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Abstract

Human aging is a complex, multifactorial process influenced by a number of genetic and non-
genetic factors. This article first reviews genetic strategies for human aging research and considers
the advantages and disadvantages of each. We then discuss the issue of phenotypic definition for
genetic studies of aging, including longevity/life span, as well as disease-free survival and other
endophenotypes. Finally, we argue that extensions of this area of research, including incorporation
of gene x environment interactions, multivariate phenotypes, integration of functional genomic
annotations, and exploitation of orthology — many of which are already initiated and ongoing — are
critical to advancing this field.

1. Introduction

Human aging is a complex, multifactorial process influenced by a number of genetic and
non-genetic factors. The identification of genetic variations that influence age-related
phenomena such as disease-free survival, post-disease survival, and lifespan in general has
received considerable attention and will likely receive even more attention in the future as
genetic technologies become more refined and cost-efficient. In this review, we describe the
basic approaches to the identification of genetic variations that influence human longevity
and longevity-related phenotypes. Although we focus on truly genetic strategies (i.e.,
strategies involving the transmission of genetic information from generation to generation)
for human aging research, as opposed to evolutionary, model organism, and purely genomic
and/or somatic cell-based approaches, we draw on these other approaches when appropriate.
We also consider the advantages and disadvantages of various approaches as well as
directions for future research. We note that some recent reviews have also evaluated the
merits of different genetic approaches to the study of human aging and we refer the reader to
these reviews for additional insights and references [1-3]. Table 1 also provides a list of
genetic studies investigating human aging and age-related phenotypes that the reader might
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consider for further insight into the application and interpretation of genetic research
paradigms in studies focusing on human aging.

1.1. Genetics vs. genomics

Although at times subtle, the distinction between “genetics' as a scientific discipline replete
with specific research paradigms, and “genomics' as a scientific discipline is an important
one since it puts into context the orientation, rationale and required resources for particular
approaches. Genetics is essentially the study of inherited variations that populate DNA
sequence. Genetics considers phenomena such as recombination, gene conversion,
aneuploidy, and mutation. These are phenomena that influence inheritance patterns as well
as the frequency of variations in the population. Many mathematical constructs and
theorems have been developed to describe phenomena of relevance to the study of
inheritance, such as Mendel's laws and Hardy-Weinberg equilibrium, which describe the
probability that an individual transmits one of the two variations within his or her
homologous chromosomes to an offspring, and the behavior of variations in the population
at large under the assumption of random mating, respectively.

Genomics, on the other hand, involves the study of the composition, structure and function
of DNA sequence. Genomics researchers often seek to identify patterns in DNA sequence,
such as the typical nucleotide composition of coding regions in the genome as opposed to
non-coding and/or regulatory regions of the genome, without regard to the transmission of
that DNA sequence from one generation to the next. Of course any structural or functional
characterization of the genome could be considered in studies of the transmission of
variations in those regions from parents to offspring. Thus, genetics and genomics are
complementary disciplines and, as discussed in sections 4.3 and 4.4, are often integrated to
make sense of inherited factors and the genetic basis of a particular phenotype.

A great deal of contemporary genetics research is devoted to the identification of inherited
DNA sequence variations that influence the expression of a particular phenotype such as a
disease (Figure 1 provides a schematic depicting the transmission of genetic variations both
at and neighboring a particular phenotypically-relevant genomic position or “locus' across
different numbers of generations). Using genetic analyses to identify specific variations that
causally influence a particular phenotype is often referred to as “genetic mapping' or, more
historically, “positional cloning' (i.e., as the ultimate isolation of a causal variation often
involved cloning the DNA harboring the variation). Although it is possible that that non-
inherited de novo DNA sequence mutations could influence a particular phenotype, since
one would have to rule out such mutations as inherited by using genetics principles, the
study of de novo mutations is considered a part of genetic research. There are many genetic
strategies and study designs that a researcher can utilize in order to identify DNA sequence
variations that influence a particular phenotype, and virtually all of these strategies and
designs have been considered in the study of human aging, lifespan, and related phenotypes.
The development and refinement of these strategies has followed a very rapid progression
that reflects both an eagerness to pursue genetic studies as organizing principles for virtually
all cell biology, physiology, evolutionary biology, and biomedical science, as well as
technological advances, as discussed in the section 2.1.

