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FTO-mediated m6A modification regulates
the osteogenic differentiation of ADSCs
by targeting FOXO1

Zhaohua Wang'?", Si Wen?', Huizheng Li?, Xiaosu Wang', Shu Guo'” and Shude Yang"

Abstract

Using adipose-derived stem cells (ADSCs) has recently become a crucial approach for treating bone defects owing
to their ease of accessibility and substantial differentiation potential. N6-methyladenosine (m6A) modification
greatly influences biological processes and determines the differentiation fate of stem cells. However, the specific
mechanisms by which m6A modification influences the osteogenic differentiation of ADSCs remain unclear. We
identified FOXO1 as the key m6A-modified gene during the osteogenesis of ADSCs. Furthermore, demethylase
FTO enhanced RUNX2 expression while inhibiting PPARG expression by modifying FOXO1, thereby facilitating
ADSC osteogenesis. FTO knockdown inhibited ADSC migration and proliferation and impaired osteogenesis by
suppressing FOXO1. At the mechanistic level, we first revealed that FTO was exported to the cytoplasm and then
directly bound with FOXO1 mRNA at its 1760th bp site. Consistent use of non-steroidal anti-inflammatory drugs
(NSAIDs) containing FTO inhibitors impeded ADSC-mediated bone formation both in vivo and in vitro. In summary,
our study reveals the role of m6A modification based on the FTO-FOXO1-RUNX2/PPARG axis in regulating the
osteogenic differentiation of ADSCs, thereby improving the clinical use of ADSCs and providing strategies for
related drug applications in bone regeneration.
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Introduction

Bone defects are caused by trauma, tumors, infections,
congenital deformities and the exacerbation of related
diseases. Over 6 million patients suffer from bone defects
annually in China [1]. Owing to the limited regenerative
capacity of bone tissue, defects over the critical size often
result in delayed or even nonunion fractures. Traditional
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medicine, provides a new option for patients who are
unfit for traditional treatments.

Mesenchymal stem cells (MSCs) are a common type
of somatic stem cells known for their self-renewal and
differentiation abilities. They are primarily derived
from bone marrow, adipose tissue, and umbilical cord
[3]. Compared with bone marrow mesenchymal stem
cells (BMSCs), ADSCs are better suited for bone tis-
sue regeneration. Bone marrow aspiration is challeng-
ing, and BMSCs are uncommon, constituting less than
0.01% of monocytes [4].Compared with BMSCs, ADSCs
are more readily available and abundant. Additionally,
ADSCs demonstrate (1) similar or even higher regenera-
tive capacity; (2) higher proliferative activity; (3) greater
secreted regeneration factors; (4) immunosuppressive
ability [5]. To stimulate angiogenesis and osteogenesis,
ADSCs release a variety of peptides, hormones, and
growth factors. They also produce chemokines to recruit
endogenous stem cells to bone defect sites [6].

Epigenetic regulation of gene expression is critical to
cellular function, as it controls the synthesis of proteins
and modulatory molecules. In eukaryotes, DNA is tightly
compacted into chromatin, limiting transcriptional
machinery access. However, epigenetic modifications,
including DNA methylation, histone modifications, and
non-coding RNAs, can induce heritable changes in gene
expression by altering chromatin structure and acces-
sibility [7]. These processes extensively influence cell
phenotype and function, which is crucial for MSC fate
determination, differentiation, and functional specializa-
tion, with broad implications for stem cell biology and
regenerative medicine [8]. Over 80% of all RNA methyla-
tion occurs by m6A modification (via methyltransferases,
demethylases, and binding proteins), with approximately
25% of mRNAs containing at least one m6A [9, 10]. The
alteration is essential for stem cells to differentiate into
specific lineages, particularly as a decisive “switch” How-
ever, the role of m6A modification in key genes involved
in the osteogenic differentiation of ADSCs remains
unclear [11-13]. Therefore, this study aimed to high-
light the important regulatory mechanism of m6A in the
osteogenic differentiation of ADSCs mediated by FTO
and verify the role of the FTO-FOXO1-RUNX2/PPARG
axis in this biological process, thus providing specific
guidance for the application of relevant clinical drugs on
osteogenic differentiation. This offers a potential strategy
for bone tissue engineering and regeneration based on
ADSCs.

Methods

Isolation of ADSCs

ADSCs collection was approved by the Ethics Commit-
tee of the First Hospital of China Medical University
(February 26, 2018, [2018]2018-110-2). All ADSCs were
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obtained from discarded adipose tissue of patients who
underwent abdominal liposuction. Adipose tissue was
added to centrifuge tubes and washed with sterile phos-
phate-buffered saline (PBS; Biosharp, China). Subse-
quently, the samples were centrifuged at 1000 g for 5 min
to remove blood cells and tissue debris. This was repeated
3-5 times before digestion using 0.2% collagenase type I
(Sigma, USA) at 37 ‘C for 60 min. To neutralize enzyme
activityy, MEM Alpha (Gibco, USA) containing 10%
fetal bovine serum (FBS; Gibco, USA) was added to the
digested lipoaspirates for 5 min and centrifuged at 1000
g for 5 min. Finally, the cells were plated in dishes and
cultured with proliferation medium (MEM Alpha, 10%
FBS, and 1% penicillin-streptomycin solution) at 37 C in
5% CO2 with saturated humidity. ADSCs were dissoci-
ated and passaged by using 0.25% trypsin-EDTA (Gibco,
USA). ADSCs at passages 3—5 were used for subsequent
experiments. When the cell attachment rate was about
90%, the cells were cultured in groups with proliferation
medium or complete osteogenic differentiation medium
(ADHX-DI01R, HyCyte™, China).

Flow cytometric analysis

ADSCs were digested with trypsin to form a single-cell
suspension solution. The cells were resuspended with
500 pL binding buffer and incubated (at 37 C in the dark
for 45 min) with CD73, CD90, CD34, CD79a, CD14,
CD45, and CD19 (Abcam, USA), as well as IgG (Protein-
tech, China) in each group. The results were analyzed
using flow cytometry (LSR II, BD Biosciences, USA) and
FlowJo software (Version 10.0).

