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Rationale: Given the role of vascular endothelial growth factor
(VEGF) in lung development, we hypothesized that polymorphisms
in VEGF-A may be associated with lung function.

Objectives: The current study was designed to assess the role of ge-
netic variants in VEGF-A as determinants of airway function from
infancy through early adulthood.

Methods: Association between five single-nucleotide polymorphisms
(SNPs) in VEGF-A and lung function were assessed longitudinally in
two unselected birth cohorts and cross-sectionally among infants.
Replication with two SNPs was conducted in adults and children with
asthma. We investigated the functionality of the SNP most consis-
tently associated with lung function (rs3025028) using Western blot-
ting to measure the ratio of plasma VEGF-Aq4s5,/panVEGF-Aq¢s
among homozygotes.

Measurements and Main Results: In two populationsininfancy, C-allele
homozygotes of rs3025028 had significantly higher VmaxFRC,
forced expiratory flowso, and forced expiratory flow,s ;5 compared
with other genotype groups. Among preschool children (age 3 yr), C
allele of rs3025028 was associated with significantly higher specific
airway conductance, with similar findings observed for lung function
in school-age children. For FEV,/FVC ratio similar findings were ob-
served among adolescents and young adults (birth cohort), and then
replicated in adults and schoolchildren with asthma (cross-sectional
studies). For rs3025038, plasma VEGF-A¢s,/panVEGF-A;65 was sig-
nificantly higher among CC versus GG homozygotes (P < 0.02) at
birth, in school-age children, and in adults.

Conclusions: We report significant associations between VEGF-A SNP
rs3025028 and parameters of airway function measured throughout
childhood, with the effect persisting into adulthood. We propose
that the mechanism may be mediated through the ratios of active
and inhibitory isoforms of VEGF-A¢5, which may be determined by
alternative splicing.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Poor lung function is associated with increased mortality,
yet the genes underlying this heritable trait remain largely
undiscovered.

What This Study Adds to the Field

We have identified variation in the VEGF-A gene that
predicts lung function in five populations and speculate
that the mechanism is through splice variation.

Lung function is highly heritable, with a recent twin study indicating
that genetic factors account for 61% of the variability (1). Recent
metaanalyses of genome-wide association studies (GWAS) for
lung function in tens of thousands of subjects identified a number
of novel genome-wide significant loci (2, 3), but the discovered loci
accounted for a small proportion of the variance in lung function
(~3%), with most of the variance remaining unexplained (4, 5).
Longitudinal cohort studies indicate that lung function tracks
throughout childhood into adult life (6, 7) and poor lung function
is associated with adverse outcomes, including increased mortality
(8). It is plausible to surmise that individuals who initiate their
adult years with lower levels of airway function may be at in-
creased risk of obstructive lung diseases later in life.

There are many different ways in which lung function can be
measured. Ideally, one would use the same test at all ages to fa-
cilitate longitudinal comparisons, but for technical reasons this is
not possible. In children younger than 2 years, maximal expira-
tory flows can be measured while the child is sedated (9-11). In
preschool children, forced expiratory maneuvers, such as FEV;
and FVC, are often inaccurate and measures taken during tidal
breathing (e.g., specific airways conductance [sGaw]) are pref-
erable (12). In young school-age children, although many can
manage forced expiratory maneuvers, the FEV; often approaches
the FVC, making the FEV{/FVC ratio less useful than the FEV,
alone (12). In older children and adults, FEV{/FVC ratio is in-
dicative of airway narrowing and shows little variation with size
(13). Thus, the most informative test to measure lung function
differs by age.

