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Abstract: Angiogenesis is a crucial process for brain tissue repair and remodeling after brain injury. It has been 
demonstrated that microRNA (miRNA or miR) expression profiles are altered in tissues under hypoxic-ischemic con-
ditions. However, its role in angiogenesis subsequent to cerebral ischemia is not fully understood. The present study 
was aimed to investigate the role of miR-519 in angiogenesis and the molecular mechanisms mediated by HIF-1α in 
an in vitro model for cerebral ischemia. Firstly, a rat middle cerebral artery occlusion (MCAO) model was established, 
and the results from microarray selection and qRT-PCR demonstrated that the expression levels of miR-519 were 
significantly decreased in the rat cerebral following MCAO. On the other hand, human umbilical vein endothelial 
cells (HUVECs) were exposed to low oxygen conditions and showed that hypoxia significantly downregulated miR-
519 expression levels. After transfection of HUVECs with miR-519 mimic, hypoxia-induced tube formation and cell 
migration were markedly attenuated. The results indicated that miR-519 inhibited angiogenesis by decreasing cell 
migration and tube formation. Furthermore, in HEK 293 cells, results from the luciferase reporter assay revealed 
that miR-519 directly targeted the 3’ untranslated region (3’-UTR) of HIF-1α and that miR-519 regulated the protein 
expression of HIF-1α. Additionally, in vivo studies demonstrated that HIF-1α expression was markedly increased 
in the cerebral ischemic groups, and confirmed that a negative correlation existed between miR-519 and HIF-1α 
expression. To further analyze this effect, a pCDNA-HIF-1α plasmid was transfected into the normoxic and hypoxic 
HUVECs, and it was revealed that the inhibitory effect of miR-519 on angiogenesis was attenuated by the overex-
pression of HIF-1α. It is, therefore, concluded that downregulation of miR-519 promotes angiogenesis in response 
to cerebral ischemic injury, which is achieved partially by upregulating HIF-1α expression. However, furthermore 
studies are necessary to verify this point.
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Introduction 

Ischemic stroke is one of the leading causes  
of death and disability world-wide. It not only 
causes cell death and ischemic penumbra, but 
also induces neuronal degeneration, eventu- 
ally restoring some brain functions via neuro-
genesis and angiogenesis [1-3]. However, the 
degree of regeneration is not sufficient to 
recover from brain ischemic injury and alter the 
course of disability or death resulting from 
cerebral ischemia and anoxia. Therefore, iden-
tifying process that regulating regenerative 
repair, such as angiogenesis, is vital to make  
a therapeutic strategy for treatment of stroke.

Angiogenesis involves a series of interrelated 
and mutually interactive pathophysiological 
processes [4]. Previous studies have demon-
strated that reactive angiogenesis can take 
place after ischemia, evidenced by vascular 
endothelial cells proliferate and differentiate 
hours after an ischemic event [5-7]. There is 
accumulating evidence that angiogenesis, via 
new blood vessel formation, is beneficial in  
the treatment of ischemic heart disease and 
peripheral artery disease, which may affect the 
long-term recovery of patients [8-10]. Recently, 
angiogenesis has therefore become a hot  
spot in cerebrovascular disease studies, as 
enhancing angiogenesis in ischemic brain  
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tissue appears to be an effective method  
for improving blood supply in the brain [5, 11, 
12]. However, the molecular mechanism of  
regulating angiogenesis after cerebral ische- 
mic injury remains to be determined.

MicroRNA (miRNA) is a class of endogenous, 
noncoding, single-stranded small RNA mole-
cules comprising 18-28 nucleotides, which 
modulates transcription of multiple genes  
via binding to 3’ untranslated region (3’-UTR) 
[13]. It therefore plays an important role in the 
developmental biology, angiogenesis, tumor 
progression, and stem cell proliferation and  
differentiation [14-16].

Recently, increasing studies evidenced that 
miRNA is expressed in vascular endothelial 
cells and that a subset of miRNA is involved  
in the regulation of angiogenesis [17-19]. Th- 
ese studies are involved in microarray anal- 
ysis and particular investigations which det- 
ect specific miRNA functions associated with 
angiogenesis [20]. However, few reports pub-
lished on miRNA regulating in angiogenesis 
induced by cerebral ischemic, although it may 
serve as a potential therapeutic strategy for 
treatment of stroke.

