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Abstract

Cells respond to accumulation of misfolded proteins in the endoplasmic reticulum (ER) by activating the unfolded protein
response (UPR) signaling pathway. The UPR restores ER homeostasis by degrading misfolded proteins, inhibiting translation,
and increasing expression of chaperones that enhance ER protein folding capacity. Although ER stress and protein
aggregation have been implicated in aging, the role of UPR signaling in regulating lifespan remains unknown. Here we
show that deletion of several UPR target genes significantly increases replicative lifespan in yeast. This extended lifespan
depends on a functional ER stress sensor protein, Ire1p, and is associated with constitutive activation of upstream UPR
signaling. We applied ribosome profiling coupled with next generation sequencing to quantitatively examine translational
changes associated with increased UPR activity and identified a set of stress response factors up-regulated in the long-lived
mutants. Besides known UPR targets, we uncovered up-regulation of components of the cell wall and genes involved in cell
wall biogenesis that confer resistance to multiple stresses. These findings demonstrate that the UPR is an important
determinant of lifespan that governs ER stress and identify a signaling network that couples stress resistance to longevity.
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Introduction

Membrane and secretory proteins fold into their native
conformations in the endoplasmic reticulum (ER) assisted by
chaperones, thiol-disulfide oxidoreductases and other systems
supporting protein post-translational control. Impairments in this
complex process cause unfolded proteins to accumulate, provoking
ER stress. Adaptation to ER stress is dependent on the unfolded
protein response (UPR) signaling pathway that senses accumula-
tion of unfolded proteins in the ER and restores ER homeostasis
by (i) temporarily inhibiting protein synthesis, (ii) degrading
misfolded or unassembled proteins, and (iii) increasing expression
of chaperones and oxidative folding components that facilitate
protein folding [1]. However, depending on the severity and
timing of ER stress, it may also lead to cell death when adaptive
mechanisms fail.

In mammalian cells, the UPR consists of multiple signaling
cascades that are activated by three known ER stress sensor
proteins, inositol-requiring protein 1 (IRE1), activating transcrip-
tion factor 6 (ATF6), and double-stranded RNA-activated protein
kinase-like ER kinase (PERK) [2-4]. Among these signal
transducers, only IRE1 is conserved in budding yeast and is solely
responsible for the UPR activation in Saccharomyces cerevisiae [5,6].

PLOS Genetics | www.plosgenetics.org

Irelp is an ER-localized transmembrane protein, containing
kinase and endoribonuclease (endo-RNase) enzyme activities.
Upon activation by ER stress, Irelp undergoes oligomerization
and autophosphorylation [7,8]. In turn, Irelp autophosphory-
lation activates its endo-RNAse domain, which facilitates the
excision of an intron and unconventional splicing of HACI mRNA
in yeast [9]. Spliced HAC! mRNA codes for a functional
transcription factor capable of inducing transcription of genes
that enhance ER protein folding capacity and alleviating ER stress
[10]. However, Irelp may have other, Haclp transcription factor-
independent functions. In addition to up-regulation of the UPR
target genes, metazoan IRE]1 has been implicated in degradation
of ER-localized mRNAs through its endonuclease activity [11—
13]. Such ER-localized mRNA decay occurs during prolonged
irremediable ER stress due to higher-order oligomerization and
hyperactivation of IRE1 [12]. Thus, IRE] may play a dual role in
cell fate, by both allowing cellular adaptation to increased protein
folding load and promoting apoptosis depending on the severity of
ER stress.

ER stress and protein misfolding are increasingly recognized as
contributing factors to the pathophysiology of age-related diseases
and aging [14]. Moreover, studies involving model organisms
demonstrate that improved ER stress resistance is often associated
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Author Summary

Impaired protein function caused by protein misfolding
and aggregation has been implicated in the development
of age-related diseases and regulation of lifespan. Accu-
mulation of misfolded proteins in the endoplasmic
reticulum, a cellular organelle responsible for protein
folding and trafficking, activates protective signaling
pathways that restore protein homeostasis. One such
conserved signalling pathway is mediated by the protein
misfolding sensor Ire1p and the transcription factor Hac1p,
which up-regulate endoplasmic reticulum chaperones,
oxidative folding components and factors that facilitate
degradation of misfolded proteins to alleviate increased
protein folding demand. Here, we describe the role of the
Ire1p pathway and its downstream targets in regulation of
lifespan in yeast. While the loss of Irel1p itself had little
effect on lifespan, we found that selective inactivation of
the individual protein folding and maturation factors led to
increased longevity. We also provide evidence that this
increased longevity depends on functional Irelp and
induction of multiple cytoprotective pathways that confer
resistance to stress.

with increased lifespan and healthy aging [15-18]. However, the
role of UPR signaling and individual components of ER stress
response in regulating lifespan is not known. In this study, we
mvestigated the contribution of the UPR and its downstream
targets, including chaperones, oxidative folding components and
components of the ER-associated degradation (ERAD), to aging
and examined the mechanism of such regulation in a simple model
organism, S. cerevisiae. We demonstrate that modulation of the
UPR by genetic means can extend yeast lifespan, and that
induction of UPR signaling is required for activation of multiple
stress response pathways that drive lifespan extension.

Results

Components of the ER stress response pathway
differentially modulate replicative lifespan in S. cerevisiae
Analysis of replicative lifespan, which is defined as the number
of times each yeast cell divides before it undergoes senescence, is
based on the ability of budding yeast to divide asymmetrically
producing distinct mother and daughter cells and is often used as
a model of aging in mitotically active cells [19]. To examine the
relationship between ER stress response genes and aging, we
measured replicative lifespan of mutant S. cerevisiae strains lacking
individual components of the UPR and its transcriptional
targets. In addition to /REI and HACI, several downstream
effector genes were analyzed including chaperones (KAR2),
oxidative folding (EROI, EUGI, MPDI1, PDII) and ER-associat-
ed degradation (ERAD) components (DERI, SELI, HRDI), as
well as genes involved in N-linked glycosylation (ALGS3, ALGI12,
DIE2, OST3, OST6) and protein trafficking (BS77) [10,20]. We
found that deletion of either IREI or HACI, two genes that are
involved in sensing accumulation of unfolded proteins in the ER,
did not affect yeast lifespan (Figure 1A, B). Unexpectedly, many
of the downstream UPR target mutants, 9 out of 14, were found
to be significantly long-lived compared to experiment-matched
control wild-type cells (Figure 1C, D and Table 1). Hereafter,
we refer to these mutants as “long-lived ER secretory pathway
mutants” or “long-lived UPR target gene deletion mutants”.
These data demonstrate that components of the ER stress
response pathway may differentially modulate replicative
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lifespan and are important determinants of longevity in S.
cerevisiae.

