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case–control and TDT studies
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The ventricular septal defect (VSD) is the most common congenital heart defect and no candidate
susceptibility gene has been identified. Endocardial cushion and outflow septal morphogenesis,
malalignment of which induces VSD, have been suggested to be mediated by the vascular endothelial
growth factor (VEGF). Three single-nucleotide polymorphism (SNP) variants in promoter and 50-UTR
region of the VEGF gene, C�2578A (rs699947), G�1154A (rs1570360) and G�634C (rs2010963), were
reported to alter its expression. We assessed the association in a Chinese population between these SNPs
and VSD using a double approach: case–control and TDT designs. Among the three SNPs, only �634C
allele was less frequently present in 222 patients compared to 352 controls (odds ratio: 0.76, 95% CI: 0.59–
0.97, X2¼ 5.06, P¼0.024, not significant after a Bonferroni correction). This was significantly less
transmitted to VSD patients (trios: 142) (odds ratio: 0.39, 95% CI: 0.25–0.62, X2¼8.11, df¼1, P¼0.004,
corrected P¼ 0.024). A similar result was observed for haplotype �2578C/�1154G/�634C allele in both
studies (in TDT: X2¼ 7.51, df¼1, P¼ 0.006, corrected P¼0.048). All these associations for the first time
demonstrated that –634C allele was in a significant protective association against VSD, suggesting that
VEGF dysregulation was involved in the pathological processes of VSD.
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Introduction
Ventricular septal defect (VSD) is the most common

congenital heart defect (CHD) at birth, occurring in not

only isolation, but also a frequent component part of

more complex cardiac malformations.1 Although some

genomic and single-gene disorders, such as chromosome

22q11 deletion (Del22q11), 6p deletion (Del6p), NKX2.5,

TBX5 and GATA4 mutations, have been found in only a

few percentages of cases of VSD, either isolated or as a
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component of complex cardiac malformations,2–5 the

genetic etiology in the large majority of these cases remains

entirely unknown. So far, VSD has been considered to be

multigenetic and multi-pathogenic, yet no susceptibility

factors have been discovered.

Vascular endothelial growth factor (VEGF) is a multi-

functional angiogenic regulator involved in blood vessel

formation, mitogenesis, epithelial cell proliferation and

endothelial cell survival.6 Dysregulated VEGF expression

has been implicated in the pathogenesis of a number of

diseases.7 –9 VEGF plays an important role in embryonic

heart development as well, although the detailed function

of VEGF remains unclear at present. Previous studies in

animal models have revealed two possible mechanisms of

the dysregulation of VEGF leading to VSD. Some studies

suggested that altered VEGF expression, leading to either

over or under production of VEGF, may interrupt endo-

cardial cushion development, and contribute to chamber

septation and valvular defects.10,11 The others showed

VEGF, as a modifier, interacting with the Tbx1 gene to

mediate pharyngeal apparatus patterning, including out-

flow septum development, a disorder of which resulted in

Del22q11 syndrome-like cardiac defects.12

Genetic association studies have identified several single-

nucleotide polymorphisms (SNPs) that are associated with

variations in VEGF protein production. Three of them,

C�2578A, G�1154A and G�634C (or Gþ405C) have been

reported to confer an increased risk for Tetralogy of Fallot

(TOF)13 and valvuloseptal heart defects.14 Two SNPs

(positions 2578 and 1154) are located in VEGF promoter

which are relative to the VEGF transcription start site,15

and one SNP (position �634) in 50-UTR that affects VEGF

expression at both transcription and translation levels.16

Taken together, these results indicated VEGF was involved

in the development of endocardial cushion and outflow

septum. Malalignment of the three septal components (the

outflow septum, the ventricular septum and atrioventri-

cular endocardial cushion tissue) could cause a VSD in the

perimembranous region.17 Our previous studies, as well as

other’s, have noticed that perimembranous VSD may occur

as one of the clinical manifestations of the Del22q11

syndrome.5,18 Therefore, we speculated VEGF dysregula-

tion might contribute to the pathological processes of VSD.

