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Aneuploidy, defined as an abnormal number of chromosomes, is a hallmark of cancer.
Paradoxically, aneuploidy generally has a negative impact on cell growth and fitness in
nontransformed cells. In this work, we review recent progress in identifying how aneuploidy
leads to genomic and chromosomal instability, how cells can adapt to the deleterious effects
of aneuploidy, and how aneuploidy contributes to tumorigenesis in different genetic con-

texts. Finally, we also discuss how aneuploidy might be a target for anticancer therapies.

s Horace famously wrote in his Odes, the
A“golden mean” is the secret to a happy, ba-
lanced life. Recent work, reviewed here, empha-
sizes the importance of this kind of balance for
the genetics of human cells.

Maintaining a stable genome is critical for
the preservation of genetic information during
the life span of an organism. Despite mecha-
nisms designed to ensure a diploid karyotype,
errors can and do occur during chromosome
segregation that result in the gain and loss of
whole chromosomes. In vitro estimates suggest
that normal, diploid cells missegregate a chro-
mosome once every 100 cell divisions (Thomp-
son and Compton 2008). The in vivo rate of
chromosome missegregation is unknown, but
could vary between different cell types. Even
if the rate is low, an abnormal number of chro-
mosomes, or aneuploidy, could have a signifi-
cant impact on normal cell physiology, as well as
tumorigenesis.

Aneuploidy, at the level of the organism, is
detrimental and generally incompatible with
life. In humans, only three aneuploidies—triso-
my 13, 18, and 21—are viable, and only trisomy
21 is compatible with a life span beyond infancy
(Hassold et al. 2007). Despite the deleterious
consequences of aneuploidy in normal physio-
logical contexts, an abnormal number of chro-
mosomes is one of the hallmarks of cancer cells.
Aneuploidy is found in ~90% of solid tumors
and >50% of blood cancers (Beroukhim et
al. 2010; Mitelman et al. 2013). Whether aneu-
ploidy is a cause or consequence of cell trans-
formation is a frequent topic of debate. The
challenge for establishing a causal relationship
stems from the complexity of cancer cells, in
which numerical chromosome abnormalities
are rarely found in isolation but are usually ac-
companied by other genomic alterations, such
as point mutations, translocations, and micro-
satellite instability. This complexity makes it dif-
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ficult to define the initiating event(s) in tumor-
igenesis.

This review focuses on whole-chromosome
aneuploidy, although it has been shown that the
gain and loss of chromosome arms is also a
common occurrence in cancer cells (Beroukhim
et al. 2010; Mitelman et al. 2013). We review the
molecular pathways leading to aneuploidy, the
effects of aneuploidy on cellular physiology, and
the links between aneuploidy and tumorigene-
sis. Finally, we also explore the exciting concept
of targeting aneuploidy as a novel therapeutic
approach in treating cancer.

CHROMOSOMAL INSTABILITY
AND ANEUPLOIDY

Chromosomal instability (CIN) and aneuploi-
dy are both common features of many cancers
(Chandhok and Pellman 2009; Thompson et al.
2010; Thompson and Compton 2011b). How-
ever, it is important to note that CIN and aneu-
ploidy are not synonymous. Aneuploidy refers
to the state of the karyotype and denotes a chro-
mosome number that deviates from the normal
diploid number. CIN, on the other hand, refers
to the rate of chromosome gains and losses,
without taking into account the specific karyo-
type of a cell (Geigl et al. 2008). Consequently,
not all aneuploid cells display CIN, with some
aneuploid cells exhibiting a stable and unchang-
ing karyotype. For example, individuals with
trisomy 21, known as Down syndrome, exhibit
an abnormal but stable karyotype that is defined
by an extra copy of chromosome 21.

Having made the important distinction be-
tween CIN and aneuploidy, in light of recent
literature it remains important to further clarify
how we define and measure CIN. One can view
“chromosomal instability” narrowly, as an ele-
vated rate of missegregation of intact, whole
chromosomes (Fig. 1A), or broadly, to include
the missegregation of large “chunks” of chro-
mosomes (Fig. 1B). This broader definition
of CIN would include the generation of acen-
tric chromosome fragments, which are broken
chromosomes that lack centromeres and thus
cannot attach to the mitotic spindle. CIN often
also includes so-called chromosome bridges

that result from incomplete DNA replication,
telomere end-to-end fusions, or incompletely
decatenated chromosomes (Terradas et al.
2010; Fenech et al. 2011). Although the resolu-
tion of chromosome bridges is incompletely
understood, it is widely assumed that they are
broken either during cytokinesis (Janssen et al.
2011) or in the subsequent cell cycle (McClin-
tock 1941; De Lange 2005; Gisselsson 2008).

An illustration of the use of a broader defi-
nition of CIN is a recent study from Swanton
and colleagues (Burrell et al. 2013). This paper
suggested that the major cause of “CIN” is DNA
replication stress. Because of the potential for
replication stress to trigger DNA breaks and un-
derreplicated chromosome segments, it is ex-
pected that replication stress would generate
acentric chromosome fragments and chromo-
some bridges. It is also interesting to consider
the possibility that replication stress, through
novel mechanisms, would also affect the fidelity
of mitosis and the distribution of intact chro-
mosomes. However, in this study, when repli-
cation stress was induced by aphidicolin treat-
ment, the frequency of missegregated whole
chromosomes (lagging chromosomes; see be-
low) was not significantly affected, whereas there
was a large increase in chromosome bridges and
acentric fragments. This supports the conven-
tional view that replication stress mainly causes
structural alterations of chromosomes, where-
as the missegregation of intact chromosomes
mainly results from mitotic errors. Because of
this difference in the underlying mechanism, in
this review we adopt the narrow definition of
CIN as impacting the segregation of intact chro-
mosomes.

