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Summary

Errors in chromosome segregation during mitosis have been recognized as a hallmark of tumor 

cells since the late 1800s, resulting in the long-standing hypothesis that mitotic abnormalities drive 

tumorigenesis. Recent work has shown that mitotic defects can promote tumors, suppress them, or 

do neither, depending on the rate of chromosome missegregation. Here we discuss the causes of 

chromosome missegregation, their effects on tumor initiation and progression, and the evidence 

that increasing the rate of chromosome missegregation may be an effective chemotherapeutic 

strategy.

Introduction

Aneuploidy, an abnormal chromosome number that deviates from a multiple of the haploid, 

results in global changes in the cellular transcriptome and proteome, as well as in specific 

changes that depend on the imbalance of individual genes. The state of aneuploidy often 

coexists with an ongoing rate of karyotypic change, known as Chromosomal INstability 

(CIN). Although aneuploidy commonly occurs in human cancers where it is a prognostic 

indicator in many tumor types, it often causes a proliferative disadvantage in cultured cells, 

which may be partially dependent on the tumor suppressor p53. This apparent contradiction 

is known as the aneuploidy paradox. Attempts to determine the effects of aneuploidy and 

CIN on tumorigenesis have been complicated by the non-mitotic functions of most proteins 

that prevent aneuploidy and CIN. Despite this, mounting evidence suggests that the effect of 

aneuploidy on tumors is determined by the rate of CIN, with low CIN being weakly tumor 

promoting and high CIN causing cell death and tumor suppression. Here we review the 

causes of aneuploidy and CIN, the evidence that aneuploidy due to low rates of CIN 

promotes tumors in the presence and absence of p53, and the data supporting the conclusion 
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that there is a maximally tolerated threshold of CIN. We conclude by discussing the 

potential utility of increasing the rate of CIN as a chemotherapeutic strategy.

One of the first distinguishing features of tumor cells to be identified was abnormal 

configurations of chromosomes (von Hansemann, 1890). These chromosomal abnormalities 

can be produced by a variety of mitotic defects. Abnormally large nuclei are formed by 

mitotic exit without chromosome segregation or cytokinesis, which produces a single 

tetraploid cell that contains both copies of the replicated chromosomes and has a 4n content 

of DNA. Subsequent rounds of cytokinesis failure without chromosome segregation can 

produce even larger, polyploid nuclei. Cytokinesis failure after chromosome segregation 

results in binucleate cells with two nuclei that can be similar or distinct in size, depending on 

the accuracy of chromosome segregation. Successful cytokinesis following unequal 

segregation of chromosomes produces aneuploid progeny. Although aneuploid cells contain 

an aberrant number of chromosomes, they are distinct from tetraploid cells in that their 

chromosome number deviates from a multiple of the haploid, resulting in an incomplete set 

of chromosomes. Some aberrant divisions result in cells with one or more micronuclei, small 

nuclei that form in addition to the main nucleus. Though many aneuploid and tetraploid 

progeny survive, major defects in mitosis that result in substantial delay or missegregation of 

large numbers of chromosomes often result in cell death. The prevalence of mitotic errors in 

tumor cells led to the proposal by Theodor Boveri in the early 1900s that aneuploid cells are 

the originating cells of tumors (Boveri, 1902, 1914), although his own experiments showed 

that high rates of chromosome missegregation led to cell death (Boveri, 1914).

Two types of aneuploidy commonly occur in tumor cells. Numerical aneuploidy refers to 

gain and loss of whole chromosomes and is a typical consequence of chromosome 

missegregation during mitosis. Structural aneuploidy indicates gain or loss of large portions 

of chromosomes, often in the context of chromosomal rearrangements. Both numerical and 

structural aneuploidy can be stably maintained over multiple generations, or can evolve due 

to an ongoing rate of CIN.

Causes of aneuploidy and CIN

Chromosome segregation during mitosis is monitored by a major cell cycle regulatory 

pathway known as the mitotic checkpoint or spindle assembly checkpoint. This checkpoint 

delays mitotic progression until the chromosomes are attached to the mitotic spindle in a 

manner consistent with accurate segregation. Chromosomes enter mitosis as replicated pairs 

of sister chromatids (Fig. 1). The mitotic checkpoint delays their irreversible separation, 

which occurs at anaphase onset, until each sister chromatid pair has made stable attachments 

to both poles of the mitotic spindle through spindle microtubules. Sister chromatids attach to 

spindle microtubules through their kinetochores, protein complexes that assemble at the 

centromeric region of DNA. Unattached kinetochores generate the mitotic checkpoint signal, 

which is an inhibitory signal that prevents anaphase onset. Molecularly, mitotic checkpoint 

proteins including Mad1, Mad2, Bub1, BubR1, Bub3, CENP-E and Mps1 are recruited to 

unattached kinetochores to generate inhibitors of the Anaphase Promoting Complex/

Cyclosome (APC/C) bound to its specificity factor Cdc20 [reviewed in (Cheeseman, 2014; 

Lischetti and Nilsson, 2015; Sacristan and Kops, 2015). Amphitelic attachments, in which 
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the chromatids in a sister chromatid pair are attached to opposite spindle poles (Fig. 1A), 

silence the mitotic checkpoint and result in accurate segregation. Divisions in which every 

sister chromatid pair makes amphitelic attachments produce euploid daughter cells which 

both contain one and only one copy of each chromosome.

Defects in mitotic checkpoint signaling result in chromosome missegregation, aneuploidy, 

and CIN [Fig. 1B; reviewed in (Kops et al., 2005; Thompson et al., 2010)]. Complete 

inactivation of the mitotic checkpoint due to nullizygosity for mitotic checkpoint genes or 

≥90% depletion of Mad2 or BubR1 protein levels leads to embryonic lethality in vivo and 

cell death within 6 divisions in cell culture (Kops et al., 2004; Michel et al., 2004). 

Interestingly, 20% of mice survived selective excision of conditional alleles of Mad2 in the 

epidermis after birth, suggesting that the mitotic checkpoint may be dispensable in certain 

somatic tissues (Foijer et al., 2013) and/or that the subset of cells that survived reduced their 

reliance on Mad2 for accurate chromosome missegregation (Buffin et al., 2007; Burds et al., 

2005). Consistent with the latter option, cultured cells that exhibit a delay in mitosis due to 

reduced APC/C-Cdc20 activity are no longer reliant on Mad2 for survival or for accurate 

chromosome segregation (Wild et al., 2016). Although homozygous loss of mitotic 

checkpoint genes results in embryonic lethality, mice heterozygous for mitotic checkpoint 

genes are viable and fertile, despite exhibiting aneuploidy and CIN (Ricke et al., 2008; 

Zasadil et al., 2013).

