Am J Transl Res 2019;11(5):2940-2954
www.ajtr.org /ISSN:1943-8141/AJTR0092335

Original Article
Identification of differentially expressed microRNAs
in the bone marrow of osteoporosis patients
Huijie Gu*, Liang Wu*, Haihong Chen*, Zhongyue Huang, Jun Xu, Kaifeng Zhou, Yiming Zhang, Jiong Chen,
Jiangni Xia, Xiaofan Yin
Department of Orthopedics, Minhang Hospital, Fudan University, Shanghai 201199, China. *Equal contributors.
Received November 3, 2018; Accepted February 22, 2019; Epub May 15, 2019; Published May 30, 2019
Abstract: This study aimed to identify specific microRNAs (miRNAs) related to postmenopausal osteoporosis (OP)
in human. A total of 67 conserved miRNAs, including 50 miRNAs significantly up-regulated and 17 miRNAs significantly downregulated, showed differential expression between OP group and control group. 180 hairpin structures
were predicted and 199 potential novel miRNA candidates with 18 to 25 nt in length, which will greatly enrich the
human miRBase. 4 miRNAs (miR-518b, miR-582-3p, miR-148a-3p and miRNA-223-3p) had upregulated expression
and 4 (miR-7d-5p, miR-210-3p, miR-324-5p and miR-654-3p) showed down-regulated expression. Target genes of
these miRNAs were involved in bone development, cell proliferation in bone marrow, osteoblast development, negative regulation of osteoblast differentiation, and negative regulation of osteoclast development, as well as several
osteogenesis related pathways. Canonical Wnt signaling pathway was selected for verification and function analysis.
The expression of Wnt1, FZD10, LRP5, DVL2 and LEF1 was down-regulated significantly, while that of SFRP1, DKK1,
and CHD8 was up-regulated markedly. In conclusion, these genes play important roles in OP, which improves our
understanding of pathogenesis of OP.
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Introduction
Osteoporosis (OP) is a systemic skeletal disorder characterized by bone mass reduction and
microarchitecture deterioration which are related to the increased bone fragility and elevated
risk of fractures [1-3]. Bone homeostasis is a
dynamic equilibrium between bone formation
regulated by osteoblasts and bone resorption
regulated by osteoclasts [4]. Many factors,
such as hormones, cytokines and mechanical
stimulation, mediate the complex regulation of
bone homeostasis [4, 5]. Postmenopausal OP
(PMOP), which is considered to be resulted
from estrogen deficiency, is a type of primary
OP (POP) in clinical practice [2, 3, 6].
MicroRNAs (miRNAs) are a class of endogenous, small, single-stranded, noncoding RNA
molecules with 18-25 nucleotides. miRNAs can
regulate the target genes at the posttranscriptional level. In brief, miRNAs specifically bind to
the 3’-untranslational region (3’-UTR) of target

