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1. Abbreviations

1. Abbreviations

17-AAG
53BP1
AICAR
APC/C
ARP
ATM
ATR
BER
BS
CDK
CIN
CNA
CENP-E
DDK
DDR
DNA
dNTP
DS
DSB
ESR
FA
GG-NER
GIN
HR
HSF1
HSP90
HU
KAR1
ICL
iPSC
MCM
MEF
MMBIR
MMR
MVA
NER

17-N-allylamino-17-demethoxygeldanamycin
p53 binding protein 1
5-Aminoimidazole-4-carboxamide ribonucleotide
anaphase-promoting complex / cyclosome
aneuploidy response pattern

ataxia telangiectasia mutated

ATM- and RAD3-related

base excision repair

bloom’s syndrome

cyclin-dependent kinase

chromosomal instability

copy number aberration
centromere-associated protein E
Dbf4-dependent protein kinase)

DNA damage response

deoxyribonucleic acid

deoxynucleotide triphosphates

down’s syndrome

double strand break

environmental stress response

fanconi anemia

global genome nucleotide excision repair
genomic instability

homologous recombination

Heat shock factor 1

heat shock protein 90

Hydroxyurea

karyogamy gene 1

interstrand cross-link

inducible pluripotent stem cells
Minichromosome maintenance protein complex
Mouse Embryonic Fibroblasts
microhomology-mediated break-induced replication
mismatch repair

mosaic variegated aneuploidy

nucleotide excision repair
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1. Abbreviations

NGS next generation sequencing

NHEJ Non homologous end joining

HVP Human Papilloma Virus

ORC origin recognition complex

PEG Polyethylene glycol

PCNA proliferation cell nuclear antigen

PIKK Phosphatidylinositol kinase related kinase
pre-IC pre-Initiation complex

pre-RC pre replication complex

RNA Ribonucleic acid

ROS Reactive Oxygen Species

RPA replication protein A

SAC Spindle assembly checkpoint

SNP single nucleotide polimorfism

SSB single strand breaks

SSDNA single stranded DNA

TC-NER transcription-coupled nucleotide excision repair
TKNEO thymidine kinase with neomycin phosphotransferase reporter gene
TLS translesion synthesis

XIST X-inactive specific transcript

YAC yeast artificial chromosome
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2. Summary

2. Summary

Aneuploidy, or unbalanced chromosome number, has often detrimental physiological
effects in eukaryotic cells. Aneuploidy is associated with congenital trisomy syndromes, e.g. Down
syndrome, but it is also linked to several other pathological states such as Alzheimer's disease,
schizophrenia and autism. In addition, aneuploidy is often found in cancer cells and high rates of
aneuploidy in tumors correlate with poor prognosis and drug resistance. Although it has been
proposed that aneuploidy could contribute to tumorigenesis by facilitating genomic instability,
whether and how aneuploidy can lead to genomic instability remains elusive.

To study aneuploidy in human cells, we have previously generated cell lines carrying one or
two supernumerary chromosomes in an otherwise diploid background by microcell mediated
chromosome transfer. Similarly to other aneuploid model systems of earlier studies, our human
aneuploid cell lines showed impaired proliferation and a conserved cellular response to the
presence of extra chromosomes. Moreover, we found that aneuploidy alters protein homeostasis
and impairs induction of heat shock response in human cells. Pathway analysis based on
transcriptome and proteome data revealed characteristic gene expression changes called
aneuploidy response pattern that is defined, among others, by down-regulation of factors involved
in DNA replication and repair. Consistent with these observations we found that aneuploidy
increases the frequency of anaphase chromatin bridges, broken chromosomes and ultrafine DNA
bridges. Moreover, aneuploid cells accumulate more DNA damage even in unperturbed conditions
and display higher sensitivity to replication stress than diploids. Using next generation sequencing
we determined that a presence of extra chromosomes elevates frequency of chromosomal
rearrangements with a breakpoint junction pattern suggestive of replication defects. Finally, we
demonstrated that the observed decreased levels of MCM2-7 contribute to the replication stress
and consequent genomic instability detected in aneuploid cells.

Taken together, these results provide a new insight into the possible mechanisms
responsible for impaired genomic stability in response to aneuploidy. Our study provides the first
evidence that a gain of chromosomes triggers replication defects and accumulation of DNA

lesions, thus promoting genomic instability and possibly contributing to tumor development.
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3. Zusammenfassung

3. Zusammenfassung

Aneuploidie oder numerische Chromosomenaberration hat meist einen schadlichen
Einfluss auf die Physiologie eukaryotischer Zellen. Aneuploidie wird mit angeborenen Trisomien,
wie zum Beispiel Down-Syndrom assoziiert, aber auch mit anderen pathologischen Zustanden wie
Alzheimer, Schizophrenie und Autismus. Zusétzlich findet man Aneuploidie haufig in Krebszellen.
Komplexe Aneuploidien sind mit schlechter Prognose und Resistenz gegen Krebsmedikamente
verbunden. Obwohl hypothetisiert wird, dass Aneuploidie durch genomische Instabilitdt zur
Tumorgenese beitragt, sind die genauen molekularen Mechanismen wie dies geschieht nicht
bekannt.

Um Aneuploidie in menschlichen Zellen zu untersuchen, haben wir mit Hilfe von Mikrozell-
vermitteltem Chromosomentransfer Zelllinien generiert, welche ein oder zwei zusatzliche
Chromosomen, in einem sonst diploiden Hintergrund, haben. Diese humanen aneuploiden Zellen
weisen eine beeintrachtige Zellproliferation und eine uniforme Deregulation zellularer Signalwege
auf. Darlber hinaus haben wir gezeigt, dass Aneuploidie die Proteinhomdéostase veréndert und die
Reaktion humaner Zellen auf Hitzeschock beeintréchtigt. Analyse von Transkriptom- und Proteom-
daten, offenbarte charakteristische Anderungen in der Genexpression bestimmter Signalwege.
Unter anderem wird dieses wiederkehrende Muster an verdnderten Signalwege durch nach unter
regulierte Faktoren, die in DNS-Replikation und -Reparatur involviert sind, definiert.
Ubereinstimmend mit diesen Beobachtungen haben wir herausgefunden, dass Aneuploidie zur
Akkumulation von DNS-Brticken, beschadigten Chromosomen und ultrafeinen DNS-Briicken in der
Anaphase fiuhrt. Ferner akkumulieren aneuploide Zellen mehr DNS-Schaden, sogar unter
normalen Bedingungen, und reagieren sensibler auf Replikationsstress als diploide Zellen. Mit
Hilfe von Next Generation Sequencing konnten wir zeigen, dass die Prasenz von zusétzlichen
Chromosomen die Frequenz chromosomaler Reorganisation erhéht. Das Muster der
Chromosomenbriicke weist auf Replikationsdefekte hin. Dariiber hinaus demonstrierten wir, dass
die erniedrigten MCM2-7 Proteinlevel zur genomischen Instabilitdt beitragen, wie sie in
aneuploiden Zellen entdeckt wurden.

Unsere Ergebnisse ermdglichen neue Einblicke in die molekulare Mechanismen, die fir
genomische Instabilitat in Aneuploidie verantwortlich sind. Unsere Studie zeigt zum ersten Mal,
dass zusatzliche Chromosomen Replikationsdefekte und DNS-Lasionen auslésen, wodurch
genomische Instabilitat gefordert wird und diese Instabilitét moglicherweise zur Entstehung von

Tumoren beitragt.
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4. Introduction

4. Introduction

The hereditary information of each eukaryotic species, coded in the genome, is packed in
the nucleus and organized into a defined number of chromosomes. Some organisms, such as
fungi and algae, and germ cells have a single set of unpaired chromosomes and they are called
haploids (1N). However, the majority of the metazoans cells are diploid, which means that each of
their chromosomes is present in two homologues copies, one inherited from the mother and one
from the father (2N). A normal human cell contains 46 chromosomes: 22 pairs of autosomes and
one pair of sex chromosomes. In every cell division, the genome needs to be accurately duplicated
and distributed evenly into the daughter cells. Cells have evolved surveillance mechanisms to
ensure that this happens correctly, but sometimes these molecular machineries fail. As a
consequence the daughter cells either die or survive with a change in humbers and structure of

chromosomes, a scenario also called aneuploidy.

4.1 Aneuploidy

Aneuploidy is a condition where the number of chromosomes in the cell is not a multiple of
the haploid set. The term aneuploidy describes very diverse karyotypes that could be classified in
two categories: “numerical aneuploidy”, where one or more entire chromosomes are present in
abnormal copy number (Figure 1l1a), and “structural aneuploidy” referring to chromosomal
abnormalities that arise from breakage and incorrect rejoining of chromosome segments (Figure
1b) (Storchova, 2012).

Figure 1: Numerical and segmental aneuploidy. Scheme showing examples of (a) whole
chromosome gains and losses (numerical aneuploidy) and (b) sub-chromosomal gains, losses,

inversions and translocations (structural aneuploidy).

17




4. Introduction

More than a century ago the German zoologist Theodor Boveri discovered the adverse
effects of aneuploidy on cell and organism development of sea urchin embryos (Boveri, 2007).
Similarly, evidences of the deleterious consequences of aneuploidy were found in several other
species. Lindsley and colleagues showed that structural aneuploidy is not well tolerated in flies
leading to reduced viability and developmental deficiencies (Lindsley et al, 1972). Aneuploid mice
carrying Robertsonian translocations often do not survive embryogenesis or die shortly after birth
(Magnuson et al, 1982). Moreover, a recent systematic characterization of disomic yeast strains
revealed that aneuploidy hampers cell proliferation (Torres et al, 2007).

In humans, one of the best-known aneuploidies is trisomy 21 (Down syndrome), with
chromosome 21 present in three copies, leading to severe mental retardation and developmental
defects. Importantly, Down syndrome is the only trisomy compatible with survival until adulthood.
Other identified aneuploid disorders, although quite rare, are trisomy 8, 13 and 18 that are
responsible for life-threatening complications in early life (Agrawal & Agrawal, 2011; Loane et al,
2013). Besides these, no other trisomic syndromes are found in humans, indicating that most
aneuploidies are lethal at embryonic stages. This hypothesis is supported also by the evidence
that aneuploidy is the major cause of spontaneous abortions (Lebedev et al, 2004). In addition to
trisomic syndrome, somatic aneuploidy is also found during aging of the brain and may contribute
to the development of neurodegenerative pathologies such as Alzheimer's disease, schizophrenia
and autism (Maclntyre et al, 2003; Yurov et al, 2014). Finally, possible aneuploid karyotypes do not
only involve chromosome gains but also chromosome losses or monosomies. No full monosomies
are compatible with survival in humans, but some partial monosomies of chromosome 21 have
been described (Toral-Lopez et al, 2012). The consequences of partial monosomies are very
heterogeneous and variable depending on the size of the chromosomal region that is monosomic
(Toral-Lopez et al, 2012). Therefore, it is still unknown, whether the consequences of
chromosomes gains or losses are the same and unfortunately no model systems to study the
effects of monosomies on human cells are available so far.

Surprisingly, there are some cases where aneuploidy is not pathological, but a
physiological state. It has been suggested that such physiological aneuploidy may have beneficial
effects for cells or organisms. Normal human liver contains 25-50% polyploid and aneuploid
hepatocytes (Duncan et al, 2010) and it has been estimated that 30-35% of neurons in the fetal
brain are aneuploid (Yurov et al, 2007). A proposed explanation is that these unusual somatic
aneuploidies evolved as an adaptive mechanism in response to injury as it was demonstrated in
hepatocytes. In fact, Duncan and colleagues showed that selection of a specific aneuploid
karyotype can result in the adaptation of chronic liver injury (Duncan et al, 2012). Thus, acquired
aneuploidy appears to be a quick way for mammalian cells to adapt to stressful conditions.
Similarly, it was shown in yeast that under prolonged stress conditions aneuploidy arises as a
transient adaptation to allow cell to survive while developing a long-term stable evolutionary

solution (Yona et al, 2012). Moreover, aneuploidy is frequently associated with drug resistance in
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some pathological species of yeast and fungi such as Cryptococcus neoformans and Candida
albicans (Selmecki et al, 2006; Sionov et al, 2010). Beyond yeast and fungi, aneuploidy is also
often found in plants, where it seems to be well tolerated in the germline cells suggesting that
aneuploidy might represent a quick and reversible route to introduce genetic variation (Henry et al,
2010).

Interestingly, numerical and structural aneuploidy are also a common feature of human
tumors and compelling evidences show that high aneuploidy rate in tumors correlate with poor
prognosis and drug resistance (Carter et al, 2006; Birkbak et al, 2011; Lee et al, 2011). These
findings suggest that in stressful conditions or extreme environments aneuploidy could confer an
adaptive advantage to cancer cells. However, despite the high frequency of chromosome copy
number alterations in cancer, it is not yet clear what is the role of aneuploidy in tumorigenesis and
in cancer phenotypes.

Other common hallmarks of cancer that are frequently associated with aneuploidy are
chromosomal instability (CIN) and genomic instability (GIN). Often the term GIN is used to
describe broadly all the forms of genomic instability, including CIN. However, in this work the term
GIN will refer only to a class of genomic alterations such as micro and mini-satellite instability,
point mutations, gross chromosomal rearrangements or copy number variations arising as a
consequence of defective DNA replication or repair. On the other hand CIN describes whole-
cromosomal numerical abnormalities caused by defects in chromosome segregation. While
aneuploidy is defined as an abnormal number of chromosomes, CIN refers to increased frequency
of chromosome missegregation during cell division. Cells showing CIN are always aneuploid, but
this does not mean that aneuploid cells are always chromosomally instable. An example of a
stable aneuploidy that occurs without CIN is trisomy 21, as it was shown that there is no additional
increase in chromosome gain or loss in cells from Down syndrome patients (Valind et al, 2013).
Moreover, Lengauer and colleagues showed that aneuploid cells obtained by introducing an extra
chromosome into a diploid cell line do not display CIN, suggesting that aneuploidy per se does not
cause CIN (Lengauer et al, 1997). In tumors CIN is often, but not always associated with
aneuploidy. Some tumor cells propagate their aneuploid karyotype stably, while others are
chromosomally instable leading to population with heterogeneous karyotypes (Lengauer et al,
1997). GIN is described as the increased rate of gaining structural chromosomal rearrangements.
Current models of tumorigenesis suggest that GIN is critical for cancer development, as it can
explain the rapid accumulation of mutations typical of tumors (Beckman & Loeb, 2006). The
correlation between GIN and aneuploidy remains unclear. Although there are studies showing that
the two phenomena could be related, no evidences of a direct link have been collected so far
(Necchi et al, 2015; Natarajan, 2015). However, co-existence of GIN and aneuploidy in cancer
cells suggest that a direct association between them might exist and uncovering this connection

could explain their possible role in tumor onset and development.
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4.2 Causes of aneuploidy

Numerical aneuploidy arises due to chromosome missegregation events that can occur
spontaneously or as a consequence of defects in crucial genes involved in cell division. In human
RPE1 and HCT116 cells cultured in vitro, the sporadic chromosome segregation error rate is
0.025% per chromosome and cell division (Thompson & Compton, 2008). The sporadic
missegregation error rate is maintained so low by the mitotic checkpoint that delays the onset of
mitosis until all the chromosomes are correctly bi-oriented on the microtubule spindle (Figure 2a).
Accordingly, inactivation of mitotic checkpoint leads to massive chromosome missegregation.
Several mechanisms could lead to defect in mitotic checkpoint function and errors in chromosome

partitioning:

1. Weakened mitotic checkpoint. The spindle assembly checkpoint (SAC) delays mitotic
progression until kinetochores of all chromosomes are properly attached to microtubules. One
single unattached kinetochore is sufficient to trigger SAC activation and delay of anaphase
onset (Rieder et al, 1995). However, due to altered expression or mutation of mitotic
checkpoint components the SAC signal could be weakened and the cell divide before the
chromosomes are correctly attached to microtubules (Figure 2b).

2. Defective chromatid cohesion. After DNA replication, the pairs of sister chromatids are kept
physically connected with each other by cohesin rings during G2 and mitosis until the onset of
anaphase. Sister chromatid cohesion is essential to oppose the pulling force of microtubules
and to allow correct bi-orientation of chromosomes on the mitotic spindle (Tanaka et al, 2000).
For correct chromosome segregation, cohesin rings are cleaved by separase at anaphase
onset once all the chromosomes are properly aligned at the spindle midzone. Defects in
proteins involved in chromatid cohesion could lead to lack of cohesion, premature segregation
and eventually to aneuploidy as demonstrated by studies in yeast and human cells (Guacci et
al, 1997; Solomon et al, 2011) (Figure 2c).

3. Centrosome amplification. Eukaryotic cells contain normally one centrosome that is duplicated
in S phase in order to establish two spindle poles during mitosis. Formation of bipolar mitotic
spindles is an essential step to faithfully segregate chromosomes into daughter cells. However,
cells can acquire multiple centrosomes for example due to cytokinesis failure, cell fusion or
centrosome overduplication (Wong & Stearns, 2003). If a cell with more than two centrosomes
enters mitosis, it forms sometimes a multipolar spindle, resulting in three or more highly
aneuploid and often inviable daughter cells. However, frequently the multipolarity is resolved
forming a “pseudo-bipolar’ spindle by clustering of centrosomes that still might lead to

chromosome missegregation due to merotelic attachment (Quintyne et al, 2005) (Figure 2d).
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a WILD-TYPE DIVISION

b

Figure 2: Mechanisms of chromosome missegregation in mitosis. Chromosome missegregation
can lead to whole chromosome aneuploidy. At least four mechanisms can lead to chromosome
missegregation: Spindle assembly checkpoint defects (b), Cohesion defects (c), centrosome
amplification (d) and merotelic attachment (e). Adapted from (McGranahan et al, 2012).
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4. Merotelic attachment. Microtubules from each of the opposing spindle poles must attach to
kinetochores on opposite sides of the sister chromatids and create tension. Merotelic
attachment occurs when microtubules from opposing spindle poles attach to the same
kinetochore (Figure 2e). Frequently this error is corrected in early stage of mitosis, but if
persisting until anaphase it leads to lagging chromosomes, micronuclei formation and uneven

chromosome numbers in daughter cells (Cimini et al, 2003).

To achieve a correct cell division, it is necessary that the newly replicated chromosomes
not only segregate equally in the daughter cells, but also segregate intact. In contrast to numerical
aneuploidy caused mainly by defect in mitotic spindle function, structural aneuploidy arises from
sporadic errors in DNA replication and repair (Asaithamby et al, 2011). Therefore, the primary
source of chromosomal rearrangements is the presence of single-stranded DNA (ssDNA) gaps or
double-strand breaks (DSBs) (Zhang et al, 2015a). DNA breaks can result from replication fork
stalling and collapse at specific hotspots such as common fragile sites. Interestingly, the
breakpoint junctions of chromosomal rearrangement commonly found in tumors do not overlap
with the mapped common fragile sites (Beroukhim et al, 2010), suggesting that additional factors
are involved in DSBs formation in cancer cells. Replication checkpoint dysfunction or defective
DNA repair pathways also lead to persistence of DNA breaks through S-phase. In addition, DSBs
can also occur on lagging chromosomes. It has been shown that lagging chromosomes can be
trapped and broken in the cleavage furrow during cytokinesis and subsequently both daughter
cells inherit parts of the damaged chromosome (Janssen et al, 2011). Moreover, lagging
chromosomes that are left behind might form micronuclei. DNA replication in micronuclei is often
defective due to compromised recruitment of replicative factors leading to incomplete replication

and consequent chromosome breaks (Crasta et al, 2012).

4.3 Experimental model systems to study aneuploidy

Due to its close link with cancers and to the tempting perspective of developing aneuploidy-
specific therapeutic strategies, aneuploidy has been intensively investigated in the last decade.
Different groups developed several methods to obtain yeast strains, mouse models or mammalian
cell lines to study the consequences of aneuploidy on cellular level and their link to tumorigenesis.
There are two main categories of approaches to obtain aneuploid cells that are independent of the
model system. In the first approach, aneuploid cells are obtained after inducing chromosome
missegregation or via an unstable polyploid intermediate (Weaver & Cleveland, 2007; Pavelka et
al, 2010; Santaguida et al, 2015; Ohashi et al, 2015). As a result, a population of cells with a
random and complex aneuploid karyotypes arises that in one hand better recapitulates the cancer
chromosome content, but on the other hand is highly chromosomally instable and it is therefore
difficult to dissect whether observed phenotypes are caused by aneuploidy or by chromosomal

instability. In the second approach, aneuploidies are generated via specific chromosome transfer
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or meiotic nondisjunction (Upender et al, 2004; Torres et al, 2007; Williams et al, 2008; Stingele et
al, 2012). The resulting cells harbor specific additional chromosomes that carry selectable markers
to allow propagation through selection. With this approach, the obtained cell lines with stable low-
complexity aneuploidy are appropriate for studies of the long-term effect of aneuploidy on cell
physiology. Since the main focus of this work is on whole chromosome aneuploidy, this last
approach will be further illustrated below.

Disomic yeast strains with haploid genome and one extra copy of one chromosome have
been created by Torres and colleagues using a random chromosome transfer strategy. During
mating, the presence of a mating partner carrying a mutation in the karyogamy gene (KAR1)
causes defective nuclear fusion (Torres et al, 2007). However, it happens at a low frequency that
during these abortive matings individual chromosomes are transferred from one nucleus to the
other, which can then be selected using various selectable markers (Figure 3a).

To generate trisomic mouse embryonic fibroblasts (MEFs), Williams and colleagues took
advantage of male mice heterozygous for two separate Robertsonian translocations (Figure 3b).
When these mice were mated with wild type females, trisomic embryos were generated as a result
of a meiotic non-disjunction event in the male germline (Williams et al, 2008). However, cultivation
of MEF cells quickly leads to polyploidization and immortalization therefore aneuploid MEF cells
are difficult to use for experiments that require long passaging (Todaro & Green, 1963).
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Figure 3: Experimental models of aneuploidy. (a) Chromosome transfer strategy followed by
selection to engineer haploid yeast cells with a single extra chromosome. (b) Aneuploid mouse
embryonic fibroblasts generated by taking advantage of Robertsonian translocations. (c) Model human
aneuploid cells can be isolated from patients with trisomy 21. Both diploid and aneuploid cells can be
obtained from patients with mosaic aneuploidy (adapted form (Gordon et al, 2012)).

