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General introduction

Healthy ageing: How to define and how to achieve it?

Over the past century improvements in public health, nutrition,
education, living conditions, and medicine led to an increase in life
expectancy. For instance, of the cohort born in 1910 in the United
States, fewer than 3% survived to the age of 90, whereas of those
born in 2000 at least 15% of men and 20% of women are expected
toreach9oyears(1). However,therearebigvariationsinhealth status
and levels of physical condition among older people of the same
age (2). Current medicine is effective in preventing death from
age-related diseases without delaying their onset, thus increasing
the number of people with age-related diseases and increasing
the number of diseases affecting each elderly person. In addition,
each age-related disease is now treated separately, which is costly
(3). The ideal solution is to prevent or delay age-related diseases,
in other words to extend the healthy years of life, and by this
decrease the ever-rising costs of the medical care.

A few years ago successful ageing was defined as an integral part
of three components: a) low probability of disease or disability;
b) high cognitive and physical functioning; and c) active engagement
with life (4). Subjects of the same age vary in their susceptibility
to age-related diseases due to their genetic background. Furthermore,
studies in twins have shown that approximately 30% of the variation
in human lifespan is genetically determined (5). So far the majority of
the genetic contribution to ageing and its accompanying phenotypes
is still unknown. Thus, a part of the research on ageing should be
dedicated to identifying genes that cause frailty phenotypes in
order to provide a therapy for subjects at risk. The ultimate goal of
this research is to provide targets for prevention and treatment of
disabilities and diseases that occur with increasing age.




Chapter 1

Why do we age?

Senescence (a term that is derived from the Latin word senescere
meaning “to grow old”) is the process of accumulative changes
to molecular and cellular structures that affect the metabolism
and with time lead to deterioration and death. According to
the Hayflick limit, introduced in 1961 by Dr. Leonard Hayflick,
each cell in the human body has limited ability to divide due to
shortening of telomeres with each cell cycle. This is called replicative
senescence (6). However the primary cause for the accumulation of
senescent cells in human tissues over time is probably another form
of senescence, called cellular senescence. In cellular senescence
a variety of stimuli like ultraviolet light, reactive oxygen species,
chemotherapeutics, ionizing radiation, and distortion of chromatin
structure cause anirreversible cell cycle arrest before cells lose their
proliferative capacity (7). Senescence that occurs on the cellular
level may eventually contribute to the ageing of the whole body,
generating age-related phenotypes.

Age-related diseases and mortality

Aging is a complex process and death is the ultimate endpoint.
Nonetheless old age is not a cause of death itself. Death is due
to diseases, which are manifestations of advanced age. Two
of the common age-related diseases are Chronic Obstructive
Pulmonary Disease (COPD) and cardiovascular disease (CVD, i.e. all
disorders affecting the heart and blood vessels, like atherosclerosis,
myocardial infarction or cerebrovascular disease). These diseases
are the leading causes of death worldwide. According to WHO,
in 2011 nearly 17 million people died due to CVD and 3 million people
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General introduction

died due to COPD. Thus, more effort to uncover their underlying
risk factors, preferably shared risk factors, is needed to develop
and implement prevention strategies against both diseases at once.
Although there are some general risk factors of mortality, including
high serum cholesterol, high blood pressure and smoking (8), in this
project we were especially interested in strong and well-established
respiratory-related conditions thatincrease the mortalityrisk, suchas
low lung function level and dyspnea (breathlessness). Lung function
decreases with age and this is part of normal ageing when structural
changes occur in the respiratory system. However, irrespective
of age, gender, and smoking history, impaired lung function (9)
is @ major predictor of all-cause and CVD and COPD mortality
(10;11). Heritability of lung function level, measured by spirometry,
is as high as 40% (12), and for that reason more research on the genetics
of reduced lung function level is of great importance. Dyspnea
isarespiratoryburdenpresentin32%of peopleaged7oyearsandover
(13). This respiratory symptom deserves more attention especially
since it is self-reported, thus easy to monitor and therefore a simply,
low-cost screening tool. Dyspnea affects healthy ageing not only
by worsening quality of life, but is a well-established risk factor
of CVD and COPD mortality (14-18).

Genetic approaches

Mutations are changes in the nucleotide sequence of DNA and some
of them are deleterious to health if they reduce the effectiveness
of certain proteins (enzymes, hormones, etc.). A single nucleotide
polymorphism (SNP) is a DNA sequence variation occurring when
a single nucleotide (A, C, G or T) in the genome differs between
members of a biological species (Figure 1). SNPs can alter the protein
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Chapter 1

product through amino acid substitution or the introduction
of a nonsenseftruncation mutation. SNPs can also affect
the expression by interrupting a regulatory region or by interfering
with normal splicing (19). The common variant that occurs
at a given locus is called wild type allele. Subjects carrying two wild
type alleles have the wild type genotype, whereas the other subjects
are heterozygous or homozygous for the minor (mutant) allele.

allele 1 AATCATGTAAG %‘,‘CTATTCACTGTACTA

allele2 AATCATGTAAGACTATTCACTGTACTA

G/IG G/A A/A
wild type heterozygous homozygous

Figure 1Single nucleotide polymorphism (SNP). Genotype is a combination

of alleles, situated on the two corresponding chromosomes.

Human lifespan, as other complex traits, is a challenge for genetic
studies. Two main approaches may be taken to investigate the genetic
components related to human lifespan, i.e. a candidate gene study
and a genome-wide association study (GWA study). Since both genetic
approaches are based on association studies, it does not mean that
SNPs found to be significant are indeed causative, they may only be
in linkage disequilibrium with the actual causative variant. SNPs in
candidate genes or SNPs identified in GWA studies may be also further
investigated by combining them into a single score, so-called the
Genetic Risk Score (GRS). Even if the individual genetic markers (SNPs)
have only small effect and a borderline significant trend, the combined
score could be a strong predictor of disease risk or level of a trait (20).
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Candidate gene study

In the candidate gene study the association of SNPs in one gene
or a few genes with the outcome of interest is investigated.
The selection of genes is based on their a priori known biological
function or physiological analogy with other disease, which makes
them plausible candidates to be related to the outcome (21;22)

Over the past two decades, scientists have found that certain
genes can play an important role in determining the rate of ageing
in model organisms. Experiments in the most commonly studied
models (budding yeast Saccharomyces cerevisiae, nematode
worm Caenorhabditis elegans, fruit fly Drosophila melanogaster
and the house mouse Mus musculus) have demonstrated that
modifications in individual genes can dramatically increase lifespan
(23-30). Human ageing is a very complex trait, and as such can be
suspected to involve many genes, however so far most of them are
still unknown. In The Ageing Gene Database (GenAge) (31) it can
be seen that ageing-related human genes, tested as candidates,
showed inconsistent associations across different human study
populations. The most consistent evidence for association
with longevity was found for the Apolipoprotein E (APOE) gene.
The €4 allele of the polymorphic APOE gene is associated
with increased risk of Alzheimer’s disease (AD), impaired
cognitive function and cardiovascular complications, while the €2
allele is protective (32-37). Another widely investigated and
confirmed gene is the gene encoding a transcription factor
called forkhead box O3A (FOXO3A), which is the human homolog
of daf-16 modulating lifespan in worms (38-41). Many other
candidates from plausible pathways failed to replicate (42).
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Candidate genes in this thesis
SIRT1

Sirtuins comprise an evolutionary conserved family of Silent
Information Regulator 2 (Sir2) NAD-dependent histone deacetylases.
Overexpression of Sir2 has been shown to extend lifespan
in model organisms (43-45). SIRT1, the closest human homolog of
S.cerevisiae Sir2 (46), has a wide range of substrates, including p53,
NF-kB, FOXO transcription factors, and PGC-1a, and thus plays a
role in multiple cellular processes ranging from energy metabolism
to cell survival (47). Therefore SIRT1 is an important candidate gene
for (healthy) ageing and is a prominent therapeutic target.

ADAM33

A Desintegrin and Metalloproteinase (ADAM) s a family of membrane-
anchored proteins implicated in cell-cell interactions, cell fusion, and
cell signaling (48). ADAM33, that encodes a member of this family,
was identified in 2002 as an asthma susceptibility gene (49). Since
then it has been further investigated in relation to lung function level
and decline and COPD (50-53), but so far the exact substrates cleaved
by ADAM33 remain unknown (54). ADAM33 is considered a gene
associated with airway remodeling (55), however evidence linking it
totheseverity of atherosclerosis (56), suggests that ADAM33, probably
due to pro-inflammatory properties, has an extensive function in
human age-related diseases.

14
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NFE2L2

Nuclear Factor (Erythroid-derived 2)-Like 2 (NFE2L2 or NRF2)is a gene
encoding a basic leucine zipper transcription factor that governs
antioxidant and inflammatory responses (57). Given a broad role
of NFE2L2 which is the transcription activation of more than 200
genes crucial in the metabolism of drugs and toxins, protection
against oxidative stress and inflammation, this gene is considered
a guardian of health, protecting against age-related diseases (58).
NFE2L2 may be important in lifespan variation, since this gene was
6-fold overexpressed in the liver of the naked mole rats, a species
with a relatively very long lifespan as compared to mice having
a much shorter lifespan. Furthermore, silencing of NFE2L2 leads
to premature senescence in human fibroblasts, whereas treatment
with the NFE2L2 inducer leads to enhanced cell survival under
oxidative stress conditions (59).

A genome-wide association study (GWA study)

GWA study, which is hypothesis free, is a second approach
to perform. GWA study is based on genotyping a huge number
of SNPs (i.e. markers) across the genome, in many individuals,
to test whether they are associated with a trait. Since there
is linkage disequilibrium not all the SNPs need to be genotyped;
each participant is tested for selected markers of genetic variation
that provide dense genome-wide coverage. If the SNP is related
to the phenotype the minor allele frequency (MAF) will be different
between cases and controls (dichotomous traits) or there will be
an association between the level of the trait and the number of
risk alleles present (quantitative traits). Since the number of tests
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performed in such a study is large there is a chance of false positive
findings. To reduce this risk multiple testing correction is applied,
usually the Bonferroni correction, which determines the significance
cut-off by simply dividing the nominal level of significance (a=0.05)
by the number of tests performed. Additionally a replication study
in independent samples should be performed, where the subset of
significant SNPs is genotyped, to confirm the original findings of
the identification cohort in other cohorts and/or populations,
so called replication cohorts/populations.

The GWA studies on longevity were not successful to identify any
additional autosomal susceptibility genes, they just confirmed
the APOE-longevity association (60-62). In complex traits as ageing
there are multiple loci with moderate effects and GWA study may
have limited statistical power to detect them. In a meta-analysis of
nine GWA studies performed on all-cause mortality no SNP was a
genome-wide significant predictor, however SNPs that predict risk
of death at p<10® were found which fall in or near genes highly
expressed in the brain (HECW2, HIP1, BIN2), genes involved in neural
development and function (KCNQ4, LMO4, NETO1) and autophagy
(ATG4C) (63). Thus GWA study may be a good tool to point out
promising signals, however further functional studies may be
needed to confirm the relevance of the findings (64).

Study population

All studies presented in this thesis were performed within the
Vlagtwedde-Vlaardingen study. The Vlagtwedde-Vlaardingen study
is based on a general population cohort of exclusively Caucasian
individuals of Dutch descent, recruited from Vlagtwedde, arural area,
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laardingen
©

Figure 2 Location of Vlagtwedde (the rural area) and Vlaardingen
(the urban area) in the Netherlands
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and Vlaardingen, an urban area in the Netherlands (see Figure 2).
This study started in 1965, and participants had medical exams every
3 years until the last survey in 1989/1990. The Committee on Human
Subjects in Research of the University of Groningen reviewed the
study and affirmed the safety of the protocol and study design
and specifically approved this study. All participants gave their
written informed consent. At all surveys information on area
of residence, age, sex, smoking habits and respiratory symptoms
was collectedbythe Dutchversionofthe UK MedicalResearch Council
standard questionnaire, and spirometry was performed. At the last
survey (1989/1990) blood samples were collected and storedat —20°C.
In 2003-2004 DNA was extracted from these samples and used for
genotyping. In 1970/72, 1973/75 and 1976 an additional study was
performed in males only by cardiologists with extra measurements
of glucose tolerance, cholesterol and triglyceride levels. The vital
status of all participants in the Vlagtwedde-Vlaardingen study
on December 31, 2008 was assessed. Primary and secondary causes
of death were obtained from Statistics Netherlands (CBS) and
categorized using the International Classification of Diseases codes,
version 9 and 10 (ICD-9 and ICD-10). The longitudinal design of the
study gives us the unique opportunity to investigate the associations
between polymorphisms in candidate genes and the whole genome
(GWA study) and all-cause and cause-specific mortality.

18
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Aim of the thesis

The general aim of this thesis was to investigate genetic background
of ageing, defined as the risk of all-cause mortality. We were
especially interested in identifying pleiotropic genes, i.e. genes that
may affect human lifespan by influencing the risk of more than one
disease. Since COPD and CVD are age-related diseases we focused
also on mortality due to these disorders. Moreover, we studied
genetics of lung function level and relation between mortality and
dyspnea, a common respiratory symptom in elderly.

The thesis consists of eight chapters. In Chapter 1 a general
introduction is given.

In Chapter 2 we assessed the associations of the SIRT1 gene variants
with long-term survival in the general population. In the light
of recent doubts about the role of sirtuins in longevity, we support
the importance of SIRT1 in ageing.

Chapter 3 describes the ADAM33 gene as a pleiotropic gene and
an independent risk factor of all-cause mortality, COPD and CVD
mortality.

In Chapter 4 we investigated the relation between the NFE2L2 gene
polymorphisms and all-cause, CVD and COPD mortality and its
associations with triglyceride and cholesterol levels.

In Chapter 5 we described a GWA studies on all-cause and
cardiovascular mortality performed in a general population.
We identified novel common SNPs associated with mortality in the
Vlagtwedde-Vlaardingen cohort, however areplication of the results
in another population is needed.

19




Chapter 1

In Chapter 6 we examined whether combining multiple SNPs
with modest effects into a genetic risk score (GRS) may improve
identification of subjects with reduced lung function level.

Chapter 7 provides new insights into associations between
a common respiratory symptom (i.e. dyspnea) and mortality.
We investigated the effect of dyspnea severity (moderate and
severe) and changes in dyspnea status (development, persistence
and remission of dyspnea) on all-cause, CVD, and COPD mortality.
Theinteresting and important results in this study show that dyspnea

remission normalizes mortality risk.

In Chapter 8 the results are summarized, main conclusions are

drawn and future perspectives are discussed.
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ABSTRACT

Mutations that increase activity of Sir2 (silent information regulator
2) are associated with extended lifespan of yeast, fruit flies and
worms. SIRT1, the human homolog of Sir2, that controls numerous
physiological processes including the glucose metabolism,
is considered a candidate gene for predicting variation in human
lifespan. Whereas the role of Sir2 has been extensively investigated
in model organisms, less is known about the relation between SIRT1
and lifespan in humans. In the current study we included 1,390
subjects from a general population-based cohort with 18 years
of follow-up to investigate associations between variation in single
nucleotide polymorphisms (SNPs) in the SIRT1 gene and human
survival. Additionally in 535 male subjects with available data we
investigated associations between SIRT1 and glucose tolerance.
Carriers of the minor allele of rs12778366 had a significantly reduced
mortality risk compared to the wild types: Hazard Ratio 0.69 (95% Cl
0.50 to 0.96; p=0.025). The directions of the effect were the same
in females and males, never and ever smokers and the effect was
significantly protective in overweight/obese subjects. Carriers of
the minor allele of SNP rs12778366 had better glucose tolerance
indicated by 0.34 mmol/l lower glucose levels compared to wild
type subjects (p=0.03).

This study shows that SIRT1 affects human long-term survival and
therefore may be an important factor in modulating lifespan not

only in lower organisms, but also in humans.
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INTRODUCTION

In the ongoing quest to uncover factors that increase longevity,
sirtuins have attracted scientific and public interest for the past
decades (1). Initially, overexpression of the silent information
regulator Sir2, nicotinamide adenine dinucleotide (NAD*)-dependent
histone deacetylase, has shown a beneficial effect on lifespan
in budding yeast (Saccharomyces cerevisae) (2). Subsequently,
the experiments performed in worms (Caenorhabditis elegans)
and flies (Drosophila melanogaster) (3;4) confirmed favorable
properties of Sir2, signifying the importance of sirtuins as longevity
genes. Since a more recent report showed an absence of effects
of Sir2 overexpression on lifespan in C.elegans and Drosophila (5),
a debate about the role of sirtuins in lifespan prolongation has arisen
(1). Therefore more studies are needed to elucidate the impact
of sirtuins on lifespan, especially in humans. Out of seven identified
mammalian homologues, sirtuin 1 (SIRT1) is the most closely related
to Sir2 (6). SIRT1 influences the activity of various transcription factors,
including forkhead-box transcription factors (FOXOs), peroxisome
proliferator-activated receptor y (PPAR y) and nuclear factor-xB
(NFkB) in target tissues resulting in enhanced gluconeogenesis
and repressed glycolysis in the liver, reduction of adipogenesis
in adipose tissue, and increased release of insulin in pancreatic beta
cells (7). SIRT1 controls adiponectin levels, inflammatory processes,
gluconeogenesis, and levels of reactive oxygen species that together
may lead to the development of insulin resistance (8). Overexpression
of SIRT1 or using SIRT1 activators improves glucose homeostasis and
insulin sensitivity in mice (8-11). Therefore partly the effect of SIRT1
on longevity may be exerted via its association with insulin signaling,
which has been proven to extend lifespan by 18% in fat-specific insulin
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receptor knockout (FIRKO) mice (12). Furthermore, SIRT1 is required
for a normal response to caloric restriction that causes many changes
in glucose metabolism and increases lifespan (13).

In humans, during the last years polymorphisms in SIRT1 have been
investigated in a context of metabolism and have been associated
with BMI and risk of obesity (14-17), acute insulin response in Pima
Indians (18), body fat and blood pressure in Japanese (19), basal
energy expenditure and respiratory quotient (20), and with diabetes
risk in interaction with prenatal exposure to famine (21). The few
studies that investigated SNPs in SIRT1 in relation to human lifespan
or mortality did not find any associations (22-25).

Giventhefact that near30% of theindividual variance in life expectancy
is genetically determined (26) and the specific genetic determinants
of human lifespan still remain largely unknown, SIRT1, as a metabolic
master switch (7), may be considered a candidate gene for predicting
variation in human lifespan. The Vlagtwedde-Vlaardingen cohort
offers the unique opportunity to investigate the role of SIRT1 in long-
term survival, because subjects included in the current study were
followed up for 18 years. Since SIRT1 modulates a range of cellular
processes involved in maintaining glucose homeostasis (27), we

additionally investigated SIRT1 polymorphisms and glucose tolerance.

METHODS
Ethics Statement

The study protocol was approved by the local university medical
hospital ethics committee, University of Groningen, University
Medical Center Groningen, The Netherlands and all participants
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gave their written informed consent. In 1984, the Committee on
Human Subjects in Research of the University of Groningen reviewed
the study and affirmed the safety of the protocol and study design.

Study population

We studied 1,390 subjects of the Vlagtwedde-Vlaardingen cohort
participating in the last survey in 1989/1990 (28). This general
population-based cohort of white individuals of Dutch descent
started in 1965 and has been followed for 25 years. The main
focus of the study was on respiratory health. Surveys (median
number of 7 per subject, range 1-8) were performed every 3 years,
during which information was collected on smoking status, age,
sex and respiratory symptoms by the Dutch version of the British
Medical Council standardized questionnaire, BMI was determined,
spirometry was performed and and the number of eosinophils in
peripheral blood was measured. The vital status of all participantsin
the study on December 31,2008 was assessed. Causes of death were
coded according to the International Classification of Diseases (ICD)
and obtained from the Statistics Netherlands (The Hague). In order
to avoid bias and provide true associations, the external causes of
death (i.e. suicides, homicides, traffic accidents etc.) were excluded
from the analyses. (ICD-9: codes > 800 and in ICD-10: codes > S00).

Blood samples

In 1989/1990 neutrophil depots from peripheral blood samples were
collected and stored at —20°C. In 2003-2004 DNA was extracted
from these samples with a QlAamp DNA blood mini kit (Qiagen,
Hilden, Germany) and checked for purity and concentration with
a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE) (28).
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SNP Selection and Genotyping

Four SNPs (rs12778366, rs10823108, rs7069102 and rs2273773), that
tag all 21 SNPs in SIRT1 and its 5kb up-/downstream region with
r>>0.8 and Minor Allele Frequency>5% (based on the HapMap release
23a/March 2008) were genotyped by K-Bioscience Ltd (UK) (29).
Since rs10823108 and rs2273773 were in complete linkage
disequilibrium (r*=1.0, Supplementary Figure 1) in our study
population, only rs2273773 was analyzed.

Oral glucose tolerance test

In 1970/1972, 1973 and 1976 male subjects underwent the oral
glucose tolerance test (OGTT). They were given a drink of 100g
glucose solution, and blood glucose was measured two hours later.

Statistical Analysis

Descriptive analyses of the subject characteristics were performed
using x> tests for categorical variables and Mann-Whitney U test
for continuous variables (i.e. packyears in ever smokers and age).
The genotype frequencies were tested for Hardy-Weinberg Equilibrium
(HWE) by x? analysis. Differences in genotype distribution between
dead and alive subjects were tested using x> tests. SNP rs10823108
was tested in a general genetic model. Due to the low frequency
ofindividualsbeinghomozygousfortheminoralleleforrs12778366(n=14)
and rs2273773 (n=9) heterozygotes and homozygotes for the minor
allelewere analyzedinaone group. Cox proportional hazards regression
models adjusted for gender, age and packyears of smoking (all at the
survey in 1989/1990) were used to evaluate the association between
SNPs and all-cause mortality. Time was defined from the examination
in 1989/1990 until death, end of follow-up in 2008 or last registration
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if subjects were lost to follow-up. Survival curves are depicted based
on these Cox models. Stratified analyses according to gender, smoking
habits (never smokers vs ever smokers), BMI and age (dichotomized
based on a median age at visit in 1989/1990, i.e. 52 yrs) were performed.
Subjects with BMI > 25 kg/m?* were categorized into the overweight/
obese group according to World Health Organization (WHO) criteria.

Allinear regression model adjusted for age at the measurement was used
to evaluate the associations between SNPs in SIRT1 and glucose tolerance.

P values <0.05 were considered statistically significant (tested
2-sided). All statistical analyses were performed using SPSS version
18.0 for Windows.

