
Chapter 1



1
Introduction

Tanja van Harn



In
tr

od
uc

ti
on

1

- 8 -

Abstract

 pRB is a well-known tumor suppressor that controls the transition from G1 to S-phase 
by suppressing E2F transcriptional activity in response to growth inhibitory conditions. Apart 
from lack of proliferation control, inactivation of pRB and its family members p107 and p130 also 
results in chromosome instability. Here, we will review the recent insights into the function of the 
pRB family beyond G1/S regulation and maintenance of genome stability. 
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1.1 Introduction

 Cancer cells contain several genetic and/or epigenetic alterations that affect their 
capability to properly respond to a diverse range of anti-proliferative signals. These alterations 
can involve both activation of oncogenic pathways and inhibition of tumor suppressor pathways 
(Hanahan and Weinberg 2000; Hanahan and Weinberg 2011). One of the strategies to prevent 
uncontrolled proliferation is a tight regulation of the start of DNA replication. This so-called G1/S 
checkpoint involves monitoring of the intra- and extracellular environment and intracellular 
transmission of pro- and anti-proliferative signals. These signal cascades converge on the 
retinoblastoma (Rb) protein family, consisting of pRB, p107 and p130, which play an essential 
role in inhibition of DNA replication. The importance of this pathway is underscored by the 
identification of the RB1 gene as the first tumor suppressor (Friend et al. 1986). In this chapter, 
the function of the Rb protein family in cell cycle regulation will be discussed in more detail.
 The acquisition of oncogenic alterations is promoted by chromosomal instability (CIN), 
which is defined as the inability to maintain intact chromosomes and is indeed a feature of most 
tumors (Marx 2002; Negrini et al. 2010). Recently, substantial evidence has been obtained that 
lack of Rb proteins not only stimulates proliferation, but may also result in CIN. This thesis focuses 
on the mechanism of genomic instability arising in Rb protein-deficient cells. We identified severe 
problems in DNA replication in Rb protein deficient cells cultured under unfavorable conditions. 
This may promote genomic instability together with loss of other functions ascribed to pRB, 
highlighted in this chapter. 
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1.2 The Mammalian Cell Cycle

1.2.1 Cyclin–Cdk complexes
 Normal eukaryotic cells can halt proliferation in response to unfavorable growth 
conditions and to DNA damage by blocking progression through the cell cycle. The cell cycle 
consists of four sequential phases: G1, S, G2 and M phase. DNA is duplicated in S-phase upon 
which the two copies are propagated to two new daughter cells in M-phase. The phases are 
alternated by two gap phases (G1 and G2) that allow growth and biosynthesis to prepare for the 
next phase. Progression through the cell cycle is governed by cyclin-dependent kinases (CDKs) 
(Figure 1). CDKs are regulated by several positive and negative factors, among which cyclins are 
the most important activators of CDK activity (Murray 2004). The transition from G1 to S phase 
is regulated by D-type cyclins and E-type cyclins in complex with their CDK partners CDK4/6 and 
CDK2, respectively. Cyclin A and Cyclin B1 function is required to activate CDK1, a prerequisite 
for transition from G2 into M phase. In addition, Cyclin A can bind and activate CDK2, stimulating 
S-phase progression. These different cyclin-CDK complexes regulate numerous proteins by 
phosphorylation to orchestrate DNA duplication and division (Pagliuca et al. 2011).
 Cyclin-CDK complexes are also phosphorylated themselves and these events influence 
their kinase activity. CDKs can contain inhibitory phosphate groups that need to be removed by 
cell division cycle 25 (CDC25) phosphatases (Boutros et al. 2007). The CIP/KIP and INK4 class of 
cell cycle inhibitors impose another level of control of CDK activity during cell cycle progression. 
The CIP/KIP family consists of p21Cip1, p27Kip1 and p57Kip2. These proteins are induced by various 
anti-proliferative signals and by binding to Cyclin-CDK1/2 complexes they inhibit cell cycle 
progression (Besson et al. 2008; Chu et al. 2008; Abbas and Dutta 2009). An exception is Cyclin 
D1–CDK4/6: this complex is not inhibited by binding to members of the CIP/KIP family. Binding 
of these inhibitors to Cyclin D1-CDK4/6 even facilitates cell cycle progression by relieving Cyclin 
E – CDK2 from its constraints (Sherr and Roberts 1995). The INK4 class of cell cycle inhibitors 
consists of p15INK4b, p16INK4a, p18INK4c and p19INK4d, which specifically inhibit CDK4 and CDK6 (Kim 
and Sharpless 2006).

