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ABSTRACT

The gain or loss of whole chromosomes, known as aneuploidy, is a distinguishing feature of
cancer cells. The rapid gain or loss of hundreds of genes dramatically alters a cell’s genomic
landscape and is typically detrimental to cell survival under normal conditions. However, cancer
cells display enhanced proliferation and overcome multiple conditions of stress, suggesting
aneuploidy may increase cellular fitness. Furthermore, distinct patterns of aneuploidy are found in
cancers from different anatomical sites. Despite these observations, scant research has sought to
examine the role of aneuploidy in cancer, or determine whether aneuploidy is a driver or
passenger mutation, or why certain aneuploidies appear to be selected for and others against. To
investigate the role of aneuploidy in cancer cell fitness, we utilized the diploid colorectal cancer
(CRC) cell line DLD1 and two trisomic variants carrying an extra copy of either chromosome 7
or chromosome 13, two trisomies frequently seen in colorectal cancer. To assess fitness, we
compared proliferation, anchorage-independence, and invasiveness in aneuploid CRC cells versus
their diploid counterpart when grown under various culture conditions, including regular media,
serum-free media, cytotoxic drug-containing media, and hypoxia. We found that aneuploid cells
proliferated better than diploid cells under all but standard culture conditions. Moreover,
regardless of growth condition, we found that aneuploid CRC cells formed larger and more
numerous colonies in soft agar (anchorage-independent growth), and displayed greater
invasiveness (assessed by matrigel invasion assay). Taken together, these results indicate that
aneuploidy enhances the fitness of CRC cells under stressful conditions that are likely to occur in

the tumor microenvironment.
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Chapter 1: Introduction

1.1. Brief History of Cancer and Cancer Therapy

Over a century ago, Theodor Boveri, observed multipolar mitotic cell divisions lead to the
formation of cell with an abnormal number of chromosomes, termed aneuploidy (Boveri, 1902). By the
time of Boveri’s observations, aneuploidy had already been associated with cancer [reviewed in (Heim
and Mitelman, 2011)], leading Boveri to hypothesize that aneuploidy underlined malignant progression
(Boveri, 1902; Boveri, 1914). Despite a tremendous collective effort to identify effective cancer therapies
(Abbott, 2002; Marx, 2002), whether aneuploidy is a cause or a consequence of malignant transformation
remains the subject of great debate.

The first effective chemotherapeutic agent was aminopterin, a methotrexate analog that was
discovered in 1947 (Farber et al., 1948). Methotrexate acts during the synthesis (S-phase) phase of the
cell cycle, targeting cells through inhibition of thymidylate synthesis (Hoffbrand and Tripp, 1972).
However, following exposure to hypoxic stress, Chinese hamster ovary cells display increased resistance
to methotrexate (Rice et al., 1986), overduplication of their chromosomes (Rice et al., 1986; Schimke et
al., 1986), and higher ploidy compared to untreated cells (Baroja et al., 1998). Despite these associations,
the cellular and molecular mechanisms directly responsible for generating cells with higher chromosome
content remain unclear (Marx, 2002).

Although methotrexate remains the mainstay therapy for common cancers such as colorectal
cancer, half a century after its discovery, the focus of cancer research and drug design have shifted from
S-phase to mitosis. Mitosis became a successful antitumor target following the identification of several
drugs, such as taxol, docetaxel, and vincristine. Although all these drugs are highly effective against
cancer, they target all dividing cells without specificity [reviewed in (Weaver and Cleveland, 2005)].
Despite these advances, the therapeutic value of cancer drugs remains limited by the fact that tumor cells

develop resistance (Lee et al.,2011) via complex biological mechanisms.



Recently, it has become clear that tumors are characterized by genetically heterogeneous
landscapes (Gerlinger et al., 2012), referred to as intratumor heterogeneity. Consequently, eliminating
most but not all cancer cells within a tumor cell population effectively selects for the most aggressive
cancer cell sub-population. These cells, in turn, possess inherent resistance to the therapy used, promoting
recurrence and, if untreated, metastasis. The clinical ineffectiveness forced another paradigm shift in
cancer research and launched the search for specific gene mutations in the hope of designing personalized
cancer therapies.

This paradigm shift produced cancer research greatest success, imatinib (Gleevec) (Horne et al.,
2013). In patients with chronic myelogenous leukemia (CML) scientists observed a specific and recurrent
chromosomal abnormality, known as the Philadelphia chromosome (Rowley, 2004). The Philadelphia
chromosome was the result of a balanced translocation between chromosomes 9 and 22 that created a
chimeric fusion protein, BCR-ABL, which Gleevec inhibits specifically (Capdeville et al., 2002).
However, Gleevec’s success is limited by the accumulation of additional chromosome aberrations and
development of drug resistance (Hochhaus et al., 2002).

Despite the discovery of the Philadelphia chromosome in CML and Gleevec’s effectiveness,
similar clonal translocations and chimeric gene products are uncommon and ineffective therapeutic
targets. To catalog the chromosome aberrations of specific cancers, researchers established the Mitelman
database, a cancer chromosome database, which indicates that most cancer cells are aneuploid, containing
both structural and numerical chromosome abnormalities (Table 1.1) (Cimini, 2008; Heim and Mitelman,
2011; Mitelman et al., 2014). Despite this widely acknowledged fact, research into aneuploidy’s role in

cancer biology remains in its early stages.

1.2. Overview of the Cell Cycle
Fundamental to life is the process of growth and replication. At the cellular level, this process is
tightly regulated and proceeds through what is known as the cell cycle, a process of cell growth and

division whose misregulation has been asserted to be at the core of cancer (Malumbres and Barbacid,



2001; Massague, 2004). The cell cycle can be broken down into four stages, G1, S, G2, and M (Figure
1.1), characterized by specific events. Cells in the G1 phase undergo growth and prepare to replicate their
DNA by assuring, through the G1/S checkpoint, that their DNA is damage-free. Chromosomes are
duplicated in S phase and further DNA repair occurs in the ensuing G2 phase as the cell prepares to
undergo division during M phase (Blow and Tanaka, 2005; Wittmann et al., 2001), which is further
divided into mitosis and cytokinesis. The process of mitosis is divided into five distinct stages: prophase,
prometaphase, metaphase, anaphase, and telophase (Figure 1.2) (Blow and Tanaka, 2005; Rieder and

Khodjakov, 2003), and will be discussed in the next section.

1.3. Mitosis

The start of mitosis, prophase, is marked by condensation of the genetic material into individual
chromosomes. The two sister chromatids of each chromosome, products of DNA replication at the
preceding S phase, are held together by cohesin protein complexes, whereas condensin protein complexes
are responsible for chromosome condensation. An outer kinetochore (a large protein complex important
for interaction with microtubules) assembles on each chromatid. At the same time, the interphase
microtubule cytoskeleton disassembles and the two centrosomes (which duplicated in the preceding S
phase) start nucleating short and dynamic microtubules and begin moving to opposite sides of the nucleus
forming a microtubule-based bipolar mitotic spindle (Kapoor et al., 2000; Kashina et al., 1996). Nuclear
envelope breakdown marks progression from prophase into prometaphase.

The breakdown of the nuclear envelope gives chromosomes the chance to interact with
microtubules growing from the separated centrosomes. The fully assembled kinetochores form
attachments with the microtubules, and typically one of the sister kinetochores establishes attachment first
(monopolar attachment). This results in the rapid poleward movement of the chromosome (Rieder and
Alexander, 1990), which only later may establish attachment at the other sister kinetochore (bipolar
attachment). Once a chromosome becomes bipolarly attached, it moves to the spindle equator in a process

named chromosome congression. Monopolar chromosomes can also move to the spindle equator with one



kinetochore still unattached (Kapoor et al., 2006; Cai et al., 2009). Regardless of how congression occurs,
all chromosomes eventually become bipolarly attached and line up at the spindle equator.

Metaphase begins after all the chromosomes have congressed to the spindle equator forming what
is known as the metaphase plate. Chromosomes aligned at the metaphase plate are not stationary but
instead exhibit oscillatory movement (Skibbens et al., 1993). These oscillations result from microtubule-
dependent forces acting on the chromosomes at the spindle equator (Civelekoglu-Scholey et al., 2013)
and continue until the cohesin holding the sister chromatids together is broken down at anaphase onset
(Haering and Nasmyth, 2003).

