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Abstract
Aneuploidy has long been recognized as one of the hallmarks of cancer. It nonetheless remains
uncertain whether aneuploidy occurring early in the development of a cancer is a primary cause of
oncogenic transformation, or whether it is an epiphenomenon that arises from a general
breakdown in cell cycle control late in tumorigenesis. The accuracy of chromosome segregation is
ensured both by the intrinsic mechanics of mitosis and by an error-checking spindle assembly
checkpoint. Many cancers show altered expression of proteins involved in the spindle checkpoint
or in proteins implicated in other mitotic processes. To understand the role of aneuploidy in the
initiation and progression of cancer, a number of spindle checkpoint genes have been disrupted in
mice, most through conventional gene targeting (to create germ-line knockouts). We describe the
consequence of these mutations with respect to embryonic development, tumor progression and an
unexpected link to premature aging; readers are referred elsewhere [1] for a discussion of other
cell cycle regulators.
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Introduction
Cancer is the result of multiple genetic alterations working in tandem to override control
mechanisms that prevent inappropriate cell proliferation and restrict division to particular
biological niches [2]. In many tumors, accumulation of mutations is accompanied by
numerical and structural chromosomal instability (CIN). By numerical CIN we mean
changes in chromosome ploidy that arise when cells gain or lose whole chromosomes during
division. Structural CIN involves changes in the organization of one or more chromosomes,
and is a result of translocations, inversions and deletions; these are generally thought to arise
from chromosome breakage followed by inappropriate rejoining events (“bridge-fusion”
events [3]). At least three phenomena account for the oncogenic potential of CIN (i)
increases in the copy number of oncogenes via localized gene amplification and altered
chromosome ploidy (ii) LOH (loss of heterozygosity) of tumor suppressor genes through
gene deletion and whole chromosome loss (iii) creation of oncogenic fusions between
normally separate regulatory and coding sequence, such as fusion of BCR on chromosome
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22 to c-Abl on chromosome 9 to create BCR-Abl [4,5]). To the first order of approximation,
numerical CIN is expected to arise from errors in mitotic chromosome segregation whereas
structural CIN arises from errors in DNA metabolism and repair. The two processes interact
however, because mitotic non-disjunction fragments chromosomes creating DNA damage
and promoting fusion whereas replication errors can create dicentric chromosomes which do
not disjoin normally during anaphase and often suffer additional damage.

Despite the fact that karyotypic abnormalities have been linked to cancer for over 100 years
[6,7] and are extremely common in human solid tumors, it remains largely unknown
whether numerical CIN is a cause or consequence of oncogenic transformation and thus,
whether it plays a critical “mutator” role in human disease [8]. Why this continuing
uncertainty? First, it is not yet entirely clear where to look for genes whose mutation might
predispose cancer cells to CIN. Proteins involved in the mechanical and regulatory steps of
mitosis have been identified only recently and, in most cases, their functions are much less
well understood than those of classic oncogenes such as Ras or Src. Thus, while it is known
that most tumor cell lines have aberrant checkpoint responses and mis-segregate
chromosomes, the genes whose mutations are responsible for checkpoint abnormality
remain largely unidentified (despite some early successes [9]). Second, among mitotic
regulators that have been sequenced in panels of human tumors, no “smoking guns” have
emerged. For example, it is known that correct operation of the spindle assembly (“mitotic”)
checkpoint is necessary for accurate chromosome segregation [4], but loss of function
mutations in mitotic checkpoint genes appear to be infrequent in human cancers [8,10].
Third, targeted inactivation of mitotic checkpoint genes in the mouse has been found to
cause embryonic lethality rather than cancer, and targeted or partial loss of function
generally results in very mild tumorigenic phenotypes. In some cases, premature senescence
rather than cancer has been observed (as discussed in detail below). Fourth, functional
assays for CIN are primitive and quantitative measures of chromosome non-disjunction,
which have proven so valuable in yeast [11], are not yet available for animal cells. This has
impeded systematic determination of the consequences of mutating known tumor suppressor
genes or oncogenes on CIN. The possibility that tumor suppressor genes identified by other
means might play a role in CIN is suggested by experiments in cultured cells demonstrating
that chromosome segregation is disrupted by mutations in the Adenomatous Polyposis Coli
(APC) gene product, a gene that plays a key role in hereditary and sporadic colorectal cancer
[12–15]. APC truncations commonly found in human cancer are known to promote
tumorigenesis by disrupting regulation of β-catenin, but the significance of mitotic errors
caused by the same APC truncations is less clear: conclusive demonstration that CIN is
involved will require separation-of-function mutations. In a similar vein, it has been
proposed that the tumor suppressors Rb and REST can act as CIN-promoting tumor
suppressor genes by altering the expression of the Mad2 mitotic checkpoint protein, but the
significance of Mad2-Rb and Mad2-REST connections in cancer has not as yet been
established experimentally [16–19].

