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Abstract
Objective: miR-126, the miRNA considered to be specially expressed in endothelial cells and
hematopoietic progenitor cells, is strongly associated with angiogenesis. The purpose is to evaluate
the role of miR-126 in hypoxia-induced angiogenesis and the possible mechanisms. Methods: The
expression of miR-126 was detected in hypoxia-treated RF/6A cells and diabetic retinas using
real-time PCR. The miR-126 was up- or down-regulated by transfecting miR-126-mimics or inhibitors into RF/6A cells. Cell cycle analysis was performed using flow cytometry. The protein
levels of vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP-9) were
assessed by immunoblotting. Results: A significantly decreased expression of miR-126 was found
in hypoxia-treated RF/6A cells in a time-dependent manner compared with normoxic condition.
The expression of miR-126 was also reduced in the retina tissue of streptozotocin-induced diabetic rats. The expression of VEGF and MMP-9 proteins was increased in hypoxia-induced RF/6A
cells. In the functional analysis, miR-126-mimic significantly reduced the percentage of RF/6A cells
in S phases compared with the negative control under hypoxic conditions. Furthermore, the VEGF
and MMP-9 protein levels were sharply decreased in hypoxia-induced RF/6A cells pretreated with
miR-126-mimics and increased in the cells pretreated with miR-126-inhibitors. Conclusions:
miR-126 is down-regulated under hypoxic condition both in vitro and in vivo and may halt the
hypoxia-induce neovascularization by suspending the cell cycle progression and inhibiting the
expression of VEGF and MMP-9.
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Introduction
Retinal neovascularization is one of the leading
causes of visual impairment in many diseases such as
proliferative diabetic retinopathy (PDR), central retinal vein occlusion (CRVO) and retinopathy of prematurity (ROP) [1]. Although laser photocoagulation
can serve as an efficient short-term therapy, the side
effects (e.g. loss of peripheral vision, reduction of
night vision) greatly limit its value and, more importantly, there is still a lack of methods for a final
cure.
As is well known, retinal tissue is the most met-

abolically active human tissue and highly sensitive to
hypoxia [2]. Hypoxia is an important pathophysiological signal and can cascade down in a series of angiogeneic processes in retinal neovascularization diseases. It has been reported that the most important
feature of endothelial cell hypoxia is its triggering of
angiogenesis, which involves basal membrane degradation, endothelial cell proliferation, migration, and
neovascularization [3]. Therefore, exploring the biological alterations of endothelial cells under a hypoxia
condition can be helpful to better understand the
http://www.medsci.org
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mechanism of retinal neovascularization diseases and
provide potential molecular therapies.
MicroRNAs (miRNAs) are a family of small
non-coding single-strand RNAs and act as gene regulators through translational repression or messenger
RNA (mRNA) degradation via binding to target sites
in the 3’-untranslated regions (UTR) of protein-coding
transcripts. They regulate a variety of biological processes including cell differentiation, proliferation,
apoptosis, metabolism and neoplastic transformation
[4]. So far, more than 1400 human miRNA sequences
(1424 miRbase 17.0) have been identified [5], and
miRNA functional characterization has become a
major interest in biology and medicine with implications for the detection and treatment of different pathologies.
In the vascular system, miRNAs are abundant
and play key roles in vascular development and vascular system diseases such as tumor angiogenesis and
ocular neovascularization [6, 7]. miR-126, the only
miRNA considered to be specially expressed in endothelial cells and hematopoietic progenitor cells, is
strongly associated with angiogenesis [8, 9]. It has
been found that deletion of miR-126 causes a loss of
vascular integrity and defects in endothelial progenitor cells-mediated functional vascular properties
[9-11]. In this study, we aim to evaluate the role of
miR-126 in hypoxia-induced angiogenesis and the
possible mechanisms.

Materials and Methods
Cell culture
Monkey chorioretinal vessel endothelial cells
(RF/6A) were obtained from Shanghai Institute of
Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). All cells were
grown in Eagle’s minimum essential medium
(EMEM) (Jinuo, Hangzhou, China), supplemented
with 10% fetal bovine serum (FBS) (Invitrogen-Gibco,
Carlsbad, CA). The cells were maintained at 37°C in a
humidified 5% CO2 atmosphere.