The sudden elimination of cohesin marks anaphase onset and enables the movement of separated
sister chromatids to opposite poles (Blow and Tanaka, 2005). Chromosome poleward movement is
usually defined anaphase A, whereas the spindle elongation that starts soon after sister chromatid
separation is referred to as anaphase B.

In telophase, chromosome segregation to the spindle poles is completed, and the chromosomes
decondense while the nuclear envelope reassembles around the decondensing chromosomes, packing the
two sets of segregated chromosomes into two new daughter nuclei. Simultaneously, an actin-myosin
contractile ring assembles in the region of the cortex corresponding to the spindle equator/midzone and
pinches the cytoplasm in two in a process known as cytokinesis.

Cell division must be finely regulated as errors in this process can lead to chromosome mis-

segregation and aneuploidy, as discussed in the next section.

1.4. Pathways to Aneuploidy

Aneuploidy, the condition of a cell possessing an incorrect number of chromosomes, arises as a
consequence of chromosome missegregation during cell division. Aneuploidy arising in the germ line,
and specifically occurring during meiosis, is a major cause of miscarriage and genetic diseases in humans
(Brown, 2008; Duelli et al., 2005). Similarly, aneuploidy arising in mitotic cells is generally considered

disadvantageous, as shown by a decrease in proliferative potential in mouse embryonic fibroblasts and



yeast (Cimini, 2008; Torres et al., 2008; Williams et al., 2008). While rates of missegregation are likely
to vary based on cell type and environmental context, experiments in cell culture suggest chromosome
missegregation occurs as frequently as once every 100 cell divisions (Yuen and Desai, 2008). Common
pathways to aneuploidy include defects in the spindle assembly checkpoint (SAC), cohesion defects, and

kinetochore mis-attachments.

1.4a. Defects in the Spindle Assembly Checkpoint

The mitosis-specific surveillance mechanism responsible for upholding chromosomal stability is
known as the spindle assembly checkpoint (SAC). The SAC functions by monitoring the attachment of
kinetochores to spindle microtubules (Cleveland et al., 2003), and prevents anaphase onset until all
kinetochores have attached spindle microtubules. Once all chromosomes achieve bi-orientation, the SAC
is satisfied, which then triggers degradation of the cohesin complexes holding sister chromatids and,
hence, sister chromatid separation and anaphase onset. Unattached kinetochores produce a “wait
anaphase” signal (Rieder et al., 1995), which prevents the metaphase-to-anaphase transition. Even a
single unattached kinetochore is enough to maintain an active SAC and to prevent anaphase onset for
some time (Rieder et al., 1995; Rieder et al., 1994), thereby allowing kinetochore attachment defects to be
corrected (Wang et al., 2013; Wells, 1996).

The molecular components of the SAC were originally identified by isolating budding yeast
strains that failed to arrest cell cycle progression in the presence of spindle poisons (from which the name
“spindle assembly checkpoint”) (Hoyt et al., 1991). Studying homologs of the genes discovered in
budding yeast many eukaryotic equivalents were identified, including: MAD2, BUB1, BUB3, BUBR1
and MPS1 (Wassmann and Benezra, 2001). These SAC components were found to have multiple
functions and interactions during mitosis, and elimination of any single component is enough to
compromise SAC function. SAC proteins are recruited to unattached kinetochores and produce a soluble
inhibitory complex that prevents the activation of the anaphase-promoting complex/cyclosome (APC/C).

APC/C activation leads to the degradation of securin, which exists in a complex with the protein separase



prior to APC/C activation. Degradation of securin, thus, leads to activation of separase, which in turn
cleaves the cohesin complexes, triggering anaphase onset (Holland and Cleveland, 2009).

Inactivation of the SAC results in massive chromosome missegregation and cell death (Kops et
al., 2004; Michel et al.,2001). On the other hand, mild checkpoint defects may lead to single
chromosome mis-segregation events and aneuploidy (Figure 1.3a) (Holland and Cleveland, 2009). Thus,
significant efforts have been invested toward understanding whether mutations in SAC genes may be
associated with cancer development and/or progression.

Mutations in the SAC gene BubR1 were found in some patients affected by the cancer
predisposition syndrome mosaic variegated aneuploidy (Hanks et al., 2004; Matsuura et al., 2006).
Animal models with haploinsufficiency or heterozygous mutations in SAC genes display an increase in
aneuploidy, as well as an increased incidence of tumor development (Babu et al., 2003; Baker et al., 2005;
Dai et al., 2004; Iwanaga et al., 2007; Jeganathan et al., 2007; Michel et al., 2001; Weaver et al., 2007).
Moreover, mouse cells or HCT116 cells with a mutation in the SAC protein MAD2 were shown to
display premature sister chromatid separation and increased rates of chromosome missegregation (Michel
etal., 2001). Interestingly, although mutations in SAC genes have been reported in cancer (Cahill et al.,
1998), only rarely are they seen in coding regions (Bharadwaj and Yu, 2004), and in general, very few
mutations have been identified despite extensive analysis (Barber et al., 2008; Greenman et al., 2007;
Schvartzman et al., 2010; Weaver and Cleveland, 2006; Wood et al., 2007). However, SAC genes are
found to be frequently mis-expressed in cancer (Schvartzman et al., 2010). In mouse models,
overexpression of MAD?2 causes structural and numerical chromosomal alterations and tumorigenesis
(Sotillo et al., 2007). Importantly, overexpression of MAD?2 and the kinetochore component HEC1 are
frequently observed in cancer and are associated with poor prognosis (Hayama et al., 2006; Hernando et

al., 2004; Li et al., 2003; Tanaka et al., 2001).

1.4b. Cohesin Defects




Mutations in cohesin or cohesion related genes (separase or securin) lead to premature or delayed
sister chromatid separation, promoting chromosome mis-segregation and aneuploidy (Figure 1.3b)
(Solomon et al., 2011; Zhang et al., 2008). Accordingly, in experiments with budding yeast, mutations in
cohesion related genes increase the rates of chromosome missegregation by allowing cells to complete
mitosis in the presence of unaligned chromosomes (Elledge, 1996; Murray, 1995; Nasmyth, 1996;
Paulovich et al., 1997). Interestingly, mutations in the human homologs of the aforementioned yeast
genes were also found in colorectal cancer (Barber et al., 2008). Moreover, the down-regulation or
genetic disruption of these human homologs in the human CRC cell line HCT116 produced defects in
sister chromatid cohesion leading to chromosomal instability, and aneuploidy (Barber et al., 2008).
Additionally, the cohesion-cleaving enzyme separase has been reported to be over-expressed in breast
cancer (Zhang et al., 2008), further supporting the importance of cohesion integrity to normal cell

division. However, it remains unclear to which extent cohesion defects contribute to human cancers.

1.4c. Kinetochore Attachment Defects

Accurate chromosome segregation is ensured by formation of amphitelic kinetochore attachment
(Figure 1.4A), in which the two kinetochores of an individual mitotic chromosome bind to microtubules
from opposite poles of the mitotic spindle. However, other attachments (monotelic, syntelic, and
merotelic; see Figure 1.4B-D) may form early in mitosis and may lead to chromosome missegregation
and aneuploidy under certain circumstances.

Monotelic attachments, in which only one kinetochore is attached and its sister is unattached, give
rise to aneuploid daughter cells if left uncorrected (Figure 1.4B) (Cimini, 2008). However, this type of
attachment is sensed by the SAC, and therefore can give rise to aneuploidy only when SAC signaling is
impaired.

A syntelic attachment is formed when microtubules emanating from the same spindle pole attach
to both sister kinetochores (Figure 1.4C). If allowed to persist into anaphase, syntelic attachments will

produce aneuploid daughter cells (Cimini, 2008); however, it is believed that syntelic attachments are



corrected before anaphase onset, although the mechanism ensuring their correction remains unclear
(Pinsky and Biggins, 2005).

