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Summary

Aneuploidy and aging are correlated; however, a causal link

between these two phenomena has remained elusive. Here, we

show that yeast disomic for a single native yeast chromosome

generally have a decreased replicative lifespan. In addition, the

extent of this lifespan deficit correlates with the size of the extra

chromosome. We identified a mutation in BUL1 that rescues both

the lifespan deficit and a protein trafficking defect in yeast

disomic for chromosome 5. Bul1 is an E4 ubiquitin ligase adaptor

involved in a protein quality control pathway that targets

membrane proteins for endocytosis and destruction in the

lysosomal vacuole, thereby maintaining protein homeostasis.

Concurrent suppression of the aging and trafficking phenotypes

suggests that disrupted membrane protein homeostasis in ane-

uploid yeast may contribute to their accelerated aging. The data

reported here demonstrate that aneuploidy can impair protein

homeostasis, shorten lifespan, and may contribute to age-

associated phenotypes.

Key words: aging; aneuploidy; BUL1; protein trafficking;

replicative lifespan.

Introduction

Age is a major risk factor for some of the most deadly and debilitating

human diseases, including heart disease, cancer, and Alzheimer’s disease

(Kaeberlein, 2013). Identifying and possibly intervening with the

biological processes responsible for aging therefore has the potential

to improve the healthspan of many individuals. Model organisms have

been valuable to understanding the process of aging as several aging

and longevity pathways are highly conserved (Smith et al., 2008). One

such conserved pathway shown to play a role in aging is maintaining an

appropriate balance between protein synthesis and protein degradation

pathways in order to maintain a normal proteome, a process known as

protein homeostasis (Powers & Balch, 2013; Labbadia & Morimoto,

2015). Maintaining protein homeostasis via upregulation of protein

quality control systems, such as the ubiquitin-proteasome system (UPS),

has been shown to extend lifespan from yeast to rodents (Mehta et al.,

2009; Kruegel et al., 2011; Rodriguez et al., 2012; Vilchez et al., 2012;

Kaeberlein, 2013; Kevei & Hoppe, 2014). Inducing protein quality

control systems is thought to extend lifespan by counteracting the age-

associated accumulation of damaged and aggregated proteins (Kevei &

Hoppe, 2014); however, this age-associated decline in proteostasis may

be more finely regulated than currently appreciated (Labbadia &

Morimoto, 2014). A second highly conserved process associated with

longevity is caloric restriction and the corresponding decrease in

signaling through the TOR complex (Johnson et al., 2013; Kaeberlein,

2013). Caloric restriction and inhibition of TOR by rapamycin have been

shown to extend lifespan in yeast and metazoans (Smith et al., 2008).

Aneuploidy, defined as a number of chromosomes different from an

integer multiple of the haploid complement, is another phenomenon

that correlates with an organism’s age: The prevalence of aneuploidy

increases in both somatic and germline tissues as organisms age

(Lushnikova et al., 2011; Nagaoka et al., 2012; Baker et al., 2013).

While it is often proposed that the correlation between age and

aneuploidy is due to increased rates of chromosomal missegregation in

older cells, it is possible that the relationship is more complex and that

aneuploidy itself contributes to aging phenotypes. Similar to old cells,

aneuploid cells suffer from disrupted protein homeostasis due to

uncompensated protein expression from the chromosome at altered

copy number (Torres et al., 2007, 2010; Dephoure et al., 2014) and

have increased levels of protein aggregates (Oromendia et al., 2012).

Aneuploidy is further connected to aging by work in mice studying the

effects of somatic aneuploidy on aging phenotypes. Mice have delayed

aging phenotypes in tissues where the age-associated rate of aneuploidy

is also delayed (Baker et al., 2013). Conversely, mice with high levels of

somatic aneuploidy due to mutations in the mitotic checkpoint protein

BubR1 have decreased lifespans and premature aging phenotypes, while

overexpression of BubR1 in mice decreases age-associated somatic

aneuploidy and extends lifespan (Baker et al., 2004, 2013). The human

homolog of BubRI, BUB1B, is mutated in a rare human disorder known

as mosaic variegated aneuploidy (MVA) syndrome (Matsuura et al.,

2006); although individuals with this syndrome have limited life

expectancies, they also have elevated rates of cancer and multiple

congenital anomalies, making any assessment of an accelerated aging

phenotype very difficult. Finally, accelerated aging has been observed in

the most common example of human aneuploidy: Down syndrome

(Martin, 1978; Roth et al., 1996; Nakamura & Tanaka, 1998). These

diverse lines of evidence buttress the hypothesis that aneuploidy may not

be only a symptom of aging but may also promote aging.

In this study, we examined the relationship between aneuploidy and

aging in the yeast Saccharomyces cerevisiae. We found that aneuploid

yeast generally have a shortened lifespan that correlates with the burden

of extra yeast chromosomal DNA. We also showed that suppressor

mutations could relieve this aneuploidy-associated lifespan deficit. In

particular, we showed that the loss of function of the gene BUL1 rescued

the lifespan of yeast with an extra copy of chromosome 5. The effect of
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BUL1 deletion on lifespan was not generalizable to yeast disomic for

other chromosomes or to euploid yeast. BUL1 deletion also rescued a

Cps1 trafficking defect in yeast disomic for chromosome 5; however, the

precise mechanism by which BUL1 deletion rescued the lifespan in chr5

disome strains remains uncertain. Therefore, while aneuploid cells are

generally short lived, possibly secondary to perturbations in protein

homeostasis, the precise perturbation, and therefore the precise

mechanism of rescue, is likely karyotype dependent.

