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Abstract 

Background Spinal cord injury (SCI) inflicts a severe burden on patients and lacks effective treatments. Owing 
to the poor regenerative capabilities of endogenous oligodendrocyte precursor cells (OPCs) following SCI, there 
is a growing interest in alternative sources, such as human umbilical cord mesenchymal stem cells (HUCMSCs). 
TET3 is a key DNA demethylase that plays an important role in neural differentiation, but its role in OPC formation 
is not well understood. This study aimed to explore the TET3-mediated one-step induction of HUCMSCs into OPCs.

Methods In vitro, HUCMSCs were induced into OPCs following TET3 overexpression. Changes of methylation 
and hydroxymethylation during differentiation were monitored, mechanisms involved in the TET3-driven HUCMSC 
differentiation into OPCs were identified by RNA sequencing. Methylation levels in NG2 and PDGFRA promoter region 
were detected using Bisulfite Polymerase Chain Reaction (BSP).In vivo, therapeutic effects of iOPCs were evaluated 
through a rat Allen’s SCI model.

Results The in vitro analysis confirmed that TET3 enhances HUCMSC differentiation into OPCs, validitied by spe-
cific marker expression. The induced OPCs (iOPCs) exhibited methylation and hydroxymethylation patterns similar 
to native OPCs. BSP analysis demonstrated that TET3 overexpression significantly reduced CpG island methylation 
in the NG2 and PDGFRA promoter regions. RNA sequencing revealed that TET3 induces iOPCs to express a series 
of genes essential for OPC formation while inhibiting the signaling pathways that hinder OPC development. In a rat 
model of SCI, TET3-overexpressing HUCMSCs appear to have the potential to differentiate into iOPCs in vivo, sup-
pressed secondary injury, and promoted functional recovery. The therapeutic effects of iOPCs on SCI were superior 
to those of standard mesenchymal stem cell treatments.

Conclusions Our study demonstrated that TET3-mediated demethylation reshapes the methylation patterns of HUC-
MSCs, enabling their efficient one-step conversion into OPCs and significantly reducing the time required for cell 
preparation. This approach offers a potential strategy for early intervention in SCI. In an SCI model, TET3-induced OPCs 
contributed to spinal cord repair, providing novel insights into cell therapy strategies for SCI through the lens of meth-
ylation regulation.
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Background
Spinal cord injury (SCI) involves complex pathophysi-
ological responses triggered by mechanical damage to 
the spinal column, causing severe sensory, motor, and 
autonomic nervous system dysfunctions commonly 
associated with vehicular accidents and workplace 
injuries [1]. The incidence of SCI has been progres-
sively increasing over the years [2, 3], imposing a high 
economic strain on families and the society. There-
fore, developing effective treatments for SCI to allevi-
ate patient suffering and reduce the societal burden has 
emerged as a pressing issue.

In the pathological process of SCI, the loss of oligo-
dendrocytes (OLs) is a major cause of axonal demyeli-
nation and worsened damage [4]. Myelin regeneration 
is widely recognized as a critical therapeutic goal for 
promoting recovery after SCI [5]. Oligodendrocyte 
precursor cells (OPCs) are critical to this process. Fol-
lowing SCI, OPCs migrate to the injury site and dif-
ferentiate into OLs to promote remyelination [6]. 
However, the regenerative capacity of endogenous 
OPCs after SCI is limited, and the use of exogenous 
OPCs for treatment is hindered by ethical and sourc-
ing issues, making it challenging to apply in clinical 
practice. As a result, the search for effective alternative 
cells to OPCs has become a focal point in neuroscience 
research [7].

Among the various promising seed cells, human 
umbilical cord mesenchymal stem cells (HUCMSCs) 
stand out due to their ease of access, strong immu-
nomodulatory properties, low immunogenicity, and 
reduced tumorigenesis risk [8]. Despite these advan-
tages, the neural differentiation potential of HUCMSCs 
is relatively limited, and the process of inducing neu-
ral differentiation is complex and time-consuming [9, 
10]. This challenge is particularly evident when differ-
entiating into OLs, as the prolonged induction period 
often causes SCI patients to miss the optimal thera-
peutic window [11–14]. Therefore, finding strategies to 
enhance the neural differentiation potential of HUCM-
SCs is crucial.

Advancements in epigenetics have opened new pos-
sibilities for the application of HUCMSCs. 5-methyl-
cytosine (5mC) is the most common form of DNA 
methylation, which can be converted into 5-hydroxy-
methylcytosine (5hmC) through demethylation by the 
Ten-Eleven Translocation (TET) family. 5hmC can act 
as a stable product, regulating gene expression and 

contributing to cell differentiation [15]. Studies show 
that 5hmC is highly expressed in embryonic stem cells 
(ESCs) and helps maintain pluripotency [16]. Further 
research highlights 5hmC’s significant role in neural 
development, with high enrichment in the brain, sug-
gesting a specific function related to the nervous sys-
tem [17].

Additionally, 5hmC exhibits tissue-specific and age-
dependent patterns during neural development, particu-
larly in the cerebellum and hippocampus, where levels 
increase progressively with development, suggesting its 
regulatory role in neurogenesis and neural differentia-
tion [18]. Moreover, studies have found that 5hmC lev-
els are higher in the neuronal genome, suggesting that 
the mechanisms of 5hmC in the central nervous system 
(CNS) may differ from those in ESCs. In the nervous sys-
tem, 5hmC is specifically enriched, with a marked reduc-
tion in 5mC in these regions. This suggests the presence 
of cell-specific epigenetic regulatory mechanisms in the 
nervous system, where 5hmC and 5mC may function like 
a switch to control gene expression [18].