1.2.2 G1/S checkpoint
 For progression through G1 and entry into S phase, cells need to be stimulated by diverse 
extracellular signals which, through the activation of MAPK and PI-3 kinase pathways, initiate 
the transcription of D-type cyclin genes and increase the stability of their products (Malumbres 
and Barbacid 2001) (Figure 1). Cyclin D-CDK4/6 complexes phosphorylate the Rb protein family. 
These phosphorylation events result in inactivation of the Rb proteins and release of the family 
of E2F transcription factors. Members of the E2F family (E2F1-6) bound to DP proteins (DP1 and 
DP2) can now initiate transcription of E2F responsive genes to induce proteins involved in DNA 
replication and cell cycle progression, such as PCNA, DNA polymerase a, Cyclin E and Cyclin A 
(Lavia and Jansen-Durr 1999; DeGregori and Johnson 2006). Cyclin E assists in phosphorylation 
of the Rb proteins to further stimulate cell cycle progression. 
 The binding of hypophosphorylated pRB to E2F masks the E2F transactivation domain, 
abrogating its activity, and results in recruitment of co-repressors via the pRB LxCxE binding 
domain to attenuate gene expression (Lee et al. 1998; Dick 2007). Recent findings suggest that 
the function of the LxCxE binding pocket is only essential in certain biological settings. Targeted 
mutations within this LxCxE motif had a modest effect on transcriptional control and cell cycle 
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inhibition in response to differentiation signals and growth-suppressing signals, but was essential 
for permanent cell cycle exit and response to DNA damage (personal communication T. Vormer) 
(Chen and Wang 2000; Talluri et al. 2010; Bourgo et al. 2011).
 The importance of the Rb protein family in the ability of cells to arrest in G1 is 
underscored by the observation that ablation of all three family members resulted in the inability 
to arrest in G1 phase in a variety of growth-restricting conditions (Dannenberg et al. 2000; Sage 
et al. 2000). pRB-deficient mouse embryonic fibroblasts (MEFs) still arrested in G1 (Almasan et al. 
1995; Herrera et al. 1996), indicating that the two other members of the Rb protein family, p107 
and p130, have redundant function in regulating E2F transcription factors (Mulligan and Jacks 
1998).
 In most human cancers, alterations are observed that abrogate proper G1/S control 
and permit inappropriate cell proliferation. Retinoblastoma, a pediatric cancer of the eye, has 
served as a paradigm for this condition (Knudson 1984). Children carrying a germline mutation 
in RB1 develop bilateral, multifocal retinoblastoma as a result of inactivation of the second 
allele by LOH. In non-hereditary cases only one eye is affected since it is less likely that two 
spontaneous RB1 mutations occur in the same retinal cell (two-hit hypothesis proposed by Alfred 
Knudson) (Knudson 1971; DiCiommo et al. 2000). Apart from retinoblastoma, mutations in RB1 
are observed in various other tumor types, including small cell lung cancer and breast-, prostate- 
and bladder carcinomas (Burkhart and Sage 2008; Knudsen and Knudsen 2008). In other human 
malignancies, alternative strategies to dismantle the G1/S checkpoint have been observed 
(Malumbres and Barbacid 2001). In human mammary carcinomas for example, Cyclin D1 was 
found overexpressed in approximately 50% of the cases (Bartkova et al. 1994; Gillett et al. 1994).

