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and CR cells, including induction of stress response 
pathways, providing evidence that CR pathways are 
engaged in aged cells. These observations also uncov-
ered aberrant changes in mitochondria membrane 
proteins as well as a proteolytic cellular state in old 
cells. These proteomics analyses help identify poten-
tial genes and pathways that have causal effects on 
longevity.

Keywords  Aging · Calorie restriction · Proteome · 
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Introduction

A hallmark of aging is the accumulation of deleteri-
ous cellular damage, including oxidized, misfolded, 
and/or aggregated proteins, dysfunctional organelles, 
and damaged DNA and chromatin structures [11–14]. 
Various mechanisms exist to remove damaged com-
ponents in normal young cells and tissues. Enzymes, 
which include superoxide dismutases (SOD), peroxi-
dases, and peroxiredoxins, remove the ROS generated 
in the cell [15]. Heat shock proteins direct misfolded 
and aggregated proteins to either become soluble or 
degraded by the proteasome [14, 16]. Damaged orga-
nelles are disassembled and recycled by lysosomes 
and autophagy machineries [16, 17]. Exquisite DNA 
repair and check point systems ensure that DNA dam-
age is fixed prior to replication and transcription [18]. 
These mechanisms are the basis of the cellular stress 
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response system; enhanced activity through these 
pathways is often sufficient to enhance longevity, and 
they are often required for lifespan extension via other 
genetic and environmental interventions [14]. There 
are age-dependent changes in these stress response 
pathways [14, 19], which could be due to their mal-
function, leading to aging. However, the underlying 
mechanisms leading to altered stress response path-
ways during aging remain elusive.

Aging-related genome-wide gene expression pro-
filing in model organisms points to changes in certain 
metabolic and stress response pathways, as well as 
various tissue-specific features [20–24]. Mechanisms 
of posttranscriptional regulation, such as transla-
tion and protein degradation, play an important role 
in determining cellular proteomes. The lack of cor-
relation between the transcriptome and proteome 
[25], and the decrease in protein levels for Sir2 and 
histones in aging yeast [1, 26] warrant a direct analy-
sis of proteomic changes during aging. Among sev-
eral strategies designed to quantitatively compare 
proteomes [27], Stable Isotopic Labeling by Amino 
acid in Cell culture (SILAC) is one of the most reli-
able quantitative proteomics methods and has been 
successfully applied in a number of model organ-
isms such as yeast and mice, as well as in human cell 
culture, and even in patient samples [28]. In a study 
on the mouse aging proteome, quantitative measure-
ments for over 4000 proteins in brain, heart, and liver 
tissues from young and old mice were compared and 
surprisingly few age-dependent changes were found 
[29], leading to speculation that the mixture of mul-
tiple cell types might have obscured the age-related 
changes and that protein homeostasis would show 
more dramatic alteration specifically in tissue stem 
cells of old animals. Since yeast cells have been pro-
posed as a model for adult stem cells [30, 31], studies 
of the yeast aging proteome could shed light on age-
associated proteomic changes in mammalian adult 
stem cells.

Calorie restriction (CR), or more generally dietary 
restriction (DR), is the most robust and conserved 
intervention to extend lifespan in organisms from 
yeast to primates, suggesting the existence of evolu-
tionarily conserved mechanisms regulating lifespan 
[32]. Studies in model organisms have suggested 
the involvement of multiple pathways in mediating 
longevity and health benefits from DR, including 
reduced insulin-like growth factor (IGF) signaling 

[32], elevated sirtuin activity [11], downregulated 
TOR signaling and ribosome abundance [33, 34], 
reduced oxidative stress [11], and improved DNA 
damage repair [35]. For replicative aging of the bud-
ding yeast Saccharomyces cerevisiae, various CR 
conditions have been proposed to mediate lifespan 
extension: enhancing Sir2 function through increased 
NAD/NADH ratio [36, 37], repressing ribosome 
biogenesis through downregulation of TOR signal-
ing kinases Tor1 and Sch9 [33, 34], and increasing 
mitochondria function and oxidative stress response 
[38–40]. However, exactly how calorie restriction 
changes the cellular proteome, especially the protein 
levels for some of the key enzymes regulating these 
pathways, remains to be explored.

Here, we report a proteomic study for yeast cells 
during aging under normal and CR conditions and a 
remarkable similarity between proteomes of aging 
cells and calorie-restricted young cells, providing evi-
dence that CR pathways are induced in old cells. Our 
observations also revealed aberrant changes in mito-
chondria membrane proteins as well as a proteolytic 
cellular state in old cells. These proteomics analyses 
can be used to identify potential genes and pathways 
that have causal effects on aging.

Methods

Strains and media

Yeast strain BY4741 was used for isolation of old 
cells. All mutant strains for replicative lifespan deter-
mination were derived from BY4741 or BY4742. 
Strain YBJ669, a derivative of BY4742, was used for 
yeast senescence assay. Strain genotypes are listed in 
Table S7.

Synthetic complete media (SC, 0.5% ammonium 
sulfate, 0.17% yeast nitrogen base without amino 
acids and ammonium sulfate, 0.2% SC mix, and 2% 
dextrose) containing either regular lysine (Sigma-
Aldrich) or 13C-labeled lysine (Cambridge Isotope 
Laboratories, Lysine 6) were used for SILAC experi-
ments. Standard YPD or SC media without certain 
amino acids were used in all other experiments. Dex-
trose (d-glucose) concentrations in all media were 
either 2% for non-restricted (NR), or 0.5%, or 0.05% 
for calorie-restricted (CR) conditions as indicated. 
Methyl methanesulfonate (MMS, Sigma-Aldrich) 
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was added to SC media as indicated. Standard yeast 
extract peptone dextrose (YPD) medium (1% yeast 
extract, 2% peptone, and 2% glucose, with 1.5% agar 
included for solid medium) was used for all the other 
yeast experiments.

SILAC labeling

SILAC labeled common reference cells were pre-
pared by continuously culturing BY4741 cells in the 
SC medium containing 13C-labeled lysine (heavy 
medium) for about 60 h, a total of about 40 doublings. 
The culture was maintained within the logarith-
mic phase by successive dilutions with fresh heavy 
media in the mornings and evenings. Cells contain-
ing unlabeled lysine should have been diluted 1012 
times; hence, no unlabeled cells should remain in the 
final SILAC labeled culture. Cells were collected, 
aliquoted, and stored at − 80  °C. Incorporation of 
13C-labeled lysine was verified by mass spectrometry.

Isolation of young and old cells and preparation of 
whole‑cell extracts

Young and old isolation and whole-cell extract prepa-
ration were carried out essentially as described pre-
viously [1] with the following modifications: SC 
media containing 2% (NR) or 0.05% (CR) dextrose 
were used; 3.2 × 109 cells for NR or 2.8 × 109 for CR 
were labeled by biotin; cell density was always kept 
within the logarithmic phase in all culturing periods 
(OD600 < 2.0 for NR and < 0.2 for CR cultures); only 
old cells from the last (fourth) sort, about 4 × 108 
cells, were saved; young cells were collected only 
from unbound fraction of the first sort; bud scars were 
stained with WGA Alexa Fluor 488 (Invitrogen); 
whole-cell extracts were prepared for the saved young 
and old cell fractions, as well as aliquots of SILAC 
labeled reference cells, at the same time. Two biologi-
cal replicate experiments were performed in tandem.