The structural development and maintenance of the human
lung is dependent on numerous factors, including vascular endo-
thelial growth factor (VEGF)-A. In mouse embryos, the
epithelial cells of the leading edge of the developing airway pro-
duce VEGF-A, which stimulates endothelial cell differentiation,
migration, and proliferation, resulting in a primitive vascular
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plexus around the developing airways (14). Studies in human
vascular endothelial cells have identified that the VEGF-A gradi-
ent determines the signal transduction response of endothelial cells
(15). VEGF-A has multiple isoforms, and the most abundant in
human lung seems to be VEGF-A¢s (16). A further level of
complexity is added by the fact that VEGF-A,¢s has one active
(VEGF-Aj¢s,) and one inhibitory (VEGF-Aygs,) isoform (17),
with VEGF-A s, being formed by differential splicing between
exon 7 and 3’ untranslated region (see Figure E1 in the online
supplement) (18). Despite the critically important role of VEGF-
A in the development and structural maintenance of the lung (16),
only one study has reported on the association between VEGF-A
variants and airflow obstruction (19), and single-nucleotide poly-
morphisms (SNPs) in this region were not associated with lung
function in large GWA studies (5).

We hypothesized that polymorphisms in VEGF-A may contrib-
ute to the variance in lung function. In a candidate gene associa-
tion study we assessed the role of genetic variants in VEGF-A as
determinants of airway function using age-appropriate lung func-
tion measurements obtained in five populations from different
geographic areas (United States, United Kingdom, and Croatia).
We then investigated the function of the most consistently asso-
ciated SNP located in intron 7 (rs3025038). Based on its loca-
tion and our observations we hypothesize that rs3025038 may
alter the ratio of active and inactive isoforms of VEGF-A (¢s.
Finally, we investigated the reasons why SNPs in this region
were not associated with lung function in previous large GWA
studies. Some of this work has previously been published as an
abstract (20).

METHODS

Participants

Lung function was assessed longitudinally in two unselected birth
cohorts (Tucson Children’s Respiratory Study [TCRS] [7, 21] and Man-
chester Asthma and Allergy Study [MAAS] [22]), and at a single time
point in a study of infants in Indianapolis (23). Replication studies were
performed in cross-sectional studies of adults from Manchester (United
Kingdom) and children with asthma from Croatia. A description of the
population is presented in Table E1. All studies were approved by the
Research Ethics Committees or Institutional Review boards. Informed
consent was obtained from all parents or participants, and children
gave their assent if appropriate. Only subjects of European ancestry
were included. A detailed description of all methods is available in the
online supplement.

Variables

Measures of lung function appropriate to the age and ability of subjects
were made in each population: thoracic compression technique (TCT) in
infants (11), whole-body plethysmography during tidal breathing in
preschool children (11), and spirometry in older children and adults
(24).

Data Sources and Measurement

Infancy. In the TCRS group, maximal expiratory flow at functional re-
sidual capacity (VmaxFRC) was recorded from partial expiratory flow—
volume curves by TCT (23, 25) at age 2.3 months (n = 57). In the
Indiana group, healthy full-term infants (n = 30) underwent measure-
ment of forced expiratory flow (FEF) using the raised-volume rapid
TCT (11, 23) to measure FEFs, and FEF,5 75 in the first 3 months of
life.

Preschool children. In the MAAS group, at age 3 years, sGaw was
measured using whole-body plethysmography (n = 466) (26, 27).

Elementary school children. In the MAAS group, at ages 5 (n = 660)
and 8 years (n = 638) spirometry was used to measure FEV;. In the
TCRS group, at age 6 years, voluntary partial flow—volume curves were
obtained to calculate VmaxFRC (n = 266) (7).

Middle school children. In the TCRS (n = 292) and MAAS (n = 656)
groups, at age 11 years spirometry was used to assess lung function
(FEV{/FVC ratio).

Adolescents and young adults. In the TCRS group, at age 16 (n = 243)
and 22 years (n = 230) spirometry was used to measure FEV{/FVC
ratio.

Replication among adults and children with asthma. FEV,/FVC ratio
was measured using spirometry among 596 adults from Manchester
(parents of children participating in MAAS; age 28-61 yr; 246 males),
and in 403 Croatian children with physician-diagnosed asthma aged
6-18 years.

