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Oncogenic transformation, the gradual change of a normal cell into a cancerous cell, 
requires sequential alterations in several cellular processes and involves both activation 
of oncogenic pathways and inhibition of tumor suppressor pathways (reviewed by 
Hanahan and Weinberg, 2000). The retinoblastoma (pRB) pathway is a well known tumor 
suppressor pathway that is deregulated in the majority of (human) cancers (reviewed 
by Burkhart and Sage, 2008; Sherr, 1996). pRB and its two close homologs, p107 and 
p130, comprise the family of so-called pocket proteins and are essential for regulation 
of the cell cycle, differentiation and apoptosis. This thesis focuses on the role of the 
retinoblastoma proteins in tumor suppression: we have identified events that  collaborate 
with pocket protein ablation during in vitro transformation and we have studied the role 
of the interaction between pRB and proteins containing an LxCxE motif during cell cycle 
arrest and tumor suppression.

The mammalian cell cycle and regulation by cyclin-cdk complexes
The mammalian cell cycle generates two virtually identical daughter cells and can be 
divided into four sequential phases: G1, S, G2 and M phase. DNA duplication occurs in the 
Synthesis or S phase, whereas chromosome segregation and cell division occur in Mitosis 
or M phase. G1 and G2 comprise gap phases, during which both stimulatory and inhibitory 
signals of proliferation are integrated into the cell cycle machinery, resulting in cell cycle 
progression or arrest in G1 or G2 phase. Cells that are withdrawn from the cell cycle, for 
example during serum starvation or differentiation, are defined to be in G0. 

Progression through the cell cycle is driven by different cyclin-cdk complexes 
(Fig. 1). Full activation of cyclin dependent kinases, cdks, requires both binding to a 
cyclin protein and phosphorylation by a cyclin activating kinase, CAK. The expression 
and nuclear localization of cyclins fluctuates during the cell cycle, resulting in the 
timed activation of different cyclin-cdk complexes. During early G1, Cyclin D-CDK4/6 
complexes are activated, followed by Cyclin E-CDK2 complexes at the G1/S transition 
and Cyclin A-CDK1/2 complexes during S phase. Cyclin B1-CDK1 complexes enter the 
nucleus at the G2/M transition, and are, together with Cyclin A-CDK1 complexes, required 
for G2/M transition. Cyclin B1-CDK1 is subsequently required for M phase progression 
(Katsuno et al., 2009; Ciemerych and Sicinski, 2005; Sherr and Roberts, 2004; Pines 
and Hunter, 1992). The activity of cyclin-cdks is inhibited by the family of inhibitors of 
cdk4 (INK4) proteins, which inhibit Cyclin D-CDK4/6 kinase activity, and by the family 
of cdk-interacting protein/ kinase-inhibitory protein (CIP/KIP) proteins, which inhibit 
CDK1- and CDK2-associated kinase activities. Notably, the CIP/KIP proteins play a 
stimulatory role in the activation of Cyclin D-CDK4/6 complexes (reviewed by Berthet 
and Kaldis, 2007; Ciemerych and Sicinski, 2005; Sherr and Roberts, 1999). 

The pocket proteins play a key role in cell cycle regulation by maintaining the 
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Interaction of E2Fs and pocket proteins in the cell cycle 
An important function of the pocket proteins in G1 consists of binding and inhibiting 
the family of E2F transcription factors, which are essential for S phase entry. The E2F 
transcription factor family consists of at least 11 members and is classically divided into 
activator E2Fs (E2F1, E2F2 and E2F3a) and repressor E2Fs (E2F3b, E2F4, E2F5, E2F6a, 
E2F6b, E2F7a, E2F7b and E2F8). E2F1-6 require the interaction with a DP protein for 
proper binding to the DNA (reviewed by DeGregori and Johnson, 2006). The division 
between ‘activator’ and ‘repressor’ E2Fs is not black and white. The E2F3b, E2F4 and 
E2F5 ‘repressors’ contain a transcriptional activation domain (reviewed by Dimova and 
Dyson, 2005), and both E2F3b and E2F4 have been shown to function as transcriptional 
activators (Chong et al., 2009a; Tsai et al., 2008; Kinross et al., 2006; Wu et al., 2001; 
Muller et al., 1997). Additionally, the ‘activator’ E2Fs were recently shown to perform a 
‘repressor’ function as well (Sahin and Sladek, 2010; Chong et al., 2009b).