Results

To investigate a causative relationship between aneuploidy and aging,

we measured the replicative lifespans (RLS) of a set of previously well-

characterized disomic yeast strains (‘disomes’): haploid cells, each

carrying an extra copy of one of 13 of 16 native yeast chromosomes

(Table S1) (Torres et al., 2007, 2010; Sheltzer et al., 2011; Oromendia

et al., 2012; Dephoure et al., 2014). We determined the RLS for each

disome using the gold standard method of manually separating

daughter cells as they bud from a single mother cell and counting the

number of buds produced before a mother cell ceases to divide (Steffen

et al., 2009). Using this method, we found that 10 of the 13 disomes

assayed had significantly shorter lifespans than the wild-type control

strain (Figs 1A and S1).

Most transcripts and proteins originating from a disomic chromosome

are expressed at levels reflecting their underlying DNA copy number

(Torres et al., 2010; Dephoure et al., 2014). To differentiate whether the

disomes’ shortened lifespan was due to this uncompensated overex-

pression, or simply to the burden of carrying an extra chromosome, we

determined RLS for a collection of strains containing yeast artificial

chromosomes (YACs) comprising human or mouse DNA. These YACs are

similar in size to native yeast chromosomes but due to the different

genetic density of mammalian genomes compared to S. cerevisiae, and

the lack of appropriate splicing machinery in yeast, many fewer

transcripts and proteins are likely expressed from YACs. Furthermore,

previous comparisons between these disomes and YAC strains showed

that the YAC strains did not suffer from the proteotoxic stress commonly

experienced by disomes (Torres et al., 2007, 2010; Oromendia et al.,

2012; Dephoure et al., 2014). Similarly, we found that while the

disomes were short lived, strains carrying YACs even as large as 1.6

megabases had lifespans that were similar to wild-type (Fig. 1B).

We noted that the degree of lifespan reduction in the disomes

correlated with the size of the extra chromosome (R2 = 0.38) (Fig. 1C).

The size of the rDNA locus is highly variable between strains of yeast

resulting in a wide variation in chromosome 12 size (James et al., 2009).

Given this variability, we could not easily assign the exact size of

chromosome 12 and chose to exclude chr12 disome from this analysis

(for additional information, see Fig. S2). We also compared the RLS of

each disome, including the chr12 disome, to the total number of verified

ORFs present on each chromosome and found a similar correlation

(R2 = 0.36) (Fig. 1D); there was no correlation between the lifespan of

the YAC strains and the size of the YAC (R2 = 0.00037) (Fig. 1C).

All the disomes used in this study were previously shown to have a

fitness deficit, as reflected in a lengthened doubling time and other

phenotypes, compared to a euploid control (Torres et al., 2007).

Previously, laboratory evolution of each disome selected for evolved

clones with a rescued doubling time (Torres et al., 2010). To address

whether the disomes’ shortened lifespans were simply due to a fitness

deficit and not reflective of an aging phenotype per se, we determined

the RLS of several fitness-neutral evolved disome clones derived from

disomes with shortened lifespans. As previously reported (Torres et al.,

2010), these evolved disomes had diverse karyotypes containing both

amplifications and deletions; these changes always reduced the overall

DNA burden (Table S2). In general, we found that evolved disomes with

the original disomic karyotype retained the short-lifespan phenotype

(Fig. 2A), while those clones that had a karyotype closer to the wild-type

euploid had regained normal lifespans (Fig. 2B). It is especially significant

that most of the evolved disomes with a retained disomic karyotype

(Fig. 2A) were still short lived despite regaining a normal doubling time

as this strongly argues that the defective aging phenotype generally

observed in the disomes cannot be explained simply by decreased

growth ability.

A single clone evolved from the chr5 disome (chr5 disome evolved

clone 2) had both retained the disomic karyotype and had regained a

wild-type lifespan, suggesting that it had acquired a point mutation that

suppressed the lifespan deficit associated with aneuploidy (Fig. 2A).

Whole-genome sequencing (WGS) of the original chr5 disome and the

chr5 disome evolved clone 2 identified five point mutations unique to

the evolved clone (Table S3). We backcrossed chr5 disome evolved clone

2 to an isogenic wild-type strain and determined the replicative lifespan

for nine segregants disomic for chromosome 5 and three euploid

segregants. The RLS for the nine disomic segregants fell into two distinct

groups: Four segregants had lifespans indistinguishable from the original

chr5 disome, and five segregants had wild-type lifespans (Fig. 3A).

Sanger sequencing of the five evolved point mutations in these nine

segregants revealed that a Q146K missense mutation in BUL1 segre-

gated exactly with the rescued lifespan (Fig. 3A, complete genotype

details in Table S4). Two additional point mutations were identified on

chromosome 5: a nonsense mutation in the dubious ORF YER046W-A

and an L59F missense mutation in OXA1. Although our experimental

design did not allow us to segregate the two chromosome 5 point

mutations away from the disomic chromosome, disomic segregants with

both wild-type and shortened lifespans were heterozygous for the

chromosome 5 mutations, suggesting that these mutations were not

crucial to affecting lifespan.

To test whether the BUL1 variant alone was responsible for the

lifespan extension, we introduced the bul1Q146K mutation into the

original chr5 disome and observed a similar lifespan extension (Fig. 3B).