Alizarin red S (ARS) staining and calcium quantification
The culture dish medium was removed. After that, 500
uL of 4% paraformaldehyde (Biosharp, China) was added
to each dish and incubated at room temperature for 30
min to fix ADSCs. After fixation, the dish was rinsed with
PBS and stained with 1 mL of 1% ARS (pH 4.2) (Solar-
bio, China) for 30 min. The central field view was pho-
tographed. For ARS quantification, 10% cetylpyridinium
chloride monohydrate (Rhawn, China) was used to
destain cells for 1 h at room temperature. Subsequently,
200 pL of eluent was transferred into a 96-well plate, and
the spectrophotometric absorbance was measured at 562
nm.

Alkaline phosphatase (ALP) staining and quantification

ADSCs were fixed in 4% paraformaldehyde for 30 min.
Second, the ALP staining solution was prepared accord-
ing to the instructions of the Alkaline Phosphatase Color
Development Kit (Beyotime, China). The cells were
stained at 37 ‘C in the dark for 2 h. The central field of
view of the dish was photographed using a microscope.
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Quantification of ALP activity was performed and com-
puted with Image].

m6A Dot blot

TRIzol reagent was used to extract total RNA. Isolated
RNA was denatured by heating at 95 C for 5 min to dis-
rupt the secondary structure and immediately placed
on ice for 5 min to prevent re-formation of the mRNA
secondary structure. Total RNA samples (400/200 ng)
were directly dropped onto the N + nylon membrane (GE
Healthcare, USA). RNA was crosslinked with UV light
at 254 nm for 5 min. After blocking, the membrane was
incubated with anti-m6A antibody (Abcam, USA) over-
night at 4 'C and washed with PBST. Subsequently, the
membranes were incubated with horseradish peroxidase
(HRP) secondary antibodies for 1 h and washed with
PBST. Finally, the membrane was incubated with ECL
substrate and visualized using the ChemiDoc Imaging
System.

Gene expression omnibus (GEO) datasets source
processing

The transcription profile datasets were retrieved from
GEO databases. GSE37329 and GSE63754 datasets,
which contain human ADSCs that differentiate into
osteogenic lineage, were compared with undifferenti-
ated cells. The microarray data of GSE37329 includes
five samples (GSM916203, GSM916204, GSM916205,
GSM916206, and GSM916207). The microarray data
of GSE63754 includes six samples (GSM1556693,
GSM1556694, GSM1556695, GSM1556696,
GSM1556697, and GSM1556698). Perl software (version
5.36) was used for gene symbol annotation and merging
of these two datasets. Bioconductor packages (sva and
limma) and R software (version 4.1.2) were used for batch
normalization. The limma package identified differential
gene expression. The cutoff values were set at p <0.05 and
|log,FC| > 1. Furthermore, R software was used to draw
a volcano plot and heatmaps of differentially expressed
genes (DEGs). Packages (colorspace, stringi, DOSE,
clusterProfiler, and pathview) were used for gene ontol-
ogy (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis. STRING online database
and Cytoscape (version 3.9.1) software were used to ana-
lyze and draw the protein interactions.

RNA extraction and real-time quantitative polymerase
chain reaction (RT-qPCR)

Total RNA from ADSCs was extracted using TRIzol
reagent (Invitrogen, USA) at days O, 3, 7, and 14 or each
time point after osteogenic induction or normal cultura-
tion. RNA concentration was measured using NanoDrop
2000 (Thermo Fisher Scientific, USA). Furthermore, RNA
was reverse-transcribed into cDNA using the GoScript™
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Reverse Transcription System (Promega, USA). Finally,
mRNA was quantified using GoTaq qPCR Master Mix
(Promega, USA) in an RT-qPCR detecting system
(A6001, Bio-Rad, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control
for mRNA. The relative RNA expression was determined
using the 2-AACt method, and normalization was
achieved with GAPDH. The sequence of relevant gene
primers is as follows:

FTO-forward primer (5-ATCTCAATGCCACCCACC
AACAC-3)

FTO-reverse primer (5-CTCCATCTTCTTCCACAG
TGCTTCC-3)

FOXO1-forward primer (5-CTGGAGGAGAGCGAG
GACTTCC-3)

FOXO1-reverse primer (5-TTGGTGATGAGGTCGG
CGTAGG-3)

RUNX2-forward primer (5-TACCACACCTACCTGC
CACCAC-3)

RUNX2-reverse primer (5-TCCATCAGCGTCAACA
CCATCATTC-3)

BGLAP-forward primer (5-CCCTCACACTCCTCGC
CCTATTG-3))

BGLAP-reverse primer (5-GGTCAGCCAACTCGTC
ACAGTC-3)

COL1A1-forward primer (5-GAACAGGGCGACAGA
GGCATAAAG-3)

COL1Al-reverse primer (5-CAACAGGACCAGCAT
CACCAGTG-3)

GAPDH-forward primer (5-AGGTCGGTGTGAACG
GATTTG-3)

GAPDH-reverse primer (5-TGTAGACCATGTAGTT
GAGGTCA-3)

Dual luciferase assay

Using Lipofectamine 3000 (ThermoFisher Scientific,
USA), ADSCs were transfected following the manufac-
turer’s protocol. FOXO1 was cloned into the pcDNA3.1
vector. The WT and Mut promoter regions of RUNX2
and PPARG were inserted into the pGL3 luciferase
reporter vector. To assess the binding of FOXO1 to
RUNX2 and PPARG promoters, ADSCs were cultured
and lysed 48 h after co-transfection with Runx2-WT/
Mut or PPARG-WT/Mut. The luciferase activities of
Renilla and firefly were measured using the dual lucifer-
ase reporter assay kit (Beyotime, China). All values were
normalized to those of firefly luciferase and expressed as
fold induction relative to basal activity.

