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Abstract
Aneuploid cells are frequently observed in human tumors, suggesting that aneuploidy may play an
important role in the development of cancer. In this review, I discuss the processes that may give
rise to aneuploid cells in normal tissue and in tumors. Aneuploid cells may arise directly from diploid
cells through errors in chromosome segregation, as a consequence of incorrect microtubule-
kinetochore attachments, or through failure of the spindle checkpoint. A second route to formation
of aneuploid cells is through a tetraploid intermediate, where division of tetraploid cells can yield
very high rates of chromosome missegregation as a consequence of multipolar spindle formation.
Diploid cells may become tetraploid through a variety of mechanisms, including endoreduplication,
cell fusion, and cytokinesis failure. Although aneuploid cells may arise from either diploid or
tetraploid cells, the fate of the resulting aneuploid cells may be distinct. It is therefore important to
understand the different pathways that can give rise to aneuploid cells, and how the varied origins
of these cells affect their subsequent ability to survive or proliferate.
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1. Introduction
The majority of cells in human tissues exist in a diploid state, with each cell possessing two
homologous versions of each chromosome. Exceptions exist, however, as some normal tissues,
including liver and heart, contain tetraploid genomes [1], whereas some normal cells in the
central nervous system contain an aneuploid chromosome content [2], having gained or lost a
few chromosomes. In contrast, cancer cells frequently contain nondiploid chromosome
numbers (reviewed in [3]). In some cases, these aberrant chromosome contents are stable,
suggesting the cell underwent a single cataclysmic event, but retains the cellular machinery to
accurately duplicate and segregate its genome during subsequent divisions. In other aneuploid
cancers, chromosome contents may change rapidly over rounds of cell division, reflecting
ongoing defects in the ability of the cell to replicate or segregate its genome [4]. This form of
genetic instability, in which the principle defect is a rapidly changing whole chromosome
number, is referred to as “chromosome instability” or CIN, in contrast to other forms of genetic
instability, such as microsatellite instability, which occur at the DNA sequence level. It is
important to note that aneuploidy and CIN are distinct concepts. Aneuploidy is a state, which
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may or may not change as cells divide, whereas CIN implies a high rate of change in
chromosome composition.

A variety of defects have been proposed to be responsible for CIN, including defects in the
spindle checkpoint [5], defective chromosome cohesion [6], upregulation of cyclins [7], and
erosion of telomeres [8], to name a few. However, it is becoming clear that the CIN phenotype
might also be influenced by how cells respond to chromosome missegregation [9,10]. If
abnormal cells are eliminated efficiently, a cell population may be capable of maintaining a
stable karyotype, even if cells missegregate chromosomes at a high frequency.

The potential relationships between diploid, aneuploid, and tetraploid cells are complex (Figure
1). In this review, I discuss some of the processes that give rise to aneuploid or tetraploid cells,
and consider the potential relationships between these processes. Evidence suggests that the
fate of aneuploid and tetraploid cells is likely to be distinct, and thus it is important to understand
the different settings in which each of these cells is generated. Furthermore, different selective
pressures may influence the survival or proliferation of aneuploid cells that arise through these
different mechanisms. In the end, a fuller understanding of the causes and consequences of
chromosome missegregation may enable us to detect malignant cells at an earlier stage, and
may also provide new opportunities for therapeutic intervention.

2. Aneuploid Cells that Arise from Diploid Cells
There are several mechanisms that can give rise to aneuploid cells within a single round of cell
division, including inappropriate attachment of chromosomes to the mitotic spindle, partial
inactivation of spindle checkpoint proteins, and amplification of centrosomes. Here I discuss
these mechanisms and the potential consequences of this form of missegregation for the
development of cancer.

2. 1 Merotelic Attachment
Merotelic kinetochore attachments have been proposed to represent a major source of
aneuploidy in cultured mammalian cells (reviewed in [11]). Merotelic attachment is defined
by the persistent attachment of microtubules from both spindle poles to a single kinetochore
(Figure 2). Although a large fraction of merotelic attachments are resolved at the metaphase-
anaphase transition [12], those that persist in anaphase may affect the fate of the segregating
chromatid in one of three ways. Most often, the sister chromatid moves toward the appropriate
pole, typically in the direction that contains more attached microtubules [13], without resulting
in chromosome missegregation. Second, if the number of attached microtubules from both
poles is nearly equivalent, the chromatid will not move in either direction at anaphase,
producing a lagging chromatid. The chromatid may not be incorporated into either nucleus,
yielding a micronucleus, in a process otherwise referred to as chromosome loss (Figure 2B).
Less commonly, the lagging chromatid may be incorporated into the inappropriate daughter
nucleus (Figure 2C), yielding a nondisjunction event.

The potential fates of micronuclei that arise from merotelic kinetochore attachment have not
been well characterized, but there are several possibilities (Figure 3). An important question
is whether a chromatid located in a micronucleus will undergo appropriate DNA replication,
and if so, whether it will condense normally and be segregated properly in the subsequent
division. One study found that the X-chromosome in a lymphocyte micronucleus can undergo
multiple rounds of replication without segregation [14]. Alternatively, the chromatid within
the micronucleus may not replicate properly, perhaps due to impairment of the DNA replication
machinery within the altered geometry of the micronucleus. Finally, it is posible that merotelic
attachment might induce chromosome damage as a consequence of centromeric stretching,
which has been observed in a subset of cases of merotelic attachment [13]. In either of these
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two situations, the cell containing a micronucleus may arrest in interphase secondary to
activation of the DNA replication or DNA damage checkpoint. Alternatively, the cell may
enter the next mitosis with an incompletely replicated micronucleus, which may subsequently
induce chromosome bridging. In this model, micronucleus formation induced by merotelic
attachment may set the stage for chromosome bridging to occur in the next mitosis, explaining
why these events are frequently observed together within cell lines. Developing a better
understanding of the fate of chromosomes in micronuclei, and of the cells that contain them,
is an important area for future research.