G0/G1 state in the absence of proliferative stimuli. Under growth stimulating conditions, 
Cyclin D-CDK4/6 and Cyclin E-CDK2 complexes phosphorylate the pocket proteins in 
G1, which causes pocket protein inactivation and subsequent S phase entry (reviewed by 
Cobrinik, 2005).
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Figure 1: Schematic representation of the mammalian cell cycle. Progression through the cycle is driven 
by the activity of Cyclin-CDK complexes. The pocket proteins, pRB, p107 and p130, play an inhibitory role 
during G1, which can be reverted by the activity of CyclinD-CDK4/6 and CyclinE/A-CDK2 complexes.
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The importance of E2Fs in S phase induction was first of all demonstrated by 
the presence of E2F-binding sites in various genes encoding proteins involved in DNA 
replication and cell cycle progression, such as PCNA, DNA polymerase α, Cyclin E and 
Cyclin A (reviewed by Lavia and Jansen-Durr, 1999). In line with this, ectopic expression 
of E2F1, -2, or -3 drove quiescent cells into S phase (DeGregori et al., 1997; Lukas et 
al., 1996; Johnson et al., 1993). Conversely, fibroblasts deficient for E2F1, -2 and -3 were 
unable to proliferate in culture and displayed impaired induction of several, but not all, 
E2F target genes (Wu et al., 2001). E2Fs have also been suggested to function beyond 
S phase, as they bind and regulate promoters of genes involved in DNA repair, DNA 
damage checkpoints, chromatin assembly and condensation, chromosome segregation, 
the mitotic spindle checkpoint, differentiation, development and apoptosis (Ren et al., 
2002; Muller et al., 2001).
 The different members of the pocket protein family interact with the different 
E2Fs with varying affinities: pRB interacts with E2F1-4 (Moberg et al., 1996; Lees et 
al., 1993), whereas p130 and p107 interact with E2F4 and E2F5. E2F6 and E2F7 do 
not interact with the pocket proteins, as they lack the pocket protein binding domain 
(reviewed by Dimova and Dyson, 2005; Frolov and Dyson, 2004). It should be noted that 
the identity of the pocket protein-E2F complexes can shift upon ablation of components, 
as combined depletion of pRB and E2F4 promoted binding of p130 and p107 to E2F1 and 
E2F3 (Lee et al., 2002). 

Both the presence and promoter binding of the different pocket protein-E2F 
complexes fluctuates during the cell cycle. During G0/G1, E2F4 was found to primarily 
complex with p130 and to a lower extent with pRB and p107. At this stage E2F4, p130 
and p107 were detected at the promoter regions of repressed E2F target genes. At the 
G1/S transition, E2F4-p130 complexes were replaced by E2F4-p107 and E2F4-pRB 
complexes. Simultaneously, free E2Fs, not in complex with pocket proteins, became 
visible. Moreover, E2F1-3 were detected at the promoter regions of E2F target genes, 
which correlates with the induction of transcription (Macaluso et al., 2006; Balciunaite et 
al., 2005; Rayman et al., 2002; Takahashi et al., 2000; Hurford, Jr. et al., 1997; Moberg et 
al., 1996; Cobrinik et al., 1993).

Transcriptional repression and silencing via the pRB-LxCxE interaction
Pocket proteins can inhibit E2F-mediated transcription in several ways (Fig. 2). First, 
pocket protein binding masks the E2F transactivation domain, abrogating its activity. 
Second, pocket proteins can simultaneously bind to both E2Fs and chromatin remodeling 
proteins, resulting in the recruitment of these remodeling proteins to E2F-regulated 
promoters (reviewed by Dick, 2007). Thus, the transactivation function of the activators 
E2Fs 1, 2 and 3a can be inhibited by pRB binding, whereas pocket protein-E2F-chromatin 
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remodeling complexes, which promote a chromatin state incompatible with transcription, 
can be formed by pRB-E2F3b, pRB-E2F4, p130/p107-E2F4 and p130/p107-E2F5. 

Various chromatin remodeling proteins that have been associated with 
transcriptional repression, contain an ‘LxCxE like’ motif through which they can bind 
to pRB and to the other pocket proteins. Among LxCxE-containing proteins are Class 
I histone deacetylases (HDACs), heterochromatin protein 1 (HP1), brahma (BRM) and 
brahma-related gene 1 (BRG1) ATPases of the mating-type switch (SWI)/sucrose non-
fermenting (SNF) nucleosome remodeling complex, the C-terminal binding protein 
(CtBP)/CtBP-interacting protein (CtIP) co-repressor, the retinoblastoma binding proteins 
RBP1 and RBP2, and possibly others (reviewed by Dick, 2007).

The interaction between pocket proteins  and HDACs in transcriptional repression
The three pocket proteins interact with Class I HDACs, which include HDAC1, 2 and 
3. Since de-acetylated chromatin is more condensed and therefore less accessible to 
transcription factors than acetylated chromatin, the recruitment of HDACs to the promoter 
region is considered to actively repress transcription. HDAC1 and HDAC2 both contain 
an LxCxE-like motif, which is required for formation of pRB-HDAC1/2 and p107-
HDAC1 complexes: mutating the LxCxE-like sequence in HDAC1 abrogated binding to 
pRB/p107 and additionally, mutating the LxCxE binding site in pRB abrogated binding 
to HDAC1/2 (Chen and Wang, 2000; Dahiya et al., 2000; Ferreira et al., 1998; Magnaghi-
Jaulin et al., 1998). Although these observations are suggestive for direct binding between 