mRNAs, subsequently preventing the translation of target mRNAs and/or simulating the degradation of target mRNAs [5-7]. Increasing evidence indicates that miRNAs play important
roles in the bone homeostasis, such as osteoblast differentiation, osteoclast differentiation,
and cell fate.
Over the past several years, a variety of studies
have been conducted to investigate the differentially expressed miRNAs between OP patients
and various controls. Li et al. found three miRNAs (miR-21, miR-133a and miR-146) presented differential expression in the plasma between osteopenia/OP patients and controls [8].
Bedene et al. found the expression of miR148a-3p was significantly up-regulated in plasma of OP patients as compared to controls [9],
and the expression of miR126-3p and miR4235p was related to the bone quality. In the study
of Jian et al. miR-30b-5p expression was significantly decreased in osteopenia/OP patients,
while the expression of miR-103-3p, miR-142-
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3p and miR-328-3p was significantly down-regulated in only OP patients [10]. Ding et al.
showed miR-194-5p in the serum was a potential biomarker for postmenopausal OP [11]. Cao
et al. investigated miRNA biomarkers in human
circulating monocytes related to PMOP and
found that miR-422a expression was markedly
higher in OP group than in control group [12].
Garmilla et al. detected the expression of miRNAs in trabecular bone samples of osteoporotic
patients with hip fractures and found that miR187 and miR-518f were differentially expressed
in the samples from OP patients [13]. Chen et
al. found the expression of miR125b was significantly higher in osteoporotic hBMSCs. In
addition, miR125b over-expression was found
to suppress the proliferation and osteogenic
differentiation of hBMSCs, while inhibition of
miR125b promoted the proliferation and osteogenic differentiation of hBMSCs [14].
Despite increasing studies have investigated
the role of miRNAs in OP and different samples
(e.g., serum, BMSCs, circulating monocytes,
and trabecular bone samples) have been
employed for investigations in different conditions (i.e., osteopenia or OP patients and a normal group), none has been conducted to focus
on the miRNAs in the bone marrow of OP
patients. The imbalanced homeostasis of bone
marrow, in which osteoblasts and osteoclasts
develop, may firstly and directly result in imbalanced bone homeostasis. Therefore, this study
was initiated to investigate the differentially
expressed miRNAs in the bone marrow of OP
patients.
Microarray analysis and Solexa sequencing are
tow common, high-throughput methods used to
screen differentially expressed miRNAs between paired samples. Microarray analysis was
only used to identify the obtained target
because of lack of corresponding probes [15].
Compared with microarray, Solexa sequencing
can be used to explore and identify a new
miRNA which can be further validated. Therefore, Solexa sequencing was also employed
to identify the differentially expressed miRNAs
in the bone marrow of OP patients.
In this study, to further investigate the regulation of miRNAs in the bone marrow of postmenopausal OP and explore the underlying
mechanisms, the differentially expressed miR-
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NAs in bone marrow of postmenopausal OP
were examined by comparing to those in controls via Solexa sequencing. The putative target
genes were predicted with bioinformatics analysis. The target genes of selected differentially
expressed miRNAs were also analyzed in the
gene ontology (GO) and KEGG biological pathway. Our study will deepen our understanding
of the regulatory role of miRNAs in postmenopausal OP.
Methods and materials
Patients and sample collection
This study was conducted according to the
World Medical Association Declaration of Helsinki-Ethical Principles for Medical Research
Involving Human Subjects and approved by the
Institutional Ethical Committee. Written informed consent was obtained from patients before
sample collection. In this study, a total of 56
patients with hip fractures were recruited into
present study, including 33 women with PMOP
(age: 43-88.2 years) and 23 postmenopausal
control women (age: 45.5-78.1 years old), from
Shanghai Minhang Hospital between February
2016 and June 2018. The inclusion criteria
were as follows: natural menopause after 40
years of age and a bone mineral density (BMD)
of at least 2.5 standard deviation (SD) below
the peak mean BMD of healthy young women
(-2.5 T-score) at the lumbar spine, total hip or
femoral neck. Patients with a medical history of
OP treatment, hormone replacement therapy,
early menopause (< 40 years), abnormal menopause, acute gastrointestinal inflammation, or
chronic renal failure were excluded. Bone marrow samples were collected during the implantation of a total endoprosthesis or gamma nail
into the proximal femur.
BMD measurement
Dual-energy X-ray absorptiometry (DXA; GE
Healthcare, Madison, Wisconsin, USA) was performed to evaluate the BMD of the lumbar
spine, total hip and femoral neck. The X-ray
absorptiometer was calibrated and reference
values were obtained according to previously
study [16]. BMD measurements were used to
exclude the regions of severe scoliosis, fracture, and operated sites.
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Preparation of small RNA libraries and Solexa
sequencing
Six small RNA (sRNA) library was prepared on
the basis of bone marrow samples from OP
group (OP, n = 3) and control group (Ctrl, n = 3).
According to the manufacturer’s instructions,
total RNA was extracted with Trizol reagent
(Invitrogen, USA) from bone marrow. The RNA
concentration was quantified using the 2100
Bioanalyzer (Agilent Technologies). For each
group, 10 mg of total RNA from each sample
was used for constructing library and sRNA
sequencing. The 18- to 30-nt fraction of total
RNA was purified through 15% Tris-Borate-EDTA
(TBE) denaturing polyacrylamide gel electrophoresis (PAGE) and ligated to 3’ and 5’ RNA
adaptors. The adaptor-ligated sRNAs were subjected to RT-PCR with 15 cycles of amplification. The PCR products were purified via 4%
agarose gels and then used for sequencing
analysis using an Illumina/Solexa G1 sequencer (Shanghai Oebiotech Co. Ltd, China).
Analysis of sequencing data and identification
of miRNAs
Clean reads were obtained via removing the
low-quality reads, such as reads without the 3’
adaptor, 5’ adaptor-contaminant reads, reads
without the insert fragment, reads containing
poly (A) stretches, and reads of less than 18 nt.
Clean reads were aligned with the human
genome using SOAP (http://soap. genomics.
org.cn). Clean reads were also mapped to sRNA
in the GenBank and Rfam to analyze their distribution and annotate sRNA sequences. Clean
reads were aligned against known miRNA precursors and mature miRNAs in the miRBase
21.0 to identify conserved miRNAs.
After identification of the conserved miRNAs,
the hairpin structures of two libraries, which are
the characteristics of miRNA precursors, were
used to predict novel miRNAs by mapping with
the integrated human transcriptome. Structural
features of potentially novel miRNAs were analyzed via miRDeap 2 software, and the resulting
structures were retained as novel miRNA candidates only if they met the criteria described by
Allen et al. [17] and Friedlander et al. [18]. Then,
the stem-loop structures of potentially novel
miRNAs were predicted and checked using RNA
fold software (http://rna.tbi.univie.ac.at). The
sequences could be candidate miRNA precur-

