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Article focus
�� To investigate the functional role of miR-

214-5p in osteoblastic cells

Key messages
�� miR-214-5p is upregulated in blood sam-

ples of patients with bone fracture
�� Inhibition of miR-214-5p increases viabil-

ity of MC3T3-E1 cells, and expression of 
COL1A1 and COL-X, but decreases apop-
tosis and COL-II expression

�� Inhibition of miR-214-5p impacts 
MC3T3-E1 cells by targeting COL4A1

Strengths and limitations
�� Strengths: Our study may provide new 

insights into methods of treating a bone 
fracture.

�� Limitations: In this study, we revealed the 
role of miR-214-5p in the immortalised 
MC3T3-E1 cells although we did not investi-
gate whether miR-214-5p also has a similar 
impact on primary osteoblast, which may 
further improve the findings. Additionally, 
more in-depth investigations are needed to 
scrutinise the underlying mechanisms of 
miR-214-5p in osteoblastic cells.

Inhibition of microRNA-214-5p promotes 
cell survival and extracellular matrix 
formation by targeting collagen type IV 
alpha 1 in osteoblastic MC3T3-E1 cells

Objectives
This study aimed to investigate the functional effects of microRNA (miR)-214-5p on osteo-
blastic cells, which might provide a potential role of miR-214-5p in bone fracture healing.

Methods
Blood samples were obtained from patients with hand fracture or intra-articular calcaneal 
fracture and from healthy controls (HCs). Expression of miR-214-5p was monitored by qRT-
PCR at day 7, 14 and 21 post-surgery. Mouse osteoblastic MC3T3-E1 cells were transfected 
with antisense oligonucleotides (ASO)-miR-214-5p, collagen type IV alpha 1 (COL4A1) vec-
tor or their controls; thereafter, cell viability, apoptotic rate, and the expression of collagen 
type I alpha 1 (COL1A1), type II collagen (COL-II), and type X collagen (COL-X) were deter-
mined. Luciferase reporter assay, qRT-PCR, and Western blot were performed to ascertain 
whether COL4A1 was a target of miR-214-5p.

Results
Plasma miR-214-5p was highly expressed in patients with bone fracture compared with HCs 
after fracture (p < 0.05 or p < 0.01). Inhibition of miR-214-5p increased the viability of 
MC3T3-E1 cells and the expressions of COL1A1 and COL-X, but decreased the apoptotic 
rate and COL-II expression (p < 0.05 or p < 0.01). COL4A1 was a target of miR-214-5p, and 
was negatively regulated by miR-214-5p (p < 0.05 or p < 0.01). Overexpression of COL4A1 
showed a similar impact on cell viability, apoptotic rate, and COL1A1, COL-II, and COL-X 
expressions inhibiting miR-214-5p (p < 0.01).

Conclusion
Inhibition of miR-214-5p promotes cell survival and extracellular matrix (ECM) formation of 
osteoblastic MC3T3-E1 cells by targeting COL4A1.
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Introduction
Fractures are common as a result of trauma.1,2 To date, 
several techniques have been developed to enhance the 
process of bone regeneration, such as bone grafting, 
distraction osteogenesis, bone transport, and administra-
tion of growth factors.3 Although most of the techniques 
display good results, their effectiveness and availability 
are limited. It has been reported that approximately 10% 
of fractures will not heal normally in spite of the great 
advances made in fracture treatment.1 To overcome the 
limitations, a better understanding of the mechanisms of 
bone healing is necessary. It has been well demonstrated 
that fracture healing is a complex process that is carefully 
orchestrated by a variety of cellular elements and stimu-
lating agents.4,5 However, the precise mechanisms have 
not been clarified.

microRNAs (miRNAs) are short, endogenous, small, 
and non-coding RNAs that have the ability to modulate 
mRNA transcription and translation by base pairing to 
partially complementary sites in the untranslated region 
(UTR) of the mRNA.6,7 It has been well demonstrated that 
miRNAs display diverse fundamental physiological and 
pathological processes such as cell proliferation, cell 
differentiation, cell apoptosis, stress response, and migra-
tion and invasion.8-11 Recently, an increasing volume of 
evidence has suggested that miRNAs are involved in bone 
formation, development, remodelling, and regeneration. 
This involvement ranges from the initial response of stem 
cells to the metabolic response of mature tissues.12-14 The 
functional characterisation of miRNAs indicates the pos-
sible important roles in fracture healing. However, very 
little research has focused on the functional role of 
miRNAs in fracture healing. A recent study has suggested 
that levels of plasma miR-92a are significantly higher in 
patients during fracture healing and that inhibition of 
miR-92a has therapeutic potential for fracture healing.15

