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ABSTRACT
Introduction: Diabetic wounds are difficult to heal, but the pathogenesis is unknown.
MicroRNAs (miRNAs) are thought to play important roles in wound healing. The effect of
miR-488-3p in wound healing was studied in this article.
Materials and Methods: The gene methylation was measured by methylation specific
PCR (MSP) assay. A dual-luciferase reporter assay was adopted to analyze the interaction
between miR-488-3p and MeCP2.
Results: Cytochrome P450 1B1 (CYP1B1) is a monooxygenase belonging to the
cytochrome P450 family that aids in wound healing. Our findings showed that the miR-
488-3p and CYP1B1 expression levels were much lower in wound tissues of diabetics with
skin defects, but the methyl-CpG-binding protein 2 (MeCP2) level was significantly higher
than that in control skin tissues. MiR-488-3p overexpression increased cell proliferation and
migration, as well as HUVEC angiogenesis, while inhibiting apoptosis, according to
function experiments. In vitro, MeCP2 inhibited wound healing by acting as a target of
miR-488-3p. We later discovered that MeCP2 inhibited CYP1B1 expression by enhancing
its methylation state. In addition, CYP1B1 knockdown inhibited wound healing.
Furthermore, MeCP2 overexpression abolished the promoting effect of miR-488-3p on
wound healing. It also turned out that CYP1B1 promoted wound healing by activating
the Wnt4/β-catenin pathway. Animal experiments also showed that miR-488-3p
overexpression could accelerate wound healing in diabetic male SD rats.
Conclusions: MiR-488-3p is a potential therapeutic target for diabetic wound healing
since it improved wound healing by activating the CYP1B1-mediated Wnt4/-catenin
signaling cascade via MeCP2.

INTRODUCTION
Skin refers to the tissue that covers the surface of the human
body and is in direct contact with the external environment,
serving anti-friction and anti-infection functions. Skin injury is
a common occurrence following an accident1. Wound healing
consists of four processes: inflammation, cell proliferation, scar
formation, and tissue regeneration, involving a variety of skin
cells, including vascular endothelial cells, keratinocytes, and
fibroblasts2,3. Delayed wound healing has long been a major
public health concern, particularly among people with diabetes4.

Approximately 15% of diabetic patients are at risk of develop-
ing non-healing ulcers5. According to reports, the cost of treat-
ing diabetic wounds is approximately $10 billion per year in
the USA6, imposing a huge burden on patients’ lives. However,
wound healing is a complicated process, and the mechanism
involved is still unclear.
MicroRNAs (MiRNAs) refer to single-stranded non-coding

RNAs with a length of 20–22 nt that participate in regulating
many biological processes, including wound healing5,7. As proof,
miR-497-5p expression in the skin wounds of diabetic mice was
significantly lower than that in normal mice, and its upregula-
tion accelerated wound healing4. In addition, miR-152-3p inhibi-
tion could enhance diabetic wound repair8. MiR-488-3p wasReceived 12 June 2023; revised 15 September 2023; accepted 28 September 2023
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previously confirmed as a target for the treatment of multiple
diseases, including colorectal cancer9 and panic disorder10. Nota-
bly, miR-488-3p overexpression could enhance the viability of
osteoblasts and inhibit cell apoptosis, thereby promoting fracture
healing11. Nevertheless, the function of miR-488-3p in regulating
diabetic wound healing is largely unknown, which deserves to be
further probed.
Methyl-CpG-binding protein 2 (MeCP2) inhibits the expres-

sion of downstream targets by binding to methylated DNA12.
The role of MeCP2 in skin biology and diseases has been
studied13. As proof, MeCP2 overexpression in fibroblasts could
inhibit fibroblast proliferation and migration14. In addition,
MeCP2 silencing was reported to enhance wound healing gen-
erated at sites of injury by promoting myofibroblast
transdifferentiation13. However, the mechanism by which
MeCP2 regulates wound healing has not been elucidated.
Herein, it was predicted that miR-488-3p had potential binding
sites to MeCP2 through TargetScan, StarBase, and miRDB.
Cytochrome P450 1B1 (CYP1B1) is a monooxygenase

belonging to the cytochrome P450 family. Previously, elevation
of CYP1B1 was detected in previously wounded and in dex-
panthenol (a medication used extensively in clinical practice to
enhance wound healing) -treated skin15, indicating that
CYP1B1 has a favorable influence on wound healing. Notably,
CYP1B1 was the target of MeCP2 in regulating lung epithelial
cell injury16; however, whether a similar regulatory relationship
exists in wound healing remains to be further probed.
Herein, the function of miR-488-3p in regulating wound

healing was probed. MiR-488-3p promoted wound healing
through the CYP1B1-mediated Wnt4/β-catenin signaling path-
way by targeting MeCP2. Our research provided a theoretical
basis for the treatment of diabetic wound healing.

