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Translational Article

Special Issue on Genetics and Aging

The Search for Longevity and Healthy Aging Genes:
Insights From Epidemiological Studies and Samples of
Long-Lived Individuals
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Genetic factors clearly contribute to exceptional longevity and healthy aging in humans, yet the identification of the un-
derlying genes remains a challenge. Longevity is a complex phenotype with modest heritability. Age-related phenotypes
with higher heritability may have greater success in gene discovery. Candidate gene and genome-wide association studies
(GWAS) for longevity have had only limited success to date. The Cohorts for Heart and Aging Research in Genomic
Epidemiology Consortium conducted a meta-analysis of GWAS data for longevity, defined as survival to age 90 years or
older, that identified several interesting associations but none achieved genome-wide significance. A recent GWAS of
longevity conducted in the Leiden Longevity Study identified the ApoE E4 isoform as deleterious to longevity that was
confirmed in an independent GWAS of long-lived individuals of German descent. Notably, no other genetic loci for lon-
gevity have been identified in these GWAS. To examine the conserved genetic mechanisms between the mouse and hu-
mans for life span, we mapped the top Cohorts for Heart and Aging Research in Genomic Epidemiology GWAS
associations for longevity to the mouse chromosomal map and noted that eight of the ten top human associations were
located within a previously reported mouse life-span quantitative trait loci. This work suggests that the mouse and human
may share mechanisms leading to aging and that the mouse model may help speed the understanding of how genes
identified in humans affect the biology of aging. We expect these ongoing collaborations and the translational work with
basic scientists to accelerate the identification of genes that delay aging and promote a healthy life span.
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T is well established that both genetic factors and health-

related behaviors influence survival to old age and sur-
vival to old age in good health. Longitudinal cohort studies
demonstrate that lower levels of cardiovascular risk factors
measured in midlife or early older years predict survival and
healthy survival to 85 years of age (1,2) and beyond (3,4).
Longevity has been observed to cluster within families so
that parents and siblings of centenarians have a greater like-
lihood of attaining advanced age (5-7), and offspring of
centenarians appear to have a delay in age-related disease
(8,9). Studies of families clustered for longevity both in the
United States and Europe (Long Life Family Study and
Leiden Longevity Study) have demonstrated that offspring
of long-lived participants has more favorable midlife risk
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factor profiles and less age-related disease (10,11). Simi-
larly in the community-based Framingham Heart Study,
adults with at least one parent surviving to old age have
lower risk factor levels compared with individuals whose
parents died younger and the risk factor advantage per-
sists over time (12). The genetic contribution to longev-
ity and human aging is likely to result from many genes
each with modest effects. Some genes will likely affect
longevity by increasing susceptibility to age-related disease
and early death, whereas other genes are likely to slow the
aging process itself leading to a long life. How genetic
factors and their interaction with modifiable behavioral
and environmental factors contribute to longevity remains
unknown.
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LONGEVITY AND HEALTHY AGING PHENOTYPES:
DEFINITIONS AND HERITABILITY

Longevity is often defined as age at death or survival to an
exceptional age such as 90 years or older or 100 years or older.
Because life expectancy has improved dramatically across birth
cohorts since 1900, care must be taken when study designs
compare long-lived with younger cohorts. Women live longer
than men and make up a larger proportion of the older popula-
tion especially at exceptional old ages. For example, among the
original 5,209 Framingham Heart Study participants with
follow-up through 2011, there are 43 centenarian women and
only six centenarian men, whereas at study entry (1948-1953),
55% of participants were women. Men are more likely to attain
extreme old age escaping common age-related disease, whereas
women are more likely to attain 100 after surviving common
morbidities (13). While these observations raise the hypothesis
that genetic and environmental factors influence the path to
longevity differently in men and women, whether genetic fac-
tors play a greater or lesser role in men than in women is an area
of debate (3,14). In a study of centenarians (100-104 years),
semisupercentenarians (105-109 years), and supercentenaians
(110-119 years), there was a progressive delay in the onset of
age-related disease and onset of physical and cognitive function
impairment with increasing age (15). Whether genes that influ-
ence survival to these extreme ages also play a role in survival
to age older than 90 years is unknown.