As the Q146K mutation in Bul1 is just 11 residues upstream of the PPXY

motif necessary for interaction with its E3 ubiquitin ligase partner, Rsp5

(Merhi & Andr�e, 2012), we created a bul1D in the chr5 disome and

found that complete deletion of BUL1 reproduces the lifespan extension

(Fig. 3B). In a euploid background, bul1 mutations had conflicting

effects: The bul1Q146K variant extended lifespan beyond wild-type in two

of the three euploid segregants examined (Fig. 3A, Wilcoxon rank-sum

test P = 0.008 and 0.00006; Table S4 for genotype and RLS details).

Generally, however, the lifespan-extension effects of bul1D appear to be

specific to the chr5 disome background. Neither the bul1D nor bul1Q146K

allele significantly extended lifespan when reintroduced into the original

wild-type control (Fig. 3B), nor does bul1D extend lifespan in yeast

disomic for other chromosomes (Fig. S3).

Previous characterization of the disome strains used in this study

showed that these strains suffer from proteotoxic stress due to the

uncompensated expression of proteins from the disomic chromosome

(Torres et al., 2007, 2010; Oromendia et al., 2012; Dephoure et al.,

2014). Specifically, the disome strains share an RNA expression profile

similar to the environmental stress response and have an increased

sensitivity to proteasome-inhibiting drugs (Torres et al., 2007). Further-

more, deletion of the deubiquitinating enzyme Ubp6 increases protea-

some degradation (Oromendia et al., 2012), rescues the fitness deficits

of four disome strains (Torres et al., 2010), and ameliorates disome-
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associated protein overexpression (Dephoure et al., 2014). Disome

strains also have an increased level of protein aggregates (Oromendia

et al., 2012). Together, these findings suggest that protein overexpres-

sion from the disomic chromosome increases flux through the UPS and

results in a cellular stress response. While the degradation of damaged,

misfolded, or misexpressed proteins by the UPS is the main pathway by

which homeostasis of cytosolic proteins is maintained, integral mem-

brane proteins do not typically have access to the UPS. Instead,

damaged membrane proteins are targeted for endocytosis and pass

through the multivesicular body (MVB) and to the lysosome (in yeast,
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Fig. 1 Aneuploidy decreases lifespan. (A) Aneuploidy of native yeast chromosomes decreases lifespan. Bars represent mean replicative lifespan � 95% CI, *P < 0.001,
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the vacuole), where they are eventually degraded (Piper & Luzio, 2007;

Zhao et al., 2013). Bul1 plays an important role in this plasma

membrane quality control system by facilitating the Rsp5-dependent

polyubiquitination of multiple protein targets which directs their sorting

to the vacuole for degradation (Yashiroda et al., 1996; De Craene et al.,

2001; Helliwell et al., 2001; Crespo et al., 2004; Merhi & Andr�e, 2012;

O’Donnell, 2012; Zhao et al., 2013). Disruption of this membrane

protein quality control pathway has been previously linked to acceler-

ated aging (Fabrizio et al., 2010), while the Rsp5/Bul1 node, in

particular, has been shown to ameliorate the effects of protein

aggregation in a model of neurodegenerative diseases (Tardiff et al.,

2013).

The vacuolar hydrolase, carboxypeptidase S (Cps1), is a transmem-

brane protein that requires Rsp5 for ubiquitination of its cytosolic

domain and subsequent transport to the MVB lumen (Katzmann et al.,

2004). Separate from its activity as an Rsp5 client, trafficking of Cps1

from the cell membrane to the vacuole has been well characterized and

Cps1 is frequently used as a model cargo to study protein trafficking

through MVBs (Odorizzi et al., 1998). Using a quantitative, luciferase-

based assay to search for defects in MVB formation and sorting

(Nickerson et al., 2012; Nickerson & Merz, 2015), we observed that the

original chr5 disome has a Cps1 trafficking defect that is ameliorated by

the deletion of BUL1 or the bul1Q146K allele (Fig. 4). We hypothesize that

in cells disomic for chromosome 5, BUL1 loss of function restores protein

homeostasis by rescuing the membrane protein trafficking defect and

allowing abnormally expressed proteins to be targeted to the vacuole for

degradation.

Discussion

Despite their temporal association, it has been unclear whether there is a

causal relationship between aneuploidy and aging. Our results establish

a connection between aneuploidy and aging. This connection cannot

simply be explained by cellular fitness deficits associated with abnormal

karyotypes as disomic yeast selected for normal growth rates generally

retained shortened lifespans. The dose response between the burden of

extra chromosomal DNA and lifespan deficit, although of only moderate

strength, further supports the connection between aneuploidy and

aging. Finally, the absence of abnormal aging phenotypes in yeast with a

significant burden of exogenous DNA (i.e., YACs) implicates the

expression of additional yeast proteins from native yeast chromosomes

as a possible mechanism of the reduced lifespan in disomes. The data

presented here add further support to the hypothesis that aneuploidy

may not simply be a byproduct of an aging mitotic machinery but may

also contribute to age-associated phenotypes.