Figure 1: Model of mammalian cell cycle focused in G1-S progression
Cell cycle progression is regulated by different cyclin–CDK complexes. In the presence of growth-stimulatory 
signals, the Rb protein family members, pRB, p107 and p130, are phosphorylated by the cyclin–CDK 
complexes functioning in G1. In this way their inhibitory role is alleviated and E2F transcription factors can 
induce genes required for DNA replication and cell cycle progression.
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1.2.3 DNA replication
 DNA replication is a highly ordered process since it can be a potential source of DNA 
damage when not properly or completely executed. DNA replication involves various processes, 
including origin recognition and pre-replication complex (preRC) assembly. Subsequently, DNA 
polymerases are recruited to initiate DNA replication (Bell and Dutta 2002) (Figure 2). 
 DNA replication starts at genomic sites that are termed origins of replication, which 
are selected through binding of the Origin Recognition Complex (ORC). In mammalian cells 
the majority of replication origins are not defined by specific sequences (Vashee et al. 2003), 
whereas chromatin structure and epigenetics, nuclear organization or matrix, developmental 
stage and gene expression do influence the spacing of individual origins (Mechali 2010). ORC, a 
six-polypeptide complex, is an ATPase that can bind to origins of replication throughout the cell 
cycle. Subsequently, the preRC assembles stepwise on these origins during G1 by the successive 
recruitment of several factors (Mendez and Stillman 2003). First, cell division cycle 6 (Cdc6) is 
recruited to the preRC followed by chromatin licensing and DNA replication factor 1 (Cdt1). 
The main function of Cdc6 and Cdt1 is the recruitment of the minichromosome maintenance 
complex (MCM) to the origins. The MCM complex is a heterohexamer composed of MCM2, 
MCM3, MCM4, MCM5, MCM6 and MCM7 and is a helicase that unwinds the DNA during DNA 
replication (Ishimi 1997). 
 The next step is the activation of the preRC at the onset of S-phase. Several pre-RC 
subunits are phosphorylated by CDK activity and Dbf4/Drf1-dependent CDC7 kinase (DDK) 
resulting in the loading of cell division cycle 45 (Cdc45) (Sclafani and Holzen 2007; Labib 2010). 
After Cdc45 loading, DNA is unwound and the generated ssDNA is protected by Replication 
Protein A (RPA) (Walter and Newport 2000). DNA polymerases are tethered to the DNA by the 
sliding clamp proliferating cell nuclear antigen (PCNA) that is loaded onto the DNA with help 
of the clamp loader replication factor C (RFC) (Ellison and Stillman 2001). Upon initiation, 
two individual replication forks move bi-directionally. Replication is executed by three DNA 
polymerases: polymerase a for DNA priming and polymerase d and e, which replicate the lagging 
and leading strand, respectively (Jones and Petermann 2012).

Figure 2: DNA replication
Origins of replication, defined by ORC binding, 
are licensed in G1 by the recruitment of the MCM 
complex by Cdc6 and Cdt1. At G1/S transition origins 
are activated by phosphorylation events executed by 
CDK (Cyclin E/A-CDK2) and DDK (Dbf4-Cdc7), resulting 
in the loading of Cdc45. Subsequently, PCNA and the 
polymerases are tethered to the DNA initiating DNA 
replication.

1.2.4 S phase checkpoint
 Not all preRCs are turned into active replication origins due to action of ataxia 
telangiectasia and rad3 related protein (ATR) and checkpoint kinase 1 (Chk1) that can down 
regulate CDK activity (Syljuasen et al. 2005; Petermann et al. 2006). ATR is activated by regions of 
RPA-coated ssDNA (Harper and Elledge 2007; Jones and Petermann 2012) and phosphorylates a 
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large number of downstream targets, among which the effector kinase Chk1 (Guo et al. 2000; Liu 
et al. 2000). Subsequently, Chk1 phosphorylates CDC25A, resulting in ubiquitination dependent 
degradation of CDC25A (Falck et al. 2001). CDC25A induces CDK2 activity by removing the 
inhibitory phosphate group at Tyr15 (Zhou and Elledge 2000; Bartek and Lukas 2003). This 
process is important in unperturbed S-phase since loss of this control mechanism causes 
increased replication initiation (due to deregulated CDK activity) and reduces replication fork 
progression resulting in the accumulation of DNA damage (Syljuasen et al. 2005; Petermann et al. 
2006; Petermann et al. 2010; Sorensen and Syljuasen 2012). The embryonic lethality observed in 
mice after deletion of ATR or Chk1 underscores the essential function of this control mechanism 
(Brown and Baltimore 2000; de Klein et al. 2000; Takai et al. 2000).

Figure 3: S-phase checkpoint
RPA-coated stretches of ssDNA at stalled 
replication forks activate the S-phase 
checkpoint: the ATR/Chk1 pathway 
phosphorylates various targets to regulate DNA 
repair, fork stabilization and cell cycle arrest.

