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ABSTRACT

A change in chromosome number that is not the exact multiple of the haploid karyotype is known as
aneuploidy. This condition interferes with growth and development of an organism and is a common
characteristic of solid tumors. Here, we review the history of studies on aneuploidy and summarize some
of its major characteristics. We will then discuss the molecular basis for the defects caused by aneuploidy
and end with speculations as to whether and how aneuploidy, despite its deleterious effects on organismal
and cellular fitness, contributes to tumorigenesis.

ALTERATIONS in a species’ karyotype that involve
changes in chromosome number are classified as

either aneuploidies or polyploidies. Aneuplopidy is
defined as a chromosome number that is not an exact
multiple of the usually haploid number. This condition
is distinct from the condition of polyploidy, which is
defined as having a chromosome number that is a mul-
tiple greater than two of the monoploid number. The
biological consequences of aneuploidy are also mark-
edly different from those of polyploidy. Polyploidy is
frequently found in nature; can be part of the normal
physiology of plants and animals, including a few types
of human cells; and generally does not lead to gross
defects in the development of an organism or its phys-
iology (Otto and Whitton 2000). In addition, du-
plications of an entire genome have taken place in the
evolution of several groups such as plants and yeasts
and may be a natural event necessary for this process
(Wolfe and Shields 1997; Kellis et al. 2004; Adams

and Wendel 2005). In contrast, aneuploidy frequently
causes lethality and has been associated with disease,
sterility, and tumor formation.

Why are entire genome duplications generally well
tolerated whereas aneuploidy has severe effects on organ-
ismal growth and development? In this article, we will
first review the long history of the aneuploidy field and
then provide a summary of the evidence to suggest that
it is imbalances in gene dosage that cause the severe
defects associated with aneuploidy. Finally, we will discuss
why a condition that generally interferes with cell prolif-
eration and decreases fitness is frequently associated
with the disease of uncontrolled proliferation, cancer.

THE STUDIES OF ANEUPLOIDY: A LONG TRADITION

The first systematic analysis of the effects of aneu-
ploidy on cell and organismal physiology was performed
more than a century ago in the sea urchins species
Paracentrotus lividus, Echinus microtuberculatus, and Strong-
ylocentrotus purpuratus by Theodor Boveri (Boveri 1902,
1904). He examined the development of sea urchin eggs
that were fertilized by two sperm and hence were triploid
and, more importantly, therefore formed four (and
sometimes three), rather than two, centrosomes during
the first embryonic mitosis. This leads to the formation
of a tetrapolar (or sometimes tripolar) spindle during
the first mitosis; chromosomes are segregated to the
four poles, generating a four-celled embryo skipping the
two-celled stage (Figure 1A). The result of this division is
massive aneuploidy. Boveri observed that the embryos
that resulted from dispermic fertilizations exhibited
developmental defects and died (examples of these
abnormal blastulae are shown in Figure 1B). Only those
doubled-fertilized embryos that by chance received the
species-typical chromosomal complement (�8%) de-
veloped into normal larvae. Boveri concluded that
chromosome gain or loss leads to abnormal develop-
ment and lethality. Thus, among Boveri’s many seminal
contributions to biology is the discovery that an abnor-
mal number of chromosomes disrupts development.

Twenty years later, Calvin Bridges reported the first
characterization of an aneuploid fruit fly (Bridges

1921a,b). Drosophila melanogaster contains three pairs of
autosomes (II, III, and IV) and a pair of sex chromo-
somes (females are XX, males XY). Bridges showed that
a Drosophila mutant known as ‘‘Diminished’’ was mono-
somic for the smallest fourth chromosome (Bridges

1921a,b). As the name of the mutant indicates, flies
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lacking one copy of chromosome IV are smaller in size,
are sterile, and exhibit a number of developmental
abnormalities. In the 1970s, Lindsley, Sandler and co-
workers created thousands of Drosophila mutant lines
that either carried additional fragments of different
chromosomes (segmental trisomies) or lacked different
chromosomal regions (segmental monosomies) by
crossing flies containing translocations between the Y
chromosome and autosomes (Lindsley et al. 1972). A
detailed description of their work is beyond the scope of
this article but several general conclusions can be drawn.
First, segmental monosomies are less well tolerated than
segmental trisomies. On average, only #0.5% of the
haploid genome is tolerated as heterozygous deficient.
Second, extensive hyperploidy (that is, large parts of the
genome being trisomic) is lethal whereas triploid flies
are viable. Third, intermediate hyperploidy results in a

set of traits that is independent of the identity of the
triploid segment. These characteristics include lower
viability, reduced size, and developmental deficiencies
such as abnormal eye, wing, and abdominal structures.
Finally, the viability of flies decreases as the size of the
trisomic region increases, with the largest tolerated
segment including 66% of chromosome II. Together,
these results showed that aneuploidy causes a series of
defects that become more pronounced as the size of the
trisomic segment increases.

