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Abstract

Mitochondrial dysfunction leads to the accumulation of reactive oxygen species (ROS)
which is associated with cellular dysfunction, disease etiology, and senescence. Here, we
used the eukaryotic model Saccharomyces cerevisiae, commonly studied for cellular aging,
to demonstrate how defective mitochondrial function affects yeast replicative lifespan
(RLS). We show that RLS of respiratory-deficient cells decreases significantly, indicating
that the maintenance of RLS requires active respiration. The shortening of RLS due to mito-
chondrial dysfunction was not related to the accumulation of extrachromosomal ribosomal
DNA circles, a well-known cause of aging in yeast. Instead, intracellular ROS and oxida-
tively damaged proteins increased in respiratory-deficient mutants. We show that, while the
protein kinase A activity is not elevated, ROS generation in respiratory-deficient cells
depends on RAS signaling pathway. The ER-localized NADPH oxidase Yno1 also played a
role in producing ROS. Our data suggest that a severe defect in mitochondrial respiration
accelerates cellular aging by disturbing protein homeostasis in yeast.

Introduction

Opver the past few decades, the budding yeast Saccharomyces cerevisiae has contributed to the
search for conserved elements in cellular aging [1, 2]. In budding yeast, two distinct lifespan
paradigms have been proposed. Chronological lifespan (CLS) is a model for the aging process
of post-mitotic cells and measures the amount of time a cell can remain viable in a non-divid-
ing state [3]. Replicative lifespan (RLS) is useful for understanding aging of dividing cells and
defined as the number of mitotic divisions that each mother cell can undergo before senes-
cence [4].

In replicative aging, three candidates are considered as important senescence factors. One
of them is extrachromosomal ribosomal DNA circles (ERCs) formed by homologous recombi-
nation between ribosomal DNA repeats [5]. Based on many studies showing the effects of
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ERC:s level on the replicative age [5, 6], it is believed that the accumulation of ERCs to toxic
levels in mother cells leads to senescence. The other candidates of aging factors are oxidatively
damaged proteins and protein aggregates [7]. Levels of carbonylated proteins produced by oxi-
dative damage increase with the replicative age of the mother cell [8, 9]. Also, aggregates com-
posed of oxidatively damaged and misfolded proteins are potentially cytotoxic and associated
with age-related phenotypes [10]. Given that heavily oxidized proteins tend to form protein
aggregates [11], these two aging factors are closely connected with the accumulation of oxida-
tive damage caused by reactive oxygen species (ROS).

A hallmark of aging is the decline in mitochondrial function [12, 13]. One of the well-char-
acterized phenomena associated with mitochondrial dysfunction is the buildup of ROS. Even
though some enzymes and processes including membrane-associated NADPH oxidases [14],
fatty acid B-oxidation in peroxisomes [15], and the ER protein disulfide resolution system [16]
contribute to ROS generation, it has been known that mitochondria are the main cellular
source of ROS [17]. Because the accumulation of ROS also leads to the damage to mitochon-
drial DNA [18], this vicious cycle has been the basis of the mitochondrial free radical theory
for several decades [19]. However, a recent research reported that the increase in free radical
generation is attributed not to the mitochondrial electron transport chain (ETC) but to the
endoplasmic reticulum (ER)-localized NADPH oxidase Ynol [20], indicating that the issue of
ROS accumulation in living cells remains complex and multifactorial.

In this study, we found that severe respiratory disturbance shortens yeast RLS by using sev-
eral respiratory-deficient mutants. Our results show that the accumulation of ERCs is not the
leading cause of reduced RLS in these mutants. On the other hand, respiratory malfunction
disrupted the maintenance of RLS by inducing an increase in intracellular ROS and oxidized
protein level. Well-known signaling pathways involved in the generation of ROS such as the
protein kinase A (PKA) and target of rapamycin (TOR) pathway were not related to ROS accu-
mulation in these mutant cells. Instead, the suppression of RAS signaling reduced ROS pro-
duction and significantly restored RLS of respiratory-deficient cells. In addition, the majority
of detectable ROS was attributed to the ER-localized NADPH oxidase, Ynol. Based on our
results, we suggest that the reduced yeast RLS due to mitochondrial dysfunction is caused by
the failure to maintain proteostasis.

Materials and methods

Yeast strains and growth media

Yeast strains used in this study are listed in S1 Table. Yeast cells were grown in YPD medium
(1% yeast extract, 2% peptone, and 2% glucose) or synthetic complete (SC) medium (0.67%
yeast nitrogen base without amino acids, 2% glucose, and nutritional supplements) lacking
appropriate amino acids for selection [21]. All cultures were incubated at 30°C. Gene disrup-
tion was carried out using the one-step PCR-based gene targeting procedure [22]. Strains lack-
ing mitochondrial DNA (rho”) were generated by growth in YPD medium supplemented with
ethidium bromide (25 pg/ml) [23]. The respiratory deficiency of the strains was confirmed by
growth on YPG (1% yeast extract, 2% peptone, and 2% glycerol) medium.

Cloning and plasmids

Primer sequences used for plasmid construction are shown in S2 Table. The constitutively
active Ras2 mutant, Ras2'®Y, was obtained by the QuickChange multisite-directed mutagenesis
protocol (Stratagene) and cloned into the Xbal and Sall sites of pRS415GPD vector [24]. The
overexpression plasmid of C-terminally TAP-tagged SOD1, pRS426ADH-SOD1-TAP, was
generated as described previously [25]. pRS423CUP1-6xMY C-ckil*200S125/1304) yaq kindly
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provided by Dr. Jodi Nunnari [23, 26]. pJU676 (pRS416-SCH9-5HA) has been described pre-
viously [27].

RLS analysis

Analysis of RLS was carried out by micromanipulation as described previously [28], using a
Zeiss Tetrad Microscope. All measurements of lifespan were performed on YPD plates. For
the effect of respiratory inhibition, antimycin A (3 pg/ml) or oligomycin (10 pg/ml) was added
to the plate. Lifespan was determined from five independent experiments (approximately 100
cells per strain in total). Cells that never budded were excluded from the calculation. For statis-
tical analysis, lifespan data sets were compared by one-way ANOVA.

rDNA silencing assay

Silencing at the rDNA region was tested as described previously [29, 30]. Yeast cells were
grown to an ODgg, of 0.8, and 2.5 pl of 10-fold serial dilutions of the cell suspensions was spot-
ted on the appropriate media. Plates were incubated at 30°C for two days before visualization.

Quantification of mURA3 mRNA

Total RNA was extracted from yeast cells using the RNeasy Mini Kit (Qiagen). 1 ug of total
RNA was reverse transcribed in a 20 ul reaction mixture containing MLV -reverse transcriptase
(M-biotech) and 0.1 pg of oligo-dT (M-biotech) at 42°C for 60 min. The mURA3 silencing
reporter gene harboring the TRPI promoter instead of the URA3 promoter has been described
previously [31]. The amount of mRNA was analyzed by quantitative PCR using the Applied
Biosystems 7300 Real-Time PCR system (Applied Biosystems). Gene expression was quanti-
fied by the 2724€ method [32] and ACT1 transcript level was used for normalization of
mURA3 mRNA levels. Primers used for amplification of mURA3 and ACT1I are shown in S3
Table.

rDNA recombination assay

The rDNA recombination rate was determined by measuring the frequency of the loss of
ADE?2 integrated at the rDNA locus of strain DMY3010 as described previously [33]. Yeast
cells grown to an ODgg of ~1.0 in SC medium were spread on SC plates. Colonies were
allowed to grow for two days at 30°C and then placed at 4°C for two days to enhance color
development. The rDNA recombination rate was calculated by dividing the number of half-
red/half-white colonies by the total number of colonies. Entirely red colonies were excluded
from all calculations. Three independent experiments were performed, and more than 10,000
colonies were examined for each assay. For statistical analysis, data sets were compared by
one-way ANOVA.