In the present study, we aimed to investigate the func-
tional effects of miR-214-5p on osteoblastic cells in order 
to reveal a potential role for miR-214-5p in fracture heal-
ing. The plasma levels of miR-214-5p were analysed in 
patients with intra-articular hand fractures and intra-
articular calcaneal fractures. Mouse osteoblastic 
MC3T3-E1 cells were used to explore the possible under-
lying mechanism.

Materials and Methods
Preparation of blood samples.  Between April 2015 and 
March 2016, 28 patients with a fracture who presented 
at our hospital were enrolled in our study (16 males 
and 12 females; mean age 45.16 years) (sd 17.66; 28 to 
66). Among these patients, 17 were diagnosed to have 
an intra-articular hand fracture and 11 to have an intra-
articular calcaneal fracture. Patients underwent open 
reduction and internal fixation (plating), closed reduc-
tion and internal fixation (pinning) or closed reduction 

and external fixation surgery. Surgical treatment was per-
formed by orthopaedic hand surgeons.

Blood samples were collected from the patients on day 
7, 14, and 21 post-surgery. In addition, blood samples 
were also collected from six healthy controls (HCs) (four 
males and two females, mean age 47.39 years) (sd19.58; 
27 to 67). They had no evidence of inflammatory arthritis, 
arthralgia, heart failure, or an autoimmune disease. All the 
blood samples were separated, centrifuged, and stored at 
-80°C until analysed. Our study protocol was approved 
by the hospital medical ethics committees, and informed 
consent was obtained from all participants.
Cell culture.  Mouse osteoblastic MC3T3-E1 cells were 
obtained from the American Type Culture Collection 
(ATCC) (Manassas, Virginia). Cells were maintained 
in α-minimum essential medium (α-MEM; Invitrogen, 
Carlsbad, California) and supplemented with 10% fetal 
bovine serum (FBS) (Invitrogen), 100 U/mL penicillin and 
100 U/mL streptomycin (Life Technologies, Carlsbad, 
California) at 37°C in a humidified atmosphere of 5% 
CO2. The medium was changed every two to three days.
Transient transfection.  Antisense oligonucleotide (ASO)-
miR-214-5p and its negative control (ASO-NC), miR-
214-5p mimic and its control, and pcDNA3.1 (+)-COL4A1 
and its vector control, were designed and synthesised by 
GenePharma Corporation Ltd (Shanghai, China). Briefly, 
the cells were seeded in a 96-well plate and incubated for 
24 hours. When the cells were at 70% to 80% confluence, 
they were transfected with the above plasmids or vec-
tors using Lipofectamine 2000 (Invitrogen) according to 
the manufacturer's instructions. Some 48 hours later, the 
cells were collected and the cell lysates were prepared.
Cell viability assay. T he cell viability was measured 
by using 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl
tetrazolium bromide (MTT) assay as previously 
described.16 Briefly, the cells were plated in 96-well 
plates at a density of 2 × 104 cells/well, and transfected 
with plasmids or vectors for 48 hours. After transfec-
tion at 24, 48, and 72 hours, 0.5 mg/mL MTT solution 
(Sigma-Aldrich, St Louis, Missouri) was added to each 
well and incubated for another four hours. Dimethyl 
sulfoxide (DMSO) (Sigma-Aldrich) was added to all 
wells to dissolve formazan crystals. Absorbance at 570 
nm was read by an EMax Endpoint ELISA Microplate 
Reader (Molecular Devices LLC, Sunnyvale, California).
Cell apoptosis analysis.  Cell apoptosis was determined 
