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Chromosome segregation errors lead to the generation of aneuploid daughter cells with
unbalanced karyotypes. This condition has a profound impact on cell physiology, causing a
plethora of cellular stresses. One of the most prominent effects of abnormal karyotypes is
the development of proteotoxic stress, which is characterised by the aggregation of aberrant
proteins in the cytoplasm. The disruption of protein homeostasis correlates with and
depends on gene copy number changes and occurs at multiple levels in aneuploid cells.
Protein folding, for instance, is known to be compromised and this feature together with the
overwhelming of quality control mechanisms leads to the accumulation and aggregation of
not-properly folded proteins in the cytoplasm. The pathway that is in charge for the
degradation of extra, misfolded or defective proteins is autophagy, which, accordingly, is

close to saturation in aneuploid cells.

Unlike other aspects of aneuploidy, how exactly cells respond to the onset of proteotoxic
stress is yet to be explored. The studies conducted within my PhD project revealed that, in
aneuploid cells with random chromosome gains and losses, an impaired protein folding is
strictly connected to the lysosome-mediated degradation of ribosomes. In detail, with my
work | showed that, right after chromosome mis-segregation, cells face an increasing folding
demand that challenges Hsp90 and Hsp70 chaperone families. The lack of an efficient
folding machinery, in turn, causes the attenuation of the synthesis of new polypeptides,
which is further exacerbated by the activation of the unfolded protein response (UPR). By
addressing the molecular mechanisms that aneuploid cells activate to cope with folding and
translation deficiencies, | have found that ribosomes are recognised by the E3-ligase
ZNF598 and tagged for degradation. Their clearance is carried out by the autophagic
pathway, in particular by their selective degradation mediated by lysosomes. This is
indicated by the increased ribophagy | observed in aneuploid cells, right after chromosome

mis-segregation.

On the other hand, aneuploidy-driven genomic instability is known to fuel a vicious cycle
leading to the generation of complex karyotypes. Accumulation of such chromosomal
aberrations, in turn, exacerbate the aneuploidy-associated stresses and | demonstrated that
this is also the case with proteotoxic stress. Importantly, | showed that ribosome
degradation is increased under this condition, but the initial selectivity mediated by ZNF598
is lost, due to the uncontrolled increase in bulk autophagy. As a matter of fact, the
accumulation of toxic aggregates and extra proteins boost bulk autophagy, leading to the

random engulfment of cytosolic cargo in the autophagic structures, including ribosomes.

Interestingly, by stratifying aneuploid human cancers by their aneuploidy score, | found that
the highly aneuploid ones are negatively associated with ribosomal signatures and tend to

overexpress ZNF598, which might enable them to keep under control the proteotoxic stress.
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Overall, this study shed light on a previously uncharacterised chain of events activated by
aneuploid cells in response to the onset of proteotoxic stress. My results have the potential
to indicate specific targets for cancer therapy, in contexts in which modulation of protein

translation can be selectively targeted with the goal to interfere with cell proliferation.
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The research | am going to present in this PhD thesis focuses on dissecting how
chromosome segregation errors affect cell physiology and, in particular, it addresses the
consequences of proteotoxic stress in aneuploid cells. By using cell biology, molecular
biology, genome editing approaches and imaging techniques, | am describing a series of
processes that aneuploid cells employ to manage proteome imbalances, giving a novel
glance on the molecular mechanisms involved.

Hence, the introduction below will provide an up-to-date overview of aneuploidy with its

associated stresses, as well as a description of the already-known quality control pathways.

1. Chromosome mis-segregation and aneuploidy

Aneuploidy is a condition in which a cell has an incorrect chromosome number (Tackholm,
1922) and it is a consequence of chromosome mis-segregation events (Pfau & Amon,
2012).

1.1 Cell division

Chromosome segregation is a critical step to maintain a balanced euploid genome
throughout cell division and, in general, for the fitness of a multicellular organism (Levine &
Holland, 2018). Cells get ready for the segregation of chromosomes through a series of
events that define the eukaryotic cell cycle (Alberts et al., 2015). Considering its two main
stages (interphase and mitosis), interphase is composed of G1 phase (or gap-phase
between mitosis and S phase), in which the cell grows and duplicates its organelles; by S
phase (S for DNA synthesis), in which the duplication of DNA strands takes place and,
before arriving in mitosis, by a second gap-phase (G2 phase) (Figure 1). Cells spend most
of their time in interphase, although the duration of cell cycle varies considerably across
different cell types. For example, in a typical proliferating mammalian cell, with a total cell
cycle of 24 hours, G1 phase can proceed for about 11 hours, S phase takes around 8 hours
and G2 about 4 hours. Mitosis, instead, lasts only 1 hour, but it is during this phase that
duplicated chromosomes are segregated into two distinct nuclei and the mother cell

accomplishes to divide into two identical daughter cells (Alberts et al., 2015).

The fascinating events that allow the cell to achieve the segregation of chromosomes are
mirrored by the succession of the five steps of mitosis: prophase, prometaphase,
metaphase, anaphase and telophase (Alberts et al., 2015) (Figure 1). M phase, then, ends
followed by cytokinesis. During prophase, chromatin condensates to form mitotic
chromosomes, where sister chromatids are still linked together by cohesins (Nasmyth &
Haering, 2009), and cell cytoskeleton disassembles to be replaced by mitotic spindle. The
end of prophase and the beginning of prometaphase are identified by the progressive

nuclear envelope breakdown (Alberts et al., 2015). In prometaphase, the attachment of
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each sister chromatid to microtubules emanating from opposite spindle poles takes place
(Alberts et al., 2015). This is possible thanks to specialised proteins in the centromeric
region of chromosomes that are collectively known as kinetochore (Santaguida &
Musacchio, 2009). At this point, mitotic chromosomes start moving towards the spindle
centre. Metaphase is identified by the alignment of all the chromosomes on the so-called
metaphase plate, where they are bi-oriented, a status guaranteed by the tension generated
by the pulling forces of microtubules and the resistance of cohesins to these forces (Tanaka
etal., 2000). The metaphase-to-anaphase transition represents a crucial part of mitosis and
therefore it is tightly controlled to ensure the correct segregation of chromosomes, as | will
detail in the next paragraph. With anaphase, in fact, sister chromatids evenly separate while
the spindle poles move outward, to finally organise two sets of daughter chromosomes
(Alberts et al., 2015). At the last stage of mitosis, in telophase, the spindle disassembles
and the nuclear envelope reassembles to form two distinct nuclei, that will be divided during
cytokinesis into two daughter cells, with further division of cytoplasm thanks to the cleavage

furrow activity (Alberts et al., 2015) (Figure 1).

Mitosis

Metaphase Anaphase

Prometaphase

Cell Cycle

S phase ~ <

Figure 1: Eukaryotic cell cycle and mitosis.

G1 phase

Interphase is composed of G1 phase, where the cell grows and duplicates organelles; S phase, where DNA
duplication takes place; a second gap-phase, G2 phase. M phase starts with mitosis, a succession of five steps

that leads to chromosome segregation; and it ends with cell division during cytokinesis.

Cell cycle is tightly regulated by control systems that ensure both progression through its
major phases and accuracy of cell division. The central components of the cell-cycle control
system are the cyclin-dependent kinases (CDKs): they promote specific cell-cycle events

only when their phosphorylation activity is triggered by binding with cyclins, whose
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concentration oscillates during cell cycle (Pines & Hunter, 1991). To proceed with mitosis,
the master mitotic kinase CDK1 must bind cyclin B and securin binds and keeps inactive
the protease separase, which is in charge of cohesin cleavage to begin chromosome
segregation (Peters, 2006). The metaphase-to-anaphase transition is triggered by the
anaphase-promoting complex/cyclosome (APC/C) and its activator CDC20 (APC/CCPc%0)
(Acquaviva & Pines, 2006). APC/CCP? initiates sister chromatids separation by
ubiquitylating cyclin B and securin (Hagting et al., 2002), leading to their degradation by the
proteasome, thus allowing anaphase to proceed and complete the exit from mitosis (Peters,
2006). The fidelity of chromosome segregation is ensured by an evolutionary conserved
mechanism known as spindle assembly checkpoint (SAC), that prevent errors by
ensuring that cells do not enter anaphase until all chromosomes are bi-oriented on the
metaphase plate (Musacchio & Salmon, 2007). SAC depends on a mechanism that senses
the decrease in tension of unattached kinetochores and/or the lack of attachment to the
mitotic spindle (Taylor et al., 2004) (Figure 2). Indeed, mitotic chromosomes that are not
accurately attached to microtubules emanating from opposite spindle poles promote
APC/CPC? jnhibition through the incorporation of CDC20 into the mitotic checkpoint
complex effector, MCC (Izawa & Pines, 2015), which contains three SAC proteins: BUBR1,
BUB3 and MAD2 (Mapelli et al., 2007; Musacchio & Salmon, 2007). Other SAC core
components are MAD1 (mitotic arrest deficient 1) and the checkpoint kinases Mps1
(monopolar spindle protein 1), BUB1 and Aurora B (Musacchio & Salmon, 2007; Santaguida
et al., 2011). These kinases phosphorylate kinetochore components involved in incorrect
microtubule attachments, destabilizing and converting them into correct amphitelic
attachments (Musacchio & Salmon, 2007). SAC is normally silenced when all the faulty
attachments are resolved, letting the cell progress into the cell cycle (London & Biggins,
2014). By delaying cell division until a faithful chromosome segregation takes place, SAC

plays a key role in maintaining genome stability (Lara-Gonzalez et al., 2012).

1.2 Causes and outcomes of chromosome mis-segregation

Although the spindle assembly checkpoint generally ensures the fidelity of mitosis reducing
the rate of aneuploidy, there are several circumstances that give rise to unfaithful
chromosome segregation, escaping the controls. The origin of mitotic errors can be
identified both in pre-mitotic events, such as abnormal DNA structures or erroneous DNA
duplication and repair, and in post-mitotic events (Garribba & Santaguida, 2022). The latter
comprises defects in structural components of the mitotic machinery, for example spindle
aberrations due to centrosome amplification (Basto et al., 2008) and multipolar spindles

(Maiato & Logarinho, 2014), or weak sister chromatids cohesion (Barber et al., 2008).

Importantly, incorrect kinetochore-microtubule attachments account for a big part of
these mitotic defects (Soto et al., 2019) and they are strictly connected with microtubule
dynamics and SAC function (Figure 2). Indeed, hyperstable kinetochore-microtubule
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interactions are suggested to drive faulty chromosome segregation, as well as a reduced
interaction may protect against errors (Bakhoum et al., 2009). In this context, an abnormal
SAC function can have catastrophic effects on the fidelity of chromosome segregation, due
to the non-identification and resolution of aberrant kinetochore-microtubule attachments
(Levine & Holland, 2018). The nature of faulty attachments can vary. As mentioned above,
the correct connection between microtubules and kinetochores of both sister chromatids,
that lead to a bi-oriented mitotic chromosome, is known as amphitelic attachment (Figure
2a). Variations in this connection inevitably cause the mis-segregation of the involved
chromosomes. Among these, the condition where only one sister chromatid is attached to
microtubules is defined as monotelic attachment (Figure 2b), while a syntelic attachment is
determined when both sister kinetochores are pulled from the same spindle pole
(Santaguida & Amon, 2015b) (Figure 2c). Merotelic attachments are also of note, as they
interfere with the correct segregation of chromosomes, in particular leading to the “lag” of
the sister chromatid involved (Cimini et al., 2001). They are, in fact, defined when one sister

kinetochore is linked to microtubules emanating from both poles (Figure 2d).

a b c d
Amphitelic attachment Monotelic attachment Syntelic attachment Merotelic attachment

Q

\6‘,‘
</ </ )
L i ¥
SAC OFF SAC ON SAC ON SAC OFF
otherwise: otherwise:

———

Anaphase Anaphase Anabhase Anaphase

"4
(N @) - (e v
@ ~X® &

Lagging .
chromosome Micronucleus

Figure 2: Kinetochore-microtubule attachments and chromosome (mis)segregation.

Correct microtubule-kinetochore attachment, known as amphitelic attachment, generates a bi-oriented mitotic
chromosome (a). Monotelic attachment, defined as only one kinetochore anchored to microtubules (b), and
syntelic attachment, when both kinetochores attach microtubules from the same pole (c), activate SAC, that
senses the decreased tension of unattached kinetochores; if in these conditions SAC is inhibited or defective,
chromosome mis-segregation events occur. Merotelic attachments are determined when one (or both)
kinetochore(s) attach to microtubules emanating from both poles, resulting in the lag of the chromosome

involved, which is one of the leading causes of micronuclei formation(d).
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Lagging chromosomes are left behind during anaphase in the mid-zone of the mitotic
spindle and have been identified as a major cause of aneuploidy (Cimini et al., 2001) (Figure
2d). If they do not catch-up with the rest of chromosomes before cytokinesis, they risk being
damaged and physically broken by the forces exerted by the cleavage furrow. This results
in high levels of DNA damage on the genetic material involved and, likely, in structural
chromosome aberrations (Janssen et al.,, 2011). Another possible fate of lagging
chromosomes is their extreme “stretch” between the two daughter nuclei, generating
anaphase bridges first and, then, chromosome bridges (Martin & Santaguida, 2020). In this
case as well, the outcome is a breakage that occurs later (Maciejowski et al., 2015), and
that may even lead to catastrophic genome rearrangements in the subsequent cell divisions
(a process known as chromothripsis) (Umbreit et al., 2020). Chromothripsis is also tightly
associated with micronuclei (MNi) (C. Z. Zhang et al., 2015), which are by-products of mis-
segregated chromosomes that have been confined in a nuclear-ish structure different from
the primary nucleus. DNA in MNi accumulates damage, further exacerbated by
dysfunctional replication and repair mechanisms, which lead to multiple chromosomal
rearrangements (Crasta et al., 2012). These defects have been demonstrated to delay the
reincorporation of MNi in primary nuclei (Soto et al., 2018). But, once MNi are re-
incorporated, further DNA damage seems to be overcome (Soto et al., 2018). This,
however, fuels the transfer and the propagation of the already-arisen mutations from MNi
to the cell genome, with dramatic implications in genomic instability and tumorigenesis (Ly
et al., 2019). The high level of genomic instability triggered by the previously mentioned
chromosome segregation errors is, therefore, strictly connected with the increased rate of
structural and numerical chromosomal aberrations, widely known as chromosomal
instability (CIN) (Garribba & Santaguida, 2022).

1.3 Chromosomal instability and the aneuploid state

While “aneuploidy” refers to an unbalanced genomic state, “chromosomal instability” (CIN)
is a condition with high rate of chromosome mis-segregation that invariably leads to
aneuploidy (Levine & Holland, 2018). CIN is commonly described as a form of genomic
instability in which cells dynamically gain or lose whole- or part-of- chromosomes (Geigl et
al., 2008). Gains or losses of whole chromosomes at elevated rates are classified as
numerical CIN; while the continuous formation and re-assembly of structurally abnormal
chromosomes due to translocations, inversions, deletions or amplifications of chromosome

portions are known as structural CIN (McGranahan et al., 2012).

A similar distinction can also be made for the aneuploid state, despite the strict meaning of
aneuploidy refers only to the number of chromosomes that is not a multiple of the haploid
complement. Nowadays, aneuploidy is comprehensive of both numerical (whole
chromosome) aneuploidies and segmental aneuploidies, which result from sub-

chromosomal imbalances (Pfau & Amon, 2012). Polyploidy, instead, indicates a different
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status, where a cell contains an exact multiple number of its entire genome, which,
therefore, is balanced. Since aneuploid karyotypes can show a grey-scale of imbalances, it
is useful to describe as “highly aneuploid” the karyotypes with a deviation of many
chromosomes from the euploid counterpart, and as “low aneuploid” the karyotypes that
deviate just for one or two chromosomes from the euploid number (Pfau & Amon, 2012).
Importantly, aneuploid cells do not necessarily exhibit CIN, as they can be stable in their

aneuploid state.

2. Aneuploidy is a hallmark of cancer

One of the widely recognised characteristics of cancer cells is their aneuploidy. Indeed,
90% of solid tumours and the vast majority of blood cancers have aneuploid karyotypes
(Beroukhim et al., 2010; Campbell et al., 2020). Accordingly, human health is dramatically
affected by aneuploidy, as this condition is implicated in several diseases (Siegel & Amon,
2012).

2.1 Aneuploidy is rare in normal tissues

At the organismal level, both somatic and constitutional aneuploidies are rare. The former
are generated by random mitotic errors and their frequency rates are very low, pointing out
how aneuploidy can’t provide any advantage to tissues and organs (Knouse et al., 2014).
The latter are the result of errors during meiosis and generally lead to embryonic lethality.
In the infrequent exceptions, constitutional aneuploidies cause growth and developmental
defects in almost all the organisms studied (Torres et al., 2008). In humans, only three
trisomies are compatible with life and they involve the chromosomes with the least number
of encoding genes, while all other autosomal trisomies and monosomies are not vital.
Trisomy 13 and trisomy 18 cause respectively Patau syndrome and Edward syndrome and
the patients can survive birth, but die in the first months of life. Down syndrome (DS), which
is characterised by an extra copy of chromosome 21, is more frequent. DS patients can live
to adulthood, although they share a wide number of defects and abnormalities in growth
and development and have an increased risk of specific pathologies and childhood cancer

onset, compared to the rest of the population (Pfau & Amon, 2012).

2.2 Aneuploidy and cancer

The majority of aneuploid cells generated via faulty cell divisions are eliminated, but this
does not happen in a tumour context. In mammals, the alteration of karyotype for functional
adaptation is known to occur only in cancer (Knouse et al., 2014). Whether aneuploidy
plays an active role in tumorigenesis or it is only a by-product of it is still widely debated. In
fact, cancer cells often show inactivating mutations of cell cycle and cell division master

genes and display deregulation of genome stability (Schvartzman et al., 2011). On the other
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hand, in several mouse models, aneuploidy-driven CIN can increase tumorigenesis
(Gordon et al., 2012). The karyotype heterogeneity and reshuffling that aneuploidy and CIN
generate in tissues can be exploited by cancer cells to better adapt to challenging conditions
(Hanahan & Weinberg, 2011; Holland & Cleveland, 2012). Indeed, increasing aneuploidy
and karyotype complexity correlates with tumour evolution from benign to invasive and
metastatic (Siegel & Amon, 2012). The cancer-promoting aneuploid karyotypes that confer
proliferative advantage to survive under challenging circumstances are particularly
important in chemotherapy. Cancer cells can become chemo-resistant thanks to their ability
to find a useful karyotypic landscape to survive (Ippolito et al., 2021; Lukow et al., 2021). It
is, therefore, not surprising that aneuploidy strongly associates with poor prognosis; in
particular, the higher the levels of aneuploidy, the poorer the prognosis (Ben-David & Amon,
2020). It is also crucial to take into account that many different aneuploidies and
chromosomal abnormalities can be found in distinct cancer contexts, as well as each of
them can present various grades of intratumour heterogeneity (Ben-David & Amon, 2020).
These factors highlight the difficulty of generalizing the relationship between aneuploidy,
CIN and cancer but, bearing in mind the context-dependent role of aneuploidy, this hallmark

can be definitely considered as a therapeutic target.

3. Detrimental effects of aneuploidy in untransformed cells

Although aneuploidy is a hallmark of cancer - a disease characterised by uncontrolled
proliferation - the condition of having an abnormal karyotype is also associated with a
number of detrimental effects on cellular fitness. This dichotomy of the aneuploid state is
commonly recognised as the “paradox of aneuploidy” (Weaver & Cleveland, 2008). The
efforts that have been done in the last decade to explain the paradox pointed out that
imbalanced karyotypes impact cell proliferation in stress-free contexts, while aneuploid cells

can survive better in sub-optimal environments (Sheltzer & Amon, 2011).

3.1 Immediate consequences of aneuploidy

One of the first outcomes of chromosome mis-segregation is the formation of micronuclei
(MNi), which is a feature detectable even at the microscope at low magnification, and can
help the researcher to spot highly-probable aneuploid cells. As previously mentioned in this
introduction, MNi are not-fully-functional organelles that cannot properly replicate their
genetic material (a chromosome or a piece of a chromosome) (Crasta et al., 2012; Hatch &
Hetzer, 2015; C. Z. Zhang et al., 2015). Consequently, MNi show high levels of DNA
damage and low efficiency in DNA damage repair, fuelling genomic instability (Garribba &
Santaguida, 2022) (Figure 3a). Another important MNi feature that is worth mentioning is
their often-ruptured membrane. This leads to the spillage of micronuclear DNA into the

cytoplasm with the consequent activation of cGAS, the master nucleic acid sensor, which,
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in turn, triggers the immune surveillance mechanism mediated by STING (Bakhoum et al.,

2018; MacKenzie et al., 2017) (Figure 3a).

In various model systems and contexts, chromosome mis-segregation and aneuploidy have
been shown to activate p53 (Figure 3). Since cells with constitutional aneuploidies do not
trigger this control pathway (Tang et al., 2011), p53 activation seems to be an acute effect
of aneuploidy (Santaguida & Amon, 2015b). What exactly causes p53 activation is debated,
and multiple mechanisms can be responsible. For example, lagging chromosomes during
cell division and broken chromosomes in daughter cells can activate DNA damage
response mediated by ATM/Chk2 and, consequently, p53 (Janssen et al., 2011) (Figure
3a). Another possible feature of aneuploid cells that might be involved is their altered
metabolism that leads to the generation of reactive oxygen species (ROS), which in turn
trigger DNA damage response and p53. More in general, aneuploid cells inevitably spend
more time in mitosis and, if this worsens to mitotic arrest, these cells undergo apoptosis or

G1-arrest mediated by p53 (Uetake & Sluder, 2010) (Eigure 3b).

Extra a
/" Chromosome
1IN \ @) - (@ ) @)
VY \
[ o0 g | /
i A A / /
LA N o \
o
S , SN
s DNA
Aneuploid cell ﬁdamage e L o )
uptured
membrane \ g p
L ‘b
; . DNA
\ mpaire spillage
|/ Prolonged lgDR = p‘Lg
mitosis
\4 l—/ CGAS/STING
ATMlChk2 activation
activation
. pS53
Apoptosis G1-arrest activation

Figure 3: Inmediate consequences of aneuploidy.

Lagging chromosomes can accumulate DNA damage (a, left) and generate micronuclei (MNi). MNi ruptured
membrane leads to DNA spillage in the cytoplasm, which in turn activates cGAS pathway (a, right). High levels
of DNA damage activate p53. Aneuploid cells spend more time in mitosis than euploid ones, and this can cause
mitotic arrest. Prolonged arrest can lead to p53-mediated apoptosis (b, left) or p53-mediated G1 arrest (b, right).
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3.2 Long-term alteration of cell physiology

Given the fact that cells can tolerate much better polyploidy than aneuploidy (see paragraph
1.3), itis easy to infer that gene dosage plays an important role in cell physiology. Moreover,
the majority of phenotypes related to aneuploidy are not associated with specific

karyotypes, suggesting that these traits simply depend on an unbalanced chromosome

composition (Figure 4).
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Many gene-specific effects are studied and are associated with various diseases (F.
Zhang et al., 2009), but when even a single whole chromosome is gained or lost, a massive
deregulation of gene expression can occur. While the alteration of a single gene copy
number leads to a specific phenotype, the concomitant change in dosage of many genes
cause a plethora of phenotypes that are identified as aneuploidy-associated stresses.
These stresses are shared by aneuploid cells regardless of their karyotype and contribute

to cell fitness decrease (Santaguida & Amon, 2015b).

As already mentioned, the impact of aneuploidy on cell proliferation is dramatic (Figure
4a). In vitro, aneuploid cells proliferate slower (Thompson & Compton, 2010); but, also in
more complex models, aneuploidy leads to growth defects that are strictly linked to low
proliferation rates (Williams et al., 2008). This is further confirmed by transcriptomic studies
that showed how genes involved in cell growth, proliferation and nucleic acid metabolism
are downregulated in aneuploid cells of diverse model organisms, while stress-response

genes are consistently upregulated (Shelizer et al., 2012) (Figure 4a).

Genome instability is another significant long-term effect of aneuploidy, and it is strictly
linked to the DNA damage increase that occurs right after chromosome mis-segregation
(see paragraph 3.1) (Figure 4b). A recent study in the lab demonstrated that aneuploid cells
experience DNA replication stress in the first S-phase and complete DNA synthesis in the
following mitosis (Garribba et al., 2023), a process referred to as MiDAS (mitotic DNA
synthesis) (Garribba et al., 2018). The redistribution of DNA damage in the following
daughter cells fuels further genomic instability and the continuous genomic instability
triggers increased rate of mis-segregation, ultimately leading to the accumulation of cells
with aberrant complex karyotypes (Santaguida et al., 2017) (Figure 4b). The ongoing re-
shuffling of karyotypes and acquisition of mutations might eventually promote cancer
evolution. In fact, these mechanisms play a crucial role in improving cellular fithess through
the search for optimal karyotypes able to adapt and overcome aneuploidy-associated
stresses (Rutledge et al., 2016). In vitro, cells with complex karyotypes show senescence-
associated gene expression signature (SASP) and eventually cease to divide, by arresting
in G1 (Santaguida et al., 2017). Another important signature of the arrested cells with
complex karyotype (ArCK) is the upregulation of pro-inflammatory genes and immune
response activation that leads to the elimination of such cells by natural killer cells (NK)
(Santaguida et al., 2017) (Figure 4b). In the first part of my PhD, | have participated in a
study aimed at dissecting the mechanisms involved in the immune clearance of aneuploid
cells. We demonstrated that untransformed aneuploid senescent cells, enriched and
isolated from the cycling ones (Wang et al., 2018), activate both canonical and non-
canonical NF-kB (nuclear factor-kappa B) pathways to elicit their NK-mediated clearance
(Wang et al., 2021).
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In addition, aneuploid cells also experience metabolic stress, which is developed in
different manners, depending on the cell type and complexity. Since metabolic homeostasis
is normally maintained by the synergistic effects of multiple metabolic pathways, the
observed alterations in aneuploid cells span from glucose uptake, lactate production to
accumulation of reactive oxygen species (ROS) (Siegel & Amon, 2012) (Figure 4c). The
resulting oxidative and energy stresses are among the causes of the already-mentioned
slowdown in proliferation and activation of p53-mediated cell cycle arrest and apoptosis (Li
etal., 2010). Interestingly, recent studies in Drosophila melanogaster showed that ROS are
produced massively also in epithelial CIN models, leading to JNK-dependent cell death
(Clemente-Ruiz et al., 2016) or JNK-induced cell senescence (Joy et al., 2021). However,
the ROS-activated JNK pathway is also recognised as a tumour promoter in contexts where
apoptosis is inhibited and this represents a relevant link between aneuploidy-driven energy

stress and tumorigenesis (Muzzopappa et al., 2017).
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Figure 4: Aneuploidy-associated stresses.

Aneuploidy causes different stresses and long-term deleterious effects. The upregulation of stress-response
signatures and the downregulation of genes involved in cell growth and metabolism have a major impact on
aneuploid cell proliferation (a). High levels of DNA damage and replication stress result in genome instability,
also associated with the evolution of complex aberrant karyotypes (b, top). Aneuploid cells with complex
karyotypes elicit immune response and promote their own clearance mediated by natural killer cells (NK) (b,
bottom). Energy stress and imbalanced metabolic enzyme activities trigger the generation of toxic reactive
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oxygen species (ROS), characteristic of metabolic stress (c). Aneuploid cells also present high levels of
proteotoxic stress. This is due to the imbalanced stoichiometry of multimeric complex subunits and the
consequent accumulation of damaged and misfolded proteins that overwhelm quality control pathways (d).

Among the aneuploidy-associated stresses, proteotoxic stress is one of the most
prominent. This stress is induced by the accumulation in the cell cytoplasm of misfolded
polypeptides or proteins lacking interacting partners (Oromendia et al., 2012) (Figure 4d).
Considering the central dogma of molecular biology, DNA makes RNA and RNA makes
protein, it is easy to understand that aneuploid cells may suffer proteome imbalances. The
presence of extra chromosome/s, as well as the loss of chromosome/s, inevitably alters the
cell’'s protein composition. However, between theory and practice there are mechanisms
and processes to be considered. In aneuploid cells, changes in the relative ratio of proteins
include also an imbalanced stoichiometry of heteromeric complex subunits (Chunduri &
Storchova, 2019; Oromendia & Amon, 2014; Santaguida & Amon, 2015b; Stingele et al.,
2012), since subunits can be encoded by genes on different chromosomes (Figure 4d). If
the expression of subunits of the same complex is not coordinated or if their ratio is not
maintained, orphan subunits end up crowding the cytoplasm (Juszkiewicz & Hegde, 2018;
Siegel & Amon, 2012). Therefore, protein aggregation and promiscuous interaction of
orphan proteins are the main outcomes of cytoplasm overcrowding (Figure 4d).
Interestingly, protein aggregation is also thought to be a characteristic that helps cells to
manage the excess of proteins with long half-life (Brennan et al., 2019). An example is
represented by ribosomes and ribosomal subunits, whose homeostasis is crucial for the
cell. When their stoichiometry is disrupted, excess subunits tend to aggregate and
compromise cellular fitness (Tye et al., 2019). Under physiological conditions, cells maintain
a regulated protein stoichiometry through the activation of a broad regulatory proteostatic
network (Pechmann et al., 2013). This involves chaperone-mediated folding mechanisms
and quality control pathways that promptly degrade extra or misfolded proteins via the
ubiquitin-proteasome system and, alternatively, through the autophagic pathway (Harper &
Bennett, 2016). The critical levels of proteotoxic stress in aneuploid cells challenges the
capacity of all these mechanisms, resulting in overwhelmed protein quality control (Donnelly
et al.,, 2014; Oromendia & Amon, 2014; Santaguida & Amon, 2015b). Proteotoxicity is
considered a common feature of aneuploid cells, since similar conditions and overloading
have been observed in all aneuploid models, from yeast (Oromendia et al., 2012) to
Drosophila (Joy et al., 2021). The paragraphs below will detail these processes and will deal

thoroughly with proteome imbalances induced by aneuploidy.
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4. Aneuploidy-induced proteome imbalances

Protein homeostasis is crucial for cell and organism health and it is, therefore, guaranteed
by the fine balance between protein synthesis, protein folding and protein degradation
(Pechmann et al., 2013). In the first part of this section (Introduction paragraph 4.1), | will
present the principal components of the regulatory network, while in the second one
(Introduction paragraph 4.2) | will describe what is known so far about the impact of

aneuploidy on cell proteostasis.

4.1 Translation and protein quality control network overview

The regulatory network that ensures cell proteostasis is, at first, organised around
ribosomes (Pechmann et al., 2013), and, later, relies on mechanisms that control quality
and degradation of transcripts, proteins and ribosomes themselves (Harper & Bennett,
2016).

