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Association of common variants in
TOMM40/APOE/APOC1 region with human
longevity in a Chinese population

Rong Lin1, Yunxia Zhang2, Dongjing Yan2, Xiaoping Liao3, Gu Gong1, Junjie Hu1,4, Yunxin Fu5 and
Wangwei Cai2

Apolipoprotein E (APOE), translocase of outer mitochondrial membrane 40 homolog (TOMM40) and apolipoprotein C-I (APOC1)

may extend lifespan by marked delay or escape from age-related diseases. This study aimed to elucidate the association of

human longevity with genetic variations in TOMM40/APOE/APOC1 region in a Chinese population. Ten tag single-nucleotide

polymorphisms (SNPs) in the TOMM40/APOE/APOC1 region were successfully genotyped in 616 unrelated long-lived individuals

and 846 younger controls. Of the 10 SNPs, rs7254892 in 5′ upstream of TOMM40 showed significant association with human

longevity (G/A–A/A vs G/G: odds ratio (OR)=1.59, 95% confidence interval (CI)=1.20–2.09, P=0.0011, Bonferroni corrected

P (Pc)=0.033). The haplotype analysis suggested that individuals carrying the haplotype A–A–A–A–T–A–T–G–C–A
(rs7254892–rs157580–rs2075649–rs2075650–rs157582–rs8106922–rs1160985–rs405697–rs439401–rs445925) tended to

have longer lifespan than those carrying the most common haplotype G–G–A–A–C–A–C–A–T–G (OR=1.59, 95% CI=1.19–2.12,

P=0.0018, Pc=0.0216). These findings indicated that variants in TOMM40/APOE/APOC1 region might be associated with

human longevity. Further studies are needed to identify the causal genetic variants influencing human longevity.
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INTRODUCTION

Human longevity is a complex and multifactorial trait that is
influenced by environmental and genetic factors.1 Centenarians are
characterized by marked delay or escape from age-related diseases,
such as coronary artery disease (CAD), cerebrovascular disease (CVD)
and Alzheimer’s disease (AD), which are the leading causes of death.
Thus one can suggest that environmental and genetic factors likely to
be involved in these disorders may have a role in human longevity.2

The genetic component of human lifespan variation was estimated
at ~ 25% in twin studies.3,4 Apolipoprotein E (APOE), which encodes
the protein apolipoprotein E, is the first to be successfully replicated as
one important in exceptional longevity.5 It is one of the most
convincing human longevity loci. Variants in APOE have frequently,
but not always, been proved to be associated with longevity.2,6,7

Although the mechanism is not entirely clear, this association could
be explained by marked delay or escape from age-related diseases, such
as vascular disease and Alzheimer’s disease, via the effects of APOE
on (1) amyloid-β (Aβ) metabolism, (2) neurons or glial cells,
including neuronal survival and neurite extension or (3) lipoprotein
metabolism.2,8

Furthermore, genome-wide association studies for human longevity
have identified genome-wide significant loci in the translocase of outer
mitochondrial membrane 40 homolog (TOMM40) gene,9 and in 3′
downstream of the apolipoprotein C-I (APOC1) gene.10,11 TOMM40
is adjacent and ~2 kb upstream to APOE, and APOC1 is adjacent and
~ 5 kb downstream to APOE.
TOMM40 encodes TOM40 protein, a subunit of the multisubunit

translocase of the outer mitochondrial membrane, which has a role in
the transport of cytoplasmic peptides and proteins into mitochondria.
The TOMM40 gene polymorphisms has been widely examined
in different AD association studies although the results are
contradictory.12,13 The amyloid precursor protein (APP) forms stable
complexes with the TOM40 import channel or with both mito-
chondrial TOM40 and the translocase of the inner mitochondrial
membrane 23 (TIM23) import channel TIM23, and accumulates
exclusively in human AD brains but not in age-matched controls,
which are the mechanisms for mitochondrial dysfunction by APP in
AD.14 Furthermore, the Aβ peptide, a peptide considered to be of
major significance in AD, was reported to be transported into
mitochondria via the TOM complex and accumulated in the
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mitochondrial cristae.15 Collectively, there is both genetic and
physiological evidence for TOMM40 in AD risk or pathogenesis,
which suggests TOMM40 may be also implicated in the process of
human longevity. However, until now, few studies of human longevity
have been performed for TOMM40 especially in Asians.
APOC1, encoded by APOC1, is a member of apolipoprotein family.

