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Aneuploidy, described as an abnormal number of whole chromosomes or parts of them, has been observed
in the majority of sporadic carcinomas, the most common type of cancer occurring in humans and derived
from putative epithelial cells. However, the causal relationship between aneuploidy and tumorigenesis
remains highly debated. On the one hand, aneuploidy has been shown to be a powerful driver of tumor
progression, anticancer drug resistance, and tumor relapse. On the other hand, aneuploidy causes pro-
teotoxic and metabolic stress, which compromises cell cycle proliferation and growth. Here we discuss

g{egwords: the role of aneuploidy in tumorigenesis in light of the contribution of Drosophila epithelial cancer models
53 and propose a stress-induced tumor-promoting role of aneuploidy.
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1. Introduction

One hundred and twenty years ago, David von Hansemann
reported aberrant mitotic figures, including multipolar mitosis, and
asymmetric segregation of chromosomes in carcinoma samples [1].
A few years later, the zoologist Theodor Boveri proposed a causal
relationship between the abnormal segregation of chromosomes
and cancer [2]. Since then, aneuploidy, a state in which cells do
not carry a multiple of the haploid DNA content, has been found
in most tumors analyzed so far. A recent systematic analysis of
43,205 human tumors found that 68% of solid tumors are ane-
uploid [3]. Consistent with Boveri’s proposal that chromosomes
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carrying oncogenes (Teilungsfoerdernde Chromosomen) are main-
tained in tumor cells, Benezra and colleagues found that chromo-
somes 7,12 and 20—carrying EGFR, BRAF, SHH, KRAS, CDK4, MDM2,
BCL2L1, E2F1, and CDC25B oncogenes—were preferentially gained
in their tumor samples [3]. Similarly, and consistent with Boveri’s
proposal that chromosomes carrying tumor suppressor genes
(Teilungshemmende Chromosomen) are lost in tumor cells, chromo-
some instability caused by insufficiency of the spindle assembly
checkpoint (SAC) gene Bub1 was reported to drive tumorigenesis
through loss of heterozygosity of Rb and p53 tumor suppressor
genes [4]. Chromosomal instability (CIN), the continuous change
in chromosome number, constitutes a powerful driver of not only
tumor progression but also the anticancer drug resistance and
tumor relapse [5,6]. Thus, tumors that experience transient CIN
recur at markedly elevated rates upon oncogene withdrawal [7].
While “whole chromosome” aneuploidy (gain or loss of whole
chromosomes) results from chromosome segregation errors, “seg-
mental or structural” aneuploidy (copy number changes affecting
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parts of chromosomes) is due mainly to DNA replication or repair
defects (reviewed in [6]). However, the high levels of aneuploidy
observed in most tumors do not appear to be caused by the acqui-
sition of mutations in core genes directly involved in chromosome
segregation or in DNA replication and repair. Thus, to date, only one
cancer predisposition syndrome has been directly associated with
mutations in mitotic checkpoint genes [8], and mutations in the
SAC genes Bub1, BubR1, Bub3, Mad1 and Mad2 have been reported
at a low frequency in various types of cancers (reviewed in [9]).
Moreover, a systematic analysis of the sequences of 100 cell cycle
checkpoints and DNA repair genes in early passage human colon
cancer cell lines identified very few mutations (reviewed in [9]).
The general idea nowadays is that germline mutations in p53, PTEN
or BRCA2—all known to predispose to tumorigenesis—and somatic
mutations in tumor suppressor genes (p53 and Rb) or oncogenes
(c-Myc or Ras) directly or indirectly affect critical checkpoints that
protect cells against genome DNA damage and lead to whole chro-
mosome, segmental or structural aneuploidy.

Despite these observations, aneuploidy has been shown to be
deleterious at the cellular and organismal level in all eukary-
otes analyzed to date. Unbalanced genomes cause proteotoxic
and metabolic stress, which compromises cell cycle prolifera-
tion and growth [10-12]. These harmful effects of aneuploidy
might be consistent with the notion that high levels of CIN
contribute to tumor suppression [13]. Alternatively, the acquisi-
tion of aneuploidy-tolerating mutations may support CIN-induced
tumorigenesis in vivo [14]. Here we discuss these hypotheses in
light of the contribution of aneuploidy-induced Drosophila can-
cer models and propose a stress-induced tumor-promoting role of
aneuploidy in epithelial tissues.

