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Abstract 
For growth and repair already existing cells need to duplicated. This is accomplished through a 
sequence of events, known as the cell cycle. The cell cycle is tightly controlled by a number of 
checkpoints, like the spindle assembly checkpoint, to ensure that the duplication and segregation of 
the chromosomes occur correctly. Defects in cell cycle regulation can cause chromosome 
missegregation and aneuploidy. Mechanisms like centrosome amplification and merotelic 
attachments are observed in cancer cells with CIN, in contrast spindle assembly checkpoint defects are 
rare in tumor formation. However, overexpression of the SAC proteins is often seen and is known to 
lead to aneuploidy. Aneuploidy causes growth defects, however cancers cells seem to have 
mechanisms to overcome this. New treatment strategies for cancer that use its aneuploid character 
are being investigated. Inhibition of the kinesin motor HSET seems promising. Centrosome 
amplification is almost exclusively seen in cancer cells and when centrosome clustering is suppressed, 
the cells will undergo multipolar divisions which are lethal. So, there are multiple mechanisms that can 
lead to aneuploidy in cells, of which lagging chromosomes during anaphase is the most common 
mitotic defect. The aneuploid character of cancer is an attractive target for treatment, because it is not 
necessary to first determine the mutations and deregulated pathways of the cancer cells. Further 
research is performed to find suitable targets.  
 
  



 
 

Contents 
1. Introduction ..................................................................................................................................... 4 

1.1 The cell cycle............................................................................................................................ 4 

1.2 Mitosis and the spindle assembly checkpoint ......................................................................... 5 

1.3 Aneuploidy and cancer ............................................................................................................ 7 

2. Mechanisms that can lead to aneuploidy in cells ........................................................................... 8 

2.1 Entering mitosis with DNA damage and chromothripsis ........................................................ 9 

2.2 Centrosome amplification ....................................................................................................... 9 

2.3 Merotelic attachments and lagging chromosomes ................................................................. 9 

2.4 Spindle assembly checkpoint defects .................................................................................... 10 

2.5 Chromosome cohesion defects ............................................................................................. 10 

2.6 Cytokinesis failure ................................................................................................................. 11 

3. Cancer and aneuploidy .................................................................................................................. 12 

3.1 Mechanisms causing aneuploidy and tumor formation ....................................................... 12 

3.2 Aneuploidy in somatic cells vs cancer cells ........................................................................... 14 

3.3 New cancer treatments utilize its aneuploid character ........................................................ 14 

4. Conclusion ..................................................................................................................................... 15 

References ............................................................................................................................................... 0 

 

 



4 
 

1. Introduction 

1.1 The cell cycle 
For growth or repair already existing cells need to be duplicated. This is accomplished by an orderly 
sequence of events known as the cell cycle. The cell cycle consist of 4 phases, namely: the G1-, S-, G2- 
and M-phase1 (see figure 1). G1-, S- and G2-phase together are named interphase. A typical cell cycle 
of a human cell occupies approximately 24 hours, of which interphase takes up 23 hours and mitosis 
just 1 hour2. The progression through the different phases is controlled by cyclin-dependent protein 
kinases (Cdks), these kinases are activated by cyclins which are produced at different times during the 
cell cycle. Vertebrates have 4 classes of cyclins, cyclin D, E, A and B. Each can bind to a different Cdk 
and stimulate different parts of the cell cycle (see table 1)2,3.  
 
Table 1: Overview of cyclins and their binding partners.  

Cyclin Cdks Cyclin-Cdk complex Phase progression/function 

Cyclin D Cdk4, Cdk6 G1-Cdk Help govern activity G1/S-cyclins 

Cyclin E Cdk2 G1/S-Cdk Progression through start (G1- S-phase progression) 

Cyclin A Cdk2 S-Cdk Stimulate chromosome duplication 

Cyclin B Cdk1 M-Cdk Stimulate entry into mitosis (G2-, M-phase 
progression) 

