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Abstract

Background: Angiogenesis is crucial in diabetic wound healing and is often impaired in diabetic
foot ulcers (DFUs). Human dermal microvascular endothelial cells (HDMECs) are vital components
in dermal angiogenesis; however, their functional and transcriptomic characteristics in DFU
patients are not well understood. This study aimed to comprehensively analyse HDMECs from
DFU patients and healthy controls and find the potential regulator of angiogenesis in DFUs.
Methods: HDMECs were isolated from skin specimens of DFU patients and healthy controls
via magnetic-activated cell sorting. The proliferation, migration and tube-formation abilities of
the cells were then compared between the experimental groups. Both bulk RNA sequencing
(bulk-seq) and single-cell RNA-seq (scRNA-seq) were used to identify RAB17 as a potential marker
of angiogenesis, which was further confirmed via weighted gene co-expression network analysis
(WGCNA) and least absolute shrink and selection operator (LASSO) regression. The role of RAB17
in angiogenesis was examined through in vitro and in vivo experiments.

Results: The isolated HDMECs displayed typical markers of endothelial cells. HDMECs isolated
from DFU patients showed considerably impaired tube formation, rather than proliferation or
migration, compared to those from healthy controls. Gene set enrichment analysis (GSEA), f{GSEA,
and gene set variation analysis (GSVA) of bulk-seq and scRNA-seq indicated that angiogenesis was
downregulated in DFU-HDMECs. LASSO regression identified two genes, RAB17 and CD200, as
characteristic of DFU-HDMECs; additionally, the expression of RAB17 was found to be significantly
reduced in DFU-HDMECs compared to that in the HDMECs of healthy controls. Overexpression
of RAB17 was found to enhance angiogenesis, the expression of hypoxia inducible factor-1«

© The Author(s) 2023. Published by Oxford University Press.

OXFORD

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,

please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/burnst/tkad020

Burns & Trauma, 2023, Vol. 11, tkad020

and vascular endothelial growth factor A, and diabetic wound healing, partially through the
mitogen-activated protein kinase/extracellular signal-regulated kinase signalling pathway.

Conclusions: Our findings suggest that the impaired angiogenic capacity in DFUs may be
related to the dysregulated expression of RAB17 in HDMECs. The identification of RAB17 as a
potential molecular target provides a potential avenue for the treatment of impaired angiogenesis

in DFUs.
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Diabetic wound healing

Highlights

* DFU-HDMECs showed impaired tube formation, rather than proliferation or migration.

* Integrated bulk-seq and scRNA-seq analysis showed significant negative enrichment of angiogenesis in DFU-HDMECs.

* WGCNA and LASSO regression identified RAB17 as a potential marker of angiogenesis.

* Overexpression of RAB17 rescued diabetes-induced impairment of angiogenesis i vitro and in vivo through mitogen-activated

protein kinase/extracellular signal-regulated kinase signalling.

Background

Diabetic foot ulcers (DFUs) are the major cause of limb
amputations among patients with diabetes, affecting ~25%
of the population [1]. Although several effective measures
exist to regulate wound-site pressure, immune response, gly-
caemic levels, neuronal function and vascular problems [2],
the issue of impaired angiogenesis persists [3,4]. Angiogenesis,
the process of formation of new blood vessels from pre-
existing vessels, is crucial for wound healing, as it maintains
oxygen and nutrient supply at the wound site [5,6]. Pro-
and anti-angiogenic factors, including chemokines, angiopoi-
etins, endogenous inhibitors, junctional molecules, integrins
and oxygen-sensing agents, tightly regulate angiogenesis [7].
Numerous topical and systemic therapies aimed at improving
angiogenesis have been developed; however, few have been
effective in treating diabetic wounds [8]. Although much
research has focused on pro- and anti-angiogenic factors, lim-
ited studies have directly assessed DFU-derived endothelial
cells (ECs).

Human dermal microvascular ECs (HDMECs), which are
the primary ECs in human skin, have been widely used to
study angiogenesis in various skin conditions such as scle-
roderma [9], angioedema [10] and psoriasis [11]. However,
their use in studying angiogenesis in DFUs has been lim-
ited. Through experimental comparisons of microvessel- and
large blood vessel-derived ECs, previous studies have demon-
strated that HDMECs and human umbilical vein endothelial
cells (HUVECG:) differ in their intrinsic angiogenic capacities
and levels of tight junctions [12,13]. Additionally, the tran-
scriptome of ECs derived from the large vessels of diabetic
patients has also been shown to differ from that of HUVECs
exposed to high glucose levels in vitro [14]. Therefore, it is
expected that DFU-derived HDMECs would be more closely
related to human skin ECs under this specific disease state as

opposed to their in viiro counterparts. However, it remains
unclear whether and how the functional and transcriptional
characteristics of DFU patient-derived HDMEC:s differ from
those of healthy HDMECs.

According to the Matrigel tube-formation assay, the
endothelial function of ECs was impaired under hyper-
glycaemic conditions in wvitro [15]. Despite endothelial
dysfunction, diabetes-impaired angiogenesis is associated
with the unstable activity of hypoxia inducible factor-la
(HIF-1a) [16] and downregulated expression of vascular
endothelial growth factor (VEGE, mainly VEGF-A) [17].
However, it remains unclear whether these factors are
expressed differently in DFU patient-derived HDMECs.
Recently, RAB17, a small GTPase, was found to regulate
the formation of tumour neo-vasculature in hepatocellular
carcinoma and non-small cell lung cancer [18,19], possibly
by regulating HIF-1a and VEGF-A expression [19]. RAB17
was also reported to participate in cell polarization [20],
which is an essential stage in tube formation. Consequently,
we hypothesised that RAB17 contributes to the impairment of
the angiogenic function of HDMEC:s, thus affecting diabetic
wound healing.

