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ARTICLE INFO ABSTRACT

Keywords: Osteoporosis (OP), a common systemic bone metabolism disease with a high incidence rate, is a
Osteoporosis serious health risk factor. Osteogenic differentiation balance is regulated by bone marrow
](“)hxs ‘e diff e mesenchymal stem cells (BMSCs) and plays a key role in OP occurrence and progression.
msi;f(;g‘g;cp itferentiation Although, LIM homeobox 8 (Lhx8) has been identified to affect BMSCs osteogenic differentiation,

its roles in OP and the associated mechanism remains unclear. Here, we aimed to elucidate the
role and mechanism of Lhx8 in the osteogenic differentiation of BMSCs. BMSCs isolated from wild
type and OP Sprague-Dawley rats were cultured and confirmed via flow cytometry and micro-
scopy. Based on dual-luciferase reporter assay, BMSCs were transfected with miR-142-5p mimics
and miR-NC (negative control). Real-time quantitative reverse transcription polymerase chain
reaction and Western blot analyses were performed to determine the role of Lhx8 in BMSCs
osteogenic differentiation. Lhx8 expression was significantly reduced in OP, whereas that of miR-
142-5p, a possible Lhx8 regulator, was significantly upregulated. Dual-luciferase reporter assay
demonstrated that miR-142-5p exerted a direct targeted regulatory effect on Lhx8. Moreover,
miR-142-5p mimics significantly inhibited BMSCs osteogenic differentiation as well as Lhx8
expression in vitro, indicating that miR-142-5p may be involved in BMSCs osteogenic differen-
tiation via Lhx8 expression regulation and may serve as a potential diagnostic target for OP.
Overall, these findings indicated that miR-142-5p inhibits BMSCs osteogenic differentiation by
suppressing Lhx8. These may serve as a foundation for further studies on OP treatment based on
miR-142-5p targeting.

Bone marrow mesenchymal stem cells

1. Introduction

In 1993, the World Health Organisation defined osteoporosis (OP) as a systemic skeletal disease [1] characterised by a low bone
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mass and microarchitectural deterioration of bone tissue, which lead to increased bone fragility and susceptibility to fractures. OP
severely affects the health and quality of life of patients and may even be life-threatening [2,3]. Bone marrow mesenchymal stem cells
(BMSCs) are stem cells that are capable of self-renewal and multilineage differentiation into osteoblasts, chondrocytes, and adipocytes
under different conditions [4-6]. Additionally, osteogenic differentiation of BMSCs plays an important role in maintaining osteocyte
number and the dynamic balance between bone formation and resorption [7-9]. However, a weakening of the osteogenic differen-
tiation ability of BMSCs leads to an imbalance of bone homeostasis, with bone resorption exceeding bone formation, which is the
primary cause of diseases such as OP and non-healing bone fractures [10-14]. Therefore, enhancing the osteogenic differentiation
ability of BMSCs is critical in the treatment of OP and related diseases.

LIM homeobox 8 (Lhx8), a member of the LIM homeobox family, is a transcription factor that is highly conserved across species.
Previous studies have shown that LHX8/SUV39HL is highly expressed during the early stages of dental development. However, the
expression level decreases during later stages to achieve a balance between dental mesenchyme differentiation and proliferation [15,
16]. It has also been reported that LHX8 overexpression promotes the proliferation of human dental pulp stem cells, inhibit odon-
togenic differentiation, and negatively regulates the differentiation and maturation of mesenchymal tissue [16,17]. This finding
suggests that LHX8 possibly plays an important role in regulating the balance between MSC proliferation and differentiation. Addi-
tionally, LHX8 can significantly promote BMSC proliferation [18] and regulate BMSCs osteogenic differentiation [19]. However, the
exact regulatory mechanism of LHX8 yet to be elucidated. Therefore, investigating the functional mechanism of LHX8 in osteogenic
differentiation via a sequencing approach would enhance the understanding of bone regeneration.

