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Abstract
A diabetic foot ulcer (DFU) is one of the most devastating complications of diabetes. It has been reported that lncRNA
GAS5 plays a vital role in wound healing in DFUs. However, the specific mechanism remains unclear. In this research, we
aimed to investigate the role of GAS5 in wound healing in DFUs as well as the underlying mechanism. qPCR or western
blotting was performed to measure the expression levels of GAS5, HIF1A, VEGF and TAF15. CCK-8 or EdU assays, flow
cytometry, wound healing assays and tube formation assays were carried out to assess the proliferation, apoptosis, wound
healing and in vitro angiogenesis of HUVECs, respectively. RNA pull-down and RIP assays were performed to verify the
interaction between GAS5 and TAF15. ChIP and luciferase assays were conducted to verify the binding of TAF15 to the
HIF1A promoter. In the DFU mouse model, H&E and Masson staining were used to determine epidermal and dermal
thickness and collagen formation. GAS5 and HIF1A were downregulated in the skin tissues of DFU patients, and GAS5
overexpression promoted cell proliferation, wound healing and tubule formation in HG-treated HUVECs. In addition, GAS5
facilitated HIF1A expression by interacting with TAF15. Rescue assays demonstrated that the suppression of HIF1A/VEGF
pathway activation partially reversed the functional roles of GAS5 in HUVECs. Furthermore, GAS5 accelerated wound
healing by activating the HIF1A/VEGF pathway in mice with DFUs. GAS5 activates the HIF1A/VEGF pathway by binding
to TAF15, resulting in accelerated wound healing in DFUs. Our findings may provide a theoretical basis for the clinical
treatment of DFUs.

Introduction

Diabetic foot ulcers (DFUs) are a major cause of amputation
in diabetic patients; DFUs affect over 170 million people
worldwide, and 10–15% of people with diabetes develop
foot ulcers [1]. In addition, each year, ~20% of DFU
patients require amputation surgery to prevent the disease

from worsening [2]. DFUs seriously affect human health
and reduce people’s quality of life. Moreover, studies have
shown that DFU treatment is difficult due to the difficulty of
wound repair [3]. In addition, angiogenesis is reported to be
an important factor for wound healing [4]. Therefore,
understanding the mechanism underlying wound healing in
DFUs and seeking effective ways to promote angiogenesis
will help to identify effective methods for DFU treatment.

Long noncoding RNAs (lncRNAs) are vital intracellular
regulatory molecules that play functional roles in various
physiological processes [5]. Importantly, lncRNAs have
been proven to be regulators of wound healing [6].
LncRNA H19 in MSC-derived exosomes upregulates
PTEN by regulating miR-152-3p, resulting in accelerated
wound healing in DFUs [7]. Liu et al. reported that lncRNA
MALAT1 accelerates wound healing in diabetic mice by
regulating the hypoxia-inducible factor (HIF)-1A pathway
[8]. LncRNA growth arrest-specific 5 (GAS5) is a non-
protein-coding RNA that is encoded by the GAS5 gene.
Recently, GAS5 was demonstrated to be related to the
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prevalence of diabetes [9] and serves as a target for ther-
apeutic intervention in type 2 diabetes management [10]. It
is worth noting that GAS5 is also involved in regulating
DFU wound healing [11]. However, the role of GAS5 in
wound healing in DFUs, as well as the underlying
mechanism, remains unclear.

TATA box-binding protein associated factor 15 (TAF15)
is a member of the FET family and plays an important role
in regulating mRNA transcription, RNA splicing and pro-
tein translation [12]. Moreover, TAF15 was reported to
promote cell proliferation and modulate cell cycle-related
gene expression [13, 14]. It is generally known that
lncRNAs can interact with RNA-binding proteins (RBPs) to
regulate their target genes. Chen et al. reported that upre-
gulated LINC01048 promotes tumour cell proliferation by
interacting with TAF15 to activate YAP1 [15]. However,
limited information is available regarding the function of
TAF15 in DFUs and its interaction with GAS5.

HIF proteins are composed of HIF1A, 2A, 3A and the
constitutively expressed subunit 1B. As one of the most
widely studied HIF proteins, HIF1A is known to activate
the expression of many hypoxia-inducible genes, which
may be essential for regulating various cell functions [16].
In addition, it has been reported that HIF1A plays a pivotal
role in endothelial cell tube formation, and the specific
mechanism may be related to the upregulation of vascular
endothelial growth factor (VEGF) [17].