In this study, we conducted a comprehensive analysis of
HDMEC:s derived from DFU patients and healthy controls
and compared their phenotypes (including proliferation,
migration and tube formation). An integrated analysis of bulk
RNA sequencing (bulk-seq) and single-cell RNA sequencing
(scRNA-seq) was applied to find the potential regulator
of angiogenesis in DFUs. Furthermore, we performed in
vitro and in vivo biochemical analyses to understand the
role of RAB17 in diabetic wound healing. Our findings
would help in developing strategies for restoring impaired
angiogenesis in DFUs and promoting diabetic wound
healing.
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Methods

Patients

DFU patients and healthy subjects without diabetes mellitus
were recruited from the First Affiliated Hospital of Jinan Uni-
versity in Guangzhou, China. Skin specimens were surgically
collected from the feet of patients for HDMEC isolation. The
study adhered to the principles outlined in the Declaration
of Helsinki and was approved by the Medical Ethics Com-
mittee of the First Affiliated Hospital of Jinan University.
All participants provided written informed consent and those
with co-morbidities that could affect the DFU healing were
excluded. Detailed clinical characteristics of the participants
are presented in Table S1, see online supplementary material.

Diabetic mouse wound-healing model and
adeno-associated virus vector administration

The Laboratory Animal Ethics Committee of Jinan University
approved the animal experimental protocol. In this study, 4—
6 week old C57BL/6 ] mice, obtained from the Guangdong
Medical Laboratory Animal Center, were utilized. The dia-
betic wound-healing model in mice was induced as described
previously [15]. Streptozotocin (STZ) was intraperitoneally
administered to the mice at a dose of 50 mg/kg for 5 days.
Blood glucose levels were measured 1 week after STZ injec-
tion using a blood glucose monitor (Roche, Basel, Switzer-
land). Mice with fasting blood glucose level >250 mg/dl were
considered diabetic. The mice were randomly allocated into
two groups. Full-thickness skin wounds (8 mm in diameter)
were created using a biopsy punch 4 weeks after STZ
injection.

The RAB17-overexpressing recombinant adeno-associated
viral (rAAV) vector was constructed and synthesized by
WZBio (Jinan, Shandong, China). Each viral suspension,
containing 5 x 10" vector genomes of either rAAV-RAB17
or rAAV-vector, was suspended in 50 ul of normal saline and
intradermally injected into the backs of mice 3 weeks before
wound creation, using a 31-gauge needle. Two weeks after
AAV injection, western blot and immunohistochemistry were
performed to confirm RAB17 overexpression in mouse skin.
Digital images of wounds were photographed at the indicated
times. Wound area was analysed using Image] software
(http://imagej.nih.gov/ij, National Institutes of Health (NIH),
USA). Wound blood perfusion was determined with the laser
speckle contrast imager (FLPI-2, Moor Instruments).

Cell cultures

Fresh skin samples were obtained and kept in PBS on ice
according to the manufacturer’s instructions before being
transferred to the laboratory. After the removal of necrotic
tissues, the remaining non-necrotic tissues were minced and
digested with 2.4 units/ml of dispase (Roche, Basel, Switzer-
land) and 0.25% type I collagenase (Sigma-Aldrich, St. Louis,
MO, USA) at 37°C for 2 h. The resulting cell suspensions
were collected and filtered through a 40-pum strainer, followed
by culturing in EBM-2 MV medium with growth factors

and 5% fetal bovine serum (FBS; Lonza, Basel, Switzerland)
for the isolation of HDMECs via magnetic-activated cell
sorting (MACS) using a CD31 MicroBead Kit (Miltenyi
Biotech, San Diego, CA, USA). HDMECs were cultured on
1% gelatin-coated plates and expanded for 5 days, followed
by re-purification to improve purity. Human umbilical artery
smooth muscle cells (HUASMCs, negative control cells) were
donated by Dr Xiaomin Xiao and cultured in Dulbecco’s
modified Eagle’s medium-F12 supplemented with 5% FBS
(Thermo Fisher Scientific, Waltham, MA, USA). Cells isolated
between passages 3 to 6 were used for experimental analysis.

For incubation of HDMECs in high glucose, healthy
HDMEC:s [normal (Nor)-HDMECs] were incubated in high-
glucose medium (30 mM D-glucose) for 2 and 7 days, while
culture medium containing 30 mM mannitol served as an
osmotic control [21].

Flow cytometry

HDMECs and fibroblasts were collected and washed, and
incubated with phycoerythrin-cyanine7 anti-human CD31
(Invitrogen, Waltham, MA, USA) and allophycocyanin anti-
human CDHS (Biolegend, San Diego, CA, USA) antibodies
at 1 : 20, along with their corresponding isotype control
antibodies for 30 min at 4°C following the manufacturers’
instructions. Fibroblasts were employed as the negative con-
trol. Flow cytometry assay was performed on an LSR II
(BD Bioscience, San Diego, CA, USA). Data analysis was
conducted using Flow]Jo (Flow]o, Ashland, OR, USA). Gating
strategies are outlined in Figure S1, see online supplementary
material.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 15 min at
room temperature, followed by blocking and incubation with
diluted primary antibodies against CDHS (R&D systems,
Minneapolis, MN, USA), CD31, von Willebrand Factor
(vWF) and actin alpha 2 smooth muscle (¢-SMA) (Abcam,
Cambridge, UK) at 4°C overnight. The cells were then washed
and incubated with secondary antibodies, either goat anti-
mouse IgG (H+ L) fluor594-conjugated secondary antibody
or goat anti-rabbit IgG (H+ L) fluorescein isothiocyanate-
conjugated secondary antibody (Affinity, Jiangsu, China),
according to the corresponding species of the primary
antibodies for 1 h at room temperature. The nuclei were
stained with 4',6-diamidino2-phenylindole (DAPL; Invitro-
gen, Waltham, MA, USA). Fluorescent images were captured
using a LAS X microscope (Leica Microsystems, Heerbrugg,
St. Gallen, Switzerland).

RNA isolation and quantitative real-time PCR

Total RNA was isolated using an RNAprep pure Cell/Bacteria
Kit (Tiangen, Beijing, Beijing, China). The resulting cDNA
was prepared using a ReverTra Ace qPCR RT Kit (TOY-
OBO, Osaka, Osaka Prefecture, Japan). Quantitative real-
time PCR (qPCR) was conducted using the Bio-Rad CFX
Connect system using SYBR® Green Realtime PCR Master
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Mix (TOYOBO, Osaka, Osaka Prefecture, Japan) according
to the manufacturer’s protocols. Primer sequences of tar-
get genes are listed in Table S2, see online supplementary
material.

