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Highlights

e This comprehensive review seeks to determine the genetic variants associated with
exceptional longevity.

e Meta-analyses of genetic polymorphisms previously associated with exceptional longevity
(aged 85+) were undertaken.

e Five polymorphisms, ACE rs4340, APOE £2/3/4, FOXO3A rs2802292, KLOTHO KL-VS and IL6
rs1800795 were significantly associated with exceptional longevity, with the pooled effect
sizes (odds ratios) ranging from 0.42 (APOE €4) to 1.45 (FOXO3A males).

e The observed modest effect sizes of the significant variants suggest many genes of small
influence play a role in exceptional longevity, which is consistent with many other polygenic

traits.

Abstract

Background Many factors contribute to exceptional longevity, with genetics playing a significant
role. However, to date, genetic studies examining exceptional longevity have been inconclusive. This
comprehensive review seeks to determine the genetic variants associated with exceptional longevity

by undertaking meta-analyses.
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Methods Meta-analyses of genetic polymorphisms previously associated with exceptional
longevity (85+) were undertaken. For each variant, meta-analyses were performed if there were data
from at least three independent studies available, including two unpublished additional cohorts.
Results Five polymorphisms, ACE rs4340, APOE €2/3/4, FOXO3A rs2802292, KLOTHO KL-VS
and /L6 rs1800795 were significantly associated with exceptional longevity, with the pooled effect
sizes (odds ratios) ranging from 0.42 (APOE €4) to 1.45 (FOXO3A males).

Conclusion In general, the observed modest effect sizes of the significant variants suggest many
genes of small influence play a role in exceptional longevity, which is consistent with results for other
polygenic traits. Our results also suggest that genes related to cardiovascular health may be implicated
in exceptional longevity. Future studies should examine the roles of gender and ethnicity and carefully

consider study design, including the selection of appropriate controls.

Keywords centenarians, longevity, meta-analysis, ACE, APOE, FOXO3A,

1. Abstract

Background Many factors contribute to longevity, with genetics playing a significant role.
However, to date, genetic studies examining longevity have been inconclusive. By undertaking meta-
analyses this comprehensive review seeks to identify the genetic variants that are associated with

longevity.

Methods Meta-analyses on polymorphisms previously associated with longevity in at least
three independent studies were undertaken. Eight genes with a total of nine polymorphisms were

investigated.
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Results Four polymorphisms, ACE rs4340, APOE €2/3/4, CETP rs5882 and FOXO3A rs2802292
were significantly associated with longevity, although the pooled effect sizes were modest. The
remaining five polymorphisms (CETP rs708272, IL6 rs1800795, KLOTHO rs9536314, SIRT1 rs3758391,
TNFa rs1800629) did not reach statistical significance.

Conclusion The effect sizes suggest many genes of small influence play a role, which is consistent
with results for other polygenic traits. Our results also suggest that genes related to cardiovascular
health may be implicated in exceptional longevity. Few studies have stratified their analyses by
gender. Future studies should also examine different ethnicities, given the few non-Caucasian studies
undertaken to date. Additionally, methodological issues may contribute to inconsistencies observed

in the literature, such as the selection of appropriate controls.

Keywords centenarians, longevity, meta-analyses, ACE, APOE, FOXO3A

1. Introduction

Life expectancy in most societies has increased steadily in the last century due to improvements in
medical care, nutrition and other factors, with many individuals living to an advanced old age in
developed countries (e.g.0eppen & Vaupel, 2002). However, during ageing there is a loss of
homeostasis, which leads to diminished capacity to respond to stressors and increased vulnerability
to age-related decline, disease and multimorbidity (Fabbri et al., 2015). Thus, there is concern about
an ageing population posing an increasing medical and economic burden on society. However, many
exceptionally long-lived individuals have delayed morbidity or have escaped age-related diseases
(Andersen et al., 2012). They represent a unique human paradigm for identifying the determinants of

longevity and healthy ageing. Studying these rare individuals may reveal novel pathways that lead to
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exceptional ageing, which ultimately may suggest strategies to mitigate or prevent age-related decline

and disease and to promote healthy ageing.

1.1 The heritability of longevity

Family and twin studies suggest that genetics plays a role in life expectancy with heritability estimated
at ~20-30% (Murabito & Lunetta, 2012). Interestingly, the genetic contribution is modest early in life
but increases at a greater age (> 60) (Hjelmborg et al., 2006). Two studies of very long-lived individuals,
the New England Centenarian Study and the Okinawa Centenarian Study have shown that siblings of
centenarians have an increased probability of reaching 100 years of age when compared to individuals
without such family histories of longevity (Perls et al., 2002; Willcox et al., 2006). Interestingly, there
are gender differences in the roles genes play, with the heritability of becoming a centenarian higher
for men (~0.48) than women (~0.33) (Sebastiani & Perls, 2012). Murabito et al., (2012) also found that
heritability appears to increase with each 10-year increment in survival age for men but not women,

suggesting that genetic effects on aging may be more substantial for men than women.

1.2 Genes associated with exceptional longevity

Genetic studies to date have focussed on linkage analysis, candidate gene approaches or genome-
wide association studies (GWAS) to identify exceptional longevity genes. In general, these have
produced inconsistent results apart from the apolipoprotein E (APOE) (e.g.Beekman et al., 2013) and
the forkhead box O3 (FOXO3A) genes (e.g.Willcox et al., 2008). The aim of this review is to summarize
our present understanding of the genetic factors affecting human exceptional longevity by
undertaking a comprehensive meta-analysis reviewing all the major polymorphisms that were
investigated in three or more independent human studies of individuals aged 85+ and above, who
have exceeded the average life expectancy for individuals born in the early 20™" century (Newman &

Murabito, 2013).



Revelas et al., 2018

2. Methods

2.1 Literature Search

A comprehensive search of electronic databases (MEDLINE, NCBI and EMBASE) was conducted to
identify all publications on genes associated with exceptional human longevity up to December 30™,
2017. The search strategy was based on combinations of the following keywords “longevity”,
“centenarian”, “ageing”, “aging”, “gene”, “genetic”, “polymorphism” and “SNP”. The search was
extended to include the bibliographies of all eligible studies. Reviews on longevity were also hand-
searched to identify additional potentially relevant studies. Where necessary, authors were contacted

directly for any additional data required. In addition, unpublished data from our own studies were

included in this review (see below, section 2.4).

2.2 Study Selection: Inclusion and exclusion criteria

The following inclusion criteria were used to select articles for the meta-analysis: (i) information was
provided on the association between one or more genetic polymorphism(s) and human “longevity”;
(ii) used a case-control design whereby centenarians or aged participants (85+ years) were the cases
versus younger adult controls; and (iii) provided sufficient genotype data for calculating the odds ratio
(OR) and 95% confidence interval (Cl). Studies were excluded if (i) the distribution of genotypes in the
control group were not in Hardy-Weinberg equilibrium (HWE); (ii) they lacked a control group; (iii)
they had overlapping study populations; (iv) they had fewer than 100 cases; (v) the article was

unavailable in English; or (vi) results were only described in conference abstracts.

2.3 Data extraction

The recommendations for Meta-analyses of Observational Studies in Epidemiology (MOOSE) were
followed. All relevant studies were obtained and independently inspected by two authors (MR and
KM) to determine whether they met the inclusion criteria. When available, the appropriate data were

also extracted from published GWAS. Careful attention was taken to avoid overlapping studies. The
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following information was extracted: author, publication year, ethnicity of the population studied,
sample sizes (cases and controls), baseline characteristics of the study population (e.g. gender) and
the genotype/allele frequencies. Information on HWE was also extracted or calculated manually if not
explicitly reported. Finally, any discrepancies were adjudicated with another author (AT) until a

consensus was reached.

2.4 Additional unpublished data used in Meta-Analysis

Australian unpublished data were also used in the meta-analyses. Specifically, two studies were
utilized that both recruited individuals using the compulsory electoral roll and Medicare lists in order
to obtain a representative sample. Cases were obtained from the Sydney Centenarian Study (SCS)
(Sachdev et al., 2013) and controls from the Hunter Community Study (HCS) (McEvoy et al., 2010);
both of these studies recruited participants from the state of New South Wales, Australia. The SCS is
comprised of individuals aged 95 years and over who were recruited into a study of successful ageing
in Sydney. More details of the study are found in Sachdev et al. (2013). A subsample with available
genetic data provided 256 long-lived cases with a European background (age range 95-106, mean age
97.5 years, 31% men). The HCS is a cohort of 3253 individuals (age range 55-85, mean age 66.3 years,
46% male) recruited from Newcastle. For more details of the HCS see McEvoy et al. (2010). For the
purpose of this study a sub-sample of 1002 individuals aged 55-64 (mean age 59.8 years, 47% male)

was used as controls.

