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1. Introduction
During the past two centuries, record life expectancy has increased by around 2.5 years per decade
(Oeppen & Vaupel 2002). Until the middle of the 20th century, the increase was primarily driven by a
reduction in child mortality due to improved living conditions and better hygiene. During the last
decades, however, the increase has been a result of a dramatic decline in the mortality rate among the
elderly as a consequence of better medical treatment (Vaupel 1997; Engelaer et al. 2013). The number
of extremely old individuals is thus increasing, and due to both the falling birth rate and the low
immigration, the population in general is aging (Christensen et al. 2009). Since aging is the primary
risk factor for a number of diseases as well as for mortality, this development represents one of the
biggest socioeconomic and health care-related challenges in modern society (Kennedy & Pennypacker
2013). Research into mechanisms that may postpone aging and decrease age-related disease as well as
explain the variability in human lifespan is therefore highly important.

1.1. The heritability of human lifespan
Evidence from family and twin studies suggests that there is a moderate genetic component to the interindividual variation in human lifespan.
Several studies support a familial clustering of human longevity: In a population-based study of
individuals from Iceland, the genetic component to long life was found to be significant, especially
after age 70 (Gudmundsson et al. 2000). Similar observations were made in Utahans as well as in
Amish individuals (Kerber et al. 2001; Mitchell et al. 2001), where the heritability was estimated to be
15% and 25%, respectively. In a study of U.S. centenarians, siblings of centenarians were found to
have a lifelong survival advantage compared to other members of their birth cohort, reflected by a 17fold higher chance for male siblings of becoming centenarians and an eightfold higher chance for
female siblings (Perls et al. 2002). Siblings of Okinawan centenarians also showed an increased adult
survival probability (Willcox et al. 2006a), and parents of Ashkenazi Jew centenarians born around
1870 were sevenfold more likely than their contemporaries to have reached age 90-99 (Atzmon et al.
2004).
While this familial clustering can be due to the sharing of both genetic and environmental factors, twin
studies are useful in separating the effect of these components (Cournil & Kirkwood 2001). In 1996,
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the heritability of adult lifespan was found to be 26% in men and 23% in women in a study of 2,872
Danish twin pairs born between 1870 and 1900 (Herskind et al. 1996). This study supported previous
results on a subset of these twins, where the overall heritability of longevity was found to be 33%
(McGue et al. 1993). This moderate heritability was confirmed in additional twin studies reporting
similar estimates (Ljungquist et al. 1998; Skytthe et al. 2003).
The heritability of human lifespan has been found to increase with age. In a study of more than 20,000
twins from Denmark, Finland and Sweden born between 1870 and 1910, the heritability of longevity
was found to be negligible before age 60, but to increase thereafter (Hjelmborg et al. 2006). Also, the
heritability of living to at least 100 years has been estimated at 33% in women and 48% in men
(Sebastiani & Perls 2012), supporting a higher impact of genetic factors at more extreme ages. The
study of nonagenarians and centenarians is thus suggested to increase the probability of identifying
genetic variants associated with human aging and longevity.

1.2. Human genetic variation
Inherited genetic variation potentially giving rise to phenotypic differences between individuals comes
in several forms, ranging from single nucleotide polymorphisms (SNPs) affecting a single base to
aneuploidies affecting whole chromosomes. This thesis is confined to the investigation of SNPs and
copy number variants (CNVs), and thus only these types of variation will be further explored in this
section.
SNPs are the most common and well-studied type of variation in the human genome. They are caused
by point mutations arising either by misincorporation of nucleotides during DNA replication, chemical
modification of bases or physical damage induced by, for instance, radiation. The mutation rate for
SNPs has been investigated in numerous studies of parent-offspring trios, and even though the
estimates diverge due to differences in the methodology used, the average overall mutation rate is in
the order of 1 × 10-8 per base per generation (Conrad et al. 2011). The average human genome contains
between 3 and 4 million SNPs (Genomes Project et al. 2012), corresponding to one SNP per 1000
nucleotides. SNPs may fall within coding (exons), non-coding (introns) or intergenic regions and can
thus affect gene expression and thereby a given phenotype in a number of ways, for instance by
introducing a premature stop codon, change the amino acid sequence or interrupt regulatory elements
(Haraksingh & Snyder 2013).
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CNVs are defined as genomic regions that vary in copy number between genomes due to insertions,
deletions and duplications (Feuk et al. 2006). Traditionally, the term CNV was confined to changes
larger than 1 kb. This cut-off is, however, rather arbitrary, and a cut-off of 50 bp has also been
employed (Mills et al. 2011). CNVs are generally believed to arise through retrotransposition, through
one of two recombination-based mechanisms, Non-Allelic Homologous Recombination (NAHR) and
Non-Homologous End-Joining (NHEJ), or through the replication-based mechanism Fork Stalling and
Template Switching (FoSTeS) (Zhang et al. 2009). Compared to SNPs, the mutation rate for CNVs
appears to be orders of magnitude higher, ranging from approximately 10-6 to 10-2 (Campbell & Eichler
2013). The discovery of CNVs is challenging, and the number of detected CNVs, as well as their sizes,
is highly dependent on the resolution of the detection method used. Initial CNV studies detected in the
area of 11-12 CNVs per individual (Iafrate et al. 2004; Sebat et al. 2004). In contrast, a recent update
from The 1000 Genome Project Consortium reported of 717 larger deletions per individual (Genomes
Project et al. 2012). Due to technical challenges, genomic regions of low complexity were not
investigated, neither were duplications, and hence this is probably an underestimate of the true number
of CNVs in the average human genome. CNVs detected in apparently healthy individuals are compiled
in the Database of Genomic Variants (DGV, http://dgv.tcag.ca, (Macdonald et al. 2014)), which at the
time of writing contains more than 100,000 CNVs. Like SNPs, CNVs can lead to changes in gene
expression through numerous mechanisms, including gene interruption, gene fusion, alteration of gene
dosage due to duplication or deletion of genes or part of genes, and interruption of regulatory elements
(Haraksingh & Snyder 2013).
Certain regions of the genome are more prone to recombination than others, resulting in blocks of DNA
being inherited together. Within these DNA blocks, closely positioned genetic variants can be highly
correlated, a phenomenon known as linkage disequilibrium (LD). If two genetic variants (both SNPs
and CNVs) are in LD, they can tag each other, and the genotype of one genetic variation will then be
representative of the genotype of the other genetic variation (Frazer et al. 2009). This LD-based
tagging, however, seems to be confined to common variants (Conrad et al. 2010), which in general are
defined as having a frequency of more than 1%, or sometimes 5%.
The determination of LD between genetic variants and haplotypes, i.e. the combination of particular
alleles on a chromosome, was highly facilitated by the International HapMap Project
(http://hapmap.ncbi.nlm.nih.gov), which catalogued both allele frequencies and LD pattern across
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several populations for more than 3 million SNPs (International HapMap 2005; International HapMap
et al. 2007). A further extension of this work is The 1000 Genomes Project
(http://www.1000genomes.org), which is aimed at discovering, genotyping and providing accurate
haplotype information on all forms of human DNA variation in multiple human populations by
sequencing the genomes of 2,500 individuals from Europe, East Asia, South Asia, West Africa and the
Americas (Genomes Project et al. 2010; Genomes Project et al. 2012).

1.3. Genetic studies of human longevity
The phenotypes used to study the genetics of human aging are numerous and include among others
lifespan, longevity and healthy aging. The primary phenotype used in this thesis will be longevity,
which is generally defined as reaching a specific, exceptional age. Recent studies suggest that
individuals living to extreme ages also tend to have increased health-spans (Andersen et al. 2012;
Sebastiani et al. 2013b), and thus longevity may reflect healthy aging as well.
1.3.1. Study approaches and designs
The investigation of the connection between genetic variation and human longevity is generally
conducted using either linkage studies or association studies. Linkage studies exploit a family-based
design, of e.g. long-lived siblings or extended families of long-lived individuals, in the search for
genetic markers segregating with the longevity phenotype to a greater extent than would be expected
by chance (Willcox et al. 2006b). Linkage studies are generally well powered for the detection of
genetic regions containing variants with substantial effects (Hirschhorn & Gajdos 2011) and have been
successful in mapping genetic loci underlying monogenic disorders, like for instance Huntington’s
disease (Gusella et al. 1983). However, the genetic regions identified in linkage studies are usually
large and need further investigation in order for potential candidate genes to be localized (Nebel &
Schreiber 2005). In contrast to this, association studies are useful for the investigation of associations
between specific genetic variants with modest effects and a given phenotype, applying either a casecontrol design or a prospective cohort design. When an association between a genetic variant and a
given phenotype is found, three possible scenarios may underlie the finding: 1) the association is direct
and the variant has a causal role, 2) the association is indirect and the variant is not causal in itself, but
is in LD with the causal variant, or 3) the association is due to confounding and represents a false-
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positive finding (Cordell & Clayton 2005). In order to minimize the risk of the spurious results in 3),
replication of initial findings in additional study populations has become more or less mandatory in
genetic studies of human longevity. The association studies initially performed were candidate gene
studies that investigated a limited number of genetic variants in a limited number of genes, selected
based on a priori hypotheses about their biological relevance. Recent advances have, however,
facilitated the hypothesis-free and genome-wide investigation of hundreds of thousands or even
millions of genetic variants (Hirschhorn & Gajdos 2011).
Family-based studies are generally quite robust to population stratification, i.e. differences in the
genetic composition between subpopulations, for instance due to ethnic differences (Nebel et al. 2005).
However, it can be speculated that, due to the close relationship between the studied individuals, the
genetic variants identified in these studies might be rare and family-specific, and hence the biological
knowledge gained might not be generally applicable. Examples of studies of long-lived families
include the GEnetics of Healthy Aging (GEHA) Study (Skytthe et al. 2011), the Long Life Family
Study (LLFS) (Newman et al. 2011) and the Leiden Longevity Study (LLS) (Schoenmaker et al. 2006).
In case-control studies of longevity, the allele frequencies of one or more genetic variants are compared
between long-lived cases and younger controls. The ideal situation would be that the only difference
between the cases and the controls were the studied phenotype, and that the controls therefore were
deceased individuals from the same birth cohort as the long-lived cases (Deelen et al. 2013a). Since
this scenario is generally not possible, younger controls from other birth cohorts are used instead.
However, this poses several problems: First, an unknown number of the younger controls will
eventually become long-lived, which dilutes the genetic effects and reduces power (Brooks-Wilson
2013). Second, given that environmental and lifestyle factors have varied greatly over time and that
many of the long-lived individuals have lived through times of food deprivation and infectious diseases
due to no or limited use of antibiotics and vaccines (Nebel & Schreiber 2005), the selection pressure
influencing their mortality compared to that of the younger controls is different and might confound
associations (Lewis & Brunner 2004). Third, population stratification related to migration and
population admixture could also act as a confounder as this might influence the assumption of similar
initial allele frequencies between the younger controls and the long-lived individuals (Lewis & Brunner
2004). A potential way of circumventing some of these problems is by conducting case-control studies
in a family-based setting by matching the offspring of long-lived individuals, who are assumed to be
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predisposed to longevity, with contemporary age-matched controls, like for instance their spouses
(Brooks-Wilson 2013).
Prospective cohort studies are characterized by the enrollment of a population of individuals, who are
followed over time and sampled at multiple time points, enabling longitudinal data analyses. Within
longevity research, prospective cohort studies generally consist of highly aged individuals (e.g. the
Leiden 85-plus study (der Wiel et al. 2002), the Newcastle 85+ study (Collerton et al. 2007), and the
Danish 1905 Birth Cohort Study (Nybo et al. 2001)) or middle-aged individuals (e.g. the Rotterdam
Study (Hofman et al. 2009) and the Framingham Heart Study (Dawber et al. 1951)). The major
advantage of this type of study is that cohort effects are generally avoided. However, it requires
significant resources both time- and money-wise (Christensen et al. 2006), and a detected association
might be specific and thus only relevant for the age-span of the investigated cohort.
Another aspect affecting the choice of study approach and design is the fact that human longevity is a
highly complex and polygenic trait believed to be influenced by many genes with small individual
effects (Christensen et al. 2006).
1.3.2. Findings from candidate gene studies
To date, a vast number of genetic studies of human longevity have been carried out, the results of
which can be found in the LongevityMap database (http://genomics.senescence.info/longevity,
(Budovsky et al. 2013)). LongevityMap contains information on variants both significantly and nonsignificantly associated with human longevity, and at the moment it harbors 517 entries on 2,005
variants in 755 genes. Going into detail with all of these is of course beyond the scope of this thesis, but
selected findings will be highlighted. Being of special importance to this thesis, the genome-wide
association studies (section 1.3.4) are more thoroughly explored.
Initially inspired by studies in animal models, human candidate gene studies of longevity have focused
on genes in a number of pathways, for instance growth hormone (GH)/insulin/insulin-like growth
factor 1 (IGF-1) signaling, DNA damage and repair, immune regulation, lipoprotein metabolism,
oxidative stress response and telomere maintenance (Deelen et al. 2013a). Genes in the different
pathways found to associate with longevity include AKT1 (Pawlikowska et al. 2009), FOXO1A
(Kuningas et al. 2007), FOXO3A (Willcox et al. 2008), GH1 (van Heemst et al. 2005), IGF2R and INS
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(Soerensen et al. 2012a) in GH/insulin/IGF-1 signaling; EXO1 (Nebel et al. 2009), WRN and RAD52
(Soerensen et al. 2012a) in DNA damage and repair; IL6 (Christiansen et al. 2004), HSF2 (Broer et al.
2013) and HSPA1A and HSPA1B (Altomare et al. 2003; Singh et al. 2010) in immune regulation;
APOE (Schachter et al. 1994), CETP (Barzilai et al. 2003) and APOC3 (Atzmon et al. 2006) in
lipoprotein metabolism; SIRT3 (Rose et al. 2003; Bellizzi et al. 2005), PON1 (Lescai et al. 2009) and
SOD2 (Soerensen et al. 2009) in oxidative stress response; and TERT and TERC (Atzmon et al. 2010;
Soerensen et al. 2012b) in telomere maintenance.
The majority of these initially positive findings have not been replicated in independent studies, and
only two genes, APOE and FOXO3A, have thus been found to consistently associate with longevity
across populations. APOE encodes the protein apolipoprotein E, which seems to play a role in various
processes like lipoprotein metabolism, cognitive function and immune regulation (Mahley & Rall
2000). The APOE protein is found as three isoforms: APOE2, APOE3 and APOE4, with APOE4
acting as a risk factor for cardiovascular disease, Alzheimer disease and mortality (e.g. (Schachter et al.
1994; Gerdes et al. 2000; Song et al. 2004; Bathum et al. 2006; Christensen et al. 2006; Bertram et al.
2007; Jacobsen et al. 2010; Soerensen et al. 2013)). FOXO3A is a homologue of the C. elegans daf-16
gene, an important nematode regulator of lifespan, and encodes the forkhead box O3 protein, which
acts as a transcription factor for a number of genes involved in processes like apoptosis and oxidative
stress (van der Horst & Burgering 2007). FOXO3A has been associated with longevity in a number of
both European, Asian and American populations (Willcox et al. 2008; Anselmi et al. 2009; Flachsbart
et al. 2009; Li et al. 2009; Pawlikowska et al. 2009; Soerensen et al. 2010).
In addition to single gene studies, a few studies have focused on determining the joint effect of SNPs
within a pathway. In a gene-set analysis of genes in the insulin/IGF-1 signaling and telomere
maintenance pathways, both pathways were found to be associated with longevity, with the
insulin/IGF-1 signaling genes AKT1, AKT3, FOXO4, IGF2, INS, PIK3CA, SGK, SGK2 and YWHAG
and the telomere maintenance gene POT1 as the main determinants of association (Deelen et al.
2013b). Also, a recent study reported on an association between the DNA-damage response and repair
pathway and longevity when applying a set-based test for 592 SNPs in 77 genes (Debrabant et al.
2014).
1.3.3. Findings from linkage studies
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Linkage studies using family-based designs were the first studies to search for loci predisposing to
longevity in an explorative and genome-wide manner. Several putative loci linked to longevity have
been identified using this approach.
In 2001, Puca et al. (Puca et al. 2001) reported on the first linkage study on longevity carried out in 308
individuals from 137 sibships of exceptional longevity defined by having a proband of at least 98 years
of age and a 91-year-old male or a 95-year-old female sibling. Significant evidence for linkage with
longevity was found for a region on chromosome 4q25, and this was supported in a subsequent study of
95 pairs of fraternal male twins concordant for healthy aging, though the evidence was weak (Reed et
al. 2004). A targeted study of this region in 379 nonagenarians belonging to 164 sibships from the LLS
was, however, unable to confirm the linkage (Beekman et al. 2006). An expansion of the original study
by Puca et al. (Puca et al. 2001) with a study including long-lived siblings from 279 families and 9,751
SNPs resulted in the identification of linkage for longevity at chromosome 3p22-24 as well as
suggestive evidence at chromosome 9q31-34 (Boyden & Kunkel 2010). The role of the 3p22-24 region
for linkage with longevity was further supported by a meta-analysis of the study by Boyden & Kunkel
(Boyden & Kunkel 2010) and a study of 732 long-lived individuals from Utah (Kerber et al. 2012).
Two linkage studies of successfully aged Amish individuals older than 80 years from a single 13generation pedigree identified linkage regions at chromosome 6p12.1, 6q25-27, 7q11.21 and 14q22.1
(Edwards et al. 2011; Edwards et al. 2013). Recently, the largest linkage study for longevity to date
was performed in 2,118 nonagenarian sibling pairs from the European GEHA Study. In this study,
linkage with longevity was found for four chromosomal regions: 14q11.2, 17q12-22, 19p13.3-13.11
and 19q13.11-13.32. Gender-specific effects were observed with significant linkage at chromosome
8p11.21-q13.1 in males and at chromosome 15q12-q14 and chromosome 19q13.33-q13.41 in females.
Fine mapping of the linkage regions in a subset of individuals revealed the 19q13.11-13.32 region to be
accounted for by the APOE ε4 and ε2 alleles (Beekman et al. 2013).
1.3.4. Findings from genome-wide association studies
A number of genome-wide association studies (GWASs) have been performed with the aim of
uncovering common genetic variation associated with longevity. However, to date only SNPs near
APOE have been found to achieve genome-wide significance.
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The first GWAS to confirm the effect of APOE on longevity was one of 403 unrelated nonagenarians
(94 years on average) from the LLS and 1,670 younger controls (58 years on average). None of the
investigated 516,712 SNPs reached genome-wide significance in the initial association analysis
(Deelen et al. 2011), but the analysis of the 62 strongest candidate SNPs (P < 1 × 10-4) in a metaanalysis of 4,149 nonagenarian cases and 7,582 younger controls from the Rotterdam Study, the Leiden
85-plus Study and the Danish 1905 Birth Cohort Study, revealed one SNP with genome-wide
significance (OR 0.71, 95% CI 0.65-0.77, P = 3.39 × 10-17). This SNP, rs2075650, is located in the
TOMM40 gene at chromosome 19q13.32 near APOE, and was found to tag the deleterious effect of the
APOE ε4 allele. Shortly after, Nebel et al. (Nebel et al. 2011) found the association of the SNP
rs4420638 to achieve genome-wide significance in a GWAS comparing the frequencies of 664,472
autosomal SNPs between 763 long-lived individuals (mean age 99.7 years) and 1,085 younger controls
(mean age 60.2 years) of German ancestry, and with replication in an independent set of German
samples comprised of 754 cases with a mean age of 96.9 years and 860 controls with a mean age of
67.3 years. The identified SNP, rs4420638, is situated near the APOC1 gene, which is in LD with
APOE. Finally, a third GWAS of exceptional longevity investigating 243,980 SNPs identified the
TOMM40 SNP rs2075650 as significantly associated with longevity (Sebastiani et al. 2012). The study
included a discovery set of 801 centenarians (median age 104 years) and 914 genetically matched,
healthy controls, and two replication sets of 253 centenarians (median age 100 years) and 341
genetically matched controls, and 60 additional centenarians (age range 100-115 years) and a number
of unmatched controls.
Other GWASs of longevity and aging-related phenotypes include the GWAS by Lunetta and coworkers (Lunetta et al. 2007). In this study, the association between 100K SNPs and five aging-related
phenotypes (age at death, morbidity-free survival at age 65 years, age at natural menopause, walking
speed and biological age by osseographic scoring system) were investigated in 258 Original Cohort
members of the Framingham Heart Study and 1,087 individuals from the Offspring Cohort. No
genome-wide significant associations were detected, but top-ranked SNPs associated with age at death
(P < 0.01) included SNPs in or near the genes FOXO1A, GADPH, KL, LEPR, PON1, PSEN1, SOD2,
and WRN. Newman et al. (Newman et al. 2010) conducted a meta-analysis of GWASs of longevity for
four cohort studies participating in the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium. Longevity cases comprised 1,836 individuals surviving to at
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least age 90 years, and controls were 1,955 individuals who died between ages 55 and 80 years. To
ensure comparability between the four studies, imputation to 2.5 million SNPs was carried out. Initial
findings were further evaluated in long-lived individuals and younger controls from the LLS and the
Danish 1905 Birth Cohort Study. The most significantly associated SNP was rs9664222 (OR 0.82, P =
6.8 × 10-7) situated near the MINPP1 gene, which is involved in the regulation of cellular proliferation.
The contribution of genetic sequence variation was further explored in a GWAS of 410 long-lived
individuals aged 90-109 years and 553 younger controls aged 18-45 years (Malovini et al. 2011).
Among the top SNPs (P < 1 × 10-4), rs10491334 in the CAMKIV gene was found to replicate in a
sample of 116 additional long-lived individuals and 160 controls, and in vitro analysis demonstrated
that the protein encoded by CAMKIV phosphorylates and activates the survival proteins FOXO3A,
AKT, and SIRT1. Homozygous carriers of the rs10491334 minor allele exhibited a significantly lower
protein level and were underrepresented among the long-lived individuals, consistent with a deleterious
effect of the minor allele of rs10491334 on longevity. In 2011, Walter et al. (Walter et al. 2011)
conducted a meta-analysis of GWASs from nine longitudinal cohort studies from the CHARGE
Consortium. The analysis included roughly 25,000 unselected individuals above age 55 and of
European ancestry and focused on two continuous traits: all-cause mortality and survival free of major
disease or death. While no SNPs reached genome-wide significance for either of the phenotypes, 14
independent SNPs were found to predict age at death, and eight SNPs to predict event-free survival (P
< 10-5). Most of these suggestive associations were found to be in or near genes highly expressed in the
brain and genes involved in neuronal development and function, suggesting that neurological processes
may play a role in longevity.
A genome-wide association meta-analysis of 7,729 long-lived individuals (≥ 85 years) and 16,121
younger controls (< 65 years), and with replication in an additional set of 13,060 long-lived individuals
and 61,156 younger controls, all of European descent, is currently under publication. Besides
confirming the TOMM40/APOE/APOC1 locus (rs4420638), this study observes a novel genome-wide
significant association between rs2149954 on chromosome 5q33.3 and longevity. Being located in an
intragenic region between CLINT1 and EBF1, the role of rs2149954 is not directly inferable; however,
in a prospective meta-analysis of more than 34,000 individuals, the minor allele of rs2149954 is found
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to associate with increased survival as well as with decreased cardiovascular mortality risk (Deelen et
al. 2014, in press).
In addition to sequence variation, the genome-wide contribution of structural genetic variation to
human lifespan has also been investigated. Using more than 11,000 individuals from the Rotterdam
Study and the Framingham Heart Study, Kuningas et al. (Kuningas et al. 2011) found a higher burden
of common deletions larger than 500 kb in size as well as two common CNV regions at chromosomes
11p15.5 and 14q21.3 to associate with mortality during old age. Recently, a whole-genome CNV
analysis was performed, initially comparing the rates of CNVs in 7,313 children aged 0-18 years and
2,701 adults older than 67 years, and with replication in an additional 2,079 pediatric and 4,692
geriatric subjects (Glessner et al. 2013). Seven CNV regions were found to be significantly enriched in
the pediatric individuals, with a majority of the encompassed genes being involved in RNA splicing.
In summary, despite a known genetic component, a substantial effort and a number of proposed genes
and genetic loci, only the APOE and FOXO3A genes have so far been identified as consistently
associated with human longevity.
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2. Aim
The overall aim of this PhD project was to identify genetic determinants of healthy aging and thereby
extend the genetic knowledge of healthy aging and longevity as well as provide insight into central
molecular mechanisms involved in these phenotypes. This was pursued by investigating the association
between genetic variation and human longevity in four studies. The specific study aims were:

Paper I

To examine if the previously detected association between genetic variants in the AKT1
gene and longevity could be replicated in a large sample of Danish and German
nonagenarians and centenarians and younger controls.

