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Annexin A2 upregulation protects human retinal endothelial cells
from oxygen-glucose deprivation injury by activating autophagy
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Abstract.Retinal neovascularization is acommon pathological
change in multiple diseases of the eyes and the upregulation
of annexin A2 (A2) under a hypoxic and ischemic microen-
vironment has been demonstrated to be a key factor in the
pathological process. However, the underlying mechanism by
which A2 regulates retinal neovascularization remains unclear.
In the present study, oxygen-glucose deprivation (OGD) was
used to mimic the hypoxic and ischemic microenvironment,
to observe the role of A2 in retinal neovascularization regula-
tion by focusing on autophagy. The results showed that OGD
treatment significantly increased the mRNA and protein levels
of A2 in human retinal endothelial cells (HRECS), which was
dependent on activation of hypoxia inducible factor (HIF)-1a
signaling. The OGD-induced activation of autophagy was
attenuated when A2 was silenced, but increased when A2 was
overexpressed, suggesting that A2 upregulation contributed
to OGD-induced cell autophagy activation. Furthermore,
knockdown of A2 decreased cell viability and promoted
cell apoptosis under OGD conditions. Overexpression of
A2 increased cell viability and reduced cell apoptosis under
OGD conditions, and inhibiting autophagy using an inhibitor,
reversed these changes, suggesting that upregulation of A2 by
OGD serves a cytoprotective role by inducing cell autophagy
in HRECs. Taken together, the results of the present study
suggested that promoting retinal endothelial cell survival by
autophagy activation via the HIF-1a signaling pathway in a
hypoxic and ischemic microenvironment may underlie the
mechanism by which A2 regulates retinal neovascularization.
The present study is the first study to demonstrate the novel
role of A2 during retinal neovascularization under patho-
logical conditions, to the best of our knowledge. Therefore,
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A2 may serve as a potential therapeutic target for treating
neovascularization-associated conditions of the eye.

Introduction

Retinal neovascularization is a common pathological change
in a number of eye diseases, resulting in severe eye injury
and possibly leaving the patient blind (1,2). The upregulation
of annexin A2 (A2) under a hypoxic and ischemic microen-
vironment has been demonstrated to be a key factor in this
pathological process (3). It was reported that mice deficient
in the A2 gene were resistant to hypoxia-related retinal
neovascularization in a model of diabetic retinopathy (3). A2
newborn mice had a reduced neoangiogenic response in the
oxygen-induced retinopathy model (4). Additionally, A2”" mice
also displayed reduced angiogenesis in three different models
of postnatal angiogenesis (5).

The human A2 gene is located on chromosome 15 (15g21)
and is expressed in multiple human cells, including endothelial
cells, monocytes, macrophages, dendritic cells, trophoblast
cells, and tumor cells (6,7). As a type of Ca**-regulated, phos-
pholipid-binding protein, A2 exists both as a free monomer
in the cytoplasm or tethered to the surface of the plasma
membrane (6). Accumulating evidence has demonstrated
that A2 plays multifaceted roles in membrane organization,
signal transduction, cell proliferation, migration, apoptosis,
immunity and inflammation (3,6,8). A2 has also been reported
to be closely associated with multiple pathological processes,
including thrombosis, vascular occlusion, hyperfibrinolysis,
hemorrhage and retinal neovascularization (3,9). Knockdown
of the A2 receptor (A2R) significantly inhibited the prolif-
eration, adhesion, migration and tube formation of human
umbilical vein endothelial cells (HUVECs), which is usually
used in the in vitro study of angiogenesis (10). Disrupting A2R
can inhibit neovascularization in vivo via inactivating phos-
phorylation of the protein kinase B (AKT) and extracellular
signal regulated kinase (ERK) signaling pathways (10). The
authors' previous study additionally demonstrated that A2
silencing inhibited the proliferation and enhanced the apop-
tosis of HUVECs (11).

