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Abstract
Although chromosome mis-segregation is a hallmark of cancer cells, its genetic basis and role in
malignant transformation remain poorly understood. In recent years, several mouse models have
been generated that harbor gene defects that perturb high-fidelity chromosome segregation. Analysis
of these models has revealed that whole chromosome instability (W-CIN) can cause, inhibit or have
no effect on tumorigenesis. Here we propose that the effect of W-CIN on tumor development depends
on the particular W-CIN gene that is defective, including its other cellular functions, the extent or
nature of the gene defect, the affected tissue or cell type and the context of other cancer gene
mutations.

Aneuploidy and cancer – an overview
Aneuploidy, an alteration in the number of whole chromosomes, has been recognized as a trait
of cancer cells for over a century [1,2]. Whether aneuploidy is a cause or consequence of cancer
is one of the long-standing questions in cancer biology and a subject of debate. Some
researchers assert that aneuploidy is the primary cause and driving force of tumorigenesis [3],
whereas others argue that, whereas oncogenes and tumor suppressor genes propel malignant
cell transformation, aneuploidy is simply a benign side effect of neoplastic growth [4]. Based
on mathematical modeling, others propose that aneuploidy is an early event in tumor formation
that precedes the inactivation of tumor suppressor genes [5].

Part of the difficulty in understanding the role of aneuploidy in cancer lies in the highly
divergent nature of the chromosomal abnormalities in tumor cells, including cells within the
same tumor [6,7]. Sporadic chromosome segregation errors represent one way in which diploid
cells could become aneuploid [3]. These errors are thought to occur coincidentally or by
exposure to certain chemical compounds. Aneuploidy might also be driven by genetic
alterations that promote inaccurate chromosome segregation, thus increasing the rate with
which whole chromosomes are lost or gained [8]. This condition is referred to as whole
chromosomal instability (W-CIN) [9]. An important difference between these two scenarios
is that cells that become aneuploid through a coincidental error are not necessarily
chromosomally unstable, whereas cells that have a W-CIN gene defect continually scramble
their aneuploid karyotypes. In addition to numerical chromosomal abnormalities, cancer cells
often exhibit changes in chromosome structure, including reciprocal or nonreciprocal
chromosomal translocations, deletions of chromosome arms and amplifications of large
chromosome regions [10,11]. This condition is termed structural or segmental chromosomal
instability (S-CIN) [9].
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To better understand the mechanisms that cause chromosomal instability and their role in
cancer development, it is crucially important to define the molecular basis of mitotic activity
and progression [12]. In yeast, more than a hundred genes, when defective, can cause
chromosomal instability [13,14]. These genes are implicated in mitotic checkpoint control,
chromosome condensation, sister-chromatid cohesion, kinetochore assembly, spindle
formation and several other mitotic events. Several hundred genes have been estimated to
contribute to proper chromosome segregation in humans [5,15]. The application of gene
knockout technology to determine the physiological relevance of known CIN genes has been
instrumental in providing new details in the relationship between aneuploidy and cancer. Mice
harboring defective mitotic checkpoint genes have been particularly helpful because they
accumulate cells that exhibit numerical chromosomal changes in the absence of apparent
structural abnormalities [16,17]. Although many mouse models with numerical chromosomal
changes exhibit increased tumor susceptibility, the relationship between aneuploidy and cancer
seems to be highly complex, as will be discussed below. The debate surrounding the role of
aneuploidy in cancer has overshadowed two important questions: which genes that have been
implicated in chromosome mis-segregation have the most prominent role in cancer prevention,
and why? These two issues will also be considered in this review.