Merotelic attachments, in which one kinetochore is bound to microtubules from both spindle
poles (Figure 1.4D), occur frequently in early mitosis due to the stochastic interaction between
kinetochores and microtubules (Cimini et al., 2004; Cimini et al., 2002; Cimini et al., 2003). Although
usually corrected before anaphase onset (Cimini et al., 2003) merotelic attachments are not detected by
the SAC (Cimini et al., 2004; Cimini et al., 2002; Rieder et al., 1997; Wise and Brinkley, 1997; Yu and
Dawe, 2000) and can therefore persist into anaphase, producing lagging chromosomes (chromosomes
lagging behind at the spindle equator) (Cimini et al., 2001) and potentially leading to aneuploidy (Cimini

et al., 2002; Cimini et al., 2001) (Figure 1.4D).

1.5. Chromosome Segregation Defects and CIN

As described in earlier sections, cancer cells are generally aneuploid (Mitelman F, 2013). In
addition to being aneuploid, cancer cells display high rates of chromosome missegregation (up to 100-
fold above the rates found in normal cells), a phenomenon termed chromosomal instability, or CIN
(Lengauer et al., 1997). Multiple mechanisms have been proposed to underlie CIN, including: defects in
the mitotic checkpoint, impaired microtubule dynamics, presence of abnormal or supernumerary
centrosomes, aneuploidy, and transient defects in spindle geometry [as reviewed in (Nicholson and
Cimini, 2011)].

An early report characterizing colorectal cancer cells suggested that CIN cells treated with
spindle poisons failed to arrest in mitosis, leading some researchers to propose that defects in the SAC
may underline the high chromosome missegregation rates observed in CIN cancer cells (Cahill et al.,
1998; Kops et al., 2005; Lengauer et al., 1998). However, later studies showed that CIN cancer cells
arrest in mitosis when treated with spindle poisons, indicating that the SAC is fully functional in these

cells (Tighe et al., 2001) and that SAC defects are unlikely to be the underlying cause of CIN.



Recent evidence suggests that merotelically attached anaphase lagging chromosomes are the most
common chromosome segregation defect observed in CIN cancer cells (Bakhoum et al., 2014; Thompson
and Compton, 2008). Two major mechanisms have been proposed to be responsible for the increased
rates of merotelically-attached lagging chromosomes in CIN cancer cells, namely supernumerary
centrosome and transient multipolarity (Ganem et al., 2009; Silkworth et al., 2009), and impaired
microtubule dynamics.

Supernumerary centrosomes are seen in both solid mass and hematological cancers (Krimer et
al., 2005; Lingle et al., 1998; Nigg, 2002), and may arise through numerous mechanisms, including cell
fusion, centriole overduplication, mitotic slippage, and cytokinesis failure (Duelli and Lazebnik, 2007;
Ganem et al., 2007; Nigg, 2002). Cancer cells with supernumerary centrosomes typically assemble
multipolar mitotic spindles. Cells with multipolar spindles can undergo multipolar cell division,
producing three or more daughter cells (Storchova and Pellman, 2004), which typically are not viable
(Ganem et al., 2009). In most cases, however, CIN cancer cells cluster their centrosomes into two poles
prior to anaphase onset and undergo bipolar cell division with high rates of anaphase lagging
chromosomes (Ganem et al., 2009; Silkworth et al., 2009). The increased rates of anaphase lagging
chromosomes are caused by an increase in the formation of merotelic kinetochore attachments during the
transient multipolar state (Ganem et al., 2009; Silkworth and Cimini, 2012; Silkworth et al., 2009). Thus,
the high rates of anaphase lagging chromosomes in CIN cancer cells are, at least in part, the result of
increased rates of formation of merotelic kinetochore attachments (Ganem et al., 2009; Silkworth and
Cimini, 2012; Silkworth et al., 2009).

The frequency of merotelic attachments is determined by the balance between the rate of
kinetochore mis-attachment formation and the rate of correction. Mis-attachment correction requires
turnover of kinetochore-bound microtubules, by which the plus-ends of microtubules detach from the
kinetochore (followed by microtubule depolymerization) to allow for attachment to new microtubules.
For correction or merotelic attachments, microtubules from one pole (the incorrect pole) must be replaced

with microtubules from the correct pole (Cimini, 2007). In support of this, increased stability of



kinetochore-microtubules decreases correction of merotelic kinetochore attachments, thus increasing the
frequency of anaphase lagging chromosomes (Bakhoum et al., 2008) and CIN cancer cells display
increased kinetochore-microtubule stability (Bakhoum et al., 2009). Thus, CIN cancer cells are both
prone to establishing erroneous kinetochore-microtubule attachments (Ganem et al., 2009; Silkworth et

al., 2009) and less likely to correct such erroneous attachments (Bakhoum et al., 2009).

1.6. Consequences of Aneuploidy

Aneuploidy is a distinguishing feature of cancer cells. The rapid gain or loss of hundreds of genes
dramatically alters a cell’s genomic landscape and is typically detrimental to cell survival under normal
conditions (Gao et al., 2007; Pollack et al., 2002; Thayer, 1996; Upender et al., 2004). In mammalian
cancer cells and budding yeast, for instance, it has been shown that changes in mRNA expression
correlate with chromosome copy number (Gao et al., 2007; Pavelka et al., 2010). More precisely, the gain
of a specific chromosome leads to up-regulation of genes on that chromosome whereas the loss of a
specific chromosome leads to down-regulation of the gene products encoded on that specific chromosome
(Gao et al., 2007; Pavelka et al., 2010; Ried et al., 2012). Although this mechanism of aneuploidy-related
gene mis-regulation is not always straightforward, it is typically detrimental, supporting Boveri’s original
idea that aneuploidy may have detrimental effects on cell proliferation and cellular physiology (Boveri,
1902).

Aneuploidy remains the leading cause of miscarriage and still birth in humans (Hassold and Hunt,
2001), as well as the cause of Down syndrome, the most common human genetic disease (Lejeune et al.,
1959). Trisomy 21, the cause of Down syndrome, is the only human trisomy known to be compatible with
survival to adulthood. Indeed, while trisomy 13 and trisomy 18 can survive birth, both lead to death
within the first few months of life (Pai et al., 2003; Rasmussen et al., 2003). Interestingly, transcript levels
of the genes carried on chromosome 21 are increased in Down syndrome patients (Mao et al., 2003), and
chromosomes 13, 18, and 21 represent the smallest chromosomes with regard to the number of transcripts

they encode (Torres et al., 2008). These observations support the notion that the gene content of a



chromosome plays a role in a cell’s ability to tolerate the aneuploidy and the corresponding protein
imbalances it causes (Duijf et al., 2013).

At the cellular level, aneuploidy has been shown to produce similar deleterious physiological
effects, termed aneuploidy-associated stress, in both mammalian and yeast cells (Tang et al., 2011; Torres
et al., 2007; Williams et al., 2008). Such effects are similar to those observed in cells derived from Down
syndrome individuals (Korenberg et al., 1994; Williams et al., 2008), and reduce cellular fitness (Torres et
al., 2007) by impairing proliferation and growth under normal conditions (Pavelka et al., 2010; Torres et
al., 2007). These deleterious effects are thought to arise as a consequence of proteotoxic stress
(Oromendia et al., 2012; Stingele et al., 2012), which refers to an excess of proteins aggregating in folded
and misfolded conformations as a result of the aneuploidy-induced protein imbalance (Donnelly et al.,
2014; Oromendia et al., 2012).

However, despite the generalized deleterious effects of aneuploidy, there are circumstances in
which aneuploidy can confer a selective advantage by increasing stress tolerance. For example, the gain

of chromosome VI (which carries the B-tubulin gene) in Saccharomyces cerevisiae is lethal (Anders et al.,

2009; Katz et al., 1990; Torres et al., 2007), but the addition of chromosome XIII (encoding o-tubulin)
restores viability (Anders et al., 2009). Furthermore, aneuploidy has been shown to confer drug resistance
in pathogenic yeast (Selmecki et al., 2006) and increase their virulence (Poldkova et al., 2009). Finally,
aneuploidy improves budding yeast’s survival under conditions of limited nutrients (Dunham et al., 2002;
Gresham et al., 2008; Pavelka et al., 2010), or in the face of genomic damage or alteration (Hughes et al.,
2000; Rancati et al., 2008; Vernon et al., 2008).