The genetic contribution to longevity (age at death) has
been estimated using both large twin registries and population-
based samples (Table 1). Most heritability estimates from
twin registries range between 20% and 30% (16,17),
whereas estimates from population-based samples are
slightly lower, ranging from 15% to 25% (18,19), suggest-
ing a significant but modest genetic contribution to the
human life span. One study conducted among an ethnically
diverse group suggests that genetic influences on life span
may vary by ethnicity with heritabilities ranging from a
low of 4% for African Americans to 29% and 26% for
Caribbean Hispanics and Caucasians, respectively (21). Using
data from the GenomeEUtwin project that included more
than 20,000 Nordic twins, Hjelmborg and coworkers (42)
noted that genetic effects on life span were minimal prior to
60 years of age, but genetic effects on life spans greater than
60 years of age were significant and constant to increasing
with advancing age. Starting at about age 60 years, the
relative recurrence risk of an individual living past a speci-
fied age given that his/her cotwin also lived past that age
increased with increasing age cut point in both men and
women so that at age 92, the recurrence risk was 4.8 and 1.8
in monozygotic and dizygotic male twins and 2.5 and 1.6 in
monozygotic and dizygotic female twins. Notably, recur-
rence risks similar to men occurred in women at a 5- to
10-year older age perhaps reflecting the longer average
longevity in women. Using the Framingham Heart Study
cohorts, we explored whether genetic influences on life span
increase with achievement of older ages by examining age

Table 1. Familiality of Aging Phenotypes

Sibling survival

Exceptional survival: centenarians probability
New England Centenarian Study, likelihood Women eightfold;
of achieving age 100 (6) men 17-fold
Okinawa Centenarian Study (7), likelihood of Women 2.6-fold;
achieving age 90 men 5.4-fold
Age at death Heritability
Twin registries (16,17) 20%-30%
0Old Order Amish (18) 25%
Utah Population Database (19) 15%
Framingham Heart Study (20) 16%
Medicare recipients, New York City (21)
European ancestry 26%
African American 4%
Caribbean Hispanic 29%

Age at death >65 y

Framingham Heart Study >65, >75, and >85 (20)
Healthy aging and morbidity-free survival

Male twins at age 70 y (22) 50%

36%-40%

Framingham Heart Study >65, >75, and >85 (20) 20%-25%
Physical function, disability, and self-report

Danish twins, aged 80 and older, women (23) 34%—-47%

Danish twins, aged 75-79, women (23) 15%-34%

Rate of change in functional ability*: (24) ns

Framingham Heart Study, disability free, aged 75% 44%
Frailty

Framingham Heart Study, frailty/prefrailty vs no 19%

frailty, aged >60 y*

Danish twins, cluster analysis approach™ (25) 43%
Handgrip

Twin studies (26-28) 40%—65%

Long Life Family Study (29) ~40%

Framingham Heart Study* 38%
Walking speed

Female twins (30) 16%

Male twins (31) 42%

Framingham Heart Study, usual pace walk* 38%

Framingham Heart Study, quick walk# 36%

Long Life Family Study (29) 10%
Bone mineral density (32,33) 50%-70%

Alzheimer’s disease (34,35)
Reproductive aging

Age at menarche (36,37)

Age at natural menopause (38—41)

58%—79%

50%-80%
449—-87%

Note: ns = nonsignificant.

*60% of sample did not participate in 4 year follow-up, half lost to mortality.

"Cluster analysis approach based on mini-mental state examination,
activities of daily living, self-reported health status, and handgrip strength.

#Not previously published.

at death as a dichotomous trait using a liability threshold
model adjusting for sex and birth year (20). In contrast to
the modest heritability estimate for continuous age at death
(16%), heritability of surviving past 65 years and surviving
past 85 years was substantial at 36% (p = 4.2 x 10710) and
40% (p = 9.0 x 10719), respectively. Thus, genetic effects
appear to be greater for survival to more advanced ages. In
the Framingham Heart Study cohorts, heritability appears
to increase with each 10-year increment in survived age
(65 years, 75 years, and 85 years) for men, but not women,
again suggesting that genetic effects on aging may be more
substantial for men than women (20).
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The longevity phenotype measures overall life span without
consideration of health and physical or cognitive function and
hence is a very heterogeneous phenotype that may be affected
by many environmental and other nongenetic factors. The rela-
tive contribution of additive genetic effects may be greater for
more homogeneous phenotypes that describe specific aspects
of aging and in turn may result in greater success in gene dis-
covery. The heritability of reproductive aging phenotypes is at
least 50%, and heritability is even higher for age-related
diseases such as osteoporosis (low bone mineral density) and
Alzheimer’s disease (Table 1). Genetic association studies have
been successful in identifying genetic variants for these aging
phenotypes and have the potential to uncover new biologic in-
sights into the associated underlying aging processes (43-49).