In the present study, we hypothesize that GAS5 may
activate the HIF1A/VEGF pathway by binding to TAF15 to
accelerate wound healing in DFUs in vitro and in vivo. Our
research may shed new light on the clinical treatment
of DFUs.

Materials and methods

Human skin tissue specimens

Skin tissues from the edges of wounds were obtained from
DFU patients and healthy controls (characteristics are listed
in Table 1) in our hospital between August 2018 and March
2019. DFU patients were included if they were diagnosed
with type 2 diabetes according to the World Health Orga-
nization (WHO) diagnostic criteria for DM (WHO 1999),

signed written informed consent forms, had no haematolo-
gical diseases, had no malignant tumours and had normal
liver and kidney function. Patients were excluded if they
had acute complications, such as diabetic ketoacidosis or
hypertonic coma, concurrent primary glomerular disease,
liver or kidney dysfunction, cardiac insufficiency or other
serious diseases. The experimental protocols were approved
by the Ethics Committee of Yiyang Central Hospital, and
the experimental procedures were conducted according to
the principles outlined in the Declaration of Helsinki.

Cell culture and treatments

Human umbilical vein endothelial cells (HUVECs) were
obtained from ScienCell Research Laboratories and were
cultured in endothelial cell medium supplemented with 1%
penicillin–streptomycin solution and 5% foetal bovine
serum in a humidified incubator containing 5% CO2 at
37 °C. For the treatments, HUVECs were incubated with
normal glucose (5.5 mM), high glucose (HG; 25 mM) or a
high concentration of mannose (OS; 5.5 mM glucose and
19.5 mM mannose) for 48 h. Mannose and glucose were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell transfection

For the overexpression of GAS5 and TAF15, GAS5 or
TAF15 cDNA was cloned into the pcDNA3.1 vector (Invi-
trogen, Carlsbad, CA, USA). HIF1A shRNA (sh-HIF1A)
and the negative control were purchased from RiboBio
(Guangzhou, China). Cells were seeded into plates, and
Lipofectamine™ 3000 Transfection Reagent (Invitrogen)
was used for cell transfection. The HUVECs were subjected
to subsequent experiments 48 h after transfection.

CCK-8 assay

Cell viability was analysed by Cell Counting Kit-8 (Beyo-
time, Nanjing, China) according to the instructions. After
treatment, 10 μL CCK-8 solution was added to each well
and incubated for 4 h. Then, a microplate reader was used to
detect the absorbance of each well at 450 nm, and the
absorbance values indicated cell viability.

5-Ethynyl-2′-deoxyuridine (EdU) assay

An EdU assay was performed to assess cell proliferation by
using an EdU Imaging Kit (RiboBio). First, the transfected
HUVECs were incubated with prepared EdU medium for
2 h. Subsequently, the cells were fixed with 4% paraf-
ormaldehyde for 30 min, and other reagents were added and
incubated according to the instructions. After washing, the
cells were stained with Hoechst 33342 solution for 30 min

Table 1 Characteristics of healthy and DFU patients.

Group Age Sex Duration

(years) Female Male (months)

Normal 40–58 3 3 –

DFU 46–67 12 18 4–8
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at 37 °C in the dark. Finally, images were obtained with a
fluorescence microscope, and ImageJ software (ImageJ
Software, Inc.) was used for statistical analysis. The
experiments were repeated three times.

Flow cytometry

An Annexin V-FITC/PI Apoptosis Detection Kit (Beyo-
time) was used for apoptosis analysis. In detail, the cells
were resuspended in 500 μL binding buffer, and then, 5 μL
FITC-conjugated antibodies and 5 μL propidium iodide
were added to the cell suspension and incubated for 15 min
in the dark. Finally, cell apoptosis was assessed by using a
flow cytometer (FACSort; Becton Dickinson). The data
were analysed using ModFit software (Verity Software
House, Top-sham, USA).

Wound healing assay

HUVECs (2 × 105) were added to 12-well cell culture plates
and treated with high concentrations of glucose or mannose
and the indicated plasmids. After treatment, the cell
monolayer was scratched with a 200 μL pipette tip, forming
an artificial wound. Then, the cells in the cell culture plates
were photographed (from 0 to 24 h) under an inverted
microscope to assess the wound healing of the HUVECs.