MicroRNAs (miRNAs), small non-coding RNA molecules that are 18-25 nucleotides long, can regulate gene expression at the post-
transcriptional level [20]. Specifically, miRNAs can bind to complementary sequences in target mRNAs and inhibit target mRNA
expression via post-transcriptional regulation, thereby forming a complex regulatory network [21,22]. Further, miRNAs can regulate
the majority of biological processes, including cell growth, development, differentiation, proliferation, metabolism, and cell cycle
[23]. Moreover, miRNAs also play important roles in bone formation and resorption [24] by regulating the differentiation of BMSCs.
Therefore, an analysis of the regulatory relationships between miRNAs and LHX8 at the transcriptomic level can provide novel pos-
sibilities for the diagnosis, prevention, and treatment of OP.

2. Materials and methods
2.1. Ovariectomised (OVX) animal model

Six-week-old specific pathogen-free (SPF) female Sprague-Dawley (SD) rats purchased from Kunming Medical University (Yunnan,
China) were used as the experimental animals. All the animal experiments were performed in strict accordance with the Guidelines for
the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Kunming Medical University. To
establish the OVX model, the rats were anaesthetised and their ovaries were sufficiently exposed via dorso-lateral incisions. Subse-
quently, their fallopian tubes and the adjacent blood vessels were ligated, and their ovaries were removed. Rats in the sham group were
only subjected to skin and muscle incision followed by suturing. After surgery, each rat was placed on a platform maintained at 37 °C
until they regained consciousness. Symptoms of OP were confirmed postoperatively in the OVX model rats at 3 months.

2.2. Isolation, culturing, and identification of BMSCs

BMSCs were isolated from the femur and tibia of SD rats using the whole bone marrow adherence method. Briefly, femur and tibia
collected from the lower limbs of the rats were cut open at the ends to expose the bone marrow cavity. Subsequently, the bone marrow
cavity was repeatedly washed with an a-minimum essential medium (a-MEM) (Gibco, Grand Island, USA) containing 1% penicillin/
streptomycin (Gibco). The cell-containing wash solution was collected and centrifuged. The supernatant was discarded, and the cells
were uniformly mixed in an a-MEM culture medium containing 10% foetal bovine serum (FBS; Gibco, Melborne, Australia) and 1%
penicillin/streptomycin; the resulting medium was transferred to a T25 culture flask, and cultured in a 5% CO3 incubator at 37 °C. The
culture medium was replaced every two days and cell passaging was performed when the cells reached 80%-90% confluence. To
identify BMSCs, the cells were incubated with anti-CD90, -CD45, -CD29, and -CD44 antibodies (eBioscience™/Invitrogen, Waltham,
USA) at room temperature for 30 min. Thereafter, surface markers for BMSCs were measured via flow cytometry, and cell morphology
was determined using a phase contrast microscope. Flow cytometry was repeated three times using samples obtained from three SD
rats.

2.3. miRNA sequencing (miRNA-Seq) analysis of BMSCs

Total RNA was isolated from BMSCs (four samples per group) using Trizol reagent (Invitrogen, Waltham, USA). The quality and
quantity of RNA were assessed using Agilent 2100 (Agilent Technologies, Amstelveen, the Netherlands) and Nanodrop 2000 (Thermo.,
Wilmington, USA), respectively. Sequencing libraries were prepared from total RNA using the TruseqTM Small RNA sample prep Kit
(Illumina, California, USA). High throughput sequencing was performed using NovaSeq 6000 (Illumina, San Diego, USA). Adapter and
low-quality reads (<Q20) were removed using Fastp (https://github.com/OpenGene/fastp), which was followed by the mapping of
clean data (reads) to the reference genome using Bowtie (http://bowtie-bio.sourceforge.net/index.shtml). Gene expression levels were
estimated using miRDeep2 (https://www.mdc-berlin.de/content/mirdeep2-documentation), and the normalized values were
expressed as TPM (Transcripts Per Millon). Subsequently, a differential expression analysis was performed using DESeq2 (http://
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bioconductor.org/packages/stats/bioc/DESeq2/).
2.4. Osteogenic differentiation and alizarin red staining

BMSCs from passage 3 (P3) at >80% confluence, were digested and used to prepare a single-cell suspension, which was then seeded
in a 6-well plate containing gelatine at a density of 2 x 10° cells/well. Subsequently, the growth medium (2 mL) was added to each
well, and the 6-well plate was cultured in a 5% CO; incubator at 37 °C. At >70% confluence, the growth medium was replaced with
osteogenic differentiation medium (OriCell®, Guangzhou, China), which was changed at 3-day intervals. After 4 weeks of differen-
tiation induction, the cells were stained with alizarin red, according to instructions provided with the OriCell® kit. In brief, the cells
were fixed in 4% paraformaldehyde solution at room temperature for 30 min, washed gently with PBS, and stained with the alizarin
red working solution. After the excess dye was washed away with PBS, the stained cells were observed and photographed under an
inverted microscope. The BMSCs differentiation induction experiment was repeated three times for each group.

