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Summary 

Whole genome duplication (WGD) is commonly accepted as an intermediate state 
between healthy cells and aneuploid cancer cells. Usually, cells after WGD get 
removed from the replicating pool by p53-dependent cell cycle arrest or apoptosis. 
Cells, which are able to bypass these mechanisms exhibit chromosomal instability 
(CIN) and DNA damage, promoting the formation of highly aneuploid karyotypes. In 
general, WGD favors several detrimental consequences such as increased drug 
resistance, transformation and metastasis formation. Therefore, it is of special interest 
to investigate the limiting factors and consequences of tetraploid proliferation as well 
as the adaptations to WGD. In the past it has been difficult to study the consequences 
of such large-scale genomic changes and how cells adapt to tetraploidy in order to 
survive. Our lab established protocols to generate tetraploids as well as isolated post-
tetraploid/aneuploid single cells clones derived from euploid parental cell lines after 
induction of cytokinesis failure. This system enables to study the consequences and 
adaptations of WGD in newly generated tetraploid cells and evolved post-tetraploid 
clones in comparison to their isogenic parental cell line. 

Using newly generated tetraploids from HCT116 cells, we identified USP28 and 
SPINT2 as novel factors limiting the proliferation after WGD. Using mass spectrometry 
and immunoprecipitation, we revealed an interaction between USP28 and NuMA1 
upon WGD, which affects centrosome coalescence of supernumerary centrosomes, 
an important process that enhances survival of tetraploids. Furthermore, we validated 
the occurrence of DNA damage in tetraploid cells and found that USP28 depletion 
diminished the DNA damage dependent checkpoint activation. SPINT2 influences the 
proliferation after WGD by regulating the transcription of CDKN1A via histone 
acetylation. Following proliferating tetraploid cells, we confirmed the activation of the 
DNA damage response (DDR) by immunoblotting and microscopic approaches. 
Furthermore, we show that the DDR in the arising post-tetraploid clones is reduced. 
Further experiments verified the appearance of severe mitotic aberrations, replication 
stress and accumulation of reactive oxygen species in newly generated tetraploids as 
well as in the aneuploid cancer cells contributing to the occurrence of DNA damage. 
Using various drug treatments, we observed an increased dependency on the spindle 
assembly checkpoint in aneuploid cancer cells compared to their diploid parental cell 
line. Additionally, siRNA knock down experiments revealed the kinesin motor protein 
KIF18A as an essential protein in aneuploid cells. 

Taken together, the results point out cellular consequences of proliferation after 
tetraploidization as well as the cellular adaptations needed to cope with the increased 
amount of DNA.  
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Zusammenfassung 

Die vollständige Duplikation des Genoms (WGD) gilt gemeinhin als Zwischenstadium 
zwischen gesunden Zellen und aneuploiden Krebszellen. Normalerweise werden 
Zellen nach einer WGD durch einen p53-abhängigen Zellzyklusstopp oder Apoptose 
aus dem Replikationspool entfernt. Zellen, die in der Lage sind, diese Mechanismen 
zu umgehen, weisen chromosomale Instabilität (CIN) und DNA-Schäden auf. Dies 
fördert die Bildung hochgradig aneuploider Karyotypen. Im Allgemeinen begünstigt die 
WGD mehrere schädliche Folgen wie erhöhte Arzneimittelresistenz, Transformation 
und Metastasenbildung. Daher ist es von besonderem Interesse, die begrenzenden 
Faktoren und Folgen der tetraploiden Proliferation sowie die Anpassungen an WGD 
zu untersuchen. In der Vergangenheit war es schwierig, die Folgen solch groß 
angelegter genomischer Veränderungen zu untersuchen und zu erforschen, wie sich 
Zellen an die Tetraploidie anpassen, um zu überleben. Unser Labor hat Protokolle zur 
Erzeugung von tetraploiden sowie von isolierten post-tetraploiden/aneuploiden 
Einzelzellklonen entwickelt. Diese stammen aus euploiden elterlichen Zelllinien nach 
Induktion eines Zytokineseversagens. Dieses System ermöglicht es, die Folgen und 
Anpassungen von WGD in neu erzeugten tetraploiden Zellen und weiterentwickelten 
post-tetraploiden Klonen im Vergleich zu ihren isogenen elterlichen Zelllinien zu 
untersuchen. 

Anhand von neu generierten tetraploiden Zellen aus HCT116 Zellen identifizierten wir 
USP28 und SPINT2 als neue Faktoren, die die Proliferation nach WGD einschränken. 
Mithilfe von Massenspektrometrie und Immunpräzipitation konnten wir eine Interaktion 
zwischen USP28 und NuMA1 nach WGD nachweisen, die die Koaleszenz der 
überzähligen Zentrosomen beeinflusst. Dabei handelt es sich um einen wichtigen 
Prozess, der das Überleben von tetraploiden Zellen fördert. Darüber hinaus haben wir 
das Auftreten von DNA-Schäden in tetraploiden Zellen validiert und festgestellt, dass 
die Reduktion von USP28 die von DNA-Schäden abhängige Checkpoint-Aktivierung 
abschwächt. SPINT2 beeinflusst die Proliferation nach WGD, indem es die 
Transkription von CDKN1A über Histonacetylierung reguliert. Nach der Proliferation 
tetraploider Zellen bestätigten wir die Aktivierung der DNA-Schadensreaktion (DDR) 
durch Immunoblotting und mikroskopische Ansätze. Darüber hinaus zeigten wir, dass 
die DDR in den entstehenden post-tetraploiden Klonen reduziert ist. In weiteren 
Experimenten konnten wir das Auftreten schwerer mitotischer Aberrationen, 
Replikationsstress und die Akkumulation reaktiver Sauerstoffspezies in den neu 
entstandenen tetraploiden Zellen sowie in den aneuploiden Krebszellen nachweisen. 
Diese tragen zum Auftreten von DNA-Schäden bei. Durch verschiedene 
medikamentöse Behandlungen konnten wir in aneuploiden Krebszellen im Vergleich 
zu ihren diploiden Elternzellen eine stärkere Abhängigkeit vom Checkpoint der 
Spindelmontage feststellen. Darüber hinaus zeigten siRNA-Knockdown-Experimente, 
dass das Kinesin-Motorprotein KIF18A ein essenzielles Protein in aneuploiden Zellen 
ist. 

Insgesamt weisen die Ergebnisse auf die zellulären Folgen der Proliferation nach 
Tetraploidisierung sowie auf die zellulären Anpassungen hin, die erforderlich sind, um 
mit der erhöhten DNA-Menge zurechtzukommen.  
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Introduction 

1. Polyploidy, aneuploidy and cancer 

Cancer is one of the leading causes of death throughout the whole society. Especially 

people living in countries undergoing economic transitions develop lifestyles favoring 

cancer risk factors such as smoking, obesity and decreased physical activity. 

Furthermore, due to our growing and aging population worldwide, cancer is becoming 

a more and more important factor affecting life quality [21]. Unfortunately, finding an 

effective treatment targeting cancer cells is very difficult as they originate from our own 

body tissue and present similar features as the healthy cells surrounding them.  

Therefore, it is inevitable to promote cancer research to find a drug target specific for 

cancer cells. In this connection, one of the hallmarks of cancer, which draws attention 

of researchers all over the world, is aneuploidy [22]. Aneuploidy is defined as altered 

number of chromosomes due to either a gain or loss of complete chromosomes, 

respectively gain or loss of their parts. Even though aneuploidy is a common 

characteristic of cancer cells, the frequency differs widely across different cancer 

types. Whereas for example only 26 % of thyroid carcinomas show chromosome 

alterations, the frequency rises to almost 100 % in glioblastomas, uterine carcinomas 

or testicular germ cell tumors [23]. In contrast to cancer cells, aneuploidy is a rare 

feature in normal cells [24]. Therefore, it represents an interesting target for novel 

cancer-specific drugs. Another condition featuring altered chromosome numbers is 

called polyploidy, where cells gain one or more entire sets of chromosomes. 

Polyploidization is a common event in plants including many well-known crops such 

as wheat, maize or coffee [25]. Additionally, polyploidy is also found among certain 

groups of amphibia [26] or fish [27]. Surprisingly, even among mammals, there is 

evidence for polyploidy in the red viscacha rat [28]. 

Even though aneuploidy and polyploidy are a frequently occurring state in cancer; it is 

not clear whether they are a cause or consequence of tumorigenesis [23]. There are 

several routes proposed how these aneuploid cells arise. One of the possibilities is the 

formation of aneuploid cells through tetraploid cells. They are supposed to be an 

intermediate between healthy cells and aneuploid cancer cells [15, 29]. Evidences for 

this hypothesis come from studies in early and mature cancers where tetraploid and 

near-tetraploid karyotypes are found [30, 31]. Additionally, it was demonstrated that 
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tetraploid, but not diploid, p53 null mouse mammary epithelial cells promote 

tumorigenesis in nude mice [32]. Polyploid cells are often inherently unstable and 

constitutively loose or gain chromosomes, which leads to formation of highly aneuploid 

karyotypes. Evidence supporting this theory comes from several studies showing a 

correlation between increased ploidy and an increased rate of chromosomal instability 

(CIN) [32-35]. For example, tetraploids generated by cytokinesis failure from mouse 

mammary epithelial cells (MMECs) displayed an increased frequency of whole-

chromosome missegregations and chromosomal rearrangements [32]. Regarding a 

prognosis for patients affected by cancer, the ploidy of the diseased cells has to be 

considered. Patients infested by aneuploid cancer types have a lower chance for a 

disease-free survival compared to patients with diploid cancers [36]. In general, 

aneuploid cancers seem to be more aggressive [36-39]. One factor contributing to the 

aggressiveness of tumors is their ability to migrate in order to spread within the whole 

body. Data suggests that tetraploidy promotes the migration and invasive capacity in 

cancer cells [39, 40]. It is assumed that extra centrosomes present in these cells may 

stimulate enhanced invasiveness as in the invasive front the number of cells with extra 

centrosomes was increased compared to the main tumor mass [40]. 

There are many efforts trying to investigate the link between polyploidy, aneuploidy 

and CIN and their role in tumorigenesis. Understanding the contribution of these 

features to cancer development will enable to find more effective therapies to improve 

the healing opportunities for cancer patients. Unfortunately, it is extremely difficult to 

reveal all interactions between polyploidy, CIN, aneuploidy and cancer, and more 

research is needed to understand the exact mechanisms. 

 

2. Tetraploidy in healthy tissues and diseases 

Eukaryotic cells usually contain one diploid set of chromosomes, but there are also 

natural physiological occurrences of polyploid cells as well as in several diseases. In 

general, polyploidy may provide additional genetic material in organisms allowing them 

to adapt to changes within their environment [41-44]. In the human body around 20-

30 % of all hepatocytes are binucleated and therefore tetraploid [45, 46]. Additionally, 

some specific mammalian cell types become polyploid during their terminal 

differentiation, for example megakaryocytes (MK) in the bone marrow [47]. It is 
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suggested that the endomitosis creating polyploid MK may be the consequence of an 

abortive mitosis with an unusual multipolar spherical spindle that limits chromatid 

segregation, together with the absence of cytokinesis [47]. Several theories try to 

explain the function of MK polyploidization. In general, polyploidization increases the 

cell size and overall cell mass. The main function of MKs is to produce platelets by 

fragmentation, therefore it is possible that polyploidization increases the platelet 

formation. Additionally, it has been suggested that MKs with different ploidies may 

produce different types of platelets by regulating gene expression and MK maturation 

[48]. Also, trophoblasts contributing to the placenta undergo endoreplication cell cycles 

to largely increase their DNA content. It is assumed that polyploidy in these cells 

facilitates the high metabolic activity needed to ensure the proper provision of nutrients 

to the embryo [49]. One considers that polyploidization in general favors metabolic 

advantages that are typical for tetraploid cells [22, 46]. It is hypothesized that cells in 

tissue that undergo endoreplication instead of mitosis are able to grow without the cost 

of energy loss needed during mitosis. This saved energy can then be used for 

production of various cellular components [22]. Especially in liver cells, another theory 

tries to explain what benefits result from polyploidization and even the generation of a 

subset of aneuploid liver cells by chromosomal instability. Aneuploidy is observed in 

between 5 to 60 % of all hepatocytes, but despite this, spontaneous liver cancer 

originating from polyploid cells is extremely rare [50-52]. Strikingly, polyploidy in liver 

cells has been suggested to protect against tumorigenesis as it slows down the 

proliferative capacity of hepatocytes [53, 54]. Additionally, polyploidy generates a 

stock of tumor suppressors thereby representing a tumor-suppressive feature [55, 56]. 

Research also suggests that the dynamic process of polyploidization and aneuploidy 

in hepatocytes confers the ability to produce genetic variations. This variability could 

facilitate adaptation and regeneration of liver injuries [51, 57].   

Even if polyploidy is a naturally occurring state in mammalian cells, erroneously arising 

polyploidy is not well tolerated. Various diseases can give rise to polyploid cells such 

as Hepatitis C and nonalcoholic fatty liver disease [58, 59]. Apart from diseases, the 

processes of aging and cellular senescence are also associated with polyploidization. 

Hepatocytes in the mammalian liver progressively gain additional sets of 

chromosomes with increasing age [60]. The connection between senescence and 

polyploidy was also verified by in vitro experiments using the human colon carcinoma 
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cell line HCT116. Upon treatment with low doses of doxorubicin, senescence was 

induced in HCT116 and polyploidization could be detected [61]. Additionally, 

polyploidy was observed during senescence of human endothelial cells in vitro. Similar 

to aging, hepatocytes also increase their ploidy with cellular stresses such as 

metabolic overload or oxidative damage. In that case, polyploidy could buffer the 

detrimental effects caused by gene-inactivating mutations by DNA damaging agents 

[55, 60]. Evidence for this theory is found in early tumor stages in the liver. These early 

lesions consist of an increased number of diploid cells, which are less protected from 

mutations compared to polyploid liver cells [62]. 

Probably the most important disease comprising polyploid cells is cancer. 

Researchers showed that tetraploid or near-tetraploid subpopulations are found in 

several cancer types such as non-small-cell lung cancer, myeloma and leukemia [63-

65].  In general, it is suggested that in average 37 % of solid tumors undergo at least 

one round of whole-genome doubling (WGD) during their evolution [66]. However, it 

is important to keep in mind that the frequency of WGD differs between cancer types, 

reaching up to 70 % in some cancers, such as non-small lung carcinomas, but there 

are also cancers types with almost no doubling events, such as in hematopoietic 

cancers [66, 67]. Also, whole-genome analysis of more than 2500 metastatic cancer 

samples from 2399 patients revealed that whole genome doubling events occurred in 

around 56 % of metastasis. However, polyploidy also comes with the cost of several 

disadvantages such as chromosomal instability which leads to the formation of 

aneuploid cells by chromosome segregation defects. Whole-organism aneuploidy on 

one hand is the leading cause of mental handicaps and miscarriage in humans [68]. 

Most aneuploid pregnancies are not compatible with life except for the trisomies 21, 

13 or 18 and the monosomy of the X chromosome [69, 70].  

Yet, aneuploidy on cell level is a double-edged sword. Similar to its detrimental effects 

on organism level, aneuploidy seems to decrease the rate of cell proliferation and 

function as a tumor suppressor [71]. First evidences for this were already found 

decades ago from investigations on fibroblasts from Down syndrome patients. 

Comparison with age-matched euploid controls revealed a slower proliferation rate in 

the trisomic samples [72]. Later, in vitro and in vivo studies verified the cell proliferation 

defect in aneuploid mammalian cells [71, 73]. The most likely hypothesis to explain 

the detrimental phenotypes is the gene dosage hypothesis. The gain or loss of whole 
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chromosomes alters the dosage of hundreds of genes in the cell at once, leading to 

imbalances in mRNA and protein levels [74, 75]. Conversely, aneuploidy in cancer 

cells seems to be associated with enhanced cell proliferation and poor patient 

prognosis [37, 76]. It has been proposed that karyotypes increasing oncogene 

expression and decreasing tumor suppressor activity might be selected during tumor 

evolution [77, 78]. Moreover, aneuploidy may increase the resistance to common 

drugs and chemotherapeutics. This might be due to the fact that aneuploid cells 

generally progress slower through G1 and S phase. Experiments with euploid cells 

slowed in G1 by drug treatment support this theory. Many anti-cancer drugs target 

mitosis and focus on the promotion of further chromosomal instability in cancer cells. 

Presumably, slowing down cells in G1 phase might prevent the cells to reach the cell 

cycle stage in which these drugs would work [79]. Another mechanism by which 

aneuploid could gain resistance to chemotherapeutics is again connected to the 

selection of an optimal karyotype. Under the selective pressure of drug treatment, 

karyotypes that still have the ability to proliferate outgrow cells harboring a drug-

sensitive karyotype [80].  

Many approaches were applied to understand the role of ploidy changes in the normal 

development of mammalian tissue as well as in the context of malignant cancer. 

Nevertheless, more research is needed to unravel the causes and consequences of 

polyploidy and aneuploidy in both, healthy tissue and cancer. 
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3. Mechanisms generating tetraploids 

Several mechanisms, both arising during developmentally scheduled cellular 

processes and by unscheduled errors, can lead to changes in genome ploidy. One 

physiological road to polyploidy is the so-called endoreplication. During this process, 

the genome is replicated in 

the absence of mitosis. In 

general, two different 

types of endoreplication 

can be distinguished: 

endocycling and 

endomitosis (Figure 1). 

The most common cell 

cycle progression is the 

mitotic cycle, where cells 

go through four different 

phases. During S phase, the DNA replication is performed. Mitosis is executed during 

M phase. These two phases are separated by gap phases, where the cell either grows 

and prepares for DNA synthesis (G1 phase) or prepares for mitosis (G2 phase). 

Similar to the mitotic cycle, endomitosis also consists of the same four phases, but 

does not execute cytokinesis to create two daughter cells. In contrast to these 

processes, endocycling only comprises two cell cycle phases: alternating G and S 

phases (Figure 1). Interestingly, the same regulators that drive a typical mitotic cycle 

are needed for both endoreplication processes. To switch from a usual mitotic cycle 

to an endoreplication, mitosis and cell division have to be inhibited for example by the 

transcriptional downregulation of mitotic regulators [81-83]. Both mechanisms, 

endomitosis and endocycling, can be found in human cells, for example 

megakaryocytes reach a polyploid content of DNA throughout their normal cell life due 

to endomitosis whereas trophoblasts of the placenta undergo endocycles to increase 

their ploidy [84, 85]. Another possibility to obtain polyploid cells is through the fusion 

of two cells [12]. Similarly, as in endoreduplication, cell-to-cell fusion can occur during 

a normal physiological process, e.g. in liver tissue or skeletal muscle cells [86, 87]. 

Fusion of two cells, for example muscle cells, is a challenging process which involves 

several highly regulated steps (Figure 2). To start the fusion process, the cells have 

Figure 1 The mitotic cycle and endoreplication cycles. (A) The 
canonical mitotic cycle consists of four different phases, G1 phase, S 
phase, G2 phase and M phase. (B) Endoreplication is divided into two 
distinct mechanisms: endomitosis and endocycling. During 
endomitosis, all phases of the normal mitotic cycle are present but the 
M phase is not completed. The process of endocycling is only 
represented by alternating G and S phases. [7] 
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to be ready to fuse and be in a close 

proximity to each other. Following 

hemifusion, the outer membranes are 

merged. Afterwards, a fusion pore is 

opened and allows the cytoplasms to 

mix. Further opening of the fusion pore 

completes the cell fusion between the 

two cells. All steps are regulated by 

fusexins and syncytins. Additionally, 

Myomaker is necessary to mediate 

the transition to hemifusion and 

Myomerger is important for the 

opening of the fusion pore [12]. The 

fusion of two cells has two possible 

outcomes, name heterokaryon or 

synkaryons. Whereas heterokaryons 

contain two nuclei, one from each 

parental cell, synkaryons hold only 

one nucleus including both parental 

genomes [88-91]. Besides from physiological processes, cell-to-cell fusion can also 

be mediated by viral infection, including major human virus pathogens such as HIV-1, 

SARS-CoV-2 and Herpesviruses. However, the role of these syncytia in virulence is 

still not completely clear, but the infected multinucleated cells can show high capacity 

of viral production and an increased motility and survival. Further research is needed 

to reveal the exact roles and functions of virus-induced cell-to-cell fusion and its 

contribution to pathogenesis (Reviewed in [92]). 

Figure 2 Process of 
cell fusion in muscle 
cells. (1+2) In order to 
fuse, the cells have to 
be in close proximity 
to each other. (3) 
First, they undergo a 
so-called hemifusion. 
Mediated by 
myomaker, fusexins 
and syncytins, the 
outer membranes of 
the cells are merged. 
(4) The opening of a 
fusion pore between 
both cells, which is 
mediated by 
myomerger, fusexins 
and syncytins, allows 
the mixture of 
cytoplasmic contents. 
(5) Delating of the 
fusion pore by 
fusexins and 
syncytins leans to the 
completion of the cell 
fusion. (Adapted from 
[12]) 
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Besides naturally programmed 

cellular processes, polyploid cells can 

emerge also due to a mitotic error 

(Figure 3). Typically, the spindle 

assembly checkpoint (SAC) is 

activated during mitosis when 

chromosomes are not properly 

attached to the kinetochores, and this 

inhibits the progression to anaphase. 

However, long-term activation of this 

checkpoint can also lead to a process 

called mitotic slippage: the spindle 

assembly checkpoint spontaneously weakens and the cells exit mitosis without 

segregating the chromosomes and dividing the mother cell [93]. In general, an 

extended delay in mitosis may lead to either mitotic slippage or apoptosis [93-95]. 

During a prolonged delay in mitosis, cyclin B is gradually degraded and if its levels fall 

below a certain threshold, cells will exit mitosis without cytokinesis [93].  This results 

in a gain of an additional set of chromosomes. Another way to tetraploidy is via 

cytokinesis failure. In this process, errors may happen in all four stages of cytokinesis 

(Figure 4) [10, 96]. 

For example, the 

presence of 

chromatin or DNA 

within the 

intercellular bridge 

can lead to 

premature 

completion of 

cytokinesis [97, 98]. 

This can either 

happen by large amounts of chromatin, only a single lagging chromosome or even by 

minimal amounts of DNA, such as ultrafine bridges [98-101]. The presence of 

unsegregated chromatin at the cleavage site leads to the activation of an Aurora-B 

mediated response that suppresses tetraploidization by furrow regression [98]. 

Figure 3 Mechanisms generating tetraploid cells. 
Whole-genome doubling can arise by several routes. 
Cytokinesis failure following mitosis as well as cell-to-
cell fusion creates daughter cells containing two 
separate nuclei. Tetraploid cells emerging by mitotic 
slippage gives rise to daughter cells holding one big 
nucleus with double chromosome content [15]. 

Figure 4 The different stages of cytokinesis. (I) Three different populations 
of microtubules are needed to determine the division plane to initiate cytokinesis. 
(II) Formation and activation of the actomyosin ring lead to the constriction of the 
cleavage furrow. (III) Furrow ingression compacts the central microtubules 
thereby forming the so-called midbody. (IV) The last step is called abscission 
and results in the formation of two distinct daughter cells. [10]    
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Furthermore, cytokinesis failure can be initiated by the altered expression of the 

countless regulators involved in cytokinesis [102-104]. For example, the expression of 

SPG20 was found to be reduced in up to 90 % of colorectal carcinomas and is 

associated with an increase in cytokinesis failure [102]. 

In summary, whereas programmed whole genome duplication is highly regulated, 

erroneously arising tetraploidy mostly results from mistakes during mitosis such as 

chromosomal cohesion defects or DNA bridges. Even though there are already many 

studies on both, programmed and erroneous whole genome duplication, several open 

questions are left. For example, how do the scheduled polyploid cells cope with 

genome copy number variations and supernumerary centrosomes? If polyploid cells 

are a step in the development of cancer, why do not all polyploid cells cause cancer? 

Unraveling the answers to these questions will help to understand why polyploidy 

sometimes promotes cancer and sometimes is necessary for normal organ health. 

4. From tetraploidy to aneuploidy 

One common property of all polyploid cells is chromosomal instability, as they often 

spontaneously loose or gain chromosomes and thereby become aneuploid [105]. 