The present study, therefore, firstly establi- 
shed a rat middle cerebral artery occlusion 
(MCAO) model, and selected the differential 
expression miRNAs. Particularly, miR-519 was 
focused on due to its significant down-exp- 
ression ratios. Furthermore, we carried out 
studies to investigate the role of miR-519 in 
angiogenesis and the molecular mechanism 
mediated by HIF-1α in an in vitro model for 
cerebral ischemia. We found that miR-519 is 
involved in the regulation of angiogenesis in 
response to ischemic injury to the brain, and 
further demonstrated that down-regulation  
of miR-519 can up regulate HIF-1α, which  
may contribute to angiogenesis after cerebral 
ischemia.

Materials and methods

Animals  

Adult male Sprague-Dawley (SD) rats were  
used in the experiments. The rats were kept  
at room temperature with a 12 h light/dark 
cycle following surgery. They had access to  
food and water ad libitum and were food-
deprived for 12 h before surgery. The study  

was approved by the ethics committee of 
Affiliated Hospital of Hebei University of 
Engineering and conducted according to the 
National Institutes of Health (NIH) Guide. All 
efforts were made to minimize animal suffer- 
ing during the experiments.

Induction of the focal cerebral ischemia

Rats weighing 200-230 g were subjected to 
transient middle cerebral artery occlusion 
(MCAO). In brief, rats were initially anesthe- 
tized with an intraperitoneal injection of 10% 
chloral hydrate (350 mg/kg). The right com-
mon carotid artery (CCA) was exposed after  
a midline skin incision. A nylon suture (0.24  
mm diameter) with a rounded tip was inserted 
from the right external carotid artery (ECA)  
into the internal carotid artery (ICA) until it 
reached to the origin of the middle cerebral 
artery (MCA). The suture was withdrawn at 90 
min after MCAO. Sham group was performed  
by using the same procedure without suture 
insertion. 

TTC staining

Rats were decapitated at 2 days post-MCAO, 
and whole brains were dissected coronally  
into 2-mm slices using a metallic brain matrix 
(RBM-40000, ASI, Springville, UT). Slices were 
immediately stained by immersing them in 2% 
2,3,5-triphenyl tetrazolium chloride (TTC) at 
37°C for 15 min and then fixed in 4% parafor-
maldehyde. The TTC-stained slices were visual-
ized using a Nikon D40 DSLR (Nikon, Tokyo, 
Japan).

Microarray and data analysis

Total RNA was extracted from the impaired  
cortical tissues after MCAO using TRIZOL 
reagent (Invitrogen) and sent to LC Sciences  
for miRNA microarray analysis. Data were  
analyzed using ANOVA and t tests. Normaliza- 
tion of expression was performed using acy- 
clic LOWESS method. TargetScan (http://www.
targetscan.org) and PicTar (http://pictar.mdc-
berlin.de/) databases were used for miRNA  
target prediction.

Cell culture

Human umbilical vein endothelial cells (HU- 
VECs) (ATCC, Manassas, VA, USA) were cult- 
ured in M199 medium supplemented with 20 



Downregulation of MicroRNA-519 promotes angiogenesis in cerebral ischemia

9976 Int J Clin Exp Pathol 2016;9(10):9974-9983

monolayer. Then the sharp wound in each  
well was captured using.

Motic Image Plus 2.0 software (Motic Instru- 
ments Inc., Canada). Cells were then incubated 
for further 24 h and the denuded area of each 
was captured again. Images at 0 and 24 h  
were analyzed using Java’s Image J software 
(http://rsb.onfo.nih.gov). The migration of cells 
towards the wounds was expressed as perc- 
entage of recovery.

% of recovery=
A

A A
100%

t 0

t 0 t 24-
#

=

= =

Where At=0 is the area of wound measured 
immediately after scratching, At=24 is the area  
of wound measured 24 h after scratching.

