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N4-acetylcytidine modification of LncRNA GFOD1-AS1 promotes
high glucose-induced dysfunction in human dermal microvascular
endothelial cells through stabilization of DNMT1 protein
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Abstract

Emerging evidence supports that angiogenesis is essential for the wound healing of diabetic foot ulcer (DFU), and high
glucose (HG)-induced dysfunction of human dermal microvascular endothelial cells is a key factor that hinders angio-
genesis. However, the underlying mechanisms by which HG leads to the dysfunction of human dermal microvascular
endothelial cells has not been fully elucidated. In the present investigation, we discovered a significant upregulation of the
long non-coding RNA GFODI1-ASI1(GFOD1-AS1) in the ulcer margin samples of patients with DFU and the HG-induced
dysfunction model of human dermal microvascular endothelial cells, attributing its dysregulation to the stabilizing effect
of NAT10-mediated ac4C modification, as corroborated by an integrated approach of data mining and experimental vali-
dation. Subsequently, a series of in vitro functional analyses showed that ectopic expression of GFOD1-AS1 promoted
impaired function of human dermal microvascular endothelial cells. In contrast, knockdown of GFODI1-AS1 signifi-
cantly alleviated the HG-induced functional impairment in human dermal microvascular endothelial cells, as indicated
by the enhanced cell proliferation, migration, and tube formation. Mechanistically, GFOD1-AS1 directly interacts with
DNA methyltransferase DNMT1 to block its ubiquitin-proteasome degradation, thereby enhancing the protein stability of
DNMT1.This stability elevates DNMT1 protein expression, ultimately inducing HG-induced dysfunction in human dermal
microvascular endothelial cells. In summary, our results reveal that GFOD1-AS1 serves as a potential therapeutic target
for DFU, and highlight the critical role of the NAT10/GFOD1-AS1/DNMT]1 axis in the dysfunction of human dermal
microvascular endothelial cells in DFU.
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Introduction

Diabetic foot ulcer (DFU), a form of foot skin ulceration
in diabetic patients arising from long-term hyperglyce-
mia-induced peripheral vascular and neural pathologies,
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commands significant attention due to its high recurrence
rates, amputation incidence, and mortality (Chen et al. 2023;
Armstrong et al. 2023). Studies indicate that the risk of
developing DFU over a diabetic patient’s lifetime can reach
up to 34% (Armstrong et al. 2023; Hernandez-Guedes et al.
2023), with DFU being the leading cause of non-traumatic
lower limb amputations (Xu et al. 2024). Notably, the 5-year
mortality rate among patients who undergo amputations
reaches as high as 68%, a figure that surpasses the mortality
rates associated with several prevalent cancers, highlighting
the critical nature of DFU as a significant health challenge
(Zhang et al. 2024). Currently, debridement, antibiotics,
application of growth factors, negative pressure wound ther-
apy, hyperbaric oxygen therapy, local oxygen therapy, and
skin grafting are common methods used to treat DFU, but
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the recurrence and non-healing nature of DFU remain sig-
nificant challenges in clinical treatment (Wang et al. 2024;
Guo et al. 2024). Therefore, understanding the pathogenesis
of DFU and developing effective treatment strategies is cru-
cial for both public health and individual patient care.

Emerging evidence suggests that angiogenesis plays a
pivotal role in the wound healing process of DFU, facilitat-
ing the delivery of essential nutrients, oxygen, and immune
cells to the ulcer site, aiding in the clearance of necrotic tis-
sue, and thereby accelerating DFU wound healing (Rai et al.
2022, 2023). However, hyperglycemia-induced impairment
of human dermal microvascular endothelial cells represents
a significant impediment to angiogenesis in patients with
DFU (Luo et al. 2023a, b; Huang and Huang 2024; Lu et al.
2023). Li’s team demonstrated that VEGF-A circular RNA
can promote DFU wound healing, characterized by low
immunogenicity to promote granulation tissue formation,
enhance collagen deposition, and stimulate angiogenesis,
which may become a new therapeutic strategy to promote
DFU healing (Liu et al. 2024). Therefore, exploring the
molecular mechanisms of hyperglycemia-induced dysfunc-
tion in human dermal microvascular endothelial cells and
identifying novel proangiogenic factors will be crucial for
designing more effective DFU therapies.

Accumulating evidence suggests that RNA modifications
play a key role in various pathological processes in diabetes.
In particular, N4-acetylcytidine (ac4C) is a highly conserved
RNA modification in eukaryotes that regulates multiple life
cycle stages of mRNA, including processing, decay, and
translation, and thus plays a crucial role in a variety of bio-
logical processes (Luo et al. 2023a, b). However, it remains
unclear whether the ac4C modification plays a role in the
impaired angiogenesis associated with DFU. N-acetyltrans-
ferase 10 (NAT10) is the only enzyme known to be respon-
sible for the generation of ac4C modification on mRNA in
humans (Arango et al. 2018; Wang et al. 2022), which regu-
lates vascular remodeling (Yu et al. 2024) and angiogenesis
(Wu et al. 2020) through mRNA ac4C modification. Recent
studies have also found that the function of NAT10 is not
limited to catalyzing the production of ac4C in mRNA but
can also maintain the expression stability of long non-cod-
ing RNAs (IncRNAs) by mediating their ac4C modification
(Yu et al. 2023). LncRNAs, a class of non-coding RNAs
(ncRNAs) longer than 200 nucleotides, participate in the
regulation of numerous physiological and pathological pro-
cesses through epigenetic, transcriptional, and translational
control (Herman et al. 2022; Kopp and Mendell 2018), and
have been proven to play a key regulatory role in vascu-
lar formation of DFU wounds (Yan et al. 2021). LncRNA
GASS activates the HIFIA/VEGF pathway by binding to
TATA-box-binding protein-associated Factor 15 (TAF15),
promoting angiogenesis and thus accelerating the healing of
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DFU wounds (Peng et al. 2021). Nevertheless, the specific
function of IncRNAs driven by ac4C modification in the
high glucose-induced dysfunction of human dermal micro-
vascular endothelial cells, which results in impaired angio-
genesis in DFU, has not been fully elucidated.

In this study, we first systematically identified and
screened key IncRNAs closely associated with with the
DFU. Our research focused on the regulatory role of
GFODI1-AS1 in high glucose-induced functional injury of
human dermal microvascular endothelial cells and decipher
its specific molecular regulatory mechanism. Furthermore,
we investigated the role of ac4C modification in the dys-
regulation of GFOD1-AS1 in DFU. This insight offers sig-
nificant guidance for the innovative development of novel
drugs and tailored therapeutic strategies for DFU.