Western blotting

Cells lysis was conducted using RIPA buffer, supplemented
with a protease inhibitor cocktail (Roche, Basel, Kanton
Basel, Switzerland). Protein samples of 20 ug were sepa-
rated through sodium dodecyl sulphate-polyacrylamide gel
electrophoresis gels with either 8 or 12% concentrations.
These samples were then wet-transferred onto polyvinylidene
fluoride membranes (Millipore, Burlington, MA, USA). Mem-
branes were subsequently blocked and incubated with diluted
primary antibodies: anti-B-actin antibody (1 : 2000, Service-
bio, Wuhan, Hubei, China), anti-CD31 antibody (1 : 500,
Novus, Minneapolis, MN, USA), anti-CDHS antibody (1 :
500, R&D systems, Minneapolis, MN, USA), anti-a-SMA
antibody (1 : 3000, Abcam, Cambridge, UK), anti-RAB17
and anti-HIF-1a antibodies (1 : 1000, Zenbio, Chengdu,
China), anti-VEGF-A, anti-extracellular signal-regulated
kinase (ERK)1/2 and anti-phospho-ERK1/2 antibodies (1 :
1000, Zenbio, Chengdu, China), anti-Akt and anti-Phospho-
Akt antibodies (1 : 500, Zenbio, Chengdu, China) at
4°C overnight. Membranes were washed three times and
incubated with the corresponding secondary antibodies.
The protein signals were detected using the enhanced
chemiluminescence reagent (Beyotime, Shanghai, China) on
a Tanon 5200 chemiluminescent imaging system (Tanon,
Shanghai, China) and band intensities were measured using
Image].

Cell proliferation assays

Ninety-six-well plates were coated with 1% gelatin for
30 min at 37°C. HDMECs were then serum-starved
overnight in EBM-2 medium supplemented with 0.2%
FBS. Subsequently, a seeding density of 0.2 x 10* cells/well
was introduced onto the plates with full EBM-2 MV
medium (Lonza, Basel, Kanton Basel, Switzerland). The
initiation of cell seeding was considered as the zero-time
point (0 h). At predetermined intervals of 24, 48, 72, 96
and 120 h of incubation, cells were trypsinized, collected
and quantified utilizing a Scepter automatic cell counter
(Millipore, Burlington, MA, USA).

5-Ethynyl-2’-deoxyuridine (EdU) proliferation assays

EdU proliferation assay was performed using the Cell-Light
EdU Apollo567 In Vitro Kit (RiboBio, Guangzhou, Guang-
dong, China) according to the manufacturer’s instructions.
HDMECs were seeded in triplicate on 1% gelatin-coated 48-
well plates at 5 x 10* cells/ml and cultured under standard
conditions for 48 h. Thereafter, cells were cultured with fresh
medium containing 50 £M EdU for 4 h before fixation, neu-
tralization, permeabilization and Apollo staining. Cell nuclei
were subsequently stained with Hoechst33342. Fluorescent

images were captured using LAS X. The ratio of EdU-positive
cells was then analyzed using Image].

Wound scratch assays

To evaluate the migration ability of HDMECs, the cells were
serum-starved overnight in EBM-2 medium supplemented
with 0.2% FBS. Then, HDMECs were seeded in triplicate at
2 x 10* cells/well into a Culture-Insert 2 Well (ibidi, Grifelf-
ing, BY, Germany), which was placed on 1% gelatin-coated 6-
well plates. The Culture-Insert was removed after cell attach-
ment, thereby creating a cell-free gap. Pictures were captured
at 0 and 24 h after the creation of the scratch using LAS X.
Wound areas were calculated by Image]. Wound closure rate
was calculated by dividing the wound area at 24 h by the
wound area at 0 h.

Transwell assays

HDMECs were serum-starved overnight prior to the
transwell assay. After trypsinization, cells were cultured in
triplicate at 2 x 10* cells/well in the upper compartments of
the transwell chambers with 8.0 yum pores (Corning, Corning,
NY, USA) in EBM-2 medium containing 0.1% FBS. The
lower chambers were filled with the EBM-2 MV medium.
Following a 24 h incubation period, cells were fixed by 4%
paraformaldehyde and the cells on the inner membrane were
swept with a cotton swab. Cells that migrated to the outer
membrane were stained for 30 min in 0.1% crystal violet
solution. Five different fields were photographed using LAS
X. Image] was used to calculate the average sum of migrated
cells.

Matrigel tube-formation assays

Ninety-six well plates were coated with Matrigel® Growth
Factor Reduced Basement Membrane Matrix (Corning,
Corning, NY, USA) for 30 min prior to cell planting. After
trypsinization, HDMECs were re-suspended in the EBM-
2 medium containing 0.1% FBS and seeded in triplicate
into the coated plates at 2 x 10* cells/well. After a 6-h
incubation, the cells were fixed and pictures were captured
using LAS X. Tube-formation quantification was carried out
using the Angiogenesis Analyzer function in Image]. For the
knockdown study, HDMECs were transfected with negative
control (NC) small interfering RNA (siRNA) and RAB17
siRNA for 48 h, followed by Matrigel tube-formation assays
performed in the same manner.

RNA sequencing and differentially expressed genes
analysis

Total RNA was extracted from both the control and DFU
groups of HDMECs at passage 3 using TRIzol reagent
(ThermoFisher, Waltham, MA, USA). RNA sequencing and
preliminary analysis were conducted by OE Biotech Co.,
Ltd (Shanghai, China). Differentially expressed genes (DEGs)
analysis was performed using the DESeq2 R package [22].
Significantly differentially expressed genes were identified
using thresholds of p-value <0.05 and fold-change (FC) > 2
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or FC <0.5. To further analyse DEGs, gene set enrichment
analysis (GSEA)_GO enrichment and GSEA_KEGG pathway
(where KEGG is the Kyoto Encyclopedia of Genes and
Genomes) enrichment analysis were conducted using the
clusterProfiler R package based on the hypergeometric
distribution [23].

