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 After the initial discovery of RB1 as the first tumor suppressor gene, loss of which results 
in retinoblastoma, the pocket protein family, consisting of pRB, p107 and p130 is extensively 
studied. In recent years, the functions of this family have extended from G1/S regulation to proper 
execution of DNA duplication and mitosis. In this thesis, we contributed to this work by studying 
the effect of mitogenic restriction in pocket protein deficient MEFs. We have demonstrated that 
mitogen-deprived TKO-Bcl2 MEFs experienced replication stress, which eventually gave rise 
to DNA DSBs. Together with cohesion defects these DNA DSBs resulted in aneuploidy in the 
descendent cell population, a characteristic of most human tumors.
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Summary of Thesis

 The Rb proteins pRB, p107 and p130 (also called ‘pocket proteins’), have various roles 
in cell cycle progression (Chapter 1). They are essential for the regulation of S-phase entry since 
they are able to bind to and inhibit E2F transcription factors under growth inhibitory conditions, 
resulting in G1 arrest and the transcriptional suppression of E2F target genes required for DNA 
damage response and repair, chromatin structure and mitosis. In addition, abrogating the 
function of the Rb proteins affects diverse other processes beyond G1/S regulation, like the 
establishment of cohesion during S-phase, the levels of nucleotides to sustain DNA replication 
and proper chromosome condensation at mitotic entry (Manning and Dyson 2012). 
 In this thesis, we have shown that Rb protein deficient and apoptosis resistant mouse 
embryonic fibroblasts (TKO-Bcl2 MEFs) became genetically unstable when stressed by mitogen 
deprivation (Chapter 2). Mitogen-deprived TKO-Bcl2 MEFs arrested in G2 and accumulated DNA 
double strand breaks (DNA DSBs) and cohesion defects that after mitogen re-addition resulted 
in losses and gains of chromosomes in the descendent cell population. The accumulation of DNA 
DSBs occurred during S-phase due to perturbed DNA replication (Chapter 2 and 3). Mitogen-
deprived TKO-Bcl2 MEFs expressed reduced levels of nucleotide synthesis enzymes, resulting 
in reduced replication speeds (Figure 1). However, rescue of replication speeds by exogenous 
supply of nucleosides did not prevent DNA replication stress, nor the formation of DNA DSBs and 
the accumulation in G2 (Chapter 3). 
 Experiments described in Chapter 4 elucidated the S-phase defects in mitogen-deprived 
TKO-Bcl2 MEFs that were causative for the replication induced DNA DSBs. Mitogen-deprived 
TKO-p53 RNAi MEFs did not have increased levels of DNA DSBs although they also experienced 
reduced replication speeds. In contrast to mitogen-deprived TKO-Bcl2 MEFs, these cells had 
reduced levels of p27Kip1 and p21Cip1. In TKO-Bcl2 MEFs expression of these cyclin-dependent 
kinase inhibitors (CKIs) likely resulted in reduced origin firing since cyclin-dependent kinase (CDK) 
activity, a prerequisite for origin activation, was inhibited (Figure 1) (Chapter 3). This defect was 
alleviated in mitogen-deprived TKO-p53 RNAi MEFs (Chapter 4) and hence we propose that the 
elevated levels of p27Kip1 and p21Cip1 were detrimental for mitogen-deprived TKO-Bcl2 MEFs. We 
hypothesize that p27Kip1 and p21Cip1 prevent the rescue of stalled replication forks by inhibiting 
cyclin-CDK activity and in this way block the continuation of DNA replication. We will discuss this 
in more detail in the remainder of this chapter.
 In Chapter 4 we demonstrate that replication stress and/or DNA DSB formation are also 
implicated in tumor development. We have used a chimeric mouse model for retinoblastoma 
wherein both RB1 and p130 were ablated. Full-blown tumors encountered DNA replication stress 
and/or DNA DSBs since they invariably contained γ-H2AX-positive cells (Chapter 4). Moreover, 
we immunohistochemically observed high levels of p53, indicative for a mutation within the 
p53 gene. In contrast, early dysplastic lesions were mostly negative for p53, whereas half of the 
cases contained γ-H2AX positive cells. We therefore envisage that the outgrowth of incipient 
tumor cells outside their normal tissue context led to replication stress, DNA breakage and cell 
cycle arrest. Subsequent outgrowth into a full-blown tumor requires loss of p53 function, not 
only to circumvent DNA damage induced cell cycle arrest and apoptosis, but also to prevent the 
accumulation of high levels of DNA damage that can not be tolerated by cells.
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Figure 1: S-phase defects in mitogen-deprived TKO-Bcl2 MEFs
Mitogenic restriction in TKO-Bcl2 MEFs resulted in decreased nucleotide levels and up-regulation of p27Kip1 
and p21Cip1. Both inhibit cyclin-CDK activity, either directly or indirectly by activating the S phase checkpoint, 
resulting in the inability to rescue replication by dormant origin firing and, as a consequence, stalled forks 
collaps and are turned into DNA DSBs.
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Discussion

