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Abstract
The	relationship	between	aging	and	RNA	biogenesis	and	trafficking	is	attracting	grow-
ing	 interest,	yet	the	precise	mechanisms	are	unknown.	The	THO	complex	 is	crucial	
for	mRNA	cotranscriptional	maturation	and	export.	Herein,	we	report	that	the	THO	
complex	is	closely	linked	to	the	regulation	of	lifespan.	Deficiencies	in	Hpr1	and	Tho2,	
components	of	the	THO	complex,	 reduced	replicative	 lifespan	 (RLS)	and	are	 linked	
to	a	novel	Sir2-	independent	RLS	control	pathway.	Although	transcript	sequestration	
in hpr1Δ or tho2Δ	mutants	was	countered	by	exosome	component	Rrp6,	loss	of	this	
failed	to	mitigate	RLS	defects	in	hpr1Δ.	However,	RLS	impairment	in	hpr1Δ or tho2Δ 
was	counteracted	by	the	additional	expression	of	Nrd1-	specific	mutants	that	 inter-
acted	with	Rrp6.	This	effect	relied	on	the	interaction	of	Nrd1,	a	transcriptional	regula-
tor	of	aging-	related	genes,	including	ribosome	biogenesis	or	RNA	metabolism	genes,	
with	 RNA	 polymerase	 II.	 Nrd1	 overexpression	 reduced	 RLS	 in	 a	 Tho2-	dependent	
pathway.	Intriguingly,	Tho2	deletion	mirrored	Nrd1	overexpression	effects	by	induc-
ing	arbitrary	Nrd1	chromatin	binding.	Furthermore,	our	genome-	wide	ChIP-	seq	analy-
sis	revealed	an	increase	in	the	recruitment	of	Nrd1	to	translation-	associated	genes,	
known	to	be	related	to	aging,	upon	Tho2	loss.	Taken	together,	these	findings	under-
score	the	importance	of	Tho2-	mediated	Nrd1	escorting	in	the	regulation	of	lifespan	
pathway	through	transcriptional	regulation	of	aging-	related	genes.
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1  |  INTRODUC TION

Aging	 is	 characterized	 by	 the	 gradual	 accumulation	 of	 molecular,	
cellular,	 and	 organ	 damage	 that	 causes	 the	 decline	 of	 biological	
functions and heightened susceptibility to morbidity and mortal-
ity	 (Fontana	et	al,	2010;	 Jang	et	al.,	2023;	Lai	et	al.,	2019;	Whang	
et	al.,	2021).	The	budding	yeast	Saccharomyces cerevisiae is a valu-
able	 model	 in	 aging	 studies	 using	 replicative	 lifespan	 (RLS)	 and	
chronological	lifespan	(CLS)	assays	(Longo	et	al.,	2012).	RLS	gauges	
the	lifespan	of	proliferating	cells	(e.g.,	stem	cells)	by	tracking	the	pro-
duction	of	daughter	cells	from	a	single	virgin	mother	cell.	Conversely,	
CLS	 assesses	 postmitotic	 cell	 aging	 in	 multicellular	 organisms	 by	
measuring cell survival duration in a nondividing state.

Yeast	model-	based	aging	studies	have	revealed	diverse	conserved	
lifespan regulation pathways and identified an intriguing relationship 
between	aging	and	nuclear	mRNA	export	(Park	et	al,	&	Ryu,	2022).	
Post-	transcriptional	 nuclear	 events	 are	 closely	 coupled	 with	 the	
transcription pathway because of intricate interactions between es-
sential	factors	such	as	TREX,	TREX-	2,	and	nuclear	pore	complexes	
with	various	transcription	factors	and	premRNA	processing	factors	
(Garcia-	Oliver	et	al.,	2012;	Rodriguez-	Navarro,	2009).	Disruption	of	
factors	involved	in	nuclear	mRNA	export	causes	anomalous	nuclear	
mRNA	 accumulation,	 thereby	 impairing	 the	 normal	 lifespan	 and	
vegetative growth and contributing to neurodegenerative disease 
pathogenesis	 (Lim	et	al.,	2021,	2022;	Park	et	al.,	2022).	Moreover,	
cellular	aging	disrupts	the	optimal	conditions	for	efficient	mRNA	ex-
port,	ultimately	compromising	the	nuclear	permeability	barrier	(Cho	
&	Hetzer,	2020;	Janssens	et	al.,	2015;	Rempel	et	al.,	2019).

The	mRNA	 surveillance	 process	 ensures	 correct	 processing	 of	
transcripts	within	the	cell,	coupling	them	to	the	mRNA	export	path-
way	(Choi	et	al.,	2021;	Hieronymus	et	al.,	2004).	Defects	in	this	pro-
cess	can	lead	to	cellular	senescence	(Son	&	Lee,	2017).	For	example,	
reduced	RNA	turnover	due	to	decreased	RNA	exosome	activity	or	
oxidative	stress	can	induce	cellular	senescence	(Mullani	et	al.,	2021).	
In	chronologically	aged	yeast	cells,	 the	expression	of	PHO84 is re-
pressed	by	the	corresponding	antisense	RNA,	which	is	stabilized	by	
the	Rrp6	exosome	complex	responsible	for	degrading	aberrant	and	
nonfunctional	RNA	molecules	(Camblong	et	al.,	2007).	Transcription	
factor	Nrd1,	which	is	involved	in	terminating	transcription	and	pro-
cessing	specific	RNAs,	facilitates	Rrp6	complex	recruitment,	thereby	
contributing	 to	 the	 maintaining	 the	 quality	 and	 quantity	 of	 RNA	
transcripts	within	the	cell	(Fox	&	Mosley,	2016).	A	direct	correlation	
between	Nrd1	and	aging	is	not	yet	established,	but	the	intricate	in-
terplay	between	Nrd1,	Rrp6,	and	the	RNA	surveillance	pathway	may	
be	closely	linked	to	the	cellular	aging	process.

The	THO	complex	is	a	conserved	multisubunit	assembly	comprising	
Hpr1,	Tho2,	Mft1,	Thp2,	and	Tex1	that	is	intricately	connected	to	other	
factors	such	as	TREX	and	TREX-	2,	which	are	essential	for	mRNA	export	
(Vinciguerra	&	Stutz,	2004).	Functionally,	the	THO	complex	serves	as	a	

crucial	link	between	the	transcriptional	and	post-	transcriptional	stages	
of	gene	expression,	ensuring	the	precise	orchestration	of	mRNA	me-
tabolism	(Strambio-	De-	Castillia	et	al.,	2010).	In	Drosophila melanogas-
ter.,	THO	complex	mutations	reduce	lifespan	and	stress	sensitivity	and	
are	alleviated	by	enhanced	c-	Jun	N-	terminal	kinase	signaling	for	stress	
tolerance	and	longevity	(Kim	et	al.,	2011).	Loss	of	Hpr1,	a	THO	compo-
nent,	reduces	RLS	that	is	accompanied	by	increased	genomic	instabil-
ity	but	does	not	increase	formation	of	extrachromosomal	rDNA	circles	
(ERCs),	a	common	feature	of	aged	yeast	cells	(Merker	&	Klein,	2002).	
Since hpr1Δ	cells	 lack	ERC	accumulation,	which	 is	 typically	 linked	to	
increased	genomic	instability,	Hpr1	may	regulate	lifespan	via	a	mecha-
nism	distinct	from	previously	described	lifespan	control	pathways.	The	
other	yeast	subunits	of	the	THO	complex	have	not	been	analyzed	from	
an	aging-	related	perspective,	and	knowledge	is	therefore	limited	about	
their direct correlation with aging.

