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Worldwide, life expectancy has shown a 
remarkable linear increase over the last two 
centuries [1]. However, the number of years 
of life spent in disability also increases and 
individuals from the European Union born 
in 2009 are expected to spend on average 
25% (women) or 20% (men) of their life in 
poor health, i.e., experience limited or severe 
long-term limitation (> 6 months) in usual 
activity caused by ill-health (http://www.
healthy-life-years.eu/) [2]. This stresses the 
importance of efforts aimed at increasing the 
disability-free life expectancy. The majority 
of disabilities are caused by diseases, such as 
cancer, cardiovascular disease, hypertension, 
osteoarthritis, and type 2 diabetes, for which 
chronological age is the main risk factor. 
Interestingly, part of the individuals that 
survive to exceptionally old ages do not 
display excessive levels of disability [3,4], 
indicating that reaching a high age does 
not necessarily result in an increase in age-
related disability.

Use of family-based cohorts to 
study healthy aging and longevity

It is expected that the number of years spent in 
disability could be reduced by avoiding age-
related diseases [5]. Remarkably, long-lived 
families indeed display a low prevalence of 
age-related diseases from middle age onwards 
[6-10]. In addition, they show beneficial or 
"youthful" profiles for numerous cognitive, 
metabolic, and immune-related parameters. 
Examples of these features are the low 
prevalence of cytomegalovirus infections, 
low free triiodothyronine and triglyceride 

serum levels, and preservation of insulin 
sensitivity in middle age [7,11-16]. Thus, 
by studying long-lived families (Table 1.1), 
one might be able to identify mechanisms 
driving healthy aging and protection from 
age-related diseases in middle and old age. 
Ultimately, this knowledge may be used to 
extend the disability-free life expectancy in 
the population.
	 One strategy to identify the 
mechanisms underlying lifespan regulation 
is by applying genetic approaches. The 
genetic component of longevity, as estimated 
from twin and family-based studies, is ~25% 
(Table 1.2) and the genetic contribution 
increases with age [17,18]. However, there is 
large heterogeneity in the genetic component 
estimates between studies, which could be 
caused by geographical or methodological 
differences [19]. The genetic component 
is most prominent in long-lived families 
[20,21], which makes them highly suitable 
for genomic approaches.
	 In addition to the genetic approach, 
research into biological and physiological 
phenotypes accompanying a long life may 
illuminate mechanisms of healthy aging. To 
this end, long-lived families are being studied 
for quantitative parameters or profiles that 
mark chronological and/or biological age, 
i.e., the age based on the molecular and 
psychological functioning of the individual, 
which could subsequently be investigated 
in large cohorts of middle-aged individuals. 
Thus, identifying the genetic component and/
or biomarkers of longevity may contribute to 
the disclosure of mechanisms driving healthy 
aging and longevity.
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Genetic research of aging and 
longevity in animal models

The first studies into the genetics of lifespan 
regulation were performed in animal models, 
such as yeast, worms, flies, and mice. In 
contrast to human longevity studies, which 
are mainly observational, animal-based 
studies benefit from genetic manipulation 
(mutagenesis) via RNA interference, knock-
out or overexpression of single genes. Using 
these approaches, many genes have been 
identified that extend lifespan in these models 
(GenAge; http://genomics.senescence.info/
genes/) [33]. The most interesting conserved 
pathways identified using animal models are 
the growth hormone (GH)/insulin/insulin-
like growth factor 1 (IGF-1) signaling and 
mammalian target of rapamycin signaling 
pathways [34]. The limitation of the animal-
based longevity studies in lower species, 
such as worms, is that they mainly focus 
on lifespan as an outcome and that the 
parameters that reflect the physiology and 
pathology of aging are not well defined or 
highly difficult to compare with their human 
counterparts. Nonetheless, these studies 
have been crucial for the identification of  
lifespan regulating pathways that also 
contribute to human longevity. 

