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Abstract
Phenotypic	aging	is	ubiquitous	across	mammalian	species,	suggesting	shared	underly-
ing	mechanisms	of	aging.	Aging	is	 linked	to	molecular	changes	to	DNA	methylation	
and gene expression, and environmental factors, such as severe external challenges or 
adversities,	can	moderate	these	age-	related	changes.	Yet,	it	remains	unclear	whether	
environmental adversities affect gene regulation via the same molecular pathways as 
chronological, or ‘primary’, aging. Investigating molecular aging in naturalistic animal 
populations can fill this gap by providing insight into shared molecular mechanisms 
of aging and the effects of a greater diversity of environmental adversities – par-
ticularly those that can be challenging to study in humans or laboratory organisms. 
Here,	we	characterised	molecular	aging	–	specifically,	CpG	methylation	–	in	a	sample	
of	free-	ranging	rhesus	macaques	living	off	the	coast	of	Puerto	Rico	(n	samples = 571,	
n	individuals = 499),	which	endured	a	major	hurricane	during	our	study.	Age	was	as-
sociated	with	methylation	at	78,661	sites	(31%	of	all	sites	tested).	Age-	associated	hy-
permethylation	occurred	more	 frequently	 in	 areas	 of	 active	 gene	 regulation,	while	
hypomethylation was enriched in regions that show less activity in immune cells, sug-
gesting	these	regions	may	become	de-	repressed	in	older	individuals.	Age-	associated	
hypomethylation	 also	 co-	occurred	with	 increased	 chromatin	 accessibility	while	hy-
permethylation	showed	the	opposite	trend,	hinting	at	a	coordinated,	multi-	level	loss	
of	epigenetic	stability	during	aging.	We	detected	32,048	CpG	sites	significantly	asso-
ciated	with	exposure	to	a	hurricane,	and	these	sites	overlapped	age-	associated	sites,	
most	strongly	in	regulatory	regions	and	most	weakly	in	quiescent	regions.	Together,	
our	 results	 suggest	 that	 environmental	 adversity	 may	 contribute	 to	 aging-	related	
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1  |  INTRODUC TION

Aging	is	ubiquitous	across	mammals	and	is	accompanied	by	gradual	
declines in physiological systems across the body: from reproduc-
tion	to	sensory	systems	to	immunity	(Nussey	et	al.,	2013).	This	sug-
gests that there are shared underlying mechanisms at the molecular 
or cellular level that might be associated with, or even drive, the 
aging process. Indeed, molecular mechanisms, such as epigenetic 
alterations and genomic instability, have been identified almost ex-
clusively	based	on	human	or	laboratory	animal	(e.g.	rodents)	studies,	
and little research has focused on naturalistic mammalian popula-
tions	 (Jones	 et	 al.,	2015;	 López-	Otín	 et	 al.,	2013, 2023)	 (but	 see	
Pinho	et	al.,	2022;	Wilkinson	et	al.,	2021).	Doing	so	is	important	for	
understanding the generalisability and evolution of the aging pro-
cess	across	mammals	(Bronikowski	et	al.,	2011; Laine et al., 2023; 
Nussey	et	al.,	2013).	Further,	the	aging	process	can	be	modified	by	
external insults and adversities, and naturalistic populations offer 
unique	opportunities	to	investigate	the	effects	of	diverse	environ-
mental perturbations that are challenging to study in or do not af-
fect	humans	and	laboratory	animals	(Snyder-	Mackler	et	al.,	2020).

One	unified	and	well-	studied	mechanism	of	aging	is	changes	to	
the	epigenome	–	 including	DNA	methylation,	which	 is	a	gene	 reg-
ulatory mechanism that canonically suppresses gene expression 
(Lea	et	al.,	2018;	Moore	et	al.,	2013).	Due	to	its	gene	regulatory	role,	
changes	in	DNA	methylation	with	aging	can	both	generate	damage,	
contributing	to	the	aging	process,	and	be	part	of	the	damage-	repair	
response	 (Seale	 et	 al.,	 2022;	 Sriraman	 et	 al.,	 2020).	 For	 example,	
the	progressive	loss	of	cell-		and	tissue-	specific	DNA	methylation	is	
expected	 to	drive	age-	related	 loss	of	 tissue	and	cellular	 specificity	
and	function	in	humans	and	mice	(Dmitrijeva	et	al.,	2018;	Hernando-	
Herraez	et	al.,	2019; Thompson et al., 2010).	Yet,	DNA	methylation	
also suppresses deleterious genomic elements such as transposable 
elements	 (TEs)	 that	 contribute	 to	molecular	 damage,	 inflammation	
and	immune	dysregulation	(Gorbunova	et	al.,	2021;	Pal	&	Tyler,	2016).

These molecular changes may mechanistically link environ-
mental adversities to variation in the timing of onset and trajec-
tories	 of	 various	 age-	related	phenotypes,	 such	 as	 the	 relationship	
between social adversity and increased morbidity and mortality in 
humans	and	other	primates	(Anderson	et	al.,	2021; Cunliffe, 2016; 
Holt-	Lunstad	 et	 al.,	 2015;	 Poganik	 et	 al.,	 2023;	 Snyder-	Mackler	
et al., 2019; Tung et al., 2016).	At	the	molecular	level,	age-	associated	
damage that is exacerbated by environmental insults is recognised 
as ‘secondary aging’. This stands in contrast to ‘primary aging’, which 
is the inevitable accumulated molecular damage over chronological 
time	 that	 results	 from	diminished	 repair	 capacity	 (Holloszy,	2000; 

Seale	et	al.,	2022).	Yet,	how	these	two	types	of	aging	influence	gene	
regulation and the extent to which environmental adversity mech-
anistically	 contributes	 to	 secondary	 aging	 remains	 unclear	 (Seale	
et al., 2022).

DNA	 methylation	 is	 expected	 to	 be	 a	 key	 link	 between	
sources of secondary aging such as environmental adversities 
and downstream phenotypes, as it is environmentally responsive 
and	 stable	 across	 long	 periods	 of	 time	 (Ciccarone	 et	 al.,	 2018; 
Tobi et al., 2014; Unternaehrer et al., 2012;	Zannas	et	al.,	2015).	
However,	 most	 studies	 to	 date	 that	 have	 investigated	 the	mo-
lecular	 consequences	 of	 environmental	 adversities	 using	 DNA	
methylation have focused on single epigenetic biomarkers, such 
as	composite	epigenetic	clocks,	or	DNA	methylation	near	candi-
date	 genes	 (i.e.	 glucocorticoid/stress	 response	 pathway)	 (Seale	
et al., 2022; Unternaehrer et al., 2012;	 Zannas	 et	 al.,	 2015).	
This means that we know little about how aging and environ-
mental	adversity	affect	DNA	methylation	at	individual	CpG	sites	
throughout	 the	 genome,	 and	 consequently	 have	 limited	 ability	
to differentiate the pathways linked to primary versus second-
ary	aging	(Seale	et	al.,	2022).	For	example,	it	remains	unclear	the	
extent to which secondary aging caused by environmental per-
turbations recapitulates primary aging effects on the methylome, 
including	 the	 specificity	 of	 their	 genomic	 targets	 (i.e.	 location)	
and	their	potential	to	generate	deleterious	consequences	(Jones	
et al., 2015).

Here,	we	 tested	 the	 extent	 to	which	 primary	 and	 secondary	
aging	 affect	 DNA	 methylation	 via	 distinct	 molecular	 pathways	
and	processes	by	probing	the	similarities	between	age-	related	and	
environmentally-	induced	 differences	 in	methylation.	We	 studied	
the	 long-	term,	 free-	ranging	 rhesus	macaque	 population	 of	 Cayo	
Santiago,	 in	 which	 individuals	 are	 tracked	 longitudinally	 and	 ex-
perience variation in naturally occurring environmental adversity 
during	 their	 lifetime.	 Specifically,	 we	 investigated	 primary	 and	
secondary	aging	on	DNA	methylation	by	assessing	the	 impact	of	
an adversity known to have biological and social impacts on these 
macaques	–	exposure	 to	Hurricane	Maria	 (Gonzalez	et	al.,	2023; 
Newman	 et	 al.,	 2023; Testard et al., 2021, 2024;	 Watowich	
et al., 2022).	Hurricane	Maria	struck	Puerto	Rico,	and	the	nearby	
island	of	Cayo	Santiago,	as	a	category	4	storm	in	September	2017	
and	 caused	 substantial	 damage	 to	 both	 islands.	Most	 of	 the	 re-
search	 infrastructure	 on	 Cayo	 Santiago	 was	 destroyed,	 along	
with	 over	 60%	 of	 the	 vegetation,	 which	 remains	 far	 below	 pre-	
storm	 levels	 even	 5 years	 after	 the	 storm	 (Testard	 et	 al.,	 2021, 
2024;	Watowich	et	al.,	2022).	Macaques	adjusted	their	social	be-
haviour following the hurricane, becoming more socially tolerant 

molecular phenotypes in regions of active gene transcription, but that primary aging 
has	specific	signatures	in	non-	regulatory	regions.

K E Y W O R D S
aging,	DNA	methylation,	environmental	adversity,	gene	expression,	gene	regulation
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on average which allowed greater access to scarce shade that is 
important for thermoregulation. This social tolerance predicted 
survival	after,	but	not	before,	the	storm	(Testard	et	al.,	2024).	At	
the	 genomic	 level,	 we	 previously	 found	 that	 macaques	 sampled	
after	the	storm	had	transcriptomic	ages	an	average	of	2 years	older	
than	their	chronological	age,	while	there	was	no	difference	in	pre-	
hurricane	samples,	and	that	effects	of	hurricane-	exposure	broadly	
recapitulated those of primary aging on the peripheral blood tran-
scriptome	(Watowich	et	al.,	2022).	Together,	this	suggests	that	the	
storm and its aftermath may accelerate facets of biological aging.

To investigate how primary aging and secondary aging via the 
environmental	adversity	of	a	major	hurricane	affect	DNA	methyla-
tion, we combined detailed demographic data with 571 peripheral 
blood	samples	collected	from	499	animals	to	address	four	goals.	
First,	we	described	how	DNA	methylation	 levels	vary	across	the	
lifespan and following a major natural disaster to characterise the 
effects of primary aging and exposure to natural disaster on the 
methylome.	Second,	we	quantified	the	extent	to	which	signatures	
associated with natural disaster were distinct from or similar to 
(i.e.	secondary	aging)	signatures	of	primary	aging.	Third,	we	used	
transcriptomic data to probe the relationship between primary 
and	 secondary	 age	 effects	 on	 DNA	 methylation	 and	 gene	 ex-
pression. Finally, while our sampling design consisted primarily of 
cross-	sectional	 samples,	we	had	 repeated	 samples	 from	67	 indi-
viduals, allowing us to compare the effects of age and hurricane 
exposure	cross-	sectionally	to	longitudinal	intra-	individual	changes	
in methylation and gene expression.

2  |  METHODS

2.1  |  Study subjects and experimental design

Whole	blood	and	behavioural	data	were	collected	from	rhesus	ma-
caques	 (Macaca mulatta)	 living	 on	 the	 island	 of	 Cayo	 Santiago,	 a	
long-	running	field	site	established	in	1938.	Macaques	are	monitored	
daily	by	staff	scientists	from	the	Caribbean	Primate	Research	Center	
who record births and other major life history events, providing 
highly	detailed	and	accurate	 record	of	animals'	birth	dates.	Whole	
blood samples and information about the animal's body condition 
and weight are collected during the annual trap and release period 
on	Cayo	Santiago,	which	occurs	 approximately	1–3 months	before	
the	 breeding	 season	 (2010–2012:	 January–March,	 2012–2013:	
November–February	 and	 2015–2018:	 October–December).	 Age	
and	sex-	matched	individuals	were	identified	for	biological	sampling	
before the trapping period each year. Our study drew on samples 
collected	 from	2010	 to	2018,	 although	animals	were	not	 sampled	
in	 2017,	 as	Hurricane	Maria	 devastated	 the	 island's	 infrastructure	
weeks	before	the	sampling	period	was	scheduled.	When	conditions	
allowed,	we	 resumed	biological	 sampling	 in	2018,	with	 the	aim	of	
collecting	 samples	 from	 animals	matched	 for	 age	 and	 sex	 to	 pre-	
hurricane	samples.	More	details	on	sample	collection	is	provided	in	
Watowich	et	al.	(2022).

2.2  |  Biological sampling

Samples	 included	 in	 this	 study	were	collected	during	 the	annual	
trap	 and	 release	 period	 from	 animals	 living	 on	 Cayo	 Santiago.	
Veterinary	 staff	 drew	 whole	 blood	 from	 sedated	 animals	 into	
one	 3 mL	BD	Vacutainer®	EDTA	 tube,	which	was	 later	 used	 for	
DNA	methylation	 data	 generation	 (Chiou	 et	 al.,	2020;	 Goldman	
et al., 2022).	Blood	in	the	EDTA	tube	was	immediately	refrigerated	
for ~1–3 h	before	transport	to	the	Puerto	Rican	mainland	and	long-	
term	storage	in	−80°C.	The	DNA	methylation	dataset	is	comprised	
of	470	blood	samples	from	421	animals	(median	age	of	9.09 years;	
n	females = 260,	n	males = 210)	from	2010	to	2016,	and	from	101	
animals	 (median	 age = 7.17 years;	n	 females = 56,	n	males = 45)	 in	
2018,	after	Hurricane	Maria.	Detailed	metadata	for	each	sample	
in	the	DNA	dataset	can	be	found	in	Table S1.	The	RNA-	seq	data-
set	was	generated	from	whole	blood	collected	in	2.5 mL	PAXgene	
Blood	 RNA	 Tubes	 (PreAnalytiX	 GmbH).	 The	 RNAseq	 dataset	 is	
comprised	of	435	blood	samples	from	357	animals	(median	age	of	
6.94 years;	n	 females = 174,	n	males = 261)	sampled	from	2013	to	
2016	and	108	animals	sampled	in	2018	(median	age = 6.05 years;	
n	 females = 57,	 n	 males = 51).	 For	 a	 detailed	 description	 of	 the	
RNA	dataset	blood	 sampling	 and	handling	 and	metadata	 for	 the	
RNAseq	dataset,	see	(Watowich	et	al.,	2022).	As	part	of	ongoing	
population	management,	a	subset	of	animals	in	2016	were	trans-
ported	from	Cayo	Santiago	to	the	Sabana	Seca	Field	Station	where	
the	standard	blood	collection	procedures	were	performed	(2016:	
DNA	dataset:	n = 89,	RNA	dataset:	n = 95).	Due	to	the	limited	infra-
structure	on	Cayo	Santiago	following	Hurricane	Maria	and	as	part	
of	 the	 same	 population	 management,	 animals	 sampled	 in	 2018	
were	also	trapped	on	Cayo	Santiago	and	sampled	at	Sabana	Seca	
(2018:	DNA	dataset:	n = 101,	RNA	dataset:	n = 108).