RESULTS

Subjects with genetic data available and participating in the last
survey in 1989/1990 were included in this study (n=1,390, see Table 1).
After 18 years of follow-up, 78.2% (n=1,087) of the cohort was still
alive and 284 deaths (20.4%) were recorded. Out of all deaths,
14 (4.9%) occurred due to external causes and these were excluded
from the analyses. Of the participants who had died 207 (76.7%)
were ever smokers and these had significantly higher numbers
of packyears compared to participants still alive. It is important
to note that our study had an excellent follow-up rate, since only
19 subjects (1.4%) could not be traced back.

The 3 tested SNPs (rs12778366, rs7069102 and rs2273773) were
in Hardy-Weinberg equilibrium. Among subjects who died, 83% had
the wild type genotype of rs12778366 which is significantly higher
(p=0.015) than the 76% in the subjects who were still alive.
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Coxregression showed that carriers of the minor allele of rs12778366
had a significantly reduced risk of mortality compared to wild types:
HR 0.69 (95% Cl: 0.50 to 0.96; p=0.025; see Table 2). Survival curves
according to genotypes of rs12778366 clearly show the difference
in mortality risk (Figure 1a). The same directions of the effect of
rs12778366 were observed withingroupsthathavedifferentmortality
risks, i.e. females (HR=0.82 (0.50-1.35)) and males (HR=0.63(0.41-
0.96)), never smokers (HR=0.53 (0.25-1.11)) and ever smokers
(HR=0.75 (0.52-1.08)), younger subjects (age < 52 yrs) (HR=0.68
(0.30-1.54)) and older subjects (age > 52 yrs) (HR=0.69 (0.48-0.98)),
(Table 3 and Figure 1 b-c, e). Remarkably, the protective effect
of rs12778366 was observed in overweight/obese subjects
(HR=0.62 (0.43-0.91)) but not in subjects with normal weight
(HR=0.95 (0.50-1.80). The survival curves clearly show that

Table 1 Characteristics of participants at visit 1989/1990 by vital status on
Dec 31,2008

Status on 31-12-2008 Alive Dead p value
Number (%) 1087 (78.2) 270 (19.4)

Males, n (%) 525 (48.3) 166 (61.5) 0.000
Age, median (range) 49'47(23‘250 to 61'87(93;53 to 0.000
Ever smokers, n (%) 711(65.4) 207 (76.7) 0.000
Packyear's in ever smok- 17.2 (01 to 17.1) 26.0 (0.6 to 0.000
ers, median (range) 262.2)

BMI

Normal weight, n (%) 284 (26.2) 65 (24.2)

Overweight, n (%) 540 (49.8) 139 (51.6)

Obese, n (%) 261(24.0) 65 (24.2) 0.781
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Figure 1 Survival curves for all-cause mortality according to SNP rs12778366

a. all subjects; b. stratified according to gender; c. stratified according to smoking
habits;d.stratifledaccordingtoBMlI;e.stratifiedaccordingtoage(medianageatvisit
in1989/1900). *the Y axis scalein afigure 1e differs fromY axis scales in other figures
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Table 2 Distribution of genotypes and hazard ratio (HR) for all-cause mortality

. All-cause
Alive mortalit
SNP Genotype y p value** HR (95% Cl)*** p value
n=1,087
n=270
rs12778366* T 798 (76.0) 220(83.0) 1
TC+CC  252(24.0) 45 (17.0) 0.015 0-69 (0.50- 0.025
0.96)
rs7069102 GG 449(43.6) 124(48.8) 1
e 458 (44.5) 103 (40.6) 0.85(0.65-1.11)  0.234

cC 123 (11.9)  27(10.6) 0.323  0.90(0.59-1.37)  0.628
rs2273773% T 897(81.1) 164 (76.6) 1

TC+CC  209(18.9) 50(23.4) 0.132 1.26 (0.92-1.73)  0.155

* Due to the low frequency of individuals being homozygous for the minor allele
heterozygotes and homozygotes variants were combined

** Differences in genotype distribution between alive subjects and those who
died (excluding external causes of death) tested with x test

**% Cox regression adjusted for age, gender and packyears at visit in 1989/90

overweight/obese minor allele carriers of rs12778366 had survival
comparable to subjects with normal weight while overweight/
obese subjects with the wildtype genotype had an increased
mortality risk (Figure 1d). The 2 other SNPs did not show significant
associations between genotypes and mortality risk (Table 2).

We analyzed the available data from 535 male subjects from the
current study (aged at the measurement 18-61years) who underwent
the glucose tolerance test (OGTT). We found that the minor allele
carriers of SNP rs12778366 had better glucose tolerance, since
they had a 0.34 mmol/l lower glucose levels compared to wild type
subjects (p=0.03, see Table 4). When this association was further
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Table 3 HR for all-cause mortality for rs12778366 TC+CC genotypes
in stratified analysis

Stratification HR (95% CI)** p value
a) gender
Females, n¥=653 0.82(0.50-1.35) 0.424
Males, n=680 0.63 (0.41-0.96) 0.032
b) smoking habits
Never smokers, n=424 0.53 (0.25-1.11) 0.092
Ever smokers, n=909 0.75 (0.52-1.08) 0.125
<) BMI
Normal weight, n=344 0.95 (0.50-1.80) 0.870
Overweight and obese, n=987 0.62 (0.43-0.91) 0.014
d) age
<52 yrs, n=670 0.68 (0.30-1.54) 0.350
> 52 yrs, n=663 0.69 (0.48-0.98) 0.040

* n=number of all subjects included in the analysis (excluding those who died due
to external causes)

**rs12778366 TT genotype as a reference

investigated in subjects with normal weight (n=249) and overweight/
obese subjects (n=284) separately, we found significantly better
glucose tolerance in overweight/obese carriers of the minor allele
of rs12778366 (i.e. 0.60 mmol/l lower glucose levels (p=0.01))
compared to overweight/obese wild type subjects. In subjects with
normal weight the same direction was observed (0.18 mmol/l lower
glucose levels), but the effect was not significant (p=0.50).
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Table 4 Glucose levels (mmol/l) measured in males after the oral glucose
tolerance test (OGGT)

B*

SNP Genotype n Mean (SD) (mmol/l) SE p value
rs12778366 T 414 6.33 (1.55)
TC+CC 19 5.99 (1.22) -0.34 0.16 0.030
rs7069102 GG 229 6.33 (1.59)
GC 232 6.02 (1.43) -0.12 0.14 0.401
cc 59 6.32(1.44) 0.02 0.22 0.931
rs2273773 TT 446 6.27 (1.51)
TC+CC 89 6.22 (1.44) -0.04 0.17 0.830

* Regression coefficient (B), its standard error (SE) and p value obtained with
linear regression analysis adjusted for age at the measurement

DISCUSSION

We found a 30% reduced mortality risk among minor allele carriers
of SNP rs12778366 in SIRT1, during a 18 years follow-up study in the
general population. Therefore, SIRT1 appears to be an important
candidate gene explaining individual differences in human lifespan.
There is evidence linking overexpression of Sir2 to extended
lifespan in yeast, worms and flies (2-4). Despite the established role
of mammalian SIRT1 in metabolism, genome stability and stress
response (30;31), polymorphisms in SIRT1 were not associated with
exceptional human longevity in a cross-sectional case-control study
(22;24) nor with all-cause mortality in a general population-based
cohort (25) and in a group of over 85 years who were followed
up until they died (23). Whereas the last study included only pre-
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selected old subjects the advantage of our current study is that we
did not use a selection criteria based on age, but investigated the
whole populationin a longitudinal manner. Actually, up till now, only
one study in humans showed associations between SIRT1 variants
and healthy aging, what the authors defined as being healthy
(i.e. normal brain function and verbal fluency test; laboratory
findings for hemogram, peripheral smear, urine, electrocytes, chest
X-ray, kidney, pulmonary function, echocardiography and ECG were
normal) at the age 60 or higher (32). Inthe light of recent uncertainty
about the role of sirtuins in longevity (1) our results importantly
provide new evidence in favor of a role of the gene in longevity.

We have shown an association between the SIRT1 gene and long-
term survival among minor allele carriers of SNP rs12778366 in SIRT1
in the total population. Furthermore, the directions of the effect
did not change in stratified analyses according to gender, smoking
habits and age. Interestingly, stratification according to BMI showed
the protective effect of rs1277836 only in overweight/obese subjects.
Taking into account the increased mortality per se in obese subjects
this finding may shed a new light on obesity-related burdens.

One of the physiological pathways through which SIRT1 may affect
longevity might be glucose homeostasis. Indications suggesting
a role of this pathway were backed up by evidence that minor
allele carriers of SNP rs12778366 had better glucose tolerance
as determined by the oral glucose tolerance test. Interestingly,
stratified analysis according to BMI showed that the effect was more
pronounced in overweight/obese subjects, whereas in subjects with
normal weight only the direction of the effect remained the same,
but was not significant. In this light the better glucose tolerance
in overweight/obese minor allele carriers of SNP rs12778366 could
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be considered a condition leading to better survival in this group.
This additional result emphasizes the relevance of rs12778366 and
indicates its possible use as a screening tool for clinical purposes.

Previous studies indicate that transgenic mice that overexpress
SIRT1 appear to have beneficial phenotypes that may be relevant
in human health, including better glucose tolerance (33;34).
In contrast to the positive effects of increased SIRT1 activity, SIRT1
deficiency impairs metabolism (35). Therefore, we hypothesize that
variants in rs12778366 may lead to overexpression of the protein,
especially since this SNP is located in Transcription Factor Binding
Site (TFBS). Although rs12778366 is not associated with the SIRT1
protein expression in adipose tissue, lymphoblastoid cell lines and
skin (Genevar (GENe Expression VARiation) database) (36), this
does not rule out a possible effect of the SNP on protein expression
in other tissues i.e. in the lung, liver or heart, given the broad SIRT1

expression in humans.
Strengths and limitations

The major strength of the current study is the longitudinal design. We
were able to followparticipants for 18 years, which provided a wide
time window for evaluating survival in the cohort. A strength of our
study is also the number of subjects (n=1,390), sampled from the
general population. Additionally, the high follow-up rate is a major
strength of the study, since 98.6% of the included subjects could be
traced back. A limitation of our study is the limited data on metabolic
profile, because the oral glucose tolerance test was performed only
in male subjects and was not accompanied by insulin measurements.
Furthermore, the study population consisted of white individuals of
Dutch descent which limits extrapolation to other ethnic groups.
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In summary, this is the first study showing that SIRT1 plays a role
in human lifespan in a non-selected general population cohort.
The importance of SIRT1 is supported by the association of its
polymorphism with long-term survival in the general population.
Furthermore, linking SIRT1 polymorphisms to improved glucose
tolerance stresses the impact of SIRT1 on metabolism in humans and
identifies SIRT1 as a possible candidate for therapeutic purposes.

Author contributions JMV prepared the mortality data for analysis.
JMV and HMB supervised the study. SMF carried out the statistical
analysis and drafted the manuscript. JMV and HMB obtained
the grants for the study. All authors discussed results, proposed
corrections and approved the final version of the manuscript.
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ABSTRACT

The ADAM33 gene is associated with the pathophysiology of
Chronic Obstructive Pulmonary Disease (COPD) and atherosclerosis.
In this study we investigated all-cause, COPD and cardiovascular
mortality, in relation to single nucleotide polymorphisms (SNPs) in
ADAM33 (Q_1,S 1, S 2, T 1and T_2) that were genotyped in 1,390
subjects from the Vlagtwedde-Vlaardingen cohort. Participants
were examined at entry in 1989/1990 and followed up till evaluation
of the vital status on December 31%, 2008. Using Cox proportional
hazards regression we estimated the risk of the SNPs in relation to
mortality, adjusting for gender, age, FEV, height, place of residence
and packyears of smoking. Additionally, we performed stratified
analyses according to gender and smoking habits.

After18years,284(20.4%)subjectshad died (107 dueto cardiovascular
disease and 20 due to COPD). Individuals homozygous for the minor
allele of SNPT_2 had anincreasedrisk of all-cause and cardiovascular
mortality compared to wild types: hazard ratio 3.6 (95% confidence
interval 2.0 to 6.7) and 3.4 (1.2 to 9.5) respectively. Individuals
homozygous for the minor allele of S 1, S 2, T 2 or Q 1 had a
significantly increased risk of COPD mortality. In stratified analyses
the risk of all-cause mortality associated with SNP T_2 did not
change: females 3.5 (1.5 to 8.3), males 3.1 (1.2 to 7.6), never smokers
3.8 (0.9 t0 16.3), ever smokers 3.6 (1.8 to 7.2).

This study shows for the first time that ADAM33 is a pleiotropic gene
that is associated with all-cause, COPD and cardiovascular mortality,
independent of potential confounders.
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INTRODUCTION

Human lifespan has increased over the years almost worldwide
(1). Therefore the concept of healthy ageing, defined as a high
quality of life into later stages of life with an absence of age-
related disease, is becoming increasingly important (2). So far
the mechanisms explaining individual differences in lifespan and
susceptibility to disease are not well understood. Thirty percent of
the individual variance in life expectancy is genetically determined
(3), yet the specific genetic determinants of human lifespan still
remain largely unknown. One of the main objectives in research
on ageing is to identify people at higher risk to developing
early onset pathologies commonly associated with ageing and
contributing to premature death (3). There is an unmet need
for studies that increase our knowledge about determinants
of the variation in human lifespan, morbidity and mortality and
that highlight potential targets for prevention. One of the goals
is to identify pleiotropic genes that may lead to premature death
by influencing the risk of one, or more than one, disease.

A family of proteins that may be important in explaining the
individual differences in lifespan is the ADAM (A Desintegrin
and Metalloproteinase) family. ADAMs are membrane-anchored
proteins belonging to the zinc protease superfamily (4;5). They
play a role in cell adhesion, cell migration and proteolysis (6) and
thus are fundamental to many control processes in development
and homeostasis (7). ADAM33 might be associated with overall
mortality through its link to “inflamm-ageing”. This phenomenon
refers to the fact that ageing is associated with chronic, low grade
inflammatory activity leading to long-term tissue damage and

systemic chronic inflammation (8), which contribute to increased
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mortality in elderly individuals (8;9). ADAM proteinases can release
and activate cytokines, and if a single nucleotide polymorphism
(SNP) in the ADAM33 gene would promote a pro-inflammatory
or tissue damaging activity of the transcribed protein, this may
contribute to early mortality events.

In 2002, Van Eerdewegh et al. identified ADAM33 as a susceptibility
gene for asthma and airway hyperresponsiveness (5). Subsequent
studies have linked polymorphisms in ADAM33 to airway
hyperresponsiveness and airway inflammation in Chronic
Obstructive Pulmonary Disease (COPD), and to accelerated lung
function decline and COPD development in the general population
(10;11). Moreover, recently ADAM33 was linked to cardiovascular
disease (CVD), emphasizing its potential pleiotropic role in age-
related diseases (6).

Given the physiological importance of ADAM33 in pulmonary and
cardiovascular diseases, we hypothesize that ADAM33 has an impact
on mortality due to these disorders.

The objective of the current study was to investigate whether
SNPs in the ADAM33 gene are associated with all-cause, COPD and
cardiovascular mortality.

METHODS
Ethics statement

The study protocol was approved by the local university medical
hospital ethics committee, University of Groningen, University
Medical Center Groningen, The Netherlands and all participants gave
their written informed consent. In 1984, the Committee on Human
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Subjects in Research of the University of Groningen reviewed the
study and affirmed the safety of the protocol and study design.

Study population

We studied 1,390 subjects of the Vlagtwedde-Vlaardingen cohort
participating in the last survey in 1989/1990 (11). This general
population-based cohort of white individuals of Dutch descent
started in 1965 and has been followed for 25 years. Surveys were
performed every 3 years, in which the Dutch version of the British
Medical Council standardized questionnaire was filled in, and
spirometry was performed (11). The vital status of all participants
in the Vlagtwedde-Vlaardingen study on December 31, 2008 was
assessed. We evaluated three mortality outcomes, i.e. all-cause
mortality (excluding external causes of death), and COPD and
cardiovascular mortality (either as primary or secondary cause
of death). The causes of death were coded according to the
International Classification of Diseases (ICD-9 and ICD-10, Table S1).
Analyses on cause specific mortality were performed at Statistics
Netherlands (The Hague).

Blood samples and DNA extraction

In 1989/1990 neutrophil depots from peripheral blood samples were
collected and stored at —20°C. In 2003-2004 DNA was extracted
from these samples with a QlAamp DNA blood mini kit (Qiagen,
Hilden, Germany) and checked for purity and concentration with
a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE)
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SNP selection and genotyping

Five SNPs in ADAM33, previously linked to asthma, airway
hyperresponsiveness, COPD, or accelerated decline in Forced
Expiratory Volume in 1 second (FEV)) (5;11) were genotyped:
rs612709 (Q_1, (C/T)), rs3918396 (S_1, (Val-lle)), rs528557 (S 2,
(G/Q)), rs2280091 (T_1, (Met-Thr)) and rs2280090 (T_2, (Pro-Ser)).
Details on genotyping and probes for genotyped SNPs were
published previously (11). Since SNPs T_1and T_2 are in high linkage
disequilibrium (r*=0.97, Figure 1) only SNP T_2 was analyzed. Figure
2 shows the position of genotyped SNPs in the ADAM33 gene.
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Figure 1 ADAM33 linkage disequilibrium plot (100-r?) in the Vlagtwedde-
Vlaardingen cohort
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Figure 2 Position of genotyped SNPs in the ADAM33 gene and the domain
organization of ADAM33 (adapted from (10))

Statistical analysis

Hardy-Weinberg Equilibrium was tested using the x> test (cut-
off value p<o0.05). First, descriptive analyses were performed.
Differences in genotype distribution between dead and alive
subjects were tested using x> tests. Cox proportional hazards
regression adjusted for gender, age, FEV , height, place of residence
and packyears of smoking (all at the 1989/1990 survey) was used
to evaluate the association between SNPs and all-cause and cause-
specific (COPD and cardiovascular) mortality. Time was defined from
the examination in 1989/1990 until death, end of follow-up in 2008
or last registration if subjects were lost to follow-up. Survival curves
were calculated using Cox regression models. In addition, stratified
analyses according to gender and smoking habits were performed.

Logistic regression adjusted for the same covariates as in the Cox
regression was used to calculate odds ratios and 95% confidence
intervals for the chance of survival to the age of 75 and 85 years
respectively, in relation to genotypes for every SNP separately.
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Table 1 Characteristics of participants at visit 1989/1990 by vital status on

Dec 31,2008

Status on 31-12-2008 Alive Dead p value
N (%) 1,087 (78.2) 284 (20.4)

Males 525 (48.3) 178 (62.7) <0.001
Age 49.4 (36.0t072.6) 61.9(35.8t079.1) <0.001
Ever smokers 711(65.4) 219 (77.1) <0.001
Sric;(g:irs in ever 17.2 (0.1-117.1) 27.1(0.6-262.2) <0.001
FEV, liters 2.96 (0.75) 2.48 (0.71) <0.001
FEV, % predicted 94.6 (13.9) 84.3(18.0) <0.001
Causes of death

COPD¥* 20(7.0)

Cardiovascular disease* 107 (37.7)

External causes** 14 (4.9)

Allvariables are expressed as number (%) or mean (SD) or median (range) as appropriate
* Either primary or secondary cause of death, number (% of all deaths)

** Suicides, homicides, traffic accidents etc.

P values <0.05 were considered statistically significant (tested
2-sided). All statistical analyses were performed using SPSS
version 16.0 for Windows.

RESULTS

Table 1 shows the population characteristics at the survey in
1989/1990, according to vital status on December 31%, 2008. After
18 years of follow-up 78.2% (n=1,087) of the cohort was still alive.
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Table 2 Distribution of genotypes according to all-cause and cause-specific

mortality
Alive All-cause P COPD P CcvD p
SNP Genotype mortality value® mortality value™ mortality value™
n=1,087 n=284 n=20 n=107
Q1 cc 831(77.2) 203(77.5) 13(65.0) 81(78.6)

T 226(21.0) 55(21.0) 0.965 5(25.0) 0.024 21(20.4) 0.822
T 19 (1.8) 4(1.5) 2(10.0) 1(1.0)

S_1 GG 913(84.2) 228(85.4) 12(63.2) 91(86.7)
GA 165(15.2)  37(13.9) 0.846 6(31.6) 0.008 13(12.4) 0.698
AA 7(0.6) 2(0.7) 1(5.2) 1(0.9)

S_2 GG 609(57.3) 143(54.2) 7(35.0) 52(50.5)
GC  386(363) 99(37.5) 0.446 9(45.0) 0.023 44(427) 0399
cC 68(6.4) 22(8.3) 4(20.0) 7(6.8)

T2 GG 805(76.9) 183(69.:3) 11(57.9) 70(67.3)
GA 230(22.0) 70(26.5) 0.001 5(26.3) <0.001 30(28.9) 0.018

AA 12(1.1) 1(4.2) 3(15.8) 4(3.8)

* Differences between alive subjects and those who died (excluding external
causes of death) tested with x? test

** Differences between alive subjects and those who died due to COPD tested
with x? test

*** Differences between alive subjects and those who died due to CVD tested with x> test

We had an almost perfect follow-up, since only 19 (1.4%) of the
genotyped participants were lost to follow-up. Among all 284
deaths, 20 (7.0%) occurred due to COPD and 107 (37.7%) due
to CVD. All tested SNPs were in Hardy-Weinberg equilibrium.
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Table 3 Hazardratio (95% Cl) of all-cause, COPD and cardiovascular mortality

SNP  Genotype All-cause mortality*  COPD mortality** CVD mortality**

HR (95% CI) HR (95% ClI) HR (95% ClI)

Q1 CcT 1.0 (0.8-1.4) 1.6 (0.5-5.3) 1.0 (0.6-1.7)

T 0.7 (0.2-2.2) 7.6 (1.6-37.2)%** 0.5(0.1-3.9)

S 1 GA 0.8 (0.5-1.2) 2.3(0.8-7.1) 0.7 (0.4-1.3)

AA 1.6 (0.4-6.6) 38.4 (3.8-389.3)*** 2.3(0.3-16.9)

S 2 GC 1.1 (0.9-1.5) 1.4 (0.4-4.6) 1.4 (0.9-2.2)

cc 1.6 (1.0-2.6) 6.1(1.6-23.1)%** 1.5 (0.7-3.3)

T2 GA 1.3 (1.0-1.7) 0.9 (0.2-3.2) 1.4 (0.9-2.3)
AA 3.6 (2.0-6.7)%** 13.8 (3.3-58.3)%** 3.4 (1.2-9.5)%**

Cox regression adjusted for gender, age, FEV, height, place of residence and
packyears smoking (all at the last survey 1989/1990)

* Excluding external causes of death
** Primary or secondary causes of death

*%% P value < 0.05

All-cause mortality

Table 2 shows the genotype distributions of alive subjects and those
who had died during 18 years of follow-up. The distribution of SNP
T_2 was significantly different between alive and dead subjects.
Furthermore, individuals homozygous for the minor allele of SNP
T_2 had a significantly increased hazard ratio for all-cause mortality
compared to wild types, 3.6 (95% confidence interval 2.0 to 6.7)
(Table 3). SNP T 2 showed increased all-cause mortality among
those with the AA genotype (Figure 3). The other investigated SNPs
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in ADAM33 were not significantly associated with all-cause mortality.
Table 4 presents the stratified analyses. The risk of all-cause
mortality associated with SNP T_2 was similar in females (3.5, 1.5 to
8.3) and males (3.1, 1.2 to 7.6), as well as in never smokers (3.8, 0.9
to 16.3) and ever smokers (3.6, 1.8 to 7.2). Never smoking individuals,
homozygous for the minor allele of SNP S 1 had a significantly
increased all-cause mortality risk.