Both of these cohorts have genome-wide genotyping data available. HCS samples were genotyped
using the Affymetrix Axiom Kaiser array (California, USA) whereas SCS cases were genotyped using the
Illumina OmniExpress array (California, USA), according to the manufacturer’s instructions. Both
studies excluded genotyped SNPs if the call rate was <95%, p-value for HWE was <10 and minor allele
frequency was <0.01%. Relatedness checks were undertaken and only one family member was

retained for the analysis if first or second-degree relatives were identified. Ethnic outliers were
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detected and omitted via EIGENSTRAT analysis (Price et al., 2006). After QC checks, for SCS there was
genotyping data on 640,355 SNPs whilst for HCS there was data on 739,276 SNPs. For both cohorts,
imputation was completed using the HapMap2 reference data (release 22, build 36) using the same
method as described in Mather et al. (2016). APOE genotyping in both the SCS and HCS was
undertaken using the methods described in Sachdev et al. (2010) and Oldmeadow et al. (2014)

respectively. The results of the analyses using these data are designated as ‘Present Study, 2017’.

2.5 Statistical Analysis

Meta-analyses were conducted for polymorphisms investigated in at least three studies. The strengths
of the associations between each gene polymorphism and longevity were estimated by allelic odds
ratios and 95% Cls. Wherever possible, analyses were also stratified by ethnicity and gender. A fixed-
effects model using the inverse variance method was used and the significance of the pooled OR was
determined by the Z-test. The I? statistic was used to estimate the percentage of variation across the
results due to study heterogeneity, rather than sampling error, with the degree of heterogeneity being
defined as low (25%), medium (50%) or high (75%). No significant heterogeneity was defined as an I
value of less than 50% and/or a p-value <.05. Forest plots were prepared for each study. Evaluation of
the winner’s curse phenomenon, which refers to the occurrence when the effect size for a newly
described genetic association is overestimated by the earliest study compared to later studies, was
examined by re-running the meta-analysis omitting the earliest study. Sensitivity analyses were
performed after the sequential removal of each included study to assess the influence of each
individual study on the pooled OR. Potential publication bias was evaluated by visual inspection of
funnel plots and Egger’s regression test with p<0.05 (two-tailed) considered statistically significant.
Pooled effect estimates were also obtained under random effect models using restricted maximum
likelihood (REML) for comparison with fixed effects when more than three studies were available for
analysis. Meta-regression was performed for stratified analysis. All analyses were conducted using the

R metafor package (Viechtbauer, 2010).
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3. Results

The initial literature search identified 71 potentially relevant studies (Fig.1). After applying exclusion
criteria, 65 studies remained that resulted in eight genes with a total of nine variants, which are

described in Table 1.

3.1 Angiotensin Converting Enzyme (ACE), Deletion/Insertion Alu repeats

A total of eight studies were included in the meta-analysis comprising 2043 cases and 8820 controls
(Table S1). Heterogeneity between studies was absent. There was no evidence of winner’s curse
phenomenon when the first study was omitted. There was no evidence of publication bias as observed
by the symmetrical funnel plot (Fig. S1). The current meta-analysis shows a modest, albeit statistically
significant positive association of the ACE D-allele with exceptional longevity (Fig. 2) (OR = 1.11, 95%
Cl =1.01-1.22, P = 0.02). A random effects model did not affect the result (Table S11). Details of the
gene structure, genomic location and expression across a range of tissues is presented in the

Supplementary.

3.2 Apolipoprotein-E (APOE), €2/€3/<4 variants

A total of 12 studies were included in the APOE €2/€3/¢4 meta-analyses comprising 3229 cases and
13685 controls (Table S2).

€4 vs €3

There was no evidence of winner’s curse phenomenon. Heterogeneity between studies was low (12 =
37.68%). There was no evidence of publication bias (Fig. S1). A significant negative association of the
APOE e4-allele when compared to the £3-allele with exceptional longevity was observed (OR = 0.42,
95% Cl =0.37-0.48, P < 0.00001) (Fig. 3 upper panel). Heterogeneity was reduced to 32.42% under the
random effects model but the overall conclusion remained the same (Table S11). A fixed meta-
regression analysis accounting for the ethnicity (Asian n=3 vs non-Asian n=9) showed homogeneity

between the two groups (P=0.2669), thus there were no differences between these two ethnic groups.
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g€2vs €3
There was no evidence of a winner’s curse phenomenon. Due to high heterogeneity (65%, Fig S2), the
Asian study (Feng et al., 2011) was omitted, resulting in acceptable levels of heterogeneity (35%).
There was no evidence of publication bias as the funnel plot suggested no substantial asymmetry (Fig.
S1). A positive association of the APOE €2-allele with exceptional longevity was observed (OR = 1.38,
95% Cl = 1.21-1.58, P< 0.0001) (Fig. 3 lower panel). Heterogeneity reduced to 27% in the random
effects model but the overall effect estimate was similar (Table S11). Meta-regression showed no
significant difference between the two ethnic groups (see Table S2), Caucasian (n=9) versus Asian
(n=2) (p-value=0.84). Details of the APOE gene structure, genomic location and expression across a

range of tissues is presented in the Supplementary.

3.3 Cholesteryl ester transfer protein (CETP)

CETP (1405V polymorphism, G vs A allele, rs5882)
Initially, a total of 7 studies, with 2110 cases and 2220 controls, were included in the meta-analysis for
the CETP 1405V polymorphism (rs5882) (Table S3, Figure S3 upper panel). There was evidence of
winner’s curse phenomenon resulting in the Barzilai et al. (2003) being omitted from the analysis.
However, heterogeneity was high (1> = 52.29%); and removal of the one non-Caucasian study by Sun
et al. (2013) resulted in heterogeneity dropping to an acceptable level (36.44%). The symmetrical
funnel plot suggested no publication bias after the outlier studies were removed (Fig. S1). However,
there was no significant association with exceptional longevity for the G allele (OR =0.93, 95% CI 0.83-
1.05, P=0.27). Comparison with a random effects model did not affect the result (Table S11).

CETP (Taq1B polymorphism, T vs C alleles, rs708272)
A total of 4 studies examined the Tag1B polymorphism (rs708272) with a total of 1231 cases and 1795
controls (Table S4). There was no evidence of winner’s curse phenomenon nor of heterogeneity (I =

0%). The symmetrical funnel plot suggested no publication bias (Fig. S1). The pooled OR for the T allele

10
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(equivalent to B1) compared to the Callele (corresponding to B2) was 0.93 (95% Cl1 0.83-1.04, P=0.184)
(Fig S3 lower panel). Thus, no statistical significance was observed. A random effects model did not

affect the result (Table S11).

3.4 Forkhead box 03 transcription factor (FOXO3A, G vs T alleles, rs2802292)

Fourteen studies were identified giving a total of 7937 cases and 9572 controls examining rs2802292
in both sexes (Table S5). There was no between study heterogeneity (1>=22.75%). The symmetrical
funnel plot suggested no publication bias (Fig. S1). As shown in Figure 4 the G allele compared to the
T allele was significantly associated with exceptional longevity (OR=1.12,95% Cl 1.07-1.18, P <0.0001)
(Fig. 4 upper panel). A random effects model produced a similar result (Table S11). Details of the gene
structure, genomic location and expression across a range of tissues is presented in the

Supplementary.

Analysis separately in males and females
As data was available for sex-specific analyses and there is prior evidence that this SNP may have a
gender effect (reviewed in Bao et al, 2014) we undertook analyses stratified by gender. A sub-analysis
of six samples comprised of 1739 cases and 2625 controls (Anselmi et al., 2009; Broer et al., 2015; Li
et al., 2009; Soerensen et al., 2010; Willcox et al., 2008 and Present Study), examined the association
of the rs2802292 polymorphism with exceptional longevity in men (Table S6, Figure S4). The winner’s
curse phenomenon was observed; thus, the Japanese study was excluded (Willcox et al., 2008). The
present study and the MrOS sample from Broer et al. 2015 were also dropped from the meta-analysis
due to high heterogeneity (I >50%), which resulted in acceptable heterogeneity (12=0). The final meta-
analysis was undertaken including only three studies (Fig. 4 lower panel). The symmetrical funnel plot
suggested no publication bias (Fig. S1). A highly significant association with the G allele of this
polymorphism and exceptional longevity was observed in males (Fig. 4 lower panel, OR =1.45, 95% Cl

1.25-1.68, P <0.0001).
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There were only three studies available for a female only meta-analysis (Present Study, Li et al., 2009;
Soerensen et al., 2010) but due to high heterogeneity (1> = 60.1%, Figure S5), the Chinese study was

dropped (Li et al., 2009) resulting in too few studies for a meta-analysis.

3.5 Interleukin 6 (/IL6, G174C polymorphism, G vs C allele, rs1800795)

A total of 4 studies, with 1377 cases and 2227 controls, were included in this meta-analysis (Table S7).
There was no evidence of winner’s curse phenomenon. There was no between-study heterogeneity
(1> = 0%) and the symmetrical funnel plot suggested no publication bias (Fig. S1). The significant pooled
OR for the G allele in association with exceptional longevity was 1.13 (95% Cl 1.02-1.25, P = 0.015,
Figure 5). A random effects model did not affect the result (Table S11). Details of the gene structure,

genomic location and expression across a range of tissues is presented in the Supplementary.