In mice, human APOC1 overexpression impairs cognitive functions
independent of APOE expression.16 The absence of APOC1 expression
also leads to impaired memory functions.17 Thus APOC1 may have a
modulatory role in the development of AD. APOC1, together with
APOE, take part in a wide variety of biological processes of cholesterol
metabolism, membrane remodeling, neuronal apoptosis and
reorganization.18,19 A number of studies have shown that APOC1 is
also an important risk factor for AD and observations associating risk
factors for cardiovascular disease such as high low-density lipoprotein
(LDL) cholesterol, low high-density lipoprotein (HDL) cholesterol and
high triglycerides.20–23 Thus, APOC1 variants might also be involved
in human longevity. However, so far, only three studies have
reported APOC1 with human longevity and were conducted only in
Caucasians.10,11,24

In this paper, we hypothesized that common variants in TOMM40
and APOC1, in addition to APOE, may contribute to longevity and
conducted an association analysis of TOMM40/APOE/APOC1 locus
with human longevity in long-lived cases (⩾98 years) and younger
controls (30–70 years) in a Chinese population.

MATERIALS AND METHODS

Study population
The study sample comprised 616 unrelated Chinese long-lived individuals
(LLIs) and 846 younger controls. All LLIs were ⩾ 98 years of age at the time of
enrollment (mean age: 102.4± 2.3 years, 38 Li and 578 Han people, 102 males
and 514 females). The gender ratio in the LLIs was 83.4 females vs 16.6 males,
and 93.8% of the LLIs were Han Chinese. The 846 Chinese control subjects
were between 30 and 70 years of age (mean age: 48.9± 10.6 years, 69 Li and 777
Han people, 159 males and 687 females) and matched the LLIs by gender,
ethnical ancestry and geographical origin. All subjects were recruited from
Hainan Island between 2009 and 2014. According to the sixth Chinese census
database in 2010, among China’s 31 provinces, autonomous regions and
municipalities, the highest number of centenarians per 10 000 inhabitants aged
65 years or older is in Hainan (16.64), followed by Guangxi (7.00), Guangdong
(6.07), Xinjiang (5.25), Shanghai (3.98).25 All subjects gave informed, written
consent prior to participation. The study was approved by the Ethics
Committee of Hainan Medical College and by the local data protection
authorities.

SNP selection and genotyping
Eleven tag single-nucleotide polymorphisms (SNPs), which span the TOMM40/
APOE/APOC1 region (chromosome 19: 44886237-44919549 33.31 kbp, human
genome reference assembly GRCh38/hg38), were selected from the phase III
Han Chinese in Beijing (CHB) and Southern Han Chinese (CHS) populations
based on r240.80 and minor allele frequency ⩾ 0.05 (Figure 1). All SNPs were
genotyped with a custom-by-design 48-Plex SNPscan Kit (Cat#:G0104;
Genesky Biotechnologies Inc., Shanghai, China), which was developed accord-
ing to patented SNP genotyping technology by Genesky Biotechnologies Inc. As
presented by Chen et al.,26 it was based on double ligation and multiplex
fluorescence PCRs. In order to reduce artefacts due to batch or plate position
effects, case and control samples were interspersed within 96-well plates and
genotyping was performed blind to case–control status. Furthermore, 78 blind
duplicate samples were distributed across all genotyping plates to ensure
consistency and each plate included a negative control.
The call rate for each tag SNP was above 98% (Supplementary Table S1).

The concordance for duplicate samples was 499%, and only genotypes for
SNP rs769450 were out of Hardy–Weinberg equilibrium in all subjects
(P= 0.0087) and then excluded from further analysis. The 10 tag SNPs
successfully genotyped were able to capture 47 common SNPs of the
TOMM40/APOE/APOC1 region at r240.80 (Supplementary Table S1).