Weakening mitotic checkpoint signaling through reduced expression of mitotic checkpoint 

genes is a common method of experimentally inducing aneuploidy and CIN. However, 

phenotypic identification of a weakened mitotic checkpoint in primary and metastatic human 

cancers is difficult, since detection requires approval for human subjects testing, the 

acquisition of unfixed tumor material, and successful culturing of tumor cells in the context 

of experimental perturbations. Indirect assessment of checkpoint activity based on 

expression levels of mitotic checkpoint components is complicated by the fact that most of 

these genes are cell cycle regulated, so proliferative index impacts population based analysis 

of mitotic checkpoint component levels. Weakened mitotic checkpoint signaling can be 

inferred, however, in fixed tumor sections based on altered expression of mitotic checkpoint 

protein levels in individual cells. This is particularly useful for components whose 

expression is not cell cycle regulated, such as Mad1, which is commonly over- or under-

expressed in human breast cancer (Ryan et al., 2012). Evidence for mitotic checkpoint 

dysfunction in cancer cell lines is varied. Some CIN cancer cell lines do not exhibit mitotic 

checkpoint defects (Gascoigne and Taylor, 2008; Thompson and Compton, 2008), while 

others do (Ryan et al., 2012).

Lagging chromosomes, which lag behind the segregating masses of chromatin during 

anaphase and telophase, are another type of mitotic defect associated with aneuploidy and 

CIN (Fig. 1C–D). Lagging chromosomes can arise due to defects in the Aurora B-mediated 

error correction pathway and/or because of hyperstable kinetochore microtubule attachments 

(Fig. 1C). Aurora B activity destabilizes kinetochore microtubules that are not under tension, 

such as syntelic attachments, in which both kinetochores of a sister chromatid pair are 

connected to microtubules emanating from the same spindle pole. Aurora B also corrects 

merotelic attachments, in which a single kinetochore is connected to microtubules from both 
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poles (Cimini et al., 2006). Merotelically attached kinetochores are not detected by the 

mitotic checkpoint since the kinetochore is attached and the mitotic checkpoint protein 

Mad2, which is considered a readout for mitotic checkpoint activation, is not recruited 

(Cimini et al., 2002; Cimini et al., 2001). Merotelically attached kinetochores also lack 

another marker of actively signaling kinetochores, the tension-sensing 3F3/2 phosphoepitope 

(Cimini et al., 2002; Cimini et al., 2001). Aurora B destabilizes improper kinetochore 

microtubule attachments by phosphorylating proteins critically involved in stabilizing these 

attachments, including Ndc80/Hec1 and Knl1 (Cheeseman et al., 2006; Welburn et al., 

2010). Consistent with this, inhibition or depletion of Aurora B increases the frequency of 

lagging chromosomes (Cimini et al., 2006; Hauf et al., 2003).

Although lagging chromosomes are often merotelically attached, most merotelic 

attachments do not result in chromosome lagging. While merotelically attached kinetochores 

occur in ~30% of untreated prometaphase cells, only ~1% of these cells contain lagging 

chromosomes during anaphase (Cimini et al., 2003). Interestingly, high resolution timelapse 

microscopy revealed that 23 of 25 merotelically attached kinetochores in anaphase had more 

attachments to the correct spindle pole and were ultimately accurately segregated without 

lagging (Cimini et al., 2004).

Lagging chromosomes also occur as a consequence of hyperstable kinetochore 

microtubules. Microtubules are repeating polymers of α- and β-tubulin heterodimers that 

both polymerize and depolymerize throughout their lifetime, a characteristic known as 

dynamic instability. A ≥1.5 fold increase in the stability of kinetochore microtubules is 

sufficient to substantially increase the incidence of lagging chromosomes. Mechanistically, 

depletion of the microtubule destabilizing kinesin 13 family members MCAK and Kif2b, 

which are dependent upon Aurora B for localization, increases kinetochore microtubule 

stability and the incidence of lagging chromosomes (Bakhoum et al., 2009). Similarly, 

increases in kinetochore microtubule stability caused by overexpression of another Aurora 

kinase family member, Aurora A, or loss of the DNA damage checkpoint kinase Chk2, both 

of which also increase the rate of microtubule polymerization, result in an elevated 

frequency of lagging chromosomes (Ertych et al., 2014).

An additional cause of lagging chromosomes is transient spindle multipolarity (Fig. 1D). 

Daughter cells that arise from divisions of diploid or near-diploid cells into ≥3 daughters 

generally do not survive (Boveri, 1914; Ganem et al., 2009). However, multipolar mitotic 

spindles are often focused into a bipolar spindle prior to anaphase, resulting in a two-way 

DNA division that produces two daughter cells. A kinetochore that attaches to two nearby 

spindle poles prior to focusing can be pulled in opposite directions after spindle pole 

focusing, resulting in a merotelically attached lagging chromosome [(Ganem et al., 2009); 

Fig. 1D]. Similarly, incomplete centrosome separation at the time of nuclear envelope 

breakdown allows a single kinetochore to make attachments to both spindle poles before 

they have substantially separated, increasing the incidence of merotelic attachments and 

lagging chromosomes (Cimini et al., 2003; Silkworth et al., 2012).

Although lagging chromosomes occur in CIN cancer cell lines and multiple experimental 

perturbations increase both lagging chromosomes and CIN, lagging chromosomes are not 
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necessarily missegregated (Gascoigne and Taylor, 2008; Thompson and Compton, 2008, 

2011). The fate of lagging chromosomes was examined in chromosomally stable HCT116 

colorectal cancer cells that had a single chromosome marked by incorporation of a LacO 

array and visualized by expression of LacI-GFP. These experiments revealed that lagging 

chromosomes that eventually form micronuclei, small nuclei that are separate from the main 

nucleus, segregated to the correct daughter cell ~2.3 fold more often than they segregated 

inappropriately. Interestingly, in experimentally manipulated mitoses that had an elevated 

incidence of lagging chromosomes, the marked chromosome missegregated without lagging 

almost as often as it missegregated by lagging (Thompson and Compton, 2011). Thus, 

chromosomes that missegregate are not necessarily discernable due to separation from the 

masses of segregating DNA, but lagging chromosomes are a visible sign of aberrant mitoses 

in which chromosome missegregation occurs. As such, lagging chromosomes are a useful 

indication of chromosome missegregation, even though the lagging chromosomes 

themselves are not necessarily missegregated (Thompson and Compton, 2011).

Lagging chromosomes that are segregated correctly but form micronuclei may still result in 

effective aneuploidy. In the human osteosarcoma cell line U2OS, the nuclear envelope 

surrounding approximately two-thirds of micronuclei collapsed, resulting in an inability to 

retain RFP tagged with a nuclear localization signal or exclude GFP fused to a nuclear 

export signal (Hatch et al., 2013). Nuclear envelope collapse, which correlated with the 

occurrence of a breach in the nuclear rim of lamin B1 localization, resulted in decreased 

transcription and replication. Thus, even if lagging chromosomes are segregated into the 

appropriate daughter cell, the transcriptional capacity of that cell may be 2n-1 if the lagging 

chromosome resides in a micronucleus (Hatch et al., 2013).

Defects in sister chromatid cohesion represent an additional mechanism for chromosome 

missegregation, aneuploidy and CIN (Fig. 1E–F). Premature sister chromatid separation 

results in random segregation since the connection between the sisters is necessary to ensure 

attachment of one sister to each spindle pole (Fig. 1E). Conversely, incomplete separation of 

sister chromatids due to a failure of cohesin removal or a failure to decatenate the sister 

chromatids leads to chromatin bridges, which stretch between the daughter nuclei forming a 

bridge of DNA [(Pampalona et al., 2016); Fig. 1F].

