into the
pMIR-REPORT Luciferase vector
(Ambion Inc., Austin, TX, USA). Cells
were co-transfected with miRNA-211
mimics and TGF-f-pMIR-REPORT using
Lipofectamine 2000. After 48 hours, lucif-
erase activity was measured using the dual-
luciferase reporter assay system (Promega,
Madison, WI, USA) and normalized to
respective controls.

Immunoprecipitation

Cells were cultured in 6-mm diameter Petri
dishes containing slides (1 x 10° cells/plate),
washed with PBS and fixed with 4% para-
formaldehyde for 15 minutes at room tem-
perature. They were then permeablilized
with 0.1% Triton X-100 at room tempera-
ture for 20 minutes, and blocked with 5%
donkey serum in PBS for 1 hour at room
temperature. Slides were then incubated
overnight at 4°C with a primary antibody
against TGF-p (Santa Cruz
Biotechnology). Following three washes
with PBS, they were incubated with an
Alexa Fluor 555-conjugated secondary
antibody (1: 300 dilution; Invitrogen) for 1
hour and stained with 4/ ,6-diamidino-2-
phenylindole (DAPI) for 15 minutes in the
dark. The slides were then examined under
a fluorescence microscope (Q500MC Leica
image analysis system; Leica, Solms,
Germany). Lactate dehydrogenase (LDH)
activity levels and caspase-3/9 activity
were detected by the LDH kit (Abcam
Technology, = Cambridge, UK) and
caspase-3/9 activity kit (Beijing
Shengboyuan Biotechnology Co., Ltd.,
Beijing, China), respectively, according to
the manufacturers’ protocols.

Statistical analysis

Data are presented as the mean =+ standard
deviation. P < 0.05 was considered to indi-
cate a statistically significant difference. The
Student’s t-test or one-way analysis of var-
iance and Tukey’s post-hoc test were used
to detect significance.

Ethics

The research protocol was approved by the
Care and Use Committee of Dongying
People’s Hospital. Participants have pro-
vided their written informed consent to par-
ticipate in this study.
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Results

The expression of miRNA-211 in
osteoporosis patients

To determine the role of miRNAs in
healing after fracture in osteoporosis
patients, qRT-PCR was used to measure
the expression of miRNAs in patients with
osteoporosis. Figure 1b,c shows that
miRNA-211 expression was significantly
up-regulated in the osteoporosis group
compared with healthy controls (P<0.01).

miRNA-2 1 | regulates bone cell apoptosis

To determine the effect of miRNA-211 in
healing after fracture in osteoporosis
patients, we used anti-miRNA-211 to inhib-
it the expression of miRNA-211 in vitro. As
shown in Figure 2a, significant inhibition of
miRNA-211 was detected compared with
the negative mimics group (P<0.01). This
down-regulation of miRNA-211 expression
significantly promoted cell growth, and

(@)
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significantly reduced LDH activity levels,
caspase-3/9 activity, and apoptosis com-
pared with the negative mimics group
(Figure 2b-h) (all P<0.01). Transfection
of miRNA-211 mimics significantly up-
regulated the expression of miRNA-211 in
vitro compared with the negative mimics
(Figure 3a) (P<0.01), and over-expression
of miRNA-211 significantly reduced -cell
growth and significantly promoted LDH
activity levels, caspase-3/9 activity, and
apoptosis compared with the negative
mimics group (Figure 3b-h) (all P<0.01).

miRNA-2 1| regulates bone cell apoptosis
via the TGF-B/PI3K/Akt signaling pathway

To explore the mechanism of miRNA-
211 in healing after fracture in osteoporosis
patients, the gene chip was used to measure
changes in PI3K/Akt expression. Up-
regulation of miRNA-211 following trans-
fection significantly suppressed TGF-f and
PI3K expression compared with the nega-
tive mimics group (Figure 4a) (P<0.01).

