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Most solid human tumours are aneuploid, that is, they contain 
an abnormal number of chromosomes. Paradoxically, however, 
aneu ploidy has been reported to induce a stress response that sup-
presses cellular proliferation in vitro. Here, we review the progress 
in our understanding of the causes and effects of aneuploidy in 
cancer and discuss how, in specific contexts, aneuploidy can pro-
vide a growth advantage and facilitate cellular transformation. We 
also explore the emerging possibilities for targeting the cause or 
consequences of aneuploidy therapeutically.
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Introduction
Numerical and structural alterations in chromosomes are a defin-
ing characteristic of the cancer cell genome. Structural chromo-
somal rearrangements have received considerable attention for 
their role in tumorigenesis, whereas the role of numerical chro-
mosomal changes in cancer is less clearly understood. Aneuploidy 
refers to an aberrant chromosome number that deviates from a 
multiple of the haploid set and was first associated with cancer 
more than a century ago [1]. As cancer cells are rife with defects 
in many cellular processes, some have considered aneuploidy 
to be a benign side effect that accompanies cellular transforma-
tion. An alternative view, however, is that aneuploidy is a core 
element that contributes to the growth, development and adapt-
ability of tumours [2]. In this review, we highlight the pathways 
by which tumour cells acquire abnormal karyotypes, discuss the 
evidence for the role of aneuploidy in cellular transformation and 
highlight how the cause and consequences of aneuploidy might be  
targeted therapeutically.

Abnormal karyotypes in cancer
Aneuploidy is a remarkably common feature of human cancer, pre-
sent in ~90% of solid human tumours and >50% of haematopoietic 
cancers [3]. Although the degree and spectrum of aneuploidy var-
ies considerably among tumour types, many show recurrent whole-
chromosome aneuploidies. For example, gain of chromosome 8 is 
found in ~10–20% of cases of acute myeloid leukaemia [3,4].

In addition to changes in the number of chromosomes, tumour 
cells also frequently have structural alterations of chromosomes, 
including deletions, duplications, inversions, translocations and 
double minute chromosomes—small circular fragments of extra-
chromosomal DNA lacking centromeres and telomeres. Recurrent 
balanced translocations are observed in specific types of leukae-
mia and lymphomas and are known to drive tumorigenicity [5,6]. 
The most famous example is the ‘Philadelphia chromosome’, 
a translocation between chromosomes 9 and 22 that creates the 
oncogenic chimeric fusion protein BCR–ABL, an important driver 
of chronic myeloid leukaemia [7].

Routes to aneuploidy
Each time a cell divides, it must duplicate the entire genome and 
distribute one copy of each chromosome into each daughter 
nucleus. Aneuploidy arises as a result of errors in chromosome 
partitioning during mitosis. Millions of cell divisions occur every 
minute in the adult human and therefore the maintenance of a 
diploid chromosome content requires that each chromosome is 
segregated with high fidelity during every division. A surveillance 
pathway known as the mitotic checkpoint —also known as the 
spindle assembly checkpoint—has evolved to fulfil this purpose. 
The mitotic checkpoint is a complex signalling network that con-
sists of several proteins, including MAD1, MAD2, BUB1, BUBR1, 
BUB3 and CENP-E. The most important features of mitosis and this 
checkpoint are described in Fig 1.

Defects in the mitotic checkpoint. During mitosis, chromosomes 
attach to the microtubule spindle at proteinaceous structures known 
as kinetochores that assemble onto centromeric chromatin. The 
mitotic checkpoint delays the irreversible transition to anaphase until 
the kinetochore on each replicated sister chromatid has correctly 
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attached to spindle microtubules, thereby ensuring accurate chro-
mosome segregation (Fig 1; [8]). A single unattached kinetochore is 
sufficient to delay progression to anaphase [9]. In mammals, com-
plete inactivation of the mitotic checkpoint results in rampant chro-
mosome missegregation and early embryonic lethality [10–14]. 
However, impairment of checkpoint signalling allows premature 
mitotic exit before complete kinetochore attachment and thus, sig-
nificantly increases the probability of chromosome missegregation 
(Fig 2A). Mosaic variegated aneuploidy (MVA) is a rare disorder char-
acterized by high levels of mosaic aneuploidy and a significantly 
increased risk of cancer [15,16]. Germline mutations in the mitotic 
checkpoint component BUBR1 and the centrosomal protein CEP57 
have been identified in MVA patients, providing strong evidence that 

mitotic checkpoint defects can cause aneuploidy in humans [15–17].  
Nevertheless, mutations in mitotic checkpoint genes are rare in 
human cancer. Altered expression of checkpoint genes might, in fact, 
be more common —including, for example, increases in the mitotic 
checkpoint component MAD2 [18–25]—but in many cases the sig-
nificance of the reported differences is unclear, as the expression of 
many mitotic checkpoint genes is regulated during the cell cycle and 
the proliferative index of tumours is invariably higher than that of the 
surrounding normal tissue used as a reference.

Chromosomal instability. In contrast to simple aneuploidy caused by 
rare missegregation of one or a few chromosomes, many tumour cells 
acquire chromosomal instability (CIN), a condition characterized by 
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Fig 1 |  The mitotic checkpoint: a surveillance mechanism to ensure accurate chromosome segregation. (A) To guard against chromosome missegregation and 
aneuploidy, cells have evolved a surveillance pathway known as the mitotic checkpoint that halts progression into anaphase until all of the kinetochores have 
attached to the microtubules of the mitotic spindle. Unattached kinetochores release a diffusible signal that inhibits ubiquitination of cyclin B and securin by the 
APC/C bound to its activator CDC20. (B) At metaphase, when all kinetochores are correctly attached to microtubules of the spindle, the mitotic checkpoint is 
silenced and APC/CCDC20 ubiquitinates securin and cyclin B1, thereby targeting them for destruction by the 26S proteasome. (C) Destruction of securin liberates 
separase, which promotes loss of sister chromatid cohesion, and cyclin B1 destruction inactivates CDK1 thereby promoting mitotic exit. APC/C, anaphase 
promoting complex/cyclosome; CDK1, cyclin‑dependent kinase 1.
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high rates of chromosome gain and loss during division [26]. CIN 
is recognized as a general property of many aneuploid cancer cells 
and drives continually evolving karyotypes and tumour heteroge-
neity [26–28]. Furthermore, aneuploidy and CIN have been associ-
ated with poor prognosis and resistance to therapy ([29–34]; see also 
review by Swanton and colleagues in this issue of EMBO reports). 
It is important to recognize that aneuploidy and CIN are not syn-
onymous: aneuploidy defines the ‘state’ of having abnormal  
chromosome content, whereas CIN defines the ‘rate’ of karyotypic 
change. Therefore, although CIN inevitably leads to aneuploidy, 
some tumour cells are stably aneuploid without continuing CIN.

