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Abstract
Background and objective Mesenchymal stem cells (MSCs), possessing multilineage potential, are capable of 
differentiating into osteoblasts and thus serve as suitable seed cells for bone regeneration. Tumor necrosis factor 
receptor superfamily member 11B (TNFRSF11B) gene encodes osteoprotegerin (OPG), which has a critical role in 
repressing osteoclast differentiation and has been reported to influence the adipogenic differentiation of bone 
marrow mesenchymal stem cells (BMMSCs). Nevertheless, the impact of TNFRSF11B on the osteogenic differentiation 
of umbilical cord mesenchymal stem cells (UCMSCs) remains unclear. This study aimed to investigate the role of 
TNFRSF11B in the osteogenesis of UCMSCs and bone remodeling.

Methods Differentially expressed genes (DEGs) were identified from the GEO database using R software. TNFRSF11B 
was transduced into UCMSCs by a lentiviral vector. Cell differentiation capacity was assessed by ALP staining, TRAP 
staining, and qRT-PCR assay. Proteomic analysis was performed to investigate the key proteins in TNFRSF11B-OE-
UCMSCs that inhibit osteoclast differentiation.

Results We found that the TNFRSF11B gene was upregulated during osteogenic differentiation and downregulated 
during adipogenic differentiation of UCMSCs. UCMSCs overexpressing the TNFRSF11B gene were successfully 
generated via lentivirus transfection. However, neither the overexpression of TNFRSF11B nor treatment with 
exogenous OPG protein was sufficient to enhance the osteogenic potential of UCMSCs in vitro. Conditioned 
medium from TNFRSF11B-overexpressing UCMSCs significantly suppressed RANKL-induced osteoclast differentiation, 
while no significant effect was observed on osteoblast differentiation compared to the control group. Proteome 
analysis revealed that in the TNFRSF11B-OE-CM group, the expression of C1R, MDH1, and ACLY was significantly 
downregulated, while the expression of FETUB and METRNL was upregulated in the TNFRSF11B-OE-CM group, which 
was associated with the inhibition of osteoclast differentiation.
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Introduction
Mesenchymal stem cells (MSCs) possess pluripotency 
and have the capability to transform into various dis-
tinct cell lineages, encompassing osteoblasts, adipocytes, 
chondrocytes, myocytes, and even neurons, under suit-
able conditions [1, 2]. Accumulating evidence suggests 
that the pathways for osteogenic and adipogenic differ-
entiation of MSCs are interconnected, with increased 
osteogenic differentiation corresponding to decreased 
adipogenic differentiation, and vice versa [3]. Impaired 
osteogenic differentiation of MSCs has been associated 
with bone disorders such as osteoporosis, which places 
a significant financial burden on patients and negatively 
affects their quality of life [4]. Therefore, maintaining a 
balance between the osteoblast and adipocyte differen-
tiation of MSCs is crucial for supporting bone formation 
and overall skeletal health. A comprehensive understand-
ing of the regulatory mechanisms governing this balance 
holds substantial medical significance for stem cell-based 
therapeutic strategies [5]. Additionally, bone remodel-
ing is intricately regulated through the dynamic interplay 
between bone-forming osteoblasts and bone-resorbing 
osteoclasts [6]. Umbilical cord is normally discarded as 
medical waste. However, its derivatives, including umbil-
ical cord mesenchymal stem cells (UCMSCs) and umbili-
cal cord-derived Wharton’s jelly, are frequently applied 
in regenerative medicine [7, 8]. Numerous studies have 
demonstrated that both UCMSCs and Wharton’s jelly 
have significant potential in the treatment of bone-related 
diseases such as osteoporosis and osteoarthritis [9–12]. 
Yin Hu et al. have proposed that UCMSCs-derived extra-
cellular vesicles contribute to bone metabolism by regu-
lating the activities of both osteoclasts and osteoblasts 
[13][11]. Therefore, this study focused on UCMSCs and 
aims to identify proteins that enhance bone formation 
by directly promoting the differentiation of UCMSCs 
into osteoblasts or indirectly influencing bone remodel-
ing, thereby providing potential therapeutic insights for 
bone-related diseases.

Osteoprotegerin (OPG), which is encoded by the 
tumor necrosis factor receptor superfamily member 11B 
(TNFRSF11B ) gene, is predominantly synthesized and 
secreted by osteoblasts and osteocytes [14, 15] [13, 14]. 
The RANK/RANKL signaling system has beognized as 
a key pathway in facilitating osteoclast formation and 
differentiation [16][15]. OPG competes with RANK for 
binding to RANKL, thereby suppressing osteclast dif-
ferentiation [13, 17] [16, 17]. The OPG/RANKL ratio is 
a critical determinant of bone mass and has been closely 

linked to the development of osteoporosis [18]. Recent 
studies have revealed that OPG impedes the adipogenic 
differentiation of bone marrow mesenchymal stem cells 
(BMMSCs) [19]. Furthermore, TNFRSF11B-modified 
adipose-derived stem cells have been found to enhance 
bone formation in osteoporosis-induced rat models 
[20]. However, research has not yet investigated how the 
TNFRSF11B gene influences the osteogenic differentia-
tion capacity of UCMSCs.