2.3  |  DNA/RNA extraction and sequencing and 
data preprocessing

Detailed	methods	of	sample	extraction,	sequencing,	and	initial	data	
quality	control	are	provided	in	the	Supplemental	Methods.	Briefly,	
we	 generated	 the	 DNA	 methylation	 dataset	 by	 extracting	 DNA	
from	EDTA-	anticoagulated	whole	blood	and	measuring	CpG	meth-
ylation	using	reduced	representation	bisulphite	sequencing	 (RRBS)	
(Meissner	 et	 al.,	 2005).	 RNA	 was	 extracted	 from	 RNA-	stabilised	
whole	 blood	 stored	 in	 PAXgene	 tubes	 and	 sequenced	 using	 a	 3′ 
RNA	 sequencing	 approach,	 TM3′Seq	 (Pallares	 et	 al.,	2020).	 RRBS	
and	 RNAseq	 reads	 were	 mapped	 to	 the	 rhesus	 macaque	 refer-
ence	genome	(Mmul_10).	We	quantified	the	number	of	methylated	
and	unmethylated	CpGs	 in	each	 sample	using	Bismark	 (Krueger	&	
Andrews,	2011).	CpG	sites	with	data	 in	greater	than	100	 individu-
als	and	variably	methylated	sites	(>10%,	<90%	methylated)	were	re-
tained	for	further	analysis	(n = 253,076	CpGs).	For	the	RNAseq	data,	
we excluded lowly expressed genes and seven haemoglobin and 
ribosomal	RNA	subunit	genes	 from	 the	analysis,	 resulting	 in	7009	
genes we carried through our analysis.
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2.4  |  Modelling the effects of age and adversity on 
DNA methylation

CpG	 methylation	 was	 modelled	 using	 a	 binomial	 mixed	 model-
ling framework, to model methylated and total counts as a func-
tion	of	 age,	Hurricane	Maria	exposure	 (coded	as	binary:	0/1),	 sex,	
and	controlling	for	relatedness	 (generated	from	the	Cayo	Santiago	
population	pedigree)	and	technical	effects	of	DNA	extraction	batch.	
Modelling	was	performed	using	MACAU	implemented	in	the	PQLseq	
package	in	R	(Lea	et	al.,	2015;	Sun	et	al.,	2018;	Sun	et	al.,	2019,	p.	20).	
For	each	main	variable	modelled	(i.e.	age,	sex	and	Hurricane	Maria	
exposure),	per	cent	variance	explained	was	calculated	using	the	fol-
lowing	equation	(Figure S3):

We	also	investigated	the	relationship	between	DNA	methylation	
and gene expression from a dataset that was previously generated 
and	partially	overlapping	our	DNA	methylation	dataset	 (Figure 1a)	
(Watowich	 et	 al.,	 2022).	 We	 quantified	 the	 relationship	 between	
DNA	methylation	 and	 gene	 expression	 in	 several	ways	which	 are	
detailed	in	the	Appendix	S1	(section	Correlation between DNA meth-
ylation and gene expression).

2.5  |  Defining differentially methylated regions

Regions	of	multiple	CpGs	 that	vary	across	aging	 in	a	 coordinated	
manner	–	differentially	methylated	regions	(DMRs)	–	are	expected	
to be more functionally relevant and impactful on gene regulation 
than	 single	CpG	 sites	 (Lea	et	 al.,	 2016).	We	defined	differentially	
methylated regions as regions with higher than expected density 
of	significantly	age-	associated	(or,	separately,	hurricane-	associated)	
sites	and	coordinated	methylation	patterns.	To	identify	DMRs,	we	
focused	 on	 ‘focal’	 CpG	 sites	 (FDR <5%)	 for	 our	 variable	 of	 inter-
est	 (i.e.	 age)	 and	 scanned	 for	 (i)	 strictly	 significant	 (FDR <5%),	 (ii)	
loosely	significant	(FDR < 10%)	and	(iii)	all	other	CpGs	within	±2000 
base	pairs	of	 the	 focal	 site.	We	 then	performed	10	permutations	
for each variable of interest to determine the median number of 
loosely	 significant	 CpGs	 significantly	 within	 DMRs	 by	 random	
chance	 (Lea	et	 al.,	 2016).	We	 retained	DMRs	 that	had	more	 than	
the	median	number	of	CpGs	associated	with	the	variable	of	 inter-
est at the relaxed threshold significance threshold determined by 
the	permutations.	Further,	putative	DMRs	were	removed	if	fewer	
than	75%	of	the	effect	sizes	for	all	CpGs	in	the	DMR	or	CpGs	that	
were significant at the relaxed threshold were in the same direction 
(https://	github.	com/	mwato	wich/	Immun	e-		gene-		regul	ation	-		is-		assoc	
iated	-		with-		age-		and-		envir	onmen	tal-		adver	sity-		in-		a-		nonhu	man-		pri-
mate).	 DMRs	 were	 merged	 if	 they	 overlapped	 but	 we	 removed	
three	DMRs	that	were	longer	than	10,000	base	pairs,	as	these	were	
13×	 less	 CpG-	dense	 than	DMRs	 shorter	 than	 10,000	 base	 pairs.	
The	effect	size	attributed	to	the	DMR	was	the	median	effect	size	of	

all	CpG	sites	within	the	DMR.	We	annotated	whether	DMRs	inter-
sected with different chromatin states and regulatory regions in the 
same	way	as	individual	CpG	sites.

2.6  |  Enrichment analyses overview

We	performed	enrichment	analyses	to	examine	putative	biological	
function	of	CpG	sites	and	DMRs.	We	annotated	CpGs	in	several	ways	
which	 are	described	briefly	 here	but	 detailed	 in	 the	Appendix	 S1. 
First,	we	annotated	CpGs	by	the	genomic	regions	they	fell	in,	such	as	
promoters,	gene	bodies,	CpG	shores,	islands	and	enhancers	or	other	
chromatin	states	annotated	from	the	Roadmap	Epigenomics	Project	
ChromHMM	models	of	human	primary	mononuclear	cells	and	used	
the	web	browser-	based	 liftOver	program	to	 lift	coordinates	to	the	
macaque	mmul_10	genome	(Ernst	&	Kellis,	2012;	Kent	et	al.,	2002; 
Quinlan	&	Hall,	2010).	 Second,	we	 annotated	 genomic	 regions	 by	
chromatin	accessibility,	both	from	ATAC-	seq	data	generated	in	rhe-
sus	macaque	PBMCs	(Snyder-	Mackler	et	al.,	2019)	and	characterised	
in	human	PBMCs	(Márquez	et	al.,	2020).	Third,	we	annotated	CpGs	
within	TEs	using	 the	RepeatMasker	annotation	 track	 from	UCSC's	
Genome	 Browser	 database	 for	 the	 mmul_10	 genome	 (Karolchik	
et al., 2004;	Kent	et	al.,	2002).	Fourth,	we	performed	several	gene	
set	 enrichment	 analyses	 which	 are	 detailed	 in	 the	 Appendix	 S1. 
Next,	we	focused	our	analysis	on	the	DMR-	level	rather	than	the	level	
of	single	CpG	sites	and	asked	whether	age-	associated	DMRs	were	
more	 likely	 to	 be	 (i)	 in	 regions	 known	 to	 be	 differentially	methyl-
ated	with	aging	from	human	epigenome-	wide	association	studies	(Li	
et al., 2019;	Xiong	et	al.,	2022)	or	(ii)	enriched	for	transcription	factor	
binding	motifs	(Castro-	Mondragon	et	al.,	2022).

2.7  |  Correlation between cross- sectional 
analysis and repeated samples

While	the	majority	of	our	DNA	methylation	dataset	consisted	of	
cross-	sectional	 samples	 –	 and	 we	 thus	 analysed	 the	 dataset	 as	
cross-	sectional,	controlling	for	repeated	samples	using	random	ef-
fects	models	–	we	had	67	animals	that	were	sampled	at	least	two	
time points during our data collection. This allowed us to perform 
several analyses to determine whether samples obtained from the 
same individual over time recapitulated trends found from our 
cross-	sectional	analyses.	To	do	so,	we	determined	the	frequency	
that repeated samples were in the same direction as expected 
from	the	cross-	sectional	study	results	(repeated	samples	in	DNA	
dataset = 67;	RNA = 89).	We	determined	the	proportion	of	methyl-
ation	for	repeated	samples	for	each	age-	associated	DMR	and	sub-
tracted the proportion methylated at the oldest time points from 
that	of	the	youngest.	We	performed	this	analysis	at	the	DMR-	level	
as	we	expected	that	DMR	methylation	would	be	more	stable	than	
single	CpG	sites.	For	each	DMR,	we	calculated	the	per	cent	of	in-
dividuals with a positive difference in proportion of methylation 
between	 oldest	 and	 youngest	 time	 points.	 Pearson's	 correlation	

beta(x)2 ∗var(x)∕
(

((

beta(y)2 ∗var(y)
)

+
(

beta(n. . )2 ∗var(n. . )
))

+ sigma2
)
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F I G U R E  1 Sampling	design	and	RRBS	coverage.	(a)	Schematic	summary	of	the	sampling	design.	Peripheral	whole	blood	was	collected	
from	rhesus	macaques	on	Cayo	Santiago	from	2010	to	2018	and	stabilised	RNA	was	collected	from	2014	to	2018.	Sampling	did	not	occur	in	
2017	due	to	Hurricane	Maria.	Both	datasets	include	animals	from	infancy	to	old	age,	with	an	approximately	even	split	of	females	and	males.	
Paired	DNA	methylation	and	RNA	sequencing	data	was	available	for	235	samples.	(b)	The	median	per	cent	methylation	of	sites	and	the	(c)	
number	of	sites	within	each	genomic	region	in	the	filtered	RRBS	dataset.

Bivalent/Poised TSS

Flanking Bivalent TSS/Enh

Active TSS

Flanking Active TSS

Bivalent Enhancer

Repressed PolyComb

CpG Islands

ZNF genes & repeats

Promoters

Transcr. at gene 5' and 3'

Enhancers

CpG Shores

Genic enhancers

Gene body

Heterochromatin

Weak transcription

Weak Repressed PolyComb

Strong transcription

unassigned

Quiescent/Low

0 25 50 75 100
Median percent methylated

0 50,000 100,000
Count

(c)(b)

2010

RNAseq dataset

DNAm dataset

2014 2018

Peripheral whole blood collection

n = 571

n = 543
n = 235

Paired 
samples

0

30

60

90

0 3 4 7 8 11 12 15 16 19 20+

C
o

u
n

t

DNAm dataset

Sex
Female
Male

Age

0

50

100

150

0 3 4 7 8 11 12 15 16 19 20+

RNAseq dataset

Age

(a)

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17445 by L
auren B

rent - U
niversity O

f E
xeter , W

iley O
nline L

ibrary on [22/07/2024]. 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



6 of 16  |     WATOWICH et al.

tests were used to test the association between the per cent of 
individuals	with	a	positive	change	(more	methylation	when	older)	
and the standardised betas for a given variable from the models 
of	 cross-	sectional	 samples.	We	 performed	 this	 analysis	 for	 age-	
associated	DMRs	and	Hurricane	Maria-	associated	DMRs.	We	also	
performed the same analysis for our gene expression dataset, 
subtracting gene expression levels in older repeated samples from 
those in the younger sample for the same individual. For the gene 
expression	dataset,	we	used	 the	 same	modelling	design	as	DNA	
methylation – a model of gene expression as a function of age, 
sex,	Hurricane	Maria	exposure,	technical	effects	and	kinship	using	
our	entire	gene	expression	dataset	(n = 543).	We	compared	stand-
ardised	 effect	 sizes	 of	 age	 to	 the	 per	 cent	 of	 genes	 in	 repeated	
samples that changed in the expected direction.

3  |  RESULTS

3.1  |  Age and hurricane exposure are associated 
with global immune cell hypomethylation

First,	we	identified	differential	DNA	methylation	associated	with	age	
and	exposure	to	a	hurricane	at	253,076	CpG	sites	across	the	genome	
in	a	sample	of	animals	spanning	their	natural	lifespan,	using	a	cross-	
sectional	 modelling	 approach	 (n = 573;	 0.1–29 years;	 information	
about retained sites is in Figure 1a–c).	As	expected,	 chronological	

age	was	associated	with	many	differences	in	DNA	methylation	lev-
els	across	the	genome	–	31%	of	tested	CpG	sites	were	significantly	
associated	 with	 age	 (n = 78,661;	 FDR <5%;	 Table S2).	 Consistent	
with prior studies in humans and other mammals, we identified ~4× 
as	many	 sites	 that	were	 less	methylated	 (i.e.	 ‘hypomethylated’)	 in	
older	 animals	 than	 sites	 that	were	more	methylated	with	 age	 (i.e.	
‘hypermethylated’; n	sites	hypomethylated = 63,931,	n hypermethyl-
ated = 14,730;	Figure 2a)	(Jones	et	al.,	2015).	Exposure	to	Hurricane	
Maria	was	 significantly	 associated	with	differential	methylation	of	
32,048	CpG	sites	(Table S2).	Similar	to	age,	the	vast	majority	of	these	
sites	 (~90%,	 n = 29,234)	 were	 less	 methylated	 in	 animals	 sampled	
after	the	storm,	while	2814	were	hypermethylated	in	the	post-	storm	
sample	in	comparison	to	the	age	and	sex-	matched	samples	collected	
prior	to	the	storm	(Figure 2b).

