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SUMMARY

Aims: Angiogenesis is a harmonized target for poststroke recovery. Therefore, exploring

the mechanisms involved in angiogenesis after stroke is vitally significant. In this study, we

are reporting a miR-150-based mechanism underlying cerebral poststroke angiogenesis.

Methods: Rat models of middle cerebral artery occlusion (MCAO) and cell models of oxy-

gen–glucose deprivation were conducted. Capillary density, tube formation, cell prolifera-

tion, and cell migration were measured by FITC-dextran assay, matrigel assay, Ki-67

staining, and wound healing assay, respectively. The expression of miR-150 and vascular

endothelial growth factor (VEGF) was, respectively, measured by RT-PCR and Western

blotting. Dual-luciferase assay was conducted to confirm the binding sites between miR-150

and VEGF. Results: We found that miR-150 expression in the brain and serum of rats sub-

jected to cerebral ischemia, and in oxygen–glucose-deprived brain microvascular endothe-

lial cells (BMVECs) and astrocytes. Upregulation of miR-150 expression could decrease

vascular density of infarct border zone in rat after MCAO and decrease tube formation, pro-

liferation, and migration of BMVECs. We also found that miR-150 could negatively regulate

the expression of VEGF, and VEGF was confirmed to be a direct target of miR-150. More-

over, VEGF mediated the function of miR-150 on tube formation, proliferation, and migra-

tion of BMVECs. Conclusions: Our data suggested that miR-150 could regulate cerebral

poststroke angiogenesis in rats through VEGF.

Introduction

Induction of angiogenesis is one of the most promising thera-

peutic strategies for stroke and it helps to restore blood supply

after the attack, thereby promoting recovery of brain function

[1, 2]. Following stroke, angiogenic factors of various sorts may

be activated to overcome hypoxia to restore oxygen and nutri-

ent homeostasis. Among these angiogenic growth factors, vas-

cular endothelial growth factor (VEGF) has been demonstrated

to be one of the major contributors to poststroke neovascular-

ization [3]. But the effect of post-transcriptional regulation of

VEGF in brain microvascular endothelial cells (BMVECs) on

angiogenesis has remained largely unexplored, thus requiring

much more effort to understand the molecular mechanism that

regulates angiogenesis.

Over the past years, our research effort has been directed at

poststroke angiogenesis and we found that sonic hedgehog (SHH)

could promote angiogenesis via VEGF after oxygen–glucose depri-

vation or stroke [4–6]. However, SHH, as an angiogenic factor,

does not work directly on VEGF, a key angiogenic regulator [7],

and the regulation of poststroke VEGF expression remains further

research. Ghorpade et al. [8] reported that SHH can induce miR-

31 and miR-150 after mycobacterium bovis infection. Thus, we

noticed miRNAs and speculated that miR-150 might be a pivotal

epigenetic regulator of VEGF.

miR-150 is a relatively evolutionarily conserved microRNA in

mammals and was found that played an important role in the

hematopoiesis [9] and tumorigenesis [10–12] in previous studies.

However, it was also reported recently that miR-150 might be an

important microRNA regulating angiogenesis. MiR-150 was impli-

cated in the differentiation of human endothelial lineage and vas-

culogenesis of chick embryos [13]. MiR-150 was also crucial for

retinal angiogenesis [14], and macrophage-derived microvesicles

induced angiogenesis and tumorigenesis [15]. Moreover, miR-150

can suppress pathologic ocular neovascularization [16]. All these

studies suggested that miR-150 might regulate neovascularization

via various targets under different pathophysiological conditions.

Nonetheless, the role of miR-150 in angiogenesis after stroke has

been poorly studied.

In this study, we found that miR-150, responsive to oxygen–

glucose deprivation (OGD)/stroke, could mediate poststroke

angiogenesis via VEGF.
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Materials and Methods

The Animal Care and Use Committee (ACUC) of Huazhong

University of Science and Technology (HUST) approves all the

animal protocols and procedures.

MCAO Model Establishment

This mode was prepared according to our previous report [17].

Sprague Dawley rats, male, weighing 280–320 g, 8–9 weeks old,

were used, which were obtained from and maintained in the

ACUC of HUST. Briefly, rats were divided into different groups

randomly and then anesthetized intraperitoneally with 40 mg/kg

pentobarbital. After a midline incision, right common carotid

artery (CCA), internal carotid artery (ICA), and external carotid

artery (ECA) were isolated, and then, the right ECA was ligated.