4.1.1 Chaperone-mediated protein folding

The production of proteins in eukaryotic cells is continuously carried out by their 10° - 107
ribosomes and protein synthesis is spatially and temporally related to protein folding
(Pechmann et al., 2013) (Figure 5a). Folding is necessary to confer the nascent
polypeptides the right structure and function, but this process is intrinsically error-prone,
due to the vast conformation possibilities (Balchin et al., 2016). In fact, to fulfil protein
demand, protein folding normally starts as soon as the N-terminal of the nascent protein
emerges from the ribosome, while the rest of the polypeptide is still being synthesised.
Polypeptide length and the number of protein domains are determinant for a fast and
successful folding. That's why both ribosomes and co-translational folding are crucial to
ensure translational fidelity and reduce aggregation rates (Pechmann et al., 2013).
Together with ribosomes, chaperones are the core of the folding regulatory network (Figure
5a). Chaperones are highly conserved molecular families that assist protein folding at
different stages (Balchin et al., 2016). In eukaryotes, protein folding starts co-translationally,
with chaperones operating on the ribosome. At this level, the Hsp70 (heat shock protein 70)
system plays important roles, with its ribosome-binding isoforms. Hsp70 assists also
proteins that are not fully folded at the ribosome level, thanks to its interactions with
chaperonins and other downstream players (Balchin et al., 2016). This function is crucial to
prevent promiscuous contacts between misfolded peptides and their consequent
aggregation. Among the highly specialised downstream chaperones that operate post-
translationally, Hsp90 (heat shock protein 90) is the most characterised and counts
numerous clients (Taipale et al.,, 2010). As a matter of fact, Hsp90 and its cofactors
coordinate also the structural regulation and conformational maturation of a wide range of
oligomeric complexes (Taipale et al., 2010). Hsp90 client functions span from those of

receptors or transcription factors, to transduction of clinically relevant pathways (Young et
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al., 2001). Although the chaperone-mediated folding network has evolved to be dynamic
and redundant to minimise faulty folding, it is easy to understand how detrimental could be

the impairment of chaperone functions for cell proteostasis.

4.1.2 Cellular stress responses: UPR, ISR and stress granule assembly
Failure of proper protein folding leads to the aggregation of misfolded and unfolded proteins
(Figure 5b). The toxicity of these aggregates is exerted by their interference with the normal
function of other proteins and cellular mechanisms, as well as triggering of stress responses
(Balchin et al., 2016).

The increase in unfolded and misfolded polypeptides in the endoplasmic reticulum (ER)
lumen (a condition known as ER stress) is sensed by cells and, in particular, by three ER-
localised sensors, namely the activating transcription factor 6 (ATF6), the inositol requiring
enzyme 1(IRE1) and the PKR-like ER kinase (PERK) (Walter & Ron, 2011) (Figure 5b,
bottom-left). Each of them is in charge of the activation of a specific branch of the so-called
unfolded protein response (UPR), the signalling network that cells trigger upon ER stress
(Vitale et al., 2019). The ultimate goal of this stress response is to alleviate ER stress by
inducing the transcription of genes involved in protein folding or by a transient attenuation

of protein synthesis to reduce ER folding load (Walter & Ron, 2011) (Figure 5b, bottom-left).

The transduction of the signal resulting from the presence of unfolded proteins has different
bases in the three UPR branches. ATF6 signal is mediated by the specific proteolysis of its
luminal and transmembrane domain, which leads to the translocation of the N-terminal
portion of ATF6 into the nucleus, where it can induce its target genes. Among these, there
are those encoding for chaperones of the Hsp70 family (such as BiP, also known as GRP78)
or belonging to the Hsp90 family (as GRP94) which, in turn, enhance ER folding capacity
(Ye et al., 2000). The IRE1 branch is the most conserved from yeast to mammals and it is
mediated by non-conventional mRNA splicing. IRE1 has the double function of kinase and
endoribonuclease (RNase) and the latter can cleave XBP1 in XBP 15, the active form of the
transcription factor that induces UPR gene activation. As well as with transcriptional
response, IRE1 branch further mitigates ER stress by inducing mRNA decay of the
transcripts bound on the ER (Maurel et al., 2014). The third UPR branch is triggered by the
ER kinase PERK which, once activated, dimerises and auto-phosphorylates to transduce
the signal. Apart from itself, PERK phosphorylates the alpha subunit of the eukaryotic
translation initiation factor elF2 (elF2a). Phosphorylated elF2a cannot form the ternary
complex elF2-GTP-Met-tRNA, which is normally in charge of recognizing the start codon to
initiate MRNA translation. This, in turn, leads to a decrease in global protein synthesis and
it helps to reduce the load of protein in the ER (Walter & Ron, 2011). On the other hand, if
ER stress is too severe, PERK can induce the transcription factor ATF4 and its target gene
CHOP, which controls the transcription of apoptotic pathway components (Yang et al.,
2017) (Figure 5b, bottom).
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Serine 51 phosphorylation of elF2a is also part of a wider stress response, known as
integrated stress response (ISR), which temporarily suspends protein synthesis to allow

the resolution of cytotoxic stress and the restoration of proteostasis (Figure 5b, bottom-

right). In eukaryotes, ISR is regulated by four distinct kinases, HRI (heme- regulated
inhibitor), PKR (protein kinase R), PERK (already described above as UPR mediator) and
GCN2 (general control non-depressible 2), whose activation can vary according to the type
of stress (Taniuchi et al., 2016). Interestingly, a recent study proposed that prolonged
activation of the PKR branch in Down syndrome (trisomy 21) models has detrimental effects
on neurophysiological functions and long-term memory (Zhu et al., 2019). This represents
evidence of the activation of translational stress response as a consequence of the

presence of extra chromosomes.

When protein synthesis is suppressed following the abovementioned stress responses,
non-translating RNAs together with pre-initiation factors, 40S ribosome subunits and other
RNA-binding proteins (RBPs) can assemble and mediate stress granule condensation
(Panas et al., 2016). Stress granule (SG) formation is, therefore, tightly linked to the activity
of elF2 and its phosphorylation on the alpha subunit represents a major trigger of the

nucleation of SGs (Kedersha et al., 2002) (Figure 5b, bottom-right). Two other main

components of SGs are the RNA-binding proteins G3BP1 and TIA1, which are recruited by
the stalled pre-initiation complex, composed among others of the cap-binding system factor
elF4G (Panas et al., 2016). SGs play the important role of transient “storage” that protect
specific mMRNAs from degradation, following stress-mediated translation stalling (Decker &
Parker, 2012). If cells cannot recover from their stress, mRNA fate is modulated by the
dynamic relationship between SGs and the processing-bodies (P-bodies) that contain the

mMRNA decay machinery, including the exoribonuclease Xrn1 (Decker & Parker, 2012).
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Figure 5: Protein quality control network.

Protein folding mediated by chaperones is at the core of quality control to prevent promiscuous interaction and
aggregation of unfolded polypeptides (a). Misfolded proteins are ubiquitylated (Ub) first, and then degraded via
the ubiquitin-proteasome system (UPS) (b, top). If the amount of misfolded proteins exceeds UPS capacity,
ATF6, IRE1 and PERK activates the unfolded protein response (UPR), aiming at folding promotion and transient
protein synthesis reduction (b, bottom-left). Unbalanced proteostasis also triggers the integrated stress
response (ISR), mediated by elF2a phosphorylation by four sensor kinases, to temporarily reduce protein
synthesis. Here, non-translating mRNAs can be stored into stress granules (b, bottom-right).

4.1.3 Ubiquitin-proteasome system
In the context of protein folding failure and, more in general, disrupted protein homeostasis,

the ubiquitin-proteasome system (UPS) plays a key role (Figure 5b, top). The quality

control exerted by UPS is directed towards the proteasome-mediated clearance of
misfolded and damaged proteins (Ding & Yin, 2008; Goldberg, 2003), as well as nascent
polypeptides that are stuck when ribosomes stall on aberrant mRNAs (Brandman & Hegde,
2016; Joazeiro, 2019). Of course, proteasome-mediated degradation can also be
physiologically functional with the purpose of cellular regulation. Ubiquitylation is the
modification that allows the recognition of the substrate through the protein ubiquitin (Ub)

(Figure 5b, top). There are either mono-ubiquitylations, often associated with non-

degradative processes, or poly-ubiquitylations, where the first Ub can be extended to form
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a Ub-chain (H. Meyer & Weihl, 2014). As general definition, UPS is in charge of the
degradation of short-lived proteins and it is widely accepted that the degradation is specific,
since target proteins must be ubiquitylated (Ding & Yin, 2008), mostly with a K48-linked
poly-ubiquitin chain (Kirkin et al., 2009). Further specificity is conferred to the system by the
ubiquitin-protein ligases, the enzymes known as E3-ligases, which are specific for their
substrates and mediate Ub transfer to the target protein by recruiting an E2 Ub-conjugating
enzyme which, in turn, has been loaded with Ub by an E1 Ub-activating enzyme (Goldberg,
2003). In the case of protein misfolding, aberrant polypeptides are recognised by heat-
shock chaperones which, while promoting proper refolding, can interact with specific E3-
ligases to foster ubiquitylation (Ding & Yin, 2008). The poly-Ub signal tags proteins to
degradation through the 26S proteasome, a complex of proteins and enzymes that
processes and digests target proteins via proteolysis (Figure 5b, top). As discussed at the
beginning of the paragraph, UPS-mediated degradation has a crucial function in the
clearance of misfolded proteins, both the cytoplasmic ones and the ER-luminal ones
responsible for ER stress. In the latter case, improperly folded proteins in the ER can be
retro-translocated into the cytosol to undergo proteasomal degradation with a process
known as ER-associated degradation (ERAD) (Ding & Yin, 2008). ERAD pathway acquires
further importance to maintain protein homeostasis in contexts where UPR induction is not
the cell first choice (Walter & Ron, 2011).

4.1.4 Autophagic pathway

UPS is not the only machinery responsible for protein degradation in eukaryotic cells. The
other main evolutionarily conserved system is based on the hydrolytic function of the
lysosomes and depends on the autophagic pathway (Ding & Yin, 2008) (Figure 6). The
principal cargoes of autophagy are composed of long-lived proteins, macromolecular
complexes and insoluble aggregates, which are too hard to be degraded by the 26S
proteasome (Kirkin et al.,, 2009). Since the autophagic pathway sequesters cytosolic
portions, it is not considered as selective as the UPS, with some exceptions (discussed
below) (Beese et al., 2020). In physiological conditions, the principal role of autophagy is to
maintain the pool of amino acids during starvation, through the degradation of
macromolecules. Thus, autophagy can be massively induced by drugs that simulate
starvation, such as Rapamycin (natural compound) and Torin1 (synthetic compound)
(Klionsky et al., 2021; Mizushima et al., 2010). They both interfere with mTOR, the kinase
responsible for the inhibitory phosphorylation of TFEB, the transcription factor downstream
of the pathway that integrates the signalling of nutrient and amino acid shortage (Settembre
et al., 2011, 2012). When autophagy is triggered, a chain of events takes place, each of
them characterised by different structures and different sets of regulatory proteins. The first
step is the formation of the isolation membrane, also known as phagophore, which is

mediated by the ULK1 protein kinase complex and the VPS34-Beclin1 PI3 kinase complex
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that start membrane nucleation, and by ATG-complex, which monitors membrane
elongation and expansion when it begins to enclose a portion of cytoplasm (Mizushima et
al., 2010). In this phase, the cytosolic microtubule-associated protein light chain 3 (LC3-I)
is incorporated into the isolation membrane after being lipidated (LC3-Il) (Figure 6). Besides
monitoring phagophore expansion and sealing into autophagosome, LC3-Il role is to
interact with autophagic receptors that bind various cargoes for selective autophagy (Lee &
Lee, 2016). These initial steps of the autophagic pathway can be blocked using PI3K
inhibitors, such as the chemical inhibitor of VPS34, SAR405 (Mizushima et al., 2010). After
the formation of a double-membraned autophagosome, the outer membrane assembles an
autolysosome by fusing with a lysosome. At this stage, the sequestered cargo starts to be
degraded by the lysosomal hydrolases (Settembre et al., 2013), and the by-products of this
step can be recycled as new sources of nutrients, which is the main purpose of bulk
autophagy (Ding & Yin, 2008) (Figure 6). It is possible to interfere with the last step of the
autophagic pathway with Bafilomycin A+, which is known to inhibit the acidification of the
lysosome and the fusion of autophagosomes with lysosomes (Mizushima et al., 2010). A
certain degree of autophagy specificity is achieved when it aims to degrade misfolded
protein and aggregates. In this case, targets to be degraded are ubiquitylated and interact
with specific autophagic adaptors, such as p62 (also known as SQSTM1/sequestosome-1)
(Ding & Yin, 2008). As a matter of fact, p62 presents a ubiquitin-associated (UBA) domain,
as well as a LC3 interacting region (LIR), in addition to the other structural and functional
domains (Lin et al., 2013). Through the former, p62 binds polyubiquitylated proteins and
aggregates (with higher affinity for K63-Ub chains (\W. J. Liu et al., 2016)) and, interacting
with LC3 Il on the phagophore, it drives the engulfment of these substrates into the forming
autophagosomes (Lin et al., 2013). For all these reasons, p62 is widely used as a marker
to monitor the autophagic flux. Its accumulation is observed when the lysosomal activity is
inhibited, and therefore mirrors an accumulation of autophagosomes and early autophagic
structures. On the other hand, if the degradation step is properly completed, p62 levels tend
to decrease. LC3 Il levels also follow the same trend (Klionsky et al., 2021; Mizushima et
al., 2010). It is worth mentioning that autophagy and UPS are not mutually exclusive
degradative pathways. First of all, p62 is also involved in UPS, as it can bind K48-Ub chains
as well, even if with lower affinity (W. J. Liu et al., 2016). Secondly, upon defective
proteostasis the relationship between autophagy and UPS become tighter, since
proteotoxic stress and inhibition of proteasomal degradation further enhance autophagy (V.
J. Liu et al., 2016).
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Figure 6: Autophagic pathway.

Macromolecular complexes, damaged organelles and insoluble aggregates of misfolded proteins are degraded
through autophagy. First step is the formation of the phagophore, which incorporates the lipidated form of LC3
(LC3 II). This isolation membrane encloses the ubiquitylated degradative cargo, recognised by the autophagic
receptor p62. After the formation of the closed autophagosome, its outer membrane fuses with the lysosome,
an organelle containing acid hydrolases. This step proceeds with the degradation of the autophagosome content

and the recycling of its by-products, including amino acids (aa).

Analysis of the autophagic cargo highlighted the presence of organelles and large protein
complexes that are normally involved in protein homeostasis, but are themselves
susceptible to homeostatic regulation (Kirkin et al., 2009). Recent studies in this direction
have shown how mitochondria, but also proteasomes, ER and ribosomes can be targeted
for selective degradation, in particular for selective autophagy (Beese et al., 2020). These
are often stress-related programs and play significant roles in the clearance of damaged
organelles/structures potentially dangerous for the cell. The selectivity of the process must
be mediated by adaptors and autophagic receptors, but their identification is not always
trivial. For instance, depolarised mitochondria or those that are no more functional are
actively eliminated via autophagy (mitophagy) in a Ub-dependent manner (Le Guerroué et
al., 2017). Similarly, it has been observed that proteasomes can be ubiquitylated upon
starvation, a signal that allows their recognition by p62 and the following degradation by
autophagy (proteaphagy). This mechanism seems to be conserved across plants, yeast
and mammals (Beese et al., 2020). The endoplasmic reticulum (ER), as well, is an organelle
strictly linked to protein dynamics. ER-phagy, the autophagic removal of ER portions, can
occur both physiologically to re-shape ER volume depending on the cellular demand for
protein, and as a stress-mediated quality control (Beese et al., 2020). In conditions where
cells are not eligible for ERAD (see paragraph 4.1.3) to exert quality control of ER-stress,
lysosomal degradation of ER portions represent a valid alternative (De Leonibus et al.,
2019). Selective ER-phagy is mainly mediated by a family of receptors called FAM134
(FAM134A, FAM134B, FAM134C), which are ER membrane proteins and present a
conserved LIR domain, crucial to mediate the engulfment into autophagosomes (lavarone
etal., 2022). The identification of different ER-phagy receptors with nonredundant functions
and activated by different modifications suggests the high levels of specificity of this process

(Di Lorenzo et al., 2022; lavarone et al., 2022). As mentioned before, also the central hub
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of protein synthesis, the ribosome, can be targeted for selective autophagy. Normal turnover
of ribosomes is carried out by proteasomal degradation of the single excess ribosomal
proteins, while the first evidence of entire 80S ribosome clearance has been described in
yeast (Kraft et al., 2008). In this model organism, ribophagy seems to be mediated by an
antagonistic interaction of the E3-ligase listerin (Ltn1) and the de-ubiquitylating enzyme
Ubp3-Breb. In particular, Ltn1, which is involved in the ribosome-associated quality control
(RQC, see next paragraph), is shown to protect ribosomes from degradation, while their de-
ubiquitylation by Ubp3-Bre5 target them for ribophagy (Kraft et al., 2008; Ossareh-Nazari
et al., 2014). Recent evidence suggests that also human cells can induce ribophagy in
particular stress conditions, but we still lack a thorough analysis of the triggering stimuli and
the molecular mechanisms involved. So far, we know that both the small and the large
subunits of ribosomes can undergo autophagy-mediated selective degradation, even if the
responsible pathways are not the same (An & Harper, 2018). VPS34-Beclin1 complex is
involved in small and large subunit clearance, but only the large subunit seems to be
degraded also in an ATG5-dependent manner (An & Harper, 2018). Furthermore, whether
this mechanism is mediated by the NUFIP1 receptor, as little evidence suggests, is still
controversial (Beese et al., 2020). Since a trigger mechanism for selective ribophagy has
not been identified yet, there are several theories about the engulfment of ribosomes in
autophagic structures (An & Harper, 2020). In the first place, cytosolic ribosomes can end
up in autolysosomes randomly during the sequestration of cytosolic portions in bulk
autophagy, for example upon starvation. Secondly, due to the high density of ribosomes on
ER, ribophagy can occur as a bystander flux during ER-phagy (An & Harper, 2020). Another
hypothesis takes into account the overall inventory of ribosomes in response to nutrient
stress, suggesting that ribophagy per se has a minor role in the production of amino acids,
compared to other degradative and proteome remodelling mechanisms (An et al., 2020).
Nevertheless, the previously mentioned evidence of a selective mechanism that induces
lysosome-mediated removal of ribosomes, upon specific stress, triggers further studies in

this fascinating field.

A limitation in the field of autophagy is the lack of a reliable method to monitor cargo
degradation. Nowadays, many techniques are employed for this purpose (Klionsky et al.,
2021), but it is worth mentioning a compelling recent approach that takes advantage of the
fluorescent coral protein Keima (Figure 7). The main advantage is that Keima is not
susceptible to hydrolases, and therefore it is stable in lysosomes, unlike other proteins that
are degraded. Keima can be fused with target proteins, such as cytosolic (An & Harper,
2018), ER (Di Lorenzo et al., 2022), mitochondrial (Sun et al., 2017), or ribosomal proteins
(An & Harper, 2018) and it allows to follow their fate in the autophagic structures. In
particular, if fusion protein ends up in autolysosomes, target protein is cleaved and

degraded, while Keima alone is stable and can be detected by Western Blot with an anti-
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Keima antibody, at 25KDa (increasing processed-Keima band corresponds to the delivery
of target protein to lysosomal degradation) (Klionsky et al., 2021) (Figure 7). Keima also
has another advantage: its pH-sensitive dual-excitation. In neutral pH (cytosol, phagophore
and autophagosomes), Keima excitation peak is at 440nm, while at acidic pH
(autolysosomes and lysosomes) excitation shifts at 550nm. Therefore, with live-cell imaging
it is possible to analyse the accumulation of red Keima puncta as a proxy of lysosomal
degradation of the target protein (An & Harper, 2018) (Figure 7). An interesting application
of this reporter is the comparison of the autophagic degradation of organelle-specific protein
(namely the respective processed-Keima signal) with the autophagic degradation of a
cytosolic protein, such as LDHB, to assess the degree of selectivity of an organelle
degradation, compared to aspecific bulk autophagy (which randomly sequesters cytosolic

portions with cytosolic proteins) (Klionsky et al., 2021).
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Figure 7: Keima reporter.

The fluorescent protein Keima can be fused to a target protein to follow the degradation of the latter via
autophagy. Keima is stable to lysosomal hydrolases and can be detected at 25KDa (via Western blot) when the
target protein is cleaved and degraded in autolysosomes/lysosomes. Keima has also a dual excitation
depending on the pH: in compartments with neutral pH the excitation peak is at 440nm, while in acidic pH the

excitation shifts at 550nm.

4.1.5 Players in the eukaryotic ribosome-associated quality control

Proteome quality control represents a demanding, but necessary, challenge for the cell. It
is crucial to develop different mechanisms able to recognise, target and solve problems that
can occur at various levels and in many compartments of the cell (Shao & Hegde, 2016).
Of course, surveillance cannot be directed just towards proteins, it should address as well
the other factors involved in proteostasis, primarily mMRNAs and ribosomes (Lykke-Andersen
& Bennett, 2014). Since in the previous paragraphs | dealt with mechanisms that
orchestrate the quality control of misfolded and aggregated proteins, in this section | will

focus on the players that act during the ribosome-associated quality control.
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Ribosome-associated quality control (RQC) is mainly triggered by ribosome stalling
during protein synthesis (Figure 8, top). Translation normally requires an initiation step,
followed by an elongation step along the coding region and a termination step, which is
coupled with the release of newly synthesised polypeptide and ribosome recycling (Schuller
& Green, 2018). During the elongation step several problems may occur, which result in the
stalling of ribosomes before reaching the mRNA stop codon. This can happen in limiting
conditions, such as tRNA insufficiency or damaged mRNAs and tRNAs or defective
ribosome subunit biogenesis (Schuller & Green, 2018). Instead, transcript truncation within
the coding region or mRNA secondary structures that impede ribosome travelling can
physically interrupt translation. These types of translation stalling are relatively easy to
recognise. Conversely, other scenarios are less “black-and-white” and are more difficult to
be discriminated. The presence of a premature polyadenylation (poly(A)) in the open
reading frame (ORF), for example, generates a non-stop mRNA. Here, the ribosome
doesn’t stop necessarily, but continues to translate the poly(A) into a poly-lysine sequence
(AAA encodes for lysine residue), eventually slowing down (Chandrasekaran et al., 2019;
Joazeiro, 2019). Translation slowdown on polysomes is likely to cause ribosome
collisions between properly-trailing ribosomes and stalled ones (Collart & Weiss, 2019)
(Figure 8, top). Conditions of proteotoxic stress or impairment of chaperone-mediated co-
translational folding are known to slow down global protein synthesis and induce pausing
of ribosomes at the beginning of the elongation step. This highlights, once more, the central
role of the ribosome in tuning translation, considering the availability of chaperones and the
global protein homeostasis (B. Liu et al., 2013). Moreover, mounting evidence suggests that
widespread ribosome pausing can occur to help co-translational protein folding (Zhao et al.,
2019), even if this stratagem can be risky, as it possibly ends in collision events (Collart &
Weiss, 2019). Importantly, ribosome stalling and collisions don’'t go unnoticed and cells
respond triggering protein and mRNA quality control pathways. When collisions happen in
large-scale and overwhelm quality control, cells can activate a broader stress response, the
GCN2-mediated integrated stress response (ISR) (see paragraph 4.1.2), promoting cell
survival, or, alternatively, JNK-mediated apoptosis (\Wu et al., 2020). Basal collision levels,
instead, can initiate RQC that will degrade the truncated nascent polypeptide, drive the

floating mRNA decay and process 80S stalled ribosomes (Joazeiro, 2019).

Recently, EDF1 (the endothelial differentiation-related factor 1) has been identified as a
general sensor for collided ribosomes (Sinha et al., 2020). In particular, it recognises
collisions on transcripts where the density of ribosomes is excessive and inhibits translation
initiation to temporarily and locally reduce ribosome loading (Juszkiewicz, Slodkowicz, et
al., 2020). Indeed, inter-ribosome distance and translation speed are two important factors
in defining collision probability (Juszkiewicz et al., 2018). If collision persists, the induction

of downstream events of RQC is committed to the E3-ligase ZNF598 (Sitron & Brandman,
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2020). ZNF598 recognises the interface between the two collided ribosomes (i.e. disome),
which adopt a rotated conformation due to the impact, where the two 40S small subunits
are in contact (Juszkiewicz et al., 2018). This interface generated by the collided ribosome
and the stalled one presents the sites for ZNF598 ubiquitylation (Juszkiewicz et al., 2018),
and this modification is required for the initiation of RQC (Juszkiewicz & Hegde, 2017)
(Figure 8a). The interface between the two 40S ribosomal subunits is stabilised by the
ribosome-associated protein RACK1 which, therefore, facilitates ZNF598 ubiquitylation of
40S proteins. These regulatory ubiquitylations are believed to function as a scaffold for
downstream factors that have roles in subsequent ribosome splitting, nascent polypeptide
degradation and mRNA decay (Sundaramoorthy et al., 2017). Ribosome splitting is the next
necessary step to proceed with RQC (Figure 8b). The separation of stalled ribosome
subunits is carried out by other factors compared to those of the splitting during canonical
translation termination. The most evident difference is that the nascent -stalled- polypeptide
is not cleaved and remains attached to the 60S subunit, an intermediate structure that

needs further processing (Sitron & Brandman, 2020).

Aberrant nascent polypeptide degradation is fundamental to re-establish proper translation
and homeostasis after the recognition of ribosome stalling. First of all, the atypical structure
composed of the 60S subunit and the stuck polypeptide chain should be resolved and the
latter needs to be extracted from the ribosome, to be finally degraded (Brandman & Hegde,
2016). After 40S splitting, the inter-subunit interface on the 60S and the peptidyl-tRNA are
exposed and allow the binding of RQC components (Brandman & Hegde, 2016). A major
role at this point is played by the ubiquitin ligase listerin (Ltn1), which adds a poly-Ub chain
to the emerging nascent protein, therefore recruiting the extraction complex (Figure 8d).
Ltn1 is highly specialised in the recognition of the 60S-nascent chain complex and this
increases the selectivity of its ubiquitylation (Shao et al., 2013). Furthermore, since steric
hindrance prevents the association of Lin1 to 60S and 40S simultaneously, Ltn1 is
specifically active to resolve stalled 60S-nascent chain structures, while it cannot interfere
with polypeptides on properly translating ribosomes (Lyumkis et al., 2014). After the
extraction, RQC factors and undamaged 60S subunits are recycled, while the nascent
polypeptide is degraded via 26S proteasome (Joazeiro, 2019) (Figure 8d). The importance
of a properly functioning RQC is highlighted by the fact that failure of this quality control
leads to proteotoxicity (Choe et al., 2016; Joazeiro, 2019).

Stalled ribosomes also coordinate the fate of the floating mMRNA, since they initiate mRNA
decay concurrently with RQC-mediated degradation of stalled nascent polypeptide (Simms
et al., 2017). Specifically, mMRNA degradation is performed by the no-go decay (NGD)
surveillance pathway, through the XRN1-mediated exonucleolytic cleavage (Figure 8c). In
yeast, this canonical branch of NGD is also supported by a secondary one, mediated by the

endonuclease Cue2 (homologue of human N4BP2) (D’Orazio et al., 2019). This synergistic
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contribution of two pathways highlights the importance of recognizing and promptly
degrading error-prone mRNAs, to avoid the re-translation of aberrant transcripts. Indeed, if
NGD is compromised and collisions are not resolved, deleterious +1 frameshift events can

occur with high frequencies (Simms et al., 2019).
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Figure 8: Ribosome-associated quality control (RQC).

RQC is triggered by collision between a stalled ribosome and a trailing one, as a consequence of translation
slowdown (top). Collision persistence is sensed by ZNF598, an E3-ligase that ubiquitylates the interface
between the collided 40S subunits, driving the subsequent events (a). Ribosome splitting separates the two
ribosomal subunits and releases the mRNA from the stalled complex (b). Floating mRNA is then degraded by
the no-go-decay surveillance pathway, mediated by the exonuclease XRN1 (c). In the meanwhile, the stalled
nascent polypeptide is ubiquitylated by listerin (Ltn1) and extracted from the 60S subunit, in order to be degraded
via the 26S proteasome (d). Undamaged ribosomal subunits are recycled, but emerging evidence suggests that

specific regulatory ubiquitylations can be responsible for their degradation (e).

While nascent polypeptide and stalled mRNA fates have been extensively characterised,
what happens to ribosomes, in particular the 40S subunits, involved in stalling and collisions
is not yet crystal clear. Bennett's group showed that ribosomal subunits are subjected to
specific regulatory ubiquitylations (RRub) upon the induction of specific stresses, in the first
place UPR (see paragraph 4.1.2) (Higgins et al., 2015). RRubs on 40S subunits, for
example, can prevent the assembly of pre-initiation complexes, hence downregulating
protein synthesis, besides their best-known role of mediating the downstream RQC
components nucleation (Higgins et al., 2015). More recently, few de-ubiquitylating enzymes
(Dubs) - involved in the removal of Ub from 40S - have been identified: OTUD3 (ovarian
tumour family) and USP21 (ubiquitin-specific peptidase family) (Garshott et al., 2020), but
also G3BP1-Family-USP10 Dub complex (C. Meyer et al., 2020). These findings indicate

that RRubs are reversible and suggest their dynamic role in shaping translational quality
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control (Figure 8e). The growing interest in dissecting RRub roles and codes led to the
recognition of a distinct branch of the ribosome-associated surveillance pathway. This has
lots in common with canonical RQC, but it controls translation initiation and mediates RRubs
that ultimately lead to the degradation of 40S subunits of ribosomes stalled in deficient
translation initiation (Garshott et al., 2021). Altogether, these clues show how important and
fine-tuned is the surveillance of translation and the control of its central hub -the ribosome-

at every step, in order to maintain cell proteostasis.

4.2 Impact of aneuploidy on cell proteostasis

As already mentioned, the presence of extra chromosome(s) or a chromosome number that
diverge from the euploid one inevitably has a profound impact on cell proteostasis
(Oromendia & Amon, 2014). As a matter of fact, the aneuploid state confers high levels of
proteotoxic stress, exacerbated by deregulated stoichiometry of complex subunits (Stingele
et al., 2012), impaired chaperone-mediated folding (Donnelly et al., 2014) and eventually

lysosomal stress (Santaguida et al., 2015) (Figure 9).
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Figure 9: Impact of aneuploidy on cell proteostasis.

The presence of extra chromosome(s) is mirrored by increased transcription and translation demand.
Chaperone-mediated folding is the first quality control that prevents the accumulation of misfolded proteins, but
in aneuploid cells it is impaired and limiting, due to the increased folding request (top). This results in the
accumulation of unfolded and misfolded proteins in the cell cytoplasm (bottom). Furthermore, the translation of
extra genetic material causes the alteration of protein complex subunits stoichiometry (top-right), which
exacerbates the aggregation of extra proteins. The toxicity derived from these aberrant structures cannot be
efficiently counteracted by quality control and degradation pathways, since they are overwhelmed by increased

burden (bottom-right).