This study is aimed at determining whether SNPs within

the regulatory region of the VEGF gene were associated

with isolated VSD. To achieve this, genotyping and

haplotype analysis for VEGF C2578A, G1154A, G�634C

SNPs were performed by case–control and transmission

disequilibrium test (TDT) studies.

Materials and methods
Subject

A total of 222 affected children with isolated perimem-

branous VSD, confirmed by cardiac surgery, and 352

unrelated healthy persons were included in the case–

control study. Both parents were available for 142 of the

222 affected children, so that we could perform a family–

base association study with them by means of a TDT. All

the affected children (55 girls and 167 boys, aged 2 months

to 15 years) had no Del22q11 or other chromosomal

abnormalities by our previous analysis.18,19 Each family

trio was checked for Mendelian transmission by geno-

typing high informative microsatellites. After informed

consent was obtained, blood was drawn or buccal cell was

removed with a swab from the subjects for DNA analysis

under the supervision of the Medical School of Nanjing

University, Nanjing Maternity and Child Health Hospital

and Nanjing Children’s Hospital.

Genotyping

Genomic DNA was prepared from peripheral blood leuko-

cytes by using the Chelex-100 method20 or from buccal

swabs by using the DNA IQ system (Promega, USA),

according to the manufacturer’s instructions.

Three SNPs in the VEGF gene regulatory regions were

carried out by PCR–RFLP analysis. The PCR primers for

C�2578A (rs699947), G�1154A (rs1570360) and G�634C

(rs2010963) were 50-GAGGATGGGGCTGACTAGGT-30 (for-

ward) and 50-TGGTTTCTGACCTGGCTATTTC-30 (reverse);

50-CTGCTCCCTCCTCGCCAATG-30 (forward) and 50-

CGGGGACAGGCGAGCGTCAG-30 (reverse with a mis-

match nucleotide, which was italicized to abolish a

restriction enzyme site); 50-TTGCCATTCCCCACTT

GAATCG-30 (forward) and 50-CCGTCAGCGCGACTGGT

CA-30 (reverse), respectively.

The reaction mixture was subjected to denaturation at

951C for 2min, followed by 30 cycles at 941C for 1min,

60–621C for 1min, 721C for 1min, then by a final

extension at 721C for 10min. The �2578A, �1154G and

�634G alleles resulted in the gain of a BglII,MnlI and BsmFI

site, respectively. After digestion by an appropriate restric-

tion enzyme, PCR products were electrophoresed on a 2%

agarose gel and visualized by ethidium bromide staining.

Measurement of plasma VEGF concentrations

Venous blood samples were taken from 88 healthy subjects

before breakfast and drawn into vacuum tubes containing

EDTA. Blood samples were quickly centrifuged and plasma

fractions were immediately stored at �801C until analysis.

Plasma concentrations of VEGF were measured using a

Human VEGF Quantikine Immunoassay (R&D Systems,

USA). In this study, plasma VEGF levels were measured

instead of serum levels. VEGF levels in serum are highly

variable because blood platelets release a lot of VEGF into

the serum after collection.21

Statistical analysis

Hardy–Weinberg equilibrium was tested by a goodness-

of-fit X2 test with one degree of freedom. X2 analysis was

VEGF C�634G polymorphism
J Xie et al

1247

European Journal of Human Genetics



used to evaluate case–control differences in the distribution

of allele and genotype. Haplotype analysis in the cases and

controls as well as the D’ value of Linkage disequilibrium (LD)

between paired SNPs were estimated using online software

SHEsis (http://202.120.7.14/analysis/myAnalysis.php.).22

And TDT analysis was estimated by software GeneHunter.23

Given the multiple-comparison problem presented by the

data, Bonferroni correction was applied. The coefficient of

Bonferroni correction in allele and genotype analysis is 6

(for comparisons of three markers in both TDT and the

case–control tests), and in haplotype analysis is 8 (for four

haplotypes comparisons in both TDT and case–control

tests).

The Student’s t-test was used to compare the mean levels

of plasma VEGF among the G�634C genotypes using

an online software (http://www.physics.csbsju.edu/stats/

t-test.html). Significance was considered at Po0.05.

