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hsa_circ_0058092 protects against hyperglycemia-induced
endothelial progenitor cell damage via miR-217/FOXO03
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Abstract. Circular RNAs (circRNAs) regulate the expression
of genes that are critical for various biological and pathological
processes. Previous studies have reported that the expression
of hsa_circ_0058092 is decreased in patients with diabetes
mellitus (DM); however, the specific role of this circRNA in
DM is unknown. In the present study, endothelial progenitor
cells (EPCs) were isolated and a decreased hsa_circ_0058092
expression was found under conditions of hyperglycemia
(HG). The overexpression of hsa_circ_0058092 protected
the EPCs against HG-induced damage by preserving cell
survival, proliferation, migration and angiogenic differentia-
tion. The overexpression of hsa_circ_0058092 also decreased
the HG-induced increase in NADPH-oxidase proteins and
inflammatory cytokines. Further investigation revealed that the
overexpression of hsa_circ_0058092 enhanced FOXO3 expres-
sion, which was mediated through the interaction with miR-217.
Furthermore, the upregulation of miR-217 or the downregulation
of FOXO3 abolished the protective effects of hsa_circ_0058092
against HG-induced EPC damage. On the whole, these data
suggest that hsa_circ_0058092 acts via the miR-217/FOXO3
pathway to protect against EPCs HG-induced damage, and to
preserve the migration and angiogenesis of EPCs.
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Introduction

Impaired wound healing is a major complication of diabetes
mellitus (DM) and despite the associated risks, treatment
strategies for diabetic-related wounds are limited. Endothelial
dysfunction is an indicator of diabetes-induced macrovas-
cular complications (1,2). Vascular differentiation at injury
sites affects the speed of wound healing, while the homing
and angiogenic differentiation of endothelial progenitor cells
(EPCs) are critical for successful wound healing (3). EPCs are
immature endothelial cells that can proliferate and differen-
tiate to promote new blood vessel formation at injury sites.
EPCs can also secrete various angiogenic and vasoactive
factors to enhance angiogenesis (4-6). Endothelial dysfunc-
tion is closely related to the occurrence and development of
vascular disease and is also an intrinsic cause of impaired
wound healing (7). It has been suggested that the dysregula-
tion of EPC phenotypes and functions in patients with DM
may be attributed to the aberrant signaling of cytokines and
other molecules. Indeed, it has been reported that high glucose
levels promote EPC dysfunction and induce EPC apoptosis (8).
Through inflammatory responses and the NADPH oxidase
(NOX)-mediated overproduction of reactive oxygen species
(ROS), hyperglycemia (HG) alone can induce alterations in
gene expression and cellular behaviors in DM (9,10). However,
the specific mechanisms of HG-induced endothelial cell injury
are unclear.

CircRNAs are closed circular RNA molecules that
function as competitive endogenous RNAs by regulating
transcription and blocking the miRNA-mediated inhibition
of target genes (11). CircRNAs are implicated in a number of
diseases and their differential expression plays a crucial role
in disease development processes (12). It has been reported
that circRNAs participate in the regulation of insulin secretion
and diabetes pathogenesis (13). The expression of circRNA
hsa_circ0054633 and circRNA Cdrl in peripheral blood
can be used as a diagnostic biomarker for both type 2 DM
(T2DM) and pre-diabetes (14,15). The expression of circRNA
circANKRD?36 has been shown to be upregulated in peripheral
blood leukocytes, and this increased expression is associated
with chronic inflammation in T2DM (16). It has been reported
that the expression of hsa_circ_0058092 is downregulated
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in patients with DM (17); however, the role of this circRNA
in HG-induced EPC damage remains unclear. Thus, using
in vitro approaches, the present study aimed to identify the
mechanisms through which the decreased expression of
hsa_circ_0058092 induces EPC damage under HG conditions.