Epidemiological studies that have followed participants
over adulthood and collected a wealth of information in a
standardized fashion have been important sources for devel-
opment of aging-related phenotypes. Alternative aging phe-
notypes include disease-free survival, preservation of high
levels of function including maintenance of cognitive func-
tion (50) and avoidance of bone loss (51), and successful
aging (reaching advanced age with intact cognitive ability,
physical function, and social engagement) (52). An index of
physiologic age developed in the Cardiovascular Health Study
by combining data across multiple systems was found to be a
better predictor of death and disability than age itself (53).
A frailty phenotype defined by five criteria, including uninten-
tional weight loss, exhaustion, weakness, low physical activity,
and slow walking speed (54), is distinct from physical disability
and itself is predictive of mortality and other adverse outcomes.
Although the frailty phenotype was developed in the Cardio-
vascular Health Study sample, it was found to be applicable
across diverse studies (55). Many components of the multidi-
mensional aging phenotypes developed in longitudinal studies
are heritable, such as weakness (defined using handgrip
strength) and lower extremity function, suggesting the poten-
tial for a genetic contribution to the overall phenotype (26,31).

In the family-based Framingham Heart Study, we esti-
mated the heritability of several of the age-related pheno-
types including longevity, morbidity-free survival, physical
function, and frailty as well as walking speed and handgrip
strength (Table 1). For quantitative traits, we used the
variance components model, and for dichotomous traits,
we used the liability model implemented in the software
Sequential Oligogenic Linkage Analysis Routines (56). For
both, we defined heritability as the proportion of phenotypic
variance due to additive genetic effects only. The herita-
bility of the physical function and frailty phenotypes in the
Framingham sample has not previously been reported. For
physical disability, three items from the Rosow-Breslau
Functional Health Scale (are you able to walk a half mile
without help? are you able to walk up and down one flight
of stairs without help? are you able to do heavy work around
the house without help? [57]) and five items from the Katz
Activities of Daily Living Scale (can you do the following

five activities independently: dressing, bathing, eating, toi-
leting, and transferring) (58) were used. Physical disability
was defined as present if the participant was unable to do
any of the items. We examined the presence of physical dis-
ability at age 75 years using the exam at which the partici-
pant was closest to and within 5 years from age 75 using
both the original cohort and offspring samples. Among the
2,614 individuals included in the analysis, 42% reported
physical disability at age 75, and the heritability was 44%
(p =.0002). We estimated heritability of frailty and two of
its components handgrip strength and walking speed in the
Framingham Offspring cohort participants who attended
the last completed research examination (2005-2008)
during which the short physical performance battery was
administered including a timed 4-m usual paced and quick
walk (59). Frailty was defined if three of the five criteria
proposed by the Cardiovascular Health Study investigators
were present and prefrailty if one to two criteria were pres-
ent (54). The analysis was adjusted for age and sex and
included only participants aged 60 and older. The prevalence
of frailty and prefrailty among the 2,207 individuals in this
sample was 5% and 41%, respectively, and the combined
trait of prefrailty and frailty was modestly heritable (b2 = 19%,
p = .05). The usual and fast paced walking times in par-
ticipants aged 65 years and older were rank normalized
to reduce skewness and adjusted for age, sex, body mass
index, and height. In contrast to frailty, both the usual and
quick walk had a substantial genetic contribution with heri-
tabilities of nearly 40% (usual walk: 4% = 0.38, p = .0002;
quick walk: h2 = 0.36, p = .0003). Next, we estimated herita-
bility of handgrip strength in all offspring participants (mean
age 67, range 43-93 years). Handgrip strength was measured
three times in each hand with a JAMAR dynamometer. The
maximum of the six trials was used in the analysis. Consistent
with reports from twin studies, handgrip strength adjusted for
age and sex had a heritability of 38% (p = 5 x 10715). Aging
phenotypes are associated with varied heritabilities (Table 1),
and thus, the genetic contribution to the phenotype may be
quite modest. Populations that differ in environmental factors
may produce different heritability estimates even if the
genetic factors influencing the trait are the same. Hence,
it is remarkable that the heritability estimates for many of the
age-related phenotypes are similar. Longevity and age-related
phenotypes with higher heritability are of higher priority for
genetic association studies, as these phenotypes are more
likely to result in multiple genetic associations.