4.2.1 Imbalanced protein composition and deregulated stoichiometry of

protein complex subunits in aneuploid cells
First evidence of proteotoxic stress in aneuploid controlled model systems was found in
yeast (Torres et al., 2007). Aneuploid yeast strains harbouring an extra copy of a single

chromosome, in fact, are prone to endogenous protein aggregation (Oromendia et al.,
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2012). Similarly, aneuploid yeast cells with random chromosome gains and losses,
generated through faulty mitosis and meiosis, show similar phenotypes (Oromendia et al.,
2012), suggesting that increased aggregate burden is karyotype-independent. It is also
demonstrated that a considerable part of proteins encoded by genes on extra
chromosome(s) is attenuated by post-translational mechanisms (Dephoure et al., 2014).
This dosage-compensation is of particular interest to subunits of macromolecular
complexes, which also represent the vast majority of the aggregate-prone proteins in
aneuploid cells (Brennan et al., 2019). Together, these works indicate that the
uncoordinated production of protein complex subunits and their altered stoichiometry is a
prime cause of proteotoxic stress in aneuploid cells (Figure 9). Besides degradation,
aggregation can be a tool to lower the levels of excess subunits of protein complexes,
serving as an alternative mechanism for dosage-compensation (Brennan et al., 2019),
although risky for the cytotoxicity of aggregates. Recently, a study in yeast showed that
strains with specific karyotypes and particular genetic backgrounds are more predisposed
to tolerate proteotoxic stress and its derivatives (Larrimore et al., 2020). This could
represent the first step to shed light on the so-called “paradox of aneuploidy”, whereby
aneuploidy at the same time leads to detrimental consequences, but it is also a hallmark of
cancer, a disease characterised by uncontrolled proliferation (Weaver & Cleveland, 2008).
Importantly, abundance of mMRNAs and proteins do not scale linearly with ploidy in budding

yeast (Yahya et al., 2022), implying, again, some type of compensation.

Drosophila larval epithelium primordia (wing disc or eye primordia) are widely used as
model systems to address aneuploidy-associated phenotypes. Mechanisms of dosage
compensation have been identified in these models as well, where chromosome-wide gene
dosage imbalances have detrimental effects and drive tumorigenic behaviour of highly
aneuploid cells (Clemente-Ruiz et al., 2016). Another important consequence of aneuploidy
recently highlighted in Drosophila model is the alteration of ribosomal protein amount. Since
ribosomal protein genes are located on every chromosome and aneuploidy alters the
number of chromosomes, it is straightforward that ribosomal protein dosage is
compromised (Ji et al., 2021). Interestingly, it is also suggested that this feature of aneuploid
cells is responsible for a cell competition mechanism with neighbouring euploid cells, which
eventually results in the elimination of the aneuploid ones (Ji et al., 2021). The loser status
in cell competition, indeed, is driven by impaired proteostasis, ribosome mutations and
proteotoxic stress (Baumgartner et al.,, 2021). Contextually, CIN Drosophila model
generated through the depletion of SAC genes, which causes the delamination of highly
aneuploid cells from the wing primordium epithelium, shows high levels of proteotoxic stress
(Joyetal., 2021). In particular, proteotoxic aggregates, caused by gene dosage imbalances,
are associated with polyubiquitin, indicating that in CIN contexts both UPS and autophagy

work near saturation (Joy et al., 2021).
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The cellular models to study aneuploidy in human system can be aneuploid lines with
chromosome gains mainly generated from hTERT RPE-1 and HCT-116 cells, which derive
from retinal pigmental epithelium and colorectal cancer, respectively. First study that
addressed transcriptome and proteome homeostasis revealed that, while transcript levels
mirror the chromosome number changes, proteome behaves differently (Stingele et al.,
2012). Notably, in a karyotype-independent manner, the abundance of protein complex
subunits and protein kinases tends to be regulated to resemble the euploid one (Stingele et
al., 2012). Recently, also the impact of monosomies on cell transcriptome and proteome
has been investigated (Chunduri et al., 2022). In particular, monosomic lines adjust
transcriptionally and post-transcriptionally the expression levels of genes encoded on
monosomes, to mitigate the effects of reduced gene copy numbers (Chunduri et al., 2021).
Importantly, among the protein families commonly altered in all the monosomic lines, large
and small ribosomal subunit proteins were particularly affected by downregulation
(Chunduri et al., 2021). This highlights their haploinsufficiency, which is in line with what is
observed in yeast and Drosophila. The downregulation of ribosomal proteins and,
consequently, the reduction in translation occur also in human tetraploid cells that
underwent whole-genome duplication (Yahya et al., 2022). Global proteome adjustments
imply their usefulness to enhance cell survival to otherwise detrimental events, such as

whole-genome duplication.

Of particular interest for human health is the investigation of consequences of aneuploidy
in Down syndrome (DS) models. DS mice, but also human CH21 trisomic iPS and post-
mortem brain cells from DS individuals present reduced translation rates and lower global
protein synthesis (Zhu et al., 2019). The activation of the integrated stress response (ISR)
and phosphorylation of elF2a, which point out defective proteostasis (see paragraph 4.1.2),
contribute to cognitive defects associated with DS (Zhu et al., 2019). This confirms that
extra copy of a single chromosome, even the smallest one, can cause deleterious effects
to the organism. Altered proteostasis is an aneuploidy-driven consequence observed also
in the other two vital autosomal trisomies in humans, trisomy 13 and trisomy 18 (see
paragraph 2.1) (Hwang et al., 2021). Analysis of the transcriptome and proteome of DS
patient-derived fibroblasts, showed an increase quite proportional to copy number, with the
exception of macromolecular complex subunits (Hwang et al., 2021). As demonstrated also
in yeast and other mammalian aneuploid models (Brennan et al., 2019; Stingele et al.,
2012), the expression of subunits of protein complexes is attenuated post-transcriptionally

to preserve the cell from further proteotoxic damages (Hwang et al., 2021).

Given the universality of the aneuploidy-driven disrupted stoichiometry of protein complex
subunits (Figure 9), it is interesting to understand how aneuploid cells can tolerate these
issues, most of all in the context of aneuploid cancers. An important role in alleviating

proteotoxic stress is played by the proteasome (see paragraph 4.1.3) (Padovani et al.,
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2022) and by the yeast de-ubiquitinase Ubp3 (Dodgson et al., 2016). Another enzyme
involved in ubiquitylation and important for the clearance of orphan subunits of multiprotein
complexes is human UBE20. This E2 enzyme can also act without an E3-ligase for the
recognition and ubiquitylation of cytosolic unassembled subunits, including orphan
ribosomal proteins (Yanagitani et al., 2017). Interestingly, this enzyme is amplified in several
aneuploid human cancers, suggesting its role in proteotoxicity tolerance (Yanagitani et al.,
2017). The upregulation of these and other key mechanisms that help maintain
proteostasis, indeed, is crucial for aneuploid cancer cell survival (Brancolini & luliano, 2020)

and, therefore, these processes represent attractive targets for cancer therapies.

4.2.2 Chaperone-mediated protein folding is impaired in aneuploid cells

Under physiological conditions, quality control mechanisms prevent cellular toxicity by
reducing aggregation and promiscuous interactions among proteins (see paragraph 4.1).
Conversely, the aneuploid state is known to limit and impair these processes, causing
proteostasis alteration and cellular overcrowding (Choe et al., 2016; Padovani et al., 2022)
(Figure 9). The observation that proliferation in aneuploid yeast strains is negatively
impacted by the interference with protein folding (Torres et al., 2007) suggests that this
process is indeed essential for aneuploid cell viability. As a matter of fact, the inhibitor of
Hsp90 chaperone 17-AAG has been identified as proteotoxic stress-inducing compound
able to antagonise aneuploid cell proliferation, as well as to foster apoptosis of trisomic lines
(Tang et al., 2011). Importantly, also highly aneuploid human cancer lines are more
sensitive to this compound, compared to pseudo-diploid ones (Tang et al., 2011), indicating
that antiproliferative compounds that inhibit protein folding can be promising in therapy.
Chromosomal instability in Drosophila model, as well, causes increased sensitivity to folding
stress (Khan et al., 2018), in line with what was previously observed. A deeper analysis of
the molecular mechanisms underlying impaired folding in human cells showed that
aneuploidy compromises the HSF1-mediated heat shock response (Donnelly et al., 2014).
This, in turn, impairs Hsp90 chaperone folding activity, therefore impacting numerous clients
with crucial roles in maintaining cellular fitness (Donnelly et al., 2014). Thus, the impaired
protein folding machinery in aneuploid cells is directly involved in proteostasis disruption,
since cells rely on chaperone functions to fold extra proteins and to maintain soluble the
ones that lack a binding partner (Figure 9). Importantly, the partial restoring of HSF1
activities can alleviate folding defects and proteotoxic stress (Donnelly et al., 2014). HSF1
has been found to have a pivotal role also for restoring folding in conditions of disrupted
ribosome biogenesis and ribosomal subunit aggregation, ultimately ameliorating aneuploid
cell growth (Tye et al., 2019). As already mentioned, this factor is one of the most commonly
overexpressed in aneuploid cancer cells, probably conferring an advantage to convive with

proteotoxic stress (Brancolini & luliano, 2020).
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4.2.3 Aneuploidy saturates autophagic degradation and leads to lysosomal

stress

Protein folding stress and impaired quality control pathways cause aneuploid cells to
accumulate misfolded protein aggregates and excessive degradative load (Santaguida &
Amon, 2015a) (Figure 10, left). In particular, the persistence of LC3-Il signal in cytoplasm
of cycling aneuploid cells indicates that autophagic structures accumulate after a few cell
cycles from chromosome mis-segregation (Santaguida et al., 2015; Stingele et al., 2013).
The colocalization of the poly-ubiquitin receptor p62 with LC3-Il represents further evidence
of the increased autophagic cargo within aneuploid cells (Santaguida et al., 2015).
Interestingly, while the formation of autophagosomes and the consequent fusion with
lysosomes are carried out correctly, the degradation of their content is less efficient,
highlighting an overloading of lysosomes (Santaguida et al., 2015) (Figure 10). Importantly,
lysosomal function per se is not impaired, but the degradation machinery cannot keep up
with the increased cargo present in aneuploid cell cytoplasm. The autophagic pathway
saturation and resulting lysosomal stress trigger a cellular response mediated by TFEB
(Santaguida et al., 2015; Santaguida & Amon, 2015a), which translocates into the nucleus
and ultimately induces the expression of its target genes involved in autophagy and

lysosomal degradation (Settembre et al., 2011) (Figure 10, right). Since proteotoxic by-

products are continuously produced by aneuploid cells, the TFEB-mediated response is not
sufficient to restore the efficiency of lysosome-mediated degradation, thus leaving cells in
a state of altered proteostasis. On the other hand, several aneuploid cancer cells do not
present the same autophagic overwhelming, suggesting that they might have found ways

to enhance lysosomal clearance, increasing their fithess (Santaguida et al., 2015).

Misfolded @
proteins
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Degradative load Autophagosomes Autolysosomes

Figure 10: Aneuploidy-driven autophagy saturation and lysosomal stress.

The increased proteotoxic load in aneuploid cells challenges the capacity of the autophagic degradation
pathway. In particular, lysosomes become limiting and the degradation step reaches saturation. This, in turn,
triggers a lysosomal stress response mediated by the transcription factor TFEB, to stimulate further expression
of autophagic genes.
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Aim of the project
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The presence of extra chromosome(s) or the loss of chromosome(s) have a profound
impact on cell physiology, from every point of view. Over the past years, the aneuploidy
field has made many efforts - with success - to dissect the consequences of chromosome
mis-segregation and the stresses associated with the aneuploid state. Importantly,
aneuploidy is also considered a hallmark of cancer, but it is still not clear how transformed

cells overcome or are able to cope with the mentioned aneuploidy-associated stresses.

Among the long-term effects of an unbalanced karyotype, the increasing proteotoxic stress
is particularly interesting, since the disruption of protein homeostasis represents a major
challenge for cell survival. Previous works highlighted that multiple protein quality control
pathways are impaired in aneuploid cells (see paragraph 4.2). Yet, so far, the field lacks
direct evidence of the accumulation of misfolded and unfolded proteins in mammals, as well
as proof of the onset of associated responses. In particular, the accumulation of autophagic
structures within aneuploid cells and the saturation of the degradation step suggest that
lysosomes cannot keep up with the excessive amount of degradative load produced.
However, it is still not clear which structures are encapsulated within autophagosomes, the
reason for why those cargoes are encapsulated and why they are hard to degrade.
Moreover, given the detrimental impact of aneuploidy on cell proteome, the hypothesis that,
in this condition, organelles involved in proteostasis become partially or completely

dysfunctional still remains to be addressed.

Considering these open questions, my project has the goal to shed light on the mechanisms
activated by aneuploid cells in response to the onset of proteotoxic stress. In particular, the
project aims at dissecting the molecular basis of the cellular events and pathways involved
in buffering aneuploidy-driven proteome imbalances. Given the plethora of processes
responsible for the organization and maintenance of proteostasis, this work would provide
crucial insights into the events in charge of dealing with proteotoxicity. A thorough analysis
of what happens in an aneuploid background, irrespectively of the karyotype, can highlight
common features relevant for basic cell biology, but also crucial for cancer biology.
Importantly, the identification of novel roles and molecular players that manage
proteotoxicity has the potential to suggest specific targets for cancer therapy, in contexts in

which protein translation machinery can be interfered with to disturb cell proliferation.

46



Materials and Methods
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1. Cell culture conditions

hTERT RPE-1 cells (RPE1, Prof. Santaguida group internal stock), including those stably
expressing RPS3-Keima, RPL28-Keima, LDHB-Keima, RAMP4-Keima, MT-Keima or
RPS3-RFP-GFP (all generated in house, see Materials and Methods paragraph 3) and
those transiently transfected for MAD2 or BUB1 siRNA-mediated knock-down (see
Materials and Methods paragraph 5), were cultured in Dulbecco’s modified Eagle’s High
Glucose medium (DME/HIGH with stable L-Glutamine and Sodium Pyruvate; Cat#
ECMO0103L, EuroClone) supplied with 10% FBS (South America origin) and 100U/mL

Penicillin/Streptomycin.

HCT-116 cells (HCT116, IEO internal stock), including those stably expressing RPS3-
Keima, RPL28-Keima (kindly provided by Prof. Wade Harper) or LDHB-Keima, RAMP4-
Keima or MT-Keima (all generated in house, see Materials and Methods paragraph 3) and
those transiently transfected for the over-expression of HSF1ca, HA-Hsp90 or GFP-ZNF598
(see Materials and Methods paragraph 4) or for MAD2, BUB1, p62 or ZNF598 siRNA-
mediated knock-down (see Materials and Methods paragraph 5), were cultured in Mc Coy’s
5A medium (Cat# M8403, Sigma-Aldrich) supplied with 10% FBS (South America origin),
2mM L-Glutamine and 100U/mL Penicillin/Streptomycin.

HEK-293T (Human Embryonic Kidney) cells (IEO internal stock) were cultured in
Dulbecco’s modified Eagle’s High Glucose medium (DME/HIGH with stable L-Glutamine
and Sodium Pyruvate; Cat# ECMO0103L, EuroClone) supplied with 10% FBS (South

America origin) and 100U/mL Penicillin/Streptomycin.

All cell lines were previously tested free of mycoplasma contamination using Myco Alert kit
(Lonza) according to manufacturer’'s instructions, followed by PCR confirmation with
previously reported oligonucleotides of different mycoplasma species (Uphoff & Drexler,
2002). Cells were cultured for no more than 20 passages after new thawing. RPE1 and
HCT116 cell passage was performed as follow: cells were washed with 1X PBS (Dulbecco’s
Phosphate-Buffered Saline without calcium and magnesium, Cat# TL1006-500ML,
Microgem); then, cell detaching was obtained through trypsinization by adding 1X Trypsin-
EDTA in PBS without phenol red, calcium and magnesium (Cat# ECB30529, Euroclone).
HEK-293T cell passage was performed by detaching cells from the dish mechanically, after
washing them with 1X PBS without calcium and magnesium. All cell lines were grown at
37°C with 5% CO: in a humidified incubator (Thermo Forma 3140 IR 2 Water Jacketed CO;
Incubator, Cat. #3110, ThermoFisher Scientific).
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2. Cell treatments

To induce random aneuploidy, cells were seeded in 10cm dishes or in six-well plates and
pulsed with the Mps1 inhibitor reversine (500nM, Cat# 656820-32-5, Cayman Chemical) for
24 hours (see Figure 11 and ref. (Santaguida et al., 2010)); while to generate the relative
controls (Ctrl) cells were pulsed with the vehicle dimethyl sulfoxide (DMSO) for 24 hours.
Sample analysis were performed either immediately after the pulse (“24 hours” samples) or
after 1 0 2 cell cycles (“48 hours” or “72 hours” samples, in these cases Mps1i/DMSO were
washed-out), as reported in figure legends. To evaluate the effects of the increasing
aneuploidy degree on the ribophagic phenotype or on the global protein synthesis rate, cells
were treated with increasing concentrations of the Mps1 inhibitor reversine (125nM, 250nM

or 500nM) as reported in figure legends.

To induce the aggregation of misfolded proteins, cells were treated with L-azetidine-2-
carboxylic acid (AZC, 10mM, Cat# A0760, Sigma-Aldrich), as indicated in the corresponding

figure legend.

To inhibit PERK kinase, cells were treated with increasing concentrations (0-0,05-0,1-0,5-
1-5-10-50-100-500uM) of PERK inhibitor | (GSK2606414, Cat# 516535, Sigma-Aldrich) for
72 hours. Then, a cell viability and ECso assay was performed as described below (see

Materials and Methods paragraph 6).

To modulate autophagy, cells were treated either with Torin1 (250nM, Cat# 4247, Tocris),
SAR405 (1uM, Cat# 16979, Cayman Chemical) or Bafilomycin A (BafiloA:, 100nM, Cat#
B1793, Sigma-Aldrich), as indicated in figure legends.

To inhibit Hsp90 chaperone family, cells were treated either with Geldanamycin (Geld, 1uM,
Cat# 1368, Tocris) or 17-allylamino-17-demethoxy-geldanamycin (17-AAG, 1uM, Cat#
1515, Tocris) as indicated in figure legends. Instead, to inhibit Hsp70 chaperone family,
cells were treated with VER-155008 (VER, 50uM, Cat# SML0271, Sigma-Aldrich) as

indicated in the corresponding figure legend.

To inhibit translation elongation, cells were treated with Cycloheximide (CHX, 10ug/mL,

Cat# C4859, Sigma-Aldrich) as indicated in the corresponding figure legend.

To induce stress granules assembly, cells were treated with sodium arsenite (NaAsO.,

500uM, Cat# S7400, Sigma-Aldrich) as indicated in the corresponding figure legend.

3. Stable cell line generation

The following lentiviral plasmids (kindly provided by the indicated laboratories, see Table 1)

were used to generate stable cell lines derived by either RPE1 or HCT116 cell lines:
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Construct Vector name Source Bacterial Bacterial Eukaryotic

growth strain resistance resistance

LDHB-Keima | PHACE LDHE- Pra‘;r\g’:fe Stbi3 Ampicillin Puromycin

MT-Keima PHACE MT- Pra‘;r\g’:fe Stbi3 Ampicillin Puromycin
PDEST Prof. Carmine

RAMP4-Keima mKEIMA- Séttembre Stbl3 Ampicillin Blasticidin

RAMP4

RPL28-Keima pH’;ﬁE‘?ﬂ-ZS Pra‘;r‘g’:fe Stbl3 Ampicillin Puromycin

RPS3-Keima pHﬁ‘qiE?AFAS?" Pra‘;r‘g’:fe Stbl3 Ampicillin Puromycin

RP‘E;';FP' pHFﬁ%'%GF;SPP?’ Prg;tgﬁqr mine Stbl3 Ampicillin Puromycin

Table 1: List of the plasmids used to generate stable cell lines.

3.1 Bacteria transformation and DNA extraction

To obtain a sufficient amount of each plasmid, competent Stbl3 E. coli cells were used for
the heat shock transformation. Around 10ng of each plasmid were incubated into one
aliquot of competent Stbl3 E. coli cells for 10 minutes on ice. The heat shock was given for
40 seconds at 42°C, and cells were then incubated on ice for 2 minutes. Lysogeny Broth
(LB) culture media was then added to the competent cells and the culture was kept in
agitation (300rpm) in a thermomixer at 37°C for 1 hour, to favour cell recovery. 150uL of
liquid culture were plated onto a pre-warmed LB agar plate containing the specific antibiotic
for bacterial resistance (see Table 1, for ampicillin: 100ug/mL) to allow overnight colony
growth at 37°C. The day after, an over-day pre-inoculation of one individual picked colony
was performed in 5mL of LB culture media with the specific antibiotic for bacterial resistance
(see Table 1) and kept in agitation (300rpm) at 37°C. Then, the maxi-inoculation was
performed mixing the 5mL-pre-inoculation with 300mL of LB culture media with the specific
antibiotic for bacterial resistance (see Table 1) and kept in agitation (300rpm) overnight at
37°C. Bacterial cells were isolated from the culture media through centrifugation at 5000xg
(6000rpm) for 20 minutes at 4°C. Plasmid DNA was extracted using NucleoBond Xtra Maxi
kit (Cat# 740414.50, Macherey-Nagel) according to manufacturer’s instructions. Plasmid
DNA was quantified using NanoDrop 2000 Spectrophotometer (Cat# ND-2000,

ThermoFisher Scientific).

3.2 Virus production and target cell infection

Plasmid DNA for each construct was independently used to transfect HEK-293T cells. Viral
particles produced by HEK-293T containing the constructs were used to infect the target
cells (either RPE1 or HCT116). The protocol | followed is detailed below:

Day 1: HEK-293T cells were plated in 10cm dishes at 20-25% confluence (two 10cm dishes

per construct were considered).
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Day 2: HEK-293T medium was changed (9mL/dish) 8 hours before transfection.
Transfection was then performed preparing a mixture containing 10ug plasmid DNA, 3ug
VSVG (lentiviral packaging plasmid, internal stock), 6ug pAX2G (lentiviral packaging
plasmid, internal stock), CaCl, 2M and H,O up to 500uL (reagents per dish). The DNA/CaCl;
mixture was added dropwise in 500uL 2X HEPES-Buffered Saline (HBS) bubbling solution
and incubated for 15 minutes at room temperature. Chloroquine was added to a final
concentration of 20uM to each HEK-293T dish, to improve cell transfection. The
DNA/CaCl,/HBS mixture was then added to HEK-293T cells and the formation of evenly
distributed small black particles was checked under the microscope. Cells were incubated
overnight.

Day 3: transfected HEK-293T medium was changed with 5,5mL fresh medium per dish, to
concentrate the produced viral particles. Target cells (either RPE1 or HCT116) were split to
have 50% confluence on the day after.

Day 4: the medium containing the viral particles was collected from one of the two HEK-
293T dishes transfected for each construct, filtered (0,45um filter) and added to target cells,
adding also polybrene to a final concentration of 8ug/mL to improve target cell infection.
After 3 hours incubation, target media was replaced with fresh one to allow for a 2-hour
recovery. Then the infection cycle was repeated for another 3 hours, using the medium from
the second HEK-293T dish. At the end of this second infection cycle fresh media was added
to the target cells.

Day 5: infected target cells (either RPE1 or HCT116) were split at different ratios and the
antibiotic for eukaryotic resistance specific for each construct was added (see Table 1). In
particular, for puromycin-resistant constructs puromycin (Puromycin Dihydrochloride, Cat#
P8833, Sigma-Aldrich) was added to RPE1 to a final concentration of 10ug/mL, while for
HCT116 a final concentration of 3ug/mL was used. For blasticidin-resistant constructs,
instead, blasticidin (Blasticidin S, Cat# SC-495389, Santa Cruz Biotechnology) was added
to a final concentration of 5ug/mL or 6ug/mL to RPE1 or HCT116, respectively.

Selection of cell lines expressing puromycin resistance lasted 5 days (media with antibiotic
refreshed every other day), while selection of cells blasticidin resistant lasted around 8 days

(media with antibiotic refreshed every other day).

Once the stable cell lines in which the constructs have been individually incorporated were
obtained, cells were either used for further analysis (as indicated in the figure legends) or

frozen in liquid nitrogen for future experiments.

4. Transient construct over-expression

The following constructs (either purchased from the indicated companies or kindly provided
by the indicated laboratories, see Table 2) were used to transiently transfect HCT116 RPS3-
Keima or HCT116 RPL28-Keima cell lines with Lipofectamine 3000:
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Bacterial Bacterial

Construct Vector name Source Cat. # growth strain resistance
pc%",]'f%- . pCDNA3. 1 Prsﬂgriﬁéjga BZ474 DH5q. Ampicillin
HA-Hsp90 pCDH'iApg’OHA' Addgene 20487 DH5q. Ampicillin
HSFica | pcDNA3.MSFica ' 202208 BZ539 DH5q. Ampicillin
ZNF598 pCDNZA,\j‘I’:EgéGFP' Addgene 141191 DH5q. Ampicillin

Table 2: List of the constructs used to transiently transfect HCT116 RPS3-Keima or HCT116 RPL28-
Keima cell lines.

Sufficient amount of constructs was obtained through DH5a competent cell transformation,
as previously described (see Materials and Methods paragraph 3.1). DNA was then
extracted and quantified as previously described (see Materials and Methods paragraph
3.1).

To transiently transfect HCT116 RPS3-Keima or HCT116 RPL28-Keima cells,
Lipofectamine 3000 transfection reagent (Cat# L3000015, Invitrogen) was used by
optimizing the manufacturer’s instructions. Briefly, cells were plated at 30-40% confluence
in a six-well plate, in 2mL medium. 24 hours later, cells were transfected as follow (indicated
quantities are for one well): 6uL Lipofectamine 3000 transfection reagent were diluted in
150uL Opti-MEM reduced serum medium (Cat# 31985070, Gibco) and 2ug HSF1ca (as
previously reported (Donnelly et al., 2014)) or 2 yg HA-Hsp90 or 0,5ug ZNF598 (or the
corresponding empty vectors) were diluted in 150uL Opti-MEM together with P3000 reagent
(2uL/pug DNA); then, the DNA master mix was added to the diluted Lipofectamine 3000 mix
and incubated for 10 minutes at room temperature. Afterwards 300uL of the mix containing
the DNA-lipid complexes were added to the target cells to allow for their transfection. 8
hours later, medium was changed to avoid Lipofectamine toxicity. 500nM Mps1i (or DMSO)
was added for 24 hours (or otherwise indicated in the figure legends) before sample

collection (72h after transfection) to proceed with further analysis.

5. Transient knock-down through RNA interference

The following small interfering RNAs (siRNA) were used to transiently knock-down the
indicated targets in HCT116 RPS3-Keima or HCT116 RPL28-Keima cell lines, upon
transfection with Lipofectamine RNAIMAX:
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Target siRNA identifier Source Cat. # Sequence

(Johnson et

BUB1 BUB1 siRNA - AUACCACAAUGACCCAAGA
al., 2004)
MAD2 MAD2 siRNA (Sigoillot et - GGAACAACUGAAAGAUUGG
al., 2012)
Non-targeting ﬁ(ﬁlﬁgﬁﬁ; PUS | Dharmacon | D-001810-10 N/A
. Silencer Select .
Non-targeting Negative Control #1 Invitrogen 4390843 N/A
GAACAGAUGGAGUCGGAUA
p62/SQSTMA Homan SIQE;Tpl\l/ﬂS Dharmacon | L010230- | GCAUUGAAGUUGAUAUCGA
R redliiy 00-0010 | CCACAGGGCUGAAGGAAGC
' P GGACCCAUCUGUCUUCAAA
ZNF598 Silencer Select Invitrogen 40509 | GCAGCAAGAAGGUAGCACA

against ZNF598

Table 3: List of the siRNA sequences used to transiently knock-down the indicated targets in HCT116
RPS3-Keima or HCT116 RPL28-Keima cell lines.

To transiently knock-down the targets of interest in HCT116 RPS3-Keima or HCT116
RPL28-Keima cells, Lipofectamine RNAIMAX transfection reagent (Cat# 13778150,
Invitrogen) was used by optimizing the manufacturer’s instructions. Briefly, cells were plated
at 30% confluence in a six-well plate, in 2mL medium. 24 hours later, cells were transfected
as follow (indicated quantities are for one well): 9uL Lipofectamine RNAIMAX transfection
reagent were diluted in 150uL Opti-MEM reduced serum medium (Cat# 31985070, Gibco)
and 3uL of MAD2 siRNA or BUB1 siRNA (20uM stock) or 3uL of p62 siRNA (20uM stock)
or 3uL of ZNF598 siRNA (10uM stock) (or the corresponding non-targeting siRNA controls)
were diluted in 150uL Opti-MEM; then, the diluted siRNA mix was added to the diluted
Lipofectamine RNAIMAX mix and incubated for 15 minutes at room temperature.
Afterwards, 250pL of the mix containing the siRNA-lipid complexes were added to the target
cells to allow for their transfection. 8 hours later, medium was changed to avoid
Lipofectamine toxicity. 500nM Mps1i (or DMSO) was added for 24 hours (or otherwise
indicated in the figure legends) before sample collection (72h after transfection) to proceed

with further analysis.

6. Cell viability and ECso assay

To determine the amount of viable cells in culture in the presence of PERK inhibitor and to
calculate its half maximal effective concentration (ECso), the CellTiter-Glo Luminescent Cell
Viability Assay (Cat# G7570, Promega) was used, following manufacturer’s instructions.
The assay is based on the quantitation of ATP in the cell culture, as an indicator of
metabolically active cells (viable cells). An ATP-dependent luciferase reaction produces a
luminescent signal proportional to the number of viable cells. In brief, 3*10° RPE1 cells were
plated in a 96-well plate (white flat bottom; Cat# 165306, ThermoFisher Scientific) in 50uL
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of culture medium /well, each condition in triplicate. After cell attachment, either Mps1i or
DMSO were added to the respective wells diluted in 50uL of medium (final working
concentration 500nM). 24 hours later, Mps1i/DMSO were washed out and cells were
cultured for 48 more hours. 100uL culture medium was then changed adding PERKi at

increasing concentrations (see Materials and Methods paragraph 2).

After 72-hour incubation, the 96-well plate was equilibrated at room temperature and 100uL
of CellTiter-Glo reagent was added to each well. Cell lysis was performed with 2 minutes
shaking in the presence of the mixture and, after another 10-minute incubation, the
luminescence signal was measured with a GloMax Discover microplate reader (Cat#
GM300, Promega). The relative luminescence unit (RLU) was represented on the graph

and ECso values were calculated using GraphPad PRISM (version 9.3.1).

7. RNA extraction and quantitative Real-Time PCR

The expression levels of the mRNA of PERK target genes were calculated by quantitative

real-time PCR technique.

RNA was extracted from cells using RNeasy Plus Mini Kit (Cat# 74136, QIAGEN), following

manufacturer’s instructions.

Then, 500ng of the extracted RNA were retro-transcribed in 20uL DEPC-treated water (Cat#
AM9916, Invitrogen) using OneScript Plus cDNA Synthesis Kit (Cat# G236, abm),

according to the manufacturer’s protocol.

The reverse-transcribed cDNA was diluted to 6,25ng/uL and 2uL were used to perform
quantitative real-time PCR. RT-gPCR reactions were carried out using Fast SYBR Green
Master Mix (Cat# 4385617, ThermoFisher Scientific) as follow (indicated quantities are for
one sample-gene reaction): 10uL of Fast SYBR Green Master Mix were mixed with 0,5uL
of 10uM forward primer, 10uM reverse primer and 7uL of DEPC-treated water. Then, the
18uL-SYBR-primer mix was added to 2uL diluted cDNA, to a final 20uL mix volume per

well. The following primers were used:

Gene Forward primer Reverse primer Source

Prof. Giuliana

ATF3 CTCGGGGTGTCCATCACAAAAG | AGCTTCTCCGACTCTTTCTGC o
Pelicci Laboratory

Prof. Giuliana

CHOP/DDIT3 GGAAACAGAGTGGTCATTC CTGCTTGAGCCGTTCATTCT Pelicci Laboratory

GAPDH CAACTACATGGTTTACATGTTC GCCAGTGGACTCCACGAC Merk

Table 4: List of the primers used for quantitative Real-Time PCR.
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Quantitative Real-Time PCR reactions were run on a CFX 96 Real-Time PCR system (Bio-
Rad). mRNA relative expression levels were calculated with the 224°* method and were
shown on the graphs as fold changes: data normalization was performed on GAPDH

housekeeping gene expression and then compared to the pseudo-diploid control samples.