In humans it is possible to isolate tissue samples and cell lines from patients with trisomy
syndromes. Nevertheless, using tissue cells for cellular biology assays which require passaging is
difficult as primary aneuploid cells grow poorly and become senescent after few passages (Segal

& McCoy, 1974). In addition, one of the critical point in aneuploidy studies is the lack of an
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appropriate human model with matching diploid and aneuploid cells. The only possibility would be
to obtain sample from an individual with mosaic aneuploidy that present at the same time both
aneuploid and diploid cells which are isogenic and could be used for direct correlation (Figure 3c).
The problems of poor proliferation and early senescence, however, still remain, thus necessitating
development of an alternative model.

Recently, Park and colleagues described a method to successfully derive human inducible
Pluripotent Stem (iPS) cells from fibroblast or mesenchymal cells obtained from patients with
various pathological conditions, including Down’s Syndrome (Park et al, 2008). This model has
been already employed in studies investigating the silencing of one copy of the chromosome 21 (Li
et al, 2012; Jiang et al, 2013) however the possible trisomies that can be studied are limited to the
trisomies viable in humans, which are very few. Therefore, it might be difficult to use this model to
investigate the general effects of aneuploidy as the available trisomies could not represent a wide

variety of different karyotypes.

§ Colchicine Cytochalasin B
ol 48 hours centrifugation
El x _—> x e
(]

: X
c

o]

(e

K7%)

©

[&]

; e A

e,

% x Antibiotic PEG

& selection fusion

Figure 4: Microcell mediated chromosome transfer. Microcells with micronuclei generated from a
mouse donor cell line carrying a specific human chromosome (depicted in red) are transferred into a
human acceptor cell line. Acceptor cells are subsequently selected for the presence of the transferred
human chromosome and stably propagated in antibiotics.

To circumvent this limitation and to investigate the effect of chromosome copy number
alterations in genetically identical cells, human aneuploid cell lines can be created using the
microcell-mediated chromosome transfer methodology (Upender et al, 2004; Nawata et al, 2011,
Stingele et al, 2012). With this technique a defined human chromosome is introduced into
karyotypically diploid human cells (Figure 4). A9 mouse cell lines, each containing one specific
human chromosome with a selectable marker, are used as donor cells. Prolonged Colchicine
treatment inhibits microtubules polymerization, which prevents the formation of a functional spindle

during mitosis and thus induces micronucleation. Enucleation of micronucleated cells by
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centrifugation in the presence of Cytochalasin B allows isolation of microcells. Each microcell
consists of an intact plasma membrane, a small portion of cytoplasm and a single micronucleus
containing from one to five chromosomes (Killary & Lott, 1996). Microcells are then purified by
filtration to avoid donor cell contamination and fused to recipient diploid cells using polyethylene
glycol (PEG). Recipient cells containing the human chromosome can be selected and stably
propagated in medium with appropriate antibiotics (Killary & Lott, 1996). Thus, this technique
allows generation of cell lines, which differs from the control only for the added chromosome, are
relatively stable over time and easy to cultivate, therefore overcoming frequent problems of the

previous models and facilitating the study of aneuploidy in humans.

4.4 Consequences of aneuploidy

Aneuploidy usually has adverse effects on the physiology of organisms and the individual
cells. Systematic analyses of aneuploid yeast, murine and human cells suggested that the cellular
response to aneuploidy is conserved among species and does not depend on the identity of the
extra chromosome. This is quite surprising as it would be obvious to imagine that the altered
phenotypes observed in aneuploid cells are genes- and therefore chromosome-specific. Changes
in the levels of some specific genes could have indeed dramatic effects on cell viability and are
sometimes linked to severe toxicity. One example is overexpression of the B-tubulin in yeast:
having one extra copy of this gene is lethal. B-tubulin is coded on chromosome 6 and accordingly
Torres and colleagues failed to isolate disomic yeast strains with an extra copy of chromosome 6
(Torres et al, 2007). Moreover, it has been observed that duplication of the APP gene is linked with
a familiar form of early onset of Alzheimer’s disease. Interestingly, APP is located on chromosome
21 and early onset of Alzheimer’s disease is a common trait of Down’s Syndrome (Shi et al, 2012).
Similarly, duplication of PMP22 gene on chromosome 17 in human leads to Charcot-Marie-Tooth
1A neuropathy (Hanemann & Miuller, 1998). In this case we cannot confirm that trisomy of
chromosome 17 causes the same phenotypes because trisomy 17 is not viable.

Despite these few exceptions, it has been shown that the effects of aneuploidy are mainly
not chromosome-specific, but rather arise as a general consequence of harboring an unbalanced
karyotype. These phenotypes include altered transcriptome and proteome (Torres et al, 2007,
Sheltzer et al, 2012; Stingele et al, 2012; Sheltzer, 2013; Durrbaum et al, 2014), proteotoxicity
(Torres et al, 2007; Tang et al, 2011; Oromendia et al, 2012; Stingele et al, 2012; Donnelly et al,
2014; Ohashi et al, 2015), proliferation impairment and cell cycle delay in G1 and S phases (Torres
et al, 2007; Stingele et al, 2012; Thorburn et al, 2013), metabolic alterations (Williams et al, 2008;
Tang et al, 2011; Torres et al, 2007) and genomic instability (Sheltzer et al, 2011; Zhu et al, 2012;

Necchi et al, 2015). These phenotypes are described in detail below.

4.4.1 Global gene expression changes in response to aneuploidy

Genomic, transcriptomic and proteomic profiles of human aneuploid cells revealed that
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aneuploidy leads to common alterations in several pathways conserved between species (Sheltzer
et al, 2012). Notably, quantification of aneuploidy-associated changes of transcriptome and
proteome is technically challenging. In fact, the presence of one extra chromosome results only in
0.5-fold increase in the expression levels of genes coded on the aneuploid chromosome, a rather
mild difference. However, it has been shown that aneuploidy does not only affect the expression of
the genes located on the extra chromosomes, but also of multiple other genes across the entire
genome (Upender et al, 2004; Torres et al, 2007; Sheltzer et al, 2012; Stingele et al, 2012). A
straightforward explanation for these global changes is that some transcriptional regulators are
coded on the aneuploid chromosome. In this case the aneuploidy-associate response would be
strictly dependent on the identity of the extra chromosome. However, the same categories of
pathways were consistently up or downregulated in different aneuploidies independently of the
specific chromosomal aberration (Torres et al, 2007; Stingele et al, 2012; Dirrbaum et al, 2014).
Moreover, a similar pattern of changes in gene expression is also observed in cells with complex
aneuploidy (Durrbaum et al, 2014) and in cultured amniocytes derived from trisomic pregnancies
(Sheltzer et al, 2012).

Analysis of transcriptome to identify significantly altered pathways in murine and human
aneuploid cells revealed consistent downregulation of DNA and RNA metabolisms, which include
processes involved in DNA replication and repair, cell cycle progression, splicing and ribosome
biogenesis (Sheltzer et al, 2012; Stingele et al, 2012; Dirrbaum et al, 2014). Upregulated
categories seem to be more species-dependent. Upregulation of inflammatory and stress
responses are common in all mammalian models, while pathways required for lipid and membrane
biogenesis, Golgi vesicles, endoplasmic reticulum and lysosome functions are specific only for
human cells (Sheltzer et al, 2012; Stingele et al, 2012; Dirrbaum et al, 2014). Interestingly,
analysis of proteome changes leads to identification of the same altered pathways (Stingele et al,
2012; Dephoure et al, 2014). Similarly, human samples and mouse models of Down syndrome
revealed upregulation of oxidative stress response and down regulation of proliferative related
genes (Contestabile et al, 2009) (Slonim et al, 2009). In budding and fission yeast the aneuploidy-
associated transcriptome changes resemble the environmental stress response (ESR), a
transcriptional signature with upregulation of genes associated with oxidative stress and response
to heat and downregulation of genes associated with ribosome biogenesis and nucleolus (Sheltzer
et al, 2012).

Despite the conserved pathway deregulation in different aneuploidies, it has not been
possible to determine a list of individual genes that are commonly downregulated. The individual
genes associated with altered pathways show variable expression levels in different cell lines
probably as a consequence of the different genetic background. Apparently each cell line adapts
differently to aneuploidy leading, however, to the same physiological defects (Durrbaum et al,
2014).

One main question that has not been answered yet is why aneuploidy triggers a global
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response that is not dependent on the identity of the extra chromosome. In yeast the similarity
between the transcriptional pattern of aneuploidy response and ESR suggests that the presence of
extra DNA might induce a stress response due to for example increased energy requirements
(Torres et al, 2007) (Williams et al, 2008), production of reactive oxygen species (Li & Marban,
2010) or saturation of folding machineries by overexpressed proteins and formation of cytotoxic
aggregates (Oromendia et al, 2012). However, it was shown that the ESR is not only a common
transcriptional response to different stresses, but also a result of lower proliferation rate
(Regenberg et al, 2006) suggesting that, similarly, the aneuploidy response could be a
consequence of the slower proliferation.

This possibility can be excluded in humans as cells with complex aneuploidy proliferate
comparably to diploid cell, but still exhibit the transcriptional aneuploidy response pattern
(Durrbaum et al, 2014). In human, a unique ESR transcriptional signature has not been described
so far. However, the transcriptional changes caused by several stress-inducing conditions have
been compared with the aneuploidy response (Durrbaum et al, 2014). Specifically, the
transcriptional profiles of HCT116 cultured in the presence of low or high glucose, hypotoxic
conditions, hydrogen peroxide, nitric oxide, hydroxyurea, actinomycin D or bafilomycin Al were
analyzed. A similarity has only been observed when comparing the transcriptional response
triggered by aneuploidy and the transcriptional response triggered by treatment with actinomycin D
or bafilomycin Al. These evidences suggest that the response to aneuploidy differs from the
response to common stress stimuli, but there is a partial overlap with conditions that interferes with
autophagy (bafilomycin Al) or transcription (actinomycin D). Moreover, the transcriptome and
proteome changes induced by aneuploidy partially resemble the cellular response to protein
folding deficiency (Donnelly et al, 2014). Comparison between transcriptome of aneuploid cells and
transcriptome of hepatocellular carcinoma cells after HSF1 depletion display strong similarity in
both the upregulated and downregulated pathways. A partial overlap was observed also when
comparing the proteome changes of aneuploid cells and proteome changes of HelLa cells treated
with Hsp90 inhibitors for 24 hours. In this case, a stronger similarity was found in the
downregulated pathways, including DNA and RNA metabolism and cell cycle progression,
whereas the upregulated pathways did not show strong similarity. Taken together, a presence of
extra DNA in human cells induces a stress response that resemble the one observed upon
interference with protein degradation and folding, thus suggesting that the conserved global

deregulation is partially caused by an aneuploidy-dependent proteotoxic stress.

4.4.2 Gene-dosage imbalance

An important aspect to consider when investigating the consequences of aneuploidy on
gene expression is whether the physiological alterations induced by aneuploidy are due to the
mere presence of extra DNA or due to the expression of the genes present on the extra

chromosome. It has been shown in budding yeast that only the introduction of yeast DNA that
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leads to production of extra proteins triggers phenotypic changes associated with aneuploidy. On
the contrary, the presence of one artificial chromosome containing mammalian DNA that cannot be
transcribed and translated in yeast has little effect on the fitness of yeast strains (Torres et al,
2007). Thus, presence of extra DNA is detrimental only when the genes on the additional
chromosome are transcribed and translated.

Nevertheless, the presence of transcribed extra DNA is not always equally detrimental,
because the severity of the consequences depends on the relative copy number changes of
individual genes. The concept of gene dosage balance was first described in the works of
Blakeslee and Bridges (Blakeslee et al, 1920) (Bridges, 1925). They demonstrated in Datura
stramonium and Drosophila melanogaster respectively, that the addition of a single chromosome
to a genotype was highly detrimental or lethal, whereas the addition of a complete genome that
creates a polyploid karyotype was viable and resulted in milder effects on the phenotype. Similarly,
in budding yeast aneuploidy associated phenotype are markedly alleviated when an extra
chromosome is added to diploid cells in comparison to a chromosome gain in haploid cells (Torres
et al, 2007; Oromendia et al, 2012). Moreover, the three human trisomies that survive until birth
are those involving chromosome 13, 18 and 21, which are the smallest chromosomes with respect
to the number of transcripts encoded. Therefore, whole chromosomal aneuploidy is extremely
detrimental and poor tolerated as a result of the dosage imbalance of the several hundreds of
genes located on the affected chromosomes.

These findings provoke the question whether the genes coded on the extra chromosome
are expressed according to the gene copy number or whether the increased abundance is
balanced by compensatory mechanisms similar to those responsible for a sex-chromosome
inactivation. Recent studies on the impact of aneuploidy on gene expression have showed that
genes coded on the aneuploid chromosome are mainly transcribed accordingly to their gene copy
number in various organisms such as in yeast cells with an extra chromosome (Torres et al, 2007),
in trisomic mouse cells (Kahlem et al, 2004), in human cells with trisomy 21 (Mao et al, 2003) and
in aneuploid human cell lines created by microcell-mediated chromosome transfer (Upender et al,
2004) (Stingele et al, 2012). The only exceptions are found in Drosophila and some plants where
mechanisms of dosage compensation similar to those described for sex chromosomes can also
function for autosomes (Guo & Birchler, 1994; Stenberg et al, 2009).

Consistently with these observations, the silencing or loss of the extra chromosome should
attenuate the defects induced by aneuploidy. This was shown to be true in two recent studies in
Down’s syndrome patient’s pluripotent stem cells. In the first work, Li and colleagues generated
induced pluripotent stem cells (iPSCs) from Down’s syndrome fibroblasts and removed the extra
copy of chromosome 21 by introducing a TKNEO (thymidine kinase with neomycin
phosphotransferase reporter gene) transgene in one copy of chromosome 21. Subsequent culture
of cells first under positive and then under negative selection resulted in loss of chromosome 21.

Interestingly, the arising diploid iPSCs proliferate significantly faster compared to the trisomic
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iPSCs (Li et al, 2012). In the second study, the natural mechanism responsible for chromosome X
silencing in females was employed to silence one of the chromosomes 21. After a single inducible
XIST transgene was integrated into one copy of chromosome 21, complete transcriptional
silencing of the genes coded on the extra chromosome was observed upon XIST induction.
Consistent with previous findings, analysis of parallel cultures of identical cells with or without XIST
induction revealed rescue of proliferation impairment in trisomic cells (Jiang et al, 2013).

Thus, genes coded on the extra chromosome are expressed according to their gene copy
number and the consequent gene-dosage imbalance is mainly responsible for the phenotypes

associated with aneuploidy.

4.4.3 Protein homeostasis

Recent developments in proteomics facilitate the analysis of the effects of whole
chromosome aneuploidy on the proteome. It has been demonstrated in aneuploid yeast and
human cells that the protein levels strongly correlate with the DNA copy number changes, similarly
to the increased mRNA levels, (Torres et al, 2010) (Stingele et al, 2012). However, while majority
of the proteins coded on the extra chromosome are expressed according to the gene copy
number, in some cases their levels are lower than expected. This adjustment of protein abundance
to diploid levels affects specifically certain protein categories. In particular, subunits of
multimolecular complexes tend to maintain the stoichiometric abundance levels despite increased
MRNA level (Torres et al, 2010) (Stingele et al, 2012). Accordingly, it was shown previously that
the relative abundance of members of multimolecular complexes is tightly regulated and
monomers in excess can undergo preferential protein degradation (Veitia et al, 2008). Stingele et
al. also identified kinases as another class of proteins subjected to compensation at protein level.
Similarly to protein complexes, rigorous regulation of protein abundance is also required in
signaling network to ensure the balance between proteins with opposite enzymatic function (Veitia
et al, 2008). Overall, this proteomic data suggest that although some protein classes are
expressed at significantly lower levels, there is no general gene-dosage compensation mechanism
as most proteins are expressed according to their gene copy number.

Accumulation of proteins coded on the extra chromosome might challenge the cellular
ability of maintaining proteostasis, therefore leading to elevated protein misfolding and
aggregation. Normally, a complex network of cellular processes guarantees the maintenance of
protein homeostasis. These processes include chaperone-mediated protein folding pathway that
guarantees the folding of proteins into their fully active form and the degradation pathways that
ensure maintenance of adequate protein levels or elimination of damaged proteins. The
chaperone-mediated folding pathway includes several different heat shock proteins and their
regulators that assist in de novo folding or refolding (McClellan et al, 2007)}. Protein degradation is
carried out mainly by ubiquitin-proteasome system (UPS) and by autophagy and these two

pathways are important for maintenance of physiological protein levels and timely removal of
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irreversibly misfolded and aggregated proteins. Protein folding and protein degradation are tightly
coordinated to avoid deficiencies in proteostasis that have been shown to facilitate the onset of
several diseases, including neurodegeneration and dementia, cystic fibrosis, cancer and
cardiovascular disease (Morimoto, 2008).

Evidences from studies in various aneuploid model systems show that the aneuploidy-
induced proteomic changes might compromise or overwhelm the activity of the proteostasis
network. Several hallmarks of proteotoxic stress have been identified in aneuploid yeast, mouse
and human cells. Aneuploid yeast strains show higher sensitivity to chemical compounds that
impair proteasome degradation, translation and protein folding (via HSP90 inhibition) compared to
the control (Torres et al, 2007), suggesting that the protein imbalance and the consequent
proteotoxic stress lead the aneuploid cells to rely more heavily on their protein quality-control
machinery. Indeed, analysis of aneuploidy-induced transcriptome changes revealed upregulation
of the protein chaperone HSP104 in murine trisomies (Sheltzer et al, 2012), lysosome-mediated
degradation and p62-dependent autophagy (Tang et al, 2011; Stingele et al, 2012). In addition,
aneuploid yeast strains and human tri- and tetrasomic cells accumulate cytoplasmic protein
inclusions, and showed reduced HSP90 folding activity and lysosomal saturation (Oromendia et al,
2012) (Stingele et al, 2012) (Donnelly et al, 2014) Ohashi et al, 2015; (Santaguida et al, 2015;
Ohashi et al, 2015). Similarly, trisomic MEFs and human aneuploidies are more sensitive to the
HSP90 inhibitor 17-AAG compared to control cells (Tang et al, 2011; Donnelly et al, 2014),
suggesting a saturation of the chaperone capacity by the increased protein expression, which lead
to accumulation of misfolded protein that aggregate in the cytoplasm. Indeed, even a 0.1%
increase in misfolded proteins saturates the protein quality-control systems of the yeast cells
resulting in reduced cellular fithess (Geiler-Samerotte et al, 2011).

The available evidence suggests that aneuploidy triggers a specific functional impairment of
HSP90-dependent protein folding. Our group showed that the reason might be a downregulation of
HSP90 family protein levels due to a deficient HSF1-dependent activation of heat shock response
(HSR) in human aneuploid cells. Consistently, endogenous or exogenous overexpression of HSF1
rescues the compromised folding (Donnelly et al, 2014). Interestingly, it was previously observed
that mutations in UBP6 improved the fitness of several different disomic strains (Torres et al,
2010). UBP6 is a gene encoding a deubiquitinase that antagonizes proteasome function and its
inactivation results in increased protein turnover rates, possibly allowing faster degradation of the
overexpressed proteins coded on the extra chromosome. Thus, enhanced protein degradation or
elevated protein folding capacity can restore protein balance and partially suppress the adverse
effects of aneuploidy. Notably, pathways involved in protein folding and degradation are often
found up-regulated in cancer to confer stress tolerance and allow survival of cancer cells (Kang et
al, 2008; Rouschop et al, 2009; Kon et al, 2011). Accordingly, drug interfering with protein quality-
control processes such as inhibitor of proteasome, autophagy and chaperones are currently

investigated in pre-clinical research for treatment of several kinds of tumors (Kraus et al, 2015;
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Lazenby et al, 2015; Ishitsuka et al, 2015; Spreafico et al, 2015; Rangwala et al, 2014).

The observed defect in HSP90-dependent protein folding can have severe consequences
on several HSP90 clients that rely strictly on HSP90 function to adopt and maintain their correct
conformation. Although many molecular chaperones have little specificity, HSP90 is a highly
conserved chaperone shown to have a specific subset of protein clients, most of which are kinases
and signal transduction proteins (Caplan et al, 2007; Sharma et al, 2012; Taipale et al, 2014).
Moreover, emerging evidences suggest that functional HSP90 is important also for protein
complexes assembly (Makhnevych & Houry, 2012; Gopinath et al, 2014). Insufficient protein
folding capacity is deleterious for HSP90 clients that might fail to be folded and therefore undergo
degradation. Consistently, kinases and members of multimolecular complexes coded on the extra
chromosome show a deviation of protein abundance from expected levels (Torres et al, 2010;
Stingele et al, 2012; Dephoure et al, 2014), and the reduction of protein complexes subunits is
mediated by proteasome and autophagy (Dephoure et al, 2014). Moreover, analysis of proteome
data revealed that the protein level of previously identified HSP90 clients was significantly
decreased in majority of aneuploid cell lines tested (Donnelly et al, 2014). Therefore, the apparent
dosage compensation of some particular classes of proteins may be a consequence of the
compromised folding capacity elicited by aneuploidy.