2942

sors only if the number of base pairs in a stem
was ≥ 18 nt; the number of errors in one bulge
was ≤ 18; the free energy of secondary structures of the hairpins was less than -20 kcal/
mol; the percentage of miRNA in the stem was
≥ 80%; the hairpin length was ≥ 53 nt; the hairpin loop length was ≤ 22 nt; the percentage of
A and U in the mature miRNA was 30%-70%.
Differential expression assay
To identify differentially expressed miRNAs, the
expression of known miRNAs was compared
between two libraries. miRNA expression in two
libraries (OP and Ctrl) was normalized to obtain
transcripts per million with following formula:
normalized expression (NE) = actual miRNA
count/total count of clean reads*1,000,000.
Then, the fold change was calculated from the
normalized expression as follow: Fold change =
log2 (OP - NE/Ctrl - NE) and then generated the
log2 ratio plot and scatter plot. P-value was calculated based on the normalized expression as
follow:
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where x and y represent normalized expression,
and N1 and N2 represent total count of clean
reads of a given miRNA in a small RNA library of
Ctrl and OP, respectively.
Validation and expression detection of human
miRNAs via qPCR
qPCR was used to validate the differentially
expressed miRNAs. miRNA was extracted from
the OP and Ctrl bone marrow according to the
miRcute miRNA Isolation Kit (TIANGEN, China,
DP501). 1 mg of total RNA from each sample
was subjected to reverse-transcription using
the NCodeTM EXPRESS SYBR® GreenERTM miRNA qPCR Kit (Invitrogen). qPCR was performed
using the GeneAmp PCR system 9600 (PerkinElmer). The miRNA sequences were obtained
from the miRBase 21.0 database (http://www.
mirbase.org/). The primer sequences of miRNAs are shown in Table 1. U6 served as an
endogenous control gene for miRNAs. The
primer sequences of target mRNAs used are
shown in Table 2. β-actin served as an endogenous control gene for mRNAs. Detection was
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Table 1. The probe sequences of miRNAs for
qRT-PCR in the experiment
Gene
hsa-let-7d-5p
hsa-miR-148a-3p
hsa-miR-210-3p
hsa-miR-223-3p
hsa-miR-324-5p
hsa-miR-518b
hsa-miR-582-3p
hsa-miR-654-3p

Primer Sequence
AGAGGTAGTAGGTTGCATAGTT
TCAGTGCACTACAGAACTTTGT
CTGTGCGTGTGACAGCGGCT
TGTCAGTTTGTCAAATACCCCA
CGCATCCCCTAGGGCATTGG
CAAAGCGCTCCCCTTTAGAGG
TAACTGGTTGAACAACTGAACC
TATGTCTGCTGACCATCACCTT

Table 2. Primers sequence of target mRNA
for qRT-PCR in the experiment
Gene
WNT1
FZD10
LRP5
DVL2
LEF1
SFRP1
DKK1
CHD8

Primers (F = forward; R = reverse)
F: 5’-CGGCGTTTATCTTCGCTA TC-3’
R: 5’-GGGCGATTTCTCGAAGTA GA-3’
F: 5’-TCGAAGCCAACAGCAGCTAC-3’
R: 5’-AGGATCAGGATGGTCTTCACC-3’
F: 5’-TGCCACTGGTGAGATTGAC-3’
R: 5’-ACTGCTGCTTGATGAGGAC-3’
F: 5’-TAGCTCTCACAGCCACCACTGA-3’
R: 5’-CTGATCCGACACACCGTCAA-3’
F: 5’-CAGAGGTCAACCCCAAGCAA-3’
R: 5’-TTTCAGGAGCTGGTGGGTGTD-3’
F: 5’-TTTGAGGAGAGCACCCTAGGC-3’
R: 5’-TGTGTATCTGCTGGCAACAGG-3’
F: 5’-GGGTCTTTGTCGCGATGGTA-3’
R: 5’-CTGGTACTTATTCCCGCCCG-3’
F: 5’-GGTCACACAAGACCCCATTGA-3’
R: 5’-AGGGACCAGTTCACTTGCTG-3’

