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Abstract
Exosomes (Exos) extracted from human adipose mesenchymal stromal/stem cells (hAD-MSCs) have been reported as 
therapeutic tools for tissue repair, but how they regulate angiogenesis of endothelial cells remains unknown. In this study, 
hAD-MSCs were isolated, and early growth response factor-1, Smooth muscle and endothelial cell enriched migration/
differentiation-associated long-noncoding RNA (lncRNA-SENCR), and vascular endothelial growth factor-A (VEGF-A) 
overexpression or knockdown was achieved. Exos extracted from hAD-MSCs (hADSC-Exos) were co-cultured with human 
umbilical vein endothelial cells (HUVECs) to detect the effects of EGR-1, lncRNA-SENCR, and VEGF-A on angiogenesis 
and the relationships between EGR-1, lncRNA-SENCR, Dyskerin pseudouridine synthase 1 (DKC1), and VEGF-A. An 
in vivo experiment verified the effect of hADSC-Exos on the wound healing process. hADSC-Exos substantially promoted the 
proliferation, migration, and angiogenesis of HUVECs, which could be reversed by short-hairpin RNA SENCR (shSENCR) 
transfection. hADSC-Exos had elevated expression of EGR-1, which bound to the lncRNA-SENCR promoter. The sup-
pressive effect of Exo-shEGR1 on HUVECs was counteracted by SENCR overexpression. LncRNA-SENCR was shown to 
interact with DKC1. Overexpression of DKC1 or lncRNA-SENCR maintained stable VEGF-A expression. Overexpression 
of VEGF-A reversed the suppressive effect of shSENCR on HUVECs. Consistent results were obtained in mice in vivo. 
Overall, hADSC-Exo EGR-1 upregulates lncRNA-SENCR expression to activate the DKC1/VEGF-A axis, facilitating the 
wound-healing process by increasing angiogenesis.
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Introduction

Patients with diabetes mellitus and chronic peripheral vascular 
disease ulcers often suffer from non-healing wounds, which 
unfortunately increase the risk of limb amputation and even-
tually result in increased medical burden in modern societies 
[1, 2]. The wound healing process requires the coordination of 
dermal and epidermal cells, fibroblasts, and endothelial cells 
[3, 4] within the surrounding extracellular matrix (ECM) [5] to 

produce three stages: inflammation, proliferation, and matrix 
remodeling. The dynamic interaction of these cells is regu-
lated by various growth factors such as fibroblast growth fac-
tor, platelet-derived growth factor, transforming growth factor, 
and vascular endothelial growth factor (VEGF) [6]. Uncon-
trolled wound healing is often associated with a limited abil-
ity to generate the microvasculature through angiogenesis [7]. 
Angiogenesis refers to the process by which new blood ves-
sels are formed from existing vessels, and it has been proven 
to be related with embryonic development, wound healing, 
and tumorigenesis to a certain extent [8]. Currently, the thera-
peutic approach for promoting wound healing includes the 
delivery of growth factors, gene and stem cell therapies, and 
mechanical/pressure-based stimulation, among which adi-
pose mesenchymal stromal/stem cells (ADSCs) seem to pos-
sess the greatest potential for clinical application, considering 
their ease of use and regulation of angiogenesis and epithe-
lialization in the wound area [9, 10]. However, how ADCSs 
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facilitate angiogenesis and neovascularization in wounded tis-
sue remains to be determined.

Exosomes (Exos) are extracellular vesicles with an aver-
age diameter of 40–160 nm that are mainly responsible 
for intercellular communication [11]. Depending on their 
release site, Exos can carry different constituents, including 
DNA, micro-RNA (miRNA), lipids, and cytosolic and cell 
surface proteins [12]. Exos derived from hypoxia-induced 
ADCSs have been proven to mediate angiogenesis in fat 
grafting by regulating the VEGF/VEGF-receptor pathway 
[13] and Exos derived from ADCSs (ADSC-Exos) have been 
proposed as novel therapeutic tools for soft tissue repair 
[14]. Although studies have supported the application of 
ADSC-Exos in wound repair, the mechanism is still far from 
being fully elucidated [15, 16].

Delayed wound healing can be ascribed to local hypoxic 
conditions and failure of cells to respond to hypoxia [17], 
during which the transcriptional expression of early growth 
response factor-1 (EGR-1) is stimulated [18] to regulate the 
ECM in the development, homeostasis, and healing pro-
cesses of many tissues [19]. EGR-1 was reported to regulate 
scar formation through activation of fibroblasts and secre-
tion of massive ECM [20] and to promote tendon healing 
under reduced load conditions [21]. As a zinc finger tran-
scription factor, EGR-1 is closely associated with cell pro-
liferation, differentiation, and angiogenesis [22]. However, 
how EGR-1 regulates the ECM and angiogenesis during 
the wound healing process remains elusive. However, it has 
also been reported that overexpression of EGR-1 can inhibit 
wound healing [18], a controversy that may be explained 
by the downstream targets of EGR-1 according to specific 
circumstances.

Considering the relationship between ECM, ADSC-
Exos, EGR-1, and wound healing, it is intriguing to explore 
whether EGR-1 is expressed in ADSC-Exos and to further 
determine whether and how EGR-1 in ADSC-Exos regulates 
the wound healing process. In the current study, we found 
that EGR-1 was highly expressed in human ADSC-Exos 
(hADSC-Exos). Furthermore, EGR-1 in hADSC-Exos accel-
erated the wound healing process by enhancing angiogenesis 
of human umbilical vein endothelial cells (HUVECs), which 
was related with its regulation of the Smooth muscle and 
endothelial cell enriched migration/differentiation-associ-
ated long-noncoding RNA (lncRNA-SENCR)/Dyskerin 
pseudouridine synthase 1 (DKC1)/VEGF-A axis.

Materials and methods

Compliance with ethical standards

The experimental design involving human was approved 
by the ethical committee of the Second Xiangya Hospital 

(approval no. 2019224) and conformed to the Declaration of 
Helsinki. Human adipose tissues were collected after each 
enrolled patient provided written informed consent. Ani-
mal experiments complied with the regulations and codes 
of practice for the management of laboratory animals and 
were reviewed and approved by the ethical committee of the 
Second Xiangya Hospital (approval no. 2020256).

