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Abstract

Aneuploidy is a prominent phenotype of cancer. It refers to deviations from the normal number of
chromosomes in a cell, as a result of whole-chromosome loss or gain. In most cases, aneuploidy is
caused by mitotic errors due to defects in the mechanisms that have evolved to ensure faithful
chromosome segregation, such as the spindle assembly checkpoint (SAC). The observation that
SAC-deficient mice are tumor prone demonstrates that this checkpoint is important in suppressing
tumor formation and suggests that aneuploidy can induce tumorigenesis. In this review, we will
summarize our current knowledge about the cause of aneuploidy and discuss the cellular response
to aneuploidy in the context of tumorigenesis.
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1. Introduction

A hallmark of human cancers is genome instability a prominent form of which is
chromosomal instability (CIN). CIN can be gains or losses of whole chromosomes, or
translocation/deletion/duplication of chromosome segments. Alterations in chromosome
number or aneuploidy are found in nearly all major human tumor types [1]. Examples
include the loss of chromosome 10 in glioblastomas, often reflecting the inactivation of the
tumor-suppressor gene PTEN [2], and the gain of chromosome 7 in papillary renal
carcinomas, reflecting a duplication of a mutant MET oncogene [3]. However, most of the
time, no specific molecular advantages can be associated with a particular gain or loss of a
chromosome. In fact, cancer cells display gross abnormalities in their chromosome numbers.
This gross alteration was recognized as early as 1914 by the German biologist Theodor
Boveri who proposed that aneuploidy might be a cause of tumorigenesis [4].

The relationship between aneuploidy and tumor formation has been debated in the literature,
given the fact that in normal subjects there are aneuploid cells present. For example, about
6% of mouse splenocytes were found to be aneuploid [5], and a significant percentage of
mouse postmitotic neurons were reported to be aneuploid [6]. In humans, about 3% of
stationary lymphocytes were aneuploid [7, 8] and a substantial portion of neurons showed
aneuploidy, although the reported frequencies varied according to different studies [7-10].
This kind of genetic mosaicism was suggested to be a result of defects in chromosome
segregation during mitosis [11]. It is very likely that aneuploid cells are present in all tissue
types and because of their presence in low percentages they do not post any significant
pathological danger including oncogenic transformation to the host. On the other hand, the
discovery of mutations in BUBR1 and BUBL in a subset of colon cancer cell lines [12]
suggests a weakened spindle assembly checkpoint as the cause of CIN that contributes to the
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oncogenic process, which was further substantiated by the finding that BUBR1 was mutated
in mosaic variegated aneuploidy, a rare human disorder characterized by an increased
percentage of aneuploid cells (usually >25%) and predisposition to childhood cancers [13].
More recently, a series of mutant mouse strains that carry mutations in the spindle assembly
checkpoint genes have been reported to incur spontaneous tumorigenesis (see below),
lending a strong support to the argument that aneuploidy can induce oncogenesis.

In this review, we will summarize our current knowledge about the cause of aneuploidy and
discuss the cellular response to aneuploidy in the context of tumorigenesis.

2. The Paths to Aneuploidy

The most likely place during the cell cycle where errors in the ploidy of a cell can occur is
mitosis through which the duplicated genome is distributed into two daughter cells. A large
number of biochemical pathways ensures faithful segregation of sister chromatids.
Malfunction of these pathways is behind chromosome missegregation.

2.1. Disruption of the spindle assembly checkpoint

In S. cerevisiae, compromised SAC function results in elevated rates of chromosome loss,
although the checkpoint is not essential for viability [14-17]. Subsequent studies in C.
elegance, Drosophila, and mice all demonstrated the essentiality of SAC in the maintenance
of chromosomal stability as well as the viability of the organisms [18-24]. High incidence of
mitotic errors (e.g. lagging chromosomes) was observed in cells with mutations in SAC
components, resulting in a dramatic increase in the percentage of aneuploid cells [19, 25].

It is worth noting that spindle assembly checkpoint is not “all-or-none”. A number of SAC
components such as Mad1, Mad2, Bubl, and BubR1 are haploinsufficient in mice. The loss
of one copy of these genes causes a partial loss of SAC function as manifested by the
increased incidence of mitotic errors, but the remaining SAC function is sufficient to support
the viability. Furthermore, not only can the loss of SAC components cause a disruption in
the checkpoint, but also their overexpression, for example, the overexpression of Mad2 [26].
Mis-regulation of the spindle assembly checkpoint by mutation in or loss/gain expression of
SAC components has been observed in a wide spectrum of human cancers. For example,
BUBR1 (BUB1B) is mutated in MVA [13], overexpressed in oral squamous cell carcinoma
[27], hepatocellular carcinoma [28], clear cell kidney carcinomas [29], bladder cancer [30],
gastric cancer [31], and underexpressed in colon adenocarcinoma [32].

