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Abstract

The presence of both aneuploidy and high rates of missegregation (chromosomal
instability, CIN) are hallmarks of cancer. However, such genetic defects are highly
detrimental to the growth of healthy cells, which begs the question: how exactly can
cells adapt to persistent CIN, and the subsequent aneuploidy, to become the highly
proliferative cells associated with cancer?

To understand how cells are able to adapt, we induced persistent CIN and
aneuploidy in budding yeast by deleting a component of the chromosomal passenger
complex (CPC), Bir1. Previous work in our lab found that the initial adaptation to high
rates of CIN and aneuploidy (bir1A-ad) was achieved by the selection of specific
beneficial aneuploidies. These allowed for reduced CIN and improved growth of the
bir1A-ad cells.

However, we wished to investigate how these CPC deficient cells continue to
adapt to persistent CIN over even longer durations of time (bir1A-ad2). In this project
we discovered multiple point mutations, in at least two distinct pathways, that
suppress loss of CPC function. The suppressor mutations discovered fall into
roughly four categories: members of the outer kinetochore, the SCFCd°# ubiquitin
ligase complex, a master regulator of the spindle assembly checkpoint (SAC):

MPS1, and the CPC itself. The suppressor mutations reduced CIN rather than
ameliorating the detrimental effects caused by aneuploidy, and the beneficial
aneuploidies from the partially adapted (bir1A-ad) cells were reduced.

Together these data demonstrate a timeline of adaptation to loss of CPC
function; at first cells with deficient CPC activity select for beneficial aneuploidies, but
as time goes on they eventually accumulate suppressor mutations that specifically
target the source of CIN and can therefore reduce the need for such aneuploidies.
These experiments give us a better understanding of how healthy cells potentially
adapt to CIN and aneuploidy, as they evolve into cancer cells.



Zusammenfassung

Das Vorhandensein von Aneuploidie und hoher Missegregationsraten
(chromosomale Instabilitat, CIN) sind Hauptmerkmale von Krebs. Solche
genetischen Defekte sind jedoch sehr schéadlich fur das Wachstum gesunder Zellen,
was die Frage aufwirft: Wie genau kénnen sich Zellen an persistierende CIN und die
anschlieBende Aneuploidie anpassen, um die hochproliferativen Zellen zu werden,
die mit Krebs assoziiert sind? Um zu verstehen, wie sich Zellen anpassen kénnen,
induzierten wir persistierende CIN und Aneuploidie in sporulierter Hefe, indem wir
eine Komponente des ,chromosomal passenger complex“ (CPC), BIR1, delitierten.
Frihere Arbeiten in unserem Labor ergaben, dass die anfangliche Anpassung an
hohe Raten von CIN und Aneuploidie (bir1A-ad) durch die Auswahl spezifischer
natzlicher Aneuploidien erreicht wurde. Diese erméglichten eine reduzierte CIN und
ein verbessertes Wachstum der bir1 A-ad Zellen. Wir wollten jedoch untersuchen, wie
sich diese CPC-defizienten Zellen Gber noch langere Zeitrdume an persistierende
CIN anpassen (bir1A-ad2).In diesem Projekt entdeckten wir mehrere
Punktmutationen in mindestens zwei verschiedenen Pathways, die den Verlust der
CPC-Funktion kompensieren. Die entdeckten Mutationen/Gene lassen sich grob in
vier Kategorien einteilen: Proteine des duBeren Kinetochors, des SCFCdc4-
Ubiquitin-Ligase-Komplexes, eines Hauptregulators des Spindel Assembly
Checkpoints (SAC): MPS1 und des CPC selbst. Die Suppressormutationen
reduzierten die CIN um somit die schadlichen Auswirkungen der Aneuploidie zu
verbessern. Auch die nitzlichen Aneuploidien aus den teilweise angepassten (bir1 A-
ad) Zellen wurden reduziert. Zusammen zeigen diese Daten eine Zeitachse der
Adaptation an den Verlust der CPC-Funktion. Zunachst selektieren Zellen mit
mangelhafter CPC-Aktivitat nach nutzlichen vorteilhaften Aneuploidien, aber im
Laufe der Zeit akkumulieren sie schlieBlich Suppressormutationen, die spezifisch auf
die Quelle der CIN abzielen und daher den Bedarf an solchen Aneuploidien
reduzieren kdnnen. Diese Experimente geben uns ein besseres Verstandnis dafir,
wie sich gesunde Zellen méglicherweise an CIN und Aneuploidie anpassen kénnen,
wenn sie sich verandern und zu Krebszellen entwickeln.



1. Introduction: Mitotic segregation fidelity is essential for maintaining a stable
genotype

The equal distribution of genetic information into daughter cells is a strictly controlled
process known as chromosomal segregation. The reason segregation must be so
strictly controlled is because it is essential for establishing a new generation of cells
with the same genotype as the previous generation. Without the ability to maintain a
stable genetic template between generations, life as we know it could not exist. In
eukaryotes the physical separation of genetic information is mediated
mechanistically by a combination of structural and regulatory components.

When the structural and/or regulatory components which mediate mitosis are
dysregulated, this results in missegregation (Figure 1). High rates of missegregation
from one generation to another (known as chromosomal instability, CIN) leads to
daughter cells that are unable to maintain a stable karyotype and do not inherit the
appropriate amount of genetic information. When a cell does not have the correct
chromosomal complement, this is known as aneuploidy. In humans, loss of any
autosome results in embryonic lethality, and very few chromosome gains are viable
(Hassold & Hunt 2001; Brewer et al., 2002). Additionally, studies have shown that
inducing either high rates of CIN or aneuploidy in healthy tissues result in poor
proliferation and/or cell death (Gropp et al., 1983; Torres et al., 2007; Pfau & Amon,
2012; Giam & Rancati, 2015). It is therefore surprising that cancer cells, which can
grow very well, often show elevated rates of missegregation (reviewed in Ben-David
and Amon, 2020). Additionally, approximately 90% of solid tumors and 70% of
hematopoietic cancers possess aneuploidy (Weaver & Cleveland, 2006). This makes
aneuploidy one of the most common characteristics found in cancers. The
explanation for why CIN and aneuploidy is enriched in cancer, yet are highly
detrimental in healthy cells, remains mysterious. Determining the mechanisms which
underlie the contributions CIN and aneuploidy have in cancer evolution will help
future efforts in diagnosing and treating disease.

In order to fully understand how cells can adapt to missegregation, the components
which establish and control kinetochore-microtubule attachments must be discussed
in greater detail. The most signifcant structural components involved in segregation
include microtubules and a large proteinaceous hierarchical complex called the
kinetochore (reviewed in Biggins, 2013). The kinetochore is assembled at a specific
genetic locus known as the centromere. The kinetochore acts as the interface that
connects chromatin to microtubules. It can be divided into two parts: the inner
kinetochore, which is most proximal to the centromere, and the outer kinetochore,
which is most proximal to the microtubules. Microtubules begin polymerization at the
microtubule organizing center (MTOC), called the Spindle Pole Body (SPB) in yeast
or centrosomes in higher organisms, and then polymerize towards kinetochores to
which they form attachments (Jin et al., 2000; Jasperen & Winey, 2004; Marco et al.,



2013). Interestingly, microtubules are also able to nucleate at kinetochores which
can help catch microtubules emanating from MTOCs (Maiato et al., 2004).
Additionally, the cohesin complex is a signifcant structural component as it physically
holds sister chromatids together (Peters et al., 2008; 2012; Oliveira & Nasmyth,
2010; Skibbens, 2019).
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Figure 1. Missegregation leads to aneuploidy
Schematic showing different stages of the cell cycle, as well as how missegregation
results in aneuploidy. This example shows four chromosomes (blue) which undergo
replication and then cell division.
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The regulation of cell division and segregation is highly complex and largely
mediated by enzymatic protein complexes as well as signaling cascades known as
“checkpoints”. One of the most relevant components is the Chromosomal Passenger
Complex (CPC). The CPC is composed of four different subunits, one of which is the
kinase subunit, Ipl1/Aurora B. This kinase is essential for phosphorylating specific
residues in the kinetochore thereby reducing the kinetochore’s electrostatic attraction
and binding affinity for microtubules (Welburn et al., 2010; DeLuca et al., 2011;
Carmena et al., 2012; Sarangapani et al., 2013; Kalantzaki et al., 2015).
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Figure 2. Loss of Bir1 leads to overstabilized attachments

(Left)Schematic showing an erroneous attachment where the kinetochores (red circles) of both
sister chromatids (blue) are connected to the same SPB (grey circle) by microtubules (green). The
plus end of the microtubule is most proximal to kinetochores. Next, during cell division, the CPC
localizes to the inner centromere via Bir1 directly associating with Sgo1 (yellow circle). Using Ipl1,
the CPC then phosphorylates (white stars) kinetochore subunits which destabilizes the attachment.
Eventually the formation of stable bioriented attachments occur, thus facilitating segregation fidelity.
(Right) Schematic showing an erroneous attachment. In this case however the loss of Bir1 impairs
localization of the CPC to the inner centromere. This results in erroneous attachments becoming
overstabilized due to the loss of the CPC’s destabilizing activity. This inevitably leads to CIN and
aneuploidy.

Another subunit, Bir1/Survivin, is essential for localizing the CPC to the inner
centromere in early mitosis (Vader et al., 2006; Jeyaprakash et al., 2007;
Vanoosthuyse et al., 2007; Storchova et al., 2011; Campbell & Desai, 2013). During
the later stages of cell division, the CPC localizes to the spindle midzone (Pereira et
al., 2003; Mirchenko & Uhlmann, 2010; Tsukahara et al., 2010; Storchova et al.,
2011; Campbell & Desai, 2013). Once each chromatid is bound to microtubules from



opposite spindle poles this is known as a bioriented attachment (Figure 2). This is
the desired attachment state because then one copy of each sister chromatid will be
segregated toward opposite poles (Tanaka, 2010). The formation of attachments
between microtubules and kinetochores is stochastic, and therefore the formation of
erroneous attachments is guaranteed. The CPC functions by destabilizing incorrect
attachments until, through successive rounds of attachment and detachment, all the
attachments become bioriented (Figure2) (Santaguida & Musacchio, 2009;
Sarangapani et al., 2013). Once the attachments are bioriented, the tension
generated between the opposite spindles result in the stable formation of this
attachment state. Applying tension to sister chromatids has been shown in literature
to stabilize attachments (Nicklas, 1967; Tanaka et al., 2002; Joglekar et al, 2009).
Only once each pair of chromatids is in a bioriented state is the cohesin complex
degraded and the chromatids allowed to separate. The migration of chromatids
towards cellular poles is physically driven by the active depolymerization of
microtubules. This facilitates the separation of sister chromatids. Other key
regulatory components relevant to this thesis include the Spindle Assembly
Checkpoint (SAC) pathway, the anaphase promoting complex or cyclosome (APC),
and the Skp1-Cullin-F-box (SCF) complex.

The reason we believe CIN and aneuploidy are enriched in cancer is because they
are required for cancer progression as well as resistance to cancer therapies and
evasion of the immune system (Davoli et al., 2017; Ben-David & Amon, 2020).
Studies have shown that the acquisition of certain aneuploidies through CIN can
provide selective advantages against particular stresses including hypoxia,
starvation and chemotherapeutic drugs (Rancati et al., 2008; Chen et al., 2012;
Rutledge et al., 2016; Ryu et al., 2016; Sansregret et al., 2017; Davoli et al., 2017).
Additionally, enhanced CIN and aneuploidy is associated with poor prognosis in
cancer patients (Davoli et al., 2017; Bakhoum & Cantley, 2018; Replogle et al.,
2020). Nevertheless, the negative effects of aneuploidy and/or CIN must be
mitigated somehow in cancer. Consequently, a question which arises here is how
can cells adapt so they are able to alleviate the growth detriments associated with
CIN? To answer this question, we deleted Bir1, thereby perturbing CPC localization
to the inner centromere, for long periods of time to determine how cells adapt to
persistent CIN (Figure 2). The data from this thesis suggest that first cells adapt by
obtaining beneficial aneuploidies. Over longer durations of time, cells accumulate
mutations which ameliorate the source of persistent CIN by perturbing multiple
distinct pathways.

In order to fully appreciate the work done in this project this first chapter will
review the structural and regulatory molecular processes which control and mediate
cell-division, specifically chromosome biorientation in mitosis and cancer. It is also
pertinent to review the molecular pathways, and the genes/proteins therein, which
were found to be involved in CIN suppression.



1.1 Cancer cells adapt to overstablized kinetochore-microtubule attachments
and aneuploidy

In cancer, control over the cell cycle, particularly cell division and chromosome
segregation, is lost. Hence, the mechanisms put in place to control segregation
become dysregulated and some chromosomes lag behind others during segregation.
This is a major problem for the cell because this often leads to increased amounts of
failed segregation, and therefore CIN. CIN inevitably leads to cells which possess
too little or too many chromosomes, a state known as aneuploidy. Lagging
chromosomes are seen often in cancer cells and are indicative of missegregation as
well as aneuploidy (Bakhoum et al., 2009). Studies have shown that usually the
more lagging chromosomes, and therefore CIN, a cell possesses the more
aneuploidy it possesses too (Duesberg et al.,1998; Nicholson & Cimini, 2013). While
the precise mechanisms which cause CIN in cancer remain elusive, one of the
leading causes for lagging chromosomes and CIN in cancer is the formation of
erroneous kinetochore-microtubule (KT-MT) attachments that cannot be destabilized
(Bakhoum et al., 2009;2011; Gordon et al., 2012; Sansregret et al., 2018). Such
kinds of attachments are referred to as overstabilized attachments. Indeed, it has
been shown in literature via a fluorescence dissipation after photoactivation assay
that KT-MT attachments in various cancer derived cell-lines tend to be more stable
than wild-type attachments (Bakhoum et al., 2009). In order to improve medical
cancer interventions, we must better understand how overstabilization facilitates
cancer progression. Although so far there has been limited success, there are
currently clinical trials underway using Aurora kinase inhibitors (reviewed in Du et al.,
2021).

Cancer cells all start out as healthy cells. Usually, such cells are highly sensitive
to the genetic detriments enriched in cancer: CIN and aneuploidy (Gropp et al.,
1983; Torres et al., 2007; Sheltzer et al., 2011; Pfau & Amon, 2012; Giam & Rancati,
2015; Passerini et al., 2016). How then do cells start out sensitive to lagging
chromosomes, CIN and aneuploidy, but later specifically select for these same
characteristics? In short, we still do not have a full explanation as to how cells
progress from healthy cells to cancer cells. Studies suggest that cells develop
adaptations which allow them to ameliorate the detriments of CIN and aneuploidy so
that they can reap the benefits of loss of proliferative control and enhanced genetic
diversity (Davoli et al., 2017). However, it is still debated as to whether the
adaptations used by cells suppress the negative effects of aneuploidy directly, or if
the suppressors act on the source of CIN itself, thus reducing aneuploidy indirectly.
Work by Torres et al., (2010) in a budding yeast model has shown that certain
mutations improve growth fitness in strains with specific chromosome gains.
Additionally, multiple studies have shown that certain aneuploidies are beneficial
under specific stress conditions in human cancer cell-lines (Rutledge et al., 2016;



Sansregret et al., 2017; Davoli et al., 2017). This data suggest that cells can 1) utilize
aneuploidy to adapt to specific stresses and 2) utilize certain mutations to enhance
resistance to the detrimental effects of specific aneuploidies themselves (Torres et
al., 2010; Rancati et al., 2008) (Figure3A). One of the main mechanisms proposed
to be involved in aneuploidy tolerance is an overactive proteasome. Ubp6 is a
protein involved in 26S proteasome modulation.
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Growth fitness

Figure 3. Multiple routes to CIN and aneuploidy adaptation exist

(A)Schematic showing how cells adapt and grow better overtime by accumulating mutations
which enhance the degradation of excess proteins thus counteracting the effects of aneuploidy
(Torres et al., 2010)

(B) Schematic showing how cells adapt and grow better by accumulating mutations which
directly address the source of CIN (heat stress). The presence of these mutations allows for the
cell to refine or lose the aneuploidy which has now become obsolete for growth fitness (Yona et
al., 2012).

Ubp6 negatively regulates the proteasome, therefore the impairment of Ubp6
results in accelerated ubiquitin mediated protein degradation. Aneuploid cells often
produce too many proteins and therefore an overactive proteasome is believed to
help reduce the toxicity induced by excessive protein accumulation (Torres et al.,
2007; 2010; Sheltzer et al., 2012; Yona et al., 2012; Pavani et al., 2021). Indeed,
studies show that the nonsense mutant ubp6(E256X) enables tolerance of gains of
chromosomes 5, 8, 9, and 11 (Torres et al., 2010). Additionally, another study found



that when Ubp3, a deubiquitinase vital for proteasome function, is impaired,
proteotoxicity already inherent in aneuploid cells increases. This fits with the idea
that increased protein degradation is utilized by cells to become resistant to
aneuploidy (Dodgson et al., 2016). The same study suggested that Ubp3 could
provide a potential new drug target for anti-cancer therapies (Dodgson et al., 2016).

Another model postulated by researchers is that aneuploidy provides a source
for rapid adaptation to specific stresses. Adaptation experiments involving the
exposure of budding yeast to heat stress resulted in the gain of an extra copy of
chromosome 3. The strains which possessed chromosome 3 trisomy grew better
than wild-type strains at the same elevated temperature. However, over many
generations, the cell eventually lost chromosome 3 trisomy and instead upregulated
the expression of 17 specific genes on chromosome 3. Additionally, when the
trisomic strains were grown once again at the permissive temperature, the trisomy
was lost. Altogether, this suggests that overtime the detriments of this aneuploidy
must still be mitigated. Consequently, the cell develops suppressors which directly
address the source of CIN, which eliminate the need for the aneuploidy altogether
(Figure3B) (Yona et al., 2012; Pavani et al., 2021).

Despite whichever route the cancer cell uses to adapt, cancer utilizes the
genetic diversity provided by missegregation and aneuploidy to evolve improved
growth fitness and metastasis (Davoli et al., 2017; Carter et al., 2006; McGranahan
et al.,, 2012; Shukla et al., 2020). Furthermore, the genetic diversity provided by CIN
and aneuploidy aids adaptation to various anti-tumor factors, including evasion of the
immune system and resistance to anti-cancer drugs. In a retrospective analysis of
data from clinical trials, a study found that tumors which possessed more aneuploidy
were less likely to benefit from immune based therapies (Davoli et al., 2017).

Furthermore, proteolysis-targeting chimeras (PROTACSs) are a type of
anticancer drug currently being used in clinical trials. A study has shown evidence
that cancer cell-lines can become resistant to PROTAC drugs through
overexpression of the drug efflux pump MDR1, which is found on chromosome 7
(Kurimchak et al., 2022). An earlier study found evidence, based on FISH assays,
that ovarian cancers resistant to chemotherapy have a much higher prevalence of
chromosome 7 gain, including multiple copies of MDR1. This illustrates how
aneuploidy, specifically gain of chromosome 7 and therefore MDR1, can be utilized
by cancer to become resistant to treatments (Zhang et al., 2017). Furthermore,
upregulation of efflux pumps is a common method used by cancer to circumvent
anticancer drug function (reviewed in Fletcher et al., 2010: Kurimchak et al., 2022).

In addition to this, certain aneuploidy patterns, including gain of chromosome
arms 8q and 20q, are frequently seen in many different cancer types (Beroukhim et
al., 2010). Other aneuploidies are only common in specific cancer types (Taylor et
al., 2018). The specific reason for such gains and losses is still unclear. However,
Davoli et al., (2013) showed that the prevalence of tumor suppressors and
oncogenes on a chromosome could predict the gain or loss of that particular
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chromosome in cancer. Nevertheless, the complexity of cancer karyotypes makes it
very difficult to determine why certain chromosome gains or losses provide selective
advantages.

Some studies have shown that cancer may adapt to overstabilized
attachments through overexpression of Kif2b or MCAK (Walczak et al., 1996; Kline-
Smith & Walczak, 2002). The overexpression of these kinesins increases
kinetochore-microtubule turnover and decreases mitotic errors in cancer cell-lines
(Bakhoum et al., 2009). Other mutations, which lengthen mitotic timing, reduce
errors in cancer by giving cells more time to correct erroneous attachments.
Consequently, this reveals another possible pathway for CIN and aneuploidy
adaptation (Wang et al., 2003; Sansregret et al., 2017; Alonso Y Adel et al., 2022).
Delayed mitotic timing is often caused by dysfunctional Anaphase Promoting
Complex (APC). However, this does not always occur in cancer and many aspects of
cancer progression remain unclear. Notably, aneuploidy has been shown to cause
enhanced G1 arrest, which reduces the efficacy of certain anti-cancer drugs
(Replogle et al., 2020).

In summary, we know cancer cells start out sensitive to CIN and aneuploidy
but somehow are able to adapt to overstabilized KT-MT attachments and aneuploidy
(Ben-David & Amon, 2020). Although there are several known causes of CIN
(overstabilized attachments being one of these) the specific mechanisms which lead
to CIN in cancer remain unclear. CIN and aneuploidy are associated with increased
cancer malignancy and growth, as well as increased likelihood of drug resistance
(Davoli et al., 2017; Replogle et al., 2020). In order to further elucidate the complex
role of CIN adaptation in regard to cancer development, we must look more closely
at the precise mechanisms which mediate chromosome segregation; more
specifically, the establishment of kinetochore-microtubule attachments and the
control of mitosis.

1.2 The cell-cycle and mitosis

The cell is the smallest accepted unit of life, and one of the reasons for such a
prestigious title is the cell’s ability to make copies of itself. The control of the cell-
cycle is one of the most fundamentally important tasks for a cell. The cell-cycle can
be broken up into two main stages: interphase and cell-division. Interphase is broken
up into three sub-phases: Gap 1 (G1) phase, Synthesis (S) phase and Gap 2 (G2)
phase. In G1-phase the cell mostly undergoes growth. In S-phase the cell makes
copies of its genetic information as well as organelles, and in G2-phase the cell
continues to grow and prepares itself for cell division (reviewed in Rieder, 2011;
Biggins, 2013; Cuddihy & O’Connell, 2003).
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1.2.1 G1 to S-phase

There are many mechanisms which control the cell-cycle. Some of the most
important of these mechanisms are known as “checkpoints”. Cell-cycle checkpoints
are signaling cascades which halt the cell-cycle at specific stages (Figure 4A). The
control of these signaling cascades is of vital importance to the cell. Without these
checkpoints, the cell would have no ability to regulate vital processes that must be
completed before specific cell-cycle stages can be performed (Wenzel & Singh,
2018). In budding yeast, G1 phase is when the formation of the daughter bud begins
and the physical site of division decided (Balasubramanian et al., 2004). Unless a
cell has undergone DNA damage, the mechanisms which control G1 to S-phase
transition will not be inhibited. S-phase entry is controlled by the G1 to S checkpoint
signaling cascade. This signaling cascade is controlled by the expression of cyclins
and cyclin-dependent kinases (CDKs) (Bertoli et al., 2018). CDK activity, coupled
with the proteasomal degradation of S-phase entry inhibitors by the E3 ubiquitin
ligase SCF-complex, enables the cell to transition from G1 to S-phase (Goh &
Surana, 1999). Such inhibitory factors include p27Kip1 (CDKN1B) in humans or Sic1
in budding yeast (Berset et al., 2002; Barberis et al., 2005; B6hm et al., 2021). These
mechanisms together trigger a positive-feedback loop, accumulating G1 to S-phase
transition factors that result in an irreversible commitment to cell-division. The
transition to S-phase is also described as a “point of no return” in which the cell has
committed to entering the cell cycle. In budding yeast this is known as the “Start”
point or in humans the “restriction” point. During S-phase the cell makes a copy of its
DNA as well as its organelles. Next in G2-phase, the cell continues to grow and
prepares itself for cell division.

1.2.2 G2 to M-phase

Once more due to a checkpoint, the cell pauses its cycle between G2 phase and the
beginning of cell-division (Figure 4A). This arrest is performed so the cell is able to
assess if any DNA damage has occurred, likely due to issues during S-phase
(Cuddihy & O’Connell, 2003). Immunofluorescence microscopy shows evidence that
ATM and ATR kinases recognize and localize to sites of damaged DNA in human
cells (Burma et al., 2001; Kinner et al., 2008). In yeast the kinase responsible for this
is known as Rad3. If the checkpoint is fully functional the cell will only enter cell-
division once the damaged DNA is repaired. If the cell is damaged severely and
cannot be repaired it may undergo apoptosis, otherwise known as controlled cell-
death (Bunz et al., 1998; Colin et al., 2015). Severe damage to DNA may also result
in senescence, which is also known as stable cell-cycle arrest (reviewed in Gire &
Dulic, 2015; Kuilman et al., 2010). If there are no issues with DNA damage then,
after G2-phase, the cell proceeds to distribute copies of its chromosomes into
multiple newly formed daughter cells.
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Figure 4. Correct segregation requires proper cell-cycle
timing which is controlled by checkpoints

(A)A schematic illustrating the cell-cycle. During interphase
cells progress from G1-phase, through S-phase to G2 phase.
After G2 phase the cell enters mitosis. Once mitosis is
complete the daughter cells re-enter G1-phase. The
checkpoints (in red) must be satisfied before the cell can
move from one stage to another (Rieder, 2011).

(B) Cartoon depicting the SCF-complex. The core subunit,
Skp1, associates with the F-box domain of the adaptor subunit
Cdc4. The WD40 domain of Cdc4 directly interacts with target
substrates (blue ovals). Only when the target substrates are
phosphorylated at certain motifs (white stars) does the SCF-
complex attach ubiquitin molecules (brown circles), which
leads to degradation.

(C) A cartoon representing the CPC with an emphasis on the
domains within Sli15. Nbl1 and Bir1 bind to the CEN box of
Sli15 while Ipl1 binds to the IN box. The microtubule binding
domain (MTB) is comprised of the PR and the SAH domains.
Cdk1 phosphorylation of phosphosites (white stars) in the PR
domain enrich CPC localization at the inner centromere.
During later stages of cell division Cdc14 dephosphorylates
Sli15 triggering redistribution to the mitotic spindle.
(D)Schematic demonstrating the spatial separation model.
Lack of tension results in the phosphorylation (white stars) of
outer kinetochore substrates (pink ovals).

Figure 4D adapted from (Marsoner, 2022).
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At this point the cell can undergo two different types of division. Mitosis is typically
the division of somatic tissue that creates two genetically identical daughter cells.
Meiosis is the process which governs sexual division and formation of gametes. In
meiosis instead of two identical cells, four non-identical daughter cells are created.
This thesis is concerned with mitotic divisions only. In mitosis the stages of division
in chronological order are: prophase, prometaphase, metaphase, anaphase,
telophase and then finally cytokinesis (Figure 4A). The stages most important to this
thesis are prometaphase and metaphase because it is at these stages that the
connections between kinetochores and microtubules are finalized (Biggins, 2013;
Marsoner, 2022). The control of entry to particular stages of the cell cycle requires
the degradation of certain protein targets. The manner in which these substrates are
degraded is largely achieved by ubiquitin-based targeting to the proteasome. This is
usually mediated by E3 ubiquitin ligase complexes. As previously mentioned in this
section, the SCF-complex is an example of an E3 ubiquitin ligase complex (Orlicky et
al., 2010). The known functions of the SCF complex include the degradation of S-
phase inhibitors, centromeric nucleosomes, and inner kinetochore subunits (Schwob
et al., 1994; Drury et al., 1997; Goh & Surana, 1999; Au et al., 2020; Béhm et al.,
2021). Based on these data, the SCF-complex has implications for control of mitotic
entry as well as chromosome segregation.

1.2.2.1 The SCF-complex

The SCF complex is an E3 ubiquitin ligase complex and is composed of core
subunits and one of a number of adaptor subunits (Figure 4B). In budding yeast, the
core components include Cdc53 (scaffold protein), Cdc34 (E2 enzyme), Skp1, and
Hrt1 (Mathias et al., 1996; Feldman et al., 1997; Goh & Surana, 1999; Au et al.,
2020; Béhm et al., 2021). Adaptor proteins of the SCF are the subunits which specify
the target substrates. There are various adaptor proteins which exist. These
adaptors contain an F-box domain at the N-terminus and WD40-repeat domain in the
C-terminus. Structural analyses and yeast two-hybrid studies show that the F-box
domain in the adaptor proteins is the region which associates with the core protein,
Skp1 (Figure 4B) (Patton et al., 1998; Orlicky et al., 2010). Similar studies show that
the WD40 domain forms a large beta-barrel structure, and is the part of the adaptor
that directly interacts with substrates (Orlicky et al., 2010). The SCF recognizes
phosphodegron motifs on specific substrates, and depending on their
phosphorylation state the SCF-complex will tag the protein for degradation by
covalently linking ubiquitin molecules (Figure 4B) (Nash et al., 2001; Béhm et al.,
2021). Not all the targets of the SCF-complex are known and the presence of
multiple adaptor proteins makes this even more difficult to fully determine. The SCF
adaptors most pertinent to this thesis are Cdc4 and Met30. Met30 and Cdc4 are both
essential genes which are implicated in S-phase entry. Protein degradation assays
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show Cdc4 degrades Cdc6 and Sic1 (Drury et al., 1997). Similar assays show Met30
is responsible for the degradation of Swe1 (Kaiser et al., 1998).

In budding yeast, the Cdc4 adaptor has mostly been studied by temperature
sensitive mutants characterized in the 1980s (Yochem & Byers, 1987; Schwob et al.,
1994; Goh & Surana, 1999). Most Cdc4 temperature sensitive mutants are known to
cause cell-cycle arrest at restrictive temperatures. Additionally, studies have shown
that certain temperature sensitive Cdc4 alleles can rescue loss of Pds1/Securin.
Pds1/Securin is also a major target of the APC. Additionally, loss of Cdc4 function
can rescue anaphase arrest caused by Cdc20 mutants (Goh & Surana, 1999). Loss
of Pds1/Securin function causes premature loss of sister chromatid cohesion and is
a source of CIN. This suggests that inhibition of SCFcd°* can rescue premature loss
of sister cohesion.

Additionally, the human homolog of Cdc4 (hCdc4/FBXW?7) has been
implicated in the degradation of oncogenes including c-Myc and cyclin E. Indeed,
mutations in FBXW?7 are enriched in certain cancer types including endometrium and
intestinal cancers (reviewed in Yeh et al., 2018). Additionally, loss of FBXW7
promotes resistance to certain chemotherapeutics (Gasca et al., 2016). This
suggests that hCdc4/FBXW?7 is a tumor suppressor. To summarize, the SCF-
complex degrades certain factors important for chromosome segregation, S-phase
entry and transition from G2 phase to mitosis.

1.2.3 Prophase

The cell begins mitosis by organizing its duplicated genetic information into a highly
condensed state. This condensation process is also known as supercoiling. The
control of chromosomal condensation is attributed to two complexes: condensin |
and condensin Il. These are both conserved in eukaryotes. The main purpose of
condensins is to organize chromatin into a physically compact state (Martinez-Garcia
et al., 2023). The condensin Il complex resides within the nucleus and is partly
responsible for the condensation of chromatin during prophase. The exact
mechanism behind the compaction of chromatin is still not well understood and
highly debated. However, it is currently believed that condensin complexes facilitate
DNA loop extrusion, a process which mediates supercoiling (reviewed in DeWit &
Nora, 2023). In brief, loop extrusion is the physical formation of DNA loops which in
turn form Topologically Associated Domains (TADs) (Fudenberg et al., 2016).
Another well characterized extrusion factor which aids compaction is the cohesin
complex (reviewed in Skibbens, 2019; Ryu et al., 2022).

The cohesin complex is also very important for holding sister chromatids
together until they are allowed to separate during anaphase (Blow & Tanaka, 2005;
Peters et al., 2008;2012). The cohesin complex is an evolutionary conserved protein
complex. In yeast, it is composed from the subunits: Smc1, Smc3, Mcd1/Scc1 and
Irr1/Scc3 (Kothiwal et al., 2021). Current literature suggests that the cohesin
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complex acts by using its ring structure to encircle both sister chromatids, thereby
holding them together. This is based on studies which show, firstly, that Smc3 and
Scc1 are essential for sister chromatid cohesion, and lastly that these same proteins
do not form covalent bonds with DNA (Gruber et al., 2003). During prophase,
cohesin becomes redistributed. Instead of being localized along the whole
chromosome cohesin begins to dissociate from chromosomal arms and remains
enriched at centromeres (Blow & Tanaka, 2005). The physical act of holding sister
chromatids together, and the appropriate timing of cohesin complex degradation and
sister chromatid release, are highly important for mediating correct segregation.

At this point a key difference between yeast and human mitosis must be
highlighted. In yeast, unlike vertebrate cells, cell division is “closed” due to the fact
that the nuclear envelope does not undergo breakdown (also known as nuclear
envelope breakdown, NEBD). Only in the final stages of cell division does the
nucleus divide into two new daughter cells, and finishes budding completely from the
mother cell. In human cells, mitosis is “open” due to the dissolution of the nuclear
envelope. Another feature of prophase in mammalian cells is that centrosomes begin
to mature and form bipolar spindles. In mammalian cells, the breakdown of the
nuclear membrane signals the end of prophase (Boettcher & Barral, 2013). However,
in yeast, the nucleus does not break down therefore establishing end of prophase in
budding yeast is more difficult. Also, the MTOCs of yeast (SPBs) are embedded
within the nuclear membrane and microtubules form within the nucleus itself. This
allows yeast to form kinetochore-microtubule attachments already during S-phase
(Marco et al., 2013; Smoyer & Jaspersen, 2014).

1.2.4 Prometaphase and metaphase

For the purposes of this thesis, prometaphase and metaphase are the most relevant
phases of all the stages of mitotic division. The reason for this is because by the end
of metaphase kinetochore-microtubule attachments are finalized. Prometaphase
begins after NEBD in open mitosis. In human cells, condensin | complex lies outside
the nucleus in the cytoplasm and is only able to interact with chromatin after NEBD
(Shintomi & Hirano, 2011; Lee et al., 2011; Nishide & Hirano, 2014). After this, both
condensin | and condensin Il help to form the rod like structures that form the sister
chromatids. Condensins | and Il are therefore vital for establishing the chromatid
structure before cell division and segregation. In both yeast and humans, early
prometaphase includes the migration of sister chromatids to the center of the cell
along the metaphase plate. The movement of sister chromatids towards the center of
cells is very important as it allows for an equal chance of capture by microtubules
from opposite poles (Maiato et al., 2017). It has been demonstrated in both yeast
and metazoan cells that lateral connections are formed between microtubules and
kinetochores initially (Hayden et al., 1990; Merdes & DeMey, 1990; Rieder &
Alexander, 1990; Tanaka et al., 2005). These lateral connections are later converted
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into end-on attachments. In budding yeast, the control of the transition from lateral to
end-on attachments has been connected with the phosphorylation of specific serine
residues (S13, S49, S217, S218 and S232) in Dam1. The kinase responsible for this
is Mps1. Loss of this phosphorylation leads to dysregulation of the transition from
lateral to end-on attachments. Such dysregulation has been associated with
missegregation and has been demonstrated in both mitotic and meiotic divisions
(Shimogawa et al., 2006; 2010; Meyer et al., 2018).

When only one chromatid is bound to microtubules this is an erroneous
attachment called a monotelic attachment. When both sister chromatids are attached
to the same pole this is an erroneous attachment called a syntelic attachment. A
third kind of erroneous attachment occurs when microtubules emanating from both
poles bind to one kinetochore; this is known as a merotelic attachment. These can
only occur when multiple microtubules bind to the same kinetochore, which means
that merotelic attachments are impossible in budding yeast where only one
microtubule binds per kinetochore. Additionally, merotelic attachments are often
responsible for the lagging chromosomes which are seen in human cell-lines
(Gregan et al., 2011).

It should be emphasized that the mechanism behind kinetochore-microtubule
capture is a random process. During cell division erroneous connections between
kinetochores and microtubules are inevitable. It is the job of the CPC to recognize
and destabilize erroneous attachments (Vader et al., 2006; Carmena et al., 2012;
van der Horst & Lens, 2014; Hadders & Lens, 2022). The CPC is composed of four
subunits including Sli15/INCENP, Bir1/Survivin, Nbl1/Borealin, and Ipl1/Aurora B
(Figure 4C). Sgo1 (also known as Shuogoshin 1 or SGO1 in humans) is a highly
conserved protein important for recruiting the CPC, specifically Bir1, to the inner
centromeric chromatin. Localization of Sgo1 to the inner centromere is dependent on
the phosphorylation of histone H2A by the kinase Bub1 (Kitajima et al., 2005; 2006).
Also, Sgo1 plays an important role in protecting the cohesin complex during cell
division (Kitajima et al., 2006).

Bir1 directly associates with Sgo1 in yeast. Bir1 also associates with the N-
terminal CEN-box of the Sli15 scaffold protein. It should be noted that Nbl1 also
localizes to the CEN-box in the CPC, and is important for maintaining CPC integrity
(Nakajima et al., 2009). At the C-terminus of Sli15 there is an IN-box region to which
Ipl1/Aurora B kinase binds. During prometaphase, the phosphoregulated domain
(PR), a part of the Microtubule Binding (MTB) domain of Sli15, remains
phosphorylated by Cdk1 (Figure 4C) (Pereira et al., 2003; Mirchenko & Uhlmann,
2010; Tsukahara et al., 2010; Storchova et al., 2011; Campbell & Desai, 2013). This
phosphorylation prevents spindle localization and the CPC mainly localizes to the
inner centromere. Another signifcant part of the MTB is the Single Alpha Helix (SAH)
domain. This domain is vital for viability and has recently been shown to be important
for CPC localization (Marsoner et al., 2022).
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Although it is known that the CPC can distinguish between erroneous and
bioriented attachments, it is still heavily debated as to how this is actually achieved.
One of the most prevalent models that explains how it does this is known as the
“spatial separation” model (Figure4D) (Tanaka et al., 2002; Joglekar et al., 2009;
Lampson & Cheeseman, 2011). When sister chromatids are erroneously attached
there is a lack of tension between the centromeres of the sister chromatid pairs
(Nicklas & Koch, 1969; Li & Nicklas, 1995; Nicklas, 1997). Due to this lack of tension,
the kinetochore substrates of the CPC remain close enough to where the CPC
localizes so that Ipl1/Aurora B can phosphorylate and destabilize kinetochore-
microtubule attachments (Biggins et al., 1999; Cheeseman et al., 2001;2002; Tanaka
et al., 2002). Once a bioriented attachment is made, the sister-chromatids
experience tension. Tension has been shown to be sufficient for KT-MT stabilization
(Tanaka et al., 2002). During metaphase, when KT-MT attachments are bioriented
and under tension, FRET assays have demonstrated that Aurora B kinase activity is
limited to the inner centromeric region, and does not affect the outer-kinetochore.
However, when there are no KT-MT connections formed, Aurora B phosphorylates
subunits found within the inner centromere as well as the outer-kinetochore (Liu et
al., 2009; Welburn et al., 2010). Altogether, this suggests that the physical act of
tension moves the main kinetochore targets of the CPC away from Ipl1/Aurora B.
Consequently, this results in the stabilization of the attachment (Figure 4D).

