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Oxidative stress contributes to endothelial cell (EC) dysfunction, which is prevalent in ageing and athero-
sclerosis. MicroRNAs (miRs) are small, non-coding RNAs that post-transcriptionally regulate gene expres-
sion and play a key role in fine-tuning EC functional responses, including apoptosis and angiogenesis.
MiR-92a is highly expressed in young endothelial cells in comparison with senescent endothelial cells,

Kgywords: which exhibit increased oxidative stress and apoptosis. However, the impact of miR-92a treatment on
;\“'CYORNA . EC viability and angiogenesis under oxidative stress is unknown.
A;g;’tiesiem Hydrogen peroxide (H,0,) was used to induce oxidative stress in human umbilical vein endothelial

cells (HUVEC). Pre-miR-92a treatment decreased H,0,-induced apoptosis of HUVEC as determined by
TUNEL assay. Pre-miR-92a treatment enhanced capillary tube formation by HUVEC under oxidative
stress, which was blocked by LY294002, an inhibitor of Akt phosphorylation. Interestingly, we also
observed that inhibition of miR-92a by anti-miR-92a antisense can also enhance angiogenesis in HUVEC
with and without oxidative stress exposure. Our results show that perturbation of miR-92a levels outside
of its narrow “homeostatic” range may trigger endothelial cell angiogenesis, suggesting that the role of
miR-92a in regulating angiogenesis is controversial and may vary depending on the experimental model

Oxidative stress

and method of regulating miR-92a.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Endothelial cells (ECs) play an important role in vascular
homeostasis and modulation of vascular disease, regulating key
physiological functions including vasorelaxation, inflammation
and angiogenesis. Endothelial dysfunction is an important early
event in atherosclerosis and is triggered by diabetes, hypertension,
hyperlipidemia and smoking, common risk factors for coronary
and peripheral arterial disease [1]. Reactive oxygen species and
oxidative stress play a key role in the pathogenesis of endothelial
dysfunction [2,3]. Vascular ageing is also characterized by en-
hanced oxidative stress resulting from alterations in the balance
between production and destruction of reactive oxygen species
(ROS) [4]. Identifying the mechanisms that control EC viability
and function in the setting of oxidative stress and aging are impor-
tant for developing effective therapeutic strategies against vascular
disease.
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MicroRNAs (miRNAs) are a recently discovered class of approx-
imately 22-nucleotide regulatory RNAs that post-transcriptionally
regulate gene expression [5]. Mature miRNAs can form miRNA-
induced silencing complexes, which bind to the 3’-untranslated
region (3'UTR) of target mRNAs to mediate translational repression
[6]. Previous studies have suggested that miRNAs play important
roles in regulating cell apoptosis [7-9] and the progression of
vascular disease [10,11]. Amongst the various miRNAs, miR-92a is
a component of the miR-17-92 cluster, which is highly expressed
in human ECs, particularly in young endothelial cells [12]. MiR-
92a was identified as negative regulator of angiogenesis by target-
ing the o5 integrin subunit (ITGA5) [13]. Murata et al. [ 14] reported
that inhibition of miR-92a enhanced fracture healing by promoting
angiogenesis in mice. Conversely, systemic administration of an
antagomir to miR-92, which reduced miR-92a expression in skele-
tal muscle tissues of mice, failed to improve angiogenic responses
during mechanical loading [15]. Therefore, the role of miR-92a in
regulating EC function and angiogenesis is incompletely defined.

The expression of miR-92a is regulated negatively by oxidative
stress, and a recent report demonstrated that radiation-induced


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.03.035&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.03.035
mailto:yaotang@gru.edu
http://dx.doi.org/10.1016/j.bbrc.2014.03.035
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

L. Zhang et al. / Biochemical and Biophysical Research Communications 446 (2014) 952-958 953

oxidative stress represses miR-92a expression [16]. MiR-92a
expression levels also decline progressively with age. Rippe et al.
[12] reported that senescence of human endothelial cells is associ-
ated with reduced expression of miR-92a and enhanced apoptosis.
Ohyashiki et al. [17] also reported age-related decreases in miR-
92a expression in human lymphocytes. Moreover, anti-miR-92a-
treated cells exhibited increased apoptosis [18]. Together, these
findings suggest that repression of miR-92a during oxidative stress
and aging can adversely affect cell viability.