Western blotting analysis

The proteins of ADSCs were extracted by radioimmuno-
precipitation assay buffer containing 1% PMSF (Beyotime
Biotechnology, China). The protein concentration was
measured using a bicinchoninic acid assay kit (Abbkine,
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USA). Protein samples were separated on 10% SDS-PAGE
gels (Biosharp, China) and transferred to PVDF mem-
branes (Millipore Corporation, Billerica, MA, USA). The
membranes were blocked in QuickBlock™ Blocking Buf-
fer (Beyotime, China) for 10 min at room temperature.
Subsequently, the membranes were incubated with the
primary antibodies overnight at 4 C, including FOXO1
(Proteintech, China), FTO (Proteintech, China), RUNX2
(Affinity Biosciences, China), PPARG (Proteintech,
China), and GAPDH (Proteintech, China). The mem-
branes were incubated with HRP (Elabscience, China) or
LCS-HRP (Abbkine, USA) secondary antibodies for 1 h.
The protein signals were detected by a chemiluminescent
reagent kit (NCM Biotech, China) and visualized with a
ChemiDoc Imaging System (Tanon 5200, China). Protein
expressions were quantified using ImageJ Lab software.

Co-immunoprecipitation (Co-IP)

The Co-IP kit (Beyotime, China) was used according to
the manufacturer’s protocol. The IP lysis buffer with pro-
tease inhibitor cocktail was added to lyse the cells for 30
min. The cell lysate was incubated with FOXO1, PPARG,
and IgG in a rotary mixer at 4 ‘C overnight. Protein A/G
agarose gel was added and mixed at 4 C for 4 h. The mix-
ture was collected and washed with lysis buffer. The 2x
SDS PAGE loading buffer was added to the samples and
verified using Western blotting.

Lentivirus infection

FOXOL1 short hairpin RNA (shRNA), FTO shRNA, and
FOXO1-containing lentiviral particles, as well as their
corresponding empty shRNA, were obtained from Tsing-
keBiotechnology (TsingkeBiotechnology Co., Ltd, China).
The lentivirus titer was over 10° TU/mL. The ADSCs
were infected with lentiviral particles at a multiplicity of
infection of 50. After 48 h, the cells were selected with
puromycin. The green fluorescent protein intensity was
observed using a fluorescent inverted microscope (Olym-
pus, Japan).

Molecular docking

The protein structures of FOXO1 (Identifier: 41g0) and
PPARG (Identifier: 1zgy) were derived from the RCSB
Protein Data Bank. The HDOCK tool was used to imple-
ment protein—protein docking calculations. The ligand
structures of meclofenamic acid sodium (CID 4038) and
FB23-2 (CID 138454779) were acquired from PubChem.
Their energies were minimized using Chembio3D soft-
ware (version 14.0.0.117). The FTO protein (Identifier:
3LEM) binding pockets were identified with AutoDock
Vina (version 1.1.2) and MGLTools (version 1.5.7). The
molecular docking between the two ligands and the FTO
protein was completed using PyMol software (version
2.5).
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RNA-binding protein immunoprecipitation (RIP)

The RIP kit (BersinBio, China) was used according to
the manufacturer’s protocol. Using RIP lysis buffer, the
ADSCs were lysed. The lysate products were incubated
with magnetic beads pre-conjugated to IgG and FTO
at 4 ‘C overnight. Ultimately, RNA was extracted, and
FOXO1 expression level was measured by qRT-PCR.

Scratch assay

To reach confluence, ADSCs were plated into a 6-well
plate and incubated. The monolayer was scratched using
a tip and washed with serum-free medium to remove
detached cells. Thereafter, the cells were cultured in
osteogenic differentiation medium (2% FBS) and pho-
tographed at 0, 24, and 48 h later. The wound closure
area was calculated as follows: migration area (%) =
(A0 — An)/A0x100%, where A0 and An represent the
initial and remaining area at the photographing point,
respectively.

EdU cell proliferation assay

To detect ADSC proliferation, the EAU cell proliferation
assay (Beyotime, China) was employed according to the
manufacturer’s instructions. About 1x10° cells were
seeded in 6-well plates and maintained for 24 h. For cell
labeling, 500 pL EAU (10 pM) reagent was added to each
well and incubated for 12 h. After washing with PBS, the
cells were fixed in paraformaldehyde for 15 min and per-
meabilized with 0.3% Triton X-100 (Biofroxx, Germany)
for 15 min. ADSCs were incubated with the click-reac-
tion reagent for 30 min at room temperature in the dark.
Finally, the nucleus was counterstained with Hoechst
33,342 reagent and was observed with a fluorescence
microscope system (Cytation 5, BioTek, USA).

Single-base elongation and ligation-based qPCR
amplification (SELECT) detection assay

SELECT assay was performed using the Epi-SELECT™
mo6A site identification kit (R202106M, Guangzhou Epi-
biotek Co., Ltd., China). Total RNA was extracted from
ADSCs in the control and FTO knockdown groups.
Reverse transcription and qPCR were performed to
quantify the FOXO1 mRNA in the two groups. Follow-
ing the kit instructions, RNA was mixed with up-probe,
down-probe, dNTP, and reaction buffer for annealing
and extension. The resulting product was mixed with a
DNA polymerase, ligase, and ATP for single-base exten-
sion. The final reaction mixture, including cDNA, Select
E Select R, and qPCR master mix, was used for qPCR
quantification.

Nuclear and cytoplasmic protein extraction
According to the instructions of the Nuclear and Cyto-
plasmic Protein Extraction Kit (PHYGENE, China),



Wang et al. Stem Cell Research & Therapy (2026) 17:39

the proliferated and osteogenic differentiated ADSCs
were collected into centrifuge tubes using a cell scraper.
After centrifugation, the cytoplasmic protein extraction
reagent was added to lyse the cells for 10 min. The cyto-
plasmic protein constitutes the supernatant. Nuclear pro-
tein extraction reagent was added to lyse the rest of the
cell pellets to obtain the nucleoprotein. Western blotting
was performed as described above.

