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Infroduction

What is COPD?

Chronic obstructive pulmonary disease (COPD) is a complex disorder classified as 3
cause of the death worldwide' The disease is progressive and so far there is no cure. It can be
characterized as accelerated lung function decline, ultimately leading to death. But COPD is more
than that, it involves inflammation in the lungs, muscle weakness and weight loss decreasing
constantly the quality of life of patients® Increased chances to develop COPD come with
cigarefte smoking mainly, but also air pollution plays an important role. However, only 10-15%
of smokers develop COPD?. Main phenotypes of COPD are airway obstruction, emphysema
and chronic bronchitis. In this thesis the focus is limited fo airway obstruction and emphysema.
Airway obstruction is a result of inflannmation and remodeling of the airways, which leads to
airway wall thickening and in consequence to airfiow limitation®. The diagnosis is made based
on spirometry, which measures forced expiratory volume in one second (FEV,) and forced
vital capacity (FVC). The rafio between them is used for COPD diagnosis. According fo GOLD
criteria® FEV,/FVC < 07 is a stage | COPD. Emphysema is a result of alveoli enlargement and
air trapping resulfing in serious fissue damage. It can be diagnosed using X-rays and nowadays
mostly with computer tomography (CT) scan of the chest. Diagnosis based on spirometry
parameters does not capture individuals with mild emphysema, who do not display decreased
lung function yet. Using spirometry alone also does not allow distinguishing between COPD
phenotypes, which are airway obstruction alone, emphysema alone and a mixed phenotype
with both airway obstruction and emphysema present.

Genetics of COFD - pre-GWAS era

There is also genetic component involved in COPD, as shown in family studies®.
Linkage analysis identified a locus on chromosome 2@, that was later mapped to SERPINE2
gene®. However, this finding was not confirmed by a subsequent larger study®. For many
years the only genetic factor known to predispose to early-onset COPD was SERFINATgene™.
Mutation in that gene leads to a-1antitrypsin deficiency, which results in emphysema. However,
the percentage of SERPINATcaused COPD was very low (1-2% of COPD cases)”, therefore it
was clear that other genes must be involved as well. For over two decades researchers were
looking for these genes using a candidate gene approach. The principle of this method is fo
select a candidate for further investigation, based on what is already known, so the gene with
a plausible function. In case of COPD three main pathways were targeted and most infensively
studied: inflammatory, protease/anti profease and oxidative stress pathways. Despite many
efforts candidate gene sfudies performed in COPD resulted in spurious results, making it




difficult to say which gene is associated with COPD and which one is notf. Also, they mainly

focused on airway obsfruction; studies on genetics of emphysema were limited af the time.
Studies on genetics of specific phenotypes of COPD, like for example mixed phenotype with
airway obstfruction and emphysema are lacking.

Genome-wide association studies

With the development of new technology enabling genome-wide association studies
(GWAS) a real breakthrough in genetics of complex disorders came. The rafionale behind
GWAS is straight forward. Genome-wide genotyping is performed and given the presence of
linkage disequilibrium (LD), not all the SNPs need to be typed. LD means that many SNPs are
dependent on each other, so the genotype of SNP1is sufficient to predict genotypes of SNP2
and SNP3 (see Figure 1).
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Figure 1. Genome-wide association study (GWAS) workflowlLarge number of cases and controls are
genotyped. Since there is linkage disequilibrium not all the SNPs need to be genotyped. Here four SNPs
need fo be genotyped fo cover nearly entire gene. Next, genotype distributions are compared between
cases and confrols in the associafion test.

If genetic component is involved in a disease, one can expect that patients will have
different minor allele frequency (MAF) from controls for SNPs that fag loci related fo the
disease. Therefore genotyping of a large number of cases and confrols is required in order to
identify those differences (Figure 2). This number increases as the effect size, odds rafio (OR)
P decreases. Apart from large numbers needed to detect (small) genetic effects, appropriate
and adequate phenotyping of the individuals included in the study is necessary. Mistakes in
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determining case-control status can result in spurious and false findings. Once genotyping is

done, another crucial and sensitive step is the quality control. It is very important fo remove
badly genotyped SNPs and samples of lower quality and confidence from the dataset prior
to associafion testing. In studies combining different population factors like population
stratification, presence of ethnic outliers, duplicates, relatives, and samples with mismatching
gender should be carefully considered during the process of quality confrol2. This is in fact a
crucial step and the more thoroughly it is performed, the better and more confident the results
will be. Due fo large number of tests performed in such a study the chances of false positive
findings are high. There are fwo ways fo minimize this risk: mulfiple testing correction and
replication study. Multiple testing correction is usually done using Bonferroni correction, which
determines the significance cut-off by simply dividing nominal level of significance (0.05) by
number of tests performed. However, it has been proposed fo use a fixed cut-off of 5*10e-08
for GWA studies™ Replication study involves independent samples, in which genotyping of a
subset of SNPs is performed. This step is very important, as it allows confirming the findings
in other cohorts and/or populations.
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Figure 2. Relation between power of the GWA study and sample size.

COFD genetics - GWAS era

The first GWAS on COPD defined as airway obstfruction was published in 2009%
and reported two loci as associated with the disease: CHRNA3/5 and HHIP. The CHRNA3/5
locus became confroversial, as it was found to be associated with lung cancer®™ " and
smoking addiction™ and debate on whether it is independently associated with COPD or acts \




via cigarette smoking habits is still ongoing™. HHIP was previously identified in GWAS on

pulmonary measures. It is an interesting finding, as hedgehog interaction protein is known fo
be involved in lung development. Second GWAS on COPD identfified FAMI3A gene”, which
levels were shown to increase in hypoxia® Same group performed one more GWAS study,
in which locus on chromosome 19q13 was identified™. This locus contains four genes: RAB4B,
EGLN2 MIA and CYP2A6. Same locus was also associated with smoking behavior® and lung
cancer?'. Siedlinski studied smoking behavior of COPD patients and identified two candidate
loci associated with age at smoking initiation: 2g21 and 6p21%.

So far, only one GWAS on emphysema was published” and reported BICD7 gene. This
gene is involved in telomere length regulation® which is an inferesting finding supporting the
hypothesis of COPD being a disease of prematurely and accelerated aging lung®. There are
no GWA studies on COPD patients with airway obstruction and emphysema while we cannot
exclude the possibility that different genetic factors underlie this phenotype when compared
to pure airway obstruction.

Lung function level. decline and genetics

Lung function is simply a volume of air that can be inhaled and exhaled by the lungs. It
® is a fraif that is heritable in 30-47%%, however, can be also predicted based on gender, height, ®
weight, age and ethnicity. The lung development starts early in life and continues unfil the age
of 20, when usually the maximal level is reached and plateau phase can be observed. Then
around the age of 30-40 lung function level starts fo drop, which is an aging related process
known as lung function decline. However, in a disease state, like asthma or COPD, the observed
decline is more rapid and progressive leading to premature lung function loss.
Multiple studies were conducted to investigate genetics of lung function level. The first
GWAS on lung function measures was published in 2007 and used one of the first microarrays
available, Affymetrix 80k?. Main findings included GSTOZ associated with mean FEV, and mean
FVC, ADARBT associated with FEV./FVC rafio and SNRPN associated with FEV, decline. Two
years lafer, the same group published results on pulmonary measures, where Affymetrix 550k
platform was used, providing a befter coverage of human genome®. In this study hedgehog-
inferacting protein (HHIP) gene was associated with FEV,/FVCratio. In 2009 another study was
published by Repapi ef al, confirming AHHIPand identifying three new loci associated with FEV,
(GSTCD, TNSTand HTR4) and three with FEV /FVC (AGER, THSD4 and DAAM2)”. Around the
same time a meta-analysis was performed, including nearly 21000 individuals in a discovery
sample and over 16,000 in a replication set*. Three new loci were identified, GPR126 and
ADAMI9 were associated with FEV /FVC rafio and INTS12 was associated with FEV, level. In
20M a large GWAS on pulmonary measures was published, including over 48 000 individuals in
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adiscovery sef and over 46,000 in a follow up stage. This study reported 16 new loci (Figure 3)*"

Only two sfudies investigated genetics of lung function decline so far. Imboden ef al*?
performed a GWAS study on lung function decline in adults with and without asthma. No loci
were idenfified on a genome-wide significant level. Moreover, SNPs previously associated with
pulmonary function levels were not associated in this study with the decline. Another study
by Hansel et al focused of determining genetic factors responsible for decline in smokers with
mild COPD*®. Two loci were identified with genome-wide significance level however, none of
them was replicated. Locus on chromosome 10 contained TMEM26 and ANK3 genes and locus
on chromosome 14 contained FOXATgene. TMEMZ26 and FOXATwere shown to be expressed
in airway epithelium and parenchyma and ANK3 in alveolar macrophages. Expression levels
were dependent on both, COPD stafus and lung function.

Aim of the thesis

The general aim of this thesis is to identify genetics underlying chronic obstructive
pulmonary disease and related phenotypes. Since COPD is a disease of accelerated lung
function decline, we also studied genetics of it, as it could provide some answers. We also
focused on specific subphenotypes of COPD, namely airway obstruction and emphysema, as
frequently they co-occur. Last, buf not least asthma was also a scope of our studies because
of some resemblance to COPD.

In Chapter 2 we fried to summarize the two decades of candidate gene studies and
clarify the ambiguous results by performing meta-analyses on 20 polymorphisms in 12 genes
that were studied in at least three independent publications.

In Chapter 3 we describe a GWA study on COPD. We investigated the genetics of airway
obstruction and emphysema, as well as an overlap between them, as in the study population we
used - the NELSON cohort there are many individuals, who display features of both phenotypes.
For replication we used European cohorts, gathered through COPACETIC consortium.

Chapter 4 describes GWA study on lung function decline in a population of heavy
smokers. For replication we used four populafion based cohorts: Doefinchem, Vlagtwedde/
Vlaardingen, British 1958 Birth cohort (B58C) and SAPALDIA. Additionally, we investigated
gene-by environment interactions in Doetinchem and Vlagtwedde/Vlaardingen cohorts. We
idenfified SNPs inferacting with COPD stafus, smoking and gender.

In Chapter 5 we investigated shared genetics of asthma and COPD to check validity
of the Dutch hypothesis’ on a genome-wide level. Using the genome-wide genotyping data
that was available for cohorts of asthma and COPD patients and controls we performed a
meta-analysis. Subsequently, we performed two-staged replication and eQTL study on the
most associated SNPs.




In Chapter 6 we describe the first study aiming to identify gene-gene inferactions in
a genome-wide sefup for COPD. We used the NELSON cohort for the discovery and LifeLines
cohort for replication.

Chapter 7 discusses the approaches taken in this thesis and fufure perspectives of
genetics of COPD and complex disorders in general.

Study populations

The discovery cohort in all studies described in this thesis was the NELSON cohort.
The NELSON cohort recruited Caucasian males of Dutch descent with smoking history of af
least 20 pack-years fo include them in lung cancer screening trial. University Medical Center
Groningen and University Medical Center Utrecht were the study centfers where patients were
recruited and examined. Each parficipant underwent spirometry and computer fomography
(CT) scan of the chest fo enable diagnosis of COPD. Follow-up measurements were taken 3-4
years later. Blood sample was obtained from each individual fo enable DNA isolafion.
Replication cohorts used included:

1. the Vlagtwedde/Vlaardingen cohort, a population-based cohort that recruited
individuals from Vlagtwedde, a rural area, and Vlaardingen, an urban area in the
Netherlands. Participants were followed for over 25 years with lung function
measurements every 3 years.

2. The Doetfinchem cohort, a Dutch population-based cohort followed up for 10-15 years
with lung function measurements taken every 5 years.

3. The Copenhagen City Heart Study (CCHS), is a Danish general population cohort. We
used the third examination of the CCHs from 13991 through 1994, where 1212 COPD
cases were available and 3,656 controls have been matched randomly

4. Danish Lung Cancer Screening Trial (DLCST), is a cohort of heavy-smokers similar
to the NELSON cohort, recruiting heavy-smokers. For this cohort no follow-up
measurements were available.

5. Burden of Obstructive Lung Disease (BOLD) is a Polish cohort of 147 COPD patients
and 355 matched healthy confrols

6. Rucphen is a cohort comprising 158 individuals, recruited from the genefic isolate in
the Netherlands, a small village called Rucphen.

/. GLUCOLD (Groningen Leiden Universities Corficosteroids in Obstructive Lung
Disease) study recruited 114 COPD cases with GOLD stage Il or above.

8. Lifelines sfudy consists of a population based sample of Northern part of the
Netherlands including Caucasians of Dufch decent with detfailed phenotyping

information, including lung function measurements.
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Meta-analyses on suspected COPD genes - a summary of 20 years' research
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

For many years only one COPD gene was known. Searching for additional genes was
based on candidate gene studies which often were impossible to replicate. Meta-
analyses can combine these sfudies to give them more power.

What This Study Adds to the Field
The choice of populations for a meta-analysis study or replication can strongly affect
results, as af least some of the associations have opposite directions.

copd.indd 19 @ 9/2/2013 10:33:00 AM ‘



Abstract

Rationale: Chronic obstructive pulmonary disease (COPD) is a complex disorder with a high
mortality worldwide. Studies on the role of candidate genes and their polymorphisms in COPD
development have so far produced ambiguous results.

Objectives: The aim of this study was fo reveal the role of COPD candidate genes using data
collected in previous research.

Methods: We performed meta-analyses on 20 polymorphisms in 12 genes, affer searching
the PubMed and Embase dafabases for publications on COPD. These genes involve three
main pathways associated with COPD development: the inflammatory, protease-anti-protease
balance, and anfioxidant pathways.

Measurements and Main Results: We obtained significant results for three TGFB7polymorphisms
although these were based only on a few sfudies. The 7RV VNTR polymorphism increases
the risk for COPD (OR 17, 95%Cl 109-2.65), whereas the TNFA -308 G/A polymorphism does
so only in Asian populations (OR 2.01 95%Cl 121-331). The GSTP71105V polymorphism was
protective for COPD in Asian populations only (OR 0.69, 95%Cl 0.56-0.85)

Conclusions: These results demonstrate the importance of ethnicity in identifying specific
COPD genes.

Keywords: COPD, genes, polymorphism, SNP, meta-analysis, ethnicity
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Infroduction

Chronic obsfructive pulmonary disease (COPD) is a complex disorder characterized
by expiratory airway obstfruction and lung fissue destruction. In 2002 more than three million
people died of COPD and, according to the World Health Organization (WHO), by 2030 COPD
is expected to become the third leading cause of death worldwide.1 Smoking is the major risk
factor for its development, but genetic susceptibility is thought to play a determining role in
the development of the disease since only a relatively small proportion of smokers (10-15%)
develops symptomatic COPD and differences in cigarette smoke exposure account for only a
small amount of the variation seen in lung function. Family-based and twin studies have shown
that lung function is heritable and COPD clusters within families.

A well-known example of a strong genetic factor predictive of the development of
COPD is alpha-1-antitrypsin (AAT) deficiency carrier status. AAT deficiency is a very sfrong
genetic fraif that is related to severe, early onset COPD. The SERPINAT gene (coding AAT -
serine profease inhibitor, of which the main target is neutrophil elastase) was for many years
the only genetic factor known to be associated with COPD development. However, only 1-2%
of the COPD patients inherit this AAT deficiency.* hence other genes are thought fo play a role
in most COPD cases.

Since only 10-15% of smokers develop COPD,? the concept of the ‘genetically susceptible’
smoker has been proposed, i.e. a person who will develop COPD from smoking, whereas others
will not. These susceptible smokers show a premature onset of decline in lung function and a
more rapid rate of decline later in life compared to non-susceptible smokers. Smoking induces an
inflammatory response and oxidafive sfress in the airways and lung tissue. This ultimately leads
to increased numbers of goblet cells, airway remodeling and tissue destruction, phenotypes that
accompany COPD. If is thus likely that genetic studies on candidate genes have initially focused
on these typical COPD pathways induced by smoking, in addition fo studying the enzymes that
defoxify cigarette smoke products. Repair mechanisms are imporfant as a response to lung
tissue injury induced by cigarette smoke, so that genes involved in the protease/anti-protease
balance are also considered to be candidate genes for COPD.

The majority of genetic studies on COPD so far have been performed inrelatively small
samples of different ethnic populations, and resulted in unclear and sometimes contfradictory
results. Our aim was to summarize the current evidence for strong candidate genes and
perform metfa-analyses on published data in order to confirm or refute the genes’ importance
in COPD. The genes we have sfudied can be grouped info three categories according to their
function: (1) inflammatory genes, (2) genes involved in the profease/anti-profease balance, and
(3) antioxidant genes.




Methods

Search strategy and selection criteria

We performed a literature search in PubMed using "“COPD {MeSH termst and gene or
polymorphism or pathway” for data to use in meta-analyses. We also searched PubMed and
Embase querying for "COPD tMeSH or pulmonary emphysema MeSH or COPD or chronic
obstructive pulmonary disease {All fieldst and genotype or allele or polymorphism or SNP or
variant”, using MeSH/EMTREE ferms and free text. There were no limitations of any type in our
literature searches. Based on the literature found we selected genes and their polymorphisms for
which we performed a second literature search, specifically looking for publications investigating
their association with COPD. We also manually searched the references of relevant publications.
For the meta-analyses we included only publications that described association of a particular
polymorphism in a case-control or population-based study with clearly defined COPD with no
ofher accompanying disease. The definition of COPD cases that were included had to follow
the ATS/ERS guidelines* or the GOLD criteria® Reviews and other publications like editorials and
letters were excluded (unless containing original datfa). In the case of publications that reported
only allele frequencies, but in which the authors had checked for Hardy-Weinberg equilibrium
(HWE), we calculated genotype frequencies and used them for our meta-analyses. We further
checked for HWE in controls among all publications reporting genotype frequencies fetrd using
the ‘genetics’ package for R which uses x? test to compare observed and expected genotype
distributions. Publications deviating from HWE (p<0.05) were excluded. Information about the 639
publications included in our meta-analyses can be found in Table S1in the online supplementary
information.

Meta-analyses

We included only genes and polymorphisms that were described in at least three
different studies in our meta-analyses. This led to 12 genes and 20 polymorphisms in the
genes; these are described separafely below. We investigated the following genes in relation
to COPD: TNFA, TGFB1 IL-6, IL-1B. and ILTRN in the inflammatory pathways, MMP9 in the
profease/anti-protease pathway, and GSTPT GSTMI1 GSTT1 EFPHXT SOD2 and SOD3 in the
oxidafive stress pathway.

Meta-analyses were performed using R (wwwr-projectorg) with the rmeta

package. All odds ratfios (ORs) for individual studies were calculated using this package from
the contingency tables. For each metfa-analysis a Woolf's fest for heterogeneity among
publications was performed, and depending on the result, we used a fixed-effect model
,for non-heterogeneous studies (Manfel-Haenszel method) or a random-effect model for
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hefterogeneous studies (DerSimonian-Laird method). The model types are indicated in the

relevant figures. For all meta-analyses a genetic model was also applied. A dominant model
was used for all SNPs and a recessive model for null alleles.

Results

We performed a two-stage literafure search, as depicted in Figure 1. We started
with a general search for publications on COPD genetics. 694 publications were found and
their abstracts were read to determine their relevance. 188 publications passed our criteria
and were used to select genes and their polymorphisms for a specific literature search. Of the
selected genes, 12 had sufficient numbers of studies and we included them into mefa-analyses.
From a total of 314 publications we selected only those fulfilling our criteria described in the
methods section. We determined genotype dafa from those publications and checked for
HWE in controls. The whole process was performed independently by two investigators (JS
and HMB). All discordances were discussed, brought to consensuses and studies were included
or excluded unanimously. In the end 69 publications were included in our study.

[First stage]
COPD genetics — a general search
694 publications

[
All abstracts were read to check relevance of
[
188 publications were read to choose genes
and polymorpisms for meta-analysis
|
12 genes and 20 polymorphisms within them
fulfilling criteria for inclusion
I
[Second stage]
Specific search for publications
investigating association between particular
polymorphism and COPD
|
314 publications described
polymorphisms of our interest, all
were read

v

69 publications met
inclusion criteria

Figure 1-Flow diagram showing literature search strategy




1. Inflammatory genes

Inflanmmation is a confinuous and ongoing process in the lungs of patients with COPD,
and it is even more enhanced in severe and very severe cases.® Epithelial cells are activated by
cigarefte smoking and their mediators further activate CD8+ cells and neutrophils, which play
a crucial role in inflammation in COPD.” Genes encoding these mediators have been studied for
associafion with COPD.

Tumor necrosis factor alpha (TNFA)

Many studies on this group of genes have concerned tfumor necrosis factor a (TNFa),
the key cytokine responsible for systemic inflammation, as it drives the production and secretion
of many inflammatory mediators. TNFa plasma levels are raised in COPD and positively correlate
with COPD severity. Thus polymorphisms in 7MFA might contfribute to COPD susceptibility,
and indeed, some studies have shown associations between different TAVFA polymorphisms and
COPD™ or emphysematous changes in the lungs in COPD cases." However, the majority of
the studies found no associations in Caucasian”" or Asian®* populations. Our literafure search
identified 21 studies from 20 publications #0682 including those recently published in a meta-
analysis by Gingo*® giving a fofal number of 3552 cases and 3,659 controls with 1028 cases and
1,011 controls as carriers of the A allele. We found a non-significant increase of COPD risk with
the -308 polymorphism known to increase promoter activity (OR 106, 95% Cl 0.95-117 (figure
2). After performing stratified analyses for Caucasians and Asians separately, the association
remained non-significant, and became even weaker in the Caucasian populations (OR 1.02, 95% Cl
0.92-114).Remarkably, the associafion was significant in the Asian populations with an OR of 2.01
(95% Cl11.21-331) (figure 2). The study by Hung resulted in an outstanding OR when compared fo
ofher studies. A sensitivity analysis showed that excluding the Hung study changed the result of
this meta-analysis info non-significanf (OR =142; 95% Cl= 0.81-2.5). However, all estimates of the
included studies were in the same direction.

Two ofher TNFA polymorphisms have been less well studied, one being a promoter
polymorphism -238G/A, possibly increasing promoter activity. We included five publications
reporting its genotype or allele frequencies'©™?*3% in our meta-analysis, which showed an
overall increased risk, yet non-significant risk of COPD (OR 110, 95% Cl 0.87-138) (figure 3).
The other polymorphism in the TNFa gene is located in the first infron at position +489, and
its influence on TNFa expression is not known.** We performed a meta-analysis on six studies
from five publications'©®%%32 and found a non-significant increase of COPD risk (OR 110, 95%
Cl 0.92-133) (figure 3). It thus seems unlikely that TNFa is associated with COPD susceptibility
p in Caucasians, although larger studies are needed to elucidate its role in Asians.
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TNFA -308G/A

Carriers Total 95% Cl
Caucasian population n/N niN OR lower upper
Keatings (8) 44/40 106/99 1.05 0.60 1.83 S
Kucukaycan (10) 50098  163(335 107 071 161 — .
Ferrarotti (14) 914 63/86 086 0.35 213 _—
Papatheodorou (15) 1519 116/107 0689 0.33 1.43 —_—]
Seifart (16) 40/33 1131113 133 076 2.32 ———
Hegab (18)b 1515 106/72 063 0.28 1.38 —_—
Higham (21) 2418 Be/le3 0497 0.47 1.99 —_—
Patuzzo (23) 14/18 66/98 1.20 055 2861 —_——
Yanbaeva (24) 56/56 172159 0.89 0.56 1.40 —-
Broekhuizen (25)a 9/8 35/20 0.52 016 168 —
Broekhuizen (25)b 26/8 64/20 1.03 037 286
Hersh (27) B4NM37 304/441 085 0.61 117 ——
Brogger (29) B86/85 240/244  1.04 072 152
Chappel (30) 332/296  1018/911  1.01 0.83 122
Danilko (31) 103/108 319/381 1.1 0.87 1.67 -+
Gingo (32) 78120 298/125 1.88 1.08 321 —_—
Summary 985/973 3269/3274 1.02 092 1.14 0
Asian population
Hsieh (19) 719 30115 154 0.58 4.09 —_—
Huang (20) 15/2 42/42 1111 235 5256
Ishii (22) mn 53/85 1.23 0.08 20.16
Chierakul (26) 910 57087 1.07 0.40 284 —_—t
Jiang (28) 11/6 101/96 1.83 065 517 —_—t
Summary 43138 2831385 201 1.21  3.31 -
Overall summary 1028/1011 3552/3659 1.06 0.85 117 ,

I T T 1711

@ 0.15 10.00 2000 40.00 @

Odds ratio (OR)
Figure 2. Association of TNFA -308 G/A under dominant model. A fixed-effect model was used (n-
number of cases, N- number of confrols). Heterogeneity among publications: for Caucasians x2(15)=12.48
(p=0.64), for Asians x*(44)=6.68 (p=0.15) and overall x%(21)=2331 (p=0.27). Broekhuizen a- study with
cachectic patients, b- study with non-cachectic patients.

Carriers Total 95% ClI
TNF alpha -238G/A n/N n/N OR lower upper
Kucukaycan (10) 1321 164/331 1.27 062 2861 —_—
Papatheodorou (15) 5/2 1161108 2.39 045 1257
Brogger (29) 24/20 242/244 123 066 230 —_—
Chappel (30) 108/87  1018/911 1.14 0.84 153 ——
Gingo (32) 2115 298/125 0.56 028 112 «——o———
Summary 172145 183811719 1.10  0.87 1.38 <
TNF alpha +489G/A
Kucukaycan (10) 39/51 157/315 1.71 107 274 —_——
Hegab (18)a 321 88/61 1.04 052 2.06 A—
Hegab (18)b 21114 106/72 1.02 048 218
Hsieh (19) 7136 30115 067 026 170
Chappel (30) 186/166 1018/910 1.00 0.79 1.26 —!—
Gingo (32) 297 2931123 1.82 078 428
Summary 313/295 1692/1596 1.10 092 133 *

r T T T T T 11

03 2.0 40 60 80 120
Odds ratio (OR)

Figure 3. Association of TNFA-238 and TNFA +489 with COPD under dominant model. For both analyses,
a fixed-effect model was used. Test for heterogeneity resulted in x2(4)=4.83 (p=0.31) and x*5)=6.51
(p=0.26), respectively.
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Transtorming growth factor 81(TGF 817)

Transforming growth factor B1(TGF B1) is secreted by epithelial cells and macrophages
and can cause fibrotic changes in lung tissue. A previous linkage analysis showed an association
with chromosome 19 and idenfified that the associafion was located in the TGFBT region
after including additional short tandem repeat markers3* Later studies showed inconsistent
results and the majority failed to show significant associafions. Our search resulted in seven
publications describing associations of different 7TGFBTpolymorphisms with COPD, *~° four
investigating associafions in Caucasians, three in Asians. We performed meta-analyses on four
TGFBTpolymorphisms (figure 4). The minor alleles of rs2241712 and rs1982073 were protective
for COPD with OR 0.84; 95% CI 0.66-11 (non-significanf) and OR 0.74; 95% CI 0.61-0.89,
respectively. The third 7TGFB7SNP, rs1800469, was also profective for COPD (OR 0.75; 95%
Cl 0.62-0.9). Meta-analysis of the fourth SNP, rs6957, provided a significant increased risk
for COPD (OR 148, 95% Cl 113-193). A summary of the significant results for 7GFB7 SNPs
regarding their putative function and direction of association is shown in Table 1. All these
results should be considered with caution, due fo the low number of appropriate studies
available. In summary, there were too few studies reporting frequencies of 7GFB7 SNPs in
COPD patients and healthy confrols. Hence it is not possible to draw any definitive conclusions

as fto their causative role in COPD development.
Figure 4 Association of

Carriers Total 95% CI : :

TGFB1 rs2241712 niN wN  OR lower upper 6B p0|ymorphlsms with
Celedon (510 M4 DED 051 0922 —i— COPD: rs2241712, rs1982073,
fa TS TOMS 12 OB 2695 —_—
Yoon BIAME 102459 143 079 2590 — rs1800469, and rs6957
Summary U5 476699 0841 065 1.1 R )

under dominant model. A
TGFB1.1s1362073
Celedon 179903 W 0F5 048 038 —— random-effect model was
Lisbhart WAE OWED 214 08 53
van Diemen SRR 1T0AD7I 070 0A1 097 —— used for rs1800469 (fest

a1 :

W WA IEETE 0F7 03 102 for heterogeneity x(4)=1165
Yoo BIAZG 1058 10 0& 157 —_—
lo BT TONE OEE 04 16R —_— (p=0.02), 12=0.1), and a fixed-
Summary 526/1278 8471906 074 061 0.8 <

effect model was used
TGFB1 151300469
Celedon IE1080 W4 0B 081 082 —— for rs2241712  (x4(2)=0.38,
fta W73 TONE O07R 040 153 —_—
3 0ET BET DM 02 075 —m———— p=0.383). rs19820/3
van Dismen 7IEED 1BME 076 088 10 —i— 2(4)= -
Yoon BN 10258 167 083 300 —— (x(4)=219.p=0./) and rs695/
Summary 397/1072 7431941 075 0.62 0898 -4 (X2(2):2.47, p=O.29).
TGFB1 156957
Celedon WEME A DE9E 042 236
fta WA TOME 10EE 0E8 203 —_——
van Diemen BIAET 1B4A120 1E% 124 233 ——
Summary 105624 5561668 148 103 193 2
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Table 1. The putative function of SNPs associated with COPD and the direction of the association.

TGFB1SNP

Location/type of
polymorrphism

Putafive function

Direction of the
associafion

12241712

Promoter

Altered gene expresion

Decreased risk

rs1982073 (now rs1800470)

Missense (coding
region)

Profein function/
structure changed

Decreased risk

rs635/

3UTR

mMRNA stability

Increased risk
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Interleukins (IL)

The most frequently studied IL genes are L70. 1.6 and /L7 IL70 has been identified
as a good candidate gene because of ifs anfi-inflamnmatory potential and decreased levels in
COPD. IL70 polymorphisms were studied in different contexts, but the number of case-control
studies for each SNP was too low to perform an informative meta-analysis.

IL6 is a pro-inflanmmatory cytokine, hence SNPs in the gene may cause prolonged airway
inflannmation, which may contribute fo COPD susceptibility. Promoter polymorphisms of 1.6
have been studied most frequently, as they can lead fo altered protein levels. Because of its high
levels in stable COPD patients, IL6 has been proposed as a marker of systemic infilammation in
COPD. Its function as a predictor of COPD progression is not clear, since there are many sources
of this cytokine in the human body besides the lungs®. We performed a metfa-analysis on the
-174G/C polymorphism including four publications studying Caucasian populations™®?>=42 (figure
5) and found no significant association with an OR 115 (95% Cl 0.92-143).

IL6 =174G/C
Carriers Total 95% CI
Study n/N nfN OR lower upper
Seifart (16) 62/50 95/104 143 081 254 =
Broekhuizen (25)a 16/13  34/20 048 015 150
Broekhuizen (25)b 37/96 64/159 0.90 050 1.62 =
Danilko (31) 183/192 293/345 133 096 182 +——
Cordoba-Lanus (42) 109/44 191/75 0.94 054 1861 L
Summary 407/404 6771703 145 092 143 ’

0.2 1.5 20 25 3.0

0.5 1.0
Odds ratio (OR)

Figure 5. Association of IL6 -174 G/C polymorphism under dominant model. A fixed-effect model was
used (x4(4)=4.83, p=0.31).

Finally, another group of candidate genes, members of the proinfiammatory interleukin
1 (L7 gene family (encoding two agonists ILTa and IL1B and antagonist receptor ILRN), have
been studied. We found eight relevant studies (four in Caucasians and four in Asians) from

N\



seven publications ®92225314344 \We included three /7B polymorphisms info our meta-analyses,
ie. =51 C/T and -31 T/C, both suspected to alter the transcriptional activity and +3954 T/C, a
silent substitution known to increase IL1B levels). The L7IRN VNTR (variable number of tandem
repeats) polymorphism was also studied, always together with [L7B8 polymorphisms. This is
not surprising as the IL1B /ILIRN ratio is known fo be crucial in determining the severity of
inflammatory responses® and the ILIRN*2 allele (two repeats) has been shown to increase

production of IL1B.* We found a strong association between this polymorphism and risk for
COPD in Asian populations (OR 170, 95% Cl 1.09-2.65), as all the publicafions we could include
had studied Asians (figure 6).