At about the same time as Bridges studies on chro-
mosome IV monosomy in Drosophila were reported,
Albert Blakeslee and colleagues at the Smith College
Genetics Experiment Station (Northampton, MA) char-
acterized the consequences of aneuploidy in the jimson
weed, Datura stramonium (Blakeslee et al. 1920). The
first spontaneous aneuploid Datura, although not rec-

Figure 1.—Aneuploidy interferes with
growth and development. (A) Schematics
by Theodor Boveri of the first division of
doubly fertilized sea urchin embryos that
form four (top) or three centrosomes (bot-
tom) during the first embryonic mitosis.
The figure was reproduced from Figure
2.12-5 in Cremer (1985). (B) Drawings by
Boveri showing abnormally developing dis-
permic sea urchin embryos. These embryos
were obtained from dispermic fertilizations
that were subsequently dissociated at the
four-celled stage using calcium-free seawa-
ter. Each of the dissociated cells then devel-
ops into a larva. Each row represents larvae
from one dissociated embryo. The first em-
bryos at the left (top and bottom) represent
relativelynormal larvae,andtheother larvae
show varying degrees of developmental ab-
normalities. This drawing was reproduced
from Figure 2.12-6 in Cremer (1985). (C)
Drawing of the capsules of diploid D. stramo-
nium (top) and the 12 autosomal 2n 1 1 tri-
somies. Datura has 12 pairs of chromosomes
that are referred to with numbers associated
with their ends. The largest chromosome is
1�2, the next largest is 3�4, and so on. The
drawings were obtained from Avery

(1959). (D) Photographs of diploid maize
(left) and seven 2n 1 1 trisomic plants.
The maize genome consists of 10 chromo-
somes where chromosome 1 is the smallest
and 10 is the largest. The images were repro-
duced from McClintock (1929). (E) Pho-
tographs of an adult diploid worm (2n;
top) and a worm trisomic for the X chromo-
some (2n 1 X; bottom). The images were re-
produced from Hodgkin et al. (1979). (F)
Haploid S. cerevisiae that is euploid (top left)
and carries an extra copy of chromosome
XIII (top right) or an extra copy of chromo-
some IV (bottom). (G) Mouse embryos that
are euploid (left) or trisomic for chromo-
some 16 (right) at day 14.5 of development.
Trisomic mouse is reduced in size and dis-
plays nucal edemas.
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ognized as such, was described in 1915 in the Botanical
Garden of Storrs, Connecticut, and noted for its atypical
globose fruit and unusual pattern of inheritance (Avery

1959). Subsequently, several other plants were identified
that exhibited different traits but were also inherited in
an unusual manner. In 1920, Blakeslee et al. showed that
the gametes of these variants harbored 13 rather than 12
chromosomes and suggested that different chromo-
some duplications were responsible for the different
phenotypes exhibited by these Datura variants. Sub-
sequently, all possible 2n 1 1 plants were isolated as
spontaneously occurring variants or generated from
crosses between triploid and diploid plants or selfed
triploids. The 2n 1 1 aneuploid plants were shown to
display an array of phenotypes (an example is shown in
Figure 1C). However, all 2n 1 1 plants grew more slowly
than euploid plants and were outcompeted quickly
when co-cultivated with wild-type plants. As in Drosoph-
ila, the larger the extra chromosome, the more severe
the consequences on fitness were. It appears that some
plant species tolerate aneuploidy better than animals. In
some instances, chromosome gains or losses are even
part of their evolution. There are, however, several well-
studied examples in maize, rice, and Arabidopsis where
aneuploid plants grow significantly more poorly than
their wild-type counterparts (McClintock 1929; Singh

et al. 1996; Henry et al. 2005). Particularly, in maize and
rice, the degree of poor growth correlates with the size of
the additional chromosome (Figure 1D).