Connections between structural and numerical CIN

Traditionally, structural and numerical chromosomal aberrations were thought to occur 

independently. However, recent evidence has shown that lagging chromosomes can produce 

subsequent structural alterations and that DNA damage can result in whole chromosome 

gains and losses.

Lagging chromosomes were found to produce structural alterations by two mechanisms in 

nontransformed, telomerase immortalized human retinal pigment epithelial RPE cells. First, 

lagging chromosomes can be caught in the cytokinetic furrow, resulting in DNA damage 

(Janssen et al., 2011). This damage was present from telophase through at least 6 hours 

thereafter, as evidenced by foci of γH2AX, a marker of double strand DNA breaks, and 

53BP1, a regulator of double strand break repair. This produced a bona fide DNA damage 
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response, with activation of the DNA damage checkpoint proteins ATM and Chk2, as well as 

activation of p53. However, this damage was largely repaired by 8 hours post telophase, in 

part by nonhomologous end joining. Consistent with repair through the error prone 

nonhomologous end joining pathway, RPE cells with lagging chromosomes had an increased 

incidence of chromosomal translocations in a subsequent division (Janssen et al., 2011).

Lagging chromosomes in RPE cells were also shown to result in structural alterations 

through an independent mechanism. In this case, rather than being damaged during 

cytokinesis, lagging chromosomes that are incorporated into micronuclei become damaged 

because they enter the subsequent mitosis without being completely replicated. Micronuclei 

recruit lower levels of origin recognition complexes, which license DNA for replication 

during S phase (Crasta et al., 2012). Timed addition of the thymidine analog BrdU revealed 

that micronuclei replicate late as compared to primary nuclei, with ~30% of micronuclei 

incorporating BrdU at a timepoint expected to be in G2. A small portion (7.6%) of 

chromosome spreads made after induction of lagging chromosomes contained “pulverized” 

pieces of DNA. Most of these pulverized chromosomes (25 of 30) incorporated BrdU in the 

2 hours preceding preparation, suggesting that they were incompletely replicated at the time 

the cells began condensing their chromatin. Spectral karyotyping, a method of identifying 

each chromosome as well as translocations between chromosomes in mitotic cells, revealed 

that in 72% of cases, the DNA with the pulverized appearance came from a single 

chromosome (Crasta et al., 2012). This was proposed as a mechanism for chromothripsis, a 

condition reported to occur in a small percentage of cancers in which extensive structural 

rearrangements occur on a single chromosome (Crasta et al., 2012; Zhang et al., 2015).

Chromothripsis was also reported to occur after segregation of dicentric chromosomes, 

which contained two centromeres due to chromosome fusion because of telomere erosion 

(Maciejowski et al., 2015). Dicentric chromosomes formed chromosome bridges in which 

the centromeres were segregated to opposite poles and the region of the chromosome 

between the centromeres was stretched between the two daughter nuclei. In this situation, 

the random rearrangements of chromothripsis were found to occur only in small portions of 

chromosomes, presumably the portions that formed the chromatin bridge between the two 

centromeres (Maciejowski et al., 2015).

Additional chromosomes can also cause structural chromosomal changes when they are not 

acquired via mitotic defects. Cells with additional chromosomes can be generated using 

microcell-mediated chromosome transfer, in which chromosomes of donor cells are isolated 

by inducing multinucleation followed by disruption of the actin cytoskeleton and 

centrifugation to permit enucleation. The resulting microcells containing isolated 

chromosomes are then fused with recipient cells through standard treatments such as 

polyethylene glycol. HCT116 and RPE subclones that contain an extra one or two 

chromosomes due to microcell-mediated chromosome transfer exhibited delayed replication 

timing and enhanced sensitivity to replication stress, resulting in chromosome bridges and 

structural CIN (Passerini et al., 2016). Subclones of chromosomally stable HCT116 cells 

containing one or two additional copies of chromosome 5 showed de novo structural 

rearrangements of the chromosomes consisting of duplications, deletion, or inversion, which 

are consistent with replication mediated rearrangements (Passerini et al., 2016). Thus, 
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numerical chromosome changes can result in structural abnormalities through multiple 

mechanisms.

DNA damage has been shown to cause mitotic defects as well. DNA replication stress 

during S phase results in an increase in lagging acentric fragments and chromosome bridges, 

leading to variation in the number of chromosomes per cell (Burrell et al., 2013). 

Additionally, DNA damage during mitosis stabilizes kinetochore microtubules, leading to an 

increase in lagging chromosomes without causing an increase in acentric fragments or 

chromatin bridges (Bakhoum et al., 2014). The increases in kinetochore microtubule 

stability and in lagging chromosomes were dependent upon Chk2 activity as well as Plk1 

and Aurora A, all of which have previously been implicated in regulating kinetochore 

microtubule stability (Ertych et al., 2014; Liu et al., 2012). Interestingly, activation of Chk2 

without causing DNA damage by treatment with chloroquine was sufficient to increase 

lagging chromosomes, suggesting that DNA damage exerts its effects on chromosome 

missegregation indirectly through activation of Chk2 (Bakhoum et al., 2014).

The complex relationship between aneuploidy and Chromosomal INstability 

(CIN)

Aneuploidy is the state of having an imbalanced set of chromosomes, while CIN indicates 

an ongoing rate of chromosome gain and loss. In principle, aneuploid karyotypes can remain 

stable over many generations, or they can exhibit CIN and continue to evolve. It has long 

been proposed that aneuploidy causes CIN due to an imbalance of genes and protein 

complexes involved in chromosome segregation during mitosis (Duesberg et al., 1998), and 

aneuploidy has been shown to cause profound changes in the transcriptome and proteome, 

some of which are conserved among distinct aneuploid karyotypes (Pavelka et al., 2010; 

Stingele et al., 2012; Torres et al., 2007b; Upender et al., 2004). Meiosis in yeast strains with 

an uneven ploidy (3n or 5n) results in the production of both stably aneuploid and CIN yeast 

strains, with CIN yeast strains predominating (Pavelka et al., 2010; Sheltzer et al., 2011; Zhu 

et al., 2012). Similarly, in human cells the addition of one copy of chromosome 7 (in the 

chromosomally stable colorectal cancer cell line DLD1) or one copy of chromosome 13 (in 

DLD1 cells or in amniotic fibroblasts) leads to increased rates of chromosome 

missegregation, predominantly of the triploid chromosome (Nicholson et al., 2015). Gain of 

chromosome 13 but not 7 causes an increase in tetraploidy due to cytokinesis failure. 

Molecularly, cytokinesis failure in DLD1 cells containing an extra copy of chromosome 13 

was attributed to overexpression of the gene encoding Spartin, a gene previously implicated 

in cytokinesis, which is located on chromosome 13. Consistent with this, overexpression of 

Spartin caused cytokinesis failure in control DLD1 cells while partial depletion of Spartin 

rescued cytokinesis failure in DLD1 cells and amniotic fibroblasts containing an extra copy 

of chromosome 13 (Nicholson et al., 2015). Thus, though there are common effects of 

aneuploidy, individual aneuploid karyotypes also have specific defects depending on the 

genes on the imbalanced chromosome(s).

In contrast to the finding that mitotic errors are more common in trisomic cells, experiments 

examining interphase cells from human tissue with single chromosome gains support the 
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conclusion that aneuploidy is not sufficient to drive CIN. In this analysis, it was expected 

that CIN would result in whole chromosome gains and/or losses that would be detectable 

using Fluorescence In Situ Hybridization (FISH) analysis of chromosome copy numbers. 

