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Abstract

Background: Ambient nitrogen dioxide (NO2) exposure is associated
with accelerated loss of lung function and increased prevalence of
respiratory symptoms. Whether genetic susceptibility plays a role in the
individual response to NO2 is unclear.

Objective: To identify novel susceptibility loci for air pollution exposure to
NO2 in relation to the development of respiratory symptoms.

Methods: We performed a genome-wide interaction (GWI) study using
10,762 subjects from the LifeLines cohort study. NO2 exposure at their
home address was estimated using Land Use Regression models. All
single nucleotide polymorphisms (SNPs) with a SNP-by-NO2 interaction
p-value < 5×10-5 were selected and we assessed whether the selected
SNPs were cis-acting expression (mRNA) quantitative trait loci in lung
tissue.

Results: We found a total of 32 SNPs that interacted with ambient NO2

exposure and were associated with one of more respiratory symtoms
(cough, dyspnea, phlegm and wheeze). Several identified loci harbor
plausible candidate genes that might be involved in the development of
respiratory symptoms, such as ROCK2, GLS and KCTD10. Fifteen of the
32 GWI-SNPs were cis-acting expression quantitative trait loci (eQTL)
associated with gene expression in lung tissue. Rs6759490, the strongest
eQTL SNP that significantly interacted with high exposure to NO2 was
associated with gene expression of ROCK2.

Conclusion: This GWI study on ambient NO2 exposure in relation to the
presence of respiratory symptoms identified several novel genes. Further
research should determine whether the identified genes are true
susceptibility loci for NO2 exposure and whether these SNP-by-exposure
interactions consequently contribute to the development of respiratory
symptoms.
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Introduction

Nitrogen dioxide (NO2) is an important ambient traffic-related air pollutant
which exposure levels are regulated by European and national
legislations (1). Ambient NO2 exposure can cause injury to the lung
epithelial cells and may contribute to airway remodeling (2). Exposure to
ambient NO2 has been linked to a wide range of effects on human health,
including decreased lung function (3-5), increased respiratory symptoms
(5-7), exacerbations of diseases (8,9), hospitalizations (10-12), and
mortality (13-15). It is known that exposure to air pollution, such as
particles and NO2, is a risk factor for respiratory symptoms (5,6). However,
not all exposed subjects develop respiratory symptoms (6), which
suggest that not everybody is equally susceptible to the health effects of
air pollution. Susceptibility can be determined by genes and
gene-environment interaction studies are important to identify the most
susceptible groups.

Genome-wide interaction (GWI) studies are hypothesis-free approaches
testing hundreds of thousands gene-by-environment interactions across
the whole genome (16-19) on a trait or outcome of interest. For instance,
Ierodiakonou et al investigated genetic susceptibility to NO2 exposure on
lung function (FEV1 and FVC) in both Caucasians and African-American
children (16). This study identified and replicated three genome-wide
significant SNPs in MR-1, METTL5 and PTCHD1-AS. Yet, little is known
about the role of genetic factors on respiratory symptoms and if genetic
factors modify the effects of NO2 exposure on respiratory symptoms. GWI
studies may provide insights into the role of NO2 exposure in relation to
genetic determinants in the etiology of respiratory symptoms, by exploring
potential mechanisms and molecular pathways. In addition, expression
quantitative trait loci (eQTLs) are genomic loci that contribute to variation
in expression levels of mRNAs, which provide a new approach for
connecting genetic variation with and gene expression and may shed
light on novel respiratory disease mechanisms (20).
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To date, no GWI study has been performed to investigate SNP-by-NO2

exposure interaction effects on respiratory symptoms. The current GWI
study aimed to identify novel genetic variants which interact with NO2

exposures on respiratory symptoms in a general population cohort. In
addition, the function of newly identified SNPs in relation to NO2 exposure
on respiratory symptoms will be analyzed using gene expression analysis
in lung tissue.

Methods

Population

We analyzed 10,762 subjects from the LifeLines cohort study
(2006-2011). The LifeLines cohort is a large population-based study in
the northern part of the Netherlands and was established as a resource
for research on complex interactions between environmental, phenotypic
and genomic factors in the development of symptoms, diseases and
healthy ageing (17,21). The study protocol was approved by the local
Medical Ethics Committee of the University Medical Center Groningen,
the Netherlands. All participants provided written informed consent.