2.2. Centrosome abnormalities

Centrosome is the organizing center for microtubules in most eukaryotes and is critical for
the formation of a bipolar-spindle microtubule structure during mitosis. Amplification of
centrosomes is observed in nearly all human cancer types [33]. As such, it has been
postulated that centrosome abnormalities are a cause of aneuploidy in cancer cells [34].
Indeed, super numerical centrosomes can result in multipolar divisions, leading to the
distribution of chromosomes into more than two daughter cells which are bound to be
aneuploid. It has also been noticed that a cell with additional centrosomes often tends to
modify the multipolar spindle by coalescing all the centrosomes into two clusters to form a
bipolar spindle [35]. However, this merge of centrosomes greatly increases the chance of
merotelic attachments of microtubules [36, 37]. Merotelic attachment cannot be corrected by
the spindle assembly checkpoint and is a major cause of aneuploidy in mammalian cells
[38].
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2.3. Alterations in microtubule-kinetochore dynamics

Aberrant dynamics of microtubule-kinetochore attachments is another common cause of
aneuploidy. Due to the random nature of microtubule-kinetochore attachments, the initial
attachment of kinetochores to spindle microtubules is an error-prone process. To achieve
correct attachment, kinetochores are frequently attached to and detached from microtubules
in early mitosis [39, 40], which helps eliminate erroneous attachments and generates a form
of attachment which satisfies both occupancy and tension [41]. The attachment starts to be
stabilized after chromosomes are being aligned at metaphase plate and becomes most stable
after entering anaphase [40]. Disturbing the dynamics of microtubule-kinetochore
attachments can cause errors in mitosis. One example is that the inhibition of Aurora B, a
kinase which senses the tension between sister-chromatids and destabilizes mis-attachments,
results in suppressed microtubule-kinetochore turnovers, increased merotelic attachments,
and thus elevated incidence of lagging chromosomes [41]. The inhibition of Hecl, a target
of Aurora B kinase, has been shown to enhance the stability of microtubule-kinetochore
attachments, resulting in a significant increase in chromosome missegregation [42]. Given
the aneuploid nature of cancer cells, it was not surprising that the attachments of
microtubules to kinetochores were found to be more stable in certain cancer cells than in
normal diploid cells [39].

2.4. Defects in chromosome cohesion

Sister chromatids are held together by cohesins. The core cohesin complex is composed of
Smcl, Smc3, Sccl, and Scc3 [43] and is believed to form a ring-like structure enclosing the
two sister chromatids [44]. Prior to anaphase, the majority of cohesin on chromosomal arms
is removed by Plk1-and Aurora B-mediated phosphorylation of the cohesin subunit Scc3
[45-49], but the centromeric cohesins are protected from the phosphorylation and removal
by a protein called shugoshin [50, 51]. Depletion of shugoshin results in premature
separation of sister chromatids and aneuploidy in chromosome stable human colon cancer
cells [52]. In addition to protecting the centromeric cohesins, shugoshin apparently also
functions in maintaining the stability of centrosomes [53]. It has been found that shugoshin
is down regulated in human colorectal cancers [52].

The final separation of sister chromatids at the onset of anaphase depends on separase-
mediated cleavage of Sccl [54, 55]. To prevent premature separation of sister chromatids,
separase must be tightly regulated. In yeast, this occurs through direct inhibition by securin
[16]. In vertebrates, inhibitory phosphorylation of separase provides an additional layer of
regulation [56]. Securin is also named as PTTG (pituitary tumor transforming gene) due to
the finding that this gene is overexpressed in pituitary and many other types of tumors [57].
The overexpression may interfere with the timely activation of separase, resulting in
chromosome missegregation perhaps through non-disjunction of sisters.

3. Cellular Responses to Aneuploidy

Unlike DNA damage, once a cell becomes aneuploid, there is almost no way to correct the
lost or the gained chromosomes. This cell and its progeny will remain as aneuploid and the
aneuploidy may get worse if it loses or gains chromosomes again in subsequent mitoses. It is
well established that cells respond to DNA damage by activating DNA damage checkpoint
and initiating damage repair. Since aneuploidy cannot be repaired, do cells mount a response
to it as well?

