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MiR-147b-3p promotes osteogenesis 2
by targeting NDUFA4 and PI3K/AKT pathway

Yuanyuan Guo'?", Kai Shen®', Zhijie Li?, Changchun Niu?” and Yang Luo'***

Abstract

Background Osteoporosis (OP) is a progressive metabolic bone disease characterized by impaired bone
microarchitecture, decreased bone strength, and dysregulated bone remodeling, leading to an increased risk of
fractures. Among osteoporotic fractures, osteoporotic vertebral compression fractures (OVCF) are the most common
and can significantly impact patients’ quality of life. Growing evidence suggests that microRNAs (miRNAs) play

a crucial role in bone homeostasis by regulating osteoblast differentiation, bone metabolism, and remodeling
processes. Notably, miR-147b-3p has been found to be downregulated in OVCF; however, its specific role in
osteogenic regulation remains largely unknown. Therefore, further investigation is warranted to elucidate the function
and underlying mechanism of miR-147b-3p in osteogenic differentiation.

Methods The GSE93883 and GSE74209 datasets were retrieved from the Gene Expression Omnibus (GEO) database
to investigate specific microRNAs involved in the regulation of osteogenesis. Differential expression of miR-147b-3p
and NDUFA4 was assessed between healthy controls and patients with osteoporotic vertebral compression fractures
(OVCF) using real-time quantitative PCR.To modulate the expression levels of miR-147b-3p in MC3T3-E1 cells, both the
miR-147b-3p mimic and inhibitor were utilized. Cell viability was evaluated via the CCK-8 assay to assess the impact

of miR-147b-3p on MC3T3-E1 cell proliferation. Real-time PCR and Western blot analysis were conducted to quantify
the expression levels of osteogenic markers across different experimental groups. Alizarin red staining (ARS) was
employed to examine the effect of miR-147b-3p on the mineralization capacity of MC3T3-E1 cells. In vivo experiments
were performed to evaluate the functional role of miR-147b-3p. Bioinformatics databases were used to predict the
potential target gene of miR-147b-3p (NDUFA4), and the predictions were validated by a dual luciferase reporter gene
assay.To investigate the regulatory role of the miR-147b-3p/NDUFA4 axis in osteogenic differentiation, MC3T3-E1

cells were transfected with the NDUFA4 overexpression plasmid and miR-147b-3p mimic. Western blot analysis

was performed to assess the phosphorylation levels of PI3K and AKT, in order to explore whether the miR-147b-3p/
NDUFA4 axis regulates osteogenic differentiation through the PI3K/AKT signaling pathway.

Results Our results indicated a significant downregulation of miR-147b-3p and a concurrent upregulation of
NDUFA4 in patients with osteoporotic vertebral compression fractures (OVCF). A luciferase reporter assay confirmed
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that NDUFA4 is a direct target gene of miR-147b-3p.To examine the functional role of miR-147b-3p, both in vitro and
in vivo experiments were conducted.The experimental findings revealed that the miR-147b-3p mimic significantly
enhanced cell viability, increased protein expressions of Alkaline Phosphatase (ALP) and Runt-related Transcription
Factor 2 (RUNX2), and promoted mineralization as evidenced by Alizarin Red S staining. Conversely, treatment with
the miR-147b-3p inhibitor or overexpression plasmid for NDUFA4 (obNDUFA4) produced opposite effects.Furthermore,
the miR-147b-3p/NDUFA4 axis was found to regulate the PI3K/AKT signaling pathway.The miR-147b-3p mimic
significantly increased the phosphorylation levels of PI3K (p-PI3K) and AKT (p-AKT), whereas pNDUFA4 led to their

reduction.

Conclusions This study demonstrated that miR-147b-3p plays a crucial role in promoting osteogenic differentiation
in osteoporotic vertebral compression fractures (OVCF) by targeting NDUFA4 and modulating the PI3K/AKT signaling
pathway. These findings provide new insights into the molecular mechanisms underlying the progression of

osteoporotic vertebral fractures.

