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Abstract: Aneuploidy refers to chromosome number
abnormality that is not an exact multiple of the haploid
chromosome set. Aneuploidy has largely negative conse-
quences in cells and organisms, manifested as so-called
aneuploidy-associated stresses. A major consequence of
aneuploidy is proteotoxic stress due to abnormal protein
expression from imbalanced chromosome numbers. Recent
advances have improved our understanding of the nature of
the proteostasis imbalance caused by aneuploidy and high-
lighted their relevance with respect to organellar homeo-
stasis, dosage compensation, or mechanisms employed by
cells to mitigate the detrimental stress. In this review, we
highlight the recent findings and outline questions to be
addressed in future research.

Keywords: aging; aneuploidy; cancer; mitochondria; pro-
teostasis; SQSTM1/p62

1 Introduction

Aneuploidy, defined as chromosome copy number aber-
rations that deviate from multiples of the haploid chro-
mosome set, affects whole chromosomes or chromosome
parts. Aneuploidy impacts the number and expression
pattern of genes encoded on the affected chromosomes
and is often associated with additional structural chro-
mosome rearrangements and DNA damage, thereby
contributing to genome instability. Aneuploidy is wide-
spread in cancer and aging-related diseases (Naylor and
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van Deursen 2016). During cell division, nuclear chromo-
somes are segregated and evenly distributed into two
daughter cells. However, errors in chromosome segrega-
tion during meiosis or mitosis can result in the loss
(monosomy) or gain (polysomy) of one or more chromo-
some(s) in one daughter cell (Santaguida and Amon
2015b). In some instances, complete failure of cell division
leads to genome doubling, which induces aneuploidy, as
polyploid cells are inherently prone to chromosomal
instability (Vittoria et al. 2023). Meiotic errors lead to
aneuploid or polyploid embryos, mostly resulting in
embryonal death (Nagaoka et al. 2012). In humans, the
only chromosome gains compatible with survival are tri-
somy of chromosome 21 (Down’s syndrome), 13 (Patau’s
syndrome), 18 (Edward’s syndrome), and gains of the sex
chromosomes; only a loss of one sex chromosome can be
tolerated. These syndromes are associated with a plethora
of developmental defects. Aneuploidy arising from mitotic
errors is rare in healthy somatic cells but widespread in
cancer. Indeed, nearly 90 % of solid tumors are composed
of cells with complex karyotypes, characterized by mul-
tiple numerical and structural copy number changes
(Sdeor et al. 2024). Aneuploidy and chromosomal insta-
bility are the driving force of tumorigenesis and tightly
linked to increased accumulation of genomic changes,
elevated drug resistance and poor patient prognosis.
Despite its long recognition, significant advances in
understanding the consequences of aneuploidy have been
achieved only recently through the development of chro-
mosomal engineering techniques, enabling comparisons
between isogenic cells with euploid and defined aneuploid
karyotypes (Chunduri and Storchova 2019; Lakhani et al.
2023). Studies of diverse laboratory-engineered models with
one or more additional chromosomes, from yeast to human
cells, revealed that genes on the extra chromosomes are
transcribed and translated, leading to altered protein
composition (Dephoure et al. 2014; Stingele et al. 2012).
Similarly, monosomic cells, lacking one homologous chro-
mosome, exhibited reduced expression of genes located on
the missing chromosome (Beach et al. 2017; Chunduri et al.
2021). These gene expression changes, driven by altered gene
dosage, impose significant stress on cellular homeostasis and
induce secondary gene expression alterations. As a result,
lab engineered aneuploid cells experience profound cellular
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stresses that adversely affect their proliferation (Chunduri
and Storchova 2019; Zhu et al. 2018).

Proteotoxic stress, manifesting as protein misfolding
and aggregation, is frequently observed in aneuploid cells
with extra chromosomes, likely due to the presence of extra
genes that overwhelm the protein homeostasis (proteostasis)
network (Donnelly et al. 2014; Ohashi et al. 2015; Oromendia
et al. 2012; Santaguida et al. 2015). Proteotoxic stress is also
frequently observed in cancer cells (Deshaies 2014), yet little
is known about its causes, possible links to aneuploidy, and
its consequences for the cells. In the past few years, signifi-
cant effort has been dedicated to understanding the burden
that aneuploidy places on cellular proteostasis in a variety of
model systems. In this review, we summarize the recent
progress made in this field, with a focus on chromosome
gain, which has been extensively studied. We also present
findings on the diverse ways in which aneuploidy modulates
cellular proteostasis, highlighting its impact on cellular
organelles such as mitochondria and its implication for
disease.