Lifespan extension in mutants lacking downstream
components of the UPR is associated with elevated basal

UPR activity

The observation that UPR target gene deletions extend lifespan
was counterintuitive, as genes activated by UPR are perceived as
protective factors required to restore ER homeostasis, and their
deletion might be expected to decrease lifespan. The unexpected
and consistent lifespan extension by UPR target gene inactivation
may be attributable to hormesis, a phenomenon by which limited
stress elicits response mechanisms that protect against similar but
higher level stresses associated with aging. To study the molecular
mechanisms by which reduced levels of UPR target genes lead to
lifespan extension, we focused on two well-characterized genes
ALGI2 and BSTI. Algl2p is an enzyme that catalyzes one of the
steps in the synthesis of N-linked glycans [21], whereas Bstlp
performs removal of the inositol acyl group required for the quality
control of ER to Golgi transport of glycosylphosphatidylinositol-
anchored proteins [22].

We hypothesized that deletion of genes downstream of the UPR
may lead to constitutive activation of Irelp and induction of UPR
dependent cytoprotective pathways. To test this hypothesis, we
analyzed whether the level of UPR activity may correlate with the
lifespan in algl24 and bstIA. Analysis of HACI mRNA splicing
was used to monitor the level of UPR activity in wild-type cells and
corresponding mutants that were grown in the absence or
presence of pharmacological ER stressor tunicamycin for 12 h
(Figure 2A). In wild-type cells the basal level of UPR activity was
very low, as evidenced by the fact that most of the detected HAC!
mRNA (99%) represented the unspliced form and only 1%
corresponded to the spliced form. Treatment of wild-type cells
with tunicamycin increased the fraction of spliced HACI mRNA to
31%. In contrast, deficiency of the UPR transcriptional targets,
ALGI12 and BSTI, was associated with increased basal HACI
mRNA splicing (7% and 21% of HACI mRNA was spliced for
algl24 and bstid, respectively). These data were also in good
agreement with ribosome profiling data (see below), which showed
different level of HAC! translational activation in algl/24 and bst1A
mutants. In addition, we confirmed the level of UPR activation by
analyzing the expression of Kar2p, an ER chaperone that is
induced by UPR, and found increased Kar2p levels in the long-
lived mutants, compared to the mutants that do not affect lifespan
(Figure S1A). Taken together, our data indicate that lifespan
extension conferred by deficiency of UPR components down-
stream of Irelp, including ALGI2 and BSTI, is associated with
increased basal UPR activity.

Deletion of IRET and HACT prevents lifespan extension in
UPR target gene deletion mutants

To address whether lifespan extension in strains lacking UPR
target genes is dependent on functional Irelp (an ER stress sensor)
and Haclp (an ER stress-responsive transcription factor), we
generated double mutant strains combining the long-lived alg/24
and bst14 deletions with either wrel4 or haclA. If high basal UPR
activity is required for increased longevity in the ER secretory
pathway mutants, one would predict that deletion of either IRE]
or HACI should attenuate lifespan extension in these mutants.
Consistent with this hypothesis, we observed decreased lifespan in
algl 24irel A and algl 24hacl A double mutants compared to algl24
(p<<0.0001) (Figure 2B and Table S2). Moreover, both double
mutants were significantly shorter-lived than the wild-type strain
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Figure 1. ER stress response genes differentially modulate yeast replicative lifespan. (A-D) Survival curves for ire14, hac14, alg124 and
bst14 deletion strains. Replicative lifespan data for the strains from both the MATa and MATa ORF deletion collections are pooled, and experiment-
matched wild-type cells are shown. Mean lifespans are shown in parentheses.

doi:10.1371/journal.pgen.1004019.g001

(p<<0.0001). Since a single deletion of either /REI or HAC! did not
affect yeast replicative lifespan under unstressed conditions
(Figure 1), these data suggest an adverse genetic interaction of
ALGI12 deletion with that of IREI or HACI. We also found that
lifespan extension conferred by bst/4 deletion was significantly
reduced in bstl Airel A and bstlAhaciA cells (p<<0.0001), and that the
corresponding double mutants had lifespan similar to that of wild-
type cells (Figure 2C). In contrast, deletion of /RE! and HAC! did
not significantly change the lifespan of the long-lived strain
overexpressing Sir2 (SIR20E) as well as fobI4 and tori4 deletion
mutants (Figure S1B, C, and Table S2). Therefore, these genetic
epistasis experiments demonstrate that lifespan extension in the long-
lived UPR target gene mutants is dependent on functional Irelp and
the ability to activate ER stress response. Moreover, deletion of UPR
target genes extends lifespan by mechanisms distinct from those
responsible for the lifespan extension observed under conditions of
increased Sir2 activity or reduced mTOR signaling, a genetic mimic
of dietary restriction [23].

Elevated basal UPR activity in mutants lacking
downstream components of the UPR does not confer
resistance to pharmacologically induced ER stress

It 1s possible that constitutive activation of UPR signaling in the
long-lived ER secretory pathway mutants may lead to increased
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resistance to pharmacologically induced ER stress. To test whether
elevated basal UPR signaling may pre-condition cells against stress
and increase cellular stress resistance, algl24 and bstlA strains
were analyzed for growth in the presence of tunicamycin.
However, both alg/24 and bst14 had decreased resistance to this
pharmacological ER stressor (Figure 2D) suggesting that ALG12
and BST1 deficiency puts cells at a disadvantage in the presence of
ER stress. Moreover, the double mutant strains combining the
long-lived deletions with either weld or haciA completely
abolished the growth of cells in the presence of tunicamycin,
similar to e/ A4 and haclA single mutants (Figure S1D). Together,
these data indicate that Irelp and Haclp are required for lifespan
extension in algl24 and bstI4, but the long lifespan in these
mutants cannot be explained solely by increased ER stress
resistance, at least as measured by tunicamycin resistance.

Ribosome profiling detects translational control by UPR
signaling

To characterize the mechanisms of lifespan extension in the
long-lived ER secretory pathway mutants, we examined genome-
wide translational changes in response to Irelp hyperactivation in
algl24 and bstlA mutants using ribosome profiling. Ribosome
profiling is based on deep sequencing of ribosome-protected
mRNA fragments and provides quantitative data on the translation
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level of thousands of genes [24]. A key advantage of this method is
the much greater sensitivity than that obtained with microarrays as
mRNA abundance is not always a good predictor of protein
synthesis. When coupled with mRNA-sequencing (RNA-seq),
ribosome profiling data can also be used to measure translational
regulation by monitoring translation efficiency (TE).

We hypothesized that deletion of ALGI2 and BSTI leads to
activation of Irelp and induction of cytoprotective pathways. To
test if genes induced by ALGI2 and BST! deficiency are
translationally regulated by the UPR, we first defined the list of
UPR activated genes by measuring changes in mRNA abundance
and protein translation in wild-type cells treated with tunicamycin.
In S. cerevisiae, the UPR has been shown to transcriptionally
activate ~380 genes [10]. Many of these genes encode proteins
that are components of secretory pathway organelles and are
involved in translocation, protein folding, glycosylation, vesicular
trafficking, and ERAD. We found that, following 30 min
treatment with tunicamycin, translational changes were observed
for 170 genes (changed more than 1.5-fold), of which 63 were
down-regulated and 107 were up-regulated (Table S3). Genes up-
regulated by tunicamycin treatment demonstrated a limited
overlap with the genes whose expression was induced by the
UPR as shown by microarray analysis [10] (Figure S2A and
Table S4). As expected, many of the genes were regulated at the
level of transcription, but our analysis also revealed a set of genes
for which the scope of translational activation by the UPR was
much greater compared to transcriptional induction (Figure
S$2B). Moreover, measuring translation rates allowed us to
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Table 1. Regulation of lifespan by ER stress response mutants’.