2.5. Dual-luciferase reporter assay

The hypothetical binding site of miR-142-5p on Lhx8 was predicted using TargetScan (https://www.targetscan.org/vert 71/). The
3'-untranslated regions (3-UTRs) of wild-type and mutant Lhx8 containing the hypothetical target site for miR-142-5p were amplified
and cloned into the pmirGLO vector (Promega, Madison, USA), which was subsequently co-transfected with miR-142-5p mimics or
miR-NC into 293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, USA). After 48 h of transfection, luciferase activity was
measured using the dual-luciferase reporter assay system (Promega).

2.6. Cell transfection

miR-142-5p mimics (5-CAUAAGUAGAAAGCACUACU-3") and its negative control, miR-NC, were obtained from Genechem
(Shanghai, China). Firstly, BMSCs were inoculated into a 6-well plate at a density of 2 X 10° cells per well. At 70% confluence, the cells
were transfected with miR-142-5p mimics or miR-NC using Lipofectamine 3000 (Invitrogen, Carlsbad, USA). The transfected cells
were further cultured for 48 h and subsequently subjected to real-time quantitative reverse transcription polymerase chain reaction
(qRT-PCR) to measure the transfection rate.

2.7. qRT-PCR

Total RNA was extracted from BMSCs (four samples per group), using TRIzol reagent (Invitrogen, Carlsbad, USA) and the reverse-
transcribed using the PrimeScript™ RT-PCR kit/Mir-X miRNA First-Strand Synthesis Kit (Takara Bio, Dalian, China). RNA sample used
to determine the miR-142-5p expression was reverse-transcribed by adding ploy (A) tail, which was followed by performing qRT-PCR
using reverse universal primers from the Mir-X miRNA First-Strand Synthesis Kit and forward specific primers containing the complete
sequence of the mature miR-142-5p. qRT-PCR was then performed using the TB Green® kit (Takara Bio, Dalian, China), mRNA and
miR-142-5p expression levels were quantified using the 2722¢T method, with GAPDH and U6 being the housekeeping genes for
normalisation. The primer information is shown in Table S1.

2.8. Western blotting

Total protein was extracted from BMSCs using RIPA and PMSF (Solarbio, Beijing, China), and then quantified using the BCA protein
assay kit (Beyotime, Shanghai, China). Thereafter, 10 pg of the protein sample was separated via sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 10% SDS-PAGE gel and transferred onto a polyvinylidene fluoride (PVDF)
membrane (Bio-Rad, Hercules, CA, USA). After non-specific blocking, the membrane was incubated with specific primary antibodies
(LHX8, Abcam, Cambridge, UK; glyceraldehyde 3-phosphate dehydrogenase [GAPDH], osteocalcin [OCN], osteopontin [OPN], all
Proteintech, Chicago, USA) overnight at 4 °C. The membrane was then incubated with the corresponding secondary antibodies at room
temperature for 2 h. Finally, the protein blot was quantified using an enhanced chemiluminescence (ECL) kit (Millipore, Billerica, USA)
and imaged using a Bio-Rad imaging system. Western blotting was performed with three replicates.

2.9. Statistical analysis

Statistical analyses were performed using SPSS software version 25.0 (IBM, Armonk, NY, USA). Significant differences between
more than two groups were determined using one-way ANOVA. All data were expressed as mean =+ standard deviation (SD, n > 3), and
means were considered statistically significant at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).
3. Results

3.1. Lhx8 expression level increased during BMSC osteogenic differentiation

BMSCs isolated from the femur of SD rats and cultured to P3 exhibited a spindle-shaped morphology based on observation under a
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microscope (Fig. S1a). To confirm the quality of the BMSCs, the expression of the specific surface marker of P1 cells were determined
using flow cytometry. CD29", CD44", CD45~, and CD90™ cells accounted for more than 90% of the cell population (Fig. 1), which is
consistent with the definition of MSCs [25]. Additionally, P3 BMSCs possessed the ability to differentiate into the osteogenic, adi-
pogenic, and chondrogenic lineages, confirming the multilineage potential of the cells (Fig. S1).

