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Abstract
There	 are	 functional	 benefits	 to	 exercise	 in	muscle,	 even	when	 performed	 late	 in	
life,	 but	 the	 contributions	 of	 epigenetic	 factors	 to	 late-	life	 exercise	 adaptation	 are	
poorly	defined.	Using	reduced	representation	bisulfite	sequencing	(RRBS),	ribosomal	
DNA	(rDNA)	and	mitochondrial-	specific	examination	of	methylation,	targeted	high-	
resolution	methylation	analysis,	and	DNAge™	epigenetic	aging	clock	analysis	with	a	
translatable	model	of	voluntary	murine	endurance/resistance	exercise	training	(pro-
gressive	weighted	wheel	 running,	PoWeR),	we	provide	evidence	 that	 exercise	may	
mitigate	epigenetic	aging	in	skeletal	muscle.	Late-	life	PoWeR	from	22–	24	months	of	
age	modestly	but	 significantly	 attenuates	 an	age-	associated	 shift	 toward	promoter	
hypermethylation.	The	epigenetic	age	of	muscle	from	old	mice	that	PoWeR-	trained	
for	eight	weeks	was	approximately	eight	weeks	younger	than	24-	month-	old	seden-
tary	counterparts,	which	represents	~8%	of	the	expected	murine	lifespan.	These	data	
provide	a	molecular	basis	for	exercise	as	a	therapy	to	attenuate	skeletal	muscle	aging.
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1  |  INTRODUC TION

All	tissues,	including	skeletal	muscle,	undergo	DNA	methylation	al-
terations	across	the	lifespan	(Turner	et	al.,	2020;	Sailani	et	al.,	2019)	
that may contribute to structural and functional decline with aging. 
Exercise	training	alters	muscle	DNA	methylation	(Wen	et	al.,	2021),	
but whether it causes the aged mouse skeletal muscle methylome 
to more closely resemble that of a younger mouse remains unclear. 
Using	 the	 high-	volume	 resistance/endurance	 exercise	 of	 progres-
sive	weighted	wheel	running	(PoWeR)	developed	by	our	laboratory	
(Murach	et	al.,	2020),	mice	were	trained	from	22–	24	months	of	age.	
After	training,	we	assessed	how	exercise	affected	epigenetic	aging	
in	skeletal	muscle	with	RRBS,	high-	resolution	targeted	analyses,	and	
a	 high-	coverage	 analysis	 of	>500	 tissue-	specific	 murine	 CpG	 loci	
(DNAge™	analysis)	 (Chew	et	 al.,	 2018;	Kemp	et	 al.,	 2020;	Hayano	
et	 al.,	 2019)	 that	 overlaps	with	 the	Horvath	 pan-	tissue	 epigenetic	
aging	 clock	 (Horvath,	 2013).	We	 hypothesized	 that	 late-	life	 com-
bined	resistance/endurance	exercise	would	reduce	aging-	associated	
hypermethylation	 (Turner	 et	 al.,	 2020)	 and	 DNAge™	 in	 skeletal	
muscle.

2  |  RESULTS AND DISCUSSION

RRBS	was	performed	on	skeletal	muscle	and	analyzed	as	described	
previously	(Park	et	al.,	2014;	Wen	et	al.,	2021).	In	the	gastrocnemius	
muscle	 of	 sedentary	 24-	month-	old	mice,	 103	unique	CpG	 sites	 in	
promoter	regions	(i.e.,	within	1	kb	upstream	of	the	transcription	start	
site)	 that	mapped	to	at	 least	one	of	9	gene	 identifiers	were	hypo-
methylated	compared	to	4-	month-	old	mice	(FDR<0.05,	Table	S1a),	
whereas	762	distinct	CpG	sites	that	mapped	to	one	or	more	of	133	
different	genes	were	hypermethylated	(FDR<0.05,	Figure	1a,	Table	
S1b).	Pathway	analysis	of	genes	with	hypermethylated	promoters	in	
aged	muscle	revealed	over-	representation	in	tricarboxylic	acid	cycle	
(TCA)	regulation	(p =	0.00572,	q =	0.125),	particularly	genes	associ-
ated	with	NAD	activity	(Figure	1b).	This	may	explain	the	widespread	
reduction	of	TCA	cycle	 proteins	 recently	 reported	 in	 aged	human	
muscle	using	exploratory	proteomics	(Ubaida-	Mohien	et	al.,	2019).	
In	 exons,	 68	 CpG	 sites	 that	 mapped	 to	 at	 least	 one	 of	 27	 genes	
were	hypomethylated	(Table	S2a),	while	864	distinct	CpG	sites	that	
mapped to one or more of 146 genes were hypermethylated in aged 
sedentary	 muscle	 relative	 to	 young	 (Table	 S2b,	 FDR<0.05).	 The	
same pattern occurred with intron methylation in aged sedentary 
relative	to	young	muscle;	271	CpG	sites	that	mapped	to	at	least	one	
of	131	genes	were	hypomethylated	(Table	S3a);	and	2,261	CpG	sites	
that mapped to one or more of 301 genes were hypermethylated 
(Table	S3b,	FDR<0.05).	No	genes	were	hypomethylated	in	all	three	
regions	with	age,	while	18	genes	had	hypermethylation	in	all	three	
regions	(gene	list	in	Table	S3c).

