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Abstract We conducted a genome-wide association
study of 1320 centenarians from the New England
Centenarian Study (median age = 104 years) and 2899
unrelated controls using >9 M genetic variants imputed to
the HRC panel of ~65,000 haplotypes. The genetic var-
iants with the most significant associations were correlat-
ed to 4131 proteins that were profiled in the serum of a
subset of 224 study participants using a SOMAscan
array. The genetic associations were replicated in a
genome-wide association study of 480 centenarians and
~800 controls of Ashkenazi Jewish descent. The proteo-
mic associations were replicated in a proteomic scan of
approximately 1000 Ashkenazi Jewish participants from
a third cohort. The analysis replicated a protein signature

A. Gurinovich * Z. Song
Department of Biostatistics, Boston University School of Public
Health, Boston, MA, USA

W. Zhang - N. Barzilai - S. Millman
Institute for Aging Research, Albert Einstein College of Medicine,
Bronx, NY, USA

A. Federico - S. Monti
Bioinformatics Program, Boston University, Boston, MA, USA

S. Monti
Division of Computational Biomedicine, Department of Medicine,
Boston University School of Medicine, Boston, MA, USA

associated with APOFE genotypes and confirmed strong
overexpression of BIRC2 (p < 5E—16) and under-
expression of APOB in carriers of the APOE? allele (p
< 0.05). The analysis also discovered and replicated
associations between longevity variants and slower
changes of protein biomarkers of aging, including a novel
protein signature of rs2184061 (CDKN2A/CDKN2B in
chromosome 9) that suggests a genetic regulation of
GDF15. The analyses showed that longevity variants
correlate with proteome signatures that could be manip-
ulated to discover healthy-aging targets.
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Introduction

Over the last decade, several studies have provided
evidence that many centenarians and their offspring
delay or escape aging-related diseases such as cardio-
vascular and Alzheimer’s disease and that more than
90% of people living to 100 are functionally indepen-
dent at the mean age of 92 years and thus markedly
delay disability [1, 2]. Many who live to 105 years and
older, thus approaching the limit of human lifespan,
compress towards the end of their very long lives both
the age of onset of these diseases and disability [3].
While a variety of studies of centenarians have provided
evidence for the compression of morbidity and disability
[4], the genetic, molecular, and environmental determi-
nants of this phenomenon remain elusive and the iden-
tification of the modifiable factors that allow centenar-
ians to live long and healthy lives is still an open
problem [5].

Evidence that extreme human longevity is heritable is
solid: extreme longevity clusters in families [6], and
siblings of centenarians have a much better chance of
living to extremely old ages compared to their genera-
tion [7, 8]. Genome-wide association studies (GWASs)
of centenarians have identified genetic variants that
associate with extreme human longevity [5, 9-13], in-
cluding the well-replicated association of APOE [14],
FOXO03 [15], and CDKN2A/CDKN2B [16]. Most of the
GWAS:s of extreme human longevity have focused on
common genetic variants but the growing size of cente-
narian studies and the availability of large reference
panels that support the accurate imputation of rare ge-
netic variants have created the opportunity to examine
the role of both common and rare genetic variants in
extreme human longevity.

The discovery of genetic variants that correlate
with extreme human longevity can help inform the
biological mechanisms involved in this process.
However, genetic variants often do not provide di-
rectly actionable targets. The functional annotation of
these genetic variants through gene expression
(eQTLs), or protein expression (pQTLs), provides a
link to associated gene products and could point to
therapeutic targets [17]. Evidence for an underlying
genetic influence on drug-related mechanisms ap-
pears to substantially support drug development
[18], and therefore, there is interest in identifying
biomarker signatures of longevity-associated variants
as possible targets for healthy-aging therapeutics.
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Among multiple options for molecular biomarkers,
for example, tissue-specific gene and protein expres-
sion, the serum proteome has emerged as a rich and
easily accessible source of biomarkers. The
SomaLogic’s aptamer technology provides a highly re-
producible means of measuring thousands of serum
proteins without the challenges posed by mass spec-
trometry [19, 20]. Several studies have shown that many
serum proteins associate with genetic variations [21,
22], and we recently reported a robust signature of
serum proteins that correlates with alleles of the APOE
gene and changes in cognitive functions [23].

We therefore conducted a new GWAS of extreme
human longevity that includes a large number of cente-
narians compared to previous studies [12], a dense panel
of single nucleotide polymorphisms (SNPs) that in-
cludes common and rare variants and annotation of the
most significant findings by their association with serum
proteins. We also replicated both the genetic and SNP-
protein associations in an independent study of cente-
narians and their offspring of Ashkenazi Jewish descent.

