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ABSTRACT
Oral bisphosphonates (BPs) are a first-line treatment for osteoporosis. It is becoming a hot topic to 
identify new indicators for the early prediction of therapeutic effects and adverse reactions during 
the long-term use of BPs. To determine whether microRNA (miRNA) expression is modulated by 
long-term BPs treatment, we performed miRNA expression profiling analysis in patients receiving 
long-term BP treatment for postmenopausal OP. To assess the effect of BPs on miRNA expression, 
we used an Affymetrix Genechip miRNA array to analyze serum samples obtained from post
menopausal OP patients on long-term BP treatment and healthy controls. MiRNAs affected by BPs 
and their predicted targets were examined. We also investigated the effects of miRNA on 
osteoblast differentiation in vitro and on ovariectomy-induced bone loss in vivo. We observed 
that the level of miR-30a-5p was significantly increased in patients receiving long-term BP 
treatment for postmenopausal OP. Furthermore, miR-30a-5p was negatively correlated with 
bone formation. Consistent with this, in vitro osteoblast activity and matrix mineralization were 
increased by an antagomir of miR-30a-5p and decreased by an agomir of miR-30a-5p. We also 
found that miR-30a-5p directly targeted RUNX1 to inhibit osteoblastic differentiation. Consistent 
with the in vitro results, miR-30a-5p antagomir administration promoted bone formation in 
ovariectomized mice. Our findings identified miR-30a-5p as a novel mediator of long-term BP 
treatment that regulates bone formation in postmenopausal OP patients.
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1. Introduction

Osteoporosis (OP) is a condition characterized by 
low bone mass and increased bone fragility, put
ting patients at risk of fractures [1]. Indeed, it is 
estimated that every 3 s, an osteoporotic fracture 
occurs around the world. Vertebral and hip frac
tures are a hallmark of OP, and are common 
among elderly people and postmenopausal 
women. Unfortunately, osteoporotic fractures are 
associated with high morbidity and mortality, and 
most patients with such fractures become unable 
to perform the activities of daily living [2]. 
Currently, OP imposes a massive burden on the 
lives and work of individuals and the society, and 
strategies for its effective prevention, diagnosis, 
and treatment are urgently needed.

Advanced age, genetics, low calcium and vitamin 
D intake, thinness, and menopause are the main 
risk factors for OP [3]. Postmenopausal OP, which 
is a major subtype of OP, is caused by endogenous 
estrogen deficiency in postmenopausal women [4]. 
Estrogen inhibits the differentiation and survival of 
osteoclasts while promoting the survival of osteo
blasts; therefore, the bone loss caused by estrogen 
deficiency is at least partially explained by increased 
bone resorption by osteoclasts [5,6].

As OP is a chronic disease, it is conceivable that 
the treatment for OP can last for the rest of the 
patient’s life. Current drug treatments for postme
nopausal OP aim to prevent fractures by inhibiting 
bone resorption and stimulating bone formation. 
Oral bisphosphonates (BPs) are a first-line treat
ment for postmenopausal OP and are well effective 
in the prevention of fragility fractures; these drugs 
decrease bone turnover by inhibiting osteoclast 
function [7]. However, oral BPs produce only 
a moderate increase in bone mineral density and 
have limited effects on the risk factors for fracture 
[8]. Additionally, the long-term use of BPs is asso
ciated with a risk of severe upper gastrointestinal 
complications [9]. Moreover, all BPs are contra
indicated in patients with severe renal impairment, 
as the intravenous administration of BPs, espe
cially at high dosage, has been linked to acute 
renal failure in patients with malignancy [10]. 
Furthermore, there is much evidence linking the 
long-term use of BPs with suppression of bone 

remodeling, which leads to an increased risk of 
atypical femur fractures [11]. BP-induced suppres
sion of bone remodeling is attributed to the inhi
bition of osteoclast activity, and causes ‘frozen 
bone,’ which reduces the quality of bone and can 
induce skeletal fragility and osteonecrosis of the 
jaw [12]. Unfortunately, there is a lack of indica
tors for the early prediction of therapeutic effects 
and adverse reactions during the long-term use of 
BPs for the treatment of OP patients [13]. 
Moreover, the mechanism underlying BP-induced 
skeletal fragility is unknown; an understanding of 
this process may lead to the discovery of novel 
biomarkers for the management of postmenopau
sal OP with long-term BP treatment.

MicroRNAs (miRNAs) are small non-coding 
mRNA transcripts that can degrade or inhibit 
mRNA transcripts, and thereby inhibit protein 
levels [14]. Studies have shown that miRNAs are 
essential for the regulation of osteogenesis and 
osteoclastogenesis [15,16]. Since their discovery, 
miRNAs and their targets have been identified as 
novel regulators of bone-related pathologies, 
such as OP [17]. As miRNAs are actively 
released from bone cells into biological fluids, 
they are regarded as important biomarkers of 
bone-related diseases [18]. To date, circulating 
miRNAs have been associated with many dis
eases. Indeed, miRNAs have been successfully 
annotated to specific biological functions and 
diseases, and are now regarded as ‘fingerprints’ 
for specific diseases. Circulating miRNA signa
tures have become a novel class of biomarkers 
and even potential targets for future therapies, 
and are currently being investigated as biomar
kers for the identification of molecular altera
tions that are distinctive for OP [19].

