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Transcriptome sequencing-based analysis
of the molecular mechanism underlying the
effect of IncRNA AC003090.1 on osteoporosis
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Abstract

Objective To analyze changes in the expression of osteoporosis (OP)-related genes across different bone types based
on transcriptome sequencing, and to identify the key molecules and mechanisms involved in the progression of OP in
order to better understand this process.

Methods Ten pairs of postmenopausal patients with osteoporosis (OP) and non-osteoporotic (non-OP) volunteers
were included. Transcriptome sequencing was performed on six pairs of spongy and cortical bone tissues. The
expression of FOXP1 was detected using quantitative real-time PCR (RT-gPCR) and receiver operating characteristic
(ROQ) curves. Magnetic-activated cell sorting was conducted, and the expression levels of AC003090.1, miR-203a-3p,
and FOXP1 were measured using RT-gPCR. Human bone marrow stem cells (nBMSCs) were infected with a lentivirus
carrying the AC003090.1 expression plasmid. The expression levels of Runx2, Opn, and Ocn in spongy and cortical
bone samples, as well as in post-infection cells, were assessed through RT-qPCR. The expression levels of GSK-3[3,
-catenin, and c-Myc were evaluated by performing RT-gPCR and Western blot analysis.

Result A total of 2,102 out of 2,827 differentially expressed genes (DEGs) were identified between the cortical bone
samples from patients with osteoporosis (OP) and the cortical/spongy bone samples of the control group. Among
these, 1,482 were significantly up-regulated, and 620 were significantly down-regulated, while 1,146 were significantly
up-regulated and 1,681 were significantly down-regulated. The expression of FOXP1 in tissue and bone tissue-
derived mesenchymal stem cells (MSCs) from patients with OP was significantly lower than that in patients without
OP.FOXP1 levels in bone tissue (cortical bone AUC=0.825, P=0.01405; spongy bone AUC=0.800, P=0.02338) could
serve as predictors of OP. In addition, the overexpression of AC003090.1 significantly enhanced the transcription levels
of Runx2, Opn, and Ocn; significantly upregulated the expression levels of 3-catenin and c-Myc; and inhibited the
expression of GSK-33. Transfection with miR-203a-3p mimics and FOXP1 small interfering RNA reversed the effect of
AC003090.1 on GSK-33/(3-catenin/c-Myc signaling.

Conclusion FOXP1, as a molecular mediator of AC003090.1, affects the GSK-3[3/3-catenin/c-Myc signaling pathway
and promotes the osteogenic differentiation of hBMSCs, thus playing a key role in the progression of OP.
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Introduction

Osteoporosis (OP) is a serious systemic metabolic bone
disease. It is characterised by decreased bone mass and
changes in bone microstructure accompanied with
reduced bone strength and increased bone fragility and
fracture risk [1, 2, 3]. The pathogenesis of OP has been
preliminarily clarified as follows: the dynamic balance of
bone reconstruction is destroyed, and the functions of
osteoblasts and osteoclasts are unbalanced, resulting in
the imbalance of bone metabolism and loss of net bone
volume [4, 5]. Drugs, such as bisphosphonate calcitonin,
which are widely used in clinical practice, mainly deceler-
ate the development of OP through antibone resorption
but cannot markedly improve the microstructure of bone
trabeculae [6]. Therefore, improving bone formation abil-
ity has become the focus of OP treatment [7, 8, 9].

Bone marrow mesenchymal stem cells (BMSCs), the
precursors of osteoblasts, have weak osteogenic differ-
entiation ability, which has been proven to be the main
cytological basis of the pathogenesis of OP, and can
directly participate in the occurrence and development
of OP [10, 11]. Osteoblast differentiation is regulated
by various hormone cytokines, such as TGF-1/2, VEGF
and FGF2. In recent years, a large number of studies
have shown that BMSCs can differentiate into osteo-
blasts under certain environmental induction. More-
over, BMSCs have become a type of seed cells that are
expected to participate in the clinical treatment of OP
due to their characteristics of easy extraction and isola-
tion and considerable proliferation in vitro. Studies have
also demonstrated that the osteogenic differentiation
ability of BMSCs is closely related to the expression of
certain genes (FOXP1, Osterix, GLP-1R, Nrf2 and DLX2)
[12, 13, 14, 15, 16]. FOXP1 is one of four FOXP subfam-
ily members (FOXP1, FOXP2, FOXP3 and FOXP4); it
is widely expressed in diverse tissues and cells of mam-
mals and controls and determines the differentiation and
fate of various cells [17]. For example, in Foxp1 knockout
mice, defects in cardiomyocyte maturation and prolifera-
tion resulted in severe defects in cardiac morphogenesis
and embryo death [18]. In developing embryonic and
postnatal lung secretory epithelial cells, the absence of
Foxp1/4 led to the abnormal activation of secretory epi-
thelial cells to differentiate into goblet cells [19].