Deletion Experiment-matched Control % Mean RLS Change Ranksum P-Value
Genotype Mean RLS N Genotype Mean RLS N

UPR

irel4 26.1 315 WT 264 315 —1.1 0.9562
hac14 26.8 220 WT 26.8 220 0.0 0.7649
Oxidoreductases

ero1-DAmP 28.1 160 WT 220 160 28.1 <0.0001
eugla 29.8 205 WT 26.8 225 11.2 0.0037
mpdi4 27.6 115 WT 23.6 115 16.9 0.0206
pdi1-DAmP 24.7 70 WT 252 70 —20 0.6599
ERAD

hrd14 294 325 WT 249 364 18.1 <0.0001
der14 29.0 295 WT 24.9 314 16.5 <0.0001
sel14 20.0 119 WT 263 120 —24.0 <0.0001
N-linked glycosylation

alg124 30.7 345 WT 264 404 16.3 <0.0001
alg34 285 240 WT 26.0 240 9.6 0.0027
die2A 213 80 WT 25.6 80 —16.8 0.0032
ost34 284 75 WT 237 75 19.8 0.0058
ost64 253 80 WT 24.6 80 2.8 0.4617
Protein trafficking

bst14 338 235 WT 27.0 245 25.2 <0.0001
Chaperones

kar2-DAmP 15.5 70 WT 25.2 70 —385 <0.0001
*Replicative lifespan data were pooled for strains from both the MATa and MATa ORF deletion collections (See Table S1 for lifespan data obtained for each mating
type separately).

doi:10.1371/journal.pgen.1004019.t001

examine the relative contribution of translational regulation to
both up-regulated and down-regulated changes. At the level of
mRNA abundance, there were significantly fewer down-regulated
genes (out of 241 genes that changed expression, 220 genes were
induced and 21 were repressed) than genes repressed at the
translational level (63 genes). The fact that there were more genes
whose expression was reduced at the translational level indicates
that UPR largely induces genes at the level of transcription,
whereas UPR repressed genes are mostly regulated at the level of
protein translation.

Deletion of ALG12 and BST1 leads to transcriptional and

translational induction of multiple stress response genes

We next used ribosome profiling to detect translational changes
in the long-lived alg/24 and bstI4 mutants and found enhanced
expression of UPR target genes, which correlated with increased
HACT mRNA splicing and production of Haclp. We observed ~3
and 12-fold increase in Haclp production in alg/24 and bstiA,
respectively (Figure 3A, B). In the case of the alg/24 mutant,
more than 1.5-fold increase in protein production was observed for
34 genes, whereas 16 genes were down-regulated (Table S5).
Compared to algl24, BSTI deficiency resulted in a much stronger
translational regulation. In the bst/4 mutant, translational changes
were observed for 373 genes (52 genes were repressed and 321
genes were induced) (Table S6). As expected, there was a
significant overlap with the genes that were up-regulated by
tunicamycin treatment (Figure S83). Known UPR targets,
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Figure 2. Extended lifespan in alg724/ and bst]4 mutants is dependent on functional Ire1p and Haclp and is associated with
increased basal UPR activity. (A) Analysis of HACT mRNA splicing in wild-type, alg124 and bst14 cells treated with or without 1 ug/ml
tunicamycin for 1 h. Sliced (spl) and unslpliced (us) HACT mRNA were detected by RT-PCR. The image was inverted to negative for better clarity. (B, C)
Survival curves for alg124 and bst14 and the corresponding double mutant strains combining the long-lived gene deletion with either ire14 or
hac14. (D) Sensitivity of alg124 and bst14 and the corresponding double mutant strains to ER stress. For each strain 10x serial dilutions of
logarithmically growing cells were spotted on agar plates without the drug (untreated) or plates containing 0.2 pg/ml tunicamycin (TM). Pictures

were taken after 48 h incubation at 30°C.
doi:10.1371/journal.pgen.1004019.g002

including chaperones (KAR2, LHS1, JEM]I, S(j1), oxidoreductases
(EROI1, MPDI1, EUGI, PDII) and genes involved in glycosylation
(PMT3) and ERAD (4DD37 and HRDI) were among the top hits
(Figure 3C and Table S5 and S6). In addition, genes involved in
many other ER secretory pathway processes were induced
including  glycophospatidylinositol anchor synthesis (Z£RI],
MCD4, GWTI), lipid biogenesis (INO4, SCS3), and vesicular
trafficking (MVBI12, ERV29). Although many more of the UPR
target genes were induced in the bst/4 mutant compared to
algl 24, the lower extent of induction in alg! 24 mutant cells can be
explained by the lower level of ER stress and reduced HAC!
splicing.

In addition to genes associated with secretory pathway function,
both of the long-lived mutants showed enrichment in genes with
functions in mRNA splicing and degradation (CWC21, CW(25,
DCSI), iron homeostasis (ARN2, FIT1, FIT3, FTHI, HMXI,
T1S11/CTH?2), mitochondrial protein quality control and sorting
(MGRI, MSPI), as well as multiple stress response pathways
(DDR2, HOR7, HLR1, LOT6, TSL1, DOG2, ICTI1, SEDI, CRGI)
[25-33].

Similar to the tunicamycin treated cells, the number of genes
whose translation was increased in alg/24 and bst/4 mutants
exceeded the number of down-regulated genes (Figure 4A). To
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analyze if any of the observed differences can be explained by
translational control, we calculated TE for each mRNA, which
represents the relative number of footprints normalized to mRNA
abundance. A significantly larger fraction of genes whose TE
changed more than 1.5-fold had a decreased TE rather than
increased (Figure 4B). These data are consistent with the overall
down-regulation of protein synthesis during ER stress. However,
several genes showed translational activation in alg/24 and bstiA
mutants as well as in tunicamycin treated cells. Among these
genes, HACI and ERII were strongly regulated at the level of
translation, but were not up-regulated transcriptionally.