Cell culture under hypoxic conditions
RF/6A cells were placed in serum-free medium.
One milliliter of cells (1×105 cells/well) were plated
into one well of a six-well culture plate. Hypoxic cultures were transferred for various time periods (1%
O2, 5% CO2, 94% N2 labeled as hypoxia) in a hypoxic
incubator (BioSpherix, Redfield, NY). The cells were
harvested in hypoxic conditions to avoid reoxygenation artifacts. Parallel cultures were kept in normal
oxygen levels (labeled as normoxia).

Animals and treatment with streptozotocin
Male Wistar rats weighing 130 to 150 g were
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housed in suspended wire-bottom cages in a room
kept at 25 ± 2 °C with a 12 : 12 h light–dark cycle and
were provided with food and water. The animals
were randomly divided into two groups. For the induction of diabetes, streptozotocin (STZ) (Sigma
Chemical Co., St. Louis, MO) was dissolved in 0.01 M
citrate buffer, pH 4.5, and was injected within 5 min of
its preparation. The rats fasted overnight and then
were anesthetized with isoflurane and were injected
with STZ in the jugular vein at a dose of 45 mg/kg
bodyweight. The control rats were injected with the
citrate buffer. Blood glucose levels were measured at
24 h after the injection of STZ or citrate buffer. Only
animals with blood glucose values ≥400 mg/dl were
used. The STZ-injected and control rats were sacrificed by rapid cervical dislocation at the indicated
time points after treatment. The retinas were dissected
and used for the analysis of miRNA. The care and
treatment of the animals received prior institutional
approval from the Ethical Commission of Ethics in
Animal Research of School of Medicine at Zhejiang
University.

Immunohistochemistry
Retina was fixed in 10% phosphate buffer formalin and cut into thin sections (n = 7). Retinal slides
were stained using hemotoxylin and eosin (HE) stain
and observed under x 200 magnification.

Cell treatment with miRNA inhibitor or
mimics
RF/6A cells were treated with miR-126 mimic
(miR-126-mimic)
or
miR-126
inhibitor
(miR-126-inhibitor) (Invitrogen, CA, USA) using
Lipofectamine 2000 in OptiMEM I Reduced Serum
Medium (Invitrogen). Total RNA and cell lysate were
collected for the indicated assays. miRNA mimics
negative control (mimic-NC) and miRNA inhibitor
negative control (inhibitor-NC) (Invitrogen) were
severed as negative controls in the experiments respectively. RF/6A cells were pretreated with
miR-126-mimics, miR-126-inhibitors, or their negative
controls for 6 h of normoxia and then transferred to
hypoxia for indicated experiments.

RNA extraction, cloning of miRNAs and real-time quantitative polymerase chain reaction
(PCR)
Total RNA was extracted from cells or tissues
using Trizol (Invitrogen) according to the manufacturer’s
instructions.
Total
RNA
was
reverse-transcribed using Superscript III reverse transcriptase and oligo(dT) primer (Invitrogen). Real time
PCR was performed and analyzed in ABI PRISM 7500
Sequence Detection System (Applied Biosystem,
http://www.medsci.org
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Carlsbad, California, USA) with SYBR green ready
mix (Applied Biosystem) and SDS 2.1 software (Applied Biosystems). All reactions were measured in
triplicates in a final volume of 10 μL. Cycling conditions were chosen according to the manufacturer’s
protocols. For miRNA detection, the relative level of
miRNA was calculated against U6 RNA (internal
control) using the 2−ΔΔCt method.