Keywords MiR-147b-3p, Type | coenzyme dehydrogenase 1a subcomplex 4 (NDUFA4), Phosphatidylinositol 3-kinase
(PI3K)/AKT pathway, Osteogenesis vertebral compression fractures (OVCF)

Introduction

As numerous countries worldwide, particularly those in
Asia, progressively transition into an aging society, the
incidence of osteoporosis (OP) and its associated com-
plications inevitably rise. Among these complications,
osteoporotic vertebral compression fractures (OVCF)
stand out as the most prevalent [1, 2]. Osteogenesis rep-
resents a complex dynamic genetic modification pro-
gram within osteoblasts that culminates in the synthesis
of a collagen mineralized matrix and plays a pivotal role
in maintaining bone homeostasis [3]. The regulation of
bone formation by osteoblast lineage cells involves intri-
cate mechanisms encompassing both genetic and epi-
genetic control, including histone modification, DNA
methylation, and chromatin structure [4]. In addition,
microRNAs (miRNAs) also exert post-transcriptional
epigenetic regulation on osteogenesis through their tar-
geting of mRNA molecules related to osteoblast function
[5].

MicroRNAs (miRNAs) are small, single-stranded, non-
coding RNAs with an average length of 22 nucleotides.
They exert their biological functions by down-regulating
gene expression through translation inhibition or mRNA
target degradation [6, 7]. Numerous studies have demon-
strated the involvement of miRNAs in various biologi-
cal processes, including apoptosis, cancer development,
osteoblast formation, and osteoclastogenesis [8—10]. Fur-
thermore, emerging evidence suggests that miRNAs may
play a significant role in the pathogenesis of bone dis-
eases [11, 12]. For instance, Ze Long et al. reported that
miR-181a-5p promotes osteogenesis by targeting BMP3
[13]. Ding Li et al. illustrated the miR-4739/DLX3 axis
regulates the differentiation ability of bone marrow mes-
enchymal stem cells into osteoblasts and potentially con-
tributes to the pathogenesis of osteoporosis [14]. Fujiang
Zhao et al. demonstrated that miR-483-5p is implicated
in postmenopausal osteoporosis by inhibiting SATB2 and

activating the PI3K/AKT pathway, indicating its potential
as a therapeutic target for intervention [15]. However, the
role of miR-147b-3p in relation to osteoporosis and ver-
tebral compression fractures remains unclear.

Thus, this study aimed to investigate the expression
of miR-147b-3p in individuals with osteoporotic ver-
tebral compression fractures following screening for
miRNAs with varying expression from a Gene Expres-
sion Omnibus (GEO) dataset. Furthermore, the effects
of miR-147b-3p on bone formation and resorption were
assessed. Subsequently, the target gene of miR-147b-3p
was identified through luciferase reporter assays. Addi-
tionally, MC3T3-E1 cells were utilized to explore the
role and mechanism of miR-147b-3p in osteogenic
differentiation.

Materials and methods

Bioinformatic analysis

The GSE93883 and GSE74209 datasets were obtained
from the Gene Expression Omnibus (GEO) database (h
ttps://www.ncbi.nlm.nih.gov/geo/). Target mRNAs of
microRNAs were predicted using TargetScan (https://w
ww.targetscan.org/), miRWalk (http://mirwalk.umm.uni
-heidelberg.de/), and miRDB (http://mirdb.org/). Differe
ntially expressed microRNAs between osteoporotic ver-
tebral compression fracture (OVCF) samples and healthy
controls were identified using the GEO2R online analysis
tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/). Gene
Ontology (GO) annotation and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analy-
ses were performed using the Metascape online database
(http://metascape.org).

Sample collection

A total of 30 patients diagnosed with osteoporotic ver-
tebral fractures at the Spinal Surgery Department of
Chongqing General Hospital between June 2021 and
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December 2022 were recruited for this study. An addi-
tional cohort of 30 healthy individuals was included as
the control group during the same period. Bone mineral
density (BMD) classification was based on the World
Health Organization (WHO) criteria. A T-score greater
than — 1.0 was considered normal, while osteopenia was
defined as a T-score between -1.0 and - 2.5, indicating
reduced bone density without meeting the threshold for
osteoporosis. Osteoporosis was diagnosed in individuals
with a T-score of -2.5 or lower, whereas severe or estab-
lished osteoporosis was characterized by a T-score of
-2.5 or lower accompanied by one or more osteoporotic
fractures.