In the present study, we hypothesized that 
long-term BP treatment for postmenopausal OP 
was associated with an altered miRNA profile. 
To validate this hypothesis, we analyzed the 
alterations in miRNA expression associated 
with long-term BP treatment in postmenopausal 
OP patients. We then evaluated whether the 
altered miRNAs identified in the OP patients 
inhibited osteoblastic differentiation in MC3T3- 
E1 cells, an osteoblastic cell line, and whether 
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they regulated bone formation in a murine OP 
model.

2. Materials and methods

2.1. Study design and patient selection

This study involved 65 postmenopausal women 
(mean age, 66.9 ± 6.6 years; range, 58–86 years) 
with OP who visited the outpatient clinic of the 
Hospital Affiliated to Jiangnan University, Wuxi, 
Jiangsu, China. Patients who were treated with 
oral BPs (70 mg/wk, n = 30) for 1–5 years and 
received vitamin D (800 IU/d) and calcium 
(1200 mg/d) supplementation were included in 
the BP group. OP patients with or without atypical 
fractures were included. Patients with OP who 
were treated without oral BPs were included as 
a control group (n = 30). Patients with a history 
of any of the following in the previous 5 years were 
excluded from this study: malignancy, coronary 
heart disease, diabetes, uncontrolled thyroid dis
ease, or any other severe disease. We measured the 
bone mineral density (BMD; in g/cm2) of the total 
hip and the lumbar spine (L1–L4) by using a GE- 
Lunar DPX-NT dual-energy X-ray absorptiometry 
device (GE Healthcare, Madison, WI, USA). 
Ethical approval for the study protocol was 
obtained from the institutional review board of 
The Hospital Affiliated to Jiangnan University, 
and all participants provided informed consent. 
Peripheral whole blood samples were collected 
from all participants. Serum specimens were 
extracted within 1 h of sample collection, and 
stored in 5-mL aliquots in plastic tubes at −80°C 
for the analysis of miRNA, bone gamma carbox
yglutamate protein (BGLAP), and alkaline phos
phatase (ALP) expressions.

2.2. RNA isolation

Total small RNAs were extracted from the serum 
and bone specimens by using TRIzol and assessed 
on a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) and an 
Agilent 2100 Bioanalyzer (Agilent Technologies, 
Palo Alto, CA, USA). The purity of the extracted 
RNAs was ascertained using A260/A280 ratios of 
1.7–2.2, as measured on the Agilent 2100 

Bioanalyzer, and only RNAs with sufficient purity 
were used for the subsequent analyses. All RNA 
samples were stored at −80°C until reverse tran
scription and quantitative real-time polymerase 
chain reaction (qRT-PCR).

2.3. Determination of miRNA expression profiles

The protocol for the microarray experiments has 
been previously described [20]. In brief, total 
RNAs were amplified using a GeneChip miRNA 
4.0 Expression Kit (Affymetrix, Santa Clara, CA, 
USA). The amplified RNAs were labeled, subjected 
to microarray hybridization, and washed using 
a GeneChip Hybridization Wash and Stain Kit 
(Affymetrix), according to the manufacturer’s pro
tocols. After being washed, the arrays were 
scanned using the GeneChip Scanner 3000 
(Thermo Fisher Scientific). A human miRNA 
expression profiling chip (Shanghai Genechem 
Co. Ltd., Shanghai, China) was used for detection 
and data analysis. Genes with fold changes of >2 
or ≤2 were analyzed using Affymetrix (GeneChip 
miRNA 4.0).

2.4. qRT-PCR analysis

The pre-osteoblast cell line MC3T3-E1 (ATCC) 
was cultured for 3 weeks in α-minimum essential 
medium (α-MEM; Invitrogen, Carlsbad, CA, USA) 
supplemented with 10 nM dexamethasone, 5 mM 
β-glycerophosphate, and 50 μg/mL ascorbic acid to 
induce osteoblastic mineralization [21]. Every 2 d, 
the medium (α-MEM) was replaced with fresh 
medium supplemented with an agomir (200 μM) 
and an antagomir (200 μM) of miR-30a-5p 
(GenePharma, Shanghai, China). The cells were 
harvested on day 21 and subjected to qRT-PCR 
to analyze of the expressions of the miRNAs iden
tified in the extracted RNA samples. The 
sequences of PCR primers used are provided in 
Supplementary Table 1. The miRNA expression 
levels were quantified using a standard curve.

2.5. Luciferase assay

MC3T3-E1 cells (1 × 106 cells/well) were main
tained in 24-well plates. To analyze the 3′ untrans
lated region (UTRs) of the mRNAs of the target 
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genes, we cotransfected MC3T3-E1 cells with wild- 
type or mutant luciferase reporter plasmids 
(Invitrogen, Carlsbad, CA, USA) and miR-30a-5p 
by using Lipofectamine 3000 (Invitrogen), accord
ing to the manufacturer’s instructions. After 24 h, 
we measured the luciferase activity on a dual luci
ferase-reporter assay system (Promega, Madison, 
WI, USA).