Materials and methods
Study populations and genetic data

New England Centenarian Study (NECS) The NECS is
a study of centenarians, their long-lived siblings, off-
spring, and additional unrelated controls selected be-
cause their parents died before reaching the median
age survival of their birth-year cohort [24]. The study
has enrolled participants since 1994 and it is still open
for enrollment. Genome-wide genotype data of 2105
samples were previously generated using Illumina
SNP arrays [24]. An additional 370 DNA samples in-
cluding 284 centenarians were genotyped using
[llumina Global Screening Array in 2019. The com-
bined 2475 NECS subjects were imputed to the HRC
panel (version rl.1 2016) of 64,940 haplotypes with
39,635,008 sites using the Michigan Imputation Server
[25]. Eagle2 and European populations were selected
for phasing and quality control respectively [26]. All
subjects provided informed consent approved by the
Boston University Medical Campus IRB.

[llumina controls To increase statistical power, we in-
cluded controls selected from the Illumina repository
that comprises approximately 6000 samples of various
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races and ethnicities used as controls of a variety of
GWAS:S (http://www.illumina.com/documents/icontrol
db/document purpose.pdf, March 2, 2020). We used
this set of controls as a referent sample in the study of
longevity since we expect that only a small portion of
them would become centenarians, who have a
prevalence of 1 per 5000 in the general US population.
By pooling controls from different studies, we also do
not expect sample-specific bias (e.g., controls not
enriched for cardiovascular disease, or cancer).
Genome-wide genotype data were generated with a
variety of [llumina SNP arrays and data were carefully
cleaned as described in [10]. We selected 3613 subjects
to genetically match the European ethnicity of subjects
from the NECS using genome-wide principal compo-
nents. Genotype data were imputed to the HRC panel
using the Michigan Imputation Server as in the NECS.

Longevity Genes Project (LGP) This is a case-control
study of individuals of Ashkenazi Jewish descent de-
scribed in [27]. The study enrolled probands with ex-
ceptional longevity, defined as living independently at
the age of 95, offspring of probands, and a third
control group without a family history of excep-
tional longevity. Genotyping was completed using
the HumanOmniExpress (Illumina, San Diego, CA,
USA) array [13] and imputed to the HRC panel
using the Michigan Imputation Server as in the
NECS. For this study, 480 centenarians and ~800
controls of Ashkenazi Jewish descent with available
genotype data were used. This study was approved by
the Committee on Clinical Investigations at Albert
Einstein College of Medicine.

LonGenity LonGenity is an ongoing longitudinal
study of health and longevity, initiated in 2008 [28].
The study enrolls older Ashkenazi Jewish adults who
are free of significant cognitive impairment at enroll-
ment. About half of the cohort has a parental history
of exceptional longevity, defined as having one or
more parents survive to 95 years of age or older while
the other half does not. Participants undergo detailed
evaluations at annual visits which include medical
history, neurocognitive testing, collection of biolog-
ical samples, and physical assessment. For this study,
733 individuals (342 males, 391 females, mean age
76 years at baseline) with available genotype and
proteomic data were included. The LonGenity study
was approved by the Institutional Review Board

(IRB) at the Albert Einstein College of Medicine,
and informed consent was obtained from all study
participants.

GWAS analysis

GWAS in NECS' After removing duplicate, monomor-
phic, and ambiguous SNPs (AT, TA, GC, CG), we
selected 9,039,731 SNPs of high imputation quality
(Rsq > 0.7) for the genetic analysis. We designed a
case-control study in the NECS and defined cases of
extreme longevity those individuals who survived
beyond an age reached by less than 1% of individuals
in their sex and birth-year cohort (males: 96 years for
1900, 97 years for 1910, 98 years for 1920; females:
100 years) based on the US social security adminis-
tration cohort tables [29]. Controls comprised refer-
ent subjects enrolled in NECS (#=306) and Illumina
controls (n=2593). Participant characteristics are in
Table 1. The association between SNPs and extreme
longevity was tested using a mixed-effect logistic
regression model using the case, control status as
the outcome, and the SNP as the covariate. A random
effect on the logit scale was included to account for
cryptic relations. The random effect was assumed to
be normally distributed with 0 mean and variance-
covariance matrix proportional to the genetic relation
matrix that was estimated using the R package PC-
Relate [30]. The regression was adjusted by sex and 4
genome-wide principal components that were esti-
mated using the R package PC-AIR. The analyses
were conducted using the program GENESIS [31],
and the significance of the associations was tested
using the score test. Genome-wide significance was
based on p-value < SE—-08. Significant results were
annotated using ANNOVAR. See Table 2 for the top
significant associations.

