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Chromosomal instability and aneuploidy: a
conundrum in cancer evolution
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Chromosomal instability (CIN), defined as an increased rate of gain or loss of whole chromosomes, leads to
aneuploid cells, which are cells that display an abnormal number of chromosomes. Both CIN and aneuploidy are
hallmarks of cancer, yet the underlying mechanisms of CIN and aneuploidy and their impact on tumourigenesis
have remained poorly defined. Although multiple mechanisms have been proposed to explain the role of CIN and
aneuploidy in tumourigenesis, this review focuses on three principal pathways leading to CIN: spindle assembly
checkpoint defects, merotelic attachments, and cohesion defects. Here, we provide a brief overview of the current
understanding of the roles of these mechanisms in CIN and aneuploidy. We also present emerging evidence that
contradicts the importance of certain mechanisms in cancer evolution. A clearer understanding of these
fundamental pathways could prove to be helpful in developing effective cancer therapies.
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Résumé

L'instabilité chromosomique (INC) est définie comme étant un taux accru de gain ou de perte de chromosomes
entiers, qui méne a la formation de cellules aneuploides, des cellules avec un nombre anormal de chromosomes.
Tous deux I'INC et I'aneuploidie sont des caractéristiques du cancer, mais leurs mécanismes sous-jacents et leur
impact sur la tumourogenése demeurent ambigus. Bien que plusieurs mécanismes aient été proposés pour expliquer
le role de I'INC et de I'aneuploidie dans la tumourogenése, cet article se concentre sur trois voies principales
conduisant a I'INC : les défauts de points de contrdle de I'assemblage du fuseau mitotique, les attachements
méroteliques et les défauts de cohésion. Ici, nous fournissons un bref apercu de la compréhension actuelle des rdles
de ces mécanismes impliqués dans I'INC et I'aneuploidie. Nous présentons également des preuves émergentes qui
contredisent I'importance de certains mécanismes dans I'évolution du cancer. Une meilleure compréhension de ces
voies fondamentales pourrait s'avérer utile dans le développement de thérapies anticancéreuses efficaces.

Mots Clés: Instabilité chromosomique (INC); Aneuploidie; Cancer; Point de contrdle de I'assemblage du fuseau
mitotique; Attachement mérotelique; Défaut de cohésion; Suppresseur de tumeur

Introduction

In any given species, a non-cancerous cell has a defined
number of chromosomes with a characteristic genome.
It is essential for cells to maintain this genomic in-
tegrity during cell division to produce properly function-
ing daughter cells. A failure in this process can lead to
chromosomal instability (CIN), a type of genomic insta-
bility, which involves a high rate of gain or loss of whole
chromosomes (1). Consequently, daughter cells present
an abnormal number of chromosomes, a state referred to
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as aneuploidy. Both CIN and aneuploidy are hallmarks
of cancer (2, 3).

Over a century ago, German zoologist Theodor Boveri
examined sea urchin embryos that underwent abnor-
mal mitotic divisions. Based on his own observations
as well as those previously made by David Hansemann,
Boveri hypothesized that aneuploidy could cause can-
cer (4). Boveri’s hypothesis became the foundation on
which many of the current mechanisms have been theo-
rized. Over the decades, the consistent presence of ane-
uploid cells in cancers has amplified the belief that CIN
and aneuploidy induce tumourigenesis (5). Nevertheless,
the mechanisms underlying CIN and aneuploidy and how
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they enhance tumour formation are not yet fully under-
stood. Currently, research has been investigating some of
the control mechanisms associated with CIN.

To ensure proper chromosome segregation during cell
division, eukaryotes have multiple programmed checks
and controls. The spindle assembly checkpoint (SAC) is
one of the main control mechanisms. In mammals, the
SAC consists of multiple conserved proteins that coor-
dinate with one another to prevent aneuploidy (6). Ac-
cordingly, it has been observed that a problem with the
SAC can lead to CIN. Moreover, when spindle fibers bind
to kinetochores in a specific, but improper configuration,
they can escape SAC detection. These merotelic attach-
ments can ultimately lead to the formation of aneuploid
cells (7, 8). Chromosomal mis-segregation can also arise
when there is a flaw in the cohesin complex, which is an
important regulator that ensures the correct timing of
chromosome division (9). Overall, these regulatory pro-
cesses involve the cooperation of multiple factors to en-
sure accurate chromosome segregation (10). A defect in
these control mechanisms can result in CIN and aneu-
ploidy, thereby favouring cancer progression (17).