Mass spectrometry

Whole-cell extracts from non-SILAC labeled (light, 
containing regular lysine) young and old yeast cells 
grown in either NR or CR medium were mixed in 
1:1 ratio with whole-cell extracts from the SILAC 
labeled (heavy, containing 13C-labeled lysine) 

common reference cells and loaded on a 4–12% 
gradient NuPAGE gel (Invitrogen). Approximately 
200  µg of protein was loaded per lane. Gel lanes 
were cut into 18 slices, which were independently 
further sliced into smaller pieces and then sub-
jected to in gel digestion using the lysC protease 
(Wako Biochemicals) essentially as described [2]. 
Briefly, gel slice was dehydrated; 200  μL 10  mM 
DTT in ammonium bicarbonate was added and 
then incubated at 50 °C for 45 min. DTT was then 
removed and 300 μL 50 mM Iodoacetamide in DTT 
was added to sample, then incubated for 30  min 
in dark. Iodoacetamide was then removed; sample 
was washed once with ammonium bicarbonate then 
twice with acetonitrile. After speedvac to remove 
all liquids, 100  ng LysC was added to sample for 
treatment. Extracted proteolytic peptides were 
desalted using StageTips [3] and then loaded on an 
EASY-nLC system (Proxeon) connected online to 
an LTQ-Orbitrap-Velos mass spectrometer (Thermo 
Scientific). Peptides were separated according to 
their hydrophobicity using a 5–30% acetonitrile gra-
dient in 2 h on a 25-cm reverse phase column (New 
Objective) with an inner diameter of 75 μm packed 
in house with C18 material (Dr. Maisch; Ammer-
buch-Entringen, Germany). Five microliters of the 
sample was loaded in the column. The mobile phase 
consists of 2 buffers: Buffer A 0.5% HAc (acetic 
acid) and Buffer B 0.5% HAc and 80% acetonitrile. 
Flow rate was set at 250  nl/min. This column was 
maintained at 50  °C in a column oven (Sonation, 
PRSO-V1) for 140  min. The mass spectrometer 
was operated in the data-dependent mode to switch 
between MS and MS/MS. Full-scan MS spectra 
were acquired with a resolution of 60,000, and for 
every full scan, the 15 most intense ions were frag-
mented in the dual-pressure linear ion trap.

Raw data were processed and analyzed using 
MaxQuant software [4] version 1.1.1.25, where 
multiplicity was set to 2 for SILAC labeling and 
digesting enzyme set as LysC; all other parameters 
were default. The result was then searched with the 
integrated Andromeda search engine [5] using yeast 
proteome database UP000002311 from uniprot, 
against a decoy yeast database. Minimal peptide 
length was set to 6 amino acids and data was fixed 
at a maximum false discovery rate of 1% at peptide 
and protein level; all other parameters were set as 
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default. Mass spectrometry data were outputted 
in the form of light/heavy ratios for each detected 
protein.

Bioinformatics and data analysis

Quantitative proteomic analysis

Ratios of old/young for the NR and CR conditions, 
as well as the CR/NR ratio for young cells, for each 
detected protein were calculated from the light/heavy 
ratios in the mass spectrometry data and transformed 
to log2 values. To assess the agreement between bio-
logical replicates for each condition, the log2 val-
ues of the ratio between two biological replicates 
were plotted in scatterplots and the Pearson correla-
tions were calculated. To evaluate the protein level 
changes, the log2 ratios were averaged between the 
two biological replicates. Lists of proteins up- or 
down-regulated for each of the conditions, old/young 
in NR, CR/NR of young, and old/young in CR, were 
generated by selecting protein level changes beyond 
mean ± 1 SD (standard deviation). Benjamini p-value 
was calculated from log10-transformed light/heavy 
ratio. Protein information was obtained from the Sac-
charomyces Genome Database (SGD, http://​yeast​
genome.​org/). All mass-spec data generated in this 
study is attached in supplementary data 1.

GO analysis and clustering analysis

Clustering analysis was performed with the program 
Cluster 3.0 (http://​bonsai.​hgc.​jp/​~mdeho​on/​softw​are/​
clust​er/​softw​are.​htm) using the Euclidean distance as 
the similarity metric and the complete linkage clus-
tering method. Clustering analysis result was visual-
ized by Java Treeview (http://​sourc​eforge.​net/​proje​
cts/​jtree​view/).

Gene ontology (GO) analysis was performed with 
the DAVID functional annotation tool (http://​david.​
abcc.​ncifc​rf.​gov/) [6, 7]. To reduce redundancy in 
GO categories, the Functional Annotation Cluster-
ing option was used to group similar annotations into 
clusters. An enrichment score for each cluster was 
given as a mean of –log10(p-values) of member GO 
categories with p-values < 0.01.

Fisher’s exact test (R statistics software package, 
http://​www.r-​proje​ct.​org/, version 2.12.1) was used to 
test the null hypothesis that the proportion of proteins 

in common for two independent observations is less 
than or equal to random chance.

Even though our aging mass spec datasets include 
only two biological replicates, comparable to previ-
ous studies [50], we have limited statistical power to 
determine individual differentially regulated proteins. 
Hence, we only selected proteins with most signifi-
cant changes for further investigation. However, the 
main conclusions of our proteomics study, supported 
by Gene Ontology analysis based on functional cat-
egories of cellular proteins, should remain robust.

Protein interaction network (PIN) analysis

The BioGRID [8] protein–protein interaction net-
works (PIN, only physical interactions are selected) 
of S. cerevisiae (v. 3.5.164) have been used to infer 
the interacting pairs for which the mean absolute ratio 
differences are calculated as

where ΔRatioi is ratio difference of the ith time 
point ti (i = 1 ~ 11 in eLife15 set and ti refers to the 
old cells of present work) compared to the abundance 
from time point t0 (or young cells of present work). 
The mean value was calculated over all interacting 
pairs (A: B) in the PIN (averaged over 100,580 inter-
actions of the PIN). A total of 10,000 random permu-
tations have been generated from the original PIN, in 
which the interacting partners have been randomly 
reshuffled but the degrees of all nodes preserved [9]. 
The ratio differences of interacting pairs from the per-
mutations were also calculated using Eq. 1 and com-
pared with those from the original PIN.

