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SUMMARY

One of the hallmarks of cancer cells is their ability to progress through 
the cell cycle in the absence of growth factors1, resulting in uncontrolled 
proliferation and DNA lesions. In healthy cells, DNA lesions activate cell 
cycle control mechanisms, which result in exit of the cell cycle, activation of 
senescence, or activation of apoptotic pathways. In contrast, such control 
mechanisms are often (partly) inactivated in cancer cells, allowing these 
cells to deal with the increased amounts of DNA lesions that arise due to 
uncontrolled growth.

During DNA replication, the DNA replication fork is continuously challenged, 
for example by difficult-to-replicate regions or obstructions2,3. These 
challenges lead to the slowing and stalling of the replication forks, a 
situation which is termed replication stress3. In cancer, replication stress 
is commonly caused by the overexpression of oncogenes, for example, 
CCNE1 (encoding Cyclin E1). Cyclin E1 overexpression promotes premature 
entry into S-phase, causing collisions between the translation and 
replication machinery and depletion of the nucleotide pool4,5. This results 
in replication fork stalling and ultimately in replication fork collapse and 
formation of replication-born DNA lesions that fuel genomic instability and 
tumorigenesis. Another mechanism by which replication-born lesions arise 
in cancer cells is through the inactivation of DNA repair pathways. Along 
with many other proteins, the HR genes BRCA1/2 are involved in preventing 
and resolving replication-born lesions. Specifically, BRCA1 and BRCA2 
are key components that protect stalled replication forks from nucleolytic 
degradation of nascent DNA6. Therefore, the inactivation of BRCA1 or BRCA2 
impairs the process of fork protection and results in fork degradation, fork 
collapse, and the accumulation of replication-born DNA lesions7,8 

Regardless of their origin, upon detection of replication-born DNA lesions 
by DNA repair pathways, these lesions trigger the G2/M cell cycle checkpoint 
to allow time for repair of the lesions and prevent entry into mitosis in the 
presence of unrepaired lesions. However, this checkpoint is not maintained 
indefinitely, and DNA lesions can ultimately be transferred into mitosis if left 
unrepaired. Alternatively, some lesions escape detection and consequently 
do activate a checkpoint response, also resulting in cells ending up in mitosis 
with DNA damage. In the case of Cyclin E1 overexpression, entry in mitosis 
with DNA lesions is observed, which was explained by a higher load of DNA 

lesions as a result of an increase in replication stress9. Likewise, BRCA1/2 
mutant tumor cells cannot repair replication-born lesions correctly, thus 
ultimately entering mitosis with DNA lesions10. 

DNA lesions that are transmitted into mitosis can prevent correct 
chromosome segregation over the two emerging daughter cells11. As a 
consequence, DNA lesions in healthy cells that persist while these cells 
undergo mitosis negatively impact cellular viability. However, in cancer cells 
entry into mitosis with residual DNA damage appears to fuel mutagenesis. 
Apparently, cells need to balance the mutagenic potential of DNA lesions 
in mitosis with the toxic obstacles that DNA lesions form for mitotic 
progression.

The aim of this thesis was to dissect the mechanisms by which replication-
born DNA lesions affect the mitotic behavior of cancer cells, to ultimately 
identify starting points for improved treatment. 

To uncover generic mechanisms by which cells deal with replication-born 
DNA lesions in mitosis, we used two different approaches. Firstly, in chapters 
2 and 3, we describe how replication-born DNA lesions induced by BRCA1/2 
inactivation combined with PARP and ATR inhibitor treatment affect mitotic 
behavior. Secondly, in chapters 4 and 5 we studied how overexpression of 
the CCNE1 gene affects mitotic behavior.