GENETIC ASSOCIATION STUDIES

Genome-wide association studies (GWAS) test genetic
variants across the entire genome for association with a
phenotype and have proven highly successful for discovery
of novel genes and biologic pathways involved in many
common complex conditions (Table 2). However, few GWAS
of longevity have been conducted to date. The Framingham
Heart Study 100K project was the first investigation of the
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Table 2. Genetic Association Studies for Human Longevity
Genome-Wide Association Studies With Discovery and Replication Samples in Humans
Year Discovery Sample Replication Sample Region Gene SNP p Value Odds Ratio
2011 (60) 763 long-lived 754 long-lived German individuals 19q13.32  APOCI* rs4420638 1.8 x 10710 0.53
German individuals (mean age 96.9)
(mean age 99.7)
1,085 young German 860 young German individuals
Individuals (mean age 67.3 y)
(mean age 60.2 y)
2011 (61) Leiden Longevity Rotterdam Study: 960 long-lived 19q13.32  TOMMA40"  1s2075650 3.4 %1077 0.71
Study: 403 (mean age 94); 1,825 younger
Long-lived controls (mean age 62)
(mean age 94); Leiden 85+ Study: 1,208 long-lived
1,760 younger (mean age 92); 2,090 younger
controls (mean age 58) controls (mean age 35)
Danish 1905 cohort: 1,598 long-lived
(mean age 93); 1,997 younger
controls (mean age 57)
2011 (62) 410 long-lived individuals 116 long-lived individuals (90-109 y); 5q22.1 CAMKIV 1510491334 1.7 x 107 0.55
from Southern Italy 160 younger controls (18-44 y)
(90-109 y); 553 younger
controls (18-48 y)
2011" (63) CHARGE cohorts (AGES, Four independent samples of 3q26.1 OTOLI rs1425609 1.6 x 1076 —
ARIC, BLSA, CHS, FHS, European origin; N = 10,411,
HABC, InCHIANTIL RS, deaths = 1,295
and SHIP), 25,007
participants age >55y
at baseline (55% women),
European origin,
8,444 deaths
(mean age 81.1);
average follow-up 10.6 y
2010" (64) ~ CHARGE cohorts Leiden Longevity Study: 940 10g23.2 MINPPI 1s9664222 6.8 x 1077 0.82
(AGES, CHS, FHS, and RS) long-lived (mean age 94); 744
1,836 individuals age >90 y; partners of offspring
1,955 individuals who died (mean age 60); Danish 1905
between ages 55-80 y cohort: 1,644 long-lived
(mean age 93); 2,007 younger
Danish twins (mean age 57)
Highly Replicated Candidate Gene Association Studies in Humans?
2008 (65) HHP/HAAS: 203 men of No replication sample FOXO3A 6q21 FOXO03a 12802292 .00009 2.75%
Japanese descent who association subsequently replicated in:
survived to age 95; 402 German Centenarian study (66);
“average-lived” men Southern Italian Centenarian study (67);
who died prior to 81 y Han Chinese Study in both men and
women Southern Chinese Centenarians
(68); Danish 1905 cohort of long-lived
individuals (69); CHS and Ashkenazi
Jewish Centenarians (70)
1994 (71) 338 French Centenarians; No replication sample ApoE E 4 19q13.32 ApoE E4 allele <.001 0.43

n = 160 French adults
aged 20-70 y

association with longevity
subsequently reported in: Danish
Centenarians (72); Danish 1905
cohort (73,74)

Notes: AGES = Age, Gene/Environment Susceptibility-ReyKjavik Study; ARIC = Atherosclerosis Risk in Communities Study; BLSA = Baltimore Longitudinal
Study of Ageing; CHARGE = Cohorts for Heart and Aging Research in Genomic Epidemiology; CHS = Cardiovascular Health Study; FHS = Framingham Heart
Study; HAAS = Honolulu Asia Aging Study; HABC = Health, Aging and Body Composition Study; HHP = Honolulu Heart Program; InNCHIANTI = Invescchiare
nel Chianti; RS = Rotterdam Study; SHIP = Study of Health in Pomerania; SNP = single nucleotide polymorphism.

*Explained by linkage equilibrium with the ApoE E4 allele (72 = .72).

"Explained by moderate linkage disequilibrium with ApoE E4 (12 = .55, rs429358).

“For additional candidate genes that may be associated with longevity, see Christensen and coworkers (73) and Barzilai and Gabriely (75).

§Homozygous minor (GG) versus homozygous major (TT) alleles between cases and controls.