Genotyping

Five haplotype tagging SNPs were selected in three discovery popula-
tions (TCRS, MAAS, and Indiana): rs833068, rs833070, rs3025028,
rs10434, and rs2146323) (see Table E2). For replication populations
(adults from Manchester and children with asthma from Croatia), only
SNPs of interest were typed (rs3025028 and rs10434). Finally, in
MAAS we genotyped an additional 41 SNPs in the VEGF-A gene to
give dense coverage of this region (see Table E3). Genotyping methods
are described in the online supplement.

Investigation of the Function of SNP rs3025038

We used Western blotting to measure the ratio of plasma VEGF-Ags;,
to panVEGF-A¢s among homozygotes in rs3025038 from 45 cord
blood samples in MAAS, 29 adults from Manchester, and 61 Croatian
children with asthma (see Figures E2-E4).

Investigation of Coverage of VEGF-A Region
in GWA Studies

Because the two associated SNPs are not included in most commercially
available genome-wide genotyping arrays, we investigated the coverage
of VEGF-A in the arrays to investigate why this region was not asso-
ciated with lung function in recent GWAS. DNA samples (MAAS;
n = 880) were genotyped using Illumina 610-quad chip (Illumina,
Inc., San Diego, CA); standard quality control measures were used.
Genotypes were imputed (to ~6 million) with IMPUTE v2.1.2 (http:/
mathgen.stats.ox.ac.uk/impute/impute.html) with 1,000 Genomes and
HapMap Phase 3 reference genotypes using the recommended parameters.

Statistical Methods

Measures of lung function were expressed as z scores to facilitate
comparisons. In the regression analysis lung function was adjusted
as appropriate (see the online supplement). Associations between
genotype and lung function were first assessed by analysis of variance.
The fit of the three genetic models (log-additive, recessive, and dom-
inant) was evaluated based on the lowest value for Akaike informa-
tion criteria (values are presented in the online supplement; see
Tables E4-ES). Kruskal-Wallis rank test or ¢ test was used to assess
differences between groups. Where two time points were available using
the same measure of lung function, longitudinal analysis of the data was
performed using generalized estimating equation models. P values less
than or equal to 0.05 were considered significant. In the protein analysis,
we used the normalized values of VEGFA-165b and panVEGFA-165
to calculate VEGFA-165b/panVEGFA-165 ratio; geometric mean and
95% confidence intervals are presented. We analyzed data using STATA
(version 10.0) (StataCorp, College Station, TX) and SPSS (version 19.0)
(IBM, New York, NY) statistical software.

RESULTS

Genotyping success rates were generally high (=93%) (see
Tables E2 and E3). Similar allele frequencies for all SNPs were
observed in Tucson, Indianapolis, Manchester, and Croatia (see
Table E6); no deviation from Hardy-Weinberg equilibrium
could be detected and patterns of linkage disequilibrium were
similar in the three populations (see Figure ES). Only subjects of
European ancestry were included in the present study.
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Association between Polymorphisms in VEGF-A and Lung
Function in Different Age Groups

We tested the association between VEGF genetic variation and
lung function in three discovery populations (TCRS, Indiana,
and MAAS); no associations were seen for SNPs rs833068,
rs833070, and rs2146323, but we observed significant associa-
tions between SNPs rs3025028 and rs10434 and lung function
at different ages in all three populations.

Infancy. Associations between VEGF-A SNPs and lung func-
tion measures in infancy are summarized (by genotype) in Table
E7. When specific genetic models were tested, a recessive model
was the best fit for rs3025028 and rs10434. Although the number
of infants with available data from TCRS was small, CC homo-
zygotes of rs3025028 had significantly higher VmaxFRC compared
with other genotype groups (P = 0.047) (Figure 1A). A similar
trend was seen for AA homozygotes of SNP rs10434 (P = 0.087).
Similarly, in Indiana, mean z scores for FEFs, and for FEF,5 75
were significantly higher among CC homozygotes of rs3025028
(P < 0.002) (Figures 1B and 1C) and AA homozygotes of rs10434
(P < 0.01) than among carriers of the other two genotypes.

