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Abstract

Vascular endothelial growth factor (VEGF) plays critical roles in angiogenesis and vasculo-

genesis, which are associated with post-stroke functional recovery. However, the effects of

the VEGFA polymorphisms on the outcome of ischemic stroke (IS) have been rarely

reported. We therefore investigated the associations of +936C/T variant (rs3025039) with

the susceptibilities and the 90-day outcomes from 494 IS patients and 337 healthy controls

in Chinese population through the establishment of logistic multivariate regression model.

Stroke severity at admission and outcome of 90 days were respectively assessed according

to the National Institutes of Health Stroke Scale and the modified Rankin Scale. The analy-

sis showed that there were no significant associations of the rs3025039 genotypes with the

susceptibility (P = 0.229) and the severity (P = 0.734). However, when we divided the 308 IS

patients into two groups according to the different outcomes, we found that the rs3025039

TC+TT genotype significantly increased the risk of poor recovery [adjusted odds ratio (OR),

1.99; 95% confidence interval (CI), 1.18–3.37]. Interestingly, we observed another 3ˈUTR

variant, +1451C/T (rs3025040), exhibited strong linkage disequilibrium (r2 = 1.0) with

+936C/T and was located in a predicted microRNA-binding site. The rs3025040 T allele sig-

nificantly decreased the luciferase activities in four cell lines, which indicated a potential dis-

ruption of the miRNA-mRNA interaction that would result in lower VEGF expression levels.

Our data suggested that the +936C/T variants significantly increased the risk of poorer

stroke outcome by affecting the bindings of miR-199a and miR-199b to VEGF mRNA at the

rs30250340 polymorphic site.

Introduction

Stroke is one of the principal reasons leading morbidity and mortality worldwide [1]. In

China, the prevalence of stroke is 2.5 million per year, and the annual stroke mortality rate is
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approximately 0.157%, which exceeds that of heart disease [2]. It is estimated that more than

80% of stroke cases originate from ischemic strokes (IS) [3], which is a complex disorder

caused by multiple genetic and environmental factors [4]. Two genome-wide association stud-

ies (GWAS) have been performed to identify the susceptibility loci for IS risk [5,6]. Some chro-

mosome loci, such as 6p21.1, 9p21 and 7p21.1, have been demonstrated to affect one or more

subtypes of the stroke. But what is more interesting from clinic is the similar locations or

extents of damage in IS patients with different functional outcomes. This observation indicates

that genetics might contribute to the differences in the rates of stroke recovery [7]. However,

there are still very few studies of the genetic factors that contribute to stroke recovery.

Vascular endothelial growth factor (VEGF), also known as vascular permeability factor, is

one of the key initiators and regulators of angiogenesis and vascularization [8]. In response to

ischemic injury, VEGF can induce contralesional corticobulbar plasticity and functional neu-

rological recovery [9]. Several studies have demonstrated temporal or spatial correlations

between the up-regulations of VEGF or VEGF receptors and angiogenesis following the occlu-

sion of the middle cerebral artery in rats [10–12]. Additionally, the administration of VEGF

during the early post-ischemic phase stimulates both angiogenesis and neurogenesis and leads

to improved functional recovery following stroke. For example, intravenous VEGF increases

microvessel density in the cortical ischemia penumbra [13], and intracerebroventricular

VEGF enhances the delayed survival of newborn neurons in the dentate gyrus and subventri-

cular zone [14]. Moreover, the stimulation of VEGF expression has been implicated in the

neurogenesis-promoting which has effects of therapeutic agents, such as statins [15] and

angiotensin II receptor blockers [16].

Given the importance of the roles of VEGF in the brain repair following stroke, we hypoth-

esized that genetic variants may interrupt VEGF expression and contribute to poor stroke

recovery. Although a previous study confirmed that genetic polymorphisms in the VEGFA
gene may be associated with the risk of IS [17], the effects of VEGFA genetic variants on

90-day outcomes of IS have not been reported.

Materials and methods

Ethics statement

All procedures performed in studies involving human participants were in accordance with

the ethical standards of the institutional and/or national research committee. The ethics com-

mittee of Minhang District Central Hospital approved this study. Each participant or their

legal representatives consent to participate by signing an informed consent form. This article

does not contain any studies with animals performed by any of the authors. Informed consent

was obtained from all individual participants included in the study.

Study population

The subject recruitment has been described elsewhere [18]. Briefly, the study design included

two components: a case-control study with 494 IS patients and 337 health controls, and a

prospective 90-day follow-up of the functional disabilities of 308 IS patients. All patients who

were diagnosed between 2008 and 2012 according to the World Health Organization’s defini-

tion of stroke [19] in Shanghai Minhang District Central Hospital were recruited. The diag-

noses were based on clinical manifestations and the results of cranial computed tomography

(CT) or magnetic resonance image (MRI) performed within 2 days of onset. The exclusion

criteria included hemorrhagic stroke, transient ischemic attack and the inability to undergo

cranial CT/MRI imaging. In addition to the neurological, hypertension, diabetes mellitus

(DM), and hypercholesterolemia histories, the following vascular risk factors were also
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recorded for each individual: blood pressure, body mass index (BMI), cigarette smoking,

alcohol consumption, and serum glucose and total cholesterol levels. All of the information

was obtained from medical records, the current use of corresponding medications, or clinical

examination results after admission. Age- and sex-matched healthy control subjects attend-

ing physical check-ups who did not exhibit IS signals on cranial CT/MRI and had no history

of stroke or myocardial infarction were recruited. All subjects were genetically unrelated eth-

nic Han Chinese individuals.

All IS patients were classified based on the Trial of Org 10172 in Acute Stroke Treatment

(TOAST) definitions [20]. The severity assessments were performed on the first day (i.e., the

day of admission) based on the National Institutes of Health Stroke Severity Scale (NIHSS)

[21]. Mild stroke was defined as a NIHSS of 6 or lower and severe stroke as a NIHSS of 7 or

higher because better prognoses have frequently been observed in patients with scores� 6.

Post-stroke disability was assessed at 3 months after stroke using the Modified Rankin Scale

(mRS) [22]. A good outcome was defined by mRS� 1, and a poor outcome was defined by

mRS� 2. The outcomes were measured at 90 days post-stroke because the majority of IS

patients exhibit maximum rehabilitation of neural repair and the greatest genetic influence at

this time.

DNA isolation and VEGFA +936C > T genotyping

Genomic DNA was extracted from 200μl of EDTA-treated blood using a Blood Genome DNA

Extraction Kit (TaKaRa Biotechnology, Dalian) according to the manufacturer’s instructions

and stored at -20˚C as needed. Genotyping was performed with a PCR/ligase detection reac-

tion assay. The PCR primers and probes were designed using the web-based version of the

Primer 3.0 program (http://frodo.wi.mit.edu/primer3/). The rs3029039 SNP was amplified

with the following pair of primers: forward, 5ˈ-ACACCATCACCATCGACAGA-3ˈ; and reverse,

5ˈ-GGCTCGGTGATTTAGCA-3ˈ. PCR amplification was performed in a 20 μl reaction volume

containing 1 μl of genomic DNA, 2 μl of 10×PCR amplification buffer, 2 μl of 2.0 mM dNTP

mixture, 0.4 μl of each primer (10 pmol/μl), and 0.3 μl of Taq DNA polymerase (5 U/μl,

TaKaRa Biotechnology, Dalian). The PCR reaction was initiated at 95˚C for 15 min followed

by 35 cycles of denaturation at 94˚C for 30 s, annealing at 56˚C for 30s, and extension at 72˚C

for 1 min, followed by a final extension at 72˚C for 10 min. The purified PCR products were

then sequenced on an ABI 3730 XL sequencer (Applied Biosystems, USA).