RNA purification and qPCR

Yeast cells were grown to log-phase and collected 
and lysed in QIAzol buffer (QIAGEN) by bead beat-
ing with 0.5-mm silica beads (Biospec) for 4 cycles 
(1  min on, 2  min pause on ice). Total RNA extrac-
tion was performed by using the miRNeasy Mini Kit 
(QIAGEN). Reverse transcription was performed 
using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific) with 1 μg of puri-
fied RNA. Quantitative real-time PCR (qPCR) was 

(1)ΔRatioi =

−
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log2
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)
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− log2
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performed using the ViiA 7 Real-Time PCR System 
475 (Thermo Fisher Scientific). All qPCR primers 
used are listed in Table S8.

RNA‑seq analysis

Total RNA was extracted as described above. Poly-A 
RNA was purified from 5 μg total RNA with Dyna-
beads Oligo (dT)25 (Thermo Fisher Scientific). 
Paired-end RNA libraries were prepared using the 
NEBNext Ultra Directional RNA Library Prep Kit 
for Illumina (New England BioLabs). Sequencing 
of three biological replicates was performed using 
the Illumina HiSeq 2500 platform. All raw sequenc-
ing results are deposited on SRA under bioproject 
PRJNA715646 and processed RNAseq data attached 
as Supplementary data 2.

Yeast replicative lifespan assay

Replicative lifespans of yeast strains were determined 
by using a microfluid platform as described [10] and 
analyzed by Invitrogen EVOS FL Auto Imaging Sys-
tem. Statistical assessment of lifespan differences was 
determined using the Wilcoxon rank-sum test in the R 
statistics software package (http://​www.r-​proje​ct.​org/, 
version 2.12.1).

Yeast protein purification and western blot

Yeast cells were grown to log-phase and collected and 
lysed in TENG300 buffer (50 mM Tris–HCl, 150 mM 
NaCl, 1 mM EDTA, 0.5% NP-40, 10% Glycerol) with 
protease inhibitor. Cells were lysed by bead beat-
ing with 0.5-mm silica beads (Biospec) for 6 cycles 
(1 min on, 2 min pause on ice). Cell lysate was then 
sonicated by EpiShear™ Multi-Sample Sonicator for 
5 cycles (1 min on and 1 min off). The concentration 
of protein samples was determined by Bradford assay.

For western blot, protein samples were denatur-
ized by mixing with NuPAGE™ LDS Sample Buffer 
(4X) (Thermo Fisher) and incubated at 70  °C for 
10  min. The samples are run on NuPAGE Bis–Tris 
4–12% gels with NuPAGE MES SDS Running Buffer 
(Thermo Fisher). The gel is then transferred to PVDF 
membrane and blocked by blocking buffer (1% BSA 
in TBST). The membrane was incubated in primary 
antibody for 1 h and washed with TBST for 3 times, 
then incubated in secondary antibody for 1 h before 

imaging. The membrane was imaged by LI-COR 
Odyssey imaging system. The antibodies used in this 
study are listed in Table S9.

Yeast phenotype assay

Yeast vitality assay

An equal number of cells (measured by OD600) from 
logarithmic phase cultures were washed with PBS, 
serial-diluted by 10 folds. For glycerol assay, cells 
were spotted on SC agar media containing indicated 
dextrose and glycerol.

ATP assay

Yeast cells were cultured in SC media to log phase 
and measured by BacTiter-Glo™ Microbial Cell Via-
bility Assay kit (Promega). The 96-well opaque-wall 
plate was read by Synergy™ 2 Multi-Mode Micro-
plate Reader (BioTek).

Mitochondrial membrane potential measurement 
by flow cytometry assay

Yeast cells were cultured in YPD to log phase and 
washed by staining buffer (10 mM HEPES with 5% 
Glucose) for 3 times. Cells were stained with 17.5 nM 
DiOC6(3) (3,3′-Dihexyloxacarbocyanine Iodide) 
(Invitrogen D273) for 15  min at room temperature 
(RT), then washed twice in staining buffer. An equal 
number of cells for all the experimental groups were 
measured by CantoII Yellow-Green Carousel (BD 
Biosciences) and analyzed by BD FACSDiva soft-
ware and Flowjo software (10.6.0). Another aliquot of 
cells was treated with 100 μM FCCP (Sigma-Aldrich) 
for 30 min before measurement as control.

Results

Quantitative proteomic changes in old cells and 
calorie‑restricted cells

Stable-isotope labeling by amino acids in cell culture 
(SILAC) is an accurate quantitative method to study 
proteomes in yeast and other systems [25, 41]. We 
employed SILAC to determine quantitative changes 
of cellular protein levels in replicatively old cells. 

http://www.r-project.org/
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Young and old cells were isolated by biotin surface 
labeling and purification from cultures prepared with 
synthetic complete (SC) medium containing 2% 
glucose (Fig.  S1a). A separate culture grown in SC 
medium containing 13C labeled lysine was used as a 
common reference. Mass spectrometry (MS) meas-
urements were obtained for equally mixed cell lysates 
from young cells and the reference, or from old cells 
and the reference (Fig.  1a), allowing calculation of 
relative changes during aging. Quantitative measure-
ments for 2845 and 2537 proteins were obtained for 
two independent aging experiments as biological rep-
licates; 2485 of them were present in both datasets 
(Fig. S1b); a total of 2897 proteins from both young 
and old cells were identified and quantified by MS, 
representing more than half of the measurable pro-
teome [25]. The observed proteomic changes in old 
cells (ratio of old over young) showed a general con-
sistency between the two biological replicates, with 
a correlation coefficient of 0.7303 (Fig. S1c). In the 
combined aging proteomes from both biological rep-
licates, 649 proteins (22.4%) showed changes greater 
than twofold: 510 were decreased and 139 were 
increased in old cells (Fig. 1f). A similar shift toward 
the reduction of most protein levels was also observed 
when comparing proteins with changes greater than 
fourfold (Fig.  1f); this is also apparent in the histo-
gram depicting fold changes (Fig.  1b) as well as in 
the MS intensity-ratio plot (Fig.  S1d). The overall 
shift toward reduced protein levels is consistent with 
previous observations of reduced protein biosynthesis 
in aging cells and individuals [42]. Tables S1 to S4 
list the top upregulated and downregulated proteins 
and nuclear proteins. Selected proteins were validated 
by western blotting using either specific antibodies or 
epitope tags (Fig. S2).

We compared proteomic changes induced by calo-
rie restriction (CR) in young and old cells grown in 
SC medium containing 0.05% glucose. Lysates of 

young and old cells from the CR condition were sepa-
rately mixed with the same 13C-lysine labeled refer-
ence sample described above and analyzed by MS. 
Similar proteomic coverage was obtained for these 
two proteomic measurements (Fig.  S1e and h) with 
good to fair correlations between biological repli-
cates (Fig. S1f and i). Interestingly, the CR proteome 
showed a similar downward trend in protein levels 
as in the aging proteome, whereas this shift was not 
observed in the aging proteome under CR (compare 
Fig. 1 c and b to d, and in Fig. 1f). MS intensity-ratio 
plots confirmed the quality of MS measurements for 
these proteomes (Fig. S1d, g, j).