In the present study, TNFRSF11B expression was 
monitored throughout UCMSCs’ transformation into 
both osteoblasts and adipocytes. Lentiviral transfection 
was employed to achieve TNFRSF11B overexpression. 
Upon verification that UCMSCs successfully overex-
pressed TNFRSF11B (TNFRSF11B-OE), the effects of 
TNFRSF11B overexpression and exogenous OPG protein 
on osteogenic differentiation of UCMSCs were assessed. 
Additionally, the impact of conditioned medium from 
TNFRSF11B-overexpressing cells (TNFRSF11B-OE-
CM) and exogenous OPG protein on bone remodeling 
in vitro was investigated. Finally, proteomic analysis was 
performed to identify differentially expressed proteins 
(DEPs) between the TNFRSF11B-OE-CM and control-
CM groups, aiming to elucidate the underlying mecha-
nism by which TNFRSF11B-OE-CM inhibits osteoclast 
differentiation.

Materials and methods
Microarray analysis from the GEO database
To explore differentially expressed genes (DEGs) involved 
in MSC osteogenic and adipogenic differentiation, micro-
array data from the GEO database were analyzed using 
the GSE58919, GSE20045, GSE36923, and GSE37836 
datasets procured ( h t t p  s : /  / w w w  . n  c b i  . n l  m . n i  h .  g o v / g e o /). 
RNA sequencing data from the database were utilized 
to identify DEGs before and after osteogenic and adipo-
genic induction. The Limma package in R language soft-
ware was employed for subsequent analysis, with DEGs 
selected per the criteria of|log2 fold change| > 1 and an 
adjusted P-value < 0.05.

Cell culture
UCMSCs were obtained from Beike Biotechnology and 
maintained in MSC NutriStem® XF medium (Sartorius, 
Beit Haemek, Israel) supplemented with 1% human plate-
let lysate. Cells were incubated under controlled condi-
tions (37  °C, 5% CO₂), with medium replacement every 
2–3 days. The expression of UCMSCs’ surface mark-
ers was assessed via flow cytometry analysis. Positive 

Conclusion This study demonstrates that although TNFRSF11B overexpression does not promote osteogenesis in 
UCMSCs, it may participate in regulating bone remodeling by inhibiting osteoclast differentiation.
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markers, including CD29, CD73, CD90, and CD73, 
were detected at levels exceeding 95%, whereas nega-
tive markers such as CD14, CD34, CD45, and CD117 
were expressed at levels below 2%. All experiments were 
conducted using passage 8 cells. Ethical approval for this 
study was sanctioned by the Ethics Committee of Beike 
Biotechnology (No. BK-SL-20241018-01, Shenzhen, 
China).

MSCs differentiation assay
For UCMSCs differentiation experiments, 6-well plates 
were pre-coated with 1% gelatin and incubated at 37  °C 
for 30  min before cell seeding. To induce osteogenic 
differentiation, UCMSCs were seeded at a density of 
0.5 × 105 cells per well in 6-well plates. Cells were then 
incubated overnight at 37 °C in a humidified atmosphere 
with 5% CO2. The following day, cells were cultured in 
an osteogenic medium for 16 days. The differentiation 
medium was replaced every three days. The osteogenic 
medium was prepared using the MesenCult Osteo-
genic Differentiation Kit (Stem Cell Technologies). For 
lentivirus-transfected MSCs, the induction period was 
extended to 35 days to enhance osteogenic differentia-
tion efficiency. For adipogenic differentiation, UCMSCs 
were seeded in 6-well plates at a density of 0.5 × 105 
cells per well and cultured with adipogenic differentia-
tion medium the next day. The adipogenic medium was 
replaced every 3 days, and the culture was maintained 
at 37 °C for 25 days. The differentiation process was per-
formed according to the protocol of the MesenCult Adip-
ogenic Differentiation Kit. Following differentiation, the 
cells were utilized for subsequent experiments.

Alkaline phosphatase staining and Alizarin red staining
Following osteogenic differentiation, UCMSCs were sub-
jected to staining using either the ALP or ARS staining 
kit (Beyotime, Shanghai, China). The experimental pro-
cedures were conducted as previously described [21]. 
Briefly, cells underwent washing with phosphate-buffered 
saline (PBS), underwent fixation using 4% paraformal-
dehyde for 30 min, and were subsequently washed three 
times with double-distilled H₂O. Following this, BCIP/
NBT solution or Alizarin Red S solution was introduced, 
and samples were maintained at ambient conditions for 
30 min. Finally, cells underwent additional washing with 
double-distilled H₂O and were examined under a micro-
scope. The staining intensity of ALP or ARS was quanti-
tatively assessed using ImageJ software.

Oil red O staining
The staining protocol followed the manufacturer’s 
instructions for the Oil Red O staining kit (Beyotime, 
Shanghai, China). Following adipogenic differentiation, 
cells were processed as previously described. UCMSCs 

were exposed to Oil Red O staining solution for 30 min. 
Finally, images were captured by an inverted fluorescence 
microscope.