TET3, a key enzyme in the TET family, catalyzes the 
conversion of 5mC to 5hmC, playing a crucial role in 
neural development. Although TET3 is nearly unde-
tectable in ESCs, its expression rapidly increases during 
neural differentiation. While TET3 knockout ESCs can 
maintain normal self-renewal and pluripotency, their 
ability to undergo neural differentiation is significantly 
impaired [19]. This indicates that TET3 is essential for 
sustaining the neural differentiation process. Research 
by Li demonstrated that TET3 is significantly upregu-
lated in the prefrontal cortex, leading to the redistribu-
tion of 5hmC and alterations in gene expression, which 
support rapid behavioral adaptation. Loss of TET3, 
however, results in marked deficits in memory retention 
[20]. Additionally, overexpression of TET3 in olfactory 
sensory neurons significantly alters genome-wide 5hmC 
levels and gene expression, affecting the expression of 
olfactory receptors and axonal targeting to the olfactory 
bulb [21] TET3-mediated demethylation has been shown 
to activate regeneration-related genes, promoting neural 
tissue repair [22]. TET3 is also crucial in the direct con-
version of somatic cells into neurons, enabling fibroblasts 
to efficiently convert into mature neurons through DNA 
demethylation [23]. Additionally, TET3 exhibits unique 
spatial and temporal expression patterns during oligo-
dendrocyte (OL) development. As OLs mature, 5hmC 
levels change dynamically, and TET3 knockout impairs 
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OL development [24]. These findings underscore TET3’s 
role in neural system maturation, with DNA hydroxym-
ethylation being a key mechanism in neural development.

However, a notable gap on the regulation of HUCMSC 
differentiation into OPCs through methylation modifica-
tions still exists. Given the critical role of TET3 in neural 
differentiation, we hypothesize that TET3 may promote 
the differentiation of HUCMSCs into OPCs by mediating 
DNA hydroxymethylation.

In this study, we established a TET3-overexpressing 
HUCMSC model (TET3-OE) and harnessed the neuro-
genic effects of TET3 to drive the differentiation of these 
cells into induced OPCs (iOPCs). By investigating the 
underlying mechanisms, we evaluated the therapeutic 
potential of TET3-OE-derived iOPCs for SCI treatment. 
Our findings offer novel insights into the application of 
HUCMSCs in SCI therapy, providing promising strate-
gies for enhancing treatment outcomes. Importantly, 
this research underscores the clinical relevance of TET3-
mediated epigenetic modifications, paving the way for 
more effective cell-based therapies that could signifi-
cantly improve the quality of life for SCI patients.

Materials and methods
Identification of HUCMSCs
The HUCMSCs were procured from HeiLongJiang 
Alliancells North Bioscience Co., Ltd (Batch number: 
Gg2200002) and their differentiation potential was 
assessed.The cell morphology remained stable after mul-
tiple passages of culture. All the cells used in this study 
are between passage 3 and passage 5.

To verify the surface markers on HUCMSCs, we used 
passage 3 HUCMSCs and followed the method published 
by Mukai T [25] to identify their immunophenotype. 
Expression of surface markers CD73 (13160, Cell Sign-
aling Technology), CD105 (4335, Cell Signaling Tech-
nology), immunoglobulin (Ig)G1 (5415, Cell Signaling 
Technology), IgG2a (61656, Cell Signaling Technology), 
CD45 (13917, Cell Signaling Technology), and HLA-DR 
(78397, Cell Signaling Technology) were identified by 
flow Cytometer (FACSA Canto II; BD Biosciences, USA).

To assess the multi-lineage differentiation potential of 
HUCMSCs, we induced osteogenic and adipogenic dif-
ferentiation using osteogenic and adipogenic differentia-
tion medium according to the manufacturer’s respective 
protocols, For osteogenic differentiation, Seed Passage 
3 (P3) HUCMSCs at a density of 1 ×  104/cm2 in a 6-well 
plate. Once the cells reach 100% confluence, replace 
the culture medium with the osteogenic induction dif-
ferentiation medium for HUCMSCs (PD-017, Procell, 
Wuhan, China), refreshing the medium every 72 h. After 
four weeks, perform Alizarin Red staining to identify 
differentiation and capture images for observation. For 

adipogenic differentiation, HUCMSCs of P3 were seeded 
at a density of 1 ×  104/cm2 in a 6-well plate. Once the 
HUCMSCs reach 100% confluence, replace the culture 
medium with the adipogenic differentiation medium for 
HUCMSCs (PD-019, Procell, Wuhan, China), refreshing 
the medium every 72 h. After four weeks, stain with Oil 
Red O, then observe and capture images under a micro-
scope (BX51, Olympus).

Adenovirus infection
The TET3 overexpression (TET3-OE) adenovirus was 
acquired from GeneChem Co. (Shanghai, China). Before 
transfection, a pre-transfection experiment was con-
ducted to determine the optimal multiplicity of infection 
(MOI) for the TET3-OE adenovirus. Subsequently, the 
formal transfection was initiated according to the trans-
fection method provided by GeneChem. Both the TET3-
OE adenovirus and control adenovirus were added at the 
optimal MOI value determined in the pre-experiment. 
Quantitative polymerase chain reaction (qPCR) and 
western blot analyses were conducted to assess changes 
in TET3 expression levels. Cells with high TET3 expres-
sion were designated as TET3-OE. Cells with the control 
vector (GV269) were designated as the Control.