The molecular defects underlying CIN have been studied inten-
sively for more than a decade. CIN cancer cell lines were originally 
reported to have an impaired ability to sustain a mitotic arrest in the 
presence of spindle poisons, suggesting that an attenuated mitotic 
checkpoint could be responsible for the aneuploidy found in human 
tumours [35]. However, although mitotic checkpoint defects can 
indeed cause CIN, it has become increasingly accepted that the 
overwhelming majority of CIN tumour cells have an intact check-
point [36–38]. Thus, mitotic checkpoint defects are unlikely to be a 
primary cause of CIN in the majority of human tumours.

Cohesion defects. Sister chromatid cohesion controls the separa-
tion of duplicated sister chromatids during mitosis (Fig 1; [39]). In 
an effort to identify additional pathways that induce CIN, the human 
homologues of budding yeast CIN genes—genes which when dis-
rupted lead to CIN—were sequenced in aneuploid colorectal can-
cers [40]. Ten of the eleven mutations identified occurred in four 
genes that are involved in sister chromatid cohesion. The functional 
consequences of these mutations on chromosome segregation 
have yet to be elucidated, but this work suggests that defects in the 
machinery that controls sister chromatid cohesion might contribute 
to CIN (Fig 2B). A recent study that identified deletions or inactivat-
ing mutations in the STAG2 gene in a diverse range of aneuploid 
primary tumours and human cancer cell lines further supported this 
idea [41]. The STAG2 gene encodes a subunit of the cohesion com-
plex and is carried on the X chromosome, requiring only a single 
mutational event for its inactivation in men. Furthermore, targeted 
inactivation of STAG2 in cells with an otherwise stable karyotype 
leads to chromatid cohesion defects and aneuploidy [41]. Notably, 
the cohesion complex has been implicated in several cellular roles 
in addition to regulating mitotic chromosome separation; therefore, 
further work is needed to define through which pathway(s) cohesion 
defects contribute to aneuploidy [42]. 

Merotelic attachments. Direct live-cell analysis has revealed that 
although CIN cells do not show evidence of a mitotic checkpoint 
defect, they do show an increase in lagging anaphase chromosomes 
caused by unresolved merotelic attachments [36,37]. Merotelic 
attachments occur when a single kinetochore becomes attached 
to microtubules anchored at both spindle poles (Fig 2C, D). These 
attachments are possible because each kinetochore has the capac-
ity to bind ~20–25 microtubules in human cells. As the overall 
microtubule occupancy of merotelically attached kinetochores is 
similar to that of aligned bi-oriented kinetochores, merotelic attach-
ments are not detected as aberrant by the mitotic checkpoint and 
anaphase ensues despite their presence. Despite this, most mero-
telically attached chromosomes segregate correctly during ana-
phase, as the smaller bundle of microtubules—which orients to 

the wrong spindle pole—is detached (Fig 3A, B; [43]). However, 
a proportion of merotelically attached chromosomes remain stably 
tethered to both poles and fail to move towards the spindle poles 
during anaphase (Fig  3C;  [43–46]). These lagging chromosomes 
can be missegregated, thereby producing two aneuploid daughter 
cells (Fig 3D). In addition, lagging chromosomes that fail to reach 
the main chromosome masses near the two poles undergo nuclear 
envelope reassembly and form a micronucleus (Fig 3E, F; [43,47]).

Merotelic attachments are probably a leading cause of CIN and 
aneuploidy observed in human tumours; two important causes of 
these attachment errors—hyperstable kinetochore–microtubule 
interactions and centrosome amplification—are discussed below.

Hyperstabilized kinetochore–microtubule interactions. There is evi-
dence to suggest that CIN cells are less efficient at resolving merotelic 
attachment errors before anaphase [48]. The efficient correction of 
kinetochore–microtubule attachments requires the release of incor-
rectly attached microtubules. Consequently, reducing the overall turn-
over rate of kinetochore-bound microtubules leads to an increased 
frequency of kinetochore mal-orientations and predisposes cells to 
CIN [49]. Conversely, elevated levels of the ATP-dependent microtu-
bule depolymerases MCAK and KIF2B increase microtubule turnover 
at kinetochores and reduce the incidence of chromosome misseg-
regation in CIN cells [49]. Importantly, kinetochore–microtubule 
attachments are more stable in various CIN cancer cells than in a 
diploid, non-tumour cell line. Thus, diminished kinetochore–micro-
tubule dynamics are probably one factor that predisposes CIN 
cells to kinetochore mal-orientations and chromosome segrega-
tion errors (Fig 2D; [50]). Overexpression of MAD2 hyperstabilizes 
kinetochore–microtubule attachments independently of the mitotic 
checkpoint, explaining how increased levels of MAD2 can cause 
CIN in tumours [18–25,51,52]. Nevertheless, the molecular defect(s) 
that contribute to the increased stability of kinetochore–microtubule 
attachments in most CIN cells has not been established.