 
During G1-phase, the cell checks whether the environment is favorable enough to commit itself to S-
phase and mitosis. When the environment is unfavorable, cell cycle progression is delayed and if this 
takes too long the cell can enter G0-phase, or quiescence. G0 is a specialized resting state in which 
they can remain for days, weeks or even years before resuming proliferation. Actually, most adult 
tissues are maintained in quiescence3. Cell cycle progression occurs when the environment is favorable 
and growth signals are present. Cells will progress from G1- or G0-phase through a start (in yeast) or 
restriction point (in mammalian cells) and commit themselves to DNA replication2,4. Progression 
through start is regulated by G1/S-cyclin production (see table 1) during late G1-phase and their levels 
fall again during S-phase. 
During S-phase, S-cyclins are produced (see table 1) and help stimulate the duplication of 
chromosomes. DNA replication begins at origins of replication sites at numerous locations on every 
chromosome. At this sites a prereplicative complex is bound. DNA helicase unwinds the double helix, 
so DNA replication enzymes can bind and the prereplicative complex is removed. Since, DNA 
replication can only start at origins of replication containing a prereplicative complex, the DNA can only 
be replicated once per cell cycle. A new prereplicative complex is assembled at the end of mitosis5. The 
two sister chromatids are hold closely together by cohesins, until the time of segregation2.  
The function of G2-phase is mainly to give the cell time to grow and to check whether all chromosomes 
are duplicated and all DNA damage is repaired. DNA damage inhibits the production of M-cyclin, which 
is needed for the progression from G2- to M-phase1. During M-phase, or mitosis, the chromosomes 
align on the metaphase plate and are segregated, followed by cytokinesis into two daughter cells. The 
only progression which is not regulated by the production of a cyclin but by the degradation of all 
cyclins and other important proteins, like securin, by the anaphase promoting complex or cyclosome 
(APC/C), is the metaphase-anaphase progression2,3.  
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Figure 1: Overview of the cell cycle. The cell cycle consists of 4 phases: G1-, S-, G2- and M-phase. Progression through these 
phases is regulated by cyclin-dependent protein kinases (Cdks) and the production of different cyclins during the cell cycle. 
Checkpoints at different times, check whether the cell is ready for progression to the next phase. The first checkpoint is start 
or restriction point. Progression through start only occurs when the environment is favorable enough for DNA replication and 
mitosis and if growth signals are present. Once through start, the cell is committed to replication and cannot go back before 
the cell cycle is complete. During the G2 checkpoint, the cell checks whether all DNA is replicated and DNA damage is repaired 
before entering mitosis. The spindle assembly checkpoint (SAC) is necessary for correct chromosome segregation. This 
checkpoint checks whether all kinetochores are correctly attached to the microtubules of the mitotic spindle, before anaphase 
onset. Cytokinesis indicates the end of cell division by dividing the cytoplasm in two, creating two daughter cells. These 
daughter cells will then start at G1-phase and repeat the entire cycle2.   

1.2 Mitosis and the spindle assembly checkpoint  
Mitosis consists of 6 phases. Prophase, prometaphase, metaphase, anaphase, telophase and 
cytokinesis. During prophase the chromatids condense inside the nucleus. Outside the nucleus the 
centrosomes, which were duplicated during S-phase6, begin to move apart and the mitotic spindle 
assembles. The mitotic spindle consists of astral microtubules, which contact the cell cortex to help 
position the spindle in the cell. Interpolar microtubules overlap with microtubules from the other 
spindle pole and dynein and kinesin-5 motor proteins help with the separation of the two spindles. 
And kinetochore microtubules bind to the kinetochores of sister chromatids and separate them during 
anaphase.  
Prometaphase starts with the breakdown of the nuclear envelope which allows the chromosomes to 
attach to the microtubules of the spindle via their kinetochores. At metaphase the chromosomes align 
at the equator of the spindle. Both chromatids should now be attached to microtubules of opposite 
poles of the spindle (amphitelic attachment) to ensure correct segregation2. There are different types 
of microtubule attachments to the kinetochores (see figure 2). A correct attachment results in high 
tension, because both spindle poles pull at the sister chromatids while the cohesin ring keeps them 
together. An incorrect attachment however, lacks tension because the chromatids are both pulled in 
the same direction2. There is a balance between stabilizing correctly attached microtubules and 
destabilizing incorrectly attached microtubules. This balance is accomplished by reversible 
phosphorylation at kinetochores by aurora B and phosphatase B56-PP2A. Phosphorylation of 
components of the KMN network at kinetochores by aurora B, destabilizes the microtubule binding so 
it can detach. Hypothesized is that aurora B can get closer to incorrectly attached kinetochores because 
of a larger gap, so it can phosphorylate the KMN network. Another idea is that aurora B levels are 
increased on centrosomes of misaligned chromosomes, so phosphorylation occurs more often there 
than on correctly attached microtubules7.  
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Figure 2: Types of microtubule attachments.  The correct way of kinetochore-microtubule attachment is amphitely. This way, 
both sister chromatids are bound to opposite spindle poles and creates tension. Monotely is when one sister chromatid is 
attached to one spindle pole and the other is unattached. This results in both sister chromatids being pulled to one pole and 
low tension, so it can be recognized by the SAC. Syntely is when, both sister chromatids are bound to the same spindle pole. 
This also results in both sister chromatids being pulled to the same pole and lack of tension, which in turn can be recognized 
by the SAC. Merotely attachment, is when one kinetochore is bound to both spindle poles. This results in tension, because the 
chromosome is being pulled to both sides, and in lagging chromosomes. The SAC does not recognize this as a incorrectly 
attached kinetochore8.   