performed thrice, and the relative expression
level was calculated with the 2-ΔΔCt method. The
differential expression of miRNA in OP and Ctrl
was measured using the fold change (log2
ratio).
GO and KEGG (Kyoto encyclopedia of genes
and genomes) pathway analysis
GO and KEGG analyses were used to assess
the functional enrichment of mRNA in the miRNA-mRNA regulatory network. InterProScan
[19] and Blast2go [20] were used for GO annotation and enrichment analysis for molecular
function, cellular component, and biological
process. Cytoscape software V2.8.2 (http://
www.cytoscape.org/) [21] and the ClueGO
plug-in (http://apps.cytoscape.org/apps/clue-
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go) [22] were used to decipher the KEGG
(http://www.genome.jp/kegg/) [23] pathway, in
which the miRNAs and target genes were
enriched and their biological functions were
determined. In all the tests, the significant GO
terms and pathways were identified by the
Benjamini-corrected modified Fisher’s exact
test, and a value of P ≤ 0.05 was considered
statistically significant.
Statistical analysis
Data are presented as mean ± standard deviation (SD). Student’s t test was used for comparison between two groups. For multiple comparisons, analysis of variance (ANOVA) was used. A
value of P < 0.05 were considered statistically
significant.
Results
Sequencing data
The clinical characteristics of patients included
are shown in Table 3. There was no significant
difference in the age between OP patients and
patients without OP. The mean values of height,
weight, and BMI were higher in patients without
OP (P < 0.05). In addition, the osteoporotic patients have significantly lower BMD at all measured sites (P < 0.05) as compared to patients
without OP.
We sequenced all small RNAs (10 to 30 nt) in
the bone marrow of OP group and Ctrl group by
Solexa sequencing. The total number of clean
reads in OP patients was 29160833 to
46611231. The total number of clean reads in
Ctrl group was 35397695 to 35964204. There
was a large amount of small RNAs with 21-23 nt
in length from both libraries, which was consistent with the miRNAs size.
To assess the efficiency of high-throughput
sequencing for sRNA detection, total population of clean sRNAs was annotated and classified via alignment with GenBank and Rfam
databases. A total of 35.68 ± 0.41 M reads in
control library (85.68%) and 37.89 ± 3.73 M
reads in OP library (81.38%) were mapped to
the human genome. The classification of RNA
in each library is shown in Figure 1. The classification annotation revealed that 4.89 M and
1.73 M reads in control library (13.67%) and OP
library (4.79%) were annotated as known miR-
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Table 3. Clinical characteristics of participants

Age, year
Height, cm
Weight, kg
BMI, kg/m2
Lumbar spine BMD, g/cm2
Femoral neck BMD, g/cm2
Total hip BMD, g/cm2

Osteoporosis
(n = 33)
69.4 ± 10.6
152.3 ± 6.7
50.5 ± 6.5
21.8 ± 2.7
0.81 ± 0.10
0.64 ± 0.11
0.67 ± 0.09

Control
(n = 23)
66.6 ± 8.0
156.5 ± 5.9
58.2 ± 8.9
23.8 ± 3.3
1.00 ± 0.13
0.83 ± 0.15
0.85 ± 0.15

P value
> 0.05
< 0.05
< 0.001
< 0.05
< 0.001
< 0.001
< 0.001

dates. RNA fold software was also
used to predict the typical secondary structures of miRNA precursors
and remove pseudo-pre-miRNAs. A
total of 180 hairpin structures were
predicted and 199 potential novel
miRNA candidates were identified
with the length ranging from 18 nt
to 25 nt (Table S3).
Validation of miRNAs by qRT-PCR

Notes: Abbreviations: BMI, body mass index; BMD, bone mineral density.

NAs, respectively, while 3.02 M and 1.66 M
reads in control library (8.47%) and OP library
(4.68%) were unannotated, respectively, and
required further analysis for novel miRNA candidates (Figure 1).
Identification of known conserved miRNAs
The clean reads were aligned to the precursor/
mature miRNAs in the miRBase 21.0 database.
The sequence and count of families were
obtained (Table S1).
A total of 1091 conserved miRNAs were identified. 967 of these were present in control
library and 851 in OP library. In addition, 364
miRNAs were identified in only one library, while
727 miRNAs were found in both libraries. For
example, miR-1-5p, miR-1287-3p, and miR-612
were found in only control library, while miR141-5p, miR-3591-5p, miR-498 and miR-765
were found in only OP library.
The differential expression profiles of all known
miRNAs in OP and Ctrl libraries are shown in
Table S2. The expression of known miRNAs was
presented using a Log2-ratio and visualized in
scatter plot (Figure 2). A total of 67 conserved
miRNAs showed significantly differential expression (P < 0.05) between two groups.
Compared with control library, 50 miRNAs in OP
library showed significant up-regulation (P <
0.05), while 17 miRNAs exhibited significant
down-regulation (P < 0.05) (Figure 2 and Table
S2).
Prediction of novel miRNAs
Furthermore, the potential novel miRAN candidates were predicted via aligning the remaining
sequences of two libraries with human integrated transcriptome. The miRDeep2 software was
used to predict potential novel miRNA candi2944