However, it has been shown by Campbell & Desai (2013) that the inner
centromeric recruitment of the CPC is not essential for segregation and viability. This
suggests that in yeast the localization of the CPC to the inner centromere is not
essential for segregation. Instead there must be another locus where the CPC is still
sufficient to correct erroneous attachments. Another main site of CPC localization is
at the mitotic spindle. As the cell transitions from metaphase to anaphase the
phosphatase Cdc14 dephosphorylates the PR region of CPC triggering loss of CPC
at the inner centromere and redistribution along the mitotic spindle (Pereira et al.,
2003; Tsukahara et al., 2010; Storchova et al., 2011; Campbell & Desai, 2013;
Marsoner et al., 2022). The loss of any part of the mitotic binding domain (MTB) of
the CPC results in lethality. It has been recently demonstrated by Marsoner et al
(2022) that the CPC has multiple localizations essential for function: the inner
centromere, the inner kinetochore and the mitotic spindle.

Additionally, Campbell & Desai (2013) showed that deleting the N-terminus of
Sli15 (sli15-A2-228 or sli15-ANT), including the CEN box, rescued loss of Bir1.
Western blots of CPC components show that Bir1 deletion also inhibits the stability
of Sli15 and, by extension, the entire CPC (Campbell & Desai, 2013). It is speculated
that by deleting the Bir1 binding site of Sli15 (ie. the CEN box) the CPC no longer
experiences perturbed stability. This same study also showed an increased amount
of CPC at microtubules after sli15-ANT expression as well as improved segregation
fidelity. Similarly, the unphosphorylatable sli15-6A allele, which enhances CPC
localization to microtubules (Pereira et al., 2003), also rescues the growth detriment
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caused by loss of Bir1 (Campbell & Desai, 2013). This together suggests that the
microtubule binding activity of Sli15 is vital for CPC function and enhanced binding at
microtubules can rescue loss of Bir1.

To summarize, the CPC destabilizes those connections which are erroneous and
has multiple localization sites. The biorientation of chromosomes in humans begins
in prophase and continues in prometaphase and is completed by the end of
metaphase. In budding yeast, the nucleus does not break down during mitosis
therefore the biorientation of chromosomes already starts during S-phase (Marco et
al., 2013). It is very important that the cell does not proceed to anaphase until all
chromosomes are properly bioriented. Even the presence of a single pair of
erroneously attached chromatids triggers arrest (Zich & Hardwick, 2010; Murray,
2011; Musacchio, 2011). During prometaphase and up to the end of metaphase, the
cell cycle is arrested until there are no longer unattached kinetochores. By creating
unattached kinetochores, the CPC indirectly activates the SAC thereby preventing
anaphase onset.

1.2.4.1 The Spindle Assembly Checkpoint (SAC) is initiated by Mps1 and
monitors the attachment state of kinetochores

As has been previously mentioned, the SAC is a highly important molecular
surveillance system which monitors the attachment state of kinetochores. If any of
the kinetochores within a eukaryotic cell are not attached to a microtubule (monotelic
or completely without attachments) the SAC ensures the cell does not move from
metaphase to anaphase before every sister chromatid has formed bioriented KT-MT
attachments (Rieder & Palazzo, 1992; Weiss & Winey, 1996; Pinsky et al., 2006;
Zich & Hardwick, 2010; Murray, 2011; Musacchio, 2011). This allows the cell more
time to form bioriented attachments. It is important to again emphasize that it is the
job of the CPC to recognize erroneous attachments in budding yeast, and destabilize
such attachments so that the connection between the kinetochore and microtubule is
broken. CPC activity therefore indirectly keeps the SAC signal active by breaking
erroneous connections to form unattached kinetochores. This has been shown by
experiments where the CPC is rendered dysfunctional and yet the SAC is not
activated by these mutants, meaning the loss of CPC function does not activate the
SAC (Biggins & Murray, 2001). The proteins involved in the control of the SAC have
been identified by genetic screens in budding yeast (Hoyt et al., 1991; Li & Murray,
1991; Hardwick et al., 1999). In yeast the chief players include Mps1, Bub1, Bub2,
Bub3, Mad1, Mad2, and Mad3 (Weiss & Winey, 1996). It needs to be stated that
while most of these checkpoint genes are non-essential in yeast (with the exception
of Mps1 which is vital for SPB duplication) they are all essential genes in animal cells
(Winey et al., 1991; Jones et al., 2001; Basu et al., 1999; Kitagawa & Rose, 1999;
Dobles et al., 2000; Kalitsis et al., 2000; Gillett et al., 2004). What this suggests is
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that during a typical cycle, without any added stress, a yeast cell does not require
extra time to properly orientate its chromosomes. However, this pause during mitosis
is essential in animal cells (Basu et al., 1999; Kitagawa & Rose, 1999; Dobles et al.,
2000; Kalitsis et al., 2000; Gillett et al., 2004; Biggins, 2013). While these checkpoint
genes may be dispensable for viability in yeast, their loss does increase the rate of
missegregation. Also, loss of such checkpoint proteins can cause segregation
defects in yeast and also sensitizes yeast cells to drugs that disrupt microtubule
dynamics (such as benomyl) (Li & Murray, 1991; Pangilinan & Spencer, 1996;
Warren et al., 2002; Storchova et al., 2011). The SAC begins when Mps1 associates
with unbound kinetochores (Pinsky et al., 2006) (Figure 5). Mps1 is a kinase and is
the main regulator of the SAC. After Mps1 phosphorylates MELT repeats at the outer
kinetochores of unattached kinetochores, Bub1 and Bub3 associate with
phosphorylated Spc105 (Figure 5). It should be noted that the phosphorylation of
Spc105 by Mps1 is essential for checkpoint activation (London et al., 2012;
Yamagishi et al., 2012). Mps1 autophosphorylation is essential for its kinase function
as well as localization to the kinetochore in certain organisms (Kang et al., 2007;
Mattison et al., 2007; Xu et al., 2009). It should be noted that Mps1 has also been
implicated in the phosphorylation of Ndc80 and Mad1 (Hardwick et al., 1996;
Kemmler et al., 2009).
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Figure 5. Phosphorylation of Spc105 is essential for activating the SAC and formation of
the MCC

This schematic illustrates the process by which Mps1 activates the SAC. The outer-kinetochore
(pink oval) is linked to the chromatid (blue) by the inner kinetochore (grey circle). Mps1
recognizes unattached kinetochores and phosphorylates (white stars) Spc105. After Spc105 is
phosphorylated, Bub1/Bub3 associates. Next, Mad1 and Mad2 bind too. This leads to the
establishment of the Mitotic Checkpoint Complex (MCC) which sequesters Cdc20 thus
preventing APC activation. This in turn leads to inhibition of metaphase to anaphase transition.

Adapted from (Biggins, 2013 p.835)
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The recruitment of Bub1 to phosphorylated Spc105 also contributes to the
localization of the CPC to the inner centromere. This is because Bub1’s kinase
activity is important for the recruitment of Sgo1 (Kitajima et al., 2005; 2006; Campbell
& Desai, 2013). After this, Mad1 and Mad2, forming a complex, associate with the
phosphorylated Spc105 and Bub1/Bub3 complex (Figure 5). Mad2 can be stably
bound to Mad1 or cycle on and off the kinetochore (Howell et al., 2000). When Mad2
is free in the cytoplasm, it exists in an “open” state (Mad2-O). Mad2 bound to
kinetochores becomes converted to an alternate “closed” state (Mad2-C) in which
direct association with Cdc20 can be made (Luo et al., 2000; 2002; Sironi et al.,
2002; DeAntoni et al., 2005; Mapelli et al., 2007). Additionally, Mad2-C is a receptor
for Mad2-O and upon binding the Mad2-O molecules are converted to Mad2-C. Next,
Mad2-C not stably bound to Mad1 can associate with Mad3, Cdc20 and Bub3.
Together this forms the Mitotic Checkpoint Complex (MCC) (Figure 5).

The SAC halts progression to anaphase by inhibiting a significant activator of
the Anaphase Promoting Complex (APC): Cdc20. To briefly review, the APC is an
E3-ugiquitin ligase complex responsible for targeting cyclin B and Pds1/Securin for
proteosomal degradation. Such degradation leads to the activation of seperase and
the cleavage of the cohesin complex (specifically Scc1) joining sister chromatids
together. This is all required to allow the cell to enter anaphase (Li et al., 1997; Fang
et al., 1998; Hwang et al., 1998; Kim et al., 1998; Kim & Yu 2011). The APC is highly
functionally conserved between yeast and humans. The core subunits of the APC
associate with multiple distinct activator subunits (Héckner et al., 2016).

The inhibition of APC activity is facilitated mainly by the Mitotic Checkpoint
Complex (MCC). The proteins which directly bind to Cdc20, thus keeping it from
activating the APC, are Mad2 and Mad3 (Chao et al., 2012; Lau & Murray, 2012).
The MCC assembles and localizes at unattached kinetochores. While the MCC
remains formed, the Cdc20 subunit remains unavailable to the APC.

Many rounds of kinetochore-microtubule capture are usually required to allow
for the eventual stabilization of bioriented connections. Only once the kinetochore-
microtubule attachments are bioriented and no longer destabilized by the CPC can
the SAC be silenced (Zich & Hardwick, 2010; Murray, 2011; Musacchio, 2011).

It is appropriate to note that SAC silencing is required for cell cycle
progression. The manner in which the SAC is silenced is mostly through the
dephosphorylation of SAC targets, including Spc105/Knl1 (Pinsky et al., 2009;
Vanoosthuyse & Hardwick, 2009; London et al., 2012). This is facilitated by the
phosphatase Glyc7 (or PP1 in humans). Additionally, Aurora B has been implicated
in modulating the SAC by disrupting PP1 phosphatase activity, thereby preventing
SAC silencing (Rosenberg et al., 2011).
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Summarily, the control of chromosome biorientation and segregation by the CPC
and SAC has been the main focus of the most recent section. The CPC acts to
destabilize erroneous attachments thereby triggering the SAC which provides the
cell with enough time to obtain bioriented attachments.

1.2.5 Anaphase entry

Once the chromosomes have been correctly aligned and bioriented, the Spindle
Assembly Checkpoint (SAC) is silenced (Pinsky et al., 2006; 2009). The silencing of
the SAC is mediated by a combination of Glyc7/PP1 phosphatase activity and lack of
unbound kinetochores. This disables the MCC allowing Cdc20 to activate the APC
and target securin for degradation. Loss of securin activates separase, an enzyme
that cleaves the cohesin complex rings that hold sister chromatids together at the
centromeric region (Li et al., 1997; Fang et al., 1998; Hwang et al., 1998; Kim et al.,
1998; Kim & Yu 2011). The loss of cohesion between sister chromatids allows
anaphase to truly begin as they are pulled apart and segregated. The physical forces
which drive chromosomes toward the cellular poles is mediated by the
depolymerization of kinetochore-bound microtubules (Asbury et al., 2011). Notably,
at anaphase onset Cdc14 dephosphorylates the CPC and it becomes redistributed
from the inner centromere to the spindle microtubules (Mirchenko & Uhimann, 2010;
Tsukahara et al., 2010; Storchova et al., 2011; Campbell & Desai, 2013).

1.2.6 Telophase and cytokinesis

The final phases of mitosis include the decompaction of chromosomes, and in the
case of open mitosis, the reformation of nuclear envelopes around the recently
segregated chromosomes (Schellhaus et al., 2016). Also, the sites of transcription
known as nucleoli reform as well (Boisvert et al., 2007). The site of abscission is
decided in earlier stages of the cell-cycle (Balasubramanian, Bi and Glotzer, 2004).
In both yeast and human cells, the physical act of cellular separation is performed by
a ring formed from actin and myosin Il, which tightens around the cellular membrane,
forming what is known as the cleavage furrow (Bhavsar-Jog & Bi, 2017). This ring
eventually pinches the cells off into two daughter cells. Notably, the division of
cytoplasm as well as cellular organelles also occurs at this later stage and is known
as cytokinesis (Glotzer, 2005). Additionally, CPC function is essential for cytokinesis
in metazoan cells but not in yeast cells (Ainsztein et al., 1998; Kitagawa & Lee,
2015). In summary, this section reviewed the stages of mitotic division highlighting
the importance of the SCF complex in segregation fidelity. The significance of the
CPC, APC and Mps1 in controlling the SAC was also reviewed. Now that we have
had a general overview of the cell-cycle, we can focus more on how chromosomes
become attached to microtubules at a molecular level.
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1.3 Protein complexes required for chromosome biorientation and segregation

In order to address the complexities associated with missegregation, a sound
understanding of the major mechanistic components behind segregation is vital. To
this end, the main structural components important for mediating chromosomal
segregation are discussed in this section.

Figure 6. The kinetochore is assembled at centromeric chromatin in a stepwise manner
(A)Schematic depicting DNA (black line) wound around the Cse4 nucleosome and inner-
centromere binding subunits, including the CBF3 complex. Centromere determining elements
(CDE) are also shown. Cse4 is deposited by the Smc3 chaperone (B)Schematic illustrating the
inner kinetochore complexes including the CCAN (C) Schematic showing members of the
outer-kinetochore including the KMN as well as the Dam1 complex.

Figure 6A adapted from (Biggins, 2013 p.827). Figure 6B and 6C adapted from (Marsoner,
2022)

1.3.1 The centromere

In order to physically separate one’s genetic information it is essential that a
structure, upon which forces can be applied, forms connected to the chromatids
directly. This physical structure is known as the centromere. In yeast this was first
identified by Clarke and Carbon (1980) as being the region of the chromosomes that
allows mitotic stability of plasmids. In most eukaryotes these loci are composed of
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very large repetitive regions. In human cells these are known as alpha-satellites, and
they consist of 170-bp long tandem repeat sequences. These types of centromeres
are known as “regional”’ centromeres, because they are defined by a large region
(ranging up to 4Mb) of the chromosome (Burrack & Berman, 2012). However, in
budding yeast, the genetic elements that control the localization of the centromere
are much smaller in length. The budding yeast centromere is defined as a 200-bp
nuclease resistant region. Within this region is a 125bp “point” centromere.
Comprising this genetic sequence are three conserved centromere-determining
elements (CDEs). CDEI associates with Cbf1, a yeast specific protein which is
nonessential, and CDEIII binds to the CBF3 complex, a yeast specific inner
kinetochore subcomplex composed of four subunits: Ndc10, Ctf13, Skp1, and Cep3.
CDEll is slightly longer than the other CDEs and is an AT-rich region (Clarke, 1998)
(Figure 6A).

It should be noted that budding yeast relies more on genetic factors to control
centromere assembly than epigenetic factors, which are utilized more commonly by
eukaryotes (Black et al., 2010; Henikoff & Furuyama, 2010). Most nucleosomes are
made from histone octamers composed of two copies of four different subunits: H2A,
H2B, H3 and H4. H2A is the histone phosphorylated by Bub1 kinase, which is
required for Sgo1 localization (Indejeian et al., 2005; Kitajima et al., 2005; 2006;
Fernius & Hardwick, 2007; Indjeian & Murray, 2007). At eukaryotic centromeres an
H3-histone variant is used instead to form the nucleosomes at centromeres. This H3
variant is known as Cse4 in budding yeast, or CENP-A in humans, and was among
the first centromeric proteins discovered in the 1980s (Earnshaw & Rothfield 1985;
Palmer et al. 1987) (Figure 6A). Chromatin immunoprecipitation experiments
showed that Cse4 is associated with centromeres (Stoler et al., 1995; Meluh et al.,
1998; Stellfox et al., 2013). Understanding the mechanisms that control the
stoichiometry of Cse4-nucleosomes are very important for clarifying how
centromeres form, as well as how this contributes to segregation fidelity. When the
stoichiometry of Cse4 is disrupted this leads to CIN (Au et al., 2020). The
mechanism by which Cse4 is deposited into chromatin is still debated, but it is highly
likely this involves a histone chaperone protein called Scm3 in budding yeast
(Dunleavy et al., 2009; Foltz et al., 2009). In budding yeast, the specific deposition of
Cse4 at the centromeres is mediated by Ndc10, a part of the CBF3 complex, which
interacts with Smc3 (Camahort et al., 2007). The phosphorylation of Cse4 by Ipl1
has been linked to increased KT-MT attachment instability (Boeckmann et al., 2013).
Some of these phosphosites are found in the N-terminal part of Cse4, which
associates with specific key members of the inner-kinetochore. This suggests that
the phosphoregulation of Cse4 by the CPC is important for controlling kinetochore
formation and subsequently segregation fidelity. The proteolytic degradation of Cse4
is tightly controlled by Psh1 E3 ubiquitin ligase. Additionally, it has been shown by
Au et al., (2020) that the SCFede4/met30 complex is also responsible for the proteolytic
degradation of Cse4.
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It should be noted that in yeast one of the core-members of the SCF-complex
is Skp1, which is also a part of the CBF3 inner kinetochore complex (Sorger et al.,
1995; Connelly & Hieter, 1996). Another point to highlight is that biochemical and
protein degradation assays show that the SCF-complex is involved in the
degradation of Ctf13. This same study also highlights that SCF-complex activity is
modulated by phosphorylation of the target substrate (Kaplan et al., 1997). These
data further emphasize the significant connection between the SCF-complex and
control of Cse4 as well as CBF3 stoichiometry, which is essential for segregation
fidelity.

1.3.2 The inner kinetochore

Although the centromere forms the foundation on which a connection to chromatin
can be made, it does not directly connect with the microtubules itself. Instead a
large, intermediary complex acts as a middleman that connects the microtubules to
the centromere and by extension the chromatin within the nucleus. This complex
uses the centromere as a platform on which to build itself, and is known as the
kinetochore. The kinetochore is a very large complex made out of several
subcomplexes. For the sake of simplicity, the kinetochore can be broken into two
pieces: the inner kinetochore and the outer-kinetochore (Biggins, 2013). The inner
kinetochore comprises those subcomplexes most biochemically associated with, and
therefore most proximal to, the centromere (Figure 6B) (Stoler et al., 1995; Meluh et
al., 1998; Stellfox et al., 2013). The CBF3 complex is a member of the inner
kinetochore and was mentioned earlier. However, the CBF3 complex is not
conserved in other eukaryotes (Biggins, 1999; 2013).

In the past it was challenging to find conserved inner kinetochore proteins
because of low sequence similarities. Despite this, there are now several accepted
inner kinetochore proteins conserved between yeast and humans which form the
constitutive centromere associated network (CCAN) (Biggins, 2013; Westermann &
Schleiffer, 2013; Musacchio & Desai, 2017). The CCAN is present at centromeres in
both humans and yeast for most of the cell-cycle, and is momentarily only briefly
absent during S-phase (Kitamura et al., 2007). Otherwise the inner kinetochore
(CCAN and CBF3 in yeast) is constitutively formed (Nevaro & Cheeseman, 2021).

Mif2 (CENP-C in humans) was one of the first members of the CCAN to be
discovered and characterized. Mif2 is a conserved inner kinetochore protein that
forms a homodimer and binds directly to CDEIIl and associates specifically with
Cse4 nucleosomes (Cohen et al., 2008; Xiao et al., 2017; Fischbéck-Halwachs et al.,
2019). The COMA complex is another member of the CCAN, and is made up of four
subunits: Ctf19, Okp1, Mcm21 and Ame1. The COMA complex has too been found
to associate with Cse4 specific nucleosomes (Fischbdck-Halwachs et al., 2019).
Crosslinking experiments have shown that Okp1 binds to an N-terminal domain
within Cse4 (Fischbdck-Halwachs et al., 2019). Only Okp1 and Ame1 are essential
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for mitosis and in vitro experiments show an interaction with Mif2 (Hornung et al.,
2014). Additionally, this interaction is also important for outer-kinetochore assembly,
further explaining why these two proteins are essential. It is also pertinent to add that
Ame1 has been shown to be degraded by the SCFcde4 E3 ubiquitin ligase complex
(B6hm et al., 2021). Disruption of this degradation leads to missegregation. This
reveals another link between the SCF-complex and the control of kinetochore
stoichiometry and segregation fidelity.

Despite Mcm21 and Ctf19 being disposable for mitotic divisions, they are
essential for establishing cohesion during meiotic divisions (Agarwal et al., 2015).
The remaining members of the CCAN are non-essential for viability, and comprise
the ImI3/Chl4 complex, the Ctf3 complex (composed of Ctf3, Mcm16 and Mcm22),
and the Cnn1 complex (composed of Wip1 and Cnn1) (Bock et al., 2012; Schleiffer
et al., 2012) (Figure 6B).

The ImI3/Chl4 complex interacts with the COMA complex, and the Mif2
homodimer (Hinshaw & Harrison, 2013). It has also been shown via cryo-EM that the
ImI3/Chl4 complex (specifically ImI3) interacts with Ctf3, a member of the Ctf3 inner
kinetochore subcomplex (Hinshaw et al., 2019). Ctf3 also binds directly to the Cnn1
complex. The Cnn1 complex forms a heterodimer and is located in the outermost
part of the inner-kinetochore. The Cnn1 complex is partly responsible for recruiting
the outer-kinetochore Ndc80 subcomplex; a complex essential for viability (Figure6B
and 6C) (Malvezzi et al., 2013; Lang et al., 2018). Despite being an interface
between the inner and outer kinetochore, the Cnn1 complex remains non-essential.
This implies that the Ndc80 complex is recruited by an alternative mechanism. The
formation of the outer-kinetochore will be further discussed in the next part of this
chapter.

1.3.3 The outer kinetochore

The outer-kinetochore is comprised of those sub-complexes most proximal to the
microtubule (Figure6C). It is at this part of the kinetochore the microtubules directly
bind. In yeast, the inner and outer kinetochore complexes remain assembled and
present at the centromeres for most of the cell cycle (Nevaro & Cheeseman, 2021).

1.3.3.1 The KMN network

The subcomplexes comprising the outer-kinetochore include the Mis12-complex, the
Kin1-complex, and the Ndc80-complex. These are all conserved between yeast and
humans and form the KMN network (Kin1, Mis12, and Ndc80 complex network)
(Cheeseman et al., 2006). While the Ndc80-complex is highly important for binding
to microtubules, especially in humans, a yeast specific complex called the Dam1-
complex is also a part of the outer-kinetochore and contributes significantly to
microtubule binding (Figure 6C) (Enquist-Newman et al., 2001; Cheeseman et al.,
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2001; 2002). After the establishment of the centromere and essential inner
kinetochore components, the Mis12 complex (composed of the protein subunits
Mtw1, Dsn1, Nnf1 and Nsl1) is responsible for recruiting the Ndc80 and Kin1
complexes to the kinetochore (Figure 6C) (Maskell et al., 2010; Lang et al., 2018).
The Mis12 complex is formed by two heterodimers made from Miw1/Nnf1 and
Dns1/Nsl1. Ipl1 is responsible for phosphorylating two sites in Dsn1 which are crucial
for outer kinetochore assembly. In Xenopus it was shown that phosphorylation of
Dns1 by Aurora B is vital for outer kinetochore assembly (Bonner et al., 2019). When
Dsn1 is unphosphorylated, it cannot interact with Mif2 (CENP-C) (Dimitrova et al.,
2016). Unsurprisingly, mutating three phosphosites to non-phosphorylate alanines
(dsn1-3A) resulted in reduced levels of Ndc80 and Kin1 complex proteins. Relevant
to this, it was previously mentioned that the Cnn1 complex is also responsible for
recruiting Ndc80-complex. Consequently, loss of Cnn1 complex function (cnn14)
coupled with loss of Mis12 function (dsn7-3A) is synthetic lethal (Lang et al., 2018).
This suggests that the Mis12 complex and the Cnn1 complex are both responsible
for recruiting Ndc80, and in this regard are redundant. The loss of both these
complexes however is not viable. Mis12 complex recruits Ndc80 complex and also
the Spc105 complex. The Spc105 complex is made from Kre28 and Spc105, which
form a heterotrimeric complex (two Kre28 molecules to one Spc105 molecule). In
vitro the Spc105/KIin1 complex binds microtubules, but its main function in vivo is
SAC regulation (Lara-Gonzalez et al., 2021).

In a number of model organisms, the main complex in the outer kinetochore
responsible for binding to microtubules is the Ndc80 complex. There are four
subunits which comprise the Ndc80 complex: Spc24, Spc25, Ndc80 and Nuf2.
These four subunits form two subcomplexes: a Spc24/Spc25 heterodimer, and a
Ndc80/Nuf2 heterodimer. Each of these contains globular head domains and they
interact with each other through their coiled coil domains. The final orientation of this
complex is such that the Spc34/Spc25 globular domains associate with Dsn1 (in the
Mis12 complex) and the globular domains of Ndc80/Nuf2 bind directly to
microtubules (Figure6C) (Wei et al., 2005; Ciferri et al., 2007). Ndc80 contains
multiple Ipl1 phosphorylation sites within its N-terminus. It is well established in
literature that phosphoregulation of Ndc80 is highly important for modulating
microtubule binding affinity and consequently segregation fidelity (DeLuca et al.,
2006; Sarangapani et al., 2013). The phosphorylation of Ndc80 has been shown in
vivo as well as in vitro. Phosphorylation of the Ndc80 reduces the electrostatic
attraction between the Ndc80 complex and negatively charged domains within
tubulin (Miller et al., 2008). For vertebrate cell-lines, Ndc80 appears to be the main
mediator for microtubule binding in the outer-kinetochore. Indeed, when Ndc80 is
rendered unphosphorylatable, chromosomal biorientation is highly perturbed
(DelLuca et al., 2006). However, in yeast Ndc80 non-phosphorylatable mutants do
not show signs of missegregation under conditions where mitosis is not disrupted
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(Akiyoshi et al., 2009). This means that yeast do not solely rely on the Ndc80
complex to bind to microtubules directly.

1.3.3.2 The Dam1 complex

In the late 90s some of the first subunits of the yeast specific Dam1-complex were
identified and characterized (Chen et al., 1997; Hofmann et al., 1998; Jones et al.,
1999; Cheeseman et al., 2001; 2002; Enquist-Newman et al., 2001; Janke et al.,
2002; Li et al., 2002). These subunits included Duo1 and Dam1, which both proved
to be essential for yeast viability (Enquist-Newman et al., 2001). Based on
crosslinking and yeast two-hybrid assays, it has been demonstrated that Duo1 and
Dam1 both interact and bind with microtubules directly (Shang et al., 2003). It is now
known that the Dam1 complex is composed of several decamers, which multimerize
together to form the Dam1 complex ring (Figure7A). The Dam1 decamer can be
subdivided into two “arms”. Each of these arms consists of five subunits each
(Figure7B). Arm 2 contains Duo1 and Dam1, and is the arm which directly interacts
with microtubules. Live fluorescence microscopy assays, which labelled different
subunits from the different arms, show that the microtubule binding activity of arm 2
does not require prior oligomerization with arm 1. However, in order to facilitate
robust coupling to dynamic microtubule ends against applied mechanical loads, the
oligomerization of the arms is vital (Umbreit et al., 2014). After the decamer is
formed by the oligomerization of the two arms, the ring structure can be assembled.
Approximately 13 independent decameric complexes multimerize together to form a
ring-shaped complex. /n vitro cryo-EM images have shown that these Dam1-
complex rings form spontaneously around microtubules and that even partially
formed rings are able to bind to microtubules (Gonen et al., 2012; Ng et al., 2019).
Structural analyses show the Dam1 decameric complex contains two main
interfaces essential for the multimerization of the assembly (Figure7A) (Jenni &
Harrison, 2018). It is still debated whether Dam1-complex rings are partial or full
rings in vivo. It is also not known what effect partial rings may have on chromosome
segregation fidelity in vivo. One study found that only 40% of the Dam1-complex
assemblies on microtubules were fully formed rings at metaphase (Ng et al., 2019).
Besides Duo1 and Dam1, the other members of the Dam1-complex include: Spc34,
Dad1, Dad2, Dad3, Hsk3, Dad4, Ask1, and Spc19 (Chen et al., 1997; Hofmann et
al., 1998; Jones et al., 1999; Cheeseman et al., 2001; 2002; Enquist-Newman et al.,
2001; Janke et al., 2002; Li et al., 2002). Similar to the Ndc80 complex, the Dam1
complex’s stability and microtubule binding affinity are controlled by phosphorylation
(Cheeseman et al., 2002; Sarangapani et al., 2013; Jin & Wang, 2013). The main
essential sites for this phosphorylation occur within Dam1 itself. Dam1 possesses
several phosphosites. Some are phosphorylated by Mps1 (S13, S49, S217, S218
and S232) others by Ipl1(S20, S257, S265, and S292) (Shimogawa et al., 2006;
2010; Sarangapani et al., 2013; Meyer et al., 2018). These four Ipl1-phospho sites
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are known to be vital for controlling kinetochore-microtubule stability. This has been
shown by testing the viability of yeast strains with non-phosphorylatable Dam1
mutants. Only when all four Ipl1 sites are turned from serines to alanines does the
yeast cell die (Cheeseman et al., 2002; Sarangapani et al., 2013). A study using
optical trap assays demonstrated that mutations which mimic the negative charge
generated by phosphorylation (phosphomimics) significantly reduced KT-MT
stability. Furthermore, non-phosphorylatable mutants (dam1-S20A, dam1-3A or
dam1-4A) do not cause any decrease in KT-MT connection stability (Sarangapani et
al., 2013). Additionally, it has been speculated that mutation of Dam1 serine 20 also
results in defects in Dam1 complex oligomerization (Jenni & Harrison, 2018). In
contrast to this, the dam1(S257D, S265D, and S292D) mutant, also known as the
dam1-3D mutant, does not disrupt attachment strength. More intriguingly, dam1-3D
is associated with slow growth and anaphase arrest (Cheeseman et al., 2002; Jin &
Wang, 2013). Studies from literature have explained these phenotypes by showing
enhanced levels of SAC signaling within dam1-3D cells (Jin & Wang, 2013). Other
experiments show that if Mad1 or Mad2 (key members of the SAC) are deleted, the
overactive SAC signaling and anaphase arrest is lost in dam1-3D cells. Surprisingly,
chromosomal missegregation assays have revealed that dam7-3D does not cause
missegregation (Jin & Wang, 2013). Based on this, the dam1-3D mediated
overactivation of the SAC is not related to decreased KT-MT stability (Jin and Wang,
2013). Instead, it is speculated that the dam1-3D mutant inhibits SAC silencing.

A complex in humans has been proposed as a putative functional counterpart to the
Dam1-complex: the spindle and kinetochore associated (Ska)-complex (Sauer et al.,
2005; Welburn et al., 2009). Besides the fact that the Ska-complex has Ipl1/Aurora B
phosphosites, there is no apparent sequence or structural similarity between them
(Theis et al., 2009; Jeyaprakash et al., 2012). Although it does not form a ring
around microtubules like Dam1-complex, the Ska complex can bind and move along
depolymerizing microtubules (Welburn et al., 2009). Biological and biochemical
assays have shown that loss of Ska-complex activity leads to microtubule
attachment defects, delayed chromosome compaction, and delayed SAC silencing
(Gaitanos et al., 2009; Raaijmakers et al., 2009; Welburn et al., 2009; Daum et al.,
2009). The Ska-complex is essential in humans for forming microtubule attachments
in vivo. RNAI experiments against Ska subunits result in missegregation, metaphase
arrest and cohesion fatigue (Gaitanos et al., 2009; Raaijmakers et al., 2009; Welburn
et al., 2009). Similar to the Dam1-complex, the Ska-complex requires Ndc80 and
microtubules to localize to kinetochores in vivo. Another similarity between the Dam1
complex and Ska complex is the presence of Mps1 phosphosites. Using a
kinetochore targeting assay it was shown that Mps1 can destabilize kinetochore-
microtubule attachments (Maciejowski et al., 2017). Furthermore, the Ska-complex
may aid anaphase onset by facilitating the activity of the anaphase promoting
complex (APC) and recruitment of Protein Phosphatase 1 (PP1) (Sivakumar et al.,
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2014; 2016). Intriguingly, the overexpression of the Ska complex is associated with
poor prognosis of various cancers. The precise mechanism as to how the Ska
complex does this is not known (reviewed in Yu, 2022).

In summary, the kinetochore comprises several essential complexes that are
required for connecting chromosomes to microtubules, thereby facilitating
segregation fidelity. The kinetochore is an interface which connects microtubules to
centromeric chromatin. The ability of the kinetochore complexes to form connections
with microtubules is largely dependent on the structure and electrostatic properties of
the proteins which form the complexes. Many of these regulatory proteins either add
or remove phosphate groups from specific substrates. This allows the activity of
specific structures to be modulated. Lastly, another factor highly relevant to forming
kinetochore-microtubule attachments, and segregation fidelity, includes microtubule
organizing centers (MTOCs) where microtubules nucleate.

B Dpam1 complex consists of two arms

Arm 1: Ask1,Dad2,Dad4,Hsk3,Spc19
Arm2:Dad3,Duo1,Dad1,Dam1,Spc34

Figure 7. Multiple Dam1 decameric complexes multimerize to form a ring

(A) Sphere representation of the crystal structure of C. thermophilum Dam1 complex homologues.
The image at the top depicts the entire ring. The image below shows two Dam1 decamers which
oligomerize via interfaces 1 and 2. The interfaces are shown here with a blue and green box (Jenni
and Harrison, 2018) (B) The Dam1 decamer is composed from two separate “arms”. Each arm
comprises five subunits.

Figure 7A adapted from (Clarke et al., 2022) and made from PDB: 6CFZ from (Jenni & Harrison,
2018) using Chimera-X software version 1.5 (Pettersen et al., 2021).
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1.3.4 Microtubule nucleation, as well as the structure of the SPB, are vital for
segregation fidelity

Under physiological conditions microtubules have a very low likelihood to polymerize
spontaneously. It is therefore not surprising that platforms upon which microtubules
can be nucleated are required within cells. Gamma-tubulin (Tub4 in budding yeast) is
essential for microtubule nucleation at the Spindle Pole Body (SPB) (Wigge et al.,
1998; Kollman et al., 2008; 2010; Gombos et al., 2013). Tub4 is recruited to the SPB
and, once there, acts as a template upon which alpha and beta tubulin dimers can
begin nucleation of microtubule filaments. Tub4 also acts as a cap at the minus-end
of the microtubule; the plus end remains free to polymerize. In yeast, the MTOC is
called the Spindle Pole Body (SPB) (Figure 8) (Knop et al., 1999; Jaspersen &
Winey, 2004). This MTOC is quite different from metazoan centrosomes. In budding
yeast, both SPBs are embedded in the nuclear membrane and have very a different
structural composition to centrosomes. In centrosomes the central protein structures
are called centrioles. Usually centrosomes contain two centrioles positioned
perpendicular to each other. A myriad of scaffold and regulatory proteins interact and
form a layer around the centrioles. This layer later matures to form the pericentriolar
material (Garbrecht et al., 2021; Vasquez-Limeta et al., 2021; Blanco-Ameijeiras et
al., 2022). It is this layer that forms the scaffold upon which microtubules can begin
nucleation and polymerization.

Supernumerary centrosomes have been identified as a source of CIN
(Sansregret et al., 2018; Gheghiani et al., 2021). Supernumerary centrosomes can
also be found in cancer cell lines. The control of centrosome structure and
duplication is therefore relevant to understanding segregation fidelity. In contrast to
centrosomes in humans, SPBs in yeast do not possess centrioles (Winey & Bloom,
2012). Instead SPBs are embedded within the nuclear membrane and contain an
outer plaque layer which connects to cytoplasmic microtubules. These help to
position the nucleus during the cell-cycle.

The SPB is a large macromolecular assembly comprised of many subunits.
There are multiple layers to the SPB: the outermost plaque layer, two intermediate
layers, a central layer, and then an inner plaque layer that nucleates and associates
with nuclear microtubules (Figure8). The core proteins of the SPB contain coiled-coil
domains and form various homodimers and heterodimers. One of the main core
components is Spc42, which is essential for SPB duplication and assembly. Spc42 is
found in the central plaque layer of the SPB and associates with two other essential
proteins that localize to the SPB: Spc110 and Spc29 (Figure8) (Alonso et al., 2020).
Additionally, the size of the SPB’s diameter increases during mitosis (Greenland et
al., 2010). The diameter of SPBs limits the number of microtubule interactions that
are possible. Other proteins essential for microtubule nucleation include Spc98,
Spc97 and gamma-tubulin (Tub4), which localize at the inner and outer plaque
layers of the SPB (Figure8). At the inner plaque layer, the microtubules which
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connect with the kinetochores are nucleated. The SPB must be duplicated once per
cell cycle as two SPBs are needed to form bioriented spindles. The kinase Mps1 is
also essential for SPB duplication (Winey et al., 1991; Straight et al., 2000; Jones et
al., 2001). The duplication of the SPB is completed before DNA replication (Ruthnick
& Schiebel, 2016). Summarily, the structure, duplication and size of MTOCs is highly
relevant to chromosome biorientation. Although some of the details differ between
yeast and humans in terms of structure, the overall function and significance of this
organelle is conserved. The final part of the introduction will review the main
technical differences between human cells and budding yeast relevant to this project.