 
In addition, the ATR/Chk1 pathway is important when replication fork progression is impeded by 
obstacles on the DNA template like endogenous or exogenous DNA damage. Normal replicative 
polymerases are unable to pass such lesions and halt DNA replication (Harper and Elledge 2007). 
However, the MCM complex continues to unwind the DNA, generating long stretches of ssDNA 
that are recognized as DNA damage and activate the S-phase checkpoint (Byun et al. 2005). The 
S-phase checkpoint has an important role in stabilizing these transiently stalled forks allowing 
them to restart after the DNA damage is resolved (Jones and Petermann 2012). To facilitate DNA 
repair and further inhibit cell cycle progression, ATR phosphorylates, apart from Chk1, a number 
of downstream targets including H2A.X (resulting in g-H2AX focus formation) (Ward and Chen 
2001) and p53 (Tibbetts et al. 1999). 
 Failure to maintain an arrested fork in a stalled configuration results in fork collapse, 
defined as the dissociation of the replication machinery from the DNA template (Petermann 
and Helleday 2010). This might cause the formation of aberrant fork structures, like chicken foot 
structures, that may be formed by fork reversal (annealing of two nascent strands behind the 
fork) (Sogo et al. 2002). Chicken foot structures resemble holiday junctions and are therefore 
prone to cleavage by endonucleases, like Mus81/Eme1 (Forment et al. 2011), resulting in DNA 
Double Strand Breaks (DNA DSBs).
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1.2.5 G2/M checkpoint
 The G2/M checkpoint guards the transition from G2 to M phase to prevent the 
segregation of incompletely replicated or damaged chromosomes. Depending on the type of 
DNA damage, ataxia telangiectasia mutated (ATM) and/or ATR kinases are activated, resulting in 
the activation of a signaling cascade that counteracts Cyclin B1–Cdk1 activity (Zhou and Elledge 
2000). ATM and ATR phosphorylate checkpoint kinase 2 (Chk2) and Chk1, respectively. Chk1 
can inactivate the Cdc25C phosphatase, which is required to dephosphorylate Cyclin B–CDK1 
on threonine 14 and tyrosine 15, activating Cyclin B1 associated kinase activity (Sanchez et al. 
1997). This dephosphorylation event is a prerequisite for mitotic entry, dictating chromatin 
condensation and nuclear envelope breakdown (Nigg 1993). 
 p53 plays an essential role in the maintenance of the G2 arrest. Activation of p53 
through phosphorylation by either ATM/ATR or Chk2 results in the transcriptional activation of 
downstream target genes, like p21Cip1, growth arrest and DNA damage 45 (GADD45) and 14-3-3-
s, all contributing to G2 arrest by preventing CyclinB1–Cdk1 activity in various ways (Taylor and 
Stark 2001). In addition, p53 controls the transcription of genes involved in DNA damage repair 
and apoptosis (Vousden and Prives 2009). 

1.2.6 Mitosis
 The actual cell division occurs in M phase, which can be subdivided in nuclear division 
(mitosis) and cytoplasmic division (cytokinesis). The challenge in this phase is to equally 
segregate the duplicated sister chromatids over the two newly formed daughter cells (Holland 
and Cleveland 2009). To establish this, sister chromatids are captured by microtubules emanating 
from opposite poles of the mitotic spindle, resulting in bipolar or amphitelic attachments. This 
process is monitored by the Spindle Assembly Checkpoint (SAC) that is activated when one of 
the sister chromatids is unattached (monotelic attachment) or incorrectly attached (Kops 2008). 
Incorrect attachment can either be synthelic when both sister chromatids are attached to the 
same spindle pole or merotelic when one of the sister chromatids is attached to both spindle 
poles (Rieder and Salmon 1998). 
 An active SAC generates a diffusible inhibitory signal, called the mitotic checkpoint 
complex (MCC), composed of Mad2, BubR1, Bub3 and Cdc20, that inhibits the E3 ligase Anaphase 
Promoting Complex / Cyclosome (APC/C) (Sudakin et al. 2001; Nasmyth 2005; Musacchio and 
Salmon 2007). An active APC/C targets several proteins for proteosomal destruction, among 
which Cyclin B1, resulting in mitotic exit and Securin, releasing Separase that can cleave cohesin 
complexes that held together the sister chromatids (Yu 2002).
 To be able to separate the sister chromatids to two new daughter cells, the cohesion 
complex needs to be removed. This occurs in two mechanistically distinct steps (Waizenegger et 
al. 2000). First, the bulk of cohesion is removed from the chromosome arms as soon as mitosis 
starts. This process is Plk1 dependent since Plk1 phosphorylates the cohesion SA2 subunit 
required for cohesion displacement (Hauf et al. 2005). The centromeric regions are protected 
from Plk1 dependent removal of cohesion by the Shugoshin family (Sgo) (Kitajima et al. 2004; 
Salic et al. 2004). At metaphase to anaphase transition these centromeric cohesion complexes 
are removed by proteolytic cleavage of the Scc-1 subunit by activated separase opening the ring-
structure (Uhlmann et al. 1999; Uhlmann et al. 2000). 
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1.3 Rb and Genomic Instability