One possible explanation for the correlation between disome size and

the aging deficit reported in this study is disrupted proteostasis. Strains

disomic for larger chromosomes have been shown to overexpress a

correspondingly greater number of proteins (Dephoure et al., 2014),

which would therefore be expected to cause greater disruption to
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Fig. 2 (A) Evolved disome clones with disomic karyotypes generally retained shortened lifespans. Chr5 disome evolved clone 2 was the only evolved disome clone with a

disomic karyotype that had regained a wild-type RLS. Bars represent mean replicative lifespan � 95% CI,* P < 0.001, Wilcoxon rank-sum test. (B) Evolved disome clones
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proteostasis. Disrupted protein homeostasis is thought to be a general

process that contributes to aging in yeast and metazoans (Morimoto,

2008). In addition to their lifespan deficit, the disrupted protein

trafficking phenotype observed in the chr5 disome strain is consistent

with disrupted proteostasis. Furthermore, the rescue of both the aging

deficit and the protein trafficking defect by a mutation in the ubiquitin

ligase adaptor protein Bul1 implicates disrupted membrane proteostasis

as a possible cause of the chromosome 5 disome’s shortened lifespan.

We have shown that the lifespan extension of bul1D is restricted to a

chr5 disomic background. One possible explanation for this specific

relationship is that Bul1’s E3 ubiquitin ligase partner, Rsp5, is located on

chromosome 5. It is possible that bul1D restores the balance of Rsp5-

mediated degradation by shifting its ubiquitination away from Bul1-

mediated proteins toward clients targeted by other arrestins, although

this hypothesis remains to be tested explicitly. Interestingly, Rsp5 has

previously been implicated in cellular tolerance of aneuploidy: A

mutation in Rsp5 was identified in chr11 disome evolved clone 2 (Torres

et al., 2010). As with all the evolved clones, this clone has a normal

doubling time although the RSP5 mutation was one of several mutations

identified and its independent fitness effects remain unknown. However,

BUL1 deletion did not rescue the aging deficit found in the chr11

disome. Perturbations in the Rsp5/Bul1 protein degradation pathway

have also been implicated in the tolerance to a-synuclein, the protein

that forms Lewy bodies in Parkinson’s and other neurodegenerative

diseases (Tardiff et al., 2013), suggesting perhaps that the Bul1 mutation

could promote protein homeostasis via amelioration of the protein

aggregate formation common to disome strains (Oromendia et al.,

2012). A particular stoichiometry between Bul1 and Rsp5 may therefore

be optimal for counteracting the disrupted protein homeostasis in

aneuploid cells.

An alternative explanation for the correlation between disome size

and the aging deficit is the copy number change of particular genes that

affect aging in disomes. If we assume that genes with a dose-dependent

effect on aging are distributed randomly throughout the genome, then

larger disomic chromosomes will be more likely to contain such genes

and therefore more likely to cause severe aging deficits. In the specific

case of chromosome 5 disomy, increased expression of particular

chromosome 5 genes that disrupt nutrient signaling pathways could

produce the observed aging deficit. Caloric restriction and decreased

signaling through the TOR pathway is a conserved process that promotes

longevity in yeast and metazoans (Kaeberlein, 2013). Gln3 is a

transcription factor that regulates nitrogen metabolism, is directly

regulated by both TOR and Bul1, and is located on chromosome 5.
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During growth on a nonpreferred nitrogen source, Bul1 and its

functionally similar binding partner Bul2 are required for nuclear

translocation of Gln3 (Crespo et al., 2004). Emphasizing the complexity

of nutrient signaling, however, the inhibition of TOR by rapamycin

treatment activates Gln3 via a mechanism that is not dependent on Bul1/

Bul2 (Crespo et al., 2004). Bul1/Bul2 have additional roles in nutrient

signaling upstream of Gln3 nuclear translocation. In response to poor

nutrient conditions, such as growth on a nonpreferred nitrogen source,

Bul1 and Bul2 are phosphorylated and inactivated. This allows the

general amino acid transporter Gap1 to remain at the plasma membrane

and scavenge for additional sources of nitrogen (Merhi & Andr�e, 2012;

O’Donnell, 2012). Under nutrient-replete conditions, signaling through

TOR results in Bul1/Bul2 derepression, association with Rsp5, and

resulting ubiquitination and endocytosis of Gap1 (Merhi & Andr�e, 2012;

O’Donnell, 2012). Finally, additional support connecting Bul1/Bul2

function to aging via effects on nutrient signaling comes from a study

where a natural variant of BUL2 prolonged chronological aging in yeast

via Gln3-dependent effects on telomere length (Kwan et al., 2011).

Clearly, Bul1/Bul2’s role in mediating and responding to nutrient

signaling is quite complex and its intricacies will likely require many

future experiments to fully elucidate. However, two of Bul1/Bul2’s

partners in appropriate nutrient signaling are located on chromosome 5:

GLN3 and RSP5. Perhaps the particular stoichiometry of Bul1 to Gln3 or

Rsp5 is restored by bul1D in the chr5 disome background resulting in

lifespan extension. In contrast to the hypothesis outlined above linking

the aging deficits in disomes to disrupted proteostasis, this hypothesis

proposes that karyotype-specific genes and pathways produce the aging

deficits observed in each disome strain. In reality, the mechanism by

which disomy affects cellular aging is likely a combination of karyotype-

specific effects as well as general changes in cellular physiology that

represent shared characteristics of all disomes.