Materials and methods
Clinical tissue samples

The study protocol was approved by the ethics committee
of the Third Xiangya Hospital of Central South University
(No0.25033, Date 2025-01-13), and the trial procedures were
conducted in accordance with the principles of the Declara-
tion of Helsinki, with each participant providing informed
consent after being fully informed about the study. For the
experimental group, we procured a total of 10 ulcer margin
samples from patients diagnosed with DFU (5948 years
old, 4 man / 6 woman), who exhibited no additional medical
complications beyond DFU. In parallel, the control group
comprised 10 wound edge samples obtained from patients
without DFU (56 +10 years old, 5 man / 5 woman), who had
skin wounds solely due to trauma and no other underlying
diseases. The collected samples were promptly washed in
phosphate-buffered saline, subsequently transferred to RNA
stabilization solutions, and then preserved at -80 °C for sub-
sequent analysis.

Cell culture

The immortalized human dermal microvascular endothelial
cell line (HMEC-1, ZQ0456), purchased from Shanghai
Zhong Qiao Xin Zhou Biotechnology Co.,Ltd (Shang-
hai, China), were cultured in an endothelial cell medium
(Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,Ltd,
Shanghai, China) supplemented with 5% fetal bovine serum
(FBS) at 37 °C in a humidified incubator with 5%CO,.
HMEC-1 cells treated with normal glucose (NG, 5.5 mM
glucose) were designated as the control group, and those
was exposed to high glucose (HG, 30 mM glucose) were
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labeled as the HG group. HMEC-1 cells between passages
15-20 were utilized for all experiments, with regular myco-
plasma testing and morphological monitoring to ensure phe-
notypic consistency.

Cell transfection

The transfection of plasmids and short hairpin RNAs
(shRNA) was conducted utilizing Lipofectamine 3000 fol-
lowing the protocol provided by Thermo Fisher Scientific.
The GFOD1-AS1, NAT10, DNMT1, and NAT10G641E
overexpressing plasmids, and different truncation mutants of
GFOD1-AS1 overexpressing plasmids, along with the shR-
NAs against GFOD1-AS1 and NAT10, were obtained from
Alji Biotechnology (GuangZhou, China). The sequences
used in this study are summarized in Supplementary Table
1.

Cell proliferation

Cell proliferation was assessed using the Cell Counting
Kit-8 (CCK-8) and the 5-ethynyl-2’-deoxyuridine (EdU)
assays. For the CCK-8 assay, the designated HMEC-1
cells were treated with the Enhanced Cell Counting Kit
(Beyotime, Nanjing, China) according to the manufactur-
er’s instructions, and absorbance was measured at 450 nm
using a microplate reader (Tecan, F50) to evaluate cell
viability. For the EdU assay, the designated HMEC-1 cells
were processed with the BeyoClick™ EdU cell prolifera-
tion kit (Beyotime, Nanjing, China) following the manufac-
turer’s protocol, and then stained with Hoechst 33,342 for
nuclear visualization. Subsequently, images were captured
using an inverted fluorescence microscope (Mshot, MF52),
and Image J 1.46r software (National Institutes of Health,
Bethesda, Maryland, USA) was utilized to assess cell prolif-
eration by determining the percentage of EdU-positive cells.

Migration assay

The scratch assay was employed to assess the migratory
capacity of the indicated cells. Briefly, after HMEC-1 cells
were transfected with shRNA or plasmids as described in
our previous work, they were seeded in a 6-well plate and
subjected to a scratch injury using a sterile 10 puL pipette
tip. Cellular migration was monitored by capturing images
under an inverted fluorescence microscope (Mshot, MF52)
at both the initial (0-hour) and 24-hour time point.

Tube formation assay

The tube formation assay is used to evaluate the angio-
genic capacity of the indicated cells. In brief, following the
transfection of HMEC-1 cells with shRNA or plasmids as
previously detailed, these cells are then inoculated onto a
newly prepared endothelial cell medium enriched with 10%
FBS and Matrigel (Corning, NY, USA) to observe tube
formation. After 24 h of incubation, the cells are captured
under an inverted microscope (Mshot, MF52), followed
by the quantitative analysis of tube formation parameters
with ImageJ 1.46r software (National Institutes of Health,
Bethesda, Maryland, USA).

RNA extraction, real-time quantitative PCR
(RT-gPCR), and RNA stability assays

In accordance with the manufacturer’s protocol, we utilized
the PARIS™ Kit (Thermo Fisher Scientific) for the isolation
and purification of cytoplasmic and nuclear RNAs. Total
RNA extraction from tissues and cells was performed using
TRIzol reagent (Takara, Japan). Subsequently, the obtained
RNA was reverse transcribed into complementary DNA
(cDNA) utilizing the PrimeScript™ RT reagent Kit with
gDNA Eraser (Takara, Dalian, china). RT-qPCR was then
conducted on the LightCycler®6 system (Roche) using
the Benyfast™ SYBR Green qPCR Mix (D7260, Beyo-
time) following the manufacturer’s protocols. Finally, the
expression levels were normalized to either glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) or 18 S ribosomal
RNA (18 S rRNA), and the relative expression levels of
the genes were calculated using the 2724 method. For the
assessment of RNA stability, the specified HMEC-1 cells
were exposed to 5 uM actinomycin D (HY-17559, MEC)
at 0, 1, 3, and 5 h post-treatment, and half-life of GFOD1-
AS1 was subsequently assessed by measuring GFOD1-AS1
expression levels using RT-qPCR. The primer sequences
used for RT-qPCR are shown in Supplementary Table 2.

Protein extraction, western blot, and protein
stability/degradation assays

Total proteins were isolated from tissues and cells using pre-
chilled radioimmunoprecipitation assay (RIPA) lysis buffer
supplemented with protease and phosphatase inhibitors
(Solarbio, Beijing, China). Next, the Bicinchoninic Acid
assay kit (Beyotime, China) was used to quantify protein
concentrations. Equal amounts of protein samples were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and subsequently transferred to polyvinylidene
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fluoride membranes (Millipore, USA). Subsequently, the
membranes were blocked with 5% bovine serum albumin
and incubated overnight at 4 °C with primary antibodies,
followed by incubation with horseradish peroxidase-con-
jugated secondary antibodies for 2 h at room temperature.
Protein bands were visualized using an enhanced chemilu-
minescence (ECL) reagent (Dingguo Bio, China) on a gel
imaging system (GE Healthcare), and densitometric analy-
sis of the bands was conducted using Image J 1.46r soft-
ware (National Institutes of Health, Bethesda, Maryland,
USA). For the assessment of protein stability, the specified
cells were exposed to 50 pg/mL CHX (HY-12320, MCE)
at 0, 1, 3, and 5 h post-treatment, and the protein half-life
subsequently determined through Western blot. In addition,
the protein degradation pathway was evaluated by detect-
ing changes in protein expression levels by western blot
after the indicated cells were treated with 10 pM MG132
(HY-13259, MCE) or 15 uM CQ (HY-17589 A, MCE). The
antibodies used for the study are listed in Supplementary
Table 3.

