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Umbilical cord-derived human mesenchymal stem cells (UC-hMSCs) are multipotent stem cells with 
great potential for treating bone diseases. Although they can be easily isolated from umbilical cord 
tissue, their osteogenic differentiation is less efficient than differentiation of bone marrow-derived 
hMSCs (BM-hMSCs). Improving osteogenic differentiation of UC-hMSCs is essential for their clinical 
use. This study identified specific microRNAs (miRNAs) that inhibit osteogenic differentiation and 
explored their regulatory mechanisms to improve the osteogenic potential of UC-hMSCs. High-
throughput miRNA expression analysis was performed to identify miRNAs involved in osteogenic 
differentiation. Quantitative real-time RT-PCR confirmed the expression levels of these miRNAs 
during osteogenic differentiation. The effects of specific anti-miRNAs on osteogenic differentiation 
were evaluated using alkaline phosphatase (ALP) activity, Alizarin Red S staining, and osteogenic 
gene expression assays. Analysis revealed significant differential expression of 806 miRNAs in high-
osteogenic UC-hMSCs and 760 miRNAs in low-osteogenic UC-hMSCs. Four miRNAs—miR-21, miR-27b, 
miR-29a, and let-7b—were significantly down-regulated during osteogenic differentiation in high-
osteogenic UC-hMSCs but remained elevated in low-osteogenic UC-hMSCs. Inhibition of these miRNAs 
using specific anti-miRs significantly increased osteogenic gene expression, ALP activity, and matrix 
mineralization. These effects could be partially mediated by modulation of the PI3K/Akt and Wnt/β-
catenin signaling pathways, which led to the up-regulation of RUNX2 expression in UC-hMSCs. Our 
findings indicate that miR-21, miR-27b, miR-29a, and let-7b are important regulators of osteogenic 
differentiation in UC-hMSCs. Targeting these miRNAs could enhance osteogenic differentiation 
by modulating the PI3K/Akt and Wnt/β-catenin signaling pathways, leading to increased RUNX2 
expression. These findings provide valuable insights into the role of specific miRNAs in regulating 
osteogenic differentiation of UC-hMSCs and highlight potential therapeutic strategies for bone 
regeneration through miRNA modulation.
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People worldwide are living longer, with the global population older than 60 years expected to increase to 
2.1 billion by 20501. Aging is a gradual process that results in a loss of tissue homeostasis, that leads to a progressive 
deterioration of tissue and organ functions2. The human skeleton undergoes significant changes over time, with 
bone loss beginning as early as the third decade of life, predisposing the elderly population to an increased risk 
of debilitating bone fractures3. Although osteoporosis can be treated with various medications, the efficacy of 
these treatments is limited and, in some circumstances, causes serious side effects, such as osteonecrosis and 
bone cancers4.

Mesenchymal stem cells (MSCs), the multipotent stem/progenitor cells found in various tissues of the adult 
body5are capable of differentiation into various functional cell types, including osteocytes that could be used 
to treat various bone defects6. Although the main source of human MSCs for most clinical applications is bone 
marrow (BM-hMSCs)5the derivation of BM-hMSCs requires an invasive procedure and their number and 
differentiation capacity gradually decrease with age7. Therefore, many attempts have been made to obtain hMSCs 
from other sources, such as various gestational tissues, including amnion, chorion, placenta, umbilical cord, and 
Wharton’s jelly8–10which are readily available in large quantities without the need for an invasive procedure. 
Among these gestational tissues, the umbilical cord, which is easy to handle and can be stored for later use, 
appears to be a promising option. Although umbilical cord-derived hMSCs (UC-hMSCs) exhibit typical hMSC 
characteristics, they generally have lower osteogenic differentiation capacity compared to BM-hMSCs and need 
longer time to differentiate into osteoblasts11. Therefore, finding a strategy to increase osteogenic differentiation 
of UC-hMSCs is crucial for their orthopaedic applications.

MicroRNA (miRNA), a short non-coding single-stranded RNAs, has recently emerged as important regulator 
of stem cell fate and behaviour12. These miRNAs modulate gene expression at the post-transcriptional level 
by binding to the 3’ untranslated regions (3’-UTR) of target mRNAs and inhibiting translation or promoting 
degradation of these mRNAs13. Although a previous study reported that several miRNAs play critical roles in 
the osteogenic differentiation of BM-hMSCs and human osteoblasts14, the roles of these miRNAs in osteogenic 
differentiation of gestational tissue-derived hMSCs, especially UC-hMSCs, have not yet been investigated. 
Therefore, this study aimed to discover miRNAs that play an important role in osteogenic differentiation of 
UC-hMSCs using differential expression analysis of miRNA and functional in vitro study. We believe that the 
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obtained knowledge could be used to increase osteogenic differentiation of UC-hMSCs for future research and 
therapeutic use.

Materials and methods
Isolation and culture of UC-hMSCs
This study was approved by the Human Research Ethics Committee of Thammasat University No. 1 (Faculty 
of Medicine). Umbilical cords (length ~ 2–4 cm) obtained from pregnant women after normal delivery were 
thoroughly rinsed with 1XPBS at least 5 times before being cut into small pieces (approximately 1–2 mm3. The 
tissues were then washed twice with 1XPBS and digested with 0.5% trypsin-EDTA (Thermo Fisher Scientific, 
USA) for 3 h at 37 °C while shaking. After incubation, cells were washed twice with 1XPBS and cultured with 
a complete medium [DMEM + 10% fetal bovine serum (FBS, Thermo Fisher Scientific, USA)] in 25-cm2 tissue 
culture flasks. The cultures were maintained in a humidified tissue culture incubator at 37 °C with 5% CO2. The 
culture medium was refreshed every 3 days. Once the cells reached 80% confluence, they were subcultured using 
0.25% trypsin-EDTA, replated at 1 × 104 cells/cm2 in a new flask, and incubated to expand further.

Immunophenotyping
UC-hMSCs (passages 3–6) were tested for the expression of typical hMSC surface markers following the 
recommendation of the International Society for Cell and Gene Therapy (ISCT)15. Cells were harvested with 
0.25% trypsin-EDTA, washed, and resuspended in PBS. Then, 5 × 105 cells were incubated with fluorescein 
isothiocyanate (FITC) or phycoerythrin (PE) conjugated antibodies against human CD34, CD45, HLA-DR, 
CD73, CD90, and CD105 (Biolegend, USA) for 30 min at 4°C in the dark. After washing, cells were fixed with 
1% paraformaldehyde in PBS. Flow cytometry (CytoFLEX, Beckman Coulter, USA) was used to acquire 2 × 104 
labelled cells, and the data were analyzed using CytoExpert for DxFLEX version 2.0 (​h​t​t​p​s​:​​/​/​w​w​w​.​​b​e​c​k​m​a​​n​c​o​u​l​
t​​e​r​.​c​o​​m​/​i​t​/​s​​o​f​t​w​a​r​​e​d​o​w​n​l​​o​a​d​s, Beckman Coulter, USA) .

