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LINCO0968 accelerates osteogenic @
differentiation of bone marrow mesenchymal
stem cells via the miR-17-5p/STAT3 axis

Shanglong Ning', Yang Chen' and Hui Zhu?"

Abstract

Background BMSCs with robust osteogenic differentiation capacity can participate in the repair of osteoporotic (OP)
bone. Long non-coding RNAs (LncRNAs) serve as crucial regulators of osteogenic differentiation. This study aims to
investigate the clinical implications of LINC00968 in OP and elucidate its molecular mechanisms.

Methods Patients with OP and controls without OP were enrolled. RT-gPCR was utilized the quantify the levels of
LINC00968, miR-17-5p, STAT3, and osteogenic differentiation markers. ROC curve was conducted to evaluate the
diagnostic significance. Osteogenic differentiation medium (OM) induced hBMSCs. Flow cytometry was used to
examine apoptosis. DLR and RIP assay were performed to validate target binding.

Results LINC00968 was notably decreased in the serum and bone tissue of patients with OP, whereas it was markedly
elevated during osteogenic differentiation of hBMSCs. LINCO0968 has 78.65% sensitivity and 71.95% specificity

in identifying OP patients from controls. Silencing of LINC00968 sharply diminished ALP activity and osteogenic
differentiation markers levels while promoting apoptosis in hBMSCs under OM induction. However, this reduction was
notably reversed by the administration of a miR-17-5p inhibitor. Molecularly, miR-17-5p directly targets LINCO0968
and STAT3.

Conclusions Our results indicate that LINCO0968 downregulation is a diagnostic biomarker for OP, facilitating
osteogenic differentiation and inhibiting apoptosis via miR-17-5p/STAT3 axis, suggesting a new therapeutic target for
OP progression.
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Background

Osteoporosis (OP) is a chronic and disabling disease
characterized by reduced bone mass, deterioration
of bone microarchitecture, and a high risk of fragility
fractures [1]. Globally, over 200 million individuals are
affected by OP, with a prevalence rate of more than 25%,
ranking 6th among common and prevalent diseases [2].
OP-induced fractures and complications pose serious
risks of disability and death among the elderly. However,
OP is often asymptomatic in its early stages, resulting in
patients typically being diagnosed only when they suffer a
low-energy fracture. This, in turn, leads to the neglect of
effective fracture management and prevention strategies
[3]. Early detection and intervention in OP are critical
to preventing fragility fractures and slowing disease pro-
gression. Bone marrow mesenchymal stem cells (BMSCs)
function as osteoblast progenitor cells and serve as cru-
cial factors in the formation of new bone tissues. Imbal-
anced osteogenic and adipocyte differentiation of BMSCs
can underlie the pathogenesis of OP. However, the mech-
anisms underlying the induction and enhancement of
osteogenic differentiation in BMSCs remain an area of
active and in-depth research.

Long non-coding RNAs (LncRNAs), which constitute
a class of RNA transcripts that do not encode proteins,
play roles in a variety of pathophysiological processes
due to their abundance and potential dysregulation. For
instance, IncRNA H19 [4], IncTIMP3 [5], and IGF2-AS
[6] have been implicated in the osteogenic differentia-
tion of BMSCs. Long intergenic non-protein coding RNA
968 (LINC00968), a novel IncRNA, is located on human
chromosome 8q12.1. Previous studies have discovered
that LINC00968 promotes the progression of osteosar-
coma as an oncogene [7]. Strikingly, Liao et al. (2020)
reported that LINC00968 promotes mineralized bone
matrix, alkaline phosphatase (ALP) activity, and the lev-
els of osteogenic markers in dental pulp stem cells and is
a novel target for maxillary posterior dental implants [8].
LINC00968 has also been associated with osteogenic dif-
ferentiation of dental pulp stem cells and zebrafish scale
regeneration [9]. Of note, Qiu et al. (2017) conducted a
microarray analysis to identify abnormally expressed
IncRNAs during osteogenic differentiation of human
BMSCs (hBMSCs), highlighting LINC00968 as one of
the IncRNAs with a significant fold change greater than
2 [10]. While the involvement of LINC00968 in osteo-
genic differentiation of dental pulp stem cells has been
reported, however, the role of LINC00948 in OP, a spe-
cific pathological condition, is a completely new area of
research and is a specific mechanism of action, regula-
tory network, and potential clinical application value are
still unclear.

MicroRNAs (miRNAs) are short, single-stranded
non-coding RNAs that participate in the regulation of
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musculoskeletal system functions by binding to target
mRNAs [11-15]. Previous studies show that miR-17-5p
reduces bone mineral density [16] and is higher in post-
menopausal OP patients [17]. miR-17-5p targeting sig-
nal transducer and activator of transcription 3 (STAT3)
in rheumatoid arthritis (19), bladder cancer (28), and
myocardial ischemia-reperfusion injury (29) has been
reported. STAT3, a STAT family member, is crucial for
skeletal development and bone repair [18]. It’s a key tar-
get for slowing OP progression, with catalpol [19] and
naringenin [20] both showing effectiveness. STAT3 levels
rise significantly in osteogenic differentiation of hBM-
SCs [21]. Whether miR-17-5p alleviates OP by target-
ing STATS3 is unclear. It is well known that IncRNA can
function as ceRNA sponging miRNA and upregulate the
mRNA. Bioinformatics predicts LINC00968 binds miR-
17-5p, but whether LINC00968 affects OP by regulating
miR-17-5p/STAT3 needs further study.