2.2 Partial Loss of Spindle Checkpoint Function
A second mechanism that can lead directly to loss or gain of a few chromosomes during mitosis
is partial impairment of the spindle checkpoint. This checkpoint normally inhibits anaphase
initiation until all chromosomes have achieved proper bipolar attachment on the metaphase
plate (for review, see [15]). Complete loss of the spindle checkpoint is lethal [16–18], but mice
lacking a single copy of checkpoint proteins such as Mad2, BubR1 or CENP-E are viable
[18–21]. In all cases, reduction of expression of these genes leads to induction of aneuploidy,
although the degree of aneuploidy, and also the prevalance of chromosome gains and losses,
prove to be both gene- and dosage-specific. In most cases, the loss of spindle checkpoint
proteins is associated with an increased rate of tumorigenesis, suggesting that aneuploidy may
promote tumorigenesis. However, the relationship between aneuploidy and tumorigenesis may
be more complex, as induction of aneuploidy can suppress tumorigenesis in certain
circumstances [21].

2.2.1 Reduction of Mad2—Mad2 is a central component of the spindle checkpoint, and
homozygous deletion of Mad2 in mice is lethal to the early embryo as a consequence
widespread chromosome missegregation and induction of apoptosis [16]. The consequences
of inactivation of a single copy of Mad2 were therefore evaluated [19]. Murine embryonic
fibroblasts (MEFs) cultured from mice lacking a single copy of Mad2 showed premature sister-
chromatid separation and a significant increase in the number of aneuploid cells [19]. However,
rates of aneuploidy in circulating lymphocytes or other tissues were not evaluated in this study.
Deletion of one copy of Mad2 from an otherwise genetically stable human colon cancer cell
line was sufficient to functionally inactivate the spindle checkpoint and induce premature sister
chromatid separation in the presence of nocodazole [19]. Furthermore, loss of a single copy of
Mad2 was sufficient to produce an 80% increase in the frequency of aneuploid metaphases.
Thus in both mouse cells and human cells, both copies of Mad2 are essential for ensuring
accurate chromosome segregation and spindle checkpoint function.

Despite the elevated rates of chromosome missegregation observed in derived MEFs, mice
lacking a single copy of Mad2 were found to develop normally [19]. However, these mice
developed lung tumors at high rates after a long latency, but the incidence of other tumors,
such as lymphomas was not increased [19]. This study was therefore the first to suggest that
aneuploidy resulting from spindle checkpoint inactivation could increase the incidence of
formation of certain types of tumors. However, if aneuploidy is increased in all tissues
following loss of a single copy of Mad2, it is unclear why the tissue spectrum of induced tumors
is so narrow. Perhaps elimination of a single copy of Mad2 increases the rate of aneuploidy in
lung tissue more than others. Alternatively, lung tissue may have a distinct response to an
increased rate of aneuploidy. The issues of gene-specific and tissue-specific effects have
become recurring themes in similar studies of other checkpoint proteins, as described below.

2.2.2 Reduction of BubR1—BubR1 is a protein kinase that plays an essential role in spindle
checkpoint function. Like Mad2, homozygous deletion of BubR1 is lethal at early embryonic
stages [17,18], and thus the effects of partial loss of BubR1 have been evaluated. Mice with a
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single copy of BubR1 have been reported to have either no phenotype [18], or to have
splenomegaly with increased circulating megakaryocytes [17] and an increased susceptibility
to carcinogen-induced tumor formation [20]. In one study, MEFs isolated from the mice
showed increased numbers of micronuclei but also a significant increase in the number of
polyploid cells [17]. Further reduction in BubR1 levels, using a hypomorphic allele, resulted
in a high incidence of aneuploidy in liver cells and derived MEFs, but did not yield an increase
in the rate of spontaneous tumor formation [18]. Instead, these mice developed signs of
premature aging [18,22,23], and MEFs derived from these mice showed profound premature
cellular senescence [18]. BubR1 levels were found to decline in ovary, testis, and spleen as
wild-type mice aged, suggesting that BubR1 may also be an important regulator of the aging
process [24]. Thus despite the fact that both Mad2 and BubR1 are important components of
the spindle checkpoint and are important for normal chromosome segregation, inactivation of
these proteins can give rise to distinct phenotypes in the organism.

2.2.3 Reduction of Rae1 and Bub3—The protein complex Rae1-Nup98 has also been
implicated in regulating anaphase onset, perhaps by inhibiting the degradation of securin by
the Anaphase-Promoting Complex/Cyclosome (APC/C) [25]. Mice harboring a single copy of
both Rae1 and Nup98 showed an increased rate of aneuploidy in splenocytes, and a premature
chromatid separation phenotype [25]. Similarly, mice containing a single copy of Rae1 and
the spindle checkpoint gene Bub3 [26] also showed a very high degree of chromosome
missegregation. Like BubR1-deficient mice, these mice showed signs of early aging, but did
not develop tumors [27].