Many W-CIN mouse models are tumor prone
The mitotic checkpoint is a surveillance system that ensures high-fidelity chromosome
segregation by delaying anaphase onset until the kinetochores of duplicated chromosomes are
properly attached to microtubules from opposite spindle poles (Figure 1). Core components of
this checkpoint are Bub1 (budding uninhibited by benzimidazoles 1 homolog), BubR1
(budding uninhibited by benzimidazoles 1 homolog β), Bub3 (budding uninhibited by
benzimidazoles 3 homolog), Mad1 (mitotic arrest deficient-like 1) and Mad2 (mitotic arrest
deficient-like 2) [12]. In certain types of human cancers, including breast, colorectal and gastric
cancers, mutations have been observed in mitotic checkpoint genes, although at very low
frequency [17]. Downregulation of mitotic checkpoint genes is, however, seen much more
frequently in human tumors [17]. Several groups have tried to determine whether these
alterations are sufficient to cause W-CIN and tumorigenesis by generating mitotic checkpoint-
defective mice. Thus far, classical mouse knockouts of mitotic checkpoint genes have resulted
in embryonic lethality [18–23]. Although heterozygotes have in some cases provided valuable
information regarding the biologically relevant function of the gene, not all heterozygous-null
mutations result in an overt phenotype. This can occur when gene expression remains above
the threshold necessary to impair function. Therefore, the generation of hypomorphic (H)
alleles has been extremely useful in determining the effect of reduced gene expression while
maintaining organism viability. Hypomorphic alleles produce more functional protein than a
knockout allele but significantly less than wild type, allowing for a substantial yet incomplete
disruption of function.

The effect of reduced expression of mitotic checkpoint genes, including Bub1, Bub1b
(encoding BubR1 protein), Bub3, centromere protein E (Cenp-E), Mad1 and Mad2, has been
examined [21–27]. In each case, haploinsufficiency or hypomorphism of these genes results
in aneuploidy in both mouse embryonic fibroblasts (MEFs) and in tissues, albeit to varying
degrees (Table 1). In addition to these canonical mitotic checkpoint factors, several proteins
that mediate macromolecule transport through nuclear pores have recently been implicated in
mitosis, including Ran binding protein 2 [RanBP2, also called nucleoporin 358 (Nup358)],
nucleoporin 98 (Nup98) and the Bub3-related protein RNA export factor 1 (Rae1) [28,29]
(Figure 1). Nup98 and Rae1 form an inhibitory complex that binds securin-bound APC/
CCdh1 complexes [29], preventing securin degradation until the release of mitotic checkpoint
inhibition. RanBP2, a SUMO E3 ligase, is essential for topoisomerase IIα (Topo IIα)
localization to inner centromeres, thereby promoting disentanglement of sister chromatids and
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proper chromosome segregation [30]. Mice and MEFs that express decreased levels of these
transport factors exhibit W-CIN and develop aneuploidy (Table 1). Compound heterozygous
null mutations of Rae1 and Nup98 or Bub3 produced mouse models that accumulate very high
percentages of aneuploid cells [28]. Homozygous inactivation of pituitary tumor-transforming
gene 1 (Pttg1; also named securin) in mice causes mild aneuploidy and premature sister
chromatid separation (PMSCS) (Table 1) [31], although no such defects were reported for an
independently generated knockout strain [32]. Furthermore, mice lacking Chfr (checkpoint
with forkhead and ring finger domains) display W-CIN and develop substantial aneuploidy
(Table 1) [33]. Chfr is an E3 ubiquitin ligase that delays entry into mitosis after exposure to
microtubule-depolymerizing agents by inhibiting cyclin B nuclear import, an event that is
required for mitosis onset [33]. Chfr also controls mitotic checkpoint activity, presumably
through its ability to regulate Mad2 and BubR1 functions [34].

Are these W-CIN mouse models prone to tumor formation? When exposed to carcinogens, 10
of 13 W-CIN models were tumor prone; this is perhaps the most compelling evidence for a
causal role of aneuploidy in tumor formation. Several W-CIN models also show clear evidence
of increased spontaneous tumor susceptibility, including Bub1 and RanBP2 hypomorphic mice
and Mad1, Mad2 and Cenp-E heterozygous mice. Despite the presence of vast amounts of
aneuploid cells, other W-CIN models do not seem to be predisposed to spontaneous tumors,
including Bub1, Bub1b, Bub3 and Rae1 heterozygous mice and Rae1;Bub3 and Rae1;Nup98
compound heterozygotes [24,28,35].

