
©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION� EMBO reports  VOL 13 | NO 6 | 2012 515

reviewreview

Aneuploidy is frequently associated with disease and developmen-
tal abnormalities. It is also a key characteristic of cancer. Several 
model systems have been developed to study the role of chromo-
somal instability and aneuploidy in tumorigenesis. The results are 
surprisingly complex, with the conditions sometimes promoting 
and sometimes inhibiting tumour formation. Here, we review the 
effects of aneuploidy and chromosomal instability in cells and 
model systems of cancer, propose a model that could explain these 
complex findings and discuss how the aneuploid condition could 
be exploited in cancer therapy.
Keywords: aneuploidy; cancer; tumorigenesis; Down syndrome; 
genomic instability
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See the Glossary for abbreviations used in this article.

Introduction
Cancer cells contain a multitude of genetic lesions that endow them 
with increased proliferative potential and the means to evade elimi-
nation by apoptosis. Most transformed cells harbour mutations in 
multiple growth- and proliferation-promoting pathways, and the 
spectrum of genetic lesions varies significantly between individual 
cancers [1,2]. The genetic heterogeneity of cancer cells—both within 
tumours and between those derived from various individuals—
makes targeting individual components of these pathways challeng-
ing [3]. Nevertheless, cancer cells also share features. Notably, the 
vast majority of solid tumours are aneuploid; they have an inappro-
priate number of chromosomes [4]. The definitive effects of aneu
ploidy on cell physiology are only beginning to be understood, and 
therefore its role in tumorigenesis and cancer remains unclear.

Here, we discuss recent data and propose hypotheses we deem 
particularly important in informing future studies of the role of 
aneuploidy in cellular physiology, tumorigenesis and cancer. 

First, we summarize recent advances in our understanding of the 
effects of aneuploidy on cellular and organismal physiology. We 
then discuss studies of mouse models of aneuploidy and chromo
somal instability (CIN), which have revealed that the effects of 
aneuploidy and CIN on tumorigenesis are complex—sometimes 
promoting it and other times antagonizing disease initiation and 
progression. Finally, we propose a model that could explain these 
complex effects and discuss ways in which aneuploidy could be 
exploited for the development of new cancer therapeutics.

Aneuploidy, precisely defined
In the context of a discussion on aneuploidy and its role in tumori
genesis, it is especially important to distinguish between ‘aneu
ploidy’ and ‘polyploidy’. These terms describe two different 
cellular states that have distinct effects on cells and organisms. 
Aneuploidy—derived from the Greek an meaning ‘not’, eu mean-
ing ‘good’, and ploos meaning ‘fold’—is a state in which a cell does 
not contain an exact multiple of the haploid chromosomal com-
plement—literally ‘not the right fold’ (Fig 1). Therefore, aneuploidy 
refers to an unbalanced genomic state. By contrast, polyploidy 
refers to a state in which a cell contains a whole number multiple 
of the entire genome—literally ‘many fold’. Thus the genomic state 
is balanced in polyploid cells. Just as ‘polyploidy’ can describe 
cells with a range of ploidies, from diploid to tetraploid to octo
ploid and beyond, ‘aneuploidy’ is a general term that can describe 
a wide range of unbalanced karyotypes (Fig 1). We describe this 
spectrum of aneuploid karyotypes with two general terms, ‘high 
grade’ and ‘low grade’. High-grade aneuploidy describes the devia-
tion of many chromosomes from the euploid chromosome num-
ber, whereas low-grade aneuploidy refers to the deviation of a few  
chromosomes from the euploid complement.

In the strictest sense of the word, only changes in chromosome 
number that are not multiples of the haploid complement should 
be defined as aneuploidies. However, the term is also commonly 
used to describe genomic alterations that result in unbalanced copy 
numbers of sub-chromosomal regions. These copy number varia-
tions, non-reciprocal translocations and duplications or deletions of 
portions of chromosomes are termed ‘microaneuploidies’, ‘partial 
aneuploidies’ or ‘segmental aneuploidies’, to distinguish them from 
whole-chromosomal aneuploidies.
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An accurate use of terms is particularly important when describ-
ing cancer cells. We suggest using the terms as they are defined 
and refraining from calling cancer cells ‘tetraploid’ or ‘polyploid’. 
Tetraploidization can precede the acquisition of aneuploidy in the 
development of some types of cancer [5], and many cancer cell 
lines have increased base-ploidy, meaning they contain a number of 
chromosomes that approaches a multiple of the haploid complement. 
However, cancer cells rarely—if ever—contain exact multiples of the 
haploid genome. Rather, cancer cells seem to invariably harbour com-
plex aneuploid karyotypes—such as four copies of one chromosome, 
two of another, one of a third chromosome and so on [6–8]. Because 
the terms ‘tetraploid’ or ‘polyploid’ imply a sense of balance, we sug-
gest describing cancer cells as ‘complex aneuploid cells’ or as ‘har-
bouring high-grade aneuploidy’ to both capture the complexity of their 
genomes and emphasize their unbalanced genomic complements, 
without stating their precise chromosomal composition (Fig 1).

Effects of aneuploidy on cell physiology
Two types of model are being used to analyse the effects of aneuploidy 
on cell physiology. Some studies analyse cells that contain defined 

chromosomal aneuploidies created through single-chromosome 
transfers or spontaneous meiotic non-disjunction. We refer to these 
systems as ‘chronic defined aneuploidies’ because the identity of 
the aneuploid chromosome is known and it is present from the gen-
esis of the cell or organism. Other studies use cells that have CIN, 
that is, a high rate of chromosome missegregation due to mutations 
in genes required to ensure accurate chromosome segregation ([9]; 
see also reviews by Holland & Cleveland, and Swanton & colleagues 
in this issue of EMBO reports). We refer to aneuploid cells derived 
from CIN as ‘acute random aneuploidies’ because they are gener-
ated spontaneously as the cell divides, and the identity of the misseg-
regated chromosome(s) varies with each non-disjunction event. In 
cells with CIN, it can be difficult to separate the effects of aneuploidy 
from other CIN-associated phenotypes, such as structural chromo-
somal aberrations, or from potential functions of mutated genes that 
induce chromosome missegregation. In addition, populations of 
cells with CIN continuously spawn new heterogeneous karyotypes, 
allowing for increased adaptive potential to selective pressures [10]. 
Nevertheless, general phenotypes emerge in many CIN models 
despite this complexity, providing insight into the cellular response to 
the induction of aneuploidy.

Studies of the effects of aneuploidy on cells and organisms have 
analysed whether gene expression is correlated with gene copy 
number in aneuploid cells or whether mechanisms exist that com-
pensate for the gain or loss of chromosomes. In yeast and mam-
mals, gene expression seems to correlate with gene copy number, 
at least in the case of chromosome gains. An increase in genomic 
material is accompanied by a corresponding increase in the tran-
scription of those genes in excess, as observed in yeast cells with an 
extra chromosome, in trisomic mouse cells, in human cells with tri-
somy 21 [11], in yeast cells with complex aneuploid karyotypes [12] 
and in aneuploid human cell lines created by microcell-mediated 
chromosome transfer [13]. Whether mechanisms that compensate 
for the loss of an entire autosome exist remains unknown. However, 
a study in budding yeast that examined the effects of heterozygous 
deletions on protein expression levels showed that gene expression 
compensatory mechanisms are rare in this organism [14]. Consistent 
with this conclusion, when monosomy of a chromosome is induced 
in diploid yeast strains, endoreplication to duplicate the remaining 
chromosome or non-disjunction occurs, rebalancing the genome 
from 2n–1 to 2n [15]. However, the correlation between gene copy 
number and gene expression levels does not seem to be univer-
sal. Mechanisms that compensate for changes in chromosome 
copy number have been described in Drosophila and plants [16], 
suggesting that species-specific differences exist in the ability to 
respond to gene copy number variations.