by Annexin V-FITC/Propidium Iodide (PI) double staining 
(Becton Dickinson, San Jose, California) according to the 
manufacturer’s instructions, with the use of flow cytom-
etry analysis. The cells were seeded in 96-well plates at a 
density of 2 × 104 cells/well, and transfected with plas-
mids or vectors for 48 hours. After being washed with 
cold phosphate-buffered saline (PBS), the cells were sus-
pended in a binding buffer (10 mM HEPES/NaOH, pH 
7.4, 140 mM NaCl, 2.5 mM CaCl2). The cells were then 
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re-suspended in Annexin V-FITC and PI for 15 minutes 
in the dark at room temperature. The percentage of 
apoptotic cells was examined by flow cytometry using a 
FACSCalibur flow cytometer (Becton Dickinson) and was 
analysed with CellQuest Software (Becton Dickinson).
Target prediction and luciferase assay. T argetScan 6.2 
(Whitehead Institute for Biomedical Research, Cambridge 
Massachusetts) and/or microRNA. (Memorial Sloan-
Kettering Cancer Center, New York, New York) were used 
in this study to predict the possible target gene of miR-
214-5p. The wild-type (WT) or mutated (Mut) COL4A1 
3’UTR sequence within the predicted target sites was 
polymerase chain reaction (PCR)-amplified and sub-
cloned into the NheI-SalI fragment of the pmirGLO vector 
(Promega, Madison, Wisconsin), namely COL4A1 3’UTR 
WT and COL4A1 3’UTR Mut, respectively. These vectors 
were co-transfected with miR-214-5p mimic, ASO-miR-
214-5p or its negative control using Lipofectamine 2000 
(Invitrogen). After 24 hours of transfection, firefly and 
Renilla luciferase activities were assessed using the Dual-
Luciferase Reporter Assay System (Promega) according to 
the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR). T otal RNA, 
including miRNAs, was extracted from MC3T3-E1 cells 
and blood samples using a miRNA Isolation Kit (Applied 
Biosystems, Foster City, California) according to the 
manufacturer’s protocol. Complementary DNA (cDNA) 
was obtained by using a NCode VILO miRNA cDNA 
Synthesis Kit (Invitrogen) according to the manufac-
turer’s protocol. qRT-PCR was performed on an Applied 
Biosystems 7500 Thermocycler (Invitrogen) by using 
EXPRESS SYBR GreenER qPCR SuperMix (Invitrogen). U6 
snRNA and Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH), respectively, were used as internal references 
of miR-214-5p and COL4A1 expression. All the primers 
were purchased from GenePharma. The relative expres-
sions of miRNA and mRNA were normalised to the cor-
responding internal standard controls by using the 
comparative 2−ΔΔCT methods.
Western blot analysis. T he protein level of COL4A1 was 
determined by using Western blot. After the cells were 
transfected with ASO-miR-214-5p, ASO-NC, miR-214-5p 
mimic and its control, and pcDNA3.1 (+)-COL4A1 and 
its control, for 48 hours, the cells were homogenised in 
radioimmunoprecipitation assay (RIPA) buffer (Beyotime, 
Shanghai, China) and additionally, protease inhibitors. 
Protein concentrations were determined by a bicincho-
ninic acid (BCA) assay kit (Thermo Fisher Scientific Inc., 
Rockford, Illinois). Equivalent amounts of protein (10 
μg) were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), and were then 
transferred to nitrocellulose membranes (Sigma-Aldrich). 
After blocking with 5% non-fat milk, the membranes were 
incubated with anti-COL4A1 antibody (ab6586; 1:1000; 
Abcam, Cambridge, Massachusetts) at 4°C overnight. 

