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Abstract 

Aneuploidy, or an incorrect number of chromosomes, is caused by errors in chromosome 
segregation during cell division. Because genes are expressed in accordance with their copy 
number, aneuploidy simultaneously alters the gene dosage of hundreds to thousands of genes. 
The outcome is an imbalanced proteome, which has a negative impact on cellular physiology and 
places intense demand on the protein quality control system of the cell to effectively fold and/or 
degrade proteins. Aneuploidy further represents an ideal model for studying how cells cope with 
imbalances in their proteome as it allows for interrogation of the fate of hundreds to thousands of 
imbalanced proteins simultaneously. 

Here, we identify protein complex stoichiometry imbalances as a major cause of protein 
aggregation in aneuploid cells. Subunits of protein complexes encoded on excess chromosomes 
aggregate in aneuploid cells, which is suppressed when expression of other subunits is 
coordinately altered. We further show that excess subunits are either degraded or aggregate, a 
fate that is largely mutually exclusive for individual subunits. We also demonstrate that protein 
aggregation is nearly as effective as protein degradation at lowering levels of excess proteins. 
Our study explains why proteotoxic stress is a universal feature of the aneuploid state and reveals 
protein aggregation as a form of dosage compensation to cope with disproportionate expression 
of protein complex subunits. This work informs both our comprehension of aneuploid cell 
physiology, and also provides a more complete understanding of how aneuploid and euploid 
cells cope with stoichiometric imbalances, namely that protein aggregation can function as 
protein quality control mechanism in this regard. 
 
Thesis supervisor: Angelika Amon 
Title: Kathleen and Curtis Marble Professor of Cancer Research; Investigator, Howard Hughes 
Medical Institute 
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Aneuploidy, or an incorrect number of chromosomes, is caused by errors in chromosome 

segregation during cell division. Every time a cell divides, it must accurately segregate equal 

numbers of chromosomes between the mother and daughter cells. While mechanisms exist to 

ensure faithful chromosome segregation, errors occur at a rate of 5x10-4 in yeast and 10-4 to 10-5 

in mammals (Hartwell and Smith, 1985; Rosenstraus and Chasin, 1978). Because genes are 

expressed in accordance with their copy number, aneuploidy simultaneously alters the gene 

dosage of hundreds to thousands of genes. The result is an imbalanced proteome, which has a 

negative impact on cellular physiology and places intense demand on the protein quality control 

system of the cell to effectively fold and/or degrade proteins. 

 In this introduction, I will first discuss the effects of aneuploidy on cellular and 

organismal fitness. I will then provide an overview of how cells utilize protein quality control 

mechanisms to maintain a healthy proteome, including the role of protein aggregation in protein 

homeostasis. Finally, I will discuss the effects of aneuploidy on the proteome and our current 

understanding of how cells cope with the problem of an imbalanced proteome. 

 

ANEUPLOIDY DECREASES FITNESS 

Causes of aneuploidy 

 Aneuploidy is caused by errors in chromosome segregation during cell division. In a 

normal mitotic division, replicated sister chromatids are linked by the protein cohesin during S 

phase (Nasmyth and Haering, 2009). In prophase, these sisters are then attached to opposite 

poles of the mitotic spindle by the interaction between spindle microtubules and the kinetochore, 

a large protein assembly that forms at the centromeres of chromosomes. Attached chromosomes 

align during metaphase and are bioriented, i.e. with sister kinetochores facing in opposite 
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directions. At this point, the spindle assembly checkpoint (SAC) ensures that sister chromatids 

are properly attached to the spindle and bioriented such that chromosome segregation will result 

in partitioning of one sister chromatid into each daughter (Fig. 1, Musacchio and Salmon, 2007). 

If sister chromatids are correctly attached and bioriented, the pulling force in opposite directions 

generated by the spindle results in tension across the sister kinetochores. This tension satisfies 

the checkpoint, resulting in the activation of the ubiquitin ligase known as the anaphase-

promoting complex or cyclosome (APC/C) and its activating subunit Cdc20. APC/C bound to 

Cdc20 leads to cleavage of cohesin by degrading Securin, the inhibitor of the protease called 

Separase. Cleavage of cohesin by Separase begins anaphase and results in the separation of sister 

chromatids to opposite poles. 
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Figure 1. The spindle assembly checkpoint (SAC) ensures faithful chromosome segregation 

(adapted from (Musacchio and Salmon, 2007)) 

Unattached kinetochores and sister chromatids that lack tension lead to the generation of the 

mitotic checkpoint complex (MCC). The MCC keeps the APC/C inactive by inhibiting its 
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activating subunit Cdc20. Once all chromosomes have been correctly attached the spindle and 

tension is generated, the SAC is inactivated relieving the inhibition of Cdc20. APC/C-Cdc20 

mediates ubiquitination and proteolysis of Securin, the inhibitor of Separase. Once activated, 

Separase cleaves cohesin molecules that hold the bioriented sister chromatids together causing 

them to be pulled to opposite poles. APC/C-Cdc20 also facilitates the degradation of mitotic 

cyclins, thus lowering CDK activity and preparing cells to exit from mitosis.  

 

One source of chromosome mis-segregation is the premature loss of sister-chromatid 

cohesion. This can be caused by incorrect establishment of cohesion, hyperactivation of 

Separase, or by aberrantly low Securin activity. In these cases, sister chromatids are segregated 

as soon as they attach to the mitotic spindle, so any incorrect attachments result in aneuploid 

daughter cells (Nasmyth and Haering, 2009). 

Incorrect attachments of chromosomes to the spindle and faulty inactivation of the SAC 

are another source of chromosome-segregation errors. Amphitelic attachments describe properly 

attached sister chromatids, with each sister attached to microtubules emanating from opposite 

polls. Monotelic (only one kinetochore is attached to the spindle) and syntelic (both sister 

kinetochores are attached to the same pole) do not generate tension and thus activate the SAC 

(Fig. 2, (Knouse et al., 2017)). If the SAC fails to arrest cells in metaphase due to mutations in 

checkpoint components, these types of attachments lead to chromosome mis-segregation and 

aneuploidy. Merotelic attachments occur when one kinetochore is attached to both poles and are 

thought to be poorly sensed by the SAC since merotely can still result in tension across the sister 

kinetochores. In these cases, chromosomes lag behind the rest of the migrating chromosomes and 
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can be mis-segregated or incorporated into micronuclei (Cimini et al., 2001; Thompson and 

Compton, 2011).  

 

 

Figure 2. Types of kinetochore-microtubule attachments (adapted from Knouse et al., 

2017) 

Kinetochore-microtubule attachments that result in properly bioriented sister chromatids attached 

to opposite poles of the spindle are termed amphitelic. Amphitelic attachments satisfy the spindle 

assembly checkpoint (SAC) and result in equal segregation of chromosomes. Monotelic 

attachments occur when only one kinetochore attaches to one pole, while syntelic attachments 

occur when both kinetochores are attached to the same pole. Both cause activation of the SAC 

and, under normal circumstances, delay anaphase until the an amphitelic attachment is achieved. 

Merotelic attachments occur when one kinetochore is attached to both poles. Depending on the 

strength of the attachments to each pole, the SAC can be satisfied by merotelic attachments and 

anaphase proceeds. The chromatid that is attached to both poles lags behind the rest of the 

migrating chromosomes resulting in mis-segregation or the formation of a micronucleus. A 

micronucleus forms when the lagging chromosome is surrounded by membrane that is separate 

from the main nucleus causing the isolation of the lagging chromosome.  

  

If chromosome mis-segregation occurs in a mitotic division early in development, this 

can result in a large percentage of cells in the organism being aneuploid. Chromosome 
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segregation errors can also occur during either division of meiosis, producing aneuploid gametes 

that give rise to whole organisms with constitutional aneuploidy.  

 

Models of aneuploidy used in this thesis 

 In this thesis, I have employed two models of aneuploidy in budding yeast and one model 

in human cells to study the molecular nature of protein aggregates in aneuploid cells. In general, 

aneuploid cells can be generated such that they have specific, known karyotypes or random 

karyotypes. Defined aneuploidies have the advantage of enabling assessment of chromosome-

specific effects of aneuploidy. Cells with randomly generated karyotypes are useful for studying 

general effects of aneuploidy and are also capable of resulting in more complex combinations of 

chromosome gains and losses. However, they are often karyotypically unstable. The primary 

model used in this work are haploid budding yeast containing a single extra copy of one of their 

16 chromosomes (n+1) called disomes (Fig. 3A). Each copy of the duplicated chromosome is 

marked with a unique selectable marker, allowing for stable maintenance of the aneuploid 

karyotype. Disomes were constructed by marking the same locus with different markers in 

separate haploid strains. One of the parental strains contains a mutation in the karyogamy gene, 

KAR1, which when mutated in one mating partner prevents nuclear fusion from occurring 

(Conde and Fink, 1976). These strains were then crossed to one another, resulting in an abortive 

mating. Occasionally entire chromosomes are transferred from one nucleus to the other, resulting 

in aneuploid progeny (Torres et al., 2007). Chromosome transfer events can then be selected for 

by growing progeny in conditions that require the selectable marker on both chromosomes. 

To study higher levels of chromosomal imbalance, I have utilized a strain harboring a 

temperature sensitive allele of the kinetochore component NDC10 (Goh and Kilmartin, 1993). 
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When grown at the semi-permissive temperature, ndc10-1 mutants mis-segregate chromosomes 

at a very high rate, resulting in a heterogeneous population of aneuploid cells with a range of 

karyotypes (Oromendia et al., 2012). 

 To assess whether principals uncovered in yeast are generalizable to higher eukaryotes, I 

have also utilized a series of human cell lines with stable, defined karyotypes. Retinal pigmented 

epithelial (RPE-1) cells immortalized by the expression of telomerase reverse transcriptase are 

nearly diploid, allowing for an adequate euploid control in experiments. These cells were made 

aneuploid by microcell mediated chromosome transfer (Fournier and Ruddle, 1977; Stingele et 

al., 2012). By this method, micronuclei containing whole chromosomes are generated by treating 

cells with a microtubule poison, then purified and fused with acceptor cells, resulting in whole 

chromosome gains (Fig. 3B). 

 

 

Figure 3. Models of aneuploidy used in this thesis (adapted from (Siegel and Amon, 2012)) 
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(A) Haploid yeast containing a single extra copy of one chromosome (disomes) were created 

using an abortive mating scheme. One parental strain harbored a mutation in the KAR1 gene to 

prevent nuclear fusion upon mating. The two parental strains harbored distinct selectable 

markers at the same locus allowing for selection of progeny that had inherited both copies of the 

chromosome due to transfer of the whole chromosome. 

(B) Human cells with trisomies were generated by microcell mediated chromosome transfer. 

Micronuclei containing whole chromosomes can be created by treating cells with a microtubule 

poison. Chromosome-containing micronuclei can be purified and fused with a cell, resulting in 

the incorporation of the extra chromosome into nucleus of the acceptor cell. 

 
Effects of aneuploidy on organismal physiology 

Over 100 years ago, Marcella O’Grady and Theodor Boveri noted the detrimental effects 

that aneuploidy had on organismal fitness by observing the failed development of sea urchin 

embryos that had undergone chromosome mis-segregation (Boveri, 1902). Today we understand 

that aneuploidy that arises during gamete formation is the leading cause of miscarriage in 

humans because, with rare exceptions, aneuploid human embryos fail to survive to term 

(Alberman and Creasy, 1977; Hassold and Jacobs, 1984). Humans with trisomy of chromosome 

13 (Patau syndrome) and trisomy 18 (Edwards syndrome) can survive to birth, but only ~10% of 

these individuals live to be one year of age (Rasmussen et al., 2003). Trisomy of chromosome 21 

causes Down syndrome, which is characterized by developmental defects including impaired 

growth and brain development (Siegel and Amon, 2012). In all other organisms examined, 

aneuploid progeny either fail to survive to term or have developmental defects reminiscent of 

those observed in humans. 
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Aneuploidy can also arise spontaneously in adult organisms due to mitotic chromosome 

mis-segregation. In most adult organisms, aneuploidy is quite rare, occurring in only ~2-5% of 

cells (Knouse et al., 2014). Mosaic variegated aneuploidy (MVA) is caused by mutations in the 

mitotic machinery or SAC components that ensure chromosomes are properly attached to the 

mitotic spindle, resulting in individuals with upwards of 25% of their cells being aneuploid 

(Hanks et al., 2004; Snape et al., 2011). Like individuals with constitutional aneuploidies, 

humans with MVA exhibit growth and developmental deficiencies. Mice harboring a 

hypomorphic mutation in the SAC were found to have higher numbers of aneuploid cells in non-

regenerating adult tissues such as the brain, while highly proliferative tissues like the intestine 

were almost entirely euploid, indicating that aneuploid cells may be selected against in vivo 

(Pfau et al., 2016). This could in part be due to euploid cells outcompeting slow growing 

aneuploid cells, but recent evidence suggests that aneuploid cells can be recognized by the 

immune system (Andriani et al., 2016; Santaguida et al., 2017; Sullivan et al., 2016). At least in 

vitro, aneuploid cells that have arrested in the cell cycle with complex karyotypes secrete pro-

inflammatory signals that facilitates their clearance by natural killer (NK) cells (Santaguida et 

al., 2017). Combined with cell autonomous methods to ensure faithful chromosome segregation, 

immune-mediated clearance of aneuploid cells may also protect organisms against the harmful 

effects of aneuploidy.  

 

Aneuploid fitness defects are caused by changes in gene expression 

 To understand why aneuploidy is universally detrimental to organismal development, it is 

important to explore how an imbalanced karyotype affects individual cells. The most important 

question to address is whether the extra chromosome is expressed. Using disomic yeast described 
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above, it was established that chromosome gain leads to a corresponding increase in RNA and 

protein levels for most genes on the gained chromosome (Torres et al., 2007; 2010). Consistent 

with developmental defects observed in aneuploid multicellular organisms, disomic yeast have 

impaired proliferation. This phenotype is caused by the expression of the extra chromosome, as 

euploid yeast containing a yeast artificial chromosome of up to 1.6 Mb (13% of the genome) 

encoding no yeast genes have no proliferation delay (Torres et al., 2007).  

Fundamentally, aneuploidy is a problem of gene dosage. Phenotypes could be caused by 

changing the dosage of just one to a few genes, affecting the related cellular process, or they 

could be caused by mass action of simultaneously altering the dosage of many genes. There is 

evidence that aneuploid phenotypes are caused by both of these mechanisms. 

 Single gene effects of aneuploidy could be caused by haploinsufficiency (chromosome 

loss in a diploid) and sensitivity to increased copy number (chromosome gain). 

Haploinsufficiency describes when a phenotype in a diploid organism is caused by a 

heterozygous loss of function mutation. In yeast grown in rich medium, about 3% of the genome 

is haploinsufficient, and most of these genes are involved in protein translation, particularly 

ribosomal subunits (Deutschbauer et al., 2005). With the exception of chromosome I, all yeast 

chromosomes contain at least one ribosomal subunit, which could in part explain the fitness 

defects caused by chromosome loss. 

Increasing gene expression of a single gene by just two-fold can also have fitness 

consequences. Perhaps the most dramatic example comes from studies of tubulin in yeast. Just a 

1.4-fold overexpression of β-tubulin causes a decrease in cell viability (Katz et al., 1990). Other 

instances of changes in fitness due to a single extra copy of a gene have been harder to discover. 

In a study of dosage sensitive genes (defined as causing fitness penalties when encoded in 
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greater than five copies) only one gene was found to have a proliferation delay when expressed 

at one extra copy (Bonney et al., 2015). A recent study using a pooled growth competition of 

strains harboring barcoded genes on single copy plasmids found that 15% of genes significantly 

delayed proliferation (Morrill and Amon, 2019). Thus, particularly for chromosome gain, it is 

uncommon for single genes to account for the entirety of proliferation defects observed in 

aneuploid cells. Karyotype specific aneuploid phenotypes are often observed, arguing that a two-

fold increase in expression of one or a small group of genes can have specific phenotypic 

consequences. For example, disome XVI has defects in protein transport not observed in other 

disomes as evidenced by its unique sensitivity to gene deletions in protein trafficking 

components and drugs targeting protein trafficking (Dodgson et al., 2016a). What gene or group 

of genes on chromosome XVI causes this effect is still elusive.  

General phenotypic consequences of aneuploidy have been studied more readily. These 

phenotypes have been observed in aneuploid cells with distinct karyotypes even across species. 

Apart from decreased proliferation, aneuploidy commonly causes metabolic stress and genomic 

instability (Blank et al., 2015; Hwang et al., 2017; Passerini et al., 2016; Sheltzer et al., 2011; 

Tang et al., 2017; Torres et al., 2007; Williams et al., 2008). These various stresses along with 

slow growth of aneuploid cells also causes the activation of a transcriptional response known as 

the environmental stress response (ESR) (Sheltzer et al., 2012). The ESR was found to 

downregulate genes involved in macromolecule biosynthesis and up regulate stress response 

genes to help cells cope with multiple different environmental stresses (Gasch et al., 2000). 

Recently it was discovered that multiple distinct karyotypes in yeast and mice cause an increase 

in variability, or “noise”, in biological pathways (Beach et al., 2017). Finally, as a direct result of 

altering the proteome, aneuploid cells have defects in protein folding and turnover, a condition 
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known as proteotoxic stress. The causes and consequences of proteotoxic stress in aneuploid 

cells will be discussed in depth later in this introduction and in Chapter 2. 

 

Cancer and the aneuploidy paradox 

 Despite the numerous penalties of aneuploidy described above, aneuploidy is observed in 

77% of tumors in The Cancer Genome Atlas (Knouse et al., 2017). This striking feature of 

cancer cells prompted Theodor Boveri to propose that aneuploidy causes cancer (Boveri, 1914). 

This presents a paradox: in most contexts, aneuploidy impairs cellular proliferation, yet it is 

frequently associated with cancer, a disease defined by cells with increased proliferation. This 

begs the question of whether aneuploidy is a cause or simply a consequence of transformation. 

Theoretically, aneuploidy could promote tumorigenesis by altering the copy number of tumor 

suppressors and oncogenes. It is also possible that dysregulation of the cell cycle observed in 

cancer leads to an increase in chromosome segregation errors, and aneuploidy is an unwanted 

side effect of rapid proliferation. Evidence for both of these scenarios exist, and the complexity 

of the role of aneuploidy in cancer is perhaps best exemplified by the fact that people with Down 

syndrome have a decreased risk of forming solid tumors and an increased risk of developing 

leukemia (Hasle et al., 2000; Yang et al., 2002).  

 Analysis of many cancer genomes revealed that gains of oncogenes and loss of tumor 

suppressors do impact the karyotype of tumors (Davoli et al., 2013). Direct evidence that 

aneuploidy can drive tumorigenesis comes from studies of chromosomal instability (CIN), a 

condition which causes aneuploidy due to increased rates of chromosome mis-segregation. In 

one study, CIN was able to accelerate tumor progression by promoting loss of heterozygosity of 

key tumor suppressors such as p53 (Baker et al., 2009). Indeed, individuals with mosaic 
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variegated aneuploidy are at an increased risk of developing childhood cancers (Hanks et al., 

2004). 

While genomic or chromosomal instability may be able to facilitate tumorigenesis, much 

evidence suggests that aneuploidy per se does not cause cancer. Aneuploid cells of multiple 

karyotypes transformed with oncogenes do not proliferate faster than euploid cells transformed 

with the same oncogene (Sheltzer et al., 2017). Additionally, levels of aneuploidy tend to be 

lower in early lesions, and higher in more developed tumors suggesting that aneuploidy arises 

later in oncogenesis (Ried et al., 1996; Ross-Innes et al., 2015). While specific chromosomal 

alterations are associated with some cancers, the lack of a common “pan-cancer” karyotype and 

the variability of karyotypes even among individuals with same type of cancer strongly argues 

that aneuploidy is infrequently a cancer driver (Knouse et al., 2017). Though it is rarely the cause 

of cancer onset, it is possible that aneuploidy plays a role in metastasis and resistance to 

treatment by providing genetic variability within the tumor population, thus allowing for 

adaptation. This is supported by the fact that high levels of aneuploidy are associated with poor 

patient prognosis (Byrd et al., 2002; Emdin et al., 1987). Establishing the role of aneuploidy in 

later stages of cancer development will be important in fully understanding the impact of 

karyotype on disease progression. 