Cell cycle analysis
Cells were reseeded into 6-well plates and supplemented with miR-126-mimic, miR-126-inhibitor or
their negative controls. Detached cells were collected
by centrifugation, resuspended in phosphate-buffered
saline (PBS) supplemented with DNA Prep LPR
(Coulter DNA-Prep reagents kit, Beckman Coulter,
USA), and incubated in the dark at room temperature
for 20 min. DNA was then stained, and RNA was
removed by mixing DNA Prep Stain in the dark at
room temperature for another 20 min. The stained
cells were then analyzed for DNA content by the BD
LSR II (BD Biosciences, USA).The proportion of cells
in the S, G1 and G2 phase of the cell cycle was calculated using ModFit LT software (Verity Software
House, USA).
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Results
Down-regulation of miR-126 in hypoxia-induced RF/6A cells
The RNA and protein expressions of HIF-1α increased in hypoxic-treated RF/6A cells compared
with cells under normoxia (Supplementary Material:
Figure S1). To explore the possibility that miR-126
may participate in hypoxia-induced angiogenesis, we
compared the expression of miR-126 between control
RF/6A cells and hypoxic-induced RF/6A cells using
real-time quantitative PCR. As shown in Figure 1,
miR-126 expression significantly decreased at 6 h and
24 h after hypoxia treatment in a time-dependent
manner compared with control. The expression of
miR-126 in RF/6A cells was diminished by > 100-fold
after 24 h of hypoxia treatment compared to the
normoxic control.

Immunoblotting
Cells were lysed in RIPA lysis buffer (50 mM
Tris–HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 1 mM PMSF). The
extracted proteins were separated by SDS-PAGE and
transferred to PVDF membranes. After being blocked
by TBS-T buffer containing 5% non-fat powder milk
for 2 h, the membranes were immunoblotted using
primary antibody against vascular endothelial growth
factor (VEGF) (1:1000, Santa Cruz, CA, USA), matrix
metalloproteinase-9 (MMP-9) (1:1000, Santa Cruz) and
hypoxia-inducible factor-1α (HIF-1α) (1:1000, Santa
Cruz) overnight. HRP-conjugated goat anti-rabbit or
anti-mouse IgG antibody was used as secondary antibody. β-actin (1:5000, Santa Cruz) was used as an
internal control. Immunoreactive bands on the blots
were visualized with enhanced chemiluminescence
reagent ECL kit (Biological Industries, Beit Haemek,
Israel).

Statistical analysis
All values in the present study were reported as
Mean ± SD from three independent experiments repeats. Two-sided student’s unpaired test was used for
statistical analyses. P values less than 0.05 were considered statistically significant. SPSS for Windows
version 11.3 (SPSS Inc, Chicago, Ill, United States) was
used for analysis.

Fig 1. Expression of miR-126 in vitro. One milliliter of cells (1×105
cells/well) were plated into one well of a six-well culture plate. Hypoxic
cultures were transferred for 6 h and 24 h in a hypoxic incubator (1% O2,
5% CO2, 94% N2 labeled hypoxia). Parallel cultures were kept in normal
oxygen levels. miR-126 expression significantly decreased at 6 h and 24 h
after hypoxia treatment in a time-dependent manner compared with
control. The expression of miR-126 in RF/6A cells was diminished by >
100-fold after 24 h of hypoxia treatment compared with normoxic control.
Data were presented as the mean ± SD of three independent experiments.
* P < 0.05.

Down-regulation of miR-126 in retina tissue of
streptozotocin-induced diabetic rats
We tested miR-126 expression in the retina tissue
of STZ-induced diabetic rats 3 month after the initial
establishment of the animal model. The photomicrographs (HE x 200) of diabetic rats depicted the blood
vessel of the retina (Figure 2). Non-diabetic animal
showed a normal vasculature, whereas significant
widening of vascular basement membrane was seen
in diabetic rats. The reduction of miR-126 levels by
2-fold was detected in the retina of diabetic rats (Figure 3). These data showed that miR-126 levels were
attenuated in hypoxic RF/6A cells and diabetic retina.
http://www.medsci.org
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Fig 2. Representative pictures from control and diabetic retina (HE x 200) (n = 7). For the induction of diabetes, the rats were injected with streptozotocin
(STZ). The control rats were injected with the citrate buffer. Only rats with blood glucose values ≥400 mg/dl were used as diabetic rats. A. Control retina.
B. Diabetic retina showed the widening of the vascular basement membrane. Non-diabetic rat showed a normal vasculature, whereas significant widening
of vascular basement membrane was seen in diabetic rat.

