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Purpose: Evidence on the contribution of genes to the hereditary predisposition to pulmonary arterial hypertension (PAH) is lim-
ited.

Materials and Methods: In this study, we hypothesized that single nucleotide variants in vascular endothelial growth factor
(VEGF) gene may alter gene function and expression and may be associated with PAH risk. Five putatively functional loci
(rs699947C>A and rs833061T>C in the promoter, rs3025040C>T, rs10434G>A and rs3025053G>A in the 3’-UTR) in the VEGF gene
were genotyped and analyzed in a retrospective study of 587 patients with PAH and 736 healthy subjects from southern China.
Results: We found that the rs833061T>C polymorphism was significantly associated with PAH risk, while the other single nucleo-
tide polymorphisms were not. Compared to carriers with TT genotype, those with rs833061C variant genotype (CT/CC) had an
increased risk of PAH (odds ratio=1.47, 95% confidence interval=1.18-1.83, p=0.001). Functional assays indicated that CT/CC
variant genotype had significantly higher mRNA levels of VEGF in peripheral blood mononuclear cells than TT genotype
(p=0.021). Luciferase reporter assay indicated that having a C allele conferred a significantly higher transcription activity than that
with a T allele.

Conclusion: Our findings suggest that the functional polymorphism rs833061T>C in VEGF gene promoter modulates VEGF ex-

pression and may be a valuable biomarker for predicting PAH susceptibility.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive, debili-
tating, incurable disease of pulmonary vasculature and is char-
acterized by elevations in mean pulmonary artery pressure ex-
ceeding 25 mm Hg at rest and a pulmonary capillary wedge
pressure of less than 15 mm Hg.! With the development of vas-
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cular remodeling and increased right ventricular pressure over-
load, patients with PAH usually die from right ventricular fail-
ure.? Over the last several decades, despite numerous etiologic
and therapeutic efforts, mortality from PAH remains unaccept-
ably high, and its prognosis remains dismal.’ The identification
of novel biomarkers associated with PAH susceptibility and de-
velopment might help to explain the precise mechanisms of
PAH and facilitate personal targeted therapies for improved
overall survival rates.

Vascular endothelial growth factor (VEGF) is a pivotal media-
tor of angiogenesis and endothelial cell biology, VEGF also plays
important roles in various human diseases via diversified and
complex ranges of signaling pathways.> Evidence suggests that
VEGF acts on endothelial cells specifically and has multifarious
influences that include mediating increased angiogenesis, vas-
cular permeability, vasculogenesis, and endothelial cell growth.”
The biological role of VEGF in PAH has been gradually recog-
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nized due to PAH having intimate connections with changes in
vascular architecture. One study suggested that increased ex-
pression of VEGF by mesenchymal stem cells could result in
enhanced vessel formation during treprostinil treatment in the
patients with pulmonary hypertension, whereas silencing the
VEGF gene blocked the pro-angiogenic effect.'® In addition,
other evidence has suggested that VEGF levels are elevated in
patients with PAH, compared to healthy individuals."

The VEGF gene is located on chromosome 6p21.3, spanning
over ~16 kb and encoding a 232-amino acid protein. To date,
genetic variations, including single nucleotide polymorphism
(SNP), in the VEGF gene have been investigated, revealing inti-
mate connections to a multitude of complex diseases: studies
demonstrated that the SNP rs2010963G>C in the 5’-untranslated
region (UTR) of the VEGF gene is a genetic risk factor for cardi-
ac septal defects, by increasing the expression of VEGFE."*** Fur-
ther, Han, et al." investigated the associations between VEGF
SNPs and coronary heart disease (CHD) risk in the Chinese
Han population and found that -460 T/C had an increased risk
of CHD. To date, few reports have evaluated the associations be-
tween polymorphisms of VEGF and PAH risk. In this study, we
hypothesized that genetic variants in the VEGF gene could alter
its biological function and expression and, thus, may be associ-
ated with PAH susceptibility.

Conducting independent retrospective studies, we tested the
relationship between five putative functional SNPs (rs699947C>A
and rs833061T>C in the promoter, rs3025040C>T, rs10434G>A
and rs3025053G>A in the 3’-UTR) in the VEGF gene and PAH
risk. Consecutive functional experiments were performed to
determine the biological effects of these polymorphisms.