Interphase fibroblasts from human tissue with constitutional gain of one copy of 

chromosome 8 (Warkany syndrome 2), 13 (Patau syndrome), 18 (Edwards syndrome), or 21 

(Down syndrome) had no increase in copy number alterations of chromosomes 2 or 17 

(Valind et al., 2013), suggesting that aneuploidy did not result in CIN in this context. During 

mitosis, the primary chromosome missegregated was found to be the trisomic chromosome 

itself (Nicholson et al., 2015), which was not examined in the interphase study (Valind et al., 

2013), suggesting that trisomic cells without additional mitotic defects, such as cells 

trisomic for chromosome 7, revert to a diploid state. Consistent with this, cells trisomic for 

chromosome 3 were found to have late or incomplete replication of the pericentromeric 

region of the third copy of chromosome 3, which after division can produce one trisomic and 

one diploid daughter cell. Together, these data suggest that whether aneuploidy is sufficient 

to initiate CIN depends on the specific aneuploid karyotype.

Although CIN results in the production of aneuploid progeny, this does not necessarily result 

in a predominantly aneuploid population. Populations of HCT116 colorectal cancer cells 

maintain a stable consensus karyotype despite the finding that subclones derived from single 

cells exhibit low rates of structural and numerical CIN (Roschke et al., 2002). This suggests 

that the consensus karyotype of HCT116 cells is optimized for growth under standard cell 

culture conditions, and that altering this karyotype results in a proliferative disadvantage. 

Consistent with this, induced chromosome missegregation in HCT116 cells or 

nontransformed human RPE cells produces only transient increases in aneuploidy 

(Thompson and Compton, 2008), suggesting that the aneuploid cells were outcompeted by 

cells with the consensus karyotype. Supporting this hypothesis, HCT116 cells that 

missegregate a marked chromosome survive for 5 days but show elevated levels of stabilized 

nuclear p53 and its downstream effector p21, consistent with cell cycle arrest (Thompson 

and Compton, 2010). Thus, for aneuploidy and CIN, the presence of one does not 

necessitate the widespread presence of the other.

The aneuploidy paradox

Aneuploidy is common in tumors but is generally associated with a proliferative delay. This 

incongruous observation is known as the aneuploidy paradox. Whole chromosome 

aneuploidy is prevalent in a wide variety of cancers, with approximately 86% of solid 

tumors and 72% of hematopoietic cancers having gained or lost chromosomes to become 

aneuploid. Analysis of whole chromosome karyotypic variability indicates that 44% of solid 

and 14% of hematopoietic cancers exhibit CIN (Zasadil et al., 2013). These features are 

associated with a worse prognosis and increased disease progression. In diffuse large B-cell 

lymphoma, a tumor type with an unusually high mitotic index, histological evidence of 

lagging chromosomes portends a worse prognosis and a 24% decrease in overall survival 

from 8.76 to 6.62 years (Bakhoum et al., 2011). In a panel of tumor types assessed for 

structural CIN by gene expression data, CIN correlated with decreased survival across the 

board (Carter et al., 2006). Cancers exhibiting CIN are also more likely to relapse. After 

treatment, diffuse large B-cell lymphoma patients exhibiting CIN had a 48% decrease in 
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relapse-free survival (Bakhoum et al., 2011), and breast cancers exhibiting whole 

chromosome CIN had reduced breast cancer-related overall survival times (Denu et al., 

2016). Consistent with this, benign lesions exhibited lower levels of whole chromosomal 

aneuploidy and CIN than those seen in cancers (Zasadil et al., 2013), and metastatic sites 

had a higher CIN gene expression signature than primary tumors (Carter et al., 2006). Thus, 

aneuploidy and CIN are common features that confer poor prognosis in a variety of cancers.

Although aneuploidy commonly occurs in proliferative tumors where it serves as a marker 

of poor prognosis, aneuploidy due to chromosome gains causes an overall growth defect in 

several systems. In budding yeast, aneuploid strains containing a single additional 

chromosome display a growth disadvantage under conditions optimal for euploid yeast 

growth (Torres et al., 2007a), a delay which is attributable to an extended duration of G1 

(Thorburn et al., 2013). In mice, trisomy for a single chromosome, generated by crossing 

animals with chromosome fusions with wild type animals, causes embryonic lethality. 

However, mouse embryonic fibroblasts (MEFs) generated from these embryos are viable in 

culture. As was seen in yeast, MEFs with an additional chromosome showed a proliferative 

defect as compared to euploid controls (Williams et al., 2008). Similarly, fibroblasts from 

human trisomy 21 patients proliferated more slowly than diploid controls (Segal and McCoy, 

1974). Consistent with this, trisomy 21 patients have reduced stature and head circumference 

(Van Gameren-Oosterom et al., 2012). HCT116 cells with extra copies of chromosome 3 or 

5 also showed marked growth delay under standard conditions (Stingele et al., 2012). 

Therefore in yeast, mice, and human, chromosome gains confer a growth disadvantage under 

conditions optimized for euploid cell growth.

Chromosome losses may also cause a proliferative disadvantage. Expression of one 

hypomorphic and one null allele of the mitotic checkpoint component Bub1 (Bub1−/H) 

decreases Bub1 protein levels to 20% of normal. This hypomorphic expression of Bub1 

causes chromosome missegregation (Jeganathan et al., 2007) and accelerates the formation 

of lymphomas in animals heterozygous for the p53 tumor suppressor (Baker et al., 2009). 

Lymphomas are relatively rare in p53+/− animals but predominate in p53−/− animals. 

Concordantly, lymphomas in Bub1−/H;p53+/− animals had lost the wild type copy of p53. 

Interestingly, however, all of the Bub1−/H;p53+/− lymphomas examined had 2 copies of 

chromosome 11, which contains the p53 gene, suggesting that gain of a mutated 

chromosome 11 occurred prior to or contemporaneous with loss of the wild type 

chromosome 11. Thus, simple loss of the copy of chromosome 11 containing wild type p53 

was apparently insufficient to permit these tumors to form (Baker et al., 2009), suggesting 

that monosomy of murine chromosome 11 induces a fitness penalty that is sufficient to 

prevent tumor growth even in the absence of p53. A subsequent study from the same authors 

came to a similar conclusion for murine chromosome 18, which contains the tumor 

suppressor Adenomatous Polyposis Coli (Apc) (Baker and van Deursen, 2010). Mice 

expressing the Multiple Intestinal Neoplasia (Min) allele of Apc develop intestinal tumors 

after loss of the wild type copy of Apc. Reduction of Bub1 in ApcMin/+ animals resulted in 

an increase in colon tumor formation (Baker et al., 2009). 7 of 7 colon tumors examined had 

lost the wild type copy of Apc but still contained two copies of chromosome 18 (Baker and 

van Deursen, 2010). These two examples in mice suggest that loss of a single copy of an 

autosome in an otherwise diploid cell confers a fitness penalty even in the absence of a 
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tumor suppressor, although direct experiments rigorously testing the consequences of single 

chromosome loss in diploid cells have not yet been reported.