Mechanisms that ensure the accuracy of chromosome segregation
Correct chromosome segregation depends on the assembly of a metaphase spindle whose
geometry is compatible with the mechanical events of sister chromatid separation as well as
on a series of error-sensing checkpoint pathways. Because it is reasonable to search among
these mitotic genes for mutations that might cause CIN, we briefly review the key events of
mitotic chromosome segregation starting with spindle assembly and chromosomes-spindle
attachment and concluding with checkpoints.
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Centrosome duplication and establishing spindle bipolarity
A fundamental geometric requirement for mitosis is spindle bipolarity. Redundant
mechanisms are involved in ensuring bipolarity, and centrosome duplication is tightly
controlled during S-phase, ultimately resulting in segregation of one centrosome into each
daughter cell during mitosis (see for detailed review: [20–23]). Depletion or mutation of
proteins involved in centrosome biogenesis leads to the formation of multi-polar mitotic
spindles, gross defects in chromatid disjunction and numerical CIN. Many solid tumors have
abnormal centrosome numbers [24,25], and a wide range of oncogenic alterations result in
centrosome abnormalities, including inactivation of p53, p21CIP1, BRCA1 or BRCA2,
oncogenic Ras mutations and deregulation of Survivin [26]. Although mouse knockouts
exist for all these proteins, no data are available on the consequences for cancer
development of disrupting structural components of the centrosome, such as γ-tubulin or
pericentrin; as with other spindle components, the role of centrosomes in cancer remains
poorly understood. These issues are discussed in more detail on pages XXXX (King and
XXX).

Attaching chromosomes to microtubules via kinetochores
The second geometric requirement for chromosome segregation is bi-orientation of paired
chromatids: the first chromatid in a pair of sisters must bind to microtubules emanating from
one spindle pole while the sister chromatid must bind to microtubules emanating from the
opposite pole [27]. Attachment of chromatids to microtubules is mediated by kinetochores,
large multi-protein complexes that assemble on centromeric DNA. By electron microscopy
kinetochores are visible as distinctive trilaminar structures that lie at the central constriction
of chromosomes, a region of DNA that spans many megabases. A number of kinetochore
components (CEN binding proteins or CENPs; e.g. CENPA, CENPF and CENPH) exhibit
altered expression in human cancer, implying that abnormal kinetochore composition may
accompany tumorigenesis [28], but no structural kinetochore proteins have as-yet been
identified among known oncogenes and tumor suppressors. However, regulators of
kinetochore function, such as Aurora B or Plk1 are frequently altered in cancer [29,30].
Aurora B is a critical protein for sister bi-orientation and is thought to act by correcting
erroneous attachments [31]. When both sister chromatids are attached to MTs emanating
from the same centrosome (a state of syntellic attachment), the kinase activity of Aurora B
remains high, thereby down-regulating kinetochore-MT binding and promoting
rearrangements in MT attachment that eventually lead to the acquisition of bipolarity
[31,32]. While the mechanisms involved in the process are only now being elucidated, drugs
targeting Aurora B (and a related kinase, Aurora A, involved in centrosome biogenesis) are
already in clinical trials for cancer [33].