MATERIALS AND METHODS
Clinical samples collection
In conventional surgeries, wound tissues from diabetic patients
with long-term skin defects were collected from the area around
the lesion of the skin ulcer. The control group was composed of
30 patients who did not have diabetes but who had undergone an
orthopedic operation for a non-traumatic disease. All samples
were stored at -80°C for further examination. This study passed
the review of the Ethics Committee of Xiangya Hospital of Cen-
tral South University. All patients signed informed consent forms.

Cell culture and treatment
Human skin fibroblasts (HSF), keratinocytes (HaCaT), and
human umbilical vein endothelial cells (HUVECs), purchased
from ATCC (Manassas, VA, USA), were cultured in DMEM
(Gibco, Carlsbad, CA, USA) containing 10% FBS (Gibco) at
37°C with 5% CO2. For β-catenin inhibition, HSF cells and
HUVECs were treated with a β-catenin inhibitor (JW 55, 5 μM)
(Medchemexpress, Shanghai, China) for 24 h. For CYP1B1 inhi-
bition, HSF cells and HUVECs were treated with a CYP1B1
inhibitor (CYP1B1-IN-1, 10 μM; Medchemexpress) for 24 h.

Cell transfection
GenePharma (Shanghai, China) provided the overexpression
plasmid of MeCP2 (oe-MeCP2), the short hairpin RNA of
CYP1B1 (sh-CYP1B1), the mimics or inhibitors of miR-488-3p,
and the negative controls, which were transfected into cells with
Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA).

Wound healing assay
The cells were cultured in 6-well plates (5 × 105 cells/well;
Corning, Corning, NY, USA) for 12 h. After removing the
medium, an artificial wound was created using a sterile pipette
tip. The cells were washed and cultured, and images were taken
at 0 and 24 h.

5-Bromo-20-deoxyuridine (BrdU) assay
The cells were seeded onto 24-well plates and cultured for 4 h in
a BrdU solution (10 μM; RiboBio, Guangzhou, China). The cells
were rinsed three times with PBS before being fixed in 4% para-
formaldehyde for 10 min to denature the DNA. The unspecific
antigens were blocked using 1% bovine serum albumin. Then the
cells were incubated with BrdU monoclonal antibody (ab6326,
1:300; Abcam, Cambridge, UK) overnight, followed by incuba-
tion with a secondary antibody (Beyotime, Shanghai, China) for
2 h. The nuclei were stained with DAPI (RiboBio), and the cells
were observed by a fluorescent microscope.

Cell apoptosis assay
The cells were re-suspended in Annexin-binding buffer
(500 μL; Beyotime) and stained for 10 min with Annexin V-
FITC and PI dye before being subjected to flow cytometry
(BD, San Diego, CA, USA).

Angiogenesis assay of HUVECs
HUVECs were seeded into 96-well plates (Corning) covered with
Matrigel (1:1 dilution; BD, NJ, USA). The cells were grown in
complete medium for 24 h after attachment. Angiogenesis was
detected using a microscope (Nikon, Tokyo, Japan).

Real-time quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted with TRIzol (ThermoFisher Scientific,
Waltham, MA, USA). The 260/280 nm absorbance ratio was
1.7–1.8, demonstrating a good degree of purity. In addition, the
integrity of RNA was analyzed by separating it on 1.0% agarose
gel electrophoresis, stained with ethidium bromide and visual-
ized under a gel documentation system (Bio-Rad, Hercules, CA,
USA). If the 28S and 18S bands were bright, clear, and sharp,
and the brightness of the 28S band was more than twice that of
the 18S band, the quality of RNA was good. miRNAs were col-
lected by the miRNA isolation kit (Takara, Osaka, Japan) and
detected using a Taqman miRNA assay kit (Takara). The cDNA
was synthesized with the reverse transcriptase kit (Toyobo,
Tokyo, Japan) and subjected to RT-qPCR assay using SYBR
(Thermo Fisher Scientific). GAPDH was used as the reference
gene for MeCP2 and CYP1B1, and U6 was used as the reference
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gene for miR-488-3p, miR-129-5p, miR-335-5p and miR-497-
5p. The data were analyzed with the 2�ΔΔCT method. The
primers used in the study are listed as follows (50–30):