2 Gene expression changes related
to the altered chromosomes

The development of several model systems in budding yeast,
plants, murine and human cells, C. elegans and in Drosophila
has accelerated the analysis of the consequences of aneu-
ploidy (e.g., Huettel et al. 2008; Joy et al. 2021; Pavelka et al.
2010; Singla et al. 2020a; Stingele et al. 2012; Torres et al. 2007;
Weaver et al. 2007). These model systems utilize genome
engineering techniques including targeted addition or
removal of individual chromosomes, introduction of struc-
tural chromosomal alterations, induced chromosome mis-
segregation, or whole genome doubling (Lakhani et al. 2023).
An advantage of these model systems is a defined chromo-
somal change in cells derived from parental near diploid
cells lines, which serve as isogenic controls. Analysis of
protein homeostasis in aneuploid cells arising from erro-
neous mitosis — e.g., by inducing missegregation using
microtubule poisons or spindle assembly checkpoint in-
hibitors — revealed acute response to aneuploidy (Ohashi
et al. 2015; Santaguida et al. 2015). These findings have been
complemented by analysis of cells from patients with tri-
somy syndromes, and by computational analysis of the large
databases of cancer cell lines and tumors (Békenkamp et al.
2025; Hwang et al. 2021; Krivega et al. 2021; Schukken and
Sheltzer 2022).

First analysis of transcriptome and proteome changes
in aneuploid budding yeasts as well as in murine and
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human cells, demonstrated that the genes on the gained
chromosome are fully transcribed and translated (Pavelka
et al. 2010; Stingele et al. 2012; Torres et al. 2007). Inter-
estingly, the abundance of the mRNA usually scales with
the chromosome copy number changes, while the protein
levels of up to 25% of proteins encoded on the extra
chromosome often resemble the abundance observed in
euploids (Dephoure et al. 2014; Stingele et al. 2012). This
dosage compensation affects mainly subunits of macro-
molecular complexes and suggests that mechanisms exist
to, at least partially, compensate for chromosome copy
number changes. Dosage compensation has also been
observed in samples from patients with trisomy syn-
dromes (Hwang et al. 2021; Liu et al. 2017), as well as in
naturally occurring aneuploid budding yeasts (Muenzner
et al. 2024). In monosomic cells, the mRNA and protein
expression from the affected chromosome decrease, but
here too buffering of the gene dosage was observed
(Chunduri et al. 2021). Cancer cell lines also show signifi-
cant gene dosage compensation (Schukken and Sheltzer
2022). This demonstrates that imbalanced protein abun-
dance imposes a burden on aneuploid cells, but there are
mechanisms that counteract altered protein expression to
mitigate the effects (Figure 1). Buffering of the protein
abundance may be an adaptive process, at least in natu-
rally occurring yeast, however, further evidence is
required to evaluate whether the buffering helps to
improve proliferation of aneuploid cells.

Apart from the primary gene expression changes that
directly reflect the chromosome copy number alterations,
there are also striking, conserved secondary gene
expression changes in aneuploid cells (Durrbaum et al.
2014; Sheltzer et al. 2012) (Figure 1). Immediately after
chromosome missegregation, cells show upregulated in-
tegrated stress response (ISR), altered autophagy, and
downregulation of DNA replication factors (Ohashi et al.
2015; Santaguida et al. 2015). Additionally, acute aneu-
ploidy induction causes altered ribosome and RNA
metabolism, elevated oxidative stress, and activated
metabolic responses (Durrbaum et al. 2014; Ippolito et al.
2024; Zhu et al. 2018). A chronic response to constitutive
aneuploidy includes reduced expression of factors
required for DNA and RNA metabolism, ribosomes, and
G2 and M phases of the cell cycle. In contrast, pathways
related to vesicle trafficking, endoplasmic reticulum (ER),
endosomes, lysosomes, autophagy, and ISR are frequently
upregulated (Durrbaum et al. 2014; Sheltzer 2013; Stingele
et al. 2012). These findings suggest that the proteostasis
network becomes disrupted by chromosome copy number
changes, and this disruption affects multiple aspects of the
network.
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Figure 1: The effects of aneuploidy on protein
homeostasis and gene expression. Aneuploidy
(bottom), in contrast to diploidy (top), alters
the mRNA and protein abundance in cells. The
changes in molecular content place an
enormous burden on the cells leading to
dysregulation of various cellular pathways
including decreased translation and DNA/RNA
metabolism, increased lysosomal activity and
ER stress, and elevated protein aggregation.
Aneuploid cells suffer from proteotoxic stress
because of the proteome imbalance. However,
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dosage compensation on both mRNA and
protein levels partially alleviates the effects of
the imbalance.

3 The proteostasis network and its
modulation by aneuploidy

The proteostasis network refers to a set of mechanisms that
safeguard protein quality in cells (Balch et al. 2008; Hipp
et al. 2019; Klaips et al. 2018). This includes protein synthesis
(i.e., translation) by ribosomes, protein folding and confor-
mational stability maintenance by chaperones, and protein
degradation by the ubiquitin-proteasome system (UPS) or
autophagy. Aneuploidy alters all these processes (Figure 2).