Materials and methods

EPC characterization and isolation. Peripheral blood from
healthy volunteers was diluted twice in phosphate-buffered
saline (PBS) and the solution was gently layered over 4 ml of
lymphocyte separation liquid (Sigma-Aldrich; Merck KGaA).
The present study was approved by the Ethics Committee of
the Tenth People's Hospital of Tongji University after obtaining
informed patient consent (SHDSY Y-2019-3322). The tubes
were centrifuged at 800 x g for 30 min at 4°C. Peripheral
blood mononuclear cells (PBMCs) at the interface were then
transferred to a new tube and washed with PBS by centrifuga-
tion at 400 x g for 5 min at 4°C. EPCs were cultured from
PBMCs in 24-well plates (5x10° cells/well) in endothelial cell
basal medium-2 (Lonza Group, Ltd.). The cells were cultured
continuously for 10 days and then utilized for co-culture
experiments. Subsequently, CD133* EPCs were selected using
CD133-coupled magnetic microbeads (Miltenyi Biotech)
according to standard processing procedures. Following isola-
tion, CD133* EPCs were expanded in endothelial cell basal
medium-2 as previously described (17).

To analyze CD14, CD45, kinase insert domain receptor
(KDR) and CD34 expression, the EPCs were incubated
at 4°C with a biotinylated anti-rat IgG (HIL) horse antibody
(1:200) (cat. no. AI-2001, Vector Laboratories) for 12 h and
(1:200) FITC-conjugated streptavidin (cat. no. 9013-20-1,
Caltag Laboratories) for 1 h. Following treatment, the EPCs
were fixed in 1% paraformaldehyde. Quantitative analyses
were performed using FlowJo software (FlowJo, LLC) and a
FACSCalibur flow cytometer.

Reagent generation and cell treatment. FOXO3 overexpression
vector (using pcDNA3.1 vector), miR-217 mimic/inhibitor and
hsa_circ_0058092 overexpression vector (using pcDNA3.1
vector) were generated by GenePharm Co. Ltd. The EPCs
were maintained at approximately 40% confluence and cells
were transfected with the different vectors (50 ng) using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) for 48 h before treatment with high glucose (30 mM).
An Empty pcDNA3.1 vector was used as the control for
FOXO3 and hsa_circ_0058092 overexpression. The negative
controls for miR-217 mimic/inhibitor (50 ng) (were provided
by GenePharm Co. Ltd.) were also transfected into EPCs using
Lipofectamine 2000 for 48 h prior to treatment with high
glucose (30 mM).

In vitro tube formation assay. In vitro Matrigel tube formation
assays were performed to determine the angiogenic activity of
EPCs (18). Briefly, the EPCs (5x10* cells) transfected with or
without hsa_circ_0058092 overexpression vector or siFOXO3
vector were seeded in Matrigel-coated 48-well plates with or
without HG treatment for 12 h. After this period, tubular EPC
structures were examined under a microscope (Axioplan 2
imaging E, Carl Zeiss). The total number of tubes, which
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served as a measure of in vitro angiogenesis, were scanned
and quantified from 3 random fields of view in each well at
x100 magnification.

Cell proliferation assay. The cell counting kit-8 (CCK-8;
Invitrogen; Thermo Fisher Scientific, Inc.) was used to assess
EPC proliferation following standard protocols. Briefly, 2x10*
EPCs were seeded in 100 pl of DMEM in 96-well plates. Cell
viability was measured 0, 24, 48 and 72 h after seeding by the
addition of 10 ul of CCK-8 solution to the wells using Thermo
Scientific Microplate Reader (Thermo Fisher Scientific, Inc.).

Western blot analysis. Protein was extracted from the EPCs
using RIPA lysis buffer (Sigma-Aldrich; Merck KGaA).
Protein concentrations were quantified using the BCA Protein
Assay kit (Vigorous Biotechnology Beijing Co. Ltd.). Proteins
were then resolved by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE, 12% concentrated adhesive
and 4% separated adhesive) and transferred to nitrocellulose
membranes (EMD Millipore). The membranes were blocked
in non-fat milk (5%) before being incubated with the primary
antibodies NOX1 (1:200, cat. no. sc-130543, Santa Cruz
Biotechnology, Inc.) and NOX4 (1:200, cat. no. sc-518092,
Santa Cruz Biotechnology, Inc.) at 4°C for 12 h and horse-
radish peroxidase-coupled secondary antibodies IgG (1:200,
cat. no. sc-516102, Santa Cruz Biotechnology, Inc.) at 4°C for
4 h. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(1:200, cat. no. sc-365062, Santa Cruz Biotechnology, Inc.)
was used as an internal control and detected using an ECL
detection kit (cat. no. SL100309, SignaGen).