Isolation and identification of hADSCs

Human adipose tissue was collected from female patients 
admitted to the plastic surgery department of the Second 
Xiangya Hospital for liposuction in the abdominal region. 
The enrolled patients were aged between 20 and 40 years. 
After obtaining written informed consent, human adipose 
tissues were collected and washed twice in D-Hanks buffer 
solution containing penicillin and streptomycin. After cen-
trifugation at 1000×g for 3 min, the adipose tissues in the 
upper layer were transferred into a new 50 mL centrifuge 
tube using a pipette and then digested with 0.2% collagenase 
P (Life Technologies Corporation) at 37 °C for 30 min. 
Then, a certain amount of D-Hanks’ solution was added, 
and the adipose tissues were filtered through a 100 μm cell 
strainer. The filtered tissues were centrifuged at 1500×g for 
10 min, and the supernatant was removed. Cells were resus-
pended in D-Hanks’ solution and washed in phosphate-buff-
ered saline (PBS) once, before resuspension in Dulbecco’s 
modified Eagle’s medium (DMEM) at 37 °C with 5% CO2, 
containing 10% fetal bovine serum (FBS) and 1% antibiot-
ics. After 48 h, cells that were not attached to the culture 
tube walls were removed. The culture medium was refreshed 
every 2–3 days. Once the cell confluence reached 80%, the 
cells were ready for cell passage or cell cryopreservation.

The expression of ADSC biomarkers, including CD90, 
CD105, CD34, and CD45, was measured using flow cytom-
etry. To assess adipogenesis or osteogenesis, the ADSCs of 
the 3rd–5th generation were seeded in six well plates at the 
density of 2 × 104/cm2. Once the cell confluency reached 
90%, the cells were treated with adipogenesis- or osteo-
genesis-inducing culture medium (Cyagen) according to 
the manufacturer’s instructions. Mineral and lipid contents 
were assessed by alizarin red S staining and oil red staining 
(Sigma Aldrich).

Cell culture

HUVECs were purchased from the Chinese Academy of Sci-
ences (Shanghai, China) and cultured in RPMI 1640 culture 
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medium (Gibco, NY, USA). The culture medium contained 
10% FBS and 1% mycillin, and the cells were cultured at 
37 °C with 5% CO2 and 95% humidity.

Extraction and identification of Exos

hADSCs transfected with short-hairpin RNA (shRNA) 
targeting EGR-1 (shEGR1) or its negative control (shNC) 
and untransfected hADSCs were cultured in FBS-free 
DMEM/F-12 for 36–48 h. The conditioned culture medium 
was collected and centrifuged at 300×g for 10  min to 
remove cells, and further centrifuged at 2000×g for 20 min 
to remove cell debris. The supernatant was collected and 
centrifuged at 10,000×g for 60 min to remove apoptotic bod-
ies and cell debris, filtered through a 0.22 μm strainer, and 
subjected to ultracentrifugation (Beckman Optima™ XPN, 
45Ti) at 100,000×g and 4 °C for 16 h to precipitate the Exos. 
The Exos were washed with PBS and resuspended in PBS 
before preservation at − 80 °C. The collected Exos were 
renamed Exo-shEGR1, Exo-shNC, or hADSC-Exo.

Transmission electron microscopy (TEM; HITACHI 
H-7000FA, Japan) was used to identify the morphology of 
Exos. ADSC-Exos (20 μL) were transferred into a formvar/
carbon-coated grid and fixed using 2% glutaraldehyde. After 
staining with 2% phosphotungstic acid, Exos were observed 
using TEM. The particle distribution and concentration of 
Exos were analyzed using ZetaView PMX 110 (Particle 
Metrix, Meerbusch, Germany) and ZetaView software ver-
sion 8.04.02 through nanoparticle tracking analysis (NTA). 
The expression levels of the Exos biomarkers CD63, CD9, 
TSG101, HSP70, calnexin, and GM130 were measured by 
western blotting.

Cell transfection

Human amnion-derived mesenchymal stem cells (hAD-
MSCs) or HUVECs were transfected with sh-EGR1 
(100 nM), shRNA targeting lncRNA-SENCR (sh-SENCR, 
100 nM), or its negative control (sh-NC). Transfected cells 
with stable expression were screened using puromycin. To 
achieve lncRNA-SENCR and VEGF-A overexpression, 
we transfected the lncRNA-SENCR and VEGF-A targeted 
pcDNA3.1 vector or pcDNA3.1, respectively, (negative con-
trol) into HUVECs.

Experimental groups were classified into control group 
(HUVECs without any treatment), Exo-shNC group (Exos 
isolated from hAD-MSCs transfected with sh-NC), Exo-
shEGR1 group (Exos isolated from hAD-MSCs transfected 
with shEGR1), shSENCR group (HUVECs transfected 
with shSENCR), hADSC-Exo + shNC group (HUVECs 

co-treated by hAD-MSCs-derived Exos and sh-NC transfec-
tion), hADSC-Exo + shSENCR group (HUVECs co-treated 
by hAD-MSCs-derived Exos and shSENCR transfection), 
Exo-shEGR1 + vector group (HUVECs co-treated by Exo-
shEGR1 and negative control for overexpression lentivirus), 
Exo-shEGR1 + SENCR group (HUVECs co-treated by Exo-
shEGR1 and SENCR overexpression), shSENCR + vector 
group (HUVECs co-treated by shSENCR and negative con-
trol for overexpression lentivirus), and shSENCR + VEGF-
A group (HUVECs co-treated by shSENCR and VEGF-A 
overexpression). All plasmids were purchased from GeneP-
harma (Shanghai, China) and transfected into HUVECs 
using Lipofectamine 2000 (Invitrogen). The transfection effi-
ciency was verified after transfection for 24 h. The shRNA 
sequences are presented below.

Sh-EGR1:5'-GCG​ACA​TCT​GTG​GAA​GAA​AGT​GGC​
ATA​CCA​AGA​TCC​ACT​TGC​GCT​TTC​GGA​CAT​GAC​AGC​
AAC-3'.

Sh-SENCR:5'-GCA​GTG​TGG​AGA​TAT​TTC​TTC​GGC​
TCT​ACC​GAC​CTT​CAA​ACT​GCA​AGT​GAC​AGA​TCA​TCT​
-3'.

Sh-NC:5'-TTC​TCC​GAA​CGT​GTC​ACG​T-3'.