Mitotic checkpoints
Chromosome bi-orientation and the consequent generation of MT-dependent pulling forces
generates tension between sister chromatids that, upon dissolution of sister cohesion at
anaphase, causes chromosomes to move to opposite ends of the spindle. The mitotic
checkpoint appears to monitor both kinetochore-microtubule attachment per se and the
imposition of tension. Only when tension is present and bipolarity ensured, is the checkpoint
silenced, the anaphase promoting complex activated, and progress from metaphase into
anaphase possible. The mitotic checkpoint involves a set of ~10 interacting proteins
(including Mad1, Mad2, Bub1, BubR1, Bub3, Mps1,TAO1, Rod and ZW10) that are highly
conserved through evolution [10,32]. These proteins localize to the kinetochores of
unattached or maloriented chromosomes and send a signal that acts both locally and at a
distance to inhibit CDC20, a member of a family of specificity factors that regulate the
anaphase promoting complex (Cyclosome-APC), an E3 ubiquitin ligase [34,35]. CDC20-
dependent activation of Cyclosome-APC is necessary for degrading proteins such as Securin

Foijer et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Cyclin B1. Securin degradation permits Separase activation, causing cleavage of the
cohesin complexes that glue sister chromatids together and cohesion cleavage, in turn,
causes physical separation of sister chromatids. In parallel, Cyclin B1 degradation results in
the inactivation of CDK1 and allows cells to exit from a mitotic state [4,32,36]. The precise
biochemical events involved in generating and transmitting checkpoint signals are under
intensive investigation but remain poorly understood. It is thought that conformational
changes in Mad2 catalyzed by unattached kinetochores generate an active Mad2
conformation that binds to and blocks Cdc20 activity. A complex set of phosphorylation
events mediated by the Bub1, BubR1, Mps1 and other kinases collaborate with Mad2 in
restraining Cdc20 until bipolar attachment of all sisters is achieved.

Chromosome instability, mitotic errors and checkpoint defects in human
cancer

The majority of human cancer cell lines exhibit an altered response to drugs that provoke the
spindle assembly checkpoint, such as paclitaxel or Vinca alkaloids. Many studies have
explored the basis of selective killing of human cancers cells by anti-microtubule drugs.
From those studies, it appears that mitotic checkpoint function is retained in most human
cancer cell lines, as measured by the ability of cells to arrest transiently following spindle
disruption, but that cells vary in the duration of cell cycle arrest [4,9,37–42] and the extent to
which mitotic blockade induces apoptosis. The consequences of slipping through the
checkpoint also vary, depending on the p53 status of cells [43]. Some human cancers exhibit
altered expression of mitotic regulators and checkpoint proteins, including Bub1, BubR1,
Aurora-A, Incenp, Securin and Mad2 [28], and it is probable that deregulation of these genes
causes subtle changes in checkpoint function. Recent sequencing of human cancers has also
uncovered several previously unknown spindle checkpoint mutations present in a subset of
aneuploid cancers [44–46]. Nonetheless, it remains unclear whether identified missense
mutations in coding sequences and mutations that alter gene expression actually play a role
in either CIN or cancer. Moreover, in at least some aneuploid tumor cell lines the spindle
checkpoint response is seemingly normal [15]. In these cases, CIN is unlikely to involved
checkpoint defects.

A further complication in thinking about the roles of CIN in tumorigenesis is that
chromosome instability might be intermittently important. When would tumors benefit the
most from a potential window of instability: at the start of tumorigenesis, when initial
growth-promoting mutations must be generated, or later when multiple mutations involved
in metastasis etc. accumulate? Insights into this question are provided by the study of
colorectal carcinomas, all of which exhibit genomic instability; approximately 85% display
CIN whereas the remaining 15% exhibit the MIN (microsatellite instability) phenotype
associated with defective mismatch repair [47,48]. Two distinct types of dysplasia can be
distinguished in early adenomas: hyperplastic crypts, which seldom develop into carcinomas
and unicryptal adenomas. The latter show APC mutations and frequently develop into
colorectal carcinomas. CIN is observed relatively early in the development of these
colorectal carcinomas, at a stage following the formation of unicryptal adenomas when a
few hundred cells are present [48–52]. Some of these tumors harbor small chromosome
changes, including allelic losses or small karyotypic alterations [53]. However, with
progression from adenoma to cancer aneuploidy becomes increasingly apparent, implying
that CIN is continuous and involved in the creation of increasingly malignant phenotypes
[47,48]. Based on these observations, it seems likely that colorectal tumors start out having
normal chromosome segregation and that CIN arises midway between tumor initiation and
the carcinoma stage. Mice models in which CIN is induced at various stages of tumor
development should provide more insight in these intriguing observations.
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Mouse models of chromosome instability
As a means to study the consequences of mitotic checkpoint loss on development and
tumorigenesis, conventional gene knockouts have been constructed for almost all known
mitotic checkpoint genes as well as for several mitotic regulators and kinetochore
components (Table 1). A much more limited set of conditional mutations has also been
created, but very few compound mutations have been examined as yet.