Paper II

To identify single nucleotide polymorphisms associated with longevity in a genomewide association study of long-lived individuals and younger controls from Denmark.

Paper III

To assess the influence of copy number variation on mortality during old age in Danish
long-lived individuals.

Paper IV

To explore whether it is important to consider the birth cohort of long-lived individuals
in genetic studies of human longevity, i.e. whether the improvement in survival
probability and the related reduction in selection pressure seen over recent cohorts of
Danish long-lived individuals are reflected in the prevalence of variants in known
longevity-associated genes.
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3. Methodological Considerations
The main focus of this section will be on methodological considerations, although a few issues related
to more general materials and methods will also be addressed. Further details on the materials and
methods relevant to this thesis can be found in the enclosed papers.

3.1. Study populations
Long-lived individuals and younger controls from a number of different cohorts are used in the papers
of this thesis. Thorough descriptions of these cohorts are given in the separate papers, and hence only a
short overview will be presented here.
In the study described in Paper I, the Danish long-lived cases are all from the Danish 1905 Birth Cohort
Study (Nybo et al. 2001), whereas the Danish younger controls are from the Study of Middle-Aged
Danish Twins (MADT) (Skytthe et al. 2002). In addition, samples of long-lived individuals and
younger controls of German Ancestry are included (Nebel et al. 2005).
In the study described in Paper II, the discovery study cases are long-lived individuals from four
different studies: the Danish 1905 Birth Cohort Study, the Danish 1910 Birth Cohort Study, the Danish
1911-12 Birth Cohort Study and the Danish 1915 Birth Cohort Study (Christensen et al. 2013). The
replication study cases are long-lived individuals from the Longitudinal Study of Danish Centenarians
(LSDC) (Andersen-Ranberg et al. 2001), the Danish 1905 Birth Cohort Study, the Study of Danish Old
Sibs (DOS) and the Longitudinal Study of Aging Danish Twins (LSADT) (Skytthe et al. 2002). The
younger controls used in the discovery study and in the replication study are two non-overlapping sets
of individuals from the Genomics of extremely Overweight Young Adults (GOYA) study (Paternoster
et al. 2011).
In the study described in paper III, the long-lived individuals are from the LSDC, DOS, LSADT, the
Danish 1905 Birth Cohort Study and the Danish 1911-12 Birth Cohort Study.
In the study described in paper IV, the long-lived individuals are from the LSDC, the Danish 1905
Birth Cohort Study, the Danish 1910 Birth Cohort Study, the Danish 1911-12 Birth Cohort Study and
the Danish 1915 Birth Cohort Study.

13

The rationale behind the samples included in the studies of Paper I and Paper IV should generally be
clear. Briefly, in Paper I the objective was to compare the allele frequencies of variants in the AKT1
gene between long-lived individuals and younger controls, but also to carry out a longitudinal study
within the long-lived individuals. To explore the association across populations and to increase the
power of the case-control part of the study, German samples were included. In Paper IV, the objective
was to compare the allele frequencies of variants in APOE and FOXO3A between long-lived
individuals from different birth cohorts to assess the potential influence of the change in survival
probability and selection pressure over cohorts. Individuals older than 95 years were included from the
Danish 1915 Birth Cohort Study, which has an intake age of 95 years, and individuals older than 100
years were included from the LSDC and the Danish Birth Cohort Studies of 1910 and 1911-12, where
the intake age is 100 years. In addition, individuals from the Danish 1905 Birth Cohort Study were
included as well. The Danish 1905 Birth Cohort Study was initiated in 1998, where the participants
were 92-93 years of age. So, in order to match the age criteria of the other cohorts, the individuals from
this cohort were selected among individuals reaching an age of at least 95 years or 100 years,
respectively.
The rationale behind the samples included in the studies of Paper II and Paper III is less evident.
Initially, the plan was to include only long-lived individuals from the Danish 1905 Birth Cohort Study
as cases in the GWAS (Paper II). However, for most of the individuals in this cohort, DNA is only
available from dried blood spots (DBSs), which poses a number of challenges as will be described in
section 3.3.1. A substantial effort was put into optimizing the different protocols for the DBS-derived
DNA, but neither of the experiments resulted in a satisfactory genotyping efficiency (sample call rates
< 95%), probably due to partially degraded DNA as a consequence of the age of the DBSs that were
collected in 1998. Most of the long-lived individuals from whom whole blood (WB-) samples were
available, had already been used as cases in another GWAS (the GWAS used for replication in Paper
II), and therefore WB-samples were only available from a limited number of individuals from the
Danish 1905 Birth Cohort Study and from the Danish 1911-12 Birth Cohort Study. In total, 288 WBsamples were selected from individuals from these cohorts, but as the plan was to genotype around 600
long-lived cases, it was tested whether DNA from more recently collected DBS-samples would give
satisfactory genotyping results. The pilot tests were positive (sample call rates > 99%), and thus
individuals from the Danish 1910 and 1915 Birth Cohort Studies, which were initiated in 2010, were
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included as well. To be able to include long-lived cases with as high an age as possible, the participants
from the Danish 1915 Birth Cohort Study were selected among individuals who had reached an age of
at least 96 years (the samples included as cases in the study in Paper II were selected in 2011, and
hence 96 years was the highest possible age for this cohort). To increase the comparability, the
participants from the Danish 1905 Birth Cohort Study were selected to match this age. The idea was to
get an equal distribution of individuals with DNA derived from WB and from DBSs, to get an
approximately equal distribution of individuals from the four cohorts (in order to, at a later stage, to
have the possibility to make genome-wide comparisons of SNP allele frequencies between the cohorts),
and to include the oldest possible case group. In Paper III, copy number variation is detected based on
the genome-wide genotype data created in connection with the GWAS of Paper II, and the samples are
therefore more or less the same. However, for reasons that will be further explained in the following
sections, DBS-derived DNA is not suitable for the detection of copy number variation, and hence only
samples with WB-derived DNA were included in the study of Paper III. To maximize the number of
analyzed samples, the GWAS replication study cases (Paper II) were included as well.
Population studies of extremely old individuals, as for instance the LSDC, DOS, LSADT, and the Birth
Cohort Studies of 1905, 1910, 1911-12 and 1915, can be speculated to be biased by the selection of
relatively healthy survivors. In examinations of the differences between participants and nonparticipants, most of the studies report of only minor differences (Andersen-Ranberg et al. 2001; Nybo
et al. 2001; Christensen et al. 2013), and hence the cohorts are generally believed to be fairly nonselected. However, this does not necessarily apply to the individuals who provided a biological sample
and are thereby available for genetic studies. The participation as such could in most of the studies be
carried out by proxy responders if the participants’ physical or cognitive impairments were so severe
that they could not participate on their own. But the provision of a biological sample required the
participants’ prior consent, so in order to be able to give prior consent, the participants had to be
cognitively intact. Indeed, it has been found, at least for the Danish 1905 Birth Cohort, that participants
who provided a blood sample were cognitively better functioning and had higher mean cognitive
composite scores and mini-mental state examination (MMSE) scores than participants not providing a
blood sample (Mengel-From et al. 2011). In addition, the age restrictions made in a number of the
studies included in this thesis (Paper II, Paper III and Paper IV) are likely to further increase the
selection towards primarily including the more healthy individuals.
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Such selection bias is only expected to represent a problem if the genetic factors studied are associated
with both non-participation (in this case not providing a biological sample) and the outcome of interest.
This could be speculated to be the case for SNPs associated with, for instance, mortality, although this
is difficult to prove. Selection bias due to non-participation will not be a problem for longitudinal
studies, where comparisons are made within the group of individuals who provided a biological
sample. However, the findings will be restricted to this selected group, and the generalizability will
therefore be limited.
The selection towards including the most healthy individuals is likely to be less pronounced in the
cohorts where participants were sampled at younger ages, as for instance in MADT and the GOYA
study. Indeed, it has been suggested that using controls younger than 50 years of age renders the
control group more or less unselected with regard to mortality from age-related diseases (BrooksWilson 2013), and thus, the differences in selection between older and younger cohorts will add to the
bias introduced by the use of younger controls from different cohorts than those giving rise to the longlived cases, as explained in section 1.3.1.
Despite the potential biases listed above, the Danish cohorts represent a unique resource with a low
degree of genetic heterogeneity, and practically no population stratification is therefore expected in the
studies that make up this thesis. The inclusion of the German samples in Paper I could potentially
introduce population stratification, although this is expected to be quite unlikely due to the
geographically close position of the two countries and the genetic homogeneity (Beekman et al. 2013).

3.2. Targeted genotyping
Three different genotyping platforms were used for the determination of genotypes in the studies of this
thesis: the targeted TaqMan (Applied Biosystems) and GoldenGate (Illumina Inc.) Assays and the
genome-wide HumanOmniExpress BeadChips (Illumina Inc.). The genome-wide genotyping carried
out in connection with the GWAS will be further explored in the next section.
The genotypes used in the studies presented in Paper I and Paper IV were predominantly determined
using pre-designed TaqMan SNP Genotyping Assays (Applied Biosystems). This allele-discriminating
genotyping technique offers a fast and simple way to determine highly reliable genotypes for a low
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number of SNPs in a low to high number of samples. In addition, some of the genotypes were retrieved
from a previous study using the Illumina Golden Gate technology (Illumina Inc.) for the genotyping of
more than 1,000 candidate-gene SNPs in 1,089 long-lived individuals from the Danish 1905 Birth
Cohort Study and 736 younger controls from MADT (Soerensen et al. 2012a).

3.3. Genome-wide genotyping
At the time of the planning of this PhD project, genome-wide association studies were very popular and
were considered state-of-the-art for the identification of common sequence variants associated with
diseases and phenotypes. Facilitated by the catalogues of common variants and their correlations
established by the International HapMap Project, and the development of high-throughput genotyping
methods simultaneously determining the genotypes of hundreds of thousands of SNPs, the first
GWASs were published in 2006 (Hirschhorn & Gajdos 2011). Since then, the technology has evolved
tremendously and today, arrays offer the possibility for the genotyping of up to 5 million SNPs at a
time. The array sizes available in 2011, when this PhD project was initiated, were less elaborate, and
also, the genotyping costs were higher than they are today, and therefore the Illumina
HumanOmniExpress BeadChip (Illumina Inc.) containing around 730,000 SNP markers was selected
for the genotyping of the GWAS cases (Paper II). The GWAS controls were genotyped in connection
with another study (Paternoster et al. 2011), and the data was kindly provided for use in this project.
The following sections will therefore primarily focus on the GWAS cases.
3.3.1. Sample preparation
Genome-wide genotyping on Illumina HumanOmniExpress BeadChips requires 200 ng of DNA with a
concentration of 50 ng/µl. As mentioned in section 3.1., the samples selected for genome-wide
genotyping included both samples from which WB was available as well as samples from which only
DBSs were available. For the WB-samples, DNA was extracted using standard salting out methods
(Miller et al. 1988). The obtained DNA was adequate in both quantity and in concentration, and for
these samples it was therefore simply a matter of diluting the DNA to the right concentration. For the
DBS-samples, the sample preparation was more extensive. In short, the DBS-samples consist of blood
collected by finger-prick and applied to between one and five 13mm circles on filter paper. Disks of
3.2mm are punched from the DBSs and used for DNA extraction, and despite a theoretical DNA output
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of 60 ng per disk (Hannelius et al. 2005), the quantity of DNA derived from one 3.2 mm disk is more
in the area of 30 ng depending on the extraction method and the DBS quality. Thus, to get the required
amount of DNA for genotyping on the Illumina HumanOmniExpress BeadChips, DNA would need to
be extracted from at least seven 3.2mm disks. This is a lot of material to spare for only one analysis and
the appealing alternative of carrying out whole genome amplification (WGA) of the DNA extracted
from a few 3.2 mm DBS disks and thereby increase the amount of DNA was therefore chosen. Prior to
WGA, the DNA from two 3.2mm DBS disks was extracted using the Extract-N-Amp Blood PCR Kit
(Sigma-Aldrich). This method is a cost- and time-efficient DNA extraction method, which has
previously been successfully applied for DNA extraction from DBS samples before WGA (Hollegaard
et al. 2009c). To soften the filter paper and thereby make the DNA more accessible to the extraction
reagents, and to remove compounds, e.g. hemoglobin, that may interfere with the WGA reaction
(Hollegaard et al. 2007), a pre-extraction procedure involving incubation of the 3.2 mm DBS disks in
phosphate buffered saline (PBS) buffer (pH 7.4; GIBCO) for 20-24 hours prior to DNA extraction was
performed.
3.3.1.1. Whole genome amplification
In general, commercially available WGA kits are based on either one of two different amplification
methods: the multiple-displacement amplification method (Dean et al. 2002) or the OmniPlex method
(Langmore 2002). Shortly, the multiple-displacement amplification method uses the φ29 DNA
polymerase and random exonuclease-resistant primers in an isothermal, strand-displacing
amplification, whereas the OmniPlex method converts randomly fragmented genomic DNA into a
library of DNA fragments, which are then amplified in a PCR reaction. Both of these amplification
methods were tested: the multiple-displacement amplification method in the form of the REPLI-g Kit
(Qiagen), and the OmniPlex method in the form of the GenomePlex® Complete Whole Genome
Amplification Kit (Sigma-Aldrich). However, due to low signals and hence a very high number of
undetermined genotypes in initial tests of the amplified DNA (WGA-DNA) using TaqMan SNP
Genotyping Assays, the REPLI-g Kit was dropped. The low genotyping efficiency seen for the REPLIg WGA-DNA could reflect the fact that the multiple-displacement amplification method is generally
believed to be more sensitive to fragmented or partially degraded DNA than the OmniPlex method
(Hollegaard et al. 2009b).
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The GenomePlex® Complete Whole Genome Amplification Kit protocol was further tested and
optimized, and as a consequence, the initial fragmentation of the genomic template DNA was dropped,
and the PCR part of the protocol was extended to include more and longer PCR cycles. Also, the lower
recommended limit for the input of genomic DNA into one WGA reaction of 10 ng DNA in a volume
of maximum 10 µl was challenged. The Extract-N-Amp Blood PCR Kit (Sigma-Aldrich) used for
DNA extraction has an output volume of 200 µl, and thus the output concentration is quite low.
Generally, the output concentration was found to be around 0.30 ng/µl, and the average input in the
WGA reactions was therefore of around 3 ng DNA. Thus, the recommended lower limit for the DNA
input was not met, but even so, the input DNA was on average amplified around 700 times, resulting in
more than 2 µg of WGA-DNA per WGA reaction.
One of the concerns associated with WGA is that the amplification may introduce sequence errors and
allele dropout. In an attempt to attenuate possible unequal amplification of alleles and thereby
minimize these errors, WGA was carried out in triplicate for each sample and the output subsequently
pooled.
3.3.2. Genotyping procedure
The procedure for genotyping on the Illumina HumanOmniExpress BeadChips is, as for a number of
other Illumina genome-wide genotyping arrays, based on the Illumina Infinium HD Assay (see Figure
1). The first step in the Infinium HD Assay protocol is a WGA step without PCR or ligation. This is
followed by an enzymatic fragmentation of the amplified DNA, and hybridization to locus-specific
50mer sequence probes coupled to beads on the array. After hybridization, the attached probes are
extended by single base extension using labeled nucleotides, and the SNP genotypes are subsequently
determined by measuring the relative fluorescence of the two labels for each bead.
After genotyping, further processing of the genotype data, e.g. clustering and initial assessment of data
quality, was carried out using the Genotyping Module of the GenomeStudio Data Analysis Software
(GenomeStudio; Illumina Inc.).
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Figure 1. The Illumina Infinium HD Assay. The input DNA is amplified, fragmented
and hybridized to complementary sequence probes attached to an array. By single base
extension using labeled nucleotides, the genotype is determined. The figure is adapted
from the Illumina Data Sheet ‘Omni Whole-Genome DNA Analysis BeadChips’
(http://res.illumina.com/ducoments/products/datasheets/datasheet_omni_whole-genome
_arrays.pdf) with permission from Illumina.
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3.3.3. Quality control
A thorough assessment of data quality is essential in genome-wide association studies in order to avoid
potential bias and error. As mentioned in the previous sections, the GWAS carried out in connection
with this PhD project included cases with DNA extracted from either WB (WB-samples) or from DBSs
with subsequent WGA (WGA-samples), and controls that were genotyped at another time and on
another genome-wide genotyping array. These differences could induce systematic bias, and a
comprehensive and rather stringent quality control (QC) procedure was therefore performed. Using
such a strict QC procedure may result in the exclusion of SNPs that should not have been excluded, but
this method was chosen in order to avoid false-positive findings; though potentially at the expense of
more false-negative findings.
A compacted version of the applied GWAS QC procedure is described in Paper II. However, an
illustration (see Figure 2) as well as a more extensive description of the procedure is given below. The
numbers in the description correspond to the different steps in Figure 2.
1. To ensure the best possible genotype calling and to take into account that the WGA-samples cluster
in a different way compared to the WB-samples, i.e. the signal intensities of the WGA-samples are
slightly lower and the clusters are somewhat wider, probably due to unequal amplification of alleles,
the clustering and the initial QC were done separately for the WGA- and WB-samples.
Starting with 733,202 SNPs, 336 WGA-samples and 288 WB-samples, the first step of the QC
procedure evaluated SNPs based on cluster separation (Cluster Sep), i.e. the separation between the
three genotype clusters in the theta dimension ranging from 0-1, AB T Mean, i.e. the placement of the
heterozygote cluster in the theta dimension, and AB R Mean, i.e. the mean normalized intensity of the
heterozygote cluster. SNPs were zeroed if they did not meet the following cut-offs: Cluster Sep ≥ 0.40
(to zero SNPs with overlapping clusters), AB T Mean > 0.20 or < 0.80 (to zero SNPs with a
heterozygote cluster shifting towards either of the homozygote clusters), and AB R Mean ≥ 0.25 (to
zero SNPs with low intensity data, which could compromise reliable genotype calling). In total, 60,013
SNPs were zeroed in the WGA-samples, and 11,543 SNPs were zeroed in the WB-samples. However,
no SNPs were excluded.
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2. The first QC step was carried out in GenomeStudio, whereas the rest of the QC procedure was
carried out in Plink (http://pngu.mgh.harvard.edu/~purcell/plink/, (Purcell et al. 2007)).
For practical reasons, it was chosen to focus on autosomal SNPs only, and therefore, in the second QC
step, 20,476 non-autosomal SNPs were excluded.
3. One way to check for potential sample identity problems as a result of sample-handling errors is to
compare the reported sex of each individual with the sex predicted from the genetic data. Two of the
WGA-samples were found to have a discrepancy between their phenotypic sex, which was female, and
their genotypic sex, which was male. These individuals could have Turner syndrome, but as we were
unable to check that and therefore could not rule out a sample mix-up, both samples were excluded.
4. Another way to infer potential sample-identity problems, i.e. sample duplications or sample
contaminations, is by looking at sample relatedness. The identity-by-descent (IBD) probabilities were
calculated from pairwise identity-by-state (IBS) distances, and the proportion of genetic variants shared
IBD was estimated. Among the WGA-samples, two sets of siblings were identified, and in order to
exclude potential sample contamination, the likelihood of a family relationship was confirmed by
looking at birth place and birth year. To ensure a study population of fairly unrelated individuals, the
younger individual from each identified sibling pair was excluded.
5. In the fifth QC step, the SNP quality was evaluated, and SNPs with a call rate of less than 95% were
excluded. In total, 58,852 SNPs were excluded in the WGA-samples, and 10,950 SNPs were excluded
in the WB-samples. Most of the excluded SNPs were SNPs that were zeroed in step 1.
6. Next, to exclude samples of low quality, samples with a call rate of less than 95% were excluded,
resulting in the elimination of one WGA-sample. Also, since the statistical power is extremely low for
the analysis of rare SNPs, SNPs with a minor allele frequency (MAF) of less than 1% were dropped,
resulting in the exclusion of 74,022 SNPs in the WGA-samples and 76,376 SNPs in the WB-samples.
7. After this initial, separate QC, the WGA- and WB-data sets were merged into one case data set
containing 630,059 SNPs, of which 575,193 SNPs were found in both the WGA- and the WB-samples,
4,659 SNPs were found only in the WGA-samples, and 50,207 SNPs were found only in the WGsamples, and 619 samples.
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8. Then, the SNP quality, the sample quality and the SNP MAF were evaluated as in step 5 and step 6.
This resulted in the elimination of 54,866 SNPs, leaving only the SNPs that were in common between
the WGA-and WB-samples.