Expression and luciferase reporter constructs

Based on the GenBank VEGFA mRNA sequence (accession number NM_001025366), the

3ˈUTR of wild-type VEGFA with the +936C and +1451C was amplified from the genomic

DNA using the following primers: forward, 5ˈ-GTAGACGCGTGGGAACCAGATCTCTCACCA-
3ˈ; and reverse, 5ˈ-TCCAAAGCTTGGGCAGAGCTGAGTGTTAGC-3ˈ. The PCR product was

cloned into the pMIR-REPORT luciferase miRNA expression reporter vector (Applied Biosys-

tems, USA) and sequenced to confirm the resulting plasmid pMIR-C/C (wild-type).

After WT cloning, a Muta-direct™ Site-Directed Mutagenesis Kit (Beijing SBS Genetech,

China) was used to generate the +936C>T and +1451C>T mutation in the 3’UTR of the

VEGFA gene via PCR using the WT VEGFA construct pMIR-C/C as the template. Primers

containing the mutations +936C>T and +1451C>T were designed and used for site-directed

mutagenesis as follows: +936C>T forward: 5ˈ-GGCGGGTGACCCAGCATGGTCCCTCTTGGAAT
T-3ˈ and +936C>T reverse: 5ˈ-AATTCCAAGAGGGACCATGCTGGGTCACCCGCC-3ˈ; and

+1451C>T forward: 5ˈ-ACAGGGATGAGGACACTGGCTCTGACCAGGAGT-3ˈand +1451C>T
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reverse: 5ˈ-ACTCCTGGTCAGAGCCAGTGTCCTCATCCCTGT-3ˈ(the mutations are under-

lined). The construct was designated pMIR-T/T (mutant type).

The microRNA (miRNA) expression reporter plasmids were constructed in a similar man-

ner. Precursors of miR-199a and miR-199b were amplified by PCR using the following prim-

ers: miR-199a forward: 5ˈ-TCCAAAGCTTGACCCCCAAAGAGTCAGACA-3ˈand miR-199a

reverse: 5ˈ-CTAGTCTAGACTTTCCCCAGTGCCTCTTCT-3ˈ; and miR-199b forward: 5ˈ-
TCCAAAGCTTCACGTCAAAGGAGGCAGAAG-3ˈ and miR-199b reverse: 5ˈ-CTAGTCTAGAGAG
TGTCAAGGTGCGTGTGT-3 .̍ The products were cloned into pcDNA3.1(+) plasmids with Hin-

dIII and Xba I digestion and sequenced as pcDNA-miR-199a and pcDNA-miR-199b.

Cell culture, transfection and luciferase reporter assay

Human HEK293T cells (human embryonic kidney 293 cell line), A549 cells (human lung ade-

nocarcinoma cell line), 16HBE cells (human bronchial cell line) and ECV-304 cells (human

vein endothelial cell line) were respectively maintained in DMEM, F-12K and DMEM media

at 37˚C in a humidified air with 5% CO2. All of these media were supplemented with 10% fetal

bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml).

One day before transfection, the growing cells were seeded in a 24-well plate at a density of

1×106 cells/ml. The next day, cells were cotransfected with firefly luciferase reporter vector

(pMIR-C/C or pMIR-T/T), microRNA expression reporter plasmids (pcDNA-miR-199a,

pcDNA-miR-199b or the negative control pcDNA3.1) and pRL-SV40 plasmids (Promega,

Madison); the latter plasmids were expressed Renilla luciferase to enable the monitoring of

transfection efficiency. For each well, 150ng luciferase plasmid, 300ng miRNA expression

reporter plasmids and 50ng Renilla plasmid were transfected using 1 μl of Lipofectamine 2000

(Invitrogen) according the manufacturer’s protocol. After 48 h, the firefly and Renilla lucifer-

ase activities were measured in triplicate using the Dual-Luciferase Reporter Assay system

(Promega, Madison) with a MicroLumatPlus LB 96V (Berthold Technologies, Germany).

Statistical analysis

The demographic data, clinical characteristics, NIHSS score on admission, and mRS outcome

scores at 90 days were compared using t-tests or χ2 tests as appropriate. The Hardy-Weinberg

equilibrium of the alleles was assessed with a goodness-of -fit χ2 test with one degree of free-

dom to compare the observed genotypes frequencies with the expected ones among the con-

trols. Multiple logistic regression analyses were used to determine the effects of the genetic

variables on the IS outcomes after adjusting for significant non-genetic variables, including

age, sex, blood pressure, cigarette smoking, serum glucose, total cholesterol levels and severity

at admission. Logistic regression models were estimated by computing the odds ratios (ORs)

and 95% confidence intervals (CIs). All statistical tests were performed using SPSS19.0 soft-

ware (SPSS, Inc., USA).

Results

Clinical and laboratory characteristics

The general characteristics of the patients and controls are provided in Table 1. There were 300

males and 194 females in the case group, and the mean age of the IS group was 69.75±11.32

years (range from 40 to 85). The control group included 185 males and 152 females, and the

mean age was 68.96±9.99 years (range from 40 to 85). There were no statistically significant dif-

ferences in age (P = 0.303) or gender (P = 0.109) between the case and control groups. The fre-

quencies of the traditional cerebrovascular risk factors in the IS group were as follows:
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hypertension (75.7%), DM (34.0%), hypercholesterolemia (33.2%), and smoking (40.9%).

These frequencies were significantly higher than those of control group (P< 0.01). Next, all IS

patients were classified into four subtypes according to the TOAST criteria. Two hundred

(40.5%) were classified as large artery atherosclerosis (LAA), 165 (33.4%) as small artery occlu-

sion (SAO), 82 (16.6%) as cardioembolism, and 47 as the other subtypes due to the small sample

sizes. No significant differences were noted between the ages or genders of each of the subtypes

groups and the control group. However, hypertension and DM were still risk factors in the each

of the subtypes compared with the controls.

Association of the VEGFA gene +936 (rs3025039) genotype with the

susceptibility of IS

Genetic analysis of the VEGFA rs3029039 polymorphism was performed for all 494 patients

and 337 controls. The genotypes of 17 controls were not determined due to low qualities or

quantities template DNA. Therefore, a total of 320 controls were genotyped in this study. The

genotype and allele frequency distributions of the +936 C>T substitution in the IS patients

and control subjects are presented in Table 2. The polymorphism frequencies in the control

subjects were consistent with the Hardy-Weinberg equilibrium expectation (P = 0.187). We

calculated the adjusted OR using multiple logistic regression analysis with adjustments for the

Table 1. General characteristics of IS cases and controls.