Tube formation assay

After treatment, 5 × 104 cells per well were seeded in
Matrigel-pretreated 24-well plates and incubated for 48 h.
Then, the formation of tubules was observed under an

optical microscope. Finally, CellSens Standard software
(Bio-Rad Laboratories, Hercules, CA, USA) was used to
measure the numbers of tubes per field in each group.

Quantitative real-time PCR (qPCR)

TRIzol reagent (Takara) was used to extract the total RNA
from HUVECs or tissues. Then, the RNA concentrations
were measured, and the RNA samples were reverse tran-
scribed into cDNA. qPCR was performed using SYBR
GreenMix (Takara) on a real-time fluorescent qPCR
instrument as previously described [18]. The relative RNA
expression was calculated with the 2−ΔΔCt method and
normalized to the GAPDH RNA expression. The primers
used to this study are listed in Table 2.

Western blot

Total proteins were isolated from HUVECs or tissues by
using cell lysis buffer (Beyotime). Western blotting was
performed as previously described [19]. All the antibodies
used in this study were obtained from Abcam (Cambridge,
UK; 1:1000). A goat anti-rabbit IgG secondary antibody
served as the secondary antibody (Santa Cruz, San Fran-
cisco, USA, 1:2000). The optical densities of the protein
bands were quantified by ImageJ software.

Fluorescence in situ hybridization (FISH) assay

First, the prepared HUVECs were incubated with acidic
sodium sulfite for 30 min and then incubated with pepsin for
20 min. The slides were soaked in 50, 80 and 96% ethanol
solutions for 3 min before being dried. Subsequently, 10 μL
of hybridization buffer and 1 μL of GAS5 probe (Thermo
Fisher Scientific, Waltham, MA, USA) were added to the
slide hybridization zone and incubated for 90 min at 4 °C.
Furthermore, the slides were incubated in NP40 solution,
washed with 70% ethanol for 4 min, and dried in the dark.
Ten microlitres of DAPI dye (Sigma-Aldrich) was added to
the slides and incubated in the dark for 5 min. Finally, the
results were observed under a fluorescence microscope.

RNA pull-down assay

Biotin-RNA Labeling Mix was used for RNA biotinylation
and transcription. Then, biotin-labelled RNAs were incu-
bated with RNase-free TURBO DNase I (Invitrogen) and
Sephadex G-50 Quick Spin Columns (Sigma-Aldrich) and
then with cell lysate supernatants for 2 h at 4 °C. Subse-
quently, the supernatants were mixed with Dynabeads™
MyOne™ Streptavidin T1 (Invitrogen) and incubated for
1 h. After washing, the proteins bound to GAS5 were
detected by western blot.

Table 2 Primer sequences for qPCR.

Gene Primer sequence

GAS5 Forward: 5′-GTGAGGTATGGTGCTGGGTG-3′

Reverse: 5′-GCCAATGGCTTGAGTTAGGC-3′

TAF15 Forward: 5′-TGACCAGCAGTCAGGCTATG-3′

Reverse: 5′-TCACATCACGACGGTCATCT-3′

HIF1A (mouse) Forward: 5′-TCCATGTGACCATGAGGAAA-3′

Reverse: 5′-CTTCCACGTTGCTGACTTGA-3′

HIF1A (human) Forward: 5′-CAGCTATTTGCGTGTGAGGA-3′

Reverse: 5′-CCTCATGGTCACATGGATGA-3′

VEGF (mouse) Forward: 5′-GAGAGAGGCCGAAGTCCTTT-3′

Reverse: 5′-TTGGAACCGGCATCTTTATC-3′

VEGF (human) Forward: 5′-GGGCAGAATCATCACGAAGT-3′

Reverse: 5′-TGGTGATGTTGGACTCCTCA-3′

GAPDH
(mouse)

Forward: 5′-AGCCCAAGATGCCCTTCAGT-3′

Reverse: 5′-CCGTGTTCCTACCCCCAATG-3′

GAPDH
(human)

Forward: 5′-AGGTCGGAGTCAACGGATTT-3′

Reverse: 5′-TGACGGTGCCATGGAATTTG-3′
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RNA immunoprecipitation (RIP) assay

The physical interaction between GAS5 and TAF15 was
assessed using an EZMagna RIP Kit (Millipore, Billerica,
MA, USA) according to the manufacturer’s instructions.
The detailed procedure was similar to a previously descri-
bed procedure [20].