Figure 2. The GWAS QC procedure.
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9. In this step, the sample relatedness (see step 4) as well as population substructure were assessed. No
particular relatedness was found (proportional IBD < 0.1875 for all sample pairs), and the IBS
estimates for all pairs of individuals revealed only one cluster and thus no substructure.
Also, to ensure a homogeneous case group and to circumvent potential differences in the genotype
distribution between the WGA- and WB-samples due to the differences in sample preparation, 73 SNPs
with a significant (P < 1×10-4) difference in MAF between the WGA- and WB-samples were excluded.
10. As mentioned previously, the controls were genotyped in connection with another project
(Paternoster et al. 2011), and hence some QC criteria had already been applied to the data, when we
received it. The data had been evaluated based on the following QC criteria: sample call rate > 95%,
SNP call rate > 95%, SNP MAF > 1% and a P-value for Hardy-Weinberg Equilibrium (PHWE) < 1×10-7.
The controls were genotyped on Illumina Human610-Quad BeadChips (Illumina Inc.), and thus only
the 318,032 SNPs overlapping between these and the Illumina HumanOmniExpress BeadChips were
retained.
11. To ensure that the exclusion of the non-overlapping SNPs in step 10 did not affect the data quality,
the control data set was assessed using the following QC criteria: sample call rate > 95%, SNP call rate
> 95%, SNP MAF > 1% and PHWE < 1×10-4. In total, 366 SNPs were excluded.
12. The case and control data sets were then merged, and the new case-control data set was evaluated
using the same QC criteria as in step 11. As deviation from HWE can be a sign of association to the
trait under study, this was only evaluated in the control samples. In total, the case-control data set
consisted of 286,582 SNPs and 1,636 samples after this QC step.
13. As in step 9, the sample relatedness and the population substructure in this compiled case-control
data set was evaluated. One pair of first-degree relatives was detected, resulting in the elimination of
one control sample. As can be seen from Figure 1 in Paper II, no population substructure was found.
14. In a final assessment of the data quality using the same QC criteria as in step 11 and 12, two SNPs
were excluded, resulting in a final data set of 286,580 SNPs and 1,635 samples.
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When using WGA-DNA, one concern may be the accuracy of the genotype calls. If the genotypes are
incorrectly called, individuals are placed in the wrong genotype group, which of course affects the
findings and introduces bias. In a previous study evaluating the DNA quality obtained by using a
number of different DNA extraction and WGA methods, the genome-wide conflict rates, i.e. the rates
of genotype conflicts between WGA-DNA and high-quality genomic DNA from the same individual
genotyped on genome-wide genotyping arrays, were assessed (Hollegaard et al. 2009a). Using the
same methods for DNA extraction and WGA as in this thesis, conflict rates were found to be in the area
of 3-4%, with most of the discordant genotypes being due to allele dropout in the WGA-DNA samples.
Due to a minor overlap between LSADT and DOS and some of the birth cohorts, it was possible to
compare the genotypes of four individuals, from whom WGA-DNA was genome-wide genotyped as
part of the GWAS discovery study, and WB-DNA was genotyped as part of the GWAS replication
study. A pairwise comparison of the genotypes of the WB-samples and the WGA-samples revealed
conflict rates of 2.2%, 1.2%, 1.1% and 1.1%, respectively. This is lower than in the previous study, and
since most of the discordant genotypes are due to a lack of genotype call (no calls) in the WGAsamples, these SNPs are likely to be excluded during QC, leaving less than 0.7% of SNPs discordant.

3.4. Detection of copy number variation from genome-wide genotyping data
In addition to offering a genome-wide assessment of SNP genotypes, genome-wide genotyping arrays
also allow the detection of CNVs, as carried out in Paper III. Although the genotyping arrays were not
developed specifically for the detection of CNVs, they offer a convenient and cost-efficient way to
assess CNVs.
A number of methods are available for the detection of CNVs from genome-wide genotyping arrays.
In Paper III, the PennCNV software (Wang et al. 2007) is used. In addition to being acknowledged as
one of the best CNV detection algorithms for Illumina genome-wide genotyping data (Marenne et al.
2011; Zheng et al. 2012), PennCNV is user-friendly and freely accessible. The PennCNV software uses
the total signal intensity (Log R Ratio (LRR)) and the allelic intensity ratio (B Allele Frequency (BAF))
of each SNP, the distance between the SNPs, and a trained hidden Markov model for CNV calling. The
CNV calling is relative compared to a reference file, which in PennCNV is a population frequency of B
allele (PFB) file compiled from the project samples based on the BAF of each SNP.
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Prior to CNV detection, the following QC criteria were applied to the samples: sample call rate >
98.5%, consistency between genotypic and phenotypic sex, and low sample relatedness, i.e. a pairwise
proportional IBD < 0.1875. No QC criteria were applied to the SNPs, since monomorphic SNPs or
SNPs with low minor allele frequencies still provide intensity data and contribute to increase the
coverage (Cooper & Mefford 2011). After CNV detection, a number of QC criteria were applied to
both samples and CNVs. Samples were excluded if they had a LRR standard deviation > 0.30, more
than 100 CNVs called or a GC wave factor above 0.05 or below -0.05, and CNVs were excluded if they
were less than 1 kb in size or contained less than 3 consecutive SNPs indicating deletion or duplication.
These QC criteria were applied to minimize the number of spurious CNV calls due to samples with
fluctuations in signal intensity due to bad DNA quality, and due to CNVs detected based on a low
number of SNPs.
The accurate CNV detection from SNP arrays is a technically challenging task. This is among other
things illustrated by the duplicate concordance rate, i.e. the rate of overlapping CNVs called in
duplicate samples, which has been found to be in the area of 55-65% using the PennCNV software
(Marenne et al. 2011; Zheng et al. 2012). This somewhat high variability between experimental
replicates could be related to the fact that the CNV detection is based on signal intensities, and is
therefore more sensitive to fluctuations in DNA quality, quantity and concentration than for instance
SNP genotyping (Cooper & Mefford 2011). This is also why WGA-samples are not specifically useful
for CNV detection. WGA can introduce systematic noise that may overwhelm legitimate CNV signal
(Cooper & Mefford 2011) and thereby cause excessive CNV calling as seen in (Dellinger et al. 2010;
Zheng et al. 2012). Thus, WGA-samples are generally not recommended for CNV detection.
Considering the rather high error rate associated with the detection of CNVs from genome-wide
genotyping arrays, both technical validation as well as replication is important to ensure a high
accuracy.

3.5. Statistical analysis
The statistical issues important to the individual studies are generally covered in the enclosed papers,
and thus this section will include considerations on multiple testing and power, both of which are
important issues in genetic studies.
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Multiple testing refers to the simultaneous testing of more than one hypothesis. With a higher number
of tests, the risk of false-positive findings increase, and a correction of the significance level for this
multiplicity of tests is therefore necessary (Watanabe 2011). A number of methods are available for the
correction for multiple testing. In the studies included in this thesis, only one method, the Bonferroni
correction, is applied. Using this multiple testing correction method, the corrected significance level is
calculated as the uncorrected significance level of 0.05 divided by the number of tests. This correction
method is generally considered overly conservative as it assumes independence between the tests,
which is rarely the case (Chanock et al. 2007). In GWASs, the genome-wide significance level is
typically 5 × 10-8, corresponding to a Bonferroni correction of one million tests. Due to limitations in
power, which will be further examined below, this threshold is not easily met in smaller studies, and
therefore less stringent significance levels, like for instance the level of P < 1 ×10-4 used in Paper II, are
often applied to identify suggestive findings, which are then attempted replicated in other studies.
Power refers to the ability of a study to distinguish a result from a chance finding and is among other
things dependent on sample size, allele frequency and effect size (Evans & Purcell 2012). The effect
sizes of genetic variants associated with most complex traits like longevity are typically modest, and
depending on the MAF, sample sizes have to be substantial in order to achieve significant P-values.
Sample size is often limited by economy and practical considerations, and in addition, when the studied
phenotype is longevity, or even extreme longevity, there is a natural limitation in the number of
available samples. Therefore, to obtain sufficient study power, different study populations typically
need to be merged, as is done in Paper I, and partly in the meta-analysis in Paper II.

27

4. Results
In this section, a short summary of the main results of the four studies included in this thesis is
provided. Further details can be found in the enclosed papers.

4.1. Paper I
In this study, it was attempted to replicate the previously found association between genetic variants in
the AKT1 gene and longevity by analyzing seven SNPs in AKT1 in 2,996 nonagenarians and
centenarians and 1,840 younger controls of Danish and German ancestry.
Case-control analyses of all SNPs were performed for the Danish and German populations separately
as well as combined. When we applied an additive model, none of the seven SNPs demonstrated a
significant association with longevity in either of the populations. As rs3803304 was previously found
to be associated with longevity, this SNP was more thoroughly investigated using a genotypic,
dominant and recessive model as well, but no significant associations were found.
A subset analysis including centenarians revealed one nominally significant indication (P = 0.03) of a
disadvantageous effect of rs3803304 on longevity in Danish men. This indication was supported when
applying genotypic and dominant models (P = 0.02 and 0.01, respectively).
In addition to the cross-sectional analyses, the longitudinal effects of the seven SNPs on survival during
old age were investigated in the Danish population. Regardless of the genetic model applied, no
association with survival during the more than 12 years of follow-up was found. Restriction of the
analysis to include centenarians only did not change this result.
Altogether, our results do not support the role of AKT1 as a longevity gene.

4.2. Paper II
In this study, a genome-wide association study comparing the frequency of 286,580 SNPs in 619 longlived cases (mean age 98.5 years, age range 96-101.1 years) and 1,016 younger controls (mean age
26.5 years, age range 16-42 years) was conducted.
None of the investigated SNPs reached genome-wide significance (P < 5×10-8), but the 32 SNPs most
significantly associated with longevity (P< 1×10-4) were considered suggestive hits and were selected
for further analysis.
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For replication, the associations of the 32 SNPs were in silico looked up in another, already existing
GWAS including 398 long-lived Danish cases (mean age 95.7 years, age range 90-102.5 years) and
900 younger Danish controls (mean age 26.5 years, age range 18-42 years ). However, only two SNPs
(rs2075650 and rs7643465) replicated with a nominal significance level of P < 0.05.
A meta-analysis of the 32 SNPs in the discovery and replication studies (in total 1,017 long-lived cases
and 1,916 younger controls) did not reveal any of the SNPs to be significantly associated with
longevity on a genome-wide scale. Three SNPs (rs2075650, rs7643465 and rs354690) had smaller Pvalues in the meta-analysis than in the discovery study analysis.
Altogether, no genome-wide significant hits were discovered. The variant most significantly associated
with longevity was rs2075650, which has previously been found to associate with longevity and is
expected to reflect the effect of the APOE gene.

4.3. Paper III
In this study, a genome-wide assessment of CNVs was carried out in 603 long-lived individuals (mean
age 96.9 years, range 90.0-102.5 years) using genome-wide genotyping data and the PennCNV
software.
First, the impact of the CNV burden (the number of CNVs, the average CNV length in kb, and the total
CNV length in kb) of each individual on mortality was assessed. Second, overlapping CNVs were
merged into 365 non-redundant CNV regions (CNVRs) with a frequency >1% that were assessed for
association with mortality. Both of these analyses were carried out using a left-truncated Cox
proportional hazard regression model adjusted for sex and birth cohort (80.1% deaths, mean follow-up
time 2.7 years, range 0.01-12.5 years).
The CNV burden analysis revealed a significant association between the average CNV length in kb and
mortality (HR per kb 1.002, 95% CI 1.001-1.004, P = 0.001), whereas the CNVR analysis resulted in
the detection of one significantly associated CNVR (P < 5×10-4) and 17 suggestively associated
CNVRs (P < 0.05). The significantly associated CNVR is a duplication of 23.8 kb located at 2p24.2. It
is present in 1.3% of the participants, and carriers exhibit an almost 4-fold increased risk of mortality
during the follow-up period compared to non-carriers (HR 3.97, 95%CI 1.84-8.55, P = 0.0004). The
CNVR does not encompass any genes, but the nearest up- and downstream genes are KCNS3
(approximately 213 kb away) and NT5C1B-RDH14 (approximately 384 kb away).
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Although these results need to be both replicated and technically validated, they indicate that CNVs
could be important contributors to the genetic component of human longevity.

4.4. Paper IV
In this study, the frequencies of variants in APOE and FOXO3A were compared at age 95+ and age
100+ in 2,712 individuals from the Danish Birth Cohort Studies of 1895-96, 1905, 1910-11, and 1915
in order to investigate whether cohort differences in survival probability are reflected in the prevalence
of the genetic variants.
Generally, we found a decrease in the allele frequencies of the investigated variants in individuals from
more recent birth cohorts. In individuals older than 95 years, the prevalence of the APOE ε4 allele and
of APOE ε4 allele carriers was generally lower in individuals born in 1915 than in individuals born in
1905, although this tendency was only significant (P = 0.026) when assuming a recessive model for
men and women combined. When restricting to women, the negative trend of the APOE ε4 allele
prevalence or of the prevalence of individuals homozygous for the APOE ε4 allele was significant,
assuming an additive (P = 0.034) or a recessive (P = 0.006) model, respectively. For the minor allele
frequencies of the FOXO3A variants rs7762395 and rs479744, similar negative trends were seen,
though these were not statistically significant. When applying a recessive model, the prevalence of
rs7762395 minor allele homozygotes was significantly lower (P = 0.048) among individuals born in
1915 compared to individuals born in 1905.
The trends of decreasing prevalence in the more recent birth cohort seen in individuals older than 95
years were generally mirrored in individuals older than 100 years, at least for the APOE ε4 allele and
the FOXO3A rs479744 variant, though none of them reached statistical significance.
Altogether, our findings indicate that cohort differences in survival to the highest ages are reflected in
the prevalence of longevity gene variants. Although the effect seems to be moderate, our findings could
have an impact on genetic studies of human longevity.
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5. General Discussion
The following section includes a general discussion of challenges associated with genetic studies of
human longevity. A more specific discussion of the results of the individual studies can be found in the
enclosed papers.
As evident from the studies carried out so far, the identification of genetic factors associated with
human longevity is not an easy task, and the research field generally experiences two challenges: 1)
identified genetic variants associated with human longevity are not easily replicated, and 2) genomewide association studies have only found variants reflecting the effect of the APOE gene to be genomewide significant, and thus, the large part of the heritability of human longevity is still unaccounted for.
These challenges are exemplified by the results of Paper I and Paper II included in this thesis. In Paper
I, we were unable to replicate the previously identified association between genetic variants in the
AKT1 gene and human longevity, despite a fairly good coverage of the gene and sufficient power to
detect the expected effect sizes. In Paper II, we carried out a genome-wide association study of
longevity and found a variant representative of the APOE gene to be the most (though not genomewide) significant hit.
A number of partially overlapping reasons for the lack of replication as well as for the lack of novel
findings and for the missing heritability have been suggested and will be further discussed below.
An important issue affecting both the lack of replication, the lack of novel findings and the missing
heritability is that of sample size and statistical power. Many of the genetic studies of human longevity
carried out so far have, due to sample sizes of a few thousand individuals, been under-powered for the
detection of the at most moderate effect sizes typically associated with complex and highly polygenic
traits like longevity (Manolio et al. 2009). Bringing matters to the head is the GWAS carried out in
paper II of this thesis, which includes 619 cases and 1,016 controls and has a power of 23% for a
genome-wide detection of genetic variants associated with longevity, assuming an effect size of 1.5 and
a MAF of 0.20. Compared to the expected effect sizes and minor allele frequencies, these assumptions
are probably overestimated, and thus it is not surprising that the identification of novel genome-wide
significant hits and the replication of former findings are absent. Also, as implied by the ‘winner’s
curse’ phenomenon, effect sizes of new association findings are often upwardly biased (Chanock et al.
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2007), which makes a thorough evaluation of sample size and power in subsequent replication studies
even more important if replication is to be achieved.
Statistical power is also vital in the identification of as yet unknown common variants with small effect
sizes, which have been suggested to potentially account for some of the missing heritability
(Hirschhorn & Gajdos 2011). So far, the common disease-common variant hypothesis, i.e. the
hypothesis that a moderate number of common variants account for the genetic component of common
diseases (Risch & Merikangas 1996), has been the main focus of most genetic association studies, and
genome-wide genotyping arrays have primarily been based on SNPs identified in the International
HapMap Project (International HapMap 2005) with a MAF above 5%, although newer arrays based on
the results of The 1000 Genomes Project (Genomes Project et al. 2010) include SNPs with MAFs as
low as 1%. Also, imputation of existing GWAS data sets using reference files initially based on
information from the International HapMap Project and more recently on information from The 1000
Genomes Project can aid in increasing the number of lower-frequency SNPs available for analysis (Xia
& Grant 2013). Due to the power limitations mentioned above, most longevity studies have only been
able to identify genetic variants with moderate or larger effect sizes, and it is therefore plausible that a
number of common variants with small effect sizes still remain to be identified. However, the detection
of these variants requires a substantial number of samples, and given the natural limitation in the
number of long-lived individuals from any one population, meta-analyses are necessary. The results of
a GWAS meta-analysis of longevity (hereafter referred to as the longevity meta-GWAS) are currently
under publication (Deelen et al. 2014, in press). This study that includes 7,729 long-lived individuals
and 16,121 younger controls from 14 different European GWASs and replicates in an additional 13,060
long-lived cases and 61,156 younger controls from six additional studies (including the GWAS of
Paper II), identifies one new longevity locus with an effect size of ~1.1, in addition to the well-known
TOMM40/APOE/APOC1 locus. The longevity meta-GWAS is powered for the detection of genetic
variants with effect sizes below 0.9 or above 1.1, so the fact that only one novel locus is identified
contrasts a major role for common variants (MAF > 1%) with smaller effect sizes in longevity.
However, the size of the meta-analysis leaves common genetic variants with very small effect sizes
(between 0.9 and 1.1) undiscovered, and studies including a higher number of samples may therefore
uncover additional, common variants associated with longevity. Also, as the alleles investigated in
genetic association studies are rarely the causal alleles, a probable contributor to the small genetic
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effect sizes observed is incomplete LD between the surveyed variants and the true causal variants,
which will underestimate effect sizes (Manolio et al. 2009).
Consistent with the above results of the longevity meta-GWAS, the individual effects of the genetic
variants associated with longevity may be too small to meet the threshold for genome-wide significance
(Sebastiani et al. 2013a). Even so, they could be speculated to be biologically important and
collectively have a stronger influence on longevity. Thus, a number of studies have evaluated the joint
effect of large numbers of common genetic variants with small effect sizes. Using genome-wide data,
Yashin et al. (Yashin et al. 2010) identified 169 SNPs associated with longevity (P < 10-6) in 1,173
individuals from the Framingham Heart Study. The number of these SNPs contained in the genome of
each individual correlated with lifespan and explained 21% of its variance. In contrast, randomly
selected SNPs did not correlate with lifespan. In a similar way, based on the results of a GWAS
including 801 centenarian cases and 914 healthy younger controls, Sebastiani et al. (Sebastiani et al.
2012) constructed a longevity model consisting of 280 SNPs (P between 10-2 and 10-6) as well as the
TOMM40/APOE SNP rs2075650 (P = 1×10-8). These SNPs were found to explain nearly 20% of the
heritability of extreme longevity, and the model showed 89% sensitivity and 89% specificity to predict
longevity in the GWAS discovery set, and 60-85% sensitivity and 58-61% specificity in two
independent replication sets. Although conceptually intriguing, only 10 of the 281 SNPs included in the
model replicated (using a Bonferroni-corrected P-value) in a meta-analysis including 2,715 cases and
2,725 controls from five studies of exceptional longevity (Sebastiani et al. 2013a). In the longevity
meta-GWAS only the TOMM40/APOE SNP replicated, and no enrichment of significance of the 281
SNPs was seen (Deelen et al. 2014, in press).
As opposed to the common disease-common variant hypothesis, the common disease-rare variant
hypothesis, i.e. the hypothesis that multiple rare variants contribute to the genetic component of
common diseases, has also been suggested (Pritchard 2001). Although likely to play an important role,
rare variants associated with longevity have not yet been studied systematically, and it is therefore
unknown whether their contribution to the heritability of longevity will be large or small. The lack of
strong linkage signals suggests that any contribution from rare variants would likely be due to variants
of small or moderate effect sizes (Hirschhorn & Gajdos 2011).
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Rare variants can be identified by sequencing, which may target regions of interest or the whole
genome (Manolio et al. 2009). However, the analysis of sequencing data is not straightforward, and it
may be difficult to distinguish functional variants from neutral variants, especially in non-coding
regions (Hirschhorn & Gajdos 2011), as well as to distinguish individual variation from sequencing
error (Newman & Murabito 2013). The most informative samples would therefore be individuals from
long-lived families, who should make it easier to statistically characterize and distinguish such very
rare variants due to the familial enrichment (Deelen et al. 2013a; Newman & Murabito 2013).
Up to now, whole genome sequences have been published for one female and one male
supercentenarian older than 114 years (Sebastiani et al. 2011). This study is primarily explorative, and
the analysis of the genomes of many more such individuals must be performed to identify variants
relevant for longevity. As expected, both supercentenarians were found to lack APOE4 alleles. On the
other hand, they did not carry most of the previously reported longevity variants, indicating that these
may not be necessary for longevity. However, an excess of coding variants near GWAS-identified
longevity variants was found, which may support the hypothesis of the contribution of rare variants to
the longevity phenotype.
A prevalent assumption is that long-lived individuals, when compared to population controls, are
characterized by a decreased prevalence of disease-predisposing variants and an increased prevalence
of health-promoting variants. Interestingly, the supercentenarian genomes were found to have a similar
number of known disease-associated variants as other genomes (Sebastiani et al. 2011). This is
consistent with the results of the study by Beekman et al. (Beekman et al. 2010), who compared the
distribution of 30 disease-susceptibility alleles known to be associated with cardiovascular disease,
cancer and type 2 diabetes between long-lived individuals and younger controls and found an equal
distribution of risk alleles in the two groups. Also, a recent study found no cumulative effect of a set of
risk alleles for common disease on mortality at the oldest ages (Ganna et al. 2013). Altogether, this
suggests that extreme longevity is primarily influenced by longevity-promoting alleles and/or that other
genetic or environmental factors protect against the deleterious alleles.
One possible, protective mechanism could be the buffering mechanism as proposed by Bergman et al.
(Bergman et al. 2007), where the effect of deleterious alleles are buffered by favorable longevitypromoting alleles. With the relative prevalence of longevity-promoting or deleterious genotypes being
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expected to rise and fall monotonically over the life course, buffered alleles, in contrast, are suggested
to show a U-shaped curve, with a high prevalence at younger ages, a low prevalence in early old age,
and an increasing prevalence at higher ages, at which individuals carrying the protective buffering
genotype are selected for. Examples of the existence of a buffering mechanism include the buffering of
a deleterious genotype in the LPA gene by the CETP VV genotype (Bergman et al. 2007) as well as the
buffering of the deleterious CC genotype of rs2866164 in MTP by any of three longevity genotypes in
CETP, APOC3 or ADIPOQ (Huffman et al. 2012).
It could be speculated that if some of the associations so far detected in case-control studies of
longevity are actually underlain by genotypes with U-shaped prevalence curves, the age of the cases
and the controls will greatly affect whether an association is detected, and also the detected direction of
effect. Consequently, this may explain why some associations fail to replicate (Brooks-Wilson 2013).
Besides as yet undiscovered sequence variants, part of the missing heritability may be explained by
structural genetic variation, like for instance CNVs (Manolio et al. 2009). The association between this
type of genetic variation and longevity is, however, relatively unexplored, and so far only a few studies
on this have been published.
A large part of common CNVs is generally found to be tagged by common SNPs, and their effect may
therefore have been indirectly studied in GWASs. Rarer CNVs, on the other hand, are less well tagged,
and if not directly associated with rare Mendelian diseases, they appear to be subject to less negative
selection (Conrad et al. 2010). This might explain why the significantly associated CNVR as well as
most of the suggestively associated CNVRs identified in Paper III of this thesis have frequencies below
5%. Interestingly, one of the CNVRs suggestively associated with increased mortality has a frequency
of 32%. A detrimental variant with such a high frequency among long-lived individuals could be
speculated to indicate antagonistic pleiotropy, and the variant may thus have provided a selective
advantage earlier in life.
Much of the structural variation is expected to remain uncovered. First, commercial genome-wide
genotyping arrays as the HumanOmniExpress BeadChips used for CNV detection in Paper III have
been designed to primarily target unique non-duplicated regions of the genome, and therefore, complex
genomic regions, which are thought to be especially prone to structural rearrangements, are not covered
very well (Carter 2007). Second, balanced structural variants like inversions and translocations are not
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detected using these arrays (Zhang et al. 2009). Third, since the resolution of the CNV detection is
determined by the number of SNPs on the array, it might be biased towards larger CNVs (Carter 2007).
As an example, the median spacing of SNPs on the HumanOmniExpress BeadChips is 2.1 kb, and with
one of the applied QC criteria being that CNVs should be based on at least 3 consecutive SNPs, the
theoretical lower detection limit is around 6 kb, leaving smaller structural variants largely undetected.
Whole genome sequencing will likely aid the identification of balanced structural variants as well as
smaller structural variants, and we may therefore just be beginning to see the tip of the structural
genetic variation iceberg.
In addition to the issue of sample size and statistical power and the yet-to-be identified common and
rare sequence and structural variants, another important issue associated with the lack of replication,
the lack of novel findings, and the missing heritability is heterogeneity, with heterogeneity between
studies being involved in the lack of replication, and heterogeneity within studies being involved in the
lack of novel findings and the missing heritability.
The heterogeneity between studies may be related to differences in study design and, perhaps more
importantly, differences in genetic background and environment. Given that the majority of phenotypic
variation in longevity is due to non-genetic, environmental factors, population-specific or even
individual-specific environmental confounders may be highly prevalent (Brooks-Wilson 2013), and
may vary by age, gender, ethnicity, geography and historical time period (Willcox et al. 2006b). It has
been proposed that increasing the size of human disease cohorts is likely to scale the heterogeneity in
parallel (MacRae & Vasan 2011), and thus the combination of data from studies based on populations
with different lifestyles and genetic backgrounds could obscure true association signals (BrooksWilson 2013). This may be involved in the lack of findings in the longevity meta-GWAS.
A number of problems associated with case-control studies of longevity are touched upon in section
1.3.1. In addition to increasing the heterogeneity of individual studies, they may also be involved in
increasing the heterogeneity between studies and in meta-analyses.
Heterogeneity could also be speculated to be introduced by differences in the probability of becoming
long-lived, both between and within populations. This is exactly what is investigated in Paper IV of this
thesis, where the presence of genetic heterogeneity between long-lived individuals from different birth
cohorts is assessed. Although the investigated time period is only 20 years, a genetic effect is seen, and
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this indicates that genetic heterogeneity as a consequence of differences in survival probability is a
potential confounder. Given the apparently small effect sizes of the genetic variants associated with
longevity, the genetic differences found in Paper IV, though small, could be important to consider.
Larger genetic differences due to survival probability differences could be speculated when comparing
different populations, even with long-lived individuals of the same age and from the same birth cohort.
Phenotype resolution, i.e. the precision in the definition of the phenotype, is important to consider as
well. Genetic association studies of traits with more precisely defined and homogeneous phenotypes
have been found to be more successful than studies of more heterogeneous traits (MacRae & Vasan
2011; Zuk et al. 2012), and the problem with longevity may therefore be that the phenotype is too
complex. The analysis of more homogeneous age-related phenotypes could thus be speculated to
increase the number of genetic findings. Also, as the heritability of longevity is higher at older ages
(Hjelmborg et al. 2006; Sebastiani & Perls 2012), the analysis of centenarians or supercentenarians
could lead to greater success in longevity gene discovery. However, such a restriction would markedly
decrease the available sample size and result in limited statistical power.
Also thought to play important roles in complex traits and to influence the missing heritability is genegene interactions and gene-environment interactions (Manolio et al. 2009; Zuk et al. 2012).
The effect of interactions between genetic variants or between genes, also referred to as epistasis, is the
phenomenon in which the effect of a target locus depends on the genotype of its interacting locus.
Thus, if the allele frequency of the interacting locus varies among populations, the effect of the target
locus can be significant in one population but not in another, or the effect can be in opposite directions
(Mackay 2014). Hence, epistasis may very well play a role in the heterogeneity within and between
studies and populations and thereby influence the ability to find novel, significant associations or to
replicate already existing ones.
The detection of epistatic interactions is a challenging task, which is still in its infancy. Although
appealing in theory, the hypothesis-free and explorative search for interactions between variants using
genome-wide data sets may not be the most realistic possibility, since the large number of comparisons
will require a substantial sample size as well as pose a computational challenge (Tan et al. 2013b;
Mackay 2014). Therefore, a more effective way to scan for epistasis may be to narrow down the
comparisons by employing existing biological knowledge. By the use of such an approach, a joint
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effect significantly contributing to human longevity was recently found between variants in FOXO1A
and FOXO3A (Tan et al. 2013b).
Interaction between environmental and genetic factors is in part mediated by epigenetic changes such
as DNA methylation, histone modification and microRNA expression (Deelen et al. 2013a; Tan et al.
2013a). Although not affecting the DNA sequence, these changes are heritable and may alter the gene
expression (Montesanto et al. 2012). A number of studies have pointed towards a role of epigenetic
modifications in aging and longevity, as reviewed in (Montesanto et al. 2012; D'Aquila et al. 2013).
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6. Conclusions and Future Perspectives
In conclusion, the results of Paper I and Paper II support the results of other genetic longevity studies:
genetic findings are difficult to replicate, and novel findings are scarce, thereby leaving much of the
heritability of longevity unexplained. As discussed above, this may be due to a number of factors, as
for instance sample size and statistical power, as yet undetected common and rare sequence and
structural variants, heterogeneity between and within studies and interactions between genes and
between genes and environment. The results of Paper III support a role for structural genetic variation
in longevity, and the results of Paper IV suggest that heterogeneity among long-lived individuals due to
differences in survival probability is a concern that should be taken into account.
Further progress in understanding the genetics of human longevity may depend on the analysis of a
higher number of long-lived individuals with a more precisely defined phenotype, e.g. centenarians or
supercentenarians, and focus should be on rare sequence variants, structural variants and gene-gene and
gene-environment interactions. Also, it may be that the heritability is not so much missing as hidden
beneath the genome-wide significance threshold, and therefore the study of joint associations in smaller
units like for instance gene-sets or pathways might be more appropriate, both biologically and
statistically.
Not covered by this thesis is the functional assessment of the identified genetic variants, which is
necessary to obtain the full biological knowledge of their effect and to facilitate the ultimate goal of
better prevention, recognition and treatment of age-related diseases and disabilities in order to improve
quality of life during old age.
To further explore genetic determinants of healthy aging and longevity, and to fully exploit the vast
amount of data created in this PhD project, a number of future studies are planned. First, the CNV
results of Paper III will need to be replicated and technically validated. Second, genome-wide
association studies between genetic variants, both SNPs and CNVs, and a number of age-related
phenotypes will be performed. Most of the surveys, from which the long-lived individuals included in
the studies of this thesis were selected, comprised a home-based interview focusing on health issues
such as self-reported diseases and self-reported health as well as an assessment of physical and
cognitive abilities such as grip strength, activities of daily living and MMSE. For some of the surveys,
follow-up studies have been carried out, resulting in the availability of longitudinal data on the age39