3.6 Klotho (KLOTHO, KL-VS polymorphism)

The KL-VS polymorphism is a haplotype tagged by a number of SNPs in total linkage disequilibrium
(e.g. rs9527026, rs9536314) and hence different SNPs have been used across studies. A total of 3
studies (Invidia et al., 2010; Novelli al., 2008 and Present Study), with 1290 cases and 1797 controls,
were included in this meta-analysis (Table S8). There was no evidence of winner’s curse phenomenon
and heterogeneity was not high (12 = 22%) (Fig S1). The KL-VS haplotype was positively associated with
exceptional longevity with a modest effect size (OR = 1.18 and 95% Cl 1.01-1.37, P = 0.035, Figure 6).
Details of the gene structure, genomic location and expression across a range of tissues is presented

in the Supplementary.

3.7 Sirtuin protein (SIRT1, Cvs T allele, rs3758391)
A total of three studies, with 747 cases and 1698 controls (Han et al., 2014; Lin et al., 2016 and Present

Study), were included in this meta-analysis of the SIRT1 polymorphism, rs3758391, with longevity

12
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(Table S9). There was no evidence of heterogeneity (1> =0%), publication bias (Fig S1) or Winner’s curse.
The pooled OR for the C allele in association with exceptional longevity was not significant (OR= 1.08,

95% Cl 0.95-1.23 P = 0.25, Fig S6). Thus, no statistical significance was observed.

3.8 Tumour necrosis factor-alpha (TNFa, G308A polymorphism, rs1800629)

A total of 4 studies, with 747 cases and 1698 controls, were included (Bruunsgaard et al., 2004;
Khabour, 2010; Wang et al., 2001 and Present Study) (Table S10). There was no evidence of winner’s
curse phenomenon. Heterogeneity was low (1> = 11%). The symmetrical funnel plot suggested no
publication bias (Fig. S1). The association with exceptional longevity for the G allele compared to the
A allele was not significant (OR = 1.18, 95% Cl1 0.99-1.40; P = 0.07, Fig. S7). A random effects model did

not affect the result (Table S11).

4. Discussion

Many genes have been investigated in relation to exceptional longevity, although the results
have been inconsistent. Therefore, we assessed the contributions of previously identified genetic
variants using meta-analyses. We focused on eight genes with a total of nine polymorphisms, which
have been investigated for association with exceptional longevity in at least three published studies.
Our results indicate that at least five out of the nine polymorphisms, ACE rs4340, APOE £2/3/4,
FOXO3A rs2802292, the KLOTHO KL-VS variant and IL6 rs1800795 were significantly associated with

exceptional longevity, although the pooled effect sizes were in general, modest.

The ACE enzyme is a key component of the renin-angiotensin system that regulates blood pressure
(Rigat et al., 1990) and plays a key role in sodium homesotasis (Farag et al., 2017). We examined the
most frequently studied variant, an insertion/deletion (I/D) polymorphism. Our ACE I/D meta-analysis,
comprising 8 studies with a total of 10,863 participants, indicated that the ACE D-allele shows a

modest positive association with exceptional longevity. The deletion allele is missing the 287-bp Alu

13
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repetitive element, which leads to higher ACE enzyme activity in blood (Danser et al., 1995) and may
increase the risk of cardiovascular disease by up to 10% (You & Shen, 2016; Zhao et al., 2014).
However, as demonstrated by our meta-analysis and other studies, the D allele is associated with
exceptional longevity (Zajc Petranovic et al., 2012). This suggests that the ACE I/D polymorphism may
be an example of antagonistic pleiotropy, whereby earlier in life the D allele may increase the risk of
disease but later in life it may lead to a survival advantage. It has also been speculated that the D
allele may influence longevity by its potential positive effects on tissue repair (Eisenlohr et al., 1992),
the immune system (Ehlers & Riordan, 1989), and preservation of muscle strength (Montgomery et
al., 1998). Additionally, there is the possibility that this polymorphism is in linkage with another locus
that may be driving the observed relationship (Garatachea et al., 2013). Our finding concurs with a
meta-analysis undertaken by Garatachea et al. (2013), although our meta-analysis included new
studies and had a greater number of cases whilst Garatachea et al. had a higher number of controls
due to differences in study selection criteria. We used a lower age cut-off for cases (85+ vs Garatachea
et al. 100+ years) and did not include small studies (N cases<100). Despite these differences, the

observed odds ratios were very similar (OR=1.11 current study vs 1.16 Garatachea et al).

APOE has been implicated in cardiovascular and neurodegenerative diseases, with the €4 allele variant
the major genetic risk factor for Alzheimer’s disease. The APOE gene encodes the primary cholesterol
carrier in the brain as well as contributing to the clearance of beta-amyloid across the blood brain
barrier (Forero et al., 2018)and plays an important role in lipid and cholesterol homeostasis (Leduc et

al., 2010).

Our meta-analyses examining the APOE €2/ €3/ €4 polymorphism (=11 studies) indicated that when
compared to the most common allele, €3, the €4 allele was negatively associated with exceptional
longevity, whereas a positive association was observed for APOE €2. Similar meta-analysis results

were observed when considering the influence of ethnicity, although there were substantially fewer

14
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non-Caucasian studies (Caucasians 28studies; Asians 2- 3 studies). Our findings differ from a meta-
analysis undertaken by Garatachea et al. (2015), where no significant results were observed for either
of these analyses. However, we investigated different studies and the age cut-offs for the cases
differed as only centenarians were analyzed in Garatachea et al., 2015. Nevertheless, Garatachea et
al. did find significant relationships with exceptional longevity when using other genetic models that
were consistent with our results (e.g. €4 carriers negatively associated with longevity). In support of
these results, a prior genome-wide longevity study found evidence of linkage in nonagenarians (1408
sibling pairs) with a region on chromosome 19 (19q13.11-g13.32), which harbors the APOE gene. The
same authors using a GWAS in an independent sample also found significant associations with APOE
SNPs (Beekman et al., 2013). Moreover, exceptional longevity associations with polymorphisms from
the APOE locus (Broer et al., 2015; Sebastiani et al., 2012; Zeng et al., 2016), TOMMA40 (Deelen et al.,
2011) and APOCI1 (Nebel et al., 2011) genes on chromosome 19, which are in strong linkage
disequilibrium with the APOE gene, have also been observed. It should also be noted that the APOE
€2/3/4 polymorphism spans a CpG island found in exon 4 and hence epigenetic regulation of APOE
expression may be involved (Forero et al., 2018). Thus, the contribution of the APOE €2/3/4 variant
to exceptional longevity deserves a comprehensive assessment including not only genetic variation

but epigenetic as well.

FOXO3A is an evolutionary conserved transcription factor and is a strong exceptional longevity
candidate. FOXO3A has previously been shown to contribute to lifespan extension in a variety of
different animal models (Bonafe et al., 2003). FOXO3A is a member of the Forkhead family of
transcription factors and unlike invertebrates, which have only one FOXO gene, mammals have four
FOXO genes, (FOX0O1, FOX03, FOX0O4, FOX06), all containing the ‘forkhead box’ DNA binding domain.
The FOXO family play important regulatory roles in insulin/insulin-like growth factor (IGF1) signaling,
which impacts diverse biological processes including cellular homeostasis (Morris et al., 2015),

metabolism, proliferation, differentiation, oxidative stress, apoptosis, senescence (Lee & Dong, 2017;
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Martins et al., 2016). In our FOXO3 meta-analysis of over 7900 cases and 9500 controls, using studies
of both genders, the G allele of the intronic SNP, rs2802292, was significantly associated with
exceptional longevity (OR =1.12). This is consistent with two prior meta-analyses, where Bao et al.
(2014) and Broer et al. (2015) observed similar associations with exceptional longevity (OR = 1.36 &
OR =1.17 respectively). The difference between the strength of the observed OR of Bao et al. (2014)
compared to that reported by Broer et al. (2015) and the current study is most likely due to the
number of included studies (n=5 for Bao et al; n=20 Broer et al; n=14 current study) and their sample
sizes. We had fewer studies than Broer et al. (2015), as we included only studies comprising both
sexes. The recent Han Chinese centenarian GWAS also found evidence for an association with FOXO3A
SNPs with exceptional longevity at the p<.05 level (Zeng et al., 2016), providing support that it plays

an exceptional longevity role in a Chinese population.