3.1 Translation and integrated stress
response

Analysis of aneuploid cells showed an increased sensitivity
to drugs that inhibit translation (Torres et al. 2007).
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Proteomic analysis of constitutively polysomic human cells
revealed decreased levels of components of cytosolic ribo-
somes and translation machinery, likely in response to the
stress (Stingele et al. 2012). In acutely aneuploid human cells,
adecrease in global protein translation occurs due to ISR and
unfolded protein response (UPR), aimed at buffering the
protein imbalance (Ippolito et al. 2024; Ohashi et al. 2015). ISR
is also activated in Down syndrome mouse models and
patient cell lines (Sheltzer 2013; Zhu et al. 2019). Down-
regulation of ribosome biogenesis and translation appears to
be a general consequence of aneuploidy. In monosomic
RPEI-hTERT cell lines, altered regulation of genes involved
in ribosome biogenesis and translation leads to decreased
protein synthesis, as evidenced by reduced puromycin
incorporation in cell culture (Chunduri et al. 2021). Hence,
aneuploidy strongly affects translation, mostly through the
activation of ISR, and thus aneuploid cancer cells might be
particularly sensitive to ribosome-targeting drugs.

Figure 2: The changes in proteostasis network in aneuploid cells. Aneuploidy impacts the proteostasis network, from protein translation to turnover. The
changes do not only affect the quality of proteins, but also impair the machineries controlling the protein quality. Up and down arrows indicate increased

and decreased activity or levels, respectively.
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3.2 Protein folding and misfolding in
response to aneuploidy

As explained above, protein levels largely scale with the gene
dosage in aneuploid cells. In cells with extra chromosomes, the
excess proteins compete for the limited number of chaperones
for folding and maintenance of their native conformation.
Consequently, many proteins become orphaned, randomly
misfold, and form cytosolic aggregates. Defective protein folding
is a prevalent phenotype in aneuploidy, rendering aneuploid
cells more sensitive to drugs that interfere with protein folding
(Donnelly et al. 2014; Oromendia et al. 2012; Tang et al. 2011;
Torres et al. 2007). Interestingly, activation of the heat shock
response rarely occurs in response to aneuploidy. Biochemical
analysis of aneuploid budding yeast and human cells reveals no
significant changes in the levels of many chaperones compared
to their euploid counterparts (Donnelly et al. 2014; Oromendia
et al. 2012). This suggests that chronic aneuploidy does not lead
to chaperone overexpression, an intriguing aspect of chronic
proteotoxic stress. Rather, the protein folding defects are related
to limited chaperone capacity to deal with surplus proteins
(Donnelly and Storchova 2014). Accordingly, constitutively pol-
ysomic human cells show remarkable deficiency in HSF1 tran-
scription factor activity and HSP90-dependent protein folding,
which could be rescued by transient overexpression of a
constitutively active form of HSF1 (ca. HSF1). Notably, ca. HSFI
overexpression also recues sensitivity of parental disomic cells
to the pharmacological HSP90 inhibitor 17-AAG (Donnelly et al.
2014). The vulnerability of aneuploid cells to chaperone inhibi-
tion, thus, enables its exploitation in cancer therapy.

Protein folding defects in cells with extra chromosomes
cause accumulation of misfolded proteins and protein
aggregates (Brennan et al. 2019; Stingele et al. 2012). In
budding yeast, the aggregates are enriched for hydrophobic
proteins, and largely consist of ribosomal proteins and sub-
units of macromolecular complexes (Brennan et al. 2019). Our
recent analyses of polysomic human cells revealed that the
aggregates are enriched, among others, for ribosomal and
mitochondrial proteins, and that their accumulation can be
alleviated upon transient overexpression of the chaperones
HSP27 and alpha subunit of HSP90, as well as the wildtype
transcription factor HSF1 and ca. HSF1 (Amponsah et al. 2024).
Thus, the surplus proteins in aneuploid cells cause overall
decreased protein folding activity and increased aggregate
formation compared to isogenic euploids.

3.3 Ubiquitin proteasome system and
protein turnover mitigate the effects of
aneuploidy

Cells rely on protein degradation systems such as the UPS
and autolysosome to deal with unneeded proteins and

DE GRUYTER

protein aggregates. In response to chromosome gain, the UPS
and autolysosome are frequently upregulated (Durrbaum
et al. 2014; Stingele et al. 2012). Intuitively, one can interpret
the upregulation as an adaptive response to degrade mis-
folded proteins and protein aggregates, and thus prevent the
toxic effects of their accumulation in the cells.

