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Abstract

Mitotic defects leading to aneuploidy have been recognized as a hallmark of tumor cells for over
100 years. Current data indicate that ~85% of human cancers have missegregated chromosomes to
become aneuploid. Some maintain a stable, aneuploid karyotype while others consistently
missegregate chromosomes over multiple divisions due to Chromosomal INstability (CIN). Both
aneuploidy and CIN serve as markers of poor prognosis in diverse human cancers. Despite this,
aneuploidy is generally incompatible with viability during development, and some aneuploid
karyotypes cause a proliferative disadvantage in somatic cells. /n vivo, the intentional introduction
of aneuploidy can promote tumors, suppress them, or do neither. Here, we summarize current
knowledge of the effects of aneuploidy and CIN on proliferation and cell death in nontransformed
cells, as well as on tumor promotion, suppression, and prognosis.

1. Introduction

Cancer is the leading cause of death worldwide [1]. It was recognized as early as the late
1800s that mitotic defects that give rise to aneuploidy, an abnormal chromosome
complement that differs from a multiple of the haploid, are a common characteristic of
tumor cells. Based on this, Boveri proposed in the early 1900s that aneuploid cells may
initiate tumors [2]. With the discovery of oncogenes and tumor suppressors, the role of
aneuploidy has become hotly debated. This review summarizes the effects of abnormal
chromosome contents on cell growth and tumor progression, suppression, and prognosis.

2. Aneuploidy, polyploidy and CIN

Aneuploidy can be described as numerical or structural, depending on whether whole
chromosomes or portions of chromosomes are gained or lost. Both of these are distinct from
polyploidy, in which cells contain more than two complete sets of chromosomes, but always
contain an exact multiple of the haploid humber, so the chromosomes remain balanced.
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Aneuploid cells, including near-polyploid cells, can maintain stable karyotypes or exhibit
Chromosomal INstability (CIN), in which the genome continuously evolves over the course
of multiple cell cycles. Like aneuploidy, CIN can involve gains and losses of whole
chromosomes or of chromosomal segments, sometimes abbreviated as W-CIN and S-CIN,
respectively.

2.1. State versus rate

CIN is sometimes inferred from the presence of aneuploidy. However, the observance of the
state of aneuploidy at a given moment in time does not necessarily indicate the presence of
CIN, which is an ongoing rate of instability. Even a tumor cell with a complex karyotype
such as 86, XXXX, add(1)(p22), der(3)(p14),+der(11)t(11;20)(p12; p13),-14, -15,+16, -18,
-21, -22, which could be described as “highly aneuploid,” is not necessary chromosomally
unstable. The presence of these genomic alterations does not provide information about the
rate of karyotypic change.

2.2. CIN causes aneuploidy; aneuploidy can cause CIN

CIN produces aneuploid progeny. However, whether or not aneuploidy causes CIN is
debated. Aneuploidy can occur due to a single insult that is not repeated, resulting in
chromosomal imbalances that can be stably propagated. However, it has been proposed
since the late 1990s that aneuploidy destabilizes the genome by unbalancing genes required
for mitosis, resulting in the autocatalytic formation of randomly generated karyotypes due to
recurrent segregation errors [3]. Evidence for this comes from studies showing that
transformed CHO cells with increased ploidy have an increased rate of CIN [3] and that
polyploidy increases the rate of chromosome loss in yeast [4]. More recently, it has been
shown that 9 of 13 Saccharomyces cerevisiae strains exhibiting aneuploidy due to the
presence of a single additional chromosome missegregate yeast artificial chromosomes at
rates that are 1.7-3.3 fold higher than a haploid strain. Conversely, the other 31% of strains
containing an additional chromosome did not exhibit CIN [5]. Additionally, 12.5% of strains
generated through meiosis of 3n or 5n yeast produced stably aneuploid offspring [6] (also
see review by Rancati and Pavelka in this issue).

There are also examples of stable and unstable aneuploidy in vertebrate cells. The
chromosomally stable colorectal cancer cell lines HCT116 and SW48 contain 45
chromosomes (-Y) and 47 chromosomes (+7), respectively. Gain or loss of a single
chromosome did not induce CIN in these cell lines. Similarly, addition of a single extra copy
of chromosome 3 into HCT116 cells does not cause chromosomal instability, as assessed by
FISH of five different chromosomes. Nor does polyploidy due to fusion of two
chromosomally stable cells (two HCT116 or two DLD1) result in CIN [7]. Thus, while
aneuploidy can induce CIN, it does not necessarily do so.