 Boveri postulated more than 100 years ago that CIN, defined as the inability to maintain 
intact chromosomes, could contribute to tumor formation. In this century it has become clear 
that most cells that progress from an early dysplastic lesion to metastatic tumors suffer from 
CIN (Boveri 1914; Negrini et al. 2010). CIN can involve whole chromosome loss (numerical 
aneuploidy), but also includes translocations, deletions and amplifications (structural aneuploidy) 
(Schvartzman et al. 2010). 
 Now, an important question in the field is how aneuploidy is generated. Failure to 
separate sister chromatids equally during mitosis is an obvious candidate mechanism involved in 
the generation of CIN (Schvartzman et al. 2010). This can either be due to abnormal checkpoint 
control and inability to form a bipolar spindle due to altered centrosome dynamics. Inactivation 
of SAC components results in errors in chromosome segregation in mammalian cells (Dobles 
et al. 2000; Kalitsis et al. 2000; Vader et al. 2008). Several mouse models have been generated 
with alterations in SAC genes showing that they indeed contribute to aneuploidy (Baker et al. 
2004; Dai et al. 2004; Jeganathan et al. 2007; Li et al. 2009). More mechanistically, it is shown 
that uncorrected merotelic attachments can give rise to lagging chromosomes that eventually 
cause misseggregation (Cimini et al. 2001; Cimini et al. 2002). However, data from human tumors 
does not support this hypothesis as loss or weakness of the mitotic checkpoint is rare in clinical 
samples (Hernando et al. 2001; Perez de Castro et al. 2007; Rhodes et al. 2007). Other models 
suggest the involvement of shortening of telomeres (Plug-DeMaggio et al. 2004), defective DNA 
damage repair (Harper and Elledge 2007), reactive oxygen species (ROS) (Klaunig and Kamendulis 
2004) and hypoxia (Coquelle et al. 1998) in the generation of aneuploid cells.
 Also in a subset of retinoblastomas signs of CIN are present (Corson and Gallie 2007). 
Comparative Genomic Hybridization (CGH) studies showed frequent gains of 1q, 2p, 6p and 13q 
and loss of 16q in retinoblastoma oncogenesis (Mairal et al. 2000; Chen et al. 2001; Herzog et 
al. 2001; Lillington et al. 2003; van der Wal et al. 2003; Zielinski et al. 2005). Furthermore, the 
progression from a retinoma, a benign hyperplastic lesion of retinal cells, to retinoblastoma is 
marked by an increase in genomic alterations, manifested as progressive copy number increases 
of various oncogenes (Dimaras et al. 2008). However, in hereditary retinoblastomas, the CIN 
phenotype seemed to be less prominent or even absent (personal communication B. Mol) 
(Zhang et al. 2012). An intriguing question is whether CIN in retinoblastoma is caused by one of 
the mechanisms described above, or is a direct consequence of loss of pRB.
 In vitro experiments have yielded substantial evidence for a role of the Rb protein family 
in the maintenance of genomic stability. In mouse embryonic stem cells, inactivation of RB1 led to 
increased genomic alterations (Zheng et al. 2002). In adult and embryonic mouse fibroblasts, in 
human primary fibroblasts as well as in hepatocytes, acute depletion of pRB resulted in aberrant 
ploidy (Mayhew et al. 2005; Iovino et al. 2006; Srinivasan et al. 2007; Amato et al. 2009). In 
Mouse Embryonic Fibroblasts (MEFs) that were constitutively depleted of all Rb protein activity 
by ablation of the genes encoding for pRB, p107 and p130, and in cells that were targeted with 
adenovirus E1A, a potent viral oncoprotein that inactivates Rb proteins, aneuploidy was detected 
(Hernando et al. 2004; Gonzalo et al. 2005; van Harn et al. 2010). Lastly, mutations in the LxCxE 
binding domain of pRB resulted in aberrant chromosome numbers (Isaac et al. 2006).
 However, the mechanistic relationship between Rb protein family loss and genomic 
instability is not completely understood. This could be indirect, i.e., proliferation of spontaneously 
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arisen aneuploid cells; alternatively, CIN may be caused by loss of recently described functions of 
pRB beyond G1/S control. 