'None of the associations achieved genome-wide significance; only the most significant association in the discovery plus replication stage is provided in the table.
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GWAS approach for longevity and aging traits (76). The
project was relatively small in size including just 1,345
Framingham participants from the largest 310 families and
limited in coverage of the genome as the genotyping was
conducted with the 100K Affymetrix GeneChip. Modest
associations between longevity (defined as age at death)
and single nucleotide polymorphisms (SNPs) in or near
FOXOla, a gene important for life span in animal models,
as well as other candidate genes were observed but failed
to reach genome-wide statistical significance. Results of
this investigation are considered hypothesis-generating
and remain to be replicated. Lending some support to the
Framingham 100K longevity investigation, a genome-wide
linkage study looking for chromosomal regions linked to
successful aging in the Amish Study identified a linkage
region near one of the SNPs associated with age at death
(52). In 2007, more than 9,300 Framingham Heart Study
participants were genotyped with the Affymetrix 500K
mapping array plus 50K gene centric supplemental array
as part of the National Heart, Lung, and Blood Institute’s
SNP Health Association Resource project (http://www.
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=
phs000342.v2.p6, accessed March 9, 2012). At the same
time, multiple large population-based longitudinal cohort
studies in the United States and Europe with richly pheno-
typed participants planned to conduct genome-wide geno-
typing. Thus, in 2008, the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) Con-
sortium was formed to facilitate GWAS meta-analyses and
replication opportunities to enhance gene discovery for many
phenotypes (77). The CHARGE aging and longevity work-
ing group conducted a meta-analysis of GWAS results for
longevity defined as survival to age 90 and older from four
cohort studies (Age, Gene/Environment, Susceptibility-
Reykjavik Study, the Cardiovascular Health Study, the
Framingham Heart Study, and the Rotterdam Study) (64).
The CHARGE collaboration permitted the assembly of one
of the largest samples of long-lived individuals with genome-
wide genotyping available at that time (1,836 individuals
achieved aged >90 years). The comparison group was drawn
from the same cohorts and included only deceased partici-
pants to ensure that no individual achieved longevity. The
investigation detected 273 SNP associations for longevity that
achieved p < .0001, but none of the associations achieved
genome-wide significance (p <5 x 10-8). In the next stage of
the discovery analysis, among the 24 strongest independent
SNP associations in the CHARGE meta-analysis, 16 SNPs
were successfully genotyped in the Leiden Longevity Study
and the Danish 1905 cohort, and one SNP near the MINPP1
gene was associated with longevity with p = 6.8 x 1077 in
the combined stage 1 and stage 2 discovery samples. The
minor (less frequent) allele was associated with a lower
odds of achieving longevity (odds ratio 0.8). MINPPI is a
highly conserved gene involved in cellular proliferation. The
CHARGE aging and longevity working group now includes

investigators from over 15 cohort studies permitting future
investigations of even larger samples of long-lived individuals
with genome-wide genotyping and additional aging pheno-
types that may improve our power to detect age-related genetic
variation and provide support to our initial findings. We have
subsequently conducted a meta-analysis of GWAS data from
nine studies in more than 25,000 individuals aged 55 years
and older for two age-related phenotypes, all-cause mortality
and survival free of major disease and death (63). Although
none of the SNP associations for either phenotype achieved
genome-wide significance, 14 independent SNPs were asso-
ciated with mortality, and 8 independent SNPs were associ-
ated with event-free survival. The SNPs were in or near genes
highly expressed in the brain, genes involved with neural
function, and genes associated with a variety of age-related
diseases. Thus, our findings suggest that neural processes
may be important in regulating aging.