In FOXO3A sex-specific analyses, which were also performed by Bao et al. (2014), we observed a
similar significant positive association for males only (Bao et al. OR =1.54 versus current study OR =
1.45). Due to the winner’s curse phenomenon and heterogeneity in our results, our final number of
included studies was smaller (n=3 vs Bao et al., n=5). The Willcox et al. (2008) examined a Japanese
cohort and the frequency of the G allele in the Japanese population is ~24% (compared to 43% in
Europeans), which suggests that there may be population-specific effects when considering
exceptional longevity. Bao et al. (2014) found male-specific associations for two other FOXO3A SNPs
(rs2764264, rs13217795) that we did not examine due to a lack of studies with the relevant
information. Of note, these three SNPs are in moderate to high linkage disequilibrium (r?> ~0.615-
0.889). Data on female studies is lacking with only two studies previously reported for rs2802292, both
of which found an association with longevity (Li et al., 2009; Soerensen et al., 2010) and the present
study, which did not find a significant association (OR=1.00 [0.78-1.28]). A meta-analysis for females
was not undertaken due to high heterogeneity. Further studies are required to investigate the gender
effects of FOXO3A in exceptional longevity even though recruiting long-lived males may prove difficult
as they are less common than their female counterparts.
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The investigated FOXO3A SNP, rs2802292, is located in intron 2 and is a cis-eQTL for a nearby long
non-coding RNA, LINC0022, of which little is known. Recently, the presence of the G allele was found
to be protective for coronary artery disease mortality in older populations (~76 yrs age), including
Japanese and Caucasians (Willcox et al., 2017). The exact mechanism by which such a protective effect
occurs is unclear but different lines of evidence suggest FOXO3 may have beneficial cardiovascular

effects (Willcox et al., 2017). Other studies are required to replicate and extend these results.

The majority of prior work examining the influence of the FOXO3A gene on exceptional longevity has
focused on SNP variants. However, the regulation of FOXO3A and its corresponding protein is complex
and includes not only genetic variation but also epigenetic (e.g. circular RNA, miRNAs, Yang et al.,
2016), and post-translational modifications (e.g. protein acetylation). Recently, a broader
chromosomal perspective was undertaken by Donlon et al. (2017), who demonstrated long range
physical contacts with FOXO3A and 46 nearby genes on a large region of chromosome 6 in a Japanese-
American cohort. This work suggests that the FOXO3A gene may participate in important
chromosomal conformational changes that may contribute to regulation of a large number of genes.
Indeed, the authors suggest that this set of genes, ‘the FOXO3 longevity interactome’ may act as an
‘ageing hub’ (Willcox et al., 2017). The role of rs2802292 as an eQTL of LINC0022 also deserves
attention (see Suppl.). Future comprehensive longevity studies examining the regulation of FOXO3A
gene expression and its protein product and its influence on human ageing related phenotypes (e.g.

age-related disease) are warranted to fully investigate its role in exceptional longevity.

We observed a modest association for rs1800795 (also known as -174G/C) and exceptional longevity
(OR=1.13), which is a SNP located in the /L6 gene promoter (See Suppl.). This gene encodes a member
of the interleukin family and has two contrasting actions, as an inflammatory cytokine and also an

anti-inflammatory myokine, and plays a critical role in immune defense (Pal et al., 2014). The allele
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frequency of rs1800795 varies greatly amongst Caucasian subpopulations but in Asian and African
populations this polymorphism is almost monomorphic for the G allele, which is associated with higher
levels of IL6 (Albani et al., 2009). Interestingly, Di Bona et al. (2009) found a male-specific association
with this polymorphism but only in Italian centenarians and not in other European groups, suggesting
again that there are longevity gender differences and that environmental factors are also important.
Higher levels of IL6 are reported for the G allele. This SNP is also located in an uncharacterized long
non-coding RNA, LOC541472 (alias: ACO73072.5), and is an eQTL for this gene and also the STEAP1B
gene (Fig. S11d). In addition, it should be noted that DNA methylation of the IL6 promoter may also
contribute to its transcriptional regulation (Ma & Ordovas, 2017). The role /L6 plays in exceptional
longevity may be due to its role in maintaining homeostasis as it is both pro-inflammatory and anti-

inflammatory as well as its function in the maturation of B cells (Minciullo et al., 2016).

Klotho can be found as either a membrane and/or a secreted protein in cerebrospinal fluid, plasma
and urine. Interestingly, at least in mice, the membrane klotho protein can be cleaved by proteins of
the beta-amyloid pathway, implicated in Alzheimer’s disease, namely ADAM 1, ADAM 17 and BACE
(Bian et al., 2015; Pavlatou et al., 2016). Klotho is involved in diverse pathways including the insulin
signaling pathway and in regulation of ion channel activity, calcium and phosphorus homeostasis,
inflammation (Hui et al., 2017)and the preservation of stem cells (Bian et al., 2015). It also plays a
protective role against oxidative stress, senescence, and cancer (Pavlatou et al., 2016). Animal
experiments suggest klotho plays a role in ageing and longevity. For example, increased klotho
expression can extend lifespan in C. elegans (Chateau et al., 2010; Kuro-o et al., 1997; Kurosu et al.,
2005). Two non-synonymous SNPS, rs9536314 (F325V) and rs952705 (C370S), in conjunction with four
other SNPs that are in complete linkage disequilibrium define the haplotype “KL-VS” (See Suppl.). This
variant alters the structure of the protein and is reported to increase klotho secretion as well as being
associated with greater brain cortical volume in humans and slower cognitive decline in older adults

(Shardell et al., 2016). Only a few human exceptional longevity studies have examined KLOTHO
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variation and have published inconsistent results, with some suggesting a KL-VS heterozygote

advantage for longevity (e.g. Arking et al., 2002) but others not (e.g. Novelli et al., 2008).

In our meta-analysis a modest association between the KLOTHO haplotype, KL-VS, and exceptional
longevity (OR =1.18) was noted, however, there was a limited number of studies (n=3) and the result
appears to be driven by the present study. There was no evidence of winner’s curse or publication
bias and between study heterogeneity was acceptable. Despite our positive results for this KLOTHO

variant, more human KLOTHO longevity studies are required to further explore this relationship.

Four polymorphisms (CETP rs5882, CETP rs708272, TNFa rs1800629 and SIRT1 rs3758392) did not
reach statistical significance in our meta-analyses. Possible explanations for this are that there is no
effect or insufficient statistical power. In general, our meta-analyses that failed to reach statistical
significance had relatively small sample sizes (e.g. SIRT1). Thus, more studies are required to conclude

that these polymorphisms are in fact not associated with exceptional longevity.

Throughout our meta-analysis we have carefully assessed heterogeneity, winner’s curse phenomenon
and publication bias. The winner’s curse phenomenon was observed for CETP (rs5882) resulting in the
omission of the first published study (Barzilai et al., 2003), which examined Ashkenazi Jews. Similarly,
the first published study for the FOXO3A rs2802292 variant (Willcox et al., 2008), examining a
Japanese cohort was also excluded due to the winner’s curse. Apart from APOE (€2 vs €3), CETP
(rs5882) and FOXO3A (rs2802292 gender analyses only), study heterogeneity was either absent or
defined as low with an I1? value ranging from 11-22%. For two of the meta-analyses with high
heterogeneity, removal of a single study for APOE €2 (1= 65%) and for CETP rs5882 (1= 52%) resulted
in an acceptable, albeit moderate, level of heterogeneity (35 & 36% respectively). Omission of two
studies from the FOXO3A male analysis (the Australian present study & MrOS sample from Broer et

al. (2015)) resulted in greatly improved heterogeneity but only a small number of studies could then
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be assessed (n=3). Omission of the only Chinese study for the FOXO3A female analysis resulted in only

two acceptable studies. Publication bias was not detected across all studies.

All of the five identified exceptional longevity-related genes in our meta-analysis have been related to
cardiovascular health, in particular lipoprotein/cholesterol and blood pressure metabolism. APOE has
been linked to cardiovascular disease, including heart attack and stroke (Lahoz et al., 2001). ACE has
been related to hypertension and heart failure (Cambien et al., 1992) and FOXO3A has been implicated
in coronary heart disease (Donlon et al., 2017). Klotho has been linked to atherosclerosis and
premature coronary disease (Pavlatou et al., 2016). The /L6 rs1800795 SNP has been linked to
atherosclerosis (Yin et al., 2013) and coronary artery disease (Hou et al., 2015). These results suggest
that cardiovascular-related pathways are important contributors to attaining exceptional longevity. It
is of great interest to note that KLOTHO interacts with the FOXO family. For example, together with
foxo, the klotho protein can play a role in the reduction of oxidative stress. Circulating klotho can bind
to cell surface receptors, which inhibits phosphorylation of FOXO, resulting in its nuclear translocation.
In the nucleus, foxo can then bind to the promoter of the oxidative stress gene, SOD2, increasing its

expression ultimately resulting in the removal of reactive oxygen species (Pavlatou et al., 2016).

Longevity GWAS meta-analyses have in general had limited success identifying genetic variants.

Over the last decade GWAS studies have been performed and have defined exceptional longevity in
various ways. When cases were defined as 85 years plus, the APOE gene locus was identified (Deelen
et al.,, 2011). When using cases aged 90 years and over GWAS meta-analyses have found SNPs in the
MINPP1 gene (Newman & Murabito, 2013), the CAMKIV gene (Malovini et al., 2011), the
APOE/TOMMA40/APOC1 gene region (Beekman et al., 2013; Nebel et al., 2011) and in a long-non-
coding RNA gene on chromosome 5¢33.3 (RP11-524N5.1) (Deelen et al., 2011). However, Broer et al.
(2015) did not find any genome-wide significant results using 90+ year old cases but did replicate

candidate gene results for the APOE locus and the FOXO3A SNP, rs2802292. Focussing on centenarian
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cases, genome-wide significant results have also been observed in the APOE/TOMM40 locus
(Sebastiani et al., 2012). The most recent study, using a very large sample of Chinese centenarians
identified ethnic-specific and other cross-ethnic exceptional longevity SNPs, including APOE (Zeng et
al., 2016). This study also replicated the findings for FOXO3 and chromosome 5g33.3 as exceptional
longevity loci by Deelen et al. (2011). However, it should be noted that the comparison groups

(controls) differed widely between these studies and the sample sizes also varied greatly.