Luciferase assay and chromatin
immunoprecipitation (ChIP) assay

pcDNA3.1-NC or pcDNA3.1-TAF15 was cloned into the
psi-CHECK2 reporter vector. Lipofectamine 3000 (Invi-
trogen) was used for cotransfection of the HIF1A promoter
(>hg38_knownGene_ENST00000337138.9 range= chr14:
61694513-61695512). Forty-eight hours after transfection,
the luciferase activity was measured with the Dual-
Luciferase Reporter Assay System (Promega, Madison,
WI, USA). To verify the binding of TAF15 to the promoter
region of HIF1A, a ChIP assay was performed using an
EZMagna ChIP kit (Millipore) according to the manu-
facturer’s instructions. Finally, the precipitated DNA was
assessed via qPCR.

DFU model

The mice (8–10 weeks old) used in this study were pur-
chased from Hunan SLAC Jingda Laboratory Animal Co.,
Ltd. (Changsha, China). The animal experiments described
in this paper were carried out in accordance with the
Guidelines for the Care and Use of Laboratory Animals
issued by the National Institutes of Health.

In this study, diabetes was induced by the intraperitoneal
administration of streptozotocin (STZ, 45 mg/kg body
weight in 0.1 M citrate buffer, pH 4.5) for five consecutive
days to 24 healthy mice as previously described [21]. The
serum glucose level was analysed 5 days after the last STZ
treatment and was then closely monitored for 2 weeks.
Animals with fasting blood glucose levels higher than 280
mg/dL were considered diabetic, and wounds were then
induced. To this end, the diabetic mice were randomly
divided into three groups, each with eight mice, and a
rectangular wound (3 mm × 4mm) was made on the dorsal
surface of the foot of each mouse by using ophthalmic
scissors. The groups were treated as follows: NC group:
pcDNA3.1-NC (500 μL of 1 nM plasmid in PBS) was
intradermally injected at the wound edges; GAS5 group:
pcDNA3.1-GAS5 (500 μL of 1 nM plasmid in PBS) was
injected; GAS5+ sh-HIF1A group: pcDNA3.1-GAS5 and
sh-HIF1A plasmids (500 μL of 1 nM plasmid in PBS) were
injected. Images of the wounds were captured on days 0, 8
and 16, and the wound healing rates and times were cal-
culated with ImageJ software. On the 16th day after injury,

wound samples were collected for histological analysis,
gene and protein expression measurement and collagen
deposition assessment.

Mouse crawling assessment

On day 8 after the operation, the crawling abilities of the
mice with DFUs were assessed via the flexibility score. In
detail, the mice were placed on a wooden board with a
width of 1 m and allowed to crawl and move freely for
5 min. The movement of the wounded foot was scored. The
flexibility scores were defined as follows: 0= unable to
crawl; 1= serious difficulty in crawling; 2=moderate dif-
ficulty in crawling; 3= slight difficulty in crawling and 4=
normal crawling. The mice were scored by a researcher who
was blinded to the treatment conditions.

Histological analysis of the skin

The epidermal and dermal thicknesses of mouse skin tissues
were assessed by haematoxylin and eosin (H&E) staining.
In short, embedded skin tissues were stained with haema-
toxylin for 10 min and then with eosin for 5 min. Masson
staining was performed for collagen quantification with a
Masson assay kit (Bogoo Biotechnology, Shanghai, China).
In detail, the quantitative analysis of the Masson staining-
positive areas was performed using ImageJ, and the average
percentage of the stained areas was calculated.

Capillary density in the wounds was observed by
immunohistochemistry using primary CD31 antibodies
(Abcam; 1:1000) followed by staining with DAB (Beyo-
time). The slices were imaged by an optical microscope,
and the images were analysed via ImageJ software.

Statistical analysis

All the data are presented as the mean ± SD of three inde-
pendent experiments and were statistically analysed by
GraphPad Prism version 8.0 software (GraphPad Software,
Inc.). Student’s t test (two groups) or one-way ANOVA
with Tukey’s post hoc test (multiple groups) was performed
to evaluate significant differences between groups. A
P value < 0.05 was considered to be significantly different.