Aneuploidy appears to affect higher eukaryotic cells similarly to how it affects yeast. For
instance, colon epithelial cells trisomic for chromosome 7 out-compete their diploid counterparts for
growth under serum-free conditions (Ly et al., 2011). Similarly, tyrosinemia-induced stress in the mouse
liver is overcome by emergence of aneuploid hepatocytes lacking chromosome 16 that carries the

homogentisic acid dioxygenase gene (Duncan et al., 2012). However, it also appears that the same
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aneuploidy may produce different effects in different cell types, as shown by a study in which the gain of
identical trisomies in different cell types produced different patterns of gene expression changes (Upender
et al., 2004). This is likely a consequence of the fact that cells from different tissues/organs rely on the
expression of different sets of genes for survival and proliferation (Liu et al., 2008). Indeed, microarray
analysis of cells from different tissues demonstrates that normal diploid cells display tissue-specific
patterns of gene expression (Hsiao et al., 2001; Liu et al., 2008). These observations may explain the
multi-fold increased risk and incidence of hematological cancers (particularly leukemias) and resistance
to developing solid mass tumors of Down syndrome patients compared to diploid individuals (Hasle et
al., 2000; Rabin and Whitlock, 2009). Interestingly, analysis of the cancer karyotype database, known as
the Mitelman Database (Mitelman F, 2013), indicates that aneuploid karyotypes are specific to the
cancer’s tissue and anatomical site-of-origin (Gebhart and Liehr, 2000; Mitelman F, 2013). A number of
studies have also found recurrent patterns of chromosome gains and losses during cancer progression and
metastasis to be specific to the cancer’s site-of-origin (Bardi et al., 1995; Ried et al., 2012). This
phenomenon has been termed karyotype spatiotemporal progression because the karyotypic changes are

found to vary with both space and time (Upender et al., 2004).



Table 1.1. Aneuploidy in cancer cells from ten of the
most commonly affected sites in humans

Lung 413/435 (94.9%)
Colon 301/340 (88.5%)
Stomach 167/180 (92.8%)
Liver 110/155 (71.0%)
Breast 598/800 (74.8%)
Cervix uteri 75/84 (89.3%)

Corpus uteri 116/165 (70.3%)
Ovary 386/422 (91.5%)
Prostate 151/186 (81.2%)
Bladder 157/192 (81.8%)

Adapted from Cimini, 2008.
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Figure 1.2: Stages of Mitosis: prophase, prometaphase, metaphase, anaphase, and telophase/cytokinesis.
[Adapted from (Cimini and Degrassi, 2005)]
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Figure 1.3: Pathways to Aneuploidy. A) Mitotic checkpoint defects allow undetected kinetochore
misattachments to persist and chromosomes to mis-segregate. B) Cohesion defects lead to premature loss
of sister chromatid cohesion and chromosome mis-segregation. [Adapted from (Holland and Cleveland,
2009)]
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Figure 1.4: Chromosome-Kinetochore attachments during mitosis A) Amphitelic attachment formed
when both kinetochores of each mitotic chromosome attach to microtubules emanating from opposite
spindle poles; B) Monotelic attachments arise when only one kinetochore attaches and its sister is
unattached; C) Syntelic attachments result from microtubules of the same spindle pole attaching to both
sister kinetochores; D) Merotelic attachments are formed when one kinetochore is attached to
microtubules emanating from both spindle poles and are capable of eluding detection by the SAC which
may lead to aneuploidy progeny [Adapted from (Cimini, 2008)].
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Abstract

An abnormal chromosome number, a condition known as aneuploidy, is a ubiquitous feature of
cancer cells. A number of studies have shown that aneuploidy impairs cellular fitness. However, there is
also evidence that aneuploidy can arise in response to specific challenges and can confer a selective
advantage under certain environmental stress. Cancer cells are likely exposed to a number of challenging
conditions arising within the tumor microenvironment. To investigate whether aneuploidy may confer a
selective advantage to cancer cells, we employed a controlled experimental system. We used the diploid,
colorectal cancer (CRC) cell line DLD1 and two DLD1-derived CRC cell lines carrying single-
chromosome aneuploidies, namely trisomy 7 (DLD1+7) and trisomy 13 (DLD1+13), to assess a number
of cancer cell properties. Such properties, which included rates of proliferation and apoptosis, anchorage-
independent growth, and invasiveness, were assessed both under normal culture conditions and under
conditions of stress (i.e., serum starvation, drug treatment, hypoxia). Overall, our data show that
aneuploidy can confer selective advantage to cancer cells under environmental stress conditions. These
findings indicate that aneuploidy can increase the adaptability of cells, even those, such as cancer cells,

that are already characterized by increased proliferative capacity and aggressive tumorigenic phenotypes.
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Introduction

Fundamental to the survival of any organism is the balance between cell proliferation and cell death,
which is required to ensure organismal development and to maintain healthy tissues and organs. The
death and proliferation of normal, healthy cells is ensured by their ability to respond and modulate growth
and death signals. As opposed to healthy cells, cancer cells are characterized by the ability to escape such
signals, thus becoming capable to evade apoptosis and proliferate independent of growth signals
(Hanahan and Weinberg, 2011). Several other features, typically referred to as “hallmarks of cancer”
(Hanahan and Weinberg, 2011), are shared by many cancer cells independent of their origin. One such
feature ubiquitous in cancer cells is aneuploidy (Cimini, 2008; Mitelman et al., 2014; Nicholson and
Cimini, 2011). Inspired by his studies in sea urchin embryos, Theodor Boveri proposed, over a century
ago, that the abnormal chromosome numbers (aneuploidy) found in cancer cells were responsible for
cancer cells’ abnormal behavior (Boveri, 1914; Boveri, 2008). Nevertheless, the effect of aneuploidy on
cancer cell behavior is still unclear and abnormal chromosome numbers are generally acknowledged to
negatively affect cell function (Torres et al., 2008). Indeed, aneuploidy is the leading cause of miscarriage
in humans (Hassold and Hunt, 2001), and mosaic aneuploidy is typically associated with inherited
disorders (Biesecker and Spinner, 2013). Moreover, recent studies aimed at investigating the effect of
aneuploidy on cell physiology have revealed that aneuploidy negatively affects cellular fitness (Torres et
al., 2008) in a number of experimental systems, including mouse embryonic fibroblasts (Williams et al.,
2008) and budding yeast (Torres et al., 2007). Nevertheless, there is also evidence that aneuploidy can
confer a selective advantage in certain contexts. For instance, aneuploidy was shown to be an acquired
trait in strains of Candida albicans that developed resistance to antifungal drugs (Selmecki et al., 2006;
Selmecki et al., 2008). Similarly, budding yeast was shown to adapt to the lack of a key molecular motor
through the acquisition of aneuploid karyotypes (Rancati et al., 2008). Moreover, aneuploid budding yeast
strains were shown to display a growth advantage under a number of environmental stresses, despite their
reduced fitness when grown under optimal conditions (Pavelka et al., 2010). Finally, aneuploidy was

proposed to contribute to adaptation of liver cells in response to hepatic injury (Duncan et al., 2012;



Duncan et al., 2010) and is required for normal development of the Drosophila rectum (Fox et al., 2010;
Schoenfelder et al., 2014). These findings suggest that aneuploidy may confer a similar selective
advantage to cancer cells. Moreover, the observation that certain aneuploidies can be either recurrent in
cancers of different origin or specifically recurring in cancers from individual anatomical sites (Nicholson
and Cimini, 2013) suggests that, as observed in fungi (Pavelka et al., 2010; Selmecki et al., 2006;
Selmecki et al., 2009) or in mouse hepatocytes (Duncan et al., 2012), specific aneuploidies may confer
selective advantage in a given environment, but not in others.