There is some uncertainty regarding the concept of ‘exceptional longevity’ compared to ‘longevity’.
What is the appropriate age cut-off for exceptional longevity? Presumably, it should be greater than
the average life expectancy, which will be specific for each cohort. As previously discussed, there is
also evidence that the genetic contribution to longevity increases with age. In our study, we have
used a criterion for exceptional longevity of 85 years and over, which would exceed the average life
expectancies of most of the participants previously studied. Moreover, the vast majority of
exceptionally long-lived individuals included in our meta-analyses were 90 years and older (see
Suppl.). If we had used a more extreme age cut-off (e.g. 100+) the number of studies would have been
severely restricted for our analyses. Additionally, should the age cut-off take into consideration
gender, as prior work suggests that there are sex differences in life expectancy? For example, genetic
influences on longevity may be stronger for men (Sebastiani & Perls, 2012). Another major issue of
exceptional longevity studies is the optimal study design. A longitudinal birth cohort study would be
ideal, enabling selection of early deceased controls and long-lived cases that exceed the average life
expectancy from the same cohort. Such a design would control for ethnicity to some extent and birth
cohort differences. Alternatively, exceptional longevity can be assessed as a continuous trait (years of

survival).

Exceptional longevity is a heterogeneous phenotype; more homogenous exceptional longevity-related

phenotypes may be more useful for genetic studies. For example, healthy aging, defined as free of
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most common diseases at age (Reed, 2003), has been reported as highly heritable in a male only study.
Another exceptional longevity-related phenotype is age-related cognitive performance, which has
moderate to high heritability in very old adults (80+) (McClearn et al., 1997). However, most genetic

studies have focused simply on exceptional longevity and not longevity-related phenotypes.

Limitations of this meta-analysis include: (i) variations in the definition of cases and controls; (ii) small
sample sizes; and (iii) a lack of non-Caucasian studies. In general, racial differences were not able to
be assessed except where there were sufficient numbers of studies (APOE €2/3/4). As the majority of
studies utilized Caucasian participants with a minority from Asian cohorts, the results from our
Caucasian analyses may not be generalizable to non-Caucasian populations. We examined only allelic
differences and not different genotypic models or carrier status as not all studies provided the
necessary information. Additionally, selection of appropriate controls is problematic. Ideally, cases
and controls should be nominated from the same birth cohort avoiding the introduction of survivor
bias. Lastly, few studies have examined gender differences and we were only able to examine the

association of FOXO3A rs2802292 with longevity in males.

Functional studies are required to follow-up the role of the significant genes identified in this analysis
in promoting exceptional ageing. To date few published studies have examined various polygenic risk
scores (e.g. cancer, cardiovascular disease, Alzheimer’s disease) and exceptional longevity. In
addition, more in-depth study of the genes identified in this meta-analysis, as well as examining the
role of epigenetics, lipid and protein modifications will be important to address as the field progresses.
The more recent use of whole genome sequencing and pooling resources across independent studies
to increase the sample size and racial diversity may further reveal the influence of sex, ethnicity and

of rare and common variants as well as copy number variation on exceptional longevity.
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Conclusions

The meta-analyses performed revealed several genetic variants with consistent associations to
exceptional longevity, with the strongest results observed for the APOE €2/3/4 polymorphism and
FOXO3A rs2802292 in males. However, in general, the effect sizes were not large, suggesting that

many genes of small effect play a role, which is consistent with results for other complex traits.

Acknowledgements

We thank the research teams of the Sydney Centenarian and the Hunter Community Studies. The
Sydney Centenarian Study is supported by the NHMRC Program Grant 109308 and Project Grant
630593. The Hunter Community Study would like to gratefully acknowledge the support of the
University of Newcastle and the Fairfax Family Foundation. The authors declare that there was no

conflict of interest in writing this review.

23



Revelas et al., 2018

References

Albani, D., Batelli, S., Polito, L., Prato, F., Pesaresi, M., Gajo, G. B, . . . Forloni, G. (2009). Interleukin-6
plasma level increases with age in an ltalian elderly population ("The Treviso Longeva"-
Trelong-study) with a sex-specific contribution of rs1800795 polymorphism. Age (Dordr),
31(2), 155-162. doi:10.1007/s11357-009-9092-5

Andersen, S. L., Sebastiani, P., Dworkis, D. A., Feldman, L., & Perls, T. T. (2012). Health span
approximates life span among many supercentenarians: compression of morbidity at the
approximate limit of life span. J Gerontol A Biol Sci Med Sci, 67(4), 395-405.
doi:10.1093/gerona/glr223

Anselmi, C. V., Malovini, A., Roncarati, R., Novelli, V., Villa, F., Condorelli, G., . . . Puca, A. A. (2009).
Association of the FOXO3A locus with extreme longevity in a southern ltalian centenarian
study. Rejuvenation Res, 12(2), 95-104. doi:10.1089/rej.2008.0827

Arking, D. E., Krebsova, A., Macek, M., Sr., Macek, M., Jr., Arking, A., Mian, I. S, . .. Dietz, H. C. (2002).
Association of human aging with a functional variant of klotho. Proc Natl Acad Sci U S A, 99(2),
856-861. doi:10.1073/pnas.022484299

Bao, J. M., Song, X. L., Hong, Y. Q., Zhu, H. L., Li, C., Zhang, T., . .. Chen, Q. (2014). Association between
FOXO3A gene polymorphisms and human longevity: a meta-analysis. Asian J Androl, 16(3),
446-452.

Barzilai, N., Atzmon, G., Schechter, C., Schaefer, E. J., Cupples, A. L., Lipton, R., . . . Shuldiner, A. R.
(2003). Unique lipoprotein phenotype and genotype associated with exceptional longevity.
JAMA, 290(15), 2030-2040. doi:10.1001/jama.290.15.2030

Beekman, M., Blanche, H., Perola, M., Hervonen, A., Bezrukov, V., Sikora, E., . . . consortium, G. (2013).
Genome-wide linkage analysis for human longevity: Genetics of Healthy Aging Study. Aging
Cell, 12(2), 184-193. doi:10.1111/acel.12039

Bian, A., Neyra, J. A,, Zhan, M., & Hu, M. C. (2015). Klotho, stem cells, and aging. Clin Interv Aging,
10(10), 1233-1243. doi:10.2147/CIA.S84978

Bladbjerg, E. M., Andersen-Ranberg, K., de Maat, M. P. M., Kristensen, S. R., Jeune, B., Gram, J., &
Jespersen, J. (1999). Longevity is independent of common variations in genes associated with
cardiovascular risk. Thrombosis and Haemostasis, 82(3), 1100-1105.

Blanche, H., Cabanne, L., Sahbatou, M., & Thomas, G. (2001). A study of French centenarians: are ACE
and APOE associated with longevity? C R Acad Sci lll, 324(2), 129-135.

Bonafe, M., Barbieri, M., Marchegiani, F., Olivieri, F., Ragno, E., Giampieri, C., . . . Paolisso, G. (2003).
Polymorphic variants of insulin-like growth factor | (IGF-I) receptor and phosphoinositide 3-
kinase genes affect IGF-I plasma levels and human longevity: cues for an evolutionarily
conserved mechanism of life span control. J Clin Endocrinol Metab, 88(7), 3299-3304.
do0i:10.1210/jc.2002-021810

Broer, L., Buchman, A. S., Deelen, J., Evans, D. S., Faul, J. D., Lunetta, K. L., . . . Murabito, J. M. (2015).
GWAS of longevity in CHARGE consortium confirms APOE and FOXO3 candidacy. J Gerontol A
Biol Sci Med Sci, 70(1), 110-118. doi:10.1093/gerona/glu166

Bruunsgaard, H., Benfield, T. L., Andersen-Ranberg, K., v. B. Hjelmborg, J., Pedersen, A. N., Schroll, M.,

. and Jeune, B. (2004). The Tumor Necrosis Factor Alpha 308G4A Polymorphism Is
Associated with Dementia in the Oldest Old. JAGS, 52, 1361-1366.