 

MAINTENANCE OF PROTEIN HOMEOSTASIS 

Molecular chaperones assist protein folding 

From bacteria to humans, the final step needed for expression of a gene to result in a 

functional protein is the acquisition of its correct three-dimensional structure. Proteins can adapt 

many different energetically favorable conformations, but these misfolded states do not result in 
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a functional protein (Balchin et al., 2016) and negatively impact the fitness of the cell (Geiler-

Samerotte et al., 2011). Although the information needed for a protein to fold correctly is 

encoded in its amino acid sequence (Anfinsen, 1973), most proteins require assistance from 

molecular chaperones to achieve a properly folded state. The major cellular chaperones are 

HSP70s, HSP90s, and chaperonins. 

HSP70 binds short stretches of hydrophobic amino acids on nascent peptides and newly 

synthesized proteins (Rüdiger et al., 1997). Through ATP hydrolysis cycles, HSP70 binds and 

releases substrates, giving them an opportunity to fold (Fig. 4). ATP-bound HSP70 has low 

affinity for substrates, allowing substrates to associate and dissociate freely (Mayer, 2010). 

HSP40, a co-chaperone for HSP70, can deliver substrates to HSP70 and stimulates its ATPase 

activity, causing HSP70 to transition into a high affinity, ADP-bound state (Kampinga and Craig, 

2010). Nucleotide exchange factors then facilitate the exchange of ADP for ATP, causing the 

substrate to be released into the cytoplasm. If the substrate is able to fold, the hydrophobic 

residues become buried and are no longer recognized by HSP70 (Hartl et al., 2011). 
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Figure 4. HSP70 conformation cycles are driven by ATP hydrolysis (adapted from (Balchin 

et al., 2016)) 

HSP70 in its ATP bound state has fast on and off rates for substrate binding and release (open 

conformation). The HSP70 co-chaperone, HSP40, delivers non-native proteins to ATP bound 

HSP70. HSP40 also stimulates the ATPase activity of HSP70, causing it to hydrolyze ATP. ADP 

bound HSP70 (closed conformation) tightly binds the substrate that was delivered by HSP40. 

HSP70 nucleotide exchange factors (NEFs) then facilitate exchange of ADP for ATP, causing 

HSP70 to transition back to its open conformation, releasing its substrate. This substrate can 

either be re-captured by HSP70 if it did not fold, be delivered to another chaperone system, or 

reach its fully native form with no further assistance. 
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HSP90 functions downstream of HSP70, assisting in the folding of a large number of 

client proteins that include protein kinases and steroid receptors (Taipale et al., 2010). Like 

HSP70, HSP90 works via an ATP hydrolysis cycle, however it functions as a dimer and features 

many more co-chaperones that facilitate client selection and modulate ATP hydrolysis (Shiau et 

al., 2006). 

Chaperonins are barrel shaped protein complexes that encapsulate a single substrate 

protein allowing it to fold in isolation thereby preventing inappropriate interactions with other 

proteins. The chaperonin of the eukaryotic cytoplasm, known as TRiC (or CCT), is composed of 

two sets of 8 subunits that form back-to-back rings (Muñoz et al., 2011). It is most notably 

responsible for aiding in the folding of actin and tubulin. HSP70 can deliver substrates to TRiC, 

which enter the barrel and are entrapped by a lid domain which opens and closes in an ATP-

dependent manner (Douglas et al., 2011). The inner walls of chaperonins are composed of 

hydrophilic, negatively-charged residues that encourage the enclosed substrate to fold by burying 

hydrophobic residues (Horwich and Fenton, 2009). Upon completion of the ATP hydrolysis 

cycle, the lid domain opens and the substrate is released. If one round of ATP hydrolysis was not 

enough time for the substrate to attain its folded conformation, the substrate can reenter the 

barrel for subsequent rounds of entrapment and release (Hartl et al., 2011). 

 

Protein complex formation is the final step in protein folding 

 In addition to achieving a correct three-dimensional structure, many proteins rely on 

stable interactions with other proteins to function. Homomeric protein complexes are composed 

of multiple subunits of the same protein while heteromeric protein complexes are composed of at 

least two unique subunits. In principal, this final step in protein folding involves two or more 
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proteins diffusing through a crowded cytoplasm then colliding with one another in an orientation 

that results in their proper association (Ellis, 2001; Williams and Dichtl, 2018). This presents a 

large problem, as protein-protein interfaces are “sticky” and have the potential to form 

inappropriate interactions, especially with unfolded nascent polypeptides, when they are not 

buried within the structure of the mature protein complex (Levy et al., 2012; Pechmann et al., 

2009). In some cases, the cell copes with this problem by employing specific chaperones to aid 

in a multi-step, ordered assembly process, e.g. the 20S proteasome and yeast vacuolar ATPase 

(Le Tallec et al., 2007; Smardon et al., 2002). 

In theory, this problem could also be solved by assembling complexes as the translated 

proteins emerge from the ribosome. For homomeric complexes, this can happen because a single 

mRNA is typically translated by multiple ribosomes, resulting in spatially proximal subunits 

(Kiho and Rich, 1964; Zipser and Perrin, 1963). In prokaryotes, where subunits of the same 

complex are often encoded by the same polycistronic message, even heteromeric complexes can 

be assembled co-translationally (Shieh et al., 2015). In fact, subunit-encoding genes are ordered 

within operons to optimize complex assembly (Wells et al., 2016). Operons are rare in 

eukaryotes, so co-translational complex assembly would require co-localization of mRNAs or 

localization of one mature subunit to the site of translation of another subunit. Indeed, mRNAs 

encoding separate subunits of the actin nucleation complex, Arp2/3, are co-localized to the 

leading edge protrusions of migrating fibroblasts (Mingle et al., 2005). In fission yeast, it was 

estimated that ~40% of proteins (without RNA binding domains) associated with mRNAs of 

binding partners (Duncan and Mata, 2011). More recent evidence confirms that co-translational 

assembly of complexes is common in budding yeast. Shiber and colleagues performed 

immunopurification of single complex subunits and observed interaction of that subunit with 
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nascent polypeptides of their binding partners using ribosome profiling (Shiber et al., 2018). This 

was the case for nine out of twelve tested complexes. The three that did not show evidence of co-

translational assembly have dedicated chaperones to assist in assembly as described above. 

Interestingly, for six of the nine complexes, assembly is directed, i.e. fully translated subunit A 

interacts with nascent subunit B, but not vice versa (Shiber et al., 2018). Using a similar 

approach, co-translational assembly of three nuclear complexes was also observed in mammalian 

cells (Kamenova et al., 2019). Thus, co-translational assembly of heteromeric complexes appears 

to be the norm and not the exception. However, it is still unclear how one subunit is targeted to 

the translation site of other subunits. 

 

The ubiquitin proteasome system degrades misfolded proteins 

 When proteins fail to achieve their native conformation or are damaged, the ubiquitin-

proteasome system (UPS) can degrade them. Misfolded or damaged proteins are recognized by 

ubiquitin ligases, which aid in the covalent attachment of a charged ubiquitin molecule from a 

ubiquitin-conjugating enzyme to a lysine residue on the substrate by binding both the ubiquitin-

conjugating enzyme and the substrate (Finley et al., 2012). Thus, ubiquitin ligases confer 

substrate selectivity to the ubiquitination reaction. The two classes of ubiquitin ligases are RING 

domain and HECT domain ubiquitin ligases that differ in the mechanism by which they facilitate 

the ubiquitination reaction. RING domain ubiquitin ligases position the ubiquitin-conjugating 

enzyme to effectively transfer the ubiquitin molecule directly to the substrate (Deshaies and 

Joazeiro, 2009). For HECT domain ubiquitin ligases, the ubiquitin-conjugating enzyme first 

transfers the ubiquitin molecule to a cysteine residue on the ubiquitin ligase before it is 

covalently bound to the substrate (Scheffner et al., 1995). 
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There are numerous ubiquitin ligases that control many cellular processes, including a set 

that are dedicated to recognizing misfolded and damaged proteins in various cellular 

compartments. Some recognize misfolded proteins by binding to exposed hydrophobic residues 

(Fredrickson et al., 2011), whereas others bind to chaperones in order to find misfolded proteins 

(Heck et al., 2010). Multiple rounds of ubiquitin conjugation on a single substrate results in the 

creation of a polyubiquitin chain. Ubiquitin itself contains seven lysines, all of which can be 

ubiquitinated (Komander and Rape, 2012). All types of chains except lysine 63 (K63) linkages 

are competent to signal for degradation by the proteasome with K48 linkages being most 

common (Xu et al., 2009). A chain of at least four ubiquitin molecules is required for efficient 

recognition by the proteasome (Thrower et al., 2000). Polyubiquitinated substrates can be 

delivered to the proteasome by proteins that act as shuttles. These shuttle proteins contain a 

ubiquitin-like (UBL) domain that is bound by the proteasome and a ubiquitin binding (UBA) 

domain that binds the polyubiquitin chain on the substrate thereby physically linking the 

ubiquitinated protein to the proteasome (Elsasser and Finley, 2005). 

 The proteasome is a holoenzyme composed of two multi-subunit particles: the 19S 

regulatory particle recognizes substrates and the 20S core particle degrades them. The common 

cytosolic form of the proteasome is the 26S proteasome, which is composed of the barrel-shaped 

20S core particle and two 19S regulatory particles situated on opposite ends of the barrel that 

serve as lids (Finley, 2009). Ubiquitin chains conjugated to substrates are recognized by two lid 

subunits that bind ubiquitin. Along with deubiquitinating enzymes, the lid then removes 

ubiquitin chains from proteins prior to their degradation so that ubiquitin can be recycled 

(Leggett et al., 2002; Verma et al., 2000; 2002; Yao and Cohen, 2002). The lid also performs the 

important function of unfolding proteins and threading them into the core particle by ATP 
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hydrolysis (Sauer and Baker, 2011). The barrel-shaped core particle is composed of four stacked 

rings, with the two inner rings harboring subunits that have trypsin-like, chymotrypsin-like, and 

caspase-like protease activity (Groll et al., 1997). Once inside the core particle, peptide bonds of 

the substrate are cleaved, resulting in short polypeptides that are typically between 3 and 22 

amino acids long (Kisselev et al., 1999).  

 

Protein aggregation as a strategy for protein quality control 

 When proteins do not fold properly and fail to be degraded, aggregation can occur as a 

result of inappropriate interactions between exposed hydrophobic residues that would be buried 

within the folded structure of the protein (Fig. 5, (Tyedmers et al., 2010)). Types of protein 

aggregates were historically defined by electron microscopy as either amyloid or amorphous. 

Amyloid aggregates are highly ordered, characterized by cross-β sheet secondary structure 

instead of the typical folded state of the protein (Dobson, 2003; Fändrich and Dobson, 2002). 

The amyloid form of some proteins can perform functions separate from the soluble form of the 

protein such as translational control in yeast meiosis and long-term memory persistence in 

Drosophila (Berchowitz et al., 2015; Majumdar et al., 2012). However, amyloid proteins are 

perhaps most known for their role in disease phenotypes including Alzheimer’s, Parkinson’s, and 

prion diseases (Knowles et al., 2014). 

Amorphous aggregates have no defined structure and it is becoming apparent that they 

vary widely in their nature. The types of aggregates formed varies based on both the identity of 

the aggregating proteins and the conditions that cause aggregation (Stathopulos et al., 2003; 

Wang et al., 2010). Whether amorphous aggregates are toxic to cells will be discussed below. 
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Figure 5. Protein folding and aggregation (adapted from (Tyedmers et al., 2010)) 

Protein folding begins at the ribosome as nascent chains adopt three dimensional structures, 

resulting in the formation of native proteins. Nascent chains, partially folded intermediates, and 

orphan complex subunits are particularly vulnerable to misfolding and aggregation because they 

contain hydrophobic stretches that become buried in the core of the fully folded protein or 

protein complex. Molecular chaperones aid in the process of protein folding and prevent 

aggregation by binding these exposed hydrophobic residues. When aggregation does occur, 
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proteins can form cross-β sheets resulting in the formation of amyloids or disordered aggregates 

that lack any defining structure. Proteins in aggregates can then be disaggregated and either 

refolded or degraded. Entire aggregates can also be degraded by selective autophagy. 

 

Once an aggregate has formed, cells generally have two mechanisms for removing them: 

disaggregation and autophagy. In yeast, disaggregation is carried out by Hsp70 (Ssa1), Hsp40 

(Ydj1), and the AAA+ ATPase Hsp104 (Glover and Lindquist, 1998). Hsp104 functions as a 

homohexameric ring, with each subunit capable of hydrolyzing ATP. Hsp70 and Hsp40 transfer 

proteins from the aggregates to the central pore of the Hsp104 ring (Haslberger et al., 2007; 

2008). Hsp104 then threads the substrate through its central pore by hydrolyzing ATP, thus 

disentangling it from the aggregate and allowing for refolding or degradation (Mogk et al., 

2018). Metazoans notably lack Hsp104, however they still effectively eliminate protein 

aggregates (Pinto et al., 1991). Instead, separate classes of metazoan HSP40s form transient 

complexes that are capable of conferring disaggregation activity to HSP70 (Nillegoda et al., 

2015). Precisely how this system is capable of removing proteins from aggregates is still 

unknown. 

Rather than individually disaggregate proteins, cells can also degrade aggregates entirely 

utilizing the cellular recycling system known as autophagy. Autophagy involves the formation of 

a double membrane structure within the cytoplasm of the cell around the substrate that is to be 

degraded. Eventually, this autophagosome fuses with the lysosome (or vacuole in yeast) where 

the contents are deposited for degradation (Reggiori and Klionsky, 2013). This process can be 

used to turn over bulk cytoplasm or specific cargo such as entire organelles. In mammals, p62 

functions as the cargo receptor for protein aggregates, tagging them for turnover by autophagy. 
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p62 interacts with ubiquitinated protein aggregates via its ubiquitin binding (UBA) domain and 

with the autophagosome membrane bound receptor, LC3, through its LC3-interacting region 

(Bjørkøy et al., 2005; Pankiv et al., 2007). In yeast, Cue5 has been identified as the link between 

ubiquitination and autophagy. Like, p62, Cue5 contains a ubiquitin-binding domain and was 

demonstrated to bind Atg8, the yeast homolog of LC3 (Lu et al., 2014). Cue5 is unrelated to p62, 

as it binds ubiquitin via its CUE domain rather than a UBA domain. Interestingly, the 

identification of Cue5 in yeast led to the discovery of CUE domain containing autophagy 

adaptors in mammals, suggesting that these proteins may be the ancestral autophagy adaptors for 

ubiquitin conjugated proteins (Lu et al., 2014). In yeast, disaggregation and refolding of 

aggregated proteins appears to be favored over clearance either by disaggregation followed by 

proteolysis or aggregate autophagy (Wallace et al., 2015). Since disaggregation is a highly ATP 

demanding process, it is possible that under starvation conditions, autophagy may become the 

dominant pathway for aggregate clearance (Miller et al., 2015b). 

 Increasing evidence suggests that rather than being an uncontrolled cellular catastrophe, 

protein aggregation may be an additional branch of protein quality control (Chen et al., 2011). 

Aggregating misfolded proteins instead of degrading or attempting to fold them may relieve 

components of the protein quality control system. Further, if misfolded proteins can be 

sequestered, their potential toxicity caused by their ability to form inappropriate interactions with 

native or nascent proteins could be mitigated (Mogk et al., 2018). Indeed, yeast and mammals 

contain specific aggregate deposition sites. In yeast, the main sites for protein aggregation are 

called IPOD (insoluble protein deposit), INQ (intra nuclear quality control), and CytoQ 

(cytosolic quality control compartment) (Fig. 6A, (Kaganovich et al., 2008; Miller et al., 

2015b)). The IPOD exists near the vacuole and contains mainly amyloidogenic proteins such as 
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the yeast prions (Kaganovich et al., 2008; Kumar et al., 2016). The INQ forms inside the 

nucleus, adjacent to the nucleolus and contains misfolded nuclear and cytosolic proteins (Miller 

et al., 2015a). The CytoQ describes the cytoplasmic aggregation site, which begins as many 

distinct aggregates upon stress and eventually coalesces into a few or even just one aggregate 

(Specht et al., 2011). Interestingly, the formation of the INQ and CytoQ depend on the proteins 

Btn2, and Hsp42, respectively (Malinovska et al., 2012; Specht et al., 2011). Btn2 contains a 

nuclear localization sequence and upon induction by heat, colocalizes with the INQ. Hsp42 is a 

constitutively expressed, cytosolic small heat shock protein (sHSP) (Haslbeck et al., 2004). 

sHSPs are ATP-independent chaperones that function as “holdases” in that they bind partially 

unfolded substrates, rendering them competent for refolding upon alleviation of the stress (Fig. 

6B, (Jakob et al., 1993; Ungelenk et al., 2016)). sHSPs frequently exist as dimers but can form 

oligomers of 48 or greater, facilitating their ability to bind many misfolded proteins 

simultaneously (Basha et al., 2012). Because of their capacity to directly promote aggregation as 

well as fuse many small aggregates into larger aggregates, Hsp42 and other sHSPs have been 

called “aggregases” (Mogk et al., 2018). Mammalian cells contain a specialized aggregation site 

near their microtubule organizing center (MTOC) that forms upon stress called the aggresome 

(Johnston et al., 1998). Misfolded proteins are marked with K63 ubiquitin chains by the ubiquitin 

ligase, Parkin (Olzmann et al., 2007). Histone deacetylase 6 (HDAC6) simultaneously binds 

ubiquitin chains and the microtubule motor dynein, thereby allowing transport of the misfolded 

protein to the MTOC (Kawaguchi et al., 2003). 
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Figure 6. Small heat shock proteins (sHSPs) facilitate aggregation at deposition sites 

(adapted from (Miller et al., 2015a) (A) and (Tyedmers et al., 2010) (B)) 

(A) Yeast contain three identified aggregate deposition sites. The insoluble protein deposit 

(IPOD) resides near the vacuole which contains mainly amyloid proteins such as yeast prions. 
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The intra nuclear quality control (INQ) compartment contains misfolded proteins in the nucleus 

and requires Btn2 for its formation. The cytosolic quality control compartment (CytoQ) contains 

cytoplasmic misfolded proteins and requires the sHSP Hsp42. This compartmentalization has 

been proposed to help cells by allowing the concentration of dissagregation, refolding, and 

degradation factors at only a few sites of protein aggregation. 

(B) sHSPs are ATP-independent molecular chaperones that hold misfolded proteins during 

stress. They can exist as dimers or high molecular weight oligomers. Some sHSPs undergo a 

conformational change at increased temperatures that make them become high affinity binders of 

misfolded proteins. sHSPs are thought to interact with proteins before they become fully 

unfolded, thereby keeping them in a folding competent conformation for refolding after 

dissagregation by Hsp104 or Hsp70.   

 

The existence of such cellular mechanisms to promote aggregation argues in favor of the 

hypothesis that aggregation is cytoprotective. In addition to response to protein-folding stress, 

increasing evidence suggests that the toxic form of amyloid proteins are actually smaller, soluble 

oligomers, and that the insoluble amyloid form of the protein is in fact cytoprotective (Caughey 

and Lansbury, 2003). Furthermore, amyloid forming proteins were found to only be toxic when 

present in the cytoplasm, but were harmless when targeted to the nucleus (Woerner et al., 2016). 