Table 4 Risk of all-cause mortality according to gender and smoking habits

SNP  Genotype Gender Smoking status

Females Males Never smokers  Ever smokers

HR (95% Cl) HR (95% Cl) HR (95% ClI) HR (95% Cl)

Q1 CcT 1.0 (0.6-1.7) 1.0 (0.6-1.7) 1.3 (0.7-2.5) 0.9 (0.7-1.4)
T 1.0 (0.1-7.2) 1.0 (0.1-7.2) 1.2 (0.2-9.0) 0.6 (0.1-2.2)

S_1 GA 0.6 (0.3-1.2) 0.6 (0.3-1.2) 0.7(0.3-1.7) 0.8 (0.5-1.2)
AA 4.2(0.6-30.7)  4.2(0.6-30.7) 7.9 (1.0-61.4)* 0.9 (0.1-6.8)

S 2 GC 1.1(0.7-1.8) 1.1(0.7-1.8) 0.9 (0.5-1.6) 1.2 (0.9-1.7)
cC 1.6 (0.8-3.5) 1.6 (0.8-3.5) 1.7 (0.6-4.8) 1.6 (0.9-2.7)

T2 GA 1.0 (0.6-1.6) 1.0 (0.6-1.6) 0.7 (0.4-1.4) 1.5 (1.1-2.1)*
AA 3.5 (1.5-8.4)* 3.5(1.5-8.4)* 3.8(0.9-16.3)** 3.6 (1.8-7.1)*

Females n=676 (103 deaths); Males n=714 (166 deaths); Never smokers n=445 (62
deaths); Ever smokers n=945 (207 deaths); n=14 deaths due to external causes
are excluded

* P value < 0.05

** P=0.07
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COPD mortality

There were significant differences in genotype distribution for SNPs
Q_1,S_1,S_2andT_2between alive subjects and those who died due
to COPD (Table 2). Carriers of minor alleles of SNPs Q_1S 1,S 2 and
T_2 had a significantly increased COPD mortality risk compared to
non-carriers (Table 3). Figure 4 shows a clear trend for higher COPD
mortality for subjects homozygous for SNPsQ 1S 1,S 2and T 2.

Cardiovascular mortality

Individuals homozygous for the minor allele of SNP T 2 had
a significantly increased risk of cardiovascular mortality compared
to wild types (3.4, 1.2 to 9.5) (Table 3, Figure 3). Stratified
analyses according to gender and smoking status showed that
the risk of cardiovascular mortality among subjects homozygous
for the minor allele of SNP T 2 was increased in all strata (all
borderline significant; see Table S2). Also, females and never
smokers who were homozygous for the minor allele of SNP
S 1 had significantly increased cardiovascular mortality risk.

Chance of survival to ages 75 and 85 yrs

At age of 75 years, subjects with the AA genotype for SNP T 2
were more likely to have died than wild types (p=0.017, Table S3).
Remarkably, none of the subjects with the AA genotype for SNP T 2
survived to the age of 85 years (Table S4).
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DISCUSSION

The present study shows for the first time that polymorphisms in
ADAM33 are associated with all-cause, COPD and cardiovascular
mortality. Thus, ADAM33 appears to constitute an important
candidate gene explaining individual differences in human
lifespan. So far, ADAM33 has been related to pulmonary diseases
and lung function decline (11-17). Since associations in our study
are independent of lung function, these findings put a new
light on the role of ADAM33. Of importance, effects of the SNPs
were observed both in females and males, and in never and ever
smokers, indicating the robustness of the associations between
ADAM33 and mortality.

ADAM33 is preferentially expressed in smooth muscle cells,
myofibroblasts, and fibroblasts (5), suggesting that this protein may
be important for the functionality of the whole human organism,
and likely for the lungs and the cardiovascular system.

SNP T_2 showed the broadest range of associations, since carriers
of the minor alleles had an increased mortality risk for every
investigated cause of death. Interestingly, the all-cause mortality
risk remained significantly increased when stratified analyses
were performed for gender and smoking habits. Thus SNP T 2 is
associated with reduced survival, independent of other risk factors.

ADAM33-null mice that do not express ADAM33 at all, do not exhibit
morphological or behavioral abnormalities compared to wild type
mice (18). These findings provide suggestive evidence that over-
expression rather than under expression of the ADAM33 protein
contributes to morbidity and in turn to mortality events.
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Minor alleles of SNPs Q 1,S 1,S_2and T_2 had a higher prevalence
in subjects who died due to COPD than alive subjects, consistent
with our previous findings showing a higher prevalence of the minor
allele of these SNPs in subjects with COPD than in healthy controls
(11). Thelatter study also reported an additional association between
polymorphisms in ADAM33 and accelerated lung function decline in
the general population (11). The current study showed a higher risk
of COPD mortality for individuals with polymorphisms in ADAM33
independently of their lung function. This suggests that ADAM33
plays a role not only in local airway events leading to impaired
lung function, but also to disease progression or more extensive
physiological processes which can contribute to poorer survival.

Overproduction of ADAM33 may lead to excessive shedding
of inflammatory mediators and growth factors, which induce
pathological states like proliferation of smooth muscle cells and
fibroblasts observed in pulmonary and cardiovascular disorders (6;11).

ADAM33 protein isoforms occur in human embryonic lungs,
suggesting a role in airway development (19). SNPs in ADAM33
predict poor lung function in early childhood (20), thus it is plausible
that ADAM33 plays a role in tissue development, and that minor
alleles of the ADAM33 SNPs lead to pathological conditions in lungs.

So far the role of ADAM33 in cardiovascular disease is poorly understood.
Holloway et al showed that ADAM33 expression was higher in
atherosclerotic lesions than in the normal vascular wall and found an
association between anintronic polymorphism (rs574174 ST_7)inADAM33
and atherosclerosis severity (6). Moreover ADAM12, a member of the
same subfamily and closely related to ADAM33, isinvolved in development
of cardiac hypertrophy that leads to sudden cardiac death (21).

62



ADAM33 and mortality

Taking all results into account, we suggest that SNPs in ADAM33
can be considered a risk factor for all-cause and disease specific
mortality. Furthermore, since we found that subjects with the AA
genotype for SNPT_2 had alower chance to reach the age of 75, and
all carriers of this genotype had died before the age of 85 we believe
that the current study is an important step towards identifying
genes influencing human lifespan. This may suggest that screening
for this SNP, probably in conjunction with other SNPs in genes, may
identify subjects who are at risk for premature death. Additionally
screening for SNP T_2 may allow direct identification of subjects
at risk for COPD or cardiovascular mortality. Given the increased
ADAM33 expression in smooth muscle cells in atherosclerosis (6)
and following our hypothesis that overexpression of ADAM33 may
lead to the pathological events, subjects at risk may receive tailored
therapy with a special target on ADAM33 levels or activity. SNPT_2is
locatedin the T-exon encoding a cytoplasmic domain. In this light it is
interesting to note that loss of the membrane anchor and regulatory
cytoplasmic domain of ADAM33 results in a disease-related gain
of function and release from cell membrane a soluble ADAM33
form. This form in turn induces endothelial cells differentiation and
promotes angiogenesis, a process important in tissue inflammation
and remodeling (22). Therefore if in subjects homozygous for the
minor allele of T_2 a disease-related gain of function occurs, these
may receive a special therapy. Our findings, that link ADAM33 to the
main leading diseases worldwide, reveal potential novel therapeutic
targets. Hypothetically, a new drug that controls the unfavorable
ADAMS33 activity could prevent development of both COPD and CVD
via regulation of pathological neovascularization. However to this
end more studies are needed.
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A major strength of this research is an excellent follow-up rate, since
only 1.4% of genotyped participants could not be traced back after
18 years.

The small number of deaths due to COPD (i.e. 20) could be
considered a limitation of our study. However, all SNPs which
showed associations with COPD mortality were associated with
COPD development in previous studies.

We decided to not correct our results for multiple testing, since our
hypotheses were stated a priori and based on previous evidence
indicating a role of ADAM33 polymorphisms in pathophysiology
of COPD and CVD, thus following Steiner’s advice: “If the primary
outcomes have been specified beforehand, then correcting for
multiplicity may be too conservative and should be avoided” (23).
Although adjustment for multiple testing will decrease the chance of
type | error, it will also increase the likelihood of type Il errors and
potentially useful observations may be prematurely discarded (23;24).

In summary, this study implicates that ADAM33isinvolvedinall-cause
mortality and in mortality due to both COPD and cardiovascular
disease and these associations are independent of level of lung
function, gender and smoking habits. Our findings highlight the
importance of ADAM33 as a pleiotropic gene involved not only in
pulmonary disease, but in cardiovascular disease as well. Since
polymorphisms in this gene are associated with increased mortality
risk and with a reduced chance of survival to age of 75, we believe
that ADAM33 may affect human lifespan. Future studies should
focus on the functionality of the various SNPs in this gene to further
unravel its role in ageing.
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SUPPORTING INFORMATION

Table S1ICD-codes for the investigated causes of death

Cause of death ICD-9 ICD-10
External causes* > 800 S,T,V,W, X, Y
COPD 490-492, 494, 496 J40-J44, )47

Cardiovascular disease 390-398, 401-405, 410-  G45-G46, 100-115, [20-128,
417, 420-438, 440-448, 130-152,160-169, 170-179,
451-459, 785.4 180-189, 195-197, 198.2, 198.8,
199, M30-M31, N28.0, RO2,
R58

* Suicides, homicides, traffic accidents etc.

Table S2 Risk of cardiovascular mortality according to gender

and smoking habits

SNP  Genotype Gender Smoking status
Females Males Never smokers Ever smokers
HR (95% CI) HR (95% Cl) HR (95% CI) HR (95% ClI)
Q.1 -) 0.9 (0.4-2.1) 1.1 (0.6-2.0) 1.1(0.4-3.2) 1.0 (0.6-1.8)
T 1.8 (0.2-3.1) - 2.4 (0.3-18.6)
S_1 GA 0.5 (0.1-1.5) 0.8 (0.4-1.7) 0.3(0.0-2.3) 0.8 (0.4-1.5)
AA 10.2 (1.3-78.7)* - 17.4 (2.0-148.6)*
S 2 GC 2.0 (1.0-4.0) 1.2 (0.7-2.0) 1.4 (0.6-3.4) 1.4 (0.9-2.3)
cc 1.6 (0.4-5.8) 1.3(0.5-3.7) 1.9 (0.4-8.9) 1.3 (0.53.3)
T2 GA 1.8 (0.9-3.6) 1.2(0.7-2.2) 1.1(0.4-3.0) 1.5 (0.9-2.5)
AA 4.0 (0.9-18.3) 2.8 (c;.7- 6.5 (0.8-51.7) 2.8 (0.9-9.3)
11.7

Females n=676 (40 deaths); Males n=714 (67 deaths); Never smokers n=445 (26
deaths); Ever smokers n=945 (81 deaths)

* P value < 0.05
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Table S3 Distribution of genotypes according to being alive or dead

at the age of 75, and chance of survival to this age

SNP  Genotype Dead atthe  Alive at the age p Chance of survival to
age of 75 of 75 value*  age of 75 OR (95% Cl)
Q.1 cc 126 (77.3) 202 (77.4) 1
cT 35 (21.5) 54 (20.7) 0.853 1.1(0.6-2.2)
T 2(1.2) 5(1.9) 2.2(0.2-22.8)
S_1 GG 142 (85.5) 226 (85.3) 1
GA 23 (13.9) 37 (14.0) 0.982 1.4 (0.6-3.1)
AA 1(0.6) 2(0.7) 0.5 (0.0-6.7)
S22 GG 89 (54.6) 146 (55.7) 1
GC 57 (35.0) 101(38.6) 0.190 1.3 (0.8-2.4)
cc 17 (10.4) 15(5.7) 0.7(0.3-1.8)
T2 GG 111 (67.3) 192 (75.9) 1
GA 45(27.3) 58 (22.9) 0.017 1.0 (0.6-1.9)
AA 9(5.4) 3(1.2) 0.2 (0.0-0.9)**

Logistic regression adjusted for gender, age, FEV, height, place of residence and
packyears of smoking at survey in 1989/90

* Differences between subjects alive at the age of 75 and those who died before
this age tested with x*test

** P value=0.040
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Table S4 Distribution of genotypes according to being alive or dead

at the age of 85, and chance of survival to this age

SNP  Genotype Dead at the Alive at the p Chance of survival to
age of 85 age of 85 value* age of 85 OR (95% Cl)
Q1 cc 197(77.9) 44 (75-9) 1
cT 52 (20.6) 13 (22.4) 0.947 1.2 (0.4-3.1)
T 4(1.6) 1(1.7) 1.0 (0.1-15.3)
S 1 GG 222(86.0) 49 (81.7) 1
GA 34 (13.2) 11(18.3) 0.475 2.2(0.8-6.5)
AA 2(0.8) 0(0.0) -
S_2 GG 138 (54.1) 36 (61.0) 1
GC 96 (37.6) 19 (32.2) 0.629 0.9 (0.4-2.2)
cC 21(8.2) 4(6.8) 1.1(0.2-6.2)
; GG 174 (68.2) 44 (78.6) 1
2
- GA 70 (27.5) 12 (21.4) 0.154 1.1(0.4-2.8)
AA 11(4.3) 0 (0.0) -

Logistic regression adjusted for gender, age, FEV, height, place of residence and
packyears of smoking at survey in 1989/90

* Differences between subjects alive at the age of 85 and those who died before
this age tested with x”test
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ABSTRACT

The Nuclear Factor (Erythroid-derived 2)-Like 2 (NFE2L2 or NRF2) gene
regulates transcription of enzymes involved in cellular detoxification
and lipids homeostasis. NFE2L2 is associated with pathophysiology
of atherosclerosis and Chronic Obstructive Pulmonary Disease
(COPD). Therefore we studied the relation between NFE2L2 and all-
cause, cardiovascular and COPD mortality and its associations with
triglyceride and cholesterol levels. We genotyped five tagging SNPs
(rs4243387, rs2364723, rs13001694, rsi806649 and rs6726395) in
NFE2L2 in 1,390 subjects from the Vlagtwedde-Vlaardingen cohort.
Participants were examined in 1989/1990 and followed up till the
vital status evaluation on December 31, 2008. Associations between
SNPs and mortality were estimated using Cox proportional hazards
regression and associations between SNPs and triglyceride and
cholesterol levels were tested with linear regression.

After18 years, 284 (20.4%) subjects had died, 107 due to cardiovascular
disease and 20 due to COPD. Minor allele carriers of rs13001694 had a
significantly reduced risk of all-cause mortality compared to wild types:
Hazard Ratio 0.8 (95% Confidence Interval 0.6 to 1.0). Minor allele
carriers of rs2364723 had significantly reduced risk of cardiovascular
mortality: HR=0.5, (95% Cl: 0.3-0.7). This result was consistent in
stratified analyses: females 0.4 (0.2-0.7), males 0.6 (0.3-0.9), never
smokers 0.5 (0.2-1.1), ever smokers 0.5 (0.3-0.8). Minor allele carriers
of rs1806649 had a markedly reduced COPD mortality: HR=0.3 (95%
Cl: 0.1-0.9). Rs2364723 was associated with lower triglyceride levels.
None of the SNPs was associated with cholesterol levels.

This study shows for the first time that NFE2L2 is associated with reduced
risk of all-cause, cardiovascular and COPD mortality in humans.
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INTRODUCTION

Nearly 30% of the individual variance in life expectancy is genetically
determined (1), however the specific genetic determinants of
human lifespan still remain largely unknown. A candidate gene
for predicting variation in human lifespan is the Nuclear Factor
(Erythroid-derived 2)-Like 2 (NFE2L2 or NRF2) gene. NFE2L2 is a master
regulator of antioxidant-related genes and genes that control
immune and inflammatory responses and those involved in tissue
remodeling (2), and thus has an important role in cytoprotection in
the whole organism.

NFE2L2 is a basic leucine zipper transcription factor and regulates
expression of genes, via direct binding to the antioxidant responsive
element (ARE)inthetargetgene. Thetargetsinclude genesencoding
glutathione S-transferases, y-glutamylcysteine ligases, heme
oxygenase 1 and NADPH quinione oxidoreductase (3;4). NFE2L2 is
expressed in all tissues, with highest levels in the key detoxification
organs being the kidney and liver (5). Despite the well-documented
relationship between NFE2L2 and cellular protective mechanisms
relevant to aging, very few studies have evaluated the role of NFE2L2
in mediating rates of aging and longevity (6-9). One of these studies
indicated that NFE2L2 may be important in longevity, since this gene
was 6-fold overexpressed in the liver of the naked mole rat, a species
with a very long lifespan compared to mice having a much shorter
lifespan (7). In human fibroblasts it has been demonstrated that
NFE2L2 function declines in senescence, whereas silencing of NFE2L2
leads to premature senescence (6). Furthermore, the broad role of
NFE2L2 in age-related diseases has been indicated by its association
with the development of atherosclerosis (10-13) and COPD (14;15).
Atherosclerosis is characterized by lipid deposition in the artery
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wall, and the impact of NFE2L2 on atherosclerosis development
may be mediated by its role in lipid homeostasis (16). The previous
studies, performed in mice, have shown that the expression of
NFE2L2 regulates the expression of lipogenic genes and affects lipid
accumulation and deposition in aortic lesions (10).

The Vlagtwedde-Vlaardingen cohort offers the unique opportunity
to investigate the role of NFE2L2 in long-term survival, since subjects
included in this study were followed for 18 years. Besides all-cause
mortality, we evaluated the association between NFE2L2 and
cardiovascularand COPD mortality and we also tested the associations
between SNPs in NFE2L2 and triglyceride and cholesterol levels.

METHODS
Study population

We studied subjects of the Vlagtwedde-Vlaardingen cohort, a
general population-based cohort of exclusively Caucasianindividuals
of Dutch descent, recruited from Vlagtwedde, a rural area, and
Vlaardingen, an urban area in the Netherlands (17). This cohort
started in 1965, and participants had medical exams every 3 years
until the last survey in 1989/1990. In each survey the Dutch version
of the British Medical Council standardized questionnaire was filled
in, and spirometry was performed. In this study we included 1,390
subjects (16.4% of the original cohort) out of 2,467 subjects of whom
DNA was collected in the final survey in 1989/1990 (those with DNA
samples contained more than 1500ng isolated DNA). There were
no differences in characteristics between the selected (n=1390)
and non-selected group (17). The Vlagtwedde-Vlaardingen cohort
was set up to study respiratory health in the general population.
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During survey 2 and 3 (in 1970/72 and 1973/75) an add-on study
was performed by cardiologists. At that time the prevalence of
cardiovascular problems was much higher in males than in females
and therefore only males were included in this cardiovascular add-
on study. In the surveys of 1970/72 and 1973/75, fasting serum
triglyceride and total cholesterol levels were measured in 493
males out of the 1,390 genotyped subjects. The vital status of all
participants in the Vlagtwedde-Vlaardingen study was assessed
on December 31, 2008. We evaluated three mortality outcomes,
i.e. all-cause mortality (excluding external causes of death) and
cardiovascular and COPD mortality (either as primary or secondary
cause of death). The causes of death were coded according to the
International Classification of Diseases (ICD-9 and ICD-10, Table 1).
Analyses on cause specific mortality were performed at Statistics
Netherlands (The Hague). The study protocol was approved by the
local university medical hospital ethics committee, University of
Groningen, University Medical Center Groningen, The Netherlands
and all participants gave their written informed consent.

Table 11CD-codes for the investigated causes of death

Cause of death ICD-9 1CD-10

External causes*® > 800 S,T,V,W, X, Y

Cardiovascular disease  390-398, 401-405, 410-417, G45-G46, 100-115, 120-128,
420-438, 440-448, 451-459, 130-152, 160-169, 170-179,
785.4 180-189, 195-197, 198.2,
198.8, 199, M30-M31,
N28.0, Ro2, R58

COPD 490-492, 494, 496 J40-J44, 147

*suicides, homicides, traffic accidents etc.
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Samples collection, DNA extraction and genotyping

In 1989-1990 neutrophil depots from peripheral blood samples were

collectedandstoredat-20°C.In2003-2004 DNAwas extracted fromthese

samples with a QIAamp DNA blood mini kit (Qiagen, Hilden, Germany)

and checked for purity and concentration with a NanoDrop ND-1000 UV-
Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE) (17).
We pairwise tagged NFE2L2 with five SNPs according to the HapMap CEU

genotype data (23a) with r> threshold of 0.8 and Minor Allele Frequency

(MAF) >5%. SNPs were genotyped at K-Bioscience Ltd (UK) using their
patent-protected competitive allele specific PCR system (KASPar) (18).
Figure 1 shows the position of genotyped SNPs in the NFE2L2 gene and

linkage disequilibrium (LD) between genotyped SNPs in the Vlagtwedde-
Vlaardingen cohort. Hardy-Weinberg Equilibrium was tested using the ¥

test (cut-off value P<0.05).

Statistical analysis

First, descriptive analyses were performed. Differences in genotype
distribution between deceased and alive subjects were tested using x’
tests. Cox proportional hazards regression adjusted for gender, age,
Forced Expiratory Volume in 1second (FEV,) %predicted and packyears of
smoking (allat the 1989/1990 survey) was used to evaluate the association
between SNPs and all-cause, cardiovascular and COPD mortality. Time
was defined from the examination in 1989/1990 until death, end of follow-
up in 2008 or last registration if subjects were lost to follow-up. Survival
curves were depicted based on these Cox models. In addition, stratified
analyses according to gender and smoking habits were performed.

