
Florida International University Florida International University 

FIU Digital Commons FIU Digital Commons 

All Faculty 

2-1-2021 

Protein signatures of centenarians and their offspring suggest Protein signatures of centenarians and their offspring suggest 

centenarians age slower than other humans centenarians age slower than other humans 

Paola Sebastiani 
Tufts Medical Center 

Anthony Federico 
Boston University 

Melody Morris 
Novartis Institutes for BioMedical Research, Inc. 

Anastasia Gurinovich 
Boston University 

Toshiko Tanaka 
National Institute on Aging 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.fiu.edu/all_faculty 

Recommended Citation Recommended Citation 
Sebastiani, Paola; Federico, Anthony; Morris, Melody; Gurinovich, Anastasia; Tanaka, Toshiko; Chandler, 
Kevin B.; Andersen, Stacy L.; Denis, Gerald; Costello, Catherine E.; Ferrucci, Luigi; Jennings, Lori; Glass, 
David J.; Monti, Stefano; and Perls, Thomas T., "Protein signatures of centenarians and their offspring 
suggest centenarians age slower than other humans" (2021). All Faculty. 450. 
https://digitalcommons.fiu.edu/all_faculty/450 

This work is brought to you for free and open access by FIU Digital Commons. It has been accepted for inclusion in 
All Faculty by an authorized administrator of FIU Digital Commons. For more information, please contact 
dcc@fiu.edu. 

https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/all_faculty
https://digitalcommons.fiu.edu/all_faculty?utm_source=digitalcommons.fiu.edu%2Fall_faculty%2F450&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/all_faculty/450?utm_source=digitalcommons.fiu.edu%2Fall_faculty%2F450&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu


Authors Authors 
Paola Sebastiani, Anthony Federico, Melody Morris, Anastasia Gurinovich, Toshiko Tanaka, Kevin B. 
Chandler, Stacy L. Andersen, Gerald Denis, Catherine E. Costello, Luigi Ferrucci, Lori Jennings, David J. 
Glass, Stefano Monti, and Thomas T. Perls 

This article is available at FIU Digital Commons: https://digitalcommons.fiu.edu/all_faculty/450 

https://digitalcommons.fiu.edu/all_faculty/450


Aging Cell. 2021;20:e13290.	 		 	 | 1 of 18
https://doi.org/10.1111/acel.13290

wileyonlinelibrary.com/journal/acel

Received:	27	May	2020  | Revised:	23	October	2020  | Accepted:	14	November	2020
DOI:	10.1111/acel.13290		

O R I G I N A L  A R T I C L E

Protein signatures of centenarians and their offspring suggest 
centenarians age slower than other humans

Paola Sebastiani1  |   Anthony Federico2,3 |   Melody Morris4 |   Anastasia Gurinovich2 |   
Toshiko Tanaka5 |   Kevin B. Chandler6  |   Stacy L. Andersen7 |   Gerald Denis8 |   
Catherine E. Costello9  |   Luigi Ferrucci5  |   Lori Jennings4  |   David J. Glass4,10 |   
Stefano Monti2,3 |   Thomas T. Perls7

1Institute	for	Clinical	Research	and	Health	Policy	Studies,	Tufts	Medical	Center,	Boston,	MA,	USA
2Bioinformatics	Program,	Boston	University,	Boston,	MA,	USA
3Division	of	Computational	Biomedicine,	Department	of	Medicine,	Boston	University	School	of	Medicine,	Boston,	MA,	USA
4Novartis	Institutes	for	Biomedical	Research,	Cambridge,	MA,	USA
5Translational	Gerontology	Branch,	National	Institute	on	Aging,	Baltimore,	MD,	USA
6Translational	Glycobiology	Institute,	Department	of	Translational	MedicineFlorida	International	University,	Herbert	Wertheim	College	of	Medicine,	Miami,	FL,	
USA
7Geriatric	Section,	Department	of	Medicine,	Boston	University	School	of	Medicine	and	Boston	Medical	Center,	Boston,	MA,	USA
8Department	of	Medicine,	BU-BMC	Cancer	Center,	Boston	University	School	of	Medicine,	Boston,	MA,	USA
9Department	of	Biochemistry,	Center	for	Biomedical	Mass	Spectrometry,	Boston	University	School	of	Medicine,	Boston,	MA,	USA
10Regeneron	Pharmaceuticals,	Tarrytown,	NY,	USA

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2021	The	Authors.	Aging Cell	published	by	the	Anatomical	Society	and	John	Wiley	&	Sons	Ltd.

Stefano	Monti	and	Thomas	T.	Perls	contributed	equally.	

[Correction	added	on	14	February	2021,	after	first	online	publication:	The	author	name	Katherine	Costello	has	been	corrected	to	Catherine	E.	Costello	and	the	ORCID	details	has	been	
included in this version]. 

Correspondence
Paola	Sebastiani,	Institute	for	Clinical	
Research	and	Health	Policy	Studies,	Tufts	
Medical	Center,	800	Washington	Street,	
Boston,	MA	02111,	USA.
Email:	psebastiani@tuftsmedicalcenter.org

Funding information
This	work	was	supported	by	the	Novartis	
Institutes	for	Biomedical	Research	(NIBR),	
the	National	Institute	on	Aging	(NIA	
cooperative	agreements	U19-AG023122	
and	UH2AG064704,	and	grant	R01-
AG061844),	the	National	Institute	of	
General	Medical	Sciences	(grant	R24-
GM134210),	and	the	NIH	Office	of	the	
Director	(grant	S10-OD021728).	The	
InCHIANTI	study	baseline	(1998–2000)	
was supported as a “targeted project” 
(ICS110.1/RF97.71)	by	the	Italian	Ministry	
of	Health	and	in	part	by	the	U.S.	National	
Institute	on	Aging	(contracts:	263	MD	
9164	and	263	MD	821336).	We	thank	the	
staff	at	SomaLogic	(CO)	for	performing	the	
assays to measure protein levels

Abstract
Using	samples	from	the	New	England	Centenarian	Study	(NECS),	we	sought	to	charac-
terize	the	serum	proteome	of	77	centenarians,	82	centenarians'	offspring,	and	65	age-
matched	controls	of	the	offspring	(mean	ages:	105,	80,	and	79	years).	We	identified	
1312	proteins	that	significantly	differ	between	centenarians	and	their	offspring	and	
controls	(FDR	<	1%),	and	two	different	protein	signatures	that	predict	longer	survival	
in	centenarians	and	in	younger	people.	By	comparing	the	centenarian	signature	with	2	
independent	proteomic	studies	of	aging,	we	replicated	the	association	of	484	proteins	
of	aging	and	we	identified	two	serum	protein	signatures	that	are	specific	of	extreme	
old	age.	The	data	suggest	that	centenarians	acquire	similar	aging	signatures	as	seen	in	
younger	cohorts	that	have	short	survival	periods,	suggesting	that	they	do	not	escape	
normal	aging	markers,	but	rather	acquire	them	much	later	than	usual.	For	example,	
centenarian	signatures	are	significantly	enriched	for	senescence-associated	secretory	
phenotypes,	consistent	with	those	seen	with	younger	aged	individuals,	and	from	this	
finding,	we	provide	a	new	list	of	serum	proteins	that	can	be	used	to	measure	cellu-
lar	senescence.	Protein	co-expression	network	analysis	suggests	that	a	small	number	

 14749726, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13290 by Florida International U

niversity, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.wileyonlinelibrary.com/journal/acel
mailto:
https://orcid.org/0000-0001-6419-1545
https://orcid.org/0000-0001-5514-9652
https://orcid.org/0000-0003-1594-5122
https://orcid.org/0000-0002-6273-1613
https://orcid.org/0000-0001-5130-8417
http://creativecommons.org/licenses/by/4.0/
mailto:psebastiani@tuftsmedicalcenter.org
http://crossmark.crossref.org/dialog/?doi=10.1111%2Facel.13290&domain=pdf&date_stamp=2021-01-29


2 of 18  |     SEBASTIANI ET Al.

1  |  INTRODUC TION

The	 increased	 life	 expectancy	 of	 humans	 is	 an	 important	 public	
health accomplishment that has contributed to the increased prev-
alence	 of	 older	 individuals	 in	 the	 population.	Older	 age	 is	 consid-
ered	the	most	important	risk	factor	for	Alzheimer's	disease,	cancer,	
cardiovascular	 disease,	 dementia,	 influenza,	 and	 neuro-degenera-
tive	disorders.	However,	an	important	lesson	learned	from	studying	
centenarians	and	their	offspring	 is	 that	 there	are	factors	that	pro-
tect	 some	 individuals	 from	 conditions	 associated	 with	 older	 ages	
(Andersen	 et	 al.,	 2012;	 Ismail	 et	 al.,	 2016;	 Partridge	 et	 al.,	 2018;	
Sebastiani	 et	 al.,	 2013).	Given	 the	 finding	 that	 centenarians	 seem	
relatively	 protected	 from	 age-related	 conditions,	 it	 is	 naturally	 of	
interest	 to	 study	genetic	 and	molecular	profiles	of	both	 centenar-
ians	 and	 their	 offspring	 to	 determine	 the	 genetic	 basis	 as	 to	 how	
and	why	some	people	age	more	healthily	than	others,	in	an	effort	to	
ultimately	discover	treatments	for	age-related	disorders	(Kaeberlein	
et	al.,	2015;	Schork	et	al.,	2018;	Sebastiani	&	Perls,	2012).