Cytoplasm

Outer plaque

Spc72

Intermediate layer 1| Nud1
Intermediate layer 2| Spc2
-

Cnm87

Sic42

Spc98

Nuclear
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Figure 8. SPBs are embedded in the nuclear envelope and form microtubules within
the nucleus

This schematic depicts the structure of the SPB. The outer-plaque (grey) is established
proximal to the cytoplasm and can nucleate cytoplasmic-microtubules. However, the more
relevant microtubules form within the nucleus at the inner plaque.

nuclear
microtubules

Nucleus

Adapted from (Rayment, 2023).

1.4 Advantages and disadvantages — using budding yeast as a model to
investigate adaptation to CIN and aneuploidy

Now that the major components which control chromosome biorientation have been
reviewed in detail, the technical advantages and disadvantages of using budding
yeast as a model to study persistent CIN adaption should be addressed. One
strength of using budding yeast as a model is that yeast can still missegregate at
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rates similar to what is seen in cancer. Consequently, budding yeast can be used to
study adaptation to overstablized attachments due to several highly conserved
kinetochore and SAC factors that exist between yeast and humans (Storchova,
2018). As has been mentioned previously, the molecular processes which control
mitosis are functionally conserved.

In order to understand how cells can adapt to CIN and aneuploidy, we need to
induce CIN and aneuploidy within cells, and then analyze the mechanisms utilized to
adapt. This can give us a better idea about how cells adapt and potentially provide
new insights, as well as new therapeutic targets, into cancer evolution. However,
inducing CIN or aneuploidy in cells is a major challenge due to their sensitivity
(Gropp et al., 1983; Torres et al., 2007;2010; Sheltzer et al., 2011; Pfau & Amon,
2012; Giam & Rancati, 2015; Passerini et al., 2016; Alonso y Adel et al., 2023). The
complete loss of any checkpoint gene or CPC component is usually lethal in animal
cells (Basu et al., 1999; Kitagawa & Rose, 1999; Dobles et al., 2000; Kalitsis et al.,
2000; Gillett et al., 2004). Only partial loss of function or drug induced
CIN/aneuploidy is possible. Unsurprisingly, such techniques have significant off-
target effects.

One of the major benefits of using budding yeast is that the loss of
Bir1/Survivin results in viable haploid (homozygous bir14) spores 10% of the time
(Campbell & Desai, 2013). Another benefit to this is that a complete homozygous
deletion has no possibility of reversion. A further advantage of using budding yeast is
that the CPC’s only known essential function is in chromosome biorientation. This
means that any lethality observed must be a result directly linked to loss of
chromosome biorientation. In contrast to this, in human cells the CPC has other
essential functions during cytokinesis (Ainsztein et al., 1998; Kitagawa & Lee, 2015).
In Xenopus the CPC is essential for kinetochore assembly (Bonner et al., 2019)

Additionally, the doubling time of budding yeast is substantially faster than in
human cells, therefore adaptation assays can be performed more quickly.
Furthermore, the small genome size of yeast (approximately 6000 genes) makes
sequencing the entire genome of over 100 strains relatively straight forward.

Lastly, the fact that only one microtubule binds to one kinetochore aids the
interpretation of assays in which we look at attachment states; there is either an
attachment or not, no “partial attachment” states (Winey et al., 1995). In humans
however, kinetochores have between three and thirty binding sites for microtubules.
Consequently, kinetochores can be “partially” bound by microtubules.

One of the major caveats with using Saccharomyces cerevisiae to study
cancer progression is that yeast does not form cancer per se. Tumor suppressors
are genes that act to inhibit tumorigenesis (Menendez et al., 2013). Usually, this is
performed by activating various checkpoints, including apoptosis or stable cell-cycle
arrest. In order for cancer to form, these tumor suppressors, including the well-
studied p53 tumor suppressor, must be inhibited or bypassed. This allows cancer
cells to undergo cell division with high rates of missegregation and aneuploidy.
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Studies have shown that p53 is mutated in 50% of cancers, making it one of the
most universal mutations in cancer (Smardova et al., 2005; Yamamoto & lwakuma,
2018; Mantovani et al., 2019; Hu et al., 2021). While tumor suppressors act as
barriers to tumorigenesis, genes which facilitate cancer are referred to as
oncogenes. These include certain transcription factors like c-Myc that control the
activation of genes responsible for promoting growth (Meyer et al., 2020). Despite
the fact budding yeast does not develop cancer, it still possesses genes which either
promote cell growth (like oncogenes) or inhibit cell growth (like tumor suppressors). It
is this fact, in combination with the functional conservation between human and
budding yeast mitosis, that makes budding yeast an appropriate model for studying
adaptation to CIN in cancer.

Summarily, budding yeast is still a very useful model for studying adaptation
to CIN because 1) the CPC has no other function in yeast other than chromosome
biorientation 2) yeast can survive the induction of high rates of persistent CIN or
aneuploidy 3) yeast has a relatively fast doubling time (90minutes) making it a
suitable choice for long term adaptation studies 4) budding yeast has a relatively
small genome, thereby facilitating the sequencing of the whole genome and 5)
mitotic pathways associated with cancer progression are functionally conserved
between yeast and humans.
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2. Aim of the thesis

The main motivation behind this thesis project can to be summed up by the question:
how can healthy cells, which are sensitive to genetic detriments such as CIN and
aneuploidy, adapt and become not just resistant but actually select for these same
genetic detriments in cancer cells? Consequently, the first objective of this thesis
project was to identify candidate genes/mutations that allow for cells to cope with
persistent CIN and/or aneuploidy over long periods of time. The second objective
was to characterize these mutations and understand the mechanisms which allow for
adaption to CIN and/or aneuploidy.

Firstly, we wished to investigate how cells initially adapt to high rates of CIN
and aneuploidy. We achieved this by deleting Bir1 in several haploid budding yeast
strains and then grew them for approximately 200 generations. We discovered that
these strains (bir1A-ad) accumulate beneficial aneuploidies to help them cope with
high amounts of CIN (Ravichandran et al., 2018; 2020). Additionally, we discovered
that these adapted bir1A-ad strains did not accumulate mutations which were
enriched in CIN related genes. Indeed, the number of mutations in genes related to
CIN were no different than what would be expected by chance. The main conclusion
here is that initial adaptation is achieved by selecting for beneficial aneuploidies.

However, it is known in literature that aneuploidy of any kind, however
beneficial it may be initially, will always provide a source of proteotoxic stress on the
cell (Yona et al., 2012; Torres et al., 2010). Consequently, one of the aims was to
investigate how these CPC deficient cells coped with CIN and aneuploidy over even
longer periods of time. We hypothesized that eventually suppressor mutations would
accumulate, and the aneuploidy burden could be subsequently reduced or refined
(Yona et al., 2012).

Once we allowed the CPC deficient cells to adapt to persistent CIN for
another 200 generations, we harvested these strains (bir1A-ad2) and performed
Next Generation Sequencing (NGS). Based on these data, we found the aneuploid
karyotypes of these strains became refined and converged on an optimal karyotype.
We also found an accumulation of CIN related mutations; almost twice what is
expected by chance. Several mutations engineered into a parental strain rescued the
growth detriment caused by bir1A. The suppressor mutations that were confirmed by
the plasmid shuffle assay fell into roughly four categories: the outer-kinetochore, the
SCFcde4 complex, Mps1 and the CPC itself. What we also found was a reduction in
total aneuploidy in those strains that possess confirmed suppressors. Additionally,
we showed via a mini-chromosome loss assay that the missegregation caused by
loss of Bir1 can be significantly reduced by the suppressors. Now that we had
identified suppressor mutations, we proceeded to our second objective:
characterizing the molecular pathways involved in rescuing loss of CPC function. To
this end, we performed live fluorescence microscopy assays, growth tests,
temperature sensitivity assays, and structural analysis of a major component of the

35



outer kinetochore: the Dam1-complex. What we discovered was that suppressor
mutations in the Dam1-complex likely interrupt oligomerization, and subsequent
microtubule binding. This reduces the stability of the kinetochore-microtubule
attachment, thus counteracting the overstabilization caused by loss of Bir1.
However, the mutations outside the outer-kinetochore (such as in SCF and Mps1)
did not act by directly destabilizing kinetochore-microtubule attachments. Instead,
these mutations seem to affect the CPC directly.

36



3. Results

3.1 Genetic interactions between specific chromosome copy number
alterations dictate complex aneuploidy patterns

The following manuscript was submitted on the 1st of August 2018 to Genes and
Development. The final revised version was accepted for publication on October 3™
2018. In this paper the experiments and data shown in supplementary tables 3 and 4
were performed by the author of this thesis. Furthermore, the author of this thesis
also contributed to discussions during the revision process and provided input on the
writing process. Most of the experiments for this paper were performed by
Madhwesh C. Ravichandran and the project was originally conceptualized by
Christopher S. Campbell. It should be noted that a number of experiments for this
paper were performed by Sarah Fink and Franziska Christina Hofer. The published
version of this article can be found at: https://pubmed.ncbi.nim.nih.gov/30463904/.
The DOl is: 10.1101/gad.319400.118
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Genetic interactions between specitic
chromosome copy number alterations
dictate complex aneuploidy patterns

Madhwesh C. Ravichandran, Sarah Fink, Matthew N. Clarke, Franziska Christina Hofer,
and Christopher S. Campbell

Department of Chromosome Biology, Max F. Perutz Laboratories, University of Vienna, Vienna Biocenter, Vienna 1030, Austria

Cells that contain an abnormal number of chromosomes are called aneuploid. High rates of aneuploidy in cancer are
correlated with an increased frequency of chromosome missegregation, termed chromosomal instability (CIN). Both
high levels of aneuploidy and CIN are associated with cancers that are resistant to treatment. Although aneuploidy
and CIN are typically detrimental to cell growth, they can aid in adaptation to selective pressures. Here, we induced
extremely high rates of chromosome missegregation in yeast to determine how cells adapt to CIN over time. We
found that adaptation to CIN occurs initially through many different individual chromosomal aneuploidies. In-
terestingly, the adapted yeast strains acquire complex karyotypes with specific subsets of the beneficial aneuploid
chromosomes. These complex aneuploidy patterns are governed by synthetic genetic interactions between indi-
vidual chromosomal abnormalities, which we refer to as chromosome copy number interactions (CCNIs). Given
enough time, distinct karyotypic patterns in separate yeast populations converge on a refined complex aneuploid
state. Surprisingly, some chromosomal aneuploidies that provided an advantage early on in adaptation are eventu-

ally lost due to negative CCNIs with even more beneficial aneuploid chromosome combinations. Together, our
results show how cells adapt by obtaining specific complex aneuploid karyotypes in the presence of CIN.

[Keywords: chromosomes; aneuploidy; chromosomal instability; CIN; adaptation; chromosomal passenger complex|
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Accurate distribution of replicated genetic material to
daughter cells is one of the most fundamental require-
ments of cell division. Errors in chromosome segregation
lead to the loss or gain of chromosomes, a state called an-
euploidy. In many cases, cancer cells have highly aberrant
chromosome copy numbers and extremely complex kar-
yotypes (Mitelman Database of Chromosome Aberrations
and Gene Fusions in Cancer, http://cgap.nci.nih.gov/
Chromosomes/Mitelman). The complexity of these can-
cer karyotypes makes it difficult to retroactively piece to-
gether the steps in their formation.

Aneuploidy is generally associated with decreased cel-
lular fitness. Experiments using yeast or human cell lines
engineered with specific aneuploidies have revealed that
doubling the copy number of single chromosomes leads
to increased expression of nearly all of the genes on that
chromosome (Torres et al. 2007; Stingele et al. 2012).
This creates imbalances in the expression levels between
genes on different chromosomes. These imbalances lead

Corresponding author: christopher.campbell@univie.ac.at

Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.319400.118. Free-
ly available online through the Genes & Development Open Access
option.

to proteotoxic stress and increased rates of mutation and
chromosome missegregation (Sheltzer et al. 2011; Oro-
mendia et al. 2012; Zhu et al. 2012; Passerini et al. 2016).

In contrast, in certain cases, aneuploidy provides a
selective advantage. Specific aneuploidies have been
shown to provide resistance to stress conditions in yeast
(Selmecki et al. 2006; Chen et al. 2012). Aneuploidy can
also act as a suppressor of certain mutations (Rancati
et al. 2008; Liu et al. 2015; Ryu et al. 2016). Although an-
euploid chromosomes alter the stoichiometry of many
genes, the selective advantage can often be attributed to
the change in expression of one or two genes (Hughes
et al. 2000; Rancati et al. 2008; Ryu et al. 2016). This indi-
cates that, similar to other types of mutations, aneuploidy
is typically detrimental but can be beneficial to cellular
growth in specific cases. These results also suggest that
the selective force on aneuploidy for a particular chromo-
some is determined mainly by the specific advantage of al-
tered expression of a few genes. These advantages are
tempered by the general disadvantage of expression imbal-
ances for many other genes.

© 2018 Ravichandran et al. This article, published in Genes & Develop-
ment, is available under a Creative Commons License (Attribution 4.0 In-
ternational), as described at http://creativecommons.org/licenses/by/4.0/.

GENES & DEVELOPMENT 32:1485-1498 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/18; www.genesdev.org 1485


http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
http://cgap.nci.nih.gov/Chromosomes/Mitelman
mailto:christopher.campbell@univie.ac.at
mailto:christopher.campbell@univie.ac.at
mailto:christopher.campbell@univie.ac.at
mailto:christopher.campbell@univie.ac.at
http://www.genesdev.org/cgi/doi/10.1101/gad.319400.118
http://www.genesdev.org/cgi/doi/10.1101/gad.319400.118
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

Ravichandran et al.

Aneuploidy arises from errors in cell division that result
in the uneven distribution of the chromosomes between
the two daughter cells. The increased rate of the forma-
tion of aneuploidy resulting from chromosome missegre-
gation errors is called chromosomal instability (CIN).
Importantly, both aneuploidy and CIN are hallmarks of
cancer and are indicators of poor prognosis (for review,
see Sansregret et al. 2018). Some cancer cell lines have
chromosome segregation errors as high as 1% per chromo-
some per cell division, which would be detrimental to the
growth of normal cells (Thompson and Compton 2008).
Little is known about how cancer cells adapt to thrive
with high levels of CIN.

In this study, we induced extremely high rates of chro-
mosome missegregation in yeast to determine how they
adapt to CIN over time. We found that the yeast adapted
primarily through the accumulation of beneficial aneu-
ploidies of many different chromosomes. The adapted
yeast acquired complex karyotypes that consisted of spe-
cific subsets of the beneficial aneuploid chromosomes.
By engineering the observed complex aneuploidy patterns
in the absence of CIN, we demonstrate that distinct
patterns of complex karyotypes are created by genetic in-
teractions between individual aneuploid chromosomes.
Given enough time to adapt, divergent complex karyotype
patterns eventually converge on an “optimal” complex
karyotype that maximizes the selective advantage of indi-
vidual chromosomal aneuploidies while minimizing the
negative genetic interactions between aneuploidies. This
process often involves the loss of beneficial aneuploidies
in order to gain other, incompatible aneuploid chromo-
somes. Overall, our results show that complex aneuploid
karyotypes result from CIN in a stepwise manner that is
heavily influenced by genetic interactions between aneu-
ploid chromosomes.

Results

Yeast cells adapt to CIN through frequent accumulation
of specific aneuploidies

To induce high rates of CIN in haploid budding yeast, we
deleted the Survivin homolog Birl. Birl is a member of
the chromosomal passenger complex (CPC), which pre-
vents chromosome missegregation by detecting and cor-
recting improper connections between chromosomes
and the mitotic spindle. Following tetrad dissection of
a BIR1/bir1A heterozygous diploid, only ~10% of the
birl1A spores are able to form colonies (Sandall et al.
2006). The cells in the surviving 10% of colonies have
extremely high rates of chromosome missegregation,
making birlA a strong candidate for inducing complex
aneuploidy (Campbell and Desai 2013). To obtain strains
in a semistable state amenable to further analysis, >100
isolated cells from 19 individual bir1A spores were allow-
ed to adapt over 10 clonal expansions by selecting a single
colony every 2 d. These haploid adapted strains, now
called birlA-ad, grow faster than the birlA strains prior
to adaptation; however, their growth rates remain lower
than that of wild-type strains (Fig. 1A,B). To directly mea-
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sure the rate of chromosome missegregation of the bir1A
strains after adaptation, we monitored a fluorescently la-
beled chromosome by live microscopy. The missegrega-
tion rate of chromosome 4 for a subset of the biriA-ad
strains was found to vary from 0.5% to 4.2% per cell
division (Supplemental Fig. SIA). In contrast, chromo-
some missegregation rates for four unadapted strains
were significantly higher, ranging from 2.8% to 7.7%
(P=0.0013). As an additional assay for CIN, we measured
the growth of the birlA-ad strains on plates with a mo-
derate amount of the microtubule-depolymerizing drug
benomyl (10 pg/mL). The adapted strains maintained
strong sensitivity to the drug (Supplemental Fig. S1B,C).
Taken together, the above results demonstrate the adapt-
ed birlA yeast display a partial decrease in CIN rates yet
maintain a strong CIN phenotype.

To determine the degree of aneuploidy in the adapted
strains, the DNA content of the birlA-ad strains was mea-
sured by flow cytometry. All 102 adapted strains had sub-
stantially increased DNA content, with increases ranging
from 10% to 40% over wild type, demonstrating large
amounts of aneuploidy consistent with approximately
one to six extra chromosomes in each strain. Although
the birlA-ad strains display a remarkable heterogeneity
in both growth rate and degree of aneuploidy, there was
no clear correlation between the two (Fig. 1B). This lack
of correlation indicates that there is not a simple relation-
ship between the induced CIN, the resultant aneuploidy,
and their impact on cellular fitness.

To determine the degree to which the growth defects in
the birl1A-ad strains result from either ongoing CIN (from
the continued lack of Birl) or the resulting aneuploidy, we
added the BIR1 gene back into the adapted strains via sin-
gle-copy insertions. BIR1 add-back fully rescued the
benomyl sensitivity for nearly all of the adapted strains,
demonstrating a rescue of the CIN phenotype (Supple-
mental Fig. S1B,C). The growth rates of the add-back
strains only partially recovered with readdition of the
BIR1 gene, indicating that aneuploidy also contributes
directly to the growth defects in the bir1A-ad strains (Sup-
plemental Fig. S1D). Most of the birl1A-ad strains had de-
creased levels of aneuploidy following BIR1 add-back
(Supplemental Fig. S1E), suggesting that the absence of
BIR1 was an ongoing source of selection for specific aneu-
ploidies. To specifically assess the effect of aneuploidy on
the cellular fitness, we analyzed only those strains that
maintained similar levels of aneuploidy after BIR1 add-
back (28 out of 102 birlA-ad strains) (Supplemental Fig.
S1E). These aneuploid BIR1 add-back strains showed a
partial (~50% median) rescue in growth (Supplemental
Fig. S1F). We conclude from these results that the growth
defects in the bir1A-ad strains are caused by a combina-
tion of ongoing CIN as well as the resulting aneuploidy.

Disomy of different chromosomes can contribute directly
to CIN adaptation

For detailed determination of the types of aneuploidy ac-
quired in the adapted strains, their genomes were se-
quenced, and the relative chromosome copy numbers


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.319400.118/-/DC1

A

WT
wT i
bir1A > bir1A
\ Select for Increased

Growth Rate ~ =————— bir1A-ad
(10 Clonal Expansions)

4.0 © birtA-ad
oWT

o
i
°
!

—T—T— T T
10 11 12 13 14 15
DNA content

w)

3
S
T

@
S
I

0
12345678 910111213141516
Chromosome

Percent Strains with
Chromosome Gain
N A o
s & 2
T 9
I

Doubling Time (hrs)
4 .ot R
4 B « (O

1 T

Copy Number: 2 1 2+ 1 2 1 2 1
—

Chromosome: 1 3 8 10

—> 102 bir1A-ad Strains

C Chromosome: 1 2 3 4 56 7 8 910111213141516
-

Pathways from CIN to complex aneuploidy

Figure 1. Adaptation to BIRI deletion generates com-
plex aneuploid karyotypes. (A) Schematic for the gener-
ation of 102 strains adapted to BIR1 deletion (bir1A-ad).
At the left, colonies from wild-type and bir1A spores are
shown 4 d after tetrad dissection of a BIR1/ bir1A diploid
onto rich (YPA plus 2% dextrose [YPAD]) medium. The
bir1A cells were then grown for ~200 generations
through 10 clonal expansions. At the right, equal optical
densities of a wild-type strain, a bir1A strain, and its cor-
responding birlA-ad strain were spotted on YPAD
plates. (B) Lack of correlation between growth rates
and degree of aneuploidy for the bir1A-ad strains. Dou-
bling times in liquid YPAD of all 102 bir1A-ad strains
were measured by optical density and plotted against
the DNA content as measured by flow cytometry. Pear-
son’s correlation coefficient = —0.09. Two-tailed P-value
=0.38. (C) Heat map visualization of chromosome copy
number data for the bir1A-ad strains as measured by read
counts from whole-genome sequencing. Each of the 102
bir1A-ad strains is represented as a row and clustered to
show groupings of karyotype patterns. (D) Frequency of
aneuploidy for each chromosome in the haploid bir1A-
ad strains based on binarization of the data in C.
(E) Comparison of the growth rates of haploid bir1A-ad
strains with and without extra copies of chromosomes
1,3, 8, and 10. The mean doubling time and the standard
error of each group are shown. (*) P<0.01; (***) P<
0.0001; (ns) not significant, unpaired t-test.

Chromosome Copy Number
3

were determined from the read counts. The birlA-ad
strains frequently had extra copies of chromosomes 1, 2,
3, 8, and 10 (traditionally referred to as the roman
numerals I, I, III, VIII, and X in yeast), each of which
was seen in over a quarter of the strains (Fig. 1C,D).
No chromosome rearrangements or large insertions or
deletions were present in any of the adapted strains. Al-
though nearly all of the strains acquired point mutations
during adaptation (average of approximately two muta-
tions per strain), the nonsynonymous mutations in coding
regions were not significantly enriched for genes reported
to be involved in CIN (P =0.53). Of the genes mutated in
bir1A-ad strains, 15.8% (30 of 190 genes) (Supplemental
Table S3) were CIN genes, which is similar to the 14.5%
of genes in the yeast genome (874 of 6000 genes). Addi-
tionally, no gene ontology (GO) terms were significantly
enriched for in the list of genes mutated in the birlA-ad
strains (false discovery rate [FDR] < 0.05). We additionally
identified 41 heterozygous gene mutations on disomic
chromosomes (Supplemental Table S4). These mutations
were also not significantly enriched for GO terms. The
above result suggests that improved growth from adapta-
tion was generally not a result of mutations in certain
genes. Together, these results point to aneuploidy being
the most substantial genomic alteration in the birlA-ad
strains.

To determine the degree to which the growth benefits
from adaptation could be attributed to certain types of an-
euploidy, we compared the doubling times of birlA-ad
strains with and without gains of chromosomes 1, 3, 8§,
and 10. There was an insufficient number of strains with-
out chromosome 2 aneuploidy (six out of 102) to make a
meaningful comparison (Fig. 1C). Adapted strains with
gains of chromosomes 3 or 8 had significantly improved fit-
ness over those that carry only one copy of those chromo-
somes (Fig. 1E). Chromosome 1 disomy was correlated
with a small insignificant increase in fitness (P = 0.14). Sur-
prisingly, disomy of chromosome 10 was not correlated
with any increase in fitness despite over half of the adapted
birlA strains containing an extra copy of chromosome 10
(Fig. 1D,E). This discrepancy could be explained by one of
the following: (1) Disomy of chromosome 10 in the back-
ground of BIR1 deletion is fitness-neutral, in which case,
over a long enough period of time, half of the strains would
be expected to have one copy, and half would have two, or
(2) disomy of chromosome 10 provides an initial adaptive
advantage that decreases with time. To test this second
possibility, we engineered strains with individual disomies
prior toremoval of the BIR1 gene (Fig. 2A). Aneuploidy was
induced via expression of a strong centromere-proximal ga-
lactose-inducible promoter and selected for by stochastic
recombination events that restore the function of a
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Figure 2. Disomy of specific chromosomes provides an initial advantage to BIR1 deletion. (A) Schematic of a galactose-inducible system
to engineer disomy of specific chromosomes prior to BIR1 deletion. Strains transformed with a construct (Pga; CEN3 Iys2::LEU2) and a
minichromosome containing BIR1 and URA3 were grown in medium containing galactose to induce chromosome nondisjunction during
cell division. Disomy of the desired chromosome was then selected for on minimal medium plates lacking leucine and lysine. Disomic
strains for the chromosome of interest were grown on plates containing the drug 5-FOA to select for loss of the URA3 gene, creating bir1A
yeast that are disomic for the chromosome of interest. (B) Tenfold dilution series of disomic strains on minimal medium plates with 5-
FOA (selecting against URAS3) or lacking uracil (selecting for URA3) plates. The graph shows the quantification of the growth of each strain
after selection against BIR1 with 5-FOA. All values were normalized to the initially euploid strain. (*) P <0.05; (***) P <0.0001; (****) P<
0.00001, unpaired t-test. (C ) Missegregation rates of GFP-labeled chromosome 4 for bir1A strains from 5-FOA plates as in B. The total num-
bers of quantified segregation events (n) are indicated below the graph. See Supplemental Figure S1A for examples of segregation and mis-

segregation events.

selectable marker (Anders et al. 2009). BIR1 was subse-
quently lost by counterselection of the plasmid-linked
URA3 gene with the drug 5-fluoroorotic acid (5-FOA)
(Fig. 2A). Strains with disomy of chromosomes 2, 3, 8,
and 10 had significantly increased growth relative to the
euploid control on 5-FOA plates selecting for birlA mu-
tants (Fig. 2B). In contrast, a strain with disomy of chromo-
some 9, which was never observed in the adapted strains,
had drastically impaired growth in the absence of BIR1.
All five strains grew similarly on nonselective (BIR1")
plates. The increase in initial fitness following bir1A for
the beneficial aneuploidies corresponded with a decrease
in the missegregation rate of chromosome 4, indicating
that disomy of these chromosomes partially suppresses
the CIN phenotype (Fig. 2C). We conclude that high fre-
quencies of certain chromosome gains in adapted birlA
strains, including chromosome 10, result from an initial
benefit in fitness shortly after CIN initiation.
Chromosome 2 disomy had the strongest rescue of the
bir1A phenotype and was the most frequent aneuploidy
in the birlA-ad strains, indicating that there is a gene or
set of genes on that chromosome that contributes strongly
to survival following BIR1 deletion. Notably, the gene for
the CPC subunit Slil5 is on chromosome 2. We therefore
put an additional copy of SLI15 on chromosome 5 to deter-
mine whether it would partially rescue the bir1A pheno-
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type (Supplemental Fig. S2A). SLI15 duplication had
levels of growth similar to chromosome 2 disomy imme-
diately following BIR1 deletion (Supplemental Fig. S2B).
Furthermore, adapted birlA strains with SLI15 duplica-
tion had drastically reduced amounts of chromosome 2
disomy and significantly improved growth rates (Supple-
mental Fig. S2C,D). Sequencing of 12 SLI15-duplicated
bir1A-ad strains showed that these strains still accumulat-
ed the other four frequent disomies seen in the original
bir1A-ad strains (chromosomes 1, 3, 8, and 10) when chro-
mosome 2 disomy is absent, demonstrating that the other
four disomies are selected for independently of chro-
mosome 2 (Supplemental Fig. S2E). Attempts to create
bir1A strains with the sole copy of SLI15 on chromosome
5 failed to produce any viable spores. This indicates that
SLI15 duplication is an essential initial step in adaptation
to BIR1 deletion and is not possible on a chromosome
whose disomy is associated with severe growth defects
(Torres et al. 2007). We therefore relocated SLI15 as the
only copy on a chromosome that we knew could be dupli-
cated: chromosome 8. None of the adapted relocated
SLI15 strains had disomy of chromosome 2 (zero out of
seven strains) (Supplemental Fig. S2F,G), further demon-
strating that increased expression of Slil5 is the sole basis
behind the frequent disomy of chromosome 2 in bir1A-ad
strains.
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Positive and negative correlations occur between
chromosome copy number alterations

If disomy of chromosome 10 gives an initial growth advan-
tage, why does it not correlate with increased fitness in
the adapted strains? Up to this point, we analyzed each
chromosomal aneuploidy independently. However, 96%
of the birl1A-ad strains had complex karyotypes, as defined
by containing more than one chromosome copy number
alteration (Fig. 1C). We next determined whether there
were any correlations between the copy numbers of differ-
ent chromosomes. The most striking pattern is a negative
correlation between disomy of chromosomes 8 and 10.
Seventy-six percent (78 of 102) of adapted strains have
an elevated copy number of either chromosome 8 or 10,
but only one strain has an increased copy number of
both chromosomes (P=2.6x 107", hypergeometric test)
(Fig. 3A). Conversely, a strong positive correlation is
seen between chromosomes 8 and 3. Ninety-two percent
of strains (24 of 26) with chromosome 8 gains have in-
creases in chromosome 3 as well, while only 59% (45 of
76) of strains with a single copy of chromosome 8 have
an extra copy of chromosome 3 (P =0.001, hypergeometric
test) (Fig. 3B). Comprehensive pairwise correlations be-
tween all aneuploid chromosomes in the birlA-ad strains
revealed five highly significant (P<0.001) correlations
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(Fig. 3C). We conclude that aneuploidies of individual
chromosomes do not act independently, which could
help explain why aneuploidy of some chromosomes,
such as chromosome 10, improved initial growth follow-
ing BIR1 deletion (Fig. 2B) but did not correlate with in-
creased fitness in the adapted strains (Fig. 1E).

Chromosome copy number correlations result from
genetic interactions between aneuploid chromosomes

The strong anti-correlation between disomy of chromo-
somes 8 and 10 could result from functional redundancy
in their adaptive advantage to BIRI deletion, resulting
in a loss of positive selection for the second disomic chro-
mosome. Alternatively, combination of both disomies
could result in a synthetic negative genetic interaction
independently of BIR1 deletion. To test for genetic inter-
actions between specific pairs of disomic chromosomes,
we modified the aneuploidy induction system to engineer
two chromosomal aneuploidies simultaneously (Fig.
3D). After induced missegregation via addition of galac-
tose, disomy of both chromosomes was selected for on
plates lacking histidine, uracil, leucine, and lysine. We en-
gineered pairwise combinations of all five chromosomes
that showed significant positive or negative copy number

Figure 3. Genetic interactions between whole-chro-
mosome disomies dictate patterns in complex aneu-
ploidy. (A,B) Scatter plot of specific chromosome
copy numbers of 102 birlA-ad strains demonstrating
positive (B) and negative (A) correlations between dif-
ferent chromosomal disomies. Copy number data are
from read frequencies as in Figure 1C. The darker-
gray regions contain strains that are aneuploid for
both of the plotted chromosomes. (C) Heat map of
the correlations between chromosome copy numbers
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icstrains  in the 102 haploid birlA-ad strains. Only correlations

between chromosomes where aneuploidy was ob-
served are shown. Each cell of the matrix contains
the correlation coefficient between the two chromo-
somes written in the row and column. The red high-
lighted border represents correlations with P<0.001
in the hypergeometric test. (D) Schematic of a system
to engineered strains (BIR1*) that harbor two chromo-
some disomies. Strains were transformed with the
construct Pga;-CEN3 ura3::HIS3 on one chromosome
(chromosome A) and Pgar-CEN3 lys2:LEU2 on an-
other chromosome (chromosome B). Chromosome
nondisjunction was induced with galactose, and dis-
omy of both chromosomes was selected for with all
four auxotrophic markers (URA3, HIS3, LYS2, and
LEU?2). (E) Relative colony sizes of double-disomic
strains on YPAD plates were normalized to the other
values in their respective rows and columns. Colony
sizes without normalization are shown in Supplemen-
tal Figure S2I. (F) Comparison of the correlation coef-
ficients of the chromosome copy numbers in birlA-ad
strains (from C) and the relative fitness of engineered
double-disomic strains (from E). Relative values are
the average of the two values in E (column:row and

row:column for each chromosome pair). Pearson’s correlation coefficient=0.73. Two-tailed P-value =0.016.
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correlations in the bir1A-ad strains (Fig. 3E). The presence
of an extra copy of both chromosomes was confirmed by
quantitative PCR (qPCR). Colony sizes for each pair
were measured and normalized to account for growth dif-
ferences in individual aneuploidies (Fig. 3E; Supplemental
Fig. S21). Colony sizes ranged from 70% smaller to 60%
larger than expected, demonstrating strong positive and
negative genetic interactions between aneuploid chromo-
somes. These genetic interactions were not simply a re-
sult of increasing amounts of extra DNA, as there was
no significant correlation between combined chromo-
some size and relative growth for the chromosome combi-
nations that we tested (P=0.48) (Supplemental Fig. S2J).
We call these whole-chromosome-level genetic interac-
tions chromosome copy number interactions (CCNIs).
To determine the degree to which CCNIs could explain
the complex karyotype patterns observed in the bir1A-ad
strains, we directly compared the colony sizes of the engi-
neered double-disomic strains (Fig. 3E) with the chromo-
some copy number correlations in the birlA-ad strains
(Fig. 3C). The combination of disomies with the highest
significant positive correlation in the birlA-ad strains,
chromosomes 1 and 8, had the largest relative colony sizes
in engineered double-disomic strains. Similarly, the dis-
omy pair with the highest significant negative correlation,
chromosomes 8 and 10, had the smallest relative colony
sizes (Fig. 3C,E,F; Supplemental Fig. S3A). Results were
similar if the selection markers used for the two chromo-
somes were reversed (Fig. 3E). No negative interactions were
seen with chromosome 2 disomy (Supplemental Fig. S2H, I).

Overall, the correlation between growth of engineered diso-
mic pairs and frequency of co-occurrence in birlA-ad strains
was significant (r=0.73, P=0.016) (Fig. 3F), demonstrating
that aneuploidy patterns observed in complex karyotypes
are directly affected by positive and negative genetic inter-
actions between specific aneuploid chromosome pairs.
This indicates that CCNIs play a key role in governing
the formation of complex aneuploid karyotypes.

The complexity of aneuploidy correlates with the severity
of CIN induction

We next tested how varying the level of induced CIN af-
fects the resulting complex aneuploidy. To alter the
amount of CIN induced, we used mutants that affect dif-
ferent aspects of the kinetochore-microtubule attach-
ment error correction pathway (Fig. 4A). Deletions in
NBL1, BUBI1, and SGO1 (Borealin, BUBI, and Shugoshin
in humans) were adapted via clonal expansion in the
same manner as the BIR1 deletion strains. The growth
rates of adapted strains demonstrate that biriA-ad and
nbllA-ad have the strongest growth defects, followed
by bublA-ad strains, and the sgolA-ad strains had the
weakest phenotype (Fig. 4B). These results are consistent
with previously published measurements of missegrega-
tion rates for mutants in BIRI and SGO1 (Storchova
et al. 2011; Campbell and Desai 2013). Whole-genome se-
quencing to determine the chromosome copy numbers for
the adapted strains revealed very similar aneuploidy pat-
terns for all four deletion mutants. The four mutants

Figure 4. The degree of aneuploidy correlates
with the severity of induced CIN. (A) Cartoon of
the CPC and the regulators of its localization to
chromatin. (B) Cell doubling times for each of the
indicated strain types. (C) Heat map visualization
. of the clustered chromosome copy numbers of
the nbliA-ad, bublA-ad, and sgolA-ad strains.
(D) Plot of the percentage of strains with a gain of
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resulted in aneuploidy predominantly in the same five
chromosomes (chromosomes 1, 2, 3, 8, and 10) (Fig. 4C,
D). Additionally, the negative correlation between chro-
mosome 8 and 10 disomy is also observed in these strains,
although one sgolA-ad strain did display disomy of both
chromosomes (Fig. 4C). Although the general patterns of
aneuploidy remained the same in the different adapted
deletion strains, the degree of aneuploidy varied. nbl1A-
ad and bir1A-ad had very similar increases in aneuploidy,
whereas bub1A-ad and sgo1A-ad strains averaged compar-
atively less aneuploidy (Fig. 4E; Supplemental Fig. S3B).
This trend correlates well with the degree of CIN observed
in these strains. Together, these results suggest that in-
creased karyotype complexity can result directly from ele-
vated rates of chromosome missegregation.

Ploidy greatly affects the patterns of chromosome copy
number correlations

We next sought to determine how changes in ploidy affect
patterns in complex karyotypes. Compared with haploid
genomes, diploids have a greater number of potential aneu-
ploidy types to exploit for adaptation, such as chromosome
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loss (monosomy) and gain (trisomy) of only 50% more cop-
ies of a chromosome. In theory, this would provide more
avenues to fine-tune adaptation through aneuploidy. To
test this, we generated 25 diploid birlA yeast strains,
adapted them through clonal expansion, and subjected
them to whole-genome sequencing (Fig. 5A). Similar to
the adapted haploid strains, the diploids frequently accu-
mulated extra copies of chromosomes 2, 3, 8, and 10 (Fig.
5B). In addition, the diploids had a much higher frequency
of chromosome 13 gain (64% in diploids vs. 8% in hap-
loids) (Figs. 1D, 5B). Although chromosomes 2, 3, 8, and
10 all had instances of tetrasomy, this was not the case
for chromosome 13 (Fig. 5A). These data suggest that a
50% increase in chromosome 13 copy number provides a
much better balance of growth benefit to fitness deficit
when compared with a 100% increase in birlA-ad strains.
In addition to chromosome gains, losses of chromosomes 1
and 9 were also observed. Intriguingly, chromosome 1 was
lost in some strains and gained in others, suggesting that
the presence or absence of additional copies of this chro-
mosome is largely inconsequential in adaptation to BIR1
deletion. The percentage change of DNA content (normal-
ized to the basal ploidy) for birlA-ad strains was very

Figure 5. Ploidy greatly affects chromosome copy
number correlations. (A) Heat map visualization of
chromosome copy number values for diploid
birl1A-ad strains clustered by similarity. Each of
the 25 diploid bir1A-ad strains is represented as a
row. (B) Frequency of the aneuploid chromosomes
in the diploid bir1A-ad strains from binarization of
the datashownin A. (C) Percentage change in over-
all DNA content as measured by taking the binar-
ized copy number values of each chromosome,
subtracting the basal ploidy 2, multiplying each
. by the fraction of the genome represented by that
chromosome, and then summing the absolute val-

. ues for all of the chromosomes. There was no sig-
e, nificant difference between the two groups. P=
% 0.16. (D) Cell doubling times for the haploid and
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ad strains demonstrating a negative correlation be-
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similar for haploids and diploids (Fig. 5C), demonstrating
that the aneuploidy burden that is tolerated by a cell scales
with its ploidy. Curiously, there was no significant differ-
ence between the mean doubling times of birlA-ad hap-
loids and diploids despite the diploids having more
avenues for adaptation (Fig. 5D). Overall, these data show
that initial ploidy is an important determinant in complex
aneuploidy patterns.