Measurement of intracellular ROS level

Intracellular ROS levels were detected with H,DCFDA (2’,7’-dichlorodihydrofluorescein dia-
cetate, ThermoFisher Scientific) as described previously [34]. Yeast cells were grown to satura-
tion in YPD medium and diluted to one-hundredth. Then, H,DCFDA was added to a final
concentration of 10 pg/ml followed by incubation with shaking for one day at 30°C. Intracellu-
lar ROS levels were also measured with DHE (dihydroethidium, Sigma-Aldrich) as described
previously with some modifications [35]. Yeast cells were grown to saturation and diluted to
one-hundredth. Cells were incubated with shaking for 22 h at 30°C, and then DHE was added
to a final concentration of 2.5 pg/ml, followed by incubation with shaking for 2 h at 30°C.
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Fluorescence was analyzed using a BD FACS Canto II flow cytometer (Becton Dickinson). A
baseline of zero (background level of fluorescence) was set based on the maximum value of
control sample without the ROS indicator. Cells with higher ROS level than background were
counted and converted into a percentage.

Measurement of Sch9 phosphorylation

Analysis of phosphorylated Sch9 was conducted by Western blotting as described previously
[27]. Cells were grown to log phase and trichloroacetic acid was added up to 6%. Samples were
put on ice for at least 5 min, spun down, washed twice with cold acetone, and dried. Cells were
bead-beaten in 100 pl of urea buffer (6 M urea, 50 mM Tris-HCI, pH 7.5, 5 mM EDTA, 1%
SDS, 1 mM phenylmethylsulfonyl fluoride, 5 mM NaF, 5 mM NaN3, 5 mM p-nitrophenyl
phosphate, 5 mM Na,P,0,4, and 5 mM B-glycerophosphate) followed by heating for 10 min to
65°C. For 2-nitro-5-thiocyanobenzoic acid cleavage, 30 ul of 0.5 M CHES (pH 10.5) and 20 pl
of 2-nitro-5-thiocyanobenzoic acid (7.5 mM in H,0) were added, and samples were incubated
overnight at room temperature before adding 6x sample buffer. Sch9 phosphorylation was
detected by SDS-PAGE and immunoblotting using HRP-conjugated mouse anti-HA antibody
(sc-7392 HRP, Santa Cruz Biotechnology).

Western blot analysis and determination of PKA activity

Cell extracts were prepared by suspending cells in lysis buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 0.01% NP-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzami-
dine, 1 pg/ml leupeptin, and 1 pug/ml pepstatin), followed by bead-beating. Extracts were spun
by centrifugation at 1600 g for 10 min at 4°C and the supernatant was subjected to SDS-PAGE.
Western blot analysis was performed by standard methods using HRP-conjugated mouse anti-
Myc antibody (sc-40 HRP, Santa Cruz Biotechnology) for the detection of Myc-tagged pro-
teins. Images were captured using a luminescent image analyzer, AE-9150 Ez-Capture II
(ATTO), and the quantification of phosphorylated protein was performed using CS analyzer 3
software (ATTO).

Measurement of oxidized proteins

The detection of oxidized proteins (protein carbonyls) was performed using Oxidized Protein
Detection Kit (ab178020, Abcam) as described previously [36] with some modifications. Cell
extracts were prepared by suspending cells in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.01% NP-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine,
1 pg/ml leupeptin, and 1 pg/ml pepstatin), followed by bead-beating. Cell lysates were incu-
bated on ice for 20 min and quantified by Bradford assay. About 30 pg/ul of protein was deriv-
atized per sample and mixed with 6x sample buffer. Further procedures for detecting oxidized
protein were done by SDS-PAGE and immunoblotting using rabbit anti-DNP antibody and
HRP-conjugated goat anti-rabbit antibody (supplied in Oxidized Protein Detection Kit).

Results
Mitochondrial respiration is required for the maintenance of RLS

To confirm whether mitochondrial respiration regulates replicative aging, we first investigated
RLS of rho” cells that lack both mitochondrial genome and respiration. Although the loss of
mitochondrial DNA is known to impact the longevity of cells in a strain-specific manner [37],
RLS of BY4741 rho’ cells decreased by about 40% compared to that of wild-type cells (Fig 1A
and 1B). Since cells that do not carry cytochrome ¢ heme lyase (Cyc3) or cytochrome ¢ oxidase

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 4/18


https://doi.org/10.1371/journal.pone.0198619

@° PLOS | ONE

Mitochondrial dysfunction reduces yeast replicative lifespan

A

Fraction viable

(@

Fraction viable

Fraction viable

? 4

0.4+

0.2

O.C 1 1 T
10 20 30 40

Age (generations)

? 4

¥

WT (27.25)
rho? (15.97)

cyc3A (17.21)
shy1A (19.66)

50

WT (28.35)
rho® (16.11)
AA 3pg/ml (18.74)
OM 0 pg/ml (18.75)

10 20 30 40 50
Age (generations)

10 - WT (27.28)

' o rho® (15.42)
0.8+ - cox5aA (27.98)

- cyc1A (29.78)

0.6
0.4+
0.21 H
0.0- SRS snnngpannnnnnnnn

10 20 30 40

Age (generations)

50

W

Relative change in RLS

O

Relative change in RLS

Relative change in RLS

0.81

0.6+

0.21

0.0-

0.81

0.6+

0.21

l WT

3 rho’
* [l cyc3A
shy1A

0.0-

1.2+

1.0

0.81

0.6

0.41

H WT

= rho°

Il AA 3 ug/ml
OM 10 pg/ml

 wT
3 rho°
Bl cox5aA
Il cyciA

Fig 1. Mitochondrial respiration defect impairs the maintenance of RLS. (A) RLS analysis was performed with wild-type (WT), rho’, cyc3A, and shyIA cells.
(B) The relative changes in RLS were calculated as the ratio of the mean RLS to that of WT cells in (A). (C) RLS analysis was performed with WT, rho®, and WT
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cells on media containing 3 pg/ml antimycin A (AA) or 10 ug/ml oligomycin (OM). (D) The relative changes in RLS of indicated strains were calculated as the
ratio of the mean RLS to that of WT cells in (C). (E) RLS analysis was performed with WT, rho®, cox5aA, and cyclA cells. (F) The relative changes in RLS of
indicated strains were calculated as the ratio of the mean RLS to that of WT cells in (E). Mean RLS values are shown in parentheses. All asterisks indicate
P<0.01, compared with WT cells (one-way ANOVA).

https://doi.org/10.1371/journal.pone.0198619.g001

(COX) assembly chaperone (Shyl) have been reported to retain no detectable respiration [38],
we investigated RLS of cyc3A or shylA mutants in order to exclude the possibility that RLS
reduction in rho cells might be caused by unknown factors other than respiratory malfunc-
tion. We confirmed respiratory deficiency of these mutants by the severe growth defect on
media containing glycerol, a nonfermentable carbon source (S1 Fig). RLS of each mutant was
similar to that of rho® cells (Fig 1A and 1B). Interestingly, RLS of wild-type cells was signifi-
cantly reduced by the addition of inhibitors such as antimycin A and oligomycin that specifi-
cally block mitochondrial respiration (Fig 1C and 1D). These results suggest that cellular
respiration is important for the maintenance of RLS in yeast.