We found no significant associations of SNPs in /L 78 with COPD, i.e. position =511 with
OR 112 (95% Cl 0.74-17), position =31 with OR 13 (95% Cl 0.99-171) and position +3954 wifth
OR 0.82 (95% CI 0.63-1.07).

Carriers Total 95% C1
IL1B 31CT N WN - OR lower upper
Hegab (18)a WO BBED 074 03B 1433
Hegab (12)b B2 0571 082 050 1G9 .
Hsieh (13) 1261 M5 0M 03 18% *
Lee [43) 1209 N1A% 062 046 0644 —a—
Summary U033 TG 0695 055 0.8 <l
TGFB1-151982073
Celadon 423 A 195 088 15 —
Liebhart 1833 %E0 0@ 0% 19
van Dismen 9REIR OAOTT 13 097 19 ——
Wi B2 1BS7E 104 0ED 1B _——
Yaan 484 102059 0B0 0% 10— ——————
Ito WED 709 104 056 19 .
Summary 13995 8471906 11 09 13 -
TGFB1 151800469
Celedon 79238 WA 12 091 1B ———
Ito WED 709 104 056 19 .
u M9 B4 140 080 26 *
van Dismen MBETT 1831145 122 083 17 ——
Yan B8s 102189 077 047 13 —_—.
Summary 42911093 743191 12 096 138 “
TGFB1 1s6957
Celedon RAT A4 092 072 1372 ——
Ito GBS 7089 0942 050 1788 '
van Diemen 13801 1941128 06E0 047 0898 ——
Summary 36A183 5381668 0.82 0661 1.2 .
I T T T 1
05 10 15 20 25 30

Figure 6. Association of polymorphisms within interleukin-1 gene family: L7RN VNTR polymorphism,
IL1B -5MNC/T, -31T/C and +3954T/C under dominant model. A random-effect model was used for /.78
-5MC/T (x46)=24.18, p=0.0001), a fixed-effect model was used for two other polymorphisms: -31T/C
(x43)=6.22, p=0.1) and +3954T/C (x43)=2.19, p=0.53).
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2. Genes involved in profease-anti-protease balance

Many proteases secrefed by key inflammatory cells are involved in remodeling and
progressive degradatfion of lung tissue. One of these is neutrophil elastase, which is released
by neutfrophils upon activation. Macrophages produce matrix metalloproteinases (MMPs)
and cathepsins, which lead fo elastolysis and emphysema. CD8+ cells secrete perforins and
granzyme B which, together with TNFa, cause cytolysis and apoptosis of alveolar epithelial
cells also contributing to emphysema’ Although there is a broad specfrum of profeases
involved in tissue damage in COPD, MMPs have been studied the most extensively, especially
MMP9. We included five studies (three in Asians and two in Caucasians) on MMP9in our meta-
analysis." The SNP at position -1562 causing a C fo T fransition, which is known fo alter
promofter activity,” increased the risk for COPD, with an OR of 145, but the result was not

significant (95% Cl 0.84-2.50) (figure 7). More studies are needed to reveal its role.

MMP9 -1562 CIT
Carriers Total 95% CI

Study niN nflN OR lower upper

Ito (47) 21/25  84/85 0.80 041 158 «—@———

Minematsu (48) 20115 45165 267 117 6.08 =

Zhou (49) 14/2 100/100 7.98 176 36.10

Tesfaigzi (50) 37/61 119/253 142 088 230 —

Korytina (51) 70/78 318/319 0.87 060 126 —

Summary 162/181 666/822 1.45 0.84 250 —*—

[} T T T T 1

0.45 5.00 10.00 15.00 25.00
Qdds ratio (OR)

Figure 7: Association of MMP9-1562C/T polymorphism under dominant model. A random-effect model
was used (x4(4)=14.32, p=0.0063, t2=0.25).

MMPs are inhibited by tissue inhibitors of metalloproteases (TIMP1-TIMP4). TIMP2
polymorphisms have been studied and shown to be associated with COPD.** TIMP1 also plays a
role in COPD as its serum concentrations are elevated in COPD patients and correlate inversely
with the level of FEV, (forced expiratory volume in first second), which is a marker of COPD
severity. It did not correlate with emphysema scores, suggesting it only plays a role in the
development of airway obstfruction.

As mentioned, the SERPINAT gene coding AAT was for many years the only known
genetic factor associated with COPD. The SERPINATPI*ZZ genotype is known fo cause the
most severe AAT deficiency. Increased risk was also found for PI*MZ heterozygotes when
compared with P*MM individuals in a meta-analysis of 16 independent studies, although the
level of FEV, did not differ befween these two groups.” The S allele is also known to lower
AAT levels. With a meta-analysis on SZ and MS carriers, the SZ carriers had an increased risk
for COPD compared to normal allele carriers, PI*MM (OR 3.26, 124-857). The MS carriers had a




non-significant increased risk for COPD (OR 119, 1.02-138), while the number of individuals with
a PI*SS genotype was not sufficient to perform a meta-analysis.>®

3. Anfioxidant genes

Because tobacco smoking is the main cause of COPD, genes involved in utilizing
reactive oxygen/nitrogen species (ROS/RNS) delivered with cigarette smoke have also been
studied. Two of the most studied genes in the anfioxidant pathway are microsomal epoxide
hydrolase (EPHX7 and glutathione S-fransferase (GST) subunits P1, T1and M1,

Microsomal epoxide hydrolase (EPHXT)

EPHX1 is the first line of defense against toxic epoxides provided with cigarette
smoke and it has two polymorphisms that alter its function, Y113H and H139R, corresponding
to slow and fast enzyme activity, respectively.” A recent meta-analysis on EPHX® including
1847 patienfs and 2,455 confrols showed a significant increase in COPD risk (OR 159, 95% Cl
114-2.21) for the Y113H polymorphism and a non-significant reduction in COPD risk (OR 0.90,
95% Cl 0.65-124) for the H139R polymorphism. We included 18 studies %%/ describing
both polymorphisms in our meta-analyses, among them 11 in Caucasians and eight in Asians.
The Y113H polymorphism was not associated with COPD (OR 1.02, 95% Cl 0.91-114), also after
strafification, in Caucasians (OR 1.02, 95% Cl 0.9-115) and in Asians (OR 1.02, 95% Cl 0.76-136)
(figure 8). HI39R provided a weakly protective role in COPD with a borderline significant OR
0.91(95% Cl 0.83-1.07) (figure 9). Strafification for ethnicity confirmed there was no significant
association in Caucasians (OR 0.96, 95% Cl 0.85-1.07), but revealed a significant association in
Asians (OR 0.76, 95% Cl 0.61-0.96).

@ 9/2/2013 10:33:12 AM




EPHX Y113H

Caucasian population
Hersh (27)

Brogger (29)

Park J (68)

Matheson (69)
Chappel (70)

Zidzik (72)

Siedlinski (74)

Summary

Asian population
Takeyabu (60)
Zhang (63)

Budhi (64)

Cheng (67)
Yoshikawa (73)

Summary

Overall summary
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Figure 8 Association for EPHX Y13H polymorphism, overall and stratified analyses under dominant
model. For all analyses a fixed-effect model was used. Heterogeneity among publications: for Caucasians
(x’(6)=4.08, p=0.67), for Asians (x*(4)=6.62, p=0.16) and overall (x*(11)=10.7, p=0.47).

EPHX H139R

Caucasian population
Hersh (27)
Brogger (29)
Smith (59)a
Smith (59)b
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Zhang (63)
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Cheng (67)
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Figure 9. Association for EPHX H139R polymorphism, overall and stratified analyses under dominant
model. For all analyses a fixed-effect model was used. Heterogeneity among publications: for Caucasians
(x(10)=18.2, p=0.052), for Asians (x*(8)=5.73, p=0.45) and overall (x*(17)=26.92, p=0.059).
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Glutathione S-tfransferase (GST)

We performed meta-analyses on GSTM7and GST 77null alleles (figures 10 and 11) under
a recessive model, including 14 studies from 11 publications?€'¢4666727579 and one unpublished
work (van Diemen et al) for GSTMI with seven of the studies also covering GSTT1 Five
of those sfudies investigated Asian populations and nine Caucasian populations. We found
homozygotes for the GSTMI null allele to have an increased risk of COPD (OR 13, 95% Cl
107-157). Stratified analysis confirmed this effect in Caucasian populations (OR 132, 95% Cl
104-168) but not in Asians (OR 124, 95% Cl 0.85-18). For the GSTT7null allele we found no
significant associafions in our overall analysis (OR 1, 95% Cl 0.82-122) or stratified analyses
(OR 12, 95%Cl 0.63-2.29 and OR 0.93, 95% Cl 0.73-119 for Caucasian and Asian populations,

respectively).

GSTT1 null allele
Carriers Total 95% CI
Caucasian population n/N nfN OR lower upper
Zidzik (72) 39/31 217160 0.91 0.54 1.54 L]
Gaspar (75) 30119 75/90 2.49 126 494 %
Calikoglu (77) 21/26 1441150 0.81 044 152 L
Summary 90/76 436/400 1.2 0.63 229 —-*——
Asian population
Yim (61) 46/47 8376 0.77 0.41 145 L
Budhi (64) 2717 63172 1.07 059 191 ]
@ Cheng (67) 99/112  184/212 1.04 070 154 | @
Chan-Yeung (78) B89/95 163161 0.84 0.54 1.30 ——1—
Summary 261/325 493/621 0.93 073 1.19
Overall summary 351/401 929/1021 1 082 122

0.:15 1.:]0 2.:)0 3.:’.10 4.;10 5.I006.:)D
Odds ratio (OR)
Figure 10. Association of GSTM7 null allele overall and stratified analyses under recessive model. A
random-effect model was used for all analyses. Heterogeneity among publications: for Caucasians
(x*(8)=19.8, p=0.01, ©>=0.08), for Asians (x*(4)=9.94, p=0.0414, ©>=01) and overall (x*(14)=29.81, p=0.005,
©=0.07)* unpublished data
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GSTM1 null allele

Carriers Total 95% CI
Caucasian population niN nfN OR lower upper
Hersh (27) 176/238 304/441 1.2 0.87 1.57 ——.—
Zidzik (72) 129/85 217160 1.3 0.86 1.95 —
Gaspar (75) 28/45 75/90 06 0.32 1.1 =
Baranova (76a) B62/81 87172 28 160 484 L
Baranova (76b) B7/81 1021172 2.2 1.30 3.57 —_—
Calikoglu (77) T0/81 144/150 1.4 0.87 219 —1t
Korytina (79) 5270 1031164 1.4 083 225 —
van Diemen (*a) 80/556 157/1099 1.0 073 142 —n—
van Diemen (*b) 20/549 s 1.2 063 234 =
Summary 684/1766 1226/3563 1.32 1.04 168 ﬂ.-
Asian population
Yim (61) 47/49 83/76 0.72 0.38 1.38 L
Budhi (64) 3893 63172 113 0.63 203 L
Park S (66) 32141 58/79 1.14 0.58 225 -
Cheng (67) 113/90  184/212 216 144 323 —a—
Chan-Yeung (78) 98/91 1631161 1.16 075 1.80 —
Summary 3260364  551/700 124 085 18 -l
Overall summary 1010/2130 1777/4263 1.30 1.07 157 ‘

r T T T 1

0.35 1.00 2.00 3.00 4.00 5.00
Odds ratio (OR)

Figure Tt Association of GSTT7null allele overall and stratified analyses under recessive model. A random-
effect model was used in analysis for Caucasians (x%(2)=6.81, p=0.033, t=0.23), and a fixed-effect model
was used in analysis for Asians (x*(3)=11, p=0.78) and overall (x*(6)=8.74, p=0.19).

The isoleucine to valine substitution polymorphism at position 105 of GSTPT(1105V)
increases both ifs cafalytic activity for substrates and the metabolism of diol epoxides of
polycyclic aromatic hydrocarbons A second polymorphism, which has been less well studied,
is located in exon 6 af position 114 and causes an alanine to valine substitution, which alfers
the protein function in the same way as the previous polymorphism. We combined 12 studies
(including one unpublished, van Diemen et al) in our meta-analysis, six being conducted in
Asians and six in Caucasians,?/6467/1757/8798184 which showed a non-significant protective effect
for the NO5V polymorphism (OR 0.89, 95% ClI 0.73-1) (figure 12). However, stratified analysis
showed a significant associafion in Asians (OR 0.69 95% CI 0.56-0.85), but not in Caucasians
(OR 114 95% Cl 0.96-135).




Carriers Total 95% ClI
Caucasian population n/N nN OR lower upper

Hersh {26) 175225 303441 1.3 0.98 1.8 —B—
Gaspar (74) 40043 75/90 125 068 23 »
Korytina (78) 457 101155 117 070 20 —_—T
van Diemen(79) 102722 1651151 096 062 13 ——
Harries (81) 4576 79/155 1.38 080 24 _—t
Rodriguez (84) 46M01 98/198 085 052 14 _—
Summary 449/1224 821/2190 114 096 135 -
Asian population
Budhi (64) 14/46 63172 078 040 155 »
Cheng (67) 8713  184/212 079 053 117 —_—.
Vibhuti (71) 97146 2021136 181 115 283 —a—
Chan-Yeung(78) 5149 1631161 104 065 167 .
Ishii (82) 11124 53/50 028 012 (067
Yim (83) 26/37 80/94 064 034 118 =
Summary 286/315  754/825 0.92 074 1.4
Overall summary 682/1502 1507/3083 0.80 073 14
I T T T T 1
015 0.50 100 150 200250

Figure 12 Association of GSTP7105V polymorphism overall and stratified analyses under dominant
model. A random-effect model was used in overall analysis (x%(11)=2385, p=0.013, t=0.07). In stratified
analyses fixed-effect model was used for Caucasians (x%(5)=3.82, p=0.57) and Asians (x*(5)=7.48, p=0.19).
* unpublished data.

Superoxide dismutases (SOD)

Superoxide anion is delivered with cigarefte smoke and is also generated in many
resident and atfracted inflannmatory cells, for example in the defense processes against other
ROS. The family of superoxide dismutases (SOD) changes this toxic anion info hydrogen peroxide.
There are three members in this family: intracellular copper-zinc SOD (CuZnSOD), mitochondrial
manganese SOD (MnSCOD), and extracellular SOD (ECSOD), also known as SOD1, SOD2 and SOD3,
respectively® Despite their important roles, genes of these enzymes have not yet been widely
studied for associations with COPD.

We found four studies investigating the Alal6Val SOD2 polymorphism in COPD, three
in Caucasians and one in Asians 8% Meta-analysis showed an increased risk for COPD (OR 1.07,
95% Cl 0.82-14) (figure 13). However, the result was non-significant, because the number of
publications was low and the largest study ® which influenced our mefa-analysis the most,
showed a non-significant result. More data for this polymorphism is required to reveal its role
in COPD.

We also found three publications reporting the associafion of the SOD3R213G
polymorphism with COPD in Caucasian populations #&% Our meta-analysis had an OR
0.63 (95% Cl 0.25-160) (figure 14), indicating a possible protective role by the 213G

allele, but our result was not significant.

@ 9/2/2013 10:33:21 AM




SOD2 A16V

Carriers Total 95% CI
Study niN nfN OR lower upper
Young (86) 77/78 100/100 0.94 049 1.83 =
Mak (87) 45/33  164/164 1.50 080 251 L

Houben (88) 58/14 84/18 067 020 225

Siedlinski (89) 117/837 161/1145 0.98 0.68 1.42

Summary 298/962 509/1427 1.07 0.82 1.4
[ T T T T T 1
0.2 1.5 20 25 3.0

0.5 1.0
Qdds ratio (OR)

Figure 13. Association of the SOD2 A16V polymorphism under dominant model. A fixed-effect model
was used (x4(3)=2.6, p=0.46).

SOD3 R213G
Carriers Total 95% ClI

Study n/N n/N OR lower upper

Young (86) 518  222/203 0.24 0.086 0.650 =

Siedlinski (89) ~ 9/42 163/1172 1.57 0.751 3.293 =

Juul (90) 15/198  978/7604 0.58 0.343 0.989 —

Summary 20/258 1363/8979 0.63  0.25 1.60 -—.—-

[ T 1 T T T T

0.1 0.5 10 15 202530
Odds ratio (OR)

Figure 14: Association of SOD3R213G polymorphism under dominant model. A random-effect model was
used (x4(2)=9.45, p=0.0089, 1>=0.52).

Recently Dahl et al’' performed a study on two newly identified SNPs in the SOD3
(rs8192287 and rs8192288), which were found to be significantly associated with an increased
risk for COPD hospitalization and mortality in the large, population-based, Copenhagen City
Heart Study. They found a smaller effect in the second large cohort studied, the Copenhagen
General Population Study. Inboth cohorts, associations of these SNPs were found with reduced
FEV % predicted and FVC% predicted (forced vital capacity). More recently, these results
were partially confirmed by Siedlinski et al® who found an association of rs8192288 with
reduced FVC, which was of borderline significance. They did not replicafe the resulfs for FEV,
possibly due fo the low number of homozygous individuals.

Overlap with other diseases

When considering the associafion between the polymorphisms in the genes and
COPD, it appears that COPD shares some of ifs genetic background with other complex
diseases. According fo the HUGE database, up to 28 January 2009, 94 genes had been studied
for associafion with COPD and these are involved in 83 pathways. For asthma 427 genes have
been studied, which fall info 125 pathways, and 35 of them overlap with pathways involved

in COPD. Table 2 shows the number of publications investigating associations for the genes §
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studied in the confext of COPD with selected number of other complex diseases.

Table 2 Number of publications investigating specific genes for the various diseases.
Number of publications for each disease includes all studies ever published according to HuGe
database. These numbers confain all types of studies, therefore not only in humans.

Type 2 Crohn’'s
Gene COPD Asthma | Osteoporosis | Cancer | Alzheimer

diabetes disease
TGFB1 9 24 22 94 8 9 4
TNFA 21 49 22 248 30 47 57
MMP9 7 3 - 39 3 4 2
GSTP1 13 34 - 379 4 2
EPHXT 6 2 - 93 - - 1
1L10 8 6 3 168 13 4 16
L6 8 5 28 120 20 26 7
ADAM33 1 26 - 1 - - -
GSTT1 8 21 1 543 3 5 2
GSTM1 9 30 1 687 3 5 2
HMOX1 7 1 - 8 3 2 1
SoD2 2 4 - 83 3 7 -
SOD3 2 - - 3 1 2 -

What can we infer from this? We can speculate that many diseases have a shared
genetic background, but different (combinations of) polymorphisms in the shared genes
determine which disease evolves. This has recently become evident for immune-related
disorders® but might in fact be true for other diseases as well. In addition, the type of disease
that evolves from a shared genetic background can be determined by certain environmental
factors, at specific windows of exposure. For example, a cigarette smoker with a -308A allele
in TNFA gene can develop either COPD or Crohn's disease depending on ofher environmental
factors and other polymorphisms. Especially the latter are likely to be important, since complex
disorders are determined by polymorphisms in many loci, underlying a specific genetic profile.
So far little is known about these profiles, but new techniques like next generation sequencing
might well be able to reveal them.

Summary of results

For this review we performed metfa-analyses on 20 polymorphisms in 12 functional
candidate genes that had previously been studied in af least 3 publications for association with
Y 4 COPD. Only five showed significant associations with COPD. Three of these were located in
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TGFB1 two providing a protective effect of the minor allele (rs2241712 and rs1982073) and one
(rs6957) gave an increased risk for COPD (OR 148). These results should be interpreted with
caution as the number of studies was low. Two other polymorphisms showing a significant
increase in COPD risk were the LLTRN VNTR polymorphism and the GSTM7 null allele (OR 17
and OR 13, respectively). For all other polymorphisms we studied, the overall mefa-analyses

resulted in non-significant associations or had borderline significance, i.e. /L 18-31polymorphism
(OR 13, 35%Cl 0.99-171) and H139R £PHXT polymorphism (OR 0.91, 95% ClI 0.83-1.01). Since
ethnicity might influence the outcome of the results, we performed stratified analyses, for the
six polymorphisms for which we had a sufficiently large number of studies, namely -308G/A in
TNFA Y13H and H139R in EPHXT GSTM7and GST TTnull alleles, and 105V in GSTP1

Discussion

The aim of this review was fo reveal the roles of particular polymorphisms studied
for association with COPD in a case-control design or in population-based studies and to
summarize their sometimes conflicting results. The published candidate gene studies are all
hypothesis-based. We fook into account only those candidate genes that had been reported
in a sufficient number of sfudies in relation to a well-defined, specific COPD phenotype. As
shown, when critically evaluated in meta-analyses, some promising candidate genes do nof
seem fo hold up af all. For example, the result of our meta-analysis on the TNFA -308G/A
polymorphism: we included 21 studies and found a non-significant association, whereas after
stratifying for ethnicity we did find it to be significant but only in Asians. These results are in
contrast with those published by Gingo et al* This can be explained by the fact that all six
studies included in our meta-analysis reported non-significant associations. Since Gingo et
al did not perform analysis stratified by ethnicity, it cannot be ruled out that the association
they observed was mostly due to a true association present in Asian populations, but not in
Caucasian populafions.

The result for the TNFA gene in Asian populafions is based on five publications
studying a fotal of 283 cases and 385 controls, with 43 and 38 carrying the A allele, respectively.
This group is very small compared to the Caucasian population, where 3269 cases and 3274
controls were present, 985 and 973 carrying the minor A allele, respectively. Is the effect
really that strong in the Asian population or is there a publication bias? Results may well be
biased, because all Asian studies reported an OR greafer than 1. The Y113H polymorphism in
EPHX was not associated with COPD in the overall analysis, and remained non-significant after
analyses on Caucasians and Asians separately. For HI139R in £PHX as in our overall analysis,
the association was non-significant in Caucasians but showed a significant protective effect
in Asian populations, which is of interest because the tofal number of Caucasians included

N\



was over four fimes that of Asians (2347 versus 679 cases and 4069 versus 808 controls).

Stratified analysis for GSTM7 confirmed an increased risk for COPD, but only in Caucasians
and, again, this group was much larger than the Asian group. The GSTT77null allele was not
associated with COPD in the overall analysis and this was also true in both Caucasian and
Asian populations. By this we confirmed the results published by Hu et al*® on a GSTM7 and
GSTTTmeta-analysis. They found significant increase in COPD risk for the GSTM7null allele in
overall (OR 146, 95% Cl 116-183) and stratified analysis in non-Asians only (OR 157, 95% Cl
119-2.07). The GSTP11N0O5V polymorphism was found fo have a protective role in Asians, even
for the relatively small numbers of subjects studied, suggesting its possible strong effect
in this population. Interestingly, the same polymorphism seems to have an opposite effect
in Caucasians (figure 12). These results show the importance of ethnicity in genetic studies,
as some associafions were present in one group but absent in another. Clearly, most of the
polymorphisms we described were investigated in Caucasian populafions. Thus combined
analyses could yield diminished results or, on the contrary, indicate general associations which
are in fact present in only one of the groups. We also showed that more studies are needed
for most of the polymorphisms investigated here, especially in Asian populations, before more
conclusive answers can be given.

There are several limitations fo our study. First, despite carefully selecting the studies,

we cannot ensure homogeneity in either the case or control groups. Normally, COPD patients
are or have been smokers, although this was not always an explicit criterion in the studies
included in our meta-analyses (see table E1in the online supplementary information). Controls
should be matfched for age, sex and, most of all, smoking history. Specifically the smoking
habits, a crucial feafure in studies on the etiology of COPD, are often not known, for example if
the confrol groups are blood donors. Even more importantly, lung function measurements were
not performed in this group, so individuals with low lung function may have been included.
Some of the sfudies included blood donors as controls and this may have affected the outcome
of the study strongly, for example it might have led to the discovery of strong associations,
which would be observed due to bias in the participants’ smoking status.
Secondly, the number of studies we used for the meta-analyses for each polymorphism is
sometimes insufficient to draw reliable conclusions, e.g. on the 7GFB7polymorphisms. In some
cases, when only allele frequencies were given, we calculated genotype frequencies based on
HWE. This should not, however, influence the outcome of our analyses, as the number of such
studies was relatively small, and the calculated genotype frequencies should not deviate from
the actual genotype distfributions.

We should mention also the importance of HWE. We excluded 19 studies from some

# of our meta-analyses due fo the lack of HWE in contfrol groups. The most affected was the
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meta-analysis on the Y113H polymorphism (eight studies were excluded). This was because of a

well-known problem with the first primer set used for genotyping: neighboring polymorphism
caused an overestimation of the minor allele in this polymorphism. Including all these studies
resulted in significant outcomes in the overall analysis and in the Caucasian populations (dafa
not shown), similar fo another recent meta-analysis.*®Half of the studies we excluded reported
that HWE had been checked and that no deviafions had been found. In the case of LIRN, the
only two sfudies investigating the role of its polymorphism in Caucasians were also excluded
for the same reason, leaving only Asian populations in the meta-analysis.

There are many single studies describing association of a particular gene with specific
(related) phenotypic outcomes, like ADAM33 (a disintegrin and metalloprotease 33) that was
first shown fto be associated with asthma, then with COPD development in the general
population® and later was linked fo airway hyperresponsiveness in COPD patienfs® Such
loose replications” are sometimes interpreted as further proof for a role of that specific gene
in the broader disease definitions, but functional studies are clearly necessary to pinpoint the
exact role of such SNPs in genes.

It is worth menfioning recent findings from hypothesis-free genome-wide association
(GWA) studies on lung cancer patients, which found an association with the nicotinic
acetylcholine receptor subunit (CHRNA) gene polymorphisms.® There is a debate on whether

® SNPs in that region have a direct effect on lung cancer or merely mediate smoking habits. ®
Hung et al did not find any association of those SNPs with nicofine dependence,? whereas
Thorgeisson ef al® and Young et al*® investigated genotype frequencies of the most strongly
associated SNP found in GWA studies, rs16969968 (which is in strong linkage disequilibrium
with rs1051730), in lung cancer patients with and without COPD, and in smoking controls,
to check whether this association could be confounded by COPD. They found an increased
frequency of the AA genotype in both groups compared fo confrols, which means that
the CHRNA gene polymorphism is associated with COPD and with lung cancer. Despife the
inferesting results, this study shows how important it is to select cases and confrols carefully
and fo avoid possible confounders. The first GWA study on COPD was published recently®
and identified associafions of the same SNPs as in lung cancer, rs8034191 and rs1051730.
Similarly, it still remains to be elucidated whether these SNPs are associated with COPD itself
or whether this associafion is mainly seen because of nicotine addiction among COPD patients,
although Pillai et al found no associafion with pack-years smoked in fwo cohorts. This might
be because pack-years may not be the most appropriafte indicator of addiction. To answer
these questions, more studies are needed, especially studies with quanfified addiction data.
Clearly, none of the polymorphisms investigated here appeared in the GWA studies. This can

be explained in part by the stringent criteria applied to select SNPs for replication and the N\
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relatively small initial cohort. But we cannot rule out that some of these polymorphisms may
not be associated with COPD af all.
In summary, we showed that many candidate genes show no association with COPD

after combining independent studies. For the majority of the genes more studies will be
needed to reveal their role, especially in Asian populations. We show fhat ethnicity is very
imporfant in genetic studies, and therefore should always be taken info account, given that
some associations show different directions for different populations.
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Chronic obstructive pulmonary disease (COPD) is a complex disorder comprising airway
obstruction and emphysema. Very offen they co-exist in COPD patients. Both phenotypes are
known to have genefic components.

Methods

We performed genome-wide association studies (GWAS) and replication studies on airway
obstruction and emphysema in the COPACETIC study. Since we wanted fo idenfify the shared
genetic component of the two phenotypes, we followed a two-staged approach fo identify
plausible genes. We used an independent cohort to replicate these findings.

Results

Although the GWA sfudies on airway obstfruction and emphysema did not yield genome-wide
significant findings, the overlap analysis using two different approaches pointed to the focal
adhesion pathway, which is crucial in epithelial repair mechanisms.

Conclusion

Our results suggest the focal adhesion pathway fo be involved in coexistence of airway
obstfruction and emphysema. Genes composing this pathway individually point fowards so
called systemic effects of COPD, justifying further attention in future studies.
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The burden of COPD is increasing and if is expected to become the 3¢ cause of
death worldwide by 2030." Besides cigarefte smoking, an established risk factor for COPD,
air pollution and other environmental exposures can contribute to the onset of COPD. Genetic
factors are also known fo confribute to disease risk? and a large number of candidate gene
studies have indicated several genes fo be associated with COPD. However, these studies were
not able to unequivocally point to causal genes or variants for COPD (reviewed in Smolonska
et. aFf). This might be due to the fact that COPD is a heterogeneous disorder comprising the
presence of airway obstruction and emphysema as a single phenotype or both at the same
time.* Airway obstruction involves inflammation and remodeling of the airways resulting in
airway wall thickening in bronchi and bronchioles, leading to airfiow limitation. Emphysema is
defined as destruction of lung tissue resulfing in alveolar enlargement leading to air trapping® It
is plausible that specific genetic features may underlie airway obstruction without emphysema
and emphysema without airway obsfruction, and potentially shared genes underlying the
mixed phenotype of these two. Patients are usually diagnosed with COPD merely based on
their lung function, according to the GOLD criteria (Global Initiative for Chronic Obstructive
Lung Disease)® However, this does not elucidate whether the airway obstruction is due fo

@ inflammation and remodeling of the airway wall or results from loss of elastic lung tissue as @
present in emphysema.’

In the past few years, much effort has been put into unraveling the genetics of COPD
defined based on lung function measurements. Genome-wide association studies (GWAS)
have revealed HHIP, CHRNA3/5 and FAMI3A loci to be associated with COPD defined as
airway obstfruction (FEV./VC < 70%)®° and BICDT loci to be associated with the emphysema
phenotype that is not capfured by lung function alone. A few recent studies have confirmed
that these genes in fact play a role in both COPD phenotypes. "

We have faken a hypothesis-free approach fo investigatewhether there is shared
genetics underlying airway obstruction and emphysema. If present, this might explain why
some COPD patients display features of both sub-phenotypes.

Materials and methods

Study design

Within the COPACETIC consorfium framework we performed a genome-wide
association (GWA) study on airway obstfruction (case-control) and a GWA study on

emphysema (quantitative trait) using the NELSON study (see Supplementary Material). Since \
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these dafasets contained a significant proportion of overlapping individuals, a meta-analysis
on shared genetics of both phenotypes could not be performed. We followed the analysis
strategy shown in Figure 1. For defails see Statistical analysis section.

First approach - top hits comparison Second approach - case-control analysis

GWAS
airway
obstruction
(1,030 cases

and 1,799

p<0.001

GWAS
p<5*10*

Figure 1. Analytical strategy.

Discovery cohort

We studied participants of the NELSON sfudy which is a population-based cohort
established as a lung cancer screening frial that included middle-aged, male, heavy smokers
(>20 packyears) from two university medical centers in The Netherlands, Groningen and
Utrecht. All participants performed spirometry and underwent computer tomography (CT)
scanning fo defermine the presence of airway obstruction and emphysema respectively. A
detailed description of this cohort can be found in van lersel ef a/®

Replication cohort

The Multi-Ethnic Study of Atherosclerosis (MESA) was used as a separate replication

4

cohort. MESA is a longitudinal study of subclinical cardiovascular disease and risk factors that
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predict progression to clinically overt cardiovascular disease or progression of the subclinical
disease. Between 2000 and 2002, MESA recruited 6,814 men and women 45 to 84 years of age
from Forsyth County, North Carolina; New York City: Baltimore; St. Paul, Minnesota: Chicago; and

Los Angeles. Exclusion criteria were clinical cardiovascular disease, weight exceeding 136 kg
(3001b.), pregnancy, and impediment to long-term participation. A small number of additional
participants were included from the MESA Air Pollution Study, which recruited in Los Angeles
and Rockland County, New York, under the MESA criteria except that participants were ages
50 fo 89 years® Given the race/ethnic distribution of NELSON, we limited the MESA sample
for replication fo Caucasians.