In recent years, with the continuous development of
high-throughput sequencing technology and interdisci-
plinary and multidisciplinary methods, a growing num-
ber of studies have shown that IncRNAs participate in
complex signalling networks in human cells, as well as
regulate gene expression and cell proliferation and dif-
ferentiation in response to various stimuli and signals

[20, 21, 22]. IncRNAs can participate in the regulation
of BMSCs [23] and osteoblast activity [24], thus remark-
ably affecting bone metabolism. Our previous study [25]
illustrated that AC003090.1 is a novel IncRNA with an
important role in the osteogenic differentiation of human
BMSCs (hBMSCs). The overexpression of AC003090.1
remarkably promoted the osteogenic differentiation of
hBMSCs in vitro. The gene editing of hBMSCs target-
ing IncRNA AC003090.1 may be beneficial to the clinical
application of MSCs. In our previous study, we identified
the key role of the IncRNA AC003090.1/miR-203a-3p/
FOXP1 axis in the osteogenic differentiation of hBMSCs
and progression of OP. However, the molecular mecha-
nism involved in its biological function still needs further
exploration.

By analysing transcriptomic expression profiles, we
provided the direction for exploring the downstream sig-
nalling of the IncRNA AC003090.1/miR-203a-3p/FOXP1
axis and verified it at the clinical and cellular levels to
further reveal the mechanism through which IncRNA
AC003090.1 affects OP osteogenic differentiation.

Materials and methods

Patient samples

This study included cortical and spongey bone samples
from 20 postmenopausal women who underwent hip
replacement surgery for hip diseases in the Second Affili-
ated Hospital of Fujian Medical University in 2021. The
inclusion criteria were as follows: (1) With and with-
out OP diagnosed in accordance with the 2017 Chinese
Guidelines for the Diagnosis and Treatment of Primary
Osteoporosis. (2) No serious liver, kidney and thyroid
diseases; malignant tumours; and history of major dis-
ease. Exclusion criteria: (1) Treated with anti-OP drugs
before surgery. (2) Long-term use of monoclonal anti-
bodies and other drugs affecting bone differentiation.
(3) Hip fracture from severe violent trauma, such as car
accidents, falling from heights and injuries from heavy
objects. (4) Pathological fracture.

Cell culture and transfection

hBMSCs were obtained from BeNa Culture Collection
(BNC(C339828, China) and cultured in OriCell” hBMSC
complete culture medium (BGM-0111, Cyagen Biosci-
ences, China) composed of 10% special foetal bovine
serum (10099-141, Gibco, the USA), 1% penicillin and
streptomycin solution (100x, C0222, Beytime, China) and
1% glutamine (C0221, Beytime, China). The medium was
changed every 2-3 days, and cells were grown to approxi-
mately 80% confluence. Subculture was conducted with a
1:3 ratio at 37 °C in a 5% CO, cell incubator. miR-203a-3p
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mimics/NC and small-interfering RNA (siRNA) for
FOXP1 were synthesised by General Biol (Anhui, China).
The recombinant overexpression plasmid for IncRNA
AC003090.1 was established in pLVX-mcmv-Zsgreenl-
puro (expressed as oelnc/oelnc NC). hBMSCs were
transfected by using Invitrogen Lipofectamine 2000
(transfection reagent [pL]: plasmid[ug]=3:1), and the
transfection solution was changed 12 h after transfection.

RNA isolation and quantitative real-time qPCR

A TaKaRa MiniBEST Universal RNA extraction kit
(9767, Takara, Japan) was employed to obtain total RNA
from samples, and a PrimeScript™ II 1st Strand cDNA
synthesis kit (6210 A, Takara, Japan) was applied for
c¢DNA synthesis. IncRNA AC003090.1, miR-203a-3p,
FOXP1 and B-catenin expression levels were measured
by using AceQ® qPCR SYBR Green Master Mix (Q111-
02, Vazyme, China). GAPDH was used as an endogenous
control for IncRNA AC003090.1, FOXP1, Runx2, Opn,
Ocn, GSK3p, c-Myc and B-catenin. U6 was applied as an
endogenous control for miR-203a-3p. All experiments
were performed in accordance with kit instructions.
Primer sequences are shown in Table 1.

Western blot analysis

Western blot analysis was conducted to detect the expres-
sion levels of proteins. Cells were collected, and total pro-
tein was obtained. A BCA kit was used to detect protein
concentration. Samples were separated through SDS-
PAGE; transferred onto a nitrocellulose filter membrane;
and incubated with GSK3p rabbit mAb (cat no. A11731,
1:1000), c-Myc rabbit mAb (cat no. A19032, 1:1000) and
[-catenin mouse mAb (cat no. A20221, 1:1000) at 4 °C
overnight and with secondary antibodies for 1 h. Finally,
an ECL detection system was used to detect bands.
GAPDH was used as an endogenous control.

Table 1 Sequences
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Magnetic activated cell sorting

Cell suspensions were prepared as follows: spongy and
cortical bone tissues from the OP (n=6) and control
(n=6) groups were cut in PBS into fragments of approxi-
mately 1 mm?>. Bone tissue fragments and cells inoculated
at a density of 1x 10° L™! were sequentially digested with
2 g/L type II collagenase and 2.5 g/L trypsin. When pri-
mary cells had fused and covered more than 80% of the
bottom of the bottle, they were digested with 2.5 g/L
trypsin to obtain a cell suspension.