Patients in the OVCF group were required to exhibit
clinical symptoms such as localized low back pain, spi-
nal deformity, or neurological impairment, along with a
confirmed imaging diagnosis and a BMD T-score < -2.5
standard deviations (SD). Exclusion criteria included
severe hepatic or renal dysfunction, coagulation disor-
ders, arthritis, systemic immune diseases, and long-term
use of medications known to affect bone metabolism.

Cell culture and treatment
MC3TS3-E1 cells were obtained from the Chinese Acad-
emy of Sciences Cell Library (China, originally sourced
from ATCC, USA). The cells were cultured in a-modified
minimal essential medium (a-MEM) supplemented with
10% fetal bovine serum (FBS) (Pricella Biotechnology
Co., Ltd., Wuhan, China), 50 mg/mL streptomycin, and
50 IU/mL penicillin. The cultures were maintained in a
humidified incubator at 37 °C with 5% CO,. To induce
osteogenic differentiation, the medium was further
supplemented with 100 nM dexamethasone, 10 mM
[-glycerophosphate sodium, and 50 mg/L ascorbic acid.
miR-147b-3p inhibitors and mimics were purchased
from RiboBio Co., Ltd. (Guangzhou, China), and trans-
fection was performed using Lipofectamine 6000
(Beyotime Co., Ltd., Shanghai, China) according to the
manufacturer’s instructions.

Cell counting kit-8 (CCK-8) assay for cell viability

Cells subjected to treatment or transfection were seeded
into 24-well plates at a density of 1x10* cells per well.
After incubation, 10 pL of CCK-8 solution (Beyotime
Co., Ltd., Shanghai, China) was added to each well, fol-
lowed by further incubation at 37 °C for 3 h. The opti-
cal density (OD) at 450 nm was then measured using a
microplate reader to assess cell viability.

Alizarin red S (ARS) staining

Mineral nodule formation was assessed using the Aliza-
rin Red S (ARS) Kit (Beyotime, China). According to the
manufacturer’s instructions, cells were fixed with 4%
paraformaldehyde for 20 min, followed by staining with
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ARS staining reagent for 30 min. The cells were then
washed with the provided buffer and observed under an
inverted microscope.

Mice and treatment

C57BL/6] wild-type mice aged 6 months and 18 months
were obtained from Chang Zhou Cavens Model Animal
Co., Ltd. (Jiangsu, China). The 18-month-old mice were
administered antagomir-miR-147b-3p or antagomir-neg-
ative control (10 mg/kg body weight) using an osteoblast-
targeted delivery system via tail vein injection twice per
week for four weeks [16].

Micro-CT analysis

Tibias were scanned using a micro-CT system (Sky-
scan, Bruker) at a scanning resolution of 18 um. Three-
dimensional (3D) reconstruction of trabecular bone was
performed using CTVol software. The following bone
parameters were analyzed: bone surface density (BS/TV),
bone volume fraction (BV/TV), trabecular separation
(Tb.Sp), trabecular number (Tb.N), trabecular pattern
factor (Tb.Pf), and trabecular thickness (Tb.Th) [16, 17].

Dual-luciferase reporter assay

Potential miR-147b-3p target genes were predicted
using TargetScan 7.1 software (http://www.targetscan
.org/). The wild-type (WT) and mutant (MUT) 3’-UTR
sequences of NDUFA4 were cloned into dual-luciferase
reporter vectors (Promega, USA). The reporter vectors
were co-transfected with miR-147b-3p mimics, inhibi-
tors, or negative controls (NC) into 293T cells. After 48 h
of transfection, luciferase activity was measured using a
dual-luciferase reporter assay kit (Promega, USA). Each
experiment was performed in triplicate.

Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted from target cells and blood
samples using nucleic acid extraction and purification
kits (Zybio, China). Reverse transcription of total RNA
was performed using a PrimeScript RT kit (Takara Bio,
Shiga, Japan). RT-qPCR was conducted on an ABI Prism
7500 Sequence Detection System (Applied Biosystems,
USA) using the TB Green® Premix Ex Taq™ II Kit (Takara
Bio, Shiga, Japan). U6 and GAPDH were used as internal
references for miRNA and mRNA quantification, respec-
tively. Relative expression levels were calculated using the
2AA_CT method. All experiments were performed in
triplicate. The primer sequences were: miR-147b-3p, for-
ward, 5-CGGTGTGCGGAAATGCT-3 and reverse, 5'-
AGTGCAGGGTCCGAGGTATT-3’; U6, forward, 5-CT
CGCTTCGGCAGCACA-3’ and reverse, 5-AACGCTT
CACGAATTTGCG-3’; NDUFA4, forward, 5-CCCTCT
TTGTATTTATTGG-3’ and.

reverse, 5-GCTCTGGGTTATTTCTGTC-3; GAPDH,
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forward, 5-GGAGAGTGTTTCCTCGTCCC-3’ and.
reverse, 5-ACTGTGCCGTTGAATTTGCC-3.

Western blot assay

The RIPA buffer containing protease inhibitors (Beyo-
time, Shanghai, China) was utilized for protein sam-
ple extraction from target cells. The BCA quantitative
method (Beyotime) was employed to determine the con-
centration of the protein samples. SDS-PAGE (10%) was
utilized to separate the collected protein samples, which
were subsequently transferred onto PVDF membranes
(Millipore, Burlington, MA, USA). A non-fat milk (5%)
solution was used for membrane incubation for 2 h to
prevent non-specific binding. The following antibod-
ies were applied for overnight incubation at 4 °C: ALP
(1:1000, HuaBio), RUNX2 (1:1000, HuaBio), AKT1/23
(1:1000, HuaBio), PI3Kp85 (1:1000, HuaBio), phospho-
AKT1 (1:1000, HuaBio), phospho-PI3Kp85 (1:1000,
HuaBio), NDUFA4 (1:1000, HuaBio). Subsequently,
appropriate secondary antibodies (HuaBio; 1:5000) were
used for membrane incubation at room temperature
for 2 h after primary antibody incubation. Enhanced
Chemiluminescence Fluorescence Detection Kit (ECL;
Beyotime, Shanghai, China) was employed to visualize
the blot signal on a Bio-Rad image analysis system (Bio-
Rad, Hercules, CA, USA). The relative protein content is
expressed as the gray value of the corresponding protein
band/GAPDH protein band.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism 8.0 software. Data are presented as mean +stan-
dard deviation (SD). Each experiment was performed in
triplicate to minimize systematic and random errors. For
comparisons between two groups, an unpaired Student’s
t-test was applied. For multiple group comparisons, one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was used. P values are provided in the fig-
ures or figure legends. Pearson correlation analysis was
conducted to assess the association between NDUFA4
and miR-147b-3p. P<0.05 was considered statistically
significant.

Results

GEO dataset analysis and expression of miR-147b-3p

The GSE93883 and GSE74209 datasets were used for the
analysis of differentially expressed microRNAs based
on microRNA arrays. A log2 fold change of >1 and a
Padj value of <0.05 were set as the cutoff criteria. In the
GSE93883 dataset, a total of 158 microRNAs were dif-
ferentially expressed (Fig. 1A and C), while 138 microR-
NAs were differentially expressed in the GSE74209
dataset (Fig. 1B and D). The intersection of the differen-
tially expressed miRNAs from both datasets identified 16
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differentially expressed miRNAs (Fig. 1E).Among the 16
miRNAs, 6 miRNAs exhibited both up-regulation and
down-regulation in the GSE93883 and GSE94702 datas-
ets, including miR-147b-3p (Fig. 1F). Of these six miR-
NAs, miR-147b-3p was specifically chosen for further
investigation due to its significantly lower expression in
patients with osteoporotic vertebral compression frac-
tures (OVCF) compared to controls (Fig. 1G, S1).