MATERIALS AND METHODS

Study population

In this study, a total of 587 PAH patients were enrolled from the
Panyu Hexian Memorial Hospital and Nanfang Hospital during
March 2009 to December 2014; 736 age- (+5 years) and sex-
matched healthy controls were also registered in the physical
examination program during the same period. The diagnosis of
patients with PAH was determined by a hemodynamic mea-
surement during right-heart catheterisation for all patients. In
brief, PAH was diagnosed according to a mean pulmonary arte-
rial pressure 225 mm Hg associated with normal pulmonary
capillary wedge pressure. Hemodynamic evaluation by right-
heart catheterisation was performed at baseline in all subjects
according to a previously described protocol.”® All participants
were genetically unrelated and of Han Chinese ethnicity, and
none had received a blood transfusion within the last six months.
After written informed consent was obtained from each partici-
pant, they underwent an interview to collect information re-
garding demographics and other selected factors and were
asked to donate 5 mL of peripheral venous blood. The study
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was approved by the Institutional Review Board of Panyu Hexian
Memorial Hospital.

SNP selection and genotype determination

Using the public HapMap database (http://HapMap.ncbi.nlm.
nih.gov/), we searched for putatively functional SNPs located in
the predicted 2000 bp promoter, exons and 3’-UTR of the VEGF
gene. Five such SNPs in the VEGF gene (i.e., rs699947C>A and
rs833061T>C in the promoter, 1s3025040C>T, rs10434G>A and
1rs3025053G>A in the 3'-UTR) were identified and had a minor
allele frequency >5% in the Chinese population. These SNPs
were chosen for genotyping and their associations with PAH
risk were analyzed in this study.

Genomic DNA was extracted from 2 mL of peripheral blood
using a DNA Blood Mini Kit (Qiagen, Valencia, CA, USA) ac-
cording to the manufacturer’s instructions. The genotypes for
each SNP were identified by TagMan allelic discrimination ex-
periment performing in ABI PRISM 7500 Sequence Detection
Systems (Applied Biosystems, Foster City, CA, USA). The prim-
ers and probes were designed using Primer Express 3.0 (Ap-
plied Biosystems) and synthesized by Shanghai GeneCore Bio-
technologies (Shanghai, China). Approximately 10% of the
samples for each of the 5 SNPs were randomly selected to per-
form repeat assays.

VEGF mRNA expression in PBMCs

Forty samples of peripheral blood mononuclear cells (PBMCs)
were purified from PAH patients and healthy controls, respec-
tively. In short, blood was collected from patients and healthy
subjects using one-step cell separation (Becton Dickinson, Moun-
tain View, CA, USA). The samples were vortexed and then cen-
trifuged at 1800 reactive centrifugal force at ambient tempera-
ture for 30 minutes. The PBMC cell layer was transferred to a
15-mL tube. After that, the PBMCs were washed twice with
phosphate buffer saline and lysed in RNeasy RLT buffer (Qia-
gen, Valencia, CA, USA). Total RNA was extracted using Trizol
Reagent (Invitrogen, Carlsbad, CA, USA) and then reversely tran-
scribed into complementary DNA using oligo primer and Su-
perscript II (Invitrogen). The relative mRNA levels of VEGF were
detected on the ABI Prism 7500 sequence detection system (Ap-
plied Biosystems) based on the SYBR-Green method. The -actin
was used as an internal reference gene. The primers used for
VEGF were 5'-CCTCGCAGTCCGAGCCGGA-3’ (forward) and
5’-GACCCAAAGTGCTCCTCGAAG-3’ (reverse) and for S-actin
were 5-GGCGGCACCACCATGTACCCT-3" and 5’-AGGGGC
CGGACTCGTCATACT-3! Relative quantification of VEGFmRNA
was performed according to the 2 method.' All assays were
executed in triplicate, at least three times independently.