Trilineage differentiation assay
The potential for trilineage differentiation of UC-hMSCs (passages 3–6) was evaluated by inducing their 
differentiation into osteogenic, adipogenic and chondrogenic lineages using specific induction media. For 
osteogenic differentiation, UC-hMSCs were seeded at 5 × 103 cells/cm2 in a 35-mm2 dish (Costar, Corning, 
USA) and allowed to adhere overnight. After overnight incubation, the medium was replaced with osteogenic 
induction medium [complete medium supplemented with 100 nM dexamethasone (Sigma-Aldrich, USA), 10 
mM β-glycerophosphate (Sigma-Aldrich, USA), and 50 µg/ml ascorbic acid (Sigma-Aldrich, USA)], and the 
cultures were maintained at 37 °C with 5% CO2. The medium was changed every 3 days. After 28 days, cells 
were fixed with 10% formalin solution, stained with 40 mM Alizarin Red S (Sigma-Aldrich, USA), and observed 
under an inverted microscope (Nikon Eclipse Ts2R, Japan). For adipogenic differentiation, UC-hMSCs were 
seeded at 5 × 103 cells/cm2 in a 35-mm2 dish and allowed to adhere overnight. The cells were then cultured in 
adipogenic induction medium [complete medium supplemented with 0.5 mM isobutylmethylxanthine (Sigma-
Aldrich, USA), 1 µM dexamethasone, 10 µM insulin (Sigma-Aldrich, USA), 100 µM indomethacin (Sigma-
Aldrich, USA), and 25 mM glucose (Ajax Finechem, Australia)] at 37 °C with 5% CO2, and the medium was 
changed every 3 days. After 28 days, cells were fixed with vapour of 37% formaldehyde, stained with 0.3% Oil 
Red O (Sigma-Aldrich, USA) in 60% isopropanol, and observed by inverted microscopy. For chondrogenic 
differentiation, UC-hMSCs were seeded at 3 × 106 cells/cm2 in a 96-well U bottom plate (Jet Biofil, China) 
and incubated overnight at 37  °C with 5% CO2. The following day, the medium was replaced with MSCgo™ 
Chondrogenic XF medium (Biological Industries, Israel) and the cells were cultured at 37  °C with 5% CO2, 
with medium changes every 3 days. After 14 days, the spheroidal masses were fixed with 10% formalin solution, 
stained with 1% Alcian Blue (HiMedia, India) in 0.1 N HCl and examined by inverted microscopy.

Screening of differentially expressed microRNAs
Sample preparation
High- and low-osteogenic UC-hMSCs were cultured with a complete medium in a 35-mm2 dish at a density 
of 5 × 103 cells/cm2 overnight and subjected to osteogenic differentiation for 28 days. At the end of the culture, 
alkaline phosphatase activity assay were performed and differentiated UC-hMSCs were stained with Alizarin 
Red S to identify their osteogenic differentiation capacity. The high- and low-osteogenic UC-hMSCs cultured in 
complete medium under the same conditions serve as controls. The UC-hMSCs were then classified into high- 
and low-osteogenic UC-hMSCs, based on the results of alkaline phosphatase (ALP) activity assay and Alizarin 
Red S staining.

RNA isolation
Total RNA was isolated from high- and low-osteogenic UC-hMSCs at the end of their osteogenic differentiation 
using Trizol® reagent (Invitrogen, USA). The amount and purity of isolated RNA were determined using 
NanoDrop™ 2000/2000c (Thermo Scientific, USA). One microgram of each RNA sample was sent to BGI, Hong 
Kong, for differential miRNA expression analysis. Briefly, RNA segments of different sizes were separated by 
polyacrylamide gel electrophoresis (PAGE), and 18–30 nucleotide RNA fragments were selected. Complementary 
DNA (cDNA) was then synthesized from purified and fragmented RNA samples following the BGI standard 
workflow and subsequently passed through DNA sequencing.

Bioinformatic analysis
The cDNAs were sequenced using the Illumina HiSeq 2000 instrument (Illumina Inc., USA). To adjust 
for multiple comparisons, the p-values for differential gene expression were corrected using the Bonferroni 
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method. Differentially expressed genes (DEGs) were identified based on a false discovery rate (FDR) of ≤ 0.001, a 
Log2Ratio (fold change) of ≥ 1, and a p-value of ≤ 0.05. For even more precise DEG identification, stricter criteria 
were applied, with lower FDR values and greater fold changes. To predict target genes for the differentially 
expressed miRNAs, the tools RNAhybrid, miRanda, and TargetScan were used. Data were submitted and 
available in the NCBI database with accession number PRJNA1279367 at ​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​b​i​o​-​p​r​​
o​j​e​c​t​/​​P​R​J​N​A​1​​2​7​9​3​6​7.

Functional and pathway enrichment analysis
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of miRNAs 
were performed to determine their functions. GO enrichment analysis was performed using GOView.html 
(http://www.geneontology.org/), while KEGG pathway analysis was used to predict pathways associated with 
the selected miRNAs and KEGG (https://www.kegg.jp/kegg/kegg1.html). The term ‘osteogenic’ was entered in 
the KEGG pathway database search. Pathways related to osteogenesis were identified and the corresponding KO 
numbers were matched with NM numbers using Gene2KEGG. These NM numbers were further correlated with 
miRNAs through target filter data to identify relevant miRNAs involved in osteogenic pathways.

Determining the expression levels of selected MiRNAs during osteogenic differentiation of UC-hMSCs
To investigate the expression levels of selected miRNAs in high- and low-osteogenic UC-hMSCs during 
their osteogenic differentiation, 5 × 104 cells/cm2 UC-hMSCs (passages 3–5) were subjected to osteogenic 
differentiation for 28 days. The high- and low-osteogenic UC-hMSCs cultured in complete medium under the 
same conditions served as controls. On culture days 7, 14, 21, and 28, total RNA was isolated and the expression 
levels of hsa-miR-21, hsa-miR-27b, hsa-miR-29a, hsa-miR let-7b were determined by quantitative real-time 
reverse transcription polymerase chain reaction (qRT-PCR). The mature miRNA sequences are shown in Table 1 
(Table 1).