A GWAS conducted in 403 nonagenarians from the
Leiden Longevity Study, and 1,670 younger population
controls identified 62 SNPs associated with longevity at
p <1 x 107 (61). Successful genotyping of 58 of these
SNPs was conducted in three independent studies: the
Rotterdam Study, Leiden 85-plus Study, and Danish 1905
cohort. A meta-analysis of the 58 SNPs in all four studies
that included more than 4,000 nonagenarians and 7,500
younger controls identified only one genome-wide signifi-
cant SNP rs2075650 in TOMM40 at chromosome 19q13.32
close to the ApoE gene. The minor allele was associated
with lower odds of longevity (odds ratio 0.71, p=3.4 x 10~17).
No other SNPs were associated with longevity. SNP
152075650 was noted to be in moderate linkage disequilib-
rium with rs429358, the SNP that defines the ApoE E4
isoform and in very low linkage disequilibrium with rs7412,
the SNP that defines the ApoE E2 isoform. In conditional
analysis, with all three SNPs in the model, rs2075650 was
no longer associated with longevity, whereas the minor
allele of rs429358 had a deleterious effect on longevity, and
rs7412 a protective effect leading the authors to conclude
that rs2075650 effect on longevity was most likely medi-
ated through the isoforms of the ApoE gene. A case-control
GWAS conducted in 763 German nonagenarians and cente-
narians, and 1,085 controls (mean age 60 years) identified
154420638 near the APOC] gene and replicated the finding
in an independent sample (60). This finding was also fully
explained by linkage disquilibrium with ApoE E4 isoform
confirming the prior report. These results are intriguing as
the ApoE gene is one of only two candidate genes with con-
sistent evidence for association with longevity in humans
(73). The ApoE E4 isoform has been linked to elevated choles-
terol, cardiovascular disease, age-related cognitive decline,
and dementia. The ApoE E4 isoform is more strongly asso-
ciated with Alzheimer disease than longevity and other con-
ditions. Homozygosity for the Apo E E4 allele confers up
to a 15-fold risk for Alzheimer’s disease in whites and an
8-fold risk in African Americans compared with the most
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common ApoE genotype (E3/E3 [78]). Thus, ApoE may
influence longevity through premature atherosclerosis and
age-related diseases. Notably, the CHARGE study did not
observe genome-wide significant associations between the
ApoE gene region and longevity. However, neither of the two
SNPs (rs429358 and rs7412) that define the ApoE E4 poly-
morphism nor any strong proxies appear on any of the chips
used by the CHARGE consortium studies. In the CHARGE
meta-analysis, the odds of living past age 90 years associated
with the minor allele of rs2075650 was 0.85 (p = .046);
hence, the effect is consistent with the prior reports.

FOXO3a was first noted to be associated with longevity
in a candidate gene study conducted in male centenarians
of Japanese descent (65) and subsequently replicated in
diverse samples of centenarians and long-lived individuals
(66-69). Remarkably neither the Leiden or German studies
nor the CHARGE GWAS identified an association between
longevity and FOXO3a. Finally, a recent GWAS of 410
long-lived individuals and 553 young controls from Southern
Italy identified an SNP in an intron of the CAMKIV gene
among the top associations. This association was replicated
in a sample of 116 long-lived and 160 young controls
(p < 10~* discovery analysis, joint replication analysis
p=1.7x1070) (62). Interestingly, in vitro work suggests that
this gene activates proteins in candidate genes for longevity
(AKT, SIRTI, and FOXO3a). About 300 genetic variants in
30 genes in the insulin/insulin-like growth factor 1 (IGF-1)
signaling pathway were genotyped in older women partici-
pating in the Study of Osteoporotic Fracture. Replication
studies were conducted in the Cardiovascular Health Study
and an Ashkenazi Jewish Centenarian Study (70). SNPs in
two genes in this pathway (AKTI and FOXO3a) were signifi-
cantly associated with human life span. A better understand-
ing of the biological mechanisms by which the FOXO3a and
AKT] variants influence human longevity will be important
to development of interventions to delay aging (79).

Individuals with a family history of longevity have lower
mortality for most age-related diseases (80). Therefore,
researchers tested the hypothesis that this may be due to the
absence of susceptibility alleles for common diseases in the
Leiden Longevity Study and the Leiden 85 Plus Study. They
examined whether the long-lived individuals had fewer cop-
ies of 30 alleles discovered through GWAS to be associated
with coronary artery disease, cancer, and type 2 diabetes
compared with a younger comparison group (81). Notably,
no difference in the number of risk alleles was detected,
suggesting that at least in these populations, survival to old
age is not determined by the absence of risk alleles identified
to date for age-related disease.

The effort to identify genes that affect longevity through
candidate gene and GWAS studies has had only modest suc-
cess to date. This is likely due to a combination of factors
including the heterogeneity of the phenotype, the influence
of environmental and dietary factors, which vary widely
across populations and the relatively small sample sizes of

published longevity GWAS. Many of the successful GWAS
with many replicating genome-wide significant signals have
sample sizes of more than 10,000, and some published studies
of quantitative traits such as age at menarche have had sample
sizes of more than 80,000 (43). It is clear that defining more
homogeneous phenotypes through age-related traits such as
age at menopause and bone mineral density leads to greater
success in identifying aging-related genes. Another potential
explanation for the lack of identification of risk variants for
longevity is that the bulk of the genetic effects are due to rare
variants or structural variation in the genome. The GWAS
chips used to date have focused on common SNP variants,
which typically do not tag rare variants well. Recent work
within the CHARGE consortium studies suggests that copy
number variants are associated with mortality (82). With the
advent of low-cost exome and whole genome sequencing as
well as higher-density SNP chips with 5 million or more vari-
ants, we will soon have the opportunity to determine whether
rare or structural variants explain a substantive proportion of
the heritability of longevity and other aging traits.