Cambien, F., Poirier, O., Lecerf, L., Evans, A., Cambou, J. P, Arveiler, D., . . . et al. (1992). Deletion
polymorphism in the gene for angiotensin-converting enzyme is a potent risk factor for
myocardial infarction. Nature, 359(6396), 641-644. doi:10.1038/359641a0

Chateau, M. T., Araiz, C., Descamps, S., & Galas, S. (2010). Klotho interferes with a novel FGF-signalling
pathway and insulin/Igf-like signalling to improve longevity and stress resistance in
Caenorhabditis elegans. Aging (Albany NY), 2(9), 567-581. doi:10.18632/aging.100195

Choi, Y. H.,, Kim, J. H,, Kim, D. K., Kim, J. W, Kim, D. K., Lee, M. S,, . .. Park, S. C. (2003). Distributions
of ACE and APOE polymorphisms and their relations with dementia status in Korean

24



Revelas et al., 2018

centenarians. Journals of Gerontology Series a-Biological Sciences and Medical Sciences, 58(3),
227-231.

Christiansen, L., Bathum, L., Andersen-Ranberg, K., Jeune, B., & Christensen, K. (2004). Modest
implication of interleukin-6 promoter polymorphisms in longevity. Mech Ageing Dev, 125(5),
391-395. doi:10.1016/j.mad.2004.03.004

Danser, A. H., Schalekamp, M. A., Bax, W. A., van den Brink, A. M., Saxena, P. R., Riegger, G. A., &
Schunkert, H. (1995). Angiotensin-converting enzyme in the human heart. Effect of the
deletion/insertion polymorphism. Circulation, 92(6), 1387-1388.

Deelen, J., Beekman, M., Uh, H. W., Helmer, Q., Kuningas, M., Christiansen, L., . . . Slagboom, P. E.
(2011). Genome-wide association study identifies a single major locus contributing to survival
into old age; the APOE locus revisited. Aging Cell, 10(4), 686-698. doi:10.1111/j.1474-
9726.2011.00705.x

Di Bona, D., Vasto, S., Capurso, C., Christiansen, L., Deiana, L., Franceschi, C., . . . Caruso, C. (2009).
Effect of interleukin-6 polymorphisms on human longevity: a systematic review and meta-
analysis. Ageing Res Rev, 8(1), 36-42. doi:10.1016/j.arr.2008.09.001

Donlon, T. A, Morris, B. J., Chen, R., Masaki, K. H., Allsopp, R. C., Willcox, D. C., . .. Willcox, B. J. (2017).
FOXO3 longevity interactome on chromosome 6. Aging Cell, 16(5), 1016-1025.
doi:10.1111/acel. 12625

Ehlers, M. R., & Riordan, J. F. (1989). Angiotensin-converting enzyme: new concepts concerning its
biological role. Biochemistry, 28(13), 5311-5318.

Eisenlohr, L. C., Bacik, I., Bennink, J. R., Bernstein, K., & Yewdell, J. W. (1992). Expression of a
membrane protease enhances presentation of endogenous antigens to MHC class I-restricted
T lymphocytes. Cell, 71(6), 963-972.

Fabbri, E., An, Y., Zoli, M., Simonsick, J. M., Guralnik, S., Bandinelli, S., . . . Ferrucci, L. (2015). Aging and
the burden of multimorbidity: associations with inflammatory and anabolic hormona;
biomarkers. J. Gerontol. A. Biol. Sci. Med. Sci., 70, 63-70.

Farag, E., Sessler, D. I., Ebrahim, Z., Kurz, A., Morgan, J., Ahuja, S., . . . John Doyle, D. (2017). The renin
angiotensin system and the brain: New developments. J Clin Neurosci, 46, 1-8.
doi:10.1016/j.jocn.2017.08.055

Faure-Delanef, L., Baudin, B., Beneteau-Burnat, B., Beaudoin, J. C., Giboudeau, J., & Cohen, D. (1998).
Plasma concentration, kinetic constants, and gene polymorphism of angiotensin I-converting
enzyme in centenarians. Clin Chem, 44(10), 2083-2087.

Flachsbart, F., Caliebe, A, Kleindorp, R., Blanche, H., von Eller-Eberstein, H., Nikolaus, S., . . . Nebel, A.
(2009). Association of FOXO3A variation with human longevity confirmed in German
centenarians. Proc Natl Acad Sci U S A, 106(8), 2700-2705. doi:10.1073/pnas.0809594106

Forero, D. A,, Lopez-Leon, S., Gonzalez-Giraldo, Y., Dries, D. R., Pereira-Morales, A. J., Jimenez, K. M.,
& Franco-Restrepo, J. E. (2018). APOE gene and neuropsychiatric disorders and
endophenotypes: A comprehensive review. Am J Med Genet B Neuropsychiatr Genet, 177(2),
126-142. doi:10.1002/ajmg.b.32516

Garatachea, N., Marin, P. J., & Lucia, A. (2013). The ACE DD genotype and D-allele are associated with
exceptional longevity: a meta-analysis. Ageing Res Rev, 12(4), 1079-1087.
doi:10.1016/j.arr.2013.04.001

Garatachea, N., Marin, P. J., Santos-Lozano, A., Sanchis-Gomar, F., Emanuele, E., & Lucia, A. (2015).
The ApoE gene is related with exceptional longevity: a systematic review and meta-analysis.
Rejuvenation Res, 18(1), 3-13. doi:10.1089/rej.2014.1605

Geesaman, B. J., Benson, E., Brewster, S. J., Kunkel, L. M., Blanche, H., Thomas, G., . . . Puca, A. A.
(2003). Haplotype-based identification of a microsomal transfer protein marker associated
with the human lifespan. Proc Natl Acad Sci U S A, 100(24), 14115-14120.
doi:10.1073/pnas.1936249100

Gerdes, L. U., Jeune, B., Ranberg, K. A., & Nybo, H. a. V., J.W. . (2000). Estimation of Apolipoprotein E
Genotype-Specific Relative Mortality Risks From the Distribution of Genotypes in

25



Revelas et al., 2018

Centenarians and Middle-Aged Men: Apolipoprotein E Gene Is a “Frailty Gene," Not a
“Longevity Gene”. Genetic Epidemiology, 19, 202-210.

Han, J., Atzmon, G., & Barzilai, N., and Suh, Y., . (2014). Genetic variation in Sirtuin 1 (SIRT1) is
associated with lipid profiles but not with longevity in Ashkenazi Jews. Trans/ Res., 165(4), 480-
481.

Hjelmborg, J., lachine, I., Skytthe, A., Vaupel, J. W., McGue, M., Koskenvuo, M., . . . Christensen, K.
(2006). Genetic influence on human lifespan and longevity. Hum Genet, 119(3), 312-321.
doi:10.1007/s00439-006-0144-y

Hou, H., Wang, C., Sun, F., Zhao, L., Dun, A., & Sun, Z. (2015). Association of interleukin-6 gene
polymorphism with coronary artery disease: an updated systematic review and cumulative
meta-analysis. Inflamm Res, 64(9), 707-720. doi:10.1007/s00011-015-0850-9

Hui, H., Zhai, Y., Ao, L., Cleveland, J. C., Jr., Liu, H., Fullerton, D. A., & Meng, X. (2017). Klotho suppresses
the inflammatory responses and ameliorates cardiac dysfunction in aging endotoxemic mice.
Oncotarget, 8(9), 15663-15676. doi:10.18632/oncotarget.14933

Invidia, L., Salvioli, S., Altilia, S., Pierini, M., Panourgia, M. P., Monti, D., . . . Franceschi, C. (2010). The
frequency of Klotho KL-VS polymorphism in a large Italian population, from young subjects to
centenarians, suggests the presence of specific time windows for its effect. Biogerontology,
11(1), 67-73. d0i:10.1007/s10522-009-9229-z

Khabour, O. F. B., J.W. . (2010). Association of longevity with IL-10 )1082 G/A and TNF-a )308 G/A
polymorphisms. International Journal of Immunogenetics, 37, 293-298.

Kolovou, G., Kolovou, V., Vasiliadis, I., Giannakopoulou, V., Mihas, C., Bilianou, H., . . . Mavrogeni, S.
(2014). The frequency of 4 common gene polymorphisms in nonagenarians, centenarians, and
average life span individuals. Angiology, 65(3), 210-215. doi:10.1177/0003319712475075

Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T., Utsugi, T., . . . Nabeshima, Y. I. (1997).
Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature,
390(6655), 45-51. doi:10.1038/36285

Kurosu, H., Yamamoto, M., Clark, J. D., Pastor, J. V., Nandi, A., Gurnani, P., . . . Kuro-o, M. (2005).
Suppression of aging in mice by the hormone Klotho. Science, 309(5742), 1829-1833.
doi:10.1126/science.1112766

Lahoz, C., Schaefer, E. J., Cupples, L. A., Wilson, P. W., Levy, D., Osgood, D., . .. Ordovas, J. M. (2001).
Apolipoprotein E genotype and cardiovascular disease in the Framingham Heart Study.
Atherosclerosis, 154(3), 529-537.

Leduc, V., Jasmin-Belanger, S., & Poirier, J. (2010). APOE and cholesterol homeostasis in Alzheimer's
disease. Trends Mol Med, 16(10), 469-477. doi:10.1016/j.molmed.2010.07.008

Lee, S., & Dong, H. (2017). FoxO integration of insulin signaling with glucose and lipid metabolism. J
Endocrinol., 233(2), R67-R79.