3. Causes of aneuploidy and CIN

3.1 Mitotic checkpoint defects

Deficits in the mitotic checkpoint, also known as the spindle assembly checkpoint, result in
numerical aneuploidy and W-CIN. The mitotic checkpoint is the major regulator of
chromosome segregation during mitosis (reviewed in [8]). It delays separation of the
replicated sister chromatids until each pair has made stable attachments to both poles of the
mitotic spindle, which is necessary for accurate chromosome segregation. Each sister
chromatid assembles a kinetochore, a proteinaceous structure that serves as the binding site
between the chromosome and spindle microtubules, at its centromere. Mitotic checkpoint
components, including Mad1, Mad2, Bubl, BubR1, Bub3 and CENP-E, are recruited to
kinetochores on chromosomes that are not yet properly attached, and would be likely to
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missegregate if the cells entered anaphase. At unattached kinetochores, mitotic checkpoint
components are converted into active inhibitors of the Anaphase Promoting Complex
(APC), an E3 ubiquitin ligase that, in the context of its specificity factor Cdc20, is necessary
for anaphase onset and mitotic exit. Once all the kinetochores have become stably attached
to spindle microtubules, the mitotic checkpoint is satisfied and APC-Cdc20 becomes active.
It then ubiquitinates Securin, which frees its binding partner, the protease Separase. Separase
cleaves the cohesins that link sister chromatids, resulting in anaphase onset. In this fashion,
the mitotic checkpoint ensures accurate chromosome segregation during mitosis.

Defects in the mitotic checkpoint, caused by reduction, or in some cases, overexpression of
mitotic checkpoint proteins, lead to numerical aneuploidy and W-CIN. While heterozygous
deletion of mitotic checkpoint genes results in viable progeny in mice, homozygous deletion
is uniformly lethal [9-13]. Similarly, while partial depletion of these components in cell
culture results in missegregation of small numbers of chromosomes per division (low CIN),
complete depletion of Mad2 or BubR1 results in massive chromosome missegregation (high
CIN) and rapid cell death, even in cancer cell lines in which p53 function is impaired
(further discussed in section 4.3) [14, 15].

3.2. Merotelic attachments and abnormal spindles

Another mechanism that causes chromosome missegregation is inappropriate connections
between kinetochores and spindle microtubules. Merotelic attachments, in which a single
kinetochore is attached to microtubules originating from both poles, can generate
chromosomes that lag behind the segregating masses of DNA during anaphase and telophase
(lagging chromosomes). These frequently occur in cells that missegregate chromosomes
[16]. Merotelic attachments can be caused by defects in the Aurora B dependent error
correction mechanism that destabilizes improper attachments, by a reduction in microtubule
dynamics, or by the focusing of multipolar spindles [17, 18]. Importantly, since the
kinetochores are attached to microtubules from opposite poles, neither merotely nor
multipolar spindles are detected by the mitotic checkpoint. Interestingly, recent evidence
indicates that lagging chromosomes can also cause S-CIN either because they are damaged
by the cytokinetic furrow [19], or because they are localized to micronuclei which are not
completely replicated by the start of the next mitosis [20].

Both merotely and deficits in mitotic checkpoint signaling are thought to contribute to
numerical aneuploidy and CIN in human cancers. Lagging chromosomes have been detected
in the CIN cancer cell lines HT29, Caco2, MCF-7, SW480 and SW837 [21, 22], and in
diffuse large B-cell lymphomas [23], while MDA-MB-231 cells enter anaphase in the
presence of misaligned chromosomes, indicative of a weakened mitotic checkpoint [24].

4. Effects of aneuploidy and CIN on cellular fitness

Recently, aneuploidy has been described as uniformly causing a proliferative disadvantage.
A portion of the evidence for this comes from budding yeast containing stably aneuploid
karyotypes. Most aneuploid yeast strains grew more slowly than haploid yeast under
conditions optimized for growth of the euploid controls [6, 25]. Interestingly, however,
some aneuploid karyotypes conferred a proliferative advantage under growth conditions
suboptimal for euploid yeast (reduced temperature, addition of chemotherapeutic or
antifungal drugs, etc) [6] (also see review by Rancati and Pavelka in this issue).

Evidence for proliferative defects caused by chromosome gains, at least under standard
growth conditions, can also be found in mammalian cells. Mouse Embryonic Fibroblasts
(MEFs) containing a single extra chromosome were generated by breeding mice bearing
Robertsonian translocations, resulting in MEFs containing an extra copy of the long arm of
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chromosomes 1, 13, 16 or 19. MEFs with an additional chromosome arm showed a decrease
in growth rate. Effects on growth rate were more pronounced and less variable in cells that
had gained larger chromosome arms [26]. In contrast to the situation in yeast, in which 16 of
20 aneuploid strains had a delay in G1 [25], no delay in any specific stage of the cell cycle
was identified in MEFs [26].

Additionally, human skin fibroblasts containing an extra copy of chromosome 21 have long
been known to proliferate more slowly than diploid skin fibroblasts under standard culture
conditions (35.6 versus 23.0 hour doubling times, respectively) [27]. Consistent with this,
individuals with trisomy 21/Down’s syndrome show decreased stature and head
circumference when compared with the general population [28]. Thus, stable aneuploidy
often, although not always, confers a growth disadvantage under standard conditions.