Translation

Comparison across genomes of different organisms may
greatly facilitate the process of gene identification and test-
ing of homologous genes in humans (83). Genome-wide
mapping studies of longevity have been conducted in animal
models, including Caenorhabditis elegans and Drosophila
(84). Through the National Institute of Aging’s Longev-
ity Consortium (http://longevityconsortium.org/, accessed
August 15, 2011) that brings together scientists from mul-
tiple disciplines, investigators from the CHARGE con-
sortium, and the Aging Center at the Jackson Laboratory in
Maine began to examine the conserved genetic mechanisms
between humans and the mouse for life span (85). The labo-
ratory mouse is an excellent model organism for under-
standing mammalian physiology and genetics for several
reasons, including the availability of extensive genetic
resources, such as hundreds of inbred, congenic, consomic,
and recombinant inbred strains, as well as the ability to add
and delete genes via transgenesis and targeted mutagenesis
(86,87). Sequence analyses have demonstrated that mice
and humans share more than 99% of their genes and that
these genes are arranged in a homologous fashion on chro-
mosomes, a phenomenon termed synteny. The appearance
of quantitative trait loci (QTL) for a given phenotype in
syntenic regions of two different species is evidence that the
same gene regulates the phenotype in both species (88). In
the past 30 years, seven mouse life-span QTL studies have
been carried out in two groups of recombinant inbred strains
and 3 four-strain crosses (85).

Although none of the SNP associations for longevity in
the CHARGE GWAS achieved genome-wide significance
(64), 8 of the top 10 hits were located within a mouse QTL,
and five of the human signals were located within 10 Mb of
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amouse QTL peak; the probability that this is due to chance
is very low (p = .0025 using Fisher’s exact test, based on
life-span QTL covering 860 Mb of the 2,700 Mb genome
and each human peak being 1 Mb in size) (85). The colocal-
izations of the human peaks and mouse longevity QTL are
especially notable in the distal region of mouse chromo-
some 1 (summarized in Figure 1). In this region, Gelman
(90) first reported a longevity QTL that was identified in
recombinant inbred lines of C57BL/6J X DBA/2. Recently,
Yuan and coworkers identified two longevity QTL in this
region in a backcross mouse population (POHN/Deh] x
C57BL/6J) x POHN/Deh] (unpublished data, 2011). The
peak of Gelman’s QTL overlaps with the peak of one of
the Yuan and coworkers QTL, around 160 Mb-163 Mb.
The peak of the other Yuan and coworkers QTL was 14 Mb
apart, around 175 Mb. Syntenic regions of 2 of the 10 highest
peaks (rs16850255 and 1s4443878) identified in the
CHARGE study are found around 161 Mb and 176 Mb, co-
localizing with the mouse longevity QTL. This suggests that
human and mouse may share some mechanisms that regulate
life span.

Interestingly, around 160 Mb and 175 Mb, one peak from
a mouse genome—wide association study and one QTL of
IGF-1 have been reported (Figure 1). Yuan and coworkers
reported that across mouse inbred strains, lower IGF-1
levels are associated with longer life span. The overlap
between longevity QTL and IGF-1 QTL suggests that this
region may contain genes that could regulate longevity
through the regulation of IGF-1 level. Although this hypoth-
esis must be further verified, the combination of such human
and mouse genetic studies establishes a foundation for a
powerful translational strategy. We plan to integrate data for
additional age-related traits and use bioinformatics and
genetic resources in the mouse to test promising candidate
genes for longevity. Although genetic association studies in
humans can help identify potential genes linked to longev-
ity, the mouse model may be very useful in uncovering the
underlying biologic mechanisms that lead to aging.

Other investigators have examined human—chimpanzee
orthologous gene pairs to explore evolutionary forces on
genes related to aging (93). Genes that appeared to have a
pattern of selection tended to have important biological
functions that were conserved among mammals (93). Of
interest, the study findings suggest that one gene that may
have undergone rapid evolution is WRN. Defects in WRN
cause Werner’s syndrome characterized by premature aging.