Phenotype def nifions

Airway obstfruction cases were defined as having a (pre-bronchodilator) FEV /FVC <
0.7. Controls were defined as having FEV./FVC > 07 and FEV, > 90% predicted.

Firstly, emphysema was investigated as a quanfitafive traif based on CT scan
measurements. We used the 15™ percentile of density distribution (p15) in the lungs. To correct
for scanner variations, density values in each scan were shifted fo ensure that pure air located
in the frachea had a density corresponding fo -1000 HU.

® Secondly, presence and absence of emphysema was defined according fo the lowest and ®
highest quartile of the emphysema distribution, being P <-925HU and P_>-898HU respectively
(see Stafistical analysis for details on a second approach).
Emphysema measures were obtained on full-lung screening CT scans in NELSON and partial-
lung cardiac CT scans in MESA® The latter was adjusted for affenuation of air outside the
body and has been previously validated compared to full-lung scans.”

Genotyping and quality control

DNA samples were hybridized on lllumina Quad610 BeadChip containing over
620,000 markers providing whole genome coverage. Genotypes were called with the
standard algorithm provided by lllumina and implemented in GenomeStudio software. Quality
control, as well as analysis, was performed with PLINK™®. SNPs were excluded if a deviation
from Hardy-Weinberg equilibrium was observed (p<0.0001) in controls only in the airway
obstruction analysis (n=16,003) and in all subjects in the emphysema analysis (n=3,036). SNPs
were excluded also in case of missing genotypes in more than 5% of samples (ie. airway
obstfruction n=38,842, emphysema n=10,107) or if minor allele frequency was below 5% (ie.
airway obstruction n=53,681, emphysema n=64,251). Samples were excluded if more than 5%

of genofype dafa was missing (i.e. airway obsfruction n=24, emphysema n=19) or in case of \
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duplicate samples (n= 29); detected as an ethnic outlier (based on genetic distance derived

from principal components ¢1 and ¢2; n= 49); derived from a relative of another participant
(based on IBS estimation, Phat > 0.5, n=13); or had a diagnosis of lung cancer (n=16).

Parficipants in the original MESA cohort who consented to genetic analyses were
genotyped in 2009 using the Affymetrix Human SNP array 6.0. Data were filtered on SNP level
call rate <95%, individual level call rate <35%, heterozygosity »53%, and all monomorphic SNPs
were removed.

Statistical analysis

To identify genetic overlap between airway obstruction and emphysema, we selected
SNPs with p<0.001 from each GWA analysis and checked if the fwo resulfing lists of top hifs
contained overlapping SNPs (supplementary data). Next, to check whether findings from this
approach are not due to chance, we selected a subset of cases from NELSON participants that
had both obstruction and emphysema (FEV <0.7 and p15¢-925HU) and a subsetf with airway
obstfruction only (FEV 0.7, FEV >30% predicted and p15>-898HU) as controls to perform case-
control analysis (second approach). We compared these groups using the Chi-squared test.

For replication of the NELSON findings among Caucasians in MESA, we excluded
individuals with top principal components (PCs) of ancestry > 35 SD. Based on our examination
of principal components within each race/ethnic group, we used 3 PCs to account for
population sfructure within the MESA. Genetic analyses were performed as closely as possible
to those performed in the NELSON cohort, with some modifications fo account for study-
specific confounders in MESA.
To replicafe findings of the NELSON study on airway obstfruction and emphysema overlap the
following analyses were performed in the MESA cohort:

1) Linear regression on p15 adjusted for packyears, age, ex-/current smoking stafus
and gender and logistic regression within cases with (AO+) and without (AO-) airway
obstfruction fo replicate nine SNPs resulfing from the top hits lists comparison

2) Logistic regression adjusting for gender within airway obsfruction cases with
emphysema (FEV.<0.7 and p15¢-925HU; AO+E+) and without emphysema (FEV.<0./
and p15>-898 HU; AO+E-) fo replicate SNPs found in case-confrol analysis (p<5*10%°).

Networks and pathways

We used publicly available tools to idenfify networks of genes or proteins and
checked if they represent an established pathway. For the first purpose, we used GeneMANIA™,
Vi web-based tool that finds genes that inferact in any way (physically, genetically, efc) with
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query genes. We used applicafion version 304 that was accessed on 26 May. For pathway

identification, we used GATHER™, a web-based annotation fool, that among other functions
looks for KEGG pathways and Gene Ontology (GO) terms.

Results

Genetic overlap between airway obstruction and emphysema

We performed GWA studies for airway obstruction and emphysema separately
(Supplementary Material). Comparing the top 661 SNPs from the airway obstruction association
analysis and fop 700 SNPs from the emphysema association analyses respectively (based on
p cut-off < 0.001, Figure 1), we found nine SNPs showing moderate associations with both
airway obstruction and emphysema (Table 1). These SNPs point to ABCBT SLC30AT10. ACOTTI
KIAAT239 and ALPK2 genes that were subsequently investigated in GeneMANIA to identify
potential protein networks. The resulting network (Figure 2) is enriched in proteins involved
in response to drug (GO:0042493) and focal adhesion (hsa04510) pathways. Interestingly, the
network includes /GLL7 and PARVA genes that, among others, were also identified amongst
the genes close to the 25 most significant SNPs from our case-contfrol study comparing
575 airway obstruction cases with emphysema, to 178 airway obstruction cases without
emphysema (Figure 1, Table 2) from the NELSON cohort. Although this study did not reveal
genome-wide significant results, a pathway analysis including the ten most significant SNPs (p<
2*107) again identified the focal adhesion pathway.

Table 1.9 SNPs found to be moderately associated with airway obstruction and emphysema with the

first approach (top hit lists comparisons).

CHR SNP Al BETA Ps Rank P15 OR, P Rank ao gene left_gene right_gene

1 rs300269 G 168 506E-04 | 365 083 6.45E-04 440 ACOTN LOCB45436 FAMI51A

1 rs6700061 A -328 432E-04 322 143 719E-04 489 SLC30A10 LOC728518 LOC728528

1 rs17641611 A 274 160E-05 14 076 324E-04 221 NA LOCB43779 LOC100129664
4 rs1469807 A =215 743E-05 60 123 791E-04 536 KIAA1239 LOC100130532 C4orf19

7 rs17064 T 319 5.75E-04 41 069 | 705E-04 | 476 ABCB1 ABCB4 RUNDC3B

3 rs1409255 C 176 3.28E-04 240 081 203E-04 | 143 NA LOCI00129308 DIAPH3

8 rs9789183 G -252 250E-07 1 121 754E-04 512 NA LOCB45355 TTMA

18 rs4271673 A 181 952E-04 654 081 8.28E-04 562 ALPK2 NEDD4L LOC100128163
20 rs6082843 A 162 797E-04 561 083 912E-04 609 NA KRT18P3 CYB5P4

BETA p15is derived from linear regression performed on 15™ percentile of density distribution, expressed
in Hounsfield units, which has negative values. These estimates should be inferpreted in the following
way: BETA< O corresponds to more severe emphysema and BETA > O corresponds to a profective

effect of the SNP.
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Figure 2. Nefwork analysis for 4 genes found with first approach (comparison). In red genes predicted
to be involved in the nefwork and identified with the second approach (case-control analysis).

Table 2. 25 SNPs found fo be associated in a second approach - case-control analysis, where cases

@ suffered from airway obstruction and emphysema and controls had airway obstruction only.
CHR SNP Al P OR gene left_gene right_gene
2 rs16863440 G 159E-06 034 NA LOC727982 SOXT
n rs11022378 C 2.84E-06 179 PARVA MICALCL TEAD1
2 rs738781 G 903E-06 050 NA LOC388882 IGLL1
2 rs915583 A 903E-06 050 NA LOC388882 IGLL1
2 rs6003752 G 101E-05 050 NA LOC388882 IGLL1
2 rs5996566 C 121E-05 050 NA LOC388882 IGLL1
19 rs1613070 G 129E-05 059 KHSRP LOC390877 KHSRP
4 rs286451 A 139E-05 058 NA PAQR3 ARDIB
n rs7110901 A 184E-05 276 L DLRAD3 LOC100128841 CTlorf55
2 rs10865212 C 195E-05 057 PRKCE SRBD1 EPAST
1 rs12403920 G 201E-05 241 NA RIMKLA ZMYNDT2
4 rs4975160 G 212E-05 058 NA PAQR3 ARD'B
23 rs2071583 C 213E-05 027 PHEX SMS ZNF645
16 rs7197966 A 268E-05 171 A2BP1 LOC100129334 LOC440337
4 rs6448032 G 326E-05 059 KCNIP4 PACRGL NCRNAOOO99
19 rs1290617 C 335E-05 172 CYP4F3 CYP4F8 LOCB46575
4 rs6448033 A 354E-05 059 KCNIP4 PACRGL NCRNAOOO99
19 rs1290616 A 378E-05 171 CYP4F3 CYP4F8 CYP4F3
3 rs12494491 A 402E-05 0.59 NA SPSB4 ACPL2
5 rs17165388 A 415E-05 053 NA PPP2CA CDKL3
1 rs4755440 G 4 44E-05 207 LDLRAD3 LOC100128841 Clorf55
16 rs12445310 A 463E-05 055 NA CDH8 hCG_1642987
rs7107848 G 481E-05 051 PARVA MICALCL TEAD1
rs1465934 A 482E-05 051 PTPRB KCNMB4 PTPRR
rs2165627 C 482E-05 051 PTPRB KCNMB4 PTPRR
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For the replication we followed two approaches:

1) We set ouf to replicate the nine SNPs showing moderate associations with
both airway obstruction and emphysema among Caucasians in the MESA study. Two
out of the nine SNPs, ie. rs 17641611 and rs1469807 were replicated with nominal p
values in the emphysema association analysis (Table 3). rs17641611 (p=0.017) is located
on chromosome 1 in a gene desert with pseudogenes and RNA coding genes. The
second SNP, rs146980/ (p=0.023) on chromosome 4 annotates to KIAA1239 However,
none of the overlapping nine SNPs showed an association with airway obstruction
(Table 3).

Table 3. 9 overlapping SNPs - replication in MESA cohort.

CHR SNP Al Np15 | Effp15 | SEp15 | Pp5 | NAO | ORAO ClAO P.AO
[ rs300269 | G 2421 043 058 046 | 884 091 073-113 037
1 rs6700061 | A 2423 -0.05 110 09 | 886 | 080 054 -119 026
1 rs1764161 | A 2419 -184 077 002 | 884 119 090 - 158 021
4 rs1469807 | A 2423 149 066 | 002 | 886 085 067 -108 0.18
7 rs17064 T 2423 023 117 085 | 86 | 090 058 - 140 0.64
13 rs1409255 | C 2423 085 059 015 | 886 091 074-112 036
18 rs9789183 | G 2423 -041 067 054 | 886 116 091-148 023
18 rs4271673 | A 2423 059 0.64 035 | 886 093 073-117 052
20 rs6082843 | A 2423 021 058 071 | 886 102 082 -126 085
OR.AO has been converted from BETA esfimate derived from logistic regression fo aid comparisons

of the results from Table 1.

2) We set out to replicate the 25 SNPs idenfified by comparing airway obstruction
cases Wwith and without emphysema, also among Caucasiansin the MESA study. Two SNPs
showed nominal replication: rs10865212 on chromosome 2 (p=0.035) annotating to PRKCE and
rs12403920 on chromosome 1(p=0.039) located in the region between RIMKLA and ZMYND12.
The fhird SNP rs6448032 on chromosome 4 annofafing to KCNP4 showed suggestive
association (p=0.066)(Table 4).




Table 4. Replication results from MESA cohort of the 25 SNPs identified in case-control analysis

CHR SNP. Al NAOemph ORAQemph 95% Cl P AQemph
2 rs10865212 C 243 041 018 -094 004
1 1512403920 G 243 410 108 - 1561 004
4 rs6448032 G 243 045 019-106 007
19 rs1290616 A 243 188 086 -408 (ONi|
19 151290617 C 243 185 084 -408 (0N}
16 157197966 A 243 056 026-118 01
3 1512494491 A 243 20 076 - 541 015
4 15286451 243 179 070 - 458 023
1 1511022378 C 243 0,60 026 -138 023
il rs/110901 243 232 057 - 946 0.24
4 rs6448033 243 Q64 029 -138 025
1 1s4755440 G 243 160 061-419 034
19 151613070 G 243 144 056 -366 045
5 1517165388 A 42 137 046 - 411 058
1 157107848 G 243 148 032 -692 062
2 rs16863440 G 243 081 022 -300 075

22 rsH996566 C 243 0.89 035 -223 0.80
2 rs/38/81 G 243 0.89 036 =222 0.80
2 15915583 A 243 0.89 036 - 222 0.80

16 rs12445310 A 243 091 038-219 084

4 rs4975160 G 243 109 047 - 251 0.84
1 151465934 A 243 094 035-25 091
15216562 C 035-257 091

i 243 094
OR.AQemph has been converted from BETA estimate derived from logistic regression to aid
comparisons of the results from Table 2.

Discussion

In the current study we performed an analysis on genetic overlap between the
objective presence of airway obstruction and emphysema. We focused on the genes thaf
most significantly pointed towards a network of genes involved in the focal adhesion pathway
that is an important component of the epithelial repair. Specifically ABCB7as a gene involved
in both airway obstruction and emphysema is an inferesting candidate. ABCB7(MDR-1) belongs
to the family of ABC-transporters, just as ABCCT(MRP-1) that we previously identified as a
candidate gene for COPD?' with functional relevance. It has been shown that MpT/Mdria/1b
triple knock-out mice have a reduced inflammatory response upon cigarette smoke exposure,
but the role of MDR-1in COPD development has to be further explored.??

Other genes resulting from the airway obstruction-emphysema overlap analysis seem
to be good candidates as well. ACOTT71 coding for acyl-CoA thioesterase 11 has been shown
to increase metabolic activity of brown fat fissue in mice exposed to cold? A specific SNP
in this gene, rs300269, could be linked to weight loss which is an important co-morbidity in
about half of the COPD patienfs?* Since little is known about the functionality of the other
genes, ie. ALPK2 SLC30AT0 and KIAA1239, interpretation of those results in relation to COPD
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is difficult.
We suggest some plausible candidates that should be investigated further in future

studies. Some inferesting pathways may emerge from our study, pathways which were
not investigated yet in detail in relation to COPD. It is known already for quite some years,
that COPD is not only a lung disease, comprising airway obstruction, chronic bronchitis and
emphysema, but there are also so-called "systemic effects” accompanying the disease® These
effects include among others muscle weakening and weight loss which usually correspond to
poor prognosis in COPD patients, and often in significant drops in quality of life. Most literature
presents these effects as a consequence or naturally occurring events during the disease
progression, although origins and mechanisms underlying these events are poorly understood.
We think our study broadens the spectrum of candidate genes and pathways that could be
related to COPD, and stresses their potentially important role in COPD development. However,
we cannot rule out the possibility that muscle weakening and higher energy expenditure
resulfing in weight loss can significantly contribute fo the systemic inflammation either, since
we do not know the sequence of events.

However, our results should be interpreted with caution, as none of the SNPs reached
genome-wide significance. This might be due fo a number of reasons. First, we used a single
discovery cohort to investigate two phenotypes, hence we could not perform a meta-analysis
to combine the results, but used a two-staged approach to strengthen our findings. However,
the GWA studies on each of the phenotypes did not result in genome-wide significant findings.
The power of each study (1,030 cases and 1799 controls in airway obstruction and 3,047
individuals in emphysema analyses) might be limited, and be an underlying factor explaining
the lack of genome-wide significance. Although the results of the airway obstruction and
emphysema overlap analysis were validated in an additional replication step in an independent
cohort, further replication was not possible due to lack of cohorts with both spirometry
and CT data available. For individual GWAS on airway obstfruction (supplementary material)
the replication was unsuccessful, most likely due to large heterogeneity between cohorts.
Our aftempt to account for it decreased the replication sample size and hence the power.
Replication cohorts for airway obstruction were mostly general-population cohorts, which are
certainly a lot different than the NELSON cohort being a highly selected population of heavy
smokers. For replication of individual GWAS on emphysema two cohorts were available with
less than 2,500 individuals in total raising again the power problem.

We should also highlight the fact that many of the NELSON participants actually
suffer from both airway obstfruction and emphysema. Therefore, it cannot be ruled out that
associations with airway obstruction already represent SNPs associated with emphysema as

well. On the other hand, there is no direct overlap between results from airway obstruction W




GWAS and emphysema GWAS (Supplementary data), which implies that the phenotypes

are different. Further, it is known that presence of emphysema leads fo airway obstfruction,
therefore "pure emphysema” cases can soon become patients with both phenotypes. It can
not be excluded that these patienfs carry additional genetic load predisposing them to both
phenotypes or the genes associated with emphysema lead also fo the development of airway
obstruction. This question could not be answered by the current study due fo very small
numbers of individuals with "pure phenotypes’. Taking this into account and results of the
current study, we think that further research should include all (or as many as possible) aspects
of COPD and include patients with both spirometfry and CT measurements.

In summary, our current results suggest a possible overlap in genefic components of
airway obstruction and emphysema. The SNPs we describe are located within genes pointing

to focal adhesion pathway and so-called "systemic effects” of COPD.
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Supplementary material.

Supplementary methods.
COPACETIC Discovery cohort and phenotype definition

The work described in the current manuscript was performed within the COPACETIC
consortium framework (See Figure S1for sef up of the study).

The GWA on airway obstruction was performed 1030 cases and 1799 confrols
(including 846 controls from the blood bank). Airway obstruction cases were defined as having
a (pre-bronchodilator) FEV /FVC < O.7. Controls were defined as having FEV /FVC > 0.7 and
FEV.> 90% predicfed.

GWA study on quanfitative emphysema was performed on 3,008 individuals from
the NELSON cohort. Emphysema was investigated as a quantitative frait based on CT scan
measurements. We used fthe 15" percentile of density distribution (p15) adjusted for peak
in the frachea to account for possible center differences. We checked the normality of the
distribution.

Statistical analysis

The GWA on airway obsfruction was performed in the identification cohort, NELSON,
with the Chi-squared fest with no additional adjustments. Likewise, each of the nine replication
cohorts was analyzed separately, with additional ad justment for gender. Results were combined
in a directional fixed effects (Mantel-Haenszel) meta-analysis.

The GWA on emphysema was performed using a linear regression additive model
with adjustment for age and pack-years smoked. The two cohorts available for replication
(LUSI and DLCST) were analyzed likewise. Final results were obtained in a directional meta-
analysis.

COPACETIC Replication cohorts

COPACETIC Replication of airway obstruction GWAS results

copd.indd 63 @

Nine independent cohorts were used as a replication sample for airway obstruction.
The Vlagtwedde/Vlaardingen study (n=1293) and the Doetfinchem sfudy (n= 898) are
longitudinal, population-based cohorts of Caucasians of Dufch decent with a follow-up of
25 and 15 years, respectively.? The Rucphen study (n=158) and GLUCOLD study (n= 315) are
patient populations with mild fo moderate COPD (GOLD stage | and Il, respectively) and their
controls, also of Dufch descent? “ Burden of Obstfructive Lung Disease (BOLD) is a Polish \




cohort of 147 COPD patienfs and 355 matched healthy confrols®. The Copenhagen City Heart
Study (CCHSn=8,627) is a population-based cohort of Danish descent with over 1,000 COPD
cases® The Danish Lung Cancer Screening Trial (DLCST, n=1202) is a population-based cohort,

recruited in Denmark for a lung cancer screening trial/ NELSON Exfra is an additional sample
of the NELSON cohort (n=488). The LifeLines study consists of a population based sample of
Northern part of the Netherlands including Caucasians of Dutch decent (n=3,724)8

COPACETIC Replication of emphysema GWAS results

Two cohorts had CT measurements and were available for emphysema associations
replication: DCLST (n= 1465) and German Lung Cancer Screening Infervention Trial (LUSI
n=1,013) which comprises individuals screened for lung cancer and COPD

MESA Replication

Among Caucasians enrolled info MESA with genotypic data, 886 had valid measures
of pulmonary function and emphysema measures were available for 2.323. Airway obsfruction
cases were defined as in COPACETIC, and there were 243 such cases among Caucasians in MESA.
The stafistical analysis was performed as in COPACETIC, except that the following
@ additional variables were included in the regression models to account for scanner effects: @
scanner, site, and milliamperes.

Replication Genotyping

Replication genotyping was done with a custom made lllumina GoldenGate array
(airway obsfruction) and Veracode assay (emphysema) containing 312 and 71 SNPs with p<5*10°
° respectively. SNPs were clustered in GenomeStudio software with a standard algorithm and
adjusted manually separately for each replication cohort. Quality control was performed as
described before (main manuscript).

Accounting for heterogeneity in airway obstruction association replication

Toreduce heterogeneity foaminimum we followed the approach shown in Supplementary
Figure 2. We performed a sensitivity analysis for every SNP separately, by excluding one cohort
af a fime. If homogeneity was achieved cohorfs were included in a final meta-analysis. If no
homogeneity was observed we performed sensitivity analysis excluding two cohorts af a time,
using all possible pair -wise comparisons. These steps were repeated with three, four, five and
six cohorts excluded af a fime. Prior fo the sensitivity analysis the minimum number of replication

cohorts was sef to be three, to ensure robustness of our results.
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Results

Alrway obsftruction

In a final associafion analysis, 492,339 SNPs were tested in 1030 cases and 1799
controls. The genomic inflation factor (A) equaled 1.02, indicating an appropriate quality control
and no population strafification. Genome-wide significance was not reached by any of the
SNPs (Supplementary Figure 3). We selected 312 SNPs with the lowest p values (p<0.0005)
for replication in nine independent cohorts giving a fotal of 3236 cases and 13,956 controls.
None of the SNPs exceeded the Bonferroni-corrected p value in a replication phase (1.60-10°%,
0.05/312; Supplementary Table 1) or reached genome-wide significance level after combining
the results of the identification cohort and the replication cohorts (102-107, 0.05/492,339).

Emphysema

We included 3,047 individuals and 522,104 SNPs in a linear regression on emphysema.
We did not observe an abnormal deviation of association signals, as A equaled 1.03. There were
no genome-wide significant signals at this stage (Supplementary Figure 4). 71 SNPs with p
<5107 were selected for replication in two population-based cohorts. 2,476 individuals and 66
SNPs passed quality checks in a replication phase. None of the SNPs reached the Bonferroni-
corrected p value (75810 0.05/66; Supplementary Table 2) or genome-wide significance
level after combining all the results (958-10% 0.05/522,104).

Concluding remark

We found no genome-wise significant signals in the discovery population when
performing the genome-wide association study, frying to idenfify genes involved in airway
obstruction and emphysema, fwo major phenotypes of COPD. We found some SNPs with
a trend of association in the replication cohorts, but no significance affer multiple testing
corrections, neither for airway obstruction nor for emphysema. In both cases, this can be
explained by the fact, that these phenotypes of COPD are complex and vary much between all
the cohorts used in this study, infroducing a lot of heterogeneity. Especially in the emphysema
phenotype, where computer tomography is used to assess its presence, differences in type
of CT-scanner and soffware used can introduce noise and make replication more difficult.
Moreover, the size of our replication sample for the emphysema phenotype was small and
thus had limited power. In addition, the differences between populations studied as well as
confounding factors that were not accounted for could be the reason that major signals found
in the discovery set were not replicated. In the GWA on airway obstruction we included blood \




bank confrols to increase the power. However, except for gender, there is no information
available for these individuals, hence we could not account for smoking habits in this analysis.
Also, taking into account the relatively small size of the discovery sets (1,030 cases and 1799
controls in the airway obstfruction and 3,047 individuals in the emnphysema analyses) the initial
signals from the identification cohort could simply have been false positives.

However in light of findings made in Soler Artigas et al® in lung function parameters
we think our results are valid, even despite lack of genome-wide significance. Soler Artigas
in their meta-analysis of 23 cohorfts summing up to over 48000 individuals and replication
sample of over 46,000 individuals idenfified 16 novel loci associated with lung function, among
them fransforming growth factor B ( 7GFB2). In the current study, GWAS in airway obstfruction
identified rs1317681 (combined p=2.17*10"%) located also in TGFB2 gene.

In conclusion, the current study showed no genome-wide significant findings however,
our results are suggestive and strengthened by findings from previous studies by other groups.
Future studies should include higher numbers of cases and controls, which can be only done
within consortia with detailed phenotyping data enabling sub-phenotype studies.Supplementary

The COPACETIC study

Discovery phase

NELSON cohort

v v
Airway obstruction
1,030 cases
1,799 controls

v
Viagtwedde/Vlaardingen
Doetinchem
Rucphen
GLUCOLD
BOLD
CCHS
DLCST
NELSON Extra
LifeLines

Replication phase

M Figure 1. The COPACETIC study set up.
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Supplementary Table 1. Six SNPs with the lowest p value in airway obstfruction analysis.
GWAS Replication Combined
CHR SNP Gene Al P OR P OR P OR
13 rs/337088 NA G 7.04E-05 145 7.01E-04 147 18/7E-07 146
8 rs189509 PNOC G 113E-04 155 /.39E-04 152 325E-07 154
1 rs1317681 TGFB2 A 447E-04 0.75 113E-03 0.68 2.17E-06 0.3
2 rs7956804 CD4 G 2.25E-04 0.77 127E-03 086 | 238E-06 0.83
14 rs17091195 SERPINAT3 A 3.07E-05 137 139E-02 118 4 04E-06 126
8 rs930027 NA A 309E-04 073 6.40E-03 081 940E-06 | 0./8
Supplementary Table 2. Five SNPs with lowest p values in p15 (emphysema) analysis.
GWAS Replication Combined
CHR SNP Gene A P BETA P BETA P BETA
5 rs11948188 GFM2 A 126E-05 265 451E-03 419 291E-07 287
7 rs10486076 NA A 353E-05 -239 | 960E-03 -353 138E-06 -257
4 rs469/7618 SELL3 A 104E-05 | -248 | 550E-02 -141 296E-06 | -209
6 rs1224526 NA A | 472E-05 | -312 304E-02 | -209 | B71E-06 | -272
12 rs3764875 SCNNTA G | 966E-06 2.25 0.2824 135 6.41E-06 212
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Abstract
BACKGROUND
Asthma and chronic obstructive pulmonary disease (COPD) are thought fo share a genetic

background (the "Dutch hypothesis’).

METHODS

We investigated whether asthma and COPD have common underlying genetic factors,

performing genome-wide associafion studies for both asthma and COPD and by combining

results in meta-analyses.

RESULTS

Three loci showed potential involvement in both diseases: chr2p24.3, chr5g23.1and chr13g14.2,

confaining DDXT COMMDIO (both participating in the NFkB pathway) and GNG5P5,

respectively, as most likely candidate genes to harbor the causal variants. SNP rs9534578

in GNG5P5 reached genome-wide significance after first stage replication (p=9.96-107°). The

second stage replication in two independent cohorts provided similar direction of associations,
@ without significant replication. eQTL analysis performed on the top sevenfeen associated SNPs @

identified 3 SNPs in COMMDT0 influencing gene expression levels.

CONCLUSIONS

Although inflannmatory processes differ in asthma and COPD, they are unequivocally mediated

by NFkB, and as suggested by our results, they could be driven by the same underlying genes,

COMMDT0 and DDXT implying that the Dutch hypothesis may have some validity. Since none

of the SNPs reached genome-wide significance further investigation of the loci should be

performed to assess their role in both asthma and COPD.
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Infroduction

Asthma and Chronic Obstructive Pulmonary Disease (COPD) are two common
respiratory diseases, their estimated prevalences ranging from approximately 1% to 18% in
different countries'. Both diseases may lead fo airways obstruction, which is reversible in
asthma in confrast to COPD. However, the diagnosis cannot rely on reversibility, as it can
disappear with asthma progression, making asthma and COPD harder fo distinguish. The
immune mechanisms underlying the two diseases are thought to be very different, buf
similarities in inflammatory processes have been reporfed in both disease entities recently”.
Classically inflanmnmation in asthma is represented by elevated numbers of CD4+ lymphocytes
and eosinophils, and by elevated CD8+ lymphocytes, macrophages and neutrophils in COPD®.
However, severe asthma can be accompanied by neufrophilia® and COPD exacerbation by
eosinophilia’.

Over fifty years ago, the so called ‘Dutch hypothesis™ was formulated by Orie and
colleagues® stating that asthma and COPD are two feafures of one disease entity, referred to
as chronic non-specific lung disease (CNSLD). CNSLD was defined to result from the interplay
of endogenous factors like genetic predisposition, and exogenous factors like viral infections,
air pollution, fobacco smoking and allergen exposures. The timing of this interplay would then

@ determine which clinical syndrome one developed during a lifetime, ie. asthma, or COPD, or @
feafures of both asthma and COPD.

So far this hypothesis has neither been confirmed nor refuted completely®, buf
several common environmental exposures have been unequivocally identified as shared risk
factors for both asthma and COPD, e.g. maternal smoking during pregnancy, air pollution and
active smoking™. Genefic factors have been associated with either asthma or COPD using
linkage™"™ candidate gene™ " and genome-wide association studies (GWAS)* 2! These studies
elucidated genetic factors unique either to asthma or COPD, but additionally potentially shared
genetic risk factors including 7GFBT TNFA, GSTP1 IL13? and SERPINEZ*. ADAM33 has been
linked fo the presence of asthma®*, COPD and accelerated lung function decline in the general
population and in asthma® %, suggesting common underlying genetic factors of both onset
and course of asthma and COPD?#. So far, hypothesis free GWAS studies aiming fo identify
novel genes underlying both asthma and COPD in the same source population are lacking. The
aim of our study was to identify shared genefic risk factors for asthma and COPD using an
unbiased GWAS approach. We first performed a GWAS on asthma and COPD separately using
individuals of Dufch descent and subsequently combined these in a meta-analysis, followed by
3 replication studies.
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Methods

Study populations

For the identification phase (mefa-analysisT), subjects were recruited as participants
of the following cohorts:
1. The Dufch Asthma GWAS (DAG) Study: a cohort screened for genetic studies,
characterizedby thepresence of adoctor diagnosis of asthma andhyperresponsiveness.
2. The NELSON cohort study?: a population-based cohort screening for lung cancer,
including current or ex-smokers with at least 20 pack-years. To increase power of
the COPD set, blood bank controls from Amsterdam and Utrecht without clinical data
except for age (range 18-65), were added.

For the 1 replication phase (meta-analysis2) subjects were parficipants of the
LifeLines cohort study (LifeLinesT).
The 2™ replication phase (metfa-analyses3+4) evaluated the top 17 SNPs; subjects were
participants of LifeLines (LifeLines2), an independent sample of LifeLines, and the SAPALDIA
cohort.
There were no overlapping subjects inall cohorts used. All participants signed informed
@ consent; studies were approved by institutional ethics committees. Detailed information and @
characteristics of the study populations are shown in Supplementary Appendix (Supplementary
table 3 and methods).

Asthma and COFD phenotype def nifion

In all cohorts, asthma was defined as having a doctor diagnosis of asthma ever, or use
of asthma medication (befa-agonists, steroids, anficholinergics, cromoglycate, monfelukast,
theophyllines) while having 2 or more of the following symptoms: wheeze without a cold,
an aftack of breathlessness while resting, waking up with an attack of breathlessness, ever.
Controls were defined as not having asthma.

In all cohorts, COPD was defined as a pre-bronchodilator FEV./FVC<O.7 (asthma cases
were excluded), and confrols (except for blood bank controls) were defined as having an FEV./
FVC>0.7 and FEV >90% predicted.