The underlying mechanism by which A2 is required for
retinal neovascularization remains largely unknown. In the
present study, oxygen-glucose deprivation (OGD) was used to
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mimic the ischemic and hypoxic conditions and the role of
A2 in retinal neovascularization and autophagy was observed
using human retinal endothelial cells (HRECs). The present
study is the first to demonstrate that A2 may promote survival
of HRECs under hypoxic and ischemic conditions by inducing
autophagy via the hypoxia-inducible transcription factor-la
(HIF-1a) signaling pathway, to the best of our knowledge.
The present study also demonstrated a novel role of A2 during
retinal neovascularization under pathological conditions and
thus highlights a potential therapeutic target for treating condi-
tions where neovascularization of the eye is observed.

Materials and methods

Chemical reagents and plasmids. A HIF-1o inhibitor was
purchased from Calbiochem (cat.no.400083; Merck KGaA). The
autophagy inhibitor, 3-methyladenine (3-MA), was purchased
from Sigma-Aldrich; Merck KGaA. The concentrations of the
inhibitors used were determined by previous studies (12,13).
The scramble control short hairpin RNA (shRNA) plasmid,
A2 shRNA plasmid, the wide-type A2 overexpression plasmid
(pcDNA3.1-A2) and control plasmid (pcDNA3.1) were
constructed by Shanghai GenePharma Co., Ltd.

Cell culture. Primary HRECs (ACBRI 181) were obtained
from Cell Systems and cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 20% fetal bovine
serum (Thermo Fisher Scientific, Inc.), 1% endothelial cell
growth supplement (Sigma-Aldrich; Merck KGaA) and
100 U/ml penicillin and 0.1 mg/ml streptomycin (Beyotime
Institute of Biotechnology) at 37°C in a humidified incubator
under 5% CO,. Cells which had been passaged between 10 and
20 times were used for the following experiments.

OGD treatment. At 80-90% confluence, the culture medium
of HRECs was replaced with serum-free and glucose-free
DMEM (Gibco; Thermo Fisher Scientific, Inc.), after which
the cells were placed in a hypoxic incubator chamber (1% O,,
5% CO,, 94% N,; Forma Scientific; Thermo Fisher Scientific,
Inc.) for the indicated times (3, 6, 12 and 24 h). Control cells
were cultured with supplemented medium and incubated under
normal oxygen concentrations.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR) analysis. Total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 2 mg
total RNA was reverse transcribed using RevertAid™ First
Strand cDNA Synthesis Kit (Fermentas MBI; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
temperature protocol for the reverse transcription was 25°C
for 10 min, 42°C, 60 min and finally 70°C for 10 min. qPCR
was performed in triplicate using SYBR Green PCR Master
Mix (Toyobo Life Science) on a Mastercycler ep realplex
(Eppendorf). The primer sequences used were as follows: A2
forward, 5'-GTGAAGAGGAAAGGAACCGA-3' and reverse
5'-CTTGATGCTCTCCAGCATGT-3'; GAPDH forward,
5-GCCTTCCGTGTTCCTACC-3' and reverse 5'-AGAGTG
GGAGTTGCTGTTG-3'. Thermocycling conditions consisted
of an initial denaturing step (95°C, 2 min), followed by 40
cycles of denaturing (95°C, 15 sec), annealing (60°C, 15 sec)
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and extending (72°C, 45 sec). The mRNA levels were normal-
ized to GAPDH (internal control) and their relative quantities
were determined using the 244 formula (14).

Western blotting. HRECs were rinsed three times with PBS
and lysed in RIPA buffer (cat. no. PO013C; Beyotime Institute
of Biotechnology) supplemented with 1% PMSF to obtain
total cell lysates. The protein concentration was qualified
using the bicinchoninic acid assay method and 50 pg proteins
for each sample were separated on a 12% SDS-PAGE, trans-
ferred to PVDF membranes and blocked with 5% non-fat
milk for 60 min at room temperature. The membranes were
probed overnight at 4°C with primary antibodies against
A2 (cat. no. 8235; 1:1,000; Cell Signaling Technology, Inc.),
LC3 (cat. no. 3868; 1:1,000; Cell Signaling Technology, Inc.),
Beclin-1 (cat. no. 3495; 1:1,000; Cell Signaling Technology,
Inc.), cleaved-caspase 3 (cat. no. 9961; 1:1,000; Cell Signaling
Technology, Inc.), HIF-1a (1:500; Santa Cruz Biotechnology,
Inc.) and B-actin (cat. no. A1978; 1:10,000; Sigma-Aldrich;
Merck KGaA). Subsequently, the membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies
(cat. no. 610-1302; 1:5,000; Rockland Immunochemicals, Inc.)
for 2 h at room temperature. Finally, the blots were visualized
using an enhanced chemiluminescence reagent (BeyoECL
Plus Kit; cat. no. PO018; Beyotime Institute of Biotechnology).
Protein bands were quantified using the ImageJ software
(Version 1.52p; National Institute of Health).