Application of GWAS for 
identification of novel human 
longevity loci 

Most genetic research on human longevity 
has been focused on lifespan regulating loci 
involved in GH/insulin/IGF-1 signaling [35]. 
Although many of the GH/insulin/IGF-1 

signaling genes have been investigated (see 
http://genomics.senescence.info/longevity/ 
[36] for an overview), the only gene 
associated with human longevity in multiple 
independent studies is FOXO3A [37-39]. 
FOXO3A encodes the protein forkhead 
box O3, which acts as a transcription 
factor for many different genes involved 
in, e.g., apoptosis and oxidative stress [40]. 
In addition, a study by van Heemst and 
colleagues showed that a composite pathway 
score based on 6 genetic variants in GH/
insulin/IGF-1 signaling genes is associated 
with mortality in women, which further 
highlights the role of this pathway in lifespan 
regulation [41]. The other candidate gene that 
has consistently been associated with human 
longevity in multiple independent studies is 
APOE [35,42]. APOE encodes the protein 
apolipoprotein E (ApoE), which seems to 
be involved in, e.g., lipoprotein metabolism, 
cognitive function, and immune regulation 
[43]. The ApoE protein has three isoforms 
(ApoE ε2, ApoE ε3, and ApoE ε4) defined 
by two single nucleotide polymorphisms 
(SNPs), rs7412 (Arg136Cys; ε2) and 
rs429358 (Cys112Arg; ε4). Interestingly, 
ApoE ε4 has been associated with a decreased 
probability to become long-lived, while 
ApoE ε2 has an opposite effect. However, 
since the effect of ApoE ε4 seems to be most 
prominent, APOE is generally considered a 
"frailty gene" [44]. Thus, although candidate 
gene studies have shown to be useful, the 
number of human longevity genes identified 
by these studies is limited.
	 Instead of studying the genome using 
a hypothesis-based approach, hypothesis-
free approaches could be performed. An 
example of such an approach is the genome-



12

Chapter 1C
hapter 1

wide association study (GWAS), aimed at 
identifying common genetic variants with, 
usually, small effects. In a GWAS, 300,000-
2,500,000 SNPs are assessed for association 
with the trait of interest. This approach has 
successfully been applied to many diseases 
and traits (National Human Genome 
Research Institute GWAS Catalog; http://
www.genome.gov/gwastudies/) [45]. In 
GWAS for longevity, genotype frequencies 
are compared between long-lived cases and 
shorter-lived or young controls. The genome 
of long-lived individuals is assumed to be 
characterized by a decreased prevalence of 
disease-promoting variants of considerable 
effect and an increased prevalence of variants 
promoting healthy aging. Since longevity is 
assumed to be determined by many genes 
with small effects, GWAS is expected to be 
a successful method to identify novel human 
longevity loci.

Genomic research might benefit 
from biomarker research

The number of long-lived individuals 
that can currently be included in genomic 
studies is limited (~30,000 individuals). 
Hence, it is almost impossible to reach a 
sufficient sample size required to identify 
genetic variants with relatively small 
effects, such as those identified for more 
common traits, like height and lipid levels, 
with sample sizes > 100,000 individuals. 
To overcome this problem, one might try 
to identify (combinations of) phenotypes 
that could be used as biomarkers of healthy 
aging in genomic studies of large cohorts of 
middle-aged individuals. We propose that a 

biomarker of healthy aging should; (1) show 
a change with chronological age, at least 
above 40 years, (2) discriminate individuals 
with a “youthful” or old level relative to their 
age category in the general population, (3) 
associate with known health parameters, and 
(4) associate with future morbidity and/or 
mortality in prospective studies (Chapter 2).