We also examined RLS of cells with mutations that are associated with mitochondrial respi-
ration but do not cause severe respiratory failure. These mutants include cells lacking the sub-
unit Va of COX (Cox5a) or iso-1-cytochrome ¢ (Cycl) [38]. Although the viability of cox5aA
or cyclA cells is reduced in the medium containing glycerol (S1 Fig), both strains showed no
noticeable change in RLS compared to wild-type cells (Fig 1E and 1F). This result suggests that
respiratory failure above a certain threshold value is required to induce a reduction in replica-
tive aging.

rDNA silencing is not a major cause for RLS reduction in respiratory-
deficient cells

One of the factors that influence yeast longevity is rDNA silencing [5]. To examine whether
respiratory deficiency worsens the stability of rDNA, we carried out an rDNA silencing assay
using the mURA3 silencing reporter gene. For this test, we used yeast strains harboring the
mURAS3 silencing reporter gene integrated either into the non-transcribed spacer regions
(NTS1 and NTS2) of the rDNA locus or outside the rDNA array [29]. CYCI, CYC3, COX5A,
or SHY1 genes were deleted from each strain, and cells of each strain were 10-fold serially
diluted and spotted on SC medium in which uracil was omitted or 5-fluoroorotic acid (FOA)
was added. In wild-type cells, the mURA3 reporter gene was effectively silenced at both the
NTSI and NTS2 regions, as indicated by decreased growth on uracil-deficient medium and
increased growth on medium containing FOA (Fig 2A). Compared to wild-type cells, rho’
cells did not exhibit significant changes in growth on medium lacking uracil or containing
FOA (Fig 2A), suggesting that rDNA silencing has a low correlation with RLS reduction due to
mitochondrial respiratory failure. Likewise, no significant changes in rDNA silencing were
observed in respiratory-deficient cyc3A and shyIA cells (Fig 2B) or wild-type cells treated with
respiratory inhibitors (Fig 2C). cox5aA and cycIA cells with little respiratory defect also did not
show a remarkable difference in rDNA silencing from wild-type cells, except that rDNA silenc-
ing was slightly increased at the NTS1 region in cycIA cells (Fig 2D). Given that RLS of cox5aA
and cyclA cells did not differ significantly from that of wild-type cells (Fig 1E and 1F), these
mutations do not seem to be related to rDNA silencing.

To more directly examine rDNA silencing, we measured the transcript levels of the mURA3
gene by using a real-time reverse transcription-PCR analysis as described previously [39]. In wild-
type cells, the transcription of the mURA3 gene at the NTS1 and NTS2 regions was effectively
silenced (>50%) compared to that outside rDNA (Fig 2E). The relative transcript levels of mURA3
were not significantly changed in mitochondrial respiratory-deficient rho’, cyc3A, and shylA cells
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https://doi.org/10.1371/journal.pone.0198619.g002

showing reduced RLS, compared to that of wild-type cells. The transcription of mURA3 was also
not significantly changed in cox5aA and cyclA cells that do not show RLS reduction.

To further test rDNA stability in respiratory-deficient cells, the frequency of loss of the
ADE2 marker gene integrated at the rDNA locus was monitored. As reported previously [29,
40], mutant cells without Sir2, a major rDNA silencing factor, exhibited a considerable
increase in the frequency of ADE2 marker loss compared to wild-type cells (Fig 2F). However,
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in agreement with the above observations that rDNA silencing is unrelated to mitochondrial
respiratory defect, the frequency of ADE2 marker loss in respiratory-deficient cells was not sig-
nificantly different from that of wild-type cells. Taken together, these results suggest that
rDNA silencing, a well-known longevity factor in yeast, is not related to RLS reduction caused
by mitochondrial respiratory failure.

Mitochondrial respiratory deficiency induces an increase in the amount of
intracellular ROS regardless of TOR and PKA pathways

Given that the accumulation of ROS contributes to the buildup of other aging factors such as
oxidatively damaged proteins and protein aggregates [7], we examined whether defective res-
piration induces intracellular ROS production. To detect ROS accumulation, we employed
flow cytometry using H,DCFDA, a fluorescent probe that reacts with several ROS such as
hydroxyl radicals and H,O, [41]. Cell population (P2) showing higher fluorescence than back-
ground level was converted into a percentage (S2A Fig). In wild-type cells, about 14% of cell
population emitted higher fluorescence than background level (Fig 3A and 3B). Remarkably,
respiratory-deficient rho’, cyc3A, and shylA cells showed 4~5 fold increase in P2 percentage. It
was also found that the level of intracellular ROS increased significantly when wild-type cells
were treated with antimycin A or oligomycin. In contrast, cox5aA and cyclA cells, which
showed no decrease in RLS, did not exhibit a significant change in P2 percentage. In addition,
we employed another fluorescent probe DHE to detect intracellular superoxide radical. Similar
to the above results with H,DCFDA, cells with a severe defect in respiration showed increased
percentages of the high-ROS cell population, whereas a significant change was not observed in
cox5aA and cyclA cells (S2B-S2D Fig). These observations suggest that the reduction of RLS in
respiratory-deficient mutants may rely on the elevated level of intracellular ROS.

To test a possibility that elevated ROS production might increase the level of oxidatively
damaged proteins in cells with respiratory failure, we analyzed protein oxidation by using the
oxyblot assay. When proteins are oxidized by ROS, carbonyl groups such as aldehydes and
ketones are produced on protein side chains [42]. These groups can be derivatized with
2,4-dinitrophenylhydrazine to form a stable 2,4-dinitrophenyl (DNP) hydrazone product and
be measured with the anti-DNP antibody by western blot immunoassay. Consistent with the
above results that a severe defect in mitochondrial respiration induces ROS accumulation, the
levels of protein oxidation in respiratory-deficient rho’, cyc3A, and shyIA cells were about two
times higher than that in wild-type cells (Fig 3C and S3A Fig). Treatment of antimycin A and
oligomycin mimicking respiratory failure also increased intracellular protein oxidation. In
case of cox5aA and cycIA cells, however, the oxidized protein level was not significantly differ-
ent from that of wild-type cells. These results support our hypothesis that increased ROS by
mitochondrial respiratory deficiency induces protein oxidation and thus affects RLS.

It is known that the activation of TOR and PKA pathways leads to the accumulation of ROS
in yeast [43, 44]. We examined whether these two pathways are involved in the elevation of
ROS level due to respiratory defect. Given that Sch9 is a major substrate of TOR kinase, Sch9
phosphorylation was quantitatively analyzed using SDS-PAGE mobility shift assay in order to
measure the activity of TOR kinase [27]. As expected, the up-shifted, phosphorylated forms of
Sch9 were observed in wild-type cells (Fig 3D and S3B Fig). Consistent with previous reports
that nitrogen starvation inhibits the activity of TOR kinase [45], the level of phosphorylated
Sch9 was reduced under nitrogen starvation. Notably, a significant change in Sch9 phosphory-
lation was not observed in respiratory-deficient rho’, cyc3A, and shylA cells or in cells treated
with respiratory inhibitors. This observation suggests that TOR pathway is not involved in the
elevation of ROS level caused by respiratory failure.
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Fig 3. Increased ROS level decreases RLS in respiratory-deficient cells. (A) Intracellular ROS levels in wild-type (WT),
rho®, cyc3A, shylA, cox5aA, cyclA, and WT cells treated with 3 pg/ml antimycin A (AA) or 10 pg/ml oligomycin (OM) were
detected with H,DCFDA. Fluorescence was analyzed using a BD FACS Canto II flow cytometer. (B) Cells with high ROS
were calculated as a percentage of cells with higher fluorescence intensity than the maximum fluorescence intensity of
control sample without the ROS indicator. Values represent the average of three independent experiments, and error bars
indicate the standard deviation. All asterisks indicate P<0.01, compared with WT cells (one-way ANOVA). (C)
Carbonylated proteins in WT, rho®, cyc3A, shyIA, cox5aA, cyc1A, and WT cells treated with 3 pg/ml AA or 10 ug/ml OM
were detected using Oxidized Protein Detection kit. Hexokinase was used as a loading control. The relative ratio of
carbonylated proteins in the indicated strain to those of WT cells is shown below each lane. Data are representative of at
least three independent experiments. (D) Total protein was extracted from WT, rho’, cyc3A, shyIA, and WT cells treated
with 3 pg/ml AA or 10 pg/ml OM, and WT cells under nitrogen starvation. All cells harbor pRS416-SCH9™*"*A.5HA.
Immunoblotting was performed using a mouse anti-HA antibody. Data are representative of at least three independent
experiments. (E) Total protein was extracted from WT, rho®, cyc3A, shyIA, WT cells treated with 3 pg/ml AA or 10 pg/ml
OM, WT cells expressing constitutively active RAS2"'® (19V), and WT cells under glucose starvation. All cells harbor
PRS423-CUP1-6xMY C-ckil> 21251304 1mmunoblotting was performed using a mouse anti-Myc antibody. The relative
ratio of phosphorylated to unphosphorylated forms of Ckil is shown below each lane. Data are representative of at least
three independent experiments.

https://doi.org/10.1371/journal.pone.0198619.g003

For the determination of PKA activity, we used a PKA substrate reporter derived from a
native substrate Ckil [26]. By analyzing the mobility shift on SDS-PAGE, PKA-dependent
phosphorylation of the Ckil reporter was detected and the ratio of phosphorylated and unpho-
sphorylated forms was calculated. As expected, cells with a constitutively active variant of
Ras2'®V [46, 47] exhibited a considerable increase in the phosphorylated form of Ckil, while a
nearly 90% reduction in the phosphorylated form of Ckil was observed in cells under glucose
starvation (Fig 3E and S3C Fig). However, we could not observe a significant change in Ckil
phosphorylation not only in respiratory-deficient rho’, cyc3A, and shyIA cells but also in cells
treated with respiratory inhibitors. This result suggests that, like TOR pathway, PKA pathway
is not related to ROS accumulation induced by mitochondrial respiratory deficiency.