Herein,	we	unveil	that	the	loss	of	Hpr1	or	Tho2	shortens	RLS	in	
yeast	cells,	independently	of	the	well-	established	RLS	regulator	Sir2.	
Rrp6	deficiency	effectively	rescues	RLS	defects	triggered	by	artifi-
cially induced aberrant transcripts but fails to mitigate the lifespan 
impairment	arising	from	Hpr1	 loss.	Similarly,	 the	nrd1- 51 and nrd1- 
102	mutations	both	alleviate	 the	compromised	RLS	caused	by	 the	
manipulation	of	aberrant	transcripts.	Notably,	the	presence	of	Nrd1	
mutants,	which	contain	an	intact	domain	responsible	for	RNA	poly-
merase	II	interaction,	significantly	ameliorate	the	shortened	lifespan	
in tho2Δ	 cells.	Furthermore,	 the	 interaction	between	Nrd1	and	 its	
target	loci	is	augmented	by	the	absence	of	Tho2,	and	Nrd1	overex-
pression	 exerts	 a	 negative	 effect	 on	RLS,	 suggesting	 that	RLS	 re-
duction	mediated	by	Tho2	deficiency	is	attributed	to	the	heightened	
chromatin	binding	of	Nrd1.	This	phenomenon	is	counterbalanced	by	
competition	between	normal	and	aberrant	forms	of	Nrd1.	Genome-	
wide	 ChIP-	seq	 analysis	 revealed	 that	 Nrd1	 is	 primarily	 recruited	
to	genes	associated	with	translation,	and	such	Nrd1	recruitment	is	
considerably	enhanced	by	the	loss	of	Tho2.	In	particular,	genes	as-
sociated	with	aging	 that	encompass	 translation	and	RNA	metabo-
lism	emerged	as	targets	of	both	Tho2	and	Nrd1,	implying	that	genes	
that	exhibit	changed	expression	in	tho2Δ mutants could be subject 
to	Nrd1-	dependent	transcriptional	regulation.	Collectively,	our	find-
ings	propose	a	model	whereby	the	Tho2-	mediated	guidance	of	Nrd1	
modulates	cellular	lifespan	through	transcriptional	control	of	aging-	
related genes.

2  |  E XPERIMENTAL PROCEDURES

2.1  |  Yeast strains and plasmids

Yeast strains used in this study are listed in Table S1. Yeast trans-
formation was performed using the standard lithium acetate 
method.	To	generate	individual	TAP-	tagged	and	deletion	strains,	the	
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C-	terminal	insertion	cassette	for	TAP-	tagging	target	genes	and	the	
disruption	cassette	for	gene	deletion	were	constructed	via	PCR	am-
plification	using	genomic	DNA	from	the	corresponding	strain	from	
Open	Biosystems	or	Euroscarf.	The	HIS3MX6 module derived from 
pFA6a-	HIS3MX6	 (Longtine	et	al.,	1998)	was	employed	 to	generate	
other	gene	deletion	strains.	Transformants	were	selected	on	plates	
of	yeast	extract	peptone	dextrose	(YPD)	containing	G418	(200 mg/L)	
or	 synthetic	 complete	 (SC)	 media	 lacking	 histidine.	 All	 deletion	
strains	were	verified	by	PCR.	The	plasmids	used	in	this	study	were	
previously	described	 (Honorine	et	al.,	2011;	Longtine	et	al.,	1998),	
and are listed in Table S2.

2.2  |  Spotting assay

The	 spotting	 assay	 was	 performed	 as	 described	 previously	 (Lim	
et	al.,	2022;	Ryu	&	Ahn,	2014).	Exponentially	growing	liquid	cultures	
were	normalized	to	0.1	OD600	and	diluted	in	a	10-	fold	series.	Then,	
5 μL	 of	 each	 dilution	 was	 spotted	 onto	 YPD	 plates,	 unless	 other-
wise	indicated,	and	the	plates	were	incubated	at	25,	30,	or	37°C	for	
2–5 days.	For	doxycycline	treatment,	5 μL	of	each	dilution	were	spot-
ted	onto	the	SC	plate	with	or	without	doxycycline	(1 μg/mL),	and	the	
plates	were	incubated	at	25°C	for	2–3 days.

2.3  |  RLS analysis

Yeast	strain	RLS	was	measured	on	YPD	plates	unless	otherwise	in-
dicated,	as	described	previously	(Lim	et	al.,	2022;	Ryu	et	al.,	2014).	
The	lifespan	of	approximately	50	virgin	daughter	cells	was	analyzed.	
To	assess	lifespan	differences,	a	Mann–Whitney	test	was	performed	
with a cutoff of p = 0.05;	 the	average	 lifespan	was	considered	dif-
ferent at p < 0.05	 (Kaeberlein	et	 al.,	 1999).	The	comparison	values	
between	the	experimental-	matched	WT	and	each	mutant	are	listed	
in Table S3.

2.4  |  CLS analysis

Yeast	 strain	 CLS	 was	 measured	 as	 previously	 described	 (Lim	
et	al.,	2021).	Briefly,	an	overnight	culture	was	diluted	to	0.01	OD600 
into	 fresh	 SC	medium	 to	 a	 final	 volume	of	 10 mL	 (with	 a	 flask-	to-	
culture	volume	of	5:1)	and	incubated	at	30°C	with	shaking	(200 rpm).	
Cells	 were	 spread	 on	 duplicate	 YPD	 plates	 at	 the	 indicated	 time	
points	with	10 μL	of	1:1000	diluted	culture	and	100 μL	of	autoclaved	
distilled	water.	YPD	plates	were	incubated	at	30°C,	and	viability	was	
assessed	after	2–3 days	with	the	average	colony	forming	unit	(CFU)	
count.	The	spreading	step	was	repeated	every	1	or	2 days	until	the	
end	of	the	experiment.	GeneSnap	and	GeneTools	software	(Syngene)	
were	 used	 to	 image	 plates	 and	 calculate	 CFUs,	 respectively.	 The	
days	required	for	populations	to	reach	50%	and	10%	viability	were	

calculated	as	representations	of	median	(50%)	and	maximum	(10%)	
lifespans	to	facilitate	comparisons	between	WT	and	mutant	strains.