RNAextractionand RT-gPCR . RNA extractions were performed
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to a previously described protocol (19). The
pTRUEscript First Strand cDNA Synthesis kit (Aidlab) was
used for cDNA synthesis with 2X SYBR-Green qPCR mix.
cDNA was used for RT-qPCR detection and reactions were
conducted on an ABI 7900HT sequence detection system
(Thermo Fisher Scientific, Inc.). Data were processed using the
2-44¢4 method (20). The primers utilized to for PCR were as
follows: hsa_circ_0058092 expression forward, 5'-GAATAA
TCAGAAGAGCGAGCC-3' and reverse, 5-GTCTGGACC
AATGTTGGTGAATCG-3'; miR-217 forward, 5'-CGCAGA
TACTGCATCAGGAA-3' and reverse, 5'-CTGAAGGCA
ATGCATTAGGAACT-3'; FOXO3 forward, 5'-GCGTGCCCT
ACTTCAAGGATAAG-3' and reverse, 5'-GACCCGCATGAA
TCGACTATG-3"; U6 forward, 5'-CTCGCTTCGGCAGCA
CA-3' and reverse, 5-AACGCTTCACGAATTTGCGT-3"; and
GAPDH forward, 5-GCACCGTCAAGGCTGAGAAC-3' and
reverse, S'-GGATCTCGCTCCTGGAAGATG-3'.

Migration assay. For cell migration analysis, the EPCs were
placed into a Transwell upper chamber (8-pm pore membrane,
BD Biosciences) at a density of 1x10° cells in 200 ul of
serum-free medium. Complete EPC medium (500 ul) was
added to the bottom chamber. Following 1 day of culture
(at 37°C in a humidified atmosphere with 5% CO,), the EPCs
in the bottom chamber were fixed in 4% paraformaldehyde,
stained with 0.1% crystal violet (cat. no. C8470-5, Beijing
Solaibao Technology Co. Ltd.) at room temperature for 20 min,
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Figure 1. HG decreases the expression of hsa_circ_0058092 in EPCs. (A) Flow cytometric analysis of cell surface markers in human peripheral blood-derived
EPCs (CD34, KDR, CD45 and CD14). (B) RT-qPCR detection for the expression of hsa_circ_0058092 in EPCs following treatment with various glucose
concentrations (0-40 mM). Data are presented as the means = SD. “P<0.05, ““P<0.001 vs. control. EPCs, endothelial progenitor cells.

and counted using a microscope (Axioplan 2 imaging E, Carl
Zeiss).

Bioinformatics analyses. The Circular RNA Interactome
websites for circRNA and miRNA (https://circinteractome.
nia.nih.gov/) were used to predict interactions. The target
sites between miR-217 and FOXO3 3'UTR were predicted
using the TargetScan web-based tool (http:/www.targetscan.
org/vert_71/).

Enzyme-linked immunosorbent assay (ELISA) for the deter-
mination of the levels of soluble inflammatory cytokines.
Cytokine interleukin (IL)-6, tumor necrosis factor (TNF)-a
and IL-1p concentrations were quantified in the supernatants
from EPC cultures using commercially available ELISA
kits (Shanghai Senxiong Technology Industry Co., Ltd.).
Supernatants were stored at -80°C prior to analysis following
standard procedures. Standards and samples were assayed
in triplicate. The OD,s, .., Was calculated by subtracting
background readings and plotting standard curves using
a Thermo Scientific Microplate Reader (Thermo Fisher
Scientific, Inc.).