2.6. Alizarin red S and alkaline phosphatase 
staining

We analyzed the osteoblast-mediated generation of 
mineralized nodules in vitro by subjecting 
MC3T3-E1 cells to alizarin red S and ALP staining 
[22]. The cells were rinsed with phosphate- 
buffered saline (PBS) and fixed with 4% parafor
maldehyde in PBS (pH, 7.4) for 15 min at room 
temperature. The cells were then washed 4 times 
with PBS, and stained with alizarin red S solution 
and ALP (Beyotime Biotechnology, Shanghai, 
China) at 4°C for 20 min. Finally, we calculated 
the percentage of the positively stained area per 
field of view.

The ALP activity was measured using an ALP 
assay kit (Beyotime Biotechnology, Shanghai, 
China), according to the manufacturer’s 
instructions.

2.7. Western blot analysis

We homogenized MC3T3-E1 cells in 200 µL 
lysis buffer, and incubated the lysed cells on ice 
for 30 min. The resultant protein fractions 
(3 μg/μL) were subjected to sodium dodecyl 
sulfate polyacrylamide gel electrophoresis, trans
ferred to polyvinylidene difluoride membranes, 
and analyzed using western blotting. For this 
purpose, the membranes were incubated over
night with polyclonal antibodies against Runt- 
related transcription factor 1 (RUNX1) at 4°C, 
washed with Tris-buffered saline supplemented 
with Tween 20 at room temperature, and then, 
incubated again with the secondary antibodies. 
Quantification of the protein-band intensities 
was accomplished using densitometry (Gel 
Logic 2200; Rochester, NY, USA).

2.8. RUNX1 knockdown

To achieve stable RUNX1 knockdown, we infected 
MC3T3-E1 cells with a lentivirus-packaging short 
hairpin RNA (shRNA) expression vector 
(GenePharma, Shanghai, China) for 24–48 h, 
according to the manufacturer’s instructions. 
Chemically modified antisense oligonucleotides 
(antagomiR) have been used to inhibit miRNA 
expression in vivo. We used chemically modified 
miR-30a-5p antagomir (antagomiR-30a-5p) and 
miR-Ctrl antagomir (antagomiR-ctrl) purchased 
from GenePharma.

2.9. Ovariectomy protocol

To determine the effects of antagomiR-30a-5p 
on OP, we established an ovariectomy mouse 
model [23]. Female C57BL/6 mice were ran
domly assigned to the following groups (N = 8/ 
group): (i) control group, in which the mice 
underwent a sham operation, (ii) an ovariectomy 
(OVX) group, in which mice were subjected to 
bilateral ovariectomy, and (iii) an OVX- 
antagomir group, in which ovariectomized mice 
were injected with antagomiR-30a-5p (100 nmol/ 
kg) through the tail vein once every week. After 
8 weeks, mice from all 3 groups were sacrificed, 
and their femurs were harvested for hematoxy
lin-eosin (H&E) staining. We observed decalci
fied bone slices under a fluorescence microscope. 
We measured the BMD, trabecular thickness 
(Tb.Th, mm), and trabecular separation (Tb. 
Sp, mm) of the distal femoral metaphysis on 
a high-resolution micro-computed tomography 
(CT) system (SkyScan-1176 micro-CT, Bruker, 
Belgium).

2.10. Statistical analysis

Values are expressed as the mean ± standard 
deviation of experiments performed in triplicate. 
Data were analyzed using SPSS version 20.0 (IBM, 
Armonk, NY, USA). Statistical analyses were car
ried out using the Pearson correlation test, Student 
t test, and one-way analysis of variance followed 
by a post hoc Tukey test. P values (two-tailed) less 
than 0.05 were considered to indicate significant 
differences.
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3. Results

We observed that the level of miR-30a-5p was 
significantly increased in patients receiving long- 
term BP treatment for postmenopausal OP. The 
data demonstrated that miR-30a-5p was negatively 
correlated with bone formation. Consistent with 
this, in vitro osteoblast activity and matrix miner
alization were increased by an antagomir of miR- 
30a-5p and decreased by an agomir of miR-30a- 
5p. We also found that miR-30a-5p directly tar
geted RUNX1 to inhibit osteoblastic differentia
tion. Moreover, miR-30a-5p antagomir 
administration promoted bone formation in ovar
iectomized mice.