4.4.4 Proliferation impairment

Among the key phenotypes shared by aneuploid cells, the most prominent is their slower
proliferation and reduced viability relative to those of diploid cells. The aneuploidy-associated
growth defect was first observed in cultured fibroblasts isolated from patients with Down syndrome
when compared to diploid fibroblasts (Segal & McCoy, 1974) and later severe growth defects were
observed in multiple other aneuploid organisms. Torres and colleagues demonstrated that
aneuploid yeast strains exhibit defects in cell cycle progression with a specific G1-delay. The delay
appeared to be more severe in strains carrying an extra copy of a large chromosome or several
extra chromosomes, which suggests that the phenotype scales with the amount of additional yeast
DNA (Torres et al, 2007; Thorburn et al, 2013). Similarly, reduced growth was observed in mouse
embryonic fibroblasts (MEFs) isolated from trisomic mice and MEFs harboring mutations in the
spindle-checkpoint component BubR1 that frequently carry one or two extra chromosomes (Torres
et al, 2008; Baker et al, 2004). In addition to budding yeast and mice, it has been showed that
aneuploidy negatively affects cell proliferation also in fission yeast (Niwa et al, 2006), fruit fly
(Lindsley et al, 1972) and worms (Hodgkin et al, 1979). Analysis of proliferation in human
aneuploid cell lines obtained via micronuclei mediated chromosome transfer revealed that cells
with extra chromosomes display significant growth impairment. Consistently with previous results,
the proliferation defect seems to scale with the amount of extra DNA with tetrasomic cells growing
significantly slower than trisomic cells. Interestingly, the delay does not affect to the same extent

each cell cycle phase. In fact, Stingele and colleagues demonstrated that aneuploid cells progress
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slowly through G1 and S while the progression through G2 and mitosis is not affected (Stingele et
al, 2012).

An important question about the growth defects of aneuploid cells is whether they are the
consequence of overexpression of a few detrimental genes that affect pathways essential for cell
survival or of simultaneous copy nhumber changes of genes that are not harmful when deregulated
individually. A recent genome-wide screen developed to measure the limit of gene overexpression
in yeast, identified 55 dosage-sensitive genes that are lethal at more than 5 copies per haploid
genome (Makanae et al, 2013). However, it has been shown that introducing an additional copy of
these dosage-sensitive genes cannot explain the proliferation defects observed in yeast cells
carrying an additional copy of the chromosome on which the genes are located (Bonney et al,
2015). Moreover, recent studies on trisomy 21 iPSCs demonstrated that after silencing one of the
three copies of chromosomes 21 the obtained disomic cells proliferate faster (Li et al, 2012; Jiang
et al, 2013). This evidence suggests that the proliferation impairment of aneuploid cells are likely
caused by cumulative effect of copy number changes of many genes that are not harmful when
overexpressed independently but the underlying molecular mechanismis remain unknown.
Importantly it is not the presence of extra DNA per se to affect cellular growth. In fact introduction
of one artificial chromosome containing mammalian DNA that cannot be transcribed and translated
in yeast has no effect on proliferation (Torres et al, 2007). Finally, cancer cells usually proliferate
faster than non-transformed cells despite being aneuploid, suggesting that there are additional
adaptive changes can compensate the aneuploidy-dependent growth delay.

4.4 5 Metabolic alterations

Cancer cells are characterized by marked changes in energy metabolism, particularly in the
glycolytic pathway. It has been observed that glucose concentration in tumor tissues is significantly
lower compared to non transformed tissues (Hirayama et al, 2009). Consistently, cancer cells are
more sensitive to glucose limitation and glycine consumption correlates with proliferation rate (Jain
et al, 2012; Birsoy et al, 2014). Interestingly, there are some preliminary evidences that aneuploidy
leads to an altered energy metabolism as well. Torres and colleagues observed that aneuploid
yeast produces less biomass per internalized glucose compared to wild-type yeast. Interestingly,
the production of biomass seemed to be inversely proportional to the proliferation defect and to the
amount of extra DNA. In addition, aneuploid cells showed an increase in the glucose uptake.
Consistently, amplification of genes loci of the two glucose transporters Hxt6 and Hxt7 and gene
expression changes in the carbohydrate metabolism suggested that aneuploid yeast needs more
glucose to survive and proliferate (Torres et al, 2007). Studies on aneuploid MEFs revealed slightly
different metabolic changes. Aneuploid cells showed no significant increase in glucose uptake, but
increase in glutamine consumption as well as lactate and ammonium production was observed in
all trisomic MEFs when compared to control (Williams et al, 2008). Moreover, aneuploid MEFs

heavily rely on energy metabolism as they showed increased sensitivity to AICAR, a drug that
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induces energy stress (Tang et al, 2011). Upregulation of energy metabolism pathways such as
mitochondrial respiratory metabolism and carbohydrate metabolism was also observed in model
human aneuploid cell lines (Stingele et al, 2012).

So far, no further studies are available that investigate the metabolic changes induced by
aneuploidy and no general conclusions could be drawn based on the existing data. A very
ventured yet possible speculation inspired by the similarity of the metabolic changes in aneuploid
and cancer cells is that the metabolic alterations observed in tumors are due to the aneuploid state
of the tumor cells. Based on existing findings we can only hypothesize that transcription,
translation, folding and degradation of factors encoded on the extra chromosome require more
energy, which leads to an increased need for energy metabolites. The altered metabolism and the
increased energy requirements could be in turn some of the factors limiting the proliferation in

aneuploid, cells but further studies are necessary to test this possibility.

4.4.6 Genomic instability

The term GIN describes an unstable genome that can be manifested on a broad scale from
single nucleotides variations to structural and numerical chromosomal abnormalities. It has been
proposed that genomic instability plays a crucial role in cancer initiation and progression facilitating
the accumulation of growth-promoting mutations (Beckman & Loeb, 2006). Its major source is the
presence and persistence of unrepaired DNA lesions caused by endogenous or exogenous stress
(Hakim et al, 2012; Roberts et al, 2012). Interestingly, recent studies in yeast suggest that genomic
instability is a widespread consequence of imbalanced karyotype. Haploid budding yeast strains
carrying one more copy of one of the yeast chromosome exhibit increased levels of chromosome
loss rates, mutation rates or mitotic recombination compared to euploid control strains.
Interestingly, it was observed that different aneuploidies trigger different combinations of these
phenotypes, but all of them display elevated levels of Rad52 foci, a marker for DNA damage and
homologous recombination (Sheltzer et al, 2011). Also in fission yeast aneuploidy leads to
genomic instability as demonstrated by increased sensitivity do DNA damaging agent and
accumulation of Rad22 foci (Rad52 homologue) over time (Sheltzer et al, 2011).

What is the cause of the genomic instability in aneuploid yeast is not yet understood, but it
might arise as a consequence of aneuploidy-induced stoichiometric imbalance. Presence of extra
chromosome and its replication per se is not sufficient to induce genomic instability since yeast
strains harboring yeast artificial chromosomes (YACs) containing human DNA do not show
accumulation of DNA lesions or sensitivity to genotoxic agents. Moreover, the relative protein
imbalance is greater in haploid yeast strain carrying a single extra chromosome (disomic strains)
compared to diploid yeast strain carrying a single extra chromosome (trisomic strains). In trisomies
the protein imbalance is partially mitigated because there is only a 50% relative increase in the
abundance of proteins coded on the extra chromosome. In disomies the effect are more drastic as

addition of one extra chromosome leads to doubling the protein production. Accordingly, trisomic
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strains were more resistant to genotoxic agents compared to their isogenic disomies (Sheltzer et
al, 2011). Thus, genomic instability, similarly to many other aneuploidy-associated-phenotypes is
likely caused by a relative protein imbalance and not by additional DNA to be replicated, although
the exact molecular mechanisms underlying this effect remains enigmatic. Further analysis using
the same aneuploid yeast strains demonstrate that Rad52 foci form during S phase suggesting
that they arise from replication defects. Accordingly, they observed that DNA replication initiation
and elongation are impaired in several disomic yeast strains. Moreover, many disomic yeast
strains enter mitosis in the presence of DNA damage, although no defects in DNA damage
checkpoint were observed (Blank et al, 2015). Persistence of low levels of DNA breaks through
mitosis could provide the substrate for chromosomal rearrangements such as translocations or
deletions.

Similar experiments have not been performed in human cells so far. Evidence of the effects
of whole chromosomal aneuploidy on genomic stability in humans is available only from the limited
studies of Down Syndrome’s (DS) patient cells. In the past several research groups addressed the
issue of genomic instability in DS, drawing the general conclusion of increased genomic instability.
It was proven that DS lymphocytes exhibited increased chromosomal aberrations in response to
different types of DNA damaging agents, compared with those of healthy individuals (Natarajan,
2015). Moreover, DS lymphocyte accumulate significantly higher levels of endogenous DNA
damage and are not able to repair DNA damage induced by certain genotoxic conditions
(Morawiec et al, 2008). Similarly, DS skin fibroblasts show DNA damage checkpoint activation in
basal growth conditions, suggesting that the checkpoint was induced by an endogenous source of
stress. Indeed, accumulation of DNA damaged and deficiency in DNA repair was observed in DS
fibroblasts when compared with control cells (Necchi et al, 2015). However, research in cells from
DS patients is not always reliable as only small population is available. Moreover, contrasting
results were obtained occasionally, likely due to inter-individual variability and a lack of proper
controls. Therefore, additional investigations are required to confirm the generality of the
hypothesis that whole chromosomal aneuploidy triggers genomic instability in humans and to
understand the molecular basis for the observed increased accumulation of endogenous DNA

damage.

4.5 Causes of genomic instability

GIN is described as the increased rate of gaining genetic alteration and matematical
models suggest that GIN is critical for cancer development as it can explain the rapid accumulation
of mutations typical of tumors (Beckman & Loeb, 2006). Different forms of GIN have been
described depending on the mechanisms involved. GIN include micro and mini-satellite instability,
point mutations, gross chromosomal rearrangements or copy number variations as a result of
erroneous DNA synthesis, defective DNA repair or persistence of DNA breaks due to deregulation
of checkpoints (Hakim et al, 2012; Roberts et al, 2012; Waddell et al, 2015).
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Maintenance of a stable genome is an essential cellular task that requires a perfect
coordination between cellular processes. Although the ideally perfect situation is an absolutely
stable genome, this would not allow any evolutionary change to occur. On the other hand, a very
unstable genome could result in cancer development and eventually cell death. Despite the variety
of possible mutations that can cause alteration of DNA, somatic gene mutation is a rare event,
occurring with a frequency of 10™° per cell generation (Balin & Cascalho, 2010). This suggests that
cells have mechanisms of defense against the accumulation of DNA damage, thereby maintaining
genomic stability and ensuring the transmission of the appropriate genetic information from one
cell to another. The stability of a genome is a dynamic mechanism determined by the balance
between DNA damage and repair (Figure 5). Mainly three processes contribute to the maintenance
of this balance: a correct DNA replication, a functional DNA repair and an efficient activation of
checkpoint response to DNA damage and replication fork stalling.

Figure 5: The stability of
the genome is determined

by the balance of DNA

damage and DNA repair:
GENOME INSTABILITY The stability of the genome
should be high enough to

allow faithful transmission of

genomic information of an
DNA

REPAIR organism but at the same

time still allow evolutionary

modifications to occur
(adapted from (Bohlander &

Kakadia, 2015)).

4.5.1 DNA replication as a source of genomic instability

Defective DNA replication is one of the major endogenous source of spontaneously arising
DNA damage (Zeman & Cimprich, 2014). It is crucial that DNA is entirely replicated before each
cell division to preserve genomic stability. The DNA replication is one of the most vulnerable
cellular processes. In eukaryotic cells it is complicated by the large size of genomic DNA and its
organization into chromatin structure, therefore the process must be strictly regulated. Due to the
large amount of DNA that has to be duplicated in a limited time, in many eukaryotes DNA
replication is initiated simultaneously at several replication origins that are organized into clusters,
each composed of two to five adjacent origins. The complete genome duplication is achieved by
sequential activation of different clusters (Guilbaud et al, 2011). To ensure that no DNA sections
are left unreplicated and no DNA sections are replicated twice, origin must be activated only once
per cell cycle. Cells achieve precise DNA duplication by dividing the initiation of replication in two

non-overlapping phases: origin licensing and origin firing (Yeeles et al, 2015).
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Origin licensing takes place in G1-phase, before DNA replication begins, with assembly of
pre-replication complexes (pre-RCs) at replication origins. The pre-RC complex is composed by
several proteins that sequentially bind the DNA, starting with recruiting of the origin recognition
complex (ORC) to the replication origin. Independent loading of CDC6 and CDTL1 follows ORC
binding to chromatin. Only when ORC, CDC6 and CDT1 are loaded, the mini-chromosome
maintenance (MCM) complex is recruited (Méndez & Stillman, 2000; Remus et al, 2009).
Importantly, the loading of the pre-RC component on DNA is only allowed when there is no or low
CDK activity. Low CDK activity ensures that MCM2-7 proteins remain enzymatically inactive in G1
and after their activation at the beginning of S phase no more MCM2-7 complex can be loaded on

chromatin (Yeeles et al, 2015).

Figure 4: Temporal separation

of origin licensing and
/ @ activation. MCM2—7 complexes
(depicted as red/blue rings) are
loaded on DNA during G1 when

Differentiation or the licensing system is active.

senescence

- Before entry into S phase, the
0\4 /» .

2 =5 licensing system is inactivate

T e 1 Z_:r and no more MCM2-7 can be
\ & loaded. This occurs as a

(S Q.L | conseqguence of geminin

C activation and CDT1
23 v ‘T/] degradation during S and G2
’ ""‘D - Go and a high cyclin-dependent

c kinase (CDK) activity during

C/—:-/J mitosis. During S  phase,
a MCM2-7 complexes at licensed
origins are activated to form part
of the replication fork. When

E Replication licensing system active 9 Free MCM2-7 —_o< replication forks terminate,

_—= ~  Active MCM2-7 . .

| Replication licensing system inactive -‘ri- MCM2-7 on DNA (licensed origin) > - L MCM2-7 is dlsplaced from the
DNA. (from (Blow & Gillespie,
2008))

To prevent pre-RC assembly outside of G1 phase, cells employ redundant mechanisms
including targeted protein synthesis of pre-RC components during G1 and inactivation of these
proteins following replication initiation via protein degradation and nuclear export. In addition, one
common mechanism in metazoans is the stabilization of the protein Geminin that binds to CDT1
and inhibits MCM2-7 recruitment after S-phase onset. Geminin is then degraded by anaphase-
promoting-complex (APC) mediated ubiquitination during mitosis to allow new pre-RC formation in
following G1 (McGarry & Kirschner, 1998). Multiple studies showed that overexpression of CDT1
triggers re-replication in several cell systems (Zhong et al, 2003) (Thomer et al, 2004), thus
emphasizing the importance of the separation of origin licensing and origin activation to prevent

over-replication and maintain genomic stability.
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After the pre-RCs are loaded, chromatin becomes competent for replication, but several
other proteins must associate with pre-RC to successfully initiate DNA synthesis (Yeeles et al,
2015). The mechanism of origin activation is not completely understood yet, but it is carefully
controlled by the activity of the S-phase promoting kinases. As the cells enter S-phase,
Cdk2/CyclinE and Cdc7/Dbf4 catalyze the activation of the pre-RC to pre-initiation complex (pre-
IC), which results in recruiting several additional replication factors. Although S-phase CDK and
DDK activity is high after entry in S-phase, not all origins of the genome are activated immediately.
Some regions start replicating at the beginning of S-phase, others more towards the end (Guilbaud
et al, 2011). Finally, not all origins are necessarily activated. There is a high excess of licensed
origins that remains dormant and function only in case of replicative stress (Ge et al, 2007)
(Woodward et al, 2006).

In some cases internal or external stress stimuli can interfere with fork progression causing
inefficient DNA replication. This scenario called replication stress leads to slowing or stalling the
replication fork progression and it is the main source of genomic instability. Replication stress has
been identified to be involved in the very early steps of tumorigenesis and aging. In fact, it has
been shown that oncogene activation induces DNA replication stress and can lead to DNA double
strand break formation in precancerous lesions (Gorgoulis et al, 2005). Several factors can hamper
DNA replication, thus causing fork stalling: replication of telomeres and repetitive sequences, DNA
lesions, secondary DNA structures, depletion of dNTPs pool, common fragile sites or down-
regulation of limiting replicative factors (Zeman & Cimprich, 2014). To overcome this problem, cells
load MCM2-7 complexes in excess on the chromatin in G1-phase. It was indeed demonstrated that
only 10% of the total amount of MCM2-7 complexes loaded on DNA are activated in unperturbed
S-phase (Lei et al, 1996). These backup origins are called dormant origins meaning that under
normal condition they usually stay dormant and are passively replicated, but can be activated
depending on the circumstances (Woodward et al, 2006; Ge et al, 2007) (Ibarra et al, 2008).
Unfortunately, unambiguous markers to safely detect replication stress have not been described
yet. Replication stress is not always coupled with DNA double strand breaks (Ray Chaudhuri et al,
2012), but often the sources of replication stress cause the formation of single stranded DNA
(ssDNA) regions as a result of the unwinding of DNA after replication fork stalling (Pacek & Walter,
2004).

Independent studies demonstrated that reduction of chromatin-bound MCM complex up to
90% in human cultured cells does not affect DNA replication and cell proliferation under normal
conditions (Ge et al, 2007; Ibarra et al, 2008). However, cells display increased DNA damage and
micronucleus formation after several days of proliferation in limited licensing conditions (Ibarra et
al, 2008). Moreover, when challenged with replication inhibitors, cells were unable to maintain high
rates of DNA synthesis and the long-term survival was significantly compromised (Ibarra et al,
2008) (Ge et al, 2007). Accordingly, proliferation defects were observed after partial knockdown of

MCM2-7 and treatment with proliferation inhibitors also in Xenopus laevis egg extracts and
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Caenorhabditis elegans (Woodward et al, 2006). Additional evidences collected using mice models
with hypomorphic mutant alleles of MCM2 and MCM4 confirmed the essential role of MCM2-7 in
dormant origin licensing. In both models the amount of MCM2-7 loaded on the chromatin is
decreased, which results in a reduction in the number of dormant origins, increased fork stalling
and elevated DNA damage even in unperturbed conditions. Moreover, this mice experience a
dramatic increase in tumors development suggesting that dormant origins play a critical role as
tumor suppressors (Shima et al, 2007) (Kunnev et al, 2010; Klotz-Noack & Blow, 2011). Thus, the
presence of dormant origins is absolutely required to achieve completion of DNA replication under

replication stress conditions and for maintenance of genome stability.

4.5.2 Defective DNA repair

The replication machinery is quite robust and well equipped to overcome obstacles and
resume DNA synthesis. In some cases, the lesion is repaired or the barrier removed. In other
cases, the lesion is bypassed in an error-prone or error-free manner and left to be repaired later.
Cells have evolved a variety of repair pathways according to the type of DNA damage. Under
normal physiological conditions six major DNA repair pathways can be activated: base excision
repair (BER), mismatch repair (MMR), nucleotide excision repair (NER), nonhomologous end
joining (NHEJ) homologous recombination (HR) and translesion DNA synthesis (TLS). The
different DNA repair pathways are composed of a series of biochemical events that work in
coordination with the cell cycle checkpoint regulators to allow time for the DNA repair to prevent
the damage from becoming permanent in the cell (Tian et al, 2015).

The BER pathway is activated in response single strand breaks (SSB) mainly generated by
increased levels of reactive oxygen species (ROS) (Trivedi et al, 2005). The SSB can be repaired
by short-patch BER when only a single nucleotide is exchanged or by long-patch BER when
several nucleotides are replaced. BER is particularly important for removing damaged bases that
could lead to fork stalling during replication (Fortini et al, 1999). The MMR pathway repairs post-
replicative errors that have escaped the 3’- 5 exonucleolytic proofreading activity of replicative
DNA polymerases. Moreover, it can also remove DNA adducts caused by chemotherapeutic
agents (Young et al, 2004). NER pathway counteracts mainly the pyrymidine dimers induced by
UV and it includes two distinct sub-pathways. Global genome NER (GG-NER) slowly and randomly
inspect the entire genome for damage, while transcription-coupled NER (TC-NER) repairs
damages that leads to defective progression of RNA polymerase Il (Tian et al, 2015). HR and
NHEJ are both involved in the repair of double strand breaks (DSB). NHEJ can repair DSB at any
cell cycle stage. It is simpler and faster than HR as it does not need a homologous template. On
the other hand it is also less accurate, frequently leading to generation of mutations, deletions and
chromosomal rearrangements. HR repairs DSB with high fidelity but it requires a homologous
template therefore it occurs mainly in late S and G2 phase (Chapman et al, 2012). In addition to

these pathways, cells have evolved another system to survive lesions that could lead to replication
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fork blockage. This last mechanism is TLS and, although it is a part of the DNA repair pathways, it
results in lesion bypass or damage tolerance (Yamashita et al, 2002). Although the mechanisms of
various repair pathways are sometimes similar, the proteins recruited by each pathway are
different and the final decision of which DNA repair pathway is used depends on the type of DNA
lesion and on the cell cycle phase. Recent studies have shown a contribution of the Fanconi
Anemia (FA) pathway to DNA repair and maintenance of genome stability. In particular this
pathway is essential to protect the genome from DNA interstrand cross-link (ICLs). ICLs are
deleterious DNA lesions that can be caused by endogenous or exogenous sources and result in
blockage of DNA replication and transcription (Liu et al, 2010). All the described pathways involved
in DNA repair are not mutually exclusive and there is a frequent crosstalk between them.

Mutations in DNA repair genes are associated with several forms of hereditary cancers.
The well documented hereditary non-polyposis colon cancer is linked with mutations in MMR
genes (Papadopoulos et al, 1994). Additionally, mutations in BER genes (MYH) and HR (BRCAL,
BRCA2) predispose to the development of various tumors (King et al, 2003; Kim et al, 2004).
Although rare, one additional example is the autosomal recessive disorder xeroderma
pigmentosum (XP). Mutations in XP genes result in enhanced photosensitivity and increased skin
cancer rates (Bradford et al, 2011). Finally, patients with the genetic disorder Fanconi Anemia (FA)
also exhibit increased cancer susceptibility (Rosenberg et al, 2003). Thus, a functional DNA repair
is important for maintaining genome stability and preventing the development of cancer.

4.5.3 Cell cycle checkpoints

To monitor cell cycle progression and to ensure that late events start only upon completion
of early events, cells have evolved elaborate mechanisms known as checkpoints. DNA
checkpoints have been developed to sense and respond to DNA lesions and to ensure proper
transmission of genetic information to the next generation of cells. There are three major
checkpoints whose function is essential for maintaining genome stability: DNA damage checkpoint,
DNA replication checkpoint and licensing checkpoint (Kastan & Bartek, 2004).