Li, Y., Wang, W.J., Cao, H., Lu, J.,, Wu, C., Hu, F. Y., ... Tian, X. L. (2009). Genetic association of FOXO1A
and FOXO03A with longevity trait in Han Chinese populations. Hum Mol Genet, 18(24), 4897-
4904. doi:10.1093/hmg/ddp459

Lin, R., Yan, D., Zhang, Y., Liao, X., Gong, G., Hu, J., . .. Cai, W. (2016). Common variants in SIRT1 and
human longevity in a Chinese population. BMC Med Genet, 17(31), 31. doi:10.1186/s12881-
016-0293-3

Louhija, J., Miettinen, H. E., Kontula, K., Tikkanen, M. J., Miettinen, T. A., & Tilvis, R. S. (1994). Aging
and genetic variation of plasma apolipoproteins. Relative loss of the apolipoprotein E4
phenotype in centenarians. Arterioscler Thromb, 14(7), 1084-1089.

Ma, Y., & Ordovas, J. M. (2017). The integration of epigenetics and genetics in nutrition research for
CVD risk factors. Proc Nutr Soc, 76(3), 333-346. doi:10.1017/50029665116000823

Malovini, A., lllario, M., laccarino, G., Villa, F., Ferrario, A., Roncarati, R., . . . Puca, A. A. (2011).
Association study on long-living individuals from Southern Italy identifies rs10491334 in the
CAMKIV gene that regulates survival proteins. Rejuvenation Res, 14(3), 283-291.
doi:10.1089/rej.2010.1114

26



Revelas et al., 2018

Martins, R., Lithgow, G. J., & Link, W. (2016). Long live FOXO: unraveling the role of FOXO proteins in
aging and longevity. Aging Cell, 15(2), 196-207. doi:10.1111/acel.12427

Mather, K. A., Thalamuthu, A., Oldmeadow, C., Song, F., Armstrong, N. J., Poljak, A., . .. Sachdev, P. S.
(2016). Genome-wide significant results identified for plasma apolipoprotein H levels in
middle-aged and older adults. Sci Rep, 6, 23675. doi:10.1038/srep23675

McClearn, G. E., Johansson, B., Berg, S., Pedersen, N. L., Ahern, F., Petrill, S. A., & Plomin, R. (1997).
Substantial genetic influence on cognitive abilities in twins 80 or more years old. Science,
276(5318), 1560-1563.

McEvoy, M., Smith, W., D'Este, C., Duke, J., Peel, R., Schofield, P., . . . Attia, J. (2010). Cohort profile:
The Hunter Community Study. Int J Epidemiol, 39(6), 1452-1463. doi:10.1093/ije/dyp343

Minciullo, P. L., Catalano, A., Mandraffino, G., Casciaro, M., Crucitti, A., Maltese, G., . . . Basile, G.
(2016). Inflammaging and Anti-Inflammaging: The Role of Cytokines in Extreme Longevity.
Arch Immunol Ther Exp (Warsz), 64(2), 111-126. doi:10.1007/s00005-015-0377-3

Montgomery, H. E., Marshall, R., Hemingway, H., Myerson, S., Clarkson, P., Dollery, C., ... Humphries,
S. E. (1998). Human gene for physical performance. Nature, 393(6682), 221-222.
doi:10.1038/30374

Morris, B. J., Willcox, D. C., Donlon, T. A., & Willcox, B. J. (2015). FOXO3: A Major Gene for Human
Longevity--A Mini-Review. Gerontology, 61(6), 515-525. doi:10.1159/000375235

Murabito, J. M., & Lunetta, K. L. (2012). Genetics of human longevity and healthy aging. . In: Newman
AB, Cauley JA, eds. The Epidemiology of Aging. .

Nacmias, B., Bagnoli, S., Tedde, A, Cellini, E., Bessi, V., Guarnieri, B., . . . Sorbi, S. (2007). Angiotensin
converting enzyme insertion/deletion polymorphism in sporadic and familial Alzheimer's
disease and longevity. Arch Gerontol Geriatr, 45(2), 201-206.
doi:10.1016/j.archger.2006.10.011

Nebel, A., Kleindorp, R., Caliebe, A., Nothnagel, M., Blanche, H., Junge, O., . . . Schreiber, S. (2011). A
genome-wide association study confirms APOE as the major gene influencing survival in long-
lived individuals. Mech Ageing Dev, 132(6-7), 324-330. d0i:10.1016/j.mad.2011.06.008

Newman, A. B., & Murabito, J. M. (2013). The epidemiology of longevity and exceptional survival.
Epidemiol Rev, 35, 181-197. doi:10.1093/epirev/mxs013

Novelli, V., Viviani Anselmi, C., Roncarati, R., Guffanti, G., Malovini, A., Piluso, G., & Puca, A. A. (2008).
Lack of replication of genetic associations with human longevity. Biogerontology, 9(2), 85-92.
do0i:10.1007/s10522-007-9116-4

Oeppen, J., & Vaupel, J. W. (2002). Demography. Broken limits to life expectancy. Science, 296(5570),
1029-1031. doi:10.1126/science.1069675

Oldmeadow, C., Holliday, E. G., McEvoy, M., Scott, R., Kwok, J. B., Mather, K., . . . Attia, J. (2014).
Concordance between direct and imputed APOE genotypes using 1000 Genomes data. J
Alzheimers Dis, 42(2), 391-393. doi:10.3233/JAD-140846

Pal, M., Febbraio, M. A., & Whitham, M. (2014). From cytokine to myokine: the emerging role of
interleukin-6  in  metabolic regulation. Immunol Cell Biol, 92(4), 331-339.
do0i:10.1038/icb.2014.16

Pavlatou, M. G., Remaley, A. T., & Gold, a. P. W. (2016). Klotho: a humeral mediator in CSF and plasma
that influences longevity and susceptibility to multiple complex disorders, including
depression. Translational Psychiatry(6).

Perls, T. T., Wilmoth, J., Levenson, R., Drinkwater, M., Cohen, M., Bogan, H., . .. Puca, A. (2002). Life-
long sustained mortality advantage of siblings of centenarians. Proc Natl Acad Sci U S A,
99(12), 8442-8447. doi:10.1073/pnas.122587599

Pes, G. M,, Lio, D., Carru, C., Deiana, L., Baggio, G., Franceschi, C., . . . Caruso, C. (2004). Association
between longevity and cytokine gene polymorphisms. A study in Sardinian centenarians.
Aging Clinical and Experimental Research, 16(3), 244-248. doi:10.1007/bf03327391

27



Revelas et al., 2018

Price, A. L., Patterson, N. J., Plenge, R. M., Weinblatt, M. E., Shadick, N. A., & Reich, D. (2006). Principal
components analysis corrects for stratification in genome-wide association studies. Nat
Genet, 38(8), 904-909. doi:10.1038/ng1847

Rea, I. M., Mc Dowell, I., McMaster, D., Smye, M., Stout, R., Evans, A., & group, M. g. M. 0. C. t. s.
(2001). Apolipoprotein E alleles in nonagenarian subjects in the Belfast Elderly Longitudinal
Free-living Ageing Study (BELFAST). Mech Ageing Dev, 122(13), 1367-1372.

Reed, T.a.D., D.M.. (2003). Heritability and validity of healthy physical aging (wellness) in elderly male
twins. Twin Res 6:227-234. Twin Res 6:227-234., 6(227-234).

Rigat, B., Hubert, C., Alhenc-Gelas, F., Cambien, F., Corvol, P., & Soubrier, F. (1990). An
insertion/deletion polymorphism in the angiotensin I-converting enzymegene accounting for
half the variance of serum enzyme levels. Journal of Clinical Investigation(86), 1343-1346.

Sachdev, P. S., Brodaty, H., Reppermund, S., Kochan, N. A, Trollor, J. N., Draper, B., . . . Ageing Study,
T. (2010). The Sydney Memory and Ageing Study (MAS): methodology and baseline medical
and neuropsychiatric characteristics of an elderly epidemiological non-demented cohort of
Australians aged 70-90 years. Int Psychogeriatr, 22(8), 1248-1264.
doi:10.1017/51041610210001067

Sachdev, P. S., Levitan, C., Crawford, J., Sidhu, M., Slavin, M., Richmond, R., . . . Sydney Centenarian
Study, T. (2013). The Sydney Centenarian Study: methodology and profile of centenarians and
near-centenarians. Int Psychogeriatr, 25(6), 993-1005. doi:10.1017/51041610213000197

Schachter, F., Faure-Delanef, L., Guenot, F., Rouger, H., Froguel, P., Lesueur-Ginot, L., & Cohen, D.
(1994). Genetic associations with human longevity at the APOE and ACE loci. Nat Genet, 6(1),
29-32. doi:10.1038/ng0194-29

Sebastiani, P., & Perls, T. T. (2012). The genetics of extreme longevity: lessons from the new England
centenarian study. Front Genet, 3(277), 277. doi:10.3389/fgene.2012.00277

Sebastiani, P., Solovieff, N., Dewan, A. T., Walsh, K. M., Puca, A., Hartley, S. W., . .. Perls, T. T. (2012).
Genetic signatures of exceptional longevity in humans. PLoS One, 7(1), e29848.
doi:10.1371/journal.pone.0029848

Shardell, M., Semba, R. D., Rosano, C., Kalyani, R. R., Bandinelli, S., Chia, C. W., & Ferrucci, L. (2016).
Plasma Klotho and Cognitive Decline in Older Adluts: Findings from the InCHIANTI Study. J
Gerontol A Biol Sci Med Sci, 71(5), 677-682.