Remarkably, there is no direct correlation between the incidence of spontaneous tumor
development and the level of aneuploidy. In particular, Bub1−/H and Bub1H/H mice show high
aneuploidy in MEFs and splenocytes and are prone to spontaneous tumors [24], whereas
Rae1;Bub3 and Rae1;Nup98 double heterozygous mice exhibit similar levels of aneuploidy
but are not susceptible to spontaneous tumorigenesis [29,36]. W-CIN models that are prone to
spontaneous tumors display a similar tumor spectrum as aged wild-type mice, which include
lymphomas, lung adenocarcinomas, hepatocellular carcinomas and sarcomas. Of these, lung
adenocarcinomas consistently develop at a much higher incidence in W-CIN models, implying
that aneuploidy is particularly effective in driving tumor progression in lung epithelial cells.
The underlying basis for this is currently unclear. Other tumor types are also enhanced, but in
a more gene specific fashion. By example, sarcomagenesis is enhanced in Bub1−/H,
RanBP2−/H and Mad1+/−, but not in Mad2+/− and Cenp-E+/− mice, whereas increased
lymphomagenesis is observed only in Bub1−/H and Cenp-E+/−mice. Hepatocellular carcinomas
are specifically increased in Bub1H/H mice; this tumor type is not increased in either Bub1+/−

or in Bub1−/H mice, suggesting that neoplastic growth of hepatocytes requires an optimal level
of Bub1 reduction.

It is unclear why some W-CIN gene defects promote tumorigenesis in certain tissues but not
in others. One complication is that the aneuploidy levels of the tumor-prone cell types are
unknown because of technical limitations. Preparation of metaphase spreads from tissues and
organs other than spleen, thymus and bone marrow requires collagenase-treatment and long-
term culturing, causing culture stress-induced aneuploidy. Therefore, aneuploidy levels from
short-term splenocyte cultures might not be representative for other tissue and cell types. The
observation that aneuploidy levels in germ cells of mitotic checkpoint-defective mice are much
lower than in splenocytes supports this notion [37]. It is also unclear if chromosome mis-
segregation elicits the same response in each cell type and W-CIN gene defect. Perhaps in some
instances, chromosome mis-segregation results in continued proliferation, whereas in others,
cell cycle arrest, senescence or apoptosis might occur.

Mad2 is activated by E2F transcription factor 1 (E2F1) and overexpressed in human tumors
lacking a functional retinoblastoma (Rb) pathway [38]. Transgenic mice that ubiquitously
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overexpress Mad2 are highly susceptible to a wide variety of tumors, suggesting that Mad2
contributes to cancer development after inactivation of Rb activity [39]. However, in addition
to aneuploidy, Mad2 transgenic mice show massive structural chromosome defects, including
chromosome breaks, deletions, amplifications and fusions. Thus, whether Mad2-dependent
tumorigenesis results from W-CIN, S-CIN or both remains unclear. It will be important to test
whether overexpression of other mitotic (checkpoint) genes also causes chromosomal
instability and cancer, particularly if these genes are controlled by E2F transcription factors
and/or are upregulated in human tumors [40].

W-CIN and tumor suppression
Weaver et al. [25] recently introduced the concept that aneuploidy can prevent or delay the
formation of certain kinds of tumors. Three observations in Cenp-E heterozygous mice led to
this idea. First, loss of one Cenp-E gene copy caused a slight delay in tumorigenesis in mice
lacking the gene that encodes p19Arf (alternative reading frame; cyclin-dependent kinase
inhibitor 2a isoform 3). Second, spontaneous liver tumors developed at much lower rates in
Cenp-E+/− mice than in controls and were typically much smaller. Third, Cenp-E+/− mice were
less prone to 7,12-dimethylbenz[a]anthracene (DMBA)-induced tumors. Although the first
finding was statistically significant, the other two were not, which led to some controversy
about the concept. However, in addition to Cenp-E, a second mitotic checkpoint gene,
Bub1b, has shown evidence of haploinsufficient tumor suppression. Specifically, when the Min
(multiple intestinal neoplasia) point mutation in the murine APC (adenomatous polyposis
coli) gene was bred onto a Bub1b+/− genetic background, mice formed twofold fewer small
intestinal tumors than APC+/Min mice containing two wild-type Bub1b copies [41] (Table 1).
Another example of a W-CIN model with tumor suppression is Nup98;Rae1 compound
heterozygous mice [35], which show a twofold reduction lung tumor incidence. Chesnokova
et al. [42] reported that Rb1+/− mice develop nearly threefold fewer pituitary adenomas on a
Pttg1−/− than on a Pttg1+/+ genetic background. However, in this instance, it remains unclear
whether tumor suppression results from aneuploidy. In each of the above models, the tumor
suppressive effect seems to be tissue restricted. It is important to note that several W-CIN
mouse models with substantial aneuploidy were comprehensively screened for tumor
development, including Bub1b−/H, Bub3+/−;Rae1+/− and RanBP2−/H mice [24,30,36] and did
not present any evidence of reduced tumorigenesis. These findings suggest that certain W-CIN
genes lack antitumor activity, although it remains possible that these genes suppress
tumorigenesis only in particular genetic contexts.