related phenotypes. Also, the extensive registration systems in Denmark can provide additional
information, e.g. disease diagnosis, hospital admission and cause of death. Third, a GWAS of the
longitudinal effects of SNPs on mortality is planned, and fourth, a case-control study of CNVs to assess
CNVs important for survival into old age will be conducted.
Other interesting, but not yet planned studies, could include the analysis of candidate longevity
pathways based on the GWAS data, as well as an expansion of the study presented in Paper IV to
include data from 100-year old individuals from four different birth cohorts. This will be possible when
surviving participants from the 1915 Birth Cohort Study are re-examined when they reach 100 years in
the next 9-21 months. Finally, in order to further explore rare sequence and structural variants, it would
be interesting to perform Next Generation Sequencing in families enriched for longevity.
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8. Summary in English
Human life expectancy is continuously increasing, and so is the number of long-lived individuals. As a
consequence, we are now facing one of the biggest socioeconomic and health care-related challenges in
modern society. As genetic factors account for approximately 25% of the variation in human lifespan, a
search for the genetic component of human aging and longevity is warranted.
Thus, the overall aim of this PhD project was to identify genetic determinants of healthy aging and
provide insight into central molecular mechanisms of healthy aging and longevity. This was pursued by
investigating the association between genetic variation and human longevity, resulting in the four
papers included in this thesis.
In the first paper, the association between seven single nucleotide polymorphisms (SNPs) in the AKT1
gene and human longevity was investigated. The AKT1 gene has been proposed as the third, consistent
longevity gene besides the well-established APOE (apolipoprotein E) and FOXO3A (forkhead box
O3A) genes. Using a large study population consisting of 2,996 Danish and German nonagenarians and
centenarians and 1,840 younger controls, we were unable to replicate the previously reported
association, both in a case-control setting and longitudinally. Thus, the role of AKT1 as a new universal
longevity gene was not supported by this study.
In the second paper, a genome-wide association study (GWAS) of 619 long-lived Danes (mean age
98.5 years) and 1,016 younger Danish controls (mean age 26.5 years) was performed. None of the
investigated 286,580 SNPs reached genome-wide significance (P < 5×10-8), but 32 variants showing
suggestive association (P < 1×10-4) were selected for further analysis and in silico replication in another
Danish GWAS data set of 398 long-lived cases (mean age 95.7 years) and 900 younger controls (mean
age 26.5 years). A meta-analysis of the 32 selected SNPs including the discovery study and the
replication study was also carried out. The SNP that was most significantly associated with longevity,
both in the discovery study and in the meta-analysis, was rs2075650, which has previously been
associated with longevity and is believed to reflect the well-known effect of APOE.
The results of these two studies support the results of other genetic longevity studies: If genetic variants
associated with longevity are found, they are not easily replicated in other populations, and at a
genome-wide level, APOE is more or less the only significantly associated gene identified.
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Thus, APOE and FOXO3A persist as the only universal and consistently identified longevity genes, and
hence much of the heritability of longevity is still unexplained. To address some of this missing
heritability, two additional studies were carried out.
In the third paper, the possible contribution to human lifespan of a type of genetic variation other than
common sequence variation was explored by investigating the association between copy number
variants (CNVs) and mortality during old age in 603 Danish nonagenarians and centenarians. A
significant association between the average CNV length in kb and mortality was found, and also one
significantly associated CNV region (CNVR) and 17 CNVRs showing suggestive association were
identified. The significantly associated CNVR is a duplication located at the 2p24.2 locus. It was
present in 1.3% of the participants and was found to increase the risk of mortality almost 4-fold during
the follow-up period. The CNVR does not encompass or overlap any genes, but nearby genes of
interest include genes with proposed roles in DNA repair and Alzheimer’s disease.
In the fourth paper it was investigated whether genetic heterogeneity among long-lived individuals, due
to cohort differences in survival probability, could potentially explain part of the lack of replication
between populations and the limited success in identifying genetic factors associated with longevity.
The allele frequencies of variants in APOE and FOXO3A were compared at age 95+ and age 100+ in
2,712 individuals from the Danish Birth Cohort Studies of 1895-96, 1905, 1910-11 and 1915.
Generally, a decrease in the allele frequencies of the investigated variants was found in individuals
from more recent birth cohorts, indicating that cohort differences in selection pressure on survival to
the highest ages are reflected in the prevalence of longevity gene variants and could potentially impact
genetic studies of human longevity, although the effect seems to be moderate.
Altogether, the results of this thesis indicate, on the one hand, that genes consistently associated with
human longevity, other than APOE and FOXO3A, are hard to find. On the other hand, they suggest that
focusing on other types of genetic variation, like for instance copy number variation, and considering
the heterogeneity among long-lived cases might aid the search for aging- and longevity-associated
genes.
To further explore the genetics of human aging and longevity and to extend the research presented in
this thesis, future projects will include a GWAS on mortality during old age using a longitudinal
design, a case-control study of CNVs associated with reaching longevity, and possibly a study focusing
on rare familial genetic variants associated with longevity using Next Generation Sequencing.
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9. Dansk Resumé
Den forventede menneskelige levealder stiger kontinuerligt, og samtidig stiger antallet af længelevende
individer. Vi står derfor over for en af de største socioøkonomiske og sundhedsmæssige udfordringer i
det moderne samfund nogensinde. Da genetiske faktorer udgør omkring 25% af variationen i
menneskets levetid, er der behov for at finde den genetiske komponent, der ligger til grund for
menneskets aldring og opnåelse af lang levetid.
Det overordnede formål med dette Ph.d.-projekt var således at identificere genetiske determinanter for
sund aldring samt opnå indsigt i centrale molekylære mekanismer for sund aldring og lang levetid.
Dette blev søgt opnået ved at undersøge associationen mellem genetisk variation og lang levetid hos
mennesker, og resultaterne dannede grundlag for de fire artikler, der er inkluderet i afhandlingen.
I den første artikel undersøgtes associationen mellem syv enkelt-nukleotid polymorfier (SNPs) i AKT1genet og lang levetid. AKT1 har, foruden de veletablerede gener APOE (apolipoprotein E) og FOXO3A
(forkhead box O3A), været foreslået som det tredje konsistente gen associeret med lang levetid. Til
trods for en stor studiepopulation på 2996 danske og tyske individer over 92 år og 1840 yngre
kontroller kunne den tidligere rapporterede association ikke replikeres, hverken i et case-kontrol- eller i
et longitudinelt studie, og dermed kunne AKT1s foreslåede rolle som et nyt universelt gen associeret
med lang levetid ikke bekræftes i dette studie.
I den anden artikel udførtes et såkaldt ’genome-wide’ associationsstudie (GWAS) på 619 længelevende
danskere (gennemsnitsalder 98,5 år) og 1016 yngre kontroller (gennemsnitsalder 26,5 år). Ingen af de
undersøgte 286.580 SNPs opnåede statistisk signifikans (P < 5×10-8), men de 32 varianter med lavest
P-værdi (P < 1×10-4) blev udvalgt til yderligere analyse samt in silico replikation i et andet dansk
GWAS datasæt med 398 længelevende individer (gennemsnitsalder 95,7 år) og 900 yngre kontroller
(gennemsnitsalder 26,5 år). En meta-analyse af de 32 udvalgte SNPs i begge GWAS’er blev også
udført. Den SNP, der var mest signifikant associeret med lang levetid, både i den første GWAS samt i
meta-analysen, var rs2075650, som tidligere er fundet associeret med lang levetid, og som formodes at
afspejle den kendte effekt af APOE.
Resultaterne af disse to studier understøtter resultaterne af andre genetiske studier af lang levetid hos
mennesket: hvis genetiske varianter associeret med lang levetid findes, er de ofte svære at replikere i
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andre populationer, og på et ’genome-wide’ niveau er APOE mere eller mindre det eneste signifikant
associerede gen, der påvises.
Dermed er APOE og FOXO3A de eneste universelle og konsistente gener associeret med lang levetid,
der er identificeret til dato, og en stor del af den genetiske komponent, der ligger til grund for lang
levetid, er derfor stadig ikke forklaret. Med fokus på at undersøge dele af denne uidentificerede
genetiske komponent nærmere blev yderligere to studier gennemført.
I den tredje artikel blev det søgt afdækket, om en anden type genetisk variation end sekvensvariation,
bidrager til lang levetid. Dette blev gjort ved at undersøge associationen mellem kopiantals-variationer
(CNV’er) og mortalitet hos 603 danskere over 90 år. En signifikant association mellem CNV-længde i
kb og mortalitet blev fundet, og samtidig blev en signifikant associeret CNV-region (CNVR) og 17
semi-signifikant associerede CNVR’er identificeret. Den signifikant associerede CNVR er en
duplikation lokaliseret på kromosom 2p24.2. Den blev fundet hos 1,3% af deltagerne og forøgede
risikoen for mortalitet under opfølgningsperioden med næsten en faktor fire. CNVR’en indeholder eller
overlapper ingen gener, men interessante gener i det omkringliggende område inkluderer gener, som
formodes at spille en rolle i DNA-reparation og Alzheimers sygdom.
I den fjerde artikel undersøgtes det, om genetisk heterogenitet blandt længelevende individer på grund
af kohorteforskelle i sandsynligheden for at overleve til høje aldre delvist kan forklare den manglende
replikation mellem populationer samt den begrænsede succes i forhold til at identificere genetiske
faktorer associeret med lang levetid. Allelfrekvenserne for varianter i APOE and FOXO3A blev
sammenlignet ved alder 95+ og alder 100+ hos 2712 individer fra de danske fødselskohorter 1895-96,
1905, 1910-11 og 1915. Generelt fandtes en lavere allelfrekvens af de undersøgte varianter hos
individer fra de yngre fødselskohorter, hvilket indikerer, at kohorteforskelle i selektionstrykket for
overlevelse til de højeste aldre afspejles i prævalensen af genvarianter associeret med lang levetid, og
dermed potentielt kan indvirke på genetiske studier af lang levetid hos mennesket, selvom effekten
synes moderat.
Alt i alt understøtter resultaterne i denne afhandling, at gener associeret med lang levetid hos
mennesket, udover APOE og FOXO3A, er svære at finde. Dog antyder de også, at fokus på andre typer
af genetisk variation, fx kopiantals-variationer, samt inddragelse af heterogeniteten blandt
længelevende individer vil kunne lette søgningen efter gener associeret med aldring og lang levetid.
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For yderligere at udforske den genetiske komponent, der ligger til grund for menneskets aldring og
opnåelse af lang levetid samt for at udvide den forskning, som denne afhandling bygger på, vil
fremtidige projekter inkludere et longitudinelt GWAS af mortaliteten hos længelevende individer, et
case-kontrol-studie af CNV’er associerede med opnåelse af lang levetid, samt eventuelt et studie med
fokus på identifikation af sjældne, familiære genetiske varianter associeret med lang levetid ved brug af
såkaldt ’Next-Generation’ sekventering.
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SHORT REPORT

AKT1 fails to replicate as a longevity-associated gene
in Danish and German nonagenarians and
centenarians
Marianne Nygaard*,1,2, Mette Soerensen1,2, Friederike Flachsbart3, Jonas Mengel-From1,2, Qihua Tan1,2,
Stefan Schreiber3, Almut Nebel3, Kaare Christensen1,2,4 and Lene Christiansen1,2
In addition to APOE and FOXO3, AKT1 has recently been suggested as a third consistent longevity gene, with variants in AKT1
found to be associated with human lifespan in two previous studies. Here, we evaluated AKT1 as a longevity-associated gene
across populations by attempting to replicate the previously identified variant rs3803304 as well as by analyzing six additional
AKT1 single-nucleotide polymorphisms, thus capturing more of the common variation in the gene. The study population was
2996 long-lived individuals (nonagenarians and centenarians) and 1840 younger controls of Danish and German ancestry. None
of the seven SNPs tested were significantly associated with longevity in either a case–control or a longitudinal setting, although
a supportive nominal indication of a disadvantageous effect of rs3803304 was found in a restricted group of Danish
centenarian men. Overall, our results do not support AKT1 as a universal longevity-associated gene.
European Journal of Human Genetics advance online publication, 29 August 2012; doi:10.1038/ejhg.2012.196
Keywords: human longevity; AKT1; association

INTRODUCTION
Despite the fact that approximately 25% of variation in human
lifespan is attributable to genetic factors,1 polymorphisms in only a
few candidate genes have so far been consistently found to be
associated with longevity.
The first to be discovered, and also the most prominent candidate,
is the apolipoprotein E (APOE) gene. The APOE e4 haplotype
has repeatedly been reported as an age-related mortality factor in
numerous populations,2 and recently, the APOE e4 allele was
confirmed to negatively affect survival into old age in two genomewide association studies (GWASs).3,4
The forkhead box O3 (FOXO3) gene, which encodes a transcription
factor involved in the insulin/insulin-like growth factor 1 (IGF1)
pathway, has been presented as another well-established candidate.
The insulin/IGF1 pathway has repeatedly been implicated in longevity
in various model organisms,5 as well as in humans, where the FOXO3
association has been demonstrated in a number of populations of
diverse ethnic origin.6–11
The newest candidate that has been put forward as a third
consistent longevity gene is AKT1, which is also part of the insulin/
IGF1 pathway. Single-nucleotide polymorphisms (SNPs) in this gene
have been associated with longevity in two studies: in 2009,
Pawlikowska et al9 described the variant rs3803304 as influencing
human lifespan in three different cohorts consisting of participants
from the Study of Osteoporotic Fractures and the Cardiovascular
Health Study, as well as Ashkenazi Jewish Centenarians, whereas the
SNP rs2498804 was detected in a recent GWAS of Dutch
nonagenarians from the Leiden Longevity Study.3

In this study, we evaluated AKT1 as a longevity-associated gene
across populations by analyzing rs3803304 in a large sample of Danish
and German long-lived individuals with the aim of replicating the
previous finding. Further, we included six additional AKT1 SNPs in
order to cover more of the common variation within the gene.

MATERIALS AND METHODS
Study populations
Danish study. The Danish study population comprised 1383 participants
from The Danish 1905 Birth Cohort Study, described in details elsewhere.12
Briefly, the study was initiated in 1998, when participants were 92–93 years of
age and follow-up studies of surviving participants were carried out in 2000,
2003 and 2005, when participants reached 100 years of age.
Genotyping of the candidate SNP rs3803304 was performed in all 1383
participants, of which 190 individuals (women proportion of 80%) lived to be
at least 100 years of age, whereas genotype information on the six additional
SNPs was available for 1089 individuals as previously described.13 A total of
143 of the 1089 individuals (women proportion of 79%) lived to be at least
100 years of age.
Vital status was followed until death or until 1 January 2011, resulting in a
mean follow-up time for survivors of 12.4 years (range: 12.2–12.6). Information on survival status was retrieved from the Danish Central Population
Register, which is continuously updated.14
A group of 736 younger control individuals (mean age 50.6 years) were
randomly selected from the population-based study of middle-aged Danish
twins,15 which was initiated in 1998 with the random selection of 2640 intact
twin pairs born from 1931 to 1952. Here, only one twin from each pair was
included.
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German study. The German study population included 865 nonagenarians
and 748 centenarians (age range 95–110 years, mean age 98.9 years, women
proportion of 73.0% in all cases and 80.5% in centenarians). The control
individuals were 1104 younger unrelated individuals (age range 60–75 years,
mean age 67.2 years). The participants were recruited from different
geographic regions of Germany and were all of German ancestry.16
Study approvals were received from the Danish National Committee on
Biomedical Research Ethics and the Ethics Committee of the University
Hospital Schleswig-Holstein, respectively.