We can in principle make a sharp distinction
between the narrow and broad definitions of
CIN, but in practice is it always clear? In fact,
the measurement of CIN is not trivial, and it is
limited to cultured cells because of technical
constraints. CIN is the missegregation rate per
generation. One classic way to assay for CIN is
to use fluorescence in situ hybridization (FISH)
of a clone of cells after a few generations, en-
abling an estimation of the rate of missegrega-
tion from the frequency of aneuploidy in the
population (Lengauer et al. 1997; Thompson
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A CIN: Missegregation of whole chromosomes

B Structural alterations of chromosomes
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Figure 1. Definition of chromosomal instability. (A) In this review, we refer to CIN as an elevated rate of whole-
chromosome missegregation. CIN is often operationally defined as lagging, centromere-positive chromosomes
at anaphase. Note that this operational definition cannot exclude the loss of the distal ends of chromosomes and
thus does not completely exclude structural alterations to the chromosomes. (B) In some studies, CIN has been
defined more broadly to include structural chromosome defects. These structural alterations include chromo-
some bridges or acentric chromosome fragments, which cannot attach to the spindle apparatus and are thus
often partitioned into micronuclei. In this review, we adopt the narrow definition of CIN, excluding chromo-
some bridges and acentric chromosome fragments. (Fluorescence images from Ganem et al. 2009; reprinted,

with permission, from the author.)

and Compton 2008). A more direct way is to
perform FISH on pairs of cells immediately af-
ter mitosis (Cimini et al. 1999; Thompson and
Compton 2008). This latter assay provides a
direct per-generation measure of missegrega-
tion rates. These methods are valuable but

have a caveat. Unless pairs of FISH probes de-
tecting both chromosome arms are used, the
methods cannot rigorously distinguish the mis-
segregation of whole chromosomes from that
of acentric chromosome fragments. Another
useful common approach is to image anaphase
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cells to detect lagging chromosomes (Thomp-
son and Compton 2008, 2011a; Bakhoum et al.
2009a; Ganem et al. 2009; Silkworth et al. 2009).
Lagging chromosomes result from mitotic er-
rors in which a chromatid is incorrectly attached
to microtubules from opposite poles—termed
merotelic attachments (Cimini et al. 2001; Ci-
mini 2008; Gregan et al. 2011). Like anaphase
FISH, it has the advantage of being a per-gen-
eration measurement and thus a “rate.” How-
ever, it is important to note that many lagging
chromosomes are ultimately correctly segregat-
ed (Cimini et al. 2003, 2004; Gregan etal. 2011),
so without extensive live-cell measurements, it
is not possible to directly relate the frequency of
lagging chromosomes to the rate of chromo-
some missegregation. Moreover, distinguishing
lagging chromosomes (discrete chromosomes
situated between the separating chromosome
masses) from chromosome bridges (chromo-
somes stretched between the separating chro-
mosome masses) requires high-quality images
and careful analysis.

MOLECULAR MECHANISMS LEADING
TO ANEUPLOIDY

Defects in multiple biological pathways can
cause the missegregation of chromosomes.
This includes abnormalities in the spindle as-
sembly checkpoint (SAC), aberrant mitotic
spindle geometry, abnormal microtubule—ki-
netochore attachments, and defects in sister
chromatid cohesion. The persistence of any of
these defects causes CIN.

Defects in the SAC

Defects in the SAC, which arrests cells with im-
proper kinetochore—spindle attachments, can
lead to CIN and aneuploidy. For proper chro-
mosome segregation during mitosis, each sis-
ter chromatid must interact with microtubules
originating from only one pole of the spindle.
This configuration is known as biorientation.
On a molecular level, the SAC inhibits the ana-
phase-promoting complex/cyclosome (APC/
C), an E3 ubiquitin ligase required for mitotic
exit and chromosome segregation (Primorac

and Musacchio 2013). Inhibition of APC/C is
mediated by the mitotic checkpoint complex,
which is composed of the checkpoint proteins
MAD2, BUBRI and BUB3, and the APC/C co-
activator CDC20. The SAC also requires several
other proteins to function properly, including
MADI and the BUBI kinase (Musacchio and
Salmon 2007).

Strong abrogation of the SAC in mice causes
mitotic exit in the presence of nonbioriented
chromosomes, widespread aneuploidy, and ear-
ly embryonic lethality (Dobles et al. 2000; Ka-
litsis et al. 2000; Michel et al. 2001; Putkey et al.
2002). In humans, mutations in the SAC gene
BUBRI have been implicated in the pathogen-
esis of mosaic variegated aneuploidy, a disease
characterized by constitutional mosaic aneu-
ploidy and an increased predisposition to can-
cer (Hanks et al. 2004; Matsuura et al. 2006).
More recently, mutations in the microtubule-
interacting protein CEP57 were also identified
as a cause of mosaic variegated aneuploidy, sug-
gesting that that this rare clinical syndrome may
be caused by defects in different proteins with
diverse functions (Snape et al. 2011).

Although these mouse models demonstrate
that SAC defects can lead to tumorigenesis, mu-
tations in SAC genes are quite rare in human
cancers. In addition, there is not a clear corre-
lation in these mice between the extent of CIN
and the risk of developing cancer. Furthermore,
many CIN cancer cell lines that were originally
believed to have SAC defects were shown to have
normal checkpoints (Tighe et al. 2001; Gas-
coigne and Taylor 2008).

Although mutations in SAC genes are infre-
quent in human cancer, alterations in the ex-
pression levels of SAC components are observed
in a wide spectrum of tumors (Weaver and
Cleveland 2006). Reduced levels of checkpoint
components can weaken the SAC to an extent
that results in aneuploidy but is still compatible
with cell viability (Michel et al. 2001; Kops et al.
2004; Iwanaga et al. 2007; Weaver et al. 2007),
which is often severely compromised by the
complete loss of SAC components (Dobles et
al. 2000; Kalitsis et al. 2000; Michel et al. 2001;
Putkey et al. 2002). Multiple mechanisms, both
transcriptional and posttranscriptional, have
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been reported to result in reduced levels of SAC
proteins in tumors. For example, BRCAI inac-
tivation results in the decreased transcription of
the MAD2 gene (Wang et al. 2004), the hyper-
methylation of the BUBRI promoter results in
reduced BUBRI1 protein levels (Park et al. 2007),
and the increased expression of breast cancer—
specific gene 1 (BCSGI) stimulates the protea-
some-mediated degradation of BUBR1 (Gupta
et al. 2003).

The overexpression of SAC genes has also
been reported in human tumors (Tanaka et al.
2001; Li et al. 2003; Hernando et al. 2004; Ha-
yama et al. 2006) and can lead to aneuploidy
and tumorigenesis in mouse models (Sotillo et
al. 2007, 2010). This apparently counterintui-
tive observation can, in some cases, be explained
by checkpoint-independent roles of SAC pro-
teins in regulating chromosome segregation.
For example, the inactivation of the RB or P53
tumor suppressors leads to the transcription-
al up-regulation of MAD2 (Hernando et al.
2004; Schvartzman et al. 2011). MAD2 over-
expression, in turn, increases the stability of
kinetochore—microtubule attachments, which
can lead to chromosome segregation errors
(Kabeche and Compton 2012). Additionally,
MAD?2 overexpression can also lead to tetraploi-
dy in mice (Sotillo et al. 2007), probably because
a stronger SAC can lead to a sustained mitotic
arrest, followed by mitotic escape in the absence
of cytokinesis (Brito and Rieder 2006). Tetra-
ploid cells have been shown to promote tu-
morigenesis in mice (Fujiwara et al. 2005) and
can have multiple centrosomes, which increases
the chance of forming merotelic attachments
and developing aneuploidy (see below). Ad-
ditionally, genes involved in SAC inactivation
and mitotic progression, such as UBCHI10 and
CUEDC2, can lead to aneuploidy when over-
expressed in cell lines and/or mouse models
and are up-regulated in some human tumors
(Reddy et al. 2007; van Ree et al. 2010; Gao
etal. 2011; Xie et al. 2014). Taking into account
these observations, it is likely that we are under-
estimating the frequency of alterations that im-
pinge on the SAC in human tumors. Thus, the
extent and role of SAC defects in human cancer
will need to be clarified in future research.