Although precise determination of the mechanism by which bul1D
rescues lifespan in chr5 disome strains is beyond the scope of this paper,

the results presented here provide a foundation for additional future

experiments. First, although we have shown that bul1D in the

background of chr5 disomy reproduces the lifespan rescue associated

with the bul1Q146K mutation, confirmation of this genotype–phenotype

connection could be even further strengthened by reintroducing BUL1 in

a chr5 disome bul1D background strain and assessing for recurrence of a

shortened lifespan. Although theoretically simple, episomal plasmids are

difficult to maintain in lifespan experiments and genomic integration into

disome strains, which have increased mutation rates (Sheltzer et al.,

2011), could result in additional suppressor mutations, making such an

experimental approach fraught. Second, although previous studies have

suggested that Bul1 and Bul2 are functionally redundant, we found that

bul1D alone was sufficient to rescue lifespan in chr5 disomes. Future

experiments will be important to determine the functional overlap

between Bul1 and Bul2 and particularly in the area of longevity. Third,

we have shown that the chr5 disome has a disrupted membrane

trafficking phenotype that was rescued by bul1D. Future experiments

will be needed to determine whether a similar membrane trafficking

defect is a general phenotype of aneuploidy and if so, to discover both

karyotype-specific and general suppressors of this phenotype.

While this study shows that shortened lifespan is a common outcome

of aneuploidy, it seems most likely that the specific mutations that

suppress this phenotype depend on a cell’s unique karyotype. Consistent

with this hypothesis, the presence of GLN3 and RSP5 on chromosome 5

could explain the specific effects of bul1D on RLS in the chr5 disome

background regardless of whether bul1D acts to rescue lifespan in chr5

disomes via restoration of protein homeostasis or through alterations in

nutrient signaling. Cataloguing the finite list of mutations that act

generally and karyotype specifically to suppress the cellular effects of

aging will be an important step toward characterizing the mechanistic

pathways by which aneuploidy perturbs cellular physiology. Such an

effort will help define cellular targets and therapeutic approaches to age-

associated diseases including neurodegenerative diseases.

Experimental procedures

Media, strains, and primers

Disomes were grown on C-his+G418 media to select for the disomic

chromosome. Geneticin at a concentration of 200 mg L�1 was used to

select for G418 resistance. YAC-containing strains were grown on C-

ura-trp media to select for the YAC. YPD, and sporulation media were

prepared according to standard recipes as previously described. The

original disome, evolved disome, and YAC-containing strains used in this

study were created and described previously (Torres et al., 2007, 2010)

and are isogenic and of w303 background. The segregants derived from

the backcross of chr5 disome evolved clone 2 were newly generated for

this study. The genotypes for all strains and their strain identifiers are

described in Table S1. The following primers were used to genotype

the five point mutations identified in chr5 disome evolved clone 2 BUL1:

F 50-TCGATGGGTGTGGACATTTT, R 50-ACCGTCGTTACACTCTCCAA;
BNR1: F 50-, R 50-; OXA1: F 50- CAAAACACTCTCAGCAGGCC, R 50-
AGAGGGGAAACATCAGGCAT; YER046W: F 50-GAGTACTGAACGCA
CTGCAG, R 50-CTTTAGCGAAGGATGCTGCC; YNL166C: F 50-TGCGG
TTTTGTGCTCTTCAA, R 50-ATACGGAGGATGTTGGCGAT.

BUL1 deletion strains were created with standard methods as

follows. For strains YMD2932, YMD2933, YMD2935, YMD2936,

YMD2937, YMD2939, and YMD2942, the bul1D::NatMX4 cassette

was created by using primers BUL1:F and BUL1:R to amplify pRS40N

plasmid DNA (Chee & Haase, 2012). This PCR product was then

purified using Zymo columns and 2lg of the purified PCR product was

used to chemically transform the following strains: w303 control, chr5

disome, chr8 disome, chr9 disome, and chr11 disome. Successful

mutants were screened using primers PGO142 (50-ACTGGCGG
TTTGTGGTTTGG) and PGO143 (50-GTGAAGTTGCATATAGCGGTAGCA)
and karyotyped by aCGH. Microarray data are deposited in the Gene

Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/)

under accession GSE75623 and in the Princeton Microarray Database

(http://puma.princeton.edu).

For strains YMD2934, YMD2938, YMD2940, YMD2941,

YMD2943, YMD2944, YMD2945, the bul1D::NatMX4 cassette was

created by using primers BUL1:F and BUL1:R to amplify pRS40N

plasmid DNA (Chee & Haase, 2012). This PCR product was then

purified using Zymo columns and 2lg of the purified PCR product

was used to chemically transform the w303 MATa control (YMD671).

Successful mutants were screened using primers PGO142 (50-ACTG
GCGGTTTGTGGTTTGG) and PGO143 (50-GTGAAGTTGCATATAGCGG
TAGCA) and backcrossed to w303 MATa (YMD2566), sporulated, and

selected for MATa bul1D::NatMX4 and histidine auxotrophy. This

strain was then backcrossed to the appropriate disome strains and

sporulated, and MATa segregants were selected for growth on

ClonNAT and C-his plates. In the case of YMD2941, no MATa

segregants were identified so a MATa strain was selected instead.

Karyotypes were confirmed by aCGH. Microarray data are deposited

in the Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.-

gov/geo/) under accession GSE75623 and in the Princeton Microarray

Database (http://puma.princeton.edu).
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Replicative lifespan experiments

Replicative lifespan assays were carried out as described previously

(Steffen et al., 2009). All lifespan experiments were carried out on YPD

with 2% agar. Disome and YAC-containing strains requiring selective

growth conditions were propagated on selective plates up until

beginning the RLS. To start each lifespan, a small amount of cells was

patched from the selective plates onto YPD and individual cells were

arrayed. From these individual cells, virgin daughters were then picked to

use for the RLS. Early control experiments showed that carrying out the

RLS under nonselective conditions did not lead to a significant loss of the

disomic chromosome (data not shown).