Characteristic Control Ischemic stroke TOAST Subtypes

Total P value LAA P value SAO P value Cardioembolism P value

Number 337 494 200 165 82

Age (years)* 68.96±9.99 69.75±11.32 0.303 70.03±10.721 0.067 68.39±10.78 0.362 70.99±13.09 0.124

Gender, M/F † 185/152 300/194 0.109 129/71 0.098 100/65 0.162 42/40 0.319

Hypertension, n (%)† 205 (60.8%) 374 (75.7%) <0.001 152 (76.0%) <0.001 130 (79.8%) <0.001 57 (69.5%) 0.145

Diabetes mellitus, n (%)† 56 (16.6%) 168 (34.0%) <0.001 65 (32.5%) <0.001 54 (33.1%) <0.001 30 (36.6%) <0.001

Hypercholesterolemia, n (%)† 80 (23.7%) 164 (33.2%) 0.003 56 (28.0%) 0.258 51 (30.9%) <0.001 22 (26.8%) 0.019

Smoking, n (%)† 91 (27.0%) 202 (40.9%) <0.001 108 (54.0%) <0.001 79 (49.4%) 0.309 37 (45.7%) 0.849

TOAST indicates the Trial of Org 10172 in Acute Stroke Treatment; LAA, large artery atherosclerosis; SAO, small artery occlusion.

* t-tests for the differences between ischemic stroke patients and control subjects
† Chi-square test for the differences in the distribution frequency between ischemic stroke patients and control subjects

doi:10.1371/journal.pone.0172709.t001

Table 2. Genotype frequency of VEGFA polymorphisms between IS patients and control subjects.

VEGF genotypes Controls Cases TOAST Subtypes OR (95%CI) †

LAA SAO Cardioembolism All cases LAA SAO Cardioembolism

Number 320 494 200 165 82

rs3025039

CC 104 (32.5%) 168 (34.0%) 71 (35.5%) 66 (40.0%) 22 (26.8%) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

CT 176 (55.0%) 232 (47.0%) 94 (47.0%) 66 (40.0%) 44 (53.7%) 0.83 (0.61–1.15) 0.87 (0.59–1.28) 0.62 (0.40–0.95) 1.28 (0.71–2.30)

TT 40 (12.5%) 94 (19.0%) 35 (17.5%) 33 (20.0%) 16 (19.5%) 1.50 (0.95–2.36) 1.17 (0.67–2.07) 1.49 (0.83–2.66) 2.45 (1.11–5.41)*

CC vs CT+TT 0.95 (0.70–1.30) 0.83 (0.57–1.20) 0.94 (0.64–1.37) 1.48 (0.84–2.60)

TOAST indicates the Trial of Org 10172 in Acute Stroke Treatment; LAA, large artery atherosclerosis; SAO, small artery occlusion; OR, adjusted odds ratio;

95%CI, 95% confidence interval.
† OR based on the risk factors, including age, sex, blood pressure, cigarette smoking, serum glucose, total cholesterol levels and severity at admission.

* P < 0.05

doi:10.1371/journal.pone.0172709.t002
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traditional risk factors, including age, sex, hypertension, DM, hypercholesterolemia, and

smoking. The results suggested that subjects with the +936 TT genotype had a higher risk of IS

than the subjects carrying the CC genotype (adjusted OR = 1.50; 95% CI, 0.95–2.36; P = 0.082).

There were no significant associations of the rs3025039 CT+TT genotype with the susceptibil-

ity of IS or its subgroups.

Association of the VEGFA gene +936 (rs3025039) genotype with the

severity and outcome of IS

All the patients were divided into two subgroups according to IS severity (n = 382, NIHSS

score� 6 vs. n = 112, NIHSS score > 6). We did not find any association of the CT genotype

(adjusted OR = 0.79; 95% CI 0.50–1.25; P = 0.317), TT genotype (adjusted OR = 0.72; 95% CI

0.41–1.27; P = 0.256) or T allele (OR = 0.80; 95% CI 0.59–1.09; P = 0.167) with IS severity

(Table 3). We then stratified all patients according to the different outcomes. Of the 494 stroke

patients, 308 (62.3%) were assessed at 90 days after the acute event. Eight patients (1.6%) died,

and 11 patients (2.2%) had a recurrent IS. These 308 patients were classified into good recovery

(n = 193) and poor recovery groups (n = 115) based on the mRS assessments. As presented in

Table 4, we found a significant difference between these two groups in the allele frequencies

Table 3. Genotype and allele frequencies of rs3025039 of VEGFA gene in IS patients with different severity at 1 day.

VEGF genotypes IS patients (n = 308) OR(95%CI) P value

NIHSS� 6 (n = 382) NIHSS > 6 (n = 112)

rs3025039

CC 128 (33.5%) 40 (35.7%) 1.00 (reference)

CT 174 (45.5%) 58 (51.8%) 0.79 (0.50–1.25) † 0.317

TT 80 (20.9%) 14 (12.5%) 0.72 (0.41–1.27) † 0.256

CT+TT 254 (64.5%) 72 (64.3%) 0.91(0.58–1.41) 0.734

Allele

C 430 (56.3%) 138 (61.6%) 1.00 (reference)

T 334 (43.7%) 86 (38.4%) 0.80 (0.59–1.09) 0.167

NIHSS indicates the National Institutes of Health Stroke Severity Scale assessed at one day; OR, odds ratio; 95%CI, 95% confidence interval.
† OR were adjusted by the risk factors, including age, sex, blood pressure, cigarette smoking, serum glucose, total cholesterol levels and severity at

admission.

doi:10.1371/journal.pone.0172709.t003

Table 4. Genotype and allele frequencies of rs3025039 of VEGFA gene in IS patients with different outcome at 90 day.

VEGF genotypes IS patients (n = 308) OR(95%CI) P value

mRS� 1 (n = 193) mRS > 1 (n = 115)

rs3025039

CC 71 (36.8%) 26 (22.6%) 1.00 (reference)

CT 85 (44.0%) 60 (52.2%) 1.98 (1.13–3.48) † 0.017*

TT 37 (19.2%) 29 (25.2%) 2.16 (1.10–4.22) † 0.024*

CT+TT 122 (63.2%) 89 (77.4%) 1.99 (1.18–3.37) 0.011

Allele

C 227 (58.8%) 112 (48.7%) 1.00 (reference)

T 159 (41.2%) 118 (51.3%) 1.50 (1.08–2.09) 0.015*

mRS indicates the Modified Rankin Scale assessed at 90 day; OR, odds ratio; 95%CI, 95% confidence interval.
† OR were adjusted by the risk factors, including age, sex, blood pressure, cigarette smoking, serum glucose, and total cholesterol levels.

* P < 0.05.

doi:10.1371/journal.pone.0172709.t004
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(OR = 1.50; 95% CI 1.08–2.09; P = 0.015). Following further adjustments for some non-genetic

variables, including age, sex, hypertension, DM, hypercholesterolemia, smoking and IS sever-

ity, we found that the patients with the CT or TT genotypes exhibited poorer outcomes than

the CC carriers (adjusted OR = 1.98; 95%CI 1.13–3.48; P = 0.017 for the CT genotype and

adjusted OR = 2.16; 95%CI 1.10–4.22; P = 0.024 for the TT genotype). The CT+TT genotypes

significantly increased the risk of a bad outcome compared with the CC genotype (OR = 1.99;

95%CI 1.18–3.37; P = 0.011).

