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Tumorigenesis is a gradual process, which includes multiple alterations in both tumor 
suppressor- and oncogenic pathways. The retinoblastoma pathway comprises a major 
tumor suppressor pathway and is often found deregulated in both human and mouse cancer 
(Hanahan and Weinberg, 2000; Sherr, 1996). Ablation of the retinoblastoma proteins 
pRB, p107 and p130, also known as ‘pocket proteins’, bypassed cell cycle arrest that 
is normally induced by several growth inhibitory signals in vitro, but was not sufficient 
to establish full transformation. We focused on the identification of genetic events, 
cooperating with loss of pocket proteins in transformation. Additionally, we analyzed the 
role of the interaction between pRB and proteins containing and LxCxE motif during cell 
cycle arrest and tumorigenesis.

Tumor suppression mechanisms in mouse embryonic fibroblasts (MEFs) 
The family of pocket proteins plays a key role in cell cycle regulation by inhibiting 
E2F transcription factors during G1 (Frolov and Dyson, 2004). Consistently, ablation of 
pocket proteins in MEFs abrogated G1 arrest in response to various inhibitory signals, 
including the expression of constitutively active (ca) RAS, RASV12. However, our 
previous experiments demonstrated that pocket protein-ablation was not sufficient for 
RASV12-induced transformation and required additional events (Dannenberg et al., 2004; 
Dannenberg et al., 2000; Peeper et al., 2001). The first part of this thesis is focused on 
the identification of genetic events that in collaboration with loss of pocket proteins and 
expression of RASV12 promote transformation of MEFs.

Requirements for RASV12-induced transformation
In a genetic screen we found that RASV12-induced transformation of pocket protein-
deficient MEFs could be accomplished by expression of TBX2. Importantly, transformation 
was only achieved upon concomitant ablation of pocket proteins, expression of RASV12 
and over-expression of TBX2. Thus, expression of RASV12 and TBX2 in the presence of 
pocket proteins was not sufficient for transformation. In line with the down-modulating 
role of TBX2 on the p53 pathway, we subsequently found that down-regulation of p53 
or p21CIP by RNA interference was sufficient to promote anchorage-independent growth 
of RASV12/pocket protein-deficient MEFs (Vormer et al., 2008; Chapter 2). Our results 
demonstrate that MEFs were protected from transformation by the synergistic activities 
of the pocket protein- and the p53 pathways. This could be explained by their synergistic 
role in regulating the activity of cyclin-dependent kinases (cdks). Loss of pocket proteins 
induced both G1- and G2-associated cdk activities, which was dramatically counteracted by 
loss of anchorage. Dependent on the level of pocket proteins present, this resulted in cell 
cycle arrest in G1 and G2 phase. Loss of pocket proteins plus down-regulation of p21CIP1 
caused an additive rise in cdk activity, which was sufficient to overcome the suppression 
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of cdk activities by loss of anchorage, and could therefore induce transformation. 
 In Chapter 3, we describe a second genetic screen aimed to identify inducers of 
anchorage-independent growth of RASV12/pocket protein-deficient MEFs. In this screen, 
we identified Mapkapk3 as a suppressor of anchorage-independent growth of RASV12/
pocket protein-deficient MEFs. Interestingly, Mapkapk3 was transcriptionally induced 
upon loss of anchorage, which could be counteracted by expression of TBX2. These 
results suggest that part of the transforming activity of TBX2 was mediated by down-
regulation of Mapkapk3. Mapkapk3 has been linked to the induction of p19ARF and 
p16INK4A via release of BMI1 from the chromatin (Voncken et al., 2005), again pointing 
to the necessity of down-regulating both the pocket protein and the p19ARF/p53 pathway 
during transformation. 