Cell transfection
The lentiviral vectors pSLenti-EF1-EGFP-F2A-Puro-
CMV-MCS-WPRE (control group) and pSLenti-
EF1-EGFP-F2A-Puro-CMV-TNFR SF11B-WPRE 
(TNFRSF11B-OE group) were constructed, and the 
virus generation and viral titer assay were performed 
by Obio Technology (Shanghai, China). The viral titers 
of the control group and TNFRSF11B-OE group were 
4.01 × 10⁸ TU/mL and 2.60 × 10⁸ TU/mL, respectively. 
UCMSCs were seeded into 6-well plates at a density of 
0.6 × 105 cells per well and incubated overnight at 37 °C. 
UCMSCs were then infected with lentivirus at an MOI 
of 30 and supplemented with polybrene-plus to enhance 
infection efficiency. After infection, cells were cultured 
in MSC medium containing 1  µg/ml puromycin for 2 
days to select for puromycin-resistant cells. Fluorescent 
expression in the cells was detected using a fluorescence 
microscope. The gene and protein expression levels were 
examined via quantitative real-time polymerase chain 
reaction (qRT-PCR), Western blot, and enzyme-linked 
immunosorbent assay (ELISA) assays.

Western blot analysis
Cells underwent washing with cold PBS and were sub-
jected to lysis using RIPA buffer (Beyotime, Shanghai, 
China) on ice conditions for 30 min, followed by a centrif-
ugation step at 12,000×g for 10 min at 4 °C. A bicincho-
ninic acid (BCA) protein assay kit (Beyotime, Shanghai, 
China) was employed to measure protein concentration. 
Equal quantities of protein samples underwent separa-
tion through 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis before transfer onto polyvinylidene 
fluoride membranes. The membranes were blocked using 
5% skim milk and subsequently incubated with primary 
antibodies at 4  °C overnight. The study employed pri-
mary antibodies against OPG (1:1000, Abcam, ab183910) 
and β-actin (1:2000; Abclonal, Wuhan, China). After 
washing with phosphate-buffered saline with Tween, the 
membranes underwent incubation with an anti-rabbit or 
anti-mouse IgG secondary antibody (1:3000; Abclonal) 
for one hour at ambient conditions. Finally, the bands 
were detected using the BeyoECL Plus solution (Beyo-
time, Shanghai, China).

ELISA assay
The culture supernatant from UCMSCs in different 
experimental groups was collected. The concentration of 
OPG in the culture supernatant was quantified using an 
ELISA kit (Boster Biological Technology, Wuhan, China) 
per the supplier’s protocol. Initially, the diluted sample 
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and protein standard were added to the ELISA plate for 
coating. Subsequently, a biotin-labeled antibody was 
introduced. The plate underwent triple rinsing with tris-
buffered saline (TBS) before the avidin-peroxidase com-
plex was applied. After five additional washes with TBS, 
the tetramethylbenzidine substrate solution was added 
to initiate color development, followed by incubation at 
37 °C in the dark for 30 min. The process was halted by 
introducing a stop solution, and absorbance was mea-
sured at 450  nm. A serial dilution of the OPG protein 
standard was prepared, with concentration (pg/mL) plot-
ted on the horizontal axis and optical density 450 nm val-
ues on the vertical axis. These parameters were utilized 
to generate the standard curve, which was subsequently 
employed to ascertain the OPG protein level in the test 
samples. Finally, the secretion levels of cellular OPG pro-
tein following lentiviral transfection were quantitatively 
assessed.

Osteoblast and osteoclast cell culture and treatment with 
UCMSCs-conditioned medium (UCMSCs-CM)
The transfected UCMSCs from both groups were cul-
tured, and UCMSCs-CM was collected and prepared. 
Before storage or use, CM samples underwent filtra-
tion through a 0.2  μm membrane. FOB1.19 cells were 
maintained in modified D-modified Eagle’smedium-F12 
(DMEM-F12) comprising 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin (P/S) in an incubator 
set at 34  °C with 5% CO₂. Similarly, THP-1 cells were 
grown in RPMI 1640 medium comprising 10% FBS and 
1% P/S. During differentiation, FOB1.19 or THP-1 cells 

were exposed to either control-CM or TNFRSF11B-OE-
CM derived from UCMSCs. For osteogenic induction, 
FOB1.19 cells underwent incubation in the osteogenic 
medium at 37  °C. For osteoclast induction, THP-1 cells 
received treatment with 100 ng/mL PMA over three 
days before being cultured in osteoclast differentiation 
medium supplemented with 100 ng/mL M-CSF and 100 
ng/mL RANKL (PeproTech, New Jersey, United States). 
Finally, the influence of TNFRSF11B-OE-CM on osteo-
blast and osteoclast differentiation potential was assessed 
through subsequent experiments.

TRAP staining and TRAP activity assay
For the TRAP staining assay, cells were stained using a 
Tartrate-Resistant Acid Phosphatase (TRAP) Stain Kit 
(Solarbio, Cat. No. G1492, Beijing, China). The cells 
underwent fixation with a TRAP fixation solution, fol-
lowed by two PBS washes. Subsequently, a TRAP staining 
solution was applied, followed by hematoxylin restaining 
and a 10-minute rinse with tap water. Finally, a micro-
scopic examination was executed to obtain images, and 
TRAP-positive multinucleated cells were enumerated. 
To evaluate TRAP activity, specimens underwent lysis 
in RIPA buffer and centrifugation at 8000 g for 10 min at 
4  °C. The measurement of TRAP activity utilized TRAP 
activity assay kits (Elabscience, Cat. No. E-BC-K871-M, 
Wuhan, China), with absorbance readings obtained at 
405  nm via microplate reader. The TRAP activity mea-
surements were standardized against the total protein 
content per sample.