Acetylated RNA immunoprecipitation-qPCR (acRIP-
gqPCR) assay

The acRIP assay was performed to assess the ac4C modifi-
cation levels of GFOD1-AS1 utilizing the ac4C Immuno-
precipitation Kit from Yun Xu Biotech (Shanghai, China) in
accordance with the manufacturer’s protocol. Briefly, total
RNA extracted using TRIzol reagent (Takara, Dalian, China)
was subjected to rapid rRNA removal using the QIAseq
FastSelect-rRNA HMR Kit (Qiagen, Shanghai, China) to
obtain purified RNA. Following purification, the RNA was
randomly sheared into fragments employing an automated
ultrasonication device. Subsequently, these fragments were
subjected to magnetic immunoprecipitation with the anti-
ac4C antibody or an anti-IgG antibody overnight at 4 °C.
Ultimately, RNA enriched with ac4C modifications was
eluted and purified, and then subjected to RT-qPCR analysis.

LncRNA pull-down assay

The IncRNA pull-down assay was performed according
to the method described with suitable modifications. In
brief, we transcribed the sense and antisense sequences
of GFODI1-AS1, as well as various truncated mutants of
GFODI-AS]1 in vitro using the MEGAscript® T7 Tran-
scription Kit (Invitrogen). Subsequently, the transcribed
RNA was purified and biotinylated using the Pierce RNA
3’ End Desulfurization Biotinylation Kit (Thermo Fisher
Scientific). After incubation with cell lysates, the pull-down
assay was carried out with the aid of the Pierce Magnetic
RNA-Protein Pull-Down Kit (Thermo Fisher Scientific).
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Ultimately, the captured proteins were subjected to Western
blot analysis for validation.

RNA immunoprecipitation-qPCR (RIP-qPCR) assay

The RIP assay was performed using the EZ-Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Millipore).
Firstly, we pre-incubated the indicated antibody with mag-
netic beads. Then, the antibody-magnetic bead complex was
co-incubated with the cell lysates at 4 °C for an extended
period. Following this, the RNA bound to the magnetic
beads was eluted and subjected to purification. Ultimately,
the enrichment of target genes in the immunoprecipitated
RNA-protein complexes was validated using RT-qPCR
analysis.

Ubiquitination assay

The indicated HMEC-1 cells were treated with 10 uM
MG132 (HY-13259, MCE) for 12 h, after which these cells
were lysed using a lysis buffer containing protease and phos-
phatase inhibitors to extract the total protein. Subsequently,
we conducted immunoprecipitation using the Pierce™
Co-Immunoprecipitation Kit (Thermo Fisher Scientific)
in conjunction with an anti-DNMT]1 antibody (ab19905,
Abcam) in accordance with the manufacturer’s guidelines.
Post-immunoprecipitation, the precipitates were meticu-
lously collected by centrifugation and extensively washed
to eliminate any unbound proteins. Finally, the precipitates
enriched with DNMT1 protein complexes were subjected
to Western blot analysis using a specific anti-ubiquitin anti-
body (Ab134953, Abcam) to evaluate the ubiquitination sta-
tus of DNMTT.

Data source and statistical analysis

The GSE80178 dataset was obtained from the Gene Expres-
sion Omnibus (GEO) database (https://www.ncbi.nlm.nih
.gov/geo/query/acc.cgi?acc=GSE80178), which includes
samples from the ulcer margins of six DFU patients and six
normal skin samples from non-DFU individuals. Employ-
ing the R programming language along with specialized
bioinformatics packages, we processed and analyzed this
dataset to extract the IncRNA expression profiles. To iden-
tify differentially expressed IncRNAs between the two
groups, we applied the criteria of]logFC| > 1.0 and P<0.01.
Coding Potential Calculator 2 (CPC2.0) online databases
(https://cpc2.gao-lab.org/) was used to analysis the coding
potential of GFOD1-AS1. The PACES online database (h
ttp://www.rnanut.net/paces/) was leveraged to identify and
map the ac4C modification motifs present on the GFOD1-
AS1 transcript. Furthermore, the catRAPID online database
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(http://s.tartaglialab.com/page/catrapid_group) and RPISeq
online database (http:/pridb.gdcb.iastate.edu/RPISeq/)
were utilized to forecast the proteins that may interact with
GFOD1-AS1, and the specific sequence of DNMT]1 binding
on GFOD1-ASI.

For quantitative analyses, each experiment was per-
formed in triplicate to ensure reliability. Data are pre-
sented as the mean values+standard deviations (SD). All
data processing and statistical analyses were conducted
using GraphPad Prism Software (GraphPad Inc., La Jolla,
CA, USA). To compare groups, we employed a two-tailed
Student’s t-test for comparing two groups and a one-way
ANOVA with Tukey’s multiple comparison test for ana-
lyzing multiple groups. Statistical significance was set at a
threshold of P<0.05.

Results

NAT10-mediated ac4C modification drives the
aberrant upregulation of GFOD1-AS1 in ulcer
margin tissues from patients with diabetic foot
ulcers (DFU) and in high glucose (HG)-treated
human dermal microvascular endothelial cells

By differential analysis of the whole-genome IncRNA
expression profiles ([logFC| > 1.0 and P-value<0.01) from
the GSE80178 dataset comprising ulcer margin samples
from six DFU patients and normal skin samples from six
non-DFU individuals, we screened a series of IncRNAs
that were dysregulated in the ulcer margin tissues of DFU
patients, of which 18 IncRNAs were significantly up-reg-
ulated (Fig. 1A and Supplementary Table 4). To ensure
unbiased validation and avoid biased selection of known
or highly specialized IncRNAs, a systematic randomiza-
tion method was used to randomly selected five IncRNAs
(HIF1A-AS2, LINCO00520, LINC00462, GFODI1-ASI,
and FAMS3C-AS1) from the 18 up-regulated IncRNAs
to validate their expression levels in clinical samples. The
RT-qPCR analysis revealed that LINC00520, HIF1A-AS2,
and GFOD1-AS1 were significantly elevated in the ulcer
margin tissues of patients with DFU, with GFOD1-AS1
demonstrating the most pronounced difference (Fig. 1B).
Consequently, GFOD1-AS1 was chosen for further inves-
tigation. Subsequently, we treated HMEC-1 cells with high
glucose (HG, 30 mM glucose) to mimic human dermal
microvascular endothelial cell dysfunction in DFU. We then
monitored the expression changes of GFOD1-AS1 using
RT-qPCR, and discovered a significant upregulation of
GFODI1-AS1 in the HG-induced dysfunction of HMEC-1
cells (Fig. 1C), which corroborated the expression pat-
terns observed in clinical samples. These data illustrate that

GFOD1-ASl1 is significantly upregulated in ulcer edge sam-
ples from DFU patients and in human dermal microvascular
endothelial cells under high glucose conditions. Although
recent studies have reported that IncRNAs are capable of
encoding peptides or proteins (Zhang 2024; Yi et al. 2024),
our analysis using the CPC2.0 online database has revealed
that GFOD1-AS1 lacks the potential for protein coding
(Supplementary Fig. 1A). Furthermore, we investigated the
intracellular localization of GFOD1-AS1 by performing RT-
gqPCR after isolating RNA from the cytoplasm and nucleus.
Our findings revealed that GFOD1-AS1 is present in both
the cytoplasmic and nuclear fractions, with a predominant
localization in the nucleus (Supplementary Fig. 1B).