The effect of selected MiRNAs on osteogenic differentiation of UC-hMSCs
The role of selected miRNAs in osteogenic differentiation of UC-hMSCs was determined by a miRNA inhibition 
assay. UC-hMSCs (passages 3–5) were cultured overnight in complete medium at 5 × 103 cells/cm2 in a 6-well 
plate (Costar, Corning, USA). For anti-miR treatment, specific anti-miRs (miR-21 inhibitor, miR-27b inhibitor, 
miR-29a inhibitor and let-7b inhibitor) and lipofectamine® RNAiMAX reagent (Invitrogen, USA) were diluted 
with DMEM, mixed in a 1:1 ratio, and incubated at room temperature for 10 min. The mixtures containing 10 
nM of each miRNA inhibitor were then added to an osteogenic differentiation medium and cells were subjected 
to osteogenic differentiation for an additional 28 days. UC-hMSCs transfected with 10 nM FAM-labeled miRNA 
negative control served as a negative control. On culture days 7, 14, 21, and 28 after transfection, the osteogenic 
differentiation capacity was determined using the ALP activity assay, Alizarin Red S staining, osteogenic gene 
expression, and Western blot analysis.

Alkaline phosphatase activity assay
ALP activity was measured on days 7, 14, 21, and 28 using the SensoLyte® pNPP ALP assay kit (AnaSpec, USA.), 
according to the manufacturer’s instructions. Briefly, cultured UC-hMSCs were washed twice with 1X PBS. 
Then, 100 µl of lysis buffer [0.1 M glycine (VWR Chemicals BDH®, USA), 1% Nonidet P-40 (USB Chemical, 
USA, 1mM MgCl2 (Sigma-Aldrich, USA), and 1mM ZnCl2 (EMSURE®, Germany), pH 9.6] was added. The 
samples were incubated on ice for 10 min. After centrifugation at 10,000 x g, the supernatant was collected. 
Next, p-Nitrophenyl Phosphate (pNPP) substrate solution was added, and the plate was incubated at room 
temperature for 60 min. ALP activity was measured using a microplate reader (BioTex, USA) at an absorbance 
of 405 nm. To normalize the results, total cellular protein was measured using a Bradford assay (Bio-Rad, USA), 
and ALP activity was calculated by comparing the optical density (O.D.) of the sample with a standard curve 
generated from 0 to 10 ng/ml of the ALP solution.

Quantitative real-time reverse transcription polymerase chain reaction
UC-hMSCs treated with specific anti-miRs were examined for the expression of osteogenic genes, including 
runt-related transcription factor 2 (RUNX2 ), osterix (OSX), osteocalcin (OCN) and collagen 1A1 (COl IA1) on 
days 7, 14, 21, and 28 of their osteogenic differentiation using qRT-PCR. Briefly, treated hMSCs were washed 
with 1XPBS and then lysed with Trizol® reagent (Invitrogen, USA). Total RNA was reverse transcribed to cDNA 

miRNA Mature miRNA sequence

hsa-miR-21 ​U​A​G​C​U​U​A​U​C​A​G​A​C​U​G​A​U​G​U​U​G​A

hsa-miR-27b ​U​U​C​A​C​A​G​U​G​G​C​U​A​A​G​U​U​C​U​G​C

hsa-miR-29a ​U​A​G​C​A​C​C​A​U​C​U​G​A​A​A​U​C​G​G​U​U​A

Let-7b ​U​G​A​G​G​U​A​G​U​A​G​G​U​U​G​U​G​U​G​G​U​U

U6

​G​T​G​C​T​C​G​C​T​T​C​G​G​C​A​G​C​A​C​A​T​A​T​
A​C​T​A​A​A​A​T​T​G​G​A​A​C​G​A​T​A​C​A​G​A​G​
A​A​G​A​T​T​A​G​C​A​T​G​G​C​C​C​C​T​G​C​G​C​A​
A​G​G​A​T​G​A​C​A​C​G​C​A​A​A​T​T​C​G​T​G​A​A​
G​C​G​T​T​C​C​A​T​A​T​T​T​T

Table 1.  The mature MiRNA sequences.
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using iScript™ Reverse Transcription Supermix for qRT-PCR (Bio-Rad, USA). qRT-PCR reactions were prepared 
using the Universal SYBR® Green Supermix iTaq™ (Bio-rad, USA) and amplified in the StepOne plus™ real-time 
PCR system (Applied Biosystems; ABI, USA) for 40 cycles (denaturation at 95 °C for 15 s, followed by annealing 
at 60 °C for 60 s). The primer sequences and product size are shown in Table 2 (Table 2). The mRNA expression 
levels of target genes were normalized to the mRNA expression level of the endogenous control gene (GAPDH), 
analyzed using the comparative threshold cycle value (ΔΔCT) method with StepOne™ software version 2.3 (​h​t​t​p​
s​:​/​/​w​w​w​.​t​h​e​r​m​o​f​i​s​h​e​r​.​​​c​o​m​​/​i​​d​​/​e​​n​/​​h​o​m​​e​/​​t​e​c​h​n​i​​c​​a​l​-​r​​e​s​o​u​r​c​​​e​s​/​s​o​​f​t​w​​a​r​​e​-​d​o​w​n​​l​o​​a​d​s​​/​S​t​e​​p​O​​n​e​​-​a​n​​d​-​S​t​e​​p​O​n​​e​P​l​​u​s​​-​R​
e​​a​​l​-​T​i​​​m​e​-​P​C​R​​-​S​y​s​t​e​m​.​h​t​m​l, Applied Biosystems; ABI, USA.) and presented as the relative mRNA expression 
level.