Neuronal differentiation
TET3-OE was constructed as described above. After 
infection, the media of the TET3-OE and Control groups 
were replaced with a neural induction medium: DMEM/
F12 medium (Corning) supplemented with 2% B27 
(17504044, Gibco), 20  ng/ml bFGF (10014-HNAE, Sino 
Biological), 20  ng/ml EGF (10014-HNAE, Sino Biologi-
cal), and 10 ng/ml PDGF-AA (100-13A, Peprotech) [26, 
27], 24  h post-transfection to initiate induction culture. 
The neural induction medium was replaced every 48  h, 
and cellular morphological changes were periodically 
observed.

Quantitative PCR
RNA samples were extracted using the TRIzol (15596026, 
Invitrogen, USA) method according to the manufactur-
er’s protocol, and the purity and concentration of RNA 
were determined using a UV–Vis spectrophotometer 
(DU640 BECKMAN, USA). Then, cDNA synthesis was 
performed using the PrimeScript™ RT reagent kit with 
gDNA Eraser (Perfect Real Time) (TAKARA Code No. 
RRO47A, Japan) according to the manufacturer’s instruc-
tions. Next, qPCR was performed using TB Green Pre-
mix Ex Taq II (Tli RNase H Plus) (TAKARA Code No. 
RR820A, Japan). The reaction mixture, comprising 
reverse-transcribed cDNA, primers, and SYBR Green, 
was prepared and assayed in triplicate. Expression was 
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normalized to that of GAPDH. Relative gene expres-
sion was calculated using the  2−ΔΔCt method. The primer 
sequences are described in Supplementary Table 1.

Bisulfite sequencing PCR
Genomic DNA was extracted using the Genomic DNA 
Extraction Kit (TAKARA, 9765). DNA samples were pre-
treated with the EpiTect Bisulfite Kit (QIAGEN, 59041) 
according to the manufacturer’s instructions. Primers 
were designed using Methprimer to amplify the pro-
moter region of the target gene. The PCR products were 
purified using the Agarose Gel DNA Purification Kit 
(DP219). The purified PCR products were then cloned 
into the pUC18 cloning vector, and 10 clones were ran-
domly selected for Sanger sequencing. All Methprimers 
are listed in Supplementary Table 2.

Western blotting
Western blot was conducted, as reported previously 
by Li et  al. [28]. The primary antibodies NG2 (1:1000, 
Abcam ab275024), PDGFRA (1:1000, Abcam ab203491), 
TET3 (1:1000, GeneTex gtx121453), mouse anti-DNMT1 
(1:1000, Abcam ab13537), DNMT3A (1:1000, Protein-
tech 20954-1-ap), GAPDH (1:1000, Abcam ab8245) were 
used to identify the target proteins.

Dot blotting
To investigate the changes in methylation levels dur-
ing the differentiation of HUCMSCs into induced OPCs 
(iOPCs) under the influence of TET3, Dot blot analysis 
was conducted on TET3-OE collected on days 1, 3, 5, 
and 7  days post induction (dpi), as well as on the Con-
trol group before and after the 7-day induction period, 
following the method described by Zhang et  al. [23]. 
Primary antibodies against 5hmC (1:10,000; active motif 
39,769) and 5mC (1:1000; Epigentek A10141) were used 
for the assay.

Immunocytochemistry staining
The immunocytochemistry assay was conducted under 
the protocol described by Zhang et al. [23]. Primary anti-
bodies NG2 (1:200, Abcam ab275024), PDGFRA (1:400, 
Abcam ab203491), A2B5 (1:200, Abcam ab53521), and 
anti-5hmC (1:500, active motif 39769) and secondary 
antibodies Alexa 488 (1:800, Abcam ab150113) and Alexa 
594 (1:800, Abcam ab150080) were used for the assay. 
The prepared samples were observed under an immuno-
fluorescence microscope (CKX41-A329H, Olympus) or 
a confocal microscope (LSM 510 Meta, Carl Zeiss, Ger-
many) for detailed examination.

RNA sequencing
Cells from the TET3-OE and Control groups 7 days after 
induction (7 dpi) were sent to Biomarker Technologies 
(Beijing, China) for library construction and sequenc-
ing. Libraries were sequenced with 2 × 150 bp paired-end 
reads on the Illumina platform. Raw data were filtered to 
remove adapter and low-quality reads. High-quality reads 
were aligned to the reference genome using HISAT2 with 
default parameters. Transcript and gene expression levels 
were quantified and normalized by FPKM using String-
Tie. Differential expression was determined using fold 
change (FC) ≥ 1.5 and p values < 0.05.

Establishment of a rat SCI model
All animal experiments, including surgical interventions 
and postoperative care, were conducted following Ani-
mal Welfare Act regulations and approved by the Animal 
Care and Use Committee of The First Hospital Affili-
ated to Harbin Medical University (No. 2020052). Eight-
week-old female Sprague–Dawley rats (n = 24) weighing 
250–300 g were obtained from the Experimental Animal 
Technology Center of the Second Affiliated Hospital of 
Harbin Medical University, Harbin, China. Animals were 
randomly divided into four groups: SCI, Sham, Con-
trol, and TET3-OE. An SCI model was established using 
Allen’s method [29]. Cells for transplantation were imme-
diately injected intrathecally into the site of the SCI using 
a microsyringe after the surgery, with each animal receiv-
ing an injection of 5 ×  106 cells, in a total volume of 40 μl. 
The SCI group underwent the modeling procedure with-
out cell injection. The TET3-OE group received HUCM-
SCs overexpressing TET3, which were transfected with 
TET3 adenoviruses 24  h prior to transplantation. The 
Control group were injected with HUCMSCs with con-
trol adenovirus, which were transfected with Control 
adenoviruses 24  h prior to transplantation. The Sham 
group underwent similar surgical procedures without 
a weight drop. The Basso, Beattie, and Bresnahan (BBB) 
locomotor rating scale was used to assess the recovery of 
locomotor function in rats on the 1st, 3rd, 5th, 7th, and 
14th days post-surgery. On the 14th day post-surgery, 
following behavioral experiments (BBB locomotor rat-
ing scale and footprint analysis), the rats were euthanized 
by overdose of anesthesia, and spinal cord tissue samples 
were prepared for HE, Nissl, and immunofluorescence 
staining. The detailed protocols of the behavioral experi-
ments and the histological and immunofluorescence 
staining are described in the Supplementary Material 1.