Flow cytometry. Flow cytometry was used to define the EPC
apoptotic rates. The integrative application of propidium
iodide (PI) and Annexin V (AV)-FITC (cat. no. 40302ES20,
Yeasen) was used to differentiate the viable cells from
apoptotic or necrotic cells. The cells were washed twice and
adjusted to a concentration of 1x10° cells/ml in cold D-Hank's
buffer. PI (10 pl) and AV-FITC (10 pl) were added to 100 pl of
cell suspension and incubated for 15 min at room temperature
in the dark. Finally, 400 pl of the binding buffer were added
to each sample without washing, and then analyzed by flow
cytometry (D2060R, ACEA NovoCyte, Agilent Technologies,
Inc.). The experiments were performed at least 3 times.

Dual luciferase reporter assay. Reporter plasmids were gener-
ated by inserting the FOXO3 3'UTR sequence or circRNA into
the pGL3 plasmid (Promega Corp.). Reporter plasmids and
miR-217 mimics were co-transfected into 293T cells (from
the Cell Bank of the Chinese Academy of Sciences, Shanghai)
using Lipofectamine 2000. Following culture at 37°C in a
humidified atmosphere with 5% CO, for 2 days, Firefly and
Renilla luciferase activities were detected using the Dual
Luciferase Reporter Assay System (Promega Corp.) following
standard procedures.

Statistical analysis. Data are expressed as the means =+ stan-
dard deviation (SD). GraphPad Prism software, version 5.0
(GraphPad, Inc.) was used to compare differences between
groups. The differences between groups were assessed using
one-way variance analysis with Tukey's post hoc test (compared
with all pairs of columns). P-values <0.05 was considered to
indicate a statistically significant difference.

Results

Overexpression of hsa_circ_0058092 reverses HG-induced
EPC damage. Human peripheral blood-derived EPCs were
isolated to characterize the role of hsa_circ_0058092 in
HG-induced vascular endothelial cell injury. These EPCs were
positive for expression of CD14, KDR and CD34, but not for
the expression of the leukocyte marker, CD45 (Fig. 1A). These
observations suggested that the isolated cells were indeed
EPCs, as previously demonstrated (21). The EPCs were then
incubated in 0-40 mM glucose for 24 h. RT-qPCR quantifica-
tion verified that hsa_circ_0058092 expression decreased with
the increasing glucose concentrations (Fig. 1B) and 30 mM
glucose was selected as the concentration for HG used in
subsequent experiments.

To ascertain whether hsa_circ_0058092 plays a protec-
tive role in EPCs under HG conditions, a hsa_circ_0058092
overexpression plasmid was constructed and transfected into
EPCs. The expression of hsa_circ_0058092 increased signifi-
cantly at 48 h following transfection with the overexpression
plasmid (Fig. 2A). The results of CCK-8 assay revealed that
HG conditions suppressed the proliferation of the EPCs, while
the overexpression of hsa_circ_0058092 partially restored
the proliferative capacity of the EPCs under HG conditions
(Fig. 2B). Western blot analysis revealed that HG condi-
tions increased the expression of the oxidative stress-related
proteins, NOX1 and NOX4; however, the overexpression
of hsa_circ_0058092 suppressed the expression of both
these proteins (Fig. 2C). This observation suggested that
hsa_circ_0058092 regulated HG-induced oxidative stress.
The EPC apoptotic rates were determined using Annexin V/PI
staining at 1 day following exposure to HG. The data indicated
that the overexpression of hsa_circ_0058092 suppressed the
HG-induced apoptosis of EPCs (Fig. 2D and E).