Addressing the question as to whether aneuploidy can confer a selective advantage to cancer cells
can be very challenging, given that cancer cell karyotypes are very complex (Cimini, 2008; Nicholson
and Cimini, 2013; Weaver and Cleveland, 2006), and typically characterized by high degrees of
aneuploidy, as well as numerous chromosome rearrangements. Moreover, many cancer cells also display
chromosome numerical instability (CIN), which generates chromosome numerical heterogeneity within
cancer cell populations (Lengauer et al., 1997; Nicholson and Cimini, 2011; Thompson and Compton,
2008). To avoid such complexity, we chose to address the effect that aneuploidy may have on cancer cell
properties in a simplified experimental system. Specifically, we performed a series of assays in the
diploid, chromosomally stable (non-CIN) colorectal cancer cell line DLD1 (Lengauer et al., 1997) and
two DLD1-derived cell lines that were previously generated via microcell-mediated chromosome transfer
(Upender et al., 2004) and carry an extra copy of either chromosome 7 or chromosome 13, two
chromosomes frequently gained in colorectal cancer (Bardi et al., 1995; Ried et al., 2012). This
experimental set-up is advantageous for several reasons. First, it allows investigation of the specific
effects of individual aneuploidies on the properties of cells that already display a transformed phenotype,
thus providing insight on how aneuploidy may contribute to tumorigenesis. Second, it includes trisomies
that may play different roles in cancer. Indeed, gain of chromosome 7 and chromosome 13 are both
frequently found in colorectal cancer (Bardi et al., 1995; Ried et al., 2012). But gain of chromosome 7 is
also seen in many other types of cancer (Nicholson and Cimini, 2013), whereas gain of chromosome 13

appears to be exclusive to colorectal cancer (Nicholson and Cimini, 2013; Ried et al., 2012).
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Results

To explore whether aneuploidy confers a selective advantage to cancer cells, we made use of two
trisomic cell lines derived from the diploid (2N = 46), chromosomally stable colorectal cancer cell line
DLDI1(Lengauer et al., 1997). The DLD1-derived trisomic cell lines used in this study carried an extra
copy of either chromosome 7 (DLD1+7) or chromosome 13 (DLD1+13) (Nicholson et al., 2015; Upender
etal., 2004). We assessed a number of properties, including proliferative capacity, apoptosis evasion,
anchorage-independent growth, and invasiveness, which are known to correlate with tumorigenic capacity
(Hanahan and Weinberg, 2011; Shin et al., 1975). Such properties were assessed under both standard
culture conditions (normal) and under a number of culture conditions that are representative of possible
conditions occurring in the tumor microenvironment (Hanahan and Weinberg, 2000) concomitantly with
the aneuploidies under study. We reasoned that this strategy would allow us to identify a potential
selective advantage conferred by the extra chromosome. The selective conditions included nutrient
starvation (serum-free culture medium), exposure to 10 uM of the chemotherapeutic drug 5-fluorouracil
(5-FU), and hypoxia. The performance of the trisomic cells under such selective conditions was compared

to that of the diploid parental cell line.

Aneuploidy suppresses cell proliferation under normal culture conditions, but favors cell
proliferation under selective conditions.

We first examined the proliferative capacity of the three cell lines grown under various conditions by
determining growth curves over a period of 6 days (Figure 1). We found that under normal conditions, the
DLDI1 cells displayed faster growth rates compared to each aneuploid variant (Figure 1A). Under both
serum-free and 5-FU conditions (Figure 1B-C), the proliferation rates were lower than those observed
under normal culture conditions for all cell lines. However, the trisomic cell lines displayed higher
proliferation rates than the parental diploid cell line, with the DLD1+13 cells proliferating better than

both DLD1+7 and DLD1 cells (Figure 1B-C). Moreover, the DLD1+13 cells displayed faster



proliferation rates than either of the other two cell lines also under hypoxic conditions, whereas the
DLD1+7 cells did not display any growth advantage when cultured under hypoxic conditions (Figure

1D).

Cell division vs. suppression of apoptosis as a mechanism to increase proliferation rates.

To assess whether the higher proliferation rates were linked to increased cell division rates, we
quantified the mitotic index for the three cell lines under all culture conditions (Figure 2A-B). We found
that the diploid cells displayed a higher mitotic index under normal culture conditions (Figure 2B),
whereas both trisomic cell lines displayed higher mitotic indices compared to DLD1 cells grown under
serum free or 5-FU conditions (Figure 2B). Under hypoxic conditions, the DLD1+7 cells displayed the
lowest mitotic index, whereas DLD1 and DLD1+13 cells displayed similar mitotic indices (Figure 2B).
However, it is worth noting that the mitotic indices displayed by DLD1 and DLD1+7 cells under hypoxic
conditions were higher than those observed under either of the other two selective conditions and similar
to those observed under normal culture conditions (Figure 2B). Similarly, the mitotic index for DLD1+13
cells subjected to hypoxia was higher than the mitotic index measured for DLD1+13 cells under any other
culture condition (Figure 2B).

Because overall proliferation rates are determined by the combined rates of cell division and cell
death, we also quantified the rates of apoptosis by TUNEL assay in all cell lines under all culture
conditions (Figure 2C-D). Under normal culture conditions, DLD1 cells showed the lowest incidence of
apoptosis compared to DLD1+7 or DLD1+13, whereas their rate of apoptosis was the highest among the
three cell lines both under serum-free and 5-FU conditions (Figure 2D). Under hypoxic conditions, the
DLD1+7 cells displayed the highest rate of apoptosis among the three cell lines (Figure 2D), which is
consistent with the observation that DLD1+7 cells displayed the lowest proliferation rates among the
three cell lines under hypoxic conditions (Figure 1D). The TUNEL assay data also showed that the rates
of apoptosis did not vary much for DLD1+13 cells grown under different conditions, whereas the DLD1

cells showed higher rates of apoptosis under all selective conditions compared to normal culture
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conditions, and DLD1+7 cells displayed lower rates of apoptosis under normal and serum-free conditions

compared to their rates of apoptosis in 5-FU and hypoxia (Figure 2D).

Aneuploidy can increase anchorage-independent growth of cancer cells cultured under
selective conditions.

We next performed a soft agar assay to examine the ability of the three cell lines to grow
independent of anchorage in vitro, a phenotype that correlates with tumorigenicity (Shin et al., 1975). As
a negative control we used the non-transformed, immortalized, h\TERT-RPE1 cell line. As expected, these
cells were unable to form colonies in soft agar (Figure 3A). On the other hand, all three DLD1 cell lines
formed colonies under all culture conditions (Figure 3B-H), consistent with anchorage-independent
growth being the phenotype most consistently associated with tumorigenicity (Shin et al., 1975).
Although the three cell lines formed similar numbers of colonies under most culture conditions (Figure
3E-H), some differences were noted. Under hypoxic conditions, DLD1+7 cells formed more colonies
compared to the diploid DLD1 cells (Figure 3H). Moreover, although DLD1+7 and DLD1+13 formed
similar numbers of colonies compared to the diploid DLD1 cells under both serum-free (Figure 3F) and
5-FU (Figure 3G) conditions, the colonies formed by the aneuploid cells were significantly larger for both
these selective culture conditions (Figure 3J-K). There was no significant difference in the size of
colonies formed by the three cell lines under normal (Figure 3I) or hypoxic (Figure 3L) culture

conditions.

Aneuploidy increases the invasive capacity of colorectal cancer cells.

To assess the invasive ability of aneuploid cells compared to the diploid parental cell line, we
performed a matrigel invasion assay (Figure 4). We found that under all culture conditions, the number of
cells migrating through the matrigel was higher for the aneuploid cell lines compared to the diploid
parental cell line (t-test, p<10™ for each aneuploid cell line compared to diploid cells under all culture

conditions; Figure 4E-H).
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Discussion

Taken together, our data show that aneuploidy can confer a selective advantage under conditions of
environmental stress. In some of our assays, there was no difference in behavior between diploid and
aneuploid colorectal cancer cells and in general, the diploid cancer cells performed better under normal
culture conditions. This last observation is not surprising, given that such culture conditions were
optimized for DLDI1 cells. A similar proliferative advantage of euploid vs. aneuploid cells under standard
culture conditions was previously shown in both yeast and mouse embryonic fibroblasts (Chen et al.,
2015; Pavelka et al., 2010; Torres et al., 2007; Williams et al., 2008). On the other hand, whenever we
found the aneuploid cells to display an advantage, with the exception of the matrigel invasion assay, this
occurred under selective culture conditions, indicating that aneuploidy can confer a selective advantage to
cancer cells, as previously shown in yeast (Chen et al., 2015; Pavelka et al., 2010; Rancati et al., 2008).
Our results are also consistent with the previous finding that trisomy 7 was associated with an acquired
resistance of epithelial colon cells to growth in serum-free conditions (Ly et al., 2011). However, our
findings are even more striking in that they show that aneuploidy increases the tolerance of cancer cells to
environmental stresses beyond that seen in cells that are already transformed and tumorigenic, and
presumably already adapted to proliferate under certain environmental stresses.