Results
The genotype frequencies of these three polymorphisms of

the VEGF gene did not show a significant deviation from

the Hardy–Weinberg expectation. The distributions of

alleles and genotypes are summarized in Tables 1 and 2.

Although a difference in the distribution of the G�634C

variations between the affected children and the control

group, this was not statistically significant after Bonferroni

correction. The results of alleles and genotypes in TDT are

shown in Table 3. TDT analysis of individual SNPs revealed

significantly decreased transmission of allele C at G�634C

SNP even after Bonferroni correction (X2¼8.11, df¼1,

P¼0.004, corrected P¼0.024, odds ratio: 0.39, 95% CI:

0.25–0.62).

Calculated LD coefficient, which showed that there was a

strong LD between the polymorphisms �2578 and �1154

(D’¼0.99, r2¼0.60); between the polymorphisms �1154

and �634 (D’¼1, r2¼0.14); and between the polymorph-

isms �2578 and �634 (D’¼0.99, r2¼0.22). The study then

inferred Haplotypes of three VEGF polymorphisms and

compared their frequencies. Only four of the eight possible

haplotypes occurred at an appreciable frequency (a fre-

quency of more than 0.03) in both affected children and

controls, which is also shown in Table 4. No significant

difference of haplotype was found after Bonferroni correc-

tion, although –2578C, �1154G and �634C allele (haplo-

type CGC) was present less frequently in isolated VSD

patients. The analysis of 3-SNP haplotype in TDT is shown

in Table 5. Haplotype CGC was frequently transmitted

to affected children with isolated VSD less frequently

than expected by mendelian inheritance (X2¼7.51, df¼1,

P¼0.006), and haplotype CGG was more transmitted

(X2¼7.91, df¼ 1, P¼0.005). Both two haplotypes re-

mained significant after Bonferroni correction (corrected

P-values were 0.048 and 0.040 for haplotypes CGC and

CGG, respectively).

The study then looked at VEGF plasma levels and VEGF

genotypes in 88 healthy subjects to assess the possible

functional relevance of the VEGF polymorphisms. There

were no significant differences in mean VEGF plasma levels

between healthy subjects with the CC genotype of the

G�634C polymorphism and those with the GG plus GC

genotype (t¼1.08, P¼0.28). The Figure 1 about compar-

ison of VEGF serum levels with VEGF genotypes was in the

Table 1 Results of allele analysis in case and control groups

SNPs VSD (n¼444) Control (n¼704) X2 Fisher’s P Pc OR (95% CI)

C-2578A 1.37 0.24 NS 1.18 (0.89–1.56)
C 331 (0.75) 546 (0.78)
A 113 (0.26) 158 (0.22)
G�1154A 0.35 0.55 NS 1.10 (0.80–1.53)
G 372 (0.84) 599 (0.85)
A 72 (0.16) 105 (0.15)
G�634C 5.06 0.024 NS 0.76 (0.59–0.97)
G 274 (0.62) 387 (0.55)
C 170 (0.38) 317 (0.45)

NS, not significant; Pc, P-value after applying Bonferroni correction.

Table 2 Results of genotype analysis in case and control
groups

SNPs VSD (n¼222) Control (n¼352) X2 Fisher’s P Pc

C�2578A 1.47 0.48. NS
CC 124 (0.56) 211 (0.60)
CA 83 (0.37) 124 (0.35)
AA 15 (0.068) 17 (0.048)
G�1154A 0.35 0.84 NS
GG 156 (0.70) 255 (0.72)
GA 60 (0.27) 89 (0.25)
AA 6 (0.027) 8 (0.023)
G�634C 6.38 0.041 NS
GG 78 (0.35) 103 (0.29)
GC 118 (0.53) 181 (0.51)
CC 26 (0.12) 68 (0.19)

NS, not significant; Pc, P-value after applying Bonferroni correction.
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online supplement. Analysis of these 88 subjects revealed

that there was no relationship between genetic variants

and VEGF plasma levels.

