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ABSTRACT

ABSTRACT
Whole chromosomal instability (W-CIN), one of the major hallmarks of human cancer,
is defined as the perpetual gain or loss of whole chromosomes during mitosis leading
to the development of heterogeneous karyotypes. W-CIN is associated with
tumourigenesis, tumour progression, therapy resistance, and poor prognosis.
Therefore, it is of great interest to elucidate the molecular mechanisms underlying WCIN in order to understand genome instability driven tumorigenesis and tumour
progression.
Recently, our lab has shown that W-CIN is triggered by increased microtubule
polymerisation rates during mitosis which promote the formation of lagging
chromosomes in anaphase, a mitotic error frequently observed in cancer cells. The
results presented in this study show that the concomitant loss of the transcription
factors p53 and p73 increases mitotic microtubule polymerisation rates and,
consequently, induces W-CIN. Reduced expression of CDKN1A, a target gene of p53
and p73 encoding for the CDK inhibitor p21CIP1, causes the mitotic defects observed
upon p53/p73 depletion. Importantly, increased CDK1 activity, which is the result of
loss of the p73/p53-p21CIP1 pathway, is responsible for the observed chromosome
missegregation. Unexpectedly, increased microtubule polymerisation rates and WCIN are the result of elevated CDK1 activity specifically during S phase and not during
mitosis. This suggests that increased CDK1 activity might interfere with DNA
replication which leads to subsequent mitotic chromosome missegregation.
Accordingly, normal mitotic microtubule growth rates and chromosome segregation
were restored by nucleoside supplementation or inhibition of CDC7, a kinase involved
in the firing of DNA replication origins. These results indicate that replication stress
and increased origin firing are indeed triggered by increased CDK1 activity. In line
with this, inhibition of the kinase ATR, a negative regulator of CDK1 in S phase, also
increases mitotic microtubule growth rates and the incidence of lagging
chromosomes.
In summary, this study shows that loss of the p73/p53-p21CIP1 tumour suppressor
pathway in colorectal cancer cells causes abnormal microtubule polymerisation rates
in mitosis and W-CIN by unleashing CDK1 activity during S phase of the cell cycle,
which might trigger increased origin firing during DNA replication. Thus, the present
study provides new insights into the mechanisms promoting the generation of
chromosomal instability in human cancer cells.
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1 INTRODUCTION
1.1 The eukaryotic cell cycle and its regulation
The cell cycle describes the recurring phases of growth and division in proliferating
cells.
1.1.1 Cell cycle phases
The eukaryotic cell cycle can be divided into interphase and mitosis. The interphase
consists of a first gap (G1) phase, the DNA synthesis (S) phase, and a second gap
(G2) phase (Figure 1.1). During G1 phase, cells grow and prepare for the following S
phase. In S phase, the centrosome, the major microtubule organising centre,
duplicates and DNA replication takes place. Cells prepare for the upcoming cell
division during G2 phase. During mitosis, the DNA is equally distributed to two
emerging daughter cells. In the absence of growth stimuli, cells can remain in a
quiescent state (G0). The cells in G0 are metabolically active and do not proliferate
until they re-enter the cell cycle upon proliferative signalling (Cooper, 2000).

Figure 1.1: The eukaryotic cell cycle.
The eukaryotic cell cycle consists of interphase and mitosis (M). Interphase is divided into a
first gap (G1) phase, the DNA synthesis (S) phase, and a second gap (G2) phase. Without
proliferative signalling, cells can enter a quiescent state (G0).

Mitosis requires the activity of several kinases including cyclin-dependent kinase 1
(CDK1) in complex with the cyclins A and B, Aurora kinases A and B, and polo-like
kinase 1 (PLK1) (Nigg, 2001). Mitosis is subdivided into several phases which are
illustrated in Figure 1.2. During prophase, chromosome condensation starts and most
of the cohesin protein complexes, which connect the two sister chromatids after DNA
replication, are removed (Antonin and Neumann, 2016; Sumara et al., 2000). Only at
the centromere, cohesin complexes are still intact to prevent premature segregation
of the sister chromatids (Waizenegger et al., 2000). Moreover, the formation of the
2
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mitotic spindle is initialised by the separation of the two centrosomes (Tanenbaum
and Medema, 2010). In prometaphase, the kinetochores, the binding sites for
microtubules, are assembled at the centromeric region of each sister chromatid. After
the breakdown of the nuclear membrane, the highly dynamic microtubules emanating
from the centrosomes gain access to the chromosomes (Cheeseman and Desai,
2008; Gascoigne and Cheeseman, 2011). Microtubules quickly polymerise and
depolymerise until they are stabilised by attachment to a kinetochore, a process
described as “search-and-capture” mechanism (Heald and Khodjakov, 2015;
Kirschner and Mitchison, 1986).

Figure 1.2: Mitosis can be divided into five different phases.
In prophase, chromosome condensation starts and centrosomes begin to separate to establish
a bipolar mitotic spindle. After nuclear envelope breakdown, microtubules emanating from the
two centrosomes attach to the kinetochores of the chromosomes (prometaphase). After
correct alignment at the equator of the cell (metaphase), chromosomes are segregated
(anaphase). In telophase, chromosomes decondense and nuclear envelopes are reestablished.

In metaphase, all kinetochores are bound to microtubules from opposing spindle
poles and are aligned at the equator of the cell (metaphase plate) which is required
for symmetric cell division (Tan et al., 2015). After satisfaction of the spindle assembly
checkpoint (SAC), the remaining centromere-bound cohesin complexes are cleaved
and the chromatids are equally distributed to the two spindle poles during anaphase
(Musacchio, 2015; Waizenegger et al., 2000). At first, sister chromatids are
transported to the spindle poles because kinetochore-bound microtubules shorten
(anaphase A) (Asbury, 2017). Afterwards, the two centrosomes move away from each
other (anaphase B) (Scholey et al., 2016). Additionally, a contractile actomyosin ring
is built at the cell equator perpendicular to the spindle axis beneath the plasma
membrane (Cheffings et al., 2016; O’Shaughnessy and Thiyagarajan, 2018). In
telophase, nuclear membranes assemble around the separated DNA to form new
nuclei and chromosomes decondense (Antonin and Neumann, 2016). A cleavage
furrow appears upon contraction of the actomyosin ring. The cytoplasm and cellular
organelles of the parental cell are divided into two daughter cells during cytokinesis,
which completes the cell cycle (Glotzer, 2005; Green et al., 2012).
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1.1.2 Cell cycle regulation by CDK-cyclin complexes in mammals
The correct duplication of the DNA and its error-free distribution to the daughter cells
is essential to maintain chromosomal stability in proliferating cells. Therefore, the cell
cycle is strictly regulated. Important components of the regulatory machinery are
cyclin-dependent kinases (CDKs), a family of Ser/Thr kinases, together with their
cyclin subunits (Figure 1.3) (Malumbres and Barbacid, 2009). The expression of
cyclins is cell cycle dependent, whereas the concentration of CDK hardly changes
during the cell cycle. Mitogenic signals promote the expression of D-type cyclins which
form complexes with CDK4 and CDK6 in G1 phase (Malumbres and Barbacid, 2005).
CDK4/6-cyclin D phosphorylates pocket proteins, a protein family including
Retinoblastoma protein (pRb), p107, and p130. Phosphorylated pocket proteins
release and thus activate transcription factors of the E2F family, which results in the
expression of E2F target genes, including CCNE (encoding for cyclin E) and genes
encoding for factors of the replication machinery. CDK2 in complex with cyclin E
promotes the transition from G1 to S phase. CDK2-cyclin E is also involved in the
hyperphosphorylation of pocket proteins and, consequently, the transcription of
further E2F responsive genes, like CCNA (encoding for cyclin A), is induced (Harbour
et al., 1999; Lundberg and Weinberg, 1998; Malumbres and Barbacid, 2005).

Figure 1.3: The cell cycle is regulated by CDK-cyclin complexes.
CDK4/6-cyclin D complexes are activated during G1 phase. CDK2 in complex with cyclin E
promotes the transition from G1 to S phase. CDK2-cyclin A complexes ensure proper S phase
progression. In late G2 phase, CDK1-cyclin A complexes are activated to promote G2/M
transition and during mitosis, the activity of CDK1-cyclin B is necessary.

Subsequently, cyclin A forms a complex with CDK2 which is active throughout S
phase and G2 phase. The activity of CDK1-cyclin A is required for the transition from
G2 phase to mitosis. After nuclear envelope breakdown, cyclin A is degraded and
4
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CDK1 in complex with cyclin B regulates further progression through mitosis
(Vermeulen et al., 2003). The inactivation of CDK1 upon degradation of cyclin B and
the activation of phosphatases which remove CDK1-mediated phosphorylations lead
to mitotic exit (Musacchio, 2015; Queralt and Uhlmann, 2008).
CDKs are not only regulated by the complex formation with cyclin subunits, but also
by various inhibitory and activating phosphorylations. For example, the CDK
activating kinase (CAK), a complex consisting of ménage à trois 1 (MAT1), CDK7 and
cyclin H, phosphorylates CDK1 at Thr161 (Fisher and Morgan, 1994; Tassan et al.,
1995). However, this activating phosphorylation is counteracted by Myt1- and Wee1mediated inhibitory phosphorylations at Thr14 and Tyr15, respectively (Booher et al.,
1997; Heald et al., 1993). To fully activate CDK1, these inhibitory phosphorylations
have to be removed by the phosphatase cell division cycle 25 (CDC25) (Millar et al.,
1991; Strausfeld et al., 1991). Furthermore, CDK inhibitors (CKIs) can bind to CDKs
or CDK-cyclin complexes. The INK family of CKIs includes p16INK4a, p15INK4b, p18INK4c,
and p19INK4d which bind to and inhibit CDK4 and CDK6 by preventing complex
formation with D-type cyclins (Vermeulen et al., 2003). The Cip/Kip family of CKIs
consists of p21Cip1, p27Kip1, and p57Kip2 which limit the activity of CDK1 and CDK2 in
complex with E-, A-, or B-type cyclins (Satyanarayana and Kaldis, 2009). Activating
mutations, amplifications, or overexpression of CDKs and cyclin subunits or the loss
of CKI activity have been described in various cancer entities which might contribute
to the upregulated growth and cell cycle progression in cancer cells (Li et al., 2020;
Malumbres and Barbacid, 2001; Nam and Van Deursen, 2014).
1.1.3 Cell cycle checkpoints
Several cell cycle checkpoints ensure the integrity of the DNA and the proper
progression through the cell cycle. DNA damage checkpoints during G1, S, and G2
phase prevent cell cycle progression in the presence of DNA damage. DNA damage
checkpoints are activated by the kinases ataxia telangiectasia mutated (ATM) and
ATM-Rad3-related (ATR). ATM is recruited to DNA double strand breaks whereas
ATR is recruited to single stranded DNA which occurs at impaired replication forks or
after resection of double strand breaks. ATR and ATM phosphorylate and activate the
checkpoint kinases CHK1 and CHK2, respectively. The subsequent signal
transduction leads to cell cycle arrest and the activation of DNA repair mechanisms.
Cells with severe DNA damage can be eliminated by induction of apoptosis (Shaltiel
et al., 2015).

5

INTRODUCTION
During mitosis, the spindle assembly checkpoint (SAC) ensures that the kinetochores
of sister chromatids are properly bound by microtubules from opposing spindle poles
before anaphase onset. When all kinetochores are correctly attached to microtubules,
CDC20 can activate the anaphase-promoting complex/cyclosome (APC/C). APC/C
has ubiquitin ligase activity and ubiquitinates securin. After ubiquitination, securin is
degraded which leads to the activation of the protease separase. Separase can now
cleave cohesin complexes which allows the separation of sister chromatids and, thus,
the progression from metaphase to anaphase. Another target of APC/C is cyclin B.
The ubiquitination and subsequent degradation of cyclin B leads to the inactivation of
CDK1 and is required to complete and exit from mitosis (Musacchio, 2015). In the
presence of unattached or incorrectly attached kinetochores, mitotic arrest deficient 2
(Mad2), budding uninhibited by benzimidazole 3 (Bub3), and Bub-related 1 (BubR1)
form the mitotic checkpoint complex (MCC). For the recruitment and activation of
MCC components, the activity of the kinase monopolar spindle 1 (Mps1) and several
other factors are necessary. The MCC stops the activation of APC/C by sequestering
CDC20. Consequently, cells cannot proceed to anaphase before all kinetochores are
correctly bound by microtubules (Grieco and Serpico, 2020).

1.2 DNA replication and replication stress
The exact and complete replication of the genome during S phase of the cell cycle is
essential for the maintenance of genomic integrity.
1.2.1 DNA replication
The “licensing” of origins of DNA replication constitutes the loading of the replicative
helicase onto DNA (Figure 1.4a). It is the first step of DNA replication and takes place
during G1 phase. Origins of DNA replication are recognised by the origin recognition
complex (ORC). With the help of the ATPase cell division cycle 6 (CDC6) and
chromatin licensing and DNA replication factor 1 (CDT1), two mini-chromosome
maintenance (MCM) complexes are recruited. The MCM complex consists of the
subunits MCM2-7 and is the major component of the replicative helicase (Bell and
Kaguni, 2013). Origin firing describes the activation of licensed origins and requires
the activity of CDKs and the DBF4-dependent kinase (DDK), a complex consisting of
the kinase cell division cycle 7 (CDC7) and the regulatory subunit DBF4 (Figure 1.4b).
Phosphorylation targets are for example members of the MCM and GINS complexes,
cell division cycle 45 (CDC45), and DNA polymerases (Labib, 2010).
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Figure 1.4: The initiation of eukaryotic DNA replication.
(a) In G1 phase, the ORC binds to origins of replication. With the help of CDC6 and CDT1,
two MCM2-7 complexes are loaded onto the DNA. (b) Origin firing during S phase requires
the activity of CDKs and DBF4-CDC7. The replicative helicase consisting of MCM2-7, GINS,
and CDC45, is activated. Additional stabilising factors are recruited. (c) The replicative
helicases unwind the double stranded DNA and move into opposite directions. RFC recruits
PCNA, which serves as a scaffold for the DNA polymerases. The polymerase α-primase
complex (Pol α-pri) initiates DNA synthesis and the polymerases ε and δ (Pol ε/δ) elongate
the leading and lagging strand, respectively. Scheme adapted from Gaillard et al., 2015.

The GINS complex and CDC45 are recruited to form the active CMG helicase
together with MCM2-7 (Moyer et al., 2006). Additional factors, like MCM10 and acidic
nucleoplasmic DNA-binding protein 1 (And-1), are involved in the stable assembly of
the helicase (Im et al., 2009). The activation of the helicase complexes and their
movement in opposite directions forms two sister replication forks. After unwinding
7
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the DNA double strands, single stranded DNA is protected against degradation by
binding of replication protein A (RPA). The polymerase α-primase complex starts DNA
synthesis and the polymerases ε and δ perform elongation on the leading and lagging
strand, respectively (Figure 1.4c) (Burgers and Kunkel, 2017). Proliferating cell
nuclear antigen (PCNA) serves as a scaffold for the DNA polymerases and is loaded
onto DNA strands by replication factor C (RFC) (O’Donnell and Kuriyan, 2006).
Additionally, a protein complex consisting of TIMELESS, TIMELESS interacting
protein (TIPIN), and claspin is involved in the coordination of DNA unwinding and DNA
synthesis, stabilises replication forks, and supports checkpoint signalling (Leman and
Noguchi, 2012).
The temporal separation of origin licensing in G1 phase and origin firing in S phase
ensures that DNA replication takes place only once during the cell cycle (Siddiqui et
al., 2013). It is of note that approximately 5x105 origins are licensed in a human
genome but only a small proportion (approximately 10 %) is sequentially activated
during normal DNA replication in S phase (Moiseeva and Bakkenist, 2019). The socalled dormant origins are passively replicated by replisomes emerging from adjacent
active origins and remain as a backup mechanism which allows the completion of
DNA replication in case of replication stress (Ge et al., 2007; Woodward et al., 2006).
1.2.2 Causes of replication stress
Replication stress is defined as the impaired progression or stalling of replication forks
which might even result in the collapse of the replication forks. Several causes of
replication stress have been described so far. Exposure to chemical mutagens,
ultraviolet light, or reactive oxygen species can cause DNA damage, for example
thymidine dimers, which impairs replication fork progression. Furthermore, the
interference of the replisome with the transcription machinery has been described as
a cause for replication stress (Magdalou et al., 2014; Zeman and Cimprich, 2014). In
addition, oncogene activation can interfere with normal DNA replication (Gaillard et
al., 2015). For instance, nucleotide deficiency due to oncogene activation (for
example CCNE, HPV-16 genes E6/E7) decelerates replication fork progression. In
this case, replication stress and resulting DNA damage can be rescued by
supplementation with nucleosides (Bester et al., 2011). Depletion of nucleotide pools
and factors required for DNA synthesis was also observed after excessive origin firing
as a consequence of overexpression or constitutive activation of oncogenes (for
example MYC, CCNE) (Jones et al., 2013; Srinivasan et al., 2013). Additionally,
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collisions with the replication machinery have been described under these
circumstances jones (Jones et al., 2013).
1.2.3 Consequences of replication stress
At stalled replication forks, the uncoupling of DNA unwinding and DNA synthesis leads
to the excessive formation of single stranded DNA which induces the replication stress
response. Consequently, ATR, one of the central kinases mediating replication stress
response, is activated (Byun et al., 2005; Nam and Cortez, 2011). ATR activates its
downstream target CHK1 which phosphorylates and thus inhibits CDC25, a
phosphatase essential for the activation of CDK2. The lack of CDK2 activity leads to
cell cycle arrest. In addition, firing of late-replicating origins is inhibited to prevent the
consumption of nucleotides and other replication factors. These global effects of ATRCHK1-mediated signalling provide additional time to react to the cause of replication
stress and resources are maintained to complete DNA synthesis in the proximity to
stalled replisomes. Moreover, ATR-mediated signalling is required for the stabilisation
of impaired replication forks and the induction of repair processes (Cimprich and
Cortez, 2008). It is of note that the activation of dormant origins near stalled replication
forks is not inhibited by ATR-CHK1 signalling (Ge and Blow, 2010). Thus, dormant
origin firing contributes to the completion of DNA replication when global replication
is slowed down (Ge et al., 2007; Woodward et al., 2006).
Importantly, very mild replication stress might not induce a replication stress response
allowing cell cycle progression even in the presence of short stretches of underreplicated DNA. DNA damage and chromosomal rearrangements can occur if cells
cannot finish DNA replication before the onset of mitosis (Gelot et al., 2015). This
phenomenon is especially observed at so-called common fragile sites (CFSs). CFSs
have a reduced number of licensed origins and often contain sequence motives which
favour the formation of secondary structures impairing DNA replication. They
frequently include large late-replicating genes which complicates the coordination of
replication and transcription. These characteristics of CFSs explain their
hypersensitivity to replication stress. The instability of CFSs upon replication stress is
associated with cancer development and chromosomal instability (Debatisse and
Rosselli, 2019).
1.2.4 ATR-CHK1 signalling in unperturbed cells
ATR-CHK1 signalling is one of the central signalling pathways in the replication stress
response. Recently, Moiseeva et al. (2019) have proposed that low-level ATR-CHK1
9
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signalling is also essential for the orderly replication in unperturbed cells. During
unperturbed DNA replication, basal ATR-CHK1 signalling limits CDK1 activity. The
result is a balanced activity of the kinase CDC7 and the phosphatase complex RIF1PP1. CDC7 promotes origin firing by phosphorylation of components of the replicative
helicase and can be counteracted by the phosphatase RIF1-PP1 (Figure 1.5a). It was
shown that inhibition of ATR-CHK1 signalling leads to increased CDK1 activity. CDK1,
in turn, phosphorylates RIF1, which promotes the dissociation of the phosphatase
complex RIF1-PP1 and, thus, allows additional CDC7-mediated activation of dormant
origins (Figure 1.5b) (Moiseeva et al., 2019).

Figure 1.5: ATR inhibition induces dormant origin firing in a CDK1-dependent manner.
(a) During unimpeded DNA replication, basal ATR-CHK1 signalling inhibits CDK1. The
phosphatase complex RIF1-PP1 remains active and opposes the kinase CDC7, which is
involved in origin firing. (b) Loss of ATR-CHK1 signalling results in increased activity of CDK1.
CDK1 phosphorylates RIF1 which leads to the dissociation of the phosphatase complex RIF1PP1. CDC7-mediated phosphorylation of the replicative helicase contributes to firing of
dormant origins. Scheme based on Moiseeva et al., 2019.

1.3 The transcription factors p53 and p73 and their target p21CIP1
The gene TP53 encodes for the transcription factor p53 which is also known as
“guardian of the genome”. Cellular stresses like DNA damage lead to the stabilisation
and activation of p53. p53 assembles to tetramers and activates the expression of
genes involved in the induction of cell cycle arrest, DNA repair, and induction of
apoptosis to protect genomic integrity (Levine and Oren, 2009). The transcription
factor p53 contains several conserved domains, namely the transactivation domain
(TAD) at its amino-terminus, a DNA binding domain (DBD), and a carboxy-terminal
oligomerisation domain (OD) (Figure 1.6) (Levrero et al., 2000). In addition to p53, the
p53 family of transcription factors includes the homologues p63 and p73 which have
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a similar domain structure (Figure 1.6) (Kaghad et al., 1997; Levrero et al., 2000; Yang
et al., 1998).

Figure 1.6: The homologous transcription factors p53, p63, and p73 share a similar
domain structure.
The transcription factor p53 contains a transactivation domain (TAD), a DNA binding domain
(DBD), and an oligomerisation domain (OD). The transcription factors p63 and p73 share
these domains and contain an additional sterile alpha motif (SAM) and a transactivation
inhibitory domain (TID). Activation of different promotors and alternative splicing sites allows
the generation of various isoforms, for example p73α, p73β, or ΔNp73. N-terminally truncated
isoforms like ΔNp73 can act as dominant-negative regulators of transcription factors with an
intact TAD.

It has been shown that p63 and p73 can also activate the expression of p53responsive genes, including genes relevant for cell cycle regulation (for example
CDKN1A) or apoptosis (for example BAX) (Gressner et al., 2005; Guo et al., 2009;
Jost et al., 1997; Zhu et al., 1998). Additionally, p63 and p73 have some functions
which are not shared with p53. For example, p63 is crucial for craniofacial, limb, and
skin development whereas p73 is important for neurogenesis (Yang et al., 1999,
2000). Various isoforms of the p53 family members can be generated by activation of
different promotors or alternative splicing (Pflaum et al., 2014). Examples for p73
isoforms are given in Figure 1.6. Isoforms with a truncated amino-terminus (ΔN) were
shown to antagonise the tumour suppressive function of isoforms with an intact TAD
(Grob et al., 2001; Yang et al., 1998).
1.3.1 p53 and p73 in cancer
The most common alterations in cancer, which can be detected in approximately 50 %
of human malignancies, are mutations of the gene TP53 (Kandoth et al., 2013).
Nonsense or frameshift mutations which lead to a loss of p53 have been described.
Missense mutations which result in the generation of defective p53 protein are even
more common. The presence of a single mutated p53 oligopeptide in a p53 tetramer
is sufficient to impair its function. Several hotspot mutations have been identified in
the DNA binding domain of p53 which can alter both its DNA binding ability and protein
folding. Consequently, these mutations compromise the tumour suppressive function
due to impaired activation of p53-responsive genes. Additionally, mutant p53 can act
11
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as an oncogenic transcription factor. This gain of function can be mediated by direct
binding to DNA sequences, which are not bound by wildtype p53, or by modulation of
the activity of other transcription factors (Muller and Vousden, 2014).
In contrast to TP53 mutations, TP73 mutations are rarely described in cancer.
However, TP73 is located on the chromosome arm 1p36 which is frequently lost in
various cancer entities, for example neuroblastoma and pancreatic adenocarcinoma
(Kaghad et al., 1997; Loukopoulos et al., 2007). Additionally, the tumour suppressive
function of both p53 and p73 can be inhibited by ΔNp73, a truncated variant of p73
(Figure 1.6). ΔNp73 is still able to bind to DNA and can either initiate gene
transcription or suppress gene expression by blocking p53- or p73-responsive
promotors. In addition, it has been suggested that ΔNp73 can form hetero-tetramers
with p53 or p73 and, thus, inhibit their function (Bailey et al., 2011). However, heterotetramer formation of p53 and p73 isoforms could not be confirmed in vitro suggesting
that competition for DNA binding is the main mechanism of action (Joerger et al.,
2009). The expression of ΔNp73 has been documented for colorectal, lung, and
breast cancer, among others, suggesting a tumour-promoting function (Di et al.,
2013).
1.3.2 The cell cycle regulator p21CIP1 in cancer
The gene CDKN1A encodes for the cell cycle inhibitor p21CIP1 which induces cell cycle
arrest in G1 and G2 phase by inhibiting CDK2 and CDK1 (Medema et al., 1998).
Additionally, p21CIP1 can impair DNA replication by inhibiting PCNA (Luo et al., 1995).
It is well established that the expression of CDKN1A can be induced by p53 and also
by the homologous transcription factor p73 upon DNA damage (Jost et al., 1997;
Kaghad et al., 1997). Therefore, p21CIP1 might be an important protein which mediates
the tumour suppressive function of the transcription factors of the p53 family. A role
of p21CIP1 in preserving chromosomal stability has also been described previously
(Barboza et al., 2006; Shen et al., 2005). Actually, loss of CDKN1A and its gene
product p21CIP1 leads to late onset tumours in mouse models (Martín-Caballero et al.,
2001). A reduced expression of CDKN1A was described for several cancers,
including colorectal cancer and non-small cell lung cancer (Kreis et al., 2019). In
addition, loss of CDKN1A leads to several mitotic defects. Analyses in HCT116CDKN1A-/- cells revealed prolonged mitosis and chromosome missegregation (Kreis
et al., 2014). Together, these findings indicate that loss of p21CIP1-mediated cell cycle
regulation is associated with chromosomal instability and tumourigenesis. However,
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overexpression in cancer and an oncogenic function of p21CIP1 have also been
described (Kreis et al., 2019).