Transwell migration experiments revealed that EPC migra-
tion was inhibited under HG conditions; however, migration
was restored by the overexpression of hsa_circ_0058092
(Fig. 2F and G). The capacity of EPCs to form tubes was also
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Figure 2. Overexpression of hsa_circ_0058092 reverses EPC damage induced by 30 mM glucose (HG). (A) RT-qPCR detection for the expression of hsa_
circ_0058092 in EPCs following transfection with hsa_circ_0058092 overexpression vector. Data are presented as the means + SD. ““P<0.001 vs. normal control
(NC). (B) CCK-8 assay for the proliferation of EPCs. Data are presented as the means = SD. “P<0.01, ““P<0.001 vs. NC; #P<0.01 vs. HG. (C) Expression of the
oxidative stress proteins, NOX1 and NOX4, measured by western blot analysis. GAPDH served as an internal control. (D and E) Apoptosis of EPCs determined
by Annexin V/PI staining 24 h following HG induction. Data are presented as the means + SD. ““P<0.001 vs. NC; #/P<0.001 vs. HG. (F and G) Transwell
assays for the migration of EPCs. Data are presented as the means + SD. ““P<0.001 vs. NC; ##P<0.001 vs. HG. Scale bar, 95 ym. (H and I) EPC tube formation
capabilities were measured (magnification, 200). Data are presented as the means = SD. "P<0.05, ““P<0.001 vs. NC; “"P<0.001 vs. HG. (J-L) Levels of the
inflammatory cytokines, IL-1f, IL-6 and TNF-o, were measured by ELISA. Data are presented as the means + SD. ““P<0.001 vs. NC; “/P<0.001 vs. HG.

EPCs, endothelial progenitor cells; HG, high glucose.

analyzed. Tube formation was decreased under HG conditions
and was restored by the overexpression of hsa_circ_0058092
(Fig. 2H and I). The levels of the inflammatory cytokines,
IL-6, TNF-a and IL-1P, were then measured by ELISA. The
results revealed that the HG-induced expression of inflam-
matory cytokines was suppressed by the overexpression of
hsa_circ_0058092 (Fig. 2J-L). In summary, these results
demonstrated that the overexpression of hsa_circ_0058092

promoted EPC survival, proliferation, migration and tube
formation under HG conditions. However, the specific
regulatory mechanisms underlying these effects need to be
determined.

miR-217 is a target of hsa_circ_0058092. Increasing
evidence has indicated that circRNAs regulate gene
expression by targeting miRNAs (22). In the present study,
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cells. Data are presented as the means + SD."P<0.001. (C) RT-qPCR detection of miR-217 expression in EPCs transfected with or without hsa_circ_0058092
overexpression vector and treated with or without HG. Data are presented as the means + SD. “"P<0.001 vs. NC; #/P<0.001 vs. HG. (D) RT-qPCR detection of
miR-217 expression following treatment with miR-217 inhibitor. Data are presented as the means = SD.”P<0.001 vs. NC; *##P<0.001 vs. HG. (E) CCK-8 assay
for the proliferation of EPCs. Data are presented as the means + SD. “P<0.01, ""P<0.001 vs. NC; #P<0.01 vs. HG. (F and G) Transwell assays for the migration
of EPCs. ""P<0.001 vs. control; ##P<0.001 vs. HG. Scale bar, 95 ym. (H and I) EPC tube formation capacity was measured (magnification, x200). Data are
presented as the means + SD. “P<0.01, ““P<0.001 vs. control; “#P<0.001 vs. HG. (J) Expression of oxidative stress proteins NOX1 and NOX4 was measured by

western blot analysis. GAPDH served as an internal control. (K-M) Levels of inflammatory cytokines IL-1§, IL-6 and TNF-a were measured by ELISA. Data

are presented as the means = SD. ""P<0.001 vs. control; “*P<0.001 vs. HG. EPCs, endothelial progenitor cells; HG, high glucose.

bioinformatics analyses were performed to predict direct
interactions between miR-217 and hsa_circ_0058092
(Fig. 3A). A luciferase reporter assay revealed that miR-217
inhibited luciferase activity in the cells transfected with
the wild-type hsa_circ_0058092 luciferase reporter vector.
Luciferase activity was not affected in the cells transfected
with a mutated hsa_circ_0058092 luciferase reporter vector.
This suggests that miR-217 is a target of hsa_circ_0058092
(Fig. 3B). RT-qPCR analysis revealed that HG conditions
increased the expression of miR-217, while the overexpression
of hsa_circ_0058092 suppressed the HG-induced expression
of miR-217 (Fig. 3C). This further confirmed that miR-217 is
a target of hsa_circ_0058092.