Tube formation assay

HUVECs (2×104 cells/well) with or without tra- 
nsfection of miR-519 mimic were plated onto 
96-well plate coated with Growth Factor Red- 
uced (GFR)-Matrigel (BD Bioscience) and incu-
bated at 37°C for 8 h. Images of each well  
were captured using Motic Image Plus 2.0  
software (Motic Instruments Inc, Canada). The 
angiogenic activities of HUVEC under differ- 
ent treatments were determined by counting 
the branch points of the tubes formed in the 
well. Three independent experiments were  
performed, and each experiment was run in 
triplicate.

Luciferase reporter assay

MiR-519 mimics, miR-519 inhibitors, and mi- 
RNA normal control (miR-nc) were purchased 
from GenePharma (Shanghai, China). After 
placed into 48-well plates, cells were co-trans-
fected with miR-519, luciferase reporter plas-
mids (200 ng) containing wild-type (WT) or 
mutant type (Mut) of HIF-1α 3’-UTR. Fourty- 
eight hours after transfection, luciferase activi-
ties were measured using the dual-luciferase 
reporter assay system (Promega). Each trans-
fection was performed in triplicate.

Statistical analysis

Data are represented as mean ± standard devi-
ation (SD). Analysis of variance (ANOVA) was 
used to determine significant differences am- 
ong groups. Comparisons between two groups 
were conducted with the Student’s t test.  
Data analysis was performed using SPSS 19.0 

μg/ml ECGS, 20% heat-inactivated fetal bov- 
ine serum, 90 μg/ml heparin (Sigma, USA),  
and 1% penicillin-streptomycin (Invitrogen, 
USA) on 0.1% gelatin-coated culture flasks.  
All cells were maintained in a humidified  
incubator (Sanyo, Japan) at 37°C with 5% CO2. 
HUVECs from passages 4 to 6 were used in  
this study.

For hypoxia, HUVEC cells were cultured in  
M199 medium without fetal bovine serum in a 
hypoxia incubator (Sanyo, Japan) under hyp- 
oxic conditions (5% CO2, 94% N2, and 1% O2)  
for 12 h. Cells cultured under normoxic condi-
tions were used as controls.

miRNA quantitative real-time PCR

TRIzol was used to extract total RNA from 
impaired cortical tissues and cell samples 
respectively. The level of miR-519 was quanti-
fied by Taqman miRNA Assays. The relative 
quantification of miR-519 was normalized to 
the expression of U6 and GAPDH using the 
2-ΔΔCT method, respectively. For qPCR, RNA  
was reverse transcribed to cDNA from 100  
ng of total RNA by using a Reverse Transcri- 
ption Kit (Takara). Real-time PCR (RT-PCR)  
were performed with SYBR Green (Takara). All 
protocols were carried out according to the 
manufacturer’s instructions. Real-time PCR 
assay was performed on a Step-One Plus  
Real-Time PCR System (Applied Biosystems, 
USA), and each RT reaction was performed  
in triplicate, including no-template controls. 
The reaction was performed in the following 
conditions: 95°C for 5 min, followed by 40 
cycles of 95°C for 15 s, and 60°C for 50 s. 

Transfection of miRNA mimic

The miR-519 mimic used in our study was 
designed by and purchased from GenePh- 
arma (Shanghai, China). Cells were transi- 
ently transfected with a final concentration of 
25 nM or 50 nM for miR-519 mimic using 
Lipofectamine 2000 (Invitrogen).

Cell migration assay

HUVECs (3×104 cells/well) with or without  
transfection of miR-519 or were plated onto-
gelatin (0.1%) precoated 96-well plates and 
incubated for 24 h. An artificial wound was  
created by mechanical scratching of the cell 
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study the miR-519 function in angiogenesis in 
vitro. Here, we found that hypoxia treatment 
caused a reduction in the expression of miR-
519 in HUVECs, significantly at time points of  
2 (P<0.05), 4 (P<0.01) and 8 h (P<0.01) (Figure 
2A). It is indicated that hypoxia treatment inhi- 
bited the expression of miR-519 in HUVECs  
during 8 hours hypoxia treatment. To further 
investigate the role of miR-519 in angiogenic 

software. P values under 0.05 were considered 
statistically significant.