CIN, on the other hand, usually does not inhibit population growth, at least in mouse cells.
Heterozygous deletion of the mitotic checkpoint components BubR1, Bub3, or CENP-E or
the MRNA export factor Rael in mammalian cells all cause significant aneuploidy due to
CIN without a proliferative disadvantage [9, 10, 29-31], as does overexpression of the E2
ubiquitin conjugating enzyme UbcH10 [32].

While CIN does not adversely affect population growth rates, it does appear to inhibit the
colony forming ability of individual cells. CIN induced in HCT116 cells, or immortalized
but non-transformed RPE1 cells, produced only transient increases in aneuploid cells in the
colonies that formed [22], suggesting that the aneuploid cells were out-proliferated by the
diploids. In a follow up study, cells that missegregated a marked chromosome were less able
to grow into colonies than those that did not [33]. Similarly, MEFs that exhibit CIN due to
haploinsufficiency of CENP-E form fewer colonies than wild type cells when plated under
identical conditions [31]. Reduced colony forming ability of individual aneuploid cells could
be a result of a lengthened cell cycle time or activation of checkpoint proteins such as p53
(discussed in section 4.3). Together with the population growth rates, these data suggest that
some aneuploid karyotypes confer a proliferative disadvantage, while others do not.

Evidence in mammalian cells suggests that chromosome gains and losses are not equivalent
with respect to their consequences on cellular survival and proliferation. This relationship
does not hold true in diploid yeast [6]. However, in many examples of CIN in mammals,
chromosome loss is more prevalent than chromosome gains when assaying dividing cells. A
skewing towards chromosome loss has been observed in murine neurons, BRCA1 117/~
embryonic cells, MEFs from APCMI"* Bub1 overexpressing, and one of two BubR1*/~
animals, splenocytes from CENP-E*/~, Bub1™H;p53*/~, Cdc20*/AAA and
Cdc20*/AAA:p53~ mice, and in Mad2*/~ HCT116 cells [10, 29, 31, 34-38]. Although this
could occur because of loss of chromosomes during analysis, it suggests the intriguing
possibility that chromosome loss is less likely to cause a proliferative disadvantage than
chromosome gain. This could be due to an increase in cell cycle duration or because of
activation of cell cycle checkpoints, perhaps as a result of damage to the gained
chromosome(s), as recently shown for lagging chromosomes [19, 20].

4.1. Aneuploidy often causes embryonic lethality

It is estimated that only 30-40% of human conceptions result in live births [39]. The
majority of early pregnancy losses are attributed to chromosomal abnormalities. A
significant portion of these are likely due to aneuploid gametes. Reported rates of numerical
aneuploidy vary from 5-7% in sperm from healthy men but average around 26% in oocytes
[40]. In addition, 29-89% of developing embryos have mosaic aneuploidy and/or polyploidy
[39].
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The most viable autosomal trisomies, those for chromosomes 13, 18, and 21, can produce
live births, but are estimated to have prenatal survival rates of only 3%, 5% and 20%,
respectively [39]. Aneuploidy affecting sex chromosomes is more common and tends to
result in fewer phenotypic effects, with the exception of monosomy X, which is embryonic
lethal in 98% of cases [39]. Thus, aneuploidy is usually deleterious during embryogenesis.

4.2. Aneuploidy is common in normal somatic tissues

Although aneuploidy often has significant detrimental effects during development,
aneuploidy in somatic cells is surprisingly common. Remarkably, 33% of developing
neuronal precursors in wild type mice exhibit numerical aneuploidy [41]. Although a portion
of these cells may be eliminated, there is evidence that neuronal progenitor cells that have
lost a copy of chromosome 15 bearing an eGFP transgene divide and survive at normal
rates, [36] and that aneuploid neurons are functional, at least in retrograde transport [42]
(also see the review by Bushman and Chun in this issue).

There is also evidence for aneuploidy in asymptomatic humans in cells of the blood, liver
and brain. In peripheral blood lymphocytes, it has been recognized since the 1960s that
aneuploidy occurs and increases with age, with chromosome losses seen more often than
gains [43, 44]. In healthy livers, = 25% of hepatocytes were found to exhibit numerical
aneuploidy, again with losses more common than gains. This has been proposed to be
beneficial, allowing hepatocytes with karyotype(s) that confer resistance to specific insults
to clonally expand in response to liver injury [45] (also see the review by Duncan in this
issue). In the brain, approximately 4% of normal postmortem cells were aneuploid for
chromosome 21, as assessed by FISH. Aneuploidy was found in both neurons and glia, and
monosomy was more common than trisomy in each cell type [46]. Thus, despite the
negative effects of aneuploidy during development, it occurs quite commonly in
asymptomatic adults.