How might W-CIN gene defects suppress tumor formation? Although the exact mechanism
remains unclear, one thought is that Cenp-E and Bub1b haploin-sufficiency perturb
chromosome segregation so severely that the cell dies as a consequence [41,43]. Apoptosis is
greatly increased in small intestinal tissue of Bub1b+/−;APC+/Min mice, providing compelling
evidence that increased cell death can prevent tumor formation [41]. In addition, aneuploidy
is substantially increased in Bub1b MEFs carrying the APCMin mutation and in Cenp-E+/−

MEFs treated with DMBA or lacking p19Arf 43. Although these data are encouraging, further
work is needed to determine whether aneuploidy is also increased in the specific tissues in
which Cenp-E and Bub1b haploinsufficiency suppress tumorigenesis. Moreover, most W-CIN
models with substantial aneuploidy show increased tumor susceptibility after carcinogen
exposure (Table 1). Of note, Nup98+/−;Rae1+/− and Bub3+/−;Rae1+/− mutant mice display
similar aneuploidy levels as Cenp-E+/− mice. Therefore, they might also be expected to show
reduced DMBA-induced tumorigenesis, similar to Cenp-E+/− mice, if cell death resulting from
mitotic failure was indeed the mechanism of tumor suppression. Further testing to elucidate
the role of aneuploidy level in tumor suppression is required. Notably, recent findings show
that the gain of a single or several chromosomes in budding yeast causes a proliferative
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disadvantage; this finding reveals another potential mechanism by which aneuploidy might
suppress tumorigenesis [44].

Genetic context: a crucial modulator of W-CIN pathology
One idea regarding cancer initiation posits that it starts with a coincidental mis-segregation of
one or a few chromosomes, changing the copy numbers of thousands of genes including some
of the hundreds of genes thought to regulate proper chromosome segregation [3,45]. This event
causes chromosomal instability and allows progeny cells to further scramble their
chromosomal content until rare chromosome combinations that provide malignant growth
properties eventually emerge through successive rounds of clonal expansion. The finding that
some mice with W-CIN accumulate vast amounts of aneuploid cells, but have little-or-no
predisposition to spontaneous tumors, does not support this idea. Rather than initiating cancer,
it seems that certain W-CIN gene mutations contribute to tumor progression in instances where
specific mutations in crucial cancer genes have already increased the risk for neoplastic growth
[24,28,30,35,46].

A key question emerges: which types of cancer genes cooperate with W-CIN in tumor
formation? A candidate gene approach in which known cancer gene mutations are crossed into
W-CIN mouse strains is a practicable means of identifying cooperating genes. Using this
strategy, Baker et al. [47] demonstrated that the incidence of lung adenocarcinomagenesis in
Bub1b hypomorphic mice increases nearly 20-fold in mice lacking the gene that encodes
p16Ink4a (cyclin-dependent kinase inhibitor 2a isoforms 1/2) (Figure 2). Tissues other than lung
were unaffected, indicating that BubR1 hypomorphism specifically synergizes with p16Ink4a

loss in lung tumorigenesis. Interestingly, the absence of p16Ink4a is expected to inactivate Rb1
and lead to E2F hyperactivity. As a result, Mad2 might be overexpressed in Bub1bH/H;
p16Ink4 mutant mice and accelerate lung tumorigenesis [39]. When p19Arf instead of
p16Ink4a is absent in Bub1bH/H mice, tumorigenesis does not accelerate in any tissue,
underscoring the crucial nature of gene context in modulating the effect of W-CIN on tumor
formation (Figure 2). Using a similar approach, Rao et al. [41] showed that APC+/Min mice
develop on average ten times more colon tumors on a Bub1b+/− background than on a
Bub1b+/+ background [41], suggesting that Bub1b haploinsufficiency contributes to
tumorigenesis in various genetic contexts (Figure 2). It is tempting to speculate that W-CIN
resulting from Bub1b haploinsuficiency accelerates loss of heterozygosity (LOH) of the
remaining wild-type APC allele. However, proof for this mechanism will not be easy to obtain,
because the APCMin mutation itself causes W-CIN [48,49].