Several theories try to explain why they exhibit the high rates of chromosomal 

instability: supernumerary centrosomes, replication stress and higher tolerance to 

aneuploidy. The elevated rates of chromosomal instability observed in tetraploid cells 

possibly arise from extra centrosomes leading to the formation of multipolar spindles 

during mitosis (Figure 5, right panel). Multipolar mitosis displays a high degree of 

chromosomal missegregations and may produce aneuploid daughter cells [106]. 

However, centrosome amplification usually leads to cell death after multipolar cell 

division [8]. Multipolar mitoses show high rates of chromosomal missegregations, and 

results suggest that cells which mis-segregated chromosomes accumulate p53 in the 

nucleus and subsequently arrest or die [8, 107]. Indeed, it was shown that more than 

half of tetraploid HCT116 cells arrest or die after a multipolar mitosis [107]. 
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The deadly consequences of extra centrosomes can be counteracted by their 

clustering, inactivation or loss to achieve formation of so-called pseudo-bipolar spindle 

apparatus (Figure 

5, middle panel). 

Cells that are 

capable of dividing 

in a normal bipolar 

manner are able to 

survive and enable 

the stable 

propagation of 

tetraploids. [34, 108, 

109]. Recent studies 

suggest that there is 

a direct link between 

extra centrosomes 

and CIN even when 

they are able to form 

a pseudo-bipolar 

spindle [8, 110]. 

Before the formation of a pseudo-bipolar spindle by centrosome coalescence and 

following anaphase, cells undergo a transient multipolar spindle in which merotelic 

chromosome attachments are promoted. The increased prevalence of merotelic 

attachments during the multipolar spindle intermediate decreases the chance of 

correction of all errors and thereby causes an increase in lagging chromosomes and 

chromosomal mis-segregations during the following anaphase (Figure 6) [8, 111, 

112]. One would usually expect the activation of the spindle assembly checkpoint upon 

Figure 6 Transient multipolar spindles lead to merotelic attachments. The figure shows how 
transient multipolar spindles favor merotelic attachments. If these attachments stay unresolved, mis-
segregations can be found in the following anaphase. Adapted from [8]. 

Figure 5 Cell division phenotypes in cells with normal and elevated 
centrosome numbers. Cells with a normal centrosome number will undergo a 
bipolar cell division (Left panel). Cells with extra centrosomes (>2) will either build 
up a multipolar spindle (right panel) or cluster their supernumerary centrosomes to 
form a pseudo-bipolar spindle (Middle panel).  The immunofluorescence images 
show RPE1 cells after PLK4 overexpression to induce centrosome amplification. 
Cells were stained with antibodies against centrin to visualize centrioles (green), 
α-tubulin to visualize microtubules (red) and the DNA was counterstained with 
Hoechst (blue). [20] 
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improper microtubule attachment to the kinetochores. However, merotelic 

attachments cannot be detected by the SAC, because both kinetochores are captured 

by microtubules [112, 113]. Even though the chromosome is not properly attached, 

mitosis continues and results in chromosome mis-segregation [114]. Finally, these 

mis-segregations may lead to the production of aneuploid daughter cells. 

Additionally, CIN may be further enhanced by replication stress. Recent studies in 

diploid and tetraploid DLD-1 cells showed a deregulation of genes associated with the 

cell cycle, specifically genes involved in DNA replication and mitosis in the tetraploid 

clones. The cells after tetraploidization also displayed higher levels of endogenous 

replication stress which resulted in high levels of intercellular heterogeneity and 

genomic instability. This can probably be explained by the appearance of high levels 

of mitotic defects in the tetraploid population. Even though oncogene overexpression 

might contribute to elevated levels of replication stress in cancer cells lines, it could 

also be shown that whole genome duplication itself also triggers replication stress [40]. 

One possible explanation for the occurring replication stress in polyploid cells provides 

the study by Vilgem et al. in melanoma cells. They propose that the endogenous levels 

of the replication protein A (RPA) are not sufficient to support a reliable replication in 

polyploid cells containing a large amount of DNA. This is likely due to the generation 

of an increased number of replication forks in polyploid cells compared to diploid cells 

[115]. Additionally, the presence of multiple origins in eukaryotic cells allows a fast 

replication of large amounts of DNA, but at the same time needs a precise organization 

to minimize the possibility of errors. Nevertheless, the system is not completely error 

free and it is proposed that replication stress leads to problems during the following 

mitosis and finally chromosomal instability (Figure 7) [3, 116]. 
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The high genomic instability observed in tetraploid cells may also result from their 

increased tolerance to aneuploidy. This effect is likely because a gain or loss of one 

chromosome effects the gene expression of diploid cells more severely compared to 

tetraploid cells. After whole-genome doubling, cells contain four copies of each 

chromosome, which might help compensate the consequences of haploinsufficiency 

in case of chromosome loss, or increased expression in case of chromosome gain 

[34, 35]. Additionally, recent studies propose that tetraploidization also paves the way 

for massive chromosome alterations such as chromothripsis or breakage-fusion-

bridge cycle (BFB) [117, 118].  

Recent evidence suggests another mechanism how polyploidy can lead to 

chromosomal instability, namely by the increased number of chromosomes 

themselves. Observations in polyploid Drosophila neuroblasts showed that an initial 

clustering of extra centrosomes gathers multiple centrosomes at multiple spindle 

poles. Afterwards, a second step should lead to coalescence to only two spindle poles 

to form a pseudo-bipolar spindle. Via live cell imaging, the researchers could proof 

Figure 7 Replication stress influences the following mitosis. Stress during DNA replication can 
lead to unattached kinetochores, changes in the stability of microtubules, multipolar spindles or 
cohesions defects. During the process of chromosome segregation these defects may favor the 
appearance of lagging chromosomes and finally to the development of numerical chromosomal 
changes within the daughter cells [3]. 



 
20 

that the second step of centrosome clustering often fails, which leads to multipolar cell 

division [119]. Earlier studies have already shown that cells with amplified centrosome 

numbers, but not DNA, accurately form pseudo-bipolar spindles [8, 111, 120, 121]. 

They suggest that the extra chromosomes constitute a physical barrier hindering the 

complete centrosome coalescence at two spindle poles [119]. The resulting multipolar 

cell divisions lead to chromosomal instability in the affected cells. 
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5. Functions and genes required for survival and proliferation of 

tetraploids 

In vitro, the proliferation of cells after whole genome duplication is limited at two 

checkpoints at different time points (Figure 8). The first control point arrests the cells 

immediately in the G1 phase following tetraploidization. Hereby, the checkpoint 

response is mediated by the two tumor suppressor proteins p53 and pRB [122, 123]. 

It is proposed that p53-dependent activation of p21 leads to the suppression of CDK2 

Figure 8 Proliferation of tetraploid cells. Two possible fates exist which may follow WGD: cells 
either undergo cell cycle arrest followed by apoptosis, because of activation of the p53/p21 signaling 
and Hippo pathway or they are able to progress in the cell cycle after upregulating the mitogenic 
signaling and D-type cyclins. If they can overcome cell cycle arrest, this places them in front of the 
same fate decision. Eventually, the cells that were able to continue proliferating will become 
chromosomally unstable due to replication stress, higher centrosome number and increased 
tolerance to aneuploidy [13]. 
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kinase activity. Thereby, pRB is hypophosphorylated, which blocks the cell cycle 

progression [122]. Carrying out a genome-wide RNAi screen in RPE1 to identify 

regulators of tetraploid proliferation, it was revealed that cytokinesis failure triggers the 

activation of the Hippo pathway. The activation of the Hippo tumor suppressor pathway 

in these cells is caused by the additional centrosomes present after cytokinesis failure. 

Activation of this pathway leads to the inhibition of the MDM2 E3 ligase via the kinases 

LATS1 and 2, thereby stabilizing p53 and mediating a cell cycle arrest [11, 124, 125]. 

However, the cells after whole genome doubling can also escape the G1 arrest. 

Indeed, this was observed for example in the human colorectal carcinoma cell line 

HCT116, in retinal pigment epithelium cell line RPE1, human fibroblasts MRC5 or 

mouse ovarian surface epithelial cells (MOSECs) [34, 35, 126, 127]. The mitoses 

following tetraploidization often show an abnormal phenotype caused by the presence 

of supernumerary centrosomes and doubled chromosome numbers. Appearance of 

these erroneous mitoses may then trigger a p53-mediated cell cycle arrest [8, 107]. 

Additionally, it was shown that the extra centrosomes after whole genome duplication 

themselves can cause a cell cycle arrest. An increased number of centrosomes 

activates the PIDDosome multiprotein complex which triggers a p53-dependent cell 

cycle arrest through Caspase-2 mediated MDM2 cleavage [128]. Thus, there are 

several independent processes that block proliferation of tetraploid cells. 
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5.1. The tumor suppressor protein p53 

One protein shared by almost all known surveillance pathways of tetraploid 

proliferation is the tumor suppressor protein p53 (Figure 9). Strikingly, the p53 

signaling pathway is defective in about 80 % of human tumors [129]. Whereas many 

other tumor suppressor genes generally undergo deletion or truncation in cancer cells, 

for example APC (adenomatous polyposis coli), RB (retinoblastoma-associated 

protein) or VHL (Von-Hippel-Lindau), the TP53 gene is inactivated through a different 

mechanism [130, 131]. In most cases, the p53 pathway is inactivated by missense 

mutations in the TP53 gene leading to the inability to carry out its important regulatory 

mechanism like cell cycle arrest or DNA repair [132, 133]. Interestingly, studies have 

also demonstrated that mutations in the TP53 gene not only lead to the loss of tumor 

suppressor function, but may also result in the gain of tumor promoting functions [134, 

135]. 

Conversely, this means that around 20 % of all human tumors still comprise an intact 

p53 surveillance pathway and therefore need to gain other mechanisms to escape the 

fate determined by this pathway. A recent study implies, that 46 % of all whole genome 

Figure 9 Function of p53 in tetraploid proliferation and tumorigenesis. Usually 
tetraploidization leads to activation of the p53 signaling pathway and ends e.g. in 
senescence, cell cycle arrest or apoptosis. If p53 is inactive in the cell, e.g. by missense 
mutations, tetraploid cells are able to overcome cell cycle arrest and possibly become 
aneuploid. Adapted from [9]. 
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doubling events happen in tumors with a TP53-wild-type background [39]. This poses 

the question how tetraploid cells are able to escape cell cycle arrest and further 

proliferate in the presence of a functional TP53. To address this question, several 

studies attempt to identify the pathways and factors required for the survival of 

tetraploid cells with proficient TP53 [11, 136-138]. 

5.2. The ataxia telangiectasia mutated (ATM) protein kinase 

One protein that can limit proliferation after whole-genome doubling is the kinase 

ataxia-telangiectasia mutated (ATM). ATM’s most prominent function is its role in the 

DNA damage response (DDR), where it works as a first sensor of DNA double-strand 

breaks (DSB). Upon DNA damage, ATM activates the following pathway by 

phosphorylating downstream effector molecules, especially p53, leading to cell cycle 

arrest [139]. It was shown that proliferation of tetraploids was increased upon depletion 

of ATM, probably because this constitutes an inhibitory effect on DDR [107]. 

Additionally, chromosome missegregations observed in cells after whole genome 

duplication might activate the ATM-Chk2 pathway as well, as this was already 

observed in diploid cells after chromosome mis-segregations. Activation of the ATM-

Chk2 pathway in diploid cells that mis-segregated chromosomes was due to the 

occurrence of oxidative stress and lead to the phosphorylation of p53 on Ser15 and 

subsequent cell cycle arrest [140]. This was validated in HCT116 and RPE1 cells, 

which showed an increase in the phosphorylation of p53 on Ser15 correlating with a 

marker for DNA damage caused by reactive oxygen species. This suggests that 

increased proliferation of tetraploids after ATM depletion might be also due to 

inactivation of the signaling pathway after oxidative stress. Moreover, ATM also has 

several other distinct functions in the mitotic spindle checkpoint as well as in cancer 

invasion and metastasis [141, 142]. It is already known that ATM-deficient cell lines, 

animal models and clinical samples show aneuploid chromosome numbers. However, 

the underlying mechanism was not fully understood until recently [143-145]. Further 

investigations revealed ATM as an essential player in the spindle assembly 

checkpoint. Observing the mitotic dynamics after ATM knock down displayed cell 

progression into anaphase despite having unaligned chromosomes, suggesting a 

defective mitotic spindle checkpoint. Furthermore, the appearance of lagging 

chromosomes was elevated after ATM knock down leading to the production of 

aneuploid daughter cells [141]. Taken into account that multipolar and pseudo-bipolar 
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spindles in tetraploid cells often lead to misaligned chromosomes, a defective spindle 

checkpoint, for example by ATM knock down, would enable them to proliferate. The 

diverse functions of ATM, which might play an important role in the proliferation of 

polyploid cells, make it an interesting target for novel cancer therapeutics. Indeed, 

clinical trials investigating the efficiency of ATM inhibitors are ongoing (Reviewed in 

[146]). It is proposed that inhibition of the ATM activity might increase the sensitivity of 

cancer cells to chemotherapeutic drugs and radiotherapy. Hereby, one would make 

use of the role of ATM in the DDR. Chemotherapeutics and radiotherapy induce DNA 

damage in cancer cells and ATM signaling mediates resistance against both therapies 

[147, 148]. 

5.3. Cyclin and cyclin-dependent kinases 

Another possibility for cells to progress in cell cycle is the upregulation of mitogenic 

signaling. Vittoria et al. investigated the proliferation of tetraploid cells in the diploid, 

non-transformed retinal pigmented epithelial cell line (RPE1) by carrying out a 

genome-wide gain-of-function microRNA screen. They found several microRNAs 

which enhance, after their overexpression, proliferative properties of tetraploids. 

Among the hits were microRNAs targeting the p53-p21-signaling axis. Disruptions of 

the p53/p21 signaling axis are widely known to promote proliferation of tetraploid cells 

[11, 129, 132, 133]. The strongest hit of the screen reduced the p21 protein levels in 

diploid as well as in tetraploid cells. Additionally, microRNAs targeting the Hippo 

pathway were found [136]. Inactivation of the Hippo pathway leads to YAP activation, 

which has been already shown to facilitate tetraploid proliferation [11]. However, most 

of the identified microRNAs lead to an increase in mitogenic signaling. For example, 

the second strongest hit was the microRNA miR-191-3p which, when overexpressed, 

stimulates MAPK as well as PI3K and thereby leads to an increase in cyclin D and 

cyclin E protein levels [136]. Interestingly, microRNA miR-191-3p has been found to 

be overexpressed in 16 different cancer subtypes [149, 150]. Its ability to increase 

mitogenic signaling offers an explanation for its frequent overexpression in cancer. 

Several other studies already found various cyclins involved in the promotion of whole-

genome doubling in cell lines as well as in cancer samples [136]. Especially, cyclin D 

and E are important in the context of tetraploidy. Their overexpression promotes an 

increase in ploidy in cells [137, 138, 151]. High cyclin E expression has also been 

proposed as a marker of poor clinical outcome in patients with breast cancer, as it 
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mediates resistance to a commonly used chemotherapeutic agent. The excess of 

cyclin E observed in these cancer cells may save them from G1 cell cycle arrest 

caused by the treatment. Additional inhibition within the signaling axis may again 

sensitize the cancer cells for chemotherapeutic treatment [152]. Cyclin D1 was 

especially found to be overexpressed in newly arising tetraploid clones, but not in later 

passages. Even though the tetraploids had increased levels of p53/p21 signaling, they 

were able to override the p53-dependent cell cycle arrest by elevated levels of cyclin 

D1. The overexpression of cyclin D1 alone was sufficient to promote tolerance to 

whole genome doubling in cancers with functional TP53 wild type [138]. These findings 

suggest cyclins and CDKs to be important targets for cancer therapy, supported by 

the fact that numerous drugs exist that target the cyclin axis [153, 154].  

5.4. Serine peptidase inhibitor Kunitz type 2 (SPINT2) 

In the last few years several screens revealed new genes which seem to be required 

for the proliferation of tetraploid cells. One of the factors that came up in screens using 

different cell lines was the peptidase inhibitor Kunitz type 2 (SPINT2). In these RNAi-

based genome wide screens, depletion of SPINT2 increased the proliferation of 

tetraploid cancerous cell line HCT116 as well as the proliferation of the non-

transformed epithelial cell line 

RPE1 [11, 136]. One hypothesis 

how SPINT2 might regulate the 

proliferation of cells after whole 

genome duplication is through its 

influence on human growth factor 

signaling. SPINT2 usually acts as 

a regulator for Hepatocyte growth 

factor (HGF)/c-Met signaling, a 

crucial pathway in proliferation, 

survival, migration and motility of 

cancer cells. It binds to and 

inactivates the human growth 

factor activator (HGFA), thereby 

impairing the production of the 

bioactive HGF [155]. Depletion of SPINT2 causes continual growth factor signaling 

Figure 10 SPINT2 expression in cancer cells. In 
tumor cells, the SPINT2 promotor is 
hypermethylated which leads to a reduced gene 
expression. Thereby, activation of the HGF/c-MET 
pathway is increased, promoting cancer 
progression. [1] 
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and could be one way to overcome p53-dependent cell cycle arrest after 

tetraploidization [11]. It has been shown that SPINT2 is silenced via hypermethylation 

of its promotor region in several different cancer types (Figure 10), including 

melanoma [156], cervical and ovarian cancers [157, 158] and hepatocellular 

carcinoma [159, 160]. Silencing of SPINT2 leads to an increased production of human 

HGF, thereby also increasing cell division, proliferation and migration. Overexpression 

or re-expression of the SPINT2 wildtype gene in various cancer cell lines confirmed 

an important role for SPINT2 in malignant phenotypes and cancer progression. For 

example, expression of SPINT2 in the gastric cancer cell line MKN45 induced cell 

apoptosis and suppressed anchorage independent growth. Additionally, ectopic 

expression of SPINT2 in melanoma cells decreases the cell motility and invasive 

growth [161-164].  Our findings shed some additional light on the effect of SPINT2 on 

proliferation of tetraploid HCT116. SPINT2 seems to be a previously unknown 

regulator of CDKN1A (p21), a downstream target of p53, through epigenetic 

modifications within its promoter region. In cells lacking SPINT2, p53 lost its ability to 

bind to the p21 promotor, thereby could not activate the downstream pathway and 

induce the cell cycle arrest. After treatment with a potent histone deacetylase inhibitor, 

p21 expression could be restored even after SPINT2 depletion (Yet unpublished data 

from our lab, accepted in Cellular Oncology). Taken together, these findings suggest 

SPINT2 as an important regulator in cancer progression and might be an interesting 

target for future drug treatments. 
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5.5. Ubiquitin specific peptidase 28 (USP28) 

Another protein, which was identified in a genome-wide RNAi screen looking for 

proteins regulating the proliferation after tetraploidization, is the ubiquitin specific 

peptidase 28 (USP28). Initially, USP28 was identified in a screen for formerly unknown 

deubiquitinases [165]. Deubiquitinating enzymes play an important role in countless 

cellular pathways by removing ubiquitin residues from proteins which can function as 

a signal for other proteins or further downstream processes [166, 167]. Logically, also 

USP28 is able to influence the cellular signaling by removing ubiquitin moieties from 

substrate proteins (Figure 11) [18]. One important function of USP28 is the 

stabilization of the oncoprotein c-MYC [168]. Therefore, it antagonizes the F-box 

protein FBW7 and promotes the stability of c-MYC in cancer cells. Overexpression of 

c-MYC in turn leads to upregulation of cell proliferation and cell metabolism and 

promotes carcinogenesis. Additionally, USP28 was also found to directly stabilize 

FBW7 which reduces the substrate proteins of FBW7 [169]. In contrast to its role in 

stabilizing c-MYC, here USP28 acts as a tumor suppressor. Indeed, it was found that 

Figure 11 Role of USP28 in cancer related pathways. The deubiquitinase USP28 can 
encourage proliferation, carcinogenesis and metastasis by counteracting the F-box protein 
FBW7. FBW7, as a part of an E3 ligase, targets many transcriptional factors such as c-MYC, 
LSD1 or HIF-1α, to ubiquitin-mediated proteasome degradation. On the other hand, USP28 
can inhibit PIRH2-mediated poly-ubiquitination of CHK2, thereby inhibiting CHK2 degradation. 
As a result, p53-dependent apoptosis is downregulated. Cell cycle arrest as well as DNA 
repair is also maintained by USP28. By stabilizing Claspin, the activation of CHK1 is 
consequently promoted. Claspin is a factor required for DNA replication, therefore enhancing 
cell proliferation [18].  
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USP28 plays a complex role in cancer development: whereas it is overexpressed in 

colorectal and ovarian carcinomas, prostate carcinomas and melanomas exhibit 

deletions in the USP28 gene [170, 171]. Besides that, USP28 plays an important role 

in the control of the DNA damage response (DDR) [172]. The DDR can be divided into 

two branches; one is mediated by ATR, the other one is mediated by ATM (Figure 

12). In general, the DNA damage response consists of several layers of signaling 

molecules, beginning with DDR sensors, which mark the site of DNA damage on the 

DNA. Next, ATM and ATR as DDR transducers are recruited which in turn activate 

DDR mediators, namely CHK2 and CHK1, respectively. Finally, these kinases activate 

DDR effectors through the central p53 pathway. The cell response to DNA damage 

can vary from DNA 

repair of the damaged 

sequence through cell 

cycle arrest, 

senescence to 

apoptosis [14]. 

Interestingly, USP28 

regulates all of these 

pathways by 

deubiquitination of 

factors and mediators 

of ATM and ATR 

signaling and thereby 

protecting them from 

proteasome 

degradation. On one 

hand, USP28 forms a 

complex with the 

ubiquitin E3 ligase 

PIRH2 and 

antagonizes the poly-ubiquitination and subsequent degradation of CHK2. 

Consequently, p53-dependent apoptosis is downregulated [173]. On the other hand, 

USP28 has a role in the maintenance of cell cycle arrest and DNA repair. To this 

purpose, it stabilizes Claspin, a key regulator of CHK1. Claspin itself is needed to 

Figure 12 DNA damage response (DDR) pathways. Scheme depicting 
a simplified version of the different DNA damage response pathways. The 
DDR can be activated by single or double strand breaks caused by various 
DNA damaging conditions. Depending on the type of DNA lesion, different 
DDR sensors mark the site of damage. Following, different DDR 
transducers are recruited which I turn activate various DDR mediators. 
Through the central p53 pathway, numerous DDR effectors will be 
activated. [14] 
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prevent DNA damage by premature entry into S-phase and it regulates DNA 

replication, thereby enhancing cell proliferation [174, 175]. Some of these processes 

regulated by USP28 are also interesting in the context of cancer and its development.  

Centrosome biology is one of the newer fields where USP28 is involved. It was 

discovered that after centrosome loss USP28 interacts with and deubiquitinates 

53BP1. As a consequence, 53BP1 can bind to its binding partner p53 and activate the 

downstream pathway to induce the p53-dependent cell cycle arrest. Additionally, this 

signaling axis can also be activated upon prolonged mitosis which exceeds 90 mins 

(Figure 13) [2, 176, 177]. Taken together, the data suggests a common signaling 

pathway that acts upon centrosome loss and increased mitotic duration to prevent 

mitotic errors caused by these events. Moreover, these findings identify USP28 as an 

interesting new player in response to centrosomal aberrations and DNA damage which 

are also features of cancers after whole-genome duplication.  

5.6. Centrosome clustering and the role of the nuclear mitotic apparatus 

protein 1 (NuMA1) 

As explained above, the processes of tetraploidization may cause centrosome 

amplification, such as mitotic slippage, cytokinesis failure or cell-cell fusion [178]. As 

cells with an excessive number of centrosomes would usually undergo apoptosis, they 

need to develop mechanisms on how to cope with supernumerary centrosomes. One 

possibility for them to handle an excess number of centrosomes is to cluster them to 

a pseudo-bipolar spindle. This mechanism was already observed in many cancer 

types and serves as an interesting therapeutic target as it’s specific for cancer cells 

with multiple centrosomes [179-181]. Numerous proteins that are involved in the 

coalescence of supernumerary centrosomes were identified via a genome wide RNAi 

Figure 13 USP28 signaling upon centrosome loss or prolonged mitosis. Upon centrosome loss or 
prolonged mitosis, the deubiquitinase USP28 binds and deubiquitinates 53BP1. 53BP1 is thereby 
stabilized and interacts with its known binding partner p53 to activate the downstream signaling pathway 
which leads to a p53-dependent cell cycle arrest [2]. 
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screen, including Aurora-B, CENPT, Anillin or CEP164 [182]. The classes of genes 

which were identified in the screen suggest that spindle tension is crucial for 

centrosome clustering in human cancer cells [182]. This is in line with the observation 

that low concentrations of microtubule-stabilizing agents reduce spindle tension, 

thereby leading to an increase of multipolar spindles in cancer cells [183]. Another 

interesting protein playing a role in centrosome clustering is the nuclear mitotic 

apparatus protein 1 (NuMA1). Even though NuMA1 was first described as a chromatin-

protein in human cell lines, it’s localization changes within the cell cycle [19, 184]. 