Chronic defined aneuploidies. Analyses of chronic defined 
aneuploidies have provided insight into the consequences of 
changing the gene expression pattern of entire chromosomes 
in organisms that do not have prevalent compensatory mecha-
nisms. A systematic analysis of the effects of chronic defined 
aneuploidies on Saccharomyces cerevisiae strains showed that 
strains harbouring an extra chromosome, known as disomes, 
have—in addition to chromosome-specific effects—an ‘aneu
ploidy stress response’ defined by defects in cell growth, altered 
metabolic properties and proteotoxic stress. In particular, proteo
toxicity manifests itself as temperature sensitivity, sensitivity  
to protein folding and degradation inhibitors, and protein aggregate 

Glossary

17-AAG	               ��17-N-Allylamino-17-demethoxygeldanamycin
AICAR	               ��5-Aminoimidazole-4-carboxamide ribotide
APC/C	               ��anaphase promoting complex/cyclosome
ApcMin	               ��adenomatous polyposis coli multiple intestinal neoplasia 

mouse model
ATM	               ��ataxia telangiectasia mutated
BCR–ABL	              ��Breakpoint Cluster Region–c-abl oncogene 1;  

the Philadelphia chromosome fusion
Bub1 	               ��budding uninhibited by benzimidazoles 1 homologue (yeast)
Bub1B/BubR1       ��budding uninhibited by benzimidazoles 1 homologue 

beta (yeast)
Bub3	               ��budding uninhibited by benzimidazoles 3 homologue (yeast)
Cdc20	               ��cell division cycle 20 homologue (S. cerevisiae)
Cep57	               ��centrosomal protein 57kDa
CENP‑E	               ��centromere protein E
Chk1/2	               ��checkpoint kinase 1/2
Dscr1	               ��Down syndrome critical region 1
ERBB2	               ��v-erb-b2 erythroblastic leukaemia viral oncogene 

homologue 2, neuro/glioblastoma derived oncogene 
homologue (avian)

EGFR	               ��Epidermal growth factor receptor
ETS2	               ��v-ets erythroblastosis virus E26 oncogene homologue 2 (avian)
H2A.X	               ��H2A histone family, member X
Hec1	               ��NDC80 kinetochore complex component homologue 

(S. cerevisiae)
Hsp90	               ��Heat shock protein 90
Kif11	               ��kinesin family member 11
KrasG12D	               ��Kirsten rat sarcoma oncogene 2, expressed targeted mutation
MAD2	               ��mitotic arrest deficient-like 1 (yeast)
p53	               ��TP53; tumour protein 53
Rae1	               ��RNA export 1 homologue (S. pombe)
RB1	               ��retinoblastoma 1
ROS	               ��reactive oxygen species
SA1/STAG1	              ��stromal antigen 1 
SA2/STAG2	              ��stromal antigen 2 
shRNA	               ��short hairpin RNA
Ts65Dn	               ��Ts(1716)65Dn mouse model of Down syndrome
UbcH10	               ��ubiquitin-conjugating enzyme E2C
UBP6	               ��ubiquitin-specific protease 6
VEGF	               ��vascular endothelial growth factor
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formation (Fig  2; [17,18]; A. Oromendia, unpublished results). In 
addition, evolution experiments showed that a mutation in UBP6, 
a ubiquitin-specific protease that antagonizes proteasome function, 
confers tolerance to some disomies in yeast [18].

Chronic defined aneuploidies also have an adverse effect on 
mammalian cells. Trisomic mouse embryonic fibroblasts (MEFs) 
have growth defects, altered metabolism and differential kinetics of 
spontaneous immortalization in culture [19]. Skin fibroblasts iso-
lated from Down syndrome individuals, which contain three cop-
ies of chromosome 21, proliferate more slowly [20]. Furthermore, 
comparative cytogenetic analysis of early- and late-stage human 
blastocysts derived from in  vitro fertilizations that contain some 
aneuploid cells revealed that the percentage of aneuploid cells in 
the preimplantation embryo decreases with subsequent cell divi-
sions. This suggests that in aneuploid and euploid mosaic embryos, 
euploid cells outcompete the aneuploid cells and could ultimately 
‘normalize’ the embryo [21].

Similar to the disomic yeast strains, trisomic MEFs show signs of 
energy and proteotoxic stress (Fig  2; [22]). Specifically, they have 
increased sensitivity to the Hsp90 inhibitor 17‑AAG and the autophagy 
inhibitor chloroquine, show basal activation of the autophagy 
pathway and express higher levels of the inducible chaperone 
Hsp72, which prevents protein aggregation [22]. However, increased 
sensitivity to proteasome inhibitors was not observed in these  

aneuploid MEFs [22], suggesting that proteasomal degradation is not 
rate-limiting in these cells. Rather, it seems that aneuploid mammalian 
cells are more reliant on autophagy to cope with the changes in  
protein homeostasis caused by aneuploidy.

Chronic defined aneuploidies are a major genetic perturbation, 
and collectively, these studies suggest that aneuploidy causes—
among other detrimental outcomes—a set of shared phenotypes 
that are both independent of the specific set of genes amplified on 
the extra chromosome and are indicative of energy and proteo
toxic stress. These general phenotypes are seen in addition to the 
chromosome-specific effects caused by amplification of individ-
ual genes and combinations of a small number of genes on the 
aneuploid chromosome.

Acute random aneuploidies. Cells that contain acute random aneu
ploidies due to CIN also have proliferation defects and show fea-
tures of cellular stress. This was first noted in human cells using live 
cell-imaging and clonal-cell analyses, which showed that chemi-
cally induced chromosome missegregation compromises cell prolif-
eration [23]. Subsequent studies in these cells showed that cells that 
become aneuploid as a result of chromosome missegregation acti-
vate p53, inducing cell-cycle arrest and apoptosis [24]. Consistent 
with these observations, MEFs that missegregate their chromosomes 
undergo apoptosis [25]

n haploidy

n–1 nullisomy n+1 disomy 2n–1 monosomy

Partial aneuploidies

2n–1/2 x 
Sub-chromosomal 
deletion

2n–1/2 x+1/2 y 
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2n+1/2 x 
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Fig 1 | Aneuploidy defined. Euploidy defines a species-specific karyotype. Depending on the species, euploidy can describe a haploid, diploid or polyploid 
karyotype. Euploidy refers to a balanced genomic state. By contrast, aneuploidy is an unbalanced genomic state that describes a range of karyotypes. Whole 
chromosomes can be lost (nullisomy or monosomy) or gained (disomy or trisomy). Additionally, sub-chromosomal regions can be amplified, deleted or 
translocated (partial aneuploidies). ‘High-grade aneuploidy’ occurs when complex aneuploidies are present, often a combination of chromosome losses and gains, 
as well as sub-chromosomal rearrangements.