miR-129-5p (F): GATCCGCAAGCCCAGACCGCAAAAA
GTTTTTA
miR-129-5p (R): AGCTTAAAAACTTTTTGCGGTCTGGG
CTTGCG
miR-335-5p (F): TCAAGAGCAATAACGAAAAATGT
miR-335-5p (R): GCTGTCAACGATACGCTACGT
miR-497-5p (F): GTGCAGGGTCCGAGGT
miR-497-5p (R): TAGCCTGCAGCACACTGTGGT
miR-488-3p (F): CGGGGCAGCUCAGUACAG
miR-488-3p (R): CAGTGCGTGTCGTGGAGT
MeCP2 (F): TGACCGGGGACCCATGTAT
MeCP2 (R): CTCCACTTTAGAGCGAAAGGC
CYP1B1 (F): TGAGTGCCGTGTGTTTCGG
CYP1B1 (R): GTTGCTGAAGTTGCGGTTGAG
U6 (F): CGCTTCGGCAGCACATATAC
U6 (R): AAATATGGAACGCTTCACGA
GAPDH (F): AGGTCGGTGTGAACGGATTTG
GAPDH (R): TGTAGACCATGTAGTTGAGGTCA

Western blot
The proteins were isolated with RIPA, which were further trans-
ferred to a PVDF membrane (Millipore, Billerica, MA, USA).
Then, the membranes were incubated with antibodies against
MeCP2 (Abcam, 1:1,000, ab253197), CYP1B1 (Abcam, 1:1,000,
ab185954), Wnt4 (Abcam, 1:1,000, ab262696), β-catenin (Abcam,
1:1,000, ab32572), and β-actin antibody (Abcam, 1:10,000,
ab8226) overnight, then hybridized with a secondary antibody
(Abcam, 1:10,000, ab7090) for 60 min. Blots were visualized by
the GEL imaging system (Bio-Rad) and subsequently analyzed
with ImageJ software.

Dual luciferase reporter assay
MeCP2 30-untranslated region (UTR) fragments (total length:
2,376 bp) containing the miR-488-3p binding site were

amplified by PCR. The resulting PCR products were subse-
quently digested with Nhe I and Hind III and cloned behind
the firefly luciferase gene (reporter gene) into the pGL3-
promoter Vector (SV40 promoter) (GenePharma). The location
of the miR-488-3p binding site in the MECP2 30 UTR was
position 3,120–3,126, and the sequence was 50-GCCUUUCAG-
30. Then, the cells were co-transfected with wt-MeCP2 or mut-
MeCP2 plasmids and miR-488-3p mimics/inhibitor or mimics/
inhibitor NC. The luciferase activity was determined according
to the manufacturer’s protocol using a dual-luciferase reporter
assay system (Promega, Madison, WI, USA).

Methylation specific PCR
The location of the CpG island on CYP1B1 promoter is -
1,810 � -1,664 (chr2:c38077815-380770961). The sequence is
listed as follows: 50-GTGTGCACCACCACGTCCGGCTAAC
TTTTGTATTTTTAGTAGATGGGGTTTCGCCATGTTGGCC
AGGCTGGTCTCGAACTCCTGACCTCAAGTGATCCGCCC
GCTTAAGCCTCCCAAAGTGCTGGGATTACAGGCGTGAG
CCACTG-30. Genomic DNA was isolated using the DNA
mini kit (Qiagen, Dusseldorf, Germany), and subjected to
bisulfite. Methylation specific PCR (MSP) of bisulfite-
transformed DNA was performed with a nested, two-stage
PCR method as described previously17. The primer is listed as
follows: F, 50-TTGGGATTATAGGTGTGTATTATTA-30; R,
50-CCCAACACTTTAAAAAACTTAAAC-30. The PCR prod-
ucts were analyzed by gel electrophoresis. The starting site of
the left primer is 179 (size 25), and the starting site of the
right primer is 316 (size: 24).

Construction of in vivo wound model
SJA Laboratory Animal Co., Ltd (Hunan, China) provided 24
male SD rats (8 weeks of age). This study passed the review of
the Ethics Committee of Xiangya Hospital of Central South Uni-
versity. To develop diabetes, the rats were given an intraperitoneal
injection of 50 mg/kg streptozotocin (STZ; Sigma-Aldrich,
St Louis, MO, USA). After 48 h, if the blood glucose concentra-
tion of the rat was greater than or equal to 16.7 mmol/L, it was