Aneuploidy has been shown to cause transcriptomic changes that, for the most part, correlate with
the specific aneuploid chromosome(s) (Gao et al., 2007; Habermann et al., 2007; Stingele et al., 2012;
Torres et al., 2007; Upender et al., 2004). However, when examining the proteomic changes linked to
aneuploidy, the situation is more complex. Whereas some studies have reported proteomic changes to
scale up with changes in chromosome copy number in yeast (Pavelka et al., 2010), other studies in yeast
and human cells reported that protein abundance does not vary significantly as a result of aneuploidy
and/or that the proteomic changes do not necessarily correlate with the specific aneuploidy (Gemoll et al.,
2013; Habermann et al., 2007; Stingele et al., 2012; Torres et al., 2007). Nonetheless, a general link
between aneuploidy and phenotypic traits is strongly supported by experimental data (Pavelka et al.,

2010; Sheltzer et al., 2011; Tan et al., 2013; Zhu et al., 2012). Moreover, aneuploidy-specific phenotypes,



resulting from the altered levels of proteins encoded by genes on the aneuploid chromosomes, have been
reported in a number of different organisms and contexts. For instance, the chromosome 5 aneuploidy
emerging in Candida albicans exposed to fluconazole (Selmecki et al., 2006; Selmecki et al., 2009) was
shown to confer drug resistance by inducing overexpression of two genes encoding, respectively, for the
drug target and for a trascriptional regulator of efflux pumps (Selmecki et al., 2008). Similarly, the
acquisition of trisomy 7 in colon epithelial cells cultured in serum-free conditions was associated with
overexpression of the epidermal growth factor receptor, encoded on chromosome 7 (Ly et al., 2011).
Finally, a specific cytokinesis failure phenotype was recently shown to be associated with trisomy 13 and
caused by overexpression of Spartin, a protein encoded by a gene (SPG20) on chromosome 13
(Nicholson et al., 2015). However, the selective advantage we observed in our study seems unlikely to
depend on overexpression of specific genes on the aneuploid chromosomes. If that were the case, we
would expect to find consistently significant differences between trisomy 7 and trisomy 13, whereas we
only found minor differences between the two trisomic cell lines. Thus, although the specificity of
chromosome 13 gain for colorectal cancer (Nicholson and Cimini, 2013) may suggest a specific
advantage conferred by this chromosome to colorectal cancer cells, such advantage may be linked to
conditions other than those tested in our study. Instead, for the selective conditions assessed here, we
found a general selective advantage conferred by aneuploidy. This observation suggests that the
advantage conferred by these two chromosomes may depend on a common phenotypic effect observed for
both trisomies. We propose that such an effect may be the increased rate of chromosome mis-segregation
recently reported for DLD1+7 and DLD1+13 cells compared to diploid DLD1 cells (Nicholson and
Cimini, 2013). In DLD1+7 and DLD1+13 cells, high rates of chromosome mis-segregation are associated
with high rates of karyotypic heterogeneity (Nicholson and Cimini, 2013), similarly to findings from
other studies showing a link between aneuploidy and chromosome instability (CIN) in both yeast and
human cells (Biron-Shental et al., 2015; Duesberg et al., 1998; Reish et al., 2006; Reish et al., 2011;
Sheltzer et al., 2011; Zhu et al., 2012). Cells with high degrees of CIN are expected to display high

degrees of phenotypic heterogeneity (Chen et al., 2015; Nicholson and Cimini, 2015) and this
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karyotypic/phenotypic heterogeneity will allow aneuploid cells to be more “adaptable” (Chen et al., 2015;
Nicholson and Cimini, 2015). Indeed, high karyotypic/phenotypic heterogeneity increases the chance that
some cells within the population may possess the phenotype required for increased fitness in a certain
environment.

Finally, our matrigel invasion assay provided an interesting observation in that aneuploid colorectal
cancer cells are significantly more invasive than diploid cells not only under selective conditions, but also
under normal culture conditions. One could envision migration through an extra-cellular matrix as a
challenge of its own. Therefore, the observation that aneuploid cells migrate better through the matrigel
regardless of the culture conditions, reinforces the idea that aneuploidy increases the adaptability of cells,
even those, such as cancer cells, that are already characterized by increased proliferative capacity and
aggressive tumorigenic phenotypes.

In conclusion, our work shows that addition of one extra chromosome is enough to enhance certain
hallmarks of cancer cells. This can be explained by the recently reported increase in chromosome mis-
segregation and CIN as a result of the addition of an extra chromosome (7 or 13) to DLD1 colorectal
cancer cells (Nicholson et al., 2015). The increased CIN, in turn, can generate phenotypic variability and
increased adaptability, thus allowing aneuploid cancer cells to perform better than diploid cancer cells
under a number of environmental challenges. This paradigm is consistent with the widespread aneuploidy
observed in solid tumors (Mitelman et al., 2014), with the association between CIN and poor patient
prognosis (Carter et al., 2006; Walther et al., 2008), and with the link between CIN and drug resistance

(Lee et al., 2011; Swanton et al., 2009).



Materials and Methods

Cell lines and culture conditions. The DLD1 cell line was obtained from American Type Culture
Collection (ATCC, VA, USA), DLD1+7 and DLD1+13 cell lines were generated previously by
microcell-mediated chromosome transfer (Upender et al., 2004), and DLD1+13 cells were sub-cloned as
previously described (Nicholson et al., 2015). All the DLD1 cell lines were maintained in RPMI 1640
medium (ATCC, VA, USA) supplemented with 10% FBS (Gibco, NY, USA) and antibiotic/antimycotic
mixture (Gibco, NY, USA). The hTERT-RPEI1 cells (ATCC, VA, USA) were maintained in DMEM/F12
medium (Gibco, NY, USA) supplemented with 10% FBS (Gibco, NY, USA) and antibiotic/antimycotic
mixture (Gibco, NY, USA). All cells were kept in a humidified incubator at 37°C with 5% CO,.

For exposure to selective conditions, culture medium was prepared as follows: normal culture
medium without FBS (Serum-free); normal culture medium with 10 uM 5-fluorouracil (5-FU) (Sigma-
Aldrich, MO, USA); normal medium pre-conditioned in hypoxia chamber for 48 hrs (Hypoxia). For all
experiments, except those in hypoxic conditions, cells were incubated with the appropriate culture media
in a humidified incubator at 37°C with 5% CO, for the duration of the experiment. For experiments in
hypoxic conditions, cells were maintained inside a modular incubator chamber (Hillups-Rothenberg, CA,
USA) in which humidity was maintained by addition of a 60 mm Petri dish containing 5 ml of water.
Prior to each use, the chamber was flushed with 5% CO,,1% O,, and N, before being sealed and stored at
37°C in an incubator. Cells were removed from the chamber for not more than one hour to conduct
experiments, after which time the chamber was again flushed with 5% CO,,1% O,, and N, before being
sealed and stored at 37°C. Hypoxic conditions were confirmed using a Cyto-ID Hypoxia Detection Kit
(Enzo Life Sciences, NY, USA) and fluorescence microscopy detection according to the manufacturer’s
instructions.

All experiments were repeated three times and the data are reported as mean and S.D. Additional

details are provided in the figure legends.
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Growth curves. To determine the proliferative capacity over time, we plated each DLD1 cell line in
a 6-well plate (6 wells total) at a density of 1.5x10° cells per well. Following 24 hrs of growth in normal
media, the cells were washed twice in PBS and re-incubated under selective culture conditions. For the 4-
6-day samples, the media was replenished half-way through the experiment. At 24-hour intervals for six
days, the media from one well of each DLD1 cell line was removed, the cells were washed twice with
PBS and trypsinized. Cells were then vigorously re-suspended in media to a final total volume of 3 ml.
From this, a 100 ul sample was thoroughly pipetted and mixed with an equal amount of 0.4% trypan blue
solution (Gibco, NY, USA), and subjected to cell counting. Cell counts were performed by

hemocytometer (Bright-Line, PA, USA) and averaged from four samples.