Table 1 Characteristics of patients included in the GWAS

s Cases Controls  Total

NECS  Number of subjects 1320 2899 4219
Percent females 73% 59% 63%
Median age (range) 104 (97-119) --- -

LGP Number of subjects 312 638 950
Percent females 63% 51% 55%

Median age (range) 102 (96-113) - —
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Table 3 Subjects with SOMAscan protein data—NECS

Centenarians Offspring Controls
Numbers 77 82 62
Mean age at serum yrs (SD) 105.7 (3.7) 71.0 (9.1) 70.6 (5.2)
Mean age at last contact 107.5 80.2 78.7
% alive (as of December 2017) 31% 84% 84%
% Female 66% 66% 55%

Mean age at serum yrs (SD): mean age at serum draw in years with standard deviation; mean age at last contact: mean age at death for
deceased subjects and age at the last follow-up for those who are still alive (based on the 2017 follow-up).

APOE genotypes were the covariate. All analyses
were adjusted for age at blood draw and sex, in
both the NECS and the LGP.

pOTL analyses in NECS Each of 54 SNPs that passed
a level of significance < 5SE-06 in the GWAS con-
ducted in the NECS was annotated by their associ-
ations with all 4785 aptamers, resulting in 258,390
SNP by aptamer pairwise associations. The expres-
sion data (RFU) of 4785 aptamers were log-
transformed and, for each aptamer, values that dif-
fered from the mean by more than three standard
deviations were removed, resulting in approximately
1% missing RFU values. SNP-to-aptamer associa-
tions were tested using a linear regression of log-
transformed RFU versus SNP, and adjusted by gen-
der and age at the time of blood draw. To distin-
guish aptamers associated with the APOE alleles
from those associated with SNPs in the APOE locus,
the analysis for SNPs in this region was adjusted by
the APOE genotypes (with each of the six possible
diploid genotypes coded as a binary variable).

pOTL analysis in LGP We identified 3642 aptamers
shared between the SOMAscan platforms used in
the NECS and the LonGenity cohorts. PQTL anal-
yses were conducted as described above using
Python 3.6 and resulted in 196,668 SNP, aptamer
pairwise associations.

Meta-analysis of pOTLs The estimates of the regression
coefficients and standard errors of the 196,668 common
pQTL analyses in NECS and LGP were aggregated
using a fixed-effect meta-analysis (package rmeta in
R). We selected significant aptamer-SNP pairs using a
false discovery rate (FDR) < 0.05 as level of signifi-
cance to correct for multiple testing.

Enrichment analysis Enrichment for various biologi-
cal pathways was conducted using the program hy-
per [34], using the list of proteins shared in the two
SOMAscan arrays as background. We choose two
reference sets: the “Hallmarks” compendium, which
comprises 50 sets of genes defining specific well-
defined biological states or processes and displaying
coherent expression and is available through
MSigDB (http://software.broadinstitute.
org/gsea/msigdb/index.jsp), and REACTOME
v7.2.1.

All analyses were conducted using the statistical
software R version 3.6.0 and Rstudio version
1.3.1073.

Results
Genome-wide association study

The GWAS in the NECS included 1320 individuals
who survived past the age reached by less than 1% of
their birth-year cohort (median age at death 104
years), and 2899 controls (Table 1). The genetic
analyses identified 33 SNPs in 8 loci in chromosomes
3,5,6,9, 15,18, and 19 that passed the genome-wide
significance threshold p=5x 10® (Fig. 1). The full
list of 33 SNPs is described in Supplement Table 1,
while Table 2 lists the most significant SNP in each
locus. Twenty-two of the SNPs tagged a locus in
chromosome 19 that includes APOE, thus confirming
a well-established association of SNPs in this locus
with extreme human longevity [14]. Four SNPs were
uncommon variants in the non-coding RNA
LOC107987065 on chromosome 9, between SHB
and ALDHIBI; three SNPs were rare variants in a
region in chromosome 18 that includes MYOS5B,
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Fig. 1 Manbhattan plot of the genome-wide association with ex-
treme human longevity in the New England Centenarian Study.
The x-axis reports chromosomes and coordinates within chromo-
somes. The y-axis reports the —log10 (p-value). The 4 heatmaps

LOCI10050581, and FBXO15. Additional SNPs are
listed in Table 2 and include one common variant and
additional rare SNPs. Only the SNPs in APOE repli-
cated in the LGP study, while the other associations
did not reach statistical significance in the LGP
(Table 2).

We noticed that among the 219 SNPs that
reached a 5E—06 suggestive level of significance
in the NECS, 56 replicated the association with
nominal significance in the LGP, which is a 5-fold
increase compared to the number of associations
expected by chance. This set of 56 SNPs com-
prised 23 SNPs in the locus of APOE, including
rs7412 and rs429358 that define the APOE alleles,
two SNPs in the locus tagged by rs10973748 in
chromosome 9, one SNP in the gene LHFPLG6 in
chromosome 13, and 30 common SNPs in the
gene CDKN2B in chromosome 9. These 56 SNPs
are summarized in Supplement Table 2.
Interestingly, the SNP rs9576827 in LHFPL6 was
in a region enriched for SNPs associated with
aging-related traits such as hippocampal degenera-
tion (rs9315702 [35]) and age at menarche
(rs6563739 [36]). The most significant SNPs in
the gene CDKNZ2B included rs1556515 that was

@ Springer
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report the log-transformed standardized protein expression data
(rows) for the 224 individuals (columns) included in the serum
protein SOMAscan experiment. The heatmap for the APOE locus
includes only the top significant proteins

associated with parental longevity in the UK
Biobank with consistent effects (less common al-
lele increased the odds for parental longevity) [37]
and rs2184061 that also showed a consistent asso-
ciation with parental lifespan in a large meta-
analysis of human longevity [13].

