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Abstract: Introduction: MicroRNAs (miRNAs) has emerged as important factors in osteogenesis and chondrogen-
esis. This study aimed to determine whether miR-221 is involved in the regulation of osteoporosis and its underlying
mechanism. Methods: Total RNA was extracted from fresh femoral neck trabecular bone from women undergoing
hip replacement due to either osteoporotic fracture (OP group, n = 12) or osteoarthritis in the absence of osteo-
porosis (Control group, n = 12). Gene expression was quantified using TagMan quantitative RT-PCR assays and
protein production was determined by western blot analysis. The role of miR-221 in osteoblast differentiation was
identified by gain or loss function experiment. MiRNA targets were identified using bioinformatics and luciferase
reporter assay. Results: MiR-221 was down-regulated in the osteoporotic samples compared with non-osteoporotic
controls, and decreased in a C2C12 cell model of osteogenic differentiation. Overexpression of miR-221 resulted
in a decrease in the osteogenic potential, as indicated by the reduced expression levels of key osteoblast markers,
including osteocalcin (OC), alkaline phosphatase (ALP) and collagen, type |, & 1 (COL1A1), whereas inhibition of
miR-221 promoted the activity of OC, ALP and COL1A1. Then bioinformatic analysis identified potential target sites
of the miR-221 located in the 3’ untranslated regions of RUNX2. Western blot analysis demonstrated that miR-221
inhibited RUNX2 gene expression. Furthermore, dual-luciferase reporter assays confirmed that RUNX2 was a direct
target of miR-221. Rescue experiments showed that overexpression of RUNX2 significantly attenuated the effect of
miR-221 on osteoblast markers providing strong evidence that miR-221 mediated the osteoblast differentiation by
targeting RUNX2. Conclusions: Taken together, these data implied that miR-221 played an important part in osteo-
porosis through regulating RUNX2 expression and osteoblast differentiation.
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Introduction

Osteoporosis is a common osteopenic disease
in postmenopausal women characterized by
low bone mineral density (BMD) and low trau-
ma fractures. It is well known that excessive
bone resorption by osteoclasts over bone for-
mation by osteoblasts would lead to the
decrease of bone mineral density and disrup-
tion of bone microarchitecture [1, 2], followed
by imbalance of bone remodeling, and finally
result in osteoporosis. Therefore, understand-
ing the underlying mechanism involved in the
osteoblast differentiation and activation pro-
cesses is in urgent need for the treatment of
osteopenic diseases.

MicroRNAs (miRNAs) are short non-coding RNA
molecules of 17-25 nucleotides that control
gene expression at the post-transcriptional
level and have been shown to play critical ro-
les in a wide variety of biological processes.
Moreover, increasing evidences have indicated
that bone development and homeostasis is
regulated by miRNAs [3-6]. One of the most
studied miRNAs in osteoblasts and osteopo-
rosis is miR-2861, which is relatively overex-
pressed in ST2 stromal cells during bone mor-
phogenetic protein 2-induced (BMP2-induced)
osteogenesis [7]. MiR-2861 promotes osteo-
blast differentiation and bone formation by tar-
geting HDACD, an enhancer of runt-related tran-
scription factor 2 (RUNX2) degradation [7]. MiR-
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Table 1. Patient characteristics

bone samples were put in Trizol® (Life

n Age (years) T-score

BMD (g/cm?)

Technologies) and homogenized with

Osteoporotic

12 63.16 +3.14 -3.33+0.35 0.47 +0.07
Non-osteoporotic 12 62.53 + 7.32 0.52+0.47 0.84+0.04

a tissue homogenizer (Omni Inter-
national, Kennesaw, GA). RNA was

BMD, Bone mineral density; Data are expressed as the mean * SD.

221 and its homologue miR-222 are expressed
in different stem cell lines including bone mes-
enchymal stem cells (BMSCs), and participate
in multiple biological behaviors of stem cells
[8-11]. Given that osteoclasts are bone-resorp-
tive multinucleated giant cells derived from
hematopoietic stem cells, we speculated that
miR-221 may be involved in the osteoblast
differentiation.