Western blotting

Cells were washed twice with cold PBS and then treated 
with lysis buffer (containing 1% protease inhibitor) on ice 
for 30 min. After centrifugation at 12,000 rpm and 4 °C for 
20 min, the supernatant was collected, and the protein con-
centration was measured using a bicinchoninic acid (BCA) 
quantitation kit (Vazyme, Nanjing, China). The proteins 
(30 μg) were separated on a 10% sodium dodecyl sulfate 
polyacrylamide gel and transferred onto polyvinylidene 
difluoridemembranes (Millipore, Billerica, MA, USA) 
for blocking with 5% skimmed milk for 1 h. The proteins 
were then incubated with rabbit anti-human CD63 (D4I1X, 
1:1000; Cell Signaling Technology, Boston, MA, USA), 
CD9 (D3H4P, 1:1000; Cell Signaling Technology), TSG101 
(D1O5S, 1:1000), HSP70 (6B3, 1:1000), calnexin (C5C9, 
1:1000), GM130 (D6B1, 1:1000; Cell Signaling Technol-
ogy), VEGF-A (PA5-85171, 1:1000; Thermo Fisher Scien-
tific), DKC1 (D6N4K, 1:1000), CD31 (#3528, 1:1000), and 
EGR1 (#4154, 1:1000) overnight at 4 °C, followed by tris 
buffered saline with Tween (TBST) washing three times, 
each for 10 min. The proteins were then incubated with 
horseradish peroxidase (HRP)-labeled goat anti-rat or goat 
anti-rabbit immunoglobulin G (IgG, 1:5000; Beijing CoWin 
Biotech Co., Ltd, Beijing, China) at room temperature for 
1 h, followed by washing with TBST three times for 10 min 
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each. Images were visualized and analyzed using a chemilu-
minescence imaging system (Tanon Science and Technology 
Co., Ltd., Shanghai, China). Beta-actin (ACTB) was used as 
an internal control.

Quantitative real‑time PCR (qRT‑PCR)

The culture medium was removed, the cells were washed 
twice with PBS, and 1 mL TRIzol reagent (Life Technolo-
gies Corporation) was added using an enzyme-free pipette. 
Cells were then maintained for 5 min before 200 μL chlo-
roform was added, shaken for 15 s, and mixed for 5 min 
before centrifugation at 12,000×g and 4 °C for 15 min. 
The solution in the upper layer was transferred into a new 
enzyme-free Eppendorf tube; an equal volume of isopro-
panol was added and the mixture was incubated for 10 min 
before centrifugation at 4 °C and 12,000×g for 15 min. The 
supernatant was removed, the RNA sediment was washed 
twice with 1 mL of pre-cooled 75% ethyl alcohol, and the 
resulting supernatant was also removed. Then, enzyme-free 
diethyl pyrocarbonate (DEPC) was used to dissolve the RNA 
sediments. The concentration and purity of RNA were deter-
mined using an automatic microplate reader (BioTek Syn-
ergy2). The RNA was then reverse-transcribed into cDNA 
using a PCD amplifier, and qRT-PCR was performed using 
a PCR analyzer (Bio-Rad, CFX Connect). GAPDH was 
used as the internal control. The conditions were as fol-
lows: pre-denaturation at 95 °C for 10 min, 40 cycles of 
denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, 
and extension at 72 °C for 34 s. Data were analyzed using 
the 2−ΔΔCt method [23]: ΔΔCt =​ ​[C​t(​target g​ene​)−​Ct​(in​ternal g​ene​)]​
ex​per​imental group−[Ct(target gene)−Ct(internal gene)]control group. The 
primer sequences used are listed in (Table 1).

Uptake of ADSC‑Exos by HUVECs

ADSC-Exos (80  μg/mL, 100  μL) were resuspended in 
1 mL PBS and then incubated with 4 μL PKH26 fluoro-
chrome at 37 °C for 20 min before centrifugation at 4 °C 
and 100,000×g for 70 min. After removing the supernatant, 
the ADSC-Exos were washed with PBS and resuspended 
in 100 μL PBS. HUVECs were resuspended in serum-free 
culture medium and incubated at 37 °C with 5% CO2. When 
the cells showed adherence to the culture tube wall, PKH26-
labeled ADSC-Exos were added and incubated for 12 h. 
HUVECs were then washed twice with PBS and fixed with 
4% paraformaldehyde for 4ʹ,6-diamidino-2-phenylindole 
staining. The uptake of ADSC-Exos was observed using 
a confocal fluorescence microscope, under which PKH26-
labeled ADSC-Exos presented red fluorescence.

Cell counting kit‑8 (CCK‑8) assay

HUVECs were seeded into 96-well plates (five wells per 
group) at a density of 1 × 103 cells. Absorbance was deter-
mined at the wavelength of 450 nm on days 1, 2, 3, 4, and 5. 
Cell viability was determined using a CCK-8 kit (Dojindo 
Molecular Technologies, Kumamoto, Japan). The absorb-
ance of each well was measured using a microplate reader 
(BioTek).

Wound healing assay

HUVECs were seeded into 96-well plates (three wells per 
group), and once cell confluency reached 100%, a scratch 
was made using a 200 µL pipette tip. The cells were then 
cultured in DMEM containing extracellular vesicles (20, 40, 
or 80 μg/ml) or PBS (control) for another 24 h. The wound 
was observed under a phase-contrast microscope at 0 and 
24 h. Image-Pro Plus 6 (Media Cybernetics, Inc., Bethesda, 
MD, USA) was used to observe cell migration. Each experi-
ment was performed at least three times.