3.1. Long-term BP treatment and differential 
miRNA expression

To identify differentially expressed miRNAs in 
OP patients undergoing long-term BP treatment, 
we assessed the miRNA expression profiles by 
using an Affymetrix Genechip microRNA 4.0 
array. The detailed characteristics of the postme
nopausal women in the long-term BP treatment 
and control groups are summarized in 
Supplementary Table 2. All the selected 
miRNAs were expressed in the serum samples 
obtained from the women in both groups. 
Compared to the miRNA levels in the control 
group, the BP group had 2 downregulated 
miRNAs (miR-3613-5p and miR-4668-5p) and 
14 upregulated miRNAs (miR-30a-5p, miR- 
548a-3p, miR-6088, miR-451a, miR-6090, miR- 
619-5p, miR-6125, miR-3960, miR-8069, miR- 
7108-5p, miR-4728-5p, miR-6087, miR-2277-5p, 
and miR-4665-5p), all of which had fold changes 
of >1.5 (Figure 1a). A heat map of the miRNA 
expressions in both study groups is shown in 
Figure 1b.

We next verified the expression levels of the 16 
differentially expressed miRNAs in serum speci
mens by using real-time PCR. Except for miR- 
4668-5p and miR-4665-5p, all the other miRNAs 
were expressed at remarkably higher levels in the 
serum specimens obtained from patients with 
postmenopausal OP undergoing long-term BP 
treatment than in the control serum specimens. 
We found that miR-30a-5p showed the most 

significant difference in expression (fold change, 
2.4) between the BP and control groups 
(Figure 1c).

3.2. Correlation of miR-30a-5p expression with 
markers of bone formation and resorption

To clarify the significance of miR-30a-5p in the 
process of bone formation, we collected blood 
samples from patients receiving long-term BP 
treatment for postmenopausal OP. We found that 
long-term BP treatment was associated with 
increases in the serum expression of miR-30a-5p 
in postmenopausal OP patients (Figure 2a). 
Moreover, we observed that miR-30a-5p expres
sion was significantly higher in postmenopausal 
OP patients with atypical fractures and in postme
nopausal OP patients receiving long-term BP 
treatment than in the control subjects 
(Figure 2b). Furthermore, we found that the 
serum level of miR-30a-5p was negatively corre
lated with the mRNA levels of BGLAP and ALP, 
which are markers of bone formation (Figure 2c 
and 2d).

3.3. RUNX1 and miR-30a-5p

To investigate the molecular mechanisms under
lying the miR-30a-5p-mediated inhibition of bone 
formation, we screened for putative miR-30a-5p 
targets by performing in silico complementarity 
searches of TargetScan, PicTar, and miRBase for 
key regulators of bone formation (Figure 3a). 
From the predicted genes, we selected 6 putative 
miR-30a-5p target genes, all of which are tran
scription factors or signaling molecules involved 
in bone formation (Figure 3b). We assessed the 
fold changes in the luciferase readout from the 3ʹ- 
UTR reporter for each candidate target gene after 
cotransfection with MC3T3-E1 cells with or with
out an miR-30a-5p agomir (Figure 3a). We found 
that the miR-30a-5p agomir markedly inhibited 
luciferase activity in cells transfected with reporter 
plasmids containing RUNX1, as compared with 
control cells, indicating that this gene could be 
a legitimate target of miR-30a-5p. Consistent 
with these findings, real-time PCR and western 
blotting showed that RUNX1 expression was upre
gulated by an miR-30a-5p antagomir and 
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downregulated by an miR-30a-5p mimic 
(Figure 3c and 3d). Moreover, among postmeno
pausal OP patients receiving long-term BP treat
ment, RUNX1 expression in bone tissues was 
lower among those with atypical fractures than 
among those without atypical fractures 
(Figure 3e). We also observed a negative correla
tion between the miR-30a-5p level and RUNX1 
expression in the serum specimens obtained from 
patients receiving long-term BP treatment for 
postmenopausal OP (Figure 3f). These results indi
cated that miR-30a-5p negatively regulated 
RUNX1.

3.4. Inhibition of osteoblast activity by miR-30a- 
5p

To measure the osteoblast activity of miR-30a-5p 
agomir or antagomir on the precursors of osteo
blast, we transfected MC3T3-E1 cells with miR- 

30a-5p agomir or antagomir. Significant down
regulation of Runt-related transcription factor 2 
(RUNX2), ALP, osteocalcin (OCN), and osteo
pontin (OPN) expression was observed in cells 
transfected with the miR-30a-5p agomir, while 
in cells transfected with the miR-30a-5p antag
omir, the expression of these osteoblast-related 
genes was obviously increased at the mRNA 
level (Figure 4a).

To evaluate the effect of miR-30a-5p on osteo
blast differentiation, we measured calcium salt 
deposition and ALP activity in MC3T3-E1 cells 
transfected with the miR-30a-5p agomir or 
antagomir. Alizarin red S staining revealed that 
matrix mineralization of the transfected cells was 
decreased in response to the miR-30a-5p agomir 
and increased in response to the miR-30a-5p 
antagomir (Figure 4b). Finally, ALP staining 
and ALP activity was suppressed in response to 
the miR-30a-5p agomir and enhanced in 

Figure 1. Expression of miR-30a-5p in serum samples obtained from women receiving long-term BP treatment for postmenopausal 
OP. A. Fold changes in the expressions of 14 differential miRNAs. B. A heat map prepared using hierarchical cluster analysis shows 
distinct miRNA expression patterns in the BP and control groups. C. Real-time PCR analysis of relative miRNA expression. *P < 0.05 
and **P < 0.01 vs. the control group.
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response to the miR-30a-5p antagomir 
(Figure 4c).