The aim of the present study is to characterize
the expression of miR-221 family in osteoporo-
sis and investigate its effects on osteoblast dif-
ferentiation, as well as the potential molecular
mechanisms.

Materials and methods
Bone samples and RNA extraction

Twelve postmenopausal women undergoing hip
replacement due to osteoporotic fracture (OP)
were enrolled as the experiment group. Another
12 postmenopausal women who were diag-
nosed as osteoarthritis in the absence of
osteoporosis, according to bone mineral densi-
ty (BMD) and T-score measurements [mean +
SDJ: (0.79 + 0.14 and -0.28 + 0.83, respective-
ly), were included as the control group (Table
1). None of the participants had a history of
other disease including metabolic or endocrine
disease, chronic renal failure, chronic liver dis-
ease, malignancies, Paget's disease of bone,
malabsorption syndrome, hormone replaceme-
nt therapy, anti-resorptive or anabolic agents,
oral corticosteroids, anti-epileptic drugs, or
treatment with lithium, heparin, or warfarin.
This study was approved by The First Affiliat-
ed Hospital of Soochow University. Written in-
formed consent was obtained from all partici-
pants.

Bony fragments were extracted from the trans-
cervical region of the femoral neck. Total fresh
bone samples were cut into small fragments,
triple washed in phosphate buffered solution
(PBS), and stored at -80°C. For RNA extraction,
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extracted and purified with RNeasy kit
(Qiagen, Venlo, Netherlands). The con-
centration of the purified RNA was
analyzed on a spectrophotometer (Nanodrop,
Thermo Fisher Scientific Inc).

Reagents, antibodies and plasmids

Bioactive recombinant human BMP-2 was
purchased from Invitrogen Life Technologies
(Carlsbad, CA, USA). Anti-RUNX2 (sc-390351),
anti-GAPDH (sc-365062), mouse monoclonal
antibodies, and the horseradish peroxide-con-
jugated mouse IgG secondary antibody (sc-
2025) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). MiR-221
mimic/inhibitor, mimic/inhibitor control, and
RUNX2-siRNA (sc-37145) were obtained from
Santa Cruz Biotechnology, Inc.

Cell culture, differentiation and transfection

The C2C12 cell line is a typical pluripotent mes-
enchymal precursor cell line that possesses
the potential to differentiate into myoblasts,
chondroblasts and osteoblasts [12, 13], and
we applied it for the cellular models of osteo-
genic differentiation. C2C12 cell line was ob-
tained from the American Type Culture Colle-
ction (Manassas, VA, USA) and maintained in
Dulbeccos modified Eagles medium (DMEM,;
Gibco Life Technologies, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum,
100 pg/ml streptomycin and 100 U/ml penicil-
lin (Gibco Life Technologies, Carlsbad, CA, USA),
maintain at 37°C in a humidified atmosphere
with 5% CO,. To induce osteogenic differentia-
tion, cells were treated with 2 nM BMP2 (In-
vitrogen Life Technologies) for 24 h. Transfection
was performed using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions.

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated using TRIzol reagent
(Invitrogen Life Technologies), and for quantifi-
cation of mRNA expression, cDNA was synthe-
sized from 1 pg total RNA using a Reverse
Transcription kit (Invitrogen Life Technologies),
according to the manufacturers’ instructions.
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Figure 1. MiR-221 was downregulated in OP and during osteogenic differentiation. A. RT-gPCR was performed to
determine the expression levels of miR-221 in patients with osteoporotic fracture and controls showed that miR-
221 levels was elevated in bone of OP patients compared with levels observed in non-osteoporotic patients. (P =
0.005). B. RT-gPCR was performed to determine the expression levels of OC, ALP, and COL1A1 in BMP2-induced
C2C12 and control cells. *P < 0.05. C. Cells were treated with BMP-2 for O, 8, 16, and 24 h, and the relative levels
of miR-221 to RNUGB were determined by TagMan MicroRNA expression assay. The control at the O h time point

was designated as 1. *P < 0.05.