 The presence of replication stress has been reported in various human cancers and 
has been linked to a chromosomal instability (CIN) phenotype (Gorgoulis et al. 2005). Over-
expression of commonly activated oncogenes (H-RasV12) or S-phase regulators normally held in 
check by the pocket protein family (Cdc6 and cyclin E) can induce both replication stress and 
S-phase specific DNA DSBs in primary cells (Bartkova et al. 2006; Di Micco et al. 2006). Recently, 
it has been reported that over-expression of cyclin E causes DNA damage due to excessive origin 
firing (Jones et al. 2012). In this thesis, we have demonstrated that mitogenic restriction in 
pocket protein deficient MEFs also induced replication stress (Chapter 3 and 4) that eventually 
contributed to genetic instability (Chapter 2) after mitogen re-addition. However, the molecular 
mechanism turned out to be different. In apparent contrast to cyclin E over-expression that 
resulted in excessive origin firing, reduced origin firing due to up-regulation of p27Kip1 and p21Cip1 
was the major contributor to the observed DNA DSBs.

5.1 Replication-stress-induced DNA DSBs contribute to genomic instability

5.1.1 The inability to compensate for reduced fork speeds by activating dormant origins is 
detrimental in mitogen-deprived TKO-Bcl2 MEFs
 TKO-Bcl2 MEFs inappropriately enter S-phase under growth inhibitory conditions, like 
mitogen deprivation, since they are not able to arrest in G1 (Dannenberg et al. 2000; Sage et al. 
2000). However, these cells are metabolically not ready to replicate their DNA due to reduced 
expression of nucleotide synthesis enzymes, presumably resulting in insufficient levels of 
nucleotides to support DNA synthesis. This results in reduced replication progression, eventually 
causing increased replication fork stalling and collapse (Chapter 3). 
 The replication stress in mitogen-deprived TKO-Bcl2 MEFs due to reduced expression 
of nucleotide synthesis enzymes might be similar to that caused by the treatment of cells with 
chemical agents like hydroxyurea (HU) or aphidicolin. HU inhibits ribonucleotide reductase 
resulting in reduced production of nucleotides, while aphidicolin inhibits the activity of DNA 
polymerases. These replication inhibitors interfere with replication fork progression in the 
absence of obstacles on the DNA template, and prolonged treatments results in the formation 
of DNA DSBs (Saintigny et al. 2001; Hanada et al. 2007; Petermann et al. 2010a). After removal 
of these replication inhibitors, replication resumes. In Escherichia coli there are several pathways 
(recombination dependent or independent) involved in the restart of stalled or collapsed 
fork (Heller and Marians 2006). E. coli critically depends on fork reactivation since bacterial 
chromosomes contain only one replication origin. 
 In contrast, eukaryotic chromosomes assemble many replication origins. In an 
unperturbed S-phase only 10% of the licensed origins are used and hence the remainder of the 
origins can serve as back-up (Ge et al. 2007; Ibarra et al. 2008). By activating additional origins 
under stress conditions, the amount of replication forks increases and DNA synthesis can be 
completed (Doksani et al. 2009; Petermann et al. 2010a). However, this mechanism does not 
operate in mitogen-deprived TKO-Bcl2 MEFs since cyclin-CDK activity, required for replication 
initiation, is inhibited by high levels of p27Kip1 and p21Cip1 (Foijer et al. 2005) (Chapter 3). The 
importance of new origin firing to rescue DNA replication is underscored by observations in 
TKO-p53 RNAi MEFs. These cells were able to maintain origin activation under mitogen-deprived 
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conditions (Chapter 4) and accumulated less DNA DSBs.
 These results also suggest that restart of stalled replication forks to complete DNA 
synthesis, like in E. coli, did not have a major contribution to rescue of DNA replication in mitogen-
deprived TKO-Bcl2 MEFs. In the end, forks stall for prolonged times and cannot be maintained 
resulting in dissociation of the replication machinery and fork collapse (Saintigny et al. 2001; 
Hanada et al. 2007; Petermann et al. 2010a). We argue that this eventually contributes to the 
formation of DNA DSBs (see Discussion 5.1.3).

