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ABSTRACT KEYWORDS

Recent studies showed that exosomes obtained from adipose-derived stem cells (ADSCs) could Angiogenesis; adipose-
improve the angiogenesis of fat grafts via overexpression of vascular endothelial growth factor derived stem cells;
(VEGF). Human antigen R (HuR) promotes the expression of VEGF in many cancers, but the effect exosomes; human antigen R;
of HuR in normal endothelial cells in the presence of ADSC-derived exosomes remains unclear. We hu(rjna?] lIJ_mIb'I'Iﬁa! ven |
aimed to investigate the effect of HUR on the expression of VEGF and angiogenesis of human EEdEEhZI::I ;O;'/t\r')a?;gtg;
umbilical vein endothelial cells (HUVECs) cultured with ADSCs-derived exosomes. The HuR-

overexpressed HUVECs (HuR-HUVECs) were cocultured with ADSCs-derived exosomes. qRT-PCR

and Western blotting were performed to examine the stability and expression of VEGF-A mRNA

and protein. The proliferation, migration, and proangiogenic capacity of HuR-HUVECs were

evaluated using cell counting kit-8 (CCK-8), scratch wound healing, and Matrigel tube formation

assay. gRT-PCR showed that HuR-HUVECs had higher expression and slower attenuation of VEGF-

A mRNA. Western blotting confirmed higher expression of VEGF-A in HuR-HUVECs. CCK-8, scratch

wound healing, and Matrigel tube formation assay demonstrated an increased proangiogenic

effect in HUR-HUVECs. HuR promotes angiogenesis of HUVECs cocultured with ADSCs-derived

exosomes via stabilization and overexpression of VEGF in vitro. The HUR/VEGF pathway is an

important regulatory mechanism of angiogenesis in endothelial cells.

Introduction regulator of neovascularization and angiogenesis. This
paracrine function is primarily accomplished via the
release of extracellular vesicles e.g. exosomes, which
are the major carriers of VEGF. Our previous study
[10] showed that ADSCs-derived exosomes could pro-
mote neovascularization, alleviate inflammation and
apoptosis in skin flap, thus enhancing flap survival
after ischaemia-reperfusion injury in a rat model. The
most recent studies by our group [11,12] further found
that exosomes derived from hypoxia-preconditioned
ADSCs could facilitate angiogenesis and attenuate
inflammation, thus improving the survival of fat grafts
via VEGF/VEGF-R signalling pathway. However, the
key molecular triggers and underlying mechanism of
VEGEF transcription and expression in the environment
of ADSCs-derived exosomes remains unclear.
RNA-binding proteins (RBPs) play a critical role in
the regulation of VEGF gene transcription and expres-
sion such as VEGF mRNA transportation, localization
and translation [13]. As one of the most important

Fat grafting has been widely used in plastic, reconstruc-
tive, and aesthetic surgery for the treatment of atrophic
scars, congenital malformations, facial rejuvenation,
and breast reconstruction or augmentation, etc.
However, the high risk of complications such as
absorption and necrosis of grafted fat substantially
compromise the long-term effect of fat grafting [1-4].
These complications are mainly attributed to the
ischaemic microenvironment due to inadequate and
delayed vascularization during the early stage following
fat grafting. Therefore, it is essential to promote angio-
genesis and establish an effective blood supply to
improve the survival of fat grafts [4,5].

Previous studies [6-9] have demonstrated that adi-
pose-derived stem cells (ADSCs) are able to increase
the survival of fat grafts through their paracrine cap-
ability of various proangiogenic growth factors such as
vascular endothelial growth factor (VEGF), a master
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RBPs, Human antigen R (HuR) stabilizes VEGF mRNA
and facilitates its translation into VEGF by binding to
the adenine- and uridine-rich elements in the 3'-
untranslated region [14,15]. It is well established that
overexpression of HuR promotes VEGF mRNA trans-
lation and upregulates VEGF expression in many can-
cer cells [16-21]. However, the interactions between
HuR and VEGF in noncancerous vascular endothelial
cells under the circumstance of ADSC-derived exo-
somes are not well understood. To facilitate angiogen-
esis and improve the survival of fat grafts, it is essential
to understand the effect of HuR on the expression of
VEGF in noncancerous vascular endothelial cells.