Western blot analysis
The effect of miRNA inhibition on protein expression in the osteogenic pathway was analyzed by western blotting. 
UC-hMSCs were treated, then trypsinized and resuspended in 1X RIPA buffer (Cell Signaling Technology, USA) 
with a protease inhibitor cocktail (Cell Signaling Technology, USA) and 1 mM PMSF (Sigma-Aldrich, USA). 
After incubating on ice for 10 min, cells were sonicated and centrifuged at 12,000 g at 4 °C for 10 min. The 
supernatant was collected, and protein concentration was measured using a Bradford assay (Bio-Rad, USA) with 
BSA (Sigma-Aldrich, USA) as a standard. Next, 100 µg of total protein was mixed with 3X blue loading buffer 
(BioLabs, USA) and heated for 5 min. Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), then transferred to nitrocellulose membranes (0.45  μm pore size, Hybond 
ECL; Amersham Pharmacia, USA) using a mini transblot electrophoretic transfer cell (Bio-Rad, USA) at 
120 V for 1.5 h. Membranes were stained with 0.1% (w/v) Ponceau S in 5% acetic acid to confirm a complete 
protein transfer. The membranes were cut and blocked with 5% non-fat dry milk in Tris-buffered saline with 
0.1% Tween® 20 detergent (TBST) for 1 h at room temperature, then incubated overnight at 4 °C with primary 
antibodies against PI3K, β-catenin and RUNX2 (Table 3) diluted in 3% BSA in TBST. After washing with TBST, 
the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1  h 
at room temperature. Protein signals were detected using a Clarity Western ECL substrate (Bio-Rad, USA). 
Densitometric scanning and statistical analysis of immunoblots were performed using Odyssey LI-COR and 
Image Studio™ software (Biosciences, USA). Image studio version 6 (https://www.licorbio.com/image-studio).

Statistical analysis
All experiments were carried out on at least three different samples. Data were presented as mean ± standard 
error of the mean (SEM). Statistical analysis was performed using one-way analysis of variance (ANOVA). A 
p-value of less than 0.05 was considered statistically significant.

Results
Characterization of umbilical cord-derived human mesenchymal stem cells
The umbilical cord-derived human mesenchymal stem cells (UC-hMSCs), isolated from umbilical cord tissue by 
enzymatic digestion, exhibited homogeneous fibroblast-like morphology (Fig. 1A). These cells expressed typical 
hMSC surface markers (CD73, CD90, and CD105) and lacked hematopoietic surface markers (CD34, CD45 
and HLA-DR) (Fig. 1B). UC-hMSCs could also differentiate into osteoblasts, adipocytes, and chondrocytes, as 
determined by Alizarin Red S staining, Oil Red O staining, and Alcian Blue staining, respectively (Fig. 1C-E). 
These UC-hMSCs could be expanded up to 20 passages before showing a decrease in proliferative capacity.

Antibody Host Dilution Company

PI3K Rabbit 1:1000 Cell Signaling Technology, USA

β-catenin Rabbit 1:1000 Cell Signaling Technology, USA

RUNX2 Rabbit 1:1000 Cell Signaling Technology, USA

ß-actin Mouse 1:1000 Merck, USA

Table 3.  Characteristics of the primary antibodies used.

 

Gene Forward primer Reverse primer Product size (bp)

RUNX2 5’-​G​A​C​A​G​C​C​C​C​A​A​C​T​T​C​C​T​G​T​G-3’ 5’-​C​C​G​G​A​G​C​T​C​A​G​C​A​G​A​A​T​A​A​T-3’ 159

Osterix 5’-​T​G​C​T​T​G​A​G​G​A​G​G​A​A​G​T​T​C​A​C-3’ 5’-​C​T​G​C​T​T​T​G​C​C​C​A​G​A​G​T​T​G​T​T-3’ 114

Osteocalcin 5’-​C​T​C​A​C​A​C​T​C​C​T​C​G​C​C​C​T​A​T​T-3’ 5’-​T​C​A​G​C​C​A​A​C​T​C​G​T​C​A​C​A​G​T​C-3’ 245

Collagen I 5’-​C​C​T​G​G​A​T​G​C​C​A​T​C​A​A​A​G​T​C​T-3’ 5’-​A​A​T​C​C​A​T​C​G​G​T​C​A​T​G​C​T​C​T​C-3’ 174

GAPDH 5’-​C​A​A​T​G​A​C​C​C​C​T​T​C​A​T​T​G​A​C​C-3’ 5’-​T​T​G​A​T​T​T​T​G​G​A​G​G​G​A​T​C​T​C​G-3’ 159

Table 2.  Primers and product size.
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High-osteogenic UC-hMSCs exhibited the same immunophenotypes, proliferative capacity 
and adipogenic differentiation capacity compared to low-osteogenic UC-hMSCs
UC-hMSCs were derived from six independent donors and expanded under identical conditions before subjected 
to osteogenic differentiation assays. The results showed that UC-hMSCs derived from three different donors 
exhibited significantly higher ALP activity (30.4 ± 2.7 vs. 15.8 ± 1.0 ng/mg protein; P < 0.05; Supplementary 
Fig. S1D) and matrix mineralization levels (0.52 ± 0.03 vs. 0.18 ± 0.02; P < 0.05; Supplementary Fig. S1E) after 
osteogenic induction compared to UC-hMSCs derived from other three donors. Based on their osteogenic 
differentiation capacity, the UC-hMSCs were then categorized into high-osteogenic UC-hMSCs (n = 3) and low-
osteogenic UC-hMSCs (n = 3) (Supplementary Fig. S1).

To determine whether these two groups of UC-hMSCs exhibited other different characteristics apart from 
their osteogenic differentiation capacity, both groups were subjected to immunophenotyping, proliferation, and 
adipogenic differentiation assays. The results showed that both high- and low-osteogenic UC-hMSCs expressed 
similar percentages of all typical hMSC markers examined, including CD73 (99.24 ± 0.20% vs. 98.96 ± 0.61%), 
CD90 (97.86 ± 1.13% vs. 96.07 ± 1.19%) and CD105 (94.54 ± 1.72% vs. 96.25 ± 1.44%). Both groups of UC-hMSCs 
also expressed very low percentages of hematopoietic markers, CD34 (1.13 ± 0.80% vs. 2.88 ± 0.05%) and CD45 
(0.39 ± 0.14% vs. 1.25 ± 0.30%) (Supplementary Fig. S1A). Similar to the immunophenotyping, both high- and 
low-osteogenic UC-hMSCs also exhibited the same level of adipogenic differentiation capacity, determined by 
Oil Red O after 28 days of induction (Supplementary Fig. S1C) and had similar proliferative capacity at passage 
3 (Supplementary Fig. S1B).

Collectively, these results demonstrate that while high- and low-osteogenic UC-hMSCs are indistinguishable 
in terms of their immunophenotype, proliferation, and adipogenic differentiation capacity, they exhibit 
significant differences in their osteogenic differentiation capacity.