Inactivation of spindle checkpoint genes causes embryonic cell death in the mouse
The first spindle checkpoint gene to be knocked out in mouse was Mad2, which
unexpectedly proved to be cell-essential (based on studies in yeast, it had been assumed that
checkpoint genes were nonessential [54]). Homozygous Mad2 loss in mice results in
embryonic lethality by E8.5 [55], although a small number of embryos survive beyond this
point. BubR1, Bub1, Mad1, Bub3, Rae1 and CENPE are also essential genes, with
homozygous knockouts causing embryonic lethality at E6.5-E8.5 in all cases. When E8.5
blastocysts are cultured in vitro, cells of the inner cell mass (ICM) are observed to undergo
apoptosis although non-cycling trophectodermal cells survive. Death of rapidly proliferating
ICM is presumably a consequence of frequent missegregation [56–63]. Intriguingly, cell
death is dramatically suppressed in Mad2−/−; p53−/− blastocysts and viable cell lines can be
recovered from the small subset of embryos that survive to E10.5. Thus, a significant
fraction of the cell death in Mad2−/−embryonic cells appears to be a result of p53-dependent
apoptosis [64].

Effect of reduced mitotic checkpoint protein expression on tumorigenesis
Many cancers exhibit decreased expression of spindle checkpoint proteins implying that
partial checkpoint inactivation, rather than complete loss of function as generated by
conventional mouse knockouts, may be associated with tumorigenesis [8]. Because
inactivation of one copy of Mad2, Mad1, CENPE, Bub1, BubR1, Bub3 or Rae1 decreases
protein expression, without compromising embryonic development (heterozygotes are born
at a normal Mendelian ratio and lack overt developmental defects, except for a mild
hematopoietic defect in BubR1+/− animals [56,58,60–62,65–67]), they afford an opportunity
to examine the effects on tumorigenesis of a subtly comprised checkpoint response. Mad2,
Mad1 and CENPE heterozygous knockout animals have been observed to develop cancer in
substantial numbers (20–30%), albeit relatively late in life (at 18–20 months of age). In
Mad2+/− and Mad1+/− animals, lung tumors predominate but in CENPE +/− animals,
malignancies of the spleen also occur [58,61,65]. Thus, Mad1, Mad2 and CENPE function
as haplo-insufficient tumor suppressors in the mouse. In contrast, heterozygous deletion of
BubR1, Bub1, Bub3 and Rae1 and double deletion of Bub3+/− Rae1 +/− does not lead to
increased malignancy (relative to wild type) in animals up to 15–20 months of age (Table 1
and Figure 1) [56,57,60,62].

As an alternative means to achieve partial inactivation of the spindle checkpoint in mice,
hypomorphic BubR1 and Bub1 alleles have been generated. These alleles express less
protein as a result of a neomycin gene insertion that functions as a cryptic exon and lowers
mRNA expression. Mice carrying a Bub1 hypomorph (in which expression of Bub1 is
observed to be ~20% of wildtype levels) develop lymphomas, and lung and liver tumors
when 18–20 months old [62]. Reduction of BubR1 levels to 10% of wildtype levels results
in massive aneuploidy in several tissues, but does not induce tumors [57]. Instead, animals
exhibit premature aging, as evidenced by decreased subcutaneous fat, spinal deformation
(spinal kyphosis) and muscle atrophy. The median lifespan of animals is six months and
none live for longer than 15 months [57]. A similar but less severe phenotype is observed in
Bub3+/−Rae1+/− compound heterozygotes (Table 1) [62]. Intriguingly, BubR1 levels are
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observed to decline with age in the tissues of wildtype animals [57]. Together these data
suggest a role for BubR1, Bub3 and Rae1 in aging, presumably as a consequence of the
widespread aneuploidy that their mutation causes. It remains unclear, however, why
aneuploidy should cause premature aging in some circumstances and cancer in others; also
unclear is why checkpoint mutation should differ in this regard (Mad2+/− vs. BubR1+/−).
Perhaps, differing roles in checkpoint and kinetochore-microtubule attachment [68] and
mitotic timing [69] are involved.