Then, a 4-0 poly-L-lysine-coated nylon suture (Sunbio Biotech Co

Ltd, Beijing, China) was inserted from right ECA into the right

ICA and then forwarded for 18 mm to the origin of middle cere-

bral artery (MCA). Rectal temperature was maintained at

37.3 � 0.5°C during the procedures. Neurobehavioral functions

test and brain perfusion by laser-Doppler flowmetry were used to

confirm the success of surgery. Sham-operated group without the

filament insertion were carried out with identical procedures.

Serum and Brain Sampling

Rats were anesthetized and sacrificed, and the blood and brain

samples were obtained immediately after 1, 3, and 7 days of

MCAO. Two-microliters of blood was obtained immediately at

each time point, coagulated for 30 min, and then isolated the

serum. The brain samples were obtained from the IBZ and divided

equally immediately. The serum and brain samples were frozen at

�20 °C as soon as possible, and for longtime storage were lastly

transferred to �80°C.

Primary Culture of Rat Brain Microvascular
Endothelial Cells

According to our published protocols [4], Sprague Dawley rats

(n = 4, 40 g, 4 weeks of age) were used to isolate rat BMVECs.

Briefly, rats were sterilized and sacrificed to collect the brains tis-

sues, then leptomeninges, surface vessels, brain stem, and white

matter were removed carefully, and so the cerebral cortices were

isolated. After that, the cortices were put into preparatory ice-cold

phosphate-buffered saline (PBS), cut into pieces immediately

(about 1 mm3), and then gently homogenized. The homogenized

samples were then immediately centrifuged at 4°C (500 g 9

10 min). Then, pellets were obtained and resuspended into 20%

bovine serum albumin (BSA) and then centrifuged again at 4°C

(1000 g 9 20 min), and then, microvessels were found in the

lower layer. Microvessels then were transferred into a new tube

and washed with PBS. With 0.1% collagenase II/dispase plus

DNase I (1000 IU/mL), the microvessels were digested at 37°C for

45 min. After that, the digested microvessels were centrifugation at

4°C (500 g 9 10 min), the pellets were resuspended with 10 mL

M131 medium (Invitrogen, Carlsbad, CA, USA) premixed with the

microvascular growth supplement (Invitrogen) according to the

commercial manual. Cell suspension was then seeded onto 6-cell

plates, incubated in humidified air (5% CO2, 95% O2) at 37°C, and

the 4th – 6th passages of purity exceeding 95% were used.

Primary Culture of Rat Astrocytes

To harvest rat astrocytes, newborn Sprague Dawley rats (n = 4)

were used according to our published protocols [4]. Briefly, cere-

bral cortices were isolated, minced, and digested by 0.25 mg/mL

trypsin and 0.1 mg/mL DNase at 37°C for 20 min. After centrifu-

gation, the cells pellets were resuspended to high glucose Dul-

becco’s modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum (FBS), and then cells were seeded onto 6-

cell plates, incubated, and maintained in humidified air (5% CO2,

95% O2) at 37°C. Fourteen days later, the plates were gently sha-

ken (250 rpm 9 18 h) to remove microglial cells and oligodendro-

cytes. The 4th – 6th passages of purity exceeding 95%were used.

micrON� miRNA Agomir Intracerebroventricular
Injection

MicrON� miRNA agomir (RIBOBIO, Guangzhou, China), a specif-

ically chemical modified microRNA agonist, has stable and long-

lasting (up to 6 weeks) miRNA promotion effect. 5 lL of miR-150

agomir (1 nmol/L) or agomir control (1 nmol/L) was injected into

right cerebral ventricle of rats (2.5 mm lateral from midline,

1.0 mm behind the bregma, and 3.0 mm deep from the skull sur-

face). Agents were gently and slowly injected (1 lL/min), and to

minimize back-flow, the micro-injector was maintained for 2 min

before withdraw. The agents were administered 30 min before

focal cerebral ischemia.

Oxygen–Glucose Deprivation

In accordance with a previous report with some modifications [4],

in brief, cells were exposed to OGD for 2, 4 h, and then resumed

with the oxygen and glucose supply for 24 h. To obtain OGD con-

dition, the medium with no glucose (116 mM NaCl, 1.8 mM CaCl2,

5.4 mM KCl, 0.8 mM MgSO4, 1 mM NaH2PO4, 26.2 mM NaHCO3,

and 0.01 mM glycine) were pretreated with 95% N2 and 5% CO2

for 20 min, and cells were culture into the anaerobic incubator

(95% N2, 5% CO2) at 37°C.