APOE signature

We investigated the association of aptamers with
APOE genotypes in the LGP study and replicated
10 of the 16 aptamers included in the serum
protein signature of APOE that we published in
[23]. Five aptamers were not available on the
SOMAscan array used in the LGP study
(Table 4), and the association of CKAP2 failed
to reach statistical significance (p=0.1243).

SNP x protein associations

We next looked for serum proteins that associated with
the 54 SNPs associated with extreme longevity (21 in
the APOE locus after the exclusion of SNPs rs7412 and
rs429358 that define the APOE alleles; 30 in the
CDKN2B locus; two in the locus tagged by
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Table 4 Replication of the APOE protein signature
SomalD UniProt GenelD NECS LGP

€8  exe3 ey ey p €0y ez €04 e3¢y ey P
10046-55 Q13490 BIRC2 587 323 367 090 1.55E-61 194 203 095 0.84 S5.09E-134
11276-1 Q86XRS" CEP57 1.62 123 122 101 1.96E-28
7223-60 Q99584 S100A13 051 0.78 047 0.67 269E-23 0.18 053 0.16 046 0.16 226E-108
11293-14  Q6UXKS LRRNI 089 096 1.17 14 1.17E-19 1.00 097 146 155 210 5.61E-105
14318-1 Q9UBQO VPS29 1.55 1.18 126 098 2.84E-19 1.80 1.58 090 090 3.52E-98
5918-5 Q06323" PSME1 .51 127 122 099 523E-19 127 1.07 099 1.01 095 0.174632
2418-55 P02649" APOE 086 0.77 1.15 1.16 9.19E-11
12501-10  O75347" TBCA 1.08 1.02 088 0.83 1.60E-10 081 083 043 056 031 1.09E-89
12500-88  Q9UBT2"  UBA2 1.77 1.13 131 098 5.44E-10
6378-2 Q86SI9 C5orf38 073 084 088 129 7.68E-10 090 0.75 084 1.08 131 1.30E-29
13732-79 Q16619 CTF1 094 095 12 1.11  9.63E-09
11402-17 Q8NEZ4"  KMT2C 133 L1l 1.06 099 2.15E-08 0.73 1.06 0.75 094 1.14 0.035255
1464327 060870 KIN 123 1.08 122 1.02 3.10E-07
2797-56 P04114" APOB 0.5 086 097 1.07 336E-06 0.83 095 098 1.05 122 0.049591
9207-60 095825 CRYZL1 0.89 0.88 0.7 .11 7.07E-06 1.12 0.68 049 083 0.79 2.68E-23
5345-51 Q8WWK9  CKAP2 133 1.12 108 096 8.I12E-06 094 1.05 098 099 1.08 0.124289

Columns e,e,, ese3, ¢4, and eze, report fold change of protein level relative to ese; in the NECS and LGP. P is p-value from F test with 4
and 214 degrees of freedom, after adjusting for sex, age at blood draw, and length of sample storage. The aptamers 11276-1, 2418-55,

12500-88, 13732-79, and 14643-27 were not available in the SOMAscan array used in the LGP study

rs10973748 in chromosome 9; and one in the gene
LHFPLG6 in chromosome 13). We analyzed the associ-
ations between these 54 SNPs in the NECS and LGP
data separately. We then used a fixed-effect meta-anal-
ysis to aggregate the results from the two studies and
selected aptamers that correlated with each cluster of
SNPs using a 5% FDR. The analyses of the 21 SNPs in
the locus of APOE were adjusted by the APOE geno-
types and no significant pQTL was found in this list
after correction for multiple comparisons (Supplement
Table 3). The analysis of the other 33 SNPs identified 3
new serum protein signatures and the heatmaps of these
signatures are in Fig. 1.

Eight aptamers targeting 8§ unique proteins were
associated with the SNP rs9576827 in LHFPL6
(Supplement Table 4), including SVEP1 and
ARRDC3 that are overexpressed in centenarians,
and LMAN2 that is low in centenarians compared
to younger individuals [38]. The analysis of the two
SNPs rs341466 and rs341467 in the locus tagged by
rs10973748 in chromosome 9 generated 24 signifi-
cant SNP by aptamer associations, for a total of 14
proteins with one or two pQTLs (Supplement

Table 5). Using the list of 30 SNPs in the locus of
the CDKN2B gene, we identified 330 pairs of sig-
nificant SNP by aptamer associations, for a total of
69 unique proteins with one or more pQTLs
(Supplement Table 6). The set of 69 proteins was
enriched for genes in the allograft rejection pathway
(p=0.0037, 19% FDR), estrogen response late
(p=0.01, 29%FDR), and nominally enriched of
genes involved in mitotic spindle check-point
(p=0.0037), with digestion and absorption
(p=0.0092), and digestion of carbohydrate
(p=0.0092).

