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Abstract 

Pioneering studies described cancer as an evolutionary process and detailed its intratumor 

heterogeneity in patients’ specimens. The development of unbiased single-cell sequencing 

technologies confirmed these early observations and neoplasms are now widely recognized as 

populations of genetically, chromosomally and epigenetically distinct cells in which clones 

carrying beneficial traits expand in presence of selection factors like chemotherapy treatment. 

In support of this view, intratumor heterogeneity, by providing a large pool of phenotypically 

distinct clones, was shown to correlate with poor prognosis, therapy failure and metastasis. 

While most research has been focused on the role of nucleotide sequence variation, in recent 

years an increasing body of evidence suggests that aneuploidy and chromosome instability 

(CIN) contribute to tumor evolution. Here, we review recent advances in our understanding of 

the causes of aneuploidy and CIN and detail how they provide phenotypic variation at the 

cellular level. Moreover, we discuss evidences that aneuploidy and CIN kickstart a vicious loop 

generating genetic and karyotypic instability and provide clinical and experimental 

observations linking them to cancer progression. Finally, we suggest that aneuploidy and CIN 

contribute to tumor evolution by generating genome instability and intratumor heterogeneity. 

  



On the road to aneuploidy and CIN 

Aneuploidy is the condition of having an imbalanced chromosome copy number. It can be 

caused by sporadic errors in mitosis or by chromosomal instability (CIN), an increased rate of 

chromosome missegregation due to genetic defects in mitosis [1]. Detailed and excellent 

molecular work throughout the years from several laboratories has shown that a multitude of 

different mitotic defects affect the functionality of the segregation machinery leading to CIN 

and aneuploidy. Since this topic has been extensively covered elsewhere [2,3], here we will 

briefly provide an overview of the field (Figure 1).  

SAC defects 

Defects in the Spindle Assembly Checkpoint (SAC), a conserved surveillance mechanism that 

delays anaphase onset in presence of defects either in the mitotic spindle or in the kinetochore-

microtubules attachments [4], have been proposed to lead to aneuploidy and CIN. Accordingly, 

mutations compromising the activity of the SAC signalling cascade have been mapped to the 

mosaic variegated aneuploidy syndrome, a rare human genetic disorder associated with higher 

risk of developing childhood cancer and in which patients’ tissues carry an abnormal 

chromosomes number [5-8]. Moreover, consistent with clinical observations reporting that 

overexpression of SAC components is common in genomically unstable tumors [9,10] and is 

associated with poor prognosis [11-14], upregulation of SAC genes in mice leads to aneuploidy 

in vitro and spontaneous formation of chromosomally unstable tumors in vivo [15,16]. 

Perturbation in the geometry of the chromosome segregation machinery 

Perturbation in the geometry of the segregation machinery or its components constitute another 

route to CIN and aneuploidy. One such disruption occurs when spindle bipolarity is 

compromised. Multipolar mitosis occurs either in presence of supernumerary centrosomes or 

when spindle pole integrity is lost [17]. Transient multipolar mitosis have been shown to 

increase the formation of merotelic attachments [18,19], a condition in which a single 

kinetochore binds to microtubules emanating from different poles [20]. Since these 

kinetochore-microtubule binding defects are poorly recognized by the SAC, they persist during 

anaphase leading to lagging chromosomes and chromosome missegregation [20]. Another 

source of merotelic attachments is the loss of the back-to-back arrangement between sister 

chromatids, a geometrical conformation that sterically prevents erroneous attachments [21,22]. 

Loss of this conformation could be caused by premature sister chromatids separation, as single, 

as opposed to cohesed, chromatids, often display merotelic attachments [20]. Indeed, loss of 



chromatid cohesion is a feature of CIN cells [23,24] and mutations affecting chromatid 

cohesion have been shown to lead to aneuploidy and are often found in human tumors [25,26]. 

