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A B S T R A C T

High-throughput sequencing (HTS) was recently applied to detect microRNA (miRNA) regulation in age-related
osteoporosis. However, miRNA regulation has not been reported in glucocorticoid-induced osteoporosis (GIOP)
patients and the mechanism of GIOP remains elusive. To comprehensively analyze the role of miRNA regulation
in GIOP based on human vertebrae and to explore the molecular mechanism, a high-throughput sequencing
strategy was employed to identify miRNAs involved in GIOP. Twenty-six patients undergoing spinal surgery
were included in this study. Six vertebral samples were selected for miRNA sequencing (miRNA-seq) analysis and
26 vertebral samples were verified by qRT-PCR. Bioinformatics was utilized for target prediction, to investigate
the regulation of miRNA-mRNA networks, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses. Six significantly up-regulated miRNAs (including one novel miRNA) and
three significantly down-regulated miRNAs were verified via miRNA-seq and verified in the vertebrae of GIOP
patients. Up-regulated miRNAs included hsa-miR-214-5p, hsa-miR-10b-5p, hsa-miR-21-5p, hsa-miR-451a, hsa-
miR-186-5p, and hsa-miR-novel-chr3_49,413 while down-regulated miRNAs included hsa-let-7f-5p, hsa-let-7a-
5p, and hsa-miR-27a-3p. Bioinformatics analysis revealed 5983 and 23,463 predicted targets in the up-regulated
and down-regulated miRNAs respectively, using the miRanda, miRBase and TargetScan databases. The target
genes of these significantly altered miRNAs were enriched to 1939 GO terms and 84 KEGG pathways. GO terms
revealed that up-regulated targets were most enriched in actin filament-based processes (BP), anchoring junction
(CC), and cytoskeletal protein binding (MF). Conversely, the down-regulated targets were mostly enriched in
multicellular organismal development (BP), intracellular membrane-bounded organelles (CC), and protein
binding (MF). Top-10 pathway analysis revealed that the differentially expressed miRNAs in GIOP were closely
related to bone metabolism-related pathways such as FoxO, PI3K-Akt, MAPK and Notch signaling pathway.
These results suggest that significantly altered miRNAs may play an important role in GIOP by targeting mRNA
and regulating biological processes and bone metabolism-related pathways such as MAPK, FoxO, PI3K-Akt and
Notch signaling, which provides novel insight into the mechanism of GIOP and lays a good foundation for the
prevention and treatment of GIOP.

1. Introduction

Glucocorticoid-induced osteoporosis (GIOP) is a systemic bone dis-
ease induced by glucocorticoids (GCs). The incidence of GIOP continues
to increase with the widespread use of GCs, and GIOP has been iden-
tified as the most common type of secondary osteoporosis [1]. Emer-
ging evidence has demonstrated that bone fragility induced by GIOP is

much more serious than that induced by postmenopausal osteoporosis,
and GIOP has higher disability and mortality rates [2]. Excessive or
prolonged GC treatment has been believed to play a major role in in-
hibiting bone formation [3,4]. However, the underlying mechanism of
GIOP has not yet been confirmed [5]. Thus, it is still an important and
urgent project to find out how to research the mechanism and treatment
of GIOP.
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microRNAs (miRNAs) are a class of small non-coding RNA mole-
cules approximately 19–25 nucleotides in length that regulate gene
expression either by degrading target mRNAs or inhibiting gene
translation [6–8]. miRNAs regulate genes by complementary binding of
their seed sequence to the 3′-untranslated region of their target mRNAs
[9,10]. An increasing number of studies have shown that miRNAs may
become a new and attractive treatment target for osteoporosis or other
bone diseases, even though some problems associated with potential
off-target effects and the need for effective delivery methods in vivo
remain unsolved [11]. Several miRNAs, such as miR-223 and miR-103a,
regulate bone metabolism by modulating the differentiation and ac-
tivity of osteoblasts and osteoclasts [12–14]. miRNAs promote bone
formation by enhancing the bone morphogenic protein (BMP) and Wnt/
β-catenin pathways, thus promoting the activity or expression of tran-
scription factors such as Runx2 and SP7 [15–19]. Moreover, a few
studies have confirmed that miRNAs play important roles in various
stages of bone formation [14]. In terms of bone resorption regulation,
miRNAs promote the phenotype of Dicer dysfunction in osteoclast dif-
ferentiation and osteoclast cell lineage. Recently, several differentially
expressed, such as miR106b, miR365, and miR199, have been found in
a few GIOP studies [20–22], although they are limited to the animal or
cellular level, and there could be some species differences in miRNA
expression. Therefore, it is of great significance to explore the patho-
genesis of GIOP, and seek an effective target for the prevention and
treatment of GIOP base on microbiology.

High-throughput sequencing (HTS) technology, an important ap-
proach for screening mechanisms of diseases and drug interventions,
has been widely used in many fields, including the whole genome,
transcriptome, and regulatory noncoding RNAs (such as miRNAs,
LncRNAs and CirRNAs). HTS has been combined with computational
techniques to detect miRNA dynamics in mesenchymal stem cells
(MSCs) and bone tissue of age-related osteoporosis [23]. Moreover,
differentially expressed serum miRNAs serve as candidate biomarkers
in patients with primary osteoporosis [24]. However, differential
miRNA expression has not been reported in GIOP patients and the
mechanism of GIOP remains elusive. In the present study, we aimed to
identify differentially expressed miRNAs in GIOP vertebrae and the
mechanism involved. We screened and verified the differentially ex-
pressed miRNAs by collecting GIOP vertebrae, and forecasted the target
genes based on bioinformatics analysis. Furthermore, to better under-
stand the biological processes (BP), cellular component (CC) and mo-
lecular functions (MF) of miRNAs, we performed clustering GO and
pathway analyses according to target gene function to establish an
experimental basis for a robust therapeutic target or diagnostic tool for

precision medicine in GIOP.

2. Materials and methods

2.1. Ethics statement

The current study was approved by the Clinical Research Ethics
Committee of the First Affiliated Hospital of Guangzhou University of
Chinese Medicine (Guangzhou, People's Republic of China) with ap-
proval number ZYYECR[2016]028. Great care was taken to ensure that
the patients were well-informed of the study protocol and any risks, and
we never allowed the study procedures to compromise the wellbeing of
any patient.