A first checkpoint playing an important role in the maintenance of genome stability is the
DNA damage checkpoint. In the presence of DNA damage, activation of the cell cycle checkpoints
is accomplished by the DNA damage response (DDR) signaling pathway (Hirao et al, 2000).
Central players of DDR are the phosphatidylinositol-kinase related protein kinases (PIKKs), ATM
(ataxia telangiectasia mutated) and ATR (ATM and Rad3-related). ATM and ATR sense DNA
lesions and activate downstream effectors and other kinases. Once activated, the downstream
kinases mediate DNA repair and delay cell cycle progression (Matsuoka et al, 2007). As the
genome is constantly challenged by endogenous and exogenous sources of stress, defects in the
checkpoint or other components of the DNA damage response leads to accumulation of DNA
damage and increased genomic instability. Interestingly, precancerous lesions frequently show

activation of DNA damage responses. Therefore, checkpoint response to DNA damage forms a

39




4. Introduction

barrier to cancer development and act as tumor suppressor (Bartkova et al, 2006). The DNA
damage checkpoint might be one constrain, therefore tumor cells with impaired checkpoints might
have an advantage and become preferentially selected. This can explain the high prevalence of
p53 mutations in cancer cells. It was shown in p53-deficinet mice that the transition from pre-
cancerous lesion to cancer was accelerated (Bartkova et al, 2005; Gorgoulis et al, 2005).
Moreover, mutations in both alleles of ATM result in development of the disorder ataxia-
telangiectasia characterized by breast cancer predisposition (Renwick et al, 2006) .

The DNA replication checkpoint is an intra S-phase checkpoint activated in response to
replication fork stalling. Replication fork can stall due to an encounter with physical impediments,
depletion of ANTP pool, direct inhibition of DNA synthesis by drug treatments, or downregulation of
replicative factors (Branzei & Foiani, 2010). Central to this checkpoint signaling pathway is the
kinase ATR that is activated by its association with RPA-coated ssDNA resulting from the
replication fork stalling (Zou & Elledge, 2003). However, it is not completely clear yet how the
replication stress is sensed. Once activated, the replication checkpoint kinases trigger different
signaling pathways that block cell cycle progression, downregulate late origin firing, stabilize
stalled replication forks, and facilitate the restart of collapsed forks. It was shown that upon ATR
inhibition early replicons fail to complete DNA replication in presence of aphidicolin, PCNA
(proliferating cell nuclear antigen) and RPA (replication protein A) redistribute from early to late
replicating regions and MCM2 is released from chromatin (Dimitrova & Gilbert, 2000). Thus, DNA
replication checkpoint is crucial for maintaining genomic stability by prevent collapsing of stalled
replication forks and subsequent double strand breaks.

Finally, a growing body of evidence is supporting the presence of an additional checkpoint
critical for genome stability. As explained previously, no new origins can be licensed after entry into
S-phase to prevent DNA over-replication, which means that cells rely on additional backup origins
loaded in the previous Gl-phase. Therefore, the entry into S phase needs to be delayed until
sufficient excess of origin are licensed. To achieve this, it was demonstrated that several cell types
employ a “licensing checkpoint” (Shreeram et al, 2002). Reduced loading of MCM2-7 on the DNA
by depletion of several component of pre-RC complex leads indeed to a delayed entry in S-phase
(Shreeram et al, 2002; Machida et al, 2005a; Nevis et al, 2009). Together with a prolonged G1-
phase a reduction in cyclin E/CDK2 activity, Cyclin D/CDK4-6 activity and Rb hypophosphorylation
has been observed (Liu et al, 2009; Machida et al, 2005a; Nevis et al, 2009). This suggests that
the activation of licensing checkpoint results in repression of E2F that prevents S-phase gene
transcription. However, it is not yet understood how the assembly of pre-RC complex is monitored
and how the signal is transduced to downstream factors. Interestingly, many cancer cells can enter
S phase despite a severe reduction in the number of licensed origins suggesting a defective
licensing checkpoint (Shreeram et al, 2002; Feng et al, 2003; Liu et al, 2009; Nevis et al, 2009).
This is not surprising since this defect can contribute to the genomic instability that is one of the

most prominent hallmarks of cancer.
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Although many different causes of genomic instability have been identified and current
studies are providing new evidence in this direction, deciphering how and when the instability
arises remains an open-ended question. Importance of genomic instability is underscored by its
recurrent presence in pre-cancerous lesions. Moreover, compelling evidences are fueling the
possibility that instable genome is a driving force in tumor growth. Thus, unraveling novel
molecular mechanisms that lead to genomic instability would shed new lights on our understanding

of the onset and development of cancer.
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5. Aims of this study

Numerical aneuploidy causes genetic disorders such as Down’s or Edwards syndrome that
are characterized by severe developmental defects. In addition, aneuploidy is often found in
cancer cells and high rates of aneuploidy in tumors correlate with poor prognosis and drug
resistance. However, despite the striking association of aneuploidy with nearly 75 % of malignant
tumors, it has been disputed whether aneuploidy directly and causatively contributes to cancer
development. One current hypothesis is that genomic instability can occur as the initiating event of
tumorigenesis allowing the acquisition of growth-promoting mutations (Ferguson et al, 2015).
Recently, it has been proposed that aneuploidy may play a role in tumorigenesis by triggering
genomic instability. Accordingly, several studies in yeast demonstrated that aneuploidy leads to
errors in chromosome segregation, sensitivity to genotoxic agents and accumulation of DNA
lesions (Sheltzer et al, 2011); (Zhu et al, 2012); (Blank et al, 2015). A few studies in human Down
Syndrome’s cells suggest that aneuploidy might lead to impaired DNA replication and genomic
instability in human as well (Morawiec et al, 2008) (Necchi et al, 2015). Yet, molecular
mechanisms explaining possible effects of aneuploidy on genome stability have remained elusive.

To shed light into the role of anepuloidy in tumorigenesis, it is crucial to unveil whether and
how numerical aneuploidy by itself affects genome stability. Trisomic and tetrasomic human cell
lines previously created in our laboratory by microcell mediated chromosome transfer facilitate the
analysis of the consequences of aneuploidy per se. Direct comparison of such aneuploid cells with
isogenic control cells revealed that addition of even a single extra chromosome causes
transcriptome and proteome changes and profound defects in cell cycle progression, similarly as
observed in previous studies (Torres et al, 2007; Stingele et al, 2012; Sheltzer, 2013).

Using this trisomic and tetrasomic model cell lines as well as cells with complex aneuploidy
we asked whether aneuploidy triggered the same transcriptional pattern independently of the type
and origin of karyotype imbalance. Moreover, by comparing the transcriptome changes in
aneuploid cells with the transcriptional responses to various stress stimuli we planned to uncover
the causative factor(s) of the global response to aneuploidy.

Second, we addressed the question whether our model aneuploid cells are sensitive to
inhibition of protein folding similar to what was previously showed in yeast and MEFs (Torres et al,
2007; Tang et al, 2011). We also investigated the causes underlying this increased sensitivity by
analyzing the ability to induce a functional heat shock response upon proteotoxic stress in
presence of extra chromosome(s). In addition, we asked whether aneuploidy per se causes
proteotoxic stress and whether this might affect the gene expression pattern.

Third, because the previous pathway analyses revealed that some of the most consistently
downregulated pathways in aneuploid cells are those involved in DNA replication and repair, we
addressed the fundamental question whether the presence of extra chromosome(s) triggers

genomic instability by affecting DNA metabolism. To achieve this goal, we planned to analyze
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several phenotypes associated with genomic instability, such as the presence of anaphase and
ultrafine bridges as well as the accumulation of DNA lesions. Moreover, thanks to the recent
progress in the field of next generation sequencing we addressed the question whether aneuploidy
elicits de novo chromosomal rearrangements. Furthermore, we wanted to identify how aneuploidy
triggers genomic instability. As one of the major causes of genomic instability is replication stress,
we investigated whether aneuploid cells show evidence of fork stalling or sensitivity to replication
inhibition. These results combined with our previous transcriptome and proteome data suggest that
downregulation of replication factor might be responsible for the previously observed phenotypes.
Finally, we identified MCM2-7 as the factors whose abundance is most affected by aneuploidy. By
depleting MCM2-7 subunits or overexpressing functional or mutant alleles of various replicative
factors we determined what is their contribution to the maintenance of genome stability in
aneuploid cells. Deciphering the precise mechanisms and pathways that are involved in regulating

these processes in aneuploid cells may have a direct relevance for several pathological conditions.
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6.1 Unique features of the transcriptional response to model aneuploidy in

human cells.

Durrbaum M, Kuznetsova AY, Passerini V, Stingele S, Stoehr G, Storchova Z. Unique features of
the transcriptional response to model aneuploidy in human cells. BMC Genomics 2014 Feb
18;15:139.

http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-15-139

This work addresses the question whether there is a uniform cellular response to the
presence of extra DNA in human cells independently of the types and origins of aneuploidy. The
cause of the physiological effects of aneuploidy remains unclear, but it has been previously shown
that they arise due to the expression of the extra genes on the supernumerary chromosome.

By analyzing the transcriptional changes in eleven different trisomic and tetrasomic cell
lines and two cell lines with complex aneuploid karyotypes, we identified a characteristic
aneuploidy response pattern (ARP). The ARP is characterized by upregulation of genes linked to
endoplasmic reticulum, Golgi apparatus and lysosomes, MHC protein complex and antigen
processing and by downregulation of DNA replication, transcription and ribosomes related
pathways. Interestingly, the response pattern of aneuploid cell lines that carry either functional or
mutant p53 suggests that the ARP is not mediated by a p53-dependent stress response. Strikingly,
we demonstrated for the first time that complex aneuploidy, which is often found in cancer, elicits
the same transcriptional changes as the gain of a single chromosomes. This is of particular
interest, because it implies that studies of the trisomic cell lines might give us useful
understandings of the role of aneuploidy in tumors. Notably, despite the conserved ARP only 23
genes whose expression is significantly altered in all aneuploids were identified. It is on one hand
surprising that only a few genes are consistently altered, but on the other hand they could
represent valuable biomarkers to detect aneuploidy in tumors. Finally, to uncover what triggers the
conserved aneuploid response, we compared the aneuploidy transcriptional profile with
transcription changes in diploid cell lines that were subjected to various stress conditions.
Interestingly, we found a striking overlap with the response to a treatment with the autophagy
inhibitor bafilomycin Al. Inhibition of autophagy leads to accumulation of autophagic vacuoles and
proteotoxic stress. Notably, it was proposed previously that aneuploidy also causes proteotoxic
stress (Oromendia et al, 2012). Therefore the strong overlap between the ARP and the
transcriptional profiles after bafilomycin Al treatment could indicate that the pathway alterations in
aneuploid cells might be elicited by proteotoxic stress.

To summarize, this study showed that (1) there is an uniform transcriptional response to

aneuploidy reflected by deregulation of specific pathways, although (2) only few genes have been
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identified as consistently and uniformly altered in response to aneuploidy and that (3) the
conserved aneuploid response might be triggered by proteotoxic stress.
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6.2 HSF1 deficiency and impaired HSP90-dependent protein folding are

hallmarks of aneuploid human cells.

Donnelly N, Passerini V, Durrbaum M, Stingele S and Storchova Z. HSF1 deficiency and
impaired HSP90-dependent protein folding are hallmarks of aneuploid human cells. The
EMBO journal. 2014 Oct 16; 33(20):2374-87

http://emboj.embopress.org/content/33/20/2374.long

In this study we investigated whether aneuploidy leads to proteotoxic stress in humans and
which of the pathways that respond to proteotoxic stress are most affected. It was previously
demonstrated in our group that human trisomic cells show an accumulation of ubiquitin and p62
positive cytoplasmic foci, a marker of selective autophagy (Stingele et al, 2012). Moreover,
aneuploid cancer cell lines are more sensitive to HSP90 inhibition suggesting that the HSP90
machinery might be particularly affected by the increased protein expression (Tang et al, 2011).

We demonstrated for the first time that human aneuploid cells suffer from a protein folding
defect that is mostly due to an impairment of HSP90-dependent protein folding. Moreover, we
observed a significant deficiency in the ability of aneuploid cell lines to trigger a fully functional heat
shock response. We therefore suggested that the activity of heat shock-associated factors is
compromised. Analysis of mRNA and protein levels revealed that HSP90 family proteins were
consistently downregulated in all aneuploid cell lines considered. In addition, the responsible
transcription factor HSF1 was also downregulated and unable to induce a full heat shock response
upon acute proteotoxic stress. Consistently, we showed that exogenous and endogenous
overexpression of HSF1 alleviates the detrimental consequences of aneuploidy on HSP90
expression and protein folding. Finally, we demonstrate that the observed functional deficiency in
HSP90 and HSF1 directly shapes gene expression in aneuploid cells. Specifically, we show that
the protein folding deficiency contributes both to proteome and transcriptome alterations. We first
compared the quantitative proteome changes in aneuploid cells with the proteome changes
occurring upon pharmacological inhibition of HSP90 for 24 h. Additionally we compared
transcriptional profile of aneuploid cells with the transcriptome changes of an HSF1-depleted
human cell line. In both cases we observed a strong overlap of the downregulated pathways,
which includes pathways of DNA repair and replication and RNA splicing, as well as the cell cycle
pathways. The similarity with upregulated pathways was only partial, and more evident in
comparison of the aneuploids with the HSF1-depleted cell lines.

Taken together, in this work we found that aneuploidy leads to a proteotoxic stress and this,
in turn, can shape the pattern of gene expression. Moreover we demonstrated that increased
expression of HSF1 might represent the first aneuploidy-tolerating genetic modification in human

cells.
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6.3 The presence of extra chromosomes leads to genomic instability

Passerini, V, Ozeri-Galai E, de Pagter MS, Donnelly N, Schmalbrock S, Kloosterman WP, Kerem

B, Storchova Z The presence of extra chromosomes leads to genomic instability. Nat.
Commun. 7:10754 doi: 10.1038/ncomms10754 (2016).

http://www.nature.com/ncomms/2016/160215/ncomms10754/full/ncomms10754.html

Despite the striking association of aneuploidy with nearly 75 % of malignant tumors,
whether and how aneuploidy contributes to tumorigenesis remain open questions. Previously, it
has been proposed that aneuploidy may play a role in tumorigenesis by triggering genomic
instability. Genomic instability is proposed to occur as the initiating event of tumorigenesis and
might favor the acquisition of growth-promoting mutations. In this study we used a series of human
cells with defined trisomies and tetrasomies to address the questions whether gain of a single
chromosome increases genomic instability and what are the underlying molecular mechanisms.

We demonstrated that aneuploid cells show accumulation of DNA damage, sensitivity to
replication stress and abnormal DNA replication. By taking advantage of next-generation
sequencing and SNP-array analysis we observed accumulation of chromosomal rearrangements
in trisomic and tetrasomic cells, suggesting that a presence of DNA damage and altered DNA
replication compromise genome stability. It was previously shown by us and others that pathways
involved in DNA metabolisms are consistently down-regulated as a consequence of aneuploidy.
Accurate analysis of proteome data, with particular focus on DNA replicative factors, revealed that
expression levels of all six subunits of the replicative helicase MCM2-7 were decreased in all
aneuploid cells analyzed. Strikingly, we found that aneuploidy-induced genomic instability can be
explained by the reduced expression of MCM2-7 subunits and that MCM2-7 are the limiting factors
for replication in cells with extra chromosome(s). Accordingly, rescuing the levels of chromatin-
bound MCM2-7 by exogenous overexpression partially alleviated the genomic instability
phenotypes.

Taken together, these results provide a new insight into the possible mechanisms
responsible for impaired genomic stability in response to aneuploidy. As replication stress and
consequent genomic instability have been frequently observed in pre-cancerous lesions, our
findings might be the first step in understanding how random missegregation of a single

chromosome can contribute to early events in tumorigenesis.
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Unbalanced karyotype, called aneuploidy, is not well tolerated in higher eukaryotes.
Aneuploidy represents one of the main causes of spontaneous abortions in humans and the
surviving children suffer from severe developmental disabilities (Colnaghi et al, 2011).
Furthermore, aneuploidy is found in 90% of solid tumors and increased rates of aneuploidy in
cancers correlate with poor prognosis and drug resistance (Birkbak et al, 2011; Lee et al, 2011).
Although the phenotypes caused by altered chromosome numbers are widely described, the
underlying mechanisms of the physiological consequences of aneuploidy remain unclear. We
demonstrated that human cells with unbalanced karyotype show a conserved gene expression
changes that we call aneuploidy response pattern (ARP) similar to the previously described
pathway alterations in yeast and murine aneuploid cells. Moreover, comparison of ARP with
transcriptome data of human cells subjected to proteotoxic stress revealed a partial overlap.
Therefore, we investigated whether aneuploidy causes proteotoxic stress. Indeed, we
demonstrated that aneuploid cells fail to trigger a fully functional heat shock response and show a
specific defect in HSP90-dependent protein folding. Finally, because the ARP is characterized by
downregulation of DNA metabolism and it was shown that protein involved in DNA replication are
often HSP90 clients we asked whether and how aneuploidy affects replication. We observed that
defective DNA replication caused by downregulation of replicative factors leads to additional
genomic instability in aneuploid cells.

7.1 Aneuploidy triggers a conserved gene-expression pattern

Aneuploidy leads not only to an increased expression level of majority of the genes
encoded on the extra chromosome, but also triggers broader transcriptional changes that affect
multiple genes coded on other chromosomes. We showed that there is a uniform transcriptional
response to aneuploidy reflected by deregulation of specific pathways in eleven different trisomic
and tetrasomic cell lines and two cell lines with complex aneuploid karyotypes. This specific
aneuploidy response pattern (ARP) is characterized by upregulation of pathways linked to
endoplasmic reticulum, Golgi apparatus and lysosomes, MHC protein complex and antigen
processing and by downregulation of DNA replication, transcription and ribosome-related
pathways. Despite the conserved ARP we identified only a few genes that were consistently and
uniformly altered in response to aneuploidy. Finally, we compared the aneuploidy transcriptional
profile with transcriptional changes in human cells subjected to various stress conditions.
Interestingly we found a striking overlap with the gene expression changes upon treatment with the
autophagy inhibitor bafilomycin Al suggesting that the conserved aneuploid response might be
triggered by proteotoxic stress.

It was previously shown that in different organisms the same pathway categories that we

identified were consistently up- or downregulated independently of the specific karyotypic
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alterations (Torres et al, 2007; Stingele et al, 2012; Sheltzer et al, 2012). Interestingly, while the
same downregulated pathways have been identified both in murine and human aneuploid cells,
upregulated processes appeared to be more species-dependent (Sheltzer et al, 2012; Stingele et
al, 2012). The reason for the difference in the upregulated pathways is not yet understood. We can
speculate that while the pathway downregulation is a direct consequence of the stresses arising
due to the altered karyotype, the upregulation of different processes depends on how cells adapt to
aneuploidy and might be species or cell line specific. This hypothesis is also underscored by the
evidence that only a few genes have been identified as consistently changed in all analyzed
aneuploid cell lines, despite the similarity of pathways alteration. Therefore, different species and
cell lines may adapt to aneuploidy through diverse mechanisms to aneuploidy, but the
physiological effects of aneuploidy are conserved.

Notably, we also showed that complex aneuploidy, which is often found in cancer, elicits
the same transcriptional changes as whole chromosomal aneuploidies. Similarly, chromosomally
instable cancer cell lines share some transcriptional changes with aneuploid cells (Sheltzer, 2013).
This is particularly important, because it implies that studies of cell lines with a simple and defined
karyotype could be used to gain precious understandings of the role of aneuploidy in tumors.
Moreover, based on these findings we can also exclude that the ARP is a consequence of the slow
proliferation rate that is typical of aneuploid cells. It is a tempting possibility that DNA metabolism is
consistently downregulated and replicative factors are less abundant because of the reduced
growth capacity. However, both the aneuploid cells with complex karyotype and the
chromosomally unstable cancer cells do not show any growth impairment but demonstrate the
same pathway alterations. In yeast, a similarity was observed between the aneuploidy response
pattern and the environmental stress response (ESR) (Sheltzer et al, 2012). However, the ESR is
triggered not only by several environmental stresses, but occurs also a consequence of a
diminished growth rate (Regenberg et al, 2006). Therefore in yeast the slower proliferation might
partially contribute to the gene expression changes caused by aneuploidy.

It is not yet understood what triggers the aneuploidy-associated transcriptome changes,
proved that it is not the reduced proliferation. When we compared the aneuploidy transcriptional
profile with transcription changes in human cells subjected to various stress conditions, we
observed a strong overlap between the ARP and the resposse to bafilomycin Al treatment.
Bafilomycin Al leads to inhibition of autophagy dependent degradation by preventing a fusion
between autophagosomes and lysosomes, which leads to proteotoxic stress (Yamamoto et al,
1998). It was proposed previously that aneuploidy suffers from impaired protein homeostasis since
murine and yeast aneuploid cells are more sensitive to treatment with proteotoxic stress-inducing
compounds (Torres et al, 2007; Tang et al, 2011). The increased sensitivity suggests that these
drugs affect pathways that are essential for the survival of aneuploid cells. One of the compounds
used in a previous study was the autophagy-inhibitor chloroquine. Consistently, it was

demonstrated that autophagy is activated in response to aneuploidy (Tang et al, 2011; Stingele et
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al, 2012) and our data show upregulation of lysosome-associated pathways highlighting the
importance of autophagy in aneuploid cells. However, aneuploid MEFs also showed increased
sensitivity to the HSP90-inhibitor 17-AAG (Tang et al, 2011) suggesting that it might be not only
autophagy but the whole protein homeostasis regulatory network on that aneuploid cells heavily
rely.

The presence of a global response triggered by aneuploidy in a broad range of human cell
lines with different karyotypes might open new horizons in the development of novel cancer
therapies targeting conserved altered pathways. Moreover, further investigation on maintenance of

protein homeostasis in aneuploid could uncover what exactly causes the ARP.