Construction of reporter plasmids

Two luciferase reporters consisting of the rs833061T or rs833061C
allele were constructed to determine whether this polymor-
phism could alter the transcriptional activity of VEGF promoter
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(Fig. 1A). The full length VEGF promoter region (from -2148 to
+324 nt relative to the transcription start site, 2475 bp) con-
tained the common rs833061T allele was commercially synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China) and insert-
ed into the pGL3 basic vector (Promega, Madison, WI, USA).
The mutated T allelic reporter construct was acquired from the
1s833061T construct by site-directed mutagenesis using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA). All constructive vectors were confirmed by direct se-
quencing.

Luciferase assays

Human pulmonary artery smooth muscle cells (PASMCs) pur-
chased from the Chinese Academy of Sciences Cell Bank
(Shanghai, China) were used to perform bioassays. For the lu-
ciferase assay, PASMCs were seeded into 24-well plates and in-
cubated for 24 h. The cells were then transfected with 2.5 pg of
the VEGF promoter luciferase plasmid containing a wild-type
or variant allele using lipofectamine® 2000 Transfection Re-
agent (Invitrogen). As an internal control, each plasmid was co-
transfected with 10 ng of pRL-TK plasmid having the Renilla lu-
ciferase gene (Promega). After 48 h of incubation, cells were
collected and dissociated. A Dual-Luciferase Reporter Assay
System (Promega) was used to assess the luciferase activity,
which was normalised against the activity of the Renilla lucifer-
ase gene. Triplicate experiments were done for each plasmid
construct independently.

Statistical analysis

The differences in the distribution of demographic characteris-
tics and genotypes between patient samples and controls were
compared using chi-square test. The associations between each
SNP and PAH susceptibility were tested using logistic regres-
sion with or without adjusted for surrounding factors. The he-
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reditary effects of each SNP in codominant, dominant, additive,
and recessive models were also estimated by logistic analyses.
The best genetic model for each SNP was identified using the
Akaike’s information criterion (AIC) value."” Student’s t test was
used to compare the transcriptional activities of the luciferase
reporter genes between different constructs and that of VEGF
expression levels. All tests were two-sided using the R software
(version 3.0.2; The R Foundation for Statistical Computing).
p<0.05 was considered statistically significant.

RESULTS

Characteristics of the study population

The baseline characteristics of the patients and controls are de-
scribed in Table 1. As expected, no noticeable deviations in age,
sex, alcohol consumption, and family history of PAH were ob-
served between patients and the controls (p>0.05 for all). How-
ever, compared with the healthy subjects, a greater number of
patients with PAH were smokers (p<0.05). These factors were
further adjusted in later multivariate logistics regression analy-
sis to test the relevancies of VEGF polymorphisms in PAH risk.

The relationships of the VEGF SNPs in PAH risk

All of the genotype distributions of the studied SNPs between
the patients and controls are summarized Table 2. Genotype
frequencies of all SNPs in the controls were in agreement with
the Hardy-Weinberg equilibrium (p>0.05). Among the five
polymorphisms, the proportion of genotype frequencies in the
1rs833061T>C SNP differed significantly between patients and
controls (p=0.015). Compared to those with rs833061TT geno-
type, carriers with CT variant genotype exhibited a significantly
increased risk of PAH [odds ratio (OR)=1.39, 95% confidence
interval (CI)=1.11-1.75; p=0.004], as did carriers with CC variants
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Fig. 1. Effects of rs833061T>C SNP on VEGF expression. (A) Graphic illustration of the reporter constructs comprising the VEGF gene promoter with 2475
bp containing rs833061T or C allele. (B) Luciferase expression levels of different VEGF promoter constructs in PASMCs. The Renilla luciferase activity of
each reporter was normalized against the internal control of firefly luciferase. Columns, mean from three separate assays; bars, standard deviation. (C)
Comparison of relative mRNA levels in PBMCs between patients and healthy controls. (D) Relative mRNA expression of the VEGF gene by rs833061T>C
genotypes. VEGF, vascular endothelial growth factor; PASMCs, pulmonary artery smooth muscle cells; PBMCs, peripheral blood mononuclear cells; SNP,
single nucleotide polymorphism.