Here, we hypothesize that LINC00968 could alleviate
the progression of OP by targeting miR-17-5p/STAT3
to regulate the osteogenic differentiation of BMSCs. To
test our hypothesis, we analyzed the levels of LINC00968
in patients with OP and investigated its mechanism of
action in regulating the differentiation of BMSCs in an
in vitro study. Our objective was to gain a deeper under-
standing of novel mechanisms that could potentially
alleviate OP. By doing so, we aim to fill the knowledge
gap regarding the role of LINC00968 in modulating the
differentiation of BMSCs and its potential therapeutic
implications in OP.

Methods

Clinical samples

The study was approved by the Tianjin Hospital Research
Ethics Committee (Approval number: 2022-098). The
experimental procedures were under the standards
fixed in the Declaration of Helsinki, and the subjects
were informed about the research design and signed an
informed consent form. 89 patients with OP (51 females,
66.76 £9.10 years) who underwent hip arthroplasty for
femoral neck fracture were included. Additionally, 82
patients with non-osteoporotic fracture due to traumatic
fracture (44 females and 68.98+9.73 years) and age and
gender-matched OP patients were included as controls.
Patients in both groups did not receive any medica-
tion before treatment and were excluded from rheuma-
toid arthritis, cancer, diabetes mellitus hyperthyroidism,
hyperparathyroidism, and nephropathy. Trabecular bone
tissue samples were obtained from the femoral trochan-
ter area away from the periarticular bone during the
study. Meanwhile, 5 ml of peripheral venous blood was
collected and then centrifuged at 3000 x g for 5 min to
collect serum samples.
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Cell culture and osteogenic induction

hBMSCs were derived from the American Type Cul-
ture Collection (ATCC; Catalog no. PCS-500-012) and
cultured in DMEM proliferation medium (PM, catalog
no. SH30022.01B, Hyclone) containing 10% fetal bovine
serum (FBS, catalog no. A2720801, Gibco) and main-
tained in an incubator at 37°C with 5% CO,. To identify
hBMSCs, cells from passage 3 were digested and sub-
jected to flow cytometry. After washing with pre-cooled
PBS for resuspension, 1 x 10° cells were stained with anti-
bodies specific to CD29 (catalog no. 11-0299-42), CD44
(catalog no. 11-0441-82), CD73 (catalog no. 11-0739-42),
CD105 (catalog no. MAL-19594), and CD45 (catalog no.
11-0459-42, Thermo Fisher Scientific) under light-pro-
tected conditions for 30 min. Subsequently, the stained
cells were analyzed using a flow cytometer.

For induction of osteogenic differentiation, hBMSCs
were placed in osteogenic differentiation medium (OM)
supplemented with 0.05 mmol/L ascorbic acid (cata-
log no. A5960, Sigma), 100 mmol/L dexamethasone,
and 10 mmol/L B-glycerophosphate (catalog no. G9891,
Sigma-Aldrich). The OM medium was changed every
3 days and cells were collected after 0, 3, 7, and 14 d of
differentiation.

Cell transfection

The small interfering RNA targeting LINCO00968 (si-
LINCO00968) and negative control (si-NC) were obtained
from GenePharma. miR-17-5p inhibitor (catalog no.
miR20000786-1-5) and inhibitor NC (catalog no.
miR2N0000001-1-5) were purchased from RiboBio.
hBMSCs were plated at a density of 4x 10° cells/well in
6-well plates, and transferred with 80 nM si-LINC00968,
si-NC, or 50 nM miR-17-5p inhibitor or inhibitor NC
using 5 pL Lipofectamine 2000 (catalog no. 11668-019,
Life Technologies) during the logarithmic growth phase
(60-80% confluence). 6 h later, the medium was changed
to OM medium for 3 consecutive days. The transfection
efficiency was then assessed using reverse transfection
quantitative chain reaction (RT-qPCR) assays.

RNA extraction and reverse transcription-quantitative
reverse transcription PCR (RT-qPCR)