3.1. Aneuploid cells are genetically unfit

To determine if there are adverse effects associated with aneuploidy, Torres ef a/. [58] took
the advantage of haploid budding yeasts and generated a series of haploid yeast strains with
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one or two additional chromosomes. No matter which chromosome is in excess, all of the
aneuploid yeast strains displayed some common phenotypes including impaired growth and
elevated energy metabolism. The slow growth and higher energy demand might be caused
by the burden to maintain the extra DNA. However, the strains carrying human chromosome
DNA in the form of YAC (yeast artificial chromosome) did not display growth disadvantage
as the aneuploid yeasts. Instead, a more likely explanation is that the genes expressed from
the extra chromosome causes imbalance in the stoichiometry of protein complexes. The
extra proteins have to be turned-over, leading to the increased energy metabolism and slow
growth. Thus, compared to the euploid yeast cells, the aneuploid cells are genetically unfit.
This genetic unfitness can also be applied to mammalian cells as evidenced by the impaired
proliferation of mouse embryonic fibroblasts derived from embryos that were trisomy for
chromosome 1, 13, 16, or 19 [59].

3.2. Activation of p53

The loss of Mad2 causes embryonic lethality around blastocyst stage in mice [21], which
fueled the argument that the spindle assembly checkpoint might be essential for cell
viability. However, Burds ef a/. [60] managed to obtain mouse cells that lacked both Mad?2
and p53, indicating that as in budding yeasts SAC is not essential for cell viability. This
result also suggests that p53 might be activated by aneuploidy or the lack of spindle
assembly checkpoint function. A large number of cellular stresses including DNA damage,
hypoxia, heat or cold shock can activate p53. One possibility of p53 activation in the cells
with defects in the spindle assembly checkpoint is that the p53 protein somehow monitors
the functionality of the checkpoint, instead of being activated by aneuploidy. By transiently
disrupting the spindle checkpoint via sSiRNA-mediated depletion of MAD2 in HCT116 cells,
Li et al. [61] demonstrated that p53 responded to aneuploidy, not the defects in spindle
assembly checkpoint. A similar conclusion was reached independently by Thompson et al.
[62].

The degree of p53 activation seems to fall in a range and there is a correlation between the
level of p53 activation and the severity of the aneuploidy [61], suggesting that different
levels of aneuploidy activate p53 with different strengths and may result in different
outcomes (Fig. 1A). Highly aneuploid cells are expected to die of p53-mediated apoptosis.
Indeed, the MEFs derived from embryos carrying the homozygous mutation in Cdc20 that
disrupted Mad2 inhibition (Cdc20AAA) could not be maintained in culture because of
apoptotic cell death [5]. The culture could be rescued, however, if p53 was deleted from the
cells [61].

3.3. The aneuploid checkpoint

How does aneuploidy induce p53 activation then? Li et a/. [61] searched for the kinase that
activates p53 in aneuploid cells and it turned out to be ATM. However, there was no
canonical DNA damage checkpoint activation in these cells as there was no detectable
CHK1 or CHK2 activation [61]. Given the alterations in energy metabolism seen in
aneuploid budding yeasts and mouse embryonic fibroblasts [58, 59], it was reasoned
whether aneuploidy caused an increase in energy demand which could then lead to an
increased production of reactive oxygen species (ROS). The surge of ROS would in turn
activate ATM and p53. Indeed, the levels of ROS in aneuploid cells were elevated when
compared to that of control cells and treating these aneuploid cells with ROS scavenger N-
acetyl cysteine (NAC) not only suppressed ATM and p53 activation but also greatly
improved their growth [61]. The recent demonstration that ROS can directly activate ATM
via forcing dimerization (disulfide-cross linking) and hence the activation of ATM in the
absence of DNA double strand breaks [63] provides a direct link between ROS and ATM
activation.
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Based on these results, we propose that there is an aneuploidy checkpoint (Fig. 1B) which
limits the proliferation of aneuploid cells. The strength of the activation of this checkpoint
(as measured by p53 activation) depends on the level of ROS which therefore serves as a
gauge on the severity of the aneuploidy of a cell. It is unclear at present what is the threshold
for p53 activation nor is it known whether certain combinations of chromosomes activate
p53 more than other combinations.