Linkage disequilibrium analysis across populations

To better understand the associations above, we extracted Chinese data from the 1000

genomes browser (http://browser.1000genomes.org/index.html). Eight potentially func-

tional VEGFA polymorphisms with high heterogeneities in minimal allele frequencies

(MAF > 0.2) were selected (Fig 1a). Among these polymorphisms, two were located in the

promoter region (rs13207351 and rs1570360), two in the 5ˈUTR (rs2010963 and rs25848)

and four in the 3ˈUTR (rs3025039, rs3025040, rs10434, and rs3025053). We performed

linkage disequilibrium (LD) analyses to test for the presence of bins in the region

Fig 1. Gene map, polymorphisms and linkage disequilibrium (LD) coefficients. (a) A gene map and the polymorphisms of the

VEGFA gene on chromosome 6p21. The reference genomic sequence was NM_001025366. (b, c) The LD structure of eight

polymorphisms within the VEGFA region in the north (CHB, n = 97) and south (CHS, n = 100) Chinese populations. The LD plot was

generated using Haploview v4.2 (Broad Institute, Cambridge, MA, USA). The degree of pairwise LD (r2) is also shown in each block.

rs3025039 and rs3025040 form a haplotype block with a complete LD value (r2 = 1.0).

doi:10.1371/journal.pone.0172709.g001
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encompassing these SNP. As illustrated in the LD plots in Fig 1b and 1c, we found that

+1451 C > T (rs3025040) presented a perfect LD value (r2 = 1.0) with +936 C > T
(rs3025039) in the north (CHB, n = 97) and south (CHS, n = 100) Chinese populations.

Additionally, through ABI 3730XL DNA sequencing, we also noticed a strong LD (r2 = 1.0)

relationship between +936 C> T and +1451 C > T in 36 patients in the IS group (S1 Table),

which suggests that these patients may exhibit the epidemiological results in terms of genetic

susceptibility and outcome of IS.

Bioinformatics analysis results

Since both +936 C> T and +1451 C> T were located in the 3ˈUTR of the VEGFA gene, we

hypothesized that these genetic variants may interrupt miRNA-mRNA interactions and affect

VEGF expression. Therefore, we searched for miRNAs with bindings that could be affected by

the +936 C> T or +1451 C> T base substitution using MirSNP database [23]. We identified

miR-591 and miR-199 family as containing seed sequences that respectively corresponded to

the complementary sequences surrounding +936 C> T and +1451 C> T. Further using RNA-

hybid [24], which is an online tool for identifying the minimum free energy (MFE) hybridiza-

tion of a long and a short RNA, we noticed that the +1451 T allele exhibited significantly lower

MFE values than the C allele for both miR-199a (-27.6 vs -23.1 kcal/mol) and miR-199b (-20.1

vs -15.6 kcal/mol) (Fig 2a and 2b). Additionally, we also found that the allele change from

+936 C -> T is only slightly increased the binding of VEGF 3’UTR with miR-591 (-22.1 vs

-23.3 kcal/mol). This alter is significantly smaller than miR-199a or miR-199b (S1 Fig). These

results suggested that the +1451 T allele may change the conformation of the secondary struc-

ture of VEGFA and may increase the binding affinities between the VEGFA mRNA and the

miRNAs (hsa-miR-199a, hsa-miR-199b or both) compared with the +1451 C allele. Therefore,

we only evaluated the binding of miR-199a and miR-199b with rs3025040 in the present study.

hsa-miR-199a and hsa-miR-199b down-regulated the wild and mutated

VEGFA 3’UTR luciferase activities

To further confirm VEGFA as a putative target of hsa-miR-199a or hsa-miR-199b and that the

+1451 C> T substitution may affect hsa-miR-199a or hsa-miR-199b targeting, we constructed

two luciferase reporter vectors with wild-type homozygous (wil: pMIR-+936C/+1451C, pMIR-

C/C) and mutated homozygous (mut: pMIR-+936T/+1451T, pMIR-T/T) versions of the

VEGFA gene and two expression plasmids, i.e., pcDNA3.1-miR199a and pcDNA3.1-miR199b.

When these plasmids were co-transfected into 16HBE, A549, 293T and ECV304 cells, the rela-

tive luciferase activities of the VEGFA mutated luciferase reporter groups were suppressed by

an average of 22.6% (hsa-miR-199a) and 14.4% (hsa-miR-199b) in all four types of cell lines,

compared with the results observed following transfection with the wild-type (Fig 2c and S2

Table). This difference is more obvious as we combined all cell lines results (P< 0.001). These

findings suggested that mut led to a lower VEGF expression level than wil. Moreover, com-

pared with co-transfection with the pcDNA3.1empty vector, the relative luciferase activities

were significantly decreased in the cells that were co-transfected with pcDNA3.1-miR199a or

-miR199b. In contrast, no changes in relative luciferase activity were observed in the cells that

were transfected with or without the pcDNA3.1 empty vector groups of wil and mut.

Discussion

IS is a complex disease caused by a combination of multiple risk factors. Some previous find-

ings suggested that genetic polymorphisms might play an important role in the risk for IS

[6,25–27]. As a gene that putatively contributes to IS, VEGF has been highlighted in many in
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vivo and in vitro studies. The administration of recombinant human VEGF to the ischemic

brain has been proven to promote angiogenesis and thereby improving functional neurological

outcomes [13,14]. Several variants in the VEGFA promoter and exons have been reported to

predispose carriers to the development of IS [17]. A recent meta-analysis also demonstrated

that +936C>T may be a risk factor for stroke among Asians [28], even though inconsistent

result was observed in a Chinese population [29]. In the present study, we also evaluated the

distribution of the VEGFA +936 C> T polymorphism in 494 IS patients and 337 healthy con-

trol. There were no significant associations of the +936 C> T genotypes with the susceptibility.

This result is inconsistent with what has been shown in some previous studies [28], which may

Fig 2. SNP +1451 C>T affects VEGFA expression by interfering with miR-199a-5p and miR-199b-5p function. (a, b) miR-199a-5p and

miR-199b-5p directly target the VEGFA gene 3ˈUTR region and +1451C > T (rs3025040) is located in this binding site and may interfere with

miRNA-mRNA interactions due to the base substitution. MFE: minimal free energy. (c) In vitro luciferase reporter assays for +1451C > T in the

16HBE, 293T, A549 and HEV304 cell lines. Each transfection was performed with pRL-SV40 plasmids as normalizing controls. The data are

presented the mean fold increases ± SDs relative to the samples co-transfected with the pcDNA3.1empty vector (control) from three

independent transfection experiments, each of which was performed in triplicate. Pairwise t test was used to evaluate the differences between

the wild-type and mutant-type. * hsa-miR-199a expression plasmid with VEGFA wild-type 3’UTR luciferase reporter plasmids (pMIR-C/C) or

mutant plasmids (pMIR-T/T) (P = 0.062, P = 0.002, P = 0.083, and P = 0.107 for 16HBE, 293T, A549, and ECV304, respectively. P < 0.001 for

combined all four cell lines). # hsa-miR-199b expression plasmid with VEGFA pMIR-C/C plasmid or pMIR-T/T plasmids (P = 0.153, P = 0.145,

P < 0.001, and P = 0.130 for 16HBE, 293T, A549, and ECV304, respectively. P < 0.001 for combined all four cell lines).

doi:10.1371/journal.pone.0172709.g002
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be due to the selection bias of IS patients or some potential confounding factors that influenced

the distribution of the genotype. Therefore, we further assessed the severity and the 3 month

outcomes of IS in relation to the polymorphisms and found that the subjects with the TT geno-

type of rs3029039 exhibited an increased risk of poor outcome at 90 days after IS onset. These

results further support previous ideas that VEGF is an important regulatory gene for the recov-

ery from IS and that the +936 C> T substitution may be a functional polymorphism in the

3ˈUTR that may affect the outcomes of IS patients.