Based on the different cellular localizations, it can be assumed that NuMA1 holds 

several functions, such as spindle pole focusing or regulation of chromosome 

decondensation (Figure 14) [19]. 
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One of the major functionalities of NuMA1 in regards to WGD revolves around 

centrosome amplification and multipolar spindles. As already discussed, centrosome 

clustering represents an important mechanism for tetraploid cells to prevent the 

deleterious effects of multipolar spindles [34, 108, 109].  Previous studies revealed an 

important role of NuMA1 in the clustering process of supernumerary centrosomes, 

showing that a depletion of NuMA1 decreases the appearance of multipolar spindles 

even in the presence of extra centrosomes. In reverse, the overexpression leads to an 

increase in the number of multipolar spindles and reduced the presence of spindle 

associated microtubule motor protein dynein [185]. As dynein seems to be a critical 

part of the centrosome clustering machinery and NuMA1 interfered with its localization, 

providing an explanation for the role of NuMA1 in the coalescence of centrosomes. 

Figure 14 Functions of NuMA1 throughout the cell cycle. During interphase, NuMA is accumulated 
in the nucleus, but relocates to the spindle poles during metaphase. A small amount of the protein also 
localizes to the cell cortex during metaphase, but especially in anaphase NuMA is directed to the cell 
cortex. The main functions include spindle pole focusing, spindle bipolarization, regulation of 
chromosome decondensation and reassembly of the nucleus [19]. 
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Keeping in mind that polyploid cells contain an amplified number of centrosomes, 

these results suggest an important role for NuMA1 in the surviving and proliferation of 

tetraploid cells. 

5.7. The importance of the spindle assembly checkpoint (SAC) and KIF18A 

Recent studies analyzing cells that underwent whole genome duplication and 

eventually became aneuploid, unveiled a key role of the spindle assembly checkpoint 

(SAC) in the regulation of tetraploid proliferation [16]. In general, the SAC is a complex 

surveillance mechanism which ensures proper chromosome segregation during 

mitosis (Figure 15). For this purpose, the spindle assembly checkpoint proteins are 

recruited to the kinetochores to examine the accuracy of the kinetochore-microtubule 

attachment by sensing the protein levels of Mad2 localized at the kinetochore. 

Unattached kinetochores are characterized by high levels of Mad2, whereas proper 

amphitelic attachment leads to low levels of Mad2. Depletion of Mad2 from the 

kinetochores promotes the application of tension on the centromeric region. As soon 

as this state is reached for all chromosomes, the SAC signal is quenched and the 

anaphase occurs (Reviewed in [186]). If unattached kinetochores or the absence of 

tension on chromosomes is recognized, downstream pathways are activated in order 

Figure 15 The spindle assembly checkpoint pathway. Unaligned chromosomes during mitosis 
trigger the so-called spindle assembly checkpoint (SAC). The downstream pathway consists of 
several proteins such as the Mad1/Mad2 complex and the BUB group which mediate mitotic arrest 
through the mitotic checkpoint complex (MCC) which is composed of c-Mad2, BubR1, Bub3 and 
Cdc20 (A). If all chromosomes are properly aligned, the SAC is not stimulated and the MCC is 
disassembled. Ultimately, this leads to sister chromatid separation and exit from mitosis (B). [5] 
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to correct erroneous attachments and restore tension to the relaxed kinetochores to 

guarantee correct chromosome distribution to the upcoming daughter cells [187]. Cells 

that cannot satisfy the spindle assembly checkpoint are delayed in mitosis to prevent 

mis-segregations and subsequent aneuploidy. However, the delay is not permanent 

and it is possible that cells escape the arrest even in the presence of an active SAC 

[93]. Ultimately, these cells enter the following G1 phase as tetraploids. Recently, it 

was shown that aneuploid cells after WGD are able to overcome the inhibition of the 

SAC more quickly compared to euploid cells, but observed over a longer time period 

they become more sensitive to it. Because the aneuploids kept dividing even after 

SAC inhibition, they accumulated mitotic defects which lead to unstable and unhealthy 

karyotypes. Additionally, 

aneuploid cancer cells 

show an altered spindle 

geometry compared to 

euploid cells (Figure 16) 

[188]. Earlier 

examinations 

investigated the general 

consequences of whole 

genome duplication in 

cancerous and non-

transformed p53 positive 

cell lines. It was shown 

that tetraploidization lead 

to the formation of a 

range of numerous aneuploid karyotypes within the post-tetraploid populations. 

Further investigation of the chromosome copy numbers in the post-tetraploid clones 

revealed the presence of chromosomal instability in some, but not all cell lines. As the 

centrosome numbers in the post-tetraploid cell lines were nearly normal and multipolar 

mitoses were rare, the chromosome composition itself may determine whether the 

cells are chromosomally unstable or not [34]. In line with the recent data, imbalances 

in the gene copy numbers might affect the functionality of protein complexes involved 

in spindle formation or the spindle assembly checkpoint. To get an insight in the 

Figure 16 Altered spindle geometry in aneuploid cancer cells. 
Compared to the euploid parental cell line HCT116 the post-tetraploid 
clone 1 (HPT1) exhibited a longer and wider spindle [16]. Scale bar 10 
µm, DNA in green, γ-tubulin in red. 
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consequences of aneuploidy on spindle formation and the SAC, analysis of the relative 

gene expression of different spindle proteins was carried out [16]. 

5.8. Kinesin family member 18A (KIF18A) 

One specific protein which was standing out, as its mRNA expression levels were 

reduced, was the mitotic kinesin KIF18A [16]. During mitosis, KIF18A localizes close 

to the plus ends of kinetochore microtubules, where it is important for maintaining 

tension across sister kinetochores as well as proper chromosome congression (Figure 

17) [189]. It is also proposed to suppress chromosome movements to ensure the 

proper alignment of chromosomes on the metaphase plate [190]. Indeed, depletion of 

KIF18A leads to the formation of an aberrant spindle together with chromosome hyper-

oscillations, kinetochore tension loss, chromosome mis-alignment and mitotic 

checkpoint activation [189, 190]. It has been also shown that KIF18A depletion 

changes the spindle geometry to a longer and wider structure and decreases the 

kinetochore-microtubule stability in HCT116 cells. These results suggest a link 

between KIF18A and the cellular sensitivity of aneuploid cancer cells to SAC inhibition 

[191-193]. Additionally, KIF18A depletion especially in tetraploid cells leads to an 

increase in chromosome misalignment, lagging chromosomes in anaphase and 

micronuclei formation [194]. Similarly, around 50 % of chromosomally unstable, near 

triploid HeLA cells after KIF18A depletion show unaligned chromosomes [195]. This 

Figure 17 Functions of KIF18A in human cells. In human wildtype cells, KIF18A localizes to the plus 
ends of kinetochore microtubules during mitosis. It is responsible for chromosome congression, 
alignment, restriction of chromosome movements and kinetochore tension control. After depletion of 
KIF18A, an aberrant spindle can be observed, as well as chromosome hyper-oscillation, kinetochore 
tension loss, chromosome misalignment and mitotic checkpoint activation. [4] 
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chromosome congression defect leads to mitotic delay caused by the spindle 

assembly checkpoint. As already mentioned, cells after whole genome duplication are 

able to overcome the cell cycle arrest faster compared to diploid and progress in 

mitosis even if the mitotic defects were not yet solved [16]. Progression through mitosis 

then leads to further increase in their ploidy as well as aneuploidy caused by 

chromosome segregation defects. Taken together, these findings reveal the spindle 

assembly checkpoint and especially KIF18A as interesting new drug targets in cancer 

cells that underwent whole-genome duplication during their development. 

 

In conclusion, tetraploidy and the ability of cells to proliferate after whole genome 

doubling have drawn attention from research all over the world. Several cancer types 

develop after undergoing at least one complete duplication of their genome and are 

able to escape cell cycle arrest to further proliferate. Being intrinsically unstable, these 

cancer cells give rise to highly aneuploid karyotypes. It is known that cancers which 

underwent WGD progress more aggressively compared to cancers without WGD and 

are more difficult to treat in patients [39, 40]. Better understanding of the proliferation 

and consequences of tetraploidy in the development of cancer cells could help with 

the finding of new drugs and therapies to eventually cure a significant part of cancer 

patients. My work focuses on the proteins and processes enabling the proliferation of 

tetraploid cells and subsequent consequences to further progress the research of 

finding new drug targets for treatment of WGD+ cancer types. 
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Aims of this study 

Already in the year 1902, Theodor Boveri proposed aneuploidy due to erroneous 

mitoses as a cause of tumorigenesis [196]. Indeed, approximately 90 % of solid tumors 

consist of aneuploid cells, the percentage varying between different types of cancer 

[23, 197]. Aneuploidy itself describes a broad spectrum of massive numerical and 

structural chromosome changes. Therefore, several routes are described how these 

aneuploid cell may arise. One possible way resulting in aneuploidy is to pass through 

a transient tetraploid state [15, 29]. A common characteristic of polyploid cells is 

chromosomal instability, as they often spontaneously gain or lose chromosomes, 

thereby leading to highly aneuploid karyotypes [105]. The proliferation of cells after 

whole genome duplication (WGD) in vitro is limited through the action of several 

checkpoints [11, 107, 122, 198]. However, some cells are able to escape this cell cycle 

arrest and further proliferate to eventually become aneuploid. Even though several 

studies have previously addressed how these cells overcome the cell cycle arrest, it 

remains unclear how cells after WGD are able to survive and become aneuploid to 

finally trigger tumorigenesis. As the occurrence of tetraploid sub-populations was 

frequently observed in cancer, it is of special interest to identify the route leading from 

tetraploidy to aneuploidy and tumorigenesis [66, 67]. Unraveling this route could 

provide novel therapeutic opportunities for cancer treatments.  

The aims of this study were to characterize newly identified regulators of tetraploid 

proliferation and uncover the consequences of escaping the cell cycle arrest after 

whole genome duplication. Furthermore, I aimed to unravel the cellular adaptations to 

tolerate tetraploidization and aneuploidy. 

1. Newly identified regulators of tetraploid proliferation. A previous genome-wide RNAi 

screen identified USP28 and SPINT2 as possible regulators of proliferation after WGD. 

I aimed to validate the positive effect of depleting either of these proteins on tetraploid 

proliferation. I generated knock out cell line using CRISPR/Cas9 and carried out a cell 

cycle analysis after cytokinesis failure using flow cytometric approaches. Next, I 

analyzed the mechanisms by which USP28 and SPINT2 limit the proliferation of cells 

after whole genome duplication. Co-immunoprecipitation was used to find new specific 

interactors of USP28 after tetraploidization. This revealed centrosome clustering and 

the DNA damage response as two possible mechanisms by which USP28 may 
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regulate the proliferation of tetraploid cells. Using different cell lines as well as different 

histone deacetylase inhibitors, I aimed to verify the role of SPINT2 as a new regulator 

of CDKN1A expression by affecting the histone modifications within its promotor. 

2. Early and late consequences of tetraploidy in human cells. I generated post-

tetraploid cell lines (PTs) after induced cytokinesis failure in stable diploid parental cell 

lines and compared them to newly-arising tetraploids. To reveal the consequences of 

tetraploid proliferation, I analyzed the replication dynamics, appearance of mitotic 

aberrations and DNA damage in post-tetraploids, newly-arising tetraploids and their 

diploid parental cell line. 

3. Unravel the cellular adaptations required to tolerate whole genome duplication and 

aneuploidy. Based on previously published data, I concentrated on the changes within 

the spindle assembly checkpoint (SAC), especially changes in the mitotic kinesin 

KIF18A. I analyzed the response to chemical perturbations of the SAC in post-

tetraploid cell lines compared to their diploid parental cell lines. Following, I evaluated 

the KIF18A protein levels within the same cell lines and examined the associated 

changes in the mitotic function using microscopic approaches. 

Taken together, I addressed the early consequences of whole genome doubling as 

well as possible adaptations of human cells to this challenging cellular state. The 

discoveries from this study will illuminate the route from healthy diploid cells to 

aneuploid cancer cells through passage of a tetraploid intermediate state and may 

provide new opportunities for treatments of cancers with near-tetraploid genome.  
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Results 

1. USP28 and SPINT2: Two novel factors limiting proliferation of 

tetraploid HCT116 

 

With the aim to identify new factors regulating the proliferation of transformed cells 

after whole-genome duplication, a genome-wide RNAi screen was carried out. For this 

purpose, the pseudo-diploid (45, X) human p53-positive colorectal carcinoma cell line 

HCT116 was used. The cells were modified with the Fluorescent Ubiquitination-based 

Cell Cycle Indicator (FUCCI) [199]. During the screen, the cells were treated with 

Dihydrocytochalasin D (DCD), a potent inhibitor of actin polymerization triggering 

cytokinesis failure, for 18 h in order to generate tetraploid cells. This treatment leads 

to a mixed population of about 30-40 % diploid and 60-70 % tetraploid cells within the 

same population. By this approach it was possible to compare the effects of knock-

down in 2N and 4N cells side-by-side. The initial screen was performed by Christian 

Kuffer, and part of the validation was performed by Katarzyna Seget-Trzensiok, 

previous PhD students in the group. 

To find factors associated with proliferation of tetraploid HCT116, an esiRNA library 

targeting 16,231 genes was used. Surprisingly, many of the 90 identified genes 

overlapped with factors required for proliferation after DNA damage (Figure 18A). 

DAVID pathway enrichment analysis of the hits depicted statistically significant 

enrichment of pathways related to DNA replication (e.g. “DNA polymerase:primase 

complex”, “DNA replication 314 initiation”), “G1-S transition of mitotic cell cycle”, “PI3k-

Akt signaling pathway”, “Pathways in cancer” and “Extracellular matrix organization”. 

For subsequent analysis, seven candidates, one from each significantly enriched 

category, were selected for further validation: SFRP2, HSP90AB1, CCDC6, SPINT2, 

BRIP1, PRIM1 and USP28. Further validation was carried out using flow cytometric 

analysis after siRNA knock-down of the candidate genes simultaneously with DCD 

treatment to trigger tetraploidy and EdU treatment to determine the proliferating 

fraction of diploid and tetraploid cells (Figure 18B, C, D). Using this method, SPINT2 

and USP28 were validated to improve the proliferation of tetraploid HCT116. 

Additionally, 48 h time-lapse live cell imaging of HCT116 after knock-down of SPINT2 
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and USP28 confirmed the pro-proliferative effect after depletion of these proteins. This 

validation was performed together with Katarzyna Seget-Trzensiok.  

 

Figure 18 Validation of seven selected candidate genes. (A) Venn diagram illustrating the overlap 
between hits in gene depletion screens for improvement of tetraploid survival in HCT116 (HCT116_4N) 
and for RPE1 cell cycle arrest escape after induced tetraploidy (RPE1_4N) and DNA damage 
(RPE1_DNA damage) [11] (B) Schematics of the experimental setup to validate the targets by flow 
cytometry. (C) Cell cycle profiles obtained by flow cytometry of EdU labelled cells after cytokinesis 
failure. EdU labelling allows to identify proliferating cells; PI staining allows to distinguish the cells 
according to their DNA content. Cell categories: diploid in G1: 2C_G1, diploid in S, G2, M: 2C_S, 
tetraploid in G1: 679 4C_G1, tetraploid in S: 4C_S and tetraploid in G2 and M: 8C_G2). (D) Fold change 
of proliferating cells 24, 30 and 48 h after DCD induced cytokinesis failure in tetraploid HCT116. Cells 
were treated with siRNA against respective genes or with a non-targeting control (siNT) compared to 
an untreated control (ctrl). Sip53 was used as a positive control. T-test was used for statistical 
evaluation. Mean + SEM from three biological replicates is shown. 



 
41 

1.1. Validation of new factors revealed by RNAi screen to be relevant for 

proliferation after WGD 

Following the first validation, CRISPR/Cas9 was used to generate knock out cell lines 

lacking USP28 and SPINT2 which were validated by western blotting (SuppFigure 1). 

Analyzing several obtained knock out cell lines using flow cytometric approaches as 

described earlier, I verified a positive effect on proliferation of tetraploids (Figure 19A). 

To further validate the effect of SPINT2 and USP28 on proliferation after whole-

genome duplication, I transfected the knock-out cell lines with plasmids carrying the 

respective wild type gene. Re-introduction of the gene abolished the positive effect of 

Figure 19 Validation of two candidate genes confirms the role of USP28 and SPINT2 in the 
proliferation of tetraploid HCT116. Cell cycle profiles obtained by flow cytometry of EdU labelled cells 
after cytokinesis failure. Mean + SEM from three biological replicates is shown. (A) Wildtype HCT116 
and HCT116 lacking USP28 (U22, U35) or SPINT2 (S25, S28). (B) Wildtype HCT116 and S25/S28, 
each cell line transfected with an empty control plasmid, a plasmid carrying the wildtype SPINT2 gene 
or a plasmid containing a SPINT2 with a mutation in the Kunitz inhibitor domain 1 (C47F). (C) Wildtype 
HCT116 and U22/U35, each cell line transfected with an empty control plasmid, a plasmid carrying the 
wildtype USP28 gene or a plasmid containing a mutant USP28 lacking the deubiquitinase active site 
(C171A). A representative experiment of three independent analyses is shown. 
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the knock out in all CRISPR/Cas9 knock out cell lines. The cell lines lacking SPINT2 

were additionally transfected with a mutant version of SPINT2 containing a mutation 

in the Kunitz inhibitor domain 1 (C47F). Re-introduction of this mutant version showed 

a similar phenotype as rescue with a wildtype SPINT2 (Figure 19B). Cell lines lacking 

USP28 were also transfected with a plasmid containing a non-functional version of 

USP28 with a mutation in the deubiquitinase active site (C171A). Re-introduction of 

this mutant version did not decrease the proliferation rate to the same extent as after 

re-introducing the wild type gene (Figure 19C, C; SuppFigure 1). To exclude that this 

effect is exclusive for tetraploid cells arising from DCD treatment, I depleted anillin 

(ANLN) using siRNA, a genetic approach to induce cytokinesis failure (Figure 20A). 

Using this approach, I verified my previous findings. This suggests that USP28 and 

SPINT2 are regulators of tetraploid proliferation (Figure 20B). 

In comparison to wildtype HCT116, the cell lines lacking USP28 or SPINT2 show an 

increased proliferation after whole genome duplication and could be verified as 

regulators of tetraploid proliferation in HCT116 cells. 

 

1.2. Loss of USP28 affects centrosome clustering and reduces DNA 

damage signaling 

Recent studies suggested a role for USP28 in the mediation of cell cycle arrest after 

extended time in mitosis. It has been proposed that when the mitotic duration exceeds 

90 min, USP28 and 53BP1 are required to trigger p53-dependent cell cycle arrest [2, 

Figure 20 Depletion of USP28 or SPINT2 improves the proliferation of tetraploid HCT116. (A) 
Percentage of tetraploid HCT116 after anillin knock down. Samples were taken at indicated timepoints 
after knock down and analyzed via flow cytometry. (B) Cell cycle profiles after anillin depletion in 
HCT116 and S25 (left) and in USP28 depleted HCT116 (right) obtained by flow cytometry. Mean + SEM 
from three biological replication is shown. 
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176, 177]. In order to discover whether the function of USP28 in the process of cell 

proliferation after whole-genome doubling is related to this function of USP28, the 

length of mitosis in tetraploid HCT116 wildtype cells as well as in HCT116 cells lacking 

USP28 (U22) was measured via live cell imaging. The mitotic duration of tetraploid 

HCT116 seldomly passed the threshold of 90 min. Therefore, another mechanism 

involving USP28 has to regulate the proliferation of HCT116 after WGD (SuppFigure 

2). 

To further investigate the role of USP28 in response to tetraploidy, an 

immunoprecipitation (IP) followed by mass spectrometry was performed by Katarzyna 

Figure 21 USP28 as a newly identified factor in the clustering of supernumerary centrosomes. 
(A) Volcano plot (created by Kristina Keuper) showing possible interaction partners of USP28 (blue) in 
diploid and tetraploid HCT116 cells. Two interesting interactors, MDC1 and NuMA1, are marked (red). 
(B) Western Blot analysis after co-immunoprecipitation of USP28 using magnetic beads (Upper part). 
Quantification of ratio between NuMA1 and the respective whole cell lysates (Lower part). Samples 
were either untreated, DCD treated or treated with aphidicolin (Aph). Mean + SEM from three biological 
replicates is shown. T-test was used for statistical evaluation. (C) Representative immunofluorescence 
images showing the localization of NuMA1, γ-tubulin and USP28 during metaphase. DNA was stained 
with DAPI. Scale bars 10 µm. (D) Percentage of pseudo-bipolar spindles in HCT116 γ-tubulin mRuby 
and after siRNA knock down of USP28. Samples were fixed 24 h after DCD washout and analyzed via 
immunofluorescence images. Mean + SEM from three biological replicates is shown. T-test was used 
for statistical analysis. (E) Analysis of centrosome numbers in tetraploid HCT116 µ-tubulin mRuby and 
after USP28 depletion. Mean + SEM from three biological replicates is shown. T- test was used for 
statistical analysis. 
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Seget-Trzensiok to identify the proteins interacting with USP28. HCT116 without any 

treatment was compared to HCT116 24 h after cytokinesis failure induced by DCD 

treatment. Interestingly, the signal of several proteins was enriched after co-IP of 

USP28 in DCD treated samples. As one of the known interactors of USP28, the protein 

MDC1 (mediator of DNA damage checkpoint 1) was identified. Upon DNA damage, it 

acts together with USP28 to activate the DNA damage checkpoint [172]. Another 

interesting protein which was found is the nuclear mitotic apparatus protein 1 

(NuMA1). NuMA1 is known to be involved in the organization of the spindle apparatus 

and microtubule functions and has not been related to USP28 so far [200] (Figure 

21A). I verified the possible interaction between NuMA1 and USP28 by co-IP followed 

by western blotting. Additionally, I showed that the interaction was increased in 

tetraploid cells, but not after DNA damage in diploid cells (Figure 21B). Interestingly, 

immunofluorescence images also unveiled that NuMA1 and USP28 colocalize on 

single centrosomes as well as on clustered centrosomes (Figure 21C). 

A well-known role of NuMA1 is its involvement in the process of centrosome clustering 

[185]. The interaction of USP28 and NuMA1 in tetraploid cells and their colocalization 

on centrosomes suggested that the interaction might influence the centrosome 

coalescence in cells after whole genome duplication. Indeed, I observed an increase 

in pseudo-bipolar spindles in tetraploid HCT116 γ-tubulin mRuby after USP28 

depletion compared to control cells, while absolute centrosome numbers were not 

changed (Figure 21E, D). Clustering of supernumerary centrosomes can counteract 

the deleterious consequences of multipolar mitosis and thereby improve the 

proliferation of cells after cytokinesis failure. Nevertheless, the mechanism how 

USP28 and NuMA1 act together to influence centrosome coalescence remains 

unknown and needs further investigation. 