Genetic	 association	 studies	 are	 identifying	 genes	 and	 genetic	
signatures	that	predict	extended	lifespan	and	health	span,	although	
the biological mechanisms that link genotypes to phenotypes re-
main	elusive	even	for	most	replicated	associations	(Broer	et	al.,	2015;	
Sebastiani,	Gurinovich,	et	al.,	2017;	Sebastiani	et	al.,	2012;	Timmers	
et	al.,	2019).	Studies	in	humans	and	other	species	are	identifying	mo-
lecular	signatures	of	aging	and	lifespan	that	use	tissue-specific	tran-
scriptional	 profiles,	 DNA	 methylation,	 metabolomics,	 and	 protein	
profiles	to	characterize	molecular	mechanisms	linked	to	aging	and	re-
lated diseases that could mediate the genotype to phenotype associa-
tions	(Eline	Slagboom	et	al.,	2018;	Horvath,	2013;	Orwoll	et	al.,	2018;	
Peters	et	al.,	2015;	Sebastiani,	Thyagarajan,	et	al.,	2017;	Shavlakadze	
et	al.,	2019;	Singh	et	al.,	2019;	Tanaka	et	al.,	2018;	Tian	et	al.,	2017;	
Timmons,	2017).

In	recent	years,	serum	and	plasma	proteins	have	emerged	as	pow-
erful	circulating	biomarkers	of	aging	and	disease	from	easily	accessi-
ble	biological	samples,	and	the	SomaLogic	technology	has	provided	
a	reliable	tool	to	measure	a	large	number	of	circulating	proteins	with	
high	reproducibility	(Candia	et	al.,	2017;	Davies	et	al.,	2012;	Hathout	
et	 al.,	 2015;	Tanaka	et	 al.,	 2018).	Recent	 studies	have	 shown	 that	
both	plasma	and	serum	proteins,	when	measured	on	a	 large	scale,	
overlap	with	tissue-specific	transcriptional	profiles	and	can	be	used	
to	link	genotypes	to	phenotypes	to	suggest	druggable	targets	(Sun	
et	al.,	2018).	Many	circulating	proteins	also	appear	to	overlap	with	

tissue-specific	markers	of	 cell	 senescence	 (Basisty	et	 al.,	 2019).	 In	
addition,	the	analysis	of	protein	profiles	in	serum	has	revealed	clus-
ters	of	co-regulated	proteins	 that	can	be	used	 to	annotate	 the	bi-
ological	mechanisms	underlying	disease	and	aging	 (Emilsson	et	al.,	
2018).	All	these	results	suggest	that	serum	and	plasma	provide	easy	
access to protein data that can be used not only as diagnostic and 
prognostic biomarkers but also to implicate biological mechanisms.

Here,	 we	 describe	 a	 comprehensive	 proteome	 scan	 of	 serum	
from	 centenarians,	 centenarians'	 offspring,	 and	 unrelated	 controls,	
age-matched	 to	 the	 offspring	 but	 without	 familial	 longevity,	 that	
we	generated	 to	 characterize	 the	 serum	proteome	of	 centenarians	
and to discover proteins and their change patterns that may be im-
portant	for	longevity	and	healthy	aging.	We	first	show	that	there	is	
a	 large	number	of	proteins	 in	the	serum	of	centenarians	whose	ex-
pression	changes	compared	with	younger	individuals.	By	comparing	
this	set	with	those	published	in	other	studies	of	aging,	we	show	that	
centenarian	 serum	 is	 enriched	 of	 highly	 expressed	 aging	 proteins,	
including,	for	example,	biomarkers	of	cell	senescence,	but	also	of	pro-
teins	 that	may	be	either	 the	cause	or	 the	consequence	of	extreme	
longevity.	These	cross-sectional	data,	however,	do	not	 capture	 the	
changes	that	occurred	in	the	serum	profiles	of	centenarians	at	a	much	
younger	 age	 and	 that	may	 have	 determined	 their	 extreme	 longev-
ity.	Therefore,	we	use	proteins	that	correlate	with	survival	to	show	
that	delayed	changes	of	many	proteins	of	aging	correlate	with	longer	
survival	 and	 that	 key	protein	biomarkers	of	 longer	 survival	 change	
with	older	age.	To	advance	a	system-level	investigation	of	potential	
mechanisms	of	healthy	aging,	we	also	move	beyond	one-protein-at-
a-time	analyses—where	differential	analyses	are	performed	to	rank	
proteins	or	pathways	based	on	 their	differential	behavior	between	
the	groups—and	we	apply	a	co-expression	network	analysis	approach	
to	capture	global	expression	patterns	and	the	molecular	rewiring	that	
differ	between	centenarians	and	offspring	and	controls.

2  |  RESULTS

Table	 1	 summarizes	 the	 demographic	 characteristics	 of	 the	 73	
healthy	 centenarians	 and	 4	 nonagenarians	 (age	 at	 blood	 draw	
92–114	 years),	 82	 centenarians'	 offspring	 (age	 at	 blood	 draw	
45–91	years),	and	65	controls	(age	at	blood	draw	52–88	years)	that	
we	selected	for	this	study.	For	simplicity,	we	will	refer	to	the	first	
group	of	77	participants	as	centenarians.	Participants	were	enrolled	

of	biological	drivers	may	regulate	aging	and	extreme	longevity,	and	that	changes	in	
gene	regulation	may	be	important	to	reach	extreme	old	age.	This	centenarian	study	
thus provides additional signatures that can be used to measure aging and provides 
specific	 circulating	biomarkers	of	 healthy	 aging	 and	 longevity,	 suggesting	potential	
mechanisms that could help prolong health and support longevity.

K E Y W O R D S
aging,	longevity,	protein,	senescence,	SomaLogic
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    |  3 of 18SEBASTIANI ET Al.

between	 2003	 and	 2016	 in	 the	New	 England	Centenarian	 Study	
(NECS),	 using	 the	 same	 protocol	 for	 blood	 collection	 and	 serum	
storage.	The	protein	profiles	of	the	serum	samples	were	generated	
using	 a	 Novartis	 custom-designed	 SomaScan	 platform	 that	 pro-
files	4785	aptamers	corresponding	to	4116	unique	proteins.	Based	
on	quality	control	analyses	described	 in	 the	methods	section	and	
Figure	S1,	we	removed	two	outlier	samples	and	analyzed	the	data	
of	the	remaining	224	samples	in	a	variety	of	ways	to	identify	protein	
signatures	of	aging,	extreme	old	age,	and	survival.	We	conducted	a	

series	of	 analyses	 that	 are	 summarized	 in	 the	 flowchart	 in	Figure	
S2	 to	 (a)	 discover	 serum	 proteins	 whose	 expression	 changes	 be-
tween	centenarians,	offspring,	 and	controls,	 and	 investigate	 their	
relation	 to	protein	biomarkers	of	 aging;	 (b)	 discover	proteins	 that	
correlate	with	survival,	and	how	they	relate	to	protein	biomarkers	
of	aging	and	to	the	proteins	expressed	in	centenarians;	and	(c)	dis-
cover	clusters	of	co-expressed	proteins	that	can	point	to	different	
processes	in	the	serum	of	centenarians	compared	with	the	younger	
individuals.

Centenarians Offspring Controls

Number 77 82 65

Mean	age	at	serum	years	(SD) 105.7	(3.6) 71.2	(9.3) 70.6	(7.8)

Mean	age	at	last	contact	(SD) 107.9	(3.5) 83.5	(8.8) 81.5	(7.0)

%	alive	(as	of	01/2019) 6% 77% 82%

%	Female 66% 66% 55%

TA B L E  1 Patients'	characteristics

F I G U R E  1 Proteomic	signatures	of	centenarians.	(a)	Left:	Heatmap	of	the	1428	SomaScan	aptamers	(1312	proteins)	that	were	significantly	
different	between	centenarians,	centenarians'	offspring,	and	controls	at	1%	false	discovery	rate	(FDR).	The	rows	represent	aptamers	
grouped	into	those	lower	in	centenarians	compared	with	the	other	two	groups	(695	aptamers,	green	bar	on	the	left),	and	those	higher	in	
centenarians	compared	with	the	other	groups	(733	aptamers,	red	bar	on	the	left).	The	columns	represent	samples,	grouped	into	controls	
(gray	bar	on	the	top),	centenarians'	offspring	(pink	bar	on	the	top),	and	centenarians	(red	bar	on	the	top).	The	values	in	each	cell	represent	
log-transformed	relative	fluorescence	unit	(RFU),	standardized	by	row.	The	rows	were	clustered	within	up-	and	downregulated	groups,	and	
the	columns	were	clustered	within	centenarians,	centenarians'	offspring,	and	controls	using	hierarchical	clustering.	Right:	Heatmap	of	the	
18	Hallmark	pathways	that	were	significantly	altered	in	centenarians,	centenarians'	offspring,	and	controls	at	5%	FDR.	The	rows	represent	
pathways,	grouped	into	those	downregulated	in	centenarians	(5	pathways,	green	band	on	the	left),	and	those	upregulated	in	centenarians	
compared	with	the	other	two	groups	(13	pathways,	red	band	on	the	left).	The	values	in	each	cell	represent	the	pathway	scores,	standardized	
by	row.	(b)	Selection	of	10	proteins	with	differential	intensity	in	centenarians	(red	boxplots),	controls	(green),	and	centenarian	offspring	
(cyan).	Values	on	the	y-axis	are	log-transformed	relative	fluorescence	unit	(RFU).	The	barplot	in	orange	shows	the	adjusted	p-values	of	the	12	
pathways	enriched	in	the	set	of	1312	differentially	expressed	proteins
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2.1  |  Protein signature of centenarians