Figure 2: Model showing the role of E2Fs and pocket proteins in transcriptional regulation of E2F-
target genes. Binding of  ‘activator’ E2Fs (E2F1-3a) to an E2F element in the promoter region induces 
transcriptional activation (upper picture, visualized by the bold arrow). E2F-mediated transactivation 
can be inhibited via binding of pocket proteins to the transactivation domain of E2Fs (lower left). Active 
repression of E2F-target genes is achieved via the recruitment of complexes containing ‘repressor’ E2Fs 
(E2F3b-5), pocket proteins and chromatin remodeling proteins (lower right). Note that E2F4 and E2F3b, 
which are generally viewed as ´repressor´ E2Fs, can also function in transactivation and that complexes 
between pRB and the E2F1-3a ‘activators’ can also repress transcription of E2F target genes.
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pRB/p107 and HDACs, experiments performed by Lai and co-workers indicated that 
this interaction requires bridging by the LxCxE-containing protein RBP1. In a similar 
way, RBP1 could possibly enable binding of pocket proteins to HDAC3, which lacks an 
LxCxE-like motif (Lai et al., 2001; Lai et al., 1999). Importantly, pRB-, p107- or p130-
mediated repression of E2F-inducible reporter constructs could (partially) be relieved 
by the HDAC inhibitor Trichostatin A (TSA). Additionally, pRB-mediated repression of 
several endogeneous E2F target genes was sensitive to TSA treatment, indicating that 
pocket protein-mediated repression indeed involves HDACs (Siddiqui et al., 2003; Chen 
and Wang, 2000; Dahiya et al., 2000; Brehm et al., 1998; Ferreira et al., 1998; Luo et al., 
1998; Magnaghi-Jaulin et al., 1998). 

Furthermore, various groups have demonstrated binding of pocket proteins, 
HDACs and/or E2Fs to repressed promoters in vitro: pRB and HDAC1 were recruited 
to the repressed Cyclin E promoter in serum-starved fibroblasts (Morrison et al., 2002), 
pRB, p130 and HDAC1 were recruited to the Cyclin E promoter in p16INK4A-arrested 
U2OS cells (Dahiya et al., 2001) and p107, p130, E2F4, HDAC1 and mSin3B were 
recruited to several E2F-regulated promoters in mouse embryonic fibroblasts arrested in 
G0 (Rayman et al., 2002). Notably, TSA treatment relieved repression of Cyclin E under 
serum starved conditions (Morrison et al., 2002). Furthermore, Rayman and colleagues 
(2002) demonstrated that combined ablation of p107 and p130 caused de-repression and 
loss of recruitment of E2F4, HDAC1 and mSin3B to the E2F-regulated B-Myb promoter. 
However, for most E2F promoters tested, p107 and p130 ablation caused de-repression 
and loss of recruitment of E2F4 and HDAC1, but not mSin3B. This implicates that p107/
p130-E2F4-HDAC and p107/p130-E2F4-mSin3B-HDAC1 complexes are involved in 
repression of different E2F-target genes. In conclusion, a great body of evidence points to 
the involvement of complexes containing pocket proteins and HDACs in transcriptional 
repression. 
 
The interaction between pocket proteins and Histone Methyl Transferases (HMTases) in 
transcriptional repression and silencing
The site in pRB that binds to the LxCxE motif has also been suggested to mediate binding 
to the Suv39h1 HMTase and to HP1. Suv39h1 specifically methylates Lysine 9 of Histone 
3, H3K9 (Rea et al., 2000), which creates a binding site for the heterochromatin protein 
HP1 (Lachner et al., 2001). Both H3K9 tri-Methylation (H3K9-triM) and the presence 
of HP1 are characteristics of transcriptionally inactive heterochromatin, suggesting a role 
for pRB in gene silencing via recruitment of these proteins. 

All three pocket proteins can bind Suv39h1 and contain HMTase activity 
when immunoprecipitated from nuclear extracts. In reporter assays, Suv39h1 enhanced 
repression by pRB, p107 or p130, indicating that recruitment of Suv39h1 can be involved 
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in pocket protein-mediated repression (Nicolas et al., 2003; Nielsen et al., 2001; Vandel 
et al., 2001). Interestingly, in MEFs, pRB was required for the recruitment of HP1 and 
methylated H3K9 to the Cyclin E promoter, indicating the involvement of both HP1 and 
Suv39h1 in pRB-mediated transcriptional repression of Cyclin E (Nielsen et al., 2001). 
In overexpression studies, the pRB-Suv39h1 and p107-Suv39h1 interaction could be 
inhibited by an LxCxE-containing peptide, indicating the involvement of the LxCxE 
binding site of pocket proteins in contacting Suv39h1 (Nicolas et al., 2003; Vandel et 
al., 2001). Additionally, HMTase activity of pulled down GST-pRB could be inhibited 
by an LxCxE-containing competitor peptide during precipitation (Nielsen et al., 2001). 
However, no LxCxE-like sequence has been detected in Suv39h1 (Vandel et al., 2001), 
suggesting that the interaction is indirect, and might for example involve the LxCxE-
containing protein HP1. Indeed, pRB, Suv39H1 and HP1 bound simultaneously to a 
peptide mimicking methylated H3K9 (Nielsen et al., 2001). Additionally, pRB, HP1 and 
methylated H3K9 were detected at the Cyclin A and PCNA  promoters in RASV12-induced 
senescent cells (Narita et al., 2003). It should be noted that p107, immuno-precipitated 
from Suv39h1-/-Suv39h2-/- double knockout MEFs still contained HMTase activity, 
pointing to the involvement of an HMTase other than Suv39h1/h2. Indeed, ectopically 
expressed p107 could interact with the EMT1 HMTase, that is also known to specifically 
methylate H3K9 (Nicolas et al., 2003). To further complicate matters, Suv39h1 can 
interact with HDAC1, 2 and 3. Moreover, Suv39h1-mediated repression involved HDAC 
activity and Suv39h1 could only methylate H3K9 when this residue was not acetylated 
(Vaute et al., 2002; Rea et al., 2000), suggesting a cooperation between pRB, Suv39h1, 
HDACs and HP1 in silencing.
 In line with the involvement of pocket proteins in recruiting HMTases to the 
chromatin, Gonzalo and co-workers (2005) showed that pocket protein-deficient MEFs 
displayed reduced H4K20-triM in both centromeric and telomeric heterochromatin. No 
defects in H3K9-triM could be detected in this study, although a recent study reported a 
mild reduction in total H3K9-triM upon acute pRB loss (Siddiqui et al., 2007). H4K20-
triM is performed by the Suv4-20h1 and -h2 HMTases (Schotta et al., 2004), which can 
bind pRB, p107 and p130 (Isaac et al., 2006; Gonzalo et al., 2005). Strikingly, disruption 
of E2F-pocket protein complexes in wild-type MEFs did not abrogate H4K20-triM 
(Gonzalo et al., 2005), suggesting that H4K20-triM is dependent on pocket proteins, but 
independent of E2Fs. 