The level of miR-92a expression is inversely correlated with
expression of phosphatase and tensin homolog (PTEN) in many tu-
mor tissues [19-21]. The loss of PTEN leads to activation of Akt,
also known as Protein kinase B (PKB), a regulator of endothelial cell
apoptosis and angiogenesis [22]. In this study, we evaluated the
role of miR-92a in regulating endothelial cell viability and angio-
genesis under oxidative stress, focusing on expression of PTEN
and related mechanisms.

2. Methods
2.1. Cell culture and reagents

HUVEC were obtained from the American Type Culture Collec-
tion and cultured in endothelial cell growth media (EGM-2, Lonza)
at 37 °C in a humidified atmosphere of 5% CO,.

2.2. Synthetic miRNA transfection

Pre-miR microRNA are double-stranded RNA mimics, which can
be introduced into target cells using electroporation to mimic
endogenous mature microRNA molecular in cells. For miRNA over-
expression experiments, 100 nM pre-miR-92a mimic (GenePhar-
ma, China) or pre-miR-scramble control (NC), was transfected
into HUVEC in 100 pL “R buffer” using Neon electroporation trans-
fection system (Invitrogen) operating at 1350 V with one 30 ms
pulse. For miRNA anti-sense inhibitor experiments, 100nM sin-
gle-stranded 2’ O-methyl enhanced miR-92a or control inhibitor
(GenePharma, China) was transfected into HUVEC using Neon
transfection system.

2.3. Immunofluorescence and confocal microscopy

For cell staining, cells were plated on 8-well chamber slides
(Millipore, Billerica, MA) and subjected to oxidative stress treat-
ments as described above. (1) The terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick-end-labeling (TUNEL) staining
for apoptotic nuclei was performed using DEAD End TUNEL kit
(Promega, Madison, WI) according to the manufacturer’s instruc-
tion with modification. Briefly, cells were fixed in 4% paraformalde-
hyde for 25 min and then treated with permeabilization solution
(0.2% Triton X-100 solution in PBS) for 5 min at room temperature.
Labeling reactions were performed with 100 pl of reaction buffer
for 60 min at 37 °C in a humidified chamber, followed by steptavi-
din Alexa Fluor 555 conjugate (1:400, Life Technologies, Carlsbad,
CA) staining. Slides were mounted using VECTASHIELD HardSet
Mounting Medium with DAPI (Vector Laboratories, Burlingame,
CA). The staining was analyzed by Zeiss 510 Laser Scanning Micro-
scope (Carl Zeiss, Thornwood, NY). Apoptosis was evaluated as the
average number of positively stained cells per DAPI labeled cells.

2.4. Production of lentiviral GFP vector and HUVEC infection

To visualize tube formation for in vitro angiogenesis assays,
HUVEC were genetically engineered to express GFP. Viral particles
were produced by transfection of 293FT cells (Invitrogen) with

PRRLSIN.cPPT.PGK-GFP.WPRE (Addgene 12252), an expression
plasmid, together with an envelope plasmid (pMD2.G, Addgene
12259) and a packaging plasmid (psPAX2, Addgene 12260) with
Fugene HD (Roche). Virus-containing medium was collected 48 h
after transfection on 2 consecutive days, passed through a
0.45 pm filter to remove cell debris, and concentrated by ultracen-
triguation. HUVEC were infected with GFP-expressing lentiviral
vector at 8 pg/ml polybrene (Sigma). The GFP-positive HUVEC
were purified by FACS sorting.

2.5. Tube formation assay under oxidative stress

Growth factor-reduced (GFR) Matrigel (BD Bioscience) with
0 uM or 600 pM H,0, was coated on 15-well pi-angiogenesis slides
at 10 pl/well (ibidi, Germany) to mimic the effects of vascular oxi-
dative stress. The coated slides were incubated for 15 min at 37 °C,
seeded with HUVEC (10,000 cells/well), and incubated for 10 h at
37°C to allow tube formation. LY294002 (50 uM), a PI3K/Akt
inhibitor, was used to treat the cells for one hour prior to tube for-
mation assay. The wells were then imaged for capillary-like struc-
tures using an EVOS microscope (Life Technologies). Quantification
of the tubes was performed by taking 4x images of each chamber
followed by image analysis using Image J.