3.5. RUNX1 is crucial for the miR-30a-5p- 
mediated inhibition of osteoblastic 
differentiation

To determine if miR-30a-5p inhibited osteoblastic 
differentiation by targeting RUNX1, we used 
shRNA to knock down RUNX1 expression in 
MC3T3-E1 cells. RUNX1 protein expression was 
determined using western blotting (Figure S2). We 
found that qRT-PCR analysis indicated that in 
MC3T3-E1 cells, RUNX1 knockdown significantly 
suppressed osteoblastic differentiation by suppres
sing OCN, OPN, RUNX2, bone sialoprotein (BSP), 
and ALP expression. The miR-30a-5p antagomir 
reversed the RUNX1 knockdown-mediated 
decreases in OCN, OPN, RUNX2, BSP, and ALP 
expression in MC3T3-E1 cells. Consistent with 

these findings, ALP activity was deceased by 
RUNX1 knockdown, and this decrease was 
reversed by the miR-30a-5p antagomir (Figure 5a 
and 5b). These findings indicated that miR-30a-5p 
suppressed osteoblastic differentiation by targeting 
RUNX1.

3.6. In vivo inhibition of bone formation by 
miR-30a-5p

Since we found that miR-30a-5p regulated osteo
blastic differentiation and mineralization in vitro, 
we attempted to determine if this miRNA also 
reduced bone formation in vivo. Therefore, we 
prepared an OP mouse model by using ovariect
omy. Mice which had undergone a sham operation 
or ovariectomy were administered miR-30a-5p 
antagomir via tail vein injection. In order to 
observe the microstructure changes of cancellous 
bone, H&E staining were conducted. In the OVX 
mice, there was a decrease in the number and 

Figure 2. Increased miR-30a-5p expression is associated with reduced bone formation in OP patients receiving long-term BP 
treatment. A. qRT-PCR analysis of temporal changes in serum miR-30a-5p levels in OP patients undergoing BP treatment. *P < 0.05 
and **P < 0.01 vs. the control group. B. qRT-PCR analysis of the changes in serum miR-30a-5p levels in patients with or without 
atypical fractures who were receiving BP treatment for postmenopausal OP. **P < 0.01 vs. the control group. C. Correlation of miR- 
30a-5p level and BGLAP mRNA level. D. Correlation of miR-30a-5p level and ALP mRNA level.
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Figure 3. Relationship between miR-30a-5p and RUNX1. A. The predicted miR-30a-5p seed sequence in the RUNX1 3′UTR region. B. 
qRT-PCR analysis of the levels of the putative target genes of miR-30a-5p in osteoblasts treated with or without an miR-30a-5p 
agomir. C. RUNX1 mRNA level in osteoblasts treated with or without an miR-30a-5p agomir and an miR-30a-5p antagomir. D. RUNX1 
protein level in osteoblasts treated with or without an miR-30a-5p agomir and an miR-30a-5p antagomir. E. Expression of RUNX1 in 
the bone tissues of postmenopausal OP patients with atypical fractures receiving long-term BP treatment, as compared with 
postmenopausal OP patients without atypical fractures. F. Correlation of miR-30a-5p level and RUNX1 mRNA level.
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trabecular bone volume in the distal femur, as 
compared to the sham-operated controls. 
Treatment of the OVX mice with the miR-30a-5p 
antagomir dramatically increased in the number 

and trabecular bone volume (Figure 6b). Micro- 
CT demonstrated that miR-30a-5p antagomir 
treatment attenuated the OVX-induced deteriora
tions observed in the distal femur, namely, poor 

Figure 4. Inhibition of osteoblast activity by miR-30a-5p. A. RT-PCR analysis of genes related to the osteoblastic differentiation of 
MC3T3-E1 cells treated with or without an miR-30a-5p agomir/antagomir. *P < 0.05 and **P < 0.01. The error bars show the 
standard error of the mean. B. Effect of miR-30a-5p on the generation of alizarin red S-positive cells. MC3T3-E1 cells were cultured 
for 21 days and analyzed for the amount of alizarin red S staining. *P < 0.05 and **P < 0.01. C. Effect of miR-30a-5p on ALP staining 
and ALP activity. *P < 0.05 and **P < 0.01.
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organization of the trabecular architecture and low 
bone mass (Figure 6c). Micro-CT also revealed 
that the bone histomorphometric parameters 
(BMD, BV/TV, and Tb.Th) were significantly 
higher in the OVX-antagomir group than in the 
OVX group. These findings suggested that the 
inhibition of miR-30a-5p increased bone forma
tion by regulating osteoblastic differentiation.