Linear regression adjusted for age at the measurement was used to
evaluatetheassociationsbetweenlipid profilei.e. triglyceride and total
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cholesterol levels and SNPs. The triglyceride and cholesterol levels
were logarithmically transformed to obtain a normal distribution. P
values <0.05 were considered statistically significant (tested 2-sided).
All statistical analyses were performed using IMB SPSS 20 software.
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Figure 1 Position of genotyped SNPs in the NFE2L2 gene and linkage
disequilibrium plot (100-r?) in the Vlagtwedde-Vlaardingen cohort
The black boxes represent exons.

RESULTS

Table 2 shows the population characteristics at the survey in
1989/1990, according to vital status on December 31%, 2008. After
18 years of follow-up 78.2% (n=1,087) of the cohort was still alive.
We had an almost perfect follow-up, since only 19 (1.4%) of the
genotyped participants were lost to follow-up. Among all 284

77




Chapter 4

deaths, 107 (37.7%) occurred due to CVD, and 20 (14.2%) due to COPD.
The 14 (4.9%) deaths due to external causes were excluded from

the analyses. All tested SNPs were in Hardy-Weinberg equilibrium.

A comparison of the characteristics of the genotyped subjects at
baseline (survey in 1989/90) stratified by genotype for each SNP,
(data not shown) shows that, except for a slightly higher FEV, %

predicted in subjects homozygous for the minor allele of rs1806649,

no differences between the genotypes were seen.

Table 2 Characteristics of participants at visit 1989/1990 by vital status on

Dec 31%, 2008

Status on 31-12-2008 Alive Deceased p value
N (%) 1,087 (78.2) 284 (20.4)

Males 525 (48.3) 178 (62.7) <0.001
Vlagtwedde 981(90.2) 258 (90.8) 0.761
Age at last status 68.4 (54.2-90.8)  72.6 (41.4-87.4) <0.001
Ever smokers 711 (65.4) 219 (77.1) <0.001
Packyears in ever smokers 17.2 (0.1-117.1) 27.1(0.6-262.2)  <0.001
FEV, % predicted 94.6 (13.9) 84.3(18.0) <0.001
Causes of death

Cardiovascular disease* 107 (37.7)

COPD* 20 (7.0)

External causes 14 (4.9)

Other causes 149 (52.5)

All variables are expressed as number (%) or mean (SD) or median (range) as

appropriate

* Either as primary or secondary cause of death, 6 subjects had both cardiovascular
disease and COPD as primary and secondary cause of death
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All-cause, cardiovascular and COPD mortality

Table 3 shows the genotype distributions and the hazard ratios of
alive subjects and those who had died during 18 years of follow-
up. Among subjects who died, the carriers of the minor allele of
SNP rs13001694 were significantly less common (58%) than in alive
subjects (66%). Furthermore, individuals carrying the minor allele
of rs13001694 had a significantly reduced hazard ratio for all-cause
mortality compared to wild types (Hazard Ratio 0.77 (95% Confidence
Interval (0.59 to 1.00), P=0.049)), (Table 3). Stratified analysis
according to gender showed no significant HR in females and males,
(0.83 (0.54-1.28) and 0.77 (0.55-1.07), respectively), (Table 4). The
stratified analysis according to smoking habits showed that the
protective effect of rs13001694 was observed in ever smokers only:
HR=0.71(95% Cl (0.53-0.95), P=0.023), (Table 5). Carriers of the minor
allele of rs2364723 had a significantly reduced risk of cardiovascular
mortality: HR=0.49, (0.33-0.74). In stratified analyses the risk of
cardiovascular mortality associated with SNP rs2364723 showed to
be robust: females 0.35 (0.17-0.70), males 0.56 (0.33-0.93), never
smokers 0.46 (0.20-1.07), ever smokers 0.50 (0.31-0.79), (Table
4 and Table 5). Carriers of the minor allele of rs1806649 had a
reduced risk of COPD mortality: HR=0.26 (0.08-0.89). Survival
curves according to genotypes of rs13001694, rs2364723 and
rs1806649 clearly show the differences in mortality risk (Figure
2, 3 and 4 respectively). Dominant genetic models (homozygous
wild type individuals versus heterozygous/homozygous minor
allele individuals) were used for all analyses, since the number of
individuals homozygous for the minor allele was low, especially
within subjects who died due to CVD or COPD. Results of co-
dominant models (data not shown)indicate that, in general, the HRs
for heterozygotes and homozygotes for the minor allele are similar.
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NFE2L2 and mortality

All-cause mortality
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Figure 2 Survival curves for all-cause mortality according to SNP rs13001694
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Figure 3 Survival curves for cardiovascular mortality according to SNP rs2364723
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COPD mortality
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Figure 4 Survival curves for COPD mortality according to SNP rs1806649

Triglyceride and cholesterol levels

Heterozygotes and homozygotes for the minor allele of rs2364723
had 0.084 lower In(triglyceride levels) compared to the wild types,
whereas heterozygotes and homozygotes for the minor allele of
rs13001694, rs1806649 and rs6726395 had respectively 0.110, 0.113
and 0.107 higher In(triglyceride levels) compared to their wild types.

None of the SNPs was significantly associated with cholesterol
levels (Table 6). Results of co-dominant models (data not shown)
indicate that, in general, the effect estimates for heterozygotes and
homozygotes for the minor allele are comparable.
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Cigarette smoking has an adverse effect on blood lipids, and
indeed in the Vlagtwedde-Vlaardingen cohort smoking (packyears)
was associated with triglyceride and cholesterol levels. However,
smoking does not seem to be a confounder of the associations
between lipids and SNPs, since in the analysis additionally adjusted
for smoking (packyears) the effects of the SNPs on triglycerides and
cholesterol levels remained similar (data not shown).

DISCUSSION

We found a 20% reduced mortality risk among minor allele carriers
of SNP rs13001694 in NFE2L2, during 18 years of follow-up in the
general population. Recently, a study that compared expression of
oxidoreduction genesinthe naked molerat, thelongest-living rodent
known, to expression in mice, has shown that NFE2L2 was 6-fold
higher expressed in the rats (26). Here we show evidence to support
the hypothesis that NFE2L2 may be one of the genes contributing to
individual differences in human lifespan. In the further analysis of
survival in the Vlagtwedde-Vlaardingen cohort, we showed that the
effect is gender-independent, since the effect was similar in females
and males. In stratification according to smoking habits we found
the significant protective effect of rs13001694 in ever smokers only,
so it seems that the effect of the A/G substitution in rs13001694
may be exerted only under oxidative stress conditions. Indeed, a
previous study showed that cigarette smoke exposure, a potent
source of oxidative stress in the human lungs (19), may influence
NFE2L2 activity in alveolar macrophages by inducing NFE2L2
nuclear accumulation and up-regulation of NFE2L2 target genes
(20). Furthermore, SNP rs10183914, which is highly correlated with
rs13001694 (r’=0.97; 1000 Genomes project) showed a protective
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effect on lung function decline in smokers in the Lung Health Study
(LHS) (15). However this result was not replicated when rs13001694
was tested in smokers from the Vlagtwedde-Vlaardingen cohort
(15). Sandford et al. explain that the lack of replication may be due
to differences in recruitment between the two studies, as the LHS
selected mild to moderate COPD patients and the Vlagtwedde-
Vlaardingen cohort was from the general population and the genetic
factors associated with lung function decline in COPD patients and
in the general population could be different (15). In our study, we
adjusted the analysis for FEV, % predicted, thus the association of
rs13001694 with better survival is independent of lung function level.

Another important finding in our study is that SNP rs2364723 is
associated with areducedrisk of cardiovascular mortality. Even more
interesting, the protective effect of this SNP was consistent within
groups that have different mortality risks, i.e. females and males
and never and ever smokers. This finding is of high importance since
cardiovascular disease is a main cause of morbidity and a leading
cause of death in elderly. A previous study in the Vlagtwedde-
Vlaardingen cohort on the NFE2L2 gene investigated its relation to
lung function level and decline (18). Interestingly SNP rs2364723
was associated with a lower FEV, level and the same direction of
the effect was observed in the British 1958 Birth cohort (18;21).
Based on our finding showing the protective effect of this SNP on
cardiovascular mortality, different pathways via which NFE2L2 acts
in pulmonary and cardiovascular events might be involved. There
is evidence that NFE2L2 plays a key role in preserving a healthy
endothelial phenotype and maintaining the functional integrity
of vasculature (22). Furthermore NFE2L2 dysfunction may lead to
functional impairment of arteries, increasing susceptibility of blood
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vessels to injury in metabolic diseases (23). NFE2L2 is essential for
normal endothelial angiogenic processes and its dysfunction may
be a potential mechanism underlying impaired angiogenesis and
decreased microvascular density in aging (22). Several studies
suggest that NFE2L2 alters susceptibility to atherosclerosis (10-13).
One of these studies indicated that activation of NFE2L2 may exert
antiatherogenic effects in vascular endothelium by suppressing
inflammation (12), whereas another showed NFE2L2 expression
unexpectedly promotes atherosclerotic lesions formation (10).
NFE2L2 may affect atherosclerosis development since it regulates
hepaticlipidhomeostasis viaactivation of lipogenic genes expression
(10;16;24). We found that rs2364723 was associated with lower
triglyceride levels in male subjects. Triglyceride levelis highly related
to cardiovascular mortality, therefore it is plausible that rs2364723
contributes to the observed, reduced cardiovascular mortality via
its favorable effect on triglyceride levels. The publicly available data
of the British 1958 Birth cohort (21) showed that rs2364723 is also
associated with lower cholesterol levels and it gives us another
intermediate phenotype by which rs2364723 exerts its overall
protective effect on cardiovascular mortality. This SNP is in LD
(r’=0.99) with promoter polymorphism rs35652124 (-653A/G) in the
Vlagtwedde-Vlaardingen cohort (18). Marzec et al. have reported
that rs35652124 impedes the transcriptional activity of NFE2L2 in
vitro (25). Hence, it is possible that rs2364723 is not the causative
variant, but that its association with cardiovascular mortality, due
to almost complete LD, represents the effect of rs35652124. NFE2L2
knockout mice exhibit around 50% reduction in the degree of aortic
atherosclerosis compared to the wild type littermates (10), thus
in this light a SNP that attenuates NFE2L2 expression or activity is
indeed likely to have the protective potential for cardiovascular
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morbidity and mortality in humans. Furthermore, it is known that
decreased expression of NFE2L2 in vitro is associated with acute lung
injury, characterized by pulmonary edema and inflammation (25).
Therefore it seems that NFE2L2 may have different local vascular
and pulmonary effects, what could explain the opposite effects of
rs2364723 on cardiovascular mortality and triglyceride levels on the
one hand and on lung function level (FEV,) on the other hand.

The otherinvestigated SNPs (rs13001694, rs1806649 and rs6726395)
were associated with increased triglyceride levels and interestingly
these SNPs were also associated with increased cholesterol levels
in the British 1958 Birth cohort (21), which confirms that these SNPs
indeed affect metabolism of lipoproteins in humans.

We found a reduced risk of COPD mortality in carriers of the T allele
of rs1806649 and we thus confirm the relevance of this SNP in
COPD. Canova et al. have already introduced the wild type allele (C)
of rs1806649 as a factor increasing the risk of air pollution-induced
asthma/COPD hospital admissions (26). In this light indeed the T
allele of rs1806649 may have protective potential as compared to
the C allele. It would be interesting to further investigate whether
this effect differs depending on smoking habits, but during 18 years
of follow-up only 20 deaths due to COPD occurred and stratification
according to smoking habits was not feasible due to lack of study
power. However, all these subjects who died due to COPD were
ever smokers and we showed that the protective effect is observed
in this group.

The functionally important SNP rs6721961 (-617C/A) located in the
NFE2L2 promoter region significantly impedes NFE2L2 function and
is associated with increased risk of lung cancer (27) and acute lung
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injury (25). In our study we tested rs4243387, which is in perfect LD
(r>=1.0) with rs6721961, but we did not observe an association with
mortality risk. With regards to the longevity phenotype, according
to the GWAS Central database (http://www.gwascentral.org) none
of the previous GWA studies reported any SNP in NFE2L2 to be
associated with longevity in humans.

Polymorphisms in NFE2L2 may alter expression of NFE2L2, or its
ability to translocate from cytoplasm to the nuclear binding sites
(25). Based on the data presented by Marzec et al. two functional
SNPs (rs6721961and rs6706649) impede the activity of the promoter
region by more than 50% (indicated by lower luciferase activity in
vitro) and one (rs35652124) by around 50% (25). Thus in humans
we would not expect changes close to 6-fold higher expression or
activity, as it was shown in the naked mole rat (7). However, it is
hard to predict to what extent the expression of NFE2L2 might be
altered by SNPs. It may also differ between different organs, such
as lungs, liver, brain or heart and their exposure to oxidative stress.

Strengths & limitations

The major strength of the current study is the longitudinal design.
The follow-up period of 18 years provided a wide time window for
evaluating survival of subjects, who were sampled from the general
population. Also the high follow-up rate should be mentioned, since
98.6% of the included subjects could be traced back.

We could evaluate the associations between triglyceride and
cholesterol levels in males only, since these measurements were
not performed in females in the Vlagtwedde-Vlaardingen cohort.
Nonetheless in the previous studies most of the effects of NFE2L2 on
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lipids levels were observed in the male mice (10) and we were able
to investigate the relations, previously shown in mice, in humans.

The smallnumber of deaths due to COPD (i.e.20) could be considered
a limitation of our study. However, SNP rs1806649 which showed
association with reduced COPD mortality was previously associated
with asthma/COPD hospital admissions in the same direction (26)
making our finding consistent with the results of previous studies.

In summary this is the first study showing that NFE2L2 plays an
important role in human survival, as shown by its associations with
reduced all-cause, cardiovascular and COPD mortality in the general
population.
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ABSTRACT

Although approximately 30% of the variation in human lifespan has
a genetic background, the specific contributing genetic factors still
remain to be discovered. We therefore performed a genome-wide
association (GWA) study on all-cause mortality and on the leading
cause of death worldwide, i.e. cardiovascular mortality. We used
the Vlagtwedde-Vlaardingen general population-based cohort
consisting of Caucasian individuals. In the survey in 1989/90 blood
samples were drawn. The vital status of all subjects was assessed
on December 31, 2008. During 18 years of follow-up, out of 1546
included subjects, 356 had died, 154 due to cardiovascular disease.
We performed Cox regression on time to event (i.e. death due to
any cause or due to cardiovascular disease, respectively), adjusted
for age and sex. Genome-wide significance was p=2.06x107. SNP
rs10237193 in VWC2 was genome-wide significantly associated with
all-causemortality. Weidentified 20 SNPs at p<5x10°. Of these 10 were
annotated to genes: RASAL2 (3 SNPs), SAMD4A, MSI2, MBTPS1, CSF1R,
NAP5, GAP43, TNKS1BP1. We found no genome-wide associations for
cardiovascular mortality, but 10 SNPs were associated at p<5x10?
and 4 of them were intragenic (AMPH, LRMP, RASAL2, NELL1). Some
of the SNPs identified in our study have been associated with
mortality in previous GWA studies at p<0.05, which emphasizes the
relevance of our results. However further replication is needed to
confirm our findings.
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INTRODUCTION

The heritability of human lifespan is estimated to be approximately 30%
(1), however, the specific contributing genetic factors still remain to
be discovered. Several candidate genes involved in plausible biological
pathways have been investigated, mostly in relation to a very long
lifespan, but only two genes, namely apolipoprotein E (APOE) and
forkhead box O3A (FOXO3), were consistently associated with longevity
across different human populations (2-8). A genome-wide association
(GWA) study, whichis a hypothesis free approach of scanning the whole
genome, may identify new susceptibility loci, including also noncoding
variants, which would never be selected as a candidate otherwise (9).

A few GWA studies interested in variants contributing to extremely
long lifespan confirmed the APOE association and emphasized
the importance of the APOE €4 allele, but were not successful in
identifying any additional contributing genes (10-12).

Another way to investigate the genetics of human lifespan is
studying time till death, which may identify loci associated with
premature death. In a meta-analysis of nine GWA studies on all-
cause mortality, genes highly expressed in the brain (HECW2, HIP1,
BIN2), genes involved in neural development and function (KCNQ4,
LMO4, NETO1) and autophagy (ATG4C) were identified (13).

Human lifespan is affected by the development of age-related
diseasesand among these cardiovascular disease (CVD)is the leading
cause of morbidity and mortality worldwide (14). Genetic factors
play an important role in cardiovascular mortality, since heritability
of death from coronary heart disease is estimated to be as high as
60%inmales and 40%in females (15). Initially, candidate genes known
to influence traditional cardiovascular risk factors, such as increased
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blood cholesterol, triglycerides or hypertension, were investigated.
Genes associated with cardiovascular mortality include APOE,
angiotensin |-converting enzyme (ACE), methylenetetrahydrofolate
reductase (MTHFR), C-reactive protein (CRP), and endothelial nitric
oxide synthase (eNOS, NOS3) (16-20). So far, only one GWA study has
been performed on cardiovascular-related mortality (i.e. sudden
cardiac death) and this study identified the BAZ2B locus (21). CVD
encompasses a broad range of diseases of the heart and blood
vessels like stroke or atherosclerosis, thus a GWA study on death
due to any type of CVD may identify SNPs that are associated with
CVD through multiple mechanisms. Such an identification of SNPs
with a broad role in CVD may provide new targets for treatment in
personalized medicine in the future. The aim of the current study
was to scan the whole genome to identify SNPs associated with all-
cause mortality and cardiovascular mortality in a general population.

METHODS
Study population

We studied participants of the Vlagtwedde-Vlaardingen cohort (22).
This is a general population cohort of exclusively Caucasian individuals
of Dutch descent. This study started in 1965 and participants had
medical exams every 3 years until the last survey in 1989/1990.
Information on area of residence, age, sex, smoking habits and
respiratory symptoms was collected by the Dutch version of the UK
Medical Research Council standard questionnaire (22). The vital status
of all participants in the Vlagtwedde-Vlaardingen study was assessed
on December 31, 2008. Mortality records were provided by Statistics
Netherlands (CBS), where causes of death were coded using the
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International Classification of Diseases version 9 and 10 (ICD-9 and
ICD-10). Codes applicable to this study are presented in Table 1.

Table 1 1CD-codes for the investigated causes of death

Cause of death ICD-9 ICD-10

External causes* > 800 S,T,V,W, X, Y

Cardiovascular disease 390-398, 401-405, 410-  G45-G46, 100-115, 120-128,
417, 420-438, 440-448,  130-152, 160-169, 170-179,
451-459, 785.4 180-189, 195-197, 198.2,
198.8, 199, M30-M31,
N28.0, Ro2, R58

* Suicides, homicides, traffic accidents etc.

Genotyping

In1989-1990 neutrophildepots from peripheral blood samples were
collected and stored at —20°C. In 2003-2004 DNA was extracted
from these samples with a QlAamp DNA blood mini kit (Qiagen,
Hilden, Germany) and checked for purity and concentration with
a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Genotyping was performed with
[llumina CytoSNP-12 arrays, comprising 301,232 SNPs. The SNPs were
called using the Illumina algorithm (Genome Studio, version 2.10.1).

Quality Control

Quality Control (QC) was performed using PLINK (23). SNPs with
call rates less than 95%, a minor allele frequency (MAF) of less than
1% or deviation from Hardy-Weinberg equilibrium (p<0.001) and
samples with call rates below 95% were excluded.
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Statistical analysis

Cox proportional hazards models on time to death, adjusted for age
at visit in 1989/90 and gender, were used to calculate the Hazard
Ratio (HR) for each SNP using an additive genetic model. Time was
defined as the time from the examination in 1989/1990 until death
(from all-causes or CVD, respectively), until end of follow-up in 2008
for subjects who did not die or until last registration if subjects were
lost to follow-up. External causes of death, such as suicide or homicide,
were excluded in the analysis on all-cause mortality and subjects alive
or lost to follow-up were censored. In the second analysis CVD was
considered as a primary or secondary cause of death and subjects
who did not experience the event of interest, thus these who died
due to other cause than CVD, subjects who were alive and subjects
lost to follow-up, were censored. Quantile-quantile (Q-Q) plots for
the observed versus expected p values for all SNPs were generated
from Cox models and the genomic inflation factor (A) was calculated.
All tests were performed using GenABEL, an R package that enables
GWA analysis of time to event traits (24). The threshold p value for
a genome-wide significance of 2.06x107 was calculated by dividing
a=0.05 by number of test performed (n=242,925).

Gene information and eQTL search

Weusedthe SCAN databasetoassigntopassociated SNPstogenesand
to check whether they are expression quantitative trait loci (eQTLs) in
Caucasians (p<0.0001). The SCAN database provides expression data
in lymphoblastoid cell lines (25). We searched for more information
about the genes using the GeneCards database (www.genecards.org).
We also checked on GWAS Central (http://www.gwascentral.org)
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whether the top SNPs associated with all-cause and cardiovascular
mortality in our study were associated with other traits or diseases in
other GWA studies at a p value<o0.05.

RESULTS

After QC we excluded 58,307 SNPs, leaving 242,925 SNPs to be
tested. We included 1546 subjects, 820 (53%) of them were males,
1071(69%) were ever smokers and the median age of all the included
subjects in 1989/90 was 53 years (range 35-80). Characteristics of
the subjects stratified by vital status are presented in Table 2. In total,
356 subjects had died during the 18 years of follow-up, 154 of them
due to CVD. Deaths due to external causes (n=16) were excluded

from the analysis of all-cause mortality.

All-cause mortality

The Q-Q plot (Figure 1) and the genomic inflation factor (A=1.02)
indicated appropriate quality controland no population stratification.
We found one SNP, rs10237193 in Von Willebrand factor C domain
containing 2 (VWC2) located on chromosome 7, genome-wide
significantly associated with all-cause mortality (p=7.05x10%).
Furthermore, we identified 20 SNPs associated with all-cause
mortality with a p<5x10° (Figure 2). More details about these SNPs
are given in Table 3.
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Cardiovascular mortality

The Q-Q plot (Figure3) and A for cardiovascular mortality equaled
1.00, indicated appropriate quality control and no population
stratification. In the analysis of cardiovascular mortality none of
the tested SNPs reached genome-wide significance (p=2.06x107),
however 10 SNPs were associated at p<5x10% (Table 4, Figure 4).

Gene information and eQTL analysis

Table 5and 6 provide information on genes related to the SNPs associated
at p<5x10° with all-cause and cardiovascular mortality, respectively.