To better study the connection between a compromised checkpoint and aneuploidy, studies
have been performed in MEFs isolated from heterozygous animals. Mutant MEFs exhibit
significantly elevated numbers of aneuploid cells compared to wildtype control MEFs,
ranging from 10% aneuploid cells in Mad1+/− MEFs to 50% aneuploid cells in Mad2
heterozygotes and Mad2 over-expressing cells (and <<10% aneuploidy in wildtype MEFs;
Table 1) [17,58,65]). Intriguingly BubR1 hypomorphic and Bub3-Rae1 compound
heterozygous MEFs grown in culture exhibit premature senescence and increased levels of
senescence-associated proteins such as p19Arf, p21Cip1 and p16Ink4a [57,60]. These CDK
inhibitors promote activation of p53 and the Rb family proteins, thereby restricting the
proliferative capacity and increasing senescence in MEFs [70–72]. From these experiments,
it is clear that levels of aneuploidy in mice are not predictive of either cancer predisposition
or premature aging phenotypes (Table 1). However, it is important to realize that
determining levels of aneuploidy remains difficult and highly sensitive to experimental
conditions and cell passage number [61]. Thus, new assays that follow the development and
progression of aneuploidy in vivo will be crucial to better understand the causes and
consequences of chromosome missegregation.

Consequence of CENP and chromosomal passenger genes deletion
CENPA, B and C were among the first kinetochore proteins to be identified [73]; they bind
to CEN DNA throughout the cell cycle. CENPA is a specialized histone H3 thought to be
involved in establishing an epigenetic mark involved in centromere specification. CENPB is
a sequence-selective DNA binding protein that associates preferentially with alpha-satellite
arrays found at centromeres; CENPC is less well understood, but is probably also a DNA
binding protein. Whereas homozygous CENPB knockout is associated with a very mild
phenotype including lower testis and body weight [74–76], disruption of CENPA or CENPC
causes early embryonic lethality (E3.5-E6.5). CENPA and CENPC knockout embryos
contain micronuclei, have a lower mitotic index and exhibit enlarged nuclei (suggestive of
polyploidy; Table 1). Heterozygous CENPA+/− or CENPC+/− mice develop normally and
are fertile. Currently these animals are being tested for spontaneous and carcinogen-induced
cancer predisposition [77,78] Andy Choo, personal communication].

Incenp and Survivin form a complex with the Aurora B kinase and function as a
“chromosome passenger” complex characterized by localization to kinetochores early in
mitosis and subsequently, during anaphase, to the spindle midzone. The chromosomal
passenger complex is essential for generating correct bipolar attachment between spindle
microtubules and kinetochores, for sensing tension across the metaphase plate and for the
correct execution of late events in cytokinesis [79]. Knockouts of Survivin or Incenp in the
mouse result in embryonic lethality prior to E8.5, consistent with their essential cellular
functions [80,81]. Heterozygous animals are indistinguishable from their wild-type
littermates, but it is not yet known whether heterozygotes develop cancer at a higher rate
than littermate controls [Andy Choo, personal communication].
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Interaction of checkpoint mutations with carcinogens and tumor suppressor genes
Several spindle checkpoint defects have been tested for their ability to act additively or
synergistically with carcinogen treatment and with classical tumor suppressor mutations.
When treated with a single application of DMBA on the dorsal skin of a mouse, Bub1+/−,
Bub3+/−, Rae1+/− and Bub3+/−Rae1 +/− neonates developed more tumors, primarily in the
lung, than similarly treated wildtype mice even though none of the mutations exhibit
increased tumor loads in the absence of a DMBA [60,62]. DMBA-treated BubR1
hypomorphs are also predisposed to tumors [57] and BubR1+/− develop colonic tumors in
response to subcutaneous injection with the carcinogen azoxymethane [82]. Finally, 40% of
Mad1 heterozygous mice treated with the microtubule-depolymerizing drug Vinicristine
developed tumors as compared to no tumor formation in wildtype controls [58]. Together,
these data (summarized in Table 1) suggest that partial checkpoint loss is tumor-promoting
in combination with classical chemical carcinogens.