Genotyping, quality control and imputation

All cohorts were genotyped with lllumina arrays with different SNP content. Genotypes
were called and quality control was performed for each dataset fo ensure the best quality

(Supplementary methods).
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Study design and statistical analyses

The analytic work flow is shown in Figure 1. Genome-wide associations on asthma
(2.004,043 SNPs) and COPD (1.872,283 SNPs) were performed using x’- test on a genetic
additive model (O, 1, and 2). The results presented are crude odds ratios. The reasons for not
adjusting are several:

1. NELSON study consisted of males only that were heavy-smokers with 20 pack-years
af least. This forces already a specific age group, which is in this case age range of
51-79 years of age. In addition, a use of blood bank controls does not allow making
any adjustments, except for gender, which was not included as females were just a
subset of controls,

2. DAG stfudy and Lifelines asthma cohorts were not adjusted for any covariates fo
ensure the similarity of the analysis, following the NELSON cohort. LifeLines COPD
cohorts included smoking patients, in line with the NELSON cohort characteristics.

3. SAPALDIA cohort is a mulfi-cenfer study, which forces use of specific covariafes,
like area. Smoking adjustment was necessary, as analysis in COPD included also non-
smokers (in confrast with ofher cohorts, as shown in Table S3), as they constituted
the 50% of an already small group of COPD patients.

@ Next, results were combined in a directional meta-analysis on 1811,026 SNPs shared @
between the asthma and COPD datasets (meta-analysis1). 2,048 SNPs showing p<0.001 were
selected for in silico replication in a second sef of asthma and COPD case-control groups
derived from the LifeLines cohort (LifeLines1). These markers were analyzed with x’- fests and
then combined in a second directional meta-analysis (meta-analysis2). The top 17 SNPs with
p<0.007 from meta-analysis2 were investigated in the second stage replication consisting of
meta-analysis3 and meta-analysis4 in LifeLines2 and SAPALDIA, respectively.

In SAPALDIA genefic associafions with asthma and COPD were fested using
logistic regression. Models were controlled for pack-years smoking, study area and principal
components capturing inter-European population structure. Results were combined in meta-
analysis4.
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Figure 1. Analytic work flow

Cis-eQTL mapping

Cis-eQTL (expression quantitative trait locus) mapping was performed as described
previously by Fehrmann et al”® Briefly, each probe on the expression chip was mapped and
correlated with SNPs in the vicinity of 250kb. Principal component analysis was applied to
the datfa prior to the analysis to ensure that signals defected as eQTLs are not due fo eg.
bafch effects. Analysis involved non-parametric Spearman’s rank correlation fest. Because two
different expression chips were used, when probes were present on both, the final result came

4 from meta-analysis. False discovery rate was applied to account for multiple festing.
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Network analysis

Gene network was constructed using GeneMANIA. The gene set resulting from this
approach was investigated with GATHER to idenfify enriched pathways.
More details are presented in Supplementary methods.

Results

Genome-wide association and meta-analyses

GWAS were performed on both asthma (921 cases, 3246 controls) and COPD (1,030
cases, 1808 controls). Genomic inflation factors (A) equaled 101 for both asthma and COPD,
indicating no population stratification and presence of frue association signals (Figure S1).
Individual p-values and odds ratios (ORs) were combined in a directional meta-analysis using
a fixed-effects model (meta-analysis1, Figure 1; this data is publicly available at The European
Genome-phenome Archive (EGA), accession number EGASOOO00000130). All 2,048 single
nucleotide polymorphisms (SNPs) with p<0.001 were selected for a first replication analysis
in asthma and COPD cohorts separately, respectively 534 and 711 cases and 2,568 and 1854
controls. Subsequently results were combined in a meta-analysis (meta-analysis2, Figure 1).

Sevenfeen SNPs replicated at p<0.001 (Table 1) in the combined meta-analysis1 and
meta-analysis2, one SNP reaching genome wide significance. Sixteen of these 17 SNPs map fo
three genomic locations: 2p24.3, 5g23.1, and 13q14.2 (Table S1).

The chromosome 2p24.3 locus spans -380 kb and contains genes encoding functional
units, like processed transcripts, pseudogenes and RNA genes (Figure 2). The nearest gene with
a known function, DEAD-box polypeptide 1(DDX7), is -139kb away from the top associated
2p24.3 SNP rs1477253. The locus on chromosome 5 is -328 kb and contains a single gene:
COMM domain containing 10 (COMMD10) (Figure 2). The locus on chromosome 13 spans -320
kb and only contains a pseudogene: guanine nucleotide binding protein (G protein) gamma
5 pseudogene 5 (GNG5P5) (Figure 2). SNP rs9534578 in GNG5P5 reached genome-wide
significance (p = 996*10°9).
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Replication phase 2 of top 17 SNPs

The top 17 markers from the combined analysis were further evaluated in an independent
sample of the LifeLines cohort (Lifelines2; 317 asthma and 2,363 controls; 601 COPD and 1868
controls, 14 SNPs present) and the SAPALDIA cohort (461 asthma, 118 COPD, 656 confrols).
None of the SNPs replicated at a nominal p-value <0.05 in LifeLines2 or SAPALDIA although
nine and eight SNPs, respectively, showed similar effect estimates. Meta-analysis of all cohorts
together did not result in genome-wide significant associations (Table 1).

eQTL analysis of top 17 SNPs

Three of the top 17 SNPs from the combined analysis showed a cis-eQTL effect, when
correlating the genotypes with gene expression levels in 1469 peripheral blood mononuclear
cell samples with both GWAS and genome-wide gene expression data available’®. The three
SNPs were located in COMMDTO0. The risk allele (G) of rs254149 decreased COMMDT0 expression
levels: risk alleles of rs10043228 (T) and rs10036292 (G), which are in perfect LD (r’=1), increased
COMMDT0 expression levels (Figure 3). Out of these SNPs, rs254149 showed the sfrongest
association and was in rather weak LD with two remaining SNPs (r*=0.292 for both, Table S1).

Network analysis

The genes found were investigated with GeneMANIA which does not support
pseudogenes. Hence we queried only COMMDTO and DDX1 This gene enrichment approach
resulfed in a set of genes, fwo genes (RAD50 and MRETIA) being involved in regulation of
mitotic recombinafion (Bayes factor 11, p<0.0001) and felomere mainfenance (Bayes factor
6, p<0.0001), possibly implicating COPD as a disease of rapidly aging lungs®. Another gene
(BICD?) involved in telomere maintenance was previously reported in emphysema®.

Moreover, products of DDXTand COMMDTO interact with NFkB2. COMMDI10 has a
direct inferaction, while DDX1 interacts with RELA and RELB, known fo interact directly with
NFkB2 and to function in the same pafthway (Figure 4).

@ 9/2/2013 10:34:00 AM




Ranked gene expression
Ranked gene expression

eQTL effects for Asthma and COPD associated SNPs

Gene
Meta-analysis P-Value 1.72E-8

physical interactions
predicted inferactions

co-expression

Ranked gene expression
Ranked gene expeession

T

Genotype

Figure 3. eQTLs identified for COMMD10 SNPs. Order on x-axis is from non-risk homozygote,
heterozygote and risk homozygote for all three eQTLs

Figure 4. Gene enrichment plot using DDX7and COMMDI0 genes as a query




Discussion

This is the first investigation of shared genetics of asthma and COPD in a hypothesis-
free manner using a genome-wide screening in well-defined asthma and COPD cohorts and a
large population-based sample. We report three novel loci as potentially shared genetic factors
between asthma and COPD, none reaching genome-wide significance in the discovery set or
two replication cohorts. None of these three loci were previously reported to be associated
with either asthma or COPD. However, DDX7locus was reported in a recently published meta-
analysis of lung function®, with a p-value of 9*10° The T allele of rs2544527 in DDX was
associated with lower lung function and in our study with a higher risk of both asthma and
COPD.
The shared 53231 risk locus contains the COMMDT0 gene. COMMDT0 is a member of
COMM domain containing proteins® with a largely unknown function. COMMDT0 has shown
to form a complex with COMMD1, another member of this family of proteins, which regulates
copper metabolism and sodium uptake and inhibits NFkB activation®. Copper and sodium
levels are inversely regulated, i.e. when copper levels increase, sodium import in cells is inhibited
and vice versa. Both ion levels can be regulated by COMMD1, with sodium confrol mediated
through epithelial sodium channels (ENaCs) that are abundantly present in lung epithelial cells*.
Sodium is crucial for maintaining a fluidic layer in the alveolar part of the lungs and ENaCs play
® a crucial role in this process®. It is tempting to speculate that COMMD10 is involved in this ®
maintenance either through interaction with COMMD1, or independently by displaying similar
functions as COMMD1. Also, ifs function in inhibition of NFkB activation could play a role in
regulating inflammatory processes in airways diseases.
The 13g14.2 locus contains the guanine nucleotide binding protfein (G protein), gamma
5 pseudogene 5 (GNG5P5). Poliseno et al recently showed that pseudogenes can have a
pronounced role in regulation of their putative transcripts by competing in non-coding RNA
binding™®. It needs to be fested whether GNG5P5 can affect GNGDS levels, but it is inferesting
fo nofe fthat the pseudogene is processed and has a franscript (ENSTOO000420444). The
biological consequence of a change in GNG5 levels in relation to asthma and COPD pathology
is unclear but it is well established that G proteins play a crucial role in signal fransduction
from cell surface to ifs inferior. It is also known that G-protfein coupled receptors (GPCRs)
are involved in asthma and more generally are a target of many of the currently used asthma
drugs®.
A third locus on 2p243 is bordered by the DDX7 gene, encoding DEAD-box protfein
1, RNA helicase I, and the MYCN genes whereas the locus itself confains non-profein coding
genes including liNncRNAs, ncRNAs, pseudogenes, processed transcripfs and one newly

# discovered, protein-coding gene. Theoretically, any of these could be involved in asthma and
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COPD, hindering inferpretfation of our findings. However, the regional associafion plot (Figure
2) shows that the signal is mostly confined to ACO082783and ACO082711 Further refinement
of the region and functional assessment of the associated variants could help to potentially

pin-point the actual causal gene. DDX7is a plausible candidate for both asthma and COPD since
it inferacts with RELA, one of NFkB subunifs, upon which it acts as a co-activator of NFkB-
mediafed transcription®. Since this is a centfral and common pathway of inflammation present
in the airways of both asthma and COPD, this may signify a unifying underlying mechanism of
both disease enfifies. Further sfudies are needed to confirm this hypothesis.

The strengths of our study are clearly the data quality of the cohorts involved, the
design of the study and the analysis strategy of the discovery and replication phases. There
are some limitations fo our study as well. First, we investigated Caucasians of Dutch descent
only for discovery and used Caucasians of Swiss and Dufch descent for replication, thus our
results are only represenfafive of part of the Caucasian populafion. However, the markers
identified were reasonably common (MAF >5%), with a likely generality to a population of
broader ancestry. Secondly, we found no replication in an independent sample of LifeLines
(LifeLines2), which might raise the question whether our findings are robust. One explanation
for the lack of replication might be the somewhat lower prevalence of asthma in LifeLines2
(75% versus 85% in LifeLinesT) due to the average older age of the subjects included in
LifeLines2. This could reflect a cohort effect or some asthma remission at elderly ages®. Since
we did observe nominal associations with COPD in LifeLines2, but not with asthma (Table S2)
the joint analysis did not yield nominal associations. This could be due to use of patients with
self-reported doctor diagnosis of asthma ever. It cannot be excluded that this group consists
in part of individuals diagnosed with asthma in childhood, who now are in complete remission.
Replication of the top 17 SNPs in SAPALDIA was also unsuccessful, possibly due to limited
statistical power. Importfant limitations common to most GWAS remain the heterogeneity
of the phenotypes assessed, and heterogeneity between discovery and replication samples.
Table S5 shows heterogeneity per meta-analysis performed, ie. for each asthma-COPD meta-
analysis. It differs substantially and due to specificity of the study we could not account for
the heterogeneity befween meta-analyses. We did not want to perform meta-analysis of
meta-analyses, hence we chose Fisher's exact method to combine p values. As highlighted by
the Dutch hypothesis the imporfance of both type and temporal sequences of environmental
exposures contribufe tfo the occurrence of either phenotype. This may have affected the
phenotypic oufcome considerably and hence a crude covariate adjustment may represent
an underestimated challenge to identify common genetic deferminants of asthma and COPD.

Recent efforts to characterize substantial number of patients diagnosed with both

asthma and COPD* show the increasing scientific interest in the phenotypic overlap between N\




asthma and COPD. Future studies on the underlying genefics in this group of overlap patients

would be of interest, specifically comparing outcomes with our results.

Overall, our results are suggestive of a role of the NFkB pathway, a key franscription
factor in the inflammatory response, in both asthma and COPD, suggesting that the Dufch
hypothesis may have some validity. Since none of the SNPs reached genome-wide significance
further investigation of the loci should be performed to assess their role in both asthma and
COPD. Although inflammatory processes differ in asthma and COPD, they are unequivocally
mediated by NFkB, and as suggested by our current results, they could be driven by the same
underlying genes, COMMD10 and DDX1 Our eQTL study supported the role of COMMDIO, since
we established that three SNPs in COMMDTO0 region influence expression of this gene. There
were opposite effects of these SNPs, therefore the natural next step is to perform genome-
wide epistatic analysis in large cohorts of asthma and COPD patients to reveal the complex
nature of interactions between SNPs and loci and their impact on the ulfimate phenotype.
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Supplementary Appendix
Supplementary methods
Study populations

For the identification phase (meta-analysis1), subjects were recruited as parficipants
of the following cohorts:

1 The Dufch Asthma GWAS (DAG) Study: a cohort screened for genetic sfudies,
characterized by the presence of adoctor diagnosis of asthma and hyperresponsiveness
and extensive phenotyping.

2. The NELSON cohort study" a population-based cohort screening for lung cancer,
including current or ex-smokers with at least 20 pack-years. Blood bank controls,
collected in Amsterdam and Utrecht, were added to increase power of the COPD sef,
and except for the age (range 18-65) no clinical data were available.

For the T*'replication phase (meta-analysis2, 2,048 SNPs) sub jects were recruited as participants

of the LifeLines cohort study.

LifeLines? is a biobanking initiative collecting random individuals from the general
population and their relatives in order to perform infense phenotyping which will be used to
better define disease type and/or subtype and relate it to genetic and environmental factors.
Amongst others spirometry is performed (following ATS guidelines) and data on respiratory
symptoms are collected (using standardized questionnaires) enabling a diagnosis of asthma
and/or COPD. For purpose of current study all relatives were excluded.

The 2™ replication phase (meta-analyses3+4) evaluated the top 17 SNPs; subjects were
recruited as participants of the Lifelines cohort study (Lifelines2), an independent sample of
Lifelines and the SAPALDIA cohort.

The SAPALDIA cohort: a mulfi-center study in eight geographic areas representing
the range of environmental, meteorological and socio-demographic conditions in Switzerland.
It was initiated in 1991 (SAPALDIAT) with a follow-up assessment in 2002 (SAPALDIA2) and
2011 (SAPALDIA3). This study has specifically been designed to investigate longitudinally lung
function, respiratory and cardiovascular health, and to study and identify the associations of
these health indicators with individual long term exposure to air pollution, other toxic inhalants,
life style and molecular factors. SAPALDIA2 was used in current study.

Genotyping, quality control and imputation

The Dufch Asthma GWAS cohort was genotyped on lllumina Hap300 and Hap370
platforms. The NELSON COPD cohort was genotyped using llumina 610 Quad BeadChip
containing 620,901 probes. The blood bank controls for the NELSON COPD cohort were
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genotyped with lllumina 670 Quad BeadChip confaining custom and tagging SNPs selected
by WTCCC2.
The LifeLines cohort was genotyped on CytoChip containing a selection of 299,140

SNPs fo fag the whole genome and capture regions most frequently used in cytogenetic
screening. Genotypes were called with an algorithm provided by lllumina and implemented in
Genome Studio. Quality control was performed for each dataset fo ensure the best quality.
SNPs were removed if call rates were <35%, the minor allele frequency was below 5% and/
or Hardy-Weinberg equilibrium was not met (HWE; p<0.0001). Samples were removed when
more than 5% of genotypes were missing, samples were duplicated (PI_HAT value - 1) or
from individuals related to another individual in the dataset (PI_LHAT>0.5) or ethnic outliers
(based on components from multidimensional scaling C1 and C2). To enable uniform analyses
across all datasets imputation was performed using BEAGLE 3.0° and HapMap CEU as reference
panel (HapMap 2, release 24, genome build 36). Genotype dosages were converted fo regular
genotypes with a best-guess method. SNPs imputed with less confidence were removed
(correlation r2<0.5).

In the framework of the European GABRIEL study on asthma genetics, genotyping in
the SAPALDIA cohort was done on the lllumina Human610 Quad platform at the Centre National
de Génotypage in Evry, France on 663 asthmatics and a random sample of 997 non-asthmatic
participants. 567589 successfully genotyped autosomal SNPs were imputed to 2.5 Mio by
MACH v 1.0 software® using the HapMap v22 CEPH panel of Utah residents with ancestry from
northern and Western Europe as reference. Samples with <97% genotyping success rate, non-
European origin, cryptic relatedness or sex inconsistencies were excluded from analysis. After
quality control procedures, genetic and covariate data from 461 cases of doctor diagnosed
asthma, 118 cases of COPD and 656 confrols was available.

Statistical analysis

Case-confrol analysis was performed using X? test for both asthma and COPD.
Association results were combined in a directional meta-analysis. Same approach was used
for later replication stages. All above mentioned analyses were performed using PLINK® in case
of NELSON, DAG and LifeLines cohorts. SAPALDIA performed the analysis using ProbABEL
software version 0.1.3°.

Directions of the signals were compared between the meta-analyses and if they were
the same results were combined with Fishers” method using R”. We used Fishers’ method to
combine p values resulting from meta-analyses, as meta-analysis of meta-analysis is statically
Inappropriate.




Network analysis

To perform gene enrichment base on nefworks we used publically available ftool:
GeneMANIA® (http://www.genemania.org/). Because GeneMANIA does not support pseudogenes,

we queried two genes resulting from our analysis: DDX7and COMMDTO0. The settings were the
following: we chose to show up to 20 genes in the network, we used automatic weighting for
the network. For the network creation we used only physical interactions, predicted interaction,
pathways and coexpression. GeneMANIA was accessed on 28" September 2011,

Inorder to identify the overrepresented pathways in the above mentioned network we
used GATHER®. GATHER is web-based fool (http://gather.genome duke.edu/), which performs
annotfations, among ofhers, fo pathways, based on the query genes. The resulting annofations

are given Bayes factor and p value to indicate the strength of the annofation with the gene list
provided. We queried 22 genes in fotal: DDX1 COMMDT0 and 20 genes resulting from gene
enrichment in GeneMANIA: SBDS, NAGLU. ROGD], SAP30L, SAP30, ATP2A2. MTHFSD. COMMD1,
DAB2IP, RELB. CSTF2. SETD3. CEP250, NBN. RAD50, CDK5, MRETIA, NFKBZ2. RELA and HNRNFK.
GATHER was last accessed on August 39 2012.

QQ plot asthma QQ plot COPD
Quantile-quantile plot of p-values Quantile-guantile plot of p-values
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Figure S1. Quantile-quantile plots for asthma and COPD GWAS
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Table S1. Linkage disequilibrium between top 17 SNPs in asthma-COPD meta-analysis with highest
signifi cance level

SNP Proxy Distance | RSquared DPrime Chromosome Coordinate_HG18
rs2112101 rs6/28/50 2055 0.867 1 chr2 15822185
rs2112101 rs2544534 3787 0.863 0963 chr2 1582391/
rs2112101 rs1477253 7778 0.863 0963 chr2 15827908
rs2112101 rs6728667 2026 0.838 1 chr2 15822156
rs2112101 rs2693008 10340 0.828 0.927 chr2 15830470
rs2112101 rs2544523 17644 0.609 084 chr2 15837774
rs2112101 rs2693019 19609 0.609 0.84 chr2 15839739

rs6728667 rs6728750 29 0.966 1 chr2 15822185
rs6/28667 rs2544534 1761 09 1 chr2 15823917
rs6/2866/ rs1477253 5752 09 1 chr2 15827908
rs6/2866/ rs2112101 2026 0.838 1 chr2 15820130
rs6728667/ rs2693008 8314 0.804 0962 chr2 15830470
rs6/28667 rs2544523 15618 0.604 0915 chr2 15837774
rs6/2866/ rs2693019 17583 0.604 0915 chr2 15839739
rs6728750 rs672866/ 29 0.966 1 chr2 15822156
rs6728750 rs2544534 1732 0932 1 chr2 15823917
rs6728750 rs1477253 5723 0932 1 chr2 15827908
rs6/28750 rs2112101 2055 0.867 1 chr2 15820130
rs6728750 rs2693008 8285 0833 0963 chr2 15830470
rs6728750 rs2544523 15589 0.627 0916 chr2 15837774
rs6/28750 rs2693019 17554 0627 0.916 chr2 15839739
rs2544534 rs1477253 3991 1 1 chr2 15827908
rs2544534 rs6728750 1732 0932 1 chr2 15822185
@ rs2544534 rs6/28667 1761 09 1 chr2 15822156 @
rs2544534 rs2112101 3787 0.863 0.963 chr2 15820130
rs2544534 rs2693008 6553 0.83 0.927 chr2 15830470
rs2544534 rs2544523 13857 0676 0918 chr2 15837774
rs2544534 rs2693019 15822 0676 0918 chr2 15839739
rs1477253 rs2544534 3991 1 1 chr2 15823917
rs1477253 rs6/28/50 5723 0932 1 chr2 15822185
rs1477253 rs6/2866/ 5752 09 1 chr2 15822156
rs1477253 rs2112101 7778 0.863 0963 chr2 15820130
rs1477253 rs2693008 2562 0.83 0.927 chr2 15830470
rs1477253 rs2544523 9866 0676 0918 chr2 15837774
rs1477253 rs2693019 11831 0676 0918 chr2 15839739
rs2693008 rs6728750 8285 0833 0963 chr2 15822185
rs2693008 rs1477253 2562 0.83 0927 chr2 15827908
rs2693008 rs2544534 6553 083 0927 chr2 15823917
rs2693008 rs2112101 10340 0.828 0927 chr2 15820130
rs2693008 rs6/28667 8314 0.804 0962 chr2 15822156
rs2693008 rs2544523 7304 0.766 096 chr2 15837774
rs2693008 rs2693019 9269 0.766 096 chr2 15839739
rs2544523 rs2693019 1965 1 1 chr2 15839739
rs2544523 rs2693008 7304 0.766 096 chr2 15830470
rs2544523 rs1477253 9866 0676 0918 chr2 15827908
rs2544523 rs2544534 13857 0676 0918 chr2 15823917
rs2544523 rs6728750 15589 0.627 0916 chr2 15822185
rs2544523 rs2112101 17644 0.609 0.84 chr2 15820130
rs2544523 rs6728667 15618 0.604 0915 chr2 15822156
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rs2693019 rs2544523 1965 1 1 chr2 15837774
rs2693019 rs2693008 9269 0.766 096 chr2 15830470
rs2693019 rs1477253 11831 0676 0918 chr2 15827908
rs2693019 rs2544534 15822 0.676 0918 chr2 15823917
rs2693019 rs6728750 17554 0627 0916 chr2 15822185
rs2693019 rs2112101 19609 0609 084 chr2 15820130
rs2693019 rs6728667 17583 0604 0915 chr2 15822156
rs10036292 rs10043228 177 1 1 chrb 115624947
rs10036292 rs7727882 18636 1 1 chrb 15642406
rs10036292 rs254149 10049 0292 1 chrb 115633819
rs10043228 rs10036292 n77 1 1 chrb 115623770
rs10043228 rs/727882 17459 1 1 chrb 115642406
rs10043228 rs254149 8872 0292 1 chrb 115633819
rs254149 rs7727882 8587 0292 1 chrb 15642406
rs254149 rs10043228 8872 0292 1 chrb N5624947
rs254149 rs10036292 10049 0292 1 chrb 115623770
rs/727882 rs10043228 17459 1 1 chrb 15624947
rs7727882 rs10036292 18636 1 1 chrb 115623770
rs7727882 rs254149 8587 0292 1 chrb 115633819
rs17069787 rs9534578 3353 0.901 1 chr13 46741378
rs17069787 rs7989394 139445 049 07 chr13 46877470
rs17069787 rs7994542 976 0489 0894 chri3 46739001
rs7994542 rs7989394 138469 06 1 chri3 46877470
rs7994542 rs9534578 2377 0551 1 chr13 46741378
rs7994542 rs17069787 976 0.489 0.89%4 chr13 46738025
rs9534578 rs17069787 3353 0.901 1 chri3 46738025
@ rs9534578 rs7994542 2377 0.551 1 chri3 46739001 @
rs9534578 rs7989394 136092 0.548 0.78 chr13 46877470
rs7989394 rs7994542 138469 0.6M 1 chr13 46739001
rs7989394 rs9534578 136092 0548 078 chri3 46741378
rs7989394 rs17069787 139445 049 07 chri3 46738025

Table S2. Top 17 SNPs replication in LifeLines2 sample*

Lifelines 2 associafion signals asthma COPD
CHR SNP BP ATT A2 P OR P OR
2 rs2112101 15820130 T C 346E-01 09197 9.07E-02 1123
2 rs6/28667 15822156 G A 385E-01 0.9261 501E-02 1143
2 rs6/28750 15822185 G A 324E-01 09163 5.64E-02 1139
2 rs2544534 15823917 T C 231E-01 0.9013 528E-02 1139
2 rs1477253 15827908 T C 2.86E-01 09113 6./8E-02 1131
2 rs2693008 15830470 G C 2.08E-01 0.8948 421E-02 1148
2 rs2544523 15837774 T C 414E-01 0.9301 279E-02 1161
2 rs2693019 15839739 T C 382E-01 0.9253 2.56E-02 1164
5 rs10036292 115623770 G A 423E-01 08735 507E-02 1266
5 rs10043228 15624947 T C 413E-01 0.8709 591E-02 1256
5 rs254149 115633819 G C 6.48E-01 0.9482 /11E-02 1172
3 rs17069787 46738025 A G 937E-01 1013 9.24E-01 0.9869
13 rs7994542 46739001 T C 5.92E-01 0.9349 6.26E-01 1049
13 rs9534578 46741378 A C 6.60E-01 09336 7.96E-01 0.9688

* only 14 SNPs were genotyped/imputed in LifeLines2
T Alis aminor allele and the risk allele
+ A2 is amajor allele
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Table S4. Heterogeneity between asthma and COPD cohorts.

Metal (DAG and Metal Metal Meta3
NELSON) (LifeLines 1) (LifeLines 2) (SAPALDIA)
CHR BP SNP Q \ Q | Q \ Q |
2 15822156 rs6/728667 0.60 0.00 0.56 0.00 0.06 7184 086 0.00
2 15822185 rs6728750 061 0.00 057 0.00 005 | 7363 095 0.00
2 15823917 rs2544534 058 0.00 024 2827 003 | 7803 097 0.00
2 15827908 rs1477253 058 0.00 028 1512 005 | 7404 | 097 0.00
2 15830470 | rs2693008 057 0.00 072 0.00 003 | 799 100 0.00
2 15837774 rs2544523 050 0.00 090 0.00 005 | 7458 081 0.00
2 15839739 rs2693019 044 0.00 094 0.00 004 | 7624 078 0.00
2 215298827 rs280621 063 0.00 014 5522 NA NA 008 | 6646
5 15623770 | rs10036292 | 0.52 0.00 072 0.00 007 6861 006 | 7249
5 15624947 | rs10043228 | 049 0.00 079 0.00 008 | 6780 | 006 | 7204
5 15633819 rs254149 073 0.00 040 0.00 015 5230 | 003 | 7759
5 15642406 | rs7727882 057 0.00 081 0.00 NA NA 0.07 691
13 46738025 | rs17069787 | 092 0.00 059 0.00 090 0.00 052 0.00
13 46739001 | rs7994542 045 0.00 014 5475 047 0.00 065 0.00
13 46741378 rs9534578 061 0.00 057 0.00 085 0.00 060 0.00
3 46877470 | rs7989394 004 | 7636 | 004 7651 NA NA 025 2328
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject
Genetics of lung function decline have scarcely been studied and oufcomes were
inconsistent probably due to differences in study populations and environmental factors.

What This Study Adds to the Field

The current study identified multiple genes for lung function decline, inferacting with
smoking habits and COPD status, which indicates differential effects of the same loci in
several subgroups. Future studies on lung function decline should include analyses stratified
by risk factors and health status in order to detect signals that might ofherwise be missed.

This arficle has an online data supplement, which is accessible from this issue’s table of
contfent online at www.afsjournals.org
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RATIONALE

Lung function decreases gradually with time due to ageing however, some subjects experience
an accelerated FEV, decline leading fo COPD.

OBJECTIVES

The aim of this study was fo identify genetic factors and gene-environment inferactions
associated with this accelerated FEV. decline.

METHODS

We performed a genome-wide association study on accelerated FEV, decline in the NELSON
cohort, a population of heavy smoking males, with replication of the 50 most significantly
associated SNPs in four independent replication cohorfs. These SNPs were also investigated
for interactions with COPD status and smoking history.

RESULTS

Two SNPs were replicated at nominal level (rs7182547 and rs2458416 annotating to TM/SF4
and TRPMI), but genome-wide significance for lung function decline was not reached. We
identified SNPs interacting with COPD status (rs10928087) and smoking (rs2492321 annotating
to JUN. rs12671330 and rs12705973 annotating to FOXP2 and rs4723295 annotating fo BES9.
CONCLUSIONS

The current study identified multiple genes interacting with smoking habits and COPD status,
which suggests a differential effect of the same loci in several subgroups. Future studies on
lung function decline should include stratified analyses in order fo defect signals that might
otherwise be missed.
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Infroduction

Human lung growth and development starts prenatally and confinues until reaching
a plateau. After the plafeau phase which ends between 18-25 years of age' lung function
decreases gradually with time due to ageing. Rapid decline is observed in some smokers
and COPD patients, which can result in early lung function impairment™? (Figure 1). Notably,
the decline in FEV, does not always start from an optimal FEV, since not all subjects reach
their maximal attainable level at young adulthood. Lung function impairment af elderly age can
therefore be due to at sub-maximally attained level of lung function, bt an abnormally early onset
of decline, ¢t an abnormally high rate of decline, or dt a combination of any of these (see Figure
1). Therefore, the genetics of these different pafterns are best studied using a longitudinal
population-based study design, covering the time span during which these different paftterns

and their underlying causes can evolve®.
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Figure 1. Lung function decline in relation fo age. From Kerstjens et al (with permission)'.
a - healthy normal subjects; b - submaximal growth but normal decline; ¢ - premature or early decling;
d - an accelerated decline

Apart from genetics, the rafe of the decline is dependent on many other factors,
specifically cigarefte smoking. Cigarette smoking may have different effects at different
periods of life. Moreover, smoking might interact with distinct genes throughout different
phases in life. Therefore, taking such potential gene-by-smoking interactions into account
may lead to identfification of specific genetic variants playing a role in lung function decline,
ofher than those idenfified in genome wide associafion sfudies (GWAS)* focusing on main
gene effects only. Studying genefics of FEV, decline in both smokers and non-smokers thus
seems fo be a crucial issue.

Most GWAS so far have focused on the level and not on decline of lung function
8 Only two GWAS addressing FEV, decline were published so far. The first study focused
on decline in asthmatic and non-asthmatic subjects®. Although the top hifs in this study did




not reach genome-wide significance, the study clearly showed that the main genetic signals

identified differed befween asthmatic and non-asthmatfic subjects. The second GWAS
identified two loci associated with decline in smokers with mild COPD™, which were distinct
from those idenfified in the GWAS in asthmatics and non-asthmatics. Together, these findings
are in line with the hypothesis that different genetic factors may affect biologically different
pathways leading fo lung function decline in different subgroups like asthmatics, subjects with
COPD and individuals without COPD.