Whether identified SNPs are eQTLs is indicated in Table 3 and 4, for
SNPs associated with all-cause or cardiovascular mortality, respectively.
Our genome-wide significant hit for all-cause mortality, rs10237193, is
an intronic SNP in the VWC(C2 gene. This gene encodes a protein that is
possibly involved in neural function and development and may have a
rolein cell adhesion. The identified SNP is significantly associated with the
expression of 4-aminobutyrate aminotransferase (ABAT), mutY homolog
E. coli (MUTYH) and alpha-1-B glycoprotein (A1BG) in Caucasians.

Regarding cardiovascular mortality, SNP rs998994 is an eQTL
for cystathionine-beta-synthase (CBS), an enzyme involved in
homocysteine metabolism. SNP rs11026076 is associated with the
expression of arrestin beta 2 (ARRB2), which activates signaling of
the beta-2-adrenergic receptor (26).

Interestingly we also found that the top associated SNPsin our study were
associated with other traits or diseases at p<0.05 in previously performed
GWA studies (Table 7 and 8). These traits include fasting plasma glucose,
systolic blood pressure, BMI, serum cholesterol, and lung function.
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Table 7 Top 21 SNPs associated with all-cause mortality in the Vlagtwedde-
Vlaardingen cohort and their associations with other outcomes (based on
the GWAS Central database)

SNP Trait/disease in other GWA studies p value
rs10237193 Asthma 0.0308
rs2048333 -
rs489310 Rheumatoid arthritis 0.0022
Proinsulin levels 0.0120
Fasting plasma glucose 0.0524
rs284489 Ulcerative colitis 0.0414
Birth weight 0.0077
Bipolar disorder 0.0105
Serum cholesterol 0.0080
rs2152686 . .
Fasting insulin 0.0495
rs7159029 -
rs2287511 Age-related macular degeneration 0.0496
. . Type Il diabetes 0.0349
rs35215865 proxy: rs11805590 (r’=1.0) Systolic blood presure 0.0379
Pulmonary function (FEV1/FVC) 0.0024
r$9320768 Body mass index 0.0217
Alzheimer’s disease 0.0209
rs4342816 Brain glutamate concentrations in 0.0493
patients with MS ’
rs17761485 Forced expiratory volume 0.0001
Pulmonary function (FEV1) 0.0029
Rheumatoid arthritis 0.0301
rs771620 . .
Brain glutamate concentrations 0.0488
Fasting plasma glucose 0.0080
rs2280024 sporadic Creutzfeldt-Jakob disease (sCJD)  0.0114
Waist-hip ratio 0.0420
Amyotrophic lateral sclerosis 0.0138
rs421705 .
Psoriasis 0.0279
rs2569075 Flucloxacillin-induced liver injury 0.0251
rs4817193 Glycated hemoglobin levels 0.0141
rs1437903 -
rs12126169 Bod.y ma?ss index 0.0142
Proinsulin levels 0.0525
Serum cholesterol 0.0098
Anti-cyclic citrullinated peptide-positive 0.0175
rs2028248 rheumatoid arthritis ’
Amyotrophic lateral sclerosis 0.0103
Kuru 0.0335
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Height-adjusted highest forced

- 0.0270

expiratory volume

\Y | I 2.69e-
rs2836651 erbal reca 69e-05

Homeostatic model assessment of

. . . 0.0156

insulin resistance

Fasting insulin 0.0127
rs10896602 proxy: rs10792085 (r’=1.0) Schizophrenia 0.0277

Table 8 Top 10 SNPs associated with cardiovascular mortality in the
Vlagtwedde-Vlaardingen cohort and their associations with other
outcomes (based on the GWAS Central database)

SNP Trait/disease in other GWA studies p value
Two-hour glucose challenge 0.0566
rs9969851 Fasting plagsma glucose i 0.0316
rs11760351 Ulcerative colitis 0.0495
Type Il diabetes 0.0014
Bipolar disorder 0.0303
Waist-hip ratio 0.0310
rs998994 . :
Response to antipsychotic therapy,
extrapyramidal side effects: Barnes 0.0230
Akathisia rating scale
Body mass index 0.0153
rs1036.8066 6 (r=0.8 Log1o serum total immunoglobulin E
proxy: rs11632476 (r’=0.85) concentration 0.0241
rs1497253 Ulcerative colitis 0.0111
proxy: rs7303669 (r’=1.0) Birth weight 0.0343
proxy: rs7977670 (r’=1.0) Serum cholesterol 0.0507
rs2048333 -
rs17291890 sporadic Creutzfeldt-Jakob disease (sCJD) 0.0398
Partial epilepsies 0.0173
rs11026076 Asthma 0.0136
Pulmonary function (FEV1/FVC) 0.0593
Type Il diabetes 0.0570
rs9840545 Height-adjusted highest forced expiratory 0.0567
volume ’
Log10 serum total immunoglobulin E
rs3735182 concentration 0.0278
Fasting plasma glucose 0.0479
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DISCUSSION

In the analysis of 1546 subjects followed for 18 years we identified
one locus associated with all-cause mortality at the genome-wide
significance level. In the GWA study on cardiovascular mortality, we
did not identify genome-wide significant SNPs.

Some of the SNPs we found to be associated with p<5x10% are
associated with gene expression, even when the specific SNPs
are not located in a gene. Showing evidence that the SNP is an
expression quantitative trait locus (eQTL) can improve the ability to
discover a true association and clarify the nature of the mechanism
driving the association (27). The genome-wide significant hit for all-
cause mortality, rs10237193, is an intronic SNP in the VW(C2 gene.
This gene encodes a protein that is possibly involved in neural
function and development and may have a role in cell adhesion.
Rs10237193is significantly associated with expression of ABAT, agene
responsible for the catabolism of gamma-aminobutyric acid (GABA),
an important, mostly inhibitory neurotransmitter in the central
nervous system, with the expression of MUTYH, which encodes a
DNA glycosylase involved in oxidative DNA damage repair, and
with the expression of alpha-1-B glycoprotein (A1BG), which
encodes a plasma glycoprotein of unknown function. In addition,
we found three SNPs (rs2048333, rs35215865 and rs4342816) in
three distinct introns of the RAS protein activator like 2 (RASAL2).
Ras proteins are very important in cell growth, differentiation
and survival. Another interesting finding is the SNP rs2287511.
The closest right gene to this SNP is ankyrin repeat and SOCS box-
containing 3 (ASB3). ASB proteins are involved in mediating protein
ubiquitination and degradation, using the ankyrin (ANK) repeats
to recruit substrates (28). Interestingly, p16INK4a, a biomarker of
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human ageing also interacts with its substrates via ANK repeats
(29;30). Our results on cardiovascular mortality also identified SNPs
with a possible biological relevance. For example, rs998994 is an
eQTL for cystathionine-beta-synthase (CBS), an enzyme involved
in homocysteine metabolism. Increased CBS expression may lead
to hyperhomocysteinaemia, which is a risk factor for CVD (31).
Additionally, SNP rs11026076 is associated with the expression
of arrestin beta 2 (ARRB2), which activates signaling of the beta-
2-adrenergic receptor (26). This activation is anti-apoptotic and
contributes to myocardial protection, thus the risk allele of this SNP
may decrease expression of ARRB2 (32).

Interestingly some of our top SNPs were associated with conditions
increasing the risk of death, such as elevated fasting plasma glucose,
systolic blood pressure, BMI, serum cholesterol, or decreased
lung function (p<0.05) in previous GWA studies. This additionally
strengthens the relevance of our findings and suggests that these
SNPs constitute predictors of all-cause and cardiovascular mortality
via their impact on these intermediate phenotypes.

Both all-cause and cardiovascular mortality are complex and
heterogeneous traits. Therefore, they may involve many loci
with moderate effects that contribute to these events, but they
are difficult to be identified in GWA studies. However, genome-
wide non-significant results should not be discarded and further
functional studies on these SNPs may help to better understand
such findings. In the GWA study performed in long-living individuals
from Southern Italy the top SNP located in CAMKIV did not reach
genome-wide significance (p value=2.9x10%), but its relevance was
further highlighted by showing its association with expression.
The same study showed that CAMKIV activates the proteins involved
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in cell survival: AKT, SIRT1, and FOXO3A (33). This is an example how
further studies may pinpoint functionally relevant loci, even if they
do not reach the genome-wide significance.

Strengths and limitations

The main strength of our study is the longitudinal design with
18 years of follow-up. Such a study is less prone to bias than
a longevity case-control study, where two groups from different
generations are compared and it is difficult to predict how many
control subjects will become very old or centenarians. In GWA study
hundreds of thousand SNPs are tested and to reach the pre-specified,
very low, thresholds of genome-wide significance, a large sample
size is required (34). In this context the relatively low number of
154 subjects who died due to CVD may be considered a limitation of
the study, since indeed none of the SNPs reached the genome-wide
significance threshold in our GWA study on cardiovascular mortality.
Nonetheless, analyzing all-cause mortality with 356 subjects who
died during the 18 years of follow-up, we found one genome-wide
significant SNP. At the moment the lack of replication is a limitation
of our study, however replication of all SNPs associated at p value
<5x10°in another cohort is planned.

In summary, with a hypothesis free approach we identified SNPs
related to all-cause and cardiovascular mortality in the general
Caucasian population. Replication of the results in another cohort/
population should confirm their importance. Furthermore, with
these complex heterogeneous outcomes, studying gene-gene
(epistasis) and gene-environment interactions may provide more
clues on the pathways involved in human lifespan.
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ABSTRACT

Background: Reduced Forced Expiratory Volume in one second
(FEV)) is a predictor of premature death. Combining multiple loci
with modest effects into a genetic risk score (GRS) might improve
identification of subjects at risk for reduced FEV..

Methods: By testing associations between reduced lung function (i.e.
FEV <80% predicted) and 75 single nucleotide polymorphisms (SNPs)
in 24 candidate genes in 1,390 subjects from the general population-
based Vlagtwedde-Vlaardingen cohort, 11 SNPs were selected to
construct unweighted and weighted genetic risk (uGRS and wGRS
respectively). We estimated the association, goodness of fit (Akaike
Information Criterion: AIC) and increase in discriminative ability of
uGRS, wGRS and 11 SNPs jointly for FEV <80% predicted, compared
to the discriminative ability of packyears, a well-established risk
factor of reduced lung function.

Results: The odds ratios (95% Cl) per unit were 1.8 (1.6 to 2.2)
and 1.5 (1.3 to 1.7) for uGRS and wGRS respectively (p<0.001).
11 SNPs tested jointly were associated with reduced lung function
at the p value <0.10 for each, giving ORs between 1.5 (rs1048290) to
4.7 (rs8187858). The uGRS, wGRS or 11 SNPs included in the model
next to packyears increased the AUC to 0.735, 0.740 and 0.749
respectively (packyears AUC=0.646). The model with wGRS best fits
the data.

Conclusions: This study shows for the first time that a GRS composed
of 11 SNPs associated with FEV <80% predicted is a better independent
predictor of reduced lung function than the 11 SNPs separately.



GRS and lung function

INTRODUCTION

Forced Expiratory Volume in one second (FEV,) is a very useful index
for clinical monitoring and assessment of health. Reduced FEV,
is not only a measure of airflow limitation, but also a predictor
of Chronic Obstructive Pulmonary Disease (COPD), lung cancer,
coronary artery disease and stroke, collectively accounting for 70-
80% of premature death in smokers (1). The level of lung function
is both genetically and environmentally determined. The most
important factors explaining the interindividual variation in lung
function are sex, height and age. Therefore, in clinical practice an
absolute value of FEV,is commonly converted into a percentage of
the predicted value (FEV %predicted) using a formula that takes into
account the sex, age and height of the person (2). Values above 80%
of the predicted value are considered normal, whereas FEV, less
than 80% of predicted indicates reduced level of lung function (3).

Twin studies in European and US populations estimated that FEV,
heritability might be as high as 0.77 (4;5). Importantly, longitudinal
studies in families have shown that heritability was consistent
through time, whereas common familial environmental effects on
FEV, explained only 1-4% of the variability in children and 11-28% in
adults (6). One of the approaches to determine genetic components
contributing to a reduced level of lung function is studying single
nucleotide polymorphisms (SNPs) in candidate genes, chosen for
their plausible biological role in the pathological processes in the lung
tissue. However, SNPs in candidate genes when studied separately
only confer modestly increased risk and are of limited value in
disease prediction (7). Previous studies have shown that combining
multiple loci with modest effects into a global genetic risk score
(GRS) might improve identification of subjects at risk for a trait (7-14).
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In the current study, first we tested 74 SNPs in 24 genes, that
previously have been shownto play animportantroleinthe lung tissue
composition, protease-antiprotease balance, antioxidant response in
the lungs, xenobiotics transport or chronic inflammation, to detect
those with modest effects on FEV %predicted, and then use these in
composing the GRS. The main purpose of this study was to examine
the discriminatory and predictive ability of a lung function GRS and
comparing this to a model containing packyears only. Furthermore,
we also compared the GRS to a model containing all selected SNPs
separately, thus not combined in the GRS.

METHODS
Participants & measurements

We studied 1,390 subjects of the Vlagtwedde-Vlaardingen cohort
participating in the last survey in 1989/1990. This general population-based
cohort of exclusively Caucasian individuals of Dutch descent started in
1965 and has been followed for 25 years (15). The Committee on Human
Subjectsin Research of the University of Groningen reviewed the study and
affirmed the safety of the protocol and study design and all participants
gave their written informed consent. In surveys, that took place every
3 years, information on respiratory symptoms, smoking status, age, and
sex by the Dutch version of the UK Medical Research Council standard
questionnaire was collected and spirometry was performed.

Spirometry

Pulmonary function measurements were performed with a water-
sealed spirometer (Lode Spirograph, Lode Instruments, Groningen, The
Netherlands). Measurement of inspiratory vital capacity (IVC) afteradeep

130



GRS and lung function

expiration was followed by measurement of forced expiratory volume in

one second (FEV,). The highest of the values obtained in two technically

satisfactory tracings was taken as long as the difference between the

two IVCvalues was less than 150 ml and the difference between two FEV,

values was less than 100 ml. We used the Quanjer prediction equations to

calculate FEV %predicted value for each participant (2).

Table 1 74 SNPs in 24 a priori candidate genes tested for association with
FEV less than 80% of predicted

Gene

Gene name SNP ID SNP name
symbol
ADAM33 A Desintegrin and Metalloproteinase rs2787094 V_4
rs528557 S 2
rs2280090 T2
rs612709 Q1
rs511898 F 1
rs3918396 S 1
rs597980 ST 5
MMP1 Matrix Metalloproteinase 1 rs1799750 G-1607GG
MMP2 Matrix Metalloproteinase 2 rs243865 C-1306T
MMP9 Matrix Metalloproteinase 9 rs6065912
rs3918278
rs8113877
MMP12 Matrix Metalloproteinase 12 rs2276109 A-82G
rs652438 Asn357Ser
TIMP1 Tissue Inhibitor Of Metalloproteinases 1 rs4898 Phe124Phe
rs11551797 lle158lle
TGF-61 Transforming Growth Factor, Beta 1 rs6957 3’UTR
rs1800469 C-509T
rs1800470 Leu1oPro
DCN Decorin rs1803343
rs11106030
rs741212
rs516115
GSTM1 Glutathione S-Transferase Mu 1 deletion
GSTT1 Glutathione S-Transferase Theta 1 deletion
GSTP1 Glutathione S-Transferase Pi 1 rs1695 lletosVal
rs1138272 Alat14Val
SOD2 Superoxide Dismutase 2 rs4880 Ala16Val
rs2842958 (76937
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SoD3

Superoxide Dismutase 3

rs2536512 AlagoThr

rs1799895 Arg213Gly
rs8192288 G(-4466)T

SFTPA1

Surfactant Protein A1

rs1059047 AlatgVal
rs1136450 LeusoVal
rs4253527 Arg219Trp

SFTPA2

Surfactant Protein A2

rs1059046 AsngThr
rs17886395 Prog1Ala
rs1965707 Ser140Ser

SFTPB

Surfactant Protein B

rs1130866 lle131Thr

SFTPD

Surfactant Protein D

rs721917 Met11Thr
rs2243639 Thr160Ala

GCLC

Glutamate-Cysteine Ligase, Catalytic Subunit

rs17883901 C(-129)T

GCLM

Glutamate-Cysteine Ligase, Modifier Subunit

rs41303970 C(-588)T

SIRT1

Sirtuin 1

rs12778366
rs7069102
rs2273773

ABCC1
(MRP1)

ATP-Binding Cassette, Sub-Family C (CFTR/

MRP), Member 1

rs4148382
rs212093
rs504348
rs35621
rs4781699
rs215100
rs35597
rs212083
rs35610
rs3743527
rs215101
rs8187858
rs3851710
rs2074087
rs2283515
rs215095
rs12448760
rs4148330
rs3819552

NFE2L2
(NRF2)

Nuclear Factor (Erythroid-derived 2)-Like 2

rs6726395
rs4243387
rs1806649
rs13001694

rs2364723

KEAP1

Kelch-Like ECH-Associated Protein 1

rs1048290
rs11085735
rs1048287

HO-1

Heme Oxygenase 1

rs2071747 Asp7His
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DNA collection and genotyping

In 1989-1990 neutrophil depots from peripheral blood samples
were collected and stored at —20°C. In 2003-2004 DNA was
extracted from these samples with a QlAamp DNA blood mini kit
(Qiagen, Hilden,Germany) and checked for purity and concentration
with a NanoDropND-1000 UV-Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE). We genotyped DNA samples of those
subjects with more than 1,500ng of isolated DNA available (n=1,390)
(15). 74 SNPs in 24 candidate genes were genotyped (Table 1).
The 24 candidate genes were selected based on their possible
importance in lung tissue composition (SFTPA1, SFTPA2, SFTPB,
SFPTD), protease-antiprotease balance (MMP1, MMP2, MMP9, MMP12,
TIMP1, DCN, TGF-8 ), antioxidant response in the lungs (HMOX1, SOD2,
SOD3, NFE2L2, KEAP1, GCLC, GCLM, GSTM1, GSTP1, GSTT1), xenobiotics
transport (ABCC1) or chronic inflammation (SIRT1, ADAM33).

Statistical analysis

A X* test was used to assess whether the SNPs were in Hardy-
Weinberg Equilibrium (p value <0.05). Values below 80% of FEV,
predicted indicated reduced lung function level thus this value was
used as a threshold and descriptives of the subject characteristics
are presented stratified by lung function level: FEV, less than 80%
predicted and FEV, greater or equal to 80% predicted.

Logistic regression adjusted for packyears was used to estimate
odds ratios and 95% confidence intervals (OR (95% Cl)) for the risk of
having an FEV, less than 80% predicted, in relation to the genotypes.
Correction for additional covariates was not performed given
thatFEV %predicted takes age, sex and height into account.
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SNPs associated with p values less than or equal to 0.10 were further
considered for inclusion in the GRS, with a coding value of o for the non
risk genotype and 1 for the risk genotype. Using this set of SNPs we
followed a modified forward multiple regression approach with a cut-off
p value <0.10 to decrease the number of variants included in the GRS. This
approach has higher power than the Bonferroni and false discovery rate
(FDR) procedure for detecting moderate and weak genetic effects (16).

Two approaches were used to calculate the GRS: a simple risk
genotypes summing method (unweighted GRS: uGRS) and a
weighted method (weighted GRS: wGRS). The wGRS was obtained
by multiplying each risk genotype by the OR for that genotype from
the univariate model, summing the products and dividing by the
number of incorporated SNPs. In order to reduce the bias caused by
missing data, we did not include any subjects who had any missing
genotype in generating the GRS (7). The t-test was used to compare
the mean GRS between subjects with FEV, greater or equal to 80% of
predicted and those with FEV, less than 80% of predicted. To evaluate
the association between risk factors and reduced lung function we
used four separate logistic regression models:

model 1) contained only a well-established predictor, i.e. packyears;
model 2) uGRS + packyears;
model 3) wGRS + packyears, and

model 4) the selected SNPs jointly but not combined in one variable

+ packyears.

We compared the relative goodness of fit of these models using the
Akaike information criterion (AIC). The lowest AlC value indicates the
best fitting model. As a sensitivity analysis we additionally evaluated
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the performance of the uGRS, wGRS or the selected SNPs jointly
in a linear regression on FEV %predicted as a continuous variable.
We used c-statistics, i.e. the area under the receiver operating
characteristic (ROC) curve (AUC) to quantify the discriminative
accuracy of a prediction model (17). The AUC is the probability that
the test correctly separates two groups and ranges from 0.5 (total
lack of discrimination) to 1.0 (perfect discrimination). All statistical
analyses were performed using SPSS version 18.0 for Windows.

RESULTS

Table 2 shows the population characteristics at the survey in
1989/1990, stratified by lung function level. Out of 1,390 genotyped
subjects, 228 (17%) had a lung function lower than 80% of predicted.
In the group with a lower lung function 153 subjects (67%) were
males and 182 subjects (80%) were ever smokers.

Table 2 Characteristics of participants at visit 1989/1990 by lung function level

Lung function Greater or equal to  Less than 80% p
(FEV, % predicted) 80% of predicted of predicted value
N (%) 1,102 (82.9) 228 (17.1)

Males, n (%) 534 (48.5) 153 (67.1) <0.001
Age, median (range) 50.4 (35.8-79.1) 57.5(36.0-76.7) <0.001
Ever smokers, n (%) 728 (66.1) 182(79.8) <0.001
Packyears in ever smokers, 17.3(0.1-129.1) 28.3(0.1-262.2)  <0.001
median (range)

Height in cm, mean (SD) 170.0 (9.2) 172.0 (8.8) 0.004
Unweighted GRS",mean (SD) 4.0 (1.2) 4.7 (1.1) <0.001
Weighted GRS", mean (SD) 6.7 (1.8) 7.9 (1.8) <0.001

* Valid for 1,037 of the genotyped subjects and based on 11 SNPs
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Analyses of SNPs

All tested SNPs were in Hardy-Weinberg equilibrium (p<0.05). Of the
74 analyzed SNPs 16 showed associations with lung function lower
than 80% of predicted at the p value <0.10. Nine SNPs (rs4148382,
GSTT1 deletion, rs12448760, rs2364723, rs1048290, rs1800470,
rs511898, rs528557 and rs1800469) were associated in a dominant
model and seven SNPs (rs2842958, rs8187858, rs1695, rs2787094,
rs215100, rs504348 and rs1136450) in a recessive model (Table 3). Out
of these SNPs, 11 were selected for inclusion in the uGRS and wGRS
based on the forward multiple regression approach (p<0.10). SNPs
included in the GRS (rs2842958, rs511898, GSTT1 deletion (rs226633
(18)), rs215100, rs504348, rs4148382, rs1800470, rs1695, rs1048290,
rs8187858 and rs1136450) were not in linkage disequilibrium (r’<0.17
in the Vlagtwedde-Vlaardingen cohort).