The purpose of this study was to investigate the
effect of HuR on the expression of VEGF and angio-
genesis of human umbilical vein endothelial cells
(HUVECSs) cultured with ADSCs-derived exosomes.
Based on the literature and our previous studies, we
hypothesized that HuR would promote the angiogen-
esis of HUVECs via overexpression of VEGF.

Materials and methods

Isolation and identification of ADSCs and
ADSCs-derived exosomes

After approved by the Ethics Committee of the Chinese
PLA General Hospital, we harvested human subcuta-
neous adipose tissue from healthy females aged from 18
to 30 years by abdominal liposuction. Informed consent
was provided by each participant. Human ADSCs were
isolated from lipoaspirates and cultured as previously
described [22]. To identify ADSCs, surface markers
including CD19, CD44, CD90, CD105, CD34, CD45
and CD73 (Abcam, UK) were examined using flow
cytometry (BD Accrui C6, USA). In addition, adipo-
genic, osteogenic and chondrogenic differentiation of
ADSCs was induced and verified using Oil red O,
Alizarin Red and Alcian Blue staining, respectively.
Isolation and identification of ADSCs-derived exo-
somes were performed as follows. Conditioned medium
of passage-3 ADSCs was collected, centrifuged at 1500 x g
for 5 min and 3000 x g for 5 min to remove cell pellets.
The supernatant was filtered through a 0.22 um filter
(Millipore, USA), ultracentrifuged at 100,000 x g for
90 min using 45 Ti rotor (Beckman Coulter, USA). The
pellets were resuspended with 1 mL PBS and centrifuged
at 100,000 x g for 60 min and resuspended in 100 uL PBS
for further use. To identify ADSCs-derived exosomes,
exosomal surface markers tumour susceptibility gene 101
(TSG 101), CD 63 and Calnexin were detected using
Western blotting. Transmission electron microscopy
(TEM, HITACHI H-7000FA, Japan) was performed to

examine the size and morphology of ADSCs-derived exo-
somes. The size distribution and concentration of exo-
somes were analysed by using nanoparticle tracking
analysis system (Particle Metrix Zetaview, Germany).

Lentiviral transfection of HuR genes to HUVECs and
verification

HUVECs, purchased from National Infrastructure of
Cell Line Resource, were cultured in DMEM supple-
mented with 10% foetal bovine serum at
a concentration of 3 x 10° cells/mL. The medium was
replaced with DMEM supplemented with 8 ug/mL
polybrene at 70-80% confluency. PBS, Green fluores-
cence protein (GFP) lentivirus, or GFP-HuR lentivirus
(Beijing BGBiotech Co. Ltd., China) were added to
HUVECs at a multiplicity of infection (MOI) of 30,
respectively. The HuR gene was labelled with
a 3x FLAG tag protein gene, which was used as a mar-
ker of successful transduction of HuR into HUVECs.
The 3 groups of HUVECs were defined as wild type
HUVECs (WT-HUVECs), GFP-HUVECs and HuR-
HUVECs. Lentiviral transfection was performed using
a commercial lentiviral transfection kit according to the
manufacturer protocol (BioGeek™ Lentiviral Packaging
Kit, Syngentech, China). The medium was replaced
with DMEM 24 hours later and supplemented with
0.4 ug/mL puromycin 48 hours later when GFP expres-
sion was detected by fluorescence microscopy. The
medium was replaced every 2 to 3 days until GFP-
positive cells reached 95% confluency or greater.

The 3 groups of HUVECs were lysed by RIPA. The
total protein was assessed by the BCA protein assay kit
(Thermo Fisher Scientific, USA). The lysates were elec-
trophoresed by using 12% SDS gels and transferred to
polyvinylidene fluoride membranes. Each blot was
blocked and incubated overnight with the following
primary antibodies: Flag tag Rabbit PolyAb or mouse
anti-B-actin antibody (1:2000, Sigma-Aldrich, USA).
Horseradish peroxidase-conjugated anti-rabbit or anti-
mouse IgG (1:2000, ZSGB-BIO, USA) secondary anti-
body was added at room temperature for 1 hour. The
target proteins were visualized with Amersham
Hyperfilm ECL (GE Healthcare, USA).