7.2 Whole chromosomal aneuploidy leads to proteotoxic stress

Aneuploidy affects several quality control pathways important for cellular protein
homeostasis. Aneuploid yeast and MEFs showed increased sensitivity to conditions that
compromise protein folding or degradation and aneuploid human cells activate autophagy and
exhibit cytoplasmic protein inclusions (Torres et al, 2007; Tang et al, 2011; Stingele et al, 2012).
We provide the first evidence that protein folding is significantly impaired in trisomic and tetrasomic
human cell lines. Specifically we showed that human aneuploid cells suffer from a HSP90-
dependent protein folding defect. Analysis of mMRNA and protein levels revealed that HSP90 family
proteins and the responsible transcription factor HSF1 were downregulated in all aneuploid cell
lines analyzed. Moreover, the ability to induce a full heat shock response upon acute proteotoxic
stress was compromised. Consistently, we found that exogenous and endogenous overexpression
of HSF1 alleviates the detrimental consequences of aneuploidy on HSP90 expression and protein
folding. Finally, we showed that the protein folding deficiency contributes both to proteome and
transcriptome alterations and partially shapes the characteristic aneuploidy response pattern
(ARP).

We showed that aneuploid human cells are specifically sensitive to inhibition of HSP90 but
not to other inducer of protein folding stress such as heat shock and inhibition of HSP70.
Consistently with our findings, previous data support the idea that particularly HSP90 is
compromised in several aneuploid cells. In fact, aneuploidy leads to increased sensitivity to
inhibition of HSP90-dependent protein folding in yeast and the HSP90 chaperones capacity is
reduced in many aneuploid yeast strains (Torres et al, 2007; Oromendia et al, 2012). Similarly it
was shown that aneuploid MEFs are more sensitive to treatment with 17-AAG, a chemical inhibitor
of HSP90 (Tang et al, 2011), thus supporting the argument that aneuploidy leads to a specific
HSP90-mediated protein folding deficiency.

Notably, restoring the HSF1 levels by exogenous or endogenous overexpression alleviates
the negative effects of aneuploidy on protein folding. Enhanced expression of HSF1 represents the
first aneuploidy-tolerating genetic modification in human cells. Interestingly, chromosome 8, where

HSF1 is coded, is also the largest somatic chromosome whose trisomy is not embryonic lethal
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(Agrawal & Agrawal, 2011). Moreover, trisomy or tetrasomy of chromosome 8 is one of the most
frequent numerical aberration in tumors (Mitelman et al, 2016). Thus, increased expression of
HSF1 can alleviate some of the aneuploidy related defects. Another mutation that improves the
fithess of aneuploid yeast strains was described by Torres and colleagues. They observed that
inactivation of the gene encoding the deubiquitinating enzyme Ubp6 suppress the proliferation
defect and attenuated the aneuploidy-dependent alterations in cellular protein composition (Torres
et al, 2010). In both cases, increased activity of one of the pathways involved in the quality control
network is beneficial for aneuploid cells suggesting that aneuploid cells greatly depend on the
maintenance of protein homeostasis.

The existence of mutation that could alleviate aneuploidy-associated physiological defects
suggests once more that the general response to aneuploidy might be a consequence of
proteotoxic stress. Interestingly defects in protein-folding induced by chemical inhibition of HSP90
or knockdown of HSF1 in diploid cells trigger transcriptome and proteome changes similar to those
observed in aneuploid cells (Sharma et al, 2012; Chuma et al, 2014) In both cases we observed a
strong overlap of the downregulated pathways, which includes pathways of DNA repair and
replication and RNA splicing, as well as cell cycle pathways. The similarity with upregulated
pathways was only partial, and more apparent when comparing aneuploid cells with the HSF1-
depleted cell lines. This might be due to the fact that HSF1 is involved in regulation of a broad
range of additional cellular processes distinct form heat shock response (Mendillo et al, 2012).
Thus, the HSF1 deficiency caused by aneuploidy contributes to the conserved aneuploidy
response pattern.

One more remarkable finding of our work is that the protein levels of previously identified
HSP90 clients were significantly decreased in majority of aneuploid cell lines tested. In yeast and
human cells, changes in gene copy number lead to a consequent change in the level of mRNAs
(Torres et al, 2010; 2007; Pavelka et al, 2010) (Stingele et al, 2012). However, while majority of the
proteins coded on the extra chromosome are expressed according to the gene copy number, in
some cases their levels are lower than expected. This adjustment of protein abundance to diploid
levels affects specifically certain protein categories. In particular, subunits of multimolecular
complexes and kinases tend to maintain the stoichiometric abundance levels despite increased
MRNA level (Torres et al, 2010) (Stingele et al, 2012). This specific “compensation” was previously
justified by the fact that the relative abundance of these classes of proteins is tightly regulated to
ensure the balance between single subunits of the multimolecular complexes and between protein
kinases with opposite enzymatic function (Veitia et al, 2008). Interestingly, kinases and subunits of
multimolecular complexes are also described clients of HSP90 (Caplan et al, 2007; Sharma et al,
2012; Makhnevych & Houry, 2012; Gopinath et al, 2014; Taipale et al, 2014). Insufficient protein
folding capacity is harmful for HSP9O0 clients that might fail to be folded and therefore aggregate or
undergo degradation. Consistently, kinases and members of multimolecular complexes coded on

the extra chromosome show decreased protein levels compared to the expected abundance.
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Degradation of subunits of multimolecular complexes is mediated by proteasome and autophagy
(Torres et al, 2010; Stingele et al, 2012; Dephoure et al, 2014).

The causes of the observed protein folding impairment and the decreased levels of HSP90
family chaperones and their transcription factor remain unclear. A former study suggests that the
proteotoxic stress experienced by aneuploid cells results from the increased expression of proteins
coded on the extra chromosome. In fact, yeast strains containing transcriptionally silent yeast
artificial chromosome (YAC) do not exhibit increased protein aggregation (Oromendia et al, 2012).
It was shown in yeast that as little as 0.1% increase in misfolded proteins saturates the protein
guality-control systems resulting in reduced cellular fithess and induction of unfolded protein
response (Geiler-Samerotte et al, 2011). Similarly in aneuploid cells, accumulation of proteins
coded on the extra chromosome might place a burden on the cellular ability of maintaining
proteostasis, leading to accumulation of misfolded proteins and aggregates resulting in chronic

proteotoxic stress.

7.3 Whole chromosomal aneuploidy triggers genomic instability in human

In this study we demonstrated for the first time that the presence of even a single extra
chromosome triggers genomic instability by impairing DNA replication. Here we used a human
model system that is considerably different from previous studies where aneuploidy was induced
by defective mitotic checkpoint. Mutations in mitotic checkpoint components lead to high
aneuploidy rate and highly chromosomally instable cells. Oppositely, we used defined tri- and
tetrasomic cells that differ from the control only for the added chromosome(s) and do not display
any significantly increased chromosome instability. This mimics the situation after random
missegregation of a single chromosome and therefore we could uncover how such event
contributes to genomic instability and possibly to tumorigenesis. We used a panel of five cell lines
derived from HCT116 and five derived from RPE1 carrying extra chromosome 3, 5, 8, 12 or 21 and
their combinations. Analysis of both transformed and non-transformed cell lines containing a
variety of different chromosome was essential to ensure that the observed phenotypes are not cell
line or chromosome-specific. We show that aneuploidy consistently increases the frequency of pre-
mitotic errors even in unperturbed conditions and sensitizes cells to replication stress. Moreover
presence of extra chromosomes elevates frequency of chromosomal rearrangements with a
breakpoint junction pattern suggestive of replication defects. In fact, DNA replication is abnormal in
aneuploid cells as demonstrated by the EdU incorporation assay and by levels of RPA32
phosphorylation. Finally, we demonstrated that the limiting factor for replication and genomic
instability is the observed decreased levels of MCM2-7 and restoring near wild-type levels of
MCM2-7 partially alleviates the defects.

Our experiments provided an answer for a question whether a presence of one extra
chromosome is sufficient to trigger additional genomic instability in human cells. We demonstrated

that aneuploid cell lines show several phenotypes suggestive of ongoing genomic instability such
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as increased frequency of anaphase and ultrafine bridges, higher frequency of structural
chromosomal aberration, accumulation of de novo chromosomal rearrangement and increased
amount of DNA lesions that persist through mitosis. Studies in yeast showed that aneuploidy leads
to mutagenesis, sensitivity to genotoxic stress and progression through mitosis in presence of DNA
damage which are common hallmarks of genomic instability (Sheltzer et al, 2011; Blank et al,
2015). In human cells derived from Down Syndrome’s patients, aneuploidy enhanced sensitivity to
DNA damaging agents and increased accumulation of DNA damage (Morawiec et al, 2008; Necchi
et al, 2015). Thus, these results together strongly suggest that changes in number of
chromosomes further destabilizes genome and triggers chromosomal rearrangements.

Notably, we did not detect any significant increase in the frequency of lagging chromosome
in aneuploid cells suggesting that a presence of extra chromosome(s) per se does not trigger CIN.
However, earlier studies are not always in agreement with our results. In yeast the majority of
aneuploid strains obtained by sporulation of triploid or pentaploid yeast are chromosomally
unstable (Pavelka et al, 2010; St Charles et al, 2010; Zhu et al, 2012). Similarly, haploid yeast
strains that carry additional copies of single yeast chromosomes show increased rate of
chromosomes missegregation suggesting that CIN is a conserved phenotype of aneuploid yeast
(Sheltzer et al, 2011). Studies on aneuploid mammalian cells came to conflicting conclusions. On
one hand it has been shown that whole chromosomal aneuploidy obtained by introducing an extra
chromosome into a diploid cell line do not cause CIN, similar to what we observed (Lengauer et al,
1997; Valind et al, 2013). On the other hand, Nicholson and colleagues showed that trisomy 7 or
13 lead to chromosome missegregation and that the segregation defect affects some
chromosomes more than others. They suggested that CIN might be a karyotype-dependent
phenotype because they found that overexpression of a gene coded on chromosome 13 leads to
cytokinesis failure (Nicholson et al, 2015). As we did not have any cell line with extra chromosome
13 in our study, we were not able to test this possibility. Thus, it is well possible that CIN is a
karyotype-dependent phenotype rather than a general consequence of aneuploidy in human cells.

Our observation that aneuploidy causes increased rate of anaphase and ultra fine bridges,
but not of lagging chromosomes suggests that presence of extra chromosome affects DNA
replication and/or repair rather than chromosome segregation machinery. GIN is caused by
defective DNA replication, DNA repair or their incorrect coordination, while CIN arises from defects
in one of the numerous processes controlling chromosome segregation and cell division, and is
therefore mostly independent of DNA damage. However, It was shown recently that defects in
DNA replication affect proper transmission of chromosomes to daughter cells (Burrell et al, 2013).
Moreover, the phenomenon of DNA damage-induced centrosome amplification represents ad
additional evidence that DNA lesions can in certain cases trigger defects in chromosome
segregation processes (Loffler et al, 2013). Nevertheless, it is still not clear whether impaired DNA
replication causes chromosome segregation errors and whether this link is only observed in cancer

cells.
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Next generation sequencing analyses revealed that the chromosomal rearrangement
accumulated de novo in aneuploid cells show microhomology at break point junctions and overlap
with fragile sites suggesting that the chromosome breaks have a replication stress-dependent
origin. This is consistent with previous findings in yeast that replication stress in early S-phase
leads to chromosomal rearrangements (Sabatinos et al, 2015). Replication stress is one of the
major sources of genomic instability in early stages of tumorigenesis (Gorgoulis et al, 2005). It can
arise due to mutations in genes crucial for DNA replication, repair or checkpoint control, or it can
arise as a consequence of activation of oncogenes such as c-Myc and cyclin E. For example
overexpression of cyclin E impairs MCM2-7 binding to chromatin during G1, leading to a reduced
number of licensed origins after entering S-phase (Ekholm-Reed et al, 2004). The contribution of
replication stress in tumorigenesis is further strengthened by the findings that replication stress
induced by aphidicolin-mediated DNA polymerase inhibition results in high frequency of tumor-like
micro-deletions (Durkin et al, 2008). Moreover, hydroxyurea-induced dNTP depletion resulting in
replication stress and DNA damage, promotes leukaemogenesis in mice (Bilousova et al, 2005).
However, despite the accumulating evidences supporting a connection between replication stress
and tumorigenesis, the molecular processes that lead to fork stalling and impaired replication in the
early stages of tumorigenesis remain elusive.

In order to understand the underlying mechanisms, we asked what causes the defective
DNA replication in aneuploid cells. Previous analysis of the pathway deregulation in aneuploids
revealed that processes involved in DNA replication and repair are consistently down-regulated in
different species (Sheltzer et al, 2012; Stingele et al, 2012; Dirrbaum et al, 2014). A closer look at
the proteome data revealed a strong downregulation of DNA replicative factors, particularly the
subunits of the replicative helicase MCM2-7. MCM2-7 is essential for correct replication and its
donwregulation leads to insufficient loading of dormant origin with consequent hypersensitivity to
replication stress. MCM2-7 is an essential component of the pre-RC complex together with ORC,
CDC6 and CDT1 (Remus et al, 2009). It was shown in several studies that excess of MCM2-7 is
required for loading of dormant origins and survival of replication stress (Woodward et al, 2006; Ge
et al, 2007; lbarra et al, 2008). Notably, partial depletion of MCM2-7 under normal condition is not
detrimental for cells as they do not need to activate dormant origins (Ge et al, 2007; lbarra et al,
2008). However, reduced MCM2-7 levels and therefore reduced origin licensing becomes a
problem when DNA replication is challenged, as there are no additional origins to be fired and
rescue the DNA replication (Ge et al, 2007; Ibarra et al, 2008). By ensuring timely DNA replication
in case of replication stress, the excess MCM2-7 in cells also maintains the genome stability. Mice
with mutations in MCM4 show accumulation of double strand breaks, micronuclei and
predisposition to mammary tumor development (Shima et al, 2007). In humans, a recessive
syndrome caused by an N-terminal truncation of MCM4 leads to increased chromosomal fragility in
patient’s lymphocytes and dermal fibroblasts (Gineau et al, 2012; Hughes et al, 2012). Accordingly,

we observed increased occurrence of DNA breaks and gaps in aneuploid cell lines when treated
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with aphidicolin. In addition, it was shown that old hematopoietic stem cells (HSCs) in mice suffer
from cell cycle defects, replication stress and chromosome gaps and breaks due to decreased
MCM2-7 expression (Flach et al, 2014).

Because the presence of an adequate number of dormant origins is essential to prevent
genomic instability, it has been proposed that cells monitor the licensing of sufficient dormant origin
before onset of S-phase via a so called “licensing checkpoint”. Although the molecular
mechanisms of this checkpoint is still under investigation, the evidence suggests that the G1-
phase is prolonged by down-regulating G1/S Cdk2 activity until a proper number of origins are
licensed (Liu et al, 2009; Machida et al, 2005b; Nevis et al, 2009; Teer et al, 2006). Surprisingly,
the aneuploid cells we analyzed enter S-phase despite the limited abundance of MCM2-7 proteins
suggesting that either the licensing checkpoint is defective, similar to some transformed cells
(Shreeram et al, 2002), or they can somehow bypass the checkpoint or the defect is not big
enough to activate the checkpoint. In the first case aneuploid cells would not show any G1 phase
prolongation. On the contrary, we have previously shown that the cell cycle of trisomic and
tetrasomic cells is altered compared to those of parental diploid cells and this alteration is reflected
in prolongation of G1 and S phases (Stingele et al, 2012). Therefore we can speculate that the
cells delay the entrance into the S-phase to allow licensing of sufficient dormant origins. However,
cells will eventually bypass this arrest and start DNA replication. This change in licensing
checkpoint falls outside the aim of this work, however it will be an interesting topic of future
investigation. In particular it is appealing because so far the bypass of the G1 arrest after origin
licensing failure has only been achieved by depletion of p53 or expression of the HPV E7
oncoprotein (Liu et al, 2009; Nevis et al, 2009). Here, we can provide a model where, despite the
insufficient loading of dormant origins, the licensing checkpoint is overcome.

Although defects in DNA replication are the major endogenous source of DNA damage
leading to genomic instability, many other pathways are also involved such as DNA repair and
checkpoint response. In a recent study it was shown that reduction in MCM2 levels leads to a
corresponding reduction in recruitment of Chkl on chromatin and consequent reduced
phosphorylation by ATR (Han et al, 2014). Similarly, MCM7 depletion leads to dysfunction of the
DNA replication checkpoint and a subsequent failure to inhibit further DNA replication after fork
stalling (Cortez et al, 2004). This suggests that proper levels of MCM2-7 are essential for genome
stability not only to license sufficient dormant origin, but also because they might have an
independent function in the intra S-phase checkpoint signaling. Therefore, it will be interesting in
the future to check how low levels of MCM2-7 affect checkpoint responses in aneuploid cells and
whether this also has consequences for the maintenance of genomic stability.

An unanswered question is what triggers the global response and in particular the down-
regulation of replicative factors in aneuploid cells. The most immediate speculation is that
aneuploidy-associated protein deregulation could be linked to the impaired proliferation. However,

whether the slow growth of aneuploid cells is a cause or a consequence of protein deregulation is
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difficult to say. Two scenarios are possible: aneuploid cell lines may grow slower as a
consequence of deregulated expression of specific proliferative proteins, or aneuploidy triggers a
cell cycle delay, which results in down-regulation of proteins involved in DNA replication and cell
cycle. Interestingly, downregulation of pathways involved in DNA metabolism has also been
observed in cells with complex aneuploid karyotype that do not show impaired proliferation
(Durrbaum et al, 2014). Therefore, the link between downregulation of replicative factors and
proliferation rate might be either indirect or the two phenotyphes might be independent.

One alternative explanation for the reduced levels of replicative factors might reside in the
defective folding capacity of aneuploid cells. Accordingly, several factors involved in DNA repair
and replication are well-characterized clients of molecular chaperones (Taipale et al, 2014).
Moreover, the comparison of the proteome changes in HelLa cells upon HSP90 inhibition with the
proteome changes in untreated aneuploid cell lines revealed a partial overlap especially among the
downregulated pathways (Donnelly et al, 2014). The common downregulated pathways include
pathways of DNA and RNA metabolism, such as DNA repair and replication and RNA splicing, as
well as the cell cycle pathways. The overlap was even greater when the comparison was made
between aneuploid cell lines and HSF1-depleted human cell lines (Donnelly et al, 2014).
Consistent with this hypothesis it was previously demonstrated that HSP9O0 inhibition itself leads to
chromosomal instability in yeast (Chen et al, 2012). A straightforward speculation might be that
because of the folding impairment, chaperones fail to correctly fold their clients, which include also
replicative factors. Unfolded proteins that are not functional can aggregate or be targeted for
degradation. This could explain the decrease in replicative factors level. However, there is no
direct evidence that MCM2-7 proteins are HSP90 clients. In addition, down-regulation of the
pathways involved in DNA metabolism are observed in proteome analysis as well as in
transcriptome, although to a lesser extent (Dirrbaum et al, 2014). Therefore, HSP90 impairment
might contribute to the down-regulation of replicative factors, but it is probably not the only cause.

We should also consider the possibility that down-regulation of DNA metabolism is due to
an altered E2F activity. In fact, the E2F transcription factor family controls the expression of many
genes involved in DNA replication and cell cycle progression (Dyson, 1998). This would explain the
decrease in mMRNA levels of several transcripts involved in DNA replication and cell cycle as well
as the proliferation defect of aneuploid cells. A decreased E2F activity could be a consequence of
limited HSP9O0 function of aneuploid cells. It has been demonstrated, indeed, that HSP90 inhibition
leads to dowregulation of E2F-1 and corresponding target genes (Nagaraju et al, 2014).

Finally, one additional hypothesis is that the reduced mRNA levels of MCM2-7 occur due to
post-trancriptional modifications. It was recently shown in MEFs carrying a hypomorphic allele of
MCM4 that the consequent reduction of other MCM2-7 components occurs due to the
destabilization of the hexamer, but also due to an mRNA pan-down-regulation (Chuang et al,
2012). This suggests an existence of a mechanism that regulates the MCM2-7 mRNA abundance

in response to certain stress stimuli. Chuang and colleagues explored the hypothesis that a
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process of active mRNA degradation was responsible for the post-transcriptional modification of
MCM2-7 mRNAs. Indeed they observed that the RNAiI machinery is involved in regulating MCM2-7
MRNA levels and decrease of MCM2-7 mRNA and protein levels correlated with increase of miR-
34a-c (Chuang et al, 2012; Bai et al, 2016). The co-existence of such a negative feedback together
with the protein folding defect in aneuploid cells could explain how the MCM2-7 mRNA is down-
regulated as a consequence of a lower abundance of MCM2-7 proteins. Obviously this mechanism
would cause a vicious cycle where the already decreased protein level is further lowered due to
decreased mRNA. Other possibilities to explain the decrease of MCM levels and further studies
will be required to clarify the mechanisms underlying the decreased abundance of replicative

factors.

7.4 Aneuploidy as aroad to cancer

The phenomenon of unbalanced karyotype was first described by Theodor Boveri as a
recurrent defect in cancer. Because of this evidence he proposed for the first time that aneuploidy
might play a role in cancerous transformation (Holland & Cleveland, 2009). Since then, the long-
standing question whether aneuploidy is a cause or a byproduct of cancer has been extensively
discussed. The debate is further fueled by the evidence that 90% of solid tumors and 50% of blood
cancers are aneuploid (Beroukhim et al, 2010). Therefore, several hypotheses have been put
forward in the recent years to rationalize this “chicken/egg” dilemma.

Some scientists proposed that aneuploidy is not necessary for transformation, as
introduction of three artificially mutated genes is sufficient to transform normal human fibroblasts in
cancer cells. Moreover, the obtained tumor cell clones do not show abnormal chromosome number
(Zimonjic et al, 2001). However, there are limited data supporting these facts and later
independent analysis of the obtained transformed clonal cell line with different methods revealed
that at least 70% of the cells have a non-diploid karyotype (Li et al, 2002).