Cell transfection. Lentiviral vectors encoding shRNAs
against human A2 (sh-A2, sequence 5"“TGAGGGTGACGT
TAGCATTAC-3' for A2 shRNA), lentiviral control vectors
(vectorl, sequence 5'-GGATCATCATGCTATGCAGTT-3'
for control scramble shRNA), lentiviral A2 overexpression
vectors (OE-A2, primers used as follows, sense: 5-CGGGGT
ACCATGTCTACTGTTCACGAAATCCTGT-3', anti-sense:
5-ATTGGGCCCGTCATCTCCACCACACAGGTAC-3" and
lentiviral control vectors (vector2, pcDNA3.1 for the control
plasmid) were packed and obtained from OBiO Technology
(Shanghai) Corp., Ltd. HRECs were plated in 24-well plates
at a density of 2x10° cells/well and allowed to grow at ~40%
confluence. Cells were infected with the aforementioned
lentiviral vector (multiplicity of infection, 50) for 48 h and the
transfection efficiency was evaluated by western blotting.

Luciferase assay. The A2 promotor-luciferase reporter and
pRL-SV40-luc plasmids were designed and purchased from
Promega Corporation. HRECs were plated in triplicate into
a 24-well plate at a density of 5x10° cells per well for over-
night culture, after which the cells in each well were infected
with lentivirus particles expressing the reporter plasmid
[manufactured by OBiO Technology (Shanghai) Corp., Ltd.].
Additionally, the lentivirus particles expressing pRL-SV40-luc
[manufactured by OBiO Technology (Shanghai) Corp., Ltd.]
was co-transfected to normalize the transfection efficiency as
an internal control (multiplicity of infection, 50). Following
transfection for 48 h, cells underwent OGD for another 24 h, in
the presence or absence of the HIF-1a inhibitor (100 zzmol/l).
Luciferase activity was measured using the dual luciferase
assay system (Promega Corporation) and normalized to a
constitutively expressed Renilla reporter.
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Figure 1. Effects of treatment with OGD for different time periods on the expression of A2 in human retinal endothelial cells. Cells were cultured with
serum-free and glucose-free DMEM in a hypoxic incubator chamber (1% O,, 5% CO, and 94% N,) for the indicated times. Control cells were cultured with
complete medium under normal atmospheric conditions. The expression of A2 was detected by (A) reverse transcription-quantitative PCR and (B) western
blotting. “P<0.05 and “P<0.01 vs. Con group. Con, control; OGD, oxygen-glucose deprivation; A2, Annexin A2.

Cell viability assay. HRECs were infected with the lentivirus
particles expressing A2-shRNA, A2 overexpressing plasmid
or control vector for 48 h and plated in 96-well plates at the
density of 4x10* per well in triplicate for overnight culture
(multiplicity of infection, 50). Transfected cells underwent
OGD for a further 24 h in the presence or absence of 3-MA
(5 mM), after which the cell viability was evaluated using
Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.)
according to the manufacturer's protocol. The optical density
was measured at a wavelength of 450 nm using a synergy
microplate reader (BioTek China).

Cell apoptosis assay. Cell apoptosis was detected by
measuring the protein level of cleaved-caspase 3 as described
previously (15,16). HRECs were transfected with A2-shRNA,
A2 overexpressing plasmid or control vector for 48 h, after
which the transfected cells underwent OGD for another 24 h
in the presence or absence of 3-MA (5 mM). Cell lysates were
collected and the protein expression level of cleaved-caspase 3
was determined by western blotting.