Expression of VEGF-A mRNA and protein in HUVECs

Quantitative real-time polymerase chain reaction (qQRT-
PCR) was performed to examine the expression of
VEGF-A mRNA. Primers for VEGF-A and 18s rRNA
were listed in Table 1. The WT-HUVECs, GFP-
HUVECs and HuR-HUVECs were seeded at a density
of 2 x 10° cells per well into 6-well plates in DMEM



Table 1. Primers used for gRT-PCR of target genes.

Primers Forward Reverse
VEGF-A  5'-TGCCATCCAATCGAGACCC  5'-ATGTTGGACTCCTCAGTGGGC
-3 -3
18s 5'-GTAACCCGTTGAACCCCATT  5'-CCATCCAATCGGTAGTAGCG
rRNA -3’ -3

containing 50 pug/mL ADSCs-derived exosomes (exo-
some-DMEM). This seeding condition was used
throughout the following experiments unless otherwise
specified. The 3 groups of HUVECs were collected
48 hours later. Total RNA was extracted using Trizol
(Tiangen, China) and ¢cDNA was amplified by qRT-
PCR according to the manufacturer’s instruction
(TaKaRa, Japan). Relative expression of VEGEF-A
mRNA was analysed by using the 27**“T method.

Western blotting was performed as previously
described, except the rabbit anti-VEGF-A antibody
(1:2000, Abcam, UK) was used as the primary antibody.
The semiquantitative densitometric analysis of the
bands was performed using TotalLab Quant 11.5 soft-
ware (Newcastle upon Tyne, UK).

Stability of VEGF-A mRNA in HUVECs

To inhibit the transcription, 5 pg/mL Actinomycin
D (Sigma-Aldrich, USA) was added to the HUVECs
48 hours after seeding. HUVECs were collected at 0, 1,
2 and 4 hours later. The gRT-PCR was performed and
the percentage of remaining VEGF-A mRNA at differ-
ent time points was calculated to evaluate the half-life
of VEGF-A mRNA.

Cell proliferation, migration, and angiogenesis of
HUVECs

To investigate the effect of HuR on the proliferation,
migration and angiogenesis of HUVECs, cell counting
kit-8 assay (CCK-8), scratch wound healing assay, and
tube formation assay in Matrigel were performed.
Briefly, the 3 groups of HUVECs were seeded at
a density of 5 x 10> cells per well with exosome-
DMEM. The CCK-8 (Dojindo, Japan) was used to
evaluate the cell proliferation. The optical density
(OD) was measured at 450 nm by using a microplate
reader (Mindray, China).

Scratch wounds were created by using 200 pL pipette
tip at a cell confluency of 90%. The medium was
replaced by exosome-DMEM. Photos were taken at 0,
12 and 24 hours afterwards. The residual area of the
scratch wound was measured by using Image-Pro Plus
6.0 software (Media Cybernetics, USA).
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Matrigel (BD Biosciences, USA) was used to assess
the tube formation of HUVECs. The 3 groups of
HUVECs were seeded at a density of 2 x 10* cells per
well into 24-well plates coated by Matrigel, and cul-
tured in exosome-DMEM for 6 and 12 hours. Tube
formation was assessed by phase-contrast microscopy
(OLYMPUS, Japan) and the total tube length was mea-
sured using Image-Pro Plus 6.0 software.

Statistical analysis

All data were presented as mean + standard deviations
(SD) if they were normally distributed. All experiments
were independently repeated three times. Comparison
between 2 groups was performed using the student
t test and comparison among 3 groups was performed
using the one-way analysis of variance with Turkey’s
HSD post-hoc test. Statistical analysis was performed
using IBM SPSS Statistics software 24.0 (IBM corpora-
tion, USA). A P value <0.05 was considered statistically
significant.