1.2. The evolution of genetics research paradigms

For any given individual, in order to understand which DNA sequence variations influence
which phenotypic features (such as long life span), sequence variations that can be studied in
this context must first be identified. This involves determining the nucleotide content of
individuals' DNA via DNA sequencing technologies. It is no surprise then that the
development and refinement of genetic mapping approaches to the identification of
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phenotypically-relevant inherited variations parallels technological developments in DNA
sequencing. Two other developments, the creation of genetic “maps' of markers that detail
the positions in the genome of variable sites, as well as the creation of efficient technologies
for genotyping (i.e., rapidly determining the variations an individual possesses at a site in
DNA sequence that is known to be polymorphic or vary among individuals in the population
at large), also closely parallel developments in genetic mapping. This history is elegantly
described in a review by Lander and Weinberg [4] and we capture a bit of this history in the
following, with greater focus on genetic strategies applied to human aging in section 3.

Initial genetic mapping approaches to the identification of phenotypically-relevant DNA
sequence variations used large pedigrees and related individuals in order to trace the “co-
segregation' of chromosomal regions marked by specific genetic variations — i.e., those that
could be genotyped across the family members — with a particular trait or disease from
generation to generation. These approaches required knowledge of the genomic locations of
relatively few genetic variations since the size of the chromosomal regions that remained
intact after recombination events over a small number of generations was likely to be large.
Once variations within a chromosomal region have been identified as likely to be “linked' to
a variant segregating with the phenotype in a family, DNA sequencing technologies can be
used to identify the offending causal variations. Lander and Schork describe some of the
issues in family-based linkage analysis methods for gene mapping studies [5]. Figure 1
depicts a nuclear family, denoted by the number 3, where the two individuals with a
phenotype both received variations (A" and “C') flanking the causal variant ("T') that are
intact from the chromosomal segment harboring the causal variant from their father. Note
that this particular haplotype, "A-T-C,' is not the same in other families and individuals
harboring the causative “T' allele, due to the greater number of recombination events that
occurred during the transmission of the chromosome harboring the causative “T" allele to
those individuals from their common ancestor, denoted by 1" in Figure 1.

The use of unrelated individuals for genetic mapping has many advantages, not the least of
which is that they are easier to collect than families (see section 2.2). However, in order to
identify variations that segregate with a phenotype among individuals separated by an
arbitrary number of generations from a common ancestor or set of ancestors who introduced
variations into the population at large, the interrogation of a greater set of genetic variations
that might capture chromosomal segments not broken up by recombination since their
introduction into the population would have to be pursued. Recognition of this fact led to the
International HapMap Project, which was essentially a consortium effort to identify as many
genetic variations as possible and detail their linkage disequilibrium (LD) relationships in
order to identify strings of contiguous nucleotides that harbor variations that have been
essentially inherited together among arbitrarily related individuals [6]. The motivation and
yield of the International HapMap Project are described in numerous publications as well as
on the HapMap website (www.hapmap.org). As an example of the intuitions motivating the
HapMap consortium effort, the small black shaded rectangle in Figure 1 within individuals'
chromosomes reflects chromosomal material — i.e., a string of nucleotides — that is intact
from the individual who introduced the “T' nucleotide causing the phenotype into the
population (individual 1) that all individuals with the phenotype possess. If this shaded
material contains other variations that could be genotyped, then all the individuals with the
phenotype, barring any mutational events during the transmission of the alleles from
generation to generation, would have those variations. As a result, those variations would be
in LD and form a “haplotype block' containing the offending "T' causal variation. Collins
described a plan for the development of appropriate technologies and resources to facilitate
genetic studies that leverage the International HapMap resources and the biological insights
such studies would likely yield, and this kind of vision, among other things, motivated the
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development of genotyping technologies that would allow a researcher to interrogate
hundreds of thousands of variations in a single assay for use in a genetic study [7].

The use of the Hapmap Project results and resources in genetic mapping studies has led to
some noticeable successes (see section 2.3 for more detail), but has been called into question
due to an overarching emphasis on common variations and a consequent downplaying of
rare variations that might contribute to phenotypic expression [8]. Thus, it has been argued
that phenotypes might be influenced by many infrequent variations that collectively
contribute to phenotypes that are relatively frequent in the population at large. Thus,
although common variations might be easier to identify, catalog, and ultimately equate with
the frequency of more common phenotypes, they may not actually be responsible for those
phenotypes [9-11]. Figure 2 provides a graphical representation of this notion and it is
discussed in sections 3.4, 4.3 and 4.4). In order to test associations involving rare variations
with a particular phenotype, however, one must identify those variations in individuals with
the phenotype of interest and this requires efficient, high-throughput DNA sequencing
technologies, which are indeed emerging to accommodate studies of rare variations[9-11].
In fact, DNA sequencing technologies are now so advanced that the entire genomes of
individuals have been sequenced, and it is thought that at some point individuals will be
completely sequenced in genetic studies and not just genotyped at representative or at a
minimal set of variations [12].

