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MiR-92a regulates endothelial progenitor cells (EPCs) by targeting
GDF11 via activate SMAD2/3/FAK/Akt/eNOS pathway
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Background: The effects of miR-92a on EPCs are still poorly elucidated. This study aimed to investigate
the effects of miR-92a on EPCs (Endothelial progenitor cells) in a model of hypoxia (HO) or high glucose
(HG)-induced EPCs injury by targeting GDF11 (Differentiation growth factor 11).

Methods: The effects of miR-92a on EPCs subjected to HO or HG were investigated firstly. Subsequently,
the action mechanism of miR-92a on EPCs by targeting GDF11 was elucidated. Proliferation, apoptosis,
migration, angiogenesis was measured with MTT, flow cytometry, transwell, tube formation respectively.
After 24 h, levels of reactive oxygen species (ROS) were measured by fluorescence intensity. LDH and NO
(nitric oxide) levels were determined by ELISA. The expression of FLK-1 (fetal liver kinase 1) and vWF
(von Willebrand factor) was detected by immunofluorescence. mRNA and protein expression levels were
examined using PCR and western blotting respectively. The interaction between miR-92a and GDF11 was
evaluated by dual-luciferase reporter assay.

Results: Our results showed that HO or HG increased apoptosis, production of LDH and generation of
ROS, but decreased the ability of migration and tube formation and generation of NO in EPCs; inhibiting of
miR-92a decreased HO or HG-induced injury of EPCs, whereas miR-92a over-expression had the opposite
effect; the protective effects induced by inhibiting of miR-92a on EPCs could be reversed by GDF11
siRNA and the harmful effects induced by over-expression of miR-92a could be rescued by over-expression
of GDF11, which showed that the harmful effects of miR-92a be related to its inhibition of GDF11 and
subsequent inactivation of the SMAD2/3/FAK/Akt/eNOS signaling pathway.

Conclusions: Inhibiting miR-92a can protect EPCs from HO or HG-induced injury. The effect of miR-
92a on EPCs are mediated by regulating of GDF11 and downstream SMAD2/3/FAK/Akt/eNOS signaling
pathway.
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Introduction

Endothelial progenitor cells (EPCs) play an important
role in promoting angiogenesis, re-endothelialization
and repairing damaged vessels (1). Asahara et a/. reported
that EPCs mobilized from bone marrow were involved in
regeneration of neovascularization and repair of vascular
endothelial cells in myocardial infarction site (2).

Most patients with coronary artery disease (CAD) are
complicated with diabetes mellitus (DM), hyperlipidemia,
hypertension and so on. A number of studies have indicated
that risk factors for CAD such as advanced age, high blood
glucose and hyperlipidemia inhibit the mobilization and
impair the function of circulating EPCs (3-6).

GDF11 a member of transforming growth factor B
superfamily, play a role mainly by canonial SMAD2/3
signal pathway (7). Clinical studies indicated that the
level of GDF11 in peripheral blood was closely related
to cardiovascular events and related mortality (8,9).
Finkenzeller ez al. also reported that GDF11 could induce
migration and tube formation of EPCs isolated from human
peripheral blood iz vitro (10). Recently, animal experiment
further verified that GDF11 could improve the function of
EPCs in diabetic animals and promote vascular regeneration
and repair (11).

MicroRNAs (miRNAs) are group of short non-
coding RNA molecules (approximately composed of 22
nucleotides) and regulate quit a lot of pathophysiological
processes by binding the 3’-untranslated regions of
mRNA (12). miR-92a, a member of miR-17~92a cluster,
exerts anti-angiogenesis function by targeting a series of
genes such as integrin subunits a5 (ITGAS) and av ITGAV),
While inhibition of miR-92a improved angiogenesis
in models of hind limb- or myocardial ischaemia (13).
Recently, miR-92a has been extensively researched in
several cancers. Ou er /. found that miR-92a up-regulated
by estrogen receptor B (ERB) could decrease the expression
of DOC-2/DAB-2 interacting protein (DAB2IP) a
tumor suppressor in human bladder cancer (12). Casadei
et al. demonstrate that miR-92a-3p could be secreted by
liposarcoma cells by extracellular vesicles and stimulated
secretion of proinflammatory cytokine IL-6 which in turn
promoted the proliferation, invasion, and metastasis of
liposarcoma cell (14).

The expression of miR - 92a was increased in ECs
with or without diabetic (15). Over-expression of
miR-92a impaired the endothelial function and suppressed
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the expression of HO-1 in ECs. The oxidative stress was
inhibited and the endothelial function was improved by
down-expression of miR-92a through promoting the
expression and activity of HO-1 in aortas of diabetic
mouse (16).

It was verified that miR-92a expressed in EPCs, and the
expression increased in EPCs from CAD patients compared
with healthy individuals (17). However, the effects of miR-
92a on EPCs are still poorly elucidated. Previous studies
indicated that GDF11 can improve the function of EPCs
under these pathological conditions and it’s predicted
that miR-92a has targeting interaction with GDF11.
Consequently, we hypothesized that inhibiting miR-92a
can exert protective action on EPCs by up-regulation of
GDF11. In this study, the effects of miR-92a on EPCs
under various circumstance and the relationship between
miR-92a and GDF11 in EPCs were investigated.

Methods
Cell culture and groups

The whole study was approved by the Ethics Committee
of Nantong First People’s Hospital. EPCs isolated from
bone marrow of Sprague-Dawley rats were maintained in
M199 basic medium containing 10% fetal bovine serum,
1% streptomycin and penicillin at 37 °C with 5% CO,.
Cultured cells were identified by CD133 and VEGFR-2
immunofluorescence stain (picture not shown).