Genotyping and quality control

Blood samples were genome-wide genotyped using IlluminaCytoSNP-12
arrays. Samples with call rates < 95% were excluded. The quality control
criteria of SNPs are listed as follows: SNPs with a genotype call-rate ≥
95%, minor allele frequency ≥ 1% and Hardy-Weinberg cut-off p-value ≥
10-4 were included. Non-Caucasian samples and first-degree relatives
were excluded. A total of 227,981 genotyped SNPs were included in the
identification analysis.

Definition of respiratory symptoms

Cough, dyspnea, phlegm and wheeze were defined using the standard
questionnaire from the European Community Respiratory Health Survey
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(22). Cough was defined as at least one positive answer to the questions:
“do you usually cough first thing in the morning in the winter?” or “do you
usually cough during the day, or at night, in winter?”; Dyspnea was
defined as a positive answer to the question: “are you troubled by
shortness of breath when hurrying on level ground or walking up a slight
hill or stairs at normal pace?”; Phlegm was defined as at least one
positive answer to the questions: “do you usually bring up any phlegm
from your chest first thing in the morning in winter?” or “do you usually
bring up any phlegm from your chest during the day, or at night, in
winter?”; Wheeze was defined as a positive answer to the question: “have
you ever suffered from wheezing?” .

Air pollution exposure assessment

Air pollution estimates for the participant’s home address were derived
using land use regression (LUR) models developed within the ESCAPE
study (23). Estimates of NO2 levels were calculated using Western
European-wide (EU-wide) LUR models enhanced with geographic
information system (GIS)-derived land use, road network, and
topographic data, as well as satellite-derived estimates of ground-level air
pollution. Detailed descriptions of model development and validation can
be found in the previous study (24).

Statistical analysis

The associations between NO2 and respiratory symptoms were
investigated using logistic regression adjusted for age, gender and
current smoking. NO2 was investigated as a continuous variable and as
dichotomized variable (low and high exposure levels to NO2were defined
based on the median value (low exposure: < 16.1 μg/m3; high exposure: ≥
16.1 μg/m3)). The effects of SNP-by-NO2 exposure (standardized per 10
μg/m3 as continuous variable) interaction effects on the respiratory
symptoms cough, dyspnea, phlegm and wheeze were tested using
logistic regression adjusted for sex, age, and current smoking using the
software package PLINK version 1.07 (25). SNPs were tested in an
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additive genetic model. SNPs with a SNP-by-NO2 interaction p-value <
5×10-5 were selected for further analysis. SNP annotation was performed
using HaploReg version 4.1 (Broad Institute). The database of
GWASCENTRAL (http://www.gwascentral.org/) was used to investigate if
the selected SNPs were associated with other respiratory phenotypes
such as asthma and forced expiratory volume in 1 second (FEV1) by
previous genome-wide association studies (p < 0.05) (26).

Gene expression analysis

We assessed whether the selected SNPs were cis-acting expression
(mRNA) quantitative trait loci (cis-eQTLs) in lung tissue which was
collected from patients who underwent lung resection surgery at three
participating sites: University of Groningen, Laval University, and
University of British Columbia (27). Genetic profiles were obtained using
Illumina Human1M-Duo BeadChip arrays and gene expression profiles
were obtained using a custom Affymetrix array (GEO accession number
GPL10379 and GSE23546). A total of 1,087 subjects with no missing
data were included in the analysis, and probe sets located within 1 Mb (in
both directions) of the selected SNPs were chosen (2 Mb window).
Associations between the SNP genotypes and gene expression levels
(log2 transformed) were tested by linear regression analysis adjusted for
disease status, age, gender, smoking status and cohort specific principal
components. Associations were evaluated in each cohort individually and
then meta-analyzed. A cis-eQTL was defined as a significant association
between a SNP and expression levels of a gene within a 1 Mb (in both
directions) distance of that SNP with a p-value below the Bonferroni
corrected threshold (p = 0.05/number of probe sets within the 2 Mb
window) in the meta-analysis.

http://www.gwascentral.org/
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Results

Population descriptives

Characteristics of the study population and the level of NO2 exposures
are shown in Table 1. A total of 10,762 subjects were studied. The
median (min-max) age was 47.8 (18.1-89.9) and median (interquartile
range, IQR) for NO2 was 16.1 (14.0-18.4) μg/m3. The prevalence of cough,
dyspnea, phlegm and wheeze was 10.1%, 8.4%, 25.7% and 25.6%,
respectively (Table 1).