Figure 1 | miR-488-3p, MeCP2, and CYP1B1 expressions in wound tissues of diabetic with skin defect. (a) miR-488-3p expression in wound tissues
of diabetic with skin defect and control skin tissues was determined using RT-qPCR. (b, c) MeCP2 and CYP1B1 levels in tissues were assessed by
RT-qPCR. The data were expressed as mean – SD. n = 30. **P < 0.01, ***P < 0.001.
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considered to have diabetes. A full-thickness skin wound in the
diabetic rats was created as reported previously18. The diabetic
rats were randomly divided into three groups: control group,
ago-miR-NC (mimics NC) mimics group, and ago-miR-488-3p
(miR-488-3p mimics) group (eight rats for each). Lentivirus
(2 × 108 IFU/mL) harboring mimics NC or miR-488-3p mimics
(purchased from Hanbio, Shanghai, China) were injected intra-
dermally into the wound edges of rats. Wound images were
acquired on days 0, 3, 7, and 11. Wound samples were collected
14 days after injury.

Hematoxylin–eosin staining
The skin tissue was fixed with 4% paraformaldehyde overnight
and cut into 4 μm thick sections. Then the sections were dehy-
drated with gradient alcohol, washed, and embedded in paraf-
fin. Following that, the sections were stained with hematoxylin–
eosin (HE; Sigma-Aldrich). Sections were observed under a
microscope (Nikon).

Masson staining of skin tissues
The skin tissue sections were stained with Weigert’s hematoxy-
lin (Solarbio, Beijing, China) and Masson’s trichrome solution

for 5 min, respectively. Sections were examined using a micro-
scope (Nikon).

Data analysis
All the data were obtained from three independent experi-
ments, analyzed by SPSS 19.0 (IBM, Armonk, NY, USA) and
are presented as mean – SD. Between-group differences and
multi-group comparisons were determined using Student’s
t-test and one-way ANOVA, respectively. Values of P lower than
0.05 are referred to as significant.

RESULTS
miR-488-3p, MeCP2, and CYP1B1 expressions in wound
tissues of diabetic with skin defect
We firstly observed that miR-488-3p expression was markedly
lower in wound tissues of diabetic with a skin defect than that
in control skin tissues (Figure 1a). In addition, the results from
RT-qPCR revealed that MeCP2 expression was higher in
wound tissues of diabetics with a skin defect than that in con-
trol skin tissues, while CYP1B1 was significantly lower in
wound tissues of diabetics with a skin defect than that in con-
trol skin tissues (Figure 1b,c).

Figure 2 | miR-488-3p facilitated cell proliferation and migration as well as angiogenesis in vitro. MiR-488-3p mimics and inhibitor (20 nM) were
transfected into HSF, HaCaT cells, and HUVECs. (a) miR-488-3p expression was detected using RT-qPCR. (b) Cell apoptosis of HSF, HaCaT cells and
HUVECs was measured by a flow cytometry assay. (c) The BrdU assay was employed to analyze cell proliferation of HSF, HaCaT cells, and HUVECs
(scale bar = 100 μm). (d) A wound healing assay was performed to determine cell migration of HSF and HaCaT cells. (e) In vitro angiogenesis
assay was conducted to evaluate the angiogenesis ability of HUVECs (scale bar = 100 μm). The data were expressed as mean – SD. All data were
obtained from at least three replicate experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 3 | MeCP2 was identified as the target of miR-488-3p. (a) Bioinformatics databases (TargetScan, StarBase and miRDB) were adopted to
predict the binding site between miR-488-3p and MeCP2. (b) A dual-luciferase reporter assay was performed to analyze the interaction between
miR-488-3p and MeCP2 in HSF cells and HUVECs. The data were expressed as mean – SD. All data were obtained from at least three replicate
experiments. **P < 0.01.
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miR-488-3p facilitated cell proliferation and migration as well
as angiogenesis in vitro
As reported, endothelial cells, keratinocytes, and fibroblasts are
all involved in the wound healing process19. To probe the
potential role of miR-488-3p in wound healing, miR-488-3p
overexpression and inhibition were induced in HSF, HaCaT
cells, and HUVECs, and the cell behaviors and the angiogenic
response of HUVECs were evaluated. Firstly, HSF cells and
HUVECs were transfected with miR-488-3p mimics or mimics
NC (20, 30, 50, and 100 nM), and it was observed that the
levels of miR-488-3p were increased with increasing concentra-
tions (Figure S1a). It was subsequently observed that miR-488-
3p expression in HSF, HaCaT cells, and HUVECs was mark-
edly reduced by miR-488-3p inhibitor (20 nM) transfection,
while it was increased by miR-488-3p mimics (20 nM) trans-
fection (Figure 2a), revealing the transfection to have been suc-
cessful. The effect of miR-488-3p on miR-129-5p, miR-335-5p,
and miR-497-5p levels in HUVECs was subsequently investi-
gated. As shown in Figure S1b, the miR-129-5p, miR-335-5p,
and miR-497-5p levels in HUVECs did not change significantly
after miR-488-3p mimics or inhibitor transfection. As displayed
in Figure 2b, the miR-488-3p inhibitor promoted cell apoptosis
of HSF, HaCaT cells and HUVECs, while miR-488-3p overex-
pression presented the opposite effect. In addition, the prolifera-
tion of HSF, HaCaT cells, and HUVECs were markedly
inhibited by miR-488-3p inhibitor, while they were promoted
by miR-488-3p mimics (Figure 2c). Besides, miR-488-3p inhibi-
tor repressed the migration of HSF and HaCaT cells, while
miR-488-3p mimics promoted cell migration (Figure 2d). We
then probed whether miR-488-3p could influence the angiogen-
esis of HUVECs, and the result displayed that miR-488-3p
mimics transfection resulted in enhanced angiogenesis, while
miR-488-3p inhibitor transfection led to reduced angiogenesis
(Figure 2e).