The VEGFA +936 C> T substitution is an important functional polymorphism that has

been proven to alter susceptibility to various diseases that are linked to altered angiogenesis,

including, endometriosis [30], cancer [31,32], and vascular and periaortic diseases [33,34]. A

marked heritability of VEGF serum levels according to the +936 C> T genotype has been

reported in a healthy Caucasian population [35]. Similar results were observed in another pre-

vious study [32] which suggested that the variant may affect VEGF levels through some specific

transcriptional or post-transcriptional regulation. There are two interpretations of this phe-

nomenon. First, the +936 C> T polymorphism, which is located in the 3ˈUTR, leads to the

loss of a potential binding site for AP-4 [32,36]; Second, this variant may interfere with the

binding of hypoxia-induced protein to the 3ˈUTR of VEGFA mRNA, which would result in a

significantly decreased half-life of the mRNA [37].

In the present study, we hypothesized a different potential mechanism as an explanation.

Because the 3ˈ-UTR contains regulatory sequences that are sensitive to regulatory proteins and

miRNAs, mutations or polymorphisms in the miRNA binding site could result in alterations

in the accessibility of miRNA for the binding of the target gene and thereby influence the risks

for common diseases [38]. Several previous studies have identified associations of certain vari-

ants in miRNA binding site with complex trait diseases such as DM, hypertension, atheroscle-

rotic cerebral infarction, coronary heart disease and others [39,40–42]. Recently, several

miRNA target prediction databases, such as miRSNP [23], PolymiRTS [43], miRNASNP [44],

have been established and may help us identify new functional polymorphisms in 3ˈUTRs. In

the present study, our search of the miRSNP database identified another 3ˈUTR variant, i.e.

+1451C> T (rs3025040), located in the miR-199a or miR-199b binding site that exhibited

strong linkage (r2 = 1.0) with +936C> T. Further luciferase analysis revealed that the

rs3025040 T allele significantly decreased luciferase activity in four cell lines, which supported

our informatics-based prediction that +1451C> T may disrupt miRNA-mRNA interaction

and result in lower VEGF expression levels. These results are consistent with many previous

results that the rs3025039 T allele significantly decreased VEGF levels [35,36].

miR-199 is an important vertebrate specific miRNA family, which has been shown to be

involved in a wide variety of cellular and developmental mechanisms such as various cancer

development and progression, cardiomyocytes protection or skeletal formation [45]. Recently,

a study had been reported that the expression of miR-199a and miR-199b was significantly

lower in epileptic brain tissue than normal brain tissue [46]. Moreover, miR-199a and miR-

199b had been found to regulate cell proliferation, survival and death by targeting HIF-1a [47].

HIF is an important transcription factor that regulates gene expression in the brain and other

tissues in response to decrease in oxyone availability [48, 49]. Additionally, vascular endothe-

lial cell is a crucial tissue to secrete VEGF after IS and induce the vascular regeneration. Chen

T, et al. reported that miR-199b could modulate vascular cell fate through targeting the ligand

Jagged1 and enhancing VEGF signaling [50]. These results suggested that miR-199a and miR-

199b are important regulators to control the IS recovery.

Finally, although we did not evaluate any other possible mechanisms in the present study,

such as AP4 for +936 C> T, no significant differences of relative luciferase activities were

observed between the wil- and mut-types in the cells transfected with or without pcDNA3.1
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empty vector groups, which suggested that other mechanisms may not play crucial roles in the

expression differences observed between the different rs3025039 genotype.

In conclusion, in this case-control study, we observed that the +936 C> T polymorphism

in the 3’UTR of VEGFA confers an increased risk of poor outcome at 90 days after IS onset.

Additionally, based on a luciferase reporter assay, we have provided an initial description of

the effect on the +1451C> T substitution on the binding of hsa-miR-199a and hsa-miR-199b

that could result in decreased VEGF expression. The +936 TT genotype may be an important

biomarker for the prediction of IS recovery in Chinese patients. Recently, some promoter

polymorphisms in the region of VEGFA, such as -2578 C>A, -1154 G>A and -634 C>G, have

been reported to affect the susceptibilities and outcomes of many common diseases [51–53].

Therefore, further studies are needed to investigate whether these polymorphisms and their

combined effect influence VEGF expression and IS outcome. Finally, considering the small

sample size in the present study, we did not evaluate genotype-environment interaction.

Larger population-based studies with different ethnic groups are warranted to validate our

findings.

Supporting information

S1 Table. The genotypes of +936 C> T and +1451 C> T of VEGFA gene in 36 ischemic

stroke patients.

(PDF)

S2 Table. The effect of the variants on the the binding affinity of mir-199a and mir-199b

within VEGFA-3’UTR.

(PDF)

S1 Fig. The effect of +936 C> T on the binding affinities between the VEGFA mRNA and

miR-591. MFE: minimal free energy.

(TIF)

Acknowledgments

We thank Ying Wang (Shanghai Jiaotong medical University, Shanghai, China) for helping of

cells culture.

Author Contributions

Conceptualization: YB JZ SW.

Data curation: JZ.

Formal analysis: YB JZ.

Funding acquisition: JZ YB SW.

Investigation: JZ Y. Weng HW.

Methodology: YB LJ Y. Wang XL JZ.

Project administration: JZ YB SW.

Resources: JZ YB SW.

Supervision: JZ YB.

Validation: YB.

Impact of VEGF polymorphism on 90-day outcome of ischemic stroke

PLOS ONE | DOI:10.1371/journal.pone.0172709 February 24, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172709.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172709.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172709.s003


Visualization: YB.

Writing – original draft: YB.

Writing – review & editing: JZ SW YH.

References
1. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, Bennett DA, et al. Global and

regional burden of stroke during 1990–2010: findings from the Global Burden of Disease Study 2010.

Lancet. 2014; 383(9913): 245–254. PMID: 24449944

2. Liu L, Wang D, Wong KS, Wang Y. Stroke and stroke care in China: huge burden, significant workload,

and a national priority. Stroke. 2011; 42(12):3651–3654. doi: 10.1161/STROKEAHA.111.635755

PMID: 22052510

3. Goldstein LB, Adams R, Becker K, Furberg CD, Gorelick PB, Hademenos G, et al. Primary prevention

of ischemic stroke: A statement for healthcare professionals from the Stroke Council of the American

Heart Association. Stroke. 2001; 32(1):280–299. PMID: 11136952

4. Hassan A, Markus HS. Genetics and ischaemic stroke. Brain. 2000; 123 (Pt 9): 1784–1812.

5. Holliday EG, Maguire JM, Evans TJ, Koblar SA, Jannes J, Sturm JW, et al. Common variants at 6p21.1

are associated with large artery atherosclerotic stroke. Nat Genet. 2012; 44(10):1147–1151. doi: 10.