8. Western blot analysis

8.1 Cell lysis and protein quantification

To detect proteins by Western blot, cells were washed in 1X PBS, scraped and lysed directly
in the plate on ice with cold RIPA Buffer (Cat# 9806, Cell Signaling Technology) diluted in
ddH»O and supplemented with Protease Inhibitor Cocktail Ser Il (Cat# 539134, Millipore)
and phosphatase inhibitor cocktail (PhosSTOP, Cat# 4906837001, Roche). Cell lysates
were kept on ice for 10 minutes and centrifuged for 15 minutes at 13000rpm at 4°C to
precipitate and discard cellular debris. Proteins were quantified with a Bradford method-
based colorimetric assay, using Bio-Rad Protein Assay Dye Reagent Concentrate (Cat#
5000006, Bio-Rad) diluted 1:5 in ddH2O to a final volume of 1mL per 2uL sample.
Absorbances were measured at A=595nm using a Ultrospec 2100 pro spectrophotometer
(Amersham Biosciences). The calibration curve used to calculate sample protein
concentrations was generated with BSA (Bovine Serum Albumin) standard samples and
was described by the following function: Y= 0,0454X + 0,0135 where Y is the absorbance
(at 595nm) and X is the protein concentration (ug/uL). Samples were then diluted with a
4X loading buffer (250mM TRIS HCI pH 6.8, 8% SDS and 40% Glycerol), 0,1M DTT and

heated at 96°C for 5 minutes.

8.2 SDS-PAGE and protein transfer

Around 30pg of samples were loaded on 4-20% Criterion TGX Stain-Free Protein Gel (18
well, Cat# 5678094, Bio-Rad) or 4—-15% Mini-PROTEAN TGX Stain-Free Protein Gel (10
well, Cat# 4568083, Bio-Rad), together with pre-stained protein standard marker (Precision
Plus Protein Dual Color Standards, Cat# 1610374, Bio-Rad). Denatured protein
electrophoretic separation was performed in Criterion Cell (midi, Cat# 1656001, Bio-Rad)
or in standard electrophoresis apparatus, filled with running buffer (Tris 3%, Glycine 14,4%
and SDS 1% in ddH-20), by applying 90V-200V voltage. Around 1 hour of electrophoretic

run was performed for each experiment.

At the end of the electrophoretic run, proteins were transferred to 0,2um nitrocellulose
membranes (Trans-Blot Turbo Midi 0.2um Nitrocellulose Transfer Packs Cat# 1704159,
Bio-Rad; or Trans-Blot Turbo Mini 0.2um Nitrocellulose Transfer Packs Cat# 1704158, Bio-
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Rad, depending on gel size), using 7- or 10-minutes, 25V transfer protocol on Trans-Blot
Turbo Transfer System (Cat# 1704150, Bio-Rad).

8.3 Immunoblot

Nitrocellulose membranes with transferred proteins were stained with Ponceau S staining
solution (Ponceau 0.2% and acetic acid 1% in ddH20) to verify transfer efficiency and
loading balance. After membrane wash with TBS-T 0,1% (TBS: 3% Tris base 25mM, 8.7%
of NaCl 150mM and 0.2% KCI 2.7mM + 0,1% TWEEN 20, Cat# P1379, Sigma-Aldrich, in
ddH20), membrane blocking was performed with a 30-minutes incubation with either 5%
BSA or 5% milk (Nonfat dried milk powder, Cat# A0830, AppliChem GmbH) in TBS-T 0,1%
at room temperature. Membranes were then incubated overnight at 4°C with primary
antibodies diluted in 5% BSA or 5% milk in TBS-T 0,1% (according to antibody datasheets).

The following primary antibodies were used for immunoblot analysis, as reported:

Antibody Source Cat. # Dilution
anti-BUB1 Abcam ab54893 1:1000
ndyprovisdby Prol. | I nouse poplral st 1sto
anti-elF2a Cell Signaling Technology 97228 1:1000
anti-GAPDH Santa Cruz Biotechnology sc-32233 1:500
anti-HA BioLegend MMS-101P 1:2000
anti-HSF1 Cell Signaling Technology 4356S 1:1000
anti-Hsp27 Enzo Life Science ADI-SPA-800-D 1:1000
anti-Hsp70/72 Enzo Life Science ADI-SPA-810-D 1:1000
anti-Hsp90 Cell Signaling Technology 4877S 1:1000
anti-Keima-red MBL M182-3M 1:1000
anti-MAD2 Bethyl Laboratories A300-301A 1:500
anti-MET Santa Cruz Biotechnology sc-162 1:250
anti-mTOR Cell Signaling Technology 2983S 1:1000
anti-p62/SQSTM1 Santa Cruz Biotechnology sc-28359 1:1000
anti-PDGFRp Cell Signaling Technology 3169S 1:1000
anti-Phospho elF2a Ser 51 | Cell Signaling Technology 3398S 1:1000
anti-Puromycin Merk MABE343 1:25000
anti-Tubulin Sigma-Aldrich T9026 1:1000
anti-Vinculin Sigma-Aldrich V9131 1:2000
anti-ZNF598 Abcam ab241092 1:10000

Table 5: List of the primary antibodies used for Western blot analysis.
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After primary antibodies incubation, membranes were washed in TBS-T 0,1% three times,
for 10 minutes each and incubated for 30 minutes at room temperature with secondary
horseradish peroxidase (HRP)-conjugated antibodies (either anti-mouse Cat# P0447,
Agilent or anti-rabbit Cat# P0448, Agilent, depending on the primary antibody species)
diluted 1:10000 in TBS-T 0,1%. After another three washes in TBS-T 0,1% (10 minutes
each), membranes were incubated with Clarity Western ECL Substrate (Cat# 1705061, Bio-
Rad) or Clarity Max ECL Substrate (Cat# 1705062, Bio-Rad), according to manufacturer’s
instructions, to detect chemiluminescence by an HRP-mediated enhanced
chemiluminescence (ECL) reaction. Protein bands were imaged using a ChemiDoc XRS+
system (Cat# 1708265, Bio-Rad) and the ImagelLab Software (Bio-Rad). The latter was also
used to quantify band intensities, through “Lane and Bands” and “Quantity tool” tools, while
smear intensities derived by anti-puromycin immunoblots where quantified with “Volume
tool”. Raw data corresponding to each band/smear value were firstly normalised on the
respective loading control value, then a second normalization was performed comparing
each sample to the relative control sample (e.g. DMSO-treated sample, Ctrl) and values

were expressed as ratios sample/Ctrl (see corresponding figure legends for more details).

9. Puromycin incorporation and WB-SunSET assay

To evaluate protein synthesis rates, the SUnSET (Surface Sensing of Translation) assay
was used, which consists in the incorporation of puromycin into newly synthesised
polypeptides (Goodman & Hornberger, 2013). Cells were plated in order to be 70-80%
confluent at the time of the assay, and the same confluence was maintained among the
samples, to exclude any related bias in the puromycin incorporation rates. 24 hours
(HCT116) or 72 hours (RPE1) after aneuploidy induction with 500nM Mps1i treatment (or
otherwise reported in figure legend) (or DMSO for pseudo-diploid controls) or 6 hours after
Cycloheximide treatment, puromycin (Puromycin Dihydrochloride, Cat# P8833, Sigma-
Aldrich) was diluted in cell culture medium to 10ug/mL final concentration and cells were
incubated for 30 minutes at 37°C. All samples from the same experimental set were
processed together. After this time window, medium was removed, cells were washed twice
with 1X PBS and lysed with 1X RIPA lysis buffer supplemented with protease and
phosphatase inhibitors, before proceeding with Western blot analysis as described above
(see Materials and Methods paragraph 8), loading 30ug of each sample. The truncated
proteins generated via puromycin incorporation into newly synthesised polypeptides
produced a “smear” between 10KDa and 110KDa, after immunoblot detection with anti-
puromycin antibody (clone 12D10, Cat# MABE343, Merk). The upper part of the
nitrocellulose membrane was then cut and Vinculin (around 120KDa) was blotted to be used
as loading control. Puromycin incorporation detection was carried out as previously

described (see Materials and Methods paragraph 8.3).
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10. Microscopy techniques

10.1 Immunofluorescence analysis

To analyse p62 (autophagic receptor) or G3BP1 (stress granule component) proteins with
an imaging technique, 2,5*10° RPE1 cells were plated on 10cm dish containing glass
coverslips previously coated with 5ug/mL fibronectin (Cat# F1141, Sigma-Aldrich). 72 hours
after the induction of aneuploidy with 500nM Mps1i treatment (or DMSO for pseudo-diploid
controls) and, for stress granules experiment only, after 10- or 30-minutes treatment with
NaAsO: (as reported in the corresponding figure legend), cells were washed in 1X PBS and
then fixed in 4% paraformaldehyde (PFA Solution 4% In PBS, Cat# sc-281692, Santa Cruz
Biotechnology) for 15 minutes at room temperature. After three washes in 1X PBS, cells
were permeabilised with 0,5% TRITON X-100 (Cat# 108603, Merk) in PBS for 10 minutes
at room temperature. Cells were blocked in 3% BSA in PBS for 30 minutes and then
incubated with primary antibodies diluted in the same blocking buffer for 90 minutes at room
temperature in a wet chamber. The following primary antibodies were used for

immunofluorescent analysis, as reported:

Antibody Source Cat. # Dilution
G3BP1 BD Science 611126 1:250
p62/SQSTM1 Enzo Life Science BML-PW9860 1:250

Table 6: List of the primary antibodies used for immunofluorescence analysis.

After three washes in 1X PBS, cells were incubated with fluorophore-labelled secondary
antibodies (either Alexa Cy3-anti-mouse or Alexa 488-anti-rabbit, Invitrogen, depending on
the primary antibody species) diluted 1:400 in the same blocking buffer and mixed with
0,5ug/mL DAPI (solution in ddH20, Cat# 32670, Sigma-Aldrich), for 45 minutes at room
temperature in a wet and dark chamber. After three washes in 1X PBS and a 5-minutes
wash in ddH.O, coverslips were mounted on glass slides using 4uL Mowiol-DABCO
mounting medium (12% glycerol, 9,6% Mowiol Sigma-Aldrich, 50% TrisHCI 0,2M pH7 .4,
1,5% DABCO in ddH20), which was let to polymerise overnight at room temperature. Cells
were imaged using a Leica SP8 AOBS confocal microscope with a 63X magnification
objective and LasX software with Navigator (version 3.1.5.16308). Images were processed

after acquisition with Fiji software (version 2.0.0-rc-59/1.51n).

In p62 immunofluorescence experiment, images were processed with Fiji software as
follows: brightness and contrast levels were adjusted equally among samples and DAPI

(blue LUT) channel was then merged with p62 channel (green LUT).
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For stress granule experiment, images were acquired as Z stacks (4 steps, 0,3um each)
and analysed with Fiji software as follow: Z stacks were projected in 2D with Maximum
Intensity Projection method, brightness and contrast levels were adjusted equally among
the samples and DAPI channel (blue LUT) was then merged with G3BP1 channel (grey
LUT). The percentage of cells with stress granules was obtained by manual count. To
quantify the number of stress granules per cell and to analyse the distribution of stress
granule areas, images were further analysed with Fiji software as follow (macro script
implemented by Dr. Chiara Soriani, IEO imaging facility, Milan, Italy): the Z stacks of G3BP1
channel were projected in 2D with Maximum Intensity Projection method, background was
subtracted (rolling factor=20), gaussian blur (c=1) and OTSU Dark auto-threshold were
applied to segment the objects (stress granules). Objects with an area >0,03um?, a
circularity factor >0,3 (where 1.0 is referred to a circle) and a mean fluorescence intensity
>60 were considered for the analysis. To count nuclei, the Z stacks of DAPI channel were
projected in 2D with Maximum Intensity Projection method and nuclei were segmented as
ROI (region of interest, Huang and Watershed algorithms were applied to individuate and
separate two adjacent nuclei) with sizes between 60-700um? and circularity factor >0,5
(where 1.0 is referred to a circle). The results obtained for stress granules object analysis

were used to produce graphs with GraphPad PRISM (version 9.3.1).

10.2 Live-cell imaging analysis

To monitor red-Keima puncta as a proxy of ribophagy (Keima is excited at around 550nm
in lysosomal structures), cells were imaged live in order to maintain the pH of cellular
compartments. Keima cannot be used with fixed cells, as its fluorescence relies on
lysosomal acidity. HCT116 RPS3-Keima and HCT116 RPL28-Keima cells were plated
(7*10%well) onto a 12-well glass-bottom plate (Cat# P12G-1.5-14-F, MatTek) previously
coated with 5ug/mL fibronectin, cultured for 24 hours in presence of 500nM MpsHi
(aneuploid samples) or DMSO (ctrl samples) and treated as indicated in figure legend (with
Bafilomycin A or Torin1); for ZNF598 knock- down samples, see the protocol above
(Materials and Methods paragraph 5). After the corresponding treatments, cells were
stained with 2ug/mL hoechst 33342 (solution in ddH20, Cat# 4082, Cell Signaling
Technology) for 10 minutes. Cells were then imaged with a Leica SP8 AOBS confocal
microscope with incubator (Okolab, 37°C with 5% CO), using 63X magnification objective,
561nm laser excitation and 630/750nm emission collection (red-Keima channel), 405nm
laser excitation and 415/480nm emission collection (hoechst channel) and LasX software
with Navigator (version 3.1.5.16308). 9 fields were acquired per sample, with 10um Z size
(6 stacks). Acquired images were displayed as maximal intensity Z projections, brightness
and contrast levels were adjusted equally among the samples and hoechst channel (blue
LUT) was then merged with red-Keima channel (red LUT) using Fiji software (version 2.0.0-
rc-59/1.51n).
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The experiments with the fluorescent tandem construct RPS3-RFP-GFP were performed
on RPE1 cells stably expressing the construct (generated as reported in Materials and
Methods paragraph 3). Cells were imaged live, as RFP-GFP fluorescence ratio depends on
cell compartment pH. RPE1 RPS3-RFP-GRP cells were plated in 10cm dishes at 30%
confluence and treated with 500nM Mps1i or DMSO to generate aneuploid and control
samples, respectively (72-hour time-point). 24 hours later, drugs were washed out and cells
were trypsinised and re-plated (5*10%well) together with other not-treated samples onto a
12-well glass-bottom plate previously coated with 5ug/mL fibronectin and cultured for
another 48 hours before live-cell imaging. 24 hours before imaging, either Mps1i or DMSO
were added to the not-treated samples, to generate aneuploid and control samples
respectively (24-hour time-point) and then cells were treated as indicated in figure legend
(with Bafilomycin A4 or Torin1). After the corresponding treatments, cells were stained with
2ug/mL hoechst 33342 for 10 minutes. Cells were then imaged with a Leica SP8 AOBS
confocal microscope with incubator (37°C with 5% CO-), using 63X magnification objective,
561nm laser excitation (RFP channel), 488nm laser excitation (GFP channel), 405nm laser
excitation (hoechst channel) and LasX software with Navigator and Autofocus tools. 30
fields were acquired per sample, with 2um Z size (5 stacks) each and BIT depth factor =12.
Acquired images were then analysed with Fiji software as follow (macro script implemented
by Dr. Mattia Marenda, IEO imaging facility, Milan, Italy): the Z stacks of the acquired
images were projected in 2D with Maximum Intensity Projection method and, using the
Image Calculator tool, RFP channel was divided by GFP channel, to obtain an RFP/GFP
ratio per pixel. Ratios with denominator equal to zero (e.g. outside the cells) were
considered equal to zero. Nuclei were segmented with Otsu algorithm, and ratio inside
nuclei was considered equal to 0. A Bin 2X2 pixel binning and a rainbow LUT were applied
to improve RFP/GFP ratio visualization. Warmer colours indicate a higher ratio, i.e.
lysosomal structures in which RPS3 protein and GFP have been degraded and RFP is still
detectable. To the obtained ratio values, a threshold of ratio >2 was applied to eliminate
background noise. The resulting data were used to produce graphs with GraphPad PRISM
(version 9.3.1). Relative distributions of average RFP/GFP ratios (above the threshold) per
field per sample were represented on the graphs, by normalizing each intensity value to the
mean value of the respective Ctrl (pseudo-diploid) samples. Representative images were
produced with the described analysis and blue borders, based on hoechst staining, were

added to highlight nuclei.

10.3 Correlative Light Electron Microscopy

To directly visualise ribosomes in the lysosomal structures of aneuploid cells, correlative
light electron microscopy (CLEM) technique was used. RPE1 Keima cells were plated in a
10cm dish at 30% confluence and treated with 500nM Mps1i and after 24 hours drug was

washed-out. After another 24-hours, cells were trypsinised and re-plated (1,5*10%dish) onto
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35mm gridded MatTek dishes (Cat# P35G-1.5-14-C-GRD, MatTek) previously coated with
5ug/mL fibronectin and cultured for another 24 hours (to reach the end 72-hour time-point).
Before live-cell acquisitions, cells were stained with 2ug/mL hoechst 33342 for 10 minutes.
Cells were then imaged with a Leica SP5 confocal microscope with incubator (37°C with
5% CO2) and LasAF software (version 3.1.5.16308), firstly using 20X magnification
objective to visualise the grid coordinates and select the cell to acquire at a higher
magnification. Then, using the Mark and Find tool, the selected cell was acquired again with
63X magnification objective, 561nm laser excitation (red-Keima channel) and 405nm laser
excitation (hoechst channel), around 8um Z size (around 26 stacks with 0,3um step size
each). Right after acquisition, cells were fixed adding a pre-heated fixative buffer (2,5%
Gluteraldehyde Cat# G765, Sigma-Aldrich in 0,1M cacodylate Cat# C4945, Sigma-Aldrich
buffer pH=7.4) for 1 hour at room temperature. After three washes in 0,1M cacodylate buffer
(5 minutes each), cells were stored in the same buffer at 4°C until electron microscopy
analysis (performed by Dr. Alessia Loffreda at the Advanced Light and Electron Microscopy

Biolmaging Center, |.R.C.C.S. San Raffaele Hospital, Milan, Italy).

Cells were post-fixed in 1% OsO4 (Cat# 75632, Sigma-Aldrich), 1.5% KsFe(CN)s (potassium
ferricyanide, 702587), 0,1M sodium cacodylate for 1 hour at 4C° protected from light. After
post-fixation, samples were washed three times with 0,1M Cacodylate Buffer and washed
five times with ddH,O. Then, samples were stained with Uranyl acetate 0,5% at 4C°
overnight, protected from light. After five washing steps with ddH.O, samples were
dehydrated using the following concentration of ethanol (5 minutes per step) 30% - 50% -
70% - 80% - 90% - 96%, then three steps in 100% ethanol. Samples were covered with a
mixture of ethanol and epoxy resin 1:1 and left for 2 hours on a shaker at room temperature.
Then, after two changes of pure epoxy resin (1 hour per step), samples were embedded in
fresh epoxy resin and polymerization took place in two steps: overnight at 45°C and then
24 hours at 60°C. Once embedding is complete, the cells of interest identified by
fluorescence microscopy were found back in the EM. The reference coordinate system on
the MatTek chamber ensured that the previously-imaged cells were maintained in the resin
small block for sectioning the pyramide. Ultrathin sectioning (70nm) was performed on a
Leica EM UCG6 ultramicro-tome; then, sections were picked up and positioned on a 300
Mesh grid. Thin sections were contrasted with 2% aqueous uranyl acetate for 5 minutes
and washed three times (1 minute each) in filtered ddH>O. Subsequently, the grids were
placed in a drop of Sato’s lead stain and incubated for 2 minutes. Then grids were rinsed
for 3 times with pure water and dried with Whatman filter paper. Images were collected
using a FEI Tecnai-12 transmission electron microscope. TEM and confocal images were
aligned and merged to identify the objects highlighted by the red-Keima signal using Fiji

software (version 2.0.0-rc-59/1.51n).
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11. TMI staining and FACS analysis

To measure the amount of misfolded and unfolded proteins in aneuploid cells, the cell-
permeable fluorescent dye tetraphenylethene maleimide (TMI (Chen et al., 2017), kindly
provided by Prof. Yuning Hong and Prof. Danny Hatters, La Trobe University and University
of Melbourne, Melbourne, Australia) was used. RPE1 cells were plated in order to be 70-
80% confluent at the time of sample collection and 500nM Mps1i (or DMSO) was added for
24 hours. After drug wash-out and 48 hours of culturing (or 24h hours after AZC treatment),
cells were trypsinised, resuspended in TMI (50uM in PBS) and incubated for 45 minutes at
37°C. For Flow cytometry (FACS) analysis, cells were then washed in 1X PBS and
resuspended 1*10° cells/mL in FACS tubes. Cells were analysed in a FACS Celesta 2 B-V-
YG flow cytometer (BD Bioscences). 50.000 events per sample were collected with 405nm
laser and BV421 450/40nm bandpass filter. 2,5ug/mL propidium lodide (Cat# P4864,
Sigma-Aldrich) were used to select live cells. Data were analysed with FlowJo software
(version 10.5.3). The same gate was applied to all samples to identify singlets and the
threshold for TMI fluorescence was set on the negative control (not stained), to select cells
containing higher than background TMI signal. The obtained results were used to quantify
the relative mean fluorescent intensity (MFI) of TMI per each sample and data were

represented on a graph as the ratio aneuploid/ctrl, using GraphPad PRISM (version 9.3.1).

12. Autophagosome isolation and MS/MS analysis

Autophagosome isolation from aneuploid and pseudo-diploid cells was performed after
about 3 cell cycles from drug treatments (500nM Mps1i or DMSO). The isolation protocol
and the following mass spectrometry analysis on autophagosome content was carried out
in collaboration with Dr. Laura Pontano Vaites and Prof. Wade Harper at Harvard Medical
School (Boston, USA), as previously described (Mancias et al., 2014). For this study, data
derived from the most enriched functional annotations were considered as hints to proceed

with further in vitro analysis.

13.In vivo experiments with Drosophila melanogaster

The experiments in vivo with the Drosophila melanogaster CIN model were used to evaluate
aneuploid cell sensitivity to the depletion of Hsp70 chaperone and were carried out in
collaboration with Prof. Marco Mildn and Dr. Lara Barrio at the Institut de Recerca

Biomédica de Barcelona (IRB, Barcelona, Spain).
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13.1 Fly models and strains

Wing imaginal disc and eye-antennal imaginal disc were used to induce CIN and perform
the following screenings. Discs are useful to experimentally address how cells and tissues
respond to over-expression or depletion of specific genes. Strains of Drosophila
melanogaster were maintained on standard medium (4% glucose, 55 g/L yeast, 0.65%
agar, 28 g/L wheat flour, 4 ml/L propionic acid and 1.1 g/L nipagin) at 25°C in light/dark

cycles of 12 hours.

For CIN eye experiments, females carrying either the ey-gal4 driver alone (5535,

Bloomington Drosophila Stock Center) (control) or the ey-gal4 driver together with the UAS-
bub3-RNAi transgene (21037, Vienna Drosophila RNAi Center) (CIN) were crossed with
males of the indicated genotypes (UAS-GFP-RNAIi, UAS-Hsp70A-RNAi, UAS-Hsp70B-
RNAIi or UAS-Hsp70A) and allowed to lay eggs on standard fly food for 24 hours at 25°C.
Progeny was kept at 25°C until they enclosed. Experimental flies and control individuals
were grown in parallel. The eye phenotype was monitored in adult males. The following
transgenes were used: UAS-GFP-RNAI (9331, Bloomington Drosophila Stock Center),
UAS-Hsp70A-RNAi (42639, Bloomington Drosophila Stock Center), UAS-Hsp70B-RNAI
(32997, Bloomington Drosophila Stock Center), UAS-Hsp70A (17624, Bloomington
Drosophila Stock Center). The eye phenotypes observed in each condition were
represented on a graph as percentage of weak/strong, using GraphPad PRISM (version
9.3.1).

To monitor cell death in wing imaginal disc, females carrying either the ap-gal4-
myristoylated-Tomato driver alone (ap-gald-myrT, 32221, Bloomington Drosophila Stock

Center) (control) or the ap-gal4-myrT driver together with the UAS-bub3-RNAI transgene
(21037, Vienna Drosophila RNAi Center) (CIN) were crossed with males of the indicated
genotypes (GFPi, Hsp70A-i, Hsp70B-i or Hsp70A) and allowed to lay eggs on standard fly
food for 24 hours at 25°C and kept at 25°C for another 24 hours. Then, larvae were switched
to 29°C and maintained for 3 days before dissection. Experimental flies and control
individuals were grown in parallel. The same transgenes reported in the previous paragraph
were used. To quantify cell death, immunostaining and imaging analysis were performed

as described in the following section (Materials and Methods paragraph 13.2).

13.2 Immunostaining and imaging analysis

Wing imaginal discs of third instar larvae were dissected in cold PBS, fixed with
formaldehyde 4% for 20 minutes, rinsed three times in PBT (PBS + 0.1% Triton) and
blocked for 1 hour in BBT (PBS + 0.1% Triton+ 0,3% BSA + 250mM NaCl). Then discs were
incubated with primary antibodies overnight, rinsed with BBT and incubated with secondary

antibodies for 2 hours. After 3 PBT washes, discs were kept on mounting media (80ml
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glycerol + 10ml PBS 10x + 0,8 ml N-propyl-gallate 50%). The following antibodies were
used: anti-cleaved-Dcp1 (1:100, Cat# 9578, Cell Signaling Technology), Alexa 488-anti-
rabbit secondary antibody (Jackson Immunoresearch). DAPI (Cat# D1306, ThermoFisher
Scientific) was used to stain DNA, Zeiss LSM780 confocal microscope was used to image
disc samples. Since the apterous transgene (ap-gal4 driver) expressing domain is the
dorsal (D) region, size of the Dorsal (D) compartment in the wing primordia was measured
using Fiji software. Given that dying cells delaminate basally in the epithelium, images from
basal planes were considered to determine the area positively labelled by the number of
Dcp-1 positive cells, and those values were normalised to the area of the dorsal region (D).
Data were represented on a graph as cDcp1 signal / D area ratios, all of them normalised
to the value obtained in the control (UAS-GFP-RNAI), using GraphPad PRISM (version
9.3.1).

14. Polysome profiling analysis

To evaluate translation efficiency, polysome profiles from aneuploid and control cells were
analysed. Cells (either RPE1 or HCT116) were plated in order to be 70-80% confluent at
the time of sample collection. For RPE1 samples, 24 hours after the treatment with 500nM
Mps1i (or DMSO), drug was washed out and 48 hours later (72-hour time-point) cells were
treated with 10ug/mL Cycloheximide for 3,5 minutes. For HCT116 samples, instead, the
3,5-minute treatment with 10ug/mL Cycloheximide Samples was performed right after the
24-hour treatment with Mps1i (or DMSO). Then, cells were rinsed in 1X PBS supplemented
with 10ug/mL cycloheximide and lysed directly in the dish with 300uL of ice-cold lysis buffer
(10mM NaCl, 10mM MgClI2, 10mM Tris-HCI pH 7.5, 1% Triton-X100, 1% NaDeoxycholate,
0.2U/uL Rnase inhibitor, 1mM dithiothreitol, 10ug/ml cycloheximide, 0.005U/ uL DNAse I).
Cell lysates were cleared with a 5-minute centrifugation at 13000rpm at 4°C and, then,
stored at -80°C. The following passages were performed by Dr. Gabriella Viero at the

Institute of Biophysics (CNR Unit, Trento, Italy).

10%—-40% sucrose gradient was prepared in polyallomer ultracentrifuge tubes in cold room,
and cell lysate was carefully added over the gradient. Tubes were filled with Buffer A (10X
in DEPC-treated water: 300mM Tris-HCI pH 7.5, 1M NaCl, 100mM MgCl.). Samples in
sucrose gradient were ultracentrifuged in a SW41Ti rotor (Beckman) for 1 hour and 40
minutes at 180,000xg at 4°C in a Beckman Optima LE-80K Ultracentrifuge. After
stabilization (20 minutes on ice), gradients were fractionated in 1mL volume fractions with
continuous monitoring absorbance at 254nm using a Teledyne ISCO UA-6 UV/VIS detector.
Proteins were isolated from the fractions using the TCA/acetone overnight protein
precipitation method, with 100uL of 100% TCA 6M and 1mL of cold acetone (-20°C). After

sample centrifugation (14000rpm, 10 minutes, 4°C), protein pellet isolation with three
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washes in cold acetone and 5-minutes centrifugation (14000rpm, 4°C) each, proteins were
resuspended in 50uL of SDS-PAGE loading buffer, loaded on a 4%-12% gradient gel
(Novex) and blotted on nitrocellulose or PVDF membranes, for Western blot analysis.
Western blots were performed using the following primary antibodies: anti-RPL26 (1:2000,
Cat# ab5956, Abcam), anti-RPS6 (1:1000, Cat# 2217, Cell Signaling Techonology), anti-
ZNF598 (as reported in Table 5) and the appropriate HRP-conjugated secondary antibodies
(1:5000, Santa Cruz Biotechnology). Detection was performed using the ECL Prime
Western Blotting Detection Reagent (Cat# RPN2232, Amersham Biosciences). Co-
sedimentation profile signals were acquired and analysed as previously described (Lauria
et al., 2020).

The fraction of ribosomes in polysomes (FRP) was calculated from polysomal profiles as
the ratio between the area under the curve of polysomes and the area under the curve of
polysomes plus the area of the 80S peak, as reported in the corresponding figure legend
and as previously described (Bernabo et al., 2017). Polysome profiles from at least three
different biological replicates were considered for each sample. The profiles of each

biological replicate were obtained from three technical replicates.

15. Data analysis for cancer cells

A bioinformatic approach was used to assess how aneuploid cancer cells correlate with
ribosome- and translation-related pathways and ZNF598-mediated quality control. Data
analyses were performed by Dr. Uri Ben-David and Yonatan Eliezer at Tel Aviv University

(Tel Aviv, Israel).

15.1 CCLE data analysis

Gene expression data were obtained from the CCLE using the Dependency Map (DepMap)

22Q1 release (www.DepMap.org). Single sample gene set enrichment analysis (ssGSEA)

was performed using GenePatterns (Reich et al., 2006; Subramanian et al., 2005) and
calculated for the following signatures:
“GOBP_RIBOSOME_BIOGENESIS”,“GOBP_RIBOSOME_ASSEMBLY”,"KEGG_RIBOSO
ME”,“GOBP_DE_NOVO_PROTEIN_FOLDING”,“GOBP_PROTEIN_FOLDING”,"GOBP_R
EGULATION_OF_ENDOPLASMIC_RETICULUM_UNFOLDED_PROTEIN_RESPONSE”,
“GOBP_MITOCHONDRIAL_EXPRESSION”,”"GOBP_MITOCHONDRIAL_TRANSCRIPTI

ON”,*REACTOME_MITOCHONDRIAL_BIOGENESIS",“BIOCARTA_MITOCHONDRIA_P

ATHWAY”. Aneuploidy scores were obtained from (Cohen-Sharir et al., 2021) and cancer
cells were divided into “high aneuploidy”, defined as the top-quartile of the number of arm-
level events (either chromosome gains and losses), and “low aneuploidy”, as the bottom-

quartile of the number of arm-level events. Data were represented on graphs with ssGSEA

65



expression scores on Y-axes and aneuploidy scores on X-axes, using GraphPad PRISM

(version 9.3.1). Significance was calculated by unpaired t test.