An additional hypothesis is that aneuploidy is only a consequence of tumor transformation.
This assumption is supported by the evidence that aneuploidy has adverse consequences on cell
growth while cancer cells usually proliferate faster than non-transformed cells. Moreover, it has
been shown that many tumor suppressor genes are components of cell cycle checkpoint (Bric et
al, 2009). Therefore, tumor suppressor loss causes not only cancerous transformation but also
checkpoint disfunction leading to the formation of aneuploid cells (Manning et al, 2010). From this
point of view, aneuploidy is therefore rather a side effect of the tumor suppressor inactivation. Yet,
although it is not involved in tumor initiation, it might contribute to tumor development.

Finally, the third theory is that aneuploidy plays a crucial role in tumorigenesis and
precedes cancer formation. The understanding of tumor initiation would be crucial, not only to
identify specific therapeutic targets but also to develop prognostic markers for detection of
precursor lesions and early-stage malignancies. It has been proposed that activation of oncogenes

and inactivation of tumor suppressors occur as consequences of structural and numerical
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chromosomal rearrangements proposing aneuploidy as a trigger of tumorigenesis (Mitelman et al,
2007).

Unfortunately studies on Down’s syndrome do not really help our understanding of the role
played by aneuploidy in cancer, as the evidences available are difficult to interpret and to explain.
Multiple reports have shown that children with Down’s syndrome have significant increased
incidence of leukemia, while the risk of most solid tumors is reduced (Nizeti¢ & Groet, 2012). The
reason is still not clear, but it has been proposed that it depends on specific genes expressed in a
“critical region” of chromosome 21 that have tumor-supressing effects (Sussan et al, 2008). In
particular there are genes within this region whose overexpression inhibits angiogenesis. As the
development of solid tumors depends on efficient vascularization, it might partially explain the
reduction in risk of solid tumor compared to leukemia (Nizeti¢ & Groet, 2012). Therefore, Down’s
syndrome might show a particular behavior due to a chromosome-specific effect. Conversely,
analysis of data collected from patient with trisomy 8 mosaicism, trisomy 13, trisomy 18 and
Klinefelter's syndrome (47XXY) revealed that these disorders are all associated with a higher
susceptibility to developing solid cancer (Ganmore et al, 2009). Thus, to date it is still not clear
whether aneuploidy per se could contribute to tumor initiation.

The major challenge in deciphering the role of aneuploidy in cancer is represented on one
hand by the high heterogeneity of tumor karyotypes and on the other hand by the difficulties to test
the consequence of aneuploidy per se in absence of other defects (Wood et al, 2007). In fact, the
majority of drugs used to induce aneuploidy lead also to an increase in DNA damage, which has
also been postulated as first step of carcinogenesis (Thompson & Compton, 2008). Moreover,
alternative strategies to induce aneuploidy consist of mutation or inhibition of checkpoint
components that lead to increased CIN. Notably, the role of CIN in tumor initiation has not been
clarified. Large scale sequencing of human cancer cells revealed that mutation in spindle
checkpoint genes are very rare in tumors (Greenman et al, 2007; Wood et al, 2007). Moreover,
heterozygous knockout of several spindle assembly checkpoint (SAC) genes in CIN mouse models
not always lead to spontaneous tumor formation (Dai et al, 2004; Iwanaga et al, 2007; Jeganathan
et al, 2007). In addition, overexpression of SAC genes has sometimes cancer-inducing effects and
other times protective effects (Baker et al, 2013; Ricke et al, 2011). Finally, Weaver and colleagues
observed that aneuploidy induced by CIN-promoting mutations contributes to tumor transformation
both in vitro and in vivo, but at the same time it inhibits tumorigenesis in tissues prone to tumor
development (Weaver et al, 2007). To explain how CIN-induced aneuploidy could both trigger and
suppress tumorigenesis they proposed a model where the effects of unbalanced karyotype are
similar to those of DNA damage. Low levels of DNA damage results in low levels of genomic
instability and could promote tumor initiation and development. Oppositely, high levels of DNA
damage and genomic instability comparably to the effects of chemotherapy lead to cell death and
consequent tumor suppression (Weaver & Cleveland, 2007). Similarly, studies on chromosome

missegregation in bacteria revealed that low levels of CIN result in growth advantage while high
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levels of CIN lead to cell death or so-called “mutational meltdown” (Lynch et al, 1993). Therefore, it
is difficult to draw general conclusions from these results, as it is impossible to dissect which are
the distinct contribution of CIN and aneuploidy on tumorigenesis. Recently, it has been shown that
addition of single extra chromosome in an otherwise diploid and stable karyotype is insufficient to
induce neoplastic phenotype and it acts as tumor suppressor in oncogene-transduced populations
(Sheltzer et al, 2016). Therefore, in the absence of CIN, aneuploidy seems to prevent
tumorigenesis, consistently with the previously described proliferation defect of aneuploid cells.
Studies supporting the hypothesis that stable aneuploidy per se could promote tumor initiation are
still missing. Our work provides a first mechanistic view on how aneuploidy might contribute to
tumorigenesis in absence of CIN by triggering genomic instability as a consequence of impaired

DNA replication.

7.5 A role for genomic instability in tumorigenesis

The contribution of genomic instability to carcinogenesis is supported by several lines of
evidence. First, to undergo tumor transformation and to acquire growth advantage cells need to
accumulate a certain number of genetic alterations of oncogenes and tumor suppressor genes in a
limited amount of time (Beckman & Loeb, 2006). The normal mutation rate is probably insufficient
to account for the multiple mutations required for tumor initiation while genomic instability would
explain how cells gain in short time enough genetic variations to develop the malignant phenotype.
Second, it is well known that humans and animals with germline mutations in genes that are
involved in maintenance of genomic stability and DNA integrity are prone to develop tumors
(Edelmann et al, 1997; Prolla et al, 1998; Varley, 2003; Zhang et al, 2015b). Third, somatic
mutations leading to defects in pathways that contribute to the maintenance of genome integrity
have been found in some tumors (Haugen et al, 2008; Shlien et al, 2015). Finally, karyotypic
heterogeneity of most solid tumors is a hallmark of cancer cell and GIN can explain the high rate of
continuous generation of new genetic variants during tumor growth (Patel et al, 2014). Therefore,
GIN is considered one of the key driving forces of cancer development as it can accelerate
accumulation of other cancer hallmarks.

A very universal condition of cancer cells is deregulated cell cycle proliferation, therefore
suggesting that changes that stimulate proliferation could promote cancer. A still unresolved
paradox is how aneuploidy could trigger tumorigenesis, a condition characterized by uncontrolled
proliferation, when aneuploidy itself impairs growth. This remains an enigmatic question, and to
find the answer it would be first essential to understand what causes the proliferation defects in
aneuploid cells. One possibility is that aneuploid cells might be able to “evolve” and improve the
proliferation rate in the long-term period. It cannot be excluded that such “evolution” could result in
the clonal expansion of a cell population with proliferative advantage. Weaver and colleagues
observed that aneuploidy-induced transformation is a slow process requiring at least 30 passages

in vitro (Weaver et al, 2007). We always performed our experiment within a limited number of
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passages (not more than 6), because we wanted to avoid any evolution due to ongoing genomic
instability. However, this could be an attractive point to investigate in the future. It would be
interesting, for example, to test whether there is any difference in proliferation rate between the
clones we derived from aneuploid HCT116 cells that did not accumulate any chromosomal
rearrangement and those that did accumulate CNAs.

Interestingly, aneuploidy is not the only scenario characterized by decreased cell cycle
progression that is associated with tumors. For example, loss of a subclass of transcriptional
activators E2F leads to defects in cell cycle progression, proliferation and development (Wu et al,
2001). This is not surprising as their major role is promoting the transcription of a variety of genes
involved in cell cycle progression. What is surprising is that E2F1/E2F2 mutant mice exhibit higher
predisposition to tumor development (Zhu et al, 2001). Bilousova and colleagues explained this
paradox with the “Poor competition model”. They demonstrated that conditions that impair DNA
replication (mutation of E2F1/E2F2) of hematopoietic progenitors significantly enhanced the
proliferative advantage after oncogenes expression or p53 mutation while for healthy replicating
progenitors cells oncogenic mutations are disadvantageous (Bilousova et al, 2005). The
competitive advantage allows mutant progenitors cells to outcompete wild type cells in the same
niche, promoting leukemogenesis. Thus, in a replication-impaired scenario acquisition of
oncogenic mutations might provide a relatively larger selective advantage. Oppositely, oncogenic
mutations are mainly disadvantageous and usually are selected against in the wild type population
(Bilousova et al, 2005). Recently it has been shown that E2F1 and E2F2 play a role in response to
DNA damage and maintenance of genome stability in neuronal cells suggesting that this might
also contribute to the increased leukemogenesis (Castillo et al, 2015).

Something similar might be true for aneuploid cells. Despite the impaired proliferation,
genomic instability of aneuploid cells represents a source of genetic variation allowing cells to
adapt under strong selective forces. Notably, chronic conditions such as inflammation or
environmental stresses have been linked with tumor onset (Coussens & Werb, 2002). In such
stressful circumstances or in highly hostile environments wild type cells might die while aneuploid
cells might favor accumulation of genetic alterations that will eventually lead to tumorigenesis.
Consistently with this hypothesis it has been recently shown that aneuploidy confers a selective
advantage when cells are cultured in non-standard conditions (Rutledge et al, 2016). Moreover,
genomic instability might also provide a way for aneuploid cells to accumulate aneuploidy-
tolerating mutations and overcome the physiological defects caused by the presence of extra

chromosome(s).

To summarize, our findings can offer a mechanistic view on how a random single chromosome
segregation error can contribute to cancer development. We showed that simple addition of an
extra chromosome leads to an increased accumulation of CNAs in human cells as a consequence

of increased sensitivity to replication stress. Considering that the rate of stochastic chromosome
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missegregation is five orders of magnitude higher than the point mutation rate (Thompson &
Compton, 2008; Balin & Cascalho, 2010), there is certainly a higher probability that a single
chromosome segregation error triggers simultaneous accumulation of several tumor-promoting
mutations rather than all single mutations happen independently. Therefore, increasing genomic
instability in response to random chromosome segregation errors might represent a new route

leading to tumor initiation and chemotherapy resistance.

64




8. References

8. References

Agrawal A & Agrawal R (2011) Warkany syndrome: a rare case report. Case Rep Pediatr 2011
437101

Asaithamby A, Hu B, Delgado O, Ding L-H, Story MD, Minna JD, Shay JW & Chen DJ (2011)
Irreparable complex DNA double-strand breaks induce chromosome breakage in organotypic
three-dimensional human lung epithelial cell culture. Nucleic Acids Res. 39: 5474-5488

Bai G, Smolka MB & Schimenti JC (2016) Chronic DNA Replication Stress Reduces Replicative
Lifespan of Cells by TRP53-Dependent, microRNA-Assisted MCM2-7 Downregulation. PLoS
Genet. 12: €1005787

Baker DJ, Dawlaty MM, Wijshake T, Jeganathan KB, Malureanu L, van Ree JH, Crespo-Diaz R,
Reyes S, Seaburg L, Shapiro V, Behfar A, Terzic A, van de Sluis B & van Deursen JM (2013)
Increased expression of BubR1 protects against aneuploidy and cancer and extends healthy
lifespan. Nat. Cell Biol. 15: 96-102

Baker DJ, Jeganathan KB, Cameron JD, Thompson M, Juneja S, Kopecka A, Kumar R, Jenkins
RB, de Groen PC, Roche P & van Deursen JM (2004) BubR1 insufficiency causes early onset
of aging-associated phenotypes and infertility in mice. Nat. Genet. 36: 744-749

Balin SJ & Cascalho M (2010) The rate of mutation of a single gene. Nucleic Acids Res. 38: 1575—
1582

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, Guldberg P, Sehested M, Nesland JM,
Lukas C, drntoft T, Lukas J & Bartek J (2005) DNA damage response as a candidate anti-
cancer barrier in early human tumorigenesis. Nature 434. 864-870

Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, Vassiliou L-VF, Kolettas E,
Niforou K, Zoumpourlis VC, Takaoka M, Nakagawa H, Tort F, Fugger K, Johansson F,
Sehested M, Andersen CL, Dyrskjot L, @rntoft T, Lukas J, et al (2006) Oncogene-induced
senescence is part of the tumorigenesis barrier imposed by DNA damage checkpoints. Nature
444: 633-637

Beckman RA & Loeb LA (2006) Efficiency of carcinogenesis with and without a mutator mutation.
Proc. Natl. Acad. Sci. U.S.A. 103: 14140-14145

Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J, Barretina J, Boehm JS,
Dobson J, Urashima M, Mc Henry KT, Pinchback RM, Ligon AH, Cho Y-J, Haery L, Greulich
H, Reich M, Winckler W, Lawrence MS, Weir BA, et al (2010) The landscape of somatic copy-
number alteration across human cancers. Nature 463: 899-905

Bilousova G, Marusyk A, Porter CC, Cardiff RD & DeGregori J (2005) Impaired DNA replication
within progenitor cell pools promotes leukemogenesis. PLoS Biol. 3: e401

Birkbak NJ, Eklund AC, Li Q, McClelland SE, Endesfelder D, Tan P, Tan IB, Richardson AL,
Szallasi Z & Swanton C (2011) Paradoxical relationship between chromosomal instability and
survival outcome in cancer. Cancer Res. 71: 3447-3452

Birsoy K, Possemato R, Lorbeer FK, Bayraktar EC, Thiru P, Yucel B, Wang T, Chen WW, Clish CB
& Sabatini DM (2014) Metabolic determinants of cancer cell sensitivity to glucose limitation
and biguanides. Nature 508: 108-112

Blakeslee AF, Belling J & Farnham ME (19200 CHROMOSOMAL DUPLICATION AND
MENDELIAN PHENOMENA IN DATURA MUTANTS. Science 52: 388—-390

Blank HM, Sheltzer JM, Meehl CM & Amon A (2015) Mitotic entry in the presence of DNA damage
is a widespread property of aneuploidy in yeast. Mol. Biol. Cell 26: 1440-1451

Blow JJ & Gillespie PJ (2008) Replication licensing and cancer--a fatal entanglement? Nat. Rev.
Cancer 8: 799-806

Bohlander SK & Kakadia PM (2015) DNA Repair and Chromosomal Translocations. In
Chromosomal Instability in Cancer Cells, Ghadimi BM & Ried T (eds) pp 1-37. Cham: Springer
International Publishing

Bonney ME, Moriya H & Amon A (2015) Aneuploid proliferation defects in yeast are not driven by
copy number changes of a few dosage-sensitive genes. Genes Dev. 29: 898—903

Boveri T (2007) Concerning the Origin of Malignant Tumours by Theodor Boveri. Translated and
annotated by Henry Harris. J. Cell. Sci. 121: 1-84

Bradford PT, Goldstein AM, Tamura D, Khan SG, Ueda T, Boyle J, Oh K-S, Imoto K, Inui H,
Moriwaki S-I, Emmert S, Pike KM, Raziuddin A, Plona TM, DiGiovanna JJ, Tucker MA &

65




8. References

Kraemer KH (2011) Cancer and neurologic degeneration in xeroderma pigmentosum: long
term follow-up characterises the role of DNA repair. J. Med. Genet. 48: 168-176

Branzei D & Foiani M (2010) Maintaining genome stability at the replication fork. Nat. Rev. Mol.
Cell Biol. 11: 208-219

Bric A, Miething C, Bialucha CU, Scuoppo C, Zender L, Krasnitz A, Xuan Z, Zuber J, Wigler M,
Hicks J, McCombie RW, Hemann MT, Hannon GJ, Powers S & Lowe SW (2009) Functional
identification of tumor-suppressor genes through an in vivo RNA interference screen in a
mouse lymphoma model. Cancer Cell 16: 324-335

Bridges CB (1925) Haploidy in Drosophila Melanogaster. Proc. Natl. Acad. Sci. U.S.A. 11: 706—
710

Burrell RA, McClelland SE, Endesfelder D, Groth P, Weller M-C, Shaikh N, Domingo E, Kanu N,
Dewhurst SM, Gronroos E, Chew SK, Rowan AJ, Schenk A, Sheffer M, Howell M, Kschischo
M, Behrens A, Helleday T, Bartek J, Tomlinson IP, et al (2013) Replication stress links
structural and numerical cancer chromosomal instability. Nature 494: 492—-496

Caplan AJ, Mandal AK & Theodoraki MA (2007) Molecular chaperones and protein kinase quality
control. Trends Cell Biol. 17: 87-92

Carter SL, Eklund AC, Kohane IS, Harris LN & Szallasi Z (2006) A signature of chromosomal
instability inferred from gene expression profiles predicts clinical outcome in multiple human
cancers. Nat. Genet. 38: 1043-1048

Castillo DS, Campalans A, Belluscio LM, Carcagno AL, Radicella JP, Canepa ET & Pregi N (2015)
E2F1 and E2F2 induction in response to DNA damage preserves genomic stability in neuronal
cells. Cell Cycle 14: 1300-1314

Chapman JR, Taylor MRG & Boulton SJ (2012) Playing the end game: DNA double-strand break
repair pathway choice. Mol. Cell 47: 497-510

Chen G, Bradford WD, Seidel CW & Li R (2012) Hsp90 stress potentiates rapid cellular adaptation
through induction of aneuploidy. Nature 482: 246-250

Chuang C-H, Yang D, Bai G, Freeland A, Pruitt SC & Schimenti JC (2012) Post-transcriptional
homeostasis and regulation of MCM2-7 in mammalian cells. Nucleic Acids Res. 40: 4914—
4924

Chuma M, Sakamoto N, Nakai A, Hige S, Nakanishi M, Natsuizaka M, Suda G, Sho T, Hatanaka
K, Matsuno Y, Yokoo H, Kamiyama T, Taketomi A, Fujii G, Tashiro K, Hikiba Y, Fujimoto M,
Asaka M & Maeda S (2014) Heat shock factor 1 accelerates hepatocellular carcinoma
development by activating nuclear factor-kB/mitogen-activated protein kinase. Carcinogenesis
35: 272-281

Cimini D, Moree B, Canman JC & Salmon ED (2003) Merotelic kinetochore orientation occurs
frequently during early mitosis in mammalian tissue cells and error correction is achieved by
two different mechanisms. J. Cell. Sci. 116: 4213-4225

Colnaghi R, Carpenter G, Volker M & O'Driscoll M (2011) The consequences of structural genomic
alterations in humans: genomic disorders, genomic instability and cancer. Semin. Cell Dev.
Biol. 22: 875-885

Contestabile A, Fila T, Bartesaghi R & Ciani E (2009) Cell cycle elongation impairs proliferation of
cerebellar granule cell precursors in the Ts65Dn mouse, an animal model for Down syndrome.
Brain Pathol. 19: 224-237

Cortez D, Glick G & Elledge SJ (2004) Minichromosome maintenance proteins are direct targets of
the ATM and ATR checkpoint kinases. Proc. Natl. Acad. Sci. U.S.A. 101: 10078-10083

Coussens LM & Werb Z (2002) Inflammation and cancer. Nature 420: 860—-867

Crasta K, Ganem NJ, Dagher R, Lantermann AB, Ivanova EV, Pan Y, Nezi L, Protopopov A,
Chowdhury D & Pellman D (2012) DNA breaks and chromosome pulverization from errors in
mitosis. Nature 482: 53-58

Dai W, Wang Q, Liu T, Swamy M, Fang Y, Xie S, Mahmood R, Yang Y-M, Xu M & Rao CV (2004)
Slippage of mitotic arrest and enhanced tumor development in mice with BubR1
haploinsufficiency. Cancer Res. 64: 440-445

Dephoure N, Hwang S, O'Sullivan C, Dodgson SE, Gygi SP, Amon A & Torres EM (2014)
Quantitative proteomic analysis reveals posttranslational responses to aneuploidy in yeast.
Elife 3: e03023

Dimitrova DS & Gilbert DM (2000) Temporally coordinated assembly and disassembly of
replication factories in the absence of DNA synthesis. Nat. Cell Biol. 2: 686—-694

66




8. References

Donnelly N, Passerini V, Durrbaum M, Stingele S & Storchova Z (2014) HSF1 deficiency and
impaired HSP90-dependent protein folding are hallmarks of aneuploid human cells. EMBO J.
33: 2374-2387

Duncan AW, Hanlon Newell AE, Bi W, Finegold MJ, Olson SB, Beaudet AL & Grompe M (2012)
Aneuploidy as a mechanism for stress-induced liver adaptation. J. Clin. Invest. 122: 3307-
3315

Duncan AW, Taylor MH, Hickey RD, Hanlon Newell AE, Lenzi ML, Olson SB, Finegold MJ &
Grompe M (2010) The ploidy conveyor of mature hepatocytes as a source of genetic variation.
Nature 467: 707-710

Durkin SG, Ragland RL, Arlt MF, Mulle JG, Warren ST & Glover TW (2008) Replication stress
induces tumor-like microdeletions in FHIT/FRA3B. Proc. Natl. Acad. Sci. U.S.A. 105: 246-251

Durrbaum M, Kuznetsova AY, Passerini V, Stingele S, Stoehr G & Storchova Z (2014) Unique
features of the transcriptional response to model aneuploidy in human cells. BMC Genomics
15: 139

Dyson N (1998) The regulation of E2F by pRB-family proteins. Genes Dev. 12: 2245-2262

Edelmann W, Yang K, Umar A, Heyer J, Lau K, Fan K, Liedtke W, Cohen PE, Kane MF, Lipford
JR, Yu N, Crouse GF, Pollard JW, Kunkel T, Lipkin M, Kolodner R & Kucherlapati R (1997)
Mutation in the mismatch repair gene Msh6 causes cancer susceptibility. Cell 91: 467-477

Ekholm-Reed S, Méndez J, Tedesco D, Zetterberg A, Stillman B & Reed S| (2004) Deregulation of
cyclin E in human cells interferes with prereplication complex assembly. J. Cell Biol. 165: 789—
800

Feng D, Tu Z, Wu W & Liang C (2003) Inhibiting the expression of DNA replication-initiation
proteins induces apoptosis in human cancer cells. Cancer Res. 63: 7356—7364

Ferguson LR, Chen H, Collins AR, Connell M, Damia G, Dasgupta S, Malhotra M, Meeker AK,
Amedei A, Amin A, Ashraf SS, Aquilano K, Azmi AS, Bhakta D, Bilsland A, Boosani CS, Chen
S, Ciriolo MR, Fujii H, Guha G, et al (2015) Genomic instability in human cancer: Molecular
insights and opportunities for therapeutic attack and prevention through diet and nutrition.
Semin. Cancer Biol.