Table 1. Characteristics of the subjects included in the LifeLines cohort.

Identification

No. with nonmissing data 10,762

Male, n (%) 5,532 (51.4)

Age (yrs), median (min-max) 47.8 (18.1-89.9)

Current smoking, n (%) 2,955 (27.5)

Respiratory symptoms, n (%)

Cough 1,084 (10.1)

Dyspnea 905 (8.4)

Phlegm 2,770 (25.7)

Wheeze 2,757 (25.6)

Nitrogen dioxide (μg/m3), median (IQR) 16.1 (14.0-18.4)
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Table 2. Interactions between SNPs (additive effect for minor allele A1) and nitrogen dioxide exposure on cough,
dyspnea, phlegm and wheeze with p-value < 5 × 10-5 in the analysis (LifeLines). Minor allele frequency (MAF) is
given for A1.

SNP Ch
r A1 MAF

SNP NO2 SNP*NO2
Gene

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Cough

rs11208514 1 T 0.49 0.31 (0.19-0.51) 3.23×10-6 0.67 (0.50-0.88) 4.96×10-3 1.95 (1.46-2.61) 5.87×10-6 20kb 3' of CACHD1

rs11654001 17 G 0.25 0.33 (0.20-0.56) 2.63×10-5 0.73 (0.56-0.95) 1.75×10-2 1.94 (1.43-2.62) 1.79×10-5 18kb 3' of FZD2

rs3784556 15 A 0.19 5.72 (2.52-13.0) 3.02×10-5 1.28 (1.03-1.57) 2.39×10-2 0.34 (0.20-0.56) 2.59×10-5 PML

rs11003281 10 A 0.20 3.26 (1.89-5.61) 2.06×10-5 1.45 (1.14-1.85) 2.47×10-3 0.50 (0.36-0.70) 3.78×10-5 185kb 5' of MBL2

rs7791529 7 C 0.26 4.07 (2.11-7.85) 2.80×10-5 1.34 (1.07-1.66) 1.04×10-2 0.43 (0.29-0.65) 4.06×10-5 PRKAG2

Dyspnea

rs5996811 22 C 0.27 4.50 (2.40-8.44) 2.76×10-6 1.55 (1.21-1.99) 4.80×10-4 0.40 (0.27-0.59) 3.28×10-6 16kb 5' of KIAA1671

rs7984339 13 G 0.44 0.34 (0.21-0.57) 3.00×10-5 0.68 (0.51-0.92) 1.30×10-2 1.97 (1.46-2.66) 8.71×10-6 TEX26/C13orf26

rs3925038 9 T 0.15 0.32 (0.18-0.58) 1.47×10-4 0.79 (0.61-1.03) 7.80×10-2 2.17 (1.53-3.07) 1.41×10-5 176kb 5' of RORB

rs4276378 5 G 0.42 3.20 (1.89-5.42) 1.53×10-5 1.77 (1.32-2.38) 1.31×10-4 0.50 (0.36-0.68) 1.69×10-5 25kb 3' of MIR4454

rs11205836 1 T 0.26 0.31 (0.17-0.56) 8.33×10-5 0.79 (0.61-1.03) 8.25×10-2 2.07 (1.47-2.92) 3.33×10-5 TTC39A

rs13129382 4 T 0.39 2.75 (1.62-4.66) 1.72×10-4 1.68 (1.27-2.33) 3.02×10-4 0.51 (0.37-0.70) 3.36×10-5 450kb 5' of NDST3

rs12647765 16 C 0.22 0.26 (0.12-0.56) 5.18×10-4 0.88 (0.70-1.11) 2.87×10-1 2.52 (1.62-3.92) 4.06×10-5 16kb 5' of FLJ36777