Although it has been postulated that W-CIN might drive tumorigenesis by promoting LOH of
tumor suppressor genes, experimental evidence for this idea is still lacking. In one study, this
idea was tested by breeding Bub3+/− mice onto Trp53 (transformation related protein 53;
encoding p53) or Rb1 heterozygous null backgrounds [50]. In both cases, Bub3
haploinsufficiency failed to accelerate tumorigenesis, implying that W-CIN does not accelerate
LOH of either tumor suppressor gene. It is possible that the level of W-CIN resulting from
Bub3 deficiency mutant mice is too low to be effective in these mouse models. To settle this
issue, it will be necessary to test additional W-CIN models for their ability to promote
tumorigenesis through LOH of tumor suppressor genes. Finally, it should be noted that there
are fundamental differences between the mechanisms of tumorigenesis in mice and humans
[51]; therefore, the impact of W-CIN on tumorigenesis might be different in the two species.

W-CIN gene hierarchy
In recent years, studies using W-CIN mouse models have demonstrated that tumor formation
is a possible, but not absolute, consequence of W-CIN and the ensuing aneuploidy. However,
the reasons why certain W-CIN models that have similar levels of aneuploidy display such
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distinct spontaneous tumor predispositions remain puzzling. This phenomenon is not unique
for W-CIN models; indeed, it has also been observed in mouse models for other genome
maintenance systems. In particular, xeroderma pigmentosum, complementation group A (Xpa)-
and xeroderma pigmentosum, complementation group E (Xpe)-deficient mice both have
defective nucleotide excision repair (NER) functions and accumulate DNA damage at
increased rates, but only Xpe-null animals are prone to a wide variety of spontaneous tumors
[52]. By contrast, Xpa-null mice are highly susceptible to carcinogen-induced cancer, which
mirrors the carcinogen sensitivity of some W-CIN models that are not prone to spontaneous
tumors (Table 1).

What could explain the differences in tumorigenicity among W-CIN gene defects? One
possibility is that the most potent tumorigenesis inhibitors among the W-CIN genes perform
multiple tumor suppressive activities, similar to Trp53, whose protein product performs several
functions linked to tumor suppression [e.g. DNA repair, cell cycle arrest, senescence, apoptosis
and genomic stability (prevention of endoreduplication)] [53,54] (Figure 3). Indeed, APC is
an example of a W-CIN gene that performs multiple tumor suppressive functions. APC
disruption not only causes chromosome mis-segregation through weakened mitotic checkpoint
control [48], destabilized kinetochore–microtubule attachment and cytokinesis failure [55], but
also promotes uncontrolled proliferation through deregulated β-catenin signaling [56]. Bub1
also fulfills this criterion: aside from controlling accurate chromosome segregation,
kinetochore–microtubule attachment and sister-chromatid cohesion [24,27], this mitotic
checkpoint protein can also regulate cell death pathways, particularly in response to
chromosome mis-segregation [24,57]. By contrast, W-CIN gene defects that display little or
no tumor susceptibility might cause aneuploidy and also activate pathways that have antitumor
activities (Figure 3). One such example might be Bub1b hypomorphism, which can impair cell
proliferation and induce senescence [22,58]. Thus, it is important to determine which W-CIN
genes are most relevant to human cancer. To address this question, it will be important to
understand the entire spectrum of functions that individual W-CIN genes might have.
Furthermore, the tumor suppressive potential of each W-CIN gene family member must be
measured in mice.

Tetraploidization: genetic basis and cancer relevance
Based on the nature of their numerical chromosomal changes, human cancers can be subdivided
into two broad groups: (i) cancers with minor imbalances in chromosome copy number
resulting in near-diploid DNA content (copy number abnormalities involving one or a few
chromosomes) and (ii) cancers with vast changes in chromosome numbers (near tetraploid).
The latter cancers are thought to originate from cells that incidentally become tetraploid [59].
These cells initially display poor growth properties but seem to improve their proliferative
capacity by scrambling their chromosomes. Typically, fast growing progeny cells not only
contain substantial amounts of extra chromosomes but also a multitude of structural
chromosomal defects, including translocations, amplifications and deletions [60–62]. Whether
numerical or structural chromosome instability, or both, drives malignant transformation of
cells that become tetraploid is currently unknown. Indeed, it is a question that is difficult to
address. We note that tetraploid cells can restore diploidy through a process of concerted
chromosome loss, also referred to as reduction mitosis [59]. Thus, tetraploidization might only
transiently perturb the euploid status in certain cells.

