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Abstract

Studying the genome of centenarians may give insights into the molecular mechanisms underlying extreme human longevity and the escape
of age-related diseases. Here, we set out to construct polygenic risk scores (PRSs) for longevity and to investigate the functions of longevity-
associated variants. Using a cohort of centenarians with maintained cognitive health (N = 343), a population-matched cohort of older adults
from 5 cohorts (N = 2905), and summary statistics data from genome-wide association studies on parental longevity, we constructed a PRS
including 330 variants that significantly discriminated between centenarians and older adults. This PRS was also associated with longer survival
in an independent sample of younger individuals (p = .02), leading up to a 4-year difference in survival based on common genetic factors only.
We show that this PRS was, in part, able to compensate for the deleterious effect of the APOE-¢4 allele. Using an integrative framework, we
annotated the 330 variants included in this PRS by the genes they associate with. We find that they are enriched with genes associated with
cellular differentiation, developmental processes, and cellular response to stress. Together, our results indicate that an extended human life
span is, in part, the result of a constellation of variants each exerting small advantageous effects on aging-related biological mechanisms that
maintain overall health and decrease the risk of age-related diseases.
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The human aging process is influenced by genetic and environ-
mental factors, which makes it one of the most complex traits to
study (1,2). Previous studies estimated that the heritability of life
span up to approximately 70 years of age ranges from 10% to 25%
(3,4). However, to reach higher ages, we become increasingly de-
pendent on the favorable genetic elements of our genomes. In fact,
the heritability of becoming a centenarian has been estimated to be
approximately 60% (5). Interestingly, centenarian genomes are de-
pleted of single-nucleotide polymorphisms (SNPs) associated with
age-related diseases, while they are enriched with protective SNPs
(6,7). Therefore, studying the genetic variants enriched in centenar-
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ians may give insights into the underlying etiology of extreme human
longevity (6,7).

The research of SNPs that influence the human life span has
focused mainly on the replication of candidate genes discovered in
model organisms (8,9). Recently, genome-wide association studies
(GWAS) have been performed to identify genetic loci associated
with longevity. GWAS of longevity, in which the frequency of
genetic variants is compared between long-lived persons and the
average population, do not require prior knowledge and have the
potential to discover new genetic determinants (10). These studies
have identified a constellation of SNPs associated with a longer
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life span across a wide range of populations (11-16). However,
the association of the identified genetic loci has typically a low
replication rate across independent studies, with only the APOE-
e4 allele (variant 7s429358) and genetic variants in CDKN2A/B
gene consistently associated with reduced life span (11,14,15,17).
The difficulty in replicating longevity-associated SNPs may be
attributable to different measures of survival and longevity, dif-
ferent statistical methods, and population dynamics (8,15,18). For
example, some studies used a dichotomous longevity phenotype
based on the survival to age older than 90 or 100 years, others
used the top 10% or 1% of survivors in a population (12,14),
while other studies modeled age at death as a continuous variable
and yet others used more sophisticated statistical models (13,15).
On top of methodological and phenotypical divergencies between
studies, population dynamics including gene—environmental inter-
actions and population biases may potentially have a large effect
on longevity (18) and might explain the poor replication rate in
independent cohorts. Lastly, the genetic variants identified thus
far carry small effects, such that large sample sizes are required
for an association with longevity to reach statistical significance
in a GWAS setting (8).

Although poorly replicated, 29 genomic regions have been
associated with a longer life span in the most recent GWAS
(11,12,14-16,18). The genes that harbor these variants have been
implicated in age-related diseases including cardiovascular dis-
eases (eg, APOE, ANRIL), type 1 diabetes (eg, FOXO3, LPA),
cancer (CDKN2B, BEND4), and neurological diseases (APOE,
GPR78, GRIK2) (13,15). Together, this suggests that an ex-
tended human life span is associated with a lower genetic risk of
age-related diseases (8,15,19). Indeed, centenarians across popu-
lations have been shown to compress their disability period to the
very end of their lives, escaping or delaying age-related diseases
until extreme ages (5,20-22).

We hypothesize that variants associated with longevity are max-
imally enriched in cognitively healthy centenarians because, in add-
ition to reaching at least 100 years (~1% of the population), these
centenarians are cognitively healthy and represent an even smaller
percentage of the general population (~0.1%) (20). We previously
found that the selection for cognitive health next to being 100 years or
older is associated with prolonged longevity in this cohort compared
to centenarians from the general population (20,23). Therefore, the
centenarians in this cohort represent the ideal group to construct and
test polygenic risk scores (PRSs) for longevity. A PRS is a weighted
score of independent variants representative of the risk to develop
a phenotypic trait and can be used to study the combined influence
of genetic factors on a certain trait. Although a PRS of parental lon-
gevity was previously associated with survival, validation in a cohort
of extremely old individuals is missing. Besides, to prioritize SNPs to
include in the PRS using a cohort of cognitively healthy agers may
improve association statistics of the PRS.