Only when all kinetochores are bound to the spindle microtubules, progression from metaphase to 
anaphase will occur. This is regulated by a checkpoint called the spindle assembly checkpoint (SAC) or 
mitotic checkpoint.  
 
The function of the spindle assembly checkpoint is to delay mitotic progression until all chromosomes 
form correct bi-oriented attachments to the microtubules. This is accomplished by inhibiting APC/C, 
by binding of the mitotic checkpoint complex (MCC) to APC/C co-activator Cdc20. As a result, the APC/C 
cannot tag cyclin B and securing for degradation because Cdc20 is necessary to recognize the 
“destruction” D-box, which prevents metaphase-anaphase progression. The MCC consists of Mad2, 
Mad3/BubR1 and Bub3, which is assembled on an unattached kinetochore by a sequence of events. 
The most important components of the kinetochore are the constitutive centromere-associated 
network (CCAN) and Knl1-Mis12 complex-Ndc80 complex (KMN) network. These networks are bound 
together and can bind centromeric DNA and microtubules respectively. An unattached kinetochore 
sends a signal to the SAC, which triggers Knl1 phosphorylation by Mps1. This creates a “docking” site 
for Bub1 and Bub3 at the kinetochore. Kinetochore-localized Bub1 is necessary and sufficient for 
localization of other SAC proteins, Bub3 and Mad3/BubR1. Further, kinetochore-localized Bub1 also 
recruits Mad1.  
There are two conformational states of Mad2: “closed”-Mad 2 (C-Mad2) and “open”-Mad2 (O-Mad2). 
Only the C-Mad2 can bind to Cdc20 and Mad1, so the conversion of cytosolic O-Mad2 to C-Mad2 is 
catalyzed by C-Mad2-Mad1 heterodimeric complexes. C-Mad2 binds to Mad1, which is localized at the 
kinetochore, and is used as a “template” model to accelerate conversion of cytosolic O-Mad2 to C-
Mad2.  
After the MCC is assembled, it binds to Cdc20. This delays the progression from metaphase to 
anaphase in three ways. First, the D-box recognition site of Cdc20 is blocked by the MCC. Second, 
Cdc20 cannot bind to APC/C, because it cannot associated with the APC10 subunit. And third, the 
APC/C dependent autoubiquitylation of Cdc20 is stimulated, which results in decreased Cdc20 levels. 
Together, this completely inhibits the APC/C and consequently the progression from metaphase to 
anaphase7.  
 
When all kinetochores are correctly bound to the spindle microtubules, the SAC will no longer inhibit 
Cdc20 and thereby APC/C. The APC/C will then tag cyclin B and securing for proteasomal degradation. 
When securin is degraded, separase is no longer inhibited and cleaves the cohesins which keeps the 
sister chromatids together. During anaphase the sister chromatids are being pulled apart by shortening 
of the microtubules and movement of the spindle poles. Telophase is the actual end of the nuclear 
division, in which two new nuclear envelopes are formed around each set of chromosomes9.  
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An hypothesis of another checkpoint between anaphase and telophase is based on a recently 
discovered mechanism, which delays chromosome decondensation and nuclear envelope reassembly 
until all sister chromatids are correctly segregated. This checkpoint is thought to help resolve the 
problem of lagging chromosomes not being able to reach the nucleus and ending up in micronuclei. 
Aurora B seems to be an important player in this checkpoint by establishing a constitutive, midzone-
based phosphorylation gradient. This monitors the position of the chromosomes and delays nuclear 
envelope reassembly, so lagging chromosomes have more time to join the nucleus. After satisfaction 
of this “antephase” checkpoint, the chromosomes decondense and the nuclear envelope is 
reassembled10.   
 
After telophase and thereby nuclear division is complete, the cytoplasm is divided in two by a 
contractile ring of actin and myosin filaments. The actin-myosin ring is assembled at the equator of the 
two spindle poles. The position of the division plane is communicated via Rho-GTPase-mediated signal 
transduction pathways11. RhoA is then activated at the division plane and controls assembly and motor 
function of the actin-myosin ring by activating formins and other protein kinases.  As the cleavage 
furrow narrows, its forms the midbody. The midbody consists of the actin-myosin ring and the 
interpolar microtubules of both spindle poles. After complete separation of the two daughter cells, the 
remnants of the midbody often remain on the cell membrane of both daughter cells and help with 
spindle position during the next cell division2.  
 