Two types of mitotic defects might cause cancer-related tetraploidization: failure of
karyokinesis or cytokinesis (Figure 4). Karyokinesis failure might occur when cells encounter
a serious mitotic spindle formation defect. Initially, the mitotic checkpoint will delay mitosis
in pro-metaphase to provide time to correct the defect [12]. However, this checkpoint is active
for only a limited period of time, and, when this time expires, (pro)metaphase cells are forced
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into G1 phase with 4N DNA content [60]. Because mitotic checkpoint gene defects
substantially shorten the time of prometaphase arrest in response to aberrant kinetochore–
microtubules attachment, they are expected to facilitate tetraploidization in rare situations
where a substantial delay of anaphase onset would be necessary to properly repair aberrant
kinetochore–microtubule attachments [63]. Whether mice with a defective mitotic checkpoint
indeed accumulate higher rates of tetraploid cells has not been studied in great detail and should
be considered in future studies.

A second mechanism of karyokinesis failure involves the separation of sister chromatids
[64]. Separation of duplicated chromosomes, which is required for anaphase onset, is an
intricate process requiring APC/C activity [65], cohesin cleavage [64] and DNA decatenation
[30]. Thus, defects in proteins that mediate key steps in this process, including APC/C
components, separase [66] and Topo IIα30, might promote tetraploidization through
karyokinesis failure.

Like mitosis, cytokinesis is a complex process whose underlying molecular mechanisms are
just beginning to become understood [67]. Currently, ~50 genes are known to cause cytokinesis
failure when defective [68]. These genes encode proteins that make up or are associated with
actin filaments or microtubules or have known functions in karyokinesis or vesicular transport.
One crucial next step toward understanding the role of cytokinesis failure in tumorigenesis will
be to screen human tumors with massive chromosomal instability for alterations in genes
known to regulate cytokinesis.

Several studies have provided direct evidence for the idea that tetraploidization plays a causal
role in tumorigenesis. Fujiwara et al. [61] published an elegant experiment in which
Trp53−/− mouse mammary gland epithelial cells, tetraploidized in culture by
dihydrocytochalasin B treatment, developed mammary tumors in nude mice, whereas their
nontreated diploid counterparts did not. Moreover, aurora kinase A (Aurka) overexpression,
which causes tetraploidization through cytokinesis failure, is frequently observed in particular
tumor types, including breast tumors [69]. A recent study showed that transgenic mice that
overexpress Aurka in mammary glands are prone to breast tumors with high proportions of
(near) tetraploid cells [70,71] (Table 1). The finding that tetraploid epithelial cells accumulate
in transgenic mammary glands before breast tumors emerge supports the notion that
tetraploidization is a cause of neoplastic growth. It will be important to create additional models
of karyokinesis and cytokinesis failure to further define the role of tetraploidization in
tumorigenesis and to identify the most crucial tumor suppressors among genes that guard
against tetraploidization.

Cells undergoing tetraploidization inherit double the normal centrosome amount. Centrosome
amplification is a hallmark of solid tumors and a known cause of mitotic spindle defects. Such
defects might contribute to chromosome mis-segregation and expedite aneuploidization of
tetraploid cells (Box 1).

Box 1. Centrosome amplification and aneuploidy development

In addition to chromosome number abnormalities, human tumors often also display
centrosome amplification [72,73]. This finding led to the idea that centrosome amplification
drives tumorigenesis by causing mitotic spindle abnormalities, inaccurate chromosome
segregation and aneuploidy [74]. Centrosomes are microtubule organizing centers from
which bipolar spindles emanate during mitosis [74]. At the beginning of G1 phase, cells
contain a single centrosome that is composed of two centrioles, which duplicate in S phase.
The two centriole pairs remain interconnected until mitosis onset, when they split and start
to move apart and form a bipolar spindle.
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The molecular basis of centrosome amplification remains poorly defined, but it is thought
to occur via one of two distinct mechanisms [74]. The first scenario is that a cell acquires
two centrosomes after failure to undergo karyokinesis or cytokinesis. In these instances,
there is no partitioning of spindle poles or DNA into daughter cells. During the next cell
cycle, these centrosomes again duplicate to form four spindle poles. The biological
consequence of this could be a multipolar spindle, which generally is antagonistic to cell
viability and growth. However, a rare cell might survive with an aberrant chromosomal
complement capable of supporting growth [75]. The second model proposes that
deregulation of kinases or tumor suppressors that contribute to centriole replication disrupt
the normally once per cell cycle duplication of centrosomes. These include the Plk1, Aurka
and Nek2 kinases and the p53, Brca1 and Bcra2 tumor suppressors [74].