Similar to pocket protein-deficient MEFs, MEFs expressing a pRB mutant 
deficient in binding LxCxE-containing proteins also displayed aberrant patterns of 
H4K20-triM in the heterochromatin. Surprisingly, the mutant pRB protein, defective in 
binding LxCxE-containing proteins, could still interact with Suv4-20h1/h2 HMTases 
(Isaac et al., 2006). Additionally, ectopically expressed Suv4-20h1/h2 was correctly 
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targeted to the chromatin in pocket protein-deficient MEFs and was able to rescue 
H4K20-triM (Gonzalo et al., 2005). The latter results argue against a role for the pocket 
proteins in recruiting Suv4-20h1/h2 to the chromatin. However, ablation of the LxCxE-
binding site in pRB did cause aberrant patterns of H4K20-triM (Isaac et al., 2006). This 
could imply that an LxCxE-containing protein is recruited to the chromatin by pRB and is 
required for stabilization of Suv4-20h1/h2 and subsequent induction of HMTase activity. 
Upon overexpression of Suv4-20h1/h2, this stabilization would not be required to obtain 
sufficient levels of HMTase activity. Alternatively, one can envision that, in addition to 
Suv4-20h1/h2, a yet unidentified LxCxE-containing HMTase is responsible for the pRB-
dependent methylation of H4K20. 

In conclusion, whereas the pocket protein-LxCxE interaction has been implicated 
in silencing via the establishment of heterochromatic marks, the exact mechanism remains 
obscure and might involve yet unspecified proteins.

The interaction of pocket proteins with the CtIP/CtBP and SWI-SNF complexes in 
transcriptional repression
The pocket proteins also interact with the CtBP/CtIP repressor complex. CtBP functions 
as a transcriptional repressor via binding and inhibiting several transcriptional factors, 
whereas CtIP interacts with CtBP and probably enhances repression (reviewed by Wu 
and Lee, 2006). Both pRB and p130 were reported to bind CtIP, and additionally, pRB 
was reported to bind CtBP (Dahiya et al., 2001; Meloni et al., 1999). CtBP/CtIP have 
been suggested to repress transcription in both an HDAC-dependent and -independent 
manner. HDAC independently, CtBP/CtIP is possibly involved in pocket protein-
mediated repression of Cyclin A and Cdk1 via recruitment of polycomb group proteins 
(Chinnadurai, 2002; Dahiya et al., 2001). CtIP contains an LxCxE sequence and deletion 
of the LxCxE and neighbouring sequence disrupted CtIP-p130 binding (Meloni et al., 
1999). Additionally, a pRB protein deficient in binding LxCxE-containing proteins, could 
no longer interact with CtBP1, indicating the involvement of the LxCxE binding site in 
contacting the CtBP/CtIP co-repressor (Isaac et al., 2006).

In addition, pRB interacts with the BRG1 and BRM ATPases of the SWI-SNF 
nucleosome remodeling complex (Dahiya et al., 2001; Strober et al., 1996; Singh et al., 
1995). The SWI-SNF complex is thought to function in both transcriptional activation and 
repression. Also, complex formation between p107 and BRG1, p107 and BRM and, to a 
lower extent, p130 and BRG1 was demonstrated in a yeast two-hybrid system (Strober et 
al., 1996). Both BRG1 and BRM1 contain an LxCxE sequence and deletion of the LxCxE 
plus the neighbouring sequence in BRG or BRM1 ablated formation of pRB-BRG1, 
pRB-BRM, p107-BRG1 and p107-BRM complexes (Strober et al., 1996; Singh et al., 
1995; Dunaief et al., 1994). LxCxE-mediated binding was, however, strongly questioned 
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by the observation that a pRB protein with a mutated LxCxE binding site was still able to 
bind BRG1, although unable to bind HDAC1 or HDAC2 (Dahiya et al., 2000; Zhang et 
al., 2000). An indication for the involvement of BRG1 in pRB-mediated repression was 
provided by the observation that dominant-negative BRG1 counteracted pRB-mediated 
repression of the E2F-target gene Cyclin A (Siddiqui et al., 2003). Additionally, repression 
of the polo-like kinase 1 gene by pRB depended on SWI/SNF activity, and could be 
reversed by TSA (Gunawardena et al., 2004). Since a tri-molecular complex containing 
BRG1, pRB and HDAC1 could be formed upon ectopic expression of these proteins 
(Zhang et al., 2000), this again points to an interplay of various chromatin remodeling 
activities during pRB-mediated transcriptional repression.
 