RAS signaling and NADPH oxidase Ynol contribute to intracellular ROS
accumulation

Above, we have shown that PKA activity does not contribute to the elevation of ROS level in
respiratory-deficient cells. It is well established that Ras2 activates adenylyl cyclase depending
on the levels of glucose and regulates the activation of PKA by controlling cAMP levels in yeast
[48]. However, a recent study reported that RAS signaling operates independently of PKA to
promote ROS accumulation in cells lacking COX activity [20]. To test whether RAS signaling
is responsible for ROS accumulation in respiratory-deficient cells, we measured intracellular
ROS level in RAS2-deleted rho” cells. Interestingly, the loss of Ras2 resulted in a significant
reduction of ROS level in rho” cells (Fig 4A, S4A and S5A and S5B Figs). RAS2 deletion also
led to a significant recovery in RLS of rho® cells (Fig 4B and 4C). Consistent with our notion
that ROS accumulation impairs the maintenance of RLS by promoting protein oxidation, the
level of oxidized proteins was lowered by about 60% in RAS2-deleted rho® cells compared to
rho” cells (Fig 4D and S6A Fig). These results suggest that RAS signaling contributes to ROS
accumulation and concomitant protein oxidation induced by mitochondrial dysfunction.
Intriguingly, although ras2A cells have quite low ROS level compared to wild-type cells,
RLS of ras2A cells was not increased but even slightly decreased (Fig 4B and 4C). Ras2 has
been known not only as a key component of generating ROS in respiratory-deficient cells but
also as a major regulator responsive to external environment [48]. One of the downstream
effectors of Ras2 is PKA which plays crucial roles in a wide variety of cellular processes [49].
Moreover, there is a complex network that covers multiple regulatory pathways in the down-
stream of Ras2 [50]. Therefore, even though ras2A cells have lower ROS level than wild-type
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Fig 4. RAS signaling pathway and Ynol contribute to the buildup of intracellular ROS in cells lacking mitochondrial respiration. (A, E, and H) Intracellular ROS
levels in the indicated strains were detected with H,DCFDA. Fluorescence was analyzed using a BD FACS Canto II flow cytometer. Cells with high ROS were calculated
as a percentage of cells with higher fluorescence intensity than the maximum fluorescence intensity of control sample without the ROS indicator. Values represent the
average of three independent experiments, and error bars indicate the standard deviation. All asterisks indicate P<0.01, compared with rho® cells (one-way ANOVA).
(B, F, and I) RLS analysis was performed with the indicated strains. (C, G, and J) The relative changes in RLS were calculated as the ratio of the mean RLS to that of WT
cells. Mean RLS values are shown in parentheses. All asterisks indicate P<0.01, compared with rho® cells (one-way ANOVA). (D and K) Carbonylated proteins in
indicated strains were detected using Oxidized Protein Detection kit. Hexokinase was used as a loading control. The relative ratio of carbonylated proteins in the
indicated strain to those of WT cells is shown below each lane. Data are representative of at least three independent experiments.

https://doi.org/10.1371/journal.pone.0198619.g004

cells, ras2A cells seem to exhibit reduced RLS compared to wild-type cells because of defects in
several regulatory pathways important for normal cell function. It is presumable that the effect
of defective cell function overrides the beneficial effect of reduced ROS in ras2A cells.
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RAS signaling has been involved in the regulation of the endoplasmic reticulum-associated
degradation (ERAD) pathway which plays an important role in ER quality control mecha-
nisms [51]. According to a previous study, among other ER-associated oxidases under the con-
trol of the ERAD pathway, ER-localized NADPH oxidase Ynol is required for ROS generation
in COX-deficient cells [20]. Based on these reports, we next examined whether Ynol plays a
role in the buildup of ROS in cells with respiratory malfunction. Notably, YNOI deletion led to
about 50% decrease in ROS accumulation in rho® cells (Fig 4E, S4B, S5A and S5B Figs). RLS of
ynolArho® cells was also significantly restored compared to that of rho” cells (Fig 4F and 4G).
Furthermore, we observed a considerable reduction in the level of protein oxidization in
YNOI-deleted rho® cells compared to rho® cells (Fig 4D and S6A Fig), suggesting that Ynol is
involved in ROS accumulation and protein oxidation in respiratory-deficient cells.

Next, we checked whether RAS signaling and Ynol contribute independently to ROS accu-
mulation and concomitant RLS reduction in rho” cells. To test this, we measured intracellular
ROS level and RLS of ras2A ynolA rho® cells. With respect to ROS reduction, no synergistic
effect was observed in ras2A ynolA rho cells compared to ras2A rho or yno1A rho cells (Fig
4H, S4C, S5A and S5B Figs). In addition, we could not observe the synergistic effect of deletion
of RAS2 and YNOI on RLS of rho® cells (Fig 4I and 4]). In accordance with the above observa-
tions, the synergistic effect of deletion of RAS2 and YNOI on protein oxidation of rho” cells
was not detected (Fig 4K and S6B Fig). These results suggest that RAS signaling and Ynol act
on the same pathway in the buildup of ROS and consequent reduction of RLS induced by
mitochondrial dysfunction. These results are also consistent with a recent report that RAS sig-
naling is associated with degradation of Ynol through the ERAD pathway [20].

Discussion

Although not yet clearly identified, mitochondria are believed to play important roles in cellu-
lar aging. In this study, we used the budding yeast S. cerevisiae to investigate the effects of mito-
chondrial respiratory deficiency on replicative aging. Through analysis of RLS in respiratory-
deficient mutants, we found that mitochondrial respiration is required for the maintenance of
RLS (Fig 1). Our data also show that rDNA silencing, one of the major aging factors, is not rel-
evant to RLS reduction induced by defective mitochondria (Fig 2). Instead, we suggest that the
elevated ROS levels triggered by mitochondrial malfunction are responsible for the reduction
of RLS by impairing proteostasis (Fig 3A, 3B and 3C). Given that mitochondrial respiration is
also essential to sustain yeast CLS [35, 52], our results highlight that the state of mitochondrial
respiration is widely involved in the longevity process.

In contrast to our results, some studies reported that RLS of mitochondrial respiratory-defi-
cient cells is maintained or even increased depending on laboratory strains used [37, 53, 54].
Nonetheless, the accumulation of ROS is observed in respiratory-deficient cells derived from
several laboratory strains and this phenomenon is also conserved in higher eukaryotes [20, 35,
55]. Previous studies have found that cells lacking mitochondrial respiration generally have
low viability due to hypersensitivity to various stresses such as hydrogen peroxide, ethanol,
and heat [38, 56, 57]. Furthermore, the tolerance for intracellular ROS varies depending on the
difference of genetic background among the laboratory strains [58]. Taking all of the above
into consideration, it is plausible that RLS of respiratory-deficient mutants is influenced by the
resistance to accumulated ROS, which is different among the laboratory strains. Meanwhile, it
has been reported that a mild inhibition of mitochondrial respiration prolongs the lifespan of
several organisms [37, 59-62]. Consistent with these reports, although cox5aA and cycIA cells
had some defects in respiration (S1 Fig), these cells did not exhibit RLS reduction nor ROS
accumulation (Figs 1C and 3). In addition, thresholds of mitochondrial respiration are
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necessary to regulate yeast CLS [38]. Therefore, the degree of respiratory capacity seems to be
another determining factor for lifespan regulation in cells with respiratory defects.