GAPDH was used as a loading control. Subsequently, 
the membranes were washed with Tris-buffered saline 
with Tween 20 (TBST) and incubated with horseradish 
peroxidase (HRP)-conjugated anti-goat IgG (ab181658; 
1:5000; Abcam) at room temperature for two hours. An 
enhanced chemiluminescence (ECL) system was used to 
visualise the bands. Quantitative analysis was conducted 
by Bio-Rad Quantity One 1-D Analysis Software (Bio-Rad 
Laboratories, Hercules, California).
Statistical analysis.  All experiments were performed in 
triplicate. Data are expressed as mean and sd. Statistical 
analyses were performed by using Student’s t test or the 
one-way analysis of variance (ANOVA) test. Results were 
analysed using GraphPad Prism 6 (GraphPad Software, 
La Jolla, California). A p-value of < 0.05 was regarded as 
statistically significant.

Results
Plasma miR-214-5p level was upregulated after frac-
ture.  A qRT-PCR analysis was performed to assess the 
blood samples from both HCs and patients with a frac-
ture on day 7, 14, and 21 post-surgery. This was to evalu-
ate whether the expression of miR-214-5p in the blood 
samples of patients with fractures is changed in the frac-
ture-healing processes. The results showed that the rela-
tive expression of miR-214-5p was significantly increased 
in the blood samples from both hand fracture and intra-
articular calcaneal fracture patients, compared with HCs, 
at day 7, 14, and 21 post-surgery (p < 0.05 or p < 0.01) 
(Fig. 1). The results demonstrated that miR-214-5p may 
play a role in the processes of fracture healing.
Inhibition of miR-214-5p promoted cell viability, sup-
pressed apoptosis, and changed collagen (COL) levels.  
Next, MC3T3-E1 cells were used and the expression of 
miR-214-5p in cells was altered by transfection with ASO-
miR-214-5p. The transfection efficiency was assessed by 
qRT-PCR. As expected, the relative expression of miR-
214-5p was significantly decreased by ASO-miR-214-5p 
compared with the ASO-NC group (p < 0.01) (Fig. 2a). 
After transfection, cell viability and apoptotic rate were 
determined. We observed that the cell viability was sig-
nificantly upregulated by transfection with ASO-miR-
214-5p, compared with the control group, after 24, 48 
and 72 hours of transfection (p < 0.05 or p < 0.01) (Fig. 
2b). As indicated in Figure 2c, the apoptotic rate was sta-
tistically reduced by transfection with ASO-miR-214-5p 
compared with the control group (p < 0.01). We then 
analysed the effects of the inhibition of miR-214-5p on 
the expression of collagen type I alpha 1 (COL1A1), type II 
collagen (COL-II), and type X collagen (COL-X). Our data 
demonstrated that the inhibition of miR-214-5p markedly 
increased the expression of COL1A1 and COL-X, but sig-
nificantly decreased the expression of COL-II compared 
with the control group (all p < 0.01) (Fig. 2d). These 
results indicate that miR-214-5p inhibition promoted the 
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viability of osteoblastic cells, suppressed apoptosis, and 
regulated COL levels.
COL4A1 was a direct target of miR-214-5p. T o predict the 
target of miR-214-5p, TargetScan 6.2 and/or microRNA.
org were used. As shown in Figure 3a, COL4A1 was 
predicted to be a target of miR-214-5p. To validate 
whether COL4A1 was indeed directly regulated by 
miR-214-5p in MC3T3-E1 cells, we produced reporter 

plasmids (COL4A1 3’UTR WT and COL4A1 3’UTR Mut). 
The results showed that the relative luciferase activity 
was significantly reduced by co-transfection of miR-
214-5p mimic with COL4A1 3’UTR WT in MC3T3-E1 
cells compared with the control mimic group, while 
there was no significant difference by co-transfection of 
miR-214-5p mimic with COL4A1 3’UTR Mut (p < 0.01). 
However, the results were reversed by co-transfection 
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of ASO-miR-214-5p with COL4A1 3’UTR WT or COL4A1 
3’UTR Mut (Fig. 3b). The mRNA and protein expression 
levels of COL4A1 were then confirmed after abnormal 
expression of miR-214-5p. As shown in Figures 3c and 
3d, both the mRNA and protein levels of COL4A1 were 
statistically reduced by overexpression of miR-214-5p 
but significantly increased by inhibition of miR-214-5p 
(p  <  0.05 or p < 0.01). These results suggest that 
COL4A1 was a direct target of miR-214-5p and was also 
negatively regulated by miR-214-5p.
Overexpression of COL4A1 promoted cell viability, sup-
pressed apoptosis, and changed COL levels. T o further 
confirm our results, the expression of COL4A1 was 

overexpressed and the effects of overexpression of 
COL4A1 on cell viability, apoptotic rate, and COL expres-
sions were then analysed again. As expected, both the 
mRNA and protein levels of COL4A1 were significantly 
upregulated by pcDNA3.1 (+)-COL4A1 compared 
with those of the control group (p < 0.01) (Fig. 4a). 
Moreover, we found that overexpression of COL4A1 
presented similar results to those generated by the inhi-
bition of miR-214-5p. Overexpression of COL4A1 signifi-
cantly increased cell viability, decreased the apoptotic 
rate, upregulated the levels of COL1A1 and COL-X, but 
downregulated the level of COL-II compared with the 
control group (all p < 0.01) (Fig. 4).
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Discussion
In the present study, we observed that miR-214-5p was 
significantly increased in the plasma of patients with 
hand fracture and intra-articular calcaneal fracture after 
surgery compared with that of the healthy controls. 
Inhibition of miR-214-5p in MC3T3-E1 cells statistically 
increased the cell viability while decreasing the cell 
apoptosis. In addition, inhibition of miR-214-5p upregu-
lated COL1A1 and COL-X expressions while downregu-
lating COL-II expression. COL4A1 was a direct target of 
miR-214-5p and was negatively regulated by miR-
214-5p. Moreover, overexpression of COL4A1 presented 
similar results to those produced by the inhibition of 
miR-214-5p.