The Solexa results from control
group and OP group were further
validated individually by qPCR. 4 miRNAs with
up-regulated expression (miR-518b, miR-5823p, miR-148a-3p and miRNA-223-3p) and 4
miRNAs with down-regulated expression (miR7d-5p, miR-210-3p, miR-324-5p and miR-6543p) were selected in OP group for validation by
qPCR. Consistent with sequencing findings, the
expression of miR-518b, miR-582-3p, miR148a-3p and miRNA-223-3p was up-regulated,
while that of miR-7d-5p, miR-210-3p, miR-3245p and miR-654-3p down-regulated in OP
group (Figure 3). Thus, qPCR findings supported the results from Solexa sequencing.
Target gene prediction for miRNAs
miRNA target gene prediction was further performed based on miRNA/mRNA interactions,
and results indicated these differentially expressed miRNAs played important roles in
physiological functions and biologic processes
during OP. In total, 5968 potential target genes
were identified for 67 differentially expressed
miRNAs (Table S4).
GO enrichment and KEGG pathway analyses
of target genes
The biological functions of target genes were
further defined via GO and KEGG pathway analyses. In total, 2618 significantly enriched GO
terms (corrected P < 0.05) were identified
(Table S5). The top 10 enriched GO terms in
biological process, cellular component and
molecular function are shown in Figure 4. GO
analysis showed a wide range of transcriptionDNA-templated (GO: 0006351), negative regulation of transcription from RNA polymerase II
promoter (GO: 0000122), signal transduction
(GO: 0007165) in biological process, cytoplasm
(GO: 0005737), nucleus (GO: 0005634), plasma membrane (GO: 0005886) in cellular comAm J Transl Res 2019;11(5):2940-2954
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Figure 1. Distribution of sRANs among different categories in the Ctrl and OP library. 4.89 M and 1.73 M reads in the
control (13.67%) and OP (4.79%) libraries, respectively, were classified as know miRNAs, while 3.02 M and 1.66 M
reads in the control (8.47%) and OP (4.68%) libraries, respectively, were unannotated and required further analysis
for novel miRNA candidates. A: Total number of reads in Ctrl. B: Total number of unique sequences in Ctrl. C: Total
number of reads in OP. D: Total number of unique sequences in OP.

ponent, protein binding (GO: 0005515), and
metal ion binding (GO: 0046872) in molecular
function.
Moreover, 274 enriched KEGG pathways were
identified (Table S6). The top 20 enriched KEGG
pathways, including MAPK signaling pathway,
Ras signaling pathway, Notch signaling pathway
and calcium signaling pathway were involved in
osteogenic differentiation of stem cells, osteoclast differentiation and bone formation (Figure
5). In addition, Wnt signaling pathway and TGFβ
signaling pathway, which were reported to play
important roles in bone formation, skeletal
development and adult skeletal homeostasis,
were significantly enriched in KEGG pathways
(Table S6). The GO and KEGG analysis indicate
that the target genes of differentially expressed
miRNAs are involved in a wide range of regulatory functions in OP.
Molecules in Wnt signaling pathway were differentially expressed in the bone marrow of OP
patients
Wnt signaling pathways are major signaling
cascades responsible for OP. Our results indi2945