1.3. Candidate genes vs. genome wide strategies

In addition to differences and motivations behind different genetic research strategies (e.g.,
those that leverage families, DNA sequencing methods, etc.) there are also differences in the
overall focus of genetic studies. Many studies consider the role of variations in specific
genes with regard to influencing phenotypic expression. These studies are often referred to
as “candidate’ gene studies since they assume that the gene under study is an appropriate one
to study for the phenotype in question. Obviously, a candidate gene is only as good as the
logic behind its consideration as a candidate. There are many good candidate genes and
candidate gene sets to be considered in human genetic studies of aging as described in other
articles in this volume. One of the first candidate gene studies of human aging considered
specific variations in the ACE and APOE genes and their association with centenarian status
[13]. Another prominent candidate gene study in the literature found an association with a
favorable lipoprotein phenotype and a CETP variant in healthy nonagenarians [14].
Candidate gene studies are often plagued by the need to limit the studies to previously
identified variations in those genes; e.g., those variations that had been catalogued as part of
large-scale human genetic variation studies such as the International HapMap Project
(www.hapmap.org). This will likely change as sequencing technologies become more
efficient, as researchers are likely to simply sequence the candidate genes in individuals with
and without a phenotype to identify as many variations as possible that might influence
phenotypic expression. There is increasing precedent for such studies [9-11].

In comparison to candidate gene studies, "genome-wide' studies do not necessarily
emphasize the role of any one gene or set of genes but rather more or less “anonymize' the
genetic variations populating the genome and test each one for linkage or association with a
phenotype of interest. Although these studies have intrinsic appeal, they are generally more
costly than candidate gene studies (though this cost is rapidly decreasing) and require very
strict assumptions about what might be considered a statistically significant linkage or
association given that hundreds-of-thousands to millions of variations might be tested for
linkage or association with a phenotype of interest [5;15]. It is possible to combine
biological insights about genes and genomic regions with genome-wide approaches to the
discovery of variations that influence a particular phenotype and hence avoid purely
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statistical criteria for identifying linkages and associations. Aspects of these studies are
considered in section 4.3.

2. Basic Genetic Research Strategies

2.1 Establishing heritability

In order to establish the potential that genetic strategies might have to identify DNA
sequence variations that influence a particular phenotype, it is important to assess the
heritability of the phenotype. Measures of heritability estimate the fraction of the variability
in a phenotype’s expression that can be attributed to inherited genetic variations and are
often based on the similarity of genetically related individuals (e.g., twins, siblings, parents
and offspring, etc.) relative to the similarity of unrelated or very distantly related
individuals. If a gradient in phenotypic similarity can be found that appears to be a function
of the relatedness of the individuals studied, then one can infer that genetic factors influence
the phenotype. A number of studies investigating the heritability of human age-related
phenotypes have been pursued. For example, classical twin study designs applied to human
longevity suggest that a substantial fraction of human longevity is genetically determined
[16-17], although there are issues surrounding the definition of longevity and aging-related
phenotypes in general [18].

A study of individuals in large pedigrees from Iceland also suggests that human lifespan
does indeed have a sizable familial component [19], some fraction of which is likely to be
genetic. Essentially, they determined the probability that individuals related to target long-
lived individuals would themselves be long-lived relative to someone who is unrelated to the
long-lived target individuals. They found, for example, that the probability that a second
sibling is long-lived (based on being in the 95th age percentile) given that the first sibling is
long-lived, divided by the probability that the second sibling is long-lived without any
information about the first sibling (the population frequency of longevity) is 1.8 [19]. Thus,
siblings of long-lived individuals are 1.8 times more likely to be long-lived than randomly
chosen individuals. As noted, there are shortcomings of heritability estimates of human
aging-related phenotypes, such as the role of gene - environment interactions, sex-specific
factors, epigenetic mechanisms, and, importantly, the consistency and replicability of
findings [18;20]. Despite this, the consensus evidence of published articles on the
heritability of human longevity and age-related phenotypes clearly indicates a role for
genetic factors in human aging.