To further investigate the underlying mechanisms of the
abnormal upregulation of GFOD1-ASI1 in the ulcer margin
tissues of patients with DFU, we predicted the presence of
ac4C modification on GFODI1-AS]1 transcripts using the
PACES online tool (Supplementary Fig. 1C). Subsequently,
we employed acRIP-qPCR assay to detect the ac4C modi-
fication levels of GFOD1-ASI in clinical specimens. Our
analysis revealed a substantial increase in ac4C modifica-
tion levels of GFOD1-AS1 in the ulcer margin tissues of
DFU patients, which was positively correlated with the
expression levels of GFOD1-AS1 (Fig. 1D). These data
suggest that ac4C modification may contribute to the pro-
motion of GFOD1-ASI expression in the ulcer margin skin
tissues of patients with DFU. NAT10, identified as the sole
ac4C “writer” protein, acts as an RNA acetyltransferase that
catalyzes ATP-dependent acetylation, specifically introduc-
ing ac4C modifications into mRNAs and non-coding RNAs.
Consequently, we employed RT-qPCR to examine NAT10
expression levels in clinical samples and HMEC-1 cells
exposed to HG. RT-qPCR results showed a significant upreg-
ulation of NAT10 mRNA in the ulcer margin skin tissues of
DFU patients and in HG-treated HMEC-1 cells (Fig. 1E).
Next, we engineered shRNA constructs specifically target-
ing NAT10 and transfected them into HMEC-1 cells, sub-
sequently assessing transfection efficiency using RT-qPCR.
The results showed that all three sShANAT10 had significant
interference effects, with shNAT10#1 demonstrating the
best interference effect (Figs. 1F), which was used for sub-
sequent studies. Interestingly, our findings revealed that
the suppression of NAT10 substantially decreased both
the transcript expression and ac4C modification levels of
GFOD1-AS1 in HG-induced HMEC-1 cells (Figs. 1G and
Supplementary Fig. 1D). Previous studies have reported that
a mutation of the conserved glycine residue to glutamic acid
(G641E) in NAT10 leads to a loss of its acetylation function
(Gong et al. 2024). HMEC-1 cells were transfected with
the FLAG-tagged catalytically inactive mutant of NAT10
(G641E) and its wild type, and then Western blot were
conducted using an anti-flag antibody. The results showed
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no significant difference in NAT10 protein levels between
HMEC-1 cells transfected with NAT10-G641E and those
with the wild-type NAT10 (Fig. 1H). Further analysis using
RT-qPCR and acRIP-qPCR assays demonstrated that the
overexpression of wild-type NAT10 significantly elevated
both the transcript levels and ac4C modification levels of
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GFOD1-AS1, but overexpression of NAT10-G641E exhib-
ited no significant effect on these levels (Fig. 1I). Finally,
RNA stability assay revealed that NAT10 knockdown accel-
erated the degradation of GFOD1-AS1, and overexpression
of NAT10 decelerated it, yet the overexpression of the cata-
lytically inactive NAT10-G641E mutant exhibited no effect
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{ Fig. 1 NAT10-mediated ac4C modification increases GFOD1-ASI1 sta-
bility in diabetic foot ulcer (DFU). (A) Analysis of the GSE80178 data-
set using a heatmap disclosed distinct long non-coding RNA (IncRNA)
expression patterns, with significant differential expression (|logFC| >
1.0 and P<0.01) observed in ulcer margin samples from six individu-
als with DFU and normal skin samples from six non-DFU patients.
Notably, 18 IncRNAs were markedly up-regulated specifically in ulcer
margin samples from patients with DFU. (B) Reverse transcription
quantitative polymerase chain reaction (RT-qPCR) was employed to
quantify the expression levels of long non-coding RNAs HIF1A-AS2,
LINC00520, LINC00462, GFOD1-AS1, and FAM83C-AS1 in ulcer
margin samples from ten individuals with DFU and wound margin
normal skin samples from ten non-DFU patients. (C) RT-qPCR was
utilized to assess the expression levels of GFOD1-AS1 in human der-
mal microvascular endothelial cells (HMEC-1 cells) under conditions
of high glucose (HG) treatment and normal glucose control. (D) The
enrichment of acetylation at lysine 4 (ac4C) modification on GFOD1-
AS1 was determined using anti-acetyl-lysine RNA immunoprecipita-
tion (acRIP) in ulcer margin samples from ten individuals with DFU
and wound margin normal skin samples from ten non-DFU patients,
and Pearson correlation coefficient analysis revealed a significant posi-
tive correlation between the transcript levels of GFODI1-ASI and its
ac4C modification levels in ulcer margin samples from patients with
DFU. (E) RT-qPCR was employed to measure NAT10 expression lev-
els in ulcer margin samples from ten individuals with DFU and wound
margin normal skin samples from ten non-DFU patients, as well as
HMEC-1 cells under conditions of HG treatment and normal glucose
control. (F) RT-qPCR was utilized to assess GFOD1-AS1 expression
levels following transfection of HMEC-1 cells with shNC or shNAT10.
(G) acRIP-qPCR and RT-qPCR were employed to evaluate the enrich-
ment of GFOD1-AS1 with the ac4C antibody and the expression levels
of GFOD1-AS1 and NAT10 in HMEC-1 cells under HG conditions.
(H) Western blot analysis revealed no significant difference in NAT10
protein expression levels between HMEC-1 cells overexpressing
NAT10 and those overexpressing the NAT10-G641E. (I) acRIP-qPCR
and RT-qPCR were used to assess the enrichment of GFOD1-AS1 with
the ac4C antibody and to determine GFOD1-AS1 expression levels in
HMEC-1 cells overexpressing either NAT10 or the NAT10-G641E.
(J) RNA stability assays were conducted to evaluate the impact of
NAT10 on the degradation of GFOD1-AS1. DFU, diabetic foot ulcers;
HG, high glucose; shNC, negative control short hairpin RNA vector;
shNAT10, NAT10 short hairpin RNA vector; NAT10, NAT10 overex-
pression vector; NAT10G641E, NAT10G641E overexpression vector.
N=3,"p>0.05, "p<0.05, #p<0.01, and "*p<0.001

on GFOD1-ASI stability (Fig. 1J). Collectively, these data
suggest that NAT10-mediated ac4C modification enhances
GFOD1-AS]1 stability, leading to the aberrant upregulation
of GFOD1-ASI.