To further examine the similarity among the MS 
measurements for the aging proteome, CR proteome, 
and the aging proteome under CR, we performed 
clustering analysis for all proteins showing level 
change greater than 1 × standard deviation (SD) in at 
least one of the MS datasets. As expected, biological 
replicates closely clustered together (Fig. 1e). Intrigu-
ingly, an overall similarity between changes in the 
aging proteome and the CR proteome emerges in the 
clustering analysis (Fig. 1e).

Distinct signatures identified in the aging proteome 
resemble those found in the calorie‑restricted 
proteome

To identify significant pathways or cellular compo-
nents regulated during aging or calorie restriction, 
gene ontology analysis was performed for the prot-
eomic data using DAVID [6]. Upregulated and down-
regulated proteins in the aging proteome, CR pro-
teome, and aging proteome under CR were generated 
using a 1 × SD threshold (Fig. 2a). We clustered over-
lapping GO terms in DAVID to extract highly signifi-
cant GO terms. For each GO cluster, an enrichment 
score was given (the average negative power of the 
p values of the GO terms in each cluster), including 
GO categories with p values less than 10−2. Among 
the differentially regulated proteins in the aging pro-
teome, distinct functional clusters for upregulated and 
downregulated proteins were categorized into certain 
signatures (Fig. 2b and c).

(1)	 The first signature includes proteins that respond 
to the low nutrient conditions (blue box). In the 
upregulated group were various amino acid bio-
synthetic and metabolic pathways that are nor-

Fig. 1   Quantitative proteomic analysis reveals a proteolytic 
environment in old cells. a Experimental procedure of SILAC 
mass spectrometry measurement. b–d Histogram showing 
the comparison of overall protein fold changes between NR 
old/young cells (b), CR/NR cells (c), and CR old/young cells 
(d). An overall reduction shift was both observed in NR old/
young group and CR/NR group. e Cluster analysis of two bio-
logical replicates of all 3 groups shows high similarity between 
aging and CR cells. f The increased and decreased threshold 
of ± 1SD set for all 3 cell groups

◂
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mally repressed when cultured in rich media, as 
well as oxidation/reduction enzymes indicating 
a shift from fermentation to respiration. In the 
downregulated group were protein biosynthetic 
pathways, which are hallmarks of low nutrient 
availability and starvation. Thus, old cells in rich 
media shift to a metabolic state that resembles 
growth in low nutrient conditions. Several nutri-
ent sensing kinases, Tor1 and Sch9, were down-
regulated in the old cell proteome, consistent 
with the observed metabolism shift. The upregu-
lation of amino acid biosynthetic pathways may 
reflect limiting amino acids in old cells, since 
these pathways are not significantly activated by 
low glucose (Wang et  al., 2010). Indeed, it has 
been previously shown that limiting non-essential 
amino acids extends replicative lifespan for yeast 
(Jiang et al., 2000).

(2)	 A second signature reveals signs of aging, cel-
lular dysfunction, and disorganization (red box), 
including increased vacuole and cell wall com-
ponents, and helicases encoded by telomeric Y’ 
elements, as well as reduced mitochondrial com-
ponents, oxidative phosphorylation, and mito-
chondrial ribosomes. Increased cell wall synthe-
sis and its expansion have long been associated 
with old cells [43]. Reduced mitochondria func-
tion and efficiency has also been linked to aging 
and is attributed to the increased reactive oxygen 
species (ROS) often observed in old cells [40]. 
In addition to these GO clusters, all four major 
histones showed significantly reduced levels in 
old cells (Fig.  3d) as reported previously [26], 
suggesting a major dysregulation of transcrip-
tion and chromatin dynamics.

(3)	 The third signature is an apparent cellular protec-
tive response including upregulation of homeo-
static pathways and responses to abiotic stimuli 
and stress (green box). Yeast cells, similar to 
higher eukaryotes, accumulate oxidized and dam-
aged proteins and organelles in the cytoplasm and 
vacuole with age [44, 45], and indeed, the levels 
of autophagy enzymes were increased. A number 
of factors contribute to the stress conditions for 
old cells, including the accumulation of ERCs 
and damaged proteins, as well as increased levels 
of ROS and damaged DNA. Thus, the observed 
upregulation of stress response proteins and 
enzymes, such as heat shock proteins and DNA 
damage repair enzymes, would counteract these 
stresses to promote cell survival.

The proteomic changes in old cells suggested that 
they are in a state resembling nutrient-limitation. To 
determine whether these changes were similar with 
calorie restriction, we examined proteomic changes 
induced by limiting glucose concentration to 0.05% 
compared to the normal 2%. We found that the pro-
teome of calorie-restricted cells showed expected 
downregulated ribosome and protein biosynthetic 
pathways, as well as upregulated energy genera-
tion and carbohydrate metabolic processes (Fig.  2d 
and e). Interestingly, there was also enrichment in 
stress response pathways among upregulated proteins 
under this CR condition (Fig.  2d and Tables  S5-6). 
These similarities confirmed the initial observations 
(Fig. 1e) that the old cell proteome exhibits evidence 
of dietary restriction.

We also examined the proteome of old cells cul-
tured in CR conditions and compared them with 
young CR samples. We found no further significant 
downregulation of ribosome and protein synthesis or 
elevation of energy production (Fig.  2f and g). This 
is potentially because nutrient is not further limited 
during replicative aging, unlike chronological aging. 
Interestingly, stress response and vacuolar protein 
catabolic processes are still significantly upregulated 
categories in the aging proteome under CR when 
comparing to young cells grown under CR, suggest-
ing that there are nutrient-dependent and nutrient-
independent mechanisms for activating these path-
ways. Categories similar with the aging proteome, but 
not found in the CR proteome, such as upregulated 
cell wall and downregulated mitochondria and Ty1 

Fig. 2   Gene ontology analysis shows the change of different 
signature functional groups during aging. a The increased and 
decreased threshold of ± 1SD was set for all 3 cell groups. b, c 
Three major signatures of the proteome of aging cells: nutrient 
response change, aging signs, and protective stress response. 
Different groups of nutrient response genes are mostly 
changed. Both up- and downregulated groups have signs of 
aging disorder, while anti-aging survival genes are upregu-
lated. d, e The calorie-restricted cells show increased energy 
generation process and reduced protein biosynthesis, with 
stress response pathways increased as well. f, g The old cells 
under CR condition show a different profile compared to CR/
NR, but the stress response is still activated. The symbols Δ, 
#, *, †, and inverted black triangle represent changes of similar 
gene groups in aging and CR proteome

◂
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retrotransposition, likely represent cellular dysfunc-
tion and deterioration during aging.

To investigate the similarities in the GO categories 
between the aging proteome and the CR proteome, 
we tested the statistical extent of overlap, indicated 
as pairs of symbols in Fig. 2b–e. We found upregu-
lated stress response and energy generation, as well as 
downregulated ribosome and protein biosynthesis as 
common pathways between aging cells and CR cells. 
Overall, statistically significant overlaps meeting the 
1 × SD threshold exist for both up- and downregulated 
proteins (Fig. 3a and b), further indicating the simi-
larity between these two cellular states. For individ-
ual comparisons, the two most significantly changed 

proteins in each of the similar GO categories show 
comparable changes in protein abundance (Fig. 3c).