EMBO reports  VOL 13 | NO 6 | 2012� ©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION518  

review Chromosomal instability and aneuploidy in cancer

Other studies of the immediate cellular response to CIN-induced 
aneuploidy revealed similar phenotypes. Knockdown of the spin-
dle assembly checkpoint (SAC) components BubR1 (encoded by 
the BUB1B locus), Mad2, or the centromere associated kinesin 
Cenp-E in near diploid HCT116 cells causes a p53 response [26]. 
MEFs with a mutation in the SAC component Bub1 or with a muta-
tions that renders the checkpoint effector Cdc20 unresponsive 
to the checkpoint signal activate p53 during the genesis of ane-
uploidy. This activation depends on the DNA damage checkpoint 
kinase Atm but not on Chk1/Chk2 [26]. Interestingly, activation of 
Atm is not caused by DNA damage but by increased ROS levels, 
as the cell-cycle arrest observed in these aneuploid cells could 
be suppressed by treating the cells with ROS scavengers (Fig 2). 
Furthermore, the cellular response to CIN-induced aneuploidy dif-
fers depending on the degree of aneuploidy and leads to an enrich-
ment of aneuploid cells, suggesting that massive chromosome 
missegregation induces p53-mediated apoptosis, whereas low 
levels of chromosome missegregation induce a p53-mediated cell-
cycle arrest [26]. The graded response to the genesis of aneuploidy 
led to the proposal of an ‘aneuploidy checkpoint’ mediated by 
p53 and ROS (Fig 2). The increased energy demands generated by 
increased genomic content, the subsequently induced energy stress 
and proteotoxic stress, and other aspects of the aneuploid condition  

could trigger the production of ROS, which activate ATM [27] in 
a DNA-damage-independent manner. This in turn activates p53. 
Thus, this mechanism would limit the proliferation of aneuploid 
cells, and the degree of aneuploidy would toggle the strength of the 
cell-cycle arrest and induction of apoptosis so that the cell needs to 
reach a ROS threshold to activate p53 [28].

The prominent role of p53 in promoting cell death or cell-cycle 
arrest in response to aneuploidy was previously suggested. Embryos 
lacking both copies of the gene encoding the SAC component 
MAD2 die by embryonic day (E) 7.5, but deletion of p53 allows 
these embryos to survive until E10.5 [29]. However, other studies 
suggested that p53 activation as a consequence of chromosomal 
instability might not be due to the genesis of aneuploidy per  se 
but could be a consequence of CIN. Chromosome missegrega-
tion leads to lagging chromosomes, which become damaged dur-
ing cytokinesis and trigger a DNA damage response (Fig 2). Defects 
in chromosome attachment to the mitotic spindle after treatment 
with Monastrol—which inhibits the kinesin Kif11, arresting cells 
in mitosis—cause chromosomes to linger in the centre of the spin-
dle [30]. The ensuing cytokinesis results in chromosome breaks on 
the lagging chromosomes, which elicit an Atm/Chk2-mediated p53 
DNA damage response, characterized by increased levels of H2A.X 
foci and expression of a p53 reporter. Therefore, DNA damage could 
serve as a cellular sensor for detecting CIN and the ensuing aneu-
ploidies. Errors in chromosome segregation could lead to anaphase 
bridges and chromosomes remaining in the spindle midzone, which 
break during cytokinesis and thus trigger a p53 response (Fig 2).

Several other studies in mice with an altered SAC also showed 
an increase in the frequency of lagging chromosomes during ana-
phase  [25,31–33]. However, the DNA damage response in these 
cells has not yet been characterized. Additionally, cells hetero
zygous for a deletion in CENP‑E do not have increased H2A.X 
expression after the induction of aneuploidy as a result of chromo-
some missegregation [34]. Therefore, further analysis is required to 
better understand the role of DNA damage in the induction of the 
response to CIN and the aneuploidy that accompanies it.

Several studies have implicated p53 in the response to the aneu-
ploid state, but aneuploidy clearly interferes with cell proliferation 
through other mechanisms. Cells harbouring single constitutional 
chromosomal aneuploidies—trisomic MEFs—do not mount a p53 
response yet have proliferation defects (Fig 2;  [22]). In addition, 
p53 inactivation does not suppress the proliferation defect of tri-
somic MEFs when compared with wild-type controls. Although 
increased proliferation is observed in trisomic MEFs treated with a 
p53 shRNA, the fold change in proliferation is similar to that seen 
in wild-type cells treated with a p53 shRNA: there is no added 
effect in trisomic cells (S. Santaguida, personal communication). 
Furthermore, human HCT116 cells, in which p53 is disrupted, 
maintain a near diploid karyotype in continuous growth in culture 
for many passages [35]. Thus, mechanisms other than p53 must be 
preventing aneuploid cells from accumulating in these cell popu-
lations. Together, these data suggest that aneuploidy interferes with 
cell proliferation in both a p53-dependent and p53-independent 
manner. Identifying these unknown effectors of the aneuploidy-
induced cellular response could provide crucial new targets in 
cancer therapy (see Sidebar A).

Cells with CIN caused by chemically induced chromosome mis-
segregation, by gain-of-function alleles of Cdc20 [26], or loss of 
function alleles of Bub1B [32], or by overexpressing the checkpoint 

Proteotoxic
stress

Other induced
phenotypes

ATM
Cell cycle 

arrest
Apoptosis

p53

Increased production 
of ROS

DNA damage on 
lagging chromosomes

Energy stress

Aneuploidy

STOP

Fig 2 | The effects of aneuploidy on cell physiology. The generation of aneuploidy 
after chromosome missegregation has been proposed to trigger a checkpoint-
like cellular response. Energy, proteotoxic and other aneuploidy-associated 
stresses have been proposed to increase the production of reactive oxygen 
species, which activate p53 through ATM [26]. DNA damage on lagging 
chromosomes during aberrant mitoses triggers a p53-response through ATM 
[30]. Depending on the level of aneuploidy, this p53 response can either trigger 
a cell-cycle arrest or promote apoptosis. Aneuploidy can also interfere with 
cell proliferation by p53-independent mechanisms, as trisomic MEFs do not 
mount a p53 response but have proliferation defects. ATM, ataxia telangiectasia 
mutated; MEF, mouse embryonic fibroblast; ROS, reactive oxgen species.
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factor Mad2 [36] proliferate poorly. However, not all cells with 
CIN-induced aneuploidy have been reported to have proliferation 
defects. Cells heterozygous for deletions in the SAC genes BUB3 
or RAE1 [37], cells heterozygous for deletions in CENP‑E [34] and 
cells that overexpress the ubiquitin-conjugating enzyme UbcH10 
[33] become aneuploid in vitro but do not seem to slow cell pro-
liferation. This apparent inconsequence of aneuploidy on cell 
proliferation could be due to several reasons. As observed in BUB1-
deficient MEFs, perhaps the gene that is mutated is itself involved 
in promoting cell-cycle arrest and apoptosis when missegregation 
events occur [25]. Thus, even if cells acquire aneuploidies, they 
are not eliminated. It is also possible that in these mouse mod-
els of aneuploidy, only a subset of cells in the population acquire 
low-grade aneuploidies. Growth defects or death of a small frac-
tion of the cell population could go unnoticed in population dou-
bling measurements. Live cell analysis might be needed to detect  
proliferation defects of individual aneuploid cells.

When aneuploidy is normal
Chronic aneuploidy and chromosome missegregation adversely 
affect proliferation of cells in culture. It is thus of interest to note that 
some tissues are naturally aneuploid. This observation raises the 
question of whether aneuploidy is always detrimental. In mice and 
humans, approximately one-third of the dividing cerebral neuro
blasts in the embryonic brain are aneuploid [38]. Many of these 
aneuploid cells are eliminated during the course of development, 
as there are fewer—around 10%—aneuploid cells in the adult 
brain  [38–40]. Nevertheless, the aneuploid cells that survive into 
adulthood are functional, as judged by their ability to form synapses 
and contribute to the normal neuronal and glial population in the 
adult brain [41]. Single chromosomal abnormalities—monosomies 
and trisomies—are the predominant form of aneuploidy detected in 
the brain. The biological significance of this increased aneuploidy 
remains to be determined (see Sidebar A), but it has been suggested 
to enable specification of particular brain regions [42].