Centrosome amplification. Centrosomes are the main microtubule-
organizing centres of animal cells and organize the poles of the 
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ABL Abelson murine leukaemia viral oncogene
AMPK AMP‑activated protein kinase
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Fig 2 | Pathways to aneuploidy. There are several pathways by which a cell might gain or lose chromosomes during mitosis. (A) Defects in mitotic checkpoint 
signalling. A compromised checkpoint allows onset of anaphase with unattached kinetochores, resulting in both copies of one chromosome being partitioned into 
the same daughter cell. (B) Chromosome cohesion defects. Chromosomes might be missegregated if sister chromatid cohesion is lost prematurely or persists during 
anaphase. (C) Multipolar mitotic spindle. Cells with extra centrosomes form multipolar mitotic spindles. In most instances, centrosomes cluster into two groups 
before anaphase. Centrosome clustering increases the frequency of merotelic attachments, in which a single kinetochore attaches to microtubules arising from both 
sides of the spindle. Merotelic attachments are sufficient to silence the mitotic checkpoint and, if not corrected before anaphase, merotelically attached chromosomes 
lag in the spindle midzone. Lagging chromosomes are either missegregated or excluded from both daughter nuclei forming a micronucleus (see Fig 3).  
(D) Hyperstable kinetochore–microtubule attachments. Correction of kinetochore–microtubule attachment errors requires the release of incorrectly attached 
microtubules. The slow turnover of kinetochore microtubules in CIN cells reduces their ability to correct spontaneous attachment errors, thereby increasing the 
frequency of merotelic attachments. CIN, chromosomal instability.
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bipolar microtubule spindle apparatus on which chromosomes are 
segregated. Centrosome amplification occurs when a cell acquires 
more than two centrosomes, and can arise from several types of 
defect, including cell division failure, cell fusion and centrosome 
overduplication [53]. Almost one hundred years ago, Theodor 
Boveri proposed that centrosome amplification can contribute to 
tumorigenesis [2]. Since then supernumerary centrosomes have 
been reported in various tumour cells in vitro and in vivo and are 
a consistent feature of aneuploid tumours [54–58]. Moreover, cen-
trosome amplification is found early in the development of some 
haematological cancers and solid tumours, and has been shown 
to correlate with tumour grade, proliferative index and level of 
genomic instability [59–65].

Extra centrosomes can induce the formation of a multipolar 
mitotic spindle [66–68]. Multipolar divisions lead to catastrophic 
chromosome missegregation, and the progeny of such divisions are 
almost invariably inviable [67]. To overcome this problem, cancer 
cells adopt mechanisms to suppress multipolar divisions, of which 
the best characterized is the clustering of centrosomes into two 
spindle poles [69–71]. However, the passage through a multipolar 
intermediate before centrosome clustering inadvertently enriches 
for merotelic attachments, leading to chromosome missegrega-
tion (Fig  2C; [66,67]). This provides a mechanistic explanation 
for the longstanding link between centrosome amplification and 
aneuploidy and suggests that extra centrosomes might facilitate 
the evolution of malignant phenotypes by promoting CIN. It will 
be important to validate the proposed causes of CIN in vivo in the 
context of human tumours, although this will undoubtedly pose a 
significant technical challenge.

Tetraploidy. Tetraploid cells have twice the normal diploid chromo-
some content. This could arise as a result of failed cytokinesis, mitotic 
slippage—escape from mitosis without cytokinesis—cell fusion 
or two rounds of DNA replication without an intervening mitosis, 
known as endoreduplication. Telomere dysfunction has also been 
linked to the generation of tetraploid cells through two distinct path-
ways [72]. The continued proliferation of somatic cells in the absence 
of telomerase activity leads to progressive telomere shortening and 
eventually to the exposure of uncapped chromosome ends. Two 
unprotected telomere ends have been proposed to fuse together to 
create a dicentric chromosome with two kinetochores. If the two cen-
tromeres of the dicentric chromosomes are pulled towards opposite 
poles during mitosis the resulting lagging chromosome might cause a 
failure of cytokinesis. In addition, unprotected telomere ends create 
a persistent DNA damage signal that can support endoreduplication 
in p53-deficient cells [73]. As short telomeres are frequent in cancers 
before telomerase reactivation, transient telomere dysfunction might 
be an important cause of tetraploidization in human tumours.

In addition to a doubling of the chromosome number, tetraploid 
mammalian cells also have twice the normal number of centro-
somes and, consequently, a CIN phenotype (Fig 2C; [67]). Hence, 
tetraploidy has been proposed to be an unstable intermediate that 
precedes the development of aneuploid human tumours with a near 
tetraploid karyotype [74]. Indeed, in Barrett’s oesophagus and cervi-
cal cancer, tetraploidy had been found to precede aneuploidy and 
cellular transformation [75,76].

In many cases, experimentally created tetraploid cells undergo 
a p53-dependent cell cycle arrest [77,78]. Although the mecha-
nism underlying this p53-dependent arrest is not understood, it 

does not seem to be caused by tetraploidy or the presence of extra 
centrosomes per  se [79–82]. There is strong evidence that the 
unscheduled proliferation of tetraploid cells can initiate tumorigen-
esis: p53-deficient tetraploid mouse cells form tumours in immuno-
compromised mice, whereas isogenic diploid cells do not [83]. The 
tetraploid-derived tumours show structural and numerical chromo-
somal aberrations, indicating that tetraploidy can act as a catalyst to 
promote further genomic instability. Viral infection can promote cell 
fusion and tetraploidization, which subsequently facilitates transfor-
mation in vitro [84,85]. In this latter case, transformation is again 
coupled with massive genetic instability including both numerical 
and structural chromosomal abnormalities.

Finally, increased expression of oncogenes and loss-of-function 
of tumour suppressor genes has also been shown to induce tetra-
ploidization. For example, overexpression of the Aurora A kinase 
leads to cytokinesis failure in  vitro [78], and elevated levels of 
Aurora A in the murine mammary gland induce tetraploidization, 
CIN and the formation of mammary tumours [86,87]. Moreover, 
mutations in the APC tumour suppressor lead to cytokinesis failure 
and tetraploidization in mice [88].

Consequences of aneuploidy
Impairment of organism development and cellular growth. 
Aneuploidy in the germline presents a significant barrier towards 
successful organismal development. In humans, aneuploidy is the 
leading cause of miscarriage and mental retardation [89,90]. Most 
congenital aneuploidies arise from errors in chromosome segrega-
tion in maternal meiosis I (see also review by Jessberger in this issue 
of EMBO reports; [91]). All human autosomal monosomies are lethal 
and only three autosomal trisomies are viable: trisomy of chromo-
some 13, 18 and 21, which are the smallest human chromosomes 
regarding the number of genes they encode. Of these viable trisomies, 
only Down syndrome patients—who are trisomic for chromosome 
21—survive until adulthood. Aneuploidies of human sex chromo-
somes are much better tolerated than abnormal numbers of auto-
somal chromosomes, probably because the Y chromosome encodes 
few genes for nonsexual traits and only one X chromosome is active in 
diploid adult cells, regardless of how many copies are present.