Results

Microarray selection and expression of miR-
519 in ischemic cortex

To identify miRNA participating in the regulation 
of the angiogenic response to cerebral isch-

Figure 1. Selection of differently expressed microRNA during the cerebral 
ischemic process. A. Microarray analysis for miRNA was performed with 
RNA extracts from cerebral ischemic tissues. Heat map analysis repre-
sented the significantly up/down expressed apoptosis-associated miR-
NAs. Notably, miR-519 was the most significant down expression miRNA 
in cerebral ischemic rats compared to shame controls. B. miR-519 ex-
pression was validated by qPCR in rats with cerebral ischemic and shame 
controls. P<0.01 cerebral vs. shame controls. 

emia injury, we detected miRNAs 
expression profiling of cerebral 
ischemia in rat models. By us- 
ing microarray analysis, we com-
pared miRNA expression profiles 
in the impaired tissue of cere- 
bral ischemia to control. MiRNAs 
were considered as differentially 
expressed when differences in 
expression levels were signifi- 
cant both in Student’s t test 
(P<0.01) and analysis of micro- 
array test (q value <5%). Among 
the individual miRNAs displayed 
on the microarray, twenty miR-
NAs were found significantly  
up-/down-regulated between the 
cerebral ischemia injury tissues 
and sham controls. The most 
down-regulated miRNA was miR-
519 (Figure 1A). Next, we carried 
out real-time PCR to detect the 
expression of miR-519 in cere-
bral ischemia models. Results 
showed that miR-519 was sig- 
nificantly down-regulated in the 
impaired tissue of cerebral isch-
emia rats, when compared with 
sham controls (P<0.01) (Figure 
1B). It is, therefore, indicated 
that confirmed that miR-519  
may be involved in the regul- 
ation of the neovascularization  
in response to transient isch- 
emic cerebral injury. 

Expression and function of miR-
519 in HUVEC under hypoxia in 
vitro

HUVEC was widely used to st- 
udy vascular malformation (e.g. 
cerebral cavernous malforma-
tion) [21, 22] and cancer angio-
genesis [23-25]. In the present 
study, the HUVEC was used to 
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with control group (Figure 2B), especially for 
the concentration of 50 nM miR-519 mimic 
transfection. Further, functional assays sho- 
wed that after transfection of miR-519 mimic, 
hypoxia-induced cell migration and tube for- 
mation were markedly inhibited (P<0.01 for 

process, we transfected HUVECs with miR-519 
mimic to abolish hypoxia-caused decrease of 
miR-519 expression. A significant increase of 
miR-519 expression was observed in cells 
transfected with a respective concentration  
of 25 nM or 50 nM miR-519 mimic compared 

Figure 2. miR-519 inhibited migration and tube formation of HUVECs. A. Expression levels of miR-519 in HUVEC were 
measured at different time point of hypoxiccondition, by qRT-PCR. B. Transfection of miR-519 mimics at concentra-
tion of 25 Nm or 50 Nm for 24 h greatly increased miR-519 level in HUVEC. MiR-519 level was measured using 
Qrt-PCR. Two independent experiments were carried out, and each experiment was in three replicates. C. Transfec-
tion of miR-519 mimics inhibits migration of HUVEC under hypoxic conditions. D. Transfection of miR-519 mimics 
inhibits cell tube length of HUVEC under hypoxicconditions. *P<0.05, **P<0.01 vs. normoxia; ##P<0.01 miR-519 
mimics vs. mimics NC.
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decreased after miR-519 mimic transfection 
and increased after miR-519 inhibitor trans- 
fection at the protein level, compared to the  
NC group (Figure 3C, 3D).

HIF-1α expression in cerebral ischemia rat 
model

Furthermore, we carried out experiments in 
cerebral ischemia rat models, we found that 
HIF-1α expression was markedly increased in 
the ischemic groups than in the sham control 
group (P<0.01) (Figure 4A). There is a nega- 
tive correlation between miR-519 and HIF-1α 
expression (Figure 4B).

miR-519 inhibited tube formation and cell 
migration by targeting HIF-1α expression in 
HUVECs models

To determine the possible mechanisms under-
lying the angiogenic activity of miR-519 in 
endothelial cells in vitro, we firstly evaluated 

both) (Figure 2C and 2D). Thus, the results  
suggested that miR-519 might serve as a  
negative modulator in angiogenesis.