Chapter 1 provides a general introduction to the background and aims of 
this thesis. Chapter 2 provides insight into the origins of the mutational 
landscape associated with BRCAness and discusses possible actionable 
therapeutic targets in  these cells. The increasing availability of next-
generation sequencing data of tumor samples has enabled the identification 
of distinct mutational signatures associated with BRCAness. These 
signatures revealed that alternative repair pathways, including polymerase 
θ-mediated alternative end-joining and RAD52-mediated single-strand 
annealing, are active in BRCA1/2-deficient tumors. These findings point 
toward potential therapeutic targets in these tumors. 

BRCA1/2 inactivation can be specifically targeted by inhibition of PARP. 
This treatment approach is currently therapeutically exploited in the 
clinic12. Unfortunately, BRCA1/2-deficient tumors develop resistance to 
PARP inhibitor treatment. Therefore, in chapter 3, we investigated how the 
synthetic lethal interaction between PARP inhibitor and BRCA2 deficiency 
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could be potentiated. Replication stress-induced mitotic aberrancies were 
shown to result in PARP inhibitor-induced cytotoxicity in BRCA1/2-deficient 
cells. We aimed to potentiate PARP inhibitors by inhibition of ATR, a cell 
cycle checkpoint kinase. We found that ATR inhibition acted synergistically 
with PARP inhibition. Single DNA fiber analysis showed that ATR inhibition 
does not exacerbate replication fork degradation. Instead, ATR inhibitors 
accelerate mitotic entry, resulting in the formation of chromatin bridges 
and lagging chromosomes. Furthermore, using genome-wide single-cell 
sequencing, we showed that ATR inhibition enhanced genomic instability 
of olaparib-treated BRCA2-depleted cells. Additionally, we showed that 
combined ATR and PARP inhibition leads to increased numbers of cGAS-
positive micronuclei, which is accompanied by a cGAS/STING-mediated 
inflammatory response in BRCA2-deficient cells. Inhibition of CDK1 to delay 
mitotic entry mitigated the mitotic aberrancies and genomic instability upon 
ATR inhibition, underscoring the role of ATR in coordinating proper cell 
cycle timing in situations of DNA damage. Taken together, we found that ATR 
inhibition potentiates the efficacy of PARP inhibitor in BRCA1/2-deficient 
cells. 

A major cause of replication stress in tumors is the overexpression of 
oncogenes. In Chapter 4 we investigated if oncogene-induced replication 
stress could be used as a therapeutically targetable vulnerability. To address 
this question,  we developed doxycycline-inducible Cyclin E1 and Cdc25A 
overexpression models in  TP53wt  and  TP53KO  RPE-1 cells. DNA replication 
stress was induced upon the expression of Cyclin E1 or CDC25, shown as a 
decrease in DNA fiber length. The resulting replication-derived DNA lesions 
were transmitted into mitosis, causing chromosome segregation defects. 
Single-cell sequencing revealed that replication stress and mitotic defects 
upon Cyclin E1 or Cdc25A overexpression resulted in genomic instability. 
Furthermore, inhibition of the G2/M cell cycle checkpoint kinases ATR or 
WEE1  exacerbated the mitotic aberrancies induced by Cyclin E1 or Cdc25A 
overexpression and caused cytotoxicity.  Conversely, downregulation of 
Cyclin E1 rescued both replication kinetics as well as sensitivity to ATR and 
WEE1 inhibitors. Combined, these data indicate that oncogene-induced 
replication stress is causing  mitotic aberrancies which can be enhanced 
by inhibition of G2/M cell cycle checkpoint kinases ATR or WEE1 thereby 
enhancing cytotoxic effects.