Many microRNAs are differentially expressed in high-osteogenic compared to low-
osteogenic UC-hMSCs
To identify microRNAs (miRNAs) that affect osteogenic differentiation of UC-hMSCs, we first identified 
miRNAs whose expression were significantly down-regulated upon osteogenic induction. After osteogenic 
induction, 806 miRNAs were down-regulated in high-osteogenic UC-hMSCs, while 760 miRNAs were down-
regulated in low-osteogenic UC-hMSCs compared to the non-differentiated controls. Of these, 224 miRNAs 

Fig. 1.  The characteristics of umbilical cord-derived hMSCs (UC-hMSCs). (A) The spindle morphology of 
the UC-hMSCs cultured in DMEM + 10%FBS at passage 0 and passage 3 (B) Flow cytometry analysis showed 
positive expression of hMSC surface markers (CD73, CD90, CD105) and negative expression of hematopoietic 
surface markers (CD34, CD45, HLA-DR). (C) Osteogenic differentiation was confirmed by the presence 
of extracellular calcium deposits that marked positively with Alizarin Red S in UC-hMSCs cultured in 
osteogenic differentiation medium for 28 days. (D) After adipogenic induction for 28 days, lipid droplets in the 
cytoplasm of UC-hMSCs exhibited an orange-red color upon staining with Oil Red O. (E) The chondrogenic 
differentiation of UC-hMSCs was evidenced by positive Alcian blue staining. Data were obtained from 5 
donors. Images a, c, and e were captured with a 10X magnification. Scale bar = 100 μm. Image d was captured 
with a 20X magnification. Scale bar = 100 μm.
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were specifically down-regulated in high-osteogenic UC-hMSCs, 178 in low-osteogenic UC-hMSCs, and 582 in 
both groups (Fig. 2A, Supplementary Tab. S1-S3).

Hierarchical clustering of the data revealed significant changes in 31 miRNAs involved in the regulation 
of Wnt signaling pathway, TGF-β signaling pathway and RUNX2, that are known to play critical roles in the 
regulation of osteogenesis (Fig. 2B). These findings suggest that some of these miRNAs may play essential roles 
in osteogenic differentiation of UC-hMSCs.

Fig. 2.  Screening of differentially expressed miRNAs in UC-hMSCs. (A) The diagram showed the number of 
down-regulated miRNAs in high-osteogenic UC-hMSCs and low-osteogenic UC-hMSCs. (B) The heatmap 
diagram showed the results of the two-way hierarchical clustering of miRNAs. Each row represents one 
miRNA, and each column represents a sample. The color scale illustrates the relative expression level of 
a miRNA across all samples: green represents an expression level above the mean, and red represents an 
expression lower than the mean.
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Gene ontology enrichment analysis
To better understand the functions of these miRNAs, we performed a gene ontology (GO) enrichment analysis 
to categorize their functions into three broad groups: biological process, cellular component, and molecular 
function.

The GO analysis for high-osteogenic UC-hMSCs versus control revealed 25 enriched GO terms in the 
“Biological Process” category, particularly in the cellular process (Fig.  3A), 15 enriched GO terms in the 
“Molecular Function” category, particularly in binding (Fig. 3B), and 18 enriched GO terms in the “Cellular 
Component” category, particularly in cells and cell parts (Fig. 3C). Similarly, the GO analysis for low-osteogenic 
UC-hMSCs versus control revealed 25 enriched GO terms in the “Biological Process” category, particularly in 
cellular process (Fig. 3A), 14 enriched GO terms in the “Molecular Function” category, particularly in binding  
(Fig. 3B), and 18 enriched GO terms in the “cellular component” category, particularly in cells and cell parts 
(Fig. 3C).

Interestingly, the number of genes in each functional category was lower for low-osteogenic UC-hMSCs 
compared to high-osteogenic UC-hMSCs. Comparison of high-osteogenic to low-osteogenic UC-hMSCs 
revealed similar enriched GO terms. Most of the genes in the biological process category were involved in 
cellular processes, while most genes in the cellular component category were associated with the cells and cell 
parts, and most genes in the molecular function category were involved in binding (Fig. 3A-C).

Pathway enrichment analysis of target genes
Genes typically interact with each other to perform certain biological functions. To further understand these 
functions, the pathway enrichment analysis of target genes for differentially expressed miRNAs was conducted 
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Bar plots for KEGG pathway statistics 
were generated for each pairwise comparison: high-osteogenic UC-hMSCs versus control, low-osteogenic UC-
hMSCs versus control, and high-osteogenic versus low-osteogenic UC-hMSCs (Fig. 4).

The KEGG pathway analysis across each pairwise comparison revealed six primary pathways: metabolism, 
human diseases, organismal systems, cellular processes, genetic information processing, and environmental 
information processing. Within these categories, multiple secondary KEGG pathway terms were identified. 
In particular, significant enrichment was observed in 12, 11, 10, 4, 4, and 3 pathways, respectively. These 
enriched pathways included signal transduction, cancer overview, and processes related to folding, sorting, 
and degradation, specifically within categories of environmental information processing, human diseases, and 
genetic information processing, compared to the whole genome background. These findings provide a deeper 
understanding of the biological functions and interactions of target genes associated with differentially expressed 
miRNAs during osteogenic differentiation of UC-hMSCs.

miR-21, miR-27b, miR-29a, and let-7b inhibit the osteogenic differentiation of low-
osteogenic UC-hMSCs
To investigate the roles of miRNAs identified by the differential miRNA expression analysis in human 
osteogenesis, we first confirmed their expression levels during osteogenic differentiation of UC-hMSCs by qRT-
PCR. We hypothesized that miRNAs expressed at higher levels in low-osteogenic UC-hMSCs compared to high-
osteogenic UC-hMSCs might inhibit osteogenic differentiation of UC-hMSCs.

To prove this hypothesis, four miRNAs, including miR-21, miR-27b, miR-29a, and let-7b, with higher 
expression levels in low-osteogenic UC-hMSCs than in high-osteogenic UC-hMSCs, were selected for further 
study. Consistent with our hypothesis, the expression of these four miRNAs was significantly down-regulated 
during the osteogenic differentiation of high-osteogenic UC-hMSCs in a time-dependent manner (Fig. 5). In 
contrast, the expression levels of miR-29a and let-7b remained unchanged throughout osteogenic differentiation 
of low-osteogenic UC-hMSCs (Fig. 5). Although miR-21 and miR-27b levels were also down-regulated in low-

Fig. 3.  Gene Ontology enrichment analysis showed the number of genes involved with each functional 
classification of high-osteogenic UC-hMSCs versus control, low-osteogenic UC-hMSCs versus control, and 
high-osteogenic UC-hMSCs versus low-osteogenic UC-hMSCs.
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osteogenic UC-hMSCs, they remained significantly higher than those in high-osteogenic UC-hMSCs under 
the same conditions (Fig. 5). These results suggest that elevated levels of these four miRNAs may inhibit the 
osteogenic differentiation of low-osteogenic UC-hMSCs.