Statistical analysis
All experiments were replicated three or more times 
and analyzed using SPSS 19.0. One-way analysis of vari-
ance was employed for comparisons among three or 



Page 5 of 18Zhang et al. Journal of Translational Medicine         (2024) 22:1118  

more groups followed by Tukey’s test, while comparisons 
between two groups were assessed using unpaired t test. 
For BBB scores, two-way ANOVA with repeated meas-
ures was used followed by Sidak’s test. Significance was 
defined as p < 0.05.

Results
Characterization of HUCMSCs and establishment 
of the TET3‑OE cell model
The HUCMSCs exhibited a typical spindle-shaped mor-
phology and whirlpool-like growth patterns, stable across 
multiple passages (Figure S1a). Flow cytometry analysis 
confirmed the positive expression of CD73 and CD105, 
while IgG1, IgG2a, CD45, and HLA-DR were negative 
expressed, consistent with the characteristics of HUC-
MSCs (Figure S1b). Multilineage differentiation assays 
demonstrated the potential of HUCMSCs to differentiate 
into osteocytes and adipocytes, validated by Alizarin Red 
and Oil Red O staining, respectively (Figure S1c, d).

To establish the TET3 overexpressing model, adeno-
viral transfection was optimized, with an MOI of 100 
selected for achieving high TET3 expression while 
maintaining cell viability (Figure S1e). Quantitative PCR 
(qPCR) and Western blot analyses confirmed significant 
upregulation of TET3 at both the transcriptional and 
protein levels (Fig. 1b–d). These results demonstrate the 
successful construction of the TET3-OE cell model. The 
HUCMSCs with confirmed high expression of TET3 
were designated as the TET3-OE group, and those with 
control adenovirus (GV269) were designated as the Con-
trol group.

Transition of HUCMSCs overexpressing TET3 into OPCs 
under neural induction
By the third day of induction, TET3-OE cells exhibited a 
transition from spindle-shaped to OPC-like morphology, 
characterized by bipolar structures and retracted cyto-
plasm. By day 7, the cells gradually displayed a spherical 

body with multiple elongated projections, resembling 
OPCs. In contrast, the Control group maintained the 
retained their spindle-shaped morphology throughout 
the induction period (Fig. 1a).

To evaluate the ability of TET3 to induce HUCMSCs 
into OPCs, we assessed the expression of OPC-specific 
markers NG2, PDGFRA, and A2B5. NG2, a transmem-
brane protein abundantly expressed in OPCs, is critical 
for cell migration and proliferation. PDGFRA, a hallmark 
receptor of OPCs, regulates proliferation and sustains 
OPC activity and differentiation potential [30, 31]. A2B5, 
an antibody that specifically recognizes gangliosides on 
OPC surfaces, is commonly used to identify early oligo-
dendrocyte differentiation [32].

The qPCR revealed that the expression of NG2 (Fig. 1e) 
and PDGFRA (Fig.  1f ) was significantly upregulated 
following the initiation of induction. specifically, NG2 
expression progressively increased over the course of 
induction, Reaching to its highest level on day 7. whereas 
PDGFRA maintained a high level at the onset of induc-
tion but gradually decreased during the process. These 
findings were consistent with the western blot results, 
suggesting a phenotypic shift toward OPC in TET3-OE 
(Fig. 1g–i, Figure S2a-c).

Immunofluorescence confirmed significantly higher 
positive rates for NG2 and PDGFRA in the TET3-OE 
7 dpi group than in the Control 7 dpi group. validating 
TET3-induced iOPC differentiation (Fig.  1j–m). To fur-
ther confirm the transformation of TET3-OE cells into 
iOPCs, we observed cells double-stained with NG2/A2B5 
(Fig. 2b, d) and PDGFRA/A2B5 (Fig. 2a, c) using confocal 
microscopy. After 7 dpi, TET3-OE revealed bright NG2 
signals distributed along the cell periphery and local-
ized to the cell membrane. PDGFRA also showed bright 
signals along the cell periphery and localized to the cell 
membrane, along with scattered vesicle-like signals in 
the cytoplasm. A2B5 was observed as a bright signal 
on the cell membrane. These results indicated that the 
expression of NG2, PDGFRA, and A2B5 in iOPCs was 