rs7188172 5 T 0.10 0.26 (0.14-0.51) 8.68×10-5 0.84 (0.66-1.08) 1.69×10-1 2.29 (1.54-3.40) 4.14×10-5 72kb 3' of IRX3
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rs10805145 4 C 0.46 4.10 (2.18-7.74) 1.28×10-5 1.95 (1.27-2.99) 2.23×10-3 0.43 (0.29-0.62) 1.18×10-5 GABRA2

rs10850234 12 C 0.15 0.15 (0.07-0.36) 1.39×10-5 0.63 (0.45-0.88) 6.46×10-3 2.95 (1.81-4.81) 1.42×10-5 KCTD10/UBE3B

rs10075489 5 T 0.27 0.26 (0.13-0.51) 8.32×10-5 0.46 (0.22-0.70) 3.27×10-4 2.44 (1.63-3.66) 1.49×10-5 440kb 3' of MIR3660

rs7097666 10 G 0.29 0.25 (0.13-0.48) 2.97×10-5 0.43 (0.27-0.67) 2.20×10-4 2.37 (1.60-3.50) 1.67×10-5 140kb 3' of
ANKRD30A

rs12987113 2 A 0.34 4.02 (2.07-7.77) 3.73×10-5 1.72 (1.16-2.56) 7.53×10-3 0.43 (0.29-0.64) 3.00×10-5 GLS

rs8180657 6 T 0.38 0.23 (0.12-0.46) 2.26×10-5 0.51 (0.34-0.76) 9.71×10-4 2.34 (1.57-3.50) 3.05×10-5 162kb 5' of TNFAIP3

rs2257460 13 T 0.24 0.23 (0.10-0.50) 2.27×10-4 0.59 (0.41-0.84) 3.31×10-3 2.67 (1.68-4.24) 3.20×10-5 DCUN1D2

rs3771313 2 T 0.39 0.29 (0.16-0.56) 1.73×10-4 0.41 (0.25-0.67) 3.67×10-4 0.44 (0.29-0.65) 4.62×10-5 GLS

rs4953986 2 T 0.21 0.21 (0.11-0.43) 1.57×10-5 0.51 (0.34-0.76) 1.01×10-3 2.39 (1.57-3.63) 4.86×10-5 NCKAP5

Wheeze

rs7427716 3 T 0.09 3.95 (2.05-7.62) 4.20×10-5 1.33 (1.09-1.62) 4.27×10-3 0.49 (0.26-0.58) 4.50×10-6 CACNA2D3

rs6759490 2 T 0.21 0.28 (0.16-0.48) 4.08×10-6 0.83 (0.67-1.03) 8.49×10-2 2.07 (1.51-2.86) 8.31×10-6 ROCK2

rs4888616 16 T 0.18 2.50 (1.64-3.82) 2.30×10-5 1.68 (1.30-2.19) 9.99×10-5 0.56 (0.43-0.72) 8.50×10-6 2.3kb 3' of
ADAMTS18

rs1409390 10 C 0.20 0.25 (0.13-0.48) 3.96×10-5 0.87 (0.71-1.06) 1.75×10-1 2.42 (1.64-3.57) 8.55×10-6 FAM107B

rs1532983 14 A 0.35 0.42 (0.28-0.64) 3.73×10-5 0.68 (0.52-0.90) 6.97×10-3 0.51 (0.37-0.70) 2.77×10-5 246kb 3' of
LOC100505967

rs4903526 14 A 0.44 0.43 (0.29-0.65) 4.63×10-5 0.71 (0.54-0.93) 1.26×10-2 1.68 (1.32-2.15) 3.12×10-5 LOC283575

rs12032558 1 T 0.23 0.15 (0.06-0.39) 1.08×10-4 0.95 (0.79-1.14) 5.55×10-1 3.18 (1.84-5.51) 3.55×10-5 TRIM67

rs1471757 11 A 0.30 2.61 (1.66-4.11) 3.28×10-5 1.47 (1.17-1.85) 9.35×10-4 0.57 (0.43-0.74) 3.93×10-5 LOC105376567

rs7232617 18 T 0.18 0.26 (0.14-0.51) 8.03×10-5 0.89 (0.73-1.09) 2.67×10-1 2.24 (1.52-3.31) 4.63×10-5 DCC

rs7922216 10 A 0.30 0.32 (0.19-0.55) 2.65×10-5 0.83 (0.67-1.03) 9.62×10-2 1.91 (1.40-2.60) 4.99×10-5 LOC728558
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NO2 exposure and respiratory symptoms

There was no significant association between NO2 as a continuous
variable and respiratory symptoms. However, a high level of exposure to
NO2 was significantly associated with respiratory symptoms: cough (odds
ratio (OR): 1.09), dyspnea (OR: 1.06), phlegm (OR: 1.10) and wheeze
(OR: 1.11) (Table S1).