4.3. The role of p53in eliminating aneuploid cells

Why do some aneuploid cells have a proliferative disadvantage? Insight into this question
comes from chromosomally stable HCT116 cells containing a fluorescently tagged
chromosome. When induced to undergo chromosome missegregation, = 75% of cells
missegregating the marked chromosome accumulated nuclear p53 and its downstream
activator, the CDK inhibitor p21. Importantly, p53 and p21 accumulated in the cell that had
lost the marked chromosome as well as the one that had gained it. As discussed previously,
aneuploidy levels transiently increase in HCT116 cells induced to missegregate
chromosomes, but return to baseline after extended treatment, suggesting that the diploid
cells out-proliferate the aneuploid ones. However, in p53~/~ HCT116 cells, aneuploidy
levels remain high, suggesting that p53 is responsible for the proliferative disadvantage [33].

The long tumor latency and low penetrance in most CIN mice (see section 5.1), despite
significant percentages of aneuploid cells, suggests that only specific, complex aneuploid
karyotypes result in tumors, and/or that there are factors that restrain the transforming
potential of aneuploidy. Consistent with the hypothesis that p53 is one of those factors,
introducing a mutation that causes chromosome missegregation into a p53 deficient
background accelerates tumor onset in most cases. To date, mice deficient in Bubl, Bub3,
Mad1l, Mad2, Separase and Cdc20 have been crossed into p53 heterozygous or null
backgrounds. Significantly shorter tumor latencies occurred in p53*/~ and p53~/~ animals
expressing approximately 30% (Bub1HH) or 20% (Bub1~H) of normal levels of Bub1, [47,
48], a hypomorphic allele of Separase [49], or an allele of Cdc20 that cannot be inhibited by
the mitotic checkpoint (Cdc20+/AAA) [48] (Table 1).
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Though reduction of Mad1 and/or Mad2 in p53*/~ animals was not reported to have an
effect on tumor latency, tumor incidence increased from 67% in p53*/~ to 76% in
Mad1*/~;p53*/~ to 88% in Mad2*/~;p53*/~ and to 95% in Mad1*/~;Mad2*/~;p53*/~ animals.
Decreasing Mad2 or both Mad1 and Mad2 in p53*/~ animals also resulted in a higher
number of tumors per mouse [50].

The published examples of mutations which did not affect tumor onset in animals with
deficits in p53 caused relatively subtle effects on chromosome missegregation (Table 1).
Thus, to date, the introduction of substantial levels of chromosome missegregation into
p53*/~ and p53~/~ backgrounds accelerates tumor initiation and/or progression.

These data clearly implicate p53 in restricting the growth and transforming potential of
aneuploid cells. However, as mentioned above, primary MEFs that exhibit aneuploidy and
CIN due to a variety of genetic manipulations do not exhibit a proliferative disadvantage
despite having an intact p53 pathway [9, 10, 29-31]. Similarly, the frequent occurrence of
aneuploid cells /n vivo suggests that p53 is not stabilized in all aneuploid cells. Support for
this comes from experiments using HCT116 cells depleted of Mad2, which have elevated
levels of active, phosphorylated p53 [48]. However, while 28% of HCT116 cells exhibited
numerical aneuploidy after Mad2 depletion, only 5.6% of similarly depleted cells were
positive for active p53 [48]. Thus, p53 is activated in some, but not all, aneuploid cells.
Further work will be required to elucidate what types of aneuploidy result in a p53-mediated
response.

5. Aneuploidy, polyploidy and CIN in cancer

Karyotyping data available in the Mitelman database of chromosomal aberrations in cancer
[51] indicate that approximately 86% of solid tumors and 72% of hematopoietic cancers
have gained or lost whole chromosomes to become numerically aneuploid (Fig 1A). 26% of
solid tumors and 6% of hematopoietic cancers exhibit near-polyploidy (=58 chromosomes;
Fig 1B). Most near-polyploid tumors (74%) are near triploid (58-80 chromosomes). Only
11% of solid tumors and 3% of hematopoietic cancers have a near-tetraploid or greater
number of chromosomes (=81; Fig. 1C).

To estimate CIN in human tumors, we used intercellular variability in chromosome number
in the Mitelman database. For this analysis, tumors with a range of chromosome numbers =
2 were considered CIN (i.e. 47-49 chromosomes), while tumors with a single chromosome
number or a range of 1 were considered stable (i.e. 48—49 chromosomes). Based on this,
56% of solid tumors had a stable karyotype, while 44% exhibited CIN. 86% of
hematopoietic tumors were stable, and only 14% were CIN (Fig. 1C-D). These values are
consistent with the range of CIN detected by other methods [52-54].