2.6. Protein extraction and western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris-HCI, 150 mM Nacl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, PH 8.0) supple-
mented with a protease inhibitor cocktail (Roche Applied Science).
The protein concentration was measured using a Bradford protein
assay kit (Coomassie Plus Protein Assay reagent, Thermo). Protein
samples were separated by 10% SDS-PAGE (Bio-Rad) and electro-
blotted onto 0.45 pm Immobilon polyvinylidene difluoride (PVDF)
membranes (Millipore). The membranes were blocked with 5%
Blotting-Grade Blocker (Bio-Rad) in PBST for 1 h at room tempera-
ture. The membrane was incubated with the respective antibodies:
rabbit anti-PTEN XP (1:1000; Cell signaling,), rabbit anti-phospho-
Akt (S473, 1:2,000; cell signaling), rabbit anti-Aktl (1:500;
Thermo) and mouse anti-GAPDH antibody (1:4,000; Millipore)
overnight at 4 °C. Membranes were then incubated for 1 h at room
temperature with Amersham ECL peroxidase-lined secondary anti-
bodies: sheep anti-mouse IgG (1:10,000, GE Healthcare) or donkey
anti-rabbit IgG (1:10,000, GE Healthcare). Western blot immunore-
activity was detected using a Super Signal West Femto Maximum
Sensitivity Substrate Kit (Thermo) in C-DiGit Blot Scanner (Li-
COR Biosciences). The density of protein bands was measured
using Image ] software, and values were normalized to the densito-
metric values of GAPDH or total Akt1 in samples.

2.7. Statistical analysis

Results are presented as the mean + SEM. Comparisons between
groups were made by one-way analysis of variance or two-tailed
Student’s t test. Differences were considered statistically signifi-
cant at p <0.05.

3. Results

3.1. Protective effects of pre-miR-92a treatment in endothelial cells
against H,0,-induced apoptosis

To investigate the effects of miR-92a on endothelial cell
viability under oxidative stress, HUVEC were transfected with
pre-miR-92a or pre-miR-NC for two days, and then exposed to
200 uM H,0, for 16hrs. We found that pre-miR-92a treatment
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Fig. 1. Effects of pre-miR-92a treatment on H,0,-induced apoptosis (200 uM H,0, for 16 h) in HUVEC. (A) HUVEC were stained with TUNEL reagent (red) and counterstained
with DAPI (blue); (B) Comparison of percentage of TUNEL-positive HUVEC pretreated with pre-miR-92a versus pre-miR-NC. Values are expressed as mean + SEM, n = 6. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

significantly decreased apoptotic cells assessed by TUNEL staining
(Fig. 1A and B).

3.2. Overexpression of MiR-92a has insignificant effect on angiogenesis
of HUVEC

To investigate the effect of miR-92a on HUVEC-mediated angi-
ogenesis, in vitro Matrigel tube formation assay was performed.
Stable GFP labeling of HUVEC was performed with a lentiviral vec-
tor system to facilitate quantification of angiogenesis. After infec-
tion with the lentiviral vectors, the GFP-positive HUVEC were
purified by FACS sorting. The expression of the exogenous gene
GFP was confirmed under fluorescence microscopy. As illustrated
in Fig. 2A, almost all HUVEC express GFP. As illustrated in Fig. 2B,
treatment with pre-miR-92a, in comparison with pre-miR-NC,
had a small but insignificant effect on capillary tube formation un-
der normal culture conditions, in the absence of H,0,. We also
investigated the effect of miR-92a inhibition on HUVEC-mediated
angiogenesis, consistent with previous study by Bonauer et al.
[13], miR-92a inhibition by anti-miR-92a can significantly increase
the capillary formation under normal culture conditions (Fig. 2C).

3.3. Preservation of endothelial cell angiogenesis in the setting of
oxidative stress by miR-92a: role of Akt

Given the ability of miR-92a to protect HUVEC from H,0,-
induced apoptosis, we next examined whether miR-92a treatment
can preserve HUVEC-induced angiogenesis in the setting of oxida-
tive stress. We performed in vitro angiogenesis assays using matri-
gel containing impregnated with H,0, to mimic the effects of
vascular oxidative stress (Fig. 3A). As illustrated in Fig. 3B and C,
exposure to H,0, profoundly impaired tube-forming ability by
pre-miR-NC treated HUVEC, which was significantly reduced by
treatment with pre-miR-92a (Fig. 3F and G). Inhibition of Akt phos-
phorylation by Ly294002 abrogated the protective effects of pre-
miR-92a on angiogenesis in the setting of oxidative stress
(Fig. 3D-G), suggesting a key mechanistic role for Akt signaling.
Moreover, we examined whether miR-92a inhibition can preserve
HUVEC-induced angiogenesis in the setting of oxidative stress. As
illustrated in Fig. 3H and I, exposure to H,0, profoundly impaired
tube-forming ability by anti-miR-NC treated HUVEC, which was
significantly reduced by treatment with anti-miR-92a (Fig. 3L
and M), in addition, inhibition of Akt phosphorylation by

Ly294002 abrogate most of the protective effects of anti-miR-92a
on angiogenesis in the setting of oxidative stress, suggesting that
some protective effects of anti-miR-92a on angiogenesis are also
dependent on Akt signaling (Fig. 3]-M).