In this study, we started from 29 genomic regions previously as-
sociated with longevity: We annotated SNPs to likely affected genes
and sought to detect significant associations using gene-based tests
as opposed to single-variant associations. Importantly, we con-
structed PRSs combining the effect of multiple variants and tested
the association of the risk scores (a) with becoming a cognitively
healthy centenarian and (b) with survival in a subset of controls with
follow-up data. We further explored the relationship between the
PRS and the deleterious effect of APOE-¢4 allele, and using an in-
novative framework, we functionally annotate the variants included
in the best PRS model.

Materials and Methods
Study Population

As cases, we used a sample of 358 participants from the 100-plus
Study cohort (20). This study includes Dutch-speaking individuals
who can provide official evidence for being aged 100 years or older
and self-report to be cognitively healthy. As controls, we used (a)
a sample of 1779 Dutch older adults from the Longitudinal Aging
Study of Amsterdam (24), (b) a sample of 1206 older adults with
subjective cognitive decline who visited the memory clinic of the
Alzheimer Center Amsterdam and SCIENCe project, who were la-
beled cognitively normal after the extensive examination (25), (c)
a sample of 40 healthy controls from the Netherlands Brain Bank
(26), (d) a sample of 201 individuals from the twin study (27), and
(e) a sample of 86 older adults from the 100-plus Study (partners
of centenarian’s children). Individuals with subjective cognitive de-
cline were followed up over time in the SCIENCe project, and only
individuals who did not convert to mild cognitive impairment or
dementia during follow-up were included in this study. We checked
whether the inclusion of controls from cohorts with different inclu-
sion criteria was problematic in terms of cohort-specific associations
both at the single-variant level (Supplementary Table S10) and at the
PRS level (Supplementary Figure S7). The Medical Ethics Committee
of the Amsterdam UMC approved all studies. All participants and/
or their legal representatives provided written informed consent for
participation in clinical and genetic studies.

Genotyping and Imputation Procedures

Genetic variants in our cohort were determined by standard
genotyping or imputation methods and we applied established
quality control methods. All individuals were genotyped using
[llumina Global Screening Array (GSAsharedCUSTOM_20018389_
A2). We used high-quality genotyping in all individuals (individual
call rate >98%, variant call rate >98%), individuals with sex mis-
matches were excluded and departure from Hardy-Weinberg
equilibrium was considered significant at p < 1 x 107°. Genotypes
were prepared for imputation using available scripts (HRC-1000G-
check-bim.pl) to compare variant ID, strand, and allele frequencies
to the Haplotype Reference Panel (HRC v1.1, April 2016) (28). All
autosomal variants were submitted to the Sanger imputation server
(https://imputation.sanger.ac.uk). The server uses MACH to phase
data and imputation to the reference panel was performed with pos-
itional Burrows Wheeler transform (PBWT). A total of 3312 popula-
tion participants and 358 centenarians passed quality control. Prior
to analysis, we excluded individuals of non-European ancestry based
on 1000Genomes clustering and individuals with a family relation-
ship based on identity-by-descent >0.2 (29). This led to the exclusion
of 8 centenarians and 197 controls (non-European) and 7 centenar-
ians and 210 controls (family relations), leaving 2905 older adults
and 343 cognitively healthy centenarians for the analyses.

Mapping Genetic Variants to Affected Genes

We selected 29 genetic variants for which there was evidence of
a significant association with longevity from previous GWAS and
candidate-gene studies (Supplementary Table S2), and we linked
these variants to their likely affected genes (variant-gene mapping).
To do so, we combined annotation from Combined Annotation
Dependent Depletion (CADD, v1.3) (30,31), expression quantita-
tive trait loci (eQTL) in blood from Genotype-Tissue Expression
consortium (v8) (32), and positional mapping up to 500 kb from
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the reported variants (RefSeq build 98) (33). CADD annotation was
used to inspect each variant’s consequences: In the case of coding
variants, we confidently associated the variant with the corres-
ponding gene. For noncoding variants, we first considered possible
eQTLs and in case these were not available, we included all genes at
increasing distance d from the variant (starting with d < 50 kb, up
to d < 500 kb, increasing by 50 kb until at least one match is found).

