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Abstract

Asthma is a disease with a complex etiology, involving multiple genetic and
environmental factors, and with an important role of the interplay of these
factors through gene-environment interactions. In this thesis I aimed to ad-
vance our knowledge on the importance of genetic polymorphisms and their
interaction with environmental data for the occurrence of asthma and related
phenotypes (atopy and bronchial hyperreactivity). This objective was devel-
oped through the replication of genetic associations previously reported, the
assessment of gene-environment interactions and the identification of new
susceptibility genes using genome-wide analysis based on a pooling DNA
strategy. The thesis was, mostly, performed within the European Commu-
nity Respiratory Health Survey (ECRHS). This cohort has information and
DNA samples from approximately 5,000 adult subjects followed-up for 9
years, with extensive questionnaires on respiratory symptoms, clinical eval-
uations and information on environmental exposures. The association of
TNFA-308GA polymorphism with asthma was replicated and the effect on
the disease was further established conducting a meta-analysis. Evidences
on genes identified by positional cloning, NPSR1 and ADAM33, were also
replicated. In addition, the analysis of asthma by age at onset suggests a role
of NPSR1 on childhood asthma, particularly through the effect of this gene
on asthma with atopy, a phenotype of asthma that is common in children.
A review of studies evaluating interactions between environmental expo-
sures, gene polymorphisms and asthma revealed that research on genetic de-
terminants and gene-environment interactions is still incomplete, with few
interactions well established. Analyses of interactions revealed the impor-
tance of integrating genetic research with environmental and behavioural
data. This thesis described the interaction of the NQO1 gene with traffic re-
lated air-pollution and the interplay of TNFA and obesity in the causation of
non-atopic asthma. The approach based on genome-wide analysis of DNA
pools identified the SGK493 region being associated with atopy. This the-
sis contributes to the understanding of the etiology of asthma through the
identification and replication of genetic associations and gene-environment
interactions.
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Resum

L’asma és una malaltia d’etiologia complexa, formada per factors genètics i
ambientals, on la interrelació de ambdós factors mitjançant interaccions gen-
ambient juga un paper clau. L’objectiu d’aquesta tesi ha sigut aprofundir en
el coneixement del paper dels polimorfismes genètics, i la seva interacció
amb factors ambientals, en la ocurrència d’asma, atòpia i hiperreactivitat
bronquial. Aquest objectiu ha estat desenvolupat a través de la replicació
de variants genètiques prèviament identificades, l’avaluació d’interaccions
gen-ambient i la identificació de nous gens de susceptibilitat mitjançant
un disseny basat en el genotipatge de variants genètiques all llarg del
genoma en pools d’ADN. La tesi ha estat majoritàriament duta a terme
dins l’estudi European Community Respiratory Health Survey (ECRHS)
que està comprès per 5.000 individus seguits durant 9 anys, pels quals es
disposa d’un qüestionari complet sobre sı́mptomes respiratoris, avaluacions
clı́niques, informació sobre exposicions ambientals i mostres de ADN.
S’ha replicat l’associació del polimorfisme TNFA-308GA amb asma i s’ha
establert el seu efecte sobre la malaltia mitjançant un meta-anàlisi complet.
També s’han replicat evidències prèvies sobre l’efecte dels gens identificats
per clonatge posicional NPSR1 i ADAM33. A més, l’anàlisi d’asma
segons edat d’inici suggereix un paper més agut de NPSR1 sobre asma
originat en edat precoç, particularment a través de l’efecte d’aquest gen
en asma combinat amb atòpia, fenotip d’asma comú en la infantesa. Una
revisió dels estudis que avaluen interaccions entre exposicions ambientals,
polimorfismes genètics i asma ha mostrat que la investigació en les bases
genètiques i interaccions en asma continua incompleta, amb pocs gens
i poques interaccions ben establertes. L’anàlisi d’interaccions mostra la
importància d’integrar investigació genètica amb dades ambientals i d’estils
de vida. Aquesta tesi també descriu les interaccions de NQO1 i contaminació
relacionada amb tràfic de vehicles, i l’efecte conjunt de TNFA i obesitat en
asma d’origen no atòpic. L’anàlisi de pools d’ADN ha permès associar
la regió on es situa el gen SGK493 amb atòpia. Aquesta tesi contribueix
al coneixement de l’etiologia d’asma amb la identificació i replicació
d’associacions genètiques i interaccions gen-ambient.
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Preface

WE ARE LIVING IN A REALLY IMPORTANT PERIOD in the area of life
science with the development of technological advances that open
new possibilities for the research. The elucidation of the human

genome in 2003 made possible the construction of the haplotype map of
this genome, the International HapMap project, which catalogues common
genetic variation in humans. This scientific goal together with the advance
of high-throughput genotyping technologies has produced an explosion of
genetic association studies with the objective of unraveling the genetic basis
for common diseases. Nowadays, the availability of dense genotyping
chips permits the evaluation of genetic variation thorough the genome.
For this advances, ‘Human genetic variation’ was recognized as the
Breakthrough of the Year 2007 by Science and its publisher, the American
Association for the Advancement of Science. An international consortium is
currently developing the ’1000 Genomes’ project sequencing the genomes
of approximately 1200 people from around the world. This project will
develop a new map of the human genome and the most detailed catalogue
of human genetic variation. The tools for the genetic dissection of complex
traits are nearing to be complete and, in the near future, individual genome
sequencing will be economically feasible for epidemiologic studies.

Despite extensive research efforts for more than a decade, the genetic basis
of common human diseases remains largely unknown. At the beginning
of this thesis, most of the genetic risk variants in asthma needed to be
replicated in independent studies. In addition, the genetic factors identified
account for a small fraction of the predicted heritability, suggesting that
other important factors were missed. It is widely accepted that the
etiology of most common diseases involves not only the effect of genetic
or environmental causes, but also the interaction between both. The
study of gene-environment interactions was encouraged by the potential
identification of new genetic factors and the promising applications in
personalized medicine and preventive recommendations.

This thesis focuses on genetic basis of asthma and related phenotypes ad-
dressing specific hypothesis for genetic and gene-environment interactions,
and identifying new susceptibility genetic variants. Thus, the work de-
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scribed here is interdisciplinary, involving epidemiology, genetics and sta-
tistical approaches. The thesis consist of a compilation of 6 articles (3 pub-
lished, 1 in press and 2 under review) based on data from the European
Community Respiratory Health Survey (ECRHS) and, for some of the analy-
ses, in combination with the Swiss study on Air Pollution and Lung Disease
in Adults (SAPALDIA). This thesis also contains a general introduction to
summarize the scientific knowledge in causation of asthma and the most im-
portant points in genetic epidemiology. A general discussion was included
to give a general view of some important points in genetic epidemiology and
to deal with additional issues that were not included in the articles but that
have been subject of an intense debate. Finally, I include a list of conclusions
and a chapter explaining my next research plans and my view of the future
directions of research on complex diseases.

Barcelona, September 2009



Contents

Acknowledgments vii

Abstract ix

Resum xi

Preface xiii

Contents xvii

1 Introduction 1

1.1 General features of asthma . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Asthma definition . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Epidemiology of asthma . . . . . . . . . . . . . . . . . . 2

1.1.3 Related phenotypes . . . . . . . . . . . . . . . . . . . . 2

1.1.4 Mechanisms of asthma . . . . . . . . . . . . . . . . . . . 4

1.2 Factors influencing the development of asthma . . . . . . . . . 6

1.2.1 Environment and life style . . . . . . . . . . . . . . . . . 7

1.2.2 Genetic factors . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Methods for gene assessment: the asthma example . . . . . . . 10

1.3.1 Linkage analysis . . . . . . . . . . . . . . . . . . . . . . 10

1.3.2 Positional cloning . . . . . . . . . . . . . . . . . . . . . . 12

1.3.3 Genetic association studies . . . . . . . . . . . . . . . . 13

1.3.4 Gene-environment interactions in asthma . . . . . . . . 16

1.4 Pitfalls and challenges of genetic studies of asthma . . . . . . . 17

2 Rationale 19

3 Objectives 21

xv



xvi CONTENTS

4 Methods 23
4.1 Description of the study cohorts . . . . . . . . . . . . . . . . . 23

4.1.1 ECRHS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.2 SAPALDIA . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Phenotypes ascertainment . . . . . . . . . . . . . . . . . . . . . 25
4.2.1 Asthma . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.2 Related phenotypes . . . . . . . . . . . . . . . . . . . . 25

4.3 Candidate gene approach and genotyping . . . . . . . . . . . . 26
4.3.1 Candidate gene selection . . . . . . . . . . . . . . . . . 26
4.3.2 SNP selection . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3.3 Genotype characterization . . . . . . . . . . . . . . . . . 29
4.3.4 Data caring . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.4 Statistical methodology . . . . . . . . . . . . . . . . . . . . . . . 30

5 Results 33
5.1 Gene–environment interactions in asthma . . . . . . . . . . . . 35
5.2 TNFA and risk of asthma . . . . . . . . . . . . . . . . . . . . . . 47
5.3 TNFA, obesity and risk of asthma . . . . . . . . . . . . . . . . . 61

5.3.1 Supplementary material for papers 2 and 3 . . . . . . . 69
5.4 Traffic pollution, genes and asthma . . . . . . . . . . . . . . . . 71

5.4.1 Supplementary material . . . . . . . . . . . . . . . . . . 85
5.5 Positionally cloned genes in asthma and atopy . . . . . . . . . 93

5.5.1 Supplementary material . . . . . . . . . . . . . . . . . . 107
5.6 Pooling-based genome-wide in asthma and atopy . . . . . . . 119

5.6.1 Supplementary material . . . . . . . . . . . . . . . . . . 131

6 Discussion 135
6.1 Main findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.2 Methodological issues . . . . . . . . . . . . . . . . . . . . . . . 137

6.2.1 Study design . . . . . . . . . . . . . . . . . . . . . . . . 137
6.2.2 Sample size and statistical power . . . . . . . . . . . . . 139
6.2.3 Confounding and Population Stratification . . . . . . . 141

6.3 Multiple testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.4 Genetic main effects . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.5 Gene-environment interactions . . . . . . . . . . . . . . . . . . 146
6.6 Challenges of genetic association studies . . . . . . . . . . . . 150
6.7 Role of genomics to public health and disease prevention . . . 151



CONTENTS xvii

7 Conclusions 153

8 Future Research 155

Annex. Publications and congress contributions 157

References 185





1
Introduction

1.1 General features of asthma

1.1.1 Asthma definition

Asthma is a complex respiratory disorder characterized by variable episodic
airway obstruction. The classical notion of asthma as a single disease is
disappearing and the emerging idea is that asthma is a collection of different
phenotypes, or a syndrome, produced by different pathologic mechanisms
(Wenzel, 2006; Lancet, 2006). This idea have been derived not only by the
numerous risk factors and pathological mechanism discovered, but also by
the broad number of asthma phenotypes described. The Global Strategy for
Asthma Management and Prevention performed a definition of asthma:

’Asthma is a chronic inflammatory disorder of the airways in
which many cells and cellular elements play a role. The chronic
inflammation is associated with airway hyperresponsiveness
that leads to recurrent episodes of wheezing, breathless, chest
tightness, and coughing, particularly at night or in the morning.
These episodes are usually associated with widespread, but vari-
able, airflow obstruction within the lung that is often reversible
either spontaneously or with treatment’ (Bateman et al., 2008).

Since pathogenesis of asthma is still not clear, this definition is only
descriptive and inclusive of the broad range of phenotypic manifestations
that are used for its clinical diagnosis. The identification of specific
phenotypes and the identification of their basis is one of the major challenges
in next years on asthma research (Anderson, 2008).

The lack of an instrument to identify asthma with certainty and its heteroge-
neous manifestation has difficulted its assessment in epidemiologic studies.
Questionnaires are the most common method to ascertain asthma, defining
asthma using self reported diagnosis by a physician or respiratory symp-
toms. Definitions based on self-reported statements of asthma are prone to
classical biases in epidemiological studies such as recall bias or differential
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2 1. Introduction

access to care, and does not account for the heterogeneity in symptoms man-
ifestations. For these reason, these definitions are often combined with mea-
surements of clinical outcomes and biomarkers. The most used are forced
expiratory volume in 1 second (FEV1), degree of reversibility, bronchial hy-
perresponsiveness (BHR), inflammation, eosinophilia and immunoglobulin
E (IgE). However, due to the high level of heterogeneity present in asthma,
these combinations result in a selection of cases that are not always represen-
tative of the general asthmatic population.

1.1.2 Epidemiology of asthma

Asthma is a serious global health problem. It has become a major cause
of morbidity in children and adults from developed countries, with an
estimated prevalence of 5-15% (Beasley et al., 1998). According to the Centers
for Disease Control and Prevention, asthma is the third leading cause of
hospitalization among subjects below 18 years of age in the U.S. (National
Center for Health Statistics, 2005). The prevalence of asthma has increased
during the second half of the 20th century, arising to a worldwide estimation
of 300 million of affected individuals (Eder et al., 2006; Masoli et al., 2004).
As an example, the prevalence of asthma among United States children
increased from 3.6% in 1980 to 7.5% in 1995 (Akinbami, 2006). This increase
was similar in other countries (Eder et al., 2006). However, great disparities
were found in the asthma prevalence between countries throughout the
world (Figure 1.1) (Masoli et al., 2004). The highest prevalence was found
among anglo-saxon countries, such us United Kingdom, United States,
Australia, South Africa and Canada, while less ’westernized countries’
showed lower rates of prevalence. This high rate of variation was also
observed among European countries (ECRHSII Steering Committee, 2002).
During the decade of 1990s, the prevalence of asthma reached a plateau in
some Western countries (Eder et al., 2006). However, an increase of cases has
been observed in Africa, Latin American and specific zones of Asia where
the previous prevalence was comparatively lower (Asher et al., 2006). This
indicates that the global burden of asthma is still rising.

1.1.3 Related phenotypes

As stated previously, the lack of an uniform definition is one of the
principal obstacles for the study of asthma. The measurement of individual
physiological characteristics closely associated with the development and
progression of asthma, such atopy and bronchial hyperresponsiveness, is a
useful approach because they can be objectively measured. The study of
these phenotypes could be useful to obtain some insights into pathogenic
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Figure 1.1: World map of clinical asthma prevalence. Figure adapted from
Masoli et al. (2004)

mechanisms, although the specificity of these intermediate phenotypes is not
complete.

Atopy. Atopy is an allergic hypersensitivity characterized by a predisposi-
tion to develop allergen-specific IgE antibodies on exposure to low dose of
environmental allergens (Johansson et al., 2001). It is characterized measur-
ing total IgE levels and specific IgE in serum, or by skin test reactivity to
allergens. Asthma and atopy are closely interrelated. Atopy is a well estab-
lished risk factor for asthma since a large number of studies have reported
that asthmatics tend to be more atopic than non asthmatics (Burrows et al.,
1989; Dodge et al., 1994; Holt et al., 1999). Studies estimating the percentage
of asthma cases attributable to atopy have reported a population attributable
risk (PAR) ranged between 33% and 56% (Pearce et al., 1999; Arbes et al.,
2007; Ponsonby et al., 2002). Atopy in early life seems to be one of the key
factors to identify an individual risk to develop asthma (Sly et al., 2008).
Asthma combined with atopy is the largest phenotype of asthma among
children. In adults, asthma has been traditionally divided into atopic (ex-
trinsic) and non-atopic (intrinsic) asthma. The phenotype of atopic asthma
in adulthood was suggested to have its origins in early childhood (Wenzel,
2006).

It is still unknown if atopic asthma has a distinct etiology than non-atopic
asthma. Atopy has often been related to an increase of asthma severity,
specially among children (Siroux et al., 2003). Non-atopic asthma could be
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associated with more rapid lung function decline but less exacerbations than
atopic asthma (Ulrik et al., 1992). Although some pathological studies have
suggested that immunopathologic processes in atopic asthma were the same
as those of non-atopic asthma (Humbert et al., 1997, 1996) other studies have
seen differences (Miranda et al., 2004; Walker et al., 1992; Truyen et al., 2006).
Further studies to examine in detail the pathological distinctions between
atopic and non-atopic asthma are needed.

Bronchial hyperresponsiveness. Functional alterations of the lung airways
are associated with asthma. Bronchial hyperresponsiveness (BHR) is the
excessive sensitivity of the bronchi in response to a variety of stimuli.
Abnormalities of airway smooth muscle (ASM), airway inflammation,
airway remodelling and neural control have been implicated in the elevated
responsiveness (Berend et al., 2008). BHR can be measured with bronchial
provocation testing using different stimuli. These stimuli can be divided
into agents that act directly on receptors of airway smooth muscle (histamine
or methacholine), neural pathways (adenosine-3- monophasphate, cold
air) and via some intermediate mechanisms by the stimulation of airway
inflammation or other cells release mediators (Berend et al., 2008).

Longitudinal studies showing that BHR usually precedes asthma suggest
that it is a risk factor for asthma development (Hopp et al., 1990). Thus, BHR
has been included in the definition of asthma (Bateman et al., 2008) although
its specificity has been questioned. Epidemiological studies have shown that
the prevalence of BHR among asthma cases is around 40% to 60% (Masoli
et al., 2004). In addition, a considerable proportion of individuals that do not
have a history of asthma also develop BHR (Backer et al., 1991; Rijcken et al.,
1988). This percentage usually represents more than the 30% (Jansen et al.,
1997). Moreover, BHR can be also present in other airway disorders such as
COPD and cystic fibrosis (van Haren et al., 1995; Brutsche et al., 2006).

1.1.4 Mechanisms of asthma

The pathology of asthma is characterized by the airway narrowing gener-
ated by several factors. The predominant mechanism is the airway smooth
muscle contraction in response to multiple bronchoconstrictors mediators
and neurotransmitters. Other factors include mucus hypersecretion (mu-
cus plugging), shedding of epithelial cells, thickening of the basement mem-
brane, engorgement of the vessels and angiogenesis, inflammatory cell infil-
tration and smooth muscle hypertrophy and hyperplasia (Tattersfield et al.,
2002). The mechanisms leading to these pathophysiological changes can be
broadly classified into inflammatory, immunological and remodeling com-
ponents (structural changes)
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Airway inflammation. Although clinical manifestation of asthma is highly
variable, the presence of chronic airway inflammation remains a constant
feature in all forms of asthma (Holgate, 2008). The inflammatory response
in asthma is mediated by T helper 2 (TH2) cells, involving predominantly
eosinophils, mast cells, neutrophils and CD4+ helper T lymphocytes (Busse
and Lemanske, 2001). These cells are recruited into the airways by multiple
pro-inflammatory mediators including cytokines, chemokines, adhesion
molecules, inflammatory enzymes and receptors (Barnes, 2008). These
mediators are generated by other inflammatory cells and structural cells of
the airways, such as epithelial cells, airway smooth muscle cells, endothelial
cells and airway nerves (Holgate, 2008). Airway cells also produce agents
that prologue the life of the inflammatory cells at the site of migration, such
as granulocyte macrophage colony stimulating factor (GM-CSF) (Tattersfield
et al., 2002).

Immune response. In atopic individuals, allergic sensitization is an
important feature of asthma (Holgate, 2008). Airway inflammation in
allergic asthma is mediated by adaptive immune recognition of allergens by
TH2 cells, resulting in airway eosinophilia (Figure 1.2). This mechanism is
initiated by the uptake and processing of inhaled environmental allergens by
dendritic cells situated in the airway epithelium and submucosal (Hammad
and Lambrecht, 2006). Dendritic cells present selected peptides using MHC
class II molecules to naive T cells (TH0 ), directing them in favour of a TH2-
cell phenotype and in detraction of TH1 (Holgate, 2008; Smit and Lukacs,
2006), resulting in TH2 mediated airway inflammation (Meyer et al., 2008). In
asthmatic patients, there is an increase in the number of CD4+ T cells in the
airways. These are mainly TH2 cells, whereas in normal air-ways TH1 cells
predominate (Meyer et al., 2008).

TH2 immunity is fundamental for atopy. This mechanism provides a molec-
ular framework to understand the associations of atopy with asthma. How-
ever, there are some discrepancies about the TH2 inflammation hypothesis.
This mechanism cannot explain why airway hyper-responsiveness and tis-
sue remodelling are not clearly linked to infammation, or why new TH2-
targeted treatments have no effectiveness in the clinic (Anderson, 2008).
The TH2-inflammation model cannot account for the substantial clinical and
molecular heterogeneity that has now been unequivocally documented in
human asthma (Anderson, 2008). Despite these discrepancies, TH2 immu-
nity is undoubtedly important in pathogenesis of some asthma endotypes
such as allergic asthma.

Structural changes. Airway narrowing is the final common consequence
leading to the symptoms of asthma. Chronic airway inflammation produces
the remodeling of structural cells and tissue elements of the airway, inducing
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Figure 1.2: Inflammatory cascade in allergic asthma. Adapted from Holgate
(2008)

the thickening of airway wall (Holgate, 2008). Airway remodelling entails
the increase of submucosal tissue, adventitia, and the hypertrophy and
hyperplasia of smooth muscle cells (Busse and Lemanske, 2001; James and
Carroll, 2000). The increase in the mass of smooth muscle is also an
important component of the bronchial hyperreactivity by increasing the
force of bronchoconstriction and reduction of airway diameter (Wang et al.,
2003). The precise mechanisms leading to airway remodelling are still not
understood. Persistent airway inflammation may be an important factor to
airway remodeling, through the secretion of inflammatory mediators and
growth factors such as TGF-β from eosinophils (Holgate, 2008). Other factors
include epithelial injury, impaired repair and secretion of other growth
factors from structural cells.

1.2 Factors influencing the development of asthma

Asthma and related phenotypes are complex diseases. Complex diseases are
the consequence of environmental and genetic factors. The development of
the disease is a process affected by the interplay of these factors in gene-
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gene, environment-environment and gene-environment interactions within
a complex biological system (Ay, 2002). After decades of intensive research,
hundreds of factors have been associated with asthma. Despite this effort,
only few of these factors are completely accepted. This evidences the
overwhelming difficulties in unraveling the risk factors for asthma. The two
main reasons of this pitfall are the heterogeneity of the phenotype and the
inherent complexity in the etiology.

1.2.1 Environment and life style

The rising on the prevalence of asthma over the past 30 years is most likely to
be explained by changes in the environment. This evidence has generated an
intense debate about different hypothesis that have been proposed to explain
this increase, encouraging the research on environmental determinants of
asthma. Some of the most important are described below.

Air pollution. There is a link between the increase of respiratory diseases and
the increase in air pollution. Pollution is though to affect the development,
persistence and exacerbation of asthma (D’Amato et al., 2005). However,
the exact role of pollution on asthma remains controversial (D’Amato et al.,
2005). Pollution can occur both outdoor and indoor. The main source of
outdoor pollution in urban areas is traffic. There are evidences showing
that living near traffic roads is associated with an impairment of respiratory
health, especially among children (Kim et al., 2008; Rosenlund et al., 2009;
Gauderman et al., 2005). The most abundant compounds in outdoor
pollutants are inhalable particulate matter, ozone, nitrogen dioxide, sulphur
dioxide and diesel exhaust particles. Many studies have reported a role of
these pollutants in the asthma exacerbations (D’Amato et al., 2005; Heinrich
and Wichmann, 2004; Kuenzli et al., 2000; Nel, 2005) and, to less extent, in
development of asthma (Brauer et al., 2007; Jacquemin et al., 2009). These
pollutants are strong oxidants leading to the production of reactive oxygen
species (ROS) (D’Amato et al., 2005). Oxidative stress triggers the cytokine
production and inflammatory response in the lung airways (Kelly, 2003; Nel,
2005).

Exposure to indoor air pollution has been associated with asthma in a similar
pattern to outdoor air pollution. The most evaluated indoor pollutants are
indoor combustion used for heating and cooking, environmental tobacco
smoke (ETS), mould and dampness (Bernstein et al., 2008). Indoor
combustion produces both gases (eg. nitrogen dioxide) and particulate
matter. The association between this type of exposure and asthma is strongly
supported by experimental studies in murine models and epidemiologic
studies, particularly among children (Bernstein et al., 2008; Belanger and
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Triche, 2008). On the other hand, the effect of ETS on asthma development
and asthma severity is strong and consistent (Jaakkola et al., 2006; Spengler
et al., 2004; Cook and Strachan, 1997; Raherison et al., 2007; Chan-Yeung
and Dimich-Ward, 2003). It has been also associated with asthma related
phenotypes such as lower lung function, BHR, and increasing levels of total
IgE (Chan-Yeung and Dimich-Ward, 2003).

Allergens. The antigen allergens are presented by dendritic cells to B
cells, which are the responsible to produce the specific IgE, developing the
sensitization to the specific allergen (Figure 1.2). Early life sensitization
to common aeroallergens has been widely associated with risk of further
development of asthma (Gaffin and Phipatanakul, 2009; Sherrill et al.,
1999; Ly et al., 2006; Kusel et al., 2007; Illi et al., 2006). However, the
direct link between allergen exposure and development of asthma has
been less consistent (Torrent et al., 2007; Tovey et al., 2008; Gaffin and
Phipatanakul, 2009). Different allergens have been associated with the
development of asthma. Sensitization to house dust mite (HDM) is the most
evaluated allergenic factor (Tovey et al., 2008; Celedon et al., 2007; Gaffin and
Phipatanakul, 2009). Other well studied allergenic factors associated with
asthma are sensitization to pet allergens (from cat and dog) (Torrent et al.,
2007, 2006; Svanes et al., 2003) and IgE specific to fungi species present in
mould (Alternaria alternata, Cladosporium herbarum, Aspergillus fumigatus and
Penicillum notatum). Finally, pollen allergens account for a large fraction of
the allergic young adults and are associated with asthma as well (D’Amato
et al., 2005; Knox et al., 1997; D’Amato, 2001).

Occupational factors. Exposures to agents in the work environment cause
around 10% to 25% of the adult asthma (Kogevinas et al., 2007; Blanc and
Toren, 1999). In Catalonia it has been estimated that asthma comprises
around half the reported occupational respiratory diseases (Orriols et al.,
2006). Around 250 specific occupational chemicals have been associated with
asthma. Occupations at high risk include farmers, painters, plastics workers,
and cleaners (Kogevinas et al., 1999). Substances that cause occupational
asthma can be divided into high-molecular and low-molecular weigths
(Malo and Chan-Yeung, 2009). Basically, high-molecular-weight agents are
proteins of animal or plant origin, such as enzymes, cereals or flour, and
latex. These compounds are capable of causing IgE-dependent sensitization,
rhinoconjunctivitis and asthma. A large number of low-molecular weight
agents induce occupational asthma. Di-isocyanates are among the most
important causes of occupational asthma and, in specific settings, have been
described to cause asthma symptoms in 5-15% of those exposed. (Chan-
Yeung and Malo, 1994; Mapp, 2001). Other examples of low-molecular
weight agents associated with asthma are acid anhydrides, some metals
such as platinum salts, cleaning agents and wood dusts. The mechanisms
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of induction of asthma by these occupational exposures remain unknown
but some evidences suggest an IgE mediated mechanism (Malo and Chan-
Yeung, 2009; Elms et al., 2001; Redlich et al., 2001).

Viral infections. Respiratory infections during early life have been shown
as a protection factor for asthma (Kusel et al., 2007; Ramsey et al.,
2007). These evidences support the ’hygiene hypothesis’ of asthma, which
suggests that early child infections may favour disbalanced maturation of
the T lymphocytes population, priming the TH1 population over TH2 and,
therefore, reducing the risk for developing asthma and allergy (Strachan,
2000). Although the ’hygiene hypothesis’ is still controversial and continues
under investigation, this mechanism may explain the observed association
between risk of asthma and family size, birth order or day-care attendance
(Illi et al., 2001; Ball et al., 2000; de Meer et al., 2005).

Other factors: Smoking, obesity and diet. During the last century, the harm-
ful effect of tobacco on asthma was increasingly recognised. Tobacco smok-
ing has been associated with development and severity of asthma, acceler-
ated lung function decline in subjects with asthma and impaired short-term
therapeutic response to corticosteroids (Thomson et al., 2004; Plaschke et al.,
2000; Rasmussen et al., 2000; Kim et al., 2002). Obesity, has been associated
with both incidence and prevalence of asthma, as well as with severity of
the disease. Experimental studies support this association but the mecha-
nisms linking obesity with asthma are complex and remain uncertain (Ma-
tricardi et al., 2007; Chinn, 2003; Beuther et al., 2006; Weiss, 2005). The role of
diet has been extensively studied. Dietary lipids, antioxidants and vitamins
have been associated with asthma. Dietary lipids affect to proinflammatory
and immunologic pathways. Evidences from epidemiologic studies suggest
that n-3 PUFA (oily fish) is protective for the development of asthma, while
n-6 polyunsaturated fatty acid (PUFA; margarine, vegetable oil) contribute
to its development (Romieu, 2005; Devereux and Seaton, 2005). An imbal-
ance between reactive oxygen and antioxidants contributes to the chronic
inflammatory process in asthma. Dietary antioxidants and vitamins favour
the antioxidant defence mechanisms, protecting against oxidant factors such
as air-pollution (Romieu, 2005; Pryor, 1991).

1.2.2 Genetic factors

The role of genetic factors in asthma and atopy is unquestionable. This
was initially suggested from the observation of familial clustering: family
history of asthma is one of the major determinants of asthma and atopy
(Litonjua et al., 1998; Xu et al., 2000; Burke et al., 2003; Dold et al., 1992), and
studies of familial aggregation and segregations clearly indicates a heritable
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component (Holberg et al., 1996; Lawrence et al., 1994; Jenkins et al., 1997).
Studies on twins, were the concordance of asthma is compared among
monozygotic and dizygotic, suggest that the heritability of asthma vary
between 36% and 75% (Duffy et al., 1990; Skadhauge et al., 1999; Nieminen
et al., 1991; Harris et al., 1997; Skadhauge et al., 1999; Koppelman et al.,
1999). However, little is known about the genetic basis of asthma and
could be premature to predict the proportion of asthma cases explained by
genetic factors. Asthma, as a complex disease, is influenced by multiple
loci. This was initially suggested by Tips (Tips, 1954), in 1954 and further
developed by Leigh and Morley in 1967 (Marsh and Meyers, 1992; Bias
et al., 1978). Familial segregation studies indicate that asthma is influenced
by a few genes with a moderate effect (’oligogenes’) (Holberg et al., 1996;
Lawrence et al., 1994; Jenkins et al., 1997; Cookson, 1999), suggesting that
asthma is a polygenic trait with a large number of contributing genes, most
of them with small effect (Ober and Hoffjan, 2006). The discovery of genetic
variants that cause complex diseases has been one of the major challenges
for geneticists during last decade. The next section describes the process for
the identification of genetic determinants of complex diseases and includes
a short review of current knowledge of the genetic basis of asthma.

1.3 Unraveling the genetic component of complex diseases:
the example of asthma

The main aim of genetic research in complex diseases is to elucidate new
etiologic mechanisms and to identify interventions to prevent or cure the
disease (de Vries et al., 2002). In general, three main approaches have been
used to identify genetic susceptibility locus in complex diseases such as
asthma: linkage analysis, positional cloning and genetic association studies
(Figure 1.3).