In 1959, Lejeune et al. showed that the condition
known as Down’s syndrome was due to the presence of
an additional copy of chromosome 21 (Lejeune et al.
1959). Trisomy 21 is the only autosomal trisomy that is
viable in humans. Two other trisomies, trisomy 13
(Patau’s syndrome) and trisomy 18 (Edward’s syn-
drome), can survive to birth but die within the first few
months of life (Pai et al. 2003). Chromosome 13, 18, and

21 are the smallest chromosomes in humans with
respect to the number of transcripts that they encode
(Figure 2A). All other autosomal trisomies are embry-
onic lethal (as are all autosomal monosomies), again
supporting the idea that the amount of additional
genetic material determines the severity of the defects
associated with the chromosome imbalance. Interest-
ingly, the viable trisomies share a number of defects.
Cardiovascular and craniofacial defects, developmental
abnormalities of the nervous system, as well as growth
retardation are observed in patients with Down’s,
Edward’s and Patau’s syndromes (Pai et al. 2003). The
consequences of trisomy were also examined in the
mouse. Using Robertsonian translocations, all possible
trisomies were generated (Dyban and Baranov 1987).
Only trisomy 19 animals develop to birth but die soon
thereafter; all other trisomies die during embryogenesis.
A comparison between chromosome size and the time
when embryos die reveals a striking correlation (Figure
2B), indicating that in this organism, an inverse corre-
lation also exists between the size of genome present in
three copies and organismal fitness. Furthermore, in the
mouse, cardiovascular, neurological, and craniofacial
defects as well as growth retardation are also common
among the different trisomies (see Figure 1G).

Caenorhabditis elegans contains five pairs of similarly
sized autosomes and a pair of X chromosomes in
hermaphrodites and a single X chromosome in males.
In 1979, Jonathan Hodgkin, H. Robert Horvitz, and
Sydney Brenner generated the first aneuploid round
worm that contained three copies of the X chromosome
(Figure 1E) (Hodgkin et al. 1979). These worms were
viable but were morphologically abnormal and ex-
hibited slower growth as well as subfertility (Hodgkin

et al. 1979). Subsequent efforts led to the generation of
worms trisomic for chromosome IV (Sigurdson et al.
1986). These animals also are subfertile and exhibit

Figure 2.—A correlation between degree of aneuploidy and organismal fitness in humans and mice. (A) The number of known
human transcripts/chromosome in humans. Trisomies below the line develop to birth. Trisomies above the line are embryonic
lethal. Only those chromosomes containing the least amount of transcripts survive birth. (B) In mice, survival of the embryo is
inversely correlated with the size of the chromosome that is present in three copies. Linear regression analysis fits the data with an
R2 of 0.71.
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morphological defects. Other trisomies have not been
recovered from screens for duplications, suggesting that
they are lethal. Monosomies have never been recovered
in any mutant or deficiency screen either. This finding,
together with the observation that worms carrying large
autosomal deficiencies are unhealthy and exhibit nu-
merous morphological defects, implies that monoso-
mies are lethal in C. elegans. However, large free
duplications and deficiencies ranging from 2.4 to 11.6
Mbp (2.4–11.9% of the genome) and from 1.1 to 4.6
Mbp (1.1–4.7%), respectively, have been obtained, in-
dicating that C. elegans is able to tolerate some levels of
genomic imbalance (Hodgkin 2005).

The first aneuploid Saccharomyces cerevisiae strains
were generated by Mortimer and Hawthorne in 1966 for
mapping purposes (Mortimer and Hawthorne 1966).
In 1970, Parry and Cox generated a series of disomic
strains by sporulating triploid yeast strains (Parry and
Cox 1970). They recovered a large number of offspring
and identified strains disomic for at least five chromo-
somes, leading them to suggest that aneuploidy is well
tolerated in yeast. Subsequent studies employed disomic
and monosomic yeast strains for the purpose of measur-
ing chromosome loss rates (Hartwell et al. 1982), but a
systematic characterization of all disomic strains was not
conducted until recently. We analyzed 13 of 16 possible
1n 1 1 yeast strains and found them to be impaired in
proliferation and sensitive to a number of conditions
interfering with protein synthesis and turnover (Torres

et al. 2007; Figure 1F). The genome size of Schizosacchar-
omyces pombe is similar to that of S. cerevisiae but is
contained on only three chromosomes. Yanagida and
coworkers showed in 1985 that only strains disomic for
the smallest chromosome (chromosome III) are viable
but severely growth retarded (Niwa and Yanagida

1985). More recent studies on whole chromosomal
aneuploidy as well as segmental aneuploidy indicate
that aneuploidy in S. pombe hampers cell proliferation
(Niwa et al. 2006).