Effects of miR-147b-3p overexpression and inhibition on
MC3T3-E1 cell osteogenic differentiation

To investigate the role of miR-147b-3p in osteogenic dif-
ferentiation, MC3T3-E1 cells were transfected with either
a miR-147b-3p mimic or a miR-147b-3p inhibitor to
achieve overexpression or inhibition, respectively. qRT-
PCR analysis confirmed the expression levels of miR-
147b-3p following transfection (Fig. 2A).In MC3T3-E1
cells, miR-147b-3p overexpression significantly enhanced
cell viability, whereas miR-147b-3p inhibition exerted the
opposite effect (Fig. 2B). Subsequently, MC3T3-E1 cells
were transfected with either the miR-147b-3p mimic or
miR-147b-3p inhibitor and induced towards osteogenic
differentiation for 14 days to evaluate the effects of miR-
147b-3p on osteogenesis.On day 14 of osteogenic induc-
tion, Alizarin red staining revealed that miR-147b-3p
overexpression significantly promoted osteoblast dif-
ferentiation, whereas miR-147b-3p inhibition impaired
the formation of mineralized nodules (Fig. 2C and
D).Furthermore, ALP and RUNX2, two key mediators of
osteogenic differentiation, were markedly upregulated in
the miR-147b-3p mimic group, whereas the miR-147b-3p
inhibitor group exhibited the opposite effect (Fig. 2E and
F).These findings suggest that miR-147b-3p plays a cru-
cial role in osteogenic differentiation by enhancing cell
viability, promoting mineralized nodule formation, and
upregulating osteogenic markers.

Inhibition of miR-147b-3p aggravated senile osteoporosis
in mice

The senile osteoporosis murine model is commonly
employed to examine age-related impairments in osteo-
genic function [18]. In this study, we developed the
model using 6- and 18-month-old mice, which demon-
strated tibial trabecular bone loss primarily evaluated via
microcomputed tomography (uCT). To further validate
our in vivo findings, the mice were subjected to a four-
week treatment with either antagomir-miR-147b-3p or
antagomir-control. Compared to the 6-month cohort,
the 18-month cohort exhibited significant age-related
trabecular bone loss and deterioration of bone microar-
chitecture. Suppression of miR-147b-3p resulted in addi-
tional reductions in trabecular bone mass and worsened
microstructural integrity, characterized by decreased
trabecular thickness, number, bone volume fraction, and
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we identified a binding site between miR-147b-3p and
the 3-UTR of NDUFA4 mRNA (Fig. 4A). Dual lucif-

surface density, as well as increased trabecular separation
and pattern factor (Fig. 3A and G). These results indicate

that inhibition of miR-147b-3p exacerbates senile osteo-
porosis in mice.

MiR-147b-3p targeted on NDUFA4
Online databases (TargetScan and miRDB) were uti-
lized to identify potential target genes of miR-147b-3p;

erase reporter assays were performed to validate this
interaction, demonstrating that transfection with the
miR-147b-3p mimic resulted in a significant decrease
in relative luciferase activity (RLA) for the wild-type
NDUFA4 reporter plasmid but not for the mutant ver-
sion (Fig. 4B). Furthermore, the miR-147b-3p inhibitor
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enhanced RLA for a reporter plasmid containing only the
WT 3’-UTR sequence rather than the MUT 3’-UTR of
NDUFA4 (Fig. 4C). These results confirm that NDUFA4
is a direct target gene of miR-147b-3p.

Expression of miR-147b-3p and NDUFA4 in clinical
specimens

The effects of miR-147b-3p and NDUFA4 on osteogen-
esis were investigated by comparing their expression
levels in patients with and without osteoporotic verte-
bra compression fractrures (OVCF). qRT-PCR results
revealed that the miR-147b-3p expression level was lower
(Fig. 5A) and that of NDUFA4 was greater (Fig. 5B) in
patients with OVCF compared to the control. Besides,

Pearson correlation test unveiled a significant negative
association between miR-147b-3p and NDUFA4 in both
OVCE (Fig. 5C) and control patients (Fig. 5D), suggesting
the participation of miR-147b-3p and NDUFA4 for the
osteogenesis occurrence.

miR-147b-3p/NDUFA4 axis regulates the osteogenic
differentiation in MC3T3-E1 cells