1.3.1 Linkage analysis

Linkage analysis tests co-segregation of genetic markers and a trait of
interest, by estimating the recombination fraction (parametric) or by testing
the excess of allele sharing among affected relatives (non-parametric) (Teare
and Barrett, 2005). Traditionally, genome-wide linkage scans have employed
short tandem repeat polymorphisms (STRPs, also named microsatellite, Box
1) spaced at intervals of 10 cM across the genome. Although less informative
than STRs, single-nucleotide polymorphisms (SNPs, Box 1) are also used
for linkage analysis since they are distributed densely and uniformly
throughout the genome, and are more powerful to detect and localize
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linkage (Xing et al., 2005). The main advantage of linkage analysis has been
the capacity to identify large genomic regions containing genes with strong
phenotypic effects (Teare and Barrett, 2005). For this reason, linkage is often
the first stage in genetic investigation since it is used to identify susceptibility
loci or pathways in the absence of previous hypotheses.

BOX 1. Types of genetic markers used in genetic analyses

Restriction fragment length polymorphism (RFLP). Variation in the DNA
sequence of a genome that can be detected by fragmenting the DNA into
pieces using restriction enzymes and analyzing the size of the resulting
fragments by gel electrophoresis. RFLP analysis was the first technique
developed and was cheap enough to see wide application. Nowadays,
other techniques have largely replaced the RFLP mapping.

Microsatellites or Short tandem repeats (STRs). STRs are DNA sequences
of 1-6 base pairs in length repeated from 5 to 10 times. DNA polymerases
tend to ’slip’ when copying microsatellite tracts, adding or subtracting re-
peat units. Although they are typically neutral, given their high poly-
morphism microsatellites are widely used in mapping genetic diseases, in
genetic counselling, in forensic genetics and in population genetics. Mi-
crosatellites can also be used to study gene dosage (looking for duplications
or deletions of a particular genetic region).

Single Nucleotide Polymorphisms (SNPs). SNPs are DNA sequence
variation occurring in a single nucleotide. For example, two sequenced
DNA fragments from different individuals, AAGCCTA and AAGCTTA,
contain a difference in a single nucleotide. In this case we say that there
are two alleles : C and T. SNPs can be classified as synonymous if the same
polypeptide sequence is produced and nonsynonymous if the SNP modify
the polypeptide sequence of the coding protein.

Copy-number variants (CNV). CNVs are structural variants in the genome
that cromprise DNA segments that are 1 kb or larger and are present at a
variable copy number in comparison with a reference genome. Classes of
CNVs include insertions, deletions and duplications. This definition also
includes large-scale copy-number variants, which are variants that involve
segments of DNA ≥50 kb, allowing them to be detected by clone-based
array.

Linkage studies in asthma resulted in more than 20 suggestive regions
(Wills-Karp and Ewart, 2004). However, the most interesting regions are
those that are well replicated in multiple populations: 2p, 4q, 5q31-33,
6p24-21, 11q13-21, 12q21-24, 13q12-14, 16q21-23 and 19q (Wills-Karp and
Ewart, 2004). Regions identified by linkage often contain hundreds of
genes and many of them can be biologically plausible candidates (Teare and
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Barrett, 2005). This is particularly true for the most replicated regions in
asthma, 5q31-33, 6p21 and 12q13-q24 (Illig and Wjst, 2002; Ober and Hoffjan,
2006). For instance, 5q31-33 holds particular interest because this region
contains a cluster of genes -interleukin 4 (IL4), IL13, monocyte differentiation
antigen 14 (CD14), the β2 adrenergic receptor (ADRB2) and serine peptidase
inhibitor Kazal type 5 (SPINK5) - that are among the most replicated loci in
allergic inflammation (Figure 1.4) (Ober and Hoffjan, 2006). Although one
of the main advantage of linkage studies has been the identification regions
containing genes with large phenotypic effects, such regions usually harbor
susceptibility genes each one with relatively small effects on disease risk
(Ober and Hoffjan, 2006).

Figure 1.3: Methods of gene discovery for complex diseases. These methods
can be broadly classified as hypothesis-free approaches (genome-wide) and
hypothesis-based approaches (candidate gene)

1.3.2 Positional cloning

Once a set of markers close to a disease susceptibility locus have been iden-
tified using techniques such as genome-wide linkage analysis, finemapping
analysis (saturation with more closely spaced markers to narrow the candi-
date region) and positional cloning are then used for the identification of sus-
ceptibility genes and mutations (Collins, 1995). Positional cloning is thought
to be the most powerful approach for identifying genes with large influence
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on disorders. For this reason, positional cloning has been extremely suc-
cessful in identifying the genetic effects underlying single gene disorders
(mendelian disorders), but is less powerful for complex diseases. However,
this approach has been useful to identifying genes for asthma and asthma
associated phenotypes.

Eight susceptibility genes for asthma, bronchial hyperresponsiveness (BHR)
or atopy have now been identified by this technique, although the function
of these genes remains unclear. ADAM metallopeptidase domain 33
(ADAM33) on chromosome 20p was initially identified as an asthma and
BHR susceptibility gene (van Eerdewegh et al., 2002). This gene is highly
expressed in bronchial smooth muscle and airway fibroblast, and may be
involved in cell interaction, functioning and signalling (Umland et al., 2003;
Powell et al., 2004), suggesting a role in the airway remodelling (Wills-Karp
and Ewart, 2004). Neuropeptide S receptor 1 (NPSR1 also known as GPRA or
GPR154), which is located on chromosome 7p, encodes a G-protein-coupled
receptor being up-regulated in inflamed airways epithelial cells and was
initially identified as an asthma and atopy related gene (Laitinen et al., 2004).
PHD finger protein 11 (PHF11), located on chromosome 13, was originally
reported as a gene associated to atopy and total IgE levels (Zhang et al.,
2003). It is supposed to be involved in the regulation of transcription of T
and B cell genes (Bienz, 2006). Dipeptidyl-peptidase 10 (DPP10) located on
chromosome 2q, may modulate the activity of various proinflammatory and
regulatory chemokines or cytokines, as well as influence neural regulation of
smooth-muscle tone (Allen et al., 2003; Wills-Karp and Ewart, 2004). Serine
protease inhibitor, kazal type 5 (SPINK5, chromosome 5q) encodes a protease
inhibitor protein that was associated with high serum IgE levels and atopic
manifestations (Chavanas et al., 2000; Walley et al., 2001). Other genes
identified by positional cloning are HLA-G histocompatibility antigen, class
I, G (HLA-G) on chromosome 6p (Nicolae et al., 2005), cytoplasmatic FMR1-
interacting protein 2 (CYFIP2) on chromosome 5q (Noguchi et al., 2005),
Interleukin-1 Receptor Antagonist (IL1RN) on chromosome 2q (Gohlke et al.,
2004) and prostanoid DP receptor (PTGDR) (Oguma et al., 2004). Further
studies on these genes have not always replicated the initial findings (Ober
and Hoffjan, 2006; Hersh et al., 2007).

1.3.3 Genetic association studies

Association studies using genetic factors look for statistical correlation
between one or more genetic polymorphisms and a trait. In those studies,
the same marker is associated with the trait in a similar pattern across the
whole population, while the linkage analysis allows different markers to be
associated with the trait in different families (Cordell and Clayton, 2005). The
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identification of large number of single nucleotide polymorphisms (SNPs)
throughout the genome (HapMap) and the falling in the cost of genotyping
allow the screening of a large number of SNPs across the whole genome.
This has led to an increasing importance of association studies in genetic
epidemiology.

In the context of genetic and etiological heterogeneity, where many genes are
involved with small effect, association studies are likely to be more effective
tools than linkage studies or positional cloning because they have a greater
statistical power to detect small-to-moderate effects (Risch and Merikangas,
1996; Cordell and Clayton, 2005). Association studies can be classified
as population-based (case control or cohort) or family-based design (case-
parent triad, case-parent-grandparent and analysis of pedigrees). Usually,
population-based association is more powerful due to the possibility of
selecting large sample size from whole population, while family-based avoid
some of the traditional confounding problems in population-based studies,
such as population stratification. Two types of approaches have been
developed according to prior hypothesis and number of polymorphisms
evaluated: candidate gene and, more recently, whole genome association
studies.

Association studies using candidate gene approach. The candidate gene
approach is focused on genes that are selected in basis of a priori hypothesis
about their etiological role in a disease. These genes may be selected
because they have a known function that influences the trait, are located
within a region identified by linkage analysis or have been previously
identified by positional cloning or genome-wide association. This approach
allows the simultaneous evaluation of genes, environmental factors and their
interactions. It is, at present, the most effective tool for studying complex
diseases at the population level (Tabor et al., 2002), because it is able to detect
relatively modest effects. On the other hand, the main limitation of this type
of approach is the need of a priory knowledge, which limitates the potential
for identifying new susceptibility variants compared to other methods that
use markers throughout the genome (Tabor et al., 2002).

This approach has been extremely successful. Most of the genes know to
modify asthma have been identified through candidate gene studies (Figure
1.4). Although most of these genes have not been successfully replicated,
there are several examples of genetic associations widely replicated in
independent populations, considering the ’gene’ as a unit of replication
(Ober and Hoffjan, 2006). For instance, ADAM33, interleukin 4 (IL4),
IL13, IL10, CD14, ADRB2, HLA-DRB1, HLA-DQB1, tumor necrosis factor
α (TNFA), high-affinity Fc receptor for IgE β-chain FCER1B, interleukin-4
receptor α chain (IL4RA), neuropeptide S receptor 1 (NPSR1), glutathione S-
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transferase pi 1 (GSTP1) and signal transducer and activator of transcription
6 (STAT6) are among the most replicated genes, with more than 10
independent replications.

Figure 1.4: All genes were associated in at least one study (Ober and
Hoffjan, 2006). In red, genes associated in ten or more studies (Vercelli, 2008).
Green nodes indicate genes identified by positional cloning. Genes in the
chromosome region 17q21 identified by GWAS, are not included. Figure
adapted from Bosse and Hudson (2007)

Genome wide association studies. In the last decade, we have seen the
completion of human genome (Lander et al., 2001; Venter et al., 2001),
the development of HapMap Project were millions of SNP were identified
(International HapMap Consortium, 2005) and the rapid development of
high-throughput genotyping technologies (Collins et al., 1997). These
advances have allowed the advent of genome-wide association (GWA)
studies, in which a dense set of SNPs across the genome is genotyped
to survey the most common genetic variation for a trait (Hirschhorn and
Daly, 2005). This approach has the advantages of association studies but
can be performed in the absence of a convincing evidence regarding the
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function or location of a gene. Despite the skepticism of some authors
(Hirschhorn, 2009), genome-wide association (GWA) studies have improved
our understanding of the genetic basis of many complex diseases leading
to the discovery of novel genes (Wellcome Trust Case Control Consortium,
2007; McCarthy et al., 2008; Hirschhorn, 2009). Up to date, two GWA
studies have been performed in asthma (Moffatt et al., 2007; Himes et al.,
2009). The first study, by Moffatt and co-workers (Moffatt et al., 2007), has
identified a strong signal in the chromosome region 17q21, which contains at
least two genes, ORM1-like 3 (ORMDL3) and gasdermin B (GSDML), with
unknown function (Moffatt et al., 2007; Wjst, 2008). After the initial report,
8 independent studies have replicated the association of these region with
asthma and different asthma phenotypes (Bisgaard et al., 2009; Wu et al.,
2009a; Leung et al., 2009; Galanter et al., 2008; Tavendale et al., 2008; Sleiman
et al., 2008; Madore et al., 2008; Bouzigon et al., 2008). The second study
(Himes et al., 2009), has identified variants in the gene phosphodiesterase
4D, cAMP-specific (PDE4D) associated with asthma.

One of the limitations of GWA studies is the high economic cost required
to perform a well powered study despite the decreasing cost of genotyping.
To overcome this limitation, alternatives based on GWA analysis of pooling
DNA have been developed. Different studies have concluded that two
stage DNA pooling strategy may be more cost-effective than individual
genotyping (Zuo et al., 2006; Pearson et al., 2007; Steer et al., 2007; Zhao
and Wang, 2009). In a first stage of this design, genome-wide genotyping
is performed in pooled DNA samples from a group of cases and pooled
DNA samples from a group of controls. After the statistical analysis,
most significant markers are genotyped in individual samples from an
independent population for a replication. This approach has been already
performed in a previous study for asthma, using microsatellite markers (Hui
et al., 2008).

1.3.4 Gene-environment interactions in asthma

As summarized in previous chapters, both genetic and environmental
factors are involved in the etiology of complex diseases such as asthma.
Leigh and Morley, in 1967, were the first to suggest that asthma is a
multifactorial trait, with multiple gene loci interacting with environmental
factors (Marsh and Meyers, 1992; Bias et al., 1978). These factors are acting
through a complex biological system that involves interactions between
them. In genetic predisposed subjects, exposition to a specific environment
can lead to the development of disease. Studies on gene-environment
interaction may help to elucidate the mechanisms of disease, identifying
genetic risk factors with small marginal effects (Gauderman and Thomas,
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2001; Kraft et al., 2007). This information could also help to design strategies
of intervention at preventive and therapeutic level on the population at risk
(Hunter, 2005). The literature on gene-environment interactions in asthma
has growth during the last years (Castro-Giner et al., 2006; London and
Romieu, 2009). However, this is a relatively new field and only modest
advances have been achieved (Castro-Giner et al., 2006).

The main limitation of these studies is the sample size required, which
is markedly larger compared with studies of genetic main effects (Garcia-
Closas et al., 1999; Dempfle et al., 2008) because the effects of a specific in-
teraction are expected to be small given the complexity in pathologic path-
ways (London and Romieu, 2009). Research in asthma has been hampered
by underpowered studies and generally not replicated by independent sub-
sequent reports (Castro-Giner et al., 2006; London and Romieu, 2009). One
exception is the interaction between CD14 and endotoxin. This is among
the most widely studied interactions in asthma with several replication in
different studies and populations (Martinez, 2007).

This type of studies have followed a candidate interaction approach using
prior hypothesis of the interaction based on co-participation of the two
factors in the same causal mechanism of disease. In a recent future, genome-
wide studies incorporating environmental data will enable the exploratory
identification of new interactions. These studies will need of very large
sample sizes in order to achieve statistical significance after correction for
multiple comparisons.

1.4 Pitfalls and challenges of genetic studies of asthma

The most consistent feature of the studies of the genetics of asthma, as
well as other complex diseases, is their remarkable lack of replication
(Ober and Hoffjan, 2006; Ioannidis et al., 2001). Replication of a positive
association from a previous study is essential to validate an initial finding
(Chanock et al., 2007). Possible causes for non-replication are numerous.
Genetic heterogeneity in the etiology of asthma (which includes gene-
gene and gene-environment interactions) and phenotypic heterogeneity are
the main factors for non-replication. To minimize the heterogeneity and
thus, to increase the probability to identify genetic determinants, different
strategies have been followed based on the use of large pedigrees (Ober
et al., 1998), genetically isolated populations likely to exhibit founder effects
(Zamel et al., 1996; Palmer et al., 1997; Ober et al., 1998) or phenotypically
homogenous subgroups such as childhood-onset asthma (Hill and Cookson,
1996). However, findings in these groups are not easily translated to general
population.
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False positive (type I error) results in the first study is the most plausible
scenario for non-replication. Methodological limitations have been a
source of non-robust results. Often, genetic association studies have
been based on small sample size with insufficient power to detect minor
contribution of genetic data and leading to provide incorrect estimates
of the effects. In addition, genetic association studies are subject to
traditional problems of epidemiological research such as selection bias,
recall bias, misclassification and confounding (Khoury et al., 1993). Other
classic problems are publication bias toward positive findings and the
overestimation of the magnitude of the effects in the initial study (Ioannidis
et al., 2001).

Another potential problem in population-based genetic association studies is
the presence of population stratification that can lead to more false positive
findings (type I error) and missed real effects (Clayton et al., 2005; Marchini
et al., 2004). Population stratification can arise when genetic subgroups,
with different genetic background or ancestry, are included in the population
of study. For example, if the prevalence of a disease or trait is higher in
a specific subgroup, this subgroup will be overrepresented among cases
compared to controls. For this reason, any polymorphism with a higher
frequency in this subgroup will be susceptible of being falsely associated
with the trait. This can be avoided by matching cases and controls by
ancestry (Cardon and Palmer, 2003; Wacholder et al., 2002), but in practice,
ancestry may not be always precisely measured.



2
Rationale

Asthma has become a global health concern. The worldwide prevalence of
asthma has increased over the last decades reaching an estimated number of
300 million of affected individuals (Eder et al., 2006; Masoli et al., 2004). It
has become a major cause of absence from work in many countries (Bateman
et al., 2008) and is among the most common causes of medical emergency in
children (National Center for Health Statistics, 2005). Although treatment
for asthma is efficient in most of the cases, the economic cost for health care
systems is substantial. For these reasons, the identification of risk factors for
asthma is a priority from a public health point of view. The importance of
research on determinants of asthma also relies on the possibility of obtaining
new insights in the different pathologic mechanisms of asthma. A number
of risk factors have been identified after years of research, but only few of
them are well-established.

Heritability and segregation studies have shown that genetic factors are
important components of asthma pathology. Identification of genetic
determinants could be useful for the identification of new targets for drug
development and identification of new pathogenic mechanism and, in the
future, to establish the individual susceptibility to develop the disease.
Despite substantial research efforts, the genes identified represent a small
fraction of the predicted heritability in twin studies. In addition, most of the
genetic determinants reported have never been replicated, or the attempts of
replication have produced inconsistent results. Failure to replicate results
from studies reporting genetic associations has led to skepticism on the
validity of such studies. Replication in large and well designed studies
is a gold standard to establish the validity of associations. More efforts
are required in order to identify new genetic determinants and to validate
previous findings.

An individual’s predisposition to disease may affect the response to
the environment. Increasing evidences suggest that gene-environment
interactions play a critical role in pathogenesis of asthma. Combinations of
genetic and environmental factors may explain a large part of the differences
in the prevalence of asthma and related phenotypes between populations.

The study of interaction between genes and the environment have several
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applications. It may allow the identification and understanding of the dif-
ferent pathways of the disease. Evaluation of genetic susceptible individu-
als may help to strengthen the association between the environmental factor
and the disease. Moreover, it may allow identifying susceptibility genes in-
volved in the response to the environment. The final application for gene-
environment interactions is personalized medicine, both in prevention and
therapeutic treatment. Gene-environment interactions are poorly studied in
asthma, with few concrete and consistent findings on such interactions. The
large number of potential interactions between genes and environmental ex-
posures and their complexity clearly shows the need to conduct large studies
to obtain solid results.



3
Objectives

This thesis aimed to give insight in the role of genetic polymorphisms,
environmental exposures and their interaction, in the occurrence of asthma,
atopy and bronchial hyperreactivity. The core of this thesis has been
developed using a well phenotyped population based cohort of around 5,000
subjects with extensive information on phenotypic characteristics, clinical
evaluations and environmental exposures. To address this general aim, the
following specific objectives were developed:

• Replicate findings on genes reported to be associated with asthma
and related phenotypes in this large and well-phenotyped population
sample.

• Identify gene-environment interactions between different environmen-
tal exposures and genes that affect the metabolism of specific com-
pounds or that are associated with asthma and related phenotypes
through mechanisms involving inflammation, immunity, bronchial hy-
perresponsiveness or airways remodelling.

• Identify new genes associated with asthma and related phenotypes
following an approach based on genome-wide genotyping on pooling
DNA.
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4
Methods

4.1 Description of the study cohorts

4.1.1 ECRHS

The European Community Respiratory Health Survey is a population-
based multi-centric cohort study (Figure 4.1) (Burney et al., 1994). In the
first phase of the study, developed in 1990-1994, a random sample of the
population aged 20-44 years and living in the study areas (predominantly,
but not exclusively, in Europe) was contacted and asked to complete a short
questionnaire concerning respiratory symptoms. In a second phase, taking
place in 38 centres from 18 countries, a 20% random sample of the responders
was contacted (N = 18,811) together with a complementary sample of
subjects with respiratory symptoms (N= 2,998) (Janson et al., 2001). The
symptomatic sample included all subjects who had reported ’waking with
shortness of breath in the last 12 months’, ’asthma attack in the last 12
months’ or ’taking asthma medication’ in the short questionnaire and were
not selected in the random sample. In a second phase, subjects underwent
interviewer-administered long questionnaires about respiratory symptoms,
medical history, occupation, social status, smoking, home environment and
medication. In addition, clinical measurements were performed for atopy
(skin prick testing, specific serum IgE levels and total IgE serum levels),
bronchial responsiveness (methacholine challenge test) and lung function
(spirometry).

The follow up survey (ECRHS II) was conducted in 1999-2001, with a mean
duration of follow-up of 8.9 years. In the second survey, 10,933 subjects
(9,175 from the random sample and 1,758 from the symptomatic sample)
from 29 centers distributed across 14 countries agreed to participate. Sub-
jects underwent questionnaires similat to those completed in ECRHS I, us-
ing the same questions for respiratory symptoms assessment. Clinical mea-
surements were performed for atopy (specific IgE levels and total IgE serum
levels), bronchial responsiveness (methacholinechallenge) and lung function
(spirometry). In addition, blood samples for DNA extraction (Puregene kit,
Gentra Inc., MN, USA) were collected in 19 centres from 10 countries (Figure
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Figure 4.1: Distribution of centers and countries in ECRHS II. DNA was
collected in Sweden (Ume and Uppsala), United Kingdom (Ipswich and
Norwhich), Spain (Albacete, Barcelona, Huelva, Galdakao and Oviedo),
Germany (Erfurt), France (Paris and Grenoble) and Belgium (Antwerp).
Genetic data was not available for Italy, Netherlands, Iceland and a center
in Portland (United States).

4.1). Finally, DNA was obtained from 5,874 subjects. Ethical approval was
obtained for each centre from the appropriate institutional ethics committee
and written consent was obtained from each participant.

4.1.2 SAPALDIA

Complementary analyses were also performed in a second cohort study,
the Swiss Cohort Study on Air Pollution and Lung Diseases in Adults
(SAPALDIA) (Martin et al., 1997; Ackermann-Liebrich et al., 2005). This
study follows a similar protocol than ECRHS. In the first survey (SAPALDIA
I) a random population sample of 9,561 adults aged 18-60 years was
selected from eight Swiss communities (Geneva, Basel, Lugano, Aarau,
Wald, Payerne, Davos, Montana), representing different language, climatic
regions and varying degrees of urbanization. Health examinations were
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conducted at the eight local centers over the course of one year. Participants
from the SAPALDIA Basel centre aged 18-44 in 1991 are also participants
in the ECRHS study (Ackermann-Liebrich et al., 2005). A second survey
(SAPALDIA II) was conducted in 2002 with a median follow-up time of
10.9 years. Basic information about health status was obtained for 8,047
individuals (86% of alive persons). From these, 6,071 participants had
complete interview data and DNA samples for genotyping. Ethical approval
for the study was given by the Overall Regional Ethics Commission for
Clinical Medicine (Swiss Academy of Medical Sciences) and regional ethics
committee in each center.

4.2 Phenotypes ascertainment

4.2.1 Asthma

The main definition of asthma used in this thesis was based on a positive
response to either of these two questions: attack of asthma during the
12 months preceding the interview or current use of asthma medication.
Among subjects reporting an asthma attack, 67% also reported use of asthma
medication. In order to be comparable with other studies and perform
sensitive analyses, we also evaluated asthma as a positive response to the
question ’have you ever had asthma’ and physician diagnosed asthma as
positive response to ’have you ever had asthma diagnosed by a doctor’. By
definition, all subjects reporting the main asthma definition had physician
diagnosed asthma. Another commonly used definition of asthma examined
in some of the analysis was based on symptoms of wheezing (Castro-Giner
et al., 2008). Wheeze was defined as a positive response to the following two
consecutive questions (the second asked on the basis of a positive response
to the first): ’Have you had wheezing or whistling in your chest at any time
in the last 12 months?’ and ’Have you had this wheezing or whistling when
you did not have a cold?’.

4.2.2 Related phenotypes

Atopy. Atopy was defined as serum specific IgE levels to 4 common
aeroallergens: house dust mite (Dermatophagoides pteronyssinus), cat, timothy
grass and Cladosporium herbarum. Specific IgE levels were measured with the
Pharmacia CAP system (Pharmacia Diagnostics, Uppsala, Sweden). Atopy
was defined as sensitization (specific IgE levels≥0.35 kU/L) to any allergen.
Because data on specific IgE levels was not available for SAPALDIA I at the
moment of the analysis, in combined analyses of ECRHS and SAPALDIA,
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atopy was defined using skin-prick tests (SPT). Skin testing was carried out
using Phazets (Pharmacia Diagnostics AB, Uppsala, Sweden). Then, atopy
was defined as yielding positive test results to at least one common inhalant
allergen: house dust mites (Dermatophagoides pteronyssinus), timothy grass,
cat and Cladosporium herbarum.

Bronchial hyperresponsiveness. SAPALDIA and ECRHS used identical
spirometric protocols (Burney et al., 1994; Martin et al., 1997). Consenting
participants underwent bronchial challenge with methacholine chloride,
administered via MEFAR1 aerosol dosimeters (Mefar, Bovezzo, Italy). BHR
was defined as a 20% fall in forced expiratory volume in one second (FEV1)
from the highest postdiluent FEV1 during methacholine challenge with a
cumulative dose of 1 mg (Chinn et al., 2002).

4.3 Candidate gene approach and genotyping

4.3.1 Candidate gene selection

The genetic analyses in the ECRHS were mainly based on the candidate
gene approach (for more details see page 14 in Introduction). Genes must
be selected on basis of prior evidences. In this study, we selected candidate
asthma genes on the basis of: (i) evidence of genetic main effect or interaction
with environment in causation of asthma, atopy and BHR, (ii) biological
evidences of involvement in any asthma-related pathologic pathway or (iii)
identification by positional cloning techniques. Genes finally selected can be
grouped into 3 major, partly overlapping, categories related to the evidences
and possible mechanisms:

• Novel candidate genes identified by positional cloning (Wills-Karp and
Ewart, 2004): ADAM33, PHF11, GPRA, DPP10, SPINK5

• Genes associated with metabolism of environmental exposures (phase
I and phase II enzymes): CYP P450 (1A1, 1A2, 27B1, 2A6, 2D6), NAT1,
NAT2, NQ01, GSTP1, GSTM1, GSTT1

• Other candidate genes with known functionality in asthma or inflam-
matory pathways: ADBR2, CD14, IL12B, TLR2, TLR4, TNF, VDR,
HAVCR2, C21orf7

4.3.2 SNP selection

Within each gene, SNPs were selected to cover allelic diversity and include
functional variations. In order to reduce SNP redundancy and to incorporate



4.3 Candidate gene approach and genotyping 27

all putative functional SNPs in the genotyping design without losing of
power, we selected tagSNPs combined with binned functional variants (most
likely to influence gene expression or function) when possible.

Selection of SNPs was focused on the candidate gene region, 10 kb upstream
from 5’UTR and 10 kb downstream from 3’UTR. SNPs information was
derived from the HapMap Project database (http://www.hapmap.org,
phase I, release #16) and Perlegen database (http://genome.perlegen.
com/). Selection was restricted to SNPs with a minor allele frequency
(MAF) of≥0.05 in Caucasian population, because common variants are more
likely to contribute to complex traits and be subject to statistical power. In
addition all described SNPs from public databases were analyzed (http://
www.ncbi.nlm.nih.gov/projects/SNP). The Ensemble search engine
ENSMART (http://www.ensembl.org/index.html) was used to filter
by frequency and validation status all described SNPs in a gene region.

Selection of tagSNPs was derived from the linkage disequilibrium patterns
described in the HapMap project or in Perlegen database. Selection
of tagSNPs was carried out with the Tagger algorithm, implemented in
Haploview (Barrett et al., 2005) using a threshold of r2 ≥ 0.80 and
a multimarker approach (pairwise and two-marker tagSNPs) to define
correlated SNPs (binset) in selected region. SNP selection criteria were
different for genes NPSR1 and DPP10 due to the high number of inferred
SNPs tagging these regions. In these cases, a more relaxed criteria was used
with a r2 threshold ≥0.60 and a MAF ≥ 20%. In the special case of DPP10,
marker selection was focused on a candidate region, defined by an area of
100 kb around the microsatellite marker D2S308 which has been reported to
be linked to asthma (Allen et al., 2003).

Functional genetic variants were incorporated to the genotyping design.
First, evidences from published studies were used to select functional
variants that have been associated with asthma, atopy or BHR. Then,
potential functional variants were defined using PupaSNP browser (http:
//pupasnp.bioinfo.cipf.es) (Conde et al., 2004). This tool generates
a list of SNPs with putative phenotypic effects based on potential changes
in amino acid sequence of the proteins and their localization in predicted
transcription factor binding sites or conserved regions that the cellular
machinery uses for the correct processing of genes (intron/exon boundaries
or exonic splicing enhancers).

Finally, markers were selected using tagSNPs strategy based on r2 multi-
marker method, selecting preferentially those SNPs with a described or pu-
tative functional effect from the SNPs belonging to a bin. A summary of the
SNPs examined by candidate genes can be found in Table 4.1.

A set of ancestry-informative markers (AIM) was included in the genotyping

http://www.hapmap.org
http://genome.perlegen.com/
http://genome.perlegen.com/
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.ensembl.org/index.html
http://pupasnp.bioinfo.cipf.es
http://pupasnp.bioinfo.cipf.es
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Gene SNP selection Target region Number of SNPs

ADAM33 tagSNP Gene plus 10kb by side 5
PHF11 tagSNP Gene plus 10kb by side 8
NPSR1 tagSNP Gene plus 10kb by side 21
DPP10 tagSNP 100kb around D2S308 13
SPINK5 tagSNP Gene plus 10kb by side 4
CYP4501A2 tagSNP Gene plus 10kb by side 2
CYP4501A1 tagSNP Gene plus 10kb by side 1
CYP4502A6 Functional Directed 1
CYP45024A1 Functional Directed 1
CYP45027B1 Functional Directed 1
NAT1 tagSNP/Functional Gene plus 10kb by side 7
NAT2 tagSNP/Functional Gene plus 10kb by side 14
NQO1 tagSNP Gene plus 10kb by side 3
GSTP1 Functional Directed Deletion
GSTT1 Functional Directed Deletion
GSTM1 Functional Directed 1
ADRB2 tagSNP/Functional Gene plus 10kb by side 4
CD14 tagSNP Directed 1
IL12B tagSNP Directed 1
TNFA tagSNP/Functional Gene plus 10kb by side 2
LTA Functional Directed 1
TLR2 tagSNP Gene plus 10kb by side 2
TLR4 tagSNP Gene plus 10kb by side 5
VDR tagSNP Directed 2
HAVCR2 Functional Directed 2
C21orf7 tagSNP Directed 1

Table 4.1: Summary of SNP selection by candidate gene

process to control for population stratification in ECRHS. In a first step,
22 anonymous telomeric markers were selected from a forensic panel of
52 SNPs reported to be polymorphic in European, Asian and African
populations, and located on distal autosomes and at least 100 kb distant
from known genes (Sanchez et al., 2006). Then, 4 SNPs were selected
from genes known to be under strong selective pressure: lactase (LCT) and
oculocutaneous albinism II (OCA2). Variants in the LCT gene have been
shown to determine the lactase persistence (ability to digest the milk sugar
lactose in adults) (Enattah et al., 2002). Lactase persistence conferred a
selective advantage in populations that consume appreciable amounts of
unfermented milk and has been under positive selection pressure among
certain populations, such as northern Europeans (Swallow et al., 2002).
Therefore, this selecting pressure has lead to increases in the prevalence of
the genetic variant associated with lactase persistence in these populations,
showing a North-South gradient among European population (Smith et al.,
2009; Heath et al., 2008). The prevalence of the variant associated with lactase
persistence is 5-10% in southern Europe and 70-80% in northern Europe
(Bersaglieri et al., 2004). OCA2 is associated with human iris pigmentation
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and is under selective pressure. It has been suggested that subjects with blue
eyes share a single common ancestor (Eiberg et al., 2008). OCA2 (Lao et al.,
2007) and HERC2 (the genen encoding the regulatory element of OCA2)
have been shown to be strongly associated with the European North-South
gradient (Heath et al., 2008).