In summary, aneuploidy causes developmental ab-
normalities and reduces organismal fitness in all species
where this condition was examined. It is also clear that
loss of genetic information due to monosomies is less
well tolerated than the gain of genetic information due
to trisomies or, in the case of haploid organisms,
disomies. The molecular bases for the reduced fitness
are discussed in the following section.

WHY DOES ANEUPLOIDY REDUCE
ORGANISMAL FITNESS?

To understand the basis for the reduced fitness caused
by aneuploidy, we must first ask whether the effects of
chromosome gains and losses are the same. Many studies
indicate that the answer to this question is ‘‘no.’’
Imbalances in protein stoichiometry are likely to be
the cause of defects in organisms with extra chromo-

somes. In the case of chromosome losses, two reasons are
likely to be responsible for the defects associated with
this condition: (1) a reduction in protein activity due to
the reduction in gene dosage, which is known as haplo-
insufficiency, and (2) as in the case of chromosome
gains, protein stoichiometry imbalances. We will sum-
marize the evidence supporting this notion with a focus
on the effects of protein imbalances on organismal
fitness. Furthermore, we propose that it is the additive
effects of many protein stoichiometry imbalances that
are responsible for many of the cellular defects and some
of the organismal and developmental abnormalities
associated with aneuploidy.

Defects caused by chromosome loss—reduction in
gene dosage: Organisms have much less tolerance for
chromosome losses than for gains. The likely reason for
this is that, in addition to protein imbalances caused by
an incorrect karyotype (discussed below), a reduction in
net protein levels occurs. Burns and Kacser proposed
that a reduction in the dosage of genes encoding most
metabolic enzymes will not affect fitness because the
enzyme activity is dictated by the flux of the pathway and
a change of 0.5-fold in enzyme concentration will have
minimal effects (Figure 4A, left; Kacser and Burns 1981;
see also Veitia 2002). Nevertheless, budding yeast
encodes 184 genes (3% of the yeast genome), which,
when in the heterozygous state, lead to a reduction in
fitness due to decreases in protein levels and not protein
imbalances (Deutschbauer et al. 2005). Deutschbauer
et al. probed the yeast knock-out collection for genes
that, when in the heterozygous state, lead to a reduction
in proliferative capacity. They then reasoned that if
protein imbalances were responsible for the decreased
fitness in these heterozygous strains, overexpression of
the gene should also lead to a reduction in proliferation
capacity. Overexpression of 13 of the 16 genes identified
as haplo-insufficient, however, did not lead to a detect-
able reduction in fitness, indicating that it is not
imbalances in protein stoichiometry but reduced pro-
tein levels that are responsible for this decrease in
organismal fitness. In Drosophila, loss of one copy of 64
out of a total of 79 cytoplasmic ribosomal proteins leads
to the ‘‘Minute’’ phenotype, with flies being small and
exhibiting poor fertility and viability (Marygold et al.
2007). In humans, several dozens of genes have been
identified which, when present in only one copy, result
in disease (Fisher and Scambler 1994).

Defects caused by chromosome gains or losses—pro-
tein stoichiometry imbalances: Dosage compensation
at the transcriptional level occurs for many sex chro-
mosomes (Straub and Becker 2007), but autosomes
do not appear to be regulated in this fashion. Although
dosage compensation at the transcriptional level occurs
for individual genes (Birchler et al. 1990; Guo and
Birchler 1994), microarray-based expression analyses
indicate that, overall, transcript levels correlate with
gene copy number in aneuploids. Haploid and diploid
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yeast strains containing an extra chromosome show a
corresponding increase in transcript levels (Torres

et al. 2007; Figure 3); diploid yeast strains lacking a
chromosome show a matching decrease (Figure 3).
Transcript levels of genes encoded on chromosome 21
parallel the increase in gene copy number in patients
with Down’s syndrome (Mao et al. 2003). Similar results
were obtained in mice with a partial trisomy for
chromosome 16 or 17 (Kahlem et al. 2004; Lyle et al.
2004; Vacik et al. 2005). In addition, changes in gene
expression appear to correlate with changes in gene
copy number in aneuploid cancer cells (Pollack et al.
2002; Tsafrir et al. 2006). If we assume that translation
also occurs according to gene copy number—there is
some evidence that this is the case at least for some
proteins in yeast and trisomic mouse embryos (Klose

and Putz 1983; Torres et al. 2007)—aneuploidy would
result in deviations from the normal stoichiometry of
protein complex subunits. These changes in intracellu-
lar protein composition would then cause defects in
many cellular processes, ultimately leading to develop-
mental defects and a decrease in organismal fitness.
This theory is known as the balance theory and can
explain the defects associated with aneuploidy due to
chromosome gain and, in part, those due to chromo-
some loss (Veitia 2002; Papp et al. 2003).