https://doi.org/10.3349/ymj.2017.58.2.305 307



YMJ

Table 1. Baselines Information between PAH Patients and Healthy Con-
trols

Variables Case (n=587) Control (n=736) pvalue'
Age (yts, yrs) 56.6+12.7 56.9+13.0 0.596*
Sex 0.720
Male 359 (61.2) 443 (60.2)
Female 228 (38.8) 293 (39.8)
Family history of PAH 0.156
No 575 (98.0) 728(98.9)
Yes 12 (2.0) 8(1.1)
Smoking status 0.001*
No 236 (40.2) 367(49.9)
Yes 351 (59.8) 369 (50.1)
Drinking status 0.154
No 455 (77.5) 594 (80.7)
Yes 132(22.5) 142(19.3)

PAH, pulmonary arterial hypertension.
*Statistically significant, p<0.05, 'p values for a chi-square test, *p values for
a Student’s t test.

ha (OR=1.73, 95% CI=1.03-2.93; p=0.04). The pernicious effect
of C variant genotypes on PAH risk was significant after adjust-
ment for other factors, including age, sex, alcohol consumption,
smoking, and family history of PAH, with an OR of 1.44 for TC
heterozygotes (95% CI=1.14-1.80; p=0.002) and an OR of 1.77
for CC variant homozygotes (95% CI=1.04-3.01; p=0.034). With
dichotomous analysis, C variant genotype (CT/CC) conferred a
1.47-fold increased risk of PAH (adjusted OR=1.47, 95% CI=1.18~-
1.83; p=0.001), compared to the rs833061TT genotype. Further-
more, regarding the additive genetic mode that best fit the ge-
netic model as indicated by the smallest AIC value among all
assumed models, the C variants conferred a harmful dose-effect
on PAH risk (adjusted OR=1.39, 95% CI=1.15-1.68; p=0.0003).
However, there was no significant difference between the pa-
tients and controls in genotype frequencies for the four other
SNPs studied.

Effect of rs833061T>C genotype on transcriptional
activity

Two luciferase reporter constructs were used to study the effect
of the rs833061T>C genotypes on promoter activity (Fig. 1A).
The reporter with rs833061C variants demonstrated higher lu-
ciferase activity than constructs containing the rs833061T allele,
as presented in Fig. 1B (p=0.006).

Effect of rs833061T>C genotype on VEGF gene
expression

We further analyzed the effect of rs833061T>C genotype on
VEGF gene expression. The mRNA expressions of VEGF in 40
PBMCs were significantly higher in the PAH patients than in
the healthy controls (p=0.014) (Fig. 1C and D). In addition, the
PBMCs with rs833061C variant genotypes from PAH patients
had a much higher VEGF expression level than those with
rs833061TT genotype (p=0.021). These results indicated that
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the rs833061T>C genotype plays a pivotal role in the regulation
of VEGF gene expression.

DISCUSSION

To the best of our knowledge, this is the first study to provide
evidence demonstrating an association between genetic vari-
ants in the VEGF gene and PAH risk in Chinese individuals. We
evaluated the relationships among five common SNPs in the
VEGF gene in patients with PAH and found that the rs833061T>C
SNP in the VEGF gene promoter region was significantly asso-
ciated with an increased risk of PAH. Bioassays results further
indicated that rs833061C variants could promote the expres-
sion of VEGF.

A great deal of information has shown that PAH is a complex,
multifactorial condition that involves diverse biochemical
pathways and cell types leading to alterations in vascular struc-
ture, vessel reactivity, and interactions of the vessel wall with
circulating blood elements.'*** Among its complex pathophysi-
ological pathways, vascular remodeling places a crucial role in
PAH initiation.?* In addition, studies have demonstrated that
the VEGF signaling pathway is closely involved in vascular re-
modeling activities.”* Zhang, et al.* reported that VEGF con-
tributes to vascular remodeling in human arteries via a direct
effect on human T cells, enhancing their recruitment to the ves-
sel. Lee, et al.® demonstrated that VEGF could induce vascular
and extravascular remodeling and enhance TH2-mediated
sensitization and inflammation in the lungs. Abnormal expres-
sion of VEGF has been identified to be correlated with various
human diseases:***" for example, one study proposed the up-
regulation of VEGF indirectly provided the necessary oxygen
and nutrients for tumor growth, and therefore facilitates tu-
mour invasion and metastasis.® Another study suggests that
VEGEF elicits the release of nitric oxide via the activation of tyro-
sine kinase receptors, thereby inducing coronary artery disease
(CAD), suggesting important implications regarding the effica-
cy of endogenous and exogenous VEGF in patients with risk fac-
tor for CAD.” A number of studies have identified the gene ex-
pression of PBMCs to occur efficiently and specifically in
patients with PAH.* In this study, VEGF expression in PBMCs
was also tested, and patients with PAH had higher expression of
VEGF than healthy controls. This finding agreed with previous
data that suggested that breath condensate levels of VEGF are
elevated in patients with PAH, compared to healthy volunteers."