The Importance of a Balanced Genome

Merotelic Attachments

Although the SAC delays anaphase onset in the
absence of biorientation, there is a class of ab-
errant microtubule—kinetochore attachments,
known as merotelic attachments, that are not
detected by the SAC. Merotelic attachments
occur when a single kinetochore attaches to
microtubules that arise from both poles of the
spindle. At the metaphase—anaphase transition,
when the sister chromatids are physically sepa-
rated to opposite poles, a chromosome attached
to both of the poles is caught in a tug-of-war
and can end up as a lagging chromosome (Ci-
mini et al. 2001; Cimini 2008; Gregan et al.
2011). Most of the merotelic chromosomes in
anaphase are correctly segregated (Cimini et al.
2003, 2004); however, a fraction of merotelic
chromosomes lag at the spindle equator and
can missegregate, generating aneuploid daugh-
ter cells (Cimini et al. 2001, 2003; Cimini 2008;
Gregan et al. 2011).

Merotelic attachments are frequently ob-
served in CIN cells (Thompson et al. 2010) and
can be generated by different mechanisms, in-
cluding centrosome amplification (Ganem et al.
2009) and hyperstabilized microtubule—kineto-
chore attachments (Bakhoum etal. 2009b). Cen-
trosome amplification occurs frequently in vivo
in cancer, is correlated with CIN, and can gener-
ate multipolar spindles in mitosis. However,
multipolar cell divisions are rare because these
multipolar spindles are often transient interme-
diates. Cancer cells with centrosome amplifica-
tion usually cluster the extra centrosomes during
mitosis to form a pseudobipolar spindle. This
centrosome clustering allows the cells to divide
with a bipolar spindle but results in an increased
frequency of merotelic attachments (Ganem
et al. 2009; Silkworth et al. 2009). Spindle mul-
tipolarity can also arise on spindle pole frag-
mentation, as after the depletion of the mi-
crotubule-associated protein TOGp or of the
microtubule-, kinetochore-, and centrosome-
associated proteins CLASP1 and -2 (Cassimeris
and Morabito 2004; Logarinho et al. 2012).

Hyperstabilization of microtubule—kinet-
ochore attachments can also cause merotelic
attachments. During mitosis, erroneous attach-
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ments are normally corrected through mecha-
nisms involving the destabilization of attach-
ments by the Aurora B kinase (Andrews et al.
2004; Pinsky et al. 2006) and the microtu-
bule depolymerases MCAK and KIF2B, which
increase microtubule turnover at kinetochores
(Bakhoum et al. 2009b). Consequently, the hy-
perstabilization of kinetochore—microtubule
attachments results in inefficient correction of
attachment errors, a higher rate of lagging chro-
mosomes, and aneuploidy (Bakhoum et al
2009b). Studies by Compton and coworkers
have shown that CIN cell lines exhibit more
stable kinetochore—microtubule attachments
and lagging chromosomes than nontumor, dip-
loid cells (Thompson and Compton 2008; Bak-
houm et al. 2009a). Whether this observation
extends to human cancers in vivo, however, re-
mains untested and technically challenging to
verify. It would also be important to understand
the mechanism through which microtubules
become hyperstabilized in cancer cells. Because
of the deleterious effects of aneuploidy, it seems
unlikely that cancer cells would be under direct
selection for inaccurate chromosome segrega-
tion. Perhaps, however, microtubule stabiliza-
tion is an obligatory accompaniment to some
oncogenic mutations. In this case, the “benefit”
of the growth-promoting mutation might out-
weigh the negative consequences that arise from
the accompanying aneuploidy.

Cohesion Defects

The regulation of cohesion between sister chro-
matids is also required for the proper segrega-
tion of chromosomes. Specifically, the cohesin
complex must be removed at the metaphase—
anaphase transition (Musacchio and Salmon
2007; Nasmyth 2011). Sequencing of human
homologs of budding yeast CIN genes in colo-
rectal tumors has revealed mutations in four
genes involved in chromosome cohesion, sug-
gesting a link between cohesion and genome
stability (Barber et al. 2008).

More recently, deletions or inactivating mu-
tations in the STAG2 gene have been discovered
in a number of different tumor types and hu-
man cancer cell lines, including glioblastoma,

Ewing’s sarcoma, and acute myeloid leukemia
(AML) (Walter et al. 2009; Rocquain et al.
2010; Solomon et al. 2011). STAG2 is the human
ortholog of the yeast gene SCC3 and encodes
a structural subunit of the cohesin complex,
which physically holds together the sister chro-
matids. Inactivating STAG2 in non-CIN human
cancer cell lines leads to decreased cohesion and
aneuploidy (Solomon et al. 2011), which sug-
gests a causal link between defects in chromo-
some cohesion, aneuploidy, and tumorigenesis.

However, STAG2 inactivation is not invari-
ably linked to aneuploidy. Genome sequenc-
ing of 183 AML samples revealed mutations
in STAG2 and the other cohesin genes, SMC3,
SMCIA, and RAD21, in 19 samples, only one of
which displayed CIN (Welch et al. 2012). Con-
sequently, the mechanisms underlying the re-
lationship between STAG2 inactivation and tu-
morigenesis might be tissue specific and more
complex than expected, especially in light of
the additional roles of STAG2 beyond chro-
matid cohesion, including transcriptional regu-
lation (Dorsett 2011). However, even in tumors
in which a STAG2 mutation drives tumori-
genesis independently of aneuploidy, it would
still be of interest to know whether the STAG2
mutation confers sensitivity to aneuploidy-tar-
geting therapies.