Defects caused by chromosome gains—additive
effects of imbalance: While haplo-insufficiency is not
uncommon in eukaryotic genomes, the number of
genes, for which a 50% increase in gene dosage leads
to a severe defect, is likely to be small. Proteins that
function exclusively in protein complexes are expected
to fall into this class (Figure 4B). The gene encoding b-
tubulin is one such example. In budding yeast, the
presence of an extra copy of the b-tubulin-encoding
genes in cells is lethal, and cells survive only when they
harbor an additional copy of chromosome 13, on which

the a-tubulin genes are located (Katz et al. 1990).
Conversely, in diploid yeast cells, heterozygous deletion
of the gene encoding a-tubulin results in haplo-in-
sufficiency due to increased levels of b-tubulin (Schatz

et al. 1988). In humans, duplication of a limited number
of genes has been found to be associated with disease.
For example, duplication of the SNCA gene, which en-
codes a-synuclein, leads to early onset Alzheimer’s dis-
ease (reviewed in Farrer 2006); duplication of PMP22
leads to Charcot-Marie-Tooth 1A (CMT1A) neuropathy
(reviewed in Hanemann and Muller 1998); and dupli-
cation of a fragment of the short arm of chromosome 7
(7p13-p22.1) causes severe developmental abnormali-
ties (Papadopoulou et al. 2006).

Increasing the gene dosage of most genes, however,
does not affect the fitness of an organism in a notable
way. Does this mean that the imbalance of only a select
number of genes is responsible for the severe pheno-
types associated with chromosome gains? We propose
that, while single genes certainly are responsible for
some of the phenotypes (i.e., for developmental abnor-
malities unique to the gain of a certain chromosome),
many of the traits, particularly those shared by different
aneuploids (i.e., cellular defects), are due to additive
effects of twofold increases of a large number of
proteins leading to many imbalances. Together, they
contribute to the significant decrease in fitness observed
in aneuploid organisms. Predictions of this ‘‘additive
effects of imbalance theory’’ are that:

1. Introduction of noncoding DNA, or DNA that
produces proteins that do not interact with the host
proteome, should not affect the fitness of an organ-
ism as severely as the introduction of additional DNA
from the same species.

2. Organismal fitness should correlate with the fraction
of the genome that is imbalanced.

Figure 3.—Changes in RNA expression corre-
late with changes in DNA copy number in an-
euploid S. cerevisiae. Each box represents the
genome of an aneuploid yeast strain, with data
points from the microarray analysis ordered ac-
cording to their chromosomal coordinates. The
left end of the left arm of chromosome I is shown
at the left end of the graph, and the right end of
the right arm of chromosome XVI is on the right
end. DNA copy number and the log2 ratio of
changes in gene expression of haploid yeast cells
disomic for chromosomes XI and XV (top) and
diploid cells mosomic for chromosome I and
IX (bottom) are shown as normalized to the wild
type. Data are courtesy of E. Torres and M. Dunham.
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In budding yeast, both these predictions appear to
be met: (1) introduction of large chromosome-size
amounts of mouse or human DNA does not significantly
affect cell growth and proliferation in this organism
(Torres et al. 2007) and (2) the phenotypes shared by
aneuploid yeast strains increase in severity with the
amount of additional DNA present in cells. Further-
more, the comparison between haploid yeast strains
carrying an extra chromosome (1n 1 1) and diploid
yeast strains carrying an extra chromosome (2n 1 1)
showed that an increase in ploidy buffers the genetic
imbalances of aneuploids with respect to sensitivities to
compounds interfering with protein synthesis and
folding because the ratio of imbalanced gene copy
number is decreased (2/1 in disomic strains compared
to 3/2 in trisomic strains; our unpublished observa-
tions). Additive effects of protein stoichiometry imbal-
ances not only explain the discrepancy between the
severity of the phenotype associated with chromosome
gains and the small number of genes known to cause
severe phenotypes when their copy number is increased
by 50%, but also provide an explanation for the striking
correlation between the amount of additional DNA
present in aneuploids and the severity of the phenotype
observed in these organisms.