Down-regulation of the miR-21, miR-27b, miR-29a, and let-7b expression increases the 
expression levels of osteogenic genes
To further examine the role of selected miRNAs in osteogenic differentiation of UC-hMSCs, we first reduced 
the expression of miR-21, miR-27b, miR-29a, and let-7b in UC-hMSCs using specific anti-miRs (anti-miR-21, 

Fig. 4.  KEGG classification for high-osteogenic UC-hMSCs and control, low-osteogenic UC-hMSCs and 
control, and high-osteogenic UC-hMSCs and low-osteogenic UC-hMSCs ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​k​e​g​g​.​j​p​/​k​e​g​g​/​k​e​g​g​1​.​h​
t​m​l​​​​​)​. The X-axis indicates the number of genes. The Y-axis indicates the groups and subgroups of the KEGG 
pathway.

 

Scientific Reports |        (2025) 15:28485 9| https://doi.org/10.1038/s41598-025-13093-1

www.nature.com/scientificreports/

https://www.kegg.jp/kegg/kegg1.html
https://www.kegg.jp/kegg/kegg1.html
http://www.nature.com/scientificreports


anti-miR-27b, anti-miR-29a, and anti-let-7b). Anti-miR treatment significantly decreased the expression levels 
of each miRNA in UC-hMSCs throughout osteogenic differentiation (Fig. 6).

To investigate whether reducing the expression of miR-21, miR-27b, miR-29a, and let-7b affects the expression 
of osteogenic genes (RUNX2, OSX, OCN, and COL1) during osteogenic differentiation of UC-hMSCs, we treated 

Fig. 6.  Quantitative real-time RT-PCR analysis showed the relative expression levels of miR-21 (A), miR-
27b (B), miR-29a (C), and let-7b (D) in UC-hMSCs during osteogenic differentiation after transfection with 
anti-miR-21, anti-miR-27b, anti-miR-29a, and anti-let-7b on days 3, 7, 14, 21, and 28. Data are presented as 
mean ± SEM. *p < 0.05: compared to UC-hMSCs cultured in osteogenic differentiation medium with negative 
control.

 

Fig. 5.  Quantitative real-time RT-PCR showed the expression of miR-21, miR-27b, miR-29a, and let-7b during 
osteogenic differentiation of high- and low-osteogenic UC-hMSCs. UC-hMSCs cultured in DMEM + 10%FBS 
served as control. Data are presented as mean ± SEM (n = 3). *p < 0.05 compared to low-osteogenic UC-hMSCs 
cultured in OstDiff medium on day 7, #p < 0.05 compared to high-osteogenic UC-hMSCs cultured in OstDiff 
medium on day 7 and $p < 0.05 compared to low-osteogenic UC-hMSCs cultured in OstDiff medium on the 
same day.
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cells with specific anti-miRs targeting each miRNA. The results revealed that inhibition of miR-21, miR-27b, 
miR-29a, and let-7b significantly increased the expression of all osteogenic genes in a time-dependent manner 
compared to the untreated control (Fig. 7).

Down-regulation of miR-21, miR-27b, miR-29a, and let-7b expression increases alkaline 
phosphatase activity and matrix mineralization
To further investigate the roles of miR-21, miR-27b, miR-29a, and let-7b in the osteogenic differentiation of 
UC-hMSCs, we assessed whether reducing the expression of these miRNAs affects ALP activity and matrix 
mineralization. ALP activity was measured using an ALP activity assay, and matrix mineralization was evaluated 
by Alizarin Red S staining.

Consistent with their effects on osteogenic gene expression, reduction of miR-21, miR-27b, miR-29a, and 
let-7b by specific anti-miRs significantly increased ALP activity and matrix mineralization levels in a time-
dependent manner compared to the untreated control (Figs. 8 and 9). Also similar to the effects on osteogenic 
gene expression, there was no significant difference in the enhancement of ALP activity and matrix mineralization 
between the four miRNAs examined (Figs. 8 and 9).

Down-regulation of miR-21, miR-27b, miR-29a, and let-7b expression increases osteogenic 
differentiation of UC-hMSCs through PI3K and Wnt/β-catenin signaling pathways
To determine whether the enhanced osteogenic differentiation of UC-hMSCs after reduction of miR-21, miR-
27b, miR-29a, and let-7b expression involves the PI3K and Wnt/β-catenin signaling pathways—key regulators 
of osteogenic differentiation—we examined the expression levels of PI3K and β-catenin proteins in anti-
miR-treated UC-hMSCs. The results showed that inhibition of miR-21, miR-27b, miR-29a, and let-7b using 
specific anti-miRs significantly increased the levels of PI3K and β-catenin proteins during early osteogenic 
differentiation, compared to untreated control groups. Moreover, reduction of these miRNAs also elevated 
RUNX2 protein levels, a critical transcription factor for osteogenesis, in a time-dependent manner compared to 
controls (Fig. 10A, Supplementary Fig. S2).

Quantitative analysis of protein levels from Western blotting showed a significant increase in the expression 
of PI3K (Fig.  10B), β-catenin (Fig.  10C), and RUNX2 (Fig.  10D) in the anti-miR-treated groups relative to 
controls at all time points. Similar to their effects on osteogenic gene expression, ALP activity, and matrix 

Fig. 7.  Quantitative real-time RT-PCR analysis demonstrated the relative expression levels of RUNX2 (A), 
Osterix (OSX) (B), Osteocalcin (OCN) (C), and Collagen 1 (COL1) in UC-hMSCs after transfection with 
anti-miR-21, anti-miR-27b, anti-miR-29a, and anti-let-7b on days 7, 14, 21, and 28. Data are presented as 
mean ± SEM. *p < 0.05 compared to UC-hMSCs cultured in osteogenic differentiation medium with negative 
control.
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mineralization, there were no significant differences in the expression of PI3K, β-catenin, and RUNX2 protein 
between individual anti-miRs.

Discussion
hMSCs, a type of multipotent non-hematopoietic stem/progenitor cell, have the potential to differentiate 
into various types of mesodermal cells, including osteoblasts, chondrocytes, and adipocytes16. Although BM-
hMSCs are commonly used for most research and therapeutic applications, their extraction requires an invasive 
procedure, and the quantity is limited, especially in aging donors17. Therefore, this study isolated UC-hMSCs 
from the umbilical cord, which can be easily collected in large amounts by a non-invasive procedure. Consistent 
with the criteria of the ISCT for defining hMSCs, the UC-hMSCs collected in this study exhibited a fibroblast-
like morphology, expressed typical hMSC surface markers, and were capable of differentiation into adipocytes, 
chondrocytes, and osteoblasts.