Circulating miRNAs in the blood have been considered 
as non-invasive biomarkers in various diseases, including 
cancer17-19 and tissue damage.20,21 Recently, circulating 
miRNAs have been reported to play a significant role in 
bone fracture and fracture healing. For example, Murata 
et al15 found that, compared with HCs, miR-92a levels in 
patients with a bone fracture were significantly reduced 
24 hours after fracture. Seeliger et al22 identified five miR-
NAs (miR-21, miR-23a, miR-24, miR-100, and miR-125b) 
that were associated with osteoporotic fractures. Waki 
et al23 profiled miRNAs in fracture nonunion of femur in a 

rat model and identified five miRNAs (miR-31a-3p, miR-
31a-5p, miR-146a-5p, miR-146b-5p, and miR- 223-3p) 
that may play an important role in the development of 
nonunion. Subsequently, Waki et al24 revealed that, com-
pared with non-healing fractures, another five miRNAs 
(miR-140-3p, miR-140-5p, miR-181a-5p, miR-181d-5p, 
and miR-451a) may play an important role in fracture 
healing. miR-214-5p is a product of the 110 bp miR-214 
gene,25 miR-214 has been reported to suppress bone for-
mation and inhibition of miR-214 in osteoblasts may be a 
potential strategy for improving osteoporosis.26 Further
more, miR-214 acts as an important suppressor of osteo-
genic differentiation in C2C12 cells.27 In our study, we 
provide the evidence that miR-214-5p was also highly 
expressed in the plasma of patients with bone fracture at 
day 7, 14, and 21 post-surgery. Therefore, we hypothe-
sised that miR-214-5p might play a certain role during 
the process of fracture healing.

To confirm our hypothesis, mouse osteoblastic 
MC3T3-E1 cells were used in the present study. After 
inhibition of miR-214-5p, the cell viability and cell apop-
tosis were determined. The results showed that inhibition 
of miR-214-5p significantly increased the cell viability at 
24, 48, and 72 hours, while statistically decreasing the 
apoptotic rate. We then analysed the effects of inhibition 
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of miR-214-5p on the expressions of COL1A1, COL-II and 
COL-X. COLs are the most abundant proteins in the ECM 
of most animals.28 COL1A1 is an early osteoblast marker 
gene,29 which is highly expressed in most cells of the 
osteoblast lineage,30 and has promoting roles in osteo-
blast proliferation and differentiation.31 COL-II is a major 
component of hyaline cartilage and is a marker for chon-
drocytes, which is responsible for the promotion of 
chondrogenesis.32 COL-X is a short chain collagen that is 
synthesised by terminally differentiating chondrocytes 
during skeletal development and bone growth.33 COL-X 
has been reported to facilitate and regulate endochondral 
ossification of articular cartilage.34 During fracture heal-
ing, endochondral ossification is a fundamental step35 
Endochondral ossification is a highly developmental 
complex process requiring coordination among cell-cell, 
cell-matrix, growth factors, hormones, and extracellular 
matrix proteins that leads to the generation of mineral-
ised bone from a cartilage template.36 In the present 
study, the data showed that the expression levels of 
COL1A1 and COL-X were significantly increased but the 
level of COL-II was markedly decreased by inhibition of 
miR-214-5p. Our findings imply that inhibition of  
miR-214-5p may promote chondrocyte differentiation 
and inhibit osteoblast differentiation, and thus may 
enhance bone fracture healing.