To correlate gene expression data with ZNF598 expression in human cancer cell lines, data
from DepMap 22Q1were used. Pathway enrichment analysis was performed using
PreRanked GSEA and the MsigDB platform (https://www.gsea-msigdb.org/gsea/msigdb/)
on the top 200 positively and negatively correlated genes with ZNF598 expression (TOP
200 and BOT 200, respectively). Data were represented on graphs with signatures on the

Y-axes and -log1o(q value) on X-axes, using GraphPad PRISM (version 9.3.1).

15.2 TCGA data analysis

To correlate ZNF598 expression in patient primary cancer samples, data from TCGA were
analysed. The correlation between ZNF598 mRNA expression (in RSEM) and the
aneuploidy score of the tumours was assessed by linear regression (Y=0,02X+9,66;
Spearman’s coefficient p=0.2524, Pearson coefficient=0.22, R*=0.05), using GraphPad
PRISM (version 9.3.1). Data were also represented on a dot-plot with cancer types on the
Y-axis and Spearman’s correlation coefficient between aneuploidy score and ZNF598
expression (where p=0 indicates no correlation, p=1 perfect positive correlation and p=-1
perfect negative correlation) per each cancer type on the X-axis, using GraphPad PRISM

(version 9.3.1).

16. Quantification and statistical analysis

To test statistical significance, the biological replicates (at least 3) indicated in each figure
legend were considered. The statistical analysis was performed using GraphPad PRISM
(version 9.3.1). Details of the statistical tests were reported in figure legends. Error bars are
shown if n>2 and represent SEMs or SDs. P-value is shown in the graphs where it applies
(P < 0.05 was considered significant), as follow: * for P < 0,05, ** for P < 0,01, *** for P <
0,001 or **** for P < 0,0001.

66



Results
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To study aneuploidy and uncover its acute consequences on cell physiology and
homeostasis it is crucial to identify the right approach. In particular, it is of foremost
importance to consider the corresponding euploid counterpart as a control, to correctly
evaluate the impact of aneuploidy on a given phenotype. To this aim, the aneuploidy field
has identified hTERT RPE-1 and HCT-116 cell lines as optimal cellular models, as they are
two different human near-diploid and chromosomally stable cell lines. hTERT RPE-1
(henceforth RPE1) are human untransformed hTERT-immortalised retinal pigment
epithelial cells, with known clonal gains of chromosome 10q arm and chromosome 12 (C.
Z.Zhang etal., 2015). HCT-116 (henceforth HCT116) are human colorectal carcinoma cells
with an epithelial morphology and with only four structural chromosomal rearrangements

(Miao et al., 2007). Both cell lines, in basal conditions, cycle in about 24 hours.

Starting from these near-diploid lines, | generated the aneuploid system by inducing
chromosome mis-segregation. To do this, | took advantage of a well-established protocol
(Santaguida et al., 2015) to inhibit the function of the spindle assembly checkpoint (see
Introduction paragraph 1.1 and ref. (Musacchio & Salmon, 2007)) by interfering with its key
components. Specifically, | used the small molecule reversine (Rev or Mps1i), a chemical
inhibitor of the catalytic activity of Mps1 kinase, to allow for mitotic progression even in the
presence of chromosome misalignments and improper attachments (Santaguida et al.,
2010). Importantly, at sub-micromolar concentrations, reversine does not affect cytokinesis
(Santaguida et al., 2010), therefore minimizing the presence of polyploid cells in the treated
populations and excluding effects related to polyploidization from the subsequent analysis.
In parallel, | also treated cells with the vehicle dimethyl sulfoxide (DMSO) to obtain the
control samples. | added either Mps1i 500nM or DMSO to cell cultures for 24 hours, to allow
cells to transit through one mitosis in the presence of the drug. After the incubation, drugs
were washed out to avoid prolonged chromosome mis-segregation driven by continuous
SAC inhibition. As a result, | obtained heterogeneous populations of aneuploid cells with
random chromosome gains and losses. For the majority of my experiments, | collected
samples either 24, 48 or 72 hours after drug addition, reflecting approximately 1, 2 or 3 cell
cycles (Figure 11). As mentioned before, for the time-points after 24 hours | washed-out the
drugs and cultured the cells for more cell cycle(s). The collection of aneuploid populations
at different time-points allows for the analysis of aneuploid cells harbouring increasing levels
of aneuploidy-associated stresses. On the other hand, this time-frame grants as well the
study of the immediate cellular responses to chromosome mis-segregation. To confirm the
key results with an orthogonal approach, | also depleted -individually- two additional SAC
components, namely MAD2 and BUB1, with small interfering RNAs. Also in this case, |
obtained populations of aneuploid cells with random karyotypes that are useful to address

the acute response to aneuploidy (Santaguida et al., 2015).
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Hence, heterogeneous aneuploid populations are suitable for the analysis of common
features and common mechanisms that cells exploit to cope with aneuploidy-related acute
stresses. On the downside, however, the exact karyotypes remain unknown, as well as the
contribution of a specific chromosome alteration to the phenotype of interest. On the other
hand, an approach that uses isogenic, stable aneuploid cells with given karyotypes would
allow the study of chronic effects of the aneuploid state, losing important information about

the immediate consequences, which does not match the purpose of my project.

Euploid cells Mis-segregation Aneuploid cells
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Figure 11: Experimental set-up for the generation of a heterogeneous aneuploid population.

Schematic representation for the generation of a heterogeneous population of aneuploid cells with random
chromosome gains and losses. Time 0 is defined by the addition of the Mps1 inhibitor (Mps1i), or by MAD2 or
BUB1 depletion with siRNA. Samples are collected about 1, 2 or 3 cell cycles (+24h, +48h or +72h) after
chromosome mis-segregation. DMSO or non-targeting siRNA are used to generate pseudo-diploid controls. For
time-points after 24 hours, drugs are washed out and cells are grown for another 24 hours (for samples hereafter
called 48h) or another 48 hours (for samples hereafter called 72h).

1. Aneuploidy causes the accumulation of misfolded and

unfolded proteins

As described in the introduction of this thesis, proteotoxic stress is one of the widely
recognised stresses that aneuploid cells experience (see Introduction paragraph 4.2). The
negative impact of aneuploidy on cell proteome has been thoroughly analysed in yeast
(Brennan et al., 2019; Oromendia et al., 2012; Oromendia & Amon, 2014; Torres et al.,
2007), but so far human aneuploid cell models provided just indirect clues that suggest the
presence of misfolded aggregates (Santaguida et al., 2015). Ubiquitylated proteins and
presence of ubiquitin receptors (e.g. p62) have been widely used as surrogates to detect
unfolded or misfolded proteins; however, not all protein ubiquitylations are triggered by
misfolding events. To start investigating the impact of aneuploidy on protein homeostasis,
it was crucial to prove, once for all, that aneuploid cell cytoplasm accumulates misfolded

and unfolded proteins.

69



1.1 Misfolded and unfolded protein accumulation in aneuploid cells

A direct strategy to identify misfolded and unfolded proteins is provided by the recently-
described fluorescent dye tetraphenylethene maleimide (TPE-MI or, henceforth, TMI)
(Chen et al., 2017). TMI is a cell-permeable probe that fluoresces when it interacts with

cysteine thiols (Figure 12a, right). Cysteines present free thiols only when they are not

engaged in disulphide bonds, and this condition rarely occurs on protein surface, since they
are normally buried within the folded protein structure (Marino & Gladyshev, 2010). Thus,
exposed cysteine abundance increases with increasing levels of misfolded/unfolded

proteins (Figure 12a, left). The fluorescent dye tetraphenylethene is quenched by the

conjugated maleimide, until the latter interacts with a free thiol, hence enabling emission at
around 480nm (Chen et al., 2017). These characteristics confer TMI a high reliability in
detecting unfolded and misfolded proteins in various contexts and models (Chen et al.,
2017; Hidalgo San Jose et al., 2020).

| adapted TMI for the purpose of evaluating the accumulation of not-properly folded proteins
in aneuploid cells, compared to the pseudo-diploid counterparts. To do this, | measured TMI
fluorescence by flow cytometry (FACS) in RPE1 samples treated with Mps1i (Aneu) or
DMSO (Ctrl) and collected after 72 hours. This time-point allowed aneuploid cells to
accumulate sufficient proteotoxic stress to be detected with this technique. Indeed, the
aneuploid sample showed a higher TMI mean fluorescence intensity (MFI) than the pseudo-

diploid counterpart (Figure 12b, orange peak vs green peak), which reflects higher TMI

binding to exposed cysteines. | then quantified the relative MFI of TMI in aneuploid samples,
as the ratio between aneuploid and pseudo-diploid TMI MFI (Aneu/Ctrl) in six independent
biological replicates (Figure 12c). To test that TMI was effectively measuring unfolded and
misfolded proteins in my experimental set-up, | produced a positive control treating cells
with L-azetidine-2-carboxylic acid (AZC), which is a proline analogue that is systematically
mis-incorporated into nascent polypeptides. Thus, AZC treatment leads to high rates of
unfolding and to the aggregation of aberrant polypeptides in cell cytoplasm. As expected,
AZC-treated samples showed the highest TMI MFI (Figure 12b, red peak). Not stained

samples (NS) were used as negative controls (Figure 12b, light-blue peak).

In summary, TMI dye provided a useful approach to prove that aneuploid cells have an

altered proteostasis, which is exacerbated by an increased load of unfolded proteins.
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Figure 12: Misfolded and unfolded protein accumulation in aneuploid cells.

(a) Strategy for the identification of misfolding/unfolding events and structure of tetraphenylethene conjugated
to a maleimide. TMI dye fluoresces (light-blue contour) upon the interaction with an exposed cysteine of unfolded
polypeptide chain. Adapted from (Chen et al., 2017). (b) Representative histogram showing tetraphenylethene
maleimide (TMI) fluorescence in the indicated samples, obtained by FACS analysis. RPE1 cells were treated
with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after about 3 cell cycles (72 hours); L-azetidine-2-
carboxylic acid (AZC, red) (10mM, 24h) was used as positive control; not-stained sample (NS, blue) was used
as negative control. (c) Quantitation of the relative mean fluorescence intensity (MFI) of TMI in aneuploid cells,
obtained as in (b) and expressed as the ratio between aneuploid and pseudo-diploid TMI MFI. Mean + SEM,;
n=6; one sample t test.

1.2 Evidence of PERK-mediated UPR activation in aneuploid cells

To further characterise the impaired proteostasis of aneuploid cells, | considered also a
mechanism that cells are known to activate to mitigate folding stress. The unfolded protein
response (UPR), as suggested by the name, is triggered when cells sense a decrease in
the folding capacity of the endoplasmic reticulum (ER, see Introduction paragraph 4.1.2 and
ref. (Walter & Ron, 2011)). Firstly, | checked the phosphorylation status of the eukaryotic
transcription factor 2 (phopsho-elF2a) on serine 51, as a readout for the activation of the
PERK kinase branch of UPR (Walter & Ron, 2011). At the same time-point in which
aneuploid cells showed increased misfolding (72 hours after Mps1i treatment), there was a

corresponding increase in elF2a phosphorylation, compared to the pseudo-diploid samples

(Figure 13a-b).

Importantly, PERK-mediated phosphorylation of elF2a is a key event also in a broader
stress response, known as the integrated stress response (ISR, see Introduction paragraph
4.1.2 and ref. (Taniuchi et al., 2016)). Together with Dr. Elena Morelli, a previous postdoc

in the lab, we therefore looked at other downstream effectors of PERK that are specifically
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activated in the context of UPR (Jiang et al., 2004; Marciniak et al., 2004). CHOP and ATF3
expression levels in aneuploid cells were evaluated for this purpose (Figure 13c). Their
higher mRNA levels, compared to the euploid samples, further confirmed that aneuploid

cells activate the pathway to cope with the folding stress.

Lastly, | tested whether aneuploid cells rely on UPR PERK branch activation to survive and
for this | performed a viability assay. | used increasing concentrations of PERK inhibitor
(PERKI) and compared the behaviour of aneuploid and pseudo-diploid cells in the presence
of this drug. The results, obtained from two independent biological replicates, showed a
higher sensitivity of aneuploid cells to the inhibition of PERK, highlighted by the values of
the half maximal effective concentration (ECsy) of PERKi (Figure 13d). PERKi ECsg

calculated for control cells was, in fact, almost 2-fold over the aneuploid sample.

Together, these data suggest that aneuploid cells activate UPR, at least the PERK branch
of this stress response, to buffer the proteotoxicity derived from misfolded and unfolded

protein accumulation.
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Figure 13: PERK-mediated UPR activation in aneuploid cells.

(a) Representative immunoblot of elF2a phosphorylation (Phospho- elF2a) and total elF2a in RPE1 cells treated
with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after about 3 cell cycles (72 hours). Vinculin was used
as loading control. (b) Quantitation of phospho- elF2a immunoblots obtained as in (a), from the indicated
biological replicates. Band values are normalised to the respective loading controls and to total elF2a; values
are expressed as fold changes Aneu/Ctrl. Mean + SEM; n=5; one sample t test. (¢) CHOP and ATF3 expression
levels from quantitative Real-Time PCR performed on aneuploid (Aneu) and pseudo-diploid (Ctrl) samples at
72 hours from drug treatments. GAPDH was used as a housekeeping gene to normalise expression data.
Expression levels are shown as fold changes Aneu/Ctrl. Mean + SEM (where it applies); n=3 (CHOP) or n=2
(ATF3); one sample t test (where it applies). (d) Comparison of viability assay profiles of aneuploid cells (Aneu)
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and pseudo-diploid counterpart (Ctrl), treated with increasing concentrations (0-500uM) of PERK inhibitor
(PERKI) for 72 hours. Values of the respective half maximal-effective concentration (ECsp) are shown. Relative
Light Unit (RLU) values, a proxy of cell viability obtained with CellTiter Glo assay, are expressed as percentage
to compare the two samples. Mean * SD; n=2.

2. Analysis of the autophagic cargo in aneuploid cells

Considering that impaired protein folding challenges cell proteostasis, it has been proposed
that proteotoxic stress is responsible for the increase in the degradative load in aneuploid
cells (Santaguida et al., 2015; Stingele et al., 2013). Furthermore, the accumulation of
autophagic structures, such as autophagosomes, within the aneuploid cell cytoplasm
indicates that the degradation step is likely to be saturated by the excessive degradative
demand (Santaguida et al.,, 2015). To follow-up on this previous work and to start
deciphering the nature of the hard-to-degrade cargo engulfed in autophagosomes of
aneuploid cells, | firstly evaluated the degree of autophagy overwhelming in my cellular

systems and, then, | exploited a proteomic approach already performed in the lab.

2.1 Aneuploid cells increase and saturate bulk autophagy
As mentioned, | checked the bulk autophagy increase in both RPE1 and HCT116 cell lines,

in order to confirm that this feature was generalised in the aneuploid systems | was using.
To do this, | monitored the levels of the autophagic receptor p62 as a proxy of the
autophagic flux. p62 is incorporated into early autophagic structures (phagophores and
autophagosomes) through the interaction with LC3 II, which is integrated in their
membranes. Proceeding with the degradation step, upon fusion with lysosomes, both LC3
and p62 are efficiently degraded (see Introduction paragraph 4.1.4 and ref. (Mizushima et
al., 2010)). Thus, the analysis of their cellular levels, either by immunoblot or fluorescence
microscopy, is a reliable tool to monitor the autophagic flux. Specifically, p62 levels inversely
correlates with autophagic degradation, since increased p62 indicates autophagy activation
on one side, but also impaired degradation on the other (Mizushima et al., 2010). The
western blot analysis on p62 protein levels in aneuploid samples (compared to the
respective pseudo-diploid ones), indeed, showed an increased accumulation of this
autophagic receptor, both in RPE1 and HCT116 cellular models. In particular, p62 protein
levels correlated with the increased accumulation of aneuploidy-associated stresses, as
shown by the time-course analysis on aneuploid samples collected after 24, 48 and 72

hours from Mps1 inhibition (Figure 14a-b).

Saturation of the autophagic pathway in aneuploid cells at the latest time-point (72 hours
from Mps1 inhibition) was further confirmed at the single-cell level with a qualitative
immunofluorescence analysis. RPE1 aneuploid samples (Aneu) and the respective pseudo-

diploid controls (Ctrl) were immunostained with p62 antibody and DAPI (DNA) (Figure 14c).
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Although p62 level assay is widely used for this purpose, it is also highly sensitive to the
various stresses of cell culture conditions (Mizushima et al., 2010). To overcome this
possible drawback and confirm the increased bulk autophagy in aneuploid cells, | moved
towards a different approach. | took advantage of the monomeric form of the fluorescent tag
mKeima (henceforth Keima, see Introduction Figure 7 and ref. (Klionsky et al., 2021)) fused
with LDHB, used as a cytosolic marker, to monitor the aspecific bulk autophagic flux. As
previously described in the introduction, the western blot analysis of Keima-tagged proteins
allows for the evaluation of their presence in the autophagic structures. In particular, using
an anti-Keima antibody, it is possible to spot Keima alone at 25KDa, since it is unaffected
by lysosomal hydrolases, in contrast with the tagged protein that is degraded in
autolysosomes. Therefore, here, a higher processed-Keima signal at 25KDa reflects a
higher LDHB autophagic trafficking (i.e. a greater bulk autophagy). After the generation of
stable cell lines (from both RPE1 and HC116) expressing LDHB-Keima, | have performed
the experiment on aneuploid samples in a time-course of 24, 48 and 72 hours after Mps1i
treatment, comparing the results with the corresponding pseudo-diploid controls. As
expected, when the aneuploidy-associated stresses were more serious (at late time-points),

the bulk autophagic flux was higher (Figure 14d-e).

These results are in line with previous works (Santaguida et al., 2015; Stingele et al., 2012)
and, together, point out that aneuploid cells tend to activate and boost the autophagic
pathway to cope with their increasing proteotoxic stress, but also saturate the degradation

step, because of the excessive amount of cargoes.
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Figure 14: Bulk autophagy is increased and saturated in aneuploid cells.
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(a) Representative immunoblots of p62 in the indicated cell lines, treated with Mps1 inhibitor (Aneu) or DMSO
(Ctrl) and collected after either 1, 2 or 3 cell cycles (24, 48 or 72 hours). Vinculin was used as loading control.
(b) Quantitation of p62 immunoblots obtained as in (a). Band values are normalised to the respective loading
controls; values are expressed as ratios Aneu/Ctrl per each time-point. Mean + SEM; n=3; one sample t test
(Aneu at each time-point vs respective Ctrl=1). (c) Qualitative confocal images of RPE1 cells treated with Mps1
inhibitor (Aneu) or DMSO (Ctrl) and collected after about 3 cell cycles (72 hours). Immunofluorescence analysis
performed with p62 antibody and DAPI (to stain DNA); scale bars, 20um. (d) Representative immunoblots of
the indicated LDHB-Keima cell lines, treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after either
1, 2 or 3 cell cycles (24, 48 or 72 hours). The bulk autophagic flux is determined by the increased level of
processed Keima at 25KDa. Vinculin was used as loading control. (e) Quantitation of processed Keima
immunoblots obtained as in (d). Band values are normalised to the respective loading controls; values are
expressed as fold changes Aneu/Ctrl. Mean + SEM; n=3; one sample t test (Aneu at each time-point vs
respective Ctrl=1).

2.2 Proteomic analysis of proteins enriched in aneuploid cell

autophagosomes

The next question | asked was about the nature of the cargo engulfed in the
autophagosomes of aneuploid cells. To answer this, | took advantage of an experiment
previously performed by our lab in collaboration with Prof. Wade Harper’'s lab (Harvard
Medical School, Boston, USA). Autophagosomes and early autolysosomes were isolated
and analysed using a SILAC approach that allows for the proteome analysis of two distinct
cell populations, thanks to the incorporation of differentially labelled amino acids (light

isotope aa for aneuploid sample and heavy isotope aa for the control) (Figure 15a, top).

Specifically, samples were generated from RPE1 cells treated with Mps1i (aneuploid
sample) or DMSO (control pseudo-diploid sample) and collected after about 3 cell cycles.
The autophagic structures were firstly enriched in both samples using Bafilomycin A,
(BafiloA1), an antibiotic that is known to inhibit the proton pump and, therefore, the latter
stages of autophagy. Through a density gradient separation protocol (Mancias et al., 2014),
autophagosomes were purified and then processed for mass spectrometry (MS/MS)
analysis (Figure 15a). Candidate autophagosomal proteins enriched in aneuploid samples
were identified by light/heavy ratio and filtered against the relative abundance in the whole
proteome, in order to remove proteins that might be not-specifically sequestered by bulk
autophagy (e.g. mitochondrial proteins were extensively cut off). The gene ontology (GO-
term) analysis performed on the list of proteins enriched in aneuploid cell autophagosomes,
compared to the pseudo-diploid ones, identified some interesting functional annotation hints
(Figure 15b) (in collaboration with Dr. Laura Pontano Vaites, Harvard Medical School,
Boston, USA). Within the most enriched, | focused my attention on the signatures of proteins
previously reported as probable selective autophagy cargo. They, in fact, represented
compelling cues for further analysis of the degradative mechanisms that might be able to
remodel proteostasis and, possibly, highlight specific aneuploidy-driven defects on

important cellular organelles. For example, as shown in different contexts (Beese et al.,
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2020), ER (lavarone et al., 2022) and ribosomes (An & Harper, 2020) can be targeted for

selective autophagy, to be cleared for multiple reasons in stress conditions.
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Figure 15: Proteomic analysis of proteins enriched in aneuploid cell autophagosomes.

(a) Schematic of autophagosome isolation with SILAC approach and mass spectrometry analysis in RPE1 cells
treated with Mps1 inhibitor (Aneuploid) or DMSO (Ctrl) and collected after about 3 cell cycles (72 hours). (b)
Gene ontology (GO-term) enrichment analysis on the proteins enriched in autophagosomes of aneuploid cells
compared to control cells. Analysis performed using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) bioinformatic resource, p<0,05 (courtesy of Dr. Laura Pontano Vaites).

2.3 Analysis of selective autophagy in aneuploid cells

The previous results prompted me to test whether selective autophagic processes are
effectively triggered in aneuploid cells. The first approach | chose to address this hypothesis
was based on the pH-sensitive Keima reporter fused to proteins from different cell
organelles. | generated stable cell lines from both HCT116 and RPE1, as | did for LDHB-
Keima (see Result paragraph 2.1). Briefly, each cell line expressed either the Keima
construct to monitor ER-phagy, the one to monitor ribophagy of the ribosomal small subunit
or the one for ribophagy of the large subunit. In addition, | also used a reporter for
mitophagy, to test if mitochondria might be involved in selective autophagy as well, even if
they were not within the most enriched signatures of autophagosome content. More in
detail, | used the RAMP4-Keima fusion protein construct for ER-phagy, as RAMP4 is a
protein located into the endoplasmic reticulum membrane. RAMP4 is known to interact with
target proteins during their translocation in the ER lumen, specifically in the course of ER
stress. The two reporters | employed to monitor ribophagy were RPS3-Keima and RPL28-
Keima (together referred to as Ribo-Keima). RPS3 is a ribosomal protein that is part of the
40S small subunit, forming the domain where translation initiation takes place. RPL28 is,

instead, a component of the 60S large subunit of ribosomes. To track mitophagy, | took

76



advantage of the construct known as MT-Keima, which has been engineered to add to
Keima a mitochondria-targeting sequence from COX VIII. COX VIl is the terminal enzyme
of the mitochondrial respiratory chain, therefore residing in the inner membrane of this
organelle. Previous works have confirmed that the presence of the Keima reporter did not
impair the canonical functions and stoichiometry of the tagged proteins and organelles,
establishing the reliability of the system(An & Harper, 2018; Di Lorenzo et al., 2022; Sun et
al., 2017). I analysed the different selective autophagic fluxes in a time-course of aneuploid
cells collected 24, 48 and 72 hours after Mps1i treatment (1, 2 or 3 cell cycles), comparing
the results with the corresponding pseudo-diploid controls. Considering different time-points
after chromosome mis-segregation allowed me to trace the increase in the selective
autophagic fluxes in relation to the increase in aneuploidy-associated stresses. Western
blot analysis of the fluxes in the respective Keima cells lines revealed that mitophagy levels
in aneuploid cells (Aneu) were always comparable to those of the control samples (Ctrl); a
mild increase was observed only at the latest time-point (72 hours) (Figure 16a-b). ER-
phagy and ribophagy, of both 40S and 60S subunits, were particularly boosted at the same
time-point (72 hours after aneuploidy induction), with an increase spotted also at 48 hours
(after about 2 cell cycles). Regarding ribophagy, these results were in line with a previous
work (An & Harper, 2018). Interestingly, my results showed that only the levels of ribophagy
were already high (1,5- 2-fold over controls) at 24 hours, right after the induction of
aneuploidy (Figure 16a-b). The trends of the three reporters were constantly maintained
both in HCT116 lines and in RPE1 lines, highlighting that these are common traits of the
used aneuploid systems. Another feature shared by the three selective autophagy reporters
was their corresponding increase with increasing aneuploidy-associated stresses.
Moreover, the results obtained for processed-LDHB-Keima and p62 accumulation (Figure
14) can suggest that at later time points the increase in bulk autophagy is high enough to

also include these organelles/structures, not necessarily in a specific manner.

The early increase in the ribophagic flux, however, was worth a more in-depth analysis. A
closer look to the values of the processed-Keima bands at 24 hours from the used cell lines,
highlighted that, especially in HCT116 but also in RPE1, ribophagy was significantly higher,
if compared to the other selective autophagies and to the bulk autophagic flux (Figure 16¢).
Considering the knowledge already mentioned (see Introduction paragraph 4.1.4 and ref.
(An & Harper, 2020)) about the engulfment of ribosomes in autophagic structures, my
results suggest that ribosomes are most likely there because of a process independent from
random bulk autophagy. Bulk autophagy levels, in fact, are amplified in aneuploid cells later
than the 24h time-point. As well, ribophagy in aneuploid cells cannot occur just as a
bystander flux during ER degradation (i.e. ER-phagy), because ER does not seem to be

degraded already at 24 hours after aneuploidy induction.
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Figure 16: Selective autophagy processes in aneuploid cells.

(a) Selective autophagy monitored by western blot. Representative immunoblots of the indicated Keima cell
lines, treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after either 1, 2 or 3 cell cycles (24, 48 or
72 hours). The different autophagic fluxes are determined by the increased level of the respective processed
Keima at 25KDa. Vinculin was used as loading control. (b) Quantitation of processed Keima immunoblots
obtained as in (a), from the indicated biological replicates. Band values are normalised to the respective loading
controls; values are expressed as ratios Aneu/Ctrl per each time-point. Graph Y axes were scaled to have the
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same range in the different conditions and facilitate their comparison. Mean + SEM; n=3 (MT-Keima, RAMP4-
Keima) or n=4 (RPS3-Keima, RPL28-Keima); one sample t test (Aneu at each time-point vs respective Ctrl=1).
(c) Plot of the processed-Keima levels of the indicated samples, to highlight the different behaviour of the
analysed selective autophagies and bulk autophagy right after aneuploidy induction (24 hours, about 1 cell
cycle, from Mps1i/DMSO treatment). The graphed values are the same as those shown in (b) and in Figure
14(e) (Mean £ SEM); one-way ANOVA, followed by Tukey’s multiple comparison test.

In conclusion, these experiments show that mitophagy is not a major selective autophagic
pathway in aneuploid cells, while ER-phagy and ribophagy take place when bulk autophagy
is triggered as well. It is possible that ER-phagy and ribophagy together might have a role
in the general autophagic engulfment and saturation observed in aneuploid cells, few cell
cycles after mis-segregation. Ribophagy, notably, seems to be the first one to be induced,

right after cell aneuploidization. Further characterizations were warranted in this direction.

3. Aneuploidy leads to autophagic removal of ribosomes

Ribosomes are the central hub of protein translation and their functions in orchestrating
protein homeostasis are crucial for cell survival (Pechmann et al., 2013). Therefore,
maintaining healthy and properly-functioning ribosomes is a critical task for cells, especially
under stress conditions. Knowing that aneuploid cells experience number of stresses, in
particular at the level of the proteome (see Introduction paragraph 4.1 and refs. (Oromendia
& Amon, 2014; Santaguida & Amon, 2015b; Stingele et al., 2012)), it was of foremost
interest to validate the results | obtained on the selective degradation of ribosomes.
Moreover, it was also important to interpret them taking into account that stressed aneuploid

cells might need to re-establish functional ribosomal pools.

3.1 Aneuploidy leads to increased ribophagy

Using the Ribo-Keima cell lines previously described, | further confirmed via western blot
with multiple independent biological replicates that both the small and the large subunits of
ribosomes were actually degraded through the ribophagic flux, at early time points (Figure
17a-b). Western blot analysis normally gives an overview on the entire population that is
examined, in this case it highlighted that the aneuploid population with random chromosome
gains and losses presents, on average, the abovementioned ribophagic phenotype (Figure
17a-b).

This phenotype was also visible at the single-cell level. For this, | exploited the pH-
dependent excitation spectra shift of Keima (see Introduction Figure 7 and ref. (Klionsky et
al., 2021)). Keima excitation peaks at 440nm at neutral pH (such as in cytoplasm and
autophagosomes) and at around 550nm at acidic pH (such as in autolysosomes and
lysosomes), while emission spectra always peak at 620nm. In this way, | measured the flux

of Ribo-Keima to the acidic environment of autolysosomes through live-cell imaging. Since
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green-Keima signal (i.e. excited at 440nm in compartment with neutral pH) was technically
not satisfying and widespread all-over the cell (also in nuclear fractions, where it should not
be), | focused my attention only on the red-Keima signal (i.e. excited at 550nm, indicating
the autolysosomal/lysosomal localization). With this approach, | confirmed that also at
single cell level aneuploidy leads to increased ribophagy, mirrored by the accumulation of
red-Keima puncta in aneuploid cell cytoplasm, compared to the pseudo-diploid counterpart
(Figure 17¢). The signal, however, was not equally distributed among the imaged aneuploid
cells, suggesting that the ribophagic process could be accentuated in cells that experience
higher level of stresses. This could be the result of the heterogeneous composition of the

aneuploid population generated through Mps1 inhibition.
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Figure 17: Aneuploidy leads to increased ribophagy.

(a) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated with Mps1 inhibitor
(Aneu) or DMSO (Ctrl) and collected after 24 hours. Ribophagic flux is determined by the increased level of
processed Keima at 25KDa. Vinculin was used as loading control. (b) Quantitation of processed Keima
immunoblots obtained as in (a), from the indicated biological replicates. Band values are normalised to the
respective loading controls; values are expressed as fold changes Aneu/Ctrl. Mean + SEM; n=15 (RPS3-Keima)
or n=9 (RPL28-Keima); one sample t test. (c) Qualitative confocal live-cell images of HCT116 cells treated with
Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after 24 hours. The lysosomal degradation of ribosomes is
determined by the increased amount of red-Keima puncta in cell cytoplasm; hoechst was used to stain DNA,;

scale bars, 50um.