The mammalian liver also contains aneuploid cells, although the 
types of aneuploidy differ from those in the brain. Hepatocytes alter 
their ploidy both as part of normal development and in response 
to ageing, regenerative challenge, adaptation to toxic stresses and 
disease [43]. Instead of acquiring single chromosomal abnormali-
ties, polyploidization is frequently observed, and is often the result 
of failed cytokinesis. Subsequent reductive cell divisions of these 
polyploid cells along multipolar mitotic spindles generate aneu
ploid cells [44,45]. Such divisions have been suggested to provide 
hepatocytes with a mosaic of genetically diverse cells so the liver 
can effectively adapt to stresses, such as nutritional and noxious 
challenges. However, it is also possible that the cell divisions lead-
ing to aneuploidy are a sign of ageing and deteriorating regenerative 
potential, and produce liver cells that are less fit than euploid cells. 
Only a careful comparison of the growth and metabolic properties 
of euploid and aneuploid liver cells will distinguish between these 
possibilities (see Sidebar A).

The apparent absence of the detrimental effects of aneuploidy in 
brain and liver cells could be due to the specific functions of these cell 
types. Neurons, once differentiated, will never divide again. In this 
post-mitotic state, the anti-proliferative effects of aneuploidy proba-
bly have a limited impact on cell function. Unlike neurons, liver cells 
retain the ability to proliferate even after they become aneuploid.  
However, it is important to note that in hepatocytes, aneuploidy 

often occurs in the context of polyploidy. Studies in yeast have 
shown that increased ploidy ‘buffers’ against the adverse effects of 
aneuploidy [11,46]. In this context, the genotypic variation gener-
ated by the aneuploid state has a net lower effect: in diploid cells, 
the presence of a trisomic chromosome induces a 1.5-fold change 
in the expression of that chromosome, whereas this is reduced to 
a 1.25-fold change in expression in tetraploid cells with an extra 
chromosome. Analogously, the lack of detrimental aneuploidy-
associated phenotypes in hepatocytes could therefore be due to 
better tolerance of altered genomic content in the presence of 
higher ploidy. It is possible that liver cells might be naturally more 
tolerant to aneuploidy than other cell types. Consistent with this 
idea, hepatocytes are remarkably resistant to genomic insults such 
as telomere erosion and defects in the chromosome segregation 
machinery [47,48]. Furthermore, tetraploidy—which is not toler-
ated in most cell types  [49]—is readily observed in hepatocytes, 
altering their genomic content from 2n to 8n without an apparent  
cell-cycle arrest [45].

Aneuploidy in the brain and the liver might allow cells to define 
and modify their functional capacities. If cancer cells use karyo-
type changes in a similar manner, aneuploidy could provide a con-
venient way to alter gene dosage. Such alterations could promote 
the development of cancer cell phenotypes—such as escape from 
growth control—and enable the acquisition of new functions, such as 
the ability to migrate or seed distant metastatic sites. Simultaneously, 
aneuploidy could mitigate the detrimental effects caused by changes 
in gene dosage by altering the balance of genes crucial for other 
cellular functions. Consistent with this idea, p53–/– mouse mam-
mary epithelial cells chemically induced to become tetraploid, 
become chromosomally unstable and acquire new functions, such 
as the ability to form tumours in a xenograft assay [50], and primary 
human fibroblasts harbouring an extra copy of chromosome 8 have  
transformed cell phenotypes, such as loss of contact inhibition [51].

Aneuploidy and cancer
Aneuploidy can be used to generate genetic diversity in tissues to 
allow adaptation to challenges (see review by Holland & Cleveland 
in this issue of EMBO reports). This flexibility, however, comes at 
a price: the genetic imbalances induced by aneuploidy cause—
among other deleterious outcomes—a disruption in protein and 
energy homeostasis and proliferation defects. These complex effects 
of aneuploidy are exemplified in its role in tumorigenesis.

Sidebar A | In need of answers
(i)	 What is the functional role of aneuploidy in the brain and the liver?
(ii)	 What is the extent of proteotoxic stress in aneuploid mammalian cells?
(iii)	 Through which mechanisms does aneuploidy induce ROS and a p53 

response?
(iv)	 What is the cause(s) of the p53-independent aneuploidy-associated 

proliferation defects in aneuploid cells?
(v)	 Is p53 loss and the accumulation of other aneuploidy-tolerating 

genetic alterations a prerequisite for aneuploidy-induced 
tumorigenesis?

(vi)	 What other chemical compounds can be used to exaggerate 
aneuploidy-associated stress phenotypes in cancer cells?

(vii)	 Can pan-aneuploidy or chromosome-specific aneuploidy inhibitors 
be effectively used to treat cancer patients?

(viii)	 Can individual aneuploid chromosomes be targeted in the 
development of personalized cancer therapy?
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Several approaches have been taken to examine the impact of 
aneuploidy and CIN on tumorigenesis. In asking how aneuploidy 
per se influences tumorigenesis, we are limited by the fact that only 
a small subset of aneuploidies is viable in mammals: two constitu-
tional trisomies can survive infancy in humans whilst none survive 
embryonic development in the mouse. However, cancer karyo-
types are complex and have high degrees of aneuploidy, calling 
into question the relevance of studies of single chromosomal aneu
ploidies in understanding the role of aneuploidy in tumorigenesis. 
Mouse models of CIN have been developed that recapitulate the 
more complex aneuploidies seen in cancer but, as discussed above, 
the other effects of the mutations causing CIN make it difficult to 
unambiguously determine how aneuploidy per se affects tumori-
genesis. Therefore, the combined analysis of both models, chronic 
defined aneuploidies and CIN-induced random acute aneuploidies, 
is crucial in unravelling the role of aneuploidy in tumorigenesis. In 
what follows, we discuss studies of chronic defined aneuploidies 
and CIN in both humans and mice that shed light on the role of  
aneuploidy in cancer.

In humans, individuals trisomic for autosomes 13, 18 or 21 sur-
vive to birth in appreciable frequencies in the population. As in other 
organisms, constitutional trisomy in humans leads to developmen-
tal defects and increased risk of specific pathologies. Trisomy 18—
also known as Edwards syndrome—has a prevalence between 1 in 
3,000 and 1 in 8,000 live births, and about 90% of these individuals 
die in the first year of life, generally due to severe cardiovascular 
and brain defects [52]. Trisomy 13—or Patau syndrome—is the least 
frequently observed constitutional autosomal trisomy. Individuals 
with Patau syndrome have severe developmental abnormalities at 
birth, making their survival after the first year of life extremely rare, 
although a few individuals have been reported to live into their 
teens [53]. Trisomy 21—or Down syndrome (DS)—is observed with 
an incidence of about 1 in 700 live births, making it the most com-
monly observed constitutional autosomal trisomy [54]. The pheno-
typic manifestation of DS is complex and variable, but is commonly 
associated with mental retardation, heart defects, early onset of 
Alzheimer disease [55] and reduced life expectancy [56].

Evaluating the tumour spectra of individuals with DS and Edwards 
syndrome provides a means for observing the effect of chronic aneu
ploidy on tumorigenesis in humans. Because DS is the most prev-
alent chromosomal abnormality in the population and affords the 
longest life expectancy of all autosomal trisomies, there are substan-
tially more data on the tumour profile of people with trisomy 21 than 
with trisomy 18. Individuals with trisomy 21 have an increased risk 
for acute lymphoblastic leukaemia and acute myeloid leukaemia—
particularly acute megakaryocytic leukaemia (AMKL)—which is 
especially high in the first few years of life. In addition, lymphomas 
and germ-cell tumours are more frequently observed in DS individu-
als than in the general population. However, they have a decreased 
risk of developing solid tumours throughout life [57]. Although there 
are fewer individuals to evaluate, case studies reveal that Edwards 
syndrome predisposes affected individuals to Wilms’ tumours and 
hepatoblastomas when compared with age-matched controls [58].