1.4 Functions of pRb beyond G1/S Control

 As outlined in detail above the well-known function of pRB and its family members p107 
and p130 is to arrest cells in G1 by inhibition of the E2F family to prevent unscheduled entry into 
S-phase, a function which is conserved in different organisms (Riley et al. 1994; Weinberg 1995; 
van den Heuvel and Dyson 2008). However, since many E2F target genes function at later stages 
of the cell cycle, the E2F-regulating role of Rb proteins extends beyond G1/S control. Rb proteins, 
for example, also function in control of cellular differentiation, inhibition of apoptotic cell death 
via inhibition of E2F1, mitosis and maintenance of permanent cell cycle arrest or senescence 
(Burkhart and Sage 2008). Recently, other roles have been ascribed to the Rb protein family that 
could account for the genomic instability observed in Rb deficient cells, which are summarized in 
Figure 4.

Figure 4: Functions of Rb beyond G1/S regulation
Besides regulation of G1/S progression, pRB also functions in chromosome condensation and centromeric 
sister chromatid cohesion. In addition, pRB deficient cells experience replication stress due to nucleotide 
depletion and due to aberrant E2F activity have altered expression of genes involved in DNA damage 
response and repair, chromatin structure and mitotic progression.

1.4.1. Deregulation of mitotic E2F target genes
 Ablation of Rb protein activity results in increased E2F transcriptional activity. E2F 
binding sites are not only found in genes involved in DNA replication (Lavia and Jansen-Durr 
1999), but also in various genes that function beyond S-phase. E2F bind and regulate promotors of 
genes involved in DNA damage response and repair, chromatin structure and mitotic progression 
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(Ishida et al. 2001; Muller et al. 2001; Ren et al. 2002). Thus, abrogation of pRB function does 
not only alter the regulation of S-phase entry, but also influences later cell cycle events through 
elevated E2F transcriptional activity. Interestingly, several E2F target genes were listed among 
the most highly misregulated genes in a gene expression profile signature of tumors with CIN 
(Carter et al. 2006).
 An interesting E2F regulated target is the SAC component Mad2, which is overexpressed 
in various tumor types. Overexpression of Mad2 in transgenic mice resulted in a wide variety of 
tumors that contained various chromosomal abnormalities (Sotillo et al. 2007). Inactivation of 
the Rb pathway by adenovirus E1A resulted in aberrant Mad2 expression, and this expression 
was causative in the generation of mitotic defects leading to aneuploidy (Hernando et al. 2004; 
Schvartzman et al. 2011). However, how elevated levels of Mad2 misleads the SAC remains 
elusive. 

1.4.2 Chromosomal condensation
 For a faithful segregation of the genomic material during mitosis, chromosome 
condensation is essential as lack of proper condensation results in lagging chromosomes in 
anaphase that can contribute to aneuploidy (Swedlow and Hirano 2003; Belmont 2006). The 
condensin complexes (I and II) drive mitotic chromosome condensation. These complexes 
contain structural maintenance of chromosomes 2 and 4 (SMC2 and SMC4) subunits. In addition, 
they are comprised of non-SMC subunits (CAP-D2, -G and –H in Condensin I and CAP-D3, -G2 and 
H2 in Condensin II) (Losada and Hirano 2005). 
 Several studies have indicated that loss of pRB affects chromosome condensation. In 
Drosophila melanogaster, it was shown that RBF1 is required for efficient association of dCAP-D3 
with chromatin. In human cells, the localization of hCAP-D3 onto chromatin is dependent on 
the LxCxE binding cleft of pRB (Longworth et al. 2008). More recently, it was shown that the 
function of pRB in chromosome condensation is important for tumor suppression. The presence 
of Rb LxCxE mutant alleles (RbDL/DL) in cancer prone Trp53-/- mice led to the development of more 
aggressive forms of thymic lymphoma and caused an increase in loss of heterozygosity in Trp53+/- 
mice (Coschi et al. 2010). Interestingly, the LxCxE motif is targeted by viral oncoproteins to bind 
and inactivate the Rb proteins (Morris and Dyson 2001; Henley et al. 2010).