1.3 Aneuploidy and cancer  
Cells are aneuploid when they have an abnormal DNA content (state of karyotype). This is caused by 
chromosomal instability (CIN), which is defined as the rate of karyotypic change12. CIN can be either 
numerical, in which whole chromosomes are gained or lost, or structural CIN in which sections of the 
chromosomes are translocated, deleted or amplified.  
The most well-known syndrome in which all cells of the individual are aneuploid, is Down's syndrome. 
Individuals with this syndrome have three copies of chromosome 21 (trisomy 21) in all of their cells. 
This is causes by a nondisjunction of chromosome 21 during maternal meiosis. It is characterized as 
“stable” aneuploidy, since it does not lead to CIN in the child and thereby more karyotypic change. In 
contrast to a lot of cancer cells, which are chromosomal instable and where the aneuploidy is restricted 
to only the cancer cells instead of all the cells in the body.  
It is known that 70-80% of all the cancers are aneuploid, which makes it an interesting target for new 
therapies that only target aneuploid cells. Several mutation of the SAC proteins have been discovered 
in human cancer, like Mad2, Bub1, BubR1 and ZW10. Also, other studies have suggested that other 
proteins like Aurora A and B, Mad1 and Bub3 are over expressed in cancer9. 
 
To invent a new therapy for cancer, using its aneuploid character, first the exact mechanisms of how 
cells become aneuploid and how cancer cells cope with this aneuploidy must be investigated. 
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2. Mechanisms that can lead to aneuploidy in cells 
The cell cycle consists of a sequence of events that lead to duplication of an already existing cell. First, 
all the DNA is duplicated and sister chromatids are bound together by cohesins. During mitosis, the 
chromatids are segregated into the two new daughter cells. To ensure correct chromosome 
segregation, carefully controlled interaction between the kinetochores, mitotic spindle and 
chromosome cohesion is necessary. Mutations in any genes that are involved in the cell cycle can lead 
to missegregation of the chromosomes, which leads to aneuploidy in the daughter cells. Lagging 
chromosomes during anaphase is the most common mitotic defect8 and can result in failed cytokinesis, 
which leads to polyploid cells13 or micronuclei. Some mechanisms that can lead to aneuploid cells are: 
entering mitosis with DNA damage, chromothripsis, abnormal centrosome dynamics, merotelic 
attachments, spindle assembly checkpoint defects, chromosome cohesion defects and cytokinesis 
failure (see figure 3). 

 
Figure 3: Overview cell cycle with mechanisms that can lead to aneuploidy. During interphase (S-phase) the DNA is 
duplicated along with the centrosome. If this duplication is not correctly regulated, it can lead to a cell with more than two 
centrosomes. Often cells cluster these extra centrosomes, so bi-polar division can take place, but there is an increase in 
merotelic attachments and lagging chromosomes during mitosis. Merotelic attachments occur during metaphase. When they 
are not corrected they can lead to lagging chromosomes during anaphase. A persistent lagging chromosome can lead to a 
chromosome bridge, which can sometimes lead to cytokinesis failure. After anaphase, lagging chromosomes sometimes don’t 
join the nucleus and form a micronuclei. This can result in major DNA damage, because repair and replicative machinery can’t 
reach the chromosome, and chromothripsis. Figure cell cycle14, centrosome amplification15, merotelic attachment16, lagging 
chromosome17, chromosome bridge/failed cytokinesis18 and micronuclei19.  
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2.1 Entering mitosis with DNA damage and chromothripsis 
During S-phase, all chromosomes are duplicated. A checkpoint during G2-phase checks whether all 
DNA is duplicated and DNA damage is repaired. Small DNA damage and double stranded breaks (DSB) 
induce cell cycle arrest, until it is repaired. However, sometimes cells with DNA damage would progress 
into mitosis after a long cell cycle arrest. Entering mitosis with DNA damage could result in deletion 
and translocations. Experiments with disomic yeast cells, showed that whole-chromosome aneuploidy 
could lead to the generation of structural aneuploidy20.  
Another new hypothesis, is that aneuploidy can result from chromothripsis or chromosome shattering. 
The idea is that chromosomes that have been trapped in micronuclei through other errors of 
chromosome segregation, accumulate DNA damage because the repair mechanisms cannot reach 
them or the cell enters mitosis before the chromosomes in the micronuclei are finished with 
replication. This accumulation of DNA damage can result in chromosome fragmentation. The 
fragments are put back together at random, which leads to tens or hundreds of DNA rearrangements21. 
Chromothripsis occurs in 2-3% of all cancers22,23.  
 
 

2.2 Centrosome amplification 
In the beginning of mitosis, the two centrosomes separate to the two poles of the cell and assemble 
the mitotic spindle. Normally, the centrosome cycle ensures that the centrosome is duplicated only 
once per cell cycle during early S-phase. The exact mechanism is incompletely understood, however a 
defect could cause an increased number of centrosomes in the cell. One important core protein during 
the centrosome division cycle, is Plk4. Increased activation of Plk4 has been shown to lead to extra 
centrosomes and decreased activation to less centrosomes24.  
A cell with more than two centrosomes is at risk of abnormal spindle formation and multipolar division, 
which leads to severe aneuploidy. However, multipolar divisions are rare because cells cluster the 
centrosomes, so a bipolar division can occur. The multiple centrosomes can however cause a 
significant increase in merotelic attachments which in turn, can lead to lagging chromosomes and 
chromosome missegregations8.  
 