2.2. Sample preparation

Sample preparation occurred over two stages. Three GIOP patients
and three control patients were included in the first (discovery) stage,
while 26 patients (13 in the GIOP group, 13 in the control group) were
included in the second (verification) stage. Twenty-six patients under-
going spinal surgery at the Spine Orthopedic of the first Affiliated
Hospital of Guangzhou University of Chinese Medicine between 2016
and 2017 were included. GIOP patients were defined as those with a
diagnosis of osteoporosis (defined as a T score of ≤−2.5) and osteo-
penia (defined as a T score > −2.5 and<−1.0 when compared to
young healthy in terms of bone mineral density [BMD] [25]) and long-
term GC use (≥6months), in accordance with literature standards
[25,26]. Inclusion criteria were as follows: GIOP group, 1) Conforming
to the diagnostic standard of osteoporosis, 2) Long-term GC use
(≥6months), 3) Fragile lumbar fractures (acute fracture, i.e., within
2 weeks), 4) Clear indication of vertebroplasty or internal fixation, 5)
Agreed to undergo surgery, and 6) Agreed to take part in this study;
Control group, 1) Underwent a spinal operation because of lumbar
degenerative diseases (such as lumbar spondylolisthesis and lumbar
spinal stenosis) and 2) No osteoporosis or other metabolism disease.
Accordingly, the exclusion criteria were as follows: GIOP group, 1)
Previous long-term use of GCs but withdrawn for> 1 year, 2) Com-
plicated with other diseases causing osteoporosis, such as idiopathic
osteoporosis, diabetes, hyperthyroidism, or tumor, 3) Female in me-
nopause or postmenopausal, and 4) Receiving any anti-osteoporosis
treatment (bisphosphonates, Forsteo, denosumab or other anti-osteo-
porotic drug); Control group, 1) History of GC use, 2) Osteoporosis or
other bone metabolism disease, 3) Marasmus, anemia, malnutrition,
long-term smoking and/or drinking, and 4) Female in menopause or

Table 1
Inclusion criteria and exclusion criteria of two groups.

Diagnosed standard of osteoporosis Osteoporosis was diagnosed based on dual-energy X-ray absorptiometry:
Osteoporosis defined as a T score of ≤−2.5

Inclusion criteria GIOP group 1. Conforming to the diagnostic standard of osteoporosis;
2. Long-term GC use (≥6months);
3. Fragile lumbar fractures (acute fracture, i.e., within 2weeks);
4. Clear indication of vertebroplasty or internal fixation;
5. Agreed to undergo surgery;
6. Agreed to take part in this study.

Control group 1. Underwent a spinal operation because of lumbar degenerative diseases (such as lumbar spondylolisthesis and lumbar
spinal stenosis);

2. No osteoporosis or other metabolism disease.
Exclusion criteria GIOP group 1. Previous long-term use of GCs but withdrawn for > 1 year;

2. Complicated with other diseases causing osteoporosis, such as idiopathic osteoporosis, diabetes, hyperthyroidism, or
tumor;

3. Female in menopause or postmenopausal;
4. Receiving any anti-osteoporosis treatment (bisphosphonates, Forsteo, denosumab or other anti-osteoporotic drug)

Control group 1. History of GC use;
2. Osteoporosis or other bone metabolism disease;
3. Marasmus, anemia, malnutrition, long-term smoking and/or drinking;
4. Female in menopause or postmenopausal.
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postmenopausal. Inclusion and exclusion criteria are also listed in
Table 1.

Data on age, gender, bone density (bone mineral content [BMC],
BMD, T score), body mass index (BMI), and serum Ca, Mg, P, and al-
kaline phosphatase (ALP) were collected. Vertebral bone samples from
both groups were collected via bone biopsy during the operation and
stored at liquid nitrogen for HTS and quantitative real-time PCR (qRT-
PCR) analysis. Before the operation, when the patient was under pedicle
internal fixation or vertebroplasty, 1–2 long strips (two sides, ap-
proximately 40–60mg/strip) removed from the vertebra using bone
biopsy needle.

2.3. RNA extraction

Approximately 80mg vertebral bone tissue was used to grind with
liquid nitrogen condition sufficiently. Ultimately, bone powder were
collected as much as possible and placed in a sterilized RNA-free tube,
1.2 ml TRIZOL was fully dissolved with powder bone sufficiently for
approximately 10mins. After sufficiently splitting decomposition,
200 μL chloroform was added, thorough mixing (no precipitated im-
purities), centrifuged at 12000 rpm at 4 °C 15 mins, the supernatant was
collected and 200 μL isopropyl alcohol was added into the supernatant.
Following, the RNA was isolated from the resulting extract using the
TAKARA MiniBEST Universal RNA Extraction kit (Cat# 9767, Lot#
AK1601) according to the manufactor's instructions. And contaminating
genomic DNA (gDNA) was removed with RNase-free DNase I (Takara,
Japan) according to the manufacturer's protocol. Total RNA integrity
was assessed using a RNA NanoDrop ND-1000 spectrophotometer
(NanoDrop Inc., Wilmington, DE, USA) for quality control. RNA in-
tegrity and genomic DNA contamination were evaluated by denaturing
agarose gel electrophoresis and the intensities of 28 s, 18 s and 5 s ri-
bosomal RNA bands were assessed.

2.4. miRNA sequencing library construction and HTS

Approximately 1 μg of RNA from each sample was used for the
subsequent cDNA library construction following the protocol of the
NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (Set 2)
(Kit: NEB #E7300; Illumina, San Diego, CA, USA). When the purity,
concentration and the integrity of total RNAs were all up to standard,
the total RNA of each sample was used to prepare the miRNA sequen-
cing (miRNA-seq) library which included the following steps: 1) 3′-
adaptor ligation; 2) 5′-adaptor ligation; 3) the cDNA synthesis was
performed using Illumina real-time primers and amplification primers;
4) PCR amplification; and 5) size selection of 135–155 bp PCR-ampli-
fied fragments (corresponding to ~15–35 nt small RNAs). After the li-
brary was constructed, the quality and concentration of the sequencing
library were assessed by Agilent 2100 Bioanalyzer using the Agilent
DNA 1000 chip kit (Agilent, part # 5067-1504). Samples were diluted
to a final concentration of 8 pM. The libraries were denatured as single-
stranded DNA molecules, captured on Illumina flow cells, amplified in
situ as clusters, and finally sequenced for 36 cycles on Illumina HiSeq
2000 platform according to the manufacturer's instructions. The TruSeq
Rapid SR Cluster Kit (# GD-402-4001, Illumina) was used to cluster on
Illumina cBot, and the cDNA libraries were sequenced by using a
TruSeq Rapid SBS Kit (# fc-402-4002, Illumina) on the Illumina HiSeq
2000 platform (Illumina Inc., San Diego, California, USA) according to
the manufacturer's protocol.

