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Downregulation of DNA 
methyltransferase‑3a ameliorates 
the osteogenic differentiation ability 
of adipose‑derived stem cells in diabetic 
osteoporosis via Wnt/β‑catenin signaling 
pathway
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Abstract 

Background:  Diabetes-related osteoporosis (DOP) is a chronic disease caused by the high glucose environment 
that induces a metabolic disorder of osteocytes and osteoblast-associated mesenchymal stem cells. The processes 
of bone defect repair and regeneration become extremely difficult with DOP. Adipose-derived stem cells (ASCs), as 
seed cells in bone tissue engineering technology, provide a promising therapeutic approach for bone regeneration in 
DOP patients. The osteogenic ability of ASCs is lower in a DOP model than that of control ASCs. DNA methylation, as a 
mechanism of epigenetic regulation, may be involved in DNA methylation of various genes, thereby participating in 
biological behaviors of various cells. Emerging evidence suggests that increased DNA methylation levels are associ-
ated with activation of Wnt/β-catenin signaling pathway. The purpose of this study was to investigate the influence of 
the diabetic environment on the osteogenic potential of ASCs, to explore the role of DNA methylation on osteogenic 
differentiation of DOP-ASCs via Wnt/β-catenin signaling pathway, and to improve the osteogenic differentiation abil-
ity of ASCs with DOP.

Methods:  DOP-ASCs and control ASCs were isolated from DOP C57BL/6 and control mice, respectively. The multi-
potency of DOP-ASCs was confirmed by Alizarin Red-S, Oil Red-O, and Alcian blue staining. Real-time polymerase 
chain reaction (RT-PCR), immunofluorescence, and western blotting were used to analyze changes in markers of 
osteogenic differentiation, DNA methylation, and Wnt/β-catenin signaling. Alizarin Red-S staining was also used to 
confirm changes in the osteogenic ability. DNMT small interfering RNA (siRNA), shRNA-Dnmt3a, and LVRNA-Dnmt3a 
were used to assess the role of Dnmt3a in osteogenic differentiation of control ASCs and DOP-ASCs. Micro-computed 
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Background
Diabetic osteoporosis (DOP) is a systemic metabolic 
bone disease that involves bone mass reduction, destruc-
tion of the bone tissue microstructure, and prone frac-
tures [1, 2]. The high glucose environment and metabolic 
disorders caused by diabetes disrupt physiological activi-
ties such as cell growth, proliferation, and differentia-
tion [3]. Glucose metabolism disorders break the balance 
between osteogenesis and osteoclast processes, which 
reduces the numbers of osteoblasts and mesenchymal 
stem cells (MSCs), and activation of osteoclasts [4, 5]. 
The imbalance of bone metabolism also reduces the bone 
differentiation ability and makes it difficult to repair bone 
tissue and regenerate bone [6].

In recent years, bone tissue engineering technology 
has provided a new approach for regeneration of bone 
defects. Adult stem cells are a major element of bone 
regeneration and have become a major research topic 
[7–9]. Adipose-derived mesenchymal stem cells (ASCs), 
as a type of MSC, have a multi-directional differentia-
tion potential for osteogenic, cartilage, and adipose cell 
lineages [10–12]. They are widely used in studies of 
bone defect repair and regeneration, and have positive 
application prospects. However, the proliferation and 
differentiation of ASCs may be affected in the diabetic 
environment. Therefore, it is worth exploring whether 
DOP-ASCs have a normal osteogenic differentiation 
ability.

DNA methylation is a mechanism of epigenetic regu-
lation. It is generally believed that the hypermethyla-
tion status of DNA sequences is related to inhibition 
of gene expression [13, 14]. There are three kinds of 
DNA methyltransferases (DNMTs) in animals, namely 
DNMT1, DNMT3a, and DNMT3b [15–17]. Studies 
have shown that DNMT3a is essential for establishment 
of mammalian DNA methylation during development 
[18, 19]. Scholars believe that the increased expression 
of DNMT3a regulates the increased DNA methylation 

level [19, 20]. Under catalysis mediated by DNMTs, the 
cytosines of two nucleotides of CG in DNA are selec-
tively conjugated with methyl groups to form 5-methyl-
cytosine (5-MC). The occurrence of various skeletal 
diseases, which include osteoporosis and osteoarthritis, 
is closely related to impaired DNA methylation in stem 
cells [10, 13, 21].

The canonical Wnt pathway is activated when β-catenin 
transfers to the nucleus and binds to TCF/LEF in the 
nucleus to regulate target genes [22]. β-catenin and LEF1 
may reflect the status of Wnt/β-catenin pathway [23, 24]. 
Emerging evidence indicates that increased DNA meth-
ylation levels are associated with activation of Wnt/β-
catenin pathway [25–28]. Liu T et al. [26] reported that 
miR708-5p inhibits the expression of Dnmt3a, resulting 
in the reduced global DNA methylation and, preventing 
β-catenin nuclear transport, thereby inhibiting Wnt/β-
catenin signaling pathway. Exploring the role of DNA 
methylation in osteogenic differentiation of DOP-ASCs 
via Wnt/β-catenin signaling is not only conducive to elu-
cidate the mechanism of DOP, but also to develop bone 
tissue engineering.

In our previous study, we found that advanced glyca-
tion end products inhibit the osteogenic differentiation 
ability of normal ASCs with a high level of DNA methyla-
tion [5]. This suggested that DNA methylation is a cause 
of the decline in the osteogenic differentiation ability of 
DOP-ASCs in the diabetic environment. In this study, 
we isolated ASCs from control and DOP C57BL/6 mice 
and compared their osteogenic differentiation potentials. 
Moreover, we investigated whether DNA methylation 
inhibits the osteogenic differentiation potential of DOP-
ASCs by modulating Wnt/β-catenin signaling pathways.

Methods
Isolation and culture of ASCs and DOP‑ASCs
All procedures that involved animals were reviewed 
and approved by the Southwest Medical University 

tomography, hematoxylin and eosin staining, and Masson staining were used to analyze changes in the osteogenic 
capability while downregulating Dnmt3a with lentivirus in DOP mice in vivo.

Results:  The proliferative ability of DOP-ASCs was lower than that of control ASCs. DOP-ASCs showed a decrease in 
osteogenic differentiation capacity, lower Wnt/β-catenin signaling pathway activity, and a higher level of Dnmt3a 
than control ASCs. When Dnmt3a was downregulated by siRNA and shRNA, osteogenic-related factors Runt-related 
transcription factor 2 and osteopontin, and activity of Wnt/β-catenin signaling pathway were increased, which res-
cued the poor osteogenic potential of DOP-ASCs. When Dnmt3a was upregulated by LVRNA-Dnmt3a, the osteogenic 
ability was inhibited. The same results were obtained in vivo.

Conclusions:  Dnmt3a silencing rescues the negative effects of DOP on ASCs and provides a possible approach for 
bone tissue regeneration in patients with diabetic osteoporosis.

Keywords:  DNA methyltransferase-3a, Diabetic osteoporosis, Adipose-derived stem cells, Osteogenic differentiation, 
Wnt/β-catenin signaling pathway
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Ethical Committee. Anesthesia and animal care were 
implemented by following the guidelines for the Care 
and Use of Laboratory Animals (Ministry of Science 
and Technology of China, 2006). Adipose tissue in the 
inguinal region was collected from C57BL/6 DOP and 
control mice under sterile conditions. The adipose tis-
sue was cut finely and fragments were seeded in 25-cm2 
culture flasks (Corning Inc., NY) and cultured in alpha-
modified Eagle’s medium (α-MEM, Hyclone, USA) sup-
plemented with 10% fetal bovine serum (FBS, Hyclone) 
and 1% penicillin/streptomycin (Hyclone) at 37  °C 
with 5% CO2. The medium was changed every 3  days. 
Adherent cells were cultured and non-adherent cells 
were removed.