A second interactor of USP28 found enriched after whole genome duplication was 

MDC1, which is required for checkpoint mediated cell cycle arrest in response to DNA 

damage [201]. Earlier studies already suggested that cells, for example in Drosophila 

or U2OS (human osteosarcoma cells), accumulate DNA damage after whole genome 

doubling [202, 203]. Indeed, imaging of the DNA damage markers γH2A.X and 53BP1 

in binucleated tetraploid HCT116 displayed an increased accumulation of DNA 

damage (Figure 22A, B). Additionally, we showed that tetraploid HCT116 exhibited a 

delayed repair of the accumulated DNA damage (Figure 22B). To gain an insight 
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whether USP28 plays a role in activation of DNA repair pathways after whole genome 

duplication, I evaluated the abundance and phosphorylation of several checkpoint 

proteins over a time course of 48 h after DCD washout in HCT116 with and without 

USP28 (U35) (Figure 22C, D; SuppFigure 3A). An increased phosphorylation of 

RPA32 by the kinase ATR at position Ser33 and a delayed phosphorylation at Ser4-8 

by DNA-PK were detected. Other DNA damage markers such as the γH2A.X signal 

and the phosphorylation of CHK1 increased over time after cytokinesis failure (Figure 

22B, C, D; SuppFigure 3A). Additionally, immunoblotting revealed an activation of 

the p53 pathway after whole genome duplication by increased accumulation of p53, 

Figure 22 Depletion of USP28 decreases the DNA damage signaling in HCT116 cells after WGD. 
(A) Representative immunofluorescence images of γH2A.X (Upper panel) and 53BP1 (Lower panel) 
foci in binucleated cells. Scale bars 10 µm. (B) Quantifications of γH2A.X (Upper panel) and 53BP1 
(Lower panel) foci in diploid and tetraploid HCT116. Timepoints indicated the time after DCD washout. 
Means + SEM are shown. (C) Representative immunoblots showing several DNA damage and 
replication stress markers in DCD treated HCT116 (left) and after USP28 knock out (right, U35). 
Samples were fixed at indicated time points after DCD washout. α-actinin was used as a loading control. 
(D) Quantification of DNA damage proteins in tetraploid HCT116 and U35. Plotted values were 
normalized to the loading control. Means + SEM are shown. These results were obtained together with 
master student Lisa Stautmeister. 
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its activation by increased phosphorylation at Ser15 [204] and accumulation of the 

downstream target p21 (Figure 22C, D). Notably, knock out of USP28 decreased the 

checkpoint activation of all tested markers and reduced the accumulation and 

activation of the p53 pathway (Figure 22C, D; SuppFigure 3). 

To exclude that this effect is exclusive for cytokinesis failure prompted by DCD, I used 

ANLN knock down as a genetic approach to induce tetraploidization. As an example, 

I investigated the phosphorylation of RPA32 in wildtype HCT116 cells compared to the 

USP28 knock out clone U22 and analyzed the samples via immunoblotting and 
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microscopy. Quantification of the nuclei containing more than five pRPA32 Ser33 foci 

revealed that tetraploid cells after USP28 knock out show a reduced percentage 

compared to the wildtype (Figure 23A). In addition, immunoblotting for RPA32 pSer4-

8 and pSer33 revealed that the levels of both phosphorylation isoforms were 

decreased in knock out clone U22 after WGD (Figure 23B). The analysis confirmed 

the results gathered after chemical induction of tetraploidization. 

Figure 23 Reduced RPA32 phosphorylation in tetraploid U22 compared to the 
wildtype. (A) (Left) Quantifications of RPA32 pSer33 foci in diploid and tetraploid HCT116 
and U22. Timepoints indicated the time after ANLN depletion. Means + SEM are shown. 
(Right) Representative immunofluorescence images RPA32 pSer33 foci in binucleated 
cells. Scale bars 10 µm. (B) Representative immunoblots showing RPA32 and its 
phosphorylation isoforms in HCT116 (left) and after USP28 knock out (right, U22) following 
ANLN depletion. Samples were fixed at indicated time points after ANLN knock down. α-
actinin was used as a loading control. Quantification of the shown immunoblots. Plotted 
values were normalized to the loading control. Means + SEM are shown. 
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Following the time course after DCD washout and after ANLN depletion, I verified that 

the cells after cytokinesis failure exhibit significant amounts of DNA damage. As loss 

of USP28 diminished the checkpoint activation, we propose that this mechanism 

contributes to increased proliferation of tetraploid cells. 

 

1.3. SPINT2 as a new regulator of the CDKN1A expression 

Newest investigations revealed that the expression of CDKN1A (p21) is drastically 

reduced in the absence of SPINT2 after tetraploidization as well as after treatment 

with the DNA damage inducing drug doxorubicin (DOX) even though p53 remains 

activated. This effect was observed in several different cell lines such as DLD-1 and 

RPE1 (Figure 24A). Additionally, analysis of gene expression from The Cancer 

Genome Atlas database showed a strong correlation between SPINT2 and CDKN1A 

in healthy samples, whereas in cancer samples, where SPINT2 is frequently mutated, 

only a weak correlation was observed [159, 161]. Further analysis using chromatin 

immunoprecipitation of p53 on the defined regulatory elements of the CDKN1A 

promotor exposed the underlying mechanism: p53 cannot bind to the p21 promotor 

after DCD or DOX treatment upon SPINT2 depletion (Figure 24B). Consequently, p21 

Figure 24 p53 cannot bind to the CDKN1A promotor upon SPINT2 depletion. (A) Representative 
immunoblots of p53 and p21 in RPE1, DLD-1 and CaCo-2 control cells (untr, siNT) after after SPINT 
depletion (siSPINT2). Samples were either untreated (ctrl) or treated with doxorubicin. Ponceau staining 
was used as a loading control. (B) Chromatin immunoprecipitation of p53 with the defined regulatory 
elements of the CDKN1A promotor. Cells were treated with siRNA against SPINT2 (siSPINT2) or a 
non-targeting control (siNT). Samples were either untreated (untr), DCD treated or treated with 
Doxorubicin (DOX). Mean + SEM from three biological replicates is shown. Data obtained and analyzed 
by Katarzyna Seget-Trzensiok. 
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was not expressed and the affected cells did not arrest. Because histone acetylation 

within the CDKN1A promotor region is crucial for its expression, treatment with the 

histone deacetylase inhibitor trichostatin A (TSA) restored the p21 expression. Taken 

together, the data suggests that SPINT2 is a possible new regulator of the CDKN1A 

expression in human cells which affects the histone modifications within its promotor. 

To further validate that this effect is neither cell line specific nor specific to one histone 

deacetylase inhibitor, I repeated the experiments in two additional cell lines as well as 

with SAHA as 

another histone 

deacetylase 

inhibitor. Indeed, I 

verified the effect of 

histone deacetylase 

inhibition using TSA 

in the colorectal 

adenocarcinoma cell 

line DLD-1 as well as 

in the non-

transformed cell line 

RPE1. Upon TSA treatment, the p21 activation in SPINT2 depleted cells could be 

restored (Figure 25A, B). Nevertheless, upon SAHA treatment, no effect on p21 

activation after SPINT2 depletion could be obtained in HCT116, RPE1 or DLD-1 

(SuppFigure 4A, B, C, D). This suggests that TSA might inhibit additional histone 

deacetylases compared to SAHA. 

In summary, I verified the effect of SPINT2 depletion on CDKN1A expression in 

various human cell lines upon DOX treatment. Loss of SPINT2 prevented p53 in 

binding to the CDKN1A promotor and by that led to improved proliferation after DCD 

or DOX treatment. 

 

 

Figure 25 Promotor acetylation mediates the effect of SPINT2 on 
CDKN1A (p21) expression. Representative immunoblots of p53 and p21 
in DLD-1 (A) and RPE1 (B) control cells (siNT) and after SPINT2 depletion 
(siSPINT2). Samples were either untreated, treated with DOX alone or DOX 
together with TSA. γ-tubulin was used as a loading control. 
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2. Consequences of whole-genome duplication in HCT116 

 

Based on the previous results, we conclude that cells suffer from DNA damage after 

whole genome duplication (Figure 22). Following this preliminary data, we wanted to 

reveal the causes of DNA damage in tetraploid cells. Several studies suggest 

replication stress to be one endogenous source of DNA damage. Indeed, results 

demonstrated that cells induced the DDR in response to replication stress [40, 205, 

206]. Therefore, I investigated several possible sources of DNA damage in cells after 

whole genome duplication, starting with their replication. 

 

2.1. Analysis of the replication after whole genome duplication 

To investigate whether tetraploidy has an influence on replication dynamics, I induced 

cytokinesis failure in HCT116 by DCD treatment and afterwards pulsed alternately with 

the thymidine analogs CIdU and IdU. The extracted DNA was prepared using the DNA 

combing technique and labelled with antibodies against CIdU, IdU and ssDNA for 

microscopic analysis (Figure 26A). The analysis of at least 260 replication forks 

Figure 26 HCT116 exhibit an increased replication rate and % of unstable replication forks after 
DCD treatment. (A) Representative images of DNA fibers in control HCT116 cells and after DCD 
treatment. ssDNA was visualized using anti-ssDNA antibodies (blue), CIdU and IdU were visualized 
using anti-IdU (red) and anti-CIdU (green) antibodies. Scale bars 10 µm. Quantification of replication 
rate (B), percentage of unstable replication forks (C) and inter origin distances (D) in diploid HCT116 
control cells and after DCD treatment. Means + SEM are shown. T-test was used for statistical 
evaluation.  
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displayed a significant increase of the replication rates in tetraploid HCT116 compared 

to the diploids (Figure 26B). At the same time, the percentage of unstable replication 

forks was much higher after whole genome duplication in contrast to cells with a diploid 

number of chromosomes (Figure 26C). Even though there was no significant 

difference between the inter origin distances (IOD) in diploid compared to tetraploid 

HCT116, the IOD seems to be slightly higher after whole genome duplication (Figure 

26D). Nevertheless, as the number of analyzed replication forks in the control sample 

was quite low, additional replicates are needed to achieve reliable results. The 

manuscript containing this data has been submitted and is currently under review. 

 

2.2. Analysis of mitotic aberrations after whole-genome duplication 

The presence of multiple origins in eukaryotic cells allows a fast replication of large 

amounts of DNA, but at the same time needs a precise organization to minimize the 

possibility of errors. Nevertheless, the system is not completely error free and it is 

proposed that replication stress leads to problems during the following mitosis [3, 116]. 

Observing the mitotic process of cells after whole genome duplication using live cell 

imaging, I noticed the appearance of several different mitotic aberrations. While only 

around 15 % of mitosis in diploid HCT116 cells show visible aberrations, the 

percentage significantly increases to around 90 % in tetraploid HCT116 (Figure 27A). 

Compared to diploid cells, where I detected only two different types of mitotic errors, 

namely anaphase bridges and lagging chromosomes, tetraploid HCT116 display a 

various range of defects. The frequent appearance of multipolar mitosis, either alone 

or together with lagging chromosomes or anaphase bridges, is striking (Figure 27B).  

Figure 27 Whole-genome duplication favors the presence of aberrations during mitosis.  
Quantification of visible aberrations during mitosis (A) and quantification of the different types of 
aberrations visible during mitosis (B) in diploid and tetraploid HCT116 cells after DCD treatment 
analyzed via live cell imaging. Mean + Sem from three biological replicates is shown. T-test was used 
for statistical evaluation.  
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To further investigate the influence of replication stress on mitosis, I had a closer look 

on a specific mitotic aberration, namely ultrafine bridges (UFB) (Figure 28A). This type 

of DNA bridges is associated with genomic regions that are known to have difficulties 

during DNA replication, such as telomeres, centromeres or common fragile sites. 

Therefore, it is proposed that UFBs specifically origin from errors during the DNA 

replication process (Summarized in [207]). 

Analyzing immunofluorescence images of HCT116 γ-tubulin mRuby I could expose 

the frequency of appearance of UFB per anaphase in diploid and tetraploid cells. Cells 

treated with DMSO were used as a negative control and treatment with the DNA 

polymerase inhibitor aphidicolin (APH) as well as caffeine to ensure proliferation was 

used as a positive control. To visualize UFB, I stained the samples with antibodies 

against PICH. Using this approach, I could demonstrate that the frequency of UFB 

significantly increased after whole genome duplication and aphidicolin treatment 

compared to the control (Figure 28B). 

2.3. Determination of DNA damage in newly arising tetraploid and 

aneuploid HCT116 

Usually, cells would be eliminated from the replicating pool after whole genome 

duplication by the p53 dependent tetraploidy checkpoint. Nevertheless, as already 

demonstrated cells might obtain different mechanism how to escape the cell cycle 

arrest and be able to further proliferate. In order to investigate the consequences of 

whole genome doubling followed by further proliferation, a previous PhD student in 

our lab established so-called post-tetraploid cell lines from the human cancer cell line 

HCT116 as well as from the human non-transformed cell line RPE1 [34]. Therefore, 

Figure 28 Frequency of ultrafine bridges is increased in tetraploid HCT116. (A) Representative 
image showing an anaphase featuring an ultrafine bridge (UFB) in APH treated HCT116 γ-tubulin 
mRuby cells. The UFB was stained using antibodies against the Plk1-interacting checkpoint helicase 
(PICH, purple). Scale bar 10 µm. (B) Quantification of the frequency of UFB during anaphase in HCT116 
γ-tubulin mRuby cells. Means + SEM from three biological replicates are shown. T-test was used for 
statistical evaluation.  
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cytokinesis failure was induced in respective cell lines by DCD treatment. 

Approximately 600 cells per cell line were plated by limited dilution in 96 well plates 

and allowed to further propagate for several weeks. The resulting single cell 

populations were analyzed by flow cytometry to evaluate the DNA content. 

Populations containing a near-tetraploid DNA content were selected and used for 

experiments. The first mitosis after tetraploidization confronts the cells with the 

challenge of having to faithfully divide double the usual chromosome amount. As 

already shown, this cell division often occurs with several errors (Figure 27), leading 

to unique karyotypes after 

completion. To have a 

broader overview of the 

consequences of whole 

genome duplication after 

proliferation, I generated 

additional HCT116 post-

tetraploid clones using a similar approach as described in [34] (Figure 29). The 

analysis of metaphase spreads of six surviving clones and the diploid parental cell line 

verified the heterozygosity of the developing karyotypes with chromosomes numbers 

ranging from around 45 in the wildtype to around near-tetraploidy in clone 96 (Figure 

30A). Some cells even contained up to 187 chromosomes (Figure 30B). Further 

characterization regarding the genomic and chromosomal stability of the cell lines via 

immunofluorescence images revealed that the appearance of anaphase bridges is 

elevated in half of the post-tetraploid clones (Figure 30C). Also, the number of lagging 

chromosomes is increased in all post-tetraploid clones except for one compared to the 

wildtype (Figure 30D), whereas the appearance of micronuclei is only higher in two 

post-tetraploid cell lines (Figure 30E). Further evidence for the instability observed in 

the post-tetraploid cells comes from analysis of data obtained by Anastasia 

Kuznetsova, a former PhD student in the group. Analysis of metaphase spreads 

stained with multicolor FISH revealed that post-tetraploids were more aneuploid 

compared to their near-diploid parental cell line (Figure 30F).  

Figure 29 Immunofluorescence image showing post-
tetraploid clone 24. DNA was stained using Vybrant DyeCycle 
Green stain. Scale bar 10 µm.  
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The appearance of higher levels of anaphase bridges, lagging chromosomes and 

micronuclei in some clones suggests that post-tetraploid cell lines might suffer from 

DNA damage. This would be in line with the results obtained from newly arising 

tetraploids in earlier experiments, where in addition replication stress hints towards the 

occurrence of DNA damage (Figure 22, 23, 28). The DNA damage response in post-

tetraploid HCT116 in comparison to freshly arising tetraploid cells was examined in 

order to reveal the occurrence of possible cellular adaptations to DNA damage in post-

tetraploid cell lines. Therefore, the protein levels of several DNA damage associated 

proteins were investigated by immunoblotting (Figure 31) [6]. For newly arising 

tetraploids, samples were collected 0, 4, 8, 12, 24, 30 and 48 h after tetraploidization. 

Tetraploidization was induced via cytokinesis failure through treatment with the 

cytokinesis inhibitor DCD. Additionally, a sample treated with aphidicolin for 24 h, an 

inhibitor of DNA polymerases, was used as a positive control. The protein levels of 

p53 as well as the levels of pp53 Ser 15 and p21 showed an increase over the time 

Figure 30 Karyotypic and cellular characterization of post-tetraploid HCT116. (A) Representative 
immunofluorescence image showing metaphase spreads from wildtype HCT116 and post-tetraploid 
clone 96. Quantification of the chromosome numbers of at least 50 metaphases (B), anaphase bridges 
(C), lagging chromosomes (D) and micronuclei (E) in HCT116 and six different post-tetraploid clones. 
Means of at least 1500 analyzed cells are shown. (F) Comparison of the number of aneuploidies 
between the near-diploid parental cell line HCT116* and two post-tetraploid clones (HPT1* and HPT2*) 
Data was acquired by mFish. Means + SEM of at least ten analyzed metaphases are shown. T-test was 
used for statistical evaluation. [17] 
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course after DCD treatment in newly arising tetraploids and peak at around 30 h after 

washout. Quantification of these proteins revealed that the post-tetraploid cells lines 

exhibited only a slight to medium increase compared to the diploid parental cell line. 

Furthermore, CHK1 levels and the levels of its phosphorylated form stayed in the 

range of the diploid control in both, newly arising tetraploid cells and post-tetraploids. 

Only in the aphidicolin treated sample, an increase in the phosphorylation of CHK1 

could be observed. The RPA phosphorylation at positions Ser33 and Ser 4-8, as well 

as the phosphorylation of histone H2A.X (γH2A.X) were enhanced in newly arising 

tetraploids peaking 24 h after release from DCD. The post-tetraploid clones displayed 

a phosphorylation of RPA and H2A.X comparable to the diploid control. With these 

results I confirmed the appearance of DNA damage right after tetraploidization, 

whereas evolved tetraploid cells exhibit DNA damage levels similar to their diploid 

parental cell line. 
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The disadvantage of this approach is the lack of differentiation between diploid and 

Figure 31 Post-tetraploids exhibit decreased DNA damage signaling compared to the parental 
cell line. (A) Representative immunoblots showing different markers of DNA damage signaling in 
untreated control (untr), newly arising tetraploid HCT116* and post-tetraploid clones (HPT1-5*). 
Aphidicolin was used as a positive control. α-actinin was used as a loading control. (B) The 
quantifications show the mean relative expression of four independent replicates. The relative expression 
was calculated by normalization to the loading control. Mean + SEM is shown. [6] 
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tetraploid cells after DCD treatment. This treatment leads to a mixed population of 

around 70 % tetraploid and 30 % 

diploid cells within the same 

culture and all cells are collected 

completely for analysis. To 

achieve a discrimination 

between diploid and tetraploid 

cells after DCD treatment, 

microscopic approaches were 

used to analyze the appearance 

of the DDR markers 53BP1, 

γH2A.X and pRPA32 Ser33 

stained with antibodies (Figure 

32). The acquired images were 

automatically analyzed using the 

CellProfiler software and foci 

formed by the marker proteins 

inside the nucleus area were quantified. Note that the samples visualizing 53BP1 foci 

were counterstained with cyclin A antibody and foci were only counted in cyclin A 

negative cells. This ensures that the cells were in G1 state and the occurring 53BP1 

foci represent DNA damage persistent throughout the previous mitotic cycle. To 

expose the nucleus area and the state of ploidy, DNA was visualized with the H2B 

GFP tag. Diploid HCT116* were compared with freshly arising tetraploid cells 0, 24 

and 48h after release from DCD and five post-tetraploid clones (HPT1*, HPT2*, 

HPT3*, HPT4* and HPT5*). As a positive control, cells were treated with 1 µM 

doxorubicin (DRB) to induce DNA damage [6]. 

Looking at the mean number of 53BP1, γH2A.X and pRPA32 Ser33 foci per nucleus, 

diploid as well as fresh tetraploid cells showed a decrease over time after DCD 

washout (Figure 33A, B, C). Concerning the 53BP1 and γH2A.X foci, the tetraploids 

exhibited a slightly increased overall count at the different timepoints. Strikingly, the 

pRPA32 Ser33 were significantly elevated in the 4N population compared to their 

diploid counterparts. Within all conducted experiments, the post-tetraploid clones 

displayed variable foci numbers amongst each other, but stayed in a range 

Figure 32 Representative immunofluorescence images 
of DDR foci in binucleated HCT116 H2B GFP. Scale bars 
10 µm. Images were taken by Lisa Stautmeister [6]. 
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comparable to newly-arising tetraploids. Using this microscope imaging approach, we 

detected an increased response to DNA damage following whole genome doubling. 

To address the question whether the replication stress is the source of the DNA 

damage, I aimed to rescue the detected DNA damage by adding additional 

nucleosides to the pool within diploid, tetraploid and post-tetraploid HCT116* cells. 

Increased nucleoside concentration frequently rescues replication stress 

[208].Therefore, a mixture of adenosine, thymidine, guanosine and cytidine was added 

at the time of release from DCD, as well as 24h after release from DCD to ensure 

proper levels of additional nucleosides throughout the experiment. For the post-

tetraploid clones, the same mixture was added and samples were taken 24h 

afterwards. The mean number of pRPA32 Ser33 foci was used as a readout for the 

response to DNA damage triggered by replication stress. The DNA polymerase 

inhibitor aphidicolin (APH) was used as a positive control. With regard to the mean 

number of pRPA32 (Ser33) foci, both 2N and 4N cells showed a decreased number 

after addition of the nucleoside mix at all taken time points (Figure 33D). However, 

the decrease in all samples was not significant. Overall, the number of DDR foci was 

Figure 33 Tetraploid and post-tetraploid HCT116 H2B GFP show increased DDR foci levels. 
Quantification of (A) 53BP1, (B) γH2A.X and (C) pRPA32 Ser33 foci levels in diploid, tetraploid and 
post-tetraploid HCT116 H2B GFP. Quantification of pRPA32 Ser33 foci levels in (D) diploid, tetraploid 
and (E) post-tetraploid HCT116 H2B GFP with and without added nucleosides. [6] Means + SEM are 
shown. Data was obtained by analysis of microscopic images. T-test was used for statistical evaluation. 
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higher in tetraploid cells compared to diploid, verifying the prior results. Similar 

experiments in post-tetraploid cells revealed that only two out of five clones showed a 

slight, but not significant, decrease in pRPA32 (Ser33) foci 24h after nucleoside 

addition (Figure 33E). Taken together, the data suggest that replication stress may 

cause the DNA damage detected in freshly arising tetraploids at least partially, 

whereas the contribution of replication stress to the DNA damage in post-tetraploids 

seems to be minor. 

Except for replication stress, reactive oxygen species are another possible source for 

the DNA damage found in tetraploid and post-tetraploid cells. In previous studies, ROS 

were already found elevated in aneuploid yeast and human cells, suggesting that ROS 

might be also the cause for the detected DNA damage [209, 210]. To test this 

hypothesis, I measured the levels of reactive oxygen species in diploid, tetraploid and 

post-tetraploid HCT116* using a flow 

cytometric approach (see Methods for 

details) (Figure 34). It is clearly visible 

that the levels of ROS increase over 

time in newly arising tetraploid HCT116* 

compared to diploid cells, whereas the 

levels in all post-tetraploid clones show 

only a moderate raise. However, the 

post-tetraploid clones still exhibited 

ROS levels higher compared to the 

positive control. In conclusion, I 

revealed the presence of elevated levels 

of reactive oxygen species after whole 

genome duplication. The arising ROS 

might contribute to the detected DNA 

damage levels in fresh tetraploid cells. 

Summarizing the acquired data, I identified occurrence of replication stress and 

reactive oxygen species in cells after whole genome duplication as well as the 

activation of the DNA damage response. Furthermore, addition of a nucleoside mixture 

attenuated the number of pRPA32 Ser33 foci in newly arising tetraploids. Taken 

Figure 34 Fresh tetraploid HCT116* show 
elevated levels of reactive oxygen species. 
Quantification of reactive oxygen species in HCT116 
H2B GFP after DCD treatment and in post-tetraploid 
cells (HPTs) measured by flow cytometry. Mean + 
SEM from at least three biological replicates is 
shown.  
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together the results suggest replication stress and reactive oxygen species as sources 

for the observed DNA damage in HCT116 after whole genome duplication. 