Statistical analysis. Statistical significance between multiple
experimental groups was analyzed by an analysis of variance
with a post-hoc Tukey's test using SPSS statistics version 19.0
software (IBM Corp.). Quantitative data were expressed as
the mean + standard deviation of at least three experimental
repeats. P<0.05 was considered to indicate a statistically
significant difference.

Results
OGD treatment upregulates the expression of A2 in HRECs.

First, the effect of OGD treatment on A2 expression in HRECs
was investigated by RT-qPCR and western blotting. The

results showed that OGD treatment significantly upregulated
the mRNA and protein levels of A2 in a time-dependent
manner (P<0.05; Fig. 1). The mRNA levels of A2 began to
increase after OGD treatment for 3 h and reached a maximal
significant 4.4-fold increase compared with the control cells
after OGD treatment for 24 h (P<0.01; Fig. 1A). A similar
result was observed at the protein level, reaching a maximal
significant 3.6-fold increase compared with the control cells
after OGD treatment for 24 h (P<0.01; Fig. 1B). These data
indicated that OGD significantly upregulated the expression
of A2 in HRECs.

HIF-1o mediates the upregulation of A2 under OGD condi-
tions. HIF-1 plays a central role in a number of hypoxic
events (17,18). Whether HIF-1 also has a role in OGD-induced
A2 expression in HRECs was further investigated. As shown
in Fig. 2A, OGD treatment for 24 h significantly increased
the expression of HIF-1a (P<0.01). Inhibiting HIF-1a using
400083 significantly inhibited OGD-induced A2 upregula-
tion at both the mRNA and protein levels (P<0.01; Fig. 2B
and C), suggesting that HIF-1a regulated the expression of
A2 at the transcriptional level. To confirm this speculation,
HRECs were transfected with an A2 promoter-luciferase
reporter gene and treated by OGD in the presence or absence
of a HIF-1a inhibitor. As shown in Fig. 2D, OGD treatment
for 24 h significantly increased the A2 promoter activity
(5.2-fold of control, P<0.01), whereas the suppression of
HIF-1a signaling significantly reversed the OGD-induced
promoter activity (P<0.01). These data confirmed that
upregulation of A2 by OGD was mediated by transcriptional
regulation of HIF-1a in HRECs.

A2 is required for OGD-induced autophagy in HRECs. Next,
the effects of OGD treatment on the activation of autophagy
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Figure 2. Effects of HIF-1a inhibition on the expression of A2 in human retinal endothelial cells. The HIF-1a inhibitor 400083 (100 xmol/l) was added to
the culture medium immediately prior to OGD treatment. (A) Expression of HIF-1a detected by western blotting. (B) Expression of A2 detected by reverse
transcription-quantitative PCR. (C) Expression of A2 detected by western blotting. (D) A2 luciferase activity. “P<0.01 vs. Con group; “P<0.01 vs. OGD group.
OGD, oxygen-glucose deprivation; A2, Annexin A2; HIF-1a, hypoxia inducible factor-1a; Con, control.

were observed in HRECs by detecting the expression of
Beclin-1 and the conversion of LC3I to LC3II, two usually used
markers of autophagy (19), and the role of A2 in this process.
The results showed that OGD treatment increased the levels of
autophagy in a time-dependent manner in HRECs (Fig. 3A).
And, as shown in Fig. 3C and E, OGD-induced autophagy was
significantly abrogated after A2 silencing (P<0.01) but signifi-
cantly enhanced by A2 overexpression (P<0.01), indicating
that A2 upregulation contributed to OGD-induced autophagy
activation in OGD-induced autophagy in HRECs. The knock-
down and overexpression efficiency of A2 were confirmed by
western blotting (Fig. 3B and D).