As	 CpGs	 are	 often	 clustered	 together	 and	 because	 aggregate	
methylation of proximate sites is expected to exert stronger effects 
than	single	CpGs,	we	grouped	proximate	age-	associated	CpG	sites	
into	‘DMRs’	(see	Section	2.5).	We	identified	5006	DMRs	associated	
with	 age	 (hereafter	 ‘age	DMRs’),	 and	 these	DMRs	 showed	 a	 simi-
lar	distribution	of	hypo-		 to	hypermethylation	as	 single	 sites	 (n hy-
permethylated	 age	 DMRs = 3659,	 n	 hypermethylated = 1347).	 Age	
DMRs	contained	a	median	of	6	CpG	sites,	a	median	of	5	CpGs	as-
sociated	with	age	at	a	relaxed	threshold	(FDR < 10%)	and	a	median	
of	4	CpGs	associated	with	age	at	a	stringent	threshold	 (FDR <5%).	
We	 also	 quantified	 2349	 DMRs	 associated	 with	 hurricane	 expo-
sure.	Hurricane	DMRs	also	followed	the	distribution	of	effect	sizes	

F I G U R E  2 Age	and	hurricane	exposure	are	associated	with	global	hypomethylation.	The	distribution	of	standardised	effect	size	of	(a)	
age	and	(b)	hurricane	exposure.	(c)	Age	and	(d)	hurricane-	associated	DMR	transcription	factor-	binding	site	enrichment.	The	green	bar	on	the	
x-	axis	shows	enrichment	statistics	for	hypomethylated	DMRs	while	the	white	bar	represents	hypermethylated	DMRs.
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we	observed	at	the	single-	site	 level,	with	2327	being	hypomethyl-
ated	 in	hurricane-	exposed	animals	and	22	being	hypermethylated.	
Hurricane-	associated	DMRs	contained	a	median	of	7	CpG	sites,	 a	
median	of	5	at	a	relaxed	FDR	threshold	of	10%	and	a	median	of	4	
that	passed	a	strict	FDR	threshold	of	5%.

To	confirm	that	the	age-	associated	effects	we	observed	showed	
effects consistent with those reported by previous studies, we tested 
whether	our	age-	associated	DMRs	were	more	 likely	 to	overlap	 loci	
found to be significantly associated with age in human studies and 
indeed	observed	significant	enrichment	of	age	DMRs	and	age-	related	
sites	 on	 both	 the	 450K	 and	 EPIC	 arrays	 (450K:	OR = 2.59,	 p = 3.78	
× 10−27,	OR = 3.29,	p = 5.86	× 10−74)	(Li	et	al.,	2019;	Xiong	et	al.,	2022).

Genes	in	and	near	hypomethylated	age	DMRs	–	in	which	less	meth-
ylation would canonically predict upregulation of gene expression – 
trended towards being enriched for inflammatory pathways, including 
the	interferon	alpha	and	gamma	responses,	IL-	6/JAK/STAT3	signalling,	
inflammatory	response	and	TNFa	signalling	via	NFkB	(Table S3),	though	
no	gene	sets	passed	a	false	discovery	rate	threshold	of	5%.	To	under-
stand whether certain regulatory networks were potentially affected 
by	 aging,	 we	 next	 investigated	 whether	 age-	associated	 methylation	
near	 DMRs	 were	 enriched	 for	 specific	 regulatory	 factors	 [i.e.	 tran-
scription	factor-	binding	site	(TFBS)	motifs].	Strikingly,	hypomethylated	
DMRs	were	enriched	 for	motifs	of	TFs	associated	with	 inflammation	
and	the	oxidative	stress	response	(Figure 2c).	For	example,	hypometh-
ylated	DMRs	were	enriched	 for	Bach1,	 a	major	 regulator	of	 the	oxi-
dative	stress	 response,	NFE2L2,	which	partially	 regulates	 the	NLRP3	
inflammasome	 in	 conjunction	 with	 c-	Jun,	 and	 five	 members	 of	 the	
AP-	1	complex	(JUND,	JUN,	MAFK,	FOS	and	FOSL2),	which	is	increas-
ingly	recognised	to	contribute	to	age-	related	inflammation	(Figure 2c)	
(Garces	de	los	Fayos	Alonso	et	al.,	2018).

Conversely,	genes	 in	and	near	hypermethylated	age	DMRs	(i.e.	
canonically	 downregulated)	 trended	 to	 be	 enriched	 for	 genes	 in	
the	peroxisome	pathway,	DNA	 repair,	MYC	 targets	V1,	PI3K/Akt/
mTOR	and	the	G2/M	DNA	damage	checkpoint	pathways,	which	are	
pathways	often	associated	with	repair	processes	and	age-	related	im-
mune dysregulation, although no processes passed a false discovery 
rate	threshold	of	5%	(Table S3).	Hypermethylated	age	DMRs	were	
enriched	for	several	TFs	 in	the	ZBTB	family,	which	is	 implicated	in	
development	and	 lineage	commitment,	and	NRF1,	which	activates	
expression	of	metabolic	genes	and	cell	growth,	as	well	as	several	zinc	
finger	proteins	(Figure 2c)	(Cassandri	et	al.,	2017; Cheng et al., 2021).	
Interestingly,	 ZBTB33	 was	 also	 enriched	 among	 hypermethylated	
age	 DMRs.	 ZBTB33	 encodes	 the	 transcriptional	 regulator	 KAISO,	
which can promote histone deacetylation and heterochromatin for-
mation, mechanisms proposed to suppress gene expression of in-
flammation,	cell	proliferation	and	apoptosis	(Chen	et	al.,	2015).

Hypomethylated	 hurricane	 DMRs	 trended	 to	 be	 enriched	
for	 hallmarks	 associated	 with	 inflammation	 (i.e.	 interferon	 re-
sponses	and	IL-	6	signalling)	(Table S4).	Hypomethylated	hurricane-	
associated	DMRs	were	enriched	for	three	transcription	factors	in	
the	 CEBP	 family,	 which	 play	 an	 important	 role	 in	 the	 inflamma-
tory	 response	 and	 myeloid	 differentiation,	 regulate	 acute-	phase	

cytokine genes, and can have an antiproliferative effect on T 
cells	 (Figure 2d).	 As	 there	 were	 few	 hypermethylated	 hurricane	
DMRs,	we	compared	hypomethylated	DMRs	to	hypermethylated	
DMRs	and	DMRs	not	significantly	associated	with	the	hurricane.	
The transcription factors enriched for hypermethylated and 
background	hurricane	DMRs	appeared	 to	have	 less	specificity	 in	
their	 function,	 but	 included	 three	members	 of	 the	MEF2	 family,	
which is involved in cell and tissue differentiation and proliferation 
(Figure 2d)	(Pon	&	Marra,	2015).

3.1.1  |  Age	and	hurricane	exposure	are	associated	
with	similar	suites	of	CpG	sites

Next,	we	quantified	the	extent	to	which	the	effects	of	age	and	hur-
ricane	exposure	affected	similar	CpG	sites	in	three	ways.	First,	we	
asked	whether	age	and	hurricane-	associated	CpG	sites	were	more	
likely	 to	overlap	 than	expected	by	chance	and	 found	 that	37%	of	
hurricane-	associated	 CpG	 sites	 were	 also	 significantly	 associ-
ated	with	age,	a	 significant	enrichment	between	site-	level	effects	
(OR = 1.35,	p = 1.75	× 10−124).	Second,	we	also	observed	that	age	and	
hurricane effects were almost 2× more likely to overlap than ex-
pected	 by	 chance	 at	 the	DMR-	level	 (OR = 3.56,	p = 4.65	× 10−168),	
with	51%	of	hurricane	DMRs	also	being	characterised	as	age	DMRs	
(n = 1194).	Third,	we	further	probed	the	overlap	of	age	and	adversity	
effects	by	asking	whether	age-	associated	DMRs	were	more	likely	to	
overlap sites associated with childhood adversity from human stud-
ies,	 and,	 conversely,	 if	 hurricane-	associated	DMRs	were	 enriched	
for	sites	found	to	be	associated	with	aging	from	human	studies	(see	
Appendix	S1 section EWAS enrichment	for	details).	Indeed,	we	found	
that	 age	DMRs	were	more	 likely	 to	 overlap	 sites	 associated	with	
childhood	 adversity	 (OR = 1.4,	 p = .01),	 and	 hurricane	DMRs	were	
more likely than expected to overlap sites associated with age from 
human	studies,	both	for	the	450 K	and	EPIC	arrays	(450 K	OR = 1.76,	
p = 1.37	 × 10−8;	 EPIC	 OR = 1.69,	 p = 1.23	 × 10−11)	 (Li	 et	 al.,	 2019; 
Xiong	 et	 al.,	2022).	 Additionally,	 the	 results	 of	 age	 and	 hurricane	
gene	 set	 enrichment	 were	 moderately	 correlated	 (r = .38,	 p = .01)	
and more hallmarks than expected were affected in the same direc-
tion	by	age	and	hurricane	exposure	 (OR = 4.61,	p = .03;	Figure S1),	
suggesting that age and hurricane exposure may broadly affect simi-
lar biological pathways.

3.1.2  |  DNA	methylation	predicts	gene	expression

DNA	methylation	regulates	gene	expression,	with	higher	methyla-
tion levels canonically repressing expression, and we investigated 
the extent to which this relationship was observed at multiple lev-
els of the methylome for the effects of age and hurricane expo-
sure.	Age-	associated	hypomethylated	sites	were	less	likely	to	fall	
in	 or	within	 50 kb	 of	 blood-	expressed	 genes	 (OR = 0.82,	p = 1.51	
× 10−96),	 while	 hypermethylated	 age-	associated	 sites	 were	more	
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likely	(OR = 1.3,	p = 2	× 10−55).	As	canonically	expected,	the	effects	
of	age	at	the	single	CpG	site	level	were	negatively	correlated	with	
effects of age on gene expression. This negative relationship was 
observed	among	(i)	all	gene-	CpG	pairs	(i.e.	CpG	sites	within	50 kb	
of a gene, r = −.02,	p = 9.26	× 10−27)	and	more	strongly	among	 (ii)	
CpG	site-	gene	pairs	 that	were	both	significantly	associated	with	
age	 (r = −.068,	 p = 1.064	 × 10−11).	 When	 we	 specifically	 investi-
gated	 this	 relationship	 in	promoters,	 effects	of	 age	at	CpG	sites	
in promoters were more negatively correlated with gene expres-
sion	of	the	nearby	gene	than	among	all	sites	(r = −.1,	p = 4.4	× 10−13)	
and	this	effect	was	even	stronger	among	promoter	CpG	site-	genes	
pairs where the site and gene were both significantly associated 
with	age	(r = −.34,	p = 2.87	× 10−7).	Finally,	the	association	between	
age	 effects	 of	 promoter	 CpG	 sites	 and	 downstream	 genes	 was	
strongest	 for	 sites	 closest	 to	 transcription	 start	 sites	 (TSS)	 and	
weaker	for	more	distal	promoter	CpG	sites	 (Figure 3).	For	exam-
ple,	CpGs	 significantly	 associated	with	 age	 and	within	500	base	
pairs	 of	 age-	associated	 gene	TSS	were	more	 strongly	 correlated	
(r = −.65,	p = 3.11	× 10−7)	than	CpGs	between	0	and	1000 bp	from	
TSS	(r = −.43,	p = .02).

Hurricane-	associated	 CpGs	 were	 more	 likely	 to	 fall	 in	 and	
near	 (± 50 kb)	genes	expressed	 in	whole	blood	 (OR = 1.5,	p = 1.59	
× 10−242),	specifically	near	genes	significantly	associated	with	hur-
ricane	 exposure	 (OR = 1.11,	 p = 1.89	 × 10−3;	 hurricane-	associated	
genes	 determined	 from	 mixed-	effects	 linear	 models	 detailed	
in	 Watowich	 et	 al.,	 2022	 and	 passing	 a	 FDR < 10%).	 Hurricane-	
associated sites also showed the expected negative relationship 
with	gene	expression	when	we	tested	all	site-	gene	pairs	(r = −.0048,	
p = .04)	and	pairs	for	which	the	CpG	site	and	gene	were	significantly	
associated	with	hurricane	exposure	 (r = −.08,	p = 8.30	× 10−3).	We	
did	not	observe	a	statistically	significant	relationship	for	hurricane-	
associated sites within promoter regions and the expression of 
downstream genes.

3.2  |  Effects of primary aging and environmental 
adversity co- occur but have divergent signatures 
dependent on genomic region

3.2.1  |  Older	age	is	associated	with	
hypermethylation of active regulatory states and less 
methylation	in	quiescent	regions

We	next	tested	whether	sites	associated	with	age	and	hurricane	ex-
posure were more likely to occur in particular regions of the genome, 
based	on	the	direction	of	effect.	Here,	we	tested	genomic	regions	in-
cluding	gene	bodies,	promoters,	CpG	islands,	CpG	shores	and	unas-
signed	regions	(i.e.	not	otherwise	categorised),	as	well	as	chromatin	
states	 based	on	ChromHMM	states	 from	human	peripheral	 blood	
mononuclear cells. Consistent with previous observations in hu-
mans,	hypermethylated	age-	associated	CpG	sites	were	more	 likely	
to	fall	in	regions	of	active	transcription,	including	CpG	islands,	pro-
moters,	gene	bodies,	enhancers,	and	regions	annotated	as	active	TSS	
according to their histone profiles, trends that were recapitulated 
at	the	DMR	level	(Figure 4a;	CpG	islands:	OR = 7.44,	p < 10−25, pro-
moters:	OR = 1.97,	p = 5.95	× 10−134,	gene	bodies:	OR = 1.44,	p = 2.14	
× 10−97,	enhancers:	OR = 1.15,	p = 4.11	× 10−3,	active	TSS:	OR = 1.83,	
p = 2.86	× 10−35; Table S5; DMR results Table S6).