To determine whether miR-217 exerts a regulatory effect
on EPCs under HG conditions, the EPCs were pre-treated
with an miR-217 inhibitor. The results revealed that the

HG-induced expression of miR-217 was suppressed in the cells
that were pre-treated with the miR-217 inhibitor (Fig. 3D).
The results of CCK-8 assay also revealed that HG suppressed
EPC proliferation, while miR-217 inhibition partly restored
the EPC proliferative capacity under HG conditions (Fig. 3E).
Transwell migration experiments also demonstrated that the
HG-mediated inhibition of EPC migration was restored by
the downregulation of miR-217 (Fig. 3F and G). The EPC
tube formation capacity was also decreased under HG condi-
tions and was recovered by the downregulation of miR-217
(Fig. 3H and I). Western blot analysis also revealed that HG
increased the expression of NOX4 and NOX1, while miR-217
inhibition prevented the increase in NOX1 and NOX4 protein
expression (Fig. 3J). In addition, the HG-induced expression
of TNF-a, IL-1p and IL-6 was suppressed by the downregu-
lation of miR-217 (Fig. 3K-M). Taken together, these results
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Figure 4. FOXO3 is a target of miR-217. (A) Predicted binding sites for miR-217 in FOXO3 3'UTR. Mutated (Mut) version of 3'UTR-FOXO3 is also shown.
(B) Relative luciferase activities were determined at 48 h following transfection with miR-217 mimic/NC or 3'UTR-FOXO3 wild-type/Mut in 293T cells. Data
are presented as the means + SD.”"P<0.001. (C) RT-qPCR detection of FOXO3 expression in EPCs transfected with miR-217 mimic. Data are presented as the
means + SD.™"P<0.001 vs. NC. (D) RT-qPCR detection shows miR-217 and FOXO3 expression in EPCs following transfection with or without FOXO3 over-
expression vector under HG conditions. Data are presented as the means + SD. P<0.001 vs. control; 7"P<0.001 vs. HG. (E) CCK-8 assay for the proliferation
of EPCs. Data are presented as the means + SD. “P<0.01, ““P<0.001 vs. control; “P<0.05 vs. HG. (F and G) Transwell experiments for the migration of EPCs.
"P<0.001 vs. control; “P<0.001 vs. HG. Scale bar, 95 ym. (H and I) EPC tube formation capacity was measured (magnification, x200). Data are presented
as the means = SD. “P<0.01, ““P<0.001 vs. NC; *"P<0.001 vs. HG. (J) Expression of oxidative stress proteins NOX1 and NOX4 was measured by western
blot analysis. GAPDH served as an internal control. (K-M) Levels of the inflammatory cytokines, IL-1p, IL-6 and TNF-a, were measured by ELISA. Data are

Hkk

presented as the means + SD. ““P<0.001 vs. control. “"P<0.001 vs. HG. EPCs, endothelial progenitor cells; HG, high glucose.

demonstrate that miR-217 facilitates the damaging effects
of HG on EPC proliferation, migration, tube formation and
survival.

FOXO3 is a target of miR-217. Bioinformatics analysis also
predicted that miR-217 directly interacts with the FOXO3
3'UTR (Fig. 4A). A luciferase reporter assay revealed that
miR-217 inhibited luciferase activity in cells transfected with
a wild-type FOXO3 luciferase reporter vector. However, the
luciferase activity was not affected in cells transfected with
a mutated FOXO3 luciferase reporter vector, suggesting
that FOXO3 is a target of miR-217 (Fig. 4B). An RT-qPCR
assay revealed that the overexpression of miR-217 suppressed
FOXO3 expression (Fig. 4C), further confirming that FOXO3
is a target of miR-217.

To determine whether FOXO3 exerts a regulatory effect on
EPC under HG conditions, a FOXO3 overexpression vector was
constructed and transfected into EPCs prior to HG induction.