Longevity variants and aging biomarkers

In each of the four signatures, we selected the subset
of proteins that change with age and/or with extreme
longevity based on the analysis in [38]. We grouped
these proteins into those that increase or decrease
with older age, and those that are higher or lower in
carriers of the longevity variants (see schematic in
Fig. 2). By combining the age and longevity-allele
patterns, we identified two groups of protein/

@ Springer
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Protein . ‘a) Longevity variant
abundance . delays aging pattern
Longevity Non-longevity
variant variant
A . .
Protein b) Protective serum
Increasing abundance i protein of aging
protein T - — -
abundance or?gewty Non -longevity
variant variant
Y '\ :
Protein c) Protective serum
abundance . protein of aging
Longevity Non-longevity
Decreasing variant variant
tei Y
protein Protein d) Longevity variant
abundance abundance i delays aging pattern
Age' Longevity Non-longevity

Fig. 2 Summary of concordant and discordant protein effects.
The figure summarizes 4 possible relations between longevity
genetic variants and serum proteins of aging. Serum proteins of
aging can increase (green) or decrease (blue) with older age, and
carriers of the longevity variants can have lower or higher values

genotype relations. The first group included the pro-
teins that increase with older age and are lower in
carriers of the longevity variant and proteins that
decrease with older age and are higher in carriers
of the longevity variant. The discordant change pat-
terns in aging and longevity alleles in this group
suggest that carriers of the longevity variants delay
changes related to aging and maintain a more youth-
ful profile of these serum proteins for a longer time.
The second group included proteins that increase
with older age and are higher in carriers of the
longevity variants and proteins that decrease with
older age and are lower in carriers of the longevity
variants. The concordant change patterns in aging
and longevity alleles in this group and the fact that
the abundance of these proteins at older age matches
that of the longevity variant carriers suggest that
these proteins may be protective biomarkers of
aging.

The APOE protein signature included 4 proteins that
are very different in the centenarian serum compared to
centenarians’ offspring and controls and are part of a
proteomic signature of centenarians described in [23].
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of these proteins. When the age and longevity change patterns are
disconcordant (a and d), we hypothesize that the longevity variants
delay age-related accumulation of damage. When the age and
longevity patterns are concordant (b and c), then we hypothesize
that changes of those proteins with age may actually be protective

This set is summarized in Table 4 and detailed in
Supplement Table 7, and included S100 calcium-
binding protein 13 (S100A13), which increases with
older age (Table 5) and is lower in carriers of the e,
allele compared to e; carriers; leucine-rich repeat neu-
ronal 1 (LRR1) that decreases with older age and is
lower in carriers of the e, allele compared to es;
tubulin-folding cofactor A (TBCA) that increases with
older age and is also higher in carriers of the e, variant;
and apolipoprotein B (APOB) that is lower in carriers of
the e, allele compared to e;, and it increases with older
age. The results suggest that the e, allele of APOE
promotes longevity by delaying aging-related changes
of some serum proteins (e.g., lower SI00A13, LRR1,
and APOB) and possibly correlates with protective se-
rum protein changes (e.g., higher TBCA).

The protein signature associated with the SNP
1s9576827 in LHFPL6 (Supplement Table 8) included
Sushi, von Willebrand factor type A, EGF, and pentra-
xin domain containing 1 (SVEP1), arresting domain
containing 3 (ARRDC3), and neudesin neutrophic fac-
tor (NENF) that are overexpressed in centenarians and
increase with older age, and lectin, mannose binding 2
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HS6STI

060243

5465-32 3

157857345

Heparan sulfate 6-O-sulfotransferase 1

11237-49 3

Procollagen C-endopeptidase enhancer

cubilin (CUBN)

No

C

PCOLCE
CD63

Q15113

rs1360589
1s10757275
rs10757275
rs8181050
rs10757275
rs1537375
1s7341791

Yes

P08962

9190-7 3

9111-40 3

RNA guanylyltransferase and 5'-phosphatase (RNGTT)
NGFI-A binding protein 1 (NABI)

Amylase, alpha 1A (salivary)