HIF-1α is a target gene of miR-519

To identify the target gene of miR-519, bioin- 
formatic tools (Targetscan and miRBase) were 
used. As shown in Figure 3A, HIF-1α is the  
theoretical target gene of miR-519. To further 
validate whether HIF-1α is a direct target  
gene, we fused the 3’-UTR region of HIF-1α to  
a luciferase system. As shown in Figure 3B, 
miR-519 mimics obviously suppressed the 
luciferase activities of the 3’-UTR segment  
of HIF-1α, whereas miR-519 inhibitor signific-
antly increased the luciferase activities of the 
3’-UTR segment of HIF-1α, but not those of  
the construct containing a mutant binding  
site (HIF-1α 3’-UTR-MUT), compared to the NC 
group. Western blot analysis showed that  
the expression of HIF-1α was significantly 

Figure 3. HIF-1α is a target gene of miR-519. A. miR-
519-binding sequences in the 3’-UTR of HIF-1α and 
mutated sites in 3’-UTR of HIF-1α. B. miR-519 mimic 
suppressed the luciferase activities of constructs con-
taining the 3’-UTR segment of HIF-1α, while miR-519 
inhibitor significantly increased the luciferase activi-
ties of constructs containing the 3’-UTR segment of 
HIF-1α (n=4). C. The expression of HIF-1α was detect-
ed by Western blotting after treatment with miR-519 
mimics or miR-519 inhibitor (n=3). D. **P<0.01 (miR-
519 mimic/inhibitor vs. mimic/inhibitor NC).
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Figure 4. The negative relationship of HIF-1α and miR-519 was detected in cerebral ischemic rat models. A. HIF-1α 
expression in cerebral ischemia rat model was detected by qRT-PCR. P<0.01 cerebral vs. shame controls. B. An 
inverse relationship between the expression of HIF-1α and miR-519 were detected.

Figure 5. HIF-1α over expression inhibited the function of miR-519 during hypoxia in vitro. (A, B) HUVECs were trans-
fected with miR-519 mimic (50 nM) or miR-519 inhibitor (50 nM). After 16 h, cells were treated with hypoxia for 8 h. 
The proteinlevels of HIF-1α were detected by western blot analysis. (C, D) Hypoxia-induced cell migration and tube 
formation was detected in HUVECs transfected with miR-519 mimic (50 nM), and miR-519 mimics+pcDNA-HIF-1α, 
and treated with hypoxia. Transfection pCDNA-HIF-1α in HUVECs significantly repaired the decrease of cell migration 
(C) and tube formation (D) caused by miR-519 mimics treatment during hypoxia. *P<0.05, **P<0.01 vs. normoxia; 
##P<0.01 miR-519 mimics vs. miR-519 mimics+pcDNA-HIF-1α.
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the relationship of miR-519 and HIF-1α in 
HUVECs. HUVECs were transfected with miR-
519 mimic (50 nM), or miR mimic NC (50 nM), 
and miR-519 inhibitor (50 nM), or miR inhibitor 
NC (50 nM), respectively. After 16 h, cells were 
treated with hypoxia for 8 h. The protein lev- 
els of HIF-1α were detected by western blot. 
Results showed that negative correlations 
existed between miR-519 and expression of 
HIF-1α (Figure 5A and 5B). 

In HUVECs models, we found that miR-519 
downregulated HIF-1α. On the other hand, miR-
519 inhibited tube formation and cell migra-
tion. Therefore, we were curious to see whe- 
ther miR-519 played the function by down- 
regulating HIF-1α. With this purpose, the  
plasmid of pCDNA-HIF-1α was transfected to  
HUVEC cell lines to investigate whether HIF- 
1α overexpression caused miR519 function 
inhibited. Results are illustrated in Figure 5C 
and 5D. Hypoxia-induced cell migration (Figure 
5C) and tube formation (Figure 5D) were mark-
edly decreased by miR-519 mimics treat- 
ment during hypoxia, but transfection pCDNA-
HIF-1α significantly reversed the negative eff- 
ects, respectively (Figure 5C and 5D). It is, 
therefore, indicated that miR-519 regulating 
angiogenesis in response to cerebral ischemia 
by targeting HIF-1α expression.