4. Discussion

BPs are widely prescribed and highly effective at 
limiting bone loss in OP. Although they are gen
erally very well tolerated, potential adverse effects 
may limit BP use in some patients. In this study, 
we investigated novel indicators for the early pre
diction of adverse reactions during the long-term 
use of BPs, and described the potential underlying 
molecular mechanism. The present study showed 
that miR-30a-5p expression is affected by long- 
term BP treatment for postmenopausal OP. The 
serum miR-30a-5p level was found to be negatively 
correlated with markers of bone formation. In 
addition, miR-30a-5p inhibited osteoblast activity 
in vitro by targeting RUNX1 expression and sup
pressed in vivo bone formation in an OVX mouse 
model.

Currently, BPs are the most widely used drugs 
for the treatment of OP. Indeed, BPs are listed as 
the first-line treatment for postmenopausal OP 
and male OP in the clinical guidelines for the 
prevention and treatment of osteoporosis issued 
by the National Osteoporosis Guideline Group, 
as these drugs have well-documented anti- 
fracture efficacy in OP. However, prolonged BP 
treatment is associated with the incidence rates of 
atypical femoral fractures and jaw osteonecrosis; 
therefore, after 5 years of oral BP treatment or 
3 years of intravenous BP treatment, a reassessment 
of the risk of adverse events should be conducted 
[2]. In this study, using gene chip technology, we 
found that elevated serum levels of miR-30a-5p 
were closely linked with suppression of bone for
mation, as indicated by the negative correlation of 
miR-30a-5p expression with BGLAP and ALP 
mRNA levels in OP patients receiving long-term 
BP treatment. We also found that among postme
nopausal OP patients receiving prolonged BP 
treatment, the miR-30a-5p level was higher in 

those with atypical fractures than in those without 
fractures. MiRNAs contribute to the regulation of 
many biological processes, and their abnormal 
expression/function has been linked to the inci
dence, development, and prognosis of diseases 
such as OP [24]. As biomarkers of disease and 
potential therapeutic targets, miRNAs have rapidly 
garnered research and clinical attention [25]. Our 
results indicate among patients receiving pro
longed BP treatment for postmenopausal OP, the 
miR-30a-5p level is abnormally elevated, and that 
this may result in the inhibition of osteoblast- 
mediated bone formation.

It has been reported that miRNAs are crucially 
involved in several pathophysiological processes, 
such as bone remodeling [26]. However, the invol
vement of and molecular mechanisms underlying 
the alterations in the expression of miRNAs and 
their target genes involved in bone regulation 
under the influence of BP-induced bone turnover 
remain poorly understood. This study found that 
miR-30a-5p directly inhibits osteoblastic differen
tiation in MC3T3-E1 cells. Osteoclasts are the 

Figure 5. RUNX1 knockdown reverses the effects of miR-30a-5p 
antagomir on osteoblastic differentiation. A. RT-PCR analysis of 
genes associated with the osteoblastic differentiation of MC3T3- 
E1 cells treated with or without an miR-30a-5p agomir. B. Effect 
of miR-30a-5p on ALP activity. ##P < 0.01 compared with the 
control group. **P < 0.01 compared with the shRNA group.
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primary bone-resorbing cells in the human body, 
and are responsible for postmenopausal OP. 
A previous study reported that miR-30a-5p failed 
to inhibit osteoclastogenesis in bone marrow 
macrophages stimulated using macrophage 

colony-stimulating factor and RANKL (receptor 
activator of nuclear factor kappa-Β ligand). This 
may be because miR-30a-5p regulates bone meta
bolism via an antagomir of osteoblast 
differentiation.

Figure 6. Effect of miR-30a-5p antagomir on in vivo bone formation. OVX mice were administered miR-30a-5p antagomir for 
4 weeks. A. H&E staining of bone tissue (scale bars, 500 μm). Quantitative analyses of histomorphometric bone parameters of 
trabecular bone volume per total volume (BV/TV) and the trabecular number (N. trabecular) per square millimeter was evaluated. 
##P < 0.01 compared with the sham group. *P < 0.05; **P < 0.01 compared with the OVX group. N = 8 for each group. B. Micro-CT 
reconstruction of the distal femur metaphysis in the OVX mice and miR-30a-5p antagomir-treated mice (scale bars, 0.2 mm). Micro- 
CT was also used to measure BMD, Tb.Sp, and Tb.Th at the distal femur metaphysis in the OVX mice and miR-30a-5p antagomir- 
treated mice. #P < 0.05; ##P < 0.01 compared with the sham group. *P < 0.05; **P < 0.01 compared with the OVX group. N = 8 for 
each group.
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RUNX1 is a key transcription factor that 
belongs to the RUNX1 family of genes, which is 
a major signaling pathway regulating hematopoie
tic stem cells and hematopoiesis [27]. A study has 
shown that BMP9 promotes the endogenous 
expression of RUNX1 in murine MSC lines and 
murine multi-lineage cell lines [28]. The overex
pression of RUNX1 resulted in an increase in 
osteogenic differentiation, whereas knockdown of 
RUNX1 inhibited osteogenic differentiation in 
MSC lines and murine multi-lineage cell lines 
[21]. These results suggested that RUNX1 may be 
an essential modulator of the osteogenic differen
tiation of MSCs. In the current study, we found 
that RUNX1 can be directly targeted by miR-30a- 
5p, and might be the mechanism via which miR- 
30a-5p inhibits osteoblastic differentiation.