The effects of miR-92a on EPCs subjected to HO or HG
were investigated firstly. EPCs were divided into 10 groups:
EPCs (blank control); EPCs + NC (negative control); EPCs
+ miR-92a mimic; EPCs + miR-92a inhibitor; EPCs + HO
+ NC; EPCs + HO + miR-92a mimic; EPCs + HO + miR-
92a inhibitor; EPCs + HG + NC; EPCs + HG + miR-92a
mimic; EPCs + HG + miR-92a inhibitor. Subsequently,
the action mechanism of miR-92a on EPCs by targeting
GDF11 was elucidated. EPCs were divided into 6 groups:
EPCs (blank control); EPCs + miR-92a inhibitor; EPCs +
miR-92a inhibitor + siNC (siRNA negative control); EPCs
+ miR-92a inhibitor + siGDF11 (siRNA GDF11); EPCs
+ miR-92a mimic; EPCs + miR-92a mimic + rGDFI11
(recombinant GDF11).

EPCs in all groups were observed and counted in under
light microscopy at least three different fields by two
observers blind to the research group, and representative
pictures were captured. The mean and standard deviation
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were calculated and analyzed (n=3).

miRNA transfection and GDF11 silencing

EPCs were digested with 0.25% trypsin when overgrew the
bottom of flask. A single-cell suspension of 5x10° cells/mL
was seeded into 6-well plates (3 mL/well), and incubated
at 37 °C with 5% CO,or with 1% O, (hypoxia), or with
glucose (40 mM, high glucose). EPCs were transfected
when grown to 80% confluence.

Cells were divided into blank control, NC, miR-92a
mimic and miR-92a inhibitor groups under the condition
of HO or HG. In the blank control group, cells were
maintained in serum-free M199 medium without other
treatment. miR-92a mimics or inhibitor or NC (Life
Science) were transfected in the presence of Lipofectamine®
2000 (Thermo Fisher Scientific, Carlsbad, CA, USA) at
37 °C for 4-6 h following the manufacturer’s protocol.
MiR-92a inhibitor was applied to knockdown the expression
of miR-92a and the mimic was to over-express miR-92a
in EPCs. RT-PCR was used to evaluate the transfection
efficiency.

To investigate the role of GDF11 in regulatory function
of miR-92a in EPCs, GDF11 expression was knockdown
in EPCs by GDF11 siRNA or over-expressed by rGDF11.
Western blotting and RT-PCR were performed to confirm
the knockdown or over-expression efficiency.

Real-time PCR (RT-PCR)

To investigate the efficiency of knockdown and over-
expression by inhibitor or siRNA and mimic or recombinant
respectively, RT-PCR was used to detect the mRNA
expression of miR-92a and GDF11. The expression of
surface adhesion molecules were also detected by RT-PCR.
Total RNA was extracted from EPCs with TRIzol® reagent
(Invitrogen, Waltham, MA, USA). cDNA was generated
from total RNA using a ¢cDNA reverse transcription kit
(Thermo, #K1622, USA) with specific primers for 7iR-92a
[5' ACACTCCAGCTGGGAGGTTGGGATTTGTCGC
3' (forward), 5' CTCAACTGGTGTCGTGGAGTC
GGCAATTCAGTTGAGA 3' (reverse)], small nuclear
RNA U6 [5' CTCGCTTCGGCAGCACA 3" (forward),
5" AACGCTTCACGAATTTGCGT 3' (reverse)] and
gdfil [5" CAGCCCTCTGTGTTGCCATTTCCA 3'
(forward), 5" CACCCCCTCCCCCTGCGGTCCCTT 3'
(reverse)] PECAME-1 [5' CACAGACAAGCCCACCAGAGACAT
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3" (forward), 5' TTCACAGAGCACCGAAGCACCATT 3'
(reverse)] ICAM-1 [5' CGGTGCTCAGGTATCCATCCATCCC
3' (forward), 5' AGTTCGTCTTTCATCCAGTTAGTCT 3'
(reverse)] VCAM-1 [5' GAAAAAGAAAGCCAAGACAGGAGA
3" (forward), 5' GCAAGGAGTTCAGGGGAAAAATAG 3'
(reverse)] Gapdh [5' TGCTGGTGCTGAGTATGTCGTGGAG
3" (forward), 5" GGGGCGGAGATGATGACCCTTTTGG 3'
(reverse)] (Shanghai Sangon Biotech Co., Ltd., Shanghai,
China).

Quantitative real-time PCR was performed with SYBR
green assay kit (Thermo Fisher) and Reverse transcription
kit (Thermo Fisher). The primer sequences listed above
were designed according to the cDNA sequences in
GenBank. In total 20 pLL RT-PCR reaction mixture, it
contained cDNA 1.0 pL, 10 mM each paired primer
1.0 pL, and SybrGreen qPCR Master Mix (2x) 10 pL,
ddH,0O 7.0 pL. The amplification temperature was set at
94 °C and amplification cycle was set at 40 cycles. Relative
mRNA levels were normalized to those of the housekeeping
gene GAPDH and analyzed with the comparative threshold
cycle (Ct) method with arithmetic formula 2°(-Delta Delta
CT). Statistical analysis was performed using the Mann-
Whitney U test at a 95% confidence interval.

MTT assay

Cell proliferative activity was detected by MTT (Sigma
Aldrich) assay. EPCs were seeded in 96-well plates at a
density of 5x10* cells/mL (100 pL/well). Ten pL of MTT
solution was added to each well on the 1st to 5th days after
treatment. Followed by 4h incubation at 37 °C, EPCs were
lysed with 200 pL. DMSO and shook for 10 min. The OD
(optical density) value at 492 nm was detected in enzyme-
labeled instrument (Thermo MK3 Type). All samples were
tested in triplicates and the differences among groups were
analyzed with statistical tools.

Migration test

The migration assay was performed in a 24-well transwell
plate fitted with multi-porous polycarbonate membrane
(8-pm pore size. Costar, Coring Incorporated, USA).
Briefly, after transfection for 24 h, EPCs were resuspended
in serum-free media at a density of 1x10° cells/mL.
300 pL of cell suspension was added to the top chamber,
and the lower chamber was filled with 0.6 mL of M199
supplemented with 10% FBS. After incubation at 37 °C with
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5% CO, or hypoxia condition for 72 h, nonmigrating EPCs
on the upper side of the filter were removed with cotton
swabs, the chambers were rinsed two times with PBS, and
fixed with 4% paraformaldehyde for 30 min, and stained
with 0.1% crystal violet for 10 min. Migrated cells were
counted under microscope in triplicates, and the differences
were performed statistical analysis.