The VEGF gene has been directly implicated in angiogenesis.
The development of PAH is associated with active vascular re-
modeling involving vascular growth. Evidence suggests that in-
creased expression of VEGF by PBMCs might accelerate propa-
gation of endothelial cells and development of microvessels,
thus leading to the vascular remodeling.* Therefore, our find-
ings suggest that abnormal levels of VEGF might play an impor-
tant role in the pathogenesis of PAH.
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Table 2. Associations between VEGFPolymorphisms and PAH Risk

YMJ

Genotypes Case (n=587) Control (n=736) Crude OR (95% ClI) Adjusted OR (95% CI)'
rs699947C>A
Codominant model* 1820.7 18113
CC 374(63.7) 462 (62.8) 1.00 (ref.) 1.00 (ref.)
AC 175(29.8) 239(32.5) 0.91(0.71-1.15) 0.90(0.71-1.14)
AA 38(6.5) 35(4.7) 1.36(0.83-2.17) 1.37(0.85-2.22)
Group test pvalue 0.282
Dominant model* 1821.1 18119
AC+AA vs. CC 213(36.3) 274 (37.2) 0.96 (0.77-1.20) 0.96 (0.76-1.20)
Recessive model* 1819.4 1810.0
AAvs. AC+CC 1.39(0.86-2.22) 1.41(0.88-2.28)
Additive model* 1821.2 1812.0
AAvs. AC vs. CC 1.02 (0.85-1.22) 1.02 (0.85-1.23)
rs8330617>C
Codominant model* 1812.5 18019
1T 298 (50.8) 438 (59.5) 1.00 (ref.) 1.00 (ref.)
CT 256 (43.6) 270(36.7) 1.39(1.11-1.75)* 1.44 (1.14-1.80)*
CC 33(5.6) 28(3.8) 1.73(1.03-2.93)* 1.77 (1.04-3.01)*
Group test pvalue 0.005
Dominant model* 1811.1 18005
CT+CCvs. TT 289(49.2) 298 (40.5) 1.43(1.14-1.77)* 1.47 (1.18-1.83)*
Recessive model* 1818.8 1809.6
CCvs. CT+TT 1.51(0.90-2.52) 1.51(0.90-2.56)
Additive model* 1810.6 1800.1
CCvs.CTvs. TT 1.36 (1.13-1.64)* 1.39(1.15-1.68)*
rs3025040C>T
Codominant model* 1822.9 1813.5
cC 430(73.3) 549 (74.6) 1.00 (ref.) 1.00 (ref.)
TC 145 (24.7) 173 (23.5) 1.07 (0.83-1.38) 1.10(0.85-1.42)
1T 12(2.0) 14(1.9) 1.10(0.50-2.39) 1.12(0.51-2.46)
Group test pvalue 0.858
Dominant model* 18209 18115
TC+TT vs. CC 157 (26.7) 187 (25.4) 1.07 (0.84-1.37) 1.10(0.86-1.41)
Recessive model* 1821.2 1812.0
TT vs. TC+CC 1.08(0.49-2.35) 1.09 (0.50-2.39)
Additive model* 1821.0 1811.5
TTvs. TCvs. CC 1.06 (0.85-1.33) 1.09 (0.87-1.36)
rs10434G>A
Codominant model* 1822.5 1813.4
GG 390 (66.4) 482 (65.5) 1.00 (ref.) 1.00 (ref.)
AG 186 (31.7) 235(31.9) 0.98(0.77-1.24) 0.99(0.78-1.26)
AA 11(1.9) 19(2.6) 0.72(0.34-1.52) 0.73(0.34-1.57)
Group test pvalue 0.680
Dominant model* 1821.1 1812.0
AG+AA vs. GG 197 (33.6) 254 (34.5) 0.96 (0.76-1.21) 0.97 (0.77-1.23)
Recessive model* 1820.5 1811.4
AAvs. AG+GG 0.72 (0.34-1.53) 0.74(0.34-1.57)
Additive model* 1820.9 1811.9
AAvs. AG vs. GG 0.94(0.77-1.16) 0.96 (0.78-1.18)
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Table 2. Associations between VEGFPolymorphisms and PAH Risk (continued)