Genotyping
The primary SNP for association testing was rs3803304. In addition to this, six
supplementary variants, which had previously been selected for coverage of the
common genetic variation in AKT1 using data from the International HapMap
Project (http://hapmap.ncbi.nlm.nih.gov/index.html.en), were included.
Genotyping of rs3803304 in the Danish study population and of rs3803304,
rs2494731, rs2494732, rs2498796, rs2494738 and rs1130214 in the German
study population was performed using predesigned TaqMan SNP genotyping
assays (Applied Biosystems, Pleasonton, CA, USA). The SNP rs2494748 could
not be genotyped in the German population because of technical difficulties.
Genotyping of rs2494731, rs2494732, rs2498796, rs2494738, rs2494748 and
rs1130214 in the Danish study population was part of a previous study and
was performed using the Illumina GoldenGate Technology (Illumina Inc., San
Diego, CA, USA) as described by Soerensen et al.13

Statistical analysis
All analyses were carried out using the statistical software Stata (Stata version
11.2; Stata Corporation, College Station, TX, USA). Logistic regression was
used to assess the association between genotype and longevity with dose of
minor allele coded as 0, 1 and 2. An additive model was applied to all of the
seven AKT1 SNPs; however, for rs3803304, the potential association with
longevity was further explored using a genotypic, dominant and recessive
model.
Mortality analysis in the Danish 1905 Birth Cohort was performed on all of
the seven AKT1 SNPs using a left-truncated Cox proportional hazards model
to adjust for late entry into the data set according to age.
To account for the multiple testing of seven SNPs, a Bonferroni-corrected
significance level of 0.007 (0.05/7) was applied.
Power calculations were performed using the freely available software
Quanto (Quanto version 1.2.4, http://hydra.usc.edu/gxe/), assuming a 1 in
20 chance of becoming 92–93 years old, a 1 in 400 chance of becoming a
centenarian and a Bonferroni-corrected significance level of 0.007.

RESULTS
Characteristics of the Danish and German study populations are
summarized in Table 1.
All genotyped SNPs were in Hardy–Weinberg equilibrium in both
control groups, except for rs2494738, which displayed an excess of
heterozygotes in the Danish control group (P ¼ 0.02).
The set of tested AKT1 SNPs included the candidate variant
rs3803304 and six additional SNPs, of which three are tagging SNPs
(rs2494731, rs2494738 and rs1130214). The remaining SNPs
(rs2494732, rs2498796 and rs2494748) are distributed evenly along
the gene and were added to enable a more comprehensive coverage of
the gene.
Case–control analysis of all SNPs was performed for the Danish
and German population separately, as well as for the combined study
population. The substantial number of individuals in the combined
study population allowed for the detection of effects as small as
OR ¼ 1.2 (for rs2494738, OR ¼ 1.3 due to a smaller minor allele
frequency) with a power of at least 87%. Applying an additive model,
none of the seven SNPs demonstrated a significant association with
longevity in either of the populations (Table 2).
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Table 1 Characteristics of the study populations
Danish study population
Cases
Controls

German study population
Cases
Controls

1383/1089a
70.7/71.3a

736
49.6

1613
73.0

1104
74.4

Age at intake, LLI
Number, centenarians

92–93
190/143a

46–55
—

95–110
748

60–75
—

Women, centenarians (%)

80.0/79.0a

—

80.5

—

Number, LLI
Women, LLI (%)

Abbreviation: LLI, long-lived individuals.
aThe number to the left applies to rs3803304.

As rs3803304 was previously found to be associated with longevity,9
it was investigated more thoroughly using a genotypic, dominant and
recessive model. No significant associations were found with any of
the models applied (data not shown).
To scrutinize for potential effects of variation in AKT1 on extreme
survival, the analysis was next restricted to include centenarians only
(Table 3), resulting in the ability to detect effects of size OR ¼ 1.25
(for rs2494738, OR ¼ 1.4) in the combined study population with a
power of at least 80%. One nominally significant indication
(P ¼ 0.03) of a disadvantageous effect of rs3803304 on longevity
was found in Danish men, and this indication was supported when
applying genotypic and dominant models (P ¼ 0.02 and 0.01,
respectively).
In addition to applying a cross-sectional approach, the effects of the
seven SNPs on survival during old age were investigated in the Danish
1905 Birth Cohort. Regardless of the genetic model applied, no
associations with survival during the follow-up of 412 years were
found. Restriction of analysis to include centenarians only did not
change this result (data not shown).

DISCUSSION
AKT1 has recently been suggested as a third universal longevity gene,
together with APOE and FOXO3. To further elucidate this potential
role of AKT1, case–control studies involving Danish and German
long-lived individuals and younger controls were performed. In
addition to the previously described candidate variation rs3803304,9
our study was expanded to include a number of additional SNPs to
ensure better coverage of the known allelic variance in AKT1.
The main finding of this study was a lack of formal replication of
the association of rs3803304 with longevity as previously found in
three independent populations.9 In the initial report by Pawlikowska
et al,9 they found that the association with longevity appeared driven
by the minor allele homozygous genotype, as subjects homozygous
for the minor allele were underrepresented among long-lived cases.
In line with this, restricting the analysis to centenarians revealed a
trend of supportive evidence in Danish men, with the same direction
of effect as identified before.9 It should be noted, though, that the
sample size of the refined group of centenarian men was very limited
(n ¼ 37), and when applying a Bonferroni correction for multiple
statistical testing, the association did not remain significant.
To facilitate a more exhaustive exploration of the possible relevance
of AKT1 variations in longevity, six additional SNPs available from a
previous study13 were included and tested in both the Danish and
German study population. Of note, one of these, rs2494731, is in
perfect linkage disequilibrium with the AKT1 SNP rs2498804, which
was recently found to be associated with lifespan in a population
of Dutch nonagenarians.3 Nevertheless, we did not replicate an
association with longevity, whether applying a cross-sectional
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Table 2 Association analysis of AKT1 variations in long-lived individuals
Danish population
MAF
Cases/controls
OR
95% CI

Sex

rs3803304

All

0.25/0.27

0.93

0.80–1.08

0.320

0.27/0.26

1.03

0.91–1.17

0.610

0.26/0.26

0.99

0.90–1.09

0.784

Men
Women

0.25/0.28
0.25/0.26

0.87
0.97

0.69–1.09
0.80–1.18

0.229
0.779

0.28/0.26
0.26/0.26

1.09
1.02

0.84–1.41
0.88–1.18

0.515
0.831

0.26/0.27
0.26/0.26

0.96
1.00

0.81–1.14
0.89–1.12

0.673
0.967

All

0.34/0.34

1.00

0.87–1.17

0.953

0.36/0.35

1.05

0.94–1.17

0.393

0.35/0.34

1.03

0.94–1.13

0.503

Men
Women

0.32/0.35
0.34/0.32

0.87
1.10

0.69–1.11
0.91–1.34

0.266
0.324

0.36/0.33
0.36/0.35

1.12
1.02

0.90–1.39
0.90–1.17

0.296
0.714

0.34/0.34
0.35/0.34

1.01
1.04

0.86–1.18
0.93–1.16

0.893
0.472

All

0.43/0.43

0.99

0.86–1.14

0.879

0.46/0.44

1.06

0.95–1.18

0.296

0.45/0.44

1.04

0.95–1.13

0.406

Men
Women

0.39/0.43
0.45/0.42

0.81
1.12

0.64–1.02
0.94–1.34

0.073
0.214

0.46/0.42
0.46/0.45

1.13
1.03

0.92–1.39
0.91–1.17

0.253
0.594

0.43/0.43
0.45/0.44

0.99
1.06

0.85–1.15
0.95–1.17

0.928
0.287

rs2498796

All
Men

0.30/0.32
0.29/0.34

0.92
0.80

0.79–1.07
0.63–1.02

0.292
0.075

0.32/0.31
0.33/0.31

1.03
1.10

0.92–1.16
0.88–1.37

0.575
0.411

0.31/0.32
0.31/0.32

0.99
0.96

0.90–1.08
0.81–1.12

0.788
0.573

Women

0.30/0.30

1.01

0.83–1.23

0.912

0.32/0.32

1.01

0.88–1.16

0.877

0.31/0.31

1.00

0.90–1.12

0.949

rs2494738

All
Men

0.12/0.12
0.12/0.13

0.99
0.92

0.79–1.23
0.66–1.29

0.912
0.645

0.08/0.07
0.07/0.07

1.06
0.97

0.87–1.29
0.66–1.44

0.581
0.893

0.10/0.09
0.09/0.11

1.03
0.87

0.89–1.19
0.68–1.12

0.718
0.275

Women

0.12/0.12

1.04

0.77–1.39

0.799

0.08/0.07

1.09

0.86–1.38

0.473

0.10/0.09

1.12

0.93–1.34

0.221

rs2494748

All
Men

0.34/0.35
0.35/0.36

0.95
0.96

0.82–1.09
0.77–1.20

0.466
0.728

Women

0.33/0.35

0.94

0.78–1.13

0.510

rs1130214

All

0.31/0.31

1.05

0.91–1.23

0.498

0.30/0.31

0.94

0.83–1.05

0.258

0.30/0.31

0.97

0.89–1.07

0.544

Men
Women

0.32/0.31
0.31/0.30

1.06
1.05

0.83–1.34
0.86–1.28

0.653
0.612

0.28/0.31
0.31/0.31

0.86
0.96

0.69–1.09
0.84–1.10

0.214
0.557

0.30/0.31
0.31/0.31

0.94
0.99

0.79–1.10
0.89–1.10

0.429
0.842

rs2494732

P

Combined population
MAF
Cases/controls
OR
95% CI

SNP

rs2494731

P

German population
MAF
Cases/controls
OR
95% CI

P

Abbreviations: CI, confidence interval; MAF, minor allele frequency; OR, odds ratio (applying an additive model).
Cases are long-lived individuals with an age of 492 years at intake in the Danish population and 495 years in the German population. P-values are uncorrected.

Table 3 Association analysis of AKT1 variations in centenarians
Danish population
MAF
Cases/controls
OR
95% CI