SNP-by-NO2 exposures interactions and respiratory symptoms

Detailed information about each model, i.e. the SNP, NO2 and
SNP-by-NO2 interaction effects on cough, dyspnea, phlegm and wheeze
can be found in Table 2. In total, 32 SNPs had a p-value for the
interaction term < 5×10-5; 5 for cough, 8 for dyspnea, 9 for phlegm, and 10
for wheeze. There was no overlap in the SNPs between the different
symptom-outcomes.

To better understand the SNP-by-NO2 interaction effects on respiratory
symptoms, NO2 was divided into low and high exposure based on the
median value, and we investigated the associations with respiratory
symptoms for the different combinations of exposure and genotype using
low NO2 exposure and the wildtype genotype as the reference. For
instance, subjects carrying the minor allele of rs6759490 in ROCK2 have
a higher risk for wheezing when they are exposed to high levels of NO2

compared to subjects exposed to low levels of NO2 or subjects not
carrying the minor allele (Figure 1A). Subjects homozygous for the major
allele of rs3771313 in GLS have a higher risk for phlegm when they are
exposed to high levels of NO2 compared to subjects exposed to low levels
of NO2 or subjects carrying one or two of the minor alleles (Figure 1C).
Subjects carrying the minor allele of rs10850234 in KCTD10 have a
higher risk for phlegm when they are exposed to high levels of NO2

compared to subjects exposed to low levels of NO2 or subjects not
carrying the minor allele (Figure 1E). These results showed that
individuals carrying the risk allele at specific genetic loci are more
susceptible to the effects of NO2 on respiratory symptoms.
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Figure 1. A: Associations between the SNP rs6759490 and wheeze in subjects with
low and high exposure to NO2 (based on the median value (low exposure: < 16.1
μg/m3; high exposure: ≥ 16.1 μg/m3)). B: Gene expression levels in lung tissue
stratified by genotype for SNP rs6759490. C: Associations between the SNP
rs3771313 and phlegm in subjects with low and high exposure to NO2. D: Gene
expression levels in lung tissue stratified by genotype for SNP rs3771313. E:
Associations between the SNP rs10850234 and phlegm in subjects with low and high
exposure to NO2. F: Gene expression levels in lung tissue stratified by genotype for
SNP rs10850234.
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Association in previous GWA studies

According to the GWAS CENTRAL database, rs3784556 located in PML,
rs10850234 located in KCTD10, rs12987113 and rs3771313 located in
GLS, rs4953986 located in NCKAP5, rs7427716 located in CACNA2D3,
and rs6759490 located in ROCK2 have been associated with lung
function, asthma or IgE levels with a p< 0.05 in previous GWA studies
(Table S2).

Expression Quantitative Trait Loci (eQTL)

We investigated whether the 32 identified SNPs were associated with
gene expression levels in lung tissue from 1,087 patients. Six SNPs were
not available in the eQTL-database and a proxy-SNP in high LD was
used. A total of 15 SNPs showed cis-eQTL associations with p-values
below the Bonferroni corrected threshold (Table 3, Figures 1B, 1D, 1F). In
Table S3 the total number of tested probe sets per SNP and the total
number of significantly associated probe sets are given. The strongest
cis-eQTL association was found for SNP rs6759490 associated with
expression of ROCK2.
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identified SNPs.