The 26S proteasome, consisting of 20S core and 19S regu-
latory particle, contributes to the degradation of damaged,
misfolded, or unwanted proteins. Ubiquitin ligases add poly-
ubiquitin chains to the amino acid residues of the proteins
destined for proteasomal degradation. This enables the ATP-
dependent recognition of the proteins by the 19S subunit before
their delivery to the 20S subunit for proteolysis (Arkinson et al.
2025). Analysis of data for more than 900 cancer cell lines from
the cancer cell line encyclopedia (CCLE) revealed increased
levels of both the 19S and 20S proteasome subunits in highly
aneuploid cells, which correlated with their proliferation
capacity. Experimentally, highly aneuploid cells showed an
increased vulnerability to UPS inhibition with bortezomib
(Ippolito et al. 2024). In constitutive human aneuploids,
increased UPS activity is also observed (Donnelly et al. 2014).
Furthermore, naturally occurring aneuploid budding yeast
strains undergo extensive global protein turnover in response
to proteome imbalance through elevated expression and
activity of the UPS. This likely enhances protein dosage
compensation, as shown by recent high throughput multiomics
analyses of hundreds of wild yeast isolates and lab strains
(Muenzner et al. 2024). The importance of the UPS for survival
and proliferation of aneuploid cells was further emphasized
by a genetic screen aimed at identifying mutations that enable
tolerance of aneuploidy in laboratory budding yeast strains.
Strikingly, a loss of function of the gene encoding the
de-ubiquitinases UBP6 and UBP3, increased proteasomal
degradation, reduced protein aggregate burden, and
improved proliferation of the aneuploid cells (Dodgson et al.
2016; Torres et al. 2010). Importantly, these cells showed
increased sensitivity to the proteasome inhibitor MG132
(Ohashi et al. 2015; Torres et al. 2007). Together, these obser-
vations highlight the role of the UPS in enabling tolerance to
aneuploidy-induced proteostasis crisis.

In contrast, both murine and human Down syndrome
models show an impairment of proteasomal activity (Aivazidis
et al. 2017; Di Domenico et al. 2013), attributed to an increased
abundance of misfolded proteins, and decreased synthesis of
ATP needed for proteasomal functioning (Rodriguez-Sureda
et al. 2015; Venkatraman et al. 2004). Why there is such a dif-
ference in Down syndrome cells remains currently unclear.

3.4 Autophagy is an important player in
response to aneuploidy

While the UPS is mainly dedicated to the degradation of
ubiquitinated proteins, the autolysosome degrades a
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broader cargo, from protein aggregates to damaged organ-
elles. How is the autophagy pathway modulated by aneu-
ploidy? Murine aneuploids are sensitive to autophagy
inhibition with chloroquine (Tang et al. 2011). In acutely
aneuploid human cells, saturation of autolysosomal activity
is frequently observed, as evidenced by increased accumu-
lation of pathway components and reduced autophagic flux
(Ohashi et al. 2015; Santaguida and Amon 2015a). To coun-
teract this, cells activate and increase nuclear localization of
the transcription factor TFEB, which upregulates expression
of the autolysosomal machinery (Santaguida and Amon 2015a;
Santaguida et al. 2015). Adapted, constitutively polysomic
human cells exhibit active autophagy flux (Stingele et al. 2012),
and upregulate TFEB-dependent transcription, at least partly
via the cGAS-STING pathway in a type I interferon (IFN) innate
immune response, induced by the leakage of double-stranded
DNA from the nucleus and its accumulation in the cytoplasm
(Krivega et al. 2021). While autophagy regulation in response to
physiological signals is mainly mediated via the mTOR pathway
(Rabanal-Ruiz et al. 2017), constitutive trisomies (Krivega et al.
2021) and aneuploid mouse embryos (Singla et al. 2020b) are
less reliant on this pathway for autophagy activation. Similarly,
in aneuploid human preimplantation embryos, a p53-
dependent pathway drives an active autophagy flux (Regin
et al. 2023). In summary, the early autophagic response to
aneuploidy differs from the response to chronic aneuploidy
and is controlled by different upstream effectors. It is possible
that in cancer, autophagy plays a dual role in response to
aneuploidy — as both a tumor suppressor and promoter. Pre-
sumably, autophagy may perform a tumor suppressive role in
early stages of oncogenesis, and acts as a tumor promoter in
advanced stages. However, this proposition warrants further
investigation.