Extra-cellular signaling to the cell cycle machinery extends beyond G1/S
As described above, pocket proteins function in inhibiting E2F target gene expression, 
which involves the recruitment of LxCxE-containing proteins. The pocket proteins are 
active during G1, where they function as effectors of various extra-cellular stimuli to 
induce cell cycle progression under growth stimulating conditions, and conversely, 
to inhibit cell cycle progression under growth restricting conditions. Well-known 
examples of extra-cellular stimuli are signaling from the extra-cellular matrix (ECM) 
to the cell via integrin receptors, growth factor stimulation via Receptor Tyrosine 
Kinases (RTKs), or cell-cell signaling, which induces contact inhibition. Classically, 
extra-cellular signaling was suggested to convey the decision between proliferation or 
arrest during the G1 phase, specifically, before the Restriction point in mid G1 (Pardee, 
1974). However, our recent results have indicated that external stimuli can also interfere 
with cell cycle progression beyond S phase, i.e., independently of pocket proteins. 

Requirements for anchorage-induced signaling during G1/S progression  
Untransformed cells require combined signaling via anchorage and growth factors 
to stimulate cell cycle progression. Signaling via anchorage is mediated by integrin 
receptors, whereas growth factor signaling is mediated by RTKs.

Integrins are transmembrane glycoproteins that are composed of an α and β 
subunit and mediate binding between the ECM and the cell. Contact with the ECM induces 
integrin clustering at defined places (focal contacts or focal adhesions) and induces a 
signaling cascade in the cell that promotes proliferation. In addition, the cytoplasmic part 
of the integrin receptor binds to the actin cytoskeleton, which influences cell shape and 
migration (reviewed by Hood and Cheresh, 2002).

Integrins and RTKs cooperate to stimulate cell cycle progression by simultaneously 
inducing the RAS/RAF/MEK/ERK pathway. Integrin stimulation probably converges 
at different points in this pathway, as both RAS-dependent and RAS-independent 
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stimulation of ERK was reported upon adhesion-induced stimulation. Upstream in the 
pathway, integrins have been suggested to enhance activation of the RAS/RAF/MEK/
ERK pathway by inducing RTK-mediated signaling. This occurs via both association 
of integrins with RTKs and via inducing the presence of certain RTKs. Downstream, 
integrins were reported to stimulate transport of activated ERK into the nucleus (Aplin et 
al., 2002; Aplin et al., 2001; Schwartz and Assoian, 2001). 

Adhesion and growth factors are simultaneously required for the induction of 
Cyclin D1 protein and of Cyclin D1-associated kinase activity via the RAS/RAF/MEK/
ERK pathway. Although the RAS pathway could be stimulated by the individual actions 
of either integrins or RTKs, combined stimulation was required to induce sufficiently high 
levels of activated ERK to induce Cyclin D1 (Roovers and Assoian, 2000; Roovers et al., 
1999). In addition to inducing Cyclin D1-associated kinase activity, integrin signaling 
promoted the proteosomal degradation of the cdk-inhibitors p21CIP1 and p27KIP1 (Bao et 
al., 2002), which led to a rise in Cyclin E/A-CDK2 kinase activity. Together, the induced 
Cyclin D-CDK4/6 and Cyclin E/A-CDK2 kinase activities promote phosphorylation of 
the pocket proteins and entry into S phase.

Conversely, detachment from the ECM caused downregulation of Cyclin D1, 
via both inhibition of Cyclin D1 transcription and inhibition of protein translation (Zhu et 
al., 1996). Additionally, the cdk inhibitors p21CIP1 and p27KIP1 were induced upon loss of 
anchorage. Since integrin signaling promoted proteosomal degradation of these inhibitors 
(Bao et al., 2002), the absence of integrin signaling likely stabilizes p21CIP1 and p27KIP1 
via inhibition of proteosomal degradation. Additionally, loss of anchorage induced p21CIP 
at the transcriptional level, possibly via activation of p53 (Wu and Schonthal, 1997). 
Importantly, cells cultured in the absence of anchorage displayed increased association 
of p21CIP1 and p27KIP1 with Cyclin E/A-CDK2 complexes, which correlated with 
downregulation of CDK2 kinase activity. As a result, cells cultured without anchorage 
contain active, hypo-phoshorylated pRB and arrest in the G1 phase of the cell cycle (Wu 
and Schonthal, 1997; Fang et al., 1996; Zhu et al., 1996; Guadagno et al., 1993).

