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via miR-106a-5p and FGF4/p38MAPK pathway
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Abstract

Background: Diabetic foot ulcer (DFU) is a chronic infectious disease caused by diabetes mellitus (DM). Angiogen-
esis plays the decisive role in wound healing of DFU. Adipose-derived stem cells (ADSCs) can ameliorate angiogenesis
in DFU by exosomes. This study aims to determine the mechanism of exosomes from mmu_circ_0001052-modified
ADSCs in angiogenesis of DFU.

Methods: HUVECs were induced by high glucose and mice stimulated using STZ injection during high-fat feeding,
which were treated with exosomes derived from mmu_circ_0001052-modified ADSCs. Real-time PCR determined the
expression of gene and western blot determined protein levels. Proliferation, migration, apoptosis and angiogenesis
of HUVECs were studied by MTT assay, transwell test, flow cytometry and tube formation experiment, respectively.
Histological lesion of wound was determined by HE staining.

Results: The expression of circ_0001052 was upregulated in ADSCs and miR-106a-5p elevated in high glucose-
induced HUVECs. Exosomal mmu_circ_0001052 significantly accelerated wound healing in mice with DFU. Also, exo-
somal mmu_circ_0001052 evoked the reduction of miR-106a-5p and the elevation of FGF4 in high glucose-induced
HUVECs and wound tissue of DFU mice. Exosomal mmu_circ_0001052 was determined to sponge miR-106a-5p that
targeted FGF4 in DFU. In high glucose-induced HUVECs, exosomal mmu_circ_0001052 inhibited apoptosis and miR-
106a-5p expression, and meanwhile promoted proliferation, migration, angiogenesis and expressions of FGF4, VEGF
and p-p38/p38, which were reversed by miR-106a-5p elevation.

Conclusion: Mmu_circ_0001052 in ADSCs-derived exosomes promote angiogenesis of DFU via miR-106a-5p and
FGF4/p38MAPK pathway.
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Diabetic foot ulcer (DFU) is, the global health problem,
a chronic infectious disease caused by diabetes mel-
litus (DM). According to statistic, the global incidence
of DFU is 6.3% [1]. A prospective study [2] showed that
DFU resulted in unsatisfactory clinical outcome and poor
prognosis. On the one hand, DFU can cause foot deform-
ity and increase skin pressure during walking [3]. On the
other hand, it might raise the risk of limb invasive infec-
tion, which led to lower limb amputation [4]. Therefore,
it is necessary to promote wound healing when patients
with DM have DFU.

Angiogenesis plays the decisive role in wound healing
of DFU. Angiogenesis is the process of existing blood
vessels forming new blood vessels. It is not only a natu-
ral process of biological growth and development, but
provides nutrients and oxygen for the injured site to pro-
mote wound healing [5]. During angiogenesis, endothe-
lial cells stimulated by extracellular matrix proliferate
rapidly and migrate to the stimulation site, which finally
induces the formation of new blood vessels and vascular
networks because of cells accumulation [6]. High glucose
might directly inhibit the normal angiogenesis through
endothelial dysfunction and the imbalance among angio-
genesis related factors [7], which means that angiogen-
esis restoration is contributed to wound healing in DFU.
Given in the key role of endothelial cells in angiogenesis,
mountains of studies report that mesenchymal stem cells
(MSCs) are instrumental in improving endothelial dys-
function. MSCs have the potential role in regulating pro-
liferation and inflammatory [8, 9]. A study [10] suggested
that MSCs-derived exosomes promote angiogenesis
through regulating miR-30b in endothelial cells, which

by exosomes.

Circular RNA, a highly conservative non-coding
RNA, is abundantly expressed in eukaryotic cells. It is
involved in angiogenesis regulation via exosomes in
diabetic wound healing [11]. Circular RNA HIPK3 (cir-
c¢RNA HIPK3) is a highly conserved non-coding RNA
that mediated the vascular dysfunction and metabolic
disorder induced by DM [12, 13]. CircRNA HIPK3 was
determined to inhibit pyroptosis and cellular damage in
ischemic disease via FOXO3a [14]. Mmu_circ_0001052
is a homolog of circular RNA HIPK3 showing the poten-
tial regulation in diabetic wound healing via its abnormal
level in HUVECs stimulated by high glucose. CircRNA
plays crucial role in cellular process that it competed with
mRNA via sponging miRNA. MiR-106a-5p emerges as
the critical role for tumor angiogenesis and endothelial
dysfunction [15, 16]. Importantly, there was an elevated
expression of miR-106a-5p in cell model of diabetes.
Fibroblast growth factor 4 (FGF4), one member of fibro-
sis growth factor family, is involved in embryonic devel-
opment, proliferation and differentiation [17-19]. A
study [20] indicated that FGF4 promoted differentiation
of MSCs into hepatocytes via p38 MAPK pathway.

MiR-106a-5p was predicted to bind to FGF4 mRNA
or mmu_circ_0001052. There still was no research how
the mmu_circ_0001052-miR-106a-5p-FGF4 mRNA-p38
MAPK axis and p38 MAPK pathway works on wound
healing in DFU. Therefore, exosomes from autologous
MSCs were applied for treating high glucose-induced
HUVECs or mice with DFU in this study, which aimed to
verify the mechanism of mmu_circ_0001052-miR-106a-
5p-FGF4 mRNA network in angiogenesis of DFU.
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Methods