Transient abnormalities in the mitotic spindle geometry caused by defects in the assembly or 

disassembly rates of microtubules are another route to aneuploidy and CIN. For instance, while 

microtubule hyper-stabilization is a characteristic of CIN cells and is sufficient to promote 

chromosome segregation defects in otherwise karyotypically stable cells [27], increased 

microtubule assembly rates are required for chromosome missegregation in CIN colorectal 

cancer cell lines [28]. 

DNA damage and replication stress 

CIN and aneuploidy are not only consequences of a compromised mitotic apparatus but they 

may also arise after DNA damage or as a consequence of impaired replication fork progression. 

Indeed, DNA breaks in mitosis were shown to impair proper kinetochore-microtubule 

attachments leading to chromosome missegregation in yeast cells [29]. An independent study 

using a panel of human cell lines further showed that activation of Aurora-A and Plk1 kinases 

in response to DNA damage in mitosis stabilizes kinetochore-microtubule attachments and 

increases the frequency of lagging chromosomes and chromosome missegregation [30]. Lastly, 

elevated DNA replication stress and impaired replication fork progression was shown to be a 

characteristic of chromosomally unstable colorectal cancer cells. Chemical amelioration of 

such defects attenuated chromosome missegregation errors in CIN cells [31], suggesting that 

DNA replication stress is involved in the generation of CIN cells.  

Ploidy changes 

While CIN drives changes in cellular ploidy, some of these changes can in turn cause 

aneuploidy and CIN. For instance, polyploidization, a doubling of the entire genome content, 

has been shown to increase CIN and aneuploidy in both yeast and mammalian cells. In 

mammalian cells, polyploidization-induced CIN was associated with extra-numerary 

centrosomes, transient multipolar mitosis and merotelic attachments [18,19,32]. In tetraploid 

yeast cells, chromosome missegregation was shown to be caused by microtubule-kinetochore 

attachment defects resulting from lack of scaling of the mitotic spindle length with increased 

ploidy [33,34]. On top of polyploidization, also some aneuploid karyotypes are associated with 

elevated CIN. A first experimental evidence came from aneuploid yeast strains carrying 

combinations of different extra chromosomes, which showed different degrees of 

chromosomal instability depending on the actual karyotype at hand [35,36]. At the molecular 



level, aneuploidy of specific chromosomes was shown to imbalance specific subunits of protein 

complexes involved in chromosome segregation [36]. In mammalian cells, trisomic 

counterparts of diploid human cell lines showed higher rates of lagging chromosomes and 

chromosome bridges [37,38]. 

Consequences of aneuploidy on cellular physiology 

Exciting progress in the last 15 years has shown that once aneuploidy strikes, it profoundly 

affects cellular physiology by globally perturbing all major cellular systems, including the 

epigenome, transcriptome, proteome, metabolome and lipidome. Transcriptome profiling of 

human, mouse, plant and yeast aneuploid lines revealed that on an average mRNA levels scale 

directly proportionally with gene copy number [39-45]. Moreover, if some of the genes on 

aneuploid chromosomes encode transcription factors, they can have indirect trans-acting 

effects on other genes not necessarily encoded on these chromosomes, resulting on large 

expression changes of targeted genes [41]. On an average, these complex transcriptome 

changes were shown to be reflected at the proteome level with changes between 1.3- and 1.9-

fold in yeast and human lines [45,46]. Moreover, recent evidences in budding yeasts showed 

that aneuploidy alters chromatin silencing during cell proliferation [47]. Not surprisingly, these 

complex and massive transcriptome, proteome and epigenome changes profoundly affect the 

cellular physiology and cause large phenotypic changes. When cultured under optimal growth 

conditions, the majority of aneuploid yeast, mouse and human cell lines showed a decreased 

proliferative capability in respect to euploid controls [40,45,48-50]. In vivo mouse models of 

CIN showed that aneuploid hematopoietic stem cells have a decreased cellular fitness and are 

absent from regenerative adult tissues [51-53]. Moreover, several aneuploid lines are defective 

in protein homeostasis [52,53], exhibit a stress-response transcriptomics signature [54] and 

show lysosomal defects due to proteomic imbalances [55]. Lastly, in mammalian cells, 

chromosome missegregation causes p53-dependent cell-cycle arrest [56], which has been 

hypothesized to clear aneuploid cells. More recently, chromosome missegregation was shown 

to trigger DNA replication defects and acquisition of complex karyotypes, which in turn elicit 

a senescence and pro-inflammatory response that promotes clearance by the immune system 

[57]. 

