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Abstract

Apolipoprotein E (APOE) gene has been the most replicated longevity-associated gene in humans.
Two common APOE alleles are either significantly depleted (¢4 allele) or enriched (e2 allele) in
long-lived individuals as compared to controls. We performed high-throughput sequencing
analysis of exons and 2 kb proximal promoter of APOE in 450 centenarians and 500 controls of
Ashkenazi Jewish decent. We found two common regulatory variants, rs405509 (p=0.006) and
rs769449 (p=0.036), that were significantly depleted in centenarians. Genotyping analysis of
rs7412 and rs429358 showed significant enrichment of £2 allele (p=0.003) and £2/¢3 genotype (p=
0.005), and significant depletion of €3/e4 genotype (p=0.005) in centenarians. Our findings
support the hypothesis that variants in both coding and regulatory regions of APOE may contribute
to longevity in humans.

Keywords
APOE; Centenarian; Genetic variant; Longevity; Pooled target capture sequencing

Description

Genome-wide association studies (GWAS) have achieved great success in identifying
common genetic variants robustly associated with increased risk of complex traits and
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diseases (http://www.genome.gov/gwastudies). Thus far, GWAS involving long-lived
individuals have identified the chromosome 19q13.2 harboring APOE gene as the single
most replicated longevity-associated locus, confirming the previous single gene association
studies. (Beekman et al., 2013; Deelen et al., 2011; Nebel et al., 2011; Sebastiani et al.,
2012). APOE has two common missense variants, rs429358 (Cys130Arg) and rs7412
(Argl76Cys), and a combination of the two determines functional alleles of APOE: €2
(Cys130, Cys176), €3 (Cys130, Argl76) and €4 (Arg130, Argl76). While depletion of
APOE ¢4 allele and/or enrichment of APOE €2 allele has been found to be associated with
longevity, APOE €4 allele has been associated with risk of multiple age-related disease such
as Alzheimer’s disease and cardiovascular disease (Christensen et al., 2006), and supporting
the role of the common functional APOE variants in healthspan and lifespan.

In this study, to further discover all possible variants in coding and regulatory region of
APOE gene, we took advantage of an efficient pooled target capture next-generation
sequencing approach (Pool-seq) (Bansal et al., 2011). Our study population consist of 450
Ashkenazi Jewish centenarians (mean age: 98) older than 95 years old and 500 controls
(mean age: 73) without family history of longevity. Using this population, we have
successfully identified longevity associated-phenotypes, -genotypes, and their association
with health outcomes (Atzmon et al., 2006; Barzilai et al., 2006; Barzilai et al., 2003). In
particular, we identified two rare missense variants in the IGF-1 receptor gene (IGF1R) that
were enriched in Ashkenazi Jewish centenarians as compared to younger elderly and we
further showed that they were true reduced-function variants (Suh et al., 2008; Tazearslan et
al., 2011). These results highlight the value of resequencing candidate genes in our
Ashkenazi Jewish centenarian cohort to identify clinically relevant targets in humans. As a
result of this study, we discovered 33 common and rare variants in both coding and
regulatory region of APOE gene, 17 of them were novel variants not identified previously
(Figure 1 and Supplementary Table 1). Among them, longevity-associated common variants
were rs405509 (p=0.006) and rs769449 (p=0.036) in upstream and intronic region
respectively, that were depleted in centenarians and may be functional based on the
prediction by RegulomeDB score (http://regulomedb.org/) (Supplementary Table 1).