ADSCs

ADSCs were isolated from adipose tissue in healthy
BALB/c mice. The isolation of ADSCs referred to
the study reported by Li et al. [21]. We character-
ized ADSCs via microcopy and flow cytometry (Beck-
man coulter, USA). The adipogenic differentiation of
ADSCs was induced by the fixed Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum
(FBS, Gibco, USA), 10 umol/L insulin (Solarbio, China),
200 pumol/L indomethacin (National institutes for food
and drug control, China), 0.1 pmol/L dexamethasone
(Solarbio, China) and 0.5 mmol/L isobutylmethylx-
anthine (Solarbio, China). ADSCs were cultured with
DMEM containing 10% fetal bovine serum (FBS, Gibco,
USA), 0.1 pmol/L dexamethasone (Solarbio, China),
50 pmol/L ascorbate-2-phosphate (Lookchem, China)
and 10 mmol/L pB-glycerophosphate (Seebio, China)
to induce the osteogenic differentiation of these stem
cells. After 14 days, ADSCs were stained with Oil-Red
O (Solarbio, China) and alizarin red (Solarbio, China) to
determine the differentiation. The overexpression vector
of mmu_circ_0001052 (oe-mmu_circ_0001052) based on
lentiviral was obtained from Sangon Biotech (Shanghai,
China). 1 x 10° of ADSCs were cultured in 6-well plates
with FBS-free DMEM for 24 h and transfected by 100
puL of over-mmu_circ_0001052 mixture (with MOI of
50 and 1x 10® TU/mL) via CTS LV-MAX Transfection
kit (ThermoFisher, MA, USA). The vector contained the
gene coding green fluorescent protein, so the transfection
efficiency could be observed by calculating fluorescence
intensity via fluorescence microscopy. The exosomes
were collected after 48-h transfection.

Isolation and characterization of exosomes

We isolated the exosomes derived from ADSCs accord-
ing to a previous study [11]. Briefly speaking, ADSCs in
good condition were cultured with FBS-free endothelial
cell growth medium (EGM)-2MV (Lonza, Switzerland).
After 2 days, the exosomes in the medium were extracted
by differential ultracentrifugation. After that, the pro-
tein content of PBS-resuspended exosomes was meas-
ured by BCA protein kit (Abcam, Cambridge, UK) and
the exosomes were stored at — 80°C for the next experi-
ments. The characterization of exosomes was determined
by western blot and transmission electron microscopy.
ADSCs-derived exosomes contain various of protein and
RNA that have biological activity.

HUVECs
HUVECs were purchased from ATCC. HUVECs were
cultured with DMEM containing 10% FBS which was
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replaced by DMEM containing 1% FBS before high glu-
cose induction. HUVECs were stimulated with DMEM
containing 33 mmol/L glucose for 48 h. For the control
of high glucose stimulation, HUVECs were incubated
in DMEM supplemented with 5 mmol/L glucose for
48 h. To investigate the role of ADSCs-derived exosomal
mmu_circ_0001052 in high glucose-induced HUVECs,
HUVECs were co-incubated with exosomes (20 pg/mL)
derived from over-mmu_circ_0001052-modified ADSCs
for 24 h. We used PKH26 (MINI26, Sigma Aldrich,
USA)-labeled exosomes for co-incubation to distinguish
external exosomes from secreted by cells themselves.
Moreover, HUVECs were transfected by miR-106a-5p
(3.33 pg) mimics and/or oe-circ_0001052 (100 pL) via
lipofectamine 2000 (Invitrogen, USA). HUVECs were
incubated in 6-well plates supplemented with FBS-free
DMEM for 24 h before transfection. After 48-h-trans-
fection, we determined the transfection efficiency using
real-time PCR.

Mice with DFU

We established the mice model of DFU according to
the previous study of Li [22]. In general, male BALB/c
mice (Shanghai Laboratory Animal Center of Chinese
Academy of Sciences, China) with 5 weeks age and
19.39+£1.56 g weight were treated with 0.45% strepto-
zotocin (Sigma, USA, 45 mg/kg) and feed with high-
fat diet. We choosed these mice with the blood glucose
level at 16.7 mmol/L to establish DFU model. There
were 62 mice with DM. Then, we used the sterile punch
to make wounds. Finally, exosomes derived from mmu_
circ_0001052-modified = ADSCs (exosomes+ mmu_
circ_0001052 group) or exosomes from vector-modified
ADSCs (exosome+vector group) were subcutaneously
injected. 25 pL of exosomes (200 pg in 100 pL PBS) were
subcutaneously injected at 4 sites around the wound. The
control group was not treated with exosomes. Wound
tissues were collected at 3, 7 and 14 days after wound-
ing. This study, following the Nation Institutes of Health
Guide for the Laboratory Animals Care and Use, was car-
ried out with the approval of hospital ethics committee,
and Ethical approval No.:Med-Eth-Re [2021] 192.

Dual-luciferase reporter gene

Firstly, the 3-UTR of FGF4 and mmu_circ_0001052,
containing the predicted binding site of miR-106a-5p,
was amplified via PCR. Then, the recombinant lucif-
erase reporter plasmids contained the potential miR-
106a-5p binding site sequences of the FGF4 and
mmu_circ_0001052. Finally, these plasmids were trans-
fected into cells, respectively, and the luciferase inten-
sity was detected using a double luciferase reporter gene
detection system (Promega).
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RNA Binding protein immunoprecipitation

Starbase3.0 was used to predict the sequence informa-
tion of mmu_circ_0001052 and miR-106a-5p, miR-
106a-5p and FGF4. Magna RIPTM RNA-binding protein
co-immunoprecipitation kit (Millipore) was used for
co-immunoprecipitation. Cell lysate was treated with
RIP buffer containing magnetic beads conjugated with
human anti-Ago2 antibody (Millipore, Billerica, MA,
USA), or negative control IgG. Beads were washed with
wash buffer, and the complexes were incubated with 0.1%
SDS/proteinase K to remove proteins. qRT-PCR assay
was carried out afterward.

Real-time PCR

The total RNA was extract by Trizol reagent (Invitrogen,
USA). The OD value at 260 nm and 280 nm was deter-
mined. All-in-One™ miRNA qRT-PCR Detection System
(GeneCopoeia, China) was used for PCR. The prim-
ers of mmu_circ_0001052, miR-106a-5p and FGF4 were
designed and synthesized by GeneCopoeia. The reaction
system and program were referenced from user manual.
The internal reference genes were U6 and GAPDH. The
relative expression was calculated by following equa-
tion: the relative expression=27(ACt text gene—ACt internal
reference gene) ;1 \which the Ct was cycle threshold. Table 1
lists these primers. And the full sequence of mmu_
circ_0001052 was in the Additional file 1: Annex 1.