 

3. New common weakness in aneuploid cancer cells: Spindle 

assembly checkpoint 

 

The results presented in this chapter are a part of the Nature publication “Aneuploidy 

renders cancer cells vulnerable to mitotic checkpoint inhibition“ (2021) [16]. 
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A recent work featuring genetic and chemical screens to unravel different 

vulnerabilities among near-

euploid and aneuploid 

cancer cell lines 

demonstrated that 

aneuploids are more 

sensitive to genetic 

perturbations of the core 

components of the spindle 

assembly checkpoint 

MAD2 and BUB1B (Figure 

35) [16]. In the course of 

this study, I aimed to 

identify the sensitivity to 

chemical perturbation of 

the spindle assembly 

checkpoint in human post-tetraploid cancer cells HCT116* and non-transformed post-

tetraploid RPE1* cells compared to their respective diploid parental cell lines. 

 

3.1. Analysis of the SAC in post-tetraploid HCT116 and RPE1 

To evaluate the sensitivity to chemical perturbation of the SAC in diploid and post-

tetraploid HCT116* and RPE1*, I treated them with 200ng/ml Nocodazole, an inhibitor 

of microtubule polymerization. The absence of microtubule kinetochore interaction 

activates the spindle assembly checkpoint, causing the cells to arrest in mitosis [187]. 

Following the treatment, the samples were used for live cell imaging to assess the time 

(measured in hours) they spent in mitotic arrest before continuing to divide (Figure 

36). Looking at the data acquired from imaging HCT116* revealed that while the 

Figure 35 Aneuploid cancer cells are more dependent on the 
SAC core components MAD2 and BUB1B. Genetic dependencies 
of aneuploid and euploid cells based on a genome-wide Achilles 
RNAi screen [16]. 
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diploid population spends 

around 18 h in mitotic 

arrest, the post-tetraploid 

clones HPT1* and HPT2* 

show a significant decrease 

in time in mitotic arrest, 

already starting to divide 

after approximately 15 h 

(Figure 36A). This effect 

was only partial in non-

transformed RPE1*. 

Following nocodazole 

treatment, diploid RPE1* 

spend approximately 10 h in 

mitotic arrest, whereas 

post-tetraploid clone 1 exits the arrest already after 6 h. Nevertheless, the decrease 

of time in mitotic arrest was absent in RPT3*, as the time in mitotic arrest in this cell 

line was comparable to wildtype levels (Figure 36B). Using this approach, I could 

demonstrate that aneuploid cancer cells overcome cell cycle arrest triggered by 

microtubule depolymerization faster compared to their diploid counterparts in most 

tested cell lines. 

The next aim was to assess the sensitivity of euploid and aneuploid RPE1* to chemical 

inhibition of the SAC. To this purpose I treated diploid RPE1* and two post-tetraploid 

clones (RPT1* and RPT3*) prior to imaging with 500 nM reversine, an inhibitor of the 

kinase MPS1, which is essential within the SAC complex (Figure 37). Using this data, 

I calculated the mitotic index of all three cell lines by dividing the number of mitotic 

cells by the total cell number to determine the ability to further proliferate after SAC 

inhibition. A reduced mitotic index was identified in all three cell lines after treatment 

with reversine. Nevertheless, no increased sensitivity to SAC inhibition was detected 

in aneuploid RPE1 compared to diploid cells (Figure 37A). For further characterization 

of the mitotic aberrations after inhibition of the spindle assembly checkpoint, I 

evaluated the percentage of cell divisions with multipolar spindles, the percentage of 

successful cytokinesis and the percentage of cells harboring micronuclei (Figure 37B, 

Figure 36 Post-tetraploids overcome mitotic arrest faster 
compared to wildtypes. Quantification of the time in mitotic arrest 
after microtubule depolymerization with 200 ng/ml Nocodazole in 
(A) HCT116* and two post-tetraploid clones (HPT1* and HPT2*) 
and in (B) RPE* and two post-tetraploid clones (RPT1* and 
RPT3*). Mean + SEM is shown. T-test was used for statistical 
evaluation.  
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C, D). Even without reversine treatment, RPT3* shows elevated levels of multipolar 

spindles compared to RPE1* and RPT1*. Following reversine treatment, there was no 

increase in the appearance of multipolar mitosis within the diploid parental cell line, 

whereas in both post-tetraploid clones the percentage of multipolar metaphases 

increased (Figure 37B). The prevalence of cytokinesis failure after SAC inhibition 

increased to around 25 % in RPT1*, and in RPT3* to even half of the occurring cell 

divisions (Figure 37C). Quantification of the appearance of micronuclei revealed an 

increase in all tested cell lines after reversine treatment. Interestingly, the results 

revealed that the percentage of micronuclei increased after SAC inhibition to a higher 

extend in the aneuploid cell lines compared to diploid RPE1* (Figure 37D). 

Taken together I demonstrated that aneuploids overcome mitotic arrest faster 

compared to diploid, but by that they acquire a diverse range of mitotic aberrations. 

 

Figure 37 Cellular characterization of the SAC in post-tetraploid RPE1 H2B GFP. Quantification of 
(A) mitotic index, (B) percentage of cell division with multipolar spindles, (C) percentage of successful 
cytokinesis and (D) percentage of cells with micronuclei in RPE1* and two post-tetraploid RPE1* clones 
(RPT1* and RPT3*) after treatment with the MPS1 inhibitor reversine. Means + SEM from three 
biological replicates are shown. T-test was used for statistical evaluation.  
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3.2. Relevance of KIF18A in aneuploid non-transformed and cancer cell 

lines 

Further investigation comparing the expression levels of the transcript of the spindle 

components in aneuploid cancer cells compared to their diploid parental cell line 

revealed that the 

transcript levels of the 

kinesin motor protein 

KIF18A were drastically 

reduced in HCT116 post-

tetraploids (Figure 38) 

[16]. Immunoblotting of 

diploid RPE1* side-by-

side with the respective 

post-tetraploid clones 

(RPT1* and RPT3*) confirmed a significant decrease of KIF18A protein levels in 

RPT1* and a slight 

decrease in RPT3* 

as well (Figure 

39A, B). Based on 

these findings, we 

hypothesized that 

aneuploid cancer 

cells might be also 

more dependent on 

KIF18A compared 

to their diploid 

counterparts. Indeed, this hypothesis was validated by large-scale transcriptome 

analysis of 997 human cancer cell lines [16]. For further validation of these results, I 

aimed to also investigate the dependency on KIF18A in diploid non-transformed 

RPE1* as well as in the derived post-tetraploid clones. To test this, I performed an 

siRNA mediated knock down of KIF18A in diploid RPE1* and two post-tetraploid 

clones (RPT1* and RPT3*). Non-targeting RNA was used as a negative control. The 

siRNA mediated knock down could reliably reduce the KIF18A levels in the post-

Figure 39 Post-tetraploid RPE1 H2B GFP show reduced levels of the 
mitotic kinesin KIF18A. (A) Representative immunoblot showing KIF18A 
protein levels in RPE1* and two post-tetraploid clones (RPT1* and RPT3*). 
GAPDH was used as a loading control. (B) Quantification of KIF18A levels in 
RPE1* and two post-tetraploid clones (RPT1* and RPT3*). Mean + SEM is 
shown. T-test was used for statistical evaluation.  

Figure 38 Expression of KIF18A is reduced in HPTs. Gene 
expression levels in HCT116 post-tetraploids compared to their diploid 
parental cell line. KIF18A is highlighted in red. [16] 
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tetraploid clones to around 50 % of the wildtype levels (SuppFigure 5). Using this 

approach, I repeated the same analysis as after reversine treatment to investigate the 

mitotic function in aneuploids and quantified the mitotic index, time spent in mitosis, 

percentage of cytokinesis failure, multipolar mitosis and percentage of cells with 

micronuclei (Figure 40). Analyzing the data, I observed that all three tested cell lines 

exhibited a slightly, but not significant, decreased mitotic index after KIF18A knock 

down. Comparing the two post-tetraploid clones with the wildtype, the effect was not 

increased in RPT1* and RPT3* (Figure 40A). Additionally, I verified a significant 

mitotic delay in all three cell lines (Figure 40B). Whereas the wildtype did not show 

any cytokinesis failure without KIF18A knock down, the cytokinesis in both post-

tetraploid clones RPT1* and RPT3* failed in around 2.3 % and 2.9 % of all mitosis, 

respectively. After knock down, the level of failed cytokinesis increases to around 5 % 

in all tested cell lines. Whereas the increase is significant in wildtype and RPT1*, no 

significance was detected for RPT3* (Figure 40C). Similar to cytokinesis failure, 

RPE1* and RPT1* also show a significant increase in multipolar cell divisions, while 

RPT3* exhibits only a slight increase from 4.1 % to 6.5 %. Interestingly, after KIF18A 

Figure 40 Mitotic characterization of diploid and post-tetraploid RPE1 H2B GFP after KIF18A 
depletion. Quantification of (A) mitotic index, (B) time spent in mitosis, (C) cytokinesis failure, (D) 
multipolar mitosis and (E) percentage of cells with micronuclei (MN) in diploid and aneuploid RPE1*. 
Means + SEM from at least three biological replicates are shown. T-test was used for statistical 
evaluation. 
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knock down the data revealed that the number of appearing micronuclei in post-

tetraploids is significantly more increased compared to the wildtype (Figure 40E). 

Analyzing the data, I verified that all three cell lines exhibited mitotic aberrations after 

KIF18A knock down. In the case of micronuclei, the post-tetraploid clones show an 

even more severe phenotype. 

Comparing the results in RPE1 with our previous data, the phenotypes observed in 

post-tetraploid cell lines derived from the human colon carcinoma cell line HCT116 

were more prominent [16]. Because of that, the KIF18A protein levels were analyzed 

in the same HCT116* post-tetraploid clones (HPT1-5*) in comparison to newly arising 

tetraploid HCT116* (Figure 41). The immunoblot confirmed reduced KIF18A levels in 

the post-tetraploid clones compared to their parental cell line, whereas newly arising 

tetraploids show levels in the range of diploid HCT116. Strikingly, also aphidicolin 

treatment seems to increase KIF18A levels in HCT116 (Figure 41B).  

To further characterize the newly created HCT116 post-tetraploid clones 5, 24, 40, 69, 

75 and 96, I investigated the levels of some key proteins by immunoblotting (Figure 

42A). The quantification indicated an increased level of KIF18A in all tested post-

tetraploid clones compared to the parental cell line except for HPT40, which is in 

contrast to previous results [16] (Figure 42B). Interestingly, the KIF18A levels 

negatively correlated with the levels of phosphorylation of p53 at position Ser15, which 

Figure 41 KIF18A protein levels are reduced in post-tetraploid clones compared to the wildtype. 
(A) Representative immunoblot showing KIF18A levels in untreated control (untr), after aphidicolin 
treatment (Aph), in newly arising tetraploid HCT116 and post-tetraploid HCT116 (HPT1-5). Timepoints 
indicate the time after DCD washout. α-actinin was used as a loading control. (B) Quantification of 
KIF18A levels of four independent replicates. The relative expression was calculated by normalization 
to the loading control. Means + SEM from three biological replicates are shown. With Lisa Stautmeister. 
[6] 
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is crucial to facilitate the activation of p53 in response to DNA damage [204] (Figure 

42C). The levels of BUBR1, which is a SAC core component and a known interactor 

of KIF18A, range around the levels detected in the wildtype cell line [211] (Figure 

Figure 42 Differential protein expression among HCT116 post-tetraploid clones. (A) 
Representative immunoblots showing KIF18A, pp53 Ser15, BUBR1 and CDC20 in diploid HCT116 and 
six post-tetraploid clones (HPT5, HPT24, HPT40, HPT69, HPT75 and HPT96. γ-tubulin was used as a 
loading control. Quantification of KIF18A levels (B), pp53 Ser15 levels (C), BUBR1 levels (D) and 
CDC20 levels (E) in HCT116 and HCTs. The quantification shows the mean expression + SEM of at 
least 3 replicates. The relative expression was calculated by normalization to γ-tubulin. 
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42D). Additionally, I blotted for the cell division cell protein 20 (CDC20) to evaluate the 

cell cycle phase in which most of the sampled cells are, as this protein is present only 

in the late S-phase and mitosis [212] (Figure 42E). As the post-tetraploid cells used 

for this experiment were only recently established and show high instability, further 

investigations are needed to verify the obtained protein levels and to test the possibility 

that the changes of KIF18A abundance reflect the cellular adaptation to tetraploidy.  

To obtain independent read out regarding the KIF18A levels in these cells especially 

during mitosis, I stained KIF18A using antibodies and subsequently imaged the 

samples via laser confocal microscopy (Figure 43A). Afterwards, I quantified the 

fluorescence intensity of KIF18A during mitosis in single cells. The levels of KIF18A 

are usually low during S-phase and reach their highest point during metaphase. At the 

exit of mitosis, KIF18A gets degraded [4]. Indeed, using this approach I obtained 

similar results as in the previously tested post-tetraploid clones [16]. The levels of 

Figure 43 Negative correlation between spindle length and KIF18A levels in diploid and post-
tetraploid HCT116. (A) Representative images showing the mitotic spindle in HCT116 and post-
tetraploid clone 5. KIF18A and α-tubulin were stained using antibodies. DNA was stained using Vybrant 
DyeCycle Green stain. Scale bar 10 µm. Quantification of (B) mean fluorescence and (C) spindle length 
in HCT116 and six post-tetraploid clones (HPT5, HPT24, HPT40, HPT69, HPT75 and HPT96) based 
on immunofluorescence images. Means + SEM of at least 55 analyzed spindles are shown. T-test was 
used for statistical evaluation. (D) Correlation between spindle length and KIF18A levels. 
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KIF18A during mitosis is significantly lower in post-tetraploid HCT116 compared to the 

parental cell line (Figure 43B). I also discovered that the spindle length is significantly 

changed in post-tetraploid HCT116 compared to the wildtype (Figure 43C). Taking a 

deeper look into the data, I detected a negative correlation between the levels of 

KIF18A and the length of the mitotic spindle: the higher the levels of KIF18A, the 

smaller the spindle (Figure 43D). 

Taken together, the results indicate that although post-tetraploids derived from both, 

non-transformed RPE1 and cancer cell line HCT116, maintain low KIF18A levels, they 

are sensitive to further reduction of KIF18A. The reduced KIF18A levels might be an 

adaptation to increased chromosome numbers in post-tetraploid cells, because lower 

KIF18A levels allow formation of larger spindles. However, additional reduction of 

KIF18A leads to severe mitotic aberrations that threaten the survival of cells after 

tetraploidization. 
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Discussion 

Whole genome doubling (WGD) is commonly accepted as a step in the evolution of 

aneuploid cancers. Genomic studies suggest that around 37 % of solid tumors 

undergo at least one round of WGD during their development [66]. In general, whole 

genome doubling drives several detrimental processes such as transformation, drug 

resistance and metastasis formation. All these processes lead to a poor prognosis for 

the patients diseased by those tumor types comprising tetraploid subpopulations such 

as non-small-cell lung cancer or myeloma [39, 63, 64]. However, in vitro, non-

transformed cells, such as the human RPE1 cell line or mouse embryonic fibroblasts 

(MEFs), usually arrest directly after tetraploidization, while transformed cells, for 

example the human colorectal carcinoma cell line HCT116, do not arrest until after 

their first tetraploid mitosis [11, 107, 122, 198]. These circumstances raise the question 

how human cells are able to survive whole genome duplication and further proliferate 

to develop into highly-aneuploid cancer cells. 

In the course of this dissertation, I aimed to unravel the adaptations cells need to 

undergo in order to survive whole genome duplication and the consequences caused 

by their subsequent proliferation. Using the human colorectal carcinoma cell line 

HCT116, I found two proteins which seem to play a role in the regulation of proliferation 

after tetraploidization: USP28 and SPINT2. In this connection, SPINT2 was identified 

as a possible new regulator of CDKN1A expression and thereby influencing 

downstream effectors. In contrast, USP28 seems to play a role in the clustering of 

supernumerary centrosomes and in the reduction of the DNA damage response after 

cytokinesis failure. Following proliferating tetraploid cells to reveal the consequences 

of WGD, I detected the activation of the DNA damage response (DDR). Further 

experiments identified the appearance of mitotic aberrations, replication stress and 

reactive oxygen species as possible triggers. My experiments revealed a frequent 

occurrence of mitotic aberrations, and therefore it was not surprising that cells after 

whole genome duplication are more dependent on the spindle assembly checkpoint 

which ensures the proper chromosome segregation during mitosis. Interestingly, in 

this context the mitotic kinesin KIF18A was found to be essential in aneuploid cells. 

The results emerging from this work may provide possible targets for new cancer 
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therapies of cancers that underwent WGD and thus improve the patients’ chance to 

successfully fight cancer. 

 

1. USP28 and SPINT2 as new regulators for proliferation after 

whole genome duplication 

 

During the last few years, few research papers describing genome wide screens in 

order to identify new factors relevant for the survival of cells after whole genome 

duplication were published. The results from the screens indicated that mitogenic 

signaling, growth factor signaling, the p53/p21 pathway and the Hippo pathway are 

important to inhibit the proliferation of tetraploids in non-transformed human RPE1 

cells [11, 128, 136, 213]. Aiming to find new genes limiting the survival of transformed 

human cells after cytokinesis failure, a genome-wide RNAi screen in HCT116 cells 

was carried out in our laboratory. Initially performed by Christian Kuffer, in total 140 

genes whose depletion improves tetraploid proliferation were identified. Selection of 

several candidate genes and subsequent validation via flow cytometric analysis of the 

cell cycle revealed that USP28 and SPINT2 negatively regulate the proliferation after 

tetraploidization. Analysis of various knock out clones via flow cytometry confirmed a 

positive effect USP28 and SPINT2 depletion on the survival of HCT116 after 

cytokinesis failure induced by DCD treatment as well as by anillin knock down (Figure 

20B). Re-introduction of the wildtype genes abolished the positive influence on 

tetraploid survival (Figure 19B, C). Interestingly, transfection of the USP28 knockout 

clone with a mutant version of USP28 lacking the deubiquitinase activity did not restore 

the wildtype phenotype. This suggest that the deubiquitinase function of USP28 is 

needed to limit the proliferation of HCT116 after whole genome duplication. After re-

expression of SPINT2 gene comprising a mutation within its Kunitz inhibitor domain 1, 

the improved proliferation of tetraploid HCT116 was not detected. Based on this result, 

the function of the Kunitz inhibitor domain 1 is not necessary to limit the proliferation 

of HCT116 after tetraploidization. Nevertheless, the SPINT2 protein comprises two 

Kunitz inhibitor domains and earlier studies demonstrated that Kunitz inhibitor domain 

2 seems to be responsible for the HGF activator inhibitory activity of SPINT2 [214]. 

This indicates that, in the context of whole genome duplication, SPINT2 might be 
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important to inhibit the production of bioactive HGF to restrict cell proliferation. 

Nevertheless, additional experiments are needed to confirm the necessity of Kunitz 

inhibitor domain 2 for regulation of survival after tetraploidization. Taken together, the 

results attribute a role in the survival of cells after tetraploidization to the proteins 

USP28 and SPINT2. Presumably, the deubiquitinase function of USP28 and the 

inhibitory effect on growth factor signaling of SPINT2 might be responsible for their 

negative effect on tetraploid proliferation. 

 

2. USP28 influences centrosome clustering and reduces the DDR 

 

Initially, USP28 was identified through a homology research looking for formerly 

unknown deubiquitinases [165]. Until now, USP28 was identified as a regulator in 

several functions and pathways including DNA damage response, cell proliferation, 

MYC proto-oncogene stability and survival after centrosome loss or prolonged mitosis 

[2, 168, 172, 175-177]. In order to identify the mechanism by which USP28 regulates 

the proliferation of tetraploid HCT116, a co-immunoprecipitation with subsequent 

mass spectrometry analysis was performed in our lab by Katarzyna Seget-Trzensiok. 

Thereby, interactors of USP28 specifically upon tetraploidization were identified. 

Analysis revealed MDC1, a known interactor of USP28 upon DNA damage [172], and 

NuMA1 to interact with USP28 in cells after whole genome duplication (Figure 21A). 

I verified the interaction between NuMA1 and USP28 by co-IP and subsequent 

western blotting and additionally showed that their interaction is specifically increased 

after cytokinesis failure (Figure 21B). Following aphidicolin treatment to induce DNA 

damage, the interaction between the proteins was not increased, suggesting that their 

interaction might be specifically important in the context of whole genome duplication. 

NuMA1 plays multiple roles in nuclear formation, spindle assembly and spindle 

positioning (reviewed in [19]). Considering that tetraploid cells contain supernumerary 

centrosomes, one of the many functions of NuMA1 is particularly interesting. Studies 

identified a role for NuMA1 in the coalescence of extra centrosomes [185]. Tetraploid 

cells with an excessive number of centrosomes usually undergo multipolar cell division 

which triggers apoptosis, whereas the ones that successfully divide in a normal bipolar 

manner are able to survive and enable the stable propagation of tetraploids [8, 34, 
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108, 109]. Together, this suggests that USP28 and NuMA1 might interact in order to 

regulate the centrosome clustering in cells after cytokinesis failure. Indeed, I verified 

their co-localization on centrosomes during mitosis and the percentage of pseudo-

bipolar spindles was increased in tetraploid HCT116 after USP28 depletion further 

supporting this hypothesis (Figure 21C, D). However, to uncover the mechanism how 

USP28 and NuMA1 control centrosome coalescence needs more research is needed. 

Data from a former PhD student in our lab demonstrated that USP28 depletion had no 

effect on the protein levels of NuMA1 suggesting that ubiquitination-dependent, but 

degradation-independent mechanisms might be involved. I showed the importance of 

the deubiquitinase activity of USP28 to limit tetraploid proliferation (Figure 19C), so 

one could suspect that USP28 might influence the ubiquitination status of NuMA1, 

thereby regulating for example its activity, or its further interactions. Earlier studies 

showed a decrease in multipolar spindles upon NuMA1 depletion [185]. If NuMA1 is 

ubiquitinated in order to be degraded by the proteasome upon USP28 depletion, this 

could mimic a NuMA1 depletion leading to an increased number of pseudo-bipolar 

spindles, but our data do not support that this mechanism plays a role. Additional 

experiments are needed to confirm this hypothesis. Moreover, recent studies from 

various labs uncovered a role for USP28 in the proliferation of non-transformed RPE1 

cells upon centrosome loss, but not after centrosome amplification [2, 176, 177]. 

However, one has to consider the difference between the examined cell lines. 

Whereas in my work I used the transformed cancer cell line HCT116, the other studies 

investigated the non-transformed cell line RPE1. The differences observed in the role 

of USP28 in response to centrosome stress might be due to the different timing of cell 

cycle arrest after tetraploidization. Usually, non-transformed cells, such as RPE1, 

arrest immediately after tetraploidization, while cancer cell lines, such as HCT116, 

progress through at least on additional cell cycle [11, 107, 122, 198]. This suggest that 

USP28 loss improves proliferation after cytokinesis failure by reducing the detrimental 

effects of multipolar mitoses in tetraploid cells only in later cell cycles.  

It should be noted that the observed effect of USP28 on centrosome clustering was 

rather small, indicating that an additional mechanism how USP28 might limit the 

proliferation after whole genome duplication exists. Apart from NuMA1, we also 

identified MDC1, a key mediator of the DNA damage response and replication 

checkpoint, as an interactor of USP28 in tetraploid cells. Previously, USP28 has been 
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identified to control the DNA damage response. It acts as a substrate for ATM and 

stabilizes CHK2 and 53BP1 in response to DNA damage [172]. Additionally, studies 

revealed an increase in the number of foci formed by the DNA damage markers 53BP1 

and γH2A.X in tetraploid cells compared to diploid cells [40]. In line with this data, I 

verified an increase in DNA damage markers in HCT116 cells after cytokinesis failure 

compared to diploid cells (Figure 22A, B, C). Interestingly, the DDR in tetraploid cells 

did not decrease after DCD washout to such an extent as in diploid cells, suggesting 

that they might have a problem in repair of the emerging DNA damage. The data 

indicates that the observed DNA damage might originate from DNA double-strand 

breaks as well as from replication stress. Strikingly, the depletion of USP28 in these 

cells diminished the signaling through all tested DNA damage response mediators.  