Knockdown of GFOD1-AS1 enhances the
proliferation, migration, and tube formation of
human dermal microvascular endothelial cells
under high-glucose

To elucidate the role of GFOD1-AS1 in HG-induced dys-
function of human dermal microvascular endothelial cells,
shRNA constructs specifically targeting GFOD1-AS1 were
transfected into HMEC-1 cells. The results from RT-qPCR
showed that all three s\GFOD1-AS1 had significant inter-
ference effects, with shGFODI1-AS1#1 demonstrating

the best interference effect (Fig. 2A), which was used for
subsequent studies. Subsequently, HMEC-1 cells with and
without GFOD1-AS1 knockdown were subjected to HG
treatment for 24-hour to mimic the human dermal vas-
cular endothelial cell dysfunction in DFU. Our findings
revealed that the knockdown of GFOD1-AS1 in HMEC-1
cells significantly abrogated the HG-induced upregulation
of GFODI1-AS1 expression (Fig. 2B). CCK-8 and EdU
staining assays revealed that HG significantly suppressed
the proliferation of HMEC-1 cells, and this inhibitory effect
was substantially reversed by the knockdown of GFODI-
AS1 (Fig. 2C and D, and 2E). Scratch assay results showed
that knockdown of GFOD1-AS1 could largely rescue the
inhibitory effect of HG on HMEC-1 cells migration (Fig. 2F
and G). Tube formation assay results indicated that knock-
down of GFOD1-ASI1 could eliminate the inhibitory effects
of HG on tube formation of HMEC-1 cells, characterized by
a significant increase in number meshes, number segments,
number branches, and total branching length (Fig. 2H and
I, and Supplementary Fig. 2). Additionally, Western blot
analysis was utilized to assess the tube-forming ability of
HMEC-1 cells by quantifying the protein expression lev-
els of angiogenesis markers, including VEGF, HIF-1a, and
CD31. The results revealed that HG significantly reduced
the protein expression of VEGF, HIF-1a, and CD31 in
HMEC-1 cells, and this suppressive effect was substantially
mitigated by the knockdown of GFOD1-AS1 (Fig. 2J),
implying that GFOD1-AS1 knockdown may counteract
the inhibitory impact of HG on angiogenesis. Ultimately,
we assessed the functional consequences of GFOD1-AS1
overexpression in human dermal microvascular endothelial
cells. The results from RT-qPCR indicated that transfection
of HMEC-1 cells with the GFODI1-AS1 overexpression
plasmid significantly increased the expression of GFODI-
AS1 (Fig. 3A), confirming the success of the transfection.
EdU staining assay demonstrated that overexpression of
GFOD1-AS1 significantly inhibited cell proliferation in
HMEC-1 cells (Fig. 3B). Scratch assays confirmed that
GFODI1-AS1 overexpression markedly reduced cell migra-
tion in HMEC-1 cells (Fig. 3C). Furthermore, Western blot
analysis revealed that GFOD1-AS1 overexpression substan-
tially inhibited the protein expression of angiogenic mark-
ers (VEGF, HIF-1a, and CD31) in HMEC-1 cells (Fig. 3D),
suggesting that elevated GFODI1-AS1 levels can impede
angiogenesis. The collective data indicate that GFOD1-AS1
plays a crucial role in HG-induced dysfunction of human
dermal microvascular endothelial cells, and knockdown of
GFOD1-AS1 can ameliorate the HG-induced dysfunction
of human dermal microvascular endothelial cells.
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GFOD1-AS1 increases DNMT1 protein levels by
directly interacting with DNMT1 to block its
ubiquitin degradation

To clarify the regulatory mechanism of GFODI1-AS1 in
high glucose-induced functional injury of human dermal
microvascular endothelial cells, we initially investigated
whether GFODI1-AS1 acts as a competing endogenous
RNA (ceRNA). RIP-gPCR assay was performed to inves-
tigate the potential interaction between GFOD1-AS1 and
Argonaute-2 (Ago2), an integral component of the RNA-
induced silencing complex (RISC). The result from RIP-
gPCR revealed that GFOD1-AS1 was undetected in the
Ago2-associated cellular fraction, thereby excluding the
possibility of GFOD1-AS1 functioning as a ceRNA (Sup-
plementary Fig. 3A). A multitude of studies have demon-
strated that interactions with RNA-binding proteins are a
prevalent mechanism by which IncRNAs modulate down-
stream biological factors. Consequently, we employed the
catRAPID online prediction platform (http://s.tartagliala
b.com/page/catrapid_group) to forecast potential protein
interactions with GFOD1-AS1. Our analysis revealed that
DNA methyltransferase 1 (DNMT1) is among the proteins
that interact with GFOD1-AS1 (Fig. 4A). Further analy-
sis using RPISeq online prediction platform (http://pridb.
gdcb.iastate.edu/RPISeq/) revealed a score of 0.89 for the
interaction between DNMT1 and GFOD1-AS], further sug-
gesting their interaction. Subsequently, we conducted RNA
pull-down assays using probes specific to both the sense
and antisense strands of GFOD1-AS1, followed by Western
blot analysis. Our findings showed that DNMT1 was selec-
tively enriched in the complexes pulled down by the sense
strand of GFOD1-AS1, not the antisense strand of GFODI1 -
ASI1(Fig. 4B), suggesting a specific interaction between
DNMT1 and GFODI1-AS1. Additionally, we conducted
RIP assays using anti-IgG and anti-DNMT1 antibodies in
HMEC-1 cells with or without HG treatment, followed by
RT-qPCR analysis. The results demonstrated that DNMT1
interacted with GFODI1-AS1, and that this interaction is
significantly enhanced by HG exposure (Fig. 4C). Based
on the catRAPID-identified sequence potentially binding
DNMT1 on GFODI1-ASI1, we constructed sense and anti-
sense GFOD1-ASI1, along with several truncated mutants
(Fig. 4D). We then performed RNA pull-down assay in con-
junction with Western blot analysis to evaluate the binding
affinity of DNMT1 for these sequences on GFOD1-AS].
The results indicated that DNMT1 was specifically detected
in the pull-down fractions corresponding to the sense
GFOD1-AS1 and its A3 and A4 truncated mutants, but not
in those corresponding to the antisense GFOD1-AS1 and
its AS and A6 truncated mutants (Fig. 4E), suggesting that
the sequence 1172nt-1248nt on GFOD1-AS|1 interacts with
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DNMT]1. In summary, GFOD1-AS1 engages in direct inter-
actions with DNMT, pinpointing the nucleotide sequence
between positions 1172 and 1248 on GFODI1-ASI as the
specific binding site.

In our ongoing analysis of the regulatory interplay
between GFODI1-AS1 and DNMTI1, we observed that
DNMTI1 expression levels were significantly elevated in
the ulcer margin tissues of patients with DFU and in HG-
treated HMEC-1 cells (Supplementary Fig. 3B and Fig. 4F).
Interestingly, the knockdown of GFOD1-AS1 substantially
suppressed HG-induced DNMT1 protein expression in
HMEC-1 cells, without impacting DNMT1 mRNA levels
(Fig. 4F), suggesting that GFOD1-AS1 regulates DNMT1
expression at the post-translational level. Consequently, we
performed protein degradation experiments in HMEC-1
cells using50 pg/mL CHX (the protein synthesis inhibitor).
Western blot analysis revealed that knockdown of GFOD1-
AS1 significantly reduced the half-life of DNMT1 protein in
HMEC-1 cells (Fig. 4G). These data indicated that knock-
down of GFOD1-AS1 markedly promoted the degradation
of DNMTT1 protein.