2.5  |  ChIP- seq and data analysis

ChIP	assay	of	Nrd1-	TAP-	tagged	strains	was	performed	as	described	
previously	(H.	Y.	Ryu	et	al.,	2016; 2019; 2020).	Briefly,	formaldehyde	
was	added	to	mid-	log	phase	cells	to	a	final	concentration	of	1%	for	
20 min.	Crosslinking	was	quenched	by	addition	of	glycine	to	240 mM.	
Crosslinked	 cells	 were	 collected	 via	 centrifugation,	 washed	 twice	
in	 TBS,	 and	 then	 lysed	with	 glass	 beads	 in	 FA	 lysis	 buffer	 (50 mM	
HEPES–KOH	[pH 7.5],	150 mM	NaCl,	1 mM	EDTA,	1%	Triton	X-	100,	
0.1%	Na	deoxycholate,	0.1%	SDS,	protease	inhibitor	cocktail	[Roche,	
11697498001],	and	1 mM	PMSF	[AmericanBio,	AB01620]).	Sonicated	
chromatin	was	incubated	with	IgG-	Sepharose	beads	(GE	Healthcare,	
17–0969-	01).	 Precipitates	 were	 sequentially	 washed	 with	 FA	 lysis	
buffer	with	 275 mM	NaCl,	 FA	 lysis	 buffer	with	 500 mM	NaCl,	 LiCl	
washing	buffer	(10 mM	Tris–HCl	[pH 8.0],	0.1 mM	EDTA,	250 mM	LiCl,	
0.5%	NP-	40,	and	0.5%	sodium	deoxycholate)	and	TE	(10 mM	Tris–HCl	
[pH 8.0],	and	1 mM	EDTA),	and	then	eluted	with	elution	buffer	(10 mM	
Tris–HCl	 [pH 7.5],	10 mM	EDTA,	and	1%	SDS)	at	65°C.	Eluted	chro-
matin	fragments	were	treated	with	pronase	(Roche,	11459643001),	
and	then	DNA	was	purified	via	phenol/chloroform	extraction.	Diluted	
template	DNA	(1:10	and	1:1000	dilution	for	IP	and	input	DNA,	respec-
tively)	was	used	in	qPCR	reactions	using	AccuPower®	2X	GreenStar™	
qPCR	Master	Mix	 (Bioneer,	K6254)	on	 the	CFX	Connect	Real-	Time	
PCR	System	(Bio-	Rad);	signals	were	normalized	to	the	internal	control	
(a	fragment	amplified	from	an	untranscribed	region	on	ChrIV,	residues	
1516109–1516234;	SGD)	and	input	DNA.

Sequencing	libraries	were	constructed	utilizing	the	TruSeq	DNA	
Sample	 prep	 kit	 according	 to	 manufacturer's	 protocols	 (TruSeq	
ChIP	 Sample	 preparation	 guide	 15023092	 Rev.	 B)	 and	 sequenced	
using	 100 bp	 paired-	end	 sequencing	 on	 an	 Illumina	NovaSeq	 6000	
following	 manufacturer's	 protocols.	 Reads	 were	 trimmed	 using	
Trimmomatic	 (v0.38)	 and	 aligned	 to	 the	 S. cerevisiae reference ge-
nome	 (sacCer3)	 using	 BowTie	 (v1.1.2).	 Peaks	 were	 called	 utilizing	
MACS2	 (v2.1.1.20160309)	 and	 duplicate	 reads	 were	 processed	
using	Picard	(v0.118).	Called	peaks	were	annotated	using	ChIPSeeker	
(v1.16.1)	with	gene	models	from	SGD.	Comparative	analysis	of	data	
was	performed	using	csaw	(v1.34.0).	The	normalized	bedGraph	files	
were	 generated	 using	 MACS2	 and	 then	 converted	 to	 bigwig	 files	
using	the	bedGraphToBigWig	program.	The	genome-	wide	profile	was	
generated	using	the	 ‘computeMatrix	scale-	regions’,	 ‘plotProfile,’	and	
‘plotHeatmap’	tools	in	the	deepTools	package	(v3.1.3).	All	GO	analyses	
were	performed	utilizing	the	Database	for	Annotation,	Visualization	
and	Integrated	Discovery	(DAVID)	database.	All	GO	was	filtered	by	the	
EASE	score,	a	modified	Fisher's	Exact	p-	value	utilized	by	the	DAVID	
database,	with	an	EASE	score	 less	than	0.1.	GO	plots	were	created	
with	the	ggplot2	(v3.4.4)	R	library.	ChIP-	seq	tracks	were	viewed	in	the	
Integrative	Genomics	Viewer	(IGV,	https:// igv. org/ ).

https://igv.org/
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2.6  |  RNA- seq and data analysis

Yeast	strains	WT	(BY4741)	and	tho2Δ	 (FY254)	were	grown	 in	5 mL	
of	 YPD	 until	mid-	log	 phase.	 The	 hot	 phenol	method	was	 used	 to	
prepare	RNA	from	a	1.0	OD600	equivalent	of	cells	as	previously	de-
scribed	(Ryu	et	al.,	2014; 2018).	Construction	of	libraries	and	subse-
quent	sequencing	was	performed	by	Macrogen	(Seoul,	Korea)	with	
duplicate	RNA	 samples.	GO	enrichment	 analyses	were	performed	
using	 Panther	 17.0	 (http:// www. panth erdb. org/ ).	 Volcano	 plots	
were	drawn	using	R	studio	with	the	ggplot2	package.

2.7  |  Re- analysis of Nrd1 PAR- CLIP data

To	re-	analyze	Nrd1-	bound	genes,	previous	data	from	photoactivat-
able	ribonucleoside-	enhanced	crosslinking	and	immunoprecipitation	
(PAR-	CLIP)	 was	 downloaded	 from	 the	 Gene	 Expression	 Omnibus	
database	(GSM791764)	(Jamonnak	et	al.,	2011).	Adapter	sequences	
were	 removed	 from	 fastq	 files	 with	 cutadapt	 (Martin,	 2011).	 All	
reads were mapped to S.cerevisiae	 genome	 (Ensembl	 version	 107)	
with	 bowtie2	 (Langmead	 et	 al.,	 2019).	 Binding	 sites	 were	 identi-
fied	 and	 annotated	 with	 PEAKachu	 (https:// github. com/ tbisc hler/ 
PEAKachu).

3  |  RESULTS

3.1  |  THO complex regulates RLS in a 
Sir2- independent manner

We	recently	reported	that	defects	in	the	TREX-	2	complex,	which	is	
physically	and	functionally	linked	to	the	THO	complex,	impair	RLS	
via	aberrant	mRNA	nuclear	export	(Lim	et	al.,	2022).	Therefore,	to	
investigate	whether	the	THO	complex	is	involved	in	the	control	of	
yeast	lifespan,	we	first	analyzed	the	RLS	of	yeast	cells	that	lacked	
individual	 subunits	 of	 THO	 complex:	Hpr1,	 Tho2,	Mft1,	 Thp2,	 or	
Tex1	(Figure 1a).	Those	cells	lacking	Hpr1	and	Tho2,	the	two	most	
prominent	 components	 of	 THO	 complex,	 exhibited	 markedly	 re-
duced	RLS	compared	with	that	of	the	wild-	type	(WT)	cells,	whereas	
the	absence	Mtf1,	Thp2,	and	Tex1,	did	not	impact	RLS,	suggesting	
that	Hpr1	and	Tho2,	which	are	the	only	subunits	conserved	from	
yeast	to	humans	(Park	et	al.,	2022),	appear	to	be	essential	for	regu-
lating lifespan.

We	next	addressed	how	the	THO	complex	 is	 involved	 in	 lifes-
pan	 regulation.	 As	 Sir2	 is	 a	 recognized	 modulator	 of	 RLS	 (Dang	
et	al.,	2009;	Kaeberlein	et	al.,	1999;	Sinclair	&	Guarente,	1997),	we	
subsequently	 investigated	 whether	 Sir2	 affects	 RLS	 in	 hpr1Δ or 
tho2Δ	mutants	 (Figure 1b).	The	absence	of	Hpr1	or	Tho2	substan-
tially	exacerbated	 the	shortened	 lifespan	of	sir2Δ	 cells,	 suggesting	
that	the	THO	complex	contributes	to	lifespan	modulation	through	a	
Sir2-	independent	pathway.