We observed that mitochondrial dysfunction has no significant effect on the activation of
TOR and PKA kinases (Fig 3D and 3E). On the basis of these results, we suggest that the
buildup of ROS in respiratory-deficient cells is not attributed to TOR and PKA pathways.
Instead, it is plausible that the RAS signaling pathway regulates the activity of NADPH oxidase
Ynol responsible for ROS overproduction in respiratory-deficient cells (Fig 4). Although
Ynol is known to be regulated by ERAD-mediated degradation under the control of RAS sig-
naling [20, 51], the underlying mechanism is expected to be more complicated. It has been
reported that the activity of RAS is involved in actin dynamics and remodeling upon nutrient
depletion [63, 64]. In addition, previous genome-wide screening studies reported that ynolA
cells show a hypersensitivity to inhibitors of the actin cytoskeleton and that Ynol functionally
regulates the nucleation and elongation step in the biosynthesis of F-actin cables [65, 66].
Taken together, these findings suggest that the interactive regulation between RAS signaling
and Ynol can be linked through actin dynamics. Meanwhile, the mitochondrial retrograde
pathway is known to regulate many cellular activities and aging in yeast [67]. Given that the
retrograde response has crosstalk with Ras2 [37], it will be of interest to investigate whether
the retrograde signaling links RAS signaling and Ynol.

Our findings suggest that a severe defect in mitochondrial respiration impairs the mainte-
nance of RLS by the accumulation of intracellular ROS rather than the loss of rDNA silencing.
In addition, we suggest that the NADPH oxidase Ynol significantly contributes to replicative
aging by regulating ROS production in cells lacking respiratory activity along with RAS signal-
ing. This study highlights the complex and multifaceted effects of ROS accumulation in yeast,
which are relevant to the physiology of aging of higher organisms. Given that dysfunctional
mitochondria are known to be connected with age-related metabolic and degenerative dis-
eases, our results also provide implications for the mechanisms underlying cancerogenesis,
neurodegenerative disease, diabetes, and obesity.

Supporting information

S1 Fig. Comparative analysis of the mitochondrial respiration capacity in used strains.
10-fold serial dilutions of wild-type (WT), rho®, cyc3A, shyIA, cox5aA, and cycIA cells were
spotted on YPG medium. The respiratory capacity of the indicated strains was assessed by
monitoring the growth of 10-fold serial dilution of cells on YPG media. YPD medium was
used as a control.

(PDF)

S2 Fig. Determination of intracellular ROS level by flow cytometry. (A and B) Wild-type
(WT) cells were grown and their fluorescence was analyzed without the indicated ROS probes.
Based on this, the fluorescence output was set to zero. Any cells that have a value above zero
were counted as P2. (C) Intracellular ROS levels in the indicated strains were detected with
DHE. (D) Cells with high ROS were calculated as a percentage of cells with higher fluorescence
intensity than the maximum fluorescence intensity of control sample without the ROS indica-
tor. Values represent the average of three independent experiments, and error bars indicate
the standard deviation. All asterisks indicate P<0.01, compared with WT cells (one-way
ANOVA).

(PDF)

$3 Fig. Quantification of protein oxidation, TOR, and PKA activity. (A) Carbonylated pro-
teins in wild-type (WT), rho’, cyc3A, shylA, cox5aA, cycIA, and WT cells treated with 3 pg/ml
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AA or 10 pg/ml OM were detected using Oxidized Protein Detection kit. The relative change
in protein oxidation was calculated as the ratio of carbonylated proteins in the indicated strain
to those of WT cells. (B) Total protein was extracted from WT, rho®, cyc3A, shylA, WT cells
treated with 3 pug/ml AA or 10 pg/ml OM, and WT cells under nitrogen starvation. All cells
harbor pRS416-SCH9"*"°*-5HA. Immunoblotting was performed using a mouse anti-HA
antibody. Then the relative ratio of phosphorylated to unphosphorylated forms of Sch9 was
calculated. (C) Total protein was extracted from W'T, rho’, cyc3A, shyIA, WT cells treated with
3 ug/ml AA or 10 pg/ml OM, WT cells expressing constitutively active RAS2**"® (19V), and
WT cells under glucose starvation. All cells harbor pRS423-CUP1-6xMY C-cki1>200(5125/1304),
Immunoblotting was performed using a mouse anti-Myc antibody. Then the relative ratio of
phosphorylated to unphosphorylated forms of Ckil was calculated. All values represent the
average of three independent experiments, and error bars indicate the standard deviation. All
asterisks indicate P<0.01, compared with WT cells (one-way ANOVA).

(PDF)

$4 Fig. Determination of intracellular ROS levels affected by RAS and Ynol in rho® cells
using H,DCFDA. (A, B, and C) Intracellular ROS levels in the indicated strains were detected
with H,DCFDA. Fluorescence was analyzed using a BD FACS Canto II flow cytometer.

(PDF)

S5 Fig. Determination of intracellular ROS levels affected by RAS and Ynol in rho® cells
using DHE. (A) Intracellular ROS levels in the indicated strains were detected with DHE.
Fluorescence was analyzed using a BD FACS Canto II flow cytometer. (B) Cells with high ROS
were calculated as a percentage of cells with higher fluorescence intensity than the maximum
fluorescence intensity of control sample without the ROS indicator. Values represent the aver-
age of three independent experiments, and error bars indicate the standard deviation. All
asterisks indicate P<0.01, compared with rho® cells (one-way ANOVA).

(PDF)

S6 Fig. Quantification of protein oxidation affected by RAS and Ynol in rho® cells. (A and
B) Carbonylated proteins in the indicated strains were detected using Oxidized Protein Detec-
tion kit. Then the relative change in protein oxidation was calculated as the ratio of carbony-
lated proteins in the indicated strain to those of WT cells. Values represent the average of three
independent experiments, and error bars indicate the standard deviation. All asterisks indicate
P<0.01, compared with rho” cells (one-way ANOVA).

(PDF)

S1 Table. Yeast strains used in this study.
(DOCX)

S2 Table. Primers used for plasmid construction.
(DOCX)

$3 Table. Primers used for quantitative PCR.
(DOCX)

Acknowledgments

This work was supported by the National Research Foundation of Korea grant
(2015R1A2A1A01007871) funded by the Ministry of Education, Science and Technology,
Republic of Korea.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198619.s009
https://doi.org/10.1371/journal.pone.0198619

@° PLOS | ONE

Mitochondrial dysfunction reduces yeast replicative lifespan

Author Contributions

Conceptualization: Dae-Gwan Yi, Won-Ki Huh.

Data curation: Dae-Gwan Yi, Sujin Hong.

Formal analysis: Dae-Gwan Yi, Sujin Hong.

Funding acquisition: Won-Ki Huh.

Investigation: Dae-Gwan Yi, Sujin Hong, Won-Ki Huh.
Methodology: Dae-Gwan Yi, Sujin Hong.

Project administration: Won-Ki Huh.

Resources: Won-Ki Huh.

Supervision: Won-Ki Huh.

Validation: Dae-Gwan Yi, Sujin Hong.

Writing - original draft: Dae-Gwan Yi, Sujin Hong, Won-Ki Huh.
Writing - review & editing: Won-Ki Huh.