Chapter 5, is based on our earlier findings that Cyclin E1 overexpression 
results in mitotic aberrancies. In this study, we investigated at which 
stage of the cell cycle Cyclin E1 overexpression causes DNA lesions, 
and whether these lesions are transferred into mitosis. Furthermore, 
this chapter assessed the consequences of DNA lesions induced by 
Cyclin E1 overexpression. Surprisingly, we observed that upon Cyclin E1 
overexpression cells accumulate DNA lesions in the G1 phase. We found that 
DNA lesions are also acquired during S-phase, and are then transmitted into 
mitosis. Furthermore, Cyclin E1 overexpression resulted in the activation of 
the RAD52-dependent Mitotic DNA synthesis (MiDAS) pathway. Chemical 
inhibition of MiDAS or genetic inactivation of RAD52 resulted in residual 
DNA damage in G1-phase. Additionally, we observed an increase in sister 
chromatid exchanges upon Cyclin E1 overexpression, which was further 
enhanced upon RAD52 inactivation. Specific inactivation of RAD52 during 
mitosis showed that RAD52 function during mitosis is required for MiDAS. 
We hypothesize that Cyclin E1 overexpression cells depend on MiDAS to deal 
with increased levels of DNA lesions in mitosis. 

The MiDAS pathway is one of the ‘last resorts’ for DNA lesions to be resolved 
before cytokinesis. Despite the important role of MiDAS in DNA repair, 
little is known about the proteins involved in this process. In Chapter 6 we 
aimed to characterize proteins involved in the MiDAS pathway. To this end, 
we engineered U2OS cells to stably express GFP-tagged MUS81, a nuclease 
involved in one of the early steps in the process of MiDAS. GFP-MUS81-
expressing U20S cells were synchronized in mitosis and the MiDAS pathway 
was activated through induction of replication stress using aphidicolin. Next, 
we immunopurified GFP-MUS81 and performed mass-spec analysis on the 
immune-precipitates. We identified interphase-specific and mitosis-specific 
MUS81 interactors. We found MAGEA1 as a previously undescribed protein 
to interact with MUS81 in interphase and mitotic cells. 

DISCUSSION AND FUTURE PERSPECTIVES

DNA lesions caused by perturbed replication
In chapter 2 of this thesis, we discuss how perturbation of DNA replication 
results in replication stress and how, in turn, this results in DNA lesions. 
The term replication stress is used to describe the slowing and stalling of 
the replication fork. Once stalled, the replication forks require stabilization, 
to ensure that when the cause of replication stress is resolved a fork can 
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restart. DNA under-replication is a result of forks that do not restart after 
they have stalled3. Additionally, if stalled replication forks are not restarted 
correctly, they may result in the formation of ssDNA DNA gaps13. Prolonged 
stalling of the replication fork or incorrect stabilization can result in fork 
collapse, which results in one-ended DNA double-strand breaks (DSBs). 
These one-ended DSBs are poor substrates for non-homologous end-joining 
and require HR mediated repair for their resolution.

Shared and distinct features of replication stress induced in 
various ways
In this thesis, we have studied the effects of the overexpression of the 
oncogenes Cyclin E1 and CDC25 and have shown that amplification of these 
oncogenes results in replication stress. Cyclin E1 has been previously 
reported to be mutually exclusive with BRCA1/2 inactivation14, indicating 
that the lesions induced by Cyclin E1 overexpression require BRCA1/2 for 
their resolution. In literature, several other oncogenes besides Cyclin E1 
were described to induce replication stress, including HPV-16, E6/E7, H/
KRAS, and MYC3,15. All these different oncogenes induce replication stress, 
however, it might be induced via different mechanisms. For example, 
HRAS upregulates global levels of transcription and thereby induces the 
formation of R-loops resulting in replication stress16. Likewise, Cyclin E1 
overexpression results in R-loop formation, but in this context, this arises 
as a consequence of replication and transcription machinery collision5. So, 
activation of either Cyclin E1 or HRAS results in R-loop formation, however, 
they do this via different mechanisms. 

Although similar features have been observed in the induction of replication 
stress as a result of oncogene overexpression, some observations indicate 
that differences occur too. Whereas Cyclin E1 is reported to be mutually 
exclusive with BRCA1/2 inactivation, HRAS and MYC amplification have been 
reported to co-occur with BRCA1/2 inactivation17,18. This suggests that DNA 
lesions as a result of MYC or HRAS amplification do not require BRCA1/2 for 
their repair, but the DNA lesions as a result of Cyclin E1 do require BRCA1/2 
for their repair. Alternatively, MYC and HRAS could provide an anti-apoptosis 
signal, that allows cells to survive in the presence of DNA lesions.