Flach J, Bakker ST, Mohrin M, Conroy PC, Pietras EM, Reynaud D, Alvarez S, Diolaiti ME, Ugarte
F, Forsberg EC, Le Beau MM, Stohr BA, Méndez J, Morrison CG & Passegué E (2014)
Replication stress is a potent driver of functional decline in ageing haematopoietic stem cells.
Nature 512: 198-202

Fortini P, Parlanti E, Sidorkina OM, Laval J & Dogliotti E (1999) The type of DNA glycosylase
determines the base excision repair pathway in mammalian cells. J. Biol. Chem. 274: 15230-
15236

Ganmore |, Smooha G & lzraeli S (2009) Constitutional aneuploidy and cancer predisposition.
Hum. Mol. Genet. 18: R84-93

Ge XQ, Jackson DA & Blow JJ (2007) Dormant origins licensed by excess Mcm2-7 are required
for human cells to survive replicative stress. Genes Dev. 21: 3331-3341

Geiler-Samerotte KA, Dion MF, Budnik BA, Wang SM, Hartl DL & Drummond DA (2011) Misfolded
proteins impose a dosage-dependent fitness cost and trigger a cytosolic unfolded protein
response in yeast. Proc. Natl. Acad. Sci. U.S.A. 108: 680-685

Gineau L, Cognet C, Kara N, Lach FP, Dunne J, Veturi U, Picard C, Trouillet C, Eidenschenk C,
Aoufouchi S, Alcais A, Smith O, Geissmann F, Feighery C, Abel L, Smogorzewska A, Stillman
B, Vivier E, Casanova J-L & Jouanguy E (2012) Partial MCM4 deficiency in patients with
growth retardation, adrenal insufficiency, and natural killer cell deficiency. J. Clin. Invest. 122:
821-832

Gopinath RK, You S-T, Chien K-Y, Swamy KBS, Yu J-S, Schuyler SC & Leu J-Y (2014) The
Hsp90-dependent proteome is conserved and enriched for hub proteins with high levels of
protein-protein connectivity. Genome Biol Evol 6: 2851-2865

Gordon DJ, Resio B & Pellman D (2012) Causes and consequences of aneuploidy in cancer. Nat.
Rev. Genet. 13: 189-203

Gorgoulis VG, Vassiliou L-VF, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, Venere M,
Ditullio RA, Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, Kittas C & Halazonetis TD
(2005) Activation of the DNA damage checkpoint and genomic instability in human
precancerous lesions. Nature 434: 907-913

Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell G, Davies H, Teague J, Butler

67




8. References

A, Stevens C, Edkins S, O'Meara S, Vastrik I, Schmidt EE, Avis T, Barthorpe S, Bhamra G,
Buck G, Choudhury B, Clements J, et al (2007) Patterns of somatic mutation in human cancer
genomes. Nature 446: 153-158

Guacci V, Koshland D & Strunnikov A (1997) A direct link between sister chromatid cohesion and
chromosome condensation revealed through the analysis of MCD1 in S. cerevisiae. Cell 91:
47-57

Guilbaud G, Rappailles A, Baker A, Chen C-L, Arneodo A, Goldar A, d'Aubenton-Carafa Y,
Thermes C, Audit B & Hyrien O (2011) Evidence for sequential and increasing activation of
replication origins along replication timing gradients in the human genome. PLoS Comput. Biol.
7: €1002322

Guo M & Birchler JA (1994) Trans-acting dosage effects on the expression of model gene systems
in maize aneuploids. Science 266: 1999-2002

Hakim O, Resch W, Yamane A, Klein |, Kieffer-Kwon K-R, Jankovic M, Oliveira T, Bothmer A,
Voss TC, Ansarah-Sobrinho C, Mathe E, Liang G, Cobell J, Nakahashi H, Robbiani DF,
Nussenzweig A, Hager GL, Nussenzweig MC & Casellas R (2012) DNA damage defines sites
of recurrent chromosomal translocations in B lymphocytes. Nature 484: 69-74

Han X, Aslanian A, Fu K, Tsuji T & Zhang Y (2014) The interaction between checkpoint kinase 1
(Chk1) and the minichromosome maintenance (MCM) complex is required for DNA damage-
induced Chk1 phosphorylation. J. Biol. Chem. 289: 24716-24723

Hanemann CO & Miller HW (1998) Pathogenesis of Charcot-Marie-Tooth 1A (CMT1A)
neuropathy. Trends Neurosci. 21: 282-286

Haugen AC, Goel A, Yamada K, Marra G, Nguyen T-P, Nagasaka T, Kanazawa S, Koike J,
Kikuchi Y, Zhong X, Arita M, Shibuya K, Oshimura M, Hemmi H, Boland CR & Koi M (2008)
Genetic instability caused by loss of MutS homologue 3 in human colorectal cancer. Cancer
Res. 68: 8465-8472

Henry IM, Dilkes BP, Miller ES, Burkart-Waco D & Comai L (2010) Phenotypic consequences of
aneuploidy in Arabidopsis thaliana. Genetics 186: 1231-1245

Hirao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, Yoshida H, Liu D, Elledge SJ & Mak TW
(2000) DNA damage-induced activation of p53 by the checkpoint kinase Chk2. Science 287:
1824-1827

Hirayama A, Kami K, Sugimoto M, Sugawara M, Toki N, Onozuka H, Kinoshita T, Saito N, Ochiai
A, Tomita M, Esumi H & Soga T (2009) Quantitative metabolome profiling of colon and
stomach cancer microenvironment by capillary electrophoresis time-of-flight mass
spectrometry. Cancer Res. 69: 4918-4925

Hodgkin J, Horvitz HR & Brenner S (1979) Nondisjunction Mutants of the Nematode
CAENORHABDITIS ELEGANS. Genetics 91: 67-94

Holland AJ & Cleveland DW (2009) Boveri revisited: chromosomal instability, aneuploidy and
tumorigenesis. Nat. Rev. Mol. Cell Biol. 10: 478—-487

Hughes CR, Guasti L, Meimaridou E, Chuang C-H, Schimenti JC, King PJ, Costigan C, Clark AJL
& Metherell LA (2012) MCM4 mutation causes adrenal failure, short stature, and natural killer
cell deficiency in humans. J. Clin. Invest. 122: 814-820

Ibarra A, Schwob E & Méndez J (2008) Excess MCM proteins protect human cells from replicative
stress by licensing backup origins of replication. Proc. Natl. Acad. Sci. U.S.A. 105: 8956-8961

Ishitsuka K, Utsunomiya A, Katsuya H, Takeuchi S, Takatsuka Y, Hidaka M, Sakai T, Yoshimitsu
M, Ishida T & Tamura K (2015) A phase Il study of bortezomib in patients with relapsed or
refractory aggressive adult T-cell leukemia/lymphoma. Cancer Sci. 106: 1219-1223

Iwanaga Y, Chi Y-H, Miyazato A, Sheleg S, Haller K, Peloponese J-M, Li Y, Ward JM, Benezra R
& Jeang K-T (2007) Heterozygous deletion of mitotic arrest-deficient protein 1 (MAD1)
increases the incidence of tumors in mice. Cancer Res. 67: 160-166

Jain M, Nilsson R, Sharma S, Madhusudhan N, Kitami T, Souza AL, Kafri R, Kirschner MW, Clish
CB & Mootha VK (2012) Metabolite profiling identifies a key role for glycine in rapid cancer cell
proliferation. Science 336: 1040-1044

Janssen A, van der Burg M, Szuhai K, Kops GJPL & Medema RH (2011) Chromosome
segregation errors as a cause of DNA damage and structural chromosome aberrations.
Science 333: 1895-1898

Jeganathan K, Malureanu L, Baker DJ, Abraham SC & van Deursen JM (2007) Bubl mediates cell
death in response to chromosome missegregation and acts to suppress spontaneous

68




8. References

tumorigenesis. J. Cell Biol. 179: 255-267

Jiang J, Jing Y, Cost GJ, Chiang J-C, Kolpa HJ, Cotton AM, Carone DM, Carone BR, Shivak DA,
Guschin DY, Pearl JR, Rebar EJ, Byron M, Gregory PD, Brown CJ, Urnov FD, Hall LL &
Lawrence JB (2013) Translating dosage compensation to trisomy 21. Nature 500: 296—-300

Kahlem P, Sultan M, Herwig R, Steinfath M, Balzereit D, Eppens B, Saran NG, Pletcher MT, South
ST, Stetten G, Lehrach H, Reeves RH & Yaspo M-L (2004) Transcript level alterations reflect
gene dosage effects across multiple tissues in a mouse model of down syndrome. Genome
Res. 14: 1258-1267

Kang SH, Kang KW, Kim K-H, Kwon B, Kim S-K, Lee H-Y, Kong S-Y, Lee ES, Jang S-G & Yoo BC
(2008) Upregulated HSP27 in human breast cancer cells reduces Herceptin susceptibility by
increasing Her2 protein stability. BMC Cancer 8: 286

Kastan MB & Bartek J (2004) Cell-cycle checkpoints and cancer. Nature 432: 316-323

Killary A & Lott S (1996) Production of Microcell Hybrids. Methods 9: 3-11

Kim CJ, Cho YG, Park CH, Kim SY, Nam SW, Lee SH, Yoo NJ, Lee JY & Park WS (2004) Genetic
alterations of the MYH gene in gastric cancer. Oncogene 23: 6820—-6822

King M-C, Marks JH, Mandell JBNew York Breast Cancer Study Group (2003) Breast and ovarian
cancer risks due to inherited mutations in BRCA1 and BRCAZ2. Science 302: 643-646

Klotz-Noack K & Blow JJ (2011) A role for dormant origins in tumor suppression. Mol. Cell 41.:
495-496

Kon M, Kiffin R, Koga H, Chapochnick J, Macian F, Varticovski L & Cuervo AM (2011) Chaperone-
Mediated Autophagy Is Required for Tumor Growth. Science Translational Medicine 3:
109rall7-109rall7

Kraus J, Kraus M, Liu N, Besse L, Bader J, Geurink PP, de Bruin G, Kisselev AF, Overkleeft H &
Driessen C (2015) The novel [2-selective proteasome inhibitor LU-102 decreases
phosphorylation of | kappa B and induces highly synergistic cytotoxicity in combination with
ibrutinib in multiple myeloma cells. Cancer Chemother. Pharmacol. 76: 383-396

Kunnev D, Rusiniak ME, Kudla A, Freeland A, Cady GK & Pruitt SC (2010) DNA damage response
and tumorigenesis in Mcm2-deficient mice. Oncogene 29: 3630-3638

Lazenby M, Hills R, Burnett AK & Zabkiewicz J (2015) The HSP90 inhibitor ganetespib: A potential
effective agent for Acute Myeloid Leukemia in combination with cytarabine. Leuk. Res. 39:
617-624

Lebedev IN, Ostroverkhova NV, Nikitina TV, Sukhanova NN & Nazarenko SA (2004) Features of
chromosomal abnormalities in spontaneous abortion cell culture failures detected by
interphase FISH analysis. Eur. J. Hum. Genet. 12: 513-520

Lee AJX, Endesfelder D, Rowan AJ, Walther A, Birkbak NJ, Futreal PA, Downward J, Szallasi Z,
Tomlinson IPM, Howell M, Kschischo M & Swanton C (2011) Chromosomal instability confers
intrinsic multidrug resistance. Cancer Res. 71: 1858-1870

Lei M, Kawasaki Y & Tye BK (1996) Physical interactions among Mcm proteins and effects of Mcm
dosage on DNA replication in Saccharomyces cerevisiae. Mol. Cell. Biol. 16: 5081-5090

Lengauer C, Kinzler KW & Vogelstein B (1997) Genetic instability in colorectal cancers. Nature
386: 623-627

Li LB, Chang K-H, Wang P-R, Hirata RK, Papayannopoulou T & Russell DW (2012) Trisomy
correction in Down syndrome induced pluripotent stem cells. Cell Stem Cell 11: 615-619

Li R, Rasnick D & Duesberg P (2002) Correspondence re: D. Zimonijic et al., Derivation of human
tumor cells in vitro without widespread genomic instability. Cancer Res., 61: 8838-8844, 2001.
Cancer Res. 62: 6345-8- author reply 6348-9

Li T-S & Marban E (2010) Physiological levels of reactive oxygen species are required to maintain
genomic stability in stem cells. Stem Cells 28: 1178-1185

Lindsley DL, Sandler L, Baker BS, Carpenter AT, Denell RE, Hall JC, Jacobs PA, Miklos GL, Davis
BK, Gethmann RC, Hardy RW, Steven AH, Miller M, Nozawa H, Parry DM, Gould-Somero M &
Gould-Somero M (1972) Segmental aneuploidy and the genetic gross structure of the
Drosophila genome. Genetics 71: 157-184

Liu P, Slater DM, Lenburg M, Nevis K, Cook JG & Vaziri C (2009) Replication licensing promotes
cyclin D1 expression and G1 progression in untransformed human cells. Cell Cycle 8: 125-
136

Liu T, Ghosal G, Yuan J, Chen J & Huang J (2010) FAN1 acts with FANCI-FANCD2 to promote
DNA interstrand cross-link repair. Science 329: 693-696

69




8. References

Loane M, Morris JK, Addor M-C, Arriola L, Budd J, Doray B, Garne E, Gatt M, Haeusler M,
Khoshnood B, Klungsgyr Melve K, Latos-Bielenska A, McDonnell B, Mullaney C, O'Mahony M,
Queisser-Wahrendorf A, Rankin J, Rissmann A, Rounding C, Salvador J, et al (2013) Twenty-
year trends in the prevalence of Down syndrome and other trisomies in Europe: impact of
maternal age and prenatal screening. Eur. J. Hum. Genet. 21: 27-33

Loffler H, Fechter A, Liu FY, Poppelreuther S & Kramer A (2013) DNA damage-induced
centrosome amplification occurs via excessive formation of centriolar satellites. Oncogene 32:
2963-2972

Lynch M, Birger R, Butcher D & Gabriel W (1993) The mutational meltdown in asexual
populations. J. Hered. 84: 339-344

Machida YJ, Hamlin JL & Dutta A (2005a) Right place, right time, and only once: replication
initiation in metazoans. Cell 123: 13-24

Machida YJ, Teer JK & Dutta A (2005b) Acute reduction of an origin recognition complex (ORC)
subunit in human cells reveals a requirement of ORC for Cdk2 activation. J. Biol. Chem. 280:
27624-27630

Macintyre DJ, Blackwood DHR, Porteous DJ, Pickard BS & Muir WJ (2003) Chromosomal
abnormalities and mental illness. Mol. Psychiatry 8: 275-287

Magnuson T, Smith S & Epstein CJ (1982) The development of monosomy 19 mouse embryos. J
Embryol Exp Morphol 69: 223-236

Makanae K, Kintaka R, Makino T, Kitano H & Moriya H (2013) Identification of dosage-sensitive
genes in Saccharomyces cerevisiae using the genetic tug-of-war method. Genome Res. 23:
300-311

Makhnevych T & Houry WA (2012) The role of Hsp90 in protein complex assembly. Biochim.
Biophys. Acta 1823: 674—682

Manning AL, Longworth MS & Dyson NJ (2010) Loss of pRB causes centromere dysfunction and
chromosomal instability. Genes Dev. 24: 1364-1376

Mao R, Zielke CL, Zielke HR & Pevsner J (2003) Global up-regulation of chromosome 21 gene
expression in the developing Down syndrome brain. Genomics 81: 457—-467

Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER, Hurov KE, Luo J, Bakalarski CE, Zhao Z,
Solimini N, Lerenthal Y, Shiloh Y, Gygi SP & Elledge SJ (2007) ATM and ATR substrate
analysis reveals extensive protein networks responsive to DNA damage. Science 316: 1160—
1166

McClellan AJ, Xia Y, Deutschbauer AM, Davis RW, Gerstein M & Frydman J (2007) Diverse
cellular functions of the Hsp90 molecular chaperone uncovered using systems approaches.
Cell 131: 121-135

McGarry TJ & Kirschner MW (1998) Geminin, an inhibitor of DNA replication, is degraded during
mitosis. Cell 93: 1043-1053

Mendillo ML, Santagata S, Koeva M, Bell GW, Hu R, Tamimi RM, Fraenkel E, Ince TA, Whitesell L
& Lindquist S (2012) HSF1 drives a transcriptional program distinct from heat shock to support
highly malignant human cancers. Cell 150: 549-562

Méndez J & Stillman B (2000) Chromatin association of human origin recognition complex, cdc6,
and minichromosome maintenance proteins during the cell cycle: assembly of prereplication
complexes in late mitosis. Mol. Cell. Biol. 20: 8602-8612

Mitelman F, Johansson B & Mertens F (2007) The impact of translocations and gene fusions on
cancer causation. Nat. Rev. Cancer 7: 233-245

Mitelman F, Johansson B & Mertens F Mitelman Database of Chromosome Aberrations and Gene
Fusions in Cancer (2016). http://cgap.nci.nih.gov/Chromosomes/Mitelman

Morawiec Z, Janik K, Kowalski M, Stetkiewicz T, Szaflik J, Morawiec-Bajda A, Sobczuk A &
Blasiak J (2008) DNA damage and repair in children with Down's syndrome. Mutat. Res. 637:
118-123

Morimoto RI (2008) Proteotoxic stress and inducible chaperone networks in neurodegenerative
disease and aging. Genes Dev. 22: 1427-1438

Nagaraju GP, Alese OB, Landry J, Diaz R & El-Rayes BF (2014) HSP90 inhibition downregulates
thymidylate synthase and sensitizes colorectal cancer cell lines to the effect of 5FU-based
chemotherapy. Oncotarget 5: 9980-9991

Natarajan AT (2015) Radiosensitivity of Cells Derived from Down Syndrome Patients. Springer
Link: 1-6

70




8. References

Nawata H, Kashino G, Tano K, Daino K, Shimada Y, Kugoh H, Oshimura M & Watanabe M (2011)
Dysregulation of gene expression in the artificial human trisomy cells of chromosome 8
associated with transformed cell phenotypes. PLoS ONE 6: e25319

Necchi D, Pinto A, Tillhon M, Dutto I, Serafini MM, Lanni C, Govoni S, Racchi M & Prosperi E
(2015) Defective DNA repair and increased chromatin binding of DNA repair factors in Down
syndrome fibroblasts. Mutat. Res. 780: 15-23

Nevis KR, Cordeiro-Stone M & Cook JG (2009) Origin licensing and p53 status regulate Cdk2
activity during G(1). Cell Cycle 8: 1952—-1963

Nicholson JM, Macedo JC, Mattingly AJ, Wangsa D, Camps J, Lima V, Gomes AM, Déria S, Ried
T, Logarinho E & Cimini D (2015) Chromosome mis-segregation and cytokinesis failure in
trisomic human cells. Elife 4:

Niwa O, Tange Y & Kurabayashi A (2006) Growth arrest and chromosome instability in aneuploid
yeast. Yeast 23: 937-950

Nizetic D & Groet J (2012) Tumorigenesis in Down's syndrome: big lessons from a small
chromosome. Nat. Rev. Cancer 12: 721-732

Ohashi A, Ohori M, lwai K, Nakayama Y, Nambu T, Morishita D, Kawamoto T, Miyamoto M,
Hirayama T, Okaniwa M, Banno H, Ishikawa T, Kandori H & Iwata K (2015) Aneuploidy
generates proteotoxic stress and DNA damage concurrently with p53-mediated post-mitotic
apoptosis in SAC-impaired cells. Nat Commun 6: 7668

Oromendia AB, Dodgson SE & Amon A (2012) Aneuploidy causes proteotoxic stress in yeast.
Genes Dev. 26: 26962708

Pacek M & Walter JC (2004) A requirement for MCM7 and Cdc45 in chromosome unwinding
during eukaryotic DNA replication. EMBO J. 23: 3667-3676

Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM, Carter KC, Rosen CA, Haseltine WA,
Fleischmann RD, Fraser CM & Adams MD (1994) Mutation of a mutL homolog in hereditary
colon cancer. Science 263: 1625-1629

Park I-H, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A, Lensch MW, Cowan C,
Hochedlinger K & Daley GQ (2008) Disease-specific induced pluripotent stem cells. Cell 134:
877-886

Patel AP, Tirosh |, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, Cahill DP, Nahed BV,
Curry WT, Martuza RL, Louis DN, Rozenblatt-Rosen O, Suva ML, Regev A & Bernstein BE
(2014) Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma.
Science 344: 1396-1401

Pavelka N, Rancati G, Zhu J, Bradford WD, Saraf A, Florens L, Sanderson BW, Hattem GL & Li R
(2010) Aneuploidy confers quantitative proteome changes and phenotypic variation in budding
yeast. Nature 468: 321-325

Prolla TA, Baker SM, Harris AC, Tsao JL, Yao X, Bronner CE, Zheng B, Gordon M, Reneker J,
Arnheim N, Shibata D, Bradley A & Liskay RM (1998) Tumour susceptibility and spontaneous
mutation in mice deficient in MIhl, Pmsl and Pms2 DNA mismatch repair. Nat. Genet. 18:
276-279

Quintyne NJ, Reing JE, Hoffelder DR, Gollin SM & Saunders WS (2005) Spindle multipolarity is
prevented by centrosomal clustering. Science 307: 127-129

Rangwala R, Chang YC, Hu J, Algazy KM, Evans TL, Fecher LA, Schuchter LM, Torigian DA,
Panosian JT, Troxel AB, Tan K-S, Heitjan DF, DeMichele AM, Vaughn DJ, Redlinger M, Alavi
A, Kaiser J, Pontiggia L, Davis LE, O'Dwyer PJ, et al (2014) Combined MTOR and autophagy
inhibition: phase | trial of hydroxychloroquine and temsirolimus in patients with advanced solid
tumors and melanoma. Autophagy 10: 1391-1402

Ray Chaudhuri A, Hashimoto Y, Herrador R, Neelsen KJ, Fachinetti D, Bermejo R, Cocito A,
Costanzo V & Lopes M (2012) Topoisomerase | poisoning results in PARP-mediated
replication fork reversal. Nat. Struct. Mol. Biol. 19: 417-423