2.2. Family-based approaches

Family-based approaches to the identification of genomic regions harboring variations that
influence lifespan and lifespan-related phenotypes can be problematic since it is probable
that long-lived individuals identified for a study will not have living parents or grandparents.
Sibling studies, however, offer one family-based method that has been used for estimating a
genetic component for longevity related phenotypes [21-22]. For example, Perls and
colleagues compared survival rates of over 2,000 siblings of centenarians with 1900 birth
cohort survival data. Compared with the U.S. 1900 birth cohort, male siblings of
centenarians were at least 17 times as likely to attain age 100 themselves, while female
siblings were at least 8 times as likely. In addition, it is also possible to use other family-
based designs to study age-related diseases or longevity “endophenotypes'. Briefly,
endophenotypes, also known as intermediate phenotypes, are heritable, quantitative traits
hypothesized to represent genetic risk for polygenic traits at more biologically tractable
levels than distal behavioral or clinical phenotypes [23]. Endophenotypes are discussed in
greater depth in sections 3.2 and 3.3.
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One of the best examples of family-based linkage studies applied to an aging-related
phenotype are a series of studies investigating the genetic basis of Werner's syndrome, a
remarkable syndrome whose hallmark is extremely premature aging, such that individuals
with Werner's syndrome who are in their teen years essentially have bodies and age-related
features consistent with most 50-80 year olds. Initial family-based studies suggested that a
region of chromosome 8p12 likely harbors an autosomal recessive gene variant [24]
responsible for Werner's syndrome. This led to a series of studies looking at patterns of
homozygosity among genetic variations in the 8p12 region that were likely to be in linkage
disequilibrium with the variation causing the syndrome in individuals with the syndrome
across different families. The variations showed a very clear pattern indicative of the
presence of a causal variation [25-26] and ultimately led to pursuit of sequencing studies
revealing the variation responsible for Werner's syndrome [27].

2.3. Genome-wide association (GWA) studies and linkage disequilibrium

As introduced above, genome- wide association (GWA) studies interrogate the entire
genome by leveraging data assembled by studies such as the HapMap Project, which
characterized the LD relationships among common variants in several human reference
populations. The data provided by the HapMap project, coupled with technological
advances, have led to the commercialization of array technologies that enable genotyping of
hundreds of thousands to around a million single nucleotide polymorphisms (SNP) across
the genome on a single individual. Refinements of these technologies led to the use of
selected SNP probes to accurately represent the vast majority of known common variants
that populate the human genome (typically cut off at 5% or sometimes 1% minor allele
frequency in reference population sets). Alleles at loci not directly interrogated on the
arrays, but known in the reference populations, can be inferred in genotyped cohorts by
statistical means (i.e., via imputation methods) based on knowledge of LD relationships.
GWA study approaches compare the frequencies of genotypes obtained using these
platforms between subjects with and without the phenotype of interest (i.e., cases and
controls) or across cohorts exhibiting different levels of a quantifiable phenotype (i.e.,
quantitative trait analysis). These types of comparisons are done in order to identify variants
or genomic regions associated with a trait assuming suitable statistical correction for the
large multiple testing undertaken (this includes the number of variants tested as well as the
number of hypotheses or models) and consideration and correction for underlying
population structure (variation in ethnic ancestry) in the cohort.

To date, a small number of GWA studies have been conducted with longevity-related
phenotypes. For example, an early GWA study focused on age at death and morbidity-free
survival at age 65 years (albeit an age that is by current standards too young to be considered
“long-lived” or reflective of healthy aging) with 1,345 individuals from 330 families [28].
This study utilized a SNP array that is by today's standards quite sparse (i.e., the Affymetrix
100k SNP GeneChip), and findings did not indicate any associations that reached genome-
wide significance. Further, a more recent meta-analysis of four genome-wide association
studies of survival to age 90 years or older was performed [29]. In total, this study included
1,836 individuals in the 90+ age group and 1,955 individuals who died between the ages of
55 and 80 years as the comparison group. Although the study identified some regions of
interest, they also did not find any associations that reached genome-wide significance [29].
These studies and others like them have led some to evaluate the power of GWA study case-
control designs for longevity-related phenotypes. For example, Tan and colleagues used the
Danish life tables and simulations to assess the empirical power for different sample sizes
when cases are defined as centenarians or as nonagenarians [1]. Their results indicated that
power is drastically reduced when nonagenarians are considered cases, with a more than 5-
fold difference in the size of the case sample required to achieve comparable power as that
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found with centenarians. This suggests that phenotypic definition of aging-related
phenotypes (as discussed further in section 3) is of paramount importance.