In the current study we aimed fo identify novel genes associated with lung function
decline in smokers and non-smokers, and studied inferactions with smoking and COPD status.

Methods
Study populations

The discovery cohort was derived from the NELSON study™ which consisted of heavy-
smoking Caucasian males of Dutch descenf. Longitudinal dafa, with a follow-up FEV,
measurement three fo four years affer the baseline FEV, measurement were available for 1942
males with age ranging from 47.0 to 76.9 years. We performed replication in four populafion-
based cohorts, being:

® 1. The Vlagtwedde/Vlaardingen cohort, a Dutch population-based cohort including individuals ®
from Vlagtwedde, a rural area, and Vlaardingen, an urban area in the Netherlands. Participants
were followed for over 25 years with lung function measurements every 3 years. The age of
participants ranged from 35.0 to 79.0 years. Details have been described previously®.

2. The Doetinchem cohort, a Dufch population-based cohort followed up for 10-15 years
with lung function measurements every 5 years. Parficipants were aged from 312 to 70.9
years. Details have been described previously®.

3. The SAPALDIA cohort, a multi-center study in eight geographic areas representing the
range of environmental, meteorological and socio-demographic conditions in Switzerland.
It was initiated in 1991 (SAPALDIA 1) with a follow-up assessment in 2002 (SAPALDIA 2)
and 2011 (SAPALDIA3). Only non-asthmatic participants of SAPALDIA cohort were used for
current study with age ranging from 18.30 fo 6140 years.

4 The British 1958 birth cohort (B58C) is an ongoing follow-up of all persons born in Britain
during one week in 1958. Lung function was measured af ages 35 and 45 years on a
subsample of the cohort with a history of chest illness in childhood, and a contfrol sample
with no such history, as described in detail elsewhere™. The main characteristics of the
cohorts used in the current study are shown in Table 1.

P SAPALDIA and B58C were part of previous GWA sfudy on lung function decline °.
More details can be found in the supplementary methods.
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Genolyping

Samples from the discovery cohort NELSON were genotyped using the lllumina
Quadb10 BeadChip. The replication cohorts Viagtwedde/Vlaardingen and Doefinchem were
genotyped using custom-made VeraCode assay from lllumina. The SAPALDIA cohort and
the B58C performed in silico replication using their genome-wide genotyping data (See
supplementary methods).

Quality control

Quality control was performed for both the genome-wide and replication genotyping
data. Genome-wide data were passed through standard filtering tfo remove single nucleotide
polymprphisms (SNPs) and individual samples of lower quality. SNPs with call rate below 95%,
minor allele frequency below 5% and deviating from Hardy-Weinberg equilibrium (HWE;
p<0.0001) were removed. Samples with more than 5% of genotypes missing were removed,
as well as duplicafes, related individuals or ethnic outliers (based on components from
mulfidimensional scaling C1 and C2). In the replication cohorts the same filters were applied,
except for HWE (p<0.001). All filtering steps analyses were performed using PLINK™. Plots were
generafed using R™.

Phenotype def nition

FEV, was measured following ATS/ERS guidelines in all cohorts (see online supplement
for detailed information regarding the specificities). Lung function decline was defined as the
baseline FEV, minus the last FEV, measurement during the follow-up, divided by the time
between measurements. The decline in FEV. is expressed in millliters per year.

Statistical analysis

The associafion between genofypes and the annual decline in FEV, in the NELSON
cohort was assessed using linear regression models. Covariates included in the model were:
baseline FEV., packyears smoked and currenf/ex- smoking stafus. We did not adjust for
gender, since NELSON consisted of males only, or age, given the cohort's restricted age range
resulfing in a high correlation with packyears. Baseline FEV, was included in order to assure thaf
genetic effects defected will refer to lung FEV, decline solely, irrespective of the inifial level.

The analyses in the different replication cohorts were performed as in the discovery
cohort (ie. with adjustment for baseline FEV,, packyears smoked and current/ex- vs. never-
smoking status) and additional ad justment for gender. The analysis in SAPALDIA was additionally
adjusted for area.




Within the Doetinchem and the Vlagtwedde/Vlaardingen cohort we performed

stratified analyses according fo:

1. presence or absence of COPD (FEV./FVC<Q.7 according fo GOLD criteria)

2. smoking habifs, dichotomized at 20 packyears
For each sfrafum linear regression was performed and regression coefficients of the groups
were compared (Z-score comparison) to test for interaction befween gene and ‘environment’
(GxE), i.e. gene-by-COPD interaction and gene-by-smoking inferaction.
Additionally, GXE analyses were performed according to COPD stafus separately in the
Doetinchem cohort, ie. gene-by-smoking interaction within COPD confrols and COPD cases.
Due fo an insufficient number of COPD cases these analysis could not be performed in the
Vlagtwedde/Vlaardingen cohort study.

Results

All estimates of genetic effects presented in the current manuscript represent decline of
lung function expressed in milliiters per year. The values above zero reflect accelerated FEV,
decline, while values below zero indicate attenuated FEV, decline due o a particular allele.

SNPs associated with annual FEV, decline in NELSON

Quiality contfrol indicated there was no population stratfification (see O-Q plot, Figure
2). After quality control 522,004 SNPs and 1,942 individuals remained. The genomic inflation
factor (A) equaled to 1. The genome-wide screen for varianfs associated with FEV, decline did
not identify any SNPs af a genome-wide significance threshold (being 510 Figure 3). Fifty
SNPs with p<5-10° were selected for further replication in the replication cohorts.

Quantile-quantile plot of p-values

Chserved -logle)

Expected ~logy(p)

' 4 Figure 2. Q-Q plot. Observed p values are derived from linear regression analysis of lung function decline.
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Figure 3. Manhattan plot. Distribution of FEV, decline association signals across the genome.

Replication of SNPs associated with annual FEV, decline in Viagtwedde/Viaardingen, Doefinchem,
SAPALDIA and B58C

After quality control in the Viagtwedde/Vlaardingen cohort 1,056 individuals and 43
SNPs and in the Doefinchem cohort 1,093 individuals and 41 SNPs were included. SAPALDIA
and B58C had genotypes available for all fop 50 SNPs in 788 individuals and 834 individuals
respectively. Characteristics of the cohorts used are shown in Table 1.

Table 1. Cohorts characteristics.

Cohort NELSON Vlagtwedde/Vlaardingen | Doetinchem SAPALDIA B58C
N 1942 1056 1093 788 834
Age af baseline (Y. SD) 598 (54) 50.7 (10.4) 46.2(99) 4163 (1110) 350 (0.2)
Height (cm, SD) 1787 (6.3) 170.3(93) 1732 (9.0) 169.1(9.32) 1697 (93)
Follow-up time (Y. SD) 299 (0.44) 19.83 (4.45) 836 (2.33) 10.96 (0.23) 10.2 (0.5)
FEV1(l. SD) 344 (073) 305 (0.76) 351(081) 363(081) 362 (0.79)
FVC (.. SD) 422 (1.29) 392 (0.96) 465 (104) 457 (1.01) 453(0.92)
FEVV/FVC (%, SD) 72 (95) 7784 (522) 75.77 (7.95) 79.68 (7.10) 80.1(6.5)
FEV1 decline (ml, SD) 19944 (242.32) 1297 (2152) 3113(3867) | 3387(2822) 338(32)
FEV1%pred (%, SD) 989 (18.5) 9813 (13.02) N/A 10164 (12.43) N/A
% male 100 486 504 4924 484
N (%) never smoker 0 (0) 366 (34.6) 337 (30.8) 339 (43.02) 423(50.7)
N (%) current smoker 867 (44.6) 298(282) 339 (381) 243 (30.84) 159 (19)
N (%) former smoker 1075 (55.4) 3929 416 (311.0) 206 (26.14) 252 (30.2)
Pack-years smoking” 3795 (215-133.2) 562 (0 -1280) 6 (0 -18) 19.06 (20.87) | 145(0.1-580)

All values expressed as mean (SD), unless specified otherwise. *median (range)




Table 2. Main results of genome-wide association study on lung function decline and replication in the

Nelson Vlagtwedde/Vlaardingen Doetinchem
CHR SNP GENE Al BETA SE P BETA SE P BETA SE P
5 rs/182547 TRPM1 A 1578 382 369E-05 099 086 025
8 rs2458416 TM7SF4 G 2339 592 817E-05 153 132 0.25 0.39 269 | 089
6 rs4947133 NA A 2072 520 6.91E-05
7 1512667992 NA A 2563 6.29 473E-05 203 143 0.16 244 264 | 036
2 rs4664511 CACNB4 G 2023 544 0.000203 122 136 037 542 283 | 006
7 rs1916602 NA G 2431 590 389E-05 128 131 033 196 253 | 044
7 rs12705973 FOXP2 G -12.96 325 7.00E-05 -104 080 019 -0.08 162 0.96
5 rs11949657 PHF15 C 2270 546 337E-05 249 118 0.04 -180 256 | 048
7 rs12671330 NA G -1310 326 591E-05 -0.83 079 029 -0.10 161 095
7 rs17581728 UNC13D A 15.28 387 833E-05
21 rs13049780 NA G 2599 570 532E-06 0.05 135 097 041 268 088
1 rs2492321 LOCB45757 | A -18.15 398 541E-06 -110 0.98 0.26 266 191 0.16
7 rs2258367 SLC5A10 C 2368 546 149E-05 0.60 128 064 -251 252 032
5 rs1366331 NA A 2287 579 810E-05 0.18 146 090 344 294 | 024
2 rs892867 NA G -13.09 357 0.000251 -0.56 084 051 -313 172 0.07
1 rs6604558 SPATAT/ A 1862 404 437E-06 -0.03 0.95 0.98 240 190 0.21
4 rs1394339 NA A -12.57 334 0.000171 -0.42 079 059 -0.54 159 073
1 rs6694862 SPATAT/ G 18.46 405 553E-06 0.09 0.95 0.92 224 190 0.24
6 rs221749 PDE10A G -15.62 381 422E-05 -0.75 091 041 056 180 075
22 rs139156 PARVG A 2534 598 2.35E-05
21 rs2827251 NA A 2656 6.27 239E-05 085 154 058 120 304 | 069
rs11679243 NA A 16.72 388 175E-05
rs1498426 CDKALT G -1345 337 6.67E-05 122 080 [OAK] =174 159 0.28
@ 7 rs9791835 NA A 2270 566 6.38E-05 160 128 0.21 -196 259 | 045 @
2 rs11058897 NA A 2988 737 522E-05
2 rs10847254 NA G 30.14 737 447E-05
2 rs11058900 NA G 2958 744 7.22E-05
5 rs1862404 NA G -15.66 352 91E-06 263 0.84 0.00 0.96 168 057
5 rs4836058 NA G -1417 335 251E-05 213 080 0.01 018 162 091
6 rs12528430 NA A 1380 334 379E-05 -132 080 0.10 0.10 165 0.95
6 rs17182135 NA G 1384 336 388E-05 -123 080 0.13 0.16 165 092
9 rs10962687 NA G 26.59 675 842E-05 -126 159 043 0.36 352 | 092
9 rs10962689 NA G 2655 675 869E-05 -116 155 0.45 0.64 351 085
3 rs1554328 NA A 2560 528 135E-06 -0.05 123 0.96 -4.34 246 | 008
20 rs1013562 NA G 18.08 441 429E-05 -128 099 0.20 272 214 021
rs93811M NA C 2108 508 347E-05 -0.09 118 0.94 -120 236 061
2 rs10928087 LRP1B G 2424 596 497E-05 0.20 151 090 0.65 284 082
1 rs927743 NA A -1354 342 796E-05 -097 0.82 0.23 302 162 | 0.06
20 rs6073768 NA G 1890 445 2.25E-05 -065 100 052 243 214 026
2 rs2690751 MGC13057 | A 17.01 398 197E-05 -0.56 0.96 0.56 -260 189 0.17
2 rs4639992 NELL2 G 19.08 487 935E-05 131 113 0.24 -332 230 0.15
1 rs11589174 NA C 1878 481 972E-05 -103 115 037 2.21 246 037
2 rs16946677 NA C 20.51 527 0.000102 -110 118 035 092 248 071
20 rs6073862 WFDC10B G 1810 441 421E-05 -109 097 0.26 312 214 0.15
1 rs6677308 NA A 2033 476 203E-05 -154 116 0.19 232 240 | 034
7 rs4723295 BBS9 G 2084 508 4.32E-05 -042 118 0.72 -3.88 240 omn
1 rs12093170 NA C 727 450 0.000128 -050 108 0.64 0.26 229 091
2 rs12467492 NA A 1414 335 257E-05 -143 0.77 0.06 -0m 160 | 095
1 rs920307 NA A -20.74 501 363E-05 0.20 105 085
rs37701M [TGA4 A 2174 545 6.98E-05 =115 128 037 0.07 253 | 098
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total population.

SAPALDIA B58C Replication Overall
BETA SE p BETA SE P BETA P BETA p
298 134 0.03 124 167 0.46 152 0.02 193 5.68E-06
489 210 0.02 123 268 065 205 0.03 260 176E-05
6.28 312 0.04 228 325 0.48 436 0.05 6.95 2.86E-05
271 208 0.19 -2.88 290 0.32 165 0.10 226 545E-05
292 21 017 0.05 273 098 195 0.05 253 5.73E-05
2.71 187 015 -2.48 263 035 125 017 181 109E-04
-092 125 0.46 -0.47 151 0.76 -0.81 0.16 -118 142E-04
234 254 036 -4.12 243 0.09 0.98 0.28 158 2.24E-04
-0.74 125 0.55 -0.55 151 0.72 -0.68 0.23 -105 2.33E-04
-042 149 078 388 176 0.03 136 023 247 282E-04
134 254 0.60 066 272 081 039 070 118 4.78E-04
-2.64 192 0.17 187 178 0.29 -0.28 070 -0.86 4.82E-04
323 223 0.15 -270 599 065 0.54 059 130 5.71E-04
261 227 0.25 -176 325 0.59 0.94 038 166 6.56E-04
-114 142 042 153 164 035 -0.71 0.25 -106 6.81E-04
=137 158 0.38 -0.22 186 091 0.01 0.99 0.54 114E-03
070 135 0.60 -2.15 152 0.16 -0.48 041 -0.83 117E-03
-145 158 036 -047 186 0.80 0.00 0.99 0.53 129E-03
097 145 050 -115 171 050 -0.29 066 -0.73 136E-03
256 265 033 -180 2.88 053 0.56 0.77 294 141E-03
235 305 044 -4.00 267 0.13 0.23 0.84 107 173E-03
0.27 163 087 0.04 175 0.98 0.16 0.89 159 174E-03
-183 128 0.15 -131 151 039 -0.15 080 -0.53 267E-03
@ =115 222 061 -161 272 0.55 0.22 082 0.84 2.80E-03 @
-0.72 2.27 075 245 337 0.47 0.27 0.89 208 307E-03
-0.30 231 069 242 342 0.48 0.13 0.94 203 333E-03
-0.71 227 075 245 337 0.47 0.27 0.88 204 362E-03
041 150 079 081 161 062 176 0.00 123 0.04
022 139 0.87 114 155 0.46 139 0.02 092 011
-099 127 043 -140 154 036 -109 0.06 -0.65 0.25
-0.89 127 048 -140 154 036 -101 0.08 -0.58 031
-4.21 3715 0.18 -523 323 on -2.07 0.09 =117 033
-4.21 315 0.8 -523 323 011 -196 0.10 -108 036
164 204 042 466 2.36 0.05 -092 041 -092 041
038 191 0.84 -346 205 0.09 -082 0.28 -0.28 070
-0.20 198 092 -4.34 221 0.05 -0.90 030 -0.29 073
-2.21 245 037 -130 265 0.63 -045 0.68 033 0.76
045 126 072 154 153 0.31 0.21 0.72 -0.17 076
045 198 082 -2.48 PAll 0.24 -033 0.67 022 0.77
0.24 146 087 -0.70 165 067 -0.67 032 -0.18 079
-115 177 052 -598 225 0.01 -0.76 035 -0.22 079
-0.20 187 0.92 -073 230 075 -0.44 061 0.14 087
-119 195 0.54 020 2.23 0.93 -0.68 043 -0.13 0.88
0.54 192 078 -335 204 0.10 -0.63 0.40 -0m 0.88
0.24 189 0.90 -0.28 224 090 -0.52 0.54 0.12 0.89
-0.34 202 087 057 228 0.80 -071 041 -0m 0.90
-158 168 035 0.04 205 0.99 -0.57 0.47 -0.05 0.95
240 124 0.05 -106 148 048 -043 045 -0.03 0.96
2.36 198 0.23 0.67 047 -0.04 097
-0.17 229 094 014 242 095 -061 051 0.03 097

Table 2 shows the results for each replication cohort, for the replication cohorts

‘ ‘ copd.indd 107 @ :53:



combined, and for the replication cohorts combined with the discovery cohort NELSON.

Overall, two of the fop SNPs were replicated with nominal p values after combining all
replication cohorts (rs7182547 p=0.02 and rs2458416 p=0.03). Genome-wide significance was
not achieved after combining the discovery and replication cohorts.

Gene annotations for all SNPs selected for replication are also shown in Table 2. The tfwo
replicated SNPs annotated to TM7SF4 (rs2458416) and TRPMT(rs7182547) genes.

Stratifed analyses of SNPs associated with annual FEV, decline and gene-environment
interaction (GxE) in Viagtwedde/Vlaardingen and Doetinchem

We performed strafified analyses based on presence or absence of COPD and
smoking in Vlaghwedde/Vlaardingen and Doetfinchem cohorts for the 50 fop hits for FEV,
decline. Beta estimates differed in all sub-groups, indicating that both factors play a role in a
genetic association with lung function decline and suggesting possible interactions (ie. COPD
cases vs COPD controls and smokers with 220 packyears vs smokers with <20 packyears).

Stratification according to COFD status and gene-by-COFD interaction

In Doetinchem, the effect estimates for FEV. decline differed in the COPD cases and
in subjects without COPD. In subjects with COPD, some of the SNPs effect estimates were
in line with those observed in the NELSON (idenfification) cohort (Supplementary table 1).
However, the analysis in within COPD subjects reduced the sample size, and hence the power.
In the Vlagtwedde/Vlaardingen cohort the strafified analysis according to COPD status was
not feasible since there were only 13 COPD cases.

The infteraction in the Doefinchem cohort was significant at the nominal level for
one SNP: rs10928087 on chromosome 2 (p=0.031) annotating to LRPIB gene (Table 3). Two
other SNPs, rs1862404 and rs1366331 on chromosome 5 showed borderline significance for the
inferaction with p=0.051and p=0.089, respectively. None of these SNPs showed any associafion
with FEV, decline in COPD confrols (n=833) and only fwo showed borderline associafion in
COPD cases (n=250; rs10928087, p=0.086 and rs1862404, p=0.068).

Table 3. Gene-by-COPD status interaction in the Doetinchem cohort (COPD defined as FEV1/FVC <
70%), GOLD criteria)

Doetinchem all Doefinchem COPD Doetinchem non-COPD GxE

CHR SNP N BETA SE N BETA SE N BETA SE Z_GXE P_GXE
2 rs10928087 | 1092 | 06451 | 2836 | 250 | 1258 684 | 833 | -3759 | 3235 -216 0.03079

rs1862404 1093 | 09597 | 1678 | 251 784 4305 | 833 | -1307 | 1868 -1949 0.05129

rs1366331 1093 3439 | 2942 | 251 | 1076 | 7093 | 833 | -2525 336 -1701 0.08891
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Stratif cation according to smoking habifs and gene-by-smoking interactions

opposite effect.

There was a clear difference in genetic effects between subjects smoking less
and subjects smoking 20 packyears or more in both cohorts. Especially Doefinchem
heavy-smokers were the most alike the NELSON cohort despite inclusion of females
in the Doefinchem cohort. In Doefinchem five SNPs showed significant interaction
with smoking (p<0.05, Table 4). One of them remains significant after multiple testing
correction (p<0.007): rs2492321 annotfating to LOCTIO0131060, an uncharacterized
gene located next to JUN gene. In Vlagtwedde/Vlaardingen two SNPs showed nominal
inferaction with smoking, of which one was also identified in the Doetinchem cohort,
ie. rs4723295 on chromosome 7 (Tables 4 and 5, highlighted with bold), but with the

Table 4. Gene-by-pack years interaction in the Doetinchem cohort (with pack years
dichofomized af 20)

2 2
= g s o z E w & N o
1| rs2492321 | 807 | -08699 | 2164 | 06877 | 286 | 1596 | 4536 | 00005037 | -335 | 00008093
7 | rs2671330* | 807 | -3743 | 1872 | 004597 | 285 | 8385 | 3502 | 001731 | -3054 | 000226
7 | rs12705973* | 806 | -3562 | 1886 | 005929 | 286 | 787 | 3552 | 00275 | -2843 | 0004473
7 | rs4723295 | 807 | -8503 | 2783 | 0002323 | 286 | 6051 | 5273 | 02522 2441 | 001466
2 | rsloo28087 | 807 | -397 | 3421 | 02462 | 285 | 1005 | 5754 | 00877 | -20% | 003622
20 | rsi01562 | 805 | 5247 | 244 | 00318 | 286 | -5391 | 5027 | 02845 1904 | 005695
20 | rs6073862 | 806 | 571 | 2446 | 001983 | 286 | -4687 | 4937 03432 1887 005914
2 | re4eeast* | 807 | 178 332 0592 | 286 | 1358 | em | 00205 | -1697 | 008972
2 | rs2690751 | 806 | -04001 | 2778 | 08543 | 286 | -8389 | 4308 | 005247 | 1655 0.09793
* SNPs identified also in the similar analysis, but restricted fo COPD cases (Table 6)

Table 5. Gene-by-pack years interaction in the Viagtwedde/Vlaardingen cohort (with pack

years dichotomized at 20).
] = I~ N
> o a > > o 2 > w [N)
o o Q Q Q aQ >< >
S & S 2 S| 8 Q 2 S S o S
= o ) o = i b £ N o
m m
7 | rs4723295 | 806 2063 168 | 02199 | 250 5252 | 2385 | 00286 | 2507 | 0017
8 | rs2458416 | 806 2939 1816 | 01059 | 250 4179 2986 | 01629 | 2037 | 004167
2 rs377011 | 806 2542 1849 | 01696 | 250 -2983 2515 | 02368 | 177 | 007676
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Stratif cation according to smoking habits within COFD sfrala and gene-by-smoking

inferactions in the Doetinchem cohort
We performed a gene-by-smoking interaction analysis in the groups of individuals

with and without COPD of the Doetinchem cohort (Tables 6 and 7). Four and five SNPs

inferacted significantly with smoking in groups with and without COPD, respectively.

These SNPs did not overlap. Three of the SNPs identified in the group with COPD were also
identified in gene-by-smoking inferaction analysis in the total Doetinchem cohort (marked

with asterisk in Tables 4 and 7, full results in Supplementary Tables 2 and 3).

Table 6. Gene-by-pack years interaction in the Doetinchem cohort in individuals without COPD (with

pack years dichotomized at 20).

> >
2 s 2 2 2 & 2 > w w
o o a K [y o I a < <
5| & s 28§18 23| ¢ g G
= L o) o = i ol & N o
23] [4a)
1 rs2492321 659 -1612 2.23 04701 180 1439 5282 0.0071 -2.79 0.005266
7 rs4723295 659 -8674 288 0.0027 180 7651 5752 01852 -2.538 0.0M6
20 | rs6073768 658 32 2583 02159 180 -102 5784 0.07957 2115 0.03442
20 | rs6073862 658 4378 2576 0.08971 180 -8076 5803 01658 1961 0.04982
20 rs1013562 657 3959 2565 01232 180 -8076 5803 01658 1897 0.05785

Table 7. Gene-by-pack years inferaction in the Doetinchem cohort in individuals with COPD only (with

pack years dichotomized af 20).

Discussion

Y function decline. Three SNPs showed nominal level of association in the replication sample:

= g = = = | & | » = " "
m o
2 *rs466451 | 148 -1676 943 | 00776 | 106 | 2289 | 8783 | 001051 | -3076 0.0021
1 rs6677308 | 148 | -4606 | 7012 | 05123 | 106 | 2656 | 9621 | 0006819 | -2618 | 0008848
7 *s2671330 | 148 528 5321 | 03227 | 105 | 129 | 6244 | 003563 | -2264 002357
7 *rs12705973 | 148 -4751 5514 | 03903 | 106 | 1286 | 6361 | 004574 | -2092 0.03641
1 2093170 | 148 | -6546 | 70% | 03576 | 106 871 | 9929 | 006232 | -207 0.03849
1 111589174 148 2635 73 o787 | 106 | 2075 | 1078 | 005685 | -1797 007235
* SNPs identified also in the similar analysis, but in the entire cohort (Table 3)

In the current study we performed a genome-wide search for SNPs associated with
FEV, decline. Additionally, we studied gene-by-smoking inferactions and gene-by-COPD
stafus interactions. Our GWA study did not identfify genome-wide significant SNPs with lung
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rs1862404 (p=0.009), rs12467492 (p=0.012) and rs4836058 (p=0.027), however, the direction
of the associafion was opposife to the discovery cohort.

In the Doetinchem cohort four SNPs had a significant inferaction with smoking habits
with respect fo FEV, decline: rs2492321 annotating fo LOCT00131060, next to JUN,rs12671330
and rs12705973 annotating to FOXP2 and rs4723295 located in BBS9 gene. While nothing is
known about LOCTOOT31060. Jun is a proto oncogene, known o interact with many protfeins
and involved in many pathways. One of themis the INK (c-Jun N terminal kinase) pathway which
has been shown fto be activated in human endothelial cells upon cigarefte smoke exposure?.
FOXP2 (forkhead box P2) encodes forkhead/winged-helix (FOX) franscription factor that is
mainly expressed in fetal brain and interestingly in fetal lungs as well. FOXP2 was previously
shown to repress gene expression in epithelium of the lungs, fogether with FOXP1T®. Further,
studies in mice idenfified Foxp2 and Foxpl as crucial regulators of lung development and
specifically peripheral epithelial cells®, which signifies its pufative role in FEV, decline.

Lung function decline is a heterogeneous phenotype depending on many internal and
external factors. One of the reasons for not replicating our findings might be the fact that
the follow-up in the discovery cohort in our current study is shorfer than in our replication
cohorts, hence we might be studying not entirely the same type of decline. In case of complex
phenotypes, like lung function decline, even when we adjust for covariates we know fo
influence the phenotype like durafion of follow-up, this can simply be insufficient fo account
for heterogeneity within and especially between cohorts. We take differences in smoking
habifs and history, gender disfribufion and baseline FEV, levels info account in our analyses.
However, there may have been other components that might result in heterogeneity we cannot
measure, do not have access fo or we are not aware of and thus cannot adjust for, yef they
may confribute fo cohort heterogeneity (for example physical activity, occupational exposure,
eftc.). In addition, as shown in Figure 1, the course of the decline can be different. The NELSON
cohort consists of selected individuals, heavy-smokers that probably will display mostly the
accelerated decline (Figure 1d). The replication cohorts are population based hence individuals
can display any course of decline shown in Figure 1. This could be a main reason for the lack
of replication in our study.

We performed gene-by-smoking and gene-by-COPD status interaction analyses in
order to identify differential effects of smoking and COPD-status within strata. Alternatively,
construction of amore complicated model like three-way interactions would have been feasible.
However, inferpretafion of such resulfs is more problematic compared fo results from two-
way inferactions within e.g. COPD strafa. The more specific the phenotype is, the lower is the
available number of subjects.Indeed, if the analyses are restricted to specific phenotypes such

as the Doetinchemn COPD cases with = 20 packyears, the effect estimates are comparable to W




those in the discovery cohort (Table 7). However, even for two-way interactions the power of

the current study might not be sufficient, as only one of the inferactions remained significant
after multiple testing correction.

The limited number of GWA studies on lung function decline performed previously,
like ours, showed ambiguous results. A recent meta-analysis published by Imboden et al? did
not yield genome-wide significant SNPs despite a large number of individuals included in their
study (the discovery set comprising 1441 asthmafic and 2,677 non-asthmatic participants and
the replication set comprising 1160 asthmatic and 10,858 non-asthmatic participants). Lack of
replication of results from a GWA study on lung function decline was also shown recently in
the study by Hansel et al®. This study reported two genome-wide loci, but none of them was
even nominally associated in the replication cohorts. This stresses the importance of optimal
use of the limited resources for such genetic studies, ie. there might be lack of replication
cohorts with specific phenotypes, like lack of mild COPD patients in case of the Hansel study
and heavy smoking COPD patients in case of our study. All the studies performed so far on
genetics of FEV, decline, including our, lack overlap in reported associations and also lack
overlap with GWA sfudies on lung function level. This stresses the complexity of the FEV,
decline phenotype and the difficulfies related fo cohort heterogeneity mentfioned before.

In summary, the current study reports no genome-wide significant SNPs associated
with lung function decline. We identified multiple genes interacting with smoking habits and
with COPD statfus, which indicates differential effects of the same loci in several subgroups.
Future studies on lung function decline should include stratified analyses in order to defect
signals that are otherwise missed in the full data seft due to adding up the opposite effects
of relevant loci. Efforts should be directed towards deep phenotyping and collecting detailed
data on environmental exposures dafa.
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Supplementary methods

Study populations and genotyping

NELSON: the NELSON cohort was established as a lung cancer screening trial, in the beginning
only males of Dutch descent smoking more than 20 pack-years were recruited. Af later stage
females were recruited as well, but they are a minority of the cohort. Individuals filled the
questionnaires, underwent spirometry and CT scan of the chest in 2004 Blood was drawn
to enable DNA (and in some cases RNA) extraction. The second survey fook place three o
four years later and same measurements were faken. Samples were genotyped using lllumina
610 Quad BeadChip, genotypes were called using a standard algorithm implemented in
GenomeStudio software from lllumina.

Vlagtwedde/Vlaardingen cohort: is a Dufch population-based cohort including individuals
from Vlagtwedde, a rural area, and Vlaardingen, an urban area in the Netherlands. The cohort
was established in 1965 fo study differences among others in lung function decline in relation
to two types of environment. Participants were followed for over 25 years, with last surveys
performed in 1989/1990, when lung function and other measurements taken every three
years. Information on area of residence, age, sex, smoking habifs and respiratory symptoms
@ was collected by the Dufch version of the UK MRC standard questionnaire. Also blood and @
serum were collected for DNA extraction. Samples were genotyped using lllumina Veracode
assay with custom confent. Genotypes were called with standard algorithm implemented
in GenomeStudio soffware from Illumina and genotype clusters were adjusted manually if
necessary.

Doetinchem cohort: is a prospective part of the MORGEN (Monitoring of Risk Factors and
Health in The Netherlands) study. FEV, was according to the European Respiratory Society
(ERS) guidelines. Samples were genotyped using lllumina Veracode assay with custom confent.
Genotypes were called with standard algorithm implemented in GenomeStudio software from
llumina and genotype clusters were adjusted manually if necessary.

SAPALDIA: The SAPALDIA cohort, a multi-center study in eight geographic areas representing
the range of environmental, meteorological and socio-demographic conditions in Switzerland. It
was inifiated in 1991 (SAPALDIA 1) with a follow-up assessment in 2002 (SAPALDIA 2) and 20™
(SAPALDIA3). This study has specifically been designed to investigate longitudinally lung function,
respiratory and cardiovascular health; and to study and identify the associations of these health
indicators with individual long term exposure to air pollution, other toxic inhalants, life style and

molecular factors. Genome-wide genotyping was done on the lllumina Human 610quad BeadChip
in the framework of the EU-funded GABRIEL study. More details can be found in Moffatt et aF".

N\
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B58C: The British 1958 birth cohort (B58C) is an ongoing follow-up of all persons born in Britain
during one week in 1958. Lung function was measured at ages 35 and 45 years on a subsample
of the cohort with a history of chest illness in childhood, and a control sample with no such
history, as described in detail elsewhere ¥ Genotypes were collated from data deposited by the
Wellcome Trust Case-Control Consortium , the Type 1Diabetes Genetics Consortfium £ and
the GABRIEL asthma genetics consortium £'. Genotypes measured by the lllumina 550K v1array
(WTCCCQ), lllumina 550K v3 array (T1DGC) or llumina 610K array (GABRIEL) were combined and
imputed against the HapMap CEU release 21 reference haplotypes using MACH version 10.16.a.