DOP-ASCs were passaged three times to obtain rela-
tively pure ASCs. Osteogenic, adipogenic, and cartilage 
media (Cyagen, USA) were used to define the multipo-
tential differentiation capacity of DOP-ASCs. DOP-ASCs 
(5 × 104 cells) were seeded in a 6-well plate for osteogenic 
induction. DOP-ASCs (1 × 105 cells) were also seeded for 
adipogenic induction. All cells were cultured for 21 days. 
Then, the cells were washed three times with PBS and 
fixed with 4% paraformaldehyde for 1  h. Alizarin Red-S 
(osteogenic dye) and 0.3% Oil Red-O (adipogenic dye) 
were used to stain mineralized nodules and lipid droplets, 
respectively, for 30  min. The stained cells were imaged 
under an inverted phase contrast microscope (Nikon, 
Japan). For cartilage induction, DOP-ASCs (2.5 × 105 
cells) were centrifuged and cell aggregates were cultured 
in cartilage medium. After 21  days, the cell aggregates 
were washed three times with PBS and fixed with 4% par-
aformaldehyde. The cartilage pellets were imaged under 
a stereo fluorescence microscope (Carl Zeiss Microscopy, 
Germany). Then, they were embedded in paraffin and 
sections were stained with Alcian blue. Cartilage matrix 
was imaged under an optical microscope (Nikon).

Proliferation assay
A Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich, St 
Louis, Missouri, USA) and xCelligence system for real-
time cellular analysis (RTCA) (Roche Diagnostics GmbH, 
Basel, Switzerland) were used to assess cell proliferation. 
For the CCK-8 assay, cells were seeded in 96-well plates 
(Corning Inc.) at a density of 3 × 103 cells per well and 
cultured in α-MEM with 10% FBS for 5  days. A BioTek 
ELX800 (Bio-Tek, USA) was used to measure absorb-
ance at 450 nm. For RTCA, cells were seeded in 96-well 
E-plates (Roche Diagnostics GmbH) at 3 × 103 cells per 
well. Cell proliferation in the RTCA SP xCelligence sys-
tem was monitored in real-time as the impedance value 
over 5 days. Data were analyzed by the provided RTCA 
software.

Alizarin red‑S staining
Mineralized nodule formation in ASCs was stained by 
Alizarin Red-S (Cyagen). DOP-ASCs and control ASCs 
(5 × 104 cells) in 6-well plates were treated with osteo-
genic medium for 21 days. Cells were then washed with 
PBS three times, fixed in 4% paraformaldehyde for 1  h, 
and stained with Alizarin Red-S for 30 min.

Real‑time polymerase chain reaction (RT‑PCR)
Total RNA was extracted using a Total mRNA Extraction 
Kit (Takara Bio, Japan). cDNA was synthesized by reverse 
transcription using a Prime Script Reverse Transcrip-
tion Reagent Kit (Takara Bio). Then, RT-PCR was con-
ducted to measure the gene expression of Runt-related 
transcription factor 2 (Runx2), osteopontin (Opn), DNA 
methyltransferase 1/3a/3b (Dnmt1/3a/3b), β-catenin, 
and lymphoid enhancer-binding factor-1 (Lef1). Primer 
sequences are shown in Table 1. Samples were analyzed 
using a SYBR Premix ExTaq kit (Takara Bio), following 
the standard procedure, in an ABI 7900 system (Applied 
Biosystems, USA), which included melting curve analysis 
and obtaining CT values. The results were normalized to 
Gapdh CT values and the 2−∆∆Ct method was used to cal-
culate gene expression.

Western blot assay
A Total Protein Extraction Kit (Keygen Biotech, China) 
was used to extract total cellular proteins. A bicin-
choninic acid protein assay kit (Thermo Fisher Scientific, 
MA, USA) was used to measure the protein concentra-
tion. Proteins were separated by 10% (v/v) sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis and then 

Table 1  Primer sequences for RT-PCR

Genes Sequence (5′ → 3′)

Gapdh Forward GGT​GAA​GGT​CGG​TGT​GAA​CG

Reverse CTC​GCT​CCT​GGA​AGA​TGG​TG

Runx2 Forward CCG​AAC​TGG​TCC​GCA​CCG​AC

Reverse CTT​GAA​GGC​CAC​GGG​CAG​GG

Opn Forward GGA​TTC​TGT​GGA​CTC​GGA​TG

Reverse CGA​CTG​TAG​GGA​CGA​TTG​GA

Dnmt1 Forward CCG​AAC​TGG​TCC​GCA​CCG​AC

Reverse CTT​GAA​GGC​CAC​GGG​CAG​GG

Dnmt3a Forward GAG​GGA​ACT​GAG​ACC​CCA​C

Reverse CTG​GAA​GGT​GAG​TCT​TGG​CA

Dnmt3b Forward AGC​GGG​TAT​GAG​GAG​TGC​AT

Reverse GGG​AGC​ATC​CTT​CGT​GTC​TG

β-Catenin Forward AAG​TTC​TTG​GCT​ATT​ACG​ACA​

Reverse ACA​GCA​CCT​TCA​GCA​CTC​T

Lef1 Forward ACA​GAT​CAC​CCC​ACC​TTC​TTG​

Reverse TGA​TGG​GAA​AAC​CTG​GAC​AT
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transferred onto a polyvinylidene difluoride membrane 
at 200 mA for 1 h. Tris-buffered saline with 0.05% (v/v) 
Tween-20 (TBST) was used to dissolve dry skimmed 
milk (Keygen Biotech). PVDF membranes were blocked 
with 5% dry skimmed milk for 1  h and then incubated 
with antibodies against GAPDH (ab181602), DNMT3a 
(ab188470), DNMT3b (ab79822), and OPN (ab91655) 
(Abcam, UK), RUNX2 (12556  s), DNMT1 (5032S), 
β-catenin (D10A8), or LEF1 (2230p) (Cell Signaling Tech-
nology, USA) for 1 day at 4 °C. Then, PVDF membranes 
were washed three times with TBST and incubated with 
a goat anti-rabbit secondary antibody (Beyotime, Shang-
hai, China) for 1  h. They were then washed again with 
TBST and developed with an enhanced chemilumines-
cence detection system (Bio-Rad, USA).

Immunofluorescence staining
Cells were seeded on round coverslips (Corning Inc.) 
and cultured for 4  days. After various treatments, the 
cells were carefully washed three times with PBS, fixed 
with 4% paraformaldehyde for 1  h, and permeabilized 
with 0.5% Triton X-100 for 10  min. Then, they were 
blocked with 5% goat serum (Beyotime) for 1 h and incu-
bated for 1 day at 4  °C with antibodies against RUNX2, 
OPN, DNMT1, DNMT3a, DNMT3b, 5-MC (28692S), 
β-catenin, or LEF1. The next day, the samples were incu-
bated with a fluorescent dye-conjugated secondary anti-
body (Beyotime) for 1 h. Nuclei were counterstained with 
4ʹ6-diamidino-2-phenylindole (Beyotime) for 10 min and 
phalloidin (Beyotime) was used to stain microfilaments 

for 10  min. Cells were imaged under a laser scanning 
confocal microscope (Olympus, Japan).

Transfection of small interfering RNA (siRNA)
Small interfering RNA (siRNA) that targeted Dnmt1, 
Dnmt3a, and Dnmt3b was designed and provided 
by GenePharma Co., Ltd (Shanghai, China). siRNA 
sequences are shown in Table  2. DOP-ASCs (5 × 104 
cells) were seeded in a 12-well plate before siRNA trans-
fection. The transfection reagent (Lipofectamine 2000; 
Thermo Fisher Scientific) was diluted with Opti-MEM 
I Reduced Serum Medium (Hyclone) and incubated at 
room temperature for 5  min. The siRNA was added to 
the diluted Lipofectamine 2000 and gently mixed to form 
the siRNA-lipofectamine-Opti-MEM complex. Then, the 
mixture was added to cells at 1 ml per well and incubated 
at 37 °C with 5% CO2.