Genetic Risk Score

The uGRS and wGRS were calculated for 1,037 subjects and normally
distributed. As shown in Table 2, the mean number of risk genotypes
in subjects with reduced lung function (4.7 (SD 1.1)) was significantly
higher compared to the mean in subjects with FEV, greater or equal
to 80% of predicted (4.0 (SD 1.2)).

Table 4 shows the results of four separate logistic regression models.
In the first one packyears was a statistically significant predictor
of reduced lung function. The association of the uGRS and wGRS
with lung function level was tested in a logistic regression model
containing packyears, for each GRS separately. The uGRS and
WGRS were significant predictors of reduced lung function level
(p<0.001). The ORs per unit were 1.8 (95% Cl 1.6 to 2.2) and 1.5 (95%
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Table 3 SNPs associated with FEV less than 80% of predicted

Gene SNPID Model OR p value
symbol

ABCC1 rs4148382 dominant 1.91 0.004
GSTT1 deletion dominant 1.67 0.006
ABCC1 rs12448760 dominant 1.53 0.007
SOD2 rs2842958 recessive 2.26 0.007
NFE2L2 rs2364723 dominant 1.50 0.01

ABCC1 rs8187858 recessive 4.24 0.016
GSTP1 rs1695 recessive 1.72 0.025
KEAP1 rs1048290 dominant 1.38 0.041
ADAM33 rs2787094 recessive 1.79 0.045
ABCC1 rs215100 recessive 1.85 0.045
TGF-8, rs1800470 dominant 1.38 0.047
ABCC1 rs504348 recessive 2.13 0.048
ADAM33 rs511898 dominant 1.33 0.064
ADAM33 rs528557 dominant 1.31 0.079
TGF-B, rs1800469 dominant 1.31 0.085
SFTPA1 rs1136450 recessive 1.75 0.091

Cl 1.3 to 1.7) for uGRS and wGRS respectively. 11 SNPs tested jointly
in one model were associated with reduced lung function level at
the p value <0.10 for each, giving ORs between 1.5 (rs1048290) to
4.7 (rs8187858). As shown in Table 4, the model with wGRS was the
preferred one since it had the lowest AIC value among all models
tested. Based on the adjusted R* obtained from the linear regression
on FEV %predicted, the observed goodness of fit was comparable
between models, ranging from 0.101 for uGRs and for wGRS to 0.103
for 11 SNPs included jointly, but not combined (Table 4).
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Next we compared the discriminative power for FEV less than 80%
predicted of the analyzed models. The AUC for packyears + uGRS,
packyears + wGRS and packyears + 11 SNPs were compared with
the AUC for the model that tested packyears. Figure 1 shows that
inclusion of the uGRS or wGRS in the modelimproved the AUC(0.735
and 0.740 respectively) over that observed when ROC curve was
based on packyears only (0.646). This improvement was statistically
significant (p<0.001) for both uGRS and wGRS. The discriminatory
power of the model containing packyears and 11 SNPs included
jointly was the highest among all models (AUC=0.749), the achieved
improvement in the AUC was 0.103 (p<0.001) compared to the AUC
obtained using packyears (Figure 1).

0.8

0.6

Sensitivity

0.4 .
! —-— packyears (AUC=0.645)

J . ___packyears+uGRS

o (AUC=0.735)
} ___packyearstwGRS

IS . (AUC=0.740)

Rt __. packyears+11 SNPs
7 (AUC=0.749)

‘ - - - Reference Line

0.2

0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity
Figure 1 Receiver-operating characteristic curves for models predicting

reduced lung function level.
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DISCUSSION

The results of this study show that GRS weighted by the odds ratio of
each risk genotype, better discriminates subjects with reduced lung
function than GRS simply summing risk genotypes (i.e. uGRS). This is
in agreement with previous studies showing that a weighted GRS can
capture considerably more genetic risk than an unweighted GRS (UGRS)
(7;19). Piccolo et al. claim that aggregating data from many markers
identified in genome-wide association (GWA) study into a single GRS
variable allows genetic and biological information related to phenotype
to be condensed into one dimension (19). However, so far none of the
previous studies attempted to proof this statement by investigating
the effect of the selected SNPs jointly, but not combined in one variable.
In the current study we additionally tested the joint effect of all SNPs
used for the GRS, when not combined in one variable. Using the AIC,
we found that this model, although it showed the highest increase in
the AUC, does not fit the data as well as the model with wGRS.

Pulmonary function, measured by spirometry, is a heritable trait
reflecting the physiological state of the airways and lungs (20).
Nearly 20% of the adult population has reduced FEV, values, indicating
impaired lung function (21). There is overwhelming evidence from
large scale epidemiological studies demonstrating that reduced FEV,
is a powerful predictor of future morbidity and mortality (1;22-24).
FEV.,is not only a way to quantify airflow limitation, but it can also be
used as a predictor of premature death with a broad clinical use, and
possibly for prevention of both respiratory (COPD and lung cancer)

and cardiovascular (coronary artery disease and stroke) diseases (1).

Apart from smoking (25), lung function is largely influenced by
genetics (4;5) Therefore it is not enough to merely promote smoking
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cessationand a greater effort should be made to identify genetically
susceptible subjects (1).

We found 11 loci to be associated with reduced lung function in the
general population and the accuracy to discriminate subjects with
reduced lung function improved significantly when these 11 SNPs
were combined into a GRS. Given the importance of reduced lung
function in pulmonary and cardiovascular morbidity and mortality,
a prevention strategy is needed. Therefore we might consider the
clinical utility of a GRS to identify subjects at increased risk for
reduced lung function in early adulthood. Nonetheless, the clinical
usefulness of this GRS should be further confirmed in other general
population studies.

Strengths and limitations

The major strength of the current study is a number of tested
candidate genes i.e. 24 that previously have been shown to play
a role in lung tissue composition, protease-antiprotease balance,
antioxidant response in the lungs, xenobiotics transport and chronic
inflammation. Incontrastmostofthe previousstudiesthatcomposed
a GRS used SNPs associated with a disease in GWA studies. In GWA
studies genes with a small effect are more likely to be missed since
modest association signals are filtered out in correction for multiple
testing. Here we followed a candidate gene approach, of which an
advantage is that we were able to test the best genetic model for
the associations (in this study it was dominant or recessive) and
obtain risk genotypes, whereas in screening by GWA studies just an
additive model is assumed.
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This study has some limitations. First, most of the genotyped SNPs
were chosen based on results presented in previous literature. This
may cause a deficiency in our study, since these SNPs not always
cover the complete genetic variation in the gene, and hence we
can miss associations and cannot pinpoint the causal genetic
variant. However, for four tested genes (SIRT1, ABCC1, NFE2L2 and
KEAP1) tagging SNPs were selected aiming to cover the whole gene.
It would be of interest to test whether inclusion of more SNPs, also
those identified in GWA studies, can improve prediction. Second,
the GRS models were investigated in the same data on which
association testing and construction of the models were performed.
Future studies in other population cohorts should indicate whether
these results can be generalized to other populations.

In conclusion, we found that a GRS composed of 11 SNPs is associated
with reduced lung function level. Appropriate weighing of the risk
genotypesincludedinthe GRS resultedinabetterdiscriminatory tool
than the simple count of risk genotypes. Therefore weighted GRS
may be useful for identifying subjects with reduced lung function.
Further studies, which validate the discriminatory accuracy of these
SNPs, need to be undertaken.
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ABSTRACT

Dyspnea is a predictor of mortality. The effects of dyspnea severity and
changes in dyspnea status on all-cause and cause-specific mortality
remain unclear. The Vlagtwedde-Vlaardingen study started in 1965 and
subjects were re-examined every three years until 1989/1990. Vital status
of all 8,465 subjects on December 31, 2008 was assessed. Associations
between mortality and dyspnea severity and changes in dyspnea
status were investigated using Cox regression adjusted for gender, age,
FEV %predicted, place of residence, smoking and BMI. After 43 years of
follow-up, 2,883 (39%) of 7,360 subjects examined for dyspnea severity
had died, 1,386 (19%) due to cardiovascular disease, 267 (4%) due to
chronic obstructive pulmonary disease (COPD). Subjects with moderate
and severe dyspnea had increased all-cause and cardiovascular mortality
[moderate: HR=1.3 (95% Cl 1.2-1.5) and 1.4 (1.1-1.6), severe: 1.5 (1.1-2.0)
and 1.9 (1.3-2.6) respectively] compared to asymptomatics. Severe
dyspnea was significantly associated with COPD mortality [3.3 (2.0-5.2)].
Subjects who lost dyspnea had hazard ratios for all-cause and cause-
specific mortality comparable to asymptomatics. Persistent dyspnea
and dyspnea development were risk factors for all-cause, cardiovascular
and COPD mortality [persistent: 2.0 (1.4-2.8), 1.9 (1.2-3.3) and 3.3 (1.2-8.9),
development: 1.5 (1.2-1.8), 2.0 (1.5-2.6) and 3.8 (2.3-6.3) respectively].
Additionally, dyspnea effects on mortality were more pronounced in
overweight/obese and older subjects and in subjects with better lung
function. These results show that dyspnea is associated with mortality in
a severity-dependent manner. Furthermore this study is the first showing
that dyspnea remission normalizes mortality risk. Having or developing
dyspneais a risk factor for mortality.

Keywords dyspnea, dyspnea severity, dyspnea remission, mortality,
risk factor, longitudinal studies



Dyspnea and mortality

INTRODUCTION

Dyspnea is a subjective experience of breathing discomfort that
consists of qualitatively distinct sensations that vary in intensity (1).
Dyspnea on exertion is a common symptom not only in patients with
lung and heart diseases, but it is also fairly prevalent (i.e. 24%) and
associated with poor health outcome in people with no apparent
pre-existing disease (2;3). Therefore dyspnea is of public health
importance and needs more attention, especially since this symptom
is easily recognized and detected. One of the tools to quantify
the intensity of dyspnea on exertion is the self-reported Medical
Research Council (MRC) questionnaire, with a scale developed by
Fletcher and coworkers (4). The MRC is an excellentinstrument for
categorizing patients according to the severity of their dyspnea
(5;6). A positive response to a simple question about effort-related
dyspnea can predict subsequent mortality, independently of other
risk factors (3) . Furthermore, dyspneais a better predictor of 5-year
survival than airway obstruction in patients with COPD (6).

Several studies have established associations between dyspnea and all-
cause and cardiovascular mortality (7-14). However, little is known about
the association between severity of dyspnea and all-cause mortality.
Although two previous studies have investigated the threshold at which
dyspnea is a determinant of all-cause mortality (8;13), those were not
controlled for lung function level, an important long-term predictor
of mortality (15-17). Since the level of lung function is associated with
dyspnea (2), lung function should be considered as an influential factor
that potentially modifies the relationship between scores of dyspnea and
mortality. Besides lung function, gender, weight and age are important
factors determining dyspnea intensity (18) and need attention when
association between dyspnea and mortality are studied.
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Respiratory symptoms are often transient, with a high remission
rate (19). Xu and colleagues (20) have shown that dyspnea s likely to
develop or remit during lifetime. Whether these changes in dyspnea
status modify mortality risk has not been previously examined.
We have the unique opportunity to study this relation in a large
population-based cohort.

The Vlagtwedde-Vlaardingen cohort, which has been followed up
for over 40 years, offers us the unique possibility to investigate
the presence and severity of respiratory symptoms over lifetime
and their influence on all-cause and cause-specific mortality. Since
lung function has also been measured in this cohort, we are able
to investigate whether the associations between dyspnea and
mortality are independent of lung function level. To our knowledge
there is no study showing dyspnea-related mortality in groups of
subjects categorized based on their gender, body mass index (BMI),
age and lung function level. In the current study we evaluated long-
term effects of dyspnea severity and changes in dyspnea status on
all-cause, cardiovascular, and COPD mortality in this large general
population-based cohort. Additionally we studied these effect taking
gender, BMI, age and level of lung function into account, which are
possible modifiers of these associations.

METHODS
Participants and measurements

The Vlagtwede/Vlaardingen study is based on a general population
cohort of exclusively Caucasian individuals of Dutch descent. This
study started in 1965 and participants had medical examinations
every 3 years until the last survey in 1989/1990. In Vlaardingen, only
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participants who were included at baseline (1965 or 1969) were
approached for follow-up, whereas in Vlagtwedde new subjects
aged between 20 and 65 years were invited to participate at
every survey. The Committee on Human Subjects in Research of
the University of Groningen reviewed the study and affirmed the
safety of the protocol and study design and all participants gave
their written informed consent. Information on area of residence,
age, sex, smoking habits and respiratory symptoms was collected
by the Dutch version of the UK Medical Research Council standard
questionnaire, and spirometry was performed (20).

Level of dyspnea on exertion at baseline was evaluated by asking
the subject whether he/she felt shortness of breath in the following
circumstances: never except on strenuous exercise (dyspnea
grade 1), when hurrying or walking up a slight hill (grade I1), while
walking with other people of the same age on level ground (grade
1), after walking about 100 m or a few minutes on level ground
(grade IV), during everyday activities such as dressing or undressing
(grade V), or at rest (grade VI). Using dyspnea grade at entry, we
defined severity of dyspnea: no dyspnea (grade | and II) (15;21),
moderate (Il and 1V) and severe (V and VI). For subjects who had
at least three available surveys we investigated changes in dyspnea
status creating five groups: never dyspnea, persistent dyspnea,
development of dyspnea, remission of dyspnea and inconsistent
dyspnea. In this analysis moderate and severe dyspnea was taken
together indicating the presence of dyspnea.

We updated the vital status of all participants in the Vlagtwedde-
Vlaardingen study on December 31%, 2008, and evaluated three
main mortality outcomes, i.e. all-cause mortality (excluding external

causes of death such as accidents and suicides), cardiovascular and
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COPD mortality (as primary or secondary cause of death). Analyses
on cause-specific mortality were performed at Statistics Netherlands
(The Hague, the Netherlands). The causes of death were coded
according to the International Classification of Diseases (Table S1).

Statistical methods

At first, a descriptive analysis of the subject characteristics was
performed. The results are shown as median (range) or number
(percentage) as appropriate. Mann-Whitney U tests, Kruskal-Wallis
tests and X’ tests were used to compare the subject characteristics
between groups of dyspnea severity and between groups of changes
in dyspnea status. To evaluate the long-term effect of dyspnea
severity and changes in dyspnea status on all-cause and cause-specific
mortality, we performed Cox proportional hazard regression and
produced Cox regression curves to compare survival of the subjects
according to their dyspnea severity and change in dyspnea status.
The dependent variable was time to mortality. Individuals who had
not died or died from a cause other than the one of interest were
considered censored. External causes of death were excluded
from the analyses. Dyspnea was introduced as the independent
(explanatory)variable. We adjusted for potential confounders: gender,
age, place of residence, smoking habits and BMI at baseline. Since the
perception of dyspnea is strongly associated with lung function level
(2;22), which is a predictor of mortality (15;16), we first evaluated the
effect of dyspnea in models not corrected for lung function level and
subsequently adjusted the analyses for FEV, % predicted.

Time was defined from the initial examination until death, end of
follow-up in 2008 or last registration if subjects were lost to follow-
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up. Smoking at baseline was treated as a categorical variable: never
smokers, former smokers and current smokers. Smokers of pipes
and cigars were classified separately. BMI at baseline was estimated
by dividing the weight by height> and categorized into four groups
according to World Health Organization (WHO) criteria: underweight
(BMI < 18.5 kg/m?), normal weight (BMI 18.5 to 25 kg/m?), overweight
(BMI 25 to 30 kg/m?) and obese (BMI > 30 kg/m?). To investigate the
effects of possible modifiers of the observed associations, i.e. gender,
BMI, age and lung function level, we performed stratified analyses.
Every potential factor was dichotomized using cut points (for BMI:
25 kg/m?, for age: 75" percentile of all the subjects and for lung
function level: median FEV, % predicted). P value <0.05 tested 2-sided
was considered statistically significant for all analyses. All statistical
analyses were performed using SPSS version 18.0 for Windows.

RESULTS

Table 1 shows the characteristics of subjects examined for dyspnea
severity at theirinitial survey. Of atotal of 8,465 subjects, information
on dyspnea was available for 7,360 subjects (87%). Among them
moderate dyspnea was reported by 388 subjects (5%) and severe
dyspnea by 67 (1%) subjects.

Table 2 shows the characteristics of 3,991 subjects available for
evaluation of changes in dyspnea status. A minority of subjects (1%)
had persistent dyspnea, 6% of subjects developed dyspnea and 2%
indicated remission of dyspnea during the follow-up. Most subjects
(87%) never reported having dyspnea. Since answers of 153 subjects
(4%) were not consistent, these subjects were treated as a separate
group (inconsistent).
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Dyspnea severity and all-cause, cardiovascular and COPD mortality

Moderate dyspnea and severe dyspnea were significantly associated
with all-cause, cardiovascular and COPD mortality in a severity-
dependent manner. Although the risks of all the investigated
mortality outcomes associated with moderate and severe dyspnea
were lower when corrected for lung function, dyspnea remained a
significant independent predictor of mortality. Only the association
between moderate dyspnea and COPD mortality was no longer
significant after adjustment for FEV, % predicted (Table 3). Survival
curves according to severity of dyspnea clearly show that all-cause
and cardiovascular mortality risks were significantly increased
among dyspneic subjects and the highest risks were observed among
subjects with severe dyspnea (Figure 1). Regarding COPD mortality,
only the survival curve that represents subjects with severe dyspnea
clearly shows an increased risk. Stratification for gender did not
change the observed associations in all-cause mortality. The effect of
severe dyspnea on cardiovascular mortality was more pronounced
in females and on COPD mortality more pronounced in males. The
mortality risk associated with severe dyspnea was more prominent
in subjects with BMI = 25 and in the older group. Interestingly, in
the analysis stratified according to lung function, the mortality risk
associated with dyspnea was highest for subjects with an above
median FEV, % predicted. As a sensitivity analysis we tested the risk
of all-cause mortality for six original dyspnea grades (Table S2). To
ensure that grade Il included in a reference category did not affect
associations described below we performed analysis, where grade
[l was tested separately from grade I, as mild dyspnea (Table S2).
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Changes in dyspnea status and all-cause, cardiovascular and COPD
mortality

Subjects who reported remission of dyspnea had hazard ratios
for all-cause, cardiovascular and COPD mortality comparable to
the asymptomatic group. Subjects with persistent dyspnea and
those who developed dyspnea had increased risks of all-cause,
cardiovascular and COPD mortality compared to the asymptomatic
group. Risks of all the investigated mortality outcomes associated
with change in dyspnea were lower when corrected for lung
function, however persistent dyspnea and development of dyspnea
remained significant independent predictors of mortality (Table 4).

We additionally stratified the analysis by presence of dyspnea at
baseline and compared development of dyspnea vs never dyspnea
and remission vs persistent dyspnea, (Table S3). We found that
development of dyspnea compared to never dyspneawas significantly
associated with all-cause, cardiovascular and COPD mortality [1.5 (1.2-
1.8), 1.9 (1.4-2.5) and 3.6 (2.1-6.1), respectively]. Furthermore analysis
of dyspnea remission vs persistent showed that remission of dyspnea
significantly reduces all-cause and cardiovascular mortality [0.4 (0.2-
0.7) and 0.3 (0.1-0.7), respectively]. Remission was not significantly
associated with COPD mortality [0.1 (0.0-1.8)]. When the analysis
was further adjusted for severity at baseline (in 6 grades scale) the

associations did not change and remained significant.

In survival curves there was a clear trend of increased mortality
risks for subjects who developed dyspnea, whereas no significant
difference between asymptomatic subjects and subjects who
reported remission was observed (Figure 2). Effects of persistent
dyspnea and development of dyspnea on cardiovascular and COPD
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mortality were more pronounced in females and in subjects with
BMI 2 25. In the analysis stratified according to age, risk for all-
cause mortality associated with persistent dyspnea was higher in
the younger than in the older subjects. The risk of cardiovascular
and COPD mortality associated with development of dyspnea
was higher in the older group. Furthermore, having dyspnea or
developing this symptom was a significant risk factor for all-cause
and cardiovascular mortality showing higher risks in the group with
better lung function. Remission of dyspnea was not associated with
mortality in any of the investigated groups.

DISCUSSION

This study has shown that dyspnea on exertion is associated with
mortality in a severity-dependent manner in a general population
cohort followed up for 43 years, even so after adjustment for
potential risk factors. In particular, mortality due to cardiovascular
disease shows a clear pattern: the higher the severity of dyspnea,
the higher mortality risk. With regard to COPD mortality, only severe
dyspnea was a significant predictor of mortality. It is interesting to
note that the associations were present in both males and females.
Furthermore, a novel finding in the current study is that remission
of dyspnea normalises the risk of all-cause, cardiovascular and COPD
mortality, whereas persistent dyspnea and development of dyspnea
is a predictor of all-cause, cardiovascular and COPD mortality.

Our results support previous findings that dyspnea on exertion is
related to all-cause mortality. In a previous study with 8 years of follow-
up, overall mortality risk was significant only for grade Il (dyspnea
when walking with other people of the same age on level ground) and
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over, and therefore this level has been suggested to use as a threshold
(13). The same study showed that mortality risk significantly increases
according to grade of dyspnea, being six-fold higher for the most
severegrade of dyspnea(13). However, the authors of the study did not
control for lung function level, which is a well-established predictor of
mortality potentially modifying the results (2). In our study, dyspneic
subjects at baseline had significantly worse lung function compared
to subjects without dyspnea. Therefore, in order to exclude the
possibility that pulmonary function drives these observed associations,
we adjusted for lung function level. We showed that the hazard ratio
of overall mortality for subjects who had reported dyspnea was
higher when we did not adjust for lung function level but remained
significant when lung function level was taken into account (HR: 1.3
and 1.5 for moderate and severe dyspnea, respectively). Interestingly,
moderate and severe dyspnea were significant predictors of all-
cause and cardiovascular mortality in subjects with lung function
above the median of the population distribution. This emphasizes
the importance of this self-reported symptom, even if an objective
parameter of lung health (i.e. FEV ) was in the healthy range. Dyspnea
on exertion may be a manifestation of left ventricular hypertrophy
and diastolic abnormalities (23). Myocardial ischemia may cause
transient episodes of increased left ventricular end-diastolic as well as
left atrial pressure with subsequent transient or long-term pulmonary
engorgement (3). This may lead to increased airway resistance prior
to any changes in pulmonary compliance. Contrary to severe forms
of dyspnea observed in heart failure (such as orthopnea, paroxysmal
nocturnal dyspnea or pulmonary edema) dyspnea on exertion can be
an early indicator of coronary artery disease, even in the absence of
either angina or electrocardiographic evidence of ischemia (24).
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Dyspneaisaresultof complexand multifactorialmechanisms,including
abnormalities in the respiratory control system, neurochemical
receptors, ventilation, respiratory muscles and gas exchange (1;25). In
most conditions that cause breathlessness, several mechanisms are
s involved (25). Dyspnea-associated mortality is probably often the
consequence of both cardiac and respiratory disease (13). With regard
to all-cause mortality, it has been suggested that respiratory ageing
due to hypo-oxygenation could lead to functioning degeneration
of other organs, thus leading to death as a result of the cumulative
effect of successive pathologies (13).