Our target capture sequencing performed poorly in exon 4 region of APOE gene harboring
previously reported longevity-associated alleles (rs429358 (. T388C:p.C130R) and rs7412
(c.C526T:p.R176C)) because of the high GC content (Supplementary Figure 1). Therefore,
to validate previously reported longevity-associated APOE alleles, we performed genotyping
of rs7412 and rs427580 using an independent Tagman (Life Technologies) SNP genotyping
assay. As a result of a successful genotyping in 438 centenarians and 515 controls, rs7412
was significantly enriched (p-value: 0.001), while rs429358 was significantly depleted (p-
value: 0.038) in centenarians (Table 1). Based on the genotyped variants, APOE €2
(rs429328: T / rs7412: C>T), €3 (rs429328: T / rs7412: C), and €4 (rs429328: T>C / rs7412:
C) alleles were determined. We examined the association of APOE alleles with longevity
using allelic test of association and found that €2 allele was significantly enriched in
centenarians (9.82%) as compared to controls (6.02%) (Odd Ratio (OR): 1.70, p-value:
0.003), whereas €4 allele was depleted in centenarians (6.62%) as compared to controls
(9.03%) (OR: 0.71, p-value: 0.061) (Table 1). In addition, the genotypic test of association
revealed that €2/e3 genotype was enriched in centenarians (16.4%) as compared to controls
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(10.1%) (OR: 1.75, p-value: 0.005), conversely, €3/e4 genotype was significantly depleted in
centenarians (9.59%) compared to controls (15.7%) (OR: 0.57, p-value: 0.005) (Table 1).
These results are in concordance with previous reports that APOE 2 is enriched and APOE
€4 is depleted in centenarians (Christensen et al., 2006). Here we validated longevity-
associated APOE €2 allele in our Ashkenazi Jewish population.

To investigate the effect of the APOE gene alleles and genotypes on phenotypes such as lipid
metabolism, we tested its association with lipid profiles including serum level of cholesterol,
HDL, LDL, and triglyceride. Carriers of the APOE €2 allele showed significantly lower
LDL levels compared to the €3 and €4 carriers (91.7 +/- 5.26 vs.109 +/- 1.51 mg/dL,
p=0.002) (Table 1). Serum cholesterol levels were lower in €2 allele carriers with marginal
significance (p-value: 0.052) (Supplementary Table 2). On the other hand, the €3 and €4
alleles were not associated with lipid profile even though €3 and &4 allele carriers showed a
trend of increased level compared to €2 allele carriers (Table 1). In addition, LDL level was
significantly lower among €2/e3 genotype carriers compared with the other genotype carriers
(93.9 +/- 5.75 vs.109 +/- 2.19 mg/dL, p=0.01) that is concordant with the effect of €2 allele
(Table 1).

In conclusion, we discovered all possible variants in coding and regulatory region of APOE
gene in centenarians and controls by an efficient Pool-seq in large population. Interestingly,
Poolseq with target region including regulatory region such as proximal upstream and
intronic region identified longevity-associated common variants, rs405509 and rs769449 that
were previously associated with longevity and other aging-related disease phenotypes (Lu et
al., 2014; Soerensen et al., 2013). They are also predicted (Supplementary Figure 2) and
experimentally proved (Supplementary Table 3) to be functional, implicating the potential
role of regulatory variants in a longevity-association. Moreover, by independent genotyping,
we replicated the significant enrichment of longevity-associated APOE €2 allele and £2/¢3
genotype among our Ashkenazi Jewish cohort for the first time, and we also validated the
association of APOE €2 allele with beneficial low LDL level as reported previously (Ferreira
et al., 2010; Volcik et al., 2006), suggesting a functional effect of the APOE allele and
genotype that may lead to longevity. Therefore, it would be interesting to further understand
a protective role of longevity-associated, predicted functional variants in APOE gene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
> Discovery of variants in APOE gene region by pooled target capture
sequencing
> Identification of longevity-associated variants in regulatory region of APOE
gene

> Validation of longevity association of APOE €2 allele in Ashkenazi
population

> Association of longevity-associated allele with beneficial lipid profiles
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Figure 1. Discovered variants in APOE gene from Pool-seq and genotyping in centenarians and
controls

The variants in APOE gene discovered from Pool-seq were indicated on gene structure.
Discovered variants were named by NCBI rsSNP ID for known variants and chromosomal
coordinates of human genome (hg19) for novel variants not reported on database. Novel
variants were indicated by asterisk and variants for genotyping were indicated as dotted
arrow.
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