VEGF Genetic Variants and PAH Risk

Genotypes Case (n=587) Control (n=736) Crude OR (95% ClI) Adjusted OR (95% CI)'
rs3025053G>A

Codominant model* 1819.5 18106

GG 475(80.9) 616 (83.7) 1.00 (ref.) 1.00 (ref.)

AG 105(17.9) 117 (15.9) 1.16 (0.87-1.55) 1.15(0.86-1.55)

AA 7(1.2) 3(0.4) 3.03(0.78-11.8) 3.00(0.76-11.8)
Group test pvalue 0.154
Dominant model* 1819.5 1810.5
AG+AA vs. GG 112(19.1) 120(16.3) 1.21(0.91-1.61) 1.20(0.90-1.60)
Recessive model* 1818.6 1809.5
AAvs. AG+GG 2.95(0.76-11.5) 2.93(0.74-11.5)
Additive model* 1818.7 1809.8
AAvs. AG vs. GG 1.14(0.95-1.62) 1.23(0.94-1.61)

VEGF, vascular endothelial growth factor; PAH, pulmonary arterial hypertension; OR, odds ratio; Cl, confidence interval.
*Statistically significant, p<0.05, "Models adjusted for surrounding factors including age, sex, smoke, drink, and history of PAH, *Akaike information criterion

(AIC) value in the logistic regression analysis.

A previous reports suggested conspicuous links between
VEGF polymorphisms and human diseases disk.** This report
also assessed the link between common SNPs in VEGF with
PAH risk. The results indicated that a locus alteration from T to
C of the rs833061 polymorphism in the VEGF gene promoter
region increased the risk for developing PAH. To interpret these
results, a series of biomedical experiments were undertaken and
found that rs833061C variants could promote the transcriptional
activity of the VEGF gene and increase VEGF expression. For
the rs833061T<C polymorphism, several reports also verified its
association with other diseases. Jung, et al.** demonstrated that
1rs833061T<C was associated with the development of recurrent
implantation failure in Korean women. Another systematic re-
view outlined significant correlations of rs833061T<C with the
risk of diabetic nephropathy.* In light thereof, we could postu-
late that the rs833061T>C SNP in the promoter of the VEGF gene
confers an increased risk for PAH via a molecular mechanism
0f rs833061C variants elevating the expression of VEGF.

There were several limitations in this study that should be ad-
dressed. Firstly, the moderate sample size might reduce the sta-
tistical power with which to detect small effects. Secondly, all
subjects were recruited consecutively from hospitals; therefore,
selection bias could not be avoided. Finally, this study was per-
formed on a Chinese population, and caution should be exer-
cised when extrapolating the data to other regions and ethnic
groups. The genotype distribution of selected SNP in controls in
this study was in accordance with Hardy-Weinberg expecta-
tions. In addition, using Power and Sample Size Calculation
(PS, version 3.0; http://biostat.mc.vanderbilt.edu/twiki/bin/
view/Main/PowerSampleSize) to considerer the relevance be-
tween the rs833061T>C polymorphism and PAH risk, we ob-
tained 86.3% statistical power in our findings. Furthermore, this
association was supported by additional functional experi-
ments.

In conclusion, this hospital-based, retrospective study indi-
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cated that the potentially functional SNP rs833061T>C in the
VEGF gene promoter region could be associated with an in-
creased risk of PAH in the Chinese Han population. This study
also suggested that this polymorphism is functional and influ-
ences the susceptibility to PAH by altering gene expression lev-
els. Accordingly, this may be a novel biomarker for PAH. Larger
studies in different population groups are needed to corrobo-
rate these results.
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