In	promoters,	relative	to	young	sedentary	mice,	five	genes	that	
contained	at	least	one	hypomethylated	CpG	in	aged	sedentary	mus-
cle	did	not	contain	any	significantly	hypomethylated	CpGs	 in	mice	
that	engaged	in	PoWeR	from	22–	24	months	of	age	(genes	mapped	

to	six	CpGs,	Figure	1c,	Table	S4a).	Eighteen	genes	that	had	at	least	
one	hypermethylated	CpG	in	their	promoter	with	age	alone	did	not	
have	any	significantly	hypermethylated	CpGs	in	aged	PoWeR	muscle	
relative	to	young	(29	CpGs	mapped	to	these	genes,	Figure	1d,e).	In	
multiple	CpGs,	PoWeR	attenuated	age-	associated	promoter	region	
hypermethylation of Rbm10	 (Figure	 1e),	 a	 pleiotropic	 factor	 impli-
cated	in:	(1)	alternative	splicing	(Loiselle	&	Sutherland,	2018)	which	
is	generally	dysregulated	by	aging	in	skeletal	muscle	(Ubaida-	Mohien	
et	al.,	2019),	(2)	regulation	of	survival	of	motor	neuron	(SMN)	alter-
native	 splicing	 (Sutherland	et	al.,	2017),	 a	protein	 that	 can	control	
muscle	 weight	 and	 function	 throughout	 the	 lifespan	 (Zhao	 et	 al.,	
2021),	 and	 (3)	 striated	 muscle	 hypertrophy	 (Mohan	 et	 al.,	 2018).	
PoWeR	was	also	associated	with	relatively	lower	methylation	across	
the promoter of Timm8a1	in	aged	mice	(Figure	1e).	In	skeletal	muscle,	
a	PGC-	1β	knockout	model	that	exhibits	impaired	mitochondrial	func-
tion	and	oxidant	defense	is	associated	with	reduced	Timm8a1 levels 
(Ramamoorthy	et	al.,	2015),	while	loss	of	Timm8a1 function results 
in	swollen	mitochondria	and	broken	cristae	(Song	et	al.,	2021).	Using	
high-	resolution	 targeted	 methylation	 analysis	 (>1,000x	 coverage	
per	CpG	on	average),	we	confirmed	that	promoter	regions	of	Rbm10 
and Timm8a1	were	less	hypermethylated	with	exercise	in	aged	mus-
cle	 (Figure	S1a,b).	 In	 addition,	 promoters	of	9	 genes	had	a	unique	
hypomethylated	 CpG	 (none	 had	 multiple)	 and	 10	 genes	 had	 one	
or	more	unique	hypermethylated	CpGs	 in	aged	PoWeR	relative	 to	
young	muscle	(9	and	12	CpGs	mapped	to	these	genes,	respectively,	
FDR<0.05);	these	promotors	were	not	affected	by	aging	alone	(Table	
S4b).	Proportionally,	more	CpGs	hypomethylated	with	age	were	af-
fected	by	PoWeR	than	those	hypermethylated	by	age,	but	a	larger	
absolute	number	of	CpGs	hypermethylated	with	age	were	affected	
by	PoWeR	since	aging	was	more	associated	with	hypermethylation.	
Exon	data	are	reported	 in	Figure	S2	and	Table	S5,	and	 intron	data	
are	found	in	Table	S6.	Introns	followed	a	different	pattern	compared	
with	the	rest	of	the	genome	with	respect	to	exercise	mitigating	the	
epigenetic	effects	of	aging.	Relative	to	young	mice,	a	comparatively	
large	 number	 of	 genes	 (93)	 had	 intronic	 regions	with	 at	 least	 one	
CpG	hypomethylated	by	agingbut	no	CpGs	hypomethylated	in	aged	
PoWeR	muscle	(genes	mapped	to	112	CpGs).

Transcription	can	be	controlled	by	methylation	at	a	single	CpG	
or	by	clusters	of	CpGs,	called	“CpG	islands”.	Analysis	of	CpG	islands	
(FDR<0.05)	 generally	 reflected	 the	 individual	 site	 data.	 Sixteen	
genes	(which	mapped	to	12	CpG	islands)	were	hypermethylated	in	
aged	animals	but	not	 in	aged	PoWeR	 relative	 to	young,	while	 five	
genes	 (which	mapped	 to	 four	CpG	 islands)	were	 hypermethylated	
only	 in	 aged	PoWeR	mice.	Eight	genes	 (which	mapped	 to	 six	CpG	
islands)	were	hypomethylated	by	age	but	not	by	PoWeR	in	aged	mice	
relative to young; among these was Hoxa3. Hox genes were recently 
implicated	 as	 hotspots	 for	 age-	associated	methylation	 changes	 in	
muscle	(Turner	et	al.,	2020;	Voisin	et	al.,	2021).	Three	genes	(which	
mapped	 to	 two	 CpG	 islands)	 were	 hypomethylated	 only	 in	 aged	
PoWeR	mice.	The	CpG	island	analyses	are	presented	in	Table	S7.