Anchorage signaling beyond S phase; requirements for transformation of pocket protein 
deficient MEFs
Consistent with a role for pocket proteins in G1 arrest upon loss of anchorage, ablation of 
pocket proteins in MEFs bypassed G1 arrest under non-adherent conditions. Additionally, 
pocket protein-deficient MEFs bypassed G1 arrest induced by prolonged culturing, 
expression of RASV12, cell-cell contact, growth factor depletion and DNA damage (Foijer 
et al., 2005; Dannenberg et al., 2004; Peeper et al., 2001; Dannenberg et al., 2000; Sage 
et al., 2000). Specifically, MEFs deficient for pRB and p107, pRB and p130 (double 
knockout, DKO MEFs) or all three pocket proteins (triple knockout, TKO MEFs) were 
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refractory to both replicative senescence and senescence induced by constitutively active 
RAS, RASV12, demonstrating the crucial role of pocket proteins in G1 control (Dannenberg 
et al., 2004; Peeper et al., 2001; Dannenberg et al., 2000; Sage et al., 2000). 

In line with the integrin-dependent induction of the RAS pathway, we have 
found that expression of RASV12 was required for anchorage-independent growth of 
DKO or TKO MEFs (Vormer et al., 2008, Chapter 2). Interestingly, RASV12 expression 
was not sufficient to induce anchorage-independent growth of these MEFs, but required 
additional events. Chapters 2 and 3 of this thesis focus on the additional requirements 
for anchorage-independent growth of pocket protein-deficient MEFs. In Chapter 2, we 
show that dependent on the level of pocket proteins, loss of adhesion induced both G1 and 
G2 arrest, demonstrating that anchorage signaling is required for cell cycle progression 
beyond S phase. Similarly, we have previously shown that serum stimulation was required 
beyond S phase (Foijer et al., 2005). Our present results show that a combination of pocket 
protein loss and either TBX2 overexpression or p53 downregulation induces G1 and G2-
associated kinase activities under non-adherent conditions, resulting in the induction of 
anchorage-independent growth and transformation. 

Moreover, the results described in Chapter 3 point to an involvement of the p38/
Mapkapk3 pathway in inhibiting anchorage-independent growth. The p38 MAPK, which 
induces several cell cycle inhibitors, is known to be activated upon stress signaling, but 
has also been placed downstream of the RAS/RAF/MEK/ERK pathway. Furthermore, 
the p38 pathway is suggested to activate the p53 tumor suppressor pathway. Mapkapk3 
functions downstream of p38, but also of MEK/ERK (Han and Sun, 2007; Zakowski et 
al., 2004; Ludwig et al., 1996). We show that downregulation of p38 or of Mapkapk3 
induced anchorage-independent growth in RASV12/pocket protein-deficient MEFs. It is 
likely that upon loss of anchorage, the p38 pathway plays an important role in tumor 
suppression via activation of p53.

In vitro transformation requirements for human and mouse fibroblasts
As mentioned above, we have found that transformation of MEFs requires expression of 
RASV12 plus downregulation of both the pocket protein and the p53 pathways. In contrast 
to our findings, others have claimed previously that RASV12-induced transformation of 
murine fibroblasts could be accomplished by ablation of either the pocket protein or 
the p53 pathway (Rangarajan et al., 2004; Sage et al., 2000). Since RASV12-induced 
transformation of human fibroblasts has been reported to require ablation of both 
pathways (Rangarajan et al., 2004; Voorhoeve and Agami, 2003), a widely held view 
has emerged that RASV12-induced transformation of human and murine fibroblasts meets 
different requirements.
 Although oncogenic, expression of constitutively active RAS, RASV12, induces 
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G1 arrest in wild-type fibroblasts, a phenomenon known as oncogene-induced senescence 
(Serrano et al., 1997). In murine fibroblasts, ablation of either the pocket protein or the p53 
pathway was sufficient to bypass RASV12-induced senescence (Dannenberg et al., 2004; 
Rangarajan et al., 2004; Peeper et al., 2001; Sage et al., 2000; Kamijo et al., 1997; Serrano 
et al., 1997). Concerning human fibroblasts, several studies implied that downregulation 
of both the pocket protein and p53 pathways was required to bypass RASV12-induced 
senescence (Wei et al., 2003; Hahn et al., 2002; Serrano et al., 1997). In contrast, others 
claimed that downregulation of either p53 or pocket proteins suffices to bypass RASV12-
induced senescence in human fibroblasts (Rangarajan et al., 2004; Voorhoeve and Agami, 
2003), implying that bypass of RASV12-induced senescence actually meets similar 
requirements in human and mouse fibroblasts.

RASV12-induced transformation clearly meets different requirements in human 
and mouse fibroblasts: expression of hTERT and SV40 small t antigen (st) are required 
for transformation of human fibroblasts (Voorhoeve and Agami, 2003; Hahn et al., 2002; 
Hahn et al., 1999), whereas they are dispensable for transformation of murine fibroblasts 
(Vormer et al., 2008; Rangarajan et al., 2004). Murine fibroblasts contain long telomeres 
(Prowse and Greider, 1995; Kipling and Cooke, 1990) and consequently do not require 
expression of hTERT. The requirement for st in transformation has been linked to the 
inactivation of PP2A (Hahn et al., 2002), which possibly causes downregulation of PTEN 
(Boehm et al., 2005) and stabilization of c-Myc (Yeh et al., 2004). Why st is dispensable for 
transformation of murine fibroblasts remains currently unknown. As already mentioned, 
a view has emerged that RASV12-induced transformation of human fibroblasts requires 
ablation of both the pocket protein and p53 pathways, whereas transformation of murine 
fibroblasts requires ablation of only one of the two pathways (Rangarajan et al., 2004; 
Voorhoeve and Agami, 2003; Sage et al., 2000). This contrasts sharply with our findings 
in murine fibroblasts, showing that ablation of the pocket protein and the p53 pathway 
synergistically supports RASV12-induced transformation. These results, described in 
Chapter 2, imply that transformation requirements for murine and human fibroblasts are 
not as different as previously claimed.