1.4 Microtubules and mitotic spindle assembly
Actin filaments, intermediate filaments, and microtubules form the cytoskeleton.
Microtubules are important for the cellular shape, are involved in cell migration, are
essential for the transport of vesicles and the arrangement of organelles, and form
the mitotic spindle (Hohmann and Dehghani, 2019).
1.4.1 Characteristics of microtubules
α- and β-tubulin subunits form dimers which associate to linear protofilaments and 13
protofilaments assemble to hollow cylindrical fibres, the microtubules. The αβ-tubulin
dimers are all oriented in the same direction which leads to a defined polarity of the
microtubules. The end exposing α-tubulin is referred to as minus-end, whereas the
end exposing β-tubulin represents the plus-end (Figure 1.7). Microtubule growth is
possible at both ends, but the growth rate is higher at the plus-end (Desai and
Mitchison, 1997).

Figure 1.7: The dynamic instability of microtubules.
Microtubule polymerisation results from the incorporation of GTP-bound αβ-tubulin dimers at
the plus-end. After GTP hydrolysis, the affinity to adjacent tubulin molecules decreases which
leads to microtubule depolymerisation. The transition from polymerisation to depolymerisation
is called catastrophe, whereas the switch from depolymerisation to polymerisation is called
rescue.

Tubulin dimers have GTPase activity. After incorporation at the microtubule plus-end,
the GTP bound to β-tubulin is hydrolysed to GDP which induces conformational
changes and reduces the affinity to adjacent tubulin molecules. In growing
microtubules, the incorporation of new αβ-tubulin dimers is faster than GTP
hydrolysis, resulting in a “GTP-cap” which protects the αβ-tubulin dimers from rapid
13
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dissociation (Dimitrov et al., 2008). In contrast, microtubules shrink if the GTP
hydrolysis is faster than the recruitment of new αβ-tubulin dimers. The switch from
growth to shrinkage of microtubules due to depolymerisation is called catastrophe,
whereas the transition from shortening to growth is described as rescue (Figure 1.7).
If dissociation and association of αβ-tubulin dimers are equal, the length of the
microtubule does not change despite the continuous rearrangements. This process is
called treadmilling (Desai and Mitchison, 1997). Microtubules can quickly change from
growth to shrinkage, which has been described as dynamic instability (Mitchison and
Kirschner, 1984). The dynamic instability of microtubules is essential for their function,
especially for the formation of correct microtubule-kinetochore attachments during
mitosis (Kirschner and Mitchison, 1986; Mitchison and Kirschner, 1984).
1.4.2 Microtubule associated proteins
In vitro, the formation of microtubules is possible in the presence of only α-and βtubulin, GTP, and magnesium ions (Voter and Erickson, 1984). However, the
formation, growth and shrinkage, as well as the function of microtubules is modulated
by various microtubule associated proteins (MAPs) in living cells. Depending on their
function, MAPs can be divided into several classes: microtubule nucleators (Roostalu
and Surrey, 2017), end-binding proteins attaching to plus- or minus-ends of
microtubules

including enzymes

promoting microtubule polymerisation and

depolymerisation (Akhmanova and Steinmetz, 2015), motor proteins generating
forces and movement (Bhabha et al., 2016; Hirokawa et al., 2009), and microtubule
stabilising MAPs (Bodakuntla et al., 2019). Several examples are presented below.
In mammalian cells, the centrosome represents the major microtubule-organising
centre (MTOC). It consists of two centrioles which are surrounded by pericentriolar
material (PCM). The γ-tubulin ring complex (γ-TuRC) is associated with the
centrosomes and forms the basis for microtubule nucleation (Kollman et al., 2011).
Polymerases like colonic and hepatic tumour-overexpressed gene (ch-TOG, encoded
by the gene CKAP5) support the polymerisation of microtubules (Brouhard et al.,
2008). Additionally, ch-TOG can act as a microtubule nucleator (Thawani et al., 2018).
CKAP5 is frequently overexpressed in cancer (Charrasse et al., 1995). In contrast,
the kinesins mitotic centromere-associated kinesin (MCAK) and kinesin family
member 2B (Kif2B) have microtubule depolymerase activity and are involved in the
correction of erroneous microtubule-kinetochore attachments (Bakhoum et al., 2009a;
Hunter et al., 2003; Knowlton et al., 2006). Microtubule plus-end tracking proteins
(+TIPs) bind to the plus-ends of microtubules and can recruit additional MAPs. End
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binding proteins (EBs) belong to the group of +TIPs (Akhmanova and Steinmetz,
2015). End binding proteins fused to fluorescent proteins can be used to track
microtubule plus-tips in cell biological experiments (Stepanova et al., 2003). Motor
proteins including kinesins and dynein consist of a motor domain and a cargo-binding
domain. Due to this structure, they are able to “walk” on microtubules and can
transport vesicles or arrange cellular organelles. If the cargo-binding domain is
replaced by another motor domain, motor proteins can move microtubules along
microtubules. Kinesins are directed to the microtubule plus-ends, whereas dynein
molecules move to the minus-ends of microtubules (Bhabha et al., 2016; Hirokawa et
al., 2009).
1.4.3 The mitotic spindle
In proliferating cells, the centrosome as major MTOC is duplicated during S phase.
After maturation, centrosomes are separated at the onset of mitosis to start the
formation of a bipolar mitotic spindle which is essential for the equal distribution of the
DNA. Bipolar kinesin complexes with two motor domains, for example Eg5, can move
microtubules in opposite directions which promotes the separation of the centrosomes
(Tanenbaum and Medema, 2010). Different classes of microtubules are present in
mitotic spindles. Interpolar microtubules form a network of overlapping and
antiparallelly arranged microtubules emanating from the two opposing spindle poles.
Astral microtubules interact with the cellular cortex and are involved in the correct
positioning of the mitotic spindle in the cell. Kinetochore microtubules, which are also
called k-fibres, bind to the kinetochores of chromosomes. For this process, the activity
of several kinetochore proteins and MAPs is necessary (Petry, 2016).
The increased proliferative capacity of cancer cells can be targeted by microtubule
modulating drugs. Taxol belongs to the taxanes, a group of microtubule-targeting
drugs. Taxol stabilises microtubule dynamics especially at their plus-ends or, if
applied in higher concentrations, promotes microtubule polymerisation (Derry et al.,
1995; Jordan et al., 1993). This interference with microtubule dynamics prevents the
formation

of

correct

microtubule-kinetochore

attachments

during

mitosis.

Consequently, cells cannot progress from metaphase to anaphase leading to mitotic
slippage and, ultimately, apoptosis (Jordan et al., 1996). In addition, our lab has
shown that sub-nanomolar concentrations of Taxol can be used to specifically reduce
abnormally increased microtubule polymerisation rates (Ertych et al., 2014).
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1.5 Chromosomal instability
The correct duplication of the DNA during S phase and its faithful segregation during
mitosis are essential to generate euploid progeny and to maintain chromosomal
stability in a cell population. In contrast, chromosomal instability (CIN) is one of the
central hallmarks of cancer cells (Hanahan and Weinberg, 2011).
1.5.1 Types of chromosomal instability
Chromosomal instability can be divided into two major forms, namely structural
chromosomal instability (S-CIN) and whole chromosomal instability (W-CIN). S-CIN
describes a high rate of structural chromosomal rearrangements like deletions,
insertions, and amplifications (Sansregret et al., 2018). Replication stress and
impaired DNA repair processes are possible causes for S-CIN (Gelot et al., 2015). WCIN describes the perpetual gain or loss of whole chromosomes. It is of note that WCIN is a dynamic process whereas aneuploidy characterises the current state of a
karyotype, in detail an aberrant karyotype with a chromosome number differing from
the modal number of 46 chromosomes in human somatic cells (Sansregret et al.,
2018). The analyses of colorectal cancer (CRC) samples revealed that up to 85 % of
CRC cells show a W-CIN phenotype which is associated with poor prognosis. In
contrast, only 15 % of CRC cells exhibit microsatellite instability (MIN/MSI) which is
caused by mutations in the DNA mismatch repair system and associated with an
increased rate of point mutations (Cisyk et al., 2015; Dunican et al., 2002).
1.5.2 Causes of whole chromosomal instability
W-CIN is associated with various mitotic defects which are illustrated in Figure 1.9.
Analyses in cell lines revealed that defects in the spindle assembly checkpoint (SAC)
are sufficient to induce W-CIN and aneuploidy (Michel et al., 2001). The tumour
incidence was higher in mice with a reduced expression of SAC components in
comparison with their wildtype litter mates (Kops et al., 2005). However, mutations in
known SAC genes are only rarely present in human tumours (Thompson et al., 2010).
Mutations or loss of cohesin subunits lead to the untimely separation of sister
chromatids and, thus, chromosome missegregation. Cohesion defects associated
with aneuploidy and W-CIN were detected in colorectal and bladder cancer (Barber
et al., 2008; Solomon et al., 2013).
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In early mitosis, the formation of incorrect microtubule-kinetochore attachments is
common due to the search-and-capture mechanism. In contrast to correct amphitelic
attachments, only one kinetochore or both kinetochores from sister chromatids can
be bound by microtubules from only one spindle pole. These errors are referred to as
monotelic or syntelic attachments, respectively (Figure 1.8a) (Godek et al., 2015).

Figure 1.8: Microtubule-kinetochore attachments.
(a) Monotelic or syntelic attachments occur when one or both sister kinetochores are bound
by microtubules emanating from only one spindle pole. Merotelic attachments occur when one
kinetochore is bound by microtubules originating from both centromeres. A correct bipolar
attachment is referred to as amphitelic. (b) Lagging chromosomes are generated when cells
proceed from metaphase to anaphase in the presence of merotelic microtubule-kinetochore
attachments.

In the presence of monotelic attachments and, thus, unattached kinetochores, SAC
signalling is active. Consequently, the progression of mitosis is delayed until the
monotelic attachments are corrected. In the presence of syntelic attachments, the
inter-kinetochore tension is reduced because both sister kinetochores are bound by
microtubules emanating from the same spindle pole. The lack of tension induces an
Aurora B-dependent signalling pathway which leads to the destabilisation of
erroneous microtubule-kinetochore attachments and active SAC signalling until
correct amphitelic attachments are established (Musacchio, 2015). In addition to
monotelic and syntelic attachments, a third type of erroneous microtubule-kinetochore
attachments has been described: A merotelic attachment occurs when a single
kinetochore is bound by microtubules emanating from both spindle poles (Figure
17
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1.8a). Significantly, the SAC is satisfied despite the persistence of merotelic
attachments allowing the onset of anaphase in the presence of these erroneous
microtubule-kinetochore attachments. If the error correction machinery is impaired or
simply overrun by the increased formation of merotelic attachments, cells enter
anaphase and the affected chromatid is not correctly transported to one of the two
spindle poles and remains as a “lagging chromosome” (Figure 1.8b). Merotelic
attachments and lagging chromosomes are frequently associated with W-CIN in
cancer cells (Cimini, 2008; Cimini et al., 2001).
The possible causes for the generation of lagging chromosomes in cancer cells are
diverse. Supernumerary centrosomes have been detected in various tumour entities
and cancer cell lines. To avoid lethal multipolar cell divisions, cells cluster the
centrosomes to form a pseudo-bipolar spindle. However, multipolar spindle
intermediates favour the formation and persistence of merotelic microtubulekinetochore attachments which is associated with W-CIN (Ganem et al., 2009).
Additionally, hyperstability of microtubule-kinetochore attachments has been
described as a cause for the increased formation and persistence of merotelic
attachments and subsequent chromosome missegregation in cells exhibiting W-CIN
(Bakhoum et al., 2009b). Faithful chromosome segregation could be restored by
increasing

microtubule

turnover

upon

overexpression

of

the

microtubule

depolymerising kinesins MCAK and Kif2B (Bakhoum et al., 2009a). These results
indicate that impaired correction of erroneous microtubule-kinetochore attachments
might underlie W-CIN. However, mutations in the genes encoding for MCAK, Kif2B,
or Aurora B, which is involved in the regulation of MCAK and Kif2B localisation and
activity (Bakhoum et al., 2009a; Knowlton et al., 2006), are rarely found in human
malignancies (Thompson et al., 2010). Nonetheless, alterations in genes encoding for
other proteins, which modulate microtubule-kinetochore attachment stability, might be
cancer-relevant. One example is the tumour suppressor gene adenomatous polyposis
coli (APC) which is often mutated in chromosomally instable colorectal tumours
(Fodde et al., 2001; Green and Kaplan, 2003). Loss of APC leads to hyperstability of
microtubule-kinetochore attachments, lagging chromosomes, and chromosome
missegregation (Bakhoum et al., 2009b).
Recently, our lab has described that increased mitotic microtubule polymerisation
rates lead to transient mispositioning of the mitotic spindle, merotelic microtubulekinetochore attachments, chromosome missegregation, and W-CIN (Ertych et al.,
2014). The correction of microtubule polymerisation rates by the microtubule-binding
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drug Taxol or by depletion of the microtubule polymerase ch-TOG was sufficient to
restore chromosome segregation and chromosomal stability, which indicates a causal
relationship between elevated microtubule growth rates and whole chromosome
missegregation (Ertych et al., 2014).

Figure 1.9: Possible causes of whole chromosomal instability (W-CIN).
Increased formation and persistence of merotelic microtubule-kinetochore attachments and
premature loss of sister chromatid cohesion are well-established mechanisms leading to
chromosome missegregation and W-CIN in human cancer cells. Possible underlying defects
are, for instance, cohesion defects, impaired SAC function, supernumerary centrosomes,
hyperstable microtubule-kinetochore attachments, and increased microtubule polymerisation
rates. Scheme adapted from Bastians, 2015.

The underlying causes for increased microtubule growth rates are only incompletely
understood. Our lab showed that the loss of BRCA1, a tumour suppressor involved in
DNA repair by homologous recombination, results in elevated microtubule
polymerisation rates and W-CIN. The kinase CHK2 phosphorylates BRCA1 at Ser988
which leads to its activation. The loss of the positive regulator CHK2 mimics the
phenotype of BRCA1 loss regarding microtubule growth rates and chromosome
missegregation (Ertych et al., 2014; Stolz et al., 2010). The kinase Aurora A, whose
activity is important for the progression of mitosis, is often overexpressed in cancer.
Our lab found out that overexpression of AURKA (gene encoding for Aurora A) also
leads to higher microtubule polymerisation rates and W-CIN. Aurora A phosphorylates
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BRCA1 at Ser308, which is an inhibitory phosphorylation regarding the mitotic
function of BRCA1 (Ertych et al., 2016). In addition, overexpression of CEP72, the
gene encoding for the centrosomal protein 72 (Cep72), induces abnormal microtubule
growth rates and W-CIN. Cep72 interacts with BRCA1 and seems to be a negative
regulator of BRCA1 (Lüddecke et al., 2016). Together, these previous results strongly
indicate that a BRCA1-centred signalling network is required for the maintenance of
proper microtubule growth rates in mitosis. However, the underlying mechanisms
remain to be investigated. More recently, we have shown that overexpression of
oncogenic ΔNp73 or the concomitant loss of the tumour suppressor genes TP53 and
TP73 result in increased microtubule polymerisation rates and chromosome
missegregation (Berger, 2016; Schmidt et al., 2021).
Interestingly, the induction of mild replication stress is sufficient to induce higher
microtubule growth rates, chromosome missegregation, and W-CIN (Böhly et al.,
2019). This is in line with previous findings showing that replication stress does not
only induce structural chromosome aberrations but also triggers W-CIN (Burrell et al.,
2013a).
1.5.3 Consequences of chromosomal instability
Chromosomal instability is the major mechanism leading to the development of
genetic heterogeneity in tumours (Burrell et al., 2013b). It is of note that excessive
chromosome missegregation often results in the formation of unviable karyotypes
(Sansregret et al., 2018). In this case, severe gene dosage imbalances and the
resulting metabolic changes and proteotoxic stress have detrimental effects (Tang
and Amon, 2013). Additionally, it has been shown that cells with complex aneuploid
karyotypes induce an immune response leading to their clearance (Santaguida et al.,
2017). However, loss or amplifications of genes acquired by moderate levels of CIN
favour tumour adaptability under selective pressure occurring during tumour evolution
and cancer therapy which is associated with poor prognosis (Sansregret et al., 2018).
Considering the importance of CIN in tumourigenesis, tumour progression, and
development of therapy resistance, it is of utmost interest to target CIN in therapeutic
approaches. Aneuploid cells suffer from proteotoxic and metabolic stress. Induction
of additional stress by the protein folding inhibitor 17-AAG or the energy stressinducing compound AICAR inhibit the growth of aneuploid cancer cells (Tang et al.,
2011). Inhibitors of Mps1, a central kinase of the spindle assembly checkpoint, have
been developed to increase the rate of chromosome missegregation to support the
generation of unviable karyotypes. These compounds have been shown to improve
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the efficacy of Taxol treatment in cellular assays and in mouse models (Janssen et
al., 2009; Wengner et al., 2016). Another approach is the reactivation of p53 in
chromosomally instable tumour cells to abrogate cellular tolerance to CIN (Sansregret
et al., 2018).
It is of note that the vast majority of human cancer cells displays both structural and
numerical chromosomal aberrations. Hence, it is not surprising that an interplay of WCIN and S-CIN has been described (Sansregret et al., 2018). Replication stress, an
established cause for S-CIN, also contributes to the missegregation of whole
chromosomes (Burrell et al., 2013a). Vice versa, missegregated chromosomes are
prone to DNA damage and structural aberrations (Crasta et al., 2012; Janssen et al.,
2011; Passerini et al., 2016).
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2 SCOPE OF THE STUDY
Whole chromosomal instability (W-CIN) is defined as the continuous gain or loss of
whole chromosomes during mitosis and is a major hallmark of cancer. W-CIN
contributes to the genetic heterogeneity of tumour cell populations and is associated
with tumourigenesis, tumour progression, development of therapy resistance, and
poor prognosis (Sansregret et al., 2018). Therefore, it is of great interest to elucidate
the mechanisms leading to W-CIN to understand tumour development and
progression, which might result in new approaches in cancer treatment (Sansregret
et al., 2018). Our lab established a causal relationship between increased microtubule
polymerisation rates in mitotic spindles and the induction of W-CIN (Ertych et al.,
2014). However, the underlying mechanisms are hardly understood. Thus, the aim of
this study is to identify further cancer-relevant alterations leading to increased mitotic
microtubule polymerisation rates and W-CIN. Since recent results of our lab revealed
that overexpression of ΔNp73 or the concomitant loss of the transcription factors p53
and p73 induce abnormal microtubule growth rates and chromosome missegregation
(Berger, 2016; Schmidt et al., 2021), the focus of this study is to unravel the
mechanisms

leading

from

TP53/TP73-deficiency

to

aberrant

microtubule

polymerisation rates.
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3 MATERIAL AND METHODS
3.1 Material
Materials including cell culture dishes, centrifuge tubes, coverslips, disposable
syringes, microscopy dishes and slides, pipette (filter) tips, reaction tubes, and repeat
dispenser tips were purchased from Becton, Dickinson and Company (Franklin Lakes,
NJ, USA), Greiner Bio-One International GmbH (Kremsmünster, Österreich), ibidi
GmbH (Gräfelfing, Germany), Sarstedt AG & Co. KG (Nümbrecht, Germany), Starlab
GmbH (Hamburg, Germany), Thermo Fisher Scientific (Waltham, MA, USA), and Th.
Geyer GmbH & Co. KG (Renningen, Germany).
3.1.1 Equipment
The equipment, which was used for this study, is listed in Table 3.1.
Table 3.1: Equipment used in this study.

Equipment
Centrifuge, cooling
Centrifuge, tabletop
Centrifuge, tabletop
cooling
Chemiluminescence
imaging system
CO2 incubator
Electrophoresis power
supply
Electroporation device
Flow cytometer

Heating block

Model

Company

Heraeus Multifuge
X3R
Heraeus Pico 17
Centrifuge
Heraeus Fresco 21
Centrifuge

Thermo Fisher Scientific,
Waltham, MA, USA
Thermo Fisher Scientific,
Waltham, MA, USA
Thermo Fisher Scientific,
Waltham, MA, USA
Vilber Lourmat, Collégien,
France
Thermo Fisher Scientific,
Waltham, MA, USA

Fusion-SL-3500.WL

HERAcell 240i CO2
Incubator
Consort Power Supply
Consort, Turnhout, Belgium
EV231
Bio-Rad Laboratories, Inc.,
Gene Pulser Xcell©
Hercules, CA, USA
Becton, Dickinson and
©
BD FACSCanto II
Company, Franklin Lakes, NJ,
USA
TDB-120 Dry Block
Biosan, Riga, Latvia
Thermostat
Own manufacturing

Incubator
Laboratory scale

New Brunswick™
Innova®42 Shaker
Sartorius Research
R200D

Eppendorf AG, Hamburg,
Germany
Sartorius AG, Göttingen,
Germany
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Equipment

Model

Magnetic Mixer

IKAMAG© RCT
Delta Vision Elite©

Microscope

Microscope camera

Microscope camera
adapter

Leica, Wetzlar, Germany

Zeiss Axioscope FS

Zeiss, Oberkochen, Germany

PCO Edge sCMOS
camera
Leica DFC360 FX
camera
Hamamatsu digital
camera C4742-95
A3474-07

VECTASHIELD®

Multilabel plate reader

Victor© X3

Nitrocellulose
membrane

AmershamTM
ProtranTM 0.45 µm NC

pH meter

Portamess® 911 pH

Pipettes

PIPETMAN Classic
Pipetboy acu 2

Pipettor
pipetus® standard
Rocker

SLG® Rocking
platform

Spectrophotometer

NanoDrop 2000

Sterile workbench

HERAsafeM

Vertical gel
electrophoresis system
Vortex mixer

Wet blotting system

IKA Werke GmbH & Co. KG,
Staufen, Germany
GE Healthcare, Chicago, IL,
USA

Leica DMI6000B

Euparal
Mounting medium

Company

PCO AG, Kelheim, Germany
Leica, Wetzlar, Germany
Hamamatsu Photonics,
Hamamatsu, Japan
Hamamatsu Photonics,
Hamamatsu, Japan
Carl Roth, Karlsruhe, Germany
Vector Laboratories, Inc.,
Burlingame, CA, USA
PerkinElmer, Waltham, MA,
USA
GE Healthcare Life Sciences,
Chalfont St. Giles, UK
Knick Elektronische
Messgeräte GmbH & Co. KG,
Berlin, Germany
Gilson Incorporated,
Middleton, WI, USA
Integra Biosciences GmbH,
Zizers, Switzerland
Hirschmann Laborgeräte
GmbH & Co. KG, Eberstadt,
Germany
Süd-Laborbedarf GmbH,
Gauting, Germany
Thermo Fisher Scientific,
Waltham, MA, USA
Thermo Fisher Scientific,
Waltham, MA, USA
Own manufacturing

VORTEX-GENIE© 2
Mini Trans-Blot® Cell

Scientific Industries, Inc.,
Bohemia, NY, USA
Bio-Rad Laboratories, Inc.,
Hercules, CA, USA
Own manufacturing
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3.1.2 Software
The software, which was used for data analysis, is listed in Table 3.2.
Table 3.2: Software used in this study.

Software

Company

BD FACSDiva

Becton, Dickinson and Company,
Franklin Lakes, NJ, USA

Fusion 15.12

Vilber Lourmat, Collégien, France

GraphPad Prism 5.0
Hokawo Launcher 2.1

GraphPad Software, San Diego, CA,
USA
Hamamatsu Photonics, Hamamatsu,
Japan

ImageJ

NIH Image, Bethesda, MD, USA

Leica LAS AF 2.7.3.9723

Leica, Wetzlar, Germany

softWoRx© 6.0 Software Suite

GE Healthcare, Chicago, IL, USA

softWoRx© Explorer 1.3.0

GE Healthcare, Chicago, IL, USA

3.1.3 Chemicals
Standard chemicals were obtained from AppliChem GmbH (Darmstadt, Germany),
Bio-Techne (Minneapolis, MN, USA), Becton, Dickinson and Company (Franklin
Lakes, NJ, USA), Carl Roth (Karlsruhe, Germany), Enzo Life Sciences, Inc.
(Farmingdale, NY, USA), Fermentas GmbH (St. Leon-Rot, Germany), Merck Millipore
(Darmstadt, Germany), Promega Corporation (Madison, WI, USA), Roche
Diagnostics International AG (Rotkreuz, Switzerland), Santa Cruz (Dallas, TX, USA),
Sigma-Aldrich (St. Louis, MO, USA), Thermo Fisher Scientific (Waltham, MA, USA),
Th. Geyer GmbH & Co. KG (Renningen, Germany), and VWR International (Radnor,
PA, USA).
Further chemicals and inhibitors, their purpose, and the used working concentrations
are given in Table 3.3.
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Table 3.3: Chemicals and inhibitors used in this study.