RNA was extracted from serum samples and hBMSCs
using a TRIzol reagent (catalog no. 15596026, Thermo
Fisher Scientific). The purity and quantity of RNA were
verified using a NanoDrop technology (Nanodrop 2000c
spectrophotometer, Thermo Scientific). Subsequently, 1
pg of total RNA was reverse transcribed into complemen-
tary DNA (cDNA) using the primer-Script RT reagent kit
(catalog no. RR037A, Takara). A mixture of cDNA, prim-
ers, H,O, and SYBR R Premix Ex TaqTM II kit (catalog
no. RR802A, Takara) was prepared, and the amplifica-
tion reaction was conducted on the CFX96 Touch System
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(Bio-Bad). The relative expression of LINC00968, osteo-
pontin (OPN), osteocalcin (OCN), and runt-related tran-
scription factor 2 (RUNX2) was normalized to GADPH.
miR-17-5p expression was quantitatively assessed using
the TagMan MiRNA Reverse Transcription Kit (catalog
no. 4366597, Applied Biosystems) followed by RT-qPCR
reactions with the TagMan Human MiRNA Assay Kit
(catalog no. 4427975, Applied Biosystems), normalizing
to U6 snRNA. Calculations of relative gene expression
were performed using the 2722t method, with three
biological and two technical replicates for each biologi-
cal sample. Primer sequences used were listed as follows:
LINC00968 forward, 5-GCCCAGTTGACAGGAAATG
T-3; and reverse 5-TTGGTTCTCAATGGGATGGT-3’;
OPN forward, 5-GATGAATCTGATGAACTGGTCA
CT-3, and reverse 5-GGTGATGTCCTCGTCTGTAG
CA-3; ONC forward, 5-GACGAGTTGGCTGACCAC
A-3; and reverse 5-CAAGGGGAAGAGGAAAGAAG
G-3; RUNX2 forward, 5-TAGGCGCATTTCAGGTG
CTT-3, and reverse 5-GGTGTGGTAGTGAGTGGTG
G-3’; GAPDH forward, 5-GGAGCGAGATCCCTCCAA
AAT-3; and reverse 5-GGCTCTTGTCATACTTCTCAT
GG-3’; miR-17-5p forward, 5-ACACTCCAGCTGGGC
AAAGTGCTTACAGTGC-3; and reverse 5-CTCAACT
GGTGTCGTGGA-3’; U6 forward, 5'-CTCGCTTCGGC
AGCACA-3] and reverse 5-AACGCTTCACGAATTTG
CGT-3! RT-qPCR was performed at 95°C for 2 min, fol-
lowed by 40 cycles of 95°C for 5 s and 60°C for 30 s.

Western blotting assay

Total protein was extracted from transfected 72 h and
OM-induced hBMSCs by adding RIPA lysis buffer (cata-
log no. P0013B, Beyotime) containing protease/phospha-
tase inhibitor cocktail (catalog no. 5872, Cell Signaling
Technology). Total protein was quantified by a BCA pro-
tein assay kit (catalog no. P0012S, Beyotime). 25 pg of
total protein was added to the wells of the SDS-PAGE gel
and electrophoresed at 120 mA for 90 min, after which
the proteins were transferred to a PVDF membrane
(catalog no. FFP24, Beyotime). 5% bovine serum albu-
min (catalog no. A7906, Sigma-Aldrich) was incubated
for 2 h at room temperature. The primary antibodies
anti-osteocalcin (1:1000; catalog no. ab93876, Abcam),
anti-osteopontin (1:1000; catalog no. ab8488, Abcam),
anti-RUNX2 (1:1000; catalog no. ab76956, Abcam), anti-
GAPDH (1:2500; catalog no. ab9485, Abcam) were incu-
bated with PVDF membrane at 4°C for 12 h. respectively,
The PVDF membrane was subsequently incubated with
HRP-conjugated goat anti-rabbit IgG (1:3000; catalog no.
ab6721; Abcam) for 2 h at room temperature. The protein
bands were then observed using a Tanon-5200 chemical
discharge image (Tanon Science and Technology), and
the band density was quantitatively analyzed using Image
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] software (version 1.52q, National Institutes of Health,
Bethesda).

Cell apoptosis assay

Apoptosis was detected using Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) double stain-
ing kit (catalog no. 556547, BD biosciences) and flow
cytometry. Briefly, cells transfected for 72 h and OM-
induced for 0, 3, 7, and 14 days were washed with pre-
cooled PBS. They were digested with 0.25% EDTA-free
trypsin (Catalog no. 15090-046, Gibco) and centrifuged
at 1000 rpm for 5 min. Cells were then placed in 1x bind-
ing buffer, collected by centrifugation again, and 10 ul of
Annexin V-FITC stain and 10 pl of PI stain were added,
respectively. After avoiding light for 10 min, the apopto-
sis rate was detected by flow cytometry (BD FACSAria
II, BD Biosciences). The sum of early apoptosis (Annexin
V-FITC positive, PI negative) and late apoptosis (Annexin
V-FTIC positive, PI positive) was the apoptosis rate.

Alkaline phosphatase activity (ALP)

The spectrophotometric method was employed to ascer-
tain ALP activity. Specifically, hBMSCs were seeded into
96-well plates at a density of 5x10% cells/well. After a
24-hour incubation period, the PM was substituted with
OM. Following 7 consecutive days of incubation, the
supernatant was harvested, and the level of ALP activ-
ity was quantified utilizing the commercial ALP assay kit
(catalog no. CS0740, Sigma-Aldrich).