Chitinase 1

No

Q961J6 JPH4

3310-62_1

No

P31994 FCGR2B

P04745

7918-114 3

No

AMY1A
CHIT1

No

3600-2 3

Q13231

7089-42 3

Synaptotagmin 11

No

QI9BT88 SYTII

P01137

2333-72 1

Transforming growth factor beta 1

No

TGFB1

rs8181050

Locus, genes with SNPs used in the pQTL analysis; SNP, used in the pQTL analysis; SOMAmer ID of the SomaLogic aptamer; UniProt ID; Targeted protein, protein targeted by the

aptamer; Longevity allele, allele more prevalent in centenarians; Longevity variant trend: change of the protein in carriers of the longevity allele versus the non-longevity allele. U denotes a

higher value is associated with the longevity variant, D denotes a lower value is associated with the longevity variant. Aging trend, U denotes older people have increased values compared to

younger people while D denotes older people have lower values compared to younger controls. Replicated, yes if the aging trend was replicated in multiple studies

(LMAN?2) that is lower in centenarians compared to
younger individuals and decrease with age [38]. Serum
level of SVEP1 was lower in carriers of the longevity
variants, while serum levels of NENF, ARRDC3, and
LMAN?2 in carriers of the longevity variants matched
the patterns of older individuals (Table 5).

The signature associated with the SNPs in the locus
tagged by rs10973748 in chromosome 9 included ubig-
uitin C (UBC) and interleukin 22 receptor subunit alpha
2 (IL22RA?2) that decrease with age, and C1QL1 that
increases with age. Carriers of the longevity variants had
lower levels of the cytokine IL22RA and CI1QLI1, and
higher levels of UBC (Table 5).

The protein signature of the locus in CDKN2B in-
cluded 38 (40%) proteins that are strongly differentially
expressed in centenarians and older age [38] and, for 29
of the 38, the change of protein expression in carriers of
the longevity variants was in the opposite direction of
the changes of expression in centenarians compared to
younger individuals (Table 5). The levels of 21 proteins
that were overexpressed at older age were lower in
carriers of the longevity variants, and the levels of 8
proteins that were under-expressed at older age were
higher in carriers of the longevity variants. Some exam-
ples are in Fig. 3 and include for example GDF15. This
protein increases with older age, consistent with results
from other studies [20], but it is on average lower in
carriers of the longevity variants that we found in
CDKN2B. The pattern suggests that individuals with
the longevity variants tend to have lower values of this
protein and their serum protein profile remains younger
for a longer time.

Discussion

We conducted a GWAS of extreme human longevity on
a large number of centenarians from the NECS. The
analysis discovered 33 genome-wide significant SNPs
(p < 5E-08) in 8 loci in chromosomes 3, 5, 6, 9, 15, 18,
and 19. Among the significant SNP associations was the
well-established APOE locus [14] that replicated in the
LGP. We then identified a set of 56 SNPs with signif-
icant and consistent associations with extreme human
longevity in both studies (p< SE—06 in NECS and
p<0.05 in LGP) and annotated these SNPs with their
association with serum proteins that were profiled using
the Somalogic technology. With this analysis, we rep-
licated a protein signature of APOE alleles [23] and
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Fig. 3 Examples of pQTLs in CDKN2B. Example of 6 proteins
that correlate with genotypes of the SNP rs7857345 in the
CDKN2B that was associated with extreme human longevity in
the genome-wide association studies in the New England
Centenarian Study and LonGenity Gene Project. For each protein:
the boxplots on the left show the distribution of the log-
transformed protein data by genotype group (black = homozygote
genotype for the longevity allele; red = genotypes on carriers of 1
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identified 3 new serum protein signatures of longevity-
associated loci in chromosomes 9 and 13.

The genetic analysis identified a few uncommon and
some rare variants that were associated with extreme
human longevity in the NECS. All of these variants
were more prevalent in centenarians—although still un-
common. The variant rs10973748 in the non-coding
RNA LOC107987065, between genes SHB and
ALDHBI, was in a region enriched for GWAS findings
linked in particular to metabolism and cardiovascular
disease in early GWASs, although those findings were
not replicated [39]. The variants rs77546126 and
rs78043944 were intragenic, in regions with little anno-
tation. The variant rs77184423 was in the gene Amyloid
beta precursor protein-binding family A member 2
(APB2) that is potentially very interesting for extreme
human longevity. This gene encodes a neuronal adapter
protein that stabilizes the amyloid precursor protein
(APP) and inhibits the production of proteolytic APP
fragments that are found in the brains of Alzheimer’s

1 count-62 count 104 coun =51
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or 2 non-longevity alleles); the scatter plot on the right shows the
distribution of the log-transformed protein data (y-axis) versus the
age of study participants (x-axis). The 3 plots on the left show 3
proteins that increase with age and are on average lower in carriers
of the longevity-associated variant (black). The 3 plots on the right
show 3 proteins that decrease with age and are on average higher
in carriers of the longevity-associated variant

disease patients [40]. The SNP was also more prevalent
in Ashkenazi Jewish centenarians than controls, but the
association did not reach statistical significance. The
rare SNP rs78441534 in myosin VB (MYOS5B) was
present in 2/10,000 chromosomes in gnomAD and ab-
sent in the Ashkenazi Jewish sample. This gene was
linked to old age and cancer resistance in giant tortoises
[41], but no evidence of a role in human longevity is
known. These results point to possible novel genes
involved with human extreme longevity and support
the hypothesis that rare variants contribute to the sus-
ceptibility to extreme human longevity.