1.4.3 Sister chromatid cohesion
 Besides a role for pRB in regulation of proper chromosome condensation at the onset 
of mitosis, it is also involved in proper cohesion between duplicated sister chromatids. Cohesion 
between sister chromatids is established by the tripartite ring-like complex cohesin. This complex 
is structurally related to the condensin complexes since it is also built up of two large SMC 
proteins, SMC1 and SMC3. Together with the subunits SCC-1 and SA1/SA2 this complex forms 
a ring-like shape to trap the replicated sister chromatids (Gruber et al. 2003; Peters et al. 2008). 
During S-phase, cohesin establishment is facilitated by acetylation of SMC3 by Eco1 (Rolef Ben-
Shahar et al. 2008; Unal et al. 2008; Zhang et al. 2008). 
 In Rb deficient cells, we and others observed reduced levels of cohesion at the 
centromeric region (Manning et al. 2010; van Harn et al. 2010). pRB depletion in RPE-1 (retinal 
pigment epithelial) cells compromised centromeric localization of the cohesin components SCC-
1 and SMC3, leading to an increased intercentromeric distance (Manning et al. 2010). In MEFs 
lacking all three Rb proteins, withdrawal of mitogens resulted in mitotic railroad chromosomes 
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wherein the centromeric constriction was lossed due to lack of cohesion (van Harn et al. 2010). 
In the end, these defects might promote merotelic attachments, a feature that could result in 
lagging chromosomes and hence promote aneuploidy (Cimini 2008).

1.4.4 Regulation of the nucleotide pool
 In early tumorigenesis, expression of various oncogenes like RasV12, Cdc6 and Cyclin E 
was found to result in a DNA damage checkpoint response induced by DNA hyper-replication 
(Bartkova et al. 2006; Di Micco et al. 2006). This resulted in oncogene-induced senescence unless 
the DNA damage checkpoint response was abrogated allowing the cells to become transformed 
(Halazonetis et al. 2008). 
 Recently, the early events after aberrant activation of the Rb-E2F pathway were 
studied (Bester et al. 2011). Either expression of human papilloma virus HPV-16 E6/E7 or Cyclin 
E facilitated E2F release and S-phase entry (Ohtsubo and Roberts 1993). However, cells (over)
expressing these genes experienced a perturbed DNA replication since the mean replication rate 
dropped and the number of replication origins was increased (Bester et al. 2011). The amount 
of nucleotides as well as the balance in the nucleotide pool determines replication dynamics 
(Anglana et al. 2003; Courbet et al. 2008). Treatment of cells with hydroxyurea (HU), a drug that  
inhibits the production of deoxyribonucleotides (dNTPs), slowed down replication speed (Poli et 
al. 2012). Expression of HPV-16 E6/E7 as well as Cyclin E resulted in decreased levels of the four 
dNTPs and the supply of exogenous nucleosides could rescue the replication defects observed in 
these cells (Bester et al. 2011). 
 The underlying cause of the reduced levels of nucleotides might be due to an inability 
to activate the nucleotide biosynthesis pathway sufficiently to meet the needs of increase 
proliferation, although many of the enzymes for nucleotide biosynthesis are under control of E2F 
transcriptional activity (Dang and Lewis 1997).