Cell counting kit-8 (CCK-8) assay

Cell viability was determined using the enhanced CCK-8
assay (Beyotime Biotechnology, China). Cell counting
was conducted using the Countess™ 3 (Thermo Fisher,
USA). Furthermore, ADSCs were seeded into 96-well
plates at a density of 10,000 cells/well in 100 uL of prolif-
eration medium and cultured at 37 C. After each experi-
ment, 10 uL of CCK-8 reagent was added to each well
and cultured for 72 h at 37 C. The optical density value
was measured at 450 nm. Cell viability = [(As — Ab)/(Ac
— Ab)] x 100%, where As is sample well absorbance, Ab is
blank well absorbance, and Ac is control well absorbance.

RNA decay assay

After ADSCs were cultured in osteogenic differentiation
medium and treated with FB23-2, 5 ug/mL actinomycin
D (APExBIO, USA) was added. Total RNA at 0, 3, and 6
h was extracted, and the relative expression was detected
using qPCR.

In vivo bone formation

The animal experiment was approved by the Labora-
tory Animal Welfare and Ethical Review of China Medi-
cal University under the title “The Application and
Research of Adipose-Derived Stem Cells” with authori-
zation number CMU20231074. Eight-week-old female
BALB/c nude (nu/nu) mice (n=10) were procured from
SiPeiFu Biotechnology (Beijing, China). Mice were
randomly grouped. To minimize potential confound-
ers, the order of treatments and measurements, as well
as the positions of animals and cages, was randomized.
Hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic
powders (comprising 60% hydroxyapatite and 40% trical-
cium phosphate) were supplied by the Medical and Bio-
informatics Engineering Department of Northeastern
University. HA/TCP powders (40 mg) were wetted with
100 pL proliferation medium and incubated overnight. A
total of 2x 10° ADSCs (in 200 pL proliferation medium)
were mixed with the wetted HA/TCP powders and incu-
bated at 37 ‘C overnight in 5% CO,. Under anesthesia,
a 1 cm mid-longitudinal skin incision was performed
on the dorsal surface of each mouse, and a subcutane-
ous pocket was formed by blunt dissection. The mix-
ture was implanted under the skin, and the incision was
sutured. Overall, 10 mice were divided into two groups
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(control and experimental), with five mice in each group.
After the third day of implantation, each mouse in the
experimental group was intraperitoneally administered
2 mg/kg FB23-2 daily. Narcolan (30 pL/g) was adminis-
tered intraperitoneally as anesthesia, whereas CO, gas
was used for euthanasia. The implants were harvested at
8 weeks. The mice exhibited no visible signs of suffering
throughout the experimental period. This study followed
the ARRIVE guidelines 2.0.

Micro-computed tomography (micro-CT) analysis
Skyscan1276 Micro-CT (Bruker, Germany) was used to
scan the implants at 55 kV, 200 pA, and 466 ms, with the
filter value of 0.25 mm and pixel size of 17.520 um. All
scanned images were reconstructed using CTvox (Bruker,
Germany, version 3.3) software, and the bone tissue vol-
ume (BV) of implants was determined.

Immunohistochemistry staining

The samples were paraffin sectioned and dewaxed at
room temperature with 3% H,O, for 5-10 min to elimi-
nate endogenous peroxidase activity. The samples were
washed with distilled water and soaked in PBS for 5
min. After blocking with 3% w/v bovine serum albumin
(Boster, China) at 37 ‘C for 30 min. The slices were incu-
bated with primary antibodies (FTO and FOXO1) over-
night at 4 ‘C and subsequently incubated with secondary
antibodies at 37 ‘C for 1 h. Detection was performed
using 3,3’-diaminobenzidine (Beyotime, China), which
precipitated a brown color on the tissue. Hematoxylin
was used to stain the nucleus, which was photographed
using a microscope (Leica Biosystems, USA).

Statistical analysis

The experiments in this study were independently
repeated at least three times. Statistical analysis was per-
formed by using GraphPad Prism 8.0 software, and the
results were expressed as the mean+SD. For all data,
p<0.05 was considered statistically significant. Statisti-
cal tests used for each experiment are listed in the figure
legends.

Results

ADSCs have osteogenic differentiation potential in vitro

To obtain cells, the adipose tissue was digested with colla-
genase (Fig. 1A), and their specific surface markers were
detected. The cells tested positive for CD73 and CD90
but negative for CD14, CD19, CD34, CD45, and CD79a
(Fig. 1B). To verify their multi-differentiation potential,
ADSCs were induced for osteogenic and adipogenic dif-
ferentiation simultaneously for 14 days. Following osteo-
genic induction, the cells differentiated into osteoblasts,
as evidenced by the presence of calcium nodules. Con-
trarily, adipogenic induction transformed the cells into
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Fig. 1 ADSCs have osteogenic differentiation potential. A ADSCs extracted from human adipose tissues. B Identified surface markers of ADSCs, including
CD14,CD19,CD34,CD45,CD73,CD79a, and CD90, using flow cytometry. IgG was used as an internal control. C Osteogenic and adipogenic differentiation
potential of ADSCs. D Identified ADSCs cultured in osteogenic medium for 14 days using ALP and ARS staining. E ALP activity and ARS staining quanti-
fication of osteogenic induction. Data are presented as mean +SD by one-way analysis of variance (ANOVA) test, *p < 0.05 (n=3 biological replicates). F
Detected relative mRNA expressions of the osteogenic markers BGLAP, COLTA1, and RUNX2 at different time points using qRT-PCR. Data are presented as
mean £ SD using a one-way ANOVA test, *p < 0.05, and **p <0.01 (n=3 biological replicates)

adipocytes, characterized by the formation of lipid drop-
lets after Oil Red O staining (Fig. 1C). These findings cor-
respond with the identification standards of ADSCs. We
performed ARS and ALP staining at different induction
time points (days O, 3, 7, and 14) to verify the changes
in the osteogenic differentiation of ADSCs in vitro. The
ALP activity of ADSCs gradually improved, accompanied
by increased calcium salt deposition and calcium nodule
formation (Fig. 1D). Quantitative analysis of ALP activ-
ity and ARS staining progressively enhanced the osteo-
genic ability of ADSCs (Fig. 1E). Moreover, the qPCR of
three classic osteogenic markers (BGLAP, CO1LA1l, and
RUNX2) gradually increased, reaching a peak on day
14 during the osteogenesis (Fig. 1F). These outcomes
revealed that the osteogenic differentiation potential of
ADSC:s steadily improved over time in vitro.