Most of the GWASs of human longevity to date have
focused on common variants, and the yield of results has
been limited [13]. In our study, we leveraged the mean-
oldest sample published to date and improved tech-
niques of imputation to analyze the association between
extreme human longevity and rare variants imputed
with high quality. The results are promising but also
show the difficulty to replicate the finding of rare

@ Springer
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variants in independent samplers. In our replication
study, the number of carriers of rare variants was too
small to reach statistical significance. Ideally, large fam-
ilies enriched for longevity would be more powerful to
discover and/or replicate the effects of rare variants. In
addition, the data for SNP rs114658003 were imputed
with good quality (score > 0.7) but the allele frequency
of the imputed SNP is substantially different from that
reported in dbSNPs for Europeans, thus lowering the
confidence that this association is a true positive.
Sequence data will be necessary to validate this
association.

Despite the relatively small sample size, the yield of
findings in the pQTL analysis was substantial. Other
studies have shown that many SNPs are QTLs for serum
proteins and the data can be used to suggest biological
mechanisms that link genotype to phenotype [22]. Our
analysis replicated 10 of the associations between APOE
alleles and serum proteins that we reported in [23], with
an almost perfect concordance of effects for the more
common alleles. In addition, the current analysis extend-
ed the signature pattern to include carriers of the esey
genotype that was not represented in our original work,
since no study participants had this genotype. Of partic-
ular note is the replication of the substantially lower
expression of APOB in carriers of e, versus carriers of
eses, and the estimated 22% increase in carriers of e4ey.
These results agree with findings found in other popu-
lations [42, 43]. Serum level of APOB is an important
biomarker of cardiovascular disease, and although it
correlates with other lipoproteins, it increases the risk
assessment for cardiovascular discase [44].
Interestingly, serum level of APOB increases with older
age but is lower in people with extreme longevity than in
controls (Table 5, and [38]). These results agree with the
beneficial effect of a lower level of APOB and a genetic
regulation of this biomarker through the alleles of the
APOE gene. Higher serum levels of the putative
neuroprotectors BIRC2 and PSMEI1 in carriers of the
e, allele were also strongly replicated as well as the
strong association between levels of LRRN1 and the
ey allele. In our original analysis, we detected overex-
pression of LRRNI1 in ese, carriers, and the current
analysis shows a substantial 2-fold increase in carriers
of e4ey4. Little annotation is available about this protein
but several results, including data in the protein atlas
suggesting that LRRN1 levels in serum decrease with
age (Blood atlas - LRRNT1 - The Human Protein Atlas),
are significantly lower in healthy centenarians

@ Springer

(Supplement Table 1 in [38]), and in carriers of the e,
allele. The results point to a protective mechanism pos-
sibly linked to APOE alleles that results in lower abun-
dance of this protein in blood serum. Whether LRRN1 is
simply a biomarker or an interesting target for therapeu-
tics remains to be established. We also found BIRC2 to
be associated with longevity in a prior study, associating
protein changes with the APOE signature in centenar-
ians [38]. As noted in that paper, baculoviral IAP repeat
containing 2 (BIRC2) has been reported to be neuropro-
tective, and it can inhibit apoptosis [45, 46]. BIRC2 has
also been characterized for its ability to regulate the
noncanonical NF-kappaB pathway [47], though it also
activates canonical NF-kappaB signaling [48]. The re-
producibility of this marker, and its upregulation in e,
carriers, certainly invites some particular scrutiny as to
using it as a biomarker for “healthy aging,” and poten-
tially a mediator of preserved function. PSMEI is the
proteasome activator subunit 1—its upregulation may
simply be a readout of enhanced proteasome function in
e, carriers, consistent with the need to continue to clear
misfolded proteins—perhaps, this is evidence of main-
tenance of elevated proteasome function, and thus pre-
served ability to degrade proteins that need to be cleared
from the system.

The protein signatures associated with the rare vari-
ants in chromosomes 9 and 13 suggest potentially inter-
esting biomarkers of longevity that are genetically reg-
ulated. The rare SNP 159576827 in LHFPL6 correlated
with higher levels of NENF that is also higher in cente-
narians and increases with age (Table 5). NENF may
increase neuronal survival [49], and higher levels could
be associated with the ability of centenarians to preserve
good cognitive function as they age. The SNP is also a
pQTL for Sushi, von Willebrand factor type A, EGF,
and pentraxin domain containing 1 (SVEP1), which is a
serum protein that increases with age [38], but it is lower
in carriers of the rare longevity variant. The associated
gene is highly expressed in fat, lung, platelets, and
placenta, and variants of the gene are associated with
cardiovascular disease risk, although the mechanism is
still unclear. The association between rare variants in the
SHB locus and IL22RA2 suggests a genetic basis for
enhanced immune response in people predisposed to
extreme longevity.