 

2.3 Merotelic attachments and lagging chromosomes 
For correct chromosome segregation during anaphase, all chromatids need to be attached to the 
correct spindle pole. This is achieved by amphitelic attachment, in which both sister chromatids are 
attached to microtubules from opposite spindle poles. Monotelic attachment, when one sister 
chromatid is connected to one spindle pole and the other is unattached, will lead to segregation of 
both chromatids to the same spindle pole and produce aneuploid daughter cells. The same occurs with 
syntelic attachment, in which both sister chromatids bind to microtubules from the same spindle pole. 
However, both monotelic and syntelic attachments are unlikely to cause aneuploidy in cells with a 
functional checkpoint, since studies suggest that both can activate the SAC. Merotelic attachment 
however, is the most likely cause of near-diploid aneuploidy in untreated wildtype cells. This occurs 
when one kinetochore binds to microtubules from both spindle poles. There is no mitotic delay, 
because the SAC is not activated and during anaphase the chromatid is segregated to the pole with the 
thickest bundle of microtubules. When the size of the two bundles is about the same, the chromatid 
will lag behind at the spindle equator during anaphase.  
Lagging chromosomes during anaphase are the most common mitotic defect8 and can result from 
multiple mechanisms, some of which are mentioned in this chapter. Another mechanism is the 
formation of dicentric chromosomes by telomere ends fusing. This results in lagging chromosomes, 
when both kinetochores are attached to microtubules of opposite spindle poles22. During cytokinesis, 
the cleavage furrow can push the lagging chromosome into either one of the daughter cells, which 
induces aneuploidy in 50% of the cases. The chromosome can then either join the rest in the nucleus 
or will form a micronuclei during telophase. 
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The normal rate of merotelic attachments is low, altered chromosome morphology, centrosome 
amplification, decrease of kinetochore-microtubule turnover, aurora B inhibition and hyperstabilized 
kinetochore-microtubule attachments are known to increase the incidence of merotelic 
attachments25.  
To achieve correct kinetochore-microtubule attachments, the release of incorrect attached 
microtubules is required. When kinetochore-microtubule attachments are inappropriately stabilized, 
an increase of chromosome missegregation is expected12. Normally, the spindle assembly checkpoint, 
checks whether all chromatids are correctly bound to the spindle microtubules before anaphase onset. 
However, the SAC is not activated by merotelic attachments and therefore does not delay mitotic 
progression in their presence. In contrast, a recently discovered checkpoint, the “antephase” 
checkpoint, might be able to resolve the lagging chromosomes causes by merotelic attachments.  
 

2.4 Spindle assembly checkpoint defects 
The function of the spindle assembly checkpoint is to prevent chromosome missegregation, by 
delaying metaphase-anaphase progression until all kinetochores are correctly bound to the spindle 
microtubules. Monotelic and synthelic attachments can activate the SAC and delay mitotic progression 
until they are corrected, while merotelic attachments do not.  
When one or more SAC proteins are mutated, the MCC will not be assembled. Without the MCC, the 
APC/C is not inhibited and cyclin B and securing are tagged for proteasomal degradation. This will lead 
to metaphase-anaphase progression, with incorrectly or unattached kinetochores and increase the 
incidence of chromosome missegregation8. So, the spindle assembly checkpoint is very important for 
controlling correct chromosomes segregation.  
 
 