The data verified that the HG conditions decreased FOXO3
expression, and this expression was recovered and upregulated
following transfection with the FOXO3 overexpression vector
(Fig. 4D). The results of CCK-8 revealed that FOXO3 over-
expression restored the EPC proliferative capacity under HG
conditions (Fig. 4E). Transwell migration assays also revealed
that the inhibitory effects of HG on EPC migration were
blocked by the overexpression of FOXO3 (Fig. 4F and G). The
EPC tube formation capacity was also decreased under HG
conditions and this decrease was blocked by the overexpression
of FOXO3 (Fig. 4H and I). Western blot analysis revealed that
NOX4 and NOX1 expression was increased under HG condi-
tions, while FOXO3 overexpression prevented the increase in
NOX4 and NOX1 protein expression (Fig. 4J). In addition,
the HG-induced expression of the inflammatory cytokine,
TNF-a, IL-1p and IL-6, was suppressed by the overexpression
of FOXO3 (Fig. 4K-M). Taken together, these data indicate
that the overexpression of FOXO3 exerted a protective effect
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Figure 5. Overexpression of miR-217 or downregulation of FOXO3 reverses the protective effects of hsa_circ_0058092 on EPC proliferation, migration and
angiogenic differentiation. (A-C) RT-qPCR detection for the expression of (A) hsa_circ_0058092, (B) miR-217 and (C) FOXO3 in EPCs. Data are presented
as the means + SD. “"P<0.001 vs. control; ##P<0.001 vs. HG. (D) CCK-8 assay for the proliferation of EPCs. Data are presented as the means + SD. “"P<0.001
vs. control; #P<0.01 vs. HG. (E and F) EPC apoptotic rate was determined by Annexin V/PI staining 24 h following induction with HG (30 mM). Data
are presented as the means + SD. ““P<0.001 vs. control; #P<0.01 vs. HG. (G and H) Transwell assays for the migration of EPCs. Data are presented as the
means = SD. “"P<0.001 vs. control; ##P<0.001 vs. HG. Scale bar, 95 ym. (I and J) EPC tube formation capacity was measured (magnification, x200). Data are
presented as the means + SD. “"P<0.001 vs. control; ##P<0.001 vs. HG. (K) Expression of the oxidative stress proteins, NOX1 and NOX4, was measured by

western blot analysis. GAPDH served as n internal control. (L-N) Levels of the inflammatory cytokines, IL-18 IL-6 and TNF-a, were measured by ELISA.

Data are presented as the means + SD. ""P<0.001

ok

vs. control; ##P<0.001 vs. HG.

on EPC survival, proliferation, migration and tube formation
under HG conditions.

Protective effects of hsa_circ_0058092 on EPC proliferation,
migration and angiogenic differentiation are reversed by the
overexpression of miR-217 or downregulation of FOXO3. The
present study then aimed to identify an interactive association
between hsa_circ_0058092, miR-217 and FOXO?3 in relation
to EPC proliferation, migration and angiogenic differentia-
tion. The EPCs were transfected with an hsa_circ_0058092
overexpression vector or FOXO3 siRNA prior to induction with

HG. The results of RT-qPCR demonstrated that induction with
HG promoted the expression of miR-217, whereas it suppressed
the expression of hsa_circ_0058092 and FOXO3. The over-
expression of hsa_circ_0058092 downregulated miR-217 and
upregulated FOXO3 expression. FOXO3 silencing had no effect
on the expression of hsa_circ_0058092 or miR-217 (Fig. 5A-C).
These results indicated that hsa_circ_0058092 regulated the
expression of FOXO3 by miR-217 adsorption. The results of
CCK-8 assay demonstrated that the overexpression of hsa_
circ_0058092 restored the proliferative capacity of the EPCs
under HG conditions, while FOXO3 silencing suppressed the
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protective effects of hsa_circ_0058092 (Fig. 5D). EPC apop-
tosis was assessed by Annexin V/PI staining at 24 h following
HG induction. The data revealed that the overexpression of
hsa_circ_0058092 protected the EPCs against HG-induced
apoptosis, while the silencing of FOXO3 again suppressed
the protective effects of hsa_circ_0058092 (Fig. 5SE and F).
The results of Transwell migration assays also revealed that
the overexpression of hsa_circ_0058092 protected against
the HG-induced inhibition of EPC migration, while FOXO3
silencing suppressed the protective effects of hsa_circ_0058092
(Fig. 5G and H). The overexpression of hsa_circ_0058092
protected against the HG-induced impairment of EPC
tube formation capacity. However, FOXO3 downregulation
suppressed the protective effects of hsa_circ_0058092 on
EPC tube formation (Fig. 5T and J). Western blot analysis also
revealed that the overexpression of hsa_circ_0058092 prevented
the HG-mediated induction of NOX4 and NOX1 proteins, while
FOXO3 silencing suppressed the protective effects of hsa_
circ_0058092 on oxidative stress in EPCs (Fig. 5K). Finally, the
overexpression of hsa_circ_0058092 prevented the HG-induced
increase in the levels of the inflammatory cytokines, TNF-a,
IL-1p and IL-6, and the protective effects of hsa_circ_0058092
were attenuated following the FOXO3 of silencing under HG
conditions (Fig. SL-N). Taken together, these data suggest
that hsa_circ_0058092 downregulates miR-217, which in turn
upregulates FOXO3 expression and ultimately protects against
HG-induced EPC damage.