Enrichment analysis

Hallmark gene sets were obtained from the Molecular Sig-
nature Database (http:/gsea-msigdb.org) and employed as
the background gene sets for both fast gene set enrichment
analysis (fGSEA) and gene set variation analysis (GSVA). The
Fgsea R package was used for computation of the enrichment
scores between groups [24]. The GSVA R package was used
to estimate the enrichment scores of each sample [25]. Finally,
the limma R package was used to determine the p values [26].
Statistical significance was defined as p-value < 0.0S5.

scRNA-Seq data sources and processing

scRNA-seq data of individuals with human DFU and healthy
subjects without diabetes mellitus were obtained from the
Gene Expression Omnibus database under the accession
number GSE165816. The Seurat R package was used for
the majority analysis of scRNA-seq data [27], and 14 DFU
samples and 11 control samples were extracted from the
raw data and subjected to the creation of the Seurat objects.
Following the quality control of genes (expressed in >3
cells), cells (number of expressed genes to be between 200
and 2500) and mitochondrial genes (set to be <50%), the
SCTransform algorithm was implemented for the data. The
Seurat objects were then normalized, and highly variable
genes were calculated, while scaling and removing technical
variations. The Seurat objects were then integrated using
the IntegrateData command. For dimensional reduction,
principal component analysis and t-stochastic neighboring
embedding (tSNE) methods were performed on the highly
variable genes. Unsupervised clustering of cells was carried
out using the FindClusters command with a resolution
of 1.0. The clusters were annotated into 12 different
cell types based on well-established cell-specific markers.
HDMECs were isolated from the data and subjected to sub-
clusters identification. DEGs analysis was conducted using
a pseudobulk DESeq2-LRT method in the Libra R package
[28].

Weighted gene correlation network analysis

Weighted gene correlation network analysis (WGCNA) was
conducted using the WGCNA R package [29]. To generate
an unsigned correlation matrix, the scale data of HDMECs
scRNA-seq data were extracted from the complete scRNA-
seq dataset. Subsequently, network topology was analysed
using the pickSoftThreshold command, with a soft-threshold
power estimated at 1. Modules were obtained using the
blockwiseModules command, with the minimum size of mod-
ules set to 50 genes. The correlation between modules and
phenotypes (DFU and control) was further analysed. Module

genes that exhibited the strongest correlation with DFU-
HDMECs were extracted.

Least absolute shrinkage and selection operator
regression

The intersection of DEGs obtained from our RNA-seq data
and module genes exhibiting the strongest correlation with
DFU-HDMEUC:s in the scRNA-seq data were used to fit least
absolute shrinkage and selection operator (LASSO) mod-
els through the glmnet R package [30]. The scale data of
HDMECs scRNA-seq data were used as the training set, while
our bulk RNA-seq data were employed as the validation set.
After 10-fold cross-validation, lamda.min was selected as the
estimated shrinkage variable. The validity of the model was
assessed by drawing receiver operating characteristic (ROC)
curves and calculating their corresponding area under the
curve (AUC) values using the pROC package [31].

Immunohistochemistry
Skin samples
paraformaldehyde-fixed, paraffin-embedded,
stained. Immunohistochemistry staining was performed
using an anti-RAB17 antibody (1 : 200, Zenbio, Chengdu,
China) and incubated overnight at 4°C. The sections

from both humans and mice were

sliced and

were then washed three times, incubated with horseradish
peroxidase-conjugated secondary antibody, coloured with
diaminobenzidine and counterstained with hematoxylin.

Cell transfection

HDMECs were seeded in 6-well plates and cultured to 80%
confluence. siRNA targeting RAB17 (si-RAB17-1, si-RAB17-
2) and scrambled negative control (si-NC) were procured
from RiboBio (Guangzhou, Guangdong, China). Transfection
was carried out with 50 nM (final concentration) si-
RAB17-1, si-RAB17-2 or si-NC using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) for 48 h, following the
manufacturer’s protocol. RAB17-overexpressing lentivirus
and the control lentivirus were developed by OBiO (Shanghai,
China). Lentivirus infection was performed at a multiplicity
of infection of 20 for 72 h. Subsequent experiments for
qPCR, western blot or Matrigel tube-formation assay were
performed as described above to measure the transfection
efficiency and the effect of RAB17 on angiogenesis. For rescue
experiments, ERK inhibitor (PD98059, Selleck) was added
together with the lentivirus infection at a final concentration
of 20 uM.

Statistical analysis

The normality of the data was assessed using the Shapiro—
Wilk test. Data that adhered to a normal distribution
were expressed as mean =+ standard deviation (SD). Oth-
erwise, the data were represented by the median with
its range. Statistical analyses were performed using the
or GraphPad
Prism version 8 (GraphPad Software, Inc). Student’s t-

R software (v4.1.0, www.R-project.org)

test (two groups) or analysis of variance (ANOVA, three
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or more groups, Bonferroni post-hoc test) was utilized
to determine significant differences among groups when
the data were normally distributed (p-value > 0.05,
Kolmogorov-Smirnov test). For data that failed to meet
the criteria of normal distribution, we employed the Mann—
Whitney U test (two groups) or Kruskal-Wallis test (three
or more groups, Dunn’s post boc test). A two-way ANOVA
was used to compare data at multiple time points. P-values
< 0.05 were regarded as significant.

Results

Characterization of CD31 MACS™ cells as ECs

The isolated MACS* cells exhibited typical cobblestone
shapes under a phase-contrast microscope (Figure 1a).
Flow cytometry revealed that the purity of MACS* cells
was >95%, based on the expression of both CDHS and
CD31 (Figure 1b). Figure S1 shows gating strategies for
the positively and negatively selected cells. The gPCR and
western blotting results demonstrated that MACS™ cells
expressed high levels of endothelial cell markers (CD31,
CDHS and vWF) while expressing low levels of «-SMA
(Figure 1c, d). Furthermore, immunofluorescence staining
indicated that the MACS" cells expressed EC markers,
including CD31, CDHS5 and vWE but not the smooth
muscle cell (SMC) marker a-SMA (Figure 1e). Conversely,
the HUASMCs displayed the opposite results (Figure 1le).
Collectively, these findings suggest that the MACS" cells
possess characteristic features of ECs.