Results

Characterization of ADSCs and ADSCs-derived
exosomes

Flow cytometry showed positive expression of CD44,
CD73, CD90 and CD105, and negative expression of
CD19, CD34 and CD45 of the tested cells (Figure 1(a)).
Oil red O, Alizarin Red and Alcian blue staining
demonstrated adipogenic (Figure 1(b)), osteogenic
(Figure 1(c)) and chondrogenic (Figure 1(d)) differen-
tiation. These results confirmed that the isolated cells
were ADSCs [23]. Western blot showed positive expres-
sions of TSG 101 and CD 63, and negative expression
of Calnexin (Figure 1(e)) in ADSC-derived exosomes.
Morphologically, ADSCs-derived exosomes exhibited
a double-sided concave disk shape under TEM
(Figure 1(f)). The nanoparticle tracking analysis
demonstrated that the median size of ADSCs-derived
exosome was 106.2 + 54.5 nm (ranged from 60.9 nm to
190.3 nm). The concentration of exosomes was
1.3 x 10*° particles/ml (Figure 1(g)).

HuR-overexpressed HUVECs

Fluorescence microscopy showed green fluorescence in
GFP-HUVECs and HuR-HUVECs (Figure 2(a)), indi-
cating that GFP gene was successfully transfected into
HUVECs in both groups. Furthermore, Western blot
only detected the expression of 3x FLAG in HuR-
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Figure 1. Identification of ADSCs and ADSCs-derived exosomes. (a) Flow cytometry for ADSCs. (b) oil red O staining for adipogenic
differentiation. scale bar = 100 pm. (c) alizarin red staining for osteogenic differentiation. scale bar = 200 pm. (d) alcian blue staining
for chondrogenic differentiation. scale bar = 100 um. (e) western blotting for exosomal markers (TSG 101, CD 63 and calnexin). (f)
transmission electron microscopy of exosome morphology. SCALE bar = 0.2 um. (g) nanoparticle tracking analysis.
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Figure 2. Detection of lentiviral transfection of HuR genes to HUVECs. (a) green fluorescence is observed in GFP-HUVECs and HuR-
HUVECs groups. Scale bar = 400 um. (b) western blotting for 3x FLAG detection shows 3x FLAG is only expressed in HuR-HUVECs.



HUVECs (Figure 2(b)), indicating a successful trans-
duction of HuR into the HuR-HUVECs.

The Expressions and Stability of VEGF-A in
HuR-HUVECs

qRT-PCR showed an enhanced expression of VEGF-A
mRNA in HuR-HUVECs group compared to the other
2 groups (Figure 3(a)). In addition, Western blotting
(Figure 3(b)) and semiquantitative analysis (Figure 3
(c)) demonstrated a higher expression of VEGF-A in
HuR-HUVECs compared to the other 2 groups. qRT-
PCR at different time points showed that the half-life of
VEGF-A mRNA in HuR-HUVECs, WT-HUVECs, and
GFP-HUVECs was 3.10 hours, 2.05 hours and
1.98 hours, respectively (Figure 3(d)). VEGF-A mRNA
had slower attenuation in HuR-HUVECs compared to
the other 2 groups, indicating an enhanced stability of
VEGF mRNA in HuR-HUVECs.

Cell proliferation, migration, and angiogenesis of
HUVECs

CCK-8 assay showed that the OD values in all 3 groups
increased as time passed. Although no significant dif-
ference among 3 groups of HUVECs was found on Day
1, HuR-HUVECs exhibited greater OD value than the
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other 2 groups on Day 2, 3 and 4. The result indicated
that HuR promoted the proliferation of HUVECs
(Figure 4(a)). Scratch wound healing assay showed
that the migration of HuR-HUVECs was significantly
increased than the other 2 groups at 12 and 24 hours
(Figures 4(b-c)), indicating that HuR enhanced the
migration capacity of HUVECs. Matrigel tube forma-
tion assay demonstrated a longer total length of tube
structure in HuR-HUVECs groups compared to its
counterparts at 6 hours, but not at 12 hours.
(Figures 4(d-e)), indicating an early enhanced angio-
genesis in HuR-HUVEC:s.