3.2  |  Hpr1 affects lifespan independently of 
exonuclease component Rrp6

The	THO	complex	has	a	pivotal	role	in	mRNP	biogenesis	by	bridg-
ing	 transcription	 and	 mRNA	 maturation	 and	 export	 (Strambio-	
De-	Castillia	 et	 al.,	 2010).	 Deletion	 of	 HPR1 or MFT1 causes 
accumulation	of	 nuclear	 poly(A)+	 RNA,	whereas	 the	 loss	 of	Rrp6,	
a	nuclear	exosome	component,	restores	a	semi-	normal	level	of	full-	
length	transcripts	and	reverses	the	transcript	sequestration	pheno-
type in hpr1Δ or tho2Δ	mutants	(Libri	et	al.,	2002).	In	addition,	the	
expression	 of	 Rho,	 a	 bacterial	 transcription	 termination	 factor,	 in	
yeast	 disrupts	 normal	mRNP	biogenesis	with	 aberrant	 transcripts	
produced	that	are	degraded	by	the	Rrp6	complex	together	with	the	
occurrence	 of	 significant	 growth	 defects	 (Honorine	 et	 al.,	 2011).	
Thus,	to	determine	whether	abnormal	accumulation	of	nuclear	RNA	
affects	yeast	lifespan,	we	performed	RLS	analysis	in	cells	express-
ing	Rho	(Figure 2a).	As	anticipated,	Rho-	expressing	cells	exhibited	
a	decrease	in	RLS	and	growth,	which	was	totally	alleviated	by	Rrp6	
deficiency,	 suggesting	 that	 the	 retention	 of	 defective	 transcripts	
negatively	affects	cellular	lifespan.	However,	although	RLS	was	also	
impaired	in	other	exosome-	related	factor	mutants,	trf4Δ,	xrn1Δ,	or	
sen1- 1,	mutation	of	trf4 or sen1	did	not	rescue	the	Rho-	induced	RLS	
defects	 (Figure S1),	 implying	 the	Rrp6	 complex	may	be	 a	 primary	
RNA-	degradation	controller	of	lifespan.

We	next	 investigated	whether	Hpr1-	dependent	 lifespan	short-
ening	is	governed	by	Rrp6-	driven	pathway	(Figure 2b).	Interestingly,	

F I G U R E  1 Hpr1	and	Tho2	in	THO	complex	affect	RLS	in	a	Sir2-	
independent	manner.	(a,	b)	RLS	analysis	of	WT	and	the	indicated	
mutants.	The	mean	lifespans	are	shown	in	parentheses.

http://www.pantherdb.org/
https://github.com/tbischler/PEAKachu
https://github.com/tbischler/PEAKachu
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the	altered	RLS	of	hpr1Δ rrp6Δ	double	mutant	significantly	exceeded	
that of hpr1Δ	single	mutant,	suggesting	that	Hpr1	influences	yeast	
lifespan	 through	 a	 mechanism	 independent	 of	 Rrp6.	 Further	 in-
sight	 into	 the	 role	of	Hpr1	 in	 lifespan	control	was	gained	 through	
CLS	 analysis	 in	 hpr1Δ,	 rrp6Δ,	 and	 hpr1Δ rrp6Δ	 strains	 (Figure 2c).	
In	agreement	with	the	RLS	analysis,	the	life	span	of	hpr1Δ or rrp6Δ 

strains	was	significantly	reduced	to	a	maximum	of	4.5	or	17.0 days,	
respectively,	compared	with	21.8 days	of	WT	cells,	and	hpr1Δ rrp6Δ 
strain displayed a more severe lifespan defect than that in null rrp6 
mutant.	Taken	 together,	 these	 results	 suggest	 that	Rrp6-	mediated	
RNA	surveillance	did	not	circumvent	the	Hpr1	loss-	induced	RLS	and	
CLS	defects.

F I G U R E  2 RRP6	deletion	rescues	impaired	RLS	in	Rho-	induced	cells,	but	not	hpr1Δ	cells.	(a)	RLS	analysis	of	WT	and	rrp6∆ strains 
transformed	with	empty	vector	(pCM189)	or	plasmid-	expressing	Rho	(pCM189-	Rho),	as	described	in	Figure 1.	For	the	growth	analysis,	
tenfold	dilutions	of	the	indicated	strains	were	spotted	onto	Rho-	repressing	(+Doxy)	or	Rho-	inducing	(−Doxy)	plates	and	then	grown	at	
25°C	for	2–3 days.	(b)	RLS	analysis	of	WT	and	the	indicated	mutant	strains	in	two	different	genetic	backgrounds	(BY4741	and	W303α),	as	
described in Figure 1.	(c)	CLS	analysis	of	WT	and	the	indicated	mutants.	The	two	numbers	in	parentheses	indicate	the	median	and	maximum	
lifespans,	calculated	as	the	day	when	cultures	reached	50%	and	10%	viability,	respectively.

F I G U R E  3 Expression	of	Rho	in	Nrd1	mutants	restore	shortened	RLS.	(a)	Schematic	diagrams	of	nrd1	temperature-	sensitive	alleles,	
nrd1- 51	(S16P)	and	nrd1- 102	(V379G).	Nrd1	domains	include	RNA	polymerase	II	CTD-	interacting	domain	(CID),	Nab3	interaction	domain	
(Nab3),	arginine-	glutamine	and	arginine-	serine-	rich	region	(RE/RS),	RNA	recognition	motif	(RRM),	and	proline-		and	glutamine-	rich	region	
(P/Q).	(b)	Growth	analysis	of	nrd1- 51 and nrd1- 102	strains	on	YPD	plates	at	25,	30,	and	37°C,	as	described	in	Figure 2a.	(c–e)	RLS	analysis	of	
WT	and	indicated	mutants	transformed	without	(c)	or	with	pCM189	or	pCM189-	Rho	(d,	e),	as	described	in	Figure 1.
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3.3  |  Nrd1 mutations restore rho- induced 
shortened RLS

Rho	 expression	 promotes	 Rrp6	 and	Nrd1cotranscriptional	 recruit-
ment,	 which	 is	 necessary	 for	 the	 3′-	end	 processing	 of	 specific	
RNAs	 (Honorine	et	al.,	2011).	Accordingly,	we	 tested	whether	 the	
Rho-	induced	 abnormal	 lifespan	 is	 connected	 to	 the	 role	 of	 Nrd1.	
Consistent	 with	 previous	 results	 in	 nrd1	 temperature-	sensitive	
mutants	 (Conrad	 et	 al.,	 2000),	 we	 observed	 strong	 sensitivity	 to	

37°C	in	both	nrd1- 51 and nrd1- 102 strains bearing mutations in the 
CTD-	interaction	domain	(CID)	and	RNA	recognition	motif	(RRM)	of	
Nrd1,	 respectively	 (Figure 3a,b).	 Moreover,	 RLS	 was	 significantly	
decreased in nrd1- 51,	but	not	in	nrd1- 102	(Figure 3c).	Similar	to	the	
effect of additional deletion of RRP6	on	RLS	in	Rho-	expressing	cells,	
either	of	these	mutations	rescued	the	impaired	RLS	induced	by	Rho	
activation	(Figure 3d,e),	suggesting	that	Nrd1,	which	interacts	with	
Rrp6,	contributes	to	cellular	 lifespan	possibly	by	controlling	the	3′ 
end formation for degradation of target transcripts.