rDNA	 is	 hypermethylated	 with	 age	 and	 harbors	 a	 highly	 con-
served	methylation	clock	of	aging	(Wang	&	Lemos,	2019).	We	found	
360	CpG	sites	in	rDNA	that	were	differentially	methylated	in	aged	
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F I G U R E  1 Promoter	methylation	changes	in	young,	aged	sedentary,	and	aged	progressive	weighted	wheel	running	(PoWeR)	muscles.	(a)	
Percent	methylation	of	promoter	CpGs	(≤	1	kb	from	the	transcription	start	site)	in	gastrocnemius	muscle	from	aged	sedentary	versus	young	
mice	(all	sites	*FDR<0.05	aged	sedentary	versus	young;	aged	PoWeR	methylation	for	the	same	CpGs	shown	for	reference).	(b)	Promoters	
of	tricarboxylic	acid	(TCA)	cycle	genes	hypermethylated	with	age	relative	to	young	mice	(all	CpG	sites	*FDR<0.05 aged sedentary versus 
young,	aged	PoWeR	shown	for	reference;	mean	+/-		SEM);	inset	shows	the	average	methylation	of	these	CpGs	in	the	promoter.	(c)	Promoter	
regions	of	genes	hypomethylated	in	muscle	of	aged	sedentary	mice	relative	to	young	mice	(*FDR<0.05),	but	not	hypomethylated	in	aged	
PoWeR	mice	relative	to	young	mice.	(d)	Promoter	regions	of	genes	hypermethylated	in	muscle	of	aged	sedentary	mice	relative	to	young	
mice	(*FDR<0.05)	but	not	hypermethylated	in	aged	PoWeR	mice	relative	to	young	mice.	(e)	Promoter	region	methylation	of	Rbm10 and 
Timm8a1;	x-	axis	represents	the	chromosomal	position	of	individual	CpG	loci	in	the	promoter	region	of	the	gene	(*FDR<0.05 aged sedentary 
relative	to	young	mice).	N =	5	per	group;	line	at	median	in	(e).	Repeated	gene	names	=	multiple	CpG	sites,	see	supplementary	tables	for	CpG	
locations.	A	generalized	linear	model	accounting	for	all	groups	was	used	to	determine	differential	methylation,	with	a	correction	for	multiple	
comparisons	by	controlling	false	discovery	rate	(FDR)	using	the	Benjamini–	Hochberg	method	(α =	0.05)

(a) (d)

(e)

(b)

(c)



4 of 7  |     MURACH et Al.

F I G U R E  2 Ribosomal	DNA	(rDNA)	methylation	and	DNAge™	analysis.	(a)	rDNA	CpGs	(listed	by	chromosomal	position)	hypomethylated	in	
muscle	from	aged	sedentary	versus	young	animals	(*FDR<0.05),	but	not	hypomethylated	in	muscle	from	aged	PoWeR	versus	young	animals.	
(b)	rDNA	CpGs	(listed	by	chromosomal	position)	hypermethylated	in	muscle	from	aged	sedentary	versus	young	animals	(*FDR<0.05),	but	
not	hypermethylated	in	muscle	from	aged	PoWeR	versus	young	animals.	(c)	DNAge™	analysis	of	muscle	from	aged	sedentary	versus	aged	
PoWeR	muscle,	analyzed	using	a	directional	t-	test.	A	generalized	linear	model	accounting	for	all	groups	was	used	to	determine	differential	
methylation	in	(a)	and	(b),	with	a	correction	for	multiple	comparisons	by	controlling	false	discovery	rate	(FDR)	using	the	Benjamini–	Hochberg	
method	(α =	0.05);	histograms	depict	median	with	a	line

(a)

(b)

(c)
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relative	 to	 young	muscle	 (FDR<0.05).	Of	 these	 sites,	 15	were	 hy-
pomethylated	 and	 345	were	 hypermethylated	 (Table	 S8a,b).	 Nine	
sites hypomethylated in sedentary aged relative to young muscle 
were	not	hypomethylated	after	PoWeR	(Figure	2a).	Eleven	sites	hy-
permethylated in aged relative to young muscle were shifted toward 
youthful	methylation	 levels	 by	PoWeR	 (Figure	2b).	Using	 targeted	
high-	resolution	methylation	analysis	(>10,000x	coverage	per	rDNA	
CpG	on	average),	methylation	at	and	around	an	enhancer	region	site	
(CpG	43519)	was	demonstrated	to	be	higher	with	exercise	relative	
to	 aging	 alone,	 but	 these	 sites	 were	 hypermethylated	 relative	 to	
young	irrespective	of	exercise	(Figure	S1c).	Our	general	conclusion	
from	RRBS	that	exercise	altered	rDNA	methylation	in	aged	muscle	
is	valid,	but	the	targeted	analysis	highlighted	the	potential	influence	
of	read	coverage	on	absolute	methylation	levels	(RRBS	coverage	at	
site	43519	was	23x	on	average).	The	majority	of	unique	differentially	
methylated	rDNA	sites	in	aged	PoWeR	relative	to	young	sedentary	
muscle	were	hypermethylated	(78	out	of	85),	pointing	to	a	distinct	
interaction	between	aging	and	exercise	with	respect	to	rDNA	reg-
ulation	(Table	S9).	Muscle	rDNA	methylation	alterations	with	aging	
and	exercise	may	have	implications	for	ribosome	biogenesis,	a	pro-
cess	induced	during	muscle	hypertrophy	Figueiredo	et	al.	(2021).	In	
our	dataset,	mitochondrial	DNA	(mtDNA)	methylation	coverage	was	
generally	low,	and	of	the	sites	with	≥10x	coverage	in	each	animal	(33	
CpGs),	none	were	altered	by	age	or	age	and	PoWeR	(data	not	shown).