The role of the pocket proteins in development and tumorigenesis
In line with their key role in cell cycle control, differentiation and apoptosis, pocket 
proteins are essential for both tumor suppression and embryonic development. Rb-/- 
mouse embryos died between embryonic day 13.5 and 15.5 with defects in the nervous 
system, lens, placenta, liver and erythroid lineage. Elevated levels of both proliferation 
and apoptosis were detected in the lens and in both the central and peripheral nervous 
system. The presence of a wild-type placenta suppressed apoptosis in the central nervous 
system and rescued survival of Rb-/- embryos to term. However, the increased levels of 
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proliferation in the central nervous system and of both proliferation and apoptosis in 
the lens were maintained, demonstrating that these abnormalities were not caused by 
placental malfunctioning. Rescued Rb-/- animals died shortly after birth with a collapsed 
alveolar space and severe defects in the skeletal muscle (de Bruin et al., 2003; Wu et 
al., 2003; Tsai et al., 1998; Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992).  
p130-/- and p107-/- animals displayed normal survival, however, the combined loss of p130 
and p107 resulted in early neonatal death, probably caused by increased proliferation of 
chondrocytes, resulting in aberrant bone development (Cobrinik et al., 1996).

Loss of pocket proteins strongly predisposes to tumorigenesis. In human cancer, 
mutations in the Rb gene were first identified in the early childhood tumor retinoblastoma, 
and were subsequently found in various tumor types, including osteocarcoma,  small 
cell lung cancer as well as breast- and bladder carcinomas (reviewed by Burkhart and 
Sage, 2008; Sherr and McCormick, 2002; Nevins, 2001; Sherr, 1996; Weinberg, 1995). 
In addition, p130 was found mutated in a variety of tumor types including retinoblastoma 
and Burkitt’s lymphoma (De Falco G. et al., 2007; Tosi et al., 2005; Cinti et al., 2000), 
whereas an intragenic deletion in p107 was detected in a B-cell lymphoma cell line 
(Ichimura et al., 2000). Importantly, components of the pocket protein pathway were 
frequently found mutated in human cancer: loss of p16INK4A or overexpression of Cyclin 
D1 or CDK4, which all promote inactivation of the complete pocket protein family, were 
detected in melanoma, non-small cell lung cancer, mantle cell lymphoma, sarcomas, 
pancreatic- and breast cancers, and others. In conclusion, the pocket protein pathway has 
been suggested to be deregulated in the majority of human tumors (reviewed by Sherr and 
McCormick, 2002; Nevins, 2001; Sherr, 1996; Weinberg, 1995). 

In mice,  Rb loss clearly predisposes to tumorigenesis: Rb+/- germline and 
Rb-/- chimeric mice died of pituitary tumors at early age and additionally developed 
hyperplasia in the thyroid and pre-neoplastic lesions in the adrenals (Harrison et al., 
1995; Maandag et al., 1994; Williams et al., 1994). The wild-type Rb allele was lost in 
pituitary tumors recovered from Rb+/- germline mice, further emphasizing the role of Rb 
in counteracting tumorigenesis (Maandag et al., 1994). The tumor spectrum, induced by 
Rb loss, was extended by the additional loss of either p130 or p107, which drove the 
formation of various tumors, including retinoblastoma, osteocarcoma, lymphosarcoma, 
pheochromocytoma and adenocarcinoma in the coecum (Dannenberg et al., 2004; 
Robanus-Maandag et al., 1998). 