Transduction of shRNA‑Dnmt3a and LVRNA‑Dnmt3a
The Dnmt3a overexpression lentiviral vector (pLenti-
EF1a-EGFP-P2A-Puro-CMV-Dnmt3a-3Flag) and 
Dnmt3a-silencing lentiviral vector (pLDK-CMV-EGFP-
2A-Puro-U6-shRNADnmt3a) were designed and manu-
factured by OBiO Technology Corp., Ltd. (Shanghai, 
China). The oligonucleotide sequences of shRNA with 
Dnmt3a RNA interference targets are shown in Table 3. 
Various virus concentrations were used to determine 
the multiplicity of infection (MOI). The transduction 
efficiency was evaluated by analyzing the percentage of 
green fluorescent protein (GFP)-positive cells under a 
fluorescence microscope. ASCs at a density of 5 × 104/
ml were seeded in a 6-well plate at 2 ml per well. After 
12 h of culture, the medium was replaced with a lentivi-
rus suspension medium (MOI:80; 0.6 μg/ml puromycin; 
5  μg/ml polybrene). The gene and protein expression 
were analyzed by RT-PCR and western blotting, respec-
tively, after 4  days of osteogenic induction and their 
osteogenic ability was assessed by Alizarin Red-S staining 
after induction for 21 days.

Analysis of DOP‑ASCs seeded on BCP by scanning electron 
microscopy (SEM)
Before seeding DOP-ASCs, scaffolds sterilized by ultra-
violet light were placed in 12-well plates. Then, 1  ml of 

Table 2  siRNA sequences for gene silencing

siRNA Sequence (5′ → 3′)

Dnmt1 Sense CCG​AAG​AUC​AAC​UCA​CCA​ATT​

Antisense UUG​GUG​AGU​UGA​UCU​UCG​GTT​

Dnmt3a Sense CCA​UGU​ACC​GCA​AAG​CCA​UTT​

Antisense AUG​GCU​UUG​CGG​UAC​AUG​GTT​

Dnmt3b Sense CCU​CAA​GAC​AAA​UAG​CUA​UTT​

Antisense AUA​GCU​AUU​UGU​CUU​GAG​GTT​

Negative control Sense UUC​UUC​GAA​CGU​GUC​ACG​UTT​

Antisense ACG​UGA​CAC​GUU​CGG​AGA​ATT​

Table 3  Dnmt3a shRNA sequences

5′ STEM Loop STEM 3′

sh-Dnmt3a-F Ccgg CCA​CCA​GGT​CAA​ACT​CTA​T TTC​AAG​AGA​ ATA​GAG​TTT​GAC​CTG​GTG​G TTT​TTT​g

sh-Dnmt3a-R aattcaaaaaa CCA​CCA​GGT​CAA​ACT​CTA​T TCT​CTT​GAA​ ATA​GAG​TTT​GAC​CTG​GTG​G

sh-NC-F CCGG​ TTC​TCC​GAA​CGT​GTC​ACG​T TTC​AAG​AGA​ ACG​TGA​CAC​GTT​CGG​AGA​A TTT​TTT​G

sh-NC-R AAT​TCA​AAAAA​ TTC​TCC​GAA​CGT​GTC​ACG​T TCT​CTT​GAA​ ACG​TGA​CAC​GTT​CGG​AGA​A
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passage 2 DOP-ASCs at a density of 5 × 104/ml was 
seeded on the surface of BCP in each well. After culture 
at 37 °C with 5% CO2 for 3 days, samples were fixed with 
paraformaldehyde. After alcohol gradient dehydration, 
critical point drying, and spraying the cells with gold, 
scaffolds were observed by SEM.

Implantation of BCP seeded with DOP‑ASCs transduced 
with shRNA into a DOP mouse model with critically sized 
calvarial defects
DOP-ASCs were divided into DOP-blank, negative con-
trol, and Dnmt3a shRNA groups. DOP-ASCs infected 
with the silence-Dnmt3a lentivirus were cultured in 
osteogenic induction medium. A1-ml cell suspension 
(5 × 104 cells/ml) was added to the surface of BCP in 
a 12-well plate and cultured for 48  h. Nine DOP mice 
received calvarial surgery to establish critically sized cal-
varial defect models. After anaesthetization, the DOP 
mice were subjected to prone fixation, skin preparation, 
and disinfection at the top of the skull. An incision was 
made along the median of the calvarium and the perios-
teum was bluntly separated to expose the calvarial bone 
surface. Then, a 4-mm diameter trephine bur was applied 
to drill a standardized round defect on the side of the 
sagittal suture. A 0.9% saline solution was used to irrigate 
the skull surface during drilling. Subsequently, the BCP 
seeded with DOP-ASCs was implanted into the skull 
defect area and the periosteum and dermis were sutured 
in position. After 8  weeks, mice were euthanized and 
skull specimens were obtained.

Micro‑computed tomography (Micro‑CT), hematoxylin 
and eosin staining (HE) staining, and Masson staining
At 8 weeks, the calvarium was removed intact and fixed 
in freshly prepared 4% formaldehyde for 24  h at 4  °C. 
Micro-CT scans of skull defects were performed to 
observe new bone formation. Then, three-dimensional 
reconstructed images were analyzed. The ratio of the 
bone volume to total volume available in the scaffold 
(BV/TV) was calculated. A high ratio indicated that more 
bone had grown into the scaffolds. Then, tissue samples 
of the mouse skull defect were decalcified for HE and 
Masson staining. Next, the samples were dehydrated in 
an alcohol gradient, clarified, and embedded in paraf-
fin for sectioning. Lastly, the sections were stained with 
hematoxylin and eosin and Masson trichrome.

Statistical analysis
All experiments were repeated at least three times inde-
pendently. Two group comparisons were made by the 
independent-samples t-test and multiple comparisons 
were made by one-way ANOVA with SPSS 18.0 software 

(SPSS Inc., Chicago, USA). P < 0.05 was regarded to be 
statistically significant.

Results
Cell proliferation and multipotent differentiation 
of DOP‑ASCs
ASCs from inguinal adipose tissue were isolated and pas-
saged three times (Fig. 1A). RTCA (Fig. 1B) and CCK-8 
assays (Fig. 1D) showed that the proliferation rate of the 
DOP group was relatively lower than that of the control 
group. After culture in osteogenic and adipogenic media, 
the morphology of DOP-ASCs had distinctly changed to 
osteogenic-like in osteogenic medium and adipose-like in 
adipogenic medium (Fig. 1C). In cartilage medium, ASCs 
were aggregated to culture for 21 days and then stained 
with Alcian blue to indicate cartilage-like cells. The 
findings demonstrated the multipotency of DOP-ASCs 
(Fig. 1C).

Osteogenic differentiation capacity decreases in DOP‑ASCs
To investigate the osteogenic differentiation capacity, we 
cultured control ASCs and DOP-ASCs to analyze min-
eralized nodule formation as well as gene and protein 
expression of OPN and RUNX2. Alizarin Red-S staining 
showed that the degree of mineralized nodule forma-
tion was reduced in DOP-ASCs compared with control 
ASCs (Fig. 2A). RT-PCR showed that the mRNA levels of 
Runx2 and Opn in DOP-ASCs were significantly lower 
than those in control ASCs at 3 and 7  days (Fig.  2B). 
The protein levels of OPN and RUNX2 were analyzed 
by immunofluorescence and western blotting, which 
showed that the fluorescence signals (Fig. 2C) and band 
intensities (Fig. 2D) at 4 days in DOP-ASCs were weaker 
compared with those in control ASCs.

DNA methylation increases in DOP‑ASCs
DNMT1, DNMT3a, and DNMT3b are major enzymes 
in DNA methylation and 5-MC is the product of this 
process. We analyzed the expression of these factors 
by RT-PCR, western blotting, and immunofluores-
cence. The expression of Dnmt1, Dnmt3a, and Dnmt3b 
in DOP-ASCs increased compared with that in control 
ASCs (Fig.  3A, B). Immunofluorescence confirmed the 
increases in 5-MC, DNMT1, DNMT3a, and DNMT3b at 
4 days (Fig. 3C–F).