Chemical

Concentration

Effect

Company

Aphidicolin

100 nM

Inhibition of DNA
polymerases α, δ,
and ε

Santa Cruz,
Dallas, TX, USA

Nucleoside
supplementation
to reduce
replication stress

Santa Cruz,
Dallas, TX, USA

2′-Deoxyadenosine
monohydrate
2′-Deoxycytidine
hydrochloride
2′-Deoxyguanosine
monohydrate

30 µM
30 µM
30 µM

Thymidine

30 µM

Dimethylenastron
(DME)

2.0 µM

Inhibition of
kinesin Eg5

ETP-46464

1.0 µM

Inhibition of ATR

300 µg/ml 500 µg/ml

Inhibition of
translation; used
as selection
marker

Geneticin (G418)
Sulfate

MK-1775

25 nM - 5.0 µM

Inhibition of Wee1

PHA-767491

0.5 µM

Inhibition of
CDC7/CDK9

Ponasterone A

0.25 µM - 5.0 µM

Puromycin
dihydrochloride

1 µg/ml

RO-3306

0.25 µM - 7.0 µM

Taxol

0.2 nM

Thymidine

2.0 mM

XL-413
hydrochloride

0.5 µM - 1.0 µM

Induction of
CDKN1A
expression in
RKO-p21-Pon
cells
Inhibition of
translation; used
as selection
marker
Inhibition of CDK1
Stabilisation of
microtubules
Cell cycle arrest at
G1/S
Inhibition of CDC7

Sigma-Aldrich, St
Louis, MO, USA
Selleck
Chemicals,
Houston, TX, USA
Santa Cruz,
Dallas, TX, USA
Selleck
Chemicals,
Houston, TX, USA
Selleck
Chemicals,
Houston, TX, USA
Santa Cruz,
Dallas, TX, USA

Santa Cruz,
Dallas, TX, USA
Santa Cruz,
Dallas, TX, USA
Sigma-Aldrich, St
Louis, MO, USA
Santa Cruz,
Dallas, TX, USA
Tocris Bioscience,
Bristol, UK
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3.1.4 Oligonucleotides
Table 3.4 provides the siRNA sequences used in this study and the corresponding
references.
Table 3.4: siRNAs used in this study.

Target gene

Sequence

Reference

CDC7

5'-AAGCUCAGCAGGAAAGGUG-3’

Im et al., 2009

CKAP5

5’-GAGCCCAGAGUGGUCCAAA-3’

De Luca et al.,
2008
Elbashir et al.,
2001
Brummelkamp
et al., 2002

LUCIFERASE
5’-CUUACGCUGAGUACUUCGAUU-3’
(LUC)
TP53

5’-GACUCCAGUGGUAAUCUAC-3’
5’-CAGGUGACCGACGUCGUGAAA-3’

TP73

5’-CUCGGGAGGGACUUCAACGAA-3’

Qiagen, Hilden,
Germany

5’-CCCGGGAUGCUCAACAACCAU-3’
5’-CCCGCUCUUGAAGAAACUCUA-3’

MCM2

5’GGAGCUCAUUGGAGAUGGCAUGGAA-3’

RIF1

5´-AAGAGCAUCUCAGGGUUUGCUdTdT-3’

Passerini et al.,
2016
Wang et al.,
2009

3.1.5 Plasmids
The used plasmids, their purpose, and corresponding references are given in Table
3.5.
Table 3.5: Plasmids used in this study.

Vector

pcDNA3.1-attB-FA-MycHis

pcDNA3.1-Zeocin
pcDNA3.1-FLAGCDK1-AF (T14A/Y15F)

Purpose
Human expression vector
with CMV (cytomegalovirus) promotor and attB
sites for site-specific
integration of genes in
the human genome
Human expression vector
with CMV promotor
CMV promotor driven
expression of FLAGtagged constitutively

Reference

Kindly provided by Prof.
Olaf Stemmann
(Bayreuth, Germany)
Invitrogen, Carlsbad, CA,
USA
Kindly provided by
Makoto Iimori (Kyushu,
Japan) and Prof.
Lienhard Schmitz
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Vector

Purpose

Reference

active CDK1 in human
cells

(Gießen, Germany)
(Seibert et al., 2019)
Kindly provided by
Makoto Iimori (Kyushu,
Japan) and Prof.
Lienhard Schmitz
(Gießen, Germany)
(Seibert et al., 2019)
Kindly provided by Prof.
Linda Wordeman
(Seattle, WA, USA)
(Stepanova et al., 2003)

pcDNA3.1-FLAGCDK1-DN (D145N)

CMV promotor driven
expression of FLAGtagged kinase-dead
CDK1 in human cells

pEGFP-EB3

CMV-promotor driven
expression of GFPtagged EB3 in human
cells

3.1.6 Human cell lines
Human cell lines which were used for the experiments in this study, their origin, and
references are given in Table 3.6.
Table 3.6: Human cell lines used in this study.

Cell line

Origin

Reference

DLD-1

Colon carcinoma

DLD-1-CDKN1A-/-

Colon carcinoma

HCT116

Colon carcinoma

ATCC, Manassas, VA, USA

HCT116 + control shRNA

Colon carcinoma

Schmidt et al., 2021

HCT116-TP53-/- + control
shRNA

Colon carcinoma

Schmidt et al., 2021

HCT116 + TP73 shRNA

Colon carcinoma

Schmidt et al., 2021

HCT116-TP53 + TP73
shRNA

Colon carcinoma

Schmidt et al., 2021

HT29

Colon carcinoma

ATCC, Manassas, VA, USA

RKO

Colon carcinoma

ATCC, Manassas, VA, USA

RKO-p21-Pon
(ponasterone A inducible
expression of CDKN1A in
RKO)

Colon carcinoma

Kindly provided by Mathias
Schmidt (Schmidt et al., 2000)

SW480

Colon carcinoma

ATCC, Manassas, VA, USA

SW620

Colon carcinoma

ATCC, Manassas, VA, USA

Sigma-Aldrich, St Louis, MO,
USA
Horizon Discovery, Cambridge,
UK

-/-
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Details on cell lines generated during this study are indicated in
Table 3.7.
Table 3.7: Cell lines which were generated during this study.

Cell Line

Parental
Cell Line

Plasmid

Selection
Marker

HCT116 + vector

HCT116

pcDNA3.1-attB-FA-Myc-His

Geneticin

HCT116 + CDK1-AF

HCT116

pcDNA3.1-FLAG-CDK1-AF

Geneticin

HCT116 + CDK1-DN

HCT116

pcDNA3.1-FLAG-CDK1-DN

Geneticin

3.1.7 Antibodies
The primary antibodies, which were used in this study, are listed in Table 3.8. Details
on their host species, clonality, and used dilutions are given.
Table 3.8: Primary antibodies used in this study.
IF: immunofluorescence, WB: Western blot, mAb: monoclonal antibody, pAb: polyclonal
antibody.

Antigen
α-tubulin
β-actin
CDC2
(CDK1)
CDC7
CENP-C
ch-TOG
FLAG

Species,
Clonality
Mouse
mAb
Mouse
mAb
Mouse
mAb
Rabbit
mAb
Guinea
pig pAb
Mouse
mAb
Mouse
mAb

Clone
Number

Use

Dilution

B-5-1-2

IF
WB

1:700
1:1000

AC-15

WB

1:10000

17

WB

1:500

EPR
20337

WB

1:1000

-

IF

1:1000

H4

WB

1:300

M2

WB

1:500

MCM2

Rabbit
mAb

D7G11

WB

1:5000

p21CIP1

Mouse
mAb

DCS60

WB

1:1000

p53

Mouse
mAb

DO-1

WB

1:500

Catalogue Number,
Company
sc-23948, Santa Cruz,
Dallas, TX, USA
A5441, Sigma-Aldrich,
St Louis, MO, USA
sc-54, Santa Cruz,
Dallas, TX, USA
ab229187, Abcam,
Cambridge, UK
PD030, MBL International Corporation,
Woburn, MA, USA
sc-374394, Santa
Cruz, Dallas, TX, USA
F3165, Sigma-Aldrich,
St Louis, MO, USA
#3619, Cell Signaling
Technology, Danvers,
MA, USA
#2946, Cell Signaling
Technology, Danvers,
MA, USA
sc-126, Santa Cruz,
Dallas, TX, USA
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Species,
Clonality
Rabbit
mAb

Antigen
p73
PhosphoTyr15CDC2
PhosphoSer/Thr-Pro
MPM-2
RIF1

Clone
Number

Use

Dilution

EP436Y

WB

1:1000

Rabbit
pAb

-

WB

1:1000

Mouse
mAb

MPM-2

FACS

1:1600

Rabbit
mAb

D2F2M

WB

1:1000

Catalogue Number,
Company
ab40658, Abcam,
Cambridge, UK
#9111, Cell Signaling
Technology, Danvers,
MA, USA
05-368, Merck
Millipore, Darmstadt,
Germany
#95558, Cell
Signaling Technology,
Danvers, MA, USA

Table 3.9 lists the secondary antibodies used in this study including their host species,
clonality, conjugated molecule, and dilution.
Table 3.9: Secondary antibodies used in this study.
IF: immunofluorescence, WB: Western blot, pAb: polyclonal antibody.

Species,
Clonality

Conjugate

Antiguinea
pig

Goat pAb

AlexaFluor594

IF

1:1000

Antimouse

Goat pAb

AlexaFluor488

FACS
IF

1:2000
1:1000

Antimouse

Goat pAb

Hoseradish
peroxidase
(HRP)

WB

1:10000

Antirabbit

Goat pAb

Hoseradish
peroxidase
(HRP)

WB

1:10000

Antigen

Use

Dilution

Catalogue Number,
Company
A-11076, Thermo
Fisher Scientific,
Waltham, MA, USA
A-11029, Thermo
Fisher Scientific,
Waltham, MA, USA
115-035-146, Jackson
ImmunoResearch
Laboratories, Inc.,
West Grove, PA, USA
111-035-144, Jackson
ImmunoResearch
Laboratories, Inc.,
West Grove, PA, USA

3.2 Cell biological methods
3.2.1 Cultivation of human cell lines
DLD-1, DLD-1-CDKN1A-/-, HCT116, HT29, RKO, SW480, and SW620 cells were
cultured in RPMI1640 (PAN-Biotech GmbH, Aidenbach, Germany) supplemented
with 10 % fetal bovine serum (FBS) (Corning Inc., Corning, NY, USA), and 1 %
penicillin/streptomycin (100 units/ml penicillin, 100 μg/ml streptomycin) (Anprotec,
Bruckberg, Germany). HCT116 + control shRNA, HCT116-TP53-/- + control shRNA,
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HCT116 + TP73 shRNA, and HCT116-TP53-/- + TP73 shRNA cells were grown in
RPMI1640 supplemented with 10 % FBS, 1 % penicillin/streptomycin, and 1 µg/ml
Puromycin (Santa Cruz, Dallas, TX, USA). HCT116 + vector, HCT116 + CDK1-AF,
and HCT116 + CDK1-DN cells were cultured in RPMI1640 supplemented with 10 %
FBS, 1 % penicillin/streptomycin, and 300 µg/ml G418 (Santa Cruz, Dallas, TX, USA).
RKO-p21-Pon cells were cultivated in DMEM (PAN-Biotech GmbH, Aidenbach,
Germany) supplemented with 10 % FBS, 1 % penicillin/streptomycin, and 500 µg/ml
G418. Cells were passaged three times a week. For this purpose, cells were washed
with phosphate buffered saline (PBS), detached from cell culture dishes with TrypsinEDTA (Anprotec, Bruckberg, Germany) and resuspended in growth medium. In
dependence on the confluency and the growth rate of the used cell line, 7 % - 50 %
of the cell suspension were transferred to new cell culture dishes filled with fresh
growth medium. All cell lines were grown at 37 °C and 5 % CO2.
For long-term preservation, cells were harvested at ~90 % confluency and
resuspended in medium containing 20 % FBS and 10 % DMSO. Cells were slowly
cooled down to -80 °C in an isopropanol-based NALGENETM Cryo 1 °C Freezing
Container (Thermo Fisher Scientific, Waltham, MA, USA) and transferred to liquid
nitrogen after approximately 24 hours.
3.2.2 Transfection of human cells
Prior to lipid-based siRNA or plasmid transfections, cells were seeded into 6-well
dishes and incubated in 1.5 ml antibiotic-free growth medium supplemented with
10 % FBS. Cells were 70 % - 80 % confluent at the time of transfection. Further
experiments were performed 48 hours after transfection and transfection efficiency
was analysed by Western blotting.
3.2.2.1 siRNA transfection using ScreenFect®siRNA
For the siRNA-mediated knockdown of target genes, ScreenFect®siRNA (ScreenFect
GmbH,

Eggenstein-Leopoldshafen,

Germany)

was

used

according

to the

®

manufacturer’s instructions. Briefly, 4 µl ScreenFect siRNA reagent were diluted in
30 µl ScreenFect® dilution buffer. Similarly, 35 pmol - 80 pmol siRNA were added to
30 µl ScreenFect® dilution buffer. Diluted siRNA and transfection reagent were gently
mixed and incubated for 20 minutes at room temperature. Afterwards, the mixture was
carefully dropped onto the cells which were seeded approximately 4 hours earlier.
The growth medium was changed 24 hours after transfection.
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3.2.2.2 Plasmid transfection using electroporation
Prior to electroporation, cells were harvested and centrifuged at 1500 rpm for
5 minutes. 2.5x106 cells were resuspended in 400 µl growth medium, mixed with
10 µg plasmid DNA, and transferred to a 4 mm cuvette (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Cells were transfected using the Gene Pulser Xcell© at 500 µF
and 300 V (HCT116, HCT116-derived cell lines, SW620), 950 µF and 200 V (RKO),
or 950 µF and 220 V (DLD1, DLD1-CDKN1A-/-, SW480, HT29). 10 minutes after
electroporation, cells were seeded into 6-well dishes and after 4 hours of incubation,
fresh growth medium was added to the cells.
3.2.2.3 Plasmid transfection using LipofectamineTM 3000
Cells were seeded into 6-well dishes one day before transfection. 6.25 µl
LipofectamineTM 3000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) were
mixed with 125 µl Opti-MEMTM medium (Thermo Fisher Scientific, Waltham, MA,
USA). Additionally, 2.5 µg plasmid DNA and 5 µl P3000TM reagent (Thermo Fisher
Scientific, Waltham, MA, USA) were diluted in 125 µl Opti-MEMTM medium. Diluted
DNA and transfection reagents were gently mixed and incubated for 15 minutes at
room temperature. The DNA-lipid complexes were carefully dropped onto the cells
and after 24 hours, fresh growth medium was added to the cells.
3.2.2.4 Plasmid transfection using ScreenFect®A
ScreenFect®A (ScreenFect GmbH, Eggenstein-Leopoldshafen, Germany) was used
for transient transfections of plasmid DNA. Approximately 4 hours prior to transfection,
cells were seeded into 6-well dishes. Afterwards, 6 µl ScreenFect®A were added to
30 µl dilution buffer. In a second tube, 0.75 µg - 1.0 µg DNA were diluted in 30 µl
dilution buffer. Subsequently, diluted DNA and transfection reagent were gently mixed
and incubated for 20 minutes at room temperature. The transfection mix was carefully
added to the cells and 24 hours after transfection, the growth medium was changed.
3.2.3 Generation of stable cell lines
To generate cell lines stably expressing CDK1 mutants, HCT116 cells were
transfected with LipofectamineTM 3000 as described in chapter 3.2.2.3. Two days after
transfection, cells were seeded in various dilutions (1:20 – 1:5000) in growth medium
containing 300 µg/ml G418. After 10 - 14 days, single cell clones were isolated and
further cultivated for 30 generations in total. To analyse the effects of long-term
inhibitor treatments, single cells clones were generated and cultured for 30
generations in the presence or absence of 0.2 nM Taxol or 0.5 µM RO-3306.
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3.2.4 Cell cycle synchronisation of human cells
To synchronise human cells at the G1/S transition, a double thymidine block was
used. For this purpose, cells were treated with 2 mM thymidine for 16 hours followed
by washing the cells 5-6 times with fresh growth medium for 30 minutes in total. After
release into fresh growth medium for 7.5 hours, the cells were incubated with 2 mM
thymidine for another 16 hours. Afterwards, the cells were washed as described
previously and the cell population was released from the second thymidine block.
3.2.5 Flow cytometry
Cells were harvested using 0.5 mM EDTA in PBS, centrifuged at 1500 rpm for
5 minutes, and resuspended in PBS. To fix the cells, ice-cold 70 % ethanol was added
dropwise while the cell suspension was continuously vortexed. The cells were stored
in 70 % ethanol at 4 °C overnight. Afterwards, cells were washed with 0.05 % TritonX-100 in PBS. To determine the mitotic index of a cell population, mitotic phosphoepitopes were stained with an anti-phospho-Ser/Thr-Pro MPM-2 antibody (Table 3.8).
The primary antibody was diluted in PBS containing 0.2 % Triton X-100 and 2 % FBS.
The cells were resuspended in 100 µl staining solution and incubated for 3 hours on
ice. After washing twice with 0.05 % Triton X-100 in PBS, cells were incubated with
100 µl staining solution containing the secondary antibody conjugated to Alexa Fluor488 (Table 3.9). After incubation for 2 hours on ice, cells were washed once with
0.05 % Triton X-100 in PBS and once with PBS. Subsequently, cells were treated with
DNase-free RNase A (1 mg/ml in PBS) (AppliChem GmbH, Darmstadt, Germany) for
30 minutes at room temperature. To estimate the cellular DNA content and thus the
cell cycle phase, cells were finally stained with the DNA intercalating agent propidium
iodide (1 µg/ml in PBS). At least 10000 events per sample were recorded on a BD
FACSCanto© II flow cytometer and data analysis was performed with the software BD
FACSDiva.
3.2.6 Analysis of microtubule polymerisation rates
To determine microtubule polymerisation rates in living cells, cells were transfected
with pEGFP-EB3 which allows the visualisation of microtubule plus-tips. RKO-p21Pon cells were transfected with 0.75 µg plasmid DNA using ScreenFect®A, all other
cell lines were transfected with 10 µg plasmid DNA using electroporation. One day
after transfection, cells were seeded in µ-Slide 8-Well dishes (ibidi GmbH, Gräfelfing,
Germany). Approximately 48 hours after transfection, cells were treated with 2.0 µM
DME, an inhibitor of the kinesin Eg5, for 45 minutes - 90 minutes to accumulate cells
in prometaphase (Gartner et al., 2005). During image acquisition, cells were
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incubated in phenol red-free growth medium supplemented with 10 % FBS and
2.0 µM DME at 37 °C and 5 % CO2. Cells were recorded using a Delta Vision Elite©
microscope in combination with a PCO Edge sCMOS camera and the softWoRx® 6.0
Software Suite. Images of 4 z-stacks with a z-optical spacing of 0.4 µm were taken
every 2 seconds for 30 seconds in total. Images were deconvolved using the
softWoRx® 6.0 Software Suite and analysed using the softWoRx® Explorer 1.3.0.
The distance travelled by one plus-tip from one timeframe to the next was measured.
10 mitotic cells were analysed in one experiment and for each cell, average
microtubule polymerisation rates were calculated from 20 microtubules.
3.2.7 Analysis of lagging chromosomes by immunofluorescence microscopy
In general, cells were accumulated in anaphase to facilitate the quantification of
lagging chromosomes. For this purpose, cells were synchronised at the G1/S border
by a double thymidine block and subsequently released for 8.5 hours - 9.5 hours.
However, asynchronously growing cells were used for the analysis of lagging
chromosomes if the growth medium of the cells was supplemented with nucleosides
for 24 hours - 48 hours. Cells were fixed with 2 % paraformaldehyde for 5 minutes at
room temperature and then with methanol for 5 minutes at -20 °C. Cells were washed
once with PBS and blocked with 5 % FBS in PBS for 25 minutes at room temperature.
Microtubules and kinetochores were stained with primary antibodies against α-tubulin
and Centromere protein C (CENP-C) diluted in 2 % FBS in PBS as described in Table
3.8. After incubation for 1.5 hours at room temperature, samples were washed with
PBS three times. Subsequently, samples were incubated with secondary antibodies
conjugated to Alexa Fluor-488 and Alexa Fluor-594 (Table 3.9) which were diluted in
2 % FBS in PBS. After incubation for 1.5 hours at room temperature or overnight at
4 °C, the DNA was stained with Hoechst33342 (1:15000 in PBS; Thermo Fisher
Scientific, Waltham, MA, USA) for 5 minutes at room temperature. Then, the washing
procedure was repeated. Afterwards, samples were dried at room temperature,
embedded in VECTASHIELD®, and imaged using a Leica DMI6000B fluorescence
microscope equipped with a Leica DFC360 FX camera and the Leica LAS AF
software. To determine the number of anaphase cells with lagging chromosomes,
three independent experiments were performed and 100 anaphase cells were
analysed in each experiment. Only chromosomes which were clearly separated from
the two DNA masses in anaphase and were stained with both anti-CENP-C and
Hoechst33342 were considered as lagging chromosomes.
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3.2.8 Karyotype analysis by chromosome counting
After growing single cell clones for 30 generations, mitotic chromosome spreads were
analysed to determine karyotype variability as a measure of W-CIN. Therefore, cells
were grown in 6-well dishes and treated with 2 µM DME for 4 hours to accumulate
cells in mitosis. Cells were harvested using 0.5 mM EDTA in PBS and resuspended
in 750 µl hypotonic solution consisting of 40 % RPMI1640 and 60 % ddH2O. After 15
minutes, 250 µl ice-cold fixative (75 % methanol + 25 % acetic acid) were added to
the cell suspension. After incubation for 5 minutes, cells were centrifuged at 2000 rpm
for 5 minutes. The cell pellet was carefully resuspended in 1 ml fixative and
centrifuged one more time. The cells were gently mixed with 1 ml fixative again and
stored at -20 °C until further use. Prior to staining, cells were centrifuged at 2000 rpm
for 5 minutes and resuspended in 300 µl - 500 µl 100 % acetic acid. Cells were
carefully dropped onto pre-cooled wet glass slides and incubated in a wet chamber at
42 °C for 5 minutes. Slides were dried at room temperature and subsequently stained
with Giemsa solution (Sigma-Aldrich, St. Louis, MO, USA) for 15 minutes. After
staining, slides were rinsed with water, dried at room temperature, and embedded in
Euparal. Metaphase spreads were imaged using a Zeiss Axioscope FS microscope
equipped with a Hamamatsu digital camera C4742-95 and the Hokawo Launcher 2.1
software. The chromosome numbers of 50 metaphase spreads were counted for
three single cell clones for each condition.

3.3 Molecular biological methods
3.3.1 Transformation and cultivation of Escherischia coli (E. coli)
The E. coli strain DH5αF-ϕ80lacZΔM15 Δ(lacZYA-argF) U169 deoR recA1 hsdR17
(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1λ- was used for amplification of plasmid DNA.
Competence was induced by treatment with CaCl2.
For transformation, 50 µl E. coli cells were thawed on ice and gently mixed with 1 µl
plasmid DNA. After incubation on ice for 15 minutes, cells were subjected to a heat
shock at 42 °C for 1 minute. Subsequently, 1 ml LB medium was added and the cells
were incubated at 37 °C and 650 rpm for 1 hour. The cells were transferred into
200 ml LB medium supplemented with ampicillin (100 µg/ml, Carl Roth, Karlsruhe,
Germany) or kanamycin (20 µg/ml, Carl Roth, Karlsruhe, Germany) and incubated at
37 °C with gentle agitation. After overnight incubation, cells were centrifuged at
3000 rpm for 20 minutes and cell pellets were stored at -20 °C.
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3.3.2 Isolation of plasmid DNA
To isolate plasmid DNA from E. coli, the NucleoBond® Xtra Midi kit (Macherey-Nagel
GmbH & Co.KG, Düren, Germany) was used according to the manufacturer’s
instructions. Plasmid DNA concentration and purity were determined with the
spectrophotometer NanoDrop© 2000.