In addition to above-mentioned negative effects on cellular physiology, evidence in yeast and 

mammalian cells suggests that aneuploidy can also confer proliferative advantages, particularly 

when they are faced with stressful conditions. In yeast cells, aneuploidy was shown to confer 

fitness advantages under severe environmental or genetic perturbations, such as growth in 



presence of an antifungal drug or in absence of an essential gene [39,41,45,58-62]. In 

mammalian cells, human pluripotent stem cells acquire specific aneuploid chromosomes 

during prolonged passaging in vitro and the presence of extra chromosomes is sufficient to 

confer growth advantages in response to environmental or chemical perturbations [49,63,64], 

suggesting that aneuploidy could positively contribute to cellular adaptation to harsh conditions 

also in mammalian cells. 

So how can aneuploidy be both detrimental and beneficial to cellular fitness? While over-

expression of a large number of transcripts and proteins represents a general burden to the cell 

machinery and can overload quality control systems, such as the proteostasis network [52], a 

small fraction of these up-regulated gene products could promote cellular pathways that might 

be useful under certain circumstances [65]. In other words, the net effect of aneuploidy on 

cellular fitness depends on both the specific karyotype at hand (i.e. which chromosomes are 

present in extra copy) and the environmental condition (i.e. specific selective pressure) (Figure 

2). 

Aneuploidy not only changes the cellular phenotype, but it also induces genome instability. 

Indeed, as discussed above, aneuploid lines carrying different karyotypes show different levels 

of chromosome instability in yeast and mammalian cells [35-38]. Moreover, some yeast 

disomes increased mutation rates and showed defective DNA damage repair [35]. It was later 

shown that though DNA damage is present in S-phase, yeast aneuploid cells proceed through 

mitosis, likely generating DNA breaks that could fuel translocations [66]. In mammalian cells, 

presence of aneuploid chromosomes leads to the acquisition of chromosomal rearrangements 

and DNA damage that were caused by a reduced expression of DNA replication factors [38]. 

On top of aneuploidy-driven genetic variation, aneuploidy causes cell-to-cell non-genetic 

heterogeneity; freshly generated aneuploid yeast cells harboring the same chromosome copy 

number changes exhibited heterogeneity in the cell cycle progression and showed different 

responses when challenged with environmental perturbations [67]. Collectively these 

observations suggest that aneuploidy not only profoundly changes the cellular phenotype and 

could be adaptive in certain circumstances, but it could also kickstart a vicious cycle, whereby 

some aneuploid cells could become genomically unstable and hence generate an even larger 

and more diverse aneuploid progeny. Indeed chromosomally unstable cells not only generate a 

diverse pool of aneuploid progeny each with its own genome instability but could also acquire 

mutations in gatekeeper genes required for correct chromosome segregation and DNA 

replication, thereby leading to more CIN and genome instability. This vicious cycle would 

generate a population of cells carrying large phenotypic variation, which in turn could confer 



potential adaptation to a wide variety of different challenges and could foster evolutionary 

processes, such as tumor progression. In accordance, trisomic mouse embryonic fibroblasts 

showed impaired growth and tumor potential [40,48]. However, the fitness of aneuploid cells 

could be improved upon in vitro passaging and acquisition of secondary genome changes that 

were not present in euploid matched control lines [68]. 