Wnt/β‑Catenin signaling pathway is suppressed 
in DOP‑ASCs
The Wnt/β-Catenin signaling pathway is a major regu-
latory pathway in the process of osteogenic differentia-
tion [29, 30]. Therefore, the main factors, which included 
β-catenin and Lef1, were detected to demonstrate the 
activation level of Wnt/β-Catenin signaling pathway. 



Page 6 of 17Zhang et al. Stem Cell Research & Therapy          (2022) 13:397 

RT-PCR showed that the expression of β-catenin and 
Lef1 decreased in DOP-ASCs compared with that in 
CON-ASCs, and the results of western blotting were 
consistent with those of RT-PCR (Fig. 4A, B). Immuno-
fluorescence confirmed that the expression of β-catenin 
and LEF1 was low in DOP-ASCs (Fig. 4C, D).

Inhibiting DNA methyltransferases rescues loss 
of the osteogenic potential in DOP‑ASCs
The results showed that the reduced osteogenic differ-
entiation capacity of DOP-ASCs was related to increases 
in DNA methylation levels and suppression of Wnt/β-
Catenin signaling pathway. Next, we used siRNA to 
inhibit the expression of DNA methylation enzymes and 
explored the relationship between DNA methylation and 
the osteogenic differentiation ability of DOP-ASCs. After 
siRNA treatment, the formation of mineralized nodules 
was increased when the DNA methylation level was 
downregulated (Fig.  5A). RT-PCR and western blotting 
showed that RUNX2 was increased in Dnmt1-siRNA, 
Dnmt3a-siRNA, and Dnmt3b-siRNA groups, and OPN 

was particularly increased in the Dnmt3a-siRNA group 
(Fig.  5B, C). In terms of Wnt/β-Catenin signaling path-
way, β-catenin and LEF1 were upregulated after siRNA 
treatment and their expression was the highest in the 
Dnmt3a-siRNA group compared with the other groups 
(Fig. 5D, E). These data suggested that downregulation of 
Dnmt3a inhibited osteogenic differentiation and activity 
of Wnt/β-Catenin signaling pathway.

Knockdown of Dnmt3a promotes osteogenic 
differentiation of DOP‑ASCs
To further demonstrate the effect of Dnmt3a on osteo-
genic differentiation of DOP-ASCs, we used lentiviruses 
to knockdown or overexpress Dnmt3a in DOP-ASCs. 
The cells were successfully infected by the lentiviruses 
and showed green fluorescence at an MOI of 80 (Fig. 6A). 
RT-PCR and western blotting showed that Dnmt3a 
was successfully knocked down by Dnmt3a shRNA and 
overexpressed by Dnmt3a LVRNA. 3-Flag was a marker 
of positive overexpression (Fig.  6B, D). Immunofluo-
rescence confirmed the differences in expression of 

Fig. 1  Cell proliferation and multipotent differentiation of ASCs. A: Normal morphology of primary, first, and second passages of control ASCs and 
DOP-ASCs under light microscopy. B, D: RTCA and CCK-8 assays showed that the proliferation rate of the DOP group was lower than that of the 
control group. C: Multipotent differentiation of DOP-ASCs into osteogenic cell-like, adipose-like, and cartilage-like cells
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DNMT3a among the DOP-blank group, Negative Con-
trol, Dnmt3a shRNA and Dnmt3a LVRNA. (Fig. 6C).

Next, we found that the formation of mineralized 
nodules was the highest in the Dnmt3a shRNA group 
and the lowest in the Dnmt3a LVRNA group (Fig. 7A). 
Expression of Opn and Runx2 was upregulated in the 
Dnmt3a shRNA group compared with the other three 
groups and the results of western blot assays were con-
sistent with those of RT-PCR (Fig. 7B–D). Detection of 
osteogenic differentiation by Alizarin Red-S staining, 
RT-PCR, and western blotting showed that knockdown 

of Dnmt3a rescued the osteogenic differentiation 
capacity of DOP-ASCs. Although Dnmt3a LVRNA 
treatment decreased the expression of β-catenin and 
Lef1 compared with DOP-ASC and negative control 
groups, the expression of these factors was recovered 
by Dnmt3a shRNA treatment. This suggested that the 
low activity of the Wnt signaling pathway in DOP-ASCs 
was recovered by knocking down Dnmt3a (Fig. 7E–G). 
Taken together, these results suggested that knock-
down of Dnmt3a decreased the DNA methylation 
level, alleviated inhibition of Wnt by DNA methylation, 

Fig. 2  Decrease of the osteogenic differentiation capacity in DOP-ASCs. A: Alizarin Red-S staining of control ASCs and DOP-ASCs. B: mRNA levels of 
osteogenesis-related molecules Runx2 and Opn after 3 and 7 days of osteoinduction. C: Immunofluorescence staining of RUX2 and OPN proteins in 
control ASCs and DOP-ASCs after 4 days of osteoinduction. D: Protein levels of osteogenesis-related molecules RUNX2 and OPN after 3 and 7 days 
of osteoinduction. Data represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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and rescued the loss of the osteogenic capacity of 
DOP-ASCs.

Downregulation of Dnmt3a promotes the osteogenic 
capacity of DOP‑ASCs in vivo
RT-PCR and western blotting showed that Dnmt3a was 
successfully knocked down by Dnmt3a shRNA (Fig. 8A, 
B). SEM and fluorescence microscopy showed that DOP-
ASCs grew adherently on the surface and pores of BCP 
(Fig.  8C). The DOP mouse model with critically sized 
calvarial defects was successfully established and BCP 
seeded with transfected DOP-ASCs were implanted into 

the defect area (Fig.  8D). Eight weeks later, Micro-CT 
showed new bone matrix on BCP at sagittal and coronal 
levels. Three-dimensional reconstruction showed that 
the amount of new bone matrix in the Dnmt3a shRNA 
group was significantly larger than that in DOP-ASC and 
negative control groups.BV/TV, BS/BV, and TbTh analy-
ses further demonstrated that the osteogenic capacity 
was greatly increased when Dnmt3a was downregulated 
by shRNA in  vivo (Fig.  9A, B). HE and Masson stain-
ing were also used to observe the osteogenic capacity of 
DOP-ASCs in vivo. HE staining showed new bone matrix 
as red and Masson staining showed new bone matrix as 

Fig. 3  Increase of the DNA methylation level in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of Dnmt1, Dnmt3a, 
and Dnmt3b in DOP-ASCs was increased compared with that in control ASCs. C, D: Immunofluorescence showing increases in 5-MC, DNMT1, 
DNMT3a, and DNMT3b after 4 days of osteoinduction. Data represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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blue. Both staining showed that the staining degree in the 
Dnmt3a shRNA group was stronger than that in DOP-
ASC and negative control groups (Fig. 9C). These results 
suggested that knockdown of Dnmt3a rescued the loss of 
the osteogenic capacity of DOP-ASCs.

Discussion
Many studies have shown that hyperglycemia and the 
glycolytic metabolites of diabetes decrease cell viabil-
ity and proliferation, and even promote apoptosis of 
MSCs, which impairs osteogenic differentiation [29–33]. 
Heilmeier et al. found that serum miR-550a-5p inhibited 
the osteogenic differentiation of ASCs in postmenopausal 
women with type 2 diabetes [34]. Liu et al. reported that 
osteogenic differentiation of hPDLSCs was significantly 
inhibited in a high glucose environment and the levels of 
osteoblast-related factors expressed by cells were reduced 
significantly [35]. In this study, DOP-ASCs were isolated 
from DOP mice by the tissue block method, which had 
osteogenic, adipogenic, and chondrogenic differentiation 

abilities. However, the expression of osteogenic-related 
genes Runx2 and Opn was downregulated in DOP-ASCs 
compared with control ASCs, which demonstrated inhi-
bition of the differentiation process of DOP-ASCs to 
osteoblasts.