F I G U R E  4 Overexpression	of	Nrd1	
truncates significantly rescues impaired 
RLS	in	tho2Δ	cells.	(a)	Schematic	diagrams	
of	Nrd1	point	mutants	and	truncates.	
(b,	c,	f)	RLS	analysis	of	WT	and	the	
indicated	mutants,	as	described	in	
Figure 1.	(d)	RLS	analysis	of	WT	or	tho2Δ 
strains transformed with empty vector 
(pAG425GPD)	or	plasmids	expressing	
indicated	Nrd1	truncated	variants,	as	
described in Figure 1.	(e,	h)	RLS	analysis	of	
nrd1Δ or tho2Δ nrd1Δ strains transformed 
with	a	plasmid-	expressing	NRD1 or 
nrd1ΔCID,	as	described	in	Figure 1.	(g)	
Growth	analysis	of	strains	used	in	(f)	
on	YPD	plates	at	25,	30,	and	37°C,	as	
described in Figure 2a.

F I G U R E  5 Overexpression	of	Nrd1	impairs	RLS	in	a	Tho2-	dependent	manner.	(a)	Schematic	diagram	of	PMA1,	PYK1,	and	ADH1 genes. 
The	TATA/promoter	(Pro)	and	ORF	are	represented	by	black	and	white	boxes,	respectively.	Bars	below	the	genes	show	the	relative	positions	
of	the	PCR	products	used	in	the	ChIP-	qPCR	analysis.	(b)	ChIP	analysis	using	IgG-	sepharose	beads	in	indicated	strains	expressing	TAP-	tagged	
Nrd1.	The	BY4741	(no	tag)	strain	was	used	as	a	negative	control.	qPCR	signals	of	the	indicated	genes	were	quantitated	and	normalized	
to	an	internal	background	control	and	the	input	DNA.	Primer	pairs	used	are	indicated	in	(a).	Error	bars	indicate	SDs	calculated	from	four	
independent	chromatin	preparations.	Asterisks	indicate	statistically	significant	differences	between	the	corresponding	samples	using	a	
two-	tailed	Student's	t	test	(*p < 0.05;	**p < 0.01;	***p < 0.001;	****p < 0.0001).	(c)	RLS	analysis	of	WT	and	tho2Δ strains transformed with 
pAG425GPD	or	pAG425GPD-	NRD1	(NRD1-	OE),	as	described	in	Figure 1.	(d)	Summary	of	ChIP-	seq	data	of	Nrd1-	TAP	in	WT	and	tho2Δ 
strains.	The	pie	charts	show	the	distribution	of	Nrd1	peaks	at	promoter,	exon,	downstream,	and	distal	intergenic	regions	in	WT	(left	panel)	
and tho2Δ	(right	panel)	strains.	Numbers	in	parentheses	indicate	the	number	of	detected	sites.	(e)	Venn	diagram	of	Nrd1	peaks	displayed	in	
(d).	(f)	Dot	plot	of	GO	enrichment	analysis	for	the	Nrd1-	enriched	genes	in	WT.	Dot	size	represents	the	number	of	genes	in	the	significant	
gene	list	associated	with	the	GO	term.	The	x-	axis	corresponds	to	the	negative	logarithm	of	the	p-	value.	(g)	Clustered	heatmap	of	ChIP-	seq	
data	from	(d).	Nrd1-	bound	peaks	across	the	gene	with	substantial	enrichment	at	transcription	start	site	(TSS)	and	transcript	end	sites	(TES)	
are separated into three clusters by K-	means	clustering.	Numbers	in	parentheses	indicate	the	number	of	detected	Nrd1	peaks.	(h)	ChIP	
read-	density	profile	of	(g).	The	profile	plots	show	the	average	ChIP	signals	of	each	cluster.	(i)	GO	enrichment	analysis	of	the	genes	in	(g).	Bar	
diagrams	indicate	the	fold-	enrichment	of	GO	biological	process	of	each	cluster.	(j)	Integrative	Genomics	Viewer	(IGV)	screenshot	of	ChIP-	
seq	data	showing	increased	(red)	or	decreased	(blue)	levels	of	Nrd1	recruitment	by	tho2Δ.	The	normalized	ratio	of	IP/INPUT	peaks	in	WT	is	
subtracted	from	the	peak	ratio	in	tho2Δ to illustrate the observed changes at indicated genes.
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3.4  |  Nrd1 truncated variants alleviate the lifespan 
defect in tho2Δ  cells

Nrd1	 links	 the	 transcription	 termination	 process	 with	 the	 sur-
veillance	 pathway	 of	 the	 exosome.	 However,	 Rrp6	 is	 involved	
in	 Nrd1-	independent	 processing	 and	 degradation	 of	 noncoding	
RNA	 (ncRNA)	 (Fasken	 et	 al.,	 2015),	 and	 their	 interplay	 remains	

incompletely	understood.	Although	our	results	suggest	that	Hpr1	
affects	both	RLS	and	CLS	through	a	pathway	independent	of	Rrp6	
(Figure 2b,c),	Nrd1	may	directly	participate	 in	regulating	 lifespan	
via	 the	THO	complex.	Therefore,	we	 investigated	whether	Hpr1	
and	Tho2,	 components	of	 the	THO	complex-	dependent	 lifespan	
shortening	is	determined	by	a	Nrd1-	driven	pathway	(Figure 4b,c).	
Interestingly,	 the	 additional	 nrd1- 102 mutation significantly 
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rescued	the	shortened	lifespan	in	cells	lacking	Hpr1	or	Tho2,	sug-
gesting	that	Nrd1	and	Rrp6	are	differentially	involved	in	the	con-
text	of	lifespan	control	by	the	THO	complex.

Next,	 to	 understand	which	 domain	 of	Nrd1	 is	 crucial	 for	 re-
lieving	 RLS	 defects	 in	 tho2Δ	 cells,	 we	 assessed	 the	 RLS	 change	
in tho2Δ	 strains	 transformed	 with	 vectors	 that	 expressed	 trun-
cated	Nrd1	proteins	of	residues	1–151,	1–178,	1–369,	or	1–448,	or	
lacking	RRM	(Figure 4d).	The	additional	expression	of	most	Nrd1	
truncates	 substantially	 restored	 the	 reduced	 RLS	 of	 the	 tho2Δ 
strain. Since the endogenous NRD1	 gene	 was	 still	 expressed	 in	
tho2Δ	 strain	 expressing	 the	 Nrd1	 truncates,	 the	 disturbance	 of	
WT	Nrd1	 function	by	 the	presence	of	Nrd1	 truncates	may	be	 a	
key	element	for	recovery	of	RLS	impairment	caused	by	Tho2	loss.	
Furthermore,	introducing	the	Nrd1	truncates	resulted	in	a	signif-
icant	 improvement	 in	 the	diminished	RLS	observed	 in	 the	hpr1Δ 
strain	 (Figure S2).	 In	 addition,	 RLS	 was	 considerably	 decreased	
in the nrd1ΔCID	 mutant	 (Figure 4e),	 and	 neither	 nrd1–51 nor 
nrd1ΔCID mutations improved the shortened lifespan or growth 
defects in the tho2Δ	strain	(Figure 4f–h),	implying	that	binding	of	
Nrd1	 to	 RNA	 polymerase	 II	 CTD	 is	 important	 for	 lifespan	 regu-
lation.	Similarly,	mutation	of	the	cleavage	polyadenylation	factor	
Fip1	or	poly(A)	polymerase	Pap1,	 involved	 in	 the	general	mRNA	
termination	factors	(Zhang	et	al.,	2012),	failed	to	restore	RLS	se-
verity in the tho2Δ	strain,	suggesting	that	general	3′-	end	process-
ing	 factors,	 Fip1	 and	 Pap1,	 affect	 lifespan	 in	 a	 Tho2-	dependent	
manner	(Figure S3).	Overall,	these	results	strongly	suggested	that	
the	 interaction	of	Nrd1	with	RNA	polymerase	 II	 is	necessary	 for	
the	THO	complex-	dependent	lifespan	control	pathway.