Illumina sequencing analysis

DNA samples from chr5 disome and chr5 disome evolved clone 2 were

sequenced on an IlluminaMiSeq generating 4832685 or 2691304 150 bp

reads leading to a mapping coverage of 94X and 52X, respectively.

Sequencing data are deposited at BioProject ID PRJNA255436 with

BioSample IDs SAMN02919171and SAMN02919184. Readswere aligned

with BWA (Li & Durbin, 2009), and single nucleotide variants (SNVs) were

called using the samtools (Li et al., 2009)mpileup commandafter applying

standard filters. Specifically, nonuniquely mapping reads, reads in which

the pair did not map, reads with a mapping quality <30, and PCR/optical

duplicate reads were filtered out; the samtools C-50 filter was applied as

recommended for readsmappedwith BWAand the vcfutils.pl varFilter -D

filter was applied with D set to 2X the average mapping coverage. SNVs

unique to the evolved clones were identified with a custom Python script,

annotated with a second Python script (http://depts.washington.edu/

sfields/software/annotate/) (Pashkova et al., 2013) and further prioritized

by manual examination with the Integrative Genome Viewer (IGV)

(Robinson et al., 2011).

LUCID cargo trafficking assay

Endosomal luminal cargo transport was measured using a chimeric

luciferase reporter and a dual luciferase assay (Promega) essentially as

described (Nickerson et al., 2012). Cells were grown to late log phase in

selective media to ensure the retention of reporter plasmid pDN278

(Nickerson & Merz, 2015), which encodes a chimeric luminal cargo,

FLuc-CPS1, under the native CPS1 promoter, and a soluble loading

control, RenillaLuc, under the constitutive PGK1 promoter in a pDN616

backbone (Nickerson et al., 2012). Measured sequentially in the same

yeast cell lysate, signal from FLuc-tagged cargo is normalized vs. signal

from RLuc.

Acknowledgments

Thanks to Angelika Amon for helpful comments on the manuscript.

Thanks to Angelika Amon and Eduardo Torres for strains. The data

reported in this paper are tabulated in the Supporting Online Material.

Sequencing data are archived at BioProject ID PRJNA255436 with

BioSample IDs SAMN02919171 and SAMN02919184, and microarray

data are archived in the Gene Expression Omnibus repository under

accession GSE75623 and in the Princeton Microarray Database.

Funding

This work was supported by NIH Grants R01 GM094306 to MJD,

R01AG039390 to MK, and the University of Washington Nathan Shock

Center of Excellence in the Basic Biology of Aging (NIH P30AG013280).

BMWwas supported by NIH Training Grant T32ES007032. AJM and DPN

were funded by NIH grant GM077349. ABS was supported by F30

CA165440 and NIH Training Grant T32 AG000057 and is an ARCS

Scholar alumnus. MJD is a Rita Allen Foundation Scholar and a Senior

Fellow in the Genetic Networks program at the Canadian Institute for

Advanced Research.

Conflict of interest

None declared.

Author contributions

ABS, DPN, AJM, MJD, and MK designed the experiments and analyzed

the results. DC, DJM, BMW, and AS performed the replicative lifespan

experiments. GTO constructed the bul1D strains. DPN carried out the

trafficking experiments. ABS performed the statistical analyses and

wrote the manuscript with input from MJD, MK, and AJM.

References

Baker DJ, Jeganathan KB, Cameron JD, Thompson M, Juneja S, Kopecka A, Kumar

R, Jenkins RB, de Groen PC, Roche P, van Deursen JM (2004) BubR1 insufficiency

causes early onset of aging-associated phenotypes and infertility in mice. Nat.

Genet. 36, 744–749.
Baker DJ, Dawlaty MM, Wijshake T, Jeganathan KB, Malureanu L, van Ree JH,

Crespo-Diaz R, Reyes S, Seaburg L, Shapiro V, Behfar A, Terzic A, van de Sluis B,

van Deursen JM (2013) Increased expression of BubR1 protects against

aneuploidy and cancer and extends healthy lifespan. Nat. Cell Biol. 15, 96–102.
Chee MK, Haase SB (2012) New and redesigned pRS plasmid shuttle vectors for

genetic manipulation of Saccharomyces cerevisiae. G3 2, 515–526.
Crespo JL, Helliwell SB, Wiederkehr C, Demougin P, Fowler B, Primig M, Hall

MN (2004) NPR1 kinase and RSP5-BUL1/2 ubiquitin ligase control GLN3-

dependent transcription in Saccharomyces cerevisiae. J. Biol. Chem. 279,
37512–37517.

De Craene JO, Soetens O, Andre B (2001) The Npr1 kinase controls biosynthetic and

endocytic sorting of the yeast Gap1 permease. J. Biol. Chem. 276, 43939–43948.
Dephoure N, Hwang S, O’Sullivan C, Dodgson SE, Gygi SP, Amon A, Torres EM

(2014) Quantitative proteomic analysis reveals posttranslational responses to

aneuploidy in yeast. eLife 3, e03023.
Fabrizio P, Hoon S, Shamalnasab M, Galbani A, Wei M, Giaever G, Nislow C, Longo

VD (2010) Genome-wide screen in Saccharomyces cerevisiae identifies vacuolar

protein sorting, autophagy, biosynthetic, and tRNA methylation genes involved

in life span regulation. PLoS Genet. 6, e1001024.