2. Effects of aneuploidy on cellular and organismal fitness
in Drosophila

Fruit flies bear only four pairs of chromosomes, and the fourth
chromosome carries a small number of genes (Fig. 1A and B).
Given the small number of chromosomes, Drosophila does not
appear to be, in principle, a highly suitable model system in which
to study the consequences of aneuploidy on cell and organis-
mal viability. Surprisingly, however, research in Drosophila has
greatly contributed to furthering the field. In the early years of last
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Fig. 1. Aneuploidies in Drosophila. Whereas monosomies for the X (B) and 4th (C)
chromosomes are buffered by the MSL-C and POF systems, respectively, which
increase gene expression of the corresponding chromosomes, segmental (F) or
whole chromosome (D and E) aneuploidies for the chromosomes lead to genetic
imbalance.

century, Calvin Bridges showed that increasing the dosage of the
whole genome to three copies produced a viable genotype, while
three copies of individual chromosomes (chromosome trisomies,
Fig. 1D) were detrimental to the organism [15]. In the 1930s,
Patterson and colleagues presented evidence that the fertility of
segmentally trisomic flies (three copies of certain chromosomic
regions) was inversely proportional to the length of the ampli-
fied piece [16]. In the 1970s, Dan Lindsley and colleagues analyzed
the viability of segmentally aneuploid individuals [17]. They pre-
sented evidence that trisomies for large regions were lethal and
that intermediate trisomies caused reduced survival. Remarkably,
only one triplo-lethal locus was identified. Thus, “the deleterious
effects of aneuploidy are caused by the additive effects of genes that
slightly reduce viability and not by the individual effects of a few
aneuploidy-lethal genes”. A few years later, in studies on the impact
of aneuploidy on cellular proliferation and viability in vivo, Pedro
Ripoll demonstrated that the viability of aneuploid cells decreases
as the size of the amplified chromosome fragment increases [18].
Taken together, these results indicate that altering the dosage of
part of the genome is more deleterious than changing the doses of
the whole genome and imply that the harmful effects of aneuploi-
dies at the cellular and organismal level are due to the imbalance
of a large set of genes rather than single genes.

Remarkably, Bridges found that trisomies for the two major
autosomes (chromosomes 2 and 3) were lethal, while individuals
with different copies of the X or the diminutive 4th chromosome
were viable [15]. Indeed, two chromosome-specific mechanisms
have evolved to compensate for variations in the number of these
chromosomes and to equalize their gene expression levels with
respect to the two major autosomes. While the male-specific lethal
complex (MSL-C) plays a fundamental role for dosage compensa-
tion of the only X chromosome present in males (reviewed in [19],
Fig. 1B), painting of fourth (POF) stimulates the expression of the
4th chromosome in 4/0 tissues ([20,21], Fig. 1C). The observations
that mutations in MSL-C lead to cell and organismal lethality in
male (X/Y) tissues [22] and that loss of POF compromises the organ-
ismal viability of 4/0 individuals [20,21] reinforce the notion that
the deleterious effects of aneuploidies result from the imbalance of
a large set of genes (Fig. 1D-F). The discovery of POF and its role
in compensating for variations in the number of 4th chromosomes
contributed to the general idea of the presence of an autosomal
dosage compensation mechanism in Drosophila. However, recent
data indicate that the presence of 4th chromosome-specific regu-
lation of gene expression is a possible remnant of its former life
as a sex chromosome [23]. A POF-independent general segmental
aneuploidy-buffering system has also been proposed to compen-
sate for gene dose imbalances in autosomes 2 and 3. This notion
is supported by the observation that genes present in segmental
monosomies show on average a 1.6-fold reduction in expression
levels rather than the expected 2-fold reduction [24,25] and that
some genes in segmental trisomies show compensation [26,27].
However, this compensation appears to be lost in segmental ane-
uploidies of larger fragments. In this regard, careful analysis of
segmental monosomies generated in the same genetic background
indicate that autosomal dosage compensation is highly heteroge-
neous and gene-specific and that gene network interactions make
a significant contribution to the process [28]. Thus, only the MSL-C
and POF mechanisms appear to compensate for gene expression
in hemizygous conditions for the X and 4th chromosomes. This
notion is consistent with the finding that only trisomies for the
two major autosomes (chromosomes 2 and 3) cause lethality [15].
A similar gene-specific buffering mechanism to that observed in
segmental monosomies in Drosophila at the transcriptional level
was also observed in disomic budding yeast and in trisomic human
cell lines at the protein level [12,14]. Thus, while the correlation
between gene copy number and protein level is generally strong in
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these cells, members of protein complexes encoded on extra chro-
mosomes are not expressed according to gene copy number and
are adjusted toward normal levels [14].