Despite several benefits, UC-hMSCs have lower osteogenic differentiation capacity than BM-hMSCs, which 
limits their use in orthopedic applications17. In the present study, UC-hMSCs were isolated from six independent 
donors using an identical harvesting protocol and expanded under the same culture conditions. Phenotypic and 
functional characterization showed that while high- and low-osteogenic UC-hMSCs are indistinguishable in 
terms of their immunophenotype, proliferation, and adipogenic differentiation capacity, they exhibit significant 
differences in their osteogenic differentiation capacity. Our subsequent analysis shows that the difference in 
osteogenic differentiation between these UC-hMSCs is caused, at least in part, by differences in the miRNA 
expression profile that could lead to a different response to the osteogenic inducing signal under our condition. 
Although several miRNAs have recently been shown to play a critical role in osteogenic differentiation of 
BM-hMSCs and pre-osteoblastic cell lines18,19 their role in osteogenic differentiation of other hMSC sources, 
particularly UC-hMSCs, has not yet been determined. The differential expression of miRNAs in UC-hMSCs 
with varying osteogenic potential underscores their essential role in the regulation of osteogenic differentiation. 
We identified miRNAs with significantly lower expression levels in differentiated high-osteogenic UC-hMSCs 
compared to low-osteogenic UC-hMSCs. We observed significant down-regulation of numerous miRNAs 
during osteogenic differentiation, with distinct profiles emerging between high-osteogenic and low-osteogenic 
groups. This finding is consistent with recent research indicating that specific miRNAs can function as key 
regulators in MSC fate decisions, particularly in osteogenic differentiation20.

The substantial down-regulation of 806 miRNAs in high-osteogenic UC-hMSCs compared to their 
undifferentiated controls and 760 miRNAs in low-osteogenic UC-hMSCs highlights the complexity of miRNA 
regulation during differentiation. In particular, the identification of 224 miRNAs specifically down-regulated 
in high-osteogenic UC-hMSCs suggests that these miRNAs may serve as negative regulators of osteogenic 
differentiation, while the 178 miRNAs unique to low-osteogenic UC-hMSCs may play a role in inhibiting 
osteogenesis. This selective down-regulation aligns with previous findings that miRNAs can modulate osteogenic 
potential by targeting critical signaling pathways21.

The hierarchical clustering analysis that revealed significant changes in 31 miRNAs associated with Wnt 
and TGF-β signaling pathways further supports the notion that these pathways are central to osteogenic 
differentiation. Wnt signaling, in particular, has been shown to promote osteogenic differentiation by stabilizing 
β-catenin, which in turn regulates RUNX2 expression22. This correlation emphasizes the importance of miRNAs 
in modulating these signaling pathways during osteogenic differentiation, as they may influence the expression 
of key transcription factors involved in the process.

The Gene Ontology (GO) enrichment analysis revealed a rich landscape of biological processes and 
functions associated with these differentially expressed miRNAs. The identification of numerous enriched terms, 
particularly in cellular processes and binding, indicates that the regulatory networks that govern osteogenic 
differentiation are extensive and complex. Recent studies have highlighted the importance of miRNAs in 

Fig. 8.  Alkaline phosphatase activity during osteogenic differentiation of UC-hMSCs was assessed after 
transfection with anti-miR-21, anti-miR-27b, anti-miR-29a, and anti-let-7b on days 7, 14, 21, and 28. Data are 
presented as mean ± SEM. *p < 0.05 compared to MSCs cultured in osteogenic differentiation medium with 
negative control.
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coordinating these networks, suggesting that they not only fine-tune gene expression but also participate in 
broader regulatory circuits that influence cellular behavior23.

Additionally, the pathway enrichment analysis using the KEGG database identified significant pathways 
associated with the target genes of differentially expressed miRNAs. The enriched pathways related to 
metabolism, signal transduction, and human diseases underscore the multifaceted roles that these miRNAs 
play in cellular function and development. Recent work has shown that miRNAs involved in these pathways can 
influence various aspects of MSC biology, including proliferation, survival, and differentiation24,25.

These findings reveal a complex interplay of miRNAs in the regulation of osteogenic differentiation in UC-
hMSCs. The different miRNA expression patterns and the identification of key involved pathways provide 
insights into the molecular mechanisms underlying MSC behavior. This understanding may pave the way 
for the development of targeted therapies aimed at enhancing bone regeneration and repair by manipulating 
miRNA networks in stem cells. This study further explains the mechanisms by which specific miRNAs regulate 
osteogenic differentiation and how these insights can be translated into therapeutic strategies for bone-related 
diseases.

Fig. 9.  Alizarin Red S staining was performed on UC-hMSCs transfected with anti-miRNAs on days 3, 7, 14, 
21, and 28 to assess osteogenic differentiation. The control group was cultured in DMEM supplemented with 
10% FBS. Red stain indicates positive osteogenic differentiation (A). Quantitative analysis of Alizarin Red S 
staining in UC-hMSCs after anti-miRNA transfection on days 3, 7, 14, 21, and 28 is shown in (B). Data are 
presented as mean ± SEM. *p < 0.05 compared to UC-hMSCs cultured in osteogenic differentiation medium 
with negative control.
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In this study, four selected miRNAs, miR-21, miR-27b, miR-29a and let-7b, whose expressions are either 
significantly down-regulated in both high- and low-osteogenic UC-hMSCs after their osteogenic differentiation 
or specifically down-regulated in high-osteogenic UC-hMSCs after their osteogenic differentiation, and 
are predicted to target RUNX2, a critical osteogenic regulator, are chosen for subsequent functional study 
to demonstrate their effects on osteogenic differentiation of UC-hMSCs. The subsequent qRT-PCR results 
confirmed that the expression of these four miRNAs was greatly down-regulated during osteogenic differentiation 
of high-osteogenic UC-hMSCs in a time-dependent manner but not in low-osteogenic UC-hMSCs. This pattern 
of expression suggests that these miRNAs may function as negative regulators of osteogenic differentiation, 
which is reinforced by a previous study which highlighted that elevated levels of specific miRNAs can inhibit the 
expression of osteogenic markers, thereby affecting the differentiation capacity of MSCs20. The significant down-
regulation of the selected miRNAs during osteogenic differentiation of high-osteogenic UC-hMSCs underscores 
the critical role of miRNA expression dynamics in stem cell differentiation. Specifically, the reduction in these 
miRNAs suggests an active repression mechanism, allowing for the upregulation of osteogenic genes such as 
RUNX2, OSX, OCN, and COL1. Conversely, the relative stability of miR-29a and let-7b in low-osteogenic UC-
hMSCs suggests that these miRNAs may inhibit osteogenic processes when overexpressed.