2.5. miRNA-seq data analysis

After sequencing, the Solexa CHASTITY quality-filtered reads were
harvested as clean reads. The adaptor sequences were trimmed and the
adaptor-trimmed-reads (≥15 nt) retained. miRDeep2 software was
used to predict the novel miRNAs with these trimmed reads, which
were then aligned to merged pre-miRNA databases (i.e., known pre-

miRNA from miRBase v21 plus the newly predicted pre-miRNAs) using
Novoalign software (ver.2.07.11 [http://www.novocraft.com/main/
index.php]) with one mismatch at most. The number of mapped tags
that was given by the raw expression levels of that particular miRNA.
To correct for differences in tag count between samples, the tag counts
were scaled to TPM (copy number of transcripts per million) based on
the total number of aligned tags. When comparing the differentially
expressed miRNA profiles between two groups, fold change and P-va-
lues were calculated and used to identify significant differentially ex-
pressed miRNAs.

Hierarchical clustering was utilized to display the differentially
expressed miRNAs. miRNA target prediction was performed by using
three database: miRanda database (http://www.microrna.org/
microrna/home.do), Microcosm Targets Version 5 [formerly miRBase
Targets] (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/
targets/v5/) and Targetscan version 6.2 (http://www.targetscan.org/
vert_60/). To improve prediction accuracy, the overlap of the predicted
results from the three programs was considered to represent the final
result of predicted target mRNAs (When the miRNAs of
GIOP_vs_CON_down and GIOP _vs_CON_up were predicted as target
genes, the values of 3 databases including MiRanda, miRbase and
Targetscan were 2). Venn diagram showed the expression distribution
of all the target genes of differentially expressed miRNAs. And then the
GO and KEGG pathway analysis were performed based on the differ-
entially expressed genes (DEGs).

2.6. GO and KEGG pathway analyses

The Gene Ontology project provides a controlled vocabulary to
describe gene and gene product attributes in any organism (http://
www.geneontology.org). The ontology covers three domains: Biological
Process, Cellular Component and Molecular Function. Fisher's exact test
is used to find if there is more overlap between the DE list and the GO
annotation list than would be expected by chance. The P-value denotes
the significance of GO terms enrichment in the DE genes. To further
evaluate the potential functions of these miRNA target genes, we ap-
plied KEGG pathway analysis (http://www.genome.jp/). The network
of miRNA target genes was shown in each pathway in the form of a
pathway map. Pathway analysis is a functional analysis that maps genes
to KEGG pathways. The P-value (EASE-score, Fisher's P-value or hy-
pergeometric P-value) denotes the significance of the pathway corre-
lated to the conditions. The lower the P-value, the more significant are
the GO term and the pathway. The recommended P-value cut-off was
0.05.

2.7. Cytoscape network construction

To reveal correlations among miRNAs, miRNA target genes, and
target genes in GIOP and miRNA-mRNA networks were constructed
using the Cytoscape software manual (http://www.cytoscape.org) [27].

2.8. Novel miRNA prediction

Novel miRNAs were identified by miRDeep2 [28]. Based on a simple
model of pre-miRNA processed by Dicer protein, miRDeep2 not only
replicates most of the known miRNAs in heterogeneous and deeply
sequenced samples, but also credibly predicts novel miRNAs.

2.9. Differential miRNA verification by qRT-PCR

qRT-PCR was carried out to validate the miRNAs identified by deep
sequencing. We chose two significantly up-regulated and 12 sig-
nificantly down-regulated miRNAs closely associated with bone meta-
bolism or homeostasis. Another 11 miRNAs with a high fold change,
high tag frequency and high reads in the original sequencing data, but
no significant differences, were also chosen. In total, 25 miRNAs were
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verified by qRT-PCR. In the second verification stage, the total RNA
from vertebral samples of 26 patients was extracted according to
Section 2.3 (see above). The samples were then reverse-transcribed into
cDNA using the Mir-X™ miRNA First Strand Synthesis Kit (Code No.
638315; Takara, Tokyo, Japan) according to the manufacturer's in-
structions. cDNA was quantified by the Mir-X™ miRNA qRT-PCR SYBR®
Kit (Code No. 638316, Takara) using a 25 μL reaction mixture that
consisted of 2 μL diluted cDNA, 9 μL ddH2O, 0.5 μ L ROX Dye (50×),
0.5 μL miRNA-specific primer (10 μL), 0.5 μ L mRQ 3′ primer, and
12.5 μ L SYBR Advantage Premix (2×). U6 was chosen as the PCR
control. The datas were analyzed using 2−ΔΔCT method. Primer se-
quences used for qRT-PCR are listed in Supplementary Table I.

2.10. Statistical analysis

The original data were checked for normality and homogeneity of
variance and are expressed as the means ± standard deviation (SD).
Changes in age, gender, bone density (BMC, BMD, T score), BMI, serum
biochemical Ca, Mg, P, and ALP levels, miRNAs PCR analyses, and
statistical calculations were performed with SPSS 19.0 software (ver.
19.0; SPSS Inc., Chicago, IL, USA). When data were not normally dis-
tributed, a correction t'test was used. In all analyses, P < 0.05 was
considered statistically significant. To analyze miRNA patterns in the
control and GIOP groups, the miRNA counts were normalized using a
modified global normalization method. Based on the normalized
counts, the expression differences were measured by t-test. The EdgeR
package (3.18.1) was used for differential expression analysis. miRNAs
with a fold change ≥1.5 [up-regulated] or ≤1/1.5 (0.67) [down-
regulated] and a P-value≤ 0.05 were considered significant.

3. Results

3.1. General data baseline comparison

In the first discovery stage, there were two males and one female in
the control group and one male and two females in the GIOP group. In
the second verification stage, there were seven males and six females in
the control group and six males and seven females in the GIOP group.
There were no significant differences in age, BMI, serum P, serum ALP
or serum Mg levels between the two groups, but serum Ca, BMC, BMD
and T values were significantly lower in the GIOP group than in the
control group (P < 0.05) (Tables 2 and 3).

3.2. RNA quality evaluation

The OD260/280 ratios of RNA were between 1.80 and 2.10, and the
OD260/230 ratio exceeded 1.8 (Supplementary Table II); this suggested
that the total RNA purity and quality were high. In addition, agarose gel
electrophoresis (Supplementary Fig. 1) showed fairly sharp and intense
bands at locations 28 s and 18 s, which indicated that the total RNA had
good integrity was thus suitable for the construction of the sequencing

library.