Induction of DNA lesions during replication can be achieved not only via 
the overexpression of oncogenes. The cytotoxic effects of many currently-
used chemotherapeutics can be ascribed to their replication-perturbing 
effects, including topoisomerase inhibitors, and platinum-containing 

agents19,20. Also, newly developed agents, such as PARP inhibitors perturb 
DNA replication and result in the formation of DNA lesions21. Initially, 
PARP inhibition was thought to induce DSBs by the accumulation of 
single-strand DNA breaks (SSBs) which were converted into DSBs during 
DNA replication22,23. The accumulation of DSBs was thought to underly 
the synthetic lethal interaction between PARP inhibition and BRCA1/2 
deficiency22,23. More recent data showed that besides the induction of 
DSBs as a result of SSBs, PARP inhibitors trap PARP molecules onto DNA, 
thereby forming a physical blockade for the replication fork, resulting in 
fork collapse and formation of single-ended DSBs24,25. More recently, the 
formation of replication gaps as a result of PARP trapping was described to 
be a determinant of PARP inhibitor efficacy in BRCA-deficient tumors13,26. 
Moreover, cisplatin, like PARP inhibition, is effective in tumors that are 
deficient for BRCA1/2. Chemotherapeutics like cisplatin bind to the DNA 
resulting in the formation of inter-strand crosslinks (ICLs), thereby 
obstructing the replication fork27. 

PARP inhibition, cisplatin treatment, and Cyclin E1 overexpression all result 
in DNA lesions during replication9,10,28. Although these replication-born 
lesions are induced in different ways, they all appear to require HR for their 
resolution. Moreover, PARP inhibition, cisplatin treatment, and Cyclin E1 
are all synthetically lethal with BRCA1/2 deficiency14,22,23. A currently open 
question is if all replication-born DNA lesions are synthetically lethal with 
BRCA1/2 deficiency. If indeed all these replication-born lesions require HR 
for their repair, it is expected that the mutational signatures as a result of 
PARP inhibition or Cyclin E1 overexpression would look similar. Although 
the mutational signature of Cyclin E1-driven tumors is not widely studied, 
a recent study indicated that in Cyclin E1-driven hepatocellular carcinoma, 
the mutational signature resembled the signature induced by BRCA1 
inactivation29. Mutational signatures of cisplatin or PARP-treated cells are 
currently not known. 

The notion that differences exist between Cyclin E1, Cisplatin, and PARP 
inhibitor-induced lesions becomes apparent when looking at genetic 
screen data. In a recent Cyclin E1 overexpression dropout screen loss of 
the MYT1 kinase was identified to be synthetically lethal with Cyclin E1 
overexpression30. MYT1 kinase is involved in cell cycle regulation. Among 
the top hits from this screen, there were no obvious HR genes in the top hits. 
However, it must be stated that BRCA1 and BRCA2, among many other HR 
genes, are essential and therefore might escape detection in genetic dropout 
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screens. When looking at genetic dropout screens with either cisplatin and 
PARP inhibitor treatment, an overlap of genes involved in HR can be found 
among the top hits of these screens 31. Next to the overlap in HR genes, there 
are also differences observed between PARP inhibitor and cisplatin treated 
screens. The main difference is the dropout of genes required for ICL repair 
in cisplatin treated screens whereas these genes do not drop out in PARP 
inhibitor treated screens31. This indicates that there is a difference between 
the lesions induced by PARP inhibitor and cisplatin. A complete gene list of 
the genetic dropout screens in Cyclin E1 overexpressing is not yet published 
thereby making a comparison between PARP inhibitor or cisplatin treated 
genetic dropout screens not possible. However, a common denominator 
between these three inducers of replication-born lesions is that they are all 
synthetically lethal with BRCA1/2 deficiency. Combined, these data point 
towards a crucial role of BRCA1/2 in dealing with replication-born DNA 
lesions. 