Although genomic instability is commonly regarded as an enabling characteristic in tumor
development, and aneuploidy can lead to CIN in some circumstances, at least half of human
tumors are karyotypically stable. Since microsatellite instability occurs in only a subset of
tumors (e.g. ~15% of colorectal cancers), this suggests that a significant fraction of cancers
have relatively stable genomes. This is consistent with what has been shown for cancer cell
lines. Despite ongoing structural and numerical chromosomal instability, HCT116 and other
established cancer cell lines maintain a stable consensus karyotype [22, 33, 55]. This
suggests these genomes have been optimized for cell growth under specific culture
conditions. A similar genomic optimization for the tumor site and microenvironment may
explain the relative stability of a large number of cancers.
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5.1. Tumor initiation, progression and suppression

Many attempts have been made to test Boveri’s hypothesis that aneuploidy drives
tumorigenesis, first with aneuploidy-inducing drugs and later with genetically engineered
mouse models. The challenge lies in generating aneuploidy without additional, confounding,
defects. The majority of aneuploidy-inducing drugs are also mutagens. Most genes required
for chromosome segregation are expressed throughout the cell cycle and participate in
additional cellular functions, including some that would be expected to influence tumor
outcomes. For instance, Bubl, BubR1 and Bub3 have been implicated in cell death [11, 56,
57]. Bubl and BubR1 participate in the DNA damage response [58, 59]. Mad2, Bub3 and
the budding yeast homolog of BubR1, Mad3, contribute to gross chromosomal
rearrangements [60]. A large number of animal models that exhibit aneuploidy and/or CIN
have now been tested for their tumor forming ability. The results have shown that
aneuploidy and CIN can promote tumors, suppress them, or do neither, depending on the
context and the specific genes involved.

Mutations that cause aneuploidy fall into five categories with respect to their tumor
phenotypes. Tumor incidence can be: 1) unaffected; 2) increased; 3) decreased; 4)
unaffected for spontaneous tumors but increased in response to carcinogens and/or in a
tumor prone background; and 5) increased in some contexts and decreased in others (Table
1). Mutations which cause aneuploidy and CIN but do not affect tumor incidence under any
conditions tested include those that cause inactivation of Bubl kinase activity [61], Cdc20
hypomorphism [12], a 25% reduction in protein levels of Bubl (Bub1*/H) [11, 47, 48], a
dominant negative fragment of Bub1 [62], and one of two models of Bub3*/~ mice [63].
Animals that reliably promote tumors include Mad1*/~ [50, 64] and Cdc20*/AAA mice [38,
48] as well as those that overexpress Bubl [37], Mad2 [65], UbcH10 [32] or Hecl [66].
Mutations that suppress tumors when they have an effect include Securin™~ [67, 68] and
Ts65Dn animals, a model of Down’s syndrome [69, 70]. Animals that promote induced but
not spontaneous tumors include Bub1*/~ [11, 47, 48], BubR1H/H [10, 30], Rae1*/",
Bub3*/~;Rae1*/~, the second model of Bub3*/~ [9, 30], and Separase*/H animals [49].
Mutations that both promote and suppress tumors depending on the context include Bub1™/H
[11, 47, 48], BubR1*/~ [29, 71, 72], Mad2*/~ [35, 50, 73] and CENP-E*/~ animals [31].
Thus, the mere presence of aneuploidy and/or CIN is insufficient to predict the effect on
tumor phenotype.

5.2. Patient prognosis

Since the 1970s, efforts have been made to link aneuploidy with patient prognosis. Early
attempts relied primarily on flow cytometry of DNA content. Subsequently, DNA content
has been measured using image cytometry. SNP microarrays and comparative genomic
hybridization are now also used to measure genome wide copy number changes.

Recently, estimates of CIN have been made based on cell-to-cell variability using interphase
FISH, nuclear diameter, or nuclear area. In rare cases of tumors with high mitotic indices,
CIN can be inferred from the number of abnormal anaphase and telophase figures, as
performed in diffuse large B-cell lymphoma [23]. This is one of the most direct measures of
CIN available but, unfortunately, is not possible in most tumors due to a low mitotic index.
Recently, gene expression data from near diploid/low CIN tumors or tumor cell lines has
been compared with data from aneuploid/high CIN tumors to develop gene expression
signatures indicative of aneuploidy and/or CIN.

It should be noted that most measures of aneuploidy and CIN in human tumors also reflect
proliferative index. For instance, DNA content analysis frequently classifies tumors as
aneuploid due to the presence of anything more than a single G0/G1 peak of DNA,
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including peaks that correspond to S and G2/M cells [74]. Similarly, a Stemline Scatter
Index (SSI), derived from image cytometry data, has been used as a measure of ploidy and
genomic stability for prognostic testing, and for the generation of gene expression
signatures. SSI accounts for the percentage of cells in S phase, the percentage of cells with
DNA content exceeding the G2 value, and the coefficient of variation. However, S phase
percentage contributes most to SSI [75]. Gene expression signatures also frequently reflect
proliferation as well as aneuploidy and CIN. The CIN70 and CIN25 signatures that have
been found to be prognostic indicators in a variety of human tumors (Table 2) reflect a
measure known as “total functional aneuploidy,” which reflects structural aneuploidy and
DNA copy number profiles in the NCI60 cell lines [76]. = 50% of CIN70 and CIN25 genes
were identified as cell cycle regulated in a gene expression study in synchronized HelLa cells
[77], although this gene signature remained prognostic even after removal of the cell cycle
regulated cohort [76].

