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Abstract

When cells in our body change their genome and develop into cancer, we blame it on genome
instability. When novel species conquer inhospitable environments, we credit it to genome
evolution. From a cellular perspective, however, both processes are outcomes of the same
fundamental biological properties — genome and pathway plasticity and the natural selection of
cells that escape death and acquire growth advantages. Unraveling the consequences of genome
plasticity at a cellular level is not only central to the understanding of species evolution but also
crucial to deciphering important cell biological problems, such as how cancer cells emerge and
how pathogens develop drug resistance. Aside from the well-known role of DNA sequence
mutations, recent evidence suggests that changes in DNA copy numbers in the form of segmental
or whole-chromosome aneuploidy can bring about large phenotypic variation. Although usually
detrimental under conditions suitable for normal proliferation of euploid cells, aneuploidization
may be a frequently occurring genetic change that enables pathogens or cancer cells to escape
physiological or pharmacological roadblocks.

Introduction

Genomic instability has been a central issue in several basic fields of cell biology for the
past decades, spanning from growth and cell cycle regulation, mitosis and meiosis, to cancer
progression. Among the main products of genomic instability, and especially of
chromosome instability, are DNA copy number changes that often involve relatively large
chromosomal regions and in some cases span entire chromosomes. For the scope of this
review, we will hereafter refer to segmental and whole-chromosome copy number changes
collectively as “aneuploidy'. Tremendous efforts have been devoted to the elucidation of the
mechanisms leading to aneuploidy (comprehensively reviewed in [1,2]). We only emphasize
here that there is a wide variety of roads that could lead to aneuploidy. Perturbations in
components of the chromosome segregation machinery, in the spindle assembly checkpoint,
in the S-phase checkpoint, as well as in homologous and non-homologous recombination
pathways are some of the common causes leading to either segmental or whole-chromosome
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aneuploidy [1,2]. With so many different doors open to aneuploidy, frequent observation of
this mutation comes with no surprise. In fact, aneuploidy has long been observed in many
different organisms and contexts (Table 1). This article focuses on the consequences of
aneuploidy at the cellular level, which has been debated in at least two different but related
contexts.

Debates on aneuploidy

Since most cancer cells are aneuploid, one debate has centered on whether aneuploidy is a
cause or a consequence of cancer [3,4]. As cancer cells are often defective in one or more
cellular machineries that ensure genome integrity and stability, it is natural to think of
aneuploidy as a, perhaps innocent, byproduct of the cellular transformation process itself [5].
The opposing argument is that, based on the view that cancer is a Darwinian process where
cells are selected to overcome severe restrictive conditions, ranging from tissue-specific
growth controls to clinical treatments [6-8], aneuploidy is a form of mutation that could
contribute to oncogenesis, metastasis and the development of chemotherapy resistance [9-
13]. Another debate revolves around whether aneuploidy is a beneficial or a detrimental
mutation. Aneuploidy has been shown to facilitate pathogenic yeasts to escape antimicrobial
drugs [14] or increase their virulence [15], as well as to help budding yeast cells to cope
with either nutrient limitations [16,17] or strong genetic perturbations [18-20] (further
discussed below). On the other hand, aneuploidy has long been known to have detrimental
effects on organismal development and recently shown to reduce cellular fitness [21-23].

Below we offer an explanation that could reconcile the above debates. Based mostly on
evidence accumulated from the study of pathogenic and budding yeast, we first argue that
aneuploidy is a highly accessible mutation that can produce large effects on the cellular
phenotype by changing the copy number of several to many genes simultaneously. While
the euploid cells are optimized to thrive under “normal’ conditions, aneuploids, by deviating
from the normal physiological state, can become considerably less fit under such
circumstances. However, under conditions severely adverse to euploid cells, it may be the
aneuploid variants, much more than their euploid counterparts, that hold the potential to
adapt by finding creative solutions as a result of the large phenotypic changes brought about
by DNA copy number changes. Our analysis supports the view that genome instability and
aneuploidy create a formidable positive feedback loop that may “switch on' aggressive
cancer phenotypes and catalyze emergence of drug resistance [10,12].