In C. elegans, it has been demonstrated that an increase in protein aggregation mediated by 

sHSPs correlates with longevity, indicating that sHSP induced protein aggregation can aid in 

protein quality control within aged cells (Walther et al., 2015). The emerging picture is that, 

although protein misfolding is undesirable, controlled aggregation can be an effective 

mechanism to cope with the problem. 
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EFFECTS OF AN ANEUPLOID PROTEOME 

Chromosome gain and loss cause protein aggregation 

 Aneuploidy presents a unique challenge to the protein quality control machinery. In the 

case of a gain of a single chromosome in a diploid cell, the cell must cope with a 1.5-fold 

increase in the amount of gene products for hundreds to thousands of otherwise normal proteins. 

This is a rather different scenario than contexts in which protein homeostasis has previously been 

studied, namely where heat or chemical stress causes misfolding of the majority of the proteome 

or expression of a single toxic protein that misfolds. Aneuploid cells must fold or degrade this 

excess protein or else they are at risk of containing large amounts of potentially harmful 

misfolded protein. Disomic yeast harbor twice as many protein aggregates compared to euploid 

cells when visualized by Hsp104 foci, regardless of which chromosome is amplified (Oromendia 

et al., 2012). In disomes, it appears that aggregation occurs as a result of the chaperone systems 

and the UPS becoming overwhelmed, as disomic cells have reduced capacity to fold a model 

Hsp90 substrate and are sensitive to chemical and genetic inhibition of chaperones and the UPS 

(Dodgson et al., 2016b; Oromendia et al., 2012; Torres et al., 2007). Likewise, mammalian cells 

trisomic or tetrasomic for single chromosomes are deficient in protein folding, increase 

autophagy in an attempt to cope with misfolded protein, and are sensitive to drugs that inhibit 

chaperones and autophagy (Donnelly et al., 2014; Tang et al., 2011). 

 Although it is clear that increasing the amount of protein in the cell by gaining a 

chromosome causes proteotoxic stress, it is less intuitive that having less protein caused by 

chromosome loss would have the same effect. Heterogeneous populations of aneuploid cells 

generated by random chromosome mis-segregation show increased protein aggregation and 

lysosomal stress caused by altered autophagic flux respectively (Oromendia et al., 2012; 
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Santaguida et al., 2015; Stingele et al., 2013; Tang et al., 2011). The most compelling piece of 

evidence that chromosome loss causes proteotoxic stress comes from the generation of yeast 

monosomic for specific chromosomes (Beach et al., 2017). Like disomic and trisomic yeast, 

monosomic yeast form protein aggregates immediately following chromosome mis-segregation. 

In this system, the degree of protein aggregation is well correlated with the number of protein 

coding genes on the aneuploid chromosome(s) for chromosome gain and loss (Beach, 2016). 

This suggests that the source of proteotoxic stress in aneuploid cells originates from an 

imbalance in the proteome, not simply excess protein. It has been proposed that this is caused by 

stoichiometric imbalance of protein complexes, where proteins that are expressed at levels higher 

than their binding partners due to aneuploidy are prone to misfold (Fig. 3, (Torres et al., 2008)). 

This idea will be explored in detail in Chapter 2. 

 

 

Figure 7. An imbalanced proteome causes proteotoxic stress (adapted from (Santaguida 

and Amon, 2015)) 
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In euploid cells (top) synthesis of protein complex subunits is proportional to their stoichiometry 

in the complex. Any slight deviations in synthesis results in excess subunits that can be dealt 

with by cellular protein quality control (PQC) mechanisms. In aneuploid cells (bottom), proteins 

are synthesized in accordance with their genetic copy number, resulting in stoichiometric 

imbalance. Any protein complex with a subunit encoded on the aneuploid chromosome(s) then 

has excess subunits that need to be handled by PQC machinery. This has been proposed to 

overwhelm the PQC system, leading to the observed proteotoxic stress that is a universal 

consequence of aneuploidy. 

 

Protein quality control defects underlie the fitness disadvantage of aneuploid cells 

 Although aneuploid cells exhibit multiple different stresses, evidence suggests that 

coping with an imbalanced proteome underlies the reduced proliferation that is common among 

aneuploid cells. First, as described above, aneuploid cells are exquisitely sensitive to additional 

perturbations to the protein quality control network. Second, in disomic yeast, the magnitude of 

each strains proliferation disadvantage is well correlated with the number of protein coding 

genes on that chromosome (Torres et al., 2007). Additionally, yeast artificial chromosomes that 

contain no yeast protein-coding genes do not slow proliferation. Finally, increasing the cells 

capacity to fold and/or degrade proteins is one of the few mechanisms shown to rescue the 

proliferation defects of multiple aneuploid lines with distinct karyotypes. In a screen of disomic 

yeast for mutations that confer growth advantages to aneuploid cells, a loss of function mutation 

in the deubiquitinase, UBP6, was one of just three genetic alterations to rescue the proliferation 

of more than one disomic strain (Torres et al., 2010). Ubp6 functions at the proteasome to 

recycle ubiquitin from degraded substrates, however this activity has the potential to allow 
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substrates to escape degradation effectively antagonizing the UPS (Hanna et al., 2006; Leggett et 

al., 2002). As such, deletion of UBP6 causes increased degradation of some proteins. In disomic 

cells harboring a deletion in ubp6, it was shown that many proteins encoded by the extra 

chromosome were more effectively degraded, thereby attenuating the imbalance caused by 

aneuploidy at the protein level (Torres et al., 2010). In human cells, increased expression of 

HSF1, the master transcription factor of the heat shock response, rescues sensitivity to autophagy 

inhibition by increasing expression of HSP90 and restoring the folding capacity of cells 

(Donnelly et al., 2014). This corresponds with an increase in the proliferative capacity for 

trisomic cells (Donnelly et al., 2014). Thus, proteotoxic stress can account for at least part of the 

proliferative defects that are characteristic of aneuploidy.  

Control of gene dosage by protein degradation 

 Because imbalance in the proteome is at the heart of many deleterious aneuploid 

phenotypes, aneuploid cells would benefit by decreasing expression of proteins from excess 

chromosomes, or increasing expression of proteins on lost chromosomes. Some mechanism of 

dosage compensation would thus restore the balance of the proteome to a euploid state. As 

discussed above, most genes are expressed in proportion to their genetic copy number at both the 

RNA and protein level, indicating that widespread dosage compensation on autosomes does not 

exist. However, it was initially reported that most genes encoded in extra copy fail to accumulate 

more protein, because only a few proteins were examined and most of them were subunits of 

protein complexes (Torres et al., 2007). Subsequent analyses utilizing mass spectrometry (ms) 

demonstrated that it is more common for protein levels to reflect genetic copy number (Pavelka 

et al., 2010; Torres et al., 2010). Later work generated a comprehensive picture of the proteome 

for individual gains of most yeast chromosomes utilizing mass spec, and identified many 
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proteins that fail to accumulate in aneuploid cells despite having twice as much mRNA 

(Dephoure et al., 2014). These attenuated proteins are downregulated primarily by degradation 

because inhibition of proteasomal and autophagic degradation causes them to accumulate to 

levels predicted by their copy number. Further, disomic yeast do not utilize translational control 

as a dosage compensation strategy (Taggart and Li, 2018). These proteins that are degraded 

when encoded in excess are highly enriched for subunits of protein complexes, indicating that 

aneuploid cells utilize protein degradation to control stoichiometry of imbalanced complexes 

(Dephoure et al., 2014). The finding that aneuploid cells rely on protein degradation to perform 

dosage compensation is likely one reason why they are so sensitive to perturbations in the UPS. 

 

Concluding remarks 

 Aneuploidy results in an imbalanced proteome that has numerous fitness penalties to both 

cells and organisms. These phenotypes occasionally derive from change in dosage of one or a 

few genes, but more commonly are caused by the simultaneous change in dosage of many genes. 

This large-scale change in the proteome of the cell results in proteotoxic stress, a universal 

feature of aneuploid cells that is at the heart of their proliferation defects. The molecular basis for 

aneuploid-associated proteotoxic stress is unknown, though it has been proposed that 

stoichiometric imbalance of protein complexes could account for the increased burden on the 

protein quality control system. Additionally, aneuploidy represents an ideal model to study how 

cells cope with stoichiometric imbalance. Since eukaryotes rarely employ operons to ensure that 

stoichiometric ratios of complex subunits are properly maintained, how eukaryotic cells deal 

with imbalances in their proteome is a fundamental question. 
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 In this thesis, I have developed an assay to purify protein aggregates from aneuploid 

yeast and human cells to identify and quantify proteins within those aggregates using mass 

spectrometry. Uncovering the identity of proteins in aggregates revealed that stoichiometric 

imbalance of protein complexes causes protein aggregation in both aneuploid and euploid cells. 

Further, by combining this dataset with previously published data, I was able to track the fate of 

unassembled subunits of protein complexes genome-wide, revealing protein degradation and 

aggregation as mutually exclusive mechanisms to neutralize proteins that lack their binding 

partners. Remarkably, this work identified protein aggregation as a mechanism of dosage 

compensation, capable of eliminating excess protein by rendering it insoluble. 

 In light of recent findings that aggregation functions as an additional branch of protein 

quality control rather than a source of cellular toxicity, I propose that dosage compensation by 

protein aggregation may function as a cytoprotective mechanism in aneuploid and euploid cells. 

This is may be of particular importance to cancer cells. Cancer cells are frequently highly 

aneuploid, yet exhibit high proliferative potential relative to untransformed cells. How cancer 

cells avoid the negative fitness penalties caused by aneuploidy-induced stoichiometric imbalance 

could reveal therapeutic strategies. It will be important to study whether cancer cells employ 

aggregation or other dosage compensation mechanisms to maintain a balanced proteome.  
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Chapter 2: Protein aggregation mediates stoichiometry of protein complexes in aneuploid 

cells 
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ABSTRACT 

Aneuploidy, a condition characterized by chromosome gains and losses, causes reduced 

fitness and numerous cellular stresses, including increased protein aggregation. Here, we identify 

protein complex stoichiometry imbalances as a major cause of protein aggregation in aneuploid 

cells. Subunits of protein complexes encoded on excess chromosomes aggregate in aneuploid 

cells, which is suppressed when expression of other subunits is coordinately altered. We further 

show that excess subunits are either degraded or aggregate and that protein aggregation is nearly 

as effective as protein degradation at lowering levels of excess proteins. Our study explains why 

proteotoxic stress is a universal feature of the aneuploid state and reveals protein aggregation as 

a form of dosage compensation to cope with disproportionate expression of protein complex 

subunits. 
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INTRODUCTION 

Eukaryotes have a problem - subunits of protein complexes are not encoded in operons. 

Although eukaryotes have evolved to coordinate expression of subunits of the same complex (Li 

et al., 2014; Taggart and Li, 2018), changes in gene dosage of a subset of subunits of a protein 

complex, transient gene copy number imbalances during DNA replication, or fluctuations in 

gene expression can disrupt this coordinate expression, leading to the production of complex 

subunits that lack their binding partners. These orphan subunits have the potential to mis-fold 

and cause proteotoxic stress. How eukaryotic cells deal with stoichiometric imbalances is a 

fundamental, yet largely unexplored question.  

 

Aneuploidy represents an especially dramatic case of gene dosage alteration because changes in 

autosome copy number generally lead to a corresponding change in the levels of RNAs and 

proteins produced by genes located on aneuploid chromosomes (Dephoure et al., 2014; Pavelka 

et al., 2010; Torres et al., 2010). Not surprisingly these dramatic alterations in cellular protein 

composition significantly impact cellular physiology, causing cell proliferation defects, 

metabolic alterations, and oxidative stress (reviewed in (Santaguida and Amon, 2015)). Protein 

homeostasis defects are especially prevalent in aneuploid cells. In budding yeast, many different 

aneuploidies harbor more protein aggregates, display decreased chaperone activity, and exhibit 

sensitivity to conditions that interfere with proteasomal degradation (Oromendia et al., 2012; 

Torres et al., 2007). In mammals, aneuploidy also disrupts protein homeostasis leading to altered 

autophagy, abnormal protein folding, and accumulation of protein aggregates (Donnelly and 

Storchová, 2014; Santaguida et al., 2015; Stingele et al., 2012; Tang et al., 2011). Why protein 

aggregation is so wide-spread in aneuploid cell lines was not understood. 
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We previously generated a series of haploid yeast strains each harboring an extra copy of one of 

the 16 yeast chromosomes (henceforth disomes; (Torres et al., 2007)). Analysis of the 

localization of Hsp104, a disaggregase that associates with protein aggregates (Liu et al., 2010), 

showed that gain of any of the 16 yeast chromosomes causes an increase in the number of cells 

harboring Hsp104 foci, providing evidence for increased protein aggregation (Oromendia et al., 

2012). Here we determine the molecular basis of this phenotype. We find that subunits of protein 

complexes encoded on excess chromosomes aggregate in aneuploid cells. Our analyses also 

provide insights into how cells respond to protein stoichiometry imbalances. Protein aggregation 

can quantitatively deplete excess protein from the cytosol. We conclude that protein aggregation 

commonly performs functional dosage compensation. 

 

RESULTS 

Identification of proteins that aggregate in aneuploid yeast cells 

Previous studies of proteotoxic stress in aneuploidy had shown that cells with defined 

chromosome gains or randomly generated, unknown karyotypes harbored increased levels of 

protein aggregates (Oromendia et al., 2012; Santaguida et al., 2015; Stingele et al., 2012). To 

gain insight into why protein aggregation is so common in aneuploid cells, we determined the 

composition of protein aggregates in disomic yeast strains. We isolated protein aggregates from 

disomic yeasts strains by a stringent differential centrifugation method (Koplin et al., 2010). 

Hsp104 was enriched in aggregate fractions (Fig. 1A), however we note that aggregates isolated 

in this manner may not contain all Hsp104 decorated aggregates, and also may contain 

aggregates not recognized by Hsp104. Analysis of protein aggregates by SDS-PAGE revealed 
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that protein aggregation is increased in aneuploid cells. Cells that mis-segregate chromosomes at 

a high frequency because they carry a temperature sensitive allele in the kinetochore component 

encoding gene NDC10 harbored high levels of protein aggregates (Fig. 1B). Increased amounts 

of aggregated proteins were also observed in haploid cells disomic for chromosome V (Fig. 1B).  
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Figure 1. Identification of proteins that aggregate in aneuploid yeast cells. 

(A) Total lysate, aggregates and soluble fractions obtained from exponentially growing cells 

expressing Hsp104-eGFP (A31392) were analyzed for Hsp104 and Pgk1 abundance. 

(B) Protein aggregates and total lysates were prepared from euploid cells (WT, A35797), ndc10-

1 (ndc10-1, A13413) cells grown at 30°C for 4 hours, disome V cells (Dis V, A28265), and 

euploid (A2587) cells after an 8 minute heat shock at 42°C (heat shock). Total lysates and 

aggregate fractions were subjected to SDS-PAGE and stained with coomassie.  

(C) WT and disome cells were grown to exponential phase in SC medium containing heavy 

lysine and light lysine, respectively. Aggregated proteins are separated into two dot plots with 

red dots indicating proteins encoded on the duplicated chromosome and gray dots indicating 

proteins encoded on euploid chromosomes. The first column represents aggregates purified from 

a mixed sample of heavy lysine-labeled WT and light lysine-labeled WT. Lines represent mean 

and standard deviation. Upper dashed line at log2 1.27 shows the cut-off used to define 

aggregating proteins. ** p < 0.01, **** p < 0.0001; Mann-Whitney test. 

(D) The average aggregate enrichment of proteins encoded on euploid chromosomes that were 

identified in aggregates of at least 3/12 disomes. Only proteins with an average enrichment of 

>log2 1.27 as measured in Fig. 1C are shown. Error bars indicate standard deviation. 

(E) The enrichment of proteins from (D) was compared to their enrichment in aggregates 

purified from cells treated with radicicol (orange) or cells harboring the rpn6-1 allele (purple) 

from (Fig. 5). * indicates proteins that were not quantified in either the radicicol or rpn6-1 

experiments because they did not pass the detection threshold in aggregates purified from the 

reference strain but were readily detected in aggregates isolated from radicicol treated or rpn6-1 

cells. 
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(F) The percentage of proteins encoded by the duplicated chromosome that were enriched at a 

level greater than the aggregation threshold of log2 1.27 (black bars) and the percentage of 

proteins encoded by the duplicated chromosome as a fraction of the whole proteome (gray bars). 

n.s. not significant, **** p<0.0001; cumulative distribution function (CDF) for a hypergeometric 

distribution.  

(G) The percentage of proteins encoded by the duplicated chromosome that were not quantified 

by SILAC ms because the heavy-labeled (WT) peptides did not pass the detection threshold 

(black bars) and the percentage of proteins encoded by the duplicated chromosome as a fraction 

of the whole proteome (gray bars). n.s. not significant, ** p<0.01, *** p<0.001, **** p<0.0001; 

CDF for a hypergeometric distribution. 

Abbreviations: WT, wild-type; Dis, disome; avg, average. 

 

Having established that aneuploidy causes an increase in protein aggregates that can be isolated 

by differential centrifugation, we used SILAC mass spectrometry (ms) to identify proteins that 

preferentially aggregate in 12 different disomic yeast strains (Ong et al., 2002; Shevchenko et al., 

2006) (Fig. 2A; Fig. 1C; Supplemental Data S1). Reproducibility was high between individual 

experiments: 70% of proteins were identified in repeats of individual experiments (Fig. 2B, C). 

Although biological replicates were well correlated, the mean of the SILAC ratios for all proteins 

combined in aggregates varied between replicates of the same disome (e.g. for disome II, the 

means were 0.59, 0.69, and 0.30). To account for this variability and to be able to conduct 

analyses on the aggregate data set as a whole, we mean centered all experiments such that the 

mean relative enrichment was equal across experiments (Fig. 1C). Each experiment was mean-

centered to 0 by subtracting the mean of all SILAC ratios in that experiment from all data points. 
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To return the normalized values to a baseline that more closely resembles the increase in protein 

aggregation in disomic strains observed in the raw data, a constant (log2 0.27) was added to all 

normalized data points. This constant is the mean log2 ratio of all euploid encoded proteins in 

the dataset prior to normalization. Of note, we also identified proteins that were enriched in 

aggregates isolated from euploid strains compared to disome strains. However, in triplicate 

experiments for disome II, only 4 proteins (1.4%) were enriched more than two-fold in 

aggregates from euploid cells and their enrichment across replicate experiments was highly 

variable (Fig. 2D, E).   

 

 

Figure 2. Characterization of aggregate purification method.  
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(A) Schematic for cell labeling and aggregate purification for SILAC ms experiments described 

in Fig. 1C and Fig. 12A, B. 

(B, C) Biological replicate SILAC ms experiments were performed for disome II (B) and disome 

V (C). Proteins identified in both replicates were plotted as a function of their log2 enrichment in 

disome aggregates. Solid line represents a linear regression. Spearman correlation was 0.7471 for 

disome II replicates (B) and 0.6576 for disome V replicates (C).  

(D) Three biological replicates of protein aggregate identification were performed for disome II 

cells. Proteins identified in all 3 experiments were plotted as a function of their mean enrichment 

in disome II aggregates. Bars represent standard deviation.  

(E) The coefficient of variation for the top 10% of proteins enriched in aggregates from euploid 

cells and for the top 10% of proteins enriched in aggregates from disome II cells was calculated 

from data shown in (D). *** indicates p< 0.0001, Mann-Whitney test.  

Abbreviations: WT, wild-type; Dis, Disome. 