SNP Chr Effect allele Probe set B SE P-value Threshold Gene
Cough

rs11654001 17 G 100138748_TGI_at -0.12 0.02 1.69 × 10-14 4.90 × 10-4 DBF4B
100159869_TGI_at -0.10 0.01 4.86 × 10-12 DBF4B
100126590_TGI_at -0.10 0.02 3.84 × 10-10 HIGD1B
100131975_TGI_at 0.10 0.02 2.04 × 10-9 FZD2
100134748_TGI_at -0.06 0.01 1.44 × 10-5 MEIOC
100137357_TGI_at 0.04 0.01 1.48 × 10-4 CCDC103

rs7791529 7 C 100307093_TGI_at -0.06 0.02 2.73 × 10-5 6.49 × 10-4 PRKAG2
100139041_TGI_at -0.04 0.01 4.78 × 10-4 PRKAG2

Dyspnea

rs11205836 1 T 100140992_TGI_at 0.04 0.01 1.22 × 10-13 1.06 × 10-3 EPS15
100155271_TGI_at -0.03 0.01 1.29 × 10-5 EPS15
100307731_TGI_at 0.03 0.01 6.76 × 10-5 EPS15

rs12647765 16 C 100152186_TGI_at 0.06 0.01 2.86 × 10-6 9.80 × 10-4 GRPEL1
rs13129382 4 T 100305239_TGI_at 0.05 0.02 1.68 × 10-3 5.56 × 10-3 NT5C3AP1
Phlegm

rs10850234 12 C 100141932_TGI_at -0.16 0.02 2.99 × 10-19 5.88 × 10-4 MMAB
100142774_TGI_at 0.08 0.01 5.63 × 10-15 MMAB
100160282_TGI_at 0.14 0.02 2.94 × 10-13 MYO1H
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100303074_TGI_at 0.14 0.02 1.60 × 10-12 MYO1H
100157772_TGI_at -0.05 0.01 1.22 × 10-7 MMAB
100313700_TGI_at 0.05 0.01 1.03 × 10-6 UBE3B
100131129_TGI_at -0.07 0.02 5.22 × 10-5 ACACB
100142416_TGI_at 0.03 0.01 1.04 × 10-4 UBE3B
100129614_TGI_at 0.03 0.01 1.14 × 10-4 MVK
100154146_TGI_at -0.03 0.01 2.64 × 10-4 KCTD10

rs6758866 2 A 100122304_TGI_at 0.06 0.01 1.58 × 10-15 1.16 × 10-3 GLS
100310147_TGI_at -0.04 0.01 1.26 × 10-4 HIBCH
100161306_TGI_at 0.04 0.01 1.74 × 10-4 GLS

rs3771313 2 T 100122304_TGI_at 0.06 0.01 2.92 × 10-15 1.16 × 10-3 GLS
100310147_TGI_at -0.04 0.01 1.28 × 10-4 HIBCH
100161306_TGI_at 0.04 0.01 1.66 × 10-4 GLS

rs7097666 10 G 100304014_TGI_at 0.09 0.02 9.97 × 10-9 1.79 × 10-3 ZNF25
100124863_TGI_at -0.04 0.01 1.00 × 10-5 ZNF33A
100154037_TGI_at 0.08 0.02 5.37 × 10-5 ZNF25
100127547_TGI_at 0.04 0.01 1.97 × 10-4 ZNF37A
100304941_TGI_at -0.04 0.01 3.77 × 10-4 ZNF33A
100131654_TGI_at 0.03 0.01 9.16 × 10-4 ZNF248
100302826_TGI_at 0.03 0.01 9.61 × 10-4 ZNF37A

rs4953986 2 T 100145759_TGI_at 0.07 0.01 5.42 × 10-7 2.94 × 10-3 NCKAP5
rs10805145 4 C 100152195_TGI_at 0.03 0.01 9.95 × 10-4 1.16 × 10-3 GABRA2

100308388_TGI_at 0.04 0.01 1.48 × 10-3 GABRA2
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rs6759490 2 T 100311377_TGI_at -0.08 0.01 2.66 × 10-22 1.35 × 10-3 ROCK2

100159613_TGI_at 0.08 0.01 1.59 × 10-14 ROCK2

100306938_TGI_at 0.06 0.01 9.37 × 10-10 ROCK2

100133766_TGI_at 0.08 0.01 1.06 × 10-9 ROCK2

100160466_TGI_at -0.07 0.01 2.58 × 10-8 ROCK2

100124316_TGI_at -0.03 0.01 2.38 × 10-4 PQLC3

rs2162957 16 G 100122211_TGI_at 0.05 0.01 4.59 × 10-14 3.13 × 10-3 MON1B

100126943_TGI_at -0.11 0.02 2.93 × 10-6 ADAMTS18

rs4903526 14 A 100154109_TGI_at -0.03 0.01 1.53 × 10-5 1.16 × 10-3 C14orf4

rs1532983 14 A 100154109_TGI_at -0.03 0.01 1.19 × 10-4 1.16 × 10-3 C14orf4

SE = standard error, threshold was calculated as p value = 0.05/number probe sets within the 2 Mb window. Rs6758866 and
rs12987113 were in strong LD (r2 = 0.98); and rs2162957 and rs4888616 were in strong LD (r2 = 0.92).
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Discussion