To determine the role of LHX8 in BMSCs, we investigated its protein and mRNA expression levels during BMSC differentiation.
There was an increase in the expression of the osteogenic differentiation markers, OCN, OPN, and runt-related transcription factor 2
(Runx2) following the induction of BMSCs osteogenic differentiation (Fig. 2a and b, Fig. S4). Alizarin red staining showed an increase
in calcium nodules (Fig. S2), confirming effective differentiation into osteoblasts. Additionally, Lhx8 expression was significantly
upregulated at both the protein and mRNA expression levels (Fig. 2c and d, Fig. S5). These dynamic changes in Lhx8 expression level
suggested that Lhx8 possibly plays a promotive role in the osteogenic differentiation of BMSCs.

3.2. Lhx8 was under expressed in OP rats

Ovariectomy was performed in SD rats to establish an OVX model to further investigated the expression and mechanism of action of
Lhx8 in rats with OP. Micro computed tomography (Micro-CT) analysis showed a significant decrease in bone mineral density (BMD),
trabecular number, and trabecular thickness, and a significant increase in trabecular separation in rats in the OVX model group when
compared with those of rats in the sham group (Fig. 3a). These results confirmed that an SD rat model with a lower BMD was
established successfully. Further, BMSCs were extracted from rats in the OVX model and sham groups for validation via qRT-PCR and
Western blotting analysis. Compared with that of the sham group, Lhx8 expression was significantly downregulated in the OVX model
group at both the mRNA and protein expression levels (Fig. 3b—e, Fig. S6), indicating that Lhx8 may be involved in OP regulation.

3.3. miR-142-5p was overexpressed in OP rats
TargetScan (https://www.targetscan.org/vert_80/) was used to predict miRNAs that may participate in the regulation of Lhx8. The
prediction revealed the possible existence of interactions between 20 miRNAs and Lhx8 (Table S2). RNA sequencing was performed to

further confirm miRNAs involved in Lhx8 regulation, and a total of 379 miRNAs were identified. Differential expression analysis
(Based on |log 2 fold change (FC)| > 2 and p.adjust <0.05), identified 17 significantly upregulated and seven downregulated miRNAs
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Fig. 1. Identification of BMSCs by flow cytometry.


https://www.targetscan.org/vert_80/

Y. Du et al. Heliyon 9 (2023) 19878

a
OCN OSP RUNX2
T 1400 b < 600+ = 157
[} - =) [a]
g 1200 2 s00- ok g .
3 1000 3 S
§ 800+ 5 400+ i 5 10-
§ 600- g 300_ *khk §
£ 400 s s
53 *kk ™3 200+ X
w 200 *kk w w 5+
g N\ - 2100\ g
s f[ - - - 5 2 s
[ [7) 1 [7)
['4 14
0 & 0 0-
0 4 7 10 0 4 7 10 0 4 7 10
Time (d) Time (d) Time (d)
b 4- 10
GAPDH | SN SN S | 37KD - T $ s
© © *
F— e
- - O 3 32 %]
OCN | — 3 § 5 , = 3 § .
- — s - 2 4 1
‘ &’ 1 &’ 2]
0d 4d 7d 10d
0- 0-
0 4 7 10 0 4 7 10
Time (d) Time (d)
c d
LHX8

Relative Expression (GAPDH)
Relative flod change

0 4 7 10 0 4 7 10
Time (d) Time (d)

Fig. 2. Lhx8 was significantly upregulated during osteogenic differentiation. a. Osteogenic marker genes were upregulated during osteogenic
differentiation; b. Osteogenic marker proteins were upregulated during osteogenic differentiation; c. Lhx8 expression was upregulated during
osteogenic differentiation; d. Lhx8 protein expression was upregulated during osteogenic differentiation. *p < 0.05, **p < 0.01, ***p < 0.001.