In summary, the reduction in fitness of aneuploid
organisms is likely due to a number of reasons, but
protein stoichiometry imbalance is probably the major
cause of defects associated with chromosome gains, and
protein stoichiometry imbalances and reduction in gene
dosage of a select number of genes are the major cause
of defects associated with chromosome losses. We
should, however, note that other factors could also
contribute. Cells must replicate and maintain the extra
chromosomal material, creating a higher demand on
the DNA replication machinery and chromosome main-
tenance and segregation pathways. In fact, these path-
ways appear to be a cause of the reduced fitness of
budding yeast strains that are polyploid (Storchova

et al. 2006). Because the additional chromosomes in
aneuploid cells are active, it is also possible that the
transcription and translation machinery become rate
limiting, which could also lead to a reduction in or-
ganismal fitness. Consistent with this idea is the obser-
vation that aneuploid yeast strains exhibit increased
sensitivity to conditions that interfere with transcription
and protein synthesis (Torres et al. 2007).

DO ORGANISMS RESPOND TO ANEUPLOIDY?

A key question that arises from the idea that many
protein stoichiometry imbalances are at the heart of the
aneuploidy-induced defects is whether cells respond to
this state of imbalance and attempt to rectify it. This
question has been addressed systematically only in
budding yeast and only for strains that experienced
chromosome gains. However, in this specific circum-
stance the answer appears to be ‘‘yes.’’ Dosage compen-
sation seems to occur at the level of protein and not
transcript abundance.

We compared the steady-state levels of 16 proteins
whose transcripts were upregulated according to gene
copy number. Thirteen of the 16 proteins did not appear
to exhibit a corresponding increase in protein levels.
Analysis of several proteins, whose encoding genes are
located on chromosome 21 in cells of trisomy 21 pa-
tients, revealed similar results (Cheon et al. 2003a,b,c,d,
2007). Protein levels were not elevated in accordance
with amounts of message. These results indicate that
cells attempt to establish accurate protein stoichiome-
tries in aneuploid cells either by downregulating trans-
lation or, more likely, by degrading the excess protein.
There are several examples for the latter mode of
regulation. a-Tubulin and histones are degraded if they
are overexpressed or if their binding partners are miss-
ing (Gunjan and Verreault 2003; Lacefield et al.
2006). Perhaps protein complexes whose individual
subunits serve different functions (i.e., one subunit
contains the catalytic activity of the complex and others
serve as substrate receptors) are controlled by this type
of mechanism. Protein complexes that could fall into
this class are the ribosome, the proteasome, and micro-
tubules. The idea that dosage compensation occurs at
the level of protein abundance and is at least in part
mediated by protein degradation is also consistent with
the finding in yeast that strains carrying extra chromo-
somes are sensitive to drugs that interfere with protea-
some function (Torres et al. 2007) and with the
observation that cancer cells, which are frequently
aneuploid, depend on high proteasome activity since
they are more sensitive to proteasome inhibitors than
euploid cells (reviewed in Whitesell and Lindquist

2005).
Yeast cells carrying an extra chromosome exhibit

other defects that could reflect a response to aneuploidy.

Figure 4.—Two of the simplest possible effects of changes
in gene copy number on organismal fitness. (A) Changes in
copy number of genes that encode for enzymes should follow
the Kacser and Burns hypothesis. That is, the effects on fitness
are dictated by the activity of the enzymatic pathway rather
than by the enzyme concentration. On the other hand (B),
changes in copy number of structural genes such b-tubulin
have much more deleterious effect on fitness.
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These appear to be independent of the identity of the
additional chromosome but dependent on the amount
of additional yeast DNA present in cells (Torres et al.
2007). Aneuploid yeast cells show a transcriptional re-
sponse similar to that described in yeast cells grown
under many different stress conditions [called the envi-
ronmental stress response (Gasch et al. 2000)], sensitiv-
ity to high temperature, and a delay in the G1 stage of the
cell cycle. It is tempting to speculate that these traits also
reflect the aneuploid cell’s effort to reestablish protein
stoichiometry. Slowing down cell proliferation in G1 and
mounting a stress response that involves chaperones to
shield the cell from adverse effects of unassembled
protein complexes could all be part of a response that
is not unlike a stress response and whose role is to
promote survival when protein stoichiometries are im-
balanced. The molecular mechanisms underlying this
potential stress response and slowing of cell prolifera-
tion in G1, however, remain to be characterized.

Whether mechanisms exist that compensate for the
loss of proteins due to monosomy is not known. In
monosomic yeast cells, overall, transcription correlates
with gene copy number, indicating that dosage com-
pensation does not occur at the transcriptional level
(Figure 3). It is possible that compensation occurs at the
levels of protein translation. On a chromosome-wide
level, this would, however, require substantial trans-
lational control. We speculate that eliminating proteins
that are in excess is probably easier than upregulating
protein production to compensate for a deficiency. An
inability to compensate for gene losses could also ex-
plain why chromosome gains are better tolerated than
chromosome losses.