Mitotic index analysis. 1.5x10° cells suspended in normal media were plated on 22x22 mm acid-
washed sterile glass coverslips inside 35 mm Petri dishes. After 24 hours, cells were incubated under the
appropriate culture conditions for additional 24 hrs. Cells were then washed twice with PBS, fixed with
freshly prepared 4% paraformaldehyde (Fischer Scientific, NJ, USA), washed twice more with PBS, and
DAPI stained. For each sample, the number of mitotic cells was counted over a total of at least 1,000

cells.

TUNEL assay. 0.5x10’ cells suspended in normal media were plated on 22x22 mm acid-washed
sterile glass coverslips inside 35 mm Petri dishes. After 24 hours, cells were incubated under the
appropriate culture conditions for additional 24 hrs. Cells were then washed twice with PBS, fixed with
freshly prepared 4% paraformaldehyde (Fischer Scientific, NJ, USA), washed twice more with PBS +
0.01% sodium citrate, and finally stained using an in situ cell detection kit (Roche, Basel, Switzerland).
Cells were then washed three times with PBS before DAPI staining. For each sample, the number of
TUNEL positive cells was recorded over a total of at least 1,000 cells. Positive and negative controls were

used according to the manufacturer’s guidelines.



Fluorescence microscopy. For both mitotic index and TUNEL assay quantification, samples were
viewed on a Nikon Eclipse TE2000-U inverted microscope (Nikon Instruments Inc., NY, USA) equipped
with a swept field confocal system (Prairie Technologies, WI, USA), a 100x/1.4 NA Plan-Apochromatic
objective, and an automated ProScan stage (Prior Scientific, Cambridge, UK). The confocal head was
accessorized with a multiband pass filter set for illumination at 405, 488, 561, and 640 nm and
illumination was obtained through an Agilent MLC400 monolithic laser combiner (Agilent Technologies,
CA, USA) controlled by a four channel acousto-optic tunable filter. Digital images were acquired with a
HQ2 CCD camera (Photometrics, AZ, USA). Stacks of images were acquired through the Z axis at 0.6
um steps. Exposure time, Z-axis position, laser line power, and confocal system were all controlled by

NIS Elements AR software (Nikon Instruments Inc., NY, USA) on a PC computer (Dell, TX, USA).

Soft agar assay. 1.5 ml of a 1:1 mixture of 2% agar (Fischer Scientific, NJ, USA) and 2x DMEM
(Gibco, NY, USA) media (prepared according to the specific selective condition for each sample) was
poured evenly into a 35 mm Petri dish. After cooling, 1.5 ml of a 1:1 mixture of 1.4% agar (Fischer
Scientific, NJ, USA) and 2X DMEM (prepared according to the specific culture condition for each
sample) media was used to re-suspend 1x10’ cells and then poured on the bottom solidified agar layer.
After solidification of the top agar layer, 2 ml of RPMI 1640 media (prepared according to the specific
selective condition for each sample) were added and the samples incubated in a humidified incubator at
37°C with 5% CO,, or in the hypoxia chamber. The colonies were grown for 22 days and media changed
every 4-5 days. Ten randomly selected fields of view were imaged on a Nikon Eclipse Ti inverted
microscope (Nikon Instruments Inc., NY, USA) equipped with a 20x/0.4 NA ADL phase contrast
objective, phase-contrast transillumination, transmitted light shutter, ProScan automated stage (Prior
Scientific, MA, USA), and a HQ2 CCD camera (Photometrics, AZ, USA). For each field of view, Z-

stacks were acquired by imaging 10 focal planes at 100 um steps and colony number and size were
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measured for colonies present on different focal planes. The total number of colonies was quantified for
all ten fields of view and the size of each colony was quantified by measuring the length of the longest
axis. hTERT-RPEI cells were used as a negative control and as a baseline for colony size measurements.
Individual dot-like structures, corresponding to individual non-proliferating cells, were observed at low
density in hTERT-RPE1 samples. The average size of these structures was 15 wm, and this was

considered as the lower size limit for colony size measurements in DLD1 cell lines.

Matrigel invasion assay. The matrigel invasion assay was performed using an 8 um pore transwell
PET membrane (BD Biosciences Inc., MA, USA). The matrigel mixture (Corning Inc., MA, USA) was
reconstituted with the appropriate culture media to a concentration of 200 ug/ml and poured evenly over
the transwell PET membrane; 10° cells were re-suspended in RPMI 1640 media and plated onto the
matrigel; 500 ul of media were also added to the bottom well and the chambers were incubated. After 24
hrs, both the media in the bottom well and that in the top chamber were replaced with media prepared
according to the specific culture condition for each sample. After incubating for additional 24 hrs, non-
invasive cells were scraped off the chamber side of the transwell membrane and invasive cells were fixed
with 100% methanol, washed twice with PBS, and stained with a 1% Giemsa solution. Quantification was
performed by light microscopy on a Nikon Eclipse TS100, using a 20x/0.4 NA ADL phase contrast

objective and counting the total number of cells from 6 random fields of view.
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Figure 2.1: Aneuploidy suppresses cell proliferation under normal culture conditions, but favors
cell proliferation under selective conditions. The graphs show growth curves for DLD1, DLD1+7, and
DLD1+13 cells cultured for six days under different conditions. Data for cells cultured in normal media
(A), serum-free media (B), media containing 10 uM 5-FU (C), or incubated under hypoxic conditions (D)

are reported as mean and standard deviations from three biological replicates. Similar results were found



by automated cell counting (data not shown). For statistical analysis, the growth curves in logarithmic
scale were fit to linear functions and analyzed using R software package. The numbers to the right of the
graphs indicate the p values for comparison of end-point data. Statistical analysis was also performed on
the trends in cell growth using the geepack R package for longitudinal data analysis (Hojsgaard et al.,
2006) and showed that all pairwise comparisons were significantly different (p<4.5E-7), except for

DLD1+7 vs. DLD1+13 under normal culture conditions.
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Figure 2.2: Mitotic index and apoptosis in diploid vs. aneuploid colorectal cancer cells.

(A) Representative images of DLD1, DLD1+7, and DLD1+13 cells grown under normal culture
conditions and stained with DAPI. Arrows point at mitotic cells. Images are maximum intensity
projections of Z-stacks acquired at 0.6 um steps. Scale bar, 10 um. (B) Mitotic indices for the three cell
lines cultured under different conditions. The data are reported as mean and standard deviations from
three biological replicates. Statistical analysis was performed using the 7’ test and only p values that were
significant or close to significance are reported in the figure. (C) Representative TUNEL assay image of
DLD1+13 cells cultured under normal conditions. Arrow points at TUNEL-positive cell. Images are
maximum intensity projections of Z-stacks acquired at 0.6 um steps. Scale bar, 10 um. (D)
Quantification of TUNEL-positive cells in the three cell lines cultured under different conditions. The
data are reported as mean and standard deviations from three biological replicates. Statistical analysis was
performed using the 5 test and only p values that were significant or close to significance are reported in

the figure.
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Figure 2.3: Aneuploidy can increase anchorage-independent growth. Anchorage-independent growth
was assessed by testing the ability of DLD1, DLD1+7, and DLD1+13 cells to form colonies on soft agar
when cultured under different conditions. (A) Representative image of hTERT-RPE1 cells on soft agar.