MiRNA-11
MiRNA-118
MIRNA-127
MIRNA-176
MIiRNA-211
MIiRNA-197
MiRNA-8
MiIRNA-28
MiIRNA-56
MiRNA-67
MIiRNA-89
MIiRNA-79
MIiRNA-231
MiIiRNA-321
MiIiRNA-276
MiRNA-337
MiIiRNA-358

Figure |I. The expression of miRNA-211 in patients with fractures.
(2) CT of patients. Gene chip (b) and qRT-PCR (c) analysis of the expression of miRNA-211 in patients with
fractures. Normal, healthy control; Fracture, patient with fracture. ##p<0.01 versus control group.
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Figure 2. Down-regulation of miRNA-211 regulates bone cell apoptosis.

qRT-PCR analysis of miRNA-211 expression. (b) Cell growth. (c) LDH activity. (d) DAPI staining. (e, f)
Caspase-3/9 activity levels. (g, h). Apoptosis rate. Negative, negative mimics group; anti-21 |, down-regula-
tion of miRNA-21 1 group. ##p<0.01 versus negative mimics group.

Moreover, the putative miRNA-211-
binding sequence of TGF-f RNA and up-
regulation of miRNA-211 significantly
reduced luciferase activity levels compared
with the negative mimics group (Figure 4b,
¢) (P<0.01). Up-regulation of miRNA-211
significantly suppressed TGF-f, PI3K, and
p-Akt expression compared with the nega-
tive mimics group (Figure 4d-h ) (P<0.01),
while miRNA-211 down-regulation signifi-
cantly induced TGF-f, PI3K, and p-Akt
expression compared with the negative
mimics group (Figure 4i-1) (P<0.01).

TGF-B inhibitor decreases the effect of
anti-miRNA-2 1 | up-regulation on bone
cell apoptosis

Next, we investigated the role of TGF-f
in the function of miRNA-211 in bone
cell apoptosis following fracture. As
shown in Figure 5a—d, treatment with
20nM of LY2157299, a TGF-f inhibitor,
significantly suppressed TGF-f, PI3K, and
p-Akt expression following anti-miRNA-
211 up-regulation (P<0.01). LY2157299
significantly decreased the effect of
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Figure 3. Over-expression of miRNA-211 regulates bone cell apoptosis.

(a) gqRT-PCR analysis of miRNA-21 | expression. (b) Cell growth. (c) LDH activity. (d) DAPI staining. (e, f)
Caspase-3/9 activity levels. (g, h). Apoptosis rate. Negative, negative mimics group; miR-211, over-expres-
sion of MIRNA-211 group. ##p<0.01 versus negative mimics group.

anti-miRNA-211 up-regulation on bone cell
growth, LDH activity levels, caspase-3/9
activity, and apoptosis following anti-
miRNA-211 up-regulation (Figure 5e—k)
(all P<0.01).

PI3K inhibitor decreases the effect of
anti-miRNA-2 | | up-regulation on bone
cell apoptosis

Similarly, to study the role of PI3K in the
effect of anti-miRNA-211 up-regulation in

bone cell apoptosis following fracture,
200nM of the PI3K inhibitor LY?294002

was used. This significantly reduced the
expression of PI3K and p-Akt following
anti-miRNA-211  up-regulation (Figure
6a—c) (P<0.01). LY294002 also significantly
inhibited the effect of anti-miRNA-211
up-regulation on bone cell growth, LDH
activity levels, caspase-3/9 activity, and
apoptosis (Figure 6d—j) (all P<0.01).

Discussion

Osteoporosis is a systemic disease charac-
terized by reduced bone formation and
increased bone absorption, which is
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Figure 4. miRNA-21 I regulates bone cell apoptosis via the TGF-/PI3K/Akt signaling pathway.
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levels. (d) Immunofluorescence analysis of TGF-f§ expression. (e—g) TGF-f, PI3K, and p-Akt protein
expression by statistical analysis and western blotting (h) following the over-expression and down-regulation
of miRNA-211. Negative, negative mimics group; miR-211, over-expression of miRNA-21 | group; anti-21 1,
down-regulation of miRNA-211 group. ##p<0.01 versus negative mimics group.
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Figure 5. TGF-f inhibitor decreases the effect of anti-miRNA-21 | up-regulation on bone cell apoptosis.
(a—c) TGF-f3, PI3K, and p-Akt protein expression by statistical analysis and western blotting (d). (e). Cell
growth. (f). LDH activity. (g). DAPI staining. (h, i) Caspase-3/9 activity levels. (j, k) Apoptosis rate. Negative,
negative mimics group; anti-21 |, down-regulation of miRNA-211 group; Si- TGF-f, down-regulation of
miRNA-211 and si-TGF-f group ##p<0.0l versus negative mimics group.