MeCP2 functioned as the target of miR-488-3p
As is well known, miRNAs mediate post-transcriptional gene
expressions by binding to their targets20. MiR-488-3p was pre-
dicted to have a binding site to MeCP2 using bioinformatics
databases (TargetScan, StarBase, and miRDB), and the predic-
tion results displayed that the location of the miR-488-3p bind-
ing site in the MECP2 30 UTR was position 3,120–3,126
(Figure 3a). As shown in Figure 3b, the luciferase activity

presented by wt-MeCP2 reporter was considerably reduced by
miR-488-3p mimics (50 nM) and elevated by miR-488-3p
inhibitor (50 nM), but miR-488-3p mimics or inhibitor had no
effect on mut-MeCP2 reporter activity, suggesting that miR-
488-3p directly targeted MeCP2. In conclusion, we identified
MeCP2 as the target of miR-488-3p.

MeCP2 overexpression suppressed cell proliferation and
migration as well as angiogenesis
Firstly, we observed that both MeCP2 expression in HSF cells
and HUVECs was decreased by miR-488-3p mimics (50 nM)
transfection and elevated by miR-488-3p inhibitor (50 nM)
transfection (Figure 4a,b). To further probe the function of
MeCP2 in wound healing, HSF cells and HUVECs were trans-
fected with the overexpression plasmid of MeCP2 or empty
vector. Firstly, HSF cells and HUVECs were transfected with
the overexpression plasmid of MeCP2 or empty vector (100,
200, 300, and 400 ng/μL), and our results showed that the pro-
tein level of MeCP2 in HSF cells and HUVECs was increased
with increasing plasmid concentrations (Figure S1c). As dem-
onstrated in Figure 4c,d, transfection of the overexpression plas-
mid of MeCP2 markedly increased the MeCP2 expression in
HSF cells and HUVECs. Functional experiments subsequently
displayed that MeCP2 overexpression increased HSF cells and
HUVEC apoptosis and reduced the proliferation (Figure 4e,f).
In addition, MeCP2 overexpression resulted in reduced HSF
cell migration and HUVEC angiogenesis (Figure 4g,h). In total,
MeCP2 repressed wound healing.

MeCP2 suppressed cell proliferation and migration as well as
angiogenesis through boosting CYP1B1 methylation
MeCP2 was reported previously to promote CYP1B1 methylation
in lung epithelial cell injury16, however, the regulatory relation-
ship between MeCP2 and CYP1B1 in wound healing remained
unknown. As shown in Figure 5a, the CYP1B1 level in HSF cells
and HUVECs was significantly suppressed by MeCP2 overex-
pression. Interestingly, we observed that the methylation existed
in the CYP1B1 promoter region (Figure S1d). The location of the
CpG island on CYP1B1 promoter is -1,810 � -1,664 (chr2:
c38077815-380770961) (Figure S1d). And 5-Aza reduced the
methylation in the CYP1B1 promoter region (Figure 5b). We also
found that MeCP2 overexpression could promote CYP1B1 pro-
moter methylation in HSF cells and HUVECs (Figure 5c). To

Figure 4 | MeCP2 overexpression suppressed cell proliferation and migration as well as angiogenesis. (a, b) RT-qPCR and western blot were
adopted to examine MeCP2 expression in HSF cells and HUVECs transfected with miR-488-3p mimics or inhibitor (20 nM), respectively. MeCP2
overexpression was induced in HSF cells and HUVECs. (c, d) MeCP2 expression in cells was detected using RT-qPCR and western blot, respectively.
(e) Flow cytometry assay was adopted to analyze cell apoptosis. (f) Cell proliferation was evaluated by BrdU assay (scale bar = 100 μm). (g) Wound
healing assay was adopted to measure HSF cell migration. (h) The angiogenesis ability of HUVECs was determined using in vitro angiogenesis assay
(scale bar = 100 μm). The data were expressed as mean – SD. All data were obtained from at least three replicate experiments. *P < 0.05,
**P < 0.01, ***P < 0.001.