Since upregulation of stress response pathways and 
inhibition of protein synthesis promote longevity [40, 
46], our observation that these protein changes occur 
in old cells and CR cells, leads to a proposal that old 
cells intrinsically activate certain CR mechanisms to 
antagonize aging. Indeed, the observed downregu-
lation of Sch9 and Tor1 nutrient sensing kinases, as 
well as the downregulated G-protein receptor subunit 
Gpa2, may trigger activation of CR pathways to ben-
efit old cells (Fig. 3d).

We also noted interesting proteomic changes for 
several other categories of proteins when comparing 

Fig. 3   The proteome of 
aging cells and calorie-
restricted cells show signifi-
cant similarity. a, b Venn 
diagram showing statisti-
cally significantly overlap-
ping between proteins 
upregulated and downregu-
lated, respectively, under 
normal aging and caloric 
restriction. c, d Compari-
son of protein fold change 
between CR and old cells, 
of most enriched/depleted 
protein in each depicted GO 
category. Error bars repre-
sent SEM; Δ, lack of error 
bar due to limited detection 
in mass spec experiments
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the aging and CR proteomes, including downregu-
lation of an important telomere structural protein 
(Rap1) in old cells, increased levels of helicases 
coded by telomeric Y’ elements, and downregula-
tion of Sir2 (Fig. 3d), which are consistent with dis-
ruption of chromatin structure and the silencing state 
near telomeres in old cells [1]. As mentioned above, 
the major histones are reduced in old cells, consist-
ent with previous observations [1, 26], and there 
were changes in histone H2A.Z levels and the linker 
histone H1 (Fig. 3d). Importantly, these changes are 
unlikely caused by increased proportion of arrested 
cells because quiescent cells arrested due to exhaus-
tion of nutrients do not show reduced histone levels 
[47].

Variations of the abundance of interacting proteins 
become less synchronized during aging

Loss of protein homeostasis, or proteostasis, is one 
of the prime hallmarks of aging [48]. Deficiency of 
the proteostasis network underlies many aging-related 
disorders [49], and a recent proteome and RNA-
sequencing study showed the degeneration of protein 
stoichiometry during aging [50]. Using the data set by 
Janssens et al. [50] (eLife15 set) at 12 different time 
points across yeast lifespan (from 7.8 to 72.3 h) and 
our own data detected at both normal YPD (NR) and 
calorie-restricted (CR) conditions, we calculated the 
fold changes of all genes between old cells and young 
cells. For the eLife15 set, the abundance at t0 = 7.8 h 
is used as reference (or young cells), and those at ti 
(i = 1 to 11) are treated as old cells. We then com-
pared such ratio change between all interacting pairs 
collected in the BioGRID (v. 3.5.164, physical inter-
actions) protein–protein interaction network (PIN) 
[8]. The arrows indicate the mean absolute ratio dif-
ferences at different ti (i = 1 to 11, data from different 
time are shown in different colors, see color bars in 
Fig. S3a). At both protein and mRNA levels in Elife15 
dataset, the ratio differences gradually expand during 
aging, with the ratio differences at older age (i.e., at 
t11 = 72.3  h) being most significant. In comparison, 
our data (Dang seq) showed an even larger increase 
of the ratio differences at both the protein and mRNA 
levels (Fig.  S3b) than eLife15 set. In addition, our 
results also indicate that CR could reverse the expan-
sion of mentioned ratio differences, especially at 
mRNA levels. The differences observed between the 

eLife15 set and our data (Dang set) (Fig. S3c) could 
be explained because different genes were chosen for 
analysis or different experimental conditions. More-
over, we observed that for the eLife15 set, at earlier 
time point of the lifespan (e.g., t1 = 10.7, t2 = 14), 
the ratio difference is not significantly different than 
those calculated from the random permutations. 
However, at older age (e.g., t11 = 72.3, and also in the 
Dang set at both NR and CR conditions), the ratio dif-
ferences from the original PIN became significantly 
smaller than random permutations (p < 1 × 10–5, as for 
10 k random models). Therefore, our results suggest 
that the aging process eventually enlarges the abun-
dance differences (ratios) of interacting proteins, and 
that this enlargement is significantly smaller than ran-
dom expectations in cells with older ages or under 
CR conditions.

Npc2 is an aging factor that regulates mitochondrial 
metabolism through ergosterol distribution

One application of the proteomic analysis is to predict 
the causal factors of aging. The proteins that decrease 
with age are usually considered beneficial factors 
for longevity, while the proteins that increase with 
age can be either cause or consequence of aging. We 
picked the top-changed proteins from different exper-
iment groups and GO categories and tested their rep-
licative lifespan (Fig. 4a). DNA replication regulation 
pathway and unfolded protein response pathway are 
longevity-promoting pathways. The proteins that are 
mostly downregulated in these two pathways showed 
significantly shorter lifespan when deleted. Proteins 
controlling protein homeostasis showed mixed results 
for lifespan regulation. Among these proteins we 
found out two targets that can significantly increase 
lifespan when deleted: NPC2 and FET5.

Yeast Npc2 is a sterol transport protein. It is the 
homolog of mammalian Niemann-Pick disease pro-
tein NPC2 [51]. Niemann-Pick disease is caused by 
mutations in either NPC1 or NPC2 genes [52]. The 
homologs of mammalian NPC1 and NPC2 in yeast 
are NCR1 and NPC2 [51, 53]. Ncr1 is a vacuolar 
membrane protein that regulates sphingolipid dis-
tribution and metabolism [54]. Yeast Npc2 binds to 
Ncr1 to facilitate the integration of sterol into vacuo-
lar membrane [55]. Using microfluid-based measure-
ment, we found that deletion of either NCR1 or NPC2 
can significantly extend yeast replicative lifespan in a 



	 GeroScience

1 3

A

B

-60

-50

-40

-30

-20

-10

0

10

20

egnahc
napsefilfo

egatnecreP
T

W
ot

derap
moc

GO category

Proteomic 
change 
category

↓ in 
NR

↓ in CR ↑ in both NR and CR↑ in NR ↑ in 
CR

1 2 3 4 5 4 5 5

*
*

GO legend:  1. DNA replication 2. Unfolded protein binding 3. Peptidase activity 4. Vacuolar peptidase activity  5. 
Vacuolar protein

dh
h1

Δ
ra
d2

7Δ

eg
d2

Δ

pa
c1

0Δ

hl
j1
Δ

m
kc
7Δ

aa
p1

Δ

hs
p3

1Δ
nm

a1
11

Δ
ec

m
14

Δ

Y
B
R
13

9W
Δ

la
p4

Δ
ap

e3
Δ

vp
h1

Δ

trx
2Δ

yb
t1
Δ

pr
c1

Δ
pe

p4
Δ

pr
b1

Δ
da

p2
Δ

am
s1

Δ
sm

f3
Δ

yc
f1
Δ

tfs
1Δ

fe
t5
Δ

np
c2

Δ

ra
v1

Δ

KS2 npc2Δ ncr1Δ

S6p

Pgk1

C
D

*

*

*

*

*
*

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

elbaiV
noitcarF

Age (Generations)