It is unknown which of the different mech-
anisms leading to aneuploidy in vitro are most
relevant in vivo. Animal models with defects
in each of these pathways will provide useful
information about their contribution to aneu-
ploidy. Mice with mutations in SAC genes have
been generated, but a defective mitotic check-
point is not frequently observed in human can-
cers (Cahill et al. 1998; Myrie et al. 2000; Haruki
et al. 2001; Gascoigne and Taylor 2008). Mouse
models with extra centrosomes may be highly
informative, given the frequent occurrence of
multiple centrosomes in cancers. Overexpres-
sion of the kinase PLK4 drives centrosome am-
plification both in human cells in culture (Ha-
bedanck et al. 2005) and in a mouse model in
which the restricted overexpression of PIk4 in the
central nervous system caused microcepha-
ly (Marthiens et al. 2013). Mice with inducible
expression of Plk4 in different tissues would be
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aninteresting model in which to study the effects
of extra centrosomes on tumorigenesis in vivo.
Regarding the role of merotelic attachments in
the generation of aneuploidy, depletion of
MCAK or KIF2B leads to the hyperstabilization
of kinetochore—microtubule attachments (Bak-
houm et al. 2009b), suggesting a strategy for
animal models with increased merotely. Finally,
given the unclear roles of cohesion defects in
generating aneuploidy, mice with knockin of
the cohesin gene mutations identified in human
cancers could reveal whether aneuploidy devel-
ops in this genetic context, and if so, in what
tissues and at what stage of tumor development.

CELLULAR EFFECTS OF ANEUPLOIDY

The deleterious effects of aneuploidy are well
described at the level of the organism in a num-
ber of different species. Despite the challenges
of investigating the consequences of aneuploidy
on cell physiology, recent work has started to
define the impact of aneuploidy on both bud-
ding yeast and mammalian cells.

Effects of Aneuploidy on Cell Fitness

Two groups have independently generated an-
euploid yeast strains using different experi-
mental methods (Torres et al. 2007; Pavelka
et al. 2010). All of the aneuploid cells displayed
growth defects and altered metabolism com-
pared with the euploid, isogenic counterparts.
The aneuploid yeast also showed a delay in the
G phase of the cell cycle and increased glucose
uptake. The deleterious consequences of aneu-
ploidy are a result of imbalanced gene expres-
sion, as evidenced by the fact that artificial chro-
mosomes containing human or mouse DNA
do not have these effects on yeast (Torres et al.
2007).

The Amon laboratory also used mice with
Robertsonian translocations to generate mouse
embryonic fibroblast (MEF) cell lines with an-
euploidy (trisomy) for specific chromosomes
(Williams et al. 2008). The aneuploid MEFs ex-
hibited impaired proliferation and metabolic
abnormalities relative to the diploid MEFs. In
general, the extent of growth inhibition corre-

The Importance of a Balanced Genome

lated with the size of the extra chromosome
(Torres et al. 2007; Williams et al. 2008). These
results in MEFs are consistent with the observa-
tion that fibroblasts from human patients with
trisomy 21 proliferate more slowly than diploid
cells (Segal and McCoy 1974).

Effects of Aneuploidy on Transcription
and Protein Composition

Recently, an innovative strategy based on the
genetic insertion of the X-inactivation gene
(XIST) has allowed the silencing of an extra
chromosome 21 in induced pluripotent stem
cells from Down syndrome patients (Jiang et
al. 2013). Chromosome silencing results in an
increase in the cell growth rate of 18%—34%
compared with isogenic, nonsilenced cells.
This result strongly suggests that transcription
is required for aneuploidy to manifest its effects.

In budding yeast and mouse embryonic fi-
broblasts, aneuploid cells display a proportion-
al increase in transcription of the genes on
the extra chromosome (Torres et al. 2007; Wil-
liams et al. 2008). Different aneuploid yeast
strains also show increased expression of com-
mon genes that are not located on the aneuploid
chromosomes. In particular, these genes are in-
volved in ribosome biogenesis and nucleic acid
metabolism (Torres et al. 2007), a gene expres-
sion signature that is typical of the environmen-
tal stress response (Gasch et al. 2000) and ob-
served when yeast grow under stress conditions
or at slow rates. However, in a second study con-
ducted with aneuploid yeast, the environmental
stress response gene enrichment signature was
less apparent and not correlated with either
growth rate or number of aneuploid chromo-
somes (Pavelka etal. 2010). Although both stud-
ies suggest that aneuploidy can induce a general
and non-chromosome-specific transcription-
al response in yeast, the cause, extent, and na-
ture of this response remain unclear. Further
studies by Amon and coworkers have shown
that stress response is an evolutionally wide-
spread transcriptional consequence of aneu-
ploidy, observed not only in budding yeast but
also in fission yeast, plants, mice, and humans
(Sheltzer et al. 2012).
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The effects of aneuploidy on the proteome
are even less clear. One study showed that aneu-
ploid yeast strains do not show a correlation at
the level of the proteome between gene copy
number and protein level (Torres et al. 2007).
Interestingly, many of the proteins whose levels
do not correlate with gene number are part
of multiprotein complexes. Consequently, one
hypothesis suggests that aneuploid cells acti-
vate the chaperone and proteolytic pathways
in an attempt to preserve protein complex stoi-
chiometry. This increased protein production
and degradation imposes an energetic burden
on the cells, possibly causing the growth defects
and higher energetic needs observed in the an-
euploid strains. Proteotoxic stress could explain
the increased sensitivity that some aneuploid
cells show to inhibitors of protein synthesis,
degradation, or folding (Torres et al. 2007;
Tang et al. 2011).

The presence of dosage compensation at the
level of the proteome in aneuploid yeast was not
confirmedin asecond study (Pavelkaetal.2010).
Thedifference in these two studies may be related
to technical differences in how the protein levels
were measured or to yeast strain stability. Addi-
tional work has confirmed the activation of pro-
teotoxic stress in aneuploid budding yeast (Oro-
mendia et al. 2012). Disomic budding yeast
strains show protein aggregates and reduced
folding capacity of chaperones, corroborating
the model of gene dosage compensation at the
protein level in aneuploid cells. Moreover, a re-
cent study in human cells further supports a
model of proteome compensation to restore
protein balance in trisomic and tetrasomic cells
(Stingele et al. 2012). Storchova and coworkers
found that approximately one-quarter of the
proteins encoded on the extra chromosome did
not scale with the DNA and mRNA content (Stin-
gele et al. 2012). Again, these proteins were gen-
erally subunits of multiprotein complexes. The
different aneuploid cells also shared common
changes in gene expression. Specifically, pathways
involved in DNA and RNA metabolism were
down-regulated, whereas energy metabolic path-
ways, including autophagy, were up-regulated.

Opverall, these studies suggest that aneuploid
cells may share some adaptive cellular responses

of dosage compensation at the level of the pro-
teome, but the extent and mechanism of this
compensation are the topic of active research.