References

1. Fontanal, Partridge L, Longo VD. Extending healthy life span—from yeast to humans. Science. 2010;
328(5976):321-6. https://doi.org/10.1126/science.1172539 PMID: 20395504

2. Kaeberlein M. Lessons on longevity from budding yeast. Nature. 2010; 464(7288):513-9. https://doi.
org/10.1038/nature08981 PMID: 20336133

3. Fabrizio P, Longo VD. The chronological life span of Saccharomyces cerevisiae. Aging Cell. 2003; 2
(2):73-81. PMID: 12882320

4. Mortimer RK, Johnston JR. Life span of individual yeast cells. Nature. 1959; 183(4677):1751-2. PMID:
13666896

5. Sinclair DA, Guarente L. Extrachromosomal rDNA circles—a cause of aging in yeast. Cell. 1997; 91
(7):1033-42. PMID: 9428525

6. Defossez P-A, Prusty R, Kaeberlein M, Lin S-J, Ferrigno P, Silver PA, et al. Elimination of replication
block protein Fob1 extends the life span of yeast mother cells. Mol Cell. 1999; 3(4):447-55. PMID:
10230397

7. Erjavec N, Cvijovic M, Klipp E, Nystrom T. Selective benefits of damage partitioning in unicellular sys-
tems and its effects on aging. Proc Natl Acad Sci. 2008; 105(48):18764-9. https://doi.org/10.1073/
pnas.0804550105 PMID: 19020097

8. Aguilaniu H, Gustafsson L, Rigoulet M, Nystrdom T. Asymmetric inheritance of oxidatively damaged pro-
teins during cytokinesis. Science. 2003; 299(5613):1751-3. https://doi.org/10.1126/science.1080418
PMID: 12610228

9. Erjavec N, Larsson L, Grantham J, Nystrém T. Accelerated aging and failure to segregate damaged
proteins in Sir2 mutants can be suppressed by overproducing the protein aggregation-remodeling factor
Hsp104p. Genes Dev. 2007; 21(19):2410-21. https://doi.org/10.1101/gad.439307 PMID: 17908928

10. Grune T, Jung T, Merker K, Davies KJ. Decreased proteolysis caused by protein aggregates, inclusion
bodies, plaques, lipofuscin, ceroid, and ‘aggresomes’ during oxidative stress, aging, and disease. Int J Bio-
chem Cell Biol. 2004; 36(12):2519-30. https://doi.org/10.1016/j.biocel.2004.04.020 PMID: 15325589

11. Bota DA, Davies KJ. Lon protease preferentially degrades oxidized mitochondrial aconitase by an ATP-
stimulated mechanism. Nat Cell Biol. 2002; 4(9):674—-80. https://doi.org/10.1038/ncb836 PMID: 12198491

12. Bratic A, Larsson N-G. The role of mitochondria in aging. J Clin Invest. 2013; 123(3):951-7. https://doi.
org/10.1172/JCI164125 PMID: 23454757

13. Ldpez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 2013; 153
(6):1194-217. https://doi.org/10.1016/j.cell.2013.05.039 PMID: 23746838

14. Hayes P, Knaus UG. Balancing reactive oxygen species in the epigenome: NADPH oxidases as target
and perpetrator. Antioxid Redox Signal. 2013; 18(15):1937—45. https://doi.org/10.1089/ars.2012.4895
PMID: 23126619

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 15/18


https://doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
https://doi.org/10.1038/nature08981
https://doi.org/10.1038/nature08981
http://www.ncbi.nlm.nih.gov/pubmed/20336133
http://www.ncbi.nlm.nih.gov/pubmed/12882320
http://www.ncbi.nlm.nih.gov/pubmed/13666896
http://www.ncbi.nlm.nih.gov/pubmed/9428525
http://www.ncbi.nlm.nih.gov/pubmed/10230397
https://doi.org/10.1073/pnas.0804550105
https://doi.org/10.1073/pnas.0804550105
http://www.ncbi.nlm.nih.gov/pubmed/19020097
https://doi.org/10.1126/science.1080418
http://www.ncbi.nlm.nih.gov/pubmed/12610228
https://doi.org/10.1101/gad.439307
http://www.ncbi.nlm.nih.gov/pubmed/17908928
https://doi.org/10.1016/j.biocel.2004.04.020
http://www.ncbi.nlm.nih.gov/pubmed/15325589
https://doi.org/10.1038/ncb836
http://www.ncbi.nlm.nih.gov/pubmed/12198491
https://doi.org/10.1172/JCI64125
https://doi.org/10.1172/JCI64125
http://www.ncbi.nlm.nih.gov/pubmed/23454757
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1089/ars.2012.4895
http://www.ncbi.nlm.nih.gov/pubmed/23126619
https://doi.org/10.1371/journal.pone.0198619

@° PLOS | ONE

Mitochondrial dysfunction reduces yeast replicative lifespan

15.

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fransen M, Nordgren M, Wang B, Apanasets O. Role of peroxisomes in ROS/RNS-metabolism: impli-
cations for human disease. Biochim Biophys Acta. 2012; 1822(9):1363-73. https://doi.org/10.1016/].
bbadis.2011.12.001 PMID: 22178243

Tavender TJ, Bulleid NJ. Molecular mechanisms regulating oxidative activity of the Ero1 family in the
endoplasmic reticulum. Antioxid Redox Signal. 2010; 13(8):1177-87. https://doi.org/10.1089/ars.2010.
3230 PMID: 20486761

Sesti F, Liu S, Cai S-Q. Oxidation of potassium channels by ROS: a general mechanism of aging and
neurodegeneration? Trends Cell Biol. 2010; 20(1):45-51. https://doi.org/10.1016/j.tcb.2009.09.008
PMID: 19850480

Cassarino DS, Bennett JP. An evaluation of the role of mitochondria in neurodegenerative diseases:
mitochondrial mutations and oxidative pathology, protective nuclear responses, and cell death in neuro-
degeneration. Brain Res Rev. 1999; 29(1):1-25. PMID: 9974149

Harman D. Aging: a theory based on free radical and radiation chemistry. J Gerontol. 1956; 11(3):298—
300. PMID: 13332224

Leadsham JE, Sanders G, Giannaki S, Bastow EL, Hutton R, Naeimi WR, et al. Loss of cytochrome ¢
oxidase promotes RAS-dependent ROS production from the ER resident NADPH oxidase, Yno1p, in
yeast. Cell Metab. 2013; 18(2):279-86. https://doi.org/10.1016/j.cmet.2013.07.005 PMID: 23931758

Sherman F. Getting started with yeast. Methods Enzymol. 2002; 350:3—41. PMID: 12073320

Longtine MS, McKenzie A Ill, Demarini DJ, Shah NG, Wach A, Brachat A, et al. Additional modules for
versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevisiae.
Yeast. 1998; 14(10):953-61. https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AlD-
YEA293>3.0.CO;2-U PMID: 9717241

Graef M, Nunnari J. Mitochondria regulate autophagy by conserved signalling pathways. The EMBO
journal. 2011; 30(11):2101-14. https://doi.org/10.1038/emboj.2011.104 PMID: 21468027

Yi D-G, Huh W-K. PKA, PHO and stress response pathways regulate the expression of UDP-glucose
pyrophosphorylase through Msn2/4 in budding yeast. FEBS Lett. 2015; 589(18):2409-16. https://doi.
org/10.1016/j.febslet.2015.07.015 PMID: 26188548

Yi DG, Kim MJ, Choi JE, Lee J, Jung J, Huh W-K, et al. Yap1 and Skn7 genetically interact with Rad51
in response to oxidative stress and DNA double-strand break in Saccharomyces cerevisiae. Free Radic
Biol Med. 2016; 101:424-33. https://doi.org/10.1016/j.freeradbiomed.2016.11.005 PMID: 27838435

Deminoff SJ, Howard SC, Hester A, Warner S, Herman PK. Using substrate-binding variants of the
cAMP-dependent protein kinase to identify novel targets and a kinase domain important for substrate
interactions in Saccharomyces cerevisiae. Genetics. 2006; 173(4):1909—-17. https://doi.org/10.1534/
genetics.106.059238 PMID: 16751660

Urban J, Soulard A, Huber A, Lippman S, Mukhopadhyay D, Deloche O, et al. Sch9 is a major target of
TORCH1 in Saccharomyces cerevisiae. Mol Cell. 2007; 26(5):663—74. https://doi.org/10.1016/j.molcel.
2007.04.020 PMID: 17560372

Park PU, Mcvey M, Guarente L. Separation of mother and daughter cells. Methods Enzymol. 2002;
351:468-77. PMID: 12073364