3.4. MiR-92a inhibits PTEN expression and promotes Akt1
phosphorylation

PTEN negatively regulates cell survival and angiogenesis by
inhibition of the Akt signaling pathway [23,24]. An inverse correla-
tion between the expression levels of PTEN and miR-92 has been
reported in many human cancer tissues [19-21]. To investigate
whether PTEN is a target of miR-92a, we analyzed PTEN protein
levels in mi-RNA transfected HUVEC cells by western blot. Com-
pared with pre-miR-NC control, HUVEC treated with pre-miR-92a
showed decreased PTEN expression, and HUVEC treated with
anti-miR-92a showed increased PTEN expression (Fig. 4A). More-
over, under these conditions, reduced PTEN expression was associ-
ated with higher levels of Akt1 phosphorylation in HUVEC treated
with pre-miR-92a while increased PTEN expression was associated
with slightly lower levels of Akt1 phosphorylation in HUVEC trea-
ted with anti-miR-92a (Fig. 4B).

4. Discussion

MiR-92a, a component of the miR-17-92 cluster, is highly ex-
pressed in young healthy human endothelial cells in comparison
to senescent endothelial cells, which exhibit enhanced oxidative
stress and apoptosis [12]. However, the role of miR-92a in regulat-
ing EC viability and angiogenesis under oxidative stress is poorly
understood. In this study, we found that pre-miR-92a treatment
has protective effects against oxidative stress-induced apoptosis
in EC while preserving angiogenic capacity. In addition, pre-miR-
92 augmented the Akt signaling pathway by suppressing PTEN,
which has been reported as a direct target gene of miR-92a [25].

Oxidative stress induces both EC apoptosis [2,3] and downregu-
lation of miR-92a expression [16]. The relationship between miR-
92a and cell viability has received little attention, however, and to
our knowledge, no prior studies have examined this relationship
in EC. A recent study in human glioma cells reported that antisense
inhibition of miR-92a induced cell apoptosis via directly targeting
the Bim gene, suggesting a role for miR-92a in regulating viability



L. Zhang et al. / Biochemical and Biophysical Research Communications 446 (2014) 952-958 955

A Phase contrast GFP

W

0nM H202

Cc Anti-miR-NC

9 € 16000 NS
S 501 = 14000
Q
2 40 & 12000
S 30 2 10000
— >
5 2 8000
2 201 S 6000
2 10l £ 4000
S 2000
0+ ~ 0
& g2 9 »
< S &
NEEFS & ¥

NS, no significance, N=6

Anti-miR-92a

o~
o
o
T
=
f
S
. € 25000 %
80 2
3 70 E 2 0000
= K}
o 60 _g
E 0 S 15000
o
o 40 S 10000
2 30 =1
E 20 $ 5000
Z 10 -
0 0
anti-miR-NC anti-miR92 anti-miR-NC  anti-miR92
* P<0.05, N=6

Fig. 2. Effects of miR-92a overexpression and inhibition on capillary tube formation by HUVEC without oxidative stress. (A) GFP transgene expression of HUVEC infected with
lentiviral vectors; (B) HUVEC were seeded on Matrigel without H,0, and treated with NC control or pre-miR-92a; (C) HUVEC were seeded on Matrigel without H202 and
treated with anti-miR-NC control or anti-miR-92a, Values are expressed as mean + SEM, n = 6.

of malignant cells [26]. Our findings with miR-92a overexpression
in EC are consistent with these latter findings. The PTEN/Akt path-
way was reported to play a key role in cell survival under oxidative
or nitrosative stress [27], with oxidative stress-mediated cell apop-
tosis correlating with increased PTEN expression and inhibition of
AKT signaling [28]. PTEN gene deletion was reported to enhance cell
survival by activation of the Akt pathway [29]. PTEN is the target of
certain cellular miRNAs, including miR-19a/b [30], miR-29a [31],
miR-214 [32], miR-205 [33] and miR-494 [34], which can directly
suppress the expression of PTEN in a post-transcriptional manner.
An inverse correlation between PTEN and miR-92 expression has
been observed in many human cancer tissues, which typically
express low levels of PTEN protein and high levels of miR-92a

[19-21]. In the present study, we found that miR-92a overexpres-
sion enhanced endothelial cell viability under oxidative stress via
augmenting Akt signaling, suggesting a vasculoprotective effect
that is likely mediated through a PTEN-dependent mechanism.