Fluorescein-labelled CD166/CD105 antibodies were
added to the prepared cell suspension. Incubation, iso-
lation and collection were repeated, and the resulting
CD105"/CD166" cell suspension was used as the cells
for magnetic activated cell sorting (MACS). The cells col-
lected as the fluid without magnetic beads were mixed
with non-CD105 */CD166" cells as a control.

RNA-seq

A TaKaRa MiniBEST Universal RNA extraction kit
(9767, Takara, Japan) was used to obtain total RNA from
samples (spongy and cortical bone tissues of the OP
[n=6] and control [#=6] groups). Paired-end sequenc-
ing was performed by using next-generation sequencing
(NGS) with an Illumina HiSeq sequencing platform. The
reference genome employed in this project was GCEF-
000001405.39-GRCh38.p13-genomic.fna.

Statistical analysis
Statistical analyses were conducted with SPSS 20.0 sta-
tistical software. Unpaired two-sided t-test was used
to analyse statistical differences between groups. Data
were expressed as mean + SD. ROC curves were obtained
through analysis with GraphPad Prism6. P<0.05 was
employed to indicate biostatistical significance.

HTSeq was applied for the statistical comparison of the
read count value of each gene as the original expression
of the gene [26]. FPKM values were calculated by using

Gene Forward Reverse

GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC

u6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
LncRNA AC003090.1 CTGCCTGCTTTGTTTACACGAA TGTTGCCGAGTCAATCATTCAT
hsa-miR-203a-3p GCGGCGGGTGAAATGTTTAGGAC ATCCAGTGCAGGGTCCGAGG
FOXP1 GCAGTTACAGCAGCAGCACCTCC CAGCCTGGCCACTTGCATACACC
B-catenin AAGCGGCTGTTAGTCACTGG CGAGTCATTGCATACTGTCCAT
GSK3p TGTGTGTTGGCTGAGCTGTT CTCCCTTGTTGGAGTTCCCAG
c-myc CCTACCCTCTCAACGACAGC TTGTTCCTCCTCAGAGTCGC
RUNX2 CACCACTCACTACCACACCTA TGACGAAGTGCCATAGTAGAGAT
OCN CACACTCCTCGCCCTATTG GGTCTCTTCACTACCTCGCT
OPN GAAGTTTCGCAGACCTGACAT GTATGCACCATTCAACTCCTCG

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; FOXP1:Forkhead Box P1; GSK3[B: Recombinant Glycogen Synthase Kinase 3 Beta; Runx2: Runt-related

transcription factor 2; OCN: Osteocalcin; OPN: Osteocalcin
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Stringtie and TMM [27]. The DESeq software package in
R language was employed for the PCA of each sample in
accordance with expression levels. The screening criteria
for DEGs were|log2FoldChange| > 1 and P<0.05.

The R language ggplots2 software package was used to
draw the volcano map of DEGs. The R Circlize software
package was utilised to label DEGs in the genome. The
Pheatmap software package in R language was utilised
for bidirectional cluster analysis. topGO was employed
for GO enrichment analysis, and the phyper function in
R software was applied for KEGG enrichment analysis.

Results

Statistical and characteristic analyses of gene expression
levels in each sample

FPKM values were used to characterise gene expression
levels, and each sequenced sample was statistically ana-
lysed (‘A’ represents the spongy bone samples of patients
with OP, ‘aa’ represents the cortical bone samples of
patients with OP, ‘B’ represents the spongy bone samples
of the control group and ‘bb’ represents the cortical bone
samples of the control group). Each group contained
six samples, and the number represents the number of
genes in different FPKM value intervals (different expres-
sion level intervals). Fragments refer to each nucleic acid
fragment used for sequencing. In our study, genes with
FPKM > 1 were considered as expressed.

FPKM density (Fig. 1A) and violin (Fig. 1B) maps
were drawn to display the number of genes with dif-
ferent expression levels in all samples intuitively. The
FPKM density and violin maps showed the gene expres-
sion characteristics of each sample: the majority of genes
exhibited medium expression levels, and a few genes pre-
sented very high or low expression levels. The character-
istics of gene expression in all samples were consistent, as
shown in Table 2.

DEG analysis

In our study, the genes expressed in different groups
were compared in pairs, namely, aa vs. bb, A vs. aa, A
vs. B and B vs. bb. A volcano map of gene distribution,
multiple differences in gene expression and significant
results between the two groups was drawn, as presented
in Fig. 1C, to display the DEG data of the two groups
directly. A total of 2102 DEGs were obtained between
groups aa vs. bb. Of these DEGs, 1482 were significantly
up-regulated and 620 were significantly down-regulated.
A total of 667 DEGs were obtained between groups A
and aa, of which 305 were significantly up-regulated and
362 were significantly down-regulated. A total of 2827
DEGs were obtained between groups A and B, with 1681
and 1146 of these DEGs being significantly up-regulated
and significantly down-regulated, respectively. A total of
2156 DEGs were obtained between groups B and bb. Of
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these DEGs, 1234 were significantly up-regulated and
922 were significantly down-regulated. In addition, we
ranked the genes with up-regulated and down-regulated
expression levels in accordance with FC values. The top
20 genes in each ranking are listed in Table 3.