Then, | performed a more complete time-course of aneuploidy, collecting Mps1i-treated
samples (and the respective DMSO-treated controls) for 72 hours every 12 hours after the

treatment. This experiment was helpful to finely monitor the increase in ribophagy
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concurrent with the accumulation of aneuploidy-associated stresses in the analysed
populations. Indeed, the ribophagic flux seemed to perfectly correlate with the hours from

Mps1i treatment (Figure 18a-b), as the previous results already suggested.

Moreover, to follow-up on the hint from the analysis at the single-cell level, | decided to
titrate Mps1i concentration to generate populations of aneuploid cells with increasing
degree of aneuploidy, as previously described (Santaguida et al., 2010). Interestingly, the
ribophagic flux increased with increasing aneuploidy degree in the population (Figure 18c-
d), confirming that the phenotype is further exacerbated when the analysed cell populations

are more aneuploid.

Therefore, | concluded that the rising of aneuploidy-induced stresses triggers a selective
removal of ribosomes, which in turn end up in autophagosomes and eventually in

lysosomes.
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Figure 18: Aneuploid stress worsening and aneuploidy degree correlate with the onset of ribophagy.
(a) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated with Mps1 inhibitor
(Aneu) or DMSO (Ctrl) and collected after 12, 24, 36, 48, 60, 72 hours. Ribophagic flux is determined by the
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increased level of processed Keima at 25KDa. Vinculin was used as loading control. The scheme represents
the rationale of the experiment. (b) Quantitation of processed Keima immunoblots obtained as in (a). Band
values are normalised to the respective loading controls; values are expressed as ratios Aneu/Ctrl per each
time-point. Mean; n=2. (c) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated
for 24 hours with Mps1 inhibitor either 125nM, 250nM or 500nM. DMSO was used to generate the untreated
control. Ribophagic flux is determined by the increased level of processed Keima at 25KDa. Vinculin was used
as loading control. The scheme represents the rationale of the experiment. (d) Quantitation of processed Keima
immunoblots obtained as in (c). Band values are normalised to the respective loading controls; values are
expressed as fold changes relative to untreated control (Ctrl). Mean + SEM; n=4; Kruskal-Wallis test, followed
by Dunn’s multiple comparison test.

3.2 Ribophagy occurs irrespective of the method used to generate

aneuploid cells

To make sure that the ribophagic phenotype was not a specific effect of the drug that | used
to generate aneuploid cells (Mps1i, namely reversine), | decided to proceed with an
alternative approach. | either depleted two other SAC components, MAD2 or BUB1, with
siRNA-mediated transient knock-down. | did so in both HCT116 and RPE1 RPS3-Keima
cell lines. Aneuploid samples generated by individual depletion of MAD2 or BUB1 were then
compared to the pseudo-diploid controls generated using non-targeting siRNAs. After
checking the reduction in target components, | proceeded with the western blot analysis to
detect the levels of ribophagy. In both cases and in both cell lines, the knock-down of MAD2
and BUB1 was efficient and sufficient to phenocopy the ribophagic flux already observed

after the treatment with the Mps1 inhibitor (Figure 19a-b).

These data demonstrate that ribophagy occurs in aneuploid cells irrespective of the method
used to induce mis-segregation. As a matter of fact, both the drug treatment to inhibit Mps1

(Mps1i) and the knock-down of MAD2 or BUB1 have the same effect on the ribophagic

phenotype.
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Figure 19: Ribophagy occurs irrespective of the method used to induce mis-segregation.
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(a) Representative immunoblots of the indicated Ribo-Keima cell lines, in which MAD2 or BUB1 were depleted
individually with siRNA-mediated transient knock-down. Samples were collected after 72 hours from
transfection, a time-point that guarantees the efficient depletion of MAD2 or BUB1. Control samples were
generated using non-targeting siRNAs. Ribophagic flux is determined by the increased level of processed Keima
at 25KDa. Tubulin was used as loading control. (b) Quantitation of processed Keima immunoblots obtained as
in (a). Band values are normalised to the respective loading controls; values are expressed as fold changes
MADZ2 siRNA/Ctrl or BUB1 siRNA/Ctrl. Mean; n=2.

3.3 Correlative light electron microscopy reveals the presence of

ribosomes within autolysosomal structures

The key proof demonstrating the presence of ribosomes in autophagic structures of
aneuploid cells has been provided by the correlative light electron microscopy (CLEM)
technique. To directly demonstrate that ribophagy is an ongoing process in aneuploid cells,
I combined the approach that exploits the reporter Keima and a high-resolution microscopy
technique (EM). Keima, in fact, represented a useful and versatile tool, but indirect, since
its outputs cannot demonstrate the exact presence of ribosomes in the cell autophagic
structures. For this experiment | choose the RPE1 Ribo-Keima cells, since this cell type is
flat and characterised by a relatively spread cytoplasmic portion. Therefore, RPE1 are more
suitable for imaging techniques compared to HCT116, the morphology of which is thicker
and more round-ish, with a smaller ratio cytoplasm-area/nuclear-area. For the first step of
this technique, | imaged the aneuploid cells with a confocal microscope, identifying their
exact position on an EM-graded grid and acquiring the nuclei (with hoechst) and the red-
Keima signal (i.e. excited at 550nm) (Figure 20a). Those same cells were then processed
for EM analysis in collaboration with Dr. Alessia Loffreda and Dr. Andrea Raimondi
(Advanced Light and Electron Microscopy Biolmaging Center, I.R.C.C.S. San Raffaele
Hospital, Milan, Italy). This second step provided a huge resolution power to the analysis.
From the correlation of the fluorescence images and the ones obtained by EM, it was
possible to nicely identify the exact structures highlighted by the red-Keima signal, in this
case those to the left of the nucleus (Figure 20b). A further resolution increase in those
objects showed two electron-dense organelles surrounded by a single membrane (Figure
20c-d), recognised with high confidence as autolysosomal/lysosomal structures. Inside the
lysosomes it was also possible to spot possibly degradative cargoes, including a large
quantity of ribosomes and, in one of the two structures (right), pieces of endoplasmic
reticulum membranes. Ribosomes were well recognizable thanks to the comparison with
cytoplasmic membranes of intact ER, which are by definition associated with ribosomes

(Figure 20e, green arrowhead).

Since the aneuploid samples for this experiment were generated to maximise the phenotype
(72 hours after aneuploidy induction), it was not surprising to find also ER segments within

the degradative structures. This, in fact, was in line with what was previously observed (see
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Result paragraph 2.3). The high density of ribosomes inside lysosomes (left organelle and
central part of the right one), however, demonstrated that ribosomes could not be
encapsulated only through a bystander flux during ER-phagy. Moreover, it also helped
clarify that even a random sequestration of cytoplasmic ribosomes could not, by itself, be
responsible for their engulfment, since the ribosomal density in the cytoplasm was

significantly lower.

RPE1 RPL28-Keima

Figure 20: CLEM reveals high ribosome density within lysosomal structures.

(a) Representative confocal live-cell images of RPE1 Ribo-Keima cells treated with Mps1 inhibitor and collected
after 72 hours. Hoechst was used to stain DNA; 20X image scale bar, 200pm; 63X images scale bars, 20um.
(b) Image of the Ribo-Keima cell in (a) (rotated of about 45°) after the alignment and merge between the images
obtained with confocal microscope and electron microscope (EM). Hoechst (DNA) is in blue and red-Keima in
red; scale bar, 5um. (c-d) Images at higher resolution of the objects identified by red-Keima. Blue profile
highlights the nucleus, while red circles the lysosomal structures; (c) scale bar, 2um; (d) scale bar, 500nm. (e)
Zoom on ribosomal structures. Arrowheads indicate examples of ribosomes either dispersed in the cytoplasm
(white), associated with the ER (green) or engulfed in lysosomes (red); scale bar, 500nm. b-e performed by
Alessia Loffreda (ALEMBIC HSR, Milan), using the samples | produced as described above.

3.4 RFP-GFP tandem construct approach confirms that aneuploid

cells experience increased ribophagic flux

Next, | generated a RPE1 cell line stably expressing the fluorescent tandem construct
RPS3-RFP-GFP, used as an independent reporter to monitor ribophagy. GFP and
monomeric RFP (henceforth RFP) behave differently in late autophagic structures, due to
their different sensitivity to the pH. In particular, GFP fluorescence is quenched in acidic

conditions and it is degraded by lysosomal hydrolases. RFP fluorescence, instead, is known
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to be more stable in acidic compartments (Kimura et al., 2007) (Figure 21a). | used the
tandem-tagged fusion protein RPS3 (ribosomal protein of the small subunit) and RFP-GFP,
to follow with this approach the localization of ribosomal proteins in the autophagic
structures. | did so in aneuploid cells generated with Mps1i and analysed after about 1 or 3
cell cycles (24 or 72 hours); the results were then compared to their relative pseudo-diploid
controls (treated with DMSO). The image analysis was carried out in order to obtain for
each field of view of each biological replicate mean values of the ratio RFP/GFP per pixel,
that was supposed to increase in conditions where the fusion protein was in
autolysosomes/lysosomes (Figure 21b). The macro for the image analysis (for details, see
Materials and Methods paragraph 10.2) was optimised in collaboration with Dr. Mattia
Marenda (IEO imaging facility, Milan, Italy) and a threshold was applied on the ratio values
to clean the results from background noise. The distribution of the ratios, normalised to the
mean of the respective control samples, clearly confirmed that aneuploid cells have higher
RFP/GFP ratios, compared to the pseudo-diploid ones (Figure 21c). The difference
between the aneuploid sample at 24 hours and the relative pseudo-diploid control was

further exacerbated in the samples at 72 hours.

These results validate the increased presence of ribosomes in lysosomal structures of

aneuploid cells, which is in line with the previously observed trend of ribophagic flux.
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Figure 21: RPS3-RFP-GFP tandem reporter confirms ribophagy in aneuploid cells.
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(a) Schematic representation of the tandem reporter RFP-GPF functioning. In early autophagic structures both
GFP and RPE fluoresce, while after the fusion with lysosomes the signal from GFP is quenched and RFP can
still be detected. Adapted from (Kimura et al., 2007). (b) Representative images used for the analysis of RPE1
RPS3-RFP-GPF cells treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after either 24 or 72
hours. RFP/GFP ratio was obtained with Fiji image calculator function, dividing RFP channel image with GFP
channel image. RFP/GFP ratios per pixel were visualised with a rainbow lookup table (calibration bar shown);
applied threshold: RFP/GFP > 2; cyan masks indicate primary nuclei; scale bars, 50um. (c) Distribution of
RFP/GFP ratios obtained with the image analysis as in (b), from three independent biological replicates. For
each replicate, 30 fields of view were analysed. The mean of pixel RFP/GFP ratio for each field was plotted,
after being normalised to the average mean of the respective control. Upper quartile, lower quartile and median
of each violin plot are shown; n=3; Kruskal-Wallis test, followed by Dunn’s multiple comparison test.

3.5 Ribophagy in aneuploid cells relies on canonical lysosomal

degradation

To examine if ribophagy in aneuploid cells relies on the canonical events that succeed in
the autophagic degradation pathway, | tested a panel of modulators of the established
autophagy steps and then assessed their effects on the ribophagic flux. | started with mTOR
inhibition using Torin1, which partially mimics starvation and is widely used to increase the
autophagic flux (see Introduction paragraph 4.1.4 and ref. (Klionsky et al., 2021)). This
treatment caused, as expected, a massive increase in ribophagy in control cells, that was
even more exacerbated in aneuploid samples, confirming that they already display a basal
ribophagic flux. The same effect emerged both from the processed-Keima western blot

analysis (Figure 22a-b, top) and from the tandem reporter RFP-GFP experiment (Figure

22c¢-d). In addition, to block the initial steps of the autophagic pathway, | used SAR405, an
inhibitor of VPS34, which is involved in phagophore and autophagosome formation (see
Introduction paragraph 4.1.4 and ref. (Mizushima et al., 2010)). This condition decreased
significantly the ribophagic flux in both pseudo-diploid and aneuploid cells (Figure 22a-b,
centre), proving that ribosome degradation is dependent on phagophore nucleation and
autophagosome formation. Finally, | treated cells with Bafilomycin A, an inhibitor of
lysosome acidification, which blocks the last steps of autophagy (see Introduction
paragraph 4.1.4 and ref. (Mizushima et al., 2010)). The decrease in processed-Keima band

(Figure 22a-b, bottom) and RFP/GFP ratio (Figure 22c-d) observed upon Bafilomycin A

treatment further confirmed the dependency of ribophagy on lysosomal degradation.

| also demonstrated the effects of these drugs qualitatively, with live-cell imaging. Red-
Keima puncta were evident in the Torin1 treated sample and homogeneously distributed in
all the cells, compared to the untreated control sample (Figure 22¢). On the other hand,
there were no detectable puncta in the aneuploid sample treated with Bafilomycin As,

compared to aneuploid untreated sample (Figure 22e).
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Taken together, these data show that, in aneuploid cells, ribophagy of both small and large
ribosomal subunits relies on lysosomal degradation taking place through canonical

autophagic steps.
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Figure 22: Ribophagy in aneuploid cells relies on canonical lysosomal degradation.

Merge + hoechst

(a) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated with Mps1 inhibitor
(Aneu) or DMSO (Ctrl) for 24 hours. Ribophagic flux is determined by the increased level of processed Keima
at 25KDa upon the indicated treatments: either Torin1 (250nM, 24h), SAR405 (1uM, 24h) or Bafilomycin A4
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(BafiloA1) (100nM, 6h). Vinculin was used as loading control. (b) Quantitation of processed Keima immunoblots
obtained as in (a), from the indicated biological replicates. Band values are normalised to the respective loading
controls; values are expressed as fold changes relative to untreated controls (Ctrl). Mean + SEM; Kruskal-Wallis
test, followed by Dunn’s multiple comparison test. (¢) Representative images used for the analysis of RPE1
RPS3-RFP-GPF cells treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected after 72 hours. RFP/GFP
ratio, obtained as explained in Figure 21b, was determined upon either Torin1 (250nM, 24h) or Bafilomycin Aq
(BafiloAs) (100nM, 6h) treatment. RFP/GFP ratios per pixel were visualised with a rainbow lookup table
(calibration bar shown); applied threshold: RFP/GFP > 2; cyan masks indicate primary nuclei; scale bars, 50um.
(d) Distribution of RFP/GFP ratios obtained with the image analysis as in (c), from three independent biological
replicates (30 fields of view each). Data for Ctrl and Aneu samples are the same as in Figure 21c. The mean of
pixel RFP/GFP ratio for each field was plotted, after being normalised to the average mean of the untreated
control (Ctrl). Upper quartile, lower quartile and median of each violin plot are shown; n=3; Kruskal-Wallis test,
followed by Dunn’s multiple comparison test. (e) Qualitative confocal live-cell images of HCT116 RPS3-Keima
and RPL28-Keima cells treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) for 72 hours. The lysosomal
degradation of ribosomes is determined by the increased levels of red-Keima puncta upon either Torin1 (250nM,
24h) or Bafilomycin A1 (BafiloA) (100nM, 6h) treatment; hoechst was used to stain DNA; scale bars, 50um.

3.6 Lysosomal degradation of 40S is not mediated by the autophagic
receptor p62

Given that the canonical steps of the autophagic pathway seemed to be involved in the
lysosomal degradation of ribosomes in aneuploid cells, | then tested if also the classical
receptor for the autophagic cargo, p62, mediates this selective degradation mechanism. To
do this, | depleted p62 with siRNA transient knock-down (Figure 23a) and, using HCT116
Ribo-Keima cell lines, | monitored the increase in ribophagy under that condition.
Unexpectedly, the two cell lines, namely the two ribosomal subunits —the small and the
large— behaved differently. Whilst RPS3 (small subunit protein) degradation, on average,
seemed not to be influenced by depletion of p62, RPL28 (large subunit protein) degradation
was significantly decreased in that condition (Figure 23b-c), compared to the not-depleted

samples.

These results suggest that the recognition of the two subunits may depend on different
players. On one hand, the large subunit degradation via ribophagy seems to be mediated
by the canonical autophagic receptor p62. On the other, the small subunit might require a

different mechanism, even if the variability across the biological replicates (Figure 23c, left)

doesn’t track a consistent trend. Although these results require further investigations, they
represent a promising starting point to identify the molecular actors of these selective

pathways.
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Figure 23: Lysosomal degradation of 40S is not mediated by p62 autophagic receptor.

(a) Experimental workflow for the depletion of p62 through siRNA-mediated transient knock-down. (b)
Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, in which p62 was depleted with
siRNA-mediated transient knock-down. Samples were collected after 72 hours from transfection, a time-point
that guarantees the efficient depletion of p62; 24 hours before harvesting, cells were treated either with Mps1
inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid and pseudo-aneuploid samples. Controls for the
transfection were generated using non-targeting siRNAs. Ribophagic flux is determined by the increased level
of processed Keima at 25KDa. GAPDH was used as loading control. (c) Quantitation of processed Keima
immunoblots obtained as in (b), from the indicated biological replicates. Band values are normalised to the
respective loading controls; values are expressed as fold changes Aneu/Ctrl. Mean £+ SEM; one sample t test
(each Aneu vs respective Ctrl=1) or Student’s t-test (between Aneu and Aneu-p62siRNA).

In conclusion, using different approaches to generate aneuploid cells and various
techniques to monitor the degradation of ribosomes via the autophagic pathway, | have
demonstrated that aneuploidy leads to ribophagy. In particular, this phenotype seems to
rely on the events that characterise the canonical autophagic machinery, although it is still
not clear which is the responsible autophagic receptor. Furthermore, the autophagic
removal of ribosomes is exacerbated when cells experience high levels of aneuploidy-

associated stresses, opening new questions about the nature of the triggering stimuli.

4. Impaired chaperone-mediated folding is involved in the

autophagic removal of ribosomes

Given that aneuploid cells display various stresses, | next aimed to determine which one is
most involved in the selective removal of ribosomal proteins. As already mentioned,
proteotoxic stress is one of the most prominent features of aneuploidy (see Introduction
paragraphs 3.2, 4.2 and ref. (Santaguida & Amon, 2015b)) and is directly involved in the

overwhelming of autophagy (Santaguida et al., 2015). The accumulation of toxic aggregates
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of misfolded proteins, in fact, challenges protein homeostasis and cellular fitness (see
Result paragraph 1). Being chaperone-mediated folding impaired in aneuploid cells
(Donnelly et al., 2014) and knowing that, together with ribosomes, chaperones are at the
core of the proteome regulatory network (see Introduction paragraph 4.1.1 and ref. (Balchin

et al., 2016)), | tested the implication of disrupted folding in ribosome clearance.

4.1 Hsp90 chaperone clients are impacted by impaired folding

Hsp90 is one of the most characterised heat shock protein families and coordinates the
proper folding of a huge number of clients (Taipale et al., 2010). Hsp90 activity, however,
has been demonstrated to be limiting in aneuploid cells (Donnelly et al., 2014). To quickly
confirm that this happens also in my aneuploid system, before considering its involvement
in ribophagy, | checked the protein levels of a panel of Hsp90 clients, with various cellular
roles and functions. | did so in aneuploid samples generated with Msp1i treatment and
compared the results with the pseudo-diploid controls and with samples treated with
Geldanamycin (Geld), a selective inhibitor of Hsp90 function (Miyata, 2005). | observed a
decrease in client protein levels in aneuploid cells and, interestingly, the reduction in the
samples at the latest time-point (72 hours) was comparable to that obtained with the
Geldanamycin treatment (Figure 24). This suggests that the impairment of Hsp90-
dependent folding directly impacts its clients, most of all when aneuploid cells have time to

accumulate folding stress.

24h  72h 24h  72h 24h 72h 24h  72h
Ctrl Aneu Aneu Geld Ctrl Aneu Aneu Geld Ctrl Aneu Aneu Geld Ctrl Aneu Aneu Geld
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Figure 24: Hsp90 client protein levels are decreased in aneuploid cells.

Immunoblots of the indicated Hsp90 chaperone clients in RPE1 cells treated with Mps1 inhibitor (Aneu) or
DMSO (Ctrl) and collected after either 24 or 72 hours. The Hsp90 inhibitor Geldanamycin (Geld) (1uM, 12h)
was used as a positive control for the decreased Hsp90 client protein levels. GAPDH or Tubulin were used as
loading controls. Protein level values, normalised to the respective loading control and expressed as fold
changes relative to Ctrl, are shown.

4.2 Aneuploid cells in Drosophila melanogaster tissues are sensitive

to Hsp70 depletion

| have also considered another heat shock protein family, which is strictly interconnected to
Hsp90, both physically and functionally, namely Hsp70 (Balchin et al., 2016). In particular,
| tested if also Hsp70 is limiting in aneuploid cells in collaboration with Prof. Marco Milan
and Dr. Lara Barrio (IRB, Barcelona, Spain). In the Drosophila melanogaster model, in

which CIN and aneuploidy are generated through the depletion of the Bub3 SAC gene, high
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levels of proteotoxic stress have been already observed (Joy et al., 2021). This was in line
with the results obtained in my cellular aneuploid system (see Result paragraph 1) and,
thus, we decided to follow-up on this. Interestingly, when Hsp70 was depleted through RNA
interference (RNAI), aneuploid adult eyes showed a worsening of their phenotypes. Eye
phenotypes can be expressed as “weak” or “strong”, comparing the size and the shape
(roughness) with a wild-type eye. When CIN is induced, aneuploid eyes (ey>bub3-i) already
show compromised phenotypes (Figure 25a), mostly weak, due to the negative effects of
aneuploidy on normal tissues. In the experiment for the evaluation of the effects of Hsp70
modulation, two Hsp70 RNAi (Hsp70Ai-42639 and Hsp70Bi-32997) resulted in more
“stronger” phenotypes than the control aneuploid eye (GFP-i) (Figure 25b, top and 25c).

Importantly, the over-expression of Hsp70 in aneuploid eyes significantly improved their

phenotype, reducing the “strong” effects (Figure 25b, top and 25c). Conversely, in wild-type

eyes, no changes in the phenotypes before and after Hsp70 depletion/over-expression were

spotted (colour is not to be considered, since the used flies present a mutant background

for the “white” gene) (Figure 25b, bottom). These data indicate that aneuploid eye tissue is
highly sensitive to Hsp70 depletion, and the over-expression of the chaperone helps restore

eye size and shape.

Another approach used in the Drosophila model to monitor the deleterious effects of a given
phenotype is based on the quantification of apoptosis-mediated cell death in larval wing
imaginal disc. After inducing aneuploidy together with a red fluorescent protein (myrTomato,
MyrT, to mark the aneuploid region), an immunostaining for the cleaved effector caspase
Dcp1 (homolog of human caspase-7) was performed to evaluate apoptosis. The depletion
of Hsp70, with the same two RNA. of the previous experiment, caused a significant increase
in the apoptotic signal in the aneuploid region (ap>myrT, bub3-i), namely an increase in the

cleaved Dcp1 (cDcp1) (Figure 25d, top and 25e). This was perfectly in line with the results

of the eye experiment and, actually, the over-expression of Hsp70 led to a phenotype

rescue also in this context (Figure 25d, top and 25e). Hsp70 depletion and over-expression,

instead, had no effect in the wild-type tissue (ap>myrT) (Figure 25d, bottom).

Together, these experiments were crucial to assess the dependency of aneuploid cells on
chaperone-mediated folding, also in an in vivo model. The higher sensitivity of aneuploid
cells to chaperone depletion indicates that they already present some issues at the folding
level, which is in line with previous reports (Donnelly et al., 2014; Khan et al., 2018). Since
this phenotype has been confirmed in a CIN context, it is possible to hypothesise that folding
problems are common features of both stable and unstable aneuploidies, opening new
interesting perspective in the field of cancer, where CIN and aneuploidy are its hallmarks
(Hanahan & Weinberg, 2011; Holland & Cleveland, 2012).
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Figure 25: CIN Drosophila tissues are sensitive to Hsp70 depletion.

(a) Example of adult eye phenotypes after CIN induction with an eye-specific Gal4 driving bub3-RNAi (ey>bub3-
i) in epithelial tissue (courtesy of Dr. Lara Barrio). Phenotypes can be divided into “weak” or “strong”, comparing
the size and the shape with a wild-type eye (ey>). This approach can be used also to study the effects of Hsp70

depletion in wild-type or aneuploid adult eye, evaluating the relative

“strong” phenotypes, across the various conditions. (b) Representative adult eyes in which CIN was induced
with an eye-specific Gal4 driving bub3-RNAi (ey>bub3-i) or control wild-type eyes (ey>), where the indicated
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transgenes for either the depletion of Hsp70 (Hsp70A-i / Hsp70B-i) or its overexpression (Hsp70A) were
expressed. (¢) Quantification of the analysed eye phenotypes, obtained as in (b) and expressed as the
percentage of each phenotype across the samples. Red indicates the “strong” phenotypes and orange the
“weak” ones; number of replicates is shown on each histogram bar; Fisher’'s exact test. (d) Qualitative images
of larval wing discs in which CIN was induced with an apterous-specific Gal4 driving bub3-RNAi fused with a
MyrT fluorescent protein (ap>myrT, bub3-i) or control wild-type tissues (ap>myrT), where the indicated
transgenes for either the depletion of Hsp70 (Hsp70A-i / Hsp70B-i) or its overexpression (Hsp70A) were
expressed. Immunostaining performed with cleaved-Dcp1 (cDcp1) antibody and DAPI (to stain DNA); MyrT
signal marks the aneuploid region; scale bars, 50um. (e) Quantification of the area positive for cDcp1 signal,
obtained as in (d) and normalised to the area of the dorsal region (D) (where ap>myrT, bub3-i is expressed) in
the indicated samples. Number of replicates is shown; one-way ANOVA, followed by Dunnett's multiple
comparison test (GFP-i vs each other sample). a-e performed by Lara Barrio (IRB, Barcelona), following the
experimental design we discussed together.

4.3 Hsp90 and Hsp70 inhibition induce the autophagic removal of

ribosomes

Having demonstrated with different approaches and aneuploid models that Hsp90 and
Hsp70 chaperones play major roles in the proteotoxic phenotype of aneuploid cells, |
proceeded with the analysis of their possible involvement on ribosome clearance. The idea
was that the increased folding demand in aneuploid cells and the consequent overwhelming
of Hsp90/Hsp70 folding activities would challenge the translation of new polypeptides, with
also dramatic effects on the machine in charge for making proteins, i.e. the ribosome. To
test this hypothesis, | started to inhibit the function of these two chaperone families. Firstly,
| tested the effects of Geldanamycin (Geld), a selective inhibitor of Hsp90 (Miyata, 2005),
using HCT116 Ribo-Keima cell lines. Geld-treated samples, interestingly, showed a
significant increase in ribophagy that mimicked the levels already observed in aneuploid
cells (Figure 26a-b). | have also confirmed it by treating cells with17-AAG, the clinically-
active inhibitor of the same chaperone family (Miyata, 2005), to exclude that it could be a

specific response to Geldanamycin treatment (Figure 26¢).

Next, | used the same approach to interfere with Hsp70 as well. | treated the Ribo-Keima
cells with VER-155008 (VER), which is a potent inhibitor of the Hsp70 family of chaperones
(Massey et al., 2010). Also in this case, chaperone inhibition partially phenocopied the
ribophagy measured in aneuploid cells, and this was true particularly for degradation of the

small subunit of the ribosome (Figure 26d-e).

Importantly, the same approach on HCT116 LDHB-Keima cells did not give the same result.
Indeed, bulk autophagy (i.e. processed Keima) was not influenced by the inhibition of Hsp90
through Geldanamycin treatment (Geld) (Figure 26f-g). This suggests that impaired
chaperone activity does not trigger aspecific bulk autophagy right after aneuploidy induction,

pointing out that its effect is most likely specific for ribophagy.
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These data indicate that if chaperone activity, either of Hsp90 family or Hsp70 family, is
inhibited in perfectly functioning pseudo-diploid cells, ribosomes are impacted as well and
are degraded via the autophagic pathway. This is happening already in aneuploid cells,

which are known to have an impaired chaperone-mediated folding activity.

HCT116 RPS3-Keima HCT116 RPL28-Keima
2.0

HCT116 RPS3-Keima HCT116 RPL28-Keima

Ctrl  Aneu Geld Ctrl  Aneu Geld

© o 30
gE1S SE2s
Vinculin| e s ss— — — — §x X
100 co c o220
5§ 5Fis
Processed Sy 2g zgh
Keima > _— 25 =505 wgto
0.5
0.0 n=3
Ctrl Aneu Geld Ctrl Aneu Geld
C
HCT116 RPS3-Keima HCT116 RPL28-Keima
Ctrl Aneu 17-AAG  Ctrl Aneu 17-AAG
Vinculin | e —|~ | |- —I-—l
100
Proc;:isnig| o4 _| - | I Ay '-.| - |»25
KeimaNim;laJ::g 1,0 13 14 10 13 1.3
d e . .
HCT116 RPS3-Keima HCT116 RPL28-Keima
HCT116 RPS3-Keima HCT116 RPL28-Keima 2.0 * 2.0
Ctrl Aneu VER Ctrl Aneu VER %,g 1.5 g,,g 1.5
@ Q
X §X
Vinculin——-———-||———L 53810 53810
100 o g k=R
. 280 €80
Processed] s B ot | [ e o e | 25 = =
0.0 n=3 0.0
Q>
(@) vs\ \q,bg
&
f g
HCT116 LDHB-Keima
HCT116 LDHB-Keima s
24h 72h o 2‘;1. ]
Ctl Aneu Ctl Aneu Geld ge”
5815
VINCUIN| S - s— o— o— 3810
100 w go s
Processed e — W ’
Keima — f2s 0.0

Figure 26: Hsp90 and Hsp70 inhibition induces ribophagy.

(a) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated for 24 hours either with
Mps1 inhibitor to generate the aneuploid samples (Aneu), DMSO for the control samples (Ctrl) or Geldanamycin
(Geld, 1uM). Ribophagic flux is determined by the increased level of processed Keima at 25KDa. Vinculin was
used as loading control. (b) Quantitation of processed Keima immunoblots obtained as in (a), from the indicated
biological replicates. Band values are normalised to the respective loading controls; values are expressed as
fold changes relative to Ctrl. Mean + SEM; Kruskal-Wallis test, followed by Dunn’s multiple comparison test. (c)
Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated for 24 hours either with 17-
AAG (1uM), Mps1 inhibitor (Aneu) or DMSO (Ctrl). Ribophagic flux is determined by the increased level of
processed Keima at 25KDa. Vinculin was used as loading control. Processed Keima values, normalised to the
respective loading control and expressed as fold changes relative to Ctrl, are shown. (d) Representative
immunoblots of the indicated HCT116 Ribo-Keima cell lines, treated for 24 hours either with Mps1 inhibitor
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(Aneu), DMSO (Ctrl) or VER-155008 (VER, 50uM). Ribophagic flux is determined by the increased level of
processed Keima at 25KDa. Vinculin was used as loading control. (e) Quantitation of processed Keima
immunoblots obtained as in (d), from the indicated biological replicates. Band values are normalised to the
respective loading controls; values are expressed as fold changes relative to Ctrl. Mean + SEM; Kruskal-Wallis
test, followed by Dunn’s multiple comparison test. (f) Representative immunoblot of HCT116 LDHB-Keima cells,
treated for 24 hours either with Geldanamycin (Geld, 1uM), Mps1 inhibitor (Aneu) or DMSO (Ctrl). Samples
collected after 72h from Mps1i/DMSO treatment were also included as positive control for the increase in bulk
autophagy. Bulk autophagy flux is determined by the increased level in processed Keima at 25KDa. Vinculin
was used as loading control. (g) Quantitation of processed Keima immunoblots obtained as in (f). Band values
are normalised to the respective loading controls; values are expressed as fold changes Aneu/Ctrl or
Geld/Ctrl(24h). Mean; n=2.