This is the first hypothesis-free genome-wide SNP-by-NO2 exposure
interaction study on respiratory symptoms including cough, dyspnea,
phlegm and wheeze. We found that exposure to high ambient NO2 (≥
16.1 μg/m3) at the participant’s home address was associated with a
higher prevalence of respiratory symptoms. We identified 32 SNP-by-NO2

interactions associated with the presence of symptoms. In previous GWA
studies, 7 of these SNPs were associated with lung function levels,
asthma, or IgE levels. According to the eQTL analysis in lung tissue, 15 of
these SNPs were significantly associated with mRNA expression levels of
nearby genes. In a word, this GWI study demonstrated that SNP-by-NO2

exposure interaction effects may play an important role in respiratory
symptoms.

The functional meaning of the identified SNPs interacting with NO2

exposure on respiratory symptoms was explored by investigating the
level of gene expression in lung tissue using cis-eQTLs analysis. In the
cis-eQTL analysis, we identified 15 SNPs that were associated with
expression of nearby genes in lung tissue. The strongest cis-eQTL
association was found for rs6759490 associated with expression of
ROCK2. Cloutier et al showed that ROCK2 is a key regulator in tracheal
occlusion (TO)-induced accelerated lung development (28). Zanin-Zhorov
et al demonstrated that ROCK2 regulate the secretion of proinflammatory
cytokines, such as IL-17 and IL-21 and the development of autoimmunity
(29). In addition, ROCK2 plays an essential role in the maintenance of
geometric shape and polarization of epithelial cells which in lungs provide
structural integrity, moisten and protect the airways (30). In the current
study, exposure to NO2 was associated with a higher risk of wheezing
only in subjects carrying the minor allele for rs6759490 indicating the
potential importance of ROCK2 in determining the individual susceptibility
to the harmful effects of NO2.
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The second interesting SNP is rs3771313, which shows a higher risk of
phlegm in association with NO2 exposure only in subjects having the two
major G-alleles of this SNP. In addition, these GG-subjects have a lower
expression of the gene GLS. GLS encodes the mitochondrial glutaminase
which catalyzes the hydrolysis of glutamine to glutamate and ammonia.
Hunt et al showed that glutaminase expression and ammonia levels are
diminished in asthmatic lung and expired breath condensate, respectively
(31). Glutaminase protein was expressed in the human airway epithelium
and may be relevant both to the regulation of airway pH and to the
pathophysiology of acute airway inflammation (31-33). Overall, our
results suggest that lower expression of glutaminase increases the
susceptibility to NO2 exposure and may result in the development of
respiratory symptoms.

The third SNP of interest is rs10850234, located on KCTD10. KCTD10, a
member of the polymerase delta-interacting protein 1 (PDIP1) gene
family, participates in DNA repair, DNA replication and cell-cycle control
(34). KCTD10 is highly expressed in lung and heart, and may play an
important role in tissue development (35-37). Ren et al. reported that
KCTD10 is involved in embryonic angiogenesis and heart development
by negatively regulating the Notch signaling pathway (33). In our study
subjects carrying the minor allele of rs10850234 had lower expression of
KCTD10 and a higher risk for phlegm in association with NO2 exposure.
This might suggest that lower expression of KCTD10 may increase the
susceptibility to develop respiratory symptoms in relation to NO2

exposure.

The strengths of the current study, in which we investigated SNP-by-NO2

exposures interaction effects on respiratory symptoms in the LifeLines
cohort, are a large number of subjects and the associations with the gene
expression level of the identified SNPs in lung tissue. A limitation of the
study is the low NO2-level and the small variation in NO2-level between
the subjects. However, even with these low NO2-exposure levels we find
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significant gene-by-NO2 exposure interactions in plausible genes.
Another limitation of this study is the lack of replication, so we will look for
a replication cohort to confirm our findings in this study.