Several other studies already connected tetraploidy with an increase in DNA damage 

[107, 203, 215]. Usually, if a cell experiences DNA damage, the cell would arrest in 

the cell cycle to try to repair the damage. If the damage is too severe, apoptosis will 

be initiated [216, 217]. My data suggest that USP28 depletion in tetraploid cells 

promotes proliferation due to a decrease in the DNA damage response signaling, 

thereby preventing DNA damage induced cell cycle arrest. In order to characterize the 

exact cause of DNA damage after tetraploidization, further experiments are needed 

(see below). Especially, the activation of the ATM/CHK2 branch of the DNA damage 

response would be interesting to investigate, as USP28 was already identified to act 

upstream of CHK2 [172]. 

Taken together, the data suggests that USP28 controls the proliferation of cells after 

whole genome duplication in two different ways. First, it seems to play a role in 

centrosome coalescence where it acts together with NuMA1. Second, it modulates the 

DNA damage response thereby controlling cell cycle arrest and apoptosis. Both 

identified functions of USP28 seem to be important to limit the proliferation of tetraploid 

cells (Figure 44). 
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3. Identification of SPINT2 as a new regulator of CDKN1A 

 

The serine peptidase inhibitor Kunitz type 2 (SPINT2) was previously identified to limit 

proliferation after whole genome duplication in human non-transformed RPE1 [11, 

136]. The screen results obtained from our lab confirmed the pro-proliferative effect of 

SPINT2 depletion in tetraploid HCT116 cells. The SPINT2 gene encodes for an 

inhibitor of Hepatocyte growth factor (HGF)/c-Met signaling. Therefore, it inactivates 

the human growth factor activator (HGFA) and thereby impairs the production of the 

active hepatocyte growth factor [155]. HGF is one of the most important cytokines 

regulating essential processes such as cell proliferation, angiogenesis, organ 

development and self-repair [218]. Recent research identified enhanced cytokine 

signaling as a possible way to overcome G1 cell cycle arrest after whole genome 

duplication [11, 136]. This suggests that proliferation of tetraploid HCT116 after 

SPINT2 depletion might be promoted by enhanced growth factor signaling, thereby 

bypassing the cell cycle arrest after tetraploidization. Results from our lab additionally 

identified a reduced transcription of the p21 gene CDKN1A upon cytokinesis failure 

and induction of DNA damage in cells where SPINT2 has been depleted or deleted. 

On the other hand, the levels of p53, the upstream transcription factor regulating 

CDKN1A expression, were not influenced. Further investigations using chromatin 

immunoprecipitation revealed that p53 cannot bind anymore to the CDKN1A promotor 

upon SPINT2 depletion, thereby preventing its expression (Figure 24B). It has been 

previously shown that histone acetylation within the promotor region is essential for 

the expression of CDKN1A [219]. Inhibition of histone deacetylases (HDAC) further 

confirmed that expression of p21 in HCT116 is no longer suppressed in the absence 

of SPINT2. I found that this effect is not cell line specific, as treatment with the HDAC 

inhibitor TSA restored the p21 expression upon SPINT2 loss in RPE1 as well as in 

DLD-1 cells (Figure 25A, B). On the other hand, when using SAHA, another HDAC 

inhibitor, no changes in p21 expression was obtained in all tested cell lines 

(SuppFigure 4). Even though TSA and SAHA are very similar in their chemical 

structure and both of them inhibit class I and II HDACs, there is some difference in 

their inhibitory activity. Already very early studies on the effect of HDAC inhibitors 

showed that SAHA has an around 30-fold weaker inhibitory activity than TSA [220]. It 

is suggested that this difference in the activity might be caused by the differences in 
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their chemical structures [221]. The reduced inhibitory activity of SAHA might explain 

why, in contrast to TSA, it did not restore the p21 expression after SPINT2 depletion. 

For further characterization, it would be interesting to carry out additional experiments 

using HDACi targeting class III and IV or inhibitors targeting specific HDACs to narrow 

down which HDACs are responsible for the observed phenotype. Inhibitors targeting 

histone deacetylases are already tested in clinical trials as new therapeutic drugs for 

cancer treatment, for example in glioblastoma or breast cancer [222-224]. Considering 

that SPINT2 is silenced in different cancer types [156-160], it would be helpful to 

identify the specific HDAC inhibitor which could be used in the treatment of cancers 

with silenced SPINT2 gene. 

Taken together, SPINT2 might be a previously unknown regulator of CDKN1A 

expression in human cells that affects histone acetylation within the CDKN1A promotor 

region. Thereby, SPINT2 is able to regulate cell proliferation after DNA damage as 

well as after cytokinesis failure (Figure 8). 

 

4. DNA damage and its sources in newly arising tetraploids and 

post-tetraploid clones 

 

In the course of my studies concerning the function of USP28 in proliferation after 

cytokinesis failure, I detected elevated markers of the presence of DNA damage in 

newly arising tetraploid cells (Figure 22). Based on these results, I further 

characterized the exact effect of whole genome duplication on genome integrity, more 

precisely on the faithful replication and segregation of the genetic information. Hence, 

I used several different approaches to reveal the effect of tetraploidization on cell 

features such as replication dynamics, mitotic function and DNA damage. Surprisingly, 

using the DNA combing technique, which enables to determine multiple aspects of 

DNA replication dynamics, I observed a significant increase in the replication rate in 

tetraploid HCT116 compared to diploid cells (Figure 26B). On the other hand, the 

inter-origin distances (IODs) in diploid and tetraploid HCT116 were not altered (Figure 

26D). Usually, one would expect to see an increase in IOD with increasing replication 

rate, as fork progression rate itself may control the distances between activated origins 
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[225, 226]. Recent evidences also suggest mechanisms by which replication rate can 

be increased without affecting the IOD. Inhibition of PARP or a reduction in MCM 

proteins might increase the replication speed irrespective of the distance between the 

active origins [227, 228]. One possible explanation for the increase in replication rate 

in polyploid cells is that they maybe try to compensate their increase in DNA content 

with elevating the replication speed. Protein imbalances, for example a reduction of 

MCM helicase proteins, could be one explanation how polyploid cells increase their 

replication speed while limiting the number of activatable origins. Importantly, the 

increased replication speed may also contribute to replication stress, DNA damage 

and subsequent genomic instability [227, 228]. In line with this, I detected a massive 

increase in unstable replication forks in tetraploid HCT116 compared to diploid cells 

(Figure 26C). Possible sources for unstable replication forks include genotoxic stress 

such as DNA damage or interstrand crosslinks, but also limited nucleotide levels may 

slow or stall replication forks (Reviewed in [229]). However, this would also slow down 

replication rate which is not the case here. Further experiments are needed in order 

to unravel the cause for the increased replication speed and how this might affect the 

integrity of the genome. 

Since it has been proposed that replication stress leads to aberrations during the 

following mitotic cycle, I followed mitosis in diploid and tetraploid HCT116 using live 

cell imaging [3, 116]. Whereas in a diploid background only around 15 % of mitosis 

showed aberrations, almost all mitosis in tetraploid cells had visible aberrations 

(Figure 27A). The numerous anomalies detected in tetraploid cells can have various 

different sources. As the tetraploid cells used for the experiment were generated by 

induction of cytokinesis failure, they comprise extra centrosomes leading to the 

formation of multipolar spindles [20]. However, also precocious centriole 

disengagement or PCM fragmentation may cause multipolar spindles in the absence 

of supernumerary centrosomes [230]. Another frequent event in tetraploid mitosis was 

the appearance of lagging chromosomes. Sources for lagging chromosomes arise 

from mitotic defects such as merotelic attachment which can be in turn caused by 

multipolar spindles or increased microtubule stability [8, 111, 112, 231]. DNA combing 

revealed the occurrence of replication stress in cells after whole genome duplication 

which can be a source for chromosome bridges in the following mitosis [232]. Analysis 

of mitotic phenotypes in tetraploid cells confirmed that they suffer from replication 
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stress, but the results also indicate other mitotic defects such as multipolar mitosis and 

merotelic attachments. To further investigate the influence of replication stress on 

mitosis in cells after cytokinesis failure, I analyzed the occurrence of so-called ultrafine 

bridges (UFB). It is proposed that these DNA bridges specifically originate from errors 

during replication and therefore allow to further assess the replication stress in 

tetraploids [207]. Quantification of UFBs during anaphase depicted an increase from 

around 10 % in diploid cells to almost 50 % in cells after whole genome duplication 

(Figure 28B). Taken together, I verified that tetraploid cells suffer from replication 

stress, proven by the appearance of replication stress specific mitotic aberrations.  

Usually, newly arising tetraploid cells would be eliminated from the replicating pool by 

activation of a p53 dependent checkpoint. It is already known that cells might gain 

adaptations to overcome this cell cycle arrest and be able to survive and proliferate. 

With the aim of investigating the consequences of proliferation after tetraploidization, 

I made use of the so-called post-tetraploids, a former PhD student from out lab 

generated, and also created additional post-tetraploid clones myself (Figure 29). In 

total, I analyzed the consequences of proliferation after whole genome duplication in 

eleven different post-tetraploid clones originating from the human colon carcinoma cell 

line HCT116 and compare them to newly arising tetraploids. Characterization of the 

newly generated post-tetraploid clones revealed a diverse set of karyotypes, ranging 

from 45 to almost 190 chromosomes in some cells. At the time of analysis, the clones 

showed genomic as well as chromosomal instability represented by the appearance 

of anaphase bridges, lagging chromosomes and micronuclei (Figure 30). Based on 

the observation that the clones might still be under ongoing karyotype evolution, I 

decided to use the already established post-tetraploid cell lines for further experiments 

[34].  

The occurrence of mitotic aberrations such as DNA bridges, lagging chromosomes 

and multipolar mitosis suggests that post-tetraploid clones as well as newly arising 

tetraploids might suffer from DNA damage (Figure 30, 27B). Indeed, DNA damage 

has been already observed in cells after whole genome duplication in Drosophila, 

murine and human cells [40, 202]. To determine the levels of DNA damage, I used 

samples from five different post-tetraploid clones as well as samples over a time 

course after DCD induced cytokinesis failure and investigated various DNA damage 

associated proteins (Some factors shown in Figure 12) (Figure 31). The occurring 
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increase of both, mediators of SSBs and DSBs, suggests that there are various causes 

of DNA damage in cells after whole genome duplication. For example, SSBs may be 

induced by oxygen radicals or defects in DNA replication and repair genes [233-235]. 

On the other hand, DSBs can arise from unrepaired SSBs, or from various DNA 

damaging agents, many of which are commonly used as anti-tumor agents [233, 235, 

236]. Strikingly, all tested post-tetraploid cell lines exhibited levels of DDR proteins 

comparable to the diploid control, suggesting they might develop adaptation 

mechanisms to reduce the DNA lesions occurring after tetraploidization. Previous 

findings demonstrated that nearly-polyploid cancers cells rewire the DNA damage 

response network in order to overcome replication stress induced senescence and 

apoptosis. The results suggested a reduction in the ATR-mediated DDR and cellular 

senescence in proliferating tumor cells. Simultaneously, DNA repair activity was 

upregulated [237]. For future experiments, it would be interesting to analyze the 

transcriptome changes of the DDR as well as the DNA repair genes in newly arising 

tetraploid cells. Previous results from our laboratory confirmed a reduced p53 

activation in post-tetraploid cells compared to their diploid parental cell lines [34]. 

Comparing the previous results to the transcriptome analysis of newly-arising 

tetraploids could give insight in the mechanism underlying the different activation of 

the DDR in newly arising tetraploids and post-tetraploids. 

To evaluate these effects using a different method, I quantified the levels of foci formed 

by the DDR proteins 53BP1, γH2A.X and pRPA32 Ser33 using laser confocal 

microscopy (Figure 32). By this approach, I could differentiate between diploid and 

tetraploid nuclei within the mixed population after DCD treatment, which was not 

possible by western blot analysis. Indeed, the foci formed by all observed marker 

proteins were elevated in tetraploid cells compared to diploid, thus verifying the 

elevated occurrence of DNA damage after tetraploidization. Furthermore, the number 

of foci decreased over the time course of 48 h indicating the successful repair of the 

DNA lesions, thus removing the DDR markers from the DNA. In comparison with my 

previous results, this suggests that tetraploids are indeed able to repair the occurring 

DNA damage, but slower compared to diploid cells. In particular the number of 

pRPA32 foci was significantly increased in the tetraploid population (Figure 33A, B, 

C). This again emphasizes the importance of replication stress as a source of DNA 

damage in newly arising tetraploids. In contrast to the results from immunoblotting, 
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post-tetraploids also showed increased levels of DNA damage foci using microscopy. 

This difference might be explained by the higher precisions of microscopy compared 

to immunoblotting, allowing the observation of DNA damage foci on single cell level. 

Indeed, post-tetraploids showed quite variable numbers of DNA damage foci indicating 

that they still exhibit genomic instability, which might also explain the discrepancy 

between SDS PAGE and microscopy. However, further research is needed to exactly 

determine the amount of DNA damage in post-tetraploid cells and the factors that 

affect it. 

Previous results suggest replication stress as one of the major sources for DNA 

damage in newly arising tetraploid cells. A decrease in cellular nucleotide levels was 

already identified as one possible cause of cellular replication stress in early stages of 

cancer development. Exogenously supplied nucleosides could rescue the observed 

replication stress and DNA damage [208]. Therefore, I also aimed to rescue the 

replication stress in tetraploid and post-tetraploid cells by adding additional 

nucleosides (Figure 33D, E). Imaging of pRPA32 Ser33 in newly arising tetraploid 

cells after addition of nucleosides revealed a reduction of foci, whereas only two post-

tetraploid clones showed a slight decrease. Additionally, it was proposed that polyploid 

cells might suffer from replication stress, because the endogenous amounts of the 

replication protein A (RPA) are not sufficient to support reliable replication. The 

enhanced DNA content leads to the formation of additional replication forks, thereby 

increasing the need for replication proteins [115]. Further experiments should identify 

whether insufficient amounts of replication proteins might contribute to the observed 

replication stress in polyploid cells. One possibility would be the overexpression of key 

proteins such as RPA, as this protein was specifically found to be missing in polyploids 

for reliable replication. Importantly, the available data suggest that replication stress 

may cause the DNA damage detected in newly arising tetraploids at least partially, 

whereas the contribution of replication stress to the DNA damage in post-tetraploids 

seems to be minor.  

Another source of DNA damage are reactive oxygen species (ROS) which may 

originate from exogenous stress like ionizing radiation or chemotherapeutic drugs 

[107, 238, 239]. ROS can also be produced endogenously by the mitochondria, 

NADPH oxidase, peroxisomes or the endoplasmic reticulum [239-243].  Previously, 

elevated ROS levels were detected in aneuploid yeast and human cells, suggesting 
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that reactive oxygen species might also cause the DNA damage observed in our 

experiments [209, 210]. To test whether ROS contribute to the development of DNA 

damage in tetraploid and post-tetraploid HCT116, I used a flow cytometry-based 

approach to directly measure the levels of reactive oxygen species in the cell (Figure 

34). The results clearly depict increasing levels of ROS after cytokinesis failure in 

HCT116, confirming the data collected by Kuffer et al [107]. Only a moderate increase 

of ROS levels can be observed in post-tetraploid cells. Finally, I identified reactive 

oxygen species as another possible source for DNA damage directly after 

tetraploidization, whereas reactive oxygen species seem to play only a minor a role in 

DNA damage induction after proliferation of tetraploid cells. 

In conclusion, I observed DNA damage as one of the direct consequences of 

tetraploidization in human HCT116 cells. Whereas newly arising tetraploids clearly 

depict the activation of the DDR, it remains questionable if tetraploid cells after 

proliferation might reduce the DNA lesions via adaptive mechanisms. Furthermore, I 

confirmed replication stress as one of the main sources of DNA damage, but also 

reactive oxygen species seem to contribute to the damage. Future research may shed 

more light on the prevalence and specific sources of DNA damage in newly arising 

tetraploids and post-tetraploid cells and how this damage might contribute to the 

development of cancer. 

 

5. Post-tetraploid cells are vulnerable to SACi and KIF18A 

depletion 

 

Unfortunately, identification of an effective treatment which specifically affects cancer 

cells is difficult. Because cancer cells develop from the healthy tissue surrounding 

them, they are very similar to each other. Discovery of specific vulnerabilities of cancer 

cells to develop novel anti-cancer drugs is inevitable to help cure cancer patients all 

over the world. For this, aneuploidy and WGD provide an interesting opportunity as 

large majority of cancer cells differ from the healthy cells specifically by their aberrant 

chromosomal numbers. A recent work suggested that the spindle assembly 

checkpoint and its components may present a specific vulnerability of aneuploid 
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cancer cells [16]. To assess the sensitivity of aneuploid cancer cells to chemical 

perturbations of the SAC compared to the euploid control cells, I treated them with 

various drugs affecting the mitotic spindle functions and followed them via live cell 

microscopy. Treatment with the microtubule depolymerizing drug Nocodazole lead to 

cell cycle arrest following spindle assembly checkpoint activation. Using this approach, 

I observed that post-tetraploid cells escaped the cell cycle arrest earlier in contrast to 

the euploid cells (Figure 36). Furthermore, I inhibited the SAC by treatment with the 

MPS1 inhibitor reversine and quantified the appearance of aberrations during mitosis 

(Figure 37). Analysis revealed elevated levels of mitotic aberrations such as multipolar 

mitosis, cytokinesis failure and micronuclei formation following spindle assembly 

checkpoint inhibition in all tested cell lines. Surprisingly, the increase in aberrations 

was higher in aneuploid cells arising from WGD in comparison to their euploid parental 

cell line. Taken together, the results suggest that aneuploid cancer cells can overcome 

the cell cycle arrest caused by SAC perturbations faster compared to their diploid 

parental cell line. However, this ability leads to the accumulation of various detrimental 

mitotic aberrations, which might lead to cell cycle arrest or apoptosis. Multiple SAC 

inhibitors targeting the MPS1 kinase are already tested in clinical trials as anticancer 

drugs [244]. Possibly, the degree of aneuploidy and CIN may function as a marker to 

predict the sensitivity of the patients’ tumors to those inhibitors. Thereby, personalized 

cancer treatment based on the karyotyping could be deployed in order to improve the 

effectiveness on the specific tumor type. 

To further decipher the response of aneuploid cancer cells to SAC inhibition, Cohen-

Sharir et al. analyzed the expression levels of spindle proteins in post-tetraploid cells 

compared to the respective diploid parental cell lines (Figure 38). The mRNA and 

protein expression analysis revealed the expression levels of the mitotic kinesin 

KIF18A were reduced in aneuploid cells [16]. I confirmed this result by immunoblotting 

in various post-tetraploid cell lines (Figure 39, 25). Based on these findings, we 

hypothesized that aneuploid cancer cells might be more dependent on KIF18A 

function than diploid cells. Indeed, several studies confirmed the dependency of 

unstable aneuploid cancer cells as well as aneuploid cell lines after whole genome 

doubling on KIF18A function [16, 194, 245, 246]. To assess the mitotic functions after 

further reduction of KIF18A levels in aneuploid cells, I depleted KIF18A in post-

tetraploid cell lines derived from non-transformed RPE1 cells (Figure 40). Following 
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depletion of KIF18A, I observed a decreased mitotic index accompanied by a 

significant mitotic delay in all tested cell lines. Furthermore, various mitotic aberrations 

such as multipolar mitoses, cytokinesis failure and the formation of micronuclei were 

detected. Finally, the occurrence of detrimental mitotic aberrations might lead to 

cellular death, confirming an enhanced dependency of aneuploid cells on KIF18A 

function.  

Previous data revealed that the phenotypes are more striking in the human 

transformed cell line HCT116 than in non-transformed cell line such as RPE1 [16]. By 

immunoblotting I did not notice decreased KIF18A protein levels in HCT116 compared 

to RPE1, suggesting that there might be additional changes in the transformed cell 

line increasing their dependency on KIF18A function. Interestingly, KIF18A protein 

levels were increased in cells immediately after whole genome duplication. This 

indicates that tetraploid cells might upregulate KIF18A as a first adaptation to their 

increased DNA content, but finally reduce its levels again during their evolution. 

Characterization of the newly generated post-tetraploid cell lines further supports this 

hypothesis. Immunoblotting revealed elevated levels of KIF18A in most of the newly 

generated PTs in comparison to the diploid parental cell line (Figure 42A, B). 

Additionally, BUBR1 levels were not altered compared to the euploid cells. BUBR1, a 

core component of the SAC, was also found to be reduced in aneuploid cancer cells, 

therefore making them more dependent on its function (Figure 42D). Interestingly, 

HPT40 showed relatively low levels of KIF18A compared to the other clones, but on 

the other hand had the highest phosphorylation of p53 at position Ser15 (Figure 42C). 

Phosphorylation of p53 at Ser15 indicates the activation of the DNA damage response, 

suggesting that the low levels of KIF18A might lead to DNA damage in clone 40. 

However, clone 40 did not show particularly increased genomic instability in earlier 

analyses and therefore this cannot explain the increased occurrence of DNA damage 

(Figure 30). Thus, the exact link between KIF18A activity, WGD and DNA damage 

remains to be investigated. 

Interestingly, previous data have proposed that depletion of KIF18A alters the spindle 

geometry, making the spindle longer and wider [191, 192]. Consistent with these data, 

I observed a negative correlation between KIF18A levels and the length of the mitotic 

spindle (Figure 43). Furthermore, KIF18A suppresses excessive chromosome 

movement during mitosis ensuring their proper alignment on the metaphase plate to 
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promote error free segregation [190]. In the course of my work I verified the 

appearance of severe mitotic aberrations such as missegregations after whole 

genome duplication (Figure 27B). One could suspect that cells immediately after 

tetraploidization upregulate their KIF18A levels to achieve a more compact spindle 

and decrease chromosome motion. This could then lead to a decrease in 

chromosomal missegregations promoting the stable propagation of the tetraploid 

karyotype. Later on, during evolution, post-tetraploid cells might again downregulate 

KIF18A to build up a bigger spindle to faithfully segregate their elevated DNA content. 

This would be in line with my observation that evolved post-tetraploid cells lines 

displayed large spindle and only a slight increase in DNA damage markers (Figure 

31). 

To summarize the existing data, aneuploid cancer cells show an altered spindle 

geometry possibly caused by a reduction of the KIF18A protein levels. This might 

serve as an adaptation to their elevated DNA content. Furthermore, they overcome 

spindle checkpoint inhibition faster compared to euploid cells, but exhibit detrimental 

mitotic aberrations causing proliferation defects and reducing their viability 

(Summarized in Figure 44). 