2.5 Chromosome cohesion defects 
After DNA replication during S-phase, the sister chromatids are being held together by cohesins. These 
cohesin rings ensure chromatid bi-orientation, so they can be correctly attached to the spindle 
microtubules. Cohesion defects are known to cause aneuploidy, however the exact mechanism is still 
unknown. One hypothesis is that the defects disrupt the back-to-back orientation of sister 
kinetochores, so that they do not have to attach to a microtubule of the opposite spindle pole. Another 
possibility is, that if the cohesin rings cannot be cleaved by separase during anaphase, the sister 
chromatids will not be separated. Furthermore, overexpressed separase could also induce aneuploidy 
by inducing premature sister chromatid disjunction which leads to chromosome missegregation. When 
the sister chromatids are no longer held together by cohesin, they will separate as soon as one binds 
to a microtubule. Normally, when both are bound to a microtubule of opposite spindle pole and held 
together by cohesin, tension is created which the SAC can detect to determine whether the attachment 
is correct8.  
So, chromosome cohesion defects can result in premature sister chromatid separation, which bypasses 
the spindle assembly checkpoint and leads to incorrectly attached and therefore incorrectly separated 
chromosomes. Further, chromosome cohesion defects can lead to the inability to separate the two 
sister chromatids, which leads to lagging chromosomes and aneuploidy.  
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2.6 Cytokinesis failure  
After the chromosomes are correctly segregated and nuclear division has ended with telophase, the 
cytoplasm needs to be divided into two daughter cells. When the cell fails to complete cytokinesis, a 
tetraploid cell is created. Normal human cells are diploid, they have two copies of each autosomal 
chromosome. Tetraploid cells have four copies of each autosomal chromosome. Tetraploidy can result 
from failed cytokinesis, mitotic slippage, cell fusion or two rounds of DNA replication. Another 
phenomenon that has been linked to tetraploidization is telomere dysfunction. Through continued 
proliferation and telomere shortening, two exposed telomere ends could fuse together forming a 
dicentric chromosome. This can result in lagging chromosomes during anaphase, which can lead to 
cytokinesis failure. Further, tetraploid cells also have the double amount of centrosomes, giving them 
a CIN phenotype22.  
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3. Cancer and aneuploidy 
It is well known that CIN and aneuploidy can lead to cell transformation and tumor development25. 
Multiple defects in the cell cycle have been determined as the cause and tetraploidy is often proposed 
as an unstable intermediate in the progression of human tumors22. In this chapter, mechanisms of 
defects during the cell cycle that are known to cause aneuploidy and tumor formation will be 
explained. And current proposals for new treatments, using the aneuploid character of cancer cells, 
are shown.  
 

3.1 Mechanisms causing aneuploidy and tumor formation 
All DNA is duplicated during S-phase and the sister chromatids are held together by cohesins. These 
cohesins are cleaved during anaphase by separase, so the chromatids can be segregated. Mutations in 
genes that are involved in sister chromatid cohesion where found in colorectal tumors. These genes 
were known to cause CIN in yeast. A mutation that inactivated stromal antigen 2 (STAG2) was found 
in human cancer cell lines, together with a decreased expression rate of its protein. Studies show that 
inactivation of STAG2 leads to a defect in sister chromatid cohesion and an increase in aneuploidy12,26.  
The STAG2 gene is located on the X-chromosome and needs only one mutation event due to one X-
chromosome inactivation in women and men only having one X-chromosome. STAG2 encodes for a 
subunit of cohesin, which holds the sister chromatids together after DNA replication by forming a ring 
structure around them and is cleaved at metaphase-anaphase progression. A deletion of the Xq25, the 
region where STAG2 is located, has been found in multiple cancer studies. Furthermore, inactivation 
of the cohesin subunit by a mutation in the STAG2 gene is sufficient in causing cohesion defects and 
aneuploidy26.  
Another gene, which is one of the most frequent and early discovered hallmarks of cancer is loss of 
retinoblastoma tumor suppressor (RB1). A lot of research has been done to determine its function. 
Studies show that RB1 has a function during the cell cycle, by inhibiting G1-S-phase transition through 
repression of E2F target genes and inhibiting Cdk activity. Further, it seems to have anti- and 
proapoptotic influences. RB1 loss in Rb1-null mice, showed deregulated proliferation and massive 
apoptosis in lens and skeletal muscle and the nervous system27. This was most likely caused by E2F 
activity, which can induce apoptosis without the RB1 repression. In tissue specific Rb1 mutant mice, 
RB1 loss caused uncontrolled proliferation or induced apoptosis, depending on cellular contexts. Loss 
of RB1 in differentiating cells causes apoptosis and in cyclin cells RB1 loss leads to uncontrolled 
proliferation28,29. Further, RB1 loss has been shown to induce aneuploidy and CIN in cells. RB1 loss 
causes centromere function defects and decreases sister chromatid cohesion. RB1 is necessary for 
proper function of condesin II and cohesin components, which are both required for sister chromatid 
cohesion. The cohesion defects increase merotelic attachments, errors in chromosome segregation 
and aneuploidy30.  
The antiapoptotic role of RB1 loss is important in tumor formation and resistance to cancer therapy. 
RB1 also is an interesting target for cancer therapy itself. RB1 loss can be exploited to induce apoptosis 
or re-activation of RB1 can lead to renewed tumor suppression28. Further, loss of RB1 causes 
aneuploidy through chromosome cohesion defects, which can lead to cell transformation. And RB1 
loss results in uninhibited progression from G1- to S-phase. Together, these characteristics can lead to 
tumor formation30.  
 