Angiogenesis assay (tube formation)

"The in vitro angiogenic potential of EPCs was performed by
matrigel tube formation assay. Briefly, 24-well plates were
coated with matrigel (250 pL/per well, BD Biosciences,
USA). After transduced, EPCs were digested and adjusted
to a concentration of 2x10° cell/mL, consequently 5x10*
cell/well was seed, following incubating at 37 °C with
5% CO, or hypoxia for 6 h to form tubes. Capillary-like

structures were imaged and counted.

Flow cytometry of apoptotic cells

After transfection for 24 h in various groups, apoptotic cells
were assessed by with the Annexin V-FITC/propidium
iodide (PI) apoptosis detection kit (Beyotime Biotech,
Jiangsu, China) according to the manufacturer’s instructions.
Briefly, the cells were rinsed with PBS (4 °C) once and
re-suspended with 300 pL binding buffer following
adding 5 pL Annexin V-FITC and 10 pL PI. The EPCs
mixture was incubated for 10 min at room temperature
shielded from light. Flow cytometry (BD-FACSVerse, USA)
was performed to detect the cell apoptosis and CellQuest
software (Becton Dickinson) were used to analyze the data.

Immunofluorescence (IF) test

After transfection for 24 h in various groups and rinsed
with PBS once, the EPCs were fixed cells with 4%
paraformaldehyde, penetrated with 0.5% TritionX-100%,
Blocked with 5% FBS for 1 h at room temperature.
EPCs were incubated with FLK-1 (1:500; 26415-1-AP,
Proteintech, USA), vWF (1:500; 11778-1AP, Proteintech,
USA) at 4 °C overnight. Consequently, the EPCs incubated
with the second antibody Goat Anti-Rabbit IgG (Beyotime
Institute of Biotechnology, China) (1:200 dilution) for
1 hour at 37 °C. The nuclei was counterstained with
Hoechst (Beyotime) for 15 min at room temperature
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shielded from light. The EPCs were observed and
photographed by fluorescent microscopy.

ROS measurements by ROS fluorescent probe-DHE

The intracellular ROS level was detected by ROS
Fluorescent Probe-DHE (Dihydroethidium) (Beyotime
Biotech). Briefly, EPCs were incubated with DHE
(10 pmol/L) at 37 °C for 20 min and rinsed three times
by serum-free cell culture medium to wipe off redundant
DHE. DHE fluorescence intensity was detected by
inverted fluorescence microscope and the representative

photographs were taken (Olympus, IX71, Japan).

Detection of LDH and NO by ELISA (enzyme-linked
immunosorbent assay)

Supernatant NO and LDH concentration in various
groups were detected by NO assay kit (Microwell plate
method) and LDH assay kit (Microwell plate method)
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) respectively, following the manufacturer's protocols.
Optical density (OD) was then measured in enzyme-labeled
instrument (Thermo MK3 Type) at a wavelength of 550 nm
for NO and 450 nm for LDH. The results were calculated

according to the manufacturer’s formula.

Western blotting

EPCs were lysed in RIPA buffer with PMSF (Beyotime).
Proteins were extracted following the manufacturer’s
protocol (Beyotime Biotech). After protein quantification
by BCA assay kit (Beyotime Biotech), proteins were
separated using 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis gels (SDS-PAGE) and subsequently
transferred onto polyvinylidene fluoride (PVDF)
membranes. After blocking, the membranes were incubated
with primary antibody against GDF11 (1 pg/mL; MAB788-
100, R&D, USA), eNOS (1:500; Ab76198, Abcam,
Cambridge, MA, USA), p-eNOS (1:500; Ab138430,
Abcam), p-SMAD?2/3 (1:500; ab63399, Abcam), SMAD2/3
[1:1000; CST8685S, Cell Signaling Technology (CST),
Danvers, MA, USA], p-Akt (1:2000; CST4060S, CST),
AKT(1:1000; 10176-2-AP, Proteintech, USA), GAPDH
(1:5000; 60004-1-1G, Proteintech, USA) overnight at 4 °C,
followed by incubation with goat anti-rabbit, goat anti-
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mouse HRP-conjugated secondary antibody (1:5000;
Proteintech, USA) for 2 h at room temperature. Staining
intensity of the bands was visualized using ECL reagents
(ECL-0011, Beijing, Dingguo, China), and detected by
the Integrated chemiluminescence apparatus (ChemiScope

5300 Pro, Clinx, Shanghai, China).

Dual-luciferase reporter assay

The interaction between GDF11 and miR-92a was
investigated by dual-luciferase reporter assay system
(Promega E1910, Madison, WI, USA). The rat GDF11
sequence was obtained from PUBMED (Gene ID:
29454), and analysis indicated an miR-92a binding site
in the 3’ untranslated region (UTR) of GDF11 sequence
(CCCCACCQ). Then, the 3’ UTR of GDF11 sequence was
introduced to the pmirGLO luciferase vector (Promega,
Madison, WI, USA). pmirGLO-GDF11-W'T (wild type:
CCCCACC) and pmirGLO-GDF11-MUT (mutation:
GGGGTGG) were constructed. Next, the single-cell
suspension (5x10” cells/mL) was added to 96-well plates,
and incubated at 37 °C for 24 h. EPCs were transfected
with miR-92a mimic and miR-92a inhibitor respectively
in the presence of Lipofectamine® 2000. EPCs were then
treated with pmirGLO-GDF11-WT or MUT vector
(1.5 pg in 250 pL serum-free culture medium) or blank
vector in each group respectively. After incubation for
6 h, the supernatant was refreshed with 100 pL complete
medium, and incubated for another 48 h. EPCs were rinsed
with phosphate-buffered saline (PBS) twice. EPCs were
incubated on shaking table at room temperature for 15 min,
after adding 100 pL passive lysis buffer (1xPLB, Promega).
Then, 20 pL lysed cell sample and 100 pL. LARII were
added to each well of a 96-well plate, and RLUI (relative
light unit) was measured. Consequently, addition of
100 pL 1xStop&Glo®Reagent, RLU2 (relative light unit)
was measured. The ratio of RLU1 to RLU2 was calculated.