KS2(22.5)

KS2­CR(26.1)

npc2Δ(27.4)

npc2Δ­CR(27.2)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

Fr
ac

tio
n 

Vi
ab

le

Age (Generations)

KS2(22.5)
KS2­CR(26.1)

ncr1Δ(25.8)
ncr1Δ­CR(25.6)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

elbaiV
noitcarF

Age (Generations)

KS2(18.9)

npc2Δ(21.3)
ncr1Δ(21.5)
erg6Δ(21.3)
npc2Δerg6Δ(14.8)
ncr1Δerg6Δ(15.7)

*
* *

* * *



GeroScience	

1 3

CR-dependent manner (Fig. 4b). Consistent with the 
fact that Npc2 is upregulated in both aging and CR 
proteome (Fig.  4a), this result shows that deletion 
of NPC2 possibly activates CR-like mechanism to 
antagonize aging.

Since both Npc2 and Ncr1 are involved in cellular 
lipid distribution and metabolism, we tested if ergos-
terol, the yeast cholesterol, plays a role in lifespan 
regulation. Erg6 is a component of ergosterol bio-
synthesis pathway [56]. Deletion of Erg6 also sig-
nificantly extends lifespan (Fig. 4c). However, double 
deletion of either NCR1 or NPC2 together with ERG6 
shortened lifespan (Fig. 4c). These data indicate that 
a balance of ergosterol in the cell is necessary for 
lifespan maintenance and disruption of ergosterol 
transport is beneficial for longevity.

To further explore the mechanism of NPC2-medi-
ated longevity pathway, we performed transcriptome 
analysis of WT and npc2Δ cells. GO analysis showed 
that mitochondrial genes were the most down-
regulated category in npc2Δ cells, most of which 
are involved in oxidative phosphorylation process 
(Fig.  5a). This result implicates impaired mitochon-
drial function in npc2Δ cells. To find out the down-
stream mitochondrial targets of the NPC2-regulated 
pathway, we tested several downregulated mitochon-
drial genes in the npc2Δ transcriptome, including 
MEF1 and MSN4. Mef1 is mitochondria translation 
elongation factor [57], responsible for biosynthesis 
of several necessary components of mitochondrial 

electron transport chain [58]. Msn4 is a transcription 
factor that triggers stress response. It has been shown 
that Msn4 works together with Msn2 to activate sir-
tuins and promote longevity under TOR regulation 
[59]. Lifespan epistasis showed that Mef1 was neces-
sary for npc2Δ-mediated lifespan elongation, while 
MSN4 is dispensable (Fig.  5c). This result suggests 
OXPHOS function is required for npc2Δ-mediated 
longevity effect.

Since many mitochondrial genes are downregu-
lated, we next tested the functional readout of mito-
chondria in npc2Δ cells to see if mitochondrial 
function is critical for the Npc2-mediated longevity 
pathway. We first performed a carbon source survival 
test. npc2Δ cells survive better on non-fermentable 
carbon source compared to WT (Fig. 5b), indicating 
the npc2Δ cells have improved non-fermentation res-
piration when glycolysis is disabled. In conclusion, 
deletion of NPC2 could benefit lifespan through alter-
ation of mitochondria activity.

Several mitochondrial pathways regulate yeast 
aging [60]. Cox1 is subunit I of cytochrome C oxi-
dase and is often used as an indicator of mitochon-
drial genome and their copy number. Quantitative 
PCR of COX1 showed slightly but not significantly 
reduced mitochondrial DNA copy number in npc2Δ 
cells (Fig. S4a). This result is consistent with down-
regulation of Mef1 in npc2Δ cells, which is needed 
for COX1 translation. Deficiency in mt-DNA or 
OXPHOS respiration can trigger retrograde signaling 
to activate nuclear downstream targets [61]. Cit2 is a 
well-defined downstream target of retrograde activa-
tors Rtg1 and Rtg3, while Cit1 is another reader [62]. 
We tested the expression of CIT1 and CIT2 by qPCR 
and found no significant difference between WT and 
npc2Δ cells (Fig. S4b and S4c). rho0 cells, which lack 
mitochondrial genome, are used as positive control. 
In summary, mitochondrial copy number was slightly 
reduced in npc2Δ cells, but retrograde signaling was 
not triggered. We then tested mitochondrial ATP 
production and mitochondrial membrane potential. 
ATP level is decreased in npc2Δ cells in both YPD 
and glycerol culture (Fig. 5e). npc2Δ cells produced 
less ATP than WT in not only YPD but also glycerol, 
where ATP is only produced by OXPHOS, implicat-
ing an impaired oxidative phosphorylation apparatus. 
When cultured in YPD media, the reduced ATP pro-
duction in npc2Δ cells is possibly due to reduced MT 
copy number or impaired respiratory chain. However, 

Fig. 4   The proteomic analysis is a tool for the screening of 
aging factors. a Lifespan analysis of top up- and downregu-
lated proteins shown in their GO categories and experimental 
groups. (p-value: dhh1Δ = 1.35 × 10−14, rad27Δ = 0.000143, 
egd2Δ = 3.11 × 10−21, pac10Δ = 2.92 × 10−11, hlj1Δ = 0.002037, 
mkc7Δ = 0.002962, ecm14Δ = 0.000389, prc1Δ = 1.89 × 10−5, 
pep4Δ = 0.002345, ams1Δ = 3.66 × 10−7, smf3Δ = 0.004507, 
fet5Δ = 0.029053, npc2Δ = 0.000624, vph1Δ = 0.039323, 
rav1Δ = 2.82 × 10−9, for all strains N > 70). b CR can-
not further extend the lifespan of npc2Δ (a) and ncr1Δ (b) 
cells. (p-value compared to KS2: npc2Δ = 0.000052, KS2-
CR = 0.005966, npc2Δ-CR = 4.37 × 10−7, ncr1Δ = 0.002315, 
ncr1Δ-CR = 0.002176, for all strains N > 100). Note that 
the lifespan of WT cells is shorter in microfluidic experi-
ments (~ 20) because the system captures a mixture of young 
and old mother cell. c Deletion of ERG6 extends lifespan, 
while npc2Δerg6Δ and ncr1Δerg6Δ strains have significantly 
shorter lifespan. (p-value compared to KS2: erg6Δ = 0.001572, 
npc2Δerg6Δ = 4.76 × 10−8, ncr1Δerg6Δ = 0.000145, for all 
strains N > 70). d Western blot of S6p shows that S6p level is 
similar between WT and npc2Δ cells
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when electron transport chain in impaired in rho0 
condition, npc2Δ cells still produce more ATP than 
WT, suggesting stronger glycolysis activity.