We next determined the pairwise correlations between
specific chromosome aneuploidy types in diploid bir1A-ad
strains (Fig. 5E). Surprisingly, the most significant negative
correlation in haploids, between gain of chromosomes
8 and 10, was not present in the diploids. Instead, the
most significant correlations are between the loss of chro-
mosome 9 and the gain of chromosome 10 or 13 (P =0.003
and P=7 x 107%, respectively). Although 92% (23 out of 25)
of strains had either chromosome 13 gain or chromosome
9 loss, none of them had both (Fig. 5E,F). As with chromo-
somes 8 and 10 in haploids, the anti-correlation between
chromosome 13 trisomy and chromosome 9 monosomy
is associated with a negative CCNI. The growth of cells en-
gineered with both trisomy of chromosome 13 and mono-
somy of chromosome 9 was approximately half the size of
those with chromosome 9 monosomy alone (P <0.0001,
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Supplemental Fig. S3C). This demonstrates that CCNIs
also play a role in shaping complex karyotypes with a dip-
loid base ploidy. We conclude that chromosome copy
number correlations and CCNIs are observed in multiple
ploidy states, but the patterns change dramatically.

Chromosome copy number correlations are seen
in cancer karyotypes

To determine whether cancer karyotypes have patterns
similar to those that we observed in adapted CIN yeast
strains, we analyzed competitive genome hybridization
(CGH) data from The Cancer Genome Atlas (TCGA) data-
base. Cancer karyotypes for 15 different cancer types
were analyzed with a matrix of pairwise correlations be-
tween different aneuploidies. The cancers with the five
highest percentages of predominantly whole-chromo-
some or whole-arm complex aneuploidy were analyzed
in higher detail (Fig. 6A; Supplemental Fig. S4; Supple-
mental Table S2). Strong correlations were observed in
all five cancer types (Fig. 6A; Supplemental Fig. S4). Cor-
relation patterns in lower-grade glioma (LGG) stood out as
being especially similar to the bir1A-ad strains, with both
strong positive and negative correlations for a subset of

Figure 6. Identification of chromosome
copy number correlations in brain LGG tu-
mors. (A) Visualization of the chromosome
arm karyotypes from brain LGG tumor
samples. Cancer karyotype data was ac-
quired from the CGH data from the
TCGA database. Each of the 193 LGG kar-
yotypes is represented as a row, with the
column indicating the chromosome copy
number of chromosome arms. Only chro-
mosome arms where aneuploidy was pre-
sent in >10% of the tumor samples are
shown. (B) Pairwise correlation coefficients
for chromosome arm aneuploidy are shown
as a heat map. The frequency of each aberra-
tion is shown in green as a percentage. The
red highlighted border indicates P <5 x 1077
in the hypergeometric test. See Supplemen-
tal Figure S4 for similar analysis of four ad-
ditional tumor types.
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chromosomes (Fig. 6A,B). LGG karyotypes largely fell
into two categories: those with (1) loss of 1p and 19q or
(2) gain of chromosome 7 and loss of chromosome 10
(Fig. 6B). The combined loss of 1p and 19q is the result
of a frequent translocation between those two chromo-
somes. Intriguingly, strains that harbor this translocation
almost never have a gain of chromosome 7 or loss of chro-
mosome 10 (Fig. 6B). Other common chromosome aberra-
tions such as loss of chromosome 18 did not have any
strong correlations, suggesting specificity in the negative
correlation between the two main karyotype classes. We
conclude that chromosome copy number correlations are
also present in cancer karyotypes and may reflect genetic
interactions between different aneuploid chromosomes
(CCNIs).

Additional competitive adaptation of birl A-ad strains
leads to convergent optimized complex karyotypes

Given that certain patterns in the karyotypes of bir1A-ad
strains had strong correlations with increased growth
rates, it is somewhat surprising that not all of the strains
adapted to have the most advantageous patterns. We rea-
soned that perhaps if the adapted bir1A strains were given
more time to adapt in a more competitive environment,
they might converge on an “ideal” karyotype. Alterna-
tively, further adaptation could allow the strains to find al-
ternate ways to independently obtain the advantages
conferred by the aneuploidy and then eliminate the disad-
vantages by returning to the euploid state (Yona et al.
2012). We therefore selected 16 haploid and 16 diploid
strains for further adaptation for an additional ~200 gener-
ations in rich liquid medium (Fig. 7A). We refer to these
further adapted strains as birlA-ad2. The adaptation in
liquid medium did not greatly affect the CIN phenotype
of the further adapted strains, as the 16 bir1A-ad2 diploids
had little to no change in benomyl sensitivity when com-
pared with the birlA-ad strains (Supplemental Fig. S5A).
In the haploid bir1A-ad2 strains, aneuploidy of chromo-
somes 8 and 10 was almost completely lost (Fig. 7B,C).
This resulted in strains with more similar karyotypes, as
the pooled standard deviation decreased from 0.18 to
0.13 after liquid adaptation. In contrast, levels for chromo-
somes 1 and 2 were largely unchanged. Notably, all four
strains that started with chromosome 10 disomy and
chromosome 3 monosomy lost a copy of chromosome
10 and gained a copy of chromosome 3. This suggests
that, in haploids, the “optimal” bir1A karyotype is disomy
of chromosomes 2 and 3, with chromosome 10 disomy be-
ing excluded due to the negative CCNI between aneuploi-
dy of chromosomes 3 and 10 (Fig. 3C,E). Interestingly, the
diploid birlA-ad2 strains became much more homoge-
nous in their karyotypes, with a decrease in pooled stan-
dard deviation from 0.36 to 0.17 after liquid adaptation.
Trisomy of chromosomes 2, 3, 10, and 13 is now present
in nearly all of the further adapted strains (Fig. 7D,E).
Strikingly, all three bir1A-ad strains that started off with
chromosome 9 monosomy regained a copy of chromo-
some 9 and acquired an extra copy of chromosome 13.
Both of these changes occurred within 1 wk of each other

Pathways from CIN to complex aneuploidy

in all three strains and occurred within the first 2 wk of
liquid adaptation (Supplemental Fig. S5B). We conclude
that certain types of aneuploidy that give an initial growth
advantage, such as gain of chromosome 10 in haploids and
loss of chromosome 9 in diploids, will eventually be lost
due to the comparatively better fitness increases of other,
incompatible types of aneuploidy (chromosome 3 gain in
haploids and chromosome 13 gain in diploids). Together,
these results suggest that although there are often many
different, sometimes conflicting paths to obtaining an ide-
al karyotype, cell populations with high levels of CIN will
eventually converge on a common complement of aneu-
ploid chromosomes.

Discussion

In this study, we developed a system for studying how
complex karyotypes arise from extremely high rates of
CIN. Mutations in the kinetochore-microtubule error
correction pathway provide an increase in the frequency
of aneuploidy while simultaneously creating the selective
pressure to adapt via aneuploidy. We identified strong cor-
relations and anti-correlations between specific aneuploid
chromosome pairs in the resulting complex karyotypes
and hypothesized that these patterns result from genetic
interactions between certain aneuploid chromosomes.
We then identified genetic interactions between whole-
chromosome copy number alterations (CCNIs) in engi-
neered double-aneuploid strains that match the patterns
observed in the adapted CIN strains. After additional com-
petitive adaptation of the CIN strains, we observed an in-
crease in homogeneity of the strains as they converged on
an optimal karyotype.

We present a model of the different paths that yeast take
in order to get to a final ideal aneuploid state that minimiz-
es the growth defects resulting from BIR1 deletion (Fig.
7F). These paths of adaptation were based on (1) comparing
cellular fitness with the different aneuploid states in the
adapted strains (Figs. 1E, 2B), (2) comparing the karyotypes
before and after liquid adaptation (Fig. 7B-E), and (3) the
CCNIs observed between aneuploid chromosomes (Fig.
3E; Supplemental Fig. S3A,C). While the paths of adapta-
tion are quite different for haploid and diploid cells, they
have several things in common. For both ploidies, there
are stepwise increases in aneuploidy and corresponding in-
creases in fitness. The paths always start with the gain of
chromosome 2, which is required for initial survival. After
that, the cultures can acquire a number of different aneu-
ploidies that all provide some selective advantage. These
aneuploidies will sometimes lead down a direct route
that quickly leads to the final optimal karyotype, such as
the gain of chromosome 3 in haploids. Alternatively, the
cultures will instead take a detour via an aneuploidy that
is initially advantageous but, paradoxically, also provides
a temporary barrier to obtaining the ideal complement of
aneuploid chromosomes. Examples of this include gain
of chromosome 10 in haploids or loss of chromosome 9
in diploids. These aneuploidies are eventually replaced
due to negative CCNIs with copy number alterations
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Figure 7. Additional adaptation leads to convergence on “ideal” karyotypes in BIR1 deletion strains. (A) Graphical representation of the
adaptation process on solid (see Fig. 1A) followed by liquid medium. On solid medium, the bir1A strains were struck out for single colonies
and allowed to grow for 2 d at 30°C. After 10 rounds of growth on solid medium, a subset of bir1A-ad strains, selected to represent a diverse
set of karyotypes, was grown for an additional ~200 generations in liquid medium. Liquid cultures were diluted each day for 21 d, gener-
ating further adapted haploid/diploid bir1A-ad2 strains. (B) Heat map visualization of chromosome copy number values for the haploid
bir1A strains before (see Fig. 1C) and after adaption in liquid medium. The birl1A-ad strains at the Ieft directly correspond to the birlA-
ad? strains at the right. (C) Frequency of aneuploidy for each chromosome in the haploid bir14-ad and bir1A-ad2 strains based on binar-
ization of the data in B. (D) Heat map visualization of chromosome copy number values for the diploid bir1A strains before (see Fig. 5A) and
after adaption in liquid medium. The bir1A-ad strains at the left directly correspond to the bir1A-ad2 strains at the right. (E) Frequency of
aneuploidy for each chromosome in the diploid bir1A-ad and birl1A-ad2 strains based on binarization of the data in D. (F) An empirical
model depicting the pathways of adaptation to BIR1 deletion based on synthesizing data from Figures 1, 2, 3, and 5 and this figure. Adap-
tation starts with the gain of chromosome 2, which appears to be essential for initial survival. Following chromosome 2 gain, many dif-
ferent possible paths can be taken by haploid and diploid yeast during the formation of complex karyotypes. Note that some chromosome
aneuploidies (disomy of chromosome 10 in haploids and monosomy of chromosome 9 in diploids) provide a growth advantage early in
adaptation but must become euploid again to achieve the “optimal” complex karyotype. (G) Illustration of the selective forces that deter-
mine whether the aneuploidy of a chromosome is advantageous.

that are even more advantageous. Our results demonstrate settle on an ideal complex karyotype through the gain
that aneuploidy can provide a surprisingly versatile mech- and loss of chromosomes over time.

anism of adaptation, with many different chromosomal Synthetic genetic interactions between chromosomes
aneuploidies able to provide an initial competitive advan- have been reported before, as disomy of chromosome 6
tage under selective conditions. Despite these divergent is tolerated only in conjunction with a concomitant gain
starting points, chromosomally unstable cell populations of chromosome 13. This interaction is due to imbalanced
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expression of the TUB2 gene on chromosome 6 and can
be compensated for by increased expression of TUBI
from chromosome 13 (Torres et al. 2007; Anders et al.
2009). Here we demonstrate that both positive and neg-
ative whole-chromosome genetic interactions are poten-
tially quite common and have strong effects on shaping
complex aneuploid karyotypes. As of yet, we do not
know the basis behind these genetic interactions and
whether they typically result primarily from genetic in-
teractions between pairs of genes, as with chromosomes
6 and 13, or due to cumulative effects of many genes, as
has been reported for the growth defects that result
from aneuploidy in general (Bonney et al. 2015). Howev-
er, the specificity of the CCNIs among different chromo-
somes would suggest that they are likely the result of
imbalances in a few specific genes. Another open ques-
tion is whether cells frequently adapt to maintain the
beneficial aspects of aneuploidy while finding ways to
minimize the negative effects of genetic interactions be-
tween chromosomes.

Whether aneuploidy of a particular chromosome is
advantageous depends on the balance between positive
and negative selective forces (Fig. 7G). The key positive
selective pressure for aneuploidy is the increased expres-
sion of genes on a chromosome that specifically relate to
the selective forces acting on the cell population (Hughes
et al. 2000; Rancati et al. 2008; Ryu et al. 2016). Negative
selective pressure can come from the aberrant expression
of many different genes simultaneously as well as stress-
specific negative selection (Bonney et al. 2015; Chen
et al. 2015). Here, we show that specific genetic interac-
tions between aneuploid chromosomes can contribute ei-
ther positively or negatively to the selective forces on
aneuploidy. Additionally, the selective advantage for an-
euploidy is heavily influenced by the original ploidy of
the cells, as haploid and diploid yeast display largely diver-
gent aneuploidy patterns. Furthermore, we found that the
degree of aneuploidy resulting from CIN in diploids is, on
average, doubled in comparison with haploids. These re-
sults are in agreement with the observation that gaining
an extra chromosome in diploids causes much weaker
phenotypes than gaining an extra chromosome in hap-
loids (Beach et al. 2017). On the extreme end, tetraploidy
in yeast has been shown to greatly encourage adaptation
via aneuploidy (Selmecki et al. 2015). Together, these re-
sults highlight how subtle changes in the forces that select
for and against aneuploidy can have a strong impact on the
aneuploidy landscape in a cell population.

In cancer cell lines, higher amounts of aneuploidy are
directly correlated with increased CIN rates, as measured
by the frequency of lagging chromosomes (Duesberg et al.
1998; Nicholson and Cimini 2013). Since engineered an-
euploid cells often display CIN (Sheltzer et al. 2011; Zhu
etal. 2012; Passerini et al. 2016), this correlation has often
been interpreted as aneuploidy being upstream of CIN
(Nicholson and Cimini 2013). Here we show that the
reciprocal relationship also exists. Yeast mutants with
higher rates of CIN adapt to have proportionally more an-
euploidy following adaptation. This may also explain why
we observed much more complex karyotypes than previ-

Pathways from CIN to complex aneuploidy

ous studies that induced lower amounts of CIN and exam-
ined the resulting aneuploidy (Chen et al. 2012).

By analyzing the karyotypes of many different tumor
cell populations, we identified that certain cancer types
have strong correlations between specific somatic copy
number alterations (SCNAs). A previous pan-cancer anal-
ysis of complex karyotypes revealed many positive cor-
relations between whole-chromosome copy number
changes (Ozery-Flato et al. 2011). Here, we found that re-
stricting the analysis to certain cancer types allows for
SCNAs at frequencies high enough to identify strong neg-
ative correlations in addition to positive correlations.
These correlations are quite frequent and are suggestive
of chromosome-level synthetic genetic interactions. Cor-
relations between different aneuploidies in cancer identi-
fied in this manner could provide a starting point for
identifying CCNIs in human cells. Additionally, our dis-
covery that multiple distinct paths can lead to refined
adaptive karyotypes provide a first glimpse into the paths
of complex karyotype formation in cancer.

Materials and methods

Yeast strains and media

All yeast strains and plasmids used in this study are listed in Sup-
plemental Table S1. Strains were grown in yeast extract/peptone
supplemented with 40 ng/mL adenine-HCI1 (YPA) and 2% sugars.
Benomyl (Sigma-Aldrich, 381586) and 5-FOA (Chempur, 220141-
70-8) were used at concentrations of 10 pg/mL and 1 mg/mL, re-
spectively. Cultures were incubated at 30°C. Genetic manipula-
tions such as gene deletions were carried out as described
(Longtine et al. 1998). Haploid strains with deletions of CIN genes
were generated via tetrad dissection of heterozygous diploids. Ho-
mozygous diploid BIR1 deletion mutants were made one of two
ways. Two heterozygous diploids were deleted of either the
MATa or MATa locus to allow for mating between diploids.
The resulting tetraploid strains were then sporulated, and tetrads
were dissected. Alternatively, both copies of the endogenous
BIR1 locus in a diploid strain were deleted in the presence of
BIR1 linked to URA3 on a minichromosome. The minichromo-
some was then selected against using 5-FOA. Single disomic
strains (N + 1 aneuploid strains) were constructed using a condi-
tional centromere as described in Anders et al. (2009). In this sys-
tem, the function of the centromere is repressed by the galactose-
inducible promoter, causing frequent chromosome missegrega-
tion. Endogenous centromeres were targeted using recombina-
tion sites both upstream of and downstream from the
centromere and subsequently replaced by the galactose-repress-
able centromere Pgar-CENS3 and either URA3 or LYS2. This in-
sert was then disrupted by insertion of plasmids with pieces of
URAS3 or LYS2 linearized with the Stu2 or EcoRV restriction en-
zymes, respectively, and selected for with HIS3 or LEUZ2 genes
also present on the plasmid. Haploid strains containing Pgari-
CEN3 ura3::HIS3 and/or Pgar1-CENS3 lys2:LEU2 constructs
were grown to log phase in YPA plus 2% dextrose (YPAD) and
transferred to YPA plus 1% galactose and 1% raffinose (YPAGR)
medium for 3 h. The cells were subsequently plated onto selec-
tion plates with complete synthetic medium (CSM) lacking ei-
ther uracil and histidine or lysine and leucine. The resulting
aneuploid strains were verified by qPCR. For double-disomic
strains (N +2 aneuploid strains), Pgar;-CEN3 ura3::HIS3 and
Pcar1-CENS lys2::LEU2 were inserted on separate chromosomes.
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After induction for 3 h in YPAGR, the cultures were first plated
on CSM lacking uracil and histidine. Single colonies were then
selected on CSM plates lacking lysine and leucine. For engineer-
ing simultaneous loss and gain of chromosomes in diploid strains,
Pcar1-CEN3 URAS3 and Pgar1-CENGS lys2::LEU2 were inserted
into separate chromosomes to be lost and gained, respectively.
The cells were induced as stated above and selected first on plates
containing 5-FOA. Subsequently, single colonies were grown on
CSM plates lacking lysine and leucine. The respective aneuploi-
dies of the selected strains were verified using qPCR.

Adaptation through clonal expansion

Fresh BIR1-deleted haploids were obtained by tetrad dissection of
heterozygous diploids on YPAD. After 4 d of growth, small colo-
nies (birlA) from tetrads with two large colonies (BIR1*) were
streaked out for singles on fresh YPAD plates. Six colonies from
each initial colony were then selected for further analysis by clon-
al expansion. Every 2 d, one large colony from each strain was
streaked out on a fresh plate. After 10 clonal expansions, the
strains were kept frozen at —80°C in 25% glycerol. Subsequent ex-
periments were performed from these frozen stocks. The birlA
genotype was confirmed by hygromycin resistance as well as ge-
nome sequencing of the adapted strains.

Doubling time measurements

Overnight cultures were diluted to an optical density (OD) at
600 nm of 0.01 in YPAD. OD measurements were taken 3, 4,
5.5, 7, and 8.5 h after induction. The measurements were fit
to logarithmic curves using Microsoft Excel to calculate doubling
times.

Colony size measurements

Yeast strains were streaked for single colonies on YPAD plates
and incubated for 40 h. The plates were imaged using an SPimager
(S&P Robotics, Inc.) fitted with a Canon Rebel XSi dSLR camera,
and the images were analyzed using Image]. After thresholding,
colony sizes were measured using the “analyze particles” func-
tion with the following settings: particle size: 0.03-3 mm?; circu-
larity: 0.90-1. Median colony sizes from multiple plates were
averaged for each strain.

Flow cytometry

Log-phase cultures (ODggp ~ 1.0) were pelleted and resuspended
in 50 mM sodium citrate and sonicated to disperse cell clumps.
Subsequently, the cells were treated with 250 pg/mL RNase A
(Sigma-Aldrich, R6513) and 1 mg/mL Proteinase K (Sigma-Al-
drich, P2308) overnight at 37°C. Finally, the cells were resuspend-
ed in 50 mM sodium citrate solution containing 1 uM SYTOX
green (Thermo Fisher, 10768273). Samples were run on BD FACS-
Callibur flow cytometer equipped with a 15-mW 488-nm laser.
Maximum count peaks for fluorescence intensities were calculat-
ed using the BD FACSDiva 8.0.1 software.

Next-generation sequencing and data analysis

DNA from saturated overnight cultures was isolated using the
Wizard genomic DNA purification kit (Promega). The samples
were then fragmented to ~500 base pairs (bp) using the Bioruptor
Pico sonicator for two to three cycles (30 sec on/off). The samples
were subsequently run on a 0.8% agarose gel to verify the frag-
ment length. DNA libraries were prepared using the NEBNext
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Ultra I DNA library preparation kit for llumina (New England
Biosciences). AMPure XP beads were used for size selection.
Twelve to 16 strains per run were multiplexed with NEBNext
Multiplex oligos (96 index primers) and mixed at equimolar ra-
tios. The multiplexed samples were sequenced using the 50-bp
paired-end setting on an [llumina HiSeq 2500 system at the Vien-
na Biocenter Next-Generation Sequencing Facility (VBCE). The
demultiplexed data sets were then aligned to the yeast genome
using Bowtie2 (version 2.2.9; http://bowtie-bio.sourceforge.net/
bowtie2) and converted to bed files using SAMtools (version
1.3.1; http://samtools.sourceforge.net) and Bedtools (version
2.14, http://bedtools.readthedocs.io). The resulting bed files
were used to calculate chromosome copy numbers for read densi-
ties using custom-made Python2 scripts. To normalize for differ-
ences in chromosome sizes, only the 15 kb closest to the
telomeres were used. The value for the second-lowest quartile
chromosomes was used for normalization. Mutations in the
bir1A-ad strains were identified by taking the output from Bow-
tie2 and running mpileup function in SAMtools. The data were
filtered by quality score and read depth. Next, BCFtools (ver-
sionl.3.1) was implemented to convert the bef files generated
by mpileup to variant call format (.vcf) files. Subsequently,
VCFtools (version0.1.13) was used to compare all mutations
found in our test strains with mutations already identified in
the diploid parent strain. Last, a custom-made Python script gen-
erated lists containing the strain identity, the coordinates of the
mutation (in base pairs), and the type of mutation (coding/
noncoding). We generated a list of CIN genes in the yeast genome
from the Saccharomyces Genome Database associated with six
specific GO terms: colony sectoring: increased; chromosome
segregation: abnormal; chromosome/plasmid maintenance: de-
creased rate; chromosome/plasmid maintenance: abnormal; chro-
mosome segregation: premature; and chromosome segregation:
decreased. GO term enrichment tests were conducted using the
Panther Classification System Web site (http://pantherdb.org)
with the settings model organism: “S. cerevisiae”; “statistical
overrepresentation test”; and “GO biological process complete.”

Microscopy

Strains were grown overnight, subsequently diluted 100-fold, and
grown for 5 h to mid-log phase. Cells were pelleted by brief centri-
fugation, washed, and resuspended in 100 mM phosphate buffer
(pH 7.4). They were then placed on 1% agarose pads supplement-
ed with complete synthetic medium, covered with a coverslip,
and sealed around the edges with VALAP (a 1:1:1 mixture of pe-
troleum jelly [Vaseline], lanolin, and paraffin [Thermo Fisher Sci-
entific] by weight). Time-lapse imaging was performed on an
Olympus cellSens microscopy system (Olympus Corporation) fit-
ted with an Olympus cellVivo system for temperature control at
30°C. A 60x 1.42 NA oil immersion Olympus plan apochromat
objective and an ORCA-Flash4.0 V2 sCMOS camera (Hamama-
tsu) were used for imaging. Z-sections were taken with 11 0.7-
um steps with Olympus cellSens version 1.18 software (Olympus
Corporation). Images were collected every 15 min for a period of
4 h. Image analyses, including maximum intensity projections
and contrast adjustments, were performed using Image]J. The im-
ages shown were collected on the same day, and contrast was ad-
justed identically. For quantification of the missegregation rates
the GFP-labeled chromosome 4, foci were followed over time
through chromosome segregation. When both foci ended up in ei-
ther the mother or daughter cell after complete nuclear division
(judged by the background nuclear fluorescence), the division
was scored as an event of missegregation. The percentage of all
missegregation events in a strain out of the total number of nucle-
ar divisions is reported as the missegregation rate.
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gPCR

Small amounts of cells from plates were lysed in 0.02 N NaOH for
10 min at 100°C in a thermocyler. The lysates were then centri-
fuged to pellet cellular debris, and the supernatants were collect-
ed. Each 20-pL reaction contained 10 pL of GoTaq gPCR master
mix (Promega), 1 pL of lysate, and 1 uM each primer. Primers
were in noncoding regions on each arm of the chromosome.
The reactions were set up in 96-well plates (Eppendorf twin.tec
real-time PCR 96-well plate) and cycled using a Mastercycler
RealPlex® (Eppendorf). Cycling conditions were for 5 min at
95°C followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C.
Dissociation curves were performed to verify that no secondary
products had been amplified. C; values were determined using
the automatic thresholding of the Eppendorf RealPlex* software.
All reactions were run in duplicate along with the appropriate
wild-type or parental controls. Chromosome copy numbers
were calculated using a slightly modified AAC, method (Schmitt-
gen 2001). The C, values from duplicates were averaged and used
to obtain the AC,, which was subsequently raised to the negative
power of 2 to give the fold change. The ratio of fold change of the
test strains to that of a wild-type strain was calculated to obtain
the values for the chromosome copy numbers.

Cancer genome databases and data analysis

Copy number variation (CNV) files were downloaded from the
Genomic Data Commons (GDC) data portal (https://portal.gdc.
cancer.gov) on October 19, 2017. Relative copy numbers were de-
termined from each chromosome arm using a custom Python2
script. Tumor samples containing chromosome arms with large
insertions or deletions (mean and median copy numbers differed
by >0.2) were excluded from analysis. Karyotypes with no com-
plex aneuploidy (fewer than two copy number aberrations) were
not included in the statistical analyses.

Liquid adaptation

Overnight saturated cultures were first diluted to ODggg of 0.1.
Subsequently, the cultures were diluted 1000-fold into 200 uL
of YPAD in 96-well plates (Nunc 96 deep-well plates: 2-mL vol-
ume) and covered with a Breathe-Easier strip (Sigma, 2763624).
These plates were fixed onto an incubator (New Brunswick
Innova 4000 benchtop incubator shaker) using custom-made
holders and incubated with shaking at 300 revolutions per mi-
nute for 24 h at 30°C. Each day, the cultures were diluted 1000-
fold into fresh medium.

Statistics

Unpaired t-tests were performed in Prism 7 (Graphpad). Hypergeo-
metric tests were performed in Python2 using the “hypergeom.
pmf” function in the scipy.stats module. Pearson correlation coef-
ficients were calculated using either the “pearsonr” function in
the scipy.stats module in Python2 or the “correl” function in
Microsoft Excel.
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Figure S1: Readdition of BIR1 to bir1A-ad strains.

A) Missegregation rates of GFP-labeled chromosome 4 for bir1A-ad strains. The time lapse images show examples of
properly segregated (arrowheads) and missegregated (arrow) chromosome 4. The time interval between images is 6 minutes
and the scale bar is 2 ym long. The graph below shows the quantification of the missegregation rates per chromosome of
wild-type (WT), eight different bir1A-ad strains, and four different unadapted bir1A strains. No missegregation events were
observed for the wild-type cells. The total number of segregation events quantified (n) are indicated below the graph.

B) Sensitivity to a moderate (10 pyg/ml) amount of the microtubule-depolymerizing drug Benomyl in bir1A-ad and bir1A-ad +
BIR1 add-back strains. 10-fold dilutions spotted for wildtype and 5 representative bir1A-ad and their respective BIR1 add-back
strains on YPAD + DMSO plates with and without Benomyl.

C) Ratio of growth for all 102 bir1A-ad and bir1A-ad + BIR1 with vs. without Benomyl. The mean values and the standard
errors are shown in red.

D) Plot of the doubling times for bir1A-ad strains vs. bir1A-ad + BIR1 add-back strains.

E) Plot of the DNA content as measured by flow cytometry for bir1A-ad strains vs. bir1A-ad + BIR1 add-back strains. The blue
dots indicate strains that maintained a similar degree of aneuploidy after the add-back of BIR1.

F) Doubling times of birtA-ad and bir1A-ad + BIR1 add-back strains for strains that maintained similar amounts of aneuploidy
(blue dots from panel E) after the readdition of BIR1. Doubling times were measured by optical density. The mean values and
the standard errors are shown in red. ** p < 0.001.
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Figure S2: Chromosome 2 disomy contributes to adaptation to BIR7 deletion by increasing the copy
number of the SLI15 gene.

A) Schematic for the duplication of the SL/75 gene. One copy of SL/15 was added to chromosome 5.

B) 10-fold dilution series of strains on 5-FOA (selecting against URA3) and -uracil (selecting for URA3) plates. Selection
against URAS3 eliminates the copy of BIR1 present on a minichromosome, resulting in bir1A cells.

C) Chromosome 2 copy numbers in bir1A-ad strains and bir1A-ad strains with SL/15 duplication prior to adaptation as
measured by qPCR. Mean values and the standard errors are shown in red.

D) Doubling times for bir1A-ad strains and bir1A-ad strains with SL/15 duplication prior to adaptation as measured by optical
density in rich liquid media. Mean values and the standard errors are shown in red.

E) Heat-map visualization of the chromosome copy numbers for the bir1A-ad + SLI15 duplication strains. Each of the strains
is represented as a row.

F) Schematic for the relocation of the SLI/15 gene, with the sole copy of SL/15 now on chromosome 8.

G) Heat-map visualization of the chromosome copy numbers for the bir1A-ad + SLI15 relocation strains. Each of the strains is
represented as a row.

H) Relative colony sizes for strains that contain an extra copy of chromosome 2 and one of the other indicated chromosomes.
Values were normalized as in Figure 3E.

I) Median colony sizes in square millimeters of double disomic strains on YPAD plates. Normalized values are in Figure 3E.
J) Scatter plot of relative colony sizes obtained from Figures 3E and S2H plotted against the sum of the chromosome sizes of
the two induced disomic chromosomes (r = -0.1368, p = 0.48).
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Figure S3: Synthetic negative genetic interaction between chromosome 8 and 10 disomy and growth
rates for different diploid bir1A-ad karyotypes.

A) Strains with disomy of chromosomes 8, 10, or both were struck out for single colonies on a YPAD plate. The graph on the
right shows the measured colony sizes (mm?). Error bars represent the standard deviation for average colony sizes of three
independently generated strains (n = 3).

B) Increase in the number of total chromosomes for adapted strains with the indicated mutations. Mean values and the
standard errors are in red. *p <0.05, **p < 0.001.

C) Strains with either aneuploidy of chromosomes 13, 11, 9 or a combination of 11 and 9 or 13 and 9 were struck out for single
colonies on a YPAD plate. The graph on the right shows the measured colony sizes. Error bars represent the standard
deviation for average colony sizes for 2 replicates of three independently generated strains (n = 6). *p < 0.05, **p < 0.001,

***p < 0.0001.
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Figure S4: Chromosome arm copy number correlations in four different cancer types.

Pairwise correlation coefficients for chromosome arm aneuploidy are shown as a heat map for 138 Colon Adenocarcinoma,
160 Glioblastoma Multiforme, 253 Kidney Renal Clear Cell Carcinoma, and 119 Stomach Adenocarcinoma tumors. The
frequency of each aberration is shown in green as a percentage. The red highlighted border indicates a P <5 x 10-7 in the
hypergeometric test.
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Figure S5: Further of adaptation in liquid media for three diploid bir1A-ad strains.

A) Sensitivity to a moderate (10 pg/ml) amount of the microtubule-depolymerizing drug Benomyl in bir1A-ad and bir1A-ad2
strains (Further adapted for 21 days). 10-fold dilutions spotted for wildtype and 3 representative bir1A-ad and their respective
bir1A-ad2 strains on YPAD + DMSO plates with and without Benomyl. Mean values and the standard errors are in red.

B) The copy number of chromosome 9 (black) and 13 (white) for 3 bir1A-ad strains after 0, 7, 14, and 21 days of further liquid
adaptation. The chromosome copy numbers on the 0 and 21 days are from relative read counts in whole-genome sequencing
data while those for the 7 and 14 day time points are from gPCR. Red arrowheads signify the point at which both chromosomes
9 and 13 gained copies.



Table S1. Plasmids and Yeast Strains used in this study.