3.4 Protein biochemistry
3.4.1 Preparation of protein lysates
Cells were harvested using 0.5 mM EDTA in PBS and centrifuged at 2000 rpm for
5 minutes. Afterwards, cells were resuspended in 70 µl lysis buffer consisting of
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 % (v/v) NP-40,
0.1 % (w/v) SDS, 0.1 % (w/v) sodium deoxycholate, phosphatase inhibitor cocktail
(25 mM β-glycerophosphate, 50 mM NaF, 5 mM Na2MoO4, 0.2 mM Na3VO4, 5 mM
EDTA, 0.5 µM microcystin), and cOmpleteTM EDTA-free protease inhibitor cocktail
(Roche, Basel, Switzerland). After incubation on ice for 10 minutes, cells were
centrifuged at 14800 rpm at 4 °C for 10 minutes. The supernatant was subsequently
used for determination of protein concentration.
3.4.2 Determination of protein concentration
To determine the protein concentration in cell lysates, the Bio-Rad DC Protein Assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used according to the
manufacturer’s instructions. Six dilutions of bovine serum albumin (BSA) (Carl Roth,
Karlsruhe, Germany) ranging from 0 mg/ml to 1.0 mg/ml were used as protein
standard. Photometric measurements at a wavelength of 750 nm were performed on
a Victor© X3 microplate reader. 50 µg or 100 µg of protein extract were mixed with 5x
SDS sample buffer (15 % (w/v) SDS, 15 % (v/v) β-mercaptoethanol, 50 % glycerol,
0.25 % (w/v) bromophenol blue) and proteins were denatured at 95 °C for 5 minutes.
Samples were stored at -20 °C until further use.
3.4.3 Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
A discontinuous SDS-PAGE was used to separate proteins according to their
molecular weight. A 5 % SDS stacking gel (157 mM Tris-HCl pH 6.8, 0.1 % (w/v) SDS,
5 % (v/v) acrylamide (Rotiphorese® Gel 30, Carl Roth, Karlsruhe, Germany)) was
combined with a 7 % - 11 % SDS resolving gel (375 mM Tris-HCl pH 8.8, 0.1 % (w/v)
SDS, 7 % - 11 % (v/v) acrylamide) depending on the size of the proteins of interest.
To estimate the molecular weight of the separated proteins, 4 µl of prestained protein
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markers (Protein Ladder Prestained 10-180 kDa, neoFroxx GmbH, Einhausen,
Germany; ProSieve QuadColor Protein Marker 4.6-300 kDa, Lonza Group AG, Basel,
Switzerland) were used. Gels were run at 28 mA for 1 hour and subsequently at
42 mA for approximately 3 hours in SDS gel running buffer (25 mM Tris-HCl pH 6.8,
192 mM glycine, 0.15 % (w/v) SDS).
3.4.4 Western blotting
A tank blot system was used to transfer proteins from SDS gels to nitrocellulose
membranes. Transfer took place in a wet blotting chamber filled with blotting buffer
(24.8 mM Tris-HCl pH 8.0, 170 mM glycine, 0.0025 % (w/v) SDS, 15 % (v/v)
methanol) at 450 mA for 2 hours and 45 minutes. Afterwards, membranes were
blocked in 5 % (w/v) nonfat dried milk powder (AppliChem GmbH, Darmstadt,
Germany) in Tris-buffered saline (TBS) (50 mM Tris-HCl pH 7.2, 0.9 % (w/v) NaCl)
for 30 minutes. After washing with TBS, membranes were incubated with primary
antibodies at 4 °C overnight. Antibodies were diluted in 3 % (w/v) BSA in TBS as listed
in Table 3.8. Afterwards, membranes were washed three times with TBS-T (TBS +
0.1 % Tween-20) and once with TBS. HRP-conjugated secondary antibodies were
diluted in 3 % (w/v) non-fat dried milk powder in TBS as described in Table 3.9.
Membranes were incubated in secondary antibodies for 1 hour at room temperature
and afterwards, the washing procedure was repeated. To detect immobilised proteins,
membranes were incubated with enhanced chemiluminescence solution (0.1 M TrisHCl pH 8.5, 2.5 mM luminol, 0.4 mM p-coumaric acid, 0.06 % (v/v) H2O2) or
WesternBright® Sirius® Chemiluminescent HRP Substrate (Advansta Inc., San José,
CA, USA) for 1 minute and imaged using a Fusion-SL-3500.WL.

3.5 Statistical analysis
Statistical analysis was performed with the GraphPad Prism 5.0 software. Mean
values and standard deviations (SD) were calculated for all data. Unpaired two-tailed
t-tests (SD≠0) or two-tailed one-sample t-tests (SD=0) were performed to analyse
statistical significance. p-values were indicated as:
ns (not significant): p≥0.05, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001
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4 RESULTS
4.1 The p53/p73-p21CIP1 tumour suppressor pathway prevents
chromosomal instability by limiting CDK1 activity
The majority of tumour cells is characterised by chromosomal instability which
contributes to tumour heterogeneity, tumour progression, and therapy resistance
(Sansregret et al., 2018). Our group has shown previously that W-CIN can be caused
by abnormally high microtubule polymerisation rates, but the underlying mechanisms
are only incompletely understood. Loss of the tumour suppressor BRCA1, loss of its
positive regulator CHK2 or increased activity of its negative regulators Cep72 and
Aurora A have been described as triggers for altered microtubule growth rates (Ertych
et al., 2014, 2016; Lüddecke et al., 2016; Stolz et al., 2010). Additionally, mild
replication stress in S phase results in abnormally high microtubule polymerisation
rates and chromosome missegregation (Böhly et al., 2019). The identification of
further pathways regulating microtubule growth rates is in the focus of this study.
4.1.1 The concomitant loss of p53 and p73 causes chromosome missegregation
as a consequence of increased microtubule polymerisation rates
Although mutation of TP53 is one of the most common defects in human cancers, it
has been demonstrated earlier that loss of TP53 alone does not induce increased
microtubule polymerisation rates and chromosome missegregation in colorectal
cancer cells (Bunz et al., 2002; Ertych et al., 2014). In contrast, overexpression of
ΔNp73, a dominant negative regulator of both p53 and its homologue p73, is a cancerrelevant alteration which results in abnormally high microtubule growth rates and
chromosomal instability (Schmidt et al., 2021).
For further analysis of the consequences of inactivation of both p53 and p73, cell lines
with a stable shRNA-mediated knockdown of TP73 were generated based on the
chromosomally stable colorectal cancer cell line HCT116 and the established
knockout cell line HCT116-TP53-/- (Bunz et al., 1998; Schmidt et al., 2021). Three
different TP53/TP73-deficient single cell clones (HCT116-TP53-/- + TP73 shRNA,
clones 10.2, 17.2, 23.2) were characterised. Single cell clones with either no loss
(HCT116 + control shRNA) or a single loss of one transcription factor (HCT116TP53-/- + control shRNA, HCT116 + TP73 shRNA) were used as controls. As
expected, p53 was not detectable by Western blotting after TP53 knockout and the
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protein levels of p73 were also clearly reduced after shRNA-mediated knockdown of
TP73 (Figure 4.1a).
To analyse microtubule polymerisation rates, the microtubule end-binding protein 3
(EB3) was exploited. Transient expression of GFP-tagged EB3 allows the detection
of growing microtubules in living cells (Stepanova et al., 2003). Live-cell microscopy
was performed in EB3-GFP expressing cells after cells were treated with the Eg5
inhibitor DME for 1 hour, which induces the formation of monopolar mitotic spindles
and a cell cycle arrest in mitosis (Gartner et al., 2005). Cell cycle synchronisation
ensures comparability of the results and does not alter microtubule polymerisation
rates (Ertych et al., 2014). Mitotic cells were monitored for 30 seconds and images
were acquired every two seconds. To calculate microtubule polymerisation rates, the
growth of GFP-tagged microtubule plus-tips was measured between two timeframes,
which is illustrated in Figure 4.1b.
HCT116

cells

expressing

control

shRNA

exhibited

average

microtubule

polymerisation rates of 16.6 µm/min. The loss of either TP53 or TP73 slightly
increased microtubule polymerisation rates to 16.8 µm/min, which is no significant
difference in comparison to the TP53/TP73-proficient cell line. In contrast, the
concomitant loss of both transcription factors significantly increased microtubule
polymerisation rates to 19.3 µm/min - 19.6 µm/min (Figure 4.1c).
Previously, our group established a causal relationship between abnormally high
microtubule polymerisation rates and the increased occurrence of lagging
chromosomes in anaphase cells (Ertych et al., 2014). For the detection of lagging
chromosomes, cells were accumulated in anaphase by a double thymidine block
followed by release into the cell cycle for 8.5 hours. After fixation, the DNA,
kinetochores, and microtubules were stained for fluorescence microscopy with
Hoechst33342 and antibodies targeting CENP-C and α-tubulin, respectively. Only
DNA structures, which showed a CENP-C signal and were clearly separated from the
DNA located at the two spindle poles, were defined as lagging chromosomes.
Representative images of a normal anaphase and an anaphase with a lagging
chromosome are depicted in Figure 4.1e. 2.7 % of the analysed anaphase cells of
HCT116 + control shRNA exhibited CENP-C-positive chromatids which were not
correctly distributed to the two spindle poles. After loss of either TP53 or TP73, the
proportion of anaphase cells with lagging chromosomes increased to 4.0 % and
3.3 %, respectively, but this change was not statistically significant. The proportion of
anaphase cells with lagging chromosomes significantly increased to 7.7 %, 7.0 %,
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and 6.7 %, respectively, in three TP53/TP73-deficient HCT116-derived cell lines
(Figure 4.1d).

Figure 4.1: Concomitant loss of p53 and p73 leads to increased microtubule
polymerisation rates and chromosome missegregation in HCT116 cells.
(a) A representative Western blot shows the p53 and p73 protein levels in the indicated cell
lines. β-actin was used as loading control. (b) Scheme depicting EB3-GFP tracking
experiments. Transient expression of GFP-tagged microtubule plus-end binding protein EB3
allows the visualisation of growing microtubules in living cells. Additional treatment with the
Eg5 inhibitor DME leads to the formation of monopolar mitotic spindles. A representative
image of a monopolar spindle is shown (scale bar: 5 µm). The scheme illustrates that the
growth of GFP-tagged microtubule plus-tips within two seconds is measured and used to
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calculate microtubule polymerisation rates. (c) HCT116 cells with loss of p53, p73, or both,
and the corresponding control cells were transfected with pEGFP-EB3. Live-cell microscopy
was performed 48 hours after transfection to determine mitotic microtubule polymerisation
rates. Cells were treated with 2.0 µM DME for 1 hour to accumulate them in prometaphase.
Scatter dot plots show average microtubule polymerisation rates (20 microtubules/cell, three
independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed
t-test). (d) The indicated cell lines were synchronised at the G1/S transition with a double
thymidine block and fixed after release for 8.5 hours. Microtubules, kinetochores, and DNA
were stained for fluorescence microscopy. Bar graphs show the proportion of anaphase cells
with lagging chromosomes (three independent experiments with n=300 anaphase cells in total,
mean ± SD, unpaired two-tailed t-test). (e) Representative immunofluorescence images of a
normal anaphase in HCT116 + control shRNA and an anaphase with lagging chromosome
(white arrows) in HCT116-TP53-/- + TP73 shRNA. Samples were prepared as described in (d).
Scale bar: 10 µm.

Previous analyses of our lab showed that the correction of abnormally high
microtubule polymerisation rates by treatment with Taxol, a microtubule-stabilising
agent

inhibiting

microtubule

polymerisation,

suppressed

chromosome

mis-

segregation and W-CIN in different chromosomally instable colorectal cancer cell
lines (Ertych et al., 2014). To verify these findings in the context of TP53/TP73 loss,
the TP53/TP73-deficient HCT116-derived cell lines were treated with 0.2 nM Taxol
before EB3-GFP tracking experiments were performed in mitotic cells. The
microtubule polymerisation rates of HCT116-TP53-/- + TP73 shRNA cells were
significantly decreased from 19.3 µm/min - 19.6 µm/min to 16.4 µm/min - 16.7 µm/min
(Figure 4.2a). The correction of microtubule polymerisation rates correlated with a
reduced incidence of lagging chromosomes. The proportion of anaphase cells with
lagging chromosomes in HCT116 cells with p53/p73 loss decreased from 6.7 % 7.0 % to 2.7 % - 3.0 % after restoration of proper microtubule growth rates by
treatment with low doses of Taxol (Figure 4.2b). In the p53/p73-proficient control cells,
microtubule polymerisation rates were slightly increased from 16.4 µm/min to
16.7 µm/min (Figure 4.2a). This minor increase in microtubule polymerisation rates
did not have any effect on the incidence of lagging chromosomes (Figure 4.2b).
Additionally, a significant influence of Taxol treatment on the microtubule
polymerisation rates of control shRNA expressing HCT116 cells could not be seen in
further experiments (Figure 4.10a). Since the three TP53/TP73-deficient HCT116derived cell lines behaved similarly regarding microtubule growth rates and
chromosome segregation defects (Figure 4.1, Figure 4.2a, b), only the cell line
HCT116-TP53-/- + TP73 shRNA (clone 17.2) was used for further experiments.
The gene CKAP5 encodes for the microtubule polymerase ch-TOG, which is
responsible for the incorporation of tubulin dimers at the plus-tips of growing
microtubules (Brouhard et al., 2008). Our group has demonstrated previously that
reduced expression of CKAP5 lowered microtubule polymerisation rates and
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chromosome missegregation in chromosomally instable colorectal cancer cell lines
(Ertych et al., 2014).

Figure 4.2: Restoration of normal microtubule polymerisation rates rescues
chromosome segregation defects in HCT116 cells after loss of both p53 and p73.
(a) HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA cells were treated with
0.2 nM Taxol for 16 hours to restore normal microtubule polymerisation rates. Microtubule
polymerisation rates were determined in mitotic cells expressing GFP-tagged EB3. Cells were
accumulated in mitosis by treatment with 2.0 µM DME for 1 hour. Average microtubule
polymerisation rates are depicted in the scatter dot plots (20 microtubules/cell, three
independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed ttest). (b) HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA cells were
synchronised with a double thymidine block and released for 8.5 hours to accumulate cells in
anaphase. Additionally, cells were treated with 0.2 nM Taxol for 24 hours prior to fixation. The
proportion of anaphase cells with lagging chromosomes is shown (three independent
experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).
(c) HCT116-TP53-/- + TP73 shRNA and the corresponding control cells were transfected with
60 pmol CKAP5 siRNA or LUCIFERASE (LUC) siRNA. A representative Western blot shows
the protein levels of ch-TOG, p73, and p53 48 hours after transfection. β-actin served as
loading control. (d) EB3-GFP tracking experiments were performed in HCT116 cells after loss
of p53 and p73 and after restoration of proper microtubule polymerisation by siRNA-mediated
knockdown of CKAP5. Scatter dot plots show average microtubule polymerisation rates (20
microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ± SD,
unpaired two-tailed t-test). (e) After transfection with 60 pmol LUCIFERASE (LUC) or CKAP5
siRNA, the indicated cell lines were synchronised with a double thymidine block and released
for 8.5 hours. The DNA, CENP-C, and α-tubulin were stained for fluorescence microscopy.
The proportion of anaphase cells exhibiting lagging chromosomes is depicted (three
independent experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed
t-test).
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Accordingly, the siRNA-mediated knockdown of CKAP5 was used as a second
approach to restore proper microtubule polymerisation rates in HCT116 cells after
loss of p53 and p73. Transfection of HCT116 + control shRNA and HCT116-TP53-/- +
TP73 shRNA cells with CKAP5 siRNA strongly reduced ch-TOG protein levels in both
cell lines. Interestingly, the protein levels of ch-TOG were slightly higher in
TP53/TP73-deficient HCT116 cells than in TP53/TP73-proficient HCT116 cells after
transfection with LUCIFERASE siRNA, which was used as control (Figure 4.2c). The
knockdown of CKAP5 resulted in a significant reduction of microtubule polymerisation
rates in TP53/TP73-deficient HCT116 cells from 19.1 µm/min to 16.4 µm/min which
corresponds to the value of the control cells. Reduced CKAP5 expression did not
influence microtubule growth rates of control cells (Figure 4.2d). Analysis of anaphase
cells revealed that the restoration of proper microtubule polymerisation rates by
CKAP5 knockdown resulted in a significantly reduced incidence of lagging
chromosomes in TP53/TP73-deficient HCT116 cells. The proportion of anaphase
cells with lagging chromosomes decreased from 7.3 % in cells transfected with
LUCIFERASE siRNA to 3.0 % in cells after CKAP5 knockdown. CKAP5 expression
did not significantly influence chromosome segregation in p53/p73-proficient control
cells (Figure 4.2e).
High microtubule polymerisation rates cause a higher incidence of lagging
chromosomes, which have been described as a prestage of chromosome
missegregation, aneuploidy, and chromosomal instability (Ertych et al., 2014; Gregan
et al., 2011). W-CIN, the perpetual loss or gain of whole chromosomes, causes the
development of a heterogenous cell population showing karyotypes with variable
chromosome numbers. To prove that increased microtubule polymerisation rates in
response to TP53/TP73 loss are responsible for chromosomal instability, karyotype
variability was analysed with or without restoration of normal microtubule growth rates
by Taxol treatment. For this purpose, single cell clones were generated based on
HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA cells, which is
illustrated in Figure 4.3. Single cells were seeded, and single cell clones were isolated
after 10 to 14 days. Cells were cultivated under the continuous presence or absence
of 0.2 nM Taxol for 30 days which correlates with ~30 cell divisions. Subsequently,
the chromosome numbers in metaphase chromosome spreads were counted to
estimate karyotype variability and, thus, whole chromosome instability. Three single
cell clones were analysed per condition and representative images of chromosome
spreads are shown (Figure 4.3).
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Figure 4.3: Generation of single cell clones for the analysis of karyotype variability as
a measure of W-CIN.
To demonstrate the causal relationship between increased microtubule polymerisation rates
and W-CIN, single cell clones of different cell lines were generated in the absence or presence
of 0.2 nM Taxol. Single cells were seeded and cultivated for 30 generations with or without
continuous Taxol treatment. To determine karyotype variability as a measure of W-CIN,
metaphase spreads were prepared and the chromosome numbers of 50 mitotic cells were
counted for three single cell clones per condition. Images of mitotic chromosome spreads of
single cell clones derived from HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA
cells are shown. Scale bar: 5 µm.

Figure 4.4a illustrates the individual chromosome numbers which could be detected
in single cell clones derived from TP53/TP73-deficient HCT116 cells or the
corresponding control cells with either no loss or with loss of only one transcription
factor. Figure 4.4b summarises these results and depicts the percentage of cells with
a karyotype deviating from the modal number. 82 % - 84 % of HCT116 cells stably
transfected

with

control

shRNA

exhibited

a

near-diploid

karyotype

with

45 chromosomes (44, X), which represents the modal number of HCT116. This level
was not changed by treatment with low doses of Taxol. The loss of either p53 or p73
hardly affected this stable karyotype (Figure 4.4a). After loss of either p53 or p73,
18 % - 20 % or 16 % - 24 % of the analysed cells showed a deviation from the modal
chromosome number, respectively. In contrast, the loss of both transcription factors
significantly induced chromosomal instability. In subclones derived from HCT116TP53-/- + TP73 shRNA cells, up to 40 % - 48 % of the cells exhibited a deviant
karyotype (Figure 4.4b). It is of note that chromosomal instability was not only
reflected by the reduced number of cells with a karyotype corresponding to the modal
number of 45 chromosomes, but also by the higher diversity of the observed individual
karyotypes. Restoration of normal microtubule polymerisation rates by continuous
Taxol treatment suppressed the development of chromosomal instability (Figure
4.4a). In subclones which were continuously incubated with low-dose Taxol, only
20 % - 22 % of the analysed mitotic cells revealed a deviant karyotype, which was
comparable with the level in control cells (Figure 4.4b).
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Figure 4.4: Increased microtubule polymerisation rates induce chromosomal instability
upon loss of both p53 and p73.
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(a) Quantification of karyotype variability in HCT116 cells after loss of p53, p73, or both, and
after continuous treatment with low-dose Taxol or DMSO as a control. Single cell clones were
generated from the indicated cell lines in the presence or absence of 0.2 nM Taxol as depicted
in Figure 4.3. Cells were arrested in mitosis by treatment with 2.0 µM DME for 4 hours before
chromosome spreads were prepared. Three single cell clones were analysed for each
condition. The proportion of cells exhibiting the indicated chromosome numbers is depicted
(n=50 metaphase spreads per clone). Dashed lines represent the average proportion of cells
with 45 chromosomes in DMSO-treated clones derived from HCT116 + control shRNA and
HCT116-TP53-/- + TP73 shRNA cells, respectively. (b) The graph illustrates the proportion of
cells with a chromosome number deviating from the modal number (45 chromosomes in
HCT116). The calculation is based on the results shown in (a) (n=50 metaphase spreads per
clone, unpaired two-tailed t-test).

To sum up, the simultaneous loss of the transcription factors p53 and p73 resulted in
increased

microtubule

polymerisation

rates

which

trigger

chromosome

missegregation and W-CIN. The restoration of normal microtubule growth rates was
sufficient to prevent chromosome segregation defects and W-CIN. These results
confirm previous findings by our group (Berger, 2016).
4.1.2 Decreased CDKN1A expression in response to p53/p73 loss increases
microtubule growth rates and induces chromosome missegregation
The gene CDKN1A, which encodes for the cell cycle regulator p21CIP1, can be induced
upon DNA damage by both p53 and p73 (Jost et al., 1997; Kaghad et al., 1997).
Previous work from our lab revealed reduced CDKN1A expression after loss of either
p53 or p73 in HCT116 cells. In comparison to cells with a single loss of one
transcription factor, the depletion of both p53 and p73 decreased CDKN1A expression
even further. Knockdown of CDKN1A by siRNA resulted in increased microtubule
polymerisation rates and a higher incidence of lagging chromosomes in HCT116 cells.
Altogether, these results suggested that the mitotic defects observed upon loss of
TP53 and TP73 might be a consequence of the reduced transcription of CDKN1A
(Berger, 2016).
To further investigate the relevance of p21CIP1 for the maintenance of normal
microtubule growth rates and chromosomal stability, the chromosomally stable
colorectal cancer cell line DLD-1 and its derivative DLD-1-CDKN1A-/- were used. The
protein levels of p73, p53, and p21CIP1 were analysed by Western blotting. Both
DLD-1 and DLD-1-CDKN1A-/- cells showed comparable protein levels of p53 and p73.
As expected, p21CIP1 was not detectable after CDKN1A-/- knockout (Figure 4.5a). EB3GFP tracking experiments were performed to determine microtubule polymerisation
rates in the presence or absence of the microtubule-stabilising drug Taxol. Knockout
of

CDKN1A

significantly

increased microtubule

polymerisation

rates

from

16.4 µm/min to 19.2 µm/min. Treatment with 0.2 nM Taxol rescued the abnormally
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high microtubule growth rates in DLD-1-CDKN1A-/- cells to 16.7 µm/min. Incubation
with Taxol did not significantly influence microtubule growth rates in wildtype DLD-1
cells (DMSO: 16.4 µm/min, Taxol: 16.6 µm/min) (Figure 4.5b). Corresponding results
were obtained for the quantification of lagging chromosomes. Loss of CDKN1A raised
the incidence of lagging chromosomes from 1.7 % to 6.0 %. After restoration of
normal microtubule polymerisation rates by Taxol treatment, only 2.7 % of anaphase
cells of DLD-1-CDKN1A-/- exhibited lagging chromosomes. The analysis of anaphase
cells after DMSO and Taxol treatment revealed the occurrence of lagging
chromosomes in 1.7 % and 2.0 % of wildtype DLD-1 cells, respectively (Figure 4.5c).

Figure 4.5: Loss of p21CIP1 results in increased microtubule polymerisation rates and
lagging chromosomes in DLD-1 cells.
(a) A representative Western blot shows the protein levels of p73, p53, and p21CIP1 in
DLD-1 and DLD-1-CDKN1A-/- cells. β-actin was used as loading control. (b) 48 hours after
transfection with pEGFP-EB3, microtubule polymerisation rates were measured in DLD-1 and
DLD-1-CDKN1A-/- cells in the absence or presence of 0.2 nM Taxol. Cells were accumulated
in mitosis by treatment with 2.0 µM DME for 1 hour. Average microtubule polymerisation rates
are depicted in the scatter dot plots (20 microtubules/cell, three independent experiments with
n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (c) The occurrence of lagging
chromosomes was quantified in DLD-1 and DLD-1-CDKN1A-/- cells. Accumulation of cells in
anaphase was achieved by a double thymidine block and subsequent release for 9 hours.
Cells were treated with low-dose Taxol for 24 hours prior to fixation. The DNA, kinetochores,
and microtubules were stained for fluorescence microscopy. The bar diagram shows the
proportion of anaphase cells exhibiting lagging chromosomes (three independent experiments
with n=300 anaphase cells in total, mean ± SD, SD≠0: unpaired two-tailed t-test, SD=0: twotailed one-sample t-test).