(Fig. 4a, Table 1). Venn diagram analysis also showed that miR-142-5p (log 2 FC = 3.660232683) and miR-384-5p (log 2 FC =
2.429335129) were located in the intersection between the upregulated and predicted miRNAs (Fig. 4b). However, when we predicted
the target genes of miR-142-5p and miR-384-5p using TargetScan, Lhx8 was only present in the set of target genes predicted for miR-
142-5p. Moreover, RT-PCR showed an increase in miR-142-5p expression in the BMSCs of rat in the OVX model group compared with
sham group rats (Fig. 4c). This suggested that miR-142-5p may participate in OP pathogenesis in rats by silencing Lhx8 and reducing its
protein expression.

3.4. Inhibition of BMSC osteogenic differentiation via mir-142-5p upregulation was associated with Lhx8

The mature sequences of miR-142-5p in humans and SD rats are identical (Fig. 5a). According to predictions based on TargetScan
(https://www.targetscan.org/vert_80/), miR-142-5p has complementary binding sites on the 3'-UTR region of Lhx8. Additionally, the
seed region sequence (439-446 nt) was found to be identical across species (Fig. 5a). Moreover, dual-luciferase reporter assay showed
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Fig. 3. Lhx8 was significantly downregulated in osteoporosis. a. Micro-CT three-dimensional reconstruction of cancellous bone and bone mineral
density. Statistical analysis of bone volume fraction, bone trabecular number, bone trabecular separation, and bone trabecular thickness between
OVX model and sham groups; b. Lhx8 gene expression was downregulated in the OVX group; c. Lhx8 protein expression in the OVX group; d.
Statistics of Lhx8 protein expression level in OVX group; e. Statistics of protein expression levels of the osteogenic markers OCN and OPN in OVX

group. *p < 0.05, **p < 0.01, ***p < 0.001.

that pmirGLO-LHX8-WT showed reduced luciferase activity in the presence of miR-142-5p mimics, whereas pmirGLO-LHX8-MT
luciferase activity was not significantly affected (Fig. 5b). Overall, these results suggest that miR-142-5p could directly target LHX8.

To elucidate the function of miR-142-5p in BMSCs, BMSCs were transfected with miR-142-5p mimics. The results of qRT-PCR
showed that miR-142-5p transfection significantly increased miR-142-5p expression in BMSCs (Fig. 6a), and it significantly
decreased Lhx8 expression at both the mRNA (Fig. 6b) and protein (Fig. 6¢, Fig. S7) expression levels. Subsequently, osteogenic
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Table 1
The differentially expressed miRNAs.

miRNA baseMean log2FC 1fcSE stat pvalue padj change
miR-335 283.3532 —3.96723 0.380253 —10.4332 1.75E-25 6.63E-23 down
miR-708-5p 247.2558 —3.33066 0.37887 —8.79102 1.48E-18 2.81E-16 down
miR-223-3p 1104.406 4.26201 0.567937 7.504369 6.17E-14 7.80E-12 up
miR-708-3p 143.7301 —4.01525 0.568384 —7.06433 1.61E-12 1.53E-10 down
miR-10a-5p 716.5323 2.915636 0.480836 6.063677 1.33E-09 1.01E-07 up
miR-129-5p 204.4202 —2.93848 0.548263 —5.35962 8.34E-08 4.52E-06 down
miR-10b-5p 471.2524 2.09806 0.440339 4.764646 1.89E-06 5.98E-05 up
miR-511-5p 7.736639 6.31687 1.322598 4.776107 1.79E-06 5.98E-05 up
miR-384-5p 101.0051 2.429335 0.561649 4.325365 1.52E-05 0.000352 up
miR-452-3p 31.95506 —2.45087 0.587602 —4.17096 3.03E-05 0.000605 down
miR-130b-3p 34.08948 —2.48996 0.605037 —4.11539 3.87E-05 0.000698 down
miR-429 4.734025 5.616327 1.373344 4.089526 4.32E-05 0.000745 up
miR-325-3p 36.53897 2.559276 0.652697 3.921075 8.82E-05 0.001392 up
miR-211-5p 152.0391 2.233395 0.604575 3.694155 0.000221 0.002986 up
miR-10a-3p 8.71767 4.231429 1.204105 3.514169 0.000441 0.005066 up
miR-101a-3p 2374.096 2.043625 0.588412 3.473119 0.000514 0.005735 up
miR-223-5p 26.19742 3.085731 0.90157 3.422619 0.00062 0.006504 up
miR-338-3p 18.66568 2.100608 0.626796 3.35134 0.000804 0.007815 up
miR-146a-3p 68.31875 2.59795 0.776849 3.344214 0.000825 0.007818 up
miR-92b-3p 12.23012 —2.16478 0.659385 —3.28303 0.001027 0.009267 down
miR-146a-5p 3551.771 2.136075 0.675723 3.161169 0.001571 0.012671 up
miR-142-5p 145.1554 3.660233 1.163891 3.144825 0.001662 0.013122 up
miR-511-3p 13.14625 2.958101 1.01804 2.905681 0.003665 0.024192 up
miR-501-5p 2.129507 4.465167 1.665707 2.680644 0.007348 0.046415 up
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Fig. 5. Lhx8 directly binds to miR-142-5p. a. Different species have the same seed sequence with miR-142-5p; b. Dual luciferase assay verified that
Lhx8 directly bound to miR-142-5p.