The similarity in phenotypes between BubR1-deficient mice, and mice lacking Rae1 and Bub3,
suggested that high rates of aneuploidy might be sufficient to trigger cell senescence and aging.
However, rates of aging and aneuploidy did not correlate in a way that supported this
hypothesis. Mice lacking a copy of Bub3 and Rae1 showed a high degree of aneuploidy in
splenocytes (36%) at 5 months of age, yet showed no signs of premature aging [27]. In contrast,
BubR1 hypomorphic mice showed a lower degree of aneuploidy in splenocytes (15%) at 5
months, yet exhibited signs of premature aging [18]. In support of these findings, MEFs from
the Bub3/Rae1 mice showed a lower rate of senescence, despite being more aneuploid than
MEFs derived from BubR1 hypomorphs. Therefore, it was concluded that aging is unlikely to
be a direct consequence of aneuploidy itself, but may instead be a distinct consequence of
spindle checkpoint inactivation. The trigger for senescence and premature aging in mice
lacking BubR1 remains unclear, but appears to be p53-dependent [18].

2.2.3 Reduction of CENP-E—CENP-E is an essential kinesin-family motor protein that
plays roles in chromosome-microtubule interactions [28–30], chromosome congression [31],
and spindle checkpoint signaling [32,33]. Cells lacking CENP-E exhibit defects in
chromosome congression and spindle checkpoint function such that cells enter anaphase
despite the presence of chromosomes remaining near the poles in 25% of cells [34]. Since
CENP-E knockout mice are not viable [30], the effects of loss of CENP-E on the development
of aneuploidy and tumor formation have been studied in heterozygous mice [21]. MEFs
cultured from mice lacking a single CENP-E allele showed a 60% rate of aneuploidy by twelve
days of culture, although the degree of aneuploidy of wild-type MEFs was surprisingly high
(over 30%) [21]. Spectral karyotyping indicated that the aneuploid cells contained numerical
but not structural chromosome changes, and showed no evidence of DNA damage. MEFs
lacking a single copy of CENP-E grew at normal rates, but showed decreased activity in colony
forming assays compared to wild-type cells.

Age-dependent accumulation of aneuploidy in lymphocytes was accelerated in CENP-E+/−

animals [21]. More than 50% of lymphocytes from CENP-E+/− animals were aneuploid by 10
months of age, whereas lymphocytes from wild-type mice showed 25% aneuploid cells. In

King Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these experiments, chromosome losses predominated, with few chromosome gains observed,
for reasons that are unclear. Spleen cells also showed an increase in the aneuploid fraction,
again with chromosome losses predominating. Aneuploidy was also observed in cells in the
colon at rates 4–6 fold higher in mice lacking a copy of CENP-E, compared to wild-type
controls. By 19–21 months of age, 10% of CENP-E heterozygous mice contained a lymphoma
in the spleen, whereas none were observed in wild-type mice. How loss of CENP-E promotes
tumorigenesis is unclear, as the karyotype and the CENP-E status of the tumors was not
reported [21]. However, the tumors may be polyploid as malignant cells contained nuclei that
were 4- to 6-fold larger than normal lymphocytes [21]. CENP-E heterozygous mice also
showed a three-fold increase in the rate formation of adenomas of the lung, but the karyotype
and CENP-E status of the tumor cells was not reported, and thus it remains to be determined
precisely how aneuploidy induced by loss of a single CENP-E allele might lead to tumor
formation.

Surprisingly, the incidence of liver tumors was reduced in CENP-E heterozygotes compared
to wild-type animals, although the difference was not statistically significant [21]. Furthermore,
those liver tumors that did arise in CENP-E heterozygotes were significantly smaller than those
in wild-type animals, suggesting that aneuploidy may slow the growth of these tumors. CENP-
E heterozygotes also showed a trend towards resistance to carcinogen-induced lung tumors
compared to wild-type mice. In CENP-E heterozygotes also lacking the tumor suppressor gene
p19, tumors took significantly longer to form in CENP-E heterozygotes, suggesting that high
rates of aneuploidy can slow the rate of formation of sarcomas and lymphomas that are
prevalent in this tumor model. Together these findings indicate that a high rate of aneuploidy
can, in certain contexts, antagonize the development or growth of tumors.

2.2.4 Reduction of Bub1—Bub1 is another spindle checkpoint protein that is essential for
viability in mice, and thus the consequences of loss of Bub1 have been evaluated through
analysis of hypomorphic alleles [10]. Splenocytes from five-month old mice showed increasing
rates of aneuploidy, including chromosome gains and losses, from 1% aneuploid cells in wild-
type mice, to 39% aneuploid cells in mice expressing the lowest levels of Bub1. A fraction of
these cells also displayed a premature sister chromatid segregation (PMSCS) phenotype. A
similar trend was observed with MEFs obtained from these mice, although PMSCS was not
observed in this case.

Interestingly, cells that missegregated chromosomes died at a much higher rate in the presence
of Bub1 than its absence. For example, in wild-type cells, 94% of cells that missegregated
chromosomes showed cell death, whereas only 32% of such cells died if low amounts of Bub1
were present [10]. Micronuclei were also found to accumulate in the cells expressing low levels
of Bub1, suggesting that Bub1 could be responsible for inducing a micronucleus-induced cell
death pathway. Interestingly, cells with reduced levels of Bub1 showed no difference in
sensitivity to DNA damaging agents or microtubule inhibitors [10], suggesting that the role of
Bub1 could be quite specific.

Unlike the case for BubR1 mutant mice, there was no premature aging observed in Bub1 mutant
mice [10]. However, mice expressing low levels of Bub1 were significantly more prone to
spontaneous tumors than wild-type mice. Interestingly, mice expressing different levels of
Bub1 developed different types of tumors: those expressing the lowest amount of Bub1
developed more sarcomas, lymphomas, and lung tumors, whereas mice expressing somewhat
higher Bub1 levels developed sarcomas and liver tumors but not lymphomas or lung tumors
[10]. Mice expressing even higher levels of Bub1 (Bub1 heterozygotes) showed a trend toward
decreased tumor formation, particularly in liver and lung tissue. However, these mice were
more susceptible to carcinogen-induced tumor formation. These data suggest that there are
strong dose-dependent effects on both the tissue dependence and the prevalence of tumor
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formation. Whether these distinct patterns of tumor formation are a consequence of different
levels of aneuploidy, or arise instead from the role that Bub1 may play in eliminating aneuploid
cells, remains to be determined.