Hypomethylated	age-	associated	sites	were	more	likely	to	fall	in	
putatively	non-	regulatory	or	weakly	regulatory	regions,	such	as	re-
gions annotated as weak repressed polycomb, weak transcription, 
genic	enhancers,	unassigned	regions	and	–	overwhelmingly	–	qui-
escent	 regions	 (weak	 repressed	 polycomb:	OR = 1.05,	p = 3.20−5, 
weak	 transcription:	 OR = 1.06,	 p = 1.11	 × 10−4, genic enhancers: 
OR = 1.11,	p = 2.75	× 10−2,	unassigned:	OR = 1.67,	p < 10−25,	quies-
cent	regions:	OR = 1.83,	p < 10−25; Figure 4a; Table S5).	Strikingly,	
over	40%	of	age-	associated	sites	were	located	in	quiescent	regions	
(n = 34,551)	 and	 94%	 of	 these	 were	 hypomethylated.	 Quiescent	

F I G U R E  3 Correlation	of	the	effects	of	age	between	CpG	sites	in	promoter	regions	and	downstream	genes.	Points	show	the	median	
Pearson's	r	value	(among	all	CpGs)	for	the	correlation	between	the	effects	of	age	on	CpG	methylation	and	gene	expression,	with	95%	
confidence	intervals	shown.	Bins	represent	20	base	pair	units.

Distance from transcription start site
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regions	 are	 putatively	 non-	regulatory	 regions	 that	 are	 devoid	
of histone modifications and constitutively highly methylated 
(Hoffman	 et	 al.,	2013).	 The	 loss	 of	methylation	 in	 constitutively	
highly methylated regions is hypothesised to enable increased 
activity of deleterious elements and contribute to immune dys-
regulation	with	aging	 (Jones	et	al.,	2015;	Seale	et	al.,	2022).	We	
predicted	 that	age-	associated	hypomethylated	sites	 in	quiescent	
regions may be in or near genes implicated in immune dysregulation 
and	found	that	genes	hypomethylated	 in	quiescent	regions	were	
enriched	 for	 positive	 regulation	 of	 apoptotic	 processes	 (p = 1.8	
× 10−3),	 interferon-	gamma	 production	 (p = 8.77	 × 10−3),	 negative	
regulation	of	cell	migration	(p = 3.72	× 10−3),	negative	regulation	of	
cytokine	production	(p = 8.19	× 10−3)	and	inflammatory	processes	
(p = 4.46	× 10−03; Table S7).	We	note	 that	many	other	 processes	
were significantly enriched among hypomethylated genes, includ-
ing several processes related to transcriptional regulation, positive 
regulation	of	apoptotic	processes	(p = 1.80	× 10−3)	and	regulation	
of	cellular	response	to	stress	(p = 1.80	× 10−3; Table S7).

3.2.2  |  Hurricane	exposure	is	associated	with	
hypomethylation in active regulatory states and 
hypermethylation	in	quiescent	regions

While	hurricane-	associated	CpG	sites	were	globally	hypomethyl-
ated – as were age effects – the genomic regions in which dif-
ferential	 methylation	 occurred	 were	 strikingly	 different.	 Sites	
hypomethylated	in	post-	hurricane	samples	were	enriched	in	nearly	
all areas of the genome associated with active transcription and 

gene regulation, such as promoters, enhancers, gene bodies and 
areas	 near	 TSS,	 and	 were	 only	 depleted	 in	 quiescent	 regions,	
weak repressed polycomb and regions not otherwise annotated 
(Figure 4b; Table S8),	and	this	was	recapitulated	at	the	DMR-	level	
(Table S9).	 Approximately	 half	 of	 hypermethylated	 CpG	 sites	 in	
the	 post-	hurricane	 samples	 were	 located	 in	 quiescent	 regions	
(n = 1288,	OR = 1.28,	p = 2.66	× 10−10).	Hypermethylated	hurricane-	
associated sites were also enriched in genomic regions associated 
with strong and weak transcription, and regions not otherwise 
annotated	 (strong	 transcription:	 OR = 1.49,	 p = 5.11	 × 10−9, weak 
transcription:	 OR = 1.29,	 p = 3.87	 × 10−5,	 unassigned:	 OR = 1.21,	
p = 3.15	× 10−6; Figure 4b; Table S8).

3.2.3  |  Age	and	hurricane	exposure-	associated	
effects overlap in active regulatory regions

We	next	tested	where	age	and	hurricane	effects	were	most	likely	to	
overlap and found substantial enrichment in areas associated with 
active	 gene	 regulation.	 Specifically,	 sites	 significantly	 associated	
with age and hurricane exposure were more likely to overlap in en-
hancers,	gene	bodies,	promoters,	CpG	shores	and	islands,	as	well	as	
chromatin states associated with strong and weak transcription and 
near	bivalent/poised	TSS	(Figure 4c; Table S10).	Age	and	hurricane	
effects	were	less	likely	to	overlap	in	quiescent	and	heterochromatin	
regions,	as	well	as	weak	repressed	polycomb	complexes	(Figure 4c; 
Table S10).

Following our observation that primary age effects and the 
effects	 of	 hurricane	 exposure	 co-	occurred	 in	 particular	 genomic	

F I G U R E  4 Primary	and	secondary	age	effects	are	enriched	and	more	correlated	in	areas	of	active	gene	regulation.	Enrichment	of	hyper-		
and	hypomethylated	(a)	age-	associated	and	(b)	hurricane-	associated	sites	in	different	genomic	regions	and	chromatin	states.	(c)	Enrichment	
of	overlapping	significant	effects	of	age	and	hurricane	exposure.	The	number	of	CpG	sites	in	each	region	is	noted	at	the	top	of	the	plot.	
(d)	Correlation	between	the	effects	of	age	and	hurricane	exposure	is	shown	for	all	CpG	sites	within	each	genomic	region.	On	all	plots,	
confidence	intervals	crossing	the	dotted	line	at	zero	are	not	significantly	enriched	or	correlated	and	are	denoted	with	transparency	or	a	
lighter colour.
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regions	 with	 greater	 frequency	 than	 expected,	 we	 next	 asked	
whether these effects were differently correlated among regions. 
Specifically,	we	quantified	the	correlation	among	effects	of	environ-
mental	adversity	and	chronological	age.	Among	all	sites,	the	effects	
of hurricane exposure were slightly negatively correlated with those 
of	age	(r = −.07,	p = 7.48	× 10−275).	Within	specific	chromatin	or	regu-
latory regions, the correlation between the effects of hurricane ex-
posure and age was generally modest. Interestingly, the association 
was strongest and generally positive in enhancers and chromatin re-
gions associated with transcription, and negative among less active 
regulatory regions. Together, this may suggest that the effects of 
secondary aging may be more similar to primary aging within ge-
nomic	 contexts	 associated	with	 active	gene	 regulation	 (Figure 4d; 
Table S11).

3.2.4  |  Age	and	hurricane	exposure	have	distinct	
signatures in repetitive elements

One mechanism that has been suggested to partially explain im-
munosenescence and dysregulation with aging is increased activ-
ity of deleterious elements such as TEs. In particular, it is expected 
that in genomic regions that are constitutively highly methylated 
and become less methylated with age, the epigenetic suppression 
of	 deleterious	 elements	 is	 reduced	 (López-	Otín	 et	 al.,	2023;	 Pal	
&	Tyler,	2016).	Thus,	we	investigated	whether	age-	associated	hy-
pomethylated	sites	were	enriched	 in	or	near	 (±50 kb)	TEs,	which	
could potentially indicate a pathway for greater TE activation with 
increasing	age.	We	observed	that	84,282	CpG	sites	(33.3%)	were	
in	TEs,	including	28,684	age-	associated	sites	and	7936	hurricane-	
associated	sites.	Of	the	TE	types	we	observed,	CpGs	in	our	dataset	
primarily	 overlapped	 long	 tandem	 repeats	 (n = 13,729)	 and	 short	
and	 long	 interspersed	 retrotransposable	 elements	 (n = 53,073	
and n = 9773	 respectively).	TEs	were	enriched	 in	putatively	non-	
regulatory	 regions,	 including	 quiescent	 regions,	 heterochro-
matin and chromatin states associated with weak transcription 
(Table S12).	We	found	that	sites	in	TEs	were	more	likely	to	be	sig-
nificantly	associated	with	aging	than	expected	(OR = 1.24,	p = 1.64	
× 10−110).	Consistent	with	prior	studies,	age-	associated	CpG	sites	
in TEs were more likely to be hypomethylated than expected 
(OR = 1.69,	p < 10−25);	this	effect	was	even	stronger	when	we	lim-
ited	our	 test	 to	only	significantly	age-	associated	sites	 (OR = 5.41,	
p < 10−25; Figure 5a).

Hurricane-	associated	CpG	sites	were	 less	 likely	 to	overlap	TEs	
than	expected	by	chance	 (OR = 0.63,	p = 1.21	× 10−275).	Hurricane-	
associated sites in TEs were less likely to be hypomethylated after 
the	hurricane	(OR = 0.56,	p < 10−25)	and,	in	fact,	were	more	likely	to	
be	hypermethylated	(OR = 1.51,	p = 7.39	× 10−26; Figure 5a).	Notably,	
sites associated with both age and hurricane exposure were less 
likely	 to	overlap	TEs	 than	expected	by	chance	 (OR = 0.81,	p = 1.80	
× 10−25),	suggesting	that	differences	in	TE	methylation	may	be	signa-
tures of primary, but not secondary, aging.

3.2.5  |  Age-	associated	methylation	is	coordinated	
with other epigenetic modifications

DNA	methylation	 is	 one	 of	 several	 epigenetic	 modifications	 in-
volved in gene regulation. To better understand how changes in 
DNA	 methylation	 coordinate	 with	 other	 epigenomic	 modifica-
tions, we used data generated from independent datasets. First, 
we	 asked	 whether	 age	 and	 hurricane-	associated	 sites	 were	 en-
riched within or outside of regions of accessible chromatin, gener-
ated	from	rhesus	macaque	PBMCs	(Snyder-	Mackler	et	al.,	2019).	
Hypermethylated	age-	associated	sites	were	more	 likely	to	be	 lo-
cated	in	areas	of	accessible	chromatin	(OR = 1.62,	p = 6.47	× 10−65),	
while hypomethylated sites were depleted in accessible chromatin 
regions	 (OR = 0.57,	 p = 2.51	× 10−192).	 Fitting	with	 our	 chromatin	
state	 enrichment	 analysis,	 hypomethylated	 hurricane-	associated	
sites were more likely to overlap regions of open chromatin 
(OR = 1.74,	 p = 1.58	 × 10−156),	 while	 hypermethylated	 sites	 were	
not statistically enriched.

Like other epigenetic modifications, chromatin conformation 
can	change	with	age	(Márquez	et	al.,	2020)	and	can	alter	the	struc-
ture and relative accessibility of the genome to molecules such as 
transcription	 factors.	 However,	 it	 remains	 unresolved	 the	 extent	
to	which	 changes	 in	 chromatin	 accessibility	 and	DNA	methylation	
act independently or overlap – either to compound or negate one 
another	–	to	alter	genome	accessibility	during	aging.	We	therefore	

F I G U R E  5 Enrichment	of	CpG	sites	in	transposable	elements	
and	variably	accessible	chromatin	regions.	(a)	CpGs	that	are	
differentially	methylated	with	aging	(left)	or	hurricane-	exposure	
(right)	overlap	TEs	more	or	less	than	expected	by	chance	depending	
on	the	direction	of	methylation	(e.g.	hyper-		or	hypomethylation	
with	age/hurricane-	exposure).	For	example,	in	the	top-	left	
quadrant	of	(a),	CpGs	significantly	hypermethylated	with	age	are	
less	likely	to	be	located	within	TEs.	(b)	The	extent	to	which	age-	
associated	hypo-		and	hypermethylated	CpG	sites	are	enriched/
depleted for overlap with chromatin regions found to open or close 
with	age	in	human	PBMCs	(chromatin	accessibility	characterised	by	
Márquez	et	al.,	2020).
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investigated the extent to which differential methylation overlapped 
age-	dependent	changes	 in	chromatin	accessibility	 identified	 in	hu-
mans	(Márquez	et	al.,	2020).	Hypermethylated	age-	associated	CpGs	
were	nearly	two-	times	more	likely	to	be	in	regions	of	chromatin	that	
closed	with	 increasing	age	(OR = 3.52,	p = 3.71	× 10−132; Figure 5b),	
suggesting that previously accessible chromatin becomes less active 
with age due to twin processes of methylation and heterochroma-
tin formation. Interestingly, in no genomic regions that we tested 
was there a depletion of hypermethylation and closing chromatin, 
demonstrating	 that	 these	 processes	 co-	occur	 consistently	 in	 all	
areas of the genome we tested. Conversely, sites significantly hy-
pomethylated with increasing age were more likely to be in chroma-
tin	regions	that	became	more	accessible	with	age	(OR = 1.35,	p = 1.82	
× 10−9; Figure 5b).	Together,	our	results	suggest	that	age-	associated	
changes in these two epigenetic modifications are highly correlated 
across the genome and, given their extensive coordination, these ef-
fects may compound and exacerbate dysregulation accrued during 
aging.