Sex

rs3803304

All

0.23/0.27

0.81

0.61–1.06

0.126

0.26/0.26

1.00

0.86–1.17

0.993

0.26/0.26

0.95

0.83–1.08

0.443

Men
Women

0.16/0.28
0.24/0.26

0.49
0.92

0.26–0.94
0.67–1.25

0.033
0.590

0.26/0.26
0.26/0.26

1.00
1.00

0.70–1.41
0.84–1.19

0.980
0.982

0.25/0.27
0.26/0.26

0.84
0.98

0.63–1.12
0.85–1.14

0.230
0.821

All

0.32/0.34

0.97

0.72–1.30

0.821

0.35/0.35

1.01

0.88–1.16

0.871

0.34/0.34

1.01

0.90–1.15

0.837

Men
Women

0.29/0.35
0.33/0.32

0.75
1.04

0.39–1.42
0.75–1.44

0.373
0.826

0.33/0.33
0.36/0.35

0.98
1.02

0.73–1.31
0.87–1.20

0.869
0.786

0.32/0.34
0.35/0.34

0.91
1.05

0.70–1.18
0.91–1.20

0.479
0.534

All

0.43/0.43

1.01

0.76–1.33

0.957

0.45/0.44

1.03

0.90–1.17

0.684

0.44/0.44

1.03

0.92–1.16

0.580

Men
Women

0.35/0.43
0.45/0.42

0.69
1.12

0.38–1.26
0.82–1.54

0.224
0.468

0.44/0.42
0.45/0.45

1.05
1.02

0.79–1.38
0.88–1.19

0.741
0.776

0.40/0.43
0.45/0.44

0.97
1.05

0.77–1.24
0.92–1.20

0.830
0.454

All
Men

0.28/0.32
0.27/0.34

0.85
0.69

0.63–1.14
0.37–1.30

0.276
0.253

0.32/0.32
0.31/0.31

0.99
1.01

0.86–1.15
0.75–1.35

0.931
0.957

0.31/0.32
0.30/0.32

0.97
0.90

0.85–1.10
0.70–1.17

0.602
0.446

Women

0.28/0.30

0.90

0.64–1.26

0.545

0.32/0.32

0.99

0.84–1.16

0.898

0.31/0.31

0.99

0.86–1.14

0.865

All
Men

0.13/0.12
0.20/0.13

1.14
1.68

0.76–1.72
0.84–3.38

0.525
0.142

0.07/0.07
0.03/0.07

1.00
0.88

0.78–1.29
0.51–1.54

0.990
0.663

0.10/0.09
0.11/0.11

0.91
0.82

0.74–1.12
0.54–1.24

0.368
0.346

Women

0.11/0.12

0.95

0.58–1.57

0.853

0.08/0.07

1.03

0.78–1.37

0.811

0.10/0.09

0.94

0.74–1.20

0.631

rs2494748

All
Men

0.37/0.35
0.41/0.36

1.11
1.23

0.85–1.45
0.71–2.13

0.443
0.457

Women

0.37/0.35

1.08

0.79–1.46

0.643

rs1130214

All

0.33/0.31

1.13

0.84–1.51

0.431

0.29/0.31

0.95

0.83–1.10

0.502

0.31/0.31

0.98

0.87–1.11

0.754

Men
Women

0.30/0.31
0.33/0.30

0.97
1.18

0.54–1.76
0.84–1.66

0.926
0.334

0.28/0.31
0.31/0.31

0.88
0.97

0.64–1.20
0.83–1.14

0.416
0.736

0.31/0.31
0.31/0.31

0.89
1.01

0.69–1.16
0.88–1.16

0.389
0.907

rs2494732

rs2498796

rs2494738

P

Combined population
MAF
Cases/controls
OR
95% CI

SNP

rs2494731

P

German population
MAF
Cases/controls
OR
95% CI

P

Abbreviations: CI, confidence interval; MAF, minor allele frequency; OR, odds ratio (applying an additive model).
Cases are restricted to individuals living to an age of Z100 years. P-values are uncorrected.
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approach or taking advantage of the longitudinal data with 412 years
of follow-up available for the Danish nonagenarian sample.
In conclusion, despite a substantial power, we did not confirm
AKT1 as a longevity-associated gene in populations of Danish and
German nonagenarians and centenarians. This finding does not
necessarily rule out a potential relevance of AKT1 in longevity. First,
population genetic differences may explain the lack of replication,
although this explanation is not very likely, because all analyzed
populations were of European ancestry. Second, because our coverage
of allelic variation in AKT1 is probably not complete, other variations
that are not tagged by the included SNPs may be associated with
survival differences. However, all in all, our results do suggest that
AKT1 is not a universally acting longevity gene.
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Abstract
Genome-wide association studies have successfully identified a number of genetic variants
associated with different complex diseases. However, within the field of longevity, only variants
linked to the well-known APOE gene have been found to associate at a genome-wide significant
level.
Here we attempted to further investigate genetic variants associated with longevity by carrying out a
genome-wide association study of 286,580 single nucleotide polymorphisms in 619 long-lived
individuals and 1,016 younger controls from Denmark. The cases are all older than 96 years (mean
age 98.5 years, age range 96-101.1 years), and since the genetic contribution to longevity is
expected to be most profound from age 85 and onwards, they are ideal for a study like this.
Although no genome-wide significant hits were discovered, the variant most significantly
associated with longevity was rs2075650, which previously has been found to associate with
longevity and is expected to reflect the effect of the APOE gene.
One explanation for the lack of success in our study is the limited statistical power to detect rare
variants and variants with small effects. Larger and possibly family-based studies are needed to
further explore these variants and aid the identification of additional genetic variants associated
with longevity.
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Introduction
Human longevity is a highly complex trait influenced by both environmental and genetic factors as
well as stochasticity. Based on twin studies, the genetic component has been estimated to account
for 25-30% of the inter-individual variance in human lifespan (Herskind et al. 1996; Skytthe et al.
2003), with the most profound influence after the age of 85 (Hjelmborg et al. 2006).
One way of detecting genetic variants associated with longevity is by means of genome-wide
association studies (GWASs). GWASs have for a number of years been successfully used as a
hypothesis-free and explorative approach for the detection of associations between single nucleotide
polymorphisms (SNPs) spread across the entire genome and different phenotypic traits (Visscher et
al. 2012). The genetic background of complex traits like height (Lango Allen et al. 2010), Crohn’s
disease (Barrett et al. 2008) and type 2 diabetes (Voight et al. 2010) has been successfully analyzed
using GWASs, revealing a number of related variants.
So far, a number of GWASs of longevity comparing long-lived individuals with younger or shorterlived controls in a cross-sectional manner have been conducted (Lunetta et al. 2007; Newman et al.
2010; Deelen et al. 2011; Malovini et al. 2011; Nebel et al. 2011; Sebastiani et al. 2012). Also, a
longitudinal GWAS of time-to-death has been carried out (Walter et al. 2011).
The number of genetic variants found to associate with longevity in these studies has been limited.
In fact, only variants linked to one gene, the apolipoprotein E (APOE) gene has been found to
associate at a genome-wide significant level (Deelen et al. 2011; Nebel et al. 2011; Sebastiani et al.
2012). APOE is one of two genes already known from candidate-gene studies to consistently
associate with longevity (Deelen et al. 2013), with the ε4 allele of APOE being a risk factor for
mortality as well as for Alzheimer’s and cardiovascular disease (Christensen et al. 2006). The other
gene is the forkhead box O3A (FOXO3A) gene, which encodes a transcription factor involved in the
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candidate longevity insulin-IGF1 (insulin-like growth factor 1) pathway, and has been found to
promote longevity in numerous populations (Willcox et al. 2008; Anselmi et al. 2009; Flachsbart et
al. 2009; Li et al. 2009; Pawlikowska et al. 2009; Soerensen et al. 2010).
To further explore genetic factors associated with human longevity, we carried out a GWAS
comparing Danish long-lived individuals (mean age 98.5 years, age range 96-101.1 years) with
younger Danish controls (mean age 26.5 years, age range 16-42 years). The cases are all older than
96 years and are thus representing the age group where the influence of genetic factors on longevity
is most notable.
Materials and Methods
Study Populations
Discovery study, cases
The 624 discovery study cases are from four nation-wide birth cohort studies; the 1905 Birth Cohort
Study, the 1910 Birth Cohort Study, the 1911-12 Birth Cohort Study, and the 1915 Birth Cohort
Study.
The Danish 1905 Birth Cohort Study is an in-depth survey of all Danes born in 1905 (Nybo et al.
2001). The study was initiated in 1998 and follow-up studies of participating survivors were carried
out in 2000, 2003 and 2005. At intake, 3,600 individuals were still alive, and of the 2,262
individuals who agreed to take part in the study, 1,651 provided a biological sample. The Danish
1910 Birth Cohort Study includes all Danes born in 1910, and alive and living in Denmark on
September 1st 2010. Out of a total of 400 potential participants, 273 individuals agreed to join the
survey, and blood samples were retrieved from 176 individuals. The Danish 1911-12 Birth Cohort
Study is part of the international 5-Country Oldest Old Project (5-COOP) (Robine et al. 2010). The
study consists of a random sample of 251 individuals reaching an age of 100 years in the period
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from April 1st 2011 to July 1st 2012. Finally, the Danish 1915 Birth Cohort Study includes all Danes
born in 1915 and living in Denmark on September 1st 2010. A total of 2,509 individuals were
identified as eligible participants, with 1,584 individuals participating in the study, and 1,105
individuals providing a blood sample (Christensen et al. 2013).
The 1905 and 1915 Birth Cohort Study participants included in the present study were selected
among individuals reaching an age of minimum 96 years.
For the 1905 and 1911-12 Birth Cohort Study participants included in the present study, DNA was
extracted from whole blood using standards methods (Miller et al. 1988). For the 1910 and 1915
Birth Cohort Study participants included in the present study, DNA was extracted from filter cards
using the Extract-N-Amp Blood PCR Kit (Sigma-Aldrich, St. Louis, MO, USA) and amplified
using the GenomePlex® Complete Whole Genome Amplification (WGA) Kit (Sigma-Aldrich, St.
Louis, MO, USA). Both DNA extraction and amplification were carried out according to
manufacturer’s protocols.
Permission to collect blood samples was granted by the Danish National Committee on Biomedical
Research Ethics.
Replication study, cases
The 398 replication study cases are from four nation-wide surveys; The Study of Danish Old Sibs
(DOS), the 1905 Birth Cohort Study, the Longitudinal Study of Danish Centenarians (LSDC), and
the Longitudinal Study of Ageing Danish Twins (LSADT).
Briefly, DOS was initiated in 2004 and includes families where at least two siblings were ≥ 90 years
of age at intake. The 1905 Birth Cohort Study is described above. All individuals from this survey
included in the present study have reached an age of at least 100 years, and no overlap with the
1905 Birth Cohort Study participants included in the discovery study is present. LSDC consists of
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all individuals reaching an age of 100 years in the period from April 1st 1995 to May 31st 1996
(Andersen-Ranberg et al. 2001). A total of 276 eligible centenarians were identified and invited to
participate in the survey, which 207 individuals agreed to, and blood samples were collected from
154 individuals. The LSADT study was initiated in 1995 and includes Danish twins ≥ 70 years of
age (Skytthe et al. 2002).
For DOS and LSADT, one individual from each sibling or twin pair was selected among
participants that had reached an age of at least 90 years for LSADT and 91 years for DOS,
respectively.
DNA was extracted from whole blood using standard methods (Miller et al. 1988).
Permission to collect blood samples was granted by the Danish National Committee on Biomedical
Research Ethics.
Discovery study and replication study, controls
Two non-overlapping sets of individuals from the Danish genome-wide association study GOYA
(Genomics of extremely Overweight Young Adults) (Paternoster et al. 2011) are used as controls in
the discovery study and in the replication study. In the GOYA study, female controls were drawn as
a random cohort sample from 67,863 women from the Danish National Birth Cohort (1996-2002)
who gave birth to a live born infant and provided a blood sample during pregnancy. Genotyping
was successful in 2,021 women. The male controls were a random cohort sample, initially based on
one in every hundred of 362,000 Caucasian men drafted in Copenhagen from 1943-77 (n = 3,601).
In 1992-94, half of the random cohort still living in the Copenhagen area were invited to a followup where blood samples were taken. Genotyping was successful in 796 men. Of the 2,817
genotyped individuals, 1,017 are included as controls in the discovery study and 900 are included as
controls in the replication study.
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The GOYA study was approved by the regional scientific ethics committee and by the Danish Data
Protection Board.
Genotyping
The discovery and replication study cases were genotyped using Illumina HumanOnmiExpress
BeadChips (Illumina, San Diego, CA, USA), whereas controls were genotyped using Illumina
Human610-Quad BeadChips (Illumina, San Diego, CA, USA). Genotyping was carried out
according to manufacturer’s protocols.
Quality Control
Discovery study, cases
Quality control (QC) was carried out in Plink (http://pngu.mgh.harvard.edu/~purcell/plink/, (Purcell
et al. 2007)).
Due to differences in clustering, QC in the discovery study cases was initially carried out separately
for samples with DNA extracted from whole blood (WB-samples) and for samples with amplified
DNA extracted from filter cards (WGA-samples). After the initial QC, all the discovery study cases
were pooled and another round of QC was carried out. The QC procedure was quite stringent
involving the removal of non-autosomal SNPs as well as SNPs with Cluster Sep (cluster separation)
< 0.40, AB T Mean (the mean of the normalized theta value of the heterozygote cluster) < 0.2 or
>0.8, AB R Mean (the mean normalized intensity of the heterozygote cluster) < 0.25, call frequency
< 0.95 and minor allele frequency < 0.01. Also, SNPs with a significantly different (P < 1×10-4)
minor allele frequency in WB- and WGA-samples were removed. Samples were evaluated and
excluded based on call rate (call rate < 0.95), sex chromosome abnormalities and family
relationships (proportional IBD > 0.1875).
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Of the 733,202 SNPs and 624 samples initially present, 575,120 SNPs and 619 samples remained
after QC. Only SNPs genotyped in both cases and controls were included in the analysis, resulting
in 286,580 SNPs available for association testing in the discovery study.
The cluster plots of the SNPs most significantly associated with longevity (P < 1×10-4) (n = 35)
were visually inspected, and three SNPs were excluded due to poor clustering.
To evaluate population substructure between cases and controls and between WB- and WGA
samples in the cases, IBS estimates for all pairs of individuals in the discovery study data set were
computed. The first two resulting principal components were plotted against each other (see Figure
1), revealing only one cluster and thus no substructure.
Replication study, cases
In the replication study cases, the QC procedure involved the removal of SNPs with a call rate <
0.95 and a minor allele frequency < 0.01. Also, samples with a call rate < 0.95 and sex chromosome
abnormalities were removed.
Discovery and replication studies, controls
QC in the discovery and replication study controls was carried out as described in (Paternoster et al.
2011), with the exception that SNPs with PHWE < 1×10-4 (and not < 1×10-7 as in (Paternoster et al.
2011)) were excluded. Also, in the discovery study, evaluation of family relationships among cases
and controls (proportional IBD > 0.1875) resulted in the exclusion of one control sample.
Statistical Analysis
The association analysis was carried out using Plink (http://pngu.mgh.harvard.edu/~purcell/plink/,
(Purcell et al. 2007)). Each SNP was tested for association with longevity using an allelic model
comparing minor allele frequencies between cases and controls. The conventional P-value of 5×10-8
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was used as the cut-off for genome-wide significance. SNPs with a P-value lower than 1× 10-4 were
selected for further analysis.
In the meta-analysis, a fixed effect approach was used. Odds ratios and their standard errors were
calculated within each study and combined to obtain a single meta-analysis odds ratio and P-value.
The quantile-quantile (QQ) plot (see Figure 2) was constructed using R (http://www.r-project.org/)
and shows that the P-value distribution of the discovery study generally conforms to a null
distribution, except at the extreme end.
The genetic inflation factor (λ), which is an indicator of population stratification, was 1.01. Thus,
no adjustment for population stratification was carried out.
Power calculations were performed using the freely available software Quanto (Quanto version
1.2.4, http://hydra.usc.edu.gxe), assuming a 1 in 15 chance of becoming long-lived (above 90 years)
and using a log-additive model and a genome-wide significance level of 5×10-8.
Results
Characteristics of the discovery and replication study cases and controls are provided in Table 1.
The results of the single-marker association analysis comparing the minor allele frequencies of the
286,580 SNPs that passed quality control between the 619 long-lived cases and the 1,016 younger
controls are shown in Figure 3. Although none of the SNPs reached genome-wide significance (P <
5×10-8), the SNPs most significantly associated with longevity (P< 1×10-4) were considered
suggestive associations and were selected for further analysis (see Table 2).
Of the 32 selected SNPs, 4 were pair-wise (rs11692963 and rs893745, and rs7800258 and
rs12707272) in high linkage disequilibrium (LD) (r2 > 0.8), and thus, the selected SNPs only
represent 30 independent associations.
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For replication, the associations of the 32 selected SNPs were in silico looked up in another, already
existing GWAS including 398 long-lived Danish cases and 900 younger Danish controls (see Table
1). About half of the SNPs (17 of 32) exhibited the same direction of association (OR ≥ 1 or OR ≤
1) in the replication study as in the discovery study (see Table 3). However, only two of these
(rs2075650 and rs7643465) replicated formally using a significance level of P < 0.05. Taking into
account multiple testing by correcting for 32 tests, none of the SNPs replicated.
A meta-analysis of the 32 SNPs in the discovery and replication studies (in total 1,017 long-lived
cases and 1,916 younger controls) did not render any of the SNPs significantly associated with
longevity on a genome-wide level (see Table 3). Three SNPs (rs2075650, rs7643465 and rs354690)
had a smaller P-value in the meta-analysis than in the discovery study analysis.
In an attempt to replicate previous findings, the association between longevity and 10 SNPs within
10 kb of FOXO3A was assessed (data not shown). None of the 10 SNPs reached the Bonferronicorrected significance level of 0.005, but three SNPs showed a nominally significant P-value of less
than 0.05 (rs9486902, P = 0.039; rs9285397, P = 0.030; and rs761779, P = 0.025).
Discussion
To further explore the genetic component underlying human longevity, we carried out a genomewide association study comparing 619 long-lived Danish individuals with 1,016 younger Danish
controls. With a mean age of 98.5 years (age range 96-101.1 years) the included cases represent the
extreme end of human lifespan where the genetic influence is thought to be most profound, and thus
they are ideal for the search for genetic factors affecting longevity.
None of the analyzed 286,580 SNPs showed a genome-wide significant association (P < 5×10-8)
with longevity. Among the 32 most significantly associated SNPs (P < 1×10-4), two SNPs
(rs2075650 and rs7643465) replicated (P < 0.05) in a GWAS of 398 long-lived Danes and 900
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younger Danish controls. However, when correcting for multiple testing, none of the two
associations remained significant. When joining the discovery and replication studies in a metaanalysis, still no SNPs showed a genome-wide significant association with longevity, but three
SNPs (rs2075650, rs7643465 and rs354690) obtained a lower P-value than in the discovery study.
The most significant finding, both in the initial discovery study analysis and in the meta-analysis,
was rs2075650. This SNP is located in an intron of the TOMM40 gene on chromosome 19, and has
on several occasions been found to associate with longevity (Deelen et al. 2011; Nebel et al. 2011;
Sebastiani et al. 2012). The effect of rs2075650 is generally believed to reflect the effect of the
APOE ε4 allele, although the degree of LD between TOMM40 and APOE is moderate (Deelen et al.
2011).
Besides variants in APOE, variants in FOXO3A have also been associated with longevity. The
longevity-promoting effect of FOXO3A seems to be most prominent in centenarians, but despite the
high number of centenarians among the discovery study cases, we were unable to replicate the
effect of FOXO3A. However, three SNPs in or near FOXO3A (rs9486902, rs9285397, and
rs761779) showed a nominally significant association with longevity. Of these, rs9486902 has
previously been significantly associated with longevity, as has rs7762385 (Soerensen et al. 2010)
with which all of the three SNPs are in high LD (r2 > 0.80).
Among the other SNPs most significantly associated with longevity in the discovery study, a few
are in or near the genes FGFR1 and AGTR1, which have previously been associated with longevity
or aging. The FGFR1 gene encodes the fibroblast growth factor receptor 1, which has been
implicated in the development of age-related diabetes in mice (Hart et al. 2000), and AGTR1
encodes the angiotensin II type 1 receptor that plays a role in atherosclerosis (Campbell et al. 2010;
Van Hee et al. 2010) and renal disease (Gribouval et al. 2005). Interestingly, the disruption of
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AGTR1 in mice results in a significant prolongation of lifespan as well as in less cardiac and
vascular injury and less oxidative damage to a number of organs (Benigni et al. 2009; Cassis et al.
2010).
A potential limitation of this study is the separate genotyping of cases and controls on different
platforms. Although the QQ plot (see Figure 2) shows no sign of overall confounding, an effect on
individual SNPs cannot be ruled out. Also, the use of younger controls, who are not necessarily
representative of the birth cohorts of the cases, could further confound the results. The MDS plot
(see Figure 1), however, does not indicate any major population stratification.
In addition to the potential limitations mentioned above, the limited success of this and other
GWASs in detecting genetic variants significantly associated with longevity, other than those linked
to the APOE gene, might have several non-mutually exclusive explanations. Some of these may be
that many of the genetic variants influencing longevity are rare and possibly individual- or familyspecific, and that other types of genetic variation, like structural genetic variation, or epigenetic
changes are associated with longevity as well. Also, the general lack of power in the GWASs
carried out so far may pose a problem. For instance, in the present study, the power to detect an
odds ratio of 1.5 at a genome-wide significance level for a SNP with a minor allele frequency of
0.20 is 23% in the discovery study and 78% in the meta-analysis. Thus, the present study, like many
others, is severely under-powered for the detection of rare variants and variants with a small effect,
which are expected to make up a significant part of the genetic contribution to longevity
(Christensen et al. 2006).
Large meta-analyses involving a substantial number of samples are needed to detect these variants.
Currently, a meta-GWAS involving around 8,000 European long-lived individuals, all older than 85
years, is on-going. This should increase the chances for the identification of additional loci
significantly associated with longevity.
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Table 1. Characteristics of the discovery and replication study cases and controls.

N
Females, in %
Mean Age (SD)
Age Range

Discovery Study
Cases
Controls
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98.5 (2.1) 26.5 (5.4)
96-101.1
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Replication Study
Cases
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398
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69.8
71.1
95.7 (4.7)
26.5 (5.6)
90-102.5
18-42
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Table 2. Summary statistics for the 32 SNPs most significantly associated with longevity (P < 1×10-4).
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opposite. 795% CI; 95% confidence intervals. 8P; P-value obtained from the allelic association test.
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becoming long-lived based on the minor allele being overrepresented in the cases as compared to the controls. An OR below 1 indicates the

(controls); Minor allele frequency in the discovery study controls. 6OR; Odds Ratio. An OR above 1 indicates an increased probability of

allele with the lowest frequency in the discovery study. 4MAF (cases); Minor allele frequency in the discovery study cases. 5MAF

Chr; Chromosome position according to NCBI Build 37. 2Position; Position according to dbSNP Build 138. 3MA; Minor allele, i.e. the

3

rs3863998

1

12

rs969489

Table 3. Association analysis results for the 32 most significant SNPs.
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1

Chr; Chromosome position according to NCBI Build 37. 2Position; Position according to dbSNP

Build 138. 3MA; Minor allele, i.e. the allele with the lowest frequency in the discovery study. 4OR;
Odds Ratio. An OR above 1 indicates an increased probability of becoming long-lived based on the
minor allele being overrepresented in the cases as compared to the controls. An OR below 1
indicates the opposite. 595% CI; 95% confidence intervals. 6P; P-value obtained from the allelic
association test. 7P; P-value obtained from the meta-analysis.
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Figure Legends
Figure 1. Multiple dimension scale (MDS) plot of the first two principal components from the
evaluation of population substructures in the discovery study cases and controls. WB: case samples
with DNA derived from whole blood. WGA: case samples with amplified DNA derived from filter
cards. Control: control samples.
Figure 2. Quantile-quantile (QQ) plot of expected versus observed –log P-values from the
association test comparing the minor allele frequency of the 286,580 SNPs between the 619 cases
and 1,016 controls in the discovery study. A strong deviation from the red line would indicate more
significant associations than would be expected by chance.
Figure 3. Manhattan plot showing the –log10 of P-values from the association test comparing the
minor allele frequency of the 286,580 SNPs between the 619 cases and 1,016 controls in the
discovery study. The blue line indicates the threshold of P < 1×10-4 for SNPs chosen for further
analysis and the red line indicates the genome-wide significance level of P = 5×10-8.
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Abstract
Copy number variants (CNVs) represent a significant source of genetic variation in the human
genome and have been implicated in a number of diseases and complex traits. To date, only a few
studies have investigated the role of CNVs in human lifespan.
To further explore this, CNVs were detected in 603 Danish long-lived individuals (mean age 96.9
years, range 90.0-102.5 years), and the impact on mortality of the CNV burden (the number of
CNVs, the average CNV length in kb, and the total CNV length in kb) of each individual as well as
of CNV regions (CNVRs) was assessed.
The CNV burden analysis revealed a significant association between the average CNV length in kb
and mortality (HR per kb 1.002, 95% CI 1.001-1.004, P = 0.001), whereas the CNVR analysis
resulted in the detection of one significantly associated CNVR (P < 5×10-4) and 17 suggestive
CNVRs (P < 0.05). The significantly associated CNVR is intragenic and situated at chromosome
2p24.2 between KCNS3 and NT5C1B-RDH14. It is a duplication present in 1.3% of the participants,
and carriers had an almost 4-fold increased risk of dying during the follow-up period compared to
non-carriers (HR 3.97, 95% CI 1.84-8.55, P = 0.0004).
We believe that these preliminary results encourage additional research into copy number variation
related to human lifespan, although the results need to be both replicated and technically validated.
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Introduction
Human longevity is a complex trait with a moderate heritability of around 25% (Herskind et al.
1996). So far, only a limited number of genes have been consistently associated with human
longevity (Murabito et al. 2012), and hence much of the heritability is still unaccounted for. This
missing heritability might in part be explained by copy number variants (CNVs) (Manolio et al.
2009).
CNVs are defined as DNA segments larger than 1 kb in size that vary in copy number between
individuals due to insertion, deletion or duplication (Feuk et al. 2006a). The mechanisms by which
CNVs can affect gene expression and phenotypic traits include among others alteration of gene
dosage and disruption of coding sequences or regulatory elements (Feuk et al. 2006b). CNVs have
been implicated in numerous diseases and complex traits like schizophrenia (International
Schizophrenia 2008), autism (Marshall et al. 2008) and obesity (Wheeler et al. 2013), but only a
few studies have addressed the role of CNVs in human longevity. In the first study to investigate
CNVs related to human lifespan (Kuningas et al. 2011), the burden of large common deletions as
well as two common CNV regions (CNVRs) on chromosomes 11 and 14 were associated with a
higher mortality during old age. Recently, the comparison of CNVs between pediatric and geriatric
individuals resulted in the identification of three deletions and four duplications enriched in the
pediatric individuals and encompassing genes primarily involved in RNA splicing (Glessner et al.
2013). Also, a CNV in CNTNAP4 has been found to associate with aging in females (Iakoubov et
al. 2013).
To further explore the impact of CNVs on human lifespan, the CNV burden (the number of CNVs,
the average CNV length in kb and the total CNV length in kb) of each individual as well as
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individual CNVRs were assessed for association with mortality during old age in 603 Danish
nonagenarians and centenarians.
Materials and Methods
Study populations
For this study, participants from the Longitudinal Study of Danish Centenarians (LSDC), the 1905
Birth Cohort Study, the 1911-12 Birth Cohort Study, the Study of Danish Old Sibs (DOS), and the
Longitudinal Study of Ageing Danish Twins (LSADT) were used. Briefly, the LSDC and the
Danish 1905 Birth Cohort Study are prospective follow-up studies initiated when participants were
100 and 92 years of age, respectively (Andersen-Ranberg et al. 2001; Nybo et al. 2001), the Danish
1911-12 Birth Cohort Study (Robine et al. 2010) consists of 251 randomly selected individuals
turning 100 years in the period from April 1st 2011 to July 1st 2012, DOS was initiated in 2004 and
includes families in which at least two siblings were ≥ 90 years of age at intake, and LSADT was
initiated in 1995 and includes Danish twins ≥ 70 years of age (Skytthe et al. 2002).
From DOS and LSADT, one individual from each sib-ship or twin pair was selected among
participants that had reached an age of at least 90 years for LSADT and 91 years for DOS. From the
1905 Birth Cohort Study, participants were selected among individuals reaching an age of minimum
96 years.
Vital status was followed until death or until January 1st 2013, whichever came first. Information on
survival status was retrieved from the Danish Central Population Register (Pedersen et al. 2006).
Permissions to collect blood samples and the use of register-based data were granted by the Danish
National Committee on Biomedical Research Ethics.

3

Genotyping and quality control
DNA was extracted from whole blood using standard methods (Miller et al. 1988).
All samples were genotyped using the Illumina HumanOnmiExpress BeadChips (Illumina Inc., San
Diego, CA, USA), which contains 730,525 SNP markers with a median spacing of 2.1 kb and a
mean spacing of 4.0 kb. Genotyping was carried out according to the manufacturer’s protocol.
Quality control (QC) was carried out in Plink (http://pngu.mgh.harvard.edu/~purcell/plink/, (Purcell
et al. 2007)). Samples were evaluated and excluded based on call rate (call rate < 98.5%),
inconsistencies between genotypic and phenotypic sex and family relationships (proportional IBD >
0.1875). Of the 673 originally included samples, 662 samples remained after the genotype-based
quality control.
CNV detection and quality control
CNVs were detected on autosomes only using the PennCNV software (Wang et al. 2007). The
hidden Markov model implemented in PennCNV incorporates multiple sources of information,
including the total signal intensity (Log R Ratio (LRR)) and the allelic intensity ratio (B Allele
Frequency (BAF)) of each SNP marker, the distance between the SNPs, and the population
frequency of B allele (PFB) of SNPs. LRR and BAF values were exported from GenomeStudio
(Illumina Inc., San Diego, CA, USA), and the PFB file was compiled from the project samples
based on the BAF of each marker.
After CNV detection, samples with a LRR standard deviation > 0.30 were excluded, as were
samples with more than 100 CNVs called and samples with a GC wave factor above 0.05 or below
-0.05. Altogether, 59 samples were excluded, resulting in 603 samples included in the final analysis.
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CNVs were excluded if they were less than 1 kb in size or contained less than 3 consecutive SNPs
indicating deletion or duplication.
CNV burden
For each individual, the number of CNVs, the average CNV length in kb and the total CNV length
in kb were retrieved using Plink (http://pngu.mgh.harvard.edu/~purcell/plink/, (Purcell et al. 2007)).
CNVR formation
Non-redundant CNVRs were formed by merging overlapping CNVs and using the outermost
boundaries to define the CNVRs.
CNVRs overlapping centromeres or telomeres (as defined by UCSC using the GRCh37/hg19
genome build) were excluded from further analysis, as were CNVRs with a frequency of less than
1%. Using these criteria, 365 CNVRs were available for analysis.
Statistical Analysis
All analyses were carried out using the statistical software Stata (Stata version 13.1, Stata
Corporation, College Station, TX, USA).
The CNV burden analysis as well as the association analysis between the individual CNVRs and
mortality was assessed using a left-truncated Cox proportional hazard regression model adjusted for
sex and birth cohort. The adjustment for birth cohort was included in order to account for any
confounding due to differences in survival probability between the birth cohorts, and was carried
out by including a categorical variable, based on 10-year birth year intervals, in the model.
In the CNV burden analysis, the association between the number of CNVs, the average CNV length
and the total CNV length of each individual and mortality was analyzed for all CNVs as well as for
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deletions only and duplications only and hence, a Bonferroni-corrected significance level of P <
0.0056, with correction for nine tests, was used. In the association analysis, the conventional Pvalue of 5×10-4 (Glessner et al. 2013) was used as the cut-off for genome-wide significance of the
association between CNVRs and mortality. CNVRs associated with a P-value of less than 0.05 were
considered suggestive associations.
Results
The characteristics of the study population are summarized in Table 1.
CNVs were assessed in 603 long-lived individuals and a total of 14,019 CNVs; 9,453 deletions and
4,566 duplications, were detected. Each individual was found to carry an average of 23.2 CNVs
(range 4-100 CNVs) with a mean length of 47.4 kb (range 8.3-1,049.2 kb) per CNV. Duplications
were found to be less frequent and to have longer average lengths than deletions (7.6 duplications
per individual with a mean length of 73.9 kb vs.15.6 deletions per individual with a mean length of
34.1 kb).
The association between the CNV burden (the number of CNVs, the average CNV length in kb, and
the total CNV length in kb) of each individual and mortality (see Table 2) revealed a significant
association between a longer average CNV length in kb and increased mortality, both for all CNVs
(HR per kb 1.002, 95% CI 1.001-1.004, P = 0.001) and for duplications only (HR per kb 1.001,
95% CI 1.000-1.002, P = 0.003).
The merging of overlapping CNVs into CNVRs yielded 365 CNVRs with a frequency of more than
1% and an average size of 169.4 kb (range 1.60 kb - 7.55 Mb). The total length of the 365 CNVRs
is 61.8 Mb, corresponding to roughly 1.9 % of the human genome. The association between the 365
individual CNVRs and mortality resulted in the identification of one significantly associated CNVR
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(P < 5×10-4) and 17 CNVRs showing suggestive association (P < 0.05) (see Table 3). The CNVR
significantly associated with increased mortality is a duplication located at chromosome 2p24.2. It
has a size of 23.8 kb and is present in 1.3% of the participants. Carriers of this duplication exhibit
an almost 4-fold increased risk of mortality during the follow-up period compared to non-carriers
(HR 3.97, 95%CI 1.84-8.55, P = 0.0004). The CNVR does not encompass any genes, but the
nearest up- and downstream genes are KCNS3 (approximately 213 kb away) and NT5C1B-RDH14
(approximately 384 kb away).
Discussion
In this study, CNVs were detected in 603 Danish long-lived individuals and the impact of copy
number variation on human lifespan subsequently explored. First, by assessing the association
between the CNV burden (the number of CNVs, the average CNV length in kb, and the total CNV
length in kb) of each individual and mortality, and second, by assessing the association between 365
CNV regions and mortality.
In the CNV burden analysis, a longer average CNV length was found to be associated with
increased mortality, which is consistent with previous results (Kuningas et al. 2011), indicating that
longer CNVs are more damaging.
In the CNVR analysis, one CNVR on chromosome 2p24.2 significantly associated with mortality (P
< 5×10-4) and 17 CNVRs showed a suggestive association (P<0.05) (see Table 3). All but one of
these CNVRs have been reported by the Database of Genomic Variants (DGV,
http://dgv.tcag.ca/dgv/app/home (Macdonald et al. 2014)), supporting that they represent true
findings. The 2p24.2 CNVR does not encompass or overlap any genes, but nearby genes include
KCNS3 and NT5C1B-RDH14. The KCNS3 gene encodes the potassium voltage-gated channel
delayed-rectifier protein S3 and has previously been implicated in asthma (Hao et al. 2005) and
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schizophrenia (Georgiev et al. 2012; Georgiev et al. 2014). The NT5C1B-RDH14 gene locus
represents naturally occurring read-through transcription between the neighboring NT5C1B (5’nucleotidase, cytosolic 1B) and RDH14 (retinol dehydrogenase 14) genes. Even though none of
these three genes are obvious candidate genes for longevity, the 2p24.2 CNVR may still influence
the expression of genes important for longevity since CNVs have been reported to exert their effect
over distances of more than 2 Mb (Stranger et al. 2007). Other genes at the 2p24.2 locus include
MSGN1, GEN1, SMC6, VSNL1, RAD51AP2 and FAM49A, of which especially GEN1, SMC6 and
VSNL1 are of interest due to their proposed roles in DNA repair and Alzheimer’s disease (Kegel &
Sjogren 2010; Rass et al. 2010; Braunewell 2012).
There are a few genes of special interest to longevity among the genes encompassed by or
positioned near the identified CNVRs showing suggestive association with mortality. The HTR1B
gene has previously been implicated in longevity in mice, where knockout mice for this particular
gene showed decreased longevity (Sibille et al. 2007). This is consistent with the results of this
study, where individuals carrying a deletion upstream of HTR1B have an increased risk of mortality
(HR 1.46, see Table 2) compared to non-carriers. Also of interest is the BRCA2 gene, which is a
tumor suppressor gene with a well-defined role in cancer (Wooster et al. 1995). However, BRCA2
also plays a role in DNA double-strand break repair (Jensen 2013) and has been implicated in the
lifespan of mice (Donoho et al. 2003), suggesting a possible role in human aging. In addition,
HSPA6 and HSPA7 encode members of the same protein family, the 70 kilodalton heat shock
proteins, as HSPA1A, HSPA1B, HSPA1L and HSPA14, which have previously been associated with
longevity (Altomare et al. 2003; Ross et al. 2003a; Singh et al. 2010; Soerensen et al. 2013).
Finally, a SNP near the ELTD1 gene has been identified among the top SNPs in a GWAS of time to
event of age-related diseases and death (Walter et al. 2011), and SNPs in or near the HLA-H and
HLA-A genes have been associated with longevity in a number of studies, although with limited
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consistency (Lio et al. 2002a; Lio et al. 2002b; Carru et al. 2003; Ross et al. 2003b; Naumova et al.
2004; Soerensen et al. 2013).
On average, deletions were found to be twice as frequent as duplications. This is unlikely to reflect
the actual distribution of CNVs in the human genome and rather represents a detection bias
associated with the sensitivity of the CNV detection algorithm used (Zheng et al. 2012). Also, the
detected deletions were smaller than the duplications. Since a higher burden of deletions larger than
500 kb was recently associated with increased mortality (Kuningas et al. 2011), this might explain
the selection against longer deletions in the long-lived individuals included in this study. However,
it cannot be excluded that the shorter deletions might also be due to some kind of detection bias as
mentioned above.
None of the 18 CNVRs identified in this study directly overlap with the CNVRs identified by
Kuningas et al. (Kuningas et al. 2011). This may have several explanations, i.e. differences in
sample size and genetic background between the study populations, the use of different platforms
and CNV detection algorithms as well as potential technical and random errors. Compared to our
study, Kuningas et al. have a very large sample size and thereby an increased power to detect
CNVRs with smaller effect sizes. However, they still detect fewer CNVRs than in this study, which
might in part reflect their use of an array containing a lower number of SNPs, and hence with a
lower resolution. Also, the participants included in this study are older and a higher proportion has
died. The number of CNVs per individual has previously been shown to increase with age (Zheng et
al. 2012), suggesting that more CNVRs in general should be found in extremely old individuals.
One of the strengths, but also a possible limitation, of this study is the extreme age of the studied
individuals. The use of such a distinct group of study subjects decreases the generalizability of the
genetic findings, which in this case might be limited to extreme survivors. A comparison of CNVs
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detected in long-lived individuals and younger controls would facilitate the identification of CNVs
associated with reaching old age.
The results presented in this paper are preliminary in the sense that they will need to be both
replicated and technically validated. However, they indicate that copy number variations might be
important contributors to the genetic component of human longevity and prompt further
investigation.
Acknowledgements
This study was financially supported by the INTERREG 4 A programme Syddanmark-SchleswigK.E.R.N (with EU funds from the European Regional Development Fund), the VELUX
Foundation, the European Union's Seventh Framework Programme (FP7/2007-2011) under grant
agreement n° 259679, The National Program for Research Infrastructure 2007 (grant no. 09063256) from the Danish Agency for Science Technology and Innovation, the US National Institute
of Health (P01 AG08761), the Danish Agency for Science, Technology and Innovation/The Danish
Council for Independent Research (grant no. 11-107308), and The Danish Interdisciplinary
Research Council. The 5-COOP project (5-Country Oldest Old Project) is funded by the CERA
Foundation (Lyon) and the AXA Research Fund, Paris, and The Health Foundation (Helsefonden),
Copenhagen, Denmark.
References
Altomare K, Greco V, Bellizzi D, Berardelli M, Dato S, DeRango F, Garasto S, Rose G, Feraco E,
Mari V, Passarino G, Franceschi C , De Benedictis G (2003). The allele (A)(-110) in the
promoter region of the HSP70-1 gene is unfavorable to longevity in women.
Biogerontology. 4, 215-220.
Andersen-Ranberg K, Schroll M , Jeune B (2001). Healthy centenarians do not exist, but
autonomous centenarians do: a population-based study of morbidity among Danish
centenarians. J Am Geriatr Soc. 49, 900-908.
Braunewell KH (2012). The visinin-like proteins VILIP-1 and VILIP-3 in Alzheimer's disease-old
wine in new bottles. Frontiers in molecular neuroscience. 5, 20.
10