Strain Genotype Source | Background | Figure(s)
MATa, leu2,3-112, lys2A, ura3-1, his3-11:pCUP1-
CCY747 GFP12-lacl12:HIS3, trp1-1:256lacO:TRP1 a W303 1B
MATa/MATa, ura3-1/ura3-1, LEU2/leu2,3-112,
LYS2/lys2A, ADE2/ade2-1, can1-100, bar1A, his3-
CCY149 11:pCUP1-GFP12-lacl12:HIS3/his3-11:pCUP1- a W303 1
GFP12-lacl12:HIS3 trp1-1:256lacO:TRP1/ trp1-
1:256lacO:TRP1, BIR1/bir1A::hphNT1
1B, 1C,
. . . . . 1D, 1E,
bir1A-ad All 102 strains were derived from tetrad dissection
haploids | of CCY149 c W303 3A, 3B,
p 3C, 3F,
S1
blr1A-¢_ad2 All haplo:d strains were derived from bir1A-ad c W303 7B. 7C
haploids haploids
BY4741 MATa, his3A1, leu2A0, ura3A0, met15A0 b S288¢ -
BY4742 MATa, his3A1, leu2A0, ura3A0 b S288c -
CCY1865 MATa, his3A1, leu2A0, ura3A0 c S288c -
MATa, leu2,3-112, lys2A, ura3-1, his3-11:pCUP1-
CCY1905 GFP12-lacl12:HIS3, trp1-1:256lacO:TRP1, c W303 -
bir1A::hphNT1, pCC598:URA3
CCY1905 + cen2::p-ga1-CEN3:LYS2/cen2::p-gar1-
CCY1976 | CEN3Iys2pCCB44:LEU2 c W303 2B
CCY1905 + cen10:.p-gaL1-CEN3:LYS2/cen10::p-
COY1947 | 1 1-CEN3:ys2::pCCE44:LEU2 © W303 2B
CCY1905 + cen3::p-ga1-CEN3:LYS2/cen3::p-gar1-
CCY2161 | CEN3Iys2::pCCB44:LEU2 ¢ W303 2B
CCY1905 + cen8::p-ga1-CEN3:LYS2/cen8::p-gar1-
COY1943 | CENBIys2::pCCB44:LEU2 ¢ W303 2B
CCY1905 + cen9::p-ga1-CEN3:LYS2/cen9::p-gar1-
CCY2284 | CEN3ys2:pCCE44:LEU2 ¢ W303 2B
CCY1865 + cen8::p-ga1-CEN3:URAS3/cen8::p-
COY1924 | | -CEN3:ura3-pCC644:HIS3 © S288¢ S3A
CCY1865 + cen10:.p-gaL1-CEN3:URA3/cen10:.p-
COY1927 |  -CEN3:ura3:pCC644:HIS3 © S288¢ S3A
CCY1865 + cen10:.p-gaL1-CEN3:LYS2/cen10::p-
COY2122 | CEN3ys2:pCC644:LEU2 © S288¢ S3A
BY4742 + cen8::p-ga1-CEN3:LYS2/cen8::p-gar1-
COY2125 | CENgilys2-pCCB44:LEU2 c S288¢ S3A
BY4742 + cen3::p-gaL1-CEN3:URA3/cen3::p-gai1-
CEN3:ura3::;pCC644:HIS3, cen8::p-gaL1-
CCY2073 CEN3-LYS2/cens:p-gay - c S288¢ 3E, 3F
CENB3:lys2::pCC644:LEU2
BY4742 + cen2::p-gaL1-CEN3:URA3/cen2::p-gai1-
CEN3:ura3::;pCC644:HIS3, cen8::p-gaL1-
CCY2074 CENZ-LYS2/cen8:p-car- c S288¢ S2H
CENB3:lys2::pCC644:LEU2
BY4742 + cen3::p-gaL1-CEN3:URA3/cen3::p-gai1-
CCY2075 CEN3:ura3::;pCC644:HIS3, cen10::p-gaL1- c S288¢c 3E, 3F

CEN3:LYS2/cen10::p-gaL1-
CENB3:lys2::pCC644:LEU2
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CCY2076

BY4742 + cen10::p-gaL1-CEN3:URA3/cen10:.:p-
caL1-CEN3:ura3:.pCC644:HIS3, cen8::p-gaL1-
CEN3:LYS2/cen8::p-gaL1-
CEN3:lys2::pCC644:.LEU2

S288c

3E, 3F

CCY2077

BY4742 + cen2::p-gaL1-CEN3:URA3/cen2:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen10::p-gaL1-
CEN3:LYS2/cen10::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

S2h

CCY2078

BY4742 + cen8::p-gaL1-CEN3:URA3/cen8:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen10::p-gaL1-
CEN3:LYS2/cen10::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2260

BY4741 + cen1::p-gaL1-CEN3:URA3/cen1:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen8::p-gaL1-
CEN3:LYS2/cen8::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2261

BY4741 + cen1::p-gaL1-CEN3:URA3/cen1:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen10::p-gaL1-
CEN3:LYS2/cen10::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2264

BY4741 + cen3::p-gaL1-CEN3:URA3/cen3::p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen8::p-gaL1-
CEN3:LYS2/cen8::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2266

BY4742 + cen13::p-ga1-CEN3:URA3/cen13:.:p-
caL1-CEN3:ura3:.pCC644:HIS3, cen10::p-gaL1-
CEN3:LYS2/cen10::p-gaL1-
CEN3:lys2::pCC644:.LEU2

S288c

3E, 3F

CCY2364

BY4742 + cen13::p-ga1-CEN3:URA3/cen13:.p-
caL1-CEN3:ura3:.pCC644:HIS3, cen3::p-gaL1-
CEN3:LYS2/cen3::p-gaL1-
CEN3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2366

BY4741 + cen2::p-gaL1-CEN3:URA3/cen2:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen3::p-gaL1-
CEN3:LYS2/cen3::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

S2H

CCY2368

BY4742 + cen8::p-gaL1-CEN3:URA3/cen8:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen3::p-gaL1-
CEN3:LYS2/cen3::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2369

BY4741 + cen10::p-gaL1-CEN3:URA3/cen10:.:p-
caL1-CEN3:ura3:.pCC644:HIS3, cen3::p-gaL1-
CEN3:LYS2/cen3::p-gaL1-
CEN3:lys2::pCC644:.LEU2

S288c

3E, 3F

CCY2370

BY4742 + cen13::p-ga1-CEN3:URA3/cen13:.p-
caL1-CEN3:ura3:.pCC644:HIS3, cen3::p-gaL1-
CEN3:LYS2/cen3::p-gaL1-
CEN3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2372

BY4741 + cen2::p-gaL1-CEN3:URA3/cen2:.p-gaL1-
CEN3:ura3::.pCC644:HIS3, cen1::p-gaL1-
CEN3:LYS2/cen1::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

S2H

CCY2374

BY4741 + cen3::p-gaL1-CEN3:URAS3/cen3::p-gaL1-
CEN3:ura3::.pCC644:HIS3, cen1::p-ga1-

S288c

3E, 3F
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CEN3:LYS2/cen1::p-gaL1-
CENB3:lys2::pCC644:LEU2

CCY2376

BY4741 + cen8::p-gaL1-CEN3:URA3/cen8:.p-gaL1-
CEN3:ura3::;pCC644:HIS3, cen1::p-gaL1-
CEN3:LYS2/cen::p-gaL1-
CENB3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2378

BY4742 + cen10::p-gaL1-CEN3:URA3/cen10:.:p-
caL1-CEN3:ura3:.pCC644:HIS3, cen1::p-gaL1-
CEN3:LYS2/cen1::p-gaL1-
CEN3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY2379

BY4742 + cen13::p-ga1-CEN3:URA3/cen13:.p-
caL1-CEN3:ura3:.pCC644:HIS3, cen1::p-gaL1-
CEN3:LYS2/cen1::p-gaL1-
CEN3:lys2::pCC644:LEU2

S288c

3E, 3F

CCY1480

MATa/MATa, ura3-1/ura3-1, LEU2/leu2,3-112,
LYS2/lys2A, ADE2/ade2-1, can1-100, bar1A, his3-
11:pCUP1-GFP12-lacl12:HIS3/his3-11.pCUP1-
GFP12-lacl12:HIS3 trp1-1:256lacO:TRP1/ trp1-
1:256lacO:TRP1, NBL1/nbl1A::hphNT1

W303

nbl1A-ad
haploids

All nbl1A-ad strains were derived from tetrad
dissection of CCY1480

W303

4B, 4C,
4D, 4E

CCY1482

MATa/MATa, ura3-1/ura3-1, LEU2/leu2,3-112,
LYS2/lys2A, ADE2/ade2-1, can1-100, bar1A, his3-
11:pCUP1-GFP12-lacl12:HIS3/his3-11:pCUP1-
GFP12-lacl12:HIS3 trp1-1:256lacO:TRP1/ trp1-
1:256lacO:TRP1, SGO1/sgo1A::hphNT1

W303

sgo1A-ad
haploids

All sgo1A-ad strains were derived from tetrad
dissection of CCY 1482

W303

4B, 4C,
4D, 4E

CCY1484

MATa/MATa, ura3-1/ura3-1, LEU2/leu2,3-112,
LYS2/lys2A, ADE2/ade2-1, can1-100, bar1A, his3-
11:pCUP1-GFP12-lacl12:HIS3/his3-11.pCUP1-
GFP12-lacl12:HIS3 trp1-1:256lacO:TRP1/ trp1-
1:256lacO:TRP1, BUB1/bub1A::hphNT1

W303

bub1A-ad
haploids

All bub1A-ad strains were derived from tetrad
dissection of CCY 1484

W303

4B, 4C,
4D, 4E

CCY1739

tetradploid,

MATa/MATaA::natNT2/Mata/MataA ::kanMX4,
ura3-1, lys2A, LEUZ2/leu2,3-112, his3-11:pCUP1-
GFP12-lacl12:HIS3 trp1-1:256lacO:TRP1
ADE2/ade2-1, can1-100, bariA,
BIR1/BIR1/bir1A::hphNT1/bir1A::hphNT1

W303

CCY1743

MATa/MATa, ura3-1/ura3-1, lys2A/lys24,
LEUZ2/leu2,3-112, his3-11:.pCUP1-GFP12-
lacl12:HIS3, trp1-1:256lacO:TRP1, ADE2/ade2-1,
can1-100, bar1A, bir1A::hphNT1/bir1A::natNT2,
pCC599::URA3

W303

CCY1744

MATa/MATa, ura3-1/ura3-1, lys2A/lys24,
LEUZ2/leu2,3-112, his3-11:.pCUP1-GFP12-
lacl12:HIS3, trp1-1:256lacO:TRP1, ADE2/ade2-1,
can1-100, bar1A, bir1A::hphNT1/bir1A::kanMX4,
pCC599::URA3

W303

bir1A-ad
diploids

All 25 strains were derived from tetrad dissection
of strains with the genotype of CCY1739, or from
counter-selection of URA3 plasmid of CCY1743,

W303

5, S3B
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CCY1744

biriA-ad2 | All bir1A-ad2 diploid strains were derived from
diploids | bir1A-ad diploids c W303 /D, 7E
CCY1295 CCY149 + SLI15/sli15 A:natNT2 W303 -
CCY1320 CCY1295 + ura3-1:.pCC411:URA3 W303 -
b’gﬁgd All bir1A-ad SLI15 Duplication strains were . W303 s2C,
- derived from spores of CCY1320 S2D, S2E
Duplication
CCY2761 CCY1295 + cup1-1:pCC607:URA3 c W303 -
biriA-ad All bir1A-ad SLI15 Relocation strains were derived
SLI15 c W303 S2G
. from spores of CCY2761
Relocation
CCY2115 CCY1905 + trp1-1.pCC272:TRP1 c W303 S2B
Plasmid Description Source
pRS306 pBluescript URA3
pCC272 SLI15 + 1kb upstream in pRS304
pCC283 BIR1 + 1kb upstream in pRS306
HIS3 integration plasmid with part of URA3
pKA52 inserted at the MCS. Can insert HIS3 into a URA3 e
locus. Used for making disomic strains.
pGALCEN- | For replacing centromeres with CEN3 under the o
JC3-13 GAL-10 promoter (URA3)
For replacing centromeres with CEN3 under the
PCCBS8 | A1 -10 promoter (LYS2) ¢
LEUZ integration vector with bases 3043-3538 of
pCC644 LYS2 for Disruption of the LYS2 gene. Used for C
making disomic strains.
pCC598 BIR1 + 1kb upstream in pRS306
pCC411 SLI15 + 1kb upstream in pRS306
pCC411 + sequence from Cup1-1 gene for
pCC607 integrating Sli15 plus promoter into that location of C
chromosome 8
Key Source
a Campbell and Desai, Nature 497: 118-121 (2013)
b Brachmann CB et al., Yeast. (1998)
C This study
d Sinorski and Hieter Genetics 122: 19-27 (1989)
e Anders et. al., BMC Genetics (2009)
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Table S2. Filtering of cancer karyotypes based on type of aneuploidy. Related

to Figure 6.

Samples with

Percent with

Number with complex
Number only whole
complex whole whole
Cancer type of chromosome/
chromosome/arm | chromosome/
samples arm .
. aneuploidy arm
aneuploidy .
aneuploidy
Breast Invasive Carcinoma 1096 214 177 16
Glioblastoma Multiforme 593 170 161 27
Ovarian Serous Cystadenocarcinoma 573 13 11 2
Lung Adenocarcinoma 518 114 97 19
Uterine Corpus Endometrial Carcinoma 547 323 137 25
Kidney Renal Clear Cell Carcinoma 532 273 253 48
Head and Neck_ Squamous Cell 531 120 08 18
Carcinoma
Brain Lower Grade Glioma 514 225 193 38
Thyroid Carcinoma 505 468 42 8
Lung Squamous Cell Carcinoma 504 59 49 10
Prostate Adenocarcinoma 498 198 75 15
Skin Cutaneous Melanoma 470 91 78 17
Colon Adenocarcinoma 458 198 138 30
Stomach Adenocarcinoma 443 159 119 27
Bladder Urothelial Carcinoma 412 65 47 11
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Table S3. List of genes mutated in the bir1A-ad strains.

Systematic | Standard Mutant Residue CIN gene
tS(UGA)I SUP17 missense A18G no
tV(AAC)G2 None nonsense E15* no
YALO51W OAF1 missense V39l no
YAR028W None missense D32N no
YCR017C CWH43 missense E250G no
YCR021C HSP30 missense R11C no
YCRO33W SNT1 missense F870I yes
YDL101C DUN1 missense A307V yes
YDL137W ARF2 missense S147C no
YDL145C COP1 missense 13078 no
YDL156W CMR1 missense L27F yes
YDL171C GLT1 missense D1583V no
YDL190C UFD2 missense Q88E no
YDL243C AAD4 indel 70 no
YDR104C SPO71 missense D814N no
YDR142C PEX7 missense L2583l no
YDR159W SAC3 missense 11097L no
YDR180W SCC2 missense N63Y yes
YDR189W SLY1 missense D151N yes
YDR190C RVB1 missense T322K no
YDR238C SEC26 missense F555L no
YDR302W GPI11 missense R29L no
YDR304C CPR5 missense V188L no
YDR321W ASP1 missense R55I no
YDR325W YCGH1 missense G677R yes
YDR333C RQC1 indel 565 no
YDR335W MSN5 missense H426Y no
YDR387C CIN10 missense S311T yes
YDR389W SAC7 missense L511F no
YDR422C SIP1 missense E357D no
YDR440W DOT1 missense H142N no
YDR451C YHP1 missense A273T no
YDR492W 1ZH1 missense E35K no
YDR523C SPS1 missense F248S no
YDR527W RBA50 missense G22v no
YELO60C PRBH1 missense G304R no
YEROO2W NOP16 missense D122V no
YER008C SEC3 missense Q495R no
YERO027C GAL83 missense P78S no
YER043C SAHA1 missense R241C no
YERO053C PIC2 missense N49Y no
YERO66W RRT13 missense G93S no
YER095W RAD51 missense G40V yes
YER109C FLO8 missense A529T no
YER116C SLX8 missense P150S yes
YER154W OXA1 missense D239H no
YER155C BEM2 missense H2114Q no
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YER167W BCK2 missense S414P no
YER172C BRR2 missense K351N no
YER172C BRR2 missense N352Y no
YER173W RAD24 missense T622A yes
YER176W ECM32 indel 781 no
YFLO02C SPB4 missense R207S no
YFLO13C IES1 missense D309V no
YFLO13C IEST1 nonsense Y572* no
YFLO21W GATH missense H182Y no
YFL024C EPL1 indel Q790 no
YFL024C EPL1 indel Q790 no
YFRO15C GSY1 missense AB39T no
YFRO29W PTR3 missense D19E no
YFRO40W SAP155 missense D780H no
YGLO17W ATEA1 missense A274S no
YGL203C KEX1 missense P43S no
YGL206C CHC1 missense P1463Q no
YGL207W SPT16 missense W54R yes
YGL207W SPT16 missense T713A yes
YGRO054W None missense P242Q no
YGRO70W ROM1 missense V248A no
YGRO0O80OW TWF1 missense E51D no
YGR0O90W uTpP22 missense S819L no
YGR130C None indel 190 no
YGR142W BTN2 indel 310 no
YGR208W SER2 missense A271T no
YGR241C YAP1802 indel 514 no
YGR253C PUP2 missense D71N yes
YGR257C MTM1 indel 344 no
YGR271C-A EFG1 missense L118F no
YGR271W SLHA1 missense N924K no
YHLO08C None indel 449 no
YHL034C SBP1 missense V44| no
YHLO41W None missense S101F no
YHR030C SLT2 missense L159F no
YHR042W NCP1 missense L315M no
YHRO046C INM1 missense Gi112v no
YHRO72W ERG7 missense S612F no
YHRO78W None missense c408Y no
YHR106W TRR2 missense C165F no
YHR117W TOM71 missense T293A no
YHR138C None missense V27A no
YILO10W DOT5 missense S14F yes
YIL042C PKP1 missense R97K no
YILO73C SPO22 nonsense Q38* no
YILO78W THSH1 missense P174S no
YILO90OW ICE2 missense C364R yes
YIL166C SOA1 indel 394 no
YIL169C CSSH indel 942 no
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YIRO16W None missense D252H no
YJLOOSW CYR1 missense H1984L no
YJLO80C SCP160 missense R152G no
YJL158C CIS3 missense S191N no
YJR062C NTA1 missense S424G no
YJR109C CPA2 missense A1049P no
YKL021C MAK11 missense C252R no
YKL040C NFU1 missense M213I no
YKLO78W DHR2 missense G161A no
YKLO80OW VMAS5 missense L130S no
YKL182W FAS1 missense AB32T no
YKL183W LOT5 missense D54V no
YKL191W DPH2 missense N386K no
YKL215C OXP1 missense T310A no
YKR021W ALY1 missense L621M no
YKRO39W GAP1 missense A527T no
YKR054C DYN1 missense N2915I no
YKR095W MLP1 missense Q1040P no
YLLO61W MMP1 missense H550N no
YLR020C YEH2 missense Q479L no
YLR024C UBR2 missense S$1400C no
YLR024C UBR2 nonsense S1483* no
YLR045C STU2 missense P146S no
YLR067C PET309 missense G350D no
YLR0O96W KIN2 indel 730 no
YLR145W RMP1 missense Cc132y no
YLR196W PWP1 missense E129D yes
YLR332wW MID2 missense 1359L no
YLR369W SSQ1 missense K303R no
YLR383W SMC6 missense M270V yes
YLR410W VIP1 missense K262T yes
YLR417W VPS36 missense A412G no
YLR422W DCK1 missense S370L no
YLR454W FMP27 missense M16211 no
YMLO72C TCB3 missense D168E no
YML097C VPS9 missense Cc260Y no
YML100W TSLA missense M1211 no
YMRO026C PEX12 missense T241M no
YMRO092C AlIP1 missense Y515H no
YMR129W POM152 missense G1069S no
YMR154C RIM13 missense A93G no
YMR178W None missense S234T no
YMR207C HFA1 missense G110D yes
YMR246W FAA4 missense F356C yes
YMR317W None indel 270 yes
YMR317W None indel 270 yes
YNLO54W VAC7 missense P143S no
YNLO77W APJ1 missense P107Q no
YNLO78W NIS1 indel 4 no

47



YNLO82W PMS1 missense T92M no
YNL178W RPS3 missense A80T no
YNL258C DSLA missense K615N no
YNL261W ORC5 missense D323G yes
YNL287W SEC21 missense S405Y no
YNRO16C ACC1 missense A1019V yes
YNRO30W ALG12 missense N477K no
YNRO59W MNT4 nonsense w285* no
YOLO39W RPP2A missense G74A no
YOL075C None missense C506F no
YOLO81W IRA2 missense A1845S yes
YOL110W SHR5 missense R113P no
YORO076C SKI7 missense D430V no
YOR101W RAS1 missense R109T no
YOR107W RGS2 missense H71Q no
YOR151C RPB2 missense G888C yes
YOR168W GLN4 missense F61Y yes
YOR195W SLK19 missense N291S yes
YOR204W DED1 missense H93Q no
YOR241W MET7 missense E306D no
YOR275C RIM20 nonsense E269* no
YOR291W YPK9 missense E1231V no
YOR301W RAX1 missense Q179H no
YORB335C ALA1 missense K611M no
YOR354C MSC6 missense T562R no
YPLO45W VPS16 missense V6171 no
YPLO56C LCLA1 missense V55L no
YPLO86C ELP3 missense L512F no
YPL100W ATG21 missense K32N no
YPL106C SSEH1 missense L278F yes
YPL116W HOS3 missense Q578P no
YPL184C MRN1 missense E91Q no
YPL249C GYP5 missense M4721 no
YPL264C None missense M2731 no
YPL272C PBI1 missense G25R no
YPR014C None missense V39G no
YPR029C APL4 missense H64N no
YPR043W RPL43A missense C128 no
YPR095C SYT1 missense Y1058N no
YPRO97W None missense V368L no
YPR116W RRG8 nonsense S86* no
YPR120C CLB5 missense D43N yes
YPR138C MEP3 missense A26P no
YPR173C VPS4 missense E126Q no
YPR192W AQY1 missense F62S no
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Table S4. List of heterozygous mutations in the bir1A-ad strains.

Chromosome Systematic | Standard Mutant Residue
name name type Change

1 YAL048C GEM1 missense H356N
1 YALO034C FUN19 missense A286S
2 tL(UAA)B1 None missense V15F
2 YBL098W BNA4 missense G313C
2 YBLO79W NUP170 missense F669Y
2 YBL066C SEF1 missense H42Y
2 YBLO63W KIP1 missense P1070L
2 YBL061C SKT5 missense A378T
2 YBLO50W SEC17 missense R73M
2 YBL047C EDE1 missense R387K
2 YBL022C PIMA1 missense A851V
2 YBLO19W APN2 missense F31L
2 YBR045C GIP1 missense S233R
2 YBR066C NRG2 missense K68Q
2 YBR092C PHO3 missense S132P
2 YBR133C HSL7 missense S29C
2 YBR136W MECH1 missense S1709*
2 YBR162C TOSH1 missense G449A
2 YBR180W DTR1 missense A202V
2 YBR222C PCS60 missense S217N
2 YBR236C ABD1 missense T313I
2 YBR272C HSM3 missense Y73*
2 YBR285W None missense F123L
2 YBR289W SNF5 missense D315Y
3 YCR032W BPH1 missense H1648Q
3 YCR061W None missense G442A
3 YCR093W CDC39 missense V511M
8 YHLO30W ECM29 missense F1508C
8 YHRO70W TRM5 missense V30M
8 YHR193C EGD2 missense K100N
10 YJL208C NUCH missense L265F
10 YJL165C HALS missense E20K
10 YJLO90C DPB11 missense G284D
10 YJLO51W IRC8 missense N728I
10 YJLO39C NUP192 missense K567E
10 YJLO34W KAR2 missense P162T
10 YJR045C SSCH missense K579N
10 YJRO52W RAD7 missense L444Q
10 YJR094C IME1 missense H243N
10 YJR113C RSM7 missense E36D
10 YJR117W STE24 missense D52N
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Abstract

Both an increased frequency of chromosome missegregation (chro-
mosomal instability, CIN) and the presence of an abnormal com-
plement of chromosomes (aneuploidy) are hallmarks of cancer. To
better understand how cells are able to adapt to high levels of
chromosomal instability, we previously examined yeast cells that
were deleted of the gene BIR1, a member of the chromosomal pas-
senger complex (CPC). We found birlA cells quickly adapted by
acquiring specific combinations of beneficial aneuploidies. In this
study, we monitored these yeast strains for longer periods of time
to determine how cells adapt to high levels of both CIN and aneu-
ploidy in the long term. We identify suppressor mutations that
mitigate the chromosome missegregation phenotype. The mutated
proteins fall into four main categories: outer kinetochore subunits,
the SCFY“* ubiquitin ligase complex, the mitotic kinase Mps1, and
the CPC itself. The identified suppressor mutations functioned by
reducing chromosomal instability rather than alleviating the nega-
tive effects of aneuploidy. Following the accumulation of suppres-
sor point mutations, the number of beneficial aneuploidies
decreased. These experiments demonstrate a time line of adapta-
tion to high rates of CIN.
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Introduction

The accurate distribution of chromosomes to daughter cells is a fun-
damental requirement of cell division. An increase in the frequency
of errors in chromosome segregation is called chromosomal instabil-
ity (CIN). Chromosomal instability leads to abnormal karyotypes
through the gain or loss of chromosomes, a state called aneuploidy.

, Manuel Alonso Y Adell, Madhwesh C Ravichandran &

Aneuploidy and CIN are both hallmarks of cancer that have causa-
tive roles in cancer development, cancer progression, and resistance
to chemotherapy (reviewed in Ben-David & Amon, 2020). Despite
the promotion of cell proliferation in cancer, aneuploidy and CIN
have consistently been demonstrated to decrease cell growth and
division (Gropp et al, 1983; Torres et al, 2007). Cancers therefore
likely develop adaptations to ameliorate the negative effects of CIN
and aneuploidy.

Different models for how cells adapt to CIN and aneuploidy have
been proposed. Cells could adapt via compensatory mutations that
decrease the levels of CIN after the accumulation of beneficial aneu-
ploidies (Cahill et al, 1999; Kwon et al, 2008; Sansregret et al,
2017). Alternatively, researchers postulated that cancer cells could
adapt to CIN and aneuploidy through mutations that lead to aneu-
ploidy tolerance (Torres et al, 2010). Additionally, it was suggested
that CIN and aneuploidy provide for a fast, but transient mechanism
of adaptation. In this model, aneuploidy provides a short-term bene-
fit that outweighs its downsides but would eventually be superseded
by more targeted genome alterations (Yona et al, 2012). How aneu-
ploidy and more specific types of mutations affect each other during
the course of adaptation is currently unknown.

The molecular mechanisms that lead to CIN in cancer cells have
long been elusive (Gordon et al, 2012). However, one relevant phe-
notype that is frequently observed across many cancer types is the
overstabilization of connections between microtubules and kineto-
chores, which are the binding sites for microtubules at the cen-
tromeres of chromosomes (Bakhoum et al, 2009a). These
overstabilized attachments lead to the accumulation of misattached
chromosomes where both of the sister chromatids are attached to
microtubules emanating from the same spindle pole (merotelic and
syntelic attachments). One or both of the kinetochores must then be
detached from the microtubules in order to properly distribute one
sister chromatid to each daughter cell. Although the basis behind
this phenotype in cancer cells is currently unknown, the central
player in destabilizing erroneous kinetochore-microtubule attach-
ments is the chromosomal passenger complex (CPC). The CPC con-
tains a kinase, Aurora B, that phosphorylates kinetochores to lower
their affinity for microtubules (Tanaka et al, 2002; Cheeseman et al,
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2006; Sarangapani et al, 2013; Kalantzaki et al, 2015). Inhibition of
Aurora B in mammalian cells leads to an increased frequency of lag-
ging chromosomes in anaphase due to the inability to detach micro-
tubules from kinetochores that are attached to both spindle poles
(Cimini et al, 2006). This lagging chromosome phenotype is also fre-
quently observed in cancers (Bakhoum et al, 2014).

In addition to Aurora B, the CPC contains the subunits INCENP,
Survivin, and Borealin. The C-terminus of INCENP binds to and acti-
vates Aurora B, while the N-terminus binds to Survivin and Borealin
(Ainsztein et al, 1998; Bishop & Schumacher, 2002; Honda et al,
2003; Sessa et al, 2005; Klein et al, 2006; Jeyaprakash et al, 2007).
Survivin and Borealin target the complex to centromere-proximal
chromatin through an interaction with Shugoshin. This interaction
was shown to promote the activity of the CPC in correcting erro-
neous kinetochore-microtubule attachments through phosphoryla-
tion of substrates at the outer kinetochore (Gassmann et al, 2004;
Kawashima et al, 2007, 2010; Vanoosthuyse et al, 2007).

The budding yeast Saccharomyces cerevisiae is a valuable model
organism for studying CIN and aneuploidy as it can tolerate high
levels of CIN that are similar to what is frequently observed in
cancer. We previously determined how cells initially adapt to extre-
mely high rates of chromosome missegregation by growing budding
yeast cells carrying mutations that decrease CPC function
(Ravichandran et al, 2018). The budding yeast homologs of the CPC
subunits Aurora B, INCENP, Survivin, and Borealin are Ipll, Slil5,
Birl, and Nbll, respectively (Fig 1A). By sequencing populations of
yeast that were grown in the absence of the CPC subunit Survivin/
Birl, we found that the yeast adapted by acquiring specific aneuploi-
dies that decreased the rate of CIN (Ravichandran et al, 2018). The
compositions of karyotypes were further refined over time until the
cells acquired certain combinations of beneficial aneuploid chromo-
somes. However, these adapted cells were still substantially less fit
than wild-type due to a combination of the negative effects of the
acquired aneuploidies and residual chromosomal instability. It is
currently not known how cells with high rates of CIN and aneu-
ploidy further adapt after the initial optimization of their kary-
otypes.

In this study, we have now monitored these CPC-deficient cells
for longer periods of time to determine how cells evolve to cope in
the long term with increased levels of both CIN and aneuploidy. We
aimed to determine whether they adapt through genetic changes
that either (i) allow for better aneuploidy tolerance, (ii) decrease the
levels of CIN, or (iii) further optimize their karyotypes. We found
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that cells evolved through hypomorphic mutations in essential
genes that decreased the levels of CIN. The lower levels of CIN then
allowed the cells to decrease their levels of aneuploidy, as the bene-
ficial effects of the extra chromosomes no longer outweighed the fit-
ness costs. The identified mutations fall into two broad functional
categories. The first category of mutations destabilizes kinetochore—
microtubule interactions, counteracting the overstabilization created
by decreased CPC activity. These mutations were found in outer
kinetochore proteins that directly interact with microtubules. The
second category of mutations affect the function of the CPC more
directly. These include mutations in the CPC itself, the mitotic
kinase Mpsl, and the ubiquitin ligase SCF®** complex. SCF®c
mutations increase the recruitment of the CPC to key regulatory
regions in both yeast and human cells. We conclude that cells gener-
ally adapt to high levels of CIN and aneuploidy through mutations
that alleviate the CIN phenotype. Furthermore, we have identified
specific pathways of adaptation to defects in CPC function.

Results

Adaptation to high levels of CIN and aneuploidy occurs through
point mutations that reduce the rate of CIN

To determine how cells adapt to high rates of CIN and aneuploidy,
we started with a collection of haploid yeast strains that were previ-
ously cultured for 21 days via clonal expansion following BIRI dele-
tion (Ravichandran et al, 2018). We call these partially adapted
strains birl4-ad. These strains have a high frequency of specific
aneuploidies that decrease the rate of CIN. However, they are not
enriched for mutations that are related to CIN. We adapted 68 of
these strains for an additional 21 or 42 days (birl4-ad2) in liquid
culture to determine how cells continue to evolve after their initial
adaptation through aneuploidy (Fig 1B). In comparison with the
clonal expansion of the initial adaptation, liquid culture adaptation
allows time for rarely occurring beneficial genomic changes to take
over the population competitively. This additional adaptation
greatly improved the growth of some strains but did not result in a
significant level of growth improvement for all of the adapted popu-
lations combined (Fig 1C). Cells with impaired chromosome segre-
gation are especially sensitive to microtubule-depolymerizing drugs.
Consistent with this, BIRI deletion results in a strong sensitivity to
moderate amounts of the microtubule-depolymerizing drug benomyl

Figure 1. Strains with high levels of CIN and aneuploidy adapt by decreasing CIN.

A Schematic summarizing the main localization of the CPC and its role in phosphorylating the Dam1 complex (Damlc) to destabilize microtubule attachments.

B Summary of the adaptation time-line. birlA strains from tetrads were grown clonally for 21 days to produce birlA-ad strains. Colonies from the birlA-ad strains
were then grown in liquid media for 21 or 42 additional days to produce the birlA-ad2 strains.

C,D Growth comparisons of wild-type (WT, n = 16), unadapted (birl1A, n = 14), partially adapted (bir1A-ad, n = 15), and further adapted (bir1A-ad2, n = 15) strains as
measured by area of growth after serial dilution. The serial dilutions of all these strains were carried out once in parallel. Examples of dilutions series such as those
used in the quantification for bir1A-ad and bir1A-ad2 strains can be found in Fig EV1C. Ten-fold serial dilutions were made on YPAD plates containing either 0.1%
DMSO (C) or 10 pg/ml of benomyl (D). The mean (red line) is shown. Growth was normalized to WT.

E Comparison of the mean number of aneuploid chromosomes per strain for the birlA-ad (n = 45 strains) and bir1A-ad2 (n = 51 strains) collections. Only data from
birlA-ad strains that were subjected to additional adaptation are shown. Means and standard deviations are shown.

F Histogram showing the proportion of strains that are aneuploid for specific chromosomes in partially adapted (bir1A-ad) and further adapted (birlA-ad2) strains.
Eight hundred and seventy-four genes out of 6,002 total yeast genes (14.5%) have phenotypes related to CIN. The percentage of newly identified mutations in the
birlA-ad2 (26 out of 98) and birlA-ad (37 out of 246) strains that are related to CIN are shown.

Data information: (ns) not significant; (*) P < 0.05; unpaired t-test.
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Figure 1.

(Makrantoni & Stark, 2009). Many of the birl4-ad2 strains have
strongly decreased benomyl sensitivity in comparison with the
birlA-ad strains, suggesting that they have acquired additional
changes that suppress the CIN phenotype (Fig 1D). To determine
whether this additional adaptation occurs through further increased
aneuploidy, we measured chromosome copy numbers via read
counts from whole-genome sequencing. Two strains that were
observed to have large segmental amplifications of chromosomes 2
and 13 were excluded from this analysis. Overall, the birl4-ad2

©2022 The Authors

strains have decreased numbers of aneuploid chromosomes, sug-
gesting that these strains do not adapt through further increases in
aneuploid chromosomes that attenuate CIN (Fig 1E and F). We con-
clude that the additional adaptation to CIN in the further adapted
CPC-deficient strains likely comes from specific mutations rather
than chromosome copy number alterations.

Adaptation to CIN and aneuploidy could potentially come from

mutations that either decrease CIN or increase aneuploidy tolerance.

To determine whether mutations in the adapted strains fall into
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these categories, we searched for nonsynonymous mutations that
arose during liquid culture adaptation in the whole-genome
sequencing data. We identified 97 such mutations in 68 strains.
These mutations were enriched in genes related to CIN (Fig 1G).
Mutations that increase aneuploidy tolerance were previously
reported in budding yeast (Torres et al, 2010). However, there was
no overlap between the 22 genes identified in the aneuploidy toler-
ance screen and the genes mutated in the birlA-ad2 strains. We
therefore used the most heavily characterized gene whose loss leads
to aneuploidy tolerance, the ubiquitin-specific protease UBP6 (Tor-
res et al, 2010). We tested whether a mutation in UBP6 that was pre-
viously reported to increase aneuploidy tolerance would increase
resistance to birl4. The mutation was introduced into a haploid
strain whose only copy of BIRI is on a minichromosome that also
contains the URA3 gene. This minichromosome can be selected
against using 5-Fluoroorotic acid (5-FOA), which is converted into a
toxin by the URA3 gene product. The addition of the ubp6(E256X)
mutation did not increase viability after BIRI was deleted
(Fig EV1A). This result suggests that aneuploidy tolerance does not
lead to CIN tolerance following BIRI deletion. We note that we used
the same strain background as the studies that identified and

Table 1. Candidate mutations identified in bir1A-ad2.

Matthew N Clarke et al

characterized the role of UBP6 in tolerating aneuploidy (W303),
which has been shown to have a mutation in the SSDI gene that
makes them more sensitive to aneuploidy (Hose et al, 2020). We
conclude that cells with high levels of CIN and aneuploidy adapt pri-
marily through mutations that mitigate CIN rather than aneuploidy.

bir1A4 suppressor mutations fall into four major categories

To determine which categories of mutations are most prevalent in
our adapted strains, we searched for the enrichment of functional
gene ontology (GO) terms. We found significant enrichment of
genes related to “chromosome segregation” (FDR = 3.53 x 107°)
and “SCF-dependent proteasomal ubiquitin-dependent protein cata-
bolic process” (FDR = 1.3 x 107!, Table EV2). Further refinement of
these categories revealed that the mutations fall largely into four cat-
egories (Table 1).

The first category is in proteins that form the outer kinetochore,
including mutations in the Dam1 complex, the Ndc80 complex, and
Spc105/KNL1. All three of these proteins/protein complexes directly
bind to microtubules. The Dam1 complex was the most heavily rep-
resented in the data set with mutations in five of the 10 subunits.

Gene Residue Days of liquid

mutated changes Tested Chromosome adaptation Essential Basic function
DUO1 P17L Yes 7 21 Yes Kinetochore—microtubule
DAD1 N43S Yes 4 21 Yes attachment
DAD2 K11Q Yes 11 21 Yes

ASK1 S216F Yes 11 21 Yes

SPC34 D119A Yes 11 21 Yes

NDC80 K181N Yes 9 42 Yes

SPC105 R583G® Yes 7 21 Yes

sLi1s L7158 Yes 2° pil Yes CPC subunit
SLI15 P109A No 2° 21 Yes

SLI15 G334S Yes 2° 21 Yes

CDC53 K448E No 4 21 Yes S-phase entry
CDC53 A486P No 4 21 Yes

CDC34 Me4T? Yes 4 21 Yes

CDC4 S438GC Yes 6 21 Yes

CDC4 G439S Yes 6 21 Yes

CDC4 G652D No 6 21 Yes

MPS1 R596H Yes 4 21 Yes Initiation of SAC
MPS1 W629S No 4 21 Yes

MPS1 V631M Yes 4 21 Yes

MIF2 D241N Yes 11 42 Yes Inner kinetochore
RTG2 G154S Yes 7 21 Yes Mitochondrial sensor
RTG2 H425L No 7 21 Yes

RTG2 A433P No 7 21 Yes

SPC97 $816X Yes 8° 21 Yes Spindle pole body

?ldentified in the same strain.
®Chromosomes that are commonly aneuploid in birlA strains.
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Mutations in the Daml complex subunit Dam1l that mimic Ipll
phosphorylation were previously shown to suppress CPC mutations
(Cheeseman et al, 2002). However, none of the mutations identified
in the birl4-ad2 strains were in the Daml protein itself, indicating
that they do not directly mimic similar phosphorylation events
(Fig 2A). The mutation of lysine 181 in the Ndc80 complex resides
in the microtubule binding CHD domain and is similar to the lysine
146 mutation in human Ndc80 that was previously shown to reduce
microtubule binding (Ciferri et al, 2008).

The second category of mutations are in the CPC subunit Sli15.
Mutations in Slil5 that disrupt binding to Birl or prevent Cdc28
(cyclin-dependent kinase) phosphorylation were both previously
shown to suppress BIR1 deletion (Campbell & Desai, 2013). All three
of the observed mutations are consistent with these previous obser-
vations, as two were in the CEN box that interacts with Birl (L71S
and P109H) and one was directly adjacent to the main Cdc28 phos-
phorylation site (G334S).

The third category of common mutations in the adapted strains
is in subunits of the SCF ubiquitin-protein ligase complex. The SCF
is primarily involved in the initiation of S-phase, but it also has roles
in mitosis (Goh & Surana, 1999). We identified mutations in the core
SCF subunits Cdc53 and Cdc34 as well as the F-box adaptor protein
Cdc4. F-box proteins dictate the substrate specificity of the SCF com-
plex (Jonkers & Rep, 2009). Important substrates of SCF€* include
the cell cycle kinase inhibitors Sicl and Farl. No mutations in any
other F-box proteins were identified, suggesting that the ability to
suppress BIR1 deletion may be specific to SCF®I*. All three Cdc4
mutations were in the WD-40 domain, which directly interacts
with SCF complex substrates (Fig 2A). No direct connection
between the SCF complex and the CPC has been previously
identified.

The final category of potential suppressor mutations was in the
mitotic kinase Mps1. All three of the mutations in Mps1 were in the
kinase domain (Fig 2A). Mps1 has functions in spindle assembly
checkpoint signaling, correction of misattached chromosomes, and
spindle pole body duplication (reviewed in Liu & Winey, 2012). We
were surprised to identify mutations in Mps1 as the kinase would be
expected to promote rather than antagonize CPC activity, and muta-
tions in Mpsl that suppress CPC deficiency have not previously
been identified.

Intriguingly, all of the mutations in Table 1 are in essential genes,
so they are most likely to be hypomorphic alleles. To determine
whether the identified mutations are sufficient to rescue birli4, we

Figure 2. Four main categories of mutations rescue BIR1 deletion.

The EMBO Journal

introduced mutations from each category prior to BIR1 deletion. In
addition, we included mutations identified in the adapted strains in
three other potentially interesting proteins: the inner kinetochore
protein Mif2, the spindle pole body protein Spc97, and the mito-
chondrial signaling protein Rtg2. Rtg2 was selected because we
identified three independent mutations in this protein. After selec-
tion of birlA on 5-FOA plates, all of the tested mutations at least
partially rescued growth with the exception of mif2, rtg2, and ask1
(Fig 2B). We identified multiple mutations that suppress the BIRI
deletion growth phenotype for each of the four major categories. To
determine whether the mutants were able to rescue the chromo-
some missegregation phenotype of BIRI deletion, we measured the
fidelity of minichromosome transmission with representative sup-
pressor mutations from the outer kinetochore, SCF complex, and
Mpsl categories. We did not perform any further experiments with
the Slil5 mutations, as we previously characterized similar muta-
tions (Campbell & Desai, 2013). For the SCF complex, we analyzed
mutations that we identified in Cdc4, as mutations in the F-box sub-
unit are less likely to have pleiotropic effects. Minichromosome
transmission fidelity was higher than the birl4 control for muta-
tions in all three categories, although the degree of rescue for the
Mps1 mutation was not significant (P = 0.1, Fig 2C). We have there-
fore identified four categories of mutations—in the outer kineto-
chore, the CPC, the SCF, and Mps1l—that are frequently mutated to
suppress the chromosome missegregation phenotype of yeast with
impaired CPC activity.

We next wanted to test whether the suppressor mutations could
affect aneuploidy tolerance in addition to CIN tolerance. Suppressor
mutations in the Dam1 complex, SCF complex, and Mps1 did not
suppress the growth defects caused by an extra copy of either chro-
mosome 8 or 10 (Fig EV1B). In addition, a combination of these
mutations with ubp6(E256X) did not show any synergistic effects
(Fig EV1A). To determine whether the remaining growth impair-
ment in the further adapted strains was primarily due to aneuploidy
or CIN, we added wild-type BIRI to a subset of the birlA-ad and
birlA-ad2 strains and tested their growth. Even in the further
adapted strains, re-addition of BIR1 greatly improved their fitness
(Fig EV1C). We conclude that even though the suppressor muta-
tions act exclusively by suppressing the CIN phenotype, the residual
CIN is still the primary contributor to the growth defects in the fur-
ther adapted strains.