Implications for the role of pocket protein-chromatin remodeling complexes in 
tumorigenesis
Whereas the importance of loss of pocket proteins in tumor development has been clearly 
established, the contribution of pocket protein-E2F-chromatin remodeling complexes in 
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this process remains elusive. A view has emerged that mainly loss of control of ‘activator’ 
E2Fs is involved in tumorigenesis. Specifically, tumorigenesis in Rb+/- mice could be 
counteracted by the additional loss of the activator E2F1 or by loss of E2F4; the latter 
caused a redistribution of pocket protein-E2F complexes resulting in complex formation 
between p107/p130 and E2F1/E2F3, presumably inhibiting these activator E2Fs (Lee 
et al., 2002; Yamasaki et al., 1998). However, the interpretation of these experiments is 
hampered by the fact that the division between ‘activator’ and ‘repressor’ E2Fs is far from 
absolute. Recent studies have suggested that the ‘activator’ E2Fs also contain a repressor 
function (Sahin and Sladek, 2010; Chong et al., 2009b). Moreover, the ‘repressor’ 
E2Fs have been implicated in transcriptional activation. Both E2F3b and E2F4 could 
transactivate an E2F-luciferase-reporter in vitro (Chong et al., 2009a; Chapter 4 of this 
thesis) and overexpression of E2F4 in the nucleus could induce E2F target gene expression 
and cell cycle progression (Muller et al., 1997). Furthermore, free, unbound E2F4 was 
strongly implicated in the induction of E2F target genes and S phase progression in fetal 
erythrocytes (Kinross et al., 2006). Similarly, E2F3b was suggested to function as an 
activator in MEFs, as it could induce proliferation of the otherwise proliferation deficient 
E2f1-/-E2f2-/-E2f3-/- MEFs (Tsai et al., 2008; Wu et al., 2001). Finally, E2F3b was also 
implicated to function as an activator in the lens and possibly also in the central nervous 
system (Chong et al., 2009a).
 Importantly, a great body of evidence points to an involvement of pocket protein-
chromatin remodeling complexes in processes critical for tumor suppression, such as 
(irreversible) cell cycle arrest and senescence. This is described in detail in Chapter 5 of 
this thesis. p130, p107 and the ‘repressor’ E2F4 were recruited to repressed promoters in 
G0-arrested mouse fibroblasts (Rayman et al., 2002) and in G0/G1-arrested human T98G 
cells (Takahashi et al., 2000). Additionally, E2F-repressor complexes were shown to be 
involved in contact inhibition, replicative senescence and RASV12-induced senescence 
(Rowland et al., 2002; Zhang et al., 1999). Consistent with a role for LxCxE-containing 
proteins in executing pRB-mediated silencing, active repression of E2F target genes 
involving pRB and LxCxE-containing proteins was detected under various growth 
inhibitory conditions, such as serum starvation (Isaac et al., 2006; Morrison et al., 2002), 
RASV12-induced senescence (Narita et al., 2003) and cell cycle arrest induced by p16INK4A 
(Dahiya et al., 2001). Additionally, pRB-mediated silencing and cell cycle arrest occurred 
during differentiation of various cell types (Guo et al., 2009; Blais et al., 2007;  Khidr 
and Chen, 2006; Novitch et al., 1996; Gu et al., 1993). During muscle differentiation, the 
LxCxE-containing Suv39H1 was involved in establishing terminal silencing (Ait-Si-Ali 
et al., 2004) and moreover, pRB-mediated silencing of cell cycle genes correlated with the 
presence of repressive chromatin marks (Blais et al., 2007). Together, these studies imply 
an involvement for the recruitment of LxCxE-containing proteins by pocket proteins in 



Chapter 1

22

cell cycle arrest and tumor suppression.
To determine the role of the interaction between pocket proteins and LxCxE-

containing proteins in tumorigenesis, we have generated mice and MEFs expressing a 
mutant pRB protein, pRBN750F, from the endogenous locus. This protein was unable to 
interact with LxCxE-containing proteins and was thus impaired in recruiting chromatin-
remodeling proteins via the LxCxE binding site. Given the compensatory role of p130 and 
p107 in binding LxCxE-containing proteins, we combined this mutation with loss of p130 
or p107 and studied both cell cycle arrest in vitro and tumor predisposition in vivo. The 
results of these experiments are described in Chapter 4 and 5 of this thesis. Interestingly, 
we found that the pRB-LxCxE interaction contributed to cell cycle arrest in response 
to γ-irradiation or expression of RASV12. Surprisingly, mice homozygously expressing 
the pRBN750F protein were not tumor prone under the conditions tested. By combining 
the pRBN750F mutation with loss of p130 or p107, we show that reducing pocket protein-
E2F chromatin remodeling complexes to a level that is compatible with embryonic 
development, did not ablate the tumor suppressor function of the pocket proteins. As 
discussed in Chapter 4, we hypothesize that the pRB-LxCxE interaction might play a role 
during transcriptional silencing and tumor suppression in vivo, however, the presence 
of the remaining pocket proteins and/or of chromatin-remodeling proteins interacting 
independently of the LxCxE binding site, prevents a full relieve of transcriptional 
silencing in vivo and subsequently inhibits tumor formation.

Outline thesis
This thesis focuses on the role of the pocket proteins during in vitro transformation and in 
vivo tumorigenesis. The first part of this thesis describes the transformation requirements 
for pocket protein-deficient MEFs. In Chapter 2, we show that a combination of pocket 
protein loss and either TBX2 overexpression or p53 downregulation is required for the 
induction of G1- and G2-associated kinase activities under non-adherent conditions, 
resulting in the induction of anchorage-independent growth and transformation. In Chapter 
3, we describe the involvement of the p38 pathway and one of its downstream effectors, 
Mapkapk3, in counteracting transformation of pocket protein-deficient MEFs. The 
second part of this thesis focuses on the interaction between pRB and proteins containing 
an LxCxE motif during cell cycle arrest in vitro and tumorigenesis in vivo. In Chapter 
4, we show that the pRB-LxCxE interaction contributes to cell cycle arrest in response 
to γ-irradiation or overexpression of RASV12, whereas the interaction is dispensable for 
arrest in response to serum deprivation or cell-cell contact. Chapter 5 describes the effect 
of ablating the pRB-LxCxE interaction in mice. Surprisingly, we found that ablation 
of this interaction did not predispose mice to tumor formation, implying that the pRB-
LxCxE interaction does not comprise a major tumor suppressor role of pRB. 
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