Carru C, Pes GM, Deiana L, Baggio G, Franceschi C, Lio D, Balistreri CR, Candore G, ColonnaRomano G , Caruso C (2003). Association between the HFE mutations and longevity: a
study in Sardinian population. Mech Ageing Dev. 124, 529-532.
Donoho G, Brenneman MA, Cui TX, Donoviel D, Vogel H, Goodwin EH, Chen DJ , Hasty P
(2003). Deletion of Brca2 exon 27 causes hypersensitivity to DNA crosslinks, chromosomal
instability, and reduced life span in mice. Genes, chromosomes & cancer. 36, 317-331.
Feuk L, Carson AR , Scherer SW (2006a). Structural variation in the human genome. Nat Rev
Genet. 7, 85-97.
Feuk L, Marshall CR, Wintle RF , Scherer SW (2006b). Structural variants: changing the landscape
of chromosomes and design of disease studies. Hum Mol Genet. 15 Spec No 1, R57-66.
Georgiev D, Arion D, Enwright JF, Kikuchi M, Minabe Y, Corradi JP, Lewis DA , Hashimoto T
(2014). Lower Gene Expression for KCNS3 Potassium Channel Subunit in ParvalbuminContaining Neurons in the Prefrontal Cortex in Schizophrenia. Am J Psychiatry. 171, 62-71.
Georgiev D, Gonzalez-Burgos G, Kikuchi M, Minabe Y, Lewis DA , Hashimoto T (2012).
Selective expression of KCNS3 potassium channel alpha-subunit in parvalbumin-containing
GABA neurons in the human prefrontal cortex. PloS one. 7, e43904.
Glessner JT, Smith AV, Panossian S, Kim CE, Takahashi N, Thomas KA, Wang F, Seidler K,
Harris TB, Launer LJ, Keating B, Connolly J, Sleiman PM, Buxbaum JD, Grant SF,
Gudnason V , Hakonarson H (2013). Copy number variations in alternative splicing gene
networks impact lifespan. PloS one. 8, e53846.
Hao K, Niu T, Xu X, Fang Z , Xu X (2005). Single-nucleotide polymorphisms of the KCNS3 gene
are significantly associated with airway hyperresponsiveness. Hum Genet. 116, 378-383.
Herskind AM, McGue M, Holm NV, Sorensen TI, Harvald B , Vaupel JW (1996). The heritability
of human longevity: a population-based study of 2872 Danish twin pairs born 1870-1900.
Hum Genet. 97, 319-323.
Iakoubov L, Mossakowska M, Szwed M, Duan Z, Sesti F , Puzianowska-Kuznicka M (2013). A
common copy number variation (CNV) polymorphism in the CNTNAP4 gene: association
with aging in females. PloS one. 8, e79790.
International Schizophrenia C (2008). Rare chromosomal deletions and duplications increase risk of
schizophrenia. Nature. 455, 237-241.
Jensen RB (2013). BRCA2: One Small Step for DNA Repair, One Giant Protein Purified. The Yale
journal of biology and medicine. 86, 479-489.
Kegel A , Sjogren C (2010). The Smc5/6 complex: more than repair? Cold Spring Harbor
symposia on quantitative biology. 75, 179-187.
Kuningas M, Estrada K, Hsu YH, Nandakumar K, Uitterlinden AG, Lunetta KL, van Duijn CM,
Karasik D, Hofman A, Murabito J, Rivadeneira F, Kiel DP , Tiemeier H (2011). Large
common deletions associate with mortality at old age. Hum Mol Genet. 20, 4290-4296.
Lio D, Balistreri CR, Colonna-Romano G, Motta M, Franceschi C, Malaguarnera M, Candore G ,
Caruso C (2002a). Association between the MHC class I gene HFE polymorphisms and
longevity: a study in Sicilian population. Genes and immunity. 3, 20-24.
Lio D, Scola L, Crivello A, Colonna-Romano G, Candore G, Bonafe M, Cavallone L, Franceschi C
, Caruso C (2002b). Gender-specific association between -1082 IL-10 promoter
polymorphism and longevity. Genes and immunity. 3, 30-33.
Macdonald JR, Ziman R, Yuen RK, Feuk L , Scherer SW (2014). The Database of Genomic
Variants: a curated collection of structural variation in the human genome. Nucleic acids
research. 42, D986-992.
Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, McCarthy MI, Ramos
EM, Cardon LR, Chakravarti A, Cho JH, Guttmacher AE, Kong A, Kruglyak L, Mardis E,

11

Rotimi CN, Slatkin M, Valle D, Whittemore AS, Boehnke M, Clark AG, Eichler EE,
Gibson G, Haines JL, Mackay TF, McCarroll SA , Visscher PM (2009). Finding the
missing heritability of complex diseases. Nature. 461, 747-753.
Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, Skaug J, Shago M, Moessner R, Pinto D,
Ren Y, Thiruvahindrapduram B, Fiebig A, Schreiber S, Friedman J, Ketelaars CE, Vos YJ,
Ficicioglu C, Kirkpatrick S, Nicolson R, Sloman L, Summers A, Gibbons CA, Teebi A,
Chitayat D, Weksberg R, Thompson A, Vardy C, Crosbie V, Luscombe S, Baatjes R,
Zwaigenbaum L, Roberts W, Fernandez B, Szatmari P , Scherer SW (2008). Structural
variation of chromosomes in autism spectrum disorder. American journal of human
genetics. 82, 477-488.
Miller SA, Dykes DD , Polesky HF (1988). A simple salting out procedure for extracting DNA
from human nucleated cells. Nucleic acids research. 16, 1215.
Murabito JM, Yuan R , Lunetta KL (2012). The search for longevity and healthy aging genes:
insights from epidemiological studies and samples of long-lived individuals. The journals of
gerontology. Series A, Biological sciences and medical sciences. 67, 470-479.
Naumova E, Mihaylova A, Ivanova M, Michailova S, Penkova K , Baltadjieva D (2004).
Immunological markers contributing to successful aging in Bulgarians. Exp Gerontol. 39,
637-644.
Nybo H, Gaist D, Jeune B, Bathum L, McGue M, Vaupel JW , Christensen K (2001). The Danish
1905 cohort: a genetic-epidemiological nationwide survey. J Aging Health. 13, 32-46.
Pedersen CB, Gotzsche H, Moller JO , Mortensen PB (2006). The Danish Civil Registration
System. A cohort of eight million persons. Dan Med Bull. 53, 441-449.
Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, de
Bakker PI, Daly MJ , Sham PC (2007). PLINK: a tool set for whole-genome association
and population-based linkage analyses. American journal of human genetics. 81, 559-575.
Rass U, Compton SA, Matos J, Singleton MR, Ip SC, Blanco MG, Griffith JD , West SC (2010).
Mechanism of Holliday junction resolution by the human GEN1 protein. Genes &
development. 24, 1559-1569.
Robine JM, Cheung SL, Saito Y, Jeune B, Parker MG , Herrmann FR (2010). Centenarians Today:
New Insights on Selection from the 5-COOP Study. Current gerontology and geriatrics
research. 2010, 120354.
Ross OA, Curran MD, Crum KA, Rea IM, Barnett YA , Middleton D (2003a). Increased frequency
of the 2437T allele of the heat shock protein 70-Hom gene in an aged Irish population. Exp
Gerontol. 38, 561-565.
Ross OA, Curran MD, Rea IM, Hyland P, Duggan O, Barnett CR, Annett K, Patterson C, Barnett
YA , Middleton D (2003b). HLA haplotypes and TNF polymorphism do not associate with
longevity in the Irish. Mech Ageing Dev. 124, 563-567.
Sibille E, Su J, Leman S, Le Guisquet AM, Ibarguen-Vargas Y, Joeyen-Waldorf J, Glorioso C,
Tseng GC, Pezzone M, Hen R , Belzung C (2007). Lack of serotonin1B receptor expression
leads to age-related motor dysfunction, early onset of brain molecular aging and reduced
longevity. Molecular psychiatry. 12, 1042-1056, 1975.
Singh R, Kolvraa S, Bross P, Christensen K, Bathum L, Gregersen N, Tan Q , Rattan SI (2010).
Anti-inflammatory heat shock protein 70 genes are positively associated with human
survival. Current pharmaceutical design. 16, 796-801.
Skytthe A, Kyvik K, Holm NV, Vaupel JW , Christensen K (2002). The Danish Twin Registry:
127 birth cohorts of twins. Twin Res. 5, 352-357.
Soerensen M, Dato S, Tan Q, Thinggaard M, Kleindorp R, Beekman M, Suchiman HE, Jacobsen R,
McGue M, Stevnsner T, Bohr VA, de Craen AJ, Westendorp RG, Schreiber S, Slagboom

12

PE, Nebel A, Vaupel JW, Christensen K , Christiansen L (2013). Evidence from casecontrol and longitudinal studies supports associations of genetic variation in APOE, CETP,
and IL6 with human longevity. Age (Dordr). 35, 487-500.
Stranger BE, Forrest MS, Dunning M, Ingle CE, Beazley C, Thorne N, Redon R, Bird CP, de
Grassi A, Lee C, Tyler-Smith C, Carter N, Scherer SW, Tavare S, Deloukas P, Hurles ME ,
Dermitzakis ET (2007). Relative impact of nucleotide and copy number variation on gene
expression phenotypes. Science. 315, 848-853.
Walter S, Atzmon G, Demerath EW, Garcia ME, Kaplan RC, Kumari M, Lunetta KL, Milaneschi
Y, Tanaka T, Tranah GJ, Volker U, Yu L, Arnold A, Benjamin EJ, Biffar R, Buchman AS,
Boerwinkle E, Couper D, De Jager PL, Evans DA, Harris TB, Hoffmann W, Hofman A,
Karasik D, Kiel DP, Kocher T, Kuningas M, Launer LJ, Lohman KK, Lutsey PL,
Mackenbach J, Marciante K, Psaty BM, Reiman EM, Rotter JI, Seshadri S, Shardell MD,
Smith AV, van Duijn C, Walston J, Zillikens MC, Bandinelli S, Baumeister SE, Bennett
DA, Ferrucci L, Gudnason V, Kivimaki M, Liu Y, Murabito JM, Newman AB, Tiemeier H ,
Franceschini N (2011). A genome-wide association study of aging. Neurobiology of aging.
32, 2109 e2115-2128.
Wang K, Li M, Hadley D, Liu R, Glessner J, Grant SF, Hakonarson H , Bucan M (2007).
PennCNV: an integrated hidden Markov model designed for high-resolution copy number
variation detection in whole-genome SNP genotyping data. Genome research. 17, 16651674.
Wheeler E, Huang N, Bochukova EG, Keogh JM, Lindsay S, Garg S, Henning E, Blackburn H,
Loos RJ, Wareham NJ, O'Rahilly S, Hurles ME, Barroso I , Farooqi IS (2013). Genomewide SNP and CNV analysis identifies common and low-frequency variants associated with
severe early-onset obesity. Nature genetics. 45, 513-517.
Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, Collins N, Gregory S, Gumbs C ,
Micklem G (1995). Identification of the breast cancer susceptibility gene BRCA2. Nature.
378, 789-792.
Zheng X, Shaffer JR, McHugh CP, Laurie CC, Feenstra B, Melbye M, Murray JC, Marazita ML ,
Feingold E (2012). Using family data as a verification standard to evaluate copy number
variation calling strategies for genetic association studies. Genetic epidemiology. 36, 253262.

Tables
Table 1. Study population characteristics.
N, total
N, females (%)
Mean age at baseline (range)
Mean follow-up time (range)
N, deaths (%)

603
453 (75.1%)
96.9 (90.0-102.5)
2.7 (0.01-12.5)
483 (80.1%)
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Table 2. Association between the CNV burden (the number of CNVs, the average CNV length in
kb, and the total CNV length in kb) of each individual and mortality.

All1
Del2
Dup3

Number of CNVs
HR4 (95% CI5)
P6
1.000 (0.992-1.007) 0.923
1.005 (0.996-1.015) 0.229
0.992 (0.980-1.003) 0.176

Average CNV Length (kb)
Total CNV Length (kb)
4
5
6
HR (95% CI )
P
HR4 (95% CI5)
P6
1.002 (1.001-1.004) 0.001 1.000 (1.000-1.000) 0.095
1.001 (1.000-1.003) 0.020 1.000 (1.000-1.000) 0.041
1.001 (1.000-1.002) 0.003 1.000 (1.000-1.000) 0.647

1

All; Results for all CNVs, both deletions and duplications, 2Del; Results only for deletions, 3Dup;
Results only for duplications, 4HR; Hazard ratio, 595% CI; 95% confidence interval, 6P: P-value for
a Cox proportional hazard regression adjusted for sex and birth cohort, not adjusted for multiple
testing.
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11q11

1p31.1

4q32.2

6p21.1

6p12.1

4q28.3

3p11.1

6q14.1

10p13

1q23.3

8q23.3

Chr11:55362955-55483713

Chr1:80982632-81088769

Chr4:163838176-163854178

Chr6:29746023-29915469

Chr6:55828727-55846527

Chr4:134221580-134312838

Chr3:90016548-90442925

Chr6:77439969-77448731

Chr10:13055619-13058458

Chr1:161490896-161617516

Chr8:115279849-115650409

Chr4:161952228-162009525

Chr9:9516348-9526811

Chr2:185099836-185201390

4q32.2

9p23

2q32.1

DEL/DUP

DEL/DUP

DEL/DUP

DEL/DUP

DEL/DUP

DUP

DEL

DEL

DEL/DUP

DEL/DUP

DEL

DEL/DUP

DEL/DUP

DEL/DUP

DEL/DUP

DEL/DUP

DEL/DUP

DUP

Type

57.3

10.5

101.6

172.0

370.6

126.6

2.8

8.8

426.4

91.3

17.8

169.5

16.0

106.1

120.8

18.6

25.5

23.8

Size (kb)

0.020

0.022

0.012

0.020

0.105

0.018

0.020

0.065

0.080

0.015

0.033

0.123

0.033

0.017

0.320

0.025

0.017

0.013

Freq.2

1.87 (1.01-3.45)

1.92 (1.02-3.63)

2.32 (1.03-5.22)

1.85 (1.03-3.31)

1.37 (1.02-1.85)

0.45 (0.21-0.95)

1.90 (1.04-3.48)

1.46 (1.03-2.07)

1.45 (1.03-2.04)

0.42 (0.19-0.91)

1.76 (1.07-2.91)

1.36 (1.05-1.76)

1.79 (1.10-2.93)

2.57 (1.25-5.27)

1.30 (1.07-1.58)

2.07 (1.21-3.54)

2.74 (1.34-5.61)

3.97 (1.84-8.55)

HR3 (95% CI4)

0.046

0.043

0.042

0.038

0.038

0.038

0.037

0.034

0.033

0.027

0.026

0.022

0.019

0.010

0.008

0.008

0.006

0.0004

P5

PTPRD

DGCR6, PRODH, DGCR5, DGCR9, DGCR10

HSPA6, FCGR3A, FCGR2C, FCGR3B, HSPA7

CCDC3

HCG4, HLA-G, HLA-H, HCG4B, HLA-A, LOC554223

OR4C11, OR4P4, OR4S2, OR4C6

BRCA2

Embodied Genes6

RAPGEF2, FSTL5

NUP35, ZNF804A

CSMD3, TRPS1

IMPG1, HTR1B

EPHA3, PROS1

PCDH10, PABPC4L

BMP5, COL21A1

FSTL5, NAF1

ELTD1, LPHN2

TRPM3, TMEM2

KCNS3, NT5C1B-RDH14

Near Genes7
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CNVR; The CNVR position with information about chromosome and start and stop base pair positions based on the GRCh37/hg19 genome build,
Freq.; Frequency, 3HR; Hazard ratio, 495% CI; 95% confidence interval, 5P; P-value for a Cox proportional hazard regression adjusted for sex and birth
cohort, not adjusted for multiple testing, 6Embodied Genes; Genes encompassed or overlapped by the CNVR, 7Near Genes; The nearest up- and downstream genes.
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9q21.12

Chr9:73902148-73920739

22q11.21

13q13.1

Chr13:32896846-32922331

Chr22:18844632-19016663

2p24.2

Locus

Chr2:18327703-18351537

CNVR1

Table 3. Association between CNVRs and mortality.
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Abstract
Gene variants found to associate with human longevity in one population rarely replicate in other
populations. The lack of consistent findings may partly be explained by genetic heterogeneity
among long-lived individuals due to cohort differences in survival probability. In most high-income
countries the probability of reaching e.g. 100 years increases by 50-100% per decade, i.e. there is
far less selection in more recent cohorts. Here we investigate the cohort specificity of variants in the
APOE and FOXO3A genes by comparing the frequencies of the APOE ε4 allele and the minor
alleles of two variants in FOXO3A at age 95+ and 100+ in 2,712 individuals from the genetically
homogeneous Danish birth cohorts 1895-96, 1905, 1910-11, and 1915.
Generally, we find a decrease in the allele frequencies of the investigated APOE and FOXO3A
variants in individuals from more recent birth cohorts. Assuming a recessive model, this negative
trend is significant in 95+ year old individuals homozygous for the APOE ε4 allele (P = 0.026) or
for the FOXO3A rs7762395 minor allele (P = 0.048). For the APOE ε4 allele, the significance is
further strengthened when restricting to women (P = 0.006). Supportive, but non-significant, trends
are found for two of the three tested variants in individuals older than 100 years.
Altogether, this indicates that cohort differences in selection pressure on survival to the highest ages
are reflected in the prevalence of longevity gene variants. Although the effect seems to be moderate,
our findings could have an impact on genetic studies of human longevity.
Keywords
Human Longevity, Genetics, Cohort Effects, Selection, Apolipoprotein E (APOE), Forkhead Box
O3A (FOXO3A)