It seems that DS and Edwards syndrome increase the risk of 
developing childhood cancers [58], which might be explained by 
chromosome-specific effects. Consistent with this idea is the obser-
vation that the chromosome constitutionally trisomic in DS and 
Edwards syndrome is also found to be trisomic in sporadic cases 
of the same types of cancer. For example, acquired trisomy 21 is a 

prominent cytogenetic characteristic in many haematological neo-
plasms  [59,60]—notably in many non-DS cases of AMKL [61]—
suggesting that it could be an oncogenic event that promotes the 
development of acute leukaemia. Additionally, although trisomy 18 is 
not observed in non-Edwards syndrome hepatoblastomas [62], it is  
frequently observed in non-Edwards syndrome Wilms’ tumours [63].

In contrast to these childhood cancers, the incidence of solid 
tumours is decreased in DS individuals. Due to short life expectancy, 
the tumour incidence of non-childhood solid tumours cannot be 
well examined in other viable trisomies. Because there are only data 
regarding the incidence of solid tumours in adulthood from one con-
stitutional trisomy, it is difficult to distinguish chromosome-specific 
effects from general aneuploidy effects. Several tumour suppressors 
are encoded on human chromosome 21, which could account for the 
tumour-protective effect observed in DS. However, although some 
DS phenotypes can be explained by amplification of specific genes 
or sets of genes, others cannot [64]. Therefore, the decreased inci-
dence of solid tumours in DS individuals might also reflect decreased 
cellular fitness associated with constitutional trisomy 21, and the 
aneuploid state could provide tumour protection throughout life. 
However, cancer is largely considered a disease of ageing and envi-
ronment, and it has been suggested that the decreased incidence of 
solid tumours observed in the DS population is due to the decreased 
life expectancy of these individuals or environmental biases [57]. 

Several mouse models of DS have been used to analyse the effects 
of constitutional trisomy 21  on cancer incidence (summarized in 
Table 1). Most studies were conducted in the Ts65Dn and Tc1 mouse 
models. The Ts65Dn mouse harbours three copies of the subset of 
genes homologous to those encoded in human chromosome 21, 
which are encoded in the mouse in chromosome 16 [65]. This ampli-
fication includes all genes found in the Down syndrome critical 
region (DSCR)—including DSCR1 or RCAN1, which is a regulator 
of VEGF–calcineurin signalling in endothelial tissues that decreases 
tumour growth and angiogenesis when overexpressed [66,67]. The 
Tc1 mouse is a transchromosomal mouse model of DS that contains 
~90% of all genes on human chromosome 21 [68], but does not 
include the part of the DSCR that contains DSCR1.

Two studies of these mice demonstrate that tumour angiogenesis 
is reduced in transplantable, subcutaneous lung carcinoma and 
melanoma tumour models [69,70]. Ts65Dn mice show decreased 
tumour burden—which is largely dependent on the expression of 
DSCR1 in a dose-dependent manner—and the tumours that arise 
have decreased microvessel density. Similar results were obtained 
with the Tc1 mouse [70]. However, DSCR1 is not contained in the 
amplified genomic region of the Tc1 mouse, suggesting that the 
decreased tumour angiogenesis observed is caused by altered dosage 
of other genes.

The effects of trisomy were also examined in mouse models of 
human cancer. The ApcMin model of small intestine and colon can-
cer [71] was examined in the Ts65Dn mouse [72]. The incidence 
of tumour formation and tumour size are reduced in Ts65Dn mice 
compared with their euploid littermates, an effect partly mediated by 
specific genes amplified in the DSCR, notably the transcription factor 
ETS2. Triplication of ETS2 largely, but not completely, accounts for 
the decreased tumour incidence. However, the Ts65Dn model of DS 
does not affect tumour growth in the aggressive Nf1+/– TP53+/– (NPcis) 
neurofibromatosis type 1 cancer model [73]. NPcis mice develop 
lymphomas, sarcomas or carcinomas with 100% penetrance due to 
loss of heterozygosity of the normal allele [74,75]. Trisomy does not 
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decrease the incidence of tumour formation or reduce tumour size, 
but Ts65Dn mice have increased survival after tumour induction, an 
effect the authors propose is due to a shift in the observed tumour 
spectrum from mainly sarcomas to adrenal and brain tumours and 
lymphomas. However, the increased survival time is not attribut-
able to ETS2 dosage. Furthermore, Ts65Dn NPcis mice do not have 
reduced tumour angiogenesis. It thus seems that the effects of tri-
somy of the genes, amplified in these two mouse models, have highly  
context-specific effects on tumorigenesis, but in both tumour models 
the trisomy inhibits rather than promotes tumorigenesis.

CIN and cancer
Studies in constitutionally aneuploid humans and mice describe 
how a specific chromosome affects tumorigenesis. Most human 

tumours, however, become aneuploid by a spontaneous aneu-
ploidizing event, often harbour a complex and diverse assortment of 
chromosomes and experience continuous changes in karyotype due 
to CIN (see review by Swanton & colleagues in this issue of EMBO 
reports). In humans, there is only one known heritable syndrome—
mosaic variegated aneuploidy (MVA)—with increased levels of 
random cellular aneuploidies. MVA results from biallelic loss-of-
function mutations in the spindle checkpoint component BubR1—
which leads to premature sister chromatid separation and frequent 
mitotic non-disjunction [76]—or from biallelic mutations in Cep57, 
a centrosomal protein involved in nucleating and stabilizing micro-
tubules and therefore ensuring correct chromosomal division dur-
ing mitosis [77]. Individuals with MVA have mental retardation 
and other developmental defects, as well as a predisposition to 

Table 1 | Mouse models of CIN or aneuploidy and cancer 

Affected gene Study Karyotype
effect

Effect on cell proliferation Effect on tumorigenesis

BUB1 [25] CIN None reported Bub1+/– mice have decreased tumour incidence; 
Bub1+/H and Bub1H/H mice have increased tumour incidence 
and altered tumour spectrum

BUB1 overexpression [31] CIN None reported Increased tumour incidence and altered tumour spectrum 

BUB1B (also known  
as BUBR1)

[32] CIN Bub1bH/H MEFs proliferate more slowly  
than WT by proliferation assays; Bublb–/H 
MEFs proliferate even more slowly

Bub1bH/H mice have early ageing and infertility phenotypes, 
no significant increase in tumour formation; Bub1b–/H mice 
die a few hours after birth

BUB3+/– [37] CIN Growth rate not different from WT  
by proliferation assays

Increased incidence of tumours after carcinogen treatment

CDC20AAA [87] CIN Cells proliferate more slowly than WT Increased incidence of tumours and altered tumour spectrum

CENP‑E [34] CIN Growth rate not different from WT  
by proliferation assays

Altered spontaneous tumour spectrum and reduced 
tumour incidence after treatment with carcinogens

MAD2+/– [88] CIN None reported Increased tumour incidence and altered tumour spectrum

MAD2 
overexpression

[36] CIN Cells proliferate more slowly than WT Greatly increased incidence of spontaneous tumours,  
wide-ranging tumour spectrum

RAE1+/– [37] CIN Growth rate not different from WT  
by proliferation assays

Increased incidence of tumours after carcinogen treatment

SA1+/– [84] CIN Cells proliferate more slowly than WT Increased incidence of tumours and altered tumour spectrum

UBCH10 
overexpression

[33] CIN Growth rate not different from WT  
by proliferation assays

Increased incidence of spontaneous tumours and tumours 
after carcinogen treatment

CENP‑E+/– p19Arf–/– [34] CIN None reported Decreased tumour incidence and size

MAD2 
overexpression KrasG129D

[92] CIN None reported Larger, more aggressive tumours that are prone to relapse 
observed

Bub1-/H p53-/- [26] CIN None reported Accelerated tumorigenesis compared to either single 
mutation