Quantile-guantile plot of p-values
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Figure E1. Q-Q plot. Observed p values are derived from linear regression analysis in lung function decline.
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Figure E2. Manhattan plot. Distribution of FEV, decline association signals across the genome.
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Supplementary Table 1. Beta estimates in Doetinchem: whole cohort, COPD, non-COPD and GxE test.

Doefinchem non-

Doetinchem all Doetinchem COPD COPD GxE
< < < & W
a4 o — > >
S zZ & < = % o3 = g o3 z E 7 Q Q
N o

1 rs2492321 59124034
1 rs927743 59141535
1 rs6604558 216001829
1 rs6694862 216033717
1 rs11589174 240756312
1 rs12093170 | 240757607
1 rs6677308 240763170
rs892867 79218487
rs10928087 141458573
14664511 152522710
rs3770M 182090561
152690751 19076351
rs12467492 | 227127070
rs1554328 118325495
rs93811 18330571
rs1394339 90492121
rs1366331 10330169
rs4836058 123375799
151862404 123378142
rs11949657 133897834
rs1498426 2116132
rs221749 165783026
rs17182135 169147239
rs12528430 169151607
rs4723295 33591734
rs12667992 91183013
rs1916602 91199648
rs9791835 105324494
rs12705973 14100435
rs12671330 N4121279
rs2458416 105420643
rs10962687 1690272
rs10962689 1690460

1093 266 191 251 973 521 833 091 209 | -157 012
1030 302 162 251 226 441 830 286 178 012 090
1093 240 190 251 289 499 833 269 212 | 004 | 097
1093 2.24 190 251 219 499 833 269 212 0.09 093
1093 221 246 251 267 6.1/ 833 119 278 | -022 | 083
1093 026 229 251 -0.23 589 833 041 257 010 092
1091 232 240 251 469 585 831 098 274 | -057 | 057
1093 -313 172 251 058 432 833 -423 192 -102 031
1092 065 284 | 250 1258 6.84 833 -376 324 -216 | 003
1093 542 283 251 790 6.64 833 320 327 | -063 | 053
1093 0.07 253 251 =471 6.59 833 137 281 0.85 040
1092 | -260 189 251 -125 459 832 -341 215 | -043 | 067
1092 -0m 160 | 250 | -246 423 833 0.60 176 0.67 0.50
1073 -4.34 246 | 248 | 1012 6.26 816 -346 277 097 033
1092 | -120 236 | 250 | -504 577 833 =177 270 051 061
1093 | -054 159 251 =321 410 833 0.02 178 072 047
1093 344 294 251 1076 7.05 833 -253 336 | -170 | 009
1093 0.18 162 251 562 436 833 -200 | 178 -162 om

1093 0.96 168 251 784 431 833 =131 187 -195 | 005
1093 -180 256 251 324 6.78 833 -5.34 282 =17 0.24 @
1092 =174 159 | 250 4.26 422 833 -2.58 175 -150 013
1091 0.56 180 | 250 | -454 484 832 185 198 122 0.22
1093 0.6 165 251 -4.96 434 833 0.19 182 109 027
1093 010 165 251 -4.79 438 833 0.19 182 105 029
1093 -388 240 251 -143 672 833 -419 261 | -038 | 070
1093 244 264 251 -107 7.02 833 441 291 0.72 047
1093 196 253 251 =377 692 833 395 276 104 030
1092 -196 259 251 186 733 832 -4.41 281 | -080 | 042
1092 | -0.08 162 251 300 428 832 -199 179 -108 | 0.28
1092 | -0.10 161 250 259 416 833 -200 | 178 -101 031
1092 039 269 | 250 263 7.07 833 010 298 | 033 | 074
1093 036 352 251 359 819 833 -043 4m -044 | 066
1093 064 351 251 359 819 833 020 407 | -037 071

Wl NI YN]IYNIYIYIY|lololojlojouojuouojloujloalslwlwliNn]NpINpININ]N

2 rs4639992 43209601 1093 -332 230 251 -255 571 833 -376 261 -0.19 085
2 rs16946677 15386413 1093 092 248 251 461 6.54 833 =327 272 -1 0.27
7 rs2258367 18796532 1093 -251 252 251 -9.09 6.20 833 -149 284 112 0.26
20 rs6073768 43563560 1091 243 24 251 7.27 545 832 053 240 =113 0.26
20 rs1013562 43744158 1091 272 24 251 472 554 831 154 238 | -053 | 060
20 rs6073862 4376519 1092 312 274 251 525 543 832 186 239 | -057 | 057

~

rs13049780 19638152
21 rs2827251 22429921

1093 041 268 251 -229 6.77 833 302 301 072 047
1093 120 304 251 =192 923 833 135 324 033 074

b= Kol Kok Kol Hol Kol Eel Kol Kok Kol Kok Kol Kol b= Kol b= FoN b FoN Hol FoN NoN KON Kol =N b= NeN b= =N b b= Kol NoN NoN b= el NON NN I bl b

BETA > O annual FEV decline acceleration
BETA > O annual FEV decline attenuation.
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Supplementary Table 2. Beta estimates in Doetinchem: whole cohort, 20 pack-years, <20 pack-years

and GxE test
Doetinchem all Doetinchem >20py Doetinchem «20py GxE
o s |=l=|g|lel=|8lel=]5]|¢¢ § §
1 rs2492321 59124034 A 1093 266 191 286 15.96 454 807 -087 26 -335 80904
1 rs927743 59141535 A | 1090 302 162 286 526 369 804 201 187 -078 043
1 rs6604558 216001829 A 1093 240 190 286 -1m 413 807 381 223 105 030
1 rs6694862 216033717 G 1093 224 190 286 -118 409 | 807 358 224 102 031
1 rs11589174 240756312 | C | 1093 221 246 | 286 657 556 | 807 0.4 284 | -103 030
1 rs12093170 | 240757607 | C | 1093 0.26 229 | 286 670 510 | 807 | -214 | 267 | 154 012
1 rs6677308 240763170 | A | 1091 232 240 | 286 828 524 | 805 | -024 | 281 -143 015
2 rs892867 79218487 G | 1093 -313 172 | 286 | -261 399 | 807 | -285 | 196 | -0.05 096
2 rs10928087 | 141458573 G | 1092 065 284 | 285 | 1005 | 575 | 807 | -397 | 342 | -2.09 0.04
2 154664511 152522710 | G | 1093 542 283 | 286 | 1358 61 807 178 332 | -170 0.09
2 rs37701M 182090561 | A | 1093 0.07 253 | 286 | 405 557 | 807 | -196 | 295 | -0.95 034
2 rs2690751 19076351 A | 1092 | -260 | 189 | 286 | -839 431 | 806 | -040 | 218 166 0.0
2 rs12467492 | 227127070 | A | 1092 -0M 160 | 285 | -500 | 362 | 807 164 184 164 0.0
3 rs1554328 118325495 A | 1073 | 434 | 246 | 282 | -535 | 520 | 791 | -440 | 292 0.16 087
3 rs938111 118330571 C | 1092 | 120 | 236 | 285 | 084 499 | 807 =314 | 280 | -070 049
4 rs1394339 90492121 A | 1093 | -054 | 159 | 286 | -4%4 338 | 807 073 188 126 0.21
5 rs1366331 10330169 A 1093 344 294 286 843 745 807 045 329 -0.98 033
5 rs4836058 123375799 G 1093 018 162 286 104 359 807 -0.22 189 -031 076
@ 5 151862404 123378142 G 1093 096 168 286 283 365 807 0.02 197 -068 0.50
5 rs11949657 133897834 C 1093 -180 256 | 286 -110 6.18 807 -337 289 -033 074
6 rs1498426 21Me132 G 1092 =174 159 285 270 353 807 -250 185 -131 0.19
6 rs221749 165783026 G 1091 0.56 180 284 314 47 807 -0.18 206 -0/1 048
6 rs17182135 169147239 G 1093 0.16 165 286 164 362 807 -168 192 -081 042
6 rs12528430 169151607 A 1093 0.10 165 286 175 365 807 -168 192 -083 041
7 rs4723295 33591734 G 1093 -388 240 | 286 6.05 527 807 -850 278 -244 001
7 rs12667992 91183013 A 1093 244 264 | 286 259 597 807 259 305 0.00 100
7 rs1916602 91199648 G 1093 196 253 286 195 571 807 172 292 | -0.04 097
7 rs9791835 105324494 A 1092 -196 259 | 285 -2.26 569 807 -295 301 -0m 092
7 rs12705973 14100435 G 1092 | -0.08 162 286 787 355 806 -356 189 -284 447703
7 rs12671330 14121279 G 1092 -0.10 161 285 839 350 807 -374 187 -305 226703
8 rs2458416 105420643 | G 1092 039 269 | 286 | -053 593 806 052 315 0.16 0.88
9 rs10962687 1690272 G 1093 036 352 286 244 6.89 807 -0.75 433 -0.39 069
9 rs10962689 1690460 G 1093 064 351 286 3% 682 807 -0.54 433 -0.45 065
2 rs4639992 43209601 G 1093 -332 230 | 286 -598 492 807 -196 272 071 048
2 rs16946677 15386413 C 1093 092 248 286 =272 6.44 807 0.15 274 041 0.68
17 rs2258367 18796532 C | 1093 | -251 252 | 286 044 617 | 807 | -336 | 283 | -056 058
20 | rs6073768 43563560 | G | 1091 243 214 | 286 | -265 | 494 | 805 416 246 124 022
20 rs1013562 43744158 G | 109 272 214 | 286 | -539 | 503 | 805 525 244 190 0.06
20 | rs6073862 4376519 G | 1092 312 214 | 286 | -469 | 494 | 806 571 245 189 0.06
21 | rs13049780 19638152 G | 1093 041 268 | 286 | 079 520 | 807 059 333 | -0.03 097
21 rs2827251 22429921 A | 1093 120 304 | 286 796 684 | 807 -2.18 351

BETA > O annual FEV decline acceleration

BETA > O annual FEV decline attenuation.
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Supplementary table 3. Beta estimates in Vlagtwedde/Vlaardingen: whole cohort, >20 pack-years, <20
pack-years and GxE test

Vlagtwedde/ Vlagtwedde/ Vlagtwedde/ OxE
Vlaardingen all Vlaardingen >20p Vlaardingen <20p
o _ %) < [ < W < W %
5| & s =l glgle|lglalelg|la]le]als
= [s5) = [s5) = [as) N Q!

1 152492321 59124034
1 rs927743 59141535
1 rs920307 | 188985655
1| rs6604558 | 216001829
1| rs6694862 | 216033717
1| rsms8974 | 240756312
1| 1512093170 | 240757607
1| rs6677308 | 240763170
15892867 79218487
rs10928087 | 141458573
rs466451 | 152522710
rs3770Mm | 182090561
rs2690751 | 19076351
rs12467492 | 227127070
rs1554328 | 118325495
rs9381M 118330571
rs1394339 90492121
rs1366331 110330169
rs4836058 | 123375799
rs1862404 | 123378142
rs11949657 | 133897834
rs1498426 21116132
rs221749 | 165783026
rs17182135 | 169147239
rs12528430 | 169151607
154723295 33591734
rs12667992 | 91183073
rs1916602 91199648
rs9791835 | 105324494
rs12705973 | 114100435
rs12671330 | 114121279
rs2458416 | 105420643
rs10962687 | 1690272
rs10962689 | 1690460
rs4639992 | 43209601
12 | rs16946677 | 115386473
15| rs7182547 | 29084964
7| rs2258367 | 18796532
20 | rs6073768 | 43563560
20 | 51013562 43744158
20 | rs6073862 | 4376519
21 | rs13049780 | 19638152
21 | rs2827251 22429921
’ BETA > O annual FEV decline accelerafion
BETA > O annual FEV decline attenuation.

1056 -110 098 | 250 062 203 | 806 | -202 139 =107 0.28
1053 | -097 | 082 | 248 049 187 805 -m 112 -073 | 046
1044 020 105 247 -2.82 218 797 102 149 146 015
1056 | -0.03 | 095 | 250 037 2n 806 | -185 132 -089 | 037
1056 009 | 095 | 250 038 210 | 806 -161 132 | -080 | 042
1049 -103 115 249 -155 2.31 800 | -165 164 | -003 | 097
1055 | -050 | 108 | 250 183 220 | 805 | -146 155 -122 022
1055 -154 116 250 | -087 234 | 805 -173 167 | -030 | 077
1055 | -056 | 084 | 250 | -076 191 805 0.24 115 045 065
1056 0.20 151 250 | -050 | 344 | 806 | -096 | 208 -0m 091
1056 122 136 250 210 305 | 806 0.46 187 -046 | 065
1056 -115 128 250 | -298 252 | 806 2.54 185 177 0.08
1055 | -056 | 096 | 250 085 219 805 | -066 132 | -059 | 055
1056 -143 077 | 250 073 165 | 806 | -204 | 108 -140 0.16
1048 | 005 | 123 249 -123 322 799 187 164 085 039
1056 | -0.09 118 250 085 287 | 806 0.16 160 -021 083
1056 | -042 | 079 | 250 -102 170 | 806 | -0%6 110 042 067
1056 0.18 146 250 135 343 | 806 082 199 -0.13 089
1056 213 080 | 250 316 186 806 134 110 -085 | 040
1056 263 084 | 250 413 196 | 806 127 115 -126 021 @
1056 249 118 250 210 271 806 401 162 060 | 055
1055 122 080 | 250 | -026 71 805 101 112 062 053
1055 | -075 | 091 249 075 199 806 | -094 127 -072 | 047
1055 =123 | 080 | 250 0.29 170 | 805 | -095 113 -061 | 054
1055 -132 | 080 | 249 -0.18 168 806 | -076 112 -029 | 077
1056 | -042 118 250 | -525 239 | 806 2.06 168 251 0.01
1056 203 143 250 285 305 | 806 057 202 | -062 | 053
1056 128 131 250 325 280 | 806 =141 183 -140 0.16
1055 160 128 250 -0.13 282 | 805 253 177 0.80 042
1056 | -104 | 080 | 250 | -079 180 | 806 141 110 105 030
1054 | -083 | 079 | 250 073 177 804 -151 109 -108 | 028
1056 153 132 250 -418 299 | 806 294 182 204 0.04
1056 -126 159 | 250 | -325 478 | 806 0.24 208 067 0.50
1056 -116 155 250 | -279 465 | 806 035 202 0.62 054
1056 131 113 250 -159 260 | 806 203 154 120 023
1056 -110 118 250 223 292 | 806 | -105 198 | 099 | 032
1051 0.99 086 | 249 192 179 802 | 0.00 122 -089 | 037
1045 0.60 128 248 -2.88 279 797 065 179 106 0.29
1055 | -065 | 100 | 250 | -295 227 | 805 | -086 137 079 043
1048 =128 | 099 | 247 -412 219 801 -104 137 119 023
1056 | -109 | 097 | 250 | -365 213 806 | -109 136 102 031
1055 0.05 135 250 0.08 291 805 158 189 043 0.66
1055 085 154 250 339 352 | 805 118 212 | -054 | 059

lo|lo|vw|IvIY|Y|vY|IY]|olo|lolojJuololaolo]ls]lw]lw]Nnm]ln]nv]INv]INo]o

]

=2 Kok Kok Kol Kok Kol B kel Kok Kok Kok Kok Kok kol B ok B KX B Kok Ia) Kok Kol Kok Kol B B kel B B Bd Bd Kol Kol Kol B kel Kl kol Bd Bd Bl B

. @ 9/2/2013 10:53:11 AM



copd.indd 121

References

El. Moffatt MF, Gut IG, Demenais F ef al. A large-scale, consortium-based genomewide association study of
asthma. N Engl J Med 2010;363:1211-1221.

E2. Marossy AE, Strachan DP, Rudnicka AR, Anderson HR. Childhood chest illness and the rate of decline of adult
lung function between ages 35 and 45 years. Am J Respir Crit Care Med 2007;175:355-359.

E3. Genome-wide association study of 14,000 cases of seven common diseases and 3,000 shared controls.
Nature 2007:447:661-678.

E4. Barrett JC, Clayton DG, Concannon P et al. Genome-wide association study and meta-analysis find that over
40 loci affect risk of type 1diabetes. Nat Genet 2009;41.703-707.




copd.indd 122

9/2/2013 10:53:11 AM



CHAPTER

9/2/2013 11:06:53 AM ‘



copd.indd 124

9/2/2013 11:06:53 AM



Genome-Wwide epistatic analysis in COPD

Joanna Smolonska'?, Dirk je S Postma®*, Pieter Zanen®, Morris Swertz', Judith M Vonk?*,
Eleonora AM Festen'®, Pieter Neerincx', Willern Mali”, Matthijs Oudkerk® Harry de Koning®,
The LifeLines Cohort Study, Harry M Groen®, Cisca Wijmenga", H Marike Boezen?*'#

*authors contributed equally

' Department of Genetics, University of Groningen, UMC Groningen, Groningen, the Netherlands

2 Department of Epidemiology, University of Groningen, UMC Groningen, Groningen, the Netherlands

3 Department of Pulmonclogy, University of Groningen, UMC Groningen, Groningen, the Netherlands

“ GRIAC Research Institute, University of Groningen, UMC Groningen, Groningen, the Netherlands

° Department of Pulmonology, UMC Utrecht, Utrecht, the Netherlands

® Department of Gastroenterology, University of Groningen, UMC Groningen, Groningen, the Netherlands
7 Department of Radiology, UMC Utrecht, Utrecht, the Netherlands

8Department of Radiology, UMC Groningen, Groningen, the Netherlands

¥ Department of Public Health, Erasmus MC, Rotterdam, the Netherlands

# Corresponding author: H Marike Boezen: hm.boezen@umcgnl

Keywords: epistasis, COPD, genome-wide, inferaction

copd.indd 125 @ 9/2/2013 11:06:53 AM



Absfract

Chronic obstructive pulmonary disease (COPD) is a complex disorder involving multiple genes.
However, despite genome-wide association studies (GWAS) idenfifying many disease genes,
we know a significant proportion of a frait's heritability remains unexplained. We therefore
performed the first genome-wide SNP-SNP interaction (epistasis) analysis in COPD, as we
suspect epistasis holds the key to af least part of the missing heritability. We used the NELSON
cohort as a discovery set, comprising 1030 cases and 1808 confrols, and the LifeLines cohort
as a replication set, with 711 cases and 3,013 controls. Our results show SNP-SNP inferactions
suggesting that cell adhesion and cell communication pathways could be involved in COPD
development. SNPs involved in these interactions are annotated to genes that include SERPINBI
CNTN5, PTPRM and SIGLECT and which, except for CNTN5, were not previously associated
with COPD. Our findings open up new avenues towards understanding the course of events
leading to COPD, but they should be considered with caution, as genome-wide significance
was not reached. Further replication is needed fo confirm our findings.
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Chronic obstructive pulmonary disease (COPD, MM 606963) is a respiratory disease

caused by both genetic and environmental factors, including cigarette smoking and air pollution.
The role of genetics was first seen in studies on families with early-onset COPD'. Linkage
studies identified a locus on chromosome 2q that mapped to the SERPINEZ (MM 177010)
gene?. SERPINAT(MM 107400) is known to predispose to early onset emphysema, one of the
phenotypes in COPD? Candidate gene studies have focused mostly on three pathways that
are involved in COPD: the inflammatfory, anti-oxidant and protease-anti-profease pathways.
They have identified the following genes: TNFA (MM 191160), TGFBT(MM 190180), GSTPT(MM
134660) and MMPI (MM 120361), and others, as associated with COPD (reviewed in Smolonska
et al'). However, these associations have not yet been confirmed by genome-wide association
studies (GWAS). GWAS have identified CHRNA3/5 (MM 118503, 118505), HHIP (MM 606178)°,
FAM13A (MM 613299)¢ and BICD7 (MM 602204)” as loci associated with COPD, the last with
emphysema in particular. Since COPD is a complex disorder, these variants are unlikely fo explain
all the "missing heritability” for COPD. However, gene-gene interactions (epistasis) have been
proposed as a potential mechanism that might explain a large part of this missing heritabilitys;
their contribution fo COPD development has not yet been investigated. We aimed to perform
the first genome-wide epistatic analysis, using 1,030 COPD cases and 1808 confrols (Pafients
characteristics in Table S1).

Samples were genotyped on the lllumina 610Quad BeadChip and the data was subjected
to detailed quality confrol (Supplemental Material) that left 492,339 SNPs for the analysis. We
used EpIBLASTER?, software enabling a full genome epistasis scan in a time-efficient manner.
EpiBLASTER follows a two-stage approach. In the first stage, the difference in Pearson’s
correlation coefficients between cases and controls for all possible SNP pairs are computed and
the significance of this difference is indicated. Using an arbitrary p < 1*10°as a cuf-off for the
first stage, we ended up with 120,425 unique SNP pairs exceeding this threshold. In the second
stage, full rank logistic regression was performed on the top 1,000 SNP pairs (arbitrary number)
from the first stage to obtain the effect estimate and p-value for the inferaction term. Next, we
performed likelihood rafio tests to fest if the effect estimafes from logistic regression were
significantly different from zero. To confirm our findings we performed a replication analysis of
the same 1,000 SNP pairs using 711 COPD cases and 3,013 controls from the LifeLines cohort™.
This cohort was genotyped using the lllumina Human CytoSNP. Imputation was performed with
BEAGLE 3.0 software™ using HapMap 2 CEU population as a reference panel and, after imputation,
SNPs with r2< 0.3 were removed, leaving 764 SNP pairs of the top 1000 SNPs for analysis.
Fiffeen SNP pairs were replicated with p < 0.05 (Table 1). P-values were combined using Fisher's
method. None of the SNP pairs exceeded the genome-wide significance threshold: 4.12*10°®

(0.05/492,3392/2). However, taking info account that: (1) SNPs included in the epistatic analysis W




were not pruned for linkage disequilibrium (LD) beforehand, hence the tests were not entirely

independent, and (2) EpIBLASTER uses a two-stage approach, in which the first is a filtration
step preventing some 120 billion tests from being performed, it did not seem justified to use
a strict Bonferroni correction. We therefore applied the false discovery rate (FDR) method to
account for multiple testing in the replication phase, but none of the 764 SNP pairs showed
significant epistatic effect. This might be due to (1) a power issue, ie. a much larger sample size
is required fo replicate interactions, rather than fraditional genotypic associations, or (2) because
the identified SNP pairs are false-positives. We should also highlight the fact that the replication
cohort had impufed genotypes, which can give good approximations for single polymorphism
analysis, but in epistatic analysis, where two genotypes are faken fogether, can give a much
higher deviation from the actual distribution. The minor allele frequency (MAF) may well be under-
or over-estimated. The differences can thus seem insignificant, yet the sum of frequencies of
genotypes involved in epistafic effect differed by nearly 3% (F_, Supplemental Material). We
should therefore inferpret both positive and negative findings with caution when using imputed
genotypes for epistatic analysis.

Since we were interested whether epistasis could identify plausible pathways, we
performed annotations for the 30 SNPs with p < 0.05 for inferaction in the replication phase
using SCANdb™ (Table 1). Ten SNP pairs could not be franslated into gene-gene interactions,

® because at least one of the SNPs was not annotated to a gene. Genes presented in Table 1were ®
used for gene enrichment analysis in GeneMANIA® (Figure 1) and annotation with GATHER". We

observed a clear over-representation of genes involved in cell adhesion (GO:0007155) and cell
communication (GO:0007154) pathways (p < 0.0001 for both). Cell adhesion plays a crucial role

in epithelial barrier repair after tissue injury, abundantly present in COPD.

One of the inferesting gene pairs is SERFINBI (MM 601799) and CNTNS (MM 607219).
SERPINBI belongs to the serine inhibitor protein family, with two members already associated
with COPD (SERPINAT and SERPINED). Furthermore, it specifically inhibits granzyme B, a
cytolytic enzyme released by lymphocytes during the inflammatory response initiating target
cell apoptosis®.

Another interesting pair of genes is PTFRM (MM 176888) and SIGLECT (MM 600751),
both with cell adhesion-related functions. PTPRM (protein tyrosine phosphatase receptor type M)
levels have been shown to be reduced after injury of epithelial cells. Lower expression of PTPRM
results in reduced adhesion of epithelial cells”. SIGLECT (sialoadhesin, sialic acid binding Ig-like
lectin 1) is one of the few receptors that are expressed solely on the monocyte and macrophage
surfaces®™ Macrophages are key players in the development of COPD and are recruited to the lung
upon cigarefte smoke inhalation. Interestingly, the ligands of sialoadhesin are mainly expressed on

# neutrophils®, which also play an important role in the pathogenesis of COPD.
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Figure 1. Gene enrichment in GeneMANIA based on tfop gene-gene inferactions.
Black circles: query genes (from Table 2); Grey circles: genes enriched in GeneMANIA

We further investigated the regulatory potfentfial of SNPs not in the direct proximity of a
gene, using HaploReg® (Table 2). Six out of 11 SNPs showed regulatory potential at least in
one ENCODE?" experiment type: three SNPs cause an alteration in transcription factor binding
sites, fwo SNPs are located in DNAse | footprints (which correlate with open-state chromatin
and franscription factor binding sites) and one SNP is situated within an enhancer. One of the
interesting findings is that rs2042416 alters the Foxo motif, where Forkhead box O (FOXO)
transcription factors bind. FOXO transcription factors are crucial to all aspects of T-cell
biology, immune response and oxidative stress?? and FOXO3 levels have been shown to be

reduced in the lungs of smokers and COPD patients®.
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Table 2. Regulatory potential of the SNPs not in the direct proximity of the gene.

> N o 5., o k] o]
é 3 z £ 2 e = 23 =2 é % 2
MOkb 3 of 92kb 5’ of
7 35425269 rs10257155 G T 01 ACO076521 LOC4OR4
RP11- 20kb 3 of
1 163192579 rs10917702 G A 06 NF-I 267ND3 RGS5
292kb 5’ of 417kb 5" of
2 73476395 rs11179538 T G | 03 ACTIO3 TRHDE
33kb 3 ’
1 56914341 rs12736058 T C 05 HepG2 of RP4- zf:;iszgf
710M16.2
5.4kb 3 of 697bp 5 of
6 13334971 rs2042416 G A 02 Foxo SHISA9 SHISA9
D49,
AoSMC,
CLL,
Fibrobl, 48kb 5 of 337kb 3 of
7 25605515 rs2952522 T C | 04 Hela-S3, CTCF ACOST7051 NPVE
HTR8svn,
T-47D,
Urothelia
57kb 5’ of 57kb 3’ of
7 32395660 rs412876 G T 06 PDEIC PDEIC
20 8913264 rs7270760 C T 03 FibroP PLCB1 4BKD 5 of
PLCB1
32kb 5 of 83kb 3" of
8 88799819 rs7813504 T G 01 AFII8983 DCAR4LY
15kb 5
43kb 3 of
9 17448713 rs7853853 G A 01 of RP11-
402333 LOC100505478
Hoxab,
CHX10, 146kb 5 of 429kb 5’ of
3 70446896 rs9825323 A C 06 Dx2. ACT340051 MITE
Bsx

I summary, we describe the first complete, genome-wide epistafic analysis in
COPD, without pre-selection of markers. We tested for SNP-SNP interactions and performed
replication in an independent cohort. We replicated 15 SNP pairs associated with COPD (p <

0.05) but none of the SNPs involved in these 15 inferactions was even marginally associated

with COPD on its own(data not shown). This is in line with the definition of epistasis. Annotation

of these SNPs indicates cell adhesion and cell communication pathways, both plausible in COPD

pathogenesis. The overall picture of COPD pathogenesis emerging from the genes involved in
interactions, like SERPINBS. CNTN5S, PTPRMand SIGLEC opens new avenues for further research
and may be crucial for understanding the course of events leading to clinical expression of
COPD. Our results must be interpreted with caution because none of the SNP-pairs reached \
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genome-wide significance threshold, probably due to the limited replication sample size and

use of imputed genotypes. Our findings should be replicated in a large COPD cohort with non-
imputed, genome-wide genotype dafa.
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Supplemental Material

Quality control of genome-wide genotyping data.

SNPs with a call rate <35%, minor allele frequency <5% and SNPs deviating from Hardy-
Weinberg equilibrium (HWE; p<0.0001) were removed. Samples were removed if 5% or more
of the genotypes were missing, if they were duplicates, if they were derived from individuals
related to another one in the dataset or if they were ethnic outliers (based on components
from mulfidimensional scaling C1 and C2). These quality control steps were performed using
PLINK,

Effects of MAF underestimation on epistasis as a result of imputation

Imputed genotypes can be a good approximation in case of single polymorphism analysis but
in epistatic analysis, where fwo genotypes are faken together, the deviation from the actual
distribution can be much higher. It can happen that minor allele frequency (MAF) is under- or
overestimated. If we assume SNP1 has MAF =0.3 and SNP2 has MAF,=0.08 we will observe
distributions as shown in Table S2A. However, if SNP1is genotyped and MAF is not changed
and SNP2 is imputed and underestimated MAF, equals fo 0.05 the distribution is different
@ (Table S2B). Differences can seem insignificant, however the sum of frequencies of genotypes @
involved in epistatic effect differs by nearly 3%.

Table S1. Patients characteristics.

Cohort NELSON LifelinesiCOPD}
Cases Controls Cases Controls
N 1,030 844*+ 964° 711 3013
Age fmean(sd) 613 (5.6) 591(5) 639 (5.7) 432 (86)
% male 100 100 519 436
Height (cm) imean(sd)t 1783 (6.4) 1782 (6.6) 1756 (89) 1755(9.2)
% current smoker 398 64.5 499 424
% former smoker 60.2 355 501 576
Pack-years smoking® 426 (17.9) 394 (16.9) 19.2 (138) 108 (9)
FEV1/FVC(%) fmean(sd)t 603 (8.5) 765 (4.9) 639 (57) 793 (49)

* Blood bank controls - no demographic dafa available
2 Characteristics below for number of individuals in bold
®Calculated only within ever-smokers imean(sd)!

COPD cases were defined as airway obstruction according to GOLD? criteria (FE\/W/F\/C<O.7).
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Table S2 Effects of MAF underestimation on epistasis as a result of impufafion.

A) Actual distribution of genotype combinations

SNPT. MAE=0.3
SNP2. MAF=0.08 AA] ABI1 BB1
AA2 0414736 | 0355488 | 0.0/61/6
AB2 0072128 | 0061824 | 0013248
BB2 0.003136 1 0.002688 | 0.0005/6

Shaded cells - frequencies of genofype combinafions involved in epistasis, F_=0.078336

B) Distribufion of genotype combinations when SNP2 is imputed and MAF is underestimated.

SNP1L. MAE=0.3
SNP2. MAF=0.05 AA] ABI1 BB1
AA2 0442225 | 037905 | 0.081225
AB2 004655 100399 | 0.00855
BB2 0001225 1 000105 | 0.000225

Shaded cells - frequencies of genotype combinations involved in epistasis, Fep‘: 0.049725

Supplemental References

® 1

2007:81:559-575.

Purcell S, Neale B, Todd-Brown K et al. PLINK: a tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet

2. From the Global Strategy for the Diagnosis, Management and Prevention of
COPD, Global Initiative for Chronic Obstructive Lung Disease (GOLD). http://
www.goldcopd.org/, 2011.
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Discussion

Genetics of respiratory phenotypes
The aim of this thesis was fo gain insight into the genetic factors underlying COPD.
Back in 2008 when this project started, little was known about these factors. There were many
candidafe gene sfudies reporting associations with COPD, but the results were inconsistent. We
therefore started with a systematic review and metfa-analysis of previous findings (Chapter 2).
When the GWAS era starfed (in 2005), several studies were published on respiratory phenotypes,
including lung function level (FEV,, FEV /VC), lung function decline, and COPD. The overview of
findings from these studies and our own research is shown in Figure 1.
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Figure 1. Genetics of lung function level, lung function decline, and COPD - findings from previous
studies and studies described in this thesis (bold).