Separation of cytoplasm and nucleus

Subcellular localization analysis using the PARIS kit
(catalog no. AM1921, Life Technologies). hBMSCs
were harvested and subsequently washed using pre-
chilled PBS. Following this, a cytoplasmic extraction
buffer was introduced, and the cells underwent incuba-
tion on ice for 10 min, accompanied by vigorous agita-
tion. This was followed by centrifugation at a speed of
12,000 rpm. The supernatant was subsequently moved
to a newly pre-cooled tube for isolating the cytoplasmic
extract. Meanwhile, the precipitate underwent further
lysis with cytosolic lysis buffer for 60 s. Following this,
cytosolic extracts were harvested through centrifugation
at 14,000 rpm and maintained at 4°C. The abundance of
LINCO00968 mRNA in both the cytoplasm and nucleus
was quantified using RT-qPCR, employing GAPDH
as the cytoplasmic endogenous control and U6 as the
nuclear endogenous control.

Bioinformatics analysis

LncRNASNP2 database (https://guolab.wchscu.cn/Inc
RNASNP/#!/) predicts target miRNAs for LINC00968.
Target mRNAs for miR-17-5p were predicted using
ENCORI (https://rnasysu.com/encori/index.php), Tar
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getscan (https://www.targetscan.org/vert_72/), miRDB
(http://mirdb.org/miRDB/), Tarbase (https://dianalab.e
-ce.uth.gr/tarbasev8), mirDIP (http://ophid.utoronto.ca/
mirDIP/), and microT_CDS (http://diana.imis.athena-in
novation.gr/DianaTools/) databases. Overlapping target
genes from different databases were subsequently ana-
lyzed by Venn analysis (http://bioinformatics.psb.ugent
.be/webtools/Venn/). The Toxicological Genome Datab
ase (CTD) database (http://ctdbase.org/) and GeneCard
database (https://www.genecards.org/) were used to
download OP-related target mRNAs. Venn analysis was
also performed between OP-related target genes and pre-
dicted miR-17-5p targets to find OP-related target genes
in the target mRNA of miR-17-5p. Their genes are then
entered into a STRING database (https://string-db.org
/cgi/input.pl) to generate a protein-protein interaction
(PPI) network. Next, to obtain the hub genes, the degree
of connectivity in the PPI network was analyzed by Cyto-
scape software (version 3.6.0).

Dual luciferase reporter (DLR) assay

LINCO00968 and STAT3 sequences containing miR-17-5p
binding sequences were subcloned into the luciferase
reporter plasmid vector pmirGLO to obtain LINC00968-
wild type (WT), STAT3-WT, LINC00968-mutant (MT),
STAT3-WT recombinant luciferase reporter plasmid.
The hBMSCs (1x10° cells/well) were inoculated into
24-well plates and the above recombinant plasmids were
transfected with 50 nM inhibitor NC or miR-17-5 inhibi-
tor under 5 pl Lipofectamine 3000 (catalog no. L3000015,
Invitrogen), respectively. Cells were lysed after 48 h and
relative luciferase activity was assessed by the dual lucif-
erase reporter gene assay kit (catalog no. RG027, Beyo-
time Biotechnology).

Ago RNA Immunoprecipitation (RIP) assay

hBMSCs (2% 10° cells/well) were inoculated into 6-well
plates, transfected with different plasmids or oligo-
nucleotides, and cultured for 7 d in OM. The cells were
subsequently lysed in 1 ml RIP buffer followed by centrif-
ugation at 12,000 g for 15 min. 100 pl of cell lysates were
treated with Anti-ago2 antibody (dilution, 1:5000; cata-
log no. ab57116, Abcam) and negative control Anti-IgG
(dilution, 1:5000; catalog no.03-110, Millipore)-coupled
magnetic beads. The immunoprecipitated RNA was puri-
fied and subsequently reverse transcribed to cDNA and
subjected to RT-qPCR reaction.

Statistical analysis

Statistical analysis and data visualization via SPSS and
GraphPad Prism 9.0 were performed after collecting at
least 3 replicates. All data were from three independent
biological replicates each involving two technical repli-
cates, and presented as mean = SD. Differences between
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the groups were examined using Student’s t-test or
ANOVA assay followed by Tukey’s test. The receiver
operating characteristic (ROC) curves were conducted to
determine the accuracy of diagnosis. P less than 0.05 is
considered statistically different.

Results

LINC00968 was sharply decreased in bone tissue and
serum from patients with OP

The expression of LINC00968 in patients with OP was
first analyzed. As illustrated in Fig. 1A, a notable down-
regulation of LINCO00968 expression is observed in
the bone tissue of OP patients compared to the con-
trols (P<0.0001). Consistently, a similar pattern was
observed in the serum, showing a noticeable reduction
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in LINC00968 levels in patients with OP (P<0.0001,
Fig. 1B). Furthermore, a significant positive correla-
tion was observed between bone tissue and serum
LINCO00968 levels among OP patients (r=0.622, P<0.001,
Fig. 1C). The ROC assay revealed that LINC00968 exhib-
ited promising diagnostic significance, characterized by a
sensitivity of 78.65% and a specificity of 71.95%, respec-
tively, for differentiating controls from patients with OP
(AUC=0.800, 95%CI: 0.732-0.869, Fig. 1D).