Chromosome gains generally lead to concomitant increases in transcription that mirror 

chromosome copy numbers in yeast and human cells (Pavelka et al., 2010; Stingele et al., 

2012; Torres et al., 2007a). Proteomic analysis of HCT116 and RPE cells with one or two 

additional chromosomes revealed that, while transcription reflects gene copy number, 

protein levels for ~25% of genes on the extra chromosomes are lower than what would be 

predicted based on gene copy number and are instead similar to the levels in diploid cells 

(Stingele et al., 2012). Proteins whose expression was downregulated post-transcriptionally 

included those that function in DNA replication and repair, which is consistent with the 

observed growth defect during interphase, as well as with a delay in DNA synthesis 

(Passerini et al., 2016). One mechanism contributing to the detrimental effects of 

chromosome gains is the induction of a stress response, in part due to additional genetic 

copies of individual subunits of multiprotein complexes (Dephoure et al., 2014; Stingele et 

al., 2012).

Despite a growth delay under standard conditions, aneuploid yeast strains with specific 

chromosome gains grow better under suboptimal conditions, including treatment with 

concentrations of chemotherapeutic and antifungal drugs that inhibit euploid cell growth 

(Pavelka et al., 2010). Acquisition of an aneuploid karyotype accompanies resistance to 

antifungal drugs in pathogenic yeast (Selmecki et al., 2006; Selmecki et al., 2009). Similarly, 

one study found aneuploidy and CIN in murine liver promote regeneration after hepatic 

injury (Duncan et al., 2012), although two subsequent studies using single cell sequencing 

did not identify aneuploidy in wild type hepatocytes (Choi et al., 2016; Knouse et al., 2014). 

Human cells with an extra chromosome 7 or 13 have a proliferative advantage over diploid 

cells under multiple stresses (Rutledge et al., 2016). Together, these data suggest that 

aneuploidy and CIN generate phenotypic variation, which allows for adaptation to 

environmental stresses and could explain their prevalence in aggressive human cancers.

Testing Boveri’s hypothesis: does aneuploidy drive tumorigenesis?

The tumor phenotype of numerous mouse models exhibiting genetically induced aneuploidy 

and/or CIN has been determined [reviewed in (Holland and Cleveland, 2009; Ricke et al., 

2008; Zasadil et al., 2013)] and a wide range of tumor phenotypes has been observed. Some 

models exhibiting aneuploidy and CIN do not have elevated levels of spontaneous, 

chemically-induced, or genetically driven tumors (Malureanu et al., 2010; Ricke et al., 

2012). In contrast, other models exhibiting similar levels of aneuploidy and CIN do display 

an elevated tumor incidence. Some of these animals develop tumors in a small number of 

tissues with low penetrance near the end of their normal lifespan (Iwanaga et al., 2007; 

Michel et al., 2001; Weaver et al., 2007). Others develop early onset tumors with higher 

penetrance in a wider range of tissues (Li et al., 2009; Ricke et al., 2011; Sotillo et al., 

2007). Perhaps most intriguingly, in some cases aneuploidy and/or CIN are tumor 

suppressive (Chesnokova et al., 2005; Rowald et al., 2016; Silk et al., 2013; Sussan et al., 

2008; Weaver et al., 2007; Yang and Reeves, 2011; Zasadil et al., 2016). Despite the 

complexity of the tumor phenotypes, several themes emerge. First, most aneuploid 
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karyotypes are not sufficient for tumor initiation and progression. Second, the rate of 

chromosome missegregation predicts whether CIN will promote or suppress tumors. Low 

rates of chromosome missegregation (1 or a few chromosomes missegregated every few 

divisions) are weakly tumor promoting, while high rates of chromosome missegregation (≥5 

chromosomes per division) lead to cell death and suppression of tumor growth due to loss of 

both copies of one or more essential chromosomes (Silk et al., 2013; Zasadil et al., 2016). 

Third, non-mitotic functions of the experimentally altered genes have a substantial impact on 

tumor phenotypes.

Most proteins that function in mitosis and the mitotic checkpoint have known additional 

roles outside of chromosome segregation (Fig. 2). These non-mitotic functions often occur 

in pathways that are likely to influence tumor phenotypes, such as cell death, DNA damage, 

and cell migration. The BUB family of mitotic checkpoint proteins (Bub1, BubR1, Bub3) 

has been implicated in cell death pathways. Bub1 facilitates cell death following 

chromosome missegregation events (Jeganathan et al., 2007) and is cleaved in a caspase-

dependent manner in response to multiple pro-apoptotic conditions to produce cleavage 

fragments that increase cell death (Perera and Freire, 2005). BubR1 is also cleaved by 

caspase-dependent mechanisms following mitotic arrest, and expression of a caspase-

resistant BubR1 mutant in HeLa cells increases apoptosis after mitotic arrest with the 

microtubule poison nocodazole (Baek et al., 2005). Depletion of either Bub3 or its binding 

partner BuGZ results in apoptosis due to disruption of their interphase function in pre-

mRNA splicing. Bub3 or BuGZ depletion causes splicing defects, predominantly exon 

skipping, and increases the formation of RNA-DNA hybrids leading to DNA damage, p53 

activation (as assessed by phosphorylation on Serine 15), and apoptosis (Wan et al., 2015). 

Thus, there is evidence that all three Bub family members have non-mitotic effects on cell 

death pathways, which are likely to impact tumor phenotypes in animals which express 

altered levels or mutated versions of these genes.

Alterations in mitotic checkpoint components often also result in heightened DNA damage 

through increased formation of DNA breaks and/or impaired DNA repair. In a panel of yeast 

strains with high rates of gross chromosomal rearrangements, defects in the mitotic 

checkpoint genes BUB1, BUB3, MAD2 and the BubR1 homolog MAD3 suppressed the 

incidence of these rearrangements, suggesting that overexpression of these genes promotes 

structural rearrangements of chromosomes (Myung et al., 2004). Consistent with this, 

overexpression of Mad2 resulted in structural as well as numerical aneuploidy in mice 

(Sotillo et al., 2007). Mad2 overexpression has been shown to impair DNA damage repair 

(Fung et al., 2008). Mad2 loss also affects the DNA damage response, and resulted in a 

decreased ability to maintain arrest and delay entry into mitosis in the presence of double 

strand breaks or incompletely replicated DNA (Dotiwala et al., 2010; Sugimoto et al., 2004). 

Bub proteins also impact DNA damage and repair pathways. Bub1 is phosphorylated by 

ATM in response to DNA damage and facilitates DNA damage repair. Knockdown of Bub1 

prolongs the time required to repair DNA, as evidenced by a delay in resolution of γH2AX 

foci, and increased sensitivity to ionizing radiation (Yang et al., 2012). BubR1 facilitates cell 

cycle arrest following DNA damage, and reduction of BubR1 decreases the accumulation of 

γH2AX, p53, and p21 under these conditions (Fang et al., 2006). Depletion of Bub3 induces 

DNA damage due to splicing defects (Wan et al., 2015). The Mps1 mitotic checkpoint 
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kinase also participates in the DNA damage response (Wei et al., 2005; Yu et al., 2016). 

Thus, components of the mitotic checkpoint are required to prevent and repair DNA damage 

through multiple mechanisms.