3.3  |  Within- individual gene regulatory changes 
reflect cross- sectional estimates

With	 the	 repeated	 samples	 in	our	DNA	methylation	and	gene	ex-
pression	 datasets,	 we	 asked	 whether	 the	 results	 of	 our	 cross-	
sectional	 analyses	 recapitulated	 intra-	individual	 DNA	methylation	
changes	across	aging	and	hurricane	exposure.	We	performed	these	
analyses	 at	 the	 DMR	 level	 as	 we	 expected	 that	 the	 coordinated	
methylation	changes	in	DMRs	is	likely	more	stable	at	two	time	points	
than	that	of	single	sites.	Age	effects	from	the	cross-	sectional	analy-
sis	 (i.e.	 standardised	 beta	 of	 age)	were	 correlated	 (r = .32,	p = 5.38	
× 10−117; Figure 6a)	with	 the	 proportion	 of	 repeated	 samples	 that	
showed increased methylation in animals sampled when they were 
younger	compared	to	when	they	were	older	(n	individuals = 67;	years	
between	sampling:	median = 3.78,	range = 0.78–7.86).	Effects	of	ex-
posure	to	Hurricane	Maria	from	the	cross-	sectional	analysis	was	also	
correlated	with	 intra-	individual	methylation	 levels	 in	 animals	 sam-
pled	before	versus	after	the	storm	(n	individuals = 23,	r = .21,	p = 1.19	
× 10−24; Figure 6b).	We	extended	this	analysis	to	our	gene	expression	
dataset	which	had	172	repeated	samples	from	81	individuals,	with	
a	median	of	 1.03 years	 between	 repeated	 samples	 and	 a	 range	of	
0.79–4.84 years.	We	found	that,	similarly	to	DNA	methylation,	the	
standardised	effect	size	of	age	from	the	cross-	sectional	analysis	was	
correlated	 with	 intra-	individual	 gene	 expression	 changes	 (r = .28,	
p = 1.82	× 10−127; Figure 6c).	This	association	became	stronger	when	
we	tested	only	genes	significantly	associated	with	age	(FDR < 10%)	
from	 the	 cross-	sectional	models	 (r = .48,	p = 7.63	× 10−69).	Notably,	
the	 effects	 of	 Hurricane	Maria	 exposure	 and	 change	 in	 gene	 ex-
pression	 between	 pre-		 and	 post-	hurricane	 Maria	 samples	 were	
highly	 correlated	 (n	 individuals	 with	 pre-		 and	 post-	hurricane	 ex-
pression = 21,	r = .38,	p = 2.68	× 10−238),	which	increased	among	the	
260	genes	 significantly	 associated	with	Hurricane	Maria	exposure	
(FDR < 10%)	 in	 the	 cross-	sectional	 model	 (r = .77,	 p = 5.26	 × 10−52; 

Figure 6d).	 Observing	 correlations	 between	 longitudinal	 methyla-
tion	or	gene	expression	changes	and	the	results	of	cross-	sectional	
models	 allows	us	 to	 infer	 that	our	 cross-	sectional	 analyses	are	 in-
deed capturing true variation in how aging and natural disaster in-
duce immune cell genomic alterations.

4  |  DISCUSSION

By	integrating	DNA	methylation,	gene	expression,	and	demographic	
data	from	a	naturalistic	population	of	rhesus	macaques	studied	at	a	
long-	term	field	site,	we	were	able	to	characterise	primary	and	sec-
ondary	age	effects.	Specifically,	we	investigated	the	extent	to	which	
secondary aging via environmental adversity recapitulated the ef-
fects of primary aging at the epigenomic level in a population ex-
posed	to	natural	environmental	variation.	We	found	that,	at	the	level	
of the methylome, primary aging effects were largely concentrated 
in	quiescent	and	heterochromatin	regions,	and	exhibited	extensive	
hypomethylation in older individuals, consistent with prior studies 
in	humans	(Jones	et	al.,	2015;	Seale	et	al.,	2022).	We	also	found	that	
DNA	methylation	may	be	 responsive	 to	 extreme	natural	 disasters	
and	 their	 aftermath.	CpG	 sites	 associated	with	 environmental	 ad-
versity from a major hurricane were extensively hypomethylated 
and were primarily concentrated in areas associated with active 
gene	regulation.	Broadly,	we	observed	that	the	effects	of	environ-
mental adversity largely overlapped and were positively correlated 
with	age-	associated	effects	in	areas	of	active	gene	regulation,	such	
as enhancers, promoters, and gene bodies, but diverged in less ac-
tive	gene-	regulatory	regions,	such	as	quiescent	and	heterochroma-
tin regions.

Interestingly, we observed two potential pathways by which pri-
mary	aging	in	rhesus	macaques	may	generate	immune	dysregulation	
or	genomic	damage.	First,	we	found	that	quiescent	chromatin	states	
were overwhelmingly more likely to be hypomethylated with age and 
that these sites were in and nearby genes involved in inflammatory 
pathways,	 suggesting	 potential	 de-	repression	 of	 these	 genes	 with	
age. Further, we observed coordinated loss of methylation in regions 
that also became more accessible with age, and thus joint activation 
of two epigenetic modifications and potentially greater expression 
of	deleterious	elements	or	genes.	Second,	we	 found	 that	TEs	were	
far more likely to be hypomethylated in older individuals, suggesting 
that the epigenetic landscape becomes more permissible for TE mo-
bilisation	(Andrenacci	et	al.,	2020;	Gorbunova	et	al.,	2021).	The	mo-
bilisation	of	TEs	can	cause	double-	stranded	DNA	breaks,	promoting	
genomic instability and triggering the inflammatory response, which 
may	compound	the	effects	of	primary	aging	(Gorbunova	et	al.,	2021).	
Interestingly, we observed broad hypermethylation of TEs in animals 
exposed	 to	 Hurricane	 Maria.	 This	 is	 surprising	 given	 that	 adverse	
conditions are generally expected to reduce epigenetic silencing ca-
pacity	 (Pappalardo	 et	 al.,	2021).	However,	 epigenetic-	level	 changes	
in	TE	methylation	 following	stressful	events	 is	not	well-	understood	
and appears to be highly dependent on the adversity and the TE type 
(Horváth	et	al.,	2017;	Pappalardo	et	al.,	2021).	For	example,	human	
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neuroblastoma	cells	exhibited	hypermethylation	of	LINE-	1	elements	
when treated with morphine – which can induce oxidative stress – for 
short	periods	of	time,	but	hypomethylation	of	LINE-	1	elements	when	
exposed	for	longer	periods	of	time	(Trivedi	et	al.,	2014).	This	highlights	
the contextual and temporal dependence of epigenomic changes in 
response	 to	 stressors,	which	 is	 currently	 not	well-	understood.	 It	 is	
possible	that	the	global	hypermethylation	of	TEs	we	observe	is	a	time-	
dependent response that functions as an adaptive repair mechanism 
and future studies should seek to measure differential methylation at 
multiple time points following environmental perturbations.

Our findings also support gene regulatory effects of promoter 
methylation on downstream gene expression, particularly for the 

effects	of	primary	aging.	CpG	sites	 in	promoter	regions	associated	
with age were much more strongly correlated with gene expression 
than	non-	age-	associated	CpG	sites	or	sites	outside	of	promoter	re-
gions.	CpG	sites	closer	to	TSSs	tended	to	be	more	strongly	associ-
ated with aging and also more highly correlated with downstream 
gene	expression,	 suggesting	 that	 the	sites	close	 to	 the	TSSs	exert	
a	 greater	 influence	 on	 gene	 expression.	 We	 observed	 the	 ex-
pected canonically negative relationship between methylation and 
gene	 expression	 for	 hurricane-	associated	 CpG	 sites	 near	 genes.	
However,	 we	 did	 not	 observe	 a	 significant	 relationship	 between	
hurricane-	associated	sites	within	promoter	regions	and	the	expres-
sion of downstream genes. This possibly suggests that the effects of 

F I G U R E  6 Cross-	sectional	results	are	correlated	with	intra-	individual	changes	in	DNA	methylation	and	gene	expression	across	aging	and	
exposure	to	extreme	natural	disaster.	(a)	The	per	cent	of	repeated	samples	(i.e.	same	individual)	that	had	greater	proportion	methylation	at	
older	age,	compared	to	the	standardised	effect	sizes	of	age	for	CpG	sites.	(b)	The	per	cent	of	repeated	samples	with	more	methylation	in	
post-	hurricane	samples	compared	to	samples	taken	pre-	hurricane,	versus	the	median	standardised	effect	size	of	Hurricane	Maria	exposure.	
The	per	cent	of	repeated	samples	with	higher	gene	expression	at	older	age	(i.e.	post-	hurricane),	versus	the	standardised	effect	size	of	age	(c)	
and	hurricane	exposure	(d).
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secondary aging are more stochastic in relation to gene regulation 
than those of primary aging, or could indicate a lack of power in our 
study to detect a relationship between the methylation of this sub-
set of promoters and the expression of downstream genes.

We	note	 that	our	 study	had	some	 limitations.	Methylation	pat-
terns vary between cell types and will likely be affected by changes 
in cell composition. In this study, we were unable to fully disentangle 
cell-	intrinsic	methylation	changes	from	changes	in	cell	composition,	
yet we found that cell composition changed as expected with age in 
this	population	(detailed	in	the	Appendix	S1 and results Cell type het-
erogeneity sections, Figure S2).	Previously,	we	have	found	that	immune	
cell-	specific	marker	genes	in	animals	sampled	after	Hurricane	Maria	
showed generally similar patterns to those of age, suggesting that the 
hurricane	and	age	had	similar	effects	on	cell	composition	(Watowich	
et al., 2022).	Yet,	future	studies	should	measure	cell-	specific	methyl-
ation	levels	to	disentangle	cell-	specific	and	compositional	effects	on	
methylation.	We	also	note	that	there	may	be	non-	linear	age-	related	
epigenomic changes that are not captured by our modelling strategy 
and	future	studies	should	explore	the	extent	to	which	DNA	methyl-
ation	exhibits	non-	linear	trajectories	across	aging	and	the	overlap	of	
these effects with secondary aging patterns.

While	our	study	was	largely	cross-	sectional,	approximately	one	
quarter	of	our	samples	were	from	animals	repeatedly	sampled	at	least	
9	months	apart.	Among	both	the	DNA	methylation	and	gene	expres-
sion datasets, we found moderate correlation of mean differences 
in	methylation	from	the	cross-	sectional	models	and	intra-	individual	
changes in methylation and gene expression levels. Longitudinal 
sampling	designs	remain	the	gold-	standard	for	detecting	age-	related	
changes and due to the opportunistic nature of our study, it is pos-
sible that animals sampled after the hurricane differed in ways that 
affected	our	results.	However,	the	correlation	we	observed	between	
the	 results	 from	our	 cross-	sectional	 study	 to	 those	 from	 the	 sub-
set	of	 longitudinal	 samples,	 highlights	 that	 cross-	sectional	 designs	
should not be discounted and can, as we have done here, detect 
some variance that can likely be attributed to aging or environmen-
tal	exposure.	 Indeed,	 that	we	observed	correlation	between	 intra-	
individual changes in methylation and gene expression across aging 
and	hurricane	exposure	allows	us	to	infer	that	our	cross-	sectional	re-
sults	are	capturing	true	age-	related	(and	hurricane-	related)	variation.	
Further,	including	both	repeated	and	cross-	sectional	samples	allows	
us to disentangle the effects of the hurricane from those of aging, 
which would be confounded in a purely longitudinal study.

In conclusion, we find that a strong environmental perturbation – 
surviving	a	major	hurricane	–	was	associated	with	DNA	methylation	
patterns broadly similar to those of primary aging in genomic regions 
associated with active gene regulation, but diverged in putatively 
non-	regulatory	 regions,	 suggesting	 damage-	generating	 pathways	
specific	to	primary	aging.	While	environmental	insults	leading	to	sec-
ondary	aging	can	be	detrimental	and	advance	disease-	progression,	
our findings suggest that environmental adversity contributes to 
specific aspects of secondary aging and partially, but not fully, over-
laps with primary aging. Therefore, it may be possible to both dis-
entangle how secondary aging advances immune dysregulation to 

inform	 strategies	 to	mitigate	 negative	 consequences	 for	 survivors	
of extreme environmental hardships and to simultaneously reduce 
deleterious effects of primary and secondary aging by identifying 
moderators of aging that affect areas in which primary and second-
ary aging overlap.

AUTHOR CONTRIBUTIONS
M.M.W.,	 M.J.M.,	 C.B.R.U.,	 J.E.H.,	 M.I.M.,	 J.P.H.,	 L.J.N.B.,	 M.L.P.,	
A.J.L.	and	N.S.-	M.	designed	research;	M.M.W.,	C.E.C.,	K.L.C.,	E.A.G.,	
M.J.M.,	R.M.P.,	S.P.	and	J.E.H.	performed	research;	M.M.W.,	A.J.L.	
and	N.S.-	M.	 analysed	data;	 and	M.M.W.,	A.J.L.	 and	N.S.-	M.	wrote	
the paper with input from all authors.