Induction of osteogenic differentiation in hBMSCs
attenuates apoptosis and enhances LINC0O0968 expression
We then established an osteogenic differentiation model
using hBMSCs in vivo. Figure 2A demonstrates that
these cells expressed CD29, CD44, CD73, and CD105
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Fig. 1 The expression of LINC00968 in the patients with OP. A. The bone tissue of LINC00968 in the subjects was examined. B. The serum LINCO0968
in the subjects was explored by the RT-gqPCR assay. C. Pearson coefficient correlation was conducted to assess the correlation of serum LINCO0968 and
tissue LINCO0968 in the patients with OP. D. Potential diagnostic significance of ROC curve test LINC00968 in identifying patients with OP. **** P<0.0001
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Fig. 2 Expression of LINC00968 in OM-induced osteogenic differentiation. A. Flow cytometry analysis of hBMSCs expression of cell surface markers. B-D.
The expression of osteogenic differentiation markers of OPN, OCN, and RUNX2 with increasing OM induction time. E. Effect of osteogenic differentiation
induction on apoptosis of hBMSCs with increasing OM induction time. F. RT-qPCR assay to detect the effect on LINC00968 mRNA levels with increasing

OM induction time. ** P<0.01, *** P<0.001, **** P<0.0001

positively, but CD45 negatively. As shown in Fig. 2B-D,
the mRNA expression of OPN, OCN, and RUNX2 pro-
gressively increased with time during the osteogenic
differentiation process induced by OM (P<0.001). Fur-
thermore, the apoptosis of hBMSCs gradually decreased
with increasing OM induction time (P<0.001, Fig. 2E).
It is noteworthy that the mRNA level of LINC00968
increased gradually with the extension of OM induction
time than the PM (P<0.005, Fig. 2F).

Silencing of LINC00968 inhibits osteogenic differentiation
and promotes apoptosis in hBMSCs

To further analyze the role of LINC00968 in osteogenic
differentiation, the expression of LINC00968 in hBMSCs
was artificially reduced. As depicted in Fig. 3A, transfec-
tion with si-LINC00968 notably diminished the level of
LINC00968 compared to si-NC (P<0.0001). Among the
siRNA plasmids, si-LINC00968 #2 exhibited the highest

efficacy in downregulating LINC00968 mRNA, prompt-
ing its selection for use in all subsequent investigations.
Furthermore, the promoting effect of OM on LINC00968
in hBMSCs was significantly attenuated by si-LINC00968
(P<0.0001, Fig. 3B). In addition, si-LINC00968 typically
suppressed the increase of ALP activity in hBMSCs by
OM (P<0.0001, Fig. 3C). Notably, OM induction dis-
tinctly upregulated the mRNA and protein expression
of OPN, OCN, and RUNX2, whereas si-LINC00968
significantly downregulated their expression (P<0.001,
Fig. 3D-E and Supplemental Figure S1). Additionally,
OM persistently suppressed apoptosis compared to the
PM; however, the introduction of si-LINC00968 partially
reversed the apoptosis rate (P<0.001, Fig. 3F).

LINC00968 interacts with miR-17-5p
Subcellular localization analysis revealed that LINC00968
is predominantly located in the cytoplasm (Fig. 4A),
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suggesting that it has the potential to act as a molecular
sponge for IncRNAs. Database predictions revealed that
LINCO00968 has a target binding site to miR-17-5p, and
the putative binding sequence is presented in Fig. 4B.
Furthermore, the miR-17-5p inhibitor can reduce the
luciferase of LINC00968-WT than the inhibitor NC
(P<0.001) but has no function in the LINC00968-MT
(P>0.05, Fig. 4C). Moreover, compared with the anti-
IgG, miR-17-5p and LINCO00968 were all enriched in
the anti-Ago group (P<0.0001, Fig. 4D). In bone tissues
and serum samples, miR-17-5p levels were higher in OP
patients than in controls (P<0.0001, Fig. 4E-F). In OP
patients, bone tissue miR-17-5p was negatively correlated
with LINC00968 (r = -0.736, P<0.001, Fig. 4G), while
serum miR-17-5p was also negatively correlated with
serum LINC00968 (r = -0.771, P<0.001, Fig. 4H). More-
over, miR-17-5p levels progressively decreased over time
in OM-induced hBMSCs (P<0.0001, Fig. 41I). Further-
more, the reduction in miR-17-5p levels caused by OM
induction was noticeably reversed by the introduction of
si-LINC00968 (P<0.001, Fig. 4]).