Impaired tube-formation capacity of DFU-HDMECs
While the changes in HUVECs cultured in hyperglycaemic
media have been extensively studied [32], the phenotypes of
DFU patient-derived HDMECs have not yet been explored.
We aimed to investigate the phenotypic differences between
Nor-HDMECs and DFU patient-derived HDMECs (DFU-
HDMEUC:). To this end, we assessed the cell proliferation rates
and migration abilities of Nor-HDMECs and DFU-HDMECs
using cell counting (Figure 2a), EdU staining (Figure 2b, c),
wound healing and transwell assays (Figure 2d—g). Unexpect-
edly, we found no significant differences in proliferation and
migration rates between the two groups. In contrast, the
Matrigel tube-formation assay demonstrated a significantly
impaired angiogenesis capacity of DFU-HDMECs, based on
the tube length and node number (Figure 2h, i). Given their
association with diabetes-impaired angiogenesis [16,17], we
also assessed the expression of HIF-1a and VEGF-A between
the two groups. qPCR and western blot results indicated a
remarkable decrease in the expression of HIF-1a and VEGF-
A in DFU-HDMECs compared to that in Nor-HDMECs
(Figure 2j, k). These results suggest that DFU-HDMECs have
a significantly impaired capacity for angiogenesis.

Bulk-seq elucidates impaired angiogenesis in
DFU-HDMECs

After demonstrating impaired angiogenesis in DFU-HDMECs,
we conducted RNA-seq to screen angiogenesis-related

genes. We identified 147 DEGs between the patient groups,
of which 138 were downregulated and 9 upregulated
(Figure 3a, b). GSEA was then performed to assess the
differences in biological processes (BPs) between DFU-
and Nor-HDMECs. GSEA revealed significant negative
enrichment of angiogenesis (normalized enrichment score
(NES) =—1.387389; adjusted p-value (p-adj)=0.022) and
endothelium development (NES =—1.65372; p-adj=0.0099)
in DFU-HDMEGCs (Figure 3¢). Additionally, we identified
other negatively enriched BPs, including oxidative phospho-
rylation, ATP synthesis coupled electron transport, aerobic
electron transport chain and mitochondrial respiratory
chain complex assembly (Figure S2a, see online supplemen-
tary material). Furthermore, molecular functions such as
NAD(P)H dehydrogenase (quinone) activity and structural
constituents of ribosomes (Figure S2b, see online supple-
mentary material) as well as cellular components, including
mitochondrial protein-containing complex, respirasome and
inner mitochondrial membrane protein complex (Figure S2c,
see online supplementary material), were also identified.
KEGG analysis showed significant enrichment of the
VEGEF signalling pathway, mitogen-activated protein kinase
(MAPK) signalling pathway and oxidative phosphorylation
(Figure S2d, see online supplementary material). These results
support our in vitro findings and suggest the potential
mitochondrial dysfunction of DFU-HDMECs.

We further confirmed our GSEA results by performing
gene set variation analysis (GSVA) and fGSEA using hall-
mark gene sets from MSigDB. GSVA revealed significant
variations in angiogenesis (p-adj=0.049), TNF-a signalling
via NF-«B (p-adj = 0.049) and the inflammatory response (p-
adj =0.049), with the highest absolute value of t observed
for angiogenesis (t=—4.15; Figure 3d). Additionally, {GSEA
showed a significant negative enrichment of angiogenesis
(NES = —1.64; p-adj=0.026) in DFEU-HDMECs (Figure 3e).
Collectively, these functional enrichment results validate the
impairment of angiogenesis in DFU-HDMEC:s.

scRNA-seq confirms impaired angiogenesis in
DFU-HDMECs

To elucidate the changes in DFU-HDMECs at the single-
cell level, we performed scRNA-seq analysis using dataset
GSE165816. Quality control, SCTransform, dimensionality
reduction, clustering and cell annotations were carried out
using the R package Seurat (v 4.1.1). A total of 63,190
cells passed quality control (Figure S3a-h, see online supple-
mentary material); those with variations in the percentage
of mitochondrial genes and differences in cell cycles were
excluded from the analysis (Figure S3i-k, see online supple-
mentary material). Using the t-distributed stochastic neigh-
bour embedding (t-SNE) dimensionality reduction and K
nearest neighbour methods, we identified 28 clusters (Figure
S3l, see online supplementary material), which were catego-
rized into 12 known cell types based on cell-specific marker
genes (Figure 4a, b) [33,34], and calculated the proportions of
each cell type. Unexpectedly, the DFUs showed slightly higher
proportions of HDMECs than the healthy controls, although
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Factor, SD standard deviation

the difference was not significant (p =0.9; Figure 4c). This
result suggests that impaired angiogenesis may be the result
of reduced tube-formation function rather than cell number.

To investigate the functional changes in HDMECs, we
compared the results of bulk-seq and scRNA-seq analysis.
HDMECs were isolated from the total cells and subjected
to differential gene expression analysis using the pseudobulk
method [28]. We isolated 2101 Nor-HDMECs and 2859
DFU-HDMECs, which were categorized into eight subclus-
ters (Figure 4d, e). The proportion of cells in subclusters 7
and 3 was decreased and increased, respectively, in DFU-
HDMECs compared to that in Nor-HDMECs (Figure 4f).