We further investigated the possible underlying mech-
anism of which miR-214-5p promoting ECM formation in 
osteoblast. COL4A1 encodes type IV collagen α-chain 1 
and is a major component of almost all basement mem-
branes.37 Recently, it has been reported that the interac-
tion of bone morphogenetic proteins (BMPs) with 
COL4A1 might partly contribute to bone development, 
including fracture healing, by its role in vasculogenesis 
and angiogenesis.38 Given the aforementioned functions 
of COL4A1, we speculated that it might be a targeting 
gene of miR-214-5p and may have played a critical role in 
fracture healing. As indicated in the results, we observed 
that COL4A1 was a direct target of miR-214-5p by lucif-
erase reporter assay, and was negatively regulated by 
miR-214-5p. To confirm whether miR-214-5p promoted 
ECM formation by regulating the expression of COL4A1, 
we measured the effects of overexpression of COL4A1 on 
cell viability, cell apoptosis, and COL expressions. The 
data demonstrated that overexpression of COL4A1 
produced similar results to those generated by the inhibi-
tion of miR-214-5p, indicating that the inhibition of miR-
214-5p promotes ECM formation possibly by targeting 
COL4A1.

In conclusion, our results suggest that inhibition of miR-
214-5p promotes cell survival and ECM formation of oste-
oblastic MC3T3-E1 cells by targeting COL4A1. Together 
with our finding that the level of miR-214-5p increases in 
patients following a fracture, these findings provide evi-
dence that miR-214-5p may make context-dependent 

contributions to fracture healing that are dependent on 
the stage of healing.

References
	 1.	Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions. Nat 

Rev Rheumatol 2015;1:45-54.
	 2.	Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and inflammatory 

conditions. Nat Rev Rheumatol 2012;8:133-143.
	 3.	Dimitriou R, Jones E, McGonagle D, Giannoudis PV. Bone regeneration: current 

concepts and future directions. BMC Med 2011;9:66.
	 4.	Phillips AM. Overview of the fracture healing cascade. Injury 2005;36(Suppl 3):S5-S7.
	 5.	Ai-Aql ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn TA. Molecular 

mechanisms controlling bone formation during fracture healing and distraction 
osteogenesis. J Dent Res 2008;87:107-118.

	 6.	Griffiths-Jones S. The microRNA Registry. Nucleic Acids Res 2004;32:D109-D111.
	 7.	He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regulation. Nature 

Rev Genet 2004;5:522-531.
	 8.	Hwang HW, Mendell JT. MicroRNAs in cell proliferation, cell death, and 

tumorigenesis. Br J Cancer 2006;94:776-780.
	 9.	Miska EA. How microRNAs control cell division, differentiation and death. Curr Opin 

Genet Dev 2005;15:563-568.
	10.	Leung AK, Sharp PA. MicroRNA functions in stress responses. Mol Cell 

2010;40:205-215.
	11.	Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA. MicroRNAs–the micro 

steering wheel of tumour metastases. Nat Rev Cancer 2009;9:293-302.
	12.	Lian JB, Stein GS, van Wijnen AJ, et al. MicroRNA control of bone formation and 

homeostasis. Nat Rev Endocrinol 2012;8:212-227.
	13.	Kapinas K, Delany AM. MicroRNA biogenesis and regulation of bone remodeling. 

Arthritis Res Ther 2011;13:220.
	14.	Dong S, Yang B, Guo H, Kang F. MicroRNAs regulate osteogenesis and 

chondrogenesis. Biochem Biophys Res Commun 2012;418:587-591.
	15.	Murata K, Ito H, Yoshitomi H, et  al. Inhibition of miR-92a enhances fracture 

healing via promoting angiogenesis in a model of stabilized fracture in young mice. J 
Bone Miner Res 2014;29:316-326.

	16.	Chou ST, Chang WL, Chang CT, et al. Cinnamomum cassia essential oil inhibits 
alpha-MSH-induced melanin production and oxidative stress in murine B16 
melanoma cells. Int J Mol Sci 2013;14:19186-19201.

	17.	Kosaka N, Iguchi H, Ochiya T. Circulating microRNA in body fluid: a new potential 
biomarker for cancer diagnosis and prognosis. Cancer Sci 2010;101:2087-2092.

	18.	Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable blood-
based markers for cancer detection. Proc Natl Acad Sci U S A 2008;105:10513-10518.

	19.	Schrauder MG, Strick R, Schulz-Wendtland R, et  al. Circulating micro-RNAs 
as potential blood-based markers for early stage breast cancer detection. PLoS One 
2012;7:e29770.

	20.	Wang GK, Zhu JQ, Zhang JT, et  al. Circulating microRNA: a novel potential 
biomarker for early diagnosis of acute myocardial infarction in humans. Eur Heart J 
2010;31:659-666.

	21.	Ai J, Zhang R, Li Y, et al. Circulating microRNA-1 as a potential novel biomarker for 
acute myocardial infarction. Biochem Biophys Res Commun 2010;391:73-77.