Tube formation assay

Matrigel (BD Biosciences, San Jose, CA, USA) was added 
to a 96-well culture plate, in which HUVECs treated with 
extracellular vesicles (20, 40, or 80 μg/ml) or PBS (control) 
for 24 h were seeded for further culture for 6 h. The tube 

Table 1   The primer sequences for reverse transcription polymerase 
chain reaction

F forward, R reverse

Name of primer Sequences

EGR1-F 5ʹ-TGA​CCG​CAG​AGT​CTT​TTC​CT-3ʹ
EGR1-R 5ʹ-TGG​GTT​GGT​CAT​GCT​CAC​TA-3ʹ
LncRNA-SENCR-F 5ʹ-CAG​CCA​GAA​AGG​ACT​CCA​ACTCC-3ʹ
LncRNA-SENCR-R 5ʹ-GGAG GCA​GCT​GGT​GCT​GAAAG-3ʹ
VEGF-A-F 5ʹ-GAG​AAC​GTC​ACT​ATG​CAG​ATC-3ʹ
VEGF-A-R 5ʹ-TTT​CTC​CGC​TCT​GAA​CAA​GG-3′
GAPDH-F 5ʹ-GTC​GAT​GGC​TAG​TCG​TAG​CAT​CGA​T-3′
GAPDH-R 5′-TGC​TAG​CTG​GCA​TGC​CCG​ATC​GAT​C-3′
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formation ability of the cells was assessed using a phase-
contrast microscope. The tube length was measured using 
Image-Pro Plus 6, and each experiment was performed at 
least three times.

Chromatin immunoprecipitation (ChIP) assay

Once HUVECs density reached 80%, cells were collected 
for PBS washing and resuspended in 1% formaldehyde 
for 10 min. The resuspended cells were then mixed with 
0.125 M glycine solution for 5 min before the crosslinking 
was terminated. After centrifugation at 4 °C and 300×g 
for 5 min, the sediments were collected for resuspension 
with cell lysis (1 × 107 cells and 1 mL cell lysate) on ice 
for 10 min. HUVECs were subjected to ultrasonication 
and then centrifuged at 4 °C and 12,000×g for 10 min, and 
the supernatant was collected. The crosslinked chroma-
tin at 5–10 μg (100 μL supernatant containing chromatin) 
was diluted with 400 μL ChIP buffer containing protease 
inhibitor and then incubated with 10 μL (2 μg) EGR-1 
antibody at 4 °C overnight. Further incubation with 30 µL 
Protein G Magnetic Beads at 4 °C for 2 h enabled full 
interaction of the antibody with the beads. The Eppendorf 
tube was placed on a magnetic grate for 30 s, and once 
the solution was clear, the supernatant was removed and 
the beads were washed with pre-cooled 0.1 × ChIP buffer 
three times. The beads were then added to 150 μL ChIP 
eluting buffer and incubated at 65 °C for 30 min. Chroma-
tin was eluted from antibody/Protein G Magnetic Beads 
through vortexing (1200 rpm), and the eluted supernatant 
was incubated with 6 µL 5 M NaCl and 2 µL Proteinase 
K at 65 °C for 2 h before the chromatin was collected for 
DNA purification. DNA was quantified by PCR.

Dual‑luciferase reporter gene assay

The binding sites of the lncRNA-SENCR promoter with 
EGR-1 were predicted using the JASPAR database (https://​
jaspar.​gener​eg.​net) and cloned into the luciferase pGL3 
reporter vector (Promega, Madison, WI, USA) to estab-
lish the promoter-luciferase reporter plasmid. The plas-
mid was then co-transfected with pcDNA3.1–3*Flag or 
pcDNA3.1–3*Flag-EGR1 into HUVECs and 48 h later, 
the luciferase activity was measured using a kit (Promega) 
to verify the effect of EGR-1 on the lncRNA-SENCR 
promoter.

RNA pull‑down assay

A Pierce™ Magnetic RNA-Protein Pull-Down kit (Thermo 
Fisher Scientific) was used for RNA pull-down. In vitro 

transcription was performed for lncRNA-SENCR, which 
was then labeled with the Pierce™ RNA 3ʹ End Desthio-
biotinylation kit (Thermo Fisher Scientific). The HUVECs 
lysate (200 μg) was incubated with 50 pmol of purified and 
biotinylated transcripts for 1 h under rotation at 4 °C. The 
complexes formed were isolated using streptomycin mag-
netic beads and then used for western blotting.

RNA immunoprecipitation (RIP) assay

Cells were washed in pre-cooled PBS twice and then added 
with certain volume of lysis for 5 min at ice for centrifu-
gation at 13,000×g for 20 min. The supernatant was col-
lected and protein concentration was determined using the 
BCA measurement method. The cells were then incubated 
with magnetic beads coated with human anti-DKC1 (#sc-
373956; Santa Cruz Biotechnology Inc., Dallas, TX, USA) 
or anti-IgG (Merck Millipore, Burlington, MA, USA) at 4 °C 
overnight, followed by purification with protease K. The 
expression levels of lncRNA-SENCR and VEGF-A were 
determined by qRT-PCR.

Detection of protein half‑life

HUVECs overexpressing DKC1 or lncRNA-SENCR were 
cultured in vitro. After cell transfection for 36–48 h, cells 
from each group were added to complete culture medium, 
to which 100 μg/mL cycloheximide (CHX) was added for 0, 
1, 2, 4, 6, and 8 h. After each of these periods, the cells were 
collected and protein expression was measured by western 
blotting.

Mouse wound healing assay

Forty-eight healthy male C57BL/6 J mice (5 weeks old; 
weight, 20.88 ± 1.94 g) were purchased from Hunan SJA 
Laboratory Animal Co., Ltd. and housed in cages under a 
12:12-h light:dark photoperiod with constant temperature 
and humidity. Mice were anesthetized with pentobarbital 
sodium (50 mg/kg; #57-33-0; Shanghai Beizhuo Biotech-
nology Co., Ltd., China) through intraperitoneal injec-
tion. The fur on the back was shaved and the remaining 
fur was removed using a depilatory. A wound was created 
on the back using an unsterile puncher (diameter, 10 mm). 
hADSC-Exo, Exo-shNC, or Exo-shEGR1 was injected 
into the skin around the wound, and the wound was disin-
fected using 0.5% iodine daily. Wound healing was moni-
tored and the wound healing rate was calculated: wound 

https://jaspar.genereg.net
https://jaspar.genereg.net
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healing rate = (initial wound area − current wound area)/
initial wound area × 100%. The tissues of and around the 
wound on days 0, 3, 7, and 13 were collected and fixed using 
10% paraformaldehyde for embedding and hematoxylin and 
eosin (H&E) staining.