Several	mammalian	epigenetic	aging	clocks	have	been	developed	
with	 the	 aim	 of	 expediting	 the	 discovery	 and	 validation	 of	 thera-
peutics	and	 interventions	to	attenuate,	prevent,	or	reverse	biolog-
ical	 aging	 (Simpson	 &	 Chandra,	 2021).	 Zymo	 Research's	 validated	
DNAge™	 algorithm,	 which	 expands	 upon	 the	 Horvath	 pan-	tissue	
clock	built	using	elastic	net	regression	(Horvath,	2013)	and	is	accu-
rate	 in	murine	muscle,	was	used	to	compare	the	chronological	age	
of	muscle	from	aged	sedentary	and	PoWeR	animals	to	that	of	young	
animals. Despite one sedentary mouse that had an aberrantly young 
predicted	age	(with	no	reason	to	exclude	it	based	on	the	behavior/
appearance	of	the	mouse	or	tissue,	or	anything	anomalous	accord-
ing	to	the	principle	coordinate	analysis	plot),	 the	epigenetic	age	of	
PoWeR	muscle	was	10%	lower	(~8	weeks	younger)	compared	to	sed-
entary	(PoWeR	=	79.2	wks	[SD,	3.8	wks],	aged	sedentary	=	87.7	wks	
[SD,	10.6	wks],	young	sedentary	=	10.4	wks	[SD,	9.8	wks])	(Figure	2c,	
Table	 S10).	 Aging	 generally	 results	 in	 greater	molecular	 variability	
or	 “disorderliness”,	 and	 it	 is	notable	 that	PoWeR	 resulted	 in	 lower	
variability	 in	 the	DNAge™	estimate	of	older	animals	 (Figure	2c).	 If	
the aged sedentary mouse with the lowest methylation age were 
removed,	the	epigenetic	age	difference	between	aged	exercised	and	
aged sedentary muscle increases to ~13	weeks	(p =	0.007).	Ribosomal	
DNAge	clock	analysis	(i.e.,	rDNAge)	(Wang	&	Lemos,	2019)	showed	
a	9%	reduction	with	PoWeR,	but	this	was	not	statistically	significant	
(p =	0.29,	t =	0.5786;	data	not	shown).	Shannon	entropy	(Hannum	
et	al.,	2013)	of	nuclear	and	rDNA	methylation	was	higher	with	aging	
(FDR<0.05)	and	not	influenced	by	PoWeR,	but	mtDNA	was	similar	
between	young	sedentary	and	aged	PoWeR	(Figure	S3).

DNAge™	was	sufficiently	sensitive	to	detect	a	younger	epigen-
etic	age	 in	mouse	gastrocnemius	muscle	after	8	weeks	of	PoWeR,	

but recent advancements promise improved robustness and ac-
curacy	 of	 muscle-	specific	 methylation-	based	 aging	 clocks	 (Voisin	
et	 al.,	 2020).	 Future	 studies	 may	 clarify	 which	 exercise-	mediated	
effects	on	DNAge	occur	 independent	of	aging.	 In	some	 instances,	
chronological age is less associated with muscle dysfunction than 
other related factors such as body mass or cardiorespiratory fitness 
(Distefano	et	al.,	2017).	Nevertheless,	the	attenuation	of	muscle	epi-
genetic	aging	by	exercise	supports	recent	targeted	observations	in	
humans	(Blocquiaux	et	al.,	2021;	Ruple	et	al.,	2021)	and	adds	to	the	
growing	body	of	evidence	touting	exercise	as	a	strategy	to	extend	
healthspan. Our work provides potentially modifiable epigenetic 
markers for improving muscle health with age once the mechanistic 
bases	of	dynamic	DNA	methylation	alterations	in	muscle	fibers	are	
more	clearly	defined	(Small	et	al.,	2021).