In conclusion, this is the first genome-wide gene-environment interaction
study that investigated interactions of SNPs with NO2 exposure on
respiratory symptoms cough, dyspnea, phlegm, and wheeze. We
identified several plausible candidate genes that may be involved in
biological pathways resulting in lung function impairment and respiratory
symptoms, i.e. ROCK2, GLS and KCTD10. Further research should find
another independent study to replicate our findings, and determine
whether the identified genes are true susceptibility loci for respiratory
symptoms. This information may contribute to the understanding of
pathways underlying the development of respiratory symptoms and to the
identification of subjects that are genetically susceptible to environmental
exposures.
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Table S1. Association between NO2 and respiratory symptoms using multiple logistic regression analyses.

NO2

Cough

OR (95% CI)

Dyspnea

OR (95% CI)

Phlegm

OR (95% CI)

Wheeze

OR (95% CI)

Continuous 1.006 (0.986-1.026) 1.010 (0.989-1.031) 1.006 (0.983-1.029) 1.007 (0.989-1.025)

Dichotomousa 1.090 (1.042-1.141)*** 1.059 (1.009-1.111)*** 1.102 (1.046-1.161)*** 1.113 (1.069-1.158)***

Abbreviations, NO2: nitrogen dioxide; OR: odds ratio; CI: confidence interval; logistic regression models adjusted for age, gender and
current smoking. a NO2 was divided into low and high exposure based on the median value (low exposure: < 16.1 μg/m3; high
exposure: ≥ 16.1 μg/m3); ***: p < 0.001.
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Table S2. Associations between the SNPs and phenotype according to
the GWAS Central Database.
SNP Gene Phenotype P-value

rs3784556 PML Asthma 0.02

rs10850234 KCTD10 Asthma 0.03

Serum total IgE concentration 0.03

rs12987113 GLS Pulmonary function (FEV1) 0.01

rs3771313 GLS Pulmonary function (FEV1) 0.009

rs4953986 NCKAP5 Pulmonary function (FEV1) 0.04

rs7427716 CACNA2D3 Pulmonary function (FEV1/FVC) 0.03

Pulmonary function (FEV1) 0.006

rs6759490 ROCK2 Pulmonary function (FEV1/FVC) 0.005

Pulmonary function (FEV1) 0.04

Information was obtained from GWASCENTRAL database
(http://www.gwascentral.org/); IgE: immunoglobulin E; FEV1: forced expiratory volume
in one second; FVC: forced vital capacity.

http://www.gwascentral.org/
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Table S3. SNPs acting as lung cis-eQTLs on genes within a 1 Mb
distance.

SNP Number of probe sets
in window

Number of probe sets
significant

Cough

rs11208514 0 0

rs11654001 102 6

rs3784556 71 0

rs11003281/
rs2840323 11 0

rs7791529 77 2

Dyspnea

rs5996811/ rs2064136 49 0

rs7984339 25 0

rs3925038/ rs4324976 18 0

rs4276378 28 0

rs11205836 47 3

rs13129382 9 1

rs12647765 51 1

rs7188172/ rs2665278 26 0

Phlegm

rs10805145 14 2

rs10850234 85 10

rs10075489 0 0

rs7097666 28 7

rs12987113/
rs6758866 43 3

rs8180657 35 0
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rs2257460 0 0

rs3771313 43 3

rs4953986 17 1

Wheeze

rs7427716 31 0

rs6759490 37 6

rs4888616/ rs2162957 16 2

rs1409390 46 0

rs1532983 43 1

rs4903526 43 1

rs12032558 43 0

rs1471757 25 0

rs7232617 15 0

rs7922216 0 0

Rs2840323 and rs11003283 were in strong LD (r2 = 0.99); rs2064136 and rs5996811
were in strong LD (r2 = 0.98); rs4324976 and rs3925038 were in strong LD (r2 = 0.95);
rs2665278 and rs7188172 were in strong LD (r2 = 0.87); rs6758866 and rs12987113
were in strong LD (r2 = 0.98); and rs2162957 and rs4888616 were in strong LD (r2 =
0.92).