Preschool children. Associations between VEGF-A SNPs and
lung function measures in TCRS and MAAS throughout
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TABLE 1. AIRWAY FUNCTION BY VEGF SNPs FOR YOUNG CHILDREN

childhood are summarized (by genotype) in Table 1. Among
young preschool children at age 3 years in MAAS, carriers of
the C allele of rs3025028 had significantly higher sGaw in mul-
tiple logistic regression analysis adjusted for sex, allergic sensi-
tization, and allergen exposure (28) (P = 0.02) (Figure 2A). We
observed similar association for carriers of the A allele of
rs10434 (P = 0.03).

Elementary school children. In MAAS at age 5 and 8§ years,
FEV; (adjusted for height and sex) was significantly higher
among CC homozygotes of rs3025028 compared with the CG/
GG group (P < 0.03) (Figures 2B and 2C). There was a trend for
carriers of the A allele of rs10434 to have better lung function. In
the longitudinal model, both SNPs were significantly associated
with FEV; (P < 0.03). Similar findings were observed among
children in TCRS, in whom adjusted maximal flows at age
6 years were higher in CC homozygotes of rs3025028 (Figure
2D) compared with the CG-GG group.

Middle school children. For lung function measures at age 11
years in MAAS and TCRS (FEV,, FEV{/FVC), there was no
association with any SNP (see Table ES8).

Adolescents and young adults. The association between
1rs3025028 and rs10434 and lung function (FEV/FVC ratio) among

Z Scores of Adjusted Airway Function*

MAAS Age 3 Years sGaw

MAAS Age 5 Years FEV,

MAAS Age 8 Years FEV, TCRS Age 6 Years Maximal Flow

VEGF SNPs n  Mean 95% Cl P n  Mean 95% ClI P n  Mean 95% ClI P n  Mean 95% ClI P
rs833068 AA 38 -0.28 —0.61to 0.04 67 —0.08 —0.281t00.13 62 -0.13 -0.32to 0.07 27 036 —0.14t0 0.85

AG 183 -0.07 -0.23to 0.09 274 0.02 -0.08to 0.12 255 —0.03 —0.13to 0.07 105 —0.12 —0.29 to 0.06

GG 187 -0.11 -0.27t00.05 0.58 268 -0.06 -0.16t00.04 0.74 273 -0.04 -0.14t00.04 068 128 0.02 -0.15t00.19  0.09
rs833070 CC 109 -0.11 -0.31to 0.09 171 0.01 -0.12t00.17 151 —0.02 -0.14 to 0.09 61 0.22 -0.07 to 0.51

CT 198 -0.02 -0.18t00.14 299 -0.09 -0.18to 0.01 286 —0.04 —0.13to 0.04 127 —-0.10 —0.25t0 0.06

T 87 -0.17 -039t00.05 078 140 0.12 -0.11t00.17 0.94 151 -0.09 —0.20t0 0.03 0.48 73 —0.02 -0.27t00.23 0.13
rs2146323 AA 42 -0.24 —0.56 to 0.07 66 —0.15 —0.36 to 0.06 78 —0.11 —0.29 to 0.06 31 0.01 -0.36t00.37

AC 188 —0.10 —0.26 to 0.06 288 0.00 -0.10t00.10 270 -0.07 —0.16to 0.03 115 -0.12 -0.28 t0 0.05

CC 169 -0.03 -0.12t00.14 0.22 272 -0.03 -0.13t00.07 0.55 255 0.02 -0.12t00.07 0.34 108 0.13 -0.08t00.35 0.18
rs3025028 CC 89  0.03 -0.19to 0.24 127 012 -0.03t00.27 112 0.14  0.00 to 0.29 53 0.22 -0.11t00.56

CG 201 -0.05 -0.21to 0.1 288 —0.04 —0.14t0 0.06 288 -0.04 —0.14to 0.04 137 —-0.04 -0.20t00.12