Mitochondrial membrane potential is determined 
by proton pumps and is a way to measure cellular oxi-
dative phosphorylation function [63]. Flow cytometry 
of DiOC6, which measures mitochondrial membrane 
potential, showed no significant difference between 
WT and npc2Δ cells (Fig. S4d). In rho0 cells, npc2Δ 
showed increased mitochondrial membrane potential, 
consistent with its higher ATP production (Fig.  5e). 
Taken together, we conclude that in the long-lived 
npc2Δ cells, the overall mitochondrial oxidative 
function is inhibited, whereas glycolysis activity is 
increased, hence a metabolic shift toward glycolysis.

Discussion

Using the yeast replicative aging as a model, our 
results provided a comprehensive unbiased proteomic 
study of aging cells; our findings demonstrate dis-
tinct signatures of the aging proteome and revealed 
the partial proteomic resemblance between the aging 
and CR proteomes. These novel findings led to the 
hypothesis that old cells exploit mechanisms of CR to 
antagonize aging. By analysis of the aging proteome, 
and cross-examination of multiple high throughput 
data and genetic approaches, we demonstrate a novel 
longevity mechanism activated by calorie restriction. 
Inhibition of the chromatin remodeling ATPase Isw2, 
through reduced protein levels in old cells, or reduced 
cellular energy states in CR condition, derepresses 
a cohort of stress response genes, especially the 
DNA damage repair pathway utilizing homologous 

recombination. This finding represents the first evi-
dence for the role of chromatin remodeling ATPases 
in aging regulation.

By testing the lifespan of the top-changed proteins 
from the aging proteome, we identified several poten-
tial aging factors, further validating the confidence of 
the proteomic screen. Among them, NPC2-mediated 
longevity pathway is a vacuole-to-nucleus pathway 
that involves sterol metabolism, which has never been 
reported before. As the homolog of NPC2 in human 
is a known disease-causing gene, finding out its role 
in aging would be very helpful to elucidate its patho-
logical mechanism in higher eukaryotes. The working 
model is summarized in Fig. S4e.

Shared signatures between older cells and 
calorie‑restricted cells

Plentiful evidence exists to associate aging with pro-
found changes in protein synthesis, modifications, 
and turnover [42]. Most aging proteomic studies to 
date examined age-related proteomic changes in spe-
cific animal tissues. Although these studies provided 
some insights to link aging with profound metabolic 
changes, most of the results were highlighted by tis-
sue-specific features [64, 65]. Another study of vari-
ous aging mouse tissues by SILAC found few func-
tional clues from bulk tissue samples representing 
multiple cell types [29]. Thus, these previous results 
suggest that there is complexity and heterogeneity of 
age-related proteomic changes in the cell.

Yeast, as a single-cell eukaryotic organism, pro-
vides an excellent tool to allow proteomic studies at 
both the cellular and organismal level, and yet avoid-
ing the complexity of tissue-specific effects, as well 
as the problem with heterogeneous cell types found 
in animal tissues. Such a simple model system allows 
for discovery of general functional alterations during 
aging.

In this study, we used the yeast replicative aging 
model system and examined quantitative proteomic 
changes featured in old cells and calorie-restricted 
cells, as well as age-associated changes when cells 
were cultured under the CR condition. Quantitative 
measurements were obtained for more than half of 
the measurable yeast proteome, an unprecedented 
proteomic coverage for an aging study. Functional 
analysis revealed distinct signatures representing fea-
tures of metabolic response, aging and dysfunction, 

Fig. 5   NPC2 regulates lifespan through mitochondria and 
Sir2-mediated pathway. a Transcriptome analysis result shown 
in GO categories. Mitochondrial genes are the most downregu-
lated category. b npc2Δ cells show better growth under glyc-
erol anaerobic test. Rho0 cells are used as control. c Epistasis 
analysis of NPC2 and MEF1 shows epistatic effect on lifes-
pan (left), while NPC2 and MSN4 do not (right). (p-value: 
mef1Δ & mef1Δ npc2Δ = 4.53 × 10−11, msn4Δ & msn4Δ 
npc2Δ = 7.97 × 10−10, for all strains N > 70). d Epistasis analy-
sis of NPC2 and SIR2FOB1 shows epistatic effect on lifespan, 
while NPC2 and TOR1 do not. e ATP production test shows 
reduced ATP production in npc2Δ cells in both YPD (left) and 
YPG (YP + Glycerol) (right) medium. (p-value: YPD-WT& 
npc2Δ = 0.026124, YPD-rho0-WT& npc2Δ = 0.000243, YPG-
WT& npc2Δ = 0.01059, N = 3)
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as well as anti-aging and survival. In addition, we 
observed proteomic changes previously reported, 
such as downregulation of Sir2 and histone proteins. 
Proteomic changes in several categories in the aging 
proteome resemble those found in cells grown under 
calorie-restricted conditions, including downregu-
lated ribosome abundance, assembly, and protein 
translation, and upregulated metabolic pathways and 
stress response pathways. This observation led us to 
the hypothesis that old cells exploit CR mechanisms 
to antagonize aging. Indeed, the enzymes involved 
in CR-repressed pathways, such as Tor1, Sch9, 
Gpa2, and Isw2, were all downregulated in old cells 
(Fig.  3c, S2). The mechanism leading to downregu-
lation in old cells of these negative longevity regula-
tors remains to be explored. They could involve an 
altered protein homeostasis state in old cells, such 
as elevated autophagy pathways and vacuolar pro-
teolytic enzymes. Alternatively, old cells may simply 
lose their ability to sense nutrient availability and/or 
to uptake nutrients, resulting in the activation of CR 
pathways.

Old cells show distinct aging signatures

The aging proteome showed functional features that 
are consistent with many previous observations of 
changes in old cells. First, mitochondria function 
and integrity is weakened and disrupted in old cells 
due to accumulation of oxidative damage [66]. In the 
aging proteome, significantly reduced protein lev-
els were observed for mitochondria components and 
metabolic enzymes. Second, cell wall components 
are increased in the aging proteome, consistent with 
cell wall expansion with age. Third, telomere chroma-
tin structure is compromised and derepressed in old 
cells [1, 67], and we found significant increase in the 
aging proteome of the level of helicases encoded by 
telomere Y’ elements.

The aging proteome also unveiled numerous novel 
features. One striking alteration is downregulation of 
ribosome abundance and protein translation. Ribo-
some biogenesis is elaborately controlled in eukary-
otic cells, requiring coordinate regulation of all RNA 
polymerases. Hence, ribosome abundance is closely 
linked to the cellular metabolic state (Lempiäinen and 
Shore, 2009). CR extends lifespan by inhibiting ribo-
some biogenesis through the conserved TOR signal-
ing pathway [34]. Although protein biosynthesis is 

greatly reduced in old cells, the underlying mecha-
nism was unclear [42]. Our aging proteomic analysis 
showed for the first time the age-associated decline 
of ribosome abundance in old cells cultured in rich 
media. Notably, this decline is not caused by nutri-
ent limitation, but rather results from an unknown 
mechanism in old cells. We showed by statistical tests 
that several categories of differentially regulated pro-
teins in old cells resemble changes found in calorie-
restricted young cells, including reduced ribosome 
abundance and elevated stress responses. Hence, 
we hypothesize that old cells exploit mechanisms 
activated by CR to antagonize aging and promote 
survival.