Through volcano plot and heatmap analyses, we identified
326 DEGs (Figure S4a, b, see online supplementary material).
Notably, GSEA results showed significant negative enrich-
ment of angiogenesis (NES = —1.644647; p-adj < 0.001) and
wound healing (NES=-1.639841; p-adj <0.001) in DFU-
HDMECs (Figure 4g). We also observed the significant
negative enrichment of other BPs, including phagocytosis,
regulation of leukocyte activation and positive regulation
of immune response (Figure S4c, see online supplementary
material); molecular functions, including extracellular matrix
structural constituent, glycosaminoglycan binding and extra-
cellular matrix binding (Figure S4d, see online supplementary
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material); and cellular components, including extracellular the advanced glycation end products (AGEs)/receptor for
matrix, collagen-containing extracellular matrix and external AGEs (RAGE) signalling pathway in diabetic complications
encapsulating structure (Figure S4e, see online supplementary (Figure S4f, see online supplementary material). GSVA

material). KEGG analysis revealed significant enrichment of analysis showed that only variations in angiogenesis were
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Figure 3. RNA sequencing and functional enrichment analysis showed impaired angiogenesis in DFU-HDMECs. (a) Volcano plot of genes differentially expressed
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statistically significant (p-adj=0.017; Figure 4h). Similarly,
fGSEA analysis identified the negative enrichment of
angiogenesis (NES=—2.01; p-adj < 0.001; Figure 4i). These
findings support the impairment of angiogenesis in DFU-
HDMEUC: at the single-cell level.

Identification of RAB17 as a key gene via WGCNA and
LASSO regression

We employed WGCNA to explore the key genes involved in
the impairment of angiogenesis in DFU-HDMEC:s. Initially,
we selected the top 2000 genes ranked by median absolute
deviation and constructed a scale-free network after sample
clustering and soft power threshold estimation (Figure
S5a, b, see online supplementary material). We identified
six co-expressed gene modules (Figure S5c, d, see online
supplementary material), for which the eigengenes were

correlated to the clinical traits of DFU patients or healthy
controls (Figure S6a, see online supplementary material).
Among these, the blue (correlation=0.18, p <0.001) and
turquoise (correlation=0.21, p < 0.001) modules were found
to be the most relevant in our study (Figure S6a, see online
supplementary material).

We employed LASSO regression to identify relevant
genes involved in the impairment of angiogenesis in DFU-
HDMECs by calculating the intersection between DEGs
in the bulk-seq data and module genes. scRNA-seq and
bulk-seq data of HDMECs were used as the training
and validation datasets, respectively. The LASSO model
generated a A value of 0.217, resulting in the identification
of two genes, namely RAB17 and CD200, with non-zero
coefficients (Figure S6b, see online supplementary material).
The gene signature prediction score showed significant
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Figure 4. Single-cell RNA-seq reveals heterogeneity and impaired angiogenesis in HDMECs of DFU and normal skins. (a) t-SNE dimensionality reduction plot of
the dataset GSE165816 with 63,190 cells passed quality control. The cells are coloured by manually annotated cell types. (b) Dot plot of the expression of the

well-accepted cell-specific marker genes used for annotations of cell types. The

colour indicates averaged expression levels of the scaled genes, and the size

represents percentage of the marker genes expressed. (¢) Stacked bar plots of the proportions of different types of cells in normal and DFU skins. (d, e) Split
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of sub-types of HDMECs in normal and DFU skins. (g) GSEA plots showing the selected biological processes that are significantly affected (p-adj < 0.01) in
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differences between the DFU and control groups (Figure
Séc, see online supplementary material). We confirmed the
validity of the LASSO regression result via ROC curve
analysis (AUC = 0.9286; Figure S6d, see online supplementary
material). The corresponding highest Youden’s ] value was
0.766. The AUC values for RAB17 and CD200 were 0.8506

and 0.9221 (Figure S6d, see online supplementary material),
and the corresponding highest Youden’s ] values were
0.656 and 0.747, respectively. Furthermore, we validated
these results using the validation dataset (AUC=1 for the
model; Figure Sé6e, see online supplementary material). The
corresponding highest Youden’s J value was 1.000. The AUC
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values for RAB17 and CD200 were 1 and 0.9375 (Figure S6f,
see online supplementary material), and the corresponding
highest Youden’s J values were 1.000 and 0.750, respectively.
These results suggest that the activity of RAB17 and CD200
might be associated with the phenotypic differences observed
in DFU-HDMEGC:.

Downregulation of RAB17 in DFU-HDMECs

Based on the results of LASSO regression analysis, we exam-
ined the expression of key genes in HDMECs. The results of
both single-cell and bulk sequencing analyses demonstrated
a significant downregulation of the RAB17 gene in DFU-
HDMEG:s in contrast to that in Nor-HDMECs (Figure S7a,
see online supplementary material) while the expression of
CD200 showed an inconsistent trend (Figure S7e, f, see online
supplementary material). To further explore the potential
functions of RAB17 and CD200 in HDMECs, we conducted
a functional enrichment analysis comparing RAB17* with
RAB17~ and CD200" with CD200~ HDMECs. The GSEA

indicated positive enrichment of angiogenesis (NES=1.977;
p-adj=0.028), blood vessel development (NES=2.553; p-
adj =0.0002) and blood vessel morphogenesis (NES=2.059;
p-adj=0.013) in RAB17" HDMECs (Figure S7b, see online
supplementary material). f{GSEA also confirmed the posi-
tive correlation between RAB17 gene expression and angio-
genesis (Figure S7c, see online supplementary material). In
contrast, the GSEA results for CD200 did not reveal any
significant enrichment of angiogenesis but instead showed an
association with the regulation of cell communication, among
other BPs (supplementary Figure S7g).

We explored the expression pattern of RAB17 in
HDMECs using qPCR and western blotting. The results
indicated reduced mRNA (Figure 5a) and protein levels
(Figure 5b) of RAB17 in DFU-HDMECs compared to those
in Nor-HDMECs. We investigated whether this decrease
in RAB17 expression can be reproduced by exposing
Nor-HDMECs to a hyperglycaemic environment. Western
blotting showed a remarkable time-dependent decrease in
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the RAB17 expression of Nor-HDMECs under high-glucose
conditions (Figure 5c, d). Additionally, we examined the
expression of RAB17 in the dermal microvasculature of
DFU patients using immunohistochemistry (Figure 5e); the
results were consistent with the expression pattern observed
in diabetic mouse skin (Figure 5f), displaying a significant
decrease in RAB17 expression. Collectively, these findings
suggest potential involvement of RAB17 in the regulation of
angiogenesis in DFUs.