Western blot

Firstly, ground samples were extracted by RIPA lysis
buffer (Solarbio, China) and the concentration of pro-
tein in extract was measured by BCA protein kit (Abcam,
Cambridge, UK). Then, the protein was transferred to
PVDF membrane (Invitrogen, USA) after SDS-PAGE
electrophoresis. The membrane was incubated with
antibodies including FGF4 (ab106355, 1 pg/mL), VEGF
(ab150375, 1:10000), p38 (ab170099, 1:1000) and p-p38
(ab178867, 1:1000) o before the secondary antibody
(1:10000). Finally, Pierce” ECL Western Blotting Sub-
strate (Thermo Scientific, Beijing, China) was applied for
blots visualization. All antibodies were purchased from
Abcam.

Table 1 Primers
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MTT assay

Before MTT assay, HUVECs were cultured into 96-well
plate. The cell viability (or proliferation) was meas-
ured via MTT Assay Kit (Abcam, Cambridge, UK) after
seeded 0, 12, 24, 48 and 72 h, respectively. Enzyme reader
evaluated the OD value at 570 nm of the solution.

Wound healing assay

HUVECs were seeded into 12-well culture plates sup-
plemented with DMEM with 10% FBS at 37 °C until the
confluence of HUVECs increased to 80%. Next, HUVECs
were scratched with a 10-uL pipette tip after different
treatments and subsequently incubated with DMEM
without FBS for 48 h at 37 °C. The migration in HUVECs
was observed using the microscopy (Nikon, Japan).

Tube formation

The Matrigel was mixed with ECMatrix diluent buffer
onto the 96 well plates. After the mixed solution fixation,
HUVECs were seeded onto the plate with DMEM under
37°C at 5% CO, for 12 h. Tube formation was overserved
by 100 x microscope. The number in three visual fields
randomly was calculated as average.

Hematoxylin-eosin staining

The wound tissue samples from DFU mice were
immersed in 10% neutral formalin over day. These sam-
ples were stained with hematoxylin and eosin after the
management of xylene and ethanol.

CD31 Immunohistochemistry

Immunohistochemistry of tissue sections with rabbit
anti-mouse CD31 antibody (Santa Cruz Biotechnology,
USA) was performed at 7 days to detect angiogenesis in
the wound after intervention. Sections were deparaffi-
nized, rehydrated, heated in a microwave oven twice for
antigen recovery, treated with 3% H,0O, and then incu-
bated with 5% goat serum albumin. Then, the sections
were incubated overnight at 4 °C with primary rabbit
anti-mouse CD31 antibody (1:75, Santa Cruz Biotechnol-
ogy), followed by a 1 h incubation with HRP-conjugated
goat anti-rabbit secondary antibody (1:200, Abcam).

Gene Forward primer (5’ — 3') Reverse primer (5’ — 3')

Mmu_circ_0001052 GGATCG GCC AGT CAT GTATC ACC GCTTGG CTCTACTTT GA

miR-106a-5p TGC AGT AGATCT CAA AAA GCT ACC CCTTGG CCATGT AAA AGT GC

FGF4 CCATAG AGCTTG CCCTTGCT GAA CCCTGG CCCTTTATC CC

GAPDH CGG AATTCG TGA AGCTCG GAGTCAACG G CGG GAT CCC AGG AGC GCA
GGGTTAGTICA

ué ATTGGAACGATACAGAGAAGATT GGAACGCTTCACGAATTTG
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After being counterstained with hematoxylin, the slides
were assessed with a fluorescence microscope (40FL Axi-
oskop, Zeiss).

Flow cytometry

HUVECs were seeded onto 6-well plate at the density
of 100,000 cell per well. After 48 h, cells were harvested
using trypsin (Gibco, USA) to be incubated with Annexin
V-FITC and propidium iodide (PI) which were purchased
from Procell company (China) for 25 min at dark. Apop-
tosis rate of HUVECs was determined by flow cytometry
(BD biosciences, USA).

Statistics and analysis

SPSS 22.0 (IBM, USA) was used for data difference anal-
ysis and Graphpad 8.0 (USA) was used for data picture
drawing. Comparison between two groups was processed
with independent sample t test. One-way ANOVA was
used to analyze the differences among groups. Afterward,
post-pairwise comparison was conducted by Dunnett’s
multiple comparison tests. Comparison among multiple
groups at different time points was analyzed by repeated
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measures ANOVA. All comparisons were two-sided
tests. 95% was taken as the confidence interval and the
difference was statistically significant when P value was
less than 0.05. In this article, the experiment was repeated
three times. Each animal group consisted of 5 of animals.

Results

The characterization of ADSCs and exosomes

As previous studies have been suggesting that ADSCs
can ameliorate the wound injury in DFU, we focused on
the specific molecular mechanism of ADSCs-derived
exosomes in DFU. Firstly, ADSCs were isolated from
adipose tissue and cultured in DMED for three weeks.
ADSCs were spindle-shaped (Fig. 1A). The surface anti-
gens of ADSCs were analyzed by flow cytometry. As
illustrated in Fig. 1B, CD73(99.87%), CD90(99.91%) and
CD105(99.84%) were positive, whereas CD34(5.56%)
was negative. The result from flow cytometry showed
these cells had specific biomarkers of ADSCs. Then, we
observed the osteogenic and adipogenic differentia-
tion of ADSCs via oil red O and alizarin red. Figure 1C
reveals that ADSCs could differentiate into adipocytes or
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Fig. 1 The characterization of ADSCs and exosomes. A morphology of ADSCs. B detection of surface markers of ADSCs by flow cytometry. C

the osteogenic and adipogenic differentiation via oil red o and alizarin red. D appearance of exosomes via transmission electron microscope. E
diameter of exosomes via dynamic light scattering. F biomarkers (CD63 and CD81) via western blot. G the expression of mmu_circ_0001052 in
ADSCs and exosomes via real-time PCR. All data were obtained from at least three replicate experiments. *P <0.05, **P < 0.01. Medium mean the
medium after extracting exosomes. N = 3. Comparison between two groups was processed with independent sample t test. One-way ANOVA was
used to analyze the differences among three groups. Afterward, post-pairwise comparison was conducted by Dunnett’s multiple comparison test
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osteoblasts. The exosomes (purity: 3 x 10° particles/mL)
were isolated from ADSC and characterized by transmis-
sion electron microscope and western blot. The ADSCs-
derived exosomes were, with diameter ranging from 30
to 200 nm, round shape, saucer shape or hemispherical
double-layer pattern structure with one-sided depression
(Fig. 1D and E). The surface biomarkers of exosomes were
determined by western blot, of which result displayed
that CD63 and CD81 were detected in these exosomes
(Fig. 1F). Finally, we found that mmu_circ_0001052 was
expressed in both ADSCs and exosomes, and was abun-
dantly expressed in exosomes (Fig. 1G).