In the cases in which it has been examined, germline heterozygosity in checkpoint genes
does not appear to cooperate with classical tumor suppressor genes in oncogenesis. For
example, tumors were no more frequent in compound heterozygous mice in which Bub3+/−

was combined with either p53+/− or Rb+/− , as compared to mice carrying mutations in one
gene alone [66]. This is unexpected since both Rb and p53 heterozygotes develop tumors in
which the wildtype allele is frequently lost [83–85], and it seemed reasonable to expect that
LOH would be accelerated by mutations that promote aneuploidy. Even more striking is the
recent finding that CENPE heterozygosity prevents tumorigenesis in p19Arf deficient
animals. p19Arf−/− animals develop lymphomas and sarcomas with an average latency of 6–
7 months [86] but tumor latency increases to 12 months in CENPE+/− - p19Arf−/− compound
mice, implying that aneuploidy might actually suppress tumorigenesis. Additionally, it has
been observed that DMBA-induced tumorigenesis in CENPE+/− - p19Arf proficient animals
is delayed or prevented: liver cancers are dramatically reduced in size and 3-fold in number
[61]. These unexpected findings shed a completely different light on the role of aneuploidy
in tumorigenesis.

Mouse models of naturally occurring checkpoint mutations
More recently, mouse models for CIN have been generated that more closely simulate the
types of genetic alterations that might occur in real cancers. As mentioned above, mutations
that alter Mad2 sequence do not occur very frequently in human cancer [38,87,88] but
increases in Mad2 expression are quite frequent [16,89,90]. One explanation for the
observed over-expression of Mad2 in tumors is altered regulation of E2F transcription
factors. The Rb – E2F pathway is mutated in more than 80% of human tumors [91] and
deregulation of Rb has been associated with CIN [92–94]. Recently, Mad2 was shown to be
an E2F target gene, and its expression to be elevated in Rb−/− mouse embryonic fibroblasts.
Moreover, Rb−/− MEFs display increased aneuploidy as compared to wildtype MEFs, but
partial RNAi-mediated Mad2 knockdown in Rb−/− MEFs (to levels that approximate wild-
type) reduced the number of aneuploid cells. Conversely, over-expression of either E2F or
Mad2 in wildtype MEFs increased aneuploidy [16]. It has also been observed that
expression of oncogenic REST leads to elevated Mad2 levels and to aneuploidy [18,19].
These results suggest that abnormal activation of E2F or REST may promote aneuploidy, at
least partially via elevated Mad2 expression. Indeed, over-expression of Mad2 in mice from
a tetracycline-regulable promoter predisposes animals to a wide spectrum of tumors
including lung adenomas, lymphomas, hepatocellular carcinomas and fibrosarcomas) with a
similar latency (~20 months), but higher frequency (~50% at 20 months) than the lung
tumors arising in Mad2 heterozygous mice (Table 1,Figure 1) [17]. At the first glance, these
results seem somewhat counterintuitive: why would increasing the levels of a checkpoint
protein lead to checkpoint failure? One possibility is that the delayed degradation of Securin
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and Cyclin B1 at the metaphase-anaphase transition in Mad2-overexpressing cells might
promote chromosome nondisjunction and thereby promote CIN. However, this needs to be
proven experimentally in animals.