The differentiation of MSCs into osteogenic progenitor 
cells is regulated by various growth factors and signaling 
pathways [36, 37]. The Wnt/β-Catenin signaling path-
way plays a major role in regulating the proliferation and 
differentiation of MSCs. Activation of Wnt/β-Catenin 
signaling pathway promotes osteogenic differentiation 
of ASCs [38, 39]. Moldes et  al. reported that β-catenin 
expression was higher in 3T3-L1 precursor adipocytes 
and the expression level of β-catenin was significantly 
reduced during adipogenesis [40]. In our previous stud-
ies, after activation of Wnt/β-Catenin signaling pathway, 
the expression of Wnt-related signaling molecules, such 
as β-catenin and LEF1, was upregulated in normal ASCs, 
which promoted the expression of osteogenic differ-
entiation factors such as Opn and Runx2 [5, 41]. In this 

Fig. 4  Wnt/β-Catenin signaling pathway is suppressed in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of 
β-catenin and LEF1 was decreased compared with that in CON-ASCs. C, D: Immunofluorescence staining of β-catenin and LEF1. Data represent the 
mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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Fig. 5  Dnmt siRNAs increase the osteogenic potential of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of mineralized nodules 
in Dnmt3a shRNA was increased compared with that in Negative Control after Dnmt siRNA treatment of DOP-ASCs (osteoinduction for 21 days). 
B–E: mRNA and protein levels of Wnt/β-Catenin signaling pathway markers and osteogenesis-related molecules were upregulated after Dnmt 
siRNA transfection into DOP-ASCs (osteoinduction for 4 days). Data represent the mean ± SD of at least three independent experiments, *P < 0.05, 
**P < 0.01
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study, we compared DOP-ASCs and control ASCs and 
demonstrated that osteogenic differentiation and Wnt/β-
Catenin signaling pathway were suppressed in ASCs of 
DOP mice.

The high glucose environment caused by diabetes 
increases DNA methylation in cells, which affects their 
differentiation processes [42, 43]. Many studies have sug-
gested that DNA methylation is involved in the osteo-
genic differentiation of stem cells [44–48]. Wang et  al. 
reported that KDM6A promoted chondrogenic differ-
entiation of periodontal ligament stem cells by dem-
ethylation of SOX9 [49]. Zhang et  al. reported that a 
demethylated Runx2 gene in bone marrow mesenchymal 
stem cells promoted their differentiation into osteoblasts 
[47]. These studies showed that, during the process of 
osteogenic differentiation of ASCs, the DNA methylation 
levels of osteogenesis-specific genes Dlx5 and Runx2, 
and the CpG island region of the Osterix promoter were 
downregulated significantly, and the expression of these 
genes was upregulated. Seman et al. found that the DNA 
methylation level of the promoter region of the SLC30A8 
gene in a diabetic population was higher than that in 
non-diabetic patients, which suggested that high DNA 
methylation of the SLC30A8 gene affects the occurrence 
of diabetes [50]. We observed that the DNA methyla-
tion levels and expression of DNMT genes in DOP-ASCs 
were upregulated significantly. After decreasing DNMTs 
by siRNA, we found that the expression of osteogenic 
differentiation factors RUNX2 and OPN was relatively 

increased, which indicated that DNA methylation had a 
close relationship with the osteogenic differentiation pro-
cess of ASCs.

DNA methylation at specific sites is catalyzed by 
DNMTs, which might play various roles in cell differen-
tiation. Dnmt3a, as the main methyltransferase in embry-
onic development and differentiation, is mainly located 
in the chromatin region and is highly expressed in 
oocytes, spermatogonia, and stem cells [51, 52]. Mark A. 
Casillas Jr NL et al. found that the expression of Dnmt3a 
was highly abundant in oocytes, but gradually decreased 
during maturation [53]. They observed that the overall 
methylation level of genomic DNA in senescent cells was 
reduced, which corresponded to the decrease in expres-
sion of Dnmt1, while some genes were hypermethyl-
ated with high expression of Dnmt3a and Dnmt3b [53]. 
Disturbances in epigenetic regulation may be a factor 
that contributes to diseases [54, 55]. In our study, RNA 
interference was used to silence the expression of Dnmt1, 
Dnmt3a, and Dnmt3b. Silencing of Dnmt3a promoted 
the expression of bone-related genes and Wnt/β-Catenin 
signaling pathway-related genes were induced, thereby 
promoting the osteogenic differentiation of DOP-ASCs. 
Overexpression of Dnmt3a by lentivirus infection con-
firmed that Dnmt3a significantly inhibited the expression 
of osteogenic-related genes and Wnt/β-Catenin signaling 
pathway in DOP-ASCs and the osteogenic differentia-
tion ability of DOP-ASCs was restored after inhibition of 
Dnmt3a.

Fig. 6  Dnmt3a shRNA and Dnmt3a LVRNA were successfully transduced into DOP-ASCs. A: Cells were successfully infected with lentiviruses and 
exhibited green fluorescence at an MOI of 80. B, D: mRNA levels of Dnmt3a and protein levels of 3-Flag showed that Dnmt3a was knocked down by 
Dnmt3a shRNA and overexpressed by Dnmt3a LVRNA. C: Immunofluorescence staining of Dnmt3a. Data represent the mean ± SD of at least three 
independent experiments, *P < 0.05, **P < 0.01
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We also confirmed the osteogenic effects of Dnmt3a 
in DOP mice in vivo. BCP is considered to be a bioma-
terial with high porosity and penetration, which creates 
a favorable microenvironment for bone regeneration 
[56, 57]. Tang et  al. implanted various BCP scaffolds 
into a critically sized bone defect model in OVX rats 
and applied Micro-CT to analyze new bone formation 
[58–60]. In our study, we seeded DOP-ASCs on BCP 
and implanted the scaffold into a mouse critically sized 

skull defect to assess the osteogenic capacity in  vivo. 
Three-dimensional reconstruction of Micro-CT images 
showed that new bone formation in the Dnmt3a shRNA 
group had obviously increased compared with that in 
DOP-ASC and negative control groups. Furthermore, 
histology of the corresponding tissue samples was con-
sistent with the results of Micro-CT, i.e., the amount of 
new bone formation in the Dnmt3a shRNA group was 
more obvious than that in DOP-blank and Negative 
Control.

Fig. 7  Knockdown of Dnmt3a promotes osteogenic differentiation of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of 
mineralized nodules was the highest in the Dnmt3a shRNA group and the lowest in the Dnmt3a LVRNA group (osteoinduction for 21 days). B–D: 
mRNA and protein levels of osteogenesis-related molecules were upregulated in the Dnmt3a shRNA group compared with the other three groups 
(osteoinduction for 4 days). E–G: mRNA and protein levels of Wnt signaling pathway markers were recovered by knockdown of Dnmt3a. Data 
represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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DOP has become a severe public health problem. 
DNA methylation as a kind of stable epigenetic alter-
ation is involved in bone formation and resorption 
[61]. Epigenetic modifications play an implant role in 
cell differentiation and development [62]. Many stud-
ies have demonstrated that DNA methylation is a 
therapeutic target for bone diseases [61]. Our study 

demonstrated that a high level of Dnmt3a may impair 
the osteogenic ability of ASCs, and the osteogenic dif-
ferentiation ability of DOP-ASCs was restored after 
inhibition of Dnmt3a. Therefore, this study explains 
the decrease in the osteogenic capacity of DOP-ASCs 
from the viewpoint of epigenetics and provides a 
potential therapeutic target for the prevention and 
treatment of DOP.