Mosaic aneuploidy is remarkably common in early human 
embryos, with only ~10% of embryos diploid in all blasto-
meres [92]. As successful development of these embryos occurs at 
a higher frequency than 10%, selection could occur at the cellular 
level and aneuploid blastomeres outcompeted during development 
to give rise to chromosomally normal fetuses [93,94]. Several stud-
ies have shown that aneuploidy is deleterious for cellular growth 
in vitro. An array of aneuploid yeast strains carrying one or more 
additional chromosomes all proliferated more slowly than euploid 
strains under normal growth conditions, showing a G1 cell cycle 
delay and increased glucose uptake [95–97]. In mice, naturally 
occurring Robertsonian translocations—caused by end-to-end 
fusions of two acrocentric chromosomes—were exploited to create 
mouse embryonic fibroblasts (MEFs) trisomic for chromosomes 1, 
13, 16 or 19 [98]. Consistent with the yeast results, all four trisomic 
MEF cell lines have impaired proliferation and altered metabolic 
properties, suggesting that aneuploidy could be partly responsible 
for the altered metabolism of tumour cells. Fibroblasts derived from 
human patients with Down syndrome proliferate more slowly than 
non-isogenic diploid control cells [99]. In addition, if aneuploidy is 
introduced into an otherwise diploid cell line, aneuploid cells are 
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microtubules emanating from both poles of the mitotic spindle. There are several possible fates for merotelically attached chromosomes. (B) Normal chromosome 
segregation. The merotelic kinetochore has only a few microtubules oriented to the wrong spindle pole and therefore the chromosome is segregated correctly.  
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lagging in the midzone of the spindle. (D) Chromosome missegregation. The merotelic kinetochore has many microtubules oriented to the wrong spindle pole 
and therefore the chromosome is segregated into the wrong daughter nucleus. (E) Chromosome missegregation into a micronucleus. The merotelic kinetochore 
lags in the middle of the spindle and is missegregated. In addition, the chromosome fails to incorporate into the daughter nucleus and forms a micronucleus. 
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entering mitosis while the micronuclei is still undergoing DNA replication. (F) Chromosome segregation into a micronucleus. The merotelic kinetochore lags in 
the middle of the spindle and is correctly segregated, but forms a micronucleus. As in (E), the micronucleus accumulates DNA damage in the next cell cycle that 
might lead to subsequent chromosome rearrangements.



©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports 7

reviewThe origin and impact of aneuploidy in cancer

outcompeted by diploid cells; supporting the idea that aneuploidy is 
deleterious to rapid cell cycling in culture [36].

Balancing the proteome. Gains and losses of whole chromosomes 
simultaneously alter the copy number of hundreds of genes. Yeast 
strains harbouring artificial chromosomes with large amounts of 
mouse or human DNA, which presumably undergo little if any tran-
scription, proliferate at normal rates, demonstrating that the detri-
mental effects of aneuploidy are not caused by increases in the DNA 
content per se [95]. Consistently, the severity of the growth inhibi-
tory effects observed in aneuploid yeast and MEFs correlates with 
the size of the aneuploid chromosome and the number of genes it 
encodes [95,98]. As most genes on aneuploid chromosomes are 
transcribed and translated, the production of additional proteins is 
responsible for the inhibitory effect of aneuploidy on cellular growth 
in vitro [95,96,98,100]. This might be caused by an indirect effect of 
increased protein production—such as depletion of the tRNA pool—
or a direct effect resulting from the creation of protein imbalances. 
As many proteins exist as part of complexes, aneuploidy can result 
in the production of excess free protein subunits or partly assembled 
protein complexes. In some cases, the accumulation of the uncom-
plexed gene products might be toxic—such as β-tubulin in budding 
yeast [101]. In addition, Amon and colleagues have proposed the 
occurrence of ‘dosage compensation’, in which cells activate protein 
folding and proteolytic pathways in an attempt to normalize protein 
stoichiometries ([100,102]; see also review by Pfau & Amon in this 
issue of EMBO reports). The increased load on protein quality con-
trol pathways in cells with abnormal chromosome numbers would 
create a ‘proteotoxic stress’ that could explain why aneuploid yeast 
and MEFs, and some aneuploid cancer cell lines, are more sensitive 
to drugs that interfere with protein synthesis, folding and destruc-
tion [95,103]. The increased synthesis and destruction of proteins 
in aneuploid cells would also place an increased energy burden on 
cells. However, the degree to which aneuploid cells undergo dosage 
compensation to correct protein stoichiometry imbalances remains 
controversial, as others have argued that protein expression levels 
correlate largely with chromosome copy number [96].

The ‘aneuploidy paradox’. The observation that aneuploid yeast 
cells and MEFs have reduced fitness for rapid cycling in vitro has 
brought to light an ‘aneuploidy paradox’: despite the association of 
aneuploidy with tumours, an abnormal chromosome content pro-
vides a growth disadvantage in vitro as a result of slower cell cycling 
(Sidebar A; [104]). The simple resolution to this paradox is that yeast 
and mammalian cells in culture are selected for the fastest doubling 
time, whereas tumour cells must acquire the capacity for continued 
growth in changing intracellular and extracellular environments. 
Indeed, tumours might trade a reduced proliferation rate for an 
increased capacity to adapt and evolve. Interestingly, a slow prolifer-
ation rate in human colorectal cancers has been linked to increased 
tumour aggressiveness and ability to metastasize [105], and  
aneuploidy is linked to poor patient outcome in those cancers [106].

Aneuploid tumour cells might also accumulate mutations that 
allow them to alleviate proteomic imbalances and restore a more 
normal proliferative potential [102]. Indeed, a genetic screen identi-
fied that mutations in the deubiquitinating enzyme UBP6 improved 
the proliferation rate of some aneuploid yeast strains  [100]. This 
finding highlights the importance of proteasome degradation path-
ways in suppressing the growth of aneuploid cells and provides 

evidence for the existence of mutations that suppress the adverse 
effects of aneuploidy. Structural alterations in chromosomes often 
coexist with aneuploidy in solid tumours and, thus, there might be 
a selective pressure to acquire mutations that allow cells to tolerate 
both types of chromosomal aberration.