Statistical analysis
Association analysis of TOMM40/APOE/APOC1 locus with human longevity.
All analyses were performed using SNPStats (http://bioinfo.iconcologia.net/
snpstats/start.htm).27 Hardy–Weinberg equilibrium testing was conducted for
all SNPs in all subjects using exact test. To avoid assumptions regarding the
modes of inheritance, additive, dominant and recessive models for each
polymorphism were assessed. The best-fitting inheritance mode for each
polymorphism was determined based on the lowest Akaike information criteria.
P-values obtained were corrected (Pc) for multiple testing using Bonferroni for
the number of SNPs tested (n= 10) and the number of tests performed (n= 3).

Haplotype frequencies were estimated using the implementation of the
expectation-maximization algorithm. Pairwise r2 was calculated to represent
linkage disequilibrium (LD). The association parameters of human longevity
were estimated for each haplotype by comparison with a reference haplotype
chosen as the most frequent one. Effects associated with rare haplotypes
(frequencyo0.5%) were determined after categorizing them together. Another
web tool SHEsis28 was adopted to yield similar results compared with SNPStats.
All P-values presented in this study are two sided, and Po0.05 were considered
significant.

In silico identification of evolutionarily conserved regions and transcription factors
(TFs) in the flanking regions of longevity-associated SNPs. Because over half of
the bases in evolutionarily conserved regions (ECRs) in mammals appear to be
functional,29 we examined whether the longevity-associated SNPs and SNPs,
which are in strong LD with the longevity-associated SNPs, were in the ECRs.

Figure 1 Ten tag SNPs in the genomic region of TOMM40/APOE/APOC1 locus. This track displays transcripts from the Ensembl release 81.38 annotation of
the NCBI 38.p3 assembly of the human genome. Each transcript is labeled with both a gene ID and an Ensembl transcript ID. Exons appear as taller shaded
areas on the horizontal line that depicts the transcript. Horizontal arrows indicate the transcriptional orientations of individual genes. The scale bar indicated
a chromosomal distance of 1.0 kb.
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To identify ECRs overlapping these SNPs, we compared the human sequence
including these SNPs, with rhesus macaque, dog, mouse, rat, chicken, frog and
fugu sequence. Pariwise alignments were produced and the nucleotide level
match-mismatch similarity profiles were compared with the blastz algorithm30

incorporated in the ECR browser (http://ecrbrowser.dcode.org/).31,32 Regions
with conserved elements were defined as intervals that exceed the threshold of
100 base pairs with 470% nucleotide identity. The ECRs containing the SNPs
were also obtained using the conservation tool of the University of California,
Santa Cruz (UCSC) browser (http://genome.ucsc.edu/). Transcription factors
(TFs) within the conserved sequences were identified from the Encyclopedia of
DNA Elements (ENCODE) chromatin immunoprecipitation (ChIP) followed
by high-throughput DNA sequencing (ChIP-seq) data sets at UCSC (Release
2 and 4).

RESULTS

Single-SNP association analysis of TOMM40/APOE/APOC1 locus
with human longevity
As Supplementary Table S2 shown, among 10 tag SNPs, rs7254892 in
5′ upstream of TOMM40, three SNPs (rs2075649, rs8106922 and
rs1160985) in the intron of TOMM40 and also in 5′ upstream of
APOE, as well as rs445925 in 3′ downstream of APOE and also in
5′ upstream of APOC1, were significantly associated with human
longevity. For ease of presentation, Table 1 only presents the five
significant association polymorphisms in the best mode of inheritance.
As shown, the best modes of inheritance were: (1) the dominant effect
of SNP rs7254892 (G/A–A/A vs G/G: odds ratio (OR)= 1.59,
95% confidence interval (CI)= 1.20–2.09, P= 0.0011); (2) the
recessive effect of SNP rs2075649 (G/G vs A/A–G/A: OR= 0.58,
95% CI= 0.38–0.87, P= 0.0078); (3) the recessive effect of SNP
rs8106922 (G/G vs A/A–G/A: OR= 0.54, 95% CI= 0.34–0.85,
P= 0.0055); (4) the dominant effect of SNP rs1160985 (C/T-T/T vs
C/C: OR= 1.29, 95% CI= 1.04–1.60, P= 0.019); and (5) the dominant
effect of SNP rs445925 (G/A–A/A vs G/G: OR= 1.40, 95%
CI= 1.08–1.82, P= 0.01). It is suggested that individuals with the
minor allele of SNP rs7254892, rs1160985 or rs445925 tended to have
longer lifespan than those homozygous for the corresponding major
allele, whereas individuals homozygous for the minor allele of
rs2075649 or rs8106922 tended to have shorter lifespan than those
with the corresponding major allele. However, after adjustment for
multiple testing, only one polymorphism (that is, rs7254892) remained
significantly associated with human longevity (Pc= 0.033; Table 1).