Statistical analysis

Statistical analysis was performed with SPSS version 20.0
for Windows. Data are expressed as the mean = standard
deviation. Comparisons were performed with one-way
analysis of variance among groups. The Mann-Whitney U
test at a 95% confidence interval was used to analyze the
relative mRINA expression difference. A value of P<0.05 was
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considered statistically significant.

Results

The expression of miR-92a and GDF11in EPCs under the
condition of HO or HG

EPCs were successfully isolated from bone marrow of rats,
and identified by the expression of CD133 and FLK-1
(VEGFR?2) using IF test (data no show). Whether HO or
HG affect the expression of miR-92a and GDF11 mRNA
in EPCs, miR-92a and GDF11 mRNA expression in EPCs
under various conditions was detected by RT-PCR (real
time PCR). After the EPCs were subjected to HO or HG
for 8 h, miR-92a expression was increased (NC group in
HO or HG wvs. control). In HO and HG group, miR-92a
expression was effectively improved by miR-92a mimic
and inhibited by miR-92a inhibitor (Figure 1A4). The level
of GDF11 mRNA expression was reduced in EPCs which
were then subjected to HO or HG (Figure 1B). The protein
expression of GDF11 in EPCs under the condition of HO
or HG was detected by Western blot. The protein expression
of GDF11 was also decreased in EPCs subjected to HO or
HG (Figure 1C). Results in this part indicated that HO or
HG induced the expression of miR-92a and inhibited the
expression of GDF11. HO or HG affect the expression of
miR-92a and GDF11 in a contrary tendency.

The effect of miR-92a on the proliferation, apoptosis,
migration, and tube formation of EPCs under the
condition of HO or HG

The proliferation of EPCs was detected by M'T'T assay. The
proliferation of EPCs stimulated by hypoxia was inhibited
in the following 5 days compared to untreated groups. No
significant difference of proliferation was found in hypoxia
groups except in 3" day after stimulated by miR-92a mimic
or inhibitor. The proliferation of EPCs was improved by
high glucose in the first 3 days, however, the proliferation
effect was declining from 4" day, when compared with
untreated groups. miR-92a mimic or inhibitor had no
effect on EPCs subjected to HG. These results indicated
that over-expression or inhibition of miR-92a almost had
no proliferation effect on EPCs subjected to HO or HG
(Figure 21I).

The apoptosis of EPCs was detected by flow cytometry
assay. The apoptosis rate of EPCs was increased significantly
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when treated by HO or HG. In untreated groups, miR-92a
mimic promoted apoptosis when compared with control,
NC or inhibitor groups. In HO treated groups, miR-92a
inhibitor significantly ameliorated the apoptosis effect
caused by hypoxia when compared with NC groups. In
HG treated groups, miR-92a mimic significantly increased
the apoptosis rate, however, miR-92a inhibitor inhibited
the apoptosis rate compared with NC group. These results
indicated that HO or HG can promote apoptosis of EPCs,
and knockdown the expression of miR-92a can alleviate
apoptosis of EPCs caused by HO or HG (Figure 21I).

The migration of EPCs was detected by transwell assay.
The migration of EPCs of NC group in both HO and HG
treatment was decreased compared with control group,
which indicated that the migration of EPCs treated by HO
or HG was inhibited significantly. In untreated groups,
miR-92a inhibitor promoted migration, while miR-92a
mimic inhibited migration compared with control or NC
groups. Both in HO and HG treated groups, miR-92a
inhibitor significantly improved the ability of migration
compared with NC groups, miR-92a mimic aggravated the
damage of migration. These results indicated that HO and
HG can inhibit migration ability of EPCs, and inhibiting
the expression of miR-92a can improve the migration ability
of EPCs both in normal and pathological (HO and HG)
condition (Figure 21II).

Angiogenesis ability of EPCs was detected by tube
formation test. No significant difference was found between
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untreated and HO or HG groups. miR-92a mimic had
no effect on EPCs in all groups. miR-92a inhibitor can
improve angiogenesis ability of EPCs both in normal and
pathological condition (Figure 21V).

The effect of miR-92a on the expression of adbesive
molecules, LDH, NO, ROS, FLK-1, vWF of EPCs under
the condition of HO or HG

The expression of pecam-1, icam-1, vcam-1 were detected
by RT-PCR. The expression of pecam-1, icam-1, vcam-1
increased in EPCs subjected to HO or HG. Both miR-
92a mimic and inhibitor had no effect on the expression
of pecam-1, icam-1, vcam-1 in EPCs under the condition
of normal or pathology. These results indicated that HO
and HG can promote the expression of pecam-1, icam-1,
veam-1, however, the effects can’t be affected by knockdown
or over-expression of miR-92a (Figure 31 A,B,C).

LDH and NO in EPCs culture supernatant were
examined by ELISA. The level of LDH was elevated in
EPCs culture supernatant subjected to HO or HG, which
indicated that EPCs was impaired by HO or HG. miR-92a
inhibitor inhibited the production of LDH, while miR-92a
mimic increase the LDH level in all three groups compared
with miR-92a NC group (Figure 31 D). The concentration
of NO was lower in EPCs culture supernatant subjected
to HO or HG compared with untreated group. miR-
92a inhibitor could improve the production of NO, while

Ann Transl Med 2019;7(20):563 | http://dx.doi.org/10.21037/atm.2019.09.35



Annals of Translational Medicine, Vol 7, No 20 October 2019

09 =

0.8

0.7 =

05 =

0.4 = |

OD (492 nm)