4.3.3 Genotype characterization

The ECRHS DNA bank was maintained at Helmholtz Zentrum München
in Germany and genotyping was performed at the Centre for Genomic
Regulation (CRG) in the Barcelona node from the ’Centro Nacional de
Genotipado’ (CeGen) in Spain (http://www.cegen.org). DNA was
extracted from blood cells using a commercially available kit (Puregene,
Gentra Inc., MN, USA). SNPs genotyping was performed using the SNPlex
platform (Applied Biosystems, Foster City, CA) according to manufacturer
instructions and analyzed on an Applied Biosystems 3730/3730xl DNA
Analyzer. Allele-calling was done by clustering analysis using Genemapper
software (Genemapper v.4.0). Selected SNPs were distributed in pools with
an average multiplex of 48 SNPs, and genotyping was performed in a 384
well plate format. Some of the selected SNPs were discarded for genotyping
because do not fulfill criteria for the success of the SNPlex design: pooling
rules, SNPs mapped in more than one region or in regions with a high
content of GC, or because a secondary SNP was located at less than 20pb.
In this case, SNPs were discarded and replaced for other SNPs that were at
linkage disequilibrium of r2≥0.80 with the initially selected marker. Finally
115 SNPs were selected for genotyping.

Genotyping quality was controlled in two ways. First, internal positive
and negative controls provided by ABI’s manufacturer were included in
the reaction plates. Second, six duplicated samples of two HapMap
reference trios were incorporated in the genotyping process. Both genotype
concordance and correct Mendelian inheritance were verified. Genotype
concordance was tested using SNPator, a web-based tool for genotyping
management and SNP analysis (Morcillo-Suarez et al., 2008).

For polymorphism in GST’s genes, two semi-automated assays were
implemented to facilitate the detection of null alleles from GSTM1 and
GSTT1, and the coding variant Ile105Val from GSTP1. Ile105Val from GSTP1
was analyzed using the pyro-sequencing technology (Biotage, Uppsala,
Sweden) in a single assay. Detection of the GSTM1 and GSTT1 null alleles
was performed with a method modified from that initially described by
Arand et al. (1996). Briefly, a multiplex reaction with fluorescent-labeled
primers was amplified in a multiplex polymerase chain reaction (PCR),

http://www.cegen.org
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using β-globin gene as a positive control for GST null genotypes. Expected
amplicons size is 219 bp (GSTT1), 459 bp (GSTM1), and 268 bp (β-globin).
PCR products were analyzed with an automated DNA analyzer (model ABI
XL3100; Applied Biosystems, Foster City, CA, USA).

4.3.4 Data caring

An exhaustive data caring was performed at both SNP and individual level
in order to avoid possible genotyping errors and misclassification bias. Four
SNPs were discarded because the genotyping rate was ≤60%. One SNP was
discarded since a secondary SNP was present nearby and the genotyping
call was defective. Regarding subjects, the following criteria were used:

• First, 447 samples (4.6%) with low concentration (≤3 ng/µl) were
discarded, in order to avoid low signals and problems with a putative
amplification bias in the case of samples undergoing a whole genome
amplification process

• Samples with a rate of genotyping under 80% (264 samples, 4.5%)

• A marker for chr Y was included in the genotyping process. Some dis-
crepancies were observed among chr Y genotypes and the information
from the ECRHS questionnaire. Regardless of the cause, these subjects
were discarded (98 individuals, 1.7%).

The final number of samples discarded was 809 (13.77%). Characteristics
of excluded population did not differ substantially from those included in
posterior analysis. The final population size available for the analysis was
5,065 subjects. The genotyping rate was ≥95% (95.9%).

4.4 Statistical methodology

Statistical analyses were carried out on the R statistical software (versions
2.4.0-2.6.1) (R Development Core Team, 2007). Association analyses between
genotypes and the traits were mainly performed using logistic regression
models, adjusting by centre or country, sex, age and smoking status.
When the number of SNPs and analysis was high, we used the SNPassoc
package (version 1.5-1) (Gonzalez et al., 2007). Different genetic models
were selected for each analysis, but in general, two genetic models were
evaluated: log-additive and dominant model. Dominant model was
evaluated if previous evidences suggest a dominant model of inheritance
or when the low minor allele frequency and low number of cases were
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not statistically suitable for an additive assessment. To evaluate gene-
environment interactions, multiplicative model of interaction was assessed
using likelihood-ratio test comparing models with additive term and
interaction term. Haplotypes were estimated using haplo.em function from
haplo.stats package (version 1.3.8) (Schaid et al., 2002). D’, r2 and χ2

p-values for marker independence were estimated to determine linkage
disequilibrium between genetic markers.

We also performed a non-parametric approach using multifactor dimension-
ality reduction (MDR). MDR was used to search for gene-gene and gene-
environment interactions by identification of a multilocus model for associ-
ation, with the use of dichotomous disease status (Ritchie et al., 2001, 2003;
Hahn et al., 2003). It is an extension of the combinatorial partitioning method
and can be seen as a data reduction technique that reduces the dimensional-
ity of multilocus information to a single dimension. The method is nonpara-
metric, assumes no particular genetic model and generates low false-positive
rates (Hahn et al., 2003).

Stratification of the ECRHS population using the set of 26 AIM markers
(Sanchez et al., 2006) was initially analyzed using genomic control (GC)
method (Devlin and Roeder, 1999), but subsequent study suggested that
GC may overcorrect when the number of loci is small (Freedman et al.,
2004). For this reason we also applied the EIGENSTRAT method (Price et al.,
2006) based on principal component analysis. Some evidences suggest that
number of markers evaluated could be insufficient. In order to account for
population substructure, but also for environmental confounders, models
were adjusted by centre or country since there is correlation between genetic
and geographical distances (Novembre et al., 2008; Heath et al., 2008).
More detailed information on population stratification could be found in
Discussion (page 141).
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Abstract

Background. Traffic related air-pollution is related with asthma and this as-
sociation may be modified by genetic factors.

Objectives. Investigate the role of genetic polymorphisms potentially mod-
ifying the association between home outdoor levels of modeled nitrogen
dioxide (NO2) and asthma.

Methods. Adults from 14 cities of the European Community Respiratory
Health Survey (ECRHS II) were included (N= 2,920) for whom both DNA
and outdoor NO2 estimates were available. Home addresses were geocoded
and linked to modeled outdoor NO2 estimates, as a marker of local traf-
fic related pollution. We examined asthma prevalence and evaluated poly-
morphisms in genes involved in oxidative stress pathways (GSTM1, GSTT1,
GSTP1, NQO1), inflammatory (TNFA), immunological response (TLR4) and
airway reactivity (ADRB2).

Results. The association between modeled NO2 and asthma prevalence was
significant for carriers of the most common genotypes of NQO1 rs2917666
(OR = 1.54, 95%CI 1.10 - 2.24), TNFA rs2844484 (OR = 2.02, 95%CI 1.30 - 3.27).
For new-onset asthma, the effect of NO2 was significant for the most com-
mon genotype of NQO1 rs2917666 (OR = 1.52, 95%CI 1.09 - 2.16). A signif-
icant interaction was found between NQO1 rs2917666 and NO2 for asthma
prevalence (P = 0.02) and new-onset of asthma (P = 0.04).

Conclusions. Genetic polymorphisms in the NQO1 gene are related to
asthma susceptibility among persons exposed to local traffic-related air pol-
lution. This remarks the importance of anti-oxidant pathway in the protec-
tion against the effects of air pollution on asthma.
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Introduction

Asthma is a complex disease with both genetic and environmental compo-
nents. The interaction between genetic predisposition and environmental
factors is likely to have an important role in the etiology and prognosis of
the disease. Yet, only few studies have addressed gene-environment interac-
tions in asthma (Castro-Giner et al., 2006; London, 2007; Yang et al., 2008).

Air-pollution contributes to the development of asthma (Brauer et al., 2007;
Gehring et al., 2002; Jacquemin et al., 2009; McConnell et al., 2006; Modig
et al., 2006) and asthma exacerbations (D’Amato et al., 2005; Heinrich
and Wichmann, 2004; Kuenzli et al., 2000; Nel, 2005). Traffic-related
pollutants such as particulate matter, nitrogen dioxide (NO2) and Ozone
are strong oxidants (D’Amato et al., 2005) leading to the production of
reactive oxygen species (ROS). Oxidative stress triggers the inflammatory
response and the cytokine production (Kelly, 2003; Nel, 2005). It is plausible
that genetic variants involved in inflammation and protection against
reactive oxygen species (ROS) may influence the response to air pollutants.
Polymorphisms in oxidative stress genes NAD(P)H:quinine oxidoreductase
(NQO1, GeneID 1728), gluthatione S-transferases mu 1 (GSTM1, GeneID
2944) and gluthatione S-transferases pi 1 (GSTP1, GeneID 2950) have been
associated with a decrease on pulmonary function (Bergamaschi et al., 2001;
Romieu et al., 2004; Yang et al., 2005) and with increase of allergic response
(Gilliland et al., 2004, 2006), respiratory symptoms and asthma (David et al.,
2003; Lee et al., 2004; Li et al., 2006; Romieu et al., 2006) in response to
air pollutants, including ozone and diesel exhaust particles (DEP). Variants
in the gene of the pro-inflammatory cytokine tumor necrosis factor alpha
(TNFA, GeneID 7124) have been linked to decrease in pulmonary function
(Winterton et al., 2001; Yang et al., 2005), asthma and wheezing (Li et al.,
2006) in relation to ozone and sulphur dioxide exposure. A recent study
using nitrogen oxides (NOx) as an indicator for local traffic air pollution
has reported interaction effects between GSTP1 polymorphism and NOx
on allergic sensitization to common allergens in children at 4 years of age.
This interaction was more pronounced in carriers of TNFA-308 GA or AA
genotypes (Melen et al., 2008). Toll-like receptor 4 (TLR4, GeneID 7099),
implicated in innate immunity and endotoxin responsiveness, is also a
candidate to be involved in air pollution susceptibility (Romieu et al., 2008;
Saxon and Diaz-Sanchez, 2005; Yang et al., 2008). In mice models, lung
hypermeability induced by ozone has been linked to the chromosome region
containing the TLR4 gene (Kleeberger et al., 2000, 2001). Another plausible
candidate gene to modify the effects of air pollution is the adrenergic
receptor β 2 (ADRB2, GeneID 154). It has been shown that polymorphisms
in this gene are interacting with environmental tobacco smoke in children
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(Wang et al., 2008; Zhang et al., 2007) and cigarette smoking in adults
(Joos et al., 2003; Litonjua et al., 2004; Wang et al., 2001). However, a
previous study evaluating the combined effects of air pollutants and ADRB2
in children did not report significant findings (Melen et al., 2008).

To date, evidence for gene-air pollution interactions on asthma have been
reported only in children (Melen et al., 2008; Yang et al., 2008). Susceptibility
to air-pollution in early life may biologically differ from adulthood (Salam
et al., 2008). Previous analysis on the European Community Respiratory
Health Survey (ECRHS) reported that traffic-related pollution (using esti-
mates of modeled NO2 exposure) was positively associated with new onset
of asthma in adults (Jacquemin et al., 2009). The aim of the present study is to
identify interactions between genes and traffic-related pollution on asthma
incidence and prevalence in a large population-based cohort (ECRHS) of
adults. For this purpose, we evaluated previously reported candidate genes
that have a role in oxidative stress (GSTM1, glutathione S-transferase theta 1
(GSTT1, GeneID 2952), GSTP1 and NQO1), inflammatory response (TNFA),
innate immunity (TLR4) and airway reactivity (ADRB2).

Methods

Study population

The methodology of ECRHS has been described elsewhere (Burney et al.,
1994; ECRHSII Steering Committee, 2002). Briefly, the ECRHS is a random
population-based multicentre cohort of subjects aged 20-44 at time of
recruitment (1990, ECRHS I) and then followed approximately 10 years later
in the ECRHS II (median length of follow-up 8.9 years). In a first step of
ECRHS I, random recruited subjects were contacted to complete a short
questionnaire on respiratory symptoms. In a second step, a 20% random
sample of participants was re-contacted and completed a long questionnaire
and underwent some exams. A complementary sample of subjects with
asthma symptoms at recruitment was also included in the study. Ethical
approval was obtained for each centre from the appropriate institutional
ethics committee and written consent was obtained from each participant.

For ECRHS II, modeled NO2 concentrations were assigned to a total of 5,470
participants in the 20 centers for which modeled air pollution was available.
Genotyping was performed in 5,065 individuals from 19 centers, for which
NO2 was measured for 2,920 participants in 13 centers: Sweden (Ume
and Uppsala), United Kingdom (Ipswich and Norwhich), Spain (Albacete,
Barcelona, Huelva, Galdakao and Oviedo), Germany (Erfurt), France (Paris
and Grenoble) and Belgium (Antwerp). For this analysis we excluded
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subjects from the symptomatic sample that did not report asthma in ECRHS
II, leading to a final sample size of 2,577. No major differences were observed
between complete sample with estimated NO2, sample with DNA and
sample with both DNA and NO2 (See Supplemental Material, Table 1).

Subjects included in our analysis could be considered as mainly of European-
Caucasian origin. The prevalence of asthma was based on a positive
response to either of two questions in ECRHS II: attack of asthma during the
last 12 months or current use of asthma medication. New-onset (incidence)
of asthma was defined as reporting asthma (either attack of asthma in last 12
month or current medication for asthma) in ECRHS II (follow-up) excluding
people that reported asthma (same definition as above) or a history of
asthma in ECRHS I (baseline). Persistent asthma was defined as reporting
asthma (either attack of asthma in last 12 month or current medication for
asthma) in both surveys.

We evaluated the robustness of our results with other definitions of asthma:
ever asthma defined as positive response to ’have you ever had asthma’
and physician diagnosed asthma as positive response to ’have you ever had
asthma diagnosed by a doctor’. Participants also underwent a bronchial
challenge with methacholine chloride administered by MEFAR aerosol
dosimeters (Mefar, Bovezzo, Italy). Bronchial hyperresponsiveness (BHR)
was defined as a 20% fall in FEV1 from the highest FEV1 post-diluent during
methacholine challenge with an accumulated dose of 1 mg (Burney et al.,
1994; Chinn et al., 1997). Specific IgE levels to house dust mite, cat, timothy
grass and Cladosporium herbarum were measured with the Pharmacia CAP
system (Pharmacia Diagnostics, Uppsala, Sweden). Atopy was defined as
sensitization (IgE levels ≥0.35 kU/L) to any allergen.

Modelled NO2 concentrations

NO2 has been widely used as a marker of local traffic-related air pollution
(Emenius et al., 2003; Forastiere et al., 2005; Jacquemin et al., 2009; Modig
et al., 2006; Morgenstern et al., 2008). The value of NO2 measurement
substantially contrasts within cities as it captures differences in exposure
due to different proximity to traffic arteries. Details on modelling of NO2

concentrations are described in Supplemental Material. Briefly, as part of the
Air Pollution Modelling for Support to Policy on Health and Environmental
Risk in Europe project (APMoSPHERE) project (APMoSPHERE, 2009), 1-km-
resolution emission maps were developed. The NOx emission map was used
as the basis for modelling NO2 concentrations using focal sum techniques in
a Global Information System model. The NO2 at the place of residence for
each subject was then obtained by intersecting the point locations of their
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residence with the air pollution map.

DNA extraction and Genotype Characterization

The polymorphisms of genes GSTM1, GSTT1, GSTP1 were selected only
according to functional evidences from existing literature. For the genes
NQO1, TNFA, TLR4 and ADRB2, we selected tagSNPs in the gene region,
10 kb upstream from 5’UTR and 10 kb downstream from 3’UTR. Polymor-
phisms are listed in Table 1.

DNA was extracted from blood cells for samples using a commercially
available kit (Puregene, Gentra Inc., MN, USA). DNA bank was built and
maintained at Helmholtz Zentrum München in Germany. Genotyping was
performed at the Centre for Genomic Regulation (CRG) in the Barcelona
Node of the ’Centro Nacional de Genotipado’ (http://www.cegen.org)
in Spain. GSTM1 and GSTT1 genotypes were determined using PCR method
and GSTP1 polymorphism by specific pyrosequencing assay. Genotyping for
NQO1, TNFA and TLR4 polymorphisms was performed using the SNPlex
platform (Applied Biosystems, Foster City, CA). The average genotyping
rate was 98%.

Statistical analysis

The statistical analyses were performed using logistic regression imple-
mented in the SNPassoc (version 1.5) (Gonzalez et al., 2007) R package
(version 2.6.1) (R Development Core Team, 2007). General additive models
(GAM) were used to evaluate dose-response relationship with NO2. Logis-
tic and GAM models were adjusted for centre, sex, age, environmental to-
bacco smoke and smoking status. Multiplicative interactions were assessed
using likelihood-ratio test comparing models with additive term and inter-
action term. Heterogeneity was evaluated using Mantel-Haenszel method
under fixed effects model with R library rmeta version 2.14. Logistic mixed-
effects models allowed the evaluation of a random effect of the variable cen-
tre. These models were also adjusted for the previously described covariates.

We tested deviations of genotype frequencies from Hardy-Weinberg equilib-
rium (HWE) (Wigginton et al., 2005) in the randomly selected population.
To check the independence of the polymorphisms we estimated the correla-
tion (r2) and linkage disequilibrium (LD) coefficient (D’). Haplotypes were
estimated using haplo.em function from haplo.stats package (version 1.3.8)
(Schaid et al., 2002). Population stratification was assessed with the analysis
of 26 unlinked markers (See Supplemental Material, Table 2) using two dif-
ferent methods. First, genomic control (GC) approach (Devlin and Roeder,

http://www.cegen.org
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1999) showed a minimal effect (inflation factor (λ) = 1.06). Second, prin-
cipal component analysis using EIGENSTRAT method (version 1.01) (Price
et al., 2006) showed no evidence of population stratification (See Supplemen-
tal Material, Figure 1).

Additional information on material and methods can be found in the
Supplemental Material.

Results

Population characteristics are shown in Table 1. The prevalence of
current asthma in this sample was 12.7% (n = 327). Compared to those
without asthma, asthmatics were more often women, younger, reported
less smoking and their percentage of predicted lung function was lower.
Distribution of NO2 was similar to the previously reported for the whole
population (Jacquemin et al., 2009) (See Supplemental Material, Table 3). The
multivariate analysis of NO2 and prevalence of asthma indicates small but
not significant increase of risk of asthma per each 10 µg/m3 increase in NO2

(OR = 1.19, 95%CI 0.97-1.47). Departure from the HWE was observed for
GSTP1 rs16951 (P ≤ 0.01). Allele distribution by centre was heterogeneous
for TNFA rs2844484 and TNFA rs909253 variants (P ≤ 0.01).

All No asthma Asthma p-value
n (%) n (%) n (%)

Subjects 2577 2250 327 -
Females (%) 1345 (52.2) 1154 (51.3) 191 (58.4) 0.02
Mean age (sd) 43.03 (7.3) 43.2 (7.2) 41.83 (7.2) 0.001
Smoking Status
Never 1130 (44) 969 (43.1) 161 (49.2) -
Ex-smoker 714 (27.8) 624 (27.8) 90 (27.5) -
Current 729 (28.3) 653 (29.1) 76 (23.2) 0.05
Same house during follow-up

1348 (52.3) 1192 (53.0) 156 (47.7) 0.08
Mean % of predicted FEV1 (sd)

106.81 (15.2) 108.86 (13.9) 95.58 (18.2) ≤0.001

Table 1. Population characteristics at follow-up (ECRHS II). Subjects with
both DNA and assigned levels of NO2

For each genetic polymorphism, we evaluated the association between
NO2 (per each 10 µg/m3 increase) and asthma prevalence separately for
carriers of the minor allele (either homozygous or heterozygous) and for the
subjects homozygous for the major allele (Table 2). No statistically significant
associations between NO2 and asthma were found for any of the genotypes
of GSTM1, GSTT1, GSTP1, TLR4 and ADRB2 genes. The association between
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prevalence of asthma and NO2 was significant for subjects homozygous for
the major allele of NQO1 rs2917666 (OR = 1.54, 95%CI 1.10-2.24 ) and for
TNFA rs2844484 (OR = 2.02, 95%CI 1.30-3.27). A test for interaction between
these polymorphisms and NO2 was only significant for NQO1 rs2917666
(p-value for interaction = 0.02). Analysis using GAM (Figure 1) indicated
a significant linear increase in risk for homozygotes of the most prevalent
alleles in NQO1 rs2917666 (P = 0.02) and no increase for the G/C and G/G
genotypes.

Genes Polymorphisms MAF Coding Change Variant No. Asthmatics (%) OR (95%CI)

GSTM1 deletion 49.0 - Present 134 (12.0) 1.10 (0.8-1.54)
Null 152 (13.2) 1.06 (0.78-1.46)

GSTT1 deletion 20.0 - Present 217 (12.0) 0.98 (0.78-1.26)
Null 69 (15.2) 1.69 (0.97-3.07)

GSTP1 rs1695 32.0 Exon 5 Ile105Val A/A 104 (11.2) 1.34 (0.97-1.93)
A/G+G/G 211 (14.1) 1.10 (0.84-1.46)

NQO1 rs10517 11.9 3’UTR region C/C 131 (14.1) 1.20 (0.96-1.53)
C/T+T/T 193 (11.8) 1.11 (0.71-1.82)

NQO1 rs1800566 20.2 Exon 6 Pro187Ser C/C 222 (12.7) 1.36 (1.03-1.84)
C/T+T/T 102 (12.5) 1.06 (0.79-1.45)

NQO1 rs2917666 32.2 3’downstream C/C 163 (12.8) 1.54 (1.10-2.24)
C/G+G/G 164 (12.7) 1.01 (0.79-1.33)

TLR4 rs10759930 40.1 5’upstream C/C 143 (13.5) 1.13 (0.80-1.65)
C/T+T/T 163 (12.3) 1.21 (0.95-1.58)

TLR4 rs11536889 14.3 3’UTR region G/G 255 (12.9) 1.22 (0.96-1.58)
G/C+C/C 72 (12.3) 1.24 (0.83-1.98)

TLR4 rs1554973 23.7 3’downstream T/T 207 (12.5) 1.19 (0.91-1.58)
T/C+C/C 119 (13.0) 1.19 (0.87-1.66)

TLR4 rs1927914 32.5 5’UTR region T/T 155 (12.9) 1.20 (0.89-1.65)
T/C+C/C 171 (12.5) 1.18 (0.90-1.58)

TLR4 rs2737191 27.3 5’upstream A/A 115 (12.4) 1.28 (0.96-1.73)
A/G+G/G 212 (13.0) 1.10 (0.82-1.49)

TNFA rs1800629 16.1 5’upstream, G-308A G/G 207 (12.0) 1.27 (0.97-1.69)
G/A+A/A 69 (11.1) 1.22 (0.86-1.80)

TNFA rs2844484 41.2 5’upstream C/C 196 (13.1) 2.02 (1.30-3.27)
C/T+T/T 131 (12.2) 1.02 (0.81-1.30)

TNFA rs909253 31.2 Intron 3 of LTA A+252G A/A 146 (12.4) 1.29 (0.96-1.76)
A/G+G/G 180 (13.0) 1.14 (0.86-1.54)

ADRB2 rs1042713 38.8 Exon 1 Arg16Gly G/G 166 (12.3) 1.03 (0.73-1.50)
G/A+A/A 160 (13.2) 1.18 (0.91-1.56)

ADRB2 rs1042714 40.0 Exon 1 Gln27Glu C/C 197 (12.0) 1.21 (0.88-1.70)
C/G+G/G 102 (14.9) 1.20 (0.92-1.60)

ADRB2 rs1042718 17.7 Exon 1 synonymous C/C 115 (12.3) 1.21 (0.94-1.57)
C/A+A/A 212 (12.9) 1.20 (0.79-1.65)

ADRB2 rs1042719 30.4 Exon 1 synonymous G/G 147 (12.0) 1.23 (0.92-1.68)
G/C+C/C 180 (13.4) 1.19 (0.89-1.63)

Table 2. Association of NO2 (per 10 µg/m3) and asthma prevalence according
to polymorphisms in ECRHS II.MAF: Minor allele frequency

We further performed the haplotype analysis for the three SNPs of NQO1
(rs10517, rs1800566 and rs2917666) in relation to NO2 exposure and preva-
lence of asthma (Table 3). In this analysis estimates are provided for exposure
among subjects with in combination of SNPs. Linkage disequilibrium was
weak between some of the NQO1 SNPs (D’ = 0.97, r2 = 0.03 and P ≤ 0.01
between rs10517 and rs1800566; D’ = 0.86, r2 = 0.21 and P ≤ 0.01 between
rs10517 and rs2917666; D’ = 0.99, r2 = 0.53 and P ≤ 0.01 between rs1800566
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and rs2917666). The association between asthma prevalence and NO2 was
significant for the most prevalent haplotype, composed by the 3 major alle-
les of each SNP (OR = 1.23, 95%CI 1.03-1.48). This was the only haplotype
containing the C allele of the rs2917666, which showed a significant interac-
tion with NO2 in the single SNP analysis. Non-significant associations were
observed among carriers of the other haplotypes (Table 3).

Figure 1. Spline graphics using general additive model of the association
(and 95% of confidence interval) between NO2 and current asthma, stratified
by NQO1 rs2917666 genotypes

We also performed the analysis of longitudinal data to evaluate the effect of
NO2 on new-onset of asthma. A significant association between new-onset
of asthma and NO2 levels was observed for the 120 subjects who developed
asthma during the follow-up period (OR = 1.52, 95%CI 1.09 - 2.16). Subjects
homozygous for the NQO1 rs291766 C allele were at greater risk (P for
interaction = 0.04) to develop asthma (OR = 2.02, 95%CI 1.16-3.73) compared
with those with CG/GG genotypes (OR = 1.26, 95%CI 0.83-1.99).

We restricted the analysis to those subjects that have been living in the
same home during follow-up (n = 1,348) in order to reduce exposure
misclassification. Compared to subjects that changed home, this group had
an increased risk for main effects of exposure to NO2 on asthma prevalence
(OR = 1.64, 95%CI 1.08 - 2.53 for movers and OR = 1.02, 95%CI 0.80-1.31 for
non movers, P for interaction = 0.03), while the effect on new-onset of asthma
was not different between movers and not movers (OR = 1.48, 95%CI 0.83-
2.74 for movers and 1.59 , 95%CI 1.05-2.52 for non movers, P for interaction =
0.81). Among CC carriers of NQO1 rs2917666 living in the same home during
follow-up, there was an increased risk for prevalence (OR = 2.42, 95%CI 1.19-
5.24) and new-onset of asthma (OR = 2.89, 95%CI 1.02-9.46).
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rs10517 rs10517 rs2917666 P-value
Haplotype allele allele allele Prevalence OR (95%CI) P-value Interaction

Haplotype 1 C C C 0.66 1.23 (1.03-1.48) 0.03 ref
Haplotype 2 C T G 0.21 1.28 (0.90-1.89) 0.20 0.50
Haplotype 3 T C G 0.11 1.11 (0.72-1.81) 0.66 0.73

Table 3. Association of NO2 per each increase of 10 µg/m3 and asthma
prevalence stratified by NQO1 and haplotypes in ECRHS II

In a sensitivity analysis, we also evaluated our findings of interaction
between NQO1 rs2917666 and NO2 for other asthma definitions and asthma
related phenotypes (See Supplemental Material, Table 4). Interaction was
significant for ever asthma (P = 0.006), physician diagnosed asthma (P = 0.01)
and asthmatics showing bronchial hyperresponsiveness (P = 0.02), while
interaction was not significant for persistent asthma (P = 0.12) or atopy (P
= 0.46). Stratification by atopic status showed that interaction between NO2

and NQO1 rs2917666 was more pronounced among non-atopic carriers of
NQO1 rs2917666 C/C (OR = 2.38, 95%CI 1.13-5.68; P value for interaction =
0.01) compared to atopic subjects (OR = 1.24, 95%CI 0.84-1.91; P value for
interaction = 0.45).

When stratified by gender (See Supplemental Material, Table 5), interaction
between NO2 and rs2917666 was significant only among females (OR = 1.81,
95%CI 1.13-3.09 for C/C; P value for interaction = 0.03) but not in males (OR
= 1.39, 95%CI 0.82-2.46 for C/C, P value for interaction = 0.24). However,
heterogeneity by gender was not significant (P = 0.71). Non significant
differences in the effect of NO2 and NQO1 rs2917666 on current asthma
were observed by centre (P value for heterogeneity = 0.51). In addition,
after the inclusion of the random effects of centre in a general mixed
model, the interaction of NO2 and NQO1 rs2917666 was still significant
for the prevalence of asthma (P for interaction = 0.02). Heterogeneity was
not significant between the different strata of socioeconomic status based
on occupation (P value for heterogeneity = 0.28). The exclusion of non-
randomly selected symptomatic subjects in the stage-II of ECRHS I did not
modify the effects observed in the whole sample (P value for heterogeneity
= 0.36)

Discussion

We evaluated the effect of genes involved in oxidative stress pathway
(GSTM1, GSTT1, GSTP1 and NQO1), inflammatory response (TNFA),
immunological response (TLR4) and airway reactivity (ADRB2), on the
association of traffic-related air pollution (using estimates of modeled NO2

exposure) and adult asthma in a large and multicentre population based
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cohort. Stronger associations of NO2 concentrations and both prevalent
and new-onset asthma were observed among subjects homozygous for the
most common allele of NQO1 as compared to carriers of NQO1 variants.
While several studies have evaluated similar gene-environment interactions
in children (Bergamaschi et al., 2001; David et al., 2003; Lee et al., 2004; Li
et al., 2006; Melen et al., 2008; Romieu et al., 2004, 2006), and in experimental
settings in adults (Corradi et al., 2002; Gilliland et al., 2004, 2006; Winterton
et al., 2001; Yang et al., 2005), this is the first study examining the interaction
of genetic variation and long-term air pollution on asthma in adults.

Similar to other studies we used NO2 levels as a marker of traffic-related air
pollution (Emenius et al., 2003; Forastiere et al., 2005; Jacquemin et al., 2009;
Melen et al., 2008; Modig et al., 2006; Morgenstern et al., 2008). Thus, the
observed associations and interactions may be mediated by other ambient
air pollutants, which are highly spatially correlated with NO2. However,
NO2 is a strong oxidant per se with a range of well known adverse effects
(Forastiere et al., 2005; Janssen-Heininger et al., 2002), and it may well be
that NO2 per se or in combination with other pollutants contributes to the
observed effects (Forastiere et al., 2005).