Although centrosome amplification has been linked to aneuploidy and multipolar spindles,
not all cells with supranumerary centrosomes will form multipolar spindles. In flies, the
presence of extra centrosomes in the majority of somatic cells is compatible with normal
development and survival [76]. However, extra centrosomes in the larval neural cells, which
undergo asymmetric division, promotes metastatic tumorigenesis [76]. The observation that
most cells can proliferate with little difficulty with extra centrosomes is consistent with a
report demonstrating that extra centrosomes in nontransformed cells cluster during mitosis
to prevent spindle multipolarity. At least one way to overcome this clustering mechanism
to is disrupt the microtubule motor dynein [77]. Therefore, in addition to acquiring
additional centrosomes, cells must seemingly also acquire a means to deregulate centrosome
coalescence to generate multipolar spindles.

Concluding remarks and future perspectives
Mutant mice carrying gene defects that cause whole chromosome instability (W-CIN) are
frequently prone to tumorigenesis, indicating that aneuploidy increases the organism’s risk of
neoplastic transformation. Certain W-CIN gene defects pose a greater risk than others, although
this difference does not seem to correlate with the degree of aneuploidy. We propose that W-
CIN gene defects that perturb not only high-fidelity chromosome segregation, but also other
tumor suppressive functions, constitute a greater cancer risk than those that engage antitumor
mechanisms in addition to causing aneuploidy. Furthermore, in tissue where antitumor effects
dominate tumor-promoting effects, W-CIN gene mutations might suppress tumor
development.

Because defects in genes that prevent W-CIN do not phenocopy each other, a thorough analysis
of all known W-CIN genes is required to determine the contribution of each to tumorigenesis.
It will also be important to dissect the totality of tumor suppressive functions of W-CIN genes
as well as the hierarchical relationship among various W-CIN gene defects. DNA mutagens
cooperate with most W-CIN gene defects in tumorigenesis, but the underlying cancer gene
mutations remain largely unknown. A major challenge for the future will therefore be to
discover the genetic contexts in which W-CIN gene defects accelerate malignant
transformation. Mouse modeling has mainly focused on the downregulation of mitotic
checkpoint genes, but we might also consider investigating the effects of overexpressing W-
CIN genes. Indeed, Mad2 transgenic mice are tumor prone. Thus, it is important to determine
whether the consequence of overexpression of other mitotic checkpoint genes similarly results
in a Mad2-like phenotype or whether, as observed for downregulation, phenotypes vary among
different family members.
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Glossary
Aneuploidy  

designates a karyotype that differs from diploid because of changes in the normal
copy numbers of chromosomes

Loss of heterozygosity (LOH) 
loss of the normal functioning allele of a gene when the other allele has already
been inactivated

Mitotic checkpoint 
molecular surveillance mechanism that guards against the inaccurate segregation
of chromosomes during cell division by delaying the anaphase transition until all
kinetochores are aligned at the metaphase plate and properly attached to the
mitotic spindle

Neoplastic growth 
cell growth that is uncontrolled and uncoordinated with the growth of
surrounding tissue

Structural (or segmental) chromosomal instability (S-CIN) 
the acquisition of chromosomes that have undergone changes to the structure of
the chromosome, including translocations, deletions and amplifications of large
portions of chromosomes