3.5 Impaired protein homeostasis spurs
aggresome formation in aneuploids

Defects in the UPS and autophagy, induced genetically or by
chemical treatment, worsen protein misfolding and aggre-
gation (Brennan et al. 2019; Isono et al. 2005; Shaid et al. 2013).
In aneuploid cells, however, it remains unclear whether
proteins aggregate because of impaired degradation sys-
tems, or if protein aggregation occurs as an independent
mechanism of proteostasis maintenance. In lab-engineered
aneuploids, protein aggregation increases despite frequent
upregulation of expression and activities of the UPS and
autolysosome (Amponsah et al. 2024; Brennan et al. 2019;
Oromendia et al. 2012; Stingele et al. 2012). In response to
aneuploidy in budding yeast, accumulation of foci positive
for HSP104, a disaggregase that localizes to protein
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aggregates, demonstrates increased protein aggregation
(Oromendia et al. 2012). Aneuploid human cells also
accumulate protein aggregates, which are frequently
positive for ubiquitin and the autophagy receptor p62
(Amponsah et al. 2024; Ohashi et al. 2015; Stingele et al.
2012). Interestingly, in both lab yeast and human aneu-
ploids, protein aggregation helps to reduce the levels of
excess subunits of protein complexes encoded on the
aneuploid chromosome, although this class of proteins is
also often degraded by the UPS and autolysome (Brennan
et al. 2019; Dephoure et al. 2014). Analysis of primary fi-
broblasts from patients with trisomy syndromes revealed
an increased accumulation of protein aggregates due to
dysregulated proteostasis (Nawa et al. 2019). Aneuploid
Drosophila cells also accumulate p62- and ubiquitin-
positive protein aggregates due to near-saturation of the
UPS and autophagy (Dekanty et al. 2012; Joy et al. 2021).
Thus, while protein aggregation in response to aneuploidy
can occur when protein degradation is limiting, it may
also serve as an independent mechanism to maintain
proteostasis. Analysis of aggregated proteins in a wide
variety of aneuploid models would provide better insights
into how protein aggregation helps to mitigate the pro-
teostasis imbalance.

For a long time, accumulation of protein aggregates in
cells was deemed cytotoxic (Stefani 2004). For example,
through their sequestration into aggregates, essential pro-
teins are depleted from the global proteome, thereby
affecting the cellular context in which they function (Hipp
and Hartl 2024; Huiting and Bergink 2021). However, benefits
for cytosolic protein aggregation are becoming more evident
(Cohen et al. 2006; Fassler et al. 2021; Newby and Lindquist
2013). For instance, aggregation of misfolded proteins in
budding yeast and mammalian cell culture enable their
refolding or degradation to prevent toxicity (Kaganovich
et al. 2008). Amyloid-like protein aggregates called P gran-
ules ensure normal development of C. elegans embryos, as
their disassembly leads to cell division defects, embryonic
arrest, and lethality (Skuodas et al. 2020). In wild yeast,
accumulation of prions enables the inheritance of beneficial
traits that confer survival advantages in fluctuating physical
environments (Halfmann et al. 2012). Another example of
beneficial protein aggregation was observed in lab budding
yeast strains experiencing mitochondrial import stress.
Here, to prevent their cytotoxicity, mitochondrial precursor
proteins transiently aggregate into cytosolic granules called
“MitoStores”, which are subsequently unfolded by chaper-
ones for import when favorable conditions permit (Kramer
et al. 2023). Similar aggregation of mitochondrial precursor
proteins was observed in constitutively polysomic human
cells (Amponsah et al. 2024). Thus, in response to aneuploidy,
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increase in protein aggregation likely helps to alleviate the
effects of protein imbalance in a manner similar to, yet
distinct from, protein degradation (Brennan et al. 2019).

3.6 Extracellular extrusion of protein
aggregates and damaged organelles
contributes to proteostasis maintenance

Packaging of cellular materials in membrane-bound struc-
tures occurs in many physiological and pathological pro-
cesses such as immune response, inflammation, cell
proliferation, tumorigenesis, and neurodegeneration
(Goetzl et al. 2018; Marar et al. 2021; Takahashi et al. 2017). A
noteworthy observation revealed the formation of extra-
cellular vesicles, which aid in proteostasis maintenance in
response to aneuploidy. Extracellular release of protein
aggregates and mitochondrial components in mitovesicles
occurs in mouse and human Down syndrome brains
(D’Acunzo et al. 2021). In aneuploid Drosophila cells,
damaged mitochondria were observed in extracellular ves-
icles (Joy et al. 2021). Thus, this mechanism of proteostasis
maintenance is probably widespread in aneuploid cancer
cells and may be driven by the proteotoxic stress.

4 Factors required for proteostasis
maintenance in aneuploidy

Maintenance of proteostasis in cells is a multifaceted process
requiring the contributions of many different groups of
proteins. The impacts of specific proteins in the mitigation of
aneuploidy-induced proteotoxic stress have consistently
been reported, and in some cases, used as markers of pro-
teostasis defects. Here, we summarize findings relating to
three of these proteins, which have been the most exten-
sively characterized to date.