GG 102 -0.29 -0.50to —0.09 0.02 176 -0.10 -0.23t00.03 0.04 161 -0.12 -0.23t00.01 0.009 65 -0.21 -0.42t00.001 0.065
rs10434 AA 103  0.01 -0.20to 0.21 144 0.10 -0.04t00.24 134 0.07 -0.06 to 0.20 57 019 -0.14t0 0.54

AG 206 -0.07 -0.23to 0.08 306 —0.04 -0.14to 0.06 299 -0.06 —0.14to 0.03 131 0.02 -0.14t00.18

GG 99 -0.30 -0.51to—0.09 0.03 166 —0.06 —0.19t00.07 0.12 162 -0.09 -0.21to0 0.03 0.08 60 —0.25 -0.47to —0.04 0.048

Definition of abbreviations: Cl = confidence interval; MAAS = Manchester Asthma and Allergy Study; sGaw = specific airways conductance; SNP = single-nucleotide
polymorphism; TCRS = Tucson Children’s Respiratory Study; VEGF = vascular endothelial growth factor.

* Adjusted for MAAS: age 3 years sGaw was adjusted for sensitization and exposure, height, and sex; FEV; (age 5 and 8 yr) was adjusted for height and sex. Adjusted for
TCRS: VmaxFRC at age 6 years adjusted for height and sex. P value is for analysis of variance model.
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Figure 2. Lung function by rs3025028 genotype (A) specific airway
conductance in Manchester Asthma and Allergy Study (MAAS) age 3
years, (B) FEV; age 5 years in MAAS, (C) FEV; age 8 years in MAAS, and
(D) VMax FRC age 6 years in Tucson Children’s Respiratory Study
(TCRS). Adjusted z score values and the mean (95% confidence inter-
val) are plotted.

adolescents and young adults (age 16 and 22 years) in TCRS is
summarized in Table 2. The A allele of rs10434 was associated
with significantly higher FEV,/FVC ratio (P < 0.05); similar results
were seen for the C allele of 1s3025028 at age 22 years (P = 0.01),

with a trend at age 16 years. In the longitudinal model, both SNPs
were significantly associated with FEV,/FVC ratio (P < 0.020).

Replication among adults and children with asthma. Next, we
examined whether SNPs rs3025028 and 1510434 affect lung function
in adults from Manchester and in Croatian children with asthma (Ta-
ble 3). In Manchester adults the FEV,/FVC ratio was significantly
higher in the CC (80.9%; 95% confidence interval, 79.9-81.9) than
the CG-GG group (79.5%; 95% confidence interval, 79-80.1; P =
0.02) of rs3025028. Similar results were seen for rs10434.

In a population of children with asthma in Croatia, the C al-
lele of rs3025028 was associated with a higher FEV{/FVC ratio
(P =0.05). Similarly, the A allele of rs10434 was associated with
a higher FEV{/FVC ratio (P = 0.03). This analysis was repeated
excluding children aged less than 10 years (in whom FEV,/FVC
ratio approximates 100% ); for children older than 10 years (me-
dian age, 14 yr), C allele of rs3025028 and A allele of rs10434
were associated with a higher FEV,/FVC ratio (P = 0.02), with
no such association in children less than 10 years.

Effect size. To estimate the effect size of genetic variation in
VEGF on lung function, we used eta squared from analysis of
variance models. In MAAS, rs3025038 explained 1.19% of the
variance at age 3 years, 0.58% at age 5 years, and 0.94% at age
8 years. In adults, rs3025038 explained 0.86% of the variance in
FEV,/FVC ratio.