To investigate the biological function of miR-147b-3p
and NDUFA4 in osteogenic differentiation, an NDUFA4
overexpression plasmid (p-NDUFA4) was transfected
into MC3T3-E1 cells, leading to a significant upregula-
tion of NDUFA4 expression. This was confirmed by qRT-
PCR analysis, which demonstrated increased NDUFA4
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gene expression (Fig. 6A).Subsequently, MC3T3-E1 cells
were co-transfected with p-NDUFA4 and miR-147b-3p
mimic to assess their impact on NDUFA4 protein lev-
els. Western blot analysis revealed that the miR-147b-3p
mimic reduced NDUFA4 protein expression, whereas
NDUFA4 overexpression led to its increase. Notably, the
inhibitory effect of miR-147b-3p on NDUFA4 protein
expression was counteracted by NDUFA4 overexpression
(Fig. 6B and C).Additionally, miR-147b-3p mimic signifi-
cantly enhanced cell viability, whereas NDUFA4 over-
expression suppressed cell viability. More importantly,
NDUFA4 overexpression effectively mitigated the pro-
cell viability effect exerted by miR-147b-3p (Fig. 6D).For
further validation, a co-transfection approach involving
both p-NDUFA4 and miR-147b-3p mimic was employed
in MC3T3-E1 cells, followed by osteogenic differentiation
induction for 14 days. Alizarin red staining demonstrated
that the miR-147b-3p mimic significantly enhanced

osteoblast differentiation on day 14 of induction, whereas
NDUFA4 overexpression impaired mineralized nodule
formation. Notably, the osteogenic-promoting effect of
miR-147b-3p was attenuated by NDUFA4 overexpression
(Fig. 6E and F).Similarly, on day 14 of osteogenic induc-
tion, the miR-147b-3p mimic markedly upregulated the
expression of ALP and Runx2, whereas NDUFA4 over-
expression led to a reduction in ALP and Runx2 levels.
Again, the osteogenic-promoting effect of miR-147b-3p
on ALP and Runx2 expression was significantly weakened
by NDUFA4 overexpression (Fig. 6G and H).Collectively,
these findings suggest that miR-147b-3p modulates bone
formation in MC3T3-E1 cells by targeting NDUFAA4.

PI3K-Akt pathway is found in gene ontology (GO) and
KEGG pathway enrichment analysis

The target genes of differentially expressed miRNAs in
the GSE93883 and GSE74209 datasets were predicted
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using the MiRDB, TargetScan, and miRWALK data-
bases. Subsequently, a total of 596 gene symbols were
identified for subsequent KEGG and GO analysis. The
GO functional analysis encompassed cell components

(CC), biological processes (BP), and molecular func-
tions (MF) (Fig. 7A and C). MF analysis showed (Fig. 7C)
high enrichment of DNA-binding transcription fac-
tor binding, nuclear receptor activity, and transcription
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corepressor activity, consistent with the recognition of a
wide range of microRNA functions. BP analysis showed
(Fig. 7B) that pathways such as muscle tissue develop-
ment and organ growth were highly enriched, indicat-
ing that these microRNAs were potentially involved in
bone formation. The KEGG pathway enrichment analysis
revealed significant enrichment of these microRNAs in
key signaling pathways, including MAPK, PI3K-Akt, Ras,
mTOR, and others (Fig. 7D).

The PI3K/AKT pathway is involved in the osteogenic
differentiation mediated by the miR-147b-3p/NDUFA4 axis
To examine the molecular mechanisms of miR-147b-3p
and NDUFA4 in osteogenic differentiation, combined
with the results of KEGG pathway enrichment analysis,
the downstream cascade PIBK/AKT pathway was ana-
lyzed. The miR-147b-3p mimic markedly enhanced the
PI3K (p-PI3K) and AKT (p-AKT) phosphorylation lev-
els in comparison with the control group (Fig. 8A and
C), thereby miR-147b-3p mimics activated this pathway.
Conversely, overexpression of NDUFA4 reduced the
PI3K phosphorylation (p-PI3K) and AKT phosphoryla-
tion (p-AKT) levels (Fig. 8A and C) and suppressed the
PI3K/AKT signaling pathway. However, miR-147b-3p
mimics and NDUFA4 overexpression reversed the upreg-
ulation of both p-AKT and p-PI3K, which had been
induced by miR-147b-3p mimics. These findings indicate
that the PI3BK/AKT pathway is implicated in osteogenic
differentiation and is regulated by the miR-147b-3p/
NDUFA4 axis in MC3T3-E1 cells.