Linkage disequilibrium and haplotype association analysis of
TOMM40/APOE/APOC1 locus with human longevity
Pairwise r2 values were lower than 0.80 except those between rs157580
and rs405697 (r2= 0.86), as well as between rs405697 and rs439401

(r2= 0.81; Figure 2). In the haplotype analysis, three haplotypes were
identified to be associated with human longevity (Table 2): compared
with the most common haplotype G–G–A–A–C–A–C–A–T–G,
both the A–A–A–A–T–A–T–G–C–A and G–A–A–A–T–A–T–G–C–G
haplotypes had significantly higher frequency in the cases than in
the controls (OR= 1.59, 95% CI= 1.19–2.12, P= 0.0018 and
OR= 2.02, 95% CI= 1.20–3.40, P= 0.0084; respectively), whereas
the G–A–G–A–C–G–T–G–T–G haplotype had significantly lower
frequency in the cases than in the controls (OR= 0.42, 95%
CI= 0.18–0.94, P= 0.035). But after Bonferroni correction, only the
A–A–A–A–T–A–T–G–C–A haplotype remained (Pc= 0.0216), which
suggested that individuals carrying the A–A–A–A–T–A–T–G–C–A
haplotype tended to have longer lifespan than the
G–G–A–A–C–A–C–A–T–G haplotype carriers.

In silico identification of ECRs and TFs in the flanking regions of
longevity-associated SNPs
In the present study, we have observed that one tag SNP (that is,
rs7254892) were associated with human longevity after Bonferroni
correction. The 1000 Genomes Project database of the phase III CHB
and/or CHS populations indicated that five SNPs (rs283808, rs283809,
rs283810, rs283813 and rs1160983) are in strong LD with rs7254892
(all pairwise r240.800). Therefore, we explored the ECRs and TFs
in the regions of chromosome 19: 45386596-45392596 (6001 bp)
(including rs283808, rs283809, rs283810, rs283813 and rs7254892)
and chromosome 19: 45396729–45397729 (1001 bp) (Human Feb.
2009 (GRCh37/hg19) Assembly) including rs1160983.
SNP rs7254892 and rs283813 were in the ECRs available on both

the ECR and UCSC genome browsers (Supplementary Table S3 and
Supplementary Figure S1). SNP rs283810 was in the ECRs available on
the ECR browser but not on the UCSC genome browser. SNP
rs283808 and rs283809 were not in any ECRs. In the UCSC database,
several TFs were identified for the ECR containing SNP rs7254892
and/or rs283813, such as signal transducer and activator of transcrip-
tion 1 (STAT1) and nuclear receptor subfamily 2, group F, member 2
(NR2F2; Supplementary Figure S1). SNP rs1160983 (TOMM40 Exon
6 p.Ser183Ser) was observed in the ECRs (Supplementary Table S4
and Supplementary Figure S2). However, rs1160983 is synonymous
and not in the TF-binding sites from the UCSC database
(Supplementary Figure S2). The preliminary bioinformatics analysis
predicted that SNP rs7254892 or/and rs283813 might affect human
longevity by affecting binding regions of TFs.