Results

GAS5 and HIF1A are downregulated in the skin
tissues of DFU patients

It has been reported that GAS5 expression is tissue and cell
type specific and related to the development of DFUs [11].
To investigate GAS5 expression in the skin tissues of DFU
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patients, qPCR and western blotting were performed to
assess the levels of GAS5 and HIF1A. The results indicated
that GAS5 and HIF1A were significantly downregulated in
the skin tissues of DFU patients compared with the skin
tissues of control subjects (Figs. 1A, B). Furthermore, the
correlation analysis results showed that HIF1A expression
was positively correlated with GAS5 expression in the skin
tissues of DFU patients (Fig. 1C). Collectively, GAS5 and
HIF1A were expressed at low levels in DFUs, providing
evidence that GAS5 may play a key role in DFU progres-
sion by modulating the HIF1A signalling pathway.

HG inhibits HUVEC proliferation, wound healing and
tubule formation

Next, HUVECs were treated with HG to establish an in vitro
DFU model. First, qPCR was used to assess GAS5
expression in the HG-induced environment. The findings
showed that compared with the control, OS (5.5 mM glucose
and 19.5 mM mannose) had no effect on the GAS5 levels in
HUVECs, while HG (25 mM) significantly inhibited GAS5
expression (Fig. 2A). Furthermore, compared with the con-
trol or OS, HG markedly inhibited the cell viability, wound
healing and tubule formation of HUVECs (Figs. 2B, D, E).
Conversely, flow cytometry analysis showed that compared
with the control or OS, HG significantly accelerated
HUVEC apoptosis (Fig. 2C). Taken together, these results
suggest that HG treatment suppressed HUVEC proliferation,
wound healing and tubule formation.

GAS5 overexpression promotes HG-induced HUVEC
proliferation, wound healing and tubule formation

To further investigate the effect of GAS5 on HUVEC
bioactivity, pcDNA3.1-GAS5 was transfected into HUVECs

to overexpress GAS5. pcDNA3.1-NC served as the negative
control. The overexpression efficiency of GAS5 was asses-
sed by qPCR (Fig. 3A). Furthermore, we found that GAS5
overexpression facilitated cell proliferation, wound healing
and tube formation in HG-induced HUVECs (Figs. 3B, D,
E). However, the HUVEC apoptosis induced by HG was
inhibited by GAS5 overexpression (Fig. 3C). These findings
indicated that GAS5 overexpression reduced the effects of
HG on HUVEC bioactivity. In addition, GAS5 over-
expression clearly increased the levels of HIF1A and VEGF
in HG-treated HUVECs (Fig. 3F), indicating that GAS5 may
induce the expression of HIF1A and VEGF to accelerate
wound healing. Based on the above results, we showed that
GAS5 overexpression promotes cell proliferation, wound
healing and tubule formation in HG-treated HUVECs.

GAS5 interacts with TAF15 and promotes TAF15
expression

Then, we examined whether lncRNA GAS5 regulated
wound healing by modulating target genes via interaction
with RBPs. First, a FISH assay was conducted to detect the
location of GAS5 in HUVECs. The results showed that
GAS5 was distributed in both the nucleus and cytoplasm
(Fig. 4A). Subsequently, we synthesized biotin-labelled
sense and antisense GAS5 RNAs via in vitro transcription
(Fig. 4B). The interaction between GAS5 and TAF15 was
confirmed by RNA pull-down assay (Fig. 4C). Considering
that TAF15 is a transcription factor and RBP, we performed
an RIP assay to further demonstrate the specific interaction
between GAS5 and TAF15 (Fig. 4D). Moreover, both the
RNA and protein levels of TAF15 were upregulated by
GAS5 overexpression (Fig. 4E). Together, these results
suggest that GAS5 could interact with TAF15 and promote
its expression in vitro.