Cancer, Aneuploidy and CIN: a complex relationship 

Clinical evidence showing that aneuploidy is present in ~70% of solid and hematologic tumors 

(http://cgap.nci.nih.gov/Chromosomes/Mitelman) spurred the notion that aneuploidy is a 

hallmark of cancer. Rather than simple passengers during tumor evolution, experimental and 

clinical evidence supports the notion that CIN and aneuploidy could promote different stages 

of tumor evolution, such as its initiation, relapse, acquisition of drug resistance and metastasis 

[69,70]. Consistent with a role of aneuploidy and CIN in tumor onset, constitutive aneuploid 

patients show increased susceptibility to certain types of cancers [71]. For instance, Down 

Syndrome patients (trisomy 21) have been reported to have increases risk of acute 

lymphoblastic leukemia and acute megakaryoblastic leukemia, possibly due to up-regulation 

of leukemia-related hematopoietic transcription factors encoded on chromosome 21 [72,73]. 

Edward’s syndrome patients (trisomy 18) showed increased risk of Wilm’s tumor and rare 

patients carrying constitutive trisomy 8 are at higher risk of myeloid neoplasms [71]. Consistent 

with these observations, cancer cell lines and cancer cells derived from patients show recurrent 

chromosome gains and loss [74-77]. The most recurrent cytogenetic abnormalities include gain 

of chromosome 8q and loss chromosome 17p, respectively encoding the MYC oncogene and 

TP53 tumor suppressor [43,78]. Moreover, a systematic analysis of matched tumor/non-tumor 

samples from a large number of patients revealed that the chromosome location of oncogenes 

or tumor suppressors was predictive of chromosome copy number changes found in human 

tumors [79]. Taken together these observations suggest that aneuploidy could positively initiate 

tumor evolution by increasing or decreasing the copy number of oncogenes or tumor 

suppressors. This conclusion is consistent with findings in yeast and human cells demonstrating 

that specific aneuploidies could confer cellular fitness advantages and that the beneficial effects 

of aneuploidy is dependent on both the circumstances and the karyotype at hand. 

As discussed above, CIN and aneuploidy contribution to tumor onset comes from evidences 

that mutations affecting the function or the stability of SAC proteins are often present in certain 

cancers [6,80-82] and that MVA patients are high risk of developing tumors [5,8]. However, 

mouse models of CIN provided contradicting evidence [83]. On the one hand, heterozygous 



mutations or hypomorphic alleles in SAC genes such as Mad1/2, Cenpe, Bub3 of BubR1 

showed increased spontaneous or carcinogen-induced tumor formation [84-87]. Furthermore, 

deregulation of SAC components achieved by overexpression of Mad2, Hec1 or Bub1 

promotes aneuploidy and tumorigenesis [15,16,88]. On the other hand, other mouse models of 

CIN did not show increased tumor susceptibility even after challenge with carcinogens [89,90] 

and BubR1 overexpression had a protective rather than promoting effect on tumor onset [91]. 

Though the reasons behind these discrepancies have not been formally resolved, they could be 

due to differences in CIN/aneuploidy induction in the diverse mouse models, or the need of 

additional random oncogenic mutations for tumor onset, or the fact that SAC proteins are 

involved in other non-mitotic functions. Another intriguing possibility that is currently largely 

unexplored is that cells might be able to compensate for CIN. Indeed, cells can stabilize their 

genome after securin inactivation [92] or loss of SAC activity [93]. The occurrence of 

compensatory mechanisms during the development or analysis of different CIN mouse models 

could affect the extent to which CIN is present in various mouse tissues and has not been 

formally tested. 

CIN was also shown to promote relapse and tumor heterogeneity and is considered a marker 

for poor prognosis in many cancer types [94,95]. Accordingly, a few years ago, a mouse model 

of CIN displayed tumor relapse after the initial oncogenic stimulus was shut down [96]. 