2.1.1  |  Single	protein	analysis

We	 correlated	 the	 protein	 levels	 to	 the	 groups	 corresponding	 to	
centenarians,	centenarians'	offspring,	and	controls	using	an	ANOVA	
type	 analysis,	 adjusted	 by	 sex	 and	 year	 of	 sample	 collection.	 The	
analysis	 identified	 1428	 aptamers	 corresponding	 to	 1312	 unique	
proteins	with	expression	that	significantly	differed	 in	centenarians	
with	a	1%	false	discovery	rate	(FDR).	No	aptamer	reached	a	statisti-
cally	 significant	difference	 in	 the	 comparison	of	 centenarians'	 off-
spring	and	controls,	 after	adjusting	 for	multiple	comparisons,	 thus	
indicating	 that	 the	 major	 distinguishing	 feature	 was	 the	 extreme	
old	age	of	centenarians.	The	heatmap	in	Figure	1a	shows	clear	pat-
terns	of	expression	of	the	1428	aptamers	that	distinguish	the	serum	
protein	profiles	of	centenarians	from	the	serum	protein	profiles	of	
centenarians'	 offspring	 and	 controls.	 The	 protein	 targets	 of	 733	
aptamers	were	over-expressed	in	centenarians'	serum	(median	fold	
change	 and	 range	 comparing	 centenarians	 to	 controls:	 1.26	 (1.02;	
3.33);	median	fold	change	and	range	comparing	centenarians	to	off-
spring:	1.25	 (1.02;	3.33)),	and	the	protein	targets	of	695	aptamers	
were	under-expressed	 in	centenarians'	 serum	 (median	 fold	change	
and	range	comparing	centenarians	to	controls	and	to	offspring:	0.88	
(0.56;	0.97)).	Table	2	describes	the	top	30	protein	targets	detected	
as	 differentially	 expressed,	while	 the	 full	 set	 of	 results	 is	 in	 Table	
S1a.	 Figure	 1b	 displays	 the	 patterns	 of	 protein	 expression	 levels	
(measured	in	log(RFU))	of	some	of	the	most	significant	results.	The	
set	includes	known	proteins	of	aging	such	as	the	growth	differentia-
tion	factor	15	(GDF15)	that	was	the	protein	most	significantly	cor-
related	with	age	in	a	recently	published	plasma	protein	signature	of	
aging	 (Tanaka	 et	 al.,	 2018),	 pleiotrophin	 (PTN),	 and	 chordin-like	 1	
(CHRDL1),	previously	associated	with	aging	with	consistent	effects	
(Menni	et	al.,	2015;	Tanaka	et	al.,	2018),	and	insulin	growth	factor-
binding	 protein	 2	 (IGFBP2)	 (Tanaka	 et	 al.,	 2018).	 The	 centenarian	
signature	also	included	32	of	the	75	candidate	biomarkers	of	aging	
that	were	examined	by	the	TAME	biomarker	working	group	(Justice	
et	al.,	2018)	and	were	represented	in	the	SomaScan	platform.	This	
set	includes	the	growth	differentiation	factor	11	(GDF11)	that	was	
under-expressed	 in	 centenarians	 consistently	 with	 the	 previously	
reported	decline	with	age	(Egerman	&	Glass,	2019),	C-reactive	pro-
tein,	cystatin	C,	growth	hormone	receptor,	 insulin-like	growth	fac-
tor	 receptor,	and	many	more.	The	full	 list	 is	 included	 in	Table	S1b.	
Figure	1b	also	includes	examples	of	proteins	such	as	secreted	friz-
zled-related	protein	1	(SFRP1),	a	potential	biomarker	of	the	aging	of	
cardiac	stem/progenitor	cells	(Nakamura	&	Hoppler,	2017),	transge-
lin	(TAGLN),	and	collagen	type	XXVIII	alpha	1	chain	(COL28A1)	that	
have	 not	 been	 previously	 linked	 to	 aging	 and	 are	 over-expressed	
in	centenarians'	serum.	The	figure	also	 includes	three	examples	of	
proteins	 that	 have	 lower	 levels	 in	 centenarians'	 serum	 compared	
with	younger	individuals:	 insulin-like	growth	factor-binding	protein	
acid-labile	subunit	(IGFALS),	serpin	family	F	member	2	(SERPINF2),	
and	 the	 glycoprotein	 ATPase	Na+/K+	 transporting	 subunit	 beta	 1	
(ATP1B1).	Sixty-eight	of	these	proteins	(Table	S1c)	overlapped	with	

genes	whose	 expression	 correlates	with	 age	 in	 the	 transcriptional	
profile	of	human	peripheral	blood	(Peters	et	al.,	2015).

2.1.2  |  Validation	with	mass	spectrometry

We	used	high-performance	tandem	mass	spectrometry	 (MS/MS)	
with	10-plex	tandem	mass	tags	(TMT)	to	profile	in	triplicates	10	of	
the	226	serum	samples	that	were	included	in	the	original	SomaScan	
experiment.	 The	 samples	were	 selected	 uniformly	 from	 the	 age	
range	50–100	years.	The	MS	analysis	detected	675	proteins	with	
at	 least	one	measured	peptide	and	 included	443	proteins	 in	 the	
SomaLogic	 array,	 186	 of	which	were	 in	 our	 aging	 signature.	We	
analyzed	the	MS	data	using	a	Bayesian	hierarchical	model	to	de-
tect	proteins	that	correlated	with	age	and	identified	15	proteins	of	
the	aging	signature	that	were	significantly	associated	with	age	in	
the	MS	experiment	(p	<	0.05),	and	12	protein	of	the	aging	signa-
ture	that	were	more	borderline	in	the	MS	experiment	(p-value	be-
tween	0.05	and	0.10)	with	consistent	effect	(Table	S1d).	We	only	
found	one	protein	with	statistically	significant	correlation	with	age	
that	 showed	 an	 effect	 opposite	 to	 that	 based	 on	 the	 SomaScan	
technology.	The	number	of	proteins	with	concordant	and	signifi-
cant	effects	increased	to	33	when	we	considered	the	overlap	with	
those	that	correlated	with	age	at	5%	FDR	in	the	SomaScan	experi-
ment.	The	set	of	validated	proteins	 included	 IGFALS	and	SVEP1	
and	well-established	protein	biomarkers	of	aging	such	as	sex	hor-
mone-binding	protein	(SHBG).	Of	the	186	proteins	included	in	the	
aging	signature,	129	(69%)	had	concordant	effects,	while	only	128	
of	the	257	not	in	the	aging	signature	(49%)	were	concordant.	The	
concordance	of	the	aging-related	proteins	was	highly	significant	(p 
from	Fisher	exact	test	4E-5).

2.1.3  |  Functional	annotation	of	the	
centenarian signature

Annotation	of	the	results	using	the	50	Hallmark	pathways	(Liberzon	
et	al.,	2015)	(http://softw	are.broad	insti	tute.org/gsea/msigd	b/genes	
ets.jsp?colle	ction	=H)	 identified	 12	 pathways	 important	 to	 the	 im-
mune	 system	 and	 the	 cell	 cycle	 with	 nominal	 level	 of	 statistical	
significance	(20%	FDR:	Figure	1b).	The	complete	set	of	results	is	in	
Table	S2.

2.1.4  |  Pathway	projection	analysis

Pathway	 projection	 analysis	 of	 all	 proteins	 in	 the	 SomaScan	
array	 identified	 18	 of	 50	 Hallmark	 pathways	 as	 significantly	 dif-
ferent	between	centenarians	and	 the	younger	groups	at	5%	FDR	
(Figure	1a,	right).	Consistent	with	growing	evidence	of	the	role	of	
peroxisomes	 in	aging	and	cell	 senescence	 (Cipolla	&	Lodhi,	2017;	
Giordano	 &	 Terlecky,	 2012),	 proteins	 encoding	 components	 of	
peroxisomes	were	 the	most	 significant	 set	 (p	 =	 2E-09)	 and	were	
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under-expressed	 in	 centenarians'	 serum	 compared	 with	 younger	
individuals.	Both	 the	bile	 acid	metabolism	pathway	 (p	 =	4.4E-06)	
and	cholesterol	homeostasis	pathway	 (p	=	0.0003)	were	also	un-
der-expressed	 in	centenarians,	as	well	as	proteins	downregulated	
by	 KRAS	 activation	 (p	 =	 0.0003),	 and	 proteins	 upregulated	 by	
TGFB1	(p	=	7.2E-07).	Significantly	over-expressed	sets	of	proteins	
in	 centenarians'	 serum	 included	 those	 upregulated	 in	 response	
to	 interferon-gamma	 (p	=	1.0E-07),	 those	 involved	 in	DNA	repair	
(p	 =	 7.0E-05),	 MYC	 targets	 (p	 =	 0.009),	 and	 those	 activated	 by	
P13K,	ATK,	and	MTOR	signaling	(p	=	0.02).	Several	of	these	path-
ways were also seen to be regulated on a gene level in preclinical 
models	 (Shavlakadze	 et	 al.,	 2019),	 including	 upregulation	 of	Myc	
target	genes	(Shavlakadze	et	al.,	2018).	These	results	are	consistent	
with	well-known	Hallmarks	of	aging	that	include	deregulated	nutri-
ent	 sensing,	 cellular	 senescence,	 and	 inflammation	 (Joseph	et	 al.,	
2019;	Singh	et	al.,	2019).	The	full	list	of	results	is	described	in	Table	
S3a.	Two	hundred	and	one	specific	gene	sets	from	the	“canonical	
pathways”	 compendium	 (Liberzon	 et	 al.,	 2011)	 were	 also	 signifi-
cantly	different	in	centenarians'	serum	compared	with	younger	in-
dividuals	(FDR	<	0.1%)	and	included	proteins	involved	in	nicotinate	
and	nicotinamide	metabolism	(up	in	centenarians'	serum),	and	the	

IL-6	 signaling	 pathway	 (up	 in	 centenarians'	 serum).	 The	 complete	
set	of	results	is	in	Table	S3b.

2.2  |  Replication and characterization of the 
centenarian signature

We	 compared	 the	 list	 of	 significant	 proteins	 in	 four	 independent	
datasets.