Fig. 1 GAS5 and HIF1A are
downregulated in the skin
tissues of DFU patients. A, B
qPCR and western blotting were
performed to assess the levels of
GAS5 and HIF1A in the skin
tissues of DFU patients.
C Correlation analysis between
the GAS5 and HIF1A levels.
**P < 0.01 vs. the control group.
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GAS5 accelerates HIF1A expression by interacting
with TAF15

Studies have shown that hypoxia is related to angiogenesis,
fibrosis and cell proliferation via the regulation of HIF1A
[22]. To further elucidate the interaction among GAS5,
HIF1A and TAF15, qPCR was performed to determine the
levels of TAF15 in the skin tissues of DFU patients. The
results showed that TAF15 was significantly downregulated
in the skin tissues of DFU patients compared with the skin
tissues of control subjects (Fig. 5A). In addition, the levels
of TAF15 and HIF1A were significantly downregulated in
HG-treated HUVECs compared with the control- or OS-
treated HUVECs (Fig. 5B). Furthermore, TAF15 positively
regulated the expression level of HIF1A in HUVECs

(Fig. 5C). Mechanistically, ChIP and luciferase analyses
indicated that TAF15 could bind to the HIF1A promoter
(Figs. 5D, E). These in vitro assays suggested that GAS5
may activate HIF1A transcription by recruiting TAF15 to
the HIF1A promoter.

GAS5 promotes cell proliferation, wound healing
and tubule formation via the HIF1A/VEGF pathway
in HUVECs treated with HG

VEGF acts as an inducer of angiogenesis, stimulating the
formation of new blood vessels. To investigate the specific
mechanism by which VEGF promotes the tubule formation
of HUVECs, pcDNA3.1-GAS5 or sh-HIF1A was trans-
fected into HUVECs to overexpress GAS5 or knock down

Fig. 2 HG inhibits HUVEC proliferation, wound healing and
tubule formation. A GAS5 expression was measured via qPCR assay.
B A CCK-8 assay was carried out to assess cell viability. C Flow
cytometry was conducted to evaluate cell apoptosis. D A wound

healing assay was performed to assess wound healing. E A tube for-
mation assay was carried out to evaluate the angiogenic capacity of
HUVECs. **P < 0.01, ***P < 0.001 vs. the control group.
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HIF1A. qPCR and western blotting were performed to
assess the levels of HIF1A and VEGF, and the results
showed that knockdown of HIF1A significantly inhibited
VEGF expression, while overexpression of GAS5 markedly
increased HIF1A and VEGF expression, and this effect was
partially reversed by HIF1A inhibition (Fig. 6A). In

addition, HIF1A suppression markedly inhibited the pro-
liferation, wound healing and tubule formation of HUVECs,
whereas GAS5 overexpression significantly promoted these
cellular functions, and this effect was partly reversed by
HIF1A knockdown (Figs. 6B, D, E). In contrast, flow
cytometry analysis showed that HIF1A downregulation

Fig. 3 GAS5 overexpression promotes HG-induced HUVEC pro-
liferation, wound healing and tubule formation. A qPCR was per-
formed to detect the levels of GAS5. B Cell proliferation was assessed
by EdU staining. C Flow cytometry was conducted to evaluate cell
apoptosis. D A wound healing assay was performed to assess wound

healing. E A tube formation assay was carried out to evaluate the
angiogenic capacity of HUVECs. F qPCR and western blotting were
performed to measure the levels of HIF1A and VEGF. **P < 0.01,
***P < 0.001 vs. the control group.
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significantly promoted HUVEC apoptosis, and GAS5
overexpression inhibited HUVEC apoptosis, and this effect
was reduced by HIF1A suppression (Fig. 6C). Collectively,
GAS5 may promote HUVEC proliferation, wound healing
and tubule formation by activating the HIF1A/VEGF
pathway.

GAS5 accelerates DFU wound healing by activating
the HIF1A/VEGF pathway

To further verify the above conclusions in vivo, we injected
the relevant plasmids into the edges of the wounds of mice
with DFUs. First, the expression of GAS5 and HIF1A was
assessed, and the results showed that GAS5 overexpression
notably increased the GAS5 levels, while sh-HIF1A
markedly decreased the HIF1A levels (Fig. 7A). Then, the
crawling abilities of the mice were observed on day 8 after
the operation. GAS5 improved the crawling abilities of the
mice, which was partially reversed by the suppression of
HIF1A (Fig. 7B). qPCR and western blotting were used to