Aim and outline of the thesis

The drivers of human longevity may provide 
insight in the mechanisms that result in 
delay or avoidance of age-related diseases. 
Since knowledge of such mechanisms may 
contribute to the extension of disability-free 
lifespan, the aim of this thesis was to identify 
novel lifespan regulating loci that influence 
human longevity and population mortality. 
We performed our research in various 
cohorts of elderly individuals, including the 
family-based Leiden Longevity Study (LLS) 
and GEnetics of Healthy Ageing project 
(Table 1.1), the population-based Rotterdam 
Study, which includes individuals above 55 
years that were followed-up for > 20 years, 
and the prospective Leiden 85-plus study 
and PROspective Study of Pravastatin in the 
Elderly at Risk, in which the association of a 
genetic variant with mortality can be tested.
	 To identify genetic drivers of human 
longevity by GWAS, we first compared 
unrelated nonagenarians from the LLS (Table 
1.1) with young controls from the Rotterdam 
Study. The loci that showed suggestive 
evidence for association with survival ≥ 
90 years were tested for replication in the 
Rotterdam Study, Leiden 85-plus study, 
and Danish 1905 cohort. Subsequently, 
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we performed a combined analysis of the 
discovery and replication cohorts (4,149 
cases and 7,582 controls) (Chapter 3).
	 Due to the complexity of the longevity 
phenotype and the relatively small sample 
size, the LLS longevity GWAS turned out to 
have insufficient power to detect significant 
effects besides the well-established 
TOMM40/APOE/APOC1 locus (Chapter 3). 
We therefore carried out an extended GWAS, 
in which we studied the genetics of long-
lived cases (≥ 85 years) and younger controls 
(< 65 years of age) from all over Europe. 
The loci that showed suggestive evidence 
for association with survival ≥ 85 and/or ≥ 
90 years were taken forward for replication 
in 6 additional cohorts and we performed 
a combined analysis of the discovery and 
replication cohorts (20,789 cases and 77,277 
controls) (Chapter 4).
	 Instead of analyzing single SNPs, 
as was done in the LLS and EU longevity 
GWAS (Chapter 3 and 4), the combined 
effect of a SNP set, grouped per pathway 
or gene region, can be tested for association 
with longevity. The advantage of these tests 
is that they are very suitable for studies of 
polygenic complex traits with limited power 
for GWAS analysis, such as longevity [46], 
due to the low penalty for multiple testing 
as compared to single SNP analysis. Two 
candidate pathways for human longevity are 
the insulin/IGF-1 signaling (IIS) pathway 
and the telomere maintenance (TM) 
pathway. The IIS pathway is involved in the 
adaptation of the organism to its (changing) 
environment [47], while the TM pathway 

regulates telomere integrity [48,49]. Genetic 
variation in genes that play a role in IIS 
and TM has previously been associated 
with human longevity [37,39,41,50]. To 
determine if the combined effect of IIS and 
TM pathway SNPs is associated with human 
longevity, we performed gene set analysis 
with gene sets based on these pathways using 
the LLS longevity GWAS dataset (Chapter 
5).
	 Since our genetic approaches 
delivered a limited number of longevity loci 
and pathways, we also performed a study on 
leukocyte telomere length (LTL), a potential 
biomarker of healthy aging that could be 
used for genomic studies in large cohorts of 
middle-aged individuals. Previous studies 
have shown that LTL is associated with 
multiple diseases and increased prospective 
mortality [51]. In addition, a study in an 
Ashkenazi Jewish population (Table 1.1) 
showed that offspring of centenarians have 
a longer mean LTL as compared to controls 
from the general population [50], indicating 
that mechanisms regulating LTL might also 
be involved in human lifespan regulation. 
Hence, to test the proposed criteria for 
biomarkers of healthy aging, we investigated 
LTL for association with chronological 
age, familial longevity, known health 
parameters, and prospective mortality in 
long-lived families from the LLS (Chapter 
6). In addition, we performed a look-up of 
the LTL-associated genetic variants in our 
EU longevity GWAS results described in 
Chapter 4 to determine the association with 
survival to ages beyond 90 years.
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