2.2.1  |  Replication	with	Spanish	centenarians	
proteomics study

Santos-Lozano	and	colleagues	described	a	signature	of	49	plasma	pro-
teins	that	differed	between	nine	healthy	centenarians	and	nine	con-
trols	at	5%	FDR	(Santos-Lozano	et	al.,	2020).	The	protein	signature	was	
measured	using	tandem	mass	spectrometry	with	 isobaric	 tags	 (TMT	
10-plex)	and	includes	28	proteins	profiled	in	the	SomaScan	array,	17	
of	which	were	included	in	the	aging	signature	and	13	(76%)	of	these	
proteins	had	concordant	effects	(Table	S4a).	Nine	of	the	28	proteins	

F I G U R E  2 Comparison	with	proteomic	profiles	in	plasma	samples	of	BLSA/GESTALT	participants.	(a)	Concordance	table	of	the	results	
for	the	1291	aptamers	common	to	the	NECS	and	BLSA/GESTALT	studies.	The	aptamers	were	grouped	by	level	of	significance	(significant:	
p	<	1%	FDR),	ambiguous	(p	between	1%	FDR	and	0.2),	or	not	significant	(p	>	0.2).	The	concordance	of	the	82	significant	results	was	highly	
significant	(p	from	Fisher	exact	test	<2.2e-16).	(b)	Annotation	of	the	32	protein	signature	of	immune	senescence	and	their	network	of	
connection.	The	network	was	built	using	STRING	(https://strin	g-db.org/),	and	nodes	represent	proteins	(red	denotes	proteins	that	increase	
with	age	and	blue	denotes	proteins	that	decrease	with	age)	while	edges	are	connections	based	on	known	interactions	(magenta	and	cyan),	
text	mining	(light	green),	and	co-expression	(black).	(c)	Network	of	connections	between	the	50	proteins	of	the	extreme	old-age	signature	
(red	nodes	=	proteins	over-expressed	in	centenarians;	blue	nodes	=	proteins	under-expressed	in	centenarians),	and	selection	of	eight	proteins	
that	generate	differential	signal	intensities	in	centenarians	(red	boxplots),	compared	with	controls	(green),	and	centenarian	offspring	(cyan).	
Values	on	the	y-axis	are	log-transformed	RFU
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were	not	associated	with	being	centenarians	in	our	study	(FDR	>	10%).	
Interestingly,	the	set	of	13	replicated	proteins	included	IGFALS.

2.2.2  |  Comparison	with	TwinsUK	aging	study

Menni	 et	 al.	 (2015)	 described	 a	 protein	 scan	 using	 plasma	
samples	 of	 202	 women	 from	 the	 TwinsUK	 study	 (mean	 age	
65.3	 (6.92)),	 and	 replication	 in	 plasma	 samples	 of	 677	 un-
related	 individuals	 from	 the	 AddNeuroMed,	 Alzheimer's	
Research	 UK,	 and	 Dementia	 Case	 Registry	 cohorts	 (mean	
age	76.96	(7.06)).	The	plasma	protein	profiles	were	generated	
using	 the	 SomaScan	 v3	 that	 measured	 1129	 proteins	 in	 the	
samples	from	the	TwinsUK	study	and	using	the	SomaScan	v2	
that measured 1001 proteins in the independent replication 

set.	Thirteen	proteins	were	positively	associated	with	chron-
ological	age	in	the	TwinsUK	study	and	eleven	replicated	in	the	
independent	 set	 (Table	 S4b).	 Twelve	 of	 these	 proteins	were	
present	 in	 the	 centenarian	 signature	with	 consistent	 effects	
(over-expressed	 in	 centenarians)	 and	 ranked	 between	 posi-
tion	3	(PTN)	and	position	656	(ADAMTS5).	Metalloproteinase	
inhibitor	1	(TIMP1)	did	not	exhibit	any	variation	 in	the	NECS	
serum samples.

2.2.3  |  Comparison	with	the	Baltimore	Longitudinal	
Study	on	Aging	(BLSA)–GESTALT	study

Tanaka	et	al.	(2018)	measured	plasma	protein	profiles	in	240	healthy	
men	and	women,	ages	ranging	between	22	and	93	years,	using	the	

F I G U R E  3 Longevity	and	extreme	longevity	signatures.	(a)	Heatmap	of	the	37-protein	signature	in	centenarians	(nominal	p-value	<0.005)	
and	of	the	4	Hallmark	pathways	that	differentiate	between	shorter	and	longer	survival	in	centenarians	(p-value	<0.05).	See	the	legend	of	
Figure	1	for	details	of	the	heatmaps.	(b.1)	Conditional	boxplots	of	ADP-ribose	diphosphatase	(gene	NUDT9)	in	centenarians.	Each	panel	
displays	boxplots	of	log-transformed	RFU	by	survival	(FU:1	=	less	than	2	years,	FU:2+	=2	or	more	years).	Different	panels	show	increasing	
age	at	blood	draw.	(b.2).	Conditional	boxplots	of	ADP-ribose	diphosphatase	(gene	NUDT9)	in	centenarians'	offspring	and	controls.	The	
left	panel	displays	boxplots	of	log-transformed	RFU	by	survival	(FU:10	=	up	to	10	years,	FU:11+	=	11	or	more	years),	in	subjects	aged	
<71	years	at	blood	draw.	The	right	panel	represents	subjects	aged	71	and	older	at	blood	draw.	Both	conditional	plots	show	that	ADP-ribose	
diphosphatase	(gene	NUDT9)	increases	with	older	age	but	is	lower	in	people	with	longer	survival.	(c)	Heatmap	of	the	140-protein	signature	
(p-value	<0.005)	and	of	the	12	Hallmark	pathways	that	correlate	with	longer	survival	in	longevity	in	centenarians'	offspring	and	controls.	(d1,	
d2)	Conditional	boxplots	of	log-transformed	RFU	for	GDF15	and	KLKB1	in	centenarians'	offspring	and	controls	stratified	by	survival	(FU:10	
=	up	to	10	years,	FU:11+	=	11	or	more	years)	and	age	at	blood	draw	(<71	years	or	71	and	older).	The	plots	show	that	GDF15	increases	with	
age	and	lower	levels	are	associated	with	longevity	in	centenarians	offspring	and	controls,	and	KLKB1	expression	decreases	with	age	and	
higher	values	are	predictive	of	longer	survival
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SomaScan	1.3K	with	1322	aptamers,	and	discovered	an	aging	signa-
ture	of	217	proteins	with	5%	Bonferroni-corrected	 level	of	signifi-
cance.	We	identified	1291	aptamers	present	in	both	the	platforms	
used	 to	 profile	 the	NECS	 serum	 samples	 and	 the	BLSA/GESTALT	
plasma	samples,	and	compared	the	list	of	aptamers	that	correlated	
with	age	and	extreme	old	age	(being	centenarian)	using	a	1%	FDR.	
The	cross-classification	table	in	panel	a	of	Figure	2a	shows	that	82	
aptamers	were	significantly	associated	in	both	analyses	at	1%	FDR,	
and	the	concordance	of	the	82	significant	results	was	highly	signifi-
cant	(Fisher's	exact	test	p	<	2.2e-16).	The	table	also	shows	that	the	
associations	of	180	aptamers	were	not	significant	in	either	analysis	
(p	 for	 age-association	 in	 both	 analyses	 >0.2).	 Since	 the	 centenar-
ian	 signature	 includes	 proteins	 that	 may	 be	 specific	 to	 centenar-
ians	serum,	we	investigated	closely	the	set	of	50	proteins	that	were	
significantly	associated	with	being	centenarian	(<1%	FDR)	but	were	
clearly	not	significantly	associated	with	age	 in	the	BLSA/GESTALT	
study	(p	>	0.2),	and	the	set	of	32	proteins	that	were	significantly	as-
sociated	with	age	in	the	BLSA/GESTALT	study	(<1%	FDR)	but	were	
not	significantly	associated	with	being	centenarians	(p	>	0.2).

Table	S4c	lists	the	set	of	the	32	proteins	that	include	inhibitors	
of	the	WNT	signaling	pathway	such	as	serum	sclerostin	(SOST)	and	
“dickkopf	WNT	signaling	pathway	inhibitor	4”	(DKK4)	(Modder	et	al.,	
2011;	Tanaka	et	al.,	2018).	These	32	proteins	also	include	14	involved	
in	the	immune	system	such	as	cytokines	receptors	(IL5RA,	IL10RA,	
IL15RA,	IL17F)	and	chemokines	ligands	(CCL3L1,	CCL4L1),	and	their	
lack	of	difference	in	centenarians	suggests	a	status	of	 immune	ex-
haustion or immune senescence	(Fulop	et	al.,	2018).	Annotation	using	
the	50	Hallmark	pathways	 suggests	 that	 this	 set	of	32	proteins	 is	

significantly	 enriched	 for	 proteins	 that	 are	 usually	 activated	 by	
KRAS	(EPHB2,	IL10RA,	NRP1,	PLAT,	PLAU),	and	in	the	HEDGEHOG	
signaling	pathway	 (NRP1,	VEGFA),	 and	 they	 are	downregulated	 in	
centenarians.	The	network	in	Figure	2,	panel	b,	depicts	the	known	
relations between these proteins.

Table	S4d	lists	the	50	proteins	that	are	significantly	different	in	cen-
tenarians'	serum	compared	with	the	younger	groups	(<1%	FDR)	but	are	
not	correlated	with	age	in	the	BLSA/GESTALT	study	(p	>	0.2).	This	list	
includes	18	proteins	in	the	top	10%	of	the	centenarian	signature—an	
almost	 fourfold	 enrichment	 compared	with	 a	 random	selection.	The	
list	comprises	24	glycoproteins	and	18	immune	system	proteins	includ-
ing	SMAD3,	a	critical	modulator	of	many	pathways	that	 is	under-ex-
pressed	 in	centenarians'	 serum,	and	STAT1	and	STAT3,	 regulators	of	
inflammatory	response	that	are	over-expressed	in	centenarians'	serum.	
The	set	also	includes	the	following	proteins	that	are	under-expressed	
in	 centenarians'	 serum:	 upstream	 regulators	 of	MTOR	 (FLT3),	GHLR	
which	is	an	appetite-regulating	hormone,	and	the	insulin-degrading	en-
zyme	IDE	that	may	play	a	role	in	the	degradation	and	clearance	of	natu-
rally	secreted	amyloid	beta-protein	by	neurons	and	microglia.	Many	of	
these	proteins	are	known	to	interact	(Figure	2c)	and	provide	a	signature	
of	extreme old age	characterized	by	increased	inflammation	and	failing	
of	vital	biological	processes.