We found that moderate and severe dyspnea significantly increase
the risk of cardiovascular death. This finding supports the conclusion
of Frostad’s study, which showed that both moderate and severe
dyspnea are predictors of mortality due to ischaemic heart disease
and due to stroke (10). For COPD mortality, only severe dyspnea was
asignificant long-term predictor. Thisisinline with Nishimura’s study
that demonstrated that only dyspnea grade IV and V (i.e. severe)
were significant predictors of mortality among COPD patients (6).

Dyspnea could be an indication of other associated conditions, such
as respiratory and heart diseases. In the current study we found
that the effects of persistent dyspnea and development of dyspnea
on cardiovascular and COPD mortality were more pronounced in
overweight and obese subjects (BMI > 25). This may suggest a need
to find efficacious weight-loss strategies for obese patients with
respiratory symptoms, since weight loss can help reduce dyspnea,
and perhaps underlying pathological conditions. Nonetheless, an
accurate diagnosis in this group is important because dyspnea
related to other mechanisms or diseases may require a different
therapeutic strategy (26).
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An important novel finding in our study is that remission of dyspnea
normalises the risk of all-cause, cardiovascular and COPD mortality,
since subjects who lost the symptom had hazard ratios comparable
to the asymptomatic controls. Therefore we stress the importance
of early detection of dyspnea as an important and simple indicator
for mortality risk, which is cheap and applicable to most people
(10). This early detection should of course be followed by identifying
the underlying causative condition, and treatment that can be
initiated. This is especially important since remission of dyspnea may
also improve daily functioning and quality of life (19). According to
our current findings, having persistent dyspnea or developing this
symptom is an independent risk factor for all-cause, cardiovascular and
COPD mortality. Since relatively few people who experience shortness
of breath visit their family practitioners for this complaint, Huijnen
et al. recommend that dyspnea should be added to the structured
inventory of patients’ problems in order to facilitate early detection (11).
Pulmonary rehabilitation programs, that relieve dyspnea and reduce
hospitalization (1), might be potential tools that subsequently can
improve survival. This may be especially important in the light of our
findings that persistent dyspnea or development of dyspnea increase
all-cause mortality risk in subjects who were 46 years or younger at
baseline, stressing the importance of early detection and intervention
at relatively young age.

Strengths and weaknesses

The major strength of the current study is the longitudinal design.
We were able to follow participants for over 40 years, which provided
a unique wide time window for evaluating the risk of dyspnea
severity and especially changes in dyspnea status on mortality.
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A strength of our study is also the large number of subjects,
sampled from the general population. Also the high follow-up rate
should be mentioned, since 98.5% of the included subjects could be
traced back. Other strengths of our study are that the groups for
the changes in dyspnea status were created based on at least three
surveys, and we investigated repeatability of the answers, treating
subjects who had given inconsistent answers as a separate group.
To investigate changes in dyspnea status we included only subjects
with at least three available surveys, i.e.54% of the subjects from the
first analysis, and automatically the number of deaths due to COPD
(i.e. 99) decreased, leading to a low study power.

In conclusion, this study confirms an effect of dyspnea on all-cause
and cause-specific mortality and additionally shows that dyspnea
affects mortality in a severity-dependent manner. Moreover, this
study is the first to show that remission of dyspnea normalises the risk
of all-cause and cause-specific mortality, whereas persistent dyspnea
or developing dyspnea is a risk factor for mortality. We additionally
show that the effects of dyspnea on mortality are more pronounced
in overweight and obese subjects, in the older group and in subjects
with better lung function. The challenge for future research will be to
identify the mechanisms underlying the development and remission
of dyspnea. Only after the identification of these mechanisms, which
may be driven by both genetic and environmental factors, a proper
treatment of dyspnea can be established.
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TableS 1 ICD-codes for the causes of death

ICD-version ICD-7 ICD-8 ICD-9 ICD-10

Years of use  1965-1968 1969-1978 1979-1995 1996-2008
External 2800 2800 2800 S, T,V,W, X, Y
causes of

death

Deathdueto  330-334,400- 390-398,400- 390-398, G45-G46,
cardiovascular 416, 420-422, 404, 410-414, 401-405, 410- 100-115, 120-128,
disease 430-434,440-  420-429,430- 417, 420-438, 130-152,160-169,
447,450-456, 438,440-448  440-448, 451- 170-179, 180-189,
460-468,782.4 (excl.444.2), 459,785.4  195197,198.2,

450-458,782.4 198.8, 199,

M30-M31,
N28.0, R02, R58

Deathdueto 501,502,526, 490-492,518 490-492, J40-J44, )47
COPD 5271 494, 496

Table S2 Hazard ratio (HR) with 95% confidence interval (CI) for all-cause
mortality according to dyspnea original grades, only grade | a refernce

Dyspnea All-cause mortality

grades? n/NP HR< (95% CI) Grades HR< (95% Cl)
| 1842/5529 reference | reference
I 624/1258 1.0 (1.0-1.2) Il (mild) 1.0 (1.0-1.2)
I 195/316 1.3 (1.1-1.5) Il (moderate) 1.3 (1.21.6)
v 44/61 1.5 (1.1-2.4) v
\Y% 23/34 1.6 (1.0-2.4) V (severe) 15 (11:2.0)
VI 24/31 1.4 (0.9-2.1) Vi

*grade | asareference, "n=number of deaths in the group/N=number of all subjects
in the group, excluding those who died due to external causes, ‘Adjusted for age,
gender, place of residence, smoking habits, BMIl and FEV, % predicted at baseline
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Table S3 Hazard ratio (HR) with 95% confidence interval (CI) for all-cause,
cardiovascular mortality in stratification for dyspnea presence at baseline

Dyspnea Dyspnea All-cause CVD mortality COPD mortality
presence at on exertion mortality
baseline
HR (95% ClI) HR (95% Cl) HR (95% Cl)
No Never reference reference reference
Development 1.5 (1.2-1.8) 1.9 (1.4-2.5) 3.6 (2.1-6.1)
Yes Persistent reference reference reference
Remission 0.4 (0.2-0.7) 0.3 (0.1-0.7) 0.1(0.0-1.8)
Remission?® 0.4 (0.2-0.8) 0.3 (0.1-0.9) 0.1(0.0-1.7)

2 additionally adjusted for dyspnea severity at baseline
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Summary

Ageing is defined as a decline of physiological functions. Decline of
physiological functions ultimately lead to the development of age-
related diseases, such a cardiovascular disease (CVD) or Chronic
Obstructive Pulmonary Disease (COPD), and in consequence to death
(1;2). Humans age at different pace; they develop a disease and die at
different ages. Among factors influencing human lifespan, genetics
seemto play animportant role, since the variation in human lifespaniis
heritable for approximately 30% (3). This thesis focuses on the genetic
factors influencing human all-cause and cause-specific mortality, i.e.
cardiovascular and COPD mortality in the general population.

In Chapter 2 the role of the Sirtuin 1 (SIRT1) gene in human lifespan
is described. Sirtuins have become an important topic in biomedical
research during the past decade and currently are under debate
regarding their functions and as potential targets for therapeutic
applications in humans (4). Mutations that increase activity of Sir2
(silent information regulator 2) are associated with extended lifespan
of yeast, fruit flies and worms (5-7). SIRT1, the human homolog of
Sir2, that controls numerous physiological processes including the
glucose metabolism, is considered a candidate gene for predicting
variation in human lifespan. We studied 1,390 subjects from a general
population-based cohort with 18 years of follow-up to investigate the
associations between 3 SNPs tagging SIRT1 and human survival. Our
study provided new evidence in favor of a role of SIRT1, since carriers
of the minor allele of rs12778366 had a significantly reduced mortality
risk compared to the wild types indicated by a Hazard Ratio (HR)
of 0.69 (95% Cl 0.50 to 0.96; p=0.025). The direction of the effects
were the same in females and males, never and ever smokers and
in overweight/obese subjects (BMI > 25). Previous studies indicate
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that transgenic mice that overexpress SIRT1 appear to have beneficial
phenotypes that may be relevant in human health, including better
glucose tolerance (8;9). In contrast to the positive effects of increased
SIRT1 activity, SIRT1 deficiency impairs metabolism (10). Therefore,
additionally in 535 male subjects, we investigated associations
between SIRT1 and glucose tolerance. We found that carriers of
the minor allele of SNP rs12778366 had better glucose tolerance
indicated by 0.34 mmol/l lower glucose levels compared to wild type
subjects (p=0.03). When this association was further investigated in
subjects with normal weight (n=249) and overweight/obese subjects
(n=284) separately, we found significantly better glucose tolerance in
overweight/obese carriers of the minor allele of rs12778366 (i.e. 0.60
mmol/l lower glucose levels (p=0.01)) compared to overweight/obese
wild type subjects. In subjects with normal weight the same direction
of effect was observed (0.18 mmol/l lower glucose levels), but it
was not significant (p=0.50). Interestingly, a very recent study has
shown that SIRT1 protein levels and SIRT1 activity, measured in the
vasculature of Zucker rats, were greater in obese compared to lean
animals. This suggests that the increased expression and activity of
SIRT1 may be a vascular adaptive mechanism in obesity (11), possibly
preventing from hyperglycemia-induced vascular cell senescence
(12). In the light of our findings, it is of future interest to study the
functionality of rs12778366.

The study described in Chapter 3 investigated SNPs in A Desintegrin
and Metalloproteinase 33 (ADAM33) in relation to all-cause, COPD
and cardiovascular mortality in the general population. The ADAM33
gene was initially identified as an asthma susceptibility gene (13).
However, since it has been linked to the pathophysiology of age-
related diseases such as Chronic Obstructive Pulmonary Disease
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(COPD) and atherosclerosis (14-18), it has become a plausible
candidate gene for this thesis, as we were interested in a genetic
determinant associated with more than one age-related disease.
We selected four SNPs in ADAM33(Q_1,S_1,S 2and T_2) previously
linked to asthma, COPD, or accelerated declinein Forced Expiratory
Volume in 1 second (FEV,) for genotyping. Since we were interested
in the independent effect of the SNPs, the analyses were adjusted
for lung function level and other potential confounders. We found
that individuals homozygous for the minor allele of SNP T_2 had an
increased risk of all-cause and cardiovascular mortality compared to
wild types: HR=3.6 (95% Cl 2.0 to 6.7) and 3.4 (1.2 to 9.5) respectively.
Individuals homozygous for the minor allele of Q_ 1,S 1,S 20rT 2
had a significantly increased risk of COPD mortality. Importantly,
in stratified analyses according to gender and smoking habits the
risk of all-cause mortality associated with SNP T_2 did not change
(females 3.5 (1.5 to 8.3), males 3.1 (1.2 to 7.6), never smokers 3.8
(0.9 to 16.3), ever smokers 3.6 (1.8 to 7.2)), which emphasizes
the robustness of the association and indicates that SNP T 2 is a
general risk factor for mortality. Moreover, SNP T_2 was associated
with a reduced chance of survival to the age of 75, and therefore
we believe that ADAM33 may affect human lifespan. Our findings
highlight the importance of ADAM33 as a pleiotropic gene involved
not only in pulmonary disease, but in cardiovascular disease as well.
Future studies should focus on the functionality of the various SNPs
in this gene to further unravel its role in ageing.

In the study described in Chapter 4 we investigated the relation
between the Nuclear Factor (Erythroid-derived 2)-Like 2 (NFE2L2 or
NRF2) gene polymorphisms and all-cause, cardiovascular and COPD
mortality. NFE2L2 is a master regulator of antioxidant-related genes and
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genes controlling inflammatory responses, as well as of genes involved
in tissue remodeling (19). Furthermore, the broad role of NFE2L2 in
age-related diseases has been indicated by its association with the
development of atherosclerosis (20-23) and COPD (24;25). NFE2L2
regulates transcription of enzymes involved in lipids homeostasis and
previous studies, performed in mice, have shown that the expression
of NFE2L2 regulates the expression of lipogenic genes and affects
lipid accumulation and deposition in aortic lesions (20). Therefore, we
were additionally interested in NFE2L2’s relation with triglyceride and
total cholesterol levels. Five SNPs tagging NFE2L2 were selected and
genotyped in 1,390 subjects. Carriers of the minor allele of rs13001694
had a significantly reduced risk of all-cause mortality compared to wild
types: HR=0.8 (95% Cl 0.6 to 1.0). Moreover, we found that carriers
of the minor allele of rs2364723 had a significantly reduced risk of
cardiovascular mortality: HR=0.5,(95% Cl 0.3 t0 0.7). This result remained
in stratified analyses: females 0.4 (0.2 to 0.7), males 0.6 (0.3 to 0.9),
never smokers 0.5 (0.2 to 1.1), ever smokers 0.5 (0.3 to 0.8). We also
found that SNP rs2364723 was associated with lower triglyceride levels,
which may in part explain its association with reduced cardiovascular
mortality. We did not see a significant association of rs2364723 with
cholesterol in our Vlagtwedde-Vlaardingen cohort, but this SNP was
associated with a lower cholesterol level in the British 1958 Birth Cohort,
which highlights the relevance of this SNP in cardiovascular disease.
SNP rs2364723 is in high LD (r2=0.99) with the promoter polymorphism
rs35652124 (-686A/G) in the Vlagtwedde-Vlaardingen cohort (26),
suggesting a role in regulation of transcription. In this study we also
found that carriers of the minor allele of rs1806649 had a markedly
reduced COPD mortality: HR=0.3 (0.1 to 0.9). Interestingly, this SNP
previously has been associated with reduced air pollution-induced
asthma/COPD hospital admissions (27).
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In Chapter 5 a genome-wide association (GWA) study on all-cause
and cardiovascularmortality is presented. We investigated Caucasian
individuals in the Vlagtwedde-Vlaardingen, of whom blood samples
weredrawnin1989/9o andthevital status was assessed on December
312008. During 18 years of follow-up, out of 1546 included subjects,
356 had died, of whom 154 due to cardiovascular disease. In both
analyses we performed Cox regression on time to event, adjusted
for age and sex. Genome-wide significance was set at p<2.06x107 by
dividing the classical significance threshold of a=0.05 by the number
of SNPs tested (n=242,926). We found SNP rs10237193 in VWC(2 to
be associated with all-cause mortality at genome-wide significance
level. This gene encodes a protein that is possibly involved in neural
function and development and may have arole in cell adhesion. We
alsoidentified 20 SNPs associated with all-cause mortality at p<5x10°7.
Out of these, 10 are annotated to genes: RASAL2 (3 SNPs), SAMD4A,
MSI2, MBTPS1, CSF1R, NAP5, GAP43, TNKS1BP1.

For cardiovascular mortality we did not identify any genome-wide
significant SNP, but we identified 10 SNPs associated at p<5x10°
and 4 of these were intragenic (AMPH, LRMP, RASAL2, NELL1). Using
publicly available data (SCAN database, http://www.scandb.org)
we found that some of the top hits in this study are expression
quantitative trait loci (eQTLs; for example rs10237193 is associated
with the expression of MUTYH, which encodes a DNA glycosylase
involved in oxidative DNA damage repair).

Interestingly, the top associated SNPs in our GWA studies on all-
cause and cardiovascular mortality were associated with other traits
or diseases at p<0.05 in previously performed GWA studies (http://
www.gwascentral.org). These traits include fasting plasma glucose,

systolic blood pressure, BMI, serum cholesterol and lung function,
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suggesting that the SNPs we found are predictors of all-cause
and cardiovascular mortality via these intermediate phenotypes.
Replication is needed to confirm our findings.

Chapter 6 describes the use of a Genetic Risk Score (GRS) for
prediction of reduced lung function level in the general population.
Forced Expiratory Volume in one second (FEV)), measured by
spirometry, reflects the physiological state of the airways and lungs
(28), and reduced FEV. is a powerful indicator of future morbidity and
mortality (29-32). FEV is highly heritable, but SNPs in candidate genes
when studied separately only confer modest risk and are of limited
value in prediction (33). However, combining multiple loci with
modest effects into a GRS might improve identification of subjects at
risk for reduced FEV.. This is of great importance since this may in turn
prevent premature deaths. By testing associations between reduced
lung function (i.e. FEV <80% predicted) and 74 SNPs in 24 candidate
genes in 1,390 subjects from the Vlagtwedde-Vlaardingen cohort,
11 SNPs were selected to be included in an unweighted (uGRS) and
weighted (WGRS) GRS. The results of this study showed that the GRS
weighted by the odds ratio of each risk genotype, is a slightly better
discrimination tool (area under the curve AUC=0.740) of the subjects
with reduced lung function than the unweighted GRS that simply
sums risk genotypes (AUC=0.735). This is in agreement with previous
studies showing that a weighted GRS can capture considerably
more genetic risk compared to an uGRS (33;34). Aggregating data
from many markers into a single GRS variable allows genetic and
biological information related to phenotype to be condensed into
one dimension (34). However, so far none of the previous studies
attempted to proof this statement by investigating the effect of the
selected SNPs jointly, but not combined into one variable. Thus, we
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additionally tested this joint effect of 11 SNPs and although it showed
the highest discriminative power (AUC=0.749), based on the Akaike
Information Criterion (AIC), it does not fit the data as good as the
model with wGRS. Further studies, validating the discriminatory
accuracy of the wGRS need to be undertaken.

In Chapter 7 a study on the effects of dyspnea severity and changes in
dyspnea status on all-cause and cause-specific mortality is described.
The Vlagtwedde-Vlaardingen study started in 1965 and participants in
this study were re-examined every three years until 1989/1990. This
offered us the unique possibility to investigate the presence and
severity of dyspnea during lifetime and their influence on all-cause and
cause-specific mortality. In this study we included all 8,465 subjects
of whom the vital status was assessed on December 31, 2008.
After 43 years of follow-up, 2,883 (39%) of 7,360 subjects examined
for dyspnea severity had died; 1,386 (19%) due to cardiovascular
disease and 267 (4%) due to Chronic Obstructive Pulmonary Disease
(COPD). We found that subjects with moderate and severe dyspnea
had increased all-cause and cardiovascular mortality in a severity-
dependentmanner, compared to asymptomatics. Moreover, we show
that severe dyspnea was significantly associated with COPD mortality.
Persistent dyspnea and dyspnea development were risk factors for
all-cause, cardiovascular and COPD mortality. Additionally, effects of
dyspnea on mortality were more pronounced in overweight/obese
and older subjects, but also in subjects with better lung function.
Respiratory symptoms are often transient, with a high remission rate
(35) and dyspnea is likely to develop or remit during lifetime (36).
The important finding in this study is that subjects who lost dyspnea
had HR for all-cause and cause-specific mortality comparable to
asymptomatics. Thus, this study is the first showing that dyspnea
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remission normalizes mortality risk. Furthermore analysis of dyspnea
remission vs persistent dyspnea showed that remission of dyspnea
significantly reduces all-cause and cardiovascular mortality (HR=0.4
(95%Cl0.2to 0.7)and 0.3 (0.1t0 0.7), respectively). When this analysis
was further adjusted for dyspnea severity at baseline the associations
did not change and remained significant. Additionally, our findings
show that persistent dyspnea or development of dyspnea increase
all-cause mortality risk especially in subjects who were 46 years
or younger at baseline, which stresses the importance of early
detection and intervention at a relatively young age. Since relatively
few people who experience shortness of breath visit their general
practitioners for this complaint, dyspnea should be added to the
structured inventory of patients’ problems in order to facilitate
early detection (37).

Main findings

The chapters in this thesis describe research on SNPs from different
genesandthe effect of dyspneainageneral population-based cohort
in relation to all-cause and cardiovascular and COPD mortality, and
to lung function level.

The main conclusions of this thesis are:

1. ASNP in SIRT1 is associated with reduced all-cause mortality risk
and with better glucose tolerance.

2. SNPs in ADAM33 are associated with all-cause, cardiovascular and
COPD mortality, independent of their effect on lung function.

3. SNPs in NFE2L2 are associated with all-cause, cardiovascular and
COPD mortality and with triglyceride levels.
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. ASNP in VWC(2 is a genome-wide significant predictor of all-cause
mortality and SNPs in genes RASAL2, SAMD4A, MSI2, MBTPS1,
CSF1R, NAP5, GAP43, TNKS1BP1 are associated with all-cause
mortality at p<5x10°.

. No genome-wide significant SNPs are associated with
cardiovascular mortality, but SNPs in AMPH, LRMP, RASAL2, NELL1
are associated with a p<5x10°~.

. Weighted GRS (WGRS) composed of 11 SNPs is a better tool to
discriminate between subjects with normal and reduced lung
function level than unweighted GRS (uGRS) and than 11 SNPs
analyzed jointly but not combined in a score.

. Dyspnea is a severity-dependent predictor of all-cause and
cardiovascular mortality, but only severe dyspnea is associated
with COPD mortality.

. Persistent dyspneaordevelopment of dyspneaincreasesall-cause

mortality, but remission of dyspnea normalizes the mortality risk.
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General discussion and future perspectives

All humans age and with ageing they develop age-related diseases.
Among elderly people, co-morbidity is often observed, in which
case age-related diseases are treated separately. When appropriate
treatment is applied, death, a natural consequence of ageing, may
be delayed. This would result in an extension of life and suffering
from disease(s), whereas a perfect anti-ageing strategy would
rely on identifying people prone to develop age-related diseases
and postponing the onset of these diseases, thus, in practice, on
increasing the healthy years of life. Deeper insight into the genetic
background of age-related changes and diseases and the increased
mortality will enrich the knowledge about ageing and may provide
targets for effective interventions to live not only longer, but also in
good health. In this project we were interested in all-cause mortality
in the general population, but also in cause-specific mortality,
i.e. cardiovascular and COPD mortality.

Genetic approaches

At the start of this project in 2009 there were some interesting
candidate genes to be investigated, based on previous findings in
animal models or their biological function. Additionally, the genome-
wide association (GWA) studies era has developed giving the
possibility toidentify novel variants related to the traitin a hypothesis
free manner. Since most single nucleotide polymorphisms (SNPs)
identified by GWA studies fall in the 95% of non-coding region of
the genome (38) this approach may reveal completely novel genes
or regions that would not have been studied as candidate genes.
Given the advantages and disadvantages of both approaches
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(Table 1) we felt that both approaches could yield complementary

information related to the genetics of healthy ageing and therefore

we performed both types of studies.