4. Aneuploidy and Tumorigenesis

The association of aneuploidy and tumorigenesis has long been recognized [4]. However, it
has been a chicken-and-egg issue when considering the role of aneuploidy in tumorigenesis.
Some argued that aneuploidy was no more than a byproduct in the process of tumor
formation, while others suggested that aneuploidy may cause carcinogenesis all by itself.
Nonetheless, it is becoming evident that aneuploidy contributes to oncogenic transformation.

4.1. Why are most human cancer cells aneuploid?

Given that aneuploid cells are genetically unfit comparing to euploid cells, it is a bit
puzzling why most human cancer cells are aneuploid. It is well established that genome
instability caused by replication errors or defects in DNA damage repair plays a driving role
in the process of oncogenesis. It is understandable that these errors or defects in repair can
lead to mutations that either inactivate tumor suppressors or activate oncogenes. What
benefits does aneuploidy provides to cancerous or even pre-cancerous cells then, amid the
apparent disadvantage (unfitness)? Although there are a few cases where a gain or loss of a
particular chromosome can be linked with the gain of oncogenes or the loss of tumor
suppressors, in most cases, there isn’t a clear link. In fact, cancerous cells within a tumor
often display heterogeneity in their karyotypes [64]. On the other hand, it is also not entirely
clear if the aneuploidy-associated unfitness is true for all possible sorts of chromosome
combinations, especially in mammalian cells. In addition, we have to recognize that
unfitness is a relative term. Comparing to their normal neighbors, pre-cancerous and
cancerous cells are actually more fit in terms of proliferation, since a majority of the cells in
our body are restricted from dividing again. Further, it is certainly possible that some
combinations of chromosomes may not confer any unfitness or may even provide growth
advantages under certain circumstances.

In a cancer-unrelated study of evolvability, Rancati ef a/. [65] demonstrated that aneuploidy
could afforded yeasts with higher evolvability even to the point of “inventing” new
mechanisms of cytokinesis. It is highly likely that aneuploidy also affords cancer cells with
the ability to evolve and to adapt. This ability may very well exceed what the other forms of
genome instability can provide, simply because of the sheer scale of genes being affected
under aneuploidy. Thus, the aneuploid pre-cancerous and cancerous cells may better survive
and gain growth advantages, especially if there are other mutations acquired which may
alleviate the unfitness. Indeed, the loss-of-function mutation in the deubiquitinating enzyme
Ubp6 improves the fitness of multiple aneuploid yeast strains [66].

4.2. Can aneuploidy induce tumorigenesis?

Given the prominence of aneuploidy in human cancers [1], it has been debated whether
aneuploidy can induce tumorigenesis. Opposite to the argument that aneuploidy is merely a
byproduct of the oncogenic processes, one view proposes that aneuploidy can induce
tumorigenesis all by itself [67-69]. An aneuploid cell, randomly generated due to occasional
mitotic errors or induced by carcinogens, has an unbalanced production of mitotic regulators
due to the aneuploid chromosome composition. Therefore, each and every succeeding
divisions will be error-prone, leading to a chain reaction that generates ever more unstable
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and severe aneuploid cells (aneuploidization). Eventually, a cell with cancer-specific
combinations and rearrangements of chromosomes will emerge. Thus, cancer occurs as a
result of abnormal dosages of thousands of un-mutated aneuploid genes. However, such a
view contradicts the finding that there are certain percentages of aneuploid cells present in
our body and that not all mice with a disrupted spindle assembly checkpoint develop
spontaneous tumors despite the presence of quite high percentages of aneuploid cells in the
adult animals. On the other hand, the fact that spontaneous tumors did develop in these SAC
mutant strains of mice does indicate that aneuploidy contributes to tumorigenesis, if not
inducing tumorigenesis all by itself.

In the last decade, a number of mouse strains have been generated which carry deletions of
or mutations in the genes functioning in the spindle assembly checkpoint. In most cases, the
homozygous mutant animals could not survive the embryogenesis. Although the
heterozygous animals are viable and apparently healthy, they inevitably generate aneuploid
cells (at varying rates, depending on the genes being mutated) [5, 18, 19, 23, 26, 70-74].
The percentage of aneuploidy in the adult animals can reach up to 35% (assayed with
splenocytes). Not surprisingly, these mice do develop spontaneous tumors. However, again,
the tumor phenotype (latency and penetrance) varies in a wide spectrum amongst these
strains of mice. At one end of the spectrum, there are examples of no tumor induction, as
seen in the mice with reduced expression of Bub3 [70] or BubR1 [19]. In the middle,
haploinsufficiency of Mad2 [23], Mad1 [74] or CENP-E [72] caused a mild increase in the
rate of spontaneous tumors. At the other end of the spectrum, Bub1™H (null over
hypomorphic) [71], Cdc20/AAA [5] and Mad2 over-expressing mice [26] all displayed high
rates of spontaneous tumorigenesis. Such variations in the tumor phenotype are likely
caused by differences in the percentage of aneuploidy, the genetic defect, and the genetic
background of the strains.