As noted above, the Adenomatous polyposis coli (APC) gene is a tumor suppressor often
mutated in human colorectal cancers. In addition to APC’s well-known role in regulating β-
catenin transcriptional activity and cell proliferation, multiple lines of evidence suggest that
mutated APC contributes to chromosome missegregation and CIN. First, cell culture studies
show that APC localizes to kinetochores and microtubule ends. Perturbing APC by
mutation, over-expression or depletion causes CIN and aneuploidy [15,95,96]. Second, mice
expressing one copy of truncated APC display multiple intestinal tumors with aberrant
mitosis and polyploidy [13,14,97,98]. A further hint of this link is that mice mutated for
APC exhibit increased expression of BubR1 and Mad2, as had been observed previously in
human adenomas and colorectal carcinomas [14]. Together these data suggest a connection
between deregulation of APC and checkpoint errors in cancer progression. However, to
prove a role for APC in CIN, it will be necessary to generate separation of function
mutations that discriminate between the roles of APC in mitosis and β-catenin regulation.

Other mitotic genes involved in CIN and tumorigenesis
Mitotic defects other than spindle checkpoint failure are also known to perturb chromosome
segregation and induce aneuploidy. Lzts1 for example, was discovered as a gene that is
frequently lost in breast, lung, gastric, esophageal, prostate, and bladder cancers. Lzts1
deletion impairs Cyclin B1 activation, resulting in lowered Cyclin B1-Cdk1 activity in
mitosis and premature mitotic exit. Indeed, Lzts1-deficient mice develop a wide spectrum of
tumors by 19 months with high penetrance. Lzts1 loss also increases carcinogen-induced
tumorigenesis, as intragastric NMBA treatment generates forestomach tumors in 100% of
Lzts1+/− and Lzts1−/− animals, but in only 15% of wildtype controls (Table 1). Thus,
premature mitotic exit triggered by decreased Cyclin B1 levels may also be tumor promoting
[99].

Entry into mitosis is guarded by a prophase checkpoint that can be activated by chromosome
damage or disruption of microtubules [100,101]. Chfr has recently been identified as a
tumor suppressor gene and an E3 ubiquitin ligase that functions in at prophase by
ubiquinating Aurora A and thereby blocking progression into metaphase [102].
Homozygous deletion of Chfr in the mouse revealed that it is dispensable for normal
development: null animals are born at normal Mendelian frequencies and exhibit no major
developmental defects. However, half of the Chfr-deficient animals develop tumors
(lymphomas, lung, liver and intestinal tumors) by 20 months and exhibit accelerated tumor
development following DMBA treatment [103].

Summary
Since the discovery, nearly a century ago that aneuploidy is frequent in cancer [6,7], many
genes involved in mitotic checkpoints and in the mechanical events of chromosome
segregation have been identified. However, loss-of-function mutations in these genes appear
uncommon in human cancer. Genetic analysis in the mouse unequivocally shows that
deletion of checkpoint genes results in early embryonic lethality, aneuploidy and apoptosis
at a time coincident with maximal rates of cell division during development. RNAi in human
cell lines emphasize the likelihood that spindle checkpoint genes are cell-essential, and thus,
that rather than increasing the mutability of tumor cells, complete loss of checkpoint
function kills them [104].
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How might checkpoint mutations contribute to CIN and to cancer? One possibility is that the
lethality associated with checkpoint loss can be overcome by deficiency in p53 (and possibly
also by loss of other genes). Mad2−/− p53−/− double knockout embryonic cells are inviable
in utero from day E10.5, but they can be passaged in culture, occasionally giving rise to
immortal cell lines, despite the absence of a checkpoint response and the presence of
extremely high rates of CIN [64]. This implies that inactivation of both Mad2 and p53 in
adult tissue might result in aneuploidy and cancer in these tissues, an issue we have been
exploring experimentally. Another possibility is that cancer cells inactivate the checkpoint
only partly. However, the types of partial inactivation explored to date in mice result in a
mild cancer predisposition and only in a subset of circumstances. Moreover, the level of
aneuploidy in mutant animals does not appear to be predictive of cancer risk. For example,
in both CENPE+/− and Bub3+/− Rae1+/− mice, 40% of splenocytes are observed to be
aneuploid but whereas CENPE+/− animals develop malignancies Bub3+/− Rae1+/− mice do
not. Thus, even in those cases in which a partially compromised checkpoint leads to cancer,
tumorigenesis is slow and infrequent.