Down-modulation and Over-expression of miRNA

Brain microvascular endothelial cells were seeded onto 24-well

plates for 24 h, and then, miR-150 inhibitor or miR-150 mimic

was transfected into BMVECs by lipofectamine 2000 (RIBOBIO,

Guangzhou, China) on the following day according to the

commercial manual. Two solutions were prepared as follows: a

mixture of 1 lL Lipofectamine2000 transfection agent in 50 lL

Opti-MEM medium and a mixture of 2.5 lL miR-150 inhibitor or

mimic or the corresponding negative control in 50 lL Opti-MEM

medium per well. The two solutions were mixed for 30 min at

37°C, and miRNA reached a concentration of 100 nM. 100 lL

combined mixture was added into each well with 400 lL culture

medium. Cells were prepared for follow-up tests 24 h after trans-

fection.
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VEGF Neutralizing

To confirm the function of endogenous VEGF in miR-150-

mediated angiogenesis in vitro, tube formation assay, proliferation

assay, and wound healing assay in BMVECs were repeated with

0.5 lg/mL VEGF-neutralizing antibody (Abcam, Cambridge, MA,

USA) pretreatment for 24 h according to manufacturer’s instruc-

tions.

Observation of Tube Formation

Matrigel (BD Biosciences, San Jose, CA, USA) was thawed at 4°C,

and 150 lL was used to coat each well of a 48-well plate. The plate

was incubated at 37°C for 30 min to polymerize the Matrigel.

BMVECs (5 9 104 cells/100 lL) were suspended in M131 con-

taining microvascular growth supplement, plated into a Matrigel-

coated well, and incubated at 37°C for 24 h. Tube length was

quantitatively determined by ImageJ software package at 940

magnifications from pictures captured. Each sample was exam-

ined in three randomly selected fields, and the examination was

repeated three times.

Proliferation Assay

Cell proliferation was observed by immunofluorescent with a pro-

liferation marker Ki-67 (rabbit anti-Ki-67; 1:100; Abcam) as men-

tioned previously [4]. Cells of Ki-67-positive staining were

counted at 9200 magnifications from the pictures captured. Each

sample was observed in three randomly chosen fields, and the

observation was repeated three times.

Wound Healing Assay

As mentioned previously [4], 5 9 105 per well BMVECs were

incubated for 24 h on 24-well plates for forming confluent mono-

layer, then, BMVECs were scratched with a 200-lL pipette tip,

and then, suspension cells and the cell debris were cleared by

three times wash with PBS. After cultured with fresh serum-free

cell medium, BMVECs monolayer was allowed to heal for 24 h.

Pictures were taken at the same place at 0 h and 24 h after injury.

The healing of wounds was assessed with ImageJ software pack-

age by measuring the wound gap. The assay was repeated three

times.

miRNA Real-time Quantitative PCR

Real-time fluorescence quantitative reverse-transcription PCR

was used to evaluate miR-150 expression in BMVECs, astrocytes,

rat brain, and blood samples. With Trizol Reagent (Invitrogen),

total RNA was extracted from the samples, reversely transcribed

with a miRNA cDNA Synthesis Kit (Takara Bio Inc, Shiga, Japan),

and then amplified with a SYBR� Premix Ex TaqTM Kit (Takara

Bio Inc). Primer sequences are forward 50-TCTCCCAACCCTTGT

ACCAGTG-30 for miR-150, 50-CTCGCTTCGGCAGCACA-30 for U6,

50-TAGCAGCACGTAAATATTGGCG-30 for miR-16, while the

common reverse primer sequence which provided by SYBR�

Premix Ex TaqTM Kit was used for miR-150, U6, and miR-16

according to manufacturers’ manual. Data were analyzed by the

comparative CT method (2-DDCT) and normalized to U6 for

BMVECs and rat brain samples, and miR-16 for serum, miR-150

expression of brain samples, and serum in the IBZ were then nor-

malized to the contralateral side. All the data of miRNA expression

were showed as fold changes relative to the control group. All

reactions were performed in triplicate.

Dual-luciferase Reporter Assay

To explore whether VEGF is the direct target of miR-150, dual-

luciferase reporter assay were adopted. The 30-untranscribed

region (UTR) of rat VEGF mRNA containing the putative bind-

ing sites of miR-150 was generated and cloned into the pmiR-

RB-REPORT TM luciferase reporter plasmid (Genechem,

Shanghai, China). The dual-luciferase reporter plasmids, pmiR-

VEGF-wt (containing the wild-type VEGF putative 30-UTR

binding site) and pmiR-VEGF-mut (containing the mutant

VEGF 30-UTR), were constructed. Rat BMVECs were seeded

onto 24-well plates and cotransfected with 500 ng of pmiR-

VEGF-wt or pmiR-VEGF-mut plasmids and 100 nM mimic neg-

ative control or miR-150 mimic by Lipofectamine 2000 for

48 h, cells were harvested, and then, the luciferase activity

levels were quantified by a dual-luciferase reporter assay sys-

tem (Promega, Beijing, China) according to manufacturer

instructions. This assay was repeated six times.

