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A link between aneuploidy and miscarriage or cancer in

humans has been known for a long time. However, only in

recent years the development of experimental models of

whole-chromosome aneuploidy has allowed investigators to

take a closer look at how aneuploidy affects individual cells.

Collectively, recent studies using these models have shown

that aneuploidy induces transcriptomic and proteomic

changes, chromosomal instability, and adaptation. In this

article, we discuss the findings from these recent studies and

present current and emerging models on how aneuploidy may

be deleterious in certain contexts, but beneficial in others.
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Introduction
Fundamental to life is a cell’s ability to accurately divide

its genomic material evenly between its daughter cells. A

number of different chromosome segregation errors can

lead to inaccurate distribution of the genetic material to

the daughter cells during cell division and cause defects

such as chromosome rearrangements, gain/loss of defined

genomic regions, and/or gain/loss of entire chromosomes

(i.e., aneuploidy). All these defects can have dire con-

sequences on the health of both individual cells and the

organism in which they arise. In this article, we will

specifically discuss the consequences of whole-chromo-

some aneuploidy, which is known to be a leading cause of

miscarriage in humans, but is also found in certain healthy

tissues, and is a common feature of cancer cells. Although

the association between aneuploidy and miscarriages or

cancer has been known for a long time, only in recent

years a number of newly developed experimental models

of aneuploidy have allowed a more thorough investigation

and deeper understanding of how aneuploidy affects

individual cells. These models consisted of various sys-

tems with defined extra chromosomes, including strains
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of haploid budding yeast carrying specific disomies,

mouse embryonic fibroblasts (MEFs) carrying specific

trisomies as a result of Robertsonian fusions, and trisomic

or tetrasomic human cell lines generated via microcell-

mediated chromosome transfer. Our discussion will focus

on these recent studies in an attempt to highlight com-

mon themes and important differences.

Effects of aneuploidy on gene expression and
protein levels
Initial studies in haploid yeast strains carrying specific

disomies [1��] or MEFs carrying defined trisomies [2��]
reported an increased expression of genes on the aneu-

ploid chromosome. A later study on a large panel of

aneuploid yeast strains revealed that both the transcrip-

tomic and the proteomic profiles scaled up with the

aneuploidy [3��]. Proteomic changes in aneuploid yeast

were also confirmed in a recent study [4�] and a direct

correlation between chromosome copy number and gene

expression levels was identified in several studies using

aneuploid human cells [5�,6,7��]. Moreover, one of these

studies also found changes at the proteomic level to

correlate with the specific aneuploidy in human cells

[7��]. Thus, these studies collectively highlighted a

scale-up phenomenon by which the RNAs and the pro-

teins corresponding to genes on the aneuploid chromo-

some(s) are present in higher amounts compared to those

found in euploid controls.

However, one study also found that the levels of some

proteins (�25%) encoded on the aneuploid chromo-

some(s) were maintained at levels more similar to the

diploid level, with protein kinases and subunits of protein

complexes being the majority of those [7��]. Moreover, it

was shown, both in yeast and human cells, that aneuploi-

dy results in mis-regulation of a set of genes independent

of the specific aneuploidy [4�,7��]. Indeed, at the protein

level, human cells displayed downregulation of DNA and

RNA metabolism pathways and upregulation of pathways

linked to autophagy and lysosome function, vesicle trans-

port, membrane synthesis, and carbohydrate and oxida-

tive metabolic processes [7��]. In a different study,

transcriptomic analysis of a number of aneuploid cell

lines identified downregulation of genes linked to

DNA replication, transcription, and ribosomes and upre-

gulation of genes linked to endoplasmic reticulum, Golgi

apparatus, and lysosomes [8�]. Finally, regardless of the

specific disomy, aneuploid budding yeast displayed a

‘gene expression signature’ corresponding to upregula-

tion of proteins involved in the oxidative stress response

[4�]. These findings are consistent with a previous meta-

analysis performed by Sheltzer and colleagues [9], who
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found that different aneuploidies arising in many different