 

Which proteins aggregate in disomic yeast strains? The similar banding patterns of WT and 

aneuploid aggregates on SDS-PAGE gels (Fig. 1B) indicated that aggregates were composed of 

the same proteins, but that they aggregate more in aneuploid strains than euploid strains. 

Comparison of the banding pattern of protein aggregates on SDS-PAGE with the banding pattern 

of purified ribosomes further suggested that protein aggregates of both euploid and disomic yeast 

strains were enriched for ribosomes (Fig. 3A). To estimate the contribution of ribosomes to 

protein aggregates in disomic yeast strains we first determined the abundance of proteins in 

aggregates in each strain relative to its euploid reference by summing the raw total intensity of 

all heavy-labeled peptides and all light-labeled peptides and then calculating a ratio of the two 
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(Fig. 3B). Nine out twelve disomic strains contained more aggregated protein than euploid 

controls by this estimate. We then calculated the signal of each ribosomal protein as a percentage 

of the total signal for all aggregated proteins and determined that 75% of aggregated proteins 

were ribosomal proteins. Interestingly, the disomic strains with fewer ribosomes aggregating 

were the same strains that showed lower levels of total aggregate burden (compare Fig. 3B and 

C) confirming that ribosomes make up the majority of aggregating proteins in disomic yeast 

strains. Two lines of evidence indicate that it is assembled ribosomes rather than individual 

subunits that accumulate in aggregates. First, almost all excess ribosomal subunits are 

quantitatively degraded in disomic yeast strains (Dephoure et al., 2014). Second, the coomassie 

staining pattern of protein aggregates on SDS-PAGE resembles the pattern of purified intact 

ribosomes (Fig. 3A). We conclude that ribosomes are abundant in aggregates purified by our 

method in both euploid and aneuploid yeast strains, but that they aggregate more in disomes. 
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Figure 3. Ribosomal proteins are major constituents of purified protein aggregates. 
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(A) Total lysates and protein aggregates from euploid and disome XII cells were visualized by 

SDS-PAGE and coomassie staining. Purified ribosomes were included for comparison.  

(B) In each SILAC ms experiment, the signal to noise ratio for all heavy-labeled (WT) peptides 

and light-labeled (disome) peptides were summed. The ratio of these sums was plotted to 

compare the amount of protein present in aggregates from each strain relative to the reference. 

(C) Data were acquired as in Fig. 1C. Euploid chromosome -encoded aggregated proteins are 

separated into two box plots with gray boxes representing non ribosomal proteins and blue boxes 

representing ribosomal proteins. Error bars indicate the 10th and 90th percentiles. n.s. not 

significant, * p < 0.05, *** p < 0.001, **** p < 0.0001; Mann-Whitney test 

(D) The percentage of P body, stress granule, and nucleolar proteins identified in total lysates 

and protein aggregates was calculated. * indicates p<0.05, n.s. not significant; cumulative 

distribution function (CDF) for a binomial distribution.    

(E) GO component analysis was performed on all proteins identified in protein aggregates.  

Proteins identified in total lysates served as the control data set. Corrected p-values for selected 

GO categories are plotted.  

Abbreviations: WT, wild-type; Dis, Disome. 

 

To determine which proteins other than ribosomes are found in aggregates purified by our 

differential centrifugation method, we assessed the presence of known phase-separated structures 

such as P bodies, stress granules, or nucleoli in purified aggregates (Banani et al., 2017) using 

the annotations by (Jain et al., 2016). P body proteins were significantly underrepresented in 

aggregates compared to total lysates (Fig. 3D). We also identified fewer stress granule proteins 

and nucleolar proteins in aggregates compared to total lysates, however this difference was not 
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significant (Fig. 3D). We conclude that components of phase-separated structures are not 

significantly enriched in our aggregate preparations. 

 

Next, we conducted an unbiased Gene Ontology (GO) analysis (Fig. 3E) to determine which 

proteins were in fact enriched in aggregates isolated from aneuploid strains. Macromolecular 

complex was the GO term most significantly associated with proteins in aggregates, suggesting 

that complex subunits may be predisposed to aggregation. Ribosomes were the second most 

significant GO term, confirming our observation that the organelle is enriched in our aggregate 

preparation. The term “non-membrane bound organelle” (fourth most significant GO term) 

includes ribosomes which likely drives the significance of this GO term. The third most 

significant GO term was “cell”, which we interpret to mean that all GO terms with p-values 

larger than this generic GO term, which includes the GO terms mitochondrion, nucleolus, and 

membrane, are not likely to be meaningful. This conclusion is supported by our observation that 

proteins known to be components of the nucleolus are not enriched in aggregates isolated from 

disomic yeast strains.  

 

Next, we examined the physical and chemical properties of aggregating proteins. For this 

analysis, we compared aggregating proteins to the whole yeast proteome and to proteins 

identified in lysates from which the aggregates were purified. Proteins in both aggregates and 

total lysates had more disordered regions than the whole proteome (Fig. 4A). Hydrophobicity did 

not affect aggregation propensity (Fig. 4B). Amino acid composition appeared to affect protein 

aggregation in aneuploid yeast strains. Aggregated proteins were more basic and contained 

slightly more aromatic residues than proteins identified in lysates (Fig. 4C-E). Whether these 
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features influence aggregation propensity remains to be determined. Based on our knowledge of 

the effects of aneuploidy on cell physiology and the fact that “macromolecular complex” was the 

most significant GO term describing proteins that aggregate in disomic yeast strains, we can, 

however, envision two classes of proteins that aggregate in disomic yeast strains:  

(1) Proteins that rely extensively on protein folding pathways to achieve their native 

conformation. Such proteins could aggregate because protein quality control is 

compromised in aneuploid yeast strains (Oromendia et al., 2012; Torres et al., 2010). 

Aggregation of these proteins ought to be independent of the identity of the aneuploid 

chromosomes and should occur in multiple different disomic yeast strains.  

 

(2) Proteins encoded by the duplicated chromosome. Such proteins could aggregate 

because they are in excess. 

 

We first focused on proteins in class 1. 
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Figure 4. Properties of proteins in aggregates isolated from disomic yeast strains. 

Proteins in the yeast proteome (proteome, white), proteins identified in total lysates (total lysate, 

light gray), and proteins identified in purified protein aggregates (aggregates, dark gray) from 

experiments shown in Fig. 1C were analyzed. 
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(A) Disorder predictions for protein sequences were calculated using IUPRED on the ‘long’ 

setting. For each sequence, per-residue disorder scores were averaged across the entire protein. 

(B-E) Grand average hydropathy (GRAVY) scores (B), isoelectric points (C), aliphatic indices 

(D), and aromaticity scores (E) were calculated using the YeastMine tool in the Saccharomyces 

Genome Database (SGD). **** indicates p<0.0001, ** p<0.01, * p<0.05, n.s. not significant, 

Mann-Whitney test. 

 

Proteins that aggregate in multiple disomes also aggregate in cells with compromised 

protein quality control  

Aneuploid cells experience proteotoxic stress (Oromendia et al., 2012; Santaguida et al., 2015; 

Stingele et al., 2012; Tang et al., 2011). Proteins that rely extensively on protein folding 

pathways to achieve their native conformation could thus aggregate in aneuploid cells more so 

than in euploid cells. To identify proteins that exhibit an increased aggregation due to the 

aneuploid state, we identified proteins that (1) were encoded on euploid chromosomes, (2) 

aggregated in at least 3 different disomic yeast strains, and (3) had an average enrichment of at 

least 2.4-fold [log2 1.27] in disomic aggregates. We arrived at this cutoff for enrichment of 

proteins in disome aggregates using a false discovery rate of 5% (see Materials and Methods). 

This analysis identified 22 proteins (Fig. 1D; Supplemental Data S2). 

 

If proteins aggregate in multiple different disomic strains because proteostasis is compromised 

they should also aggregate in euploid cells in which protein quality control pathways are 

inhibited. To test this, we analyzed protein aggregates of cells harboring a temperature-sensitive 

mutation in the proteasome subunit encoding gene RPN6 (Isono et al., 2005) and of cells treated 
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with the Hsp90 inhibitor radicicol (Fig. 5; Supplemental Data S2). For the 22 proteins identified 

as aggregating in multiple disomic strains, we obtained quantitative information for 14 in 

aggregates of either rpn6-1 or radicicol-treated cells, or both. Of these, 13 (94%) were enriched 

2.4-fold [log2 1.27] in aggregates of rpn6-1 or radicicol-treated cells, or both (Fig. 1E, p<0.001, 

hypergeometric cumulative distribution function). We conclude that proteostasis deficiency 

causes a subset of proteins to aggregate in aneuploid cells regardless of whether gene copy 

number is altered or not.  

 

 

Figure 5. Aggregate analysis of cells with proteostasis defects. 

SILAC ms was performed on protein aggregates purified from cells containing a temperature 

sensitive mutation in RPN6 (rpn6-1; A38239), or cells harboring a deletion PDR5 (A15548) and 

treated with 70 µM radicicol. For rpn6-1 experiments, cells were grown in SC medium 

containing light lysine overnight, then diluted and grown to exponential phase at the permissive 

temperature. Cells were then shifted to the semi-permissive temperature (30°C) and grown for 4-

6 hours. WT cells (A23504) grown in SC medium containing heavy lysine and cultured in the 
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same way as rpn6-1 mutants served as the reference. For the radicicol experiment, pdr5∆ cells 

were grown to exponential phase at 30°C in SC medium containing either light or heavy lysine. 

70µM radicicol was added to the light lysine-labeled culture and DMSO vehicle was added to 

the heavy lysine-labeled culture for 30 minutes before harvesting cells.  

Abbreviations: WT, wild-type. 

 

Duplicated proteins are highly enriched in aneuploid aggregates  

We next examined proteins encoded on disomic chromosomes. These proteins were indeed 

significantly enriched in aggregates isolated from their respective disomic strain (Fig. 1C; red 

dots). To determine the number of proteins that aggregate because they are produced from two 

rather than one gene copy, we used a cutoff of 2.4-fold [log2 1.27] (based on a 5% FDR, 

described above) to define aggregate enrichment. Considering all of the disome strains, we 

identified 437 proteins that were enriched in aggregates in a disome-specific manner 

(Supplemental Data S1; Fig. 1F). For example, chromosome II encodes for 13% of the yeast 

proteome when duplicated, yet 36% of proteins that aggregate in strains disomic for chromosome 

II are encoded on chromosome II. Similarly dramatic results are observed in all disomic strains 

(Fig. 1F). We further note that this enrichment of disome-encoded proteins in aggregates 

underestimates proteins that aggregate because they are produced in excess. Proteins that fall 

below an established signal to noise ratio in either the heavy or light channel cannot be included 

because a SILAC ratio cannot be calculated. To mitigate this limitation, we examined proteins 

that did not pass the signal to noise threshold in one channel, but had a signal-to-noise ratio (S:N) 

of at least twice the threshold in the other channel (see Materials and Methods). This identified 

an additional 320 proteins that were quantified only in disome aggregates compared to just 72 
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that were only identified in aggregates of the euploid control strain (Supplemental Data S1). 

Importantly, 92 of the proteins quantified only in aggregates of disomic strains were encoded on 

the disomic chromosome, as opposed to just 2 that were quantified only in aggregates of euploid 

strains (Fig. 1G). We conclude that at least 529 proteins (437 proteins identified as enriched in 

disomes compared to wild-type aggregates + 92 identified only in disome aggregates) aggregate 

when their gene copy number is increased by two-fold. 

 

Increasing gene copy number by one causes protein aggregation in human cells 

Is protein aggregation a feature of aneuploidy that is conserved across eukaryotes? To address 

this question, we analyzed protein aggregation in near diploid human RPE-1 cells and two 

derivatives that were trisomic for chromosomes 12 or 21 (Stingele et al., 2012). As in yeast, 

proteins most enriched in aggregates were encoded on the trisomic chromosome. Within the 10th 

percentile of proteins most enriched in trisomy 12 aggregates, 16.2% of proteins were encoded 

by chromosome 12 (Fig. 6A, B; Supplemental Data S3). This enrichment was highly significant 

(Fisher’s exact test p<0.0001). In contrast, proteins encoded by other chromosomes had no 

significant enrichment, with the exception of proteins encoded by chromosome 4 which were 

slightly depleted (Fisher’s exact test p=0.0297). We conclude that chromosome 12-encoded 

proteins are enriched in aggregates of trisomy 12 cells.  
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Figure 6. Aggregate analysis in trisomic human cells. 

(A) RPE-1 cells and RPE-1 cells trisomic for either chromosome 12 or chromosome 21 were 

cultured in medium containing heavy lysine or light lysine, respectively, for 10 generations. 

Within each experiment, euploid encoded proteins (gray dots) were plotted separately from 

trisome encoded proteins (red dots). **** p<0.0001, n.s. not significant; Mann-Whitney test. 

(B, C) Enrichment of chromosome 12 (B) and 21 (C) encoded proteins in total aggregates (gray 

bars) and among the top 10% most highly enriched aggregated proteins (black bars). n.s. not 

significant, **** p<0.0001; cumulative distribution function (CDF) for a hypergeometric 

distribution.  



 77 

(D) Euploid and trisomy 21 cells were treated with 25nM chloroquine and 1µM MG-132 and 

aggregates were plotted as in (A). *** p<0.001; Mann-Whitney test. 

(E) Enrichment of chromosome 21 encoded proteins in total aggregates (gray bar) and among the 

top 10% most highly enriched aggregated proteins (black bar). **** p<0.0001; CDF for a 

hypergeometric distribution. 

Abbreviations: WT, wild-type; Ts, trisome; Chr, chromosome. 

 

Enrichment of chromosome 21-encoded proteins was not evident in aggregates purified from 

trisomy 21 cell lines (Fig. 6A, C; Supplemental Data S3) most likely due to the fact that 

chromosome 21 is the gene poorest chromosome in humans. To increase protein aggregation in 

trisomy 21 cells, we prevented protein degradation by inhibiting the proteasome and lysosomal 

degradation with MG-132 and chloroquine, respectively. In this experiment, we observed that 

within the 10th percentile of proteins most enriched in trisomy 21 aggregates, 3.2% were encoded 

by chromosome 21. Overall, proteins encoded on chromosome 21 represent only 1% of proteins 

in aggregates (Fig. 6D, E; Supplemental Data S3). This enrichment was highly significant 

(Fisher’s exact test p=0.0005). In contrast, proteins encoded on other chromosomes did not show 

significant enrichment. Among the chromosome 21 encoded proteins enriched in aggregates 

were two proteins known to contribute to disease phenotypes in Trisomy 21 - DOPEY2, a 

protein implicated in causing mental retardation (Rachidi et al., 2005) and APP, the precursor of 

the Alzheimer’s disease-associated amyloid-β. We conclude that aggregation of proteins encoded 

on excess chromosomes is also a feature of aneuploidy in humans. We note that the enrichment 

of proteins encoded on excess chromosomes is less apparent in trisomic human cells than in 
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disomic yeast cells. This is to be expected. Gain of a copy of a chromosome in a diploid cell 

causes fewer protein imbalances than gain of a chromosome in a haploid cell.  

 

Stoichiometric imbalance of protein complexes can cause protein aggregation 

We next examined the mechanism whereby altering gene copy number causes protein 

aggregation in aneuploid cells. Protein complex analysis using the annotation by (Pu et al., 2009) 

showed that 44.2% of the 529 proteins, that aggregated in disomic yeast strains when encoded on 

an excess chromosome, were subunits of protein complexes (Fig. 7A). By comparison, only 

29.2% of proteins encoded by euploid chromosomes that were enriched in aggregates, were 

subunits of protein complexes (Fig. 7A).  
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Figure 7. Stoichiometric imbalances of protein complex subunits cause protein aggregation. 
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(A) The percentage of proteins encoded by duplicated chromosomes enriched by log2 1.27 or 

more in aggregates (red), the percentage of proteins encoded by euploid chromosomes enriched 

by a log2 1.27 or more in aggregates (gray), and the percentage of proteins in the genome (black) 

that are annotated to form protein complexes by Pu et al. (2009) was calculated. **** indicates 

p< 0.0001, n.s. not significant; cumulative distribution function (CDF) for a binomial 

distribution.  

(B) Diagram of eIF2 complex stoichiometry in disome V cells.  

(C) Gcd11-HA in aggregates and total lysates in WT, (A40189), disome V (A40190), disome V 

GCD11-HA/gcd11∆ (A40191), and WT URA3::GCD11-HA (WT +GCD11; A40192) cells. Only 

one of the two GCD11 genes in disome V cells was tagged with HA to ensure that protein levels 

are comparable between strains.  

(D) Quantification of Western blots in (C) (n=3; SD; *** indicates p<0.001, T test)  

(E) Cells were grown as in (C) and mRNA levels for eIF2 subunits was determined. Values were 

normalized to ACT1 then to WT expression levels (n=3; SD).  

(F-H) Western blot, relative aggregation quantification, and mRNA expression was determined 

for WT (A40193), disome V (A40194), and disome V pSUI2/SUI3 (A40195) cells as described 

in (C-E; n=3; SD; ** indicates p<0.01, T test) 

Abbreviations: WT, wild-type; Dis, disome; rel, relative. 

 

We hypothesized that the enrichment of duplicated protein complex subunits in disome 

aggregates was due to protein complex subunits requiring binding to other subunits to acquire 

their native state. This hypothesis predicts that when gene copy number of the other complex 

subunits is altered in accordance with expression of the subunit produced in excess, aggregation 
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should be prevented. We tested this prediction by studying the eIF2 complex, which is required 

for translation initiation and composed of three subunits. The eIF2 γ-subunit, Gcd11, is encoded 

on chromosome V (Fig. 7B). Gcd11 was found in aggregates isolated from yeast strains disomic 

for this chromosome but returned to euploid levels in aggregates from disome V strains in which 

one copy of GCD11 was deleted (Fig. 7C-E). In fact, a single extra copy of GCD11 in an 

otherwise euploid strain was sufficient to cause Gcd11 aggregation (Fig. 7C-E). Thus, increased 

gene dosage of GCD11 is necessary and sufficient to cause aggregation of the protein. It is worth 

noting that Gcd11 aggregated less when expressed in excess by itself than when overexpressed 

due to an extra copy of chromosome V. This observation suggests that proteotoxic stress caused 

by disomy of chromosome V exaggerates aggregation of Gcd11. 

 

To test whether aggregation of Gcd11 in disome V strains can be prevented by doubling the gene 

copy number of the eIF2 α-subunit encoding gene SUI2 and the eIF2 β-subunit encoding gene 

SUI3, we introduced a centromeric plasmid carrying both genes under their native promoters into 

disome V strains. Expression of SUI2 and SUI3 dramatically reduced Gcd11 aggregation in 

disome V cells (Fig. 7F-H). We note that expression of SUI2 and SUI3 also increased Gcd11 

levels in lysates (Fig. 7F). A pool of Gcd11 is degraded when expressed in excess (Dephoure et 

al., 2014). Increased expression of Sui2 and Sui3 likely also protects Gcd11 from degradation. 

We conclude that stoichiometric imbalance of protein complexes can cause protein aggregation 

in aneuploid cells. 
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Excess proteins either aggregate or are degraded 

Previous studies showed that many proteins that function in protein complexes are degraded 

when in excess in aneuploid cells, restoring their levels to euploid or near euploid levels 

(Dephoure et al., 2014; Gonçalves et al., 2017; Ori et al., 2016). We observed that many proteins 

aggregate when in excess. An important question regarding these two observations is whether 

excess subunits are down-regulated by both mechanisms or whether they are neutralized by one 

or the other. To distinguish between these possibilities, we analyzed protein degradation and 

aggregation propensity for all disome-encoded proteins identified in our protein aggregate 

analysis and the protein degradation analysis of Dephoure et al. (2014). Note that both data sets 

were created with the same strains. Analysis of the relative abundance of proteins encoded on 

disomic chromosomes confirmed that the two data sets were indeed similar to each other, despite 

slight differences in growth conditions (Fig. 8). 
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Figure 8. Comparison between our proteomic data set and that generated by Dephoure et 

al. (2014). 