In our study, we found a non significant reduction of the NO2 effects
among carriers of at least one NQO1 Ser187 allele. The polymorphism that
was associated with the most significant p-value in our study (rs2917666)
is not known to be functional, but is located in the 5’ upstream region
of the gene. This region contains elements essential for the expression
and induction of NQO1, such as the antioxidant response element (ARE)
that is required for the NQO1 transcription in response to oxidative stress
(Jaiswal, 2000; Nioi and Hayes, 2004). The three SNPs in the NQO1 gene
were in relatively weak linkage disequilibrium with the highest r2 (0.53)
found for the functional Pro187Ser (rs1800566) and rs2917666. Furthermore
the association between asthma and modeled NO2 was significant for the
most prevalent haplotype that containing the C allele of the rs2917666
which showed a significant interaction with NO2 in the single SNP analysis.
A few studies have evaluated the role of NQO1 in relation to exposure
to ozone (reviewed by Yang et al. (2008)), and have shown that the
Pro187Ser (rs1800566) polymorphism was protective in response to ozone
when GSTM1 was present (Bergamaschi et al., 2001; Corradi et al., 2002;
David et al., 2003). Susceptibility variants on oxidative stress genes GSTM1
and GSTP1 have been associated with an increased effect of air pollution and
specific pollutants (Gilliland et al., 2004; Lee et al., 2004; Li et al., 2006; Melen
et al., 2008; Romieu et al., 2004, 2006). In this study, we did not observe
significant associations of GSTM1 or GSTP1 polymorphisms with asthma
either alone or in combination with NQO1 SNPs. Lack of consistence with
previous analyses could be related to the heterogeneity of effects in adults as
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compared to children (Salam et al., 2008).

Our findings on NQO1 reinforce the role of antioxidant system in response
to air pollution (Kelly, 2003; Romieu et al., 2008). An in-vitro approach
proposed an hierarchical model to explain the dose-dependent response
to oxidant chemicals in DEP (Xiao et al., 2003) that will probably extend
to gaseous pollutants like NO2 (Saxon and Diaz-Sanchez, 2005). With low
exposure, the formation of ROS activates the transcription of genes involved
in antioxidant responses, like phase II enzymes (e.g. NQO1 and GSTs).
Higher exposure activates the transcription of nuclear factor (NF)-κB and
activator protein-1, resulting in increased expression of pro-inflammatory
cytokines (such TNFA) leading to additional generation of ROS (Romieu
et al., 2008; Saxon and Diaz-Sanchez, 2005).

The ECRHS is a large population based international cohort that overcomes
limitations of studies done in selected populations. The main limitations
of this analysis include limited statistical power to detect interactions,
some exposure misclassification and, finally, heterogeneity and potential
confounding concerning environmental exposures and genetic variation.

Statistical power to detect interactions was relatively low (Garcia-Closas
et al., 1999). False positive results have been shown to be frequent in
studies on genetic variation and gene-environment interactions (Clayton and
McKeigue, 2001) and for these reason these results should be interpreted
with caution. In this study we did not perform correction for multiple
comparisons. However, traditional methods based on Bonferroni are
over conservative since polymorphisms within a gene are not completely
independent due to linkage disequilibrium. In addition, this correction
may be acceptable when searching for significant associations without pre-
established hypotheses but genes in this analysis were selected on the basis
of strong prior evidences.

Strengths and limitations of the NO2 exposure assessment have been
discussed previously (Jacquemin et al., 2009). The individual assignment of
exposure to NO2 should result in a reduction of exposure misclassification.
The evaluation of NO2 exposure was done by geocoding home addresses
of ECRHS participants, and ambient modeled NO2 concentration derived
from the APMoPSPHERE map were assigned to each subject. The year of
modeled NO2 (2001) was concordant with the years of the administration
of the ECRHS II questionnaire (1999-2002). However, the spatial scale of
the APMoSPHERE model was relatively broad (1x1km), and the model did
not include monitors placed close to traffic. Thus, spatial and temporal
contrasts in exposure due to very local emissions and dispersion patterns
such as those occurring in street canyons are unlikely to be captured. NO2

does also capture part of that space but as a secondary gas is certainly
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more homogenously distributed than e.g. ultrafine tail pipe particles. The
misclassification is random in nature, thus if anything some bias toward the
null may be expected. If those local peak concentrations were particularly
relevant sources of exposure to oxidants, the APMoSPHERE-based results
would likely underestimate true effects and interactions.

Due to the lack of repeated measurements during follow-up, exposure was
assigned only to residences in ECRHS II. Although levels of air-pollution
did not remain constant during follow-up period, the ranking in the spatial
distribution of traffic-related pollutants is likely to remain similar. Exposure
misclassification is thus particularly large among those who moved after
ECRHS I, possibly explaining the smaller effects observed among movers
(Beelen et al., 2008; Gotschi et al., 2008a).

Levels of air pollution and prevalence of asthma varied substantially across
centers in ECRHS, showing a south-north gradient (Gotschi et al., 2008b;
Jacquemin et al., 2009; Sunyer et al., 2004). Median levels of modelled NO2

varied from 12 µg/m3 in Umeå to more than 50 µg/m3 in Barcelona and
Paris (Jacquemin et al., 2009). Variables correlated with center as pollution
composition, climatic factors and diet determine the individual response to
air-pollution (D’Amato et al., 2005). All results were adjusted by centre and
random effects meta-analysis suggested that NO2 estimates and interactions
with the genes were not centre-specific, although we acknowledge the
limited power to detect this heterogeneity. In addition, recent analysis
of population stratification among Europeans have found correspondence
between genetic variation and geographic distances although levels of
genetic diversity were low (Heath et al., 2008). Previous analyses in the
ECRHS have shown little evidence of population stratification (Castro-Giner
et al., 2008). However, this was based on a insufficient set of markers.

An important source of NO2 exposure in the general population originates
from the use of gas cookers (D’Amato et al., 2005). Several studies reported
the association of indoor exposures with NO2 outcomes and respiratory or
allergic outcomes (Bernstein et al., 2008). In our data, outdoor NO2 was not
correlated with gas cooking and adjustment for the cooking with gas did not
affect the observed effects of outdoor NO2 and its interaction with the NQO1
polymorphism.

Differences were observed by gender, with females showing an increase in
risk. However, the sample sizes of specific strata are smaller than the total
population and interpretation of these results should be done with caution.
Our findings, if corroborated by others, may have significant public health
implications since we identified a large group of susceptible subjects defined
by the genetic make-up for whom the effect of modeled NO2 related air
pollution on asthma was substantial. The affected subgroup was large with
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a 46% of prevalence of the C/C genotype for NQO1 rs2917666. Moreover,
the number of people exposed to traffic-related pollution on a regular basis
is large and as a consequence the burden of asthma related to ambient air
pollution may be large not only in children as previously documented but
also in adults.
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5.4.1 Supplementary material

Methods

Study population. The ECRHS is a population-based multicentric cohort
study. Subjects mostly from countries members of the EU at that time,
were randomly recruited in the early 1990s (ECRHS I) and then followed
approximately 10 years later. ECRHS I consisted of two phases, in a first step
a random sample of the population aged 20-44 years living in the study areas
was contacted and asked to complete a short questionnaire on respiratory
symptoms (Burney et al., 1994).

In the second step, an approximately 20% random sub-sample of stage 1
participants was re-contacted to complete a long questionnaire and undergo
some exams. A complementary sample including all symptomatic subjects
from stage 1 who had not been selected in the random sample was also
invited for health assessment. These subjects reported at least one of the
following characteristics: an attack of asthma in the last 12 months, be woken
by an attack of shortness of breath in last 12 months or be currently taking
any medicines for asthma (ECRHSII Steering Committee, 2002). Subjects in
most centres were followed up with a median length of follow-up time of
8.9 years from the first phase (ECRHS I) to the second phase (ECRHS II). For
ECRHS II, modelled NO2 concentrations were assigned to a total of 5,470
participants in the 20 centres for which modelled air pollution was available
(see below). From those, DNA was collected in 13 centres with a total of 2,920
participants. For this analysis we excluded subjects from the symptomatic
sample that did not report current asthma in ECRHS II, leading to a final
sample size of 2,577.

Subjects included in our analysis could be considered as mainly of European-
Caucasian origin. Ethical approval was obtained for each centre from
the appropriate institutional ethics committee and written consent was
obtained from each participant. The presence of asthma was based on a
positive response to either of two questions: attack of asthma during the
12 months preceding the interview or current use of asthma medication.
Among subjects reporting an asthma attack, 72% also reported use of asthma
medication. New-onset of asthma was defined as reporting asthma (either
attack of asthma in last 12 month or current medication for asthma) in
ECRHS II evaluation but not in ECRHS I, and persistent asthma was defined
as reporting asthma (either attack of asthma in last 12 month or current
medication for asthma) in both stages.

We evaluated the robustness of our results with other definitions of asthma.
Ever asthma was defined as positive response to ’have you ever had
asthma’ and physician diagnosed asthma as positive response to ’have you
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ever had asthma diagnosed by a doctor’. Participants also underwent a
bronchial challenge with methacholine chloride administered by MEFAR
aerosol dosimeters (Mefar, Bovezzo, Italy). BHR was defined as a 20% fall
in FEV1 from the highest FEV1 post-diluent during methacholine challenge
with an accumulated dose of 1 mg. Additional details on the challenge have
been described elsewhere (Burney et al., 1994; Chinn et al., 1997). Specific
IgE levels to house dust mite (Dermatophagoides pteronyssinus), cat, timothy
grass and Cladosporium herbarum were measured with the Pharmacia CAP
system (Pharmacia Diagnostics, Uppsala, Sweden). Atopy was defined as
sensitization (IgE levels ≥0.35 kU/L) to any allergen.

Modelled NO2 concentrations. NO2 has been widely used as a marker of
local traffic-related air pollution (Emenius et al., 2003; Forastiere et al., 2005;
Jacquemin et al., 2009; Modig et al., 2006; Morgenstern et al., 2008). The value
of NO2 measurement substantial contrasts within cities as it captures differ-
ences in exposure due to different proximity to traffic arteries. Details on
modelling of NO2 concentrations are described elsewhere (Jacquemin et al.,
2009). Briefly, as part of the Air Pollution Modelling for Support to Pol-
icy on Health and Environmental Risk in Europe project (APMoSPHERE)
project (APMoSPHERE, 2009), 1-km-resolution emission maps were devel-
oped. The NOx emission map was used as the basis for modelling NO2

concentrations using focal sum techniques in a GIS model. The model esti-
mates concentrations by calibrating the distance-weighted sum of the emis-
sions (tonnes/km/year) in concentric circles around each monitoring site to
the monitored concentrations (µg/m3). The NO2 at the place of residence for
each subject was then obtained by intersecting the point locations of their res-
idence with the air pollution map. This analysis was restricted to 13 centres
from 6 European countries with DNA avaliable: Sweden (Umeåand Upp-
sala), United Kingdom (Ipswich and Norwhich), Spain (Albacete, Barcelona,
Huelva, Galdakao and Oviedo), Germany (Erfurt), France (Paris and Greno-
ble) and Belgium (Antwerp).

Models are developed by setting the weight of the innermost annulus to
1, and each successively outer annuli (to a maximum of 11 km) to Wa-
1/2 (where Wa-1 is the weight of the next, inner annulus). Weights for
each of the annuli were then incrementally adjusted, from the second
annulus outwards under the rule that Wa ≤Wa-1, and the correlation with
the monitored concentrations recomputed, until r2 was maximized. The
resulting regression model was then used to convert the sum of the weighted
emissions to a concentration (in µg/m3).

Models were developed using monitoring data from 714 background sites
for the year 2001, drawn from the EU Airbase database. Validation was
conducted by comparing predictions with observations for a separate set
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of 228 reserved background sites (r2 = 0.60). The resulting model was
converted into a kernel file (with weights for each annulus), which was then
moved across the EU emissions map to produce a 1-km gridded map of
concentrations.

Genotyping. The polymorphisms of genes GSTM1 (deletion), GSTT1 (dele-
tion), GSTP1 (Val105Ile: rs16951) were selected only according to func-
tional evidences from existing literature. For the genes NQO1 (Pro187Ser:
rs1800566, rs10517, rs2917666), TNFA (rs1800629, rs2844484, rs909253),
TLR4 (rs10759930, rs11536889, rs1554973, rs2737191, rs1927914) and ADRB2
(rs1042713, rs1042714, rs1042718, rs1042719), we selected tagSNPs in the
gene region and 10 kb upstream from 5’UTR and 10 kb downstream
from 3’UTR derived from the HapMap Project (http://www.hapmap.org,
phase I, release #16) and Perlegen database (http://genome.perlegen.
com). After evaluating SNP coverage for all candidate genes we used prefer-
entially tagSNPs based on r2 multimarker method, but selecting those SNPs
with a known functional effect from the SNPs belonging to a bin.

DNA bank was built and maintained at Helmholtz Zentrum München
in Germany. Genotyping was performed at the Centre for Genomic
Regulation (CRG) in the Barcelona Node of the ’Centro Nacional de
Genotipado’ (CeGen) in Spain (http://www.cegen.org). GSTM1 and
GSTT1 genotypes were determined using PCR method and GSTP1 Ile105Val
(rs16951) polymorphisms by specific pyrosequencing assay. Genotyping for
NQO1, TNFA and TLR4 polymorphisms was performed using the SNPlex
platform (Applied Biosystems, Foster City, CA). The average genotyping
rate was 98%.

Statistical analysis . The statistical analyses were performed using logistic
regression implemented in the SNPassoc (Gonzalez et al., 2007) R package
(version 2.6.1) (R Development Core Team, 2007). General additive models
(GAM) were used to evaluate dose-response relationship with NO2. Logistic
and GAM models were adjusted for centre, sex, age, environmental tobacco
smoke and smoking status. Multiplicative interactions were assessed using
likelihood-ratio test comparing models with additive term and interaction
term. Heterogeneity was evaluated using Mantel-Haenszel method under
fixed effects model with R library rmeta version 2.14. Logistic mixed-
effects models allowed the evaluation of a random effect of the variable
centre. These models were also adjusted for the previously described
covariates. We tested deviations of genotype frequencies from Hardy-
Weinberg equilibrium (HWE) (Wigginton et al., 2005). D’, r2 and χ2

p-values for marker independence were estimated to determine linkage
disequilibrium between genetic markers. Haplotypes were estimated using
haplo.em function from haplo.stats package (version 1.3.8) (Schaid et al.,

http://www.hapmap.org
http://genome.perlegen.com
http://genome.perlegen.com
http://www.cegen.org
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2002). Population stratification was assessed with the analysis of 26 unlinked
markers (See Supplemental Material, Table 2) using two different methods.
First, genomic control (GC) approach (Devlin and Roeder, 1999) performed
in an earlier paper (Castro-Giner et al., 2008) showed a minimal effect
(inflation factor (λ) = 1.06). Second, principal component analysis using
EIGENSTRAT method (version 1.01) (Price et al., 2006) showed no evidence
of population stratification (See Supplemental Material, Figure 1).

Subjects with DNA Subjects with esti-
mated NO2 expo-
sure

Subjects with both
NO2 measured and
DNA

Subjects, n 5065 5470 2577
Females, n (%) 2643 (52.2) 3053 (55.8) 1345 (52.2)
Age, mean (sd) 42.71 (7.2) 42.97 (7.2) 43.03 (7.3)
Smoking status
Never Smokers, n (%) 2195 (43.4) 2360 (43.3) 1130 (43.9)
Ex smokers, n (%) 1294 (25.6) 1513 (27.8) 714 (27.8)
Current smokers, n (%) 1568 (31.0) 1578 (28.9) 729 (28.3)
NO2 measurement (µg/m3)
Percentil 25 - 20.7 20.4
Percentil 50 - 27.8 27.7
Percentil 75 - 33.3 33.5
Have you ever had asthma, n (%) 886 (17.5) 885 (16.2) 432 (16.8)
Asthma symptoms in last year and
current medication for asthma, n (%)

553 (11.1) 556 (10.9) 327 (12.7)

Supplementary Table 1. Characteristics of the three different sets of ECRHS
II population with DNA, with estimated NO2 exposure and with both NO2

and DNA
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SNP Chromosome Position Gene % Genotype rate

rs1490413 1 4277696 - 99,4
rs10495407 1 234765349 - 99,2
rs876724 2 104974 - 98,9
rs4988235 2 136442378 Lct 99,0
rs309125 2 136477287 Lct 99,1
rs907100 2 239345579 - 98,6
rs1357617 3 936782 - 99,5
rs1979255 4 190693229 - 99,4
rs717302 5 2932395 - 99,0
rs1029047 6 1080939 - 99,5
rs917118 7 4230244 - 98,3
rs2056277 8 139468298 - 99,7
rs1015250 9 1813774 - 99,8
rs2076848 11 134172756 - 98,8
rs2111980 12 104830721 - 99,6
rs1335873 13 19799724 - 99,3
rs873196 14 97915284 - 86,5
rs1900758 15 25903692 OCA2 91,0
rs1800404 15 25909368 OCA2 99,4
rs729172 16 5546198 - 99,55
rs740910 17 5647347 - 98,1
rs1024116 18 73561374 - 86,41
rs719366 19 33155177 - 98,94
rs1005533 20 38920524 - 99,67
rs722098 21 15607469 - 99,37
rs2040411 22 46156931 - 98,69

Supplementary Table 2. Characteristics of SNPs selected for assessment of
population stratification

NO2 percentiles
Centre n Median NO2 (sd) P25 P50 P75 Cases of Current asthma Percentage
Antwerp, Belgium 506 27.9(5.5) 23.2 27.8 32.9 29 6.2
Grenoble, France 237 27.5(6.9) 25.4 30.6 31.5 24 10.8
Paris, France 311 47.4(9.8) 49.1 50.5 52.6 21 6.8
Erfurt, Germany 66 24.1(4.7) 22.1 25.4 27.7 4 6.1
Albacete, Spain 133 28.4(3.8) 28.3 29.8 31.8 8 7.8
Barcelona, Spain 190 54.4(9.3) 53.9 57.3 58.8 25 15.7
Galdakao, Spain 331 25.8(7.8) 20.1 24.6 33 25 8.8
Huelva, Spain 184 31.4(4.4) 29.7 33.4 33.7 16 12.3
Oviedo, Spain 115 28.8(5) 26.5 30.5 32.1 10 11.8
Umeå, Sweden 93 12.2(2.4) 10.6 12 13.9 23 28
Uppsala, Sweden 437 15.6(5.2) 11.9 15.3 19.3 77 20.4
Ipswich, UK 112 26.2(2.9) 25.1 26.1 27.1 24 24
Norwich, UK 205 24.1(4) 22.5 25.3 26.6 41 21.2

Supplementary Table 3. Distribution of modelled NO2 (per 10 µg/m3) and
current asthma by centre
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NQO1 rs2917666 C/C NQO1 rs2917666 C/G or G/G P-value interaction
Phenotype n Case/control OR (95%CI) Case/control OR (95%CI) Dominant model Additive model

Current
asthma
prevalence

327 155/1051 1.54 (1.1-2.24) 171/1197 1.01 (0.79-1.33) 0.04 0.02

Medication
in last 12 m

263 125/1226 1.61 (1.1-2.44) 137/1419 1.10 (0.81-1.5) 0.008 0.004

Attack of
asthma last
12 m

223 104/1246 1.51 (1.01-2.36) 118/1444 1.14 (0.82-1.61) 0.05 0.008

Ever asthma 503 238/1114 1.39 (1.07-1.83) 264/1300 1.10 (0.89-1.38) 0.003 0.006
Doctor di-
agnosed
asthma

471 217/1134 1.35 (1.03-1.79) 253/1311 1.08 (0.87-1.36) 0.005 0.01

Current
asthma and
BHR

121 60/597 2.29 (1.27-4.58) 61/722 1.36 (0.88-2.21) 0.03 0.02

New-onset
of asthma

120 54/1040 2.02 (1.16-3.73) 65/1181 1.26 (0.83-1.99) 0.03 0.04

Persistent
asthma

203 98/1040 1.31 (0.87-2.06) 105/1181 0.90 (0.67-1.25) 0.24 0.12

Atopy 983 450/885 0.99 (0.81-1.21) 485/1054 0.99 (0.84-1.18) 0.35 0.46
Atopic
asthma

229 115/750 1.30 (0.88-2.02) 114/876 1.30 (0.88-2.02) 0.50 0.45

Non-atopic
asthma

91 38/750 2.41 (1.13-5.78) 52/876 0.91 (0.58-1.49) 0.02 0.01

Supplementary Table 4. NO2 effect on different phenotypes by NQO1
rs2917666 genotypes. Model adjusted by: centre, sex, smoking status,
environmental tobacco smoking status and age

Males Females P
Polymorphism Genotype Case/Control OR (95%CI) p-val p Int Case/Control OR (95%CI) p-val p Int Heterogeneity

rs2917666 C/C 63/507 1.39 (0.82-2.46) 0.236 - 92/544 1.81 (1.13-3.09) 0.02 - -
rs2917666 C/G+G/G 73/588 1.15 (0.78-1.76) 0.494 0.243 98/609 0.91 (0.64-1.32) 0.60 0.03 0.71

Supplementary Table 5. NO2 effect on asthma prevalence by NQO1
rs2917666 genotypes according to gender. Model adjusted by: centre, sex,
smoking status, environmental tobacco smoking status and age. p Int is p-
value for interaction
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Supplementary Figure 1. The figure shows the first two axes of genotypic
variance for each of the nine countries, using EIGENSTRAT procedure as
described in Price et al. (2006). EIGENSTRAT, uses principal components
analysis to explicitly model ancestry differences between control and cases
(current asthma). Each point represents each one of the 5,065 individuals
who were genotyped. Colours represent the different countries included in
the study. The plot indicates no subdivision within the population
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Abstract

Rationale. Several genes identified by positional cloning have been
associated with asthma and atopy but few findings have been replicated.
Age at onset of asthma has been associated with different phenotypic
characteristics, and with variants at chromosome 17q21 identified through
genome-wide association. We examined associations and age-specific effects
on asthma, atopy and bronchial hyperresponsiveness of five candidate
genes previously identified by positional cloning (ADAM33, PHF11, NPSR1,
DPP10,SPINK5).

Methods. We studied 51 polymorphisms from 2,474 participants from 13
countries who took part in the European Community Respiratory Health
Survey (1990-2000). Asthma and age at onset of asthma were assessed by
questionnaire data, bronchial hyperresponsiveness by methacholine chal-
lenge and atopy by specific immunoglobulin E to four common allergens.

Results. Significant associations with asthma, atopy and particularly for
asthma with atopy were observed for a large region of 47 kilobases in the
NPSR1 gene, even after Bonferroni correction for multiple comparisons (p-
value ≤0.001). The associations with NPSR1 were stronger among those
reporting a first attack of asthma before age of 15, with statistically significant
interactions with age of onset found for three SNPs. Weaker evidences were
observed for ADAM33 and bronchial hyperresponsiveness and for an age-
specific effect of two SNPs in DPP10 and asthma.

Conclusion. This study provides further evidence for an effect of NPSR1 on
asthma, atopy and atopic asthma. In addition this analysis suggests a role
of NPSR1 on early onset asthma driven by the strong effect of this gene on
atopic asthma.
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Introduction

Asthma is a complex disease that shows phenotypic heterogeneity and is
related with atopy, bronchial hyperresponsiveness (BHR), and increased
immunoglobulin E (IgE) levels (Wenzel, 2006). Linkage analysis followed
by positional cloning has been a powerful design to identify the genetic
basis of asthma (Ober and Hoffjan, 2006). Eight susceptibility genes to
asthma, BHR or atopy have been identified by this technique although their
function remains unclear. ADAM metallopeptidase domain 33 (ADAM33
) on chromosome 20p was initially identified as an asthma and BHR
susceptibility gene (van Eerdewegh et al., 2002). Neuropeptide S receptor
1 (NPSR1 also known as GPRA or GPR154) which is located on chromosome
7p, encodes a G-protein-coupled receptor that is up-regulated in epithelial
cells in inflamed airways and was initially identified as an asthma and
atopy related gene (Laitinen et al., 2004). PHD finger protein 11 (PHF11)
on chromosome 13, was reported as a gene associated to atopy and total
IgE (Zhang et al., 2003). Dipeptidyl-peptidase 10 (DPP10) located on
chromosome 2q may modulate the activity of various proinflammatory
and regulatory chemokines and cytokines, and could also be important
to neural regulation of smooth-muscle tone (Allen et al., 2003). Serine
protease inhibitor, kazal type 5 (SPINK5, chromosome 5q) encodes a protease
inhibitor protein and was identified as a gene involved in high serum IgE
levels and atopic manifestations (Walley et al., 2001). Other genes identified
by positional cloning are HLA-G histocompatibility antigen, class I, G (HLA-
G) (Nicolae et al., 2005), cytoplasmatic FMR1-interacting protein 2 (CYFIP2)
(Noguchi et al., 2005), prostanoid DP receptor (PTGDR) (Oguma et al., 2004),
and Interleukin-1 Receptor Antagonist (IL1RN) (Gohlke et al., 2004). Studies
on these candidate genes have not always replicated the initial findings
(Ober and Hoffjan, 2006; Hersh et al., 2007).

Longitudinal studies have shown that age at onset of asthma is associated
with differences in phenotypic characteristics (Gelfand, 2008). Information
on age at onset may help to identify genetic determinants and understand
the underlying phathophysiology that contributes to particular phenotypes
(Wenzel, 2006). Recently, Bouzigon et al. (2008) reported that risk of asthma
conferred by 17q21 variants is restricted to early onset asthma. Only one
recent study has evaluated whether a similar pattern by age at onset occurs
for asthma genes identified by positional cloning (Blakey et al., 2009).

The aim of this study is to replicate genetic associations with asthma, BHR
and atopy and identify age-specific effects of five candidate genes previously
identified by positional cloning (ADAM33, PHF11, NPSR1, DPP10, SPINK5)
using data from a large international population-based cohort (European
Community Respiratory Health Survey, ECRHS).
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Methods

The methodology of ECRHS has been described elsewhere (Burney et al.,
1994; ECRHSII Steering Committee, 2002). Briefly, the ECRHS is a random
population-based multicentre cohort of subjects aged 20-44 at time of
recruitment (1990, ECRHS-I) and then followed-up approximately 10 years
later (ECRHS-II). Subjects completed a long questionnaire on respiratory
symptoms and underwent a clinical evaluation including lung function,
atopy and bronchial responsiveness. A complementary sample of subjects
with asthma symptoms at recruitment was also included in the study
and followed-up. Ethical approval was obtained for each centre from the
appropriate institutional ethics committee and written consent was obtained
from each participant.

The presence of asthma was based on a positive response to either of two
questions: attack of asthma during the 12 months preceding the interview or
current use of asthma medication. Most asthmatics defined through these
two questions (93%) also reported a doctor diagnosis of asthma. Age at
onset of asthma was assessed through the question ’How old were you
when you had your first attack of asthma?’ The long-term reliability of
this question was reported to be high the ECRHS (Pattaro et al., 2007).
Since analyses of other studies have defined asthma as a report of ’doctor
diagnosed asthma’, we also used this definition in an alternative analysis.
Bronchial hyperresponsiveness (BHR) was defined as a 20% fall in FEV1
from the highest FEV1 post-diluent value during methacholine challenge
with an accumulated dose of 1 mg (Burney et al., 1994). Specific IgE
levels to four common aeroallergens (cat, timothy grass, Dermatophagoides
pteronyssinus and Cladosporium herbarum) were measured with the
Pharmacia CAP system (Pharmacia Diagnostics, Uppsala, Sweden). Atopy
was defined as sensitization (specific IgE levels≥0.35 kU/L) to any allergen.

In order to increase accuracy in the classification of asthma, we considered
subjects as cases if they reported any of the three mentioned traits both at
baseline (ECRHS-I) and at follow-up (ECRHS-II). Subjects with atopy, BHR
or reporting ever having had asthma in either of the two stages of the ECRHS
were excluded as controls. In addition, subjects recruited in the symptomatic
sample (and who did not qualify as cases) were also excluded as control.
Figure 1 describes the subject selection process of the ECRHS study and
subjects available for the present analysis.

A description of the SNP selection and genotyping can be found in
the supplementary material. The list of SNPs examined can be found
in Supplementary Table 1. SNPs were genotyped using the SNPlex
platform (Applied Biosystems, Foster City, CA) according to manufacturer
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instructions.

Figure 1. Flow chart describing the subjects selection process and showing
the numbers available for the analysis. Definitions for asthma, atopy and
BHR are specified in the methods sections

Statistical analysis

Analyses were adjusted for country, body mass index (BMI), smoking status
and sex. Analysis of single marker effects was performed assuming an
additive genetic model considering the most frequent allele as the reference
category and using logistic regression analysis implemented in the SNPassoc
package (version 1.5-1) (Gonzalez et al., 2007) from R statistical software
(version 2.6.1) (R Development Core Team, 2007). To correct for multiple
comparisons we applied a Bonferroni correction for the 51 independent loci
genotyped (significant p value = 0.001). Haplotypes were estimated using
haplo.em function from haplo.stats package (version 1.3.8) (Schaid et al.,
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2002). D’, r2 and χ2 p-values for marker independence were estimated
to determine linkage disequilibrium between genetic markers. We used
a sliding window approach to construct haplotypes in windows up to
4 adjacent SNPs using the haplo.score.slide command from HaploStats
package.

We identified the most appropriate cut-off for age at onset of asthma
following a modification of the method described by Bouzigon et al. (2008).
For each specific age from 1 to 40 years, associations between genetic
polymorphisms and asthma were assessed by multinomial regression
analyses stratifying cases using the specific age at onset of asthma as a cut-off
(0 control; 1 onset of asthma on or before specific age; 2 onset of asthma after
specific age). By using this model, we compared each group of cases with
the whole set of non-asthmatic individuals. Tests for linear trend of odds
ratios (OR) were calculated using the categorised variable quantitatively
after assigning a linear score to each ordered category. We then identified the
age at onset for which the p value of interaction between the polymorphisms
and age at onset was maximum.

Population stratification analysis of the ECRHS was assessed using a set
of ancestry-informative markers in addition to oculocutaneous albinism
II (OCA2) and lactase (LCT) (Sanchez et al., 2006; Castro-Giner et al.,
2008). Genomic control (Devlin and Roeder, 1999) and principal component
analysis using EIGENSTRAT (Price et al., 2006) (Supplementary Figure 1)
fail to evidence population stratification.

Additional information on material and methods can be found in the
supplementary material.

Results

Population characteristics are shown in Table 1. Our analysis was restricted
to 4331 subjects of ECRHS II whose DNA was available, that had a
genotyping rate over 80% (mean 98.5%) and complete evaluation on asthma,
atopy and BHR (Figure 1). The prevalence of asthma was 7.4% (n=320),
of atopy 24.5% (n=1,060) and of BHR 6.2% (n=267). The control set was
restricted to the 1213 subjects (28.0%) who fulfilled the a priori criteria. Only
one SNP (rs765023) was found to deviate from Hardy Weinberg Equilibrium
(HWE) in controls (P ≤0.01, supplementary Table 2).