Functional Effect of rs3025028 on VEGF-A Splice Variants

Because SNP rs3025028 was most consistently associated with
lung function, we next investigated its potential function. Be-
cause this SNP is located between exons 7 and 8, we hypothesized
that it might alter splicing and affect the balance between the
inhibitory (VEGF-Ay¢s,) and active (VEGF-Ay4s,) isoforms
(see Figure E1). We measured VEGF-A¢s, and total VEGF-
Aq6s levels (Western blot) in serum and plasma samples from
individuals selected based on genotype. Already at birth (cord
plasma in MAAS), the VEGF-A 145,/ VEGF-A 45 ratio was sig-
nificantly higher among the CC group (n = 22) compared with
the GG group (n = 23; P = 0.004) (see Table E9). Similar
findings were observed in Croatian children with asthma (30
CC, 31 GG) and adults from Manchester (16 CC, 13 GG), in
that the ratio of plasma VEGF-A 45, to panVEGF-A 45 was
consistently significantly higher among C compared with G al-
lele homozygotes (P < 0.02) (Figure 3; see Table E9).

Comparison with Results of GWAS for Lung Function

Using GWAS data imputed to approximately 6 million SNPs, we
measured linkage disequilibrium (LD) between rs3025028 (typed
on Sequenom) and all other SNPs (typed on the GWAS array or
imputed) in the 31-kb region containing VEGF-A (Figure 4). The
highest LD with the genotyped SNPs was low (* <0.15). For im-
puted SNPs, the highest LD seen was with 1510434 (# = 0.78)
(Figure 4). The imputation quality of this SNP (info score, 0.461)
would nominally pass imputation QC (the recommended info score
threshold is >0.4). However, the probabilistic genotypes were con-
verted to called genotypes in only 9% of samples, which implies that
the imputation of this SNP is suboptimal. Imputation of SNPs in
a 31-kb region containing VEGF-A (see Figure E6A) is generally
poorer than in broader regions of the genome (see Figure E6B).

Additional Genotyping of VEGF-A

Finally, we genotyped a dense panel of 41 additional SNPs in
MAAS (see Figure E7, Table E10). Significant associations
are shown in Table E11. Although SNPs in the same LD block
as rs3025028 are associated with lung function, none is more
consistently associated than rs3025028.
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TABLE 2. AIRWAY FUNCTION BY VEGF SNPs FOR YOUNG ADULTS

Z Scores of Adjusted FEV;/FVC Ratio*

TCRS Age 16 Years

TCRS Age 22 Years

VEGF-A SNPs n Mean 95% Cl P n Mean 95% Cl P
rs3025028 cC 53 0.11 —0.16 to 0.37 50 0.30 0.01 to 0.59

CG 122 0.05 —0.12t0 0.22 112 —-0.03 —0.20t0 0.14

GG 62 —0.24 —0.52 t0 0.04 0.107 62 —0.26 —0.53 to —0.01 0.012
rs10434 AA 54 0.18 —0.07 to 0.44 48 0.31 0.004 to 0.62

AG 15 0.09 —0.10 to 0.27 107 0.02 —0.16 t0 0.20

GG 56 —-0.26 —0.56 to 0.041 0.048 55 —-0.27 —0.57 to —0.02 0.014

Definition of abbreviations: Cl = confidence interval; SNP = single-nucleotide polymorphism; TCRS = Tucson Children’s

Respiratory Study; VEGF = vascular endothelial growth factor.

* Adjusted for height and sex. P value is for analysis of variance model.

DISCUSSION

This is the first study to report associations between genetic var-
iants in VEGF-A and lung function measured in the general
population. SNPs rs10434 and rs3025028 were associated with
lung function from infancy through to adulthood (with the ex-
ception of puberty), in four population-based cohorts and in one
asthma cohort. Taken together, these findings strongly suggest
that variants in VEGF play an important role in the genetic de-
termination of airway function from birth to adulthood. We have
also provided evidence that the SNP most consistently associated
with lung function is also associated with the ratio of the active
and inhibitory isoforms of VEGF-A¢s, suggesting that this SNP
(or another SNP in the same haplotype block) may be functional.