	22.	Seeliger C, Karpinski K, Haug AT, et  al. Five freely circulating miRNAs and 
bone tissue miRNAs are associated with osteoporotic fractures. J Bone Miner Res 
2014;29:1718-1728.

	23.	Waki T, Lee SY, Niikura T, et  al. Profiling microRNA expression in fracture 
nonunions: potential role of microRNAs in nonunion formation studied in a rat model. 
Bone Joint J 2015;97-B:1144-1151.

	24.	Waki T, Lee SY, Niikura T, et al. Profiling microRNA expression during fracture 
healing. BMC Musculoskelet Disord 2016;17:83.

	25.	Lee YB, Bantounas I, Lee DY, et al. Twist-1 regulates the miR-199a/214 cluster 
during development. Nucleic Acids Res 2009;37:123-128.

	26.	Wang X, Guo B, Li Q, et al. miR-214 targets ATF4 to inhibit bone formation. Nat 
Med 2013;19:93-100.

	27.	Shi K, Lu J, Zhao Y, et al. MicroRNA-214 suppresses osteogenic differentiation of 
C2C12 myoblast cells by targeting Osterix. Bone 2013;55:487-494.

	28.	Hong D, Chen HX, Yu HQ, et al. Morphological and proteomic analysis of early 
stage of osteoblast differentiation in osteoblastic progenitor cells. Exp Cell Res 
2010;316:2291-2300.

	29.	Vaes BL, Ducy P, Sijbers AM, et al. Microarray analysis on Runx2-deficient mouse 
embryos reveals novel Runx2 functions and target genes during intramembranous 
and endochondral bone formation. Bone 2006;39:724-738.



471Inhibition of microRNA-214-5p promotes cell survival and extracellular matrix formation

vol. 6, No. 8, August 2017

	30.	Dacic S, Kalajzic I, Visnjic D, Lichtler AC, Rowe DW. Col1a1-driven transgenic 
markers of osteoblast lineage progression. J Bone Miner Res 2001;16:1228-1236.

	31.	He X, Eberhart JK, Postlethwait JH. MicroRNAs and micromanaging the skeleton 
in disease, development and evolution. J Cell Mol Med 2009;13:606-618.

	32.	Liu YF, Chen WM, Lin YF, et  al. Type II collagen gene variants and inherited 
osteonecrosis of the femoral head. N Engl J Med 2005;352:2294-2301.

	33.	Schmid TM, Linsenmayer TF. Immunohistochemical localization of short chain 
cartilage collagen (type X) in avian tissues. J Cell Biol 1985;100:598-605.

	34.	Shen G. The role of type X collagen in facilitating and regulating endochondral 
ossification of articular cartilage. Orthod Craniofac Res 2005;8:11-17.

	35.	Hall BK, Newman SA. Cartilage: Molecular Aspects. Boca Raton, FL: CRC Press, 1991.
	36.	McCarthy TL, Ji C, Centrella M. Links among growth factors, hormones, and nuclear 

factors with essential roles in bone formation. Crit Rev Oral Biol Med 2000;11:409-422.
	37.	Saito K, Yonezawa T, Minaguchi J, et al. Distribution of alpha(IV) collagen chains 

in the ocular anterior segments of adult mice. Connect Tissue Res 2011;52:147-156.
	38.	Reddi AH. Initiation of fracture repair by bone morphogenetic proteins. Clin Orthop 

Relat Res 1998;(355 Suppl):S66-S72.

Funding Statement
�� This research received no specific grant from any funding agency in the public, 
commercial or not-for-profit sectors.

Author Contribution
�� Q. S. Li: Study design, Data collection and analysis, Manuscript preparation.
�� F. Y. Meng: Study design, Data collection and analysis, Manuscript preparation.
�� Y. H. Zhao: Data collection and analysis, Manuscript preparation.
�� C. L. Jin: Data collection and analysis, Manuscript preparation.
�� J. Tian: Performed surgeries, Data analysis.
�� X. J. Yi: Study design, Data collection, Manuscript preparation, Final approval of 
paper.

Conflicts of Interest Statement
�� None

© 2017 Yi et al. This is an open-access article distributed under the terms of the Crea-
tive Commons Attributions licence (CC-BY-NC), which permits unrestricted use, distri-
bution, and reproduction in any medium, but not for commercial gain, provided the 
original author and source are credited.