In 2009, Bonauer et al. [13] demonstrated that o5 integrin is a
direct target of miR-92a, and that inhibition of miR-92a could
enhance blood vessel growth and functional recovery of ischemic
tissues. Likewise, Ohyagi-Hara et al. [35] recently demonstrated
that miR-92 directly targets integrin o5, with transfection of pre-
cursor miR-92a reducing integrin a5 expression and inhibiting
cancer cell adhesion, invasion, and proliferation. Conversely,
Sengul et al. [15] reported that systemic administration of a
miR-92 antagomir reduced mir-92a levels in skeletal muscle tissue
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Fig. 3. Effects of pre-miR-92a treatment and anti-miR-92a inhibition on capillary tube formation by HUVEC under oxidative stress. (A) Diagram of in vitro angiogenesis model
system; (B-E) NC control or pre-miR-92a treated HUVEC were seeded on Matrigel with H,0, in the absence or presence of LY294002. Representative images are shown in B-
E, and data are quantified in F (tubule numbers) and G (tubule length); (H-K) anti-miR-NC control or anti-miR-92a treated HUVEC were seeded on Matrigel with H,0, in the
absence or presence of LY294002. Representative images are shown in H-K, and data are quantified in L (tubule numbers) and M (tubule length). Values are expressed as
mean = SEM; *P < 0.05, n = 6, NS = no significant difference.

but failed to enhance angiogenic responses in mice. Therefore, the
role of miR-92a in regulating angiogenesis is controversial and may

vary depending on the experimental model and method of regulat-
ing miR-92a [36].
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Fig. 4. Western blot analysis of PTEN (normalized to GAPDH) (A) and Phos-Akt1
(normalized to total Akt1) (B) in extracts from HUVEC treated with miR-NC, pre-
miR-92a, anti-miR-NC and anti-miR-92a.

The classic PTEN/Akt pathway also plays a central role in regu-
lating angiogenesis [37]. PTEN down-regulates the AKT signaling
pathway by dephosphorylating phosphatidylinositol 3, 4, 5-tris-
phosphate (PIP3), which leads to reduced phosphorylation and
diminished activation of Akt. Elevated PTEN is believed to be a ma-
jor factor responsible for aging-related impairment of angiogenesis
[23]. In the present study, we report that miR-92a overexpression
preserves the angiogenic capacity of EC under oxidative stress.
Moreover, we demonstrate that miRNA-92a overexpression effec-
tively suppresses PTEN expression in HUVEC. Interestingly, we also
observed that inhibition of miR-92a by anti-miR-92a antisense can
also enhance angiogenesis in HUVEC exposed to oxidative stress.
Thus, perturbation of miR-92a levels outside of its narrow “homeo-
static” range may trigger endothelial cell angiogenesis. It is not sur-
prising that both overexpression and downregulation of miR-92a
could have pro-angiogenic effects in HUVEC. MiR-92a has hun-
dreds of predicted targets that potentially can positively or nega-
tively regulate angiogenesis, suggesting that alterations in
expression of miR-92a in either direction could potentially induce
angiogenesis. EC express high levels of miR-92a under basal condi-
tions, and it is possible that pre-miR-92a treatment may not pro-
duce major changes in angiogenesis if its targets (i.e., PTEN) are
already repressed. In the setting of oxidative stress, however, PTEN
is upregulated, and the effects of miR-92a overexpression to re-
press PTEN expression likely play a dominant role to promote angi-
ogenesis. In this study, we also observed that inhibition of Akt
phosphorylation by Ly294002 abrogates most of the protective ef-
fects of anti-miR-92a on angiogenesis in the setting of oxidative
stress, it is not surprising because major biological function of
ITGAS, the verified miR-92a target, is also dependent on PI3K/Akt
pathway [38].

In conclusion, our results indicate that the pre-miR-92a treat-
ment improves HUVEC viability and preserves angiogenic capacity
under oxidative stress, at least partially through down-regulation
of PTEN expression. Our data suggest that modulation of endothe-
lial cell function by miR92a depends on the cellular environment,
which likely has major effects on expression of miR92a target
genes. Further studies are needed to determine whether miR92a-
based therapeutic strategies could be exploited to protect endothe-
lial cell survival and function in the setting of enhanced oxidative
stress.
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