3.3. miRNA sequencing

All of the microRNA library molar concentrations in the two groups
exceeded 1 fmol/L, with a fragment length of 130–155 nt, indicating
that the constructed library was of high quality (Supplementary Table
III). High quality clean reads were obtained by Illumina sequencing
using Solexa CHASTITY, and the numbers of reads processed in each
step are listed in Supplementary Table IV.

3.4. Differential miRNA expression analysis

In total, 374 miRNAs and 237 novel miRNAs were detected by next-
generation sequencing (NGS) in the six samples. The top-10 TPMs va-
lues of the three GIOP and the three control groups were 147, 182, 148,
181, 166 and 165, respectively. Two miRNAs were significantly up-
regulated, whereas seventeen known miRNAs and three novel miRNAs
were significantly down-regulated. The differentially expressed
miRNAs are shown in Table 4. Volcano and clustering plots of the
differentially expressed miRNAs are shown in Fig. 1a and b. The
chromosome locations of the differentially expressed miRNAs were also
analyzed (horizontal lines on each chromosome represent a differen-
tially expressed miRNA). The differentially expressed miRNAs were
distributed on chromosomes 1, 3, 4, 5, 6, 7, 9, 11, 12, 17, 19, 22 and X
(Supplementary Fig. 2).

3.5. Target gene prediction

Target gene prediction of the differentially expressed miRNAs was
performed using TargetScan, miRanda and miRBase databases. Venn
diagram was used to show the differentially expressed miRNA target
genes. In total, 5983 targets were predicted in up-regulated miRNAs
and 23,463 were predicted in down-regulated miRNAs. The number of
predicted targets shared by hsa-miR-30c-2-3p and hsa-miR-214-5p in
miRanda, miRBase and TargetScan database was 5,047, 1,344 and 0 of
up-regulated miRNAs in miRanda, miRBase and TargetScan, respec-
tively. No targets were common to all three databases, but 408 target
genes were common to both miRanda and miRBase. There were 17,776,
6,239 and 4117 predicted targets in miRanda, miRBase and TargetScan
database, respectively in down-regulated miRNAs, and 475 target genes
were common to all three databases in down-regulated miRNAs (Fig. 2a
and b).

3.6. Cytoscape network analysis

As shown in Fig. 3, Cytoscape networks were constructed to illus-
trate the relationships between miRNAs, miRNA-target genes in GIOP.
For example, in the up-regulated miRNAs, the most enriched and
crosslinked networks were the miR-214-5p and miR-30c-2-3p-target
genes (Fig. 3a). In the down-regulated miRNAs, the most enriched and

Table 2
General clinical data of two groups in the first discovery stage ( ±x s).

Groups Control group GIOP group T value P value

Gender (male/female) 2/1 1/2 – –
Age (year) 56.33 ± 7.37 57.67 ± 3.51 −0.283 0.791
BMI (kg/m2) 20.31 ± 1.06 19.90 ± 1.84 0.333 0.756
BMC (g) 76.10 ± 8.03 30.26 ± 2.36 9.487 0.001
BMD (g/cm2) 1.058 ± 0.062 0.538 ± 0.052 11.149 0.000
T value −0.3 ± 0.5 −4.3 ± 0.2 11.537 0.000
Serum Ca (mmol/L) 2.39 ± 0.14 2.05 ± 0.05 3.881 0.012
Serum P (mmol/L) 1.14 ± 0.18 1.16 ± 0.76 0.645 0.554
Serum ALP (U/L) 85.67 ± 35.50 64.33 ± 26.08 0.682 0.533
Serum Mg (mmol/L) 0.89 ± 0.07 0.88 ± 0.03 0.079 0.941

Notes: “–” represents that this content is empty.

Table 3
General clinical data of two groups in the second verification stage ( ±x s).

Groups Control group GIOP group T value P value

Gender (male/female) 7/6 6/7 – –
Age (year) 56.40 ± 5.22 56.40 ± 4.92 0 1
BMI (kg/m2) 21.02 ± 1.76 20.48 ± 1.72 0.483 0.642
BMC (g) 77.53 ± 6.02 31.92 ± 4.14 13.951 0.000
BMD (g/cm2) 1.124 ± 0.102 0.552 ± 0.054 11.029 0.000
T value −0.3 ± 0.9 −4.4 ± 0.1 10.702 0.000
Serum Ca (mmol/L) 2.37 ± 0.10 2.04 ± 0.05 6.126 0.000
Serum P (mmol/L) 1.25 ± 0.23 1.07 ± 0.07 1.651 0.180
Serum ALP (U/L) 78.60 ± 25.49 72.40 ± 21.84 0.413 0.690
Serum Mg (mmol/L) 0.89 ± 0.10 0.83 ± 0.10 0.819 0.437

Notes: “–” represents that this content is empty.
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crosslinked networks were the miR-423-3p, miR-576-3p, miR-148-3p,
let-7g-3p, let-7g-5p, let-7f-5p and let-7a-5p target genes (Fig. 3b).

3.7. Gene ontology (GO) analysis

GO enrichment analysis of differentially expressed miRNAs (DEMs)
from GIOP revealed entries enriched in BP, CC, and MF. The target
genes of these significantly altered miRNAs were enriched in 1939 GO

Fig. 1. Clustering of expression patterns of 22 differentially expressed miRNAs. The expression patterns of 22 differentially expressed miRNAs (P < 0.05) in the 6
patients libraries are displayed in the volcano plot and clustering plots. Volcano plot (a) and clustering (b) of miRNAs in the GIOP group and Control group (CON). (a)
Volcano plot was constructed using P-values and fold-change of miRNAs, with log (P-value) as the ordinate and log2 (Fold change) for the abscissa. Red dots
represent differentially expressed miRNAs between GIOP and Con Group (P≤ 0.05). (b) Hierarchical clustering was constructed according to the expression levels of
miRNA, the six samples were classified into two groups. Green represents low relative expression, and red represents high relative expression. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Up-regulated and down-regulated miRNAs.