Table 1 Estimated effects of polymorphisms selected in logistic regression analyses of human longevity in all subjects

Polymorphisms Best-fitting inheritance mode Genotype Case Control OR (95% CI) P-value Pc

rs7254892 Dominant G/G 491 (79.7%) 729 (86.2%) 1.00 0.0011 0.033

G/A–A/A 125 (20.3%) 117 (13.8%) 1.59 (1.20–2.09)

rs2075649 Recessive A/A–G/A 580 (94.5%) 767 (90.8%) 1.00 0.0078 0.234

G/G 34 (5.5%) 78 (9.2%) 0.58 (0.38–0.87)

rs8106922 Recessive A/A–G/A 586 (95.4%) 777 (91.8%) 1.00 0.0055 0.165

G/G 28 (4.6%) 69 (8.2%) 0.54 (0.34–0.85)

rs1160985 Dominant C/C 223 (36.4%) 359 (42.5%) 1.00 0.019 0.57

C/T-T/T 389 (63.6%) 485 (57.5%) 1.29 (1.04–1.60)

rs445925 Dominant G/G 469 (76.8%) 691 (82.3%) 1.00 0.01 0.3

G/A–A/A 142 (23.2%) 149 (17.7%) 1.40 (1.08–1.82)

Abbreviations: CI, confidence interval; OR, odds ratio; SNP, single-nucleotide polymorphism.
Values shown are only for polymorphisms with Po0.05 in logistic regression analyses using SNPStats. Pc, Bonferroni corrected P. Pc values under 0.05 were indicated in bold font.
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DISCUSSION

In this study, we conducted research on 10 common tag SNPs across
the TOMM40/APOE/APOC1 region to detect novel signatures for
association with human longevity in a Chinese population. In initial
analysis, five SNPs –rs7254892 in 5′ upstream of TOMM40, three
SNPs (rs2075649, rs8106922 and rs1160985) in the intron of
TOMM40 and also in 5′ upstream of APOE, as well as rs445925 in
3′ downstream of APOE and also in 5′ upstream of APOC1—showed
association with human longevity. But only SNP rs7254892 survived
Bonferroni correction. And after Bonferroni correction, only the
A–A–A–A–T–A–T–G–C–A haplotype had a significant extension in
human lifespan compared with the most common haplotype
G–G–A–A–C–A–C–A–T–G.

Four SNPs (rs7254892, rs2075649, rs8106922 and rs1160985) in
TOMM40 were found to be significantly associated with human
longevity in initial analysis, but only rs7254892 survived Bonferroni
correction. SNP rs7254892 has been reported to be associated with
atherogenic dyslipidemia in African Americans but not in European
Americans at the genome-wide significance threshold.33 SNP
rs1160983 (TOMM40 p.Ser183Ser), which is in LD with rs7254892
in the phase III CHB population (r2= 0.933, D′= 1), also reaches
genome-wide significance for association with LDL cholesterol levels
in African Americans and European Americans.34 The major allele T
of rs283813, which is 422 bp upstream to and in LD with rs7254892 in
the phase III CHS population (r2= 0.811, D′= 1), is genome wide
significantly associated with higher LDL cholesterol levels in African
Americans.35 Consistently, in the present study, subjects with the
minor allele A of rs7254892 tended to have greater life expectancy
compared to those without the A allele (that is, those with the G/G
genotype; Table 1). The association of SNP rs7254892 with human
longevity may possibly be conveyed through its effect on cholesterol
metabolism.
SNP rs7254892 is 4881 bp upstream from the transcription start site

of TOMM40 and may possibly have an effect on TOMM40 expression.
It is also in the intron of poliovirus receptor-related 2 (PVRL2). It or
other variants in LD with it may influence the function or expression
of PVRL2. However, to date, few functional studies indicated that
TOMM40 and PVRL2 participate in cholesterol metabolism. Of note,
SNP rs7254892 is also in 5′ upstream of APOE and APOC1 (19 415
and 27 908 bp, respectively, upstream from the transcription start site),
which are well-known to be involved in cholesterol metabolism. Bekris
et al.36 have demonstrated that four enhancers influence APOE and/or
TOMM40 promoter activity according to haplotype and cell type.
However, they only focused on exploring the enhancers in the region
of chromosome 19: 44888801–44953730 (64.93 kbp, human genome
reference assembly GRCh38/hg38), which does not include rs7254892
(chromosome 19: 44886339).
Our preliminary bioinformatics analysis indicated that, among

rs7254892 and the five SNPs (rs283808, rs283809, rs283810,
rs283813 and rs1160983) which are in strong LD with rs7254892,

Figure 2 Linkage disequilibrium plot of the 10 SNPs in the genomic region
of TOMM40/APOE/APOC1 locus under study. Notes: The values are r2

(a value of 100 reflects perfect dependency between markers), and the
colors reflect r2 (the darker color the higher the r2). Web tool SHEsis was
used for the analysis.