Gene-Based Association

At the gene level, we combined multiple variants in a gene-based
test using MAGMA (v1.06) (34). As genes, we used those that were
associated with our variant-gene mapping, and as variants, we used
those with minor allele frequency more than 1% in our popula-
tion. In MAGMA, genetic variants located within 2 kb around each
gene were considered for the gene-based test, and as gene model
we adopted the snp-wise top model (--gene- model snp-wise=top),
which is most sensible when only a small proportion of SNPs in a
gene shows association (34). Associations were adjusted for popu-
lation substructure (principal components [PCs| 1-5) and associ-
ation p-values were corrected for multiple tests (false discovery rate
[FDR], correction for the number of genes tested). The number of
PCs used as covariates was arbitrarily chosen: given the homoge-
neous population that we used in this study, we believe this should
account for any major population effects. However, we repeated
the main associations of the PRS including 5 additional PCs as
covariates (Supplementary Table S9). Before analyses, we explored
inflation in MAGMA association statistics: We ran MAGMA with
the stated settings for 5000 randomly selected genes and compared
the observed p-value distribution with an expected uniform distribu-
tion. The deviation between the median values of the observed and
expected distributions is indicative of test inflation: We found that
inflation was 1.1.

Polygenic Risk Scores

We calculated a PRS for each sample in our cohort. As weights for the
PRS, we used variant effect sizes (log of odds ratios [ORs]) available
in the summary statistics of the GWAS on parental longevity (15).
We did not use weights from a case—control GWAS as the most re-
cent included our cohort, thus the resulting variant effect sizes would
be biased. Due to the study setting, parental longevity effect sizes
are in general smaller than case—control GWAS of longevity (14,15).
This would affect the ORs of our associations, but not the signifi-
cance, as it would just shift the distribution of the PRS while keeping
the same distance between the groups (older adults and centenarians,
in our case). It is then the power of the parental longevity study, due
to the large sample size, that determines replicability and predict-
ability of the PRS (335). Therefore, we believe that using effect sizes
from a parental longevity study has not affected our findings. The
PRSs were Z-standardized and regressed against case—control status
(with centenarians as cases and older adults as controls), correcting
for population substructure (PCs 1-5). P values were corrected using
FDR. The resulting OR can be interpreted as OR difference per one
standard deviation increase in the PRS. We calculated a set of dif-
ferent PRSs: First, using the set of 29 previously identified variants,
then we recursively included in the PRS independent variants that
associated subsignificantly with longevity. The inclusion of variants
was based on the reported significance in the GWAS summary stat-
istics: PRS-8: p < 5 x 108, PRS-7: p < 5 x 107, PRS-6: p < 5 x 1076,
PRS-S: p < § x 10-%, PRS-4: p < 5 x 10, PRS-3: p < .005, PRS-2:
p < .05, and PRS-1: p < .5. The selection of independent variants

to include in each PRS was performed with linkage disequilibrium
(LD)-based clumping (R? < 0.001 within 750 kb window) using the
genotypes of the European samples from the 1000Genome project
(Phase 3, N = 503) (29). Due to their large effect size, we stratified
all PRSs by APOE variants, that is, we calculated PRSs with and
without APOE variants.

Survival Analysis

We investigated whether the PRS was predictive for survival in a
subset of the older adults for which follow-up data were available.
A total of 1620 participants (mean age 62.7 = 6.4, 53% female)
were eligible for the survival analysis. The age at study inclusion
was regarded as T1, while the age at last visit, death, or loss to
follow-up was regarded as T2, with the survival time calculated
as T2-T1. The mean follow-up time was 10.4 = 6.9 years, and at
the time of analyses, 380 individuals had deceased (23%). Survival
analysis was performed implementing left truncation as we antici-
pated selection bias at old ages, and using the function Surv(T1,
T2, death, type="counting”) as implemented in R-package survival.
We performed a survival analysis using the (Z-standardized) PRS
without APOE variants with the highest evidence of association
in our cohort (Supplementary Figure S6). Resulting hazard ratios
(HRs) have to be interpreted with respect to a 1 unit increase in the
PRS. First, we used a multivariate Cox regression to investigate the
association of the PRS after correcting for APOE-¢4 status (dichot-
omized), gender, and population stratification (PCs 1-5). For visual-
ization purposes, we split the population into high PRS and low PRS
categories based on the median PRS value of the individuals with
age younger than 65 years. We then calculated survival differences
between the individuals with low PRS and those with high PRS
(stratifying for APOE-¢4 status) in a univariate analysis and dis-
played survival probabilities over age with Kaplan—-Meier curves. We
calculated differences in years at 50% survival probability between
the PRSs. We tested the interaction effect of (a) PRS and gender and
(b) PRS and APOE-¢4 status on survival by adding an interaction
term in the Cox regression model. To evaluate gender-specific effects
of the PRS on survival, we repeated the multivariate Cox regression
analyses separately in males and females.