differentiation was induced in the miR-142-5p mimics-transfected cells and the status of osteogenic differentiation was measured on
day 7. miR-142-5p mimics inhibited the expression of the target gene, Lhx8, and the osteogenic differentiation-related genes OPN and
Runx2. Additionally, the protein expression levels of Lhx8, OCN, and OPN were downregulated (Fig. 6d and e, Fig. S8).

3.5. Potential competing endogenous RNAs (ceRNA) regulatory network

To elucidate the upstream mechanisms of miR-142-5p/Lhx8 regulation of BMSCs osteogenic differentiation, we analyzed long non-
coding RNA (IncRNA) data acquired via RNA sequencing and obtained 3173 IncRNAs. Additionally, 189 differentially expressed
IncRNAs, including 131 upregulated IncRNAs and 58 downregulated IncRNA, were identified between both groups based on the
following requirements: |log 2 FC| > 2 and p.adjust <0.05 (Fig. S3). Furthermore, the significantly downregulated IncRNAs with
potential competitive binding to miR-142-3p were analyzed using Miranda software version 3.3a. Consequently, four IncRNAs,
including LOC120094326, LOC120093052, LOC120097141, and LOC120097383, which may potentially form a ceRNA regulatory
network with the miR-142-5p/Lhx8 were identified. The expression levels of IncRNA LOC120094326, LOC120093052,
LOC120097141, and LOC120097383 were detected by RT-PCR. The results showed that the four IncRNAs were downregulated in the
OVX group. Among them, LOC120094326, LOC120093052, and LOC120097141 were all significantly downregulated (Fig. S3). This
result provides a theoretical basis for the next step in our research.

4. Discussion

OP has become a global public health issue, and osteoporotic fractures, with a high incidence rate, and is strongly associated with a
high mortality rate [26]. BMSCs are the main source of osteoblasts. Therefore, maintaining their osteogenic differentiation ability at a
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Fig. 6. The interaction between miR-142-5p and Lhx8 inhibits osteogenic differentiation. a. miR-142-5p expression was upregulated after trans-
fection with miR-142-5p mimics; b. Lhx8 gene expression was downregulated after transfection with miR-142-5p mimics. c. Lhx8 protein expression
was downregulated after transfection with miR-142-5p mimics. d. The expression levels of Lhx8, OCN, and RUNX2 genes were significantly
downregulated miR-142-5p mimic-transfected cells after 7 days of osteogenic differentiation; e. The expression of osteogenic marker proteins OCN
and OPN was downregulated in miR-142-5p mimic-transfected cells after 7 days of osteogenic differentiation.
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normal level is crucial for regulating bone formation in the body, while the disruption of this process can lead to conditions, such as OP
[27]. Our results confirmed that Lhx8 was upregulated during BMSCs osteogenic differentiation. However, the expression of the
transcription factor was downregulated in OVX rats, suggesting that Lhx8 may inhibit OP occurrence and progression. Additionally,
miRNA-seq of BMSCs from the rats revealed that 34 miRNAs were significantly differentially expressed in the OVX vs sham group,
including 17 upregulated and seven downregulated miRNAs. This result indicated the existence of interactions between miR-142-5p
and Lhx8 and a potential mechanism of BMSC osteogenic differentiation regulation.