1038/ng.2397 PMID: 22941190

6. Bellenguez C, Bevan S, Gschwendtner A, Spencer CC, Burgess AI, Pirinen M, et al. Genome-wide

association study identifies a variant in HDAC9 associated with large vessel ischemic stroke. Nat

Genet. 2012; 44(3):328–333. doi: 10.1038/ng.1081 PMID: 22306652

7. Waters RJ, Nicoll JA. Genetic influences on outcome following acute neurological insults. Curr Opin Crit

Care. 2005; 11(2): 105–110. PMID: 15758588

8. Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N. Vascular endothelial growth factor is a

secreted angiogenic mitogen. Science. 1989; 246(4935): 1306–1309. PMID: 2479986

9. Reitmeir R, Kilic E, Reinboth BS, Guo Z, ElAli A, Zechariah A, et al. Vascular endothelial growth factor

induces contralesional corticobulbar plasticity and functional neurological recovery in the ischemic

brain. Acta Neuropathol. 2012; 123(2):273–84. doi: 10.1007/s00401-011-0914-z PMID: 22109109

10. Kovacs Z, Ikezaki K, Samoto K, Inamura T, Fukui M. VEGF and flt. Expression time kinetics in rat brain

infarct. Stroke. 1996; 27(10): 1865–1872; discussion 1872–1863. PMID: 8841346

11. Abumiya T, Lucero J, Heo JH, Tagaya M, Koziol JA, Copeland BR, et al. Activated microvessels

express vascular endothelial growth factor and integrin alpha(v)beta3 during focal cerebral ischemia. J

Cereb Blood Flow Metab. 1999; 19(9): 1038–1050. doi: 10.1097/00004647-199909000-00012 PMID:

10478656

12. Zhang ZG, Zhang L, Tsang W, Soltanian-Zadeh H, Morris D, Zhang R, et al. Correlation of VEGF and

angiopoietin expression with disruption of blood-brain barrier and angiogenesis after focal cerebral

ischemia. J Cereb Blood Flow Metab. 2002; 22(4): 379–392. doi: 10.1097/00004647-200204000-

00002 PMID: 11919509

13. Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, et al. VEGF enhances angiogenesis and

promotes blood-brain barrier leakage in the ischemic brain. J Clin Invest. 2000; 106(7): 829–838. doi:

10.1172/JCI9369 PMID: 11018070

14. Sun Y, Jin K, Xie L, Childs J, Mao XO, Logvinova A, et al. VEGF-induced neuroprotection, neurogen-

esis, and angiogenesis after focal cerebral ischemia. J Clin Invest. 2003; 111(12): 1843–1851. doi: 10.

1172/JCI17977 PMID: 12813020

15. Chen J, Zacharek A, Li A, Zhang C, Ding J, Roberts C, et al. Vascular endothelial growth factor medi-

ates atorvastatin-induced mammalian achaete-scute homologue-1 gene expression and neuronal dif-

ferentiation after stroke in retired breeder rats. Neuroscience. 2006; 141(2): 737–744. doi: 10.1016/j.

neuroscience.2006.04.042 PMID: 16730914

16. Soliman S, Ishrat T, Pillai A, Somanath PR, Ergul A, El-Remessy AB, et al. Candesartan induces a pro-

longed proangiogenic effect and augments endothelium-mediated neuroprotection after oxygen and

glucose deprivation: role of vascular endothelial growth factors A and B. J Pharmacol Exp Ther. 2014;

349(3):444–457. doi: 10.1124/jpet.113.212613 PMID: 24681872

17. Kim OJ, Hong SH, Oh SH, Kim TG, Min KT, Oh D, et al. Association between VEGF polymorphisms

and homocysteine levels in patients with ischemic stroke and silent brain infarction. Stroke. 2011; 42

(9):2393–402. doi: 10.1161/STROKEAHA.110.607739 PMID: 21737794

Impact of VEGF polymorphism on 90-day outcome of ischemic stroke

PLOS ONE | DOI:10.1371/journal.pone.0172709 February 24, 2017 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/24449944
http://dx.doi.org/10.1161/STROKEAHA.111.635755
http://www.ncbi.nlm.nih.gov/pubmed/22052510
http://www.ncbi.nlm.nih.gov/pubmed/11136952
http://dx.doi.org/10.1038/ng.2397
http://dx.doi.org/10.1038/ng.2397
http://www.ncbi.nlm.nih.gov/pubmed/22941190
http://dx.doi.org/10.1038/ng.1081
http://www.ncbi.nlm.nih.gov/pubmed/22306652
http://www.ncbi.nlm.nih.gov/pubmed/15758588
http://www.ncbi.nlm.nih.gov/pubmed/2479986
http://dx.doi.org/10.1007/s00401-011-0914-z
http://www.ncbi.nlm.nih.gov/pubmed/22109109
http://www.ncbi.nlm.nih.gov/pubmed/8841346
http://dx.doi.org/10.1097/00004647-199909000-00012
http://www.ncbi.nlm.nih.gov/pubmed/10478656
http://dx.doi.org/10.1097/00004647-200204000-00002
http://dx.doi.org/10.1097/00004647-200204000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11919509
http://dx.doi.org/10.1172/JCI9369
http://www.ncbi.nlm.nih.gov/pubmed/11018070
http://dx.doi.org/10.1172/JCI17977
http://dx.doi.org/10.1172/JCI17977
http://www.ncbi.nlm.nih.gov/pubmed/12813020
http://dx.doi.org/10.1016/j.neuroscience.2006.04.042
http://dx.doi.org/10.1016/j.neuroscience.2006.04.042
http://www.ncbi.nlm.nih.gov/pubmed/16730914
http://dx.doi.org/10.1124/jpet.113.212613
http://www.ncbi.nlm.nih.gov/pubmed/24681872
http://dx.doi.org/10.1161/STROKEAHA.110.607739
http://www.ncbi.nlm.nih.gov/pubmed/21737794


18. Zhao J, Wu H, Zheng L, Weng Y, Mo Y. Brain-derived neurotrophic factor G196A polymorphism pre-

dicts 90-day outcome of ischemic stroke in Chinese: a novel finding. Brain Res. 2013; 1537:312–318.

doi: 10.1016/j.brainres.2013.08.061 PMID: 24035862

19. Hatano S. Variability of the diagnosis of stroke by clinical judgement and by a scoring method. Bull

World Health Organ. 1976; 54(5): 533–540. PMID: 1088403

20. Adams HP Jr., Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. Classification of subtype

of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in

Acute Stroke Treatment. Stroke. 1993; 24(1): 35–41. PMID: 7678184

21. Meyer BC, Hemmen TM, Jackson CM, Lyden PD. Modified National Institutes of Health Stroke Scale

for use in stroke clinical trials: prospective reliability and validity. Stroke. 2002; 33(5): 1261–1266.

PMID: 11988601

22. Quinn TJ, Dawson J, Walters MR, Lees KR. Reliability of the modified Rankin Scale. Stroke. 2007;

38(11): e144; author reply e145. doi: 10.1161/STROKEAHA.107.490110 PMID: 17885254

23. Liu C, Zhang F, Li T, Lu M, Wang L, Yue W, et al. (2012) MirSNP, a database of polymorphisms altering

miRNA target sites, identifies miRNA-related SNPs in GWAS SNPs and eQTLs. BMC Genomics. 2012;

13:661. doi: 10.1186/1471-2164-13-661 PMID: 23173617

24. Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R. Fast and effective prediction of microRNA/tar-

get duplexes. RNA. 2004; 10(10): 1507–1517. doi: 10.1261/rna.5248604 PMID: 15383676

25. Gretarsdottir S, Thorleifsson G, Manolescu A, Styrkarsdottir U, Helgadottir A, Gschwendtner A, et al.

Risk variants for atrial fibrillation on chromosome 4q25 associate with ischemic stroke. Ann Neurol.