We	 also	 conducted	 a	 meta-analysis	 of	 the	 557	 aptamers	 that	
reached a p	<	0.2	in	both	analyses	producing	234	aptamers	(target-
ing	232	proteins)	 that	were	associated	with	age	at	1%	FDR	 (Table	
S4e).	Compared	with	the	list	of	217	published	in	Tanaka	et	al.	(2018),	
the	meta-analysis	adds	novel	protein	biomarkers	of	aging	including	a	
significant	negative	association	of	growth	hormone	receptor	(GHR)	

TA B L E  3 Replicated	proteins	that	correlate	with	longer	survival

SomaScan ID UniProt Gene symbol

NECS InCHIANTI

FC long vs short 
survivala  pb  log(HR)c  SE pd 

4982-54_1 P19957 PI3 0.72 4.46E-05 0.77 0.11 1.11E-11

4152-58_2 P03952 KLKB1 1.14 0.000222 −0.87 0.22 6.74E-05

2789-26_2 P09237 MMP7 0.79 0.000393 0.51 0.10 7.13E-07

3485-28_2 P61769 B2M 0.84 0.000571 1.00 0.17 1.71E-09

2670-67_4 P06732 CKM 1.13 0.000969 −0.53 0.10 5.02E-07

4834-61_2 P29317 EPHA2 0.85 0.001597 1.17 0.19 6.52E-10

2692-74_2 P14555 PLA2G2A 0.75 0.001741 0.46 0.10 6.70E-06

4374-45_2 Q99988 GDF15 0.85 0.002899 1.03 0.12 1.11E-16

5139-32_3 O95185 UNC5C 0.86 0.003514 0.97 0.21 2.48E-06

2609-59_2 P01034 CST3 0.87 0.003525 1.16 0.22 1.22E-07

3292-75_1 P09326 CD48 0.89 0.004285 0.58 0.21 0.00438

5070-76_3 O95407 TNFRSF6B 0.93 0.004857 0.36 0.13 0.004114

Note: A	FC	comparing	long	vs	short	survival	lower	than	1	means	low	abundance	is	associated	with	longer	survival;	hence,	higher	protein	abundance	is	
associated	with	higher	mortality	and	a	log(HR)	>0.	Similarly,	a	FC>1	means	high	abundance	is	associated	with	longer	survival	and	hence	higher	protein	
abundance	is	associated	with	lower	mortality	and	a	log(HR)	<0.
aFC	long	vs	short	survival:	fold	change	of	protein	abundance	comparing	individuals	with	survival	>10	years	versus	less	than	or	equal	to	10	years.	
bp = p-value	from	the	t	test	to	assess	the	significance	of	the	fold	change.	
clog(HR):	log	transformation	of	the	hazard	ratio	for	mortality	in	the	InCHIANTI	study.	
dp = p-value	from	the	t	test	to	assess	the	significance	of	the	hazard	ratio.	
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    |  11 of 18SEBASTIANI ET Al.

levels	(p	=	3.2E-16)	and	of	myostatin	(MSTN)	levels	(p	=	2.6E-16)	with	
age.

2.2.4  |  Comparison	with	the	INTERVAL	study

Sun	et	al.	 (2018)	described	the	association	between	age	and	2327	
aptamers	 mapping	 to	 2143	 protein	 measured	 with	 an	 expanded	
SomaScan	array	in	the	plasma	of	3301	participants	of	the	INTERVAL	
study	(mean	age	approximately	44	years,	SD	=	4	years).	Protein	lev-
els	 were	 rank-inverse	 normalized,	 so	 the	 age	 effects	 reported	 in	
their	analysis	are	not	comparable	with	the	age	effects	 in	our	work	
or	Tanaka's	work	 (Tanaka	 et	 al.,	 2018).	However,	we	were	 able	 to	
compare	the	concordance	of	the	direction	of	effects.	We	identified	
2317	aptamers	common	to	the	NECS	and	the	INTERVAL	study	and	
removed	 aptamers	 with	 inconsistent	 age	 effects	 reported	 in	 Ref.	
(Sun	et	al.,	2018)	and	Ref.	(Tanaka	et	al.,	2018),	as	well	as	aptamers	
not	significantly	associated	with	age	in	the	INTERVAL	study	that	are	
not	 interpretable	because	of	the	younger	ages	of	the	participants.	
These	 steps	 are	 summarized	 in	 Figure	 S4,	 panel	 a,	 and	 left	 1096	

aptamers	 associated	with	 age	 in	 the	 INTERVAL	 study	 at	 1%	FDR.	
This	set	 includes	296	proteins	 that	do	not	change	 in	centenarians'	
serum	compared	with	younger	people	(Table	S5a)	and	includes	17	of	
the	32	in	the	immune	senescence	signature	shown	in	Figure	2b.	Of	
453	aptamers	that	reached	a	1%	FDR	significance	association	with	
age	in	both	studies	(p	from	Fisher's	exact	test	1.471e-10),	347	had	
concordant	effects	and	are	listed	in	Table	S5b.	The	Venn	diagram	in	
Figure	S4	shows	that,	between	the	lists	validated	in	the	INTERVAL	
study	and	the	BLSA/GESTALT	study,	there	is	an	overlap	of	79,	and	
268	aptamers	of	the	aging	signature	are	replicated	in	the	INTERVAL	
study	bringing	the	number	of	aptamers	from	the	aging	signature	with	
replication	 in	 at	 least	 one	 independent	 study	 to	 502	 (484	 unique	
proteins).	The	list	of	these	502	aptamers	is	in	Table	S5c.

2.3  |  Survival signatures

The	comparison	of	the	centenarian	signature	with	four	independ-
ent	studies	of	aging	showed	that	many	proteins	of	aging	are	highly	
expressed	 in	centenarian	serum	in	addition	to	protein	signatures	

F I G U R E  4 Overlap	of	modules	of	co-regulated	proteins	in	centenarians,	and	centenarians'	offspring	and	controls.	Squares	denote	protein	
modules	in	centenarians'	offspring	and	controls	(CTRL),	and	ellipses	denote	protein	modules	in	centenarians	(CENT).	A	red	border	denotes	
upregulated	modules	and	a	blue	border	denotes	downregulated	modules.	Green	edges	represent	correlations	between	centenarians'	
offspring	and	control	modules,	and	gray	edges	represent	correlation	between	centenarian	modules.	The	numbers	within	square	brackets	
represent	the	average	standardized	expression	comparing	CTRL	to	CENT	in	the	CTRL	modules	and	the	other	way	round	in	CENT	modules.	
For	example,	CENT	M1	[−0.11]	means	that	the	average	standardized	expression	of	the	proteins	in	the	module	comparing	centenarians	to	
offspring/control	is	−0.11.	Gray	edges	represent	correlation	between	eigengenes	>0.8.	Orange	edges	represent	a	>10%	overlap	based	on	
Jaccard's	concordance	index.	Each	module	was	annotated	with	enrichment	for	the	50	Hallmark	pathways,	the	1312	centenarian	signature,	
the	32-protein	signature	of	immune	senescence,	the	50-protein	signature	of	extreme	old	age,	the	37-protein	signature	of	survival	in	the	
centenarians,	the	140-protein	signature	of	survival	in	the	offspring	and	controls,	and	the	three	SASP	signatures	of	senescence
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that	 are	 unique	 in	 centenarians.	 However,	 these	 cross-sectional	
data	 do	 not	 capture	 the	 patterns	 of	 protein	 changes	 that	 oc-
curred	in	the	serum	profiles	of	centenarians	when	they	were	much	
younger	 and	 that	may	have	determined	 their	 extreme	 longevity.	
We	 therefore	 searched	 for	 proteins	 that	 correlate	 with	 longer	
survival	in	centenarians	and,	separately,	in	centenarians'	offspring	
and	 control.	We	 conducted	 the	 analyses	 separately	 in	 centenar-
ians	and	in	centenarians'	offspring	and	controls	because	their	mor-
tality	risk	is	very	different.

2.3.1  |  Signature	of	survival	in	centenarians

To	 represent	 longer	 than	 expected	 survival	 in	 centenarians,	 we	
chose	2	years	which	is	the	expected	years	of	survival	of	a	100	year	
old	born	in	1900,	and	we	stratified	the	set	of	73	centenarians	into	
42	who	survived	less	than	2	years	after	the	blood	draw	and	31	who	
survived	2	years	or	more.	We	then	correlated	the	protein	data	with	
these	two	groups,	adjusting	for	sex	and	age	at	blood	draw.	Although	
no	 single	 aptamer	 reached	 a	 significant	 association	 with	 survival	
after	correction	for	multiple	testing,	a	set	of	37	proteins	were	sig-
nificantly	associated	with	survival	group	with	p-value	<0.005,	which	
represents	 a	 50%	 increase	 over	 the	 number	 expected	 by	 chance	
(Figure	3a,	Table	S6a).	This	set	included	11	proteins	that	are	also	part	
of	the	centenarian	signature	and	that	increased	in	centenarians	com-
pared	with	younger	individuals,	but	decreased	with	longer	survival	
compared	with	shorter	survival	(see,	e.g.,	Nudix	hydrolase	9:	NUDT9	
in	Figure	3).	The	exception	to	this	pattern	was	PCSK1	that	increased	
in	centenarians	and	also	increased	with	longer	survival	(Figure	S5),	
suggesting	 that	 high	 expression	 of	 PCSK1	may	 promote	 extreme	
longevity.	Pathway	projection	analysis	using	the	50	Hallmark	path-
ways	suggests	a	lower	level	of	androgen	response	is	associated	with	
longer	 survival	 (p	 =	0.003,	13%	FDR),	 as	well	 as	 low	 levels	of	 the	
complement	pathway,	glycolysis,	and	angiogenesis,	although	these	
three	pathways	reached	only	nominal	significance	(Table	S6b).