Aneuploidy affects gene expression on multiple levels

An important question to answer in order to resolve the above debated issues is whether
aneuploidy has phenotypic consequences, i.e. whether it is “innocent' or “guilty' of causing
phenotypic changes, and if the answer is yes, then what the consequences might be in
respect to fitness or cancer progression. Evidence gathered in recent years across different
organisms unequivocally suggests that changes in gene copy numbers caused by aneuploidy
directly lead to changes in the level of mMRNA expression [11,18,19,21,23-25]. These
studies revealed that aneuploidy directly affects the expression of a large number of genes
by a relatively small degree and a small number of genes by a relatively high degree (Figure
1). The vast majority of genes encoded on an aneuploid chromosome display an mRNA
expression that is proportional to gene copy number (Figure 1A). For example, in a study
characterizing aneuploid yeast strains able to overcome a severe defect in cytokinesis due to
gene deletion of the Myol protein, diploid yeast strains that gained a single copy of a
chromosome display a ~50% higher expression level compared to a control euploid strain
for ~99% of the genes on the aneuploid chromosome [19]. In triploid strains that gained or
lost a single copy of a chromosome, the average gene expression on the aneuploid
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chromosome was increased or decreased by ~33%, respectively [19]. In addition to this
relatively moderate effect directly determined by gene dosage, these aneuploid yeast strains
showed also a small fraction of outlier genes that were highly differentially expressed. Since
these genes were not necessarily encoded on aneuploid chromosomes [19], their
transcriptional change could not be explained by the gene copy number change. Instead,
these outlier genes were highly enriched for direct or indirect targets of transcription factors
encoded on the aneuploid chromosomes [19] (Figure 1B). Interestingly, such trans-acting
effects of aneuploidy on gene expression had long been known in maize [26].

While the ability of specific aneuploidy to confer adaptive phenotypes (further discussed
below) suggests that the increased RNA expression level is likely to result in an increase in
protein level in order to have functional consequences, this so far has not been consistently
demonstrated by protein analysis. Immunoblot analysis of 16 different proteins encoded on
aneuploid chromosomes in a systematic collection of aneuploid yeast strains found that only
3 exhibited the abundance increase predicted by the increased gene expression as a result of
aneuploidy [21]. This finding led to the conclusion that either extra mRNA molecules were
not translated or that the extra protein products were degraded shortly after translation, both
ultimately leading to dosage compensation at the protein level. However, this finding may
also be explained by the fact that 11 of the 13 proteins that did not show protein level
increase were components of various protein complexes [21], and prior evidence suggests
that proteins that are parts of larger complexes may be unstable until incorporated into
complexes [27]. Also concluding against the presence of dosage compensation in yeast, a
recent study found that for ~80% of 730 budding yeast proteins analyzed by flow cytometry,
a 50% reduction in gene dosage leads to a ~50% reduction in protein level [28]; however,
this study was conducted with diploid yeast strains bearing heterozygous deletion for
individual genes rather than with aneuploid strains. A more systematic proteomics approach
will be required to fully understand the extent to which aneuploidy-generated changes in
mMRNA level translate into changes in protein abundance.

Aneuploidy profoundly affects the cellular phenotype

Despite a lack of conclusive demonstration on how aneuploidy may affect gene expression
at the proteome level, evidence abound that aneuploidy can bring about large changes in
cellular phenotypes. Below we discuss several mechanisms by which aneuploidy affects
phenotypic adaptation.

Single gene-based effects

Although an earlier study found that changing copy number of individual genes does not
always produce a measurable phenotypic change in wild-type cells grown under optimal
conditions [29], under severe genetic or environmental perturbations, aneuploidy has been
shown to provide significant growth advantages through up-regulation of individual genes.
For example, it was serendipitously found that ~8% of budding yeast strains deleted of non-
essential genes spontaneously acquired aneuploidy [18]. In some cases the gained
chromosomal element carried a gene that was highly similar to the deleted gene, suggesting
that aneuploid karyotype might have been selected for due to an increased copy number of
the paralog of the deleted gene [18]. More recently, it has been shown in experimental
evolution under sulfate limitation, that amplification of the high-affinity sulfate transporter
SUL1 through segmental aneuploidy conferred a ~50% growth advantage compared to wild-
type budding yeast cells [17]. Furthermore, when aneuploidy simultaneously changes copy
number of several different genes, the probability for it to produce significant phenotypic
changes might become even larger due to either additive or synergistic effects (Figure 1C-
D, and see below).
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Multi-gene additive effects