FOXO1 represented the potential key methylated gene in
osteogenic differentiation of ADSCs

The m6A dot blot experiment confirmed m6A modifi-
cations during the osteogenic differentiation of ADSCs.

Total m6A gradually increased during osteogenic differ-
entiation and peaked on the 14th day (Fig. 2A). To clarify
the key methylated gene in the osteogenic differentiation
of human ADSCs, we collected the transcriptional pro-
file datasets in the GEO database, including GSE37329
and GSE63754. Perl and R language software were used
to merge and analyze the two datasets, followed by batch
normalization. A total of 17,990 genes were identified
during osteogenic differentiation of ADSCs. Out of 759
DEGs in both datasets, 412 genes were markedly upregu-
lated and 347 genes were substantially downregulated
(Figs. 2B, S1A). The KEGG analysis revealed that during
ADSC'’s osteogenesis, DEGs were mainly related to the
PI3K-Akt signaling pathway (Fig. 2C). Meanwhile, GO
analysis demonstrated that DEGs were mainly enriched
in the biological functions of glycosaminoglycan bind-
ing (Fig. 2D). To identify the protein—protein interaction
(PPI) network, DEGs were analyzed with Cytoscape soft-
ware (Fig. 2E). A previous study identified 182 key dif-
ferentially expressed methylation genes involved in the
osteogenic differentiation of ADSCs (Fig. S1B) [14]. The
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Fig. 2 FOXO1 is the potential key methylated gene associated with osteogenic differentiation of ADSCs. A m6A dot blots at different time points of os-
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Venn diagram revealed 27 key methylation genes in both
datasets. Given that FOXOL1 is a critical gene within the
PI3K-Akt signaling pathway (Fig. S1C), plays a major role
in glycosaminoglycan binding, and is a core protein of
the PPI network, we assumed that FOXO1 represents the
primary m6A methylated gene during ADSC’s osteogenic
differentiation (Fig. 2F).

FOXO1 regulated the osteogenic differentiation of ADSCs
through PPARG/RUNX2

To explore the effect of FOXO1 on osteogenic differen-
tiation of ADSCs, their expression was detected on days
0, 3, 7, and 14 of induction. The qPCR revealed that the
mRNA level of FOXO1 increased with prolonged induc-
tion time, reaching a peak on day 7 (Fig. 3A). Western
blotting exhibited a similar trend (Fig. 3B). Our find-
ings were consistent with those of previous biological
information analysis. Furthermore, ADSCs were initially
transfected with FOXO1 lentiviral empty particles fol-
lowed by lentiviral knockdown particles (Figs. S1D, E).
After knocking down FOXO1, the osteogenic differen-
tiation ability of ADSCs was drastically reduced (Fig.

3C), and quantitative analysis of ALP and ARS staining
revealed a similar outcome (Fig. 3D).

RUNX2 and PPARG are classical markers of osteo-
genic and adipogenic differentiation in stem cells, respec-
tively. In other cellular models, FOXO1 functioned as
a transcription factor, binding to RUNX2 and PPARG
promoters and regulating their transcriptional activ-
ity. Additionally, FOXO1 interacted with PPARG at the
protein level (Fig. S1F) [15, 16]. We predicted potential
binding sites through JASPAR and designed correspond-
ing plasmids. The dual-luciferase assay indicated FOXO1
bound to the RUNX2 promoter to enhance its transcrip-
tional activity, while it bound to the PPARG promoter
to inhibit its transcriptional activity (Fig. 3E, F). How-
ever, no PPI was observed between FOXO1 and PPARG
(Fig. S1G). FOXO1 knockdown increased PPARG and
decreased RUNX2 expression in ADSCs after 14 days
of osteogenic induction (Fig. 3G). This suggested that
the osteogenic differentiation potential of ADSCs was
decreased and their adipogenic capacity was enhanced
after FOXO1 knockdown. Previous bioinformatic analy-
sis highlighted that PPARG expression was upregulated
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during the osteogenic differentiation (Fig. SIH). How-
ever, we observed that PPARG increased in the early
stage of osteogenesis and then decreased. Nonetheless,
PPARG expression continued to increase, ultimately dis-
rupting the osteogenic differentiation (Fig. 3H).

m6A demethylase FTO targeted FOXO1 mRNA during
osteogenic differentiation of ADSCs

To investigate the specific mechanism of m6A modifi-
cation of FOXO1, we predicted that the FOXO1 mRNA
contained multiple m6A modification sites through the
SRAMP website (Fig. S2A). Four classic m6A-modify-
ing enzymes, including FTO, ALKBH5, METTL3, and
METTL14, were selected for protein-RNA docking anal-
ysis. The catRAPID suggested that FTO is the potential
m6A-modifying enzyme of FOXO1 (Fig. S2B). qPCR and
Western blotting indicated that the mRNA and protein

levels of FTO increased with prolonged induction time
and reached a peak on day 7, which was similar to that
of FOXOL1 (Fig. 4A, B). No visible change was observed
in the mRNA or protein levels of FTO after FOXO1
knockdown, indicating that FOXO1 had no regulatory
effect on FTO (Fig. 4C, D). We transfected ADSCs with
FTO lentiviral empty particles and lentiviral knockdown
particles (Fig.S2D, E). The qPCR revealed that FOXO1
mRNA expression decreased after FTO knockdown (Fig.
4E). Furthermore, RIP-qPCR demonstrated that FTO
is targeted and enriched in FOXO1 during the osteo-
genic induction of ADSCs (Fig. 4F). Using a cytoplasmic
and nuclear protein isolation assay, it was observed that
FOXO1 expression in the cytoplasm was higher than
that in the nucleus in both proliferation and osteogenic
differentiation media. Nevertheless, compared with the
proliferated ADSCs, FTO in the cytoplasm was higher
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the m6A level at this site in FOXO1 mRNA from osteo-
genic ADSCs. However, no difference was observed in

than that in the nucleus of the osteogenic ADSCs (Fig.
4@G). To further clarify the specific binding site between