measure the levels of HIF1A and VEGF in the skin tissues
of the mice with DFUs, and we found that GAS5 over-
expression significantly upregulated HIF1A and VEGF
expression, but this effect was inhibited by HIF1A sup-
pression (Fig. 7C). Subsequently, statistical analysis of
wound healing in the mice with DFUs showed that GAS5
overexpression accelerated wound healing, and this effect
was inhibited by HIF1A silencing (Figs. 7D, E). In addition,
the capillary density in the GAS5-treated wounds was
higher than that in the NC-treated wounds, and silencing of
HIF1A blocked the effect of GAS5 on newly formed ves-
sels (Fig. 7F). Moreover, the H&E staining results showed
that GAS5 overexpression significantly enhanced epithelial
migration and epidermal and dermal thickness, but these
effects were inhibited by HIF1A knockdown. Masson
staining analysis indicated that GAS5 overexpression
markedly promoted collagen fibre formation, but this effect
was inhibited by HIF1A silencing (Fig. 7G). Taken toge-
ther, these results suggest that GAS5 may accelerate wound
healing in DFUs by activating the HIF1A/VEGF pathway.

Fig. 4 GAS5 interacts with TAF15 and promotes TAF15 expres-
sion. A FISH assay was performed to observe the distribution of
GAS5 in HUVECs. B Biotin-labelled sense and antisense GAS5
RNAs were synthesized by in vitro transcription. C, D RNA pull-

down and RIP assays were used to verify the interaction between
GAS5 and TAF15, and SNRNP70 served as the positive control.
E qPCR and western blotting were conducted to measure TAF15
expression. **P < 0.01, ***P < 0.001 vs. the control group.
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Discussion

DFUs are a serious chronic disease caused by diabetic
complications, and ~15% of patients with diabetes suffer
from foot ulcers [1]. The difficulty in wound healing is the
major problem in DFU treatment [23]. Wound healing is a
complex and long-term process that involves cell pro-
liferation, collagen fibre formation and epidermal tissue
formation [24]. It was reported that GAS5 and TAF15 are
involved in the regulation of cell proliferation, and the
HIF1A/VEGF pathway is related to angiogenesis in the
process of wound healing [25, 26]. Our findings indicated
that GAS5 could activate the HIF1A/VEGF pathway by
binding to TAF15, resulting in accelerated skin wound
healing in DFUs; this finding provides a theoretical basis for
the clinical treatment of DFUs.

Diabetes is an autoimmune disease that is characterized
by the autoimmune destruction of β-cells, leading to insulin
deficiency; the continuous inflammatory response in dia-
betes further leads to DFUs [27]. In the whole process of
DFU development, the dysregulation of some functional
genes promotes disease progression [28]. Our results indi-
cated that the levels of GAS5 and HIF1A were

downregulated in the skin tissues of DFU patients. In
addition, the slow growth of skin cells may also be one of
the reasons why wounds are difficult to heal in patients with
DFUs [29]. Functional assays showed that HG inhibited the
proliferation, wound healing and tubule formation of
HUVECs, whereas apoptosis was accelerated by HG,
indicating that HG may prevent wound healing by inhibit-
ing cell bioactivity. Moreover, studies have demonstrated
that GAS5 participates in the regulation of cell bioactivity
via various mechanisms. In HG-treated mesangial cells,
GAS5 can inhibit cell proliferation and extracellular matrix
accumulation through the NF-κB pathway [30]. Xie et al.
reported that GAS5 is involved in HG-induced cell
inflammation, oxidative stress and pyroptosis by sponging
miR-452-5p [31]. In this study, our findings showed that
GAS5 was mainly distributed in the nuclei of HUVECs and
that GAS5 expression was downregulated by HG. In addi-
tion, GAS5 overexpression accelerated the proliferation,
wound healing and tubule formation of HG-treated
HUVECs, but GAS5 overexpression inhibited HUVEC
apoptosis. These findings indicated that GAS5 may parti-
cipate in the bioactivity of HG-treated HUVECs by reg-
ulating target genes.