Table 2 Haplotype association of TOMM40/APOE/APOC1 locus with human longevity in all subjects

Frequency

Haplotype

rs7254892–rs157580–rs2075649–rs2075650–rs157582–

rs8106922–rs1160985–rs405697–rs439401–rs445925 Case Control OR (95% CI) P-value Pc

1 G–G–A–A–C–A–C–A–T–G 0.4802 0.4916 1.00

2 G–A–G–A–C–G–T–G–C–G 0.2122 0.2218 0.98 (0.81–1.18) 0.83 1

3 A–A–A–A–T–A–T–G–C–A 0.0935 0.062 1.59 (1.19–2.12) 0.0018 0.0216

4 G–A–A–G–T–A–C–G–C–G 0.0569 0.0716 0.80 (0.58–1.10) 0.16 1

5 G–G–A–A–C–A–C–A–C–G 0.0223 0.0307 0.74 (0.46–1.21) 0.23 1

6 G–A–A–A–T–A–T–G–C–G 0.0298 0.0144 2.02 (1.20–3.40) 0.0084 0.1008

7 G–A–G–A–C–A–C–A–T–G 0.0207 0.0178 1.17 (0.68–2.00) 0.57 1

8 G–A–G–A–C–G–T–G–T–G 0.0092 0.0131 0.42 (0.18–0.94) 0.035 0.42

9 G–A–G–A–C–A–T–G–C–A 0.0061 0.0148 0.79 (0.38–1.63) 0.52 1

10 G–A–A–A–T–G–T–G–C–G 0.0059 0.0083 0.67 (0.26–1.72) 0.41 1

11 A–A–A–A–T–A–T–G–C–G 0.006 0.0071 0.90 (0.37–2.22) 0.83 1

12 G–A–A–A–T–A–C–G–C–A 0.0073 0.0057 1.39 (0.55–3.49) 0.48 1

Rare haplotypes 0.0491 0.0407 1.28 (0.84–1.94) 0.25 1

Global 0.0028

Abbreviations: CI, confidence interval; OR, odds ratio.
Significant results (Po0.05) are in bold. Alleles in bold and italic are different from the corresponding alleles in the most common haplotype. Pc, Bonferroni corrected P. The bold value (Pc)
indicates Haplotype 3.
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rs7254892 or/and rs283813 might affect human longevity by affecting
binding regions of TFs. More comprehensive efforts and experimental
studies will be needed to find the potential functional significance of
rs7254892 or other variants linked to it in cholesterol metabolism and
life expectancy.
In addition, among the four TOMM40 SNPs, the T allele of

rs1160985 has been documented to be genome wide significantly
associated with lower LDL levels in Chinese37 and African Americans
but not in Hispanic Americans.22 Low LDL levels are a protective
factor for cardiovascular disease. Consistently, in this study, subjects
with the T allele tended to have longer lifespan compared with those
without the T allele (that is, those with the C/C genotype), but this
trend did not survive Bonferroni correction (Table 1).
The A allele of rs445925 is genome wide significantly associated

with lower LDL levels,38,39 lower apolipoprotein B and higher APOE,40

as well as lower baseline lipoprotein-associated phospholipase A2
(Lp-PLA2) activity41 in European ancestry individuals. Epidemiological
and functional studies have associated elevated Lp-PLA2 enzyme
activity with greater risk of developing atherosclerosis and cardio-
vascular disease, independent from risk associated with circulating
lipid levels.42–44 Taken together, we supposed that SNP rs445925
might be associated with human longevity through its effect on lipid
metabolism. Consistently, subjects with the A allele of rs445925 tended
to live longer compared with those without the A allele (that is, those
with the G/G genotype; Table 1), however, this tendency did not pass
the Bonferroni correction.
SNP rs2075650 in TOMM40 have been shown to be significantly