Significant associations (nominal P value ≤0.05) with asthma, atopy and
BHR are summarized in Table 2. Nominally significant associations for
asthma (six SNPs) or atopy (eight SNPs) were observed only for NPSR1
gene. Multiple test correction (Bonferroni P-value 0.001) yield three
SNPs associated with asthma (rs184448, rs324957, rs324981) and one with
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Total Population Population in this analysis
Variable (n=4,331) (n=2,474)

Country
Australia 341 (7.9%) 239 (9.7%)

France 549 (12.7%) 330 (13.3%)
Germany 439 (10.1%) 256 (10.3%)

Norway 436 (10.1%) 254 (10.3%)
Spain 1165 (26.9%) 571 (23.1%)

Sweden 643 (14.8%) 414 (16.7%)
Switzerland 400 (9.2%) 202 (8.2%)

UK 358 (8.3%) 208 (8.4%)
Sex

Males 2089 (48.2%) 1271 (51.4%)
Females 2242 (51.8%) 1203 (48.6%)

Smoking
Never 1855 (42.8%) 1124 (45.4%)

Ex 1144 (26.4%) 670 (27.1%)
Current 1348 (31.1%) 692 (28%)

Age (mean±sd) 42.8 (7.2) 42.4 (7.1)
Control 1213 (28%) 1213 (49%)
Asthma 320 (7.4%) 320 (12.9%)
Atopy 1060 (24.5%) 1060 (42.8%)
Atopic asthma 195 (4.5%) 195 (7.9%)
Non-atopic asthma 55 (1.3%) 55 (2.2%)
Atopy in non-asthmatics 865 (20%) 865 (35%)
BHR 267 (6.2%) 267 (10.8%)
Other* 1307 (30.2%) 422 (17.1%)

Table 1. Population characteristics. Total Population and population in this
analysis that includes subjects with cases and with controls symptoms in both
surveys. * Subjects who reported any of the outcomes examined or other
respiratory symptoms in either of the surveys, but not in both

atopy (rs324396). For BHR, one significant association was found with
a polymorphism of the ADAM33 gene (rs2787095) although this did not
pass Bonferroni correction (P = 0.04). The complete information for all the
evaluated polymorphisms is shown in Supplementary Table 3.

Asthma Atopy BHR
Gene SNP OR (95%CI) p-value OR(95%CI) p-value OR(95%CI) p-value

ADAM33 rs2787095 1.06(0.87-1.29) 0.5403 1.12(0.99-1.27) 0.0626 1.23(1.01-1.5) 0.0382
NPSR1 rs714588 1.04(0.86-1.27) 0.6709 0.87(0.77-0.99) 0.0285 0.9(0.74-1.11) 0.3245
NPSR1 rs1345267 0.81(0.66-1) 0.0436 0.91(0.8-1.03) 0.1326 0.94(0.76-1.16) 0.5622
NPSR1 rs184448 1.48(1.2-1.82) 0.0002 1.2(1.06-1.36) 0.0049 1.14(0.93-1.4) 0.2111
NPSR1 rs324396 1.21(0.97-1.51) 0.0868 1.25(1.09-1.43) 0.0010 1.16(0.94-1.45) 0.1721
NPSR1 rs324957 1.41(1.15-1.74) 0.001 1.2(1.05-1.36) 0.0051 1.14(0.93-1.4) 0.1999
NPSR1 rs324960 0.74(0.6-0.93) 0.008 0.85(0.74-0.97) 0.0140 0.93(0.75-1.16) 0.5270
NPSR1 rs324981 0.69(0.56-0.85) 0.0004 0.84(0.74-0.95) 0.0064 0.87(0.71-1.06) 0.1591
NPSR1 rs325462 0.76(0.62-0.93) 0.0085 0.88(0.78-0.99) 0.0367 0.86(0.71-1.05) 0.1356

Table 2. Nominal significant (P ≤0.05) associations between the SNPs
and persistent asthma, persistent atopy and persistent BHR under additive
genetic model. Model adjusted by country, body mass index, age, sex and
smoking status

To exclude possible overlapping effects of asthma and atopy, we evaluated
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in a stratified analysis (Figure 2) those SNPs more strongly associated with
atopy or asthma (p-value for any of two outcomes ≤0.01). To evaluate these
effects we compared odds ratios for each subgroup. Independent effects
were observed for both atopy and asthma, but mainly, a joint effect can
be seen with the highest odds ratios among subjects with both atopy and
asthma (Figure 2).

We performed multiple marker analysis in those genes that showed
significant associations in the single-marker analysis. In NPSR1, we
identified three blocks with high linkage disequilibrium (Supplementary
Figure 2), one of 6kb, one of 12 kb and a large block of 47 kb which contains
the risk polymorphisms identified for asthma and atopy (Table 2). Through
haplotype sliding windows analysis (Table 3), we identified a four marker
region in the 47 kb block of NPSR1 gene (rs184448, rs324396, rs324957,
rs324960) significant associated with asthma (P = 0.001), atopy (P = 0.001)
and atopic asthma (P = 0.004). One of the SNPs previously identified in the
single-marker analysis for asthma was not in this block (rs324981). However,
this polymorphism is in strong linkage disequilibrium with three of these
four markers (D’ ≥0.95, r2 ≥0.60, χ2 p-value ≤2x10−16). The population
attributable risk (PAR) for this haplotype is 9.15% for asthma, 6.05% for
atopy and 9.75% for the combination of asthma and atopy.

Outcome
Window
size

Best
global p Loci

Best individual
p-value

Best individual
haplotype OR (95%CI)

Population
Attributable
Risk

Asthma 2 0.0005 10,11 0.0004 GC(15%) 1.66 (1.25-2.21) 9.01
3 0.002 10,11,12 0.002 GCA(15%) 1.57 (1.18-2.10) 7.88
4 0.001 10,11,12,13 0.001 GCAC(15%) 1.67 (1.22-2.29) 9.13

Atopy 2 0.004 10,11 0.001 GT(30%) 1.27 (1.10-1.46) 7.49
3 0.012 10,11,12 0.0012 GTA(30%) 1.26 (1.10-1.45) 7.23
4 0.019 10,11,12,13 0.001 GTAC(28%) 1.23 (1.11-1.53) 6.05

Atopic Asthma 2 0.0007 10,11 0.001 GC(15%) 1.78(1.26-2.51) 10.47
3 0.0006 10,11,12 0.004 GCA(15%) 1.66(1.18-2.35) 9.01
4 0.0003 10,11,12,13 0.004 GCAC(15%) 1.72(1.19-2.51) 9.75

Table 3. Haplotype analysis of NPSR1 with sliding windows. Model adjusted
by country, body mass index, age, sex and smoking status. Locus 10 :
rs184448; Locus 11: rs324396; Locus 12: rs324957; Locus 13: rs324960

Additional analyses using different outcome definitions supported these
findings (Supplementary Table 5). A less restrictive definition of asthma
was defined as subjects reporting asthma in either of the two contacts. The
same analysis was done for atopy. Results support the effects observed
for permanent phenotypes (ie subjects reporting outcomes in both cohorts),
with the most significant effects on asthma and atopy observed for the
SNPs located in the second haplotype block. An additional analysis for
’physician diagnosed asthma’, showed the same pattern of associations as
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those observed for the main analyses.

We then investigated age-specific effect for these genetic variants. Multino-
mial logistic regression for each cut-off of age at onset was performed for the
six significant SNPs for asthma (Supplementary Figure 3). Significant inter-
action was observed for SNPs rs324981 and rs325462 for age at onset between
9 and 14 years. For rs324981 (Figure 3a), the maximum p value was observed
for a cut-off at age 14 (p for interaction = 0.01), while for rs325462 it was at
age 10 (p for interaction = 0.02). The cut-off was set at the maximum age for
which interaction was significant (14 years old). From the 320 individuals
reporting persistent asthma, 141 reported first attack of asthma before age
of 14 and 146 after 14. Eleven subjects did not report age at onset in both
surveys and 24 had different categories between the two surveys and were,
therefore, excluded for the analysis of age at onset. The strength of the associ-
ation (odds ratio) between these NPSR1 polymorphisms and asthma is more
pronounced among early onset asthmatics (≤14 years) (Table 4). The anal-
ysis for the rest of NPSR1 polymorphisms (Supplementary Table 6) shows
significant interaction for another NPSR1 variant, rs324381 (p for interaction
= 0.05), showing a pattern of association according to age at onset similar to
the two above NPSR1 SNPs (OR = 0.66 for early onset and OR = 0.86 for late
onset). Differences in the prevalence of atopy were observed between early
and late onset asthma (75% versus 49% respectively).

Asthma and atopy are strongly correlated in children. The evaluation of age-
specific effects for atopic asthma did not show significant interactions for
the rs324981 SNP (Figure 3b) or the rest of NPSR1 SNPs (data not shown).
The stratified analysis using the cut-off of at 14 years (Table 4) shows that
the association of these variants with early onset asthma is similar in atopic
asthma compared to general asthma. Overall, the effect for late onset is
increased for atopic asthma narrowing the differences between early and late
onset of asthma.

The evaluation of age at onset of asthma using the cut-off at age of 14 on
the other genes (Supplementary Table 6) reveals significant interactions for
two polymorphisms in the DPP10 gene, rs1430090 (OR = 0.81 for early onset
versus OR = 1.17 for late onset, p for interaction = 0.04) and rs10496465 (OR
= 0.85 for early onset versus OR = 1.36 for late onset, p for interaction = 0.03),
although the effect of these polymorphisms was not significant in either early
or adult onset of asthma.

Discussion

This study confirms the association of NPSR1 gene with atopy and asthma,
and identifies for the first time that the effect of NPSR1 on asthma could be
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Onset asthma ≤14 (n=141) Onset asthma ≥15 (n=146)
Outcome SNP OR (95%CI) P value OR (95%CI) P value P value interaction

Asthma rs1345267 0.83(0.62-1.12) 0.2163 0.77(0.58-1.02) 0.0655 0.5927
rs184448 1.71(1.26-2.32) 0.0005 1.36(1.03-1.78) 0.0281 0.1604
rs324957 1.75(1.29-2.35) 0.0003 1.27(0.97-1.67) 0.0850 0.0674
rs324960 0.64(0.46-0.88) 0.0067 0.79(0.59-1.05) 0.1070 0.1431
rs324981 0.54(0.40-0.74) 0.0001 0.81(0.62-1.06) 0.1331 0.0134
rs325462 0.60(0.44-0.81) 0.0007 0.86(0.66-1.13) 0.2786 0.0243

Onset asthma ≤14 (n=141) Onset asthma ≥15 (n=146)
Outcome SNP OR (95%CI) P value OR (95%CI) P value P value interaction

Atopic asthma rs1345267 0.87(0.62-1.20) 0.3931 0.66(0.45-0.97) 0.0348 0.3142
rs184448 1.69(1.20-2.38) 0.0025 1.45(1.00-2.10) 0.0481 0.2887
rs324957 1.72(1.23-2.40) 0.0015 1.46(1.01-2.11) 0.0469 0.314
rs324960 0.66(0.46-0.94) 0.0203 0.88(0.60-1.28) 0.4957 0.0765
rs324981 0.59(0.42-0.83) 0.002 0.72(0.50-1.04) 0.0806 0.181
rs325462 0.61(0.44-0.84) 0.003 0.76(0.53-1.09) 0.1398 0.1683

Table 4. Multinomial analysis of age at onset asthma and NPSR1 SNPs under
the additive genetic model. Model adjusted by country, body mass index,
age, sex and smoking status

age dependent, being stronger for asthma with onset at early ages. Weaker
evidences were observed for an age specific effect of DPP10 on asthma. In
addition, we reported a weak association between ADAM33 and BHR that
do not pass Bonferroni correction. In this study, no statistically significant
associations were found for PHF11 and SPINK5 . The failure to replicate
can be caused by several factors such as phenotype heterogeneity, small
sample size, different populations and population stratification (Chanock
et al., 2007). PHF11 was initially reported as a gene associated to total
IgE and asthma (Zhang et al., 2003). We failed to replicate results for
asthma and atopy, although we evaluated specific IgE instead of IgE levels.
Only one replication study reported a weak association with asthma (Hersh
et al., 2007). SPINK5 was associated with high serum IgE levels and atopic
manifestation (Walley et al., 2001) and replication studies have confirmed
this findings (Kabesch et al., 2004; Jongepier et al., 2005). Up to date
only two studies have evaluated the association with asthma and reported
inconsistent findings (Kabesch et al., 2004; Jongepier et al., 2005).

Our results support previous evidence for the role of NPSR1 in asthma
and atopy, and in addition, suggest that the effect is stronger for the
combination of asthma and atopy. The NPSR1 gene, was identified through
positional cloning as an asthma and atopy (high IgE levels) susceptibility
gene (Laitinen et al., 2004). While some subsequent studies have replicated
this finding in asthma, atopy (high serum IgE) or allergic symptoms (Meln
et al., 2005; Kormann et al., 2005; Malerba et al., 2007; Hersh et al., 2007; Daley
et al., 2009; Vergara et al., 2009), other studies did not reported significant
effect (Shin et al., 2004; Soderhall et al., 2007; Feng et al., 2006; Blakey et al.,
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2009). The similar effect on asthma and atopy was observed in the initial
study (Laitinen et al., 2004) and in most of further replication studies (Meln
et al., 2005; Kormann et al., 2005; Malerba et al., 2007; Vergara et al., 2009).
The effect on the combination of asthma and atopy (allergic asthma) has been
also reported by previous studies (Meln et al., 2005; Malerba et al., 2007;
Hersh et al., 2007; Daley et al., 2009).

Polymorphisms of NPSR1 significantly associated to asthma and atopy in
this study are located in the region comprising intron 2, exon 3 and intron
3. This region is within the same 133-kb genomic segment identified by
positional cloning as a susceptibility locus for asthma-related phenotypes
(Laitinen et al., 2004). Among these polymorphisms, only the rs324981
(located in the exon 3) is a non synonymous substitution, resulting in an
aminoacid replacement in the protein (I107N). This change is located in the
first exoloop of the putative ligand-binding protein (Laitinen et al., 2004) and
produces a gain of function, increasing the intrinsic efficacy (the ability of
neuropeptide S to activate the receptor) as well as intracellular trafficking
of the receptor to the cell membrane (Bernier et al., 2006). Association
of the other polymorphisms (mainly located in the second intron) may be
explained by an effect on alternative splicing or linkage with an untested
variant.

Age of asthma onset may differentiate phenotypic characteristics (Gelfand,
2008). We identified a cut-off point for age at onset at 14 years. This cut-
off point is consistent with the age of puberty and a similar age has been
used in previous articles for discerning childhood and adult asthma (Svanes
et al., 2006; Moore et al., 2007). Early-onset asthma is more likely to be linked
to family history of asthma, an indicator of stronger genetic component,
and is a more homogeneous disease, both increasing the probability to
identify genetic effects (Wenzel, 2006). The stronger effects of NPSR1 in
early onset suggest that pathophysiology mechanisms may vary according
to age. In children, asthma is strongly correlated with atopy (Wenzel,
2006; Gelfand, 2008). We reported that the effect of NPSR1 was stronger
for atopic asthma and, in addition, the differences between early and late
onset disappear when atopic asthma was evaluated. This suggests that the
stronger effects observed in early ages are due to an effect of these genes on
atopic asthma. The putative role of NPSR1 in modulation of innate immunity
and its implication in atopic sensitization (Meln et al., 2005), supports the
hypothesis that this gene could be more closely linked to early asthma onset
than adult asthma through its implication in atopic asthma. Recent work
found that NPSR1 may modulate the effect of farm exposure in allergic
symptoms in children (Bruce et al., 2009). Although previous studies have
reported an effect of NPSR1 polymorphisms in both childhood and adult
asthma, our study is the first analysis discerning the role of NPSR1 by age
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of onset. We also observed an interaction between age at onset and two
polymorphisms in DPP10 . The lack of a significant association of these
variants with asthma, however, makes the interpretation of the interaction
difficult. A recent analysis conducted on the British 1958 birth cohort (Blakey
et al., 2009) showed, similar to our study, that the effect of DPP10 was specific
for asthma onset after 17, while they did not observe an effect of NPSR1 .
This study differs in the main outcome of asthma used because they include
wheezing in the definition of asthma .

Our results indicate an effect of ADAM33 on BHR. Although the significance
of this association was weak (P = 0.04) and do not pass Bonferroni correction,
other studies have also reported this association (reviewed by Hersh et al.
(2007)). These findings support the hypothesis that ADAM33 is more related
to airway wall remodelling rather than being restricted to asthma (Holgate
et al., 2006).

Despite strong evidences for NPSR1 reported in this study, several issues in
the interpretation of the findings should be considered. The first is related
to the international nature of the ECRHS cohort and a potential concern for
population stratification. Previous analysis in the ECRHS has shown little
evidence of population stratification, but the number of markers evaluated
could be insufficient (Castro-Giner et al., 2008). Even though there is only
low level of genetic variation among Europeans, there is some relation
between genetic and geographical distances (Heath et al., 2008). To take into
account this limitation all the analysis were adjusted by country.

Another issue is related to phenotype definition. For this analysis we
selected persistent traits at the time of evaluation, to have a more reliable
evaluation of the phenotypes. This implies that irrespective of age
at onset, all had asthma in adulthood. Persistence of asthma from
childhood to adulthood could be related with a different phenotype of
asthma as compared to that occurring in childhood and not recurring
later. Longitudinal cohort studies have shown that persistent asthma had
a higher prevalence of allergic sensitization, airway responsiveness, lower
lung function and more severe asthma in childhood compared to those
whose asthma did not persist (Illi et al., 2006; Moore et al., 2007). We have
already discussed the strongest effect of NPSR1 on atopic asthma but we can
not exclude that the effects observed are due to an effect of these genes on
other specific phenotypes such as more severe asthma.

Multiple testing is an important source of false positive results. In the
analysis of the genetic main effects we considered a Bonferroni correction
by the number of SNPs tested and not also by the number of outcomes
assessed since there is a high correlation among the phenotypes. Some
polymorphisms from NPSR1 remain significant after Bonferroni correction
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which highlights the strength of this association. However, Bonferroni is
over conservative since polymorphisms within a gene are not completely
independent and selection of the genes was based on strong pre-established
hypotheses. For these reasons the reported association between ADAM33
and BHR using a P-value threshold of 0.05 may be considered as a positive
replication. In the analysis of the interaction with age at onset, we also
applied a P-value threshold of 0.05 because the a priori statistical power to
detect interaction with age at onset was relatively low (Garcia-Closas et al.,
1999). For these reason these results should be interpreted with caution.

In conclusion, this study gives independent support to NPSR1 as a risk factor
for asthma, atopy and atopic asthma. In addition this analysis adds evidence
to the importance of considering age-specific effects on the evaluation of the
genetic risk factors in asthma, suggesting a role of NPSR1 on early onset
asthma driven by the strong effect of this gene on atopic asthma. To a less
extent, this study replicates previous evidences of the role of ADAM33 on
BHR and suggests an age-specific effect of DPP10 on asthma.
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5.5.1 Supplementary material

Methods

The methodology of ECRHS has been described elsewhere (Burney et al.,
1994; ECRHSII Steering Committee, 2002; Castro-Giner et al., 2008). Briefly,
the ECRHS is a random population-based multicentre cohort of subjects
aged 20-44 at time of recruitment (1990, ECRHS I) and then followed approx-
imately 10 years later (ECRHS II). Subjects completed a long questionnaire
on respiratory symptoms and exposures and underwent a clinical evaluation
including lung function, atopy and bronchial hyperresponsiveness. A com-
plementary sample of subjects with asthma symptoms at recruitment was
also included in the study and followed-up. Ethical approval was obtained
for each centre from the appropriate institutional ethics committee and writ-
ten consent was obtained from each participant.

The presence of asthma was based on a positive response to either of
two questions: attack of asthma during the 12 months preceding the
interview or current use of asthma medication. Age at asthma onset
was assessed through the question ’How old were you when you had
your first attack of asthma?’ The long-term reliability of this question
was reported to be high in ECRHS (Pattaro et al., 2007). Since analyses
of other studies have defined asthma as a report of ’doctor diagnosed
asthma’, we also used this definition in an alternative analysis. Bronchial
hyperresponsiveness (BHR) was defined as a 20% fall in FEV1 from
the highest FEV1 post-diluent during methacholine challenge with an
accumulated dose of 1 mg (Burney et al., 1994). Specific IgE levels to
house dust mite (Dermatophagoides pteronyssinus), cat, timothy grass
and Cladosporium herbarum were measured with the Pharmacia CAP
system (Pharmacia Diagnostics, Uppsala, Sweden). Atopy was defined as
sensitization (specific IgE levels ≥0.35 kU/L) to any allergen.

In order to increase accuracy in the diagnosis, we considered subjects as
cases for any of the three traits if they reported them in both the baseline
survey (ECRHS I) and in the follow-up (ECRHS II). Subjects with atopy, BHR
or those who reported ever having had asthma in either of the two stages of
ECRHS were excluded from controls. In addition, subjects recruited in the
symptomatic sample (and who did not qualify as cases) were also excluded
from the control set. Centres from Belgium and Estonia where excluded
from the analysis because they did not perform the BHR assessment in both
surveys. Figure 1 describes the subject selection process of the ECRHS study
and show numbers available for this analysis.

SNP selection and genotype characterization. In order to reduce SNP
redundancy and to incorporate all putative functional SNPs in genotyping
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design without loss of power, we selected tagSNPs combined with binned
functional variants (most likely to influence gene expression or function)
when possible. SNPs on candidate genes were selected in the gene
region and 10kb upstream from 5’UTR and 10Kb downstream from 3’UTR
derived from the HapMap Project database (http://www.hapmap.org,
phase I, release #16) and Perlegen database (http://genome.perlegen.
com). Those SNPs described in caucasian populations with a minor
allele frequency (MAF)≥5% were retained. In addition all described SNPs
from public databases were analysed (http://www.ncbi.nlm.nih.gov/
projects/SNP). The Ensemble search engine ENSMART (www.ensembl.
org/index.html) was used to filter by frequency and validation status
all described SNPs in a gene region. Selection of tagSNPs was derived
from the disequilibria patterns described from the HapMap project or from
Perlegen. Selection of tagSNPs was carried out with the algorithm Tagger
implemented in Haploview (Barrett et al., 2005) using a threshold of r2

≥0.80 and a multimarker approach (pairwise and two-marker tagSNPs) to
define correlated SNPs (binset) in selected region. SNP selection criteria were
changed for genes NPSR1 and DPP10 because of the high number of inferred
tagSNPs. In these cases more relaxed criteria (r2 threshold ≥0.60 and a MAF
≥20%). In the case of DPP10 we focused in the candidate region, defined by
an area of 50 kbp around the microsatellite marker D2S308 which have been
reported to be linked to asthma previously (Allen et al., 2003). The list of
SNPs examined can be found in Supplementary Table 1.

The ECRHS DNA bank is maintained at Helmholtz Zentrum Mnchen in Ger-
many and genotyping was performed at the Centre for Genomic Regulation
(CRG) in the Barcelona node from the ’Centro Nacional de Genotipado’ (Ce-
Gen) in Spain (http://www.cegen.org). SNPs were genotyped using the
SNPlex platform (Applied Biosystems, Foster City, CA) according to man-
ufacturer instructions and analyzed on an Applied Biosystems 3730/3730xl
DNA Analyzer. Allele-calling was done by clustering analysis using Gen-
emapper software (Genemapper v.4.0). The genotype call rate was ≥98%.
Genotyping quality was controlled in two ways. First, internal positive and
negative controls provided by ABI’s manufacturer were included in the re-
action plates. Second, six duplicated samples of two HapMap reference trios
were incorporated in the genotyping process. Both genotype concordance
and correct Mendelian inheritance were verified. Genotype concordance
was tested using SNPator, a web-based tool for genotyping management and
SNP analysis developed (Morcillo-Suarez et al., 2008).

Statistical analysis. We tested for genotype deviations from Hardy-
Weinberg equilibrium (HWE) (Wigginton et al., 2005) in the control set of
subjects (Supplementary Table 1). All analyses were adjusted for country,
body mass index (BMI), smoking status and sex. Analysis of single marker

http://www.hapmap.org
http://genome.perlegen.com
http://genome.perlegen.com
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.ncbi.nlm.nih.gov/projects/SNP
www.ensembl.org/index.html
www.ensembl.org/index.html
http://www.cegen.org
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effect was performed assuming an additive genetic model considering the
most frequent allele as reference category and using logistic regression
implemented in the SNPassoc package (version 1.5-1) (Gonzalez et al., 2007)
from R statistical software (version 2.6.1) (R Development Core Team, 2007).
To avoid false-positive results due to multiple testing, we applied Bonferroni
correction for the 51 independent loci genotyped (significant p value =
0.001).

Haplotypes were estimated using haplo.em function from haplo.stats pack-
age (version 1.3.8) (Schaid et al., 2002). D’, r2 and χ2 p-values for marker
independence were estimated to determine linkage disequilibrium between
genetic markers. In order to detect regions associated with high risk, we
used a sliding windows approach to construct haplotypes in windows up
to 4 adjacent SNPs within each gene. The sliding windows analysis was
performed using the haplo.score.slide command from HaploStats package
in R (Schaid et al., 2002). In order to avoid false positives we restricted the
haplotype analysis to those genes with significant associations in the single-
marker analysis.

In order to test the hypothesis of association between genetic polymorphisms
and age at onset of asthma we identified the most appropriate cut-off for
age at onset following a modification of the method described by Bouzigon
(Bouzigon et al., 2008). For each specific age from 1 to 40 years, the
association between genetic polymorphisms and asthma was assessed by
multinomial regression analysis stratifying cases using the specific age at
onset as a cut-off (0 control; 1 onset of asthma less or equal to specific age;
2 onset of asthma before specific age). By using this model, we compare
each group of cases with the whole set of non-asthmatics individuals.
Homozygosity for the more common allele among controls was set as the
reference class. Tests for linear trend of odds ratios (OR) were calculated
using the categorised variable as quantitative after assigning a linear score
to each ordered category. We then identified the age at onset for which
the p value of interaction between the polymorphism and age at onset was
maximum.

Population stratification analysis in ECRHS was previously reported
(Castro-Giner et al., 2008). Stratification was assessed using a set of ancestry-
informative markers (AIM) (Sanchez et al., 2006) in addition to oculocu-
taneous albinism II (OCA2) and lactase (LCT) markers which have been
found to be strongly associated with the south-north gradient in Europeans
(Novembre et al., 2008; Heath et al., 2008). Genomic control fail to evidence
a population stratification (Devlin and Roeder, 1999) (inflation factor (λ) =
1.06) as well as principal component analysis using EIGENSTRAT (Supple-
mentary Figure 1) (Price et al., 2006).
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SNP Chromosome Position Gene % Genotype rate

rs1490413 1 4277696 - 99,4
rs10495407 1 234765349 - 99,2
rs876724 2 104974 - 98,9
rs4988235 2 136442378 Lct 99,0
rs309125 2 136477287 Lct 99,1
rs907100 2 239345579 - 98,6
rs1357617 3 936782 - 99,5
rs1979255 4 190693229 - 99,4
rs717302 5 2932395 - 99,0
rs1029047 6 1080939 - 99,5
rs917118 7 4230244 - 98,3
rs2056277 8 139468298 - 99,7
rs1015250 9 1813774 - 99,8
rs2076848 11 134172756 - 98,8
rs2111980 12 104830721 - 99,6
rs1335873 13 19799724 - 99,3
rs873196 14 97915284 - 86,5
rs1900758 15 25903692 OCA2 91,0
rs1800404 15 25909368 OCA2 99,4
rs729172 16 5546198 - 99,55
rs740910 17 5647347 - 98,1
rs1024116 18 73561374 - 86,41
rs719366 19 33155177 - 98,94
rs1005533 20 38920524 - 99,67
rs722098 21 15607469 - 99,37
rs2040411 22 46156931 - 98,69

Supplementary Table 1. Characteristics of SNPs selected for Genomic control
and EIGENSTRAT
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Figure 2. Odds ratios (bars) and 95% confidence intervals (lines) for highly
statistically significant (p-value ≤0.001) NPSR1 polymorphisms for asthma
or atopy, stratified by atopic and asthmatic status. The logistic regression
model was adjusted by country, body mass index, age, sex and smoking
status. Exact values for odds ratios, confidence intervals and p-values can
be found at supplementary Table 4
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Figure 3. P values for interaction from the multinomial logistic regression
for each cut-off of age at onset and the rs324981 SNP from NPSR1 1 for (a)
asthma and (b) atopic asthma. Dotted line indicates the nominal p-value
(0.05). Model adjusted by country, body mass index, age, sex and smoking
status

Supplementary Figure 1. The figure shows the first two axes of genotypic
variance for each of the nine countries, using EIGENSTRAT procedure as
described in Price et al. (2006). EIGENSTRAT, uses principal components
analysis to explicitly model ancestry differences between control and cases
(current asthma). Each point represents each one of the 5,065 individuals
who were genotyped. Colours represent the different countries included in
the study. The plot indicates no subdivision within the population
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Gene SNP
Chromosomal
position Gene location Alleles

Major allele
frequency P-value HWE Missing (%)

ADAM33 rs6084432 3591652 3’ near gene G/A 83.6 0.24 0.6
rs512625 3596377 3’ near gene G/A 69.4 0.50 0.5
rs3918395 3601148 intron 13 G/T 86.7 0.31 1
rs2787095 3603942 intron 3 G/C 59.4 0.08 0.9
rs2853215 3614254 5’ near gene G/A 73.5 0.23 0.3

NPSR1 rs714588 34466465 5’ upstream A/G 55.7 0.75 0.6
rs1023555 34469618 5’ upstream T/A 76.4 0.72 0.6
rs898070 34472104 intron 1 G/A 62.9 0.87 0.7
rs963218 34485008 intron 1 C/T 53.7 0.49 0.4
rs1419835 34497159 intron 1 C/T 78.2 0.65 0.6
rs765023 34515290 intron 2 T/C 65.6 0.01 6.2
rs1345267 34521298 intron 2 A/G 62.3 0.11 0.1
rs324381 34541350 intron 2 G/A 65.5 0.76 10.2

hopo546333 34546333 intron 2 G/A 93.2 0.23 0.4
rs184448 34546349 intron 2 T/G 54.4 0.20 1.7
rs324396 34563362 intron 2 C/T 69.1 0.61 0.2
rs324957 34574611 intron 2 G/A 55.3 0.13 0.4
rs324960 34575630 intron 2 C/T 67.2 0.24 1.1

rs10486657 34575966 intron 2 C/T 82.2 0.60 3.9
rs324981 34591352 exon 3 N170I A/T 54.3 0.34 0.2
rs1419780 34593540 intron 3 C/G 81.6 0.45 0.3
rs325462 34623085 intron 3 A/T 50.1 0.88 0.5
rs727162 34647277 exon 6 S241R G/C 78.5 0.47 0.3

rs10250709 34660064 intron 7 G/A 66.2 0.18 0
rs6958905 34662791 3’ UTR T/C 65.6 0.33 0.4

rs10238983 34672812 3’ downstream T/C 76.5 0.22 0.5
PHF11 rs4941643 48966387 5’ near gene A/G 55 0.78 6.4

rs3794381 48971563 intron 1 C/G 72.8 0.64 6.3
rs2031532 48978847 exon 2 G/A 65.5 0.45 0
rs2247119 48985142 intron 2 T/C 70.8 0.95 0.8
rs8000149 48988025 intron 3 T/C 63.8 0.40 0.3
rs2274276 48993953 intron 5 G/C 58.1 1.00 0.7
rs7332573 48996376 intron 8 G/T 91.9 0.72 1.2
rs3829366 49001411 3’ near gene T/A 52.9 0.75 1