5.1.2 Additional inhibition of replication initiation by the S-phase checkpoint may contribute to 
DNA breakage in mitogen-deprived TKO-Bcl2 MEFs 
 A balance in several factors determines completion of DNA synthesis: overall number of 
active origins, origin initiation, the rate of movement of all replication forks and the occurrence of 
fork stalling events. The S-phase checkpoint monitors this process and is activated by stretches of 
ssDNA coated with RPA that activates the ATR-Chk1 signaling cascade (Harper and Elledge 2007). 
Key functions of the S-phase checkpoint response are (see Figure 3 Introduction): maintaining 
the stability and/or function of replication forks, blocking origin firing and inhibiting cell cycle 
progression. Proteins involved in this process also play an important role in unperturbed S-phase 
to keep DNA replication in check. More precisely, Chk1 promotes replication fork progression 
by controlling origin activity: the simultaneous initiation of large numbers of origins leads to 
replication fork slowing and eventually promotes deleterious stalling (Syljuasen et al. 2005; 
Petermann et al. 2006; Petermann et al. 2010b). Thus, to maintain fork speeds, replication 
initiation must be tightly controlled to ensure proper replication. This process seems to be 
deregulated in mitogen-deprived TKO-Bcl2 MEFs since fork speeds and replication initiation are 
both reduced.
 In mitogen-deprived TKO-Bcl2 MEFs the S-phase checkpoint is activated as evidenced 
by phosphorylation of Chk1 (Chapter 3). We argue that in mitogen-deprived TKO-Bcl2 MEFs the 
inhibition of origin activation, invoked by the S-phase checkpoint, is detrimental in combination 
with reduced fork speeds. Moreover, mitogen-deprived TKO-Bcl2 MEFs already have reduced 
levels of cyclin-CDK activity due to elevated levels of p21Cip1 and p27Kip1. 
 It is possible though that the S-phase checkpoint inhibits only late origin firing and 
not neighboring origins. In this scenario the S-phase checkpoint would not contribute to DNA 
DSB formation in mitogen-deprived TKO-Bcl2 MEFs. To our knowledge, it is unclear how this 
is differentially regulated. It might be possible that the activation of dormant origins, within 
replication factories, is a stochastic process that needs less CDK activity (Ge and Blow 2010).  The 
start of replication by activating new replication factories might be more affected by reductions 
in CDK activity.

5.1.3 DNA DSBs in mitogen-deprived TKO-Bcl2 MEFs are formed due to the inability to stabilize 
stalled forks for prolonged times
 The molecular details behind the occurrence of replication associated DNA breakage 
still needs to be resolved. We think that, during the first days of mitogen deprivation, the 
activated S-phase checkpoint stabilizes stalled forks to prevent the formation of deleterious 
DNA DSBs. This is based in the observation that we were only able to detect g-H2AX/Rad51 
foci in TKO-Bcl2 MEFs four days after mitogen deprivation (Chapter 2). The role of the S-phase 
checkpoint is underscored by experiments that showed that Chk1 inactivation resulted in DNA 
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damage generated by the DNA endonucleases Mus81/Eme1 (Forment et al. 2011) that can 
convert chicken foot structures or Holliday junctions into DNA DSBs (Hanada et al. 2007).
 However, after prolonged stalling, replication forks in mitogen-deprived TKO-Bcl2 MEFs 
are turned into DNA DSBs. Since tumor cells might rely on mechanisms to reduce replication 
associated DNA damage, we think it is interesting to investigate which proteins prevent the 
formation of DNA DSBs during the first couple of days and thus might be crucial for genomic 
stability upon replication stalling. There are several proteins that might have a role in the 
stabilizing these forks. Gain- and loss-of-function screens under unfavorable growth conditions 
could identify these by looking at events that induce cell death.
 One of the candidates might be the Bloom syndrome DNA helicase BLM that represses 
the aberrant formation of recombination intermediates at stalled forks (Bugreev et al. 2007). 
There might also be a role for the Fanconi anemia (FA) / BRCA pathway that has been implicated 
in replication fork stability: in the absence of this pathway, forks reverse and are degraded 
(Schlacher et al. 2011; Schlacher et al. 2012). Interestingly, expression of various FA proteins 
is regulated via E2F1 (Hoskins et al. 2008) and thus these proteins are expected to be present 
in mitogen-deprived TKO-Bcl2 MEFs. In addition, one of the components of the FA pathway, 
FANCM, might be more specifically involved in fork stabilization. (1) FANCM can promote branch 
migration of Holliday junctions and replication forks in vitro (Gari et al. 2008). (2) In vivo, FANCM 
was shown to be involved in the recovery of stalled replication forks after treatment with the 
topoisomerase inhibitor campthothecin (Luke-Glaser et al. 2010; Schwab et al. 2010), resulting 
in sensitivity to campthotecin of FANCM deficient cells (Singh et al. 2009). (3) Down-regulation 
of FANCM compromises the S-phase checkpoint resulting in reduced phosphorylation of Chk1 
(Collis et al. 2008; Luke-Glaser et al. 2010). 