The strains used in the two studies were identical. In our analysis, proteins were isolated from 

cells grown in SC medium. Dephoure et al. (2014) grew cells in SC medium containing G418 

and lacking histidine. Proteins were plotted as a function of their levels in strains where their 

corresponding genes were duplicated relative to a WT strain. The two data sets were correlated 

with a Spearman correlation of 0.4823 (p < 0.0001) (note: 20 data points fell outside the range of 

the axes but they were included in the correlation). 

 

We first asked whether relative abundance of a protein in total lysates correlates with protein 

aggregation - or in other words, is a protein more likely to aggregate when its levels in total 

lysate are higher than in a euploid strain? We indeed observed a weak but significant correlation 
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(Fig. 9A). This observation indicates that proteins that are dosage compensated by protein 

degradation are less likely to be found in aggregates. Because excess cytoplasmic ribosomal 

subunits are almost exclusively degraded (Dephoure et al., 2014), we also asked whether the 

correlation was driven by ribosomal proteins. Removing cytoplasmic ribosomal proteins from 

the data set weakened the correlation between abundance of proteins in extracts and their 

propensity to aggregate, but it was still significant (Fig. 10A). 

 

 

Figure 9. Excess proteins are either aggregated or degraded. 
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(A, B) Correlation between enrichment in protein aggregates (measured in Fig. 1C) and relative 

protein levels (measured in disome lysates by Dephoure et al. (2014)) was determined for all 

proteins encoded by the duplicated chromosome quantified in both data sets (A), and duplicated 

subunits of protein complexes (B). Spearman correlation of 0.1810 (p=1.2x10-8) in (A) and 

0.2814 (p< 0.0001) in (B). Dashed lines indicate thresholds for proteins being considered 

aggregated (y-axes) or degraded (x-axes). The number of proteins that fall into each quadrant is 

indicated.  

(C, D) All duplicated proteins (C) and duplicated complex subunits (D) were separated into two 

bins: (1) aggregated proteins (red bars), which were defined as proteins with an enrichment of at 

least log2 1.27 in disomic aggregates; (2) non-aggregated proteins (gray bars) which were 

defined as proteins with an enrichment of log2 0.727 or less. Average relative levels in disome 

lysates as measured by Dephoure et al. (2014) are plotted. Error bars represent 95% confidence 

intervals. **** indicates p< 0.0001, Mann-Whitney test.  

Abbreviations: WT, wild-type; Dis, disome 
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Figure 10. Excess proteins are either aggregated or degraded. 

(A, B) Correlation between enrichment of a protein in protein aggregates (measured in Fig. 1C) 

and its relative abundance in total extracts as measured by Dephoure et al. (2014). This 

correlation analysis was performed for all proteins encoded by a duplicated chromosome 

quantified in both data sets (A), and duplicated subunits of protein complexes (B) after removing 

duplicated subunits of the cytoplasmic ribosome. All duplicated proteins were correlated with a 

Spearman correlation of 0.0978 (p=0.0034) (A) and duplicated complex subunits were correlated 
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with a Spearman correlation 0.1028 (p=0.0527) (B). Dashed lines indicate thresholds for proteins 

being considered aggregated (y-axes) or degraded (x-axes). The number of proteins that fall into 

each quadrant is indicated.  

(C, D) After removing duplicated subunits of the cytoplasmic ribosome, proteins were separated 

into two bins: (1) aggregated proteins (red bars), which were defined as proteins with an 

enrichment of at least log2 1.27 in disomic aggregates; (2) non-aggregated proteins (gray bars) 

which were defined as proteins with an enrichment of log2 0.727 or less. Average relative levels 

in disome lysates as measured by Dephoure et al. (2014) are plotted. Error bars represent 95% 

confidence intervals. **** p< 0.0001, ** p< 0.01, Mann-Whitney test. 

Abbreviations: WT, wild-type; Dis, disome. 

 

To further assess whether protein aggregation and degradation are mutually exclusive we 

analyzed the data using cutoffs previously set to define a protein to aggregate or to be degraded 

when in excess. Dephoure et al. (2014) defined a disome-encoded protein as degraded when its 

abundance in extracts relative to a euploid reference was 1.52 [log2 0.6] instead of the expected 

2 [log2 1]. We defined any disome-encoded protein aggregated when it was found enriched 2.4-

fold [log2 1.27] in aggregates (Fig. 1). Based on these criteria, only 100/983 (10%) disomic 

proteins were considered both to aggregate and to be degraded when in excess. This is evident by 

the fact that the upper left quadrant in the graph in Fig. 9A is underpopulated (p= 0.0045; 

Fisher’s exact test). This mutual exclusive behavior of disome encoded proteins was not driven 

by ribosomal proteins because we observed the same under population of the left upper quadrant 

when we removed ribosomal proteins (Fig. 10A). When we restricted our analysis to subunits of 

protein complexes only 67 out of 424 (16%) proteins were both enriched in disome aggregates 



 88 

and degraded when in excess (p= 0.0012; Fisher’s exact test; Fig. 9B), although we note that this 

observed lack of overlap between aggregation and degradation was, to a significant extent, 

driven by ribosomal proteins (Fig. 10B).  

 

Another way to assess whether disome-encoded proteins aggregate or are degraded but not both, 

is to ask: Are disome-encoded proteins that are highly enriched in aggregates present in total 

lysates at the 2x level expected for disome-encoded proteins or are their levels lower? We found 

that disome-encoded proteins that are enriched in aggregates, are present at levels close to the 

expected level of two-fold indicating that they are not degraded (Fig. 9C). In contrast, levels of 

proteins that were detected in aggregates but not enriched in aggregates were lower in total 

lysates (Fig. 9C). Removal of ribosomal subunits from the analysis did not alter this conclusion 

(Fig. 10C). The results were even more striking when we focused our analysis on disome-

encoded proteins that are part of protein complexes (Fig. 9D, 10D). We conclude that proteins, 

when present in excess, have a preferred fate of either degradation or aggregation. 

 

Protein complex subunits that aggregate when in excess have lower turnover rates than 

degraded subunits 

What determines whether excess protein complex subunits aggregate or are degraded? 

Computational analyses revealed that both classes of subunits harbor large protein-protein 

interfaces within their complexes compared to proteins that neither aggregate nor are degraded 

(Fig. 11A; Supplemental Data S4; (Marsh et al., 2013)). This is consistent with earlier work in 

mammalian cells, demonstrating that protein complex subunits with larger interfaces tend to be 

unstable and rapidly degraded when not bound to their partners (McShane et al., 2016). If 
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overexpressed relative to other components of the complex, these large interfaces could facilitate 

inappropriate protein-protein interactions, leading to aggregation instead of degradation (Levy et 

al., 2012). 

 

 

Figure 11. Protein half-life determines whether a protein aggregates or is degraded. 
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(A) Proteins encoded on duplicated chromosomes were separated into three categories: 

aggregated, degraded, and neither. Aggregated proteins (red), degraded proteins (blue) were 

defined as in Fig. 9A. Proteins that were identified in our analysis and that by Dephoure et al. 

(2014) but did not pass the threshold for aggregation or degradation were considered neither 

aggregated nor degraded (gray). The heteromeric interface sizes of the proteins in each category 

are plotted as box plots with whiskers representing the 10th-90th percentile. **** p< 0.0001, ** 

p< 0.01, n.s. not significant; Mann-Whitney test.  

(B) The change in levels of proteins encoded on chromosome II in disome II in total lysates of 

cells treated with 100 µM MG-132 and 10 mM chloroquine relative to WT (data from Dephoure 

et al. (2014)). Examples of aggregating proteins as determined in Fig. 1C and of degraded 

proteins as determined by Dephoure et al. (2014)) are shown. White bars indicate relative levels 

immediately before the addition of MG-132 and chloroquine, gray bars and black bars relative 

levels 90 seconds and 300 seconds thereafter, respectively.  

(C) Mean levels of all aggregating proteins as measured in (B) at each time point (error bars 

SEM; n.s. not significant; Wilcoxon matched-pairs signed rank test).  

(D) Disome II rpn6-1 (A40196) or WT (A23504) cells were grown to exponential phase at 30°C 

in SC medium containing light lysine and heavy lysine respectively and aggregating proteins 

were identified. Lines indicate mean and standard deviation. **** p < 0.0001, Mann-Whitney 

test. 

(E) Proteins considered degraded when duplicated by Dephoure et al. (2014) were examined in 

aggregates purified from disome II cells (Fig. 1C) and from disome II rpn6-1 cells (D). A protein 

was considered to aggregate when it was enriched by more than log2 1.27 in aggregates (red), 

not aggregated as enriched by less than log2 1.27 (gray). no ID indicates proteins that were not 
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identified in aggregates (white). ** p < 0.01, cumulative distribution function for a binomial 

distribution. 

(F) Degree of aggregation was determined for all proteins in (E) in disome II aggregates and 

disome II rpn6-1 aggregates. Bars represent SD; ** p<0.01, Mann-Whitney test.  

(G, H) Relative protein levels as determined by Dephoure et al. (2014) (G) and relative 

aggregation as measured in Fig. 1C (H) for ORC subunits when encoded by disomic 

chromosomes (n.d. - not detected in aggregates). 

(I, J) Cells were grown to exponential phase at 30°C in YEP medium containing 2% raffinose. 

Expression of HA tagged ORC2 (A40197) and ORC5 (A40198) was induced with 2% galactose 

for 20 minutes. Then protein synthesis was halted by the addition of 2% glucose and 0.5 mg/mL 

cycloheximide (t=0). Protein levels were determined. Pgk1 was used as a loading control (I). 

Protein levels were quantified relative to the loading control and normalized to the 0 minute time 

point (J). 

Abbreviations: WT, wild-type; Dis, disome; MG, MG-132; CQ, chloroquine; sec, second; ln, 

natural logarithm; ID, identification; mins, minutes. 

 

Given that excess protein complex subunits that are degraded and that aggregate both harbor 

large protein binding interfaces, we hypothesized that their fate could be determined by 

differences in recognition by the ubiquitin/proteasome or lysosomal degradation systems. 

Previous work showed that degradation of proteins that are encoded on a disomic chromosome, 

can be prevented by treating disomic cells with the proteasome inhibitor MG-132 and the 

lysosomal-degradation inhibitor chloroquine ((Dephoure et al., 2014), Fig. 11B; right part of the 

graph). Importantly, we find that preventing protein degradation did not affect overall levels of 
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individual proteins that aggregate (Fig. 11B, left part of the graph) and average levels of all 

proteins that aggregate (Fig. 11C; Supplemental Data S4). Therefore, proteins found in 

aggregates generally have low turnover rates. 

 

To further assess whether protein stability determines whether or not a protein aggregates, we 

analyzed the effects of proteasome inhibition on the fate of proteins that are normally degraded 

when in excess. Partial inhibition of the proteasome using a temperature sensitive rpn6-1 mutant 

grown at the semi-permissive temperature (30°C) caused a general increase in protein 

aggregation for all proteins in disome II cells (Fig. 11D; Supplemental Data S4). 67 disomic 

proteins are normally degraded in cells disomic for chromosome II (Dephoure et al., 2014). We 

identified 31 of these in our analysis. 11 out of 31 (35.5%) aggregated in disome II cells with a 

functional proteasome. In disome II rpn6-1 cells we identified 41 out of these 67 proteins. 21 

(51.2%) of these were enriched in aggregates (Fig. 11E). We then asked whether the 67 proteins 

that were typically degraded when duplicated in disome II cells were enriched in aggregates 

when proteasome function is compromised. In cells with normal proteasome function, the 67 

proteins had a mean enrichment of 1.9 [log2 0.92] in disome II aggregates. In disome II rpn6-1 

cells, their mean enrichment increased to 4.0 [log2 2.0] indicating that many of these usually 

degraded proteins are now deposited in protein aggregates (Fig. 11F). 

 

We next determined the effects of protein stability on the choice between degradation or 

aggregation by analyzing the origin recognition complex (ORC) in which some subunits are 

degraded when in excess while others are not (Dephoure et al., 2014). The origin recognition 
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complex (ORC) is a six subunit complex essential for the initiation of DNA replication (Bell et 

al., 1993). All six subunits are encoded on different chromosomes in yeast.  

 

Orc2 levels are mostly attenuated (reduced to 1.1 [log2 0.16] relative to WT) by degradation 

when the ORC2 gene is present in two copies instead of one ((Dephoure et al., 2014), Fig. 11G). 

In contrast, Orc5 is not attenuated (present at 1.8 [log2 0.88] relative to WT) by degradation but 

is highly enriched in aggregates when encoded by two gene copies (Fig. 11G, H). To mimic 

stoichiometric imbalance, we transiently overexpressed Orc2 and Orc5 individually from the 

galactose-inducible GAL1-10 promoter. Half-life measurements showed that overproduced Orc5 

was twice as stable as overproduced Orc2 (Fig. 11I, J). We conclude that the stability of a protein 

can determine whether it aggregates or is degraded when produced in excess. Our data further 

indicate that surprisingly subtle half-life differences can determine a protein’s dosage 

compensation fate. What minimal half-life is required for a protein to be eliminated by 

degradation when in excess remains to be determined. 

 

Dosage compensation by protein aggregation 

Degradation of excess subunits of protein complexes serves as a form of dosage compensation 

(Dephoure et al., 2014). Can protein aggregation serve the same purpose by sequestering excess 

subunits in an inaccessible aggregate compartment? To address this question, we quantified the 

relative abundance of proteins that remained in the soluble fraction following aggregate isolation 

in yeast strains disomic for chromosome II or XII and compared it to their abundance in extracts 

prior to aggregate removal (henceforth total lysate) (Fig. 2A). We observed a small but 

nevertheless significant difference in relative abundance of proteins encoded on euploid 
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chromosomes between soluble fractions and total lysates (Fig. 12A, B; Supplemental Data S5), 

which is consistent with the observation that proteins encoded on euploid chromosomes are also 

found enriched in aggregates isolated from aneuploid cells (Fig. 1C). Depletion of proteins 

encoded on disomic chromosomes from the soluble fraction was, however, much more dramatic. 

Their mean relative abundance in the soluble fraction was noticeably decreased to 1.59-fold 

[log2 0.67] compared to 1.66-fold [log2 0.74] in total lysates for disome II and 1.69-fold [log2 

0.76] compared to 1.77-fold [log2 0.82] for disome XII (Fig. 12A, B; Supplemental Data S5). 
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Figure 12. Dosage compensation by protein aggregation.  

(A, B) Total lysate and soluble fractions, obtained as described in Fig. 1A, were analyzed for 

disome II (A) and disome XII (B). Proteins encoded by euploid chromosomes (gray), proteins 

encoded by the duplicated chromosome (red). Data are represented as box plots with whiskers 

extending to 10th and 90th percentiles. Means are indicated below. Upper dashed line represents 
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the theoretical mean for proteins encoded by the duplicated chromosome. **** p<0.0001; Mann-

Whitney test. 

(C) Changes in protein levels due to aggregation for proteins quantified in (A, B) were calculated 

for every protein by subtracting its log2 ratio in the soluble fraction from its log2 ratio in the total 

lysate. Disome II and disome XII data were pooled and separated into two subsets: euploid 

chromosome encoded proteins (gray) and disomic chromosome encoded proteins (red). 

Frequency distributions of each subset were then generated using a bin size of 0.1. Distributions 

were fit to Gaussian curves for euploid (dashed line) and disome (solid line). p-value shows that 

mean change of disome encoded proteins is significantly different from the mean change of 

euploid encoded proteins (Mann-Whitney test).  

(D) Changes in protein levels due to degradation for disome II and disome XII were calculated 

by subtracting the relative protein level from the relative mRNA level for each gene as measured 

by Dephoure et al. (2014). Frequency distributions were generated and curve fitting was 

performed on the pooled data as in (C). p-value shows that mean change of disome encoded 

proteins is significantly different from the mean change of euploid encoded proteins (Mann-

Whitney test).  

(E) The percentage of proteins encoded by the duplicated chromosome that decreased in levels 

by at least a log2 of 0.2, 0.4, 0.6, and 0.8 due to aggregation (red bars) was calculated using the 

data described in (C) and due to degradation (blue bars) using the data in (D). **** p<0.0001, ** 

p<0.01, * p<0.05; Chi-squared test. 

(F) Correlation between protein levels in total lysate and reduction in levels due to aggregation 

was determined for proteins encoded on duplicated chromosomes from the pooled data set of 

disome II (A) and disome XII (B). Spearman correlation of 0.3589 (p< 0.0001). Dashed lines 
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indicate thresholds for proteins being considered dosage compensated by aggregation (y-axes) or 

degradation (x-axes). The number of proteins that fall into each quadrant is indicated (note: 19 

data points fell outside the range of the axes but were included in the calculations).  

(G) Proteins encoded on duplicated chromosomes were separated into two categories: dosage 

compensated proteins (red) were defined as their levels being reduced by at least log2 0.4 in the 

soluble fraction relative to the total lysate. Not dosage compensated proteins (gray) were defined 

as their levels being reduced by less than log2 0.4. Mean levels in total lysates are plotted; error 

bars indicate 95% confidence intervals. **** p<0.0001; Mann-Whitney test.  

Abbreviations: WT, wild-type; Dis, disome. 

 

The decrease of disome-encoded proteins in the soluble fraction could be due to many proteins 

experiencing small amounts of aggregation or a few proteins aggregating to a large degree. To 

distinguish between these possibilities, we first calculated the change in levels for each protein 

by subtracting protein levels in the soluble fraction from those in the total lysate. We then pooled 

the data from the disome II and disome XII analysis and generated two bins – proteins that were 

encoded on disomic chromosomes and proteins encoded on euploid chromosomes. As expected, 

the changes in levels of the 6495 proteins encoded by euploid chromosomes were evenly 

distributed (Fig. 12C; gray bars); changes in levels of the 575 proteins encoded by disomic 

chromosomes were not. Both the mean and skew significantly deviated from the expected 

distribution (Fig. 12C). 147 of the 575 (26%) disome-encoded proteins were depleted by 1.15-

fold [log2 0.2] in the soluble fraction compared to total lysate (Fig. 12E), 12% by 1.32-fold [log2 

0.4]. Full attenuation, as defined as a 1.74-fold [log2 0.8] decrease occurred for 3% of proteins 

(Fig. 12E). This indicates that reduction in protein levels for duplicated proteins in the soluble 
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fraction is largely due to many proteins decreasing by a small degree. However, full attenuation 

by aggregation also occurs. 

 

How does dosage compensation by aggregation compare to dosage compensation by protein 

degradation? Previous studies showed that 21% of proteins decrease by 1.52-fold [log2 0.6] 

either due to downregulation of gene expression or protein degradation (Dephoure et al., 2014). 

To assess what fraction of the proteome is attenuated solely by protein degradation we subtracted 

protein levels from RNA levels in the data set published by Dephoure et al. (2014). We then 

pooled data for disome II and disome XII, allowing us to examine 7328 measurements for 

proteins encoded on euploid chromosomes and 629 measurements for disome II and XII-encoded 

proteins. As expected, the changes in levels of the 7328 proteins encoded by euploid 

chromosomes were evenly distributed (Fig. 12D, gray bars). The 629 proteins encoded by 

disomic chromosomes behaved differently. Both the mean and skew were larger than observed in 

the expected distribution (Fig. 12D). 209 of the 629 (33.2%) disome-encoded proteins were 

depleted by 1.15-fold [log2 0.2] relative to RNA levels (Fig. 12E); 18.4% by 1.32-fold [log2 

0.4]. Full attenuation, (1.74-fold [log2 0.8]) occurred for 6.4% of proteins (Fig. 12E). We 

conclude that small degrees of attenuation of disome-encoded proteins occurs by both 

aggregation and degradation. Reduction to levels approaching those seen in euploid cells occurs 

predominantly through protein degradation. 