WHY ARE MOST TUMORS ANEUPLOID?

Theodor Boveri was the first to raise the possibility of a
link between aneuploidy and tumor formation. He
noted that the disorganized cell clusters that accumu-
lated in the center of aneuploid blastocysts resembled
‘‘Geschwuelste,’’ the undefined cell masses that are now
known as tumors, and wondered whether multipolar
mitoses and hence aneuploidy was the cause of tumor
formation in humans (Boveri 1902). Boveri speculated
that some aneuploid cells could proliferate better than
wild-type cells or in ways that wild-type cells could not.
Today, we know that aneuploidy interferes with growth
and development in most, if not all, organisms. However,
it is also clear that most solid tumors are aneuploid. If
aneuploidy is so deleterious, why, then, are most solid
tumors aneuploid?

Aneuploidy could be a late event in tumorigenesis,
caused by the inactivation of the p53 pathway. Inactiva-
tion of p53 results in tetraploidization (Bunz et al.
2002), a state that might facilitate aneuploidy. Thus,
aneuploidy would be a consequence rather than a cause

of tumorigenesis and thus would not contribute to
tumor development. Several lines of evidence indicate
that aneuploidy suppresses rather than promotes tu-
morigenesis. First, individuals carrying an extra copy of
chromosome 21 have a 50% lower probability of de-
veloping solid tumors than individuals with the correct
chromosome number (Hasle et al. 2000; Satge et al.
2003). Second, mice carrying segmental trisomies ex-
hibit a reduced incidence of neoplasia in the sensitized
apcMin genetic background (Sussan et al. 2008). Third, a
mouse model in which low-level aneuploidy was in-
duced by interfering with the chromosome segregation
machinery prevented tumor formation in most tissues
and caused tumor formation only very late in the others
(Weaver et al. 2007). Fourth, in humans, adenomas
with mild-to-moderate dysplasia or atypical ductal
hyperplastic lesions exhibit only low-grade aneuploidy
(Bomme et al. 1998, 2001; Larson et al. 2006), indicating
that tetraploidy and high-grade aneuploidy are not early
occurrences in tumor formation. Finally, although
cytogenetic analyses have identified many structural
and numerical aberrations in solid tumors, relatively
few are shared even among specific types of solid tumors
or have been shown to contribute to tumor formation
(reviewed in Albertson et al. 2003).

A few findings, however, argue for aneuploidy being
an early and causative event during tumorigenesis. The
observation that low-grade, small adenomas and atypi-
cal ductal hyperplastic cells do show a low degree of loss
of heterozygosity (Bomme et al. 1998, 2001; Shih et al.
2001; Larson et al. 2006) of course can also be viewed as
discrete chromosome gains playing a causative role early
during tumorigenesis. Trisomy 21 patients, although
less likely to develop solid tumors, are more prone to
developing childhood leukemias (Hasle et al. 2000).
Furthermore, even though tumors form late in mice
carrying low-level aneuploidy-inducing mutations, they
do arise with a statistically significant increased fre-
quency in some tissues (Weaver et al. 2007). Thus, it is
clear that under specific circumstances, i.e., in specific
tissues or during certain developmental stages, an
additional copy of specific chromosomes may accelerate
some aspects of tumorigenesis. For example, gaining an
additional copy of an oncogene or losing a copy of a
tumor suppressor gene may promote inappropriate cell
proliferation in differentiated nondividing tissues. In
what follows, we propose a speculative model that could
explain how aneuploidy, despite antagonizing prolifer-
ation, could promote tumorigenesis (Figure 5).

During the lifetime of a multicellular organism,
chromosome mis-segregation events will generate aneu-
ploid cells at an approximate rate of 1 in 105 divisions
(Rosenstraus and Chasin 1978; Hartwell et al.
1982). This process could occur in a euploid cell or in
a polyploid intermediate that was precipitated by a
cytokinesis defect or endoreduplication (Figure 5).
Most of the aneuploid cells will die or proliferate so
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slowly that they are outcompeted by normal cells.
However, if they have acquired proliferative potential
under conditions in which the surrounding euploid
cells in the tissue do not divide (i.e., through loss of
growth or G1–S-phase transition control), even slowly
proliferating aneuploid cells will have an advantage over
euploid cells.