These analyses have been tested for prognostic value on a wide range of tumors (Table 2).
Though there is variability, each type of assay has shown differences in outcome for stable
diploid versus aneuploid, polyploid, or CIN tumors. In some cases, the difference is quite
stark. For instance, the 5 year metastasis-free survival rate of soft tissue sarcoma patients
was 16% for tumors with altered ploidy versus 96% for stable diploid tumors [78]. In others,
the difference is less pronounced. Overall, aneuploidy and CIN are markers of poor
prognosis in numerous tumor types, including lung, breast, and colon cancers, as well as
lymphomas and soft tissue sarcomas (Table 2).

5.3. High CIN and tumor suppression

Interestingly, patients with tumors having the highest rate of CIN, defined as the highest
quartile of CIN70 scores, have improved outcome relative to patients whose tumors have
CIN70 scores in the third quartile. High CIN was associated with improved prognosis in
lung, breast, ovarian, and gastric cancers [79]. Similarly, when FISH analysis was used to
measure CIN, ER negative breast cancer patients with the highest CIN score had improved
outcomes compared to all other groups. A similar relationship was found for patients with
lung, ovarian and gastric tumors [80].

These findings in human cancers are reminiscent of experiments in murine models, in which
an intermediate rate of CIN promotes tumors, but further increasing CIN leads to tumor
suppression. For instance, ~28% of Bub1HH mice develop hepatocellular carcinomas, but
this drops to ~18%, near wild type levels, in Bub1™H mice, which express lower levels of
Bubl and have a higher rate of CIN [11]. Similarly, while an intermediate level of
overexpression of UbcH10 causes an increase in spontaneous tumors, further overexpression
leads to increased CIN and decreased tumor formation [32]. Likewise, reducing Mad1 in
Mad2*/~:p53*/~ animals decreases the incidence of lymphomas [50]. Since high rates of
chromosome missegregation lead to rapid cell death [14, 15], these data suggest that there is
an optimal rate of CIN for promoting tumors and that further elevating this rate leads to cell
death and tumor suppression.

5.4. Response to chemotherapy

Aneuploidy and CIN are generally associated with resistance to chemotherapy, since
specific combinations of altered gene dosages can often rescue growth in the presence of
drug concentrations that are cytotoxic to diploid cells. There is evidence for both
spontaneous and acquired drug resistance in aneuploid cells. CIN cells can acquire drug
resistance, even in the absence of multidrug efflux pumps, presumably due to chromosomal
reassortments. MEFs lacking the multidrug resistance genes Mdrla, Mdrlb and Mrpl
acquired resistance to puromycin after exposure to increasing concentrations of the drug.
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Puromycin-selected cells showed a multidrug resistance phenotype, as they also had reduced
sensitivity to cytosine arabinoside and colcemid [81]. Spontaneous drug resistance has been
observed in a panel of 18 CIN colorectal cancer cell lines that were more resistant to a
library of kinase inhibitors and cytotoxic compounds than 9 near-diploid colorectal cancer
lines. Similarly, induction of CIN in HCT116 cells by heterozygous loss of the mitotic
checkpoint gene Mad2 results in decreased sensitivity to the cytotoxic anticancer library
[82]. The available data support the hypothesis that abnormal karyotypes can confer growth
advantages in the presence of a variety of chemical insults, and that low CIN offers cells the
opportunity to select for karyotypes that are optimal under specific growth conditions.
Resistance to therapy is likely to explain, at least in part, why aneuploidy and CIN serve as
markers of poor prognosis.

The effect of aneuploidy and CIN on response to chemotherapy that specifically targets
mitotic cells remains controversial. Evidence in cultured cells has indicated that CIN cells
are more, less, and equally sensitive to anti-mitotic drugs (reviewed in [83]). As with
tumorigenesis, the effects of a given CIN-inducing mutation may depend on the specific
gene involved and the role(s), if any, it plays outside of chromosome segregation. The
limited amount of /n vivo data in humans suggests that CIN confers resistance to anti-
mitotic drugs. This is based on gene expression data, which indicates that most CIN70 genes
are overexpressed in taxol-resistant, carboplatin-sensitive ovarian tumors, while a low
median CIN70 score was associated with taxol sensitivity [77]. Consistent with this, we
have recently found that overexpression of Mad1, which causes a low rate of numerical CIN
and is common in breast cancer, also confers resistance to concentrations of the
chemotherapeutic microtubule poisons taxol and vinblastine that cause mitotic arrest [24].
Together, these data suggest that CIN and/or genes that generate CIN have the potential to
be used as predictive biomarkers for response to chemotherapy.