AFFILIATIONS
1Department	of	Biology,	University	of	Washington,	Seattle,	Washington,	
USA
2Center	for	Evolution	and	Medicine,	Arizona	State	University,	Tempe,	
Arizona,	USA
3School	of	Life	Sciences,	Arizona	State	University,	Tempe,	Arizona,	USA
4Department	of	Biological	Sciences,	Vanderbilt	University,	Nashville,	
Tennessee,	USA
5Department	of	Anthropology,	New	York	University,	New	York,	New	York,	
USA
6New	York	Consortium	in	Evolutionary	Primatology,	New	York,	New	York,	
USA
7Cancer	Early	Detection	Advanced	Research	Center,	Knight	Cancer	Institute,	
Oregon	Health	&	Science	University,	Portland,	Oregon,	USA
8Caribbean	Primate	Research	Center,	Unit	of	Comparative	Medicine,	
University	of	Puerto	Rico,	San	Juan,	Puerto	Rico,	USA
9Department	of	Anthropology,	University	of	Oregon,	Eugene,	Oregon,	USA
10Research	and	Collections	Section,	North	Carolina	Museum	of	Natural	
Sciences,	Raleigh,	North	Carolina,	USA
11Department	of	Biological	Sciences,	North	Carolina	State	University,	
Raleigh,	North	Carolina,	USA
12Renaissance	Computing	Institute,	University	of	North	Carolina	at	Chapel	
Hill,	Chapel	Hill,	North	Carolina,	USA
13Department	of	Neuroscience,	Perelman	School	of	Medicine,	University	of	
Pennsylvania,	Philadelphia,	Pennsylvania,	USA
14Department	of	Psychology,	School	of	Arts	and	Sciences,	University	of	
Pennsylvania,	Philadelphia,	Pennsylvania,	USA
15Marketing	Department,	Wharton	School	of	Business,	University	of	
Pennsylvania,	Philadelphia,	Pennsylvania,	USA
16Centre	for	Research	in	Animal	Behaviour,	University	of	Exeter,	Exeter,	UK
17School	of	Human	Evolution	and	Social	Change,	Arizona	State	University,	
Tempe,	Arizona,	USA
18Neurodegenerative	Disease	Research	Center,	Arizona	State	University,	
Tempe,	Arizona,	USA

ACKNOWLEDG EMENTS
We	 sincerely	 thank	 the	 Caribbean	 Primate	 Research	 Center	 for	
maintaining	 the	 Cayo	 Santiago	 population	 and	 for	 helping	 collect	
invaluable	 long-	term	 biological	 and	 demographic	 data	 from	 this	
population,	 especially	 Angelina	 Ruiz	 Lambides,	 Giselle	 Caraballo	
Cruz,	Nahirì	Rivera	Barreto,	Daniel	Phillips	and	Josue	Negron.	We	
thank	 Sierra	 Sams	 and	Arianne	Mercer	 for	 help	 generating	meth-
ylation	 libraries;	 Alice	 Baniel,	 India	 Schneider-	Crease	 and	 the	
Snyder-	Mackler	Lab	 for	helpful	 feedback.	We	also	 sincerely	 thank	
the	many	 Zooniverse	 volunteers,	 without	whom	 the	 blood	 smear	
cell count analysis would not be possible. This work was supported 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17445 by L
auren B

rent - U
niversity O

f E
xeter , W

iley O
nline L

ibrary on [22/07/2024]. 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 16  |     WATOWICH et al.

by	 the	 University	 of	Washington	Department	 of	 Biology,	 a	 Royal	
Society	Project	Grant	 (RGS/R1/191182),	and	NIH	 (F31-	AG072787,	
R00-	AG051764,	R01-	AG060931,	R01-	MH096875,	R01-	MH089484,	
R01-		MH118203,	 F32-	AG062120,	 R01-	AG075914).	Cayo	 Santiago	
Field	Station	is	supported	by	the	ORIP	of	the	NIH	(2P40OD012217).

DATA AVAIL ABILIT Y S TATEMENT
RNA	 sequencing	 reads	 are	 available	 in	 the	 National	 Center	 for	
Biotechnology	 Information	Short	Read	Archive	 (SRA	project	num-
ber	 715739)	 (ID	 715739—BioProject—NCBI,	 n.d.).	 DNA	 reads	 will	
be	 uploaded	 to	 SRA	 and	 made	 available	 upon	 publication	 under	
BioProject	 ID	 PRJNA610241(ID	 610241—BioProject—NCBI,	 n.d.).	
Macaque	 chromatin	 accessibility	 data	 are	 available	 in	 the	 NCBI	
Sequence	 Read	 Archive,	 https:// www. ncbi. nlm. nih. gov/ biopr oject  
(BioProject	 ID	PRJNA476378)	 (ID	476378—BioProject—NCBI,	n.d.; 
Snyder-	Mackler	et	al.,	2019).

BENEFIT- SHARING S TATEMENT
Benefits	Generated:	This	research	demonstrates	the	utility	of	open-	
source genomic materials. Further benefits from this research in-
clude the sharing of our results on public databases as described 
above.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

E THIC S S TATEMENT
All	work	with	animals	adheres	to	the	joint	Principles	for	the	Ethical	
Treatment	 of	 Nonhuman	 Primates	 as	 set	 forth	 by	 the	 American	
Society	of	Primatologists	 and	 International	Primatological	 Society.	
This	research	was	reviewed	and	approved	by	the	Institutional	Animal	
Care	and	Use	Committees	of	the	University	of	Puerto	Rico,	Medical	
Sciences	Campus	(assurance	number	A400117).

ORCID
Marina M. Watowich  https://orcid.org/0000-0003-4144-4225 
Christina E. Costa  https://orcid.org/0000-0002-4752-3381 
Kenneth L. Chiou  https://orcid.org/0000-0001-7247-4107  
Elisabeth A. Goldman  https://orcid.org/0000-0003-1562-0010 
Rachel M. Petersen  https://orcid.org/0000-0002-4530-7095 
Sam Patterson  https://orcid.org/0000-0002-5283-8919   
Kirstin N. Sterner  https://orcid.org/0000-0001-8429-4533 
Michael J. Montague  https://orcid.org/0000-0003-0253-4404 
Michael L. Platt  https://orcid.org/0000-0003-3912-8821 
Lauren J. N. Brent  https://orcid.org/0000-0002-1202-1939   
Amanda J. Lea  https://orcid.org/0000-0002-8827-2750  
Noah Snyder- Mackler  https://orcid.org/0000-0003-3026-6160 

R E FE R E N C E S
Anderson,	J.	A.,	Johnston,	R.	A.,	Lea,	A.	J.,	Campos,	F.	A.,	Voyles,	T.	N.,	

Akinyi,	M.	Y.,	Alberts,	S.	C.,	Archie,	E.	A.,	&	Tung,	 J.	 (2021).	High	
social status males experience accelerated epigenetic aging in wild 
baboons. eLife, 10,	e66128.	https://	doi.	org/	10.	7554/	eLife.	66128	

Andrenacci,	D.,	 Cavaliere,	 V.,	 &	 Lattanzi,	G.	 (2020).	 The	 role	 of	 trans-
posable elements activity in aging and their possible involvement 
in laminopathic diseases. Ageing Research Reviews, 57,	 100995.	
https://	doi.	org/	10.	1016/j.	arr.	2019.	100995

Bronikowski,	A.	M.,	Altmann,	J.,	Brockman,	D.	K.,	Cords,	M.,	Fedigan,	L.	
M.,	Pusey,	A.,	Stoinski,	T.,	Morris,	W.	F.,	Strier,	K.	B.,	&	Alberts,	S.	C.	
(2011).	Aging	in	the	natural	world:	Comparative	data	reveal	similar	
mortality patterns across primates. Science, 331(6022),	1325–1328.	
https://	doi.	org/	10.	1126/	scien	ce.	1201571

Cassandri,	M.,	Smirnov,	A.,	Novelli,	F.,	Pitolli,	C.,	Agostini,	M.,	Malewicz,	
M.,	Melino,	G.,	&	Raschellà,	G.	(2017).	Zinc-	finger	proteins	in	health	
and disease. Cell Death Discovery, 3, 17071. https:// doi. org/ 10. 
1038/	cddis	covery.	2017.	71

Castro-	Mondragon,	J.	A.,	Riudavets-	Puig,	R.,	Rauluseviciute,	I.,	Berhanu	
Lemma,	 R.,	 Turchi,	 L.,	 Blanc-	Mathieu,	 R.,	 Lucas,	 J.,	 Boddie,	 P.,	
Khan,	A.,	Manosalva	Pérez,	N.,	Fornes,	O.,	Leung,	T.	Y.,	Aguirre,	A.,	
Hammal,	F.,	Schmelter,	D.,	Baranasic,	D.,	Ballester,	B.,	Sandelin,	A.,	
Lenhard,	B.,	…	Mathelier,	A.	(2022).	JASPAR	2022:	The	9th	release	
of	 the	 open-	access	 database	 of	 transcription	 factor	 binding	 pro-
files. Nucleic Acids Research, 50(D1),	D165–D173.	https:// doi. org/ 
10.	1093/	nar/	gkab1113

Chen,	H.	P.,	Zhao,	Y.	T.,	&	Zhao,	T.	C.	(2015).	Histone	deacetylases	and	
mechanisms	of	regulation	of	gene	expression	(histone	deacetylases	
in	cancer).	Critical Reviews in Oncogenesis, 20(1–2),	35–47.

Cheng,	 Z.-	Y.,	 He,	 T.-	T.,	 Gao,	 X.-	M.,	 Zhao,	 Y.,	 &	Wang,	 J.	 (2021).	 ZBTB	
transcription	factors:	Key	regulators	of	the	development,	differen-
tiation and effector function of T cells. Frontiers in Immunology, 12, 
713294.	https://	doi.	org/	10.	3389/	fimmu.	2021.	713294

Chiou,	K.	L.,	Montague,	M.	J.,	Goldman,	E.	A.,	Watowich,	M.	M.,	Sierra,	N.,	
Horvath,	J.	E.,	Ruiz-	lambides,	A.	V.,	Melween,	I.,	&	Snyder-	mackler,	
N.	(2020).	Rhesus	macaques	as	a	tractable	physiological	model	of	
human ageing. Philosophical Transactions of the Royal Society B, 375, 
20190612.	https://	doi.	org/	10.	1098/	rstb.	2019.	0612

Ciccarone,	 F.,	 Tagliatesta,	 S.,	 Caiafa,	 P.,	 &	 Zampieri,	 M.	 (2018).	 DNA	
methylation	dynamics	in	aging:	How	far	are	we	from	understanding	
the mechanisms? Mechanisms of Ageing and Development, 174, 3–17. 
https://	doi.	org/	10.	1016/j.	mad.	2017.	12.	002

Cunliffe,	V.	T.	(2016).	The	epigenetic	impacts	of	social	stress:	How	does	
social adversity become biologically embedded? Epigenomics, 8(12),	
1653–1669.	https://	doi.	org/	10.	2217/	epi-		2016-		0075

Dmitrijeva,	M.,	Ossowski,	S.,	Serrano,	L.,	&	Schaefer,	M.	H.	(2018).	Tissue-	
specific	DNA	methylation	loss	during	ageing	and	carcinogenesis	is	
linked to chromosome structure, replication timing and cell division 
rates. Nucleic Acids Research, 46(14),	 7022–7039.	 https:// doi. org/ 
10.	1093/	nar/	gky498

Ernst,	J.,	&	Kellis,	M.	(2012).	ChromHMM:	Automating	chromatin-	state	
discovery	 and	 characterization.	 Nature Methods, 9,	 215–216.	
https://	doi.	org/	10.	1038/	nmeth.	1906

Garces	 de	 los	 Fayos	 Alonso,	 I.,	 Liang,	 H.-	C.,	 Turner,	 S.	 D.,	 Lagger,	 S.,	
Merkel,	O.,	&	Kenner,	L.	(2018).	The	role	of	activator	Protein-	1	(AP-	
1)	family	members	in	CD30-	positive	lymphomas.	Cancers, 10(4),	93.	
https://	doi.	org/	10.	3390/	cance	rs100	40093	

Goldman,	E.	A.,	Chiou,	K.	L.,	Watowich,	M.	M.,	Mercer,	A.,	Sams,	S.	N.,	
Horvath,	J.	E.,	Anderson,	J.	A.,	Unit,	C.	B.	R.,	Tung,	J.,	Higham,	J.	P.,	
Brent,	L.	J.	N.,	Martínez,	M.	I.,	Montague,	M.	J.,	Platt,	M.	L.,	Sterner,	
K.	N.,	&	Snyder-	Mackler,	N.	(2022).	A	generalizable	epigenetic	clock	
captures aging in two nonhuman primates. bioRxiv. https:// doi. org/ 
10.	1101/	2022.	11.	01.	514719

Gonzalez,	S.	J.,	Sherer,	A.	J.,	&	Hernández-	Pacheco,	R.	(2023).	Differential	
effects	of	early	life	adversity	on	male	and	female	rhesus	macaque	
lifespan. Ecology and Evolution, 13(11),	e10689.	https:// doi. org/ 10. 
1002/	ece3.	10689	

Gorbunova,	 V.,	 Seluanov,	 A.,	 Mita,	 P.,	 McKerrow,	 W.,	 Fenyö,	 D.,	
Boeke,	 J.	 D.,	 Linker,	 S.	 B.,	 Gage,	 F.	 H.,	 Kreiling,	 J.	 A.,	 Petrashen,	
A.	P.,	Woodham,	T.	A.,	Taylor,	J.	R.,	Helfand,	S.	L.,	&	Sedivy,	J.	M.	

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17445 by L
auren B

rent - U
niversity O

f E
xeter , W

iley O
nline L

ibrary on [22/07/2024]. 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

https://www.ncbi.nlm.nih.gov/bioproject
https://orcid.org/0000-0003-4144-4225
https://orcid.org/0000-0003-4144-4225
https://orcid.org/0000-0002-4752-3381
https://orcid.org/0000-0002-4752-3381
https://orcid.org/0000-0001-7247-4107
https://orcid.org/0000-0001-7247-4107
https://orcid.org/0000-0003-1562-0010
https://orcid.org/0000-0003-1562-0010
https://orcid.org/0000-0002-4530-7095
https://orcid.org/0000-0002-4530-7095
https://orcid.org/0000-0002-5283-8919
https://orcid.org/0000-0002-5283-8919
https://orcid.org/0000-0001-8429-4533
https://orcid.org/0000-0001-8429-4533
https://orcid.org/0000-0003-0253-4404
https://orcid.org/0000-0003-0253-4404
https://orcid.org/0000-0003-3912-8821
https://orcid.org/0000-0003-3912-8821
https://orcid.org/0000-0002-1202-1939
https://orcid.org/0000-0002-1202-1939
https://orcid.org/0000-0002-8827-2750
https://orcid.org/0000-0002-8827-2750
https://orcid.org/0000-0003-3026-6160
https://orcid.org/0000-0003-3026-6160
https://doi.org/10.7554/eLife.66128
https://doi.org/10.1016/j.arr.2019.100995
https://doi.org/10.1126/science.1201571
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1093/nar/gkab1113
https://doi.org/10.1093/nar/gkab1113
https://doi.org/10.3389/fimmu.2021.713294
https://doi.org/10.1098/rstb.2019.0612
https://doi.org/10.1016/j.mad.2017.12.002
https://doi.org/10.2217/epi-2016-0075
https://doi.org/10.1093/nar/gky498
https://doi.org/10.1093/nar/gky498
https://doi.org/10.1038/nmeth.1906
https://doi.org/10.3390/cancers10040093
https://doi.org/10.1101/2022.11.01.514719
https://doi.org/10.1101/2022.11.01.514719
https://doi.org/10.1002/ece3.10689
https://doi.org/10.1002/ece3.10689


    |  15 of 16WATOWICH et al.