The fact that the tumors developed in the SAC mutant mice are usually late onset and the
penetrance seldom reaches 100% suggests that aneuploidy itself may not be a tumor initiator
but rather a promoting factor. Consistent with that notion, mutations in SAC components
showed cooperation with chemical carcinogens [75].

It must be made clear that aneuploidy is a term referring to any deviation from the diploid
number of chromosomes. Therefore there is a severity issue: how much deviation a
particular aneuploidy is. In the life span of an organism, there will be random mitotic errors
that occur at some low frequencies despite all the mechanisms that are there to ensure
faithful chromosome segregation. The so-produced aneuploid cells are very unlikely to give
rise to ever more aneuploid descendants so to impose a significant oncogenic risk, because
the original random mitotic error may never happen again. Even when the spindle
checkpoint function is compromised and there is a clear increase in the rate of mitotic errors,
there are no substantial increases in tumorigenesis as seen in the mice with the reduced
expression of Bub3 [70] or BubR1 [19]. Thus, we believe for the tumor to form, continuous
erroneous mitoses are necessary (Fig. 2), which can only happen when the mitotic error rate
is substantial, at least higher than that reached with the reduced expression of Bub3 or
BubR1. However, at some point (threshold), p53 is activated by the aneuploidy checkpoint
to prevent further deterioration in ploidy and the formation of a full-fledged tumor (Fig. 2).

4.3. The aneuploidy checkpoint limits tumorigenesis in SAC-deficient mice

The low penetrance of the tumor phenotype in SAC-deficient mice argues that either
additional mutations are needed or the cancer-causing aneuploidy is an extremely rare event
such that it can never happen in all of the mutant animals. At present, there is no evidence
for either arguments, but inactivation of the aneuploidy checkpoint seems necessary for
tumor development. Li er a/. examined 5 tumor samples isolated from Cdc20*AAA mice and

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 May 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fang and Zhang

Page 7

all five seemed to have lost the p53 response [61]. Furthermore, when Atm or p53 deletion
was combined with a SAC mutation, the double mutant mice develop tumors at much earlier
ages and the penetrance is 100% [61], indicating that the aneuploidy checkpoint is important
in preventing aneuploidy-induced oncogenic transformation.

5. Summary

It is becoming clear that aneuploidy is not a mere byproduct of tumorigenesis. It is
positively selected for during oncogenic transformation as it provides the precancerous cells
the ability to evolve into ever more malignant and to adapt the “harsh” environment.
However, the mechanisms behind the aneuploidy in cancer cells are difficult to dissect out
because a myriad of factors could be at fault, although progresses have been made. Defects
in spindle assembly checkpoint per se may not even be the major cause of aneuploidy in
human cancers, as mutations in SAC components are not common.

We may never know the exact reason behind the chromosomal instability in each and every
cancer. However, such chromosomal instability may provide opportunities for therapeutic
intervention. One strategy is to induce even more aneuploidy in cancers so that the genome
becomes so unstable that the cell viability is compromised [76]. Similarly, in aneuploid
tumor cells with amplified centrosomes, an inhibition of the nonessential motor protein
HEST could prevent the coalescence of the extra centrosomes, resulting in multi-polar
division and lethality [77]. Exploiting the chromosomal instability of cancer cells will
certainly be an active area of research in the future.
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Figure 1. Cellular responsesto aneuploidy
A. The severity of aneuploidy correlates with the level of p53 activation. B. The aneuploidy
checkpoint.
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Figure 2. Induction of tumorigenesis by aneuploidy

The emergence of a transformed aneuploid cell requires multiple rounds of erroneous
mitoses that produced ever more aneuploidy. In addition, the p53 pathway must be
inactivated. It is unclear what is the threshold in terms of the severity of aneuploidy for p53
activation, nor is it clear if a particular combination of chromosomes activates p53 more
than another combination.
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