Effects of RAB17 expression manipulation on the
angiogenic capacity of HDMECs

We investigated the role of RAB17 in DFU-HDMEC:s trans-
fected with a RAB17-overexpressing lentivirus. Western blot-
ting confirmed a significant increase in RAB17 expression by
~4-fold (Figure 6a, b). We first assessed the effect of RAB17
on the expression of HIF-1a and VEGF-A, which were shown

to be downregulated in DFU-HDMEC:s (Figure 2j, k). West-
ern blot results confirmed that the overexpression of RAB17
in DFU-HDMEC s increased the expression of HIF-1a and
VEGF-A (Figure 6a, b). Moreover, overexpression of RAB17
significantly enhanced angiogenesis, as determined by the
tube length and node number (Figure 6¢). To further investi-
gate the effect of RAB17 on angiogenesis, we knocked down
RAB17 expression in Nor-HDMECs using siRNA. Results
showed that that the expression of HIF-1a and VEGF-A was
significantly reduced (Figure 6d, e). Additionally, the Matrigel
tube-formation assay revealed that angiogenesis was sig-
nificantly impaired in RAB17-siRNA-transfected HDMECs,
based on the tube length and node number (Figure 6f).
Furthermore, KEGG analysis revealed significant enrich-
ment of the MAPK signalling pathway (Figure S7d, see
online supplementary material). Considering that RAB17
is a member of the Ras superfamily, we hypothesised that a
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regulatory relationship may exist between RAB17 and the
MAPK/ERK signalling pathway. Western blotting showed
that RAB17 overexpression induced the phosphorylation
of ERK, whereas RAB17 silencing led to a significant
decrease in ERK phosphorylation (Figure 6a, b, d,e). To
evaluate whether the MAPK/ERK pathway is required for
RAB17-mediated angiogenesis, we examined the effects
of PD98059 [a MAPK/ERK kinase (MEK) inhibitor that
inhibits the phosphorylation of ERK] on RAB17-induced
ERK phosphorylation. Western blot analysis showed that
treatment with PD98059 blocked the RAB17-induced
phosphorylation of ERK (Figure 6g, h). Moreover, PD98059
treatment reversed the RAB17-mediated increase in HIF-
la and VEGF-A expression (Figure 6g, h) and the RAB17-
mediated increase in angiogenesis (Figure 6i). Together,
these results suggest that RAB17-mediated activation of the
MAPK/ERK signalling pathway plays a crucial role in the
regulation of angiogenesis in HDMECs.

Promotion of angiogenesis and wound healing in
diabetic mice through RAB17 overexpression
Considering the promotion of angiogenesis in vitro by RAB17
overexpression in DFU-HDMECs, we conducted an assess-
ment to determine whether RAB17 also promotes angiogen-
esis i vivo by wounding the STZ-induced diabetic mice. The
mice received an intradermal dorsal injection of a RAB17-
overexpressing rAAV vector or a control vector. Immunohis-
tochemistry and western blotting confirmed higher RAB17
expression in the rAAV-RAB17 group than in the control
vector-infected mouse skin (Figure 7a—c). Using laser speckle
imaging, we found that wound perfusion was significantly
higher in the rAAV-RAB17 group than in the control vector
group (Figure 7d, e). We compared the wound closure rate
between the two groups to confirm the effects of RAB17
overexpression on wound healing. Wound images indicated a
significant acceleration of wound closure in the rAAV-RAB17
group compared to that in the control group (Figure 7f, g).
These findings suggest that RAB17 plays a role in promoting
angiogenesis during diabetic wound repair iz vivo.

Discussion

Angiogenesis plays a crucial role in the wound healing pro-
cess, and vascular lesions have been extensively studied in
the context of DFU pathology. Although abnormalities of
the microvasculature of DFU include changes in capillary
size and basement membrane structure, arteriolar occlusion
is absent [35]. Although the microvessels are not occluded,
blood flow distribution abnormality occurs in DFUs [36],
implying functional defects in the newly formed microvessels.
As HDMECs are the major components of microvessels,
any functional changes in these cells can significantly impact
DFU healing. Here, we isolated HDMECs from foot skin
samples of DFU patients and found that these cells exhibit
a significantly impaired capacity for angiogenesis, based on
in vitro, bulk-seq and scRNA-seq results. This finding is

consistent with previous reports on diabetic patient-derived
cells [37], indicating that HDMECs may lose their capacity
for tube formation in the early stages of DFU formation.
Surprisingly, our results showed no significant differences in
proliferation or migration between the Nor-HDMECs and
DFU-HDMECs, which is inconsistent with the characteristics
of high glucose-stimulated HUVECs [32,38,39]. However,
our findings align with those reported in diabetic patient skin-
derived cells [37]. These inconsistencies could be associated
with the different sources of ECs used in the studies. Notably,
HDMEC: isolated from foreskin tissue are highly prolifer-
ative and poorly reflect the characteristics of those isolated
from adult skin [40], which were used in our study and that
of Vorwald et al. [37]. Additionally, clear differences have
been reported between HUVECs and HDMECs, wherein
factors that are pro-angiogenic on larger vessel-derived ECs
such as HUVECs could be anti-angiogenic on HDMECs [41].
Another plausible explanation is that high-glucose treatments
do not generate comparable models, especially since DFUs are
generated by long-term simultaneous exposure to hypergly-
caemia, hypoxia, chronic inflammation, oxidative stress and
insulin resistance [42]. Thus, we consider that patient-derived
HDMECs may provide a coherent and realistic characteri-
zation of their functioning in DFUs. Collectively, our results
demonstrated that DFU-HDMECs exhibit poor angiogenic
ability but no significant differences in proliferation or migra-
tion when compared to Nor-HDMECs.