Genetics of Lung Function

Studies of the genetics of lung function have generally used subjects
with asthma and focused on lung function decline and remodeling
(29-32). One previous study has focused on VEGF-A and lung
function in subjects with asthma (19). Sharma and coworkers (19)
identified SNP rs4711750 to be associated with FEV/FVC in chil-
dren with asthma and also with FEV/FVC decline over time.
Because this SNP was not in LD with the SNPs analyzed in the
current study (#* <0.05), we genotyped one population (MAAS)
for rs4711750 and found no association with lung function (data
not shown; P > 0.2). None of the SNPs typed in the study by
Sharma and coworkers (19) were in LD with rs3025028 (+* <0.24).

A metaanalysis of GWAS in the SpiroMeta consortium, com-
prising 20,288 individuals of European ancestry, tested the asso-
ciation between cross-sectional lung function measures and
approximately 2.5 million genotyped or imputed SNPs (2). Sev-
eral possible new candidate genes were identified, but the effect
size of each variant was small accounting for approximately

0.14% of the variation in FEV{/FVC ratio. No SNPs in the
VEGF-A region of chromosome 6 were associated with lung
function, and this region (3 MB up or downstream) did not
feature in the top 2,000 hits reported. Using data from an Illu-
mina 610Quad array and the Sequenom genotyped rs3025028,
we were able to establish that SNP rs3025028 is not tagged by
the SNPs on this array (#* <0.15). Using imputed data demon-
strated that Sequenom typed rs3025028 nominally tagged an
imputed SNP (rs10434; r* ~0.8); the imputation quality for
rs10434 was poor (info score ~ 0.4). Because the probabilistic
genotype could be confidently called less than 10% of the time,
this provides an explanation why this SNP was not identified as
an associate of lung function in the GWA study (2). Although
an important tool in genetics research, GWA studies have
explained only a small proportion of the variance of complex
disease to date, despite sample sizes approaching 100,000. Even
increasing the number of participants in a GWAS modestly
improves the ability to explain the variance of disease (33). It
is likely that methods other than GWAS will be required to
uncover the remaining variance of heritable complex traits.
Among these methods we maintain that the candidate gene
approach is still an important tool in the arsenal of researchers
investigating the genetics of complex disease. Others have pre-
viously highlighted that current GWAS arrays offer inadequate
coverage for many asthma candidate genes (34).

Strengths and Weaknesses of the Study

Measures of lung function used in the analysis were appropriate
to the age of the subject; consequently, a series of different lung
function measures were used and data were presented as z scores
to facilitate comparisons across time. In infancy, the use of rapid
thoracoabdominal compression techniques provides the means
of assessing airway function during sedation (35). Measuring lung

TABLE 3. AIRWAY FUNCTION BY VEGF SNPs FOR ADULTS AND CHILDREN WITH ASTHMA

Z Scores of Adjusted FEV,/FVC Ratio*

Manchester Adults

Croatian Asthma Study (All Children)

Croatian Asthma Study (Children >10 yr)

VEGF-A SNPs n Mean 95% ClI P n Mean 95% ClI P n Mean 95% ClI P
rs3025028 ccC 130 0.22 0.05 to 0.39 68 0.23 0.00 to 0.45 30 0.18  —0.15t0 0.51

cG 275 0.02  -0.09 to 0.14 202 0.01 —0.12t0 0.14 123 -0.22  -0.38 to —0.06

GG 162  -0.05 -020t00.10  0.02 130 -0.07 -0.24t00.10  0.05 68 —-034 -056to—-0.12  0.018
rs10434 AA 139 0.23 0.06 to 0.39 65 0.24 0.01 to 0.48 29 0.16  -0.18 to 0.49

AG 299  —-0.04  —0.15t0 0.07 203 0.00 -0.13t00.14 123 —-0.23 —0.39 to —0.07

GG 153 —0.03 -0.18t0 0.13  0.03 123 -0.09 —-0.26t00.08 0.03 64  —0.35 —0.58 to —0.13  0.024