Functional Annotation of Variants Comprising the
Best PRS
We inspected the functional consequences of the variants included
in the best PRS model. First, we investigated these variants in the
GWAS catalog seeking for previous associations with any trait (36).
Similarly, we looked at whether the genes associated with these
variants were previously reported to associate with any trait in the
GWAS catalog. To do so, we linked variants to genes as done for the
previously identified variants. However, we realized that allowing
multiple genes to associate with a variant could result in an enrich-
ment bias, as neighboring genes are often functionally related. To
control for this, we implemented sampling techniques (1000 iter-
ations): At each iteration, we (a) sampled one gene from the pool
of genes associated with each variant (thus allowing only a 1:1
relationship between variants and genes), and (b) looked whether
the resulting genes were previously reported in the GWAS catalog.
Averaging by the number of iterations, we obtained an unbiased es-
timation of the overlap of the PRS-associated genes with each trait
in the GWAS catalog.

Finally, we investigated the molecular pathways enriched in the
PRS-associated genes. Again, we used sampling techniques: At each
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iteration, we (a) sampled one gene from the pool of genes associated
with each variant and (b) performed gene-set overlap analysis with
the resulting list of genes. Gene-set enrichment analysis was per-
formed with GOSt function as implemented in R-package gprofiler2,
with Biological Processes (GO:BP) as background, excluding elec-
tronic annotations and correcting p values using FDR (37). Finally,
we averaged p values for each enriched term over the iterations
(N = 1000). To reduce the complexity of the resulting enriched bio-
logical processes, we exploited the tool REVIGO (38). This tool
summarizes enrichment results by removing redundant terms based
on a semantic similarity measure and displays remaining terms in
an embedded space via eigenvalue decomposition of the pairwise
distance matrix. We chose Lin as a semantic distance measure and
allowed small similarities among terms to be clustered (39). Last, we
compared results from our sampling-based approach with a trad-
itional gene-set enrichment approach, by applying both methods to
the full set of genes associated with all variants.

Gene Expression of Longevity-Associated Genes

We investigated the expression of the longevity-associated genes
using the publicly available data set GSE11882, which com-
prises RNA expression from the hippocampus region in the brain.
We selected samples reported to be cognitively healthy and aged
30-65 years (young, N = 13) and samples aged 80 years or older
(old, N = 16). We performed differential analysis (old vs young) on
(a) the set of genes associated with the previously reported variants
and (b) the set of PRS-associated genes. Sample selection and dif-
ferential analysis were performed using the GEO2R platform (40).
We corrected p values for multiple tests (FDR) and displayed results
with the Volcano plot.

Implementation

Quality control of genotype data, population stratification analysis,
relatedness analysis, and association analysis were performed with
PLINK (v2.00a2LM and v1.90b4.6), whereas PRS analysis, func-
tional enrichment analysis, and plots were performed with a mix-
ture of homemade R (v3.5.2), bash and Python (v2.7.14) scripts. All
scripts are available at https://github.com/TesiNicco/CentenAssoc.
Variant-gene annotation and gene-set enrichment analysis are im-
plemented in a package available at https://github.com/TesiNicco/
AnnotateMe and can be run at http://snpxplorer.eu.ngrok.io.

Results

Study Population

We studied the genetics underlying extreme human longevity in a
case—control setting using as cases individuals who reached at least
100 years of age and who self-reported as cognitively healthy. As
controls, we used a sample of population-matched, older-adults
drawn from 5 different studies (see the Methods section). After
establishing quality control of the genotyping data, 343 cognitively
healthy centenarians (mean age at inclusion 101.4 = 1.8, 71.7% fe-
males) and 2905 controls (mean age 68.3 = 11.5, 48.2% females)
were included in the analyses (Supplementary Table S1).

Linking Genetic Variants With Genes

We linked genetic variants previously associated with longevity
(Supplementary Table S2) to their likely affected genes. However, for
noncoding variants, the closest gene is not necessarily the affected

gene. Of the 29 investigated variants, only a few are coding (N = 5),
= 8), for which
variant consequences are unclear. To investigate the variant effect

while most are intronic (N = 16) or intergenic (N

on gene function, we combined variant consequences as predicted
by the CADD (30), eQTL in blood from the Genotype-Tissue
Expression consortium (32), and positional information to associate
each variant to the gene(s) it likely affects. This allows each genetic
variant to associate with one or more genes, depending on annota-
tion certainties. With this procedure, the 29 genetic variants mapped
to 65 unique genes: 16 SNPs mapped to 1 gene, while 6 mapped to
2 genes, 4 to 3 genes, 1 to 6 genes, 1 to 8 genes, and 1 to 12 genes
(Supplementary Figure S1 and Supplementary Table S3). This anno-
tation tool is freely accessible to the community at http://snpxplorer.
eu.ngrok.io.