Ubiquitination, a post-translational modification that
involves the conjugation of ubiquitin to target proteins, is
pivotal in the regulation of numerous biological processes
(Wang and Maldonado 2006; Zhong et al. 2022). Current
evidence indicates that proteins modified by ubiquitination
are primarily degraded through the ubiquitin-proteasome
system and the autophagy-lysosome system (Cui et al.
2024). Thus, we treated the specified HMEC-1 cells with
MG132 (an inhibitor of the ubiquitin-proteasome pathway)
or CQ (an inhibitor of the autophagy-lysosome pathway).
Western blot analysis revealed that MG132, but not CQ,
significantly mitigated the degradation of DNMT1 protein
triggered by GFOD1-AS1 knockdown (Fig. 4H), suggest-
ing that the knockdown of GFOD1-AS1 promotes DNMT1
protein degradation primarily through the ubiquitin-protea-
some system. Subsequently, DNMT1 ubiquitination levels
were evaluated by Western blot after co-immunoprecipitat-
ing the specified HMEC-1 cells with an anti-DNMT1 anti-
body. The results revealed that knockdown of GFOD1-AS1
significantly enhanced the ubiquitination levels of DNMT]1
protein in HMEC-1 cells, and this promotion could be
abolished by overexpression of GFODI-AS1 (Fig. 4I),
suggesting that knockdown of GFODI1-AS1 facilitates
DNMT1 protein ubiquitination levels in HMEC-1 cells.
Finally, Western blot analysis showed that overexpressing
GFOD1-AS1 increased DNMT1 protein levels in HMEC-1
cells with GFOD1-AS1 knockdown, whereas overexpres-
sion of the truncated mutant GFOD1-AS1-/\6 had no
effect on DNMT1 expression (Fig. 4J). Collectively, these
data conclude that GFOD1-AS1 enhances the stability of
DNMT]1 by directly binding to DNMT1 and inhibiting the
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Fig. 2 Knockdown of GFOD1-AS1 enhances the proliferation, migra-
tion, and tube formation of human dermal microvascular endothelial
cells under high-glucose. (A) RT-qPCR was used to determine the
expression levels of GFODI1-AS1 in HMEC-1 cells following trans-
fection with three different ssxGFOD1-AS1 or shNC, thereby assessing
the efficiency of transfection. (B) RT-qPCR was conducted to measure
GFOD1-ASI expression levels in the specified HMEC-1 cells. (C-E)
The CCK-8 and EdU assays were used to measure the proliferation
ability of the indicated HMEC-1 cells. Scale bar =100 um. (F-G) The

HIF-1a

VEGF

wound healing assay was applied to detect the migration of the indi-
cated HMEC-1 cells. Scale bar =100 pm. (H-I) The tube formation
assay was utilized to evaluate the angiogenic tube formation capac-
ity of the specified HMEC-1 cells. Scale bar =50 pm. (J) Western
blot analysis was conducted to assess the protein expression levels of
angiogenic markers, including VEGF, HIF-1a, and CD31, in the indi-
cated HMEC-1 cells. HG, high glucose; shNC, negative control short
hairpin RNA vector; s\GFOD1-AS1, GFOD1-AS1 short hairpin RNA
vector. N=3~5, #p<0.05, #p<0.01, and #*p<0.001
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Fig. 3 Elevated levels of GFODI-AS1 suppress the proliferation,
migration, and tube formation capabilities of human dermal micro-
vascular endothelial cells. (A) RT-qPCR was used to determine the
expression levels of GFODI1-AS1 in HMEC-1 cells following trans-
fection with GFOD1-AS1 or mock, thereby assessing the efficiency
of transfection. (B) The EdU assay was used to measure the prolif-
eration ability of HMEC-1 cells with or without GFOD1-AS1 over-
expression. Scale bar =100 um. (C) The wound healing assay was
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employed to assess the migratory capability of HMEC-1 cells with or
without GFOD1-AS1 overexpression. Scale bar =100 um. (D) West-
ern blot analysis was conducted to assess the protein expression levels
of angiogenic markers (VEGF, HIF-1a, and CD31) in HMEC-1 cells
with or without GFOD1-AS1 overexpression. Mock, negative control
vector; GFOD1-AS1, GFOD1-AS1 expressed vector. N=3, #p<0.05,
#p<0.01, and **p<0.001
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degradation of DNMT1 protein mediated by the ubiquitin-
proteasome pathway.

Knockdown of GFOD1-AS1 ameliorates HG-
induced functional impairments in human dermal
microvascular endothelial cells by downregulating
DNMT1 expression

To determine whether DNMTT1 is an effector of GFODI1-
AS1 in DFU, we constructed HMEC-1 cells overexpress-
ing DNMTI1 (Supplementary Fig. 4A) and performed
rescue experiments in the indicated HMEC-1 cells with
HG-induced functional impairment, with comprehensive
comparison between high glucose and control groups pro-
vided in Figs. 1 and 2. Western blot analysis demonstrated
that transfection of HMEC-1 cells with DNMT1 expression
plasmids not only enhanced HG-induced DNMT]1 expres-
sion but also negated the suppressive effect of GFOD1-AS1
knockdown on HG-induced DNMT1 expression (Supple-
mentary Fig. 4B). Subsequently, EQU assay revealed that
overexpression of DNMTI significantly aggravated the
inhibitory effect of HG on cell proliferation and also coun-
teracted the ameliorative effect of GFOD1-AS1 knockdown
on HG-induced proliferation inhibition (Fig. 5SA and B).
Scratch assay results evaluating cell migration capacity indi-
cated that overexpression of DNMT1 significantly intensi-
fied the inhibitory impact of HG on cell migration and also
negated the beneficial effects of GFOD1-AS1 knockdown
in mitigating HG-induced migration inhibition (Fig. 5C and
D). Tube formation assay data, which evaluate angiogenic
potential, demonstrated that overexpression of DNMT]I
significantly exacerbated the inhibitory effect of HG on
tube formation and also abrogated the beneficial impact of
GFOD1-AS1 knockdown on alleviating HG-induced inhi-
bition of tube formation (Fig. 5E and F, and Supplementary
Fig. 4C). Furthermore, Western blot analysis of angiogenic
markers (VEGF, HIF-1a, and CD31) revealed that overex-
pression of DNMT1 markedly intensified the suppressive
impact of HG on the expression levels of these proteins
and neutralized the influence of GFOD1-AS1 knockdown
on their expression profiles under HG conditions (Fig. 5G).
Collectively, these findings underscore the overexpression
of DNMT]1 inhibits the biological function of human dermal
microvascular endothelial cells in HG conditions, whereas
the knockdown of GFODI1-AS1 enhances the biological
functions of these cells under high-glucose conditions by
downregulating DNMT1.