associated with human longevity in prior studies,9,45,46 but not in the
present study. Although there is only moderate LD between rs2075650
and rs429358, rs2075650 is a strong proxy of rs429358 that define
APOE ε4 (ref. 45) and the association of rs2075650 with longevity is
most likely a reflection of the effects of rs429358.9 Rs2075650 and
rs445925 are close to and in LD with rs429358 (r2= 0.807, D′= 0.945)
and rs7412 (r2= 0.907, D′= 1), respectively, in the phase III CHB
population. Therefore, we set rs2075650-rs445925 as a proxy for
rs429358-rs7412. Rs429358 and rs7412, and their respective differ-
ences at amino acids 112 and 158, define the three major isoforms of
APOE: ε3 (cys112, arg158), ε2 (cys112, cys158) and ε4 (arg112,
arg158). APOE ε3, the most common of the three isoforms, is
considered to be the normal form. APOE ε2 and APOE ε4 differ
from APOE ε3 by single amino-acid substitutions at position 112 or
158. This fourth APOE isoform, which encodes the arg112-cys158
isoform and is referred to as ε3r or ε1y, are very rare in humans,47

which suggested that rs429358 and rs7412 are two independently
associated loci.
The three major isoforms have been widely estimated. Until 26 July

2013, at least 27 studies have examined the relationship between APOE
variants and human longevity and/or survival in old age, and 21 of
27 reported a statistically significant association between APOE and
longevity (GenAge Database; 2013 http://genomics.senescence.info/
genes/longevity.html). Increased APOE ε2 frequency and decreased
APOE ε4 frequency at older ages has been often but not always
observed in different populations.6 Therefore, we also conducted
haplotype association analysis for SNP rs2075650 and rs445925. As
Supplementary Table S5 shown, compared with the A–G haplotype
(a proxy for APOE ε3), the A–A haplotype (a proxy for APOE ε2) was
more frequent in LLIs than in younger controls (OR= 1.31, 95%
CI= 1.04–1.67, P= 0.024, Pc= 0.048), that is, the A–A haplotype was
correlated with longer lifespan. Lower G–G haplotype (a proxy for
APOE ε4) frequency was observed in LLIs, but the trend was not
significant (OR= 0.82, 95% CI= 0.62–1.10, P= 0.184, Pc= 0.368).

The study included relatively small sample sizes of Li people
(n= 107). In order to avoid false-positive association owing to
population stratification, we also restricted the analysis to those Han
people and the results were similar to those in all subjects
(Supplementary Tables S6–S8). However, there was one exception—
in addition to SNP rs7254892, the recessive effect of rs8106922 on
human longevity (G/G vs A/A–G/A: OR= 0.48, 95% CI= 0.29–0.77,
P= 0.0016, Pc= 0.048) remained in those Han people after Bonferroni
correction. It would be of interest to examine these associations in
large Li population and replication of these associations in other
long-lived populations will be needed to elucidate these results.
Only one haplotype in the TOMM40/APOE/APOC1 region

was associated with longer lifespan (A–A–A–A–T–A–T–G–C–A,
OR= 1.59, 95% CI= 1.19–2.12, P= 0.0018) when compared with
the common referent haplotype after Bonferroni correction. To be
noted, this association was similar in magnitude to that observed for
the TOMM40 (rs7254892) G/A–A/A variant that was found in 20.3%
of LLIs and 13.8% of controls (G/A–A/A vs G/G: OR= 1.59, 95%
CI= 1.20–2.09, P= 0.0011), suggesting that this association appeared
to be driven by SNP rs7254892.
In conclusion, we have observed that one tag SNP and one

haplotype of TOMM40/APOE/APOC1 region were related to human
longevity after Bonferroni correction. However, in the absence of
functional evidence, the significant SNP or haplotype are not
eventually identified as the causal variant or haplotype. The present
findings have to be considered as hypothesis generation and will have
to be confirmed in further studies.
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