Mature ID PRE-ID Fold change P value Expression types Sequence

hsa-miR-30c-2-3p hsa-mir-30c-2 2.80 0.027 Up CUGGGAGAAGGCUGUUUACUCU
hsa-miR-214-5p hsa-mir-214 1.53 0.003 Up UGCCUGUCUACACUUGCUGUGC
hsa-miR-423-3p hsa-mir-423 0.66 0.016 Down AGCTCGGTCTGAGGCCCCTCAGT
hsa-miR-576-3p hsa-mir-576 0.65 0.019 Down AAGATGTGGAAAAAT
hsa-miR-29b-3p hsa-mir-29b 0.57 0.031 Down TAGCACCATTTGAAATCAGTGTT
hsa-miR-590-3p hsa-mir-590 0.50 0.026 Down TAATTTTATGTATAAGCTAGT
hsa-miR-27a-3p hsa-mir-27a 0.49 0.046 Down TTCACAGTGGCTAAGTTCCGC
hsa-miR-582-5p hsa-mir-582 0.41 0.014 Down TTACAGTTGTTCAACCAGTTACT
hsa-let-7f-5p hsa-let-7f 0.62 0.005 Down TGAGGTAGTAGATTGTATAGTT
hsa-let-7a-5p hsa-let-7a 0.63 0.028 Down TGAGGTAGTAGGTTGTATAGTT
hsa-let-7d-3p hsa-let-7d 0.29 0.033 Down CTATACGACCTGCTGCCTTTCT
hsa-let-7g-5p hsa-let-7g 0.66 0.001 Down TGAGGTAGTAGTTTGTACAGTT
hsa-let-7g-3p hsa-let-7g 0.60 0.020 Down CTGTACAGGCCACTGCCTTGCT
hsa-miR-98-5p hsa-mir-98 0.53 0.040 Down TGAGGTAGTAAGTTGTATTGTT
hsa-miR-340-5p hsa-mir-340 0.38 0.024 Down TTATAAAGCAATGAGACTGATT
hsa-miR-223-3p hsa-mir-223 0.30 0.004 Down TGTCAGTTTGTCAAATACCCCA
hsa-miR-30e-3p hsa-mir-30e 0.51 0.004 Down CTTTCAGTCGGATGTTTACAGT
hsa-miR-148-3p hsa-mir-148b 0.61 0.005 Down TCAGTGCATCACAGAACTTTGT
hsa-miR-106b-3p hsa-mir-106b 0.36 0.036 Down TACCGCACTGTGGGTACTTGCT
hsa-miR-novel-chr12_10160 hsa-mir-novel-chr12_10160 0.59 0.011 Down GCAUUGGUGGUUCAUUUG
hsa-miR-novel-chr11_5231 hsa-mir-novel-chr11_5231 0.41 0.004 Down GCAGUGGUGGUCCAGUGG
hsa-miR-novel-chr1_36318 hsa-mir-novel-chr1_36318 0.41 0.004 Down GCAUGAGUGGUUCAGUGG
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terms. The top-10 GO terms are shown in Fig. 4. The up-regulated
miRNAs were mainly enriched in actin filament-based process
(GO:0030029, BP), anchoring junction (GO:0070161, CC), and cytos-
keletal protein binding (GO:0008092, MF). The down-regulated
miRNAs were enriched in multicellular organismal development
(GO:0007275, BP), intracellular membrane-bounded organelle
(GO:0043231, CC), and protein binding (GO:0005515, MF). Here, we
listed the top-10 GO terms for up-regulated and down-regulated
miRNAs based on the 3 ontologies (BP, CC and MF).

3.8. KEGG pathway analysis

KEGG pathway enrichment analysis revealed that the up- and down-
miRNAs in the GIOP groups participate in 13 and 71 pathways, re-
spectively. The top-10 signaling pathways of the up-regulated and
down-regulated miRNAs are listed in Table 5 and Supplementary Fig. 3,
respectively. Pathway analysis revealed that the most significantly en-
riched pathways associated with GIOP were the MAPK signaling
pathway (pathway ID: hsa04010, Fig. 5), the FoxO signaling pathway
(pathway ID: hsa04068, Fig. 6) and other metabolism-related pathways
(e.g., Notch signaling pathway, pathway ID:hsa04330, Fig. 7) and the
PI3K-Akt signaling pathway (pathway ID: hsa04151, Fig. 8). Further-
more, the target genes of hsa-miR-30c-2-3p, hsa-miR-214-5p, hsa-miR-
576-3p, hsa-let-7a-5p, hsa-let-7f-5p, hsa-let-7g-5p, hsa-miR-148b-3p,
hsa-miR-576-3p, and hsa-miR-423-3p showed significantly up- or
down-regulated genes in the most significantly enriched pathways. A
list of altered genes examined in MAPK, Notch, FoxO and PI3K-Akt
signaling pathway and related miRNAs is shown in Table 6.

3.9. Novel miRNA prediction

A total of 237 novel miRNAs were found in the current study.
However, according to the fold change status (≥1.5 [up-regulated] or
≤0.67 [down-regulated], P < 0.05), three down-regulated miRNAs
were found, namely hsa-mir-novel-chr12_10160, hsa-mir-novel-
chr11_5231 and hsa-mir-novel-chr1_36318. The predicted secondary
structure maps of the novel miRNAs are shown in Fig. 9.

3.10. Verification of miRNAs by qRT-PCR

The qRT-PCR confirmed the sequencing results and indicated that
hsa-miR-186-5p, hsa-miR-21-5p, hsa-miR-214-5p, hsa-miR-10b-5p, and
hsa-miR-451a of the GIOP group were significantly up-regulated
(P < 0.05), while, hsa-let-7f-5p, hsa-let-7a-5p, and hsa-miR-27a-3p
were significantly down-regulated (P < 0.05, Fig. 10a and b). In ad-
dition, among the novel miRNAs, the expression of hsa-mir-novel-
chr3_49413 was significantly up-regulated (P=0.005). The secondary
structure map of novel miR-novel-chr3_49413 is shown in Fig. 10c.

4. Discussion

The evidence of an important role of miRNAs in the regulation of
bone remodeling continues to increase, and the association between
miRNAs and bone loss disorders, such as osteoporosis, has been in-
vestigated by several group [13,29–33]. However, the role of miRNA
expression in GIOP patients remains unclear.

Anastasilakis et al. [34] reported that the expression of miRNAs
related to bone metabolism in the serum may be affected by anti-os-
teoporotic treatment; therefore, patients who accepted anti-osteo-
porotic treatment were excluded from the current study. Patients in the
GIOP group had not received any anti-osteoporosis treatment.