FTO and FOXO1, we performed the Epi-SELECT™ assay
as reported previously [17]. Most m6A modifications
occurred in sites of motif DRACH (D = G/A/U, R = G/A,
H=A/U/C,and [G > A] m6AC [U > A > C]) and appeared
around stop codons (between CDS and 3’-UTR regions)
in adult human tissues [18—-20]. Based on the scores and
sites where FOXO1 might be m6A modified as predicted
by the SRAMP website, we selected the 1760th (GGACA)
and 2261 st (AGACA) bp sites of the FOXO1 mRNA for
probe synthesis and the Epi-SELECT™ assay (Fig. S2A
and C). The qPCR quantification of FOXO1 in the shFTO
group was reduced compared to the control group at the
1760th bp site, indicating that FTO markedly decreased

FOXO1 expression at the 2261 st bp site (Fig. 4H). Our
findings revealed that the demethylase FTO translocated
from the nucleus to the cytoplasm, where it bound to
the 1760th bp site of FOXO1 mRNA and mediated m6A
modification during ADSCs’ osteogenesis.

FTO regulated the osteogenic differentiation of ADSCs
through FOXO1

We explored the regulatory impact of FTO on the osteo-
genic differentiation of ADSCs. During fracture healing,
MSCs migrate to the bone defect area, where they dif-
ferentiate into osteoblasts and continuously proliferate to
maintain bone mass [21]. When ADSCs were transfected
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with FTO knockdown lentivirus, their proliferation rate
substantially decreased. The scratch test revealed a nota-
ble reduction in the migration capabilities of the shFTO
group at 24 and 48 h compared to the control group (Fig.
5A). Additionally, when an equal number of cells were
seeded in culture dishes and subjected to an EAU experi-
ment, the shFTO group exhibited fewer ADSCs and a
considerably lower proliferation rate than the control
group (Fig. 5B).

Our findings revealed that ALP staining and activ-
ity decreased following FTO knockdown. Meanwhile,
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shFTO group compared to the control group (Fig. 5C,
D). Western blotting demonstrated that knocking down
FTO could inhibit the FOXO1 expression and regu-
late PPARG and RUNX2 expression, ultimately affect-
ing the osteogenic differentiation of ADSCs (Fig. 5E).
To verify whether FOXO1 overexpression could reverse
the osteogenic differentiation inhibited by FTO knock-
down, ADSCs were transfected with FOXO1 overexpres-
sion particles and validated. Following 14 days of ADSC’s
osteogenic induction with overexpressed FOXO1, ALP,
and ARS staining, along with quantitative analysis, exhib-

ARS staining indicated lower calcium nodules in the ited an increased osteogenic capacity of ADSCs (Fig. 5E,
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G). Western blotting revealed higher levels of FOXO1
and RUNX2 proteins, as well as lower levels of PPARG
protein, in the OE-FOXO1 group compared to the OE-
Control group (Fig. 5H). The sh-Control, shFTO, and
shFTO +0eFOXO1 groups were induced for osteo-
genic differentiation for 14 days. The osteogenic abil-
ity of ADSCs in the FOXO1 overexpression group was
enhanced compared to that in the shFTO group; how-
ever, it was weaker than that in the control group (Fig.
51, J). Western blotting indicated that FOXO1 expression
in the 0eFOXO1 group was higher than that of the ini-
tial two groups. The PPARG expression was lower in the
0eFOXOL1 group than in the shFTO group but remained
higher than that of the sh-Control group, whereas
RUNX2 expression was higher in the 0eFOXO1 group

Page 11 of 16

than in the shFTO group but lower than that of the sh-
Control group (Fig. 5K). Summarily, FTO knockdown
could impair osteogenic differentiation of ADSCs by
inhibiting FOXO1, while FOXO1 overexpression could
improve the osteogenic differentiation of ADSCs, par-
tially rescuing the inhibition by FTO knockdown.

Meclofenamate sodium and FB23-2 inhibited the
osteogenic differentiation of ADSCs in vitro

To explore the inhibitory effect of drugs or small-mol-
ecule inhibitors on the demethylase FTO, we selected
meclofenamate sodium and FB23-2 as potential FTO
inhibitors. Both were developed based on meclofenamic
acid. The key element of their interaction group with
FTO was benzylcarboxylic acid (Fig. 6A and C). We used
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molecular docking software to simulate ligand—receptor
binding and observed that both meclofenamate sodium
and FB23-2 could bind to the relative amino acids on
the FTO enzyme (Fig. 6B and D). The binding energy of
meclofenamate sodium with FTO was -6.8 kcal/mol,
while the binding energy of FB23-2 with FTO was —-8.7
kcal/mol, which suggested that FB23-2 had higher selec-
tivity and binding ability for FTO. To determine whether
meclofenamate sodium and FB23-2 could affect the
osteogenic differentiation of ADSCs, the CCK-8 assay
indicated that after 72 h of interaction with ADSCs, the
half-maximal inhibitory concentration (ICs,) of meclof-
enamate sodium and FB23-2 were 12.23 and 8.83 puM,
respectively (Fig. 6E).