Resolving replication-induced DNA lesions 
In Chapter 2, we extensively discussed the pathways that deal with 
replication-induced DNA lesions during interphase. Not all DNA lesions 
are resolved during interphase, but some end up in mitosis, where they 
require processing. During mitosis, the majority of DNA repair pathways are 
inactivated32–34. However, some DNA resolution pathways remain available or 
are even hyperactivated during this cell cycle stage. DNA molecules that are 
still connected during mitotic entry can be resolved by the mitotically active 
nucleases, MUS81-EME1 and SLX1-SLX435. DNA molecules that during 
the onset of anaphase still remain physically attached can form ultrafine 
DNA bridges (UFBs). These UFBs are resolved by BLM-Toposiomerease-
RMI1/2 and Rif136,37, which facilitate UFB breakage to allow chromosome 
segregation38. Although the DNA repair pathways that are available during 
mitosis allow chromosome segregation, they result in loss of genomic 
content38. 

In this thesis, we studied the phenomenon MiDAS, which is thought to be a 
DNA repair pathway that acts in early mitosis. POLD3 is the main polymerase 
involved in MiDAS39. Furthermore, several additional proteins have been 
described to be involved in MiDAS, including SLX4, the MUS81-EME1 
endonuclease complex, RAD52, FANCD2, and RECQL539–41. In literature, there 
is no consensus on which proteins are essential for MiDAS and which are 
dispensable39–41. according to Bhowmick and colleagues41, RAD52 is thought 
to facilitate MiDAS43 however, Calzetta and colleagues dispute the role of 

RAD52 and argue that MiDAS is solely dependent on nucleotide availability42. 
In Chapter 5, we show that MiDAS is dependent on RAD52 in untransformed 
RPE-1 cells, overexpressing Cyclin E1, or upon aphidicolin treatment. Our 
observations are in line with previous data, that show using siRNA-mediated 
knockdown that MiDAS is dependent solely on RAD5243. However, a recent 
report states that in non-transformed cells MiDAS is independent of RAD52 
but rather depends on FANCD244. 

The seemingly contradicting data in the literature may imply MiDAS to be a 
highly context-dependent process. Moreover, a recent report challenges 
the model in which MiDAS as a mitotic pathway. Rather, MiDAS was 
suggested to function during late-G2 phase43. Mocanu and colleagues 
claim that MiDAS is a late G2 event but is observed in mitotic cells partly 
as a result of synchronization with the CDK1 inhibitor RO-3306. During 
RO-3306 treatment, cells accumulate at the G2/M border with stalled 
replication forks. Upon release from RO-3306 replication forks continue 
and finished replication during G2 rather than initiation of new replication 
forks during mitosis as suggested by the first proposed MiDAS model43. It 
remains unclear whether MiDAS is an actual mitosis-specific process or 
that MiDAS as observed is a late G2 process and continues into the early 
stages of mitosis. Monitoring MiDAS using live-cell microscopy approaches 
would provide a definite answer regarding the timing of MiDAS. Despite the 
current discussion regarding the molecular mechanism of MiDAS, there is 
an increasing amount of data from us and others that point towards a role 
for MiDAS in maintaining genomic stability39–41. If MiDAS is indeed crucial 
in maintaining genomic instability upon replication stress, MiDAS could 
prove to be a therapeutic target in tumors that experience a high amount of 
replication stress (e.g., Cyclin E1 amplified tumors). Interestingly, depletion 
of RAD52 was shown to prevent fork restart after fork collapse and resulted 
in DNA damage in cells that experienced replication stress45. Whether these 
observations can be attributed to a mitotic role of RAD52 is currently unclear.
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THERAPEUTIC IMPACT OF TARGETING REPLICATION 
DEFECTS. 