2.3.2  |  Signature	of	survival	in	
centenarians'	offspring	and	controls

We	repeated	a	similar	analysis	in	70	centenarians'	offspring	and	con-
trols	 for	whom	we	had	 information	about	death	within	or	beyond	
10	years	from	the	time	of	the	blood	draw.	We	choose	10	years	to	
represent	longer	than	expected	survival	(longevity)	since	this	is	ap-
proximately	 the	 average	 number	 of	 years	 of	 life	 expected	 in	 indi-
viduals	aged	70	years	and	born	in	the	1930	cohort.	We	stratified	the	
70	centenarians'	offspring	and	controls	into	a	group	of	22	who	died	
within	10	years	from	the	blood	draw	and	a	group	of	48	who	survived	
beyond	10	years.	We	then	correlated	the	protein	data	with	these	two	
groups,	adjusting	 for	sex,	age	at	blood	draw,	and	participant	 type.	
The	analysis	detected	a	set	of	140	aptamers	 that	were	associated	
with	survival	 (p	<	0.005,	17%	FDR)	 (Table	S7,	Figure	3c),	 including	
115	that	were	also	part	of	the	centenarian	signature.	 In	particular,	

the	 signal	of	86	proteins	decreased	 in	 centenarians	 and	 increased	
with	 longer	 survival,	 while	 the	 signal	 of	 24	 proteins	 increased	 in	
centenarians	and	decreased	with	 longer	 survival.	Figure	3d	shows	
two	examples	of	the	relevant	proteins:	GDF15	increased	with	older	
age	but	lower	values	were	associated	with	longer	survival,	while	kal-
likrein	B1	(KLKB1)	decreased	with	older	age	and	higher	values	were	
associated	with	longer	survival.	Point	variants	of	KLKB1	have	been	
shown to associate with amyloid beta levels and thus atherosclero-
sis	(Simino	et	al.,	2017).	We	replicated	the	association	with	survival	
of	26	of	these	140	markers	in	the	InCHIANTI	study	using	approxi-
mately	15	years	of	follow-up	data	and	504	deaths.	Leveraging	the	
larger	sample	size	of	InCHIANTI,	the	association	with	survival	was	
analyzed	 using	 the	 Cox-proportional	 regression	 analysis,	 adjusted	
by	age	and	sex,	and	12	of	these	26	proteins	showed	significant	as-
sociation	with	 survival,	with	 consistent	 effects	 in	 the	 two	 studies	
(Table	3).

When	comparing	the	two	signatures	of	survival	identified	in	cen-
tenarians	and	in	the	younger	group,	only	Nudix	hydrolase	9	(NUDT9)	
was	significantly	associated	in	both	and	was	also	in	the	centenarian	
signature.	Pathway	projection	analysis	using	the	50	Hallmark	path-
ways	 detected	 12	 pathways	 associated	 with	 survival	 (Figure	 3c).	
Upregulation	of	the	TGF-beta	signaling	pathway	was	associated	with	
longer	survival,	while	downregulation	of	all	other	11	pathways	was	
associated	with	longer	survival.	Six	of	the	12	pathways	overlapped	
with	those	identified	in	the	pathway	projection-based	analysis	of	the	
aging	signature	 in	Figure	1a	 (right),	 and	 the	association	with	aging	
and	survival	was	in	opposite	directions.	Five	of	these	pathways	(in-
flammatory	 response,	UV	 response,	 P53	 pathway,	WNT/beta-cat-
enin	signaling	pathway,	MTORC1	signaling,	and	androgen	response)	
did	not	reach	nominal	significance	in	the	aging	analysis.

2.4  |  Centenarians and cellular senescence

We	annotated	 the	various	signatures	by	 their	enrichment	 for	 senes-
cence-associated	secretory	phenotypes	 (SASP)	using	 the	SASP	Atlas	
(www.saspa	tlas.com)	 described	 in	 Ref.	 (Basisty	 et	 al.,	 2019).	 Of	 the	
4118	proteins	 linked	 to	 aptamers	 in	 the	 SomaLogic	 array,	 417	over-
lapped	with	the	list	of	1140	SASP	proteins	that	reached	a	significant	
differential	expression	at	5%	FDR	in	human	lung	fibroblast	(IMR90)	or	
renal	cortical	cell	treated	with	one	of	three	senescence-inducing	stim-
uli:	X-ray	 irradiation,	RAS	overexpression,	 and	 the	protease	 inhibitor	
atazanavir.	The	1312-protein	centenarian	signature	included	174	SASP	
proteins	 (13%)	 that	 represents	a	 significant	enrichment	 (p	=	8.584e-
06).	The	32-protein	signature	of	 immune	senescence	 included	seven	
SASP	proteins	(22%,	p	=	0.081),	while	the	50-protein	signature	of	ex-
treme	old	age	included	eight	SASP	proteins	(16%,	p	=	0.159)	(Figure	S5).	
The	overall	 list	of	484	aging-associated	proteins	that	replicated	 in	at	
least	one	study	included	84	SASP	proteins	(7.4%,	p	=	2.043e-07).	The	
37-protein	survival	signature	in	the	oldest	old	included	six	SASP	pro-
teins	(16.2%,	p	=	0.093),	while	the	140-protein	survival	signature	in	the	
younger	group	 included	14	SASP	proteins	 (10.0%,	p	=	1)	 (Figure	S5).	
These	sets	are	summarized	in	Table	S8.
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2.5  |  Network analysis

We	generated	co-expression	networks	in	the	serum	protein	data	of	
the	centenarians	and	of	the	centenarians'	offspring	and	controls,	to	
test	whether	the	two	groups	are	characterized	by	different	modules	
of	correlated	proteins	that	could	point	to	additional	biological	mech-
anisms	 associated	 with	 older	 age	 and	 extreme	 longevity	 not	 de-
tected	by	the	previous	analyses.	The	analysis	identified	29	modules	
of	co-expressed	proteins	in	centenarians	(Table	S9),	with	size	ranging	
from	21	to	478	aptamers	and	median	size	31	aptamers,	and	a	large	
“null”	module	of	2813	aptamers	(i.e.,	a	module	whose	aptamers	had	
no	sufficiently	high	co-expression	with	other	groups	of	aptamers).	
Nineteen	of	the	29	modules	were	highly	correlated	with	each	other	
(17	gray	edges	between	ellipse	nodes	in	Figure	4.	The	same	analysis	
in	centenarians'	offspring	and	controls	generated	only	23	modules	of	
co-expressed	proteins	with	size	ranging	from	20	to	264	and	median	
size	51,	and	a	large	null	module	of	2776	aptamers.	Thirteen	of	the	23	
modules	were	highly	correlated	with	each	other	(11	green	edges	be-
tween	rectangular	nodes	in	Figure	4.	We	annotated	the	modules	by	
their	enrichment	for	the	50	Hallmark	pathways,	the	new	signatures	
discovered	 in	 the	 earlier	 analyses,	 and	 the	 senescence	 signatures	
determined	by	X-ray	irradiation,	RAS	overexpression,	and	protease	
inhibitor	atazanavir	 (Basisty	et	al.,	2019).	We	then	 identified	mod-
ules	in	centenarians	and	in	centenarian	offspring	and	controls	with	a	
large	number	of	overlapping	aptamers,	and	connected	them	to	em-
phasize	their	similarities	(orange	edges	in	Figure	4,	Figure	S6).

This	analysis	showed	that	the	many	modules	discovered	in	cen-
tenarians have similar proteins to modules discovered in centenar-
ians'	offspring	and	controls	but	differ	 in	abundance	(orange	edges,	
Figure	4).	For	example,	module	M1	in	centenarians	included	80%	of	
the	proteins	 in	module	M1	of	centenarians'	offspring	and	controls	
that were on average downregulated in centenarians. Module M3 
in centenarians included 163 proteins that were more abundant in 
centenarians	 and	 overlapped	with	 80%	 of	 the	 proteins	 in	module	
M6	of	centenarians'	offspring	and	controls.	Both	modules	were	en-
riched	for	Myc	targets,	pathways	involved	in	metabolism,	and	SASP.	
Module	M3	in	centenarians	was	also	enriched	for	proteins	of	the	ex-
treme longevity signature pointing to a connection between markers 
of	longer	survival	in	the	extreme	old,	gene	regulation,	and	metabo-
lism.	These	conserved	modules	likely	represent	mechanisms	that	are	
important	for	aging	and	for	longevity.

The	 analysis	 also	 highlighted	 differences	 in	 the	 structure	 of	
modules	of	co-expressed	proteins	in	the	two	groups.	For	example,	
module	M2	 in	 both	 groups	 shared	 the	 cell-cycle	 component	 (E2F,	
G2M,	Myc)	and	extreme	old-age	signatures,	but	only	the	centenar-
ians'	module	was	enriched	for	mTORC1	and	adipogenesis,	and	only	
the	control	module	was	enriched	for	KRAS	(Figure	4).	Other	exam-
ples	are	discussed	in	Figures	S7–S9.	The	fragmentation	of	modules	
of	serum	proteins	in	centenarians	suggests	a	change	of	co-regulation	
of	genes	involved	in	important	biological	processes	of	older	age,	in-
cluding	metabolism	and	inflammation.	The	analysis	also	discovered	
modules	 in	 the	 two	groups	of	subjects	 that	were	enriched	 for	 the	
survival	and	extreme	old-age	signatures,	for	example,	modules	M9	

and	M16	in	centenarians,	and	modules	M10,	M11,	and	M15	in	off-
spring	and	controls	(Figure	4,	Figure	S9),	pointing	to	these	modules	
as	potential	new	biological	processes	of	longevity.

An	overall	 summary	of	 the	 results	 and	 annotation	of	 each	 ap-
tamer	 in	the	SomaScan	array	from	the	various	analyses	 is	 in	Table	
S10.