At the beginning of mitosis, the mitotic spindle is assembled. Normally, cells contain two centrosomes, 
which separate to both poles of the cell to form a bi-polar spindle. A cell with more than two 
centrosomes is at risk of assembly of a multipolar spindle, which results in multipolar divisions. 
Centrosome amplification is often observed in cancer cell lines and is strongly correlated with CIN, 
however multipolar divisions are rare and when this does happen the daughter cells eventually die31. 
Cancer cells protect themselves from multipolar division by clustering their centrosomes, so bipolar 
division can take place. The risk at merotelic attachments however, is significantly increased which 
results in increased incidence of lagging chromosomes and increases aneuploidy12.  
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Further, abnormal spindle formation can also occur when both centrosomes do not separate correctly 
to both poles. Deletion of USP44 in mice results in incomplete centrosome separation. This leads to 
lagging chromosomes, aneuploidy and spontaneous tumor formation. USP44 is required for correct 
centrosome disjunction and spindle formation during metaphase. Furthermore, overexpression of 
cyclin B2 causes hyperactivity of aurora A and Plk1, which results in abnormal spindle assembly and 
lagging chromosomes. Knock down of cyclin B reduced aurora A and Plk1 activity and causes 
incomplete centrosome separation, chromosome lagging and asymmetric spindle assembly13.  
 
After spindle assembly the microtubules can bind to the kinetochores of the chromosomes. Before 
anaphase onset, the spindle assembly checkpoint (SAC) checks whether all chromatids are correctly 
attached to the spindle microtubules. Impaired mitotic checkpoint (SAC) is rare in human cancers32. 
However, increased expression and accumulation of SAC proteins is often observed33. For example, 
MAD2 is often overexpressed in cancer cell lines and can lead to hyperstabilized kinetochore-
microtubule attachments, which impairs the ability to correct not properly bound microtubules and 
increases merotelic attachments. In cancer, this is associated with aneuploidy and a poor prognosis for 
patient survival22.  
Ndc80 or HEC1 (highly expressed in cancer 1) is also often overexpressed in cancer cells. Ndc80 is a 
part of the KMN network, which is necessary for kinetochore-microtubule binding. The Ndc80-complex 
(Ndc80, Nuf2, Spc24 and Spc25) localized at the outer kinetochore and directly binds to the spindle 
microtubules. Ndc80 can be phosphorylated by Aurora B for correction of incorrectly bound 
microtubules. Hypothesized is that when Ndc80 is overexpressed, not all Ndc80 molecules can be 
incorporated into the KMN network and the “free” Ndc80 molecules will bind to its binding partners. 
This results in depletion of the other molecules and defect kinetochore-microtubule binding and 
impaired chromosome segregation, leading to aneuploidy34. 
Further, mutation of the SAC protein Mad3/BubR1 for example, leads to mosaic variegated aneuploidy. 
This rare disease causes growth retardation, microcephaly and childhood cancer. In patients with 
mosaic variegated aneuploidy, premature sister chromatid segregation in more than 50% of 
lymphocytes and aneuploidy in 25% of the cells is seen. Heterozygous mutation of Mad2 causes lung 
tumors in mice within a short period of time. Similar results were seen in mice with mutations in other 
SAC proteins. This suggests that aneuploidy or CIN stimulates tumorigenesis8.  
 
After nuclear division, cytokinesis occurs by activation of an actin-myosin ring at the spindle equator. 
Cytokinesis failure can be caused by cellular defects or lagging chromosomes. When cytokinesis fails, 
a tetraploid cell is created. Tetraploidy is proposed as an unstable intermediate in the progression of 
human tumors22.Hypothesized is that, tetraploidy leads to multipolar division, which results in massive 
chromosome missegregation and aneuploid daughter cells with a heterogeneous karyotype seen in a 
lot of cancers25.  
Aneuploid cells are potentially tumorigenic and are recognized by tumor suppressors, for example p53 
and Rb. Cells that enter interphase after cytokinesis failure are recognized by tumor suppressor p53, 
which induces cell cycle arrest or apoptosis dependent on whether the damage can be repaired. 
Unsurprisingly, p53 is often absent in a lot of tumors, causing resistance to apoptosis and inhibition of 
cell cycle progression with DNA damage or aneuploidy7. Individuals that inherit a mutation in the TP53 
gene, often develop tumors in early adulthood, also known as Li-Fraumeni syndrome35.  
 
Finally, individuals that carry a heterozygous recessive mutation in a tumor suppressor gene, do not 
develop cancer under normal circumstances. But when the healthy copy of the gene is lost through 
aneuploidy, the recessive mutation is revealed and results in tumor formation8,22. Therefore, loss of 
heterozygosity of tumor suppressor genes is another important route for cancer development. Cancer 
cells with CIN missegregate once every 1-5 divisions. In cells which are heterozygous for a healthy 
tumor suppressor gene (TSG), this can lead to loss of the chromosome with a healthy TSG. This reveals 
the recessive mutation in the mutated TSG leading to impaired tumor suppression and tumor 
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formation. In this way cancer cells could also disable the P53 pathway, which will allow them to 
proliferate despite of aneuploidy22.  
 