0.2 =

0.1

EPCs
EPCs+NC

Hypoxia+NC

OO

SSNSANANAAY

EPCs =
i Qi @ <
< 10°40.1659 112% o o
O < E o5
© < T o
T oD
S T 104 °
£EZ 52
3¢ S E
Control g E10° Untreated g2
3 25
o =
& 2 10%4 P % a
£ % gdud { Q3 5
8§ Olmaml .. 22w S
0102 10® 10 10°
Comp-FITC-A:: FITC-A E
3«
)
45+ . e} %
e £ 0
P Hypoxia 2 ¢
40 5 E
ok 53
o3
35+ a g
59
S 301 £°
% o
£ 254
(2]
K
3 204
2 H
& 154 E
()
S«
104 o5
High 2 £
ighe g
5+ Eo
=]
glucose 5 £
0- a2
CS WO 6 0% O i 50 NO (i€ o (el
o e e WG o}
EPRERCTT WRRYRORT | s 5
Wwan (&)

EPCs+miR-92a mimic
EPCs+miR-92a inhibitor

Hypoxia+miR-92a mimic

Hypoxia+miR-92a inhibitor
High glucose glucose+NC
High glucose+miR-92a mimic
High glucose+miR-92a inhibitor

© Annals of Translational Medicine. All rights reserved.

Page 7 of 19

S s
S
NS . 1
S NS H NS
’. e—— -
| s v [JERE Ns = NS
| _ . M -§§
] e —
NS 2 AN EE HUINE
- N " ANV E HUNE 3
s N . R B4 4 B A 2lZINE e
PR . f N B ¢ e = 7 B 43
he . R £t 124 - : e
2N ¢ " R 4 R 5] [ al7 N e
N 2 e 4 HY N & B HUN¢ 3
ZIN1Z1*. . b4 R E= 23 mlZINT: e
3 e ] R B4 Rd =1 B4 HUINE e
2 b A b1 = cf
' NG R M H NG R E B H N R E &
Fe ZINIZ 1 - E4 04 £ 22 HUANE ped
rE P N 1] A B B Dl oL = b rr
i AN A %l=1Z Rd £ (2 N E e
3 ZIN1%1* - 4 R 5 123 HANGE e
e Nzl N HANE e 3 = b £
3 ZINIZ1* " Re Bl [ AN E £
FE AN SENELEL: HNFNEE
i N A X =I=1Z g = 3 AOANE e
i N2} HHINARE E HUNE o
e N K rr 1 rF
: Zls . ; = b £
£ NIZL sI=IZINIZ) 2 2 =¢m: ck
L] )
3d 4d 5d
Days
EPCs+NC C EPCs+miR-92a M D EPCs+miR-92a |
Qf Q2 $ Q1 Q2 3 Q1 Q2
10°40.108 2.00% T 10" J0113 doow | 5 10°o123 0.926%
=% < ]
T o T O
10* 3 2 210" 5 S 210
EQ ES ]
10° 3 S E10°4 S E 10y
(<=l % ]
ao g
10° 4 4 £10°4 & £10°%4
0da Q3 £% pda Q3 €% glf & Q3
S ., feul § O Seenl 5 Wl .. o
0102 10° 10* 10° 0102 10° 10¢ 10° 0 100 10° 10¢ 10°
Comp-FITC-A: FITC-A F Comp-FITC-A:: FITC-A G Comp-FITC-A:: FITC-A
Q1 Q2 . Q1 Q2 Q1 Q2
10°40.0739 T1.5% & 10460449 887% | % 10°30.0169 4.32%
5 !
o< L«
4 = b10' o5
10 3 8 10 38
e
10° 4 510 §°
S E S E
.2 53
[T 0%
102 8 810 sg
0ot a3 &5 odod Q3 ag @
=411 IR LS 5 L 230201 E A
0102 10° 10* 10° © 0102 10° 10* 105  © 0 10?2 10° 10* 10°
Comp-FITC-A:: FITC-A Comp-FITC-A:: FITC-A Comp-FITC-A:: FITC-A
Q1 Q2 :: Q1 Q2 H Q1 Q2
10%40.0439 11.0% £ 10*{0.00% 1% | < 10%00149 7.59%
S < S«
% d;104_ T o 4]
o3 kel % 107 <
€8 Eo i
2 £10°; 3 E10)
g§ s
© (<]
85107 8104
25 o4 Q3 g8 gia Q3
0 102 10° 10¢ 10° © 0 102 10° 10* 10° 0 10? 10° 10* 10°

Comp-FITC-A:: FITC-A

Comp-FITC-A:: FITC-A

Comp-FITC-A:: FITC-A

Ann Transl Med 2019;7(20):563 | http://dx.doi.org/10.21037/atm.2019.09.35



Page 8 of 19 Huang et al. MiR-92a activates SMAD2/3/FAK/Akt/eNOS pathway

Migration cell number

Control

1507

1007

507

0-

o) N2
oS e wan ¥

EPCs EPCs+NC EPCs+miR-92a M EPCs+miR-92a |
A'ﬂh'.: ‘,.'4 = ;'. :‘— B?'l;:. _'&a'-'_.-.;' .:::;"“. .r"" e ] -
g ' 0, 7 -
"’ v ‘t . b*"'.
¥ Lo “ .
ALY Sy o
e e Untreated & -,
2 '.:..I .?ﬁ o : » o
S It SRR 11
oy e f’_:: b ¥
A
Eie
wa 't &
SRR o oy
s+miR-92a oxia Rod
i, E=EPCs+miR-92a mimic ypoxiaL g g
¥ EZEPCs+miR-92a inhibitor L% ;:‘,l‘
!H;.:n..- ‘-‘”.*';."' . T e
e ‘J. -¢ £ ot S > "._\ 1

£ MO

EPCs+NC EPCs+miR-92a M EPCs+miR-92a |
C
Control Untreated
3 EPCs
EA miR-92a NC |
25 miR-92a mimic .
miR-92a inhibitor Hypoxia
3 Hekx HHkk
°
2
ks
9]
Q
€
=
z
BN High
Y —
W\