Drawing on the broad perspective provided by the bulk-
seq results, it was observed that DFU-HDMECs exhibited
impaired angiogenesis, which was consistent with the changes
observed in high-glucose-stimulated HDMECs [43]. Since
growth factors are known to exert significant influence on the
dynamics of diabetic wounds [3], we hypothesised that they
might play a key role in determining the angiogenic ability
of DFU-HDMEGC:s. Indeed, our bulk-seq outcomes revealed
modifications in the binding of growth factors, which were
consistent with the sequencing results of diabetic patient-
derived ECs [44] and high-glucose-induced ECs [45]. These
results suggest that the altered binding of growth factors in
ECs may contribute to their impaired angiogenic potential.

Growing evidence from single-cell transcriptome profiling
indicates that EC functioning is tissue-specific in both humans
[46] and mice [47]. Although the heterogeneity of dermal
fibroblasts and immune cells in DFUs has been minutely
investigated in a previous study, the characterization of
HDMECG:s in the diabetic state was limited [33]. Interestingly,
our results showed a slightly higher proportion of HDMECs
in the DFU group than in the control group, although not
statistically significant. One explanation could be attributed
to biases in sample processing. Recent studies have shown
that different dissociation strategies can lead to differences in
the ratios of skin cells [48]. Single-nucleus sequencing could
potentially solve this issue [49]. However, this could also
be related to the unimpeded proliferation and migration of
HDMEC:s in DFU tissues, which is consistent with our iz vitro
results. Moreover, the negative enrichment of angiogenesis
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based on the scRNA-seq data also validated our in vitro
findings. As expected, the DEGs were partially different
between the scRNA-seq and bulk-seq data, which could be
due to the differences between sequencing methods [50]. The
difference could also be the result of disparities in sex ratio
and racial composition [51]. These results suggest that an
integrated analysis could aid in determining the key genes
related to DFUs.

Through the application of WGCNA and LASSO regres-
sion, we identified two genes associated with impaired angio-
genesis in DFU-HDMECs, namely RAB17 and CD200. The
use of WGCNA is based on the construction of a scale-
free network that reflects the essential nature of the bio-
logical gene network [52] and has proven to be useful for
the identification of disease-related genes in various contexts
[53,54]. To our knowledge, however, no such work had been
done on DFU-HDMECs. Key modules that were associated
with the clinicopathological features of DFUs were identified
through the WGCNA, and LASSO regression was performed
to screen the most relevant variables [55]. Our results demon-
strated that RAB17 expression was lower in DFU-HDMECs
than in Nor-HDMECs; additionally, functional enrichment
analysis showed that RAB17 was involved in angiogenesis.
Conversely, CD200 exhibited opposing expression in the
bulk-seq and scRNA-seq data, which may be attributable
to the differences in cell sources. Enrichment analysis for
CD200 did not demonstrate any enrichment of angiogenesis-
related terms. Therefore, we hypothesised that the downreg-
ulation of RAB17 expression could be associated with the
impairment of angiogenesis in DFU-HDMECs. Nevertheless,
CD200-expressing HDMECs might influence wound healing
through other mechanisms, such as the regulation of tissue
inflammation [56].

RAB17 is a small GTPase that belongs to the Rab
family. The expression of RAB17 was initially reported
to be specific to ECs [57], although it has recently been
detected in melanocytes [58], hippocampal neurons [59]
and macrophages [60], and cancer cells such as Hela [61],
breast cancer [62], non-small cell lung cancer [19] and
endometrial cancer cells [63]. RAB17 regulates basolateral
to apical transcytosis and sustains polarized sorting [20],
which is similar to polarization during tube formation, where
ECs are polarized towards the basement membrane matrix
[64]. However, the role of RAB17 in diabetic angiogenesis
has remained unclear until now. Our results showed
that RAB17 expression was reduced in DFU-HDMECs.
Overexpression of RAB17 led to increased angiogenesis in
vitro and in vivo. Furthermore, our results demonstrated
that overexpression of RAB17 increased the expression of
HIF-1a¢ and VEGF-A, which were rescued by inhibition
of the MAPK/ERK signalling pathway. This is consistent
with the results of previous studies showing that HIF-1«
upregulation promoted angiogenesis during diabetic wound
repair [65,66]. In hepatocellular carcinoma, RAB17 silencing
reduced phosphorylation of ERK (similar to our study) [18],
while in non-small cell lung cancer, it increased the expression

of HIF-1la and VEGF [19]. This inconsistency could be
attributed to the differences between HDMECs and tumour
cells or between diseases.

Some limitations of our study need to be acknowledged.
We used rAAV to overexpress RAB17 in mice skin, which
is insufficient for achieving EC-specific overexpression. In
addition, more animal models are required for validation
purposes.

Consistencies between our findings and those of previous
studies provide auspicious directions for future investigations.
During angiogenesis, one EC, typically tip cell, is selected to
lead the adjacent ECs in the methodical formation of new
blood vessels [67]. Tip cells extend filopodia to sense guidance
cues, analogous to how neurons direct their movements [67].
This correspondence between the attributes of tip cells and
the functions of RAB17 in filopodia formation of melanocytic
cells [58] is intriguing. One potential explanation for this
correlation is that RAB17 participates in the activation of
blood vessel tip cells. In addition, RAB17 was previously
found to be involved in bactericidal autophagosome forma-
tion and exosome secretion [61,68]. Earlier findings from
our team demonstrated that autophagy deficiency in ECs
accelerated wound healing in mice, possibly in a paracrine-
dependent fashion [69]. These observations further suggest
that the reduced expression of RAB17 in DFU-HDMECs
might influence the healing of DFUs through autophagy- or
exosome-related pathways.

Conclusions

We observed a considerable impairment of angiogenesis in
DFU-HDMEGC:s through functional and bioinformatics anal-
yses. Using scRNA-seq and bulk-seq, we identified RAB17
as a potential regulator of angiogenesis, with its expression
being reduced in DFU-HDMECs. Overexpression of RAB17
enhanced angiogenesis as well as the expression of HIF-1a
and VEGF-A, partially through the MAPK/ERK signalling
pathway in vitro. Additionally, in vivo experiments demon-
strated that RAB17 overexpression promoted angiogenesis
and diabetic wound healing. These findings suggest that
RAB17 may serve as a promising target for attenuating
impaired angiogenesis in diabetic wounds.
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