Cluster analysis of DEGs

Figure 1D shows the results of bidirectional cluster analy-
sis, which was conducted in accordance with the expres-
sion levels of the same gene in different samples and
expression patterns of different genes in the same sample.
In this figure, genes are represented horizontally, with
red representing those with high expression and green
representing those with low expression.

GO enrichment analysis of DEGs

As illustrated in Fig. 2A, we used the rich factor, false
discovery rate (FDR) and number of genes enriched in
GO items to measure the enrichment degree of each
GO item further. FDR generally ranges from 0 to 1. An
EDR value close to zero is indicative of significant enrich-
ment. Amongst all the items, the first 20 items with the
smallest FDR values, that is, the most significant enrich-
ment, were selected for display. Numerous items were
correlated with ‘extracellular components; ‘cell localisa-
tion; ‘cell movement; ‘cell adhesion; ‘anatomical structure
development, ‘phylogeny, ‘animal organ development,
‘multicellular organ development’ and ‘skeletal system
development’

KEGG enrichment analysis of DEGs

The KEGG pathway database includes cellular processes,
environmental information processing, genetic informa-
tion processing, human diseases, metabolism and organ-
ismal systems. In this study, the DEGs enriched in the
entries obtained through comparison amongst different
groups were counted in accordance with the second-level
entries of the KEGG pathway database. The enrichment
degree of each KEGG pathway was measured by using
the rich factor, FDR and number of genes enriched in
KEGG pathways. The first 20 pathways with the small-
est FDR value, that is, the most significant enrichment,
amongst all the pathways were selected for display in
Fig. 2B.

Role of FOXP1 in OP

Figure 3B shows that the expression of FOXP1 in the
bone tissue of patients with OP was significantly down-
regulated relative to that in control patients. The expres-
sion pattern of FOXP1 in the bone tissue of patients with
OP obtained through high-throughput transcriptome
sequencing (Fig. 3A) was consistent with that in patients
with OP detected by using quantitative real-time PCR
(RT-qPCR).
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Fig. 1 Transcriptome sequencing analysis results. (A) FPKM density map. The horizontal coordinate is the log10 (FPKM) value of the gene. The ordinate
is the density of the number of genes expressed corresponding to the log10 (FPKM) value. (B) Violin diagram. The horizontal line in the middle of each
box is the median value of log10 (FPKM), the upper and lower edges of the box are 75% of the value of log10 (FPKM), and the upper and lower limits are
90% of the value of log10 (FPKM). The width represents the number of genes at this log10 (FPKM) value, that is, the density. (C) Volcano map of expression
genes. The horizontal coordinate is log2(FoldChange) and the vertical coordinate is -log10(p-value). The two vertical dashed lines in the figure represent
the threshold of 2x expression difference. The dashed line indicates the P-value =0.05 threshold. Red dots indicate up-regulated genes in the Treat group
compared to the Control group, blue dots indicate down-regulated genes in the TREAT group, and gray dots indicate non-significant differentially ex-
pressed genes. (D) Heat map of cluster analysis. Each column represents a sample, with genes represented horizontally, high-expressed genes in red and
low-expressed genes in green. A represents spongy bone samples from OP patients, aa represents cortical bone samples from OP patients. B represents
spongy bone samples of control group, and bb represents cortical bone samples of control group. Each group contains 6 samples, and the numbers
represent different samples.
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Table 2 Statistical table of interval distribution of sample expression
Type 0~0.01 0.01~0.1 0.1~1 1~10 10~100 100~ 1000 >1000
A35 6372 1617 3346 6571 3851 496 59
(28.56%) (7.25%) (15%) (29.45%) (17.26%) (2.22%) (0.26%)
A36 6229 1592 3219 6542 4169 509 52
(27.92%) (7.14%) (14.43%) (29.32%) (18.69%) (2.28%) (0.23%)
A29 6304 1578 3093 6698 4131 467 41
(28.25%) (7.07%) (13.86%) (30.02%) (18.51%) (2.09%) (0.18%)
A31 6672 1423 3086 6491 4076 505 59
(29.9%) (6.38%) (13.83%) (29.09%) (18.27%) (2.26%) (0.26%)
A32 6374 1513 3185 6505 4193 492 50
(28.57%) (6.78%) (14.27%) (29.15%) (18.79%) (2.21%) (0.22%)
A34 6131 1739 3255 6545 4072 516 54
(27.48%) (7.79%) (14.59%) (29.33%) (18.25%) (2.31%) (0.24%)
aa29 6127 1791 (8.03%) 3225 (14.45%) 6611 (29.63%) 4041 (18.11%) 473 (2.12%) 44 (0.20%)
(27.46%)
aa30 6106 (27.37%) 1730 (7.75%) 3171 (14.21%) 6653 (29.82%) 36 (18.54%) 476 (2.13%) 0(0.18%)
aa35 6213 (27.85%) 1789 (8.02%) 3240 (14.52%) 6580 (29.49%) 3962 (17.76%) 469 (2.1%) 9(0.26%)
aa36 5973 (26.77%) 1633 (7.32%) 3284 (14.72%) 6719 (30.11%) 25 (18.49%) 514 (2.3%) 4 (0.29%)
aa37 6396 (28.67%) 1638 (7.34%) 3357 (15.05%) 6456 (28.94%) 3874 (17.36%) 516 (2.31%) 5(0.34%)
aa38 6483 (29.06%) 1454 (6.52%) 3433 (15.39%) 6340 (28.42%) 4017 (18%) 516 (2.31%) 9 (0.31%)
B43 81 (27.7%) 1358 (6.09%) 3064 (13.73%) 6748 (30.24%) 4396 (19.7%) 515(2.31%) 0(0.22%)
B44 6648 (29.8%) 1724 (7.73%) 5(1531%) 6218 (27.87%) 3780 (16.94%) 461 (2.07%) 6 (0.3%)
B45 6348 (28.45%) 1689 (7.57%) 3595 (16.11%) 6286 (28.17%) 3850 (17.26%) 479 (2.15%) 5 (0.29%)
B46 6095 (27.32%) 1713 (7.68%) 3854 (17.27%) 6432 (28.83%) 3654 (16.38%) 498 (2.23%) 66 (0.30%)
B47 6225 (27.9%) 1771 (7.94%) 3632 (16.28%) 6320 (28.33%) 3828 (17.16%) 482 (2.16%) 4 (0.24%)
B48 6491 (29.09%) 1795 (8.04%) 3509 (15.73%) 6110 (27.38%) 3880 (17.39%) 467 (2.09%) 0 (0.27%)
bb52 6204 (27.81 %) 1326 (5.94%) 3161 (14.17%) 6893 (30.89%) 84 (18.75%) 486 (2.18%) 8(0.26%)
bb53 3(27.49%) 1304 (5.84%) 3193 (14.31%) 6840 (30.66%) 4303 (19.29%) 493 (2.21%) 6 (0.21%)
bb44 (27,7%) 1515 (6.79%) 3275 (14.68%) 6724 (30.14%) 01 (18.38%) 459 (2.06%) 8(0.26%)
bb54 6087 (27.28%) 1230 (5.51%) 3103 (13.91%) 6943 (31.12%) 4394 (19.69%) 503 (2.25%) 2(0.23%)
bb50 08 (27.38%) 1533 (6.87%) 3272 (14.66%) 6897 (30.91%) 4009 (17.97%) 436 (1.95%) 7 (0.26%)
bb51 5823 (26.1%) 1492 (6.69%) 3251 (14.57%) 6811 (30.53%) 4393 (19.69%) 495 (2.22%) 47 (02 %)