cated that Wnt signaling pathway was significantly enriched in the bioinformatics analysis.
Furthermore, a number of OP related genes in
the canonical Wnt signaling pathway, such as
Wnt1, Wnt4, FZD10, LRP5, DVL2, GSK3B, LEF1,
SFRP1, DKK1 and CHD8, were predicted to be
target genes of differentially expressed miRNAs (Table 4). Among them, the expression of
Wnt1, FZD10, LRP5, DVL2 and LEF1, which are
positive regulators of Wnt signaling pathway,
was significantly down-regulated in OP, which
was confirmed by qPCR; while the expression of
SFRP1, DKK1, and CHD8, negative regulators
of Wnt signaling pathway, was significantly upregulated (Figure 6).
Discussion
PMOP is a systemic skeletal disease characterized by low bone mass, impaired bone microstructure and increased skeletal fragility, with
increased incidence of fractures. OP results
from imbalance between bone formation and
bone resorption due to the interactions of
genetic, epigenetic and environmental factors
[24]. Numerous studies have indicated that
Am J Transl Res 2019;11(5):2940-2954
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menopausal women usually
have multiple independent
predisposing factors, such as
estrogen deficiency, continuous calcium loss, and aging,
and thus have a high risk for
OP [7, 10, 11]. In the present
study, Solexa sequencing was
used to profile miRNA expression and screen differentially expressed microRNAs (P <
0.05) between PMOP and
control group.
Studies have shown that a
number of miRNAs are involved in the pathogenesis of
PMOP, but most of studies are
performed in samples of serum or by microarray assay.
Meng et al. analyzed pooled
blood samples of PMOP using
miRNA microarray and found
Figure 2. Differential expression of conversed miRNAs between OP and
that five miRNAs (has-miRcontrol library. Each point in the figure represents a miRNA. Dots represent
miRNAs presented in both libraries. Regular triangle represents miRNAs de130b-3p, has-miR-151a-3p,
tected in only OP library. Inverted triangles represent miRNAs detected in
has-miR-151b, has-miR-194only control library. Red points represent significant differentially expressed
5p, and has-miR-590-5p) wemiRNAs.
re upregulated [17]. Mandourah et al. identified fifteen
differentially expressed miRNAs in OP, of which two miRNAs had up-regulated expression (has-miR-21-3p and hasmiR-1231) and thirteen miRNAs showed down-regulated
expression (has-miR-100-5p,
has-miR-122-5p, has-miR-2155p, has-miR-3911, has-miR290, has-miR-194-5p, hasmiR-145-3p, has-let-7a-3p, hasmiR-4306, has-miR-10b-5p,
has-miR-365b-5p, has-miR200-b-3p and has-miR-99a5p) [26]. You et al. employed
miRNA microarray to investigate differentially expressed
miRNAs in the serum of PMOP
and their results showed the
Figure 3. qPCR validation of miRNAs identified in bone marrow using Soexpression of 33 miRNAs was
lexa sequencing technology. miR-518b, miR-582-3p, miR-148a-3p, miRNAdown-regulated by > 2 folds in
223-3p were all upregulated, whereas miR-7d-5p, miR-210-3p, miR-324-5p,
the osteoporotic patients as
miR-654-3p were all downregulated in OP group.
compared to controls [27]. In
the study of Maria et al. the
epigenetic mechanisms, including miRNAs, are
expression of 5 miRNAs was significantly deregkey regulators of gene expression [5, 25]. Postulated in the serum of patients with low bone
2946

Am J Transl Res 2019;11(5):2940-2954

microRNAs expression in bone marrow of osteoporosis

Figure 4. Gene ontology classification annotated by gene2go for target genes of differentially expressed miRNAs.
The figure shows top 10 most enriched GO for the predicted target genes in ontologies in ontologies of biological
processes, cellular component, and molecular function.

mass as compared to controls, among which
miR-124 and miR-2861 were significantly higher, whereas miR-21, miR-23 and miR-29 were
lower [20].
In this study, the differentially expressed miRNAs were assayed in bone marrow of PMOP
patients. Among the 67 miRNAs identified in
the present study, 17 miRNAs showed significantly down-regulated expression, whereas 50
miRNAs had significantly up-regulated expression. Moreover, only 11 miRNAs were observed
during osteogenesis, adipogenesis and/or OP.
miR-26 family members mediated formation
and degradation of collagens and extracellular
matrix (ECM) proteins [28]. Li et al. showed the
miR-26b-5p expression was significantly upregulated in the osteoarthritic anterior cruciate
ligament (ACL) [29]. Sartori et al. showed miR26b-5p was differentially expressed in the
osteoblasts on the nanotopography surface
[30]. miR-142-3p was an important osteogenesis related miRNA and its expression significantly decreased in the serum of OP patients
[4]. miR-142-3p expression was markedly upregulated during osteogenic differentiation of
hFOB1.19 cells. miR-142-3p can stimulate
osteoblast differentiation via targeting APC and
activating Wnt signaling pathway [31]. Furthermore, over-expression of miR-142-3p pre2947

vents the transformation of monocytes to macrophage and inhibits osteoclast differentiation
[32]. miR-142-5p has been proven to be the
most significantly induced miRNA in the bone
marrow mesenchymal stem cells (BMSCs), it
can bind to the 3’UTR of vascular cell adhesion
molecule 1 (VCAM-1) to inhibit VCAM-1 expression in rats with ovariectomy- (OVX-) induced
OP, and down-regulated VCAM-1 inhibits the
migration of BMSCs in OP [33]. On the contrary,
Tu et al. found miR-142-5p showed up-regulated expression in osteoblasts and could promote bone repair by maintaining osteoblast
activity and matrix mineralization via targeting
WWdomain-containing E3 ubiquitin protein
ligase 1 [34]. miR-148a-3p can regulate adipogenesis and osteogenesis of marrow stromal
cells through directly targeting Kdm6b [35]. Overexpression of miR-148a-3p induces adipocyte
differentiation of ST2 and blunts osteoblast differentiation [35]. The expression of miR-148a3p, a potential new plasma-based biomarker
for OP, is significantly up-regulated in OP patients as compared to controls [9, 36]. Kelch et
al. found the expression of miR-148a-3p was
significantly higher in osteoporotic osteoclasts
[36]. Cheng et al. reported miR-148a promoted
the differentiation of peripheral blood mononuclear cells (PBMCs) into osteoclasts via repressing V-maf musculoaponeurotic fibrosarAm J Transl Res 2019;11(5):2940-2954
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Figure 5. Top 20 significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways from target genes,
including MAPK signaling pathway, Ras signaling pathway, Notch signaling pathway, and Calcium signaling pathway.