DPP10 rs4490198 114880688 5’ near gene A/G 58.2 0.07 0.6
rs4849332 114891859 5’ near gene G/T 61.9 0.44 0.2
rs1367179 114894785 5’ near gene G/C 81.7 1.00 0.9

rs11123242 114897278 5’ near gene C/T 81.9 0.86 0.4
rs13014858 114909119 5’ near gene G/A 58.2 0.67 0.3
rs1430094 114912983 5’ near gene G/A 66.6 0.19 0.3
rs1430093 114920665 5’ near gene C/A 66.1 0.68 3.7
rs746710 114922262 5’ near gene G/C 51 0.96 0.1
rs1430090 114926871 5’ near gene T/G 69.6 0.12 1.9
rs6737251 114929904 5’ near gene C/T 69.2 0.81 0.4

rs11685217 114938917 5’ near gene C/T 80.4 0.006 3.8
rs1430097 114956909 5’ near gene C/A 65.7 0.95 0.9

rs10496465 114974292 5’ near gene A/G 85.1 1.00 0.6
SPINK5 rs3756688 147422971 5’ near gene T/C 63.1 0.57 1

rs2303063 147460219 exon 13 A/G 51.9 0.79 1.3
rs1422993 147484012 intron 27 G/T 74.9 0.23 0.1
rs2400478 147491058 exon 31 G/A 62.2 0.40 0.9

Supplementary Table 2. SNP summary
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Persistent Asthma Persistent Atopy Persistent BHR
Gene SNP OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value

ADAM33 rs6084432 1.27(0.99-1.64) 0.0643 1.13(0.96-1.33) 0.1402 1.03(0.79-1.34) 0.8500
ADAM33 rs512625 0.93(0.75-1.15) 0.4923 1.03(0.9-1.17) 0.6909 1(0.81-1.24) 0.9725
ADAM33 rs3918395 1.08(0.81-1.44) 0.6101 1.08(0.9-1.29) 0.4133 1.11(0.84-1.49) 0.4616
ADAM33 rs2787095 1.06(0.87-1.29) 0.5403 1.12(0.99-1.27) 0.0626 1.23(1.01-1.5) 0.0382
ADAM33 rs2853215 1.07(0.86-1.34) 0.5194 0.93(0.81-1.07) 0.3223 0.9(0.71-1.12) 0.3394
NPSR1 rs714588 1.04(0.86-1.27) 0.6709 0.87(0.77-0.99) 0.0285 0.9(0.74-1.11) 0.3245
NPSR1 rs1023555 1.05(0.83-1.32) 0.6919 1.03(0.89-1.19) 0.6828 1(0.79-1.26) 0.9874
NPSR1 rs898070 1.07(0.87-1.31) 0.5251 0.91(0.8-1.04) 0.1715 0.94(0.76-1.16) 0.5551
NPSR1 rs963218 1.03(0.85-1.25) 0.7463 0.89(0.79-1.01) 0.0748 0.94(0.77-1.15) 0.5635
NPSR1 rs1419835 1.07(0.84-1.35) 0.5948 0.91(0.78-1.06) 0.2476 0.94(0.74-1.19) 0.5842
NPSR1 rs765023 0.81(0.65-1) 0.0533 0.9(0.78-1.03) 0.1205 1.02(0.82-1.26) 0.8572
NPSR1 rs1345267 0.81(0.66-1) 0.0437 0.91(0.8-1.03) 0.1326 0.94(0.76-1.16) 0.5622
NPSR1 rs324381 0.81(0.64-1.01) 0.0636 0.88(0.77-1.02) 0.0887 1(0.79-1.26) 0.9963
NPSR1 hopo546333 0.74(0.49-1.13) 0.1552 0.8(0.62-1.04) 0.0958 0.66(0.42-1.03) 0.0557
NPSR1 rs184448 1.48(1.2-1.82) 0.0002 1.2(1.06-1.36) 0.0049 1.14(0.93-1.4) 0.2111
NPSR1 rs324396 1.21(0.97-1.51) 0.0868 1.25(1.09-1.43) 0.0010 1.16(0.94-1.45) 0.1721
NPSR1 rs324957 1.41(1.15-1.74) 0.0010 1.2(1.05-1.36) 0.0051 1.14(0.93-1.4) 0.1999
NPSR1 rs324960 0.74(0.6-0.93) 0.0076 0.85(0.74-0.97) 0.0140 0.93(0.75-1.16) 0.5270
NPSR1 rs10486657 0.83(0.64-1.07) 0.1480 0.92(0.79-1.09) 0.3502 0.98(0.76-1.27) 0.8822
NPSR1 rs324981 0.69(0.56-0.85) 0.0004 0.84(0.74-0.95) 0.0064 0.87(0.71-1.06) 0.1591
NPSR1 rs1419780 0.86(0.67-1.11) 0.2508 0.98(0.84-1.14) 0.7800 1(0.78-1.28) 0.9879
NPSR1 rs325462 0.76(0.62-0.93) 0.0085 0.88(0.78-0.99) 0.0367 0.86(0.71-1.05) 0.1356
NPSR1 rs727162 1.16(0.92-1.47) 0.2055 1(0.86-1.16) 0.9903 1.08(0.85-1.36) 0.5397
NPSR1 rs10250709 0.99(0.8-1.22) 0.9173 0.92(0.81-1.05) 0.2317 1.01(0.81-1.24) 0.9600
NPSR1 rs6958905 0.98(0.8-1.21) 0.8683 0.92(0.8-1.05) 0.1963 1.01(0.82-1.25) 0.8927
NPSR1 rs10238983 1.13(0.9-1.42) 0.3122 1.01(0.87-1.17) 0.9164 1.1(0.88-1.39) 0.3998
PHF11 rs4941643 1.06(0.87-1.29) 0.5892 0.95(0.84-1.08) 0.4497 1.02(0.84-1.24) 0.8488
PHF11 rs3794381 0.97(0.77-1.21) 0.7659 0.89(0.77-1.02) 0.1032 0.83(0.66-1.04) 0.1044
PHF11 rs2031532 1.07(0.87-1.31) 0.5444 0.91(0.8-1.04) 0.1721 0.94(0.76-1.15) 0.5402
PHF11 rs2247119 1(0.81-1.23) 0.9888 1.05(0.92-1.2) 0.4722 1.02(0.82-1.26) 0.8859
PHF11 rs8000149 1.07(0.87-1.31) 0.5395 0.91(0.8-1.03) 0.1393 0.95(0.77-1.16) 0.6026
PHF11 rs2274276 0.97(0.8-1.18) 0.7719 0.9(0.79-1.02) 0.0876 0.92(0.75-1.12) 0.3977
PHF11 rs7332573 1.11(0.78-1.56) 0.5674 1.05(0.84-1.32) 0.6522 1.36(0.97-1.9) 0.0781
PHF11 rs3829366 1(0.83-1.22) 0.9772 0.89(0.79-1) 0.0590 1.02(0.84-1.23) 0.8758
DPP10 rs4490198 1.04(0.86-1.27) 0.6841 1.04(0.92-1.18) 0.5245 0.97(0.8-1.19) 0.7903
DPP10 rs4849332 1.01(0.83-1.24) 0.8870 0.98(0.87-1.12) 0.7961 0.89(0.73-1.09) 0.2718
DPP10 rs1367179 1.13(0.88-1.45) 0.3309 0.9(0.77-1.07) 0.2298 1.1(0.86-1.41) 0.4345
DPP10 rs11123242 1.13(0.88-1.45) 0.3442 0.91(0.78-1.08) 0.2756 1.09(0.85-1.4) 0.5015
DPP10 rs13014858 1.06(0.87-1.28) 0.5822 1.05(0.93-1.19) 0.4301 0.98(0.81-1.2) 0.8732
DPP10 rs1430094 1.04(0.85-1.28) 0.7140 1.12(0.98-1.27) 0.0847 1.03(0.84-1.27) 0.7835
DPP10 rs1430093 1.03(0.84-1.27) 0.7640 1.12(0.98-1.28) 0.0916 1.04(0.84-1.29) 0.7176
DPP10 rs746710 1.01(0.83-1.23) 0.8970 1.07(0.95-1.22) 0.2542 0.96(0.79-1.18) 0.7195
DPP10 rs1430090 0.99(0.8-1.22) 0.9266 0.99(0.87-1.13) 0.9081 1.09(0.88-1.35) 0.4214
DPP10 rs6737251 1.01(0.82-1.24) 0.9558 1.06(0.93-1.2) 0.4108 0.86(0.69-1.07) 0.1614
DPP10 rs11685217 1.11(0.88-1.41) 0.3727 1.11(0.96-1.3) 0.1556 0.82(0.63-1.06) 0.1227
DPP10 rs1430097 0.99(0.81-1.22) 0.9403 1.06(0.93-1.2) 0.3986 0.83(0.67-1.02) 0.0769
DPP10 rs10496465 1.08(0.81-1.44) 0.5831 1.06(0.89-1.27) 0.5194 0.97(0.73-1.3) 0.8329
SPINK5 rs3756688 0.97(0.79-1.18) 0.7304 0.95(0.83-1.07) 0.3907 0.95(0.77-1.16) 0.5992
SPINK5 rs2303063 0.9(0.74-1.09) 0.2836 0.96(0.85-1.08) 0.4904 0.9(0.74-1.1) 0.3083
SPINK5 rs1422993 1.2(0.97-1.49) 0.1002 1.07(0.93-1.23) 0.3472 1.09(0.88-1.36) 0.4347
SPINK5 rs2400478 1.02(0.84-1.25) 0.8229 1.05(0.93-1.19) 0.4280 0.97(0.79-1.19) 0.7653

Supplementary Table 3. Odds ratio and p-value of the association of selected
SNPs with persistent asthma and atopy under additive genetic model. Model
adjusted by country, body mass index, age, sex and smoking status
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ALL Atopy:ALL Atopy:No
NSPR1 SNP Asthma OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value

rs184448 All - - 1.2(1.06-1.36) 0.0049 - -
Yes 1.48(1.2-1.82) 0.0002 1.54(1.19-1.99) 0.0009 1.09(0.72-1.66) 0.0002
No - - 1.15(1.01-1.31) 0.0364 Reference -

rs324396 All - - 1.25(1.09-1.43) 0.0010 - -
Yes 1.21(0.97-1.51) 0.0868 1.23(0.94-1.6) 0.1263 1.1(0.7-1.74) 0.0868
No - - 1.26(1.09-1.45) 0.0013 Reference -

rs324957 All - - 1.2(1.05-1.36) 0.0051 - -
Yes 1.41(1.15-1.74) 0.0010 1.5(1.16-1.92) 0.0017 1.09(0.71-1.66) 0.0010
No - - 1.15(1.01-1.31) 0.0358 Reference -

rs324960 All - - 0.85(0.74-0.97) 0.0140 - -
Yes 0.74(0.6-0.93) 0.0076 0.75(0.58-0.98) 0.0305 0.77(0.49-1.2) 0.0076
No - - 0.86(0.75-0.99) 0.0335 Reference -

rs324981 All - - 0.84(0.74-0.95) 0.0064 - -
Yes 0.69(0.56-0.85) 0.0004 0.67(0.53-0.87) 0.0018 0.75(0.5-1.14) 0.0004
No - - 0.88(0.77-1) 0.0489 Reference -

rs325462 All - - 0.88(0.78-0.99) 0.0367 - -
Yes 0.76(0.62-0.93) 0.0085 0.72(0.56-0.92) 0.0076 0.9(0.6-1.34) 0.0085
No - - 0.91(0.8-1.04) 0.1678 Reference -

Supplementary Table 4. Odds ratios and p-values for highly statistically
significant (p-value ≤0.001) NPSR1 polymorphisms for asthma or atopy,
stratified by atopic and asthmatic status. Model adjusted by country, body
mass index, age, sex and smoking status

Supplementary Figure 2. Linkage disequilibrium pattern in NPSR1 gene
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Asthma either in baseline or follow-up Atopy either in baseline or follow-up Persistent physician diagnosed asthma
Gene SNP OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value

NPSR1 rs714588 0.95(0.82-1.11) 0.5130 0.89(0.8-0.98) 0.0364 0.89(0.75-1.04) 0.1468
NPSR1 rs1023555 1.02(0.86-1.22) 0.7876 1.04(0.92-1.17) 0.2586 0.97(0.8-1.17) 0.7645
NPSR1 rs898070 0.97(0.83-1.13) 0.7091 0.92(0.83-1.03) 0.2356 0.85(0.72-1) 0.0539
NPSR1 rs963218 0.93(0.8-1.08) 0.312 0.91(0.83-1.01) 0.1041 0.84(0.71-0.98) 0.0296
NPSR1 rs1419835 0.92(0.76-1.1) 0.3627 0.94(0.83-1.06) 0.3108 0.99(0.81-1.2) 0.8964
NPSR1 rs765023 0.88(0.75-1.04) 0.1296 0.92(0.82-1.02) 0.1102 0.85(0.71-1.02) 0.0835
NPSR1 rs1345267 0.89(0.76-1.04) 0.1317 0.9(0.81-1) 0.0537 0.91(0.77-1.08) 0.2909
NPSR1 rs324381 0.85(0.72-1.01) 0.0676 0.93(0.83-1.05) 0.1423 0.86(0.72-1.04) 0.1153
NPSR1 hopo546333 0.9(0.66-1.22) 0.4881 0.93(0.76-1.14) 0.2067 0.78(0.56-1.1) 0.1553
NPSR1 rs184448 1.25(1.07-1.46) 0.0052 1.16(1.05-1.29) 0.0023 1.28(1.08-1.51) 0.0039
NPSR1 rs324396 1.22(1.03-1.44) 0.0200 1.17(1.04-1.3) 0.0013 1.27(1.07-1.51) 0.0075
NPSR1 rs324957 1.22(1.05-1.43) 0.0108 1.16(1.05-1.29) 0.0020 1.22(1.04-1.44) 0.0176
NPSR1 rs324960 0.86(0.73-1.01) 0.0641 0.89(0.79-0.99) 0.0223 0.77(0.64-0.91) 0.0029
NPSR1 rs10486657 0.82(0.67-1) 0.0537 0.94(0.83-1.08) 0.2933 0.95(0.77-1.17) 0.6307
NPSR1 rs324981 0.8(0.68-0.93) 0.0040 0.89(0.8-0.98) 0.0074 0.8(0.68-0.94) 0.0067
NPSR1 rs1419780 0.87(0.72-1.06) 0.1706 0.97(0.85-1.1) 0.6169 0.98(0.8-1.19) 0.8096
NPSR1 rs325462 0.88(0.76-1.02) 0.0967 0.91(0.82-1) 0.0247 0.9(0.76-1.05) 0.1777
NPSR1 rs727162 1.08(0.9-1.3) 0.3855 1.07(0.95-1.21) 0.2104 1.14(0.94-1.38) 0.1819
NPSR1 rs10250709 1.06(0.9-1.24) 0.5005 0.97(0.87-1.08) 0.2125 1(0.84-1.2) 0.9701
NPSR1 rs6958905 1.05(0.9-1.24) 0.5124 0.97(0.87-1.08) 0.1468 0.99(0.83-1.17) 0.8678
NPSR1 rs10238983 1.15(0.97-1.37) 0.1132 1.01(0.89-1.14) 0.8015 1.12(0.93-1.36) 0.2312

Supplementary Table 5. Odds ratio and p-value of the association of selected
SNPs with asthma and atopy either in baseline or follow-up evaluations and
physician diagnosed asthma. Logistic regression performed under additive
genetic model. Model adjusted by country, body mass index, age, sex and
smoking status
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Supplementary Figure 3. P values for interaction from the multinomial
logistic regression for each cut-off of age at onset for the 6 significant SNPs
from NPSR1 . Dotted line indicates the nominal p-value (0.05). Model
adjusted by country, BMI, age, sex and smoking status
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Early onset Late onset OR(95%CI) OR(95%CI)
Gene SNP All(n=320) (n=141) (n=146) P interaction young adult

ADAM33 rs6084432 0.0643 0.0358 0.3893 0.1179 1.46(1.03-2.08) 1.16(0.83-1.63)
ADAM33 rs512625 0.4923 0.1029 0.7146 0.1476 0.77(0.57-1.05) 1.05(0.8-1.39)
ADAM33 rs3918395 0.6101 0.7425 0.5638 0.4820 1.07(0.71-1.62) 1.12(0.77-1.63)
ADAM33 rs2787095 0.5403 0.6163 0.3478 0.7577 1.07(0.81-1.42) 1.13(0.87-1.47)
ADAM33 rs2853215 0.5194 0.2613 0.7181 0.5959 1.19(0.88-1.63) 1.06(0.79-1.41)
NPSR1 rs714588 0.6709 0.9704 0.4011 0.3358 1.01(0.76-1.33) 1.12(0.86-1.45)
NPSR1 rs1023555 0.6919 0.6322 0.2803 0.0738 0.92(0.65-1.3) 1.18(0.88-1.59)
NPSR1 rs898070 0.5251 0.5850 0.5193 0.9548 1.08(0.81-1.45) 1.09(0.84-1.43)
NPSR1 rs963218 0.7463 0.8617 0.4615 0.2642 0.98(0.74-1.29) 1.1(0.85-1.42)
NPSR1 rs1419835 0.5948 0.6106 0.4764 0.2294 0.91(0.64-1.3) 1.12(0.82-1.52)
NPSR1 rs765023 0.0533 0.0908 0.2495 0.6819 0.77(0.56-1.04) 0.84(0.63-1.13)
NPSR1 rs1345267 0.0437 0.2163 0.0655 0.5927 0.83(0.62-1.12) 0.77(0.58-1.02)
NPSR1 rs324381 0.0636 0.0167 0.8274 0.0465 0.66(0.47-0.93) 0.97(0.72-1.3)
NPSR1 hopo546333 0.1552 0.5170 0.0570 0.5711 0.83(0.47-1.46) 0.54(0.29-1.02)
NPSR1 rs184448 0.0002 0.0005 0.0281 0.1604 1.71(1.26-2.32) 1.36(1.03-1.78)
NPSR1 rs324396 0.0868 0.1340 0.3644 0.4345 1.27(0.93-1.74) 1.14(0.86-1.53)
NPSR1 rs324957 0.0010 0.0003 0.0850 0.0674 1.75(1.29-2.35) 1.27(0.97-1.67)
NPSR1 rs324960 0.0076 0.0067 0.1070 0.1431 0.64(0.46-0.88) 0.79(0.59-1.05)
NPSR1 rs10486657 0.1480 0.1300 0.7217 0.4827 0.75(0.51-1.09) 0.94(0.67-1.31)
NPSR1 rs324981 0.0004 0.0001 0.1331 0.0134 0.54(0.4-0.74) 0.81(0.62-1.06)
NPSR1 rs1419780 0.2508 0.2027 0.8431 0.5454 0.79(0.55-1.14) 0.97(0.7-1.34)
NPSR1 rs325462 0.0085 0.0007 0.2786 0.0243 0.6(0.44-0.81) 0.86(0.66-1.13)
NPSR1 rs727162 0.2055 0.4983 0.1303 0.8080 1.12(0.8-1.57) 1.26(0.93-1.71)
NPSR1 rs10250709 0.9173 0.1339 0.4532 0.1696 1.26(0.93-1.7) 0.9(0.67-1.19)
NPSR1 rs6958905 0.8683 0.1869 0.5290 0.2685 1.22(0.91-1.65) 0.91(0.69-1.21)
NPSR1 rs10238983 0.3122 0.1088 0.5028 0.3845 1.3(0.94-1.79) 1.11(0.82-1.51)
PHF11 rs4941643 0.5892 0.8979 0.5509 0.6020 1.02(0.77-1.35) 1.08(0.83-1.41)
PHF11 rs3794381 0.7659 0.8669 0.6443 0.8222 1.03(0.75-1.42) 0.93(0.69-1.26)
PHF11 rs2031532 0.5444 0.7365 0.6974 0.8267 1.05(0.78-1.42) 1.06(0.8-1.39)
PHF11 rs2247119 0.9888 0.9336 0.2890 0.3679 0.99(0.73-1.34) 0.85(0.64-1.14)
PHF11 rs8000149 0.5395 0.7714 0.6694 0.7938 1.04(0.78-1.4) 1.06(0.81-1.39)
PHF11 rs2274276 0.7719 0.9597 0.7194 0.9283 0.99(0.75-1.32) 0.95(0.73-1.24)
PHF11 rs7332573 0.5674 0.3589 0.5496 0.7510 1.25(0.78-2.01) 1.15(0.73-1.81)
PHF11 rs3829366 0.9772 0.9729 0.9163 0.7635 1(0.76-1.33) 1.01(0.78-1.31)
DPP10 rs4490198 0.6841 0.5135 0.5782 0.7004 1.1(0.83-1.45) 1.08(0.83-1.4)
DPP10 rs4849332 0.8870 0.9558 0.7912 0.9576 1.01(0.76-1.34) 1.04(0.79-1.35)
DPP10 rs1367179 0.3309 0.3149 0.7387 0.4404 1.2(0.84-1.7) 1.06(0.76-1.47)
DPP10 rs11123242 0.3442 0.2838 0.8479 0.3203 1.21(0.85-1.73) 1.03(0.74-1.45)
DPP10 rs13014858 0.5822 0.8610 0.2389 0.2990 0.98(0.74-1.29) 1.17(0.9-1.51)
DPP10 rs1430094 0.7140 0.5733 0.5544 0.8858 1.09(0.81-1.45) 1.09(0.83-1.42)
DPP10 rs1430093 0.7640 0.6349 0.5989 0.8794 1.07(0.8-1.44) 1.08(0.82-1.42)
DPP10 rs746710 0.8970 0.5098 0.7932 0.8234 1.1(0.83-1.45) 1.04(0.8-1.34)
DPP10 rs1430090 0.9266 0.1833 0.2678 0.0414 0.81(0.59-1.11) 1.17(0.89-1.54)
DPP10 rs6737251 0.9558 0.9323 0.7942 0.8518 1.01(0.75-1.37) 1.04(0.79-1.37)
DPP10 rs11685217 0.3727 0.6712 0.2603 0.7845 1.08(0.76-1.52) 1.19(0.88-1.62)
DPP10 rs1430097 0.9403 0.9734 0.9915 0.6705 1.01(0.75-1.35) 1(0.76-1.32)
DPP10 rs10496465 0.5831 0.4742 0.0934 0.0283 0.85(0.55-1.32) 1.36(0.95-1.94)
SPINK5 rs3756688 0.7304 0.7354 0.3126 0.2801 1.05(0.79-1.4) 0.87(0.67-1.14)
SPINK5 rs2303063 0.2836 0.5458 0.1315 0.5833 0.92(0.69-1.21) 0.82(0.63-1.06)
SPINK5 rs1422993 0.1002 0.0716 0.6142 0.2360 1.33(0.98-1.81) 1.08(0.81-1.44)
SPINK5 rs2400478 0.8229 0.4386 0.3703 0.2066 1.12(0.84-1.48) 0.89(0.68-1.16)

Supplementary Table 6. Multinomial analysis of age at onset asthma and
selected SNPs under the additive genetic model. Model adjusted by country,
body mass index, age, sex and smoking status
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Abstract

Background. Asthma and atopy are complex phenotypes with shared
genetic component. In this study we attempt to identify genes related to
these traits performing a two-stage DNA pooling genome-wide analysis.
First, we assessed all markers in a subset of subjects using DNA pooling, and
in a second stage we evaluated the most promising markers at an individual
level.

Results. Homo sapiens protein kinase-like protein SgK493 (SGK493),
mitogen-activated protein kinase kinase kinase 5 (MAP3K5), collagen type
XVIII alpha 1 (COL18A1) and collagen type XXIX alpha 1 (COL29A1) were
found to be associated with atopy. Functional evidences points out a role for
MAP3K5, COL18A1 and COL29A1 but the function of SGK493 is unknown.

Conclusions. In this analysis we have identified new candidate regions
related to atopy and suggest SGK493 as an atopy locus, although these
results need further replication.
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Background

Asthma and atopy are complex phenotypes with environmental and genetic
determinants. Several chromosomal regions and candidate genes have
been implicated in asthma or atopy susceptibility (Ober and Hoffjan, 2006;
Denham et al., 2008). Genome wide association (GWA) studies have been
successful in the identification of loci contributing to complex diseases,
included asthma (Wilk et al., 2007; Moffatt et al., 2007; Weidinger et al., 2008).
However a limitation of GWA studies is the high economic cost required. A
cost-effective alternative is the use of pooled DNA followed by individual
genotyping (Pearson et al., 2007; Steer et al., 2007; Zhao and Wang, 2009).
In this study, we performed a pooling-based GWA for asthma and atopy,
with further validation of most promising regions in the individual pooled
samples as well as in a second set of cases and controls.

Methods

Pooling GWA

In the first stage we conducted a GWA analysis using a DNA-pooling
approach. Genotyping was performed using the Illumina HumanHap 300
Whole-Genome Genotyping BeadChip. The genome-wide analysis was
conducted in three different sets of pooled samples: (1) subjects with
atopy and asthma; (2) subjects with atopy and without asthma, and (3)
control subjects with neither asthma nor atopy (Table 1). Samples for
this analysis were randomly selected from United Kingdom, Spain and
Germany cohorts of the European Community Respiratory Health Survey
(ECRHS) study (Burney et al., 1994). Atopy was defined as sensitization
(IgE levels ≥0.35 kU/L) to specific allergens (D. Pteronyssinus, cat, timothy
grass or C. herbarum). Asthma was defined as the presence of attacks of
asthma in the last 12 months or taking currently medication for asthma. All
asthmatics subjects had also atopy. For pool construction, DNA samples
were diluted and measured twice by double stranded DNA quantification
using PicoGreen dsDNA reagent Kit (Invitrogen), and then normalized
at 50 ng/µl. After visual inspection in 0.7% agarose gels, selected DNA
samples were pooled in three independent pools of 75 individuals each
one. We have controlled the quality of the Illumina genotyping process
including a sample from HapMap (GM12873) with known genotype for
the panel of 300K markers. We verified the concordance of genotypes
with the HapMap database (concordance = 99.91%) and inconsistent single
nucleotide polymorphisms (SNPs) were excluded from the analysis (n =
296, 0.09%). A pool of HapMap (n = 57) subjects were also performed
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and genotyped to validate the allele frequency estimation. SNPs with a
poor performance in the estimation of allele frequency were excluded from
the analysis (n= 3,271, 1.03%) using a threshold of ≥12% of difference, as
shown in previous reports (Craig et al., 2005; Steer et al., 2007). Finally, three
replicates of each pool of ECRHS subjects were constructed to account for
sampling errors in the analysis.

Allele frequencies for each SNP were estimated from pooled samples
correcting by the ratio of intensity of both alleles (Visscher and Hellard,
2003). Allele frequencies in each pool were compared using the 1 df chi-
square T statistic for testing differences between two proportions accounting
for experimental and sampling errors (Visscher and Hellard, 2003). Multiple
testing was controlled using a false discovery rate (FDR) at 5% (Benjamini
et al., 2001). Allele frequency estimation was validated using a pool of 57
samples from HapMap whose individual genotypes for 300K Illumina panel
were previously known. Predicted and real allele frequencies showed a
strong correlation (Pearson correlation coefficient, r = 0.99).

Individual genotyping in ECHRS

In a second stage, replication was performed by individual genotyping of
subjects included in the pools (n = 225) and in an additional set of 429 atopic
subjects (46% with asthma) and 222 controls subjects randomly selected
from the ECRHS study. Only promising SNPs that were still significant
after correction by multiple testing were followed up. Target regions were
delimited by non significant SNPs (p≥0.05) upstream and downstream from
the SNP significant associated after multiple testing corrections in the first
stage (Supplementary Table 1). Complex regions with genomic structural
variants were discarded for this study (chr 1 and chr 5) (Kidd et al., 2008).
For the saturation we used a tag SNP approach forcing the inclusion of the
polymorphisms detected in the first stage, or their perfect tags (r2 ≥0.8).
From the HapMap project data set, we utilized genotypes from the public
release 21a (phase II; NCBI35, dbSNPb125) corresponding to 90 individuals
from the CEPH 30 trios of European descent. The selection of tag SNPs
was performed using the pair-tagging strategy implemented in Haploview
software (v.4.0) with a MAF ≥ 0.05 and an r2 ≥0.8 (Barrett et al., 2005). In
addition to HapMap SNPs, four other polymorphisms previously described
to be associated with atopic dermatitis and situated in one of the targeted
regions (COL29A1) were included (Soderhall et al., 2007). The 53 SNPs
selected were genotyped in individual samples using SNPlex technology
(Applied Biosystems).

Genotyping quality was controlled by including negative controls and
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internal positive controls consisting in 4 replicates of 2 HapMap reference
samples. Both, genotype concordances with the HapMap database and
among replicates, were verified. Genotype data caring was done using
SNP analysis to results software SNPator (http://www.snpator.com/).
Forty-five out of 225 pooled samples and 145 out of 651 replication samples
were dropped from the individual analysis due to low volume of DNA
available or low concentration (Table 1). Seven out of 53 genotyped SNPs
were excluded from the analysis since deviation from Hardy-Weinberg
equilibrium (HWE) (in controls p ≤0.05) or showed a genotyping rate under
80%. The final replication set included 46 SNPs with an overall genotyping
rate of 97% in 686 samples (Table 1). Genotyping assays were performed
at the Barcelona Node of the ”Centro Nacional de Genotipado” (CeGen) in
Spain.

The statistical analysis for data derived from individual genotyping was
performed assuming an additive genetic model and using logistic regression
using R statistical software package (R Development Core Team, 2007).
Models were adjusted for age, sex and smoking status. Country of
origin was considered in final the regression models in order to discard
confounding by population stratification (Heath et al., 2008). Linkage
disequilibrium (LD) blocks were estimated according to Gabriel et al. (2002)
method implemented in Haploview.

SGK493 tissue expression

A human RNA tissue panel (Stratagene) including brain, heart, kidney, liver,
lung, placenta, skeletal muscle, spleen, testis, ovary and thymus was used
to evaluate the expression of SGK493 . One µg of RNA was converted to
cDNA using the SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen). SGK493 and the GAPDH genes were amplified in independent
PCRs. The expected fragment sizes according to hg18 are 189 bp and 415
bp, respectively. The PCR was performed on a final volume of 25 µl using
0.5 U of BioTherm DNA polymerase (GeneCraft), 2 mM of Mg, 50 µM of
each dNTP, 0.12 µM of each primer and 1 µl or 0.5 ul of cDNA (SGK493
and GAPDH, respectively). Finally 10 µl of the SGK493 PCR and 5 µl of the
GAPDH PCR were resolved on a 2% agarose gel.

Results

Pooling GWA

A genome wide analysis was performed with three pools of DNA from
atopic, atopic asthmatics and control individuals. Population characteristics

http://www.snpator.com/
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are shown in Table 1. Significant results after correction for 5% FDR in
the GWA of pooled DNA are shown in Table 2 (Supplementary Table 1 for
the genome-wide surrounding SNPs). Seven SNPs were associated with
atopy and one with atopic asthma. From these results, five regions were
selected for individual genotyping at a second stage. Three of these regions
contained genes putatively related to asthma or atopy: collagen type XXIX
alpha 1 (COL29A1, also known as COL6A5, a new member of the collagen
family (Gara et al., 2008)), mitogen-activated protein kinase kinase kinase
5 (MAP3K5, also known as apoptosis signal-regulating kinase 1 (ASK1)),
collagen type XVIII alpha 1 (COL18A1) and solute carrier family 19 member
1 (SLC19A1). The other two regions contained genes for which no obvious
functionality could be inferred: Homo sapiens protein kinase-like protein
SgK493 (SGK493) and a predicted gene in chromosome 8 (NT 007995.50)
which presented two consecutive SNPs associated with atopy in the pooled
analysis. Additional SNPs surrounding these six markers were genotyped
at an individual level (Supplementary Table 2, for the results of the 53 SNPs
genotyped at an individual level).