Arepresents spongy bone samples from OP patients, aa represents cortical bone samples from OP patients; B represents spongy bone samples of control group, and
bb represents cortical bone samples of control group. Each group contains 6 samples, and the numbers represent different samples

ROC curve analysis of FOXP1 levels in OP bone tissue
Given the promoting effect of FOXP1 on the osteogenic
differentiation of hBMSCs in vitro and the significantly
low expression of FOXP1 in the cortical and spongy
bone tissues of patients with OP, we performed ROC
curve analysis to evaluate the sensitivity and specificity
of FOXP1 in bone tissue as a predictor of OP, as shown
in Fig. 3C. The AUC of cortical bone was 0.825 (95%CI,
0.627-1.022) and that of spongy bone was 0.0.800
(95%CI, 0.603-0.996). These results suggest the potential
value of FOXP1 in bone tissue, especially cortical bone,
as a predictor of OP.

Specific expression levels of AC003090.1, miR-203a-3p and
FOXP1 in bone tissue-derived MSCs in patients with OP

In our study, MSCs were positively labelled with the cell
surface marker CD105/CD166 and separated from the
cortical and spongy bone tissues of patients in the con-
trol and OP groups by using MACS. Total RNA extrac-
tion and RT-qPCR were performed on the selected cells.

In MSCs derived from the cortical and spongy bone tis-
sues of patients with OP, the specific expression levels of
AC003090.1 and FOXP1 were down-regulated, whereas
that of miR-203a-3p was up-regulated (Fig. 3D, E and F).
The expression levels of AC003090.1, miR-203a-3p and
FOXP1 in non-MSCs (other cells) did not significantly
differ from those in cells from different patient-derived
sources (OP and control) and from different bone tissue
types (spongy and cortical bones) (Fig. 3D, E and F).