 

Finally, we asked whether dosage compensation of a particular protein was mediated by both 

protein degradation and aggregation, or one or the other in our disome II and XII data set. First, 

we determined whether a correlation existed between relative abundance of a disome-encoded 
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protein in the total lysate and degree of dosage compensation by aggregation. This was the case, 

indicating that proteins with higher relative expression levels are more likely to be dosage 

compensated by aggregation (Fig. 12F). To further assess whether protein aggregation and 

degradation are mutually exclusive we analyzed the data using cutoffs previously defined 

(Dephoure et al., 2014). Disome-encoded proteins present in the total lysate at levels below 1.52 

[log2 0.6] (instead of the expected 2 [log2 1]) were considered dosage compensated by 

degradation. Disome-encoded proteins that were depleted in the soluble fraction by at least 1.52 

[log2 0.6] compared to the total lysate were considered dosage compensated by aggregation. 

Based on these criteria, only 9 out of 575 (1.6%) disomic proteins were dosage compensated by 

both aggregation and degradation, as evident by the fact that the upper left quadrant in the graph 

in Fig. 12F is underpopulated (p= 0.0011; Fisher’s exact test). We also asked whether disome-

encoded proteins that are dosage compensated by aggregation are present in total lysates at the 

2x level expected for disome-encoded proteins. This was the case (Fig. 12G), demonstrating that 

they are not degraded. In contrast, levels of proteins considered not dosage compensated by 

aggregation were lower in total extracts. Our data indicate that excess proteins are dosage 

compensated by aggregation or degradation but rarely both. 

 

DISCUSSION 

Our analysis of protein aggregation in disomic yeast strains provided insight into why protein 

aggregation is a universal feature of the aneuploid state and revealed protein aggregation as a 

means of dosage compensation. This dosage compensation is not only relevant in aneuploid cells 

but could very well contribute to stoichiometry control in euploid cells that encounter 

stoichiometric imbalances due to transient imbalances caused by variability in gene expression. 
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Remarkably, aggregation is nearly as effective as protein degradation at lowering levels of 

excess proteins. Whether protein aggregation serves a cytoprotective role in situations where 

high levels of unassembled complex subunits are present in cells (i.e. in aneuploid cells) is an 

important question that remains to be answered. 

 

Which proteins aggregate in aneuploid cells?  

Our analysis of protein aggregation in a series of disomic yeast strains provided insight into why 

protein aggregation is a universal feature of the aneuploid state. We identified proteins encoded 

on the disomic chromosomes as well as proteins encoded on euploid chromosomes to be 

enriched in aggregates.  

 

Among the proteins found in aggregates of multiple different aneuploid strains, ribosomes were 

the most prominent. Ribosomes comprise ~75% of aggregates isolated from both euploid cells 

and aneuploid cells, but ribosomes aggregate more readily in aneuploid cells as judged by the 

fact that they harbor more aggregates. Why ribosomes are enriched in aggregates of disomic 

yeast strains is not clear. Perhaps a higher fraction of ribosomes is defective in disomic yeast 

strains causing them to aggregate.  

 

Ribosomes were not the only proteins commonly found in aggregates of aneuploid yeast strains. 

Interestingly, the proteins that aggregated in multiple different aneuploid cell lines also 

aggregated when protein quality control pathways were impaired. This observation raises the 

interesting possibility that proteins that are especially dependent on protein quality control 

pathways to maintain their solubility are “canary in the coal mine” proteins of the state of 
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cellular protein quality control. It will be interesting to determine which properties make the 

canary proteins so sensitive to perturbations in protein homeostasis. 

 

We also analyzed proteins that aggregate because their encoding genes were duplicated due to 

disomy. These proteins were strongly enriched for subunits of protein complexes leading us to 

hypothesize that subunits of heteromeric protein complexes present at levels twice their binding 

partners are prone to aggregation. We went on to demonstrate that this was true in the case of the 

eIF2 complex. Our analysis of human trisomic cell lines further revealed that aggregation of 

proteins that are in excess is surprisingly sensitive to alterations in gene expression. Changing 

gene expression by as little as 50% causes aggregation of many proteins. 

 

Cellular response to excess subunits of protein complexes 

Our findings have important implications for euploid cells. Although expression of subunits of 

the same complex is tightly coordinated in eukaryotes (Li et al., 2014; Taggart and Li, 2018), it 

is likely that even euploid cells encounter transient stoichiometric imbalances. Variability in 

expression of individual subunits can lead to stoichiometric imbalances where individual 

subunits lack binding partners or where protein complexes are only partially assembled.  

 

Our study shows that 61.5% of proteins either aggregate or are degraded when produced in 

excess. Among proteins that function in complexes, 73% of proteins either aggregate or are 

degraded. Interestingly, the 27% that are neither aggregated nor degraded have significantly 

smaller heteromeric protein binding interfaces than protein complex subunits that aggregate or 

are degraded. We propose that excess proteins that neither aggregate nor are degraded are simply 
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less aggregation prone and lack the signals that target them for degradation. Whether there are 

features that distinguish proteins that are degraded from proteins that are aggregated remains to 

be determined. 

 

Our data also indicate that aggregation and degradation of proteins encoded on disomic 

chromosomes is largely mutually exclusive. Intuitively this makes sense - if excess proteins are 

degraded there is no excess protein to aggregate. What determines whether excess proteins are 

degraded or aggregate is their half-life when unbound. This is what we observe for Orc2 and 

Orc5. Overexpressed Orc2 has a shorter overall half-life, presumably because excess Orc2 is 

degraded. Orc5 has a longer overall half-life when overexpressed because excess Orc5 

aggregates. What was surprising was that a change in protein half-life of two-fold appeared to 

determine whether an overexpressed protein aggregates or is eliminated by degradation. What 

determines the half-life of a protein and what minimal half-life is required to be eliminated by 

degradation when in excess remains to be determined.  

 

Dosage compensation by protein aggregation 

Our results indicate that protein aggregation is nearly as effective as protein degradation at 

lowering levels of excess proteins. Using stringent cutoffs to designate a protein being dosage 

compensated, we found that 12% of disome-encoded proteins were depleted from the soluble 

fraction by 1.32-fold due to aggregation; depletion by protein degradation occurred for 18.4% of 

proteins.  
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We hypothesize that protein aggregation could serve a cytoprotective function that shields 

aneuploid and euploid cells from toxic activities of excess protein complex subunits. Testing this 

hypothesis requires the development of methods that prevent protein aggregation in aneuploid 

cells, a task that has proven difficult. Protein aggregation as a cytoprotective mechanism has 

been proposed during cellular and organismal aging (David et al., 2010; Walther et al., 2015), 

suggesting that it could also serve this function in aneuploid cells. However, it is worth noting 

that the aggregation that occurs during aging does not function to normalize stoichiometric 

imbalances but rather to protect cells from highly abundant proteins that exceed their solubility 

during aging. Protein aggregation has also been found to protect cells during stress by 

sequestering misfolded proteins and targeting them to specific subcellular compartments 

(Escusa-Toret et al., 2013; Miller et al., 2015). Aggregation of disease inducing proteins such as 

amyloid β, associated with Alzheimers Disease, has also been proposed to protect neurons from 

toxic oligomers (Caughey and Lansbury, 2003). Our observation that widespread aggregation 

serves the purpose of protecting cells from gene dosage excess raises the intriguing possibility 

that aggregation may be one mechanism that allows cancer cells to tolerate aneuploidy. Analysis 

of the degree of protein aggregation in cancer cell lines that are highly aneuploid and thus 

experience large scale stoichiometric imbalances yet have high proliferative potential, could shed 

light on this question. 

 

MATERIALS AND METHODS 

Yeast strains, plasmids, and growth conditions 

All yeast strains are derivatives of W303 and are described in Table S1. Primers are listed 

in Table S2 and plasmids are listed in Table S3. Yeast strains were generated and manipulated as 
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described previously (Guthrie and Fink, 1991). Cells were grown at 30°C in YEP supplemented 

with 2% raffinose (YEP-R), 2% raffinose + 2% galactose (YEP- RG), or 2% glucose (YEP-D), 

or in synthetic complete medium supplemented 2% glucose (SC-D). For SILAC experiments, 

cells were grown overnight in SC-D medium containing 100 µg/mL of heavy (13C6 15N2 (K8), 

Cambridge Isotope Labs) or light (K4) (Sigma-Aldrich) L-lysine. Cells were then diluted to 

OD600=0.05 to 0.1 and grown to OD600=0.4 to 1.0 before harvesting lysates. Strains harboring 

temperature sensitive mutations in NDC10 or RPN6 were grown over night at room temperature, 

grown to exponential phase at room temperature before shifting to the semi-permissive 

temperature of 30°C. ndc10-1 strains were grown for 4 hours and rpn6-1 strains were grown for 

6 hours at 30°C before harvesting for aggregate purification. For radicicol treatments, cells 

harboring a deletion in the gene encoding the drug transporter Pdr5 were grown to exponential 

phase in SC medium at 30°C and radicicol (Cayman Chemical Company) or DMSO was added 

to the culture at a final concentration of 70 µM. Cells were grown in the presence of radicicol or 

DMSO for 30 minutes at 30°C before harvesting for aggregate purification. 

Disomes used in this study are derivatives of those published in Torres et al. (2007). 

Gene deletions, fusion proteins, and promoter swaps were generated using PCR-based methods 

(Longtine et al., 1998) in a wild-type W303 yeast strain. Disomes carrying gene manipulations 

were constructed by crosses. Karyotypes of key disomic strains were verified by whole genome 

sequencing. 

GCD11-HA and GCD11∆ were generated by PCR based methods (Longtine et al., 1998). 

GCD11-HA with its native promoter and terminator was cloned into p24 by Gibson cloning 

(Gibson et al., 2009) and integrated at ura3 by NcoI digestion. The pSUI2/SUI3 CEN plasmid 
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was constructed by Gibson cloning (Gibson et al., 2009) SUI2 and SUI3 with their native 

promoters and terminators into p158. 

 

Cell culture and SILAC labeling of RPE-1 cells 

 RPE-1 wild type (control) cells were grown in heavy (K8) SILAC DMEM medium 

(DMEM with high glucose—minus glutamine, lysine and arginine, supplemented with 10% 

dialyzed FBS (Gibco), 50µg/mL K8 lysine (Cambridge Isotope Labs), 85µg/mL arginine 

(Sigma-Aldrich), and 2mM glutamine/1mM sodium pyruvate (Thermo Fisher). RPE-1 cells 

trisomic for chromosome 12 or 21 were grown in light (K0) SILAC DMEM (same formulation 

as above, with 50µg/mL K0 lysine; Sigma-Aldrich). Cells were cultured for 8 generations prior 

to testing K8 labeling efficiency by mass spectrometry, then expanded for harvest at passage 10. 

Prior to harvest, cells were treated with 25µM chloroquine for 16 hours, followed by addition of 

1µM MG-132 (Calbiochem) for 6 hours to induce protein aggregation. Cells were harvested by 

trypsinization, neutralized in SILAC DMEM, and washed with PBS; an equal number of heavy 

and light cells were mixed (wild type + Ts12; wild type + Ts21), treated with sodium azide, and 

snap frozen for aggregate purification. 

 

Aggregate purification and analysis 

 Aggregate purification was carried out based on methods published by Koplin et al., 

(2010), with some modifications to the cell lysis procedure. Cells were grown to exponential 

phase in SC medium under the conditions indicated above. Sodium azide was added to a final 

concentration of 50 mM in the cultures before pelleting cells. 10 OD600 units of cell pellets were 

washed with 50 mM sodium azide and snap frozen in liquid nitrogen. Frozen pellets were then 
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resuspended in 1 mL of buffer containing 1M sorbitol, 100mM sodium citrate, 60mM EDTA, 

10mM DTT, pH 7.0 (SCED), 1mM PMSF, and 2x protease inhibitor tablets (Roche). Cells were 

pelleted then resuspended in 1 mL of SCED buffer containing 1 mg/mL 20T Zymolyase (MP 

Biomedicals) and rotated gently for 8 minutes at room temperature. Digested cells were pelleted 

by spinning at 250xg for 5 minutes at 4°C. Pellets were washed gently in ice-cold SCED buffer 

containing 1mM PMSF and 2x protease inhibitors. Cells were lysed by resuspending in 1.5 mL 

of ice-cold lysis buffer containing 20mM NaPi pH 6.8, 10mM DTT, 1mM EDTA, 0.1% Tween 

20 (Sigma-Aldrich), 1 mM PMSF, and 5x protease inhibitors and then sonicated for 8 pulses at 

output level 4, 50% duty cycle. Lysates were cleared by spinning for 2 minutes at 850xg at 4°C 

yielding the total lysate fraction. Protein concentrations of the cleared lysate were determined by 

Bradford (Bio-Rad). For quantitative Western blotting and Coomassie staining, samples were 

diluted to the same protein concentration. A small aliquot of the total lysate fraction was taken 

for analysis and aggregates were pelleted from the remainder of the total lysate by spinning the 

extract for 20 minutes at 16,000xg at 4°C. The supernatant was removed and reserved as the 

soluble fraction. Pellets were then washed twice by resuspending in buffer containing 20mM 

NaPi pH 6.8, 2% NP40, 1mM PMSF, and 2x protease inhibitors then sonicating for 6 pulses at 

output level 4, 50% duty cycle. A final wash was carried out in buffer containing 20mM NaPi 

pH 6.8, 1mM PMSF, and 2x protease inhibitors then sonicating for 4 pulses at output level 2, 

60% duty cycle yielding the aggregate fraction. All centrifugations during the wash steps were 

20 minutes at 16,000xg at 4°C. 

 For Western blot analysis and Coomassie staining analysis, total lysate fractions were 

boiled in SDS loading buffer. Aggregate fractions were resuspended in buffer containing 200mM 

NaPi pH 6.8, 5% SDS, 8M Urea, 10mM DTT, and 0.01% bromophenol blue (HU buffer) then 
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vortexed at 1500 rpm for 5 minutes at 60°C. For coomassie staining, SDS-PAGE gels were 

stained with Imperial protein stain (Thermo Scientific) per manufactures instructions. For 

Western blotting, proteins were separated by SDS-PAGE then transferred to nitrocellulose 

membranes and detected by the following antibodies. Hsp104-eGFP was detected using a mouse 

anti-GFP antibody (JL-8 epitope, Clontech) at a dilution of 1:1000. Pgk1 was detected using a 

mouse anti-Pgk1 antibody (Invitrogen) at a 1:10,000 dilution. Gcd11-HA was detected using a 

mouse anti-HA antibody (HA.11 epitope, BioLegend). Quantification was performed using Fiji 

software (Schindelin et al., 2012). 

 

Ribosome purification 

 Cells were grown to exponential phase, pelleted by centrifugation, washed with water, 

then snap frozen in liquid nitrogen. Cells were incubated in lysis buffer (20 mM HEPES pH 7.4, 

100mM potassium acetate, 2mM magnesium acetate, 3mM DTT, protease inhibitor tablets, and 1 

mg/mL Zymolyase) for 5 minutes at 4°C then lysed by French Press (Sim-Aminco). The lysate 

was cleared by centrifuging for 20 minutes at 19,000 RPM (Beckman Coulter JA25.50 rotor) at 

4°C. The cleared lysates were applied to a 30% sucrose gradient containing 20 mM HEPES pH 

7.4, 500mM potassium acetate, 2mM magnesium acetate, and 3mM DTT. Ribosomes were 

pelleted by centrifugation for 4 hours at 4°C at 50,000 RPM (Beckman Coulter Type 70 Ti 

rotor). The pellet was dissolved in lysis buffer and analyzed by SDS-PAGE. 

 

Quantitative Proteomics of Yeast Aggregates 

5 OD600 units of heavy-labeled cells were mixed with 5 OD600 units of light-labeled cells 

and aggregates were harvested as described above. Purified SILAC-labeled aggregates were 
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boiled in SDS lysis buffer (50mM Tris pH 7.5, 2mM EDTA, 2% SDS) and separated on 4-12% 

Tris-Glycine by SDS-PAGE gels (Invitrogen). Proteins were visualized by Coomassie staining 

(45% methanol, 5% glacial acetic acid, 3g/L Coomassie brilliant blue G-250) and subjected to 

gel band cutting (Shevchenko et al., 2006), destaining, and in-gel Lys-C (Wako Chemicals) 

digest at a 50:1 protein to protease ratio to liberate peptides. Following digest, the buffer 

containing peptides and gel slices were acidified using 50% acetonitrile/5% formic acid, and 

recovered peptides were vacuum centrifuged to near dryness. Each gel fraction was desalted via 

StageTip, dried via vacuum centrifugation, and reconstituted in 5% acetonitrile, 5% formic acid 

for LC-MS/MS processing. 

 

Quantitative proteomics of RPE-1 cell aggregates 

 RPE-1 cells were cultured and treated as described above. Aggregate purification was 

carried out as described for yeast cells with the following modifications. Cells were collected, 

treated with sodium azide and snap frozen. Frozen cell pellets were resuspended in cold lysis 

buffer (described above) and sonicated. Samples were analyzed using the same mass 

spectrometric method and data processing workflow as yeast aggregates (see below). 

 

Liquid chromatography and mass spectrometry 

MS data were collected using a Q Exactive mass spectrometer (Thermo Fisher) coupled 

with a Famos autosampler (LC Packings) and an Accela600 liquid chromatography (LC) pump 

(Thermo Fisher). Peptides were separated on an ~18cm column with 100µm inner diameter 

packed with of Accucore150 resin (2.6 μm, 150 Å, ThermoFisher Scientific, San Jose, CA); 

~1µg peptides were loaded onto the column for each analysis. Peptides were separated with a 
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2hour gradient of 5-26% acetonitrile in 0.125% formic acid with a flow rate of ~300nL/min. For 

the MS1 scan, resolution was set to 70,000 with an automatic gain control (AGC) target 1 × 106 

and a maximum injection time of 250 ms. We selected the top 20 precursors for HCD MS2 

analysis with the following parameters: resolution, 17,500; AGC 1 × 105; maximum injection 

time, 90 ms; isolation window, 2 Th; normalized collision energy (NCE), 25; and centroid 

spectrum data type. In addition, unassigned and singly charged species were excluded from MS2 

analysis, and dynamic exclusion was set to automatic. 

For data analysis, mass spectra were processed using a Sequest-based in-house software 

pipeline. MS spectra were converted to mzXML using a modified version of ReAdW.exe. MS2 

spectra were searched with a database including all predictive ORFs for entries from the yeast 

SGD (http://www.yeastgenome.org/download-data; downloaded March 12, 2014). For human 

aggregate samples, Database searching included all entries from the human UniProt database (10 

August 2011). Both yeast and human databases were concatenated with a reverse database 

composed of all protein sequences in reverse order. Searches were performed using a 50ppm 

precursor ion tolerance. Product ion tolerance was set to 0.03 Th. Oxidation of methionine 

residues (+15.995 Da) and heavy lysine (K8) incorporation (+8.0142) were set as a variable 

modification. Peptide spectral matches (PSMs) were altered to a 1% False discovery rate (FDR) 

(Elias and Gygi, 2007; 2010). PSM filtering was performed using a linear discriminant analysis, 

as described previously (Huttlin et al., 2010), while considering the following parameters: 

XCorr, ΔCn, missed cleavages, peptide length, charge state, and precursor mass accuracy. 