Effects of Aneuploidy on Genome Stability

Recent work shows that aneuploidy itself can
contribute to genome instability, likely through
multiple mechanisms. Amon and coworkers
found that the presence of a single extra chro-
mosome in budding yeast increases the rate of
point mutations, with effects ranging from two-
fold to sevenfold, and of mitotic recombination
(Sheltzer et al. 2011). Aneuploid yeast strains
also display an increase in the rate of chromo-
some missegregation, possibly generating a pos-
itive-feedback loop that sustains aneuploidy
(Fig. 2A). The same finding was also reported
in an independent study in which budding yeast
strains with complex aneuploidies display CIN
(Zhu et al. 2012). This increase in genomic in-
stability in aneuploid strains is consistent with
their higher sensitivity to genotoxins (Sheltzer
et al. 2011).

A causal link between aneuploidy and CIN
has also been described in human cells. Sub-
clones of the colon cancer cell line HCT116
with experimentally induced aneuploidy show
an increased frequency of chromosome mis-
segregation in the absence of P53 (Thompson
and Compton 2010). In addition to this direct
effect of aneuploidy on genome instability, an-
euploidy might theoretically lead to structural
alterations of chromosomes because of imbal-
ances in genes involved in DNA repair and rep-
lication (Duesberg et al. 2006).

Medema and coworkers showed that lagging
chromosomes or chromosome bridges can be
damaged if “trapped” in the proximity of the
cleavage furrow at cytokinesis (Fig. 2B; Janssen
etal. 2011). Furthermore, this damage can lead
to unbalanced translocations in a process in-
volving nonhomologous end joining (NHE]).
Although the DNA damage can be inhibited
by blocking cytokinesis, it is currently unclear
whether the chromosome breakage is caused by
a physical insult resulting from cleavage furrow
ingression or by endonucleases activated during
cytokinesis.
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DNA mutations

Aneuploid cell

Chromosome missegregation
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DNA damage in cytokinesis

Damaged

Chromosome translocations
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DNA replication,
DNA damage

Figure 2. Effects of aneuploidy on genomic instability. (A) Aneuploid cells have an elevated rate of DNA
mutations and chromosome missegregation compared with diploid cells. (B) A lagging chromosome in ana-
phase can be damaged if it is located in the proximity of the cleavage furrow. The damaged chromosome(s) can
then generate chromosome translocations through nonhomologous end joining (NHEJ). (C) A lagging chro-
mosome can be incorporated into a micronucleus if it does not reach the main chromatin masses. Chromo-
somes in micronuclei can accumulate damage and undergo fragmentation. The chromosome fragments in the
micronucleus can be stitched together, likely through NHE], creating a highly rearranged derivative chromo-
some. In the subsequent mitosis, the nuclear envelope of the micronucleus can break down allowing the
rearranged chromosome to be incorporated back into in the main genome.
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Micronuclei are another major source of
DNA damage resulting from errors in mitosis.
Lagging chromosomes that are not incorporat-
ed into the main chromosome mass will be en-
capsulated into nuclear structures termed mi-
cronuclei (Terradas et al. 2010). Micronuclei are
well-known features of human cancer cells that
can result from mitotic errors or DNA damage.
Micronuclei have many features of primary nu-
clei, but there has been controversy about their
actual composition and functional properties.
Studies differed on whether micronuclei repli-
cate DNA, mount a normal DNA damage re-
sponse, or assemble normal nuclear envelopes;
moreover, the ultimate fate of chromosomes
trapped within micronuclei and their contribu-
tion to the cancer genome was unclear.

Crasta et al. (2012) characterized the prop-
erties of newly generated micronuclei and
tracked their fate over several cell division cycles.
Newly formed micronuclei develop extensive
DNA damage that accumulates after the initi-
ation of DNA replication. Pulse labeling with
bromodeoxyuridine showed that the density
of DNA replication in micronuclei was reduced
and replication was asynchronous, with many
micronuclei still replicating DNA during the G,
phase. These data suggested that initiation of
DNA replication had a role in generating DNA
damage, but did not define the mechanism.
Chromosome spreads and spectral karyotyping
showed a pulverized appearance of chromo-
somes in micronucleated cells. By imaging, it
was found that micronuclei can be reincorpo-
rated into the primary nucleus after mitosis.
Thus, mutations acquired in micronuclei can
be incorporated into the main genome.

Recently, Hetzer and coworkers have pro-
vided additional insight into the mechanism
of DNA damage in micronuclei (Hatch et al.
2013). Earlier studies from this group had
revealed that primary nuclei in cancer cells
will undergo spontaneous rupture, manifest as
spillage of nuclear contents into the cytoplasm
(Vargas et al. 2012). For primary nuclei, these
rupture events were almost always transient.
However, in Hatch et al. (2013), it was observed
that micronuclei also ruptured but in this case
the rupture appeared to be irreversible. Notably,

the populations of micronuclei displaying ex-
tensive DNA damage were almost always those
that underwent rupture.

The recent study by Hetzer’s laboratory
strongly suggests that rupture of micronuclei
has a role in generating DNA damage, but the
underlying mechanism has not been defined
(Hatch et al. 2013). We have recently found
that cells blocked from entering S phase by se-
rum-starvation-displayed rupture at the fre-
quency observed in the work by Hetzer and col-
leagues, but with little or no damage (A Spektor
and D Pellman, unpubl.). This suggests that
rupture of the nuclear envelope may be a nec-
essary but not sufficient event for DNA damage
to occur in micronuclei. One possible model for
the damage is that the rupture of the nuclear
envelope in micronuclei that are replicating
their DNA may cause the sudden loss of repli-
cation proteins and the stalling of replication
forks. Alternative but not mutually exclusive
models can also be envisioned. For example,
rupture of the nuclear envelope during S phase
could expose the chromatin to cytosolic nucle-
ases that cause DNA damage.

One idea that emerged from the Crasta et al.
(2012) study is that DNA damage in micro-
nuclei could explain a novel form of localized
genome damage called chromothripsis (Ste-
phens et al. 2011; Rausch et al. 2012). Discov-
ered by cancer genome sequencing, chromo-
thripsis appears to result from the shattering
and random stitching together of individual
chromosomes or chromosome arms. How ex-
tensive chromosome rearrangements can be
highly localized is unclear; however, the physical
partitioning of the affected chromosome into
a micronucleus is an appealingly simple model.

ANEUPLOIDY-TOLERATING MUTATIONS

Although aneuploidy is usually detrimental for
the viability of a cell and organism, it is an ex-
tremely common feature of cancer cells. This
apparent paradox could be explained by aneu-
ploidy being a secondary, or passenger, effect
of cancer progression, occurring when cells
have already acquired an uncontrolled growth
phenotype. However, as discussed later in this
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review, a number of mouse models have shown
that aneuploidy can directly promote cancer
(Holland and Cleveland 2009). This suggests
that cancer cells can adapt to aneuploidy to
cope with the detrimental effects on prolifera-
tion and metabolism.