In the current study, HTS and bioinformatics analysis revealed 19
miRNAs and 3 novel miRNAs that were differentially expressed in GIOP
patients. However, only six significantly up-regulated miRNAs (in-
cluding one up-regulated novel miRNA) and three significantly down-
regulated miRNAs that may be closely associated with the molecular
mechanism of GIOP were further verified.

hsa-miR-214-5p, hsa-miR-10b-5p, hsa-miR-21-5p, hsa-miR-451a,
hsa-miR-186-5p, and hsa-miR-novel-chr3_49413, which are also closely
associated with bone metabolism were significantly up-regulated in
GIOP patients. miR214 inhibits the differentiation of osteoblasts and
promotes the osteoclast differentiation by targeting ATF4, BIRC7, and
FGFR1 to inhibit the PI3K/Akt, JNK and p38 pathways [35–39], while
the inhibition of miR-214 promotes cell survival and extracellular
matrix formation of osteoblastic MC3T3-E1 cells by targeting COL4A1

Fig. 2. Venn diagram of differentially expressed miRNA target genes. Venn diagram showed the expression distribution of all the target genes of differentially
expressed miRNAs. Numbers in parentheses represents numbers of co-expressed or differentially expressed miRNAs. The Venn diagram of target genes in up-
regulated miRNAs (a). The Venn diagram of target genes in down-regulated miRNAs (b). Target gene prediction of the differentially expressed miRNAs was
performed using miRanda, miRBase and TargetScan databases.
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[40]. In addition, miR10b down-regulates the expression of E-cadherin,
which plays an important role in the migration of bone marrow me-
senchyme and stem cells in mice, and is weakly expressed during bone
differentiation of induced pluripotent stem mouse cells induced by
BMP4 [41,42]. The expression of miR21, which targets RECK, can im-
prove osteoporosis [43]. However, the latest research also showed that
a lack of miR21 inhibits bone differentiation and bone loss in mice,
consistent with our results. Additionally, the expression of miR-21 was

significantly higher in the serum of osteoporosis patients compared to
control patients [44]. miR-451 also inhibits cell growth and invasion by
targeting CXCL16, and its up- and down-regulation plays an essential
role in fracture healing [45,46]. However, miR-186 was markedly re-
duced in the tibia of GIOP mice compared to controls in this study. This
discrepancy may be due to differences in species or bone sampling site
[47]. A novel miRNA (hsa-miR-novel-chr3_49413) was also sig-
nificantly up-regulated in GIOP, but its structure and function remain

Fig. 3. A proposed network of putative interactions between miRNAs and mRNAs. Cytoscape networks were constructed to illustrate the regulation network of
miRNAs and mRNAs involved in GIOP. Red triangles represent up- or down-regulated miRNAs, and blue or light green ellipses indicate the co-target genes. (a)
miRNA-mRNA network among up-regulated miRNAs and their target mRNAs. ATF3, POLD4, C14orf166B and TAOK2 are the co-target genes of hsa-miR-214-5p and
hsa-miR-30c-2-3p. (b) miRNA-mRNA network among down-regulated miRNAs and down-regulated mRNAs. hsa-miR-576-3p, has-let-7g-3p, has-miR423-3p, has-
miR-148b, has-let-7f-5p and has-let-7g-5p have the common target genes. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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elusive. Therefore, GIOP development may be closely associated with
the up-regulation of the abovementioned miRNAs.

In contrast, hsa-let-7f-5p, hsa-let-7a-5p, and hsa-miR-27a-3p, which
are related during the suppression of bone metabolism activity, were
significantly down-regulated in GIOP. let-7f is crucial for the pro-
liferation, metabolism activity and osteogenic differentiation capacity
of human MSCs, by regulating the Wnt/β-catenin pathway via TIMP-1,
and is markedly down-regulated in senescent stem cells [48,49]. let-7a
has potential as a biomarker of osteogenic insufficiency. Conversely,
up-regulation of let-7a could positively control the chondrogenic dif-
ferentiation of mouse embryonic fibroblasts by targeting Chd4 [50,51].
A similar study revealed that miR-27a expression was significantly re-
duced in postmenopausal osteoporosis, confirming the role of miR-27a
in bone formation [52]. miR27a demonstrably attenuated adipogenesis
and promoted osteogenesis in steroid-induced rat bone marrow stem
cells (BMSCs) by targeting PPARγ and GREM1, consistent with the re-
duction of GIOP observed in our study [53]. Therefore, the down-
regulated miRNAs described in this study may regulate the genes in-
volved in bone metabolism in GIOP. Taken together, the altered
miRNAs verified by qRT-PCR provide important clues for further re-
search.

Annotation of the biological functions of miRNAs, to predict their
targets and construct regulation networks, is highly useful. Therefore,
miRNA-mRNA network map construction, GO and pathway analyses
were carried out to explore the regulatory mechanisms of miRNAs in
GIOP. Through the integration of miRNA and mRNA expression data

and miRNA-mRNA target prediction analysis, a number of putative
miRNA-mRNA interactions were identified (Fig. 3). This study first
performed GO enrichment analysis of vertebral samples of GIOP pa-
tients to reveal that the predicted target genes of altered miRNAs were
significantly enriched in the down- and up-regulated GO terms, re-
spectively; which was useful to fully describe BP, CC, and MF in relation
to predicted target gene candidates.

Pathway analysis is the functional analysis of target genes in the
KEGG pathway. A large number of miRNAs with diverse target genes
aid understanding of essential BP in GIOP. In our study, top-10 pathway
analysis showed that the differentially expressed miRNAs in GIOP were
closely related to bone metabolism-related pathways such as FoxO,
PI3K-Akt, MAPK and Notch signaling pathway (Table 6). A single
miRNA has the potential to regulate multiple mRNAs, while multiple
miRNAs can regulate a single mRNA; this enriches targets within a
network or signaling pathway; therefore, miRNAs play key roles in
diverse cellular processes and the pathogenesis of GIOP by regulating
several pathways. For example, in our bioinformatics analysis, AKT2
(the common gene in down-regulated signaling pathways, such as the
FoxO and PI3K-Akt signaling pathways) was the target gene of both
hsa-let-7a-5p and hsa-let-7f-5p. hsa-let-7a-5p and hsa-let-7f-5p may
regulate four related pathways by targeting AKT2 during the develop-
ment of GIOP. Meanwhile, CCND1, IGF1 and IGF1R (common genes in
the FoxO and PI3K-Akt signaling pathways), were the common target
gene of hsa-let-7f-5p, which may regulate the three related pathways by
targeting CCND1, IGF1 and IGF1R during the development of GIOP.