H&E staining

The skin tissues were cut into 5 μm slices and then dewaxed 
in xylene twice (15 min each time) before washing with 
absolute ethyl alcohol twice (5 min each time). The slices 
were then hydrated in a graded ethanol solution series (95, 
80, and 70%; each for 5 min), and washed again before 
hematoxylin staining for 10 min. After washing in running 
water for 5 min, the slices were treated with 1% hydrochloric 
acid alcohol and stained with 1% eosin for 30 s after another 
round of washing. Excess eosin was removed by washing, 
and the slices were then hydrated in an ethyl alcohol series 
(95, 95, 100, and 100%; each for 1 min) before being made 
transparent with xylene solution twice, each for 3 min. Tis-
sue staining was observed under a light microscope.

Immunohistochemistry

The skin tissues were cut into 5 μm slices and dewaxed with 
xylene I and xylene II for 15 min each before washing with 
absolute ethyl alcohol twice for 5 min each. The slices were 
then hydrated in a graded ethanol solution series (95, 80, 
and 70%; 5 min each), and then washed again. A sodium 
citrate buffer was used for high-pressure antigen retrieval at 
115 °C for 5 min. The slices were treated with 3% hydrogen 
peroxide solution at room temperature for 10 min to remove 
endogenous peroxidase, and then blocked with 5% bovine 
serum albumin at room temperature for 1 h before further 
incubation with primary antibodies against CD31 (#3528, 
1:1000; Cell Signaling Technology) or VEGF-A (PA5-
85171, 1:1000; Thermo Fisher Scientific) overnight at 4 °C 
and with HRP-labeled secondary antibody for 1 h at room 
temperature. Diaminobenzidine was used for color develop-
ment, and cell nuclei were stained with hematoxylin, after 
which the slices were hydrated, made transparent, and sealed 
for observation and photography under a light microscope.

Statistical analysis

All data were analyzed using SPSS 17.0. Measurement data 
are expressed as mean ± standard deviation. Comparisons 
among groups were performed via one-way analysis of 

variance using the least significant difference test to verify 
data compliance with homogeneity of variance; in other 
cases, the Games–Howell analysis was used. Statistical sig-
nificance was considered at p < 0.05.

Results

Identification and effect of hADSC‑Exo 
on the proliferation, migration, and angiogenesis 
of endothelial cells

hADSCs were isolated from human adipose tissue and the 
expression of surface antigens was measured. The results of 
flow cytometry showed that hADSCs had positive expres-
sion of CD90 and CD105 but no or low expression of CD34 
or CD45 (Supplementary Fig.  1A). The observation of 
hADSCs showed that the cells were fibroblast-like (Sup-
plementary Fig. 1B). The differentiation ability of hADSCs 
was also assessed by oil red O and alizarin red S staining, 
which showed that hADSCs were capable of differentiat-
ing into lipoblasts (Supplementary Fig. 1C) and osteoblasts 
(Supplementary Fig. 1D). Therefore, the characteristics of 
the isolated hADSCs were consistent with those of MSCs.

hADSC-Exos were also observed by TEM. The hADSC-
Exos presented double-membrane structure and were mainly 
circular, oval, or saucer-shaped (Fig. 1A). The diameter of 
hADSC-Exos was 80.0 ± 1.9 nm, on average. The average 
and highest diameters were consistent with those of the 
Exos. Western blotting detected the expression of CD63, 
CD9, TSG101, and HSP70, but no expression levels of 
GM130 or calnexin were found in hADSC-Exos (Fig. 1B). 
These results indicated that hADSC-Exos were successfully 
isolated.

hADSC-Exos at 20, 40, or 80 μg/mL were used to treat 
HUVECs, and the results showed that hADSC-Exos treat-
ment for 3 days induced the proliferation of HUVECs in 
a dose-dependent manner (Fig. 1C). The cell scratch and 
tube formation assays showed that co-culture of hADSC-
Exos with HUVECs increased the migration and angiogen-
esis abilities of the latter (Fig. 1D, E). To verify whether 
hADSC-Exos could enter HUVECs to induce cell migration, 
proliferation, and angiogenesis, we labeled hADSC-Exos 
with PKH26. The results showed that hADSC-Exos were 
taken up by HUVECs and distributed around the cell nucleus 
(Fig. 1F). Taken together, these results indicate hADSC-
Exos enter HUVECs to enhance cell proliferation, migration, 
and angiogenesis.



1381Exosomes from human adipose‑derived mesenchymal stromal/stem cells accelerate angiogenesis…

1 3

Knockdown of EGR‑1 in hADSC‑Exos regulates 
the proliferation, migration, and angiogenesis 
of endothelial cells

To explore how hADSC-Exos regulate the biological func-
tions of HUVECs, we measured the expression of EGR-1 in 
HUVECs after co-culture with hADSC-Exos. qRT-PCR and 
western blotting demonstrated that the mRNA and protein 
expression of EGR-1 increased with increasing concentra-
tions of hADSC-Exos (Fig. 2A, B). EGR-1 shRNA was 
transfected into hADSCs to knockdown the expression of 
EGR-1, from which Exo-shEGR1 was isolated. Compared 

with the Exo-shNC group, the mRNA and protein expression 
of EGR-1 was reduced in the Exo-shEGR1 group (Fig. 2C, 
D). Exo-shEGR1 was then co-cultured with HUVECs, and 
measurements showed that Exo-shEGR1 substantially sup-
pressed the proliferation (Fig. 2E), migration (Fig. 2F), and 
angiogenesis (Fig. 2G) of HUVECs compared with those co-
cultured with Exo-shNC. These results suggest that EGR-1 
in hADSC-Exos enhances the proliferation, migration, and 
angiogenesis of HUVECs.