GWA studies clearly allow for examination of human genetic variation at an unprecedented
level of resolution and afford researchers the opportunity to conduct an unbiased “scan” of
the genome to find variants associated with common complex traits and diseases such as
longevity. This is a major advantage over traditional candidate gene studies, which in
essence require an a priori “educated guess” about which genes, as well as which variations
within those genes, are associated with the phenotype of interest. These advantages,
however, come with a price, which is to some degree exemplified by the studies cited above.
Namely, because of the multiple testing burden, large sample sizes (i.e., a thousand or more
depending on how the phenotype is defined) are required for well-powered GWA studies,
and there is still an enormous potential for false positive results. Further, studies with
individuals from ancestral groups not well-represented among HapMap reference
populations can be problematic, as can issues related to population stratification in general.
Finally, current GWA study technologies are also not optimal for examining forms of
variation beyond SNPs, and in some cases allele copy number variation. These include rare
variants that are by definition not measured with current SNP array technologies. Indeed, as
discussed previously in section 1.2, recent studies have called into question the “‘common-
disease common-variant' hypothesis in favor of the notion that phenotypes might be
influenced by many rare variants that collectively contribute to phenotypes that are
relatively frequent in the population at large [30]. The inability of current SNP arrays to
measure these rare variants, coupled with the likelihood that they may underlie many salient
human diseases and traits, suggests the need for genetic strategies with even higher
resolution such as DNA sequencing.

2.4. DNA sequencing: the ultimate resolution for genetics research

DNA sequencing is another approach for investigating the genetic basis of disease and has,
with recent advances in relevant technology, become more refined, cost-effective, and
available. While this approach is also not without limitations (e.g., it is currently limited to
searching candidate genes), it has the enormous benefit of providing information about all of
the different forms of common, as well as rare, genetic variation within the genome,
including SNPs, insertion/deletion variations, copy number variations, inversion
polymorphisms, and unique de novo single base mutations. In the aging literature, although
there is little precedent for DNA sequencing on a large scale, one recent example of this
approach is a study by Halaschek-Wiener and colleagues in which they sequenced 24
candidate aging genes in healthy adults aged 85 years or older. Of note, 41% of the variants
they identified were not previously recorded in existing reference databases [31]. This
suggests that previous genetic strategies such as GWAS and candidate gene studies are
likely unable to detect much of the genetic variation that underlies complex diseases and
phenotypes, and that DNA sequencing will be critical in this regard. As mentioned in section
1.2, DNA sequencing technologies are now so advanced that the entire genomes of a small
number of individuals have been sequenced; it is thought that at some point individuals will
be completely sequenced as part of large-scale genetic studies and not just genotyped at
representative or at a minimal set of variations [12]. Finally, although with DNA sequencing
researchers will likely be better equipped to pinpoint the genetic variation responsible for
specific phenotypes, this will still leave the need for functional characterization of the
variants identified. Indeed, advances in this area will be necessary for drug and other
treatment development efforts.
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3. Defining the aging phenotype for genetic studies

3.1. Longevity, life span, and disease

As noted, aging is complex process, influenced by the interaction of genetic, environmental,
epigenetic, and purely stochastic factors [32]. This complexity makes it difficult to identify
each and every genetic factor contributing to the aging process since the effects of any one
genetic factor may be obscured by the effects of other factors. This complexity raises
questions about how to study genetic factors that influence human aging since it is difficult
to identify phenotypes that capture all the important elements of the aging process. Thus, for
example, a genetic researcher focusing on human aging may consider linkage and/or
association studies that focus on contrasting long-lived individuals with individuals who
died at an early age, which raises questions about what age one should use to define “long-
lived." In this context, Martin and colleagues review three basic approaches to the genetic
analysis of the biology of human aging [33]. The first approach they describe involves the
search for genes that contribute to the susceptibilities to certain aging-related disorders,
including a range of progeroid syndromes such as Werner's syndrome. The second approach
seeks to identify genetic factors that contribute to exceptionally long life spans. The third
involves longitudinal studies of the genetic contribution to the decline in various
physiological functions among related individuals. Each of these study designs, they argue,
gets at different sets of genetic factors contributing to the aging process and human
longevity.

The complexity of the aging process also raises questions about why certain individuals
reach advanced ages and whether there should be an intrinsic interest not in genes that
influence human longevity, but rather genes that influence human “health span,' or
individuals who have lived an exceptionally long and healthy life. Nadeau and Topol [34]
and Glatt [35] discuss the genetic basis of health, health maintenance, and “successful' aging
as something that should be studied not just for its intrinsic interest, but also in order to
arrive at insights into genetic mechanisms that enhance overall longevity. It is important,
however, to recognize that long-lived individuals are long-lived for a number of reasons,
some genetic and some not. For example, long-lived individuals may be long-lived because:
1. they do not possess disease predisposing genetic variations and hence do not develop life-
threatening diseases to the same degree as other individuals; 2. they live in health-enhancing
environments and/or engage in health-enhancing lifestyles; 3. they do possess disease-
predisposing variations or live in unhealthy environments but also possess “protective'
genetic variations that mitigate the deleterious effects of other genes or environmental
conditions; or 4. they have some combination of these [36-37].