Huang J, Brito IL, Villén J, Gygi SP, Amon A, Moazed D. Inhibition of homologous recombination by a
cohesin-associated clamp complex recruited to the rDNA recombination enhancer. Genes Dev. 2006;
20(20):2887-901. https://doi.org/10.1101/gad.1472706 PMID: 17043313

Ray A, Hector RE, Roy N, Song J-H, Berkner KL, Runge KW. Sir3p phosphorylation by the Sit2p path-
way effects redistribution of silencing function and shortened lifespan. Nat Genet. 2003; 33(4):522—6.
https://doi.org/10.1038/ng1132 PMID: 12640455

Smith JS, Boeke JD. An unusual form of transcriptional silencing in yeast ribosomal DNA. Genes Dev.
1997; 11(2):241-54. PMID: 9009206

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2~ 22CT method. Methods. 2001; 25(4):402-8. https://doi.org/10.1006/meth.2001.1262 PMID:
11846609

Kaeberlein M, McVey M, Guarente L. The SIR2/3/4 complex and SIR2 alone promote longevity in Sac-
charomyces cerevisiae by two different mechanisms. Genes Dev. 1999; 13(19):2570-80. PMID:
10521401

Gourlay CW, Ayscough KR. Actin-induced hyperactivation of the Ras signaling pathway leads to apo-
ptosis in Saccharomyces cerevisiae. Mol Cell Biol. 2006; 26(17):6487-501. https://doi.org/10.1128/
MCB.00117-06 PMID: 16914733

Bonawitz ND, Rodeheffer MS, Shadel GS. Defective mitochondrial gene expression results in reactive
oxygen species-mediated inhibition of respiration and reduction of yeast life span. Mol Cell Biol. 2006;
26(13):4818-29. https://doi.org/10.1128/MCB.02360-05 PMID: 16782871

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 16/18


https://doi.org/10.1016/j.bbadis.2011.12.001
https://doi.org/10.1016/j.bbadis.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22178243
https://doi.org/10.1089/ars.2010.3230
https://doi.org/10.1089/ars.2010.3230
http://www.ncbi.nlm.nih.gov/pubmed/20486761
https://doi.org/10.1016/j.tcb.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19850480
http://www.ncbi.nlm.nih.gov/pubmed/9974149
http://www.ncbi.nlm.nih.gov/pubmed/13332224
https://doi.org/10.1016/j.cmet.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23931758
http://www.ncbi.nlm.nih.gov/pubmed/12073320
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/9717241
https://doi.org/10.1038/emboj.2011.104
http://www.ncbi.nlm.nih.gov/pubmed/21468027
https://doi.org/10.1016/j.febslet.2015.07.015
https://doi.org/10.1016/j.febslet.2015.07.015
http://www.ncbi.nlm.nih.gov/pubmed/26188548
https://doi.org/10.1016/j.freeradbiomed.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27838435
https://doi.org/10.1534/genetics.106.059238
https://doi.org/10.1534/genetics.106.059238
http://www.ncbi.nlm.nih.gov/pubmed/16751660
https://doi.org/10.1016/j.molcel.2007.04.020
https://doi.org/10.1016/j.molcel.2007.04.020
http://www.ncbi.nlm.nih.gov/pubmed/17560372
http://www.ncbi.nlm.nih.gov/pubmed/12073364
https://doi.org/10.1101/gad.1472706
http://www.ncbi.nlm.nih.gov/pubmed/17043313
https://doi.org/10.1038/ng1132
http://www.ncbi.nlm.nih.gov/pubmed/12640455
http://www.ncbi.nlm.nih.gov/pubmed/9009206
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/10521401
https://doi.org/10.1128/MCB.00117-06
https://doi.org/10.1128/MCB.00117-06
http://www.ncbi.nlm.nih.gov/pubmed/16914733
https://doi.org/10.1128/MCB.02360-05
http://www.ncbi.nlm.nih.gov/pubmed/16782871
https://doi.org/10.1371/journal.pone.0198619

@° PLOS | ONE

Mitochondrial dysfunction reduces yeast replicative lifespan

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Aguilaniu H, Gustafsson L, Rigoulet M, Nystrom T. Protein oxidation in Gg cells of Saccharomyces cere-
visiae depends on the state rather than rate of respiration and is enhanced in pos9but not yap1
mutants. J Biol Chem. 2001; 276(38):35396—404. https://doi.org/10.1074/jbc.M101796200 PMID:
11431467

Kirchman PA, Kim S, Lai C-Y, Jazwinski SM. Interorganelle signaling is a determinant of longevity in
Saccharomyces cerevisiae. Genetics. 1999; 152(1):179-90. PMID: 10224252

Ocampo A, Liu J, Schroeder EA, Shadel GS, Barrientos A. Mitochondrial respiratory thresholds regu-
late yeast chronological life span and its extension by caloric restriction. Cell Metab. 2012; 16(1):55-67.
https://doi.org/10.1016/j.cmet.2012.05.013 PMID: 22768839

Ha CW, Huh WK. Rapamycin increases rDNA stability by enhancing association of Sir2 with rDNA in
Saccharomyces cerevisiae. Nucleic Acids Res. 2011; 39(4):1336-50. https://doi.org/10.1093/nar/
gkq895 PMID: 20947565; PubMed Central PMCID: PMCPMC3045593.

Kaeberlein M, McVey M, Guarente L. The SIR2/3/4 complex and SIR2 alone promote longevity in Sac-
charomyces cerevisiae by two different mechanisms. Genes Dev. 1999; 13(19):2570-80. PMID:
10521401

Jakubowski W, Bartosz G. 2, 7-dichlorofluorescin oxidation and reactive oxygen species: what does it
measure? Cell Biol Int. 2000; 24(10):757-60. https://doi.org/10.1006/cbir.2000.0556 PMID: 11023655

Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R. Protein carbonyl groups as biomarkers of
oxidative stress. Clin Chim Acta. 2003; 329(1):23-38.

Hlavata L, Nachin L, Jezek P, Nystrom T. Elevated Ras/protein kinase A activity in Saccharomyces cer-
evisiae reduces proliferation rate and lifespan by two different reactive oxygen species-dependent
routes. Aging Cell. 2008; 7(2):148-57. https://doi.org/10.1111/.1474-9726.2007.00361.x PMID:
18081742

Pan Y, Schroeder EA, Ocampo A, Barrientos A, Shadel GS. Regulation of yeast chronological life span
by TORCH1 via adaptive mitochondrial ROS signaling. Cell Metab. 2011; 13(6):668-78. https://doi.org/
10.1016/j.cmet.2011.03.018 PMID: 21641548

Wullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabolism. Cell. 2006; 124(3):471—
84. https://doi.org/10.1016/j.cell.2006.01.016 PMID: 16469695

Budovskaya YV, Stephan JS, Reggiori F, Klionsky DJ, Herman PK. The Ras/cAMP-dependent protein
kinase signaling pathway regulates an early step of the autophagy process in Saccharomyces cerevi-
siae. J Biol Chem. 2004; 279(20):20663—71. https://doi.org/10.1074/jbc.M400272200 PMID: 15016820

Toda T, Uno |, Ishikawa T, Powers S, Kataoka T, Broek D, et al. In yeast, RAS proteins are controlling
elements of adenylate cyclase. Cell. 1985; 40(1):27-36. PMID: 2981630

Thevelein JM, De Winde JH. Novel sensing mechanisms and targets for the cAMP—protein kinase A
pathway in the yeast Saccharomyces cerevisiae. Mol Microbiol. 1999; 33(5):904—18. PMID: 10476026

Rubio-Texeira M, Van Zeebroeck G, Voordeckers K, Thevelein JM. Saccharomyces cerevisiae plasma
membrane nutrient sensors and their role in PKA signaling. FEMS Yeast Res. 2010; 10(2):134—49.
https://doi.org/10.1111/j.1567-1364.2009.00587.x PMID: 19849717