Discussion

HG induces the impaired function of circulating progenitor cell
populations (23,24). Although the precise underlying mecha-
nisms remain unknown, the production of excessive ROS
occurs due to the elevated levels of vascular NOX. Persistent
HG can also induce the expression of inflammatory cytokines,
which further damages EPCs (25,26). EPC injury suppresses
cellular capacity for migration and angiogenic differentiation,
which ultimately results in delayed wound healing (27,28).
Therefore, in order to improve wound healing, it is necessary
to identify the factors that regulate these microenvironments.

The present study observed a decreased expression of
hsa_circ_0058092 under HG conditions. Previous research
has indicated that certain circRNAs are aberrantly expressed
in patients with T2DM and that these molecules may influence
angiogenic mechanisms by regulating endothelial cell migra-
tion, proliferation and tube formation (29). The present study
found that the upregulation of hsa_circ_0058092 protected
against HG-induced damage to EPC proliferation, migration
and tube formation.

It has been indicated that circRNAs function as miRNA
sponges (30). The present study observed that miR-217 was
a target of hsa_circ_0058092. It has been demonstrated that
miR-217 serum levels are upregulated in patients with diabetic
foot ulcers when compared to healthy controls (31). The
suppression of miR-217 protects against HG-induced podocyte
injury and insulin resistance by restoring phosphatase and
tensin homologue-mediated autophagy pathways (32). The
present study also found that the downregulation of miR-217
suppressed the HG-induced damage to EPCs by recovering
cell survival, proliferation, migration and tube formation
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capacities. The luciferase reporter assay confirmed than an
interactive association existed between hsa_circ_0058092 and
miR-217.

Bioinformatics analysis also predicted that miR-217
interacts with FOXO3 3'UTR to suppress FOXO3 at the
post-transcriptional level. It has been previously found that
FOXO3 expression is reduced under HG conditions (33).
The present study found that the overexpression of FOXO3
protected against HG-induced damage in EPC cell survival,
proliferation, migration and tube formation capacity.
Moreover, FOXO3 silencing suppressed the protective effects
of hsa_circ_0058092 with respect to HG-induced damage to
EPCs. FOXO proteins are transcription factors that participate
in several cellular processes, such as immune cell homeostasis,
cytokine production, cell proliferation and anti-oxidative
stress mechanisms. The downregulation of FOXO3 inhibits
cell proliferation, invasion and migration (34). FOXO3 is also
critical for endothelial cell survival under HG conditions and
has been implicated in the development of diabetes-induced
retinal vascular endothelial cell injury (33). The present study
observed that the downregulation of FOXO3 under HG condi-
tions played an important role in the induction of EPC damage.

In conclusion, the present study observed that hsa_
circ_0058092 expression was downregulated and that the
decreased expression of this circRNA was associated with
EPC damage under HG conditions. Although the complexity
of the in vivo cellular crosstalk cannot be replicated in in vitro
experiments, the data from the present study revealed that
the overexpression of hsa_circ_0058092 protected against
HG-induced damage to EPC angiogenesis and migration,and that
these protective effects were regulated via the miR-217/FOXO3
signaling pathway. These results provide novel insight into the
management and treatment of endothelial dysfunction in DM.
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