2.3 Centrosome Amplification
Another process that has the potential to directly yield aneuploid cells from diploid cells is the
amplification of centrosomes. Although this process may be unlikely to occur in normal diploid
cells, it may occur in tumor cells that overexpress regulators of centrosome duplication such
as Aurora A [35–37], Polo kinases [38], cyclin-dependent kinases [39–41], and others [42–
44]. Centrosome amplification during interphase may induce multipolar spindle formation in
mitosis, leading to missegregation of multiple chromosomes. As mechanisms of centrosome
amplification have been discussed in other reviews [45,46], this topic will not be discussed
further here.

2.4 Fates of Aneuploid Cells Arising from Diploid Cells
The studies described above indicate that aneuploid cells can accumulate at high frequencies
in mice that are heterozygous in spindle checkpoint genes. However, the type of aneuploidy
that predominates in each of the mutant backgrounds can be distinct. For example, aneuploid
splenocytes and lymphocytes from CENP-E heterozygotes show almost exclusively
chromosome loss [21], whereas aneuploid splenocytes from animals with reduced levels of
Bub1, BubR1, or Rae1 and Bub3, show both chromosome loss and chromosome gain [18,
27]. These findings suggest that the latter group of proteins may help eliminate cells that have
gained a chromosome, although Bub1 is the only protein that has been shown to affect the fate
of cells with missegregation [10].

Although nontransformed mouse cells seem to be able to tolerate high degrees of aneuploidy,
it is unclear whether the same is true of human cells. Induction of high rates of missegregation
in a chromosomally stable human cancer line, using small molecules that increase the frequency
of merotelic attachment, was not sufficient to generate cells with highly abnormal karyotypes
[9]. Thus selective pressures against aneuploid cells may be stronger in human cells than in
mouse cells.

Recent work in budding yeast indicates that chromosome gains may put cells at a selective
disadvantage [47]. Haploid yeast that contain an extra copy of one of a number of different
chromosomes show a series of common defects including delayed cell cycle progression,
increased glucose uptake, and increased sensitivity to inhibitors of protein synthesis and
folding. The effects of chromosome gains in a diploid background were more modest [47], and
thus it is unclear whether a mammalian cell that has gained a chromosome through the processes
described above would similarly be at a selective disadvantage compared to its diploid
counterparts. Furthermore, the effect of loss of a specific chromosome in an otherwise diploid
background was not addressed. Nevertheless, this work highlights the possibility that
imbalanced protein expression may impose a fitness reduction on cells, perhaps explaining
why high degrees of aneuploidy may suppress development or growth of tumors [21].

3. Sources of Tetraploid Cells
The data presented thus far support the notion that chromosome missegregation in diploid cells
can lead directly to the formation of aneuploid cells. However, other data suggest that
spontaneous chromosome missegregation may instead be associated with production of
tetraploid cells, which may subsequently become aneuploid through further division. Because
the behavior of tetraploid cells is likely to be distinct from diploid or near-diploid aneuploid
cells, it is important to understand the potential relationships between these processes.
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Tetraploid cells may arise from diploid cells through a number of different mechanisms,
including cell fusion, endoreduplication, and cytokinesis failure (reviewed in [1],[3]). Here I
focus on the relationship between chromosome missegregation and cytokinesis failure,
providing some potential mechanistic explanations for links between these processes.

3.1 A Correlation Between Chromosome Nondisjunction and Cytokinesis Failure
A correlation between chromosome nondisjunction and cytokinesis failure emerged from the
comparison of nondisjunction rates in mitotic cells and spontaneously-arising binucleated cells
[48]. In telomerase-immortalized keratinocytes, we observed that the rate of chromosome
nondisjunction was 0.05–0.1% per chromosome per division in the entire mitotic population,
but was 80–160 fold higher in spontaneously-arising binucleated cells. Similar results were
observed in HeLa cells and immortalized prostate epithelial cells. Live cell imaging
experiments indicated that the majority of binucleated cells arose through a process of
cytokinesis failure, at very late stages of division, near the time of abscission. Elevated rates
of chromosome missegregation in these cells were directly confirmed by combining live-cell
imaging followed by FISH.

A possible explanation for these findings was the presence of chromatin in the cleavage furrow,
which might impair cytokinesis completion, perhaps by strengthening the cytoplasmic bridge,
as first proposed by Mullins and Biselle [49]. However, clear evidence of chromatin bridging
was observed in less than 20% of cells that failed cytokinesis [48]. Although very thin
chromatin bridges might not have been detected in these experiments, these findings suggested
that mechanical strengthening of the cleavage furrow by chromatin was unlikely to explain
cytokinesis failure in most cases. Lagging chromosomes were also present in 30% of cells that
became binucleated [48]. However, an earlier study indicated that chromosome lagging that
occurred as a consequence of merotelic attachment was associated with delay in the late stages
of cytokinesis but not with cytokinesis failure [50]. We observed that the nondisjunction
frequency, rather than the frequency of bridging and lagging chromosomes, was more closely
correlated with the rate of cytokinesis failure, in both HeLa cells and immortalized diploid
keratinocytes [48]. Therefore, we proposed that there may be important mechanistic
connections between the processes that induce chromosome nondisjunction and the pathways
that regulate cytokinesis.