Inhibition of miR-17-5p reverses the functions of
si-LINC00968 on OM-induced osteogenic differentiation
and apoptosis

The miR-17-5p inhibitor significantly reduced miR-
17-5p compared to the inhibitor NC (P<0.005, Fig. 5A).
Meanwhile, the promoting effect of si-LINC00968 on
the level of miR-17-5p induced by OM was significantly
weakened by miR-17-5p inhibitor (P<0.001, Fig. 5B).
Intriguingly, the reduction in ALP activity induced by
si-LINC00968 was subsequently and notably rescued by
miR-17-5p inhibitor under the OM induction (P<0.001,
Fig. 5C). Furthermore, the mRNA and protein expres-
sion of OPN, OCN, and RUNX2 were diminished by the
si-LINC00968, while this suppression was partially alle-
viated following the administration of a miR-17-5p inhib-
itor (P<0.001, Fig. 5D-E and Supplemental Figure S2).
Additionally, si-LINC00968 distinctly enhanced OM-
induced apoptosis in hBMSCs, but this enhancement was
typically diminished by miR-17-5p inhibitor (P<0.001,
Fig. 5F).
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STAT3 is targeted by miR-17-5p

An extensive search across six databases yielded 166
common targets for miR-17-5p (Fig. 6A). Among these,
52 targets were found to be associated with OP (Fig. 6B).
A PPI network was constructed, encompassing 52 nodes
connected by 52 edges with an enrichment P -value
below 1.05e-0.7 (Fig. 6C). The top 10 genes ranked the
connectivity degree, were HIF1A, STAT3, CDKNIA,
E2F1, MAP3K5, TGFBR2, HMAG2, RBBP7, TSG101,
and TXNIP (Supplemental Figure S3). Given STAT3’s
crucial role in OP and multiple reports of miR-17-5p tar-
geting STAT3, we focused on STAT3 in our studies. The
putative binding site of STAT3 for miR-17-5p is depicted
in Fig. 6D. Furthermore, miR-17-5p inhibitor could sup-
press the luciferase of STAT3-WT but did not affect
STAT3-MT compared to inhibitor NC (P>0.05, Fig. 6E).
Furthermore, miR-17-5p, LINC00968, and STAT3 were

all enriched in the Anti-ago2 (P<0.0001, Fig. 6F). Both
bone tissue and serum STAT3 levels were generally lower
in OP patients than in controls (P<0.0001, Fig. 6G-H).
Serum STAT3 was positively associated with serum
LINCO00968 levels (r=0.612, P<0.0001, Fig. 6I) and nega-
tively associated with serum miR-17-5p expression (r =-
0.619, P<0.0001, Fig. 6]), respectively. Moreover, STAT3
expression was elevated in hBMSCs with increasing OM
induction time (P<0.001, Fig. 6K). si-LINC00968 sup-
pressed STAT3 expression in OM-induced hBMSCs,
however, this suppression was abolished by miR-17-5p
inhibitor (P<0.001, Fig. 6L).
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Discussion

OP is a systemic skeletal disorder caused by impaired
function of endogenous BMSCs leading to increased
fracture risk. OP often goes unnoticed due to its asymp-
tomatic nature, typically coming to medical attention
only after the occurrence of the first fracture. Conversely,
treatments such as bisphosphonates and intermit-
tent parathyroid hormone, which serve to inhibit bone
resorption and stimulate bone formation, are not only
accompanied by adverse effects but also result in subop-
timal therapeutic outcomes [22]. For example, although
small doses of parathyroid hormone (PTH) promote
bone formation, it is expensive, inconvenient to inject,
ineffective, and is not yet widely used [23]. Hence, timely
diagnosis, novel therapeutic strategies, and preventive
interventions are crucial for managing OP. The osteo-
genic differentiation potential of BMSCs in tendon, car-
tilage, and bone regeneration is widely recognized [24].
Diminished differentiation can hinder bone formation

and expedite OP progression. Consequently, research-
ers are actively pursuing various approaches to enhance
BMSCs’ osteogenic difference differentiation to slow OP
progression, including exogenous magnetic fields [25]
and ncRNA regulation [26—28]. Notably, IncRNAs play a
pivotal role in osteogenesis and serve as potential clini-
cal biomarkers, garnering significant interest from the
research community. For example, LncRNA GAS5 as a
diagnostic biomarker remarkably differentiates patients
with OP from healthy controls [29]. Plasma IncRNA
MALAT1 expression is negatively correlated with the
severity of postmenopausal osteoporosis patients and has
a good diagnostic value for the degree of fracture [30].
Therefore, identifying IncRNAs that regulate osteogenic
differentiation is crucial for diagnosing and managing OP
patients.

As a novel IncRNA, LINC00968 has been found to
have high sensitivity and specificity in distinguishing
breast cancer patients from healthy individuals [31],