Since COPD is basically a disease of progressive lung function loss, we cannot discuss
the genetics of COPD without discussing the genetics of lung function and its decline. Indeed,
there are now indications from several studies that genes associated with these respiraftory
phenotypes show an overlap (Figure 1). This is also one of the reasons why we investigated the
shared genetics of airway obsfruction and emphysema (Chapter 3) and the shared genetics of
asthma and COPD (Chapter 5). We thought that studying multiple aspects of a phenotype would
yield more knowledge. However, we kept in mind that airway obstruction and emphysema




(Chapter 3) are separafe enfities and that lung function decline (Chapter 4) not only occurs in

COPD patients, and we therefore studied the specific genetics of these phenotypes as well.
We were fhe first fo investigafte gene-gene inferactions and ftheir confribution fo COPD in a
genome-wide, hypothesis-free manner (Chapter 6). We identified focal adhesion pathways
(Chapter 3) and cell adhesion (Chapter 6) pathways by investigating the genetics of COPD
using different approaches. This could be an indication that cell communication is imporfant
in COPD. Airway epithelium is known fo be damaged in COPD patients and by exposure fo
smoke." Alferations in focal adhesion and cell adhesion pathways can inferfere with wound
repair in airway epithelium?However, these pathways can also be altered in other cell fypes and
lead to COPD development. Adhesion is not only crucial for maintaining multicellular structures,
like tissue, but it also plays a key role in cell-matrix and cell-cell boundaries and communication.
However, it still needs to be established where exactly these pathways are altered and how
they may lead to COPD.

Complex genetics of complex disorders

The genetics of complex disorders has indeed become very complex over the last
few years. Genome-wide association studies (GWAS) have identified loci associated with

® many complex phenotypes. These loci differ in size and content: on the one hand, sometimes ®
they are huge and harbor many genes, making it difficult fo defermine which gene is actually
the causal one. On the other hand, sometimes these loci are so-called ‘gene deserts’, harboring
no protein-encoding genes and thus increasing the difficulty of interpreting the results further.
Especially in the light of recent advances by the ENCODE project, which so far has mapped
80% of the genome tfo regulatory elements, like franscription factor binding sites, DNAsel
hypersensifive sites, open chromafin, etc. and faking info account the linkage disequilibrium
structure of the loci identfified by GWAS, we can expect that most of the SNPs will be
annotfated to a regulatory element. This might also be the case for the SNPs that are annotated
to the genes and it may turn out that the gene itself has nothing to do with the disease. So
were the GWA studies helpful? Yes, they were. They helped us identify loci that would never
have been discovered using a candidate gene approach. If we consider genetfics as the map
of a disease, GWA sfudies would be the grid of this map, composed of identified loci and
pathways. Now we need to fill in the grid to complete the map, which will not be an easy task
given the multiple levels of information required. One of the tools we can use for this are
microarrays with a confent specific for a particular disease group, like the a metabochip or
immunochip for performing fine-mapping studies. The aim is to refine the association signal
in the locus, which can help fo narrow down the region of inferest. Another fool that can

4

be used is nexf-generation sequencing (NGS), a powerful fechnique fo detect mutations in
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the genome. NGS has been successfully applied in a small number of individuals to identify

mutations leading to rare Mendelian disorders. But, confrary to its application in Mendelian
disorders, in complex disorders, much larger numbers of individuals need to be sequenced, but
with the falling price of NGS such studies are becoming feasible. Other omics techniques, like
gene expression, proteomics and metabolomics will add an extra layer to this map, making it
more comprehensive and easier to read. The exact roufe, however, will be drawn by functional
studies, which will provide information on the exact course of events leading fo disease and on
the fissue and cell types in which these events actually take place. Another level of information
will come from studying both gene-environment and gene-gene inferaction.

Missing heritability, hidden heritability, phantom heritability, and epistasis

By now (April 2013), the GWAS era has yielded 9,872 SNPs associated with over 1400
traits and described in 1,563 publications in little more than five years. Despite this abundance,
only a small proportion of heritability of many traits can so far be explained. Some fime ago
the scientific community had already started wondering how the remainder of the heritability
could be found and where. In the beginning, copy number variations (CNV) and rare variants
were thought to account for a substantial proportion of the missing heritability, but it was
soon proven this was not the case?® The concept of hidden heritability was born, as it was
thought that some relevant variants are hidden below conservative genome-wide significance
thresholds or because the variants are so rare that they cannot be captured with GWAS The
next suspect was epistasis, in other words gene-gene interaction. Epistasis is a phenomenon
in which two genes fogether affect the phenotype, either by the masking of one or acfing
synergistically. Epistasis is frequent in all organisms, starfing with yeast ° and up to humans® It
has been proposed that by not taking epistasis info account while calculating the proportion
of explained heritability, so-called phantom heritability is created” In other words, the genetic
varianfs identified in GWA studies could explain much more of the heritability, but not under
the additive model assumptions. Therefore the statement that rare variants or even more
common variants must underlie common diseases might not be valid. In fact, it is likely that,
for many disorders, the major suscepftibility loci have already been identified.

For many years, studies on epistasis were restricted fo a subset of genes, most
frequently the candidate genes, or later fo genes identified in GWAS. This restfriction was
due to a large number of possible inferactions. If we want to test all the possible pair-wise
interactions, assuming we genotyped 500,000 SNPs, we would have to test 125*10° SNP
pairs for inferaction. Such an analysis is exhaustive computationally, not to mention the time
required to run it. Not so long ago there were basically no tools that could enable a whole
genome epistafic analysis to be completed in less than a yearl With the development of

N\



graphical processing units (GPUs) this has become feasible and more studies describing

epistasis in complex disorders have appeared recently. Full genome scans for epistasis has
already been were performed in prostate cancer  and serum uric acid levels ? for example. Both
studies were underpowered to defect significant interactions, as the required sample size is
much larger than for GWAS, or it could also be due o applying a strict Bonferroni correction.
Therefore novel approaches need to be implemented to reduce the limitations of multiple
testing, like a fwo-stage approach, as implemented in EpiBLASTER.™

Complex genetics are getting more and more complex

Gene, pseudogene, gene desert, junk DNA: these are just a few terms for which
the definitions have changed in the past few years. Genes used to be defined as DNA unifs
composed of a sequence confaining protein code. We now know that genes not only encode
for proteins, but also for many sorts of RNA genes, including miRNAs (micro RNAs), siRNAs (small
interfering RNA), lincRNAs (long intergenic non-coding RNAs), to name a few. Pseudogenes
were thought to be an inactive copy of a parent gene but recently it was shown that some
pseudogenes are not so ‘pseudo’ and are either expressed ™ or af least franscribed” and the
transcript ifself may have a profound biclogical function.® Gene deserts have turned ouf not to
be deserts at all, but harbor many newly discovered genes, not only for protein coding, but also
regulatory elements, efc. The concept of junk DNA simply does not hold anymore, as proven
by the ENCODE consortium.*

These definitions have changed and been improved with the fime and effort put info
many studies and, as a result, our understanding has increased somewhat. But they also mean
genetics is much more complex than we thought. If we take a complex disorder and a change
in SNP X that is associated with it, what does it mean? Lef’s start from the SNP, which by
definition a single letter in the genome composed of 3.2 billion such letters. There are many
ways through which this single lefter can lead fo a phenotype, irrespective of ifs location
(Figure 2). A minority of the SNPs identified for complex disorders are located within exons of
profein-coding genes, which means that, for the remaining majority, the function cannot be
inferred easily. And at the end, we have a phenotype, a complex disorder, which means that not
only SNP X will be responsible for it, but also that there might be perhaps hundreds of other

SNPs contributing to the phenotype. This is the case for height, for example.

Future perspectives
The 271 century has already brought significant advancements in fechnologies that
P can be used to construct tools to enable scientists to make significant scienfific progress.

This holds for all disciplines, but starting from 2005, the field of genetics has exploded. GW A
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Figure 2. Possible ways through which SNPs can lead to a phenotype.
eQTL - expression quantitative traif locus, TFBS - transcription factor binding site

studies are just a grid for our map of complex disorders. Maybe we still need fo create a few
of them, for example, for COPD there are still some gaps to be filled. So far there have been no
GWA studies on COPD patienfs who have never smoked and it would be extremely interesting
to see if the same or a completely distinct set of genes is responsible for COPD development
in this group. However, research resources are limited, and new cohorts take fime, effort and
money fo collect and then to characterize. The near future will probably see fewer and fewer new
GWA studies and only a few mefa-analyses by consortia. Mefa-analyses do have the potential to
discover new loci, as shown by many studies, for example, for ulcerative colitis, where pooling
six studies yielded 29 new loci® No large meta-analysis has yet been performed for COPD.
COPD remains a chronic and disabling disease affecting millions of people worldwide.
The more genetic studies can shed light on its origin and development, the more likely we are
to discover leads fowards befter prognoses and freatment. Many questions about COPD are
left to be answered. GWAS era generated many hypotheses that need to be proven or refufed.
In the end, finding a gene is just a beginning.
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Summary

The work described in this thesis was done within the framework of the COPACETIC consortium,
which was established to determine the genetic background of chronic obstructive pulmonary
disease (COPD) and lung function decline. We started with genome-wide screening that
yielded dense genotype information.

Chapter 3 describes the main outcome of the consortium, which are genome-wide association
(GWA) studies on airway obstruction and emphysema, as well as an aftempt fo identify shared
genetic components. These GWA studies did not yield any genome-wide significant findings,
despite large sized replication cohorts (especially in airway obstfruction), which might have
been due fo phenotype heferogeneity and limited power in the discovery cohort. The overlap
between airway obstruction and emphysema was difficult fo study, due to use of a single
discovery cohort. Using two different approaches we were able fo poinf fo the same pathway
which was focal adhesion pathway, known to be crucial in epithelial repair mechanisms.

In Chapter 4 we investigated the so-called ‘Dutch hypothesis” on a genome-wide level. Briefly,
the Dutch hypothesis stafed, that asthma and COPD are different manifestations of the same
disease unit, hence share genetic background and environmental factors. Only the fiming and
specific inferplay between genetics and environment will determine the final phenotype. To
prove or refufe this hypothesis we performed meta-analysis using asthma and COPD GWA
studies. We found three loci associated with both phenotypes. The genes located in these
three loci, COMMDI10 and DDX1 point towards NFkB which mediates inflammatory process in
both, asthma and COPD. These processes are different, but could be mediated by COMMDT1O
and DDX7in both diseases, implying that the Dufch hypothesis can be valid. At this stage the
Dufch hypothesis can not be proven or refufed with cerfainty.

Chapter 5 describes GWA study on lung function decline. Our discovery cohort was a
population of heavy smokers and our replication cohorts were population-based. What
we noticed immediately were differences of the decline exfent ifself and genetic effects
sizes. Heavy-smokers displayed much larger lung function decline per year, compared to the
general population and we were not able to replicate the findings from the GWA study in
the population-based replication cohorfs. However, we performed some additional gene-
environment inferaction analyses in two ouf of three replication cohortfs, which strongly
suggested that the genetic effects are diluted in the replication cohorts due to heterogeneity
of the phenotypes that were present. We have shown, that if the replication sample is restricted
to heavy smokers with COPD, the genetic effects are much more alike the discovery cohort
(heavy-smokers, 50% of them with COPD). However, this restriction reduced the sample size

significantly therefore the conclusion is that more phenotype-specific cohorts are needed to \




perform proper lung function decline GWA studies.

So far three GWA sfudies have been published on COPD, however the number of loci identified
is much lower than in other phenotypes. There is a debate ongoing on so-called ‘missing
heritability” or ‘hidden heritability’ phenomena. Most likely, genetic associations will not explain
the entire heritability of a phenotype. Therefore in Chapter 6 we performed the first genome-
wide gene-gene inferaction analysis in COPD. Due to large number of fests performed our
results did not reach genome-wide significance.

We observed a clear over-representation of genes involved in cell adhesion and cell
communication pathways. Cell adhesion plays a crucial role in epithelial barrier repair after
tissue injury, abundantly present in COPD. These results should be further validated in a large
COPD cohort.

In summary, this thesis is an investigation of several phenotypes of COPD: airway obsfruction,
emphysema, lung function decline. We were inferested not only in these phenotypes, but also
their shared genetic background. Airway obstruction and emphysema can occur together,
asthma and COPD despite being separafe diseases share many feafures, and therefore we
searched for common genes underlying these phenotypes. GWA studies were the main tools
used, but we also looked beyond GWA studies and used other tools, like analysis of epistasis.
The pathways that emerge from our findings are worth investigating further, as not all of them
were considered to be involved in COPD before.
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Samenvatting

Het in deze thesis gepresenteerde werk is uitgevoerd binnen het COPACETIC consortium, welke
opgericht is om de genetische achtergrond van chronische obstructieve longaandoeningen
(chronic obstructive pulmonary disease, COPD) en het verval van longfunctie te onderzoeken.
We zijn gestart met genoomwijde genotyperingen, welke uitgebreide genotype informatie
opleverden.

Hoofdstuk 3 beschrijft de voornaamste uitkomst van het consortium. Dit zijn genoomwijde
associatie (GWA) studies op luchtwegobstructie enemfyseem, evenals een poging om gedeelde
genefische componenten te idenfificeren. In de GWA studies werden geen genoomwijd
significant geassocieerde bevindingen gedaan, ondanks het gebruik van een groot replicatie
cohort (vooral voor luchtfwegobstructie). Dit wordt waarschijnlijk veroorzaakt door een grote
heferogeniteif in de fenotypes en een gebrek aan statistische power in het inifiéle cohort.
De overlap tussen luchtwegobstructie en emfyseem was moeilijk te bestuderen, aangezien
het initiéle cohort hetzelfde was voor beide studies. Door middel van twee verschillende
methoden konden we gezamelijke pathway aanwijzen, het focale adhesie pathway, bekend
om zijn cruciale rol in epitheliale herstel mechanismen.

In hoofdstuk 4 hebben we de validiteit van de zogenaamde "Nederlandse hypothese” op een
genoomwijde niveau getest. De Nederlandse hypothese gaat er van uit dat astra en COPD twee
verschillende manifestaties zijn van eenzelfde ziekte, en daardoor een genetische achfergrond
en omgevingsfactoren delen. De timing en specifieke inferacties fussen genetfische factoren
en de omgeving bepalenhet uiteindelijke fenotype. Om deze hypothese te bewijzen, dan wel
te verwerpen, hebben we een meta-analyse verricht op astma en COPD studies. We vonden
drie loci die met beide fenotypes geassocieerd zijn. Echter, we konden deze bevindingen nief
repliceren in populatie gebaseerde cohorten met een minder sterk uitgesproken fenotype. De
genen in deze loci, COMMD10 en DDX1 wijzen richting NFkB, welke imflammatoire processen
in zowel astma en COPD reguleert. De onderliggende processen zijn verschillend in beide
aandoeningen, maar kunnen in beide aandoeningen gereguleerd worden door COMMD10 en
DDX1, wat er op wijst dat de Nederlandse hypothese waar zou kunnen zijn. Op dit moment is
het echfer nog onmogelijk de Nederlandse hypothese definitief te bewijzen of fe verwerpen.
Hoofdstuk 5 beschrijft een GWA studie op verval van longfunctie. Ons initiéle cohort is
een van zware rokers en de replicatie cohorten zijn populatie gebaseerd. Wat ons direct
opviel waren de verschillen in de ernst van het verval en de effect grootte van de genetische
varianten. Zware rokers laten per jaar een sterker verval in longfunctie zien ten opzichte van de
algehele bevolking. Daardoor is hef niet verrassend dat we de bevindingen van de GWA studie
nief konden repliceren.

Daarnaast hebben we ook gen-omgeving inferactie analyses uitgevoerd in fwee van de drie
replicatie cohorten. Deze suggereren dat de genefische effecten in de replicatie cohorten
worden afgezwakt doordat er een grote variafie is in fenotypes. We toonden aan dat, als we
alleen zware rokers met COPD voor de replicatie gebruikenn, de genetische effecten veel
meer lijken op die gevonden in hetf inifiéle cohort (zware rokers, 50% heeft COPD). Echter,
dat vermindert de grootte van het cohort sterk, en daardoor concluderen we dat er meer
fenotype-specifieke cohorten nodig zijn om goede GWA studies op verval van longfunctie
uif e voeren.

Tof nu toe zijn er drie GWA studies op COPD gepubliceerd. Het aantal gevonden loci is echter




veel lager wanneer we dit vergelijken met andere fenotypes. Er is een discussie gaande over het
zogenoemde fenomeen ‘missende erfeli jkheid” of “verborgen erfelijkheid’. Zeer waarschijnlijk
zullen genetische associaties niet de gehele erfelijkheid van een fenotype kunnen verklaren.
Daarom hebben we in hoofdstuk 6 de eerste genoomwijde gen-gen inferactie analyse in
COPD uitgevoerd. Door het grote aantal uitgevoerde testen konden onze resultaten niet de
grens van genoomwijde significantie bereiken. Het feit dat we geimpufeerde genofypes
hebben gebruikt in het replicatie cohort kan ook het resultaat hebben beinvioed. Echter, we
vonden wel een duidelijke overrepresentatie van genen die betrokken zijn bij cel adhesie en
cel communicatie pathways. Cel adhesie speelt een cruciale rol in epitheliale barriere herstel
na weefselschade, hetgeen veel aanwezig is in COPD. Deze resultaten moeten nog verder
gevalideerd worden in een groot COPD cohort.

Samenvattend vormt deze thesis een onderzoek van vele fenotypes van COPD:
luchtwegobstructie, emfyseemen verval vanlongfunctie. We warenniet alleen indeze fenotypes
geinferesseerd, maar ook in hun gedeelde genetische achfergrond. Luchtwegobstructie en
emfyseem kunnen samen voorkomen en ondanks dat astma en COPD aparte aandoeningen
Zijn, delen ze toch vele karakteristieken. Daarom hebben we gezocht naar gemeenschappeli jke
genen die fen grondslag liggen aan deze fenotypes. We hebben vooral gebruikt gemaakt
van GWA studies, maar we hebben ook verder gekeken middels epistase analyse. Het is van
belang de gevonden pathways verder te onderzoeken, aangezien deze eerder nog niet waren
aangemerkt als relevant voor COPD.
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Podsumowanie

Praca przedstawiona W niniejszym manuskrypcie zostata wykonana w ramach konsorcjum
COPACETIC, kfore powstato w celu odkrycia podioza genetycznego przewlekte]
obturacy jnej choroby ptuc (POChP, z ang. Chronic obstructive pulmonary disease, COPD) oraz
spadku funkcji ptuc. Rozpoczelismy od genotypowania catego genomu, kfére dostarczyto
szczegotowych informacji o genotypach w duzej rozdzielczo$ci.

Rozdziat 3opisuje gtowne wyniki prac konsorc jum, ktorymi sa genomowe badania asoc jacy jne
na fenotypach obstrukcji drog oddechowych i rozedmy oraz probe identyfikacji wspolnych
da tych fenotypow czynnikow genetycznych. Oba genomowe badania asocjacyjne nie
wykazaly zadnych istotnych statystycznie wynikow, pomimo replikacji wynikow w duzych
kohortach (szczegdlnie w przypadku obstrukcji drog oddechowych), co moze wynikaé z
roznorodnosci fenotypow oraz ograniczonej mocy gfownej kohorty. Badanie wspolnych
czynnikow genetycznych dla obu fenotypow byfo frudne, wobec fakfu uzycia jednej kohorty:.
Z uzyciem dwaoch roznych metod udato nam sie wskazaé na ta sama $ciezke metaboliczna,
ktora byta adhezja fokalna, kluczowa w mechanizmach naprawy bariery nabfonkowe].

\W Rozdziale 4rozpatrywalismy tak zwana hipoteze holenderska’ napoziomie catego genomu. W
skrocie, hipoteza holnderska zakfadata, ze astma i POChP sa roznymi manifestac jami tej same
jednostki chorobowej, a zatem maja wspolne podtoze genetyczne i czynniki srodowiskowe.
Jedynie czas | specyficzne oddziatywanie czynnikdw genetycznych i srodowiskowych
determinuje ostateczny fenotyp. Aby udowodnié¢ lub odrzuci¢ te hipoteze przeprowadzilismy
meta-analize uzywajac genomowch badan asocjacyjnych przeprowadzonych na astmi i
POChP. Zidentyfikowalismy frzy loci zasocjowane z obydwoma fenotypami. Geny w tych
loci, COMMD10 oraz DDX1, wskazuja na NFkB, ktory odpowiada za proces zapalny zarédwno
w astmie jak i w POChP. Procesy te roznig sie, ale mogtyby zachodzié za posrednictwem
COMMDI10 i DDXT w obu chorobach, sugerujac ze hipoteza holenderska moze by¢ prawdziwa.
Na tfym etapie hipoteza ta nie moze zostaé ani potwierdzona ani odrzucona z pewnoscia.
Rozdziat 5 opisuje genomowe badanie asocjacyjne zaniku funkcji ptuc. Gfowng kohorta
byta populacja natogowych palaczy a kohorty replikacyjne sktadaty sie z przedstawicieli
populacji ogdlnej. Co dato zauwazy¢ sie natychmiast, to roznice w skali zaniku funkcji pruc
oraz efektow czynnikow genetycznych. Palacze wykazywali znacznie wiekszy zanik funkcji
pfuc W ciggu roku, w porownaniu do populacji ogdlnych i nie bylismy w stanie zreplikowaé
wynikow genomowego badania asocjacyjnego. Jednakze przeprowadzilismy dodatkowe
analizy interakcji czynnikdw genetycznych i $rodowiskowych w dwoch sposrod trzech
kohort replikacy jnych, ktore sugerowaty rozmycie” efektow genetycznych w kohortach

replikacyjnych z powodu heferogennosci fenotypow. Pokazalismy, ze ograniczenie proby §




replikacyjnej do palaczy chorych na PoChP pozwala uzyska¢ efekty genetyczne podobne do

tych z kohorty gfowne] (palacze, 50% chorych na PoChP). Jednakze, taki zabieg znaczaco
redukuje liczebnosé kohorty, zatem naszym wnioskiem jest, ze pofrzebnych jest wiecej
kohort specyficznych dla tego fenotypu aby przeprowadzié prawidfowe genomowe badanie
asocjacyjne zaniku funkcji pfuc.

Dotychczas opublikowane zostat trzy genomowe badania asocjacy jne dla POChP, jednakze
liczba odkrytych loci jest znacznie nizsza w porownaniu z innymi fenotypami. Trwa debata na
temat tak zwane j.brakujgcejdziedzicznosci’ lub ,ukryte jdziedzicznosci”. Na jprawdopodobnie |
asocjacje genetyczne nie wyjasnig catkowitej dziedzicznosci fenofypu. Wobec fego w
Rozdziale 6 opisalismy pierwszg genomowa analize inferakcji czynnikow genetycznych. 7
powodu duzej liczby przeprowadzonych testow, zaden z wynikow nie osiggnaf istfofnosci
statystyczne].

Zaobserwowalismy zdecydowang przewage genow zwigzanych z adhezjg komorkowa
i komunikac jg komdrkowa. Adhezja komorkowa odgrywa istofng role w naprawie bariery
nabtonkowe ] po uszkodzeniu tkanki, ktora obficie wystepuje u chorych na POChP. Te wyniki
powinny zostaé potwierdzone w duzej kohorcie POChP.

Podsumowujgc, niniejsza praca rozpatfruje kilkka fenotypow POChP: obstrukcje drog
oddechowych, rozedme oraz zanik funkcji ptuc. Interesowaty nas nie tylko same fenotypy, ale
rowniez ich wspolne podfoze genetyczne. Obstrukcja drog oddechowych i rozedma moga
wystepowaé jednoczesnie, astma i POChP mimo iz sg osobnymi chorobami dzielg wiele cech,
wobec czego poszukiwalimy wspolnych genow stanowigcych podfoze tych fenotypow.
Genomowe badania asocjacyjne byty gtownym narzedziem uzywanym W niniejszej pracy,
uzywalismy rowniez innych narzedzi, jak analiza epistazy. Sciezki metaboliczne, ktore wy/aniajg
sie na podstawie naszych wynikow powinny byé rozpafrywane w przysziosci, jako ze nie
wszystkie z nich byty brane pod uwage w konfekscie POChP.

@ 9/2/2013 10:55:14 AM




B ® e EEEE

List of Publications

1 Coenen MJ, Trynka G, Heskamp S, Franke B, van Diemen CC, Smolonska J, van Leeuwen M,
Brouwer E, Boezen MH, Postma DS, Platteel M, Zanen P, Lammers JW, Groen HJ, Mali WP, Mulder
CJ, Tack GJ, Verbeek WH, Wolters VM, Houwen RH, Mearin ML, van Heel DA, Radstake TR, van
Riel PL, Wijmenga C, Barrera P, Zhernakova A. Common and different genetic background for
rheumatoid arthritis and coeliac disease. Hum Mol Genet 2009; 18(21):4195-203.

2 Smolonska J, Wijmenga C, Postma DS, Boezen HM. Mefa-analyses on suspected chronic
obsfructive pulmonary disease genes: a summary of 20 years' research. Am J Respir Crit Care
Med 2009; 180(7):618-31. I this thesis.

3 Fehrmann RS, Jansen RC, Veldink JH, Westra HJ, Arends D, Bonder MJ, Fu J, Deelen P, Groen HJ,
Smolonska A, Weersma RK, Hofstra RM, Buurman WA, Rensen S, Wolfs MG, Plafteel M, Zhernakova
A Elbers CC, Festen EM, Trynka G, Hofker MH, Saris CG, Ophoff RA, van den Berg LH, van Heel DA,
Wijmenga C, Te Meerman GJ, Franke L. Trans-eQTLs reveal that independent genetic variants
associated with a complex phenotype converge on infermediate genes, with a major role for the
HLA. PLoS Genet 2011; 7(8):e1002197.

4 Janse M, Lamberts LE, Franke L, Raychaudhuri S, Ellinghaus E, Muri BK Muri Boberg K, Melum E,
Folseraas T, Schrumpf E, Bergquist A, Bjérnsson E, Fu J, Jan Westra H, Groen HJ, Fehrmann RS,
Smolonska J, van den Berg LH, Ophoff RA, Porte RJ, Weismller TJ, Wedemeyer J, Schramm C,
Sterneck M, Gunther R, Braun F, Vermeire S, Henckaerts L, Wijmenga C, Ponsioen CY, Schreiber
S, Karlsen TH, Franke A, Weersma RK. Three ulcerative colitis susceptibility loci are associated
@ with primary sclerosing cholangitis and indicate a role for IL2, REL, and CARD9. Hepatology 2011; @
53(6).1977-85.

5 Hancock DB, Artigas MS, Gharib SA, Henry A, Manichaikul A, Ramasamy A, Loth DW., Imboden M,
Koch B, McArdle WL, Smith AV, Smolonska J, Sood A, Tang W, Wilk JB, Zhai G, Zhao JH, Aschard
H, Burkart KM, Curjuric |, Eijgelsheim M, Elliott P, Gu X, Harris TB, Janson C, Homuth G, Hysi PG, Liu
JZ. Loehr LR, Lohman K, Loos RJ, Manning AK, Marciante KD, Obeidat M, Postma DS, Aldrich MC,
Brusselle GG, Chen TH, Eiriksdottir G, Franceschini N, Heinrich J, Rotter Jl. Wijmenga C Williams
OD, Bentley AR, Hofman A, Laurie CC, Lumley T, Morrison AC, Joubert BR, Rivadeneira F, Couper
DJ, Kritchevsky SB, Liu Y, W jst M, Wain LV, Vonk JM, Uitterlinden AG, Rochat T, Rich SS, Psaty
BM, O'Connor GT, North KE, Mirel DB, Meibohm B, Launer LJ, Khaw KT, Hartikainen AL, Harnmond
CJ, Glaser S, Marchini J, Kraft P, Wareham NJ, Vélzke H, Stricker BH, Spector TD, Probst-Hensch
NM, Jarvis D, Jarvelin MR, Heckbert SR, Gudnason V, Boezen HM, Barr RG, Cassano PA, Strachan
DP, Fornage M, Hall IP, Dupuis J, Tobin MD, London SJ. Genome-wide joint meta-analysis of SNP
and SNP-by-smoking interaction identifies novel loci for pulmonary function. PLoS Genet 2012;
8(12):e1003098.

6 Wilk JB, Shrine NR, Loehr LR, Zhao JH, Manichaikul A, Lopez LM, Smith AV, Heckbert SR, Smolonska
J, Tang W, Loth DW, Curjuric I, Hui J, Cho MH, Latourelle JC, Henry AP, Aldrich M, Bakke P, Beaty
TH, Bentley AR, Borecki IB, Brusselle GG, Burkart KM, Chen TH, Couper D, Crapo ID, Davies G,
Dupuis J, Franceschini N, Gulsvik A, Hancock DB, Harris TB, Hofman A, Imboden M, James AL,
Khaw KT, Lahousse L, Launer LJ, Litonjua A, Liu Y, Lohman KK, Lomas DA, Lumley T, Marciante
KD, McArdle WL, Meibohm B, Morrison AC, Musk AW, Myers RH, North KE, Postma DS, Psafy
BM, Rich SS, Rivadeneira F, Rochat T, Rotter Jl, Artigas MS, Starr JM, Uitterlinden AG, Wareham
NJ, Wijmenga C, Zanen P, Province MA, Silverman EK, Deary 1, Palmer LJ, Cassano PA, Gudnason
V, Barr RG, Loos RJ, Strachan DP, London SJ, Boezen HM, Probst-Hensch N, Gharib SA, Hall IP,

copd.indd 153 @ 9/2/2013 10:55:32 AM



B ® e EEEE

O'Connor GT, Tobin MD, Stricker BH. Genome Wide Association Studies Identify CHRNA5S/3 and
HTR4 in the Development of Airflow Obstruction. Am J Respir Crit Care Med 20712.

/ Mohamed Hoesein FA, Wauters E, Janssens W, Groen HJ, Smolonska J, Wijmenga C, Postma
DS, Boezen HM, De Jong PA, Decramer M, Lammers JW, Lambrechts D, Zanen P. Varianfs in
the 15024/25 locus associate with lung function decline in active smokers. PLoS One 2013;
8(1):e53219.

8 Hansel NN, Ruczinski I, Rafaels N, Sin DD, Daley D, Malinina A, Huang L, Sandford A, Murray T, Kim Y,
Vergara C, Heckbert SR, Psaty BM, Li G, Elliott WM, Aminuddin F, Dupuis J, O'Connor GT, Doheny
K. Scoft AF, Boezen HM, Postma DS, Smolonska J, Zanen P, Mohamed Hoesein FA, de Koning HJ,
Crystal RG, Tanaka T, Ferrucci L, Silverman E, Wan E, Vestbo J, Lomas DA, Connett J, Wise RA,
Nepfune ER, Mathias RA, Paré PD, Beaty TH, Barnes KCet al. Genome-wide study identifies fwo
loci associated with lung function decline in mild to moderate COPD. Hum Genet 2013; 132(1):79-
90.

9 van Setten J, Isgum I, Smolonska J, Ripke S, De Jong PA, Oudkerk M, de Koning H, Lammers JW,
Zanen P, Groen HJ, Marike Boezen H, Postma DS, Wijmenga C, iergever MA, Mali WP, de Bakker
Pl. Genome-wide associafion study of coronary and aortic calcification implicates risk loci for
coronary artery disease and myocardial infarction. Atherosclerosis 2013 {Epub ahead of printt

‘ ‘ copd.indd 154 @ 9/2/2013 10:55:32 AM



THANK) (]!

9/2/2013 10:55:54 AM ‘



copd.indd 156

9/2/2013 10:55:54 AM



B ® e EEEE

Zamé 70%2/'@4{//’5,/

je ore / star? //Ls//)/;? /// 0/ )o/z/, / want To Thonk 70u ///, and /// éy amy chance 701// name

/s no? /Aé/é, /a/eme o/?/'ye me.