Discussion

Existing studies have confirmed that the hyperglycemic
microenvironment in DFU contributes to delayed wound
repair by inducing dysfunction in dermal microvascular
endothelial cells. Nevertheless, the central molecular regu-
latory network underlying DFU pathogenesis remains elu-
sive. This study aims to clarify the pathogenesis of high
glucose-induced dermal microvascular endothelial cell
dysfunction and provide potential therapeutic targets for the
clinical management of DFU.

Although IncRNAs play a significant role in various
diseases, including DFU (Yan et al. 2021; Architha et al.
2024; Li et al. 2020), the underlying regulatory mechanisms
are not well understood. Emerging evidence underscores
the pivotal role of ac4C modification in the regulation
of IncRNA expression (Yu et al. 2023; Gong et al. 2024;
Yan et al. 2023). Nevertheless, ac4C modification driving
IncRNA dysregulation in DFU has yet to be documented.
In this study, we report for the first time that a substantial
increase in ac4C modification levels of GFOD1-ASI in the
ulcer margin tissues of DFU patients was positively corre-
lated with the expression levels of GFOD1-AS1, suggesting
that ac4C modification may contribute to the promotion of
GFOD1-AS1 expression in the ulcer margin skin tissues of
patients with DFU. NAT10 is the only known AC4C-mod-
ified writer, which has been proved to be involved in the
occurrence and development of a variety of human diseases.
Recent studies have shown that NAT 10 can not only mediate
mRNA ac4C modification to maintain mRNA stability and
translation, but also promote IncRNA ac4C modification to
enhance IncRNA stability. For example, NAT10 enhances
the stability of IncRNA SIMALR in nasopharyngeal carci-
noma (Gong et al. 2024), IncRNA CTC-490G23.2 stability
(Yu et al. 2023) in cancer metastasis, and IncRNA PAN sta-
bility in the context of the kaposi’s sarcoma-associated her-
pesvirus (KSHV) infection (Yan et al. 2023) by mediating
ac4C modification. Consistent with previous research, our
findings also demonstrated that the abnormal upregulation
of GFOD1-AS1 in DFU is attributed to NAT10-mediated
ac4C modification enhancing GFODI1-AS1 stabilization.
Most notably, our findings reveal that GFOD1-AS1 directly
interacts with DNMT1, preventing its ubiquitin-mediated
degradation and preserving DNMT1 protein stability, which
in turn exacerbates HG-induced dysfunction in human der-
mal microvascular endothelial cells.

The swift evolution in the fields of proteomics and epi-
genetics has facilitated the discovery of numerous RNA-
binding proteins (RBPs), which in turn has propelled
research into the intricate interplay between IncRNAs and
RBPs (Bianetal.2019; Yangetal. 2019). Kang et al. reported
that IncRNA MIR210HG interacts with DNMT 1, recruiting
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DNMT]1 to the CACNA2D2 gene promoter to activate its
methylation, thereby suppressing the transcriptional expres-
sion of CACNA2D2, leading to the proliferation and inva-
sion of non-small cell lung cancer (Kang et al. 2019). Wang
et al. found that IncRNA TINCR directly interacts with
DNMT1, promoting the methylation of the miR-503-5p
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gene, thus inhibiting the transcriptional expression of miR-
503-5p, resulting in the proliferation and tumorigenesis of
breast cancer cells (Wang et al. 2021). Fu et al. reported
that LINC01435 changed the subcellular localization of the
transcription factor Yin Yang 1 (YY1) and cinteracted with
YY1 to upregulate the expression of histone deacetylases8
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{ Fig.4 GFODI1-AS] interacts with DNMTT1 to block the degradation of
DNMT1 mediated by ubiquitin-proteasome pathway and up-regulate
the expression of DNMT1. (A) The CatRAPID online platform was
utilized to predict interactions between DNMT1 and GFODI1-ASI.
(B) Western blot analysis confirmed the enrichment of DNMTT in the
fractions specifically pulled down by GFOD1-AS. (C) RNA immuno-
precipitation (RIP) assays were performed on HMIC-1 cells from the
HG and control groups using anti-IgG antibody (negative control) and
anti-DNMT1 antibody, and the enrichment of GFOD1-AS1 in the pre-
cipitates was quantified by RT-qPCR. RIP-qPCR results confirmed that
the DNMT1-directed antibody was capable of precipitating GFOD1-
AS1. (D) The schematic diagram illustrates the full-length, antisense,
and different truncated fragments of GFOD1-AS1. (E) RNA pull
down-western blot analysis revealed that the truncated fragment #6 of
GFODI1-AS1 was indispensable for the interaction with DNMT]. (F)
RT-qPCR and Western blot analysis were employed to determine the
relative mRNA and protein levels of DNMT1 in indicated HMEC-1
cells. (G) HMEC-1 cells transfected with shGFOD1-AS1 or shNC
were treated with 50 pg/mL cycloheximide (CHX) for specified time
periods, after which DNMT1 protein levels were assessed using West-
ern blot analysis. (H) HMEC-1 cells transfected with shGFODI1-AS1
or shNC were treated with 10 uM MG132 or 15 pM chloroquine
(CQ) for specified time periods, and then DNMT1 protein levels was
detected by Western blot analysis. (I) HMEC-1 cells transfected with
shGFOD1-AS1 or overexpressing GFOD1-AS1 were treated with 10
uM MG132 for 10 h, and then the ubiquitination level of DNMT1 was
evaluated using co-immunoprecipitation (Co-IP) followed by West-
ern blot analysis. (J) Western blot analysis was performed to detect
the expression of DNMT1 protein in HMEC-1 cells after knock-
down of GFOD1-AS1, followed by re-expression of GFOD1-AS1 or
GFOD1-AS1-/\6. HG, high glucose; DNMT1, DNMT]1 overexpres-
sion vector; sS\GFOD1-AS1, GFOD1-AS1 short hairpin RNA vector;
GFOD1-AS1, GFOD1-ASloverexpression vector; /\1, Full-length
vector of GFOD1-AS1; /\2, Antisense vector of GFOD1-AS1; A3,
A truncated GFOD1-AS1 containing 851-1274nt; /A4, A truncated
GFOD1-AS1 containing 1172-1274nt; /\5, A truncated GFOD1-AS1
containing 1248-1274nt; /\6, A truncated GFOD1-AS1 deletion of
1172-1248nt (GFOD1-AS1-A6). N=3, ™ p>0.05, #p<0.01, and
##<0.001

(HDACS), thereby inhibiting the tube formation and migra-
tion of human endothelial cells, and consequently exacer-
bating DFU (Fu et al. 2022). In concordance with existing
literature, our research also demonstrates that GFOD1-AS1
exerts its function in DFU by engaging directly with the
DNMT]1 protein, thereby negating the ceRNA mechanism
as the primary mediator of its action.