To assess the level of chromosomal instability after loss of the cell cycle regulator
p21CIP1, single cell clones were generated from DLD-1 and DLD-1-CDKN1A-/- cells.
The cells were cultured in the presence or absence of 0.2 nM Taxol for
30 generations. EB3-GFP tracking experiments revealed microtubule polymerisation
rates ranging from 16.6 µm/min to 16.9 µm/min for three DMSO treated DLD-1derived single cell clones (Figure 4.6a). These results were comparable with the
results obtained for the parental cells (Figure 4.5b). Long-term Taxol treatment slightly
decreased microtubule polymerisation rates, the results ranged from 15.8 µm/min to
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Figure 4.6: Restoration of normal microtubule polymerisation rates after loss of p21CIP1
suppresses W-CIN in DLD-1 cells.
(a) Single cell clones were generated from DLD-1 cells with or without knockdown of CDKN1A.
Cells were incubated with 0.2 nM Taxol or DMSO for 30 days. To perform EB3-GFP tracking
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experiments, cells were transfected with pEGFP-EB3 and cells were accumulated in mitosis
by treatment with 2.0 µM DME for 1 hour. The scatter dot plots show the average microtubule
polymerisation rates of the indicated single cell clones (20 microtubules/cell, n=10 mitotic cells,
mean ± SD, unpaired two-tailed t-test). (b) The indicated single cell clones were treated with
2.0 µM DME for 5 hours to accumulate cells in mitosis. Chromosome spreads of three clones
per condition were analysed to determine chromosome numbers per cell. The percentage of
cells with the indicated chromosome numbers is depicted (n=50 metaphase spreads per
clone). Dashed lines represent the average proportion of cells with 46 chromosomes in DMSOtreated clones derived from DLD-1 and DLD-1-CDKN1A-/- cells, respectively. (c) The
proportion of cells with a chromosome number differing from the modal number
(46 chromosomes in DLD-1) is depicted. The calculation summarises the results in (b) (n=50
metaphase spreads per clone, unpaired two-tailed t-test).

16.4 µm/min. However, this difference between DMSO and Taxol treated cells
seemed to be negligible as it did not affect chromosome segregation (Figure 4.6b, c).
The DMSO treated single cell clones derived from DLD-1-CDKN1A-/- cells showed
average microtubule polymerisation rates ranging from 19.3 µm/min to 20.1 µm/min.
Upon long-term Taxol treatment, microtubule polymerisation rates could be
significantly reduced to 16.2 µm/min, 16.6 µm/min, and 16.8 µm/min, respectively
(Figure 4.6a). The following karyotype analyses in three different single cell clones
per condition showed a correlation between microtubule growth rates and karyotype
variability. Counting of chromosomes in metaphase spreads revealed that 74 % 82 % of the DLD-1 cells treated with DMSO and 76 % - 82 % of cells treated with
Taxol contained 46 chromosomes, which corresponds to the modal number of
DLD-1 cells. After CDKN1A loss, the number of cells with a karyotype corresponding
to the modal number was considerably reduced to 52 % - 58 %. Accordingly, the
number of different karyotypes, which could be observed, increased upon CDKN1A
loss. Restoration of normal microtubule growth rates by Taxol treatment reduced
karyotype variability. The proportion of DLD-1-CDKN1A-/- cells with 46 chromosomes
increased significantly from 52 % - 58 % to 68 % - 74 % upon Taxol treatment (Figure
4.6b, c).
To find out if reduced CDKN1A expression as a consequence of loss of TP53 and
TP73 is responsible for the occurrence of mitotic defects, CDKN1A expression was
induced after knockdown of TP53 and TP73. For this purpose, RKO-p21-Pon cells
were used. This cell line derived from the chromosomally stable colorectal cancer cell
line RKO and allows the Ponasterone A inducible expression of CDKN1A (Schmidt et
al., 2000).
The gene product of CDKN1A, p21CIP1, is a cell cycle regulator inhibiting CDK1 and
CDK2 and, thus, inducing cell cycle arrest at G1 and G2 (Medema et al., 1998).
Therefore, it was necessary to find a suitable concentration of Ponasterone A which
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allows low to moderate expression of CDKN1A without affecting cell cycle
progression. RKO-p21-Pon cells were treated with increasing concentrations of
Ponasterone A for 24 hours. Subsequently, induced p21CIP1 protein levels were
assessed by Western blotting and the cell cycle profiles were examined by flow
cytometry after DNA staining with propidium iodide. To distinguish between mitotic
cells and cells in G2, mitotic phospho-epitopes were stained with MPM-2 antibodies
targeting phosphorylated Ser/Thr-Pro motives. 0.5 µM Ponasterone A were sufficient
to detect increased p21CIP1 protein levels in comparison to DMSO treated control cells.
Higher Ponasterone A concentrations resulted in further increase of CDKN1A
expression (Figure 4.7a). Cells with high p21CIP1 protein levels, which were induced
by treatment with 5.0 µM Ponasterone A, were neither able to enter S phase nor
mitosis, which represents cell cycle arrest in G1 (2N DNA content) and G2 phase (4N
DNA content). Ponasterone A concentrations up to 1.5 µM induced a moderate
CDKN1A expression which hardly affected cell cycle progression (Figure 4.7b).

Figure 4.7: Ponasterone A inducible expression of CDKN1A in RKO-p21-Pon cells.
(a) RKO-p21-Pon cells were cultivated in the presence of increasing concentrations of PonA
for 24 hours, DMSO was used as control. The protein levels of p21CIP1 were assessed by
Western blotting, β-actin was detected as loading control. (b) After treatment with the indicated
PonA concentrations for 24 hours, cells were fixed and stained with propidium iodide to
determine the DNA content and thus the cell cycle phase by flow cytometry. Additional staining
of mitotic phospho-epitopes with anti-phospho-Ser/Thr-Pro MPM-2 antibodies was used to
distinguish between cells in G2 and mitotic cells. Flow cytometry profiles are shown. High
PonA-induced CDKN1A expression results in cell cycle arrest at G1 and G2.

RKO-p21-Pon cells were transfected with TP53 and TP73 siRNA or LUCIFERASE
siRNA as a control. To induce CDKN1A expression, cells were incubated with
0.25 µM - 0.75 µM Ponasterone A for 24 hours. In addition, treatment with 0.2 nM
Taxol was used to restore normal microtubule polymerisation rates after TP53/TP73
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depletion independent of CDKN1A expression. The knockdown of TP53 and TP73 as
well as the moderately induced expression of CDKN1A upon Ponasterone A
treatment were confirmed by Western blotting. Treatment with 0.2 nM Taxol after
knockdown of TP53 and TP73 did not impact protein levels of p73, p53, and p21CIP1
(Figure 4.8a). Analysis of microtubule polymerisation rates revealed an increase from
16.4 µm/min in cells transfected with LUCIFERASE siRNA to 19.5 µm/min upon
knockdown of both TP53 and TP73. This could be gradually reduced to 18.4 µm/min,
17.0 µm/min, and 16.7 µm/min after treatment with 0.25 µM, 0.5 µM, and 0.75 µM
Ponasterone A, respectively. Additionally, normal microtubule polymerisation rates
could be restored in TP53/TP73 depleted cells by treatment with low-dose Taxol
(16.9 µm/min) (Figure 4.8b).

Figure 4.8: Ponasterone A inducible CDKN1A expression in RKO-p21-Pon cells rescues
mitotic defects after loss of p53 and p73.
(a) RKO-p21-Pon cells were transfected with 80 pmol LUCIFERASE (LUC) siRNA or a
combination of 45 pmol TP53 siRNA and 35 pmol TP73 siRNA. Cells were treated with
Ponasterone A (PonA) or low-dose Taxol for 24 hours. Protein levels of p73, p53, and p21CIP1
were detected by Western blotting. β-actin levels were detected to confirm equal protein
loading. (b) Mitotic microtubule polymerisation rates were determined in RKO-p21-Pon cells
after transfection with pEGFP-EB3, siRNA-mediated knockdown of TP53 and TP73, and PonA
induced expression of CDKN1A. Low-dose Taxol treatment after knockdown of TP53 and
TP73 was used to correct microtubule polymerisation rates independent of CDKN1A
expression. Cells were accumulated in mitosis by treatment with 2.0 µM DME for 1 hour.
Scatter dot plots show average microtubule polymerisation rates (20 microtubules/cell, three
independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed ttest). (c) After siRNA transfection, RKO-p21-Pon cells were synchronised at the G1/S
transition with a double thymidine block and subsequently released for 9.0 hours. Additionally,
cells were treated with 0.75 µM PonA or 0.2 nM Taxol for 24 hours prior to fixation.
Fluorescence microscopy was performed to quantify the occurrence of lagging chromosomes
in anaphase. The bar graphs show the percentage of anaphase cells with at least one lagging
CENP-C positive chromatid (three independent experiments with n=300 anaphase cells in
total, mean ± SD, unpaired two-tailed t-test).

In accordance with the increased microtubule growth rates, lagging chromosomes
occurred more frequently after knockdown of TP53 and TP73. The incidence of
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lagging chromosomes increased from 3.0 % (LUCIFERASE siRNA) to 7.6 % (TP53 +
TP73 siRNA). After Ponasterone A induced expression of CDKN1A and restoration
of normal microtubule growth rates by Taxol treatment, the proportion of anaphase
cells displaying lagging chromosomes was reduced to 3.3 % and 3.7 %, respectively
(Figure 4.8c).
These results indicate that loss of the transcription factors p53 and p73 diminishes
CDKN1A expression which, in turn, elevates microtubule polymerisation rates and
impairs chromosome segregation and, consequently, chromosomal stability.
4.1.3 Mild inhibition of CDK1 rescues mitotic defects and chromosomal
instability upon loss of p53/p73 or p21CIP1
P21CIP1 modulates the cell cycle by inhibiting CDK1 and CDK2 (Medema et al., 1998).
Thus, we assumed that increased activity of CDK1, one of the major regulators of
mitosis, might be responsible for the mitotic defects and chromosomal instability
observed upon loss of TP53/TP73 or CDKN1A. To test this hypothesis, TP53/TP73or CDKN1A-deficient colorectal cancer cells were analysed after CDK1 inhibition by
RO-3306, which is a selective ATP-competitive small-molecule inhibitor of CDK1
(Vassilev et al., 2006).

Figure 4.9: High concentrations of the CDK1 inhibitor RO-3306 induce cell cycle arrest
in G2 phase.
(a) HCT116 cells stably expressing control shRNA were treated with increasing concentrations
of the CDK1 inhibitor RO-3306 for 16 hours. After fixation and staining with propidium iodide,
cell cycle profiles were determined by flow cytometry. High inhibitor concentrations led to
accumulation of cells in G2. (b) TP53/TP73-deficient HCT116 cells were treated as described
in (a). Cell cycle analysis shows a cell cycle arrest in G2 after inhibition of CDK1 with high
concentrations of RO-3306.
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Since CDK1 is essential for mitotic entry, it was necessary to determine a suitable
inhibitor concentration that prevents cell cycle arrest. HCT116 + control shRNA and
HCT116-TP53-/- + TP73 shRNA cells were treated with increasing concentrations of
RO-3306 for 16 hours. Subsequently, cell cycle analysis was performed by flow
cytometry. HCT116 + control shRNA cells tolerated the treatment with up to 3.0 µM
RO-3306 without any detectable impairment of cell cycle progression. After treatment
with 5.0 µM or 7.0 µM RO-3306, cells accumulated in G2 phase (4N DNA content)
(Figure 4.9a). TP53/TP73-deficient HCT116 cells seemed to be more sensitive to
CDK1 inhibition. Considerable cell cycle arrest at G2 could already be detected after
incubation with 5.0 µM RO-3306 (Figure 4.9b). To prevent any effects of the inhibitor
on cell cycle progression, up to 1.0 µM RO-3306 were used for the following
experiments.

Figure 4.10: Low concentrations of the CDK1 inhibitor RO-3306 rescue mitotic defects
in TP53/TP73-deficient HCT116 and CDKN1A-deficient DLD-1 cells.
(a) TP53/TP73-deficient HCT116 cells and the corresponding control cells were treated with
the CDK1 inhibitor RO-3306 and the microtubule stabilising agent Taxol in the indicated
concentrations for 16 hours. To determine microtubule polymerisation rates, live-cell
microscopy was performed in cells expressing GFP-tagged EB3. Cells were treated with
2.0 µM DME for 1 hour prior to EB3-GFP tracking experiments. Scatter dot plots show average
microtubule polymerisation rates of mitotic cells (20 microtubules/cell, three independent
experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (b) HCT116
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+ control shRNA and HCT116-TP53-/- + TP73-shRNA cells were released for 8.5 hours after
synchronisation at G1/S with a double thymidine block. Cells were treated with 1.0 µM RO3306 or 0.2 nM Taxol for 24 hours. After fixation, cells were stained for fluorescence
microscopy with Hoechst33342 and with antibodies targeting CENP-C and α-tubulin. The
proportion of anaphase cells exhibiting lagging chromosomes was calculated and illustrated
in the bar graphs (four independent experiments with n=400 anaphase cells in total, mean ±
SD, unpaired two-tailed t-test). (c) DLD-1 and DLD-1-CDKN1A-/- cells were treated as in (a)
and mitotic microtubule polymerisation rates were determined. Average microtubule
polymerisation rates are depicted in the scatter dot plots (20 microtubules/cell, three
independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed ttest) (d) DLD-1 cells with or without knockout of CDKN1A were synchronised at the G1/S
border by a double thymidine block and released for 9 hours. Further treatments as described
in (b). The occurrence of lagging chromosomes in anaphase was quantified (three
independent experiments with n=300 anaphase cells in total, mean ± SD, SD≠0: unpaired twotailed t-test, SD=0: two-tailed one-sample t-test).

The abnormally high microtubule polymerisation rates in TP53/TP73-deficient
HCT116 cells (19.2 µm/min) could be gradually reduced to 18.4 µm/min,
17.2 µm/min, and 16.1 µm/min after treatment with 0.25 µM, 0.5 µM, and 1.0 µM
RO-3306, respectively. Additionally, proper microtubule polymerisation rates could be
restored by Taxol treatment (16.4 µm/min) (Figure 4.10a). Similar results were
obtained after analysing microtubule polymerisation rates in DLD-1-CDKN1A-/- cells
(Figure

4.10c).

In

control

shRNA

expressing

HCT116

cells,

microtubule

polymerisation rates were neither significantly influenced by RO-3306 nor by Taxol
treatment (DMSO: 16.4 µm/min; RO-3306, Taxol: 16.3 µm/min) (Figure 4.10a).
Treatment of DLD-1 cells with RO-3306 did not significantly affect microtubule growth
rates whereas Taxol treatment slightly increased microtubule polymerisation rates
from 16.2 µm/min to 16.7 µm/min (Figure 4.10c). However, a significant influence of
short-term Taxol treatment on microtubule growth rates or chromosome segregation
in wildtype DLD-1 cells could neither be observed in previous EB3-GFP tracking
experiments (Figure 4.5b) nor during the analysis of lagging chromosomes (Figure
4.5c, Figure 4.10d). In accordance with the rescue of aberrant microtubule
polymerisation rates, the incidence of lagging chromosomes in TP53/TP73-deficient
HCT116 cells was significantly reduced from 8.0 % to 3.3 % after CDK1 inhibition and
to 4.0 % after Taxol treatment (Figure 4.10c). The CDK1 inhibitor RO-3306 as well as
Taxol had similar effects on the number of anaphase cells with lagging chromosomes
in DLD-1-CDKN1A-/- cells (Figure 4.10d). Neither RO-3306 nor Taxol treatment had a
significant influence on the proportion of lagging chromosomes in anaphase cells of
HCT116 + control shRNA and DLD-1 cells (Figure 4.10b, d).
To test for a role of increased CDK1 activity in the induction of W-CIN, single cell
clones were generated based on HCT116 + control shRNA and HCT116-TP53-/- +
TP73 shRNA cells in the continuous presence or absence of RO-3306.
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Figure 4.11: Long-term treatment with the CDK1 inhibitor RO-3306 reduces microtubule
growth rates and karyotype variability in HCT116 after loss of p53 and p73.
(a) Single cell clones were generated from TP53/TP73-deficient or control HCT116 cells. Cells
were treated with 0.5 µM RO-3306 or DMSO for 30 generations. Microtubule polymerisation
rates were measured in cells expressing GFP-tagged EB3, which were arrested in mitosis by
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treatment with 2.0 µM DME for 1 hour. Average microtubule polymerisation rates are
illustrated in scatter dot plots (20 microtubules/cell, n=10 mitotic cells, mean ± SD, unpaired
two-tailed t-test). (b) To prepare mitotic chromosome spreads, cells were accumulated in
mitosis by treatment with 2.0 µM DME for 4 hours. Chromosome numbers were counted to
determine karyotype variability as a measure of W-CIN. The percentage of cells with the
indicated numbers of chromosomes is shown (n=50 metaphase spreads per clone). Dashed
lines represent the average proportion of cells with 45 chromosomes in DMSO-treated clones
derived from HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA cells, respectively.
(c) The bar graphs show the proportion of cells exhibiting a chromosome number deviating
from the modal number (45 chromosomes in HCT116) based on the results shown in (b) (n=50
metaphase spreads per clone, unpaired two-tailed t-test).

However, the concentration of 1.0 µM RO-3306, which was used for short-term
treatments (Figure 4.10), was not suitable for long-term experiments because it
impaired cell proliferation. A possible explanation might be the intracellular
accumulation of the inhibitor upon continuous exposure. In consequence, single cell
clones were treated with only 0.5 µM RO-3306 for 30 generations.
EB3-GFP tracking experiments showed that this concentration was sufficient to
rescue aberrant microtubule growth rates in single cell clones derived from HCT116TP53-/- + TP73-shRNA. Microtubule polymerisation rates of TP53/TP73-deficient
HCT116 cells were reduced from 19.0 µm/min - 19.3 µm/min to 16.4 µm/min 16.5 µm/min by treatment with RO-3306, which was comparable to the values of
control cells. Microtubule polymerisation rates in control shRNA expressing single cell
clones ranged from 16.5 µm/min to 16.7 µm/min and were not affected by continuous
treatment with RO-3306 (Figure 4.11a). Chromosomes were counted in mitotic
chromosome spreads of three single cell clones per condition to evaluate the
influence of CDK1 activity on karyotype variability and, thus, W-CIN. The analysis of
mitotic chromosome spreads revealed that the proportion of cells with an aberrant
karyotype increased from 10 % - 12 % in control cells to 38 % - 42 % in TP53/TP73deficient HCT116 cells (Figure 4.11b, c), which is in line with the previous results
(Figure 4.4). Prolonged exposure to 0.5 µM RO-3306 was not only sufficient to restore
normal microtubule growth rates upon loss of TP53 and TP73 (Figure 4.11a), but also
to suppress chromosomal instability (Figure 4.11b, c). Only 16 % - 18 % of the
TP53/TP73-deficient HCT116 cells exhibited a karyotype deviating from the modal
number after continuous treatment with the CDK1 inhibitor. In control cells, mild CDK1
inhibition did not significantly change karyotype variability (Figure 4.11b, c).
Additionally, EB3-GFP tracking experiments and karyotype analyses were performed
in DLD-1 and DLD-1-CDKN1A-/- derived single cell clones which were continuously
treated with 0.5 µM RO-3306 or its solvent.
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Figure 4.12: Mild CDK1 inhibition rescues microtubule polymerisation rates and high
karyotype variability in DLD-1 cells upon CDKN1A loss.
(a) Single cell clones were generated from DLD-1 or DLD-1-CDKN1A-/- cells. Cells were
cultured in the presence or absence of 0.5 µM RO-3306 for 30 generations. EB3-GFP tracking
experiments were performed in mitotic cells after treatment with 2.0 µM DME for 1 hour.
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Scatter dot plots display average microtubule polymerisation rates (20 microtubules/cell, n=10
mitotic cells, mean ± SD, unpaired two-tailed t-test). (b) Cells were accumulated in mitosis by
treatment with 2.0 µM DME for 5 hours and mitotic chromosome spreads were used to perform
karyotype analysis. Bar graphs show the percentage of cells with the indicated chromosome
numbers (n=50 metaphase spreads per clone). Dashed lines represent the average proportion
of cells with 46 chromosomes in DMSO-treated clones derived from DLD-1 and DLD-1CDKN1A-/- cells, respectively. (c) The proportion of cells with a chromosome number differing
from the modal number (46 chromosomes in DLD-1) is depicted. Calculations are based on
the results shown in (b) (n=50 metaphase spreads per clone, unpaired two-tailed t-test).

Prolonged exposure to 0.5 µM RO-3306 was sufficient to reduce microtubule
polymerisation rates in DLD-1-CDKN1A derived single cell clones from 19.0 µm/min 19.5 µm/min to 16.5 µm/min - 16.7 µm/min, a level comparable to the corresponding
wildtype cells (16.4 µm/min - 16.6 µm/min). Mild CDK1 inhibition did not influence
microtubule polymerisation rates of DLD-1 derived single cell clones (Figure 4.12a).
Analysis of mitotic chromosome spreads showed that most DLD-1 cells (72 % - 80 %)
had a karyotype with 46 chromosomes which represents the modal number of this
cell line. The proportion of cells with a karyotype differing from the modal number was
not significantly influenced by RO-3306. In single cell clones derived from DLD-1CDKN1A-/-, the proportion of cells with an aberrant karyotype was reduced from
44 % - 50 % to 26 % - 30 % by continuous treatment with 0.5 µM RO-3306
(Figure 4.12b, c).
To sum up, it was possible to rescue increased microtubule polymerisation rates and
chromosome missegregation, which occur upon loss of TP53/TP73 or CDKN1A, by
mild inhibition of CDK1. This suggests that loss of the p53/p73-p21CIP1 pathway results
in unleashed CDK1 activity which acts as the actual trigger for the mitotic defects and
chromosomal instability.
4.1.4 Increased CDK1 activity induces abnormal microtubule polymerisation
rates and chromosomal instability
CDK1 is tightly regulated throughout the cell cycle, both by association or dissociation
of its cyclin subunits and regulatory phosphorylations. The kinase Wee1
phosphorylates CDK1 at Tyr15 which contributes to its inhibition. Therefore, Wee1
inhibition by the established ATP-competitive inhibitor MK-1775 was used to induce
CDK1 activity in the following experiments (Hirai et al., 2009).
At first, a suitable inhibitor concentration, which does not induce premature mitotic
entry, was determined. HCT116 cells were synchronised at the G1/S transition with a
double thymidine block. After thymidine removal, cells were released into medium
containing 10 nM - 5.0 µM MK-1775 for either four hours or eight hours.
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Phosphorylated as well as total CDK1 protein levels were detected by Western
blotting and the mitotic indices of the cell populations were determined by flow
cytometry. For this purpose, cells were stained with propidium iodide to assess the
DNA content and with MPM-2 antibodies targeting phospho-Ser/Thr-Pro motives to
determine the proportion of mitotic cells. Reduction of the inhibitory phosphorylation
of CDK1 by increasing MK-1775 concentrations was accompanied by premature
mitotic entry. Upon treatment with 5.0 µM MK-1775, 28.7 % of the cells entered
mitosis 4 hours after release of a double thymidine block (Figure 4.13a). After 8 hours
of release, 7.4 % of the untreated cells entered mitosis whereas this proportion was
increased to 36.7 % - 59.4 % by treatment with 0.25 µM - 5.0 µM MK-1775 (Figure
4.13b). Premature mitotic entry, centromere fragmentation, and mitotic arrest upon
Wee1 inhibition with high concentrations (1.0 µM) of MK-1775 have been observed
previously (Lewis et al., 2017). After use of up to 0.1 µM MK-1775, only moderate
effects on the phosphorylation level of CDK1 were detected, which was associated
with timely entry into mitosis (Figure 4.13). Accordingly, MK-1775 concentrations
below 0.1 µM were used for the following experiments.

Figure 4.13: Treatment with high concentrations of the Wee1 inhibitor MK-1775 leads to
premature entry into mitosis.
HCT116 cells were synchronised at the G1/S transition by a double thymidine block. After
washout, cells were released into fresh growth medium containing the indicated
concentrations of the Wee1 inhibitor MK-1775 for 4 hours (a) or 8 hours (b). Western blotting
revealed that the Wee1-mediated inhibitory phosphorylation of CDK1 (Tyr15) was reduced
upon treatment with increasing inhibitor concentrations. Total CDK1 and α-tubulin were used
as controls. The mitotic indices of the cell populations were analysed by flow cytometry. For
this purpose, cells were fixed, and the DNA and mitotic phospho-epitopes were stained with
propidium iodide and anti-phospho-Ser/Thr-Pro MPM-2 antibodies, respectively.

To assess the impact of elevated CDK1 activity as a consequence of Wee1 inhibition
on microtubule growth rates, EB3-GFP tracking experiments were performed in
HCT116 cells upon treatment with MK-1775 for 16 hours. The activation of CDK1 led
to a significant increase of microtubule polymerisation rates from 16.4 µm/min in
control cells to 17.6 µm/min, 18.3 µm/min, and 18.8 µm/min after treatment with
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25 nM, 50 nM, and 75 nM MK-1775, respectively. The effect of Wee1 inhibition by
MK-1775 on microtubule growth rates of HCT116 cells could be reversed by
simultaneous inhibition of CDK1 by RO-3306 (16.6 µm/min) (Figure 4.14a). This
indicates that increased microtubule polymerisation rates observed upon Wee1
inhibition are indeed caused by elevated CDK1 activity. As a consequence of
abnormally high microtubule polymerisation rates, the percentage of anaphase cells
with lagging chromosomes was also increased upon Wee1 inhibition. Treatment of
HCT116 cells with 75 nM MK-1775 led to the occurrence of lagging chromosomes in
8.3 % of the analysed anaphase cells. In comparison, the incidence of lagging
chromosomes in solvent-treated control cells was only 2.7 %. The combination of
Wee1 inhibition with CDK1 inhibition prevented chromosome segregation defects
(3.0 %) (Figure 4.14b).