RNA extraction and qRT-PCR
Total RNA was isolated utilizing TRIzol reagent (Invi-
trogen, CA, USA). The conversion of RNA to comple-
mentary DNA (cDNA) was executed employing the 
PrimeScript™ RT Reagent Kit (TaKaRa, Tokyo, Japan) 
with a gDNA Eraser present. The protocol for cDNA 
generation proceeded under these parameters: 42 °C for 
2 min, 37 °C for 30 min, and 85 °C for 15 s. The mRNA 
levels were quantified using SYBR Green Real-time PCR 
Master Mix (TOYOBO, Osaka, Japan) on a LightCycler 
detection system. Normalization of mRNA levels was 
carried out using glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the reference gene, and relative gene 
expression was determined by the 2−ΔΔCT method. The 
primer sequences are depicted in Table 1.

LC-MS/MS analysis of proteomics
Proteomic analyses were conducted on the conditioned 
medium (CM) of control-UCMSCs and TNFRSF11B-
OE-UCMSCs. The cells underwent cultivation in 
175 cm² flasks over 48 h. The obtained growth medium 
underwent centrifugation at 12,000 g for 10 min at 4  °C 
to remove cell debris. All specimens were preserved at 

Table 1 Primers for RT-PCR in this study
Gene 
name

Forward (5’ to 3’) Reverse (5’ to 3’)

RUNX2 CCCAGTATGAGAGTAGGTGTCC GGGTAAGACTGGTCATAG-
GACC

ALP GCTGTAAGGACATCGCCTACCA CCTGGCTTTCTCGT-
CACTCTCA

Osteo-
calcin

CGCTACCTGTATCAATGGCTGG CTCCTGAAAGCCGATGTG-
GTCA

BSP GGCAGTAGTGACTCATCCGAAG GAAAGTGTGGTATTCT-
CAGCCTC

TNFRS-
F11B

GGTCTCCTGCTAACTCAGAAAGG CAGCAAACCTGAAGAAT-
GCCTCC

PPARγ GGGATCAGCTCCGTGGATCT TGCACTTTGGTACTCTT-
GAAGTT

FABP4 ACTGGGCCAGGAATTTGACG CTCGTGGAAGTGACGCCTT
CTSK GAGGCTTCTCTTGGTGTCCATAC TTACTGCGGGAATGAGA-

CAGGG
CTR CCTGGAGACCTTCCAACAAGATG CATTGGCGCTTCACGGTG-

GTTT
MMP9 GCCACTACTGTGCCTTTGAGTC CCCTCAGAGAATCGC-

CAGTACT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTG-

TAGCCAA
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− 80  °C to maintain integrity until subsequent examina-
tion. Further proteome assessment was executed by PTM 
Bio. A BCA kit was utilized to measure protein levels. 
Identical quantities of each protein specimen underwent 
digestion with 5 mM dithiothreitol for 30 min at 56  °C, 
followed by modification with 11 mM iodoacetamide for 
15  min under dark conditions. The modified specimens 
were placed in ultrafiltration tubes for FASP digestion. 
Initially, specimens underwent three washing cycles with 
8 M urea at 12,000 g at ambient temperature for 20 min, 
followed by three washes using 200 mM TEAB. Trypsin 
addition occurred at a trypsin-to-protein mass propor-
tion of 1:50 for overnight processing. Peptide extrac-
tion was achieved through centrifugation at 12,000 g for 
10  min at ambient temperature, with this step repeated 
twice. The final peptide mixture underwent desalting 
using a Strata X SPE column.

The DIA-NN search engine (v.1.8) was employed to 
examine the DIA data. Mass spectra analysis was per-
formed by searching against the Homo_sapiens_9606_
SP_20231220.fasta database (20,429 entries) with an 
incorporated reverse decoy database. Variance analy-
sis was conducted based on intensity values to assess 
between-group differences, and proteins satisfying 
the criteria (fold change > 1.5, P < 0.05) were identi-
fied as DEPs. Furthermore, to elucidate the characteris-
tics of these DEPs, sub-cellular localization annotation, 
Gene Ontology (GO) enrichment analysis, and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis were performed. Functional terms 
with a fold enrichment > 1.5 and a p-value < 0.05 were 
considered statistically significant.

Statistical analysis
All data are denoted as the mean ± standard deviation. 
The results were analyzed using GraphPad Prism 6.0 
(GraphPad Software, Inc., USA). Statistical comparisons 
were conducted through a two-tailed Student’s t-test. 
A p-value of < 0.05 was deemed statistically significant 
across all experiments.

Results
TNFRSF11B expression is increased during osteogenesis 
and decreased during adipogenesis of UCMSCs
To identify key regulatory genes associated with osteo-
genic and adipogenic differentiation of MSCs, an analysis 
of the GEO database was conducted. The results of heat 
map analysis are presented in Fig. 1. The heatmap illus-
trates the top 100 DEGs in MSCs before and after osteo-
genic and adipogenic induction, respectively (Fig. 1A, B). 
Notably, TNFRSF11B exhibited high expression follow-
ing osteogenic differentiation, whereas its expression was 
relatively low after adipogenic differentiation in the GEO 
database.