2008; 64(4):402–409. doi: 10.1002/ana.21480 PMID: 18991354

26. Ikram MA, Seshadri S, Bis JC, Fornage M, DeStefano AL, Aulchenko YS, et al. Genomewide associa-

tion studies of stroke. N Engl J Med. 2009; 360(17):1718–1728. doi: 10.1056/NEJMoa0900094 PMID:

19369658

27. Gudbjartsson DF, Holm H, Gretarsdottir S, Thorleifsson G, Walters GB, Thorgeirsson G, et al. A

sequence variant in ZFHX3 on 16q22 associates with atrial fibrillation and ischemic stroke. Nat Genet.

2009; 41(8):876–878. doi: 10.1038/ng.417 PMID: 19597491

28. Wu T, Qiu S, Wang P, Li J, Li Q, Du J. The association between vascular endothelial growth factor gene

polymorphisms and stroke: a meta-analysis. Brain Behav. 2016; 6(7): e00482. doi: 10.1002/brb3.482

PMID: 27247852

29. Fu Y, Ni P, Ma J, Ying Y, Zhao J, Liu J, et al. Polymorphisms of human vascular endothelial growth fac-

tor gene are associated with acute cerebral infarction in the Chinese population. Eur Neurol. 2011;

66(1):47–52. doi: 10.1159/000329276 PMID: 21757917

30. Ikuhashi Y, Yoshida S, Kennedy S, Zondervan K, Takemura N, Dequchi M, et al. Vascular endothelial

growth factor +936 C/T polymorphism is associated with an increased risk of endometriosis in a Japa-

nese population. Acta Obstet Gynecol Scand. 2007; 86(11): 1352–1358. doi: 10.1080/

00016340701644991 PMID: 17963063

31. Kim JG, Chae YS, Sohn SK, Cho YY, Moon JH, Park JY, et al. Vascular endothelial growth factor gene

polymorphisms associated with prognosis for patients with colorectal cancer. Clin Cancer Res. 2008;

14(1):62–66. doi: 10.1158/1078-0432.CCR-07-1537 PMID: 18172253

32. Krippl P, Langsenlehner U, Renner W, Yazdani-Biuki B, Wolf G, Wascher TC, et al. A common 936 C/T

gene polymorphism of vascular endothelial growth factor is associated with decreased breast cancer

risk. Int J Cancer. 2003; 106(4): 468–471. doi: 10.1002/ijc.11238 PMID: 12845639

33. Atzeni F, Boiardi L, Vaglio A, Nicoli D, Farnetti E, Palmisano A, et al. TLR-4 and VEGF polymorphisms

in chronic periaortitis. PLoS One. 2013; 8(5):e62330. doi: 10.1371/journal.pone.0062330 PMID:

23690937

34. Song GG, Kim JH, Lee YH. Vascular endothelial growth factor gene polymorphisms and vasculitis sus-

ceptibility: A meta-analysis. Hum Immunol. 2014; 75(6):541–548. doi: 10.1016/j.humimm.2014.02.022

PMID: 24607726

35. Al-Habboubi HH, Sater MS, Almawi AW, Al-Khateeb GM, Almawi WY (2011) Contribution of VEGF

polymorphisms to variation in VEGF serum levels in a healthy population. Eur Cytokine Netw. 2011;

22(3):154–158. doi: 10.1684/ecn.2011.0289 PMID: 21982816

36. Renner W, Kotschan S, Hoffmann C, Obermayer-Pietsch B, Pilger E. A common 936 C/T mutation in

the gene for vascular endothelial growth factor is associated with vascular endothelial growth factor

plasma levels. J Vasc Res. 2000; 37(6): 443–448. doi: 54076 PMID: 11146397

37. Maeda M, Yamamoto I, Fujio Y, Azuma J. Homocysteine induces vascular endothelial growth factor

expression in differentiated THP-1 macrophages. Biochim Biophys Acta. 2003; 1623(1): 41–46. PMID:

12957716

Impact of VEGF polymorphism on 90-day outcome of ischemic stroke

PLOS ONE | DOI:10.1371/journal.pone.0172709 February 24, 2017 13 / 14

http://dx.doi.org/10.1016/j.brainres.2013.08.061
http://www.ncbi.nlm.nih.gov/pubmed/24035862
http://www.ncbi.nlm.nih.gov/pubmed/1088403
http://www.ncbi.nlm.nih.gov/pubmed/7678184
http://www.ncbi.nlm.nih.gov/pubmed/11988601
http://dx.doi.org/10.1161/STROKEAHA.107.490110
http://www.ncbi.nlm.nih.gov/pubmed/17885254
http://dx.doi.org/10.1186/1471-2164-13-661
http://www.ncbi.nlm.nih.gov/pubmed/23173617
http://dx.doi.org/10.1261/rna.5248604
http://www.ncbi.nlm.nih.gov/pubmed/15383676
http://dx.doi.org/10.1002/ana.21480
http://www.ncbi.nlm.nih.gov/pubmed/18991354
http://dx.doi.org/10.1056/NEJMoa0900094
http://www.ncbi.nlm.nih.gov/pubmed/19369658
http://dx.doi.org/10.1038/ng.417
http://www.ncbi.nlm.nih.gov/pubmed/19597491
http://dx.doi.org/10.1002/brb3.482
http://www.ncbi.nlm.nih.gov/pubmed/27247852
http://dx.doi.org/10.1159/000329276
http://www.ncbi.nlm.nih.gov/pubmed/21757917
http://dx.doi.org/10.1080/00016340701644991
http://dx.doi.org/10.1080/00016340701644991
http://www.ncbi.nlm.nih.gov/pubmed/17963063
http://dx.doi.org/10.1158/1078-0432.CCR-07-1537
http://www.ncbi.nlm.nih.gov/pubmed/18172253
http://dx.doi.org/10.1002/ijc.11238
http://www.ncbi.nlm.nih.gov/pubmed/12845639
http://dx.doi.org/10.1371/journal.pone.0062330
http://www.ncbi.nlm.nih.gov/pubmed/23690937
http://dx.doi.org/10.1016/j.humimm.2014.02.022
http://www.ncbi.nlm.nih.gov/pubmed/24607726
http://dx.doi.org/10.1684/ecn.2011.0289
http://www.ncbi.nlm.nih.gov/pubmed/21982816
http://dx.doi.org/54076
http://www.ncbi.nlm.nih.gov/pubmed/11146397
http://www.ncbi.nlm.nih.gov/pubmed/12957716


38. Kim VN, Nam JW. Genomics of microRNA. Trends Genet 2006; 22(3): 165–173. doi: 10.1016/j.tig.

2006.01.003 PMID: 16446010

39. Goda N, Murase H, Kasezawa N, Goda T, Yamakawa-Kobayashi K. Polymorphism in microRNA-bind-

ing site in HNF1B influences the susceptibility of type 2 diabetes mellitus: a population based case-con-

trol study. BMC Med Genet. 2015; 16:75. doi: 10.1186/s12881-015-0219-5 PMID: 26329304

40. Yuan M, Zhan Q, Duan X, Song B, Zeng S, Chen X, et al. A functional polymorphism at miR-491-5p

binding site in the 3’-UTR of MMP-9 gene confers increased risk for atherosclerotic cerebral infarction in

a Chinese population. Atherosclerosis. 2013; 226(2):447–52. doi: 10.1016/j.atherosclerosis.2012.11.