Overexpression mmu_circ_0001052 in ADSCs-derived
exosomes promoted proliferation, migration

and angiogenesis of high glucose-induced HUVECs

We overexpressed the expression of mmu_circ_0001052
in ADSC to increase its enrichment in exosomes that
were performed to treating high glucose-induced
HUVEC. Subsequently, cell processes were observed
including proliferation, migration and angiogenesis. As
shown in Fig. 2A, miR-106a-5p was increased whereas
mmu_circ_0001052 decreased in high glucose-induced
HUVECs. Figure 2B suggests it was approximately that
lentivirus transfection efficiency of mmu_circ_0001052
overexpression vector was 80%. According to Fig. 2C,
mmu_circ_0001052 was upregulated successfully in
ADSCs. Figure 2D illustrates that ADSCs-derived
exosomes could be absorbed by high glucose-induced
HUEVCs and distributed around the nucleus, which
implied ADSCs-derived exosomes could get into
HUVEC:s and played the potential role.

In Fig. 2E, compared with HUVECs without high glu-
cose (control group), high glucose-induced HUVECs
(HG group) expressed the increase in apoptosis, whose
apoptosis rate was about 19%; while the apoptosis rates
of HG+exo group and HG + exo-vector group showed
difference in statistics compared with HG group, that of
HG + exo-mmu_circ_0001052 group markedly dropped
to about 8.5%. Figure 2F shows that high glucose-induced
the decreased proliferation of HUVECs; The proliferation
of HG + exo group and HG + exo-vector group increased,
but the difference was not statistically significant;
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HG + exo-mmu_circ_0001052 got the significant eleva-
tion of proliferation in HUVECs. The results of migration
and angiogenesis showed the same trend. In Fig. 2G and
2H, high glucose led to decreased migration and weak-
ened angiogenesis of HUVECs; exosome and exosomes
plus vector could increase the migration and angiogen-
esis; HG + exo-mmu_circ_0001052 group displayed the
most capability of migration and angiogenesis.

The above results suggested that high glucose resulted
in the decrease in migration, proliferation and angiogen-
esis and the increase in apoptosis, but ADSCs-derived
exosomes with upregulated mmu_circ_0001052 could
improve these events.

Overexpression of miR-106a-5p targeting FGF4 inhibited
the proliferation, migration and angiogenesis of HUVECs
induced by high glucose

According to Fig. 2, miR-106a-5p was up-regulated in
high glucose-induced HUVECs, which implied up-reg-
ulated miR-106a-5p might be involved in proliferation,
migration and angiogenesis of HUVECs. Targetscan7.2
predicted that the 3’'UTR of FGF4 existed the binding
site to miR-106a-5p (Fig. 3A). According to this pre-
dicted site, we designed dual-luciferase reporter gene
experiment and RIP assay to verify the target relation-
ship between miR-106a-5p and FGF4. In Fig. 3B and C,
the relative luciferase activity decreased when cells were
co-transfected by miR-106a-5p mimics and WT FGF4;
miR-106a-5p was highly enriched in FGF4. These results
determined that miR-106a-5p could bind to FGF4 via the
site. The overexpression of miR-106a-5p was significantly
higher than the control group and NC mimics group,
indicating that miR-106a-5p was successfully transfected
(Fig. 3D).

As shown in Fig. 3E, high glucose inhibited the pro-
liferation of normal HUVECs; subsequently up-regu-
lated miR-106a-5p repressed the proliferation of high
glucose-induced HUVECs. On the contrary, miR-
106a-5p downregulation enhanced that of high glucose-
induced HUVECs (Fig. 3E). Moreover, high glucose
resulted in the decrease in migration and angiogenesis
in normal HUVECsS, and overexpression of miR-106a-5p
could inhibit migration and angiogenesis of the high

(See figure on next page.)

repeated measures ANOVA

Fig. 2 Overexpression mmu_circ_0001052 in ADSCs-derived exosomes promoted proliferation, migration and angiogenesis of high
glucose-induced HUVECs. A the expression of miR-106a-5p and mmu_circ_0001052 in high glucose-induced HUVECs. B the transfection efficiency
via fluorescence microscope. C the expression of mmu_circ_0001052 in ADSCs transfected with different vectors (exosomes in exo group was
extracted from normal ADSCs, these in exo+oe-vector group from ADSCs transfected with empty vector, and these in exo4-oe-mmu_circ_0001052
group from ADSCs transfected with oe-mmu_circ_0001052). D the fusion of exosomes into cells via immunofluorescence. E apoptosis by flow
cytometry. F proliferation by MTT. G migration by transwell. H angiogenesis via tube formation assay. All data were obtained from at least three
replicate experiments. *P<0.05, **P<0.01. N = 3. One-way ANOVA was used to analyze the differences among groups. Afterward, post-pairwise
comparison was conducted by Dunnett’s multiple comparison test. Comparison among multiple groups at different time points was analyzed by
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Fig. 2 (See legend on previous page.)

glucose-induced HUVEC but miR-106a-5p caused the expression of FGF4 was decreased with miR-106a-5p
opposite results (Fig. 3F and G). FGF4 has been deter- increase although that of FGF4 was elevated due to miR-
mined to be the target of miR-106a-5p. Therefore, the = 106a-5p downregulation (Fig. 3H).