Induction of the cell wall integrity signaling in alg12A
and bstTA

Gene ontology analyses (DAVID) [34] of footprint data revealed
that a number of genes up-regulated in the long-lived mutants are
mvolved in cellular response to stress (Figure 5A). A second
cluster of genes that were expressed at higher level in alg/24 and
bst]A mutants comprises of cell wall components and genes
involved in cell wall biogenesis. The induction of cell wall
components in the long-lived strains was particularly appealing, as
it suggested a link between the UPR, stress resistance and
increased longevity. Many of the genes that code for proteins of
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doi:10.1371/journal.pgen.1004019.g003

the cell wall have been implicated in resistance to multiple
stressors, and are known to be regulated by the cell wall integrity
(CWI) pathway. The CWI pathway responds to cell wall stress
through several cell-surface sensors (Wsclp, Wsc2p, Wsc3p,
Mid2p and Mtllp) [35] that activate a small G protein, Rholp.
Activation of Rholp triggers a MAPK signaling cascade leading
to transcriptional up-regulation of CWI target genes through
two transcription factors Rlmlp and SBF (Swidp/Swi6p).
Among other targets, CWI regulates synthesis of B-glucan and
biogenesis of cell wall components. Strikingly, among genes that
were up-regulated in the long-lived mutants were MIDZ2 stress
sensor, SLT2/MPK1 MAPK kinase, and RLM]I transcription
factor. We also observed increased expression of Rlmlp
transcription factor targets in bst/4 mutant including genes
involved in cell wall biogenesis (B-glucan synthases GSC2/FKS2
and FKESI, chitin synthase CHS3) and multiple cell wall
components (BGL2, CIS3, CWPI, CWP2, CRHI, SEDI
YLR194C) [36]. To test if the CWI pathway is important for
the lifespan extension in alg/24 and bst/A mutants, we tested
sensitivity of these strains to calcofluor white and congo red,
which are known pharmacological inducers of the cell wall
stress. Consistent with activation of the CWI signaling, we
observed increased resistance of both algl/24 and bst14 to cell
wall stress compared to wild-type strain (Figure 5B). Moreover,
induction of the CWI signaling in the long-lived ER secretory
pathway mutants was associated with increased resistance to
other stresses including heat shock and oxidative stress (Figure
S4), providing additional evidence that deletion of ALG/2 and
BSTI confers multiple stress resistance.

We also found strong induction of genes involved in trehalose
(TSL1, TPS1, TPS2, NTHI) and chitin (CHSI, CHS7, CRHI,
GIFAI) synthesis. Increased trehalose and chitin accumulation is a
common cell defense strategy that protects cells against a variety of

PLOS Genetics | www.plosgenetics.org

stressful conditions, including heat, acid and cold shock. Another
potential target up-regulated in bst/A that may mediate lifespan
extension is glycerol-3-phosphate dehydrogenase GPDI. Gpdl
catalyzes the production and accumulation of glycerol in response
to hyperosmotic stress and acts as an osmoregulator by preventing
loss of water and turgor of the cells. Induction of the osmotic stress
response and increased glycerol production have been shown to
extend vyeast replicative lifespan, whereas deletion of GPDI
shortens lifespan even in the absence of osmotic stress [37]. In
addition, up-regulation of glycerol biosynthesis genes has been
linked to extension of chronological lifespan in Torl- and Sch9-
deficient mutants [38].

Decreased protein translation has been shown to extend lifespan
in a wide range of species, including . cerevisiae, Caenorhabditis
elegans, and Drosophila melanogaster [39,40]. For example, increased
longevity caused by Torlp inhibition or knockout of Torl-
regulated SCHY kinase is achieved, at least in part, by reduction in
mRNA translation. In addition, decreased protein synthesis caused
by deficiency of ribosomal protein subunits often leads to ER stress
resistance and increased lifespan [15]. However, overall protein
translation was not affected in alg/24 and bst/4 mutants
(Figure 4C). We also did not observe changes in the expression
of antioxidant genes or components of proteasome suggesting that
elevated proteasomal capacity and oxidative stress response do not
contribute to longevity in algl/24 and bstlA mutants. In addition,
we did not observe induction of other stress response transcription
factors, including YAPI, SEN7, MSNZ and MSN4.

Taken together, our data demonstrate that lifespan extension
conferred by the ER secretory pathway mutants is dependent on
functional UPR, and that increased basal UPR signaling may
promote longevity in S. cerevisiae through increased expression of
multiple stress response genes and activation of the CWI-MAPK
pathway.
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Figure 4. Translational control in the long-lived ER secretory pathway mutants. (A) Changes in protein translation in alg124, bst14, and
wild-type cells treated with tunicamycin (TM) relative to untreated wild-type cells are shown in log, scale for all genes that are activated or repressed
more than 1.5-fold in at least one of the strains. (B) Cluster analysis of log2 TE changes in alg124, bst14, and TM treated cells relative to untreated
wild-type cells. Changes in log2 TE are shown for all genes that showed more than 1.5-fold decrease or increase in TE. (C) Polysome profiles of alg124,
bst14, and TM treated cells. Long-lived deletion strains alg7124 and bst14 do not show overall translational suppression.

doi:10.1371/journal.pgen.1004019.9g004

Discussion

It is commonly accepted that aging is associated with a decline
in homeostatic mechanisms that protect organisms from accumu-
lation of senescence factors including aggregated proteins,
oxidatively damaged cellular components and toxic metabolites
[41-43]. Recent studies suggest that cellular capacity to adapt to
ER stress may also decline with age [44]. Cells respond to
accumulation of misfolded proteins in the ER by activating the
UPR  signaling pathway that restores ER homeostasis by
degrading misfolded proteins, inhibiting translation, and increas-
ing expression of chaperones and oxidative folding components
[1]. Although the mechanisms by which cells sense ER stress and
activate stress response genes are well studied [45,46], the role of
UPR signaling in aging remains unknown. We have begun to
characterize the role of UPR in regulating lifespan in S. cerevisiae.
To our surprise, we determined that inactivation of /REI and
HACT that are involved in sensing ER stress in yeast does not affect
lifespan under physiological conditions. However, from the
analysis of 14 different UPR target gene deletions, at least 9 were
found to be significantly long-lived. In addition, we found that
extended lifespan in the UPR target gene deletion mutants is

PLOS Genetics | www.plosgenetics.org

associated with increased basal UPR activity. These observations
prompted us to hypothesize that deletion of genes downstream of
UPR may lead to constitutive activation of Irelp and increased
ER stress resistance. Our data provide evidence that functional
Irelp and transcriptional factor Haclp are required for lifespan
extension by deletion of UPR target genes.

Despite elevated basal UPR activity in alg/24 and bsti4, these
strains were not resistant to pharmacologically induced ER stress
conferred by tunicamycin. This provides an interesting contrast to
another recent study whereby it was found that many ribosomal
deletion mutants were resistant to tunicamycin through a HACI-
independent mechanism [15]. In that case, however, tunicamycin
resistance did not correlate with lifespan extension. Irom
comparing these studies, it is clear that the long lifespan of alg/24
and bst]4 does not come from mitigating ER stress, at least
phenocopied by tunicamycin exposure, and that induction of the
UPR and associated stress response pathways is more likely to
modulate aging through separate mechanisms.