Identification of Target mRNAs of miR-150

To determine the gene targets of miR-150, four leading miRNA

target prediction algorithms (TargetScan 4.1, miRanda, miRbase,

RNAhybrid) were used.

Western Blotting

According to our previously published protocols [4], Cells were

harvested and lysed immediately. Total protein concentrations of

samples were determined by protein assay kit (Bio-Rad, Hercules,

CA, USA). Samples (30 lg/lane) were put into the lane of 10%

SDS–polyacrylamide gels to electrophoresis and the proteins were

separated and then transferred to polyvinylidene difluoride mem-

branes. Membranes were cut into sections, and sections contained

target proteins were immersed in skimmed milk (5%) for 1 h to

block nonspecific binding sites and then incubated with the

polyclonal rabbit anti-VEGF antibody (Abcam, 1:2000) or rabbit

anti-b-actin antibody (Abcam, Cambridge, MA, USA, 1:2,000)

overnight at 4°C, and then incubated 1 h with corresponding

horseradish peroxidase conjugated secondary antibody (Sigma-

Aldrich, St. Louis, MO, USA, 1:10,000). Immunoblots were visual-

ized by a chemiluminescence kit (Thermo Scientific, Rockford, IL,

USA), and repeated three times.

Capillary Density Measurement

According our previously published protocols [17], capillaries

were identified by FITC-dextran (about 70,000 molecular weight,

0.2 mL/rat, Sigma-Aldrich, USA). Briefly, rats (n = 9–11/group)

were intravenous injected FITC-dextran 10 min before sacrificed

on the 7th day after MCAO. Three coronal cryosections of 20 lm
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thick per rat at the same position (0.2, 0.8, and 2.8 mm posterior

to bregma) were analyzed by a multiphoton scanning microscope

(TCS SP5, Nikon, Japan). Ten visual fields of each section were

taken in the infarct border zone (IBZ). All the digitized images

were set the same threshold to ensure that FITC-dextran-perfused

patterns were reflected by FITC pixels. Results were presented as

fold changes of number of FITC pixels, and the control group was

set to 1.

Statistical Analysis

Data were showed as mean � standard deviation (SD). Statistical

Package for the Social Sciences (SPSS 14.0, IBM, Armonk, NY,

USA) software was used for statistical analysis. The one-way anal-

ysis of variance (ANOVA) of Fisher’s least significant difference

(LSD) test or two-tailed Student’s t-test was used. P < 0.05 was

considered significant.

Results

MiR-150 is Downregulated after Ischemia

To assess the expression of miR-150 after ischemia, rats were sub-

jected to MCAO and miR-150 in the brain and blood was detected

by RT-PCR. MiR-150 expression was found to decrease signifi-

cantly in different experimental time following ischemia.

MiR-150 expression in the brain was decreased to 20.7% � 3.1%

compared with the sham group on the 1st day after ischemia

(P < 0.05), and further decreased to 10.6% � 3.6% after 3rd day

(P < 0.05), which was the lowest time point, and decreased to

33.4% � 6.2% yet after the 7th day (P < 0.05) (Figure 1A). Data

of miR-150 expression in the brain were normalized by those of

the contralateral side, and miR-150 expression in the contralateral

side of different groups had no statistical significant. MiR-150

expression in the blood also exhibited similar change after ische-

mia (Figure 1B). The miR-150 expression was decreased obvi-

ously after ischemia and downregulated mostly on the 3rd day

after stroke (sham: 100% � 21.3%, 1st day: 29.1% � 2.8%, 3rd

day: 10.6% � 3.6%, 7th day: 23.4% � 6.4%, P < 0.05), while

the expression of VEGF protein in the IBZ was negatively related

to the expression of miR-150 (Figure 1C–E). VEGF protein expres-

sion increased from the 1st day to the 7th day after ischemia

(sham: 1 � 0.06, 1st day: 1.52 � 0.06, 3rd day: 1.99 � 0.14, 7th

day: 1.17 � 0.05, P < 0.05). To assess expression changes of miR-

150 after ischemia in cells of blood–brain barrier, BMVECs and

astrocytes, the main component cells, were exposed to OGD for

different time periods. Results showed that OGD significantly

decreased the expression of miR-150 in BMVECs and astrocytes.