Amon and coworkers analyzed mutations
occurring in aneuploid yeast strains that display
higher proliferation rates after in vitro evolu-
tion (Torres et al. 2010). The investigators iden-
tified strain-specific alterations, as well as some
shared mutations. One of these shared muta-
tions was the inactivation of the deubiquitinat-
ing enzyme UBP6. UBP6 is associated with the
proteasome and regulates proteasome activity.
In the absence of UBP6, proteasomal degrada-
tion of substrates is accelerated (Hanna et al.
2006; Peth et al. 2009). UBP6 mutations in an-
euploid yeast result in an attenuation of the im-
balances in their protein composition, which
leads to improved cell growth.

Polyploidization is another mechanism that
may counteract the detrimental effects of aneu-
ploidy. Multiple copies of the genome may buft-
er the presence of a single extra chromosome,
attenuating protein imbalances. In support of
this hypothesis, many cancers have a near-tet-
raploid karyotype (Carter et al. 2012; Mitelman
et al. 2013). Recently, a computational analysis
determined that whole-genome doubling is a
frequent event in human cancers, with an inci-
dence of >50% in some epithelial cancers (Car-
ter et al. 2012) and with an overall frequency of
37%, as reported in the Cancer Genome Atlas
Pan-Cancer data set (Zack et al. 2013). Tetra-
ploidization often follows the occurrence of
specific aneuploidies, again suggesting that it
might be a mechanism to mitigate the deleteri-
ous effects of aneuploidy.

However, polyploidization may not be en-
tirely beneficial. A recent study has reported that
polyploid cancer cells in mice can trigger an
immune response that limits tumor growth (Se-
novilla et al. 2012). This immunosurveillance
mechanism appears to involve the exposure on
the cell membrane of calreticulin, which is in-
creased in polyploid cells. Why polyploid tu-
mor cells would induce surface calreticulin is
not yet clear. Whether this response is aneuploi-

The Importance of a Balanced Genome

dy specific or polyploidy specific is also un-
clear. The former seems to be more likely be-
cause there are normal tissues that have a large
fraction of polyploid cells, including hepato-
cytes (Gupta 2000), placental trophoblast giant
cells (Ullah et al. 2009), megakaryocytes (Ravid
et al. 2002), and myoblasts (Yaffe and Feldman
1965). This finding emphasizes that although
polyploidization is advantageous for aneuploid
cells in culture, its final outcome on cell fitness
may depend on multiple factors.

Cells can also adapt to aneuploidy by sup-
pressing pathways that are activated by aneuploi-
dy and diminish cell fitness and growth. In cell
culture, aneuploidy activates a P53-dependent
response that delays the cell cycle or arrests cells
in G; (Li et al. 2010; Thompson and Compton
2010). Inactivation of P53 enables aneuploid
cells to proliferate and expand, which is consis-
tent with the co-occurrence of P53 inactivation
and aneuploidy in several tumors (Tomasini
et al. 2008). Activation of P53 by aneuploidy
is accompanied by the production of reactive
oxygen species (ROS) and the activation of
ATM kinase (Li et al. 2010). The mechanism
through which aneuploid cells generate ROS is
not known, but it is tempting to speculate that
ROS may accumulate because of the activation
of metabolic pathways.

Additionally, some cell types can tolerate
aneuploidy through mechanisms that are still
unknown. For example, human and mouse he-
patocytes and neurons display some levels of
aneuploidy that do not appear to impair cellular
function (Gupta 2000; Kingsbury et al. 2005;
Yurov et al. 2007).

In summary, although aneuploidy is usually
an adverse event that undermines cell fitness
and physiology, it can be tolerated under specif-
ic circumstances.

ANEUPLOIDY AND CANCER
Aneuploidy as a Driver of Tumorigenesis

The cause-and-effect relationship between an
abnormal chromosome number and tumori-
genesis is complex. In the last decade, mouse
models of aneuploidy have begun to shed light
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on the causal role of aneuploidy in cancer de-
velopment. Most of the mouse models of an-
euploidy were developed by inducing CIN
through the manipulation of the levels of SAC
proteins (Dobles et al. 2000; Kalitsis et al. 2000
Michel et al. 2001; Putkey et al. 2002; Baker et al.
2004; Iwanaga et al. 2007; Jeganathan et al. 2007;
Perera et al. 2007). The complete knockout of
any of these genes causes embryonic lethality in
mice, but heterozygous deletions of the SAC
genes or hypomorphic alleles result in viable
animals. These mice display chronic CIN and
aneuploidy. The extent of aneuploidy depends
on the specific gene targeted and the residual
level of protein. Importantly, most of these mice
develop tumors at higher rates than isogenic
controls, corroborating the hypothesis that
CIN supports tumor formation. Examples in-
clude mice that are heterozygous for Madl,
Mad2, or Cenp-E, which develop benign lung
tumors (Michel et al. 2001; Iwanaga et al. 2007;
Weaver et al. 2007), and Bubl hypomorphic
mice, which develop a wide spectrum of lethal
tumors (Jeganathan et al. 2007).

Although these mouse models have ad-
vanced our understanding of the role of aneu-
ploidy in tumorigenesis, there are some impor-
tant limitations. First, it is difficult to separate
aneuploidy from CIN, making it impossible to
study the effects of aneuploidy on cancer devel-
opment in the absence of CIN, which is ob-
served in some aneuploid tumors that are chro-
mosomally stable (Lingle et al. 2002). Second,
these models could also manifest phenotypes
that are the result of unappreciated roles of the
SAC proteins in tumorigenesis, independent of
CIN and aneuploidy. Third, mutations in SAC
genes are rare in human cancers (Cahill et al.
1998; Myrie et al. 2000; Haruki et al. 2001),
calling into question the relevance of these
models for the study of aneuploid human tu-
mors. Moreover, the effects of CIN and aneu-
ploidy on tumor development in mice are not
always clear. For example, these mouse models
often develop tumors very late, and some of
them display a phenotype only on the chem-
ical induction of carcinogenesis (Babu et al.
2003; Dai et al. 2004; Jeganathan et al. 2005;
Kalitsis et al. 2005; Baker et al. 2006; Jeganathan

etal. 2007). Furthermore, the levels of aneuploi-
dy found in tissues do not directly correlate with
the incidence of tumors (Babu et al. 2003; Baker
et al. 2004, 2006; Dai et al. 2004; Jeganathan
et al. 2005, 2007; Kalitsis et al. 2005). This lack
of correlation might be a result of unrecognized
functions of the mitotic checkpoint genes in
suppressing tumorigenesis or to a complex bal-
ance between deleterious effects and growth-
promoting effects in a specific tissue.