Pooling Samples Replication samples
Atopic asthma

Control Atopy Atopic asthma Control Atopy subsample

Subjects, n 75 75 75 222 429 198
Subjects excluded*, n (%) 14 (19) 17 (23) 14 (19) 47 (21) 98 (23) 48 (24)
Age, mean (sd) 35.87 (6.79) 32.21 (7.78) 32.07 (6.95) 35.36 (7.16) 33.32 (7.15) 33.19 (7.14)
Gender
Males, n (%) 37 (49) 38 (51) 37 (49) 106 (48) 205 (48) 84 (42)
Females, n (%) 38 (51) 37 (49) 38 (51) 116 (52) 224 (52) 114 (58)
Smoking
Current, n (%) 19 (25) 23 (31) 28 (38) 56 (25) 100 (23) 37 (19)
Ex, n (%) 20 (27) 18 (24) 16 (22) 58 (26) 96 (22) 47 (24)
Never, n (%) 36 (48) 34 (45) 30 (41) 107 (48) 232 (54) 114 (58)

Table 1. Population characteristics of asthma and atopy analyzed samples. *
Subjects excluded at the individual genotyping (stage 2)

SNP Chromosome Position Comparison p value fAco-fAca Region Saturation

rs2501618 1 178225432 Atopy vs. controls 1.26x10−7 0.26 CEP350 No
rs4952590 2 42130425 Atopy vs. controls 4.63 x10−7 0.19 SGK493 (LOC91461) Yes
rs7629719 3 131642624 Atopy-Asthma vs. controls 1.11 x10−7 0.21 COL29A1 (COL6A5) Yes
rs9292961 5 20975886 Atopy vs. controls 5.38 x10−7 0.3 Segmental Duplications No
rs9376221 6 137034072 Atopy vs. controls 3.94 x10−7 0.25 MAP3K5 (ASK1) Yes
rs7843085 8 33235086 Atopy vs. controls 3.93 x10−7 0.26 NT 007995.50 Yes
rs13273924 8 33246541 Atopy vs. controls 7.56 x10−7 0.26 NT 007995.50 Yes
rs2330183 21 45777720 Atopy vs. controls 1.59 x10−7 0.28 SLC19A1 Yes

Table 2. SNPs associated with asthma or atopy with a FDR of 5% in the
pooling-based GWA. fAco (allele frequency in controls); fAca (allele fre-
quency in cases); CEP350: centrosomal protein 350kDa; ASK1: apoptosis
signal-regulating kinase 1; SLC19A1: solute carrier family 19 (folate trans-
porter), member 1
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Individual genotyping

A summary of the positive results on individual samples for atopy is shown
in Table 3. SNPs found to be significant for atopy at individual level in both
pooling samples and replication set were located in SGK493 and MAP3K5
genes. Variants in COL18A1 and COL29A1 were not consistently replicated
in both samples, although a variant in the COL18A1 (at 5’ of the SLC19A1
region) was significant in pooling samples (p=0.005) and border significant
in the replication (p=0.06). For variants listed in Table 3, the combined
analysis of samples from pooling and the additional case control set, led to
lower p values, indicating that genetic effects are in the same direction in
both sets (Skol et al., 2006).

ECHRS Atopy vs. controls
SNP Gene MAF Chromosome Position (build36) Pooling Replication Combined

rs11124858* SGK493 0.367 2 42113828 0.0021 0.0318 0.0007†
rs13409978* SGK493 0.122 2 42119206 0.0007† 0.0124 0.0001†
rs4952590** SGK493 0.141 2 42130425 0.0001† 0.0008† 1.9x10−6†
rs1440095 SGK493 0.379 2 42143170 0.0098 0.1078 0.0105
rs10934938 COL29A1 0.23 3 131596325 0.1158 0.0291 0.0056
rs9402839* MAP3K5 0.138 6 137036903 0.0355 0.0524 0.0099
rs9494554** MAP3K5 0.095 6 137038675 0.0306 0.0035 0.0005†
rs12483377* COL18A1 0.108 21 45755537 0.0046 0.0607 0.0030

Table 3. Summary of the SNPs significantly associated with atopy at an
individual level.* SNPs found associated in the pooling-based GWA or their
perfect tags (r2 ≥0.8) used as substitutes in the genotyping design. ** SNPs
that remained significant after a 5% FDR in the pooling-based GWA. †P-
values that remain significant after Bonferroni correction (46 SNPs, p ≤0.001)

The region in chromosome 2 containing the SGK493 gene showed the SNPs
with the most significant p values in the association with atopy, and similar
results were observed for the subset of atopic individuals with asthma
(Supplementary Table 2). The variant rs4952590 remain significant even
after Bonferroni correction (46 SNPs, p ≤0.001) in the both pooling and
replication samples. In addition, variant rs13409978 in the pooling sample
and three SNPs (rs11124858, rs13409978, rs4952590) remained significant
in the combined analysis after Bonferroni correction. Figure 1 shows the
representation of the linkage disequilibrium (LD) pattern for the 6 SNPs of
SGK493 genotyped for all individuals of the sample (n=699). Two block
of disequilibrium were defined according to Gabriel et al. (2002) method
implemented in Haploview, Complete LD pattern of the region derived from
HapMap data is summarized in the Supplementary Figure 1. Haplotype
analysis using the six SNPs (Table 4) confirms the results obtained in the
single marker analysis. The only haplotype containing C allele of rs13409978
and T allele of rs4952590 is the only significantly associated with atopy
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Figure 1. Linkage disequilibrium pattern and haplotype blocks of SNPs in
the SGK493 gene using genotyping data in this study. Colors correspond
to D’ and numbers in each cell to r2 parameter. Blocks were defined with
method described by Gabriel et al. (2002). In red is marked the coding region
of the SGK493 gene (lines are introns and boxes exons) and blue boxes show
the untranslated (UTR) regions of the gene. * SNPs found associated in the
individual pooled samples and replication sample (Table 3)

(p=0.00005). These SNPs are in high LD (D’= 0.97and r2= 0.88). The
expression pattern of SGK493 presented in Figure 2 shows that SGK493 is
ubiquitously expressed in all the human tissues analyzed.

rs11124858 rs13409978 rs17029121 rs4952590 rs2424 rs1440095 Frequency p-value

A A A C A T 0.36 reference
- - G - - - 0.22 0.128
G - - - T C 0.17 0.506
G C - T - C 0.12 0.00005

Table 4. Haplotype analysis and multiple regression for SGK493 gene
variants. - Same allele to reference haplotype (most frequent)

The intronic SNP rs9494554, located within MAP3K5, was associated with
atopy in the pooling and replication samples, and remained significant in
the combined analysis after Bonferroni correction. A similar association for
rs9494554 was observed in the subsample of atopic asthmatic individuals
(Supplementary Table 2). Other SNP in MAP3K5 (rs9402839) was nominally
significant for atopy in pooling sample and border significant in the
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replication step.

Figure 2. SGK493 expression in a panel of human tissues. Primers are
situated in exon 3 and 4 according to the RefSeq Genes. All the human
tissues tested express SGK493 . The amplification of GAPDH has been used
as a control of the cDNA quality. In spleen and testis a second fragment of
approximately 800 bp is observed. This fragment, based on its size, could be
the amplification of SGK493 from genomic DNA.

Discussion

We performed a two-stage DNA pooling-based GWA for asthma and atopy,
evaluating a genome-wide panel of markers in a subset of subjects using
a DNA pooling strategy, and in a second stage we evaluated the most
promising markers at an individual level in the individual pooled samples
as well as in a second set of cases and controls. We identified SGK493 as a
new potential gene associated to atopy. MAP3K5, COL18A1 and COL29A1
genes were found to lesser extent associated with atopy.

The most significant results were observed for SGK493 gene, in chromosome
2, with similar results for atopy and for atopic asthma, probably due
to sharing predisposing factors (Ober and Hoffjan, 2006). Significant
polymorphisms were located in two different linkage disequilibrium blocks.
The first block includes the putative promoter region of SGK493 (5’
upstream) and the second block covers part of the gene and the 3’
untranslated region (UTR) and 3’downstream region (Figure 1). Haplotype
based analysis confirmed results obtained in single marker analysis. We
could not elucidate which is the functionality of these SNPs and a fine
mapping of the region within a more powered sample would be required.
We cannot exclude that the functional variant could be tagged by these
SNPs and located in another close gene. SGK493 gene was identified
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during the creation of a catalogue of human protein kinases (Manning
et al., 2002), but its particular function is unknown. SGK493 could be
involved in pathological states as protein kinases mediate most of the
signal transduction in eukaryotic cells (Cohen, 2002). We reported that
SGK493 gene is ubiquitously expressed in human tissues, however a higher
expression on lung and uterus was previously identified by microarray
experiment from 73 human tissues (http://biogps.gnf.org/) (Su et al.,
2004). Recently, the knock out of Sgk493 (also known as Pkdcc) in mouse has
been described presenting extreme phenotypes that are not a priori related
with atopy or asthma. The knock out mice showed abnormal respiration and
died within a day possibly due to cleft palate (Imuta et al., 2009).

Another kinase MAP3K5 was also related to atopy as well as atopic asthma in
this study. MAP3K5 encodes for a member of the mitogen-activated protein
kinase family that regulates the activation of the transcription factor activator
protein-1 (AP1) in leukotriene D (4) (LTD(4)) stimulated airway smooth
muscle cells and in nitric oxygen (NO) stimulated bronchial epithelial cells
(Jibiki et al., 2003; Kumasawa et al., 2005). AP1 play a role in the production
of airway inflammation (Jibiki et al., 2003).

Polymorphisms in COL18A1 and COL29A1 were not consistently replicated.
The COL18A1 polymorphism shown to be significantly associated with
atopy in the pooling sample is located at the 3’ coding region of the gene.
COL18A1 encodes a protein expressed in epithelial and endothelial basement
membranes, involved in regulation of angiogenesis and endothelial cell
proliferation (Asai et al., 2002; Suzaki et al., 2005; Marneros and Olsen,
2005). The COL29A1 polymorphism was previously found to be associated
with atopic dermatitis (Soderhall et al., 2007). Finally, a region situated in
chromosome 8, which contains a predicted gene (NT 007995.50), was also
analyzed in detail. Nominally associations were observed in the pooling
sample for atopy, but they were not replicated.

Signals described in previous GWA for atopy, asthma and related pheno-
types have not been detected in this study (Wilk et al., 2007; Moffatt et al.,
2007; Weidinger et al., 2008). The lack of replication of the GWA results can
be caused by differences in the definition used to classify affected individ-
uals, genetic coverage of the genome and the p value threshold (Ioannidis
et al., 2007). In particular, the region detected by Moffatt et al. (2007) on
chromosome 17 has been associated with childhood onset asthma, while in
this study the asthmatic individuals were selected independently of their
asthma onset. We have not detected the FCER1A region identified by Wei-
dinger et al. (2008) for atopy, although a different genotyping platform was
used.

Despite significant replication values of most promising SNPs found in the

http://biogps.gnf.org/
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GWA in pooled DNA, we acknowledge some limitations as the lack of
replication for some of the loci identified in the pooling based analysis. Non-
replication of the initial findings is a common feature of the initial findings
in GWA studies (Ioannidis et al., 2007), mainly due to heterogeneity in the
etiology of the disease and biases. In addition, the impossibility of detection
and adjustment by potential confounders in the analysis of DNA pooling
could produce the inconsistencies observed.

Another of the main limitation is the sample size for pool construction
and replication. Regarding DNA pooling, the method for measure allele
frequency differences corrects by the number of subjects included in each
pool (Visscher and Hellard, 2003). After this correction we obtained some
signals at very low p-values, which reinforce the strength of these results.
Given limited sample, our study was able to detect variants with larger
effects in this population and probably other variants with smaller effects
would not be detected. False positives are controlled in the replication phase
by individual analysis. Other pooling strategies such as use of different
sub-samples of pools would allow capture more biological variation. We
acknowledge that with having larger pools we may be losing positive signals
but we consider this as a less crucial issue for this analysis. Power calculation
shows that replication sample was powered to detect reported associations
given the parameters observed in the analysis of individual pooling data (see
Supplementary Table 3). For this reason, some of the results were replicated
and significance for a SNP in SGK493 reaches Bonferroni level. Although
this type of correction by multiple testing is over-conservative and induces
false negatives, it is a good indicator of the significance level. In addition to
the significance level, some of the results were replicated in the additional
sample and replication is considered essential to establish the validity of
associations (Chanock et al., 2007).

Finally, another limitation is the small number of regions analyzed in
detail in the individual analysis. We discarded complex regions with
segmental duplications and putative insertions or deletions (Kidd et al.,
2008) because their complexity could a priori result in reducing power
to detect associations due to non-classical inheritance patterns of markers
located on them. In contrast, disease definition is a positive feature of this
study since it is highly homogeneous among patients derived from different
ECHRS centre, and this is a keystone for valid inferences in association
studies.
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Conclusion

In summary, we identified a region related to atopy on chromosome 2p21
that contains SGK493 gene. A non-synonymous SNP in COL18A1, intronic
variants in MAP3K5 and a polymorphism in COL29A1, previously related
to atopic dermatitis, were also associated with atopy, but not consistently
replicated. Follow-up analysis in larger sample sets, as well fine mapping
will be needed to validate these susceptibility loci.
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5.6.1 Supplementary material

Comparison Chromosome Size Saturation SNP Position (build 36) p value Region

Atopy vs.
controls

1 113 kb No rs627897 178153748 0.5775 TOR1AIP1

rs507603 178163693 0.0218
rs2777910 178167601 0.0070
rs561233 178173523 0.0173

rs2501621 178211524 7.5x10−5 CEP350
rs2501618† 178225432 1.3x10−7 CEP350
rs2477106 178231760 5.3x10−5 CEP350
rs4076449 178263641 0.0119 CEP350
rs12125245 178267165 0.1956 CEP350

2 32 kb Yes rs10184755 42112452 0.4742
rs11124858 42113828 0.0137
rs729559 42126488 1.1 x10−5

rs4952590† 42130425 4.6 x10−7 SGK493 (LOC91461)
rs1440099 42144541 0.1391

5 126 kb No rs7443674 20868696 0.3347 Segmental Dups
rs10079831 20914020 0.0085 Segmental Dups
rs9292961† 20975886 5.3 x10−7 Segmental Dups
rs3913348 20983113 0.0377
rs1979833 20989186 0.0156
rs12186507 20994575 0.4109

6 39 kb Yes rs1011969 137020933 0.0562 MAP3K5 (ASK1)
rs3765259 137031976 0.0119 MAP3K5 (ASK1)
rs9376221† 137034072 3.9 x10−7 MAP3K5 (ASK1)
rs9402839 137036903 0.0234 MAP3K5 (ASK1)
rs1009709 137059442 0.1737 MAP3K5 (ASK1)

8 199 kb Yes rs12549251 33124129 0.1638 NT 007995.49
rs6991314 33168920 0.0248 NT 007995.50
rs7845697 33230933 0.00145 NT 007995.50
rs7843085† 33235086 3.93 x10−7 NT 007995.50
rs13273924† 33246541 7.5 x10−7 NT 007995.50
rs6468154 33264445 0.0029 NT 007995.50
rs10954906 33298381 0.03334
rs1996363 33323268 0.61445 NT 007995.51

21 38 kb Yes rs7278425 45750979 0.0580 COL18A1
rs12483377 45755537 0.0418 COL18A1

rs7499 45756756 0.0170 COL18A1
rs3788190 45761386 0.0126 SLC19A1
rs2838956 45769452 0.0002 SLC19A1
rs2330183† 45777720 1.59 x10−7 SLC19A1
rs1051266 45782222 0.0029 SLC19A1
rs3788205 45788806 0.1125

Asthma vs.
controls

3 42 kb Yes rs9875499 131631200 0.2845 COL29A1 (COL6A5)

rs7629719† 131642624 1.2 x10−7 COL29A1 (COL6A5)
rs9883988 131645085 0.0206 COL29A1 (COL6A5)
rs819085 131657024 0.0005 COL29A1 (COL6A5)
rs322117 131673320 0.4556 COL29A1 (COL6A5)

Supplementary Table 1. SNPs associated with asthma or atopy with a FDR
of 5% and the surrounding region in the pooling based GWA. †SNPs that
remain significant after 5% false discovery rate. CEP350: centrosomal protein
350kDa; SGK493: protein kinase-like protein SgK493; COL29A1: collagen,
type XXIX, alpha 1; MAP3K5: mitogen-activated protein kinase kinase kinase
5; ASK1: apoptosis signal-regulating kinase 1; SLC19A1: solute carrier family
19 (folate transporter), member 1; COL18A1: collagen, type XVIII, alpha 1
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Atopy vs. controls Atopic asthma subsample vs. controls
SNP Gene MAF Chromosome Position Pooling Replication Combined Pooling Replication Combined

rs11124858* SGK493 0.369 2 42113827 0.0021 0.0317 0.0007† 0.0684 0.0666 0.0008†
rs13409978* SGK493 0.123 2 42119205 0.0007† 0.0124 0.0001† 0.0054 0.0312 0.0004†
rs11894613 SGK493 0.276 2 42121895 Genotyping under 80%
rs17029121 SGK493 0.269 2 42123362 0.9519 0.8078 0.8212 0.7624 0.5152 0.6484
rs4952590** SGK493 0.137 2 42130424 0.0001† 0.0008† 1.9x10−6† 0.0052 0.0127 3.4x10−5

rs2424 SGK493 0.214 2 42139078 0.4936 0.3135 0.4958 0.5450 0.4572 0.3744
rs12987129 SGK493 0.362 2 42141431 Genotyping under 80%
rs1440095 SGK493 0.380 2 42143169 0.0098 0.1078 0.0105 0.0661 0.0385 0.0018

rs16845861 COL29A1 0.217 3 131581038 0.9836 0.2904 0.3336 0.6657 0.2857 0.2409
rs1453241 COL29A1 0.222 3 131586398 0.9829 0.4252 0.4050 0.5530 0.3693 0.2569

rs10212372 COL29A1 0.217 3 131586895 0.9328 0.4223 0.3966 0.6160 0.3703 0.2570
rs10934938 COL29A1 0.223 3 131596324 0.1158 0.0291 0.0056 0.7549 0.0262 0.0046
rs4688761 COL29A1 0.281 3 131607678 0.4775 0.5082 0.3616 0.7861 0.4720 0.2250
rs4688801 COL29A1 0.074 3 131631449 0.3844 0.8128 0.5813 0.9889 0.7232 0.4292
rs9289373 COL29A1 0.082 3 131637553 0.4965 0.7046 0.5712 0.8211 0.9340 0.6802

rs7629719** COL29A1 0.059 3 131642623 0.7569 0.5895 0.6534 0.6123 0.8423 0.9823
rs819085* COL29A1 0.054 3 131657023 0.7569 0.8084 0.7711 0.3056 0.8965 0.7830
rs819084 COL29A1 0.083 3 131657717 Genotyping under 80%
rs819080 COL29A1 0.176 3 131660335 0.6432 0.8266 0.9899 0.5522 0.9438 0.9723

rs6791107 COL29A1 0.295 3 131667481 0.8673 0.3725 0.3764 0.9123 0.7131 0.5125
rs322114 COL29A1 0.125 3 131671837 0.9914 0.1570 0.2215 0.2454 0.1660 0.2174
rs322117 COL29A1 0.170 3 131673319 0.7209 0.6677 0.8814 0.9645 0.7288 0.8619

rs2272887 MAP3K5 0.147 6 137021826 0.2740 0.9490 0.4390 0.5125 0.9894 0.3207
rs7773600 MAP3K5 0.185 6 137026911 0.0833 0.4486 0.1054 0.0653 0.6171 0.1175

rs13195420 MAP3K5 0.400 6 137030727 0.7206 0.9375 0.7945 0.5123 0.5894 0.4058
rs3765259* MAP3K5 0.489 6 137031975 0.3265 0.1260 0.0507 0.3635 0.6918 0.4241
rs9402839* MAP3K5 0.137 6 137036902 0.0355 0.0524 0.0099 0.6434 0.1047 0.0322
rs12198737 MAP3K5 0.070 6 137037479 0.6951 0.6210 0.8993 0.1339 0.3399 0.6538
rs9494554** MAP3K5 0.095 6 137038674 0.0306 0.0035 0.0004† 0.3989 0.0023 0.0003†
rs4363056 MAP3K5 0.352 6 137039311 0.2974 0.6139 0.2691 0.3691 0.3535 0.8907

rs11154879 MAP3K5 0.239 6 137047059 HWE deviation
rs7761896 MAP3K5 - 6 137048808 Genotyping failed
rs1009709 MAP3K5 0.485 6 137059441 0.1803 0.9757 0.4262 0.9931 0.2221 0.9499

rs12549251 NT 007995.50 0.488 8 33124128 0.0612 0.1442 0.0261 0.3315 0.4325 0.0447
rs16880419 NT 007995.50 0.203 8 33125480 0.8517 0.7315 0.5762 0.4619 0.8333 0.8287
rs17757671 NT 007995.50 0.299 8 33147915 HWE deviation
rs9656760* NT 007995.50 0.423 8 33174463 0.0831 0.2092 0.0391 0.1860 0.1212 0.0203
rs10808333 NT 007995.50 0.467 8 33187844 0.0168 0.9024 0.1892 0.2010 0.2386 0.0387
rs11778813 NT 007995.50 0.090 8 33209329 0.2914 0.2554 0.1209 0.3831 0.0730 0.0221
rs11984493 NT 007995.50 0.269 8 33218635 0.0387 0.9835 0.4097 0.9206 0.2015 0.0399
rs7843085** NT 007995.50 0.297 8 33235085 0.0247 0.8979 0.4243 0.4524 0.1579 0.0312

rs13273924** NT 007995.50 0.331 8 33246540 0.0117 0.9470 0.2968 0.6208 0.1656 0.0114
rs7000239 NT 007995.50 - 8 33257418 Genotyping failed

rs12677799 NT 007995.50 0.366 8 33266838 0.3763 0.2675 0.5439 0.7191 0.2668 0.3879
rs4478533 NT 007995.50 0.491 8 33268691 0.2235 0.3038 0.8432 0.2253 0.3548 0.3130
rs3923524 NT 007995.50 0.346 8 33288516 0.3072 0.4134 0.7794 0.7551 0.2088 0.2739
rs7003617 NT 007995.50 0.206 8 33311182 0.3535 0.3722 0.7736 0.2713 0.2684 0.1706

rs11785888 NT 007995.50 0.206 8 33322047 0.6737 0.2474 0.4980 0.9951 0.7946 0.6904
rs1996363 NT 007995.50 0.128 8 33323267 0.3297 0.1643 0.0906 0.2439 0.2666 0.1281
rs7278425 COL18A1 - 21 45750978 Genotyping failed
rs2838951 COL18A1 0.412 21 45754147 0.5865 0.2474 0.1554 0.0253 0.5041 0.5845

rs12483377* COL18A1 0.103 21 45755536 0.0047 0.0607 0.0030 0.3047 0.3392 0.0311
rs2330183** COL18A1 0.424 21 45777719 0.5685 0.7021 0.4318 0.0025 0.3166 0.2428
rs3788205 SLC19A1 0.287 21 45788805 0.68389 0.4089 0.3354 0.2206 0.2985 0.3048

Supplementary Table 2. Results of the association between the 53 SNPs
and asthma or atopy at an individual level. SNPs marked with asterisk
are the ones found associated in the GWA using pools or their perfect tags
(r2 ≥0.8) used as substitutes in the genotyping design Minor allele frequency
calculated in the combination of both samples, using control and atopic
subjects. * SNPs found associated in the pooling-based GWA. ** SNPs that
remained significant after a 5% FDR in the pooling-based GWA. †SNPs that
remain significant after Bonferroni correction (p ≤0.001). SGK493: protein
kinase-like protein SgK493; COL29A1: collagen, type XXIX, alpha 1; MAP3K5:
mitogen-activated protein kinase kinase kinase 5
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Parameters from individual
samples from DNA pooling A priori power Effective power

SNP Gene MAF Odds Ratio Case/control Power Case/control Power

rs11124858* SGK493 0.367 0.43 429/222 0.99 331/178 0.99
rs13409978* SGK493 0.122 0.22 429/222 0.99 334/178 0.99
rs4952590** SGK493 0.141 0.18 429/222 0.99 317/163 0.99
rs1440095 SGK493 0.379 0.50 429/222 0.99 333/172 0.99
rs10934938 COL29A1 1 0.23 0.57 429/222 0.96 296/150 0.87
rs9402839* MAP3K5 0.138 2.39 429/222 0.99 314/166 0.99
rs9494554** MAP3K5 0.095 2.47 429/222 0.99 329/175 0.99
rs12483377* COL18A1 0.108 4.11 429/222 0.99 282/137 0.99

Supplementary Table 3. Statistical power calculation for replication using
Quanto software v1.2.4 (http://hydra.usc.edu/gxe) for significance
(two-sided) of 0.05 and additive genetic model

Supplementary Figure 1. Linkage disequilibrium pattern for the HapMap
CEPH population of the region flanking SGK493 gene (10 kb at 5’ and 3’)
based on the method of Gabriel et al. (2002) implemented in Haploview.

http://hydra.usc.edu/gxe
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Discussion

6.1 Main findings

In the first part of this thesis a review of evidences on gene-by-environment
interactions in asthma was presented. From this review, it was shown that
gene-environment interactions play a key role in the causation of asthma,
contributing to increase the complexity of the pathological mechanisms.
The environment modulates critically the effect of genetic variants and vice
versa. However, studies on this field provide few concrete findings on such
interactions. The interaction of HLAII-DQB1 alleles and the occupational
exposure to isocyanates is among the most consistent findings. The literature
is also consistent on the role of CD14 and toll-like receptor genes (TLR4 and
TLR2) on the susceptibility to endotoxin exposure. Finally, genes involved
in the oxidative stress protection, mainly from the glutathione-S tranferases
(GSTs), have been shown to be involved in the susceptibility to asthma
induced by tobacco related exposures and by air pollution. The study of
gene-environment interactions is a relatively new field, with the number
of studies growing every year. As every field in its initial steps, the study
of interactions is not exempt of limitations. The main limitation is the
statistical power needed to evaluate interaction, which can be achieved only
in large studies. Most of the evaluated studies had been conducted in small
populations and were underpowered to detect interactions or to reasonably
exclude false positive results. Although the presented review was performed
in the 2006, recent reviews suggested similar conclusions and pointed out
that this field is still in its infancy (von Mutius, 2009; London and Romieu,
2009).

A second part of this thesis was focused in the analysis of the relation of
TNFA and LTA genes with asthma, atopy and BHR. For this purpose, the
study was performed in two large European cohorts (ECRHS and SAPAL-
DIA). This is the largest association study of these genes in asthma and
asthma related phenotypes, with more than 10,000 individuals evaluated.
An association between the TNFA-308GA polymorphism and increased
asthma risk was found. We also presented a meta-analysis of previous stud-
ies that confirms results observed in our analysis. Weaker associations were
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found for LTA. In a further step, based on prior hypothesis, the association of
TNFA and asthma was assessed according to obesity. Although an indepen-
dent effect of both TNFA and obesity was observed, the association of obesity
with asthma was stronger for subjects carrying the G/A and A/A TNFA-308
genotypes compared with the more common G/G genotype. This effect was
particularly strong among non-atopics and women, suggesting that TNFA
and obesity are associated with asthma in a complex pattern that involves
both independent and interaction effects, and modified by sex and atopy.

In a third part of this thesis, we investigated the role of genes potentially
involved in response to air pollution and asthma. These genes were
selected from candidate pathways such as oxidative stress, inflammation,
immunological response and airway reactivity. This was the first study
examining the interaction of genetic variation and long-term exposure to air
pollution on asthma in adults. Air-pollution was evaluated using outdoor
levels of modeled nitrogen dioxide (NO2). A polymorphism in the promoter
region of NQO1 gene, involved in anti-oxidant response, was shown to be
modifying the effect of air pollution on asthma susceptibility. More than
reflecting solely the effect of this gene, the number of enzymes involved
and the complexity of the anti-oxidant system suggest that this result may
evidence the general importance of this pathway. This is supported by other
studies reporting the interaction of air-pollution with other genes in the
same pathway (London and Romieu, 2009). Lack of evidence in this study
with other oxidative stress genes (GSTM1, GSTT1, GSTP1) may be due to
statistical reasons.

The next challenge was the evaluation of genes identified by positional
cloning for asthma, atopy and BHR. Since they were identified by positional
cloning, these genes are expected to have major effects on the traits. This
analysis replicated previous findings of NPSR1 on asthma and atopy. To
a less extent, the association of ADAM33 with BHR was also replicated.
Because asthma is a heterogeneous trait, in that case, we also evaluated how
the pattern of association is dependent of the age at onset of asthma. The age
at which a subject develops the disease differentiates phenotypes of asthma
(Gelfand, 2008). We identified, for the first time, the interaction of NPSR1 and
DPP10 genes and age at onset of asthma. For NPSR1 the effect was stronger
on asthma with onset ≤14 years. This age effect could be due to the stronger
association of this gene with asthma combined with atopy, a phenotype that
is more common in children.

Finally, we attempted to identify new loci associated to asthma and atopy
using a DNA pooling-based GWAS approach. This approach is a cost-
effective alternative to the use of the GWAS in individual samples of DNA.
Analysis of DNA pools identified seven SNPs associated with atopy and
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one with atopic asthma. In a second stage of the study, a replication was
performed by individual genotyping of subjects included in the pools and
in an additional set of subjects. Markers located in the genes SGK493,
MAP3K5, COL18A1 and COL29A1 were found to be associated with atopy
and atopic asthma, with most promising results obtained for SGK493 gene.
This gene was identified as a protein kinase (Manning et al., 2002), but its
particular function is still unknown. Further efforts to describe the function
of this protein and to replicate these results are needed in order to verify the
association.

The following parts of discussion deal with general aspects of the analysis
on ECRHS study more than specific issues that have been already discussed
in each manuscript. Strengths and limitations are described in the discussion
of methodological issues. In a final part, I will discuss some of the important
points of genetic association studies and gene-environment interactions.

6.2 Methodological issues

6.2.1 Study design

The use of the ECRHS population based cohort is one of the main strength
of this thesis. The ECRHS has been largely successful in the study of
respiratory symptoms (Janson et al., 2001). The extensive questionnaire
and clinical evaluation allowed us to evaluate many different phenotypes
and environmental factors. However, the use of cohort studies for genetic
research and gene-environment evaluation has been questioned. The large
sample size needed for such analysis and the high economic cost of cohort
studies are arguments to suggest that case-control studies are more efficient
design to dissect genetic basis of diseases, especially for rare phenotypes
(Khoury, 2004; Clayton and McKeigue, 2001). For its characteristics, ECRHS
overcomes these limitations. First, in ECRHS, like other population cohorts,
genetic testing was added to the main protocol and the economic cost of
genetics is only applied to the DNA collection and genotyping. Second,
prevalence of asthma and related phenotypes are not rare in European
populations and allows a feasible evaluation in cohort studies. This is true
for widely used definitions such as ever asthma, but is less true for the main
definition of asthma evaluated in this thesis, which identifies as asthmatics
the 4% of ECRHS randomly selected population. The combined design of
ECRHS cohort, selecting a sample of symptomatic subjects at the stage II of
first survey, results to an increase in the number of prevalent cases necessary
to have enough statistical power to evaluate main gene effects and moderate
power for gene-environment interaction (see discussion on statistical power,
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page 139).