Expression of miR-150 in BMVECs (control: 100% � 5.0%, 2 h

OGD: 46.4% � 4.1%, 4 h OGD: 27.7% � 2.9%, P < 0.05) and

astrocytes (control: 100% � 5.4%, 2 h OGD: 20.4% � 4.1%, 4 h

OGD: 27.1% � 3.1%, P < 0.05) was decreased and was further

decreased after 4 h OGD (Figure 1F–G), and miR-150 expression

in BMVECs is much higher than in astrocytes (23.2 � 2.1

vs.1.0 � 0.06, P < 0.05) (Figure 1H), while expression of VEGF

proteins in BMVECs after 2 or 4 h OGD was increased (control:

1.0 � 0.06, 2 h OGD: 1.49 � 0.09, 4 h OGD: 2.35 � 0.14,

P < 0.05) (Figure 1I–J).

MiR-150 Controls Cerebral Angiogenesis after
MCAO in Rats

We have found that the expression of miR-150 was decreased and

was negatively related to VEGF expression after stroke, and thus,

we speculate that the downregulation of miR-150 might promote

angiogenesis after stroke. To confirm this hypothesis, we upregu-

lated the miR-150 expression by miR-150 agomir and tested the

function of miR-150 on angiogenesis in vivo according to pub-

lished protocols [18]. Intracerebroventricular miR-150 agomir

injected rats exhibited a significantly increased miR-150 expres-

sion in IBZ in comparison with the control groups measured by

RT-PCR after 7 days MCAO (sham: 1.0 � 0.13, MCAO:

0.33 � 0.06, agomir control: 0.37 � 0.05, agomir: 34.42 � 5.47,

P < 0.05) (Figure 2D). Vascular density of IBZ (sham: 1.0 � 0.05,

MCAO: 2.12 � 0.18, agomir control: 1.85 � 0.13 agomir:

0.46 � 0.05, P < 0.05) (Figure 2E–F) and the expression of VEGF

protein (sham: 1.0 � 0.06, MCAO: 1.70 � 0.13, agomir control:

1.72 � 0.16 agomir: 0.57 � 0.06, P < 0.05) (Figure 2B–C) were

significantly reversed by miR-150 agomir treatment on the 7th

day after MCAO.

MiR-150 Regulates BMVECs Capillary-like Tube
Formation

To further confirm the function of miR-150 on angiogenesis, the

capability of BMVECs in capillary-like tube formation was tested as

previously reported [19]. Results showed that miR-150 mimic

decreased the length of capillary-like structures significantly in nor-

mal condition (5.41 � 0.27 vs. 2.98 � 0.15 mm/mm2, P < 0.05)

and in OGD condition (6.56 � 0.34 vs. 4.32 � 0.23 mm/mm2,

P < 0.05) (Figure 3A–B), while miR-150 inhibitor increased the

length of capillary-like structures significantly in normal condition

(5.02 � 0.25 vs. 7.28 � 0.36 mm/mm2, P < 0.05) and in OGD

condition (6.38 � 0.48 vs. 9.74 � 0.59 mm/mm2, P < 0.05)

(Figure 3C–D).

MiR-150 Regulates BMVECs Proliferation and
Migration

As the proliferation and migration of BMVECs are the key pro-

cesses involved in cerebral angiogenesis, we also assessed

whether miR-150 mediated proliferation and migration by

immunofluorescence and scratch test, respectively. Results

showed that miR-150 inhibited the proliferation of BMVECs.

MiR-150 over-expression decreased the number of Ki-67-positive

staining BMVECs significantly in normal condition (32.4% �

4.5% vs. 4.9% � 0.7%, P < 0.05) and in OGD condition

(43.2% � 5.1% vs. 11.5% � 2.4%, P < 0.05) (Figure 4A–B),

while miR-150 downregulation increased the number of Ki-67-

positive staining BMVECs in normal condition (31.5% � 4.7%

vs. 56.5% � 8.5%, P < 0.05) and in OGD condition (40.9% �

5.4% vs. 74.5% � 5.6%, P < 0.05) (Figure 4C–D).

MiR-150 also inhibited BMVECs migration, we found that miR-

150 over-expression significantly decreased the migration distance

of BMVECs in normal condition (100% � 16.1% vs. 70.6% �

5.5%, P < 0.05) and in OGD condition (121.5% � 12.9% vs.