Altogether, my research work focused on unraveling the key aspects of whole genome 

doubling focusing on both, immediate effects as well as long term effects and 

adaptation to tetraploidy. During my work, I identified two novel factors limiting the 

proliferation of cells after whole genome duplication and investigated the underlying 

Figure 44 Scheme of the response to spindle assembly checkpoint inhibition in diploid 
and aneuploid cells. In contrast to diploid cells, aneuploids show an altered spindle structure 
caused by abnormal KIF18A protein levels. Initially, they overcome the inhibition of the SAC 
faster compared to diploid cells, but high levels of mitotic aberrations can be observed. The 
outcome of the erroneous cell divisions lead to decreased viability and proliferation defects. 
[16] 
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mechanisms. Furthermore, I confirmed the presence of DNA damage after 

tetraploidization and suggested replication stress and reactive oxygen species as two 

possible sources. Finally, I determined the spindle assembly checkpoint as well as the 

mitotic kinesin KIF18A to be specific vulnerabilities of aneuploid cancer cells. Taken 

together, my research work identified several starting points for future studies to 

discover novel anti-cancer drugs. In the future, it would be important to uncover the 

complete molecular pathways in order to find drugs interfering at all steps on the route 

from whole genome duplication to aneuploidy and cancer. 
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Materials 

Chemicals 

5-Chloro-2’-deoxyuridine    Sigma-Aldrich, Taufkirchen, Germany 

5-Iodo-2’deoxyuridine    Sigma-Aldrich, Taufkirchen, Germany 

β-Mercaptoethanol     Merck Biosciences, Darmstadt, Germany  

Acetic acid      Sigma-Aldrich, Taufkirchen, Germany  

Acrylamide, 30% w/v SERVA Electrophoresis, Heidelberg, 

Germany  

Agarose  SERVA Electrophoresis, Heidelberg, 

Germany  

Ammonium persulfate    Sigma-Aldrich, Taufkirchen, Germany 

Aphidicolin     Sigma-Aldrich, Taufkirchen, Germany 

Bovine Serum Albumine    VWR, Bruchsal, Germany 

Bradford reagent     BioRad, Hercules, USA  

Bromophenol blue    AppliChem, Darmstadt, Germany 

Dihydrocytochalasin D    Sigma-Aldrich, Taufkirchen, Germany  

Dimethylsulfoxid     Carl Roth, Karlsruhe, Germany 

Disodium phosphate    AppliChem, Darmstadt, Germany 

DMEM + GlutaMAXTM-I    Thermo Fisher Scientific, Waltham, USA  

Doxorubicin      Sigma-Aldrich, Taufkirchen, Germany 

Ethylenediaminetetraacetic acid  Calbiochem, La Jolla, USA  

Ethanol      Sigma-Aldrich, Taufkirchen, Germany  

Fetal Bovine Serum    Sigma-Aldrich, Taufkirchen, Germany  

Glycerol      Sigma-Aldrich, Taufkirchen, Germany  

Glycine      MP Biomedicals, Santa Ana, USA  

Hydrochloric acid     Sigma-Aldrich, Taufkirchen, Germany  

Hydroxy urea     Sigma-Aldrich, Taufkirchen, Germany  

NP-40, 10%      BioVision, Milpitas, USA 

Isopropanol      Sigma-Aldrich, Taufkirchen, Germany  

Lipofectamine 2000    Thermo Fisher Scientific, Waltham, USA  

Lumigen ECL Ultra Solution A   Lumigen, Southfield, USA 

Lumigen ECL Ultra Solution B   Lumigen, Southfield, USA 
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Methanol      Thermo Fisher Scientific, Waltham, USA  

Monopotassium phosphate   AppliChem, Darmstadt, Germany 

Opti-MEM      Thermo Fisher Scientific, Waltham, USA  

Penicillin/Streptomycin    Thermo Fisher Scientific, Waltham, USA  

Phosphatase inhibitor tablets   Roche, Basel, Switzerland  

Ponceau S      Sigma-Aldrich, Taufkirchen, Germany 

Potassium chloride    Merck Biosciences, Darmstadt, Germany 

Precision Plus Protein™  

All Blue Standards     Bio-Rad, Feldkirchen, Germany 

Protease inhibitor tablets    Roche, Basel, Switzerland  

RNaseZap™     Thermo Fisher Scientific, Waltham, USA 

Skim milk powder  SERVA Electrophoresis, Heidelberg, 

Germany  

Sodium azide (NaN3)   Sigma-Aldrich, Taufkirchen, Germany 

Sodium chloride (NaCl)    Sigma-Aldrich, Taufkirchen, Germany 

Sodium deoxycholate   Sigma-Aldrich, Taufkirchen, Germany 

Sodium dodecyl sulfate    AppliChem, Darmstadt, Germany  

Tetramethylethylenediamine   Sigma-Aldrich, Taufkirchen, Germany 

Tris(hydroxymethyl)aminomethan  AppliChem, Darmstadt, Germany  

Triton X-100      Carl Roth, Karlsruhe, Germany 

Trypsin-EDTA, 0.25%   Thermo Fisher Scientific, Waltham, USA  

Tween-20      Sigma-Aldrich, Taufkirchen, Germany 

 

Cell lines 

HCT116 is a human colorectal carcinoma cell line purchased from ATCC (No. CCL-

247, LGC Standards GmbH, Wesel, Germany). The HCT116 cell line expressing H2B-

GFP was established by Christina Kuffer. In brief, to generate the cell line, HCT116 

was transfected with the pBOS-H2BGFP construct (BD Pharmingen, Heidelberg, 

Germany) using the FugeneHD transfection reagent according to the manufacturer’s 

protocol. The transfected cells were further cultivated in selection medium containing 

blasticidin (6 µg/ml). Individual clones were screened for H2B-GFP expression prior to 

use. HCT116 H2B-GFP γ-tubulin mRuby used during this study was established by 

me in the course of my master thesis using retroviral infection. To generate the 
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retrovirus, HEK-293 (Human Embryonic Kidney cells) were transfected with 9 µg 

packing plasmid (Purchased from Addgene, plasmid #8454, Watertown, USA) as well 

as γ-tubulin-mRuby plasmid (Obtained from Elmar Schiebel, ZMBH Heidelberg). 24 h 

and 48 h after infection, virus-containing supernatant was collected and filtered before 

use. HCT116 H2B-GFP cells were infected with virus-containing supernatant using 

0,4 µl Polybrene (Merck Biosciences, Darmstadt, Germany) per 1 ml supernatant. The 

infected cells were further cultured in selection medium containing zeocin (600 µg/ml). 

Individual clones were selected and screened for γ-tubulin-mRuby signal. 

RPE1 hTERT is a human retinal pigment epithelium cell line immortalized by 

telomerase expression. The cell line expressing H2B-GFP used in this work was a 

kind gift from Dr. Stephen Taylor (University of Manchester, UK). 

Post-tetraploid cell lines derived from RPE1 hTERT H2B-GFP (RPT1 H2B-GFP, RPT3 

H2B-GFP) and HCT116 H2B-GFP (HPT1 H2B-GFP, HPT2 H2B-GFP, HPT3 H2B-

GFP, HPT4 H2B-GFP, HPT5 H2B-GFP) were established by Anastasia Kuznetsova 

[34]. In brief, cytokinesis failure was induced in the parental cell lines by treatment with 

dihydrocytochalasin D (DCD, Sigma, Taufkirchen, Germany) for 18 h. After the 

treatment, cells were subcloned by limiting dilution on 96-well plates with the dilution 

rate 0.5 cell per well. DNA content of individual subclones was measured using flow 

cytometry. The subclones with confirmed near-tetraploid DNA content were named 

post-tetraploid derivatives (PTs) and used for experiments. HCT116 derived post-

tetraploid clones HPT5, HPT24, HPT40, HPT69, HPT75, HPT96 were established by 

me using a similar approach (Details see Chapter “Generation of post-tetraploid cell 

lines”). 

 

Buffers and Solutions 

The table below (Table 1) lists the buffers and solutions with their compositions used 

in this work.  

 

Table 1: List of used buffers and solutions. 

Buffer/Solution  Composition  

Blocking solution  5% FBS; 3% Triton X 100; 1% 1M NaN3; in 
PBS 

Bradford solution  20% Bradford reagent; in H2O 

Carnoy’s fixative 75 % Methanol; 25% Acetic Acid 
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Laemmli buffer (1x)  50 mM Tris-HCl pH 6.8; 2% SDS; 10% 
glycerol; 12.5 mM EDTA; 0.02% 
bromphenol blue; 1% β-mercaptoethanol  

Lower SDS-buffer pH 8.8  1.5 M Tris-HCl; 0.4% (w/v) SDS  
Lower separating gel (10%) pH 8.8  4.95 ml 30% (w/v) acrylamide; 3.75 ml lower 

SDS-buffer pH 8.8; 6.3 ml H2O; 150 μl 10% 
APS; 15 μl TEMED  

Phosphate Buffered Saline (PBS) (1x)  137 mM NaCl; 2.7 mM KCl; 10 mM 
Na2HPO4; 1.8 mM KH2PO4 in H2O  

Ponceau solution  0.2% Ponceau S; 1% acetic acid; in H2O 

Radioimmunoprecipitation assay (RIPA) 
buffer  

10% NP-40; 10% sodium deoxycholate; 5 M 
NaCl; 0.5 M EDTA; 1 M Tris, pH 7.5; 
protease inhibitor according to the 
manufacturer's instructions (Roche); 
phosphatase inhibitor according to the 
manufacturer's instructions (Roche)  

Running buffer pH 8.3  25 mM Tris; 190 mM glycine; 0.1% SDS  

Upper SDS-buffer pH 6.8  0.5 M Tris-HCl; 0.4% (w/v) SDS  

Upper stacking gel (5%) pH 6.8  0.8 ml 30% (w/v) acrylamide; 1.2 ml upper 
SDS-buffer pH 6.8; 3 ml H2O; 50 μl 10% 
APS; 5 μl TEMED  

Tris-buffered saline with tween20 (TBS-T) 
pH 7.5  

50 mM Tris-HCl; 150 mM NaCl; 0.1% 
Tween-20  

Towbin buffer pH 8.3  25 mM Tris; 192 mM glycine; 20% (v/v) 
methanol; in H2O 

Washing buffer I 25 mM Tris-HCl pH 7.8, 500 mM NaCl, 0.5 
% Triton X-100, protease inhibitor 

Washing buffer II 10mM Tris-HCl pH 7.8, 150mM NaCl, 
protease inhibitor 

 

Antibodies and dyes 

The table below (Table 2) lists the antibodies and dyes used in this work. 

 

Table 2: List of primary and secondary antibodies and dyes. 

Antigen Cat. No. Host Application Reference/Company 

USP28 Ab126604 Rabbit 1:1000 
5% milk in TBS-T 

Abcam 

USP28 Ab70893 Rabbit 1:1000 
5% milk in TBS-T 

Abcam 

NUMA1 Sc-365532 Mouse 1:500 
5% milk in TBS-T 

Santa Cruz 

GAPDH 2118 Rabbit 1:1000 
5% milk in TBS-T 

Cell Signaling 

anti-rabbit 
HRP  

HAF008 Goat 1:5000 
5% milk in TBS-T 

R&D Systems 

anti-mouse 
HRP 

HAF007 Goat 1:5000 
5% milk in TBS-T 

R&D Systems 

anti-goat HRP HAF019 Goat 1:5000 
5% milk in TBS-T 

R&D Systems 
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p53 (DO-1) Sc-126 Mouse 1:500 
5% milk in TBS-T 

Santa Cruz 

Chk1 Ab32531-100 Rabbit 1:1000 
5% milk in TBS-T 

Abcam 

Phospho-Chk1 
(Ser345) 
(133D3) 

S345 Rabbit 1:1000 
5% milk in TBS-T 

Cell Signaling 

RPA32/RPA2 
[9H8] 

Ab2175 Mouse 1:1000 
5% milk in TBS-T 

Abcam 

Phospho-
RPA32 (S33) 

A300-246A Rabbit 1:1000 
5% BSA in TBS-T 

Bethyl 

Phospho-
RPA32 
(S4/S8)  

A300-245A Rabbit 1:1000 
5% BSA in TBS-T 

Bethyl 

Phospho 
RPA32 (S4/8) 

ICH-00422 Rabbit 1:1000 
5% BSA in TBS-T 

Bethyl 

Phospho-p53 
(Ser15) 

9284T Rabbit 1:1000 
5% BSA in TBS-T 

Cell Signaling 

Phospho-p53 
(Ser15) 

Sc-101762 Rabbit 1:1000 
5% BSA in TBS-T 

Santa Cruz 

P21 Waf1/Cip1 
(12D1) 

2947S Rabbit 1:1000 
5% milk in TBS-T 

Cell Signaling 

Phospho-
H2A.X 
(Ser139) 

05-636 Mouse 1:500 
5% milk in TBS-T 

Merck Millipore 

Phospho-
H2A.X 
(Ser139) 

Ab2893 Rabbit 1:1000 
5% BSA in TBS-T 

Abcam 

Chk2 Sc-9064 Rabbit 1:1000 
5% milk in TBS-T 

Santa Cruz 

Cyclin B1 4135S Mouse 1:1000 
5% milk in TBS-T 

Cell Signaling 

Cyclin B1 05-373 Mouse 1:400 
perm wash 

Merck Millipore 

Cyclin A2 
[ERP17351] 
 

Ab181591 Rabbit 1:500 
blocking solution 

Cell Signaling 

DAPI 6335 n. a. 1:5000 
PBS 

Carl Roth 

Eterneon-Red 
645 Azide 

BCFA-201-1 n. a. 1:10000 
ClickIT reaction 
mix 

baseclick 

Vybrant™ 
DyeCycle™ 
Green 

V35004 n. a. 1:5000 
PBS 

Thermo Fisher 
Scientific 

α-actinin (H-2) Sc-17829 Mouse 1:1000 
5% milk in TBS-T 

Santa Cruz 

γ-tubulin Ab11316 Mouse 1:1000 
5% milk in TBS-T 

Abcam 

Alexa Fluor 
594 Donkey 

JIM-711-585-
152 

Rabbit 1:500 
PBS 

Biozol 

Alexa Fluor 
594 Donkey 

JIM-715-585-
150 

Mouse 1:500 
PBS 

Biozol 
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Alexa Fluor 
647 Donkey 

JIM-715-605-
151 

Mouse 1:100 
PBS 

Biozol 

Alexa Fluor 
647 Donkey  

JIM-711-605-
152 

Rabbit 1:500 
PBS 

Biozol 

53BP1 MAB3802 Mouse 1:500 
blocking solution 

Millipore 

KIF18A A301-080A Rabbit 1:5000 
5% milk in TBS-T 

Bethyl 

BUBR1 PA5-15315 Mouse 1:1000 
5% milk in TBS-T 

Thermo Fisher, 
Scientific 

CDC20 Sc-13162 Mouse 1:1000 
5% milk in TBS-T 

Santa Cruz 

ERCC6L 
(PICH) 

H00054821-
D01 

Mouse 1:150 
10% FBS in TBS-
T 

Abnova 

ssDNA 18731 Rabbit 1:5 
blockaid 

IBL International 

IdU 555627 Mouse 1:10 
blockaid 

BD Biosciences 

CIdU Ab6326 Rat 1:10 
blockaid 

Abcam 

 

RT- qPCR primer 

The table below (Table 3) lists the RT-qPCR primers used in the course of this work. 

 

Table 3: List of used RT-qPCR primers 

Target gene Sequence 

PRIM1 fwd TATCGCTGGCTCAACTACGGTG 

PRIM1 rev CACTCTGGTTGTTGAAGGATTGG 

 

siRNA 

The table below (Table 4) lists the siRNA reagents used in this work.  

 

Table 4: List of used siRNA reagents. 

Gene Cat. No. Reference/Company 

USP28 M-006076-01-0005 Dharmacon 

KIF18A L-006849-00-0005 Dharmacon 

SPINT2 M-010216-02-0005 Dharmacon 

Anillin M-006838-03-0005 Dharmacon 

Non-targeting D-001206-13-05 Dharmacon 

PRIM1 Hs_PRIM1_7 FlexiTube 
siRNA 

Qiagen 
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Plasmids 

Table 5 summarizes the plasmids used to generate the cell lines for experiments.  

 

Table 5: List of Plasmids. 

Purpose Plasmid name Obtained from 

Expression of Cas9 protein lentiCas9-Blast  Feng Zhang (Addgene 
plasmid #52962) 

Packing plasmid pCMV-VCV-G Bob Weinberg (Addgene 
plasmid #8454) 

Expression of FLAG-tagged 
wildtype USP28 protein 

pDZ148 Steve Elledge (Addgene 
plasmid #41950) [172] 

Expression of FLAG-tagged 
USP28-C171A protein 

pDZ149 Steve Elledge (Addgene 
plasmid #41951) [172] 

Expression of wildtype 
SPINT2 protein 

pLV4 Lotte K. Vogel, University of 
Copenhagen [247] 

Expression of SPINT2-C47F 
protein 

pLV41 Lotte K. Vogel, University of 
Copenhagen [247] 

 

Technical Equipment 

The table below (Table 6) lists the technical equipment used in this work. 

 

Table 6: List of technical equipment. 

Machine Company 

ASI MS-2000 stage Applied Scientific Instrumentation, 
Eugene, USA 

Attune NxT acoustic focusing 
cytometer  

Life Technologies, Carlsbad, USA  

C500 Azure Biosystems, Dublin, USA  

CFX96 Touch Deep Well Real-Time 
PCR System 

Bio-Rad, Hercules, USA 

Countess II Lite ThermoFisher Scientific, Waltham, 
USA 

HERAsafe clean bench  Heraeus Instruments, Hanau, 
Germany  

Eppendorf centrifuge 5415R  AH diagnostics, Tilst, Denmark  

Eppendort centrifuge 5804 Eppendorf, Hamburg, Germany 

FiberComb Molecular Combing 
System 

Genomic Vision SA, Bagneux, France 

GloMax explorer  Promega, Madison, USA  

Heat Block  Störk Tronic, Stuttgart, Germany  

Integra Vacusafe  Integra Bioscience GmbH, Biebertal, 
Germany  
 

RCT Basic Safety Control  IKA, Staufen, Germany 

Incubator Binder, Tuttlingen, Germany  

Inverse-Microscope AE2000-Trino  MOTIC, Wetzlar, Germany  
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LaserStack (473nm, 561nm, 640nm)  Intelligent Imaging Innovations, 
Denver, CO, USA  

LLG Tube uniRoller 10 Lab Logistics Group, Meckenheim, 
Germany 

PH meter inoLab® pH7110 WTW, Weilheim, Germany 

PowerPac™ HC High-Current Power 
Supply  

Bio-Rad, Hercules, USA  

Precision Scale PCB KERN & SOHN, Balingen, Germany 

PURELAB flex 3 ELGA LabWater, Celle, Germany 

ROCKER 3D digital IKA, Staufen, Germany 

Rotator SB3 Stuart, Stone, UK 

Sonorex Ultrasonic Bath  Bandelin Electronic GmbH, Berlin, 
Germany  

Water bath  Störk Tronic, Stuttgart, Germany  

Zeiss Axio Observer Z1  Carl Zeiss AG, Oberkochen, Germany  

 

Software 

The graphical data analysis was carried out using GraphPad Prism 5 (GraphPad 

Software, La Jolla, USA). The relative densitometric units for quantitative 

immunoblotting were determined with the help of Image J software (Rasband, W.S., 

ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/, 1997-2015). Data acquired by flow cytometry was analysed 

using FlowJo V10 (FlowJo, LLC, Ashland, Oregon, USA). The image acquisition by 

spinning disc confocal laser microscopy was done with the help of Slidebook 

(Intelligent Imaging Innovations, Denver, USA). Automated image analysis was 

carried out using CellProfiler™ (Broad Institute, Massachusetts, USA, 

https://cellprofiler.org/). Schematics were created using BioRender.com (BioRender, 

Ontario, Canada, https://biorender.com/) 
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Methods 

Cell culture 

All used cell lines were cultivated using Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10 % Fetal Bovine Serum (FBS) and 1 % Penicillin/Streptomycin 

(Pen/Strep). The cells were grown and maintained in a humidified cell culture incubator 

at 37 °C with 5 % CO2. For passaging, the cells were incubated with 0.25 % Trypsin-

EDTA for 5 min at 37 °C, and inactivated by dilution with cultivation medium. 

 

Coating of cell culture dishes 

Prior to coating, Poly-D-lysine solution (Thermo Fisher Scientific, Waltham, USA) was 

diluted in PBS to a working concentration of 50 µg/ml. Surface of the culture vessel 

was coated completely with working solution and incubated either 1 h or overnight at 

37 °C. Afterwards, Poly-D-Lysine was removed and the surface was rinsed three times 

using sterile distilled water. Culture vessels were let uncovered to dry under the 

laminar hood for 2 h. Plates were used directly or stored at 4 °C, tightly wrapped with 

Parafilm™ film.  

 

Generation of tetraploid cells 

Tetraploid cells were generated by cytokinesis inhibition using 0.75 µM 

Dihydrocytochalasin D (DCD) for 18 h overnight. Afterwards, cells were washed three 

times using Phosphate-buffered saline (PBS) and further cultured in drug-free medium 

for further experiments. 
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Generation of post-tetraploid cell lines 

The HPT and RPT aneuploid derivatives were generated from tetraploid intermediates 

of the near-diploid human colorectal cancer cell line HCT116 and from the human 

immortalized retinal pigment epithelium cell line RPE1, respectively. Tetraploidization 

was induced by treatment with DCD as described above. 24 h after induction of 

tetraploidy, 100 cells were transferred to bigger dishes and cultured for approx. 

4 weeks. Visible colonies were picked as single cell clones and transferred to 24-well 

plates for further growth. Subsequently, the individual colonies were screened for 

tetraploid DNA content using flow cytometry (Figure 45).  

 

Cell synchronization via thymidine treatment 

Cell were synchronized via thymidine treatment at a confluency of 60 – 70 %. 

Thymidine was added at a concentration of 2 mM diluted in DMEM +/+ for 24 h. 

Afterwards, cells were released by removing thymidine and washed one time with 

PBS. Cells were further cultured in a drug-free medium until the desired cell cycle 

stage was reached. 

 

Evaluation of replication stress 

Cells were seeded in coated 96-well plates at a density of approximately 40 000 cells 

per well and incubated for 24 h prior to DCD treatment. 18 h after the treatment, DCD 

was washed out as described before [107]. One plate was fixed at timepoint 0 h after 

the DCD washout for 15 min on ice using ice-cold methanol. Fresh DMEM +/+ 

additionally supplemented with a mix of nucleosides consisting of adenosine, 

Figure 45 Experimental approach to generate post-tetraploid cells lines. After induction of 
cytokinesis failure by DCD treatment, 50 cells were seeded on 15 cm dishes and further propagated 
for approximately four weeks. Afterwards, single cells populations were screened for a near-tetraploid 
DNA content via flow cytometry. Created with BioRender.com 
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thymidine, guanosine and cytidine was added and plates were further cultured. 

Another plate was fixed 24 h after DCD washout and the medium in the remaining 

plates was replaced with fresh DMEM +/+ containing 15 µM of each nucleoside. 

Remaining plates were fixed 30 and 48 h after DCD washout. Subsequently, the plates 

were stained using antibody against pRPA32 Ser33, an appropriate fluorescent 

secondary antibody conjugated with Dylight594 and Vybrant® DyeCycle™ Green 

stain to enhance DNA staining. Images were taken with a spinning-disc laser confocal 

microscope and automatically analyzed using CellProfiler. 

 

Reverse transfection for siRNA-mediated knockdown 

Cells were transfected using the reverse transfection protocol. HCT116 H2B-GFP cells 

were seeded in a 6-well plate at 700 000 cells per well in transfection mix consisting 

of 1,5 ml DMEM + 10 % FBS, 500 µl Optimem, 3 µl Lipofectamine 2000 and 50 nM 

siRNA, 1,5 ml DMEM + 10 % FBS containing only 500 µl Optimem and 3 µl 

Lipofectamine 2000 as mock control or 1,5 ml DMEM + 10 % as an untreated control. 

Cells from the 6-well plate were collected 72 h hours after transfection to validate the 

knockdown by immunoblotting. 

 

Plasmid transfection 

Respective knock out cells were seeded 24 h before transfection at a density of 500 

000 cells per well in a 6-well plate. The plasmids (Table 5) were transfected into 

HCT116 cells using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, USA) as 

per the manufacturer’s instructions. Therefore, the DNA was diluted 1:50 in Optimem 

medium and 3 µl Lipofectamine per 1 µg DNA was diluted separately in the same 

amount of Optimem medium. After 5 mins incubation, diluted DNA and diluted 

Lipofectamine 2000 were mixed and further incubated for 20 mins at RT. The mixture 

was added to the cells and incubated for further experiments. 
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Cell cultivation for live cell imaging 

24 h after reverse transfection with siRNA, cells were split to a 96-well plate at 30 000 

cells per well in DMEM + 10 % FBS + 1 % penicillin and streptomycin and to a 6-well 

plate, and cultured for additional 48h. The medium in the 96-well plate was replaced 

after 6 h with DMEM +/+ containing 0.75 mM DCD or DMEM +/+. 18 h after treatment, 

DCD was washed out three times using PBS. DMEM +/+ or FluoroBrite DMEM +/+ 

was added to the cells for imaging.  

Cells from the 6-well plate were collected 72 h hours after transfection to validate the 

knockdown by immunoblotting. 

 

Cell cycle analysis by flow cytometry 

For analysis of the cells by flow cytometry, each sample with approximately 1 000 000 

cells was incubated with 5-ethynyl-2'deoxyuridine (EdU) for 30 min before harvesting, 

followed by fixation and permeabilization using 300 µl Fix-Perm (Thermo Fisher 

Scientific, Waltham, USA). Afterwards, the samples were incubated with 500 µl EdU 

ClickIT reaction mix (Table 7) and 100 µl perm wash for 30 min in the dark. Prior to 

antibody staining of cyclin B1, the samples were spun down 2 min at 1600 rpm and 

supernatant was removed. The resulting pellets were resuspended in 500 µl perm 

wash. These washing steps were repeated three times. Afterwards, the samples were 

incubated for 30 min in primary antibody diluted in perm wash, followed by 

centrifugation at 1600 rpm for 3 mins and removal of the supernatant. The samples 

were resuspended in secondary antibody and incubated for 30 min. After the last 

centrifugation step prior to analysis using flow cytometry, the cells were resuspended 

in 300-500 µl PBS (depending on the pellet size) with 10 µg/ml RNase (RNase Zap, 

Invitrogen, Carlsbad, USA) and 2 µg/ml 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI). 
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Table 7: EdU ClickIT reaction mix. 