Peptide-spectral matches were identified, quantified, and collapsed to a 1% FDR and then further 

collapsed to a final protein-level FDR of 1%. Furthermore, protein assembly was guided by 

principles of parsimony to produce the smallest set of proteins necessary to account for all 
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observed peptides. 4 gel band regions were cut per sample (individual lanes) of the SDS-PAGE 

gel; these 4 regions were processed separately and each is an independent MS sample (to 

decrease complexity of peptides in each run). Protein assembly was utilized to group the 4 runs 

of a given sample together for batched analysis and calculation of log2(Heavy/Light) ratios. The 

resulting data were filtered for SILAC quantified proteins based on the summed signal to noise 

for heavy and light peptides; contaminant peptides identified in the search were removed at this 

step. An intensity cutoff of 10 was applied for summed heavy plus light channels, and each 

individual channel had an intensity cutoff of 5 (to avoid identifying proteins with an intensity of 

0 in either the light or heavy channel; i.e. proteins found only in one condition or the other). A 

SILAC-labeled total lysate reference sample (to allow for normalization of SILAC mixing) was 

obtained as described above. Proteins were pelleted by TCA precipitation, dried via vacuum 

centrifugation, and digested with Lys-C. Resulting peptides were desalted using StageTips, and 

MS data collection and analysis were performed as described above for aggregate samples.  

 

SILAC mass spectrometry of total lysate and soluble fractions 

 Total lysate samples were prepared, and soluble fractions (supernatant post aggregate 

isolation) were collected as described above. ~800µg of protein per sample was pelleted via TCA 

precipitation and dried via vacuum centrifugation. Samples were reduced and alkylated followed 

by digestion with Lys-C. Resulting peptides were desalted using StageTips and samples were 

dried via vacuum centrifugation.  

Each sample was fractionated using off-line basic pH reversed-phase chromatography 

(BPRP HPLC) (Wang et al., 2011). We used an Agilent 1200 pump equipped with a degasser 

and a photodiode array (PDA) detector (set at 220 and 280 nm wavelength) from ThermoFisher 
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Scientific. Peptides were subjected to a 50-min linear gradient from 5% to 35% acetonitrile in 10 

mM ammonium bicarbonate pH 8 at a flow rate of 0.6 mL/min over an Agilent 300Extend C18 

column (3.5 μm particles, 4.6 mm ID and 220 mm in length). The peptide mixture was 

fractionated into a total of 96 fractions, which were consolidated into 24, from which 12 non-

adjacent samples were analyzed (Paulo et al., 2016). Samples were subsequently acidified with 

1% formic acid and vacuum centrifuged to near dryness. Each consolidated fraction was desalted 

via StageTip, dried again via vacuum centrifugation, and reconstituted in 5% acetonitrile, 5% 

formic acid for LC-MS/MS processing. Samples were analyzed using a Q Exactive mass 

spectrometer using the same instrument method and data processing as described above for yeast 

aggregate samples. 

 

Real-time RT-qPCR 

Cells were grown to exponential phase in SC medium containing 2% glucose as for 

aggregate purification. 5 OD600 units of culture were pelleted by centrifugation at 4°C (3000 rpm, 

2 min). The pellet was resuspended in 1 ml cold SC medium, transferred to a 2 ml microfuge 

tube and pelleted by centrifugation at 4°C (3000 rpm, 2 min). The pellet was flash-frozen in 

liquid nitrogen and stored at -80°C. To extract total RNA, ~200 μl of glass beads, 400 μl TES 

buffer (10 mM Tris pH 7.5, 10 mM EDTA, 0.5% SDS) and 400 μl acid phenol:chloroform (pH 

4.5) were added to the cell pellet and the tubes were vortexed for 30 minutes at 65°C. The phases 

were separated by centrifugation, and the top phase was transferred to a new tube containing 1 

ml of 120 mM sodium acetate in ethanol to precipitate RNA at 4°C. Precipitates were collected 

by centrifugation and resuspended in 100 μl DEPC-treated water. Total RNA was further 

purified using the RNeasy Mini kit (Qiagen), including DNase treatment, according to the 
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manufacturer’s instructions. cDNA was synthesized from 750 ng total RNA using the 

SuperScript III First-Strand Synthesis SuperMix kit (Invitrogen) with random hexamer primers 

according to the manufacturer’s instructions. Real-time qPCR reactions were run using the 

SYBR Premix Ex Taq Perfect Real Time kit (TaKaRa Bio) and a Roche LightCycler 480 

(Roche) according to manufacturer’s instructions. qPCR primers are listed in Table S2. 

 

Turnover measurements for aggregated proteins 

 Protein turnover for aggregated proteins in disome II cells was determined by examining 

protein levels relative to WT before treatment with MG-132 and choloroquine, and 90 seconds 

and 300 seconds thereafter. Data were generated by Dephoure et al. (2014). 

  

Orc protein half-life measurements 

 Cells were grown to exponential phase at 30°C in YEP medium containing 2% raffinose. 

Expression of HA tagged ORC2 and ORC5 was induced by diluting cultures into YEP medium 

containing 2% raffinose and 2% galactose for 20 minutes. The 0 minute time point was taken 

and protein synthesis was halted by the addition of 2% glucose and 0.5 mg/mL cycloheximide 

(Sigma-Aldrich). Time points were taken at the indicated times after the addition of glucose and 

cycloheximide. For each time point, approximately 0.5 OD600 units of culture were pelleted by 

centrifugation at 4°C (3000 rpm, 2 min). Cells were incubated at 4°C in 5% trichloroacetic acid 

for at least 10 minutes. Cell pellets were washed once with acetone and dried. Cells were lysed 

with glass beads in 100 μL of lysis buffer (50 mM Tris-Cl at pH 7.5, 1 mM EDTA, 2.75 mM 

dithiothreitol [DTT], complete protease inhibitor cocktail [Roche]) with a bead beater. Samples 

were boiled in 1X SDS loading buffer. Following SDS-PAGE and transfer of proteins to a 
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nitrocellulose membrane, proteins were detected with the following antibodies. Pgk1 was 

detected using a mouse anti-Pgk1 antibody (Invitrogen) at a 1:10,000 dilution. Orc2-HA and 

Orc5-HA were detected using a mouse anti-HA antibody (HA.11 epitope, BioLegend). 

Quantification was performed using Fiji software (Schindelin et al., 2012). Protein levels were 

calculated by subtracting a background measurement for each band then dividing the intensity of 

the Orc band by the intensity of the Pgk1 band and normalizing all time points to the 0 minute 

time point. Half-life calculations were made by fitting curves to an exponential decay function in 

Prism (Graphpad).  

 

SILAC ms data normalization 

 To account for imperfect mixing of heavy and light-labeled cells, log2 ratios of proteins 

identified in aggregates were normalized by subtracting the average log2 ratio of all euploid 

encoded proteins in the total lysate obtained before pelleting aggregates for each experiment. 

 To control for non-biological batch effects between disomic cell-lines, each experiment 

was mean-centered to 0 by subtracting the mean of all SILAC ratios in that experiment from all 

data points. To return the normalized values to a baseline that more closely resembles the 

increase in protein aggregation in disomic strains observed in the raw data, a constant (log2 0.27) 

was added to all normalized data points. This constant is the mean log2 ratio of all euploid 

encoded proteins in the dataset prior to normalization.  

 

Cutoff determination for aggregation 

To decide what level of enrichment in disome aggregates constituted calling a protein 

aggregated, we used a 5% false discovery rate (FDR) obtained from the analysis of aggregates 
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obtained from a WT(heavy)-WT(light) SILAC ms analysis. In this analysis, only 5% of 

identified proteins were enriched by greater than log2 1.27 in WT(heavy) aggregates. 

 

Signal to noise quantification of relative aggregate burden 

 To account for the fact that some proteins are more abundant in aggregates than others, 

aggregate burden for each disome relative to WT was calculated by comparing the signal to 

noise ratio (S:N) of all heavy-labeled proteins to the S:N of all light-labeled proteins in protein 

aggregates. The sum of all light-labeled S:N was divided by the sum of all heavy-labeled S:N. 

This ratio was then normalized by dividing the ratio of light S:N to the heavy S:N for the total 

lysate. 

 

Gene Ontology (GO) analysis 

GO component analysis was performed using the Saccharomyces Genome Database 

(SGD) GO term finder (accessed 10/12/2018).  

 

Aggregate property calculations 

Disorder predictions for protein sequences were calculated using IUPRED on the ‘long’ 

setting. For each sequence, per-residue disorder scores were averaged across the full length of 

the protein. Grand average hydropathy (GRAVY) scores, isoelectric points, aliphatic indices, and 

aromaticity scores were calculated using the YeastMine tool on Saccharomyces Genome 

Database (SGD) (accessed 10/31/2018). 

 

Proteins not quantified due to low signal in WT channel 
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In our mass spectrometry analysis pipeline, peptides for which either individual analysis 

channel had an intensity of less than 5 were discarded to avoid identifying proteins with an 

intensity of 0 in either the light or heavy channel; i.e. proteins found only in one condition or the 

other because a SILAC ratio cannot be calculated. We examined proteins that failed to pass the 

signal to noise threshold in one channel, but had a signal to noise ratio (S:N) of at least twice the 

threshold in the other channel. Using this method, we found 320 proteins that were quantified 

only in the disome channel compared to 72 quantified in only the WT channel (Supplemental 

Data S1). Importantly, 92 of the proteins quantified only in the disome channel were encoded by 

the duplicated chromosome as opposed to just 2 duplicated gene-encoded proteins quantified in 

only the WT channel. It is possible that proteins that are identified exclusively in the disome 

channel never aggregate in WT cells. It is also possible that with increased coverage these 

proteins would pass the signal threshold in both channels. To distinguish between these 

possibilities, we took advantage of a difference in coverage between two of our replicate 

experiments for disome II. In the low coverage experiment (366 proteins quantified), 9 proteins 

were not quantified due to low signal in the WT channel. In the high coverage experiment (847 

proteins quantified), we identified 6 of these proteins, and all 6 passed the detection threshold in 

both channels allowing us to calculate a SILAC ratio. 4 of these 6 proteins were considered 

aggregating using 2.4-fold [log2 of 1.27] as a cutoff. We conclude that proteins that cannot be 

quantified by SILAC ms due to low signal in WT cells are also likely enriched in aneuploid 

aggregates. 

 

Heteromeric interface size determination 
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 We searched for subunits of heteromeric protein complexes in the Protein Data Bank (on 

February 2, 2017) with >90% sequence identity to S. cerevisiae genes. We selected a single 

heteromeric structure for each gene – for genes with multiple structures available, we selected 

the structure with the greatest number of unique subunits in the complex, followed by the 

greatest number of atoms present in the polypeptide chain for ties. The total amount of 

heteromeric interface formed by each subunit was calculated using AREAIMOL (Winn et al., 

2011). 

 

Statistical analysis 

The statistical tests used are indicated in the Figure Legend, Materials and Methods, 

and/or in the Results section. Values of n, definition of center, error bars (e.g. SD and confidence 

intervals), and significance levels are reported in the Figures and/or in the Figure Legends. All 

box plots represent median and interquartile range (IQR) with whiskers indicating the 10-90 

percentile. All indicated statistical tests were performed using MATLAB or Prism. 

 

Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository in seven parts with the 

following dataset identifiers: PXD011874, PXD011875, PXD011876, PXD011877, PXD011878, 

PXD011915. 
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Supplemental Table S1. Yeast strains used in this study, Related to Materials and Methods. 
 
Strain 
number 

Aneuploidy Genotype 

A2587 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[phi+] 

A35797  MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], ade1::HIS3, lys2::KAN 

A13413 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
ndc10-1 

A28265 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker) 

A23504 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], ade1::HIS3, lys2::KAN, xxx::URA3 (marker inserted at 
random sequence on chromosome VI) 

A23487 I MATalpha, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, 
GAL, [psi+], ade1::KAN, ade1::HIS, lys2::URA3 

A23506 II MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], lys2::KAN, lys2::HIS3, xxx::URA3 (marker inserted at 
random sequence on chromosome VI) 

A23489 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker), lys2::URA3 

A23490 VIII MATalpha, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, 
GAL, [psi+], xxx::KAN, xxx::HIS3 (markers inserted on 
chromosome VIII; 119778-119573 deleted between ERG11 and 
STP2 on chromosome VIII), lys2::URA3 

A23491 IX MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, xxx::HIS3 (markers inserted on chromosome IX; 
342433-342832 deleted between FAA3 and URM1 on 
chromosome IX), lys2::URA3 

A23492 X MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::HIS, xxx::KanMX (markers inserted on chromosome X; 
322250-322350 deleted between NUP82 and BNA3 on 
chromosome X), lys2::URA3 

A23493 XI MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, xxx::HIS3 (markers inserted on chromosome XI; 
430900-431000 deleted between SFT1 and RPL14A on 
chromosome XI), lys2::URA3 

A23494 XII MATalpha, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, 
GAL, [psi+], ade16::KAN, ade16::HIS3, lys2::URA3 
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A23495 XIII MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KanMX, xxx::HIS (markers inserted on chromosome 
XIII; 309200-309300 deleted between SPO20 and YMR018W on 
chromosome XIII), lys2::URA3 

A23496 XIV MATalpha, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, 
GAL, [psi+], xxx::KAN, xxx::HIS3 (markers inserted on 
chromosome XIV; 622880-622980 deleted between MRP7 and 
HRB1 on chromosome XIV), lys2::URA3 

A23497 XV MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], leu9::KAN, leu9::HIS3, lys2::URA3 

A23498 XVI MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], met12::KAN, met12::HIS3, lys2::URA3 

A13413 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
ndc10-1 

A15548 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], ade1::HIS3, lys2::KAN, pdr5::TRP1 

A38239 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], rpn6-1::URA 

A40189 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[phi+], ade1::HIS3, lys2::KAN, gcd11-HA::NATMX6, p158 

A40190 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker), GCD11/GCD11-HA::NATMX6, 
p158 

A40195 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker), GCD11/GCD11-HA::NATMX6, 
pSUI2/SUI3 

A40193 - MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[phi+], ade1::HIS3, lys2::KAN, gcd11-HA::NATMX6 

A40192 - MATalpha, ade2-1, leu2-3, trp1-1, his3-11,15, can1-100, GAL, 
[phi+], ura3::gcd11-HA::NATMX6 

A40194 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker), GCD11/GCD11-HA::NATMX6 

A40191 V MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], xxx::KAN, can1::HIS3 (markers inserted on chromosome V; 
187520-187620 deleted between FAA2 and BIM1 on 
chromosome V for KAN marker), gcd11∆::TRP/GCD11-
HA::NATMX6 
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A40196 II MATa, ade2-1, leu2-3, ura3, trp1-1, his3-11,15, can1-100, GAL, 
[psi+], lys2::KAN, lys2::HIS3, rpn6-1::URA 

A40197 - MATa/alpha, ade2-1/ade2-1, leu2-3/leu2-3, ura3/ura3, trp1-1/trp1-
1, his3-11,15/his3-11,15, can1-100/can-100, GAL/GAL, [phi+], 
ORC2/orc2::pGAL1-3HA-ORC2:KanMX6 

A40198 - MATa/alpha, ade2-1/ade2-1, leu2-3/leu2-3, ura3/ura3, trp1-1/trp1-
1, his3-11,15/his3-11,15, can1-100/can-100, GAL/GAL, [phi+], 
ORC5/orc5::pGAL1-3HA-ORC5:KanMX6 
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Supplemental Table S2. Primers used in this study, Related to Materials and Methods. 
 
Primer 
name 

Target Used for Sequence 

10467 GCD11/ 
p2426 

GCD11 HA tag GGCAACCATTAAAAAGGGTACTACATTGGAA
CCCATCGCTcggatccccgggttaattaa 

10468 GCD11 
p2426 

GCD11 HA tag ATGAAATTTTTGTCTTTGCAGTGGTTTTATTG
GTTCCTTAgaattcgagctcgtttaaac 

10967 GCD11/ 
p2424 

GCD11 deletion GAGCGTAATACACCGTTAACATCGCGCATTA
GAGGTAGACcggatccccgggttaattaa 

10968 GCD11/ 
p2424 

GCD11 deletion ATTATGAAATTTTTGTCTTTGCAGTGGTTTTAT
TGGTTCCgaattcgagctcgtttaaac 

10809 GCD11/ 
p24 

GCD11-HA 
cloning 

agcttgcatgcctgcaggtcgactctagagCCTGCTGTACC
TCATGGCTTTGGAATAGGG 

9387 ADH1term/ 
p24 

GCD11-HA 
cloning 

acgacgttgtaaaacgacggccagtgaattGGTGTGGTCA
ATAAGAGCGACCTCATACTA 

10663 pMOBY-
SUI2 

SUI2/3 cloning agcttgcatgcctgcaggtcgactctagagCAGACGTATCA
GTACATCACGAGACTACTA_ 

10893 SUI2, SUI3 SUI2/3 cloning AAAGTAACTCGGGACTGACTAAAGTTGTAAAT
TACAGCATCACTACCTTTTGAGGTAAAA 

10894 SUI2, SUI3 SUI2/3 cloning TTTTACCTCAAAAGGTAGTGATGCTGTAATTT
ACAACTTTAGTCAGTCCCGAGTTACTTT 

10664 pMOBY-
SUI3 

SUI2/3 cloning acgacgttgtaaaacgacggccagtgaattACTTACCACA
TCACGATAGGTCTCACGATC 

11026 GCD11 qPCR f AGGTACCATTGCTGACGGTG 
11027 GCD11 qPCR r TCGATTTCAGCACCTGGCTT 
11030 SUI2 qPCR f TTAAATTAGTCGCCGCCCCA 
11031 SUI2 qPCR r AGCCTTTGGTGGCATGGTAA 
11034 SUI3 qPCR f CGTTTCTGCCGATGCTGAAG 
11035 SUI3 qPCR r AGCACTTGGAGTGCCTTCTT 
8464 ACT1 qPCR forward GTACCACCATGTTCCCAGGTATT 
8465 ACT1 qPCR reverse CAAGATAGAACCACCAATCCAGA 
11992 ORC2/ p244 ORC2 tagging CTTTAAAACAAGTTTTTGTAGTACTGCGAATT

GCCATAACgaattcgagctcgtttaaac 
11993 ORC2/ p244 ORC2 tagging GGATATCATTATGCTCTACAAAGTCTTCCCCA

TTTAGCATgcactgagcagcgtaatctg 
12000 ORC5/ p244 ORC5 tagging ACTTTTCTTTTATTTTCTTCTTAATACTTTTGG

AAATAAAgaattcgagctcgtttaaac 
12001 ORC5/ p244 ORC5 tagging GATATTCCCTAAAAGCAACTTCCGGAGTGGT

CACATTCATgcactgagcagcgtaatctg 
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Supplemental Table S3. Plasmids used in this study, Related to Materials and Methods. 
 
Plasmid name Backbone Yeast genes cloned in 
p1522 pFA6a-mCherry-natMX6 - 
pMoBY-SUI2 MoBY SUI2 
pMoBY-SUI3 MoBY SUI3 
p158 YCplac33 - 
pSUI2/SUI3 p158 SUI2 and SUI3 
p2426 pFA6a-3HA-natMX6 - 
p24 YIplac211 - 
pGCD11-HA p24 GCD11-HA 
p2424 pFA6a-natMX6 - 
p244 pFA6a-kanMX6-PGAL1-3HA - 
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Chapter 3: Conclusions and Future Directions 
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 Understanding the effects of aneuploidy on cellular physiology is of critical importance 

for human health because it causes Down syndrome and is prevalent in cancer. The development 

of stable models of aneuploidy with many different karyotypes in multiple organisms has led to 

the discovery of phenotypes that are common among aneuploid cells, the vast majority of which 

confer fitness penalties (reviewed in (Santaguida and Amon, 2015)). Advances in quantitative 

proteomics have allowed for accurate measurements of protein levels in aneuploid cells relative 

to euploid controls, revealing that an imbalanced genome results in a proportionally imbalanced 

proteome (Dephoure et al., 2014; Pavelka et al., 2010; Torres et al., 2010). Protein quality 

control mechanisms must cope with the resultant increased demand to fold and degrade proteins. 