Interestingly, tumor growth in the relapsed tumor cells did not depend on hyperactivation of 

the original tumor driver, suggesting that karyotypic heterogeneity could provide novel routes 

to tumorigenesis. These findings are consistent with clinical observations that Bcr-Abl-driven 

chronic myeloid leukemia tumors relapse more frequently after imatinib treatment if they 

initially displayed CIN [97]. A recent study tracking intratumor heterogeneity in a large cohort 

of patients showed that cell-to-cell heterogeneity mediated by CIN correlated with poor patient 

outcome [98]. Indeed, stratification of patients based on their CIN levels revealed that moderate 

CIN levels are associated with poor prognosis and survival outcome in breast, ovarian gastric 

and non-small cell lung cancer [99,100]. These evidences have been confirmed in a pan-cancer 

analysis of  >2,000 samples, where better clinical outcomes were associated with either very 

low or very high frequency of copy-number variants [101,102]. This non-linear relationship 

between CIN and patient prognosis suggests that CIN can generate an optimal genomic and 

phenotypic variation conducive to tumor evolution only when it is strong enough to fuel an 

adaptive evolution process but mild enough not to cause cell death [102].   

CIN has also been shown to promote chemotherapy resistance during cancer treatment. The 

capability of CIN cells to survive after drug exposure could be due to advantages acquired by 



a phenotypically heterogeneous population [103], or it could be associated with a intrinsic 

survival phenotype [69,104]. Phylogenetic analysis of tumor heterogeneity proposed that 

clones resistant to chemotherapy were present before treatment [105], suggesting that 

preexisting intratumor heterogeneity, or standing genetic variation, is one of the major drivers 

of relapse.  

Lastly, recent evidence shows that CIN could also promote metastasis [106]. It was 

demonstrated that rupture of micronuclei, which are common byproducts of CIN, causes DNA 

fragments to leak into the cytosol, where they activate a cytosolic DNA-sensing pathway 

known as cGAS-STING. In turn, STING activates the non-canonical NF-κB pathway, which 

is required for epithelial-to-mesenchymal transition, cellular invasion, and metastasis [106]. 

Despite all above described clinical and laboratory evidence, it has been long debated whether 

aneuploidy and CIN are simple byproducts of the process transforming normal cells into cancer 

cells or if they are indeed drivers of this process. While cancer is a hyperproliferative disease, 

aneuploidy has been associated with organismal death, developmental defects and decreased 

cellular fitness [46,83,107]. Possible reconciliations have been proposed throughout the years. 

According to one scenario, cancer cells become aneuploid simply because of their cell cycle 

dysregulation, but later acquire mutations that make them tolerant to the aneuploid burden 

[107]. A mutually non-exclusive possibility is that, while aneuploidy generally impairs fitness 

when cells are analyzed in optimal growth conditions [45,48], it could provide selective 

advantages by up-regulating specific genes on the aneuploid chromosomes in harsh conditions, 

such as during chemotherapy treatment or new niche colonization (Figure 2) [45,103]. We also 

speculate that, on top of providing phenotypic variation that could be beneficial in harsh 

environments, CIN and aneuploidy cause large cell-to-cell genetic or non-genetic variation 

heterogeneity. As reviewed above, aneuploidy and CIN increase karyotypic and genetic 

instability [39,45,103,107]. Therefore, they generate karyotypically or genetically 

heterogeneous population of cells, each of which is associated with a different set of 

phenotypes that could be beneficial under strong selective pressures. On top of genomic 

changes, aneuploidy has recently been shown to confer non-genetic cell-to-cell phenotypic 

heterogeneity [67], further increasing the overall variation in the population. The generation of 

massive phenotypic variation ultimately leads to higher adaptive potential, therefore boosting 

aggressive cancer phenotypes (Figure 3). In accordance, it was recently shown that, while a 

single chromosome gain is insufficient to induce neoplastic transformation, prolonged 

passaging allowed aneuploid but not euploid cells to acquire additional chromosome changes 

that improved their fitness [68]. 



 

Conclusion 

Here we reviewed clinical and experimental observations linking aneuploidy and CIN to cancer 

aggressiveness and poor patients’ survival. We propose that aneuploidy and CIN could foster 

the evolution of cancer cells by increasing genomic and non-genetic instability. Since each of 

these genomically dinstint cell is associated with a different set of phenotypes, this process 

increases phenotypic variation and ultimately leads to cancer evolution and development of 

aggressive tumor phenotypes (Figure 3).  
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