Discussion

The results of this study have demonstrated that HuR
promotes the proliferation, migration, and angiogenesis
of HUVECs cocultured with ADSCs-derived exosomes
via stabilization and overexpression of VEGF in vitro.
Previous studies have shown that HuR enhanced the
stability of VEGF mRNA, overexpression of VEGF, and
subsequent angiogenesis in various types of cancer cells.
For example, Levy et al. [24] reported that overexpression
of HuR increased the stability of VEGF mRNA in clear
cell renal cell carcinoma. Xie et al. [25] found that exo-
somal circSHKBP1 promoted gastric cancer progression

via regulating the miR-582-3p/HUR/VEGF axis.
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HUVECs

GFP-
HUVECs
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Figure 3. The expression and stability of VEGF-A mRNA is elevated in HuR-HUVECs. (a) quantitative analysis of the relative expression
of VEGF-A mRNA. (b) the result of western blot for VEGF-A. (c) quantitative analysis of the relative expression of VEGF-A protein. (d)
VEGF-A mRNA has slower decay in HuUR-HUVECs compared to the other two groups of HUVECs, indicating an enhanced stability of

VEGF-A mRNA. *, P < 0.05.
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Figure 4. HuR-HUVECs shows increased proangiogenic activities in vitro. (a) CCK-8 cell proliferation assay. (b) scratch wound cell
migration assay. Scale bar = 100 um. (c) quantitative analysis of residual fractional area of the scratch wound. (d) matrigel tube
formation assay. scale bar = 200 pm. (e) quantitative analysis of total tube length. *, P < 0.05. **, P < 0.01.

Mitsunari et al. [20] noted that HuR was positively asso-
ciated with malignant aggressiveness of prostate cancer
via upregulation of cell proliferation, migration, and
VEGF expression. Miyata et al. [26] reported that high
expression of HuR was associated with malignant aggres-
siveness and prognosis in bladder cancer.

However, the role of HuR in VEGF expression and
angiogenesis in non-cancer normal endothelial cells
remains controversial. Hung et al. noted that HuR
modulated VEGF expression in human corneal epithe-
lial cells under hypoxia. Chang et al. [27] reported that
HuR promoted VEGF mRNA expression by antagoniz-
ing the suppressive effect of miR-200b in bone marrow
derived macrophages. Amadio et al. [28] found that
Protein kinase C activation affected VEGF expression
via HuR in a pericytic/endothelial coculture model. In
contrast, Kurosu et al. [19] found overexpression of
HuR and consequent upregulation of VEGF in tumour
endothelial cells, but not in normal endothelial cells. In
accordance with the former, the results of our study
corroborate that HuR promotes VEGF expression and
angiogenesis of normal endothelial cells cocultured
with ADSC-derived exosomes.

Previous studies showed that ADSC-derived exo-
somes enhanced angiogenesis via upregulation of
VEGF expression, but further researches are required
to elucidate the interplay between ADSC-derived exo-
somes and HuR/VEGF pathway. An et al. [29] and Ren
et al. [30] reported that exosomes facilitated vascular-
ization of HUVECs by activating the AKT and ERK
signalling pathways and upregulating the expression of
VEGE. Cho et al. [31] found that exosomes elevated the
expression of VEGF via mediation of SMAD?2 signal-
ling pathway. Zhu et al. [32] showed that the proangio-
genic effect of extracellular vesicles derived from
ADSCs in vitro was attributed to the activation of let-
7/argonaute 1/VEGF signalling pathway. Our previous
studies also validated the proangiogenic effect of
ADSCs-derived exosomes, particularly in upregulating
VEGF expression under hypoxia condition.

A major limitation of our study is that ADSCs-
derived exosomes were used as a coculture model
with  HUVECGCs. The interaction between ADSC-
derived exosomes and the HuR/VEGF pathway in
endothelial cells was beyond the scope of the current
study. Therefore, the molecular mechanism of



proangiogenic capability of ADSCs-derived exosomes is
still unclear. In addition, down-regulation or knockout
of HuR was absent. Future animal study will be
required to better elucidate the effect of HuR on the
angiogenesis and survival of fat grafts. Despite these
limitations, this is the first study investigating the effect
of HuR on VEGF expression and angiogenesis of
HUVEC: in the presence of ADSCs-derived exosomes
in vitro. The results of this study have corroborated
that the proangiogenic function of HuR/VEGF axis in
non-cancer normal endothelial cells, which may be
used as a target in fat grafts, tissue regeneration and
reconstruction.

Conclusion

This study demonstrates that HuR promotes the pro-
liferation, migration, and angiogenesis of HUVECs
cocultured with ADSCs-derived exosomes via stabiliza-
tion and overexpression of VEGF in vitro. The HuR/
VEGF pathway is an important regulatory mechanism
of angiogenesis in non-cancer normal endothelial cells.
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