A2 upregulation protects HRECs against OGD injury through
autophagy activation. Finally, whether A2-mediated cell
autophagy has a protective effect on OGD injury was observed

in HRECs. As shown in Fig. 4, OGD treatment significantly
decreased the cell viability and increased the expression
of cleaved-caspase 3 (all P<0.01; Fig. 4A and B), which was
further enhanced after A2 knockdown (all P<0.05; Fig. 4A
and B). Overexpression of A2 alleviated these OGD-induced
changes, whereas inhibiting cell autophagy with a chemical
inhibitor (3-MA) significantly abrogated the pro-survival
effects of overexpression of A2 in HRECs (P<0.05;
Fig. 4C and D). These results indicated that upregulation of
A2 protected HRECs against OGD-induced injury potentially
through autophagy activation.

Discussion

Accumulating evidence highlighted that the role of A2 in
retinal neovascularization, which results in a number of severe
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Figure 3. Role of A2 in OGD-induced activation of autophagy in human retinal endothelial cells. Cells were infected with lentiviral vectors encoding sShRNAs
against human A2, lentiviral scramble control vectors (vectorl), lentiviral A2 expression vectors and lentiviral control vectors (vector2) for 48 h before OGD
treatment. Protein levels were detected by western blotting. (A) Expression of Beclin-1, LC3I and LC3II when cells underwent OGD for different periods of
time. (B) Transfection efficiency of sh-A2. (C) Expression of Beclin-1, LC3I and LC3II following knockdown of A2. (D) Transfection efficiency of OE-A2.
(E) Expression of Beclin-1, LC3I and LC3II after A2 overexpression. "P<0.05 and “P<0.01 vs. Con group; “P<0.05 and “P<0.01 vs. OGD group. A2, Annexin
A2; sh-A2, lentiviral vectors encoding short hairpin RNAs against human A2; OE-A2, lentiviral A2 overexpression vectors; OGD, oxygen-glucose depriva-

tion; Con, control.

eye diseases and even potentially blindness (3,11,20). Ischemic
and hypoxic stimulation are common pathological states in
many eye diseases associated with retinal neovascularization.
In the present study, OGD was used to mimic the ischemic and
hypoxic microenvironment and demonstrated for the first time
the expression of A2 was upregulated under OGD conditions
both at mRNA and protein levels in HREC:s, to the best of our
knowledge.

HIF-1 is a heterodimeric protein that consists of HIF-1a
and HIF-1f subunits serves a central role in many hypoxic
events (17,18). Hypoxia increases the protein expression level
of HIF-1a by stabilizing it, whereas HIF-1f3 is constitutively
expressed (21). To further determine whether HIF-1 serves a
role in OGD-induced A2 expression in HRECs, the effect of
OGD treatment on the expression of HIF-1a and the effect of
HIF-1la inhibition on A2 expression under OGD conditions
in HRECs was determined. The results showed that OGD
treatment increased the expression of HIF-la in HRECs.
Inhibiting the HIF-1a using 400083 decreased the mRNA and
protein levels of A2 induced by OGD. To confirm that HIF-1a
regulated A2 expression at the transcriptional level, HRECs
were transfected with an A2 promoter-luciferase reporter
gene and treated with OGD in the presence or absence of the
HIF-1a inhibitor. The results showed that OGD treatment
increased the activity of the A2 promoter, whereas inhibition

of HIF-la signaling reversed the OGD-induced promoter
activity. Together, these data suggest that upregulation of
A2 by OGD was mediated by transcriptional regulation of
HIF-1a in HRECs. Previously, Huang et al (22) reported that
transcriptional induction of the A2 gene was required in the
oxygen-induced retinopathy mice. However, HIF-1la-mediated
transcriptional regulation of the A2 gene requires additional
investigation in multiple cell lines.