Discussion
VSD is considered as multifactorial in origin, with various

genes interacting with each other or with environmental

factors, which makes it hard to detect the susceptibility

genes. Therefore, a double approach was used: case–

control and TDT tests, to make the result more reliable.

Case–control test were based on the assumption that any

noted differences in allele frequencies actually relate to the

outcome measured. Unfortunately, a small portion of

differences in allele frequencies between cases and controls

are attributable to diversity in background population,

which is called population stratification, unrelated to

outcome status. TDT as a new linkage method that requires

an affected individual and his or her parents, and uses the

mendelian principle that, for any polymorphic marker,

each parent contributing one allele to an offspring. TDT

simply involves the establishment of a pseudo case–

control study, in which cases are the parental alleles

transmitted to the affected proband, and controls are those

that were not transmitted. Protection from stratification

comes from the matching of each case–control pair within

a family, so that any population-level allele frequency

differences become irrelevant. As a result, TDT have been

used here to avoid spurious association contributed to

population stratification.24

The study demonstrated that in TDT, �634C allele was

associated with protection from isolated VSD. The result

Table 3 Results of TDT analysis in the VSD families (n¼142)

SNP Allele Transmitted Untransmitted X2 P-value Pc OR (95% CI)

C�2578A C 53 (0.48) 57 (0.52) 0.15 0.7 NS 0.86 (0.51–1.47)
A 57 (0.52) 53 (0.48) 0.15 0.7 NS 1 (Ref.)

G-1154A G 38 (0.52) 35 (0.48) 0.12 0.73 NS 1.17 (0.61–2.26)
A 35 (0.48) 38 (0.52) 0.12 0.73 NS 1 (Ref.)

G�634C G 93 (0.62) 58 (0.38) 8.11 0.004 0.024 1 (Ref.)
C 58 (0.38) 93 (0.62) 8.11 0.004 0.024 0.39 (0.25–0.62)

NS, not significant; Pc, P-value after applying Bonferroni correction.

Table 4 Results of hapolotype analysis in case and control groups

�2578/�1154/�634 haplotype VSD (n¼444) Control (n¼704) X2 Fisher’s P Pc OR (95% CI)

CGG 161.00 (0.36) 228.36 (0.33) 1.78 0.18 NS 1.19 (0.92–1.52)
CGC 170.00 (0.38) 315.46 (0.45) 4.75 0.029 NS 0.76 (0.60–0.97)
AGG 41.00 (0.092) 53.64 (0.076) 0.94 0.33 NS 1.23 (0.81–1.89)
AAG 72.00 (0.16) 102.82 (0.15) 0.55 0.46 NS 1.13 (0.82–1.57)
Others 0.01 (0.000) 3.72 (0.005)

NS, not significant; Pc, P-value after applying Bonferroni correction.

Table 5 Transmission of VEGF haplotype to affected offspring (n¼142)

SNP Haplotype Transmitted Untransmitted X2 P-value Pc

�2578/�1154/�634 CGG 52 (0.66) 27 (O.34) 7.91 0.005 0.04
CGC 32 (0.32) 58 (0.64) 7.51 0.006 0.048
AGG 21 (0.54) 18 (0.46) 0.23 0.63 NS
AAG 24 (0.45) 20 (0.45) 0.36 0.55 NS
Others 0 6

NS, not significant; Pc, P-value after applying Bonferroni correction.

250

200
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100

50

0
GG + GC CC

Figure 1 Comparison of VEGF serum levels of 88 healthy subjects
with VEGF genotypes. Bars indicate mean values7SE. P¼0.28 (CC vs
CG plus GG).
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indicated �634C allele is significantly less transmitted in

affected children, and both OR and 95% CI values are less

than one. In haplotype analysis, significant transmission

disequilibrium was observed for haplotypes CGC and CGG.

Both of the haplotypes differed only in the G–634C

polymorphism. As a result, G�634C SNP was identified

responsible for the significant haplotype variations in the

finding. These results indicated �634C allele is a preven-

tive factor, neutralizing predisposing alleles effects and

moving carriers away from the disease-liability threshold.