3. CIN and tumorigenesis in Drosophila

Drosophila research has not only made a significant contribu-
tion to furthering our knowledge of the effects of aneuploidy on cell
and organismal viability but also strengthened the idea of cancer
as a genetic disease. Indeed, the first ever tumor-causing muta-
tions were isolated in fruit flies [29,30]. Mary Stark, a PhD student
in Thomas Morgan’ lab, presented evidence that fly strains con-
taining tumors were hereditary in origin, and she mapped them
to certain chromosomes [31]. A few years later, she analyzed the
origin and lethality of a variety of tumors, including those in the
larval digestive tract, lymphosarcoma in the blood-forming organ,
and melano-epithelioma in the skin epithelium. On the basis of
her findings, she concluded that “cells of lethal tumors, derived from
cells embryonic in nature and without power of differentiation, have a
greater capacity for growth and infiltration, important characteristics
of malignancy” [32]. Although the dispute about the commonali-
ties between vertebrate and Drosophila tumors remains, the work
of Elizabeth Gateff a few years later contributed to unraveling
the striking similarities between Drosophila and vertebrate neo-
plastic tumors. These similarities included rapid growth, loss of
differentiation capacity, increased invasiveness, lethality and, most
interestingly, karyotypic abnormalities [33]. Since then, Drosophila
has become an acknowledged model for research into the molecu-
lar and cellular mechanisms underlying tumorigenesis (reviewed in
[34-36]). Both stem cell-derived and epithelial tumors have con-
tributed to this advance in the last few years. On the one hand,
several reports using the larval primordia of the adult eye and wing,
highly proliferative and growing epithelial monolayers, have iden-
tified key aspects of oncogene-driven tumorigenesis [37] and have
provided evidence of the cooperation between classical oncogenes,
the production of ROS, and mutations in tumor suppressor genes
[38-41]. In these cases, a JNK-dependent tumorigenic response of
the tissue, in terms of growth and tissue invasiveness, appears to
be at work. On the other hand, fly brains have provided useful
model systems to reinforce the proposed role of stem cells as the
cells of origin in malignant tumors [42,43]. This notion is based
on the observation that defects in asymmetric divisions of larval
neural stem cells lead to an expansion of the stem cell population,
which causes over-proliferation and induces metastatic behavior
and malignancy [43-45].

Is CIN causative of tumorigenesis in these two models? In
epithelial tissues, the contribution of CIN to tumorigenesis is
revealed when aneuploid cells are maintained in the tissue [46,47].
A thorough analysis of the effects of CIN on larval primordia
reinforced the previous observations that aneuploidy is deleteri-
ous at the cellular level [18]. Depletion of SAC genes (bub3, rod)
and genes involved in spindle assembly (abnormal spindle (asp)),
chromatin condensation (orc2) and cytokinesis (diaphanous (dia))
induces CIN in epithelial cells and these cells die by apoptosis
(Fig. 2A [46,47]). In contrast to mammalian cells, CIN-induced
apoptosis in larval primordia is independent of the activity of
the tumor suppressor gene Dp53 and dependent on the activa-
tion of the stress response JNK pathway [46]. The acquisition of
aneuploidy-tolerating mutations has been shown to improve the
fitness of multiple different aneuploidies [ 14] and proposed to con-
tribute to CIN-induced tumorigenesis in vivo. Consistent with this
notion, the maintenance of aneuploid cells in the epithelium by
means of blocking the apoptotic pathway at different levels elicits
CIN-induced tumorigenic behavior in terms of DE-cadherin delo-
calization, cell delamination, basement membrane degradation,
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Fig. 2. CIN-induced tumorigenesis in Drosophila epithelia. Aneuploid cells delocal-
ize DE-cadherin (in red), delaminate basally from the main epithelium and activate
the JNK pathway (red nuclei). Whereas delaminating cells activate the apoptotic
program in a JNK-dependent manner (A), JNK becomes pro-tumorigenic in delam-
inating cells unable to activate the apoptotic pathway (B). (C) Epithelial tumor (in
green) generated by CIN, implanted in a fly host and visualized 20 days thereafter.
(D) Tumorigenic implant extracted from the adult host and expressing MMP1 (in
red). (E) Higher magnification of motile transformed cells (in green), expressing
MMP1 (in red) and surrounded by normal epithelial cells (in blue).

and neoplasic overgrowth (Fig. 2B [46,47]). Similarly to what hap-
pens in Drosophila, mutations in p53, which drives CIN-induced
apoptosis in mammalian cells, accelerates tumor development in
two independent aneuploidy models [4].