DNMT]I, a crucial gene in mammalian DNA methyla-
tion, encodes a large and complex enzyme that contributes
to the multitude of regulatory capabilities. Previous stud-
ies have demonstrated that high glucose-driven overex-
pression of DNMT1 can lead to microvascular endothelial
dysfunction, and inhibition of DNMT]1 can ameliorate high
glucose-induced impairment of angiogenesis and acceler-
ate the healing of diabetic wounds (Zhao et al. 2021; Xue
et al. 2022). These findings underscores the pivotal role of
DNMT1 in the pathogenesis of diabetic vascular complica-
tions, suggesting that DNMT1 could serve as a promising
therapeutic target for addressing diabetes-related vascular
disorders. In our study, we have demonstrated that DNMT1

exhibits overexpression in the wound margin tissues of
patients with DFUs, as well as in the human dermal micro-
vascular endothelial cells subjected to HG. Functional study
showed that the overexpression of DNMT1 exacerbates
the dysfunction of human dermal microvascular endothe-
lial cells induced by HG. These data robustly support that
HG acts as the upstream driver of DNMT1 overexpression,
which subsequently mediates endothelial dysfunction. Of
particular importance, our data demonstrated that overex-
pression of DNMT1 counteracts the restorative effects of
GFOD1-AS1 knockdown on HG-induced dysfunction of
human dermal microvascular endothelial cells. Therefore,
we propose that DNMTT is an effective molecule through
which GFOD1-ASI1 exerts its function.

Increasing evidence shows that IncRNA can act as a
decoy, scaffold or guide for RBPs to affect their modifica-
tion, stability, localization and activity, thereby participating
in the occurrence and progression of a variety of diseases
(Statello et al. 2021; Yao et al. 2022). Our research data
demonstrated that GFOD1-AS1 interacted with DNMT]1
to increase the stability of the DNMT1 protein. Ubiquiti-
nation, a pivotal post-translational modification, is essential
for the regulation of protein homeostasis, with the ubiquitin-
proteasome system responsible for approximately 80% of
protein degradation (Wang and Maldonado 2006; Zhong
et al. 2022). Our research data indicated that knockdown
of GFODI-AS]1 leaded to the degradation of DNMT]I
protein through the ubiquitin-proteasome system, sug-
gesting that the DNMT]1 protein stability is regulated by
the ubiquitin-proteasome system, which is consistent with
previous research findings (Fang et al. 2023; Zhang et al.
2023). Existing studies have demonstrated that IncRNA can
regulate the degradation of DNMTT1 protein by controlling
the ubiquitination status of DNMT1 (Xu et al. 2019; Geng
et al. 2021). For instance, IncRNA LUCATT interacts with
DNMT]1, inhibiting its degradation through the ubiquitin-
proteasome pathway, thereby enhancing the DNMT1 pro-
tein stability and promoting the occurrence and progression
of esophageal squamous cell carcinoma (Yoon et al. 2018).
Consistent with the aforementioned research findings, our
experimental results also demonstrated that GFOD1-AS1
directly interacted with DNMT1 to block the ubiquitina-
tion modification of DNMT1 protein, thereby regulating
HG-induced human dermal microvascular endothelial cells
dysfunction. However, the intrinsic and fine-tuned regula-
tory mechanisms by which the direct interaction between
GFOD1-AS1 and DNMT1 blocks the ubiquitin degradation
of DNMTT1 have not been explored in this study.

Recent studies have shown that IncRNA can participate
in the occurrence and development of a variety of dis-
eases by competitively binding substrates with E3 ubiqui-
tin ligases, blocking the ubiquitination and degradation of
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Fig.5 GFODI1-AS1 knockdown mitigates high-glucose vascular endo-
thelial cell injury by suppressing DNMT1 expression, and the detailed
comparisons between high glucose and control groups provided in
Figs. 1 and 2. (A and B) The EdU assay was used to measure the pro-
liferation ability in the indicated HMEC-1 cells. Scale bar =100 pm.
(C and D) The wound healing assay was applied to detect the migra-
tion in the indicated HMEC-1 cells. Scale bar =100 um. (E and F)
The tube formation assay was utilized to evaluate the angiogenic tube
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formation capacity in the indicated HMEC-1 cells. Scale bar =50 pm.
(G) Western blot analysis was conducted to assess the protein expres-
sion levels of angiogenic markers (VEGF, HIF-1a, and CD31) in the
indicated HVEC cells. HG, high glucose; DNMT1, DNMT1 overex-
pression vector; SiIGFOD1-AS1, GFOD1-AS1 short hairpin RNA vec-
tor. (H) Schematic diagram of the mechanism by which GFOD1-AS1
promotes the dysfunction in microvascular endothelial cells of diabetic
foot ulcers. N=3, p<0.05, #p<0.01, and **p<0.001
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substrates mediated by E3 ligase and enhancing the stability
of substrate proteins. For example, IncRNA-ZXF1 directly
binds to P21, blocking the binding site of E3 ubiquitin ligase
CDC20 with its substrate P21, thus inhibiting the CDC20-
mediated ubiquitination-degradation pathway of P21 and
maintaining P21 protein stablilty, which in turn resists the
occurrence and development of endometrial cancer (Kong
et al. 2021). Additionally, recent research evidence indi-
cates that IncRNA SNHG6 competitively binds to DNMT]1
with ubiquitin-like with PHD and ring finger domains
1 (UHRF1), blocking the ubiquitination degradation of
DNMT1 mediated by UHRF1, enhancing the stability of
DNMT1 protein, thereby increasing the methylation level of
the brain-derived neurotrophic factor (BDNF) promoter, and
regulating depressive-like behaviors in hypothyroid mice
(Yang et al. 2022). In the light of our findings and recent lit-
erature, we speculate that GFOD1-AS1 may compete with
E3 ubiquitin ligase to bind DNMT1, block the ubiquitina-
tion and degradation of DNMT1 mediated by E3 ubiquitin
ligase, thereby maintaining the stability of DNMT1 protein
and leading to the occurrence and development of DFU.
Building upon the findings of this study, future research will
systematically explore this hypothesis through cellular, pre-
clinical animal models, and clinical levels to uncover novel
pathogenic mechanisms of DFU and develop innovative
clinical treatment strategies. Furthermore, our data suggest
that DNMT1 is a key mediator of high glucose-induced
endothelial dysfunction, but the potential regulatory role of
DNMT1 overexpression under normal glucose conditions
remains unexplored. Future studies may investigate whether
DNMT]1 plays a glucose environment-dependent or inde-
pendent role in microvascular homeostasis.

Conclusion

Our research findings suggest that GFOD1-AS1, modu-
lated by NAT10-mediated ac4C modification, emerges as
a promising therapeutic target for the treatment of chal-
lenging wounds associated with DFU. Mechanistically,
GFODI1-AS1 directly interacts with DNMT1, blocking its
ubiquitin degradation and maintaining DNMT]1 protein sta-
bility, ultimately promoting the HG-mediated dysfunction
of human dermal microvascular endothelial cells (Fig. SH).
These findings provide valuable clues for the development
of new therapeutic strategies for DFU and point the way for
future research.
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