To examine TNFRSF11B gene expression during MSC 
differentiation, UCMSCs were cultured and subjected 

Fig. 1 Identification of DEGs during adipogenesis and osteogenesis of MSCs in the GEO database. (A) Heatmap of DEGs between before and after MSC 
osteogenesis in GSE58919. (B) Heatmap of DEGs between before and after MSC adipogenesis in GSE20045, GSE36923, and GSE3783. Red arrows mark 
the TNFRSF11B gene
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to osteogenic induction. ALP and ARS staining assays 
confirmed the activation of alkaline phosphatase and the 
formation of calcium nodules on the 16th day (Fig. 2A). 
qRT-PCR analysis revealed a significant upregulation of 
RUNX2, BSP, OCN, and TNFRSF11B gene expression 
on the 16th day (Fig.  2B). Additionally, the expression 
of TNFRSF11B following adipogenic differentiation of 
UCMSCs was assessed. Oil Red O staining demonstrated 
the presence of red lipid droplets on the 25th day after 
adipogenic induction (Fig.  2C). qRT-PCR results indi-
cated a substantial increase in FABP4 and PPARγ gene 
expression, whereas TNFRSF11B expression was mark-
edly reduced during adipogenic differentiation (Fig. 2D). 
These findings align with the previously observed 

GEO database results, reinforcing the consistency of 
TNFRSF11B gene expression patterns.

TNFRSF11B does not affect the osteogenesis of UCMSCs 
and FOB1.19 cells
To confirm the role of TNFRSF11B in UCMSCs, 
TNFRSF11B-overexpressing UCMSCs were generated 
via lentiviral transfection. Fluorescence microscopy con-
firmed the presence of EGFP fluorescence expression in 
both groups of UCMSCs (Fig.  3A). qRT-PCR analysis 
revealed a significant upregulation of TNFRSF11B gene 
expression in UCMSCs compared to the control group, 
with OPG encoded by the TNFRSF11B gene (Fig.  3B). 
Western blot assay further demonstrated a substantial 

Fig. 2 Expression of TNFRSF11B during adipogenesis and osteogenesis in UCMSCs. (A) Representative images of ALP and ARS staining in UCMSCs fol-
lowing osteogenic induction are shown (Scale bar: 200 μm). (B) qRT-PCR analysis was conducted to assess the expression levels of RUNX2, BSP, OCN, and 
TNFRSF11B in UCMSCs cultured in osteogenic media for 16 days. (C) Representative images of Oil Red O staining in UCMSCs subjected to adipogenic 
induction for 25 days are displayed (Scale bar: left, 200 μm; right, 100 μm). (D) The mRNA expression levels of FABP4, PPARγ, and TNFRSF11B were quanti-
fied utilizing qRT-PCR. Expression levels were compared to day 0, *p < 0.05; **p < 0.01
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elevate in OPG expression relative to the control group 
(Fig.  3C). Additionally, ELISA results indicated that 
OPG protein levels in the supernatant of transfected 
UCMSCs were markedly elevated, reaching 27,300 pg/
mL compared to the control (Fig. 3D). Collectively, these 
observations validate the successful construction of 
TNFRSF11B-overexpressing UCMSCs.

Subsequently, transfected UCMSCs were subjected 
to differentiation induction to examine the impact of 
TNFRSF11B overexpression on the osteogenic differen-
tiation of UCMSCs. ALP staining results demonstrated 
that TNFRSF11B overexpression did not alter ALP 
activity (Fig.  4A, B). Furthermore, qRT-PCR analysis 
revealed that the mRNA expression levels of osteogenic 
differentiation-related markers, including RUNX2 and 
OCN, remained unchanged in response to TNFRSF11B 
overexpression, consistent with the ALP staining findings 
(Fig.  4C). In addition, the influence of human recombi-
nant OPG protein on UCMSC osteogenesis was assessed. 

ALP staining and qRT-PCR analysis indicated that exog-
enous OPG protein did not modulate the osteogenic dif-
ferentiation of UCMSCs (Figure S1A-C). These findings 
confirm that neither TNFRSF11B overexpression nor 
exogenous OPG protein enhances the osteogenic differ-
entiation of UCMSCs.

Bone remodeling is primarily governed by two key cell 
types: osteoblasts and osteoclasts [22]. To examine the 
impact of TNFRSF11B-overexpressing CM on osteo-
blasts, FOB1.19 cells were cultured and treated with 
CM derived from transfected UCMSCs (control-CM; 
TNFRSF11B-OE-CM). The findings revealed that ALP 
activity was increased in FOB1.19 cells in response to 
CM from transfected UCMSCs. Nevertheless, the con-
trol and TNFRSF11B-OE groups exhibited no substantial 
variations (Fig.  4D, E). Notably, qRT-PCR analysis sug-
gested that osteogenesis-related gene levels (ALP, OCN) 
were downregulated in both conditions (Fig.  4F). Addi-
tionally, the osteogenic differentiation of FOB1.19 cells 