Recently, the mitotic checkpoint components Mad1 and BubR1 have been shown to promote 

cell migration. During interphase Mad1 functions at the Golgi to facilitate α5 integrin 

secretion (Wan et al., 2014). α5 integrin bound to β1 integrin serves as a major cellular 

receptor for the extracellular matrix component fibronectin. Concordantly, Mad1 levels are 

directly related to cell attachment, adhesion, and motility on fibronectin (Wan et al., 2014). 

Similarly, cytosolic BubR1 expression correlates with motility in oral squamous cell 

carcinoma cell lines and knockdown of BubR1 decreases migration as well as the activity of 

matrix metalloproteases (Chou et al., 2015). Thus, these proteins traditionally considered to 

function specifically during mitosis also have interphase activities with implications for 

metastasis.

Mitotic proteins have also been implicated in ciliogenesis (Miyamoto et al., 2011), nuclear 

import (Cairo et al., 2013; Iouk et al., 2002), transcriptional repression (Yoon et al., 2004), 

and cell cycle progression during interphase (Clarke et al., 2003), which may impact tumor 

phenotypes in animals which express altered levels or mutants of these genes (Fig. 2). 

Recently, both Mad2 and BubR1 have been shown to regulate insulin signaling (Choi et al., 

2016). Additionally, Mad1 and Mad2 localize to nuclear pores during interphase (Campbell 

et al., 2001; Iouk et al., 2002), where Mad1 functions in nuclear import, at least in yeast 

(Cairo et al., 2013; Iouk et al., 2002). Nuclear pore localization of Mad1 and Mad2 also 

facilitates interphase production of so-called “mitotic checkpoint complexes” (Rodriguez-

Bravo et al., 2014), which consist of Mad2, BubR1, Bub3 and Cdc20 (Sudakin et al., 2001) 

and inhibit APC/C-Cdc20.

Mouse models with alterations in most mitotic checkpoint genes develop aneuploidy and 

CIN in the context of additional defects that can have a substantial impact on their tumor 

phenotype. Considering the large number of animal studies available and taking their known 

and potential interphase defects into account, the weight of the evidence suggests that, at 

least in part, Boveri was correct: aneuploidy due to low CIN is weakly tumor promoting. 

However, high rates of chromosome missegregation cause cell death, as originally shown by 

Boveri himself after inducing tripolar or tetrapolar mitosis (Boveri, 1914).

The role of p53 in monitoring aneuploidy and CIN

The finding that CIN does not necessarily produce an aneuploid population of cells 

suggested that certain genes prevent proliferation after chromosome missegregation, and that 

these genes must be mutated or otherwise inactivated to permit the propagation of aneuploid 

cells. The leading candidate for this role is the transcription factor and tumor suppressor 

p53. Evidence from this comes from studies with HCT116 cells induced to form lagging 

chromosomes. While control HCT116 cells showed only a transient increase in aneuploidy 

at the population level after induced chromosome missegregation, p53−/− HCT116 cells 

continued to exhibit aneuploidy over the course of the 6 day experiment. p53 levels are 

normally kept low due to continuous ubiquitination and degradation. However, in response 
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to a number of stress stimuli, including DNA damage, oncogene activation, hypoxia, and 

nucleotide imbalance, p53 is stabilized and accumulates in the nucleus where it binds DNA, 

leading to changes in gene transcription. 76% of HCT116 cells that missegregated a marked 

chromosome showed nuclear localization of p53 and its downstream effector p21 

(Thompson and Compton, 2010). Similarly, depletion of the centromeric protein CENP-A in 

diploid human fibroblasts, which causes chromosome segregation defects, resulted in a 

senescence associated growth defect that was partially dependent on p53 (Maehara et al., 

2010). Thus, p53 appears to be activated in at least a subset of aneuploid cells.

However, p53 is not uniformly activated in aneuploid cells. In another study, although CIN 

caused by a variety of genetic insults correlated with an increase in activated 

(phosphorylated) p53, p53 was only activated in a fraction of the aneuploid cells, and many 

aneuploid cells continued to divide (Li et al., 2010). In the numerous mouse models of 

aneuploidy and CIN in which p53 was not intentionally mutated, aneuploid cells continued 

to survive and divide, even in non-tumorous tissues.

It therefore remains unclear whether p53 recognizes chromosome missegregation per se, 

rather than other stresses that can occur as a later consequence of an imbalanced genome. 

DNA damage is detected in some, but not all, studies after chromosome missegregation. 

RPE cells that exhibited stabilization of p53 and p21 after missegregation of lagging 

chromosomes were not found to have DNA damage, as measured by γH2AX, 24 hours after 

missegregation (Thompson and Compton, 2010). However, another study that did identify 

DNA damage after chromosome lagging found that foci of 53BP1, a regulator of double 

stranded DNA break repair, were largely absent by 8 hours after chromosome 

missegregation (Janssen et al., 2011). Thus, DNA damage that stabilized p53 may have been 

resolved 24 hours after chromosome missegregation. Alternatively, another study 

demonstrated that CIN caused an increase in oxidative DNA damage that was not sufficient 

to cause an increase in γH2AX reactivity, but could have been sufficient to stabilize p53 (Li 

et al., 2010). Similarly, tetraploidy was reported to stabilize p53 through oxidative DNA 

damage that did not correlate with γH2AX staining, but was dependent on the DNA damage 

checkpoint kinase ATM (Kuffer et al., 2013). A recent study reported that Serine 31 on 

histone H3 is phosphorylated on missegregated chromosomes that are separated from the 

masses of segregating DNA during anaphase, and that this phosphorylation was sufficient to 

stabilize p53 in the subsequent G1 in a manner independent of the DNA damage checkpoint 

kinases ATM, ATR and Chk1 (Hinchcliffe et al., 2016).

As a test of whether p53 restrains the tumorigenic potential of aneuploidy, numerous CIN 

mouse models have been mated with animals deficient for p53. Interestingly, loss of p53 or 

its effector p21 results in overexpression of Mad2 (Schvartzman et al., 2011). Mad2 

overexpression in the presence of wild type p53 causes aneuploidy, tetraploidy and CIN 

(Sotillo et al., 2007) and promotes lymphomagenesis and lung tumour relapse (Sotillo et al., 

2007; Sotillo et al., 2010), but suppresses mammary tumor formation in models with a 

preexisting rate of CIN (Rowald et al., 2016). Mad2 expression has not been examined in 

most CIN models crossed into p53 deficient backgrounds, and the potential contributions of 

Mad2 overexpression to aneuploidy, tetraploidy, CIN, DNA damage, chromosomal 

rearrangements and insulin signaling remain undefined. Similar to models containing wild 
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type p53, a variety of phenotypes have been observed in CIN models with reduced p53 

function. Most models of CIN either decrease tumor latency in p53+/− (Table 1) and p53−/− 

(Table 2) animals or have no substantial effect. However, reduction of Mad1 in 

Mad2+/−;p53+/− animals suppresses their incidence of T-cell anaplastic lymphoblastic 

lymphoma, which is associated with splenic enlargement, (Table 1) and decreases splenic 

weight by >60% (Chi et al., 2009).