Fig. 8  BCP was successfully implanted into the skull defect of mice. BCP seeded with transfected DOP-ASCs were implanted into critically 
sized calvarial defects in DOP mouse models. A, B: mRNA and protein levels of Dnmt3a were successfully knocked down by Dnmt3a shRNA 
(osteoinduction for 3 days). C: SEM and fluorescence microscopy showing that DOP-ASCs grew adherently on the surface and pores of BCP. D: The 
DOP mouse model with critically sized calvarial defects was successfully established and BCP seeded with transfected DOP-ASCs were implanted 
into the defect area
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Fig. 9  Downregulation of Dnmt3a promotes the osteogenic capacity of DOP-ASCs in vivo. A Micro-CT showed that the amount of new bone 
matrix (green) in the Dnmt3a shRNA group was significantly higher than that in DOP-ASC and negative control groups. B BV/TV, BS/BV, and TbTh 
analysis demonstrated that the osteogenic capacity was greatly increased when Dnmt3a was downregulated by shRNA in vivo. Data represent the 
mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01. C: HE and Masson staining of BCP showed that the staining degree in the 
Dnmt3a shRNA group was stronger than that in DOP-ASC and negative control groups
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Conclusions
Our study showed that Wnt/β-catenin signaling path-
way is a major player in the process of osteogenic dif-
ferentiation of DOP-ASCs and DNA methylation is an 
important factor that affects the osteogenic differen-
tiation of DOP-ASCs, which has significance for bone 
regeneration in DOP. Downregulation of Dnmt3a acti-
vated Wnt/β-catenin pathway, and promoted the oste-
ogenic differentiation of DOP-ASCs. These findings 
indicate that Dnmt3a knockdown rescues the impaired 
osteogenic ability of DOP-ASCs in vitro and in vivo, 
thereby providing a possible approach for bone regen-
eration using DOP-ASCs in DOP patients.

Abbreviations
DOP: Diabetic osteoporosis; DM: Diabetes mellitus; ASCs: Adipose-derived 
stem cells; PCR: Quantitative real-time polymerase chain reaction; ALP: Alkaline 
phosphatase; β-Catenin: Cadherin associated protein; Runx2: Runt-related 
transcription factor 2; Opn: Osteopontin; GAPDH: Glyceraldehyde phosphate 
dehydrogenase; DNMT1: DNA methyltransferases 1; DNMT3a: DNA methyl-
transferases 3a; DNMT3b: DNA methyltransferases 3b; BV/TV: Ratio of bone 
volume to tissue volume; BS/BV: The area of bone tissue per unit volume; 
TbTh: Trabecular thickness .

Acknowledgements
Not applicable.

Author contributions
All authors have made important contributions to this research. MZ con-
ducted in vitro experiments, executed the analysis of the data, and wrote 
the main manuscript. YG conducted in vivo experiments and wrote the main 
manuscript. QL reviewed and revised the manuscript. HC collected the data. 
JY established the animal model of diabetic osteoporosis. XC designed the 
experimental project, analyzed data, and revised the manuscript. JX conceived 
and designed the experiment, analyzed data, revised the manuscript, and 
provided funding. All authors have read and approved the final manuscript.

Funding
This work was funded by National Natural Science Foundation of China 
(81870746, 81970986, 81771125), Open Project of the State Key Laboratory of 
Oral Disease Research (SKLOD2021OF08), Joint project of Luzhou Municipal 
People’s Government and Southwest Medical University (2020LZXNYDZ09), 
Program of Southwest Medical University (2019ZQN167), Program of The 
Affiliated Stomatological Hospital of Southwest Medical University (202017), 
Climb Plan Project of The Affiliated Stomatological Hospital of Southwest 
Medical University (2020QY04), Key Program of Southwest Medical University 
(2021ZKZD009), and Project of Stomatological Institute of Southwest Medical 
University (2021XJYJS01).

Availability of data and materials
The datasets generated or analyzed during the current study can be obtained 
from the corresponding author in accordance with reasonable requirements.

Declarations

Ethics approval and consent to participate
The Ethics Committee of Southwest Medical University reviewed and 
approved the experimental animal procedures, and we conducted animal 
care and anesthesia in accordance with the guidelines of the Care and Use of 
Laboratory Animals (Ministry of Science and Technology of China, 2006).

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no conflict of interests regarding the publica-
tion of this paper.

Author details
1 Department of Oral Implantology, The Affiliated Stomatological Hospital 
of Southwest Medical University, Luzhou 646000, China. 2 State Key Laboratory 
of Oral Diseases, West China Hospital of Stomatology, Sichuan University, 
Chengdu 610041, China. 3 Department of Oral and Maxillofacial Surgery, The 
Affiliated Hospital of Southwest Medical University, Luzhou 646000, China. 
4 Luzhou Key Laboratory of Oral & Maxillofacial Reconstruction and Regenera-
tion, The Affiliated Stomatological Hospital of Southwest Medical University, 
Luzhou 646000, China. 

Received: 20 March 2022   Accepted: 23 July 2022

References
	1.	 Motyl KJ, Mccauley LK, Mccabe LR. Amelioration of type I diabetes-

induced osteoporosis by parathyroid hormone is associated with 
improved osteoblast survival. J Cell Physiol. 2012;227(4):1326–34.

	2.	 Zheng HX, Chen J, Zu YX, Wang EZ, Qi SS. Chondroitin sulfate prevents 
STZ induced diabetic osteoporosis through decreasing blood glucose, 
antioxidative stress, anti-inflammation and OPG/RANKL expression regu-
lation. Int J Mol Sci. 2020;21(15):5303.

	3.	 Wang N, Xu P, Wang X, Yao W, Wang B, Wu Y, Shou D. Timosaponin AIII 
attenuates inflammatory injury in AGEs-induced osteoblast and alloxan-
induced diabetic osteoporosis zebrafish by modulating the RAGE/MAPK 
signaling pathways. Phytomedicine. 2020;75: 153247.

	4.	 Chen S, Du K, Zou C. Current progress in stem cell therapy for type 1 
diabetes mellitus. Stem Cell Res Ther. 2020;11(1):275.

	5.	 Zhang M, Li Y, Rao P, Huang K, Luo D, Cai X, Xiao J. Blockade of receptors 
of advanced glycation end products ameliorates diabetic osteogenesis of 
adipose-derived stem cells through DNA methylation and Wnt signalling 
pathway. Cell Prolif. 2018;51(5): e12471.

	6.	 Oliveira PAD, Oliveira AMSD, Pablos AB, Costa FO, Silva GA, Santos 
JN, Cury PR. Influence of hyperbaric oxygen therapy on peri-implant 
bone healing in rats with alloxan-induced diabetes. J Clin Periodontol. 
2012;39(9):879–86.

	7.	 Wallner C, Abraham S, Wagner JM, Harati K, Ismer B, Kessler L, Zöllner H, 
Lehnhardt M, Behr B. Local application of isogenic adipose-derived stem 
cells restores bone healing capacity in a type 2 diabetes model. Stem 
Cells Transl Med. 2016;5(6):836–44.

	8.	 Wu R, Ruan J, Sun Y, Liu M, Sha Z, Fan C, Wu Q. Long non-coding RNA 
HIF1A-AS2 facilitates adipose-derived stem cells (ASCs) osteogenic differ-
entiation through miR-665/IL6 axis via PI3K/Akt signaling pathway. Stem 
Cell Res Ther. 2018;9(1):348.

	9.	 Li S, Liu Y, Tian T, Zhang T, Lin S, Zhou M, Zhang X, Lin Y, Cai X. Bioswitch-
able delivery of microRNA by framework nucleic acids: application to 
bone regeneration. Small. 2021;17(47): e2104359.

	10.	 Vanhatupa S, Ojansivu M, Autio R, Juntunen M, Miettinen S. Bone 
Morphogenetic protein-2 induces donor-dependent osteogenic and 
adipogenic differentiation in human adipose stem cells. Stem Cells Transl 
Med. 2015;4(12):1391–402.

	11.	 Zhou N, Li Q, Lin X, Hu N, Liao JY, Lin LB, Zhao C, Hu ZM, Liang X, Xu W, 
Chen H, Huang W. BMP2 induces chondrogenic differentiation, osteo-
genic differentiation and endochondral ossification in stem cells. Cell 
Tissue Res. 2016;366(1):101–11.

	12.	 Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and 
disease. Nat Rev Immunol. 2008;8(9):726–36.

	13.	 Vrtacnik P, Marc J, Ostanek B. Hypoxia mimetic deferoxamine influences 
the expression of histone acetylation- and DNA methylation-associated 
genes in osteoblasts. Connect Tissue Res. 2015;56(3):228–35.