Consistent with this, our functional assay using specific anti-miRs also shows that reduction of miR-21, 
miR-27b, miR-29a, and let-7b significantly increases osteogenic gene expression, ALP activity, and matrix 

Fig. 10.  Western blot analysis revealed the expression levels of PI3K, β-catenin, and RUNX2 in UC-hMSCs 
transfected with anti-miR-21, anti-miR-27b, anti-miR-29a, and anti-let-7b (A). The number specify the band 
intensity. The blotted membranes were cropped before hybridization with primary antibodies. The original 
blots of Fig. 10A are shown in Supplementary Fig. S2. Quantitative analysis of the expression of PI3K, β-
catenin, and RUNX2 in UC-hMSCs after transfection with anti-miRNAs is shown in (B). Data are presented 
as mean ± SEM. * p < 0.05: compared to MSCs cultured in osteogenic differentiation medium with negative 
control.
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mineralization of UC-hMSCs throughout their osteogenic differentiation. These results are consistent with 
previous studies showing that miR-21 inhibition significantly increased osteogenesis of human periodontal 
ligament stem cells26 and down-regulation of miR-27b increased ALP activity and matrix mineralization in 
maxillary sinus membrane stem cells by up-regulating the expression of the osteogenic transcription factor, 
OSX27. The significant increase in ALP activity and matrix mineralization after the inhibition of these miRNAs 
provides further evidence of their inhibitory role in osteogenic differentiation. ALP is a well-known marker of 
early osteogenic differentiation and its up-regulation is often correlated with increased mineralization, which 
is essential for bone formation28. The consistent enhancement in these functional assays reinforces the notion 
that targeted manipulation of specific miRNAs can effectively promote osteogenic differentiation in UC-hMSCs, 
aligning with findings from recent studies that emphasize the therapeutic potential of miRNA modulation in 
regenerative medicine29.

Our results also suggest that downregulation of miR-21, miR-27b, miR-29a, and let-7b enhances osteogenic 
differentiation of UC-hMSCs, probably mediated through the activation of PI3K and Wnt/β-catenin signaling 
pathways. These pathways have been shown to play critical roles in promoting osteogenesis, particularly by 
regulating key transcription factors and signaling cascades necessary for bone formation30,31. PI3K signaling is 
widely recognized for its role in cell survival, proliferation, and differentiation, and recent studies emphasize its 
involvement in osteogenic differentiation. Activation of the PI3K/Akt pathway enhances osteoblast differentiation 
by increasing the expression of osteogenic genes, such as RUNX2 and OSX, and promoting mineralization32. Our 
observation that anti-miR treatment increases PI3K expression aligns with these findings and further supports 
the hypothesis that PI3K signaling is crucial for the osteogenic potential of MSCs.

The Wnt/β-catenin signaling pathway is also crucial for bone formation. Activation of β-catenin promotes 
osteogenic differentiation by regulating the transcription of genes associated with bone development, including 
RUNX222. The suppression of miR-21, miR-27b, miR-29a, and let-7b resulted in elevated levels of β-catenin, 
which aligns with previous studies indicating that Wnt/β-catenin signaling fosters osteogenesis by stabilizing 
β-catenin and enhancing the expression of osteogenic markers33.

The reduction in miR-21, miR-27b, miR-29a, and let-7b levels also increased the expression of RUNX2, 
a critical transcription factor for osteogenic differentiation, in UC-hMSCs. These results are consistent with 
previous studies showing that miR-29a regulates the expression of RUNX2 in human osteoblasts and subchondral 
hMSCs by modulating the Wnt/β-catenin and PI3K/Akt signaling pathways in these cells34,35 while miR-
27b regulates the differentiation of BM-hMSCs into hypertrophic chondrocytes by modulating core-binding 
factor subunit beta (CBFB) and RUNX2 expression36. RUNX2 is a master transcription factor essential for the 
commitment of MSCs to the osteogenic lineage, and its expression is vital for the subsequent stages of bone 
formation37. The time-dependent elevation of RUNX2 in response to anti-miR treatment further underscores 
the potential of modulating miRNA levels to influence osteogenic outcomes in UC-hMSCs.

The lack of significant differences in the enhancement of protein expression levels of PI3K, β-catenin, and 
RUNX2 between individual anti-miRs suggests that these miRNAs may operate within overlapping regulatory 
networks. Previous research has indicated that many miRNAs target common pathways and genes involved in 
osteogenesis, leading to similar outcomes regardless of the specific miRNA being inhibited38. This observation 
is consistent with previous studies indicating that miRNAs often converge on common regulatory networks 
involved in MSC osteogenesis39. Furthermore, the consistent results across ALP activity, matrix mineralization, 
and the expression of key signaling proteins indicated that targeting these miRNAs not only promotes osteogenic 
gene expression but also translates into functional outcomes critical for bone formation25.

These results suggest that the reduction of miR-21, miR-27b, miR-29a, and let-7b enhances osteogenic 
differentiation in UC-hMSCs by modulating PI3K and Wnt/β-catenin signaling. This highlights the potential of 
miRNA inhibition as a strategy to improve bone regeneration and repair using MSCs.

Conclusions
In conclusion, our study demonstrates that specific miRNAs—miR-21, miR-27b, miR-29a, and let-7b—play 
pivotal roles in regulating the osteogenic differentiation of UC-hMSCs through the PI3K and Wnt/β-catenin 
signaling pathways. The differential expression analysis reveals that these miRNAs are significantly down-
regulated during osteogenic differentiation in high-osteogenic UC-hMSCs, suggesting that they act as negative 
regulators of this process. Functional experiments, including the application of anti-miRs, confirmed that 
reducing the expression of these miRNAs enhances the expression of key osteogenic genes (RUNX2, OSX, OCN, 
and COL1), and increases ALP activity and matrix mineralization. Collectively, these findings provide valuable 
insights into the molecular mechanisms underlying osteogenic differentiation in UC-hMSCs and suggest that 
targeted inhibition of specific miRNAs could represent a promising strategy to improve bone regeneration.

Data availability
The datasets generated and analysed during the current study are uploaded and available in the NCBI database 
with accession number PRJNA1279367 at https:​​​//w​ww.n​cbi​.nl​m.n​ih.gov/bio​project/P​RJNA1279367.
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