Cdc20+/AAA p53-/- [26] CIN Cdc20AAA/AAA p53-/- MEFs and  
immortalize in culture

Accelerated tumorigenesis compared to either single 
mutation

Ts65Dn xenograft [69] DS None reported Decreased tumour burden and reduced tumour 
angiogenesis

Tc1 xenograft [70] DS None reported Decreased tumour burden and decreased tumour 
angiogenesis

Ts65Dn ApcMin [72] DS None reported Decreased tumour incidence and size

Ts65Dn NPcis [73] DS None reported Altered tumour spectrum and increased survival after 
tumour induction

ApcMin, adenomatous polyposis coli multiple intestinal neoplasia mouse model; CIN, chromosomal instability; DS, Down syndrome; WT, wild-type
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cancer [78,79]. Although this condition is extremely rare and few 
individuals with MVA have been reported to live past childhood, 
case studies reveal that rhabdomyosarcoma and Wilms’ tumours 
are frequent early in life [80]. As with DS and Edwards syndrome, 
the increased incidence of these childhood cancers is probably the 
result of abnormal embryonic development due to changes in the 
gene dosage of specific gene products. Because the life expectancy 
of individuals with MVA is short, it is difficult to determine whether 
having constitutional premature sister chromatid separation would 
lead to cancer predisposition later in life. In the one reported case in 
which an individual survived beyond childhood [78], the generation 
of sporadic tumours later in life was not markedly increased, even 
though the aneuploidies generated in MVA are random and thus 
an appropriate gene combination could have been selected for that 
promotes tumour growth. This individual developed and died from 
acute myeloid leukaemia, suggesting there could be a bias towards 
haematological cancers as in DS. However, many more case studies 
are necessary to draw any definitive conclusions about the role of 
MVA-induced aneuploidy in tumorigenesis in adults.

Although BubR1 is mutated in MVA, mutations in SAC and other 
chromosome segregation factor encoding genes are rarely observed 
in sporadic cancers [81]. However, a recent study found that a diverse 
range of tumour types contains deletions or inactivating mutations in 
STAG2, a gene located on the X chromosome that encodes a subunit 
of one of the mammalian cohesin complexes [82]. Because cohesin 
complexes hold sister chromatids together, their proper function is 
critical for accurate chromosome segregation ([83]; see also review 
by Jessberger in this issue). Indeed, inactivation of STAG2 in diploid 
cell lines leads to significant aneuploidy, suggesting that aneuploidy 
promotes tumorigenesis. A mouse model of cohesion deficiency fur-
ther supports the idea that cohesins are crucial for preventing tumour 
formation. Mice with a heterozygous deletion in the gene encod-
ing the cohesin subunit SA1 lack cohesion at telomeres, leading to 
increased levels of aneuploidy and decreased cellular proliferation. 
Remarkably, however, these mice show an increased incidence of 
spontaneous tumours [84]. Nevertheless, it is important to bear in 
mind that cohesins do much more than ensure accurate chromo-
some segregation. During interphase, they have a crucial role in gene 
expression and repair of DNA damage [85]. Thus it is possible that 
the role of cohesins in these cellular processes, in addition to their 
roles in ensuring accurate chromosome segregation, contributes to 
their tumour suppressive function.

To understand the role of spontaneous whole-chromosomal 
aneuploidy in tumorigenesis, several mouse models with 
decreased chromosome segregation fidelity have been gener-
ated (summarized in Table  1). Such models of CIN use genetic 
alterations that interfere with either the chromosome segregation 
machinery itself or with SAC function. It is difficult to determine 
whether the genetic alterations used to induce chromosome mis-
segregation, CIN itself or other potential genetic alterations result-
ing from CIN lead to a particular effect on tumorigenesis. However, 
these models provide invaluable insights into tumorigenesis and 
the effects that a potentially continuously changing genome has on 
disease progression.

Deficiency of BubR1—an essential component of the SAC [86]—
has been analysed in mice at cellular and organismal levels [32] by 
using hypomorphic alleles. MEFs derived from BubR1-deficient mice 
have increased levels of chromosomal aneuploidy and an increased 
frequency of cellular senescence, and mice with decreased levels 

of BubR1 have early ageing and infertility phenotypes without a sig-
nificant increase in tumour formation. Thus, reduced expression of 
the BubR1 protein does not seem to result in cancer predisposition 
in mice. Rather, BubR1-deficient mice show decreased cellular and 
organismal fitness.

Mice with a heterozygous deletion of CENP‑E—which encodes an 
essential, centromere-associated, kinesin motor—are largely normal, 
despite the presence of aneuploid cells throughout the body  [34]. 
They have an increased incidence of tumorigenesis in some tissues, 
such as the lungs and lymphoid cells, but a decreased incidence and 
reduced size of liver tumours. However, haploinsufficiency of CENP‑E 
in cells confers a transformed phenotype in soft agar and increased 
tumorigenicity in xenograft assays. Thus, tissue-specific effects seem 
to modulate the consequences of reduced levels of CENP‑E.

Cdc20 is the mitotic activator of APC/C, an E3 ubiquitin ligase that 
targets key mitotic substrates—notably cyclin B1 and securin—for 
degradation, allowing anaphase onset. The SAC inhibits the ability 
of Cdc20 to activate APC/C when chromosomes are not correctly 
attached to the mitotic spindle, but the Cdc20AAA allele cannot be 
inhibited by the SAC and therefore induces premature sister chroma-
tid separation and subsequent aneuploidies [87]. This allele increases 
late-onset tumorigenesis in mice: heterozygous animals have an 
increased tumour incidence by 24 months of age, with 50% of the 
Cdc20+/AAA mice developing tumours compared with 10% of the 
wild-type control, and an altered tumour spectrum, as hepatomas are 
observed in the mutant but not the control population.

Mad2 is a key component of the SAC and has been both over
expressed to hyperactivate its activity and deleted to weaken 
it. Mad2 inhibits APC/C–Cdc20 and is thus the lynchpin of the 
SAC [66]. Deletion of one copy of Mad2 induces aneuploidy in vitro 
and in vivo and leads to a high frequency of mice with papillary 
lung adenocarcinomas, a tumour that is extremely rare in wild-type 
mice [88]. However, a more marked phenotype is observed when 
Mad2 is overexpressed. Overexpression of Mad2 delays rather than 
accelerates anaphase entry, and results in a greatly increased inci-
dence of spontaneous tumours with a wide-ranging spectrum [36]. 
This oncogenic effect of a SAC component in mice is consistent with 
what is observed in human tumours. Loss-of-function mutations 
of SAC components are rarely observed in cancer cells, but over-
expression is frequently seen. Loss of function of the tumour sup-
pressor RB1 has been shown to lead to increased basal activation 
of the mitotic checkpoint [89]. Decreased Rb levels relieve inhibi-
tion of the transcription factor E2F, leading to overexpression of its 
direct target, Mad2. Mad2 inhibits APC/C–Cdc20, leading to pro-
longed metaphase arrest and consequent mitotic slippage, whereby 
cells exit from mitosis without undergoing chromosome segregation 
and become tetraploid or missegregate chromosomes [81]. Similar 
results are observed when the SAC is hyperactivated by overexpres-
sion of the outer kinetochore component Hec1 [90] or by over-
expressing the SAC kinase Bub1 [31]. Both result in aneuploidies 
in vitro and cause an increase in tumour incidence and alteration 
of tumour spectra in vivo, although this increase is not as marked as 
that observed when Mad2 is overexpressed.