Combined Association of Multiple Variants at the

Gene Level

While single-variant associations represent the standard procedure
for GWAS, we hypothesized that testing the aggregated association
of multiple variants across a gene might improve association statis-
tics. In total, we tested the joint association of variants at the gene
level for 53/65 genes using the MAGMA statistical framework (see
the Methods section) (34). After correction for multiple tests (FDR),
the association of APOE and CDKN2B genes remained significant
at FDR less than 10% (p = 3.14 x 1072 and p = .002, respectively;
Supplementary Figure S2 and Supplementary Table S4).

Polygenic Risk Scores

A PRS is a weighted score of independent variants that quantifies
the genetic risk to develop a certain trait. As weights for the PRS,
we used effect sizes as found in the summary statistics of the lar-
gest GWAS on parental longevity (15). First, we constructed a PRS
using the previously identified longevity variants and tested the asso-
ciation of the PRS with becoming a cognitively healthy centenarian.
We found a significant association of the PRS (OR = 1.42, 95% con-
fidence interval [CI] = 1.26-1.60, p = 6.59 x 10~), mainly driven
by APOE variants (when excluding the APOE variants: OR = 1.07,
95% CI = 0.96-1.20, and p = .22; Figure 1 and Supplementary
Table S5). Single-variant association of these variants is available in
Supplementary Table S6.

Next, we investigated whether the addition of subsignificant, inde-
pendent longevity variants increased the association of the PRS with
becoming a cognitively healthy centenarian (see the Methods section).
The number of additionally included variants to the PRS was based on
the association p-value as found in the summary statistics provided by
Timmers et al. (15): PRS-8 (p < 5 x 10-%, 19 variants in total), PRS-7
(p <5 x 1077, 42 variants in total), PRS-6 (p < 5 x 10, 94 variants),
PRS-5 (p < § x 1075, 332 variants), PRS-4 (p < .0005, 1216 variants),
PRS-3 (p < .005, 3620 variants), PRS-2 (p < .05, 8339 variants), and
PRS-1 (p < .5, 16 926 variants; Figure 1, Supplementary Tables S5
and S7). For all these PRSs, we tested the difference between cogni-
tively healthy centenarians and population controls. We observed a
consistent direction of the effect for all PRSs, with centenarians having
on average a higher score than population controls. Including APOE
variants, we found that the most predictive PRS was the PRS-6, which
comprised 96 independent variants (OR = 1.44,95% CI = 1.28-1.61,
p = 8.39 x 1071%). Excluding APOE variants, the most predictive PRS
was the PRS-5, comprising 330 independent variants (OR = 1.27,
95% Cl =1.13-1.42, p = 4.05 x 107%; Figure 1, Supplementary Figure
S3 and Supplementary Tables S5 and S7). Single-variant association


https://github.com/TesiNicco/CentenAssoc
https://github.com/TesiNicco/AnnotateMe
https://github.com/TesiNicco/AnnotateMe
http://snpxplorer.eu.ngrok.io
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://snpxplorer.eu.ngrok.io
http://snpxplorer.eu.ngrok.io
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa289#supplementary-data

754 Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. 76, No. 5

16928

8341
3622
1218
334
96

) 2‘ M I I
® APOE Inc.
A APOE Exc.

# of SNPs

10
1

—log10(P-value)
6
L

A
<
~ -
o
o o o o o o o o o
S
« & & & & & & & &
PRS

Figure 1. Association of the PRSs with becoming a cognitively healthy
centenarian and the effect of inclusion of subsignificant variants. The top panel
shows the number of variants (in 1og10 scale) included in each PRS (including
APOE variants). The bottom panel shows the p value of the difference in PRS
between the cognitively healthy centenarians and controls. Circles denote
PRSs including the APOE variants and triangles denote PRSs without the
APOE variants. Darker points refer to the most significant models including
and excluding APOE, respectively. Known refers to the PRS including the 29
previously identified variants associated with longevity. PRS-x refers to the
PRS including additional subsignificant variants depending on the p value of
association of the variants in the by-proxy GWAS on longevity: PRS-8 for variants
with p < 5 x 10-%; PRS-7 for variants with p <5 x 10”7; PRS-6 for variants with
p <5 x 10 etc. GWAS = genome-wide association studies; PRS = polygenic
risk score. Full color version is available within the online issue.

for all variants is available in Supplementary Table S8. A more strin-
gent correction for population effects, including 5 additional PCs as
covariates, did not change our findings (Supplementary Table S9). Of
note, while controls were a combination of different cohorts, we did
not observe cohort-specific associations (Supplementary Table S10
and Supplementary Figure S7).