Expression pattern-specific changes in miR-203a-3p and
FOXP1 during the osteogenic differentiation of hBMSCs

in vitro and IncRNA AC003090.1 regulate their expression
changes

Subsequently, we utilised RT-qPCR to detect whether
IncRNA ACO003090.1 could regulate the changes in the
expression levels of miR-203a-3p and FOXP1 during
the osteogenic differentiation of hBMSCs in vitro. Fig-
ure 5A and B illustrate that the overexpression of IncRNA
AC003090.1 significantly down-regulated the expression
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Table 3 Top 20 DEGs based on FC value

aaVS. bb AVS. aa AVS.B BVS. bb

Down Up Down Up Down Up Down Up

TTR GSTM1 HLA-DRB5 GSTM1 ILT1 HLA-DQB1_2 GSTM1 HLA-DQB1_2
HLA-DMA_3 LILRB3 MS4A6E HLA-A_4 HLA-DRB5 ANGPTL8 SLC7A3 CFB
HLA-C_2 HLA-A_4 POSTN HLA-C_6 CcCL7 HLA-C_5 SLC6A19 B3GNT3
HLA-C_3 CA9 TREM?2 LILRB3 GSTM1 HLA-C_2 FAM818 FAM1638B
CTAG2 WNT2 HLA-DRB1 H1-3 CAMK2A HLA-C_3 OR2L2 CDH12
NUTM2B MMP10 DCSTAMP FFAR1 MS4A6E HLA-DMA_3 SERPINB2 FRMD7
LMO1 H1-3 MMP12 SLC7A3 CXCL5 HLA-C_6 H3C11 EPHA7
HOXC12 CXCLS MMP7 HLA-DMA MMP7 SERTM1 FFAR1 OPCML
FREM2 TCAF2 B3GNT3 VPREB1 DAW1 HSPA1B_2 FOXA1 FAM189A1
LYPD2 SPINK1 SPOCD1 LILRA4 WNT2 RNF5_2 NIPAL4 HAPLN1
CPLX3 KCNF1 NOTUM TFAP2C FAM83A PSMB8_3 GJB6 SCRGI
LGN CCL20 IHH ccbcigy SLC6AT9 ARL5C KRT25 MMP13
FGF16 DMBT1 VARS2_1 HLA-C_5 CCL20 COL28A1 DAW1 SLITRK6
SFRP5 MMP3 NRK TMEM72 HLA-DRB1 SLC6A2 H2BC13 MEPE
COL28A1 XKR9 GFAP LEFTY1 CGBS TSPANS ATF6B_3 FAMA438
TSPANS NME2 ASPHD1 DNTT SYT13 ERICH4 EREG EPHAS
FCGBP_1 GPR142 C5orf46 LOC105379752 MARCHF4 SLC38AT11 H1-4 PLA2G2A
FRMPD3 ILT1 MARCHF4 OVCH1 SDS FOX06_1 LILRA6_4 PRSS35
GCOM1 PRG4 MICB_5 SLC32A1 MPP4 EPHA7 ZAR1 GFAP
MC4R LOC105378148 COL5A1 TUBB_2 SBSN CRABP1 TEX45 GNG4_1

A represents spongy bone samples from OP patients, aa represents cortical bone samples from OP patients. B represents spongy bone samples of control group,
and bb represents cortical bone samples of control group. Each group contained 6 samples

of miR-203a-3p and up-regulated the mRNA level of
FOXP1. Importantly, during the osteogenic differentia-
tion of hBMSCs in vitro, the expression of miR-203a-3p
was significantly down-regulated and the mRNA level
of FOXP1 was significantly up-regulated (hBMSC OI vs.
hBMSCs). These results suggest that miR-203a-3p and
FOXP1, as well as their expression regulation mecha-
nisms, are involved in the osteoblastic differentiation
of hBMSCs in vitro and may play an important role.
IncRNA AC003090.1, as a molecular regulatory mecha-
nism of ceRNAs, can specifically bind to miR-203a-3p
and cause its level to decrease, thus leading to the up-reg-
ulation of FOXP1 mRNA levels.

Changes in the expression levels of Runx2, Opn and Ocn in
the bone tissue/hBMSCs of patients with OP

The transcriptional activation of Runx2, Opn and Ocn
represents the prophase, early phase and maturation
of osteoblasts, respectively. We detected the levels of
Runx2, Opn and Ocn in the bone tissue of patients in
the control and OP groups by using RT-qPCR. Figure 4A
shows that the Runx2, Opn and Ocn transcription lev-
els in the cortical and spongy bone tissues of patients
with OP were significantly lower than those in the con-
trol group, indicating differences in the number and/
or function of osteoblasts and process of bone forma-
tion between patients with OP and those with low bone
mass. Figure 4B shows that in the control patients, the
Runx2, Opn and Ocn transcription levels in spongy bone

tissues were significantly lower than those in cortical
bone. However, the transcription levels of Runx2, Opn
and Ocn in the bone tissue of patients with OP were low
possibly due to bone formation disorders. Therefore, the
transcription levels of Runx2, Opn and Ocn in the corti-
cal and spongy bone tissues of patients with OP did not
significantly differ.