3.5  |  Nrd1 regulates lifespan through 
Tho2- dependent pathway

Our	 comprehensive	 assessment	 of	 RLS	 strongly	 indicated	 a	
pronounced	 correlation	 between	 Nrd1	 and	 the	 THO	 complex-	
mediated	 lifespan	 regulatory	 pathway	 (Figure 4).	 In	 contrast	
to	 other	 termination	 factors,	 such	 as	 RNA14,	 Nrd1	 preferen-
tially	 binds	 to	 the	 CTD	 serine	 5	 phosphorylation	 form	 of	 RNA	

polymerase	II,	which	is	crucial	for	transcription	initiation	and	early	
stages	of	RNA	synthesis	during	 transcription	and	whose	binding	
loci include the promoter regions of PMA1,	PYK1,	and	ADH1	(Heo	
et	al.,	2013;	Vasiljeva	et	al.,	2008).	In	addition,	the	THO	complex,	
including	 Tho2,	 is	 recruited	 to	 constitutively	 expressed	 genes,	
such as PMA1,	 and	 subsequently	 cotraverses	 the	 open	 reading	
frame	(ORF)	in	tandem	with	RNA	polymerase	II	(Luna	et	al.,	2005; 
Strasser	et	al.,	2002).	Therefore,	to	more	fully	understand	the	in-
tricate	 interplay	 between	Nrd1	 and	 the	 THO	 complex,	we	 used	
chromatin	 immunoprecipitation	 (ChIP)	 to	 monitor	 Nrd1	 recruit-
ment at PMA1,	PYK1,	 and	ADH1 promoter regions in tho2Δ cells 
(Figure 5a,b).	 Remarkably,	 Nrd1	 association	 with	 constitutive	
genes was significantly increased in tho2Δ	 cells,	 suggesting	 that	
Tho2	 serves	 as	 a	 general	 regulator,	 impeding	 aberrant	Nrd1	 re-
cruitment to chromatin during transcription.

These	 ChIP	 results	 provided	 supporting	 evidence	 for	 our	 hy-
pothesis	 that	 the	 aberrant	 Nrd1	 functioning	 competes	 with	 the	
endogenous	normal	Nrd1	 in	 tho2Δ	 cells,	 resulting	 in	RLS	 recovery	
(Figure 4b).	As	the	elevated	recruitment	of	Nrd1	due	to	Tho2	 loss	
was	 detrimental	 to	 RLS	 but	 was	 counterbalanced	 by	 competition	
with	the	introduction	of	aberrant	forms	of	Nrd1,	we	next	conducted	
RLS	analysis	in	cells	overexpressing	Nrd1	to	validate	our	hypothesis	
(Figure 5c).	Nrd1	overexpression	 indeed	impaired	normal	RLS,	and	
this defect remained unaffected by additional deletion of THO2,	
suggesting	that	the	effects	of	Nrd1	on	RLS	rely	on	the	presence	of	
Tho2.	Taken	together,	these	results	strongly	suggest	that	the	THO	
complex	 is	necessary	for	a	cellular	 lifespan	by	preventing	aberrant	
recruitment	of	Nrd1	to	chromatin.

3.6  |  Nrd1 recruitment is notably increased at the 
translation- associated genes in tho2Δ  cells

To	map	the	sites	of	augmented	Nrd1	recruitment	resulting	from	Tho2	
deficiency	on	a	genome-	wide	scale,	we	carried	out	ChIP-	seq	experi-
ments	(Figure 5d,e).	Nrd1	exhibited	predominant	enrichment	in	vari-
ous	 promoter	 (more	 than	 80%)	 and	 exon	 (more	 than	 15%)	 regions	
in	both	WT	and	tho2Δ	strains	(see	Figure 5d),	which	is	 in	agreement	

F I G U R E  6 Comparison	of	mRNA	profiles	between	tho2Δ	and	aged	cells.	(a)	Volcano	plots	displaying	differentially	expressed	genes	in	the	
tho2Δ	strain	as	compared	with	the	WT.	The	y-	axis	is	the	mean	of	the	negative	logarithm	of	the	p-	values,	and	the	x-	axis	corresponds	the	log2	
fold	change	value.	Gray	horizontal	and	vertical	lines	indicate	a	p-	value	of	0.05	and	log2	fold	change	of	−2	and	2,	respectively.	Green	and	red	
dots	represent	genes	enriched	in	GO	terms	related	to	RNA	processing	and	ribosome	biogenesis,	respectively.	(b)	GO	enrichment	analysis	
of	the	genes	in	old	cells	from	previous	RNA-	seq	experiments	(Hendrickson	et	al.,	2018)	and	displayed	in	(a).	Lists	of	differentially	expressed	
genes	in	old	cells	compared	with	young	cells	were	acquired	by	filtering	the	data	by	p-	value	of	≤0.05	and	|fold	change|	>1.	Bar	diagrams	
indicate	the	fold-	enrichment	of	top	11	GO	biological	process	terms	in	the	up	(red)-		or	down	(blue)-	regulated	genes.	(c)	Nrd1	ChIP	read-	
density	profile	of	differentially	expressed	genes	in	the	tho2Δ	strain	as	compared	with	the	WT,	as	described	in	Figure 6h.	For	the	analysis	of	
up-		and	down-	regulated	genes	(upper	and	bottom	panels,	respectively),	145	and	182	genes	were	acquired	by	filtering	the	data	with	p-	value	
of	≤0.05	and	|fold	change|	>2,	respectively.	(d)	GO	analysis	of	the	up	(red)-		or	down	(blue)-	regulated	genes	in	(c),	as	described	in	(a).	(e)	IGV	
screenshot	of	ChIP-	seq	data	showing	altered	recruitment	levels	of	Nrd1	by	tho2Δ,	as	described	in	Figure 5J.	(f–h)	Cluster	analysis	of	Nrd1	
binding	peaks	at	the	differentially	expressed	genes	in	old	cells	(Hendrickson	et	al.,	2018)	in	WT	and	tho2Δ	strains.	Heatmap	(f),	density	
profile	(g),	and	GO	analysis	(h)	of	the	K-	means	clustering	of	mapped	read	position	for	Nrd1	occupancy.	(i)	Schematic	diagram	depicting	
the	role	of	Tho2	in	the	regulation	of	RLS.	The	deletion	of	tho2	fails	to	prevent	the	excessive	recruitment	of	Nrd1,	resulting	in	decreased	
expression	of	translation-	associated	genes,	which	in	turn	leads	to	a	reduction	in	RLS.	See	text	for	further	details.
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with	 the	previously	 reported	 results	 (Gudipati	et	al.,	2008;	Vasiljeva	
et	 al.,	 2008).	 Notably,	 Gene	 Ontology	 (GO)	 analysis	 revealed	 that	
WT	Nrd1	 is	primarily	 recruited	 to	genes	 associated	with	 translation	
(Figure 5f).	Next,	to	classify	gene	sets	under	Tho2-	mediated	regulation	
of	Nrd1	recruitment,	we	performed	K-	means	cluster	analysis	of	Nrd1	

ChIP-	seq	results	(Figure 5g,j)	and	identify	three	clusters	with	distinct	
patterns	(Figure 5h):	increased	recruitment	of	Nrd1	from	transcription	
start	 site	 (TSS)	 to	 transcript	 end	 sites	 (TES)	 in	 tho2Δ	 (cluster	A),	 in-
creased	recruitment	of	Nrd1at	TSS	in	tho2Δ	(cluster	B),	and	decreased	
recruitment	 of	 Nrd1	 at	 TES	 in	 tho2Δ	 (cluster	 C).	 Interestingly,	 GO	
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analysis of cluster genes indicated that genes related to translation are 
include	in	gene	groups	of	clusters	A	and	B,	suggesting	that	translation-	
associated	genes	are	major	targets	of	Tho2-	mediated	surveillance	to	
curb	the	excessive	recruitment	of	Nrd1.

