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Southern and Northern regions of China as two groups. We then conducted an evaluation/comparison analysis 
of our results with the data from longevity GWAS of European Union (EU) longevity genetics consortium and 
the U.S. New England centenarians study (NECS). To extend the foregoing SNP association analyses towards 
understanding of biological processes underlying longevity, we conducted pathway and network analyses. A �ow 
chart of the consecutive analysis steps is depicted in Fig.�1.

Association analyses of SNPs with longevity in Han Chinese.  In the bi-directional 
discovery-evaluation analysis, we identi�ed 11 independent loci (Table�1 and Fig.�2) that were replicated in the 
independent GWAS datasets of Southern and Northern regions of China. All 11 loci were associated with lon-
gevity with p �  3.65 �  10�5 in the combined dataset, of which two loci, rs2069837 (chromosome 7p15.3, IL6, 
P �  1.80 �  10�9) and rs2440012 (chromosome 13q12.12, ANKRD20A9P, P �  3.73 �  10�8) reached genome-wide 
signi�cance (P �  5 �  10�8) (Table�1 and Fig.�2). IL6 has been linked to longevity previously18,19, but rs2069837 
identi�ed in this study is a novel signal within the IL6 locus. �e minor allele of rs2069837 is signi�cantly less 
frequent among centenarians than middle-age individuals in Han Chinese (odds ratio �  0.61; P �  1.80 �  10�9), 
suggesting the e�ect of this locus on longevity is deleterious. �is outcome is consistent with published �ndings 
that the IL6 gene functions as an in�ammatory biomarker of functional decline and poor health outcomes includ-
ing increased mortality risk20,21. �e other novel SNP rs2440012 is located in ANKRD20A9P, a pseudogene that 
is a�liated with the long non-coding RNAs (lncRNA) class. �e biological function of this particular non-coding 
transcript variant remains to be characterized.

Among the other 9 replicated loci associated with longevity at a suggestive signi�cant level (P �  3.65 �  10�5), 
the TOMM40/APOE/APOC1 locus is particularly interesting since its relationship with longevity is well 
known4,10,11, and we discuss it in more detail below. �e remaining 8 novel replicated loci include MIR3156-3 
(rs145672791, 21q11.2, 28 kb downstream), AKR1C2 (rs61856137, 10p15.1, 27 kb upstream), FAM13A 
(rs2704588, 4q22.1, intronic), BEND4 (rs1487614, 4p13, 114 kb upstream), EPHA6 (rs10934524, 3q11.2, 383 kb 
upstream), ASIC2 (rs11658235 and rs7212444, 17q12, intronic) and OLFM4 (rs9568833, 13q14.3, 200 kb 
downstream).

�e meta-analysis results (last column in Table�1) are in full agreement with those of the combined analysis 
adjusted by a binary covariate of Southern and Northern regions, except the P values are slightly higher. Together, 
the 11 loci associated with longevity explained 3.38% of the variance in surviving to ages 100 �  from middle-age, 
with each locus contributing from 0.39% (rs9568833-OLFM4) to 1.0% (rs2069837-IL6) of the variance based on 
e�ect estimates in the combined analysis, using the restricted maximum likelihood (REML) method22.

Notably, gender-speci�c association analysis for the 11 SNPs listed in Table�1 showed the same direction of 
e�ect in men and women with mostly very similar odds ratios (Supplementary Table 2). All of the 11 SNPs had 

Figure 1.  A �ow chart of the consecutive analysis steps. 
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a proxy SNP (r2 �  0.97) from the European population SNPs database (see Table�1 and its note (3)). �e SNP 
rs405509 in APOE replicated in Southern and Northern GWAS datasets of CLHLS was also replicated in both 
EU (P �  2.75 �  10�06) and New England GWAS (P �  2.46 �  10�03), identifying a novel SNP-speci�c replication 
(Supplementary Table 3).

We conducted additional evaluation/comparison analysis of the other 723 SNPs associated with longevity at a 
suggestive signi�cance level (P �  10�4) in the Han Chinese GWAS combined dataset. Among the 723 SNPs, 267 
were available in the EU GWAS, and 37 were available in the New England GWAS. Of these, eight independent 
SNPs associated with longevity (P �  10�4) in the Han Chinese GWAS overlapped with at least nominal signi�-
cance (P �  0.05) in at least one of the longevity GWAS in Europe (8 SNPs) and New England (2 SNP). Among 
these overlapped SNPs are rs405509 in APOE described above and rs4420638 in the TOMM40/APOE/APOC1 
locus, which was replicated across continents with strong supporting evidence in all of the three GWAS datasets: 
P �  7.85 �  10�5 in the Han Chinese, P �  4.09 �  10�21 in the EU and P �  1.03 �  10�09 in the New England.