We detected the levels of Runx2, Opn and Ocn by
using RT-qPCR to analyse the effect of AC003090.1 over-
expression on the osteogenic differentiation of hBMSCs.
The result is provided in Fig. 5C. Compared with those
in normal hBMSCs, the transcription levels of Runx2,
Opn and Ocn in the OI of hBMSCs had significantly
increased, indicating that hBMSCs were undergoing
osteogenic differentiation. Lentiviral vector infection
with an empty plasmid (hBMSC OI+Inc-NC) did not
affect the transcription of Runx2, Opn and Ocn. How-
ever, lentiviral infection with the AC003090.1-express-
ing plasmid, that is, the overexpression of AC003090.1
(hBMSC OI +Inc-OE), significantly up-regulated Runx2,
Opn and Ocn transcription levels relative to transfec-
tion with hBMSC OL This result demonstrates that the
overexpression of AC003090.1 significantly promoted the
osteogenic differentiation of hBMSCs. Figure 6A illus-
trates that compared with hBMSC OI +Inc-OE trans-
fection, NC transfection did not affect the transcription
levels of Runx2, Opn and Ocn. However, compared with
hBMSC OI +Inc-OE transfection, transfection with miR-
203a-3p mimics and si-FOXP1, especially si-FOXP1,
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Fig. 2 GO/KEGG enrichment analysis of DEGs. (A) GO enriched bubble maps of DEGs obtained by comparison of different groups. (B) KEGG channel en-
richment bubble maps of DEGs obtained by comparison of different groups. Tag the GO/KEGG entry to the right of the image. The horizontal coordinate
is rich factor, which refers to the ratio of the number of DEGs enriched in GO/KEGG entries to the number of DEGs annotated; The greater the rich factor,
the higher the degree of enrichment. Bubble color represents FDR value; FDR generally ranges from 0 to 1, and the closer it is to zero, the more significant
the enrichment. Bubble size represents the number of genes enriched to GO/KEGG entries. The picture shows the top 20 items with the lowest FDR val-
ues of all items, i.e. the most significant enrichment. A represents spongy bone samples from OP patients, aa represents cortical bone samples from OP
patients. B represents spongy bone samples of control group, and bb represents cortical bone samples of control group. Each group contained 6 samples

significantly down-regulated the transcription levels of
Runx2, Opn and Ocn.

LncRNA AC003090.1 affects GSK-3pB and c-Myc signalling in
hBMSCs through the miR-203a-3p/FOXP1 axis

We also examined the effects of AC003090.1 overexpres-
sion on the expression levels of GSK-3pB, -catenin and
c-Myc. Figure 5D and E show that the transcription and
protein expression levels of B-catenin and c-Myc signifi-
cantly increased in OI-cultured hBMSCs relative to in
normal cultured hBMSCs. By contrast, the transcrip-
tion and protein expression levels of GSK-3p significantly
decreased. The hBMSC OI group subjected to lentiviral
vector infection with the empty plasmid was not signifi-
cantly affected. Compared with transfection with hRBMSC
OI and hBMSC OI +1nc-NC, that with the AC003090.1-
overexpressing plasmid significantly up-regulated the
transcription and protein expression levels of B-catenin
and c-Myc and inhibited those of GSK-3p.

In addition, transfection with miR-203a-3p mimics and
si-FOXP1 significantly up-regulated intracellular GSK-3f3
transcription and protein expression levels but signifi-
cantly inhibited B-catenin and c-Myc transcription and
protein expression levels (Fig. 6B and C).

Discussion

The foundation of molecular biology begins with the
transcription of genes from DNA into RNA. This phe-
nomenon, in turn, leads to protein synthesis. RNA (col-
lectively known as the transcriptome) is a complex
genomic structure with coding and noncoding regions. It
acts as an intermediary between genes and proteins. The
study of the transcriptome is crucial for understanding
genomic function, identifying the molecular composition
of cells and understanding the causes and progression of
diseases [28]. In this study, we employed NGS technol-
ogy to perform transcriptome sequencing on six spongy
bone and six cortical bone samples from postmenopausal
patients with OP and six spongy bone and six corti-
cal bone samples from postmenopausal control patients
with low bone mass to obtain the transcriptome expres-
sion profiles of each sample. The DEGs between the two
groups were analysed, and valuable information, which is
conducive to further studies in the future, was obtained.
The transcriptome sequencing results highlighted the dif-
ferential expression of FOXP1, GSK3p and B-catenin in
the bone tissue of patients with OP, as well as the critical

role of GSK3p/B-catenin signalling in the disease pro-
gression of OP. Our study also points to the inherent
differences in cell activity and molecular mechanisms
between human cortical and spongy bone tissues under
physiological and pathological conditions. These varia-
tions include differences in cell motility, cell proliferation,
immune microenvironment and responses to extracellu-
lar signals.

Bone can be classified as cortical or spongy depending
on its microstructure. Cortical bone has a dense struc-
ture, and its units and plexiform flakes are arranged lon-
gitudinally. Spongy bones are loosely aligned with each
other, and 20% of their volume comprises trabeculae in
different directions, with the remaining space filled with
bone marrow and fat. Studies have demonstrated that
patients with type 2 diabetes mellitus have higher spongy
bone density but lower cortical bone density than con-
trols [29, 30]. Differences in composition may explain
why Runx2, Opn and Ocn transcription levels in spongy
bone are lower than those in cortical bone.