Cell cycle checkpoint inhibition as a combination treatment 
with PARP inhibitors
Tumors deficient for BRCA1/2 or other HR genes were shown to be 
increasingly sensitive to PARP inhibition. However, tumors ultimately 
become resistant to PARP inhibition. Therefore, potentiating PARP inhibitor 
treatment using additional inhibitors may be an effective strategy to 
improve the effect of PARP inhibitors. Cell cycle checkpoint inhibitors may 
be effective in potentiating the effects of PARP inhibition. In chapter 3, we 
showed that ATR inhibition enhances the effect of PARP inhibitors in BRCA2-
deficient cells by accelerating entry into mitosis in the presence of DNA 
lesions. 

What is causing the synergy between PARP and ATR inhibition?
The cytotoxic effect of PARP inhibition in HR-deficient cells is, in part, due 
to the presence of replication-born DNA lesions during entry into mitosis 10. 
Inhibition of ATR causes a premature entry in mitosis, which enhances the 
observed increased efficacy of PARP inhibitor. The increased efficacy of 
PARP inhibition, when combined with ATR inhibition, is based on the role 
of ATR as a checkpoint kinase. We reinstated the G2/M checkpoint by CDK1 
inhibition by using the RO-3306 inhibitor. Importantly, RO-3306 treatment 
rescued the effects of ATR inhibition on genomic stability in PARP-inhibited 
BRCA2-depleted cells, reinforcing the role of ATR as a cell cycle checkpoint 
kinase. 

Other studies have also pointed towards mitotic DNA damage to be the 
underlying mechanism of PARP inhibitor toxicity in BRCA2-deficient cells8. 
Moreover, forcing premature mitotic entry via inhibition of WEE1 in the 
presence of DNA lesions was shown to enhance cytotoxic effects46. Despite 
the promising in vitro results, in vivo studies showed severe toxicity of 
combined treatment with WEE1 and PARP inhibitors. Sequential treatment 
with WEE1 and PARP inhibitors was shown to partly overcome toxicity, anti-
tumor efficacy was maintained  47.

Of note, the use of RO-3306 may have side effects that influence our 
experimental setup. CDK1 has many functions besides the G2/M checkpoint. 
For instance, CDK1 was shown to be involved in DNA replication48,49. 
Therefore, prolonged treatment with RO-3306 could result in G1 arrest by 

preventing CDK1-dependent DNA replication. Where short-term treatment 
with RO-3306 inhibits G2/M transition, prolonged treatment of RO-3306 will 
result in apoptosis50. It could be that due to induced apoptosis or G1-arrest 
by RO-3306 we are only analyzing a subset of cells instead of the whole 
population. Future experiments should investigate if cells do not arrest in 
G1 upon prolonged RO-3306 treatment. Despite these multiple effects of 
RO-3306 treatment, it is a commonly-used agent to synchronize cells and 
currently, there are no drugs available that can specifically inhibit G2/M 
progression. 

Why do ATR and PARP inhibition act antagonistically on fork 
degradation?
Besides a G2/M checkpoint function, ATR also plays an important role in DNA 
replication51. We found in chapter 3 that in both HR-proficient and deficient 
cells, PARP inhibition results in fork degradation. If the observed synergism 
between PARP and ATR inhibition was due to replication fork degradation, it 
is expected that the PARP induced fork degradation is enhanced upon ATR 
inhibition. However, when PARP inhibition was combined with ATR inhibition, 
the fork degradation phenotype was rescued. This observation might be 
explained by the fact that ATR phosphorylates SMARCAL1 and thereby 
activates the process of fork remodelling52,53. Inhibition of ATR prevents 
the formation of reversed forks which are a substrate for nucleases54. 
Preventing the formation of reversed forks by ATR inhibition would thereby 
prevent fork degradation, which was observed in PARP inhibitor-treated 
cells. The rescue of the fork degradation phenotype by ATR inhibition further 
strengthens our model that the observed synergism between PARP and ATR 
inhibition is due to the checkpoint function of ATR. 