Tetraploidy results in an increase in ploidy and consequently 
does not produce the imbalanced synthesis of gene products 
observed in other forms of aneuploidy. Importantly, the genetic 
imbalance caused by an additional chromosome is reduced as 
gene copy number increases, explaining why diploid yeast strains 
with an extra chromosome have milder phenotypes than iso-
genic haploid strains carrying the same extra chromosome [95]. 
Tetraploidization might therefore buffer the detrimental imbalances 
caused by additional aneuploidy for individual chromosomes, and 
help to protect cells against the deleterious effects of mutations in 
essential and haploinsufficient genes.

Another explanation for the aneuploidy paradox is that many of 
the beneficial effects of aneuploidy might be masked in cell culture, 
which scores rapid cycling as the primary characteristic of fitness, 
and in which nutrients, growth factors and oxygen are in abun-
dance and the selective pressures of the tumour microenvironment 
are absent. Aneuploidy changes the copy number and expression 
of many genes simultaneously, increasing the probability that large 
adaptive leaps can be achieved. In most cases, such alterations might 
be expected to reduce fitness and increase cell cycling time, explain-
ing why aneuploids often proliferate more slowly in optimal growth 
conditions than diploid cells. However, in rare instances, karyotypic 
alterations might create new chromosome content that can provide 
a selective advantage in a specific environmental setting. Indeed, 
aneuploid yeast strains with multiple chromosomal aneuploidies 
proliferated poorly in non-selective conditions, but some aneuploid 
strains grew significantly better than euploid controls under severe 
genetic or environmental pressures [96]. CIN induced by stress con-
ditions in yeast can also facilitate the acquisition of new karyotypes 
and the emergence of drug resistance [107]. In addition, long-term 
culture of human embryonic stem cells often leads to the generation 
of aneuploid cells that acquire a growth advantage and take over the 
population. For example, trisomy for chromosome 12 is recurrent 
in ~40% of aneuploid human embryonic stem cell lines [108,109]. 
This demonstrates that aneuploidy does not inevitably suppress cel-
lular proliferation, but rather the impact of aneuploidy depends on 
the particular karyotype and the environmental conditions. As the 
intracellular and extracellular environments of tumours are continu-
ally evolving, distinct aneuploid karyotypes could be advantageous 
at different points during the initiation and development of tumours.

In addition, although aneuploidy often impairs cellular prolif-
eration in vitro, somatic aneuploidy seems to be well tolerated in 

Sidebar A | In need of answers
(i) Through which pathways does aneuploidy suppress cell growth? Do 

all aneuploid cells acquire adaptations to allow proliferation with an 
altered karyotype?

(ii) Through what mechanisms or pathways does aneuploidy act to 
promote and suppress tumour formation? What are the specific genetic 
contexts in which aneuploidy promotes or inhibits tumorigenesis?

(iii) Does aneuploidy trigger a common stress response? Can our 
knowledge of the cause and consequence of aneuploidy be exploited 
therapeutically for the treatment of cancer?
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many contexts in vivo. Indeed, genetically engineered mice with 
reduced levels of the kinetochore motor protein CENP-E have 
CIN and high degrees of whole-chromosomal aneuploidy—up 
to 35% in splenocytes and >50% in lymphocytes—but normal 
development and lifespan [110]. Several other mouse models of 
CIN—including  mice with reduced levels of the mitotic checkpoint 
components BUB3 [111], BUB1 [112] and MAD2 [10]—also have 
long life expectancies despite the high percentage of aneuploid 
cells they contain. Furthermore, mosaic aneuploidy is common 
in the neurons of mice and humans, and aneuploid neurons are 
functional [113–116]. Mammalian hepatocytes also have an age-
dependent increase in polyploidization [117]; the division of poly-
ploid hepatocytes gives rise to multipolar mitotic divisions and 
daughter cells with high levels of aneuploidy [118].

Aneuploidy promotes genomic instability. As discussed above, the 
karyotype of tumour cells is marked by both aneuploidy and struc-
tural alterations in chromosomes. Aneuploidy is caused by chromo-
some segregation errors in mitosis, whereas structural chromosomal 
alterations are produced by inappropriate repair of DNA double 
strand breaks [119]. These two distinct types of chromosomal aber-
ration have often been thought to arise through largely different 
pathways [120], although it is clear that they can be mechanistically 
linked, with chromosome missegregation promoting additional 
genomic instability through at least three pathways; two of these 
pathways are considered below and a third in the following section.

As a first path to genomic instability, aneuploidy creates imbal-
ances in the levels of proteins required for DNA replication, repair or 
mitosis, which increases the DNA mutation rate. This can lead to a 
‘mutator phenotype’ that facilitates the development of genetic altera-
tions that drive cellular growth and transformation [121–123]. Indeed, 
many aneuploid yeast strains also have increased rates of whole-
chromosome  missegregation, and initial chromosome missegregation  
has also been shown to induce CIN in p53-deficient mammalian 
cells. This demonstrates that aneuploidy can induce CIN and there-
fore act as a self-propagating form of instability [124,125]. In addition, 
single-chromosomal aneuploidy in yeast produces a modest, but sig-
nificant, elevation in the rates of point mutations and mitotic recom-
bination [124]. If aneuploidy of even a single whole chromosome is 
sufficient to induce genome instability, more complex aneuploidies 
involving changes in the copy number of several chromosomes might 
be expected to show even higher degrees of genomic instability.

Second, aneuploidy-driven genomic instability could arise 
from chromosome missegregation errors in mammalian cells, 
which lead to double strand breaks as a result of lagging anaphase 
chromosomes trapped in the cleavage furrow during cytokinesis 
(Fig 3C;  [126]). In addition to damage caused directly by the mitotic 
machinery, lagging chromosomes, including those that are not mis-
segregated, often form micronuclei, which also accumulate high 
levels of DNA damage (see below; Fig 3E,F; [43]). Taken together, 
these studies illustrate that errors in mitotic chromosome segrega-
tion can directly and indirectly lead to both numerical and struc-
tural chromosomal alterations, explaining why these two types of 
karyotypic abnormality often coexist.