associated with enhanced bone fragility
and susceptibility to fracture.'® Its clinical
manifestations and major signs include
pain, reduction in body height, a hump

back, and fragility fractures.'* A decrease
in bone mineral density is one criterion cur-
rently used to diagnose osteoporosis, which
develops from a combination of genetic and
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Figure 6. PI3K inhibitor decreases the effect of anti-miRNA-211 up-regulation on bone cell apoptosis.
(a, b) PI3K and p-Akt protein expression by statistical analysis and western blotting (c). (d). Cell growth. (e).
LDH activity. (f). DAPI staining. (g, h) Caspase-3/9 activity levels. (i, j) Apoptosis rate. Negative, negative
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environmental factors.'*'> miRNA expres-

sion is both tissue- and period-specific, and
plays an important regulatory role in the
growth and differentiation of tissues and
cells.'® We found that miRNA-211

expression was significantly up-regulated
in the fracture group compared with
healthy controls. We also showed that
the up-regulation of miRNA-211 reduced
cell growth and promoted LDH and
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caspase-3/9 activity and apoptosis in the
fracture group, while the opposite was
observed following miRNA-211 down-
regulation.

Calcium is a critical element of the
human body, particularly of bone.'” Free
calcium ions are an important second
messenger in cells, involved in regulating a
variety of pathophysiological processes
including cell proliferation, differentiation,
movement, and apoptosis.'"® A number of
studies have verified that increased calcium
ions in extracellular fluid promotes multiple
osteogenic capabilities, such as osteoblast
proliferation and differentiation and extra-
cellular matrix calcification.'®

Osteoclasts absorb old bone while osteo-
blasts form new bone to repair the remain-
ing lacuna after bone absorption. Estrogen
slows down the apoptosis of osteoblasts
and accelerates the apoptosis of osteo-
clasts.'” The sudden decrease in estrogen
after menopause therefore leads to
increased osteoclast activity, significantly
increased osteoclast numbers, and reduced
osteoblast number, giving rise to an imbal-
ance between bone reconstruction and bone
absorption and thus inducing post-
menopausal fractures.'”*°

TGF-f is a multi-functional regulatory
growth factor for cell growth and differen-
tiation, which plays a vital role in the bal-
ance between bone formation and bone
absorption.”’ * TGF-f1 is a member of
the TGF-f family and promotes autocrine
or paracrine signaling in multiple types of
immune cells, boosts the differentiation of
bone marrow mesenchymal stem cells
(BMSCs) into osteoblasts, stimulates osteo-
blast proliferation, and suppresses the dif-
ferentiation of BMSCs into osteoclasts.'*?!
It also stimulates the synthesis of bone
matrix proteins and blocks their degrada-
tion. Its role in bone reconstruction has pre-
viously been studied,” and our data
suggested that the up-regulation of
miRNA-211 suppressed TGF-p, PI3K,

and p-Akt expression. The roles of TGF-
pl1 and PI3K/Akt in osteoporotic bone
have been investigated,”>> while abnormal-
ities in the TGF-B/PI3K/Akt signal trans-
duction pathway in ovariectomized rats
may explain the genesis of primary frac-
tures. Our study found that TGF-f and
PI3K inhibitors weakened the effect of
miRNA-211 down-regulation on bone cell
apoptosis in fracture patients.

Conclusions

The present study demonstrated that
miRNA-211 expression is up-regulated in
patients with fractures. Furthermore,
miRNA-211 appeared to function as a reg-
ulator of bone cell apoptosis by directly tar-
geting TGF-fS/PI3K/Akt. These findings
illustrate a potential crucial function of
miRNA-211 in the development of frac-
tures, and suggest a potential therapeutic
target against bone cell apoptosis.
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