Figure 2 Cell proliferation, apoptosis, migration, tube formation after various treatments EPCs underwent miR-92a inhibition or miR-92a

over-expression under the condition of HO or HG. I: MTT assay was applied to detected proliferation of EPCs (S: significant difference;
NS: no significant difference). II: Cells were harvested for the detection of apoptotic cells by flow cytometry (***, P<0.001, ****P<0.0001).
III: migration ability of EPCs was tested by transwell assay (****, P<0.0001 vs. control group; # P<0.001, " P<0.0001 vs. miR-92a NC
group). (0.1% crystal violet, 200x). IV: angiogenesis was evaluated by tube formation test (****, P<0.0001 vs. control group and miR-92a NC

group).
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Figure 3 The effect of miR-92a on the expression of adhesive molecules, LDH, NO, ROS of EPCs under the condition of HO or HG.
The expression of pecam-1, icam-1, vcam-1 were detected by RT-PCR test (I A-C). LDH and NO in EPCs culture supernatant were
examined by ELISA (I D and E). The expression of ROS was detected by ROS Fluorescent Probe-DHE (Dihydroethidium) (II A-J)
(*, P<0.05,**, P<0.01, ***, P<0.001, **** P<0.0001 vs. control group; ¥, P<0.05, *, P<0.01, **, P<0.001, ** P<0.0001 vs. miR-92a NC

group).
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miR-92a mimic decrease the NO level in all three groups
compared with miR-92a NC group (Figure 31 E). The
expression of ROS was detected by ROS Fluorescent Probe-
DHE (Dihydroethidium). EPCs stimulated by HO or HG
produced much more ROS. miR-92a inhibitor inhibited the
production of ROS, while miR-92a mimic increase the ROS
level in all three groups compared with miR-92a NC group
(Figure 31II). These results indicated that HO and HG could
impair the integrity and promote oxidative stress of EPCs.

The expression of FLK-1 and vWF were detected by
immunofluorescence. The expression of FLK-1 and vWF
were inhibited by treatment of HO or HG. miR-92a
mimic further inhibited the expression of FLK-1 and vWE,
however, miR-92a inhibitor improved their expression
(Figure 44,B). These results indicated that HO and HG
could reduce the expression of FLK-1 and vWFE, and
knockdown miR-92a expression could restore the expression
of FLK-1 and vWF and promote the differentiation
of EPCs.

Regulatory effect of miR-92a on the expression and activity
of GDF11

To investigate whether miR-92a mediates the effects of
GDF11, GDF11 expression was detected at the mRNA
and protein levels by RT-PCR and Western Blot on
EPCs when knockdown or over-expression of miR-92a.
mRNA and protein expression increased significantly after
miR-92a knockdown and reduced after miR-92a over-
expression as compared with control groups. siGDF11
can effectively reverse the expression of GDF11 induced
by miR-92a inhibitor, and rGDF11 can effectively rescue
the expression of GDF11 induced by miR-92a mimic
(Figure 5A,B). miR-92a can knockdown or over-express by
mimic or inhibitor (Figure 5C).

Dual-luciferase reporter assay of EPCs was applied
to determine whether miR-92a directly targets GDF11.
EPCs were treated with pmirGLO-GDF11-WT, followed
by incubation with an miR-92a mimic or inhibitor. The
luciferase activity was detected. Over-expression of miR-
92a inhibited the activity of luciferase, and the activity of
luciferase increased when incubated with miR-92a inhibitor
in wild type group. When EPCs incubated with miR-92a
(mimics or inhibitor) and pmirGLO-GDF11-MUT, the
activity of luciferase increased, however, the inhibition
effect of miR-92a mimics on the activity of luciferase
disappeared when the target site of GDF11 mutated
(Figure 5D). These results indicated that miR-92a has direct

© Annals of Translational Medicine. All rights reserved.
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target effect on GDF11.

MiR-92a regulated the proliferation, apoptosis, migration,
and tube formation of EPCs by targeting GDF11

In MTT test, the proliferation of EPCs had no significant
change by inhibiting or over-expressing of miR-92a,
however, the proliferation of EPCs was inhibited by GDF11
siRNA (siGDF11) and improved by recombined GDF11
(rGDF11) (Figure 64). The results consistent with the
previous results, but additionally, the results here indicated
that GDF11 can promote the proliferation of EPCs. miR-
92a inhibitor decreased the apoptosis rate of EPCs, and
the inhibiting effect could be reversed by siGDF11. Over-
expression of miR-92a increased the apoptosis rate of
EPCs, however, the apoptosis rate dropped when over-
expression of miR-92a and GDF11 together (Figure 6B).
The migration ability was improved by inhibition of
miR-92a, which could be blocked by silencing of GDF11.
Over-expression of miR-92a inhibited the migration ability
of EPCs, which was rescued by over-expression of GDF11
(Figure 6C). The ability of tube formation was improved
by inhibition of miR-92a as well, but it fell back to
normal level when treated by combination with siGDF11.
Although over-expression of miR-92a had no significant
effect on the ability of tube formation, over-expression of
GDF11 significantly improved the tube formation ability
(Figure 6D). These results indicated that knockdown
miR-92a can suppress apoptosis, improve migration and
angiogenesis of EPCs by targeting GDF11.

MiR-92a regulated the expression of LDH, NO, ROS of
EPCs by targeting GDF11

The level of NO in supernate of EPCs culture increased
after stimulating of miR-92a inhibitor, however, the
promotion effect was blocked by siGDF11. Over-expression
of miR-92a inhibited the product of NO, which could be
rescued by rGDF11 (Figure 7A). The total LDH had no
significant change in EPCs subjected to miR-92a inhibitor
or mimic. The total LDH level decreased in miR-92a
inhibitor combined with siGDF11 group compared with
miR-92a inhibitor alone group, however, LDH level in
both groups had no significant change compared with
control group. miR-92a inhibitor reduced the level of
LDH in EPCs supernate, and most of LHD was kept in
EPCs. siGDF11 reversed the ratio of LDH between extra-
and intra-cell, and increased the supernate LDH. Over-
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Figure 4 The expression of FLK-1 and vWF were detected by immunofluorescence. (A and C) The expression of FLK-1was inhibited by
treatment of HO or HG, and rescued by miR-92a inhibitor. (B and D) The expression of vWF was inhibited by treatment of HO or HG,
and rescued by miR-92a inhibitor (****, P<0.0001 vs. control group; *, P<0.05, **P<0.001, ** P<0.0001 vs. miR-92a NC group).
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expression of miR-92a promoted the release of LDH from
EPCs, which could be rescued by rtGDF11 (Figure 7B,C,D).
Over-expression of miR-92a increased the product of ROS
in EPCs, which could be blocked by rGDF11. ROS was
inhibited by miR-92a inhibitor, but it was increased when
GDF11 was silenced (Figure 7E). The results showed
that knockdown miR-92a can promote the production of

© Annals of Translational Medicine. All rights reserved.