Liang et al. Stem Cell Research & Therapy ~ (2022) 13:336

Page 8 of 13

A B 1 mimics NC C £ FGFaNC
_ 15, HH miR-106a5pmimcs 4 —x+_ B FGF4-miR-106a-5p
WT-FGF4 : 5' ... UACCCCUCAGGAGGAGCACUUUC... 3' E % —3
LT 8 10 o
mmu-miR-106a-5p : 3' GAUGGACGUGACAAUCGUGAAAC 5' § ‘s‘ ‘g 2
o 05
kY £ < 1
MUT-FGF4 : 5' ... UACCCCUCAGGAGGACGUGAAAC... 3' S é L
3 0.0 c 0
Control w
= HG " WT-FGF4 MUT-FGF4 Ago2 lgG
D E -+ HG+NC mimics
-+ HG+miR-106a-5p mimics
4 - 2 15, HG+NCinhibitor H 0.8
= |- HG+miR-106a-5p inhibitor c : =
58 3 5
Sm& 3 E 1.0 1 FGF4I- - - . - -l gﬂO.e ok
28 2 3 | ) o %04
£ ST T T T T b
s 208 N 8 o2
& E % SLE R SR E
& 00 ————— 00(\ < & g‘b{? \(&\‘"\0\0@@)&\0 0.0
0 16 24 48 72 O o TN
) SIS
Time(h) & S
PRGN SAH
RS RS
F
o 2
3
39
€5
o D
© 9o
sk &
<
; ] | 5 SR SN [J Control EE HG+NC inhibitor
Control HG HG+NC mimics HG+miR-106a-5p HG+NC inhibitor HG+miR-106a-5p [ HG Bl HG+miR-106a-5p
mimics inhibitor 1 HG+NC mimics inhibitor
B HG+miR-106a-5p
G mimics
o 40 whx
o) —_— Sox
<
2 30
B g = £ -
n 4 \;l 3 u" St R 8 A W ‘s 20
75 ‘ o AN y e < =
£ ‘ e RIS RN L DR S
Control HG HG+NC mimics HG+miR-106a-5p HG+NC inhibitor HG+miR-106a-5p g
mimics inhibitor z 0

Fig. 3 Overexpression miR-106a-5p targeting FGF4 inhibited proliferation, migration and angiogenesis of high glucose-induced HUVECs. A the
target of miR-106a-5p and FGF4 via targetscan7.2. B Dual-luciferase reporter gene assay. C RNA binding protein immunoprecipitation. D the

expression of miR-106a-5p via real-time PCR. E proliferation by MTT. F migration by transwell. G angiogenesis via tube formation assay. H the level
of FGF4 via western blot. All data were obtained from at least three replicate experiments. *P < 0.05, **P<0.01. N= 3. One-way ANOVA was used to
analyze the differences among groups. Afterward, post-pairwise comparison was conducted by Dunnett’s multiple comparison test. Comparison

among multiple groups at different time points was analyzed by repeated measures ANOVA

The above results indicate that overexpression of miR-
106a-5p inhibited the proliferation, migration and angio-
genesis of HUVEC induced by high glucose via targeting
FGF4.

mmu_circ_0001052 in exosomes promoted proliferation,
migration and angiogenesis of high glucose-induced
HUVECs via miR-106a-5p and FGF4/p38MAPK pathway
CircRNAs regulated via targeting miRNAs. Given that
the trends of miR-106a-5p and mmu_circ_0001052
in high glucose-induced HUVECs, we inferred

miR-106a-5p might be the target of mmu_circ_0001052.
The binding relationship between miR-106a-5p and
mmu_circ_0001052 has been predicted via starbase3.0.
The 3’'UTR of mmu_circ_0001052 existed one site bind-
ing to miR-106a-5p (Fig. 4A). Figure 4B suggests that
the relative luciferase activity decreased when cells
were co-transfected by miR-106a-5p mimics and WT
mmu_circ_0001052. The enrichment of miR-106a-5p
on mmu_circ_0001052 showed the phenomenon that
mmu_circ_0001052 could directly bind to miR-106a-5p
(Fig. 4C). Therefore, we proved miR-106a-5p was the
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target of mmu_circ_0001052. The increase in mmu_
circ_0001052 resulted the decrease in miR-106a-5p and
the increase in FGF4 (Fig. 4D). Moreover, upregulating
miR-106a-5p could reverse the differential expression
induced by mmu_circ_0001052 overexpression.

Increased mmu_circ_0001052 could improve prolifer-
ation of high glucose-induced HUVECs, but decreased
mmu_circ_0001052 played the opposite role; the
simultaneous upregulation of miR-106a-5p and mmu_
circ_0001052 led to proliferation reduced compared
with HG-exo-mmu_circ_0001052 group (Fig. 4E).
Figure 4F and G shows that mmu_circ_0001052 ame-
liorated the migration and angiogenesis of HUVECs
induced by high glucose, which could be reversed by
increased miR-106a-5p. Previous studies indicated
that FGF4 was involved in the activation of p38MAPK
pathway. As illustrated in Fig. 4H, upregulating mmu_
circ_0001052 resulted in the increase in VEGF and
FGF4 and induced the phosphorylation of p38, whereas
downregulating mmu_circ_0001052 worked on the
opposite effects; upregulating miR-106a-5p reversed
the differential trend induced by mmu_circ_0001052
overexpression.
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The above results indicated mmu_circ_0001052 pro-
moted proliferation, migration and angiogenesis of high
glucose-induced HUVECs via miR-106a-5p and FGF4/
p38MAPK pathway.

Mmu_circ_0001052 from ADSCs-derived exosomes
promoted wound healing in DFU via miR-106a-5p

and FGF4/p38MAPK pathway

We designed a mice model of DFU to determine the role
of mmu_circ_0001052 from ADSCs-derived exosomes in
wound healing. Compared with model group, exo+vector
group and exo+mmu_circ_0001052 group showed
the obvious wound healing; exo-+mmu_circ_0001052
group displayed the faster speed of healing and the
smaller area of wound compared with exo+vector group
(Fig. 5A and B). As shown in Fig. 5C, exo+vector and
exo+mmu_circ_0001052 promote the formation of cap-
illary; the effect of exo+mmu_circ_0001052 was bet-
ter than exo+vector. The exosomes with upregulated
mmu_circ_0001052 promoted wound healing in DFU via
diminishing inflammatory cells and promoting granu-
lation tissue (Fig. 5D). The expression of miR-106a-5p
and FGF4 showed non-statistical difference after the
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Fig. 5 Mmu_circ_0001052 from ADSCs-derived exosomes promoted wound healing in DFU via miR-106a-5p and FGF4/p38MAPK pathway.