Although this study represents the first inte
grated analysis of miRNA expression in patients 
receiving long-term BP treatment, some limita
tions should be noted. First, miRNA expression 
profiles were compared between patients receiv
ing long-term oral BP treatment and patients 
not receiving oral BPs. Future experiments will 
compare miRNA expression profiles between 
patients receiving long-term BP treatment and 
those receiving other anti-osteoporotic drugs, 
which are also likely to affect miRNA expres
sion. Second, the expression and diagnostic 
potential of miR-30a-5p were studied using 
serum samples; the diagnostic value of miR- 
30a-5p during long-term BP treatment for post
menopausal OP requires further investigation 
using tissue samples. Third, although we evalu
ated the clinical significance of miR-30a-5p, its 
biological functions and relationships in long- 
term BP treatment for postmenopausal OP 
require further investigation using both in vivo 
and in vitro experiments.

5. Conclusion

In summary, our results demonstrate that miR- 
30a-5p expression is affected by long-term treat
ment with BPs in patients with postmenopausal 
OP, as compared to control subjects. 
Furthermore, our results showed that miR-30a- 
5p inhibited osteoblast activity by targeting 
RUNX1. The increase in the serum expression 

of miR-30a-5p in women receiving long-term 
BP treatment for postmenopausal OP showed 
a significant negative correlation with bone for
mation. Consistent with this, treatment with an 
antagomir of miR-30a-5p increased bone forma
tion in vivo. Thus, our study reveals that miR- 
30a-5p is an antagomir of osteoblastic bone for
mation in patients receiving long-term BP treat
ment for postmenopausal OP. We identified 
miR-30a-5p as a novel biomarker and clinical 
indicator for monitoring OP in patients receiving 
long-term BP treatment. Furthermore, miR-30a- 
5p is a candidate therapeutic target in OP.

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Sources of support

Funding for this study was provided by the Natural Science 
Foundation of China (81,770,876), Natural Science 
Foundation of Jiangsu Province (BK20191141), Top Talent 
Support Program for Young and Middle-aged People of 
Wuxi Health Committee (BJ2020044, BJ2020057, and 
HB2020043), Fundamental Research Funds of Health and 
Family Planning Commission of Wuxi (M202024), and 
Health Committee General Program (MS201909).

Ethics approval

The study was approved by the Ethics Review Committee of 
Affiliated Hospital of Jiangnan University. The animal study 
followed the Guidelines for the Animal Care and Use 
approved by Affiliated Hospital of Jiangnan University.

Funding

This work was supported by the National Natural Science 
Foundation of China [81770876].

References

[1] Eriksen EF, Diez-Perez A, Boonen S. Update on 
long-term treatment with bisphosphonates for postme
nopausal osteoporosis: a systematic review. Bone. 
2014;58:126–135.

[2] Adler RA, El-Hajj Fuleihan G, Bauer DC, et al. 
Managing osteoporosis in patients on long-term 
bisphosphonate treatment: report of a task force of 

9752 X. LI ET AL.



the American society for bone and mineral research. 
J Bone Miner Res. 2016;31(10):1910.

[3] North American Menopause, S. Management of osteo
porosis in postmenopausal women: 2006 position state
ment of The North American Menopause Society. 
Menopause. 2006;13(3):340–67; quiz 368–9.

[4] Marcus R. Post-menopausal osteoporosis. Best Pract 
Res Clin Obstet Gynaecol. 2002;16(3):309–327.

[5] Khosla S, Melton LJ 3rd, Riggs BL. The unitary model 
for estrogen deficiency and the pathogenesis of osteo
porosis: is a revision needed? J Bone Miner Res. 
2011;26(3):441–451.

[6] Kalyanaraman H, Ramdani G, Joshua J, et al. A novel, 
direct NO donor regulates osteoblast and osteoclast 
functions and increases bone mass in ovariectomized 
mice. J Bone Miner Res. 2017;32(1):46–59.

[7] Rachner TD, Khosla S, Hofbauer LC. Osteoporosis: 
now and the future. Lancet. 2011;377(9773):1276–1287.

[8] Zhao R, Zhao M, Xu Z. The effects of differing resis
tance training modes on the preservation of bone 
mineral density in postmenopausal women: a 
meta-analysis. Osteoporos Int. 2015;26(5):1605–1618.

[9] Ghirardi A, Scotti L, Zambon A, et al. Risk of severe 
upper gastrointestinal complications among oral 
bisphosphonate users. PLoS One. 2013;8(12):e73159.

[10] Ott SM. Bisphosphonate safety and efficacy in chronic 
kidney disease. Kidney Int. 2012;82(8):833–835.