NO and suppress the release of LDH from EPCs and the
expression of ROS by targeting GDF11.

Expression of SMAD2/3, FAK, Akt, and eNOS

The further mechanism research was performed by
investigating the proteins phosphorylation of GDF11
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Figure 6 Cell proliferation, apoptosis, migration, tube formation after various treatments EPCs underwent miR-92a inhibition or combined
with GDF11 siRINA and miR-92a mimic and recombinant GDF11 (A) MTT assay was applied to detected proliferadon of EPCs (***, P<0.001,
x P<0.0001, si NC vs. si GDF11 in miR-92a inhibitor groups, and mimic vs. mimic with rGDF11). (B) Cells were harvested for the detection
of apoptotic cells by flow cytometry (****, P<0.0001 vs. control group, ", P<0.0001 si NC vs. si GDF11, and mimic vs. mimic with rGDF11).
(C) migration ability of EPCs was tested by transwell assay (*, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001 vs. control group; ", P<0.001,
P<0.0001 si NC ws. si GDF11, and mimic vs. mimic with rGDF11) (0.1% crystal violet, 200x). (D) angiogenesis was evaluated by tube formation test
(**, P<0.001, ****, P<0.0001 vs. control group; . P<0.001, ** P<0.0001 si NC vs. si GDF11, and mimic vs. mimic with rGDF11). I: inhibitor; M:
mimic; si NC: siRINA negative control; si GDF11: si RNA GDF11; rtGDF11: recombinant GDF11.
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mimic or rescued by over-expression of GDF11. Cells were then harvested for the detection of total, intracellular, supernatant LDH by
ELISA (¥, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001 vs. control group; # P<0.001, ** P<0.0001 si NC vs. si GDF11, and mimic vs.
mimic with rGDF11). Intracellular ROS content in EPCs after various treatments. EPCs underwent the same treatment as before. Cells
were then harvested for the detection of intracellular ROS by ROS Fluorescent Probe-DHE (***, P<0.001, ****, P<0.0001 vs. control group;
H# P<0.0001 si NC vs. si GDF11, and mimic vs. mimic with rGDF11). I: inhibitor; M: mimic; si NC: siRNA negative control; si GDF11: si
RNA GDF11; rGDF11: recombinant GDF11.
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Figure 8 Expression of signal pathway proteins in EPCs underwent miR-92a inhibition or reversed by siGDF11 and miR-92a mimic or
rescued by over-expression of GDF11. Protein expression of (A) p-SMAD2/3, SMAD2/3, (B) p-FAK, FAK, (C) p-Akt, Akt, (E) p-eNOS,
eNOS was detected after extraction of total protein by western blotting. GAPDH served as an internal reference. The down-expression of
p-SMAD?2/3, p-FAK, p-Akt, and p-eNOS could be rescued by over-expression of GDF11 when EPCs treated by miR-92a mimic (¥, P<0.05,
** P<0.01, *** P<0.001, ***, P<0.0001 vs. control group; " P<0.01, ™* P<0.0001 si NC vs. si GDF11, and mimic vs. mimic with rtGDF11).
I: inhibitor; M: mimic; si NC: siRINA negative control; si GDF11: si RNA GDF11; rGDF11: recombinant GDF11.

downstream signaling pathway using Western blot. The
expression of p-SMAD2/3, p-FAK, p-Akt, and p-eNOS was
improved by miR-92a inhibitor compared with control group,
which was compromised by siGDF11. Over-expression of
miR-92a significantly decreased the expression of p-SMAD2/3,
p-FAK, p-Akt, and p-eNOS, which was rescued by rGDF11
compared between mimic group and mimic+rGDF11group
(Figure 8). The results indicated that miR-92a inhibitor could
activated SMAD2/3/FAK/Akt/eNOS signal pathway via
improving the expression of GDF11.

Discussion

In this study, we investigated the effects of miR-92a
on EPCs under normal and pathological conditions,
consequently, the action mechanism of miR-92a on EPCs
was further investigated. We found that (I) HO or HG
increased apoptosis in EPCs, production of LDH and
generation of ROS, but decreased the ability of migration
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and tube formation and generation of NO; (II) inhibiting
of miR-92a decreased HO or HG-induced injury of EPCs,
whereas miR-92a over-expression had the opposite effect;
and (III) the harmful effects of miR-92a may be related to
its inhibition of GDF11 and subsequent inactivation of the
SMAD?2/3/FAK/Akt/eNOS signaling pathway.

Recently, many studies found that EPCs mobilized into
circulation from bone marrow played an important role in
endothelial repairing, re-endothelialization, and angiogenesis
(4-6). However, the number of circulating EPCs is declined
and the function is impaired by several pathological factors,
such as acute myocardial infarction (AMI), diabetes,
hypertension, hyperlipidemia, and so on (3-6,18).

Diabetes mellitus is a chronic metabolic disease
characterized by elevated blood glucose. Georgescu
et al. (19) reported that the number of EPCs decreased
and the function of EPC was impaired in diabetic patients.
Studies found that CXCR7 had a key role in regulating
adhesion and survival of EPCs (20,21), and over-expression
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of CXCR?7 could improve angiogenic function of EPCs
in diabetic patients via Akt/GSK-3B/Fyn-Mediated Nrf2
Activation (22).

Although the mobilization of EPCs from BM increased
by ischemia disease (ID), the number and function of EPCs
was insufficient to the repair of vessel and myocardium (4).
Acute ischemia lead to hypoxia microenvironment, and ID
patients always complicated with DM, hypertension, and
hyperlipidemia, which attributed to the abnormalities of
EPCs. In this study, the biological characteristics of EPCs
was evaluated under the condition of HO and HG.