In this review, we provide an overview of the roles
of some of the recurring elements in these mecha-
nisms which include the spindle assembly checkpoint,
kinetochore-spindle fibre attachments, and chromosome
cohesion. We briefly review how disruptions in these
key constituents can cause CIN and aneuploidy. Fur-
thermore, we present recent findings that oppose the
importance of these mechanisms in tumourigenesis. We
offer a possible explanation for these conflicting perspec-
tives by exploring aneuploidy as a tumour suppressor.
Future research on these paradigms may help to better
explain the role of CIN and aneuploidy in tumourigene-
sis. A profound understanding of these mechanisms could
have an important impact on the development of cancer
treatments.

On the highway to CIN

Throughout eukaryotic evolution, the pathways associ-
ated with accurate chromosome transmission have re-
mained conserved and much of the knowledge about CIN
and aneuploidy has been acquired by studying model or-
ganisms, such as mice and yeast (12). Although multiple
mechanisms have been proposed to explain CIN, here we
focus on some of the main contributors: a) defects in the
SAC b) merotelic attachments and c) cohesion defects.

Defective spindle assembly checkpoint

The SAC is a major regulatory pathway of the cell cycle
that monitors chromosome division. The SAC ensures all
chromosomes are correctly attached to the spindle before
entering anaphase. Spindle microtubules attach to the
kinetochores, which are protein complexes that assemble
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at each centromere of the chromosome (15). Normally,
unattached kinetochores will signal the SAC to cease mi-
tosis, preventing the loss or gain of a chromosome in a
daughter cell (14).

On a molecular level, the SAC is comprised of multi-
ple proteins that arrest mitosis. Some of the conserved
SAC proteins include the 'mitotic-arrest deficient’ (Mad)
proteins Mad1l, Mad2, and Mad3 and the ’budding unin-
hibited’ by benzimidazole (Bub) proteins Bubl, BubRl1,
Bub3 (14). The mitotic checkpoint complex (MCC) is
formed when Mad3/BubR1, Mad2, and Bub3 associate
with Cdc20, an activator of the anaphase-promoting
complex/cyclosome (APC/C). The subsequent confor-
mational change of the APC inhibits its E3 ubiquitin lig-
ase activity, thereby delaying the onset of anaphase (15).
This delay allows for chromosomes to achieve the proper
bipolar spindle attachment, ensuring the fidelity of chro-
mosome segregation during mitosis (16).

Unsurprisingly, defective SAC components have been
associated with CIN and cancer. Studies with testicular
germ cell tumours showed reduced Mad2 protein expres-
sion in 6 of 8 cell lines (17). The identification of mu-
tations in the Mad2 gene in a breast cancer line and in
numerous gastric cancer tumour cell lines corroborated
this finding (18). In another case, the mutational inacti-
vation of a human homologue of the Bub1 gene was found
in cancer cells presenting CIN (19). All these findings im-
ply mitotic checkpoint defects are necessary for the pro-
gression of CIN and tumourigenesis. However, further
experiments deem the relationship between SAC defects
and tumourigenesis to be more intricate.

The complexity in the correlation between SAC defects
and cancer development has been investigated by exper-
iments with mice. Mouse models demonstrate that while
homozygous deletion of SAC genes is lethal, mice het-
erozygous for the genes are viable and have an increased
chromosomal mis-segregation rate (18). Although this
finding suggests that defective SAC genes are linked with
CIN, it has been observed that only some of the het-
erozygous mice spontaneously form tumours later in life,
while other mice that are heterozygous for Bub1, BubR1,
or Bub3 remain tumour-free (20). Interestingly, when the
two heterozygous groups are compared, both groups have
similar levels of aneuploidy in spleen cells and mouse
embryonic fibroblasts (18). Such observations put into
question the association of CIN and tumourigenesis with
SAC defects. Indeed, further research has demonstrated
that multiple cancer cells have functional mitotic check-
points, despite displaying CIN and aneuploidy (21). This
indicates that a defective mitotic checkpoint may not be
an integral constituent for the formation of tumours.