5.1.4 Replication associated DNA damage is not properly repaired and this might cause genomic 
instability
 Replication associated DNA damage is believed to occur mostly at so-called fragile sites, 
which are chromosome loci that exhibit an increased frequency of gaps and breaks. Even under 
normal conditions, replication fork progression along fragile sites is slow and forks frequently 
stall at AT-rich sequences, leading to activation of additional origins to enable replication 
completion (Ozeri-Galai et al. 2011). However, fragile sites are characterized by low origin 
density, prohibiting rescue of stalled forks and causing DNA breakage (Letessier et al. 2011).  
We therefore hypothesize that mitogen-deprived TKO-Bcl2 MEFs especially have difficulties 
replicating fragile sites since they are not able to activate additional origins and hence the DNA 
DSBs and unreplicated DNA might be most prevalent at fragile sites. Interestingly, recent studies 
showed that in various human cancers most large genomic deletions involved common fragile 
sites (Beroukhim et al. 2010; Bignell et al. 2010; Dereli-Oz et al. 2011), indicating that replication 
stress might have a more prominent role in tumorigenesis than previously anticipated.
 Eukaryotic cells have evolved diverse genome surveillance pathways, collectively 
termed the DNA Damage Response (DDR) to detect, signal and repair DNA damage. DNA DSBs 
can either be repaired by non-homologous end-joining (NHEJ) or homologous recombination 
(HR) (Ciccia and Elledge 2010). The choice between these two mutually exclusive pathways is 
dictated by cell cycle phase. HR, which is potentially error free, requires a pre-existing sister 
chromatid and is mainly used in S-phase (Heyer et al. 2010). NHEJ ligates DNA DSBs in an error 
prone fashion.
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 Mitogen re-stimulated TKO-Bcl2 MEFs apparently did not repair their DNA DSBs 
completely since we detected chromatid breaks in cells that had entered mitosis and found 
chromosomal rearrangements in single cell clones derived from these cells (Chapter 2). Why 
mitogen re-stimulated TKO-Bcl2 MEFs, despite the presence of persistent DNA DSBs, eventually 
escaped the G2/M checkpoint and entered mitosis is not completely understood. Interestingly, 
the G2/M checkpoint was reported to have a low stringency: cells with 10-20 DNA DSBs in G2 
were able to enter mitosis (Deckbar et al. 2007). In addition, cells lacking the pocket proteins 
might even have a less prominent G2 arrest in response to DNA damage due to an inability to 
down-regulate genes that promote G2/M progression (Hernando et al. 2004; Jackson et al. 2005; 
Eguchi et al. 2007).
 Importantly, the ability to faithfully segregate sister chromatids during mitosis is 
impaired by the presence of DNA DSBs, resulting in whole or partial loss of chromosomes.
 
5.2 Deregulation of cyclin-CDK activity contributes to tumorigenesis

 Collectively, the observations described in this thesis corroborate the importance of tight 
regulation of cyclin-CDK activity during S-phase: reduced cyclin-CDK activity in mitogen-deprived 
TKO-Bcl2 MEFs is detrimental for these cells since the cells are unable to initiate sufficient origins 
to complete DNA synthesis resulting in the accumulation of DNA DSBs and arrest in G2 (Chapter 
4). This G2 checkpoint could serve as an additional barrier to proliferation of premalignant cells, 
but on the other hand might promote tumor development since genetically altered cell clones 
were generated when the mitogenic restriction was alleviated (Chapter 2).
 In vivo, we were able to show that in retinoblastomas from Rb-/-p130-/- chimeric mice 
the p53 pathway was abrogated (Chapter 4). Our in vitro studies with TKO-p53 RNAi MEFs gave 
indications about the selective pressure that necessitates p53 inactivation. Mitogen-deprived 
TKO-p53 RNAi MEFs had increased cyclin-CDK activity that promoted proliferation under 
mitogenic restriction and reduced the amount of replication associated DNA DSBs. Thus, next to 
alleviation of checkpoint responses and apoptosis, these results pointed to an additional benefit 
of losing the p53 pathway for tumor cells. 
 In addition, the importance of sufficient cyclin-CDK activity for tumorigenesis in 
Rb deficient cells is underscored in various tumor models. In Rb+/- mice, tumorigenesis was 
completely prevented by inactivation of Skp2, the ubiquitin ligase complex that targets p27Kip1 
for degradation via the proteasome (Wang et al. 2010). Furthermore, ablation of p27Kip1 or over-
expression of Skp2, accelerated development of various Rb-deficient tumors (Park et al. 1999; 
Foijer et al. 2007; Wang et al. 2010).
 These results may provide a rationale for treating cancer with specific CDK inhibitors 
(Malumbres and Barbacid 2009; Sangwan et al. 2012). However, these drugs might also have 
an adverse effect in early stages of tumorigenesis: reduced CDK activity may induce DNA DSBs 
in cells that inappropriately entered S-phase and hence promote genomic alterations that favor 
tumor growth (Cremona and Lloyd 2009; Sorensen and Syljuasen 2012). 
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5.3 Lack of centromeric cohesion might be causal to reduced replication speed and 
contribute to genetic instability
 