In addition, we evaluated 54 SNPs associated with longevity (P �  10�4) discovered in the four previously 
published major studies of GWAS on longevity4,10,11,23 and found that 44 of them were available in Han Chinese 
GWAS. Among these 44 SNPs, thirty-nine were not associated with longevity in the Han Chinese (p �  0.05, 
data not shown but available upon request), and four SNPs in the TOMM40/APOE/APOC1 region reported in 
EU and New England GWAS replicated in the Han Chinese GWAS with P �  x 10�4 (Supplementary Table 5). 
Furthermore, our Han Chinese GWAS identi�ed an additional 10 SNPs with P �  10�4 in the TOMM40/APOE/
APOC1 region; and among them, 8 SNPs were in very high linkage disequilibrium (r2 �  1.0 or 0.99) with the 
signi�cant SNPs reported in the EU and New England GWAS on longevity, and an additional 2 SNPs have not 
been reported before (Supplementary Table 5). Given the large number of associated SNPs in the TOMM40/
APOE/APOC1 region we performed a conditional analysis to identify independent association signals at this 
locus. �e top independent association was rs405509 with P �  3.64 �  10�5. When conditioning on rs405509, we 
observed a secondary independent association at rs71352238 (Pconditional �  2.1 �  10�4) (Supplementary Fig. 4). 
A�er adjusting for rs405509 and rs71352238, we observed no other signi�cant associations (P �  0.01) at this locus 
(Supplementary Fig. 4). �ese results demonstrate that the two independent associations in the TOMM40/APOE/
APOC1 account for all of the remaining associated signals in this region in the CLHLS GWAS.

�e genome-wide signi�cant longevity locus 5q33.3 (rs2149954, P �  1.74 �  10�8) reported in the EU GWAS10 
showed the same direction of e�ect with P �  0.02 in the Han Chinese GWAS. We also found 4 SNPs of the 
reported longevity gene FOXO3 are associated with longevity with a P �  0.04 and odds ratio around 1.2 in Han 
Chinese (data not shown, but available upon request).

�e genome-wide signi�cant locus identi�ed in our Han Chinese GWAS, rs2069837 (P �  1.80 �  10�9), is 
located in the intronic region of the IL6 gene on chromosome 7p15.3 (Table�1). �e SNP rs2069827 in IL6 that 
was reported previously as associated with longevity18,19 was not found in Han Chinese, but it is rather com-
mon in European populations based on 1000genome annotation in HaploReg V2. Similarly, our identi�ed SNP 
rs2069837 has a MAF of 0.14 in Asian populations but 0.09 in the European population, indicating that the 
previously reported SNP rs2069827 is a European-speci�c longevity associated genotype and our identi�ed SNP 
rs2069837 could be a Han Chinese-speci�c longevity associated genotype. �e �nding that these two genetic 
variants of IL6 contribute to longevity in opposite directions in Han Chinese versus Europeans emphasizes the 
impact of genetic heterogeneity on longevity across ethnicities.

In brief, our comparative analysis indicates both considerable similarities and di�erences in genetic associa-
tions with longevity between the Chinese, European and U.S. populations. Further cross-national meta-analysis is 
warranted to develop an in-depth understanding of the cross-ethnics genetic associations with human longevity.

Pathway and network analyses.  We conducted pathway analyses by applying i-GSEA4GWAS, an 
improved gene set enrichment analysis (GSEA) for GWAS24 (section M7 of Methods). Twenty-�ve canonical 
pathways were ranked as signi�cantly enriched (FDR �  0.05 and corrected p-value �  0.004) and associated with 
longevity (Supplementary Table 6). �ese can be functionally classi�ed into 4 major pathways: starch, sucrose 
and xenobiotic metabolism (10 enriched pathways), immune response and in�ammation (7 enriched pathways), 
MAPK (4 enriched pathways) and calcium signaling (2 enriched pathways), plus 2 other signi�cant enriched 
pathways (see Supplement-Table 6). Our �nding of the four major signi�cant pathways for longevity is generally 
similar to the results from Alzheimer�s disease GWAS studies, in which over 20 genes with statistically-signi�cant 
association signals25 were mapped to relatively few major signi�cant pathways including lipid metabolism, 
in�ammatory response, endocytosis and immune response26.

Among the four major pathways identi�ed in our present study, p38 MAPK27 and immunity28 were linked to 
longevity previously. In particular, p38 MAPK acts downstream of the IL-6 receptor, and that may account for this 
association. p38 MAPK also acts upstream of FOXO, which, as discussed above, has been associated with longev-
ity in previous GWAS. Moreover, we also note that p38 MAPK can be activated by AMPK, which is upstream of 
mTOR, and activation of mTOR has been shown to extend life span in C. elegans29, mice30 and yeast31. In com-
mon with our results, mTOR signaling was identi�ed as signi�cant for the ageing phenotype by a recent study32.