Merotelic attachments
In normal cellular divisions, kinetochores bind with mi-
crotubules from opposing spindles. However, merotelic
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attachments occur when a single kinetochore attaches to
fibers from both poles of the spindle (10). This kind of
improper attachment is common and is usually corrected
early in mitosis (7). Unlike other forms of attachment,
merotelic attachments create kinetochore tension allow-
ing them to bypass the mitotic checkpoint (8). Studies
using oocytes demonstrate that merotelic attachments
silence Mad2-signalling which contributes to the inacti-
vation of the mitotic checkpoint and to chromosome mis-
segregation in wild-type MII oocytes (22). When this im-
proper attachment continues into anaphase, it can lead to
the presence of lagging chromatids, which followed by cy-
tokinesis, can give rise to aneuploid cells (7). To explain
the frequent presence of this type of attachment, several
mechanisms have been proposed, amongst which, cen-
trosome amplification correlates strongly with CIN (23).
Current research also demonstrates the importance of
timely centrosome division, an aspect that was histori-
cally overlooked.

Because supernumerary centrosomes can form multi-
polar spindles, which appear in tumours, it was pro-
posed that multipolar divisions were drivers of CIN
and tumourigenesis (24). However, the rarity and the
detrimental impact of multipolar divisions to cell pro-
liferation led researchers to conclude that multipolar
metaphases are transient (25). Instead, the geometry of
these transient intermediates promotes merotelic attach-
ments, and thereby increases the frequency of lagging
chromosomes in bipolar anaphase, following centrosome
clustering (26). Sure enough, a link between centrosome
amplification and merotelic attachments has been ob-
served in vivo (10). To determine if supernumerary chro-
mosomes could lead to aneuploidy in mice, researchers
isolated and analyzed epidermal cells. While not a single
of the 78 control cells were aneuploid, the cells from mice
with centrosome amplification showed 23 aneuploid cells
out of 99 cells (23). Research does support the increase
of aneuploid cells with supernumerary centrosomes. In
humans, the presence of abnormal centrosome numbers
has been observed in various malignant tumours and has
more notably been abundant in high grade metastatic
breast adenocarcinoma (27). Consequently, centrosome
amplification and merotelic attachments continue to be
probable mechanisms leading to CIN.

In addition to centrosome amplification, the timing of
centrosome division is becoming an increasingly signifi-
cant factor in understanding CIN and aneuploidy. Cen-
trosome separation is a regulated mechanism that com-
mences early in the cell cycle to ensure the bipolar spindle
accurately divides the duplicated chromosome amongst
the two daughter cells (28). Initial work by Silkworth
and Cimini indicated that delayed centrosome separa-
tion allowed a geometry in which two spindle poles were
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proximal to one another, thus favouring merotelic attach-
ments (29). Recent research, however, provides a con-
tradictory observation. Studies with mice revealed over-
expressed Cyclin B2 hyperactivates aurora-A-mediated
Plk1, which causes accelerated centrosome separation
and a recurrence of lagging chromosomes (28). Although
this study suggests that an accelerated centrosome sep-
aration favours an increase in merotelic formation, the
mechanism remains to be elucidated. Considering that
both, a delay and an acceleration of centrosome division
increases frequency of merotelic attachments, it empha-
sizes the importance of this factor in CIN.

Cohesion defects

Cohesion plays an integral role in proper genome trans-
mission. Along with serving a purpose in DNA re-
pair and gene expression, cohesion prevents the prema-
ture segregation by tethering sister chromatids together
from S phase until the metaphase-to-anaphase transi-
tion (30, 31).

In a properly segregating cell, cohesion between the
sister chromatids remains intact through the G2 and M
phases of the cell cycle and then dissolves at anaphase
onset following SAC activation (18). Cohesion is achieved
by the evolutionarily conserved cohesin complex (32). In
humans and mice, the complex is composed of four core
subunits. The structural maintenance of chromosomes
(Smc) proteins, Smcl and Sme3, heterodimerize to form
a V-shape (9). Another protein, Stagl-3, associates with
a kleisin protein, Re8, thereby completing the cohesin
complex (33). Defects in cohesion have been observed to
cause CIN and aneuploidy.

By sequencing human homologues of genes known to
cause CIN in budding yeast, Barber et al. were able to
identify mutations in genes responsible for regulating sis-
ter chromatid cohesion (12). The Smcl, Smc3, and Stag3
proteins were all found to be mutated in 9 out of 132 col-
orectal adenocarcinomas (12). Although the direct rel-
evance of these mutations to CIN remains ambiguous,
research with Stag2 cultivated a causative link between
cohesion defects and CIN. The targeted inactivation of
Stag2 in numerous tumours led to defective chromatid
cohesion and a rise in aneuploidy, while the targeted
correction of mutant alleles resulted in enhanced chro-
mosomal stability (3). Yeast and mice models concurred
with these findings (34, 35). However, more recent studies
demonstrate mixed results and dispute the role of Stag2
in aneuploidy.