Survival Analysis

We investigated whether the PRS could predict survival in a subset
of the population controls for which follow-up data were available.
To investigate the association of the PRS with survival considering
APOE variants, we performed a survival analysis using the PRS
without APOE variants with the highest evidence of association in
our cohort, that is, PRS-5. We performed a multivariate Cox regres-
sion to estimate the association of the PRS-5 with survival while
adjusting for age at inclusion, gender, population substructure, and
APOE-¢4 carriership. The PRS-5 was significantly associated with
survival in the expected direction (HR = 0.89, 95% CI = 0.80-0.98,
p =.02), that is, having a higher PRS corresponded to reduced mor-
tality. At 50% survival probability (P50), this resulted in a 3.86-year
difference in survival between individuals with low PRS who were
APOE-¢4 carriers, and those with high-PRS who were not APOE-¢4
carriers (Figure 2). We observed that APOE-¢4 carriers with a low
PRS had the shortest survival (P50 CI = 0.39-0.65 at age 84.7), fol-
lowed by non-APOE-¢4 carriers with low PRS (P50 CI = 0.43-0.58
at age 87.5), then, APOE-¢4 carriers with high PRS (P50 CI = 0.38-
0.63 at age 88.5) while individuals who were non-APOE-¢4 car-
riers with high PRS survived longest (P50 CI = 0.43-0.59 at age
88.6; Figure 2 and Supplementary Table S11). However, we did not
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Figure 2. Association of the PRS-5 model without APOE on survival, stratified
by APOE-¢4 status.The top panel shows the survival curves for individuals with
high PRS and low PRS, stratified by APOE-¢4 status (dichotomized in “carriers”
of APOE-¢4 allele and noncarriers) in the population controls for which
follow-up data were available (N = 1620).The p value refers to the association of
the PRS-5 in the multivariate Cox regression model while adjusting for gender,
APOE-¢4 carriership (dichotomized), and population substructure (PCs 1-5).The
lower panel shows the number of samples in each category. PRS = polygenic
risk score. Full color version is available within the online issue.

observe a significant interaction effect of PRS and APOE-¢4 status
(p = .27). In line with the known difference in longevity between
males and females, gender was significantly associated with survival
(HR = 1.82 for males compared to females, 95% CI = 1.48-2.26,
p =2.72 x 107®). A separate analysis in males and females suggested
that the PRS was more strongly associated with survival in males
than in females (HR, = 0.88,95% CI, = 0.75-1.03 and p,, = 0.11;
HR, = 0.93, 95% CI, = 0.80-1.05 and p, =0.24; Supplementary
Figure S4). However, we did not find a significant interaction effect
between PRS and gender (p = .60).

Functional Annotation of PRS

We studied the functional implications of the 330 variants included
in PRS-5. First, we linked these variants to 471 unique genes (see
the Methods section, Supplementary Figure S5 and Supplementary
Table S12). Then, we looked in the GWAS catalog which variants
and associated genes, included in our PRS-5, were previously found
to associate with any trait. At the variant level, of the 330 unique
variants, 46 were reported to associate with the total 115 previously
analyzed traits, including diseases such as coronary artery disease
(CAD, N, = 13), blood pressure (N, = 9), and cardiovascular
diseases (N, = 13), but also smoking (N, = 5) and parental lon-
gevity (N, = 7; Figure 3B). At the gene level, 300 of the 471 genes
in our list were previously associated with lipid metabolism, CAD,
neurological traits, and immunological signatures (Figure 3C).
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Next, we performed a gene-set enrichment analysis to ex-
plore the biological processes enriched in the 471 PRS-5-
associated genes (see the Methods section, also available at
http://snpxplorer.eu.ngrok.io). We found 48 biological pro-
cesses significantly enriched after correction for multiple tests
(FDR <5%, Supplementary Table S13), which we reduce to 8
by clustering similar terms together based on semantic simi-
larity measures. These terms pointed toward regulatory and
differentiation processes, cellular response to stress, and ner-
vous system development (Figure 3A and Supplementary Table

S14). To evaluate the performance of our novel sampling-based
method with respect to a traditional gene-set enrichment ana-
lysis, we applied the latter to the same 471 genes and compared
the results of both methods. The traditional gene-set enrichment
analysis yielded 122 significantly enriched pathways, of which
45 pathways overlap with the 48 significant pathways identified
using the sampling-based approach (Supplementary Table S15).
This suggests that our sampling-based approach may be con-
sidered conservative compared to traditional gene-set enrich-
ment analyses.
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Gene Expression of Longevity-Associated Genes
Finally, we studied the expression of the genes linked with the
previously identified longevity variants as well as with the PRS-5-
associated variants, using a publicly available data set comprising
RNA expression from the hippocampus region in the brain. We
compared the RNA expression in individuals aged 30-65 years
(young, N = 13) as opposed to those aged older than 80 years
(old, N = 16). We found that 174 of 432 available genes were
differentially expressed after correction for multiple tests (FDR
<5%, Figure 4 and Supplementary Table S16): 41 genes were over-
expressed in old individuals, while 133 were over-expressed in
young individuals.