Fig. 1   hADSC-Exo promotes the proliferation, migration and angio-
genesis of endothelial cells. A TEM was used to observe the struc-
ture of hADSC-Exo and Nanoparticle Tracking Analysis was used to 
measure the diameter of hADSC-Exo; B The biomarkers of exos in 
hADSC-Exo were measured by western blot; hADSC-Exo was co-
cultured with HUVECs, C CCK-8 was used to detect the proliferation 
of hADSC-Exo; (D) cell scratch assay was used to detect the migra-
tion of HUVECs; E tube formation assay was used to assess the angi-

ogenesis ability of HUVECs; F PKH26 staining to verify whether 
hADSC-Exo can move into HUVECs; *compared with control 
group, p < 0.05; **compared with control group, p < 0.01. HUVECs, 
human umbilical vein endothelial cells; Exo, exosome; hADSC-Exo, 
exosomes derived from human adipose mesenchymal stromal/stem 
cells. All experiments were conducted for three times and triplicate 
wells were set for each experiment
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Fig. 2   Suppression on EGR1 in hADSC-Exo can inhibit the prolifera-
tion, migration and angiogenesis of HUVECs. A qPCR detected the 
expression of EGR1 mRNA in hADSC-Exo *compared with control 
group, p < 0.05; **compared with control group, p < 0.01; B western 
blot measured the EGR1 protein expression in hADSC-Exo, *com-
pared with control group, p < 0.05; **compared with control group, 
p < 0.01; after HUVECs were co-cultured with Exo-shEGR1, C 
qPCR was used to detect the EGR1 mRNA expression, #, compared 
with Exo-shNC group, p < 0.05; D western blot measured the EGR1 
protein expression in HUVECs, #, compared with Exo-shNC group, 
p < 0.05; E CCK-8 was applied to detect the effect of Exo-shEGR1 
on proliferation of HUVECs, *Exo-shNC group compared with con-

trol group, p < 0.05; #, Exo-shEGR1 group compared with Exo-shNC 
group, p < 0.05; F cell scratch assay was utilized to assess the effect 
of Exo-shEGR1 on migration of HUVECs, *Exo-shNC group com-
pared with control group, p < 0.05; #, Exo-shEGR1 group compared 
with Exo-shNC group, p < 0.05; G tube formation assay was used to 
assess the effect of Exo-shEGR1 on angiogenesis of HUVECs, *Exo-
shNC group compared with control group, p < 0.05; #, Exo-shEGR1 
group compared with Exo-shNC group, p < 0.05; hADSC-Exo, 
exosomes extracted from human adipose mesenchymal stromal/stem 
cells; HUVECs, human umbilical vein endothelial cells. All experi-
ments were conducted for three times and triplicate wells were set for 
each experiment
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EGR‑1 binds the lncRNA‑SENCR promoter to increase 
proliferation, migration, and angiogenesis 
of HUVECs

The JASPAR database revealed that EGR-1 can bind to the 
promoter of lncRNA-SENCR (Supplementary Fig. 3A). 
After HUVECs were co-cultured with Exo-shEGR1, the 
qRT-PCR results allowed comparing the expression of 
lncRNA-SENCR in HUVECs of the Exo-shEGR1 group 
with those in the Exo-shNC group (Fig. 3A). ChIP analy-
sis of the interaction between EGR-1 and the promoter of 
lncRNA-SENCR in HUVECs (Fig. 3B) was further veri-
fied by a dual-luciferase reporter gene assay (Fig. 3C). To 
determine the role of lncRNA-SENCR, lncRNA-SENCR 
knockdown was performed in HUVECs (Fig. 3D). Further 
measurements showed that inhibition of lncRNA-SENCR 
expression resulted in suppressed cell proliferation (Supple-
mentary Fig. 2A), migration (Supplementary Fig. 2B), and 
angiogenesis (Supplementary Fig. 2C) of HUVECs.

Next, we aimed to verify the effect of the interac-
tion between lncRNA-SENCR and EGR-1 in HUVECs. 
HUVECs were co-cultured with hADSC-Exo or Exo-
shEGR1 for 48 h before transfection with shSENCR or 
SENCR, followed by treatment with Exo-shEGR1. The 
measurement of HUVECs showed that knockdown of 
lncRNA-SENCR could reverse the effect of hADSC-Exo on 
HUVECs proliferation (Fig. 3E), migration (Fig. 3G), and 
angiogenesis ability (Fig. 3I), which also restored the sup-
pressive effect of Exo-shEGR1 on the proliferation (Fig. 3F), 
migration (Fig. 3H), and angiogenesis ability (Fig. 3J) of 
HUVECs. These results showed that EGR-1 can bind to 
the lncRNA-SENCR promoter to induce the expression of 
lncRNA-SENCR and, therefore, enhance the proliferation, 
migration, and angiogenesis ability of HUVECs.

LncRNA‑SENCR can recruit DKC1 to enhance 
the stability and expression of VEGF‑A

The starBase database predicted the binding sites of 
lncRNA-SENCR with DKC1 (Supplementary Fig. 3B). 
The RNA pull-down assay demonstrated the binding of 
lncRNA-SENCR with DKC1, and RIP detected the inter-
action between lncRNA-SENCR and DKC1. As shown in 
(Fig. 4A), DKC1 was enriched by lncRNA-SENCR, whereas 
antisense RNA was not. RIP demonstrated that DKC1 in 
HUVECs interacted with lncRNA-SENCR (Fig. 4B). These 

results indicate that lncRNA-SENCR can specifically target 
DKC1 in HUVECs.

The starBase database also predicted the binding site of 
DKC1 and VEGF-A (Supplementary Fig. 3C), which was 
verified by RIP (Fig. 4C), indicating lncRNA-SENCR can 
bind to DKC1 to regulate VEGF-A expression. Interest-
ingly, compared to the untreated group, HUVECs treated 
with Exo-shNC showed increased expression of VEGF-A, 
while the Exo-shEGR1 treatment significantly suppressed 
VEGF-A expression (Fig. 4D). Knockdown of lncRNA-
SENCR also suppressed VEGF-A expression (Fig. 4E). In 
addition, DKC1 or lncRNA-SENCR overexpression substan-
tially extended the half-life period of HUVECs (Fig. 4F–G).

VEGF‑A overexpression can reverse the effect 
of lncRNA‑SENCR knockdown on HUVECs

VEGF-A was overexpressed in HUVECs (Fig. 5A, B). The 
CCK-8 assay showed that shSENCR suppressed cell pro-
liferation, which was reversed by VEGF-A overexpression 
(Fig. 5C). The cell scratch assay showed that shSENCR 
significantly suppressed the migration of HUVECs, while 
VEGF-A overexpression suppressed the effect of shSENCR 
on cell migration (Fig. 5D). Similarly, shSENCR suppressed 
the angiogenesis ability of HUVECs, whereas cell angio-
genesis was restored after co-treatment with shSENCR and 
VEGF-A overexpression plasmids (Fig. 5E). These results 
showed that the regulatory role of lncRNA-SENCR in the 
proliferation, migration, and angiogenesis of HUVECs is 
related to VEGF-A upregulation in HUVECs.