CIN drives tumorigenesis in Drosophila epithelial cells by making
use of a subversive role of JNK in these cells (Fig. 2B-E). Thus, acti-
vation of JNK, originally serving to remove aneuploid cells from the
epithelium by apoptosis, plays a tumor-promoting role in tissues
unable to enter programmed cell death. JNK exerts its functions by
inducing the expression of the mitogenic molecule Wingless and
the Matrix Metaloproteinase 1 (MMP1 [46], Fig. 2B, D, and E). A
similar subversive role of JNK in driving tumorigenesis has also
been reported in other epithelial tumors caused by the cooperation
between Notch or Ras oncogene activation and loss of the scribble
tumor suppressor [38,39,48]. While JNK-mediated apoptosis elim-
inates cells mutant for the Scribble polarity complex, JNK promotes
tumors in these cells when they express an activated form of Ras
(RasV12). JNK exerts its functions by inducing the expression of
mitogenic molecules and MMP1, which are responsible for tissue
overgrowth and basement membrane degradation, a pre-requisite
for tissue-invasiveness. In CIN-induced tumors, cells with a signif-
icant level of aneuploidy delaminate from the epithelium—most
probably as a result of DE-cadherin delocalization—activate JNK,
and express Wg and MMP1 [46]. The tumorigenic response of the
tissue to CIN is revealed upon inhibition of the apoptotic program
atvarious levels, including the pro-apoptotic genes and the effector
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caspases. Thus, cell delamination and JNK activation are not caused
by entry into apoptosis, and CIN-induced tumorigenesis relies on
highly aneuploid delaminating cells, which act as classical organiz-
ing centers to promote the growth of the non-delaminated tissue.

In fly brains, CIN does not cause tumorigenesis. Centrosome
amplification is a common feature in many cancer cells, and it
severely disturbs mitotic process and cytokinesis via the forma-
tion of more than two spindle poles, thus resulting in an increased
frequency of chromosome segregation errors (chromosomal insta-
bility, CIN [49]). Based on these observations, Basto and colleagues
analyzed the impact of centrosome amplification on CIN and
tumorigenesis in fly tissues [50]. Unexpectedly, they found that fly
brains with extra centrosomes showed bipolar (and not multipo-
lar) mitoses and, consequently, presented low levels of aneuploidy.
However, centrosome amplification generated tumors in brain tis-
sues. This tumorigenic response appeared to rely on defects in the
asymmetric division of neuroblasts and the consequent expansion
of the stem cell population. Similarly, fly brains with dysfunctional
centrosomes form tumors that show a high level of aneuploidy after
serial transplantation [51]. However, aneuploidy is not the cause of
this tumorigenic behavior, as fly brains mutant for genes involved in
mitotic checkpoints induced aneuploidy but did not cause tumori-
genesis. It is interesting to note in this context that mouse and
human brains are genomically heterogeneous, and neural cells con-
tain somatically generated mosaic aneuploidy (reviewed in [52]).
These observations open up the possibility that neural cells are
more resistant to the deleterious effects of aneuploidy and that JNK
is not activated in fly brains subjected to CIN.

Remarkably, the context-dependent tumor-promoting role of
CIN appears to occur not only in Drosophila but also in mammals.
Thus, many CIN mouse models display an increased susceptibility
to spontaneous tumor formation, specifically in lung epithelial cells
and not in other tissues [6]. Whether the tumor-promoting role of
CIN in lung cells relies on similar molecular and cellular mecha-
nisms as in Drosophila epithelial tissues remains to be elucidated.