In summary, both weakening and hyperactivating the SAC is suffi-
cient to generate aneuploidy and to induce tumorigenesis. However, 
although tumorigenesis is elevated, this increase is modest in 
many cases, particularly in mice with loss-of-function mutations 
in SAC genes. It has been suggested that—just as cells with defects 
in chromosome cohesion might have more marked phenotypes 
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because cohesins have various functions—the range in severity of 
the phenotypes observed in cells with CIN differs depending on the 
number of processes that will be affected when such a mutation is 
incurred. If mutating a factor only affects one cellular process that 
promotes tumorigenesis, the effect will be less severe than if multiple  
tumour-promoting pathways are affected by a single alteration [91].

Interestingly, when CIN-inducing mutations are combined with 
p53 loss or other oncogenic mutations, the effects on tumorigenesis 
are significant. Crossing mice with mutated SAC components into 
mice homozygous for a p53 deletion has marked effects. p53–/–/
Cdc20+/AAA and p53–/–/Bub1H/H mice have increased tumorigenesis 
and decreased survival compared with either mutation alone [26]. 
The combined overexpression of Mad2 and an inducible KrasG12D 
model also has dramatic effects, generating larger tumours that are 
more aggressive and have higher grade aneuploidy than tumours 
generated with oncogenic Kras expression alone [92]. Furthermore, 
these mice have ~50% tumour recurrence after repression of Mad2 
and KrasG12D expression, a phenotype which was never observed in 
mice with oncogenic Kras expression alone [92]. These results not 
only indicate that sustained overexpression of Mad2 is not required 
for tumour progression once tumours have developed, but also sug-
gest that Mad2 overexpression leads to increased chromosomal 
instability, which overcomes addiction to the KrasG12D oncogene. 
By contrast, other oncogenic mutations do not lead to increased 
tumour formation in mice with increased chromosome missegre-
gation frequencies. For example, deletion of the tumour suppressor 
p19Arf in CENP‑E+/– mice leads to decreased tumour incidence and a 
reduction in tumour size [34]. Perhaps, loss of a tumour suppressor 
such as p53 is a prerequisite for the development of aneuploidy in 
human tumours, or an event required immediately after aneuploidy 
induction to promote tolerance to the aneuploid state. Combined 
models of inducible aneuploidy and inducible loss of tumour sup-
pressors, such as the one described in [92], could be used to fully 
dissect this relationship.

Together, these results demonstrate that, similar to the range of 
tumorigenesis phenotypes observed in mouse models of CIN, intro-
duction of CIN into mouse models of cancer has tumour-promoting 
and tumour-suppressive effects. However, when CIN-inducing muta-
tions are combined with the loss of p53, more aggressive disease is 
consistently observed. Thus, in the absence of the gene that limits the 
proliferation of aneuploid cells, the tumorigenesis-promoting effects 
of CIN seem to reach their full potential. Exactly how CIN primes 
cells for tumorigenesis has not yet been elucidated. Below, we pro-
pose a model for how this might occur and discuss how CIN and 
aneuploidy could both promote and suppress tumorigenesis.

Aneuploidy and CIN in tumorigenesis—a model
The study of the effect of CIN and chromosomal trisomies on 
tumour formation in mouse models has revealed complex interac-
tions between the aneuploid state and tumorigenesis. Aneuploidy 
seems to promote a dual cellular state: generally the presence of an 
unbalanced genome induces a cellular stress response and slow 
growth, whereas in rare selective circumstances—or in the pres-
ence of aneuploidy-tolerating mutations—aneuploidy can be ben-
eficial and lead to increased cellular proliferation and cancer. We 
believe that the following general themes provide a working model 
for how CIN and aneuploidy impact tumorigenesis (Fig 3A).

First, aneuploidy hinders cell proliferation in most cases. This 
anti-proliferative effect can be mitigated by genetic alterations that 

allow cells to tolerate the adverse effects of aneuploidy, and by 
mutating genes that restrict proliferation of aneuploid cells, such as 
p53. Second, chromosome missegregation is at least sometimes 
accompanied by DNA damage, because of events such as chromo
some breakage during cytokinesis. In addition, the aneuploid state 
itself can induce genomic instability. Third, under specific selective 
pressures, aneuploidy can provide a survival advantage. 

The results discussed above obtained in various mouse models 
indicate that not all CIN-inducing mutations have the same effect. 
Mutations that cause defects in sister chromatid cohesion before mito-
sis are tumorigenic, as evidenced by mice expressing a hypermorphic 
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Fig 3 | A model for the role of aneuploidy in tumorigenesis. (A) Aneuploidy 
is most frequently associated with characteristic phenotypes, such as defects 
in cell proliferation and developmental defects in whole organisms. These 
phenotypes are often accompanied by particular cellular responses, such as 
increased proteotoxic stress and activation of p53. Generally, these adverse 
effects of aneuploidy serve to inhibit tumorigenesis. Aneuploidy can also 
generate genetic diversity, which can provide cells with increased adaptive 
potential when challenged and thus could be a means for promoting special 
aspects of tumorigenesis, such as metastasis. Finally, aneuploidy is also 
commonly associated with genomic instability, increasing the probability of 
acquiring tumour-promoting genetic alterations and thereby significantly 
contributing to tumorigenesis. (B) The adverse effects of aneuploidy can 
impair tumorigenesis, but in the presence of aneuploidy-tolerating mutations, 
increased ploidy or balancing aneuploidies, this anti-tumorigenic effect is 
lessened and the potential tumorigenesis-promoting effects of aneuploidy reach 
their full potential. Conversely, compounds or genetic alterations that enhance 
the adverse effects of aneuploidy could shift the equilibrium towards its  
anti-proliferative effects, thus preventing the growth of aneuploid cancer cells.
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allele of Cdc20 [87], mice heterozygous for SA1 [84] and the STAG2 
loss-of-function found in many human cancers [82]. SAC genes, the 
primary function of which is to ensure accurate chromosome segrega-
tion—and the inactivation of which has modest effects on sister chro-
matid cohesion before mitosis—are rarely found mutated in human 
cancers. Mouse models with loss-of-function mutations in SAC genes 
generally have a modest increase in tumour incidence.

The first conclusion we can draw from these observations is that 
CIN caused by the mutations that affect sister chromatid cohesion is 
not the only reason for the tumour-promoting effects of these muta-
tions, and that the role of cohesin in controlling gene expression and 
DNA damage repair is probably crucial for its tumour-suppressive 
functions. The second conclusion we can draw is that CIN and the 
aneuploidies produced chromosome missegregation have only a 
moderately positive impact on tumorigenesis on their own. In the 
case of trisomy 21, aneuploidy even has a tumour-protective func-
tion—the tumours that are seen early in life are probably caused by 
developmental abnormalities due to imbalances in the dosage of 
specific genes. This is not surprising in light of the first conclusion, 
that aneuploidy generally interferes with cell proliferation (Fig 3A).

However, the picture changes when the anti-proliferative effects 
of CIN and aneuploidy are mitigated through the inactivation of 
p53. As mentioned above, mice with mutations that cause increased 
chromosome missegregation combined with loss-of-function p53 
mutations show a marked increase in tumorigenesis. Mutations that 
improve the proliferation of aneuploid cells have been described 
in yeast [18]. Aneuploidy-tolerating mutations in mammalian cells 
could similarly increase the proliferative potential of aneuploid 
cells. Once the adverse effects of aneuploidy have been suppressed 
or ameliorated, the potential tumorigenesis-promoting effects of the 
condition could come into play (Fig 3B).