85.1% � 10.2%, P < 0.05) (Figure 3E–F), while miR-150
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Figure 1 MiR-150 is Downregulated after Ischemia. (A–B) MiR-150 expression decreased significantly following ischemia in brain and blood. Sprague

Dawley rats were randomly assigned to four groups (sham, 1, 3, 7 days after MCAO), n = 5. U6 and miR-16 were used as the internal control, respectively,

and data of miR-150 expression in the brain were normalized by those of the contralateral side. Data were related to the sham group and showed as

mean � standard deviation (SD). *P < 0.05 vs. the sham control, #P < 0.05 vs. 1 day, &P < 0.05 vs. 3 day. (C–E) The expression of VEGF protein in the

ischemic border zone (IBZ) was increased following ischemia and negatively related to miR-150. b-Actin was used as the internal control. Data were

related to the sham group and showed as mean � standard deviation (SD). *P < 0.05 vs. the sham control, #P < 0.05 vs. 1 day, &P < 0.05 vs. 3 day. (F–

G) The expression of miR-150 in BMVECs and astrocytes decreased significantly. Brain microvascular endothelial cells (BMVECs) and astrocytes were

treated with oxygen–glucose deprivation (OGD) for 2, 4 h. U6 was used as the internal control. *P < 0.05 vs. the control, #P < 0.05 vs.2 h. (H) MiR-150

expression in BMVECs was much higher than in astrocytes. U6 was used as the internal control. *P < 0.05. (I–J) The expression of VEGF protein in

BMVECs was increased significantly after OGD. b-Actin was used as the internal control. *P < 0.05 vs. the control, #P < 0.05 vs. 2 h.
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downregulation significantly increased the migration distance of

BMVECs normal condition (100% � 16.3% vs. 135.5% � 10.3%,

P < 0.05) and in OGD condition (128.6% � 17.2% vs.

165.3% � 11.7%, P < 0.05) (Figure 4G–H).

MiR-150 Directly Regulates the Expression of
VEGF

We analyzed putative miR-150 targets predicted by defined crite-

ria using four target prediction software programs (TargetScan

4.1, miRanda, miRbase, and RNAhybrid). The predicted targets

VEGF, which can regulate endothelial cell functions and vessel

growth, were picked out (Figure 5C) and confirmed by Western

blot. The results showed that miR-150 over-expression

significantly decreased the expression of VEGF protein

(1.0 � 0.06 vs. 0.38 � 0.06, P < 0.05), while miR-150 downregu-

lation significantly increased the expression of VEGF protein

(1.0 � 0.07 vs. 1.52 � 0.13, P < 0.05) (Figure 5A–B). Further-

more, with dual-luciferase assay, VEGF was recognized as the

direct target of miR-150 (Figure 5D).

VEGF Mediated the Increase of BMVECs
Capillary-like Tube Formation, Proliferation, and
Migration by MiR-150 Inhibitor

To confirm the function of VEGF in miR-150-mediated cerebral

angiogenesis, we used VEGF-neutralizing antibody to inhibit its

function. Results showed that VEGF-neutralizing antibody signifi-

cantly reversed miR-150 downregulation induced increase of

capillary-like tube formation (7.19 � 0.74 vs. 4.03 � 0.46 mm/

Figure 2 MiR-150 Controls Cerebral

Angiogenesis after MCAO in Rats. Rats were

randomly assigned to 4 groups: sham, n = 8,

MCAO, n = 6, agomir control (agomir-C),

n = 7, and miR-150 agomir, n = 5. (A)

Representative IBZ was showed, where the

brain sample was obtained on the 7th

following MCAO. (B-C) MiR-150 agomir

reversed the increase of VEGF protein

expression in the IBZ following MCAO. b-Actin

was used as the internal control.*P < 0.05, vs.

sham group, # P < 0.05 vs. agomir control

group. (D) MiR-150 agomir increased the

expression of miR-150 in IBZ after MCAO. MiR-

150 was detected by RT-PCR, and U6 was used

as the internal control. (E–F) MiR-150 agomir

reversed the increase of capillary density in IBZ

following MCAO. (E) The representative

pictures of immunofluorescence staining of

frozen sections taken from the IBZ were shown

(blue for DAPI, pink for Ki-67, and green for

FITC-dextran, FITC). Bar = 20 lm. 2F the

results showed that capillary density in IBZ was

significantly increased after MCAO, while miR-

150 agomir reversed this change after MCAO.

*P < 0.05 vs. sham groups, # P < 0.05 vs.

agomir control group.
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mm2, P < 0.05), cell proliferation (73.2% � 9.1% vs.

55.0% � 6.7%, P < 0.05), and cell migration (136.7% � 14.3%

vs. 63.7% � 5.4%, P < 0.05) (Figure 6A–F).

Discussion and Conclusion

This study showed that 1. the expression of miR-150 decreased

significantly in brain and serum of rats subjected to cerebral ische-

mia, and in oxygen–glucose-deprived BMVECs and astrocytes,

which is negatively related to the expression of VEGF protein in

BMVECs. 2. miR-150 upregulation suppressed proliferation,

migration, tube formation in BMVECs and decreased the vas-

cular density of IBZ, while miR-150 downregulation promoted

proliferation, migration, tube formation in BMVECs. 3. miR-

150 regulates VEGF expression and VEGF is the direct target of

miR-150 confirmed by dual-luciferase assay. 4. miR-150 regu-

lates BMVECs proliferation, migration, tube formation via

VEGF.