3.7  |  Genes related to translation and nuclear 
transport are downregulated in both tho2Δ and 
aged cells

Since	our	data	indicated	that	aging	closely	correlates	with	the	THO	
complex,	 which	 links	 RNA	metabolism	 with	 transcription	 (Jimeno	
et	 al.,	2002),	we	used	RNA-	seq	 to	 analyze	genome-	wide	gene	ex-
pression profiles of tho2Δ cells and compared these profiles with 
previously	 published	 RNA-	seq	 data	 from	 aged	 cells	 (Hendrickson	
et	al.,	2018)	(Figure 6a,b).	 In	accordance	with	the	earlier	transcrip-
tome	analysis	of	cells	depleted	of	THO	components	in	D.melanogaster 
(Rehwinkel	et	al.,	2004),	loss	of	Tho2	altered	the	expression	of	nu-
merous	 genes	 (Figure 6a).	Notably,	 GO	 analysis	 revealed	 that	 the	
expression	of	many	genes	related	to	RNA	processing	and	ribosome	
biogenesis was significantly downregulated by deletion of THO2 
compared	with	their	WT	levels.	Moreover,	similar	to	the	transcrip-
tome	changes	observed	in	aged	cells,	the	expression	of	translation-	
related	 genes,	 such	 as	 those	 involving	 ribosome	biogenesis,	 rRNA	
processing,	ribosome	assembly	(Ryu,	2022),	and	nuclear	transport,	
was significantly reduced in tho2Δ	 cells	 (Figure 6b).	 Furthermore,	
both tho2Δ	and	aged	cells	exhibited	upregulated	expression	of	genes	
associated	 with	 carbohydrate	 metabolism,	 precursor	 metabolites	
and	energy,	and	transmembrane	transport.	Thus,	our	data	showed	
that	loss	of	Tho2	reduced	expression	of	genes	involved	in	translation	
and	RNA	processing,	which	is	a	pattern	predominantly	observed	in	
aged	cells,	suggesting	that	a	subset	of	genes	associated	with	aging	
are	targets	of	THO	complex.

Subsequently,	we	compared	 the	alterations	 in	gene	expression	
in tho2Δ	 strains	 with	 the	 ChIP-	seq	 results	 of	 Nrd1	 presented	 in	
Figure 5d	(Figure 6c).	Among	the	145	genes	that	were	upregulated	
by	more	than	2-	fold	relative	to	WT	in	tho2Δ	cells,	the	recruitment	of	
Nrd1	was	not	significantly	affected	by	the	loss	of	Tho2	(Figure 6c,	
upper	 panel).	 However,	 an	 apparent	 increase	 in	 Nrd1	 occupancy	
from	TSS	to	TES	was	observed	 in	the	182	genes	that	were	down-	
regulated	by	2-	fold	in	cells	 lacking	Tho2	(Figure 6c,	bottom	panel).	
Additionally,	 GO	 analysis	 of	 the	 2-	fold	 down-	regulated	 genes	 in	
tho2Δ	revealed	their	involvement	in	translation	processes,	including	
ribosome	biogenesis,	 ribosomal	 small	 subunit	 assembly,	 and	 rRNA	
processing	(Figure 6d).	Taken	together,	these	findings	suggest	that	
the	loss	of	Tho2	mediates	an	increase	in	the	association	of	Nrd1	with	
translation-	related	genes,	such	as	RPL18A	(ribosomal	60S	subunit)	or	
ARB1	(ribosome	biogenesis	factor)	(Figure 6e),	leading	to	a	negative	
impact	on	their	gene	expression.

Because	our	data	showed	that	transcription	termination	factor	
Nrd1	 is	 important	 for	 the	THO	complex-	dependent	 lifespan	 regu-
lation	pathway,	we	 further	compared	ChIP-	seq	data	 for	Nrd1-	TAP,	
as shown in Figure 5d,	with	genes	exhibiting	significant	expression	

changes	 in	aged	cells	 (Hendrickson	et	al.,	2018)	 (Figure 6f).	The	K-	
means	cluster	analysis	of	Nrd1	ChIP-	seq	 results	 categorized	 three	
clusters	with	different	patterns.	Nrd1	recruitment	to	genes	listed	in	
both	 clusters	A	 and	B	was	 notably	 enhanced	 by	 the	 loss	 of	 Tho2	
(Figure 6g,	upper	and	middle	panels),	whereas	cluster	C	did	not	ex-
hibit	such	an	increase	pattern	(Figure 6g,	bottom	panel).	Moreover,	
GO	analysis	of	cluster	genes	indicated	that	translation-	related	genes	
constitute	a	substantial	portion	of	genes	in	clusters	A	and	B.	Thus,	
our	data	strongly	imply	that	translation-	related	genes	are	obviously	
influenced	by	Tho2-	mediated	regulation	of	Nrd1	pathway,	and	this	
transcription	factor	crosstalk	is	closely	linked	to	aging	(Figure 6i).

3.8  |  Subsets of genes involved in translation and 
RNA processing are targets of both Tho2 and Nrd1

Because	 the	 Nrd1	 transcription	 termination	 factor	 plays	 a	 crucial	
role	 as	 a	 sequence-	specific	 RNA	 binding	 protein	 in	 yeast,	 partici-
pating	 in	 the	 processing	 and	 degradation	 of	 various	 RNA	 classes,	
we	next	compared	the	target	RNAs	of	Nrd1	with	differentially	ex-
pressed	genes	in	aged	cells	(Figure 7)	and	tho2Δ	strains	(Figure 8).	In	
S.cerevisiae,	almost	all	of	mRNA	sequences	include	the	short	UGUA	
and	GUAG	RNA	motifs	for	Nrd1	binding.	Nrd1	preferentially	binds	
near	the	5′	ends	of	relatively	short	transcripts,	although	the	binding	
targets	also	include	ORFs	and	3′	untranslated	regions	(UTRs)	of	sev-
eral	hundred	mRNAs	(Webb	et	al.,	2014).	Therefore,	we	analyzed	the	
loci	of	ORFs	and	3′	UTRs	of	Nrd1-	bound	mRNAs	to	avoid	missing	cru-
cial information and to gain a more comprehensive understanding of 
cellular	processes.	Genes	with	Nrd1–3′	UTR	binding	did	not	exhibit	
substantial	alterations	in	gene	expression	in	aged	cells	(Figure 7b)	or	
in tho2Δ	mutants	(Figure 8b).	In	both	aged	cells	and	tho2Δ	mutants,	
Nrd1-	targeted	genes	were	involved	in	gene	expression,	metabolism,	
and	other	functions	(Figures 7a and 8a).	In	particular,	Nrd1's	3’	UTR	
target	mRNAs	that	show	decreased	expression	 in	the	tho2Δ strain 
were	mainly	associated	with	ribosome	biogenesis,	rRNA	processing,	
and	ncRNA	processing.	The	Nrd1-	dependent	transcription	termina-
tion	 pathway	 is	 also	 linked	 to	 downregulation	 of	mRNA	 levels	 by	
binding to 3′	UTRs	 (Webb	et	al.,	2014).	Unlike	 in	the	tho2Δ	strain,	
translation-	associated	genes	were	not	primarily	 identified	as	Nrd1	
targets	in	aging	cells	(Figures 7a and 8a),	implying	that	not	only	aber-
rant	 expression	 of	 translation-	related	 genes	 but	 also	multiple	 fac-
tors	 are	 involved	 in	 the	 aging.	 Furthermore,	 besides	 Nrd1,	 other	
factors	may	contribute	to	regulating	the	expression	of	genes	related	
to	translation	in	aging	cells.	Therefore,	our	data	suggested	that	the	
translation	or	RNA	processing	genes	whose	expression	was	down-
regulated in the tho2Δ	strain	may	be	controlled	through	the	Nrd1-	
dependent	pathway	of	gene	expression	regulation.