Genetic approaches discussed in the first section of this review indicate that partial spindle
checkpoint inactivation leads to the direct formation of aneuploid cells rather than tetraploid
cells [51]. Thus it is clear that nondisjunction is not obligatorily coupled to cytokinesis failure
in all circumstances. It is therefore unlikely that cells have mechanisms to directly “sense” the
presence of missegregated chromosomes, and induce cleavage failure as a result. Furthermore,
these findings suggest that the spontaneous nondisjunction events that we observed in human
cell lines are unlikely to be a consequence of spindle checkpoint failure. Instead, spontaneous
nondisjunction is likely to be caused by distinct mechanisms that are associated with
cytokinesis failure rather than with cytokinesis completion. Here I describe some mechanisms
that could explain the correlation between nondisjunction and cytokinesis failure.

3.2 The “NoCut” Pathway
A fraction of cells that undergo chromosome nondisjunction and cytokinesis failure in human
cell lines show the presence of a bridging chromosome that spans the cleavage furrow, or
lagging chromosomes that remain very close to the cleavage furrow [48]. What are the potential
mechanisms by which bridging chromosomes could induce cytokinesis failure? A study in
budding yeast identified a pathway, referred to as the “NoCut” pathway, that delays the final
stage of cytokinesis, termed abscission, in cells that have mitotic spindle defects [52]. Absence
of this pathway led to formation of DNA double strand breaks in a manner that depended on
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function of the cytokinesis machinery. This finding supports the idea that the cytokinesis
machinery is indeed capable of severing DNA that may be present in the furrow. The “NoCut”
pathway depends on the Aurora kinase family member Ipl1, and also on two proteins called
Boi1 and Boi2. However, it remains unclear how Ipl1 becomes activated by chromatin or
midzone defects, how Ipl1 regulates Boi1/2, or how these proteins might block cytokinesis
completion.

Does a similar pathway regulate cytokinesis completion in other organisms? In fission yeast,
a large number of “cut” mutants fail in chromosome segregation yet complete cytokinesis
[53]. Fission yeast may therefore not have a “NoCut” pathway, or these cells may eventually
adapt to inhibitory signals, completing cytokinesis despite activation of a similar pathway. In
either case, the results suggest that in both budding and fission yeast that the cytokinesis
machinery is capable of completing cytokinesis despite the presence of DNA, indicating that
chromatin itself is not likely to mechanically inhibit cytokinesis completion.

In vertebrate cells, it remains unclear whether an Aurora-regulated pathway might operate in
the same manner. Unlike budding or fission yeast, where Aurora kinase orthologs are
dispensable for cytokinesis, Aurora B is essential for cytokinesis in metazoans (reviewed in
[54]). Aurora B plays important roles in both early and late stages of cytokinesis, by
phosphorylating a wide variety of proteins essential for different steps of the process.
Application of an Aurora B inhibitor even at very late stages of cytokinesis will induce furrow
regression [55], suggesting that Aurora B is positively required for abscission in mammalian
cells. Alternatively, it has been suggested that Aurora A could negatively regulate cytokinesis
completion in mammalian cells in a manner similar to that observed in budding yeast [52].
Overexpression of Aurora A has been shown to inhibit cytokinesis, although this effect
surprisingly does not seem to require Aurora A kinase activity [37]. Thus while it remains
possible that chromatin in the cleavage furrow could inhibit abscission through a “NoCut”-like
pathway in mammalian cells, the molecular details are likely to be different from those in
budding yeast.

3.3 Inactivation of a Component that is Required for Both Chromosome Segregation and
Cytokinesis

Studies of the mechanisms of cytokinesis have revealed that many of the components involved
in cytokinesis are also required for accurate chromosome segregation [54]. Many of these
proteins localize to chromosomes, kinetochores, centrosomes, or the mitotic spindle during
mitosis, and then relocalize to the cleavage furrow or midbody during cytokinesis. Examples
include Polo kinase (Plk1) and the chromosome passenger complex, which consists of Aurora
B, INCENP, survivin, and borealin (reviewed in [56]). Therefore, interference with the
expression or regulation of these components may lead to both chromosome missegregation
and failure of cytokinesis.

Curiously absent from the collection of mitotic regulators that are required for both accurate
chromosome segregation and cytokinesis are the core spindle checkpoint components such as
the Mad and Bub proteins. The lack of a requirement for these proteins in cytokinesis is
supported by the finding that their genetic inactivation in mice is not associated with production
of tetraploid cells, as discussed earlier. Although these results could be interpreted to mean
that the spindle checkpoint plays no role in the regulation of cytokinesis, some data suggest
instead that spindle checkpoint proteins could negatively regulate cytokinesis, as discussed
below.

3.3.1 DNA Damage and Cytokinesis Failure—The activation of DNA damage pathways
may provide one possible explanation for the link between chromosome missegregation and
cytokinesis failure. In this model, activation of DNA damage pathways would coordinately
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inhibit components required for both chromosome segregation and cytokinesis completion.
Such a pathway may act to prevent segregation of sister chromatids that contain regions of
damaged or incompletely replicated chromatin, and simultaneously inhibit cytokinesis to
prevent damage to the missegregated chromosome.

Several lines of evidence suggest that cytokinesis could be regulated in response to DNA
damage. For example, some proteins involved in DNA repair, such as BRCA2, are also required
for cytokinesis. BRCA2 is required for recombination-based repair of DNA double-strand
breaks [57]. However, BRCA2-deficient cells also show centrosome amplification that may
be a consequence of defective cytokinesis [58]. BRCA2 localizes to the midbody, a structure
required for completion of cytokinesis, and inactivation of BRCA2 in murine embryonic
fibroblasts and HeLa cells interferes with cytokinesis [59]. From a mechanistic perspective, it
remains unclear how BRCA2 might promote normal cytokinesis, or how its cytokinesis
function might be regulated in response to DNA damage. However, proteins that interact with
BRCA2, such as BCCIP, have recently been shown to be required for efficient cytokinesis as
well [60], supporting a functional role for BRCA2 in cytokinesis.