Increased VEGF and MMP-9 expression levels
in hypoxia-induced RF/6A cells
As VEGF has been suggested to be an important
target gene regulated by miR-126 [10], we examined
the protein expression of VEGF in control and hypoxia-induced RF/6A cells by immunoblotting. At 24
h after treatment, the hypoxic cells showed remarkably higher expression of VEGF than normoxic cells
(Figure 4). We also detected the protein expression of
MMP-9 in RF/6A cells after 24 h of hypoxia. As
shown in Figure 4, hypoxia led to a significant increase in the MMP-9 protein level.

Regulation of cell cycle by miR-126 in hypoxia-induced RF/6A cells
Fig 3. Expression of miR-126 in vivo. Total RNA was extracted from
diabetic or control retinas (n = 8). Real time PCR was performed and
analyzed for miR-126 expression. The reduction of miR-126 levels by
2-fold was detected in the retina of diabetic rats. miR-126 level was
attenuated in diabetic retina. Data were presented as the mean ± SD of
three independent experiments. * P < 0.05.

Fig 4. Expressions of VEGF and MMP-9 in control and hypoxia-induced
RF/6A cells. The RF/6A cells were kept in hypoxic incubator or normoxic
levels for 24 h. The protein expressions of VEGF and MMP-9 were analyzed by immunoblotting. The protein expression of VEGF and MMP-9 was
significantly higher in hypoxia-induced RF/6A cells than that in normoxia
after 24 h treatment. It was one representative blot of three independent
experiments.

To evaluate the functional role of miR-126 in
hypoxia-induced RF/6A cells, we transfected RF/6A
cells with miR-126-mimics, miR-126-inhibitors, or
their negative controls, and used flow cytometry to
examine the DNA profiles of asynchronous populations in hypoxia-treated cells. As shown in Figure 5,
24 h of hypoxia significantly reduced the percentage
of RF/6A cells in S phases in miR-126-mimic group
compared to the negative control group. Inhibition of
miR-126 slightly increased the percentage of RF/6A
cells in S phases, but it didn’t reach statistical significance. These data implied the negative role of miR-126
in S phase under hypoxic condition.

Changes in the VEGF and MMP-9 expression
levels in hypoxia-induced RF/6A cells pretreated with miR-126-mimics or
miR-126-inhibitors
We examined the effect of miR-126 on VEGF and
MMP-9 expression in hypoxia-induced RF/6A cells
pretreated with miR-126-mimics, miR-126-inhibitors,
or their negative controls by immunoblotting. Pretreatment with miR-126-mimics decreased VEGF and
MMP-9 expression, whereas pretreatment with
http://www.medsci.org
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miR-126-inhibitors increased VEGF and MMP-9 expression in hypoxia-induced RF/6A cells (Figure 6).
However, the miR-126-induced down-regulation on
VEGF and MMP-9 was very moderate, and the dif-
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ference was not significant under normoxic conditions
(Supplementary Material: Figure S2). These results
suggested that miR-126 may act as a negative regulator of VEGF and MMP-9 under hypoxia.

Fig 5. Over- and down-expression of miR-126 alters the proportion of cells in S phases under hypoxia. The RF/6A cells were treated with miR-126-mimics,
miR-126-inhibitors, or negative controls for 6 h and then kept in hypoxic incubator or normoxic levels for 24 h. The cells were stained and analyzed for cell
cycle. A. The representative FACS plots displayed differences in cell cycle phases of hypoxia-induced RF/6A cells pretreated with miR-126-mimics or
miR-126-inhibitors. B. Cell cycle analysis demonstrated that 24 h of hypoxia significantly reduced the percentage of cells in S phases in miR-126-mimic group
compared with negative control group. Data were presented as the mean ± SD of three independent experiments. * P < 0.05.

http://www.medsci.org
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Fig 6. Effect of miR-126 on the VEGF and MMP-9 expressions in hypoxia-induced RF/6A cells pretreated with miR-126-mimics or
miR-126-inhibitors. The RF/6A cells were treated with miR-126-mimics,
miR-126-inhibitors, or negative controls for 6 h and then kept in hypoxic
incubator levels for 24 h. The protein expressions of VEGF and MMP-9
were analyzed by immunoblotting. Pretreatment with miR-126-mimics
decreased VEGF and MMP-9 expression, whereas pretreatment with
miR-126-inhibitors increased VEGF and MMP-9 expression in hypoxia-induced RF/6A cells. It was one representative blot of three independent
experiments.