We used ribosome profiling to identify specific pathways and
protective mechanisms that contribute to lifespan extension in the
long-lived ER secretory pathway mutants at the genome-wide
level. Using this method, we identified translational changes in the
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long-lived mutants algl24 and bstlA compared to wild-type cells
in unstressed conditions. We discovered that ALGI2 and BSTI
deficiency selectively regulates a subset of genes that belong to
only a few functional groups. In addition to activation of UPR
target genes, we observed induction of other cytoprotective
pathways including general stress response proteins and proteins
involved in multidrug resistance. The second most prominent
change that occurs in the long-lived ER secretory pathway
mutants is cell wall remodeling. Although multiple signaling
pathways contribute to remodeling of the cell wall, the regulation
of this process is controlled primarily by the mitogen-activated
protein kinase (MAPK) Slt2p/Mpklp via the CWI pathway. Our
analysis revealed extensive up-regulation of components of CWI
signaling including Slt2p/Mpklp, Mid2p cell wall stress sensor
and Rlmlp transcription factor. Activation of the CWI pathway
leads to an increased synthesis of PB-glucan and enhanced
expression of Rlmlp targets that confer resistance to multiple
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were taken after 48 h incubation at 30°C.

stresses. Genes up-regulated by CWI signaling have been
mmplicated in the tolerance of S. cerevisiae to a variety of stressors
including oxidative stress, heat shock, hypo-osmotic stress, actin
depolymerization, high and low pH stress and DNA damage [35].
In addition to the CWI signaling cascade, two Slt2p-independent
pathways, which require Mpt5p and Ssdlp, have been shown to
regulate integrity of the cell wall and promote longevity in S.
cerevisiae [47]. Interestingly, MPT5 and SSD! encode RNA-binding
proteins that have been proposed to post-transcriptionally up-
regulate expression of genes involved in cell wall biogenesis by
increasing TE and stability of the target mRNAs. We found
significant up-regulation of Ssdl in at least one of the long-lived
ER secretory pathway mutants analyzed in our study (bstl/4).
Therefore, we conclude that the lifespan extension in the ER
secretory pathway mutants does not result solely from improved
protein homeostasis caused by UPR activation, but might also
require activation of multiple stress response pathways.
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In support of this mechanism, we identified four components of
the chitin biosynthesis (CHSI, CHS7, CRH1, GFAI) and four genes
involved in the synthesis of trehalose (7SL1, TPSI, TPS2, NTHI).
Chitin, P(1,4)-linked N-acetylglucosamin polymer, serves as a
structural component of the cell wall and represents about 1-2%
of its inner layer polymers. However, during stress, cell wall chitin
levels can increase up to 20% [48] making cell tolerant to adverse
environmental conditions. In turn, trehalose (o,0-glucose disac-
charide) has been implicated in heat shock resistance. In response
to thermal stress, accumulation of cytoplasmic trehalose leads to
increased osmolarity that protects proteins from denaturation and
aggregation [49].

Another possible means by which deletion of UPR transcrip-
tional targets could increase replicative lifespan is by enhancing
mitochondrial protein turnover. Two other genes that were up-
regulated in bst/4 mutant include AMGRI and MSPI. MGRI
encodes a component of the mitochondrial inner-membrane IAAA
protease complex that functions to degrade misfolded mitochon-
drial proteins and participates in protein quality control in
mitochondria [50], whereas Msplp is involved in mitochondrial
protein sorting [51]. Thus, activation of mitochondrial protein
turnover upon ER stress caused by deletion of UPR components
may increase longevity in part by influencing mitochondrial
function.

Activation of the UPR signaling in the UPR target gene deletion
mutants is consistent with previous reports showing hyperactiva-
tion of UPR in cells lacking genes involved in the ER secretory
pathway function. In yeast, deletion of several components of the
ERAD system (DERI, SELI, HRDI, UBCI and UBC?7) [10,52] as
well as inactivation of the ER chaperone Kar2p [53] have been
shown to dramatically induce UPR. More recently, hundreds of
single-gene knockouts have been shown to perturb UPR signaling
In yeast representing a number of diverse functional groups [20]. It
would be important to determine in future studies if these deletion
mutants show significant overlap with those affecting longevity and
the requirement for increased UPR function in these settings.

Although stress resistance correlates with increased longevity in
a variety of model organisms, including yeast [15,18], worms
[54,55] and fruit flies, the link of UPR signaling pathway, ER
stress resistance and longevity remains poorly understood.
Interestingly, inactivation of IRE-1 and XBP-1 results in shortened
lifespan in C. elegans, and UPR signaling contributes to the
increased longevity of daf-2 mutants and in response to dietary
restriction [56,57]. Moreover, overexpression of a constitutively
active form of XBP-1 in neurons, but not in other tissues, results in
increased ER stress resistance and extends lifespan in worms [58].
However, ubiquitous up-regulation of UPR signaling in the whole
animal does not promote longevity despite elevated resistance to
ER stressors.

Our data suggest that while increased UPR signaling is an
important determinant of lifespan extension, it is not sufficient to
confer enhanced ER stress resistance in yeast cells. Instead, we
found that the increased longevity in the UPR target gene mutants
is associated with induction of multiple stress response programs.
Taken together, these data highlight the complexity of organism’s
response to various stresses and demonstrate interdependencies
among multiple longevity pathways.

Materials and Methods

Yeast strains and media
All yeast strains were derived from the parent strains of the
haploid yeast ORF knockout collection [59], BY4741 (MATa

PLOS Genetics | www.plosgenetics.org

ER Stress and Unfolded Protein Response in Aging

his341 leu2A40 met1 540 ura340) and BY4742 (MATo his341 leu2A40
lys240 wra340), or the DAmP library [60] (Table S87). Double
mutant strains combining the long-lived deletions with either ire/4
or haclA were prepared by standard PCR-based gene disruption
method. The deletion of each ORF was confirmed by PCR with
locus-specific primers (Figure $5). All strains were grown at 30°C
in complete YPD medium (1.0% yeast extract, 2.0% peptone, and
2.0% glucose).

Replicative lifespan assay

Lifespan assays were carried out as described previously [61].
Analysis of replicative lifespan is based on the ability of budding
yeast to divide asymmetrically producing distinct mother and
daughter cells. For the replicative lifespan assay, cells were grown
on freshly prepared YPD plates for 2 days at 30°C. For each
strain, founder cells were plated on agar plates by selecting the
newborn daughter cells using micromanipulator. Cells were
monitored for cell divisions every 90 min, and subsequent
budded daughter cells were separated and removed as they
formed. The process continued until cells stopped dividing.
Replicative lifespan was calculated as the number of times each
mother cell divided before it underwent senescence. Statistical
analysis of the lifespan data was performed using a Wilcoxon
Rank-Sum test.

HACT mRNA splicing

Total RNA was extracted by RiboPure-Yeast Kit (Ambion)
according to the manufacturer’s instructions. RNA was treated
with DNasel, and first strand ¢cDNA was synthesized using the
SuperScript III reverse transcriptase (Invitrogen) with random
hexamer primers. For the analysis of HACI mRNA slicing, RT-
PCR was performed with the following primers that flank the
HACI intron: 5'-CCGTAGACAACAACAATTTG-3" and 5'-
CATGAAGTGATGAAGAAATC-3'. PCR fragments were re-
solved on 2% agarose gels, stained with EtBr, and quantified by
densitometry.