4.1 Sequestosome 1 (SQSTM1/p62)

p62 is a multidomain protein involved in many cellular
processes including oxidative stress response, nutrient
sensing, and response to inflammation. It contains an
N-terminal Phox-BEM1 (PB1) domain, which allows its olig-
omerization, and an intrinsically disordered region that
facilitates its condensation. p62 also possesses binding sites
for many proteins including autophagy receptors of the
microtubule-associated protein 1 light chain 3 (MAP1LC3)
and GABA type A receptor-associated protein (GABARAP)
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families. Additionally, it contains a C-terminal ubiquitin
binding (UBA) domain that selectively recognizes and se-
questers (poly)ubiquitinated cargo (i.e., misfolded proteins,
protein aggregates, damaged organelles). p62 is a common
constituent of cytoplasmic inclusions and is also found in
protein aggregates in the extracellular environment
(Berkamp et al. 2021). Together, these features place p62 at
the nexus of the key pathways of proteostasis maintenance
in cells, including the UPS, autophagy, protein aggregation,
and extracellular extrusion. Furthermore, it functions as a
key mediator in regulation of mitochondrial dynamics and
turnover (Geisler et al. 2010; Yamada et al. 2018, 2019). To
finetune its function p62 is post-translationally regulated by
phosphorylation, oxidation, acetylation, SUMOylation, and
ubiquitylation (Berkamp et al. 2021). Dysregulation of p62
manifests in pathological conditions, including neurode-
generative disorders, aging-related diseases, and cancer
(Kumar et al. 2022).

In both acutely and constitutively aneuploid human
cells, p62 accumulates in cytosolic deposits. While in acutely
aneuploid cells this accumulation is possibly a consequence
of autophagy saturation and thereby stabilization of p62
(Ohashi et al. 2015; Santaguida et al. 2015), in constitutively
polysomic cells the expression of p62 increases on both
transcriptome and proteome levels, likely triggered as a
secondary response to cellular stresses (Krivega et al. 2021;
Singla et al. 2020b; Stingele et al. 2012). Interestingly, both p62
expression and gene dependency correlate with aneuploidy
score of cancer cells (Amponsah et al. 2024). Thus, it is
conceivable that increased p62 expression contributes to the
fitness of aneuploid cells through alleviation of proteotoxic
stress.

4.2 Heat shock protein 104 (HSP104)

HSP104 is a budding yeast chaperone and member of the
HSP100/Clp family of ATPases, which function as dis-
aggregases to rescue denatured and aggregated proteins for
refolding (Bosl et al. 2006). While other chaperones typically
prevent protein aggregation through solubilization or facil-
itating degradation, HSP104 rather disassembles the protein
aggregates (Glover and Lindquist 1998). Thus, its activity not
only reduces proteotoxicity, but also restores protein func-
tions that were lost due to their aggregation (Bosl et al. 2006;
Wallace et al. 2015). Interestingly, HSP104 participates in
both the formation and disruption of prion amyloids in
budding yeast (Halfmann et al. 2012; Sweeny and Shorter
2016; Sweeny et al. 2015). HSP104 is also central to the cellular
response to aneuploidy in yeast. Transcriptomic meta-
analyses revealed upregulation and scaling of HSP104
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levels with degree of aneuploidy in budding yeast (Sheltzer
et al. 2012), and aneuploid engineered budding yeast strains
show elevated HSP104 protein levels compared to isogenic
euploid strains (Oromendia et al. 2012). Additionally, confocal
imaging of HSP104-eGFP foci revealed an increase in protein
aggregation in various aneuploid yeast strains (Oromendia
et al. 2012). The accumulation of HSP104 in response to aneu-
ploidy correlates with the defects in protein folding and
increased protein aggregation, which is a conserved feature of
aneuploid cells (Oromendia and Amon 2014). Due to their
ability to reverse deleterious protein misfolding and aggrega-
tion, protein disaggregases, including HSP104, have attracted
significant attention as potential therapeutic targets in neuro-
degeneration (March et al. 2019; Shorter 2017). It would be
interesting to decipher the contribution of its human ortholog,
CLPB, to aneuploidy tolerance in human cancers.

4.3 Suppressor of SIT4 deletion (SSD1)

SSD1 is a member of the RNase II family of nucleases and a
conserved RNA-binding translational regulator (Jansen et al.
2009). In response to stress, SSD1 localizes to P-bodies and
stress granules, thus suppressing mRNA translation (Kur-
ischko et al. 2011). SSD1 also impacts mitochondrial biogen-
esis through binding and regulation of nuclear-encoded
mitochondrial mRNAs, and alleviates protein misfolding and
aggregation, possibly via mRNA binding and suppression of
translation of aggregation-prone proteins. SSD1 was identi-
fied as a factor that alleviates the cellular response to
aneuploidy by comparing naturally occurring aneuploid
yeast, which tolerate aneuploidy well, and lab-engineered
aneuploid strains, which show proliferation defects. This
revealed that SSD1, which is functional in natural yeast, but
defective in many laboratory strains, contributes to aneu-
ploidy tolerance (Hose et al. 2020). Consequently, reduced
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SSD1 activity in natural yeasts recapitulated many of the
aneuploidy features of lab yeast, such as proteotoxic stress,
metabolic defects, and cell cycle impairment (Hose et al.
2020). The intriguing SSD1-associated phenotypes clearly
show that the cell's genetic background can strongly affect its
response to aneuploidy, and that regulation of mRNA
translation may be a crucial step of alleviating the
aneuploidy-associated proteotoxic stresses.