In the case–control test, marginal association of

G�634C SNP and G�634C SNP related haplotype was

detected, but not was statistically significant after a

Bonferroni correction. The marginal association in case–

control test may be caused by the small sample size. Due to

the number of tests in this study, correction for multiple

testing was necessary to reduce type 1 error. However,

this reduces the power to detect association andmay result in

an elevated type 2 error.25 Furthermore, the SNPs are in

moderate LD, the degree of independence betweenmarkers is

low. Hence, applying Bonferroni correction is overly con-

servative, but it should be noted transmission disequilibrium

of G�634C variations remained significant despite this.

No relevance was found between G–634C variation and

plasma VEGF level among the healthy control group. In

previous studies, the relationship between G–634C poly-

morphism and plasma VEGF level revealed controversial

results. Berrahmoune et al’s26 heritability study of the

health France Stanislas family showed that plasma VEGF

concentrations were under genetic control in healthy

families, but G�634C polymorphism was not significant

in association. Watson et al27 found that higher VEGF

production from lipopolysaccharide (LPS) stimulated per-

ipheral blood mononuclear cell in GG homozygotes than

in CC homozygotes, and LPS may work through the

myeloid zinc-finger protein (MZF1)-binding site, within

which the �634 (same as þ405) polymorphism was

located. However, the highest VEGF serum levels were

measured in subjects with CC homozygotes by Awata et al.28

Because plasma VEGF levels were influenced by many factors

such as genetic predispositions, tissue-specific and time-

specific, no variation of plasma VEGF with �634G allele in

the population did not mean that local plasma VEGF levels

with �634 polymorphism in cardiac tissue in the period of

embryonic heart morphogenesis did not change. Therefore,

the apparent inconsistency among studies may be partly

caused by methodological differences, especially the differ-

ence between in vivo and in vitro studies, as well as

spatiotemporal effects of VEGF polymorphisms.

In addition, more and more evidences have shown VEGF

expression is affected by the �634C to G substitution.

Awata et al16 discovered transcriptional activity in clone

containing the �1154G/�634C haplotype was greater than

clones containing the other haplotypes in both a human

glioma cell line and human lymphoblastic T-lymphocyte

cell line. Another study showed �634G was a risk allele

affecting VEGF gene expression. Becoming an element that

regulates VEGF, internal ribosomal entry site B (IRES-B) was

affected by the �634G allele. In hypoxic condition, the

IRES-B-driven gene expression was found to be increased by

–634C allele, but not by �634G allele. In vitro study, the

relative IRES-B activity with the –634G allele was 16%

lower in normoxia and 23% lower in hypoxia than with

�634 C allele.29

During the embryonic period, a low level of VEGF

expression would result in severe abnormalities in the

developing heart. The loss of one VEGF allele which causes

low VEGF transcription level induced endocardial cushions

and chamber malformations in addition to vascular

development disorder.30 In Stalmans et al’s12 study, DGS-

like phenotype including VSD and low-level TBX-1 mRNA

were observed In VEGF164-deficient mice. In a TBX1

knockdown zebrafish, VEGF knockdown increased the

penetrance of pharyngeal arch artery defects in a dose-

dependent manner. In summary, normal VEGF expression

tightly controlled with a narrow window was important to

heart morphogenesis.

The study discovered G�634C SNP in VEGF was

associated with isolated VSD. Additionally, two genetic

association studies, also demonstrated positive relevance

between G�634C polymorphism and CHD. Interestingly,

�634C allele reduced the risk for isolated, nonsyndrome

TOF in Lambrechts et al’s13 study and isolated VSD in the

present study. This allele was increased in congenital

valvuloseptal heart defects in Vannay et al’s14 study.

Unfortunately, no detailed clinical information revealed,

especially whether isolated VSD was included. It is possible

that the inconsistency may be explained by different CHD

types enrolled in different studies. Furthermore, there may

be more than one mechanism of dysregulation of VEGF

leading to cardiac malformation.

In summary, the study has identified that the variant C

allele of the �G634C SNP protects against isolated VSD via

the stabilizing expression of VEGF. This genetic association

suggested VEGF dysregulation was involved in the patho-

logical processes of VSD.
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