Other proteins involved in the DNA damage responses also bind to proteins required for
cytokinesis. For example, the DNA damage checkpoint kinase Rad53 has been shown to
associate with septins, proteins that are important for cytokinesis in budding yeast [61]. In
mammalian cells, Ku70, a DNA-binding protein required for DNA damage repair, forms a
complex with ARF6, a small GTPase that regulates vesicle trafficking events necessary for
completion of cytokinesis [62].

Transcriptional controls may provide another mechanism for inhibiting cytokinesis in response
to DNA damage. The expression of several cytokinesis proteins, including Plk1, ECT2, anillin,
and survivin, is repressed when DNA is damaged, in a manner that depends on an intact Rb
pathway [63]. Other studies suggest that expression of cytokinesis proteins may be inhibited
by activation of the p53 pathway [64]. For example, ECT2 expression is repressed by p53 via
protein methyltransferases, suggesting that cytokinesis could be more likely to fail under
conditions of p53 activation [65].

Post-translational modifications may also regulate cytokinesis in response to DNA damage.
For example, Aurora B becomes highly poly-ADP-ribosylated when DNA is damaged, a
modification that inhibits its kinase activity [66]. Because Aurora B activity is essential for
chromosome segregation and cytokinesis, induction of DNA damage could lead to errors in
chromosome segregation and failure of cytokinesis. Interestingly, if Aurora B activity is
downregulated in cells that contain DNA damage, this would also provide an explanation for
a relationship between lagging chromosomes in anaphase and delayed completion of
cytokinesis. Because Aurora B is required for disassembly of merotelic attachments [67,68],
cells with DNA damage and reduced Aurora B activity may be less able to disassemble
merotelic attachments, increasing the number of lagging chromosomes. Inactivation of Aurora
B would also increase the likelihood of cytokinesis failure, given the requirement for Aurora
B kinase in cytokinesis completion.

3.3.2 Delayed DNA Replication and Cytokinesis Failure—An interesting connection
between delayed DNA replication, chromosome missegregation, and cytokinesis failure has
emerged from the work of Thayer and colleagues. Using a microcell-based chromosome
delivery technique, it was found that a single chromosome from a human rhabdomyosarcoma
could induce chromosome instability when introduced into genetically stable mouse myoblasts
[69]. This chromosome contained a translocation, isochromosome 3q, that occurs frequently
in a hematological disorder called persistent polyclonal B-cell lymphocytosis [70]. This
disorder is characterized by elevated levels of circulating B cells [71], many of which are
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binucleated, suggesting that presence of this chromosome could be associated with cytokinesis
failure. Characterization of mouse cells carrying human isochromosome 3q revealed that this
chromosome showed delayed condensation during mitosis [72]. Interestingly, the
undercondensed chromosome could only be detected in metaphase spreads of cells that were
not treated with colcemid [72], perhaps because prolonged mitotic arrest in colcemid permitted
the chromosome to condense. The chromosome exhibiting the delay in mitotic condensation
(DMC) phenotype lacked histone H3 phosphorylation in mitosis, whereas condensed
chromosomes in the same cell showed no defect in H3 phosphorylation [72]. These findings
suggested that the delay in chromosome condensation did not reflect a general inhibition of
Aurora B-mediated histone phosphorylation, but was instead a chromosome-specific
phenomenon. The DMC phenotype was not restricted to isochromosome 3q, as chromosomes
from other human tumors, containing distinct translocations, showed a similar DMC phenotype
when introduced into mouse cells. Furthermore, five of seven human cancer cell lines, and five
of thirteen primary tumor samples, contained chromosomes that exhibited a DMC phenotype,
suggesting that the phenomenon may be widespread in tumor cells [72].

When timing of DNA replication was examined in these cells, it was found that chromosomes
exhibiting DMC also showed delayed replication timing (DRT), whereas other chromosomes
in the cell showed normal replication timing [72]. Both initiation and completion of DNA
replication were delayed, by 2–3 hours, with DMC chromosomes continuing to replicate DNA
into mitosis [73]. Delayed replication occurred across the entire chromosome, suggesting that
the presence of the translocation somehow globally disrupts timing of replication across the
chromosome, but in a chromosome-autonomous fashion. In support of the idea that the
chromosomal translocation itself delays replication, it was found that exposing cell lines,
primary blood lymphocytes, or mice to ionizing radiation (IR) resulted in the generation of
chromosomes with DRT/DMC in as many as 25% of surviving cells [74]. Although DRT/DMC
occurred frequently, on approximately 5% of chromosomes with interchromosomal
translocations, it was not detected on the majority of chromosomes with translocations, or on
non-rearranged chromosomes, suggesting that DRT/DMC occurs only in the context of specific
chromosomal exchanges [74].

To better understand this phenomenon, Thayer and colleagues generated cell lines containing
specific translocations using the Cre/loxP system, and found that 10% of the translocations
generated cells with a DRT/DMC phenotype [75]. Their observations suggest that the
replication timing of certain chromosome translocations is regulated in cis by a mechanism
that results in delayed replication along the entire length of the chromosome. How
translocations lead to delayed replication timing remains unclear. One possibility is that
translocation leads to loss of a genetic element that is required for timely replication of the
chromosome. Alternatively, specific chromosomal exchanges may generate dominant
interfering elements that act in cis to delay normal chromosome replication timing by some
unknown mechanism [75].