(2021).	The	role	of	retrotransposable	elements	in	ageing	and	age-	
associated diseases. Nature, 596(7870),	43–53.	https:// doi. org/ 10. 
1038/	s4158	6-		021-		03542	-		y

Hernando-	Herraez,	 I.,	 Evano,	 B.,	 Stubbs,	 T.,	 Commere,	 P.-	H.,	 Jan	
Bonder,	 M.,	 Clark,	 S.,	 Andrews,	 S.,	 Tajbakhsh,	 S.,	 &	 Reik,	 W.	
(2019).	 Ageing	 affects	 DNA	 methylation	 drift	 and	 transcrip-
tional	 cell-	to-	cell	 variability	 in	mouse	muscle	 stem	cells.	Nature 
Communications, 10(1),	 4361.	 https://	doi.	org/	10.	1038/	s4146	7-		
019-		12293	-		4

Hoffman,	 M.	 M.,	 Ernst,	 J.,	 Wilder,	 S.	 P.,	 Kundaje,	 A.,	 Harris,	 R.	 S.,	
Libbrecht,	M.,	Giardine,	B.,	Ellenbogen,	P.	M.,	Bilmes,	J.	A.,	Birney,	
E.,	Hardison,	R.	C.,	Dunham,	 I.,	Kellis,	M.,	&	Noble,	W.	S.	 (2013).	
Integrative	annotation	of	chromatin	elements	from	ENCODE	data.	
Nucleic Acids Research, 41(2),	 827–841.	 https://	doi.	org/	10.	1093/	
nar/	gks1284

Holloszy,	J.	O.	(2000).	The	biology	of	aging.	Mayo Clinic Proceedings, 75, 
S3–S8.

Holt-	Lunstad,	 J.,	 Smith,	 T.	 B.,	 Baker,	 M.,	 Harris,	 T.,	 &	 Stephenson,	 D.	
(2015).	Loneliness	and	social	isolation	as	risk	factors	for	mortality:	
A	meta-	analytic	review.	Perspectives on Psychological Science, 10(2),	
227–237. https://	doi.	org/	10.	1177/	17456	91614	568352

Horváth,	V.,	Merenciano,	M.,	&	González,	J.	(2017).	Revisiting	the	rela-
tionship between transposable elements and the eukaryotic stress 
response. Trends in Genetics, 33(11),	 832–841.	https:// doi. org/ 10. 
1016/j.	tig.	2017.	08.	007

ID	 476378—BioProject—NCBI.	 (n.d.).	 https:// www. ncbi. nlm. nih. gov/ 
biopr oject/ ? term=	476378

ID	 610241—BioProject—NCBI.	 (n.d.).	 https:// www. ncbi. nlm. nih. gov/ 
biopr oject/ ? term=	610241

ID	 715739—BioProject—NCBI.	 (n.d.).	 https:// www. ncbi. nlm. nih. gov/ 
biopr oject/ ? term=	PRJNA	715739

Jones,	M.	J.,	Goodman,	S.	J.,	&	Kobor,	M.	S.	(2015).	DNA	methylation	and	
healthy human aging. Aging Cell, 14(6),	924–932.	https:// doi. org/ 10. 
1111/	acel.	12349	

Karolchik,	D.,	Hinrichs,	A.	S.,	Furey,	T.	S.,	Roskin,	K.	M.,	Sugnet,	C.	W.,	
Haussler,	D.,	&	Kent,	W.	J.	 (2004).	The	UCSC	table	browser	data	
retrieval tool. Nucleic Acids Research, 32,	493–496.

Kent,	W.	J.,	Sugnet,	C.	W.,	Furey,	T.	S.,	Roskin,	K.	M.,	Pringle,	T.	H.,	Zahler,	
A.	M.,	&	Haussler,	D.	(2002).	The	human	genome	browser	at	UCSC.	
Genome Research, 12(6),	 996–1006.	 https:// doi. org/ 10. 1101/ gr. 
229102

Krueger,	F.,	&	Andrews,	S.	(2011).	Bismark:	A	flexible	aligner	and	methyl-
ation	caller	for	bisulfite-	Seq	applications.	Bioinformatics, 27, 1571–
1572. https://	doi.	org/	10.	1093/	bioin	forma	tics/	btr167

Laine,	V.	N.,	Sepers,	B.,	Lindner,	M.,	Gawehns,	F.,	Ruuskanen,	S.,	&	van	
Oers,	K.	(2023).	An	ecologist's	guide	for	studying	DNA	methylation	
variation in wild vertebrates. Molecular Ecology Resources, 23(7),	
1488–1508.	https://	doi.	org/	10.	1111/	1755-		0998.	13624	

Lea,	A.	 J.,	Altmann,	 J.,	Alberts,	 S.	C.,	&	Tung,	 J.	 (2016).	Resource	base	
influences	genome-	wide	DNA	methylation	 levels	 in	wild	baboons	
(Papio	cynocephalus).	Molecular Ecology, 25(8),	1681–1696.	https:// 
doi.	org/	10.	1111/	mec.	13436	

Lea,	A.	J.,	Tung,	J.,	&	Zhou,	X.	(2015).	A	flexible,	efficient	binomial	mixed	
model	 for	 identifying	 differential	 DNA	 methylation	 in	 bisulfite	
sequencing	 data.	 PLoS Genetics, 11(11),	 1–31.	 https:// doi. org/ 10. 
1371/	journ	al.	pgen.	1005650

Lea,	A.	J.,	Vockley,	C.	M.,	Johnston,	R.	A.,	Del	Carpio,	C.	A.,	Barreiro,	L.	
B.,	Reddy,	T.	E.,	&	Tung,	J.	(2018).	Genome-	wide	quantification	of	
the	effects	of	DNA	methylation	on	human	gene	regulation.	eLife, 7, 
e37513. https:// doi. org/ 10. 7554/ eLife. 37513 

Li,	M.,	Zou,	D.,	 Li,	Z.,	Gao,	R.,	Sang,	 J.,	Zhang,	Y.,	 Li,	R.,	Xia,	L.,	Zhang,	
T.,	 Niu,	 G.,	 Bao,	 Y.,	 &	 Zhang,	 Z.	 (2019).	 EWAS	 atlas:	 A	 curated	
knowledgebase	 of	 epigenome-	wide	 association	 studies.	 Nucleic 
Acids Research, 47(D1),	D983–D988.	https://	doi.	org/	10.	1093/	nar/	
gky1027

López-	Otín,	C.,	Blasco,	M.	A.,	Partridge,	L.,	Serrano,	M.,	&	Kroemer,	G.	
(2013).	The	hallmarks	of	aging.	Cell, 153(6),	1194–1217.	https:// doi. 
org/	10.	1016/j.	cell.	2013.	05.	039

López-	Otín,	C.,	Blasco,	M.	A.,	Partridge,	L.,	Serrano,	M.,	&	Kroemer,	G.	
(2023).	 Hallmarks	 of	 aging:	 An	 expanding	 universe.	 Cell, 186(2),	
243–278.	https://	doi.	org/	10.	1016/j.	cell.	2022.	11.	001

Márquez,	 E.	 J.,	 Chung,	 C.,	 Marches,	 R.,	 Rossi,	 R.	 J.,	 Nehar-	Belaid,	 D.,	
Eroglu,	A.,	Mellert,	D.	J.,	Kuchel,	G.	A.,	Banchereau,	J.,	&	Ucar,	D.	
(2020).	Sexual-	dimorphism	in	human	immune	system	aging.	Nature 
Communications, 11, 751. https://	doi.	org/	10.	1038/	s4146	7-		020-		
14396	-		9

Meissner,	 A.,	 Gnirke,	 A.,	 Bell,	 G.	 W.,	 Ramsahoye,	 B.,	 Lander,	 E.	 S.,	 &	
Jaenisch,	R.	(2005).	Reduced	representation	bisulfite	sequencing	for	
comparative	high-	resolution	DNA	methylation	analysis.	Nucleic Acids 
Research, 33(18),	5868–5877.	https://	doi.	org/	10.	1093/	nar/	gki901

Moore,	 L.	 D.,	 Le,	 T.,	 &	 Fan,	 G.	 (2013).	 DNA	methylation	 and	 its	 basic	
function. Neuropsychopharmacology, 38,	23–38.	https:// doi. org/ 10. 
1038/	npp.	2012.	112

Newman,	L.	E.,	Testard,	C.,	DeCasien,	A.	R.,	Chiou,	K.	L.,	Watowich,	M.	
M.,	Janiak,	M.	C.,	Pavez-	Fox,	M.	A.,	Sanchez	Rosado,	M.	R.,	Cooper,	
E.	B.,	Costa,	C.	E.,	Petersen,	R.	M.,	Montague,	M.	 J.,	Platt,	M.	L.,	
Brent,	L.	J.	N.,	Snyder-	Mackler,	N.,	&	Higham,	J.	P.	(2023).	The	biol-
ogy	of	aging	in	a	social	world:	Insights	from	free-	ranging	rhesus	ma-
caques.	Neuroscience & Biobehavioral Reviews, 154, 105424. https:// 
doi.	org/	10.	1016/j.	neubi	orev.	2023.	105424

Nussey,	D.	H.,	 Froy,	H.,	 Lemaitre,	 J.-	F.,	Gaillard,	 J.-	M.,	&	Austad,	 S.	N.	
(2013).	Senescence	in	natural	populations	of	animals:	Widespread	
evidence	and	its	implications	for	bio-	gerontology.	Ageing Research 
Reviews, 12(1),	214–225.	https://	doi.	org/	10.	1016/j.	arr.	2012.	07.	004

Pal,	S.,	&	Tyler,	J.	K.	(2016).	Epigenetics	and	aging.	Science Advances, 2(7),	
e1600584.	https://	doi.	org/	10.	1126/	sciadv.	1600584

Pallares,	L.	F.,	Picard,	S.,	&	Ayroles,	J.	F.	(2020).	Tm3′Seq:	A	tagmentation-	
mediated 3′	 sequencing	 approach	 for	 improving	 scalability	 of	
RNAseq	 experiments.	G3: Genes, Genomes, Genetics, 10(1),	 143–
150. https://	doi.	org/	10.	1534/	g3.	119.	400821

Pappalardo,	A.	M.,	Ferrito,	V.,	Biscotti,	M.	A.,	Canapa,	A.,	&	Capriglione,	
T.	 (2021).	 Transposable	 elements	 and	 stress	 in	 vertebrates:	 An	
overview. International Journal of Molecular Sciences, 22(4),	 1970.	
https://	doi.	org/	10.	3390/	ijms2	2041970

Pinho,	G.	M.,	Martin,	J.	G.	A.,	Farrell,	C.,	Haghani,	A.,	Zoller,	J.	A.,	Zhang,	
J.,	Snir,	S.,	Pellegrini,	M.,	Wayne,	R.	K.,	Blumstein,	D.	T.,	&	Horvath,	
S.	 (2022).	 Hibernation	 slows	 epigenetic	 ageing	 in	 yellow-	bellied	
marmots. Nature Ecology & Evolution, 6(4),	1679.	https:// doi. org/ 10. 
1038/	s4155	9-		022-		01679	-		1

Poganik,	J.	R.,	Zhang,	B.,	Baht,	G.	S.,	Tyshkovskiy,	A.,	Deik,	A.,	Kerepesi,	
C.,	Yim,	S.	H.,	Lu,	A.	T.,	Haghani,	A.,	Gong,	T.,	Hedman,	A.	M.,	Andolf,	
E.,	Pershagen,	G.,	Almqvist,	C.,	Clish,	C.	B.,	Horvath,	S.,	White,	J.	
P.,	&	Gladyshev,	V.	N.	(2023).	Biological	age	is	increased	by	stress	
and restored upon recovery. Cell Metabolism, 35(5),	 807–820.e5.	
https://	doi.	org/	10.	1016/j.	cmet.	2023.	03.	015

Pon,	 J.	 R.,	 &	 Marra,	 M.	 A.	 (2015).	 MEF2	 transcription	 factors:	
Developmental regulators and emerging cancer genes. Oncotarget, 
7(3),	2297–2312.	https://	doi.	org/	10.	18632/		oncot	arget.	6223

Quinlan,	A.	R.,	&	Hall,	I.	M.	(2010).	BEDTools:	A	flexible	suite	of	utilities	
for comparing genomic features. Bioinformatics, 26(6),	 841–842.	
https://	doi.	org/	10.	1093/	bioin	forma	tics/	btq033

Seale,	K.,	Horvath,	S.,	Teschendorff,	A.,	Eynon,	N.,	&	Voisin,	S.	(2022).	
Making	sense	of	the	ageing	methylome.	Nature Reviews Genetics, 
23(10),	585–605.	https://	doi.	org/	10.	1038/	s4157	6-		022-		00477	-		6

Snyder-	Mackler,	N.,	Burger,	J.	R.,	Gaydosh,	L.,	Belsky,	D.	W.,	Noppert,	
G.	A.,	 Campos,	 F.	A.,	 Bartolomucci,	 A.,	 Yang,	 Y.	C.,	 Aiello,	 A.	 E.,	
O'Rand,	A.,	Harris,	K.	M.,	Shively,	C.	A.,	Alberts,	S.	C.,	&	Tung,	J.	
(2020).	Social	determinants	of	health	and	survival	in	humans	and	
other animals. Science, 368,	 6493.	 https://	doi.	org/	10.	1126/	scien	
ce.	aax9553