5 Aneuploidy impacts organellar
homeostasis

Organellar homeostasis is intimately linked to cytosolic
proteostasis. Cytosolic protein aggregates often exert
their toxicity through interaction and interference with
organellar membranes (Rinauro et al. 2024). In such cir-
cumstances, mitochondria are often the major victims
(Bossy-Wetzel et al. 2008; Cenini et al. 2016; Ludtmann et al.
2018; Moreira et al. 2010; Vehvilainen et al. 2014; Yano et al.
2014). The consequences of aneuploidy for mitochondrial
homeostasis in human cells are multifaceted (Figure 3).
Firstly, aneuploidy-induced competition for a limited num-
ber of chaperones can make mitochondrial precursor pro-
teins more susceptible to misfolding in the cytosol, leading to
their sequestration into protein aggregates. This hinders
their import and may cause their eventual degradation.
Indeed, our recent analysis of p62-positive protein aggre-
gates in constitutively polysomic human cells revealed
enrichment of both chaperones and mitochondrial proteins
(Amponsah et al. 2024). A similar analysis in acutely aneu-
ploid human cells also revealed enrichment of mitochon-
drial proteins with p62 (Martin et al. 2024). Secondly,
cytosolic protein aggregates can impede mitochondrial
protein import through their direct interaction with
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Figure 3: Organellar homeostasis in response
to aneuploidy. The functions of many cellular
organelles are altered in response to
aneuploidy, ultimately affecting cellular
homeostasis and function.
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mitochondrial translocases (Yano et al. 2014). Thirdly, in
constitutive polysomic human cells, mitochondrial struc-
tural and functional defects are conspicuous. Among others,
the mitochondrial network appears more perinuclearly
clustered compared to an extend network is parental diploid
cells, oxygen consumption capacity is decreased, and pre-
cursor protein import is affected (Amponsah et al. 2024; Yim
et al. 2020). Interestingly, similar mitochondrial defects arise
in many human and murine Down syndrome models
(Al-Mehdi et al. 2012; Frieden et al. 2004; I1zzo et al. 2017, 2018;
Piccoli et al. 2013; Tan et al. 2023). While some of the mito-
chondrial phenotypes in Down syndrome may be a conse-
quence of the aberrant expression of specific genes encoded
on chromosome 21, including DYRK1A (Dowjat et al. 2007;
Ortega et al. 2022) and SOD1 (Busciglio and Yankner 1995;
Cowley et al. 2017), a general dysfunction in cellular pro-
teostasis also likely contributes to the mitochondrial
alterations.

In Drosophila, aneuploidy-induced proteostasis defects
result in the accumulation of fragmented mitochondria, as
compared to a filamentous array in wildtype cells. Here, the
mitochondria showed aberrant Ca** homeostasis, decreased
membrane potential, and elevated reactive oxygen species
(ROS) production (Joy et al. 2021). High-resolution micro-
scopy also revealed saturated mitophagy and the accumu-
lation of defective mitochondria in the cytosol and
extracellular vesicles (Joy et al. 2021). While it is evident that
aneuploidy impacts mitochondrial function, it would be
compelling to explore how this disruption might, for
example, contribute to cancer progression.

Apart from its impact on mitochondria, aneuploidy also
affects the ER. Strikingly, it causes an expansion of this
organelle in HeLa cells treated with inducers of chromosome
missegregation, as visualized by electron microscopy. This
physiological change accompanied the transcriptional acti-
vation of UPR™ (Ohashi et al. 2015). Acutely aneuploid RPE1-
hTERT cells also experience ER stress and induce the UPR™®
pathway (Ippolito et al. 2024). Transcriptome and proteome
profiling of engineered polysomic human cells also shows an
upregulation of ER-related pathways (Durrbaum et al. 2014;
Stingele et al. 2012). Analyses of data for nearly 1,000 tumor
samples from the cancer genome atlas (TCGA) database
revealed increased expression of UPR™ genes in samples
with high aneuploidy, which correlated with dysregulated
expression of genes involved in immune surveillance (Xian
et al. 2021). Interestingly, UPR™® activation is beneficial to
cancer cells as it helps to restore proteostasis and suppress
immune functions (Clarke et al. 2014; Cubillos-Ruiz et al.
2015). It is conceivable that ER expansion and the associated
UPR™ activation observed in aneuploid cells occur in
response to proteostasis imbalance, presumably due to
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erroneous protein synthesis and folding. In line with this
reasoning, a similar expansion of ER membrane and UPR™®
activation was reported in budding yeast acutely treated
with DTT and tunicamycin, drugs that induce ER stress by
interfering with oxidative protein folding and glycosylation,
respectively (Schuck et al. 2009, 2021). Here, the ER expan-
sion was driven by lipid biosynthesis, a process which is
itself affected by aneuploidy (Hwang et al. 2017; Tang et al.
2017). Future research would provide more insights into this
aspect.