gPCR was performed using an ABI 7900 Real-
Time PCR System (Applied Biosystems Life
Technologies, Foster City, CA, USA), using the
following protocol: 95°C for 3 min, 40 cycles
of 95°C for 15 sec, 60°C for 15 sec and 72°C
for 30 sec. The primers used were as follo-
ws: Runx2 forward, 5-AGATGACATCCCCATC-
CATC-3’' and 5-GTGAGGGATGAAATGCTTGG-3’;
0OC forward, 5-CTGACAAAGCCTTCATGTCCAA-3’
and reverse, 5-GGTAGCGCCGGAGTCTGTT-3;
COL1A1 forward, 5-GGGTCTAGACATGTTCAGC-
TTTGTG-3’ and reverse, 5-ACCCTTAGGCCATT-
GTGTATGC-3’; ALP forward, 5-GACAAGAAGCC-
CTTCACTGC-3’ and reverse, 5-AGACTGCGCCT-
GGTAGTTGT-3’; B-actin forward, 5-AACAGTCC-
GCCTAGAAGCAC-3’ and reverse, 5-CGTTGAC-
ATCCGTAAAGACC-3'. For the quantification of
miRNA expression, the reverse transcription
(RT) reaction was carried out using the TagMan
MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). RT reaction
was processed at 16°C for 30 min, 42°C for 30
min, and 85°C for 5 min. Gene expression lev-
els were quantified at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 60
s. RNUGB served as the internal control.

ALP staining and measurement

The transfected C2C12 cells were fixed with
95% ethanol (v/v) and then incubated with a
substrate solution from an ALP staining kit
(Beyotime® Institute of Biotechnology, Shang-
hai, China) in the dark, according to the manu-
facturer's protocol. For ALP activity assays,
after incubation, the treated cells were washed
twice with PBS, and stained with an ALP stain-
ing solution (Sigma-Aldrich) at 37°C for 20 min.
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ALP activity was assayed by a spectrophoto-
metric method using a p-Nitrophenyl Phosphate
Liquid Substrate System (Sigma-Aldrich). The
absorbance at 405 nm of each well was mea-
sured with a microplate reader (BD Biosciences,
Franklin Lakes, NJ, USA) according to the man-
ufacturer’s instruction.

Western blot analysis

The cells lysates were added with sample buf-
fer and boiled at 95°C for 5 min. Protein sam-
ples were separated using 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto nitrocellulose
membranes. The membranes were blocked by
5% BSA for 30 min and incubated with the pri-
mary antibodies at 4°C overnight, followed by
incubation with secondary antibodies. Proteins
were visualized using an enhanced chemilu-
minescence method kit (GE Healthcare Life
Sciences, Piscataway, NJ, USA), and the protein
band intensity was quantified via densitometric
analysis using Quantity One software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Luciferase reporter assay

TargetScan (http://www.targetscan.org), miRa-
nda (http://www.microrna.org), and PicTar da-
tabase (http://pictar.mdc-berlin.de/) software
were used in the study to identify miR-221 tar-
gets. Then, cells were seeded in 24-well plates
at a density of 5x10* cells per well, one day
prior to transfection. MiRNA-221 mimic or in-
hibitor (50 pmol), 500 ng luciferase reporter
and 50 ng pRLTK were added to each well.
Firefly and Renilla luciferase activities were
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Figure 2. MiR-221 inhibits the osteogenic differentiation of C2C12 cells. A. The expressions of miR-221 in C2C12
cells transfected with miR-221 mimic or inhibitor detected by RT-gPCR. *P < 0.05. B. The mRNA levels of OC, ALP
and COL1A1 in C2C12 cells transfected with miR-221 mimic detected by RT-qPCR. *P < 0.05. C. The mRNA levels
of OC, ALP and COL1A1 in C2C12 cells transfected with miR-221 inhibitor detected by RT-qPCR. *P < 0.05. D. The
ALP activity in C2C12 cells transfected with miR-221 mimic or inhibitor. *P < 0.05.

determined 48 h after transfection using the
dual-luciferase reporter assay system (Promega
Corporation, Madison, WI, USA). The Renilla val-
ues were normalized to firefly luciferase.

Statistical analysis

Statistical analyses were performed using SP-
SS software, version 22.0 (SPSS, Inc., Chicago,
IL, USA). Each experiment was repeated three
times, with all the data presented as the mean
+ standard deviation. Student’s t-test and one-
way ANOVA were used in either two or multiple
groups for statistical significance. Spearman
rank order was used to analyze the correlations
between variables. P < 0.05 was considered to
indicate a statistically significant difference.