Figure 4.14: Increased CDK1 activity upon Wee1 inhibition causes increased
microtubule polymerisation rates and chromosome missegregation in HCT116 cells.
(a) HCT116 cells expressing GFP-tagged EB3 were treated with increasing concentrations of
the Wee1 inhibitor MK-1775 in the presence or absence of the CDK1 inhibitor RO-3306 for
16 hours. Cells were arrested in mitosis by treatment with 2.0 µM DME for 1 hour. Average
microtubule polymerisation rates were determined in mitotic cells and are illustrated in the
scatter dot plots (20 microtubules/cell, three independent experiments with n=30 mitotic cells
in total, mean ± SD, unpaired two-tailed t-test). (b) HCT116 cells were synchronised at the
G1/S transition by a double thymidine block and subsequently released for 8.5 hours to
accumulate cells in anaphase. Cells were additionally treated with 75 nM MK-1775 alone or in
combination with 1.0 µM RO-3306 for 24 hours prior to fixation. Cells were stained and
fluorescence microscopy was used to determine the amount of anaphase cells with lagging
chromosomes (three independent experiments with n=300 anaphase cells in total, mean ±
SD, unpaired two-tailed t-test).

Together, these results suggest that increased CDK1 activity is sufficient to induce
mitotic errors independent of the p53/p73-p21CIP1 axis. To verify that increased CDK1
activity is the cause of the observed defects and to exclude unspecific effects of the
used Wee1 inhibitor, a constitutively active mutant of CDK1 (CDK1-AF) was
expressed in HCT116 cells. As a control, a kinase-dead mutant (CDK1-DN) was used.
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The expression of the CDK1 mutants was confirmed by Western blotting. It is of note
that the expression level of the exogenous CDK1 mutants was considerably lower
than the expression level of endogenous CDK1 (Figure 4.15a). Nonetheless, the
moderate expression of the constitutively active mutant CDK1-AF increased
microtubule polymerisation rates from 16.4 µm/min to 19.0 µm/min. In contrast, the
expression of the kinase-dead mutant CDK1-DN had no significant influence on
microtubule growth rates in comparison to cells transfected with the control vector.

Figure 4.15: Transient expression of a constitutively active CDK1 mutant results in
elevated microtubule growth rates and chromosome missegregation in HCT116 cells.
(a) FLAG-tagged kinase-dead (CDK1-DN) or constitutively active (CDK1-AF) CDK1 mutants
were transiently expressed in HCT116 cells. Protein levels of endogenous and FLAG-tagged
CDK1 were assessed by Western blotting using anti-CDK1 and anti-FLAG antibodies.
α-tubulin was used to confirm equal protein loading. (b) HCT116 cells were transfected with
FLAG-tagged CDK1 mutants and GFP-tagged EB3 48 hours prior to live-cell microscopy and
treated with 1.0 µM RO-3306 or 0.2 nM Taxol for 16 hours prior to EB3-GFP tracking
experiments. Cells were accumulated in mitosis by treatment with 2.0 µM DME for 1 hour.
Average microtubule polymerisation rates are illustrated in the scatter dot plots (20
microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ± SD,
unpaired two-tailed t-test). (c) HCT116 cells were transiently transfected with pcDNA3.1FLAG-CDK1-AF/-DN, subjected to a double thymidine block, and subsequently released for
8.5 hours to accumulate cells in anaphase. Cells were treated with RO-3306 or Taxol for the
last 24 hours before fixation. Cells were fixed and stained for fluorescence microscopy. Bar
graphs show the proportion of anaphase cells exhibiting delayed CENP-C positive chromatids
(three independent experiments with n=300 anaphase cells in total, mean ± SD, SD≠0:
unpaired two-tailed t-test, SD=0: two-tailed one-sample t-test).
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Both the CDK1 inhibitor RO-3306 and the microtubule stabilising agent Taxol could
reduce microtubule polymerisation rates after CDK1-AF expression to levels
observed in control cells (RO-3306: 16.0 µm/min, Taxol: 16.5 µm/min). Treatment of
control cells with Taxol or RO-3306 did not influence microtubule polymerisation rates.
(Figure 4.15b). Increased microtubule polymerisation rates induced by elevated
CDK1 activity also triggered the occurrence of lagging chromosomes in anaphase.
7.3 % of anaphase cells exhibited lagging chromosomes after expression of CDK1AF. This could be diminished to 2.7 % and 3.3 % by CDK1 inhibition with RO-3306 or
by restoration of normal microtubule growth rates by Taxol treatment, respectively.
The incidence of lagging chromosomes did not change after expression of the kinasedead CDK1 mutant (3.0 %). Furthermore, neither RO-3306 nor Taxol treatments
influenced chromosome segregation in HCT116 cells transfected with a control vector
(Figure 4.15c).
To elucidate the effect of increased CDK1 activity on chromosomal stability, stable
cell lines were generated. Single cell clones were isolated and cultured for
30 generations after transfection of HCT116 cells with either a control vector or
plasmids encoding for CDK1-AF or CDK1-DN. Three single cell clones were
characterised for each condition. Western blotting revealed different expression levels
of the CDK1 mutants in the various single cell clones (Figure 4.16a). The analysis of
microtubule growth rates and chromosome segregation showed that low expression
levels of CDK1-AF resulted in mitotic defects whereas CDK1-DN expression had no
significant effects in comparison to control clones. In CDK1-AF expressing single cell
clones, microtubule growth rates ranged from 18.6 µm/min to 19.6 µm/min and,
consequently, lagging chromosomes occurred in 6.7 % - 7.7 % of the analysed
anaphase cells (Figure 4.16b, c). After stable expression of CDK1-DN, microtubule
polymerisation rates ranged from 16.3 µm/min to 17.0 µm/min which is comparable
with the results from control clones (Figure 4.16b). Accordingly, the incidence of
lagging chromosomes ranged between 2.3 % and 4.0 % in control and CDK1-DN
expressing single cell clones (Figure 4.16c).
To find out if increased CDK1 activity induces chromosomal instability, karyotype
analyses were performed using mitotic chromosome spreads. An aberrant karyotype
could be detected in 14 % - 16 % of the analysed mitotic control cells. Similar results
(18 % - 20 %) were obtained for single cell clones with permanent CDK1-DN
expression. A significant increase of the proportion of cells with a karyotype deviating
from the modal number to 32 % - 34 % was observed upon expression of CDK1-AF
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Figure 4.16: Stable expression of a constitutively active CDK1 mutant causes mitotic
errors and chromosomal instability in HCT116 cells.
(a) Stable expression of CDK1 mutants. Single cell clones were generated after transfection
of HCT116 cells with pcDNA3.1-FLAG-CDK1-AF/-DN. Western blots show the protein levels
of endogenous and FLAG-tagged CDK1 in three single cell clones per condition. α-tubulin was
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used as loading control. (b) CDK1-AF/-DN expressing single cell clones were transfected with
pEGFP-EB3. 48 hours after transfection, cells were accumulated in mitosis by treatment with
2.0 µM DME for 1 hour and live-cell microscopy was performed. Scatter dot plots depict
average microtubule polymerisation rates (20 microtubules/cell, n=10 mitotic cells, mean ±
SD, unpaired two-tailed t-test). (c) Lagging chromosomes were analysed in HCT116 derived
single cell clones expressing CDK1 mutants. For this purpose, cells were fixed 8.5 hours after
release from a double thymidine block, and the DNA, CENP-C, and α-tubulin were stained for
fluorescence microscopy. The bar graphs show the proportion of anaphase cells with lagging
chromosomes (three independent experiments with n=300 anaphase cells in total, mean ±
SD, unpaired two-tailed t-test). (d) Mitotic chromosome spreads were used for karyotype
analysis. The indicated single cell clones were arrested in mitosis by treatment with 2.0 µM
DME for 4 hours before fixation. The proportion of cells with the indicated chromosome
numbers is shown in the bar graphs (n= 50 metaphase spreads per clone). Dashed lines
represent the average proportion of HCT116 cells with 45 chromosomes in clones transfected
with either a control vector or a plasmid encoding CDK1-AF. (e) The percentage of cells with
a chromosome number which differs from the modal number (45 chromosomes in HCT1116)
is illustrated. Calculations are based on the results shown in (d) (n=50 metaphase spreads per
clone, unpaired two-tailed t-test).

(Figure 4.16d, e). However, this level was not as high as in HCT116 cells after loss of
TP53 and TP73 (Figure 4.4, Figure 4.11b, c).
The results obtained after Wee1 inhibition and CDK1-AF/-DN expression indicate that
increased CDK1 activity is a trigger for elevated microtubule polymerisation rates,
chromosome missegregation, and W-CIN.
4.1.5 Inhibition of CDK1 reduces increased microtubule polymerisation rates
and chromosome missegregation in chromosomally instable colorectal
cancer cell lines
Previous work demonstrated that colorectal cancer cell lines exhibiting W-CIN show
elevated microtubule polymerisation rates and a higher incidence of lagging
chromosomes in comparison to colorectal cancer cell lines characterised by a
MIN/MSI phenotype (Ertych et al., 2014). These results could be confirmed in this
study. The chromosomally stable cancer cell lines HCT116, DLD-1, and RKO showed
microtubule polymerisation rates ranging from 16.6 µm/min to 16.7 µm/min whereas
the chromosomally instable cell lines SW480, SW620, and HT29 exhibited
microtubule polymerisation rates of 19.0 µm/min, 19.1 µm/min, and 19.9 µm/min,
respectively (Figure 4.17a). Accordingly, the proportion of anaphase cells with lagging
chromosomes was significantly higher in W-CIN cell lines (7.7 % - 8.7 %) than in
MIN/MSI cell lines (2.0 % - 3.3 %) (Figure 4.17b). Importantly, mild inhibition of CDK1
using 1.0 µM RO-3306 restored normal microtubule growth rates (16.7 µm/min 17.0 µm/min) and reduced the occurrence of lagging chromosomes (3.7 % - 4.3 %)
in W-CIN cell lines. In MIN/MSI cell lines, RO-3306 did neither affect microtubule
growth rates nor chromosome segregation (Figure 4.17a, b).
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Figure 4.17: CDK1 inhibition rescues increased microtubule polymerisation rates and
the occurrence of lagging chromosomes in chromosomally instable cell lines.
(a) Different colorectal cancer cell lines either characterised by MIN/MSI or W-CIN were
transfected with pEGFP-EB3. Cells were treated with the CDK1 inhibitor RO-3306 for
16 hours. To accumulate cells in mitosis, cells were incubated with 2.0 µM DME for 1-2 hours.
Scatter dot plots depict average microtubule-plus end assembly rates (20 microtubules/cell,
three independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed
t-test). (b) Chromosomally stable or instable colorectal cancer cell lines were synchronised at
the G1/S transition with a double thymidine block and released for 8.5-9.0 hours. Cells were
cultured in the presence or absence of 1.0 µM RO-3306 for the last 24 hours prior to fixation.
After fixation, the DNA, α-tubulin, and CENP-C were stained for fluorescence microscopy. The
proportion of cells with lagging chromosomes is shown in the bar graphs (three independent
experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).

Thus, mild CDK1 inhibition reduced abnormally high microtubule growth rates and the
increased incidence of lagging chromosomes in the analysed cell lines characterised
by W-CIN.
Western blotting was performed to elucidate if MIN/MSI and W-CIN cell lines differ in
the protein levels of p73, p53, p21CIP1, inactive phospho-CDK1 (Tyr15), and total
CDK1. A clear correlation between W-CIN and reduced protein levels of p73, p53, or
p21CIP, or an increase in CDK1 levels or activity could not be detected. Interestingly,
p53 protein levels were higher in the W-CIN cell lines than in MIN/MSI cell lines which
seemed to contradict the hypothesis that p53 loss together with p73 loss might trigger
W-CIN. However, the cell lines SW480, SW620, and HT29 carry mutations in the gene
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TP53 which abrogate normal p53 function and are associated with hyperstabilisation
of mutant p53 (Li et al., 2011; Muller and Vousden, 2014).

Figure 4.18: Protein levels of p73, p53, p21CIP1, phospho-CDK1 (Tyr15), and CDK1 in
different chromosomally stable (MIN/MSI) and instable (W-CIN) cell lines.
A representative Western blot detecting p73, p53, phospho-CDK1 (Tyr15), CDK1, and p21CIP1
in the indicated colorectal cancer cell lines. β-actin was used as loading control. Whole cell
lysates were generated from asynchronously growing cells.

4.2 A possible link between increased CDK1 activity in S phase,
deregulated DNA replication, and W-CIN
The experiments described in chapter 4.1 suggest that elevated activity of CDK1, a
kinase known to regulate mitosis, can cause an increase in mitotic microtubule
polymerisation rates, chromosome missegregation, and W-CIN. The aim of the next
part of this study was to clarify if the observed mitotic defects were the result of
increased CDK1 activity during mitosis or possibly during another cell cycle phase.
4.2.1 Elevated CDK1 activity in S phase increases microtubule polymerisation
rates in mitosis and contributes to chromosome missegregation
At first, cell cycle progression of HCT116 cells was monitored by flow cytometry. After
synchronisation by a double thymidine block, cells were washed with fresh growth
medium for 30 minutes to remove thymidine and, thus, to allow cell cycle progression.
Samples were fixed for analysis by flow cytometry 2.0, 4.0, 6.0, or 8.0 hours after
thymidine washout to monitor cell cycle progression over time. Asynchronously
growing cells and cells arrested at the G1/S border were used as controls. Cells were
stained with propidium iodide to assess the DNA content and with MPM-2 antibodies
targeting mitotic phospho-epitopes to distinguish G2 cells from mitotic cells. Analysis
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of an asynchronously growing population of HCT116 cells revealed that 59.4 % of the
cells were in G1 (2N DNA content), 16.2 % in S (2N - 4N DNA content), and 23.9 %
in G2/M (4N DNA content), the mitotic index was 4.7 %. As expected, more than 90 %
of the cells accumulated in G1/S after a double thymidine block. Cells progressed
through S phase during the next hours which was reflected by an S phase population
of 75.6 % 2.0 hours after washout and 56.4 % 4.0 hours after washout, respectively.
6.0 hours after thymidine removal, more than 80 % of the cells reached G2 phase.
After 8.0 hours, most cells were still in G2 and cells started to enter mitosis which was
reflected by the higher mitotic index (6.8 %). A small proportion of cells remained
arrested in G1 after thymidine removal (Figure 4.19a).
Based on these results, a schedule for inhibitor treatments during specific intervals
throughout the cell cycle was established (Figure 4.19b). The beginning of S phase
was defined as timepoint t=0.0 h. If a double thymidine block was used for cell cycle
synchronisation, washout started at t=-0.5 h. The period from t=0.0 h - 2.0 h was
considered as early S phase, during t=2.0 h - 4.0 h cells progressed to late S phase,

Figure 4.19: HCT116 cells progress from the G1/S border to mitosis within 8.5 hours.
(a) HCT116 cells were either grown asynchronously or subjected to a double thymidine block.
Cells were washed with fresh growth medium for 30 minutes to remove thymidine. After
release for additional 2.0 hours, 4.0 hours, 6.0 hours, or 8.0 hours, cells were fixed, stained
with propidium iodide and anti-phospho-Ser/Thr-Pro MPM-2 antibodies, and analysed by flow
cytometry. Cell cycle profiles and mitotic indices of the analysed cell populations are shown.
(b) Scheme depicting a possible schedule for inhibitor treatments during defined intervals
throughout the cell cycle based on the results shown in (a).
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during t=4.0 h - 6.0 h cells reached G2 phase, t=6.0 h - 8.0 h included late G2 phase
and entry to mitosis. The following EB3-GFP tracking experiments and quantifications
of lagging chromosomes were performed in mitosis at t=8.0 h.
To find out if mitotic defects occurred because of elevated CDK1 activity in mitosis or
during another cell cycle phase, TP53/TP73-deficient HCT116 cells and CDKN1Adeficient DLD-1 cells were treated with 1.0 µM RO-3306 for 2 hours during different
cell cycle phases (Figure 4.19b).

Figure 4.20: Mild inhibition of CDK1 in early S-phase restores normal microtubule
polymerisation rates and chromosome segregation after loss of TP53/TP73 or CDKN1A.
(a) After transfection with pEGFP-EB3, HCT116 + control shRNA and HCT116-TP53-/- + TP73
shRNA were treated with 1.0 µM RO-3306 either overnight or for 2 hours during early S phase,
late S phase, G2 phase, or late G2/M. Overnight treatment with DMSO was used as control.
45 minutes before measurement, cells were additionally treated with 2.0 µM DME to arrest
cells in mitosis. Average microtubule polymerisation rates are depicted in the scatter dot plots
(20 microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ±
SD, unpaired two-tailed t-test). (b) TP53/TP73-deficient HCT116 cells were subjected to a
double thymidine block and then released for 8.5 hours. Cells were treated with 1.0 µM RO3306 either for 24 hours or after thymidine washout for 2 hours during early S phase, late
S phase, G2 phase, or G2/M. DMSO treatment for 24 hours was used as control. After fixation,
cells were stained for fluorescence microscopy and anaphase cells were analysed. Bar graphs
show the proportion of anaphase cells with lagging chromosomes (three independent
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experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).
(c) DLD-1 and DLD-1-CDKN1A-/- cells were treated as in (a). Scatter dot plots display average
microtubule polymerisation rates (20 microtubules/cell, three independent experiments with
n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (d) DLD-1 and DLD-1CDKN1A-/- cells were synchronised at the G1/S border by a double thymidine block and
released for 9 hours. Further treatment as in (b). The percentage of cells exhibiting lagging
chromosomes is depicted in the bar graphs (three independent experiments with n=300
anaphase cells in total, mean ± SD, SD≠0: unpaired two-tailed t-test, SD=0: two-tailed onesample t-test).

As shown before (Figure 4.1c), EB3-GFP tracking experiments showed the increase
of microtubule polymerisation rates from 16.5 µm/min to 19.1 µm/min after loss of
TP53/TP73. A reduction to 16.4 µm/min could be observed after overnight treatment
(16 hours) with 1.0 µM RO-3306 which is in accordance with previous results Figure
4.10a). Interestingly, mild inhibition of CDK1 for 2 hours during early S phase was as
efficient as overnight treatment and reduced microtubule polymerisation rates to
16.7 µm/min. In contrast, microtubule polymerisation rates were not significantly
influenced by treatment during late S phase (18.7 µm/min), G2 phase (19.1 µm/min)
or late G2/M (19.1 µm/min) (Figure 4.20a). Similar results were obtained for DLD-1CDKN1A-/- cells (Figure 4.20c). Corresponding to the increase in microtubule
polymerisation rates, the proportion of cells with lagging chromosomes increased
from 3.7 % to 7.7 % after loss of TP53 and TP73. The incidence of lagging
chromosomes could be reduced to 3.3 % after CDK1 inhibition overnight or to 4.7 %
after CDK1 inhibition during early S phase, whereas the exposure to RO-3306 at later
timepoints did not have a significant effect (late S: 7.7 %, G2: 7.0 %, G2/M: 7.0 %)
(Figure 4.20b). The analyses of anaphase cells revealed similar results for DLD-1CDKN1A-/- cells (Figure 4.20d). These first result surprisingly indicate that increased
microtubule polymerisation rates and chromosome missegregation in mitosis are
caused by unleashed CDK1 activity during S phase.
To further support these results, the Wee1 inhibitor MK-1775 was used to increase
CDK1 activity in HCT116 cells in different time periods throughout the cell cycle
(Figure 4.19b). DMSO treatment and overnight exposure to MK-1775 were used as
controls. The presence of 75 nM MK-1775 either overnight or during early S phase
increased microtubule polymerisation rates in HCT116 cells from 16.7 µm/min to
19.2 µm/min and 19.0 µm/min, respectively. In contrast, Wee1 inhibition during late
S, G2, and G2/M phase resulted in microtubule polymerisation rates of 16.9 µm/min,
16.6 µm/min, and 16.4 µm/min, which were comparable with the growth rates
determined in DMSO treated control cells (16.7 µm/min) (Figure 4.21a). The elevated
microtubule polymerisation rates, which were induced by Wee1 inhibition overnight or
during early S phase, caused a higher incidence of lagging chromosomes.
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Figure 4.21: Increased CDK1 activity in early S phase elevates microtubule growth rates
in mitosis and triggers chromosome missegregation in HCT116 cells.
(a) HCT116 cells transfected with pEGFP-EB3 were exposed to 75 nM MK-1775 either
overnight or for 2 hours during different cell cycle phases. Live-cell microscopy was performed
after accumulation of cells in mitosis by treatment with 2.0 µM DME for 45 minutes. Average
microtubule polymerisation rates are depicted in the scatter dot plots (20 microtubules/cell,
three independent experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed
t-test). (b) HCT116 cells were fixed 8.5 hours after release from a double thymidine block.
Cells were treated with 75 nM MK-1775 either for 24 hours prior to fixation or for 2 hours during
early S, late S, G2, or late G2/M. Microtubules, kinetochores and the DNA were stained for
fluorescence microscopy to quantify lagging chromosomes. The incidence of lagging
chromosomes in anaphase cells is shown in the bar graphs (three independent experiments
with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test). (c) HCT116 +CDK1AF and the corresponding control cells were transfected with pEGFP-EB3. Prior to live-cell
microscopy, cells were treated with 1.0 µM RO-3306 for 16 hours or for 2 hours during early
S, late S, G2, or G2/M. To accumulate cells in mitosis, cells were treated with 2.0 µM DME for
45 minutes. Scatter dot plots show average microtubule polymerisation rates of mitotic cells
(20 microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ±
SD, unpaired two-tailed t-test). (d) HCT116 + vector and HCT116 + CDK1-AF were
synchronised at the G1/S border by a double thymidine block and released for 8.5 hours. Cells
were treated with the CDK1 inhibitor RO-3306 either for 24 hours prior to fixation or for 2 hours
during the indicated cell cycle phases. Fluorescence microscopy was performed in cells
stained with Hoechst33342, anti-CENP-C and anti-α-tubulin antibodies. Bar graphs display
the percentage of anaphase cells exhibiting lagging chromosomes (three independent
experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).
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The proportion of anaphase cells with chromosome segregation defects increased
from 2.7 % in control cells to 8.3 % and 7.3 % after Wee1 inhibition overnight or during
early S phase, respectively. In comparison to DMSO treated control cells, the
incidence of lagging chromosomes did not change significantly after Wee1 inhibition
during late S phase (4.0 %), G2 phase (3.7 %), or late G2/M (3.3 %) (Figure 4.21b).
To further confirm elevated CDK1 activity in early S phase as a cause for the observed
mitotic defects, HCT116 cells stably expressing CDK1-AF were exposed to the CDK1
inhibitor RO-3306 for 2 hours in different cell cycle phases (Figure 4.19b). Only
overnight treatment or treatment during early S phase significantly reduced
microtubule polymerisation rates from 19.4 µm/min to 16.4 µm/min and 16.5 µm/min,
respectively. Microtubule polymerisation rates ranged from 18.9 µm/min to
19.1 µm/min after CDK1 inhibition during late S, G2, or G2/M phase (Figure 4.21c).
Corresponding to the effects on microtubule growth rates, mild CDK1 inhibition
overnight or during early S phase prevented the occurrence of lagging chromosomes
in HCT116 + CDK1-AF cells, whereas the incidence of lagging chromosomes
remained unchanged after treatment at later time points (Figure 4.21d).
These results indicate that unleashed CDK1 activity specifically during early S phase
causes increased microtubule polymerisation rates and chromosome segregation
defects in the following mitosis.
4.2.2 Mild replication stress triggers increased microtubule polymerisation
rates and chromosome segregation defects in mitosis
A first link between replication stress, which describes the impairment of replication
fork progression during S phase, and W-CIN has been suggested previously (Burrell
et al., 2013a). Moreover, our group has recently shown that mild replication stress
induces an increase in microtubule polymerisation rates and chromosome
missegregation (Böhly et al., 2019). In the light of these findings we hypothesised that
deregulated CDK1 activity during early S phase might interfere with DNA replication
which leads to defects in the following mitosis.
Aphidicolin, an inhibitor of the DNA polymerases α, δ, and ε (Baranovskiy et al., 2014;
Cheng and Kuchta, 1993; Ikegami et al., 1978; Pletts Goscin and Byrnes, 1982), was
used to induce mild replication stress in HCT116 cells. EB3-GFP tracking experiments
after exposure to 100 nM Aphidicolin for 24 hours increased microtubule
polymerisation rates from 16.7 µm/min to 19.2 µm/min (Figure 4.22a). Accordingly,
the incidence of lagging chromosomes rose from 3.3 % in control cells to 7.0 % in
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Aphidicolin treated cells (Figure 4.22b). It is of note that cell cycle progression was
delayed upon Aphidicolin treatment. Therefore, the cells, which were fixed for the
analysis of lagging chromosomes, had to be released for 9.5 hours after
synchronisation with a double thymidine block. These results confirm previous
findings from our lab (Böhly et al., 2019) and are in line with the hypothesis that
increased CDK1 activity might influence DNA replication.