ACKNOWLEDG MENTS
The	authors	wish	to	thank	Drs.	Keith	Booher	and	Kai	Chang	of	Zymo	
Research	 and	Drs.	 John	McCarthy	 and	 Charlotte	 Peterson	 of	 the	
University	 of	 Kentucky	 Center	 for	 Muscle	 Biology	 for	 their	 sup-
port	 and	 encouragement,	 as	 well	 as	 their	 grant	 funding	 (National	
Institutes	 of	Health	AR060701	 and	DK119619).	 The	 graphical	 ab-
stract	was	generated	using	BioRender.	We	apologize	to	all	 the	au-
thors whose work could not be included due to the brief nature of 
this article.

CONFLIC T OF INTERE S T
SJW	 is	 the	 Founder	 of	 Ridgeline	 Therapeutics	 and,	 since	 manu-
script	 submission,	 ALD-	W	 has	 become	 an	 employee	 of	 Ridgeline	
Therapeutics.	YW	is	sole	proprietor	of	Myoanalytics	LLC.	No	other	
conflicts are declared.

AUTHOR CONTRIBUTIONS
Research	was	conceived	by	KAM,	CSF,	and	SJW.	Experiments	were	
carried	out	by	CRB,	CML,	and	CMD.	Data	were	analyzed	by	KAM,	
ALD-	W,	and	YW.	Manuscript	was	written	and	figures	were	gener-
ated	by	KAM,	ALD-	W,	and	YW.	Funding	support	was	provided	by	
KAM,	CSF,	and	SJW.	All	authors	reviewed,	edited,	and	approved	of	
the final manuscript.

DATA AVAIL ABILIT Y S TATEMENT
All	sequencing	data	are	made	available	through	GEO:	GSE17	5410,	
and processed raw data are presented in supplemental tables.

ORCID
Kevin A. Murach  https://orcid.org/0000-0003-2783-7137 
Andrea L. Dimet- Wiley  https://orcid.org/0000-0003-2214-367 
Yuan Wen  https://orcid.org/0000-0002-3210-1629 

R E FE R E N C E S
Blocquiaux,	S.,	Ramaekers,	M.,	Van	Thienen,	R.,	Nielens,	H.,	Delecluse,	

C.,	De	Bock,	 K.,	 &	 Thomis,	M.	 (2021).	 Recurrent	 training	 rejuve-
nates and enhances transcriptome and methylome responses in 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175410
https://orcid.org/0000-0003-2783-7137
https://orcid.org/0000-0003-2783-7137
https://orcid.org/0000-0003-2214-3670
https://orcid.org/0000-0003-2214-367
https://orcid.org/0000-0002-3210-1629
https://orcid.org/0000-0002-3210-1629


6 of 7  |     MURACH et Al.

young and older human muscle. Journal of Cachexia, Sarcopenia and 
Muscle Rapid Communications. https://doi.org/10.1002/rco2.52

Chew,	Y.	C.,	Guo,	W.,	Yang,	X.,	 Jin,	M.,	Booher,	K.,	Horvath,	 S.,	&	 Jia,	
X.	 Y.	 (2018).	 A	 High-	throughput	 targeted	 bisulfite	 sequencing-	
based	 analysis	 for	 epigenetic	 age	 quantification	 and	 monitoring.	
The FASEB Journal,	 32(1),	 674.8–	678.	 https://doi.org/10.1096/
fasebj.2018.32.1_suppl	ement.674.8

Distefano,	G.,	Standley,	R.	A.,	Dubé,	J.	J.,	Carnero,	E.	A.,	Ritov,	V.	B.,	
Stefanovic-	Racic,	 M.,	 Toledo,	 F.	 G.,	 Piva,	 S.	 R.,	 Goodpaster,	 B.	
H.,	&	Coen,	P.	M.	 (2017).	Chronological	 age	does	not	 influence	
ex-	vivo	mitochondrial	 respiration	and	quality	control	 in	skeletal	
muscle. Journals of Gerontology Series A: Biomedical Sciences and 
Medical Sciences,	72(4),	535–	542.	https://doi.org/10.1093/geron	
a/glw102

Figueiredo,	V.	C.,	Wen,	Y.,	Alkner,	B.,	Fernandez-	Gonzalo,	R.,	Norrbom,	
J.,	 Vechetti	 Jr,	 I.	 J.,	 Valentino,	 T.,	 Mobley,	 C.	 B.,	 Zentner,	 G.	 E.,	
Peterson,	 C.	 A.,	 et	 al.	 (2021).	 Genetic	 and	 epigenetic	 regulation	
of	 skeletal	 muscle	 ribosome	 biogenesis	 with	 exercise.	 Journal of 
Physiology,	599,	3363–	3384.