Fig. 3 Lentivirus-mediated TNFRSF11B expression in UCMSCs. UCMSCs were transfected with TNFRSF11B overexpression (TNFRSF11B-OE) lentivirus 
or empty vector (control). (A) Representative images of phase contrast and immunofluorescence were taken with a microscope. (scale bar, 200 μm) (B) 
TNFRSF11B mRNA levels in transfected UCMSCs were assessed by qRT-PCR analysis. (C) OPG protein expression in control or TNFRSF11B-OE UCMSCs was 
examined by Western blot assay. (D) The ELISA assay was performed to measure OPG levels in transfected UCMSCs. Compared with the control group, 
*p < 0.05; **p < 0.01
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Fig. 4 (See legend on next page.)
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was assessed following treatment with 50 ng/mL recom-
binant OPG protein. The findings further confirmed that 
recombinant OPG protein did not enhance osteoblast 
differentiation (Figure S1D-F). These results suggest that 
the CM from TNFRSF11B-overexpressing UCMSCs 
is insufficient to promote osteoblast differentiation in 
FOB1.19 cells.

TNFRSF11B-modified UCMSCs suppress osteoclast 
differentiation through paracrine signaling
To further investigate whether TNFRSF11B overexpres-
sion in UCMSCs indirectly influences RANKL-induced 
osteoclast differentiation, THP-1 cells were treated with 
CM derived from transfected UCMSCs. Compared to 
cells treated with control-CM, TNFRSF11B-OE-CM 
reduced the formation rate of multinucleated osteoclasts 
(Fig. 5A, B). Additionally, a decrease in TRAP activity was 
observed in THP-1 cells treated with TNFRSF11B-OE-
CM relative to those treated with control-CM (Fig. 5C). 
qRT-PCR analysis revealed that TNFRSF11B-OE-CM 
markedly downregulated the mRNA expression of osteo-
clast differentiation-related markers, including CTSK, 
MMP9, and CTR, compared to control-CM (Fig.  5D). 
Furthermore, a significant reduction in the expression 
levels of these genes was also detected in the recombi-
nant OPG protein treatment group relative to the control 
group (Figure S2A-D). These findings indicate that both 
TNFRSF11B-OE-CM derived from UCMSCs and recom-
binant OPG protein exhibit comparable inhibitory effects 
on osteoclast differentiation.

Proteomics analyses of TNFRSF11B-OE-CM reveal DEGs 
mainly located in the extracellular region
To investigate the mechanism through which 
TNFRSF11B-OE-CM inhibits osteoclast differentiation, a 
label-free LC-MS/MS proteomic analysis was performed 
on the conditioned medium of transfected UCMSCs. A 
total of 820 proteins were identified, among which 810 
were successfully quantified (Figure S3A). The major-
ity of detected peptides ranged between 7 and 20 amino 
acids in length, aligning with established principles of 
trypsin hydrolysis and HCD fragmentation (Figure S3B). 
Pearson’s correlation analysis and principal component 
analysis (PCA) revealed a strong and reproducible cor-
relation between the protein content of the two groups 
(Figure S3C, D). Protein intensity distribution analysis 
across different samples indicated that protein quality 

was consistently maintained across groups (Figure S3E). 
A heat map visualization depicts the DEPs in the 
TNFRSF11B-OE-CM group relative to the control-CM 
group (Fig. 6A). In total, 5 proteins were upregulated and 
21 proteins were downregulated in the TNFRSF11B-OE-
CM group compared to the control group (Fig. 6B). The 
relative expression levels of these DEPs are illustrated 
using a radar chart (Fig.  6C). Subcellular localization 
analysis revealed that DEPs were primarily distributed in 
the extracellular region, cytoplasm, plasma membrane, 
and nucleus, among other compartments (Fig.  6D). GO 
classification of DEPs indicated that they were predomi-
nantly involved in the regulation of biological processes 
(BP), extracellular region organization, and protein 
binding (Fig.  6E). These results indicated that the DEPs 
between the TNFRSF11B-OE-CM group and the con-
trol-CM group were mainly localized in the extracellular 
region.

GO and KEGG enrichment analysis of deps
To comprehensively assess the characteristics of DEPs, 
GO functional classification was conducted. The bio-
logical functions of DEPs were analyzed across three 
categories: BP, cellular component (CC), and molecular 
function (MF). Within the BP category, DEPs were pre-
dominantly associated with the oxaloacetate metabolic 
process, tricarboxylic acid metabolic process, and nega-
tive regulation of angiogenesis (Fig.  7A, B). In terms of 
CCs, DEPs were primarily localized in the extracellu-
lar region, extracellular matrix, intercellular bridge, and 
collagen trimer (Fig.  7C, D). Regarding MF, DEPs were 
mainly linked to peptidase activity, metalloendopeptidase 
activity, endopeptidase activity, and extracellular matrix 
structural constituents (Fig.  7E, F). Additionally, KEGG 
enrichment analysis of downregulated DEPs revealed 
their involvement in several intricate biological path-
ways, including the tricarboxylic acid cycle (TCA cycle), 
protein digestion and absorption, and systemic lupus 
erythematosus (Fig. 7G, H). Specifically, within the TCA 
cycle, MDH1 and ACLY were identified as the princi-
pal DEPs contributing to these pathways (Fig. 7I). These 
findings suggest that the effect of UCMSCs overexpress-
ing TNFRSF11B on the osteoclast differentiation process 
may be closely associated with the extracellular matrix 
and TCA cycle. Furthermore, proteomic analysis dem-
onstrated that overexpression of TNFRSF11B led to an 
increase in the expression intensity of OPG, Fetuin-B 