Figure 4.22: Mild replication stress induced by Aphidicolin treatment increases
microtubule polymerisation rates and the incidence of lagging chromosomes in
HCT116 cells.
(a) HCT116 cells were transfected with pEGFP-EB3. 24 hours prior to live-cell microscopy,
cells were incubated with 100 nM Aphidicolin. Live-cell microscopy was performed in mitotic
cells after treatment with 2.0 µM DME for 1 hour. Scatter dot plots show average microtubule
polymerisation rates (20 microtubules/cell, three independent experiments with n=30 mitotic
cells in total, mean ± SD, unpaired two-tailed t-test). (b) HCT116 cells were synchronised with
a double thymidine block and then released for 9.5 hours. 24 hours prior to fixation, Aphidicolin
was added. Cells were stained for fluorescence microscopy and chromosome segregation
was evaluated in anaphase cells. Bar graphs display the percentage of anaphase cells with
lagging chromosomes (three independent experiments with n=300 anaphase cells in total,
mean ± SD, unpaired two-tailed t-test).

4.2.3 Elevated origin firing during DNA replication increases microtubule
growth rates and the incidence of lagging chromosomes
Moiseeva et al. (2019) described a role of CDK1 activity, which can be increased by
inhibition of ATR-CHK1 signalling, in the regulation of CDC7-dependent origin firing
during S-phase (Figure 1.5). To test if inhibition of ATR signalling mimics the mitotic
defects observed upon increased CDK1 activity, EB3-GFP tracking experiments were
performed in HCT116 cells after ATR inhibition using the small molecule inhibitor
ETP-46464 (Toledo et al., 2011). In fact, exposure to the ATR inhibitor for 16 hours
increased microtubule polymerisation rates from 16.5 µm/min to 19.5 µm/min (Figure
4.24a). In accordance with the pathway described by Moiseeva et al. (2019), mild
inhibition of CDK1 and CDC7 by RO-3306 and XL-413 (Koltun et al., 2012),
respectively, rescued the elevated microtubule growth rates upon ATR inhibition
(1.0 µM RO-3306: 16.4 µm/min, 1.0 µM XL-413: 16.3 µm/min) (Figure 4.24a).
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Figure 4.23: ATR inhibition induces increased microtubule polymerisation rates and
lagging chromosomes in HCT116 cells.
(a) The kinase ATR was inhibited in EB3-GFP expressing HCT116 cells by treatment with
1.0 µM ETP-46464 for 16 hours. ATR inhibition was combined with treatment with 1.0 µM
RO-3306, 1.0 µM XL-413, nucleosides (30 µM 2′-deoxyadenosine monohydrate, 30 µM
2′-deoxycytidine hydrochloride, 30 µM 2′-deoxyguanosine monohydrate, 30 µM thymidine), or
0.2 nM Taxol. Live-cell microscopy was performed after cells were accumulated in mitosis by
treatment with 2.0 µM DME for 1 hour. Average microtubule polymerisation rates are shown
in scatter dot plots (20 microtubules/cell, three independent experiments with n=30 mitotic
cells in total, mean ± SD, unpaired two-tailed t-test). (b) HCT116 cells were arrested at the
G1/S border by a double thymidine block and then released into the cell cycle for 8.5 hours.
Cells were treated with 1.0 µM ETP-46464 for 24 hours prior to fixation. Cells were additionally
treated with 1.0 µM RO-3306, 1.0 µM XL-413, or 0.2 nM Taxol. After fixation, cells were
stained for fluorescence microscopy and the occurrence of lagging chromosomes during
anaphase was quantified. Bar graphs illustrate the percentage of anaphase cells with lagging
chromosomes (three independent experiments with n=300 anaphase cells in total, mean ±
SD, unpaired two-tailed t-test). (c) Asynchronously growing cells were treated with the ATR
inhibitor ETP-46464 for 24 hours. Additionally, growth medium was supplemented with
nucleosides (30 µM 2′-deoxyadenosine monohydrate, 30 µM 2′-deoxycytidine hydrochloride,
30 µM 2′-deoxyguanosine monohydrate, 30 µM thymidine). Cells were fixed and stained for
fluorescence microscopy. Bar graphs show the incidence of lagging chromosomes in
anaphase cells (three independent experiments with n=300 anaphase cells in total, mean ±
SD, unpaired two-tailed t-test).

It has been described before that supplementation with nucleosides can rescue
replication stress (Bester et al., 2011), which can be a consequence of increased
origin firing (Zhong et al., 2013). Therefore, EB3-GFP tracking experiments were
performed in HCT116 cells after treatment with 1.0 µM ETP-46464 in combination
with 30 µM 2′-deoxyadenosine monohydrate, 30 µM 2′-deoxycytidine hydrochloride,
30 µM

2′-deoxyguanosine

monohydrate,

and

30 µM

thymidine.

Nucleoside

supplementation reduced microtubule growth rates upon ATR inhibition from
19.5 µm/min to 16.5 µm/min indicating an interplay of origin firing and replication
stress. However, it is of note that neither origin firing nor replication stress were
directly detected by DNA combing assays. As a control, the microtubule-stabilising
agent Taxol was used to restore normal microtubule polymerisation rates after ATR
inhibition (16.3 µm/min) (Figure 4.23a). The proportion of cells with chromosome
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segregation defects rose significantly from 2.7 % to 9.3 % upon ATR inhibition. The
incidence of lagging chromosomes could be significantly reduced to 4.0 % after
additional treatment with 1.0 µM RO-3306 or 1.0 µM XL-413, and to 5.3 % after
treatment with 0.2 nM Taxol (Figure 4.23b). The influence of nucleoside
supplementation on the incidence of lagging chromosomes after ATR inhibition was
evaluated in asynchronously growing cells. HCT116 cells were treated with 1.0 µM
ETP-46464 ± nucleosides for 24 hours prior to fixation. The inhibition of ATR
increased the incidence of lagging chromosomes from 1.7 % to 5.7 % in
asynchronously growing cells. The additional supplementation with nucleosides
reduced the proportion of cells with lagging chromosomes to 2.0 % (Figure 4.23c). It
is of note that lagging chromosomes occurred more frequently when the ATR inhibitor
was applied overnight in cells subjected to a double thymidine block (synchronised
cells: 9.3 %, asynchronous cells: 5.7 %) (Figure 4.23b, c). These results might
indicate additive effects of ATR inhibition and a double thymidine block, which is
based on the interference with DNA replication.

Figure 4.24: ATR inhibition in early S phase is sufficient to induce mitotic defects which
can be rescued by simultaneous partial inhibition of CDK1 or CDC7.
(a) HCT116 cells expressing EB3-GFP were exposed to 1.0 µM ETP-46464 for 2 hours during
early S phase. ATR inhibition was combined with partial CDK1 or CDC7 inhibition either at the
same time (early S phase) or during G2/M. Microtubule polymerisation rates were determined
in mitotic cells which were arrested in mitosis by treatment with 2.0 µM DME for 45 minutes.
Scatter dot plots show average microtubule polymerisation rates which were determined in
mitotic cells (20 microtubules/cell, three independent experiments with n=30 mitotic cells in
total, mean ± SD, unpaired two-tailed t-test). (b) After synchronisation by a double thymidine
block, HCT116 cells were released for 8.5 hours. Cells were treated with 1.0 µM ETP-46464
for 2 hours after thymidine washout (early S phase). Additionally, 1.0 µM RO-3306 or 1.0 µM
XL-413 were added for 2 hours during early S phase or G2/M. To evaluate chromosome
segregation, anaphase cells were analysed after staining for fluorescence microscopy. Bar
graphs show the percentage of anaphase cells with lagging chromosomes (three independent
experiments with n=300 anaphase cells in total, mean ± SD, SD≠0: unpaired two-tailed t-test,
SD=0: two-tailed one-sample t-test).
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To verify that alterations during S phase were responsible for the observed defects in
the following mitosis, ATR was inhibited for only 2 hours during early S phase either
alone or together with CDK1 or CDC7. As controls, the CDK1 and CDC7 inhibitors
were also applied during G2/M. EB3-GFP tracking experiments showed an increase
of mitotic microtubule growth rates from 16.4 µm/min to 19.2 µm/min after ATR
inhibition during early S phase. The additional inhibition of CDK1 during early S phase
was sufficient to restore normal microtubule polymerisation rates (16.5 µm/min)
whereas inhibitor treatment during G2/M did not result in a rescue (19.1 µm/min).
Similar results were obtained for CDC7 inhibition during early S phase (16.4 µm/min)
and G2/M (19.1 µm/min) (Figure 4.24a). The incidence of lagging chromosomes rose
from 3.0 % to 6.3 % after exposure of HCT116 cells to 1.0 µM ETP-46464 for 2 hours
during early S phase. This effect could be prevented by combining ATR inhibition with
partial CDK1 or CDC7 inhibition during early S phase (1.0 µM RO-3306: 3.7 %,
1.0 µM XL-413: 3.3 %). Treatment with CDK1 or CDC7 inhibitors during G2/M did not
reduce the percentage of cells with lagging chromosomes upon ATR inhibition
(1.0 µM RO-3306: 6.0 %, 1.0 µM XL-413: 6.3 %) (Figure 4.24b).
To test if RIF1, as a target of CDK1 (Figure 1.5), might be relevant for the maintenance
of normal microtubule growth rates and chromosome segregation fidelity, HCT116
cells were analysed after transfection with siRNAs targeting either RIF1 or
LUCIFERASE as a control. The knockdown efficiency was confirmed by Western
blotting (Figure 4.25a). EB3-GFP tracking experiments revealed an increase of
microtubule polymerisation rates from 16.5 µm/min to 19.2 µm/min after knockdown
of RIF1. The inhibition of CDK1, which acts upstream of RIF1 according to the model
proposed by Moiseeva et al. (2019) (Figure 1.5), had only a minor effect on
microtubule growth rates after knockdown of RIF1 (18.9 µm/min). In contrast, the
treatment with 0.5 µM and 1.0 µM XL-413 gradually reduced microtubule
polymerisation rates to 17.0 µm/min and 16.5 µm/min, respectively. Additionally,
Taxol treatment after RIF1 knockdown resulted in microtubule growth rates of
16.6 µm/min, which were comparable with those in control cells transfected with
LUCIFERASE siRNA. The different inhibitor treatments did not have a significant
effect on microtubule growth rates in control cells (Figure 4.25b). Lagging
chromosomes occurred more frequently after knockdown of RIF1. The number of cells
with CENP-C positive lagging chromatids in anaphase increased from 3.0 % to 6.7 %
after RIF1 knockdown. In accordance with the results from EB3-GFP tracking
experiments, the proportion of cells exhibiting lagging chromosomes was significantly
reduced after treatment with XL-413 (0.5 µM: 3.7 %, 1.0 µM: 2.7 %) and 0.2 nM Taxol
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(3.3 %), but not after treatment with 1.0 µM RO-3306 (6.3 %). An influence of the
different

inhibitors

on

chromosome

segregation

in

cells

transfected

with

LUCIFERASE siRNA could not be detected (Figure 4.25c).

Figure 4.25: Knockdown of RIF1 results in increased microtubule polymerisation rates
and a higher incidence of lagging chromosomes in HCT116 cells.
(a) HCT116 cells were transfected with 60 pmol LUCIFERASE (LUC) or 60 pmol RIF1 siRNA.
Protein levels of RIF1 were assessed by Western blotting to confirm knockdown efficiency. αtubulin was detected to verify equal protein loading. (b) HCT116 cells were transfected with
pEGFP-EB3 and siRNAs targeting RIF1 or LUCIFERASE (LUC) as a control. Cells were
exposed to the indicated inhibitors for 16 hours prior to live-cell microscopy. Additionally, cells
were accumulated in mitosis by treatment with 2.0 µM DME for 1 hour. Average microtubule
polymerisation rates are depicted in scatter dot plots (20 microtubules/cell, three independent
experiments with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (c) HCT116
cells were transfected with 60 pmol LUCIFERASE (LUC) or RIF1 siRNA and subsequently
subjected to a double thymidine block. After thymidine removal, cells were released into the
cell cycle for 8.5 hours, fixed, and stained for fluorescence microscopy. Bar graphs show the
proportion of anaphase cells with lagging chromosomes (three independent experiments with
n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).

ATR inhibition has been described to promote CDC7-dependent origin firing via
increased CDK1 activity and the consequently reduced activity of the phosphatase
complex RIF1-PP1 (Moiseeva et al., 2019). The results presented here support the
relevance of this pathway for the induction of chromosome missegregation in mitosis.
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In fact, both ATR inhibition and depletion of RIF1 mimic the mitotic defects that are
caused by increased CDK1 activity.
4.2.4 Nucleoside supplementation restores normal microtubule polymerisation
rates and chromosome segregation in cells with increased CDK1 activity
Nucleoside supplementation has been described as a possible approach to reduce
replication stress (Bester et al., 2011). To test if replication stress might be a trigger
for elevated microtubule growth rates and the increased incidence of lagging
chromosomes upon loss of the transcription factors p53 and p73, TP53/TP73deficient HCT116 cells were incubated with 30 µM 2′-deoxyadenosine monohydrate,
30 µM 2′-deoxycytidine hydrochloride, 30 µM 2′-deoxyguanosine monohydrate, and
30 µM thymidine for 48 hours.

Figure 4.26: Nucleoside supplementation was sufficient to restore normal microtubule
polymerisation rates and chromosome segregation after loss of TP53/TP73 or
expression of CDK1-AF in HCT116 cells.
(a) EB3-GFP tracking experiments were performed in TP53/TP73-deficient HCT116 and the
corresponding control cells after incubation with 30 µM 2′-deoxyadenosine monohydrate,
30 µM 2′-deoxycytidine hydrochloride, 30 µM 2′-deoxyguanosine monohydrate, and 30 µM
thymidine for 48 hours. To arrest cells in mitosis, they were treated with 2.0 µM DME for 1 hour
prior to live-cell microscopy. Scatter dot plots show average microtubule polymerisation rates
(20 microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ±
SD, unpaired two-tailed t-test). (b) Asynchronously growing TP53/TP73-deficient HCT116 and
the corresponding control cells were treated with 30 µM 2′-deoxyadenosine monohydrate,
30 µM 2′-deoxycytidine hydrochloride, 30 µM 2′-deoxyguanosine monohydrate, and 30 µM
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thymidine for 48 hours. After fixation, DNA, kinetochores, and microtubules were stained for
fluorescence microscopy. Anaphase cells were analysed to quantify the occurrence of lagging
chromosomes, which is shown in the bar graphs (three independent experiments with n=300
anaphase cells in total, mean ± SD, unpaired two-tailed t-test). (c) HCT116 + vector and
HCT116 + CDK1-AF cells were treated as in (a). Average microtubule polymerisation rates
are illustrated in the scatter dot plots (20 microtubules/cell, three independent experiments
with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (d) HCT116 cells stably
expressing CDK1-AF and the corresponding control cells were treated as described in (b). Bar
graphs show the percentage of anaphase cells exhibiting lagging chromosomes (three
independent experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed
t-test).

Nucleoside supplementation rescued microtubule polymerisation rates in TP53/TP73deficient HCT116 cells from 19.2 µm/min to 17.0 µm/min. In contrast, microtubule
growth rates of control cells (16.5 µm/min) were not influenced by nucleoside
supplementation (Figure 4.26a). Similar results were obtained in EB3-GFP tracking
experiments performed with HCT116 + CDK1-AF and the corresponding control cells
(Figure 4.26c). The influence of nucleoside supplementation on the occurrence of
lagging chromosomes was analysed in asynchronously growing cells. After loss of
p53 and p73, 5.0 % of the analysed anaphase cells exhibited lagging chromosomes
(Figure 4.26b), which was a lower incidence than observed in previous experiments
(e. g. Figure 4.1b, Figure 4.2b, e). This indicates that a double thymidine block, which
interferes with DNA replication, might influence chromosome segregation to some
extent. Nonetheless, significant differences between the indicated cell lines and
treatment conditions could be observed. After nucleoside supplementation, lagging
chromosomes could be observed in only 1.7 % of the analysed anaphase cells. In
control cells, the proportion of anaphase cells with lagging chromosomes was 1.7 %
and 2.0 % without and after nucleoside supplementation, respectively (Figure 4.26b).
Nucleoside supplementation had similar effects on the incidence of lagging
chromosomes in HCT116 + CDK1-AF (Figure 4.26d).
These results suggest that mitotic defects occur because of impaired DNA replication
as a consequence of increased CDK1 activity, either due to TP53/TP73 depletion or
CDK1-AF expression.
4.2.5 Inhibition of origin firing rescues mitotic defects in cells with increased
CDK1 activity
To test if the mitotic defects observed upon TP53/TP73 depletion or CDK1-AF
expression might depend on CDC7-dependent origin firing, cells were treated with
two structurally different CDC7 inhibitors, namely XL-413 and PHA-767491 (Koltun et
al., 2012; Montagnoli et al., 2008), and mitotic phenotypes were evaluated.
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Figure 4.27: Inhibition of CDC7 rescues mitotic defects induced by loss of TP53/TP73
or expression of CDK1-AF in HCT116 cells.
(a) HCT116 + control shRNA and HCT116-TP53-/- + TP73 shRNA cells were transfected with
pEGFP-EB3. 16 hours prior to live-cell microscopy, cells were treated with the CDC7 inhibitors
PHA-767491 and XL-413. Cells were accumulated in mitosis by treatment with 2.0 µM DME
for 1 hour. Average microtubule polymerisation rates were determined in mitotic cells and are
illustrated in the scatter dot plots (20 microtubules/cell, three independent experiments with
n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (b) TP53/TP73-deficient
HCT116 and the corresponding control cells were accumulated in anaphase by a double
thymidine block followed by release for 8.5 hours. 24 hours prior to fixation, cells were treated
with 0.5 µM PHA-767491 and 1.0 µM XL-413. Cells were stained for fluorescence microscopy
and the incidence of lagging chromosomes was quantified, which is depicted in the bar graphs
(three independent experiments with n=300 anaphase cells in total, mean ± SD, unpaired twotailed t-test). (c) HCT116 + CDK1-AF and the corresponding control cells were treated as
described in (a). Scatter dot plots display average microtubule polymerisation rates
(20 microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ±
SD, unpaired two-tailed t-test). (d) HCT116 cells stably transfected with an empty vector or a
plasmid encoding for CDK1-AF were treated as in (b). Bar graphs show the percentage of
anaphase cells with at least one delayed CENP-C positive chromatid (three independent
experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed t-test).

Interestingly, increased microtubule polymerisation rates in TP53/TP73-deficient
HCT116 cells could be rescued from 19.0 µm/min to 16.6 µm/min and 16.5 µm/min
by treatment with PHA-767491 and XL-413, respectively. The CDC7 inhibitors did not
have a significant influence on microtubule polymerisation rates of control cells
(Figure 4.27a). The restoration of normal microtubule growth rates by CDC7 inhibition
also led to a reduction of the incidence of lagging chromosomes after TP53/TP73
depletion. The proportion of anaphase cells with lagging chromosomes in TP53/TP7379

RESULTS
deficient HCT116 cells was reduced from 8.3 % to 4.0 % and 4.3 % by treatment with
0.5 µM PHA-767491 and 1.0 µM XL-413, respectively. In control cells, 4.0 % of
anaphase cells exhibited lagging chromosomes, which was not significantly changed
by CDC7 inhibition (Figure 4.27b). CDC7 inhibition by PHA-767491 and XL-413 had
similar effects on microtubule polymerisation rates and the occurrence of lagging
chromosomes in HCT116 cells expressing CDK1-AF (Figure 4.27c, d).
To confirm that CDC7 activity is important during S phase, microtubule polymerisation
rates and lagging chromosomes were analysed after specific CDC7 inhibition in S
phase.

Figure 4.28: CDC7 inhibition in S phase restores normal microtubule polymerisation
rates and chromosome segregation in HCT116 cells after expression of CDK1-AF.
(a) EB3-GFP tracking experiments were performed in HCT116 + vector and HCT116 + CDK1AF. Cells were exposed to the CDC7 inhibitor XL-413 for 2 hours during early S or G2/M. To
accumulate cells in mitosis, cells were treated with 2.0 µM DME for 45 minutes prior to livecell microscopy. Scatter dot plots show average microtubule polymerisation rates (20
microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ± SD,
unpaired two-tailed t-test). (b) CDK1-AF expressing HCT116 and the corresponding control
cells were subjected to a double thymidine block and subsequently released for 8.5 hours.
After thymidine removal, cells were treated with 1.0 µM XL-413 for 2 hours during early S
phase or during G2/M. After fixation, DNA, kinetochores, and microtubules were stained for
fluorescence microscopy. Bar graphs display the proportion of anaphase cells exhibiting
lagging chromosomes (three independent experiments with n=300 anaphase cells in total,
mean ± SD, unpaired two-tailed t-test).

EB3-GFP tracking experiments in CDK1-AF expressing HCT116 cells revealed that
microtubule polymerisation rates were reduced from 19.3 µm/min to 16.7 µm/min
after inhibition of CDC7 using XL-413 for 2 hours specifically during early S phase
(Figure 4.28a). Correspondingly, treatment with XL-413 during early S phase
decreased the incidence of lagging chromosomes from 7.0 % to 3.3 % (Figure 4.28b).
The exposure to XL-413 during G2/M did neither change microtubule growth rates nor
the occurrence of lagging chromosomes in comparison with solvent treated CDK1-AF
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expressing HCT116 cells (Figure 4.28a, b). These results suggest that CDC7
specifically acts during S phase to mediate the mitotic defects observed upon
TP53/TP73 loss or CDK1-AF expression.

Figure 4.29: Knockdown of CDC7 or MCM2 restores normal microtubule polymerisation
rates and chromosome segregation in HCT116 cells after loss of TP53/TP73 or upon
expression of CDK1-AF.
(a) TP53/TP73-deficient HCT116 cells and the corresponding control cells were transfected
with 60 pmol siRNA targeting LUCIFERASE (LUC), CDC7, or MCM2. The protein levels of
CDC7 and MCM2 48 hours after transfection were detected by Western blotting. β-actin was
used as loading control. (b) EB3-GFP tracking experiments were performed after knockdown
of CDC7 or MCM2 in the indicated cell lines. 48 hours after transfection, cells were
accumulated in mitosis by treatment with 2.0 µM DME for 1 hour. Average microtubule growth
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rates are shown in the scatter dot plots (20 microtubules/cell, three independent experiments
with n=30 mitotic cells in total, mean ± SD, unpaired two-tailed t-test). (c) HCT116 + control
shRNA and HCT116-TP53-/- + TP73 shRNA were transfected with 60 pmol LUCIFERASE
(LUC) siRNA, CDC7 siRNA, or MCM2 siRNA. Afterwards, a double thymidine block with
subsequent release into the cell cycle for 8.5 hours was used to accumulate cells in anaphase.
After fixation, cells were stained for fluorescence microscopy and anaphase cells were
analysed to quantify the incidence of lagging chromosomes. Bar graphs show the proportion
of anaphase cells with lagging chromosomes (three independent experiments with n=300
anaphase cells in total, mean ± SD, unpaired two-tailed t-test). (d) The indicated cell lines
were transfected with 60 pmol LUCIFERASE (LUC) siRNA, CDC7 siRNA, or MCM2 siRNA.
The knockdown efficiency was examined by Western blotting. β-actin was detected to confirm
equal protein loading. (e) HCT116 + vector and HCT116 + CDK1-AF were treated as
described in (b). EB3-GFP tracking experiments allowed the determination of average
microtubule polymerization rates, which are illustrated in the scatter dot plots
(20 microtubules/cell, three independent experiments with n=30 mitotic cells in total, mean ±
SD, unpaired two-tailed t-test). (f) HCT116 cells expressing CDK1-AF and the corresponding
control cells were treated as described in (c). Bar graphs depict the percentage of anaphase
cells showing CENP-C-positive chromatids which were not correctly distributed to the two
spindle poles (three independent experiments with n=300 anaphase cells in total, mean ± SD,
unpaired two-tailed t-test).

To exclude unspecific effects of the used CDC7 inhibitors, siRNA targeting CDC7 was
used to modulate CDC7 activity in TP53/TP73-deficient HCT116 cells and in HCT116
cells expressing CDK1-AF. Additionally, siRNA-mediated knockdown of MCM2 was
used as a second approach to reduce origin firing and, thus, influence DNA
replication. MCM2 is a component of the replicative helicase and its CDC7-mediated
phosphorylation is required for the activation of origins of replication (Tsuji et al.,
2006). The reduced expression of CDC7 and MCM2 after siRNA transfection of
HCT116-TP53-/- + TP73 shRNA cells, HCT116 + CDK1-AF cells, and the
corresponding control cells was confirmed by Western blotting (Figure 4.29a, d). In
HCT116-TP53-/- + TP73 shRNA cells, microtubule polymerisation rates were reduced
from 19.8 µm/min to 16.7 µm/min and 16.8 µm/min after transfection with CDC7
siRNA and MCM2 siRNA, respectively. In accordance with the results obtained from
EB3-GFP tracking experiments, the proportion of lagging chromosomes in
TP53/TP73-deficient HCT116 cells decreased from 6.7 % to 3.0 % and 3.3 % after
knockdown of CDC7 or MCM2, respectively (Figure 4.29c). Similarly, the knockdown
of CDC7 or MCM2 rescued the elevated microtubule growth rates and the increased
incidence of lagging chromosomes in HCT116 cells expressing CDK1-AF (Figure
4.29e, f). CDC7 or MCM2 expression levels did neither impact microtubule
polymerisation rates nor chromosome segregation in the control cells stably
transfected with either control shRNA (Figure 4.29b, c) or an empty vector (Figure
4.29e, f).
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4.2.6 CDC7 inhibition restores normal microtubule growth rates and reduces
chromosome missegregation in colorectal cancer cell lines exhibiting
W-CIN
It has been shown before that replication fork progression is impaired in cancer cell
lines characterised by W-CIN (Burrell et al., 2013a). In addition, our lab has shown
previously that elevated microtubule growth rates and the incidence of lagging
chromosomes in W-CIN cell lines were reduced by nucleoside supplementation
(Böhly et al., 2019). This indicates that replication stress during S phase can induce
abnormally high microtubule growth rates and chromosome missegregation.