Hannum,	G.,	Guinney,	J.,	Zhao,	L.,	Zhang,	L.	I.,	Hughes,	G.,	Sadda,	S.	V.,	
Klotzle,	B.,	Bibikova,	M.,	Fan,	J.-	B.,	Gao,	Y.,	Deconde,	R.,	Chen,	M.,	
Rajapakse,	 I.,	 Friend,	 S.,	 Ideker,	 T.,	 &	 Zhang,	 K.	 (2013).	 Genome-	
wide	methylation	profiles	reveal	quantitative	views	of	human	aging	
rates. Molecular Cell,	 49(2),	 359–	367.	 https://doi.org/10.1016/j.
molcel.2012.10.016

Hayano,	M.,	 Yang,	 J.-	H.,	 Bonkowski,	M.	 S.,	 Amorim,	 J.	 A.,	 Ross,	 J.	M.,	
Coppotelli,	 G.,	 Griffin,	 P.	 T.,	 Chew,	 Y.	 C.,	 Guo,	 W.,	 Vera,	 D.	 L.,	
Salfati,	E.	L.,	Das,	A.,	Thakur,	S.,	Kane,	A.	E.,	Mitchell,	S.	J.,	Mohri,	
Y.,	 Nishimura,	 E.	 K.,	 Schaevitz,	 L.,	 Garg,	 N.,	 Balta,	 A.-	M.,	 Rego,	
M.	 A.,	 Gregory-	Ksander,	M.,	 Jakobs,	 T.	 C.,	 Zhong,	 L.,	Wakimoto,	
H.,	Mostoslavsky,	 R.,	Wagers,	 A.	 J.,	 Tsubota,,	 K.,	 Bonasera,	 S.	 J.,	
Palmeira,	C.	M.,	Seidman,	J.	G.,	Seidman,	C.	E.,	Wolf,	N.	S.,	Kreiling,	
J.	 A.,	 Sedivy,	 J.	 M.,	 Murphy,	 G.	 F.,	 Oberdoerffer,	 P.,	 Ksander,	 B.	
R.,	Rajman,	L.	A.,	&	Sinclair,	D.	A.	(2019).	DNA	break-	induced	epi-
genetic drift as a cause of mammalian aging. BioRxiv. https://doi.
org/10.1101/808659

Horvath,	 S.	 (2013).	 DNA	 methylation	 age	 of	 human	 tissues	 and	 cell	
types. Genome Biology,	 14,	 3156.	 https://doi.org/10.1186/
gb-	2013-	14-	10-	r115

Kemp,	 J.	 A.,	 Keebaugh,	 A.,	 Edson,	 J.	 A.,	 Chow,	 D.,	 Kleinman,	 M.	 T.,	
Chew,	Y.	C.,	McCracken,	A.	N.,	Edinger,	A.	L.,	&	Kwon,	Y.	J.	(2020).	
Biocompatible	 chemotherapy	 for	 leukemia	 by	 acid-	cleavable,	
PEGylated	 FTY720.	 Bioconjugate Chemistry,	 31(3),	 673–	684.	
https://doi.org/10.1021/acs.bioco	njchem.9b00822

Loiselle,	 J.	 J.,	 &	 Sutherland,	 L.	 C.	 (2018).	 RBM10:	Harmful	 or	 helpful-	
many factors to consider. Journal of Cellular Biochemistry,	 119,	
3809–	3818.	https://doi.org/10.1002/jcb.26644

Mohan,	N.,	 Kumar,	 V.,	 Kandala,	D.	 T.,	 Kartha,	 C.	 C.,	 &	 Laishram,	 R.	 S.	
(2018).	A	splicing-	independent	function	of	RBM10	controls	specific	
3′	 UTR	 processing	 to	 regulate	 cardiac	 hypertrophy.	Cell Reports,	
24(13),	3539–	3553.	https://doi.org/10.1016/j.celrep.2018.08.077

Murach,	 K.	 A.,	Mobley,	 C.	 B.,	 Zdunek,	 C.	 J.,	 Frick,	 K.	 K.,	 Jones,	 S.	 R.,	
McCarthy,	 J.	 J.,	Peterson,	C.	A.,	&	Dungan,	C.	M.	 (2020).	Muscle	
memory:	 Myonuclear	 accretion,	 maintenance,	 morphology,	 and	
miRNA	 levels	 with	 training	 and	 detraining	 in	 adult	 mice.	 Journal 
of Cachexia, Sarcopenia and Muscle,	 11,	 1705–	1722.	 https://doi.
org/10.1002/jcsm.12617

Park,	Y.,	Figueroa,	M.	E.,	Rozek,	L.	S.,	&	Sartor,	M.	A.	(2014).	MethylSig:	
A	whole	genome	DNA	methylation	analysis	pipeline.	Bioinformatics,	
30(17),	 2414–	2422.	 https://doi.org/10.1093/bioin	forma	tics/
btu339

Ramamoorthy,	T.	G.,	Laverny,	G.,	Schlagowski,	A.-	I.,	Zoll,	J.,	Messaddeq,	
N.,	 Bornert,	 J.-	M.,	 Panza,	 S.,	 Ferry,	 A.,	 Geny,	 B.,	 &	 Metzger,	 D.	
(2015).	The	transcriptional	coregulator	PGC-	1β controls mitochon-
drial	function	and	anti-	oxidant	defence	in	skeletal	muscles.	Nature 
Communications,	6,	10210.	https://doi.org/10.1038/ncomm	s10210