Chromosome segregation errors can promote chromosome 
shattering. A new pathway for generating genetic instability in 
cancer cells—termed ‘chromothripsis’—has been recently dis-
covered [127,128]; thripsis is Greek for ‘shattering into pieces’. 

Chromothripsis is a genomic change, characterized by the presence 
of tens to hundreds of DNA rearrangements that scramble blocks of 
sequences within a spatially localized genomic region, often involv-
ing only a limited subset of chromosomes or occurring on a single 
chromosome or chromosome arm [127]. Remarkably, chromosome 
shattering seems to occur in a single event and chromosome frag-
ments are then haphazardly joined back together. Chromothripsis is 
a widespread phenomenon: it occurs in ~2–3% of all cancers, with 
frequencies of up to ~25% in some bone cancers [127–131].

The underlying cause of chromothripsis was initially perplex-
ing, but recent work from Pellman and colleagues has identified 
a specific type of chromosome missegregation event as a poten-
tial cause for these highly localized chromosomal rearrange-
ments  [132]. Lagging chromosomes that do not join the main 
chromosome mass by the time of nuclear envelope reassembly 
are encapsulated into a micronucleus. Surprisingly, such micronu-
clei acquire a reduced density of nuclear pore complexes, lead-
ing to defective and delayed DNA replication that often continues 
even when the main nucleus reaches G2 phase. Consequently, a 
chromosome trapped in a micronucleus accumulates high levels 
of DNA breaks resulting in chromosome fragmentation [132]. A 
plausible pathway for this extensive fragmentation is the entry into 
mitosis before the micronucleus has completed DNA replication.

Furthermore, the disassembly of the micronuclear enve-
lope often fails during mitosis through an unknown mechanism. 
Correspondingly, micronuclei can persist for more than one cell 
cycle, providing an opportunity to use non-homologous end join-
ing to stitch back together the broken chromosomal fragments in 
a subsequent cell cycle. Therefore, the identification of DNA dam-
age in chromosomes spatially isolated in micronuclei provides an 
attractive explanation for how highly localized DNA breaks and 
rearrangements are generated during chromothripsis .

The role of aneuploidy in tumorigenesis
Mouse models of CIN. The most extensive evaluation of the role of 
aneuploidy in tumour formation stems from the analysis of mouse 
models with conditional or hypomorphic mutations in mitotic check-
point genes [10,12,14,111,112,133–136]. Complete inactivation of 
the checkpoint early in embryogenesis leads to embryonic lethality, 
underscoring the essential role of the checkpoint in organism devel-
opment. However, genetically engineered mice with an attenuated 
mitotic checkpoint are viable and display CIN and increased levels 
of aneuploidy in cells and tissues [10,12,14,111,112,133,136–139]. 
Notably, as these animal models induce aneuploidy through contin-
ued CIN, the effect of aneuploidy in tumour development indepen-
dently of CIN cannot be assessed. Several of these mice have increased 
spontaneous tumorigenesis, strongly supporting that CIN increases 
the probability of tumour formation ([10,110,133,139]; for extensive 
reviews of the types and spectrum of tumours formed in these animals,  
see [53,140]). Nevertheless, it is important to recognize that spontane-
ous tumours form late in life, ~18 months, and with incomplete pene-
trance. Moreover, several genetically engineered mouse models of CIN 
have significantly elevated aneuploidy without an increase in sponta-
neous tumour formation [111,112,136,141– 144], but with elevation  
of carcinogen-induced tumour formation [111,112,143,145].

Impaired mitotic checkpoint function is rare in human can-
cers, whereas increased accumulation of mitotic checkpoint com-
ponents might be more common [146,147]. Elevated levels of 
MAD2 and the kinetochore component HEC1 are found in some 
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human tumours and their increased expression is often associated 
with aneuploidy and a poor prognosis [18–25,148]. Conditional 
overexpression of MAD2 in cells hyperstabilizes kinetochore–
microtubule  attachments, leading to CIN and large-scale structural 
defects  [51,52]. High levels of MAD2 are sufficient to promote 
tumour formation in many mouse tissues [51]. Interestingly, exces-
sive MAD2 is not required for the maintenance of these tumours, 
suggesting that once a transformed karyotype has been acquired, it 
can be maintained in the absence of the initiating CIN. Importantly, 
~40% of MAD2-overexpressing cells are near-tetraploid, which 
could explain the high tumour susceptibility of these animals. 
Overexpression of HEC1 also drives aneuploidy and an increase in 
lung and liver tumours in mice, but how elevated levels of HEC1 
lead to aneuploidy remains unclear [149]. 

Current evidence shows that the degree of aneuploidy is not an 
accurate predictor of tumour susceptibility in mice [53]. One possi-
ble explanation is that many of the proteins that are reduced in these 
animal models—such as BUB1, BUBR1 and MAD2—have func-
tions outside the mitotic checkpoint that confound the interpreta-
tion of their impact on tumorigenic potential from aneuploidy alone. 
Importantly, reduced levels of different proteins might cause differ-
ences in the range of chromosome loss and gain, or in the acquisi-
tion of structural chromosomal aberrations. Indeed, the pathway by 
which chromosomes are missegregated is probably important when 
considering the final impact on tumour potential (Fig 3). For exam-
ple, reduced levels of CENP-E allow the onset of anaphase with 
polar chromosomes—the purest whole-chromosome missegregation 
phenotype [14,137]—whereas overexpression of MAD2 increases 
the frequency of lagging anaphase chromosomes and chromosome 
bridges [51]. As discussed above, lagging anaphase chromosomes 
are sometimes trapped in the cleavage furrow or incorporated into 
micronuclei, resulting in increased levels of DNA double strand 
breaks (Fig  3). The resulting breaks in these missegregated chro-
mosomes could explain the existence of structural chromosomal 
alterations and tumour development in some animal models with 
increased rates of chromosome segregation errors [51,83,150].