We next wanted to determine the degree to which the identified
mutations contribute to adaptation. We compared the growth of

A Schematics showing the location of mutations from Table 1 (red lines). Domains of interest were identified using the Saccharomyces Genome Database.

B Serial dilutions of strains engineered with the indicated mutations identified in birlA-ad2 strains were tested for rescue of BIR1 deletion. Ten-fold serial dilutions
on the indicated media are shown. The mutations colored in blue, green, or red were selected for additional characterization.

C Top: schematic summarizing how loss of the URA3-containing plasmid is used to measure relative missegregation rates. Bottom: Proportion of colonies that grow
on plates with restrictive (lacking uracil) versus permissive (YPAD) media. Many of the suppressor mutants significantly increase the segregation fidelity of the
minichromosome in a birlA background. ctf19A serves as a positive-control for decreased minichromosome transmission fidelity. Statistical significance is relative
to birlA alone for three independent experiments. Means and standard deviations are shown.

D, E Growth comparisons of birlA-ad2 strains that contain (18 strains) or do not contain (28 strains) confirmed suppressor mutations as measured by area of colony
growth after serial dilution. The mean (red line) is shown. 10-fold serial dilutions were made on YPAD plates containing either 0.1% DMSO (D) or 10 pg/ml of beno-

myl (E).

F Comparison of the mean number of aneuploid chromosomes per strain for birlA-ad2 with and without identified suppressor mutations.

Data information: (ns) not significant; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (****) P < 0.0001; unpaired t-test.

©2022 The Authors
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birl A-ad2 strains that either do or do not contain identified suppres-
sor mutations. All mutations listed in Table 1 were considered sup-
pressors for this analysis, with the exception of genes with
mutations that did not rescue the BIRI deletion growth phenotype
(MIF2, RTG2, and ASKI). On average, adapted strains that contain
identified suppressor mutations grew substantially better than those
without suppressors, suggesting that we identified most of the
impactful mutations and that they contributed greatly to the adapta-
tion (Fig 2D and E). This difference was significant either with or
without the addition of benomyl. Other genetic or epigenetic
changes that alter protein abundance could also contribute to adap-
tation under these conditions; however, the strong correlation
between the identified suppressor mutations and the growth pheno-
type indicates that these alterations would have a relatively small
contribution. Furthermore, the degree of aneuploidy is significantly
reduced in the strains with suppressor mutations, indicating that
these mutations decreased the need for aneuploid chromosomes to
suppress the birl4 phenotype (Fig 2F). This decrease was seen
across all of the observed aneuploid chromosomes (Fig EV1D). The
aneuploidy burden in the further adapted strains was therefore
reduced by decreasing the requirement for aneuploidy rather than
decreasing the impact of aneuploidy on cellular fitness. These
results provide a time line of events for adaptation to high rates of
CIN. First, the cells acquire specific aneuploidies that suppress the
CIN phenotype. The cells then acquire optimal combinations of ane-
uploidies (Ravichandran et al, 2018). Next, point mutations arise
that more specifically target the source of the CIN leading to a reduc-
tion in CIN. Finally, the level of aneuploidy decreases to relieve the
fitness burden placed on the cell.

Suppressor mutations in the Dam1 complex create unattached
kinetochores

We next sought to determine where in the chromosome biorientation
pathway each of these categories of mutations falls. Defects in CPC
activity lead to the overstabilization of kinetochore-microtubule
attachments and the failure to correct attachments where both sister
chromatids attach to microtubules emanating from the same pole
(syntelic attachments; Biggins et al, 2001; Pinsky et al, 2006). Muta-
tions that rescue CPC defects are therefore likely to restore the higher
turnover of kinetochore-microtubule attachments. This could occur
either by increasing the activity of the CPC or by decreasing the
microtubule binding activity of kinetochores. To determine whether
the mutations act downstream of the CPC, we tested whether they
could rescue a temperature-sensitive mutation in the CPC kinase
Ipl1/Aurora B. Of the mutations tested, only the Damlc mutants sig-
nificantly rescued ipli-321 at the restrictive temperature (Fig 3A).
Although the Damlc suppressor mutations rescue the temperature-
sensitive IPL1 mutation, they could not rescue a full deletion of
SLI15, suggesting that they do not completely bypass the need for
CPC activity (Fig EV2A). These results indicate that the Dam1c muta-
tions affect the pathway downstream of the CPC, whereas the SCF
complex and Mps1 potentially affect the CPC itself.

If the mutations rescue by globally destabilizing kinetochore—
microtubule attachments, then the number of unattached kineto-
chores should increase even in the presence of Birl. Since unat-
tached kinetochores trigger the spindle assembly checkpoint, we
first determined whether the mutations induce a delay in mitosis.

©2022 The Authors

The EMBO Journal

None of the identified mutations showed substantial changes in
cell cycle duration, as measured by the sustained accumulation of
large budded cells over time after release from synchronization in
G1 (Fig EV2B). These mutations therefore do not maintain sus-
tained checkpoint activity. As a more sensitive assay, we moni-
tored the presence of unattached kinetochores by measuring the
frequency of cells with foci of the checkpoint protein Bub3 that
colocalize with kinetochore clusters. For this assay, we only
counted cells that have two kinetochore clusters that are separated
yet still in close proximity, indicative of a stage around the prome-
taphase to metaphase transition. At this stage, three of the four
Damlc mutations resulted in significantly more cells with Bub3-
mNeonGreen foci than the wild-type control (Fig 3B). By contrast,
suppressor mutations in Cdc4 and Mpsl did not increase the fre-
quency of Bub3 foci. We conclude that suppressor mutations in
the Dam1 complex transiently increase the number of unattached
kinetochores, likely through increased kinetochore-microtubule
attachment turnover.

The suppression of the birl4 chromosome missegregation phe-
notype through an increase in unattached kinetochores in Daml
complex mutants suggests that there is a restoration of the balance
between microtubule attachment and detachment when both muta-
tions are combined. If this were the mechanism of rescue, then we
would expect that in the absence of BIRI deletion, the increase in
kinetochore-microtubule attachment turnover in the Daml
mutants would overly destabilize attachments and increase the
chromosome missegregation rate. To test this, we measured the
rate of minichromosome transmission in strains that have suppres-
sor mutations and wild-type BIRI. Similar to the results of the
Bub3 foci counts, three of the four Damlc mutants showed a sig-
nificant decrease in minichromosome transmission fidelity
(Fig 3C). The Cdc4 and Mps1 mutations had no measurable effect.
The Damlc mutation that did not show a significant result in
either the unattached kinetochore or chromosome segregation
assays, spc34(G439S), also had the weakest rescue of growth fol-
lowing BIR1 deletion (Fig 2B). Overall, these results demonstrate
that mutations in outer kinetochore proteins rescue deficient CPC
activity by destabilizing kinetochore-microtubule attachments. By
contrast, Cdc4 and Mpsl suppressor mutations act through an
alternative mechanism that does not directly affect the stability of
kinetochore—microtubule attachments.

Damlc suppressor mutations have similar phenotypes to a
phosphomimic mutation that decreases Damlc microtubule
binding

Phosphomimics of Ipll phosphorylation sites on the Dam1 subunit
of the Daml complex were previously shown to partially rescue
ipll-ts mutants (Cheeseman et al, 2002). These phosphosites
include serine 20 (daml1(S20D)) near the N-terminus and three
serines (5257, S265, S292, dam1(3D)) closer to the C-terminus of
the protein (Fig 4A). The two phosphomimic mutants change the
serines to negatively charged aspartic acid residues. The S20D
mutation has been demonstrated to reduce microtubule binding
in vitro, whereas the 3D mutant results in activation of the mitotic
checkpoint (Jin & Wang, 2013; Sarangapani et al, 2013). To deter-
mine whether the identified suppressor mutations function simi-
larly to the phosphomimics, we first determined whether the dam1
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Figure 3. Suppressor mutations in the Dam1 complex result in elevated spindle assembly checkpoint activity and minichromosome missegregation.

A Serial dilutions on YPAD media at the permissive (25°C) or restrictive (35°C) temperatures for the ip/1-321 mutation. The suppressor mutations from the Dam1c (blue)

were the only mutants that rescued viability at the restrictive temperature.

B Top: representative images showing Bub3-mNeonGreen localization to kinetochores (Nuf2-mRuby3), indicating spindle assembly checkpoint activation in wild-type
yeast. Scale bar is 2 pum. Bottom: quantification of the proportion of prometaphase cells with Bub3-mNeonGreen foci. Only the mutations in Dam1 complex (blue)
show a significant increase in SAC activity. Data are from at least five independent experiments. Means and standard deviations are shown.

C Proportion of colonies that grow on plates with restrictive (lacking uracil) versus permissive (YPAD) media after 24 h growth under permissive conditions with a
URA3-containing plasmid. The suppressor mutations in the Damlc (blue) show a significant reduction of minichromosome segregation fidelity. Data are from three

independent experiments. Means and standard deviations are shown.

Data information: (ns) nonsignifcant; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (****) P < 0.0001; unpaired t-test.

(S20D) or daml(3D) mutations rescue BIRI deletion. Intriguingly,
dam1(S20D) rescues BIRI deletion but dam1(3D) does not, indi-
cating that these mutants are mechanistically distinct (Fig 4B).
Both mutations increase the frequency of Bub3 foci in prometa-
phase cells, similarly to the Damlc suppressor mutations that we
identified (Fig 4C). However, the 3D mutant shows a strong cell
cycle delay, further indicating that it differs from the other Damlc
mutants in either mechanism or severity (Fig 4D). Despite the
delay, the 3D mutant does not affect minichromosome transmis-
sion fidelity (Fig 4E). This mitotic delay without any decrease in
chromosome segregation fidelity has been previously reported for
the dam1(3D) mutation and may indicate a defect in SAC silencing

8 of 19 The EMBO Journal €111500 | 2022

after chromosome biorientation (Jin & Wang, 2013). The damlI
(520D) mutation, however, does show a decrease in minichromo-
some transmission in line with the suppressor mutations (Fig 4E).
We conclude that the mutations in the Daml complex that adapt
to suppress BIRI deletion have a similar phenotype to the damlI
(S20D) mutation. Intriguingly, the S20D phosphomimic mutation
was shown to disrupt microtubule binding of kinetochores in vitro,
whereas the triple serine phosphomimic (3D) mutant maintained
wild-type microtubule binding activity (Sarangapani et al, 2013).
The similarity in phenotype between the suppressor mutations and
daml1(S20D) suggests that the suppressor mutations may also
directly decrease kinetochore-microtubule affinity.

©2022 The Authors
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Figure 4. Suppressor mutations in the Dam1 complex have phenotypes similar to the dam1(520D) phosphomimic mutation.

A A schematic showing the relative locations of the Ipl1 phosphosites in Dam1 that are mutated to aspartic acid in the phosphomimics.

B Serial dilutions of strains engineered with the indicated mutations were tested for rescue of BIR1 deletion. Ten-fold serial dilutions on the indicated media are shown.
dam1(S20D) rescues loss of CPC activity to a similar extent as a suppressor mutant in Duol.

C Quantification of the proportion of prometaphase cells with Bub3-mNeonGreen foci localized to kinetochores (Nuf2-mRuby3), indicating SAC activation in all three
mutant strains. Data are from at least five independent experiments. Means and standard deviations are shown.

D Degree of cell cycle delay as measured by percentage of large budded cells over time after release from G1 arrest. Wild-type (WT) cells treated with nocodazole and

benomy! were used as a positive control for mitotic arrest.

E Proportion of colonies that grow on plates with restrictive (lacking uracil) versus permissive (YPAD) media after 24 h growth under permissive conditions with a
URA3-containing plasmid. Minichromosome segregation fidelity is reduced in the dam1(520D) strain, similar to the duo1(P17L) strain. Data are from three independent

experiments. Means and standard deviations are shown.

Data information: (ns) nonsignifcant; (***) P < 0.001; (****) P < 0.0001; unpaired t-test.

If both the Damlc suppressor mutations and daml(S20D) act
through destabilizing kinetochore-microtubule attachments, we
hypothesized that combining the two mutants might destabilize
the connections to a greater extent. Indeed, combination of either
duol(P17L) or dad2(K11Q) with daml1(S20D) resulted in zero
viable spores after 3 days of growth (Fig EV2C). For the duol
(P17L), dam1(S20D) double mutant, rare colonies grew up after
5 days. These double-mutant cells displayed severe minichromo-
some loss and a strong metaphase delay, as expected for high
rates of unattached kinetochores (Fig EV2D and E). Intriguingly,
the double mutant was able to rescue loss of IPLI activity to an
extent even greater than the single mutants (Fig EV2F). However,

©2022 The Authors

the reverse interaction was not observed, as the iplI1-321 mutation
did not improve the growth of the duol(P17L), damI1(S20D) dou-
ble mutant at the restrictive or permissive temperature. This
could potentially be due to Ipll mutations preferentially stabiliz-
ing specific kinetochore-microtubule attachment states, whereas
mutations in the kinetochore would destabilize all attachments
indiscriminately. We conclude that the suppressor mutations in
the Daml complex and the dami(S20D) mutant both act by
destabilizing kinetochore-microtubule attachments. The combina-
tion of the mutants increases the severity of the phenotype to cre-
ate an extended spindle assembly checkpoint arrest and cell
death.
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Dam1lc suppressor mutations lie proximal to multimerization
interfaces and decrease spindle localization in vivo

To determine a potential mechanism of action for the Damlc sup-
pressor mutations, we mapped them onto the existing crystal struc-
ture of the Chaetomium thermophilum version of the complex
(Jenni & Harrison, 2018). Three of the mutations are in helices that
lie near interfaces of oligomerization between Damlc decamers.
spc34(D119A) is found in a region that corresponds to a short helix
that forms part of interface 1. The dadl(N43S) mutation affects a
highly conserved residue that lies on the surface of interface 2
(Fig S5A). The dad2(K11Q) mutation affects a highly conserved
lysine that is also proximal to interface 2 but is not directly on the
surface. The duol(P17L) mutation lies in a region outside of the
crystal structure. However, the affected residue would likely be near
the N-terminal part of Duol, which resides in interface 1. These
interfaces are proposed to be important for the ring formation that
allows the complex to encircle microtubules. It has been noted that
serine 20 of the Dam1 protein is potentially also located in the vicin-
ity of interface 1 (Jenni & Harrison, 2018). These results suggest that
the suppressor mutants could act by limiting higher order oligomer-
ization of the Dam1 complex.

The oligomerization of the Dam1 complex into rings is primarily
associated with microtubule binding (Miranda et al, 2005; Wester-
mann et al, 2005). We therefore determined whether the Damlc
mutants affect the localization of the complex to microtubules and
kinetochores. We measured the amount of the Dam1 complex mem-
ber Dad3 labeled with the fluorophore mNeonGreen at prometa-
phase and anaphase spindles in the presence of the suppressor
mutants. The intensity of Dad3-mNeonGreen was significantly
reduced at both prometaphase kinetochores/spindles and anaphase
spindles for the three Damlc suppressor mutations with the stron-
gest rescue phenotypes (Fig 5B and C). The dam1(S20D) mutation
also has a significant decrease in Dad3 localization in prometa-
phase. No significant decreases in Dad3 spindle localization were
observed for cdc4(G439S) or mpsl(V631M). Interestingly, the
decrease in localization for the Dam1c mutants was much more pro-
nounced along the anaphase spindle than at anaphase kinetochores
(Fig 5D). The maintenance of strong localization at kinetochores

Matthew N Clarke et al

suggests that the localization phenotypes could result from defects
in microtubule binding rather than kinetochore association. We con-
clude that the Damlc suppressor mutations decrease the amount of
Daml complex at microtubules and this potentially occurs by
decreasing the ability of the complex to oligomerize.

Mps1 suppressor mutations do not act through previously
established pathways

We next wanted to determine how the Mps1 mutations rescue BIRI
deletion. Mps1 kinase functions in activating the spindle assembly
checkpoint at unattached kinetochores and recruiting the CPC to the
inner centromere for chromosome biorientation (Weiss & Winey,
1996; van der Waal et al, 2012). In yeast, it also has an essential
function in spindle pole body duplication (Winey et al, 1991). Dis-
ruption of any of these functions would be expected to decrease,
rather than increase, the ability of cells to function with reduced
CPC activity. One possible explanation for this would be if the Mps1
suppressor mutations have a gain-of-function phenotype that
increases the kinase’s activity. We therefore tested whether the
Mpsl, Cdc4, and Damlc suppressors have gain-of-function activity
by determining whether they have a dominant phenotype in the
heterozygous state. Only the Damlc mutation duol(P17L) had any
improved growth when heterozygous, indicating that neither the
Cdc4 nor the Mpsl mutations are gain of function (Fig EV3A). To
determine whether the suppressor mutations affect the ability of
Mpsl to activate the spindle assembly checkpoint, we measured the
percentage of cells with Bub3-mNeonGreen foci either with or with-
out the addition of nocodazole to depolymerize microtubules and
create unattached kinetochores. The levels of Bub3 foci were unaf-
fected by the mpsI(V631M) mutation in either the presence or the
absence of nocodazole, demonstrating that the mutant cells are
capable of activating the spindle assembly checkpoint (Fig EV3B).
Since the Mps1 suppressor alleles have a recessive, partial loss-
of-function phenotype and the mutations are located in the kinase
domain, we next tested whether a partial loss of Mps1 kinase activ-
ity can rescue BIRI deletion. We used a mutation in the kinase
domain that renders it sensitive to ATP analogs (Jones et al, 2005).
This mutation, mpsI-asl, decreased the doubling time of birl4 cells

Figure 5. Suppressor mutations in the Dam1 complex reduce spindle localization.

A View of the Chaetomium thermophilum Dam1c-ring, with focus on two adjacent protomers (labeled decamers 1 and 2). Interfaces 1 and 2 between adjacent decamers
are shown with the blue dashed boxes as previously identified by Jenni & Harrison (2018). Mutations in the Saccharomyces cerevisiae proteins have been labeled
based on sequence homology with C. thermophilum. Mutations within the structure are depicted as solid circles. Those that are located outside of the structured
domains are shown as open-circles. Suppressor mutations identified in this study are colored magenta, and the residues mutated in the Dam1 phosphomimics are
colored green. The marked residues are the closest approximations of the residues mutated in S. cerevisiae. N43 of Dad1l is conserved in C. thermophilum. The Dad2
residue K11 in S. cerevisiae is homologous to K35 in C. thermophilum. D119 of Spc34 maps to a short helix that contains H117 in C. thermophilum. The bottom right
shows the location of the Dadl residue N43 on the surface of interface 2. Images were made using ChimeraX (Pettersen et al, 2021).

B Left: representative images showing the localization of Dad3-mNeonGreen (Damlc member) and Nuf2-mRuby3 (kinetochore marker) in prometaphase cells. Scale bar
is 2 um. Right: quantification of the intensity of Dad3-mNeonGreen at kinetochores/spindles in prometaphase cells. Each individual point on the graph represents a
single measurement of Dad3-mNeonGreen intensity; up to 10 measurements per replicate. Data are from five independent experiments.

C Left: representative images showing the localization of Dad3-mNeonGreen (Damlc member) and Nuf2-mRuby3 (kinetochore marker) in anaphase cells. Scale bar is
2 um. Right: quantification of the intensity of Dad3-mNeonGreen at the spindle in anaphase cells. The intensity was measured in the middle of the spindle using a
perpendicular line-scan. Each individual point on the graph represents a single measurement of Dad3-mNeonGreen intensity; up to 10 measurements per replicate.

Data are from five independent experiments.

D Quantification of the intensity of Dad3-mNeonGreen at kinetochores in anaphase cells. Kinetochore position was based on Nuf2-mRuby3 localization. The differences
in localization at the anaphase kinetochores are much weaker than those measured along the spindle (Fig 5C). Each individual point on the graph represents a single
measurement of Dad3-mNeonGreen intensity; up to 10 measurements per replicate. Data are from five independent experiments. The mean (red line) is shown.

Data information: (ns) nonsignifcant; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (****) P < 0.0001; unpaired t-test.
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Figure 5.

to a similar extent to the suppressor mutation mpsI(V161M) even
in the absence of the small molecule inhibitor (Fig EV3C). This
result suggests that the analog-sensitive mutation partially decreases
kinase activity on its own, as was previously observed for similar

©2022 The Authors

alleles in other kinases (Bishop et al, 2000; Pinsky et al, 2006) and,
furthermore, that the Mpsl suppressor mutations affect its kinase
activity to a comparable extent. The addition of higher concentra-
tions of the analog inhibitor decreased growth in mpsl-asl,birlA
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cells, demonstrating that too little Mps1 activity is detrimental to
growth even in the absence of Birl.

We next tested whether the Mps1 mutations are suppressing CPC
activity though its phosphorylation of the Dam1l complex subunit
Daml. Mutations that prevent phosphorylation of Dam1 at S218 and
S221 by Mpsl kinase decrease kinetochore-microtubule stability
and partially rescue temperature-sensitive Ipll mutations (Shimo-
gawa et al, 2006, 2010). However, we did not observe any rescue of
BIRI deletion with these mutants (Fig EV3D). This result agrees
with our experiments demonstrating that the Mps1 and Damlc sup-
pressor mutations act through different mechanisms (Fig 3A-C). We
conclude that partial disruption of Mpsl kinase activity results in
rescue of BIRI deletion through a currently unknown mechanism.

The SCFS¥“* complex affects CPC localization to the spindle/
kinetochores in prometaphase in yeast and human cells

Finally, we wanted to determine how the SCF mutations rescue BIR1
deletion. We first tested whether a previously identified temperature-
sensitive mutation in CDC4, cdc4-1, is capable of rescuing loss of
Birl. We also tested a temperature-sensitive version of another F-box
protein, Met30. Both Cdc4 and Met30 affect the stability of the yeast
CENP-A homolog Cse4 (Au et al, 2020). The cdc4-1 mutation shows a
degree of rescue nearly as strong as the suppressor mutation cdc4
(G439S) (Fig 6A). By contrast, a temperature-sensitive mutation in
Met30 failed to show any rescue of BIRI deletion, demonstrating the
specificity of the suppression phenotype for SCF**, We conclude
that rescue of birl4 results from decreased SCFC** activity and is not
unique to the mutations identified in our screen.

To determine how Cdc4 activity affects CPC function, we first
determined whether the ubiquitin ligase directly degrades the CPC
subunits Sli15 or Ipll. We monitored Slil5 and Ipll protein levels in
cells that were prevented from expressing new protein by the addi-
tion of cycloheximide. Sli15 and Ipll protein levels were unchanged
by the presence of the cdc4(G439S) suppressor mutation, indicating
that this mutation does not rescue BIRI deletion by increasing the
levels of Sli15 or Ipll (Fig EV4A). We next tested whether the Cdc4
suppressor mutations change the localization of the CPC. The cdc4
(G439S) mutation significantly increased CPC localization to prometa-
phase spindles/kinetochores by ~50% (Fig 6B). Slil5 expression
levels were also unaffected by the mutation at this cell cycle stage,
suggesting that the SCF specifically affects CPC localization
(Fig EV4B). We wanted to determine whether this mutant also res-
cues CPC localization in birl4 cells. However, birlA greatly reduces
Slil5 expression (Campbell & Desai, 2013), so we instead determined

Figure 6. Cdc4 limits CPC localization in prometaphase independently of Sgo1l.

Matthew N Clarke et al

whether cdc4(G439S) rescues localization after depletion of Sgol, the
upstream recruiter of Birl to the inner centromere (Fig 1A). When
compared to wild-type CDC4, mNeonGreen-Sli15 localization in cdc4
(G439s) mutant cells was significantly increased in prometaphase
after Sgol depletion, demonstrating that this increase in CPC localiza-
tion is independent of the Sgol recruitment pathway that acts
through Birl (Fig. 6B). Intriguingly, the effect of cdc4(G439S) on Slil5
localization is only observed prior to anaphase, as the localization dif-
ferences are no longer observed later in mitosis (Fig EV4C). This sug-
gests that the SCF complex specifically affects CPC localization during
chromosome biorientation.

We next tested whether mutations in the human homolog of
Cdc4, FBXW?7, also affect the accumulation of the CPC at the inner
centromere. We therefore engineered the sole copy of FBXW?7 in the
haploid HAP1 chronic myeloid leukemia cell line with the equivalent
of the G439S point mutation in the WD-40 domain that we identified
in adapted birl4 cells (Fig EVSA and B). Of note, mutations in this
region of the protein are frequently observed in uterine and colon
cancer (Yeh et al, 2018). This mutation (G437S in humans) resulted
in a slight increase in colony size, consistent with the function of
FBXW?7 as a suppressor of cell cycle entry (Fig EV5C). Intriguingly,
all three cell lines engineered with this mutation showed an increase
in Aurora B staining at the inner centromere in prometaphase
(Fig 6C). This ~50% increase is similar to what we observe in yeast,
indicating that this function of the SCF complex in CPC localization is
conserved. We conclude that SCFE*/FBXW7 activity limits the recruit-
ment of the CPC to the spindle and/or kinetochores and that reduc-
tion of this function partially restores CPC localization when the
inner centromere recruitment pathway is disrupted.

Discussion

In cancers, cells with high levels of CIN and aneuploidy often have
overstabilized kinetochore-microtubule connections (Bakhoum
et al, 2009a). Although the mechanisms that cause this phenotype
are still largely unclear, one way to decrease microtubule turnover
at the kinetochore is through decreased CPC activity (Cimini et al,
20006). In this study, we identify multiple mechanisms that cells use
to adapt to the overstabilization of microtubules resulting from the
deletion of the CPC subunit Birl/Survivin. We determined that
birlA suppressor mutations act through two distinct mechanisms.
The first mechanism involves mutations in proteins that directly
attach the kinetochore to microtubules; such mutations were identi-
fied in five of 10 subunits of the Daml complex. The second

A Serial dilutions of strains engineered with the indicated mutations were tested for rescue of BIR1 deletion. Ten-fold serial dilutions on the indicated media are shown.
The met30-6 and cdc4-1 alleles are temperature-sensitive. Two independent clones of each of these alleles are shown. The serial dilutions were performed at the per-

missive temperature (20°C).

B The amount of mNeonGreen-Sli15 (CPC member) located at kinetochores (Nuf2-mCherry) was measured in prometaphase. Sgol was depleted by placing it under a
galactose-inducible promoter and switching to glucose-containing media (YPAD). Representative images are on the left. Scale bar is 2 um. Averages from three inde-

pendent experiments are shown.

C Measurements of Aurora B intensity at the inner centromere of prometaphase kinetochores. Inner centromeres were identified as the regions directly between two
centromeres (ACA staining). Images from an example WT cell are shown to the right. Scale bar is 5 um long. Each data point is an individual chromosome. More than
15 cells for each cell line were measured across two independent experiments. The mean (red line) is shown.

D Time line of adaptation to high levels of CIN through aneuploidy and point mutations.

Data information: (ns) nonsignifcant; (*) P < 0.05; (***) P < 0.001; (****) P < 0.0001; unpaired t-test.
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mechanism results from mutations in genes that appear to affect the
CPC more directly, which includes members of the SCF complex,
the kinase Mps1, and the CPC member Slil5.

All of the suppressor mutations that we identified decrease the
levels of CIN that result from BIR1 deletion. Notably, we did not
identify mutations whose function suggests that they allow for the
greater tolerance of aneuploidy. Furthermore, a mutation in the
gene UBP6 that was previously demonstrated to reduce the negative
effects of aneuploidy did not rescue BIRI deletion (Torres et al,
2010). However, mutation of UBP6 was previously shown to
improve the growth of only a subset of aneuploid chromosomes (5,
8, 9, and 11). Of these chromosomes, only aneuploidy of chromo-
some 8 is frequently observed in strains adapted to biri4. There-
fore, aneuploidy-tolerating mutations could potentially improve the
growth of cells with other sources of CIN that adapt through differ-
ent aneuploid chromosomes. In addition, the dynamics of CIN adap-
tation and the subsequent underlying mechanisms behind coping
with CIN could vary in other strain backgrounds that may be more
inherently tolerant of CIN.

In our adaptation experiments, we identified mutations in three
different kinetochore complexes that directly bind to microtubules.
The majority of these mutations were in the Dam1 complex. These
mutations decrease the localization of the complex to microtubules
and likely interfere with the complex’s ability to oligomerize. The
cellular phenotypes that we observe for these mutations are consis-
tent with increased turnover of kinetochore microtubules. In verte-
brates, kinetochore-microtubule turnover can be increased through
the overactivation of the kinetochore-localized kinesins MCAK and
Kif2b (Walczak et al, 1996; Kline-Smith & Walczak, 2002; Bakhoum
et al, 2009b). Overexpression of either of these kinesins decreases
the mitotic errors observed in some cancer cell lines (Bakhoum
et al, 2009b). Furthermore, adaptation of human cells to a drug that
activates MCAK resulted in cells with decreased Aurora B activity
(Orr et al, 2016). Together, these results all point to the importance
of a balance between Aurora B activity and other factors that affect
the stability of connections between kinetochores and microtubules.

Mpsl is a highly conserved kinase that functions in sensing unat-
tached kinetochores. Mpsl phosphorylates Spc105/Knll on MELT
repeats, which recruits the spindle assembly checkpoint proteins
Bubl and Bub3/BubRl. CPC mutations have synthetic growth
defects with spindle assembly checkpoint mutations, indicating that
decreased SAC activity does not generally rescue CPC mutants (Ng
et al, 2009). Bubl binding to Spc105/Knll also contributes to the
localization of the CPC to the inner centromere, which is one of the
key locations for its function in chromosome biorientation. Birl is
required for the CPC to bind to the inner centromere, so this target-
ing function of Mpsl should not affect cells with BIRI deletion
(Makrantoni & Stark, 2009; Shimogawa et al, 2009). In budding
yeast, Mpsl has an additional essential function in spindle pole
body duplication. Interestingly, we would predict that decreased
activity of any of these three functions would make the biri4 phe-
notype worse, not better. We conclude that the suppressor muta-
tions partially decrease kinase activity and rescue via an
unidentified mechanism. In a large-scale screen for synthetic inter-
actions between temperature-sensitive mutations, it was found that
some combinations of MPSI and IPLI alleles had positive genetic
interactions, while others had negative interactions (Costanzo et al,
2016). These results support the idea that a balance between Mpsl
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activity and CPC activity is required for accurate chromosome segre-
gation. Additional research will be required to determine which
specific functions of Mps1 and which of its substrates are responsi-
ble for rescuing BIR1 deletion.

The SCF ubiquitin ligase complex is a key regulator of many
pathways related to cell cycle entry. It degrades factors that inhibit
cyclins, allowing for the activation of cyclin-dependent kinases. The
human homolog of the SCF F-box protein Cdc4 is FBXW7/hCDC4.
FBXW?7 is a tumor suppressor that is frequently mutated in many
cancer types (Spruck et al, 2002). This function is largely attributed
to the ability of FBXW7 to target important oncogenes for degrada-
tion, including MYC and Cyclin E (reviewed in Yeh et al, 2018). In
addition to its roles in regulating cell cycle initiation, FBXW?7/Cdc4
also has functions in mitosis. In yeast, certain Cdc4 mutants arrest
in mitosis prior to anaphase (Goh & Surana, 1999). More recently, it
was shown that Cdc4 contributes to the degradation of the inner
kinetochore protein Amel (Bohm et al, 2021). In human cells,
FBXW?7 mutants are sensitive to inhibitors of the spindle assembly
checkpoint, demonstrating a potential function in mitosis (Bailey
et al, 2015). However, the mechanisms by which SCFCded regulates
mitosis are still unclear. Our screen for birlA suppressors has
uncovered a connection between the SCFC4®* complex and regula-
tion of the CPC. These suppressor mutations in the SCF complex
increase the localization of the CPC to the spindle/chromosomes in
the absence of inner centromere targeting, which suggests that the
SCFC%* complex may play a role in regulating alternative mecha-
nisms of CPC localization in early mitosis. One possibility is that the
SCF complex targets the degradation of a CPC recruitment factor.

Determining how cells adapt to CIN caused by the overstabiliza-
tion of kinetochore-bound microtubules has important implications
in cancer. Additionally, Aurora kinase inhibitors are actively being
investigated in a variety of combination therapies in both preclinical
and clinical trials (reviewed in Du et al, 2021). It is therefore impor-
tant to know how cells adapt to the overstabilization of kinetochore
attachments. Here, we have outlined a time line of events that cells
use to adapt to decreased Aurora B activity (Fig 6D). First, cells
obtain specific aneuploidies that partially decrease CIN. Next, the
aneuploid karyotypes are refined to obtain an optimal complement
of aneuploid chromosomes (Ravichandran et al, 2018). Following
adaptation through aneuploidy, specific point mutations are
acquired that further decrease the rate of CIN. These point muta-
tions can affect the CPC itself or independently increase the turnover
of kinetochore microtubules. Finally, point mutations that reduce
CIN in a more targeted way allow for a decrease in the number of
aneuploid chromosomes.

This time line of adaptation supports the theory that aneuploidy
often provides a rapid but temporary form of adaptation, as has pre-
viously been observed in yeast adapted to heat stress or a tubulin
mutation (Yona et al, 2012; Pavani et al, 2021). In both of those
studies, a single chromosome was gained early in the adaptation
process and sometimes lost again at later time points. Here, we
observe the reversion toward the euploid state for many different
chromosomes resulting from a wide variety of mutations. This
return to the original copy number could help explain the high
prevalence of whole chromosome loss of heterozygosity (LOH) in
cancers. In colorectal cancers, for example, whole chromosome
LOH is extremely common, even though the chromosomes are often
present in multiple copies (Thiagalingam et al, 2001). This theory
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could help explain why the bulk of LOH events do not contain
known tumor suppressor genes, as the LOH itself was not the driver
event, but simply a byproduct of temporary adaptation through ane-
uploidy (Ryland et al, 2015).

Materials and Methods

Yeast strains and media

All yeast strains and plasmids that were used in this study are listed
in Table EV1. Strains were grown in yeast extract and peptone sup-
plemented with 40 pg/ml adenine-HCI (YPA) and sugars (2% glu-
cose: YPAD, 1% galactose and 1% raffinose: YPAGR). All strains
used were made in the W303 background. Benomy!l (Sigma-Aldrich,
381586), nocodazole (VWR, 487928), and 5-FOA (Chempur,
220141-70-8) were used at concentrations of 10 pg/ml, 15 pg/ml,
and 1 mg/ml, respectively. All cultures were incubated at 30°C
unless otherwise stated. Gene deletions were carried out as previ-
ously described (Longtine et al, 1998). The engineering of specific
mutations at endogenous loci was achieved using the method estab-
lished by the Boone laboratory (Li et al, 2011).

Tissue culture

All cell lines used in this study are listed in Table EV1. All cell lines
tested negatively for mycoplasma contamination. HAP1 cell lines
were cultured in a humidified growth chamber at 37°C and 5% CO,
in Iscove’s Modified Dulbecco’s Medium (IMDM; Sigma-Aldrich)
supplemented with 10% Fetal Bovine Serum (Thermo Fisher Scien-
tific) and 1% (v/v) Penicillin-Streptomycin (Sigma-Aldrich).

For mutation of the endogenous FBXW?7 locus in HAP1 p53™~ cells,
a CRISPR/Cas9 strategy was applied. SgRNAs were cloned into
pSpCas9(BB)-2A-GFP (PX458, Addgene plasmid #48138). For homolo-
gous recombination, a repair template carrying the respective muta-
tion and 1,000 base pair (bp) homology flanks was synthesized as
gBlock gene fragment (Integrated DNA Technologies IDT) and inserted
into the plasmid pmScarlet_C1 (Addgene plasmid #85042). The plas-
mid mix of guide RNA plasmid and the repair template was trans-
fected into HAP1 cells using FUGENE HD (Promega). Two days after
transfection, cells were sorted for the presence of Cas9 (GFP positive)
and repair template (mScarlet positive). Three days later, single cells
were sorted into 96-well plates. Clonal populations were expanded
gradually over the course of 3 weeks. The FBXW7 mutations were
identified by Sanger Sequencing, and karyotypes of the cell lines were
validated by flow cytometry and whole-genome sequencing.

Flow cytometry

HAP1 cells were trypsinized and stained with 10 pg/ml Hoechst
33342 (Thermo Fisher Scientific) for 30 min at 37°C. Cells were then
analyzed for their ploidy state (based on G1 haploid peaks) in PBS
supplemented with 5% FBS in a FACSAria III (BD) flow cytometer.