Several lines of evidence suggest that cells containing chromosomes with DRT/DMC are prone
to cytokinesis failure. Introduction of isochromosome 3q into mouse myoblasts induces
polyploidy and centrosome amplification that is consistent with cytokinesis failure [69].
Whereas parental C2C12 cells contained one or two centrosomes in 98% of cells, hybrid cells
that contain a DRT/DMC chromosome contained >2 centrosomes in 62% of interphase cells
[73]. Consistent with this finding, multipolar spindles were present in 10% of cells containing
the DRT/DMC chromosome, but not in the parental cells [73]. In the analysis of mice treated
with ionizing radiation, cells containing chromosome translocations associated with the DRT/
DMC phenotype were typically tetraploid [74], suggesting that these cells were prone to
cytokinesis failure.
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Precisely how the DRT/DMC phenotype may be related to cytokinesis failure is not yet clear;
however, components of the replication checkpoint may be involved. During interphase,
chromosomes with a DRT/DMC phenotype stain positively for phosphorylated Chk1, an
indicator of ATR-dependent replication checkpoint activation on these chromosomes [73].
During mitosis, recruitment of Aurora B to DRT/DMC chromosomes is delayed, although
INCENP recruitment is not [73]. The attachment of DRT/DMC chromosomes to the metaphase
plate is also delayed. Despite the delayed recruitment of Aurora B to these chromosomes, Mad2
appears to be recruited efficiently to kinetochores, suggesting that they can generate a spindle
checkpoint signal [73]. It is possible that delayed recruitment of Aurora B to DRT/DMC
chromosomes could lead to the formation of lagging chromosomes during mitosis, and may
also impact the efficiency of cytokinesis completion as described earlier.

Another possibility is that there may be direct mechanistic connections between the DNA
replication machinery and cytokinesis, such that the presence of late DNA replication directly
interferes with cytokinesis completion. In vertebrate cells, Orc6, a component of the Origin
Recognition Complex, localizes to kinetochores in early mitosis and to the cleavage furrow
and midbody during cytokinesis [76]. Elimination of Orc6 induces mutlipolar spindles and
formation of multinucleated cells in both human cells [76] and Drosophila [77], suggesting
this function is conserved. In Drosophila, Orc6 interacts with a septin protein that may be
important for cytokinesis. Domains of Orc6 required for DNA replication and cytokinesis
appear separable, suggesting that Orc6 has evolved a domain that participates specifically in
cytokinesis [77].

3.4 Telomere shortening and cytokinesis failure
Telomere shortening or dysfunction is a well-established cause of genomic instability [78],
and may be associated with cytokinesis failure. Telomere erosion may lead to the fusion of
chromosome ends, producing dicentric chromosomes. These chromosomes may yield bridging
chromosomes during anaphase [8], which may inhibit cytokinesis completion by activating a
“NoCut”-like pathway. Alternatively, these chromosomes may break during anaphase [8],
leading to activation of the DNA damage pathway that may interfere with cytokinesis
completion through some of the mechanisms described earlier. The potential consequences of
telomere loss on cellular senescence and genetic instability have been well-covered in other
reviews [78–80] and therefore will not be discussed further here.

3.5 Prolonged Spindle Checkpoint Activation and Cytokinesis Failure
Whereas partial inactivation of the spindle checkpoint may give rise to near-diploid aneuploid
cells, as described earlier, most tumor cell lines have an intact spindle checkpoint, including
those that exhibit chromosome instability [9,81]. In fact, some tumors may overexpress spindle
checkpoint proteins in a manner that interferes with chromosome segregation and cytokinesis,
explaining the correlation between nondisjunction and cytokinesis failure. For example,
expression of the spindle checkpoint protein Mad2 is regulated by E2F family proteins, which
are hyperactivated in cancer cells as a consequence of inactivation of the Rb pathway [82].
Cells with inactivated Rb contain elevated Mad2, which has been associated with chromosome
missegregation and cytokinesis failure [82]. Furthermore, overexpression of Mad2 is sufficient
to induce chromosome missegregation but yields a large fraction of tetraploid cells [83]. In
mouse models, overexpression of Mad2 is sufficient to induce a wide spectrum of tumors in a
highly penetrant fashion [83].

Why is Mad2 overexpression associated with chromosome missegregation and cytokinesis
failure? Elevated Mad2 levels may perturb the normal timing of mitotic proteolysis that is
essential for proper anaphase and cytokinesis. By inhibiting the APC/C, elevated Mad2 levels
may delay the degradation of multiple APC/C substrates, potentially interfering with activation

King Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of separase, which is essential for efficient separation of sister chromatids [84,85].
Furthermore, failure to fully inactivate mitotic cyclin dependent kinases (CDKs) may interfere
with cytokinesis initiation or completion, as CDK activity negatively regulates cytokinesis at
several steps [86]. Interestingly, mitotic exit in the face of a persistently activated spindle
checkpoint has been shown to perturb the degradation of substrates of APC/C-CDH1 as well,
including proteins such as TPX2 [87]. Thus failure to properly inactivate the checkpoint could
lead to a spectrum of changes that together perturb both chromosome segregation and
cytokinesis. A second explanation for the effects of sustained checkpoint activation is that
DNA may become damaged during prolonged mitotic arrest [88]. This may lead to the
activation of the DNA damage response that may then induce chromosome missegregation and
inhibit cytokinesis through some of the mechanisms described earlier.

4. Aneuploid Cells Arising from Tetraploid Cells
Tetraploid cells may undergo one of several distinct fates, which may depend on how they
arose in the first place (Figure 4). Cells may undergo apoptosis or cell cycle arrest, or they may
continue to divide. Cells that divide may do so with a bipolar spindle, generating equivalent
daughter cells, or they may divide with a multipolar spindle, in which case highly aneuploid
daughter cells may result.