 In Chapter 2 we have shown that mitogen-deprived TKO-Bcl2 MEFs contain DNA DSBs 
and also have lost centromeric sister chromatid cohesion. In the remainder of this thesis we 
have focused on the mechanism behind the formation of DNA DSBs since this is one of the most 
deleterious lesions within DNA. How loss of centromeric sister chromatid cohesion occurred 
in these cells remains to be determined. The presence of Rad21, one of the subunits of the 
cohesion complex, in the chromatin fraction suggested that the loading was not affected by the 
precocious S-phase entry of mitogen-deprived TKO-Bcl2 MEFs. This makes it more likely that the 
maintenance of cohesion between the sister chromatids during the G2 arrest is hampered. This 
hypothesis is underscored by data that point to cohesion removal in G2 to facilitate DNA damage 
repair (Nagao et al. 2004; McAleenan et al. 2012). In Chapter 2 we have shown that after mitogen 
re-addition TKO-Bcl2 MEFs repair their DNA DSBs, making this a plausible explanation.
 Replication fork speeds in mitogen-deprived TKO-Bcl2 MEFs might not only be decreased 
due to reduced nucleotide levels (Chapter 3), but also by aberrant cohesion establishment. 
Recently, it was discovered that acetylation of the SMC3 subunit, required for cohesion 
establishment (Rolef Ben-Shahar et al. 2008; Unal et al. 2008; Zhang et al. 2008), determined fork 
processivity (Terret et al. 2009). Cells lacking the Eco1-related acetyltranferases ESCO1 or ESCO2 
contain slowly moving replication forks and, interestingly, exhibit the same railroad appearance 
of their sister chromatids as we observed in mitogen-deprived TKO-Bcl2 MEFs (Chapter 2) (van 
der Lelij et al. 2010). In conclusion, the replication-associated DNA damage and cohesion defects 
might be more related than previously anticipated and hence it is interesting to determine the 
presence of acetylated SMC3 in mitogen-deprived TKO-Bcl2 MEFs since acetylation defects might 
be causal to both the lack of sister chromatid cohesion and reduced replication fork speeds.
 Lastly, we were not able to discriminate between the effects of loss of centromeric 
sister chromatid cohesion and DNA DSBs in promoting genetic instability. Both, defective sister 
chromatid cohesion and DNA DSBs could promote aneuploidy (Peters et al. 2008).
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Concluding remarks and clinical implications 
 
 From its earliest stages, cancer development might be associated with DNA replication 
stress, leading to DNA DSBs and genomic instability (Gorgoulis et al. 2005). In this thesis, we 
demonstrated that perturbed DNA replication in mitogen-deprived TKO-Bcl2 MEFs restricts the 
proliferation of cells in vitro and presumably also halts proliferation of Rb-/-p130-/- retinoblasts in 
vivo. In precancerous lesions, DNA DSBs activate the DDR raising a barrier to tumor progression 
by either induction of apoptosis or cell cycle arrest. Breaching this barrier by various mechanisms, 
including p53 mutation, impairs the DDR and allows cancers to develop (Halazonetis et al. 2008). 
Results described in this thesis added an additional rationale for p53 loss: by increasing cyclin-
CDK activity cells do no longer acquire a non-tolerable level DNA breakage and are therefore able 
to proliferate.

 Interestingly, retinoblastomas still show signs of replication stress and may heavily rely 
on the integrity of pathways that counteract the deleterious consequences of stalled replication 
forks. The identification of these pathways is therefore an urgent next step since they might 
be an Achilles Heel of tumor cells. This could result in the development of novel therapeutic 
approaches that capitalize on the presence of DNA replication stress in tumor, but not normal 
cells.
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