miRNAs play several regulatory roles in cells, including inflammation, oxidative stress and cell growth and differentiation [23].
Certain miRNAs exert promotive effects on OP progression. Previous studies have shown that miR-1297 directly targets Wnt5A and
inhibits the osteogenic differentiation of human BMSCs [28]. Additionally, miR-374b-5p directly targets Wnt family member 3 (Wnt3)
and Runx2, and negatively regulates the osteogenic differentiation of osteoblasts as well as bone formation [29]. However, some
miRNAs can inhibit OP progression. For example, miR-124 promotes osteoblast proliferation and differentiation via the BMP/TGF-f
signalling pathway [30]. Additionally, miRNA-291a-3p also directly inhibits DKK1 mRNA and protein expression levels, activates the
Wnt/p-catenin signalling pathway, and promotes BMSCs osteogenic differentiation [31]. Moreover, miR-141 overexpression can
inhibit mandibular OP in OVR rats by activating the Wnt/p-catenin signalling pathway [32].

miR-142-5p is associated with the occurrence of various diseases and can be used as a target for disease diagnosis. For example,
miR-142-5p expression in the tumour microenvironment may serve as a target for diagnosis and treatment [33]. In chronic inflam-
mation, miR-142-5p is capable of regulating macrophage-promoted tissue fibrosis, leading to the occurrence of many end-stage
chronic inflammatory diseases [34]. Further, miR-142-5p is downregulated in osteoarthritis and it can directly act on CXCR4 to
inhibit chondrocyte apoptosis, thereby alleviating osteoarthritis progression [35]. However, miR-142-5p can also directly target PTEN,
which promotes the differentiation of bone marrow-derived macrophages into osteoclasts, thereby promoting osteoclast genesis [36].
Teng et al. showed that miR-142-5p inhibits BMSC migration by suppressing VCAM-1 expression [37]. In the present study,
miR-142-5p was significantly upregulated in OP and participated in the negative regulation of the osteogenic differentiation of BMSCs.
miR-142-5p sequences and their interaction sites with Lhx8 on the 3'-UTR are highly conserved across different species, indicating that
this regulatory relationship may possess widespread applicability. Overall, these results indicate that miR-142-5p is associated with OP
progression, making it a potential diagnostic target for OP. Compared to traditional osteoporosis marker proteins, miRNAs are more
stable and less influenced by the patient’s clinical characteristics [38]. Thus, miR-142-5p is a promising osteoporosis-related
biomarker that can compensate for the lack of traditional biomarkers.

ceRNAs, transcripts that can competitively bind RNA [39], include IncRNAs, which can competitively bind miRNAs [40]. The
entire regulatory network in which ceRNAs participate is known as the ceRNA regulatory network, and the associated ceRNA network,
in which miRNAs play a central regulatory role usually includes IncRNA-miRNA-mRNA. Additionally, the transcription level of the
mRNAs regulated by miRNAs increases when miRNAs are competitively bound by ceRNAs, such as IncRNAs. Further, miRNAs and
IncRNAs in ceRNA regulatory networks have been shown to function as epigenetic regulatory factors, which play an important role in
controlling gene expression and altering various biological processes, including bone metabolism [41]. Moreover, IncRNAs play a key
role in OP regulation. For instance, IncRNA-H19 regulates the expression of Angptl, thus promotes the osteogenic differentiation of
mouse BMSCs [42]. In the present study, we confirmed the involvement of miR-142-5p in the regulation of BMSC osteogenic dif-
ferentiation, and predicted the IncRNAs that interacted with miR-142-5p. This suggests the potential functions of the interacting
IncRNAs in BMSCs osteogenic differentiation and OP regulation. Based on these findings, we speculated that the IncRNAs,
LOC120094326, LOC120093052 and LOC120097141 may sponge miR-142-5p. Overall, we elucidated the potential ceRNA regulatory
network involved in OP regulation, which may serve as basis for future studies on OP.
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