Fig. 4. GO terms for DEMs. GO enrichment score [−log 10(P-value)] analysis of up-regulated miRNAs and down-regulated miRNAs. Top-10 GO terms are showed.
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FoxO signaling regulates cellular physiological events including
apoptosis and glucose metabolism, which is activated by of AMPK and
JNK upon oxidative and nutrient stress stimuli and suppressed by Akt/
PKB and PI3k in response to insulin or several growth factors, via ex-
portation of FoxO proteins from the nucleus to the cytoplasm [54–58].
FoxOs attenuate bone formation by suppressing Wnt signaling. Con-
versely, recent studies have uncovered fundamental roles for FoxOs in
skeletal homeostasis, and FoxO activation attenuates osteoclastogenesis
via both cell autonomous and indirect mechanisms [59]. Additionally,
FoxO proteins restrain osteoclastogenesis and bone resorption by at-
tenuating H2O2 accumulation, and the deletion of FoxOs in osteoclasts
decreases bone mass [60]. According to our study, GCs may suppress
FoxO signaling by regulating hsa-miR-214-5p, hsa-miR-30c-2-3p, hsa-
let-7a-5p, hsa-let-7f-5p, hsa-let-7g-5p, hsa-let-7g-3p, hsa-miR-148b-3p,
hsa-miR-576-3p, and hsa-miR-423-3p.

The MAPK cascade, a highly conserved module, is involved in var-
ious cellular functions, including cell proliferation, differentiation and
migration, and can be grouped by ERK-1/2, JNK1/2/3, p38 proteins,
and ERK5 [61–65]. MAPK signaling plays a key role in osteogenesis and
bone homeostasis [66–68]. The above results were consistent with
bioinformatics data, in which MAPK was significantly down-regulated
by the co-regulation of miRNAs (such as hsa-miR-214-5p, hsa-miR-30c-

2-3p, hsa-let-7a-5p, hsa-let-7f-5p, hsa-let-7g-5p, has-let-7g-3p, hsa-miR-
423-3p, and hsa-miR-148b-3p) in GIOP.

The PI3K-Akt signaling pathway, which is activated by many types
of cellular stimuli and toxic insults, mainly regulates fundamental cel-
lular functions [69]. Recent studies have demonstrated a close re-
lationship between PI3K/Akt signaling and bone tissue metabolism
[70,71]. The PI3K/Akt cell signaling pathway is involved in the in-
hibition of osteoporosis not only by promoting osteoblast proliferation
and osteogenesis differentiation, but also by affecting osteoclast activity
[36,70]. However, whether activation of the PI3K/Akt pathway is af-
fected by miRNAs in GIOP remains unclear. The results from the pre-
sent study indicate that the PI3K/Akt pathway is down-regulated by
hsa-miR-214-5p, hsa-miR-30c-2-3p, hsa-let-7a-5p, hsa-let-7f-5p, hsa-
let-7g-5p, hsa-let-7g-3p, hsa-miR-148b-3p, hsa-miR-576-3p, and hsa-
miR-423-3p in GIOP.

The Notch signaling pathway is an evolutionarily conserved, inter-
cellular signaling mechanism essential for proper embryonic develop-
ment [72]. It is widely reported that Notch signaling could be a po-
tential target for increasing bone formation in humans [73]. The
preferential activation of Notch preferentially in osteocytes induces
osteoprotegerin and Wnt signaling, thereby decreasing cancellous bone
remodeling and increasing cortical bone formation [74]. Notch

Fig. 5. The most significantly enriched pathways, up-regulated enriched pathway, MAPK signaling (pathway ID: hsa04010). The nodes with red frame and red
symbol are associated with the DE genes. The DE genes associated with MAPK pathway are CACNA1E, CACNA1S, CACNG3, CRK, CRKL, ECSIT, HSPA2, MAP3K13,
MAP3K6, MKNK2, MRAS, NFATC3, NTF3, PPP3R2, RPS6KA2, STMN1, and TAOK2. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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signaling enhances the proliferation and differentiation of human
BMSCs, used to treat postmenopausal osteoporosis [75,76]. Notch sig-
naling promotes the differentiation of preosteoblasts into osteoblasts
but suppresses the differentiation of MSCs into pre-osteoblastic cells

[74,77]. Our study presumed that GCs induced osteoporosis by down-
regulating the Notch signaling pathway via hsa-miR-214-5, hsa-miR-
30c-2-3p, hsa-let-7a-5p, hsa-let-7f-5p, hsa-let-7g-5p, hsa-let-7g-3p, and
hsa-miR-576-3p.

Fig. 6. The most significantly enriched pathways, down-regulated enriched pathway, FoxO signaling pathway (pathway ID: hsa04068). The nodes with yellow frame
and yellow symbol are associated with the DE genes. The DE genes associated with FoxO pathway are AKT2, BCL2L11, CAT, CCND1, CDKN1A, CDKN1B, CHUK,
CREBBP, EP300, FASLG, FBXO25, GADD45A, HOMER1, IGF1, IGF1R, IKBKB, IL10, IL6, INSR, IRS1, IRS2, MAPK11, MAPK9, NLK, NRAS, PIK3CA, PIK3CD, PIK3R3,
PLK1, PRKAA1, PRKAB1, PRKAG2, PTEN, S1PR1, SGK1, SOS1, SOS2, TGFB2, TGFBR1, TNFSF10, and USP7. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. The other up-regulated bone metabolism-related pathway (Notch signaling pathway, pathway ID: hsa04330). The nodes with red frame and red symbol are
associated with the DE genes. The DE genes associated with Notch pathway are CTBP1, NOTCH4, PSENEN, and SNW1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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5. Conclusion

Taken together, these results provide novel insight into the me-
chanism of GIOP. However, there were some limitations hardly
avoided. For example, although relatively extensive sample size ver-
ification was carried out, the sample was still insufficient due to the
limited time and funds. This study was also limited in terms of the gene
screening that was performed. Moreover, a target gene was identified
by the direction of change in a pairwise comparison, target prediction
algorithms can result in a large number of false positive results. So,
without any experimental data, one should be very careful applying
these results. Therefore, we will further make use of in-vitro models of
osteogenic differentiation, and perform animal studies using CRISPR/
Cas9-mediated genome engineering to test whether modulation (up- or
down-regulation) of the proposed GIOP microRNAs can in fact inhibit
bone formation.