Helliwell SB, Losko S, Kaiser CA (2001) Components of a ubiquitin ligase complex

specify polyubiquitination and intracellular trafficking of the general amino acid

permease. J. Cell Biol. 153, 649–662.
James SA, O’Kelly MJT, Carter DM, Davey RP, van Oudenaarden A, Roberts IN

(2009) Repetitive sequence variation and dynamics in the ribosomal DNA array

of Saccharomyces cerevisiae as revealed by whole-genome resequencing.

Genome Res. 19, 626–635.
Johnson SC, Rabinovitch PS, Kaeberlein M (2013) mTOR is a key modulator of

ageing and age-related disease. Nature 493, 338–345.
Kaeberlein M (2013) Longevity and aging. F1000Prime Rep. 5, 1–8.
Kaeberlein M, Kirkland KT, Fields S, Kennedy BK (2005) Genes determining yeast

replicative life span in a long-lived genetic background. Mech. Ageing Dev. 126,
491–504.

Katzmann DJ, Sarkar S, Chu T, Audhya A, Emr SD (2004) Multivesicular body

sorting: ubiquitin ligase Rsp5 is required for the modification and sorting of

carboxypeptidase S. Mol. Biol. Cell 15, 468–480.
Kevei �E, Hoppe T (2014) Ubiquitin sets the timer: impacts on aging and longevity.

Nat. Struct. Mol. Biol. 21, 290–292.
Kruegel U, Robison B, Dange T, Kahlert G, Delaney JR, Kotireddy S, Tsuchiya M,

Tsuchiyama S, Murakami CJ, Schleit J, Sutphin G, Carr D, Tar K, Dittmar G,

Kaeberlein M, Kennedy BK, Schmidt M (2011) Elevated proteasome capacity

extends replicative lifespan in Saccharomyces cerevisiae. PLoS Genet. 7,
e1002253.

Aneuploidy shortens lifespan in yeast, A. B. Sunshine et al. 323

ª 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

http://depts.washington.edu/sfields/software/annotate/
http://depts.washington.edu/sfields/software/annotate/


Kwan EX, Foss E, Kruglyak L, Bedalov A (2011) Natural polymorphism in BUL2 links

cellular amino acid availability with chronological aging and telomere mainte-

nance in yeast. PLoS Genet. 7, e1002250.
Labbadia J, Morimoto RI (2014) Proteostasis and longevity: when does aging really

begin? F1000Prime Rep. 6, 7.
Labbadia J, Morimoto RI (2015) The biology of proteostasis in aging and disease.

Annu. Rev. Biochem. 84, 435–464.
Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics 25, 1754–1760.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,

Durbin R, 1000 Genome Project Data Processing Subgroup (2009) The sequence

alignment/map format and SAMtools. Bioinformatics 25, 2078–2079.
Lushnikova T, Bouska A, Odvody J, Dupont WD, Eischen CM (2011) Aging mice

have increased chromosome instability that is exacerbated by elevated Mdm2

expression. Oncogene 30, 4622–4631.
Martin GM (1978) Genetic syndromes in man with potential relevance to the

pathobiology of aging. Birth Defects Orig. Artic. Ser. 14, 5–39.
Matsuura S, Matsumoto Y, Morishima K-I, Izumi H, Matsumoto H, Ito E, Tsutsui K,

Kobayashi J, Tauchi H, Kajiwara Y, Hama S, Kurisu K, Tahara H, Oshimura M,

Komatsu K, Ikeuchi T, Kajii T (2006) Monoallelic BUB1B mutations and defective

mitotic-spindle checkpoint in seven families with premature chromatid separa-

tion (PCS) syndrome. Am. J. Med. Genet. A 140, 358–367.
Mehta R, Steinkraus KA, Sutphin GL, Ramos FJ, Shamieh LS, Huh A, Davis C,

Chandler-Brown D, Kaeberlein M (2009) Proteasomal regulation of the hypoxic

response modulates aging in C. elegans. Science 324, 1196–1198.
Merhi A, Andr�e B (2012) Internal amino acids promote Gap1 permease

ubiquitylation via TORC1/Npr1/14-3-3-dependent control of the Bul arrestin-

like adaptors. Mol. Cell. Biol. 32, 4510–4522.
Morimoto RI (2008) Proteotoxic stress and inducible chaperone networks in

neurodegenerative disease and aging. Genes Dev. 22, 1427–1438.
Nagaoka SI, Hassold TJ, Hunt PA (2012) Human aneuploidy: mechanisms and new

insights into an age-old problem. Nat. Rev. Genet. 13, 493–504.
Nakamura E, Tanaka S (1998) Biological ages of adult men and women with

Down’s syndrome and its changes with aging. Mech. Ageing Dev. 105, 89–103.
Nickerson DP, Merz AJ (2015) LUCID: a quantitative assay of ESCRT-mediated

cargo sorting into multivesicular bodies. Traffic 16, 1318–1329.
Nickerson DP, Russell MRG, Lo SY, Chapin HC, Milnes JM, Merz AJ (2012)

Termination of isoform-selective Vps21/Rab5 signaling at endolysosomal

organelles by Msb3/Gyp3. Traffic 13, 1411–1428.
O’Donnell AF (2012) The running of the Buls: control of permease trafficking by a-
arrestins Bul1 and Bul2. Mol. Cell. Biol. 32, 4506–4509.