The overexpression of genes involved in the
mitotic checkpoint can also lead to aneuploidy.
Interestingly, higher levels of SAC proteins are
observed more frequently in human cancers
than their inactivation (Pérez de Castro et al.
2007). The overexpression of MAD2 and the
kinetochore protein HEC1 is frequent in human
cancers, with higher protein levels correlating
with poorer prognosis (Tanaka et al. 2001; Li
et al. 2003; Hernando et al. 2004; Hayama et
al. 2006). Overexpression of HEC1 in vivo leads
to aneuploidy and the onset of lung and liver
tumors (Diaz-Rodriguez et al. 2008). Transgenic
mice with conditional overexpression of MAD2
display a high degree of aneuploidy and de-
velop awide range of lethal tumors, in particular
lung adenomas, hepatomas, and intestinal tu-
mors (Sotillo et al. 2007, 2010). Recent work
has shown that the overexpression of MAD2
in cultured human cells causes hyperstabiliza-
tion of kinetochore—microtubule attachments
(Kabeche and Compton 2012), possibly result-
ing in uncorrected merotelic attachments and
chromosome missegregation. Importantly, the
Mad2 mouse model showed that MAD2 over-
expression is not required for tumor mainte-
nance because turning off the Mad2 transgene
after tumor formation did not have any effect
on tumor progression and growth (Sotillo et al.
2007). This result suggests that a transformed
phenotype initiated by CIN can be maintained
without the initiating event. Additional ex-
perimental and clinical evidence supports the
hypothesis that aneuploidy has a causal role
in malignant transformation. Trisomy 21, or
Down syndrome, is the most common whole-
chromosome aneuploidy in humans and is the
only trisomy that is compatible with survival to
adult age (Hassold and Jacobs 1984). Individu-
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als with Down syndrome display an increased
incidence of acute lymphoblastic leukemia and
acute myeloid leukemia (Satge et al. 1998), es-
pecially in childhood. Trisomy of chromosome
21 is also frequently observed as an acquired
abnormality in hematological cancers, includ-
ing a subtype of AML (Mitelman et al. 1990;
Hama et al. 2008; Cheng et al. 2009). These ob-
servations suggest that chromosome 21 may
contain oncogenes whose amplification drive
the development of blood cancers.

Specific and recurrent chromosome gains
and losses in cancer support the idea that the
amplification of oncogenes or deletion of tumor
suppressor genes through aneuploidy may drive
tumorigenesis. For example, trisomy 8 is fre-
quently found in acute leukemia and monoso-
my 7 is common in primary myelodysplasia and
AML (Johnson and Cotter 1997; McKenna
2004; Paulsson and Johansson 2007). An extra
copy of chromosome 7 bearing a mutated MET
proto-oncogene is recurrent in human renal
carcinomas (Fischer et al. 1998; Zhuang et al.
1998), and a mouse model of skin papilloma
and squamous cell carcinoma displays frequent
trisomy of chromosome 7 with a mutated HRAS
allele (Bianchi et al. 1990).

Further evidence that aneuploidy promotes
tumorigenesis through the loss of tumor sup-
pressor genes is illustrated in a study using mice
with reduced levels of BUB1 (Baker et al. 2009).
Thirty percent or less of BUBI levels led to in-
creased tumor incidence in animals heterozy-
gous for the tumor suppressor genes P53
(P53%/7) or APC (ApcMi"/+). Bubl hypomor-
phism caused higher levels of aneuploidy
and, strikingly, loss of heterozygosity of the
wild-type copy of the tumor suppressor gene
in almost all the analyzed tumors. Interestingly,
the vast majority of the tumors had two copies
of the chromosome carrying the knockout
(P537) or mutated (ApcMi”) allele of the tumor
suppressor gene, indicating that loss of the wild-
type allele was accompanied by the gain of
its homologous chromosome. This suggests
that there is a selective pressure for cells in re-
taining two copies of the chromosome contain-
ing the tumor suppressor, probably because
of the presence of essential haploinsufficient
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genes. The effect of reduced levels of BUBI in
promoting tumorigenesis was not recapitulated
in other genetic contexts, including heterozy-
gosity of the tumor suppressor genes Rb and
Pten. This highlights that the role of aneuploidy
in promoting tumorigenesis is highly context-
dependent.

Aneuploidy, in addition to creating imbal-
ances in tumor suppressor genes and on-
cogenes, might also be beneficial for tumor de-
velopment by creating karyotypes that are
advantageous in specific environments. For ex-
ample, a study in budding yeast showed that
aneuploid strains grew more slowly than eu-
ploid strains in nonselective environments,
but some of aneuploid strains grew more ro-
bustly under a variety of stress conditions (Pa-
velka et al. 2010). Similarly, aneuploidy might
create heterogeneity in the tumor cell popula-
tion, allowing some cells to develop a growth
advantage in a specific microenvironment. Sup-
porting this model, aneuploidy can promote
tumor relapse in a mouse model. Expression
of a mutant allele of K-ras in mice drives the
formation of lung tumors, with K-RAS with-
drawal resulting in tumor regression (Fischer
et al. 2001). The concomitant overexpression
of Mad2 with mutant K-ras does not affect
tumor regression after K-RAS removal (Sotillo
et al. 2010). However, the transient overexpres-
sion of Mad2 with K-ras gives rise to a higher
frequency of tumor relapse after oncogene with-
drawal (Sotillo et al. 2010). The relapsed tumors
show high levels of aneuploidy, suggesting that
the MAD2-induced CIN might have created ge-
netic diversity, facilitating the emergence of re-
sistant tumor cells.

Aneuploidy as an Inhibitor of Tumorigenesis

The effects of aneuploidy on tumorigenesis
seem to be highly context specific, as exempli-
fied by a mouse model heterozygous for Cenp-E
(Weaver et al. 2007). These mice have a modestly
higher incidence of spontaneous lung tumors
and lymphomas. At the same time, Cenp-E het-
erozygosity reduces the onset of carcinogen-in-
duced tumors and increases the life span of mice
devoid of the tumor suppressor P19, despite
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high levels of aneuploidy. Similarly, Apc
mice, developed as a model for colon can-
cer, display an increased incidence of colon tu-
mors on BubR1 haploinsufficiency. The same
mice, however, have a reduction in the incidence
of tumors of the small intestine (Rao et al.
2005).

Interestingly, individuals with Down syn-
drome have an increased risk of developing leu-
kemia but a decreased risk of developing solid
tumors (Satge et al. 1998; Korbel et al. 2009).
The tumor suppressor effect of trisomy 21 in
solid tumors may be caused by the overexpres-
sion of two genes located on chromosome 21,
DSCRI and DYRKIA, both of which block tu-
mor angiogenesis by modulation of the calci-
neurin pathway (Baek et al. 2009; Korbel et al.
2009).