A wound healing in DFU with exosomes treatment. B the broken line diagram of wound healing in DFU mice. C the vessel formation under
Immunofluorescence. D HE staining. E the expression of miR-106a-5p and FGF4 in DFU mice. F, the level of FGF4/p38 pathway via western blot.
All data were obtained from at least three replicate experiments. *P<0.05, **P<0.01. N=5. One-way ANOVA was used to analyze the differences
among groups. Afterward, post-pairwise comparison was conducted by Dunnett’s multiple comparison test. Comparison among multiple groups
at different time points was analyzed by repeated measures ANOVA
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treatment of exosome containing vector in mice with
DFU, but decreased miR-106a-5p and increased FGF4
were observed in DFU mice treated with exosomes con-
taining upregulated mmu_circ_0001052 (Fig. 5E). Finally,
the level of FGF4/p38MAPK pathway was detected by
western blot. Figure 5F reveals that exosomes contain-
ing upregulated mmu_circ_0001052 led to the higher
level of FGF4, VEGF and phosphorylation of p38, sug-
gesting that exosomes containing upregulated mmu_
circ_0001052 could promote wound healing in DFU via
FGF4/p38MAPK pathway. To conclude, a mechanism
was determined that mmu_circ_0001052 from ADSCs-
derived exosomes promoted wound healing in DFU via
miR-106a-5p and FGF4/p38MAPK pathway.

Discussion

DFU, a diabetic complication, is caused by poor glyce-
mic control, peripheral neuropathy, peripheral vascular
disease and immunosuppression. Metabolic disorder
induced by hyperglycemic status leads to vascular dys-
function and nerve injury in vivo, which subsequently
causes the foot ulcers and lower limb infection [23].
ADSCs, a MSCs derived from adipose, is confirmed to
promote wound healing through vessels formation. Li
[21] concluded the mechanism that exosomes derived
from ADSCs enhanced, via Nrf2, the proliferation and
angiogenesis of endothelial progenitor cells to finally
ameliorate wound healing in DFU, which implied that
ADSCs-derived exosomes had considerable utilization
value in DFU management.

CircRNAs enriched in exosomes regulates the pro-
cess of diseases through endocytosis and exocyto-
sis. A previous study by Xu et al. [24] found exosomal
circAKAP7 derived from ADSCs the cellular dam-
age and oxidative stress induced by cerebral ischemia.
Zhu et al. [24] published the viewpoint that ADSCs-
derived exosomes repressed liver fibrosis by autophagy
induced by mmu_circ_0000623. We realized that exo-
somal mmu_circ_0001052 derived from ADSCs could
be absorbed into high glucose-induced HUVESs, which
contributed to the proliferation, migration and angio-
genesis of HUVECs. In our results, Mmu_circ_0001052
was admitted to be decreased in high glucose-induced
HUVECs. Mmu_circ_0001052 is a homolog of circRNA
HIPK3 in mice which is considered as the role func-
tioning cardiovascular disease and diabetes. CircRNA
HIPK3 elevated the proliferation of cardiomyocyte
via acetylating Notchl, which subsequently improved
myocardial damage and fibrosis [25]. CircRNA HIPK3
functions as the inducer of proliferation and angiogen-
esis of HUVECs induced by high glucose [12, 26]. To
conclude, the result that exosomal mmu_circ_0001052
derived from ADSCs indicated that mmu_circ_0001052
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overexpressed in ADSCs was absorbed into HUVECs
induced by high glucose to promote the vessels forma-
tion of cells.

We found that high glucose increased miR-106a-5p
in HUVECs. MiR-106a-5p, a member of miRNA family,
plays the molecular regulatory role in multiple sclerosis,
colorectal cancer and other chronic diseases [27-29].
Commonly, mmu_circ_0001052 could be involved in cell
process by targeting miRNAs. The trend of miR-106a-5p,
different from mmu_circ_0001052 in high glucose-
induced HUVECs, suggested the hypothesis that there
was a targeting regulatory relation between miR-106a-5p
and mmu_circ_0001052. MiR106a-5p was confirmed
to be the target of mmu_circ_0001052 by bioinformat-
ics tool and experiments. Afterward, we discovered that
FGF4 was the targeting gene of miR-106a-5p. When
miR-106a-5p was upregulated in high glucose-induced
HUVEC s, there was the downregulation of FGF4 accom-
panied with the decrease in proliferation, migration and
angiogenesis, which implied that miR-106a-5p repressed
the vessel formation of high glucose-induced HUVECs
via targeting FGF4.

FGF4 is related through p38MAPK pathway regulat-
ing the biological function of endothelial cells in cell
differentiation [20], which shows that FGF4/p38MAPK
pathway acted on the vessel formation of HUVECs
induced by high glucose. A previous study [30] showed
that FGF4 could improve wound healing in DFU with
VEGF-A. Ramirez concluded that FGF was involved
in wound healing in DFU. Subsequently, we carried
out the research into the relationship among mmu_
circ_0001052, miR-106a-5p and FGF4/p38MAPK path-
way. Increased miR-106a-5p reversed the trend caused by
exosomal mmu_circ_0001052 that FGF4 was increased
and p38MAPK pathway activated in high glucose-
induced HUVECs. Meanwhile, the facilitations of exoso-
mal mmu_circ_0001052 on vessel formation was weaken
with FGF4 decreased. These results suggested that exoso-
mal mmu_circ_0001052 derived from ADSCs promoted
the angiogenesis of high glucose-induced HUVECs
through miR-106a-5p and FGF4/p38MAPK pathway. A
model with DFU was established to determine the role
of exosomal mmu_circ_0001052 from ADSCs on DFU
treatment. We found exosomal mmu_circ_0001052 from
ADSCs had better effect in promoting wounding healing
and improving wound area. In molecular level, exosomal
mmu_circ_0001052 obviously repressed miR-106a-5p
and activated FGF4/p38MAPK. The results above indi-
cated that exosomal mmu_circ_0001052 from ADSCs
improved wound healing in DFU via targeting miR-
106a-5p/FGF4/p38MAPK axis.