Longevity association studies of unrelated individuals also present the need to use an
appropriate control group. When selecting a control group, a number of issues are important
to consider, perhaps most importantly, matching for environmental exposures, as well as for
genetic background or ancestry [38]. One aspect of matching for environmental exposure
often involves selecting controls matched with cases based on birth year, but who died due
to non-accidental causes prior to reaching the stated “long-lived” cutoff age. Using younger
cohorts or random population controls (versus age-matched) can lead to the confounding
effects of cohort-specific characteristics. When the phenotype being studied is disease-free
survival (discussed below) rather than simply longevity, some studies have utilized age-
matched spouses of cases (assuming these individuals are not disease free) as an even more
precise way of matching for environmental exposure. Regarding population stratification,
when cases and controls are not matched based on genetic ancestry, this well known
problem can occur and can produce misleading results. In addition, genetic background
differences between different centenarian studies is an important reason why individual
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studies can produce valid results that are not reproducible between studies (i.e., in different
cohorts).

3.2. Disease-free survival

Since individuals who have lived a long and healthy life have clearly been able to avoid
disease, it is arguable that by identifying disease-predisposing genetic variations one has, in
effect, identified variations contributing to “longevity' since the wild-type or alternative
alleles or variations to those associated with disease are by default associated with health. As
noted, however, individuals that have avoided disease could possess genetic enhancements
or protective variants that allow them to exhibit “disease free survival.' Such variations may
simply mediate disease susceptibility and/or mediate basic or intrinsic mechanisms of aging
(i.e., senescence [34]). There may also be variants that predispose to healthy aging that
display more complex modalities of action, such as antagonistic pleiotropy [39].

The study of disease-free survival as opposed to lifespan is not trivial, since technically one
would have to screen the eligible older individuals for a study with respect to subclinical
signs of disease. Important insights, however, into the connections between disease-free
survival, longevity, and basic mechanisms of aging could be obtained by focusing on
individuals related to long-lived individuals, as suggested in Martin and colleagues third
approach to the study of human aging [33]. For example, a study was recently conducted to
examine the disease burden among offspring of centenarians [40]. They found that relative
to non-centenarian offspring, centenarian offspring had a 78% lower risk of myocardial
infarction (P<.04), 83% lower risk of stroke (P<.004), and 86% lower risk of developing
diabetes mellitus (P<.005). They also found that centenarian offspring were 81% less likely
to die than the referent cohort during the follow-up. The authors concluded that centenarian
offspring possess a physiologic profile that offers them “cardiovascular advantages' over
non-centenarian offspring.

3.3. Endophenotypes

An alternative approach to the identification of genetic factors that overtly influence human
lifespan or aging involves the identification of genetic factors that influence phenotypes and
processes known to contribute to, or be associated with, aging. There are many
“endophenotypes' of aging whose genetic bases have been considered in the literature. Four
promising human aging endophenotypes are telomere length [41-42], bone-related measures
[43], age-associated diseases that might not be life-threatening [44], and aspects of cognitive
function [45]. The recent study by Kulminski [44] combined aspects of the disease-free
survival phenotype and endophenotype approach to the assessment of genetic factors that
contribute to human longevity. The authors focused on 32 geriatric diseases among aging
Danish twins. Interestingly, the authors found that geriatric diseases measured in some
family members can predict life span in the other family members.

The use of endophenotypes has been pursued in the study of the genetic basis of many
diseases, such as the study of lipid levels and heart disease [46], as well as glucose, insulin
levels and diabetes [47]. This suggests that there is potential for their use in the
identification of genetic factors that contribute to human lifespan and aging.

4. Extending genetic studies

4.1. Gene x Environment interactions

Environmental factors, such as smoking, diet, use of medication, and others, all contribute to
human longevity. Taking them into consideration in genetic studies of human lifespan and
aging is therefore of extreme importance. It may also be the case that certain genetic
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variations exacerbate, or have effects that are exacerbated by, the effects of environmental
factors on aging. Thus, for example, individuals with a genetically compromised system for
handling oxidative stress could age at higher rates than individuals without a compromised
system when chronically exposed to environmental or dietary oxidants [48]. Phenomena
such as this suggest the existence of an interaction between the environmental exposure and
a genetic variation or set of genetic variations. Evidence for interactions like this have been
found for lung cancer, whereby smokers with a particular genetic variation are at markedly
elevated non-additive risk for lung cancer than either individuals without the variation who
smoke or individuals with the variation who do not smoke [49]. Because of the large sample
sizes needed to detect, with sufficient statistical power, an interaction effect, consortia large-
scale studies have been initiated to facilitate the identification of gene x environment
interactions in aging, such as the GENEVA consortium [50] and the AGES-Reykjavik
study, which focuses on gene - environment interactions that specifically influence longevity
and aging [51].