Ultimately, we hope that the identification of genes influ-
encing human longevity will provide insights into the biol-
ogy of aging and in turn new therapeutics to slow aging and
improve health. Evidence from both human and animal
studies has identified genes in the IGF1/insulin signaling
pathway influencing life span. Therefore, interest in resve-
ratrol, a compound shown to extend life span in animals and
improve insulin secretion and insulin sensitivity among
many other benefits, is not surprising. A recent pilot study
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Figure 1. Quantitative trait loci (QTL) for mouse longevity and insulin-like
growth factor 1 (IGF-1) as well as genome-wide association peaks for human
longevity and mouse IGF-1, both depicted on the mouse genome, mouse
chromosome 1 (mapped in Mb). Colored bars are longevity QTL; the open bar
is an IGF-1 QTL. The height of the bars represents the 95% confidence interval
if reported or an estimated 40 Mb if not reported; the black squares in the bars
represent the QTL peaks. We determined the Mb position using a recently
revised mouse map (89) and the Mouse Map Converter from the Center for
Genome Dynamics (http://cgd.jax.org/mousemapconverter/). Arrows to the left
of the chromosome represent human genome-wide association peaks at the
homologous mouse genome locations. The arrow on the right of the chromosome
is the mouse genome-wide association peak of IGF-1. (Figure is modified from
Figure 1 of Yuan et al [85]). Chr = chromosome. Gelman et al (90), Harper
etal (91), Leduc et al (92), Newman et al (64).

conducted in 10 older adults suggests that resveratrol
improved insulin sensitivity in individuals with impaired
glucose tolerance (94). These data combined with animal
studies provide support for larger studies of the benefits of
resveratrol in humans (95).

FUTURE DIRECTIONS

Technological advances now permit the complete sequenc-
ing of all protein-coding portions of the genome (the
“exome”), and the ability to sequence the whole genome
of individuals quickly and efficiently is just beginning.
Sequencing represents an opportunity to detect rare poten-
tially functional genetic variants unlikely to be discovered
with the GWAS that focus on common genetic variation
(minor allele frequencies of >5%). The National Human
Genome Research Institute and National Heart, Lung, and
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Blood Institute (NHLBI) funded the Exome project with the
goal of identifying genes contributing to heart, lung, and
blood disorders (http://www.nhlbi.nih.gov/resources/exome.
htm, accessed August 15, 2011). This innovative technology
and the analytic tools under development will be able to be
extended to longevity and age-related traits. The sequencing
of centenarian genomes may uncover rare genetic variants
underlying human extreme longevity and provide insights
into the basic biology of aging.

Changes in gene expression that occur as a result of
molecular mechanisms that do not change the primary DNA
sequence are referred to as epigenetics (http://www.ncbi.
nlm.nih.gov/books/NBK45788/#epi_sci_bkgrd.About_
Epigenetics, accessed March 9, 2012). Epigenetic mecha-
nisms influence phenotypic expression and are affected by
development, the environment, diet, drugs, and aging. One
of the best studied epigenetic mechanisms called DNA
methylation usually results in suppression of nearby genes.
A study of global DNA methylation in an Icelandic cohort
and a family-based Utah cohort demonstrated familial clus-
tering of DNA methylation changes and changes in DNA
methylation over time (96). The changes in DNA methylation
that occur with aging may alter normal gene expression and
in turn contribute to development of age-related disease and
functional decline (97). Epigenetic changes can be identified
using genome-wide analysis with microarrays (ChIP-chip)
or next generation sequencing (ChIP-Seq). These new tech-
nologies may be used in longitudinal cohort studies in the
future to uncover the role of epigenetics in human longevity.

CONCLUSIONS

Genetic factors undoubtedly contribute to human aging
and longevity, yet candidate gene and GWAS have yielded
few replicated longevity-gene associations to date with the
exceptions of the ApoE and FOXO3A genes. Genome-wide
genotyping of participants in longitudinal cohort studies,
family-based studies, and special populations of long-lived
individuals such as centenarians along with unprecedented
collaboration among investigators in the United States,
Europe, and worldwide provide the opportunity for the
assembly of the large discovery and replication samples
needed for genetic discoveries. Existing consortia that
include both population-based and laboratory-based scien-
tists may speed the translation of newly discovered genetic
associations by uncovering the function of the identified
genetic variants and ultimately the biologic mechanisms
leading to human aging. Many epidemiological studies are
poised to use new technologies to move beyond common
genetic variants to explore the contribution of low frequency
and rare genetic variants, structural changes, and epigenetic
changes to human longevity and aging.
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