The SNPs in the CDKN2B gene were associated with
the largest signature of 69 proteins (Supplement
Table 6) that included 54% aging-related proteins
(Supplement Table 7). An initial GWAS of centenarians
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provided suggestive evidence that SNPs in this gene are
associated with extreme human longevity but the results
did not reach a genome-wide level of significance [10].
A study of parental longevity in the UK Biobank with
500K DNA samples recently showed an association of
rs2184061 with parental longevity with genome-wide
significance [37]. In the current analysis, we did not
detect a genome-wide significant level of association
for any of the 30 SNPs selected for the pQTL analysis,
but our sample size is substantially smaller. All these
results however provide strong evidence that variants of
CDKN?2B have a role in human longevity although the
biological mechanism is still unknown. Standard enrich-
ment analysis based on the analysis of the proteins with
significant pQTL did not produce strong results. It is
possible that alternative procedures that include infor-
mation about differential expression, like GSEA [50],
may be more powerful but more work is needed to adapt
them to QTL analysis in which a single protein may be
significantly associated with multiple genetic variants.

The serum protein signature that we discovered for
this locus shows that carriers of the longevity variants of
this gene have a more youthful profile of known aging
biomarkers including lower levels of GDF15 [51], insu-
lin growth factor binding protein 1 (IGFBP1), and ma-
trix metallopeptidase 10 (MMP10) (Table 5). GDF15 is
a marker of cell senescence [51], and higher levels of
GDF15 predict an increased risk for mortality [52]. High
levels of GDF15 are also associated with cachexia [53];
it induces anorexia and thus synergizes with other cyto-
kines that might induce muscle atrophy, cachexia, or
sarcopenia. We showed in [38] that lower levels of
GDF15 are associated with longer survival, which is
also consistent with the idea that high levels of GDF15
are pathological. Higher levels of IGFBP1 also predict
shorter survival [28, 54]. This finding adds to the debate
as to whether IGF1 is positive or negative for longevity,
since IGFBP1 was originally characterized as an inhib-
itor of IGF1 [55]; thus, the finding that higher levels of
IGFBPI are deleterious might be interpreted as indicat-
ing IGF1 is helpful for a longer lifespan; of course,
IGF1-independent effects of IGFBP1 are also possible,
and have been reported. Higher levels of MMP10 are
associated with increased disease severity and mortality
in patients with peripheral artery disease [56].
Interestingly, TGFBI increases with older age but it is
higher in carriers of the longevity variants of CDKN2B,
thus suggesting that the aging-related increase may rep-
resent a protective or compensatory mechanism.

Overall, the results show that several longevity-
associated variants are pQTLs for important aging bio-
markers and suggest two possible mechanisms. One
mechanism is to reduce the accumulation of damage
that occurs with aging. This is shown by profiles of
the biomarkers that remain more youthful in carriers of
the longevity variants. Important examples are the lower
level of APOB in carriers of the e, allele of APOE, or the
lower level of GDF15 in carriers of the longevity vari-
ants of CDKN2B. The second mechanism is to enhance
potential compensatory processes that are activated with
aging, as shown by carriers of the longevity variants that
have patterns consistent with older age. Examples are
the higher level of TGFBI in carriers of the longevity
variants of CDKN2B, or higher levels of NENF in
carriers of the rare SNP rs9576827 in LHFPLG.
Although most of our results need to be replicated and
experimentally validated, our analysis shows the impor-
tance of linking genetics to molecular changes in order
to distinguish between these two mechanisms.
Particularly, it is easy to assume that age-related changes
are “bad” and that healthy-aging interventions that target
specific biomarkers should reverse the trends observed
with aging. The patterns of these biomarkers in carriers
of the longevity variants can help to identify these
“protective” changes that should be enhanced rather
than reversed.

Though a relatively small sample, these results sug-
gest that rare genetic variants may play an important role
in the ability of some individuals to reach extreme old
ages but larger family-based studies and next-generation
sequencing technology will be necessary to expand the
yield of discoveries. In addition, our studies suggest that
integration of genetics and proteomics will likely help to
identify specific targets for healthy aging therapeutics.
High throughput proteomics technology is still in its
infancy, and the challenges ahead include the validation
of the genotype-protein associations using an alternative
technology to the aptamer-based approach provided by
SomaLogic, and the assessment of the functional roles
of these associations.

Supplementary Information The online version contains sup-
plementary material available at https:/doi.org/10.1007/s11357-
021-00376-4.
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