species, including yeast, plants, mice, and humans, pro-

duced certain consistent gene expression changes, inde-

pendent of the aneuploidy and of the species. These

changes consisted in the upregulation of genes involved

in the response to stress and downregulation of genes

associated with cell cycle and cell proliferation [9]. Yet,

other investigators observed association in human cells

between aneuploidy and upregulation of proteins involved

in DNA metabolism (as opposed to the downregulation

reported in [7��]) and growth [10�]. On the basis of these

observations, several groups of investigators have argued

that aneuploidy induces a defined gene mis-expression

pattern, possibly as a result of a physiological response to

the stress caused by carrying an excess of hundreds-to-

thousands genes. However, an alternative, not mutually

exclusive, possibility is that genes on the aneuploid chro-

mosome may act as regulators of genes on other chromo-

somes; this is consistent with studies performed on

colorectal cancer cell lines with or without defined aneu-

ploidies [10�,11]. In these studies, trisomy 7 and trisomy

13 were found to induce mis-regulation of genes on chro-

mosomes other than the aneuploid ones (in addition to

those on the aneuploid chromosomes), but the genes mis-

regulated in response to trisomy 7 were different than those

mis-regulated in response to trisomy 13 [10�,11].

Thus, the data available so far show that aneuploidy

causes upregulation of genes carried by the additional

chromosome(s), as well as mis-regulation of genes map-

ping on other chromosomes.

Effects of aneuploidy on cell fitness and
proliferation
Given the long-known association between aneuploidy

and disease, it would be hard to argue against the state-

ment that aneuploidy is an undesirable trait. However,

solid evidence on how aneuploidy affects cell physiology

and proliferation has only emerged over the last decade.

First, haploid yeast strains carrying defined aneuploidies

were shown to display a G1 delay, reduced proliferation,

and reduced ability to form colonies [1��]. Subsequently,

similar studies performed in MEFs carrying defined

trisomies showed that aneuploid MEFs, similarly to an-

euploid yeast, displayed impaired proliferation and im-

paired metabolism [2��].

Given its generally negative effects on cell fitness and

proliferation, it is surprising that aneuploidy is a physiolog-

ical, and in some cases even necessary, condition in certain

healthy tissues. For instance, aneuploidy is frequently

found in hepatocytes of healthy human liver [12�,13].

Perhaps more strikingly, during the development of the

Drosophila rectum, papillar cells undergo endoreduplica-

tion/polyploidization and then re-enter mitosis [14,15�].
These mitoses are highly error-prone and the cell popula-

tion accumulates high levels of aneuploidy, but the
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suppression of pre-mitotic endocycles (i.e., the reduction

of aneuploidy) leads to defective rectum development and

reduced organismal tolerance for a high-salt diet [15�].
Finally, the fact that aneuploidy is so commonly found

in cancer cells [16,17] and does not appear to interfere with

their proliferation, suggests that under certain circum-

stance aneuploidy may, in fact, be beneficial.

Effects of aneuploidy on chromosome
stability
The question of whether aneuploidy affects chromosome

stability has been debated for a long time, with reports

alternatively concluding that aneuploidy induces chro-

mosome number instability (CIN) [18–20] or that it does

not [21–23]. However, in recent years, studies in aneu-

ploid yeast strains have unquestionably shown that aneu-

ploidy causes genomic instability [24��,25��]. On the basis

of these results, a re-evaluation of the effects of aneu-

ploidy on chromosome stability in human cells was war-

ranted. In a recent study, amniocytes from aneuploid

embryos were shown to display high rates of aneuploidy

for chromosomes other than the constitutively aneuploid

one [26]. In another study, both cancer cells and amnio-

cytes carrying specific aneuploidies were shown to display

high rates of mitotic chromosome mis-segregation in the

form of anaphase lagging chromosomes (LCs) and chro-

mosome number heterogeneity [27��]. LCs (chromo-

somes that lag behind at the spindle equator when all

other chromosomes move to the poles during anaphase)

are known to be the most common chromosome segrega-

tion defect seen in cancer cells [22,28]. These new find-

ings [27��] now explain the correlation that had been

previously identified between the degree of aneuploidy

and the rates of LCs in cancer cells [29]. In addition to

CIN, these high rates of LCs also promote chromosome

structural defects, given that LCs form micronuclei

(MNi) upon mitotic exit [30,31] and that MNi have been

shown to accumulate DNA damage and extensive chro-

mosome rearrangements [31–33].

To conclude, recent data strongly support a role of

aneuploidy in promoting chromosome mis-segregation

and chromosomal/genomic instability.

Aneuploidy and adaptability
A plethora of data indicates that aneuploidy negatively

affects cellular and organismal wellness. Indeed, aneu-

ploidy (even mosaic) is a leading cause of miscarriage and

congenital defects in humans [34]. Moreover, inducing

aneuploidy in mouse models by mitotic checkpoint im-

pairment can result in increased rates of or susceptibility

to tumorigenesis [35,36]. Finally, as described above,

aneuploidy typically impairs cell fitness and proliferation.