4.4 Restoring chaperone-mediated folding reduces ribophagy in

aneuploid cells

If an impaired chaperone-mediated folding is implicated in the degradation of ribosomes,
i.e. ribophagy, | wondered whether restoring this function would rescue this phenotype in
aneuploid cells. A powerful way to modulate chaperone levels and to understand if this
would have a role in the consequences of a deficient folding was to increase HSF1 activity.
HSF1 is the heat shock master regulator that induces the expression of genes involved in
proteostasis, first of all chaperones, including those of the Hsp90 and Hsp70 families (Zuo
et al., 1995). HSF1 activity is controlled by its regulatory domain that allows the protein to
be sequestered in the cytoplasm. When its function of transcription factor is required, HSF1
trimerises to translocate into the nucleus and bind DNA to induce Hsp genes (Hoter et al.,
2019). The regulatory domain deletion, however, results in constitutive DNA binding,
therefore constantly inducing the target genes (Zuo et al., 1995). Using a constitutively-
active truncated HSF1 plasmid, | transiently transfected HCT116 Ribo-Keima cells (Figure
27a), in the attempt to restore the folding activity as described above. The main target
chaperones were, indeed, increased. In particular, when truncated HSF1 - namely
constitutively active - was expressed, Hsp70 and Hsp27 protein levels were about 2-fold
and 4-fold higher than the control samples, respectively (Figure 27b-c). Hsp90 levels,
however, were just slightly increased, requiring further experiments to elucidate the
phenotype. Importantly, with this approach | was able to rescue the ribophagic phenotype
of aneuploid cells, meaning that restoring, at least in part, their folding activity prevented the

degradation of ribosomes via the autophagic pathway (Figure 27b-c).

As an alternative approach to increase the levels of Hsp90, | transiently over-expressed
Hsp90 itself with a hemagglutinin (HA) tag (Figure 27a). In this condition, ribophagy
substantially decreased in aneuploid cells, highlighting the involvement of this chaperone

family too in the induction of the ribophagic phenotype (Figure 27d-e).
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Figure 27: Chaperone induction and over-expression reduce ribophagy in aneuploid cells.

(a) Experimental workflow for the transient expression of either HSF1ca or Hsp90-HA plasmids. (b)
Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, in which HSF1ca was expressed.
Samples were collected after 72 hours from transfection, a time-point that guarantees the efficient expression
of HSF1ca; 24 hours before harvesting, cells were treated either with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to
generate aneuploid and pseudo-aneuploid samples. Controls for the transfection were generated using the
empty backbone vector. Ribophagic flux is determined by the increased level of processed Keima at 25KDa.
GAPDH was used as loading control. (¢) Quantitation of processed Keima immunoblots and indicates Hsps
protein levels obtained as in (b). Band values are normalised to the respective loading controls; processed
Keima values are expressed as fold changes Aneu/Cirl, while Hsps values are expressed as fold changes
relative to empty-Ctrl. Mean + SEM; n=3; for processed Keima, one sample t test (each Aneu vs respective
Ctrl=1) or Student’s t-test (between Aneu-empty and Aneu-HSF1ca); for Hsps, Kruskal-Wallis test, followed by
Dunn’s multiple comparison test. (d) Representative immunoblots of the indicated HCT116 Ribo-Keima cell
lines, in which Hsp90-HA was over-expressed. Samples were collected after 72 hours from transfection, a time-
point that guarantees the efficient over-expression of Hsp90-HA; 24 hours before harvesting, cells were treated
either with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid and pseudo-aneuploid samples.
Ribophagic flux is determined by the increased level of processed Keima at 25KDa. Tubulin was used as loading
control. (e) Quantitation of processed Keima obtained as in (d). Band values are normalised to the respective
loading controls; processed Keima values are expressed as fold changes Aneu/Ctrl. Mean + SEM; n=4; one
sample t test (each Aneu vs respective Ctrl=1) or Student’s t-test (between Aneu-empty and Aneu-Hsp90-HA).
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Altogether, these experiments demonstrate that aneuploid cells suffer chaperone
overwhelming, confirming the role of chaperone decreased activity in inducing proteotoxic
stress. Furthermore, they show that the impaired chaperone-mediated folding in aneuploid
cells is specifically involved in the autophagic removal of ribosomes, although the exact

molecular mechanism and chain of events need to be elucidated.

5. Aneuploidy impacts global protein synthesis and translation

efficiency
The previous results argued that chaperone overwhelming leads to the degradation of
ribosomes via autophagy. The principal contact point of these two elements, chaperones
and ribosomes, occur at the translation level, where they strictly interact to ensure new-
protein quality control and to maintain proteome homeostasis (Pechmann et al., 2013). This
raised the possibility that, if cells struggle with folding newly synthesised polypeptides, they
would slow down protein production itself, to alleviate the quality control systems and avoid
conspicuous waste of energy. This would be in line with previous observations, which
reported a crucial role of a disrupted folding environment in pausing of protein synthesis at

early elongation (B. Liu et al., 2013).

5.1 Aneuploid cells show reduced global protein synthesis rates

To investigate this hypothesis, | firstly assessed the rates of protein production in aneuploid
cells, compared to the pseudo-diploid counterpart. | measured global protein synthesis
employing a non-radioactive labelling method, the SunSET (Surface Sensing of Translation)
assay (Goodman & Hornberger, 2013), which consists in puromycin incorporation into
newly synthetised polypeptides. Puromycin is a structural analogue of the tyrosyl tRNA,
which normally presents a hydrolysable ester bond between the tRNA ribose moiety and
the attached amino acid molecule. Puromycin, instead, contains a non-hydrolysable amide
bond and this chemical difference causes the release of truncated puromycin-bound-
peptide from the ribosome (Figure 28a). Hence, this antibiotic labels new polypeptides with
good fidelity and dynamic range. Protein synthesis rates, then, can be determined by
detecting puromycin via immunoblot, with an anti-puromycin antibody. By employing this
method and incubating cells for 30 minutes with the compound, | found out that aneuploid
samples incorporated less puromycin than control cells (Figure 28b-c). This confirmed that
aneuploidy negatively impacts the production of proteins. From the experimental point of
view, | produced a negative control treating cells with cycloheximide (CHX), a compound
that is known to inhibit translation elongation (Schmidt et al., 2009). As expected, in this
condition no- or faint- puromycin smear was detected after immunoblot analysis (Figure

28b), confirming the reliability of the assay in my hands.
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Figure 28: Aneuploid cells show reduced global protein synthesis rates.

(a) Schematic representation of puromycin structure and its mechanism of action as a strategy for the
measurement of global protein synthesis. Adapted from (Goodman & Hornberger, 2013). (b) Representative
immunoblot of indicated cell lines, treated with Mps1i (Aneu) or DMSO (Citrl) for 24 hours (HCT116) or 72 hours
(RPE1) and analysed upon SUnSET assay. Global protein synthesis is determined by the level of puromycin
incorporated into newly synthesised polypeptides, over 30 minutes. Treatment with cycloheximide (CHX)
(10pg/mL, 6h) was used as a negative control; vinculin was used as loading control. (¢) Quantitation of
puromycin immunoblots (smear) obtained as in (b) from the indicated biological replicates. Smear values are
normalised to the respective loading controls; values are expressed as fold changes Aneu/Ctrl. Mean + SEM;

one sample t test.

5.2 Protein synthesis reduction correlates with aneuploid stress onset

and aneuploidy degree

To further characterise this phenotype in relation to aneuploidy, | performed the SunSET
assay in a time-course of aneuploid samples and control samples (generated with
Mps1i/DMSO 24, 48 or 72 hours). With this approach | wanted to check if the reduction in
protein synthesis correlated with accumulation of aneuploidy-associated stresses. Indeed,
aneuploid cells at late time-points (48 hours and 72 hours), which had time to develop more
severe stresses, showed a significant decrease in protein synthesis rates, compared to the

respective controls (Figure 29a-b).

Knowing that one of the prominent characteristics of aneuploid cells is the folding stress, |
have also treated pseudo-diploid samples with the chaperone inhibitor Geldanamycin

(Geld) and | looked at the global protein synthesis rates with the SUnSET assay, once again.
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When folding homeostasis was challenged, indeed, also pseudo-diploid cells exhibited less
puromycin incorporation, which was even lower of that observed in the aneuploid sample
(Figure 29c-d). Aneuploid cell incorporation levels could not be expected to decrease as
much as those of Geld-treated samples, simply because the former continue cycling in
culture, even if at lower rates, and still present a residual folding capacity, even if decreased
compared to the untreated pseudo-diploid counterpart. The correlation between proteotoxic

stress and protein synthesis attenuation is in line with previous studies (B. Liu et al., 2013).

Given that immunoblot is the SunSET most reliable analysis method, results coming from
this assay are representative of the entire population that has been analysed. In the case
of a heterogeneous population, as the one | considered in my experiments on aneuploidy,
the risk was a “buffering” of the phenotype coming from the aneuploid cells. The next
experiment | conducted to better correlate translation slowdown and aneuploidy was based
on the titration of the Mps1 inhibitor that, as already mentioned, generates more aneuploid
cells in the treated population as its concentration increases (Santaguida et al., 2010). The
consequence of higher Mps1i concentration was, indeed, a decrease in protein synthesis
(Figure 29e-f), indicating that a population with more aneuploid cells shows, on average,

more limitations in the rate of new protein synthesis.

Interestingly, with these approaches | noticed that the trends of protein synthesis
anticorrelated with the previously-observed ribophagic phenotype, upon increasing or
decreasing the aneuploidy degree of the analysed populations. Hence, it is plausible that
aneuploid cells reduce translation rate to match their impaired folding capacity, with

implications for the slowed-down ribosomes.
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Figure 29: Protein synthesis reduction correlates with aneuploid onset and aneuploidy degree.

(a) Representative immunoblot of RPE1 cells, treated with Mps1 inhibitor (Aneu) or DMSO (Ctrl) and collected
after 24, 48, 72 hours. Global protein synthesis is determined by the level of puromycin incorporation over 30
minutes. Vinculin was used as loading control. The scheme represents the rationale of the experiment. (b)
Quantitation of puromycin immunoblots (smear) obtained as in (b). Smear values are normalised to the
respective loading controls; values are expressed as fold changes Aneu/Ctrl. Mean + SEM; n=6; one sample t
test (Aneu at each time-point vs respective Ctrl=1). (c) Representative immunoblot of indicated cell lines, treated
with either Geldanamycin (Geld, 500nM, 24h), Mps1i (Aneu) or DMSO (Ctrl) for 24 hours (HCT116) or 72 hours
(RPE1) and analysed upon SUnSET assay. Global protein synthesis is determined by the level of puromycin
incorporation over 30 minutes. Vinculin was used as loading control. (d) Quantitation of puromycin immunoblots
obtained as in (c) from the indicated biological replicates. Smear values are normalised to the respective loading
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controls; values are expressed as fold changes relative to Ctrl. Mean. (HCT116) and n=1 (RPE1). (e)
Representative immunoblot of HCT116 cells, treated for 24 hours with Mps1 inhibitor either 125nM, 250nM or
500nM. DMSO was used to generate the untreated control. Global protein synthesis is determined by the level
of puromycin incorporation over 30 minutes. Vinculin was used as loading control. The scheme represents the
rationale of the experiment. (f) Quantitation of puromycin immunoblots (smear) obtained as in (e). Smear values
are normalised to the respective loading controls; values are expressed as fold changes relative to untreated
control (Ctrl). Mean + SEM; n=4; Kruskal-Wallis test, followed by Dunn’s multiple comparison test.

5.3 Aneuploidy impacts translation efficiency

| also took advantage of an independent and complementary translation assay, based on
the analysis of polysome profiling. This technique allows for the evaluation of mRNA
engagement with the translational machinery, by studying the sedimentation of cell lysate
components in a sucrose gradient. Single ribosome subunits (either 40S or 60S),
monosomes (80S) and poorly translated mRNAs accumulate near the top of the gradient,
while actively translated mRNAs (associated in polysomes) sediment to the bottom (Figure
30a). In collaboration with Dr. Gabriella Viero lab (Institute of Biophysics, CNR Unit, Trento,
Italy) the profiles of aneuploid and pseudo-diploid RPE1 cells were analysed (Figure 30b,
top). The validation of the technique was given by the co-sedimentation profiles via
immunoblot on the fractions obtained from the sucrose gradient. From them, it was clear
that a ribosomal protein from the large subunit (RPL26) was mostly present in the 4™ and
5™ fractions (corresponding to the 60S and 80S, respectively), while a small subunit protein
(RPS6) was enriched in the 3™ and 5" fractions (40S and 80S), as expected (Figure 30b,
bottom). Then, from the polysome profiles obtained with aneuploid and control cell lysates,
the fraction of ribosomes engaged in polysomes (FRP) was calculated. This function
depends on two different factors, the area underlying the curve of polysomes and the area
under the 80S peak and it is calculated as the ratio of the former and the sum of the same
plus the latter (Figure 30a). The obtained results argued that aneuploid cells have a lower
FRP, namely a significantly reduced efficiency in recruiting ribosomes in polysomes,
compared to the euploid counterpart (Figure 30c). Then, to understand which factor was
primarily responsible for this phenotype, the relative distribution of component absorbances
was compared. The analysis indicated that aneuploid cells do not exhibit significant
problems in the production of the ribosomal subunits, or in the assembly of the 80S, but
have issues at the level of polysomes (Figure 30d). Typically, an increase in the 80S and a
decrease in the polysome fraction suggest translation inhibition, while an increase in

polysomes and FRP values occurs during upregulation of translation.

Together with the puromycin incorporation data, these results confirm that aneuploidy per
se causes translation deficiency and, in particular, polysome profiling reveals a defective
loading of ribosomes on polysomes. This observation could be in line with early elongation
pausing caused by proteotoxic stress, which has been shown to induce ribosomal pausing

and -with high probability- obstruction of the following ribosome trail (B. Liu et al., 2013).
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Figure 30: Polysome profiling indicates that aneuploidy impacts translation efficiency.

(a) Schematic representation of the polysome profiling technique: mRNA engagement with the translational
machinery is determined by polysome sedimentation in 10-40% sucrose gradient (left). Schematic description
of the function to calculate the fraction of ribosomes in polysomes (FRP) as Areapoysomes) /
(Area(polysomes)tArea(sos)). Adapted from (Bernabo et al., 2017) (right). (b) Representative sucrose gradient
absorbance profiles (top) obtained from the cytoplasmic lysates of RPE1 treated either with Mps1i (Aneu) or
DMSO (Ctrl) and analysed after 72 hours. Representative immunoblot for the co-sedimentation profiles of two
ribosomal subunit markers (RPL26 and RPS6) (bottom). (¢) Comparison between the fraction of ribosomes in
polysomes (FRP) in aneuploid and control samples. FRP values were calculated from the profiles obtained as
in (b), with the function described in (a). Mean + SD; n=4; t test. (d) Quantitation of the relative absorbance
distribution of each component in aneuploid and control samples obtained as in (b). Mean £ SD; n=4; t test
(Aneu vs Ctrl). b-d performed by Gabriella Viero (CNR, Trento), using the samples | produced as described
above.
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5.4 Global protein synthesis reduction is in agreement with UPR

activation and stress granules accumulation in aneuploid cells

The reduction in protein synthesis rates is also a widely recognised consequence of stress
response activation, first of all the unfolded protein response (UPR). The phosphorylation
of elF2a by stress kinases, in fact, prevents the formation of the translation initiation
complex and reduces global protein synthesis (see Introduction paragraph 4.1.2 and ref.
(Walter & Ron, 2011)). Since aneuploid cells showed a slight activation of UPR (see Result
paragraph 1.2), their impaired translation rates might be partially due to this phenotype.
UPR-mediated elF2a phosphorylation is known to block translation initiation, rather than

blocking elongating polysomes.

One way to check if also translation initiation might be negatively affected was investigating
the formation of stress granules (SG) (Kedersha et al., 2002). As a matter of fact, SG are
considered as cytoplasmic “storages” that temporarily protect stalled mRNAs with RNA-
binding proteins, as well as factors of the pre-initiation complex (Decker & Parker, 2012;
Panas et al., 2016). | have addressed this question by immunostaining aneuploid cells and
the pseudo-diploid counterpart for the mRNA-binding protein G3BP1, a known marker of
SG (Figure 31a). Aneuploid samples were generated at the time-point that previously
showed lower translation rates (72 hours), to increase the possibility of spotting these
structures. Interestingly, the percentage of cells presenting stress granules was higher in

aneuploid cells, compared to that of pseudo-diploid ones, although the phenotype was not

homogeneously distributed in all the imaged cells (Figure 31a and 31b, first two samples).
As positive controls, | have treated both pseudo-diploid and aneuploid samples with sodium
arsenite (NaAsQO;), which is a strong inducer of phospho-elF2a and, therefore, stress
granules assembly (B. Liu et al., 2013). When cells were incubated for 30 minutes with the
compound, almost all of them, both aneuploid and pseudo-diploid, presented lots of stress

granules (Figure 31a and 31b, last two samples). With a 10-minute treatment, instead, the

percentage of pseudo diploid cells was comparable to that of the untreated ones, while the
aneuploid cells with stress granules were much more, further exacerbating the difference

already spotted in the untreated samples (Figure 31a and 31b, samples in the middle). This

result supports the idea that aneuploid cells already suffer from translational stress under
basal conditions and are, therefore, more sensitive to NaAsO- treatment. To complete the
analysis of the stress granules, in collaboration with Chiara Soriani (IEO imaging facility,
Milan, ltaly) who implemented the macro script for Fiji (for details, see Materials and
Methods paragraph 10.1), the number of SG per cell and the mean area of SG in each

sample were also considered, but, unfortunately, no appreciable changes were observed

(Figure 31c-d).
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Figure 31: Stress granules accumulation in aneuploid cells.

(a) Representative confocal images of RPE1 cells treated with Mps1 inhibitor (Aneu) or DMSO (Cirl) and
collected after about 3 cell cycles (72 hours). NaAsO, (500uM, 10 or 30 minutes, as indicated) was used to
produce positive controls. Immunofluorescence analysis performed with G3BP1 antibody and DAPI (to stain
DNA); scale bars, 50um. (b) Percentage of cells with stress granules (SG) from immunofluorescence as in (a).
Data are from three biological replicates (Ctrl/Aneu and Ctr/Aneul+NaAs0,30’) or from two biological replicates
(Ctr/Aneul+NaAs0210’) and >100 cells were analysed per each replicate. Mean + SEM; Fisher’s exact test. (c)
Quantitation of number of stress granules (SG) per cell from immunofluorescence as in (a). Data are from three
biological replicates (Ctrl/Aneu and Ctr/Aneul+NaAsO,30’) or from two biological replicates
(Ctr/Aneul+NaAs0210’) and >100 cells were analysed per each replicate. Mean + SEM; Kruskal-Wallis test,
followed by Dunn’'s multiple comparison test. (d) Distribution of stress granules (SG) area (um?) from
immunofluorescence as in (a). Data are from three biological replicates (Ctrl/Aneu and Ctr/Aneul+NaAsO,30’)
or from two biological replicates (Ctr/Aneul+NaAsO,10’). Upper quartile, lower quartile and median of each violin
plot are shown.

The results presented here clearly demonstrate that aneuploidy impacts global protein
synthesis and impairs translation efficiency. This seems to happen, at least partially, at the
translation initiation level, as indicated by SG assembly and phospho-elF2a-mediated UPR
activation. On the other hand, aneuploid cell chaperone overwhelming and previous studies
(B. Liu et al., 2013) suggest that translation might be slowed down during early elongation
stages, to alleviate the folding stress.
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6. The E3-ligase ZNF598 mediates the autophagic removal of

ribosomes in aneuploid cells

As ribosomes have been described to carry out also a central role in tuning translation since
they are able to sense a deficient folding environment (B. Liu et al., 2013), | wondered if this
function might have negative consequences for ribosomes themselves in chronic stress
conditions. Early elongation pausing orchestrated by ribosomes in response to folding
stress results, most likely, in a pileup of ribosomes in the first region of the transcript. This
condition would cause a decrease in inter-ribosome distance in that region, increasing the
probability of collision events (Collart & Weiss, 2019). If this situation is transient, translation
can resume, once the stress has been alleviated. Whilst, when the collision lasts for a
sufficiently long time, downstream events of ribosome-associated quality control (RQC) are
triggered (Zhao et al., 2019). Typically, ribosomes involved in slowdown or collisions are
dissociated from the transcript and recycled (Joazeiro, 2019). The recognition of collided
ribosomes and translation slowdown is guaranteed by the E3-ligase ZNF598, which
normally ubiquitylates the collided ribosomes to initiate RQC. The most characterised
ubiquitylation events on ribosomal subunits have regulatory functions (RRubs) (Garshott et
al., 2020; Higgins et al., 2015), while only recently a role of specific RRubs in driving 40S
proteasomal degradation has been identified (Garshott et al., 2021). Hence, | reasoned that
since aneuploidy leads to a persistent folding stress and to a persistent translation
slowdown, it might be worth addressing a possible role of the E3-ligase ZNF598 in the

ribophagic phenotype | observed in aneuploid cells.

A first indication of ZNF598 activity in aneuploid cells has been given by the co-
sedimentation profile of the E3-ligase in the fractions obtained from a polysome profiling
analysis on HCT116 cells. From a preliminary analysis (n=1), in fact, ZNF598 seemed to
be slightly enriched in the 3™ fraction of the aneuploid sample (corresponding to the 40S
small subunit fraction), compared to the pseudo-diploid control (Figure 32a-b). However,
the difficulties in replicating the experiment and the fact that the immunoblot was not

technically satisfactory prompted me to use a different approach.
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Figure 32: ZNF598 seems to shift in the 40S fraction in aneuploid cells.

(a) Immunobilots for the co-sedimentation profiles of two ribosomal subunit markers (RPL26 for the large subunit
and RPS6 for the small one) and the E3-ligase ZNF598, obtained from polysome profile analysis of HCT116
cells treated either with Mps1i (Aneu) or DMSO (Ctrl) for 24 hours. (b) Quantitation of the co-sedimentation
profiles in (a). The fraction corresponding to the 40S small subunit (fraction number 3) was highlighted.

6.1 ZNF598 depletion leads to a decreased ribophagic flux in

aneuploid cells

To directly test the potential role of ZNF598 in the degradation of ribosomes, besides its
canonical task of RQC inducer, | depleted it through a siRNA-mediated transient knock-
down (Figure 33a) in HCT116 Ribo-Keima cells and then monitored the ribophagic flux in
that condition. Importantly, the amount of processed Keima in the aneuploid samples was
significantly reduced upon ZNF598 knock-down (Figure 33b-c), indicating that the E3-ligase
is actually a mediator of this process. The rescue was particularly evident in the RPS3-
Keima cell lines, highlighting once again that the small and the large subunit degradation
might rely on different mechanisms. Moreover, ZNF598 ubiquitylation is specific for the
small subunit, as it occurs on the surface between collided ribosomes, as previously shown
(Juszkiewicz et al., 2018). Since the reduction in ribophagy in ZNF598 knock-down
conditions was consistent across distinct biological replicates (Figure 33c) and it was also
clear at single cell level (Figure 33d), | concluded that there is a dependency of the
ribophagic flux on the E3-ligase ZNF598.
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Figure 33: ZNF598 depletion leads to a decreased ribophagic flux in aneuploid cells.

(a) Experimental workflow for the depletion of ZNF598 through siRNA-mediated transient knock-down. (b)
Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, in which ZNF598 was depleted
with siRNA-mediated transient knock-down. Samples were collected after 72 hours from transfection, a time-
point that guarantees the efficient depletion of ZNF598; 24 hours before harvesting, cells were treated either
with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid and pseudo-aneuploid samples. Controls for
the transfection were generated using non-targeting siRNAs. Ribophagic flux is determined by the increased
level of processed Keima at 25KDa. Tubulin was used as loading control. (¢) Quantitation of processed Keima
immunoblots obtained as in (b), from the indicated biological replicates. Band values are normalised to the
respective loading controls; values are expressed as fold changes Aneu/Ctrl. Mean £+ SEM; one sample t test
(each Aneu vs respective Ctrl=1) or Student’s t-test (between Aneu and Aneu-ZNF598siRNA). (d) Qualitative
confocal live-cell images of HCT116 RPS3-Keima and RPL28-Keima cells treated with Mps1 inhibitor (Aneu) or
DMSO (Ctrl) for 24 hours. The lysosomal degradation of ribosomes and its rescue is determined by the
increased/decreased levels of red-Keima puncta upon ZNF598 transient knock-down; hoechst was used to stain

DNA,; scale bars, 50um.

To exclude that ZNF598 directly triggers ribophagy, and to verify that it is rather a mediator
of the process, | over-expressed it in HCT116 Ribo-Keima cells (Figure 34a). The over-
expression neither increased ribophagy in pseudo-diploid cells, nor changed the
proportions of the ribophagic flux between aneuploid and control cells (Figure 34b-c). This
assay indicated that, as expected, ZNF598 is not the first trigger of the mechanism,

otherwise the levels of ribophagy would have increased upon its over-expression.
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Therefore, ZNF598 is probably a mediator of the degradation of ribosomes via the
autophagic pathway, which has been already triggered by folding stress, as previously

demonstrated (see Results paragraph 4).
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Figure 34: ZNF598 over-expression does not increase the ribophagic flux.

(a) Experimental workflow for the transient over-expression of ZNF598. (b) Representative immunoblots of the
indicated HCT116 Ribo-Keima cell lines, in which ZNF598 was over-expressed. Samples were collected after
72 hours from transfection, a time-point that guarantees the efficient over-expression of ZNF598; 24 hours
before harvesting, cells were treated either with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid
and pseudo-aneuploid samples. Ribophagic flux is determined by the increased level of processed Keima at
25KDa. Vinculin was used as loading control. (¢) Quantitation of processed Keima immunoblots obtained as in
(b), from the indicated biological replicates. Band values are normalised to the respective loading controls;
processed Keima values are expressed as fold changes respective to the not-transfected Ctrl. Mean + SEM
(where it applies); Kruskal-Wallis test, followed by Dunn’s multiple comparison test (where it applies).

6.2 ZNF598 mediates ribophagy in a specific time-frame

Since the ribophagic phenotype was even increased in aneuploid populations that had
enough time to accumulate more stresses (i.e. 48h and 72h after chromosome mis-
segregation) (see Results paragraphs 3.1 and 3.4), | wanted to check if also ZNF598 role
was more evident at longer time-points. | did so through the analysis of the ribophagic flux
in an aneuploidy time-course (samples at 24, 48, 72 hours from Mps1i treatment) in
conditions where ZNF598 was either depleted or not. To be sure that ZNF598 was equally
depleted in all the samples, | collected all of them 84 hours after transfection and added the
Mps1 inhibitor (or DMSO) at different time-points before harvesting, to generate the different
aneuploid (and pseudo-diploid) samples (Figure 35a). Surprisingly, while the rescue was
confirmed for the samples at 24 hours, this was not the case at later time-points (Figure
35b-d). Considering that my previous results (see Results paragraph 2) showed, at those
later time-points, an increase in bulk autophagy, as well as other types of autophagy (i.e.
ER-phagy and, to a smaller extent, mitophagy) | reasoned that ribophagy in aneuploid cells

might be selective just at the beginning. In other words, ribosomes could be already
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degraded at 24 hours post aneuploidy induction in a selective manner, a process allegedly

mediated by ZNF598, because the aneuploidy-induced stresses are still manageable by the

cell. When those stresses increase, i.e. later in the time-course, ribosomes could become

just one of the autophagic cargoes targeted by the increased bulk autophagy.

To corroborate this hypothesis, | treated cells with Torin1, a known inducer of bulk

autophagy, after having depleted ZNF598. In this way, | wanted to test whether by

increasing the aspecific degradative cargoes (in which ribosomes are included in a non-

selective manner), the non-selective ribophagy would be rescued or not by ZNF598

depletion. Importantly, the ribophagic flux induced by the treatment was not decreased upon

ZNF598, meaning that this E3-ligase does not mediate non-selective ribophagy.

This finding supports the idea that massive ribophagic flux, either induced by a drug (Torin1)

or by the increasing aneuploidy-associated stresses (in aneuploid cells at later time-points),

is not selective and not mediated by the E3-ligase ZNF598.
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Figure 35: ZNF598 depletion does not rescue ribophagy at later time-points.
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(a) Experimental workflow for ZNF598 transient knock-down and aneuploidy time-course. (b) Representative
immunoblots of the indicated HCT116 Ribo-Keima cell lines, in which ZNF598 was transiently depleted.
Samples were collected after 84 hours from transfection; 72, 48 or 24 hours before harvesting, cells were treated
either with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid and pseudo-aneuploid samples at
different time-points. Controls for the transfection were generated using non-targeting siRNAs. Ribophagic flux
is determined by the increased level of processed Keima at 25KDa. GAPDH was used as loading control. (c)
Representative immunoblot of HCT116 RPS3-Keima cell lines, in which ZNF598 was transiently depleted.
Samples were collected after 72 hours from transfection; 24 hours before harvesting, cells were treated either
with Torin1 (250nM) Mps1 inhibitor (Aneu) or DMSO (Ctrl). Controls for the transfection were generated using
non-targeting siRNAs. Ribophagic flux is determined by the increased level of processed Keima at 25KDa.
Tubulin was used as loading control. (d) Quantitation of processed Keima immunoblots (HCT116 RPS3-Keima)
obtained as in (b) and (c), from the indicated biological replicates. Band values are normalised to the respective
loading controls; processed Keima values are expressed as fold changes Aneu/Ctrl or Torin1/Ctrl. Graph Y axes
were scaled to have the same range in the different conditions and facilitate their comparison. Mean + SEM,;
one sample t test (each Aneu vs respective Ctrl=1) or Student’s t-test (between Aneu and Aneu-ZNF598siRNA).

Together, these data point out that ribophagy is early activated in aneuploid cells, as
ribosomes can sense in advance the onset of specific stresses, including the impaired
folding activity and consequent proteotoxic stress. Since these problems cannot be
resolved, as they are intrinsic characteristics of aneuploidy, cells might try, at the beginning,
to cope with them by activating specific quality controllers, such as ZNF598, to get rid of
translationally deficient ribosomes. When the degree of proteotoxicity and other aneuploidy-
associated stress reach severe levels, instead, cells experience the saturation of the
autophagic pathway, because of the random engulfment of degradative load, and the

selectivity of ribophagy cannot be detected anymore.

A further cue in this direction is given by the same assay performed in the Results paragraph
4.4, in which folding is enhanced by the expression of a constitutively active HSF1
(HSF1ca). When the same experiment was conducted in aneuploid cells at later time-points
(72 hours post aneuploidization), the rescue obtained at 24 hours was not detected (Figure
36a-b). This strongly suggests that when folding stress is still addressable and fixable, right
after the induction of aneuploidy, cells sense it and activate the downstream mechanisms
to control its consequences. Whilst, with the worsening of the stresses related to
aneuploidy, cells become too overwhelmed, even in conditions where folding activity is

enhanced.
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Figure 36: Folding induction is not sufficient to rescue ribophagy at later time-points.