A recent report in Drosophila proposes that CIN does not drive
the tumorigenic response of the SAC-deficient epithelial tissue
upon additional blockade of the programmed cell death (PCD)
pathway [53]. This notion is based on the following observations.
While depletion of the SAC gene bub3 caused overgrowth of wing
disk cells unable to enter apoptosis with a remarkable 100% pen-
etrance, the penetrance of tissue overgrowth upon depletion of
SAC genes mad2 or BubR1 was much lower (10-30%). Moreover,
depletion of CENP-E, which mediates precise interactions between
kinetochores and microtubules of the mitotic spindle, or of Nsi1,
which targets SAC proteins to the kinetochore [54], did not cause
any detectable growth phenotype [53]. Although the authors state
that these results present evidence that aneuploidy resulting from
impaired SAC is not sufficient to drive tumorigenesis in epithelial
tissues, the levels of aneuploidy, measured by cellular DNA content
analysis or by karyotypic analysis of mitotic cells, were relatively
heterogeneous in the different genetic backgrounds tested [53].
Depletion of bub3 was able to induce by far the most significant
levels of aneuploidy (around 30% of mitotic cells with aneuplo-
idy) when compared to mad2-, BubR1-, CENP-E- or Nsl1-depleted
cells (12-19%) [53]. These observations suggest that tissue over-
growth is obtained only when a given percentage of aneuploid
cells is exceeded in the tissue. Consistent with this proposal, a sub-
sequent analysis with independent dsRNA forms against CENP-E
and Nsl1 induced levels of aneuploidy similar to those previously
observed upon depletion of bub3 (around 30% [46]), and under
these circumstances tumor-like neoplasic overgrowth was found
upon additional blockade of the apoptotic program [75]. This over-
growth was accompanied by the expression of MMP1 and Wg in
delaminating cells, both in larval tissues and allograft transplants.
These results reinforce the tumorigenic role of CIN in Drosophila

epithelial tissues [46] and question the proposed SAC-independent
roles of checkpoint proteins in suppressing tumorigenesis [53].
These results imply that tumor-like growth requires a minimum
percentage of aneuploid cells in the tissue.

4. Ionizing radiation and tumorigenesis in Drosophila

In 1947, Hermann J. Muller was awarded the Nobel Prize for
the discovery of the production of mutations by means of ion-
izing radiation (IR), including chromosome rearrangements [55].
Half a century later, John L. Haynie and Peter ]. Bryant unrav-
eled the deleterious effects of IR on the proliferation dynamics of
Drosophila wing cells, and proposed that these effects were “possi-
bly due to radiation-induced aneuploidy” [56]. IR-induced cell death
was subsequently shown to be caused by the activation of the DNA
damage response (DDR) pathway genes dp53 and chk2 [57,58]. The
immediate (first few hours) apoptotic response of the tissue to the
generation of double stranded breaks (DSBs) was found to depend
on the capacity of these two genes to activate the JNK signaling
pathway and induce the expression of pro-apoptotic genes [59-62].
In contrast, a late (2/3 days) apoptotic response of the tissue to IR
was shown to be JNK-dependent [63] but Dp53-independent [64].
This late response was proposed to be a consequence of the produc-
tion of chromosome rearrangements [63]. When IR-treated cells
are maintained in the tissue by additional blockade of the apop-
totic pathway, the tissue shows a late (2/3 days) JNK-dependent
hyperplastic response [59]. This late activation of JNK, which most
probably serves to remove aneuploid cells from the epithelium by
apoptosis, plays a tumor-promoting role in tissues unable to enter
apoptosis. This effect is achieved by inducing the expression of the
mitogenic molecule Wingless.