Regenberg B, Grotkjaer T, Winther O, Fausbgll A, Akesson M, Bro C, Hansen LK, Brunak S &
Nielsen J (2006) Growth-rate regulated genes have profound impact on interpretation of
transcriptome profiling in Saccharomyces cerevisiae. Genome Biol. 7: R107

Remus D, Beuron F, Tolun G, Griffith JD, Morris EP & Diffley JFX (2009) Concerted loading of
Mcm2-7 double hexamers around DNA during DNA replication origin licensing. Cell 139: 719—
730

Renwick A, Thompson D, Seal S, Kelly P, Chagtai T, Ahmed M, North B, Jayatilake H, Barfoot R,

71




8. References

Spanova K, McGuffog L, Evans DG, Eccles D, Breast Cancer Susceptibility Collaboration
(UK), Easton DF, Stratton MR & Rahman N (2006) ATM mutations that cause ataxia-
telangiectasia are breast cancer susceptibility alleles. Nat. Genet. 38: 873-875

Ricke RM, Jeganathan KB & van Deursen JM (2011) Bubl overexpression induces aneuploidy
and tumor formation through Aurora B kinase hyperactivation. J. Cell Biol. 193: 1049-1064

Rieder CL, Cole RW, Khodjakov A & Sluder G (1995) The checkpoint delaying anaphase in
response to chromosome monoorientation is mediated by an inhibitory signal produced by
unattached kinetochores. J. Cell Biol. 130: 941-948

Roberts SA, Sterling J, Thompson C, Harris S, Mav D, Shah R, Klimczak LJ, Kryukov GV, Malc E,
Mieczkowski PA, Resnick MA & Gordenin DA (2012) Clustered mutations in yeast and in
human cancers can arise from damaged long single-strand DNA regions. Mol. Cell 46: 424—
435

Rosenberg PS, Greene MH & Alter BP (2003) Cancer incidence in persons with Fanconi anemia.
Blood 101: 822-826

Rouschop KMA, Ramaekers CHMA, Schaaf MBE, Keulers TGH, Savelkouls KGM, Lambin P,
Koritzinsky M & Wouters BG (2009) Autophagy is required during cycling hypoxia to lower
production of reactive oxygen species. Radiother Oncol 92: 411-416

Rutledge SD, Douglas TA, Nicholson JM, Vila-Casadesus M, Kantzler CL, Wangsa D, Barroso-
Vilares M, Kale SD, Logarinho E & Cimini D (2016) Selective advantage of trisomic human
cells cultured in non-standard conditions. Sci Rep 6: 22828

Sabatinos SA, Ranatunga NS, Yuan J-P, Green MD & Forsburg SL (2015) Replication stress in
early S phase generates apparent micronuclei and chromosome rearrangement in fission
yeast. Mol. Biol. Cell 26: 3439-3450

Santaguida S, Vasile E, White E & Amon A (2015) Aneuploidy-induced cellular stresses limit
autophagic degradation. Genes Dev. 29: 2010-2021

Segal DJ & McCoy EE (1974) Studies on Down's syndrome in tissue culture. |I. Growth rates and
protein contents of fibroblast cultures. J. Cell. Physiol. 83: 85-90

Selmecki A, Forche A & Berman J (2006) Aneuploidy and isochromosome formation in drug-
resistant Candida albicans. Science 313: 367-370

Sharma K, Vabulas RM, Macek B, Pinkert S, Cox J, Mann M & Hartl FU (2012) Quantitative
proteomics reveals that Hsp90 inhibition preferentially targets kinases and the DNA damage
response. Mol. Cell Proteomics 11: M111.014654

Sheltzer JM (2013) A transcriptional and metabolic signature of primary aneuploidy is present in
chromosomally unstable cancer cells and informs clinical prognosis. Cancer Res. 73: 6401—
6412

Sheltzer JM, Blank HM, Pfau SJ, Tange Y, George BM, Humpton TJ, Brito IL, Hiraoka Y, Niwa O &
Amon A (2011) Aneuploidy drives genomic instability in yeast. Science 333: 1026-1030

Sheltzer JM, Ko JH, Habibe Burgos NC, Chung ES, Meehl CM, Passerini V, Storchova Z & Amon
A (2016) Single-chromosome aneuploidy commonly functions as a tumor suppressor. bioRxiv:
040162

Sheltzer JM, Torres EM, Dunham MJ & Amon A (2012) Transcriptional consequences of
aneuploidy. Proc. Natl. Acad. Sci. U.S.A. 109: 12644-12649

Shi Y, Kirwan P, Smith J, MacLean G, Orkin SH & Livesey FJ (2012) A Human Stem Cell Model of
Early Alzheimer’s Disease Pathology in Down Syndrome. Science Translational Medicine 4:
124ra29-124ra29

Shima N, Alcaraz A, Liachko I, Buske TR, Andrews CA, Munroe RJ, Hartford SA, Tye BK &
Schimenti JC (2007) A viable allele of Mcm4 causes chromosome instability and mammary
adenocarcinomas in mice. Nat. Genet. 39: 93-98

Shlien A, Campbell BB, de Borja R, Alexandrov LB, Merico D, Wedge D, Van Loo P, Tarpey PS,
Coupland P, Behjati S, Pollett A, Lipman T, Heidari A, Deshmukh S, Avitzur N, Meier B,
Gerstung M, Hong Y, Merino DM, Ramakrishna M, et al (2015) Combined hereditary and
somatic mutations of replication error repair genes result in rapid onset of ultra-hypermutated
cancers. Nat. Genet. 47: 257-262

Shreeram S, Sparks A, Lane DP & Blow JJ (2002) Cell type-specific responses of human cells to
inhibition of replication licensing. Oncogene 21: 6624—6632

Sionov E, Lee H, Chang YC & Kwon-Chung KJ (2010) Cryptococcus neoformans overcomes
stress of azole drugs by formation of disomy in specific multiple chromosomes. PLoS Pathog.

72




8. References

6: €1000848

Slonim DK, Koide K, Johnson KL, Tantravahi U, Cowan JM, Jarrah Z & Bianchi DW (2009)
Functional genomic analysis of amniotic fluid cell-free mMRNA suggests that oxidative stress is
significant in Down syndrome fetuses. Proc. Natl. Acad. Sci. U.S.A. 106: 9425-9429

Solomon DA, Kim T, Diaz-Martinez LA, Fair J, Elkahloun AG, Harris BT, Toretsky JA, Rosenberg
SA, Shukla N, Ladanyi M, Samuels Y, James CD, Yu H, Kim J-S & Waldman T (2011)
Mutational inactivation of STAG2 causes aneuploidy in human cancer. Science 333: 1039-
1043

Spreafico A, Delord J-P, De Mattos-Arruda L, Berge Y, Rodon J, Cottura E, Bedard PL, Akimov M,
Lu H, Pain S, Kaag A, Siu LL & Cortes J (2015) A first-in-human phase |, dose-escalation,
multicentre study of HSP990 administered orally in adult patients with advanced solid
malignancies. Br. J. Cancer 112: 650-659

St Charles J, Hamilton ML & Petes TD (2010) Meiotic chromosome segregation in triploid strains
of Saccharomyces cerevisiae. Genetics 186: 537-550

Stenberg P, Lundberg LE, Johansson A-M, Rydén P, Svensson MJ & Larsson J (2009) Buffering
of segmental and chromosomal aneuploidies in Drosophila melanogaster. PLoS Genet. 5:
1000465

Stingele S, Stoehr G, Peplowska K, Cox J, Mann M & Storchova Z (2012) Global analysis of
genome, transcriptome and proteome reveals the response to aneuploidy in human cells. Mol.
Syst. Biol. 8: 608

Storchova Z (2012) The Causes and Consequences of Aneuploidy in Eukaryotic Cells. InTech: 1-
21

Sussan TE, Yang A, Li F, Ostrowski MC & Reeves RH (2008) Trisomy represses Apc(Min)-
mediated tumours in mouse models of Down's syndrome. Nature 451: 73—75

Taipale M, Tucker G, Peng J, Krykbaeva I, Lin Z-Y, Larsen B, Choi H, Berger B, Gingras A-C &
Lindquist S (2014) A quantitative chaperone interaction network reveals the architecture of
cellular protein homeostasis pathways. Cell 158: 434-448

Tanaka T, Fuchs J, Loidl J & Nasmyth K (2000) Cohesin ensures bipolar attachment of
microtubules to sister centromeres and resists their precocious separation. Nat. Cell Biol. 2:
492-499

Tang Y-C, Wiliams BR, Siegel JJ & Amon A (2011) Identification of aneuploidy-selective
antiproliferation compounds. Cell 144: 499-512

Teer JK, Machida YJ, Labit H, Novac O, Hyrien O, Marheineke K, Zannis-Hadjopoulos M & Dutta
A (2006) Proliferating human cells hypomorphic for origin recognition complex 2 and pre-
replicative complex formation have a defect in p53 activation and Cdk2 kinase activation. J.
Biol. Chem. 281: 6253—-6260

Thomer M, May NR, Aggarwal BD, Kwok G & Calvi BR (2004) Drosophila double-parked is
sufficient to induce re-replication during development and is regulated by cyclin E/CDK2.
Development 131: 4807-4818

Thompson SL & Compton DA (2008) Examining the link between chromosomal instability and
aneuploidy in human cells. J. Cell Biol. 180: 665672

Thorburn RR, Gonzalez C, Brar GA, Christen S, Carlile TM, Ingolia NT, Sauer U, Weissman JS &
Amon A (2013) Aneuploid yeast strains exhibit defects in cell growth and passage through
START. Mol. Biol. Cell 24: 1274-1289

Tian H, Gao Z, Li H, Zhang B, Wang G, Zhang Q, Pei D & Zheng J (2015) DNA damage response-
-a double-edged sword in cancer prevention and cancer therapy. Cancer Lett. 358: 8-16

Todaro GJ & Green H (1963) Quantitative studies of the growth of mouse embryo cells in culture
and their development into established lines. J. Cell Biol. 17: 299-313

Toral-Lopez J, Gonzalez-Huerta LM & Cuevas-Covarrubias SA (2012) Complete monosomy
mosaic of chromosome 21: case report and review of literature. Gene 510: 175-179

Torres EM, Dephoure N, Panneerselvam A, Tucker CM, Whittaker CA, Gygi SP, Dunham MJ &
Amon A (2010) Identification of aneuploidy-tolerating mutations. Cell 143: 71-83

Torres EM, Sokolsky T, Tucker CM, Chan LY, Boselli M, Dunham MJ & Amon A (2007) Effects of
aneuploidy on cellular physiology and cell division in haploid yeast. Science 317: 916-924

Torres EM, Williams BR & Amon A (2008) Aneuploidy: cells losing their balance. Genetics 179:
737746

Trivedi RN, Almeida KH, Fornsaglio JL, Schamus S & Sobol RW (2005) The role of base excision

73




8. References

repair in the sensitivity and resistance to temozolomide-mediated cell death. Cancer Res. 65:
6394-6400

Upender MB, Habermann JK, McShane LM, Korn EL, Barrett JC, Difilippantonio MJ & Ried T
(2004) Chromosome transfer induced aneuploidy results in complex dysregulation of the
cellular transcriptome in immortalized and cancer cells. Cancer Res. 64: 6941-6949

Valind A, Jin Y, Baldetorp B & Gisselsson D (2013) Whole chromosome gain does not in itself
confer cancer-like chromosomal instability. Proc. Natl. Acad. Sci. U.S.A. 110: 21119-21123

Varley JM (2003) Germline TP53 mutations and Li-Fraumeni syndrome. Hum. Mutat. 21: 313-320

Veitia RA, Bottani S & Birchler JA (2008) Cellular reactions to gene dosage imbalance: genomic,
transcriptomic and proteomic effects. Trends Genet. 24: 390-397

Waddell N, Pajic M, Patch A-M, Chang DK, Kassahn KS, Bailey P, Johns AL, Miller D, Nones K,
Quek K, Quinn MCJ, Robertson AJ, Fadlullah MZH, Bruxner TJC, Christ AN, Harliwong I,
Idrisoglu S, Manning S, Nourse C, Nourbakhsh E, et al (2015) Whole genomes redefine the
mutational landscape of pancreatic cancer. Nature 518: 495-501

Weaver BAA & Cleveland DW (2007) Aneuploidy: instigator and inhibitor of tumorigenesis. Cancer
Res. 67: 10103-10105

Weaver BAA, Silk AD, Montagna C, Verdier-Pinard P & Cleveland DW (2007) Aneuploidy acts
both oncogenically and as a tumor suppressor. Cancer Cell 11: 25-36

Williams BR, Prabhu VR, Hunter KE, Glazier CM, Whittaker CA, Housman DE & Amon A (2008)
Aneuploidy affects proliferation and spontaneous immortalization in mammalian cells. Science
322: 703-709

Wong C & Stearns T (2003) Centrosome number is controlled by a centrosome-intrinsic block to
reduplication. Nat. Cell Biol. 5: 539-544

Wood LD, Parsons DW, Jones S, Lin J, Sjoéblom T, Leary RJ, Shen D, Boca SM, Barber T, Ptak J,
Silliman N, Szabo S, Dezso Z, Ustyanksky V, Nikolskaya T, Nikolsky Y, Karchin R, Wilson PA,
Kaminker JS, Zhang Z, et al (2007) The genomic landscapes of human breast and colorectal
cancers. Science 318: 1108-1113

Woodward AM, Gohler T, Luciani MG, Oehlmann M, Ge X, Gartner A, Jackson DA & Blow JJ
(2006) Excess Mcm2-7 license dormant origins of replication that can be used under
conditions of replicative stress. J. Cell Biol. 173: 673-683

Wu L, Timmers C, Maiti B, Saavedra HI, Sang L, Chong GT, Nuckolls F, Giangrande P, Wright FA,
Field SJ, Greenberg ME, Orkin S, Nevins JR, Robinson ML & Leone G (2001) The E2F1-3
transcription factors are essential for cellular proliferation. Nature 414: 457-462

Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R & Tashiro Y (1998) Bafilomycin Al
prevents maturation of autophagic vacuoles by inhibiting fusion between autophagosomes and
lysosomes in rat hepatoma cell line, H-4-II-E cells. Cell Struct. Funct. 23: 33-42

Yamashita YM, Okada T, Matsusaka T, Sonoda E, Zhao GY, Araki K, Tateishi S, Yamaizumi M &
Takeda S (2002) RAD18 and RAD54 cooperatively contribute to maintenance of genomic
stability in vertebrate cells. EMBO J. 21: 5558-5566

Yeeles JTP, Deegan TD, Janska A, Early A & Diffley JFX (2015) Regulated eukaryotic DNA
replication origin firing with purified proteins. Nature 519: 431-435

Yona AH, Manor YS, Herbst RH, Romano GH, Mitchell A, Kupiec M, Pilpel Y & Dahan O (2012)
Chromosomal duplication is a transient evolutionary solution to stress. Proc. Natl. Acad. Sci.
U.S.A. 109: 21010-21015

Young LC, Thulien KJ, Campbell MR, Tron VA & Andrew SE (2004) DNA mismatch repair proteins
promote apoptosis and suppress tumorigenesis in response to UVB irradiation: an in vivo
study. Carcinogenesis 25: 1821-1827

Yurov YB, lourov IY, Vorsanova SG, Liehr T, Kolotii AD, Kutsev Sl, Pellestor F, Beresheva AK,
Demidova IA, Kravets VS, Monakhov VV & Soloviev IV (2007) Aneuploidy and confined
chromosomal mosaicism in the developing human brain. PLoS ONE 2: €558

Yurov YB, Vorsanova SG, Liehr T, Kolotii AD & lourov IY (2014) X chromosome aneuploidy in the
Alzheimer's disease brain. Mol Cytogenet 7: 20

Zeman MK & Cimprich KA (2014) Causes and consequences of replication stress. Nat. Cell Biol.
16: 2-9

Zhang C-Z, Spektor A, Cornils H, Francis JM, Jackson EK, Liu S, Meyerson M & Pellman D
(2015a) Chromothripsis from DNA damage in micronuclei. Nature 522: 179-184

Zhang S, Matsunaga S, Lin Y-F, Sishc B, Shang Z, Sui J, Shih H-Y, Zhao Y, Foreman O, Story

74




8. References

MD, Chen DJ & Chen BPC (2015b) Spontaneous tumor development in bone marrow-rescued
DNA-PKcs(3A/3A) mice due to dysfunction of telomere leading strand deprotection. Oncogene

Zhong W, Feng H, Santiago FE & Kipreos ET (2003) CUL-4 ubiquitin ligase maintains genome
stability by restraining DNA-replication licensing. Nature 423: 885-889

Zhu J, Pavelka N, Bradford WD, Rancati G & Li R (2012) Karyotypic determinants of chromosome
instability in aneuploid budding yeast. PLoS Genet. 8: €1002719

Zhu JW, Field SJ, Gore L, Thompson M, Yang H, Fujiwara Y, Cardiff RD, Greenberg M, Orkin SH
& DeGregori J (2001) E2F1 and E2F2 determine thresholds for antigen-induced T-cell
proliferation and suppress tumorigenesis. Mol. Cell. Biol. 21: 8547-8564

Zimonijic D, Brooks MW, Popescu N, Weinberg RA & Hahn WC (2001) Derivation of human tumor
cells in vitro without widespread genomic instability. Cancer Res. 61: 8838-8844

Zou L & Elledge SJ (2003) Sensing DNA Damage Through ATRIP Recognition of RPA-ssDNA
Complexes. Science 300: 1542-1548

75







9. Acknowledgements

9. Acknowledgements

First of all | would like to express my special appreciation and thanks to my supervisor Dr. Zuzana
Storchova, for giving me the opportunity to perform my PhD in her group. | am really grateful for
your constant enthusiastic support and patient guidance and for your many honest advices that
allowed me to grow as a research scientist. Finally, thank you for the pleasant atmosphere and

excellent working conditions in the lab.

I am thankful to Prof. Dr. Stefan Jentsch for being my official supervisor and such a generous and
kind host. | really enjoyed working in your department.

| am grateful also to Prof. Dr. Peter Becker and Dr. Mark Hipp, my TAC members, for their useful
advices during the yearly TAC meetings. Moreover, | would like to thanks to the members of the
doctoral thesis committee for refereeing my thesis.

I would like to thank our collaborators, Dr. Wigard Kloosterman, Mirjam S. de Pagter, Dr. Batsheva

Kerem and Efrat Ozeri-Galai, who significantly contributed to the success of our project.

| am grateful to all the former and current members of Storchova lab: Silvia, Chris, Karolina
Susanne, Anastasia, Andi, Neysan, Milena, Aline, Sarah, Kasia, Mario, Yehui, Naren and the many
students. Thanks for the fruitful discussions and for always being ready to listen and help. It was
really a pleasure to work with you every day in the lab, | could not have asked for better labmates.
Additionally, thanks for the coffee (and chocolate) breaks and thanks because even in the worst
days you made me smile. Finally | want to thank also all the people of the Jentsch department for

the support, help and fun.

A great and warm thanks to my family in Italy, especially to my parents and my sister who always
supported me in my life. | greatly appreciate how you care for me and at the same time leave me

the freedom to make my own choices.

Last but not least, there are no words enough to thank my husband, Daniele, for his constant
presence and encouragement in both good and bad moments of my PhD. Thank you for your
patience and understanding for all the times | went to the lab instead of spending the weekends
together. Moreover | am grateful for your advices and for always being on my side respecting and

supporting my decisions.

77







10. Curriculum Vitae

10. Curriculum Vitae

Name Verena Passerini

Date of birth 10.11.1987

Place of birth Rovereto (Italy)

Nationality Italian

Email passerin@biochem.mpg.de

Education

Since 2012 PhD thesis
“Maintenance of genome stability in human aneuploid cells”
Maintenance of Genome Stability Group, Department of Molecular Cell
Biology, Max Planck Institute of Biochemistry, Martinsried
Supervisor: Dr. Zuzana Storchova

2010 - 2011 Master Thesis
“Identification of potential stem cell targets for the immunotherapy of
gastric carcinoma” Life Center — University clinic, LMU Munich
Supervisor: Prof. Wolfgang Zimmermann

2009 - 2011 Second level degree in Health biology (equivalent M. Sc.)
University of Padua (Italy)

2009 Bachelor Thesis
“Evaluation of the role of the adipokine CTRP1 in the inflammatory
process leading to atherosclerosis” VIMM (Venetian Institute for
Molecular Medicine), Padua (Italy)
Supervisor: Prof. Marina De Bernard

2006 - 2009 First level degree in Molecular Biology (equivalent B. Sc.)
University of Padua (Italy)

Conferences

2012 The European Molecular Biology Organization Meeting (EMBO),
Nice, France. Poster Presentation.

2014 30" Ernst Klenk Symposium in Molecular Medicine, Cologne,
Germany. Poster Presentation.

2015 International meeting of the German Society for Cell Biology,

Publications

Cologne, Germany, Poster Presentation

Durrbaum M, Kuznetsova AY, Passerini V, Stingele S, Stoehr G, Storchova Z. Unique features of
the transcriptional response to model aneuploidy in human cells. BMC Genomics 2014
Feb 18;15:Pal39.

Donnelly N, Passerini_V, Durrbaum M, Stingele S and Storchova Z. HSF1 deficiency and
impaired HSP90-dependent protein folding are hallmarks of aneuploid human cells.
The EMBO journal. 2014 Oct 16; 33(20):2374-87

79




10. Curriculum Vitae

Passerini, V*, Ozeri-Galai E*, de Pagter MS, Donnelly N, Schmalbrock S, Kloosterman WP, Kerem
B, Storchova Z The presence of extra chromosomes leads to genomic instability. Nat.
Commun. 7:10754 doi: 10.1038/ncomms10754 (2016).

Sheltzer JM, Ko JH, Habibe Burgos NC, Chung ES, Meehl CM, Passerini V, Storchova Z & Amon
A (2016) Single-chromosome aneuploidy commonly functions as a tumor suppressor.
bioRxiv: 040162 (Submitted to Cancer Cell, now under revisions)

80