Regarding the biological significance of A2 upregulation,
several studies have reported the role of A2 in regulating
autophagy. Li et al (23) demonstrated that A2 positively regu-
lated autophagy in the MH-S alveolar macrophages, thereby
contributing to host immunity against bacteria through the
AKTI-mammalian target of rapamicin-ULK1/2 signaling
pathway. Moreau et al (24) showed that A2 modulated the
starvation-induced autophagy in HeLa cells and the process
was dependent on the A2 effectors, ARP2 and Spirel. Notably,
Zhang et al (25) found that overexpression of A2R could also
induce autophagy and increase autophagy flux in Mum2C
uveal melanoma cells. Consistent with previous studies (23-25),
upregulation of A2 contributed to the OGD-induced autophagy
in HRECs in the present study, suggesting that A2 can func-
tion as an autophagy modulator. However, the underlying
mechanism involving A2 in OGD-induced autophagy is still
unknown.
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Figure 4. Effects of A2 knockdown or overexpression combined with the autophagy inhibitor 3-MA treatment on OGD-induced injury in human retinal
endothelial cells. (A and B) Cells were infected with a lentiviral vector encoding shRNAs against human A2 or a lentiviral scramble control vector (vector 1)
for 48 h, then treated with OGD for another 24 h. (A) Cell viability and (B) expression of cleaved-caspase 3 were measured. (C and D) Cells were infected with a
lentiviral A2 overexpression vector or a lentiviral control vector (vector 2) for 48 h, then treated with OGD for another 24 h in the presence or absence of 3-MA
(5 mM). (C) Cell viability and (D) expression of cleaved-caspase 3 were measured. “P<0.01 vs. Con group; “P<0.05 vs. OGD group, ¥P<0.05 vs. OE-A2+OGD
group. 3-MA, 3-methyladenine; A2, Annexin A2; OE-A2, lentiviral A2 overexpression vectors; sh-A2, lentiviral vectors encoding short hairpin RNAs against

human A2; OGD, oxygen-glucose deprivation; Con, control.

Autophagy is a key mechanism for the maintenance
of cellular homeostasis by which damaged organelles and
unused proteins are digested and recycled to provide nutrients
to promote cell survival (26). A2-regulated autophagy under
OGD conditions was associated with cell survival in HRECs.
The data in the present study demonstrated that A2 positively
regulated autophagy and negatively regulated apoptosis,
thereby affecting cell survival. In addition, autophagy inhi-
bition promoted cell apoptosis and decreased cell survival,
indicating that A2-regulated autophagy served a cytoprotec-
tive role in HRECs under OGD conditions. Previous studies
have demonstrated that A2 could negatively modulate apop-
tosis in HUVECSs and human lung cancer A549, AGZY83-a,
Anip973 and BEI cells (11,27,28). Additionally, studies

showed that A2 negatively modulated cell apoptosis through
affecting the expression and activity of p53, as well as the
downstream proteins in the signaling pathway, such as Bcl2,
Bax and the caspase family of proteins (28,29). The results
of the present study only demonstrated the anti-apoptotic role
of A2 in vitro and the exact role of A2 in regulating endothe-
lial cell apoptosis in vivo remains unknown. The underlying
molecular mechanism in which A2 modulated endothelial cell
apoptosis also remains unknown. Therefore, further investiga-
tions concerning the role of A2 in apoptosis in gene knock-out
mice and its mechanism requires attention.

The roles of vascular endothelial growth factor (VEGF),
another HIF-1a target gene, in angiogenesis had been well
studied previously. VEGF promotes cell proliferation, migration



and tube formation, and regulates cell apoptosis, permeability,
metabolism and autophagy in retinal endothelial cells (30-32).
A number of studies have reported the role of the interaction of
VEGF and A2 signaling and demonstrated that A2 was upregu-
lated by VEGF treatment in monkey retinal vascular endothelial
RF/6A cells and osteoblastic MC3T3-El cells (33,34). Together,
these previous studies and the data presented in the present
study suggest that HIF-1a/A2 signaling and HIF-la-regulated
autocrine VEGF/A2 signaling may synergistically reinforce
neoangiogenesis under ischemic and hypoxic conditions.

In conclusion, the expression of A2 was increased under
OGD conditions in HRECs, which is mediated through the
activation of the HIF-1 signaling pathway. Upregulation of
A2 regulated the activation of cell autophagy and protected
HRECs from OGD-induced injury. Therefore, the hypoxic
and ischemic environment may trigger the HIF-1/A2 signaling
pathway, which can further activate cell autophagy and promote
survival of retinal endothelial cells. The data in the present
study revealed a novel role and mechanism of A2, which is
involved in retinal angiogenesis by regulating autophagy under
pathological conditions and provides a potential therapeutic
target for treating patients with eye diseases associated with
angiogenesis.
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