Long-term time-lapse imaging has been used to characterize the fate of binucleated cells that
arise through spontaneous cytokinesis failure [48]. HeLa cells that fail cytokinesis divide with
high frequency, although a small fraction undergo apoptosis. The vast majority of the cells
divide with a multipolar spindle, producing progeny that are often inviable [48]. In contrast,
the majority of diploid immortalized keratinocytes that fail cytokinesis arrest in interphase as
binucleated cells. Of the limited number that go on to divide, most divide with a bipolar spindle
yielding two mononuclear tetraploid daughter cells. However, some cells divide with
multipolar spindles, producing aneuploid progeny. The distinct behaviors of binucleated cells
in these two cell lines may be related to the status of the p53 pathway, which is inactivated in
HeLa cells. Other factors that may limit the proliferation of polyploid cells have been reviewed
recently [89]. Tetraploid cells appear to have a greater degree of genetic instability than diploid
cells, which may explain why tetraploid cells are capable of inducing tumor formation whereas
matched diploid cells are not [90]. Again, the p53-pathway may be important in limiting
proliferation of tetraploid cells, as tetraploid mouse mammary epithelial cells can only be
propagated in culture if the p53 gene is deleted [90].

5. Conclusions
As outlined in this review, aneuploid cells can be produced through a variety of mechanisms.
Merotelic attachment of microtubules to kinetochores, which is not sensed by the spindle
checkpoint, can directly yield aneuploid cells from diploid cells. Although the role of merotely
in generating aneuploid cells in vivo has not yet been evaluated, merotelic attachment is a major
source of aneuploid cells in culture [91]. Mutations that partially inactivate the spindle
checkpoint represent another potential source of aneuploidy in mice and humans [92], but it is
not yet clear whether spindle checkpoint failure represents a physiological source of aneuploidy
in wild-type cells in vivo. Most cell lines exhibiting chromosome instability appear to have an
intact spindle checkpoint [9,81], and may in fact exhibit high rates of missegregation as a
consequence of defects in components required for chromosome cohesion [6]. In this context,
an intact spindle checkpoint may be essential to suppress an otherwise catastrophic rate of
chromosome missegregation that would result from the combined effects of checkpoint
inactivation and cohesion defects.
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Although defects in the mitotic machinery can directly yield aneuploid cells, it is becoming
clear that perturbation of earlier steps in the cell cycle may also be capable of yielding aneuploid
cells. There are new molecular connections emerging between the pathways that control DNA
replication and repair with proteins that regulate chromosome segregation and cytokinesis.
Defects in chromosome replication, or induction of DNA damage, may directly hinder both
chromosome segregation and cytokinesis completion. Thus in many cases chromosome
missegregation may not directly yield aneuploid cells, but may instead be associated with
tetraploid cell formation as a consequence of coordinate inhibition of chromosome segregation
and cytokinesis. As the resulting tetraploid cells are likely to have a distinct physiology from
near-diploid aneuploid cells, it will be important to understand the pathways that regulate the
proliferation and survival of tetraploid cells to develop a truly comprehensive picture of the
consequences of chromosome missegregation.
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Figure 1.
Summary of the potential relationships between diploid, tetraploid, and aneuploid cells, and
some of the processes that may be involved. A process of conversion of tetraploid cells to
diploid cells may exist but has not been well characterized (question mark).
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Figure 2.
Potential outcomes of merotelic attachment. Merotelic attachment occurs when microtubules
from opposite spindle poles interact with the same kinetochore. In this figure, the red
microtubules are merotelically attached. In anaphase, the merotelically attached chromatid may
move to the proper pole (A), yielding two normal diploid cells. Alternatively, if the ratio of
microtubules emanating from both poles is close to one, a lagging chromatid may be produced
in anaphase, which may be incorporated into a micronucleus as the cell exits mitosis (B). The
micronucleus may end up in either cell. Finally, it is possible that the lagging chromatid may
in some cases be incorporated into the incorrect daughter nucleus, yielding a nondisjunction
event (C). In the figure, the yellow circles indicate the staining pattern one would observe using
centromeric FISH probes. Blue represents chromosomes in mitosis or chromatin in interphase
cells. Microtubules are indicated as black or red lines; centrosomes are shown as gray circles.
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Figure 3.
Potential fates of a cell containing a micronucleus. (A) A cell containing a micronucleus may
fail to divide, perhaps as a consequence of activation of a DNA replication or DNA repair
checkpoint pathway. It may also undergo apoptosis (not shown). (B) Alternatively, if the cell
divides, the chromosome in the micronucleus may replicate normally. If it is also segregated
properly in the next mitosis, two diploid cells may be produced. (C) The micronucleus may
fail to be replicated and segregated. This may yield one daugter cell that retains the
micronucleus, and one daughter cell that has lost the micronucleus. (D) The micronucleus may
be replicated, but may not be segregated properly in the following mitosis, activating pathways
that inhibit cytokinesis completion, producing a binucleated cell.
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Figure 4.
Nondisjunction and cytokinesis failure, and fates of binucleated cells. Certain forms of
chromosome nondisjunction are associated with cytokinesis failure, yielding a binucleated cell.
These cells may arrest, or they may divide with a bipolar spindle, yielding two tetraploid,
mononuclear cells with equivalent genomes (A). This process requires that cells be capable of
clustering centrosomes as indicated. If centrosomes do not cluster (B), then these cells may
divide with a multipolar spindle, yielding several aneuploid cells. In some cases only one or
two daughter cells may be produced due to cytokinesis failure in cells containing multipolar
spindles.
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