Next-generation sequencing and data analysis

Overnight cultures of each strain were made for DNA isolation.
DNA was purified with the Wizard genomic DNA purification kit
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(Promega). The DNA was fragmented to ~ 500 bp using the Biorup-
tor Pico sonicator for three cycles (30 s on/off). AMPure XP beads
were used for size selection, and DNA libraries were prepared using
the NEBNext Ultra II DNA library preparation kit for Illumina (New
England Biosciences). Approximately 14 strains per run were multi-
plexed with NEBNext Multiplex oligos (96 index primers) and mixed
at equimolar ratios. The multiplexed samples were sequenced using
the 50-bp paired-end setting on an Illumina HiSeq 2500 system at
the Vienna Biocenter Next-Generation Sequencing Facility (VBCF).
All the raw bam files are accessible in the Sequence Read Archive
(SRA—Bioproject accession number: PRINA870080, Table EV3).
The demultiplexed datasets were then aligned to the yeast genome
using Bowtie2 (version 2.2.9; http://bowtie-bio.sourceforge.net/
bowtie2) and converted to bed files using SAMtools (version 1.3.1;
http://samtools.sourceforge.net) and Bedtools (version 2.14, http://
bedtools.readthedocs.io). The subsequent bed files were used to cal-
culate chromosome copy numbers using custom-made Python
scripts. To normalize for differences in chromosome sizes, only the
15 kb closest to the telomeres was used. The value for the second-
lowest quartile chromosomes was used for normalization. After nor-
malization, if the chromosome copy number of a certain chromo-
some was greater than 1.5, it was counted as disomic (aneuploid in
a haploid cell). Larger segmental copy number changes were identi-
fied visually by binning the data into 4 kb regions. Mutations in the
birlA-ad and birlA-ad2 strains were identified by running the
mpileup function with SAMtools using the output from Bowtie2
alignment. These data were filtered by quality score and read depth;
the quality needed to be greater than 95 and the read depth cutoff
was 300. In the next step, BCFtools (version1.3.1) was implemented
to convert the bcf files generated by mpileup (SAMtools) to variant
call format (.vcf) files. Subsequently, VCFtools (version0.1.13) was
used to compare all mutations found in our test strains with muta-
tions already identified in the parent strain. Last, a custom-made
Python script generated lists containing the strain identity, the coor-
dinates of the mutation (in base pairs), and the type of mutation
(coding/noncoding, silent/missense/nonsense etc.; Ravichandran
et al, 2018). GOrilla gene ontology tool (http://cbl-gorilla.cs.
technion.ac.il) was used for GO enrichment tests. The target gene
list was composed of all genes with nonsynonymous mutations in
the adapted strains (gene repeats included), and the background list
was all 6,002 genes annotated in the S. cerevisiae genome. The list
of CIN-related genes in the yeast genome was assembled from the
Saccharomyces Genome Database by searching for six specific GO
terms: colony sectoring: increased; chromosome segregation: abnor-
mal; chromosome/plasmid maintenance: decreased rate; chromo-
some/plasmid maintenance: abnormal; chromosome segregation:
premature; and chromosome segregation: decreased. Eight hundred
and seventy-four different genes satisfied these criteria.

Growth measurements

To measure growth from serial dilutions of yeast on agar plates, the
images were first binarized using a threshold that distinguished the
yeast colonies from the background using ImageJ. Next, a circle was
placed around the first spot in the dilution series that was not satu-
rated in the wild-type strain, and the percentage of the area above
the threshold was calculated. The same dilution and circle size were
used for the measurements of each other strain on the same plate.
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Microscopy

Strains were grown overnight in YPAD or YPAGR, subsequently
diluted 1,000-fold in the morning into fresh media, and grown for
4-6 h to midlog phase. Cells were pelleted by brief centrifugation,
washed twice with 1 ml water, and resuspended in 200 pl water.
Two microliters of cell suspension was spotted onto 1% agarose
pads supplemented with complete synthetic media (SC) and 2% glu-
cose. A coverslip was placed on top and sealed with 1:1:1 mixture
by weight of paraffin (Merck), lanolin (Alfa Aesar), and Vaseline
(Ferd. Eimermacher). Images were collected on a DeltaVision Ultra
Epifluorescence Microscope system (Cytiva) at 30°C and a PlanApo
N 60/1.42 Oil objective and a sCMOS sensor, 1,020 x 1,020 pixels,
6.5 um pixel size camera. For live yeast imaging, 12 z-sections with
step size of 0.5 um were taken. Images were deconvolved using the
softWoRx software (Life Sciences Software). Counting of Bub3 foci
was carried out using deconvolved images. Quantification of Dad3
and Slil5 fluorescence intensity in anaphase was performed on non-
deconvolved images using ImageJ and a custom-made Python script
(Fink et al, 2017). Line scans perpendicular to the spindle were used
for the entire spindle in prometaphase and either at the kinetochore
or in between the kinetochores in anaphase. Spindle and kineto-
chore position were determined using the Nuf2 localization. A Gaus-
sian curve was then fit to the intensity measurements and the area
under the curve was calculated. Slil5 localization in preanaphase
was quantified by drawing a circle around the Nuf2-mCherry signal,
and measuring the intensities of both mCherry and mNeonGreen
signals from the same circle. Background intensities were subtracted
using the measurements in a larger circle that extends outside of the
spindle. All analyses (except for Fig EV4C) were obtained from
images obtained from a minimum of three different days. Micro-
scopy measurements were taken with blinded samples. Representa-
tive images are deconvolved and were contrast adjusted identically
using ImageJ.

To test the localization of Slil5 to the mitotic spindle, endoge-
nous Slil5 was put under the control of a Gall0-1 promoter. For
synchronization and depletion of endogenous Slil5, overnight cul-
tures grown in YPAGR were diluted 1:100 into YPAGR and shaken
for 2 h at 30°C. Cells were resuspended in YPAGR containing o-
factor (10 pg/ml) for 45 min at 30°C. Subsequently, the medium
was exchanged with YPAD containing a-factor (10 pg/ml) and
grown for 2 h and 15 min at 30°C. Cells were then released from the
G1 arrest into the cell cycle by washing twice with YPAD and resus-
pending in YPAD containing Pronase E (Merck). Synchronized yeast
cells were released into the cell cycle and grown for 45 min at 30°C.
The cells were then pelleted, washed with 1 ml sterile water, resus-
pended in 100 pl sterile water, and 2 pl cell suspension was put
onto 1% agarose SC pads.

For the immunofluorescence of human cells, mitotic cells were
collected by mechanical shake-off and immobilized on adhesion
slides (Marienfeld) for 30 min at 37°C. Next, cells were washed
once in PBS, fixed for 15 min with 4% Formaldehyde in PBS, and
subsequently permeabilized using 0.5% Triton-X-100 in PBS (0.5%
PBST). Cells were blocked for 1 h in 0.01% PBST + 2% Bovine
Serum Albumin and co-stained overnight with rabbit monoclonal
anti-Aurora B antibody (Abcam, ab45145, 1:200) and human anti-
centromere antibody (Antibodies Incorporated, 15-234, 1:200). After
several washes with 0.01% PBST, cells were co-stained with goat
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antirabbit IgG Alexa Fluor 488 (Thermo Fisher Scientific, A32723,
1:500) and goat antihuman IgG Alexa Fluor 647 (Invitrogen, A-
21445, 1:500) for 2 h. After Immunostaining, DNA was stained for
1 min with 1 pg/ml DAPI (Thermo Fisher Scientific).

Minichromosome loss assay

Yeast strains transformed with the minichromosome pRS316 were
grown to saturation overnight in SC-uracil media, diluted to a start-
ing OD®® of 0.05, and grown for 24 h in 2 ml of YPAD media. After
24 h of growth, these strains were diluted 10°fold in sterile water,
and 100 pl of each strain was plated onto an SC-uracil plate and a
YPAD plate. The plates were incubated at 30°C for 48 h. Pictures
taken of the subsequent colonies by a Canon EOS Digital Camera.
The colony numbers were counted using the “Analyze Particles”
function in ImageJ. The number of colonies on the ura-plates were
then divided by the number that grew on the YPAD plate to obtain
the measurement of transmission fidelity.

ATP-analog growth assay

Strains were grown overnight in YPAD and diluted to a starting
0D of 0.05 in 3 ml YPAD at 25°C. The strains were given up to
4.5 h to reach exponential phase. At time point zero, the indicated
amount of ATP-analog 1INM-PP1 (Merck) or DMSO was added to
the strains. Immediately after drug addition, 0.5 ml of each sample
was diluted 2x in a 1 ml cuvette to analyze the OD°® (time point 0).
This was repeated every 1.5 h thereafter, for 7.5 h.

Budding index

Strains were grown overnight in YPAD media, and 100 pl of each
overnight was added to 2 ml YPAD. After allowing 1 h for recovery,
2 ul of a-factor was added every 45 min for 2 h. Strains were then
washed using fresh YPAD media mixed with Pronase E (Merck;
1:10). The number of large-budded cells was counted via light-
microscopy every half an hour for 2.5 h. A total of 100 cells were
counted per slide per time point.

Colony formation assay

On Day 1, 600 cells were seeded into six-well plates. The plates
were incubated for 12 days. Colonies were then fixed with 4%
Paraformaldehyde in PBS (Sigma-Aldrich) for 20 min, washed with
water, stained for 30 min with Crystal Violet, washed with water,
and dried.

Protein extraction and Western blotting

For yeast protein extraction in the cycloheximide time course, satu-
rated overnight cultures were diluted in 30 ml YPAD in order to
obtain an OD®® of 0.25. Cells were grown at 30°C while shaking
until an OD® of 0.7 was reached. At this point, cycloheximide
(50 pg/ml) was added (t = 0). Five milliliters aliquots was taken
every 30 min for a 2 h period at 30°C. Immediately after each
aliquot was taken, proteins were extracted by pelleting the cells and
resuspending them in 100 pl 5% trichloroacetic acid. Following 10-
min incubation at room temperature, the cells were washed once
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with 1 ml ddH,0 and resuspended in 100 ul lysis buffer (50 mM
Tris, pH 7.4, 50 mM dithiotreitol, 1 mM EDTA, Complete EDTA-free
protease inhibitor cocktail (Roche) and Phosstop (Roche)). Cells
were vortexed for 30 min at 4°C after the addition of glass beads.
Subsequently, 33 pl 4x sample buffer was added and incubated at
95°C for 5 min. For protein extractions in prometaphase cells, satu-
rated overnight cultures were diluted in 10 ml YPAGR in order to
obtain an OD® of 0.25. Cells were then synchronized as described
as for the microscopy experiments. Sixty minutes after G1 release,
proteins were extracted by resuspending cells in 100 pl 0.2 M
NaOH. After 5-min incubation at room temperature, cells were
resuspended in 100 pl H,O. Thirty-three microliters of 4x sample
buffer was added and incubated at 95°C for 5 min. Samples were
stored at —20°C. For immunoblots, the following antibodies were
used: rat anti-HA-clone 3F10 (Roche), mouse anti-PGK1 monoclonal
22C5D8 (Thermo Fisher Scientific). Membranes were probed with
the corresponding secondary antibodies: antirat IgG-HRP-lined (Cell
Signaling Technology) or antimouse IgG-HRP-linked (Cell Signaling
Technology). Immunoblots were quantified using ImageJ.

Statistics

Statistical analysis was performed using the GraphPad Prism soft-
ware. Details to the statistical tests used in a particular experiment
are reported in the figure legends.

Data availability

All the raw bam files are accessible in the Sequence Read Archive
(SRA-Bioproject accession number: PRINA870080). Information on
each sample ID can be found in Table EV3.

Expanded View for this article is available online.
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Figure EV1. CIN-related mutations in birl1A-ad2 strains are associated with decreased aneuploidy.

A Ten-fold serial dilutions on the indicated media are shown. Strains engineered with the ubp6(E256X) aneuploidy tolerance mutation show no birlA suppression.
Strains with both the ubp6(E256X) mutation and a birlA suppressor mutant do not additionally rescue the loss of CPC activity.

B Ten-fold serial dilutions on the indicated media are shown. Strains have disomy of either chromosome 8 (chr8) or chromosome 10 (chr10) with or without the birlA
suppressor mutations. The combination of either type of disomy with any of the three suppressors shows no change in growth.

C Ten-fold serial dilutions of the indicated strains were made on YPAD plates containing either 0.1% DMSO or 10 pg/ml of benomyl. Strains were adapted to persistent
loss of CPC function for different amounts of time with or without BIR1 then restored. Those birlA-ad strains that developed suppressor mutations after the extended
growth period (birlA-ad2(62F) and birlA-ad2(50C)) were better able to cope with benomyl than one that did not develop suppressors (birlA-ad2(58B)).

D Histogram showing the proportion of strains that are aneuploid for specific chromosomes in bir1A-ad2 strains that have identified suppressor mutations, and those

that do not.
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Figure EV2. Double mutants of birlA suppressors in the Daml1 complex and the dam1(520D) phosphomimic have strong synthetic phenotypes.

A Tetrad dissections performed on diploids with both s/i15A and the duo1(P17L) did not produce any viable spores with either sli15A or a combination of sli15A and
duol(P17L).

B Cell cycle progression as measured by percentage of large budded cells over time after release from G1 arrest. None of the tested suppressor mutants cause a mitotic
delay.

C Tetrad dissections of diploids heterozygous for both a birlA suppressor mutant and the dam1(S20D) phosphomimic mutant. Presence of either the suppressor mutant
or dam1(S20D) was determined by antibiotic resistance conferred by a gene integrated downstream of the mutations (clonNAT and G418 respectively). Colonies from
haploid spores containing either dad2(k11Q), dam1(S20D) or duo1(P17L), dam1(S20D) were extremely rare. Spore viability of each genotype was counted in tetrads
whose type (parental ditype, nonparental ditype, or tetratype) could be distinguished. Quantification for each mutant is from a single plate, and the WT numbers are
the averages from all six plates. The representative image to the right of the graph depicts six tetrads, demonstrating examples of three tetratypes, two nonparental
ditypes, and a single parental ditype. In this example, the expectant duo1(P17L), dam1(S20D) double-mutant formed a colony from O out of seven spores.

D Proportion of colonies that grow on plates with restrictive (lacking uracil) versus permissive (YPAD) media after 24 h growth under permissive conditions with a
URA3-containing plasmid. duo1(P17L), dam1(S20D) double mutants have a strong decrease in transmission fidelity. Data are from three independent experiments
Means and standard deviations are shown.

E Cell cycle progression as measured by percentage of large budded cells over time after release from G1 arrest. Rare surviving duo1(P17L), dam1(S20D) double mutants
have a strong mitotic delay. Wild-type (WT) cells treated with nocodazole and benomyl were used as a positive control for mitotic arrest.

F Serial dilution showing growth of strains containing either the double-mutant (duo1(P17L), dam1(S20D)), the ipl1-321 temperature-sensitive allele, or a combination
of all three mutations. At the restrictive temperature (34°C), the double-mutant rescues growth of the ip/1-321 allele. Ten-fold serial dilutions were done on YPAD
plates at the indicated temperatures and were grown for 48 h.

Data information: (ns) not significant; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; unpaired t-test.
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Figure EV3. Suppression of bir1A by Mps1 mutations occurs through decreased kinase activity that does not inhibit spindle assembly checkpoint activity.

A

Ten-fold serial dilutions on the indicated media are shown. Strains engineered with the indicated mutations were tested for rescue of BIR1 deletion. Diploid strains
were heterozygous for either an identified suppressor mutation or a full deletion of the gene.

Quantification of the proportion of prometaphase cells with Bub3-mNeonGreen foci with or without 15 pg/ml nocodazole. The mps1(V631M) mutation does not affect
the percentage of cells with spindle assembly checkpoint foci. Data are from a single experiment.

Growth assays conducted with an ATP-analog (LNM-PP1) that specifically inhibits the mps1-as1 allele. Strains with wild-type Mps1 were not affected by the inhibitor.
The WT strain is CCY1905. Data are from two independent experiments.

Ten-fold serial dilutions on the indicated media are shown. Strains engineered with the indicated mutations were tested for rescue of BIR1 deletion. Dam1 alleles with
nonphosphorylatable mutations in Mps1 phosphosites (5218 and $S221) do not rescue growth after birlA.
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Figure EV4. birlA suppressor mutations in Cdc4 do not affect protein stability of Sli15 or Ipl1.

A Western-blot of a time series of Ipl1 and SIli15 protein levels after inhibition of protein translation with cycloheximide. Cycloheximide was added to cells at time point
0, and cells were harvested and fixed at 30 min intervals. Representative images from one experiment are shown on top and quantification of three independent
experiments is shown on bottom. Error bars represent standard deviation of three biological replicates from Western Blot quantifications.

B Western-blot and quantification of mNeonGreen-HA-SIi15 expression levels in cdc4(G439S) expressing cells. Pre-anaphase protein extracts were prepared as in Fig 6B
and probed for SIi15 expression levels via immunoblotting using an HA antibody. Data are from a single experiment.

C The amount of mNeonGreen-Sli15 spindle localization was measured in anaphase. Sgol was depleted by placing the gene under a galactose-inducible promoter and
switching to glucose-containing media (YPAD). For quantifications, line-scans perpendicular to the spindle were measured. Representative images are on the left.
Scale bar is 2 um. Data are from a single experiment.

Figure EV5. Engineering and characterization of FBXW7 mutant cell lines.

A Strategy implemented to introduce specific point mutations in FBXW7 in HAP1 cells. Transfected cell lines were originally screened for a silent mutation that creates
an EcoR1 restriction site.

B Sanger sequencing confirms the presence of the G437S mutation in FBXW?7.

C Cell lines mutant for FBXW?7 have an increased colony size after 12 days of growth in comparison to a cell line with wild-type FBXIW7. Means and standard deviations
are shown. Each individual value point is the size measurement of a single clone. Data are from two independent experiments. (***) P < 0.001; (****) P < 0.0001;
unpaired t-test.
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Table EV1

Table EV1. Yeast strains, Cell lines and Plasmids from this study

Strain Genotype Source | Background | Figure/s
MATa/a; Bir1+/A::HYG; ura3-1; LEU2/leu2,3-112; his3-
11:pCUP1-GFP12-lacl12:HIS3 trp1-1:256lacO: TRP1;
CCY149 LYS2/lys2A ADE2/ade2-1; can1-100; bar1A a W303 1; 2; EV1
These strains were made either through tetrad dissection of
bir1A CCY149 or from single colonies of CCY1905 selected on
haploids FOA plates. C W303 1B;1C;1D
1B;1C;1D;1
bir1A-ad All strains were derived from tetrad dissecting CCY149 (102 E;1F;1G;2F
haploids haploid strains) b W303 ; EV1C
1B;1C;1D;1
E;1F;1G;2D
bir1A-ad?2 :2E;2F;EV1
haploids All strains were derived from bir1A-ad (68 strains) b W303 C; EV1D
1B;1C;1D;1
E;1F;1G;2D
2E;2F
bir1A-ad3 EV1C;
haploids All strains were derived from bir1A-ad2 (15 strains) C W303 EV1D
3A; 4D;
EV2B;
EVZ2E;
CCY434 MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1 a W303 EV2F
MATa; his3-11:pCUP1-GFP12-lacl12:HIS3 trp1- 1C;1D;2D;2
CCY747 1:256lacO:TRP1; leu2,3-112; lys2A; ura3-1; ADE2; trp1-1 a W303 E; EV1C
MATa/a; Bir1A/A::G418/HYG; ura3-1; LEU2/leu2,3-112;
his3-11:pCUP1-GFP12-lacl12:HIS3 trp1-1:256lacO: TRP1
LYS2/lys2A; ADE2/ade2-1; can1-100; bar1A;
CCY1744 pCC598::URA3 a W303 EV3A
MATa; ura3-1; leu2,3-112; trp1-1; ade2-1;
CCY1887 pGalCEN8::URA3::HIS3(pCCB631) b W303 EV1B
2B; 4B; 6A;
MATa; BirlA:HYG; ura3-1; leu2,3-112: pCUP1-GFP12- EV1A;
lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A; EV3C;
CCY1905 pCC598::URA3 b W303 EV3D
CCY1934 CCY1905 + UBP6::ubp6(E256X):G418 C W303 EV1A
Bir1A:HYG; ura3-1; leu2,3-112: pCUP1-GFP12-
lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A;
CCY1946 pCC598::URA3; pGalCEN10::LYS2::pCC644::LEU2 b W303 EV1B
MATa Bir1A:HYG ; ura3-1; leu2;3-112: pCUP1-GFP12-
lacl12:HIS3 trp1-1:256lacO:TRP1 lys2A ADE2 can1-100
CCY2999 bar1A W303 EV3C
CCY3001 CCY2999 + mps1-as1:G418 W303 EV3C
2B; 4B;
CCY3031 CCY1905 + duo1(P17L):G418 C W303 EV1A
CCY3033 CCY1905 + cdc34(M64T):G418 C W303 2B
CCY3035 CCY1905 + mif2(D2411):G418 C W303 2B
CCY3037 CCY1905 + ndc80(K181N):G418 C W303 2B
CCY3039 CCY1905 + spc105(R583G):G418 C W303 2B
CCY3041 CCY1905 + sli15(G334S):G418 C W303 2B
CCY3043 CCY1905 + sli15(L71S):G418 C W303 2B
2B; 6A;
CCY3047 CCY1905 + cdc4(G439S):G418 C W303 EV1A
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CCY3048 CCY1905 + cdc4(S438G):G418 C W303 2B
CCY3050 CCY1905 + mps1(R596H):G418 C W303 2B
2B; EV1A;
EV3C;
CCY3052 CCY1905 + mps1(V631M):G418 C W303 EV3D
CCY3064 CCY1905 + spc34(D119A):G418 C W303 2B
CCY3083 CCY1905 + rtg2(A433P):G418 C W303 2B
CCY3085 CCY 1905 + spc97(S816X):G418 C W303 2B
MATa/a; Bir1A/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3210 DUO1/duo1(P17L):G418 C W303 EV3A
MATa/a; Bir1A/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3211 CDC4/cdc4(G439S):G418 C W303 EV3A
MATa/a; BirlA/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3212 MPS1/mps1(V631M):G418 C W303 EV3A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; lys2;
CCY3299 ipl1-321; duo1(P17L):G418 C W303 3A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; lys2;
CCY3356 ipl1-321; cdc4(G439S):G418 C W303 3A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; lys2;
CCY3358 ipl1-321; mps1(V631M):G418 C W303 3A
MATa/a; BirlA/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3439 DUO1/duo1A::NAT C W303 EV3A
MATa/a; BirlA/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3441 CDC4/cdc4A::NAT C W303 EV3A
MATa/a; Bir1A/A:HYG ; ura3-1/ura3-1; leu2;3-112:
pCUP1-GFP12-lacl12:HIS3/leu2;3-112 trp1-
1:256lacO:TRP1/trp1-1:256lacO: lys2A ade2-1/ADE2 can1-
100/can1-100 bar1A/bar1A; pCC598::URA3
CCY3443 MPS1/mps1::NAT C W303 EV3A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-1;
leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+; BUB3- 3B; 4C;
CCY3445 mNeonGreen:NAT; NUF2-mRuby3:Hygro C W303 EV3B
CCY3469 CCY1905 + dam1-765(S221F):G418 C W303 EV3D
CCY3643 CCY3445 + duo1(P17L):G418 C W303 3B; 4C
CCY3644 CCY3445 + cdc4(G439S):G418 C W303 3B
CCY3645 CCY3445 + mps1(V631M):G418 C W303 3B; EV3B
CCY3646 CCY3445 + dam1(3D):G418 C W303 4C
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY3684 cdc4(G439S):G418 W303 EV2B
CCY3688 CCY1905 + dad1(N43S):G418 W303 2B
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CCY3694 CCY1905 + ask1(S216F):G418 C W303 2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+;
CCY3730 mps1(V631M):G418 C W303 EV2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+;
CCY3736 dam1(3D):G418 C W303 4D
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-; LYS2+; 4D; EV2B;
CCY3745 duo1(P17L):G418 W303 EV2E
CCY3750 CCY1905 + dad2(K11Q):G418 W303 2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+;
CCY3808 NUF2-mRuby3:Hygro; DAD3-mNeonGreen:NAT C W303 5B; 5C; 5D
CCY3809 CCY3808 + duo1(P17L):G418 C W303 5B; 5C; 5D
CCY3813 CCY3808 + cdc4(G439S):G418 C W303 5B; 5C; 5D
CCY3816 CCY3808 + mps1(V631M):G418 C W303 5B; 5C; 5D
CCY3821 CCY3808 + dad1(N43S):G418 C W303 5B; 5C; 5D
MATa; ura3-1;leu2;3-112;his3-11;trp1-1;ade2-1;ADE2;Nuf2-
CCY3852 mCherry::G418;pGal-3HA-SIli15::HIS3 C W303 EV4B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; lys24;
CCY3880 ipl1-321 C W303 3A; EV2F
CCY3910 CCY3445 + dam1(S20D):G418 C W303 4C
CCY3917 CCY1905 + dam1(S218A;S221A):G418 C W303 EV3D
MATa; ura3-1; his3-11, ade2-1; lys2A; can1-100 bar1A;
ipl1-321; PDS1-18myc::LEUZ2; trp1-1:lacO:TRP1;
CCY3921 dad2(K11Q):G418 C W303 3A
MATa; ura3-1; leu2;3-112; trp1-1:256lacO: lys24; ade2-1;
can1-100 bar1A; pCUP1-GFP12-lacl12:HIS3; ipl1-321;
CCY3950 dad1(N43S):G418; C W303 3A
MATa, ura3-1; leu2;3-112; his3-11; trp1-1;
CCY4093 dam1(S20D):G418 C W303 4D; EV2E
MATa; ipl1-321; PDS1-18myc::LEU2; trp1-1:lacO: TRP1;
ura3-1; leu2;3-112: pCUP1-GFP12-lacl12:HIS3 trp1-
CCY4106 1:256lacO: lys2A; spc34(D119A):G418 C W303 3A
CCY4108 CCY3808 + dad2(K11Q):G418; C W303 5B; 5C; 5D
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; Sli15-
CCY4201 6HA::NAT,; Ipl1-3HA::HYG C W303 EV4A
CCY4254 CCY3808 + dam1(S20D):G418 C W303 5B; 5C; 5D
MATa PDS1-18myc::LEU2; ade2-1; his3-11; EV2E;
CCY4271 dam1(S20D):G418; DAD3-mNeon:NAT; duo1(P17L):G418 C W303 EV2F
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; Sli15-
CCY4329 B6HA::NAT; Ipl1-3HA::HYG; cdc4(G439S):G418; C W303 EV4A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY4834 dad1(N43S):G418 C W303 EV2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; BUB3-
mNeonGreen:NAT; NUF2-mRuby3:Hygro;
CCY4854 dad1(N43S):G418 C W303 3B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; BUB3-
mNeonGreen:NAT; NUF2-mRuby3:Hygro;
CCY4863 spc34(D119A):G418 C W303 3B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; 2C; 3C; 4E;
CCY4911 pRS316::URA3 C W303 EV2D
3C; 4E;
CCY4913 CCY4911 + duo1(P17L):G418 C W303 EV2D
CCY4915 CCY4911 + dad1(N43S):G418 C W303 3C
CCY4921 CCY4911 + cdc4(G439S):G418 C W303 3C
CCY4923 CCY4911 + mps1(V631M):G418 C W303 3C
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CCY4925 CCY4911 + dam1(S20D):G418 c W303 4E; EV2D
CCY4927 CCY4911 + dam1(3D):G418 c W303 4E
MATa; PDS1-18myc::LEU2; DAM1::dam1(S20D):G418;
DAD3-mNeonGreen:NAT; DUO1::duo1(P17L):G418;
CCY4929 pRS316::URA3 c W303 EV2D
CCY4933 CCY4968 + duo1(P17L):G418 C W303 2C
CCY4935 CCY4968 + dad1(N43S):G418 C W303 2C
CCY4937 CCY4968 + dad2(K11Q):G418 C W303 2C
CCY4939 CCY4968 + spc34(D119A):G418 C W303 2C
CCY4947 CCY4968 + mps1(V631M):G418 C W303 2C
CCY4949 CCY4968 + cdc4(G439S):G418 C W303 2C
MATa; Bir1A:HYG; ura3-1; leu2;3-112: pCUP1-GFP12-
lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A;
CCY4968 pRS316::URA3 C W303 2C
MATa; Bir1A:HYG; ura3-1; leu2;3-112: pCUP1-GFP12-
lacl12:HIS3; can1-100; bar1A; pCC598::URAZ3; leu2;3-112;
CCY4997 trp1-1:1acO:TRP1; lys2A; dam1(S20D):G418 C W303 4B
MATa; Bir1A:HYG; ura3-1; leu2;3-112: pCUP1-GFP12-
CCY5001 lacl12:HIS3; trp1-1; pCC598::URA3; dam1(3D):G418 C W303 4B
MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-
1; leu2;3-112; his3-11; trp1-1; DAM1/dam1(S20D):G418;
CCY5101 DUO1/duo1(P17L):NAT c W303 EV2C
MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-
1; leu2;3-112; his3-11; trp1-1; DAM1/dam1(S20D):G418;
CCY5107 CDC4/cdc4(G439S):NAT c W303 EV2C
MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-
1; leu2;3-112; his3-11; trp1-1; DAM1/dam1(S20D):G418;
CCY5109 MPS1/mps1(V631M):NAT c W303 EV2C
MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-
1; leu2;3-112; his3-11; trp1-1; DAM1/dam1(S20D):G418;
CCY5119 DAD1/dad1(N43S):NAT c W303 EV2C
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; 2C; 3C; 4E;
CCY5282 pRS316::URAS; ctf19A:G418 c W303 EV2D
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ADEZ2;
Nuf2-mCherry::G418; pGal1-3HA-SIi15::HIS3;
CCY5326 mNeonGreen-6HA-SIi15::URAS3; pGal-Sgo1::HYG C W303 6B; EV4C
CCY5373 CCY3445 + dad2(K11Q):G418 C W303 3B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY5376 spc34(D119A):G418 c W303 EV2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY5377 dad2(K11Q):G418 C W303 EV2B
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY5420 spc34(D119A):G418; pRS316::URA3 C W303 3C
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;
CCY5422 dad2(K11Q):G418; pRS316::URA3 C W303 3C
MATa/a; Bir1A/Bir1A:HYG; ura3-1; leu2,3-112: pCUP1-
GFP12-lacl12:HIS3 trp1-1:256lacO: lys2A can1-100 bar14;
CCY5424 pCC598::URA3 C W303 EV3A
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ADEZ2;
Nuf2-mCherry::G418; pGal1-3HA-SIi15::HIS3; 6B; EV4B;
CCY5435 mNeonGreen-6HA-SIi15::URA3 C W303 EV4AC
MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ADEZ2;
Nuf2-mCherry::G418; pGal1-3HA-SIi15::HIS3;
mNeonGreen-6HA-SIi15::URAS3; pGal-Sgo1::HYG
CCY5469 cdc4(G439S):NAT c W303 6B; EV4C
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MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ADEZ2;

Nuf2-mCherry::G418; pGal1-3HA-SIi15::HIS3; 6B;EV4B;
CCY5508 mNeonGreen-6HA-SIi15::URAS3; cdc4(G439S):NAT C W303 EV4C

MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-

1; leu2;3-112; his3-11; trp1-1; dad2(K11Q):NAT;
CCY5512 dam1(S20D):G418 C W303 EV2C

MATa/a; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; ura3-

1; leu2;3-112; his3-11; trp1-1; spc34(D119A):NAT;
CCY5518 dam1(S20D):G418 C W303 EV2C
CCY5524 CCY3808 + spc34(D119A):G418 C W303 5B; 5C; 5D
CCY5532 CCY1905 + met30-6:G418 C W303 6A
CCY5535 CCY1905 + cdc4-1:G418 C W303 6A
CCY5678 CCY1887 + duo1(P17L):NAT c W303 EV1B
CCY5680 CCY 1887 + cdc4(G439S)NAT c W303 EV1B
CCY5682 CCY1887 + mps1(V631M):NAT c W303 EV1B
CCY5684 CCY1946 + duo1(P17L):NAT c W303 EV1B
CCY5686 CCY 1946 + cdc4(G439S):NAT c W303 EV1B
CCY5688 CCY 1946 + mps1(V631M):NAT c W303 EV1B
CCY5690 bir1A-ad(50C) + pCC598::URA3 C W303 EV1C
CCY5692 bir1A-ad2(50C) + pCC598::URA3 C W303 EV1C
CCY5694 bir1tA-ad(62F) + pCC598::URA3 C W303 EV1C
CCY5696 bir1A-ad2(62F) + pCC598::URA3 C W303 EV1C
CCY5698 bir1A-ad(58B) + pCC598::URA3 C W303 EV1C
CCY5700 bir1A-ad2(58B) + pCC598::URA3 C W303 EV1C

MATa; Bir1A:HYG; ura3-1; leu2,3-112: pCUP1-GFP12-

lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A;

pCC598::URA3; DUO1::duo1(P17L):NAT;
CCY5706 UBP6::ubp6(E256X):G418 c W303 EV1A

MATa; BirlA:HYG; ura3-1; leu2,3-112: pCUP1-GFP12-

lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A;

pCC598::URA3; CDC4::cdc4(G439S):NAT;
CCY5708 UBP6::ubp6(E256X):G418 c W303 EV1A

MATa; Bir1A:HYG; ura3-1; leu2,3-112: pCUP1-GFP12-

lacl12:HIS3 trp1-1:256lacO: lys2A; can1-100 bar1A;

pCC598::URA3; MPS1::mps1(V631M):NAT;
CCY5710 UBP6::ubp6(E256X):G418 c W303 EV1A

MATa/a; LEU2/ley2,3-112;his3-11:pCUP-GFP12-lacl:HIS3;

trp1-1:256lacO:TRP1; lys2A; ADE2/ade2-1;can1-100
CCY5713 bar1D; BUB1::HYG; DUO1::duo1(P17L):G418; SLI15:NAT | c W303 EV2A
CCY5736 CCY5678 + chr8 disomy C W303 EV1B
CCY5738 CCY5680 + chr8 disomy C W303 EV1B
CCY5740 CCY5682 + chr8 disomy c W303 EV1B
CCY5742 CCY5684 + chr10 disomy c W303 EV1B
CCY5744 CCY5686 + chr10 disomy c W303 EV1B
CCY5746 CCY5688 + chr10 disomy c W303 EV1B

MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+;

DUO1::duo1(P17L):NAT; ipl1-
CCY5752 321;DAM1::dam1(S20D):G418 c W303 EV2F

MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1; LYS2+;

DUO1::duo1(P17L):NAT; ipl1-
CCY5754 321;DAM1::dam1(S20D):G418 c W303 EV2F
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MATa; ura3-1; leu2;3-112; his3-11; trp1-1; ade2-1;

CCY5755 LYS2+;DUO1::duo1(P17L):NAT;DAM1::dam1(S20D):G418 | c W303 EV2F
CCY5756 CCY1887 + chr8 disomy C W303 EV1B
CCY5759 CCY1946 + chr10 disomy c W303 EV1B
Cell line Description Source Figure/s

Clone C3 HAP1 TP53 e 6C; EV5C

CCH2248 HAP1 TP53", FBXW7%47S(clone 1) c 6C; EV5C

CCH2251 HAP1 TP53", FBXW7%4¥7S(clone 2) c 6C; EV5C

CCH2254 HAP1 TP53", FBXW7%4¥7S(clone 3) c 6C; EV5C

Plasmid Description Source

pRS306 pBluescript + URA3 d

pRS316 pBluescript + URA3 d

pCC598 BIR1 + 1000 bases upstream in pRS306 b

pCC-H046 | Repair plasmid for FBXW7¢437S c

a — Campbell and Desai; Nature 497: 118-121 (2013)

b — Ravichandran et al; Genes and Development (2018)
¢ — This study

d — Sinorski and Hieter Genetics 122: 19-27 (1989)

e — J. Loizou lab




4. Discussion and outlook

Cancer can only develop when cells bypass pathways which keep cell division under
control (Kuilman et al., 2010; Yamamoto & Iwakuma, 2018; Mantovani et al., 2019;
Hu et al., 2021). How this occurs exactly is still unclear, but what we do know is that
cells tend to use various genetic alterations (including genetic mutations, epigenetic
dysregulation, missegregation and aneuploidy) as a means to bypass the pathways
which keep cell division under control. Furthermore, we know that 90% of solid
tumors have complex aneuploidies and approximately 70% of hematopoietic cancers
have this too (Weaver & Cleveland, 2006). This means aneuploidy is one of the most
common traits found in cancer, and likely contributes to tumorigenesis. Cancers also
tend to have very high rates of lagging chromosomes; a commonly accepted sign of
disrupted chromosome segregation. Although the precise mechanisms behind the
cause of CIN in cancer remains unknown, it is commonly accepted that a major
factor is the formation of KT-MT attachments, particularly erroneous attachments,
that are too stable (Bakhoum et al., 2009). The mechanisms normally in place to
destabilize such attachments are therefore impaired in cancers. The genetic diversity
provided by CIN and aneuploidy helps cancer evade detection by the immune
system, as well as gain resistance to commonly used therapeutics (Davoli et al.,
2017). In vertebrate cells, the overexpression of certain kinesins increases KT-MT
turnover and can cause a decrease in mitotic errors in cancer (Walczak et al., 1996;
Kline-Smith and Walczak, 2002). To further elucidate the pathways that allow for
tumorigenesis, the mechanisms which govern adaptation to overstabilization is of
high importance.

In this study, in order to clarify how cells can adapt to CIN, we impaired CPC function
through deletion of Bir1. Using NGS we analyzed the genetic changes that occurred
after these bir1A cells were given time to adapt. The model we presented holds that
cells can take different paths toward an ideal aneuploid karyotype. Initially, it is this
aneuploid karyotype that ameliorates the detriments caused by CPC malfunction
(Ravichandran et al., 2018;2020). In this study, both haploid and diploid yeast cells
were deleted of Bir1 homozygously, and allowed to grow and adapt. The main
assays used here included cellular fitness assays, NGS to determine karyotypic
changes, as well as statistical analyses to determine chromosome copy number
interactions (CCNIs) between aneuploid chromosomes. The paths for adaptation to
bir1A were quite different for the haploid and diploid strains. For instance, the final
optimal karyotype differs between haploid and diploid cells. Also, haploids did not
regularly gain chromosome 13 and did not experience any chromosome losses.
However, the general mode of adaptation for both ploidy types was similar. For
example, both ploidies always started by gaining an extra copy of chromosome 2.
We concluded that an immediate gain of chromosome 2 is vital for initial survival.
The simplest explanation as to why chromosome 2 is so vital for viability is due to the
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presence of Sli15. In order to test this, we created yeast strains that had an extra
copy of Sli15 on chromosome 5. The addition of this extra copy resulted in the
absence of chromosome 2 disomy. Next, we deleted Sli15 on chromosome 2 and
added it to chromosome 8. This resulted in a complete absence of chromosome 2
disomy and the unconditional gain of chromosome 8 disomy. Based on these data,
we concluded that the requirement for an extra copy of Sli15 is the reason the whole
of chromosome 2 is gained. We concluded that an extra copy of Sli15 helps to
rescue the stability and function of the dysfunctional CPC complex. Once the gain of
chromosome 2 has been achieved, there are multiple pathways the cell can take
which provide selective advantages. Ultimately, each of these pathways leads to an
optimized karyotype. For haploid cells, the optimal aneuploid karyotype is the gain of
chromosomes 2 and 3. Some routes of adaptation adopted by the cell allow for a
faster development of the optimal karyotype. For example, the fastest route was
when chromosome 3 was gained immediately after the initial gain of chromosome 2.
However, some cells may take a longer route by developing aneuploidies which are
only partially or transiently advantageous. Despite the advantage provided by these
aneuploidies, they also slow down the progression towards the ideal karyotype. The
likely reason for this is due to the negative CCNIs between those chromosomes
already gained, and the chromosomes required for the optimal karyotype. In haploid
cells, partially advantageous chromosomes include chromosome 8 and 10. It should
be noted here that a gain of chromosome 8 and 10 together in the same cell is
almost never seen. Strains which were engineered to have disomy of 8 and 10
showed a signifcant reduction in growth and cellular fitness. This suggests that there
are negative synthetic genetic interactions between chromosome 8 and 10. As a
consequence of this, the gain of 8 and 10 simultaneously is highly unfavorable, and
does not help the cell to adapt to loss of CPC function. After gain of either
chromosome 8 or 10, cells tended to gain chromosome 3, and later lose
chromosome 8 or 10 disomy.