EGR‑1 in hADSC‑Exos regulates the lncRNA‑SENCR/
VEGF‑A axis to improve wound healing in mouse 
by increasing cell angiogenesis ability

Wounds were made on the backs of healthy mice, which 
were then injected with Exo-shNC, Exo-shEGR1, or PBS. 
Wound healing was observed on days 0, 3, 7, and 13. As 
shown in (Fig. 6A), no significant differences were observed 
among the groups on day 3. On days 7 and 13, the wound 
area in the Exo-shNC group was smaller than that in the 
other groups (p < 0.05), whereas that in the Exo-shEGR1 
group was larger than that in the other groups (Fig. 6A). 
These results showed that hADSC-Exos may carry EGR-1 
to promote wound healing in mice. Analysis of the regener-
ated dermal tissues on day 14 revealed that the granulation 
tissues in each group were complete and thick (Fig. 6B). 
New hair follicles were found in the wound area of the 
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Exo-shNC group, in which proliferation of fibroblasts and 
well-arranged collagen deposition were also observed. No 
hair follicle or collagen deposition was found in the con-
trol group, and substantial inflammatory infiltration was 
observed in the Exo-shEGR1 group. The expression of 
EGR-1, VEGF-A, and lncRNA-SENCR in skin tissues was 
also detected. Compared to the control group, the Exo-shNC 
group showed elevated expression of EGR-1, VEGF-A, and 
lncRNA-SENCR, which was different from that observed in 
the Exo-shEGR1 group (Fig. 6C–F, H). To further ascertain 
the effect of Exo-shEGR1 on wound healing, we measured 
the expression of endothelial biomarker CD31. Compared 
to that in the control group, the CD31 positive area in the 
Exo-shNC group was increased, while that in the Exo-
shEGR1 group was reduced (Fig. 6G). In vivo experiments 

demonstrated that hADSC-Exos can improve wound healing 
in mice by regulating the EGR-1/lncRNA-SENCR/VEGF-A 
axis.

Discussion

Delayed diabetic wound healing is increasingly becoming a 
social concern. It results from the failure of sufficient blood 
flow through the improvement of vascular conditions or neo-
angiogenesis within the tissues [24]. Angiogenesis is essen-
tial and required for multiple physiological and pathological 
processes, including wound healing and tissue repair [25], as 
nutrients, oxygen, and growth factors can be transported via 
the new blood vessels to the injured area [26]. In the present 
study, we found a possible role for EGR-1 in hADSC-Exos 
concerning the regulation of endothelial cells angiogenesis. 
We also investigated the possible mechanism, and the results 
showed that EGR-1 can activate the lncRNA-SENCR/
VEGF-A axis to promote angiogenesis and thus improve 
the wound healing process.

Exos released by MSCs mimic the effects of parental 
MSCs and can modulate the biological activity of recipient 
cells by shuttling various contents, including proteins and 
RNAs [27]. MSC-Exos, as a cell-free therapeutic tool, has 
been found to promote immune regulation, vascular regen-
eration, and partaking in disease processes [28, 29]. Among 
MSCs, ADSCs have been shown to relate with angiogenesis 
by overexpressing VEGF [30]. Consistent with a previous 
study, the measurement of cell proliferation and angiogen-
esis of HUVECs performed here illustrated that hADSC-
Exos treatment could improve the proliferation, invasion, 
migration, and angiogenesis ability of HUVECs. hADSC-
Exos were shown to regulate collagen synthesis during the 
wound healing process, during which type I and type III 
collagen secretion was increased in the early stage and colla-
gen synthesis was suppressed in the late stage in response to 
hADSC-Exo regulation, thus contributing to the suppression 
of scar formation [31]. Although the role of hADSC-Exos in 
regulating angiogenesis of endothelial cells has been deter-
mined, it is also important to locate each possible content 
within the hADSC-Exos, which may facilitate such regula-
tion. In the present study, we found that ERG-1 expression 
increased with the concentration of hADSC-Exos, indi-
cating that ERG-1 was carried by hADSC-Exos. Further 
functional experiments on cell proliferation and angiogen-
esis of HUVECs showed that ERG-1 in hADSC-Exos can 
promote cell proliferation and angiogenesis in endothelial 
cells, which highlights the possible role of ERG-1 in the 

Fig. 3   EGR1 can bind lncRNA-SENCR promoter to suppress pro-
liferation, migration and angiogenesis ability of endothelial cells. 
A qPCR detected the expression of lncRNA-SENCR in Exo-
shEGR1 treated HUVECs, *Exo-shNC group compared with control 
group, p < 0.05; #, Exo-shEGR1 group compared with Exo-shNC 
group, p < 0.05; B ChIP verified EGR1 can directly bind lncRNA-
SENCR promoter in HUVECs, **compared with Anti-IgG group, 
p < 0.01; C dual-luciferase reporter assay confirmed the interaction 
of EGR1 with lncRNA-SENCR promoter, ** compared with pro-
moter + pcDNA3.1–3*Flag group, p < 0.01; D qPCR detected the 
expression of lncRNA-SENCR in HUVECs after lncRNA-SENCR 
knockdown, *shSENCR group compared with shNC group, p < 0.05; 
#, SENCR overexpression group compared with vector group, 
p < 0.05; E CCK-8 assay detected the cell proliferation of HUVECs 
after co-treatment with hADSC-Exo and shSENCR, *hADSC-
Exo group compared with control group, p < 0.05; #, hADSC-
Exo + shSENCR group compared with hADSC-Exo + shNC group, 
p < 0.05; F CCK-8 assay detected the cell proliferation of HUVECs 
after co-treatment with Exo-shEGR1 and pcDNA3.1-SENCR, 
*Exo-shEGR1 group compared with control group, p < 0.05; #, 
Exo-shEGR1 + SENCR group compared with Exo-shEGR1 + vec-
tor group, p < 0.05; G cell scratch assay assessed cell migration abil-
ity of HUVECs after co-treatment with hADSC-Exo and shSENCR, 
*hADSC-Exo group compared with control group, p < 0.05; #, 
hADSC-Exo + shSENCR group compared with hADSC-Exo + shNC 
group, p < 0.05; H cell scratch assay assessed cell migration ability 
of HUVECs after co-treatment with Exo-shEGR1 and pcDNA3.1-
SENCR *Exo-shEGR1 group compared with control group, p < 0.05; 
#, Exo-shEGR1 + SENCR group compared with Exo-shEGR1 + vec-
tor group, p < 0.05; I tube formation assay measured the angiogenesis 
of HUVECs after co-treatment with hADSC-Exo with shSENCR, 
*hADSC-Exo group compared with control group, p < 0.05; #, 
hADSC-Exo + shSENCR group compared with hADSC-Exo + shNC 
group, p < 0.05; J tube formation assay measured the angiogenesis 
of HUVECs after co-treatment with Exo-shEGR1 and pcDNA3.1-
SENCR, *Exo-shEGR1 group compared with control group, p < 0.05; 
#, Exo-shEGR1 + SENCR group compared with Exo-shEGR1 + vec-
tor group, p < 0.05. hADSC-Exo, exosomes extracted from human 
adipose mesenchymal stromal/stem cells; HUVECs, human umbilical 
vein endothelial cells. All experiments were conducted for three times 
and triplicate wells were set for each experiment
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wound healing process. Although a previous study supported 
the role of EGF-1 in tissue repair, its repression in adipose 
tissue-derived MSCs of diabetic patients was reported to 
promote wound repair activity [18]. The same study also 
suggested that EGR-1 plays a dual role in wound healing 
depending on the cellular context, as its biological func-
tion can be altered by cellular differentiation. Similar to our 
study, EGR-1 was also found to be regulated by formonon-
etin through the ERK and p38 MAPK pathways to enhance 
endothelial repair and wound healing [32]. A possible expla-
nation can be found in an early study that demonstrated that 
EGR-1 can induce the production of cytokines and growth 
factors, which is very important for early ECM (collagen) 
formation [33].