Figure 4.30: CDC7 inhibition reduces microtubule polymerisation rates and the
incidence of lagging chromosomes in chromosomally instable colorectal cancer cells.
(a) The indicated colorectal cancer cell lines, which were either characterised by MIN/MSI or
W-CIN, were transfected with pEGFP-EB3. 16 hours prior to live-cell microscopy, cells were
treated with 0.5 µM or 1.0 µM XL-413. Cells were accumulated in mitosis by incubation with
2.0 µM DME for 1-2 hours. Scatter dot plots illustrate average microtubule polymerisation
rates (20 microtubules/cell, three independent experiments with n=30 mitotic cells in total,
mean ± SD, unpaired two-tailed t-test). (b) The indicated cell lines were synchronised with a
double thymidine block and subsequently released into the cell cycle for 8.5-9 hours. 24 hours
prior to fixation, cells were exposed to 0.5 µM or 1.0 µM XL-413. The DNA, microtubules, and
kinetochores were stained for fluorescence microscopy. Anaphase cells were analysed to
quantify the occurrence of lagging chromosomes, which is shown in the bar diagram (three
independent experiments with n=300 anaphase cells in total, mean ± SD, unpaired two-tailed
t-test).
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To check if abnormally increased origin firing might directly contribute to the aberrant
mitotic phenotypes observed in colorectal cancer cell lines characterised by W-CIN,
different colorectal cancer cell lines were treated with the CDC7 inhibitor XL-413. EB3GFP tracking experiments revealed that the elevated microtubule growth rates in
W-CIN cell lines (19.1 µm/min - 19.8 µm/min) were decreased to 16.4 µm/min 16.9 µm/min by treatment with 1.0 µM XL-413 (Figure 4.30a). Accordingly, the
incidence of lagging chromosomes in W-CIN cell lines was reduced from 7.0 % 9.0 % to 3.3 % - 4.7 % after microtubule growth rates were decreased by exposure to
1.0 µM XL-413 (Figure 4.30b). In MIN/MSI cell lines, CDC7 inhibition by XL-413 hardly
affected microtubule growth rates and the incidence of lagging chromosomes (Figure
4.30a, b). These results further support the hypothesis that deregulated origin firing
during S phase impairs chromosome segregation in the following mitosis.
Altogether, the results presented here indicate that excessive CDC7-dependent origin
firing upon increased CDK1 activity might contribute to the induction of increased
mitotic microtubule polymerisation rates, chromosome missegregation, and W-CIN.
However, further analyses are required to detect origin firing and replication fork
progression, for example by DNA combing assays, and to elucidate the mechanisms
leading from deregulated origin firing and/or replication stress to abnormally high
microtubule polymerisation rates.
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5 DISCUSSION
5.1 Increased CDK1 activity causes whole chromosomal instability
by increasing microtubule growth rates in mitotic spindles
Recently, our lab has shown that increased mitotic microtubule polymerisation rates
raise the incidence of lagging chromosomes leading to chromosome missegregation
and W-CIN (Ertych et al., 2014). Cancer-relevant genetic alterations were analysed
to find out if they contribute to the development of W-CIN by increasing microtubule
growth rates. TP53 loss or mutations belong to the most prevalent genetic lesions in
human tumours including colorectal cancer (Kandoth et al., 2013; Muzny et al., 2012).
In addition, several other cancer-relevant lesions lead to the loss of p53 function. For
instance, mouse double-minute 2 (MDM2) is a ubiquitin ligase which targets p53 and,
thus, promotes its proteasomal degradation (Honda et al., 1997; Kubbutat et al.,
1997). In several tumour entities, the MDM2 gene is overexpressed which is often
associated with metastasis, therapy resistance, and poor prognosis (Rayburn et al.,
2005). High MDM2 levels contribute to tumourigenesis and the development of
chromosomal instability by both p53-dependent and p53-independent mechanisms
(Eischen, 2016). Another possible route to p53 inactivation is its degradation
mediated by the viral oncoprotein E6 after infection with the human papillomavirus
types 16 and 18 (HPV-16/-18) (Scheffner et al., 1990), which can cause cervical
cancer or head-and-neck cancer (Bosch et al., 2013). E6 promotes the interaction of
p53 and the cellular ubiquitin ligase E6AP which finally results in p53’s proteasomal
degradation (Martinez-Zapien et al., 2016). However, loss of p53 alone is neither
sufficient to increase microtubule growth rates nor to induce W-CIN and aneuploidy
(Bunz et al., 2002; Ertych et al., 2014). These results could be confirmed in this study
(Figure 4.1,Figure 4.4). Nonetheless, loss of TP53 is strongly associated with W-CIN
(Muzny et al., 2012). In cultured cells, it has been shown that chromosome
missegregation and the proliferation of aneuploid cells are limited due to p53-induced
cell cycle delay (Thompson and Compton, 2010). Vice versa, depletion of TP53
resulted in tolerance of aneuploid karyotypes and the propagation of aneuploid cells.
The p53 response might be triggered by gene dosage imbalances which arise due to
aneuploidy (Thompson and Compton, 2010). Gene dosage alterations can also
induce metabolic changes leading to an increased production of reactive oxygen
species which trigger p53 signalling in an ATM-dependent manner (Li et al., 2010).
Other groups suggested that p53 was activated upon DNA damage during cytokinesis
in the presence of lagging chromosomes (Janssen et al., 2011) or upon
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phosphorylation of H3.3 in misaligned chromosomes (Hinchcliffe et al., 2016). Thus,
the growth impairment of aneuploid cells (Chunduri and Storchová, 2019; Williams et
al., 2008) might be overcome by p53 inactivation in chromosomally instable cells.
However, it has also been shown that lower rates of chromosome missegregation,
which can be observed in tumours, do not necessarily trigger a strong p53 response
(Santaguida et al., 2017). Previous findings from our lab revealed that the
simultaneous loss of both TP53 and TP73 leads to increased microtubule
polymerisation rates and W-CIN (Berger, 2016) which is in line with the results
presented in this study (Figure 4.1,Figure 4.4). In contrast to TP53, TP73 is rarely
mutated in cancer but loss of its expression due to loss of its locus on chromosome
arm 1p36 or promotor silencing is frequently detected (Corn et al., 1999; Kaghad et
al., 1997; Martinez-Delgado et al., 2002; Puig et al., 2003). Interestingly, mice with
heterozygous inactivating mutations of both TP53 and TP73 suffer from a higher
tumour burden, develop more metastases, and have a reduced survival time in
comparison with mice with a heterozygous inactivating mutation of only one
transcription factor (Flores et al., 2005). This would be compatible with the presence
of chromosomal instability in these mice, but it was not tested in this study. Our
bioinformatic analyses showed that a small proportion of colorectal adenocarcinoma
and breast cancer samples display TP53 mutation in combination with reduced
expression of TP73 (Schmidt et al., 2021). Furthermore, overexpression of ΔNp73,
which leads to the inactivation of both p53 and p73, is detected in various cancers (Di
et al., 2013) and has been shown to promote the development of metastases (Steder
et al., 2013). Additionally, our work showed that ΔNp73 overexpression results in
increased microtubule polymerisation rates, a higher incidence of lagging
chromosomes, and W-CIN in otherwise chromosomally stable colorectal cancer cells
(Berger, 2016; Schmidt et al., 2021). In conclusion, p53 and p73 seem to cooperate
in their tumour suppressive function and in the maintenance of genomic stability and
the inactivation of both transcription factors might contribute to the development of
chromosomally instable tumours.
The gene CDKN1A, encoding for the cell cycle regulator p21CIP1, is a well-known
target of both p53 and p73 (Jost et al., 1997; Kaghad et al., 1997). In line with this, I
could show that the restoration of CDKN1A expression rescued elevated microtubule
polymerisation rates and the increased incidence of lagging chromosomes observed
after TP53/TP73 depletion (Figure 4.8). Furthermore, knockout of CDKN1A in an
otherwise chromosomally stable colorectal cancer cell line mimics the phenotype
observed after loss of TP53 and TP73 (Figure 4.5,Figure 4.6). This confirms previous
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results from our group which were obtained after siRNA-mediated depletion of
CDKN1A in HCT116 cells (Berger, 2016). It has previously been described that loss
of CDKN1A causes mitotic defects including the occurrence of lagging chromosomes
and a prolonged duration of mitosis (Kreis et al., 2014). The exact underlying
mechanism remained unknown but it was proposed that increased CDK1 activity and
decreased Aurora B activity in anaphase contribute to the mitotic defects observed
upon CDKN1A loss (Kreis et al., 2014). Interestingly, our bioinformatic analyses of
colorectal adenocarcinoma and breast cancer samples revealed that the expression
of CDKN1A was reduced in cells with mutant TP53 and this effect was even more
pronounced after additional loss of TP73, although this additional lesion was only
infrequently detected. Importantly, the decreased expression of CDKN1A was
associated with a higher W-CIN score in these tumour samples (Schmidt et al., 2021).
This in line with other studies demonstrating a correlation of reduced CDKN1A
expression, CIN, and poor prognosis (Barboza et al., 2006; Ogino et al., 2006; Ohashi
et al., 2020). The loss of p21CIP1 is not necessarily a consequence of impaired p53/p73
signalling. The downregulation of CDKN1A expression and the inactivation of p21CIP1
have also been described after overexpression of oncogenic c-MYC which is a
relevant alteration in cancer cells (García-Gutiérrez et al., 2019). Additionally,
CDKN1A silencing by long non-coding RNA is frequently observed in cancer
(Morlando and Fatica, 2018; Yu et al., 2018). The tumour suppressive function of
p21CIP1 is mainly attributed to its role as cell cycle regulator and promoter of
senescence and apoptosis (Abbas and Dutta, 2009). p21CIP1 can inhibit both CDK1
and CDK2 and, thus, induce cell cycle arrest in G1 and G2 phase (Medema et al.,
1998). In addition, p21CIP1 can also inhibit PCNA which prevents DNA replication and,
thus, contributes to its function as cell cycle regulator (Luo et al., 1995). However, the
classification of p21CIP1 as a tumour suppressor has been challenged by findings
describing the overexpression of p21CIP1 in some tumours. It has been proposed that
the oncogenic function might occur due to p21CIP1’s ability to suppress apoptosis and
to promote the assembly of active CDK4/6-cyclin D complexes (Abbas and Dutta,
2009).
We assumed that the p53/p73-p21CIP1 pathway promotes the maintenance of proper
microtubule growth rates and chromosomal stability in the analysed colorectal cancer
cells by regulating CDKs, especially the mitotic CDK1. This hypothesis is supported
by the fact that the mitotic defects which were observed upon loss of the p53/p73p21CIP1 axis could be rescued by partial inhibition of its target CDK1 (Figure 4.10 -
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4.12). This is in line with the findings by Kreis et al. (2014) demonstrating the rescue
of chromosome segregation defects upon treatment with the CDK1 inhibitor RO-3306.

Figure 5.1: Increased CDK1 activity results in increased microtubule polymerisation
rates, chromosome missegregation, W-CIN, and aneuploidy.
Several cancer-relevant alterations, which might lead to increased CDK1 activity, are
illustrated. Increased CDK1 causes whole chromosomal instability by increasing microtubule
polymerisation rates. Scheme adapted from (Schmidt et al., 2021).

Independent of p53/p73-p21CIP1 signalling, inhibition of CDK1’s negative regulator
Wee1 and expression of a constitutively active CDK1 mutant resulted in increased
microtubule growth rates and W-CIN (Figure 4.14 - 4.16) indicating that elevated
CDK1 activity functions as key trigger for increased microtubule growth rates and WCIN. Indeed, CDK1 and CCNB1/2 are frequently overexpressed in cancer which is
associated with W-CIN and poor clinical outcome (Carter et al., 2006; Li et al., 2020).
Interestingly, mild inhibition of CDK1 rescued the mitotic defects in several
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chromosomally instable colorectal cancer cell lines (Figure 4.17) indicating that
elevated CDK1 activity triggers increased microtubule polymerisation rates and
chromosome missegregation in these cells. However, a clear correlation between WCIN and decreased protein levels of p73, p53, or p21CIP, or an increase in CDK1 levels
or activity could not be detected in the analysed cell lines (Figure 4.18). Nonetheless,
other pathways modulating CDK1 activity might be affected in these cell lines. Several
cancer-associated alterations in CDK1 regulators have been described previously.
For instance, the overexpression of the CDK1 activating phosphatase CDC25 was
detected in some cancer entities (Sur and Agrawal, 2016). We would also expect
downregulation of Wee1 as a possibility to increase CDK1 activity contributing to
tumourigenesis and W-CIN. However, the overexpression of Wee1 was described for
several cancers (Do et al., 2013). In these cells, elevated Wee1 activity is needed to
delay mitotic entry in the presence of severe DNA damage and to generate additional
time for DNA repair processes (Geenen and Schellens, 2017). Possible routes
leading to increased CDK1 activity, thereby resulting in abnormally high microtubule
polymerisation rates, chromosome segregation defects, and W-CIN, are illustrated in
Figure 5.1.
The results presented in this study show that increased CDK1 activity is a trigger for
abnormally high microtubule polymerisation rates in mitosis, chromosome
missegregation, and W-CIN. Despite the strong link between increased microtubule
polymerisation rates and W-CIN (Böhly et al., 2019; Ertych et al., 2014, 2016;
Lüddecke et al., 2016), it is not entirely clear how increased microtubule growth rates
induce chromosome missegregation. Previous analyses suggested that elevated
microtubule polymerisation rates result in transient spindle misalignment which
facilitates the formation of merotelic microtubule-kinetochore attachments and, thus,
chromosome missegregation (Ertych et al., 2014). More recently, our lab has shown
that increased microtubule polymerisation rates interfere with the cellular actin cortex
which impairs proper positioning of the mitotic spindle (Schermuly, 2019). The
increased formation of merotelic microtubule-kinetochore attachments has also been
described as a consequence of multipolar spindle intermediates in cells with
supernumerary centrosomes (Ganem et al., 2009). Additionally, the delayed or
accelerated separation of centrosomes leads to transient spindle misorientation
promoting the occurrence of merotelic microtubule-kinetochore attachments and
chromosome missegregation (Nam and Van Deursen, 2014; Silkworth and Cimini,
2012). Interestingly, CCNB2 overexpression in mice led to spindle misalignment,
lagging chromosomes and chromosomal instability (Nam and Van Deursen, 2014).
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This in line with our results showing elevated microtubule growth rates and
chromosome missegregation upon increased CDK1 activity. Additionally, these
findings support the hypothesis that transient spindle misalignment might mediate the
generation of lagging chromosomes and chromosome missegregation upon
increased microtubule polymerisation rates caused by abnormally high CDK1 activity.

5.2 Increased CDK1 activity in S phase is responsible for defects in
the following mitosis
Strikingly, the results presented in this study suggest that increased mitotic
microtubule polymerisation rates and chromosome missegregation were caused by
elevated CDK1 activity in S phase and not during mitosis (Figure 4.20, Figure 4.21).
This was surprising since CDK1 belongs to the major regulators of mitosis (Nigg,
2001) and, therefore, CDK1 was expected to directly act during mitosis. Since our lab
has recently described that mild replication stress leads to higher microtubule
polymerisation rates in mitosis, chromosome segregation defects, and W-CIN (Böhly
et al., 2019), it was tempting to speculate that increased CDK1 activity in S phase
might also interfere with DNA replication. This hypothesis was supported by the fact
that the mitotic defects observed in cells with increased CDK1 activity could be
rescued by nucleoside supplementation (Figure 4.26), which can suppress DNA
replication stress (Bester et al., 2011), and by reduction of origin firing due to inhibition
of CDC7 (Figure 4.27,Figure 4.28) or siRNA-mediated knockdown of either CDC7 or
MCM2 (Figure 4.29) (Labib, 2010; Tsuji et al., 2006). However, the interpretation of
these results is complicated by the interplay between replication stress and origin
firing. It has been shown before that a decrease in replication fork velocity (replication
stress) leads to the activation of additional origins as a compensatory mechanism (Ge
et al., 2007; Woodward et al., 2006). Vice versa, excessive origin firing can lead to
replication stress due to the rapid consumption of nucleotides and replication factors
(Zhong et al., 2013).
It is well established that inhibition of ATR or its target CHK1 induces excessive origin
firing in replicating cells (Couch et al., 2013; Moiseeva et al., 2017; Petermann et al.,
2010; Syljuåsen et al., 2005). It has been demonstrated, at least for CHK1 inhibition,
that origin firing is the primary defect which triggers a secondary response regarding
replication speed (Rodriguez-Acebes et al., 2018). Moiseeva et al. (2019) proposed
that inhibition of ATR-CHK1 signalling results in increased CDK1 activity leading to
the dissociation of the RIF1-PP1 complex and excessive CDC7-dependent origin
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firing (Figure 1.5). Therefore, I analysed the influence of ATR inhibition and RIF1
depletion on microtubule polymerisation rates and chromosome segregation (Figure
4.23 -Figure 4.25). Indeed, the inhibition of ATR and the depletion of RIF1 resulted in
the same mitotic defects observed upon increased CDK1 activity. Additionally,
reduction of origin firing by inhibition of CDC7 rescued both the abnormally high
microtubule polymerisation rates and the higher incidence of lagging chromosomes.
Along this line, CDK1 inhibition rescued the mitotic defects observed upon ATR
inhibition but not after RIF1 knockdown which supports the hypothesis that ATR
inhibition increases CDK1 activity and that RIF1 is a target of CDK1.

Figure 5.2: Model proposing the link between increased CDK1 activity, origin firing, and
W-CIN.
Loss of p53/p73-p21CIP1 or ATR-CHK1 signalling leads to increased CDK1 activity. CDK1
phosphorylates RIF1 resulting in the dissociation of the phosphatase complex RIF1-PP1.
CDC7-mediated phosphorylation of the replicative helicase contributes to excessive origin
firing. Origin firing and/or replication stress trigger increased microtubule polymerisation rates
and, consequently, W-CIN.

Interestingly, nucleoside supplementation rescued the mitotic defects induced by ATR
inhibition, probably because increased origin firing might lead to slowed fork
progression and replication stress (Rodriguez-Acebes et al., 2018; Zhong et al.,
2013). Based on these results it can be proposed that increased CDK1 activity upon
loss of the p53/p73-p21CIP1 axis, inhibition of ATR-CHK1 signalling, or other
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mechanisms (Figure 5.1) causes the dissociation of the RIF1-PP1 phosphatase
complex, and, consequently, increased CDC7-dependent origin firing. In turn,
excessive origin firing can lead to a subsequent decrease in replication speed (Zhong
et al., 2013). This interference of CDK1 with DNA replication results in increased
mitotic microtubule polymerisation rates and, finally, W-CIN (Figure 5.2). To further
confirm this hypothesis, it is necessary to detect origin firing and replication speed in
cells with increased CDK1 activity, for example by DNA combing assays.
The link between increased origin firing, replication stress, and increased microtubule
polymerisation rates resulting in W-CIN is currently not known. Recently, it has been
shown that aphidicolin-induced replication stress leads to premature centriole
disengagement, multipolar spindle intermediates in mitosis, and chromosome
missegregation. Signalling cascades involving ATR, CDK1, and PLK1 contribute to
the premature centriole disengagement. Additionally, increased stability of spindle
microtubules, which favours the persistence of erroneous microtubule-kinetochore
attachments, has been observed upon replication stress (Wilhelm et al., 2019). It is
tempting to speculate that not only centriole separation could be modulated by
replication stress induced signalling but also the activity and localisation of
microtubule associated proteins including microtubule polymerases. A possible
candidate might be the microtubule polymerase ch-TOG, which is frequently
overexpressed in cancer (Charrasse et al., 1995). Interestingly, the protein levels of
ch-TOG were slightly increased after depletion of TP53 and TP73 in HCT116. It would
be interesting to elucidate if this increase might be mediated by increased origin firing
and replication stress upon TP53/TP73 loss.
Previous work from our lab showed that the loss of BRCA1, the loss of its positive
regulator CHK2, or overexpression of its negative regulator AURKA induce increased
microtubule polymerisation rates, chromosome missegregation, and W-CIN (Ertych
et al., 2014, 2016). So far, this has been attributed to direct mitotic functions of CHK2BRCA1 (Ertych et al., 2014, 2016; Stolz et al., 2010). It has been speculated that the
loss of CHK2-BRCA1 might modulate the activity of microtubule-associated proteins
at microtubule plus-tips or centrosomes. One promising candidate was the
microtubule polymerase ch-TOG (Ertych et al., 2014, 2016) which is indeed
upregulated in several cancers (Charrasse et al., 1995). However, CHK2 and BRCA1
are major regulators of the DNA damage response and DNA repair (Shaltiel et al.,
2015; Zhang, 2013). In the light of the recent findings of our lab (this study, Böhly et
al., 2019) the loss of BRCA1 and CHK2 might also result in impaired DNA replication
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and DNA damage mediating increased microtubule polymerisation rates and W-CIN.
This possibility remains to be tested.
It is of note that alterations in genes involved in the initiation of DNA replication are
highly cancer-relevant and associated with the development of chromosomal
instability. Recently, it has been described that the complex consisting of RIF1 and
the phosphatase PP1 is necessary to protect stalled replication forks upon replication
stress. Loss of RIF1-PP1 leads to fork degradation and S-CIN (Garzón et al., 2019;
Mukherjee et al., 2019). The complexes MCM2-7 and GINS are major components of
the replicative helicase (Bell and Kaguni, 2013; Moyer et al., 2006). The
overexpression of the genes encoding for the six MCM subunits has been described
in various cancer types (Das et al., 2014). Similarly, the MCM2-7 loading factors
CDC6 and CDT1 as well as the subunits of the GINS complex are frequently
overexpressed in cancer (Blow and Gillespie, 2008; Bu et al., 2020; Lian et al., 2018;
Liontos et al., 2007). CDT1 and CDC6 overexpression promote re-licensing of origins
and, consequently, re-replication leading to severe chromosomal aberrations (Blow
and Gillespie, 2008; Liontos et al., 2007). Induction of chromosomal instability upon
CDT1 overexpression without detectable re-replication has also been described
(Tatsumi et al., 2006). CDC7 overexpression is frequently detected in both cancer cell
lines and primary tumours and is often correlated with p53 loss (Bonte et al., 2008).
Interestingly, increased CDC7-dependent origin firing was also observed after
expression of TP53 carrying gain-of-function mutations in the DNA-binding domain
(Datta et al., 2017). Together, increased origin firing seems to be significantly
associated with chromosomal instability in human cancer. This is also supported by
the fact that inhibition of CDC7 rescued elevated microtubule polymerisation rates
and chromosome missegregation in three different chromosomally instable colorectal
cancer cell lines (Figure 4.30).

5.3 Interplay between whole and structural chromosomal instability
The results presented in this study indicate that increased CDK1 activity in S phase
leads

to increased mitotic microtubule polymerisation rates,

chromosome

missegregation, and W-CIN (Figure 5.2). The mechanism might involve increased
origin firing and replication stress, which can arise due to excessive origin firing
(Zhong et al., 2013), which is in line with previous findings from our lab (Böhly et al.,
2019). Interestingly, high CDK1 activity in S phase was also shown to cause severe
DNA damage due to the aberrant activation of the endonuclease MUS81-SLX4 (Duda
93

DISCUSSION
et al., 2016). In most tumour cells, both structural chromosomal aberrations and
aneuploidy can be detected (Sansregret et al., 2018). This also indicates an interplay
in the mechanisms leading to these aberrations which is indeed supported by recent
studies. Replication stress, which has long been known as a cause for S-CIN, is also
involved in the missegregation of whole chromosomes during mitosis (Böhly et al.,
2019; Burrell et al., 2013a). Vice versa, the presence of additional chromosomes has
been shown to induce replication stress and structural chromosomal rearrangements
(Passerini et al., 2016). Additionally, misaligned chromosomes might end up in the
cleavage furrow of dividing cells which leads to DNA damage during cytokinesis
(Janssen et al., 2011). Furthermore, missegregated chromosomes form micronuclei
which are prone to additional DNA damage (Crasta et al., 2012; Zhang et al., 2015).
Further elucidation of the mechanisms underlying both structural and whole
chromosomal instability will lead to a better understanding of the generation of
complex heterogeneous karyotypes observed in human tumour cell populations.
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