We designed a concentration gradient based on the
corresponding IC;, and added different drug concen-
trations into the osteogenic differentiation medium
during the osteogenic induction of ADSCs. Staining,
including ALP and ARS, revealed that meclofenamate
sodium inhibited osteogenic differentiation of ADSCs
with increasing concentration, and the visible inhibitory
effect was observed at 10 pM (Fig. 6F). The quantifica-
tion of ALP and ARS staining indicated that the inhibi-
tory effect of meclofenamate sodium appeared at 8 and
10 pM, respectively (Fig. 6H). However, FB23-2 elicited a
more visible inhibitory effect. Additionally, FB23-2 mark-
edly inhibited the osteogenic effect of ADSCs under the
microscope at 4 uM (Fig. 6G). The quantitative analysis
of ALP and ARS staining suggested that FB23-2 exhibited
the inhibitory effect at 2 uM, which was enhanced as the
concentration increased (Fig. 6I). Overall, FB23-2 exhib-
ited a greater inhibitory effect on ADSC’s osteogenesis
than meclofenamate sodium. Western blotting proved
that 4 uM FB23-2 could inhibit FTO expression and reg-
ulate the osteogenic differentiation of ADSCs through
the FTO-FOXO1 axis (Fig. 6]). In the FB23-2 group, the
half-life of FOXO1 mRNA was markedly decreased, sug-
gesting that FB23-2 inhibited osteogenic differentiation
of ADSCs by reducing FOXO1 mRNA stability (Fig. 6K).
Similarly, RIP-qPCR indicated that FB23-2 administra-
tion during the osteogenic differentiation could inhibit
FTO and thereby reduce FOXO1 mRNA expression (Fig.
6L) and hinder osteogenesis.

FB23-2 inhibited ADSC-mediated bone formation in vivo

Preliminary findings established that FB23-2 inhibited
osteogenic differentiation of ADSCs through FTO in
vitro. To determine whether FB23-2 could inhibit the
bone formation of ADSCs in vivo, we chose HA/TCP
powder as ADSC’s scaffold. Since the HA/TCP pow-
der could not induce osteogenesis beneath the skin, it
was mixed with ADSCs and subcutaneously implanted
in the dorsal region of the nude mice for ectopic osteo-
genesis (Fig. 7A). Daily intraperitoneal injection of 2
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mg/kg FB23-2 administered to mice could effectively
inhibit FTO activity in vivo with a favorable pharma-
cokinetic profile [22]. In this study, mice in the FB23-2
group (ADSCs + HA/TCP + FB23-2) were administered
daily intraperitoneal injections of FB23-2 at 2 mg/kg.
After 8 weeks, the volume of subcutaneous bone tissue
in the FB23-2 group was substantially smaller than that
in the control group (ADSCs + HA/TCP) (Fig. S2F). Fur-
thermore, the mice in the FB23-2 group did not exhibit
weight loss, physical damage, or other abnormalities. The
implants were harvested from the subcutaneous tissue of
mice, and the images were reconstructed and analyzed
using a micro-CT scanner and CTvox software. Since the
subcutaneous ectopic bone tissue lacks the trabecular,
BV was selected as the analysis parameter in this study.
Under the micro-CT scanning, the volume of subcu-
taneous bone tissue in the FB23-2 group was consider-
ably smaller than that in the control group (Fig. 7B, C).
The immunohistochemical staining indicated that FTO
and FOXO1 expression in the bone tissue of the control
group was markedly higher than that of the FB32-2 group
(Fig. 7D, E). Overall, FB23-2 could effectively inhibit bone
tissue formation mediated by ADSCs in vivo.

Discussion

Epigenetic markers are regulators of MSCs’ self-renewal,
differentiation, and in vivo function. Epigenetic marks in
MSCs can be expanded through self-renewal divisions
and passed to offspring, further maintaining tissue dif-
ferentiation and pathological diseases [23]. FTO belongs
to the non-heme Fell/a-k dependent dioxygenase AlkB
family protein, also known as ALKBH9 [24]. FTO main-
tained bone mass and increased mRNA stability, thereby
protecting osteoblasts from genotoxic damage; how-
ever, the lack of FTO enzyme activity could drastically
reduce mineral density and content in the bone tissue
[25, 26]. Similarly, FOXOs are crucial for bone develop-
ment, remodeling, and homeostasis in both physiologi-
cal and pathological conditions. Almost all bone cells
express FOXO1, 3, and 4. FOXOL1 serves as the early pre-
cursors of osteoblasts [27]. In a previous study of mouse
embryo models, silencing FOXO1 impacted bone forma-
tion and craniofacial development [16]. FOXO1 plays a
bidirectional regulatory role in the complex process of
MSCs’ osteogenesis. In a diabetic fracture model, silenc-
ing FOXO1 prevented TNFa-induced BMSC apoptosis
and reduced proliferation by regulating apoptotic and
cell cycle genes [28]. Conversely, phytic acid resulted in
circEIF4B upregulation, which triggered osteogenesis in
BMSCs by promoting FOXO1, thus treating high glu-
cose-mediated osteogenic dysfunction [29]. The previous
studies reached different conclusions on the subcellular
location of FTO and FOXOL. Jia et al. revealed that FTO
partially colocalized with nuclear speckles and catalyzed
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are presented as mean+SD by an unpaired t-test, ***p<0.001 (n=5). E Images of FOXO1 immunostaining in bone tissues and quantitative analysis to
determine the FOXO1 protein-positive area. Data are presented as mean+SD by an unpaired t-test, **p <0.01 (n=5)

m6A demethylation of nuclear RNA [24]. However, Wei
et al. suggested that FTO, in addition to targeting nuclear
mo6A, is located in the cytoplasm, where it facilitates the
demethylation of mRNA m6A and m6Am, as well as
tRNA mlA [30]. Thus, FOXOI1 could shuttle between
the cytoplasm and nucleus. For example, p53 directly
stimulated expression of the NAD(+)-dependent histone
deacetylase SIRT6, which interacted with FOXO1 and
caused its deacetylation and export to the cytoplasm [31].
MST1 induced FOXO1 phosphorylation at Ser212 and
translocated it to the nucleus [32]. We demonstrated for
the first time that during the osteogenic differentiation of
ADSCs, FTO transferred from the nucleus to the cyto-
plasm and bound to FOXO1 at the 1760th bp site.
During osteogenic differentiation of BMSCs, FTO
mediated the demethylation of PPARG mRNA, leading to
the downregulation of PPARG expression [33, 34]. Addi-
tionally, upregulated FTO promoted RUNX2 expres-
sion [35], although no study has reported their direct
interaction. As previously stated, interactions between
FOXO1 and RUNX2/PPARG have been reported in other
cell models and biological processes. However, their

regulatory relationship during MSC osteogenic differ-
entiation remains unverified. Our study established the
role of the FTO-FOXO1-RUNX2/PPARG axis in the
osteogenic differentiation of ADSCs. When FTO and
overexpressed FOXO1 were knocked down, the osteo-
genic differentiation was partially rescued. This indicated
that the regulatory effect of FOXO1 on PPARG is greater
than that of FTO, and there may be other pathways FTO
regulates ADSC’s osteogenesis, which requires further
investigation.