Whole chromosomal instability (W-CIN) 
referring to a condition in which cells are unable to segregate duplicated
chromosomes with high accuracy during mitosis and, as a result, gain or lose
whole chromosomes at high frequency
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Figure 1.
Current model of the mitotic checkpoint. To prevent chromosome mis-segregation, cells have
developed a multiprotein surveillance mechanism, called the mitotic checkpoint, that delays
anaphase onset until all kinetochores are correctly attached to mitotic spindle microtubules and
aligned in the metaphase plate (the central area between the two spindle poles). (a) Various
mitotic checkpoint proteins, including Rae1 (green), Bub3 (pink), Bub1 (orange), BubR1
(purple), Mad1 (blue) and Mad2 (yellow), bind kinetochores (green) that lack attachment or
tension and generate a ‘stop anaphase’ signal that diffuses into the mitotic cytosol. This signal
is believed to consist of Bub3–BubR1–Mad2 and Rae1–Nup98 (light yellow) protein
complexes, which bind and inhibit APCCdc20 (dark grey) and APCCdh1 (light grey),
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respectively. Once each pair of sister kinetochores attaches to microtubules (black), and
microtubule motors generate tension that stretches them, the production of inhibitory ‘stop
anaphase’ signals at those kinetochores quenches. (b) Silencing of the ‘stop anaphase’ signal
at the last kinetochore triggers the release of Bub3–BubR1–Mad2 and Rae1–Nup98 from
APCCdc20 and APCCdh1, respectively. This event allows APCCdc20-mediated cyclin B (blue)
destruction and APCCdh1-mediated securin (brown) degradation. Separase (grey), which is
inhibited through its association with securin and by cyclin B–Cdk1-mediated phosphorylation,
triggers sister chromatid disjunction by cohesin cleavage. Sister chromatid separation is also
dependent on Topo IIα (grey), which decatenates centromeric DNA. Topo IIα targeting to inner
centromeres is dependent on RanBP2 (purple)-mediated sumoylation. (c) In anaphase, fully
separated sister chromatids move to opposite poles. Proper progression through anaphase
requires APC/CCdh1-mediated degradation of Cdc20 and Polo like kinase 1 (Plk1; green).
AurkA (yellow) and AurkB (pink) remain intact until their degradation in late mitosis. Blue
ovals in (c) represent portions of the contractile ring that mediates cell division. Encircled C,
cohesin; encircled U, ubiquitin.
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Figure 2.
Genetic context of whole chromosome instability (W-CIN) genes modulates tumorigenesis
propensity. The genetic context of W-CIN defects dramatically alters the tumorigenetic
potential outcome of a given tissue type. As a specific example, Bub1b hypomorphism has
been analyzed in mice lacking either p16Ink4a or p19Arf 47. Tumorigenesis was accelerated only
in the context of p16Ink4a, but not p19Arf, loss. Similarly, APC+/Min mice develop more colon
tumors, and fewer small intestine tumors, on a Bub1b+/− background than on a Bub1b+/+

background.
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Figure 3.
Differences among whole chromosome instability (W-CIN) genes in their tumor suppressive
activities. Defects in some W-CIN genes are more probable than others to promote
transformation. Based on the currently available data, we hypothesize that two broad classes
of W-CIN genes exist. Defects in W-CIN genes that result in high spontaneous tumorigenecity
(red box) might activate multiple tumor-promoting activities. Examples of such defects are:
Bub1 hypomorphism (causes aneuploidy and promotes cell survival); RanBP2 hypomorphism
(causes aneuploidy and perhaps aberrant nucleocytoplasmic transport) and APC inactivation
(causes aneuploidy and uncontrolled cell proliferation through β-catenin signaling). We also
suggest that defects in W-CIN genes that have either little or no effect on spontaneous
tumorigenecity (green box) might, when deregulated, activate both tumor-promoting and anti-
tumor activities. For example, Bub1b hypomorphism causes aneuploidy but also induces
senescence, a cellular mechanism that protects against tumorigenesis.
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Figure 4.
Tetraploidization by mitotic failure. Normally a 4N cell in G2 enters mitosis, aligns its
chromosomes in the metaphase plate and equally distributes the DNA over two nuclei
(karyokinesis) and subsequently two daughter cells (cytokinesis). When karyokinesis fails,
cells with 4N content are observed. When cytokinesis fails, the DNA is divided into two nuclei
that remain within one cell. Mitotic genes that could have a role in failure of karyokinesis and
cytokinesis are indicated (blue boxes). Note that cells undergoing karyokinesis and cytokinesis
both inherit two centrosomes that could lead to abnormal spindles and chromosome mis-
segregation during the next round of division (Box 1).
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