4  |  DISCUSSION

Herein,	we	revealed	that	Tho2,	a	THO	complex	subunit,	 is	a	novel	
regulatory	 factor	 in	 yeast	 lifespan	 regulation.	 The	 THO	 complex	
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links	 transcription	 with	mRNA	 export	 by	 coordinating	 interaction	
between	diverse	machineries	such	as	 the	SAGA	and	TREX-	2	com-
plexes	(Garcia-	Oliver	et	al.,	2012).	While	preventing	abnormal	accu-
mulation	of	nuclear	RNA	is	necessary	for	longevity	(Lim	et	al.,	2022; 
Park	et	al.,	2022),	the	THO	complex	regulates	lifespan	independently	

of	the	Rrp6-	mediated	RNA	surveillance	that	ensures	the	quality	of	
mRNA	transcripts	from	impaired	mRNA	export.	Instead	of	this,	the	
interaction	between	the	Nrd1	transcription	termination	factor	and	
RNA	polymerase	II	is	indispensable	for	the	THO	complex-	dependent	
regulation	of	 lifespan.	The	THO	complex	ensures	a	normal	cellular	

F I G U R E  7 Comparative	analysis	of	Nrd1-	bound	genes	with	differentially	expressed	genes	in	aged	cells.	(a)	GO	analysis	of	Nrd1-	bound	
genes	overlapped	with	up	(red)-		or	down	(blue)-	regulated	genes	in	old	cells,	listed	in	Figure 6b.	Bar	diagrams	indicate	the	fold-	enrichment	
of	top	seven	GO	biological	process	of	Nrd1-	bound	genes	with	binding	sites	in	open	reading	frame	(ORF)	or	3′-	untranslated	region	(UTR).	(b)	
Venn	diagram	of	Nrd1-	bound	genes	displayed	in	(a).	Middle	tables	show	representative	genes	that	Nrd1	binds	to	at	both	the	ORF	and	3′-	UTR	
or only the 3′-	UTR,	and	their	length	and	distance	from	adjacent	genes.
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lifespan	by	preventing	the	improper	recruitment	of	Nrd1	to	chroma-
tin.	Therefore,	 the	Tho2-	facilitated	Nrd1	 recruitment	 is	 crucial	 for	
regulating	the	expression	of	genes	essential	for	maintaining	a	typical	
lifespan.

The	alterations	in	gene	expression	observed	in	tho2Δ cells were 
similar	with	those	found	 in	aged	cells,	particularly	 in	genes	associ-
ated	with	translation	and	RNA	processing.	This	observation	suggests	
a connection between the molecular pathways governed by the 
THO	complex	and	the	broader	context	of	cellular	aging.	Moreover,	
Nrd1,	whose	recruitment	is	restricted	by	the	THO	complex,	targets	
various	genes	that	the	THO	complex	also	regulates,	such	as	those	
involved	in	ribosome	biogenesis,	rRNA	processing,	and	ncRNA	pro-
cessing.	Nevertheless,	since	the	mechanisms	underlying	how	Nrd1	

modulates	RNA	transcript	levels	remain	unclear	(Webb	et	al.,	2014),	
further	research	in	this	area	is	warranted.	However,	our	model	illumi-
nates	the	intersection	of	aging-	related	processes	with	the	functions	
of	 the	 THO	 complex	 and	Nrd1,	 ensuring	 precise	 gene	 expression	
patterns important for a normal lifespan.

RNA	metabolism	and	epigenetics	are	intricately	interconnected	
processes,	and	the	THO	complex	and	Nrd1	act	as	critical	enzymes	
within	 RNA	 metabolism.	 The	 THO	 complex	 collaborates	 with	
the	 SAGA	 complex,	 whose	 subunits	 are	 responsible	 for	 histone	
acetylation	 and	 H2B	 deubiquitination	 (Garcia-	Oliver	 et	 al.,	 2012).	
H3K4	 trimethylation	 can	 facilitate	 the	 Nrd1-	mediated	 transcrip-
tion	 termination	 pathway	 (Terzi	 et	 al.,	2011).	 However,	 a	 broader	
array	 of	 histone	modifications,	 such	 as	 sumoylation,	 acylation,	 or	

F I G U R E  8 Comparison	of	Nrd1-	bound	genes	with	differentially	expressed	genes	in	tho2Δ	cells.	(a)	Top	eight	to	nine	GO	analysis	terms	of	
Nrd1-	bound	genes	whose	expression	is	up	(red)-		or	down	(blue)-	regulated	by	tho2Δ,	as	described	in	Figure 7a.	(b)	Venn	diagram	analysis	of	
Nrd1-	bound	genes	displayed	in	(a),	as	described	in	Figure 7b.
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phosphorylation,	 exists	 beyond	 H3K4	 methylation	 and	 histone	
acetylation	(Chou	et	al.,	2023;	Ryu	&	Hochstrasser,	2021).	A	complex	
network	of	 interactions	is	formed	by	the	intricate	interplay	among	
these	modifications.	Therefore,	a	comprehensive	investigation	that	
explores	these	factors	and	their	relationships	with	unexplored	his-
tone modifications is essential for a more complete understanding of 
their roles in epigenetics.

Overcoming aging has been a longstanding human aspiration. 
The	 intricacies	 of	 the	 causes	 and	 consequences	 of	 aging	 make	
research	 in	 this	 field	 challenging.	 In	 particular,	 the	marked	 chro-
matin instability observed in aged cells drives alterations in gene 
expression,	 a	 process	with	 critical	 implications	 for	 the	 aging	pro-
cess.	Therefore,	to	understand	how	to	prevent	pathophysiological	
cell	 senescence	and	 cell	 death,	 it	 is	 important	 to	 identify	mecha-
nisms	 that	 inhibit	 transcription	 errors,	 nuclear	 accumulation	 of	
RNA,	and	abnormal	export	of	mature	RNA.	The	freshly	 identified	
aging-	associated	factor,	THO	complex,	is	conserved	among	higher	
eukaryotes	and	appears	crucial	for	maintaining	gene	expression	as-
sociated with aging.
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