1.5 Rb Deficient Mouse Models

 The function of the Rb protein family has been extensively studied in mice and these 
models could be useful to study the role of CIN in Rb deficient tumorigenesis. Homozygous 
deletion of RB1 is embryonic lethal due to placental defects causing severe anemia that affected 
the central nervous system (Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992; de Bruin et al. 
2003).  Rb+/- mice developed tumors originating from the intermediate lobe of the pituitary gland 
and thyroid tumors (Hu et al. 1994). Strikingly, the retina remained unaffected, whereas loss of 
one RB1 allele in humans highly predisposes to retinoblastoma. 
 To study the role of the Rb protein family in retinoblastoma, chimeric mice as well as 
conditional knockout mice were generated. Combined with p130 or p107 deficiency, ablation of 
RB1 gave rise to retinoblastomas, indicating that both p107 and p130 are able to compensate 
for the loss of RB1 in the murine retina (Robanus-Maandag et al. 1998; Chen et al. 2004; 
Dannenberg et al. 2004; MacPherson et al. 2004). Chimeric mice derived from Rb-/-p130-/- ES cells 
also developed other malignancies, including pituitary gland tumors, adrenal medullary tumors 
and hyperplastic lesions in the bronchial epithelium (Dannenberg et al. 2004).
 The Rb-/-p130-/- and Rb-/-p107-/- retinoblastomas found in chimeric mice were derived 
from the amacrine compartment of the inner nuclear layer since these tumors express syntaxin, 
a marker for neuronal amacrine cells in the inner nuclear layer (Robanus-Maandag et al. 1998; 
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Dannenberg et al. 2004). The presence of inner nuclear layer characteristics is confirmed by 
various models using the Cre-lox system to specifically deplete RB1 in retinal progenitors 
mostly within the inner nuclear layer (Pax6-cre, Nestin-Cre and Chx10-Cre) (Chen et al. 2004; 
MacPherson et al. 2004; Zhang et al. 2004). These progenitor cells seemed to survive Rb protein 
loss (‘intrinsically death-resistant’) and alleviation of cell cycle arrest resulting in tumorigenesis. 
Contrary, in human counterparts the cell of origin is believed to be a cone precursor present 
in the outer nuclear layer. These cells are thought to be apoptosis resistant due to MDM4 
overexpression (Xu et al. 2009).
 Tumorigenesis in Rb+/- mice can be accelerated by simultaneous loss of p53 or p27Kip1. 
Rb+/-p53-/- mice developed, next to pituitary and thyroid gland tumors, islet cell tumors and pineal 
gland tumors (Williams et al. 1994). Ablation of p27Kip1 strongly accelerated the development of 
pituitary and thyroid gland tumors in Rb+/- mice (Park et al. 1999; Foijer et al. 2007). Reduction 
of p27Kip1 levels is essential for pituitary tumor development since Rb+/- mice did not form tumors 
in a Skp2 deficient background due to elevated p27Kip1 levels (Wang et al. 2010). Although not 
directly proven, it is likely that both p53 as well as p27Kip1 provide a barrier for tumor progression 
by inhibition of cyclin-CDK activity and in this way block cell cycle progression.



In
tr

od
uc

ti
on

1

- 20 -

1.6 Outline Thesis

 Previously, a cell cycle arrest mechanism in G2 was identified that restrains, in mitogen- 
deprived conditions, the proliferation of cells that have lost G1/S control (Foijer et al. 2005; Foijer 
and Te Riele 2006). These studies were performed with MEFs lacking the Rb protein family and 
overexpressing Bcl2 to prevent apoptosis (TKO-Bcl2 MEFs). 
 In Chapter 2, we demonstrate that G2 arrest in mitogen-deprived TKO-Bcl2 MEFs was 
accompanied by DNA DSB formation and reduced centromeric sister chromatid cohesion (van 
Harn et al. 2010). Interestingly, these cells were able to resume proliferation upon addition of 
mitogens. However, DNA damage was only partly repaired resulting in chromatid breaks and 
chromatid cohesion defects in mitotic cells and eventually in aneuploidy in the descent cell 
population. 
 These DNA DSBs and cohesion defects had arisen during S-phase since, under mitogen-
deprived conditions, DNA replication was severely perturbed in TKO-Bcl2 MEFs (Chapter 3). 
The replication defects were caused by a combination of reduced origin firing, presumably due 
to reduced cyclin-CDK activity, and imbalanced nucleotide pool. In Chapter 4 we show that 
downregulation of p53 in mitogen-deprived TKO MEFs resulted in alleviation of the G2 arrest. In 
addition, replication defects were partly rescued and DNA DSBs were no longer induced. 
 Subsequently, we tested whether the G2 arrest mechanism also operated in 
retinoblastomas developing in chimeric mice from Rb-/-p130-/- ES cells. By immunohistochemical 
staining for g-H2AX we show that hyperplastic lesions as well as retinoblastomas experienced 
replication stress (Chapter 4). In addition, we show that p53 function was compromised in the 
tumors only. Based on our in vitro studies, we speculate that in the absence of p53, replication 
stress was still present, but no longer gave rise to DNA DSBs, allowing outgrowth of tumor cells.
 In the general discussion (Chapter 5) we will speculate about the mechanism behind 
the replication stress induced DNA DSBs and cohesion defects. Understanding these molecular 
details might provide new strategies to counterbalance the deleterious effects of replication 
stress. In addition, we will highlight the importance of tightly regulated cyclin-CDK activity for 
cell cycle progression and tumorigenesis.
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