Thus, p53 is an important, but incompletely understood, regulator of cellular proliferation in 

aneuploid cells. Since homozygous loss of p53 is not sufficient to prevent the embryonic 

lethality caused by homozygous mutation or loss of mitotic checkpoint genes (Burds et al., 

2005; Li et al., 2010), it is likely that CIN cells can be removed from the cycling population 

by p53 independent mechanisms, at least during development.

Induction of high CIN as a chemotherapeutic strategy

CIN can be subdivided into low CIN and high CIN. Several mouse models that missegregate 

1 or a few chromosomes every few divisions – a rate consistent with low CIN – such as 

those heterozygous for Mad1, Mad2 or CENP-E, developed late onset low penetrance 

tumors (Iwanaga et al., 2007; Michel et al., 2001; Silk et al., 2013; Weaver et al., 2007). 

However, increasing the rate of CIN by combining two insults that each cause low CIN 

resulted in cell death and suppressed tumors in multiple contexts (Silk et al., 2013; Weaver 

et al., 2007; Zasadil et al., 2016; Rowald et al., 2016). Similarly, in cell culture experiments, 

combining a genetic cause of low CIN with chemically induced low CIN leads to high CIN 

and cell death (Janssen et al., 2009). Research over the past 15 years has shown that partial 

depletion of mitotic checkpoint components leads to CIN, while ≥90% depletion of these 

components leads to cell death both in cell culture and in animal models (Babu et al., 2003; 

Baker et al., 2004; Dobles et al., 2000; Jeganathan et al., 2007; Kops et al., 2004; Meraldi et 

al., 2004; Michel et al., 2004; Putkey et al., 2002; Weaver et al., 2007). Together, these data 

suggest that, while low CIN is weakly tumor promoting, high rates of CIN cause cell death 

and tumor suppression. Consistent with this, mathematical modeling shows that a low rate of 

CIN optimizes tumor heterogeneity and survival and that increasing this rate decreases 

tumor fitness (Bakhoum et al., 2015; Komarova and Wodarz, 2004).

These data suggest that increasing the rate of CIN over a critical threshold could be an 

effective tumor therapy. For this to be clinically useful, high CIN must be capable of 

inhibiting tumor growth and progression, not just tumor initiation. Consistent with this, 

increasing the rate of CIN in intestinal tumors in ApcMin/+ animals inhibits tumor 

progression without suppressing tumor initiation (Zasadil et al., 2016). Concordantly, in a 

mouse model of triple-negative breast cancer, a combination of pharmacological inhibition 

of the mitotic kinase Mps1/TTK and treatment with the microtubule stabilizing drug 

docetaxel, each of which cause low CIN, showed increased efficacy as compared to either 

treatment as a single agent (Maia et al., 2015), supporting the hypothesis that increasing 

chromosome missegregation is a viable therapeutic strategy.

In human cancers, tumors with the highest level of CIN often have better outcomes. In 

ovarian, gastric, non-small cell lung, and ER-negative breast cancers, patients with a high 
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gene expression measure of CIN have improved outcomes relative to patients with lower 

levels of this CIN gene signature (Birkbak et al., 2011; Jamal-Hanjani et al., 2015; Roylance 

et al., 2011). Similarly, rectal tumors with high CIN, as assessed by lagging and bridge 

chromosomes, have improved pathological responses to radiation and DNA damaging 

chemotherapy than tumors with low CIN (Zaki et al., 2014), perhaps due to an increased rate 

of chromosome missegregation caused by hyperstable kinetochore microtubules induced by 

DNA damage (Bakhoum et al., 2014).

Paclitaxel (Taxol™) is the best selling chemotherapy drug in history. Although it is 

considered highly effective, only approximately half of breast cancer patients benefit from 

paclitaxel therapy. Currently, there is no reliable method to identify these patients prior to 

treatment. For the more than three decades paclitaxel has been used in patients, it has been 

expected to exert its anti-tumor effects by arresting cells in mitosis, as it does at typically 

used concentrations in cell culture. However, in human breast cancers, mitotic arrest is not 

necessary for paclitaxel to exert its anti-cancer effects (Symmans et al., 2000; Zasadil et al., 

2014). Moreover, measured levels of paclitaxel in primary breast cancers are lower than 

those necessary to effect mitotic arrest (Zasadil et al., 2014). Concentrations of paclitaxel 

measured in brain, ovarian, uterine and cervical cancers are similar or lower than those 

measured in breast cancer, suggesting that paclitaxel concentrations are insufficient to cause 

mitotic arrest in these contexts as well (Fernández-Peralbo et al., 2014; Fine et al., 2006; 

Koshiba et al., 2009; Mori et al., 2006).

One alternative hypothesis that is consistent with the finding that mitotic arrest is not 

necessary for paclitaxel to exert its anti-cancer effects is that paclitaxel causes cytotoxicity 

during interphase. Interphase microtubules provide structural support for cilia and flagella, 

and serve as tracks for the transport and secretion of a wide variety of cargoes. It has 

therefore been proposed that paclitaxel, and other microtubule poisons, exert their cytotoxic 

effects by interfering with these interphase functions of microtubules (Komlodi-Pasztor et 

al., 2011; Komlodi-Pasztor et al., 2012; Mitchison, 2012). This hypothesis awaits direct 

experimental validation and is largely based on the slow doubling rates of human tumors. 

Calculations of cell cycle times based on these rates predict that too few cells pass through 

mitosis in the presence of drug for effective tumor clearance. However, it has long been 

realized that these calculations do not account for the levels of cell death that occur in 

untreated tumors (Kerr et al., 1972; Lowe and Lin, 2000; Searle et al., 1973), and that 

measured proliferation rates are substantially higher than those calculated based on tumor 

doubling times (Frindel et al., 1968; Kerr and Searle, 1972; Weinstein and Frost, 1970). 

Since paclitaxel is retained in gynecological tumors for at least 5 to 6 days (Koshiba et al., 

2009; Mori et al., 2006), it has an extended window of time to exert its effects on slowly 

proliferating cells as they progress through mitosis.

In breast cancer cell lines in culture, clinically relevant doses of paclitaxel cause 

chromosome missegregation on multipolar spindles, resulting in CIN (Zasadil et al., 2014). 

At least in cultured cells, these clinically relevant doses do not cause cell death in interphase 

cells that have not previously traversed mitosis in the presence of drug (Zasadil et al., 2014). 

Evidence from animal models and cell culture indicates that low CIN + low CIN = high 

CIN, cell death, and tumor suppression. Both genetic and pharmaceutical methods of 
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inducing low CIN are sufficient (Janssen et al., 2009; Maia et al., 2015; Silk et al., 2013; 

Zasadil et al., 2016). Together, this suggests that the ~50% of breast cancers that exhibit CIN 

prior to therapy are the same ~50% that respond to paclitaxel therapy.

Conclusions and future directions

Aneuploidy and CIN are common characteristics of human tumors that are associated with 

poor prognosis. Despite this correlation, the mere presence of aneuploidy and/or CIN is not 

sufficient to uniformly sensitize animals to tumor formation. The rate of CIN, rather than the 

overall level of accumulated aneuploidy, determines the effect on tumor phenotype with low 

levels of CIN being weakly tumor promoting and high levels of CIN leading to cell death 

and tumor suppression. Two insults that both cause a low rate of CIN can be combined to 

cause high CIN and tumor suppression. Both genetic and pharmacologic causes of low CIN 

can be used, suggesting that increasing the rate of CIN may be a successful therapeutic 

strategy. Consistent with this, the widely used chemotherapy drug paclitaxel was recently 

shown to cause CIN – rather than mitotic arrest as had long been presumed – at clinically 

relevant doses. Together these data suggest that paclitaxel is most effective in patient tumors 

that exhibit low CIN prior to treatment, a hypothesis that must now be rigorously tested.