In summary, our study demonstrated that miR-147b-3p
overexpression promotes osteoblast differentiation by
enhancing the expression of ALP and RUNX2, two key
mediators of osteogenic differentiation. Furthermore,
miR-147b-3p regulates bone formation in MC3T3-E1
cells by targeting NDUFA4. Notably, transfection with
miR-147b-3p mimics significantly increased PI3K phos-
phorylation (p-PI3K) and AKT phosphorylation (p-AKT)
levels, whereas NDUFA4 overexpression led to their
reduction. These findings suggest that miR-147b-3p
influences the progression of osteoporosis by targeting
NDUFA4 and modulating the PI3K/AKT signaling path-
way (Fig. 9).

Discussion

In this study, we identified miR-147b-3p as a differentially
expressed miRNA in OVCF patients based on analyses
of two GEO datasets and subsequently investigated its
functional role both in vitro and in vivo. The dual lucif-
erase reporter gene assay confirmed that NDUFA4 is a
direct target of miR-147b-3p. Our experimental results
demonstrated that miR-147b-3p mimics promoted
osteogenic differentiation, whereas miR-147b-3p inhibi-
tors and NDUFA4 overexpression exhibited inhibitory
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effects. Furthermore, inhibition of miR-147b-3p using
antagomir-miR-147b-3p exacerbated senile osteoporo-
sis in mice, underscoring its potential regulatory role in
bone homeostasis. Additionally, our findings revealed
that the miR-147b-3p/NDUFA4 axis modulates the PI3K/
AKT signaling pathway in MC3T3-E1 cells, suggesting its
involvement in the molecular mechanisms underlying
osteogenic differentiation and osteoporosis progression.

Previous studies have demonstrated a correlation
between miRNA dysregulation and various diseases,
including osteoporosis [19-22]. An increasing number
of miRNAs have been identified as potential therapeu-
tic targets or diagnostic biomarkers for osteoporosis
[23-25]. In this study, we focused on osteoporotic verte-
bral fractures, a severe complication of osteoporosis, to
investigate the impact of different miRNAs on osteogenic
differentiation. Through bioinformatics analysis, miR-
147b-3p was identified from the GEO dataset, as it was
significantly downregulated in patients with osteoporotic
vertebral fractures. By manipulating the expression of
miR-147b-3p in MC3T3-E1 cells, we discovered its regu-
latory effect on osteogenic differentiation.

Additionally, a recent study investigated the role of
microRNA-147 in rheumatoid arthritis and experimental
arthritis, demonstrating that the loss of microRNA-147
function alleviates synovial inflammation by target-
ing ZNF148. Furthermore, anti-miR-147 therapy has
been shown to reduce the severity of arthritis, particu-
larly in experimental arthritis characterized by synovi-
tis and joint destruction [26]. Another study identified
potential mRNA and non-coding RNA targets using
full transcriptome sequencing, combined with miRanda
and RNAhybrid prediction algorithms. This analysis
predicted a specific RNA regulatory axis involving hsa_
circ_0018069-miR-147b-3p-TJP2, suggesting its poten-
tial as a novel target for early treatment of degenerative
meniscus disease [27].

NADH: ubiquinone oxidoreductase subunit A4
(NDUFA4) is an essential protein involved in electron
transfer within the mitochondrial respiratory chain of
mammalian cells. As a crucial subunit of cytochrome C
oxidase (COX), NDUFA4 participates in energy transfer
at the terminal stage of the respiratory chain, playing a
vital role in cellular energy metabolism [28]. Studies have
demonstrated increased expression of NDUFA4 in vari-
ous cancers, including colorectal cancer and lung cancer,
where it contributes to tumor progression by influencing
oxidative phosphorylation within tumor cells [29, 30]. For
example, NDUFAA4 is upregulated in head and neck para-
ganglioma, and its knockdown disrupts mitochondrial
respiratory chain assembly, reduces ATP production, and
attenuates cancer cell viability, suggesting that NDUFA4
promotes tumor progression in head and neck paragan-
glioma [31]. Zhu et al. demonstrated that miR-147 was
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persistently upregulated during cold storage-associated
transplantation (CST) injury in both mouse models
and human kidney transplants with dysfunction. Their
study further identified NDUFA4 as a direct target gene
of miR-147. Inhibition of miR-147 and upregulation of

NDUFA4 were shown to mitigate CST-induced dam-
age and improve graft function. Conversely, NDUFA4
suppression exacerbated tubular cell death, whereas
NDUFA4 overexpression prevented miR-147-induced
cell death and mitochondrial dysfunction [32]. However,
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Fig. 9 miR-147b-3p exerts an influence on the progression of osteoporosis by targeting NDUFA4 and regulating the PI3K/AKT signaling pathway

the relationship between miR-147b-3p and/or NDUFA4
with osteoporosis or osteoporotic vertebral fractures has
not been previously reported.