Results
MiR-221 is down-regulated in OP cases

To determine whether miR-221 is related to
osteogenesis and osteoporosis, the expression
levels of miR-221 in OP and non-osteoporotic
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patients (diagnosed as osteoarthritis in the
absence of osteoporosis) were analyzed using
RT-gPCR. Results showed that the express-
ion of miR-221 in patients with osteoporotic
fracture was significantly lower than that of the
control group (Figure 1A), indicating that miR-
221 was involved in the progression of os-
teoporosis.

MiR-221 is down-regulated during osteogenic
differentiation

Next, we detected the expression levels of miR-
221 during osteogenic differentiation. A num-
ber of key osteoblast markers, including OC,
ALP and COL1A1, were used as phenotypic
markers of osteogenic differentiation. The
results of RT-qPCR revealed that all the mark-
ers above (OC, ALP and COL1A1) were obvious-
ly increased in the BMP2 treated cells, indicat-
ing that osteogenic differentiation had been
successfully induced (Figure 1B). And miR-221
was markedly down-regulated in the BMP2-
treated C2C12 cells along with the time course

Am J Transl Res 2017;9(1):126-135



miR-221 is involved in the regulation of osteoporosis

A CMV promoter

Luciferase Runx2

Poly A

3!
ITEETD

5' guggaacaaaaauauuUGUAGCa 3' RUNX2 WI
3" gugaacaaaaauauuGCGGCGa ¥' Mut
&
. O
B & &
Ny N
& & SRS

Grayscale values
*
Grayscale values
[=] — X @ -~

miR-221
mimic

Control miR-221

inhibitor

Control

at 0, 8, 16, 24 hours (Figure 1C). Collectively,
these results demonstrated that miR-221 was
involved in the progression of osteogenic di-
fferentiation.

Effects of miR-221 on osteoblast differentia-
tion in C2C12 cells

In order to study the physiological role of miR-
221 on osteogenic differentiation, C2C12 cells
were transfected with miR-221 mimic or inhibi-
tor. RT-qPCR was performed to determine the
efficiency of transfection (Figure 2A). Results
showed that miR-221 overexpression markedly
decreased the mRNA expression levels of OC,
ALP and COL1A1 in the C2C12 cells (Figure
2B). In contrast, C2C12 cells transfected with
the miR-221 inhibitor exhibited overexpression
of OC, ALP and COL1A1 (Figure 2C). Then, the
activities of ALP in the transfected cells were
investigated. In miR-221 overexpressed C2C12
cells, the ALP activity was significantly sup-
pressed compared with the miR-NC transfect-
ed cells, while a notable increase of the ALP
activity was exhibited after the transfection of
miR-221 inhibitors (Figure 2D). Collectively, the
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Figure 3. MiR-221 inhibits Runx2 expression
in C2C12 cells. A. Putative miR-221-binding
sequence of Runx2 RNA. Mutation (Mut) was
generated on the Runx2 RNA sequence in the
complementary site for the seed region of miR-
221. B. The expressions of RUNX2 in C2C12
cells transfected with miR-221 mimic or inhibi-
tor detected by western blot analysis. *P < 0.05.
C. The expressions of RUNX2 in C2C12 cells
transfected with miR-221 mimic or inhibitor de-
tected by RT-qPCR. *P < 0.05.

results indicated that miR-221 was able to
inhibit osteogenic differentiation.