(See figure on previous page.)
Fig. 4 The effect of TNFRSF11B overexpression on osteogenesis of UCMSCs and FOB1.19. (A) Representative images of ALP staining in control or TNFRS-
F11B-OE transfected UCMSCs following osteogenic induction (Scale bar: 200 μm). (B) Quantification of ALP staining intensity was executed utilizing Im-
ageJ software. (C) The expression levels of RUNX2, OCN, and TNFRSF11B in control and TNFRSF11B-OE UCMSCs were measured through qRT-PCR analysis. 
Comparisons were made to the control group. *p < 0.05; **p < 0.01. (D) ALP staining of FOB1.19 cells treated with or without UCMSCs-CM (control-CM, 
TNFRSF11B-OE-CM) for 3 days (Scale bar: 200 μm). (E) ALP staining intensity was quantified using ImageJ software. (F) The expression of osteogenesis-
related genes in FOB1.19 cells, with or without control-CM and TNFRSF11B-OE-CM treatment, was examined by qRT-PCR. Blank represents the group 
without UCMSCs-CM treatment. Comparisons were made to the control group. NS: Not Significant
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Fig. 5 The effect of TNFRSF11B-OE-CM on the differentiation of osteoclasts. THP-1 cells were incubated with PMA for 3 days, followed by culture in the 
presence of M-CSF (100 ng/mL), RANKL (100 ng/mL), and either control-CM or TNFRSF11B-OE-CM for an additional 12 days. (A, B) Representative images 
of TRAP staining and corresponding statistical analysis illustrate the number of TRAP-positive multinucleated cells with differentiated osteoclasts marked 
by red arrows. (C) TRAP activity was quantified in THP-1 cells treated with control-CM or TNFRSF11B-OE-CM. (D) qRT-PCR analysis was conducted to assess 
the expression levels of osteoclast differentiation-related marker genes in each group. Blank represents the uninduced group. Comparisons were made 
relative to the M-CSF and RANKL (M + R) stimulation group, #p < 0.05, ##p < 0.01; compared with the control-CM group, *p < 0.05; **p < 0.01
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(FETUB), and METRNL, while the expression levels of 
C1R, MDH1, and ACLY were reduced (Fig. 8). Notably, 
OPG expression was undetectable in the control group 
and, therefore, was not classified among the DEPs. These 
proteins have been previously implicated in the regu-
lation of osteoclast differentiation. Collectively, these 
results suggest that TNFRSF11B-OE-CM may exert an 
inhibitory effect on osteoclast differentiation by modulat-
ing the expression of these key regulatory proteins.

Discussion
The differentiation of MSCs into osteoblasts serves a fun-
damental function in bone formation and repair [23, 24]. 
Bone remodeling, a dynamic process essential for skeletal 
homeostasis, is regulated by the coordinated activities of 
osteoblasts and osteoclasts [25]. Dysregulation of bone 
remodeling homeostasis predisposes to skeletal patholo-
gies such as osteoporosis and impaired fracture healing 
[4, 26]. Identifying key regulatory genes that promote 
MSC osteogenic differentiation or regulate bone remod-
eling processes is critical for advancing MSC-based ther-
apeutic strategies against bone disorders [27]. Therefore, 
we genetically modified UCMSCs to investigate their reg-
ulatory roles in bone remodeling, thereby offering novel 
therapeutic possibilities for bone-related diseases.

In the present study, analysis of the GEO database 
revealed that TNFRSF11B exhibited upregulated expres-
sion during MSC osteogenic differentiation, while its 
expression was downregulated during MSC adipogenic 
differentiation. To validate these findings, the expression 
levels of TNFRSF11B during the osteogenic and adipo-
genic differentiation of UCMSCs were examined using 
qRT-PCR analysis. Consistent with the database find-
ings, TNFRSF11B expression, aligned with osteogenesis-
related genes (RUNX2, OCN, and BSP), was markedly 
upregulated in UCMSCs following osteogenic induc-
tion [28, 29]. Additionally, previous studies have identi-
fied FABP4 and PPARγ as key regulatory factors in MSC 
adipogenic differentiation [30, 31]. Unlike FABP4 and 
PPARγ, TNFRSF11B expression was significantly down-
regulated during UCMSCs adipogenic differentiation. 
These results demonstrated that TNFRSF11B expression 
was upregulated during the osteogenic differentiation 
and downregulated during adipogenic differentiation of 
UCMSCs, aligning with the data retrieved from the GEO 
database.