Our study also explored the downstream targets of EGR-1 
and showed that EGR-1 can bind to the lncRNA-SENCR 
promoter, which can further recruit DKC1 to increase the 
expression of VEGF-A. The DKC1 gene was first discovered 
because its mutation caused congenital dyskeratosis, whose 
dysregulation functioned as a tumor suppressor in various 
cancers [34] but enhanced tumor progression in others [35]. 
In colorectal cancer cells, DKC1 facilitates angiogenesis and 
metastasis by increasing hypoxia-inducible factor-1 alpha 
(HIF-1α) and VEGF-A expression levels [36]. HIF-1α/
VEGF-A is a well-known signaling pathway involved in 
tissue repair and angiogenesis in multiple diseases [37, 38]. 
VEGF-A is essential for normal endothelial cell function and 
promotes angiogenesis by enhancing vascular permeability 

Fig. 4   LncRNA-SENCR can bind DKC1 to increase the expres-
sion of VEGF-A. A RNA Pull down detected the target relationship 
between lncRNA-SENCR and DKC1; B RIP verified the binding of 
lncRNA-SENCR with DKC1, **compared with IgG group, p < 0.01; 
C RIP identified the binding of DKC1with VEGF-A, **compared 
with IgG group, p < 0.01; D western blot measured the expression 
of VEGF-A in HUVECs after Exo-shEGR1 treatment, *Exo-shNC 
group compared with control group, p < 0.05; #, Exo-shEGR1 group 

compared with Exo-shNC group, p < 0.05; E western blot measured 
the expression of VEGF-A in HUVECs after shSENCR treatment, 
*compared with Exo-shNC group, p < 0.05; F protein half-life period 
measured the effect of DKC1 overexpression on VEGF-A expression; 
G protein half-life period measured the effect of lncRNA-SENCR 
overexpression on VEGF-A expression. HUVECs, human umbilical 
vein endothelial cells. All experiments were conducted for three times 
and triplicate wells were set for each experiment
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and fibrinogen [39]. Considering its role in angiogenesis, 
growth factor treatment has been proposed for diabetic 
wounds, but concerns about its delivery and cost have been 
raised [40, 41]. Therefore, understanding the regulation of 
VEGF-A is important for the appropriate control of wound 
healing. In the present study, the effect of Exo-shEGR1 on 
wound healing of mice was also determined, which was 

consistent with observations in cellular experiments, sug-
gesting the implication of the lncRNA-SENCR/DKC1/
VEGF-A axis in hADSC-Exo EGR-1-mediated wound 
healing.

Taken together, both in vitro and in vivo experiments 
supported the protective effect of hADSC-Exo EGR-1 in 
accelerating wound healing. Further mechanistic analysis 

Fig. 5   The regulation of lncRNA-SENCR on proliferation, migra-
tion and angiogenesis of HUVECs can be reversed by VEGF-A 
overexpression. A qPCR detected the expression of VEGF-A mRNA 
in HUVECs after VEGF-A overexpression plasmid was transfected, 
**compared with vector group, p < 0.01; B Western blot meas-
ured the expression of VEGF-A in HUVECs after VEGF-A over-
expression plasmid was transfected, **compared with vector group, 
p < 0.01; C CCK-8 detected the cell proliferation of HUVECs after 
co-treatment by shSENCR with pcDNA3.1-VEGF-A, *shSENCR 
group compared with control group, p < 0.05; # shSENCR + vec-
tor group compared with shSENCR + VEGF-A group, p < 0.05; D 

cell scratch assay detected cell migration ability in HUVECs after 
co-treatment with shSENCR and pcDNA3.1-VEGF-A, *shSENCR 
group compared with control group, p < 0.05; #, shSENCR + vector 
group compared with shSENCR + VEGF-A group, p < 0.05; E tube 
formation assay assessed angiogenesis of HUVECs after co-treatment 
with shSENCR and pcDNA3.1-VEGF-A, *shSENCR group com-
pared with control group, p < 0.05; # shSENCR + vector compared 
with shSENCR + VEGF-A group, p < 0.05. HUVECs, human umbili-
cal vein endothelial cells. All experiments were conducted for three 
times and triplicate wells were set for each experiment
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demonstrated that EGR-1 can interact with the lncRNA-
SENCR promoter to activate the DKC1/VEGF-A signaling 
pathway, thus improving tissue repair and wound healing. 
Our study proposes a possible mechanism to better under-
stand the role of hADSC-Exos in wound healing. As men-
tioned before, the biological function of EGR-1 may change 
with cellular content, and more experiments are, therefore, 

required to validate the role of hADSC-Exo EGR-1 in wound 
healing.
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