ª 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 15 No. 2 February 2024 151

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi The role of miR-488-3p in wound healing



152 J Diabetes Investig Vol. 15 No. 2 February 2024 ª 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Zuo et al. http://wileyonlinelibrary.com/journal/jdi



investigate the function of CYP1B1 in wound healing, sh-
CYP1B1 was transfected into HSF cells and HUVECs, and we
observed that CYP1B1 silencing resulted in the decreased protein
level of CYP1B1 as well as reduced Wnt4 and β-catenin levels
(Figure 5d). The results from the flow cytometry assay and BrdU
assay showed that cell apoptosis was promoted following sh-
CYP1B1 transfection, while cell proliferation was obviously
repressed (Figure 5e,f). Additionally, the migratory ability of HSF
cells was obviously inhibited following sh-CYP1B1 transfection
(Figure 5g), and the angiogenic responses of HUVECs were
markedly suppressed by CYP1B1 knockdown (Figure 5h). In
summary, MeCP2 regulated cell proliferation, and apoptosis,
HSF cell migration as well as HUVEC angiogenesis via regulation
of CYP1B1 methylation.

miR-488-3p promoted cell proliferation and migration as well
as angiogenesis through MeCP2-CYP1B1 axis-mediated Wnt4/
β-catenin signaling pathway
To explore the potential function of miR-488-3p/MeCP2/
CYP1B1 axis in wound healing, miR-488-3p mimics (20 nM)
and/or MeCP2-overexpression vector were transfected into
HSF cells and HUVECs. Firstly, we observed that miR-488-3p
was markedly upregulated in miR-488-3p mimics + sh-NC
group and miR-488-3p mimics + MeCP2 group compared
with other groups (Figure 6a). It also turned out that miR-
488-3p overexpression resulted in reduced MeCP2 levels and
elevated CYP1B1, Wnt4, and β-catenin levels in HSF cells
and HUVECs, while MeCP2 overexpression eliminated the
effects of miR-488-3p mimics on these proteins (Figure 6b).
In addition, cell apoptosis of HSF cells and HUVECs was
inhibited after transfection with miR-488-3p mimics, while
MeCP2 overexpression abolished this effect of miR-488-3p
mimics (Figure 6c). Additionally, miR-488-3p overexpression
significantly promoted cell proliferation, which was abolished
by MeCP2 overexpression (Figure 6d). Moreover, the migra-
tion of HSF cells and angiogenesis of HUVECs was markedly
promoted by miR-488-3p overexpression, while MeCP2 over-
expression reversed the effect of miR-488-3p mimics
(Figure 6e,f). To investigate the role of CYP1B1 and β-catenin
in miR-488-3p-mediated biological effects during wound heal-
ing and tube formation, HSF cells and HUVECs were trans-
fected with miR-488-3p mimics or miR-488-3p mimics
combined with β-catenin inhibitor (JW 55) or CYP1B1

inhibitor (CYP1B1-IN-1) treatment. As revealed in Figure S2a,
b, β-catenin inhibitor (JW 55) or CYP1B1 inhibitor (CYP1B1-
IN-1) treatment could reverse the promoting effect of miR-
488-3p overexpression on HSF cell migration and angiogenesis
of HUVECs. In summary, miR-488-3p facilitates cell prolifera-
tion and migration as well as angiogenesis through the
CYP1B1-mediated Wnt4/β-catenin signaling pathway by tar-
geting MeCP2.

miR-488-3p accelerated wound healing in vivo
It was firstly observed that the change of miR-488-3p expres-
sion in the skin of control rats is not significant with time
(Figure S1e). We observed decreased MeCP2 expression and
increased miR-488-3p, CYP1B1 expressions in the skin of the
rats injected with miR-488-3p mimics compared with controls
(Figure 7a). Western blot analysis demonstrated that injection
of miR-488-3p mimics lowered the MeCP2 level while increas-
ing CYP1B1, Wnt4, and β-catenin levels in the skin of the rats
(Figure 7b). It was observed that miR-488-3p upregulation
accelerated wound healing in rats (Figure 7c). The findings of
HE staining showed that the epidermis and dermis of the con-
trol rats were much thinner than those of the animals injected
with miR-488-3p mimics (Figure 7d). In addition, we observed
more wavy collagen fibers in skin of the rats injected with
miR-488-3p mimics compared with controls (Figure 7e). Taken
together, miR-488-3p overexpression accelerated wound closure
in vivo.