4.2. Multivariate phenotypes

Aging and many age-related diseases involve multiple physiological systems and molecular
pathways. The ability to probe and characterize multiple phenotypes that capture these
systems and pathways could be of extreme value in genetic studies of aging. Recent
methodological developments in the genetic analysis of multiple phenotypes suggest that the
use of multiple phenotypes to define a condition can add power to genetic studies (e.g.,
[52]). One obvious way in which this increase in power is realized is that multivariate
analyses reduce the number of statistical tests performed (i.e., because many phenotypes are
being tested simultaneously rather than individually). The development of multivariate
profiles for aging research is in its infancy, but one promising area involves the examination
of multiple phenotypic trajectories that reflect healthy aging [53].

4.3. Integrating functional genomic annotations

Statistical evidence for linkages or association of a particular genetic variation or set of
variations to a phenotype does not imply a causal relationship between that variation and the
phenotype. Solidifying the causal biological relationship between a sequence variation and a
phenotype is complicated and can involve a great deal of laboratory experimentation. Such
experimentation would be even more costly if a number of genetic variations showed
evidence for linkage or association in a study. Therefore, leveraging information that has
been previously obtained on the biological functions of particular genomic regions and/or
specific genetic variations could expedite the search for biologically meaningful genetic
linkages and associations. Resources such as the University of California Santa Cruz
(UCSC) human genome browser (http://genome.ucsc.edu) provide extensive information
about the functional elements that populate the human genome and can be used to make
sense of linkages and associations. Figure 3 provides a shapshot of the UCSC genome
browser representation of the AKT1 gene region implicated in longevity [54] and includes
information about the location of exons within the gene, locations of previously identified
genetic variations (SNPs), empirically-identified protein-DNA interaction sites (e.g., GMI26
H3K4ae3; K562 CTCF), and regions of high evolutionary conservation, which might be
indicative of function. There are many additional resources and programs for assessing the
likely functional significance of individual DNA sequence variations that should be
leveraged in linkage and association studies of aging (e.g., [55]).

4.4, Exploiting orthology

One way of identifying candidate genes or genomic regions for a human genetic linkage or
association study is to consider orthologous genes and genomic regions in model organisms,
which are implicated in the expression of phenotypes analogous to the one of interest in
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humans. Determining if a genomic region shown to be linked or associated in a human
genetic study has an ortholog that has been implicated in a model organism study can help
solidify the biological basis for the linkage or association. There are a growing number of
resources and strategies for leveraging non-human species in studies of human aging [56],
such as the ANAGE database (http://genomics.senescence.info/species/), as well as many
examples of such studies [57]. One potential problem in the use of orthologous genomic
regions is that, depending on how remote the evolutionary connection with humans is, a
certain species may have many genes or genomic regions that show sufficient homology
with a human gene or genomic region to be considered orthologs. Thus, it may not be clear
which genes or genomic regions provide a reasonable counterpart for the human gene or
genomic region of interest.

5. Concluding remarks and the future of genetic research into aging

Research strategies for exploring the genetic basis of human aging will increase in
sophistication as technological advances in relevant assays are made. However,
sophisticated assays for identifying and querying DNA sequence variations in a large
number of individuals will not be sufficient to unlock the secrets of human aging, as it is
becoming increasingly clear that greater attention to phenotypes that reflect different aspects
of the aging process will also be needed. It is also generally acknowledged that the number
of genetic pathways that contribute to the aging process is quite large [58] suggesting that
specialists, including systems biologists, with sufficient understanding of each of these
pathways will be necessary to understand the biological basis of a linkage or association.
These facts call for more integrated approaches to the study of human aging, such as the
approach(es) considered by large consortia like the Longevity Consortium
(http://mwww.longevityconsortium.org/).

Research Highlights for: Contemporary Human Genetic Strategies in Aging
Research

¢ Human aging is a complex, multifactorial process influenced by a number of
genetic and non-genetic factors.

e There are many strategies for elucidating the genetic underpinnings of aging and
aging-related phenotypes.

e Extensions of this area of research, including incorporation of gene x
environment interactions, multivariate phenotypes, integration of functional
genomic annotations, and exploitation of orthology are critical to advancing this
field.
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Figure 1.