Discussion

In this study, we investigated the SNPs underlying extreme human
longevity using a sample of cognitively healthy centenarians from
the 100-plus Study cohort and a sample of population-matched
older adults. We constructed a PRS comprising 330 variants that
were capable of distinguishing between cognitively healthy centen-
arians and population controls. This PRS was significantly associ-
ated with survival in an independent sample of individuals and may
compensate, in part, for the increased mortality risk associated with
the APOE-¢4 allele. Using a novel framework, we functionally an-
notated the variants included in the PRS, which indicated that these
were previously associated with cardiometabolic, immunological,
oncological, and neurodegenerative conditions. Functional anno-
tation of the genes most likely affected by these variants revealed
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Figure 4. Volcano plot of 432 genes associated with the PRS-5 variants and
with the previously identified variants, representing the difference in RNA
expression in the hippocampus region of the brain between young individuals
(N = 16) and old individuals (N = 13; publicly available data set GSE11882).
All individuals were reported to be cognitively healthy at the time of death.
Diamonds refer to 33 genes associated with the previously identified variants.
Annotations are shown for the 15 most significant genes as well as for the 3
most significant genes that overlap between the 2 gene sets. PRS = polygenic
risk score. Full color version is available within the online issue.

significant enrichment for regulatory and differentiation processes,
cellular response to stress, and nervous system development.

We constructed a PRS that was associated with becoming a cog-
nitively healthy centenarian and also with prolonged survival across
an age continuum, even after excluding the 2 APOE alleles which
associated strongest with longevity. Including APOE alleles, the PRS
comprising 29 previously associated variants significantly associated
with becoming a cognitively healthy centenarian, and association
statistics only slightly improved upon the addition of variants that
subsignificantly associated with longevity. After excluding APOE
variants, the association of this PRS was not significant, likely due
to the different populations and study designs in which the longevity
association of the 29 variants was identified, their low number, and
the small effect sizes. However, the inclusion of subsignificant vari-
ants boosted the predictive performance of the PRS, which indicated
that these subsignificant variants provide additional distinguishing
power, but in aggregate, this is relatively little compared to the
strong APOE effect. The predictive power of the PRS including 330
variants was highest, and having a high PRS score was associated
with longer survival in an independent sample of older adults. We
did not identify single variants driving the increase in distinguishing
power effect, such that we assume that all variants contributed simi-
larly. Adding even more variants with lower significance to the PRS
decreased association statistics, which eventually stabilized, likely
due to random fluctuation of the data.

We explored the relationship between PRS and APOE-¢4
carriership: Fully according to expectations, APOE-g4 carriers
with a low PRS had the lowest survival, while as expected, non-
APOE-¢4 carriers with a high PRS survived longest, on average
3.86 years longer. Between these extremes, non-APOE-g4 carriers
with Jow PRS had lower survival compared to APOE-¢4 carriers
with a high PRS. This suggests that the variants in the PRS may
compensate for the strong disease/mortality risk-increasing effect
exerted by the APOE-¢4 allele; however, replication in a large and
independent data set is needed to confirm this finding. A number of
studies described this effect in dementia, and although the results
did not strongly replicate across different studies, several variants
(eg, 7s5882 in the CETP gene and rs4934 in the SERPINA3 gene)
were reported to exhibit buffering effects with respect to APOE-¢4
(41,42).

The majority of the variants included in the best PRS were pre-
viously associated with age-related conditions and parental lon-
gevity. Given that the variants included were selected from a study
on parental longevity, this was not surprising. Functionally, genetic
variants were associated with metabolite and lipid measurements
(serum metabolites, total cholesterol, high- and low-density lipopro-
teins), cardiovascular-related traits (blood pressure, CADs, obesity,
smoking), neurological conditions (multiple sclerosis, schizophrenia,
bipolar disorder), and immunological signatures (IgG glycosylation
levels, Crohn’s disease, celiac disease). These traits have been asso-
ciated with longevity either directly, as part of known hallmarks of
aging, or indirectly, through their effect on age-related diseases (1,8).
Likewise, when we investigated the genes associated with the vari-
ants in the PRS, we observed an enrichment for mechanisms asso-
ciated with the aging individual: chronic low-grade inflammation,
cellular stress, and a reduced speed of cell replacement, development,
and differentiation (1).