Immune-checkpoint inhibitors in combination with PARP 
inhibition
We have shown that the combination of PARP and ATR inhibition resulted in an 
increase in mitotic aberrations and genomic instability, along with an increase 
in cell death. The cells that survived and finished mitosis ended up with a 
highly genomically instable karyotype and increased number of micronuclei. 
In line with micronuclei leading to the release of DNA into the cytoplasm, 
we found that combined PARP and ATR inhibition enhanced cGAS/STING 
pathway activation. The cGAS/STING pathway is activated by pathogenic 
DNA from viruses, but can also be activated upon the rupture of micronuclei 
resulting in DNA in the cytoplasm55. In line with other reports56–59, we 
observed an increase in micronuclei formation and subsequent cGAS/STING-
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mediated type I interferon response upon treatment with PARP inhibitor. 
A recent report showed in vivo PARP inhibitor efficacy to be dependent on 
CD8+ T-cell recruitment via STING pathway activation60. Thus, activating the 
cGAS/STING pathway may aid the recruitment of CD8+ T-cells and thereby 
aid in cytotoxicity. Immune-checkpoint inhibitors could enhance T-cell-
mediated killing of PARP inhibitor-treated cells. Indeed, a study in which 
PARP inhibitor is combined with immune-checkpoint inhibitors showed 
promising results61. The increase in cGAS/STING signaling may aid in the 
attraction of CD8+ T-cells, thereby enhancing CD8+ T-cells mediated cell 
killing which may be even further enhanced upon combination with immune-
checkpoint inhibitors.

Improved treatment of BRCAness tumors
In chapter 2, we discuss that the BRCAness phenotype can be the result of 
other mutations besides the inactivation of canonical HR genes. BRCAness 
tumors depend on alternative DNA repair pathways for their survival. 
Alternative DNA repair leads to specific mutational scarring that can be 
used to identify specific mutational signatures. The increasing availability 
of sequencing data of tumor samples has allowed the identification of 
tumors with the BRCAness phenotype that lack mutation in the classical HR 
genes. The mutational signature ‘SBS3’ is one of the BRCAness-associated 
mutational signatures. Tumors without a BRCA1 or BRCA2 mutation, but with 
the BRCAness-associated mutational signature SBS3, showed PARP inhibitor 
sensitivity62. However, there are differences in chemotherapy response 
between true BRCA1-deficient tumors and BRCAness tumors63. Specifically, 
BRCA1-deficient tumors respond more favorably to chemotherapy as 
compared to BRCAness tumors without a BRCA1/2-muation63. Identifying 
BRCAness tumors using mutational signatures could provide treatment 
vulnerabilities for tumors that lack mutations in canonical HR genes.

Therapeutic targeting of Cyclin E1 overexpressing tumors
In chapter 4, we have shown that Cyclin E1-overexpressing cells are 
sensitive towards forced mitotic entry through inhibition of ATR or WEE1. A 
recent synthetic lethality screen in Cyclin E1 overexpressing cells identified 
MYT1 a kinase involved in cell cycle progression to be synthetically lethal30. 
In chapter 5, we show that inhibition of MiDAS through inactivation of RAD52 
results in more mitotic defects and G1 abnormalities. Combined these data 
implicate a role for DNA lesions and how they are processed. It might be that 
indeed forced mitotic entry possibly in combination with MiDAS inhibition 

provide a therapeutic window for Cyclin E1 tumors. Currently, clinical trials 
are ongoing in which WEE1 inhibitor is tested in breast cancers with high 
cyclin E1 (clinicaltrials.gov identifier: NCT03253679)