According to the previous studies, ischemia or OGD could result

in changes in miRNA expression [20–24]. Increasing evidences

show that hypoxia regulates the expression of miRNAs by hypox-

ia-inducible factor-dependent (HIF) mechanisms [25]. However,

it is noteworthy that stroke is an involved pathological process

and it is difficult to attribute any change of miRNAs to a single

Figure 3 MiR-150 Regulates BMVECs Capillary-like Tube Formation. (A–B) miR-150 mimic inhibited the capillary-like tube formation in brain microvascular

endothelial cells (BMVECs) in normal condition and oxygen–glucose deprivation (OGD) condition. BMVECs were transfected by miR-150 mimic or mimic

control, and the length of capillary-like tube structure was measured. Bar = 100 lm. *P < 0.05 vs. the control group, #
P < 0.05 vs. the normal group.

(C–D) MiR-150 inhibitor promoted the capillary-like tube formation in BMVECs in normal condition and OGD condition. BMVECs were transfected by

miR-150 mimic or mimic control, and the length of capillary-like tube structure was measured. Bar = 100 lm. *P < 0.05 vs. the control group, #P < 0.05

vs. the normal group.
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pathogenic factor. Thus, more research is needed to explore the

factors that regulate the change of miR-150 expression after

stroke. Moreover, miR-150 was found to be expressed in some

other cells, such as monocytes [26], platelets [27, 28], tumor cells

[29, 30], but we mainly detected the miR-150 changes in BMVECs

and astrocytes, which constitutes the first-line interface with

blood to detect changes in oxygen level after stroke [31]. We

found miR-150 expression in both cells was decreased signifi-

cantly after OGD. Of note, a bit increase of miR-150 expression in

astrocytes after 4 h OGD than after 2 h OGD might due to the

ischemic tolerance of astrocytes, but more research is needed to

verify it. Furthermore, changes in the circulating level of miR-150

indicate that miR-150 might serve as a potential novel biomarker

of ischemic stroke.

The discovery of miRNAs can silence target genes post-tran-

scriptionally shed light on exploring the function of noncoding

RNAs in angiogenesis. The initial evidences have shown the

importance of miRNAs in the regulation of angiogenesis arose

from several experiments about Dicer, the key RNAse of the miR-

NAs synthesis, with a genetic manipulation [32, 33]. Now a num-

ber of studies have demonstrated that miRNAs could regulate

angiogenesis and even the term “angiomiR” has been coined to

emphasize the function [34].

Although miR-150 is believed to be involved in angiogenesis,

its role in the regulation of angiogenesis remains controversial.

There were a series of studies that alluded miR-150 as a cancer

suppressor which inhibited cancer metastasis and angiogenesis

by targeting c-Myb [35, 36]. Moreover, Shen et al. [14] reported

that miR-150, as an anti-angiomiR, inhibits retinal angiogenesis

by targeting PDGF and Notch4 in a model of oxygen-induced

ischemic retinopathy in mouse. Furthermore, miR-150 could

inhibit the migration of human bone marrow-derived mononu-

clear cells and endothelial progenitor cells (EPCs) by targeting

CXCR4 [37, 38]. Our study was in accord with the former

researches and found that miR-150 suppressed BMVECs angio-

genesis in normal condition in vitro and over-expression of miR-

150 could deteriorate cerebral angiogenesis in a rat MCAO

model. However, this view recently is challenged by Zhang and

his colleagues (2013), showing that microvesicles shed from the

monocytic cell line THP-1 were enriched with miR-150 which

could promote angiogenesis by suppressing the migration by

targeting c-Myb [26] and miR-150 from tumor-associated

Figure 5 MiR-150 Directly Regulates the

Expression of VEGF. (A–B) MiR-150 mimic

decreased VEGF protein expression in

BMVECs, while miR-150 inhibitor increased

VEGF protein expression. The protein

expression of VEGF after 24-h transfection was

detected by Western blot. *P < 0.05 vs. mimic

control group, #P < 0.05 vs. inhibitor control

group. (C) Bioinformatic analysis showed that

complementary regions were identified in the

30-UTR of VEGF. (D) By dual-luciferase assay,

VEGF was recognized as the direct target of

miR-150. The ratio of luciferase activity of each

type was calculated either in the presence or

absence of exogenous miR-150. *P < 0.05 vs.

control group in cotransfected with pmiR-

VEGF-wt, while no significant difference (NS) in

cotransfected with pmiR-VEGF-mut.