(See figure on next page.)
Fig. 1 Neural induction transforming TET3 overexpression (TET3-OE) HUCMSCs into iOPCs. a TET3-OE exhibiting morphological transformation 
resembling an OPC-like morphology and the Control group showing no change (scale bar = 50 μm). b TET3 gene expression following transfection 
(n = 6 samples), as detected by qPCR. c, d TET3 expression following transfection detected by western blot (n = 6 samples). Data are shown 
as mean ± standard deviation. statistical significance was determined using unpaired t-test (***p < 0.001). e, f TET3-OE significantly expressing 
OPC-specific markers NG2 and PDGFRA, as detected by qPCR (n = 6 samples), Statistical analysis was performed using one-way ANOVA with Tukey’s 
HSD post-hoc test. *p < 0.05, **p < 0.01,***p < 0.001 vs Control group. #p < 0.05, ###p < 0.001 vs Control group 7 dpi. g–i TET3-OE significantly 
expressing OPC-specific markers NG2 and PDGFRA post-induction, as observed by western blot (n = 6 samples). j, l Immunofluorescence staining 
showing a significantly increased number of NG2-positive cells in TET3-OE 7 days post-induction (7 dpi) compared to that in the Control group 
7 dpi (n = 6 samples). k, m Immunofluorescence staining showing a significantly increased number of PDGFRA-positive cells in TET3-OE 7 
dpi- compared to that in the Control group 7 dpi (n = 6 samples, Scale bar = 100 μm). Data were shown as mean ± standard deviation. Statistical 
analysis was performed using one-way ANOVA with Tukey’s HSD post-hoc test. *p < 0.05, **p < 0.01,***p < 0.001 vs Control group. #p < 0.05, 
##p < 0.01, ###p < 0.001 vs Control group 7 dpi



Page 6 of 18Zhang et al. Journal of Translational Medicine         (2024) 22:1118 

100 μm

100 μm

100 μm

100 μm

TET3-OE 7dpi Control 7dpi

D
AP

I

D
AP

I

TET3-OE 7dpi Control 7dpi

PD
G

FR
A

N
G

2
D

AP
I/N

G
2

D
AP

I/P
D

G
FR

A

k

m

lj

ihg

a

100 μm

100 μm

100 μm

100 μm 100 μm

100 μm

100 μm 100 μm

Control Control 7dpi TET3-OE 1dpi

TET3-OE 7dpiTET3-OE 5dpiTET3-OE 3dpi
50 μm

50 μm 50 μm

50 μm

50 μm

50 μm

NG2

GAPDH

PDGFRA

270kD-
175kD-

130kD-
100kD-

40kD-

35kD-

Control Control
7dpi

TET3-OE
1dpi

TET3-OE
7dpi

TET3-OE
5dpi

TET3-OE
3dpi

cb

270kD-
175kD-
37kD-
30kD-

Control TET3-OE

TET3

GAPDH

d fe

Fig. 1 (See legend on previous page.)



Page 7 of 18Zhang et al. Journal of Translational Medicine         (2024) 22:1118  

a

b

DAPI

DAPI

A2B5

A2B5

PDGFRA PDGFRA/A2B5/DAPI

PDGFRA

Control 7dpi

TET3-OE
7dpi

PDGFRA/A2B5/DAPI

c d

DAPI

DAPI A2B5

A2B5 NG2

NG2 NG2/A2B5/DAPI

TET3-OE
7dpi

NG2/A2B5/DAPI

Control 7dpi

Fig. 2 Confocal imaging of iOPCs. a, b At 7 dpi, the expression patterns of NG2, PDGFRA, and A2B5 in TET3-OE display localization resembling 
that of OPCs. c, d The expression levels of NG2, PDGFRA, and A2B5 in TET3-OE are significantly higher than those in Control (n = 6 samples, scale 
bar = 10 μm). Data were shown as mean ± standard deviation. Statistical analysis was performed unpaired t-test, **p < 0.01, ***p < 0.001
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significantly upregulated and was consistent with the 
localization characteristics of OPCs.

Changes in methylation patterns during differentiation
To elucidate the changes in methylation patterns dur-
ing differentiation, we analyzed the expression of DNA 
methyltransferases (DNMT1, DNMT3A) and TET3. As 
the induction period progressed, the expression levels 
of DNMT1 and DNMT3A gradually increased (Fig.  3a, 
b, d, f, g). TET3 remained highly expressed throughout 
the induction period (Fig. 3c, d, e), suggesting a shift in 
methylation and hydroxymethylation patterns during the 
differentiation of TET3-OE cells.

To directly observe the relationship between 5hmC 
and iOPCs differentiation, we performed immunofluo-
rescence staining to detect 5hmC in TET3-OE 7 dpi. 
5hmC levels significantly increased in the OPC-like cells 
of the TET3-OE group. This indicates that TET3 and its 
product 5hmC play crucial roles in the differentiation of 
HUCMSCs into iOPCs (Fig. 4a, b).

Dynamic changes in methylation levels during neu-
ral differentiation were further evaluated using dot blot 
analyses at different induction time points (1, 3, 5, and 7 
dpi). A progressive increase in 5hmC levels, coupled with 
a gradual decrease in 5mC levels, was observed in the 
TET3-OE group, indicating that TET3 effectively facili-
tates demethylation by converting 5mC to 5hmC during 
differentiation (Fig. 4c).

To further investigate the role of TET3-regulated 
methylation changes during differentiation, we analyzed 
the methylation levels of CpG islands in the promoter 
regions of NG2 and PDGFRA using BSPCR. The results 
showed a significant reduction in CpG island methylation 
levels in the TET3-OE group compared to the Control 
group at 7 dpi (Fig. 4d, e, f ). These findings further con-
firm the pivotal role of TET3 in promoting the differen-
tiation of HUCMSCs into OPCs.