MACS is a simple, reliable and effective method
for separating MSCs. BMSCs are a promising source
of stem cells. In this study, MSCs were reliably iso-
lated from human bone tissue through MACS by using
CD105+/CD166 + surface markers. The specific expres-
sion of AC003090.1 in cortical and spongy bone tissues
and bone-derived MSCs in patients with OP was higher
than that in patients with low bone mass. Critically,
AC003090.1 was specifically expressed in MSCs but
not in non-MSCs. Moreover, its specific expression and
change in MSCs were closely related to the progression
of OP. In addition, compared with those in the control
group, the expression of miR-203a-3p was significantly
up-regulated and that of FOXP1 was significantly down-
regulated in the cortical and spongy bone tissues and
bone tissue—derived MSCs of patients with OP. The levels
of AC003090.1 and FOXP1 in bone tissue showed predic-
tive value for OP. Detecting the specific expression levels
of AC003090.1 and FOXP1 in an expanded population
cohort and blood samples and further analysing their
predictive value for OP severity, fracture risk and drug
effects are important.

FOXP1 can respond to various signals and control the
ultimate fate of cells. The transcriptional inhibition mech-
anism of FOXP1 for p16INK4A is involved in the regu-
lation of the fate of MSCs by FOXP1 [31]. Studies have
shown that FOXP1 can up-regulate the transcription and
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Fig. 3 (See legend on next page.)
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Fig. 3 The role of FOXP1, GSK3B and B-catenin in OP. (A) The relative expression levels of FOXP1, GSK3[ and [3-catenin in bone tissues of Control and
OP groups obtained by high-throughput transcriptome sequencing. (B) The expression levels of AC003090.1, miR-203a-3p and FOXP1 in Cortical bone
and Spongy bone tissues of OP group and Control group were detected by RT-gPCR. In OP group, n=10; Control group, n=10. (C) ROC curve analysis
of FOXP1 level in bone tissue against OP. (D) RT-gPCR detection of MSCs and non-Mscs (Other) from Cortical bone and Spongy bone in Control group
and OP group Expression levels of AC003090.1, miR-203a-3p and FOXP1 in cells. Magnetic activated cells sorted CD1057/CD166" into MSCs. **P<0.01;
***p<0.001
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Fig. 4 Expression changes of Runx2, Opn and Ocn in bone tissue of OP patients. (A, B) Transcription levels of Runx2, Opn and Ocn in Cortical bone and
Spongy bone tissues of OP group and Control group were detected by RT-gPCR. In OP group, n=10; Control group, n=10.*P<0.05; **P<0.01
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Fig. 5 Expression pattern specific changes of miR-203a-3p and FOXP1 during osteogenic differentiation of hBMSCs in vitro, and IncRNA AC003090.1
regulates their expression changes. (A, B) RT-qPCR was used to detect miR-203a-3p and FOXPT mRNA levels of hBMSCs treated with different treatments.
(€) RT-gPCR was used to detect Runx2, Opn and Ocn transcription levels of hBMSCs treated with different treatments. (D) RT-gPCR was used to detect
the transcription levels of 3-catenin, GSK-3(3 and c-myc in different treated hBMSCs. (E) western blot detection of 3-catenin, GSK-3 and c-myc protein
expression levels of hBMSCs treated with different treatments, compared with GAPDH. The data of hACMSCs group were normalized. ns, no significant
difference; *P < 0.05; ** P<0.01; *P< 0.05; ** P<0.01; ***P<0.001
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Fig. 6 LncRNA AC003090.1 affects GSK-33/B-catenin/c-myc signaling in hBMSCs through the miR-203a-3p/FOXP1 axis (A) RT-gPCR was used to detect
Runx2, Opn and Ocn transcription levels of hBMSCs treated with different treatments. (B) RT-gPCR was used to detect the transcription levels of 3-catenin,
GSK-3B and c-myc in different treated hBMSCs. (C) Western blot detection of 3-catenin, GSK-3(3 and C-myc protein expression levels of hBMSCs treated
with different treatments, compared with GAPDH. The data of hBMSCs+Inc-OE group were normalized. ns, no significant difference; *P < 0.05; ** P<0.01;
***P<0.001
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protein levels of B-catenin [32] and also activate c-Myc
signalling in diffuse large B-cell lymphoma [33]. The dele-
tion of Foxpl leads to the dysregulation of c-Myc target
gene expression [34]. IncRNA AC003090.1 may regulate
[-catenin/c-Myc signalling through the up-regulation of
FOXP1. In other words, IncRNA AC003090.1 can indi-
rectly act on the transcription and expression levels of
GSK-3p, B-catenin and c-Myc by regulating the expres-
sion levels of miR-203a-3p and FOXP1 and ultimately
regulate the osteogenic differentiation of hBMSCs.
However, whether the effect of IncRNA AC003090.1 on
GSK3pB/p-catenin/c-Myc has other regulatory mecha-
nisms for myc signals still needs further exploration.

Conclusion

Given the regulatory effect of the IncRNA AC003090.1/
miR-203a-3p/FOXP1 axis on GSK3[p/B-catenin signalling
and the differential expression of GSK3p and [B-catenin
in the bone tissue of patients with OP, we speculated
that the downstream signalling pathway of the IncRNA
AC003090.1/miR-203a-3p/FOXP1 axis participates in
the osteogenic differentiation of MSCs and that OP pro-
gression involves GSK3[/B-catenin signalling.
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