 

3.2 Aneuploidy in somatic cells vs cancer cells  
Aneuploidy results in a growth disadvantage in normal cells. During human embryonic development 
all monosomies and most trisomies are lethal. Only trisomies of chromosomes 13, 18 and 21 are viable, 
with only individuals with trisomy 21 (Down syndrome) making it into adulthood. These chromosomes 
are the smallest in number of genes and therefore result in the least number of abnormalities. 
Aneuploidy is the most common cause for miscarriages and usually result from errors in chromosome 
segregation in maternal meiosis I22.  
Aneuploid cells suffer from a decreased proliferation rate and altered metabolism. This is not causes 
by the extra DNA per se, since yeast cells with an extra mouse or human chromosome did not suffer 
from any growth disadvantages because the extra DNA is not transcribed. So, not the extra amount of 
DNA but the production of additional proteins is responsible for the inhibitory effect of aneuploidy on 
cell growth in vitro. The exact cause of this is unknown, however hypothesized is that there is an 
imbalance in protein production, which causes strain on growth. Further ideas are, that the tRNA pool 
is depleted or the energy burden is increased22. 
A slower proliferation rate is also observed in colorectal cancers and this is correlated with increased 
aggressiveness and metastasis. So, tumors might tolerate the slower proliferation rate in order to make 
use of the increased capacity to adapt and evolve. Another possibility is, that accumulation of 
mutations caused by the aneuploidy, counter the proteomic imbalance and restore the proliferation 
rate22.  
Further thought is, that low rates of chromosome missegregation stimulate tumor development and 
high chromosome missegregation rates inhibit tumor development and promote cell death. 
Intermediate levels of CIN are known to give a poor prognosis for ER-negative breast cancer and high 
levels of CIN correlate with improved long-term survival. Experiments performed in mice suppressed 
tumor formation by increasing the levels of pre-existing aneuploidy22.  
 

3.3 New cancer treatments utilize its aneuploid character 
Today’s cancer treatments often not only target the cancer cells, but also damage healthy cells. Types 
of treatments are: surgery, hormone-, radiation-, chemo- or immunotherapy. Most cancer patients 
receive not only one of these treatments, but a combination of two or more36.  
Targeting the aneuploidy in cancer cells is attractive because it is potentially effective against a lot of 
tumor types, without the need to first determine mutations or underlying deregulated pathways. The 
cells could be killed by exacerbate the existing aneuploidy, so the growth disadvantage of the cells 
would increase. Another way, could be to inhibit the pathways that are necessary for the aneuploid 
cell to survive. One target is to suppress the ability of the cell to cluster centrosomes, which will lead 
to lethal multipolar division. This is an attractive target because centrosome amplification occurs 
almost exclusively in cancer cells22. An appealing candidate is a kinesin motor called HSET. Knockdown 
of HSET in normal diploid cells, has little to no effect. In contrast to cells with extra centrosomes, where 
knockdown of HSET is lethal12. More research is performed to identify other possible targets for cancer 
therapy, that utilize pathways which are more important to aneuploidy cells in comparison with normal 
diploid cells.  
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4. Conclusion 
There are multiple mechanisms that can lead to aneuploidy in cells and induce tumor formation. These 
mechanisms are often defects in the cell cycle, which leads to uncontrolled segregation of the 
chromosomes. The most common mitotic defect is the presence of lagging chromosomes during 
anaphase. Lagging chromosomes can result from a number of defects, some of which were explained 
earlier. Merotelic attachments for example, can cause lagging chromosomes when a chromosome is 
attached to approximately the same amount of microtubules of both spindle poles. And an abnormal 
amount of centrosomes can in turn significantly increase the incidence of merotelic attachments. A 
defect in the spindle assembly checkpoint is not often observed, however overexpression of SAC 
proteins is. Further, cohesion defects can cause the inability to segregate in sister chromatids, or in 
contrast cause premature sister chromatid separation. Cytokinesis failure leads to tetraploid cells, 
which are often hypothesized as an unstable intermediate for the formation of cancer cells.  
 
Aneuploidy is a hallmark of cancer cells, which makes it an interesting target for new therapies. An 
abnormal amount of centrosomes is often observed in cancer cells, which increases the incidence of 
merotelic attachments and lagging chromosomes. Multipolar divisions are rare, because cancer cells 
cluster their centrosomes so a bipolar spindle can be assembled. This is an appealing target for 
therapies, because centrosome amplification occurs almost exclusively in cancer cells. So, if the ability 
to cluster the centrosomes would be inhibited, they will proceed through multipolar division which are 
lethal. An important target to achieve this, is a kinesin motor called HSET. More research is necessary 
to develop a treatment for cancer, using its aneuploid character.  
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