Ruple,	B.	A.,	Godwin,	 J.	 S.,	Mesquita,	P.	H.	C.,	Osburn,	S.	C.,	Vann,	C.	
G.,	Lamb,	D.	A.,	Sexton,	C.	L.,	Candow,	D.	G.,	Forbes,	S.	C.,	Frugé,	
A.	D.,	Kavazis,	A.	N.,	Young,	K.	C.,	Seaborne,	R.	A.,	Sharples,	A.	P.,	
&	Roberts,	M.	D.	 (2021).	 Resistance	 training	 rejuvenates	 the	mi-
tochondrial methylome in aged human skeletal muscle. The FASEB 
Journal,	35(9):e21864.	https://doi.org/10.1096/fj.20210	0873RR

Sailani,	 M.	 R.,	 Halling,	 J.	 F.,	 Mollder,	 H.	 D.,	 Lee,	 H.,	 Plomgaard,	 P.,	
Pilegaard,	H.,	Snyder,	M.	P.,	&	Regenberg,	B.	(2019).	physical	activ-
ity is associated with promoter hypomethylation of genes involved 
in	 metabolism,	 myogenesis,	 contractile	 properties	 and	 oxidative	
stress resistance in aged human skeletal muscle. Scientific Reports,	
9,	3272.	https://doi.org/10.1038/s4159	8-	018-	37895	-	8

Simpson,	D.	J.,	&	Chandra,	T.	(2021).	Epigenetic	age	prediction.	Aging Cell,	
20(9),	e13452.	https://doi.org/10.1111/acel.13452

Small,	L.,	Ingerslev,	L.	R.,	Manitta,	E.,	Laker,	R.	C.,	Hansen,	A.	N.,	Deeney,	
B.,	 Carrié,	A.,	 Couvert,	 P.,	&	Barrès,	 R.	 (2021).	Ablation	 of	DNA-	
methyltransferase	 3A	 in	 skeletal	 muscle	 does	 not	 affect	 energy	
metabolism	or	 exercise	 capacity.	PLoS Genetics,	17(1),	 e1009325.	
https://doi.org/10.1371/journ	al.pgen.1009325

Song,	P.,	Guan,	Y.,	Chen,	X.,	Wu,	C.,	Qiao,	A.,	 Jiang,	H.,	 Li,	Q.,	Huang,	
Y.,	Huang,	W.,	&	Xu,	M.	 (2021).	Frameshift	mutation	of	Timm8a1	
gene in mouse leads to an abnormal mitochondrial structure in the 
brain,	correlating	with	hearing	and	memory	impairment.	Journal of 
Medical Genetics,	 58(9),	 619–	627.	 https://doi.org/10.1136/jmedg	
enet-	2020-	106925

Sutherland,	 L.	 C.,	 Thibault,	 P.,	 Durand,	 M.,	 Lapointe,	 E.,	 Knee,	 J.	 M.,	
Beauvais,	 A.,	 Kalatskaya,	 I.,	 Hunt,	 S.	 C.,	 Loiselle,	 J.	 J.,	 Roy,	 J.	 G.,	
Tessier,	S.	J.,	Ybazeta,	G.,	Stein,	L.,	Kothary,	R.,	Klinck,	R.,	&	Chabot,	
B.	 (2017).	 Splicing	 arrays	 reveal	 novel	 RBM10	 targets,	 includ-
ing	 SMN2	 pre-	mRNA.	BMC Molecular Biology,	18,	 19.	 https://doi.
org/10.1186/s1286	7-	017-	0096-	x

Turner,	D.	C.,	Gorski,	P.	P.,	Maasar,	M.	F.,	Seaborne,	R.	A.,	Baumert,	P.,	
Brown,	 A.	 D.,	 Kitchen,	 M.	 O.,	 Erskine,	 R.	 M.,	 Dos-	Remedios,	 I.,	
Voisin,	 S.,	 Eynon,	 N.,	 Sultanov,	 R.	 I.,	 Borisov,	 O.	 V.,	 Larin,	 A.	 K.,	
Semenova,	 E.	 A.,	 Popov,	 D.	 V.,	 Generozov,	 E.	 V.,	 Stewart,	 C.	 E.,	
Drust,	B.,	Owens,	D.	J.,	Ahmetov,	I.	I.,	&	Sharples,	A.	P.	(2020).	DNA	
methylation across the genome in aged human skeletal muscle tis-
sue	and	muscle-	derived	cells:	the	role	of	HOX	genes	and	physical	
activity. Scientific Reports,	 10,	 15360.	 https://doi.org/10.1038/
s4159	8-	020-	72730	-	z

Ubaida-	Mohien,	 C.,	 Lyashkov,	 A.,	 Gonzalez-	Freire,	 M.,	 Tharakan,	 R.,	
Shardell,	M.,	Moaddel,	R.,	Semba,	R.	D.,	Chia,	C.	W.,	Gorospe,	M.,	&	
Sen,	R.	(2019).	Discovery	proteomics	in	aging	human	skeletal	mus-
cle	finds	change	in	spliceosome,	immunity,	proteostasis	and	mito-
chondria. Elife,	8,	e49874.	https://doi.org/10.7554/eLife.49874.001