Current research with mutated cohesins in naturally-
occurring human tumours indicate little to no correlation
to aneuploidy (86). This is supported by the presence of
euploid tumours in bladder cancers, despite recurrent in-
activation of Stag2 (37). To understand how Stag2 mu-
tations may affect cohesion, Kim et al introduced nine
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tumour-derived mutations, including nonsense and mis-
sense mutations into cultured human cells (38). Their
findings showed that only the nonsense mutations led
to cohesion defects and only one of the nine mutations
caused changes in chromosome counts (38). These obser-
vations indicate that not all tumour-derived Stag2 mu-
tations have a fundamental role in cohesion defects and
aneuploidy. However, the mechanistic basis behind this
phenomenon is presently undetermined. In the future,
determining the precise functional consequences of dif-
ferent kinds of mutations in cohesion genes could pro-
vide insight on their impact in aneuploidy and cancer
formation.

Aneuploidy: a double-edged sword

It has been commonly believed that aneuploidy plays
a critical role in cancer progression. Most recently, re-
search has implicated a novel perspective, in which ane-
uploidy works as a tumour suppressor. Sheltzer et al
observed that single-chromosome gains, which consisted
of the chromosomes mChrl, mChr13, mChr16, mChrl19,
hChr3, and hChrb, conferred the trisomic cells a reduced
tumourigenicity in comparison to their euploid counter-
parts (2).

More remarkably, certain aneuploidies have both tumour-

promoting and tumour-suppressing characteristics. Such
an effect can be observed in Down syndrome (trisomy
21) patients. On one hand, children with Down syndrome
have an elevated incidence of certain kinds of leukemia
such as acute myeloid and lymphoblastic leukemia (39).
On the other hand, they exhibit a lower risk of develop-
ing most solid tumours (40). Mouse models for trisomy
21 reflect such findings. Studies have shown that the gain
of a third copy of the Down syndrome critical region-1
(Dscr1) gene was sufficient to limit the proliferation of
lung tumours by decreasing tumour vascularization and
increasing apoptosis of the tumour cells (41).

Because the expression of multiple genes is affected
when an extra chromosome is gained, a proposed hy-
pothesis is that the net effect of all gene expression al-
terations, some of which can be tumour-promoting or
tumour-suppressing, dictates whether the aneuploidy is
oncogenic or tumour-protective (). This line of thought
could provide insight as to why mechanisms enhance
tumour formation in certain contexts, while in other
circumstances, they do not appear to play a substan-
tial role. Indeed, it has been discovered that while the
surplus of the SAC genes, Mad2 and Bubl, may have
tumourigenic effects, the overexpression of BubR1 can
counteract defects that affect the mitotic checkpoint
and/or kinetochore-microtubule attachments (42). More-
over, mouse embryonic fibroblasts that are trisomic ex-
hibit impaired immortalization and less growth (43).
A molecular understanding of such observations could
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be exploited in the future to advance aneuploid-specific
therapies.

Concluding remarks

Although CIN and aneuploidy have been observed for
over a century, research has only begun characterizing
the roles of these mechanisms at the molecular level.
In doing so, it is apparent that the relationship be-
tween CIN, aneuploidy, and tumourigenesis is more com-
plex than what was previously hypothesized. In this re-
view, we summarized literature studying how defects in
the SAC, in microtubule-kinetochore attachments, and
in the cohesin complex can be sources of CIN and tu-
mourigenesis. We highlighted evidence that contradicted
these findings. Lastly, to reconcile these two opposing
views, we presented how aneuploidy can be both tumour-
promoting and tumour-protective under certain condi-
tions. In future work, it may be useful to revisit how
SAC genes influence the expression of one another. SAC
genes have been associated with multiple cellular pro-
cesses. Could certain contexts cause the expression of cer-
tain SAC genes to silence the expression of others? How
would this affect CIN and cancer evolution? Are cen-
trosome amplification and centrosome division intercon-
nected? If so, how do supernumerary centrosomes affect
centrosome dynamics or vice-versa? At what point dur-
ing tumourigenesis and in which environments do Stag2
mutations occur? Further investigations into these ar-
eas could provide useful information to devise alternative
strategies to combat cancer.
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