Recently, increased parental life span was associated with a
lower PRS of low-density lipoprotein cholesterol levels, systolic
blood pressure, and body mass index (15). We previously showed
that cognitively healthy centenarians have a significantly lower PRS
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of Alzheimer’s disease (AD) compared to population controls (43).
The overlap between the variants that contribute to the AD PRS and
our best longevity PRS is limited: Apart from APOE variants, the
longevity-associated variant 7s9665907 is in LD with the known AD
variant rs11218343 (in/near SORL1, R*> = 0.39) (44), and the variant
rs6558008 is in low LD with the known AD variant 7s9331896 (in/
near CLU, R? = 0.05) (45). This suggests that, in addition to the ef-
fect of APOE alleles, the SORL1- and CLU-associated signals may
partly overlap in the genetic association of AD and longevity (in op-
posite directions). Two other studies investigated the relationship be-
tween longevity and risk alleles for several age-related diseases: One
was able to discriminate between long-lived individuals and controls
(46), while the other did not find significant differences between cen-
tenarians and controls (47). We speculate that the main reason for
this discrepancy is that our PRS was constructed based on the associ-
ation statistics from a well-powered GWAS, which was not available
when the previous studies were performed. Additionally, the stricter
selection criteria of the centenarians from the 100-plus Study may
have contributed to the discriminative power of the PRS.

Across populations, extreme longevity is known to be more
prevalent among females than males, which likely reflects gender
differences of environmental exposure, disease predisposition, and
genetics (48). In our study, we found that the effect size of the PRS
on male survival was larger compared to female survival, suggesting
that males depend more on having advantageous genetic variants
to reach extreme ages than females. In the cohort investigated, an
important environmental gender difference is smoking behavior: In
accordance with the smoking behaviors in their birth cohort, 76 %
of the centenarian males had smoked regularly during their lifetime,
compared to only 15% of the females (49). Biological differences
may also play a role: Estrogens protect females from cardiovascular
diseases during their fertile period (48,50), produce more vigorous
cellular and humoral immune reactions, and are more resistant to
infections caused by viruses and other pathogens (48). From a gen-
etic perspective, impairments in DNA-repair mechanisms become
more prevalent with increasing ages, but there are indications that
this effect starts a decade earlier in males compared to females (50).
Also, several studies reported that women have longer telomeres
compared to men (50). Together, these studies suggest that females
may be more inherently predisposed to live longer than males and
that differential exposure to hazardous environments may lead to
selective survival of resilient males. Although conclusive evidence
that explains the gender differences in longevity is still lacking, these
aspects may in part explain our finding that males are more de-
pendent on an advantageous genetic background to reach extreme
ages than females. Note that we did not find a significant interaction
effect between PRS and gender, therefore these findings will have to
be replicated in a larger cohort.

Strengths and Limitations

Linking variants with genes likely affected is difficult: As such, ex-
ploiting diverse sources of variant annotations, such as predicted
variant consequences, eQTLs, and genomic position, is essential to
pinpoint the genes likely associated with a variant. We designed a
novel framework that allows multiple genes to associate with each
variant, in which we consider the annotation certainties when per-
forming gene-set enrichment analyses. A limitation of our analysis is
that our cohort of centenarians is relatively small compared to the
sample sizes of previous GWAS. Due to the rarity of this phenotype in
the general population, the collection of large cohorts is prohibitive

(20). As a consequence of the limited size, we could not perform ex-
haustive sex-stratified analyses and thus we cannot exclude that we
failed to identify sex-specific associations. Centenarians were com-
pared with a sample of controls combined from different cohorts,
yet from the same Dutch population, which may be considered as a
strength of our study. While the inclusion of different cohorts with
different inclusion criteria had maximized the available sample size
in our study, this could potentially result in confounding effects.
However, we assessed that no significant cohort-specific association
or population effect affected our results, both at the single variant
and PRS level. We note that our cohort of centenarians was collected
in a specific area during a specific time such that location- and period
effects may influence genetic associations. This may in part challenge
the replication of the current findings in long-lived individuals from
other populations or collected at different times.

Conclusions

We showed that a longevity PRS comprising 330 variants is signifi-
cantly associated with cognitively healthy aging and with prolonged
survival. We found suggestive evidence that the PRS compensates
for the deleterious effect of high-impact APOE-¢4 allele and with a
novel approach, we functionally annotated the variants in this PRS,
showing that many of these variants were previously associated with
age-related diseases and with aging-related cellular mechanisms.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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