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17445 by L
auren B

rent - U
niversity O

f E
xeter , W

iley O
nline L

ibrary on [22/07/2024]. 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

https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1038/s41467-019-12293-4
https://doi.org/10.1038/s41467-019-12293-4
https://doi.org/10.1093/nar/gks1284
https://doi.org/10.1093/nar/gks1284
https://doi.org/10.1177/1745691614568352
https://doi.org/10.1016/j.tig.2017.08.007
https://doi.org/10.1016/j.tig.2017.08.007
https://www.ncbi.nlm.nih.gov/bioproject/?term=476378
https://www.ncbi.nlm.nih.gov/bioproject/?term=476378
https://www.ncbi.nlm.nih.gov/bioproject/?term=610241
https://www.ncbi.nlm.nih.gov/bioproject/?term=610241
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA715739
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA715739
https://doi.org/10.1111/acel.12349
https://doi.org/10.1111/acel.12349
https://doi.org/10.1101/gr.229102
https://doi.org/10.1101/gr.229102
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1111/1755-0998.13624
https://doi.org/10.1111/mec.13436
https://doi.org/10.1111/mec.13436
https://doi.org/10.1371/journal.pgen.1005650
https://doi.org/10.1371/journal.pgen.1005650
https://doi.org/10.7554/eLife.37513
https://doi.org/10.1093/nar/gky1027
https://doi.org/10.1093/nar/gky1027
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1038/s41467-020-14396-9
https://doi.org/10.1038/s41467-020-14396-9
https://doi.org/10.1093/nar/gki901
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1016/j.neubiorev.2023.105424
https://doi.org/10.1016/j.neubiorev.2023.105424
https://doi.org/10.1016/j.arr.2012.07.004
https://doi.org/10.1126/sciadv.1600584
https://doi.org/10.1534/g3.119.400821
https://doi.org/10.3390/ijms22041970
https://doi.org/10.1038/s41559-022-01679-1
https://doi.org/10.1038/s41559-022-01679-1
https://doi.org/10.1016/j.cmet.2023.03.015
https://doi.org/10.18632/oncotarget.6223
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1038/s41576-022-00477-6
https://doi.org/10.1126/science.aax9553
https://doi.org/10.1126/science.aax9553


16 of 16  |     WATOWICH et al.

Snyder-	Mackler,	 N.,	 Sanz,	 J.,	 Kohn,	 J.	 N.,	 Voyles,	 T.,	 Pique-	Regi,	 R.,	
Wilson,	M.	 E.,	 Barreiro,	 L.	 B.,	 &	 Tung,	 J.	 (2019).	 Social	 status	 al-
ters chromatin accessibility and the gene regulatory response to 
glucocorticoid	 stimulation	 in	 rhesus	macaques.	Proceedings of the 
National Academy of Sciences, USA, 116(4),	1219–1228.	https:// doi. 
org/	10.	1073/	pnas.	18117	58115	

Sriraman,	A.,	Debnath,	T.	K.,	Xhemalce,	B.,	&	Miller,	K.	M.	(2020).	Making	
it	 or	 breaking	 it:	 DNA	methylation	 and	 genome	 integrity.	 Essays 
in Biochemistry, 64(5),	 687–703.	 https://	doi.	org/	10.	1042/	EBC20	
200009

Sun,	A.	S.,	Zhu,	J.,	&	Zhou,	X.	(2018).	Package ‘PQLseq’	(pp.	1–7).
Sun,	 S.,	 Zhu,	 J.,	 Mozaffari,	 S.,	 Ober,	 C.,	 Chen,	M.,	 &	 Zhou,	 X.	 (2019).	

Heritability	estimation	and	differential	analysis	of	count	data	with	
generalized	 linear	 mixed	 models	 in	 genomic	 sequencing	 studies.	
Bioinformatics, 35(3),	487–496.	https://	doi.	org/	10.	1093/	bioin	forma	
tics/	bty644

Testard,	C.,	 Larson,	 S.	M.,	Watowich,	M.	M.,	Kaplinsky,	C.	H.,	Bernau,	
A.,	 Faulder,	 M.,	 Marshall,	 H.	 H.,	 Lehmann,	 J.,	 Ruiz-	Lambides,	 A.,	
Higham,	J.	P.,	Montague,	M.	J.,	Snyder-	Mackler,	N.,	Platt,	M.	L.,	&	
Brent,	L.	J.	N.	 (2021).	Rhesus	macaques	build	new	social	connec-
tions after a natural disaster. Current Biology, 1–11,	 2299–2309.	
https://	doi.	org/	10.	1016/j.	cub.	2021.	03.	029

Testard,	C.,	Shergold,	C.,	Acevedo-	Ithier,	A.,	Hart,	J.,	Bernau,	A.,	Valle,	J.	
N.-	D.,	Phillips,	D.,	Watowich,	M.,	Sanguinetti-	Scheck,	J.,	Montague,	
M.,	Snyder-	Mackler,	N.,	Higham,	J.	P.,	Platt,	M.,	&	Brent,	L.	J.	(2024).	
Ecological disturbance alters the adaptive benefits of social ties. 
Science, 384, 1330–1335.

Thompson,	R.,	Atzmon,	G.,	Gheorghe,	C.,	Liang,	H.	Q.,	Lowes,	C.,	Greally,	
J.	M.,	&	Barzilai,	N.	 (2010).	Tissue-	specific	dysregulation	of	DNA	
methylation in aging. Aging Cell, 9(4),	506–518.	https:// doi. org/ 10. 
1111/j.	1474-		9726.	2010.	00577.	x

Tobi,	 E.	W.,	Goeman,	 J.	 J.,	Monajemi,	R.,	Gu,	H.,	 Putter,	H.,	 Zhang,	Y.,	
Slieker,	R.	C.,	Stok,	A.	P.,	Thijssen,	P.	E.,	Müller,	F.,	Van	Zwet,	E.	W.,	
Bock,	C.,	Meissner,	A.,	Lumey,	L.	H.,	Eline	Slagboom,	P.,	&	Heijmans,	
B.	T.	 (2014).	DNA	methylation	signatures	 link	prenatal	famine	ex-
posure to growth and metabolism. Nature Communications, 5,	6592.	
https://	doi.	org/	10.	1038/	ncomm	s6592	

Trivedi,	 M.,	 Shah,	 J.,	 Hodgson,	 N.,	 Byun,	 H.-	M.,	 &	 Deth,	 R.	 (2014).	
Morphine	 induces	 redox-	based	 changes	 in	 global	 DNA	methyla-
tion and retrotransposon transcription by inhibition of excitatory 
amino acid transporter type 3–mediated cysteine uptake. Molecular 
Pharmacology, 85(5),	 747–757.	 https:// doi. org/ 10. 1124/ mol. 114. 
091728

Tung,	 J.,	Archie,	E.	A.,	Altmann,	 J.,	&	Alberts,	 S.	C.	 (2016).	Cumulative	
early life adversity predicts longevity in wild baboons. Nature 
Communications, 7, 1–7. https://	doi.	org/	10.	1038/	ncomm	s11181

Unternaehrer,	E.,	Luers,	P.,	Mill,	 J.,	Dempster,	E.,	Meyer,	A.	H.,	Staehli,	
S.,	Lieb,	R.,	Hellhammer,	D.	H.,	&	Meinlschmidt,	G.	(2012).	Dynamic	
changes	 in	 DNA	 methylation	 of	 stress-	associated	 genes	 (OXTR,	

BDNF)	after	acute	psychosocial	stress.	Translational Psychiatry, 2(8),	
2012. https://	doi.	org/	10.	1038/	tp.	2012.	77

Watowich,	M.	M.,	Chiou,	K.	L.,	Montague,	M.	J.,	Cayo	Biobank	Research	
Unit,	Simons,	N.	D.,	Horvath,	J.	E.,	Ruiz-	Lambides,	A.	V.,	Martínez,	
M.	I.,	Higham,	J.	P.,	Brent,	L.	J.	N.,	Platt,	M.	L.,	Snyder-	Mackler,	N.,	
Brent,	L.	J.	N.,	Higham,	J.	P.,	Martínez,	M.	I.,	Montague,	M.	J.,	Platt,	
M.	L.,	&	Snyder-	Mackler,	N.	 (2022).	Natural	disaster	and	immuno-
logical aging in a nonhuman primate. Proceedings of the National 
Academy of Sciences, 119(8),	 e2121663119.	 https:// doi. org/ 10. 
1073/	pnas.	21216	63119	

Wilkinson,	G.	S.,	Adams,	D.	M.,	Haghani,	A.,	Lu,	A.	T.,	Zoller,	J.,	Breeze,	C.	
E.,	Arnold,	B.	D.,	Ball,	H.	C.,	Carter,	G.	G.,	Cooper,	L.	N.,	Dechmann,	
D.	 K.	 N.,	 Devanna,	 P.,	 Fasel,	 N.	 J.,	 Galazyuk,	 A.	 V.,	 Günther,	 L.,	
Hurme,	E.,	Jones,	G.,	Knörnschild,	M.,	Lattenkamp,	E.	Z.,	…	Horvath,	
S.	(2021).	DNA	methylation	predicts	age	and	provides	insight	into	
exceptional longevity of bats. Nature Communications, 12(1),	21900.	
https://	doi.	org/	10.	1038/	s4146	7-		021-		21900	-		2

Xiong,	Z.,	Yang,	F.,	Li,	M.,	Ma,	Y.,	Zhao,	W.,	Wang,	G.,	Li,	Z.,	Zheng,	X.,	
Zou,	D.,	Zong,	W.,	Kang,	H.,	Jia,	Y.,	Li,	R.,	Zhang,	Z.,	&	Bao,	Y.	(2022).	
EWAS	open	platform:	 Integrated	data,	knowledge	and	 toolkit	 for	
epigenome-	wide	association	study.	Nucleic Acids Research, 50(D1),	
D1004–D1009.	https://	doi.	org/	10.	1093/	nar/	gkab972

Zannas,	A.	 S.,	Arloth,	 J.,	 Carrillo-	Roa,	 T.,	 Iurato,	 S.,	 Röh,	 S.,	 Ressler,	K.	
J.,	Nemeroff,	C.	B.,	Smith,	A.	K.,	Bradley,	B.,	Heim,	C.,	Menke,	A.,	
Lange,	J.	F.,	Brückl,	T.,	Ising,	M.,	Wray,	N.	R.,	Erhardt,	A.,	Binder,	E.	
B.,	&	Mehta,	D.	(2015).	Lifetime	stress	accelerates	epigenetic	aging	
in	an	urban,	African	American	cohort:	Relevance	of	glucocorticoid	
signaling. Genome Biology, 16(1),	 266.	 https://	doi.	org/	10.	1186/	
s1305	9-		015-		0828-		5

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Watowich,	M.	M.,	Costa,	C.	E.,	
Chiou,	K.	L.,	Goldman,	E.	A.,	Petersen,	R.	M.,	Patterson,	S.;	
Martínez,	M.	I.,	Sterner,	K.	N.,	Horvath,	J.	E.,	Montague,	M.	
J.,	Platt,	M.	L.,	Brent,	L.	J.	N.,	Higham,	J.	P.,	Lea,	A.	J.,	&	
Snyder-	Mackler,	N.	(2024).	Immune	gene	regulation	is	
associated with age and environmental adversity in a 
nonhuman primate. Molecular Ecology, 00, e17445. https://
doi.org/10.1111/mec.17445

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17445 by L
auren B

rent - U
niversity O

f E
xeter , W

iley O
nline L

ibrary on [22/07/2024]. 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

https://doi.org/10.1073/pnas.1811758115
https://doi.org/10.1073/pnas.1811758115
https://doi.org/10.1042/EBC20200009
https://doi.org/10.1042/EBC20200009
https://doi.org/10.1093/bioinformatics/bty644
https://doi.org/10.1093/bioinformatics/bty644
https://doi.org/10.1016/j.cub.2021.03.029
https://doi.org/10.1111/j.1474-9726.2010.00577.x
https://doi.org/10.1111/j.1474-9726.2010.00577.x
https://doi.org/10.1038/ncomms6592
https://doi.org/10.1124/mol.114.091728
https://doi.org/10.1124/mol.114.091728
https://doi.org/10.1038/ncomms11181
https://doi.org/10.1038/tp.2012.77
https://doi.org/10.1073/pnas.2121663119
https://doi.org/10.1073/pnas.2121663119
https://doi.org/10.1038/s41467-021-21900-2
https://doi.org/10.1093/nar/gkab972
https://doi.org/10.1186/s13059-015-0828-5
https://doi.org/10.1186/s13059-015-0828-5
https://doi.org/10.1111/mec.17445
https://doi.org/10.1111/mec.17445

	Immune gene regulation is associated with age and environmental adversity in a nonhuman primate
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study subjects and experimental design
	2.2|Biological sampling
	2.3|DNA/RNA extraction and sequencing and data preprocessing
	2.4|Modelling the effects of age and adversity on DNA methylation
	2.5|Defining differentially methylated regions
	2.6|Enrichment analyses overview
	2.7|Correlation between cross-sectional analysis and repeated samples

	3|RESULTS
	3.1|Age and hurricane exposure are associated with global immune cell hypomethylation
	3.1.1|Age and hurricane exposure are associated with similar suites of CpG sites
	3.1.2|DNA methylation predicts gene expression

	3.2|Effects of primary aging and environmental adversity co-occur but have divergent signatures dependent on genomic region
	3.2.1|Older age is associated with hypermethylation of active regulatory states and less methylation in quiescent regions
	3.2.2|Hurricane exposure is associated with hypomethylation in active regulatory states and hypermethylation in quiescent regions
	3.2.3|Age and hurricane exposure-associated effects overlap in active regulatory regions
	3.2.4|Age and hurricane exposure have distinct signatures in repetitive elements
	3.2.5|Age-associated methylation is coordinated with other epigenetic modifications

	3.3|Within-individual gene regulatory changes reflect cross-sectional estimates

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	BENEFIT-SHARING STATEMENT
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