Aneuploidy in promoting tumour formation. Cancer cells with CIN 
missegregate one chromosome every 1–5 divisions in vitro [26,36]. 
As a result, CIN drives a continually evolving karyotype that leads 
to phenotypic diversity in the tumour cell population. This hetero-
geneity provides new genetic avenues for tumour cells to explore in 
response to changing selection pressures and, as such, CIN proba-
bly has an important role in determining the response to anticancer 
therapies. In mice, KRAS-driven lung tumours remain dependent 
on KRAS for tumour maintenance and growth [151]. CIN induced 
by MAD2 overexpression did not affect the regression of KRAS-
driven lung tumours after KRAS withdrawal. However, tumours 
that experienced MAD2-driven CIN relapsed with a much higher 
frequency after the removal of the KRas oncogene, suggesting that 
the genetic instability imparted by CIN facilitated the evolution of 
resistant karyotypes [152]. Therefore, genetically engineered mice 
that model CIN and recapitulate the karyotpic diversity found in 
human cancers will form powerful platforms for testing the efficacy 
of, and resistance to, future clinical drug candidates.

CIN has been widely proposed to promote tumour formation by 
allowing loss of heterozygosity of a chromosome that contains a 
remaining intact copy of a tumour suppressor gene, as was originally 
shown to occur at the retinoblastoma tumour suppressor locus [153].  

Consistently, CIN caused by haploinsufficiency of MAD2, or both 
MAD1 and MAD2, has been shown to increase both the frequency 
and number of tumours in mice heterozygous for the p53 tumour 
suppressor gene [154]. Moreover, aneuploidy-prone BUB1 hypo-
morphic animals form more tumours in mice that are heterozygous 
for p53 or have a heterozygous truncating mutation in the APC 
tumour suppressor gene (APCMin/+) [155]. As expected, the tumours 
that develop in these animals have loss of heterozygosity of the 
chromosome carrying the wild-type copy of the tumour suppres-
sor gene, but surprisingly also have an extra copy of the chromo-
some bearing the mutated tumour suppressor [155,156]. Thus, at 
least in this context, whole-chromosome haploinsufficiency was 
selected against during the evolution of these tumours. This raises 
the possibility that duplication of a chromosome containing an 
inactive tumour suppressor gene might be a common pathway to 
counteract the haploinsufficiency that would arise from loss of het-
erozygosity of a chromosome carrying the intact copy of the same 
tumour suppressor [155,156].

The loss of tumour suppressor genes has been linked to the 
development of CIN and aneuploidy. Loss of the retinoblastoma 
tumour suppressor (Rb) pathway results in a modest upregulation 
of the levels of MAD2, which has been proposed to contribute to 
the CIN observed after inactivation of this pathway [157]. However, 
RB loss also causes defects in mitotic chromatin condensation and 
sister chromatid cohesion as well as abnormal centromere struc-
ture and an accumulation of DNA damage, and thus RB deficiency 
probably induces CIN and aneuploidy through several mecha-
nisms   [158–160]. Truncating mutations in the APC gene also disrupt 
the fidelity of chromosome segregation [161–165]. After induction 
of chromosome missegregation, caused by washout of monastrol, a 
reversible inhibitor of the mitotic kinesin EG5, diploid colon cancer 
cell lines arrest with high levels of the tumour suppressor proteins 
p53 and P21, whereas deletion of p53 allowed the proliferation 
of aneuploid cells [125]. Cells with a weakened mitotic check-
point also show aneuploidy-induced stabilization of p53, which is 
dependent on ATM activation and increased levels of reactive oxy-
gen species in the aneuploid cells [166]. These studies demonstrate 
a role of the p53 pathway in inhibiting the proliferation of aneuploid 
cells. However, suppressing p53 activation is unlikely to be an obli-
gate requirement for the acquisition of an aneuploid karyotype, 
as aneuploid cells exist in several in vivo contexts in humans and 
mice in the presence of presumably wild-type p53 [120]. Moreover, 
many aneuploid tumour cell lines apparently have an intact p53 
gene; however, these tumour cells might have inactivated regulators 
upstream or downstream from p53, or alternatively have mutations 
in other pathways that limit the growth of aneuploid cells.

Aneuploidy in suppressing tumour formation. Aneuploidy was 
proposed to promote tumour formation nearly 100 years ago [2]. 
However, it is becoming increasingly clear that the consequences 
of aneuploidy are context-dependent and, in certain circumstances, 
aneuploidy can suppress tumour development. This is clearly illus-
trated in individuals with Down syndrome, who have a significant 
increase in haematological cancers, but a reduced incidence of 
solid tumours [167–170]. Context-dependent effects of aneuploidy 
have also been observed in several mouse models. CIN caused by 
heterozygosity of CENP-E induced a modest, ~10%, increase in 
spontaneous lymphomas and lung tumours, but reduced the inci-
dence of carcinogen-induced tumours and extended the survival 
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of mice lacking the P19ARF tumour suppressor [110]. BUB1 insuffi-
ciency elevated tumour formation in p53+/– and APCMin/+ mice, but 
suppressed the incidence of neoplasia formation in mice hetero-
zygous for tumour suppressor PTEN [155]. Additionally, haploinsuf-
ficiency of BUBR1 increased the incidence of colon tumours in the 
APCMin/+ mouse model, but reduced the incidence of small intesti-
nal tumours by 50%, with a corresponding increase in apoptosis in 
these tumours [138].

One explanation for these observations is that low rates of 
chromosome missegregation can promote tumour development, 
whereas higher levels might promote cell death and suppress 
tumori genesis. Consistent with this view, intermediate levels of 
CIN have been associated with a poor outcome in ER-negative 
breast cancer, whereas high levels of CIN are correlated with 
improved long-term survival [171,172]. In addition, in several of 
the genetic contexts in which increased CIN and aneuploidy have 
been found to suppress tumour development in mice, it did so by 
increasing the level of pre-existing aneuploidy: carcinogen-treated 
MEFs and animals lacking the tumour suppressor P19ARF have 
exacerbated levels of aneuploidy if there is CENP-E haploinsuffi-
ciency [110], and PTEN+/– mice have higher levels of splenic aneu-
ploidy than p53+/– and APCMin/+ mice  [155]. These observations 
support the view that the effect of aneuploidy on tumour devel-
opment is dependent on the interaction of an abnormal karyotype 
with the particular genetic context and microenvironment of the 
tissue [53]. Defining the effect of aneuploidy in various cell types 
and tissues will therefore be an important area of future research 
(Sidebar A).