(a) Representative immunoblots of the indicated HCT116 Ribo-Keima cell lines, in which HSF1ca was
expressed. Samples were collected after 84 hours from transfection; 72 hours before harvesting, cells were
treated either with Mps1 inhibitor (Aneu) or DMSO (Ctrl) to generate aneuploid and pseudo-aneuploid samples.
Controls for the transfection were generated using the empty backbone vector. Ribophagic flux is determined
by the increased level of processed Keima at 25KDa. GAPDH was used as loading control. (¢) Quantitation of
processed Keima immunoblots obtained as in (a). Band values are normalised to the respective loading controls;

processed Keima values are expressed as fold changes Aneu/Ctrl. Mean; n=2.

7. Highly aneuploid cancers tend to downregulate ribosome

signature and to correlate with ZNF598 expression

My data indicate that ribophagy is a quality control mechanism activated in aneuploid cells
to cope with the onset of folding stress. Given that the vast majority of cancers harbour
aneuploid karyotypes (see Introduction paragraph 3), it will be of foremost interest to check
if this control mechanisms is activated in transformed contexts. Cancer cells, in fact, must
have developed or enhanced protective mechanisms against the negative consequences

of aneuploidy, to ensure optimal survival and sustain aggressive proliferation.

7.1 Highly aneuploid cancer cell lines decrease ribosome signatures

To start investigating this idea from a comprehensive point of view, | took advantage of the
Broad Institute DepMap (the Cancer Dependency Map portal), a database of cancer cell
lines containing genomic data from the CCLE project (Cancer Cell Line Enciclopedia). The
portal has been recently integrated with the aneuploidy profiles of over a thousand cancer
cell lines, expressed as aneuploidy scores (Cohen-Sharir et al., 2021). In collaboration with
Dr. Uri Ben-David and Yonatan Eliezer (Tel Aviv University, Tel Aviv, Israel), cancer cell
lines were divided into a “high aneuploidy” group, defined as the top-quartile of the number

of arm-level events (either chromosome gains or losses), and a “low aneuploidy” group,
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with the bottom-quartile of the number of arm-level events. These two cell line groups were
used to identify possible differences in the expression of specific signatures of interests.
Since it is not possible to obtain signatures of ribophagy or selective autophagy, as they are
not identified by specific pathways, | firstly interrogated the association between the
aneuploidy degree (belonging to one of the two groups of cell lines) and ribosomal
signatures. Interestingly, the analysis of the relative signature scores (ssGSEA) highlighted
that highly aneuploid cancer cell lines tend to negatively correlate with both ribosome
biogenesis and ribosome assembly signatures. The functional signature for ribosomes was
decreased as well in highly aneuploid cancers (Figure 37a). This information is compelling
considering the important roles of ribosomes in cell metabolism, indicating that also
transformed cells with highly aneuploid karyotypes can experience, to some extent,

ribosomal stress.

Along the same direction, the association between ER signatures and the aneuploidy
degree was evaluated. In this case, protein folding signatures seemed not impacted by
aneuploidy, while a strong positive correlation was found between aneuploidy and UPR
regulation signature (Figure 37b). Although these data might seem contradictory, they give
an interesting hint to evaluate the role of the UPR stress response in helping aneuploid

cancer cells to manage and partially resolve folding stress.

Lastly, the comparison of mitochondrial signatures between the two groups, high- and low-
aneuploidy, did not show any major difference, suggesting that aneuploidy has no effect on
mitochondria-related processes and genes (Figure 37c). This was in line with my previous

results indicating that mitochondria are not subjected to enhanced degradation.
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Figure 37: High aneuploidy score is associated with decreased ribosomal and increased UPR regulation
signatures.
(a) Association between ssGSEA score for the gene ontology biological processes signatures GOBP ribosome
biogenesis, GOBP ribosome assembly, the functional KEGG ribosome signature and aneuploidy score in
bottom (low aneuploidy) vs top quartiles (high aneuploidy) of human cancer cell lines from the CCLE. Upper
quartile, lower quartile and median of each violin plot are shown; t test. (b) Association between ssGSEA score
for GOBP de-novo protein folding, GOBP protein folding and GOBP regulation of ER unfolded protein response
and the aneuploidy score in bottom (low aneuploidy) vs top quartiles (high aneuploidy) of human cancer cell
lines from the CCLE. Upper quartile, lower quartile and median of each violin plot are shown; t test. (c)
Association between ssGSEA score for GOBP mitochondrial expression, GOBP mitochondrial transcription, the
signatures REACTOME mitochondrial biogenesis and BIOCARTA mitochondria pathway and the aneuploidy
score in bottom (low aneuploidy) vs top quartiles (high aneuploidy) of human cancer cell lines from the CCLE.
Upper quartile, lower quartile and median of each violin plot are shown; t test. a-c performed by Yonatan Eliezer

(Tel Aviv University) as discussed together.
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7.2 Highly aneuploid cancers and ZNF598 expression positively

correlate with each other

| also looked into possible correlations between the aneuploid state of cancer cells and the
molecular player ZNF598, which | demonstrated to be involved in ribophagy. In particular,
the analysis was performed from TCGA (The Cancer Genome Atlas) data, which contains
the information of about 11000 patient primary cancer samples. The pancancer analysis
correlating the aneuploidy score of the tumours with ZNF598 expression showed a positive
trend (Figure 38a). Further, analysing the respective correlation coefficient between the
aneuploidy score and ZNF598 expression of each cancer type independently highlighted
the different behaviours among the sample types, with some of them showing compelling

positive correlations (Figure 38b).

Moreover, we also looked at the gene signatures whose expression correlates with ZNF598
expression. Using DepMap, among the positive correlations, we found signatures of cell
cycle, ubiquitylation and cellular response to stress (highlighted in Figure 38c). Interestingly,
among the signatures that anti-correlate with ZNF598 there were those of ribosome
biogenesis, cytoplasmic translation, translation elongation and translation initiation
(highlighted in Figure 38d). These observations are in line with the data from the in vitro

experiments, giving a starting point for further characterizations using cancer models.

Taken together, these data suggest that highly aneuploid cancers tend to over-express
ZNF598, although the high heterogeneity between the different tumor types should be taken
in consideration. Accordingly, highly aneuploid cancers also tend to downregulate
ribosome-related pathway, compared to pseudo-diploid tumours. Moreover, the analysis of
the individual correlation coefficients between the aneuploidy score and ZNF598 expression
of each cancer type, highlights that only positive correlations are significant, pointing at the

importance of further investigations in this direction.
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Figure 38: Highly aneuploid cancers tend to positively correlate with ZNF598 expression and ZNF598
expression anti-correlates with translation and ribosomal signatures.

(a) Pancancer correlation plot between the aneuploid score and ZNF598 expression (RSEM) from TCGA
primary tumour samples. The trend line for Spearman’s correlation is in purple; p=0,2524, P<0.0001. (b) Dot-
plot with individual cancer types and the respective Spearman’s correlation coefficient between aneuploidy
score and ZNF598 expression (RSEM) from TCGA dataset (where p=0 indicates no correlation, p=1 perfect

positive correlation and p=-1 perfect negative correlation), for tumour types with a significant correlation (P<0,05)
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(black dots). Pancancer Spearman’s correlation coefficient was reported (purple dot). (c) Correlation plot
between ZNF598 expression and the indicated signatures among the most positively correlated genes (TOP
200), from DepMap database. X axis represents —log1o(g-value). Grey bars highlight the signatures of interest.
(d) Correlation plot between ZNF598 expression and the indicated signatures among the most negatively
correlated genes (BOT 200), from DepMap database. X axis represents —logio(g-value). Grey bars highlight the
signatures of interest. a, ¢, d performed by Yonatan Eliezer (Tel Aviv University) as discussed together.
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Chromosome mis-segregation and the consequent aneuploid state cause a plethora of
cellular stresses that have been described in multiple studies (Gordon et al., 2012; Levine
& Holland, 2018; Santaguida & Amon, 2015b; Siegel & Amon, 2012; Torres et al., 2008).
One of the most prominent features of aneuploidy is proteotoxic stress, which is
characterised by the aggregation of aberrant proteins in the cytoplasm (Choe et al., 2016;
Chunduri & Storchova, 2019; Oromendia & Amon, 2014; Santaguida & Amon, 2015b).
Proteotoxicity is thought to be a consequence of gene copy number changes and it is
triggered at various levels in aneuploid cells, impacting negatively cell physiology
(Oromendia et al., 2012; Stingele et al., 2012; Tang & Amon, 2013; Torres et al., 2007).
Furthermore, aneuploid cells are particularly sensitive to conditions where protein folding is
saturated, because of their already-compromised folding machinery (Donnelly et al., 2014;
Tang et al., 2011). The continual aggregation of not-properly folded proteins leads to the
overwhelming of the quality control mechanisms in aneuploid cells, first of all the autophagic
pathway (Santaguida et al., 2015; Santaguida & Amon, 2015a) that is typically in charge for
the degradation of extra, misfolded or defective proteins and complexes (Ding & Yin, 2008;
Kirkin et al., 2009).

Although many progresses have been made in characterizing the consequences of
aneuploidy, a deep understanding of the mechanisms that counteract proteotoxic stress is
still missing. In an attempt to fill this gap, | have carried out this project by applying multiple
experimental methodologies and ultimately demonstrating that, in aneuploid cells, a
deficient protein folding is strictly connected to the lysosome-mediated degradation of

ribosomes.

For my studies, | induced aneuploidy in pseudo-diploid cell lines, RPE1 and HCT116, by
interfering with the components of the spindle assembly checkpoint, in particular Mps1
(Santaguida et al., 2010). The obtained aneuploid system is a heterogeneous population of
aneuploid cells with random chromosome gains and losses (Figure 11). The analysis of a
heterogeneous population is useful to disentangle common features of aneuploid cells,
despite their karyotypes. By using this approach, in fact, it is possible to identify mechanisms
used by aneuploid cells to cope with shared stresses and, possibly, exploit this knowledge

to characterise how aneuploid cancer cells successfully overcome these problems.

1. A model to summarise the events that leads to the lysosome-

mediated degradation of ribosomes in aneuploid cells

Previous evidence showed the overwhelming of the autophagic pathway in aneuploid cells,
as a consequence of the mounting proteotoxicity((Santaguida et al., 2015; Santaguida &

Amon, 2015a) and Figure 14), and this prompted me to dissect in details the mechanisms
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involved. By studying the nature of the cargo engulfed in autophagosomes, it became clear
the presence of organelles known to be subjected to selective autophagy under stress

conditions (Figures 15, 16). Since, among them, ribosomes already undergo degradation

at early time-points after the induction of aneuploidy, | focused my attention on them.
Indeed, | observed an increased ribophagic flux in my aneuploid system, compared to

pseudo-diploid control (Figures 17, 19, 20, 21) and | followed-up investigating the causes

and the molecular bases underlying this phenotype. My data indicate that accumulation of
misfolded and unfolded proteins (Figure 12) in aneuploid cells is caused and exacerbated,
at least in part, by impaired activity of chaperones, in particular by the Hsp90 and Hsp70

families (Figures 24, 25, 26, 27). The onset of proteotoxic stress, in turn, leads to an

attenuation of translation to cope with folding deficiency (Figures 28, 29, 30). Most likely,

this increases the probability of ribosome stalling and consequent collision. Translational
deficiency and paused-ribosomes do not go unnoticed: aneuploid cells recruit a quality

control mediator, the E3-ligase ZNF598 (Figures 33, 34), which is in charge for the

ubiquitylation of defective ribosomes, typically driving the onset of ribosome-associated
quality control. This specific targeting drives ribosomal subunits for selective autophagic

degradation through the lysosomes (summarised in Figure 39a).

The described chain of events, however, seems to take place when cells can manage the
initial trigger of this response, i.e. the folding deficiency that causes the proteotoxic stress.
Aneuploid cells that have been cultured for 2, 3 or more days after the induction of
chromosome mis-segregation, indeed, have time to accumulate higher levels of the
stresses associated with aneuploidy (Santaguida et al., 2017). This condition exacerbates
the overwhelming of the autophagic pathway, which becomes saturated because the

lysosomes cannot keep up with the increased degradative load (Figures 14, 16; 48h and

72h time-points). The growing autophagic flux is also reflected at the level of ribophagy

(Figures 16, 18, 20, 21). Importantly, under these circumstances, ribosome engulfment in

autophagic structures increases, but, on the other hand, the selectivity of the process is
lost. Indeed, the dependency of ribophagy on ZNF598 activity is not detectable anymore
(Figure 35). This is further confirmed by the fact that even if aneuploid cells at these stages
are enhanced to fold proteins, the ribophagic flux is not rescued (Figure 36). LDHB, ER and,
to a lower extent, mitochondria undergoing autophagy at later time-points (48, 72 hours
after aneuploidy induction) represent an additional proof of the random sequestration of

cytoplasmic material during the increase in bulk autophagy (Figures 14, 16). Together,

these data support the idea that aneuploid cells with increasing stresses are not able to
discriminate in a selective manner the cargo to be degraded, and ribosomes themselves

end up in lysosomes as a result of bystander flux (Figure 39b).

The worsening of genomic instability triggered by even a single chromosome mis-

segregation event is known to cause the evolution of severe karyotype abnormalities in the
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analysed population (Garribba et al., 2023; Santaguida et al., 2017). Moreover, aneuploid
cells harbouring complex karyotypes ultimately cease to divide and undergo senescence
(Santaguida et al., 2017), as the ability to proliferate negatively correlates with the increase
in karyotype aberrations. In a population of aneuploid cells, generated by inducing
chromosome segregation errors as in my system, around 30-40% of cells arrest within 3
days of culture (corresponding to the “72 hours” time-point in my experimental set-up)
(Santaguida et al., 2017), due to the unbearable increase in stresses, which scales up with
the degree of aneuploidy. Hence, it is highly probable that cells at this time-point cannot
manage the folding and proteotoxic stresses as well, leading to the increase in bulk

autophagy that randomly sequesters non-selective cargo.

Thus, this work has identified two main processes that cause the lysosome-mediated
degradation of ribosomes. One is selective and it is orchestrated by defined molecular

mechanisms, and one is not-selective and driven by acute proteotoxic stress response.

2. Towards the identification of the role(s) played by ribophagy

This study proposes an active role of ribophagy in sensing and handling the consequences
of proteotoxic stress in aneuploid cells. The accumulation and aggregation of
misfolded/unfolded proteins, even if mild, represent a tremendous stress for the cell. In turn,
multiple responses can be activated with the aim of buffering its toxic consequences. In this
project, | also considered the activation of canonical stress responses, first of all the
Unfolded Protein Response (UPR) (Walter & Ron, 2011). The increased phosphorylation of
the translation initiation factor elF2a in aneuploid cells, which is known to decrease protein
synthesis and enhance folding capacity, indicates that this pathway is triggered (Figure 13).
The activation of this response in aneuploid cells is also demonstrated by their higher
sensitivity to the inhibition of PERK, one of the principal mediators of UPR (Figure 13c).
elF2a phosphorylation is also a key event of a broader stress response, the integrated
stress response (ISR). Hence, given the constant production of extra proteins and their
possible aggregation in aneuploid cells, | speculate that they exploit multiple mechanisms
to address proteotoxicity, probably depending on the degree of stress they face. The
activation of ribophagy, as well as its link to the ribosome-associated quality control, is an

exciting and novel direction for the field of aneuploidy.

2.1 Ribophagy as a protective mechanism against proteotoxic stress

In a population of cells analysed within the first cell cycle after chromosome mis-
segregation, the degree of aneuploidy (namely the extent of chromosomal aberrations) is
not yet dramatic. Then, the degree of karyotype aberrations in the aneuploid population is

worsened in the following cell cycles, as a consequence of the genomic instability of cells
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already harbouring aneuploid karyotypes (Garribba et al., 2023; Santaguida et al., 2017).
However, as previously demonstrated (Oromendia et al., 2012; Oromendia & Amon, 2014,
Stingele et al., 2012; Tang & Amon, 2013; Torres et al., 2007), even a single chromosome
gain can have a profound impact on proteome homeostasis. The increased protein
translation demand, due to the extra genetic material, leads to an overload of the folding
machinery (Donnelly et al., 2014), a condition that is promptly sensed by cells. One possible
solution would be to mitigate the emerging stress by giving the cell time to fold the nascent
polypeptide chains, through attenuation of global protein synthesis achieved by elongation
pausing of ribosomes (B. Liu et al., 2013; Zhao et al., 2019). This response can be risky
because of the higher probability of widespread ribosome stalling and collisions (Collart &
Weiss, 2019). My results are in line with this hypothesis as they demonstrate that aneuploid

cells suffer chaperone overwhelming (Figures 24, 25) and downregulate global protein

synthesis at various levels (Figures 28, 29, 30, 31). The ribosome-associated quality control

(RQC) pathway is typically triggered by the recognition of collisions by the E3-ligase
ZNF598 (Garzia et al., 2017; Joazeiro, 2019; Juszkiewicz et al., 2018; Sundaramoorthy et
al., 2017), which ubiquitylates the interface between the collided ribosomes. ZNF598 acts,
with good reliability, downstream of the protein synthesis impairment, as the depletion of
this E3-ligase does not rescue the lower puromycin incorporation in aneuploid cells (data
not shown). The fact that ZNF598 is a mediator of the lysosomal degradation of ribosomes

(Figures 32, 33, 34) strongly suggests a slightly different role of this E3-ligase. In canonical

RQC, ribosome subunit fate is not clear, but they are most likely recycled (Joazeiro, 2019).
Mounting evidence, however, indicates that regulatory ubiquitylations of ribosomes can
regulate their activity or degradation, depending on the stress conditions and contexts
(Garshott et al., 2020, 2021; Higgins et al., 2015; C. Meyer et al., 2020). Therefore, |
speculate that the “chronic” nature of folding stress, right after chromosome mis-
segregation, not only triggers the RQC, but also leads to the degradation of the
translationally-deficient ribosomes. Decrease in protein synthesis in aneuploid cells is the
result of the increasing proteotoxic stress, but it might be also kept low through degradation
of persistently stalled ribosomes. This represents a protective mechanism that operates to
limit the toxic effects of folding stress, by limiting uncontrolled synthesis of extra proteins
that cannot be properly folded. To corroborate this conclusion, it would be interesting to test
whether the viability of aneuploid cells in which this mechanism is shut down is lower than
cells able to activate it, with the same aneuploidy degree. A means for the process
inactivation could be silencing of the downstream mediator ZNF598, before performing the

viability assay.

Ribosome stalling and collision alone are not sufficient to justify the ultimate lysosomal
degradation of the ribosomes themselves. As a matter of fact, treating pseudo-diploid cells

with anisomycin, an antibiotic that stalls ribosomes by blocking their peptidyl transferase
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activity (Matsuo et al., 2017), no ribophagic flux increase was observed (preliminary data,
not shown). In the absence of other triggering stimuli, indeed, stalled ribosomes are targeted
by canonical RQC and recycled, as stalling per se does not cause ribophagy. Conversely,
my study identified an aneuploidy-specific trigger for this phenotype, namely the mounting

proteotoxic stress that aneuploid cells experience.

My data highlighted a different behavior of the small and large ribosomal subunits, regarding
several processes. In particular, the canonical autophagic receptor p62 seems to mediate
the large subunit (60S) degradation via lysosomes, but | was not able to outline a conclusive
trend for the 40S (Figure 23). Further, while ZNF598 clearly mediates the small subunit

degradation, its role in the large subunit removal was less pronounced (Figures 32, 33). It

is possible that the small subunit of the ribosome is the direct target of ZNF598
ubiquitylation, which is not surprising considering the role of this E3-ligase in RQC and its
known molecular targets (i.e. 40S proteins). My idea is that 40S degradation might be
followed by 60S removal to balance the ratio between small and large subunits. Therefore,
large subunit degradation might depend on a different pathway, indirectly driven by ZNF598,
but mediated by the canonical autophagic receptor p62. Whether another receptor
recognises the ubiquitylated small subunit remains to be determined. It would be interesting
to validate this hypothesis by performing an immunoprecipitation of specific ribosomal
proteins, from either the small or the large subunit, and check the different ubiquitylation

patterns in presence/absence of ZNF598.

Recent works from the Bennett and Tuschl labs pointed out the roles of specific E3-
ligase/de-ubiquitylating enzyme complexes in regulating ribosomal degradation or
recycling, following the activation of quality control pathways (Garshott et al., 2020, 2021;
Higgins et al., 2015; C. Meyer et al., 2020). Further investigation on this aspect would be
interesting, to assess if regulatory ubiquitylations on ribosomes are reversible in the
aneuploid system. Another possible scenario, in this respect, could involve the
overwhelming of de-ubiquitylating enzymes, due to the continuous triggering of ribosome

slowdown and consequent ribosome ubiquitylation.

Since misfolded proteins are continuously generated in aneuploid cells, leading to toxicity
and translational defects, | also asked the question of whether aneuploid cells are able to
maintain ribophagy under a stable depletion of ZNF598 E3-ligase. | performed the stable
knock-out through CRISPR/Cas9 and preliminary results (data not shown) indicate that,
differently from the transient depletion of ZNF598 that abolishes this process, ribophagic
flux is maintained. This is strongly in accordance with the hypothesis that ribophagy is
crucial for aneuploid cell survival, since they seem to activate a secondary pathway,
independent from ZNF598, to preserve it. It is of foremost interest to follow-up on this, by

identifying the other mechanism(s) and enzyme(s) involved.
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2.2 Loss of autophagy selectivity in over-stressed cells

Aneuploid cells cultured for 2 or more days after the induction of random aneuploidies
develop increasing karyotype abnormalities (Garribba et al., 2023; Santaguida et al., 2017).
Changing the levels of many genes simultaneously affects cell physiology in nearly every
aspect (Santaguida & Amon, 2015b). Protein abundance and stoichiometry are largely
impacted and aneuploid cells answer to this stress by hyper-activating autophagy (Stingele
etal., 2012; Tang et al., 2011). The additional autophagosomal content accumulates in the
lysosomal compartment and, eventually, lysosome degradative capacity is surpassed. This
points out that the higher the aneuploidy degree, the closer autophagy works to saturation
(Joyetal., 2021; Santaguida et al., 2015; Santaguida & Amon, 2015a). Consistent with this,
my data showed an increase in p62 levels (used as a proxy for autophagosome
accumulation) and of the processed LDHB-Keima (used as a proxy for the bulk autophagic
flux) in samples collected 2 and 3 cell cycles after aneuploidy induction (Figure 14). These
results further confirm that the accumulation of excessive cargo in autolysosomes does not
happen immediately after chromosome mis-segregation, but it requires the development of
severe karyotype aberrations and toxic stresses. The stressed condition of aneuploid cells
at these time points is reflected also at the level of protein synthesis slowdown and
downstream responses. However, similarly to the bulk autophagy triggered by starvation or
Torin1 treatment, the proteotoxic stress-driven bulk autophagy is not selective (Figure 35),
since it randomly sequesters cytoplasmic portions in an attempt to get rid of toxic
aggregates. As a result, also the specific degradation of the translationally-defective
ribosomal subunits is lost in the midst of the other cargoes engulfed in the autophagic
structures (including randomly-sequestered ribosomes). Indeed, the rescue of ribophagy is
more difficult to obtain as the bulk autophagy increases (Figure 35). It is probable that
ZNF598 knock down in over-stressed aneuploid cells can just rescue the degradation of the
ribosomes involved in the previously described response, which represent only a fraction of
those engulfed in lysosomes at that stage. Since this fraction is meant to become smaller
as the total bulk autophagy increases, | was not able, so far, to distinguish between

randomly- and selectively- engulfed ribosomes in aneuploid cells at later time points.

In line with this, aneuploid cells cultured for 2-3 days showed not only an increase in
ribosome engulfment in lysosomes, but also of other organelles, such as ER (Figures 16,
20) and, to a lower extent, mitochondria (Figure 16). Importantly, the degradation of these
two other components was not observed immediately after the induction of chromosome
mis-segregation, indicating that aneuploidy does not impair their functions, at least at the
beginning. It might be interesting to investigate whether there are already-known autophagic
receptors involved in the recognition of ER portions in aneuploid cells. This would address
the possibility that a selective degradation is triggered also for ER, besides the random

engulfment of the organelle during bulk autophagy increase.
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2.3 Ribophagy in different aneuploid contexts

Aneuploidy generated by chromosome mis-segregation leads to ribophagy, irrespective of
the method used to trigger faulty mitoses. As a matter of fact, the inhibition of several SAC
components (Mps1, MAD2 or BUB1) with several approaches (chemical inhibition or RNAI-

driven depletion) caused the same ribophagic phenotype (Figures 17, 18, 19). If selective

ribophagy is triggered by the acute effects of chromosome mis-segregation, is it detectable
in aneuploidy-adapted cells as well? Preliminary data on aneuploid RPE1 clones, which
present defined and stable aneuploid karyotypes, suggests that this is not the case (data
not shown). It is possible that adaptation to aneuploidy, which lets these cells grow and
proliferate without being affected by the genomic instability that normally characterise
aneuploid cells, is also exerted through an alleviated proteotoxic stress. If this were to be
confirmed, it would be interesting to also check whether or not the ribophagic phenotype
occurs in healthy cells of naturally aneuploid tissues, such as liver, which presents high

rates of aneuploidization and polyploidization (Duncan, 2013).

Further, a recent study highlighted that cells from trisomy 21 syndrome (Down syndrome,
DS) show impaired protein synthesis, which is driven by ISR-mediated elF2a
phosphorylation (Zhu et al., 2019). This work is particularly interesting for human health, as
it points out a defective protein homeostasis in DS patient cells. It is currently not known if
the ribophagy-mediated protein quality control is active in this context, and it would be

relevant to check it in the future.

As already mentioned in this thesis, another context that is highly characterised by
aneuploid cells is cancer (Beroukhim et al., 2010; Campbell et al., 2020). Tumorigenesis is
often associated with the evolution of cell karyotypes, seeking for optimal combinations
useful in managing challenging and stressful conditions (Hanahan & Weinberg, 2011;
Holland & Cleveland, 2012; Knouse et al., 2014). In this context, whether aneuploid cancer
cells take advantage of the extra-protein quality control to cope with proteotoxic stress

remains to be determined (detailed in the next paragraph).

3. Relevance for cancer biology

The fact that aneuploidy is a widely recognised hallmark of cancer (Hanahan & Weinberg,
2011; Holland & Cleveland, 2012) gives the opportunity to think of possible common
features or common mechanisms to target therapeutically. On the other hand, given the
vast variety of cancer types and cancer evolution trajectories, it is not trivial to identify a
unique characteristic suitable for this purpose. Translation quality control network has the
potential of helping the adaptation of aneuploid cancer cells to challenging conditions. This,

in turn, would offer new opportunities for drug discovery with the aim of manipulating
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translation. Based on these considerations, my initial effort to address this point was to
check the expression levels of the E3-ligase ZNF598, which | linked to the ribophagic quality
control, as a function of the aneuploidy score of primary cancer samples from TCGA. The
results of this pancancer query suggest that ZNF598 tends to be over-expressed in highly
aneuploid cancers, with some relevant differences across different cancer types (Figure
38).

It is possible that cancer types that upregulate ZNF598 invest in this player to better control
protein homeostasis. Ribophagy-mediated quality control might prevent the toxicity of extra
proteins by keeping them under control. Aneuploid cancer cells, indeed, exhibit proteotoxic
stress to some extent, which has been the target of multiple therapeutic approaches (Guang
et al., 2019). Blocking also this response that buffer proteotoxic stress might represent an
attractive tool to sensitise cancer cells to the negative consequences of proteotoxicity. In
particular, since ribophagy seems to be employed as a protective mechanism against this
stress, its attenuation would exacerbate the proteotoxicity, reaching the dangerous levels
observed at later time points in my aneuploid system. This strategy, in turn, would cause

significant damages to cancer cell proteostasis, possibly leading to cell death.

Since the universality of this hypothesis sounds improbable given the heterogeneity of
cancer diseases, another plausible scenario is that some cancer cells might downregulate
ZNF598. This may happen if those cancer cells have found ways to attenuate the ZNF598-
mediated ribosome quality control, with the goal of favouring a massive protein synthesis
rate over quality control. This mechanism has been already observed in a physiological
system: mammalian reticulocytes. Indeed, this immature cell type is naturally devoid of
ZNF598 but, on the other hand, it massively translates globin mRNAs. The high translation
rates of reticulocytes cause their polysomes to present stochastic ribosome collisions, due
to the reduced inter-ribosomal distance. Reticulocytes tolerate this by eliminating ZNF598-
mediated quality control. Hence, this cell type seems to sacrifice quality control in favour of
a massive translation rate (Juszkiewicz et al., 2018; Juszkiewicz, Speldewinde, et al., 2020).
The uncontrolled proliferation and accelerated metabolism of cancer cells would benefit
from the downregulation of this quality control. Therefore, in this condition, it would be
interesting to re-activate the control pathway to reduce the proliferative potential of these

cancer types.

In this respect, it would be interesting to validate the hypothesis that, in a malignant context,
highly aneuploid cells are less sensitive to proteotoxic and translational stress, as a function
of the up- or down- regulation of the quality control mediated by ribosome degradation.
Identifying the processes by which highly aneuploid cancer cells overcome proteotoxicity

would provide important insights into cancer biology. Moreover, it might be helpful in
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defining novel therapeutic interventions aimed at targeting aneuploidy-caused proteome

imbalances, by manipulating translation.

In summary, this project shed light on a previously uncharacterised chain of events
activated by aneuploid cells in response to the onset of proteotoxic stress. The presented
data suggest a model wherein the increasing folding demand, right after chromosome mis-
segregation, challenges the Hsp90 and Hsp70 chaperone families and triggers translation
attenuation. Ribosomes that are continuously slowed down eventually collide and are
recognised by the E3-ligase ZNF598 which, in this specific condition, tags them for
degradation. Their clearance is carried out by the autophagic pathway, in particular by their
selective degradation mediated by lysosomes (Figure 39a). Another well-known outcome
of aneuploidy is genomic instability, which triggers the evolution of abnormal karyotypes.
Populations of cells with higher aneuploidy degree also present an exacerbation of the
associated stresses, first of all the proteotoxic one. To get rid of the increasing accumulation
of toxic aggregates and extra proteins, cells at these stages boost bulk autophagy, leading
to the random engulfment of cargo in the autophagic structures. Ribosome degradation is
more intense in this condition, but the initial selectivity is lost, due to the uncontrolled
increase in bulk autophagy (Figure 39b). Whether and how these regulatory mechanisms
are exploited by aneuploid cancer cells to overcome proteotoxicity and favour their

uncontrolled proliferation represent an exciting direction for future studies.
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Figure 39: Working model explaining how aneuploid cells respond to altered protein homeostasis.

(a) Right after the induction of aneuploidy, cells display chaperone impaired activity and misfolded protein
accumulation (proteotoxic stress onset). As the proteotoxic stress is still manageable, cells tend to slow down
translation to cope with folding deficiency and this leads to ribosome collision. ZNF598 E3-ligase recognises
this aberrant structure and tags translationally-deficient ribosomes for degradation via lysosomes. (b) After 2-3
days from aneuploidy induction, the evolution of more karyotype aberrations in the aneuploid population leads
to increased proteotoxic stress and uncontrolled bulk autophagy. This causes the random engulfment of
cytosolic components in the autophagic structures, including ribosomes.
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