RUNX2 is a target of miR-221

To identify the target genes of miR-221 in
osteogenesis, we searched for candidate genes
using the miRNA target prediction database
miRanda, TargetScan and PicTar. As a result,
one evolutionarily conserved miRNA recogni-
tion element (MRE) partially complementary to
miR-221 (Figure 3A) in the 3-UTR of the RUNX2
gene was found. The function of miR-221 on
RUNX2 during osteogenic differentiation has
not been reported yet. To test whether RUNX2
could be regulated by miR-221, we transfected
C2C12 cells with miR-221 mimic and inhibitor,
respectively. Results showed that the protein
levels of RUNX2 reduced when miR-221 was
overexpressed. In contrast, the expression of
RUNX2 increased with the knockdown of miR-
221 (Figure 3B). These results provided evi-
dences that miR-221 negatively regulated
RUNX2 expression. Furthermore, quantitative
RT-PCR assays revealed no change of RUNX2
mMRNA in miR-221-overexpressing or -knock-

Am J Transl Res 2017;9(1):126-135
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Figure 4. RUNX2 is a direct target of the miR-221 in C2C12 cells. A. Overexpression or knockdown of miR-221
expression inhibited or enhanced the Renilla luciferase activities. C2C12 cells were cotransfected with miR-221
mimic/inhibitor or mimic/inhibitor control, and reporter plasmid containing the wild-type (WT) 3’-UTR of RUNX2.
A luciferase activity assay was subsequently performed. *P < 0.05. B. C2C12 cells were cotransfected with the
miR-221 mimic and reporter plasmid containing the WT or Mut 3’-UTR of RUNX2. A luciferase activity assay was

subsequently performed. *P < 0.05.

down C2C12 cells (Figure 3C), indicating that
miR-221 family members regulate RUNX2 gene
expression on the basis of translational repres-
sion rather than mRNA degradation. To exam-
ine whether miR-221 regulate RUNX2 expres-
sion directly, C2C12 cells were transfected with
a luciferase reporter construct containing the
wild-type RUNX2 3’-UTR, together with the miR-
221 mimic, mimic control, miR-221 inhibitor,
and inhibitors control, respectively. Clearly
Renilla luciferase activity decreased in the miR-
221-overexpressed cells, while it increased in
the miR-221-knockdown cells compared with
the negative control (Figure 4A). Then, the pre-
dicted target sites in the RUNX2 3’ UTR were
mutated (Figure 3A). As expected, miR-221 sig-
nificantly inhibited the activity of the wild-type
reporter gene, whereas mutation of the seed
site partially abolished miR-221-mediated
repression of reporter gene activity (Figure 4B).
These data provided strong evidences that
miR-221 inhibit RUNX2 gene expression by
directly binding to the distinct seed site within
its 3’ UTR.

MIiR-221 inhibits osteogenic differentiation
through RUNX2

To better understand the relationship between
miR-221 and RUNX2 during osteogenic differ-

131

entiation, C2C12 cells stimulated with BMP-2
for 24 h were evaluated for changes of endog-
enous RUNX2 protein expression. The increase
of RUNX2 protein level was observed for 8 h
after stimulation. The change of RUNX2 protein
expression was negatively correlated with that
of miR-221 during BMP-2 stimulation (Figure
5A). Furthermore, co-transfection of miR-221
inhibitor with a RUNX2 siRNA significantly
decreased the mRNA expression levels of OC,
ALP and COL1A1 (Figure 5B). Thus, knockdown
of RUNX2 appeared to attenuate the miR-
221-knockdown-mediated promotion of osteo-
genic differentiation. These results indicated
that miR-221 suppressed osteogenic differen-
tiation, in part via the downregulation of RUNX2
expression.

Discussions

Osteoporosis is a common and progressive
skeletal disorder-related disease worldwide,
especially in countries with large aging popula-
tions, such as China [14]. Collaborating with
osteoclasts, osteoblasts have been widely
accepted as the main cells that regulate bone
homeostasis [15]. By secreting alkaline phos-
phatase (ALP) and bone matrix proteins that
induce bone matrix mineralization, osteoblasts
act as the major cells that contribute to bone

Am J Transl Res 2017;9(1):126-135
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Figure 5. MiR-221 inhibits osteogenic differentiation of C2C12 cells by targeting RUNX2. A. Dynamic changes of
RUNX2 protein levels in BMP-2-induced C2C12 cells. The protein samples from Figure 1C were determined by
Western blot assays. *P < 0.05. B. The expressions of OC in C2C12 cells transfected with miR-221 control, inhibitor
or miR-221 inhibitor + RUNX2 inhibitor detected by RT-gPCR. *P < 0.05. C. The expressions of ALP in C2C12 cells
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D. The expressions of COL1A1 in C2C12 cells transfected with miR-221 control, inhibitor or miR-221 inhibitor +