Adaptive phenotypic changes, especially in response to severe stress, may require the
modulation of several different cellular pathways at once. While such large effects may be
more difficult to accomplish via point mutations, aneuploidy, which can simultaneously
change the copy number of several to many different genes, drastically increases the
probability of such phenotypic leaps (Figure 1C). A well-characterized example is
represented by acquisition of resistance to the widely-employed anti-fungal drug fluconazole
by the human pathogen Candida albicans. Clinical isolates of fluconazole-resistant C.
albicans strains often carry two extra copies of the left arm of chromosome V [14]. The
resistance mechanism was shown to be independently and additively mediated by increased
expression of two genes harbored on the left arm of chromosome V: ERG11, an ergosterol
biosynthesis gene encoding the drug target, and TAC1, a transcriptional regulator of drug
efflux pumps [30]. Remarkably, this aneuploid genome can be rapidly reproduced in the
laboratory by adaptively evolving C. albicans strains in the presence of fluconazole [31].

Multi-gene synergistic effects

In some cases single or multiple chromosome aneuploidy can simultaneously change the
copy number of several genes involved in a same pathway (Figure 1D). Synergistic effects
of these changes may produce phenotypic outcomes that can be much larger than the sum of
the individual changes. Saccharomyces cerevisiae cells freshly deleted of the MYO1 gene
die within a few mitotic cell cycles because of the repeated failure to complete cytokinesis
[32]. When the few surviving myolA cells were adaptively evolved for several generations
they often gained extra copies of chromosome XV1 [19]. These evolved strains restored
cytokinesis by thickening of the cell wall at the cell division site, a mechanism
morphologically distinct from the one observed in the wild type [19]. This phenotype
correlated with up-regulation of a set of genes involved in cell wall biogenesis; however,
few of these genes were themselves on chromosome XVI. Instead, two of their upstream
regulators, a transcription factor and a component of the MAP kinase cascade, are encoded
on chromosome XVI. It was demonstrated that increasing copy humber of both but not
either gene alone in freshly generated myolA cells was sufficient to restore cytokinesis by
cell wall thickening [19]. This example shows that synergistic effects of small changes in
gene expression as a result of aneuploidy can create large effects on cellular pathways and
bring about novel adaptive phenotypes.

Enhanced promiscuity in regulatory interactions

Another possible way by which aneuploidy could generate adaptive phenotypes is by
increasing the promiscuity of protein-protein interactions. It was recently shown that over-
expression alone is sufficient to increase the promiscuity with which proteins physically
interact with their potential partners or targets [33]. Over-expression as a result of
aneuploidy might therefore unleash the ability of promiscuous protein interactions to induce
pleiotropic effects on a large number of cellular pathways. A possible example of this
phenomenon is represented by the drug resistance mechanism developed by a subset of lung
cancer patients towards “gefinitib' or “erlotinib', specific inhibitors of the EGF receptor. In
these patients, the drug resistance is not mediated by mutation or amplification of genes
directly involved in the EGF receptor pathway but by copy number amplification of the
MET gene, encoding a kinase not previously recognized to have a role in the EGF signaling
cascade [34,35]. At high levels of expression, MET kinase was shown to phosphorylate and
activate proteins downstream of the EGF receptor that are not usually targets of MET when
the kinase is expressed at normal levels [34,35]. Thus, over-expression of MET due to an
increase in gene copy number appears to allow cancer cells to bypass the requirement of
EGF receptor to activate downstream pathways.
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Conclusion and resolving the debates on aneuploidy