Transcriptomic insights into TET3‑mediated differentiation 
of HUCMSCs into OPCs
Based on a review of literatures, we have identified a 
series of genes relatied to the formation and differentia-
tion of OPCs, as summarized in supplementary Table 3. 
RNA sequencing results suggest that TET3 overexpres-
sion significantly upregulates genes that are potentially 
critical for the development of the oligodendrocyte 

lineage, Concurrently, TET3 downregulates genes known 
to inhibit OPC formation and myelination, as well as cer-
tain MSC markers, reflecting a possible lineage transition 
from HUCMSCs to OPCs (Fig.  6a). To further investi-
gate the potential relationship between TET3 and OPC 
formation, we selected a set of genes previously reported 
to play pivotal roles in OPC biology and analyzed their 
correlation with TET3 expression. The results revealed 
strong positive correlations with genes promoting OPC 
formation and differentiation (APC, SOX5, ASH1L, 
GALC, IGF1) (Fig.  5c–g), while showing a significant 
negative correlation with genes (IL1B), as well as MSC 
markers (ENG, NT5E) (Fig. 5h–j). These data suggest that 
HUCMSCs might undergo a lineage transition toward 
OPCs under the regulatory influence of TET3.

During differentiation, several pathways inhibiting OL 
lineage formation appeared to be suppressed (Fig.  5k). 
Notably, the Wnt signaling pathway was significantly 
downregulated, negatively correlated with TET3 expres-
sion, this observation suggests that TET3 may facilitate 
neural differentiation by mitigating Wnt-mediated inhib-
itory signals (Fig. 5l).

Improved recovery of SCI rats treated with TET3‑OE
To assess hind limb motor recovery in rats after SCI, 
footprint analysis was performed on day 14 post-sur-
gery. The Sham group exhibited normal gaits. Among 
the other groups, the TET3-OE treatment group showed 
the greatest improvement, with a significant increase in 
stride length and distinct hind limb separation. The Con-
trol group showed slight improvement compared to the 
SCI group (Fig. 6b, c).

We also evaluated BBB scores at various time points 
before and after the development of SCI in rat models. 
The time points assessed were 1 day before surgery and 1, 
3, 5, 7, and 14 days post-surgery. Both treatment groups 
(Control and TET3-OE) showed significant motor func-
tion recovery compared to the SCI group, with the 
TET3-OE group displaying markedly better outcomes 
than the Control group. However, a significant differ-
ence remained between the treatment and Sham groups 
(Fig. 6d).

(See figure on next page.)
Fig. 3 Changes in methylation regulatory patterns during differentiation. a–c mRNA expression of methylation regulatory enzymes (a) DNMT1, (b) 
DNMT3A, and (c) TET3 during differentiation (n = 6 samples). d–g Expression of corresponding (d) methylation regulatory proteins and their (e–g) 
quantification (e) TET3, (f) DNMT1, (g) DNMT3A, (n = 6 samples). Data were shown as mean ± standard deviation. Statistical analysis was performed 
using one-way ANOVA with Tukey’s HSD post-hoc test. ***p < 0.001 vs Control group. ##p < 0.01, ###p < 0.001 vs Control 7dpi group
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Pathological and morphological changes in SCI rats treated 
with TET3‑OE HUCMSCs
HE staining revealed the structure of spinal cord tis-
sue. The Sham group showed a normal structure with 

intact cellular morphology. The SCI group exhibited 
substantial structural disruption and a large spinal cav-
ity. Between the treatment groups (TET3-OE group, 
Control group), the TET3-OE group demonstrated the 
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smallest spinal cavity area and the most well-preserved 
tissue architecture compared to the Control and SCI 
groups, suggesting reduced tissue damage and potential 
enhanced repair in the TET3-OE group (Fig. 7a, e).

To evaluate neuronal distribution and morphology, 
we performed Nissl staining. The Sham group exhibited 
typical neuronal structure with intact and densely packed 
Nissl bodies, while the SCI group showed a reduced and 
uneven distribution of Nissl bodies, indicative of neural 
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damage. In the TET3-OE group, the distribution of Nissl 
bodies was more consistent, and a relatively higher den-
sity was observed compared to the SCI group, reflect-
ing differences in neuronal morphology and distribution 
(Fig. 7b, f ).

To assess neuronal survival, we conducted double 
staining of TUNEL and β3-TUBULIN to evaluate neu-
ronal apoptosis at the injury site. The TET3-OE group 
exhibited fewer TUNEL/β3-TUBULIN double-positive 
cells cells compared to the Control group and SCI group, 
suggesting a reduction in neuronal apoptosis. This find-
ing, when considered alongside the observed Nissl body 

distribution, indicates a potential preservation effect of 
TET3-OE on neuronal cells (Fig. 7c, g).

To investigate the inflammatory response and astro-
gliosis following spinal cord injury, double staining of 
GFAP and CD68 was performed. CD68 staining, mark-
ing macrophages, revealed that the TET3-OE group had 
the fewest macrophages infiltration compared to the SCI 
and Control groups, indicating a reduced inflammatory 
response in the TET3-OE group (Fig. 7d, h). Meanwhile, 
GFAP staining was used to assess astrocytic reactivity 
and astrogliosis. Compared to the SCI group, the TET3-
OE group and Control group had fewer astrocytes in 
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group were randomly chosen, avoiding selection of the most severe or mild cases. Data were shown as mean ± standard deviation, statistical 
analysis was performed using one-way ANOVA with Tukey’s HSD post-hoc test. **p < 0.01, ***p < 0.001 vs SCI group, ###p < 0.001 vs sham group, 
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the injury area. This may indicate a controlled astrocytic 
response, which could contribute to minimizing spinal 
cavity formation. However, no significant differences 
were found between the TET3-OE group and Control 
group (Fig. 7d, i).

A high number of NG2 (+) (Fig.  8a, c) and PDGFRA 
(+) (Fig.  8b, d) cells were detected in the injured areas 
treated with TET3-OE, suggesting that TET3-OE cells 

can differentiate into OPCs in vivo. Moreover, Immuno-
fluorescence staining for MBP demonstrated significantly 
elevated MBP expression in the TET3-OE group, indicat-
ing active myelination (Fig. 8e, f ). These findings suggest 
that TET3-OE cells not only differentiate into OPCs but 
may also facilitate myelin regeneration in the injured spi-
nal cord.
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Discussion
Our study highlights the therapeutic potential of TET3-
mediated reprogramming of HUCMSCs into OPCs, 
offering a novel pathway for enhancing the regenerative 
capacity of these cells for treating SCI.