}ea/ jz//oe/z//;som, Thank 70u /é/ 70u/ Yime and e/%o// 70u rnvested fo make me a wilh o
B degree
/sca, Thank 7ou /é/ /ea/n/h? me 7o 2ue;//om /ﬁ/'mfj and 7o be critical /70.//%6, Thank you
/é/ a/uay‘s ée/'m7 30 ca/m) even when my advenaline levels were Jé7 é/?é ;*> an, /é/
?a/'m? wiTh me /é/ou?ﬁ al/ my hear” aftacks, and we kvow There were 2u/'/e a /é// 0/ Them.

}ea/ Peo/a/e /{/om The (&P //(ﬂ( consoririom, withou! 70u/ contvrbution and efoﬂ/ 17 would
no7 be /ooaa/é/e Yo db 7his /O/O/'ecf / 7 wous a/;/aya very nice 1o mee’ 7au m //mo/e/c/am/
}/'/é/e, Thank you //o/ o/l The worm words Ju//h7 a;
The pPopErs we have witlen Togelher and yau/ /aa//'emce.
ﬁé/e/, without you our (ﬂp /(?7/( meelings, both in 6/0/7/h en and in /ms/e/dam would
7 7
not be The same. / a/;/ayJ smrled Jéé/h? 70:// /%f ~sszed ema/ﬁ, whalever wos The JUé/éC/

The me‘e//hfg we Aac/, 70u/ /'n/ou/ mall

=
/ea/ }a/?e, /70.//6!.1’)1’)6, _Swf)e and /70/7/61/), Thonk 7au /é/ 5047//}4? me and /%./é/éu m your
}e/oa//mem/ m /f/e//ey /;/o‘;m/a/, we bolh evyo ed 17 and’ / //e// /n Jove with /{,/oéeméam .")
/ 7 wos a real, /a/ea_sz//e‘ o work with you a7// ie‘ A/ay /é/oufﬁ i ;%
}ea/ %/fen) Thank 70u /é/ 701// rnvalvable /'m/au/ /n The (;{& /(ZW( /O/O/éc/) / a/A/ay‘s
@ e bye/ ovr /o/ejem/a//oru. @
eor /d///é, //0//en and. /6//3//)/10., The /%J//a—émeca ecop/e //7/ was a real pleasure 1o
PP i
work with 70’/’ Thank you /é/ all The efforts To senot, o€ JO.VV?/O/QJ,
}ea/ ans, U///ée‘, /ygn/;éa) /Z'céae/ and. juzanme, Thank 701/ /o/ all 70u/ hard work 701/ /oz//
Yo hove Jam/o/eu g.na/ measurements readl
}ea/ f;/a, /Da/./e/ and. //E///o, Thank 7ou or 70u/ contribution To This p/o/ec?f i is nrce That /
was not The ont, Po//'sﬁ accen? in 17 Veor é/a) J/oec/a/ Thank 701/ or all The nice Talts we
had c/u//}/)7 (& /(ﬁ( meelings and /o/ é/m?/'m Jﬁ/ee%om olond .“)
/ea/ //L):c/aw, ov were The livs! 7o c/e/énc/ with &P /( ( vosect, con vatilations ond
4 Frye <oy
?ooc/ Jock i your //u/z//e carreer. / 7 was nice To work with qou.
}ea/ /é»ée//eg) Thank you /é/ a/;/a%s 7 /'mf Yo cheer me 72 when / was down . brf quite

/;{;e en//;/ :*) , /é/ 70:// /aa//'ence wilh me and 70u/ sense 0/ hurmor GOOJ Lok with
ez/e/y/ﬁ/'r?./

/ea/ Peo /o /;//om 66/46//C0., / am not sure where 7o J/a//f as There are so Vnany 0/ 7ou,/
ome o//;ou became my /ﬁ/éncé and Thanks 7o 7ou / wil! howve some nice memorres ous
well
//L)_(s/ / me? 70:/ /Va/é/éu, my deares! G/amﬂ/oa / / witl never /é/?e/ our awesome Time in The
/aé, all the ewr/ /A/'m7; we aid /o?e/ﬁe/ l .'—> and all The /ém we ﬁad )o/u were The one 7o
Intvodbce me To evert one, 7o show me The /ab ond 1o Teach me how 1o db The 6%{5 //[/om
The éao/c;/ /é were The dveam Team when 1/ comes j ///r/m/ma assa ;//Q/f;/ée/, / a/;/a%s
eryoyed Teasing you and / will continve dbrn That -~ / 7 wos also a lof of fon 1o visi! your
ﬁzlmf yau ﬁayz Z 7/e‘a/ ;//'/é and cool Lids z> 6000/ fock 6/0.;40/ a 7
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}ea/ joeJ/é / ov are a real JU/OG/J/O./ in Thi's c/e/oa//menf/ / adnire 70u/ ﬁ/?/?‘ﬁee/
A/a/,é/)/)? sEills, a/;/aya e7/oyed our chrf- cﬁa?(s, more or /ess serious conversalions and.

o/ covrse Janc/mf /0?67%6/ wnder The Ju/oe/y/;s/'om 0/ g\s/ym } 600(/ Lock with e:/e/y/ﬁ/'nf,
eg/oec/a//y with 701// Two cute Iiftle hear?—breakers ;T

}ea/ %///d Thank 701/ /é/ 70u/ rnvolvement in eyefy/ﬁ/'n?/
/ea/ea/ jec/e/a//e;, /f/e/ene, }0/6, %ée and /76/’)%'6, Thank 70u /é/ 7ou/ rnvalvable ée/o m

ez/efy/b/)fy else Than scrence, so In real e /;/e/ene, Thank you for /emﬂncﬁf)f me abou?
o/ the meetings that [ forgor bore, thanks for all your hefp wuilh Hgata's books, if was a
real df//ama, bt we adid i/ ;
}ea/ /yayo;//éanél 70u /é/ all nice Talls we had in V/'c/n/'/y 0/ The co/ée wachine and /é/
yau/ eyefy ay smrle =
/ea/ /70.//)/)0., Thank 70u /é/ 70w/ /oa//émce m e);a/a/h/h? my;/e//'ea o/ a /u/cﬁ éu/eauc/acy.

}ea/ %Loé/'e‘, Thank 70u /é/ all 701// hel . no’/ 0/7/7 The ediforia/ one and, /é/ all the Talts
we had

}ea/ G-e/a/c/, Thank 70:/ /é/ e);,a/am/h statistical mya/e//éd 7o me so /Jé‘//, that / was
/eaz//'m? yaw/ oﬁte alkays corvinced That / vnderstond ond bnow whal To db. Za/e/ /7
Yrned ovf / ard no7, «Zu/ amy;/ay' Thank 70[/'/ //Jo //0/ /em/mc%h? me %/ezxem//y that
Jmoém7 and /Olé/C/hf are bad /é/ me :*>

@ /é }ea/, countless room maies, / had' /éu/ offrces 1n ?eme//'a, 30 /'/70u were no’ my room @
ong.

/7 //L';‘s/ o/;'ce room madies, Pau/ and. /mnerw)ée, 17 wos nrce JAO.//}’)? an oﬁ'ce with
701/. / Think Paz//, 701/ 670760/ /7 as much as / 040)/ hence 701/ moved To The second 0/%&6
with me ;> /nmem&e, we were bolh newbees back /ﬁen, ‘sba//h? /éa/: and some /o/oé/s‘ms.
/ e bye/ our lonch Time /o?e/ﬁe/ /afer on .'—> 600/ fock with 70:// P % / am sure 701/
will be dome soon, and your /{///ée/ JC/'em//]{t coreer.

/z/ _Secomc/ O%Ce room maes, Pau/, //0.76) Goa/'a, /ﬁane) /?a/a, A/c/e Pau/, 77 was
a rea/ /6;/7, / er}/‘o ed 7ow/ /'o,éeJ anc/ sense o/ Az/mo/, /70.7(5, 70[/ swre falk a /0/, b 17 wos
sl a /o/e‘asu/e :‘g ood luck in j;/ed/en/ 605/'@, / hated. yau/ 52U/)//e/ or whatever That shi?

was —} %—ané_s /é/ all The ée//a with 6%/_5/[th)< and good lick in jas/on 07, Thonks /é/
ez/e/y/ﬁ/'r?./ )o/u were There when / c//'ed when / /QU7AZJ, a/;/ay; 7//7//1? 7o cé/m me down

maie, /o/eaae move To The nex? secTion, as This one will be rather

when necessorty. /| will alwoys remember you walking wilh youvr awesome hour, shinmg 1mn
e sun, wiTh one of youvr covniless bogs and sunglasses of covrse! Gosia and /177, Thonks
7h Z 4 Hess bogs and sngl e o /1, Thank
Or priNlng yovr Gooks wii rkon, 7hal wos Joundairon Jor miy cornponty!
printing your books with Likon, that o, y company!
/7a/a, as'a’ room mate / me‘a//y hated g0, and you a//e‘ad? Enow /ﬁa/, so /{na/ 701//56%

n The nex? secion, as /n 7his one / howe no/ﬁ/'m7 nrce 7o Ja7 ;T

/é Third O%C€ room maies, )u/n—cu/e) /epd// o, jenoroa//; /Z'/ a, /ea/'emdfa and
&m/c/ 6u s, / had %/m Jba/m? 7his o%’ce with 70:/, / Think / ﬁe//oec/ each 0/[ 70:/ with
;f;;v/e/é/h? so /M /é.c/ 7ou should consider yOU/Jé/VéJ /{/céy Yo have me There ;—/ /QOJ//'?O:
)z//m/'a, my )u/n‘cu/e) 701/ were a/;/a%s /oo»é/h? /é/ /ec&be‘s e‘xac//y when / was éwnf/y, /ec;aeu
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with orclores o covrse, To make me suffer even more = ju/ even Thovoh / evyoyed
Jﬁa//;? The o%/{ie with you / 600:/ fock /éz /eo//e/c/am anc/}u//ﬁe/, //ﬁe/ez/e/ipu ?07 7
/é /éu//é and los? o%’ce room maies, }a/éa/a, um/oé/h and (/eo, ov had 1his
bad lock o Jéa//hf an o%te with me when The Time was The mos? ﬂ/%‘tu// ~ Jhe end o, m7
endless M / Thank 70u all and one é}/ one /é/ ?a/'rv? /ﬁ/ou?ﬁ all The dromas wil) me,
whether 70u wanted or not. )o/u é/az/é/y deali with all The J;/ea//'m% Tears, more J;/ea//'n?
and more fears.
/ﬁ ov are, / //imé, one o/ The mos? /003/7//176 persons / now. /{é matier whal éa/o/oens ov
a //0.74 see The é//'?é/ side and 7ou don'? worry That mucb, / would love 7o howve This Jlé/// o
»éee/o 17 This way as /0;47 as 701/ can. 5?/@@[? and 6[ &f}[ Jock with ever 7%/)47./
Pum/aé/h, my v/ /)um/aé/'n) / have no words 7o exoress how Jeye/e/y distorbed you are —}
)0/1/ are The crazies! person / have meT 1n The /%/ﬁe//am%, 70u are un/ofeﬂ'c able n éo/ﬁ,
70u/ words and actions : —/ ju/ even with These minor [ honest, ) They are not so miinor
/Z/‘aw ;‘) 70u are J/m/o/ a ?ood //énd who will //'J/en, wndersiond and Ae/o 7o /{nd a
solution. / witl vniss 7ou um/oé/n/ ohe care o/ jﬁ/'e/c//oac/ ;‘)

}ea/ jﬁ/é/%aaa{ Thanks 7o you a ”66/7/}/4 o/[ The 067” //0/057 was born —} /A wos
a/A/ayJ n 7o so /é/ fonch with 70u and Pum/oé/'m and 1o/t about all This more ond /ess
[ maa//y /ewl ser/ovs J/z%“)

/ea/ /4/3, / am so /ofoud 7/ ou,/ 7[0.;/»4 7ou /é/ pa///c?oa/ﬂfy /n The G/amou/}a}/,
c/a;w/e 7au/ C%Lsaé/ﬁfy 7o wear é/f Ze‘é/a :‘) jz//oen//j/hf 701/ m o non‘;c/em///{'c maliers
was a real /o/eaju/é. /nd//;oz/ brovah! ol /é/ me, /é/ which [ il be ?/a;;’e/*/u/ /é/el/é/ —/

/mna P Thanks for all The de//'c/ow hings you é/ou?ﬁ/ //[/om ary on /é/
@ 701// Ae/o ;/Aem /Va./c/m was a//am?/'n? /Ae J/Q}/ m ﬂ eJ// /Qememée/: Pa/aé, ig7/é/ d/a @
é/a/amé/f/

/ea/}uco, 7ou /6/4 7o a d/‘fé/en/ c/e/oa//merﬂf / blome //?a/a /é/ 7hat —/ 775 a
mrvacle hal 70u howe been able To stay in The some oﬁte with ber + Tuwo ofher c/azy f/)//s
/é/ 30 /0/77 ;*) )o/z/ are a /e‘a//y nice 7u7, Thin / /éz/md/ wncormmon 1n The /té/ﬁe‘//amaé.

So b m/c»a;i / /m/?ooc//ucé with ooy YoV

eor 7 a, Thonk you for your Z/%/é f whenever / heord 1/ / wos lavahing myse. ,
17 /s ome}o/ /ﬁe m?oﬂ/ /h/éd// ? ? 7 %

ouvs /au?éa / have heord in m7 ///e; —} / like 70u/ mean and
evr/ sense 0/ éumo/, similar 1o mine =
}ea/}/heée, even 7%01/75 yoz/ Think 7afa /5 no/b/h7) / STt would like To Thank 70[/

/é/ Vscussions over lunch and all The /ém assocrated with 17 od fuck with 70u/ career, éo/ﬁ,
as a screntis? and as a mom

ear (/eo) 70u are cerfarnly The cooles’ /005/ - dbc / have ever me/./ / Think / san
you an?/ on 7 once c/u//}n? These /fie 7€Q/J, 70:/ Take 7%/)/7?; with ease and db ot make
Tha? much dhama.. 7[0/»45 /é/ The /003/7//76 eme/7y,/

/ would also ke To Thank /ema/'m/h7 eo/o/e‘ brom The é//'?ﬁ/ s/de 0/ The corvidor:

f;// e, %{V/é/) &/ a, ///e 'and/o) //Vma } [Va, / en, e/em, ene, / ‘sée) /Z'cé/'e/ 7A—an,é ov
(0270 27 T | e 4

/é/ nrce Time, / e oye/ ea/m7 and JVV)O;é/V)? with you —} /%/30 Those who moved /{;om

o), G [Vl cnd Koot all the best! Rotrt thard gou for your

/'o,éea, Jm//é amc/ shivs.

6/0/’)/7)?6/’) alvea
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bar Feople from The Lark j/'c/e oF the Corvicor -~
}ea/ 66;’ e/a///aya a}/o/eaau/e /a//Z/'m? 7o 7ou aéogany/ﬁm?, Thanks /é/ a/l The
hefp uih EffLASER Togdther with focel!
uﬁa./ Zamég /é/ 70u/ ﬁe‘/o with Zoz/eé/)/a/ s web and; /é/ maé/h? The cooles? confac?
/é/m eVe/./ / am also 7/0.7/675/ 70u intvodced me To climbm 4 /ea//y ﬁe/oea/ me af The
d%‘cu// /ae//'od 0/ The never=ag /oacﬁ/'m7 end o/ my P W ; —7
/}/7? - 7am./ 7;0.//7/4 ov /O/j a//./aya /{hdh? Trime 7o ﬁe/o me solve The mya/é‘//'eu 0/[ /e
and. /é/ //aru/a//h? the Chinese article /é/ my review |~
/ee/,é./ 750/7,44 /o/ all The /a/,éJ, Those with sense and Those with com/o/e/e Jock o/
//}f and The nice /;//90 7o je/)//m /7 was /én/ 6000/ fock with 701// career and see 701/ a’ some
esthial one db. vess ;T
/ya/m Z%{j and Z/Je, Thanks /é/ all the Ae/o with /m/ou/a//'oyu, eQZs and other

hord-core 761’)67//C st

//ex anc/}e‘}omha, Thonks /o/ 70[// c/azy sense 0/ homor and bufe istance 7o
/ﬁe‘ Ju//oumdfhf /ea///y/

}ea/ [ / /aeo/o/e)
7;0.//7/4 ou for The nice almosphere al The vnil meelin S, all your help and Trime,
/ 7’ 70y 7

es ec/a//y Laith and /70./'0.;4, _5/)/770;40., /m, /Wenée and. }ea/oo, we ‘had o lof 0/ /5;/) m
}apfce/oma, / 6;7/076'5/ 7 a /o7f /tf/oo/af, ood lock with your /Aeg/is, / éee/o my %hfe/g
crossed. Pe‘//a, ov were alvays vert ﬁe/o/z/// and / /é/'mZ one 0/[ The mos? /005/7//176‘ and
o/o//}fn/;s//'c cople / howe me? in The /%/ée//amd./ %—ané‘s /é/ 70u/ €V€/7 ay _an//e./
@ a/ome, /Aamés /é/ a/;./a75 //'J/en/'n? 7o me, / cau/d alwous /a/,é 70 701/ abou? /Ae @
dbrk sides 0/ scrence and you vnderstood 1/ V€/7 well / ﬁo/oe / was no? 7oo /)///7/0.7//}/)?
1//;;/7//%? The " fonster” form Fime 1o Time ;T
}ea/ an, Thonk 7ou //o/ /h//oc//c/mf e To The /e //of/c/) /o/ all 7ou/ Ae/o, or many
Tea Cups we had /Ofe/ée/ and; /o‘/ 7ou/ /aa//'emce with me.

}ea/ a7'o/e/'n, / would like To Thank 70:/ /0‘/ all The 70?51 c/aue;, 70:/ have ro ideo. how
pch /:’777 é@/oec/ me 7;0[ survne 7?6 hordes! m;/m/e;?@ /n The /%/ﬁe//ancé. )o/u introdced
e 7o Ashlanga. yoga, for which | will be orafef/ forever, as /7 became miy real passion.

7% 17/ 7 s A
750./7,4 7au /o/ a///a%s //ymf 7o come e with Jome/é/nf extva céa//em7m7 /fO/ me./ :‘>

z/géu/ig /adz/com) za rich ;/J/oa/c/e) 20 zonsze c/e/o/; /oou//an/'e /0/27 ,é;/_al/é/'cé
/OOA//O/GLCA ab Jomu}z/géu/ig /%LMUJ/ za 7/73/'@66 /'e/o?ol;/ / krokietow, Eore u/e/o//m' dle.
e + dla /hnycﬁ, bo wesz, ze zausze e c/z/e/g/ o, C/Z/@éU/g 20, pornoc /0/27 rowerze, /0/27
/'mmycé J/ofa;/agﬁ, nre /y/éo /ecém/cznycé s za subienke na oé/ong/ _

,ia;/e/éu, 6@/6/}41/, c/z/g;éz/ e, 28 zawnsze OC/JOZ//ei mnre z 1oéo/am/ na lotnisko 1
odhadiales /00;//0/7/ ab Po/s»é/' o A//O/C//C{m, bo sre nre slocham m/oaﬁzycﬁ./

/foé,é/,' Jz/gé/' 2a Msz;z.s/é/'é /0/27700?, Yo w /;/o/amﬂf‘/; w /DOACe S /'V)nycb m/é/;scacﬁ
no. swrecre. zﬁgé/' 20 pormoc /0/27 /a/ze/o/w/ajzéacﬁ, ;/J/oa/C/é mentalne s 0 /O/OJ/Z/ /o/fémc&
/0/27/'512//;, /é/olfe/ nawe? /aoéy/ W 7’7//7/1 /o/zeéizc//ym é/o}/u nre zm/;zczy/T

b 7 Lok, / 20528 zma/az/yjc/e dla. e czas, zeb J/oo/é_ac/ sre chod na
céw/g}zfgéu/g 2a //Jzya/é/'e ///'eczofy/noce /ofze?ac/ame b rana, zo. ;Jyj/ucb/kfam/é morch

ma/zevéam’, za zwalczanre mo/'e7' 0/6/0/6‘77:
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/z/géu/g Tez /)/mym,_ ,é/o,/zy zawsze vmilals ms czas w !%/)CE, /%éa // Jeroz jisz
., Jzieks Ze zawsze wmoadalos o p/no, dopoks moglas, ze wyshchalas. Lzody 1ebse
S, dhigk poadalai na'pivo, dapoti mogl yslochal ! U Gt
2om52€ C2as /'aéoj /macze/ /o/yn/'e, /700./0. colowrek ra cﬁ;///g, a 7 noc 70 zaa/%/é ‘} /Z/gé/_
za /00;//0// ab Oé/éc/m/‘sga, czasv dfhozau/olu, (za/odé/'e/’ / z /C/'gz'yca /7 /'mnycﬁ./ /%céa/,
/6/2#7, /té/a//'a, /@céz/, 6/265/6;4, /md/ze/f Gé/'gé/' za A/JZy.s/é/'é’ M/éCZO/7 z ?/arm; hulankams
/ J;/a;/a/arw; Jy/}/éJ//y, woodstocks 1 rnne =

’

/{z/géu/g /O_C/Z/COVW //a/cﬁna, f-/z'é/'ec/e /‘Gea/a/m/.//,' za o, ze /0021/0//”' m//oo///ac/ ich
e~ sbich a aéce/o/aj'g, wsoorcre / fogt/?)g oraz zo mile

oraz ca/e/' rodbinse /(go/n

\;ogc/zom razem caos: /(O.J/; /Z'/,éow; Aé//,éow; f://é / a//éo;//; crocs /n/' A //z//)é@///' %néou/'

oraz éaéc/%zej{é.
%J/ n, Jz/gé/' 2 A/J/OO//V)é m/'esz,éan/'e, norzebonre oraz 2noszente m0/'e70
na/zeéam/a, é/ol/efo éy/o zansze mo}/}//'gce/' =Y za /740/./0./)/'6, razem m/a/yﬂmy Ten /'aézé
"obres holenderst v Tuo <=L Ton 7 za break dt ‘ 7
ouocn7 okres Nolendersks’ w Tvorczoscs . /20 Reggealon 1 za reok dance /' za //3274 /e

éa/./y /'//a/}é/' no. /ofze/uacé, Zﬁéa./ Zé/é rownies c/i/gé/ 2a ;/‘}oo//ne mreszbanie, za poranne
Ogiéufe, wrem, ze czosem bylo c/gz%o ;‘) ale dal, J'm7 /ad/g) Pam/g/ ) 28 masz /o/ze‘/o/@éne
///057. /é;/m/é‘ 57/0 /aoznac' %;0/65 vodiicow 1 /oo‘sZ/ycﬁac/ o/oou/é‘s/c/' o bo/ua?/ /?/27 oéai//
/aozd/a;//em/a./

604/&, c/z/qé/ za w/oo//m/é‘ 50 20//;7 czas, 627 /o_ W M c27 7o w PZ, zansze /é}/’m/'e //7/:5161
razem o /O/Z/éo T ) }é@/ o naszq aéc/g _jmoe/oc/g) /ooohohohoho.

//ée/?f //er/ and /Qemco, Thoanks /é/ all The brery) es, /oa///'eJ) c%hne/g, concers
and. J/I/ﬂ / 7 was a/;/a%s a lof 0/ /6/4. //ée//, Thanks /é/ /éac//hf me The basrcs 0/ /W/?Z and’

6 5 and /é/ rescumn.

The c_om/ozi/e/ mn f/;/' =
/%VW)Q_/ éwze Vm/g éy/o f/ejc' 2 70—éq fonech 1 20 adac’ o d/ama/acé ;//'g,é;zycﬁ

/ mn/'e/sz .“) /oizeé/ng/yjmy preez Ten dobtoranchs doszmar! /2/{6' ei za @k -
Zayeé/}/ I Loszala ysmy z ?/o\széam// -

j%s/'ec/z// Pau//)na / é/éagz, COC/O. / 44/’6% samo /ol 2/'{,4/' 2a //Jzya/é/'e /Wz/a/ezy
J/agdéone razem, Te nrezliczone rloscs albohols ;/%o//e / fe /O/Zé‘/aV;CZOVJé‘ no. mocre 79 z/m7
TV awsze éy/ 2 Wamis vbas, mam maaé/é/'g) ze ézdé/'em;/ éon/ymua;./ac' w [olsce. /éool/ne
norzetanre 1 nasmiewanie sre z holendiow 67/0 czys/q /o/zy/émnost/q./ J;J'//ch =
Paz///héo, Zé/e chzefo,/n/'e C/Z/g,éU/g 20 /76/6 i/ berely /OOC/CZQJ /'azc/y vowerem! nie /ofgc/éo
6‘ 7o 000mMNg =

/70%(/0 /7 Zamw/'e, althovah we mel in /ac/ ew Times, / a///aya 67/07ed /7 and had
a lof 0/[ /én with you, 6000/ fock my sweeles] Zamw / /63565 . _
moe/o/e, ma/'a 77—;//73/0,4/0//7/'6 rnviled. ‘}aea,ée/) mo/a 7;/%&//37%0, mo/?@/ow'eéu—

f-,é/‘e/éa/ nre wiem co Li mam 7o /325, wszystho wresz /2/2' Ja;mo) a moze /e/o/'e/' nre /o/sac/ T
nre, Zeéya' m//oolzlm/fsf nre /olé/$%% mg/a /@ Z/Qz’,éac w Tworz =) a noprsze, co ms /am,/ Cstes
V)a/éa/dz/e ’ /00/7/Q Oéo_éq /'aéo(: wam =L/ za to 6{ vwrelbriam! //02’ azowy Smrech zawsze
c/o/o/o;/a Lo mnre db ez =

(ama/ﬂ,/ 0/6%/7/6 The /éc/ that you are //—W‘:cé, / a///aya er}/ayeo/ acé/'m? with 701/
D/ think [ have never tatked atol so much 6shit uilh anyore L D 1Y was like
7%6/0707./ / ﬁa/ae one Jay ov will moke /{//'en% with ewau! or ofher means 0/ con/ac//'n?
/; " /oucé./ /5/0/./ /5 Z//u?ﬁ ,

a/en//)/), Thonks /é/ /a,é/h? care 0// //fa/a, / now 1his s not so eaa//y somedimes

an/r)eJJ N ‘}

/060/0/6‘ O.V)C//Aa/ we con

3 / really lite 7ou/ sense o ﬁumo/, ovr /oaJJ/'an /o/ é/?@g and 7ou/ e/e/o

%_ané‘s /é/ 0///7/)4? with me 1his surmmer ano/ /fof /ea//y nice Ao//'détfs/
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ala, [labbgky! lobre To osobry rozdzia _mw/'a;. m chyba OJ}//%C/C; ze /
Hoata, Hatrbaks! lotie 1o osbry rosdial musialebym hyba o G
odziekonac za. wszysiko. [rzede wszysikim dzekuye, zo. znoszenre morch szlochow, 1/e /ez
podsiekonad stho. [raede wszysthim derchy b solochon, ile
6' /'a /o/zec/ /{o/ez’an,é% //7/0./0./0’7./ Q. slochanre o £a/o/o?/'acé 50 27c/a / z/mya/z/, 20,
A/J/oa/c/e) za O/O/é/o/zan/'e »é/'e‘a;/i Trzeba, a Trzeba é}//o pare /a27 :‘; ,Za //Jzys/é/'e A//'eczo/y
2 ’)oaz?noéc/amf’ —} a zotka, 20 2pg 2 preca, za Z/—Q/Q G?J/é/é‘yig 6 nawe’ dz/f/éU/E, bo
n/'e/éamoé/o/m/e vbauwila mnie db /ezﬁ/géu/g 20 A/J/OO//Hé Trwonrenre /o/ém/'gdzy /a,é éy/y =
20 wsaysthre boncerty, zo wsaypstére m /oac/ , 20 seye edihocyine o chorobach P 2EN03 20N h
d’o?cz/o/c/ox/% o J/Z?/e/ /-/0/'77)/6 JE/Z/O}/; / ///'e/z/ /hnfﬁ%{é///g PO /o/oa/u 2a /ofzy/'azlm/,y:_a
7o, ze zawsze /’éa/ej /" zansze //%sl/cémz /7am nan/e/g) ze zna/c/z/asz whrofce /Jyma/zom%
proce 1 ze po /0/037/1/ égoé/é O/Oé/ze) bo Lredlys musr éyé
z/géu/ig rownies 5/{'/; 2a zoamrenie bez slow #e;%' chodis o /yaé/é@éo;/e ‘}a/a;/y
—} / 070,/m7 uéa;//'a,é/‘z;/yé/e ra.zem mamy}ﬂgéﬁg //a/?o/zac/e, mawnie ?a/y, z0. zonsze
e J/ogc/zomy czas /;;‘70&6/%{ / /27427/0 owr, zo. e /02m0//7 na. balkonre oraz c/eﬁo//)/oa'c/
~ ¥y
/ooc/czao sakania. Hoaty na. lotniséy: .
/Z'J/'a,éu /70' * Zé/é dercbure nabardiiey ze wsz J/é/'cé, bo 7o 7 omoagles mr
7 ehyg reybardy a= wayrkich, Lo 1o ly pomog
/o/ze//A/ac/ e /o/gc' /af P/zed/e A/JZyJ/é/m Oé/'gé_'u/g, ze ne /OOJ/{/Cba/éJ/ mnre na /m/o/e‘z/é W
Linve 1 ze zm%/'qc e Tak brotkod zdecydbwales 1€ na /afzy/'azd/ b /f/o/amaf/' 22 mng, cze70
- alonales. [amict Hy, Hore nie byly latve, ale dalismy rad
pewnie czasem alowales. I'amiglam poczgiks, Klore nie 7 7 alve, ale do. /Jm7 radge,
/'aé 2e A/Jzya/,é/m,/ Zo/a c/@;o//uo;’cl db mnre, nnie samag zac/zbw’g. zickyje (; 20 C/'Q7/e
/-/\}OQ./C/é, /oodmoazem/é wnre na. doche 1 /a/zy;//acan/'e u/a/7 we wlhasne si; y / um/e? Tnoscr,
2a 7/.:0? op/ym/zm z;fa/cz%/‘o&cy mo/ Jé/%/‘my realizm z;/afy /oo_/oczn/'e /0657M/'zmem, z/g,é//ig,
za 7o, zo bosz o mnre a), 2 /oozua/asz abrac ca/@ éo/d//g / ze /‘é;/es’ /a,é/,' a nse /)/my.

(/A//é/é/am 6@7 no}/éa/é/é/ na J’;//éC/é./ *

/ would like 1o make soecial Thanks for everyone who helped me wilh miy compan )

f° 7 7 7,7

Zoyeé/}/c/ c/ea/7n £ /0//)/)//%7? solutions and all The /oeo/o/e who decided To /a//)/)/ Thesr books
with me!

}2/'géu/'§ %uéa/n/'f;éon P//J 20 owocng A/‘;ool//;/acg, Z///szcza }OM/h/éOA//' j/'ém’éo,

za ;.p/ouadéem/e e w /a/h/é/'df//z/,éu oraz /Zw/o;//'é/é/ce, 2a c/e//o//';/o.s'c' /'adoow‘adém/e na.

mo/e mi'ez//'czonipy/an/a, zonsze Of/OmVlé w/aa/C/é /0/27 /ea//'za?/'/‘ morch m/eszaé/ono;/ycé

/oomya/o/// < vab/o s1e /y/éo z /J/Zy/@//é@ ;—A ,a Takze za vbaw rna jé%oe .“)

/{ééoc/ else seems To db /ﬁa% bu? / would also lite To Thank m%se% /é/ ée/h7
stbborn or J7Z/0/0/ enou?é ( Time wil/ JéOA/) 7o /{'m/'gﬁ 7his P %

&mce a?a/m, Thank you a//, b ot Take i/ /0€/JOVJQ//7 //[ 70[/ are no? listed here.
Z/'g,éu/g, ank /'e, vacias, efc.

/%J/'a
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