How could aneuploidy promote tumorigenesis? The genomic-
instability-inducing effects of aneuploidy and chromosome  
missegregation recently described in yeast [46] and mammals [30,93], 
respectively, probably have a major impact on disease progression. 
Chromosome missegregation has been shown to cause DNA dam-
age during the subsequent cytokinesis [30]. Increased double-strand 
breaks, as a result of inadequate replication in micronuclei, could be 
an important source of oncogenic mutations. A recent study in mam-
malian cell lines demonstrates that micronuclei that are generated  
after chromosome missegregation undergo substantial DNA dam-
age during replication [93]. Cells that contain these micronuclei only  
persist when p53 function is absent, further emphasizing the 
importance of p53 in preventing genomic instability [93]. DNA 

from micronuclei can reincorporate into the nucleus, suggesting 
a mechanism by which a micronucleus could contribute to muta-
tions and alterations in chromosomal composition. This mecha-
nism of transient sequestration of chromosomes in micronuclei 
could explain the recently discovered process of chromothripsis, 
where hundreds of genomic rearrangements occur within one or 
few chromosomes [94], as is observed in 2–3% of all cancers (for 
example, medulloblastoma; [95]). In addition to chromosome mis-
segregation leading to further aneuploidy, the aneuploid state itself 
has been shown to cause multiple forms of genomic instability in 
budding yeast, with an increased number of double-strand breaks 
observed in many aneuploid strains as well as aneuploid fission yeast 
cells [46]. DNA damage has a crucial role in tumour evolution [96], 
and we speculate that the DNA-damage-inducing features of whole-
chromosome missegregation and the aneuploid state itself, could be a  
crucial aspect of the tumour-promoting effects of aneuploidy (Fig 3A).

Aneuploidy is a way to generate phenotypic diversity. This could 
have an important role in the stages of tumorigenesis in which a 
cancer cell must adapt to a new environment, such as during meta
stasis. Experimental evolution studies in microorganisms support 
this view. Yeast spontaneously acquire characteristic chromosome 
translocations in chemostat evolution experiments [97], segmental 
aneuploidies when acquiring resistance to anti-fungal agents [98] 
and whole-chromosome aneuploidies when challenged to evolve 
new traits [99]. Even MEF cell lines often become aneuploid when 
adapting to growth in culture [100].

In summary, we propose that CIN and aneuploidy have mod-
est tumour-promoting abilities conferred through their associated 
genomic instability and their potential for generating new traits. 
However, these tumorigenic traits are offset by the antiproliferative 
effects associated with aneuploidy. When these anti-proliferative 
effects are suppressed—through aneuploidy-tolerating mutations, 
increased ploidy or balancing aneuploidies—the full tumorigenic 
potential of the condition is unleashed (Fig 3B). This hypothesis pre-
dicts that mutations that suppress the antiproliferative effects of CIN 
and aneuploidy are crucial factors in tumorigenesis (Fig 3B). Indeed, 
p53 is one of the most frequently mutated genes in human cancers, 
and the familial form of p53 loss—known as Li–Fraumeni syndrome—
predisposes affected individuals to a wide spectrum of cancers [101]. 
p53 might be special in that it seems to protect cells not only from 
numerical chromosomal abnormalities such as aneuploidy [28] and 
tetraploidy [5,102,103], but also from structural aberrations through 
its central function in the DNA damage checkpoint pathway [104].

Cancer cells also seem to evolve karyotypes in which aneu
ploidies are mitigated by polyploidy and extra aneuploidies. 
Chromosome gains and losses often occur with other chromosome 
gains and losses, suggesting that these extra events are a compensa-
tory mechanism that attempts to balance alterations in gene dosage 
caused by CIN [105]. Other aneuploidy-tolerating effects might also 
be important. Disomic yeast cells try to compensate for their altered 
gene dosage by degrading the excess of some proteins, especially 
of proteins found in large molecular complexes such as the ribo-
some [17,18]. Evolution experiments uncovered aneuploidy-tolerat-
ing mutations in proteins such as UBP6, a ubiquitin-specific protease 
that antagonizes the degradation of several proteasome substrates in 
yeast [18]. Identifying the genetic alterations that allow unbalanced, 
aneuploid mammalian cells to restore balance and tolerate aneu-
ploidy could provide key insights into tumorigenesis and new targets 
for the development of cancer therapeutics (see Sidebar A).
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Aneuploidy as a therapeutic target
Initial approaches to cancer treatment targeted a phenotype common 
to all cells: increased proliferation. Cancer is a disease of uncontrolled 
proliferation, and therefore, chemotherapeutics—which kill all rap-
idly dividing cells by interfering with DNA synthesis and chromo
some segregation—are effective anti-cancer agents. However, 
cancer cells have a nearly relentless ability to adapt to their environ-
ments, mutate and survive in response to treatments [106]. Therefore, 
patients treated with chemotherapeutics often relapse due to the 
acquisition of chemotherapeutic resistance [107] or the presence 
 of dormant tumour cells [108], and their cancers metastasize.

Subsequent approaches in cancer treatment targeted single-
gene products, to which cancer cells are addicted. Imatinib 
(Gleevec) [109,110], which targets the hybrid kinase BCR–ABL and 
trastuzumab (Herceptin) [111], which targets the EGFR family mem-
ber ERBB2, are among the most successful examples in this category 
of cancer therapeutics. However, even these targeted treatments 
eventually cease to be effective, as cells develop extra mutations to 
acquire resistance to these drugs [112]. Combination therapies that 
eliminate all tumour cells by targeting both specific genetic lesions 
and general cancer cell characteristics early during treatment seem 
to be the most promising method for exacting a cure. Thus, iden-
tifying as many differences between normal and tumour cells, and 
developing agents that selectively target as many of these differences 
as possible simultaneously, could prove to be a potent means of 
eliminating cancer cells.

Because adaptability is so important to cancer cell survival and 
higher degrees of aneuploidy are frequently associated with poor 
prognosis [4], aneuploidy should be considered as a therapeutic 
target. A proof-of-principle, small-scale screen for compounds that 
preferentially impair proliferation of trisomic MEFs compared with 
euploid MEFs, identified the energy-stress-inducing compound 
AICAR, the autophagy inhibitor chloroquine and the Hsp90 inhibi-
tor 17‑AAG as aneuploid-selective drugs [22]. Autophagy and 
Hsp90 are both required for eliminating protein aggregates and 
maintaining proteostasis, and their protein quality control functions 
seem to be rate-limiting in aneuploid cells. By contrast, proteasome 
inhibitors were not identified in this screen suggesting that, unlike 
in aneuploid yeast, proteasome activity is not limiting in trisomic 
MEFs. Interestingly, AICAR and 17‑AAG inhibit the growth of highly 
aneuploid colon cancer cell lines that have CIN. AICAR has not yet 
been tested in clinical trials, but treatment of cancer patients with 
17‑AAG in phase II clinical trials either did not yield anti-cancer 
properties, despite activation of Hsp90 [113], or needed to be 
stopped due to adverse side effects [114]. Therefore, as with many 
cancer drug candidates, although these compounds seem to be 
effective in vitro, they might be ineffective in a therapeutic setting. 
Nevertheless, targeting aneuploidy for cancer therapy is worthy 
of further exploration and large-scale screens could identify new 
unanticipated sensitivities of aneuploid cells (Fig 3B; Sidebar A).

In addition to identifying pan-aneuploidy inhibitors, the isolation 
of compounds that selectively impair the proliferation of cells har-
bouring specific aneuploidies should also be explored (see Sidebar A). 
Many cancers frequently show gain or loss of a specific chromosome. 
For example, trisomy 8 is frequently observed in patients with acute 
myeloid leukaemia, and its presence is associated with poor survival 
when combined with other genetic aberrations [115]. Developing 
compounds that selectively eliminate cells with this particular  
aneuploidy could also provide another way to target specific cancers.

In summary, aneuploidy has a complicated but significant role in 
tumorigenesis. Finding treatments that exacerbate the phenotypes of 
aneuploid cells and selectively kill them could prove to be a fruitful 
endeavour in regards to cancer treatments.
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