The aging proteome under CR reveals more 
aging‑specific changes

Yeast cells cultured in various CR conditions show 
reduced levels of oxidative damage and extended 
lifespan. A number of factors and pathways have 
been attributed to the lifespan extension effect of CR, 
such as downregulated ribosome abundance through 
reduced TOR signaling, increased respiration and 
oxidative stress resistance, improved DNA damage 
response, and activation of Sir2. Nevertheless, cells 
still have limited lifespan under such conditions. 
Given our finding that old cells cultured in rich media 
show CR features, it becomes interesting to examine 
cells aged under CR conditions. Our proteomic analy-
sis represents the first examination of age-associated 
proteomic changes in cells cultured and aged in CR 
media. While several features still underlie the anti-
aging character of CR, such as further increased stress 
response and elevated amino acid biosynthesis, there 
is the clear omission of further reduction of ribosome 
levels. Importantly, other features revealed in the 
aging proteome in CR likely represent those changes 
detrimental to cell survival, such as the reduction of 
cellular membrane, mitochondria, and Ty1 reproduc-
tion — these may be invariant properties of aging 
cells that may not be altered by CR.

The aging proteome analysis is an approach for aging 
factor screen

A comprehensive analysis of yeast aging pro-
teome provides the most straightforward informa-
tion for what happened to the cell during aging. The 
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top-changed proteins during aging are the ones that 
react mostly to the aging mechanism. Analyzing these 
proteins by GO categories and how they change under 
NR and CR condition, we can learn more about the 
potential causing factors of aging. From the lifes-
pan analysis, all the downregulated proteins showed 
reduced lifespan when deleted, corresponding to our 
prediction that these proteins are beneficial for cel-
lular health and survival, as they fall into DNA rep-
lication and unfolded protein response category. If a 
protein is accumulating with time, it either drives the 
system into aging state or serve as an indicator of cel-
lular stress. The proteins that are upregulated either 
only in NR condition or in both NR and CR condi-
tion fall into similar GO categories: cytoplasmic and 
vacuolar protein quality control regulation. They also 
show similar mixed results of lifespan when deleted. 
Loss of proteostasis is a hallmark of aging [48]. Our 
results show that in yeast, proteostasis is a major 
player in aging regulation.

Mitochondrial cholesterol control is a potential new 
aging pathway

From this study, we took Npc2 as an example to 
show that this screen can give us new targets of aging 
mechanisms. As a widely studied pathologic protein 
in neurodegenerative diseases, the NPC2-mitochon-
drial pathway can open a door to further aging and 
pathological research. The NPC1/NPC2 protein lev-
els in aged mammalian kidney tissues and fibroblasts 
are significantly downregulated [68]. NPC1/NPC2 
deficiency causes accumulation of unesterified cho-
lesterol in the lysosome, leading to lysosomal disor-
der and neurodegeneration [69]. In yeast, deletion of 
either NPC2 or NCR1 will failure of sterol transporta-
tion from lipid droplets to vacuolar membrane [55]. 
It is reported that NPC2-knockdown will also cause 
decreased mitochondrial respiration function in liver 
fibroblasts [70] and adipocytes [71], supporting the 
idea that mitochondria are a downstream target regu-
lated by NPC2. NPC2 transfers cholesterol directly 
from endosome to mitochondria in Chinese hamster 
ovary cells [72]. We observed decreased mitochon-
drial gene expression related to oxidative phospho-
rylation and respiration, reflected by decreased mt-
DNA and ATP production in NPC2-deficient cells. 
Combined with the fact that these cells survive bet-
ter on non-fermentable carbon source, we speculate 

that deletion of NPC2 causes alteration in mitochon-
dria function, thereby creating a shift toward glyco-
lysis instead of OXPHOS. There is data supporting 
increased glycolysis in mammalian NPC1-deficient 
cells [73], but the metabolic condition in NPC2-
deficient cells, and detailed mechanisms leading to 
extended lifespan remains to be determined. The 
change in mitochondrial cholesterol leading to glyco-
lysis metabolic shift that benefits longevity could be a 
novel aging pathway that has implications in human 
disease treatment.

Npc2 is increased in aging yeast. Here we reported 
several phenotypes of npc2Δ cells, including reduced 
mitochondrial gene expression, reduced ATP produc-
tion and potential enhanced glycolysis activity. In our 
study, double deletion of ERG6 and NPC2 causes 
significant shortened lifespan (Fig.  4c), implicating 
that the balance of intracellular ergosterol is neces-
sary to maintain cellular survival. Although 80% of 
yeast ergosterol is located at cytoplasmic membrane 
[74], mitochondrial ergosterol has been shown to play 
important roles in stress response [75]. On the other 
hand, biosynthesis of ergosterol is critical for mito-
chondrial morphogenesis [76]. One study showed that 
the alteration of the ergosterol distribution of mito-
chondria and ER membrane is sufficient to determine 
the efficiency of the insertion of tail-anchored pro-
teins into mitochondrial outer membranes [77]. The 
unknown link between Npc2 and mitochondrial res-
piratory function can be related to these factors: mito-
chondrial ergosterol distribution, mitochondrial mem-
brane proteins, and mitochondrial stress response.

In mammalian cells, NPC1 works with NPC2 as 
a tag team duo to transport cholesterol out of lys-
osomes [78]. The Niemann-Pick type C (NPC) 
disease is caused by mutations in either the NPC1 
(95%) or NPC2 (5%) genes [52]. NCR1 is the 
homolog of NPC1 in yeast. The deletion NCR1 
also significantly extends yeast lifespan (Fig.  4b). 
However, whether the NCR1-meditated longev-
ity pathway shares similar mechanisms with 
NPC2-meditated longevity pathway remains to be 
explored. Ncr1 is responsible for subcellular sphin-
golipid distribution [54] and deletion of NCR1 also 
shows mitochondrial dysfunctions [79]. It has been 
shown that this sphingolipid signaling pathway 
regulates downstream Pkh1p-Sch9p axis and thus 
mediates mitochondrial dysfunction and oxidative 



	 GeroScience

1 3

stress sensitivity [79]. Whether this pathway is also 
responsible for NCR1-mediated replicative lifespan 
extension remains to be determined. Yeast cells 
experience a shift from fermentation to respiration 
during replicative aging [80]. Moreover, inhibiting 
mitochondrial respiration apparatus activates stress 
response and antagonizes aging [81]. Hence, we 
propose that metabolic interventions causing a shift 
from respiration toward glycolysis, as it occurs in 
npc2Δ cells, promote longevity.
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