Spot assays

Resistance of strains to tunicamycin, calcofluor white, and
congo red was determined using spot assays. Cells were initially
grown 1n liquid culture without the drugs until ODgg = 0.6, and
10x serial dilutions for each strain were spotted on agar plates
containing indicated concentrations of the drugs. The plates were
incubated at 30°C, and images were taken 48 h after plating.

Ribosome profiling and mRNA sequencing

Yeast cultures were grown to ODgyp=0.5 in 500 ml of
complete YPD medium, and cells were collected by filtering
through 0.45 pum filter (Millipore) with glass holder. Pellets were
scraped with spatula, flash frozen in liquid nitrogen and stored at
—80°C. To pharmacologically induce ER stress, tunicamycin was
added into the medium at a final concentration 1 pug/ml, and cells
were incubated at 30°C for an additional 30 min. Yeast extracts
were prepared by cryogrinding the cell paste with BioSpec
cryomill. Aliquots of cell lysates were used for footprint extraction
and isolation of total RNA. Preparation of lysates, ribosome
fractionation, and construction of footprint and RNA-seq libraries
were performed as in [62] with modifications. A detailed
description of protocols can be found in the Text S1. Sequencing
of footprint and RNA-seq libraries was performed on the Illumina
HiSeq2000 platform. Primers used in library preparation are listed
in Table S8.
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Bioinformatics analyses

Ribosomal footprints and mRINA reads were aligned to the S.
cerevisiae genome from the Saccharomyces Genome Database
(SGD, http://www.yeastgenome.org/, release number R64-1-1).
Sequence alignment was performed by Bowtie software v.0.12.7
[63] allowing two mismatches per read. Custom Perl scripts were
used to count reads over features of interests (genes, UTRs etc.),
deal with introns, overlaps and highly homologous sequences.

Analyses of differential gene translation and translation
efficiency

To analyze differential gene expression and translation we
disregarded 100 nt from the 5'-end of each gene therefore
avoiding bias caused by the region with elevated footprint density
in the vicinity of the ATG start codon. Rpkm (reads per kilobase
per million mapped reads) values, which represent the number of
reads normalized to gene length and total number of reads, were
used as a measure of gene expression. An average rpkm value for
two biological replicates was calculated for each gene, and the
genes with fewer than 10 rpkm were excluded from further
analysis (Figure S6). The gene was considered regulated if its
rpkm value changed more than 1.5-fold (0.6 in log2 scale). To
calculate TE, footprint rpkm values were divided by mRNA rpkm.
Clustering was performed using Cluster 3.0 software [64] and the
data were visualized using Java Treeview [65].

Polysome analyses

Polysome profile analysis of an aliquot of cell extracts was
performed using sucrose gradients (10-50% wt/wt) in polysome
gradient buffer [20 mM TrisHCI (pH 8.0), 140 mM KCI, 5 mM
MgCl,, 0.2 g/1 cycloheximide, 0.5 mM DTT]. 1 ml of cell lysate
containing 50 units (ODggg) were loaded on top of the gradients,
and sedimented at 35,000 rpm at 4°C in a SW41 Ti rotor
(Beckman) for 3 h. Gradients were collected from the top using the
Brandel gradient fractionation system and profiles were monitored
at 254 nm.

Supporting Information

Figure S1 The ER secretory pathway mutants extend lifespan
by mechanisms distinct from those in SIR20E and fob14. (A)
Analysis of Kar2p expression in the ER secretory pathway
mutants. (B, G) SIR2 overexpression (SIR20E) and deletion of
FOBI (fobiA) extend vyeast replicative lifespan by mechanisms
independent of Irelp and Haclp. Mean lifespans are shown in
parentheses. (D) Sensitivity of the #¢/4 and hacl4 mutants to ER
stress. For each strain 10x serial dilutions of logarithmically
growing cells were spotted on agar plates without the drug
(untreated) or plates containing 0.2 ug/ml tunicamycin (TM).
Pictures were taken after 48 h incubation at 30°C.

(TIF)

Figure S2 Analysis of coordinate changes in translation and
transcription in response to ER stress. (A) Comparison of genes up-
regulated by tunicamycin from this study with known UPR
targets. Treatment of wild-type cells with tunicamycin (TM)
induced protein translation more than 1.5-fold for 107 genes.
Known transcriptional UPR targets include 381 genes as defined
by Travers et al. [10]. These two groups have 43 genes in
common. (B) Comparison of genes whose mRINA abundance and
protein translation were induced by tunicamycin treatment.

(TIF)

Figure 83 Regulation of protein translation in the long-lived ER
secretory pathway mutants. (A) Genes whose protein translation
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was induced more than 1.5-fold in alg/24 and bst/A mutants and
tunicamycin (TM) treated wild-type cells. (B) Genes whose protein
translation was repressed more than 1.5-fold in alg/24 and bstiA
mutants and tunicamycin (TM) treated wild-type cells.

(TIF)

Figure 84 Deletion of ALGI2 and BSTI leads to heat and
oxidative stress resistance in yeast. (A) Sensitivity of alg/24 and
bstlA mutant strains to heat stress. Ten-fold serial dilutions of log-
phase cultures were plated onto YPD and incubated at either 30°
or 40°C, and images were taken 48 h after plating. (B) Viability of
algl124 and bstiA mutant strains following treatment with 1 mM
hydrogen peroxide (HyOy) for 30 min. Results are represented as
means = SEM from three independent experiments.

(TTF)

Figure 85 Verification of mutant strains prepared in this study.
(A, B) Double mutant strains combining algl/24 and bstiA
deletions with either #re/4 or haclA were verified by PCR analysis
with locus-specific primers.

(TTF)

Figure 86 Reproducibility of footprint and mRNA-abundance
measurements. (A, B) Comparison of footprint and mRNA-
abundance measurements between two replicates. Footprint and
mRNA rpkm values are shown for wild-type cells treated with
tunicamycin. Pearson correlation coeflicients are indicated.

(TIF)

Table 81 Replicative lifespan analysis of ER stress response gene
deletion strains.
(XLS)

Table S2 Deletion of IREI and HACI prevents lifespan
extension in algl24 and bstI4A mutants, but not in SIR20L,
Job14 and tor]A mutants.

(DOCX)

Table 83 Genes whose footprint coverage was changed more
than 1.5-fold by tunicamycin treatment.

(XLSX)

Table S4 Comparison of genes up-regulated by tunicamycin
from this study with targets of the UPR as defined by Travers et al.
[10].

(XLSX)

Table S5 Genes whose footprint coverage was changed more
than 1.5-fold by ALG12 deficiency.
(XLSX)

Table S6 Genes whose footprint coverage was changed more
than 1.5-fold by BST7 deficiency.
(XLSX)

Table 87 Strains used in this study.
DOCX)

Table S8 Primers used for footprint and mRNA library
preparation.