[11] Khosla S, Burr D, Cauley J, et al. Bisphosphonate- 
associated osteonecrosis of the jaw: report of a task 
force of the American society for bone and mineral 
research. J Bone Miner Res. 2007;22(10):1479–1491.

[12] Bauer DC, Abrahamsen B. Bisphosphonate drug holi
days in primary care: when and what to do next? Curr 
Osteoporos Rep. 2021;19(2):182–188.

[13] Kennel KA, Drake MT. Adverse effects of bisphospho
nates: implications for osteoporosis management. 
Mayo Clin Proc. 2009;84(7):632–637. quiz 638.

[14] He L, Hannon GJ. MicroRNAs: small RNAs with a big role 
in gene regulation. Nat Rev Genet. 2004;5(7):522–531.

[15] Wang X, Guo B, Li Q, et al. miR-214 targets ATF4 to 
inhibit bone formation. Nat Med. 2013;19(1):93–100.

[16] Wang Q, Miao Y, Qian Z, et al. MicroRNA-15a-5p 
plays a role in osteogenic MC3T3-E1 cells differentia
tion by targeting PDCD4 (programmed cell death 4) 
via Wnt/beta-catenin dependent signaling pathway. 
Bioengineered. 2021;12(1):8173–8185.

[17] Gu H, Shi S, Xiao F, et al. MiR-1-3p regulates the 
differentiation of mesenchymal stem cells to prevent 
osteoporosis by targeting secreted frizzled-related pro
tein 1. Bone. 2020;137:115444.

[18] Li D, Liu J, Guo B, et al. Osteoclast-derived exosomal 
miR-214-3p inhibits osteoblastic bone formation. Nat 
Commun. 2016;7:10872 .

[19] Asano N, Matsuzaki J, Ichikawa M, et al. A serum 
microRNA classifier for the diagnosis of sarcomas of 
various histological subtypes. Nat Commun. 2019;10 
(1):1299.

[20] Panach L, Mifsut D, Tarin JJ, et al. Serum circulating 
MicroRNAs as biomarkers of osteoporotic fracture. 
Calcif Tissue Int. 2015;97(5):495–505.

[21] Luo Y, Zhang Y, Miao G, et al. Runx1 regulates osteo
genic differentiation of BMSCs by inhibiting adipogen
esis through Wnt/beta-catenin pathway. Arch Oral 
Biol. 2019;97:176–184.

[22] Liu Y, Wang H, Zhou XZ, et al. Pentraxin 3 promotes 
the osteoblastic differentiation of MC3T3-E1 cells 
through the PI3K/Akt signaling pathway. Biosci Rep. 
2020;40(6):BSR20201165.

[23] Yuan FL, Xu RS, Jiang DL, et al. Leonurine hydro
chloride inhibits osteoclastogenesis and prevents osteo
porosis associated with estrogen deficiency by 
inhibiting the NF-kappaB and PI3K/Akt signaling 
pathways. Bone. 2015;75:128–137.

[24] Bellavia D, De Luca A, Carina V, et al. Deregulated 
miRNAs in bone health: epigenetic roles in 
osteoporosis. Bone. 2019;122:52–75.

[25] Wang H, Shi X, Guo Z, et al. microRNA-211-5p pre
dicts the progression of postmenopausal osteoporosis 
and attenuates osteogenesis by targeting dual specific 
phosphatase 6. Bioengineered. 2022;13(3):5709–5723.

[26] Huang J, Chen D. miRNAs in circulation: mirroring 
bone conditions? J Bone Miner Res. 2014;29 
(8):1715–1717.

[27] de Bruijn M, Dzierzak E. Runx transcription factors 
in the development and function of the definitive 
hematopoietic system. Blood. 2017;129 
(15):2061–2069.

[28] Ji C, Liu X, Xu L, et al. RUNX1 plays an important role 
in mediating BMP9-induced osteogenic differentiation 
of mesenchymal Stem Cells Line C3H10T1/2, Murine 
Multi-Lineage Cells Lines C2C12 and MEFs. Int J Mol 
Sci. 2017;18(7):1348.

BIOENGINEERED 9753


	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1.  Study design and patient selection
	2.2.  RNA isolation
	2.3.  Determination of miRNA expression profiles
	2.4.  qRT-PCR analysis
	2.5.  Luciferase assay
	2.6.  Alizarin red Sand alkaline phosphatase staining
	2.7.  Western blot analysis
	2.8.  RUNX1 knockdown
	2.9.  Ovariectomy protocol
	2.10.  Statistical analysis

	3.  Results
	3.1.  Long-term BP treatment and differential miRNA expression
	3.2.  Correlation of miR-30a-5p expression with markers of bone formation and resorption
	3.3.  RUNX1 and miR-30a-5p
	3.4.  Inhibition of osteoblast activity by miR-30a-5p
	3.5.  RUNX1 is crucial for the miR-30a-5p-mediated inhibition of osteoblastic differentiation
	3.6.  In vivo inhibition of bone formation by miR-30a-5p

	4.  Discussion
	5.  Conclusion
	Disclosure statement
	Sources of support
	Ethics approval
	Funding
	References