Smets B, Ghillebert R, De Snijder P, Binda M, Swinnen E, De Virgilio C, et al. Life in the midst of scar-
city: adaptations to nutrient availability in Saccharomyces cerevisiae. Curr Genet. 2010; 56(1):1-32.
https://doi.org/10.1007/s00294-009-0287-1 PMID: 20054690

Umebayashi K, Fukuda R, Hirata A, Horiuchi H, Nakano A, Ohta A, et al. Activation of the Ras-cAMP
signal transduction pathway inhibits the proteasome-independent degradation of misfolded protein
aggregates in the endoplasmic reticulum lumen. J Biol Chem. 2001; 276(44):41444-54. https://doi.org/
10.1074/jbc.M105829200 PMID: 11526112

Aerts AM, Zabrocki P, Govaert G, Mathys J, Carmona-Gutierrez D, Madeo F, et al. Mitochondrial dys-
function leads to reduced chronological lifespan and increased apoptosis in yeast. FEBS Lett. 2009;
583(1):113-7. https://doi.org/10.1016/j.febslet.2008.11.028 PMID: 19059240

Miceli MV, Jiang JC, Tiwari A, Rodriguez-Quifiones JF, Jazwinski SM. Loss of mitochondrial membrane
potential triggers the retrograde response extending yeast replicative lifespan. Front Genet. 2011; 2.

Woo DK, Poyton RO. The absence of a mitochondrial genome in rho® yeast cells extends lifespan inde-
pendently of retrograde regulation. Exp Gerontol. 2009; 44(6):390—7.

Wallace DC. Animal models for mitochondrial disease. Methods Mol Biol. 2002:3-54.

Dirick L, Bendris W, Loubiere V, Gostan T, Gueydon E, Schwob E. Metabolic and environmental condi-
tions determine nuclear genomic instability in budding yeast lacking mitochondrial DNA. G3 (Bethesda).
2014; 4(3):411-28.

Maris AF, Assumpcéo AL, Bonatto D, Brendel M, Henriques JAP. Diauxic shift-induced stress resis-

tance against hydroperoxides in Saccharomyces cerevisiae is not an adaptive stress response and
does not depend on functional mitochondria. Curr Genet. 2001; 39(3):137—49. PMID: 11409175

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 17/18


https://doi.org/10.1074/jbc.M101796200
http://www.ncbi.nlm.nih.gov/pubmed/11431467
http://www.ncbi.nlm.nih.gov/pubmed/10224252
https://doi.org/10.1016/j.cmet.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22768839
https://doi.org/10.1093/nar/gkq895
https://doi.org/10.1093/nar/gkq895
http://www.ncbi.nlm.nih.gov/pubmed/20947565
http://www.ncbi.nlm.nih.gov/pubmed/10521401
https://doi.org/10.1006/cbir.2000.0556
http://www.ncbi.nlm.nih.gov/pubmed/11023655
https://doi.org/10.1111/j.1474-9726.2007.00361.x
http://www.ncbi.nlm.nih.gov/pubmed/18081742
https://doi.org/10.1016/j.cmet.2011.03.018
https://doi.org/10.1016/j.cmet.2011.03.018
http://www.ncbi.nlm.nih.gov/pubmed/21641548
https://doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
https://doi.org/10.1074/jbc.M400272200
http://www.ncbi.nlm.nih.gov/pubmed/15016820
http://www.ncbi.nlm.nih.gov/pubmed/2981630
http://www.ncbi.nlm.nih.gov/pubmed/10476026
https://doi.org/10.1111/j.1567-1364.2009.00587.x
http://www.ncbi.nlm.nih.gov/pubmed/19849717
https://doi.org/10.1007/s00294-009-0287-1
http://www.ncbi.nlm.nih.gov/pubmed/20054690
https://doi.org/10.1074/jbc.M105829200
https://doi.org/10.1074/jbc.M105829200
http://www.ncbi.nlm.nih.gov/pubmed/11526112
https://doi.org/10.1016/j.febslet.2008.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19059240
http://www.ncbi.nlm.nih.gov/pubmed/11409175
https://doi.org/10.1371/journal.pone.0198619

@° PLOS | ONE

Mitochondrial dysfunction reduces yeast replicative lifespan

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Golla U, Joseph D, Tomar RS. Combined Transcriptomics and Chemical-Genetics Reveal Molecular
Mode of Action of Valproic acid, an Anticancer Molecule using Budding Yeast Model. Sci Rep. 2016; 6.

Copeland JM, Cho J, Lo T, Hur JH, Bahadorani S, Arabyan T, et al. Extension of Drosophila life span by
RNA:i of the mitochondrial respiratory chain. Curr Biol. 2009; 19(19):1591-8. https://doi.org/10.1016/.
cub.2009.08.016 PMID: 19747824

Dell’Agnello C, Leo S, Agostino A, Szabadkai G, Tiveron C, Zulian A, et al. Increased longevity and
refractoriness to Ca®*-dependent neurodegeneration in Surf1 knockout mice. Hum Mol Genet. 2007; 16
(4):431-44. https://doi.org/10.1093/hmg/ddI477 PMID: 17210671

Lee SS, Lee RY, Fraser AG, Kamath RS, Ahringer J, Ruvkun G. A systematic RNAi screen identifies a
critical role for mitochondria in C. elegans longevity. Nat Genet. 2003; 33(1):40-8. https://doi.org/10.
1038/ng1056 PMID: 12447374

Liu X, Jiang N, Hughes B, Bigras E, Shoubridge E, Hekimi S. Evolutionary conservation of the clk-1-
dependent mechanism of longevity: loss of mclk1 increases cellular fitness and lifespan in mice. Genes
Dev. 2005; 19(20):2424—-34. https://doi.org/10.1101/gad.1352905 PMID: 16195414

Gourlay CW, Ayscough KR. Identification of an upstream regulatory pathway controlling actin-mediated
apoptosis in yeast. J Cell Sci. 2005; 118(10):2119-32.

Leadsham JE, Miller K, Ayscough KR, Colombo S, Martegani E, Sudbery P, et al. Whi2p links nutritional
sensing to actin-dependent Ras-cAMP-PKA regulation and apoptosis in yeast. J Cell Sci. 2009; 122
(5):706-15.

Hillenmeyer ME, Fung E, Wildenhain J, Pierce SE, Hoon S, Lee W, et al. The chemical genomic portrait
of yeast: uncovering a phenotype for all genes. Science. 2008; 320(5874):362-5. https://doi.org/10.
1126/science.1150021 PMID: 18420932

Rinnerthaler M, Bittner S, Laun P, Heeren G, Felder TK, Klinger H, et al. Yno1p/Aim14p, a NADPH-oxi-
dase ortholog, controls extramitochondrial reactive oxygen species generation, apoptosis, and actin
cable formation in yeast. Proc Natl Acad Sci. 2012; 109(22):8658—-63. https://doi.org/10.1073/pnas.
1201629109 PMID: 22586098

Butow RA, Avadhani NG. Mitochondrial signaling: the retrograde response. Mol Cell. 2004; 14(1):1-15.
PMID: 15068799

PLOS ONE | https://doi.org/10.1371/journal.pone.0198619 June 18,2018 18/18


https://doi.org/10.1016/j.cub.2009.08.016
https://doi.org/10.1016/j.cub.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19747824
https://doi.org/10.1093/hmg/ddl477
http://www.ncbi.nlm.nih.gov/pubmed/17210671
https://doi.org/10.1038/ng1056
https://doi.org/10.1038/ng1056
http://www.ncbi.nlm.nih.gov/pubmed/12447374
https://doi.org/10.1101/gad.1352905
http://www.ncbi.nlm.nih.gov/pubmed/16195414
https://doi.org/10.1126/science.1150021
https://doi.org/10.1126/science.1150021
http://www.ncbi.nlm.nih.gov/pubmed/18420932
https://doi.org/10.1073/pnas.1201629109
https://doi.org/10.1073/pnas.1201629109
http://www.ncbi.nlm.nih.gov/pubmed/22586098
http://www.ncbi.nlm.nih.gov/pubmed/15068799
https://doi.org/10.1371/journal.pone.0198619