However, a number of studies in single cell eukaryotes

revealed that aneuploidy can confer a selective advantage

under stressful environmental conditions. For instance,

aneuploidy is associated with acquisition of antifungal
www.sciencedirect.com
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Figure 2
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resistance in Candida albicans [37,38]. Similarly, aneuploi-

dy was shown to confer a selective advantage to budding

yeast exposed to DNA damaging compounds [3��]. In

both cases, the aneuploidy resulted in overexpression of

efflux pump genes, suggesting that aneuploidy may allow

for rapid evolution of advantageous phenotypic traits.

This conclusion is also supported by a previous study

showing the emergence of aneuploid karyotypes that

would result in alternative cytokinesis pathways in yeast

strains lacking the MYO1 gene [39�], as well as more

recent studies showing the emergence of aneuploidy in

response to telomerase insufficiency [40] or oxidative

stress response deficiency [41�].

A few examples of specific aneuploidies arising in re-

sponse to environmental challenges also exist for mam-

malian cells. For example, loss of chromosome 16 in

mouse hepatocytes was found to protect from hepatic

injury [42�]. In a different study, trisomy 7, associated

with overexpression of EGFR (encoded on chromosome

7), was shown to emerge in immortalized human colon

epithelial cells cultured in serum-free media [43]. Emer-

gence of trisomy 7 was also reported for human neural

progenitor cells upon EGF withdrawal [44].

The studies described above suggest that aneuploidy can

confer a selective advantage by specifically causing mis-

expression of one or few genes on the aneuploid chromo-

some (Figure 1). On the basis of this, it has been proposed

that environmental challenges could be used to select for

specific ‘druggable’ karyotypes/phenotypes [45]. Howev-

er, it is possible that in other circumstances aneuploidy may

act via a more general mechanism. Specifically, by causing

chromosome mis-segregation and chromosomal/genomic

instability [24��,25��,26,27��], aneuploidy produces
Figure 1
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Adaptability to environmental challenge conferred by overexpression

of one or few specific gene(s) on the aneuploid chromosome. The

lightning bolt represents a challenge or change in environmental

conditions. A specific aneuploidy (n) can confer resistance to a given

challenge that would kill a euploid cell (2N = diploid, mammals;

N = haploid, yeast). The circles represent individual cells.
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genetic heterogeneity in the cell population (Figure 2).

This heterogeneity would then make the population

adaptable to a broader spectrum of environmental chal-

lenges/conditions (Figure 2). This latter model can explain

the prevalence and/or requirement of aneuploidy in certain

healthy tissues, such as the human liver [13,42�] and the

Drosophila rectum [15�], that are more likely than other

anatomical sites to be exposed to environmental toxins

against which aneuploidy may confer protection/resis-

tance. Moreover, such non-specific adaptability can also
CIN
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Adaptability conferred by the karyotypic/phenotypic heterogeneity

caused by aneuploidy. By promoting chromosome mis-segregation/

CIN, aneuploidy results in karyotypic (and thus phenotypic)

heterogeneity within the cell population. The different karyotypes/

phenotypes present within such heterogeneous population may be

adapted/resistant to defined environmental conditions. Once these

cells are exposed to certain challenges/environmental changes,

individual aneuploid cells (the ones with the fittest karyotype/

phenotype) may survive. These cells, in turn, can generate new

heterogeneous cell population due to the intrinsic CIN associated with

aneuploidy. The lightning bolts represent challenges or changes in

environmental conditions and the different colors refer to different

challenges/changes. The large circles represent individual cells. The

small colored circles represent extra copies of various chromosomes.
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explain the widespread aneuploidy and CIN in cancer and

the association between CIN and drug resistance in cancer

cells [46,47]. Finally, this non-specific adaptability model is

also in agreement with our recent finding that both trisomy

7 and trisomy 13 confer a selective advantage to cancer cells

cultured under several non-standard conditions, with no

evidence for a link between a given aneuploidy and a

specific condition [48].