1

1. Introduction a
Only two genes have been consistently found to associate with human lifespan: the highly validated
apolipoprotein E (APOE) gene, which repeatedly has been shown to associate with survival into old
age (Schachter et al. 1994; Gerdes et al. 2000; Bathum et al. 2006; Jacobsen et al. 2010; Deelen et
al. 2011; McKay et al. 2011; Nebel et al. 2011; Soerensen et al. 2013), and the forkhead box O3A
(FOXO3A) gene, which more recently has been found to associate with human longevity in various
populations (Willcox et al. 2008; Anselmi et al. 2009; Flachsbart et al. 2009; Li et al. 2009;
Pawlikowska et al. 2009; Soerensen et al. 2010).
The limited number of genes known to associate with human longevity could potentially be
explained by the complexity of the trait. Another possibility is that human longevity is likely to be
affected by many small and low-frequent genetic effects (Christensen et al. 2006) as well as
structural genetic variations and epigenetic changes (Murabito et al. 2012; Tan et al. 2013).
However, the lack of reliable and significant findings could also in part be due to heterogeneity
among long-lived cases. Genetic studies of human longevity tend to focus on individuals having
reached a given age, e.g. 90, 95 or 100 years, without considering the fact that the survival
probability has changed dramatically over cohorts. During the past two centuries, record life
expectancy in the industrialized countries has improved with a remarkable rate of 3 months per year
(Oeppen & Vaupel 2002; Christensen et al. 2009), resulting in an increase of 50-100% per decade
in the number of individuals surviving to extreme ages, e.g. 100 years, in many countries (Jeune &
Kannisto 1997). Therefore, an interaction between birth cohort and the effect of longevity genes
may be expected, and the reduced selection pressure on high age survival for more recent birth
cohorts could be important to consider in genetic studies of long-lived individuals. A decrease in
a

Abbreviations: APOE, apolipoprotein E; FOXO3A, forkhead box O3A; LSDC, Longitudinal Study of Danish
Centenarians; DCRS, Danish Civil Registration System; 5-COOP, 5-Country Oldest Old Project.
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selection pressure for more recent birth cohorts could, on the one hand, be expected to increase the
survival of persons carrying frailty genes, i.e. the frailty gene frequency would also increase
(Vaupel et al. 1979). On the other hand, the reduction in mortality in later cohorts, e.g. due to
improved living conditions and better health care, could imply that the effect of genetic factors as a
cause of mortality would increase.
Here we explore the effect of changes in selection pressure over birth cohorts on the frequencies of
the APOE ε4 allele and the minor alleles of two FOXO3A variants, rs7762395 and rs479744,
previously reported to associate with longevity in Danish nonagenarians and centenarians
(Soerensen et al. 2010), using cohorts of Danish long-lived individuals older than 95 years born in
1905 and 1915, and older than 100 years born in 1895-96, 1905 and 1910-11. The selection
pressure has changed considerably over these birth cohorts, and together with the genetic
homogeneity of the cohorts and the minimal immigration, this is an ideal setup for addressing the
aspect of cohort differences in the prevalence of longevity-associated gene variants.
2. Materials and Methods
2.1. Study Population
The study was based on Danish Birth Cohort Study participants born in 1895-96, 1905, 1910, 1911
and 1915.
The Danish 1895-96 Birth Cohort Study, also known as the Longitudinal Study of Danish
Centenarians (LSDC), consists of all individuals who had reached an age of 100 years in the period
from April 1st 1995 to May 31st 1996 (Andersen-Ranberg et al. 2001). A total of 276 eligible
centenarians were identified through the Danish Civil Registration System (DCRS) (Pedersen et al.
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2006) and of these, 207 (75.0%) chose to participate in the intake survey. Blood samples were
collected from 154 (74.4%) individuals of whom 132 are included in this study.
The Danish 1905 Birth Cohort Study is an in-depth survey of all Danes born in 1905 and living in
Denmark in 1998 (Nybo et al. 2001). The study was initiated in 1998 and follow-up studies of the
participating survivors were carried out in years 2000, 2003 and 2005. At intake there was a total of
3,600 potential participants, of whom 2,262 (62.8%) agreed to take part in the study, and of these
1,651 (73.0%) provided a biological sample. To match the 1915 Birth Cohort (see below) only
individuals who had reached an age of at least 95 years were included. This limited the number of
potential participants to 2,205, of whom 1,432 (64.9%) participated in the study and 1,188 (83.0%)
of these provided a biological sample. Of those who provided a biological sample, 1,169 are
included in the present study. All the 1905 Birth Cohort Study participants included in the group of
individuals older than 100 years are included in the group of individuals older than 95 years as well.
The Danish 1910 Birth Cohort Study is a survey including all Danes born in 1910 and living in
Denmark on September 1st 2010. A total of 400 individuals were identified through the DCRS and
invited to participate in the survey, which 273 (68.3%) individuals agreed to (data not published).
Blood samples were retrieved from 176 (64.5%) individuals, all of whom are included in the
present study.
The Danish 1911-12 Birth Cohort Study is part of the international 5-Country Oldest Old Project
(5-COOP), which intends to evaluate the health of the oldest old and make comparisons between
the five participating countries, namely Denmark, France, Japan, Sweden and Switzerland (Robine
et al. 2010). The study includes a random sample of 251 (48.5%) Danish individuals chosen from
518 individuals who had reached an age of 100 years in the period from April 1st 2011 to July 1st
2012 (data not published). Blood samples were collected from 202 (80.5%) individuals, of whom
130 (all born in 1911) are included in this study.
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Due to the close proximity in birth year of the study population participants from the 1910 Birth
Cohort Study and the 1911-12 Birth Cohort Study, these birth cohorts were grouped together (the
1910-11 cohort) in the present study. Prior to this grouping, the genotype distributions among the
birth cohorts were compared (using a Chi2-test) to ensure that no bias would be introduced by the
merging.
The Danish 1915 Birth Cohort Study includes all Danes born in 1915 and living in Denmark on
September 1st 2010. A total of 2,509 individuals were identified though the DCRS as eligible
participants, with 1,584 (63.1%) individuals participating in the study (Christensen et al. 2013). A
biological sample was provided by 1,165 (73.5%) individuals, of whom 1,105 are included in this
study.
Study approvals were received from the Danish National Committee on Biomedical Research
Ethics.
2.2. Genotyping
DNA was isolated from whole blood or from blood spot cards using either the QIAamp DNA Mini
and Micro Kits (Qiagen, Hilden, Germany), the Extract-N-AmpTM Blood PCR Kit (Sigma-Aldrich,
St. Louis, MO, USA) or salting out applying a manual protocol or a semi-automated protocol based
on the Autopure System (Qiagen, Hilden, Germany). For 336 of the samples, DNA was amplified
using the GenomePlex® Complete Whole Genome Amplification Kit (Sigma-Aldrich, St. Louis,
MO, USA) prior to genotyping.
Genotyping of the APOE variants rs429358 and rs7412 and the FOXO3A variants rs7762395 and
rs479744 were primarily carried out using predesigned TaqMan® SNP Genotyping Assays
(Applied Biosystems, Foster City, CA, USA) with genotyping efficiencies of between 96,8% and
99,7%. For 641 of the 1905 Birth Cohort Study participants, genotyping of the FOXO3A variants
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were performed as part of a previous study using the Illumina GoldenGate Technology (Illumina
Inc, San Diego, CA, USA) as described by Soerensen et al. 2012 (Soerensen et al. 2012).
2.3. Statistical Analysis
Frequencies among individuals older than 95 years from the 1905 and the 1915 birth cohorts were
compared using a two-sample z-test, whereas trend analyses of frequencies among individuals older
than 100 years born in 1895-1896, 1905 and 1910-1911 were performed applying a Chi2-test for
trend.
An additive model was applied as the baseline model. In addition, dominant and recessive models
were applied for the APOE gene and a recessive model was applied for the FOXO3A gene.
Due to the a priori hypothesis of an association of the investigated genes with longevity, only
uncorrected P-values are reported.
Data on changes in survival probabilities for the birth cohorts was retrieved from the Human
Mortality Database (www.mortality.org).
3. Results
Characteristics of the study population are shown in Table 1. As expected, a higher number of longlived women than men are present in the cohorts, with men comprising between 16.5% and 27.3%.
The probability of surviving from birth to age 95 (Figure 1A) and age 100 (Figure 1B) in Denmark
is illustrated in Figure 1 (Human Mortality Database, www.mortality.org). Over the last four
decades, the probability for both sexes combined of surviving to age 95 and 100 has increased from
around 1% to 3.5%, and from around 0.2% to 0.6%, respectively. The increase has been much
steeper for women than for men with the probability for reaching 95 years increasing from
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approximately 1.5% to 6% for women compared to an increase from 1% to 1.5% for men, and with
the probability of reaching 100 years increasing from approximately 0.2% to 1% for women
compared to an increase from 0.1% to 0.2% for men.
A comparison between the birth cohorts of allele frequencies and frequencies of carriers of the
APOE ε4 allele and the minor alleles of the FOXO3A variants rs7762395 and rs479744 is seen in
Figure 2 and 3. In individuals older than 95 years, the prevalence of the APOE ε4 allele (Figure 2A)
and of APOE ε4 allele carriers (Figure 2B and 2C) is generally lower in individuals born in 1915
than in individuals born in 1905, although this tendency is only significant (P = 0.026) when
assuming a recessive model for men and women combined (Figure 2C). When restricting to
women, the negative trend of the APOE ε4 allele prevalence or of the prevalence of individuals
homozygous for the APOE ε4 allele is significant, assuming an additive (P = 0.034) or a recessive
(P = 0.006) model, respectively (separate results for women and men are shown in Supplementary
Data, Supplementary Table 1 and 2). For the minor allele frequencies of the FOXO3A variants
rs7762395 and rs479744 similar negative trends are seen, although these are not statistically
significant (Figure 3A). When applying a recessive model (Figure 3B), the prevalence of rs7762395
minor allele homozygotes is significantly lower (P = 0.048) among individuals born in 1915
compared to individuals born in 1905, and rs479744 shows a similar borderline significant tendency
(P = 0.073).
The trends of decreasing prevalence with more recent birth cohort seen in individuals older than 95
years are generally mirrored in individuals older than 100 years (Figures 2D-F and 3C-D), at least
for the APOE ε4 allele and the FOXO3A rs479744 variant, although none of them reach statistical
significance.
No significant differences in the prevalence of the APOE ε2 allele or of APOE ε2 allele carriers are
found across the cohorts at age 95+ or 100+ (data not shown). However, the tendency of a higher
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prevalence in the more recent cohort seen in the larger sample of nonagenarians is consistent with
an overall conclusion of the APOE gene becoming more important for mortality in more recent
cohorts.
4. Discussion
The aim of this study was to explore whether the pronounced improvement in survival probability
and the related reduction in selection pressure seen over recent cohorts of long-lived Danes were
reflected in the prevalence of variants in known longevity-associated genes.
Generally, we found that the prevalence of the investigated variants in the APOE and FOXO3A
genes was differing between cohorts born over a 20-year period from 1895 to 1915. A comparison
of individuals older than 95 years born in 1905 and 1915 revealed a lower prevalence in the 1915
cohort, both of the APOE ε4 allele and of the minor alleles of the FOXO3A variants rs7762395 and
rs479744. This was particularly evident when applying a recessive model and the trend was
generally supported when we compared individuals older than 100 years born with an interval of 510 years from 1895 to 1911. None of the comparisons in the 100+ year olds reached statistical
significance, probably due to lower power as a consequence of fewer participants compared to the
group of 95+ year olds.
The APOE ε4 allele has previously been found to associate with increased mortality (Christensen et
al. 2006), and the lower prevalence seen in the more recent birth cohorts is consistent with ε4 noncarriers having an increasingly larger survival advantage compared to ε4 carriers. It can be
speculated that this could cause the mortality of individuals to a greater extent to be dependent on
their APOE genotype, since competing causes of death have been eliminated due to improved living
conditions and better medical treatment in the more recent birth cohorts (Oeppen & Vaupel 2002;
Christensen et al. 2009). This line of thought is, however, opposite to what would be expected from
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the heterogeneity hypothesis that a selection pressure in older cohorts would decrease the effect of
frailty gene variants such as the APOE ε4 allele when compared to younger cohorts (Vaupel et al.
1979). This is supported by the findings in a meta-study by Ewbank suggesting that the mortality by
APOE genotype diminished at the oldest ages (Ewbank 2007). Also, a decline in the risk over age
for carriers of the ε4 allele was found when using a statistical model incorporating heterogeneity
(Ewbank 2002). The lack of concordance between the effect of the APOE gene and the
heterogeneity hypothesis seen in the present study has previously been suggested in a longitudinal
study of 92+ year olds examining the survival of APOE ε4 carriers versus non-carriers (Jacobsen et
al. 2010). One possible explanation for the discrepancy between Ewbank (Ewbank 2002; Ewbank
2007), and the present study and Jacobsen et al. 2010 may be the different age groups studied, since
APOE may have different effects on survival at different ages (Jacobsen et al. 2010).
For the FOXO3A minor alleles, which associate with longevity and not mortality, we found a
decrease in minor allele frequency in the more recent birth cohorts. This is what we would expect
from the heterogeneity hypothesis, leaving alive persons with the frailer version of the FOXO3A
genotype and with other factors compensating for this. Since the role of FOXO3A in longevity is
still largely unknown, more studies are needed to explain the pattern seen for this gene in the
present study.
Since the probability of surviving to extreme ages has increased much faster in women than in men
(see Figure 1), sex-stratified analyses were carried out (see Supplementary Data, Supplementary
Table 1 and 2). Significant decreases were found for the prevalence of the APOE ε4 allele or of
individuals carrying two ε4 alleles when we compared 95+ year old women born in 1905 and 1915
and assumed an additive or a recessive model. In contrast, non-significant increases were seen in
men. These sex-stratified results are as predicted by the theory presented above, with a bigger
decrease in selection pressure resulting in a larger influence of the APOE genotype as a cause of
9

death, which is exactly what is seen for women. For the FOXO3A variants, no general differences
between women and men are seen. There is a vague tendency for bigger differences between the
birth cohorts in men, but inference is difficult due to the relatively small number of men.
Traditionally, it has been difficult to replicate primary genetic association findings in aging
research, and only a few genes have been found to associate with longevity across populations. The
results of this study suggest that birth year and population-dependent differences in selection
pressure may be part of the explanation for this general lack of replication, although our data points
to only small genetic differences between the investigated birth cohorts. However, the genetic
variations related to longevity are currently expected to be rare and/or have small effects, and
therefore even modest cohort effects could, when unaccounted for, confound results and leave true
associations undiscovered.
A potential problem with this study might be bias due to differences in participation rate, e.g. if
fewer sick or disabled individuals are included in a study, it could reduce the APOE ε4 frequency.
Thus, it cannot be excluded that part of the genetic difference seen between the cohorts is due to
cohort differences in the participation rate. However, the significant cohort differences in the
prevalence of the investigated alleles are seen in individuals older than 95 years from the 1905 and
1915 birth cohorts, which have only very small differences in participation rates (Christensen et al.
2013).
The genetic differences over cohorts found in this study are substantial considering that the birth
year intervals are less than two decades. Also, Denmark is among the high-income countries with
the smallest increase in survival among the oldest-old and thus larger cohort differences in the allele
distribution of longevity-associated genes may be expected in countries with a more pronounced
increase in the number of nonagenarians and centenarians.
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Altogether, our results point toward the need to consider the birth cohort of long-lived individuals in
future genetic studies of human longevity. The results presented in this study are based on a unique
collection of samples. Most other longevity samples contain individuals from a wide range of birth
cohorts, and therefore the results of this study may be difficult to replicate directly. Studies of
longevity genes may, however, benefit from being stratified into decades of birth year.
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Tables
Table 1. Characteristics of the study population.

Birth Cohort
1895-96
1905
1905
1910
1911
1915

Mean Age
100.1
95
100
100.2
100.2
95.3

Age Range

99.0-100.4
99.7-100.9
99.8-101.1
94.7-95.9

N
132
1169
255
176
130
1105

% Men
22.7
24.5
16.5
24.4
23.1
27.3

Figure Legends
Figure 1. The probability of surviving in Denmark from birth to age 95 in the period 1835 to 1915
(A) and from birth to age 100 in the period 1835 to 1910 (B).
Figure 2. The prevalence of the APOE ε4 allele and of APOE ε4 allele carriers in individuals older
than 95 years born in 1905 and 1915 (A-C) and in individuals older than 100 years born in 1895-96,
1905 and 1910-11 (D-F) assuming an additive (A, D), a dominant (B, E) and a recessive (C, F)
model. The 95% confidence interval is shown as well as the P-value for the significance of the
difference between the birth cohorts (A-C) or of the significance of the trend (D-F).
Figure 3. The prevalence of the FOXO3A rs7762395 and rs479744 minor alleles or of minor allele
carriers in individuals older than 95 years born in 1905 and 1915 (A, B) and in individuals older
than 100 years born in 1895-96, 1905 and 1910-11 (C, D) assuming an additive (A, C) and a
recessive (B, D) model. The 95% confidence interval is shown as well as the P-value for the
significance of the difference between the two birth cohorts (A, B) or of the significance of the
trend (C, D).
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Figure 1.

Figure 2.
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Figure 3.

Supplementary Data
Two supplementary tables for online publication.
Supplementary Table 1. The prevalence of the APOE ε4 allele and of APOE ε4 allele carriers, as
well as the FOXO3A rs7762395 and rs479744 minor alleles and minor allele carriers in women
older than 95 years born in 1905 and 1915, and older than 100 years born in 1895-96, 1905 and
1910-11 assuming an additive, a dominant and a recessive model.
Supplementary Table 2. The prevalence of the APOE ε4 allele and of APOE ε4 allele carriers, as
well as the FOXO3A rs7762395 and rs479744 minor alleles and minor allele carriers in men older
than 95 years born in 1905 and 1915, and older than 100 years born in 1895-96, 1905 and 1910-11
assuming an additive, a dominant and a recessive model.
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1905

1910-11

100+

100+

233

203

84

803

1915

1895-96

95+

100+

833

233

204

1905

1910-11

100+

95+

1905

100+

79

803

1915

1895-96

95+

841

233

1905

100+

95+

1910-11

100+

212

0.221

0.217

0.256

0.205

0.211

0.178

0.142

0.171

0.154

0.151

0.082

0.090

0.088

0.092

0.115

Prevalence

P

Prevalence

0.183-0.259

0.177-0.257

0.190-0.322

0.185-0.225

0.191-0.231

0.143-0.213

0.108-0.176

0.112-0.230

0.136-0.172

0.134-0.168

0.057-0.107

0.063-0.117

0.048-0.128

0.078-0.106

0.100-0.130

0.471

0.704

0.492

0.849

0.732

0.034

0.159

0.170

0.165

0.183

0.216

0.112-0.206

0.119-0.221

0.091-0.239

0.156-0.210

0.189-0.243

95% CI

a

95% CI

Dominant

a

b

Additive

Model

0.835

0.104

P

b

0.039

0.054

0.060

0.036

0.047

0.017

0.039

0.013

0.016

0.031

0.004

0.009

0.010

0.001

0.014

Prevalence

0.014-0.064

0.023-0.085

0.009-0.111

0.023-0.049

0.033-0.061

0.000-0.034

0.012-0.066

(-0.012)-0.038

0.007-0.025

0.019-0.043

(-0.004-0.012)

(-0.004-0.022)

(-0.010-0.030)

(-0.001)-0.003

0.006-0.022

95% CIa

Recessive

0.372

0.322

0.731

0.066

0.496

0.006

Pb
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95% CI: 95% confidence interval; bP: P-value for the significance of the difference between the birth cohorts or of the significance of the

trend.

a

FOXO3A, rs479744

FOXO3A, rs7762395

1905

100+

97

803

1915

1895-96

878

N

1905

95+

95+

APOE ε4

Cohort

100+

Age

Variant

1895-96, 1905 and 1910-11 assuming an additive, a dominant and a recessive model.

rs479744 minor alleles and minor allele carriers in women older than 95 years born in 1905 and 1915, and older than 100 years born in

Supplementary Table 1. The prevalence of the APOE ε4 allele and of APOE ε4 allele carriers, as well as the FOXO3A rs7762395 and

1905

1910-11

100+

100+

73

37

26

302

1915

1895-96

95+

100+

268

73

39

1905

1910-11

100+

95+

1905

100+

25

302

1915

1895-96

95+

278

73

1905

100+

95+

1910-11

100+

42

0.233

0.324

0.288

0.190

0.229

0.164

0.205

0.180

0.134

0.164

0.082

0.071

0.117

0.124

0.112

Prevalence

P

Prevalence

0.164-0.302

0.217-0.431

0.165-0.411

0.159-0.221

0.193-0.265

0.104-0.224

0.115-0.295

0.073-0.287

0.107-0.161

0.133-0.195

0.037-0.127

0.016-0.126

0.036-0.198

0.098-0.150

0.086-0.138

0.276

0.112

0.658

0.176

0.532

0.584

0.164

0.143

0.233

0.242

0.218

0.079-0.249

0.037-0.249

0.082-0.384

0.194-0.290

0.170-0.266

95% CI

a

95% CI

Dominant

a

b

Additive

Model

0.511

0.554

P

b

0.055

0.135

0.154

0.043

0.078

0.014

0.026

0.040

0.023

0.036

0

0

0

0.007

0.007

Prevalence

0.003-0.105

0.025-0.245

0.015-0.293

0.020-0.066

0.046-0.110

(-0.013)-0.041

(-0.024)-0.076

(-0.037)-0.117

0.006-0.040

0.014-0.058

-

-

-

(-0.002)-0.016

(-0.003)-0.017

95% CIa

Recessive

0.094

0.113

0.427

0.495

-

0.602

Pb
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95% CI: 95% confidence interval; bP: P-value for the significance of the difference between the birth cohorts or of the significance of the

trend.

a

FOXO3A, rs479744

FOXO3A, rs7762395

1905

100+

30

302

1915

1895-96

285

N

1905

95+

95+

APOE ε4

Cohort

100+

Age

Variant

96, 1905 and 1910-11 assuming an additive, a dominant and a recessive model.

rs479744 minor alleles and minor allele carriers in men older than 95 years born in 1905 and 1915, and older than 100 years born in 1895-
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