Other outstanding questions of critical importance remain. These include determining 

whether chromosome losses cause similar phenotypes as chromosome gains and identifying 

the stimulus that stabilizes p53 in a subset of aneuploid cells. It remains unclear whether p53 

mediated apoptosis is necessary for cell death due to high rates of CIN or whether other 

genes and mechanisms of cell death contribute or can compensate when p53 function is 

compromised. Though consequences of aneuploidy and CIN on tumor initiation have been 

well studied, their consequences on tumor progression remain relatively uncharacterized. 

Further delineation of the interphase roles of mitotic genes will assist in interpreting tumor 

phenotypes in models with altered expression of these genes.

From a clinical perspective, although the relative contribution of various mechanisms of CIN 

has been described in cultured cancer cell lines, it remains to be determined whether these 

models faithfully recapitulate the types of CIN found in primary and metastatic tumors. 

Additionally, the genetic and epigenetic causes and consequences of CIN in human tumors 

remain to be elucidated. With respect to treatment, a thorough understanding of the 

mechanism of effective anti-mitotic drugs is likely to provide dual benefits. First, it will 

facilitate identification of a biomarker to predict which tumors are likely to respond to these 

drugs. Second, it will inform the development of novel anti-mitotic drugs. Vinca alkaloids 

and paclitaxel were both expected to exert their anti-cancer effects by causing mitotic arrest. 

Though paclitaxel has now been shown to cause multipolar divisions rather than mitotic 

arrest in patient tumors, it remains to be determined whether vinca alkaloids cause mitotic 

arrest or abnormal mitotic divisions. This is highly relevant, since biomarkers that can 

predict response to these drugs will likely depend on their clinically relevant mechanism of 

action. If all microtubule poisons with proven clinical utility exert their anti-cancer effects 

by causing multipolar divisions rather than eliciting mitotic arrest, this would suggest that 

novel anti-mitotic therapies should be developed based on their ability to cause CIN rather 

than accumulation in mitosis. Although many questions remain unanswered, it is clear that 
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an improved fundamental understanding of mitosis and the cellular responses to mitotic 

defects can be leveraged to improve patient outcomes after treatment with anti-mitotic 

chemotherapy.
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Figure 1. Causes of chromosome missegregation
(A) A normal mitosis in which sister chromatid pairs make amphitelic attachments (in which 

one sister chromatid is attached to each spindle pole) produces two genetically identical 

daughter cells. (B) Weakened mitotic checkpoint signaling permits cells to enter anaphase 

before each sister chromatid pair has made stable attachments to both spindle poles, 

resulting in chromosome missegregation. (C–D) Chromatids that lag behind the segregating 

masses of DNA (lagging chromosomes) represent another source of mitotic errors. (C) 

Incorrect kinetochore-microtubule attachments, such as merotelic attachments in which a 

single kinetochore is attached to microtubules from both spindle poles, are generally 

corrected by the Aurora B error correction pathway. Defects in Aurora B signaling and/or 

hyperstable kinetochore-microtubules permit incorrect attachments to persist. Shown here is 

an example of uncorrected merotely, which results in a lagging chromosome. (D) Focusing 

of supernumerary centrosomes into a pseudo-bipolar spindle can produce merotelic 

attachments, resulting in lagging chromosomes. (E–F) Defects in establishing and releasing 

cohesion between sister chromatid pairs can produce chromosome missegregation. (E) Sister 

chromatid cohesion contributes to a geometric configuration that facilities amphitelic 

attachment. Premature sister chromatid separation results in random segregation of the sister 

chromatids. (F) After incomplete resolution of sister chromatids, despite poleward 

movement of kinetochores, the chromatid arms remain entangled, resulting in a chromosome 

bridge.
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Figure 2. Interphase roles of ‘mitotic’ proteins
Many proteins with known mitotic functions that have been classically considered to 

function primarily or exclusively during mitosis function during interphase as well. Reported 

interphase roles of these proteins are depicted here. See text for references.
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Table 2

Tumor-free survival and tumor spectrum in p53−/− mice with secondary CIN-inducing 
mutations

Median tumor-free survival is shown as the median survival of the double mutant cohort versus the p53−/− 

cohort, respectively. Studies in which effect on tumor phenotype is listed as unchanged are those in which the 

difference in survival between p53−/− and doubly mutant mice was not statistically significant.

Secondary Mutation Median Tumor Free 
Survival (days)

Primary Tumor Type Effect on 
Tumor 

Phenotype

Reference

Bub1+/H ^ ~175 vs ~175 thymic lymphoma Unchanged (Li et al., 2010)

Bub1+/− ~175 vs ~175 thymic lymphoma Unchanged

Bub1H/H ~90 vs ~175 thymic lymphoma Exacerbated

Bub1−/H ~85 vs ~175 thymic lymphoma Exacerbated

Cdc20+/AAA ~120 vs ~210 thymic lymphoma Exacerbated

Separase+/H 118 vs 151 lymphoma Exacerbated (Mukherjee et al., 
2011)

Mps1f/+;p53f/f; Lck-Cre (T cells)& ~140 vs 150 in 
p53f/f;Lck-Cre

T-cell acute lymphoblastic 
lymphoma

Unchanged (Foijer et al., 2014)

Mps1f/f p53f/f; Lck-Cre (T cells) ~105 vs ~150 in 
p53f/f;Lck-Cre

T-cell acute lymphoblastic 
lymphoma

Exacerbated

Mps1f/f p53f/f; MMTV-Cre (mammary, T 
cells)

~100 vs ~200 in 
p53f/f:MMTV-Cre

T-cell acute lymphoblastic 
lymphoma (no mammary)

Exacerbated

Plk4OE; p53f/f; ERT-Cre (β-actin 
promoter)

~ 180 vs ~180 in 
p53f/f;ERT-Cre

thymic lymphoma Unchanged (Vitre et al., 2015)

Plk4OE p53f/f K14-Cre (epidermis) 175 vs 266 in 

p53f/f ;K14-Cre*
skin carcinoma Exacerbated (Sercin et al., 2016)

Plk4OE/OEp53−/− (ROSA26 locus) 105 vs 140 sarcoma Exacerbated (Coelho et al., 2015)

^
H indicates hypomorphic allele

&
f indicates a floxed allele

*
average time to tumor onset

Dev Cell. Author manuscript; available in PMC 2017 December 19.


	Summary
	Introduction
	Causes of aneuploidy and CIN
	Connections between structural and numerical CIN
	The complex relationship between aneuploidy and Chromosomal INstability (CIN)
	The aneuploidy paradox
	Testing Boveri’s hypothesis: does aneuploidy drive tumorigenesis?
	The role of p53 in monitoring aneuploidy and CIN
	Induction of high CIN as a chemotherapeutic strategy
	Conclusions and future directions
	References
	Figure 1
	Figure 2
	Table 1
	Table 2