DISCUSSION
As has been frequently demonstrated, miRNAs are abnormally
expressed during wound healing3. Furthermore, miRNAs are
being investigated as possible therapeutic targets in diabetic
wound healing21,22. Herein, we found that miR-488-3p overex-
pression accelerated wound healing in vitro and in vivo. Mecha-
nistically, miR-488-3p promoted CYP1B1-mediated Wnt4/β-
catenin signaling pathway by targeting MeCP2. Therefore, our
findings indicated that miR-488-3p had the potential to be a
therapeutic target for diabetic wound healing.
Increasing evidence suggests that miRNAs are involved in

regulating wound healing processes. For instance, Wang et al.5

revealed that the topical administration of miR-129-5p and
miR-335-5p overexpression enhanced wound healing in diabetic
animals. Besides, miR-497-5p overexpression surrounding

Figure 5 | MeCP2 suppressed cell proliferation, migration as well as angiogenesis through boosting CYP1B1 methylation. (a) CYP1B1 level in HSF
cells and HUVECs after MeCP2 overexpression was assessed by western blot. (b) HSF cells and HUVECs were treated with 5Aza or DMSO, and
CYP1B1 promoter methylation was assessed by MSP. (c) CYP1B1 promoter methylation was assessed by MSP in HSF cells and HUVECs with MeCP2
overexpression. HSF cells and HUVECs were transfected with sh-NC or sh-CYP1B1. (d) CYP1B1, Wnt4, and β-catenin levels were determined using
western blot. (e) Flow cytometry was adopted to examine cell apoptosis. (f) The BrdU assay was employed to evaluate cell proliferation (scale
bar = 100 μm). (g) Wound healing assay was adopted to analyze HSF cell migration. (h) The angiogenesis ability of HUVECs was determined using
in vitro angiogenesis assay (scale bar = 100 μm). The data were expressed as mean – SD. All data were obtained from at least three replicate
experiments. *P < 0.05, **P < 0.01.
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wounds hastened wound closure in diabetic mice4. MiR-488-3p
has already been identified as a tumor suppressor in a variety
of malignancies23,24. The role of miR-488-3p in wound healing
is poorly understood. In the current paper, we firstly observed
that miR-488-3p was significantly lower in wound tissues of
diabetic with a skin defect than that in control skin tissues, and
its upregulation promoted HUVEC, HaCaT and HSF cell pro-
liferation and migration as well as HUVEC angiogenesis in
vitro, while inhibiting the apoptosis. In addition, miR-488-3p
overexpression accelerated wound closure in diabetic mice. All
the above results suggested that miR-488-3p presented benefi-
cial effects in wound healing processes.
Next, we focused on downstream of miR-488-3p. By using

bioinformatics databases and the dual-luciferase reporter assay,
we found that miR-488-3p negatively regulated MeCP2
expression by directly binding to MeCP2. MeCP2, the Rett
syndrome factor, is the prototypic methyl CpG-binding
protein25. Recent research has proven the critical functions of
MeCP2 in wound healing. As proof, MeCP2 overexpression
in hepatic stellate cells could suppress critical genes determin-
ing the myofibroblast phenotype13. Given the importance of
myofibroblasts in wound healing, MeCP2 has been proposed
as a wound healing inhibitor13. MeCP2 overexpression has
also been shown to disrupt a number of cellular activities
during wound healing, including myofibroblast differentiation,
fibroblast proliferation, and fibroblast migration14. Neverthe-
less, the interaction between miR-488-3p and MeCP2 in
wound healing has not been elucidated. In the current study,
function assays displayed that MeCP2 overexpression inhibited
cell proliferation and HSF cell migration as well as HUVEC
angiogenesis in vitro, while it promoted the apoptosis. Taken
together, miR-488-3p promoted wound healing via directly
interacting with MeCP2. It was observed that MeCP2 mark-
edly inhibited CYP1B1 expression in HSF cells and HUVECs.
It was reported previously that MeCP2 promoted CYP1B1
promoter methylation in epithelial cell injury16. However, the
role of CYP1B1 in wound healing has not been reported
before. Herein, we confirmed that MeCP2 suppressed CYP1B1
expression via promoting its methylation status in HSF cells
and HUVECs. In addition, CYP1B1 knockdown inhibited cell
proliferation and HSF cell migration as well as HUVEC
angiogenesis in vitro, while promoting apoptosis. Moreover,
MeCP2 overexpression abolished the promoting effects of
miR-488-3p overexpression on cell proliferation and migration