Discussion

Recent studies suggest an involvement of  
miRNAs incerebral ischemia and provide evi-
dence that miRNAs might serve as biomar- 
kers of ischemic stroke [26-29]. Angiogen- 
esis has been shown to be an essential part  
of neurorestorative events after stroke, which 
can contribute to brain self-repair, thereby 
improving the outcome of this condition [5]. 
However, a successful therapeutic applica- 
tion of miRNAs associated with angiogenesis 
during stroke is still missing, which may be  
due to the lack information of miRNAs mecha-
nism in angiogenesis during stroke.

Here, in the present study, firstly, by microarray 
analysis, we found that miR-519 was one of  
the significant downregulation miRNAs in the 
rat cerebral following ischemic injury. We fur-
ther showed that treatment with miR-519 
mimic markedly attenuated hypoxia-induced 
cell migration and tube formation in HUVECs.  
It is, therefore, suggested that miR-519 may  

be a negative mediator of angiogenesis ind- 
uced by cerebral ischemia. To our knowledge, 
our work is the first study that strongly dem- 
onstrated miR-519 plays a suppressor role  
in angiogenesis. In fact, the suppressing eff- 
ect of miR-519 was also observed in several 
types of physical activity. For example, MiR- 
519 inhibits gastric cancer cell activity thr- 
ough regulation of HuR expression [30]. It was 
also confirmed to inhibit cell proliferation, in 
turn triggering senescence and decreasing 
tumor growth, via elevating the expression  
level of p21 [31]. However, the mechanisms 
involved in miR-519 regulating angiogenesis 
induced by cerebral ischemia remain further 
investigation, which gene does it target at?

Hypoxia-inducible factor is a master regulator 
of the transcriptional response of angiogene-
sis, including HIF-1α, HIF-2α, which are the 
master regulators of oxygen homeostasis and 
play a vital role in the pathogenesis of diffe- 
rent hypoxia-related diseases [32-34]. HIF-1α, 
which can stimulate the required angiogenic 
growth factors endogenously, has been sug-
gested to provide an advantage over vascular 
endothelial growth factor (VEGF) therapy [35]. 
It has been demonstrated that during hypoxia, 
activation of HIF-1α plays a critical role in initi- 
ating angiogenesis [36].

Since miR-519 is also observed with differen-
tial expression levels in angiogenesis after 
cerebral ischemia in our study, which gene 
does it target at? To better understand the 
mechanism of miR-519 regulation in angio- 
genesis of cerebral ischemia, we performed 
luciferase reporter assay, real-time PCR, and 
western blot to confirm HIF-1α is the target  
of miR-519 in HEK cells. 

We also observed that HIF-1α expression is  
significantly upregulated in the rat cerebral 
ischemia models and negatively correlated 
with miR-519 expression levels. In addition, fur-
ther experiments showed that decreased 
hypoxia-induced tube formation and cell migra-
tion caused by miR-519 mimics could be 
reversed by concomitant overexpression of  
HIF-1α, which is suggestive of that during 
hypoxia, activation of HIF-1α plays a critical  
role in initiating angiogenesis. Our results  
was in partial consistent with the study car- 
ried by [35], who found that HIF-1α was upre- 
gulated in the angiogenesis in gastrointestinal 
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vascular malformation. Therefore, it is conc- 
luded that miR-519 was downregulated in  
cerebral ischemia and promoted angiogen- 
esis by upregulating HIF-1α incerebral isch-
emia. Our results contribute the increasing 
understanding of the role of miR-519 in angio-
genesis after cerebral ischemia. It also serves 
as a foundation for future studies aimed at  
providing a more comprehensive understand-
ing regarding the HIF-1α expression regulated 
by miR-519 in cerebral ischemia.

However, since change of HIF-1α expression 
induces the expression of many angiogen- 
esis-regulating genes, such as VEGF, Notch1, 
DLL4, and Ang2, which are key factors during 
angiogenesis [37, 38]. It is, therefore, neces-
sary to carry out further studies to investigate 
the detail function of HIF-1α regulated by miR-
519 in angiogenesis after cerebral ischemia. 
Clearly understanding of HIF-1α pathways  
regulated by miR-519 might be helpful to reveal 
new therapeutic targets for cerebral ischemia.
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