This study confirmed that NDUFA4 is the direct target
gene of miR-147b-3p through luciferase reporter gene
assays. The overexpression of NDUFA4 in MC3T3-E1
cells was verified, and its impact on the osteogenic dif-
ferentiation of MC3T3-E1 cells was investigated. Our
findings indicate that miR-147b-3p affects osteoblast
function in MC3T3-E1 cells by targeting NDUFA4.To
further explore the mechanism of the miR-147b-3p/
NDUFA4 axis in osteoporotic vertebral fractures, we
examined relevant signaling pathways. The PI3K/AKT
signaling pathway has been extensively studied for its
crucial role in regulating osteoblast proliferation, differ-
entiation, and apoptosis [33-37]. Dong et al. reported
that ICGO001, a p-catenin transcriptional activity inhibi-
tor, suppresses the proliferation, differentiation, and
mineralization of osteoblasts induced by PI3K/AKT acti-
vation. Furthermore, they demonstrated that the PI3K/
AKT pathway plays a pivotal role in fracture healing and
promotes fracture repair [38]. Recent studies have shown
that the upregulation of miR-4739 is implicated in osteo-
porosis progression by targeting ITGA10 and regulat-
ing the PIBK/AKT signaling pathway. The miR-4739/
ITGA1O0 axis has been suggested as a potential diagnos-
tic marker and therapeutic target for osteoporosis [39].
Additionally, silencing miR-483-5p alleviates postmeno-
pausal osteoporosis by targeting SATB2 and the PI3K/
AKT pathway [15]. miR-140-3p targets PTEN, leading to
its downregulation. Inhibition of miR-140-3p promotes

proliferation, differentiation, and apoptosis resistance
in CD14+PBMCs. Conversely, inhibition of PTEN via
miR-140-3p activates the PTEN/PI3K/AKT signaling
pathway, thereby promoting proliferation and differen-
tiation while inhibiting apoptosis in C2C12 cells [40].
Consistent with these findings, KEGG pathway enrich-
ment analysis revealed that multiple microRNAs are sig-
nificantly enriched in key signaling pathways, including
PIBK/AKT. Therefore, we hypothesize that the effect of
the miR-147b-3p/NDUFA4 axis on osteoporotic verte-
bral fractures may be associated with the modulation of
the PI3K/AKT signaling pathway. To test this hypothesis,
we manipulated the expression levels of miR-147b-3p
in vitro and assessed alterations in PI3K and AKT
phosphorylation, as well as their effects on osteogenic
markers. Our experimental results demonstrated that
miR-147b-3p mimics activate the PI3K/AKT signaling
pathway and enhance the expression of RUNX2 and ALP,
suggesting that downregulation of miR-147b-3p impairs
osteoblast activity and differentiation via NDUFA4 and
the PI3K/AKT signaling pathway.

Although our study provides experimental evidence
using MC3T3-E1 cells and a limited set of in vivo experi-
ments, these models may not fully replicate the char-
acteristics of osteoblasts in osteoporosis and vertebral
fractures. Therefore, further validation with larger sam-
ple sizes, particularly in in vivo studies, as well as mul-
ticenter clinical research, is essential to comprehensively
substantiate our findings. In conclusion, our study dem-
onstrated that miR-147b-3p is downregulated in osteo-
porotic vertebral fractures and influences the progression
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of osteoporosis and vertebral fractures by targeting
NDUFA4 and regulating the PI3BK/AKT signaling path-
way. These findings provide novel insights into the
molecular mechanisms underlying osteoporotic verte-
bral fractures, offering theoretical support for the poten-
tial use of the miR-147b-3p/NDUFA4 axis as a target for
both diagnosis and treatment.
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