To the best of our knowledge, our study is one of the first to use
vertebral samples of GIOP to perform miRNA-seq analysis and qRT-PCR
validation. Using this strategy, we identified nine differentially ex-
pressed miRNAs finally; six miRNAs (hsa-miR-186-5p, hsa-miR-21-5p,
hsa-miR-214-5p, hsa-miR-10b-5p, hsa-miR-451a, and hsa-miR-novel-

chr3_49413) were significantly up-regulated and three (hsa-let-7f-5p,
hsa-let-7a-5p, and hsa-miR-27a-3p) were significantly down-regulated.
Thus, these miRNAs may be candidate regulatory genes for determining
the mechanism of GIOP. To predict the biological function of the al-
tered miRNAs, miRNA-mRNA network construction and GO term and
related pathway analysis of the targets were performed. MAPK, FoxO,
PI3K-Akt, and Notch signaling may act as regulatory pathways for anti-
GIOP. In conclusion, our research provides further insight into the
molecular mechanism of GIOP and lays a good foundation for the
prevention and therapy of GIOP.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2018.11.013.
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Table 5
KEGG pathways of differentially expressed miRNAs between GIOP and Control group patients' vatebral samples.

Pathway ID Definition Fisher-P value FDR Enrichment score

Up-regulated
hsa04010 MAPK signaling pathway 0.000139265 0.04094389 3.856158
hsa05100 Bacterial invasion of epithelial cells 0.000535969 0.07878746 3.27086
hsa05410 Hypertrophic cardiomyopathy (HCM) 0.000814343 0.07980565 3.089192
hsa05414 Dilated cardiomyopathy 0.005800691 0.4263508 2.23652
hsa04260 Cardiac muscle contraction 0.01098459 0.6458938 1.959216
hsa04210 Apoptosis 0.01719555 0.8292558 1.764584
hsa05131 Shigellosis 0.01974419 0.8292558 1.704561
hsa04330 Notch signaling pathway 0.02779216 0.978869 1.556078
hsa05412 Arrhythmogenic right ventricular cardiomyopathy 0.03245282 0.978869 1.408748
hsa04360 Axon guidance 0.03329486 0.978869 1.477623

Down-regulated
hsa04068 FoxO signaling pathway 2.48939E−08 7.31882E-06 7.603906
hsa05215 Prostate cancer 6.55344E−07 9.63356E-05 6.18353
hsa05205 Proteoglycans in cancer 1.74471E−06 0.000170982 5.758276
hsa04151 PI3K-Akt signaling pathway 4.22608E−06 0.000310617 5.374062
hsa05200 Pathways in cancer 9.02396E−06 0.000530609 5.044603
hsa05214 Glioma 2.64305E−05 0.001295096 4.577894
hsa05212 Pancreatic cancer 3.42413E−05 0.001438134 4.46545
hsa04611 Platelet activation 5.63823E−05 0.00207205 4.240857
hsa05222 Small cell lung cancer 0.000104704 0.003420321 3.980038
hsa05220 Chronic myeloid leukemia 0.000175189 0.005150559 3.756493

Note: “Pathway ID” stands for Pathway identifiers used in KEGG. “Definition” stands for the definition of the Pathway ID. “Fisher-P value” stands for the enrichment
P-value of the Pathway ID used Fisher's exact test. “FDR” stands for the false discovery rate of the Pathway ID. “Enrichment_Score” stands for the Enrichment Score
value of the Pathway ID, it equals “−log10(P value)”.

Table 6
List of altered genes examined in MAPK, Notch, FoxO and PI3K-Akt pathway and related miRNAs.

Pathway ID Up/down Selection counts miRNA

MAPK hsa04010 Up CACNA1E, CACNA1S, CACNG3, CRK, CRKL, ECSIT, HSPA2, MAP3K13, MAP3K6, MKNK2, MRAS, NFATC3, NTF3,
PPP3R2, RPS6KA2, STMN1, TAOK2

hsa-miR-214-5p
hsa-miR-30c-2-
3p
hsa-let-7a-5p
hsa-let-7g-5p
hsa-let-7g-3p
hsa-let-7f-5p
hsa-miR-423-3p
hsa-miR-148b-3p

Notch hsa04330 Up CTBP1, NOTCH4, PSENEN, SNW1 hsa-miR-214-5p
hsa-miR-30c-2-
3p
hsa-let-7a-5p
hsa-let-7f-5p
hsa-let-7g-5p
hsa-let-7g-3p
hsa-miR-576-3p

FoxO hsa04068 Down AKT2, BCL2L11, CAT, CCND1, CDKN1A, CDKN1B, CHUK, CREBBP, EP300, FASLG, FBXO25, GADD45A, HOMER1, IGF1,
IGF1R, IKBKB, IL10, IL6, INSR, IRS1, IRS2, MAPK11, MAPK9, NLK, NRAS, PIK3CA, PIK3CD, PIK3R3, PLK1, PRKAA1,
PRKAB1, PRKAG2, PTEN, S1PR1, SGK1, SOS1, SOS2, TGFB2, TGFBR1, TNFSF10, USP7

hsa-miR-214-5p
hsa-miR-30c-2-
3p
hsa-let-7a-5p
hsa-let-7f-5p
hsa-let-7g-5p
hsa-let-7g-3p
hsa-miR-148b-3p
hsa-miR-576-3p
hsa-miR-423-3p

PI3K-Akt hsa04151 Down AKT2, BCL2L1, BCL2L11, CASP9, CCND1, CCNE2, CDKN1A, CDKN1B, CHUK, COL1A1, COL1A2, COL24A1, COL2A1,
COL3A1, COL4A1, COL4A2, COL4A6, COL5A2, COL6A3, CREB3L1, CSF1, FASLG, FGF11, FGF2, FGFR2, FGFR4, GHR,
GNB4, GNG5, HGF, HSP90B1, IGF1, IGF1R, IKBKB, IL2, IL6, INSR, IRS1, ITGA11, ITGA5, ITGA9, ITGB3, ITGB8, KIT,
LAMA4, LAMB2, MET, MYC, NGF, NOS3, NRAS, OSM, OSMR, PDGFB, PIK3CA, PIK3CD, PIK3R3, PKN3, PPP2R5A,
PPP2R5C, PPP2R5E, PRKAA1, PRKCZ, PTEN, SGK1, SOS1, SOS2, TEK, THBS1, TP53, TSC1, VEGFA, YWHAB

hsa-miR-214-5p
hsa-miR-30c-2-
3p
hsa-let-7a-5p
hsa-let-7f-5p
hsa-let-7g-5p
hsa-let-7g-3p
hsa-miR-148b-3p
hsa-miR-576-3p
hsa-miR-423-3p
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Fig. 9. Secondary structure of predicted pre-miRNA by miRDeep2. (a) hsa-miR-novel-chr1_36318, (b) hsa-miR-novel-chr11_5231, (c) hsa-miR-novel-chr12_10160.
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