The similarities between CIN and IR treatments in promoting
tumorigenesis in Drosophila epithelia upon additional blockade of
the PCD pathway are striking, and JNK activation might be caused
in both cases by the production of aneuploid genotypes. Indeed,
a thorough analysis of the potential pro-tumorigenic action of IR-
induced DNA damage and the contribution of cell cycle arrest and
DNA repair to tumor progression has indeed reinforced the notion
that the tumorigenic action of IR is due to failure in DNA repair and
that chromosome rearrangements, induced by imprecise repair of
DSBs, are most probably the driving force in JNK-mediated tumori-
genesis [65]. DSB repair is mediated in S and G2 by an error-free
mechanism called homologous recombination (HR) and in G1 by
an error-prone mechanism called non-homologous end joining
(NHEJ). While DmRAD51 and the DEAD-like helicase DmRAD54
play essential roles in HR [66,67 |, NHE] is executed by the activity of
the ATP-dependent DNA ligase Lig4 [68]. The contribution of NHE]
to the repair of IR-induced DSBs is undetectable, and IR-induced
JNK activation and tumorigenesis are largely unaffected by muta-
tions in lig4 [65]. In contrast, HR plays a major role in DSB repair,
and depletion of elements involved in HR enhances the tumorigenic
behavior of the tissue in terms of JNK activation and tissue over-
growth. Consistent with the role of HR in DSB repair, defects in G2
arrest upon IR treatment compromises the dynamics of DNA repair
and enhances the tumorigenic response of the tissue. Remarkably,
DDR-independent lengthening of G2 contributes to DNA repair and
completely rescues IR-induced JNK activation. Most interestingly,
the late apoptotic response of the tissue to IR, which was proposed
to be a consequence of the production of aneuploid cells [63], is
also rescued by DDR-independent lengthening of G2 [65]. Since
impaired HR repair of DSBs induces genome rearrangements such
as deletions [69,70], these results reinforce the deleterious effects
of segmental aneuploidies (in this case induced by IR) and support
the tumorigenic action of aneuploidy in tissues unable to enter the
apoptotic pathway.
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HR repair of DSBs also suppresses spontaneous tumor devel-
opment in aged adult flies. Genome rearrangements, including
translocations and deletions, are the most predominant type of
mutations in aged adult flies [71], and aged flies develop tumors in
proliferating tissues such as the testis and gut [72]. Impairment of
HR repair in flies mutant for DmBIm (the Drosophila BLM ortholog,
a RecQ helicase involved in unwinding the DNA double helix for
replication or repair [73]) increases the frequency of genome rear-
rangements, and most interestingly, increases the frequency of
tumor development at early ages in testis and gut tissues, and
reduces longevity [74]. The incidence of spontaneous tumorigen-
esis is largely unaffected by mutations in lig4 [74]. Thus, genome
instability, in the form of chromosome rearrangements, also con-
tributes to spontaneous tumor development in proliferative tissues
of aged flies. All together, these results support the proposal that
“segmental” aneuploidies (Fig. 1F) participate in both spontaneous
and IR-induced tumorigenesis in Drosophila tissues.

5. Does aneuploidy exert a stress-induced
tumor-promoting activity?

The experimental results summarized in this review highlight
the deleterious effects, at the cellular and organismal level, of
segmental and whole chromosome aneuploidy in Drosophila and
unveil a context-dependent tumorigenic role of aneuploidy. Aneu-
ploidy induces apoptosis in Drosophila epithelial cells, and this
process depends on the activation of the stress response JNK
pathway [46]. Remarkably, the tumorigenic response of epithe-
lial tissues to aneuploidy also depends on the activation of JNK.
Thus, JNK is primarily used to remove aneuploid cells by apopto-
sis, but persistent activation of this pathway in aneuploid cells
unable to activate the apoptotic program drives a tumorigenic
transcriptional program. It is unlikely that this rapid tumorigenic
response of the tissue is caused solely by the maintenance of
chromosomes carrying certain oncogenes or loss of chromosomes
carrying tumor suppressor genes. Quantitative proteomic analysis
in aneuploid budding yeast and human cells indicate that changes
in gene copy number are generally reflected in the amount of
RNA and protein ([12,14], [76]). Most gene products interact with
other cellular components in macromolecular complexes, and stoi-
chiometric imbalances in such complexes might lead to fitness
defects [77]. Analysis of gene expression data from aneuploid cells
in several organisms, including yeast, plants, mice and humans,
has revealed a consistent up-regulation of genes involved in the
stress response [78]. This response is independent of the iden-
tity of the genes whose copy numbers are altered and appears
to be a consequence of the stoichiometric imbalances caused by
an unbalanced genomic state of aneuploid cells [79]. We propose
that stoichiometric imbalances induce JNK activation and apopto-
sis in aneuploid Drosophila cells and that an unbalanced genomic
state contributes to J]NK-mediated tumorigenesis upon additional
blockade of the apoptotic program. Perhaps the most accepted
hypothesis regarding the role of aneuploidy—defined as a kary-
otype that is not a multiple of the haploid complement—in cancer
development is that it is a source of mutability. Whether an unbal-
anced genomic state and the activation of the corresponding stress
pathways also contribute to human cancer remains to be eluci-
dated.
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