Our findings reveal that the overexpression of TET3 
not only facilitates the differentiation of HUCMSCs into 
iOPCs but also enhances motor function recovery post-
SCI. This efficacy is underpinned by a pivotal shift in 
epigenetic regulation marked by the conversion of 5mC 
to 5hmC [33, 34], Previous research has established that 
TET3 plays a vital role in growth and development, par-
ticularly in the CNS, where it is essential for maintain-
ing and advancing neural differentiation [19, 35]. TET3 
is expressed in both neurons and oligodendrocytes [36], 
several studies have highlighted its critical role in regu-
lating neuronal development and function [23, 35, 36], 
However, while TET3 has been implicated in oligoden-
drocyte formation, its specific role during the early stages 
of oligodendrocyte development remains poorly under-
stood. Our research addresses this gap by exploring the 

role of TET3 in oligodendrocyte formation, building 
on prior findings. We highlight the potential of TET3 
in regenerative medicine applications involving adult 
stem cells and propose a novel therapeutic strategy for 
spinal cord injury based on TET3-mediated epigenetic 
regulation.

Our study also highlights the advantages of the one-
step TET3-mediated induction method over traditional 
MSC neural induction techniques. Through overex-
pressing TET3 in HUCMSCs, we induced considerable 
morphological changes during neural induction, trigger-
ing the transformation of these cells into iOPCs within 
1  week, far surpassing the several weeks to months 
required by conventional methods [26, 37, 38]. Notably, 
during induction, PDGFRα and NG2 expression exhib-
ited a specific temporal pattern, with PDGFRα signifi-
cantly increasing upon induction but decreasing as NG2 
expression gradually increased, reaching its peak on the 
7th day (Fig. 3b–d). PDGFRα, a specific receptor on the 
surface of OPCs, binds with its ligand PDGF and sup-
ports OPC formation, promoting cell proliferation and 
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survival, while its decreasing expression indicates a tran-
sition from proliferation to maturation. Subsequently, 
NG2 expression facilitates OPC migration and posi-
tionin[39, 40]. This sequential expression reflects the 
dynamic transition of cells from a proliferative state to 
a specific cellular fate, highlighting the role of TET3 in 
gene expression modulation during HUCMSC differen-
tiation into OPCs.

Confocal microscopy observations of NG2 (+)/A2B5 
(+) and PDGFRA (+)/A2B5 (+) double-stained OPC-
like cells, with NG2, PDGFRA, and A2B5 localization 
consistent with OPCs [41–43], strongly supported the 
results that HUCMSCs transform into OPCs. Our find-
ings, validated through morphological changes, nucleic 
acid and protein expression, and specific marker locali-
zation, further confirm successful cellular differentia-
tion and the functional potential of the differentiated 
cells.

Our study reveals a dynamic methylation modifica-
tion phenomenon during cellular differentiation in that 
5hmC levels gradually increased while 5mC levels cor-
respondingly decreased, indicating a continuous trans-
formation facilitated by TET3. Immunofluorescence 
analysis after 7  days of induction revealed 5hmC pre-
dominantly expressed in cells resembling OPCs, suggest-
ing that TET3-OE drives the elevation of 5hmC levels 
during OPC differentiation [44]. Surprisingly, DNMT1 
and DNMT3A expression levels did not decrease but 
were co-upregulated with TET3, potentially reflecting 
the intricate nature of epigenetic modifications during 
neural differentiation. Previous studies confirmed the 
critical roles of DNMT1 and DNMT3A in the differen-
tiation of OPCs to OLs, verifying that the epigenetic pat-
tern of TET3-OE cells involves transitioning toward OLs 
[45, 46]. Moreover, the co-upregulation may reflect cell 
adjustment to maintain epigenetic homeostasis during 
differentiation, aiming for precise cell fate determination. 
Recent research reported that TET3 regulates DNMT1 
expression by binding to its promoter, effectively sup-
pressing mesodermal genes and ensuring precise control 
of neural differentiation. This regulation aligns with the 
observed HUCMSCs-to-OPCs transition upon TET3 
overexpression in this study [47].

Additionally, our BSPCR results corroborate these 
findings, providing direct evidence of TET3’s role in 
modifying specific gene promoter regions, By reducing 
methylation in these regions, TET3 effectively activates 
NG2 and PDGFRA expression, which are pivotal for OPC 
differentiation. The upregulation of NG2 and PDGFRA 
underscores TET3’s ability to regulate the differentiation 
of HUCMSCs into OPCs by altering their methylation 
landscapes. Previous studies have shown that TET3-
mediated demethylation is a critical mechanism for 

activating genes associated with cellular differentiation 
[35, 47, 48], Our findings build upon this understanding 
by suggesting that TET3 may play a pivotal role in guid-
ing HUCMSCs toward OPC differentiation, potentially 
shedding light on its regulatory influence in oligodendro-
cyte development. This insight offers a deeper perspec-
tive on how TET3-driven epigenetic mechanisms could 
contribute to neural differentiation.