3  |  DISCUSSION

3.1  |  Overview of the results

The	discovery	of	serum	proteins	as	potential	biomarkers	of	aging	and	
disease	has	been	challenging.	However,	 the	SomaScan	 technology	
has been shown to provide a sensitive and robust way to measure 
a	large	number	of	serum	proteins	with	high	reproducibility	(Candia	
et	 al.,	 2017).	With	 access	 to	 a	 SomaScan	 array	 of	 4785	 aptamers	
tagging	4116	unique	proteins	and	serum	samples	from	centenarians,	
centenarians'	offspring,	and	unrelated	controls	age-matched	to	the	
offspring	but	without	familial	longevity,	we	were	able	to	discover	a	
1312-protein	signature	that	distinguishes	centenarians'	serum	from	
that	of	old	individuals	(mean	age	71	years).	We	validated	17	of	these	
proteins	using	MS	of	10	serum	samples	 included	 in	 the	SomaScan	
experiment.	 Comparison	 of	 our	 results	 with	 independent	 studies	
of	aging	produced	a	 list	of	484	proteins	 (502	aptamers)	 that	were	
replicated	 in	 at	 least	 one	 study	 and	 include	 both	 novel	 and	well-
established	biomarkers	of	 aging	and	cell	 senescence	 (e.g.,	GDF15,	
which	 is	 associated	with	 anorexia	 and	 cachexia,	 phenotypes	 com-
monly	observed	in	the	elderly	(Mullican	&	Rangwala,	2018)).	Thus,	
the	centenarian	protein	signature	is	enriched	of	aging	proteins.

The	most	 striking	 feature	of	 the	 centenarian	protein	 signature	
was	the	size:	1312	serum	proteins	(1428	aptamers)	were	different	in	
centenarians	with	strong	statistical	significance.	The	discovery	of	a	
large	number	of	significant	proteins	is	likely	due	to	our	adoption	of	
the	largest	SomaScan	array	used	in	a	study	of	aging	and	longevity	to	
date,	to	the	high	sensitivity	of	the	technology	(Gold	et	al.,	2010),	and	
to	the	inclusion	of	very	old	individuals	that	likely	boosted	our	statis-
tical	power.	Interestingly,	median	fold	changes	were	moderate	and,	
on	average,	proteins	changed	by	12%–25%	comparing	centenarians	
to	their	offspring	and	controls.	Other	studies	of	aging	and	longevity	
have	shown	that	a	large	number	of	serum	proteins	change	with	age,	
and	most	 of	 the	 changes	 are	 small	 (Lehallier	 et	 al.,	 2019).	 The	 30	
most	 significant	 aptamers	were	mostly	 increased	 in	 centenarians,	
but	the	overall	signature	included	approximately	the	same	number	
of	 over-expressed	 and	 under-expressed	 proteins	 in	 centenarians	
compared	with	 younger	 individuals.	 The	 centenarian	 signature	 in-
cluded	well-known	biomarkers	of	aging	(Justice	et	al.,	2018)	and	was	
enriched	for	many	Hallmark	pathways	pointing	to	inflammation,	in-
nate	immunity,	cell-cycle	regulation,	and	cancer-related	processes	as	
important	aging	processes.	The	analysis	was	adjusted	by	sex,	but	we	
did	not	attempt	separate	analyses	for	the	two	sexes,	and	we	expect	
that	 larger	 studies	 will	 be	 powered	 to	 discover	 sex-specific	 aging	
signatures.

 14749726, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13290 by Florida International U

niversity, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 18  |     SEBASTIANI ET Al.

Our	analysis	identified	about	100	proteins	with	a	fold	change	of	
at	 least	1.5,	but	with	this	small	set	we	did	not	detect	any	strongly	
significant	pathway	enrichment	when	we	applied	correction	for	mul-
tiple	comparisons.	It	is	of	note	that	this	smaller	set	was	enriched	for	
proteins	 involved	with	 regulation	of	 insulin-like	growth	 factor	and	
metabolism	of	lipids	at	FDR	~20%.

The	 centenarian	 protein	 signature	 provided	 a	 list	 of	 proteins	
that	were	enriched	for	several	biological	processes.	To	directly	test	
which	 biological	 processes	were	 involved	 in	 differentiating	 cente-
narian	serum	from	younger	individuals,	we	also	employed	a	pathway	
projection	analysis	 in	which	we	analyzed	the	differences	 in	scores	
of	 known	 pathways	 among	 centenarians,	 centenarians'	 offspring	
and	 controls.	 This	 analysis	 showed	 that	 several	 well-known	 aging	
pathways,	 for	 example,	 the	 mTOR	 pathway	 and	 the	 angiogenesis	
pathway	 (Ghaben	 &	 Scherer,	 2019;	 Lopez-Otin	 et	 al.,	 2013),	 in-
crease	 their	 level	 of	 activity	 in	 centenarians,	 while	 few	 pathways	
reduce	 their	 level	of	activity	 in	centenarians.	 Interestingly,	 targets	
of	Myc	 and	mTOR	were	 the	 least	 significant	Hallmarks;	 however,	
they	did	score	as	significant	(Table	S3b).	In	preclinical	models,	Myc	
hypomorphs	 (heterozygotic	mice)	were	 shown	 to	 live	 significantly	
longer	than	controls	(Hofmann	et	al.,	2015),	and	agents	that	inhibit	
mTORC1	signaling,	such	as	rapamycin	or	other	rapalogs,	have	been	
shown	 to	 increase	 lifespan	 and	 delay	 or	 prevent	 age-related	 phe-
notypes	(Kennedy	&	Lamming,	2016).	Myc	target	genes	have	been	
shown	to	increase	as	a	function	of	age	in	rats	and	are	counter-regu-
lated	by	mTORC1	inhibition	(Shavlakadze	et	al.,	2018),	and	thus,	the	
increase observed in centenarians is consistent with centenarians 
expressing	normal	age-related	changes,	only	much	later	than	usual	
(Hofmann	et	al.,	2015).	Also,	mTOR	signaling	itself	has	been	shown	
to	increase	in	muscle	from	older	subjects	(Joseph	et	al.,	2019),	giving	
a	potential	mechanism	 for	 the	 increase	 in	Myc	 targets	 in	humans,	
and	further	rationale	for	using	mTORC1	inhibitors.

3.1.1  |  Novel	signatures	of	senescence	and	extreme	
old age

By	studying	the	differences	between	the	centenarian	protein	signa-
ture	and	proteins	of	aging	in	the	BLSA/GESTALT	study,	we	showed	
that	centenarians	carry	a	unique	50-protein	signature	of	 “extreme	
old	age,”	and	a	32-protein	signature	of	“immune	exhaustion”	that	is	
consistent	with	immune	senescence	(Fulop	et	al.,	2018).	These	signa-
tures	point	to	interesting	processes	linked	to	extreme	old	age.

The	32-protein	signature	of	immune	senescence	comprises	aging	
proteins that did not change in centenarians compared with cente-
narians'	offspring	and	controls.	This	signature	included	serum	scle-
rostin	(gene	SOST)	that	has	been	reported	to	increase	with	older	age	
(Modder	et	al.,	2011;	Tanaka	et	al.,	2018),	but	the	level	in	centenar-
ians	was	undistinguishable	from	the	younger	groups.	Higher	serum	
levels	of	sclerostin	have	been	linked	to	increased	risk	for	fracture	in	
aging	individuals	(Ardawi	et	al.,	2012),	and	compounds	that	decrease	
SOST	expression	are	targets	for	treatment	of	osteoporosis	(Delgado-
Calle	et	al.,	2017),	so	that	the	unchanged	level	seen	in	centenarians	

may describe a protective mechanism. SOST	 is	 an	 inhibitor	 of	 the	
WNT	signaling	pathway	as	dickkopf	WNT	signaling	pathway	inhibi-
tor	4	(DKK4),	which	also	increases	with	older	age	(Tanaka	et	al.,	2018)	
but	was	unchanged	in	centenarians.	The	32	proteins	include	several	
cytokines	 receptors	 (IL5RA,	 IL10RA,	 IL15RA,	 IL17F)	 and	 chemok-
ines	 ligands	 (CCL3L1,	 CCL4L1)	 that	 increase	 with	 age,	 and	 their	
lower	than	expected	levels	in	centenarians	could	suggest	a	status	of	
immune	exhaustion	or	immune	senescence	that	may	kick	in	to	pro-
tect	individuals	at	very	old	age	(Fulop	et	al.,	2018).	This	32-protein	
signature	 includes	seven	SASP	proteins	 (Figure	S5),	 including	TMP	
metallopeptidase	inhibitor	1	(TIMP1),	and	insulin-like	growth	factor	
protein	7	(IGFBP7).	Interestingly,	suppression	of	TIMP1	in	mice	has	
been	linked	to	maintenance	and	expansion	of	stem	cells	with	no	in-
creased	risk	of	cancer	(Jackson	et	al.,	2015),	while	the	serum	level	of	
IGFBP7	is	a	marker	of	tissue	aging	and	heart	failure	(Januzzi	et	al.,	
2018).	Unchanged	levels	in	centenarians	compared	with	the	younger	
age	groups	may	indicate	a	slower	aging	rate,	or	good	cardiac	func-
tion.	However,	a	note	of	caution	is	that	blood	collection	procedures	
may	affect	the	ability	to	detect	some	of	these	proteins	in	blood.	This	
limitation	 is	 known	 for	TIMP1	and	other	metalloproteinases	 (Jung	
et	al.,	2008;	Losanoff	et	al.,	2008;	Mannello,	2008;	Mannello	&	Jung,	
2008;	Mannello	et	al.,	2008).

The	 50-protein	 signature	 of	 extreme	 old	 age	 included	 proteins	
that do not correlate with age but appear to be dysregulated in cen-
tenarians.	This	 set	 includes	eight	SASP	proteins,	 for	example,	14-3-3	
protein β/α	(YWHAB)	and	HSP90AB1,	which	may	play	a	role	in	apop-
tosis	and	inflammation	and	is	a	tissue-specific	biomarker	of	survival	in	
ovarian	cancer.	The	insulin-degrading	enzyme	(IDE)	plays	a	role	in	cel-
lular	breakdown	of	insulin,	islet	amyloid	polypeptide	(IAPP),	and	other	
peptides	and	may	have	a	role	in	clearance	of	amyloid	beta-protein	se-
creted	by	neurons.	Ghrelin	 (GHR)	 induces	the	release	of	growth	hor-
mone	from	the	pituitary	gland	and	has	an	appetite-stimulating	effect	
that	induces	adiposity	and	stimulates	gastric	acid	secretion.	The	levels	
of	both	IDE	and	GHR	are	down	in	centenarians,	and	this	suggests	failing	
of	vital	biological	processes	rather	than	expression	of	longevity	mark-
ers.	In	addition,	the	decrease	in	GHR	is	consistent	with	the	increase	in	
GDF15—together	predicting	an	anorexic	phenotype.	Thus,	this	partic-
ular	signature	is	likely	to	be	enriched	in	biomarkers	of	extreme	old	age	
that	can	inform	about	molecular	functions	toward	the	end	of	life	but	are	
unlikely to suggest the protective mechanisms that allowed centenari-
ans	to	reach	extreme	old	ages.