Prospective cohorts allow the assessment of environmental factors before
the appearance of the disease. This is one of the strengths of cohort
studies for the evaluation of gene-environment interactions, allowing the
measurement of environmental exposure before the morbidity of the disease
and, thus, avoiding classical reporting bias. It must be remarked that ECRHS
does not follow the traditional design of cohort studies. It was started as
a cross-sectional study (ECRHS I), which already included subjects with
respiratory symptoms, and then was followed up in the second survey
(ECRHS II). Incident cases between both evaluations were a priori, an ideal
target population to evaluate gene-environment interactions. However, the
number of new cases was not sufficient to perform an extensive evaluation.
For these reason, analysis of gene-environment interactions in ECRHS was
performed with prevalent data, more similar to a cross-sectional analysis and
thus, prone to reporting bias. However, bias does not usually arise when
a genetic variant is genotyped and is unlikely that bias in environmental
measurement could systematically differ between the different genotype
categories (Clayton and McKeigue, 2001).

Candidate gene approach was chosen for genetic analysis on ECRHS.
Candidate gene is the most appropriate design for replication of previous
associations and identification of gene-environment interactions (Tabor et al.,
2002). This is a hypothesis driven approach, selecting genes on the basis of
prior knowledge, which allow testing specific hypothesis. One of the main
advantages of testing specific hypothesis is that associations and interactions
identified will usually have strong biological plausibility. This is a crucial
point, because plausibility is, together with replication, the gold standard to
accept an association (Hunter, 2005). On the other hand, this approach is less
useful to identify new genetic markers.

The identification of new genes of susceptibility is more feasible with other
methods that use markers throughout the genome (Tabor et al., 2002).
Following this objective, a genome-wide analysis was performed. Because
cost of genotyping of genome-wide markers at individual level was so high
at the beginning of this study, we decided to perform a two steps approach
using pools of DNA samples. Despite of limitations of DNA pooling,
this approach has been shown to be cost-efficient alternative to the use of
individual data (Pearson et al., 2007; Steer et al., 2007; Zhao and Wang, 2009).
It has been successful in the identification of risk alleles for many complex
diseases, such as asthma (Hui et al., 2008), rheumatoid arthritis (Tamiya
et al., 2005; Steer et al., 2007), type II diabetes (Bosse et al., 2009), chronic
rhinosinusitis (Bosse et al., 2009), progressive supranuclear palsy (Melquist
et al., 2007) or Alzheimer’s (Abraham et al., 2008).
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6.2.2 Sample size and statistical power

Sample size needed to achieve the statistical power to detect a significant
association depends on the magnitude of the effect and the frequency of the
allele of interest (Long and Langley, 1999; Tabor et al., 2002). In complex
diseases, main effects of individual genetic variants are likely to be of small
magnitude (odds ratios of 1.2-1.6) and, therefore, studies with small sample
size (several hundred of subjects) are clearly underpowered (Ioannidis
et al., 2006). Another factor affecting the sample size which is particularly
important in asthma studies is the extent of disease heterogeneity. Rather
than the total sample of the study, the most important factor in terms of
statistical power is the number of cases. Therefore, several thousands of
patients are necessary to address these genetics risk factors (Ioannidis et al.,
2003). In this context, ECRHS cohort, which is enriched with symptomatic
subjects, offers the possibility to assess the effect of genetic variants in a large
population.

In this thesis, the evaluation of the effects of genetic variants was the main
objective in three of the papers. The analysis of main effects of TNFA gene
was performed in combination with SAPALDIA cohort. Power to detect
association was increased in the ECRHS cohort compared to SAPALDIA due
to the enrichment of subjects with respiratory symptoms (Figure 6.1.a). The
inclusion of enriched sample in the ECRHS accounts for a substantial part
of the statistical power. This reinforces the design of ECRHS in terms of
statistical power. Combination of both cohorts, although allows a sample
size of almost 11,000 subjects, results in a smaller statistical power than
ECRHS alone, due to the small power of SAPALDIA cohort to assess the
phenotype of asthma selected. ECRHS cohort is clearly powered to detect
significant associations in the analysis of candidate genes identified by
positional cloning genes (Figure 6.1.b, 6.1.c, 6.1.d). The study has enough
power (≥80%) to detect small effects (RR= 1.2) of polymorphisms with a
minor allele frequency (MAF) greater than 0.30 (Figure 6.1.b). For larger
effects (RR= 1.3 and 1.4), power is enough to identify associations in genetic
markers with a MAF higher than ≥0.10 (Figure 6.1.c and 6.1.d).

Evaluation of combined effects of gene and environment was performed
assuming a multiplicative model of interaction. This model involves testing
whether the relative risk for joint effect of both variants is statistically
different than the expected by multiplying relative risk of genetic and
environmental variables. This model is conservative in the presence
of measurement error (Clayton and McKeigue, 2001). A sample size
requirement to detect statistically significant gene-environment interaction is
usually substantially larger than sample size necessary to identify marginal
effects (Dempfle et al., 2008; Garcia-Closas et al., 1999; Hein et al., 2008).
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Figure 6.1: Statistical power to detect significant genetic associations in
ECRHS (alpha = 0.05) with asthma. (a) Analysis of TNFA in ECRHS and
SAPALDIA cohorts under dominant model. The prevalence of the disease
was 0.16 in ECRHS, 0.14 in SAPALDIA and 0.15 in the combined sample.
The case to control ratio was 0.10 in ECRHS, 0.03 in SAPALDIA and 0.06 in
combined sample. Relative risk (RR) was selected from the meta-analysis
of previous studies. (c, b, d) Prevalence of disease was 0.13 and the case
to control ratio 0.26. Log-additive genetic model evaluated. Different minor
allele frequencies and relatives risk were evaluated: 1.2 (b), 1.3 (c), 1.4 (d). The
statistical power was calculated with PGA software (Menashe et al., 2008)

However, under certain plausible scenarios of more extreme interactions
among genes and environment, there could be an increase of the statistical
power to look for such interactions (Khoury et al., 1995; Ioannidis et al.,
2006; Dempfle et al., 2008; Hein et al., 2008). For example, in the case of
weak marginal effects (OR=1.2) and at least moderate interactions (OR≥1.5),
the sample size required to detect the interaction can be smaller than those
required for marginal effect assessment (Dempfle et al., 2008). Several
studies have suggested that when the frequency of exposure is not extremely
low and the susceptible genotype is common, a modest sample size will be
adequate to detect gene-environment interaction (Hwang et al., 1994). Power
calculations for gene-environment interactions were initially calculated.
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The study population (assuming 400 cases) has an adequate power to
detect gene-environment interactions around 2.2 using a 20% of population
prevalence of the exposure and assuming dominant genetic model (Figure
6.2.a). Power to detect interactions under additive genetic model is higher
(Figure 6.2.b). Our study is adequate for an effect of interactions ranged from
1.6 for a MAF of 0.4, to 1.9 for a MAF of 0.1 (Figure 6.2.b).

Figure 6.2: Statistical power to detect genetic-environment interactions in
ECRHS. Log10 cases sample sizes to achieve the 80% power for a range
of odds ratios (OR) for gene-environment interaction under dominant and
additive genetic models. Minor allele frequency for risk allele ranged
between 0.1 and 0.4. Population prevalence of exposure (E) is 0.20;
significance (two-sided) of 0.05; magnitude of the main effect for environment
(OR) of 1.5; magnitude of main effects of gene (OR) of 1.5 for dominant
genetic model and 1.3 for additive genetic model. Ccase-control ratio is 1:10.
Dotted horizontal line indicates a sample size of 400 cases, similar to the
number of current asthmatics in ECRHS. Power calculations were done using
the statistical package Quanto v1.2.4 (http://hydra.usc.edu/gxe)

6.2.3 Confounding and Population Stratification

Statistical models were adjusted by variables that were considered as
classical confounders in population studies of asthma although were not
potentially affecting the relation of genes and the phenotype. This was
confirmed in the statistical models, showing null or small effect of co-
variables on the association. Confounding in genetic association studies is
less likely to occur since individual genetic component is determined at the
moment of conception and will not generally be liable to be modified by
behavioral, socioeconomic and physiological factors. Then, the genotype

http://hydra.usc.edu/gxe
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can be measured after disease onset without systematic error. There are two
main situations where the relation of a genetic variant and a phenotype could
be modified by other factors. The first is when a specific genetic variant
affects the probability to be exposed to an environmental determinant
associated with the phenotype of interest. Then, the effect of the genotype
is mediated by the exposure. This is used in the studies of Mendelian
Randomization (Smith and Ebrahim, 2003), with some well known examples
like genetic variants in alcohol dehydrogenases (ADH), that are genes that
modify alcohol consumption (Hines et al., 2001). There are few additional
examples on literature of this type of effect and, to my knowledge, there are
not evidences that may support an effect on exposure for the candidate genes
evaluated in this thesis.

The second situation is population stratification. Selection bias is not a
serious concern in genetic association studies unless population stratification
exists when testing genetic variants in a population with heterogeneous
genetic background or ethnicity. If the allele frequency of the variant
under study is different according these groups and there is also substantial
variation in baseline risk of the phenotype of interest, a spurious association
can arise between the genetic variant and the trait (Figure 6.3). Population
stratification is probably the most important confounder in genetic studies
that can lead to false positive findings (type I error) and missed real effects
(Clayton et al., 2005; Marchini et al., 2004). This confounding effect can be
avoided by matching cases and controls by ancestry (Cardon and Palmer,
2003; Wacholder et al., 2002), but in practice, it may not be always precisely
measured.

Figure 6.3: Conceptual model for confounding by population stratification.
We would like to test the association between an allele and a disease (dotted
line). The allele frequency could be determined by the ethnicity, which could
be also associated with different enviroments and genetic background



6.2 Methodological issues 143

The large variation in the prevalence of asthma is not exclusively observed
between westernized and non-westernized societies (Masoli et al., 2004).
Studies on European populations, such as ECRHS and the International
Study of Asthma and Allergies in Childhood (ISAAC), have reported large
geographical differences between countries in the prevalence of asthma,
atopy and bronchial responsiveness (Janson et al., 2001; Pearce et al., 2000).
This suggests that population stratification might be a relevant source of
bias in genetic association studies of asthma and related traits in European
population. Therefore, we considered necessary to assess the structure in
our population of study.

At the moment of the study (2006), little was known about population
structure among European populations (Bauchet et al., 2007). Initially, it
was suggested that European population was relatively homogeneous and,
therefore, population structure did not represent a source of bias (Cooper
et al., 2003). Attempts to correct for stratification were made using different
characteristics such as birth place, self-reported ancestry, linguistic features
and anthropometric measures. A more sensitive test proposed was the use of
genetic markers. Classical studies using small number of autosomal genetic
markers had previously suggested a gradient of stratification across Europe
(Cavalli-Sforza et al., 1996). SNPs that exhibit differences in allele frequency
between populations, called ancestral informative markers (AIMs), were
used to detect stratification among intercontinental groups and within
populations such as African Americans (Frudakis et al., 2003; Smith et al.,
2004). In European-derived populations, the influence of stratification on
genetic association studies was proven (Campbell et al., 2005; Price et al.,
2006), but the number and type of SNPs necessary for its identification was
unknown.

In ECRHS, a set of 26 SNPs to evaluate the structure of the study population
was selected. This set was composed by 22 AIMs from a forensic panel SNPs
reported to be polymorphic in European, Asian and African populations
(Sanchez et al., 2006), and 4 SNPs selected from genes known to be under
selective pressure and strongly associated with the European North-South
gradient: lactase (LCT) and oculocutaneous albinism II (OCA2). Details
about SNP selection for stratification are included in Methods (page 27).
Analysis of this set of markers, using both genomic control (GC) (Devlin and
Roeder, 1999) and EIGENSTRAT (Price et al., 2006) methods did not identify
population stratification in our sample. This suggested that more SNP
markers are needed to identify population stratification among Europeans
given the relatively small genetic differences between these populations
(Lao et al., 2007). Advances in high-throughput genotyping technology
have allowed the understanding of genetic variation among closely spaced
populations. Recently, two analyses of genome-wide data have described a
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fine-scale European population structure identifying East-West and North-
South gradients. The study by Heath et al. (2008) reported that genetic
differences are correlated with country of origin (Figure 6.4.a), which is also
supported by the findings of Novembre et al. (2008)(Figure 6.4.b). These
evidences support the quality of geographic origin in its ability to predict
genetic relatedness.

In the studies presented in this thesis, an attempt to correct by the
possible confounding effect of population stratification was performed using
the place of residence (centre or country) as an informative variable for
geographic origin. The use of geographic information could be conservative
because each strata of the variable is considered as an independent
group while the studies on stratification reported a gradient (Figure
6.4). In the analysis using SAPALDIA, population stratification should be
considered since Switzerland is composed by different communities defined
by language. The study by Novembre et al. (2008) also identified differences
among French, German and Italian speaking groups within Switzerland.
The analyses of SAPALDIA cohort were adjusted by study area defined by
language.

A main limitation of using place of residence as a variable for population
stratification is that residence is not always related to place of origin or
ancestry. We acknowledge this limitation. However, the study by Heath et al.
(2008) was also performed using the geographic location where the sample
was collected. Furthermore, we consider that the number of subjects living
in a different country than the country of birth should be a slight proportion
of the total population.

Figure 6.4: Population structure within Europe. This figure shows the
analysis of population stratification based on principal component analysis
(PCA) in studies using genome-wide data. (a) Figure adapted from Heath
et al. (2008) and (b) figure adapted from Novembre et al. (2008)
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6.3 Multiple testing

Multiple testing is a problem in analysis of genetic association studies.
When a large number of markers are tested, whether in candidate gene or
genome-wide approaches, P values need to be adjusted for the number of
test computed to reduce the number of false positives (α error, type I error).
Bonferroni correction is a popular approach for controlling α error correcting
by the number of test performed. However this method is well known
to be over-conservative in genetic association studies (increasing type II
errors) because it ignores the dependence between tests. Markers genotyped
usually are not independent because of linkage disequilibrium (LD). In
addition, Bonferroni may be acceptable when searching for significant
associations without pre-established hypotheses but in this thesis the
selection of genes was not performed at random. Candidate gene selection
was based on strong prior evidence for the role of the genes examined in
relation to the specific hypothesis tested.

6.4 Genetic main effects

Most of the findings in genetic association studies of complex diseases
are based in evaluating one single variant in each test, with exemption
of haplotype analyses. These approaches will always be simplistic and
reductionist since genes do not act solely or in an additive manner, but
through complex networks involving gene-gene and gene-environment
interactions (Colhoun et al., 2003). However, this approach has yielded
interesting results (Figure 6.5 and short review in Introduction, page 14).
One of the main objectives of this thesis was to replicate previous findings.
Genetic findings in asthma are characterized by their remarkable lack of
replication (Ober and Hoffjan, 2006; Ioannidis et al., 2001). Replication of
a positive association from a previous study is essential to validate an initial
finding (Chanock et al., 2007). Replication was observed for the effect of
some of the genes evaluated in this thesis (such as TNFA or NQO1). These
evaluations accomplish the criteria suggested by Chanock et al. (2007) for
establish a positive replication of a gene-trait association (Box 2).

Non-replication was reported for some genetic loci. However, this does
not invalidate previous findings because possible causes for non-replication
are numerous. Genetic heterogeneity in the etiology of asthma (which
includes gene-gene and gene-environment interactions) and phenotypic
heterogeneity are the main factors for non-replication. Misclassification of
the outcome is another possible explanation for the failure in replication,
weakening the associations observed. This is unlikely to occur in the analysis
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performed in this thesis, since ECRHS study uses standard definitions for
the traits evaluated. False positive (type I error) results in the first study are
the most plausible scenario for non-replication. Methodological limitations
have been a source of non-robust results. Often, genetic association
studies have been based on small sample size with insufficient power to
detect minor contribution of genetic data and leading to provide incorrect
estimates of the effects. In addition, genetic association studies are subject
to traditional problems of epidemiological research such as selection bias,
recall bias, misclassification and confounding (Khoury et al., 1993). Other
classic problems are publication bias toward positive findings and the
overestimation of the magnitude of the effects in the initial study (Ioannidis
et al., 2001).

BOX 2. Criteria for establishing positive replication suggested by Chanock et al.
(2007)

• Replication studies should have a sufficient sample size

• Replication studies should preferably be conducted in independent data sets

• The same or similar phenotype should be analyzed

• A similar population should be studied

• Similar magnitude of the effects should be demonstrated, with the same SNP
or a SNP in high linkage disequilibrium

• Statistical significance should be first reported using the same genetic model

6.5 Gene-environment interactions

In the present thesis, three interactions involving genetic polymorphisms
and non-genetic variables have been reported. Among these, only the
finding of interaction between traffic related air pollution and NQO1 must
be considered strictly a gene-environment interaction. The interpretation
of the other two analyses of interaction (obesity and age of onset) may
be more complex. Obesity, which is a complex phenotype, is not only a
behavioral and environmental determined phenotype but it is also affected
by genetics. It is another risk factor for asthma, and interaction observed
with TNFA may suggest a common participation in the disease. Age at
onset of asthma, considered an indicator for different phenotypes of asthma,
may be influenced by environmental exposures such as early exposure to
allergens (Jenkins et al., 2003; Gelfand, 2008). The interaction identified
suggest that the effect of NPSR1 is stronger for early onset of asthma (≤14
years), which is more related with allergic sensitization (Jenkins et al., 2003).
Another analysis performed in children has reported a role of NPSR1 in the
modulation of the effect of farm exposure in allergic symptoms (Bruce et al.,
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2009).

There are several reasons to study gene-environment interactions (Hunter,
2005). Modern theory on etiology of complex diseases assumes that
complexity is attributed to the interactions among the components of the
system (Wu et al., 2009b). Then, the study of interactions is a key factor for
dissecting the genetic structure and etiology of complex diseases (Khoury
et al., 1993; Wu et al., 2009b). This type of studies can reveal genetic factors
whose effect are only perceptible under an environmental exposure and,
inversely, environmental risk factors that affect only genetic susceptible
subjects. A further reason is the use of interactions to design new preventive
and therapeutic strategies. When starting this thesis, the study of gene-
environment interactions in epidemiological studies, and particularly in
asthma, was a relatively new field. The number of studies evaluating
gene-environment interactions has been growing every year (Figure 6.5).
However, despite the initial enthusiasm and the editorials encouraging
the investigation of gene-environment interactions, published results are
limited and still are a small percentage of the genetic association studies
performed (Figure 6.5). Publication bias and the multiple problems and
limitations in conducting this type of studies are possible causes for this lack
of published studies. Publication bias occurs because negative results tend
not to be considered for publication by researchers and publishers. In gene-
environment interaction studies, publication bias is even a greater problem
because the prior probability to detect interactions is generally low and, also,
because of the increased interest for publishing positive reports since this
is a relative new field (London and Romieu, 2009; Colhoun et al., 2003).
Limitations and problems in evaluating gene-environment interactions are
derived from the high complicate models that characterize complex diseases.
This involves an elevated number of genetic loci (genetic heterogeneity),
the high number of environmental factors, the moderate effects of genetic
variants and the presence of etiologic heterogeneity (Ottman, 1990).

The main limitation when conducting studies on gene-environment interac-
tions is the large sample size required. Most of the studies evaluating in-
teractions had been conducted in small populations, and are underpowered
to detect interactions or to reasonably exclude false positive results (Castro-
Giner et al., 2006; London and Romieu, 2009). The target population of the
analyses presented in this thesis was partially powered to detect interactions
(see discussion on statistical power, page 139). Limited sample size is also
a cause of non-identification of true signals (false negatives or type II error).
This is a particular problem from replication of positive results. I acknowl-
edge that analyses presented in this thesis are prone to type II errors. An
example occurs in the evaluation of traffic air-pollution and genetic varia-
tion. The stratified analysis by genotype suggests interactions that were not
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Figure 6.5: Evolution of the number of genetic association studies by year,
in the period 2000-2008. Data obtained from Human Genome Epidemiology
(HuGE) navigator (http://www.hugenavigator.net/)(Yu et al., 2008)

confirmed at statistical level i.e. interaction of NO2 with polymorphisms in
TNFA gene.

The essential issue of how to define interactions remains unresolved. Gene-
environment interaction may be measured as different effect of an expousure
on a phenotype among individuals with different genotypes for a specific
variant, and vice-versa. The term interaction has different interpretation for
biologists and statisticians. Biologic interpretation of interaction describes
the co-participation of two factors in the same causal mechanism (Rothman
et al., 1980). In a statistical sense, interaction between two factors represents
the deviation from a mathematical model for joint effects. There are different
methods of assessing statistical significance of interactions. These are based
on evaluate if the effect of the joint exposure is statistically different than
would be expected by adding or multiplying the risk associated for each
independent variant. Model selection depends on how the effects on risk
are estimated. If the risk difference is used, then interaction is defined
as departure from an additive model of the joint effect (Rothman et al.,
1980; Clayton and McKeigue, 2001). Most commonly used, interaction is
measured in terms of departure from a multiplicative model when relative
risk is estimated (Rothman et al., 1980; Clayton and McKeigue, 2001). It
is generally said that additive model of interaction have a greater biologic
interpretation (Rothman and Greenland, 1998) while multiplicative model
rarely have biological interpretation (Clayton, 2009).

http://www.hugenavigator.net/


6.5 Gene-environment interactions 149

It has been largely discussed if this statistical model may be adequate
to describe the underlying biologic mechanism of interaction since many
different biological models of disease could be inferred from the same
model (Clayton and McKeigue, 2001; Hunter, 2005; Khoury and Wacholder,
2009). Therefore, although the statistical interaction is commonly used to
describe a relationship between two factors, it must not be confused with
biological interaction (Cox, 1984; Clayton and McKeigue, 2001), limiting the
capacity of observational studies to perform etiological insights (Thompson,
1991). Therefore, although biological model of complex diseases suggests
that gene-gene and gene-environment interactions are widespread, it does
not mean that statistical interaction in the logistic model will be equally
widespread (Clayton, 2009). These reasons can explain the failure in the
identification of interactions, the low number of reports published and
the inconsistencies between studies. For this reason, it is considered
important to limit the assessment of gene-environment interactions to those
interactions that have biological plausibility. I consider that interactions
evaluated in this thesis have always been constructed under solid biological
and epidemiologic evidences.

At the moment, the technologies allow the reliable measurement of millions
of SNPs and the assessment of structural variants and, in the future, the se-
quencing of an individual genime will be economical feasible. On the other
hand, there are limitations in the environmental assessment that obstacles
the evaluation of gene-environment interactions. The correlation between
exposures and variation over time, difficult the assessment of environmental
factors. In addition, the insufficiency of precision regarding measurement is
a key aspect, underestimating the role of environment in gene-environment
interactions (Vineis, 2004). This misclassification of the exposure complicates
the evaluation of gene-environment interactions. In the analysis of traffic re-
lated air-pollution, there is a possible misclassification due to the broad res-
olution of the emission maps (1 km). However, in this case, misclassification
should be non-differential according to genotype and if any some bias exists
it is expected to be toward the null.

Despite these limitations, some advances achieved in gene-environment
interactions in asthma have already helped to disentangle the biology
of certain exposures, such as smoking related exposures, air pollution,
endotoxin and occupational (Castro-Giner et al., 2006; von Mutius, 2009;
London and Romieu, 2009). Limitations and advances in asthma were
reviewed in the first article of this thesis (Castro-Giner et al., 2006). Although
it was performed in the 2006, recent reviews suggest similar conclusions and
pointed out that this field is still in its infancy (von Mutius, 2009; London
and Romieu, 2009).
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6.6 Challenges of genetic association studies

SNPs used for candidate genes and GWA studies are commonly distributed
in the population, with a minor allele frequency ≤5%. So, current
genetic association studies are under the hypothesis of common disease-
common variants (often abbreviated CD-CV) which suggests that variants
involved in complex diseases will be found in a significant proportion
of the population (Lohmueller et al., 2003). However, despite of the
achievements on genetic basis of asthma, known variants explain a small
fraction of genetic component reported in familial aggregation and twin
studies (McCarthy et al., 2008). This fact suggests different interpretations.
First, the low relative effect expected for each variant and the differences
between studies in the alleles identified suggest that more alleles remain to
be discovered. Second, other type of variants such as rare variants, copy
number variants (CNVs) and insertion or deletions of DNA segments could
be responsible for part of the genetic contribution (Hardy and Singleton,
2009). Nowadays, technological improvement also allows the large-scale
identification of CNVs (Sebat et al., 2004). There are numerous examples
in the literature of the effect of CNVs on complex diseases (Henrichsen
et al., 2009), but up to now CNVs on asthma have not been assessed. The
identification of variants that are too rare to be picked up by association
methods and that have strong effects on the disease, will be soon possible
thanks to the emerging techniques of high-throughput sequencing that will
permit the routine sequencing of the human genome (Wheeler et al., 2008).
It is certain, however, that the use of this approach will be accompanied by
new methodological challenges.

The success of GWA studies in identifying susceptibility genes for many
common diseases, including asthma, has led to consider the possibility
of genome-wide evaluation of interactions (Murcray et al., 2009; Khoury
and Wacholder, 2009) arguing that an agnostic approach is needed for the
identification of new interactions. Some approaches have been proposed
for gene-environment assessment with genome-wide data (Murcray et al.,
2009), but this are not exempt of limitations (Khoury and Wacholder,
2009; Chatterjee and Wacholder, 2009). Given the low probability of most
hypotheses, this approach would generate large numbers of false positive
results. Furthermore, testing for interactions will generate more tests and
p-values for significance will be even smaller than for GWA studies of
genetic main effects. Identification of new interactions using this approach
probably will need of verification in functional and experimental studies.
An alternative non-agnostic approach would be to take advantage of years
of research and use this information to perform analyses on biological
pathways with an underlying prior hypothesis.
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After the first wave of GWA studies, it has become evident how much
remains to be learned about etiology of complex diseases. Genes, and then
proteins, are not acting alone but in interaction with many other proteins.
System biology, focused more in networks than in individual genes, provide
a useful approach to identify novel pathways of disease. Obviously, the
integration of genetic and environmental data will be a challenge in the
next decades of the epidemiology (Khoury and Wacholder, 2009). In the
future, a key point on the evaluation of gene-environment interactions will
be on the side of ’environment’ component. It is necessary to improve
the measurement of biomarkers for long term exposure and the accuracy
of classical epidemiologic methods, such as questionnaires (Khoury and
Wacholder, 2009; Schwartz, 2006). In addition, we may be missing important
environmental exposures for the disease because we do not have prior
hypothesis. A challenge is the evaluation of environmental in an agnostic
approach (Khoury and Wacholder, 2009) using the multiple evaluation of
exposures (which was named ’exposome’ (Wild, 2005)). Proteomics and
metabolomics will have a key role in this approach.

6.7 Role of genomics to public health and disease prevention

The final objective of any medical research is the prevention and treatment
of disease. Findings on genetics of complex diseases, such as asthma, need
to be transferred to public health and enable prevention strategies through a
more complete understanding of causation (Brand et al., 2008). In addition
to preventive strategies, this translation will involve genetic counseling,
drug therapy, and gene therapy once the technology has been established
(Merikangas and Risch, 2003). Translation is a challenge in the future,
since the advances in public health do not correspond yet to the emerging
knowledge we have seen in genomics in the past decade. The limited
progress achieved after years of research in terms of susceptibility prediction
using genetic and environmental risk factors identified (Clayton, 2009) is
an evidence of the limited knowledge on etiology of complex diseases.
Prediction is an ambitious aim and current knowledge on genetics of
complex diseases is far to allow the possibility of public health interventions.
More efforts in research of susceptibility factors and integration of current
data with the new approaches, will help disentangle the etiology of common
diseases.
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Conclusions

• Replication of previous findings is essential to validate associations
and consolidate the basis of genetic susceptibility component of
asthma and complex diseases. We replicated the largely evaluated as-
sociation of TNFA-308GA polymorphism with asthma and established
the effect on the disease through a meta-analysis. This is one of the
few variants in research of asthma with a well established risk on dis-
ease. Evidences on the genes identified by positional cloning NPSR1
and ADAM33 were also replicated

• Alternative strategies are valid approaches for the identification of
genetic components of diseases. Although previously reported, we
also demonstrated the feasibility of utilizing pooled DNA genome-
wide analysis to identify new potential candidate genes for atopy and
asthma

• Analyses of interactions revealed the importance of integrating the
genetic research with environmental and behavioural data. Few such
interactions have been examined regarding occupational exposures
and findings have not been replicated. We described the interaction
of NQO1 gene and traffic related air-pollution and the interplay of
TNFA and obesity in the causation of non-atopic asthma. In addition,
the use of sub-phenotypes such as age-specific effects to reduce the
heterogeneity in the outcome is a fruitful strategy to identify genetic
risk factors. We suggested a role of NPSR1 on early onset asthma
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8
Future Research

The ECRHS study is among the largest population-based cohorts for
respiratory diseases with an extensive and standardized collection of data on
environmental exposures. Future plans for the next months are the analysis
of genetic data that are still not assessed in ECRHS, comprising hypotheses
about gene main effects and gene-environment interactions. Specifically,
this research will focus on genes of the CD14 and toll like receptors (TLR’s)
pathway. In addition, I am interested to evaluate the interaction of the
different genetic variants with occupational factors. Occupational asthma
is among the leading causes of asthma with an estimated population
attributable risk around 10% to 25%.

Research in genetic causes of asthma, as well as other complex diseases,
has identified many susceptibility variants that account for a small fraction
of the heritable risk despite of the enormous effort conducting genome-
wide association studies in last years. This suggests that the mode we are
examining genetic susceptibility may be inefficient and incomplete.

Alternative strategies in order to improve the accuracy of the analysis will
be developed and evaluated. For example, the integration of biological
information on signaling pathways and interactions is a rationale alternative
to the traditional agnostic analysis of this data. The use of sub-phenotypes
and measurable intermediate phenotypes may reduce the heterogeneity
of the outcome allowing the identification of genetic variants. These
analyses on genome-wide data will require the collaboration with other large
population-based studies in order to achieve the large number of subjects
required. Research on gene-environment interactions is still in an initial step,
with few well established interactions and several limitations. Genome-wide
analysis of interactions will enable the discovering of new susceptibility
variants although an important limitation will be the measurement error of
environmental factors. Establishment of precise biomarkers for long term
exposures will help reduce misclassification.

The methods we are currently using in epidemiologic studies still follow
a reductionist strategy. No gene is acting independently and the complex-
ity of the genetic susceptibility involves sets of genes acting together (gene
networks). Similar, many environmental factors could interact. In a fu-

155



156 8. Future Research

ture, strategies that recognize the complexity of the disease susceptibility
components are required, combining data on genetic and environmental in-
fluences, with gene expression, epigenetics, protein (proteomics), molecular
(metabolomics) and physiologic information.
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Torrent M, Grimalt JO, de Cid R. Influence of glutathione S-transferase
polymorphisms on cognitive functioning effects induced by p,p’-DDT among
preschoolers. Environ Health Perspect. 2008 Nov;116(11):1581-5.

• Villanueva CM, Silverman DT, Murta-Nascimento C, Malats N, Garcia-Closas
M, Castro F, Tardon A, Garcia-Closas R, Serra C, Carrato A, Rothman N, Real
FX, Dosemeci M, Kogevinas M. Coffee consumption, genetic susceptibility
and bladder cancer risk. Cancer Causes Control. 2008 Sep 17.
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