Diagrammatic representation of the hypothetical transmission of a genetic variant
influencing lifespan from a distant relative, as well as chromosomal markers flanking the
variant. Solid lines denote exact generational links, whereas dotted lines denote lines of
descent involving a large number of generations. Shaded pedigree members have a specific
lifespan phenotype. Vertical rectangles next to pedigree member symbols reflect a single
chromosome and letters next to the rectangle reflect nucleotides at SNP loci. Shading within
the rectangles indicates chromosomal material from the founder (denoted by the number 1)
who introduced the life span-influencing nucleotide variation "T" into the population. This
founder had “A' nucleotides at SNP positions flanking the site of the life span-influencing
locus. The entire founder haplotype "A-T-A'" was preserved during transmission to individual
2. However, recombination events during meioses in individuals with the line of descent
from individual 1 to individuals 5 and 6 caused individuals 5 and 6 to only inherit the "T"
allele associated with the life span-influencing phenotype. Due to a recombination event in
the line of descent from individual 2 to the father in nuclear family 3, the father in nuclear
family 3 only inherited the *A-T' haplotype encompassing the 15t two markers from ancestor
2 but not the ancestral founder allele "A' at the third locus. However, this "A-T" haplotype
was preserved in the transmission of the chromosome harboring the “T' life span-influencing
variant to two offspring in the nuclear family. The father in nuclear family 5 inherited the
entire founder "A-T-A" haplotype and transmitted it in its entirely to one of his offspring due
to a lack of recombination. Thus, although two siblings share part (A-T") of the ancestral
founder chromosomal haplotype harboring the "T' life span-influencing nucleotide CA-T-
A"), and an offspring in nuclear family 4 inherited the entire "A-T-A" haplotype, all the
individuals in the latest generation with the life span phenotype only share the T ancestral
functional nucleotide inherited from individual 1.
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Figure 2.

Two hypothetical situations arising from sequencing studies pursued in order to identify
variations associated with a particular phenotype. Letters refer to adjacent nucleotides in
haploid sequence obtained from individuals with and without a particular longevity-related
phenotype. Dashes indicate deletions or absent nucleotides. Shaded rectangles above the
sequence denote functional elements within the sequence. In Figure 2a, a common variant,
in bold, is associated with the presence/absence of the phenotype. Note that due to
phenocopies, incomplete penetrance, and other factors influencing the phenotype, some, but
not all individuals with/without the phenotype have exactly the same nucleotide at the
position of the common functional variant. In Figure 2b a series of rare variations (in bold)
in functional regions of the sequence are greater in frequency among the individuals with the
phenotype. Note that some individuals without the phenotype also possess rare variations
but they are not in functional regions and hence are not likely to influence the phenotype.
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Figure 3.

Functional annotation of the AKT1 gene obtained from the UCSC genome browser
(http://genome.ucsc.edu/; chromosome 14, base positions: 104,306,732-104,331,573)
recently shown to harbor variations associated with human longevity [54]. The figure
reveals the amount of information amassed about the AKT1 gene. The base locations and
positions of coding regions and known mRNAs and spliced transcripts are depicted in the
upper portions of the figure (e.g., ‘Refseq genes' and "Human ESTs'). The middle portions of
the figure provide the locations of empirically identified regulatory elements in the region
including enhancers and silencers obtained from protein-DNA binding studies involving
different transcription factors (e.g., "CTCF' and "H3K4mel'). Cross species nucleotide
conservation levels, the locations of known single nucleotide polymorphisms, and the
locations of repeated sequences are provided in the lower portions of the figure.
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Example Human Genetic Studies of Aging, Longevity, Aging Syndromes and Relevant Endophenotypes

Phenotype Reference | Study Type Results

Telomere length [42] GWAS Telomerase variations associated with telomere length
Healthy aging [31] Gene sequencing Many variations identified in candidate genes

Telomere length [59] GWAS Variations in the 18q12.2 region marginally associated
Healthy Nonagenarians | [14] Candidate gene Association with favorable lipoprotein phenotype and CETP variant
Nonagenarians [54] Candidate gene AKT1 &FOXO3A variants associated/replicated in 3 cohorts
Age at Menarche [60] GWAS SPOCK gene associated and replicated in 2 cohorts
Nonagenarians [61] Gene sequencing Rare alleles in CDKN1A underrepresented in oldest
Centenarians [62] mtDNA sequencing | No lack of mtDNA mutations among Centenarians
Centenarians [13] Candidate gene APOE and ACE variants associated with longevity
Centenarians [63] Candidate gene APOC3 variant associated with longevity

Centenarians [64] Candidate gene FOXO3A associated/replicated in 2 cohorts

Centenarian families [42] Candidate gene TSHR variants/TSH levels associated with longevity
Lifespan in families [28] GWAS No variations associated with lifespan/age-related traits
Werner's syndrome [27] Positional cloning Identification of the Werner's syndrome gene

Werner's syndrome [24] Linkage analysis Strong homozygosity-based linkage to chromosome 8
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