6. Conclusions

The term aneuploidy describes a nearly infinite set of karyotypes. Unsurprisingly, these
karyotypic alterations have differing effects. During development, most aneuploidy results
in embryonic lethality. However, in somatic cells, aneuploidy is remarkably common in
asymptomatic individuals. Intentionally introducing aneuploidy, polyploidy, and/or CIN into
experimental models results in a p53-dependent proliferative disadvantage in some, but not
all, cases. In mouse models, aneuploidy and CIN can promote or suppress tumors depending
on the context and the specific mutations involved. Interestingly, data from mouse models
and human patients suggests that while low and intermediate rates of CIN can promote
tumors, high CIN causes tumor suppression and correlates with improved patient outcomes.
Additional studies will be required to fully understand the ramifications of aneuploidy and
CIN in tumors in order to exploit these conditions therapeutically.
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Figure 1. Ploidy and CIN in human tumors

A-D) Compiled from the Mitelman database [49]. n = 485 (lung), 172 (benign lung), 896
(breast), 228 (benign breast), 208 (prostate), 399 (colon), 145 (benign colon), 150 (liver),
290 (uterine), 506 (benign uterine), 110 (angioimmunoblastic T-cell lymphoma), 135
(anaplastic large cell lymphoma; ALCL), 400 (acute lymphoblastic leukemia/lymphoblastic
lymphoma; ALL). A) Non-euploidy in human tumors, defined as any numerical deviation
from a multiple of 23. Non-euploidy also includes pseudoeuploidy (i.e. 46, XY,=5,+9). B)
Ploidy in human tumors, according to ISCN definitions. Multiple ploidy indicates a tumor
with multiple clones from more than one ploidy level. C-D) CIN, defined as tumors having a
range of chromosome numbers = 2 (i.e. 47-49 chromosomes). C) CIN and chromosomally
stable tumors classified by ploidy level. D) CIN by tumor site.
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Table 1

Aneuploidy and CIN can promote tumors, suppress them, or do neither.

Page 17

Effect on tumors: Aneuploidy: mutant vs wt, % Effect on tumors in genetic backgrounds:

mutation spontaneous carcinogen-induced splenocytes, 5mo MEFs p53 +/— p53-/—- Apc Min/+ Rb +/- pl9 ARF-/- Pten +/- ref
Bubr*/H = 6vs1 uw7 | = - - (11,47, 48]
Bubl+/— = DMBA: 1 16vs1 14vs7 = Sl= L1t
suptHH 1 35vs1 35vs7 +
Bubl’lH Ta 39vsl 36vsT t Si= Lt = L
Bub1A2-3/+ t 23vs9 851
Bub1A2-3/A2-3 * 76vs9

R - - 62
Bubl aal»331b 53

t 21vs1l 37
Bubt OF (T85)C s5vsal &7
Bubl OE (T264 t 25vs 11

( ) 28vs Ad

BubrL*~ AOM: 1 NEAE [29,71,72]
BubrLH~ = 15vs0 14vs9 [10, 30, 84]

= DMBA: 1 36vs9 =
subrtH/H €
Bub3+/~ = 42vs35 | = - - 2
Bub3+/— = DMBA: 1 9vs0 19vs9 [9,30]
Rael”‘ = DMBA: 1 9vs0 19vs9
Bub3*—: Raer - = DMBA: 37vs0 41vs9
Madl*l’ t vincristine: t [50, 64]
Mad2*/~ ' f 35, 50, 73]
Mad1H—Mad2 ¥~ N 50, 64]

t 65, 86
Mad2 OE/7 t 1
cenp-et/— 1 spleen & lung;  liver DMBA: | 35vs 10 18vs8 v [31]
Separaset/NYP = ! ! @
Securin (Png)_/_ = M [67.68]
CacooHAAA * 35vs6 28vs5 * [38, 48]
cdeaot- = DMBA: = 15vs0 17vs 12 [12]
CchDH/H = DMBA: = 17vs0 23vs12
CdCZO_/H = DMBA: = 21vs0 27vs 12
Ts65Dn (Down’s model) I [69, 70]
UbcH10 OE (T2) t DMBA: 1 6vs0 29vs13 [32]

[ t DMBA: 1 19vs 0 33vs13

UbcH10 O (T2rT2)/
Hecl O * 35vs16 [66]

= indicates that the mutation has no effect on tumor formation; 1 indicates tumor promotion; | indicates tumor suppression; blank space=not
reported; OE=overexpression; Sl=small intestine; LI=large intestine.

aBubl_/H animals have a higher rate of CIN, but develop fewer liver tumors than Bub1H/H animals.

bBublaa1-331 does not cause a mitotic checkpoint defect /n vivo.

c . .
Bubl overexpression promotes tumors in the Ep-myc model.

dhepatic lymphocytes.
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é’Bule haploinsufficiency promotes tumors in p16INK4a_/_ mice.

fMadZ heterozygosity suppresses tumors in Wap121/ * and suppresses lymphomas in p53C/ C mice.
IMad1+/~;Mad2*+/~:p53*/~ animals develop fewer lymphomas than Mad2*/~:p53*/~ mice.
hMadZ overexpression promotes tumors in Ep-myc and Kras G12D models.

"This p53*/~ model is also NF1+/~,

JUbcH10 T2/T2 animals express higher levels of UbcH10, but develop fewer spontaneous tumors than T2 mice.
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Table 2

Prognostic value of aneuploidy, polyploidy and CIN.