coma oncogene homolog B (MAFB) protein
expression by binding to the 3’-UTR of MAFB
mRNA [37]. In vivo, silencing of miR-148a using
a specific antagomir increased bone mass in
ovariectomized mice. miR-194-5p is highly
expressed in the blood and was identified as a
potential biomarker for OP [17]. miR-210-3p
can stimulate the expression of osteogenic
genes in BMSCs in vitro and miR-210-3p/
β-tricalcium phosphate (β-TCP)/bone mesenchymal stem cell (BMSC) construct could
enhance the regeneration of critical-sized bone
defects in vivo [38]. In studies conducted in
humans or mice, more than 20 genes have
been validated as the targets of miR-223, such
as C/EBPβ, IKKα, NFIA and FGFR2 [39, 40].
FGFR2 and NFIA as miR-223 targets can regulate the osteoblasts differentiation, adipogenic
differentiation and osteoclast differentiation
[41, 42]. miR-223 can suppress the monocyte
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and macrophage differentiation via binding the
3’UTR and inhibiting the protein expression of
IKKα, a critical regulator of NF-κB pathway [43].
As we know, osteoclasts are monocyte and
macrophage-derived cells [44], IKKα is involved in the regulatory effects of miR-223 on
osteoclast differentiation. Sun et al. indicated
that miR-375-3p directly bound to the 3’UTR of
LRP5 and β-catenin to decreased their expression, which suppressed the osteogenic differentiation and bone formation in vivo [45], while
Chen et al. found that miR-375 expression was
up-regulated during the osteogenesis of human
adipose derived mesenchymal stem cells (hASCs) [46]. Over-expression of miR-375 significantly enhanced the osteogenesis of hASCs
via the YAP1/DEPTOR/AKT network. miR-451a
expression was significantly up-regulated in
standard healing fractures as compared to
non-healing fractures [47]. miR-451a was re-
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Table 4. Predicted target genes of differentially expressed miRNAs in the “canonical Wnt signaling pathway” gene ontology group
Target genes

Function

miRNAs

Wnt1

Wnt ligand protein, osteogenesis

hsa-miR-148a-3p, hsa-let-7d-5p, hsa-let-7a-5p

Wnt4

Wnt ligand protein, Osteogenesis

hsa-miR-424-5p, hsa-miR-9-5p, hsa-miR-4676-3p

FZD10

Wnt receptor, osteogenesis, osteoporosis

hsa-miR-522-3p, hsa-miR-524-5p, hsa-miR-520g-3p, hsa-miR-512-3p, hsa-miR-450b-5p, hsa-miR-424-5p, hsa-miR-654-5p

LRP5/6

Wnt receptor, osteogenesis, osteoporosis

hsa-miR-381-3p, hsa-miR-499a-5p, hsa-miR-582-5p, hsa-miR-424-5p, hsa-miR-128-3p

DVL2

Signal transduction, upregulation of Wnt signaling

hsa-miR-381-3p, hsa-miR-128-3p

GSK3B

Regulation of Wnt signaling, osteogenesis

hsa-miR-424-5p, hsa-miR-26b-5p, hsa-miR-582-5p, hsa-miR-142-5p, hsa-miR-128-3p, hsa-miR-9-5p

LEF1

Binding factor, activates transcription of genes with β-catenin

hsa-miR-372-3p, hsa-miR-381-3p, hsa-miR-520a-3p, hsa-miR-26b-5p

SFRP1

Negatively regulates Wnt signaling, osteogenesis, osteoporosis hsa-miR-128-3p

DKK1

Negatively regulates Wnt signaling, osteogenesis, osteoporosis hsa-miR-372-3p, hsa-miR-520a-3p