	14.	 Chen Q, Yan W, Duan E. Epigenetic inheritance of acquired traits 
through sperm RNAs and sperm RNA modifications. Nat Rev Genet. 
2016;17(12):733–43.

	15.	 Portela A, Esteller M. Epigenetic modifications and human disease. Nat 
Biotechnol. 2010;28(10):1057–68.



Page 16 of 17Zhang et al. Stem Cell Research & Therapy          (2022) 13:397 

	16.	 Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsy-
chopharmacology. 2013;38(1):23–38.

	17.	 Law PP, Holland ML. DNA methylation at the crossroads of gene and 
environment interactions. Essays Biochem. 2019;63(6):717–26.

	18.	 Deplus R, Denis H, Putmans P, Calonne E, Fourrez M, Yamamoto K, Suzuki 
A, Fuks F. Citrullination of DNMT3A by PADI4 regulates its stability and 
controls DNA methylation. Nucleic Acids Res. 2014;42(13):8285–96.

	19.	 Veland N, Lu Y, Hardikar S, Gaddis S, Zeng Y, Liu B, Estecio MR, Takata Y, 
Lin K, Tomida MW, Shen J, Saha D, Gowher H, Zhao H, Chen T. DNMT3L 
facilitates DNA methylation partly by maintaining DNMT3A stability in 
mouse embryonic stem cells. Nucleic Acids Res. 2019;47(1):152–67.

	20.	 Anteneh H, Fang J, Song J. Structural basis for impairment of DNA meth-
ylation by the DNMT3A R882H mutation. Nat Commun. 2020;11(1):2294.

	21.	 Ghayor C, Weber FE. Epigenetic regulation of bone remodeling and its 
impacts in osteoporosis. Int J Mol Sci. 2016;17(9):1446.

	22.	 Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, Zhou Z, Shu G, Yin G. Wnt/β-
catenin signalling: function, biological mechanisms, and therapeutic 
opportunities. Signal Transduct Target Ther. 2022;7(1):3.

	23.	 Peng S, Gao Y, Shi S, Zhao D, Cao H, Fu T, Cai X, Xiao J. LncRNA-AK137033 
inhibits the osteogenic potential of adipose-derived stem cells in 
diabetic osteoporosis by regulating Wnt signaling pathway via DNA 
methylation. Cell Prolif. 2022;55(1): e13174.

	24.	 Yu AX, Xu ML, Yao P, Kwan KK, Liu YX, Duan R, Dong TT, Ko RK, Tsim KW. 
Corylin, a flavonoid derived from Psoralea Fructus, induces osteoblastic 
differentiation via estrogen and Wnt/β-catenin signaling pathways. FASEB 
J. 2020;34(3):4311–28.

	25.	 Svedlund J, Aurén M, Sundström M, Dralle H, Akerström G, Björklund P, 
Westin G. Aberrant WNT/β-catenin signaling in parathyroid carcinoma. 
Mol Cancer. 2010;9:294.

	26.	 Liu T, Wu X, Chen T, Luo Z, Hu X. Downregulation of DNMT3A by miR-
708-5p inhibits lung cancer stem cell-like phenotypes through repressing 
Wnt/β-catenin signaling. Clin Cancer Res. 2018;24(7):1748–60.

	27.	 Wong CC, Xu J, Bian X, Wu JL, Kang W, Qian Y, Li W, Chen H, Gou H, Liu D, 
Yat Luk ST, Zhou Q, Ji F, Chan LS, Shirasawa S, Sung JJ, Yu J. In colorectal 
cancer cells with mutant KRAS, SLC25A22-mediated glutaminolysis 
reduces DNA demethylation to increase WNT signaling, stemness, and 
drug resistance. Gastroenterology. 2020;159(6):2163-2180.e6.

	28.	 Wu B, Li Y, Li B, Zhang B, Wang Y, Li L, Gao J, Fu Y, Li S, Chen C, Surani MA, 
Tang F, Li X, Bao S. DNMTs play an important role in maintaining the 
pluripotency of leukemia inhibitory factor-dependent embryonic stem 
cells. Stem Cell Rep. 2021;16(3):582–96.

	29.	 Luo W, Zhang L, Huang B, Zhang H, Zhang Y, Zhang F, Liang P, Chen 
Q, Cheng Q, Tan D, Tan Y, Song J, Zhao T, Haydon RC, Reid RR, Luu HH, 
Lee MJ, El Dafrawy M, Ji P, He TC, Gou L. BMP9-initiated osteogenic/
odontogenic differentiation of mouse tooth germ mesenchymal cells 
(TGMCS) requires Wnt/β-catenin signalling activity. J Cell Mol Med. 
2021;25(5):2666–78.

	30.	 Kim JH, Liu X, Wang J, Chen X, Zhang H, Kim SH, Cui J, Li R, Zhang W, Kong 
Y, Zhang J, Shui W, Lamplot J, Rogers MR, Zhao C, Wang N, Rajan P, Tomal 
J, Statz J, Wu N, Luu HH, Haydon RC, He TC. Wnt signaling in bone forma-
tion and its therapeutic potential for bone diseases. Ther Adv Musculo-
skelet Dis. 2013;5(1):13–31.

	31.	 Wang C, Wang M, Xu T, Zhang X, Lin C, Gao W, Xu H, Lei B, Mao C. 
Engineering bioactive self-healing antibacterial exosomes hydrogel for 
promoting chronic diabetic wound healing and complete skin regenera-
tion. Theranostics. 2019;9(1):65–76.

	32.	 Abdulameer SA, Sulaiman SA, Hassali MA, Subramaniam K, Sahib MN. 
Osteoporosis and type 2 diabetes mellitus: what do we know, and what 
we can do? Patient Prefer Adherence. 2012;6:435–48.

	33.	 Heilmeier U, Hackl M, Skalicky S, Weilner S, Schroeder F, Vierlinger K, 
Patsch JM, Baum T, Oberbauer E, Lobach I, Burghardt AJ, Schwartz AV, 
Grillari J, Link TM. Serum mirna signatures are indicative of skeletal 
fractures in postmenopausal women with and without type 2 diabetes 
and influence osteogenic and adipogenic differentiation of adipose 
tissue-derived mesenchymal stem cells in vitro. J Bone Miner Res. 
2016;31(12):2173–92.

	34.	 Tencerova M, Figeac F, Ditzel N, Taipaleenmäki H, Nielsen TK, Kassem M. 
High-fat diet-induced obesity promotes expansion of bone marrow adi-
pose tissue and impairs skeletal stem cell functions in mice. J Bone Miner 
Res. 2018;33:1154–65.

	35.	 Liu Z, Chen T, Sun W, Yuan Z, Yu M, Chen G, Guo W, Xiao J, Tian W. DNA 
demethylation rescues the impaired osteogenic differentiation ability 
of human periodontal ligament stem cells in high glucose. Sci Rep. 
2016;6:27447.

	36.	 Fan T, Qu R, Yu Q, Sun B, Jiang X, Yang Y, Huang X, Zhou Z, Ouyang J, 
Zhong S, Dai J. Bioinformatics analysis of the biological changes involved 
in the osteogenic differentiation of human mesenchymal stem cells. J 
Cell Mol Med. 2020;24(14):7968–78.

	37.	 Saidova AA, Vorobjev IA. Lineage commitment, signaling pathways, and 
the cytoskeleton systems in mesenchymal stem cells. Tissue Eng Part B 
Rev. 2020;26(1):13–25.

	38.	 Wang CG, Hu YH, Su SL, Zhong D. LncRNA DANCR and miR-320a sup-
pressed osteogenic differentiation in osteoporosis by directly inhibiting 
the Wnt/β-catenin signaling pathway. Exp Mol Med. 2020;52(8):1310–25.

	39.	 Hang K, Ying L, Bai J, Wang Y, Kuang Z, Xue D, Pan Z. Knockdown of SER-
PINB2 enhances the osteogenic differentiation of human bone marrow 
mesenchymal stem cells via activation of the Wnt/β-catenin signalling 
pathway. Stem Cell Res Ther. 2021;12(1):525.