Discussion
Hypoxia-induced retinal neovascularization is a
key pathological alteration in diabetic retinopathy and
other serious retinal diseases [12]. Diabetes causes
hypoxia and ischemia of the retina and triggers a series of structural and functional alterations in the retinal endothelial cells. VEGF has been suggested as one
of the most potent angiogenic factors in retinal neovascularization [13, 14]. Others have shown that
VEGF is produced by several cell types within the eye;
sources could be retinal pigment endothelial cells,
glial cells, retinal capillary pericytes, endothelial cells,
Müller cells, and ganglion cells [15].
miR-126, an endothelial-specific miRNA, has
recently been discovered to play a major role in vascular development and angiogenesis [16, 17]. The effect of miR-126 in angiogenesis remains controversial.
Previous reports focused on the role of miR-126 in
normal ECs [9, 16, 18]. Deletion of miR-126 causes loss
of vascular integrity and produces defects in endothelial cell proliferation, migration, and angiogenesis
[9]. However, recent investigations have revealed the
beneficial effect of miR-126 in cases of pathological
vascularization [19]. miR-126 was found as a tumor
suppressor gene in lung cancer cells with an inhibitory effect on VEGF expression by targeting a binding
site in its mRNA 3’UTR [10]. It has been recently
demonstrated that miR-126 was down-regulated in
the blood of patients with coronary artery disease [20]
and also in endothelial progenitor cells from diabetic
patients [11]. The deregulation of miR-126 impaired
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endothelial progenitor cell-mediated functions [11]. In
this study, RF/6A cells cultured under hypoxic conditions had decreased miR-126 levels compared to
cells maintained under normoxic conditions. The decreased
miR-126
expression
was
hypoxic
time-dependent. Moreover, reduced miR-126 expression was also detected in diabetic retina. These data
are consistent with those reported by Zampetaki et al.,
who reported decreased plasma miR-126 expression
in patients with type 2 diabetes mellitus [21].
In the functional analysis, we demonstrated that
up-regulated miR-126 expression inhibited the percentage of RF/6A cells in S phase and caused the arrest of the cell cycle, which indicates an angiogenesis
suppressor role for miR-126 under hypoxia conditions. However, miR-126 inhibitors did not cause significant changes in the cell cycle. One possible explanation might be that miR-126 inhibitors do not have as
potent of an effect as miR-126 mimics because of the
extremely low expression of miR-126 under hypoxic
condition.
MMPs are regarded as the main critical proteins
that assist in the migration of endothelial cells during
angiogenesis. The initial steps contributing to degradation of the extracellular matrix surrounding the
endothelial cells is induced by MMPs [3, 22]. MMP-9,
a member of the MMP family, also known as gelatinases, can degrade important substrates such as collagen IV, laminin and fibronectin, which are major
components of vascular lamina [23]. In this study,
hypoxia induced a significant, sustained increase in
the protein levels of VEGF and MMP-9, which are
closely associated with neovascularization. To further
gauge the regulative effect of miR-126, we detected
the protein expression of VEGF and MMP-9 after incubation with miR-126 mimics or inhibitors in RF/6A
cells under hypoxic conditions. miR-126 mimics significantly inhibited the expression of VEGF and
MMP-9 in hypoxic RF/6A cells while miR-126 inhibition slightly increased their expression. The
miR-126-induced down-regulation on VEGF and
MMP-9 was very moderate, and the difference was
not significant under normoxic conditions. Taken together, miR-126 may be considered as a potential
therapeutic target for hypoxic neovascularization.
In conclusion, the present study showed a reduction of miR-126 expression under hypoxic conditions such as one would find in diabetic retinas.
Moreover, we found that miR-126 may halt the processes of angiogenesis via arrest of the cell cycle and
inhibition of VEGF and MMP-9 expression. The findings of this study highlight an important clinical implication of miR-126 in hypoxia-associated retinal
neovascularization.
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