as well as angiogenesis in vitro. In conclusion, miR-488-3p
might facilitate wound healing through CYP1B1 by targeting
MeCP2.
Some studies have emphasized the role of Wnt/β-catenin sig-

naling pathway in wound healing26,27. For instance, Ma et al.28

demonstrated that mesenchymal stem cell-derived exosomes
enhanced cell proliferation, migration, and inhibited cell apo-
ptosis via activating Wnt/β-catenin signaling in cutaneous
wound healing. As widely reported, the Wnt/β-catenin signaling
pathway acts as the downstream pathway of CYP1B1 in regu-
lating the development of various disease, such as breast
carcinoma29, cervical carcinoma30, and PM2.5-induced cardiac
developmental toxicity31. In addition, some studies have
revealed that MeCP2 can directly regulate the Wnt/β-catenin
pathway. As proof, Zhang et al.32 revealed that MeCP2 may
promote cell proliferation by regulating the Wnt/β-catenin
pathway in oral squamous cell carcinoma (OSCC). In the cur-
rent study, we found that miR-488-3p overexpression increased
Wnt4 and β-catenin levels in HSF cells and HUVECs, which
was eliminated by MeCP2 overexpression. Collectively, miR-
488-3p promoted wound healing through activating CYP1B1-
mediated Wnt4/β-catenin signaling pathway by targeting
MeCP2. The possibility of whether MeCP2 can directly regulate
the Wnt4/β-catenin pathway will be further explored in future
studies.
Taken together, we verified the beneficial effect of miR-488-

3p by overexpressing miR-488-3p to promote wound healing.
Finally, we revealed a novel mechanism that the miR-488-3p/
MeCP2/CYP1B1/Wnt4/β-catenin axis was involved in wound
healing processes.
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Figure 6 | miR-488-3p promoted cell proliferation and migration as well as angiogenesis through the MeCP2-CYP1B1 axis-mediated Wnt4/β-
catenin signaling pathway. MiR-488-3p mimics (20 nM) and/or MeCP2-overexpression vector were transfected into HSF cells and HUVECs. (a) miR-
488-3p expression was evaluated by RT-qPCR. (b) MeCP2, CYP1B1, Wnt4, and β-catenin levels were measured by western blot. (c) Flow cytometry
was performed to assess cell apoptosis. (d) Cell proliferation was evaluated by BrdU assay (scale bar = 100 μm). (e) Wound healing assay was
adopted to analyze migratory ability of HSF cells. (f) The angiogenesis ability of HUVECs was determined using the in vitro angiogenesis assay (scale
bar = 100 μm). The data were expressed as mean – SD. All data was obtained from at least three replicate experiments. *P < 0.05, **P < 0.01,
***P < 0.001.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | (a) HSF cells and HUVECs were transfected with miR-488-3p mimics or mimics NC (20, 30, 50, and 100 nM), and
the miR-488-3p expression in HSF cells and HUVECs was examined by RT-qPCR. (b) miR-129-5p, miR-335-5p, and miR-497-5p
levels in HUVECs after miR-488-3p mimics or inhibitor transfection were detected by RT-qPCR. (c) HSF cells and HUVECs were
transfected with the overexpression plasmid of MeCP2 or empty vector (100, 200, 300, and 400 ng/μL), and the MeCP2 protein
level in cells was examined by western blot. (d) The location of the CpG island on CYP1B1 promoter was presented. (e) miR-488-
3p expression in the skin of control rats at 0, 3, 7, and 11 days was analyzed by RT-qPCR (N = 8). The data were expressed as
mean – SD. All data were obtained from at least three replicate experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure S2 | HSF cells and HUVECs were transfected with miR-488-3p mimics or miR-488-3p mimics combined with β-catenin
inhibitor (JW 55) or CYP1B1 inhibitor (CYP1B1-IN-1) treatment. (a) Wound healing assay was adopted to analyze the migratory
ability of HSF cells. (b) The angiogenesis ability of HUVECs was determined using an in vitro angiogenesis assay (scale
bar = 100 μm). The data were expressed as mean – SD. All data were obtained from at least three replicate experiments.
*P < 0.05, **P < 0.01.
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