RUNX2 inhibitor detected by RT-gPCR. *P < 0.05.

formation [16]. Recently, numerous experi-
ments have focused on the role of miRNAs in
the process of osteoporosis and osteoblast dif-
ferentiation [7, 17, 18]. This study presents an
important finding that the expression of miR-
221 is downregulated in the bone from women
with postmenopausal osteoporosis (OP), and
downregulated in the C2C12 cells during osteo-
clast differentiation. Importantly, miR-221 func-
tions as an inhibitor of osteogenic differentia-
tion via downregulating osteoblast-specific
transcription factor RUNX2, implying a critical
function of miR-221 in the development of
osteoporosis.

MiRNAs are essential regulatory molecules and
can orchestrate gene expressions implicated in
the regulation of bone homeostasis through
translational inhibition and mRNA stability.
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They are proved to be regulators of bone resorp-
tion and formation, and also participate exten-
sively in the osteoblast differentiation, cell fate,
and apoptosis [19]. Among them, miR-221 has
been demonstrated to be downregulated dur-
ing osteogenic differentiation of human bone
marrow-derived mesenchymal stem cells [20],
while its expression and role in osteoclast dif-
ferentiation has not been studied. We investi-
gated the effects of miR-221 on BMP-2-induced
osteogenic differentiation and found that
knockdown of miR-221 could induce osteogen-
ic differentiation, indicated by the increase of
the mRNA expression levels of the typical
osteoblast differentiation markers, OC, ALP
and COL1A1, whereas overexpression of miR-
221 led to the decrease of the expression lev-
els of these markers. These data suggested
miR-221 as a negative regulator in osteoblast

Am J Transl Res 2017;9(1):126-135
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differentiation induced by BMP-2 of preosteo-
blast cell lines.

RUNX2, a transcription factor that belongs to
the runt-domain genes, has been taken as the
prodominant transcription factor for osteoblast
differentiation and bone formation [21]. RUNX2
is restrictively expressed in fetal development,
and disruption of RUNX2 results in a complete
lack of bone formation owing to maturational
arrest of osteoblasts [22]. It has been reported
that emodin treatment can suppress osteo-
clast differentiation and stimulate osteoblast
formation by increasing the expression of
RUNX2, indicating that RUNX2 may be a poten-
tial target for the treatment of osteoporosis
[23]. So far, several miRNAs were reported to
target RUNX2 and regulate its expression in dif-
ferent physiologic or pathologic conditions. For
example, miR-30a regulates the proliferation,
migration, and invasion of human osteosarco-
ma by targeting RUNX2 [24]. MiR-320 was
found to promote adipocytic differentiation and
bone marrow adipogenesis via directly target-
ing on the 3-UTR of RUNX2 [25]. Moreover,
some other miRNAs have been demonstrated
to modulate osteoblastic differentiation by reg-
ulating RUNX2 directly or indirectly [26-30]. Our
studies found new miRNA directly targeting
RUNX2 in osteoblast differentiation, indicating
that RUNX2 could be regulated by different
miRNAs through different mechanisms in dif-
ferent microenviroment.

Besides osteoblast differentiation, it would be
interesting to investigate the role of miR-221 in
osteoblast and osteoclast function, or particu-
larly in chondrocyte differentiation, as RUNX2
signaling is also involved in chondrogenesis
[31]. MiR-221 has been reported to modulate
proliferation and matrix synthesis in chondro-
cyte [32], and exhibit pro-chondrogenic effect
in human MSCs [33]. Future experiments are
needed to address miR-221 functions in depth.

In summary, the present study demonstrated
that miR-221 was downregulated in bone of
osteoporotic patients compared with the con-
trol osteoarthritic samples, and participated in
osteogenic differentiation. Furthermore, miR-
221 acts as a negative regulator of osteoblast
differentiation through directly targeting RU-
NX2, which would monitor the pathological pro-
cess of osteoporosis. Hence, this study illus-
trated a potential crucial function of miR-221 in
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the development of osteoporosis, and may pro-
vide a promising therapeutic target against dis-
orders associated with bone formation.
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