To investigate the impact of TNFRSF11B on the 
osteogenic differentiation of UCMSCs, we generated 
TNFRSF11B-overexpressing UCMSCs. Contrary to 
previous reports, overexpression of TNFRSF11B did 

Fig. 6 Proteomics analysis of the CM in control and TNFRSF11B-OE groups. (A, B) Differential protein expression between the two sample groups is de-
picted using a heat map and bar chart. In the heat map, blue represents downregulation, while red denotes upregulation. (C) The radar chart illustrates 
the relative expression levels of DEPs. The innermost circle ranks the differential proteins clockwise along the orange arrows based on p-values from small-
est to largest. The second circle displays the Log2-transformed ratio, with pink indicating upregulation and light blue representing downregulation, while 
larger dots denote greater fold changes. The third circle indicates the average quantification level of the two groups, where spikes in the graph signify 
highly expressed differential proteins. (D) The figure presents the distribution of differential proteins across various subcellular structures, along with their 
proportional representation in each category. Pink indicates upregulated proteins, whereas blue represents downregulated proteins. (E) The GO second-
ary classification of DEPs. Capital letters “A” and “B” in (A–C) correspond to the control-CM and TNFRSF11B-OE-CM groups, respectively
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not enhance osteogenic differentiation in UCMSCs 
[20]. We hypothesized that this lack of effect might be 
due to insufficient secretion of OPG by the transfected 
UCMSCs. Subsequent experiments using exogenous 
OPG protein (50 ng/mL) also failed to induce osteogenic 
differentiation in UCMSCs. These results suggest that 
neither TNFRSF11B overexpression nor exogenous OPG 
protein significantly affects osteogenic differentiation in 
UCMSCs.

Numerous studies have established that osteoclasts 
and osteoblasts play essential roles in bone remodel-
ing, with osteoclasts responsible for bone resorption 
and osteoblasts responsible for bone formation [32]. 
MSCs-derived extracellular vesicles or exosomes have 
demonstrated therapeutic potential for bone-related dis-
eases by promoting osteoblast differentiation or inhibit-
ing osteoclast activity [33–35]. Given these findings, it 
was hypothesized that TNFRSF11B overexpression in 
UCMSCs might indirectly influence bone remodeling by 

Fig. 7 GO and KEGG functional annotation of DEPs. (A–F) GO enrichment analysis of DEPs between the control-CM and TNFRSF11B-OE-CM groups. 
Chord diagrams and bubble plots illustrate the GO enrichment analysis of DEPs, categorized into BP (A, B), MFs (C, D), and CCs (E, F). (G, H) KEGG pathway 
enrichment analysis of downregulated DEPs. (I) KEGG pathway analysis of DEPs highlights a notable variation in the TCA cycle between the control-CM 
and TNFRSF11B-OE-CM groups
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modulating osteoclast and osteoblast differentiation. In 
the present study, the TNFRSF11B-OE-CM group was 
markedly downregulated compared to the control-CM 
group, aligning with previous findings [36]. Recombinant 
OPG protein also suppressed osteoclast differentiation, 
though its inhibitory effect was less pronounced than that 
of TNFRSF11B-OE-CM. However, neither TNFRSF11B-
OE-CM nor OPG protein promoted osteoblast differ-
entiation, which is inconsistent with the findings of Kim 
J.H. et al. [37]. Notably, ALP and OCN gene expression 
was suppressed in control-CM and TNFRSF11B-OE-
CM groups, though the underlying mechanism remains 
unclear. These unexpected results highlight certain limi-
tations that require further investigation. These results 
demonstrated that while TNFRSF11B overexpres-
sion does not enhance the osteogenic differentiation of 
UCMSCs, it serves a regulatory function in bone remod-
eling by inhibiting osteoclast differentiation.

To elucidate the mechanism through which 
TNFRSF11B-OE-CM inhibits RANKL-induced osteo-
clast differentiation, a proteomics analysis was performed 
to identify DEPs in TNFRSF11B-OE-CM. The findings 
revealed that these proteins were predominantly local-
ized to the extracellular matrix and enriched in pathways 
such as the TCA cycle and protein digestion/absorption. 

Key downregulated proteins included C1R, MDH1, and 
ACLY, which are crucial regulators of osteoclast differen-
tiation [38–40]. Furthermore, upregulated proteins such 
as FETUB and METRNL were associated with osteoclast 
signaling pathways, including the PI3K/AKT, AMPK, 
and NF-κB pathways [41–45]. These findings suggest 
that TNFRSF11B-OE-CM might suppress osteoclast dif-
ferentiation by modulating extracellular matrix compo-
nents and associated signaling pathways. However, the 
molecular mechanisms underlying TNFRSF11B-medi-
ated regulation of these proteins in UCMSCs require 
further investigation. Additionally, the absence of in vivo 
functional validation is a limitation in this study. Future 
studies should further investigate the potential therapeu-
tic effects of TNFRSF11B-modified UCMSCs for treating 
bone-related diseases.

In conclusion, this study demonstrated that 
TNFRSF11B expression was upregulated in osteogenic 
while downregulated in adipogenic UCMSCs. However, 
the overexpression of TNFRSF11B in UCMSCs did not 
enhance their osteogenesis differentiation potential. 
TNFRSF11B-OE-CM was indicated to inhibit osteo-
clast differentiation rather than promote bone forma-
tion. These findings provide valuable evidence for the 
TNFRSF11B-modified UCMSCs to participate in the 

Fig. 8 Intensity of DEPs in control-CM and TNFRSF11B-OE-CM groups. (A–F) Box plots illustrating the intensity variations of selected DEPs in the TNFRS-
F11B-OE-CM group relative to the control-CM group. *p-value < 0.05; **p-value < 0.01. Capital letters “A” and “B” in (A–F) correspond to the control-CM and 
TNFRSF11B-OE-CM groups, respectively
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regulation of bone remodeling by inhibiting osteoclast 
differentiation.
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