The final question, then, is how does aneuploidy exact-

ly affect cellular fitness? It has been previously

proposed that aneuploid cells may be best fit to certain

conditions that deviate from a ‘standard’ culture/envi-

ronmental condition (Figure 3, dashed yellow lines)

[45]. However, another possibility is that aneuploid

cells are never well-fit for any environmental condition,

but can adapt to a broader range of conditions (Figure 3,

solid yellow line), which allows them to survive in

contexts that are too hostile for their euploid counter-

parts. Thus, although under standard environmental

conditions the fitness of diploid cells (Figure 3, solid

blue line) is substantially higher than that of aneuploid

cells, as the environmental conditions deviate from

the standard, aneuploid cells rapidly become better

fit than diploid cells (Figure 3, solid yellow line). This

subpar broad fitness may be the result of two, not

mutually exclusive, factors: first, the high rates of

chromosome mis-segregation resulting from aneuploidy

[24��,25��,26,27��] increase the karyotypic/genomic
Figure 3
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Relationship between karyotype and cellular fitness. Diploid/haploid

cells (solid blue line) are well adapted to certain ‘standard’ conditions,

but their fitness rapidly decreases as the environmental conditions

deviate from the standard. It has been previously proposed that

aneuploid cells may display optimal fitness under conditions that

deviate from the standard conditions (dashed yellow lines). An

alternative possibility is that aneuploid cells display suboptimal fitness

under standard conditions, but their fitness extends over a broader

range of environmental conditions (solid yellow line).
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heterogeneity of the cell population (as shown in

Figure 2), making the population adaptable to a wider

range of conditions; second, the upregulation of stress

response pathways caused by aneuploidy [4�,7��] may

‘prime’ aneuploid cells’ response against environmental

stresses and therefore allow for more rapid adaptation to

changes in environmental conditions.

Conclusions and outlook
Collectively, recent findings reveal a complex relation-

ship between specific aneuploid karyotypes and the

resulting phenotypes, indicating that the consequences

of aneuploidy depend on numerous factors, including the

specific chromosome being gained, the cell type in which

the aneuploidy occurs, and the environmental context in

which the aneuploid cell exists.

Despite the significant progress made in recent years in

understanding the effects of aneuploidy on cell physiolo-

gy, some big open questions still remain. One major

question concerns the effects of chromosome loss/mono-

somy on cell function, but this question cannot be

addressed with current model systems. Indeed, the yeast

models of aneuploidy developed in recent years are

based on haploid strains and chromosome loss would

generate a nullisomy, which would be lethal. Similarly,

the mammalian cell models are either from amniocentesis

samples (where trisomy is the most common type of

abnormality) or generated via microcell-mediated chro-

mosome transfer, thus exclusively consisting of hyper-

ploid models. Therefore, new experimental models must

be developed to specifically investigate the consequences

of monosomy.

Another open question concerns the differences between

different aneuploidies. Indeed, whereas several studies

have focused on the commonalities between different

aneuploidies, the data also clearly show that genes on the

aneuploid chromosome are typically mis-expressed, thus

indicating that there may be aneuploidy-specific effects/

phenotypes that have not been fully characterized to date.

This problem is not easy to dissect given the large

number of genes whose expression is altered in any given

aneuploidy. However, it seems reasonable to think that

these aneuploidy-specific phenotypes may be particularly

relevant to cancer, given that different cancers are known

to accumulate specific aneuploidies [29]. Thus, under-

standing the aneuploidy-specific effects on the physiolo-

gy of different cell types, will provide critical insight into

the biology of cancer and potential tools for cancer

therapy.
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Kantzler CL, Wangsa D, Barroso-Vilares M, Kale SD, Logarinho E,
Cimini D: Selective advantage of trisomic human cells cultured
in non-standard conditions. Sci Rep 2016. [in press].
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0130
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0130
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0135
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0135
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0135
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0135
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0140
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0140
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0140
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0145
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0145
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0150
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0150
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0150
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0150
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0155
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0155
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0155
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0155
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0160
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0160
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0160
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0165
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0165
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0165
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0170
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0170
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0170
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0175
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0175
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0175
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0180
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0180
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0185
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0185
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0185
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0190
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0190
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0190
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0190
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0195
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0195
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0195
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0195
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0200
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0200
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0200
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0205
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0205
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0205
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0205
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0205
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0210
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0210
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0210
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0210
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0215
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0215
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0215
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0215
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0220
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0220
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0220
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0220
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0225
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0225
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0225
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0225
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0230
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0230
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0230
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0230
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0235
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0235
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0235
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0235
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0240
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0240
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0240
http://refhub.elsevier.com/S0955-0674(16)30010-2/sbref0240

	Consequences of aneuploidy in sickness and in health
	Introduction
	Effects of aneuploidy on gene expression and protein levels
	Effects of aneuploidy on cell fitness and proliferation
	Effects of aneuploidy on chromosome stability
	Aneuploidy and adaptability
	Conclusions and outlook
	References and recommended reading
	Acknowledgements