Increasing the number and ameliorating the function of
EPCs has become an attractive therapeutic treatment for
ID. Many methods were detected to improve the number
and function of EPCs, including chemical medicine
such as Aliskiren (3), traditional Chinese medicine such
as Velvet Antler (4), bioactive protein or factors such as
17p-estradiol (6), ANGPTL3 (5), GDF11 (10,11), CXCR7
(20-22), microRNAs such as miR-150(23), miR-126-3p (24)
and so on.

Studies have found that multiple microRNAs affect
EPCs through different target genes (25). Over-expression
of miR-150 improved angiogenesis and proliferation
capabilities of EPCs by targeting SRCINI both
in vitro and in vivo (23). Over-expression of miR-126-3p
significantly promoted migration and tube formation of
EPCs from ischemic cardiomyopathy patients. In nude rat
with ischemic cardiomyopathy induced by ligation of left
anterior descending, left ventricular function was improved
with smaller infarction size, thicker anterior wall, and less
inflammation reaction after transplanted with miR-126-3p
overexpressing EPCs (24).

The role of miR-92a in endothelial cells is comparatively
clearer. miR-92a expresses in vascular endothelial cells
of various tissues. Over-expression of miR-92a could
inhibit the migration and angiogenesis of human umbilical
vein endothelial cells (HUVECs) without affecting the
proliferation (13). Inhibiting the expression of miR-92a
can significantly ameliorate the re-endothelialization
repair of damaged vascular endothelium and inhibit the
formation of neointima (15). Results in this study also
indicated that miR-92a expression increased in EPCs
when treated by hypoxia or high glucose. This result was
consistent to the previous research outcome that miR-
92a express in EPCs, and increased in EPCs from CAD
patients (17). However, there was no precedent reports about
the action effect of miR-92a on biology of EPCs. miR-92a
corrects CD34+ cell dysfunction in diabetes in progenitor
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differentiation (26). In this study, we also investigated the
effect of miR-92a on EPCs under the circumstance of
physiological and pathological conditions. Inhibiting of
miR-92a decreased HO or HG-induced injury of EPCs
including inhibiting apoptosis, improving migration and
angiogenesis, which was consistent with those observed on
HUVECs.

Vascular endothelial growth factor (VEGF) receptor type
2 (FLK-1, VEGFR2) and von Willebrand Factor (vWF)
both expressed on the late EPCs (27). Increased levels of
FLK-1 positive EPCs have been associated with improved
reendothelialization (28). With the EPCs passaged, EPCs
gradually differentiated into ECs who mainly expressed the
EC-specific markers CD31 and vWF (27). in this study,
FLK-1 and vWF in late EPCs were detected. Both HO and
HG reduce the expression of FLK-1 and vWE. Inhibiting
of miR-92a could rescue the expression of FLK-1 and vWF
and promote the differentiation of EPCs.

Prediction of database and the results of this study
demonstrate that GDF11 is one of the target genes of miR-
92a. knockdown of miR-92a improves the transcription
and translation of GDF11 at the level of mRNA and
protein expression. GDF11 has promoting function on
EPCs. Consequently knockdown of miR-92a improves the
function of EPCs via up-regulating GDF11.

eNOS is the constitutive NOS form in ECs, which
regulate the production of NO (29). NO is a critical
endothelial function regulator (30), which regulates both
vasorelaxation and angiogenesis under the condition of
ischemia. Several studies demonstrate that eNOS and
its product NO play an important role in maintaining
the protective function of ECs (31) and EPCs (32-34).
PI3K/Akt is a canonial signal pathway, which can protect
endothelial function by activating its pivotal target
eNOS (31). Hyperinsulinemia impaired the tube
formation ability of EPCs by inactive of PI3K/Akt/eNOS
pathway (34). ATP-binding cassette transporter Gl
(ABCG1) could improve the migration, tube formation,
differentiation, and re-endothelialization ability of EPCs
via Lyn/Akt/eNOS after vascular injury in diabetes
model (33). H2S promotes the mobilization of EPCs and
re-endothelialization in eNOS-dependent manner following
vascular injury (32).

In this study, the ROS, LDH was increased and the NO
was reduced in EPCs when treated by HO and HG, but the
abnormal expression was reversed by miR-92a knockdown.
In order to understanding the underlie mechanism,
interaction between miR-92a and GDF11 was investigated
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by dual-luciferase reporter assay and further verified by
RT-PCR and Western blot. Results showed that miR-
92a targeted inhibition of GDF11. The activity of eNOS
and Upstream regulatory pathway (SMAD, FAK, PI3K/
AKT) were also tested. In EPCs, knockdown of miR-92a
could increase the expression of GDF11 and promote the
phosphorylation of SMAD2/3, FAK, AKT, eNOS, which
indicated that miR-92a regulated the function of EPCs
by targeting GDF11 and downstream signaling pathway
SMAD2/3/FAK/Akt/eNOS.

Several possible limitations of this study should be
considered. After miR-92a knockdown or over-expression,
we detected biology of EPCs following HO and HG, but
whether GDF11 knockdown or over-expression affects the
biology of EPCs was not presented (data not shown). In
mechanism study, interaction between miR-92a and GDF11
was investigated in untreated EPCs. Whether miR-92a
regulated the function of EPCs under the condition of HO
and HG by targeting GDF11 was unknown. SMAD2/3 was
the canonial signal pathway of GDF11 and the PI3K/AKT
was the noncanonial signal pathway (7), in addition FAK
could be activated by SMAD2/3 (35), and FAK and PI3K/
AKT could activate each other (36). Regulatory relationship
among SMAD?2/3, FAK, PI3K/AKT was not investigated in
detail. Thus, our results need to be confirmed by additional
experiments and in animal models in the future.

Taken together, our findings suggest that inhibiting miR-
92a may up-regulate GDF11 to activate the SMAD2/3/
FAK/Akt/eNOS signaling pathway, exerting protective
effects on HO or HG-induced injury to EPCs.
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