These non-transformed cells were used as a negative control and as a baseline for colony size
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measurements. Individual dot-like structures (yellow arrow), corresponding to individual non-
proliferating cells, were observed at low density. The average size of these structures was 15 wm, and this
was considered as the lower size limit for colony size measurements in DLDI1 cell lines, although most of
the cancer cell line colonies were well above 15 um in size. (B-D) Representative colonies formed by
DLD1,DLD1+7, and DLD1+13 on soft agar under normal culture conditions. Scale bar, 50 um. (E-H)
Total number of colonies from ten randomly selected fields of view of soft agar plates with the various
cell lines under different culture conditions. (I-L) Average size of colonies formed by the various cell
lines under different culture conditions. For (E-L), the data are reported as mean and standard deviations
from three biological replicates. Statistical analysis was performed using the t-test and only p values that

were significant or close to significance are reported in the figure.
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Figure 2.4: Aneuploidy increases invasiveness of cancer cells. The invasive capacity of the three
different cell lines was assessed using a matrigel invasion assay. (A-D) Examples of Giemsa-stained
invasive DLD1, DLD1+7, and DLD1+13 cells cultured under different conditions. Scale bar, 100 um.
(E-H) Quantification of invasive DLD1, DLD1+7, and DLD1+13 cells cultured under different
conditions. The data are reported as mean and standard deviations from three biological replicates.
Statistical analysis showed that significantly larger numbers of aneuploid compared to diploid cells
migrated through the matrigel layer (t-test, p<10™ for each aneuploid cell line compared to diploid cells

under all culture conditions).
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Chapter 3

Conclusions and perspectives

Our results demonstrate that aneuploidy confers a selective advantage to and heightens the tumor-
related properties of cancer cells cultured under conditions of environmental stress. Although aneuploidy
is a well-established feature of cancer cells (Mitelman et al., 2014), the selective benefit of aneuploidy,
generally thought to be detrimental to cellular fitness (Torres et al., 2007), remains unclear. Our findings
support other recent work in yeast (Pavelka et al., 2010) and in immortalized human colon epithelial cells
(Ly et al., 2011) demonstrating aneuploidy improves cancer cell fitness and enhances its tumorigenic
properties.

Many recurrent patterns of chromosome gains and losses have been recognized in cancer. For
instance, chromosome 7 gain is detected in 40% of early CRC (Bomme et al., 1994; Habermann et al.,
2007), but is also prevalent in many other cancers (Bean et al., 2007; Beroukhim et al., 2010). On the
other hand, gain of chromosome 13 appears specific to CRC and is rarely observed in other cancers
(Nicholson and Cimini, 2013; Ried et al., 2012). Finally, gain of 3q is observed in a number of different
cancers, but rarely seen in CRC (Nicholson and Cimini, 2013; Ried et al., 2012). Using previously
generated CRC cells containing an additional individual copy of either chromosome 7 or 13 (Upender et
al., 2004), we were able to compare how specific aneuploidies affected the fitness of cancer cells (see
chapter 2). Upender and colleagues, in a previous study, performed microarray analysis on both these
aneuploid variants (DLD1+7 and DLD1+13), as well as their parental cell line (DLD1) and an aneuploid
CRC cell line carrying an extra copy of chromosome 3 (DLD1+3) (Upender et al., 2004). The microarray
analysis reported a 2-fold gene mis-expression threshold. Some common cancer aneuploidies may be
favorably selected due to their ability to promote overexpression of genes that are found to be beneficial
to most cancer cells. For instance, human colon epithelial cells were found to spontaneously gain
chromosome 7 and maintain it clonally when passaged under low serum conditions (Ly et al.,2011). In

these cells, gain of chromosome 7 was associated with over-expression of the epidermal growth factor



receptor (EGFR) gene located on chromosome 7, band p11 (Ly et al., 2011). However, this EGFR mis-
expression (Briand et al., 1996; Garewal et al., 1990; Sareen et al., 2009), as well as gain of chromosome
7 (Nicholson and Cimini, 2013) are not CRC-specific. To start exploring whether certain cancer-specific
aneuploidies are selected in favor or against as a result of the associated overexpression of genes that
confer a selective advantage at a specific anatomical site, I compared the microarray data from Upender et
al. to the TiGER database (Liu et al., 2008), which reports the expression profiles for healthy tissue cells
from a number of different anatomical sites. I reasoned that genes of potential interest for CRC would be
those specifically mis-expressed in the trisomic DLDI1 cell lines and that are typically expressed in colon
cells (Table 3.1). Genes of interest would be those that are down-regulated in DLD1+3 cells, but typically
expressed in normal colon cells. This may suggest that such genes are essential to proliferation/survival of
colon cancer cells and may be why trisomy of chromosome 3 is rarely observed in CRC (Ried et al.,
2012). Other genes of potential interest are those that are typically expressed in healthy colon cells and
overexpressed in DLD1+13 cells. This may suggest that such genes are similarly important for
proliferation/survival of colon cells and that their overexpression may enhance colon cell
proliferation/survival, which would explain why trisomy 13 is commonly found in CRC (Nicholson and
Cimini, 2013; Ried et al., 2012). To test the above hypotheses, one could experimentally induce down-
regulation or overexpression of the selected genes in colon epithelial cells and assess whether such mis-
expression confers tumor-related properties, such as those assessed in our study (Chapter 2). Moreover, if
my hypothesis is correct, knocking down, in DLD1+13 cells, the expression of genes specifically
overexpressed as a result of trisomy 13, should reduce some of the tumor-related properties of these cells.
Additionally, it would be important to determine whether gene expression changes based on a
cell’s particular context, and thus gene expression analysis could be repeated under stress conditions to
compare with expression data under normal conditions. However, gene expression profiles could change
under stress as a result of many factors. A simple idea is that certain cellular pathways are activated in
response to the specific stress inflicted to the cells and this would result in specific changes in gene

expression profiles. However, because certain aneuploidies are known to confer selective advantage under
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certain conditions (Chen et al., 2015; Ly et al., 2011; Rancati et al., 2008; Selmecki et al., 2006; Selmecki
et al., 2009) changes in gene expression profiles observed in cells growing under selective conditions may
be the result of activation of specific pathways in combination with stress-induced karyotypic changes.
Finally, one should not disregard the fact that aneuploidy itself can increase the rates of chromosome mis-
segregation (Nicholson and Cimini, 2015; Nicholson et al., 2015; Sheltzer et al., 2011; Thompson and
Compton, 2010) and that environmental stresses themselves can generate aneuploidy (Chen et al., 2015;
Ly et al.,2011; Rancati et al., 2008; Selmecki et al., 2006; Selmecki et al., 2009; Tang et al., 2011). Thus,
analysis of stress-induced changes in gene expression profiles should be accompanied by karyotypic
analysis (e.g., by aCGH or SKY).

Clearly, the relationship between aneuploidy, environmental stresses, and evolution of cancer
karyotypes is very complex. However, the propensity of cancer cells to genomic instability has recently
been suggested as a therapeutic target by leveraging therapeutic and environmental pressures to select for
a specific karyotype so as to channel cancer toward a specific path (Chen et al., 2015). Essential to launch
such an investigation is identifying the conditions and/or therapeutics that could select for a specific
karyotype. This has previously been accomplished in yeast (Chen et al., 2012; Chen et al., 2015) and it
stands to reason is feasible in human cancer cells (Chen et al., 2015). Further encouragement comes from
those experiments that have demonstrated selection for specific karyotypes by long term passaging or
extended exposure to high doses of therapeutics meant to induce resistance (Chen et al., 2015; Ly et al.,
2011; Rancati et al., 2008; Selmecki et al., 2006; Selmecki et al., 2009; Tang et al., 2011). Similarly, it
would be interesting investigating whether any drug or condition associated with selection of either
chromosome 7 or chromosome 13 could increase the percentage of cells carrying extra copies of these
chromosomes, or select against their acquisition. This could be achieved by passaging our DLD1

aneuploid variants over the long term under specific selective conditions.



Table 3.1: Gene expression profiles of normal colon epithelial cells mis-regulated in
infrequently and frequently seen aneuploidies of colon cancer

# Gene DLD1+3 Ratio DLD1+7 Ratio DLD1+13 Ratio

(+3/DLD1) (+7/DLD1) (+13/DLD1)

1 KRT20 Up 13.33 Up 242

2 GPA33 Up 2.53
3 STEAP2 Up 2.10

4  CFIR Down 0.16

5 HNF4A  Down 0.43 Up 2.00

6  HEPH Up 3.39 Up 2.79
7 SIM2 Up 2.11
8 VIL1 Down 0.40

9 TFF3 Up 2.46 Up 224
10  FUT3 Up 3.48
11  FXYD3  Down 0.38 Up 3.35

12 SLCI2A2  Down 0.44

The genes listed in the second column are genes that are expressed in normal colon epithelium
and exhibit a 2-fold or more under- (Down) or over- (Up) expression level in the trisomic cell
lines when compared to the expression levels in DLDI.
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