Fig. 5 GAS5 accelerates HIF1A expression by interacting with
TAF15. A The levels of TAF15 in the skin tissues of DFU patients.
B Measurement of the TAF15 and HIF1A expression levels in HG-
treated HUVECs. C The effect of TAF15 on the expression level of

HIF1A. D, E ChIP and luciferase assays were conducted to verify the
interaction between TAF15 and the HIF1A promoter. Ago2 served as
the negative control. **P < 0.01, ***P < 0.001 vs. the control group.
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Fig. 6 GAS5 promotes cell proliferation, wound healing and tubule
formation by activating the HIF1A/VEGF pathway in HG-treated
HUVECs. A Expression levels of HIF1A and VEGF were measured
via qPCR and western blotting. B EdU assay was used to assess cell
proliferation. C Flow cytometry was carried out to evaluate cell

apoptosis. D A wound healing assay was conducted to assess the effect
of GAS5/HIF1A on wound healing. E A tube formation assay was
performed to evaluate the angiogenic capacity of HUVECs. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the control group.
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TAF15, a member of the FET family, plays vital roles in
regulating gene transcription, RNA splicing and protein
translation and exhibits a high translocation rate in certain
diseases, including tumours and diabetes [32]. In this study,
TAF15 was downregulated in the skin tissues of DFU
patients, and its expression was downregulated by HG.
Previous studies have shown that lncRNAs can regulate
gene expression by interacting with RBPs. Furthermore,
RNA pull-down and RIP assays indicated that there was an
interaction between GAS5 and TAF15, and GAS5

overexpression significantly increased TAF15 expression in
HUVECs. These results indicated that GAS5 may regulate
the bioactivity of HG-treated HUVECs by interacting
with TAF15.

As an important transcription factor related to angio-
genesis, HIF1A is involved in the progression of various
diseases. Li et al. reported that upregulated HIF1A promotes
HUVEC angiogenesis under hypoxic conditions [17]. In
addition, HIF1A serves as a target gene that is regulated by
various lncRNAs. LncRNA MIR31HG targets HIF1A to

Fig. 7 GAS5 accelerates DFU wound healing by activating the
HIF1A/VEGF pathway. A The expression of GAS5 and HIF1A was
assessed via qPCR. B The crawling abilities of mice were observed on
day 8 after the operation. C qPCR and western blotting were per-
formed to measure HIF1A and VEGF expression in the skin wounds
of mice. D, E Statistical analysis of skin wound healing degree and

time in mice with DFUs. F Capillary density in wounds was detected
by immunohistochemistry staining. G H&E and Masson staining were
conducted to evaluate epithelial cell migration, dermis and epidermis
thickness and collagen fibre formation. *P < 0.05, **P < 0.01, ***P <
0.001 vs. the control group.
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promote cervical cancer cell proliferation and accelerate
tumour progression [33]. In the present study, HIF1A was
expressed at low levels under HG conditions but was sig-
nificantly upregulated by TAF15 overexpression. ChIP and
luciferase assays indicated that TAF15 bound to the HIF1A
promoter. HIF1A silencing inhibited VEGF expression,
which may affect HUVEC tube formation. Moreover,
GAS5 overexpression increased the expression of the
HIF1A and VEGF genes, which was reduced by HIF1A
knockdown. Taken together, these results suggest that
GAS5 may participate in the regulation of HIF1A and
VEGF expression by interacting with TAF15. Further
functional studies indicated that GAS5 overexpression
promoted the HG-induced proliferation, wound healing and
tubule formation of HUVECs via the HIF1A/VEGF path-
way, which was confirmed in a DFU mouse model. In
addition, the specificity of HIF1A in regulating VEGF is
well known, but it is unclear whether the effects of GAS5 in
the model are dependent on TAF15-mediated transcription
or whether other mechanisms may also occur. This may be
important for designing therapies to promote or inhibit
metabolic pathways in the future. Using the starBase online
prediction tool, we found several microRNAs (miRNAs)
that potentially bind to GAS5 and HIF1A (data not shown),
suggesting that GAS5 may act as a competing endogenous
RNA by sponging miRNAs to upregulate HIF1A expres-
sion and subsequently modulate DFU progression. The
functional mechanisms of GAS5 in DFUs are worth further
exploring in the next stage of our research.

In summary, our findings showed that the GAS5 and
HIF1A levels were downregulated in the skin tissues of
DFU patients and that GAS5 overexpression promoted cell
proliferation, wound healing and tubule formation in HG-
treated HUVECs. In addition, GAS5 increased HIF1A
expression by interacting with TAF15. GAS5 accelerated
wound healing in DFUs by activating the HIF1A/VEGF
pathway in vitro and in vivo. In conclusion, GAS5 activates
the HIF1A/VEGF pathway by binding to TAF15, resulting
in accelerated wound healing in DFUs. Our findings may
provide a promising therapeutic target for the clinical
treatment of DFUs.
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