(DOCX)

Text S1 Supplementary text extending Materials and Methods.
(DOCX)

Author Contributions

Conceived and designed the experiments: VML VNG. Performed the
experiments: VML MVG JRD AK. Analyzed the data: VML BKK MK
VNG. Wrote the paper: VML VNG.

January 2014 | Volume 10 | Issue 1 | e1004019



References

1.

20.

21.

22.

23.

24.

26.

27.

Ron D, Walter P (2007) Signal integration in the endoplasmic reticulum
unfolded protein response. Nat Rev Mol Cell Biol 8: 519-529.

. McCracken AA, Brodsky JL (2003) Evolving questions and paradigm shifts in

endoplasmic-reticulum-associated degradation (ERAD). Bioessays 25: 868-877.

. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D (2000) Perk is essential for

translational regulation and cell survival during the unfolded protein response.
Mol Cell 5: 897-904.

Sidrauski C, Walter P (1997) The transmembrane kinase Irelp is a site-specific
endonuclease that initiates mRNA splicing in the unfolded protein response. Cell
90: 1031-1039.

. Cox JS, Shamu CE, Walter P (1993) Transcriptional induction of genes

encoding endoplasmic reticulum resident proteins requires a transmembrane
protein kinase. Cell 73: 1197-1206.

. Mori K, Ma W, Gething MJ, Sambrook J (1993) A transmembrane protein with

a cdc2+/CDC28-related kinase activity is required for signaling from the ER to
the nucleus. Cell 74: 743-756.

. Aragon T, van Anken E, Pincus D, Serafimova IM, Korennykh AV, et al. (2009)

Messenger RNA targeting to endoplasmic reticulum stress signalling sites.
Nature 457: 736-740.

Shamu CE, Walter P (1996) Oligomerization and phosphorylation of the Irelp
kinase during intracellular signaling from the endoplasmic reticulum to the

nucleus. Embo J 15: 3028-3039.

. Lee KP, Dey M, Neculai D, Cao C, Dever TE, et al. (2008) Structure of the dual

enzyme Irel reveals the basis for catalysis and regulation in nonconventional

RNA splicing. Cell 132: 89-100.

. Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman JS, et al. (2000)

Functional and genomic analyses reveal an essential coordination between the
unfolded protein response and ER-associated degradation. Cell 101: 249-258.

. Lee AH, Heidtman K, Hotamisligil GS, Glimcher LH (2011) Dual and opposing

roles of the unfolded protein response regulated by IRElalpha and XBP1 in
proinsulin processing and insulin secretion. Proc Natl Acad Sci U S A 108:
8885-8890.

. Han D, Lerner AG, Vande Walle L, Upton JP, Xu W, et al. (2009) IRElalpha

kinase activation modes control alternate endoribonuclease outputs to determine
divergent cell fates. Cell 138: 562-575.

. Hollien J, Weissman JS (2006) Decay of endoplasmic reticulum-localized

mRNAs during the unfolded protein response. Science 313: 104-107.
Salminen A, Kaarniranta K (2010) ER stress and hormetic regulation of the
aging process. Ageing Res Rev 9: 211-217.

Steffen KK, McCormick MA, Pham KM, MacKay VL, Delaney JR, et al.
(2012) Ribosome deficiency protects against ER stress in Saccharomyces
cerevisiae. Genetics 191: 107-118.

. Johnson TE, Henderson S, Murakami S, de Castro E, de Castro SH, et al.

(2002) Longevity genes in the nematode Caenorhabditis elegans also mediate
increased resistance to stress and prevent disease. J Inherit Metab Dis 25: 197

206.

. Rion S, Kawecki TJ (2007) Evolutionary biology of starvation resistance: what

we have learned from Drosophila. J Evol Biol 20: 1655-1664.

. Delaney JR, Ahmed U, Chou A, Sim S, Carr D, et al. (2012) Stress profiling of

longevity mutants identifies Afg3 as a mitochondrial determinant of cytoplasmic
mRNA translation and aging. Aging Cell 12: 156-166.

. Kaeberlein M (2010) Lessons on longevity from budding yeast. Nature 464:

513-519.

Jonikas MC, Collins SR, Denic V, Oh E, Quan EM, et al. (2009)
Comprehensive characterization of genes required for protein folding in the
endoplasmic reticulum. Science 323: 1693-1697.

Burda P, Jakob CA, Beinhauer J, Hegemann JH, Aebi M (1999) Ordered
assembly of the asymmetrically branched lipid-linked oligosaccharide in the
endoplasmic reticulum is ensured by the substrate specificity of the individual
glycosyltransferases. Glycobiology 9: 617-625.

Tanaka S, Maeda Y, Tashima Y, Kinoshita T (2004) Inositol deacylation of
glycosylphosphatidylinositol-anchored proteins is mediated by mammalian
PGAPI and yeast Bstlp. J Biol Chem 279: 14256-14263.

Kaeberlein M, Powers RW, 3rd, Steffen KK, Westman EA, Hu D, et al. (2005)
Regulation of yeast replicative life span by TOR and Sch9 in response to
nutrients. Science 310: 1193-1196.

Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS (2009) Genome-
wide analysis in vivo of translation with nucleotide resolution using ribosome
profiling. Science 324: 218-223.

5. Ghosh AK, Ramakrishnan G, Rajasekharan R (2008) YLR099C (ICT1)

encodes a soluble Acyl-CoA-dependent lysophosphatidic acid acyltransferase
responsible for enhanced phospholipid synthesis on organic solvent stress in
Saccharomyces cerevisiae. J Biol Chem 283: 9768-9775.

Hirayama T, Maeda T, Saito H, Shinozaki K (1995) Cloning and
characterization of seven ¢cDNAs for hyperosmolarity-responsive (HOR) genes
of Saccharomyces cerevisiae. Mol Gen Genet 249: 127-138.

Martinez-Pastor MT, Marchler G, Schuller C, Marchler-Bauer A, Ruis H, et al.
(1996) The Saccharomyces cerevisiae zinc finger proteins Msn2p and Msn4p are
required for transcriptional induction through the stress response element

(STRE). Embo J 15: 2227-2235.

PLOS Genetics | www.plosgenetics.org

28.

30.

31

32.

34.

39.

40.

41.

42.

46.

47.

48.

51.

53.

54.

56.

57.

ER Stress and Unfolded Protein Response in Aging

Pereira MD, Eleutherio EC, Panek AD (2001) Acquisition of tolerance against
oxidative damage in Saccharomyces cerevisiae. BMC Microbiol 1: 11.

. Tsujimoto Y, Izawa S, Inoue Y (2000) Cooperative regulation of DOG2,

encoding 2-deoxyglucose-6-phosphate phosphatase, by Snfl kinase and the
high-osmolarity glycerol-mitogen-activated protein kinase cascade in stress
responses of Saccharomyces cerevisiae. J Bacteriol 182: 5121-5126.