A particularly surprising result from studies in mice is that partial loss of function of some
checkpoint genes, such as BubR1, Bub3 and Rae1, leads to premature aging rather than
transformation. Premature aging in animals is presumably attributable to premature
senescence of somatic cells, a phenomenon that can be observed in cell culture. Premature
senescence could also explain why CENPE+/− p19Arf−/− mice are less susceptible to tumors
than parental p19Arf−/− animals and why CENPE+/− animals are resistant to carcinogenesis
[61]. These findings highlight the importance of studying the poorly understood relationship
between senescence, aneuploidy and cancer.

Conclusion and future directions
Taken together, mouse models have demonstrated that alterations including under- and over-
expression of spindle checkpoint genes can promote tumorigenesis, albeit with late onset.
Partial loss-of-function mutations in some checkpoint genes cause aneuploidy whereas
mutations in other spindle checkpoint genes cause senescence. We currently lack assays
with which to assay CIN in living tissue, making it difficult to determine when and how
specific mutations promote apoptosis, premature senescence and cellular transformation. We
know that complete spindle checkpoint deficiency leads to massive aneuploidy and cell
death within six cell divisions in human cell lines [104], but we have no idea what the direct
consequences of such an event might be in the context of intact tissue in an animal. Better
assays should also lead to a more thorough understanding of the roles of known tumor
suppressor genes and oncogenes (such as APC and Rb) in aneuploidy and its prevention. A
greater understanding of aneuploidy-induced apoptosis in animals will inevitably lead to
new drugs that can specifically kill aneuploid cancers but does raise the question whether
directly attempting to block checkpoint genes, with the aim of predisposing cells to killing
with anti-mitotic drugs, is necessary a wise therapeutic strategy.

The obvious next step in the field is to generate inducible knockouts of spindle checkpoint
genes that are directed to specific tissues and that therefore overcome the organismal
lethality associated with embryonic gene inactivation. We can then ask whether checkpoint
loss in adult cells accelerates tumorigenesis to a greater extent that germ line heterozygosity.
It will also be valuable to induce checkpoint gene mutation at specific stages of a multi-step
tumorigenic process, in the colon for example [105]. Ideally, these mutations should be
subtle than simple deletion. Transcriptional profiling of numerous cancers suggests that
over-expression of spindle checkpoint genes is more frequent than loss (as determined from
the Oncomine database [106]) and conditional over-expression is easy to engineer [17].
Some checkpoint genes have also been found to harbor point mutations or truncations in
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human cancers [9,45,87,107–109], and these mutations should now be reengineered into
cells and then animals to see if they are CIN- and tumor-promoting. Moreover, although
deletions of Mad and Bub genes been examined in mice, several important checkpoint
kinases have not been studied, including Mps1 and TAO1 [110,111]. Generating conditional
truncation and kinase-dead versions of these proteins is undoubtedly worthwhile: it is
already known that kinase-dead mutations and RNAi of Bub1 and BubR1 are associated
with different phenotypes in cultured cells. Appropriate mouse models will also be useful in
studying small molecule kinases inhibitors that target checkpoint kinases, several of which
are in development [112]. Finally, the generation and analysis of compound mutations,
involving p53 and spindle checkpoint lesions for example, is an obvious way to see if
lethality associated with checkpoint deficiency can be suppressed [64]. Perhaps p53 loss will
allow the creation of cells in which spindle checkpoint function is completely abrogated in
specific tumor cells. Tissue and stage specific mutagenesis of adult tissues is now standard
in mouse models of human cancer, (e.g. [113]) but has not yet been pursued as a strategy for
studying CIN and spindle checkpoint genes. Its application to spindle checkpoint genes, in
combination with better assays for CIN should help to dramatically increase our
understanding of the role aneuploidy plays in tumor initiation and progression and also in
cellular senescence and aging.
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Figure 1.
Genes discussed in this review. A simplified overview of the spindle checkpoint and
centromeric proteins for which mouse models exist with their respective phenotype.
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