In diploids the optimal karyotype is the gain of chromosomes 2, 3, 10, and 13.
As with haploids, chromosome 2 is gained initially. Similar to haploids, the cell can
either follow a quick path of adaptation, or take detours by developing partially
advantageous chromosome gains. Unlike the haploid cells, the diploid cells also
experience chromosome losses. Sometimes, after gain of chromosome 2, diploid
cells lose a copy of chromosome 9. Ultimately these cells also converge on the
optimal diploid karyotype.

The overall conclusions from our study were that CIN and the resultant
aneuploidy can provide a highly diverse adaptive mechanism for CPC deficient cells.
Initially, cells possess divergent karyotypes but over time, and through persistent
missegregation and the CCNIs between gained chromosomes, ultimately converge
on an optimal karyotype. It is highly likely that the gain of chromosome 2 is due to
the presence of Sli15, but the exact genes which result in the CCNIs observed for
other chromosomes are still unclear. The study of CCNIs also has major medical
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implications in terms of understanding cancer development. Analyses from this study
show certain cancer types (including LGG brain cancers) have significant
correlations, both positive and negative, between specific somatic copy number
alterations (SCNAs). This suggests the existence of synthetic genetic interactions
(CCNiIs) between aneuploid chromosomes in cancer. Consequently, the future study
of CCNIs in human cells would be invaluable to our understanding of complex
aneuploidy karyotype development in cancer.

In order to further understand how CCNIs shape the evolution of specific
aneuploid karyotypes in cancer, it would be prudent to elucidate which genetic
factors underlie such interactions in budding yeast. Additionally, it is not yet clear if
CCNiIs work through one specific genetic interaction or clusters of multiple genes on
aneuploid chromosomes. A potential study which could be done to clarify this would
be to create gene libraries in plasmids for chromosomes 8 and 10. Once this is done,
one could transform these plasmids into strains which have been engineered to
possess disomy of either chromosome 8 or chromosome 10. Once a combination of
genetic factors is found that results in synthetic lethality or sickness, the genes
responsible for the negative CCNIs between chromosome 8 and 10 could be
identified. Similarly, one could transform the plasmids from the gene library into the
original adapted strains which possess multiple aneuploidies, including that of either
chromosome 8 or 10. Again, the presence of negative CCNIs would cause synthetic
lethality. In these experiments, one could look at the effect several genes have at
once, or single genes could be tested at a time. These assays will help us
understand more clearly how aneuploid chromosomes interact to trigger synthetic
effects. Predicting genetic interactions is difficult and the answers gleaned from
these assays could help us predict such interactions in the future. Such predictions
would not be just be useful for understanding aneuploidy in yeast but also in human
cancer cell-lines.

Our study also revealed a conspicuous lack of compensatory suppressor
mutations within the bir1A-ad strains (Ravichandran et al., 2018; Clarke et al., 2022).
We tested this by first looking for any enrichment of mutant CIN related genes. In the
bir1A-ad strains we found no increase in the number of CIN-gene mutants than
would be expected by chance. Next, using a plasmid shuffle assay, we tested
whether any of the mutants identified could rescue loss of bir1A. Indeed, none of the
mutants identified in the bir1A-ad strains we tested could rescue loss of Bir1 (own
observations). Altogether, this data suggests that cells first adapt by selecting
advantageous aneuploidies and do not acquire genetic suppressors of bir1A at this
stage.

Another mechanism which could allow for better growth in CPC deficient cells
is the accumulation of mutations which allow for the tolerance of particular
aneuploidies instead of CIN itself. These have previously been described in budding
yeast by Torres et al (2010). Instead of suppressing CIN itself, certain mutations in
yeast aid in adaptation to aneuploidy of particular chromosomes. However, none of
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these previously determined aneuploidy-tolerating mutants were identified in our
study. One such mutation was the nonsense mutant in Ubp6 (ubp(E256X)). Loss of
Ubp6 function leads to overactivation of the proteasomal degradation pathway. It is
this overactivation that is thought to aid cells in coping with increased protein
expression (Torres et al., 2010; Oromendia et al., 2012). Notably, this nonsense
mutation was only associated with tolerance of disomy for chromosomes 5, 8, 9 and
11. Of all these chromosomes only chromosome 8 was commonly seen to be
disomic in our studies.

Additionally, the ubp6(E256X) nonsense mutation was engineered in a
plasmid shuffle strain, and we found that it did not rescue loss of Bir1. Furthermore,
combinations of CPC suppressors together with the ubp6(E256X) mutant did not
show any changes in growth fitness. In addition to this, when confirmed bir1A
suppressors are combined with disomy of chromosome 8 or 10 they did not show
any difference in growth when compared to aneuploid strains alone. Taken together,
these results suggest that the strains do not adapt by developing resistance to
specific aneuploidies.

It is highly intriguing that the ubp6(E256X) mutant only allows tolerance of
certain disomies (Torres et al., 2010) and does not rescue loss of Bir1. Furthermore,
loss of Ubp6 function does not aid the growth of those strains which have disomy of
chromosome 2. In fact, it seems that strains with disomy of chromosome 2 alone
grow better than when combined with ubp6(E256X) (Torres et al., 2010). It is
possible that the need for chromosome 2 disomy in bir1A cells is simply incompatible
with the Ubp6 mutant. This incompatibility would explain why the ubp6(E256X) does
not aid loss of Bir1. Furthermore, the presence of multiple disomies together with
such aneuploid-tolerating mutations has not yet been studied. To help move the field
forward, one could engineer double disomy of chromosomes 8 and 2 in a strain
which also possesses the ubp6(E256X) mutant. This would quickly provide insight
into whether the benefits between chromosome 8 disomy and ubp6(E256X) are
inhibited by the presence of chromosome 2 disomy. The disomy of chromosome 2
could perturb this growth benefit either wholly, partially or not at all. The conclusions
from this growth fitness assay would further our understanding of how aneuploidy-
tolerating mutations function with multiple disomies.

Next, one could use the strains already engineered to have Sli15 relocated to
chromosome 8 to do another fithess assay, this time with or without ubp6(E256X).
As we showed previously (Ravichandran et al., 2018), after Bir1 deletion, the
presence of the relocated Sli15 leads to the unconditional gain of chromosome 8,
which should be compatible with ubp6(E256X) (Torres et al., 2010). If chromosome 8
disomy (with Bir1 deletion) in combination with ubp6(E256X) is viable, it would mean
that it is the specific gain of chromosome 2, which is incompatible with aneuploidy
tolerance granted by ubp6(E256X). However, if the combination of chromosome 8
disomy and ubp6(E256X) is not viable, then the gain of chromosome 2 is not
responsible for the incompatibility observed. Given the results from Torres et al.,
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(2010) this would be surprising. Perhaps in this case the extra copy of Sli15 could be
the culprit. This could be tested by adding an extra copy of Sli15 under an inducible
galactose-promoter to strains with ubp6(E256X). After induction of the extra copy of
Sli15 using galactose, one could simply test the viability of these strains. If synthetic
lethality is seen between Sli15 overexpression and ubp6(E256X), this could explain
why the ubp6(E256X) mutation does not aid adaptation to disomy of chromosome 2
(bir14). This would show that even a single gene can dictate such interactions
between aneuploid chromosomes. The assays mentioned above would be vital for
clarifying the mechanisms that control the benefits provided by aneuploidy-tolerating
mutants. To reiterate, by investigating the mechanisms that control genetic
interactions in aneuploid strains, as well as why some aneuploidy-tolerating mutants
are karyotype specific, will lay the foundations for a better understanding of such
interactions in cancer.

Despite the initial advantages provided by aneuploidy, studies show that
aneuploidy is not a sustainable solution to stress over long periods of time. This is
especially true when cells are grown in media with minimal nutrients (Yona et al.,
2012). In short, the inherent protein production imbalances caused by aneuploidy, as
well as simply having more chromosomes to segregate and higher demands on
resources, leads to stresses the cell cannot ignore (Torres et al., 2007; 2010; Yona
et al.,, 2012; Oromendia et al., 2012; Pavani et al., 2021).

As has been discussed above, the presence of Sli15 on chromosome 2 is
most likely the reason it is disomic in adapted strains. However, if the cell could
simply, through Sli15 dependent genetic or epigenetic alterations, restore CPC
activity directly instead of gaining an extra copy of the whole chromosome, this
would help the cell avoid proteotoxicity caused by the extra production of all other
genes on chromosome 2. Indeed, Yona et al (2012) showed that in the case of heat
stress, cells often cope by gaining trisomy of chromosome 3. However, over time the
cell eventually favors upregulating expression levels of several genes on
chromosome 3, thus rendering the need for extra chromosome 3 obsolete.

Based on this evidence, as well as the conspicuous lack of suppressor mutants in
the haploid bir1A-ad strains, we decided to grow the haploid bir1A-ad strains for a
further 21 days (200 generations). This allowed us to understand how these strains
(bir1A-ad2) continue to adapt after initial adaptation through diverse aneuploidy
karyotypes. Finally, we were able to identify an enrichment in mutant CIN-related
genes in the haploid bir1A-ad2 strains. Furthermore, haploid strains which were
allowed to grow for longer had less total aneuploidy and grew better in the presence
of a microtubule destabilizing agent: benomyl. The presence of these mutations
further suggests that mutations which more specifically rescue the source of CIN are
selected during later stages of adaptation.

It must be stressed that the mutations from bir1A-ad2 that we identified and
tested were not restricted to those known to be related to CIN by Gene Ontology
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(GO) annotations. Instead, we decided to give higher priority to those mutations
which 1) induced non-synonymous changes, 2) were found in essential genes, and
3) which occurred multiple times in independent strains. Indeed, not all the mutations
found in the bir1A-ad2 population that we tested suppressed loss of CPC function.
The mutations identified in Mif2 (part of the inner kinetochore) as well as Rtg2, a
protein essential for mitochondrial signaling (Jazwinski et al., 2005), showed no
improvement in growth after Bir1 deletion. Although one might speculate that a
mutation in Mif2, due to its essential involvement in kinetochore formation (Cohen et
al 2008; Hornung et al., 2014; Xiao et al., 2017; Fischbdck-Halwachs et al., 2019),
can destabilize KT-MT attachments, it seems that the mutation identified here is not
sufficient to rescue loss of CPC function. Also, despite identifying multiple distinct
mutations in Rtg2, these were not able to restore growth in bir1A strains either.

Using the plasmid shuffle assay, we determined that multiple mutations in
distinct pathways rescued loss of CPC function. We also noticed that the adapted
strains, which harbored confirmed suppressors, possessed significantly less
aneuploid chromosomes as well as increased growth fitness (with or without
benomyl) in comparison to those strains that did not possess suppressors. Also,
those strains, which possessed the suppressor mutations, tended to have the
optimal karyotype, where as those that did not still tended to possess intermediary
karyotypes. The takeaway from this is that the suppressor mutations can influence
the optimal karyotype. While the NGS data we acquired showed us the karyotypes of
the adapted strains, it is still not clear what aneuploid karyotypes are present in
those strains engineered to have individual suppressor mutations. In order to
determine whether or not these suppressors influence the optimal karyotype, one
could simply use the bir1A suppressor-engineered strains to do an adaptation test.
After the strains have been given time to adapt, one could test the presence of
aneuploid chromosomes as well as novel mutations by using NGS. This would
provide significant insight into how CIN suppressors influence the karyotypes of
adapting strains. Furthermore, this would be highly medically relevant in terms of
cancer evolution.

A minichromosome loss assay showed that these confirmed suppressors also
significantly improve segregation fidelity in bir1A strains. One of the first set of
suppressor mutations discovered was in the CPC itself; namely Sli15. It is important
to note that two bir1A-ad2 strains which possessed Sli15 mutants, sli15(L71S) and
sli15(G334S), were the only two adapted strains which lost disomy of chromosome
2. This is not surprising because previous studies have shown that mutations in
Sli15, either by deletion of the N-terminus (sli15(A2-228) or sli15-ANT) or the
mutation of Cdk1 phosphosites (sli15-6A), can rescue bir1A (Campbell & Desai,
2013).

The loss of Bir1 disrupts both CPC localization to the inner centromere as well
as CPC stoichiometry. After loss of Bir1 western blots show Sli15 protein levels
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become undetectable (Campbell & Desai, 2013). This suggests loss of Bir1 leads to
increased degradation of the CPC. Assays which measure the proportion of viable
spores show that combining bir1A with either sli15-ANT or sli15-6A rescues loss of
viability (Campbell & Desai, 2013). This suggests that the loss of Bir1 now only has a
limited effect on the stability of the CPC. Due to the rescue of viability it is highly likely
that the sli15-ANT does indeed restore CPC stability. However, in order to verify this
completely one could do a western blot for CPC subunits in sli15-ANT/bir1A,
sli1t5(L71S)/bir14, and sli15(G334S)/bir1A double-mutant strains. In bir1A strains,
Sli15 is absent from the western blot. However, if the double-mutant shows the
presence of Sli15 has returned, then mutating the CEN box does indeed rescue Sli15
stability in a bir1 A background.

The suppressor mutation sli15(G334S) is adjacent to a Cdk1 phosphosite
S335 (Marsoner et al., 2022; Campbell & Desai, 2013). The mutation of Cdk1
phosphosites has been previously shown in literature to reduce CIN (Campbell &
Desai, 2013). Furthermore, sli15-ANT and sli15-6A show an increased affinity for
microtubule binding during cell division. It is therefore possible that the Sli15
suppressor mutants identified in the CEN box, or near the Cdk1 site, increase the
amount of CPC at the mitotic spindle. This increase in CPC binding may compensate
for the disomy provided by chromosome 2. In order to test this one could do live-cell
fluorescence microscopy. Simply label CPC subunits and microtubules with a
fluorophore in the sli15(71S) and sli15(G334S) mutant strains and then measure the
amount of colocalization at the mitotic spindle during cell division. If these mutants
do not cause CPC enrichment at the spindle, this would suggest they rescue bir1A
independently of increased microtubule binding. These assays would clarify further
whether or not CPC specific CIN suppressors function by increased microtubule
binding.

While the sli15(L71S) mutant resulted in loss of chromosome 2 disomy, the
disomy of chromosome 3 remained. Intriguingly, the only strain which completely lost
all aneuploidy, and returned to a euploid state, was the same strain that contained
the sli15(G334S) mutant. If sli15(G334S) does indeed increase microtubule binding,
it would suggest that increasing the microtubule binding affinity of the CPC could
compensate for the disomy of all chromosomes. This would make the study of such
a mutant a priority. To test this further, one could engineer plasmid shuffle strains
with the sli15(6A) mutant, the sli15-ANT mutant, and the sli15(G334S) mutant
individually. Next, one could delete Bir1, grow the strains for 21 days and then
determine the karyotypes by using q-PCR or NGS. If the increased mitotic spindle
binding of Sli15 is the reason for loss of all aneuploidies than s/i15(G334S), sli15(6A)
and the sli15-ANT mutants should allow for this as well. However, if these fail to
induce euploidization then the sli15(G334S) may be a passenger mutation rather
than the specific cause of euploidization. Also, in the event these Sli15 mutations
revert the karyotypes of the bir1A cells to euploid, this could potentially act as a
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useful tool for euploidization of strains, which may be useful in the field of aneuploidy
research.

Additionally, to further test the contribution microtubule binding has on bir1A
rescue, one could swap the MTB domain in Sli15 for an MTB domain from Stu2. If it
is purely the enhanced microtubule binding activity of Sli15 that rescues loss of
bir14, then overexpression of Sli15 with Stu2’s MTB in a bir1A strain should also
rescue growth. Elucidating how increased CPC binding at the spindle contributes to
CIN suppression is highly relevant to understanding how cancers adapt to
overstabilized attachments.

The next group of suppressor mutations is by far the most prominent. At least seven
distinct mutations were identified in members of the outer kinetochore. A mutation in
Ndc80 (ndc80(K181N)) showed improved growth after loss of CPC function. The
same results were seen with the mutation we identified in Spc105 (spc105(R583G)).
As has been discussed in the introduction, the Ndc80 as well as Spc105 complexes
are highly important for outer-kinetochore assembly, microtubule binding and SAC
activation (DeLuca et al., 2006; Sarangapani et al., 2013). Also, the mutations
identified are located in the coiled-coil (CC) domain of Ndc80 and the CH domain of
Spc105. It is therefore likely that these mutations interrupt the function of the protein,
which results in reduced KT-MT attachment stability. It is this reduction in KT-MT
stability that rescues the overstabilization caused by bir1A.

Although the suppressors in the Ndc80 and Spc105 complexes rescue growth
detriments, the mutations identified in the Dam1 complex showed a far greater
improvement in both growth and segregation fidelity. The only exception to this was
the mutation in Ask1 (ask1(S216F)) which did not rescue growth. Duo1, Dad1, Dad2
and Spc34 are relatively small proteins (ranging from roughly 90kDa to 300kDa) and
do not possess any known functional domains. If these mutations rescue loss of Bir1
by causing destabilization of KT-MT attachments, this would result in an increase in
unattached kinetochores. This in turn would lead to an increase in SAC activity,
which can be monitored using fluorescence microscopy assays. A member of the
SAC, Bub3, was tagged with an mNeonGreen fluorophore and a member of Ndc80
complex, Nuf2, was tagged with an mRuby3 fluorophore. By measuring the
incidence of colocalization, we found that mutations in the Dam1 complex increased
the amount of SAC activity during prometaphase. Furthermore, these suppressor
mutants can also rescue loss of a temperature-sensitive Ipl1 allele (ijp/1-321).
Altogether, this suggests these Dam1 complex suppressor mutants are able to
substitute the loss of CPC activity. Overall, these data suggest the mutants in the
Dam1 complex cause KT-MT destabilization. Now that we have sufficient evidence
to show that these Dam1 complex mutations are likely functioning by destabilizing
KT-MT attachments directly, the next question which arises is: how exactly is this
destabilization mediated?
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The Dam1-complex ring is established by the oligomerization of several decamers
(Jenni & Harrison, 2018; Ng et al., 2014). Based on structural analyses performed by
Jenni & Harrison (2018) there are two major interfaces between such decamers.
These interfaces are essential for oligomerization and establishing the ring structure
of the Dam1 complex. The same structural analyses revealed that the N-terminus of
Duo1 resides near interface 1, which is vital for Dam1-complex oligomerization. The
bir1A suppressor mutation in Duo1 (duo1(P17L)) is located at the N-terminus. Also,
the mutation spc34(D119A) is likely proximal to interface 1. This suggests that the
mutations present in Duo1 and Spc34 interrupt interface 1.

Additionally, we discovered that mutations in Dad2 and Dad1 are near to and
likely affect interface 2. The mutation we identified in Dad1 (dad1(N43S)) affects a
highly conserved residue, which resides on the surface of the decamer, and very
likely disrupts Dam1-complex oligomerization. We know this based on microscopy
assays which show reduced Dam1 complex microtubule binding during
prometaphase and anaphase. However, only dad1(N43S) significantly reduced
Dam1 complex levels at the kinetochore during anaphase. These data show that the
mutations in the Dam1 complex result in reduced oligomerization and microtubule
binding affinity in prometaphase and anaphase. These results suggest the Dam1
complex mutants interfere with Dam1 complex oligomerization and microtubule
binding, thus reducing KT-MT attachment stability. It is still not clear exactly how
these mutants affect Dam1 complex assembly. As mentioned in the introduction,
Dam1 rings can either be whole or partial. Additionally, it is still unclear how partial
rings affect the stability of KT-MT attachments as well as segregation fidelity in vivo
(Ng et al., 2019). In order to test this, one could engineer mutants at a single (or
both) interface and perform similar biological and structural analyses (including cryo-
EM) utilized by Ng et al., (2019). This would measure the proportion of partial versus
whole Dam1 rings in the mutants in comparison to wild-type cells. If there is a
greater prevalence of partial rings in the mutant strains, this would provide evidence
that mutations at the interfaces disrupt whole ring formation. This would also suggest
that partial Dam1 rings do not form as robust KT-MT attachments as wild-type
Dam1-complex. If performed in parallel with microtubule pelleting assays, the
structural analyses would clarify how partial ring assemblies contribute to attachment
stability and segregation in vivo. Additionally, if the mutations proximal to the
interfaces specifically perturb ring formation, this would provide further evidence that
it is the specific disruption of these interfaces that results in complex instability. To
further verify whether or not these mutations affect KT-MT stability, one could do an
optical-trap assay and measure mean rupture force. Reduced rupture force would
confirm their involvement in KT-MT instability. Altogether, these experiments would
verify the manner in which such mutants affect Dam1 stability, as well as provide
insight into how partial Dam1 ring assemblies affect segregation in vivo.

Mutations in Dam1 which affect microtubule binding affinity have been
previously characterized (Cheeseman et al., 2002; Sarangapani et al., 2013). There
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are four Ipl1 phosphorylation sites on Dam1 which control its binding affinity for
microtubules. As previously mentioned in the introduction, mutations which mimic
phosphorylation in the C-terminal phosphosites, dam1-3D, result in an overactive
SAC, and arrested anaphase onset. However, when the most N-terminal site is
mutated to a phosphomimic (dam1(S20D)), there is no difference in cell-cycle timing.
In contrast to what one might expect, the level of SAC activity is similarly elevated in
the dam1(S20D) mutant as it is in the dam1-3D mutant. What is even more striking is
that all yeast strains which have mutants in the Dam1 complex show similar elevated
levels of SAC activity as the dam1-3D, and yet none except the dam1-3D show any
delay in anaphase onset (Jin & Wang, 2013). Additionally, data provided by our
minichromosome loss assays shows us that the dam1-3D mutant does not cause
any increase in missegregation. This helps to explain why dam1-3D does not rescue
loss of Bir1; it may overactivate the SAC but it does not do this via enhanced KT-MT
instability. Hence, the dam1-3D mutant triggers the SAC independently of inducing
KT-MT instability. However, a more conclusive answer as to why this occurs requires
further experiments which dissect the specific mechanisms which trigger anaphase
delay in the dam1-3D mutant. It has been speculated that the dam1-3D mutant
causes overactive SAC signal by inhibiting SAC silencing.

It is already known that loss of Mad1 or Mad2 in combination with the dam1-
3D mutant rescues anaphase arrest (Jin & Wang, 2013). However, Mad1 and Mad2
are involved in the SAC pathway downstream of many other proteins including
Mps1, Spc105, Bub1 and Bub3 (Figure5). To test the dam7-3D mutant further, one
could add an inducible Spc105 mutant transgene, which cannot be phosphorylated
by Mps1, and combine this with dam1-3D. After inducing expression of the Spc105
mutant one could test if the anaphase arrest caused by dam1-3D is lost. If the
anaphase arrest caused by dam1-3D disappears this would mean that dam7-3D acts
upstream of Spc105 to activate the SAC. The data from such experiments would
finally answer exactly where in the SAC pathway the dam7-3D mutant acts, thereby
providing insight into the mystery behind dam7-3D mediated anaphase-arrest.

Although the dam1(520D) mutant does not trigger anaphase arrest, it does
indeed have a significant destabilizing effect on KT-MT attachments. Furthermore,
the Dam1(S20) site is thought to be important for Dam1 complex oligomerization
(Jenni & Harrison). In our study we found, just like the other Dam1 complex
suppressors, the dam1(S20D) mutant caused elevated levels of SAC activity at the
kinetochore, and rescued loss of Bir1. Furthermore, the Dam1-complex in
dam1(S20D) mutants showed reduced microtubule binding affinity during
prometaphase. If the Dam1 complex suppressor mutants and the dam1(S20D)
mutant function via the same mechanism, then the combination of the two mutants
should result in negative genetic interactions. When combined, the dam1(S20D)
mutant and the duo1(P17L) or dad2(K11Q) mutants result in reduced spore viability
after three to five days. Rare double-mutant colonies that grew up showed severe
anaphase delay and high levels of missegregation. Altogether, this evidence
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supports the notion that both the dam1(S20D) mutants and the Dam1 complex
suppressors rescue loss of Bir1 by disturbing Dam1 complex oligomerization and
microtubule binding, resulting in the destabilization of KT-MT attachments.

A study by Haase et al (2023) used an orthogonal genetic screen in which they
humanized yeast chromatin by replacing yeast nucleosomes with human
nucleosomes. This resulted in an increase in missegregation. They then showed
mutations in the Dam1 complex, strikingly similar to those identified in this study, that
allowed for decreased microtubule binding and therefore a higher rate of KT-MT
turnover. This is similar to the kind of activity we see at KT-MT attachments with our
Dam1 complex suppressors. The data from their study provides evidence that
mutations in the Dam1 complex tend to cause KT-MT instability, and that these can
rescue both loss of centromeric and CPC function. It would be very interesting to test
whether the mutants found in this study also rescue loss of bir1A. This would provide
even more evidence that mutants in the Dam1 complex facilitate KT-MT instability.
One of the major differences between the outer-kinetochore of yeast and
humans, is the lack of the Dam1 complex in humans. Currently, it is believed that the
Ska complex serves as the human version of the Dam1 complex. As was mentioned
in the introduction, the Ska complex does not have much sequence or structural
similarity with the Dam1 complex, but does seem to fulfil similar functions: they both
bind microtubules, they both track depolymerizing microtubule plus-ends and are
highly important for modulating KT-MT attachments (Sauer et al., 2005; Welburn et
al., 2009; Gaitanos et al 2009; Raaijmakers et al 2009; Helgeson et al., 2018). While
our studies found that dysfunctional Dam1 complex helps cells to cope with CIN and
aneuploidy, the loss of Ska-complex function is not known to be associated with
cancer progression. Instead, in certain cancer types including glioma cells, the
overexpression of Ska-complex is associated with enhanced cancer progression and
poor prognosis (Yu, 2022). A question which arises here is why would human cancer
cells not acquire Ska-complex mutants when, based on the data we have from CPC
deficient yeast, they could potentially help the cancer cells adapt to perturbed
chromosome biorientation? The answer will of course require much more study into
exactly how the loss, or overexpression, of the Ska-complex affects CIN and
aneuploidy levels in human cancer. Additionally, if the overexpression of the Ska
complex promotes fitness in cancer, then inhibition of this overexpression should
result in reduced fitness. Ska complex components could be inhibited by RNAI, a
method already established in the field, to test Ska complex function (Welburn et al.,
2009; Gaitanos et al 2009; Raaijmakers et al 2009). Finally, colony formation assays,
using crystal-violet to visualize colonies, could be used to compare the growth
capabilities of these cell-lines. A similar experiment would be to test the affect
engineered Ska complex hypomorphic mutants have on cancer cell-line growth
fithess over an extended period of time. These experiments would provide insight
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into the role the Ska complex plays in cancer progression and would be medically
relevant.

This study has shown that loss of attachment stability between the kinetochore and
the microtubule counteracts the overstabilization of Bir1 loss, but this is just the plus
end of the microtubule. At the minus end of the microtubule, the microtubule must
also remain stably bound to Tub4 and other SPB components to facilitate
chromosome segregation (Figure 8). It seems possible that loss of SPB structural
stability, and therefore loss of MT-SPB attachment stability, would also result in the
suppression of CPC dysfunction. This is because it should not matter at what end
the instability is enhanced, as long as the overstabilized microtubule connections
during cell division are disrupted. Indeed, a nonsense mutation in one of the core
protein components of the SPB, spc97(816X), rescued loss of Bir1 function. Despite
the high likelihood this mutation also causes destabilization of attachments (albeit
from the other end of the microtubule) this was not tested in this study and how
exactly it operates remains unclear. In the future the spc97(816X) suppressor
mutant, as well as other known temperature-sensitive mutants of the SPB (including
spc110-221), could be tested by the same bir1 A plasmid shuffle, SAC microscopy,
ipl1-321 temperature sensitive, and segregation fidelity assays utilized in this thesis.
Additionally, another possible experiment to test turnover of the SPB-MT
attachments, would be fluorescence recovery after photobleaching. If the
attachments show a higher turnover rate it means they are less stable. Altogether
these assays would provide new evidence that disruption of overstabilized
attachments can occur from both the plus and minus ends of microtubules.

Up to this point, we have mostly discussed one of the major pathways which allows
for suppression of CPC defects: the direct destabilization of KT-MT attachments
independently of the CPC. However, our study confirmed suppressor mutations, in
Mps1 and the SCF-complex, which must operate through a distinct pathway to the
mutations found in the outer-kinetochore. The main basis for this includes: firstly,
suppressor mutants in Mps1 and SCF-complex did not rescue loss of Ipl1 function.
Secondly, these mutations did not increase SAC activity to the extent we see in
strains with Dam1 complex mutants. Thirdly, unlike suppressor mutations in the
Dam1 complex, mutations in Mps1 and the SCF-complex did not decrease
segregation fidelity in a Bir1 wildtype background. As previously mentioned in the
introduction, Mps1 is a master regulator of SAC onset as well as SPB duplication
and CPC localization in yeast. Mps1 mutants are known to be synthetic lethal with
mutations in the CPC, as well as other members of the kinetochore-microtubule error
correction pathway. It is therefore very surprising, and even more intriguing, that we
identified three distinct kinase-mutants in three different adapted strains. This means
that in three independent instances, mutations in the Mps1 kinase were selected by
CPC deficient yeast. Mps1 is essential so the mutations could not cause complete
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loss of function. We tested whether or not the Mps1 mutants were hypomorphic or
gain of function by comparing bir1A growth rescue in diploids with either
heterozygous mps1A or heterozygous mps1(V631M). Neither the heterozygous
deletion nor the heterozygous mutant rescued loss of bir1A. This suggests that the
mps1(V631M) is neither a gain of function mutant nor a complete loss of function
mutant. Instead, we conclude from this that mps1(V631M) is likely a partial loss of
function or hypomorphic mutant. Next, we decided to test this further by inhibiting
Mps1 kinase activity in combination with bir1A. This was achieved by using an mps1-
as1 kinase mutant strain which is sensitive to the ATP analog 1INM-PP1 (Jones et
al., 2005). If partial loss of Mps1 kinase function suppresses loss of Bir1, we should
see increased growth fitness. However, no concentration of 1NM-PP1 tested could
rescue growth of the mps1-as1/bir1A strains. We concluded that the Mps1 mutants
partially decrease kinase activity and rescue via an unknown pathway. It has been
previously described in Shimogawa et al (2006) and (2010) that mutations which
render Dam1 non-phosphorylatable by Mps1 alter KT-MT stability. dam1(S221F) or
dam1(S221A) rescue loss of Ipl1 function in ip/7-2 mutant background at restrictive
temperatures. The Mps1 phosphosite mutations in Dam1 are thought to increase KT-
MT turnover by disrupting the maturation of KT-MT attachments from lateral to end-
on attachment states (Tanaka et al., 2005; Shimogawa et al., 2006; Shimogawa et
al., 2010). Although meiotic divisions are beyond the scope of this project, it must be
mentioned that the dam1(S221F) mutant causes increased KT-MT instability during
meiosis (Meyer et al., 2018). However, in our study we found that these non-
phosphorylatable Dam1 mutants did not rescue loss of Bir1 nor loss of Ipl1 (ip/1-321)
function. Despite this, another study has shown the presence of positive genetic
interactions between Ipl1 and Mps1 mutant alleles. However, some alleles showed
negative genetic interactions too (Costanzo et al 2016). Altogether, this only further
emphasizes additional research is required to determine which functions of Mps1 as
well as which specific substrates are responsible for rescuing CPC function. A large-
scale phospho-proteomic analysis of the Mps1 suppressor mutants would be the
vital next step in elucidating this exciting mystery further.

The final group of suppressor mutations to be discussed were found in the
SCF-complex. The SCF-complex is a conserved E3 ubiquitin ligase complex
responsible for entry to S-phase as well as mitotic entry in both humans and yeast.
The SCF-complex is comprised of core proteins and a single adaptor protein which
specifies the protein substrates. The adaptor protein is also the protein which
interacts directly with the protein targets; the main targets are cyclins and other
factors which regulate cell-cycle entry (Goh & Surana, 1999). Mutations were found
in some of the core members of the complex, including Cdc34 and Cdc53. The only
adaptor protein which we found to have any mutations was Cdc4/FBXW?7. We found
four distinct mutations in the WD40 domain. Similar to the Mps1 mutations, the fact
we see the independent acquisition of four distinct mutations all in the same domain
suggests these mutations provide a selective advantage. In yeast, temperature
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sensitive mutations in Cdc4 result in anaphase arrest (Schwob et al., 1994; Goh &
Surana, 1999). Additionally, our study showed that the cdc4-1 temperature sensitive
mutant can also rescue loss of Bir1. This suggests further that loss of SCFCdc4
function leads to CIN suppression. As mentioned in the introduction, the SCF-
complex also degrades Cse4, as well as inner kinetochore complex subunits
including Ame1 (B6hm et al., 2020; Au et al., 2021). Multiple adaptor proteins for the
SCF-complex are known, but not all adaptors have been identified. In human cells,
mutants in the tumor suppressor hCdc4/FBXW?7 cause sensitivity to SAC inhibitors
(Yeh et al., 2018). Altogether this demonstrates a potential function of the SCF in
mitosis, cancer and regulation of kinetochore subcomplexes. However, exactly how
these regulatory mechanisms function is still unclear. It would be of great medical
importance to further elucidate how the SCF-complex contributes to segregation in
cancer. To this end, one could do yeast two-hybrid assays, cell cycle specific co-
immunoprecipitation assays and biochemical crosslinking assays to help identify
novel SCF adaptor proteins, as well as the previously unidentified SCFCde4 specific
targets. Such data provided by these assays would further our understanding of the
SCFCde4 complex in cell-cycle control as well as cancer.

The easiest explanation as to how the SCF-complex rescued loss of CPC
function was that the SCFC4 targets the CPC for degradation. A loss of SCF
function would therefore result in increased CPC abundance, thus suppressing CIN.
However, in our study we found that SCF-mutant strains do not show any decreased
degradation of Sli15 or Ipl1. Next, we decided to test whether or not the SCF-
complex modulates CPC localization. Using live fluorescence-microscopy we found
that cdc4(G439S) strains showed a 50% increase in the amount of CPC at
microtubules during prometaphase specifically. Using CRISPR, we engineered the
equivalent mutation in the human FBXW?7(G437S). Strikingly, even in human cells, a
defective SCF-complex leads to a 50% increase in CPC localization during mitosis.
We conclude that the SCF-complex does not act directly on the CPC itself but
instead plays a role in an unknown mechanism which controls CPC localization. We
speculate that the wild-type SCF complex decreases CPC spindle-localization by
degrading a CPC spindle recruitment factor (eg. Cdc14). One way to test this would
be by searching for negative genetic interactions between SCF mutants and
microtubule recruitment factor mutants. For example, one could test the combination
of Cdc14 temperature sensitive mutants and Cdc4 temperature sensitive mutants.
This experiment would be important for the field as the connection between the SCF
and CPC recruitment is still unclear.

Tetrad dissections revealed the Cdc4 suppressor mutant was able to rescue
loss of Pds1 (own observations). This is not surprising because previous studies
have shown that Cdc4 temperature sensitive mutants can rescue loss of Pds1 (Goh
& Surana, 1999). Future studies could focus on evaluating whether or not enhanced
CPC microtubule binding is responsible for pds1Arescue. sli15(6A) and sli15-ANT
mutants could function as positive controls for enhanced microtubule binding. Once
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again, such data would provide answers as to how Cdc4 mutants rescue various
sources of CIN, which has major implications in understanding cancer progression.

Finally, the data from all these assays allow us to outline a potential time line
for adaptation to persistent CIN. First, cells with loss of CPC function obtain specific
aneuploid karyotypes that partially improve fitness. Second, the complex aneuploid
karyotypes within the adapting strains converge on an optimal aneuploid karyotype.
Third, during optimization of aneuploid karyotypes, the cell accumulates specific
point mutations which either affect CPC activity and localization, or independently
decrease KT-MT attachment stability. These point mutations ameliorate
missegregation by targeting the source of CIN more specifically. Lastly, this
reduction in CIN allows for the reduction in the number of aneuploid chromosomes.
In short, the accumulative results from this thesis supports the theory that aneuploidy
often provides a rapid but temporary form of adaptation.

Summarily, the data gathered from this thesis project lay the groundwork for a
greater understanding of how genetic interactions and alterations are involved in
adaptation to sources of CIN and aneuploidy. The assays suggested in the
discussion and outlook, especially those which clarify the mysterious involvement of
Mps1 kinase mutants and Cdc4 dysfunction in CIN suppression, will be important for
enhancing our knowledge of cancer evolution.
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5. Conclusions and summary

In this thesis key mechanisms which allow for cells to adapt to persistent CIN have
been elucidated. To reiterate, overstabilization of KT-MT attachments is one of the
main causes of lagging chromosomes in cancer. Understanding how cells adapt to
overstabilized attachments therefore has medical implications. We deleted Bir1 in
budding yeast to induce persistent CIN. After the first 21 days of adaptation bir1A-ad
strains favor specific aneuploid karyotypes to adapt to CIN. Mutations which
suppress bir1 A were not present at this point. However, after allowing the bir1A-ad
strains an additional 21 days to adapt, we identified multiple point mutations in
distinct pathways which rescue growth, reduce rates of CIN, and reduce aneuploidy.
The first pathway involved mutations which increased KT-MT turnover in a CPC
independent manner. The second pathway involved regulation of the CPC itself.
Either way, these CIN suppressor mutations lead to a reduction in aneuploidy.
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