Reagent Amount for 5 ml reaction mix 

PBS 3665 µl 

Eterneon Red 10mM 0.5 µl 

Tris 1.5M (pH 8.8) 330 µl 

CuSO4 500mM 5 µl 

Perm wash 1000 µl 

Ascorbic Acid 500mM 1000 µl 

 

ROS detection by flow cytometry 

Reactive oxygen species were detected using the CellROX® Deep Red Flow 

Cytometry Assay Kit (Thermo Fisher Scientific, Waltham, USA). Therefore, HCT116 

H2B-GFP cells and post-tetraploid clones were seeded in a 6-well plate at 500 000 

cells per well. To obtain newly arising tetraploids, some wells were treated with DCD 

for 18 h overnight as described above. Treatment with 200 µM tert-butyl hydroperoxide 

(TBHP) for one hour serves as a positive control for oxidative stress. One hour of 1mM 

N-acetyl cysteine (NAC) treatment prior to TBHP treatment was used as a negative 

control. Cells were collected either directly after drug washouts or kept in culture for 

further timepoints after DCD washout. Before trypsinizing, 500 nM of CellROX Deep 

Red stain was added to the cells and incubated at 37 °C in the dark for 30 min. 

Afterwards, cells were collected by gently trypsinizing. Prior to flow cytometric 

measurement, cells were fixed and permeabilized 15 mins using Fix-Perm and DNA 

was counterstained using Vybrant™ DyeCycle™ Green Stain (Thermo Fisher 

Scientific, Waltham, USA). 

 

Protein Analysis 

Cell lysis 

For the preparation of whole cell lysates, cell pellets and re-suspended in RIPA buffer 

supplemented with protease and phosphatase inhibitors (Roche, Basel, Switzerland). 

Lysis was carried out via ultrasound sonication on ice for 15 min. To remove the cell 

debris, the lysate was centrifuged for 10 min at 4 °C and 13 600 rpm. The resulting 

supernatant was transferred to fresh reaction tubes and 1 µl was taken to measure 

the protein concentration via the Bradford protein assay. The protein lysates were 
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mixed with 4x Laemmli buffer to achieve a final concentration of 1x Laemmli and 

denaturation was performed at 95 °C for 5 min. Afterwards, the protein lysates were 

briefly centrifuged and stored at -20 °C. 

 

Co-immunoprecipitation 

HCT116 cells were seeded in 10 cm dishes at 2 Mio cells per dish in DMEM + 10 % 

FBS and 1 % Pen/Strep and cultured for additional 24 h. To generate tetraploid 

HCT116, cells were treated with DCD for 18 h overnight. Afterwards, the cells were 

washed three times with PBS and cultured in a drug-free medium. After 24 h, the cells 

were harvested, re-suspended in 1 ml RIPA buffer and incubated 30 min to lyse them. 

During the incubation, the solution was mixed every few minutes by inverting. After 

lysis, the suspension was spun down at 1400 rpm for 20 min and the supernatant was 

transferred to a pre-cooled tube. Concentration of the protein lysate was measured 

using the Bradford protein assay and 200 µg were used for co-immunoprecipitation. 

The pulldown was carried out using mainly the manufacturer’s protocol (BioRad). 

SureBeads were thoroughly resuspended in their solution and 100 µl were transferred 

to a fresh 1.5 ml Eppendorf reaction tube. To wash off the storage solution, the 

magnetic beads were washed three times using PBS-T. After washing, 200 µl antibody 

solution containing 5 µg antibody was added to the tube and allowed to bind to the 

beads for 30 min at RT while rotating. After incubation, the beads were again washed 

three times using PBS-T and incubated in the antigen-containing lysate (200 µg 

protein) at 4 °C overnight to allow the binding to the antibody. Beads with bound 

antibody and antigen were washed two times using washing buffer I (25 mM Tris-HCl 

pH 7.8, 500 mM NaCl, 0.5 % TritonX-100, protease inhibitor) and once using washing 

buffer II (10mM Tris-HCl pH 7.8, 150mM NaCl, protease inhibitor). Elution was carried 

out two times using in total 20 µl 2x Laemmli buffer at 95 °C. 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS 

PAGE) 

The concentration of protein lysates was determined using Bradford protein assay and 

on basis of that adjusted to 10 µg/µl. A sample volume of 10 µl via appropriate dilution 

with 1x Laemmli buffer was used. The samples were loaded onto 15 %, 12.5 % or 7.5 

% SDS gels. The proteins were first separated at 100 mV for 15 min and then at 120 

mV for additional 50 min. The “Precision Plus Protein All Blue Standard” (BioRad, 

Hercules, USA) was loaded as a marker for size comparison of the molecular weight. 

 

Immunoblotting and quantification of band intensities 

The protein transfer from SDS gel onto nitrocellulose membranes (Amersham Protran 

Premium 0.45 NC, GE Healthcare Life Sciences, Sunnyvale, USA) was carried out 

either according to Trans-Blot® Turbo™ (semidry blotting) (BioRad, Hercules, USA) 

protocol for mixed molecular weight proteins, or for 1 h at 100 mV in Towbin buffer 

(wet blotting). The nitrocellulose membranes were stained in Ponceau solution for 5 

min and washed with distilled water before scanning the membrane. This step serves 

as a quality control for successful protein transfer to the membranes and to verify equal 

loading. The membranes were incubated in a blocking solution (TBS-T supplemented 

with 5 – 10 % skim milk or 5 % BSA) for 1 h to prevent unspecific binding of antibodies 

before the primary antibody solution was applied overnight at 4 °C. The membranes 

were washed three times for 5 min with TBS-T before incubation in the secondary 

antibody conjugated to horseradish peroxidase (HRP) for one hour at room 

temperature. The membranes were washed to remove excessive unbound secondary 

antibodies before detection of the enhanced chemiluminescence signal from HRP-

catalyzed oxidation of luminol. To detect luminescent signals, horseradish peroxidase 

substrate obtained from the chemiluminescence ECL-Plus Western Blotting Detection 

Kit (GE Healthcare, Amersham™) was added to the membrane and allowed to 

incubate in dark for 5 mins at RT. Subsequent signal detection was performed with the 

Azure c500 system (Azure Biosystems, Dublin, USA). 

The intensities of protein bands were quantified using ImageJ software (National 

Institute of Health) and obtained relative densitometric units were either normalized to 
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Ponceau staining or the protein bands of a housekeeping gene, serving as loading 

controls. 

 

Microscopy 

Live cell imaging 

Cells were imaged using an inverted Zeiss Observer Z1 microscope (Visitron 

Systems) equipped with a humidified chamber (EMBLEM) at 37 °C, 40 % humidity, 

and 5 % CO2 using CoolSNAP HQ2 camera (Photometrics) and X-Cite 120 Series 

lamp (EXFO). Imaging was performed with an 8-min-time-lapse for 48 h with a Plan 

Neofluar 20X air objective using SlideBook software (Intelligent Imaging Innovations, 

Inc., Goettingen, Germany). Obtained imaging data were analyzed using Slidebook 

software (Intelligent Imaging Innovations, Inc., Goettingen, Germany). 

 

Immunofluorescence 

After specific treatment for individual experiments, cells were split to a 96- well plate 

at 30 000 cells per well in DMEM + 10 % FBS + 1 % penicillin and streptomycin. The 

medium was replaced after 6 h with DMEM +/+ containing 0.75 mM DCD or DMEM 

+/+. 18 h after treatment, DCD was washed out three times using PBS and replaced 

with DMEM +/+ for additional indicated time. Afterwards, the cells were fixed for 10 

min on ice using ice cold methanol followed by permeabilization and blocking for 1 h 

using blocking solution (5 % Fetal Bovine Serum + 3 % Triton X 100 + 1 % NaN3 in 

PBS). Overnight, the cells were kept in a primary antibody solution at 4 °C. Cells were 

washed three times with PBS before adding appropriate secondary antibodies 

conjugated with Dylight488, DyLight594 or Dylight649 (Jackson Immunoresearch 

Laboratories, Inc.) and Vybrant® DyeCycle™ Green stain to enhance the DNA 

staining, and were kept for 1 h incubation in the dark at room temperature. Before 

imaging, cells were again washed to remove unbound secondary antibody and kept in 

PBS + 1 % NaN3 to reduce bacterial growth. 
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Staining of ultrafine bridges 

Following cell synchronization via thymidine treatment, the cells were cultured for 10.5 

h to obtain 15 % of the cells in anaphase. Prior to fixation and permeabilization with 

PTEMF buffer for 20 min in a humidified, opaque box on ice, cells were washed one 

time using PBS. Cells were blocked in 10 % FBS for 45 min before incubation in 

primary antibody at 4 °C overnight in a humidified chamber. After washing the cells 

once with 400 mM NaCl and three times using PBS-T, each washing step for 10 min, 

the appropriate secondary antibody conjugated with Dylight649 (Jackson 

Immunoresearch Laboratories, Inc.) and Vybrant® DyeCycle™ Green stain to 

enhance DNA staining was added and incubated for 1 h at room temperature in an 

opaque, humidified chamber. Afterwards, the cells were again washed once with 400 

mM NaCl and three times using PBS-T, each washing step for 10 min, and then kept 

in PBS + 0.01% NaN3 for imaging.  

 

DNA analysis 

DNA content analysis by flow cytometry 

DNA content analysis was carried out using the Attune NxTflow cytometer (Thermo 

Fisher Scientific, Waltham, USA). For this purpose, each sample was fixed and 

permeabilized using Fix-Perm solution for 15 min at room temperature. Then, the 

samples were washed and prior to analysis resuspended in 300-500 µl PBS 

(depending on the pellet size) with 10 µg/ml RNase (RNase Zap, Invitrogen, Carlsbad, 

USA) and 2 µg/ml 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) [34]. 

 

DNA combing 

The DNA plugs and DNA extraction were prepared following the manufacturer’s 

protocol using the FiberPrep® DNA Extraction Kit (Genomic Vision, Bagneux,France). 

Therefore, the cell number was adjusted to approximately 200 000 cells per DNA plug. 

The calculated volume was added to a fresh 1.5 ml reaction tube already containing 

45 µl buffer 1 (suspension buffer) and mixed by pipetting. Following, the cell 
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suspension was incubated in a 50 °C water bath for 10 secs. After adding 45 µl of 

buffer 2 (agarose) to the tube, the mixture was quickly transferred to a plug mold and 

allowed to solidify at 4 °C for one hour. After becoming solid, the plug was transferred 

to a 2 ml round-bottom tube containing 250 µl ESP buffer and incubated overnight at 

50 °C in a water bath. After incubation, the plugs were washed four times. Therefore, 

they were transferred to a fresh 15 ml falcon tube filled with 1 % buffer 4 (washing 

buffer) diluted nuclease-free water and put on an over-head rotator. The first three 

washing steps were carried out for 1 h. For the fourth washing, time was increased to 

3.5 h. Subsequently, the plug was transferred to a fresh 2 ml round-bottom tube 

containing 1 ml buffer 7 (combing buffer) and incubated at 68 °C in a water bath for 20 

mins to melt the agarose. The tube was re-located to a 42 °C water bath for additional 

10 mins. After adding 1.5 µl of component 7 (agarase), the tube was further incubated 

at 42 °C in a water bath overnight to digest the agarose. The prepped DNA was 

transferred into a DNA reservoir filled with 1.2 ml buffer 7 (combing buffer) and 

subsequently filled completely with buffer 7. The reservoir was placed in the combing 

machine and coverslips were fixed in the intended holders, before starting the run.  

Subsequently, the prepped DNA labelled with antibodies against ssDNA, IdU and 

CIdU using the Replication Combing Assay (RCA) (Genomic Vision, Bagneux, 

France). Prior to antibody labelling, the coverslips were baked at 65 °C for 2h and 

denatured for 8 mins in denaturation solution. Afterwards, the coverslips were washed 

three times using PBS, each step for 3 mins, and subsequently dehydrated with 

increasing ethanol concentrations (70 %, 90 % 100 %) for 1min each. The coverslips 

were air dried in the air stream inside a sterile hood and transferred onto a glass slide 

with 50 µl of blocking reagent. After 30 mins of blocking inside a humid chamber at 37 

°C, the coverslips were transferred onto a fresh glass slide with the primary antibody 

mixture consisting of 5 µl ssDNA antibody, 2.5 µl antibody against CIdU and IdU 

respectively and 15 µl blocking reagent. The coverslips were incubated with the 

primary antibody solution in a humid chamber at 37 °C for 90 mins. After washing the 

coverslips three times with PBS-T, they were put on top of the secondary antibody 

mixture consisting of 1ul of each secondary against ssDNA, CIdU and IdU in 22ul 

blocking reagent and incubated in a humid chamber at 37 °C for 45 mins. 

Subsequently, the coverslips were washed three times with PBS-T and again 

dehydrated with increasing concentrations of ethanol. After air drying the coverslips 
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under the sterile hood, the prepared coverslips were carefully packed and sent to 

Genomic Vision (Bagneux, France) for analysis.  

 

Chromosome spreads 

Exponentially growing cells (at 70-80 % confluency) in a 10 cm dish were treated with 

400 ng/ml colchicine for 5-6 h to arrest them in metaphase. Cells were collected by 

trypsinization and centrifuged at 1500 rpm for 10 min. Cell pellets were resuspended 

in 75 mM KCl and incubated for about 20 min at 37°C in a water bath. Afterwards, the 

cells were pelleted by centrifugation at 1000 rpm for 10 min and resuspended in 

Carnoy’s fixative. Fixed cells were pelleted at 1000 rpm for 3 min. In total, the fixation 

step was repeated three times. To acquire the chromosome spreads, the fixed cells 

were dropped from approximately 1 m height on ethanol-cleaned glass slides. The 

slides were dried at room temperature. DNA was stained using 50 µl mounting medium 

containing DAPI (VECTASHIELD Antifade Mounting Medium with DAPI H-1200, 

Vector Laboratories, Inc., California, USA) and the samples were sealed with a glass 

coverslip.  

 

Genome editing 

CRISPR/Cas9 mediated knock out 

To edit the cell genome using the CRISPR/Cas9 system, a HCT116 cell line containing 

the endonuclease Cas9 was generated using retroviral transfection (Method in brief 

see Chapter “Cell lines”) and cultured for 48 h before transfection. For reverse 

transfection of HCT116 – Cas9, guide and tracking RNA from Dharmacon summarized 

in Table 8 were used either alone or as a mixture of all three corresponding guide 

RNAs. 
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Table 8: Guide/Tracking RNA used for genome editing. 

RNA Cat. No. Sequence Company 

USP28 guide 1 CR-006076-01-
0002 

GCAGACGGCCACGGCTCGGT Dharmacon 

USP28 guide 2 CR-006076-02-
0002 

GATGATCACTCCGTAACTGA Dharmacon 

USP28 guide 3 CR-006076-03-
0002 

GGTCTGACGGGCTTTAGCTA Dharmacon 

SPINT2 guide 1 CR-010210-01-
0002 

GTGGATGCTGCGTTCTCGGT Dharmacon 

SPINT2 guide 2 CR-010210-03-
0002 

CCACGTCAAAGTACCAGCGT Dharmacon 

SPINT2 guide 3 CR-010210-04-
0002 

GCAAGGCCCAGTGACTGCGT Dharmacon 

Tracking RNA U-002000-50 - Dharmacon 

 

Transfection was performed using the reverse transfection protocol. HCT116-Cas9 

cells were seeded in a 6-well plate at 1 000 000 cells per well in transfection mix 

consisting of 1.5 ml DMEM + 10 % FBS, 500 µl Optimem, 5 µl Lipofectamine 2000, 

7.5 µl tracking RNA and either 2.5 µl of one guide RNA or a mixture of all three 

corresponding RNAs 2.5 µl each. After 24 h, 50 or 100 cells of each transfection were 

seeded to bigger dishes and cultured for 4 weeks. Individual clones were selected and 

screened for gene deletion using Western Blot technique. 
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Abbreviations 

 *   H2B GFP 

2N   Diploid 

4N   Tetraploid 

53BP1  p53-Binding Protein 1 

ANLN   Anillin 

APC   Adenomatous Polyposis Coli 

APH   Aphidicolin 

ATM   Ataxia Telangiectasia Mutated 

ATR   Ataxia Telangiectasia and Rad3-related protein 

BRIP1   BRCA1 Interacting Helicase 1 

BUB1B  BUB1 Mitotic Checkpoint Serine/Threonine Kinase B 

Bub3   Budding Uninhibited by Benzimidazoles 3  

CCDC6  Coiled-Coil Domain Containing 6 

Cdc20   Cell Division Cycle protein 20 

CDK    Cyclin-dependent Kinase 

CDKN1A  Cyclin Dependent Kinase Inhibitor 1A 

CENPT  Centromere Protein T 

CEP164  Centrosomal Protein 164 

CHK1/2  Checkpoint Kinase 1/2 

CIN   Chromosomal Instability 

c-MYC  MYC Proto-Oncogene 

DAPI   4',6-Diamidino-2-Phenylindole, Dihydrochloride  

DCD   Dihydrocytochalasin D 
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DDR   DNA Damage Response 

DLD-1   Human Colon Adenocarcinoma Cell Line 

DMEM  Dulbecco's Modified Eagle's Medium 

DNA   Deoxyribonucleic Acid  

DOX   Doxorubicin 

DRB   Doxorubicin 

DSB   Double-Strand Break 

EdU   5-ethynyl-2´-deoxyuridine 

FBS   Fetal Bovine Serum 

FBW7   F-box and WD repeat domain-containing 7 

FUCCI  Fluorescent Ubiquitination-based Cell Cycle Indicator 

G1/2   Gap Phase 1/2 

GAPDH  Glyceraldehyde 3-Phosphate Dehydrogenase 

GFP   Green Fluorescent Protein 

HCT116  Human Colorectal Carcinoma Cell Line 

HDAC   Histone Deacetylase 

HeLa   Adenocarcinoma Cell Line derived from Henrietta Lacks 

HGF   Human Growth factor 

HGFA   Human Growth Factor Activator 

HIF-1α  Hypoxia-inducible factor 1-alpha   

HPT   HCT116-Derived Post-Tetraploid 

HRP   Horseradish Peroxidase 

HSP90AB1  Heat Shock Protein 90 Alpha Family Class B Member 1 

IOD   Inter Origin Distance 
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KIF18A  Kinesin Family Member 18A 

LATS1/2  Large Tumor Suppressor Kinase 1/2 

LSD1   Lysine-Specific Demethylase 1A 

M   Mitotic Phase  

Mad1/2  Mitotic Arrest Deficiency 1/2 

MAPK   Mitogen-Activated Protein Kinase 

MCC   Mitotic Checkpoint Complex 

MCM   Minichromosome Maintenance Protein Complex 

MDC1   Mediator of DNA Damage Checkpoint 1 

MDM2   Mouse Double Minute 2 

MEFs   Mouse Embryonic Fibroblasts 

MK   Megakaryocytes 

MMECs  Mouse Mammary Epithelial Cells 

MOSECs  Mouse Ovarian Surface Epithelial Cells 

MRC5   Medical Research Council Cell Strain 5 

mRNA   Messenger Ribonucleic Acid 

NADPH  Nicotinamid-Adenin-Dinucleotid-Phosphat  

NT   Non-Targeting 

NuMA1  Nuclear Mitotic Apparatus Protein 1 

p21   CDK-Inhibitor 1 

PARP   Poly (ADP-ribose) Polymerase 

PBS   Phosphate-Buffered Saline  

PCM   pericentriolar material 

Pen/Strep  Penicillin/Streptomycin 
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PI3K   Phosphoinositide 3-Kinases 

PIRH2  P53-Induced Protein with a RING-H2 Domain 

PRIM1  Primase 1 

PTs   Post-Tetraploids 

RB   Retinoblastoma Protein 

RIPA   Radioimmunoprecipitation Assay Buffer 

RNA    Ribonucleic Acid 

ROS   Reactive Oxygen Species 

RPA   Replication Protein A 

RPE1   Human Retinal Pigment Ephitilial-1 Cell Line 

RPT   RPE1-Derived Post-Tetraploids 

RT-qPCR  Real Time Quantitative Polymerase Chain Reaction 

S   Synthesis Phase 

S25/28  SPINT2 Knock Out Clones 

SAC   Spindle Assembly Checkpoint 

SAHA   Suberanilohydroxamic Acid 

SDS PAGE  Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis 

SEM   Standard Error of the Mean 

SFRP2  Secreted Frizzled Related Protein 2 

SPG20  Spastic Paraplegia 20 

SPINT2  Serine Peptidase Inhibitor, Kunitz Type 2 

SSB   Single Strand Break 

TBS   Tris Buffered Saline 

TP53/p53  Tumor Protein P53 
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TSA   Trichostatin A 

U22/35  USP28 Knock Out Clones 

UFB   Ultra-Fine bridge 

USP28  Ubiquitin-Specific Peptidase 

VHL   Von-Hippel-Lindau 

WGD   Whole Genome Duplication    
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Supplementary Information 

  

Supplementary Figure 1 Validation of SPINT2 and USP28 knockout and rescue. (A) 

Representative immunoblot for validation of SPINT2 knockout. Sequencing of SPINT2 revealed a short 

deletion within Exon 2. Additionally, p21 activation was abolished in both knockout clones. Two clones 

were isolated for further experiments: S25 and S28. (B) Representative immunoblots for validation of 

USP28 knockout. Two clones were isolated: U22 and U35. (C) Representative immunoblots validating 

the successful transfection of the knockout clones. Empty – an empty control vector, WT – a vector 

carrying the WT gene, C171A – a vector carrying the mutant version of USP28 lacking the 

deubiquitinase activity. DOX – doxorubicin. 
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Supplementary Figure 2 Time in mitosis after 

USP28 knockout. (A) Time in mitosis in tetraploid 

HCT116 and in a knockout cell line lacking USP28 

(U22). Time was measure via live cell imaging. T-test 

was used for statistical evaluation. 

Supplementary Figure 3 DNA damage and checkpoint response in HCT116 and U35.  

Quantification of CHK1, RPA32 and CHK2 levels after tetraploidization in HCT116 and a knockout cell 

line lacking USP28 (U35). The quantifications show the relative expression of three independent 

replicates. Relative expression was calculated by normalization to the loading control. Mean + SEM 

shown. 
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Supplementary Figure 4 SAHA treatment in different cell lines lacking SPINT2. (A) Representative 

immunoblot showing the levels of p53 and p21 in HCT116 and HCT116 lacking SPINT2 (S25) after 

SAHA and doxorubicin treatment (DOX). γ-tubulin was used as a loading control. (B) Quantification of 

the p53 and p21 levels in HCT116 and S25. The quantifications show the relative expression of three 

independent replicates. Relative expression was calculated by normalization to the loading control. 

Mean + SEM shown. (C) Representative immunoblot showing the levels of p53 and p21 in RPE1 (left) 

and DLD-1 (right) with and without SPINT2 after SAHA and doxorubicin treatment (DOX). α-actinin was 

used as a loading control. (D) Quantification of the p53 (left) and p21 (right) levels in RPE1 and DLD-

1. The quantifications show the relative expression of three independent replicates. Relative expression 

was calculated by normalization to the loading control. Mean + SEM shown. 
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Supplementary Figure 3 KIF18A protein levels in RPE1* and post-tetraploid RPE1*. (A) 

Representative immunoblot validating the KIF18A protein levels in RPE1* and post-tetraploid clones 

RPE1* (RPT1* and RPT3*) after siRNA treatment against KIF18A or a non-targeting control (siNT). 

GAPDH was used as a loading control. (B) Quantification of the KIF18A levels in RPE1* and two post-

tetraploid clones after siRNA depletion. The quantifications show the relative expression of three 

independent replicates. Relative expression was calculated by normalization to the loading control. 

Mean + SEM shown.  
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