Figure 4 MiR-150 Regulates BMVECs Proliferation and Migration. (A–D) MiR-150 mimic decreased the proportion of Ki-67-positive staining BMVECs in

normal condition and oxygen–glucose deprivation (OGD) condition (A–B), while miR-150 inhibitor increased the proportion of Ki-67-positive staining

BMVECs in normal condition and OGD condition (4C–D). *P < 0.05 vs. the control group, #
P < 0.05 vs. the normal group. The representative pictures

of immunofluorescence (pink for Ki-67, blue for DAPI) were shown. Bar = 20 lm. *P < 0.05 vs. the control group. (E–H) MiR-150 mimic decreased the

distance of BMVECs migration in normal condition and OGD condition (4E-F), while miR-150 inhibitor increased it. (G–H) The representative pictures of

the scratch tests were captured and the distance of migration was quantified. Bar = 25 lm. *P < 0.05 vs. the control group, #
P < 0.05 vs. the normal

group.
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macrophages derived microvesicles could upregulation VEGF to

attenuate tumor development [15]. This discrepancy may result

from different pathological conditions and the different miR-150

sources, the microvesicles. Of note, the microvesicle-delivery

miR-150 may upregulate VEGF with an indirect manner,

because miRNAs are a noncoding RNA which usually can

silence the direct targeting genes and one miRNA could regulate

dozens, even hundreds of targets. However, according to our

study, VEGF may be the direct target of miR-150 in BMVECs

after stroke. This expands new knowledge on post-transcrip-

tional regulation about VEGF. As VEGF own the dual function

in vascular biology: the induction of blood-brain barrier (BBB)

disruption and the regulation of angiogenesis, miR-150 can also

affect the permeability of BBB and angiogenesis. In fact, the vas-

cular splitting is a important step for angiogenesis at the begin-

ning[39]. After stroke, delayed treatment with VEGF can

promote angiogenesis and recovery[40], while blocking VEGF

also may improve the recovery by protecting BBB from broking

down[41]. Thus, appropriate amount of VEGF at the right time

is needed for stroke recovery.

Nevertheless, there is still possible that indirect mechanisms

may increase the potency of miR-150 action on VEGF. Several

studies have reported miR-150 also could directly regulate some

other angiogenic factors (for instance, Notch3) or indirectly regu-

late by nuclear transcription factors (for instance, HIF-1a) [42,

43]. Thus, miR-150 might directly regulate VEGF at the first

beginning, and the indirect regulation may also work lately. Of

note, one main hurdle that has limited the interpretation of many

miRNA profiling studies is the difficulty of identifying all the

miRNA targets. Furthermore, miRNAs can interact with each

other. One miRNA may promote or inhibit another miRNA by the

principle of complementary base pairing. Thus, the role of miR-

150 in poststroke angiogenesis is quite complicated and more

studies may be necessary.

Besides angiogenesis, miR-150 may also play an important role

in some other pathophysiological courses. It was reported that

miR-150 was involved in high glucose-induced hypertrophy of

cardiomyocytes [44] and renal mesangial cells aging [45]. Finally,

we have to admit that the use of young rats in this study to

decrease the mortality rate may have some limitation because

nearly three-quarters of all strokes occur in people over the age of

65.

Taken together, we have demonstrated that miR-150 directly

targeting VEGF could serve as an anti-angiomiR of BMVECs in

poststroke angiogenesis. Thus, miR-150 is an epigenetic regulator

of VEGF, and miR-150 may be a potential novel therapeutic target

for stroke treatment.
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Figure 6 VEGF Mediated the Increase of

BMVECs Capillary-like Tube Formation,

Proliferation, and Migration by MiR-150

Inhibitor. (A–B) VEGF-neutralizing antibody

significantly reversed miR-150 downregulation

induced increase of capillary-like tube

formation. The representative pictures of tube

formation were shown, and the length of tube

formation was measured. Bar = 100 lm.

*P < 0.05 vs. the inhibitor control group,
#
P < 0.05 vs. the miR-150 inhibitor. (C–D)

VEGF-neutralizing antibody significantly

reversed miR-150 downregulation induced

increase of Ki-67-positive staining proportion of

BMVECs. Pink for Ki-67, blue for DAPI,

Bar = 20 lm. *P < 0.05 vs. the inhibitor

control group, #P < 0.05 vs. the miR-150

inhibitor. (E–F) VEGF-neutralizing antibody

significantly reversed miR-150 downregulation

induced increase of migration distance of

BMVECs. Bar = 25 lm. *P < 0.05 vs. the

inhibitor control group, #P < 0.05 vs. the miR-

150 inhibitor.
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