Voisin,	S.,	Harvey,	N.	R.,	Haupt,	L.	M.,	Griffiths,	L.	R.,	Ashton,	K.	J.,	Coffey,	
V.	 G.,	 Doering,	 T.	 M.,	 Thompson,	 J.-	L.,	 Benedict,	 C.,	 Cedernaes,	
J.,	 Lindholm,	M.	 E.,	 Craig,	 J.	M.,	 Rowlands,	D.	 S.,	 Sharples,	 A.	 P.,	
Horvath,	 S.,	 &	 Eynon,	 N.	 (2020).	 An	 epigenetic	 clock	 for	 human	
skeletal muscle. Journal of Cachexia, Sarcopenia and Muscle,	11,	887–	
898.	https://doi.org/10.1002/jcsm.12556

Voisin,	S.,	Jacques,	M.,	Landen,	S.,	Harvey,	N.	R.,	Haupt,	L.	M.,	Griffiths,	L.	
R.,	Gancheva,	S.,	Ouni,	M.,	Jähnert,	M.,	&	Ashton,	K.	J.	(2021).	Meta-	
analysis	of	genome-	wide	DNA	methylation	and	integrative	omics	of	
age in human skeletal muscle. Journal of Cachexia, Sarcopenia and 
Muscle,	12,	1064–	1078.

Wang,	M.,	&	Lemos,	B.	(2019).	Ribosomal	DNA	harbors	an	evolutionarily	
conserved clock of biological aging. Genome Research,	29,	325–	333.	
https://doi.org/10.1101/gr.241745.118

Wen,	Y.,	Dungan,	C.	M.,	Mobley,	C.	B.,	Valentino,	T.,	von	Walden,	F.,	&	
Murach,	 K.	 A.	 (2021).	 Nucleus	 type-	specific	 DNA	 methylomics	
reveals	 epigenetic	 “memory”	 of	 prior	 adaptation	 in	 skeletal	mus-
cle. Function,	 2(5),	 zqab038.	 https://doi.org/10.1093/funct	ion/
zqab038

Zhao,	 X.,	 Feng,	 Z.,	 Risher,	 N.,	 Mollin,	 A.,	 Sheedy,	 J.,	 Ling,	 K.	 K.	 Y.,	
Narasimhan,	J.,	Dakka,	A.,	Baird,	J.	D.,	Ratni,	H.,	Lutz,	C.,	Chen,	K.	

https://doi.org/10.1002/rco2.52
https://doi.org/10.1096/fasebj.2018.32.1_supplement.674.8
https://doi.org/10.1096/fasebj.2018.32.1_supplement.674.8
https://doi.org/10.1093/gerona/glw102
https://doi.org/10.1093/gerona/glw102
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1101/808659
https://doi.org/10.1101/808659
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1021/acs.bioconjchem.9b00822
https://doi.org/10.1002/jcb.26644
https://doi.org/10.1016/j.celrep.2018.08.077
https://doi.org/10.1002/jcsm.12617
https://doi.org/10.1002/jcsm.12617
https://doi.org/10.1093/bioinformatics/btu339
https://doi.org/10.1093/bioinformatics/btu339
https://doi.org/10.1038/ncomms10210
https://doi.org/10.1096/fj.202100873RR
https://doi.org/10.1038/s41598-018-37895-8
https://doi.org/10.1111/acel.13452
https://doi.org/10.1371/journal.pgen.1009325
https://doi.org/10.1136/jmedgenet-2020-106925
https://doi.org/10.1136/jmedgenet-2020-106925
https://doi.org/10.1186/s12867-017-0096-x
https://doi.org/10.1186/s12867-017-0096-x
https://doi.org/10.1038/s41598-020-72730-z
https://doi.org/10.1038/s41598-020-72730-z
https://doi.org/10.7554/eLife.49874.001
https://doi.org/10.1002/jcsm.12556
https://doi.org/10.1101/gr.241745.118
https://doi.org/10.1093/function/zqab038
https://doi.org/10.1093/function/zqab038


    |  7 of 7MURACH et Al.

S.,	Naryshkin,	N.	A.,	Ko,	C.-	P.,	Welch,	E.,	Metzger,	F.,	&	Weetall,	M.	
(2021).	SMN	protein	 is	 required	throughout	 life	 to	prevent	spinal	
muscular atrophy disease progression. Human Molecular Genetics,	
ddab220.	https://doi.org/10.1093/hmg/ddab220

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version of the article at the publisher’s website.

How to cite this article:	Murach,	K.	A.,	Dimet-	Wiley,	A.	L.,	
Wen,	Y.,	Brightwell,	C.	R.,	Latham,	C.	M.,	Dungan,	C.	M.,	Fry,	C.	
S.,	&	Watowich,	S.	J.	(2022).	Late-	life	exercise	mitigates	skeletal	
muscle epigenetic aging. Aging Cell,	21,	e13527.	https://doi.
org/10.1111/acel.13527

https://doi.org/10.1093/hmg/ddab220
https://doi.org/10.1111/acel.13527
https://doi.org/10.1111/acel.13527