Other cellular organelles affected by aneuploidy include
the autolysosome, ribosomes, and nuclei. As demonstrated
above, aneuploidy places severe burden on lysosomal func-
tion and spurs expression of autolysosomal proteins through
the activity of the transcription factor TFEB (Joy et al. 2021;
Krivega et al. 2021; Santaguida and Amon 2015a; Santaguida
et al. 2015). In acutely aneuploid human cells, lysosomal stress
occurs due to persistent protein misfolding, and aggregation
caused by the proteome imbalance (Santaguida and Amon
2015a; Santaguida et al. 2015). Owing to its role in removing
mainly protein aggregates and damaged organelles, it is
conceivable that lysosomal stress results from the nature of
cargo accumulating in the autolysosome. Observations in
constitutively polysomic human cells suggest that this cargo
include cytosolic ribosomes (Amponsah et al. 2024), implying
that the need to remove defective, bulky cellular components
contributes to the autolysosomal stress in aneuploidy.

Ribosomes and the protein translation mechanism
participate in the early steps of protein quality control.
Abnormal mRNA accumulation, increased mRNA turnover,
and aberrant translation are intuitive effects of gene dosage
imbalance. Accordingly, a recent transcriptomic analysis
revealed increased mRNA turnover and dependency on
mRNA decay pathways in acutely aneuploid human cells
(Ippolito et al. 2024). Transcriptomic and proteomic profiling
of constitutively polysomic human cells also demonstrated a
reduction in the global levels of cytosolic ribosomal subunits
and translation machinery components compared to
isogenic diploids (Durrbaum et al. 2014; Stingele et al. 2012).
Genetic screens in aneuploid fission and budding yeasts
versus euploid strains uncovered increased dependence on
the CCR4-NOT complex, an essential and evolutionarily
conserved multi-subunit complex that regulates the process
of mRNA translation (Chikashige et al. 2007; Tange et al.
2012). Ribosome loss also occurs due to aneuploidy-induced
environmental stress response in budding yeast (Terhorst
et al. 2020). Thus, translation defects and mRNA-
ribonucleoprotein turnover in aneuploidy might be more
prevalent than currently appreciated.

Finally, the nuclear homeostasis may be altered in
response to aneuploidy. In acutely aneuploid human cells
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that contain micronuclei; a small, extranuclear vesicle con-
taining a fragment of or a whole chromosome, stability of the
micronuclear membrane is regulated through oxidation,
aggregation, and degradation of important membrane
repair proteins (Di Bona et al. 2024; Martin et al. 2024). The
collapse of micronuclei could occur through the production
and release of ROS from mitochondria. Indeed, human
aneuploid cells, which often form micronuclei, also harbor
perinuclearly clustered mitochondria, which are oxidant-
rich sites that enable ROS accumulation in the nucleus (Al-
Mehdi et al. 2012; Amponsah et al. 2024). Thus, proteostasis
imbalance and resulting mechanisms, including altered
mitochondrial homeostasis, may feedback to regulate
genome stability.

6 Aneuploidy-induced acute and
chronic proteotoxic stress and
disease

Research from numerous labs has provided substantial evi-
dence that aneuploidy imposes proteotoxic stress, affecting
multiple layers of the proteostasis network. While the gain or
loss of a single chromosome may not disturb the protein stoi-
chiometry sufficiently enough to trigger a severe proteotoxic
stress response, the cumulative disturbances across multiple
pathways can trigger an avalanche, leading to dysregulation of
protein homeostasis maintenance. This vicious cycle signifi-
cantly impacts several diseases, including cancer, trisomy
syndromes, and aging. However, the extent to which
aneuploidy-related changes in protein homeostasis contribute
to disease pathology remains to be fully evaluated.

The intersection of protein homeostasis, aneuploidy,
and cancer raises several pressing questions for future
research. Despite significant efforts, the exact mechanisms
of proteotoxic stress in cells with imbalanced karyotypes
remain to be discovered, in particular the key molecular
pathways that allow aneuploid cancer cells to tolerate pro-
teotoxic stress. The survival of most cancer cells, despite
highly aberrant multi-chromosomal changes, clearly dem-
onstrates the existence of adaptive mechanisms that mini-
mize the impact of protein homeostasis disruptions. So, what
are the metabolic trade-offs cancer cells make to cope with
proteotoxic stress, and can we use them to target cancer
cells? With this, an increasingly important aspect of the role
of quality control pathways comes to the focus, in particular
the role of mRNA surveillance and ribosome quality control.
Finally, the future challenge remains to understand the role
of aneuploidy-instigated proteotoxic stress in vivo, within an
organism. Here, the key question will be whether the
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proteotoxic stress in aneuploid cancer cells affects their
immunogenicity and whether interventions in protein ho-
meostasis make aneuploid cancers more susceptible to
immune-based therapies. Addressing these questions will
enhance our understanding of aneuploidy’s role in cancer
and potentially lead to not only better understanding of the
mechanisms of protein homeostasis, but also contribute to
novel therapeutic approaches targeting the vulnerabilities
triggered by protein imbalance.
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