Based on the many ways by which aneuploidy can bring about phenotypic changes as
discussed above, aneuploidy can be viewed as a large-effect mutation, through which large
phenotypic leaps can be achieved in a single mutational step. In the classical theory of
evolutionary adaptation, species are conceptualized as hikers on a fitness landscape that are
trying to reach the nearest fitness peak through accumulation of a series of small-effect
mutations [36] (Figure 2). In situations where cells are already atop a fitness peak, i.e. they
are well adapted to a particular environment, large-effect mutations such as aneuploidy may
be more likely to cause a fall from the peak, resulting in reduced fitness (Fig. 2A). However,
if cells are situated in a fitness valley, far away from the nearest peaks, e.g. when they are
under severe stress or growth inhibition, large-effect mutations such as aneuploidy may have
a better chance to cause a large leap in the fitness landscape, enabling the cell to land on a
higher fitness altitude, immediately gaining selective advantage [37] (Fig. 2B). By contrast,
small-effect mutations, such as single nucleotide substitutions, would be less likely to result
in significant fitness advantage in a single mutational step (Figure 2). This view resolves the
debate over whether aneuploidy is beneficial or detrimental. We argue that aneuploidy is not
intrinsically beneficial or detrimental to fitness; the outcome depends on the context, i.e. the
shape of the fitness landscape and the initial position on the fitness landscape, as well as the
nature of the specific aneuploidy under consideration, which could bring about specific
changes in gene expression toward either higher or lower fitness.

Although the above conclusions are drawn from work performed mostly in pathogenic and
budding yeasts, the findings may lend insights into the question of whether aneuploidy is a
cause or a consequence of cancer. In multi-cellular organisms, the presence of stringent and
extensive growth control at the tissue or organ level suggests that most cells, from the
perspective of their individual proliferative advantages, are not atop a fitness peak. Various
types of checkpoints prevent genome plasticity and guard against the propensity of
individual cells to undergo adaptive changes and escape growth control, thus ensuring
fitness of the organism. In cancer, however, mutations impairing the chromosome
segregation machinery, various checkpoints or normal growth control mechanisms enable
the emergence of aneuploidy and other genetic changes [4]. Aneuploidy, in turn, has also
been proposed to stimulate further genomic instability [12,38]. Consistent with this
hypothesis, a recent study showed that even small dosage imbalances in the abundance of
proteins involved in chromosome segregation increased chromosome instability in cultured
human cells [39]. The emergence of aneuploidy could potentially provide large phenotypic
leaps that enable cancer cells to gain proliferative advantages over euploid cells by
overcoming tissue-specific growth control or differentiation signals, or even chemotherapy.
Thus, oncogenesis and the rise of aneuploidy may constitute a formidable positive feedback
loop driving the onset of highly aggressive tumor phenotypes. The implication of this idea is
that effective cancer therapies must be able to break such viscous cycles by preventing the
rise of aneuploidy and other adaptive mutations while imposing strong inhibition or rapidly
killing of the highly proliferative tumor cell populations.
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Figure 1. Effects of aneuploidy on gene expression and phenotype

Schematic representation of several possible mechanisms by which aneuploidy can affect
gene expression and give rise to adaptive phenotypes. (A) Direct effect of gene copy number
change due to aneuploidy on gene expression level, which in some cases might be sufficient
to bring about an adaptive phenotype. (B) Some of the genes directly affected by aneuploidy
can have trans-acting effects on the expression of target genes not necessarily residing on
the aneuploid chromosomes. In some cases, adaptive phenotypic changes are brought about
by such indirect effects. (C) When aneuploidy increases the copy number of more than one
gene at a time, changes in the expression of each of the genes can independently and
additively converge to influence a cellular phenotype. (D) Changes in the expression of
multiple genes on aneuploid chromosomes can synergistically cause large changes in the
expression of target genes that are not necessarily carried on aneuploid chromosomes. In
some cases, such synergistically-induced changes could give rise to adaptive phenotypes.
Chromosomes are represented as grey bars, genes as colored rectangles, gene products as
colored circles, trans-acting effects as black arrows and phenotypic effects as green arrows.
The hypothetical two-chromosome haploid genome is depicted on the left; the
corresponding aneuploid genome (carrying an extra copy of the first chromosome) is shown
on the right.
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Figure 2. Phenotypic leaps produced by aneuploidy during adaptive walks on a fitness landscape
(A) When a cell (represented by a hiker) is atop or very close to a fitness peak, point
mutations with small effects on fitness normally allow the cell to stay in the vicinity of the
peak, while large-effect mutations such as aneuploidy typically push the cells towards
regions of lower fitness. (B) When a cell is situated in a fitness valley far away from a peak
(because of either a physiological growth control mechanism or a strong genetic or
environmental perturbation), small-effect mutations rarely bring significant fitness gain in a
single step, whereas the large phenotypic leaps brought about by aneuploidy can in some
cases bring the cell much closer toward a nearby fitness peak, enabling immediate fitness
advantage.
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