In both yeast and mammals, exhaustion of chaperones and the ubiquitin proteasome system 

cause decreases in proliferation (Donnelly et al., 2014; Oromendia et al., 2012; Torres et al., 

2010). Understanding how an imbalanced proteome causes phenotypes observed in aneuploid 

cells is crucial for resolving why aneuploidy causes fitness penalties in most contexts besides 

cancer, where it is generally associated with more aggressive disease. Aneuploidy further 

represents an ideal model for studying how cells cope with imbalances in their proteome as it 

allows for interrogation into the fate of hundreds to thousands of imbalanced proteins 

simultaneously. This is particularly true in disomic yeast where 13 out of 16 disomies were 

created making it possible to examine the fate of nearly every yeast protein when it is duplicated. 

 

Stoichiometric imbalance causes protein aggregation 

 In Chapter 2 of this thesis I have described our study in which we systematically 

identified proteins that are enriched in aggregates isolated from aneuploid cells. A small number 

of proteins aggregate in multiple aneuploid lines. Such proteins are likely aggregation prone, an 
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idea that is supported by the fact that they also aggregate in euploid cells with defective folding 

or degradative capacity. However, the proteins most enriched in aneuploid cell aggregates are 

encoded by the duplicated chromosome. Using stringent cut offs, we estimated that ~9% of yeast 

proteins become significantly enriched in aggregates when duplicated. Interestingly, nearly half 

of these aggregate-enriched proteins are known subunits of heteromeric protein complexes. With 

a more complete list of protein complexes, I anticipate that an even greater number of these 

proteins are in fact subunits of complexes. This supports the hypothesis that stoichiometric 

imbalance causes protein aggregation observed in aneuploid cells. This hypothesis predicts that 

restoring the stoichiometry of the complex should inhibit aggregation of the excess subunit. We 

demonstrated that this was indeed the case for Gcd11, as doubling the expression of Gcd11’s two 

binding partners, Sui2 and Sui3, prevented Gcd11 from aggregating when encoded in excess in 

disome V cells. Thus, stoichiometric imbalance of protein complexes causes protein aggregation. 

This explains why protein aggregation occurs as a result of both chromosome gain and 

chromosome loss (Beach, 2016; Oromendia et al., 2012). In light of this, I speculate that this is 

the major cause of proteotoxic stress and associated proliferation defects observed in aneuploid 

cells. 

 

The fate of excess protein: to aggregate or to degrade 

It was previously observed that ~20% of proteins that are duplicated in disomic yeast fail 

to accumulate to their expected doubled levels because some fraction of the excess protein is 

degraded (Dephoure et al., 2014). Intriguingly, like aggregated proteins, these degraded proteins 

are enriched for subunits of protein complexes. This prompted us to examine whether the same 

proteins are aggregated and degraded. This was not the case, as aggregation and degradation 
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were mutually exclusive for most proteins. We believe that this principle is generalizable, and 

the propensity to aggregate or be degraded is an intrinsic property of proteins when they are in 

excess. In support of this, proteins within the same complex can have different fates when in 

excess, e.g. two subunits of the origin recognition complex, Orc2 which is degraded, and Orc5 

which aggregates. Using bioinformatic approaches, we were unable to determine what properties 

(for example abundance, size, amino acid composition, disorder, etc.) predisposes certain 

proteins to aggregation and others to degradation. By measuring the half-life of excess Orc2 and 

Orc5, we observed that the aggregated subunit is more stable. Therefore, the characteristic that 

ultimately determines whether a protein is aggregated or degraded may simply be whether the 

excess subunit is a good substrate for the ubiquitin proteasome system (UPS) or not. We propose 

that aggregation is the default fate for excess proteins, but many proteins are readily recognized 

by the UPS and degraded before they have a chance to aggregate. This is supported by our 

observation that proteins that are normally degraded when in excess aggregate when the 

proteasome is defective. 

What determines why some proteins are better proteasome substrates when in excess than 

others is still unclear. Both yeast and mammals contain ubiquitin conjugation machinery that 

recognize unassembled subunits (Sung et al., 2016; Xu et al., 2016; Yanagitani et al., 2017). For 

example, a ubiquitin ligase called Tom1 in yeast mediates the degradation of unassembled 

ribosomal proteins by ubiquitinating residues that are not accessible in fully assembled 

ribosomes (Sung et al., 2016). It will be interesting to determine what the molecular basis for 

substrate selection is beyond just abnormally exposed residues since not all unassembled protein 

complex subunits are recognized by these ubiquitin ligases. An additional factor may derive from 

features of co-translational complex assembly. It was observed that some protein subunits act as 
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scaffolds for complex assembly by localizing to the site of translation of their binding partners 

(Shiber et al., 2018). Perhaps scaffold subunits have evolved to be more stable, allowing 

sufficient time for them to exist in an unbound state in order to translocate to the site of 

translation of their binding partner. In this scenario, I would predict that when scaffolds are 

produced in excess, they would be likely to aggregate. Subunits that do not act as scaffolds could 

be rapidly degraded when in excess since they should never exist in the absence of a scaffold. 

Doing such an analysis would require a more comprehensive dataset on the directionality of 

complex formation to identify which subunits function as scaffolds. 

 

Subunits that are neither aggregated nor degraded 

While much of my work focused on proteins that are aggregated or degraded, it is worth 

noting that 27% of complex subunits that are in excess are neither aggregated nor degraded using 

the thresholds we established (Fig. 1). How these subunits escape degradation yet remain soluble 

is an important question that may provide insight into the properties that govern aggregation and 

degradation. We were able to uncover one property by using computationally determined 

protein-protein interface size calculations (Marsh et al., 2013). Protein complex subunits that are 

aggregated or degraded have significantly larger interfaces with their binding partners than 

proteins that are neither aggregated nor degraded. Thus, the exposed interface of excess subunits 

is likely to be recognized by the UPS or mediate aggregation by forming inappropriate 

interactions with other proteins. Excess proteins with smaller interfaces are not readily degraded 

and not aggregation prone. Lacking a binding partner, these proteins may constantly rely on 

chaperones to help maintain their solubility. This could explain the observation that aneuploid 

cells have decreased Hsp90 activity (Donnelly et al., 2014; Oromendia et al., 2012). 
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It is also possible for these unbound subunits to engage in ectopic interactions. 

Theoretically, excess protein can partake in novel interactions that rarely occur in euploid cells, 

modulating the function of the new binding partner or taking on an entirely new function. Such 

interactions have been proposed as a possible consequence of the imbalance in protein levels in 

aneuploid cells but never directly observed (Sheltzer and Amon, 2011). This work demonstrates 

that many proteins are in fact soluble and stable when in excess and so have the potential to 

participate in ectopic interactions. These proteins could serve as a starting point for determining 

whether these interactions occur and how they affect the physiology of aneuploid cells. 

 

 

Figure 1. The fate of excess subunits of protein complexes 

For a given heteromeric protein complex, A-B-C, each subunit can have one of three distinct 

fates when it is present in excess relative to its binding partners. In this example, subunit A 

represents a member of the complex with a smaller protein binding interface. These types of 

subunits are often soluble and not degraded. It is possible that chaperones may help to maintain 
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their solubility, but they have the capacity to interact with other proteins in the cell. Subunit B 

and C are core members of the complex, both containing large binding interfaces that become 

exposed when in excess. These types of subunits are most often degraded or aggregated, but 

rarely both. The molecular features that distinguish degraded subunits from aggregated subunits 

is still unknown. In this example, subunit B is a good substrate for the ubiquitin proteasome 

system resulting in its degradation while subunit C is not leading to its aggregation.  

 

Protein aggregation mediates protein complex stoichiometry 

 Degradation of excess protein in aneuploid cells functionally performs dosage 

compensation by lowering protein levels to near their levels seen in a euploid cell. Having 

established that degradation and aggregation are unique fates for excess proteins, we investigated 

whether aggregation could also perform dosage compensation by rendering excess protein 

insoluble. To do this, we compared the relative amount of excess protein in total lysates (soluble 

fraction plus aggregates) to the relative amount of excess protein in the soluble fraction alone. 

Remarkably, the amount of excess protein in the soluble fraction was substantially lower than in 

the total lysates, indicating that aggregation can perform dosage compensation. For the 

duplicated proteins that we examined, 12% had nearly half of their excess protein depleted by 

aggregation. By comparison, 18% of proteins are depleted by exclusively degradation to the 

same degree. Thus, degradation is a more common mechanism of dosage compensation, but 

aggregation plays a much larger role than anticipated. This surprising result raises several 

questions about the role of aggregation in protein quality control, both in aneuploid and euploid 

cells that I will discuss below. 
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Is aggregation protective in aneuploid cells? 

 The most important question raised by my work is whether aggregation is protective for 

aneuploid cells, and for euploid cells that experience transient imbalances. Proteins that are in 

excess in the cytoplasm with large, exposed protein-protein interfaces present problems for the 

cell as discussed in the introduction to this thesis, particularly their ability to interfere with the 

folding of nascent chains. Since increasing the cells degradative capacity by deleting UBP6 

benefits many aneuploid cells (Torres et al., 2010), we reason that increasing the capacity to 

perform dosage compensation by aggregation should also be beneficial. It is difficult to imagine 

a mutation or chemical treatment that would enhance the cells ability to specifically aggregate 

only excess proteins and not affect the rest of the proteome. Perhaps deletion of HSP104 would 

prevent cells from resolubilizing aggregated excess protein that is doomed to aggregate again 

without a binding partner. Since Hsp104 consumes ATP, this may also have an indirect effect of 

ameliorating the energy stress experienced by aneuploid cells (Torres et al., 2007; Williams et 

al., 2008). Such a result would be interesting but also complicates any interpretation that 

aggregation is beneficial to aneuploid cells. Further, it is unclear whether any benefits would 

outweigh penalties caused by loss of function of HSP104. 

  Aggregation appears to play a beneficial role in other contexts, challenging the notion 

that aggregates are toxic for cells. In amyloid diseases, it is becoming evident that the fibrillar 

form of the protein that was once considered the cause of disease due to its appearance in 

autopsies, is in fact protective against the soluble, toxic, oligomeric form (Caughey and 

Lansbury, 2003). In C. elegans, a mutation that increases longevity also increases the formation 

of chaperone-containing aggregates, suggesting that aggregation may protect cells against the 

toxic effects of proteins that aberrantly increase in levels during aging (Walther et al., 2015). 
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Finally, the fact that cells employ small heat shock proteins (sHSPs) to facilitate aggregation at 

specific sites within the cell points to aggregation as a regulated branch of the protein quality 

control network (reviewed in (Miller et al., 2015)). Another potential way to address whether 

protein aggregation is protective for aneuploid cells is to delete these sHSPs. The prediction 

being that deletion of sHSPs should prevent the formation of chaperone-containing aggregates 

and also decrease their proliferation. 

 Current evidence does not suggest that the aggregates observed in aneuploid cells are 

toxic. While all disomes contain protein aggregates as measured by Hsp104 focus formation, the 

percent of cells with aggregates within a strain does not scale with its proliferation delay 

(Oromendia et al., 2012; Torres et al., 2007). For example, disome IV has the worst proliferation 

defect but among the fewest percentage of cells containing Hsp104 foci. This is also true when 

estimating aggregate burden using mass spec (Chapter 2 of this thesis), e.g. disome XV has very 

little highly insoluble protein by this method but among the slowest doubling times. In 

conclusion, I propose that aggregations function as a mechanism of dosage compensation that is 

protective the way that degradation is. However, further experiments that modulate the capacity 

of cells to perform dosage compensation by aggregation will be required to directly demonstrate 

its benefit to cell physiology.   

 

How do cancer cells cope with proteotoxic stress? 

 Given that cancer cells are highly aneuploid, a major question is how they either evade or 

cope with the proteotoxic stress inherent to the aneuploid state in order to maintain their 

proliferative advantage. Since stoichiometric imbalance of protein complexes is a major source 

of proteotoxic stress, perhaps tumor evolution favors karyotypes that minimize imbalances. Such 
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a mechanism could avoid chromosome gains or losses that result in the excess production of 

particularly deadly subunits such as β-tubulin. It could also result in co-gain or co-loss of 

particular chromosomes or pieces of chromosomes such that stoichiometry of complexes is 

maintained. Evidence for this type of selection exists (Beroukhim et al., 2010; Davoli et al., 

2013; Knouse et al., 2017; Taylor et al., 2018; Zack et al., 2013), however the complexity of 

cancer and the large number of genes affected by chromosomal changes makes it difficult to 

assess the role that stoichiometric imbalance has on selective pressure. Perhaps the most 

compelling piece of evidence is that, in The Cancer Genome Atlas, chromosomes with more 

genes are lost at lower frequencies (Knouse et al., 2017). This supports the idea that large 

amounts of imbalance are not well tolerated even by cancer cells. Beyond this, it is also true that 

specific chromosomes (e.g. chromosome 4) are rarely gained while others are rarely lost (such as 

7 and 20), but these preferences are more likely driven by the presence of tumor suppressors and 

oncogenes (Knouse et al., 2017). 

 While it is possible that cancer karyotypes avoid imbalances, some amount of imbalance 

is inevitable if they become aneuploid and cells must cope with the ensuing challenge to their 

protein quality control network. One of the most frequently observed genomic alterations in 

cancer is the gain of the q arm of chromosome 8 (Beroukhim et al., 2010; Davoli et al., 2013). 

This region of the genome contains the oncogene Myc, but also notably the transcription factor 

HSF1. HSF1 transcribes HSP70 and HSP90 chaperones as well as other co-chaperones to aid in 

protein folding (Solís et al., 2016). Indeed, it has been shown that deletion of HSF1 prevents 

cancer development because cancer cells are much more dependent on HSF1 activity for their 

proliferation and survival than untransformed cells (Dai et al., 2007; Jin et al., 2011). Further, 

increasing expression levels of HSF1 causes resistance to HSP90 inhibitors and improves 
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proliferation of human colorectal cancer cell lines (HCT116) that had been made aneuploid by 

microcell mediated chromosome transfer (Donnelly and Storchová, 2015). Perhaps one reason 

why chromosome 8q is gained so frequently in cancer is to increase expression of HSF1 targets 

that help to manage stoichiometric imbalances. Interestingly, the gain of chromosome 8q results 

in cells containing an extra copy of Myc and HSF1, thus increasing their expression 

simultaneously. It is possible that increased HSF1 activity can help cope with the increase in 

protein production that occurs due to increased Myc activity (Hsieh et al., 2015). 

 Finally, it is tempting to speculate that dosage compensation by aggregation could help 

cancer cells cope with proteome imbalances. A first step in addressing this would be to assess 

whether highly aneuploid, but rapidly proliferating cancer cells contain high levels of protein 

aggregates. Taken together with more evidence that dosage compensation by aggregation is in 

fact cytoprotective, this would argue that aggregation may allow these highly aneuploid cells to 

avoid complications of proteome imbalance. If transformation enhances cells ability to utilize 

dosage compensation by aggregation, a prediction of this hypothesis is that aneuploid cancer 

cells should have more aggregated protein than karyotype-matched untransformed cells. One 

possible way to create such a pair of cell lines would be to transform trisomic mouse embryonic 

fibroblasts (MEFs), and then compare their aggregation levels with the untransformed line. 

 

Does aggregation commonly control protein stoichiometry in euploid cells? 

 Using aneuploidy as a model has uncovered protein degradation and aggregation as two 

mechanisms to cope with imbalances in the proteome. The fact that ubiquitin ligases exist that 

target unassembled subunits for degradation argues that even euploid cells encounter imbalances 

and employ degradation as a strategy to control subunit stoichiometry (Sung et al., 2016; Xu et 
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al., 2016; Yanagitani et al., 2017). Further, since individual proteins tend to have one fate or the 

other when in excess, it stands to reason that proteins that are not degraded when in excess could 

be controlled instead by aggregation in euploid cells. 

In yeast, the majority of stoichiometry control takes place at the level protein synthesis. 

Ribosome profiling experiments have demonstrated that synthesis rates of obligate members of 

protein complexes are proportional to their stoichiometry in the complex (Li et al., 2014; Taggart 

and Li, 2018). For example, the α-ketoglutarate dehydrogenase complex is composed of one 

molecule of Kgd1 and two molecules of Kgd2. Kgd2 is synthesized at double the rate of Kgd1 as 

would be predicted if synthesis is proportional to stoichiometry (Li et al., 2014). While 

exceptions to this rule are rare, subunits that are produced in excess tend to have shorter half-

lives than subunits that are synthesized proportionally, suggesting that dosage compensation by 

degradation plays a role in tuning stoichiometry in these cases (Taggart and Li, 2018). It would 

be interesting to examine whether any of these subunits produced in excess that do not have 

shorter half-lives are dosage compensated by aggregation.  

A larger set of exceptions to proportional synthesis exists during meiosis. A study in 

which mRNA, translation, and protein were measured in meiotic yeast found that a majority of 

protein complexes exhibit imprecise synthesis of complex subunits, while protein levels reflect 

the stoichiometry of the subunits (Eisenberg et al., 2018). This indicates that under some 

conditions, protein degradation controls protein stoichiometry in euploid cells. Additionally, a 

study utilizing pulse-chase labeling and mass spectrometry in mammalian cells found that ~10% 

of proteins have much shorter half-lives immediately after being synthesized compared to when 

they are mature (McShane et al., 2016). These proteins were enriched for subunits of protein 

complexes that the authors demonstrated were produced in excess relative to their 
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stoichiometries. Thus, in higher eukaryotes, degradation acts to control dosage. It would be 

interesting to compare proteins that are aggregated or degraded in disomes to subunits that have 

been demonstrated to be synthesized in excess under normal, steady-state conditions. For 

proteins that are synthesized in excess yet do not appear to be degraded, considering dosage 

compensation by aggregation could provide a more complete picture of stoichiometry control. It 

is also possible that aggregation prone subunits are the ones that are proportionally synthesized, 

thus avoiding the use of aggregation as a widespread mechanism for tuning protein 

stoichiometries under steady-state conditions. 

 The above studies were conducted on unperturbed populations of cells. Cells may 

encounter conditions that cause transient imbalances even for proportionally synthesized 

subunits. Such imbalances could occur as the result of changes in gene expression or protein 

mistargeting. Many of these conditions result in activation of stress responses that increase 

protein degradation via the UPS or autophagy (Harper and Bennett, 2016). It would be 

interesting to assess if perturbations that result in transient proteomic imbalance, such as 

increased gene expression induced by the oncogene, Myc, or disruptions in mitochondrial import 

also lead to increased protein aggregation as this could provide evidence that dosage 

compensation by aggregation occurs in euploid cells as well. 

 In conclusion, at least in yeast, protein stoichiometries of obligate complex subunits are 

controlled primarily by proportional synthesis. In cases where they are not, or where proportional 

synthesis is disrupted, they can be controlled by degradation. I propose that many proteins that 

are not controlled by degradation are controlled by aggregation, however future experiments will 

be needed to test this once methods to disrupt or enhance aggregation are established. 
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Concluding Remarks 

 The imbalances in the proteome induced by aneuploidy represent a distinct challenge to 

the protein quality control machinery. In this thesis I have demonstrated that stoichiometric 

imbalances of protein complexes cause proteotoxic stress in aneuploid cells. I have also utilized 

aneuploidy as a model to determine that excess proteins are dosage compensated by either 

degradation or aggregation. I hope that this work not only informs our comprehension of 

aneuploid cell physiology, but also provides a more complete understanding of how aneuploid 

and euploid cells cope with stoichiometric imbalances, namely that protein aggregation can 

function as protein quality control mechanism in this regard.  
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