Targeting the aneuploid karyotype
The acquisition of an additional chromosome in yeast cells or MEFs 
suppresses cellular proliferation. This raises the possibility of iden-
tifying compounds that are lethal to the aneuploid state, either by 
exacerbating the stresses imposed on aneuploid cells or by inhibit-
ing pathways essential for the survival of aneuploid cells (Sidebar A).  
Targeting aneuploid tumour cells is attractive because it has the 
potential to be effective against a vast array of aneuploid tumours 
without previous knowledge of the underlying mutations or path-
ways deregulated in the tumour. Recent work has begun to vali-
date the concept of therapeutically exploiting the aneuploid state. 
Groups of chemical compounds have been identified that are 
more cytotoxic to tumour cell lines with more complex karyo-
types [173,174]. MEFs trisomic for a single chromosome are more 
sensitive to the energy stress inducer AICR (an activator of AMPK), 

the proteotoxic stress-inducing compound 17-AAG (an inhibi-
tor of heat shock protein 90) and the autophagy inhibitor chloro-
quine [103]. AICR and 17-AAG act synergistically in vitro and in 
xenograft mouse models to increase lethality in human aneuploid 
cancer cell lines that have CIN, compared with chromosomally 
stable near-diploid cell lines. Exactly how these compounds act to 
kill aneuploid cancer cells remains to be established. Nevertheless, 
this pioneering work shows that the aneuploid state can in princi-
ple be targeted therapeutically and opens the door for the develop-
ment of new drugs for the treatment of aneuploid tumours (see also 
reviews by Pfau & Amon and Swanton & colleagues in this issue of 
EMBO reports).

In addition to targeting aneuploidy per se, it might also be feasi-
ble to target the molecular defects that promote the acquisition of 
an aneuploid karyotype. One attractive target is CIN cancer cells 
with extra centrosomes. Centrosome amplification occurs almost 
exclusively in cancer cells, raising the possibility that suppressing 
centrosome coalescence could selectively kill cancer cells with 
supernumerary centrosomes by forcing them into lethal multipolar 
divisions [175]. Two recent genome-wide RNAi screens identified 
various genes required for the clustering of centrosomes [175,176]. 
One gene identified was the minus-end-directed kinesin-related 
motor HSET, which is not essential for the division of normal cells, 
but is required for viability in certain cancer cells with extra cen-
trosomes [175]. Inhibitors of the mitotic kinesin EG5 have been 
tested for clinical use; therefore, HSET inhibitors could possibly 
be developed. A more complete understanding of the defects that 
cause the CIN observed in human cancers will probably provide 
additional therapeutic avenues for selectively killing aneuploid 
tumours (Sidebar A).

New mouse models needed
Our understanding of tumorigenesis and the development of future 
therapies relies largely on the ability to create animal models that 
faithfully recapitulate aspects of the human disease process. However, 
in contrast to the complex karyotypes found in human cancers, many 
genetically engineered mouse cancer models have relatively benign 
cytogenetic profiles [177–180]. This reveals a pressing need to 
develop animal models that more fully recapitulate the complex kar-
yotypic alterations observed in human cancer. Optimally, such mod-
els will mimic lesions that are causative of the underlying instability 
found in cancer. Indeed, although great resources have been invested 
in developing mouse models with defects in the mitotic checkpoint, 
checkpoint abrogation does not seem to be a primary cause of CIN 
in human cancer. Given the established role of centrosome ampli-
fication in promoting CIN and the presence of extra centrosomes in 
premalignant and invasive tumours, it will be of considerable interest 
to develop animal models in which centrosome amplification can be 
induced in the absence of defects in other pathways. Additionally, 
mouse models with cohesion defects—such as loss of function 
mutations in the cohesion component STAG2—or with hyperstabi-
lized kinetochore–microtubule attachments due to reduced levels of 
MCAK or KIF2B, will also be of interest. Clearly, a more complete 
understanding of the in vivo cause of aneuploidy will be paramount 
for the development of additional disease-relevant animal models. 
Furthermore, establishing new methodologies to quantify the level of 
aneuploidy in vivo will be important for furthering our understanding 
of how aneuploidy influences tumour initiation, development and  
resistance to therapy [181].

Exploring aneuploidy: the significance of  
chromosomal imbalance

This review series—published in this issue of EMBO reports—also includes:

A balancing act: focus on aneuploidy
Nonia Pariente

Chromosomal instability and aneuploidy in cancer: from yeast to man
Sarah J. Pfau and Angelika Amon 

Cancer chromosomal instability: therapeutic and diagnostic challenges
Nicholas McGranaham, Rebecca A. Burrell, David Endesfelder,  
Marco R. Novelli and Charles Swanton 

Age-related aneuploidy through cohesion exhaustion
Rolf Jessberger
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Conclusions
The aneuploidy paradox—the strong association of aneuploidy 
with cancer despite its ability to suppress the proliferative poten-
tial of cells in vitro—is resolved by the recognition that aneuploid 
cells trade a reduction in proliferation rate for an increased ability to 
adapt and evolve. In this view, the beneficial effects of aneuploidy in 
enhancing cell growth will be most evident under stringent selective 
pressures, such as those encountered in vivo in the tumour micro-
environment, rather than under conditions that stimulate minimum 
cell cycle time. Furthermore, aneuploidy induces a ‘mutator pheno-
type’ that increases DNA damage and genomic instability. The 
combination of changes in chromosome number and aneuploidy-
induced DNA damage produces an increased cellular hetero geneity 
in the tumour population and provides tumours with expanded 
opportunities for adaptation to changing selection pressures.

A key aspect of future work will be to define the cellu-
lar response to aneuploidy and determine whether the stresses 
imparted on aneuploid cells can be exploited for therapeutic gain 
(Sidebar A). Our view is that cancer cells sit atop a three-legged 
pedestal: proliferation, survival and adaptability. Weakening any of 
these supports might dismantle the tumour, but combining ‘aneu-
ploid therapy’ with existing therapeutic approaches might provide 
our greatest hope in improved clinical outcomes.
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