RNA sequencing revealed that high TET3 expres-
sion significantly upregulated APC, SOX5, ASH1L, 
and GALC, which are reported to be highly expressed 
in OPCs according to existing literature [49–52], 
while downregulating the HUCMSC-specific markers 
ENG (CD105) and NT5E (CD73) [52]. TET3 expres-
sion showed a positive correlation with APC, SOX5, 
ASH1L, and GALC and negative correlation with ENG 
and NT5E. These findings suggest that TET3 may play a 
role in accelerating the neural differentiation of HUCM-
SCs into OPCs and potentially promoting their further 
maturation.

Key genes such as APC, SOX5, ASH1L, and GALC 
were highly expressed in the oligodendroglial lineage, 
showing significant temporal regulation. APC and SOX5 
are expressed early in OPCs, with APC modulating OPC 
differentiation and proliferation via the Wnt/β-catenin 
signaling pathway [49]. SOX5 potentially enhances pro-
liferation, migration, and initial differentiation [50]. while 
the expression of ASH1L implicated in the transition to 
OLs [50]. while GALC, initially expressed at low levels, 
peaks during myelination to support myelin synthesis 
and function [51]. These findings suggest that the tempo-
ral dynamics of these genes, modulated by TET3, could 
reflect the progression of HUCMSCs toward an oligoden-
droglial fate. TET3-mediated gene regulation accelerates 
HUCMSCs to iOPC conversion by modulating OPC dif-
ferentiation-related genes and relieving the Wnt pathway 
inhibitory effect on OPC differentiation. Additionally, the 
role of TET3 in environmental regulation was evident in 
the downregulation of pro-inflammatory cytokines, such 
as IL1B, TNF, and IL6 [53–55], along with the upregula-
tion of factors that promote OPC formation and differen-
tiation, such as IGF1, FGF2, and CXCL12 [56–58]. TET3 
might create a more supportive milieu for OPC survival 
and maturation.

Consistent with the RNA sequencing results, the 
improved functional recovery and histological outcomes 
observed in our study suggest that TET3-OE HUCMSCs 
not only differentiate into OPCs but also but may also 
further mature into MBP (+) oligodendrocytes with mye-
lination potential. These findings support the burgeoning 
evidence that cell transplantation, coupled with targeted 
methylation modification, can enhance repair mecha-
nisms within the injured spinal cord, potentially offering 
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a dual modality for SCI treatment that leverages both cel-
lular replacement and epigenetic reconditioning.

Numerous studies have demonstrated that transplant-
ing exogenous stem cells into the SCI site effectively miti-
gates secondary injury and promotes tissue repair. For 
instance, implanting MSCs has been shown to signifi-
cantly reduce glial scar formation and cavity development 
[59–62]. Similarly, Lai et  al. reported that transplant-
ing spinal cord-like tissue into the injury site attenuated 
inflammation, reduced scar formation, and facilitated 
functional recovery of the spinal cord [63]. Our findings 
are consistent with these observations. In our in  vivo 
experiments, we noted that compared to the SCI group, 
both the TET3-OE and control HUCMSC groups exhib-
ited significantly reduced astrocyte proliferation at the 
injury site. However, there was no significant difference 
in astrocyte content between the TET3-OE and con-
trol groups, suggesting that the suppression of astrocyte 
proliferation may not be directly mediated by TET3 but 
rather stem from the inherent immunomodulatory prop-
erties of HUCMSCs.

Furthermore, TET3-OE HUCMSCs appeared to 
improve the microenvironment of the injury site by sup-
pressing inflammation and reducing inflammatory infil-
tration. Compared to other groups, the TET3-OE group 
exhibited markedly lower levels of inflammation and 
neuronal apoptosis in the injury region. This indicates 
that TET3, through its role in regulating DNA methyla-
tion, contributes to creating an environment more con-
ducive to spinal cord repair.

In our study, we successfully achieved one-step dif-
ferentiation of HUCMSCs into OPCs through TET3 
overexpression, significantly reducing the induction 
time required by traditional methods. By integrating 
molecular, epigenetic, and animal model analyses, it 
provides robust evidence for the role of TET3 in pro-
moting OPC differentiation and its therapeutic poten-
tial in SCI. However, there are still some limitations. 
First, BSPCR analysis verified TET3’s regulatory effects 
on the methylation status of promoter regions of key 
OPC-related genes (NG2 and PDGFRA), However, this 
method focuses on specific gene promoter regions and 
does not comprehensively cover all potentially involved 
genes and genomic regions. Future studies could 
employ high-throughput techniques such as WGBS to 
further expand our understanding of TET3’s epigenetic 
regulatory mechanisms and its role in OPC differentia-
tion. Second, this study primarily utilized a rat spinal 
cord contusion model, which, while informative, does 
not fully replicate the complex pathological character-
istics of human SCI. To address this, Further validation 
in larger animal models and long-term follow-up stud-
ies will be essential to more comprehensively evaluate 

the therapeutic potential of TET3 and to ensure the 
safety and efficacy of cell transplantation for future 
clinical applications. Third, while this study focused on 
the therapeutic potential of HUCMSCs derived OPCs 
in the SCI model, other cell sources, such as ESC- or 
iPSC-derived OPCs, are also considered to have prom-
ising potential. Future studies could build upon this 
work by conducting comparative analyses across vari-
ous cell sources to further delineate the unique advan-
tages of TET3-OE HUCMSCs and better define their 
potential role in clinical applications.

Conclusions
In conclusion, our study demonstrated that TET3-medi-
ated demethylation reshapes the methylation patterns of 
HUCMSCs, enabling their efficient one-step conversion 
into OPCs and significantly reducing the time required 
for cell preparation. This approach offers a potential 
strategy for early intervention in SCI. In an SCI model, 
TET3-induced OPCs contributed to spinal cord repair, 
providing novel insights into cell therapy strategies for 
SCI through the lens of methylation regulation.
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