Soerensen, M., Dato, S., Christensen, K., McGue, M., Stevnsner, T., Bohr, V. A., & Christiansen, L.
(2010). Replication of an association of variation in the FOXO3A gene with human longevity
using both case-control and longitudinal data. Aging Cell, 9(6), 1010-1017.
doi:10.1111/j.1474-9726.2010.00627.x

Viechtbauer, W. (2010). Conducting Meta-Analyses in R with the metafor Package. Journal of
Statistical Software, 36(3), 1-48.

Wang, X. Y., Hurme, M., Hervonen, A., & Jylha, M. (2001). Lack of association between human
longevity and polymorphisms of IL-1 cluster, IL-6, IL-10 and TNF-A genes in Finnish
nonagenarians. Mech Ageing Dev(123), 29-38.

Willcox, B. J., Donlon, T. A., He, Q., Chen, R., Grove, J. S., Yano, K., . .. Curb, J. D. (2008). FOXO3A
genotype is strongly associated with human longevity. Proc Natl Acad Sci U S A, 105(37),
13987-13992. doi:10.1073/pnas.0801030105

Willcox, B. J., Morris, B. J., Tranah, G. J., Chen, R., Masaki, K. H., He, Q., . . . Donlon, T. A. (2017).
Longevity-Associated FOXO3 Genotype and its Impact on Coronary Artery Disease Mortality
in Japanese, Whites, and Blacks: A Prospective Study of Three American Populations. J
Gerontol A Biol Sci Med Sci, 72(5), 724-728. doi:10.1093/gerona/glw196

Willcox, B. J., Willcox, D. C., He, Q., Curb, J. D., & Suzuki, M. (2006). Siblings of Okinawan centenarians
share lifelong mortality advantages. J Gerontol A Biol Sci Med Sci, 61(4), 345-354.

Yang, J. K,, Gong, Y. Y., Xie, L, Lian, S. G., Yang, J., Xu, L. Y., . . . Zhang, Y. P. (2009). Lack of genetic
association between the angiotensin-converting enzyme gene insertion/deletion

28



Revelas et al., 2018

polymorphism and longevity in a Han Chinese population. J Renin Angiotensin Aldosterone
Syst, 10(2), 115-118. doi:10.1177/1470320309104873

Yang, W., Du, W. W,, Li, X,, Yee, A. J,, & Yang, B. B. (2016). Foxo3 activity promoted by non-coding
effects of circular RNA and Foxo3 pseudogene in the inhibition of tumor growth and
angiogenesis. Oncogene, 35(30), 3919-3931. doi:10.1038/0nc.2015.460

Yin,Y.W,, Li,). C.,, Zhang, M., Wang, ). Z,, Li, B. H., Liu, Y., . .. Zhang, L. L. (2013). Influence of interleukin-
6 gene -174G>C polymorphism on development of atherosclerosis: a meta-analysis of 50
studies involving 33,514 subjects. Gene, 529(1), 94-103. doi:10.1016/j.gene.2013.07.074

You, F. J.,, & Shen, D. M. (2016). Association between angiotensin-converting enzyme
insertion/deletion polymorphisms and the risk of heart disease: an updated meta-analysis.
Genet Mol Res, 15(1), 15017194. doi:10.4238/gmr.15017194

Zajc Petranovic, M., Skaric-Juric, T., Smolej Narancic, N., Tomas, Z., Krajacic, P., Milicic, J., . . . Tomek-
Roksandic, S. (2012). Angiotensin-converting enzyme deletion allele is beneficial for the
longevity of Europeans. Age (Dordr), 34(3), 583-595. doi:10.1007/s11357-011-9270-0

Zeng, Y., Nie, C., Min, J,, Liu, X., Li, M., Chen, H., . . . Vaupel, J. W. (2016). Novel loci and pathways
significantly associated with longevity. Sci Rep, 6(21243), 21243. doi:10.1038/srep21243

Zhao, J.,, Qin, X., Li, S., & Zeng, Z. (2014). Association between the ACE I/D polymorphism and risk of
ischemic stroke: an updated meta-analysis of 47,026 subjects from 105 case-control studies.
J Neurol Sci, 345(1-2), 37-47. doi:10.1016/j.jns.2014.07.023

Zubenko, G. S., Stiffler, J. S., Hughes, H. B., Fatigati, M. J., & Zubenko, W. N. (2002). Genome survey for
loci that influence successful aging: Sample Charectirization, Method Validation, and Initial
Results for the Y chromosome. Am J Geriatr Psychiatry, 10(5), 619-630.

29



Revelas et al., 2018

Literature Search

Identification of potentially relevant
studies (n = 71 studies, 19 genes, 51 SNP’s)

N
Study Selection Excluded_

¢ Lack of control group or control group not in HWE
¢ Articles not in English

* Overlappingstudy populations

v ¢ <3 studies available

n = 65 studies, 8 genes, 9 variants | —

Data Extraction

¢ Author

¢ Publicationyear

¢ Ethnicity

* Samplesizes

¢ Baseline characteristics

¢ Genotype/allelefrequencies

N

Meta-analysis

Fig. 1. Literature Search Flow Diagram.

Study : Weight OR [95% CI]
Schachter et al. 1994 ———— 11.93% 1.40[1.07,1.83]

Faure-Delanef et al. 1998 .—-—« 5.40% 1.27[0.86, 1.89]

Bladbjerg et al. 1999 |—~—| 10.56% 1.04[0.78, 1.38]
Blanché et al. 2001 .-4_. 30.22% 1.09[0.92, 1.29]
Choi et al. 2003 l—*ﬁ 10.67% 1.05[0.79, 1.40]
Nacmias et al. 2007 .__.# 6.77% 1.24[0.87,1.77]
Yang et al. 2009 |—4—| 17.40% 0.99[0.79, 1.23]
Kolovou et al. 2014 .—-.—| 7.06% 1.08[0.76, 1.53]
Pooled Estimate -—- 1.11[1.01, 1.22]

| | | |
0.5 1 1.5 2

Heterogeneity: Chi’ = 5.26, df = 7 (P= 0.63); I°=0%
Test for overall effect: Z = 2.25 (P=0.02)

Fig. 2. Meta-analysis of associations between the ACE deletion (D) versus insertion (l) alleles and
exceptional longevity.
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Fig. 3. Meta-analysis of associations between the APOE alleles and exceptional longevity: €4 vs €3

(upper panel) and €2 vs €3 (lower panel).
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Fig. 4. Meta-analysis of associations between FOXO3 rs2802292 alleles G vs T and exceptional
longevity (top-panel) and within male samples only (lower-panel).
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Fig. 6. Meta-analysis of associations between KLOTHO KL-VS versus wild-type haplotype and

exceptional longevity.
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Table 1: Characteristics of investigated exceptional longevity genes

Gene Chromosome | Protein Variant (rs | Common Function/ pathway
identification) Variant Name
Number
ACE 17 Angiotensin- Deletion/Insertion | Insertion/Deletion | Regulates blood pressure
converting (Tagging SNP’s: | (Alu repeats) (Renin-angiotensin system);
enzyme rs4340, rs1799752, Balances fluids & salts
rs13447447)
APOE 19 Apolipoprotein-E | rs7412 & rs429358 | €2/e3/e4 Maintaining normal levels
haplotype of cholesterol;
Clearance of amyloid from
the brain; Lipoprotein
metabolism
CETP 16 Cholesteryl ester | rs5882 1405V Involved in the transfer of
transfer protein neutral lipids (including
cholesteryl ester &
triglyceride) among
lipoprotein particles
CETP 16 Cholesteryl ester | rs708272 TaglB (B1vs B2) As above
transfer protein
FOXO3A | 6 Forkhead box 03 | rs2802292 N/A Transcription factor
transcription involved in diverse cellular
factor pathways e.g. apoptosis
IL6 7 Interleukin 6 rs1800795 G174C Immune defence: Cytokine
pro-inflammatory & anti-
inflammatory myokine
KLOTHO | 13 Klotho Haplotype defined by | F352V (KL-VS vs | Inflammation, oxidative
six SNPs in total | wt) stress, insulin signalling,
linkage calcium &  phosphate
disequilibrium (e.g. homeostasis affecting
rs9536314, growth & maintenance of
rs9527026) bone strength
SIRT1 10 Class 1 sirtuin | rs3758391 N/A (NAD)-dependent
protein deacetylase affecting a
variety of substrates
TNFa 6 Tumour necrosis | rs1800629 G308A Cytokine, Regulation of
factor-alpha immune cells &

Inflammation
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