Ning et al. Journal of Orthopaedic Surgery and Research (2025) 20:242

Page 10 of 13

A ENCORI TargetScan B D
\RDB miR-17-5p targets  OP targets (CDT database)
mil
20
: . 4 —PKGPp — Luc2 —! STAT3 — SV40 = hRiuc
11
) 114 27026,
62 O el
1060 : - N
2 TarBase miR-17-5p 3' gauggacgugacauuCGUGAAAc 5'
o o763 [IRREARL
(e STAT3- WT 5' cuuugagcaaucuggGCACUUUuU3'
0 0
° STAT3- MT 5' cuuugagcaaucuggCGUGAAAUS'
microT_CDS w52
mirDIP OP targets (GeneCards database)
E =3 Control inhibitor NC F G A H
== miR-17-5p inhibitor Anti-lgG == Anti-Ago2 c 25 R
Tk . Hkkk  kkkk kkkk 5 20 s s g
1 [
2 € I L4 I
H g £g1s * g 20
° >
s ge 52 A SEqs -
8 5 2% 10 - [ Py L3
g $4 25 2210 o
% & 23 9=
2 2 c o5 ® g = Z
® 22 2~ } 8 . 2 05 E.
2 = = Kl 8
& : |0 7 2 ? 1
K] 2% x 0.0 T T X 0.0 -
" Controls OP patients Controls OP patients
STAT3.WT STAT3-MT LINC00968 miR-17-5p  STAT3 P P
I J Ka = PM oM L
In serum In serum c 5 s *':r '*:u; ﬁ
S 20qr=0612 S 209r=-0619 2 s ~ !
2 P <0.001 7 P <0.001 3 2 20 T
0 (3
o o o <4
= oo 1.5 5alb X I
58 Lf Sk st T
< 8 <% zZh e T
20 1.0 Zx 1.0 [4 Z 10
xz O o Z% X/ E £
E ‘s o3 0% 0.5 = a2 S os
> © 05 s 3 : \ ] s
2z 2 5 5
3 e 3 = & od d  7d  14d g o
€ 00—t X 004 : : e 3 PM OM == OM+si-NC
0.0 0.4 0.8 12 0 1 2 3 4 Time (days) OM+si-LINC00968

Relative mRNA expression of STAT3 Relative mRNA expression of STAT3

B OM+si-LINC00968+inhibitor NC
OM+si-LINC00968+miR-17-5p inhibitor

Fig. 6 STAT3 is targeted by miR-17-5p. A. The target of miR-17-5p was predicted by the starbases. B. Venn diagram displayed the overlapping targets of
miR-17-5p and OP-related targets. C. The overlapping targets were examined by the PPl network, and the top 5 hub genes were identified. D. The putative
binding site of STAT3 for miR-17-5p. E-F. The dual luciferase reporter assay and RIP assay were conducted to examine the relationship between STAT3 and

miR-17-5p. G-H. The levels of STAT3 in the bone tissue and serum of patients w
the relationship between serum miR-17-5p with serum STAT3 or serum LINCOO

ith OP were examined. I-J. The Spearman coefficient correlation examined
968. K. Changes in STAT3 expression in hBMSCs with increasing OM induc-

tion time. L. Effect of OM-inducted and transfected si-LINC00968 and miR-17-5p inhibitor on STAT3 levels in hBMSCs. ** P<0.01, *** P<0.001, **** P < 0.000

suggesting its potential as a clinical biomarker. In bone-
related diseases, specifically osteosarcoma progression,
LINCO00968 is involved in regulating migration and inva-
sion [7]. Furthermore, prior research has demonstrated
that LINC00968 modulates the osteogenic differentiation
of dental pulp stem cells in vitro, as well as bone forma-
tion in vivo [8]. Additionally, the expression of glucagon-
like peptide 1 receptor by osteoblasts enhances bone
formation during zebrafish scale regeneration, a process
that involves the regulation of LINC00968 [9]. In 2017,
Qiu et al. conducted a microarray analysis to investigate
aberrantly expressed long non-coding RNAs (IncRNAs)
during the osteogenic differentiation of human bone
marrow mesenchymal stem cells. Among the identified
IncRNAs, LINC00968 exhibited a statistically significant
difference with a fold changegreater than 2 [10]. How-
ever, the expression pattern of LINC00968 in OP and its

regulatory mechanisms within hBMSCs remain poorly
characterized. Our study is the first to demonstrate a
significant downregulation of LINC00968 in both the
serum and bone tissue samples from patients with OP.
Furthermore, serum LINCO00968 levels exhibit high diag-
nostic potential, effectively distinguishing OP patients
from controls. Meanwhile, Consistent with our previous
findings, abnormal expression of LINC00968 was also
observed during osteogenic differentiation, but inhibition
of LINC00968 prevented the formation of biomarkers of
bone formation and promoted apoptosis in hBMSCs. The
results suggest that osteogenic differentiation can be pro-
moted by promoting LINC00968 expression, which pro-
motes bone formation and contributes to bone repair in
OP.

Molecularly, IncRNAs located in the cytoplasm can
act as molecular sponges for miRNAs and inhibit their
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expression, thereby positively regulating mRNA levels
[32]. We found in this study that LINC00968 was mainly
enriched in the cytoplasm, therefore we tried to iden-
tify its potential downstream miRNAs. MiR-17-5p levels
were notably increased in patients with postmenopausal
OP [17]. Furthermore, miR-17-5p serves as an induc-
tor of diminished bone mineral density in the OP mice
model induced by ovariectomy [16]. Consistent with
their results, we also found that miR-17-5p was signifi-
cantly elevated in both bone tissue and serum of patients
with OP. However, we demonstrated for the first time
that the expression of LINC00968 was negatively cor-
related with miR-17-5p. The role of miR-17-5p in the
bone differentiation of hBMSCs has also been identified.
Liu et al. (2022), through sequencing analysis, identified
a significant reduction in miR-17-5p levels among dif-
ferentially expressed IncRNAs in rat BMSCs at 14 days
of osteogenic differentiation [33]. MiR-17-5p inhibits
osteogenic differentiation of mouse embryonic osteo-
blast precursor cells MC3T3-E1 [34]. During vascular
calcification, the overexpression of miR-17-5p via lipid
nanoparticles inhibited the expression of osteogenic gene
RUNX2, inhibited calcium deposition in vascular smooth
muscle cells, and suppressed their osteogenic differentia-
tion [35]. In line with these observations, we also discov-
ered that miR-17-5p levels were significantly decreased
during osteogenic differentiation of hBMSCs. However,
for the first time, we discovered that the inhibition of
osteogenic differentiation of hBMSCs caused by silencing
LINCO00968 was significantly reversed by low expression
of miR-17-5p, and apoptosis was attenuated. In conclu-
sion, LINC00968 may have promoted hBMSCs osteo-
genic differentiation by targeting miR-17-5p.