PPARG is a ligand-dependent transcription factor that
is highly expressed in adipose tissue and represents a key
factor in adipogenesis and regulation [36]. Mice without
PPARG exhibited increased bone mass and decreased
bone marrow fat [37]. Numerous studies demonstrated
that inhibiting PPARG considerably enhances the osteo-
genic differentiation capacity of osteoblasts or MSCs
[38, 39]. Consequently, it is widely accepted that osteo-
genic and adipogenic differentiation often follow separate
pathways, and differentiation along one lineage typically
prevents the other. Wang et al. discovered that bone
regeneration is a highly complex and time-coordinated
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process, including stages of inflammation, cellular ingress
and proliferation, angiogenesis, differentiation, and bone
remodeling. PPARG knockdown disrupted bone regen-
eration at any stage and attenuated osteogenesis [40].
Moreover, osteogenic differentiation media for MSCs
typically contain trace amounts of dexamethasone. Della
et al. observed that dexamethasone did not directly
upregulate RUNX2 to promote osteogenic differentia-
tion but substantially stimulated PPARG expression in
the early stages (within 7 days), leading to intracellular
lipid droplet formation [41]. This suggests an alternative
explanation for the observed increase in PPARG during
our study’s early phase. Baroi et al. reported that PPARG
was highly expressed in bone cells, where it regulated
cellular fuel utilization, whereas its deficiency resulted
in mitochondrial dysfunction. PPARG also protected
against oxidative stress and reactive oxidative species
accumulation [42]. Furthermore, fatty acids can activate
PPARG, promoting lipid droplet formation and fatty acid
oxidation. The elevated fatty acid oxidation enhanced
the osteogenesis by generating BMP7 and activating the
NAD+/SIRT1/EZH2 axis [43]. Therefore, during the early
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stages of osteogenic differentiation, PPARG could act as
an energy regulator to support bone formation. In this
study, we observed that PPARG expression in the early
osteogenic stage of ADSCs increased but later decreased.
After FOXO1 knockdown, PPARG expression continu-
ously increased, suggesting that adipogenic and osteo-
genic factors were not opposite in the early osteogenic
differentiation stage of ADSCs. Hence, the PPARG role in
bone formation remains controversial and requires fur-
ther research.

Meclofenamic acid, a non-steroidal anti-inflammatory
drug (NSAID), is known mainly for inhibiting cyclo-
oxygenase and lipoxygenase synthesis. It is also a highly
selective FTO inhibitor that competes with FTO by bind-
ing with the m6A-containing nucleic acid to suppress its
expression [44]. Meclofenamate sodium replaces the -OH
with the -ONA group based on meclofenamic acid. It has
better solubility and stability than meclofenamic acid.
Meclofenamate sodium is approved for arthritis, pain
relief, and dysmenorrhea [45, 46]. Huang et al. developed
FB23 and FB23-2 based on retaining the key element of
meclofenamic acid, benzylcarboxylic acid [22]. These two

Osteogenic Differentiaion

Bone Regeneration

" Promoter

PPARG

Cytoplasm

Fig. 8 Working model depicting FTO-FOXO1-RUNX2/PPARG axis in the osteogenic differentiation of ADSCs. FTO translocated to the cytoplasm and
bound FOXO1 mRNA to enhance its expression during ADSC's osteogenesis. FOXO1 activated RUNX2 and repressed PPARG via promoter binding, ulti-

mately regulating osteogenic differentiation
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small-molecule inhibitors were more selective for FTO.
Neither of them inhibited the demethylation of ALKBH5;
however, FB23-2 had better cell permeability than FB23.
We revealed the optimal concentration of meclofenamate
sodium and FB23-2 to inhibit osteogenic differentia-
tion in ADSCs in vitro for the first time. Compared with
meclofenamate sodium, FB23-2 elicited a pronounced
inhibitory effect on osteogenic differentiation. Mean-
while, FB23-2 impaired the proliferation and osteogenic
differentiation of ADSCs by inhibiting the FTO-FOXO1
axis in vitro and in vivo. Mefenamic acid is commonly
utilized in clinical settings, characterized by its rapid
absorption following oral administration and a rela-
tively short half-life, making it more tolerable than many
other NSAIDs [47]. This suggests that as the application
of ADSCs in the field of bone reconstruction gradually
increases, some patients may experience pain alongside
their bone defects [48]. Consequently, the long-term use
of analgesics containing FTO inhibitors should be care-
fully evaluated.

In summary, our study elucidated specific mechanisms
of m6A modification in ADSC-mediated bone regen-
eration. Specifically, FTO promoted RUNX2 expression
while inhibiting PPARG expression by binding to m6A
modification sites on FOXO1, thus jointly regulating
the proliferation and osteogenic differentiation (Fig. 8).
The NSAIDs commonly used in clinical practice inhibit
FTO, which can impact ADSC-mediated bone regen-
eration through the aforementioned pathway. As ADSCs
are increasingly utilized in bone tissue engineering, our
study advances the current knowledge on the impact of
m6A modification in regulating osteogenic differentia-
tion of ADSCs. This insight can potentially lead to inno-
vative treatment approaches and drug applications for
individuals with bone defects utilizing ADSCs.
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