We further propose that the very events that cause
aneuploid cells to proliferate slowly, and the stress
caused by aneuploidy, are also responsible for aneuploid
cells embarking on the path of tumorigenesis. The stress
caused by aneuploidy precipitates an increase in muta-
tion rate, in gene amplification and/or increased
genomic instability. Precedence exists for all these
scenarios. Several studies in Bacillus subtilis and Escher-
ichia coli have shown that stress increases the mutation
rate by promoting the utilization of error-prone DNA
polymerases or by downregulation of the mismatch
repair machinery (Sung et al. 2003; Ponder et al.
2005). In mouse fibroblasts, hypoxic stress causes de-
creased expression of the mismatch repair factor MLH1
and induces instability of a (CA)29 dinucleotide repeat
(Mihaylova et al. 2003). Gene amplifications can also
be induced by stress. In E. coli, amplification of the ampC
genes promotes resistance to antibiotics (Edlund and
Normark 1981). A partial aneuploid strain of Candida
albicans that includes two copies of the left arm of
chromosome 5 exhibits azole resistance (Selmecki

et al. 2006). In yeast, growth under glucose limitation
promotes amplification of the high-affinity glucose

transporters (Dunham et al. 2002). Aneuploidy of course
could also be a sign of genomic instability. This in-
stability would further aid in the evolution of the tumor
toward a state of high proliferative capacity.

We predict that among the first mutations that occur
in aneuploid cells are those that allow cells to tolerate
the adverse effects of aneuploidy. These combined with
growth and proliferation-promoting genomic changes,
such as amplification of oncogenes and loss of tumor
suppressor genes, now promote growth and eventually
lead to the selection of tumor cells with high pro-
liferative capacity. Aneuploidy could also give tumors
the ability to fine-tune gene dosages to promote growth
in a particular environment within the body. Ciliates
such as Tetrahymena utilize this strategy for generating
cells with a range of gene dosages to create few cells that
will survive under different kinds of stress (Yao and
Chao 2005). We further propose that aneuploidy not
only promotes genomic changes and provides mecha-
nisms of adaptation in a particular environment, but
also gives another important advantage to these evolv-
ing cells: it shields them from lethal mutations. By pro-
viding multiple copies of essential or haplo-insufficient
genes, aneuploidy could protect cells from lethal events.
Thus, we speculate that, in a rather counter-intuitive
manner, the proliferation-inhibiting, stress-inducing prop-
erties of aneuploidy are the reasons why aneuploidy
promotes tumor growth and development.

However, irrespective of whether aneuploidy causes
tumorigenesis or whether it is an accidental by-product
of the process, it is clear that aneuploidy interferes with
cellular growth and proliferation. Single-celled organ-
isms, such as fission and budding yeast, proliferate more
slowly when they are aneuploid. Studies on trisomic
mouse cell lines show that the presence of an extra
chromosome hampers cell proliferation, and in some
instances, immortalization (B. R. Williams, V. R.
Prabhu, K. E. Hunter and A. Amon, personal commu-
nications). In cultures of the human cell lines RPE-1 and
HCT116, nondiploid cells are also outcompeted by
their euploid siblings (Thompson and Compton

2008). Thus, for an aneuploid tumor to reach high
proliferative potential, it must acquire mutations that
allow cells to tolerate the adverse effects of aneuploidy.
Identifying such mutations will provide critical insights
into tumor progression.

ANEUPLOIDY: CANCER’S ACHILLES HEAL?

Given that most solid tumors are aneuploid, the
cellular consequences of aneuploidy could provide a
novel target in cancer therapy. Aneuploid cells attempt
to restore protein stoichiometries to the euploid state.
This observation predicts that aneuploid cancer cells
rely more heavily on the mechanisms that are employed
to clear cells from excess protein or that shield cells
from proteins that are not bound to their partners.

Figure 5.—A model for how aneuploidy could promote tu-
morigenesis. See text for details.
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Consistent with this idea are the observations that
cancer cells exhibit increased sensitivity to proteasome
inhibitors and the Hsp90 chaperone inhibitor geldana-
mycin (Whitesell and Lindquist 2005). Furthermore,
inactivation of the transcription factor HSF1, which is
required for the heat-shock response in mice, leads to a
significant reduction in tumor incidence (Dai et al.
2007). Developing methodologies for detecting aneu-
ploid cells in vivo could allow for early detection of
cancerous lesions. Characterizing the phenotypes as-
sociated with aneuploidy in human cells as well as
identifying small molecules that specifically kill aneu-
ploid cells will provide new avenues in the treatment of
cancer.
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