STAT3 plays a pivotal function including cell differ-
entiation, apoptosis, and angiogenesis [36]. Previous
studies have reported that STAT3 is critical for skeletal
development and femoral homeostasis and has emerged
as a key target for mitigating OP progression [37]. For
instance, naringenin enhances bone formation and facili-
tates the progression of OP via the modulation of STAT3
[20]. Additionally, puerarin has demonstrated efficacy
in mitigating OP in rats by specifically targeting STAT3
[38]. Furthermore, catalpol stimulates the coupling of
osteogenesis and angiogenesis in BMSCs through the
activation of STAT3, ultimately expediting bone repair
processes in individuals with OP [19]. STAT3 knockout
mice had shortened limbs, multiple fractures of long
bones, reduced cortical bone thickness and bone volume,
and suppressed osteogenic differentiation of BMSCs in
vitro [21]. Consistent with previous studies, we found that
STAT3 levels were typically reduced in bone tissue and
serum from patients with OP and significantly elevated
during osteogenic differentiation of hBMSCs induced by
OM. Previous studies have reported miR-17-5p targeting
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STAT3 in rheumatoid arthritis [33], bladder cancer [39],
and myocardial ischemia-reperfusion injury [40]. In
line with prior research, our study pinpointed STAT3 as
a direct target gene of miR-17-5p in the context of OP.
However, our investigation revealed a novel finding: a
negative correlation between STAT3 expression and
miR-17-5p levels, alongside a positive association with
LINCO00968 abundance in OP patients. Additionally, we
observed that the upregulation of STAT3 induced by OM
was markedly mitigated upon LINCO00968 downregula-
tion, whereas this attenuation was substantially reversed
when miR-17-5p was inhibited.

Although LINC00968’s role in dental pulp stem cell
osteogenic differentiation is known, our study focused
on its unique role in OP. As a complex disease, OP dif-
fers markedly from normal osteogenic differentiation.
Thus, LINC00968’s specific mechanisms, regulatory
networks, and clinical applications in OP were unex-
plored. Our study confirmed LINC00968’s regulation in
osteoporotic osteoblast differentiation and explored its
molecular mechanisms, including miR-17-5p/STAT3
interactions, providing clues for understanding OP and
developing new treatments. The decreased expression
level of LINC00968 in OP patients suggests that it may
be a promising diagnostic biomarker, and its decreased
expression level may be predictive of OP, providing
clues for clinicians to recognize patients early, thus con-
tributing to the early diagnosis of OP. In addition, given
the promotional effect of LINC00968 or the design of
specific inhibitors targeting the miR-17-5p/STAT3 axis
could potentially promotially promote bone formation
and alleviate the progression of OP.

Limitations of this study affect its applicability.
Although protein and RNA levels of osteogenic markers
OCN, OPN, RUNX2, and ALP activity were analyzed,
alizarin red staining is required for further confirmation.
In addition, both cell generation and status may affect
mRNA levels of osteogenic markers, but we added more
stable protein expression for further confirmation. Fur-
thermore, although previous studies reported the role of
the EGF signaling pathway and TGEp signaling pathway
in osteogenesis [41, 42], whether the LIN00968/miR-
17-5p/STAT3 axis affects them needs further confirma-
tion. What’s more, we employed standardized hBMSCs
from ATCC to ensure consistency and reliability. Nev-
ertheless, BMSCs derived from healthy individuals and
OP patients may exhibit variations in LINC00968 expres-
sion, potentially influenced by genetic background, envi-
ronmental factors, and disease status. Future research
will delve into these differences to offer novel insights
into OP and potential treatments. Moreover, while this
study initially showed LINC00968 and miR-17-5p regu-
late OP progression, their clinical use is limited by com-
plex in vivo mechanisms, off-target effects, drug delivery
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challenges, individual variations, and long-term safety
and efficacy concerns that require further investigation.

Conclusions

Herein, we discerned diminished expression of
LINC00968 in patients with OP, underscoring its util-
ity as a promising diagnostic biomarker. Furthermore,
LINC00968 can regulate the miR-17-5p/STAT3 axis,
thereby enhancing osteoblastic differentiation of hBM-
SCs and repressing apoptosis. This mechanism may rep-
resent a novel therapeutic approach for bone repair in
OP and provide fresh perspectives for future investiga-
tions into osteogenic differentiation and the management
of OP.
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