Table 1 Comparison of candidate gene study and genome wide association

study approaches

Candidate gene study

Advantages

e Focuses on genes with known
biological function

e Capable of identifying
polymorphisms with low allele
frequency

e Afunctional SNP that leads to
alternation in protein function
may be arelevant target in
pharmacogenetics

Disadvantages

e Potentially miss important
genes and may lead to limited
explanation of varianceina
complex and polygenic trait as

ageing

e A priori knowledge of candidate
gene is required

Genome-wide association study

Advantages

e Anunbiased picture of the
genome

e May reveal unexpected SNPs
associated with ageing. GWA
studies present novel associations
and complex traits can be
explored

e No prior hypothesis required

Disadvantages

e Some problems may arise
regarding the discrepancy
between type | errors (false
positive results) and subsequently
adjusted type Il errors (false
negative results) in detecting
associated SNPs

e Large number of samples required

e Lack of information about gene
function

e Not capable of indentifying
polymorphisms with low allele
frequency e.g. rare variants
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Genetic studies on ageing and longevity

In the research on human ageing different phenotypes are studied.
There is a branch of studies on longevity, where the main goal is
to uncover genetic factors contributing to extremely long lifespan
(39-42). In the studies on healthy ageing, the phenotype is defined
in different ways. For example, Zhang et al. defined healthy ageing
as being 60 years or older and having a normal brain function and
verbal fluency test, normal laboratory findings for hemogram,
normal peripheral smear, urine, electrolytes chest X-ray, kidney,
pulmonary function, echocardiography and ECG (43). Another
study investigated time to develop a disease or time to death to
identify risk factors for these events (44). Searching for genetic
risk factors contributing to age-related phenotypes is promising,
since it may provide novel therapeutic targets for the future. In this
thesis on human ageing, using the data available in the Vlagtwedde-
Vlaardingen cohort, the studied outcomesinclude all-cause mortality,
cardiovascular and COPD mortality and reduced lung function level.

Candidate gene studies

It has been demonstrated that changes in single genes can
significantly increase lifespan of model organisms, such as worms,
fruit flies and mice (45-52). However, many of their human
homologues failed to be replicated across different populations
(49;53). Studies in model organisms have been performed under
laboratory conditions, where temperature, presence of pathogens,
food availability and population density are tightly controlled.
In most cases these conditions poorly mimic the evolutionary niche
in which the genes come to expression and it remains unknown
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to what extent single mutations affecting lifespan in laboratory
conditions would affect the lifespan in natural conditions. Thus, it
is difficult to translate results from model organisms to humans
and results obtained in model organisms should be interpreted
with caution (54). In this thesis we were interested in two longevity
genes that were identified in studies on model organisms: SIRT1
and NFE2L2. We highlighted their relevance in humans by showing
the associations between SNPs in these genes and human survival.
In addition to the longevity genes confirmed in model organisms,
pleiotropic genes involved in pathogenesis of more than one human
age-related disease deserve more attention, since they may also
influence survival in the population. The research on ageing should
not necessarily aim to increase human lifespan, but extend the
healthy years of life. In other words the research strategy should
be focused on prevention of age-related diseases. For instance,
we found that SNP T_2 in ADAM33 is a risk factor for COPD and
cardiovascular mortality which are both diseases that may lead
to premature death (i.e. before the age of 75). This suggests that
screening for this SNP, probably in conjunction with other SNPs in
other genes, may identify subjects who are at risk for premature
death. Eventually, in the future, for these subjects an individualized
pharmacological therapy may be developed to prevent or treat
a wide range of age-related diseases.

GWA Studies

In the last decade GWA studies became a popular and actually
leading approach in genetic studies on complex diseases or traits
and allowed the successful identification of hundreds of common
susceptibility variants, even though they were able to explain only
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a small fraction of genetic contribution leaving a problem of missing
heritability (55).

To identify new loci related to human ageing several GWA studies
were performed using different phenotypes. One of the investigated
phenotypes was longevity. These studies could not find any new loci
and merely confirmed the contribution of APOE (56-58) to longevity.
Another GWA study outcome was the phenotype of survival to age
of 90 years or older, but no genome-wide significant associations
were found in this study (59). Interestingly, one study investigated
the number of alleles increasing the risk for coronary artery disease,
cancer, and type 2 diabetes, all loci identified previously in GWA
studies. Surprisingly, it turned out that centenarians carry the
same number of disease susceptibility alleles as young controls,
thus longevity cannot be explained by the absence of age-related
disease risk alleles (60). In the meta-analysis of nine GWA studies on
all-cause mortality, genes highly expressed in the brain (HECW2, HIP1,
BIN2), genes involved in neural development and function (KCNQ4,
LMO4, NETO1) and autophagy (ATG4C) were highlighted (44).
It is possible that some of the variations affect the trait not in the,
commonly assumed, additive mode, but in a dominant or recessive
mode and therefore were not detected in GWA studies performed
so far. In one of the chapters we describe GWA studies performed
in the Vlagtwedde-Vlaardingen cohort and show that SNPs in VW(2,
RASAL2, SAMD4A, MSI2, MBTPS1, CSF1R, NAP5, GAP43, TNKS1BP1 are
associated with all-cause mortality and SNPs in AMPH, LRMP, RASAL?2,
NELL1 are associated with cardiovascular mortality. Nevertheless,
our findings need to be replicated in an independent cohort and
functional studies for the associated SNPs could give more clues
about their role in ageing.
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Study design and methodological issues

Human studies of ageing face numerous theoretical, methodological
and logistical challenges, since the determinants of lifespan are very

complex (53).

Most of the genetic association studies on longevity have been
performed in case-control settings where allele frequencies
between centenarians and average-aged subjects were compared
(61). In such a study the suitability of the matched young controls
is of course questionable since they come from a different birth
cohort and the environment influencing cases and controls may
be different. Furthermore, it is not possible to predict who and
how many of these young controls will become centenarians.
Longitudinal studies, where a cohort of individuals is followed
over time, like the Vlagtwedde-Vlaardingen cohort, are less prone
than case-control studies to these cohort effects. The Vlagtwedde-
Vlaardingen study is a general population-based cohort, in which the
vital status of all 8,465 participants was assessed and the median
age at death was 76 years. No selection bias toward centenarians
is present in Vlagtwedde-Vlaardingen since the age of death is
a continuous outcome variable here. In the described studies we
assessed the vital status of subjects participating in the survey in
1989/90 after 18 years of follow-up. Studies focused on the overall
survival in general population-based cohorts may provide results
that are better generalizable to and realistic for subjects with an
average lifespan.

Another methodological issue is the coverage of genetic variance.
In the candidate gene study approach, the SNPs selected for testing
(i.e. the tagging SNPs) should cover all the genetic variation in
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a gene, otherwise associations can be missed. Additionally, based
on prior knowledge selection of SNPs, which may be causal variants
for disease itself, is possible. In GWA studies commercially available
microarray platforms with hundreds of thousands SNPs providing
avery good coverage of the whole genome are usually used. Thus, SNP
may be associated with disease, only because of the close association
(LD) with the real, causal variant. This is also the case in candidate
gene studies, if variants with unknown function are studied.

When multiple tests are performed associations may be found due
to chance. A possible strategy to deal with potential false positive
findings are multiple testing corrections. In the candidate studies
described in this thesis the correction for multiple testing has
not been made. A policy of not adjusting for multiple testing will
decrease the likehood of type 2 errors and therefore potentially
useful observations will not be prematurely discarded (62).
Our hypotheses have been stated a priori, based on the previous
evidence indicating roles of SIRT1, ADAM33 and NFE2L2 in longevity or
in the pathophysiology of COPD and atherosclerosis, thus correcting
for multiple testing may be too conservative and should be avoided
(63). Regarding the GWA studies described in this thesis we used
Bonferroni correction, thus the threshold p-value for a genome-
wide significance was calculated by dividing a=0.05 by number of
test performed (n=242,925) and determined to be 2.06x107.

A very good method to provide more evidence that observed
associations are true findings is a replication of the results in an
independent cohort. In some cases, due to differences in study
design, sample size, genotyping errors, population stratifications
or different environmental modifiers, results cannot be replicated,

but the lack of replication in a different study population does not

194



General discussion

necessarily refute the original reported association (64). Another
solution to strengthen findings is a systematic meta-analysis,
a quantitative approach for combining the results on the same
outcome from different study cohorts, and this allows estimation
of population-wide effects of genetic risk factors in human disease
(65;66). Furthermore, ideally, negative findings require replication
like positive ones, to make sure that a gene is not discarded as
a further candidate for testing due to, for example a poor study
design or methodological issues.

Future perspectives

Ageing, age-related diseases, and death are consequences of
multiple cellular and physiological processes, and therefore likely
under the regulation of a wide and diverse set of genes and the
whole set of them is very difficult to be discovered.

Functional studies

The candidate genes from our studies still need more investigation
regarding their functionality in humans. For instance, we have
found that polymorphisms in ADAM33 are associated with all-
cause, COPD and cardiovascular mortality in the general population
and even with premature death in humans. A study in mice has
provided suggestive evidence that overexpression rather than
underexpression of the ADAMS33 protein may contribute to
morbidity and in turn to mortality events. Thus, in this light the next
research question is whether overexpression of ADAM33 leads to
the senescence phenotype. This may be tested using the cellular
markers of senescence (Ki67, p21 (CDKN1A), yH2AX, and Sen-B-Gal)
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in human endothelium where ADAM33 is highly expressed.
Furthermore, the cellular senescence may be evaluated in other
human cells in vitro given that ADAM33 is broadly expressed in
the human organism. If indeed overexpression of ADAM33 is
contributing to cellular senescence, next anti-inflammatory drugs
may be tested to check whether overexpression can be diminished
and the senescent phenotype can be delayed. Functional studies
should be performed for the SNPs identified in GWA studies even
for the top hits which are not genome-wide significant. For instance,
Malovini et al. in a GWA study performed in long-living individuals
from Southern Italy pointed out the calcium/calmodulin-dependent
protein kinase IV (CAMKIV) (67). Although the top SNP located in
CAMKIV did not reach genome-wide significance (p-value=2.9x10%),
they highlighted its relevance by showing its association with the
expression of CAMKIV. Moreover, in the same study they showed
that CAMKIV activates the proteins involved in cell survival: AKT,
SIRT1, and FOXO3A (67). This is an example how further studies
may indicate functionally relevant loci, even if they do not meet the
genome-wide significance threshold.

Pleiotropic candidate genes

Cardiovascular disease and COPD, being age-related diseases and
the main leading causes of death worldwide, need to be studied
simultaneously to uncover their shared genetic background. This
may provide novel targets for possible early detection and early
intervention to prevent both diseases simultaneously. This could in
the future decrease the cost of treating these diseases separately
and increase the healthy years of life. This can be done by testing
candidate genes involved in the pathogenesis of both diseases.
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Also genes with yet unknown function and their pleiotropic effects
should be assessed comprehensively in mouse models (68).
Such a search may provide targets for therapies, for instance with use
of small molecules that activate or deactivate these genes or their
protein products, which would slow down the ageing process and
extend human lifespan.

Sequencing to identify rare variants

Common SNPs that occur in the population with a minor allele
frequency (MAF) above 5% have not accounted for the missing
heritability of human lifespan. Therefore, rare variants (MAF<1%)
are often suggested to potentially explain the missing heritability.
Rare variants have for example beenidentified to contribute to several
complex psychological disorders (69). To discover genes related to
ageing, especially to discover such rare variants in relevant genes,
whole-genome sequencing technologies are needed. Nowadays next
generation sequencing platforms allow sequencing of entire genomes.
Although it is still costly, widespread use of sequencing is expected in
the next few years both in research and clinics (70). This approach
could be promising for studies in families, where siblings of long living
subjects have not only lower prevalence of morbidity (71;72), but also
areduced mortality (73;74). Such an analysis may allow determination
of important, rare variants protecting from mortality due to common
age-related diseases. Alternatively, studies in families with a history
of co-morbidities and early mortality (i.e. mortality below the average
age) may be performed to identify causal variants leading to increased
physiological decline with ageing.
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Epigenetics

Since the identification of genetic variants does not fully explain the
heritability of human lifespan, and is not able to provide evidence for
causative genetic effects, also an epigenetic contribution to this causality
should be taken into account. Genome-wide epigenetic studies, i.e.
looking at DNA methylation, histone marks, nucleosomal remodeling
and noncoding RNAs can provide new insights into the biology of ageing.
It would be specifically interesting to investigate changes in epigenetic
markers over time in longjtudinal cohorts (75). However, the mentioned
modifications affecting the genomic transcription machinery are gained
and lost at specified rates and they may contribute to disease risk, but
might not explain the missing heritability (76).

Gene-gene and gene-environment interactions

Ageing is multifactorial and in this sense may be influenced by many
genes interacting with each other, what is called epistasis. SNPs in
a gene may modify the effect of SNPs in other genes, and these gene-
gene interactions may enhance the risk for a particular phenotype in
an additive or multiplicative way, or the negative effect of one SNP
may be neutralized by the positive effect of another SNP. Furthermore,
there is evidence showing that the environment, for instance nutrition,
has an impact on the expression of genes related to lifespan, and
the best example is the effect of calorie restriction on induced SIRT1
expression in model animals (77;78). It emphasizes the importance of
gene-environment interactions and the likeliness they occur in humans
as well. In humans, next to the suggested impact of dietary intake,
smoking, an established factor influencing human lifespan itself, may
be an important environmental factor that changes the effects of SNPs
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on lifespan. Thus, to better understand ageing, gene-gene and gene-
environment interactions should also be studied.

Final conclusions

Findings in this thesis support a role of SIRT1, ADAM33 and NFE2L2 as
candidate genes related to human ageing in the general population.
Candidate genestudies, including those describedin this thesis, allow
better understanding of biological pathways involved in human
ageing and survival. Nonetheless, probably due to the complexity
of genetics determining human ageing and lifespan, results from
ageing/longevity candidate gene studies in humans were hardly
replicated in independent cohorts. In this thesis, scanning the
whole genome of subjects from the general population, we found
an association between VWC(C2 and all-cause mortality. This finding
needs to be replicated in other cohorts and ideally validated in a
functional study on its biological mechanism. In general, GWA
studiesindeed identified new susceptibility locifor complex diseases,
but explained only a very small part of the missing heritability (55).
Perhaps some of the missing heritability can be identified by the use
of new whole genome sequencing techniques, recently becoming
less expensive and promising tools to discover new rare variants

with strong effects on complex traits such a human ageing (70).

Phenotypic variance is traditionally a result of genetic and
environmental components. The genetic factors can affect
phenotypes in additive, dominant or recessive manners and ideally
all these models should be considered for testing. On top of that
there are interaction effects between genes and between genes
and environment, which should be investigated to disentangle the
complex associations underlying human ageing and lifespan.
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In conclusion, genetic determinants of human ageing consequently
affecting human lifespan still remain largely unknown. It is of great
interest to know who is at risk for progressive age-related diseases,
since this would enable intervention at a very early stage of disease.
The advances in high-throughput sequencing technology will
probably contribute to the identification of yet unknown or very rare
mutations predisposing for development of age-related diseases
and/or poor survival. Hence results obtained from sequencing may
provide targets for an accurate prediction of age-related changes/
diseases at an individual level and eventually may be used for
personalized anti-ageing therapy, all together potentially extending
healthy years of life in humans.
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Veroudering gaat samen met een afname van de fysiologische
functies. Deze afname van fysiologische functies kan leiden tot de
ontwikkeling van leeftijdsgebonden ziekten, zoals cardiovasculaire
ziekte (CVD) of chronische obstructieve longziekte (COPD), en
uiteindelijk tot de dood. Er zijn grote verschillen in het tempo van
veroudering tussen mensen; mensen worden ziek en sterven op
verschillende leeftijden. Genetica lijkt een belangrijke rol te spelen
in het tempo van veroudering. Uit eerder onderzoek is gebleken dat
de variatie in de menselijke levensduur voor ongeveer 30% erfelijk
bepaald is. Dit proefschrift richt zich op de genetische factoren die
geassocieerd zijn met sterfte in zijn algemeenheid en met sterfte
door specifieke oorzaken (cardiovasculaire en COPD-gerelateerde
sterfte) in de algemene bevolking.

In hoofdstuk 2 wordt de rol van het Sirtuin 1 (SIRT1) gen in relatie
tot de menselijke levensduur beschreven. Mutaties die de activiteit
van Sir2 (silent information regulator 2) verhogen zijn geassocieerd
met een langere levensduur van gisten, fruitvliegen en wormen.
De menselijke homoloog van Sir2, SIRT1, controleert talrijke
fysiologische processen waaronder het glucosemetabolisme.
Daarom zou SIRT1een goede voorspeller kunnen zijn voor de variatie
in de menselijke levensduur. We vonden dat een bepaalde mutatie
in SIRT1 geassocieerd is met een verlaagd risico op sterfte (en dus

met een langere levensduur) en met een betere glucosetolerantie.

In hoofdstuk 3 wordt onderzoek naar genetische variatie in het
A Desintegrin and Metalloproteinase 33 (ADAM33) gen in relatie
tot algemene sterfte en oorzaakspecifieke sterfte (COPD en
cardiovasculaire sterfte) in de algemene bevolking beschreven.
Het ADAM33 gen werd aanvankelijk geidentificeerd als een astma-
gevoeligheidsgen. Echter, omdat uit eerder onderzoek is gebleken



dathetADAM33gen ook geassocieerdismetchronische obstructieve
longziekte (COPD) en atherosclerose, is het een plausibel kandidaat-
gen voor ons onderzoek omdat we geinteresseerd zijn in genen die
geassocieerd zijnmet meerdere leeftijdsgerelateerde aandoeningen.
We vonden dat genetische varianten in ADAM33 geassocieerd zijn
met algemene, cardiovasculaire en COPD-gerelateerde sterfte,
onafhankelijk van hun associatie met longfunctie.

Inhoofdstuk 4 onderzochtenwe derelatie tussen genetische variatie
in het Nucleaire Factor (Erythroid-afgeleid 2)-Like 2 (NFE2L2 of NRF2)
gen en algemene sterfte, en cardiovasculaire en COPD-gerelateerde
sterfte. NFE2L2 reguleert de transcriptie van genen die betrokken
zijn bij het handhaven van de oxidatie-antioxidatie balans, bij
ontstekingsreacties of bijweefselremodellering. Deveelomvattende
rol van NFE2L2 in leeftijdsgerelateerde aandoeningen blijkt door de
eerder gevonden associaties tussen genetische variatie in NFE2L2 en
de ontwikkeling van atherosclerose en COPD. Daarnaast reguleert
NFE2L2 ook de transcriptie van enzymen die betrokken zijn bij het
handhaven van de vetbalans (lipiden homeostase), en eerdere
studies in muizen hebben aangetoond dat de expressie van NFE2L2
de expressie van lipogene genen beinvloedt en een effect heeft
op lipide ophoping en afzetting in aorta laesies. In ons onderzoek
vonden we dat genetische variatie in NFE2L2 geassocieerd is met
algemene, cardiovasculaire en COPD-gerelateerde sterfte en met
triglyceride niveaus in het bloed.

In hoofdstuk 5 hebben we een genoom-brede associatie (GWA)
studie in relatie tot algemene en cardiovasculaire sterfte gedaan.
We onderzochten 1546 blanke individuen in de Vlagtwedde-
Vlaardingen studie, van wie bloedmonsters zijn verzameldin1989/90.
Gedurende 18 jaar follow-up, zijn er 356 van de 1546 geincludeerde



personen overleden, van wie 154 als gevolg van cardiovasculaire
aandoeningen. SNP rs10237193 in het gen VW(C2 was geassocieerd
met algemene sterfte met een p-waarde kleiner dan de genoom-
brede significantie (p<2.06x107). Twintig SNPs waren geassocieerd
met algemene sterfte (p< 5x10%), van welke 10 SNPs in of rondom
genen liggen: RASAL2 (3 SNPs), SAMD4A, MSI2, MBTPS1, CSF1R, NAPs,
GAP43, TNKS1BP1. In relatie tot cardiovasculaire sterfte hebben we
geen genoom-breed significant geassocieerde SNPs gevonden.
Wel vonden we 10 SNPs geassocieerd met p-waarden <5x10° en 4
daarvan lagen in genen (AMPH, LRMP, RASAL2, NELL1).

Hoofdstuk 6 beschrijft het gebruik van een genetische risicoscore
(GRS) voor het voorspellen van een verlaagd longfunctie niveau in
de algemene bevolking. De geforceerde uitademing in een seconde
(FEV,), gemeten met behulp van spirometrie, weerspiegelt de
fysiologische toestand van de luchtwegen en de longen. Daarnaast
is een verlaagde FEV, een sterke voorspeller van toekomstige
ziekte en sterfte. FEV. is zeer erfelijk, maar SNPs in kandidaat genen
voorspellen elk apart slechts een klein deel van het longfunctie
niveau. Uit onze studie blijkt dat een gewogen genetischerisicoscore
(WGRS, weging op basis van de SNP-specifieke associatie met de
longfunctie), bestaande uit 11 SNPs, een beter instrument is om te
discrimineren tussen personen met een normaal en een verminderd
longfunctie niveau dan een ongewogen GRS (uGRS). Echter het
gebruik van de wGRS geeft niet een betere voorspelling dan het
opnemen van de 11 afzonderlijke SNPs in het model.

In hoofdstuk 7 onderzochten we de associatie tussen
kortademigheidsklachten en algemene en oorzaakspecifieke
sterfte. Het Vlagtwedde-Vlaardingen cohort is gestart in 1965 en

deelnemers aan dit onderzoek werden elke drie jaar opnieuw



onderzocht, tot en met de laatste meting in 1989/1990. Dit bood
ons de unieke mogelijkheid om de aanwezigheid en de ernst van
kortademigheidsklachten en veranderingen hierin tijdens het
leven te onderzoeken in relatie tot algemene en oorzaakspecifieke
sterfte. Kortademigheid blijkt een belangrijke voorspeller voor
algemene en cardiovasculaire sterfte, maar alleen ernstige
kortademigheid is geassocieerd met COPD sterfte. Aanhoudende
kortademigheid of het ontwikkelen van kortademigheid in de loop
der tijd verhoogt het risico op algemene sterfte. Echter, wanneer de
kortademigheidsklachtenindeloop dertijd verdwijnen, normaliseert
ook het sterfterisico weer.
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