Odorizzi G, Babst M, Emr SD (1998) Fab1p PtdIns(3)P 5-kinase function essential

for protein sorting in the multivesicular body. Cell 95, 847–858.
Oromendia AB, Dodgson SE, Amon A (2012) Aneuploidy causes proteotoxic stress

in yeast. Genes Dev. 26, 2696–2708.
Pashkova N, Gakhar L, Winistorfer SC, Sunshine AB, Rich M, Dunham MJ, Yu L,

Piper RC (2013) The yeast Alix homolog Bro1 functions as a ubiquitin receptor

for protein sorting into multivesicular endosomes. Dev. Cell 25, 520–533.
Piper RC, Luzio JP (2007) Ubiquitin-dependent sorting of integral membrane

proteins for degradation in lysosomes. Curr. Opin. Cell Biol. 19, 459–465.
Powers ET, Balch WE (2013) Diversity in the origins of proteostasis networks–a
driver for protein function in evolution. Nat. Rev. Mol. Cell Biol. 14, 237–248.

Robinson JT, Thorvaldsd�ottir H, Winckler W, Guttman M, Lander ES, Getz G,

Mesirov JP (2011) Integrative genomics viewer. Nat. Biotechnol. 29, 24–26.
Rodriguez KA, Edrey YH, Osmulski P, Gaczynska M, Buffenstein R (2012) Altered

composition of liver proteasome assemblies contributes to enhanced protea-

some activity in the exceptionally long-lived naked mole-rat. PLoS ONE 7,
e35890.

Roth GM, Sun B, Greensite FS, Lott IT, Dietrich RB (1996) Premature aging in

persons with Down syndrome: MR findings. Am. J. Neuroradiol. 17, 1283–1289.
Sheltzer JM, Blank HM, Pfau SJ, Tange Y, George BM, Humpton TJ, Brito IL,

Hiraoka Y, Niwa O, Amon A (2011) Aneuploidy drives genomic instability in

yeast. Science 333, 1026–1030.

Smith ED, Tsuchiya M, Fox LA, Dang N, Hu D, Kerr EO, Johnston ED, Tchao BN, Pak

DN, Welton KL, Promislow DE, Thomas JH, Kaeberlein M, Kennedy BK (2008)

Quantitative evidence for conserved longevity pathways between divergent

eukaryotic species. Genome Res. 18, 564–570.
Steffen KK, Kennedy BK, Kaeberlein M (2009) Measuring replicative life span in the

budding yeast. J. Vis. Exp. 28, 1209.
Tardiff DF, Jui NT, Khurana V, Tambe MA, Thompson ML, Chung CY, Kamadurai

HB, Kim HT, Lancaster AK, Caldwell KA, Caldwell GA, Rochet JC, Buchwald SL,

Lindquist S (2013) Yeast reveal a “druggable” Rsp5/Nedd4 network that

ameliorates a-synuclein toxicity in neurons. Science 342, 979–983.
Torres E, Sokolsky T, Tucker C, Chan L, Boselli M, Dunham M, Amon A (2007)

Effects of aneuploidy on cellular physiology and cell division in haploid yeast.

Science 317, 916.

Torres EM, Dephoure N, Panneerselvam A, Tucker CM, Whittaker CA, Gygi SP,

Dunham MJ, Amon A (2010) Identification of aneuploidy-tolerating mutations.

Cell 143, 71–83.
Vilchez D, Morantte I, Liu Z, Douglas PM, Merkwirth C, Rodrigues APC, Manning

G, Dillin A (2012) RPN-6 determines C. elegans longevity under proteotoxic

stress conditions. Nature 489, 263–268.
Yashiroda H, Oguchi T, Yasuda Y, Toh-E A, Kikuchi Y (1996) Bul1, a new protein

that binds to the Rsp5 ubiquitin ligase in Saccharomyces cerevisiae. Mol. Cell.

Biol. 16, 3255–3263.
Zhao Y, Macgurn JA, Liu M, Emr S (2013) The ART-Rsp5 ubiquitin ligase network

comprises a plasma membrane quality control system that protects yeast cells

from proteotoxic stress. eLife 2, e00459.

Supporting Information

Additional Supporting Information may be found in the online version of this

article at the publisher’s web-site.

Fig. S1 Individual Kaplan–Meir curves for each strain compared to wild-type

control (w303). P-values were determined by a Wilcoxon Rank-Sum test.

Fig. S2 The estimated size of chromosome 12 affects the correlation

between disome size and mean RLS. The median, minimum, and maximum

size of chromosome 12 as observed by (James et al., 2009) are plotted in

S3A, S3B, and S3C respectively. A duplicate of the disome data presented in

Fig. 1C is reproduced in S3D for comparison: in this case chr12 disome strain

was removed from the comparison.

Fig. S3 The lifespan extension seen in chr5 disomes with bul1D is not

generalizable to other disomic backgrounds. Each bar represents the mean

replicative lifespan � 95% CI. All lifespans were performed on MATa clones

except for chr 10 disome bul1D which is MATa; there is typically no

difference in lifespan between MATa and MATa clones (Kaeberlein et al.,

2005), Dark grey = WT control, light grey = disome, mint green = disome,

bul1D.

Table S1 Strains used in this study.

Table S2 Change in DNA and gene content of evolved disomes relative to

the original disomes.

Table S3 Mutations discovered by WGS of chr5 disome evolved clone 2.

Table S4 Complete genotypes of chromosome 5 disome evolved clone 2

segregants.

Table S5 Replicative lifespan data summary.

Table S6 Replicative lifespan raw data.
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