3.1.2  |  Distinction	between	biomarkers	of	
longevity	and	drivers	of	longevity

The	macroscopic	 serum	protein	differences	between	centenarians	
and	 centenarians'	 offspring	 and	 controls	 likely	 gave	 large	 statisti-
cal	power	to	discover	many	proteins.	However,	it	is	unlikely	that	all	
of	these	markers	are	“causal”	or	“drivers”	of	longevity,	and	a	major	
challenge will be to distinguish the serum proteins that represent an 
effect	 of	 aging	 from	proteins	 that	 represent	 processes	 that	 cause	
aging	and	extreme	longevity.	This	distinction	is	important	to	identify	
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targets	for	healthy	aging	therapeutics	rather	than	simply	biological	
markers	of	aging.	The	network	analysis	of	serum	protein	in	centenar-
ians'	offspring	and	controls	showed	that	many	serum	proteins	clus-
ter	in	modules	of	co-expression,	suggesting	that	there	may	be	a	small	
number	 of	 driver	 proteins	 that	 co-regulate	 downstream	 proteins.	
This	result	is	consistent	with	the	analysis	in	Emilsson	et	al.	(2018)	that	
showed	a	similar	number	of	protein	modules	that	are	enriched	for	
biological	processes.	The	modules	of	proteins	in	centenarians	were	
enriched	 for	biological	processes	 that	are	 important	 for	aging	and	
longevity,	and	some	protein	modules	were	conserved	 in	centenar-
ians	but	others	fragmented	into	smaller	modules.	For	example,	only	
one	small	protein	module	in	offspring	and	controls	was	enriched	for	
the	mTOR	signaling	pathway,	while	two	centenarians'	modules	were	
enriched	for	the	mTOR	and	mTORC	signaling	pathways.	This	change	
in	connectivity	of	groups	of	proteins	suggests	that	extreme	old	age	
may	affect	gene	regulation	but	larger	datasets	of	protein	profiles	in	
centenarians'	serum	will	be	important	to	discover	the	processes	that	
determine	this	loss	of	regulation.	We	expect	that	the	integration	of	
protein	signatures	with	genetic	signatures	and	other	molecular	data,	
including	 in	 particular	methylation,	will	 help	with	 interpreting	 the	
patterns	of	conserved	and	fragmented	modules	and	will	point	to	im-
portant	drivers	of	aging	and	extreme	longevity.	We	also	expect	that	
larger	samples	of	centenarian	offspring	and	controls	will	reveal	mod-
ules	that	are	different	between	the	two	groups	and	point	to	earlier	
molecular	changes	that	precede	extreme	longevity.

Consistent	with	previous	work,	 the	network	 analysis	 also	 sug-
gests that serum proteins may provide insights about biological 
processes	linked	to	aging.	Emilsson	et	al.	(2018)	showed	that	indeed	
co-expression	networks	revealed	by	studying	serum	proteins	resem-
ble	those	identified	in	many	solid	tissues,	thus	suggesting	that	serum	
can	be	used	to	infer	general	biological	processes	relevant	to	aging.	
In	addition,	parabiotic	experiments	have	suggested	that	serum	and	
plasma	proteins	may	regulate	complex	biological	processed	linked	to	
aging	(Conboy	et	al.,	2013).

3.1.3  |  Signatures	of	survival

Our	analysis	 identified	a	140-protein	signature	of	survival	 in	older	
adults	 and	 a	 37-protein	 signature	 of	 survival	 in	 centenarians.	 The	
level	of	statistical	significance	of	the	signature	of	survival	in	cente-
narians	was	weak	(Table	S6a,	p	<	0.005),	and	additional	studies	with	
larger sample sizes will be necessary to replicate and strengthen this 
result.	The	signature	of	survival	in	centenarians'	offspring	and	con-
trols	was	more	robust	and	 included	23	significant	proteins	at	10%	
FDR,	58	significant	proteins	at	11%	FDR,	and	up	to	140	proteins	at	
17%	FDR	(Table	S7).	Noticeably,	12	of	these	proteins	were	replicated	
in	the	InCHIANTI	study	using	a	more	advanced	statistical	analysis.	
Many	of	 the	 serum	proteins	 that	 predict	 longer	 survival	 in	 cente-
narians'	offspring	and	controls	are	also	biomarkers	of	aging	that	ap-
pear	to	increase	or	decrease	later	in	individuals	who	live	longer.	This	
result is consistent with the hypothesis that centenarians aged at 
a	slower	rate	and	maintained	a	healthy	profile	of	these	proteins	as	

they	aged	(Ferrucci	et	al.,	2020),	but	we	do	not	have	complete	data	
yet	 to	 show	 how	much	 younger	 than	 expected	 centenarians	 are,	
based on protein data.

In	 the	 absence	 of	 data	 on	 the	 serum	 of	 centenarians	 when	
they	were	younger,	we	analyzed	the	serum	proteome	of	centenar-
ians'	 offspring	who	 tend	 to	 age	more	 healthily	 than	 age-matched	
controls	without	 familial	 longevity	 (Terry	 et	 al.,	 2002).	We	 identi-
fied	 237	 aptamers	 that	 were	 nominally	 differentially	 expressed	
between	 centenarians'	 offspring	 and	 controls	 (after	 adjusting	 for	
sex	and	sample	age)	but	did	not	reach	statistical	significance	after	
correction	 for	multiple	 testing	 (Table	S1e).	Ninety-six	of	 these	ap-
tamers	 overlapped	with	 the	 centenarian	 signature,	 and	 the	 signal	
of	59	aptamers	(targeting	57	unique	proteins)	showed	a	potentially	
delayed	aging	effect	 in	centenarian's	offspring	relative	to	controls.	
Specifically,	 six	 aptamers	whose	 targets	 decreased	with	older	 age	
were	higher	in	centenarians	offspring	compared	with	controls,	and	
53 aptamers whose targets increased with older age were lower in 
centenarians.	However,	larger	sample	sizes	will	be	needed	to	reach	
statistical	significance	accounting	for	multiple	testing.	For	example,	
we	calculated	that	for	the	largest	effect	detected	in	this	analysis	to	
pass	the	Bonferroni-corrected	significance	threshold	we	would	need	
at	least	250	samples,	hence	twice	the	current	sample	size.	The	Long	
Life	Family	Study	(Newman	et	al.,	2011)	will	generate	a	larger	serum	
protein	dataset	in	the	next	2–3	years,	and	these	data	will	enable	us	
and	 others	 to	 conduct	more	 in	 depth	 analyses.	 Larger	 samples	 of	
centenarians'	offspring	and	control	serum	profiles	will	likely	detect	
also	differences	in	the	network	structures	that	we	did	not	notice	in	
our small set.

Our	study	also	suggests	that	signatures	of	survival	appear	to	be	
age-dependent.	In	fact,	the	two	signatures	of	survival	in	centenari-
ans	and	in	the	younger	age	groups	overlapped	by	only	one	protein,	
NUDT9,	a	member	of	a	superfamily	of	enzymes	 involved	 in	purine	
metabolism	and	in	the	regulation	of	Transient	receptor	potential	cat-
ion	channel	subfamily	M	member	2	(gene	TRPM2)	(Wang	et	al.,	2018).	
NUDT9	expression	is	reportedly	localized	to	mitochondria	(Perraud	
et	al.,	2003),	and	it	will	be	interesting	to	determine	whether	it	reg-
ulates	mitochondrial	 function,	which	 declines	with	 age	 (Sun	 et	 al.,	
2016).	In	addition,	five	of	the	pathways	involved	with	longer	survival	
were	 not	 significant	 in	 the	 centenarian	 signature,	 thus	 suggesting	
that	healthy	aging	is	not	only	the	result	of	slowing	the	aging	rate.

3.2  |  Limitations

The	 data	 in	 this	 analysis	 include	 individuals	 with	 ages	 ranging	
from	45	years	to	114	years	at	blood	draw,	but	only	a	small	number	
of	 study	 participants	were	 younger	 than	 60	 years.	 Studies	with	
a	 larger	 number	 of	 younger	 individuals	 and	 different	 technolo-
gies	are	needed	to	provide	a	more	comprehensive	assessment	of	
the	 proteins	 that	 correlate	 with	 longevity.	 In	 addition,	 with	 the	
SomaScan	 array	we	 could	 profile	more	 than	 4000	 proteins,	 but	
this number is much smaller than the serum proteome. More com-
prehensive	protein	profiles	will	 likely	expand	 the	 set	of	proteins	
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that regulate aging and longevity and possibly point to new impor-
tant biological processes.

4  |  CONCLUSIONS

Analysis	of	centenarians,	their	offspring,	and	controls	age-matched	
to	 the	offspring	 helped	 to	 demonstrate	 that	 centenarians	 express	
many	 of	 the	 protein	 signatures	 associated	 with	 aging,	 including	
common	 age-related	 pathway	 changes	 such	 as	 interferon-gamma	
signaling,	mTOR	signaling,	the	SASP	signature,	and	Myc	pathway	up-
regulation.	In	addition,	the	patterns	of	some	of	these	signatures	in	
individuals with longer survival suggest that centenarians may have 
aged	“slower”	 than	other	humans.	What	 is	of	additional	 interest	 is	
that	there	are	distinct	patterns	of	proteins	that	are	unique	to	cente-
narians.	These	findings	suggest	possible	mechanisms	that	might	be	
unique	to	the	extreme	aged,	and	are	thus	worth	further	exploration,	
as	potential	protective	pathways	that	might	be	of	use	in	treating	age-
associated diseases.
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