Definition of abbreviations: Cl = confidence interval; SNP = single-nucleotide polymorphism; VEGF = vascular endothelial growth factor.
* Adjusted for Manchester adults: age, sex, height, and cigarette smoking pack-years. Adjusted for Croatia Asthma Study: height, age, and sex. P value is for analysis of

variance model.
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function between ages 2 and 6 years remains challenging because
children are too old to sedate, but too young to perform forced
expiratory maneuvers (12); measurement of specific airways con-
ductance can be done during tidal breathing and has been shown
to be a robust and reproducible measure (26, 36). With age,
forced expiratory maneuvers, such as spirometry, become feasi-
ble, but in primary school age children the FEV,/FVC ratio is
often greater than 95%, making the FEV, a more useful measure
than FEV/FVC ratio in this age group (12). In older children and
adults and in asthma, FEV/FVC ratio is the most important
parameter for detecting an obstructive impairment (13).

Associations with lung function were not seen at age 11 years in the
TCRS and MAAS. This likely reflects the differential growth of lung
and height during this phase, with lung growth seeming to lag behind
(37, 38), further complicated by the timing of onset of puberty.

We included only subjects of European ancestry in this study,
and the fact that we were able to replicate this finding in multiple
populations makes population stratification an unlikely explana-
tion. Additionally, the genomic inflation factor in MAAS GWAS
data is 1.006, which is low.

VEGF-A as a Candidate Gene for Lung Function

VEGF-A is a 34- to 46-kD dimeric glycoprotein that acts as a
mitogen, stimulating endothelial cell proliferation (39). The

0.9
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deletion of a single allelic copy of the VEGF gene leads to
embryonic death caused by failure of blood vessel development
(40). Reduction of the expression of VEGF isoforms during
fetal life impairs lung microvascular, airway, and airspace mat-
uration in mice (41). Interestingly, overexpression of VEGF in
late fetal stages of gestation was lethal in mice, because pups
were unable to establish respiration (42). Neovascularization of
the bronchi and partial obstruction of the conducting airways
was observed. The results of these studies suggest that tight
regulation of VEGF expression is necessary for normal airway
and lung parenchymal growth, making VEGF-A a biologically
plausible candidate gene for lung function.

VEGF-A biology is complicated, with active (VEGF-A14s,)
and inhibitory (VEGF-Ay¢sp) isoforms. Functionally, VEGF-
Ajgsp binds to VEGF receptor 2 with the same affinity as
VEGF-A 45, but does not result in receptor activation and inhib-
its VEGF-A¢s,—mediated angiogenesis in vivo (43). The relative
ratio of VEGF-A (xxp/ VEGF-A (4xx)a is known to be important
in human diseases including diabetic retinopathy (44) and pre-
eclamptic placentae (45). VEGF-A¢sy is formed by differential
splicing between exon 7 and 3’ untranslated region skipping
exon 8 (which is translated in VEGF-A45,) so that the isoforms
differ by 6-amino acids at the COOH terminal sequence (17).
The variant most strongly associated with lung function in the
current study (rs3025028) is located in intron 7. We propose that

Figure 4. The genomic loca-
tion (NCBI build 36) on chro-
mosome 6 of single-nucleotide
polymorphism (SNP) rs3025028
is indicated with a red cross. Red
diamonds indicate  SNPs geno-
typed on lllumina 610 quad. Blue
diamonds indicate imputed SNPs.
Linkage disequilibrium measure
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this variant in VEGF-A (or another SNP in the same haplotype
block) might alter the relative ratio of VEGF-A¢s, and VEGF-
Ajesw, resulting in differences in lung function. We acknowledge,
however, that the association is statistical and further work is
required to confirm causation.

In conclusion, to the best of our knowledge we report for the
first time significant associations between VEGF-A SNP
rs3025028 and parameters of airway function measured from
birth throughout childhood with the effect persisting into
adulthood, in five populations (only one of which was an
asthma population). We propose that the mechanism of this
effect may be mediated through the ratios of active and inhib-
itory isoforms of VEGF-A¢s, which may be determined by
alternative splicing.

Author disclosures are available with the text of this article at www.atsjournals.org.

Acknowledgment: The authors thank the all study participants and acknowledge
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