	40.	 Moldes M, Zuo Y, Morrison RF, Silva D, Park BH, Liu J, Farmer SR. 
Peroxisome-proliferator-activated receptor γ suppresses Wnt/β-catenin 
signalling during adipogenesis. Biochem J. 2003;376:607–13.

	41.	 Li Y, Wang L, Zhang M, Huang K, Yao Z, Rao P, Cai X, Xiao J. Advanced 
glycation end products inhibit the osteogenic differentiation potential 
of adipose-derived stem cells by modulating Wnt/β-catenin signalling 
pathway via DNA methylation. Cell Prolif. 2020;53(6): e12834.

	42.	 Davegårdh C, García-Calzón S, Bacos K, Ling C. DNA methylation in the 
pathogenesis of type 2 diabetes in humans. Mol Metab. 2018;14:12–25.

	43.	 Ling C, Rönn T. Epigenetics in human obesity and type 2 diabetes. Cell 
Metab. 2019;29(5):1028–44.

	44.	 An Y, Zhang H, Wang C, Jiao F, Xu H, Wang X, Luan W, Ma F, Ni L, Tang 
X, Liu M, Guo W, Yu L. Activation of ROS/MAPKs/NF-kappaB/NLRP3 and 
inhibition of efferocytosis in osteoclast-mediated diabetic osteoporosis. 
FASEB J. 2019;33(11):12515–27.

	45.	 Sun B, Shi Y, Yang X, Zhao T, Duan J, Sun Z. DNA methylation: a critical 
epigenetic mechanism underlying the detrimental effects of airborne 
particulate matter. Ecotoxicol Environ Saf. 2018;161:173–83.

	46.	 Kornicka K, Szlapka-Kosarzewska J, Śmieszek A, Marycz K. 5-Azacytydine 
and resveratrol reverse senescence and ageing of adipose stem cells via 
modulation of mitochondrial dynamics and autophagy. J Cell Mol Med. 
2019;23:237–59.

	47.	 Zhang RP, Shao JZ, Xiang LX. GADD45A protein plays an essential 
role in active DNA demethylation during terminal osteogenic dif-
ferentiation of adipose-derived mesenchymal stem cells. J Biol Chem. 
2011;286:41083–94.

	48.	 Ma W, Zhan Y, Zhang Y, Mao C, Xie X, Lin Y. the biological applications 
of DNA nanomaterials: current challenges and future directions. Signal 
Transduct Target Ther. 2021;6(1):351.

	49.	 Li ZF, Meng DD, Liu YY, Bi FG, Tian K, Xu JZ, Sun JG, Gu CX, Li Y. Hypoxia 
inducible factor-3α promotes osteosarcoma progression by activating 
KDM3A-mediated demethylation of SOX9. Chem Biol Interact. 2021;351: 
109759.

	50.	 Seman NA, Mohamud WN, Östenson CG, Brismar K, Gu HF. Increased 
DNA methylation of the SLC30A8 gene promoter is associated with type 
2 diabetes in a Malay population. Clin Epigenetics. 2015;7(1):30.

	51.	 Ko YG, Nishino K, Hattori N, Arai Y, Tanaka S, Shiota K. Stage-by-stage 
change in DNA methylation status of Dnmt1 locus during mouse early 
development. J Biol Chem. 2005;280(10):9627–34.

	52.	 Zhang ZM, Lu R, Wang P, Yu Y, Chen D, Gao L, Liu S, Ji D, Rothbart SB, 
Wang Y, Wang GG, Song J. Structural basis for DNMT3A-mediated de 
novo DNA methylation. Nature. 2018;554(7692):387–91.

	53.	 Casillas MA Jr, Lopatina N, Andrews LG, Tollefsbol TO. Transcriptional con-
trol of the DNA methyl-transferases is altered in aging and neoplastically-
transformed human fibroblasts. Mol Cell Biochem. 2003;252(1–2):33–43.

	54.	 Lyko F. The DNA methyltransferase family: a versatile toolkit for epigenetic 
regulation. Nat Rev Genet. 2018;19(2):81–92.

	55.	 Jung YD, Park SK, Kang D, Hwang S, Kang MH, Hong SW, Moon JH, Shin 
JS, Jin DH, You D, Lee JY, Park YY, Hwang JJ, Kim CS, Suh N. Epigenetic 
regulation of miR-29a/miR-30c/DNMT3A axis controls SOD2 and mito-
chondrial oxidative stress in human mesenchymal stem cells. Redox Biol. 
2020;37: 101716.



Page 17 of 17Zhang et al. Stem Cell Research & Therapy          (2022) 13:397 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	56.	 Mofakhami S, Salahinejad E. Biphasic calcium phosphate microspheres in 
biomedical applications. J Control Release. 2021;338:527–36.

	57.	 Liao J, Cai X, Tian T, Shi S, Xie X, Ma Q, Li G, Lin Y. The fabrication of 
biomimetic biphasic CAN-PAC hydrogel with a seamless interfacial layer 
applied in osteochondral defect repair. Bone Res. 2017;5:17018.

	58.	 Wu T, Yao Z, Tao G, et al. Role of Fzd6 in regulating the osteogenic dif-
ferentiation of adipose-derived stem cells in osteoporotic mice. Stem Cell 
Rev Rep. 2021;17(5):1889–904.

	59.	 Tang Q, Hu Z, Jin H, Zheng G, Yu X, Wu G, Liu H, Zhu Z, Xu H, Zhang C, 
Shen L. Erratum: Microporous polysaccharide multilayer coated BCP 
composite scaffolds with immobilised calcitriol promote osteoporo-
tic bone regeneration both in vitro and in vivo: Erratum. Theranostics. 
2021;11(13):6524–5.

	60.	 Wu J, Chen T, Wang Z, Chen X, Qu S, Weng J, Zhi W, Wang J. Joint con-
struction of micro-vibration stimulation and BCP scaffolds for enhanced 
bioactivity and self-adaptability tissue engineered bone grafts. J Mater 
Chem B. 2020;8(19):4278–88.

	61.	 Yu L, Xia K, Cen X, Huang X, Sun W, Zhao Z, Liu J. DNA methylation of 
noncoding RNAs: new insights into osteogenesis and common bone 
diseases. Stem Cell Res Ther. 2020;11(1):109.

	62.	 Qi Q, Wang Y, Wang X, Yang J, Xie Y, Zhou J, Li X, Wang B. Histone dem-
ethylase KDM4A regulates adipogenic and osteogenic differentiation via 
epigenetic regulation of C/EBPα and canonical Wnt signaling. Cell Mol 
Life Sci. 2020;77(12):2407–21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Downregulation of DNA methyltransferase-3a ameliorates the osteogenic differentiation ability of adipose-derived stem cells in diabetic osteoporosis via Wntβ-catenin signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Isolation and culture of ASCs and DOP-ASCs
	Proliferation assay
	Alizarin red-S staining
	Real-time polymerase chain reaction (RT-PCR)
	Western blot assay
	Immunofluorescence staining
	Transfection of small interfering RNA (siRNA)
	Transduction of shRNA-Dnmt3a and LVRNA-Dnmt3a
	Analysis of DOP-ASCs seeded on BCP by scanning electron microscopy (SEM)
	Implantation of BCP seeded with DOP-ASCs transduced with shRNA into a DOP mouse model with critically sized calvarial defects
	Micro-computed tomography (Micro-CT), hematoxylin and eosin staining (HE) staining, and Masson staining
	Statistical analysis

	Results
	Cell proliferation and multipotent differentiation of DOP-ASCs
	Osteogenic differentiation capacity decreases in DOP-ASCs
	DNA methylation increases in DOP-ASCs
	Wntβ-Catenin signaling pathway is suppressed in DOP-ASCs
	Inhibiting DNA methyltransferases rescues loss of the osteogenic potential in DOP-ASCs
	Knockdown of Dnmt3a promotes osteogenic differentiation of DOP-ASCs
	Downregulation of Dnmt3a promotes the osteogenic capacity of DOP-ASCs in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