Finding therapeutic vulnerabilities of tumors overexpressing Cyclin E1 has 
proven to be a challenging effort. Patients with CCNE1 amplification in TNBC 
or HG-SOC characterize the subgroup with the poorest prognosis64. The 
field of research focusing on Cyclin E1 is lagging behind when compared 
to the field in which HR deficiency is studied. This can in part be explained 
by the models that are available for the respective fields. HR-deficient 
models are widely available, whereas relevant Cyclin E1-overexpressing 
models that represent patient-derived tumors are much more scarce. The 
challenge in such overexpression models is to achieve an extent of oncogene 
expression that represents their level in patient tumors. In contrast, models 
in which genes are inactivated are much more straightforward: the protein 
is either there or not. Although not unique to CCNE1 amplification, this 
genomic alteration invariably occurs with other genomic alterations, which 
must be modeled simultaneously. Specifically, Cyclin E1 amplification in 
tumor samples is exclusively observed in combination with inactivating 
TP53 mutations. We observed in our models that inactivation of TP53 further 
enhances the genomic aberrations upon Cyclin E1 overexpression. Even 
when introducing CCNE1 overexpression along with TP53 inactivation, we 
found that long-term overexpression of Cyclin E1 in our untransformed 
RPE-1 model resulted in cell death. Moreover, when we used models that 
are characterized by high levels of Cyclin E1 (such as the HCC1806 cell 
line), knockdown of Cyclin E1 resulted in the loss of clonogenic potential in 
these cell lines. This indicates that there is a delicate balance of Cyclin E1 
expression levels, acute overexpression results in cytotoxic events while 
tumor cell lines that have had time to adapt can cope with high Cyclin E1 
levels. These observations imply that there is an adaptive mechanism to 
deal with Cyclin E1 amplification (beyond TP53 inactivation), and that other 
(epi)genetic alterations are needed to cope with Cyclin E1 overexpression. 
Despite the shortcomings of our RPE-1 cell line model, it provides a 
clean genetic system in which we can study the acute effects of Cyclin E1 
overexpression.

The therapeutic window of targeting cell cycle checkpoints
In this thesis, we have observed an increase in cytotoxicity upon forced 
cell cycle progression in the presence of DNA lesions in tumor cells. The 
observation that forced cell cycle progression can promote cytotoxic effects 
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is not new and has already been demonstrated in the 1980’s. Caffeine 
was shown to enhance cytotoxic effects of DNA damaging agents65. 
Caffeine inhibits ATM and ATR and thereby results in increased cell cycle 
progression66. Although the notion that forced cell cycle progression in 
the presence of DNA lesions enhances cytotoxicity was known, a subset of 
quiescent cancer cells in tumors remain unaffected by this approach. To 
target these quiescent cells with drugs that induce DNA lesions, they first 
have to enter the cell cycle. Such a forced cell cycle entry can aid cytotoxicity, 
as shown by a study performed in hematopoietic stem cells (HSCs). HSCs 
are dormant and upon IFNθ stimulation enter the cell cycle, while chronic 
activation of HSCs impairs their function. These dormant HSCs are not 
sensitive to chemotherapeutics, however, when forced into the cell cycle 
these HSCs become highly sensitive to chemotherapeutics67. We showed 
that in growing cell lines forced mitotic entry enhances cytotoxicity of PARP 
inhibition or Cyclin E1 overexpression. To effectively treat patients with 
ATR or WEE1 inhibitors it is worthwhile to investigate if all tumor cells can 
be forced into the cell cycle. The challenge here is that stimulation of tumor 
growth may have more adverse effects than benefits. 

CONCLUDING REMARKS OUTLOOK

It is becoming more apparent that mitosis is playing a key role in dealing 
with DNA lesions, especially in tumors that deal with high amounts of 
replication-born DNA lesions. However, much is still unknown regarding 
DNA lesions in mitosis. There is increasing evidence for a potential role of 
mitotic DNA resolving pathways as a therapeutically targetable vulnerability. 
Classical cancer treatment is mainly focused on stopping proliferation and 
subsequently killing the cancer cell. It is worthwhile to explore the concept of 
forcing mitotic entry in unfavorable conditions in order to derail proliferation 
and thereby enhance cytotoxicity. A better understanding of the mechanisms 
underlying mitotic DNA lesion resolution will aid in the development of 
improved cancer treatments.
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