DFU is a complex and chronic disease, in which
circRNA functions as the regulatory element via
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intricate network. Obviously, miR-106a-5p/FGF4/
p38MAPK axis is not the only target of exosomal
mmu_circ_0001052 in DFU. Therefore, next studies
could probe other ways, such as miRNAs or signaling
pathway, that exosomal mmu_cicr_0009139 was related
to. Moreover, we failed to discuss the role of exosomal
mmu_cicr_0009139 in the anthropogenic with DFU. It
is feasible to determine the relationship between clini-
cal characterizations of DFU and mmu_circ_0001052.

Conclusions

We reported a novel mechanism of mmu_circ_0001052
in diabetic angiogenesis. Exosomes derived from mmu_
circ_0001052-modified ADSCs promoted the angio-
genesis of wound healing in DFU via miR-106a-5p and
FGF4/p38MAPK pathway, which indicated that mmu_
circ_0001052/miR-106a-5p/FGF4/p38MAPK pathway
could be the potential target of DFU treatment.

Abbreviations

DFU: Diabetic foot ulcer; DM: Diabetes mellitus; ADSCs: Adipose-derived
stem cells; FGF4: Fibroblast growth factor 4, MAPK: Mitogen-activated protein
kinase; MSCs: Mesenchymal stem cells; PBS: Phosphate buffer saline; PCR:
Polymerase chain reaction; HUVECs: Human umbilical vein endothelial cells;
UTR: Untranslated region; DMEM: Dulbecco’s modified eagle’'s medium; FBS:
Fetal bovine serum.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-022-03015-7.

[ Additional file 1. The sequence of mmu_circ_0009139. }

Acknowledgements
We would like to give our sincere gratitude to the reviewers for their construc-
tive comments.

Author contributions

ZHL involved in conceptualization, writing—original draft, methodology, and
formal analysis; NFP contributed to resources; SSL contributed to visualiza-
tion; ZYQ involved in data curation; PL involved in validation; JW involved in
supervision; ZZ involved in investigation, software, writing-review and editing;
YCP involved in funding acquisition, project administration, writing—review
and editing. All authors read and approved the final manuscript.

Funding

This work was supported by the Scientific Research Special Fund for the Inno-
vation Platform of the Academician of Hainan Province (No. YSPTZX202028),
Key research and development projects of Hainan Provincial Natural Science
Foundation (No. ZDYF2022SHFZ104), Hainan Province Health Industry Scien-
tific Research Project (No. 21A200256) and the Natural Science of Guangdong
Province (No. 2016A030313425).

Availability of data and materials

All data generated or analyzed during this study are included in this article.
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Page 12 of 13

Declarations

Ethics approval and consent to participate

This study, following the Nation Institutes of Health Guide for the Laboratory
Animals Care and Use, was carried out with the approval of hospital ethics
committee, and Ethical approval No.:Med-Eth-Re [2021] 192.

Consent for publication
Not Applicable. This article does not contain any studies with human partici-
pants performed by any of the authors.

Competing interests
The authors declare that there is no competing interests.

Received: 12 November 2021 Accepted: 9 January 2022
Published online: 23 July 2022

References

1. Zhang P LuJ, Jing Y, Tang S, Zhu D, Bi Y. Global epidemiology of diabetic
foot ulceration: a systematic review and meta-analysis (dagger). Ann
Med. 2017;49(2):106-16.

2. Ndosi M, Wright-Hughes A, Brown S, Backhouse M, Lipsky BA, Bhogal M,
et al. Prognosis of the infected diabetic foot ulcer: a 12-month prospec-
tive observational study. Diabet Med. 2018;35(1):78-88.

3. Bandyk DF. The diabetic foot: pathophysiology, evaluation, and treat-
ment. Semin Vasc Surg. 2018;31(2-4):43-8.

4. Reardon R, Simring D, Kim B, Mortensen J, Williams D, Leslie A. The dia-
betic foot ulcer. Aust J Gen Pract. 2020;49(5):250-5.

5. Todorova D, Simoncini S, Lacroix R, Sabatier F, Dignat-George F. Extracellu-
lar vesicles in angiogenesis. Circ Res. 2017;120(10):1658-73.

6. Tahergorabi Z, Khazaei M. Imbalance of angiogenesis in diabetic compli-
cations: the mechanisms. Int J Prev Med. 2012;3(12):827-38.

7. Okonkwo UA, Chen L, Ma D, Haywood VA, Barakat M, Urao N, et al.
Compromised angiogenesis and vascular Integrity in impaired diabetic
wound healing. PLoS ONE. 2020;15(4): €0231962.

8. Meng HY, Chen LQ, Chen LH. The inhibition by human MSCs-derived
miRNA-124a overexpression exosomes in the proliferation and migra-
tion of rheumatoid arthritis-related fibroblast-like synoviocyte cell. BMC
Musculoskelet Disord. 2020;21(1):150.

9. WeiZ Qiao S, Zhao J, LiuY, Li Q, Wei Z, et al. miRNA-181a over-expression
in mesenchymal stem cell-derived exosomes influenced inflammatory
response after myocardial ischemia-reperfusion injury. Life Sci. 2019;232:
116632.

10. Gong M, Yu B, Wang J, Wang Y, Liu M, Paul C, et al. Mesenchymal stem
cells release exosomes that transfer miRNAs to endothelial cells and
promote angiogenesis. Oncotarget. 2017,8(28):45200-12.

11. ShiR, JinY,HuW, Lian W, Cao C, Han S, et al. Exosomes derived from
mmu_circ_0000250-modified adipose-derived mesenchymal stem cells
promote wound healing in diabetic mice by inducing miR-128-3p/SIRT1-
mediated autophagy. Am J Physiol Cell Physiol. 2020;318(5):C848-56.

12. ShanK, Liu C, Liu BH, Chen X, Dong R, Liu X, et al. Circular noncoding RNA
HIPK3 mediates retinal vascular dysfunction in diabetes mellitus. Circula-
tion. 2017;136(17):1629-42.

13. CaiH, Jiang Z,Yang X, Lin J, Cai Q, Li X. Circular RNA HIPK3 contributes
to hyperglycemia and insulin homeostasis by sponging miR-192-5p
and upregulating transcription factor forkhead box O1. Endocr J.
2020,67(4):397-408.