The inhibition of tumorigenesis by aneu-
ploidy could also be explained by the reduced
cellular fitness of aneuploid cells in the absence
of aneuploidy-tolerating mutations. Aneuploi-
dy could also generate genetic instability to an
extent that is not compatible with the viability
of specific tissues in defined genetic contexts.
In summary, the effects of aneuploidy on tumor
development are diverse and dependent on
the specific tissue and the genetic background
(Fig. 3).

ANEUPLOIDY AS A THERAPEUTIC
TARGET

Targeting and killing aneuploid cells, but not
diploid cells, is an attractive cancer therapy
and can be approached from multiple direc-
tions. First, it may be possible to target both
driver oncogenes and passenger genes on aneu-
ploid chromosomes in a karyotype-specific type
of therapeutic strategy. For example, the
SLC19A1 gene, which codes for the reduced fo-
late carrier that transports the antifolate drug
methotrexate into cells, is located on chromo-
some 21, which is frequently gained in high-
hyperdiploid pediatric acute lymphoblastic leu-
kemia. Several studies have shown increased
uptake and toxicity from methotrexate, attrib-
uted to these extra copies of the SLCI9A1 gene,
in the cells with extra copies of chromosome 21
(Zhang et al. 1998; Belkov et al. 1999).

Second, because aneuploid cells share some
common features, including proteotoxic and
metabolic stress, it may be possible to target
aneuploidy itself in a more general strategy.
This approach would not depend on the specif-
ic chromosomes gained or lost in a cancer cell.
In fact, compounds that specifically inhibit the
growth of aneuploid cells relative to diploid cells
have been identified.

Aneuploidy
Genomic instability l Impaired fitness
(CIN, DNA mutations,

structural rearrangements)

Genetic heterogeneity

!
s

Aneuploidy-tolerating
/ mutations

Tumorigenesis

Figure 3. Effects of aneuploidy on tumorigenesis. Aneuploidy impairs cellular fitness, potentially preventing
tumorigenesis in the absence of tolerating mutations. At the same time, aneuploidy also leads to genomic
instability and genetic heterogeneity, which could provide a growth or survival advantage in a specific micro-

environment.
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For example, aminoimidazole carboxamide
ribonucleotide (AICAR), an energy stress—in-
ducing compound that activates AMP-activated
protein kinase, reduces the proliferation of tri-
somic mouse embryonic fibroblasts more than
isogenic euploid cells (Tang et al. 2011). The
aneuploidy-specific lethal effect of AICAR is
synergistic with 17-allyamino-17-demethoxy-
geldanamycin (17-AAG), an inhibitor of the
chaperone Hsp90. Importantly, the combined
use of AICAR and 17-AAG showed increased
lethality for human aneuploid cell lines with
CIN compared with non-CIN cells (Tang et al.
2011). Both of these molecules are in clinical
trials, although 17-AAG has not proven to be
effective in cancer patients and is associated
with toxic side effects (Heath et al. 2008; Solit
et al. 2008; Gartner et al. 2012; Saif et al. 2013).
In any case, these early results show that aneu-
ploid cells can be selectively killed, even if the
mechanisms underlying the lethality of these
compounds are not fully understood.

Third, it is possible to selectively target CIN
itself. As discussed earlier, CIN is often observed
in cancer cells that have extra centrosomes, and
many cancer cell lines cluster these extra centro-
somes to generate a bipolar spindle (Ganem
et al. 2009). An RNA interference screen was
designed to identify genes that are required for
centrosome clustering because preventing the
clustering of centrosomes usually leads to mul-
tipolar mitoses and cell death (Kwon et al.
2008). One of the genes identified in the screen
was the kinesin HSET, which is dispensable for
the viability of normal cells but is essential for
some cancer cells with supernumerary centro-
somes. HSET is a feasible pharmacological tar-
get, as small-molecule inhibitors of kinesins
have been developed and tested in clinical trials
(Infante et al. 2012; Kantarjian et al. 2012).

Moreover, because several aneuploid hu-
man cancers have a near-tetraploid karyotype,
tetraploidy itself might be an additional target
for cancer therapy. In budding yeast it is well
established that tetraploid cells display higher
degrees of genome instability, including an ele-
vated rate of chromosome missegregation and
homologous recombination, possibly because
of mismatches in the scaling of the mitotic spin-
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dle (Storchova et al. 2006). A genome-wide
analysis in Saccharomyces cerevisiae validated
the hypothesis of ploidy-specific lethality, iden-
tifying a small set of genes that are selectively
required for the survival of tetraploid strains but
not diploid strains. In particular, these genes are
involved in homologous recombination, sister
chromatid cohesion, and mitotic spindle func-
tion (Storchova et al. 2006). A similar system-
atic analysis is still missing in human cells, but
the results could provide valuable hints of new
targets in tetraploid cancer cells.

Overall, these examples support the concept
that aneuploidy is an important target in cancer
therapy. Further dissection of the molecular
pathways that are selectively activated by aneu-
ploidy could allow for the identification of ad-
ditional therapeutic targets.

CONCLUDING REMARKS

Aneuploidy is generally a detrimental event at
the level of the cell and organism, but it is also
frequently observed in human tumors. This
apparent paradox may be explained by the ob-
servation that aneuploid cells can acquire muta-
tions to tolerate the negative effects of aneuploi-
dy. Moreover, aneuploidy also confers a higher
potential to evolve and adapt to selective con-
ditions. Additionally, aneuploid cells display
increased chromosome instability, DNA muta-
tions, and genomic instability through mecha-
nisms that include the acquisition of damaged
lagging chromosomes and micronuclei. This
generates cells with different karyotypes that
may allow specific clones to expand in a tumor
microenvironment with a unique selective pres-
sure. At the same time, some karyotypes can also
be counterselected in specific microenviron-
ments, thereby explaining the context-specific
effects of aneuploidy on tumorigenesis (Fig. 3).

Additional work is needed to establish
whether the genetic instability observed in an-
euploid cells directly promotes tumorigenesis.
For example, can a cell with a damaged lagging
chromosome or a micronucleus form a tumor
when transplanted into a mouse? Moreover, the
molecular pathways activated by aneuploidy
that impair cell growth need to be dissected in
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more detail. The activation of a stress response
in aneuploid cells in different species justifies
the rationale for developing aneuploid-specific
anticancer therapies. Understanding the mech-
anisms by which aneuploidy impairs cell
growth, activates P53, and generates ROS will
pave the way for the identification of therapeu-
tic targets hitting aneuploid cells.
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