Page 19

method of determining ploidy/CIN method actually reflects tumor type n type of survival __year survival survival rate for: ref
stable diploid altered ploidy/ CIN
DNA content (aneuploidy and polyploidy)
) a proliferative index + heterogeneity breast 154 overall 2-3 98% 74% 1751
DNA image cytometry- SSI
890 overall 10 ~90% ~65% [54]
flow cytometry # and location of all DNA peaks breast 1391 relapse-free 10 ~80-95% ~60-75% 871
not specified b 102 metastasis-free 5 7% 48% [88]
STS
i - C 46 overall 15 ~55% ~20% [89]
multiple stemlines
nuclear grading al e 133 recurrence-free 5 90% 58% [90]
nuclear area lung
a 133 recurrence-free 5 89% 62%
largest nuclear diameter
genomic index segmental gains & losses by CHG/# b f 60 metastasis-free 5 93% 16% [78]
chromosomes involved STS¥(GIST)
FISH (cellular heterogeneity or CIN)
FISH (centromeres for Chr 3, 10, 11 & 17) heterogeneity of 4 chromosomes | e 50 overall 4 ~75% ~35% [91]
ung
FISH (EGFR-7p12, MYC-8q24, 5p15, 6cen, heterogeneity of > 4 chromosomes 47 overall 5 7% 33% [92]
p16-9p21
heterogeneity of > 3 chromosomes 63 overall 5 94% 69% [53]
abnormal anaphases (lagging chromosomes and chromatin bridges)
lagging/bridge chromosomes chromosome missegregation 54 overall 10 ~65 ~45 23]
Iymphnmag
gene signatures
/7 structural aneuploidy and proliferation I 1944 overall (breast cohort) 10 ~70 ~55 [76]
CIN70 and CIN25 gene signatures 6 types:
5 i R a breast 469 overall 5 ~70-90% ~40-60% [52]
12 gene genomic instability slgnature/ proliferative index/SSI
metastasis-free ~60-80% ~30-50%
e 637 overall 5 ~50-60% ~10-40% [93]
lung
ovarian 124 relapse-free 10 ~65% ~15%
) k combination of structural aneuploidy, b 127 metastasis-free 5 75-84% 35-48% [94]
67 gene CINSARC signature' proliferation and tumor grade STS!
b f 32 metastasis-free 5 100% 61%
stsP(GisT)
10 100% 30%
breast 373 metastasis-free 10 ~75-80% ~35-60%
278 overall 10 ~65-75% ~35-40%
Iymphomag
Aurora A expression AURKA mRNA level b f 60 metastasis-free 5 100% 38% [78]
stst isT)
100% 12%
/ Loss of heterozygosity colon 548 disease-free 5 ~95% ~75% [95]
112 CIN gene signature

a, . . . - . o
Stemline Scatter Index (SSI) is the percentage of cells in S phase + the percentage of cells > 5c + coefficient of variation (standard deviation/

mean). S

phase percentage contributes most to SSI.

b .
Soft tissue sarcoma.

C . . L
"Tumors were considered aneuploid when a distinct separate second or more Go/G1

peak(s) was present”.
a -
based on H&E staining.

eNon—SmaII Cell Lung Cancer.

f . .
Gastrointestinal Stromal Tumor.
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gDiffuse large B-cell lymphoma.

hTo identify the CIN70 and CIN25 gene signatures, the authors inferred aneuploidy based on gene expression data. They then confirmed that in
NCI60 cell lines, this correlates with structural aneuploidy as measured by SKYY and SNPchip DNA copy number. Tumors with low versus high
aneuploidy were compared to identify the 25 or 70 genes with the highest CIN score (designated CIN25 and CIN70). 43/70=61% of CIN70 genes
are cell cycle regulated [77].

IThe CIN25 signature is prognostic in 1 lung, 5 breast, 1 mesothelioma, 3 glioma, 1 medulloblastoma and 1 lymphoma cohort, but not in 3 lung, 1
ovarian, 1 lymphoma and 1 prostate cohort.

jThe 12 gene signature was identified by analyzing gene expression data from 48 primary breast carcinomas stratified into 17 diploid genomically

stable, 15 aneuploid genomically stable, and 16 aneuploid genomically unstable tumors by SSI. Only Aurora A overlaps with the CIN70 genes.

kCINSARC (Complexity INdex in SARComa) genes were identified by comparing expression differences between 1) tumors with CGH

imbalances of <20 with >35; 2) grade 3 vs grade 2 tumors; 3) CIN70 signature.
The 112 CIN gene signature was identified by determining the LOH status in 745 tumors using 9 microsatellite markers representing 4

chromosome arms. An LOH ratio of 33% was used to separate CIN high from CIN low tumors. 25 CIN high and 10 CIN low tumors were used to
identify the 112 gene signature. These 112 genes are non-overlapping with the CIN70.
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