Sollner S, Nebauer R, Ehammer H, Prem A, Deller S, et al. (2007) Lot6p from
Saccharomyces cerevisiae is a FMN-dependent reductase with a potential role in
quinone detoxification. Febs J 274: 1328-1339.

Shimoi H, Kitagaki H, Ohmori H, Iimura Y, Ito K (1998) Sedlp is a major cell
wall protein of Saccharomyces cerevisiae in the stationary phase and is involved
in lytic enzyme resistance. J Bacteriol 180: 3381-3387.

Lissina E, Young B, Urbanus ML, Guan XL, Lowenson J, et al. (2011) A systems
biology approach reveals the role of a novel methyltransferase in response to
chemical stress and lipid homeostasis. PLoS Genet 7: €1002332.

Versele M, Thevelein JM (2001) Lrel affects chitinase expression, trehalose
accumulation and heat resistance through inhibition of the Cbkl protein kinase
in Saccharomyces cerevisiae. Mol Microbiol 41: 1311-1326.

Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:

44-57.

. Levin DE (2011) Regulation of cell wall biogenesis in Saccharomyces cerevisiae:

the cell wall integrity signaling pathway. Genetics 189: 1145-1175.

. Jung US, Levin DE (1999) Genome-wide analysis of gene expression regulated

by the yeast cell wall integrity signalling pathway. Mol Microbiol 34: 1049-1057.

. Kaeberlein M, Andalis AA, Fink GR, Guarente L (2002) High osmolarity

extends life span in Saccharomyces cerevisiac by a mechanism related to calorie

restriction. Mol Cell Biol 22: 8056-8066.

. Wei M, Fabrizio P, Madia F, Hu J, Ge H, et al. (2009) Torl/Sch9-regulated

carbon source substitution is as effective as calorie restriction in life span
extension. PLoS Genet 5: ¢1000467.

McCormick MA, Tsai SY, Kennedy BK (2011) TOR and ageing: a complex
pathway for a complex process. Philos Trans R Soc Lond B Biol Sci 366: 17-27.
Hansen M, Taubert S, Crawford D, Libina N, Lee SJ, et al. (2007) Lifespan
extension by conditions that inhibit translation in Caenorhabditis elegans. Aging
Cell 6: 95-110.

David DC, Ollikainen N, Trinidad JC, Cary MP, Burlingame AL, et al. (2010)
Widespread protein aggregation as an inherent part of aging in C. elegans. PLoS
Biol 8: €1000450.

Poon HF, Vaishnav RA, Getchell TV, Getchell ML, Butterfield DA (2006)
Quantitative proteomics analysis of differential protein expression and oxidative
modification of specific proteins in the brains of old mice. Neurobiol Aging 27:
1010-1019.

Squier TC (2001) Oxidative stress and protein aggregation during biological
aging. Exp Gerontol 36: 1539-1550.

. Naidoo N (2009) The endoplasmic reticulum stress response and aging. Rev

Neurosci 20: 23-37.

Gardner BM, Walter P (2011) Unfolded proteins are Irel-activating ligands that
directly induce the unfolded protein response. Science 333: 1891-1894.
Rutkowski DT, Hegde RS (2010) Regulation of basal cellular physiology by the
homeostatic unfolded protein response. J Cell Biol 189: 783-794.

Kaeberlein M, Guarente L (2002) Saccharomyces cerevisiae MPT5 and SSD1
function in parallel pathways to promote cell wall integrity. Genetics 160: 83-95.
Valdivieso MH, Ferrario L, Vai M, Duran A, Popolo L (2000) Chitin synthesis
in a gasl mutant of Saccharomyces cerevisiae. J Bacteriol 182: 4752-4757.
Singer MA, Lindquist S (1998) Multiple effects of trehalose on protein folding in
vitro and in vivo. Mol Cell 1: 639-648.

. Dunn CD, Tamura Y, Sesaki H, Jensen RE (2008) Mgr3p and Mgrlp are

adaptors for the mitochondrial i-AAA protease complex. Mol Biol Cell 19:
5387-5397.

Nakai M, Endo T, Hase T, Matsubara H (1993) Intramitochondrial protein
sorting. Isolation and characterization of the yeast MSP1 gene which belongs to
a novel family of putative ATPases. J Biol Chem 268: 24262-24269.

. Friedlander R, Jarosch E, Urban J, Volkwein C, Sommer T (2000) A regulatory

link between ER-associated protein degradation and the unfolded-protein
response. Nat Cell Biol 2: 379-384.

Schuldiner M, Collins SR, Thompson NJ, Denic V, Bhamidipati A, et al. (2005)
Exploration of the function and organization of the yeast early secretory
pathway through an epistatic miniarray profile. Cell 123: 507-519.

Curran SP, Ruvkun G (2007) Lifespan regulation by evolutionarily conserved
genes essential for viability. PLoS Genet 3: €56.

Shore DE, Carr CE, Ruvkun G (2012) Induction of cytoprotective pathways is
central to the extension of lifespan conferred by multiple longevity pathways.
PLoS Genet 8: e1002792.

Chen D, Thomas EL, Kapahi P (2009) HIF-1 modulates dietary restriction-
mediated lifespan extension via IRE-1 in Caenorhabditis elegans. PLoS Genet 5:
¢1000486.

Henis-Korenblit S, Zhang P, Hansen M, McCormick M, Lee S]J, et al. (2010)
Insulin/IGF-1 signaling mutants reprogram ER stress response regulators to
promote longevity. Proc Natl Acad Sci U S A 107: 9730-9735.

January 2014 | Volume 10 | Issue 1 | e1004019



58.

59.

60.

61.

Taylor RC, Dillin A (2013) XBP-1 Is a Cell-Nonautonomous Regulator of Stress
Resistance and Longevity. Cell 153: 1435-1447.

Giaever G, Chu AM, Ni L, Connelly C, Riles L, et al. (2002) Functional
profiling of the Saccharomyces cerevisiac genome. Nature 418: 387-391.
Breslow DK, Cameron DM, Collins SR, Schuldiner M, Stewart-Ornstein J, et
al. (2008) A comprehensive strategy enabling high-resolution functional analysis
of the yeast genome. Nat Methods 5: 711-718.

Steffen KK, Kennedy BK, Kaeberlein M (2009) Measuring replicative life span
in the budding yeast. ] Vis Exp 28: pii: 1209.

PLOS Genetics | www.plosgenetics.org

12

62.

63.

64.

ER Stress and Unfolded Protein Response in Aging

Gerashchenko MV, Lobanov AV, Gladyshev VN (2012) Genome-wide
ribosome profiling reveals complex translational regulation in response to
oxidative stress. Proc Natl Acad Sci U S A 109: 17394-17399.

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biol
10: R25.

de Hoon M]J, Imoto S, Nolan J, Miyano S (2004) Open source clustering
software. Bioinformatics 20: 1453-1454.

. Saldanha AJ (2004) Java Treeview—extensible visualization of microarray data.

Bioinformatics 20: 3246-3248.

January 2014 | Volume 10 | Issue 1 | e1004019