CHD8

Negatively regulates Wnt signaling
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novel miRNA candidates were
identified with the length ranging from 18 nt to 25 nt, which
will greatly enrich the human
miRBase.
In order to further investigate the function of these distinct miRNAs, bioinformatics
analysis were used to explain
the annotation of their functions. Abundant high-enrichment GOs of target genes regulated by these differentially
expressed miRNAs might involve several biological processes such as bone development,
cell proliferation in bone marrow, osteoblast development,
Figure 6. Eight osteoporosis-related genes in the canonical Wnt signaling
negative regulation of osteopathway which were predicted to be target genes of the differentially expressed miRNAs were confirmed to be significantly regulated in osteoporosis
blast differentiation, negative
by qPCR. Data are expressed as mean ± SE of each group of bone marrow
regulation of osteoclast develfrom three separate experiments. *P < 0.05, compared to control group.
opment, and MAPK cascade.
In addition, specific KEGG paported to reduce inflammation via targeting
thways targeted by these differentially ex14-3-3ζ and Rab5a, resulting in suppressed
pressed miRNAs were found to be involved in
phosphorylation of p38 mitogen activated proMAPK signaling pathway, Ras signaling pathtein kinase (MAPK) [48], which plays an imporway, calcium signaling pathway, and Notch sigtant role in orchestrating injury or stress-innaling pathway. Our previous study indicated
duced responses in bone formation [49]. miRthat ERK and JNK cell signaling pathways, two
542-3p induces osteoblast differentiation and
distinct groups regulated by mitogen-activated
bone formation by inhibiting SFRP1 [50]. On the
protein kinases (MAPKs), played an important
contrary, Kureel et al. reported that miR-542role in the osteogenic differentiation [54-56].
3p suppressed the proliferation and differentiActivation of ERK and JNK is especially related
ation of osteoblasts and inhibited bone formato the sequential expression of osteogenesistion by targeting BMP-7 signaling pathway [51].
related genes, while blockage of them can
miR-618 expression was down-regulated durinhibit the osteogenic differentiation of ASCs.
ing osteogenic differentiation of RAW264.7
In addition, Wnt signaling pathway is known to
cells. In addition, over-expression of miR-618
play critical roles in bone formation, skeletal
attenuated osteoclast differentiation of RAdevelopment and adult skeletal homeostasis
W264.7 cells in vitro, whereas inhibition of miR[57, 58]. Recently, increasing evidence shows
618 promoted this progress [52]. miR-654-3p
that Wnt signaling pathway also plays imporexpression was reported to be up-regulated in
tant roles in the development of OP, possibly
the osteogenic differentiation of human perithrough regulating inflammation, bone resorpodontal ligament stem cells [53]. However, the
tion, bone remodeling and joint destruction
remaining 56 miRNAs were identified for the
[59-61]. In this study, our results indicated that
first time in the bone marrow of OP.
some key molecules of OP (such as Wnt1,
Compared with microarray, Solexa sequencing
Wnt4, FZD10, LRP5, DVL2, GSK3B, LEF1,
can be used to explore and identify a new
SFRP1, DKK1 and CHD8) which function as
miRNA that can be further validated. Therefore,
positive/negative regulators of OP and canoniSolexa sequencing was exployred to identify
cal Wnt signaling pathway mediators are includdistinct miRNAs in the bone marrow of OP
ed. In the canonical pathway, Wnt ligands (such
patients. In the present study, 180 hairpin
as Wnt1 and Wnt4) bind to the LRP5-Frizzled
structures were predicted and 199 potential
(FZD) complex to activate the intracellular pro2950
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tein Dishevelled (DVL). DVL then inhibits the
complex comprised of axin and GSK-3β. This
inhibits the degradation of β-catenin, which
accumulates and enters the nucleus to interact
with TCF/LEF transcription factors mediating
gene transcription [60, 62]. SFRP1 was identified as an antagonist of canonical Wnt signaling
pathway. Yao et al. reported that over-expression of SFRP1 suppressed bone formation and
attenuated PTH anabolic action on the bone
[63]. Wang et al. showed that SFRP1, in a high
concentration of glucocorticoid, stimulated bone cell apoptosis and inhibitd bone formation
activities, resulting in bone loss [64]. DKK1 is
another inhibitor of canonical Wnt signaling
pathway and plays a vital role in the occurrence
and development of bone disease [65]. CHD8
is a negative regulator of canonical Wnt signaling pathway and can suppress β-catenin activity [66]. Our results showed the expression of
Wnt1, FZD10, LRP5, DVL2 and LEF1 was significantly down-expressed in the bone marrow of
OP, while that of SFRP1, DKK1 and CHD8 was
markedly up-regulated. All these findings suggested that the differentially expressed miRNAs may regulate OP via inhibiting positive regulators and promoting negative regulators of
canonical Wnt signaling pathway. Further study
is currently ongoing in our group to explore the
effect and mechanism of key miRNAs in regulating osteogenesis, bone formation and OP in
vivo and in vitro in ovariectomy (OVX) mice.
Conclusion
Taken together, 17 miRNAs have significantly
down-regulated expression in the bone marrow
of OP, whereas 50 miRNAs display markedly
up-regulated expression. 180 hairpin structures are predicted and 199 potential novel
miRNA candidates identified with the length
ranging from 18 nt to 25 nt, which will greatly
enrich the human miRBase. Furthermore, the
target genes of some miRNAs are found to be
involved in bone development, cell proliferation
in bone marrow, and canonical Wnt signaling
pathway, playing critical roles in the pathogenesis of OP. These results will improve our understanding of the pathogenesis of OP, and subsequently provide potential novel biomarkers for
further study.
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