Before the current study, starch, sucrose and xenobiotic metabolism and calcium signaling had not been iden-
ti�ed as being associated with human longevity in the European and American GWAS. �e Chinese diet is high 
in carbohydrates, mainly starch and sucrose, and is usually low in fat. Sucrose is a heterodimer of glucose and 
fructose, while starch is a glucose polymer, and both molecules are degraded in the gut. �e liberated glucose 
generates an insulin response. Fructose does not generate an insulin response but when it is consumed in excess 
it contributes to multiple chronic metabolic diseases. Fructose metabolism also can promote reactive oxygen 
species (ROS) formation, which leads to cellular dysfunction and aging33. �us, our novel �nding that the starch, 
sucrose and xenobiotic metabolism pathway is signi�cantly associated with human longevity in Han Chinese is 
interpretable, because the favorable defensive genotypes carried out by the Chinese centenarians may interact 
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with their high-carbohydrates diet to achieve extreme longevity. Furthermore, this novel �nding is consistent 
with the hypothesis that dietary sources of carbohydrates, mainly sucrose and starch, may a�ect life span in 
Drosophilia34.

Altered calcium homeostasis contributes to neurodegenerative diseases of aging, including Alzheimer�s dis-
ease (AD), and pharmacological inhibitors of calcium signaling have been shown to rescue structural plasticity 
defects in AD murine diseased neurons35. Our analysis suggests that calcium signaling has a potentially important 
impact on prolonging longevity.

Noteworthy, support for the relevance to longevity of three of the four major signi�cant pathways found in 
our Han Chinese GWAS (MAPK, immunity and calcium signaling) has been most recently provided by Tan et 
al.36 as signi�cant pathways in their longitudinal epigenome-wide association study (EWAS) of Danish twins 
with a mean age of 76 years at entry and, followed for 10 years. Interestingly, gene expression levels for the four 
signi�cant pathways found in the Han Chinese GWAS were reported as di�erentially regulated during aging in C. 
elegans37. �ese consistent �ndings of the important pathways for both genetic association with longevity as well 
as di�erential functional regulation over the aging process in both humans and animal models suggest that the 
functional coordination of these 4 major pathways have a profound impact on longevity and aging.

To further understand the interconnection of genes in the identi�ed major pathways, we performed network 
analysis in STITCH38 (section M8 of Methods) and identi�ed 35 genes (Supplementary Table 7) that are highly 
represented across the 25 enriched pathways. �ese 35 highly-represented genes include gene family members 
UGT1A (the gene cluster that defends against organic molecules, such as small molecule toxins) and HLA (the 
gene functions in immunity protecting against pathogens), which indicate potential defensive mechanisms that 
are important for longevity. As shown in the connectivity map (Fig.�3), we �nd that the four major pathways that 
mediate defensive mechanisms and have a role in longevity, are highly interconnected. For example, IL6, a top 
ranked gene in both our SNPs and pathway analyses, is a key gene in immune response and in�ammation and 
activating p38 via IL6 receptor. �e p38 MAPK pathway, in turn, mediates pathogen-speci�c responses by regu-
lating expression of many protective genes related to immune response, contributing to longevity39. Involvement 
of the both of UGT1A gene cluster, which detoxi�es small molecules, and the HLA family, lend further support to 
the notion that defensive mechanisms are critical for successful longevity.

Taken together, our data strongly suggest that the longevity trait represents a complex interplay of multiple 
genes and pathways interacting with the environment, notably diet, that converge on speci�c biological processes.

Analysis of regulation of gene expression by associated variants.  We examined the potential 
e�ects of the 11 SNPs or their proxies (r2 �  0.6) in our study on gene expression using several eQTL databases 
(section M9 of Methods). Two SNPs in moderate LD (r2 �  0.61) with rs11658235 (ASIC2), i.e. rs7224279 and 
rs11658301, showed signi�cant trans-eQTL associations (P �  3.88 �  10�9) in human brain cerebellum tissue sam-
ples (Supplementary Table 9), but we did not �nd statistically signi�cant eQTLs for other longevity-associated 

Figure 3.  Gene and Pathway networks in longevity traits. Stronger associations are represented by thicker 
lines. Protein-protein interactions are shown in blue, protein-chemical interactions and chemical-chemical 
interactions in green. Note: �e green nodes mark 35 highly-represent genes in the four main pathways, the 
white nodes mark highly interacted genes with these 35 genes. �e four main pathways are shown with colored 
rectangles.
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