14. Yan B, ZhangY, Liang C, Liu B, Ding F, Wang Y, et al. Stem cell-derived
exosomes prevent pyroptosis and repair ischemic muscle injury
through a novel exosome/circHIPK3/ FOXO3a pathway. Theranostics.
2020;10(15):6728-42.

15. Zeng H, He D, Xie H, Zhao Y, Peng Z, Deng H, et al. H19 regulates angio-
genic capacity of extravillous trophoblasts by H19/miR-106a-5p/VEGFA
axis. Arch Gynecol Obstet. 2020;301(3):671-9.

16. HuY, Xu R, He, Zhao Z, Mao X, Lin L, et al. Downregulation of microR-
NA106a5p alleviates oxLDLmediated endothelial cell injury by targeting
STAT3. Mol Med Rep. 2020;22(2):783-91.


https://doi.org/10.1186/s13287-022-03015-7
https://doi.org/10.1186/s13287-022-03015-7

Liang et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2022) 13:336

Azami T, Waku T, Matsumoto K, Jeon H, Muratani M, Kawashima A, et al.
KIf5 maintains the balance of primitive endoderm versus epiblast speci-
fication during mouse embryonic development by suppression of Fgf4.
Development. 2017;144(20):3706-18.

Zhang C, Yang T, Jiang H. miR-511 inhibits proliferation and metastasis of
breast cancer cells by targeting FGF4. J Gene Med. 2020;22(9): e3168.
Cao H, ShiJ, Du J, Chen K, Dong C, Jiang D, et al. MicroRNA-194 regulates
the development and differentiation of sensory patches and statoacous-
tic ganglion of inner ear by Fgf4. Med Sci Monit. 2018;24:1712-23.
LuT,Yang C, SunH, Lv J, Zhang F, Dong XJ. FGF4 and HGF promote
differentiation of mouse bone marrow mesenchymal stem cells into
hepatocytes via the MAPK pathway. Genet Mol Res. 2014;13(1):415-24.
Li X, Xie X, Lian W, Shi R, Han S, Zhang H, et al. Exosomes from adipose-
derived stem cells overexpressing Nrf2 accelerate cutaneous wound
healing by promoting vascularization in a diabetic foot ulcer rat model.
Exp Mol Med. 2018;50(4):1-14.

LiB, Luan S, Chen J, Zhou Y,Wang T, Li Z, et al. The MSC-derived
exosomal INcRNA H19 promotes wound healing in diabetic foot ulcers
by upregulating PTEN via MicroRNA-152-3p. Mol Ther Nucleic Acids.
2020;19:814-26.

Noor S, Zubair M, Ahmad J. Diabetic foot ulcer—a review on patho-
physiology, classification and microbial etiology. Diabetes Metab Syndr.
2015;9(3):192-9.

Zhu M, Liu X, Li W, Wang L. Exosomes derived from mmu_circ_0000623-
modified ADSCs prevent liver fibrosis via activating autophagy. Hum Exp
Toxicol. 2020;39(12):1619-27.

Si X, Zheng H, Wei G, Li M, Li W, Wang H, et al. circRNA Hipk3 induces
cardiac regeneration after myocardial infarction in mice by binding to
Notch1 and miR-133a. Mol Ther Nucleic Acids. 2020;21:636-55.
CaoY,Yuan G, Zhang Y, Lu R. High glucose-induced circHIPK3 downregu-
lation mediates endothelial cell injury. Biochem Biophys Res Commun.
2018;507(1-4):362-8.

Majd M, Hosseini A, Ghaedi K, Kiani-Esfahani A, Tanhaei S, Shiralian-Esfa-
hani H, et al. MiR-9-5p and miR-106a-5p dysregulated in CD4(+) T-cells
of multiple sclerosis patients and targeted essential factors of T helper17/
regulatory T-cells differentiation. Iran J Basic Med Sci. 2018;21(3):277-83.
Rahimirad S, Navaderi M, Alaei S, Sanati MH. Identification of hsa-miR-
106a-5p as an impact agent on promotion of multiple sclerosis using
multi-step data analysis. Neurol Sci. 2021;42(9):3791-3799.

Silva CMS, Barros-Filho MC, Wong DVT, Mello JBH, Nobre LMS, Wan-
derley CWS, et al. Circulating let-7e-5p, miR-106a-5p, miR-28-3p, and
miR-542-5p as a Promising microRNA Signature for the Detection of
Colorectal Cancer. Cancers (Basel). 2021;13(7):1493.

Jazwa A, Kucharzewska P, Leja J, Zagorska A, Sierpniowska A, Stepniewski
J, et al. Combined vascular endothelial growth factor-A and fibroblast
growth factor 4 gene transfer improves wound healing in diabetic mice.
Genet Vaccines Ther. 2010;8:6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Exosomes from mmu_circ_0001052-modified adipose-derived stem cells promote angiogenesis of DFU via miR-106a-5p and FGF4p38MAPK pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	ADSCs
	Isolation and characterization of exosomes
	HUVECs
	Mice with DFU
	Dual-luciferase reporter gene
	RNA Binding protein immunoprecipitation
	Real-time PCR
	Western blot
	MTT assay
	Wound healing assay
	Tube formation
	Hematoxylin–eosin staining
	CD31 Immunohistochemistry
	Flow cytometry
	Statistics and analysis

	Results
	The characterization of ADSCs and exosomes
	Overexpression mmu_circ_0001052 in ADSCs-derived exosomes promoted proliferation, migration and angiogenesis of high glucose-induced HUVECs
	Overexpression of miR-106a-5p targeting FGF4 inhibited the proliferation, migration and angiogenesis of HUVECs induced by high glucose
	mmu_circ_0001052 in exosomes promoted proliferation, migration and angiogenesis of high glucose-induced HUVECs via miR-106a-5p and FGF4p38MAPK pathway
	Mmu_circ_0001052 from ADSCs-derived exosomes promoted wound healing in DFU via miR-106a-5p and FGF4p38MAPK pathway

	Discussion
	Conclusions
	Acknowledgements
	References