026 PMID: 23257658

41. Yang S, Gao Y, Liu G, Li J, Shi K, Du B, et al. The human ATF1 rs11169571 polymorphism increases

essential hypertension risk through modifying miRNA binding. FEBS Lett. 2015; 589(16):2087–2093.

doi: 10.1016/j.febslet.2015.06.029 PMID: 26149214

42. Miller CL, Haas U, Diaz R, Leeper NJ, Kundu RK, Patlolla B, et al. Coronary heart disease-associated

variation in TCF21 disrupts a miR-224 binding site and miRNA-mediated regulation. PLoS Genet. 2014;

10(3):e1004263. doi: 10.1371/journal.pgen.1004263 PMID: 24676100

43. Bhattacharya A, Ziebarth JD, Cui Y. PolymiRTS Database 3.0: linking polymorphisms in microRNAs

and their target sites with human diseases and biological pathways. Nucleic Acids Res. 2013; 42(Data-

base issue): D86–91. doi: 10.1093/nar/gkt1028 PMID: 24163105

44. Gong J, Liu C, Liu W, Wu Y, Ma Z, Chen H, et al. An update of miRNASNP database for better SNP

selection by GWAS data, miRNA expression and online tools. Database (Oxford). 2015; 2015: bav029.

45. Gu S, Chan WY. Flexible and versatile as a chameleon-sophisticated functions of microRNA-199a. Int J

Mol Sci. 2012; 13(7): 8449–8466. doi: 10.3390/ijms13078449 PMID: 22942713

46. Jiang G, Zhou R, He X, Shi Z, Huang M, Yu J, et al. Expression levels of microRNA-199 and hypoxia-

inducible factor-1 alpha in brain tissue of patients with intractable epilepsy. Int J Neurosci. 2016; 126

(4):326–334. doi: 10.3109/00207454.2014.994209 PMID: 25539181

47. Wang C, Song B, Song W, Liu J, Sun A, Wu D, et al. Underexpressed microRNA-199b-5p targets hyp-

oxia-inducible factor-1alpha in hepatocellular carcinoma and predicts prognosis of hepatocellular carci-

noma patients. J Gastroenterol Hepatol. 2011; 26(11):1630–1637. doi: 10.1111/j.1440-1746.2011.

06758.x PMID: 21557766

48. Aro E, Khatri R, Gerard-O’Riley R, Mangiavini L, Myllyharju J, Schipani E. Hypoxia-inducible factor-1

(HIF-1) but not HIF-2 is essential for hypoxic induction of collagen prolyl 4-hydroxylases in primary new-

born mouse epiphyseal growth plate chondrocytes. J Biol Chem. 2012; 287(44):37134–37144. doi: 10.

1074/jbc.M112.352872 PMID: 22930750

49. Fan X, Heijnen CJ, van der Kooij MA, Groenendaal F, van Bel F (2009) The role and regulation of hyp-

oxia-inducible factor-1alpha expression in brain development and neonatal hypoxic-ischemic brain

injury. Brain Res Rev. 2009; 62(1):99–108. doi: 10.1016/j.brainresrev.2009.09.006 PMID: 19786048

50. Chen T, Margariti A, Kelaini S, Cochrane A, Guha ST, Hu Y, et al. MicroRNA-199b Modulates Vascular

Cell Fate During iPS Cell Differentiation by Targeting the Notch Ligand Jagged1 and Enhancing VEGF

Signaling. Stem Cells. 2015; 33(5):1405–1418. doi: 10.1002/stem.1930 PMID: 25535084

51. Yang YQ, Chen J. Predictive role of vascular endothelial growth factor polymorphisms in the survival of

renal cell carcinoma patients. Genet Mol Res. 2014; 13(3):5011–5017. doi: 10.4238/2014.July.4.16

PMID: 25062489

52. Tu J, Wang S, Zhao J, Zhu J, Sheng L, Chen H, et al. rs833061 and rs699947 on promoter gene of vas-

cular endothelial growth factor (VEGF) and associated lung cancer susceptibility and survival: a meta-

analysis. Med Sci Monit. 2014; 20:2520–2526. doi: 10.12659/MSM.891394 PMID: 25468805

53. Chen H, Zhang T, Gong B, Cao X. Association between VEGF -634G/C polymorphism and susceptibil-

ity to autoimmune diseases: a meta-analysis. Gene. 2015; 558(2):181–186. doi: 10.1016/j.gene.2015.

01.023 PMID: 25596346

Impact of VEGF polymorphism on 90-day outcome of ischemic stroke

PLOS ONE | DOI:10.1371/journal.pone.0172709 February 24, 2017 14 / 14

http://dx.doi.org/10.1016/j.tig.2006.01.003
http://dx.doi.org/10.1016/j.tig.2006.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16446010
http://dx.doi.org/10.1186/s12881-015-0219-5
http://www.ncbi.nlm.nih.gov/pubmed/26329304
http://dx.doi.org/10.1016/j.atherosclerosis.2012.11.026
http://dx.doi.org/10.1016/j.atherosclerosis.2012.11.026
http://www.ncbi.nlm.nih.gov/pubmed/23257658
http://dx.doi.org/10.1016/j.febslet.2015.06.029
http://www.ncbi.nlm.nih.gov/pubmed/26149214
http://dx.doi.org/10.1371/journal.pgen.1004263
http://www.ncbi.nlm.nih.gov/pubmed/24676100
http://dx.doi.org/10.1093/nar/gkt1028
http://www.ncbi.nlm.nih.gov/pubmed/24163105
http://dx.doi.org/10.3390/ijms13078449
http://www.ncbi.nlm.nih.gov/pubmed/22942713
http://dx.doi.org/10.3109/00207454.2014.994209
http://www.ncbi.nlm.nih.gov/pubmed/25539181
http://dx.doi.org/10.1111/j.1440-1746.2011.06758.x
http://dx.doi.org/10.1111/j.1440-1746.2011.06758.x
http://www.ncbi.nlm.nih.gov/pubmed/21557766
http://dx.doi.org/10.1074/jbc.M112.352872
http://dx.doi.org/10.1074/jbc.M112.352872
http://www.ncbi.nlm.nih.gov/pubmed/22930750
http://dx.doi.org/10.1016/j.brainresrev.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19786048
http://dx.doi.org/10.1002/stem.1930
http://www.ncbi.nlm.nih.gov/pubmed/25535084
http://dx.doi.org/10.4238/2014.July.4.16
http://www.ncbi.nlm.nih.gov/pubmed/25062489
http://dx.doi.org/10.12659/MSM.891394
http://www.ncbi.nlm.nih.gov/pubmed/25468805
http://dx.doi.org/10.1016/j.gene.2015.01.023
http://dx.doi.org/10.1016/j.gene.2015.01.023
http://www.ncbi.nlm.nih.gov/pubmed/25596346