In conclusion, the results described in Chapters 2 and 3 point to the compensatory 
role of the pocket protein- and the p53 pathways during tumor suppression. Others have 
repeatedly claimed that down-regulation of either the pocket protein- or the p53/p21CIP1 
pathway was sufficient for RASV12-induced transformation of MEFs (Rangarajan et al., 
2004; Sage et al., 2000). Our results, however, clearly demonstrate that ablation of both 
pathways is required to bypass cell cycle arrest under growth-inhibiting conditions. Both 
pathways regulate cdk activity and various combinations of disturbances to different 
degrees can add up to a situation enabling tumorigenesis.
 In line with the results described above, the results described in Chapter 4 
further demonstrate that transformation of MEFs requires a very specific combination of 
events. Specifically, we found that MEFs, expressing a mutant form of pRB and deficient 
for p130 (RbN750F/N750Fp130-/- MEFs), bypassed RASV12-induced senescence, but could not 
grow anchorage independently upon expression of RASV12 and TBX2. This is in contrast 
to Rb-/-p130-/- MEFs, which bypassed RASV12-induced senescence and were able to grow 
anchorage independently upon expression of RASV12 and TBX2. Thus, pocket protein-
ablation to a level sufficient to bypass RASV12-induced senescence, was not sufficient 
to support RASV12/TBX2-induced transformation. These results underline the stringent 
requirements for transformation. At the molecular level, this can possibly be explained 
by control of the E2F-target gene Cyclin E, which is known to involve the activity of 
chromatin remodeling proteins (Morrison et al., 2002; Dahiya et al., 2001; Nielsen et 
al., 2001). RbN750F/N750Fp130-/- MEFs were impaired in the formation of pRB-chromatin 
remodeling complexes, whereas still able to inhibit E2F-mediated transactivation (see 
below). As a result, these MEFs expressed increased levels of Cyclin E compared to 
wild-type or p130-/- MEFs, but decreased levels compared to Rb-/-p130-/- MEFs (Chapter 
4). Possibly, the Cyclin E level in RbN750F/N750Fp130-/- MEFs was sufficiently high to 
bypass RASV12-induced senescence, but insufficient to support TBX2/RASV12-induced 
transformation. 
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Senescence and DNA damage signaling pathways
Similar to expression of TBX2, we found that downregulation of Mapkapk3 or of p38 
MAPK promoted anchorage-independent growth in RASV12/Rb-/-p107-/-  MEFs (Chapter 
3). Previous studies have designated p38 as a mediator of RASV12-induced senescence, 
since chemical inhibition of p38 bypassed senescence that was induced by either RASV12, 
caMEK1 or caMKK3/6 (both upstream inducers of p38) (Wang et al., 2002; Han and 
Sun, 2007). This raises the possibility that despite bypass of RASV12-induced senescence 
under adherent conditions, pocket protein-deficient MEFs are still sensitive to some of 
the inhibitory effects of RASV12, which becomes apparent upon removal of anchorage. 
Loss of anchorage might induce p38/Mapkapk3, which needs to be inhibited in order to 
stimulate anchorage-independent growth of pocket protein-deficient cells. 

As observed for loss of anchorage, the removal of growth factors induced G2 
arrest in Rb-/-p107-/-p130-/- (TKO) and TKO MEFs expressing Bcl2 (TKO-Bcl2 MEFs) 
(Foijer et al., 2005). Strikingly, growth factor deprivation in TKO-Bcl2 MEFs induced 
DNA double stranded breaks and Rad51/γH2AX foci. Moreover, inhibition of the DNA 
damage response accelerated cell cycle re-entry of mitogen re-stimulated TKO-Bcl2 
MEFs (van Harn, Foijer and te Riele, in preparation). In line with this, Cremona and 
Lloyd (2009) suggested recently that culturing without anchorage could induce DNA 
damage. Specifically, large T-expressing rat Schwann cells were impaired in cell cycle 
progression upon removal of anchorage, which was linked to the formation of giant 
nuclei and an increase in the percentage of cells containing more than 42 chromosomes. 
In contrast, we were unable to detect DNA damage in arrested, anchorage deprived, 
RASV12/TKO MEFs (see below), although we did observe an increase in the percentage 
of cells with an 8N DNA content, which is indicative of endoreduplication. Several 
explanations can be envisaged. During a normal cell cycle, entry into M phase is induced 
by high CDK1 activity, whereas exit from M is driven by APC/C-induced proteolysis 
of Cyclin B1, resulting in down-regulation of CDK1 activity. Additionally, APC/C 
induces the proteolysis of Geminin, a protein that inhibits the assembly of pre-replication 
complexes. A combination of low CDK activity and proteolysis of Geminin during late 
M/early G1 enables the assembly of pre-replication complexes at replication origins 
(Porter, 2008). Anchorage-deprived RASV12/TKO MEFs have low CDK1 activity due to 
high levels of p21CIP1 and p27KIP1. This prevents entry into M phase, but possibly renders 
them more sensitive to the premature assembly of pre-replication complexes. The latter 
may be achieved by aberrant down-regulation of Geminin or over-expression of factors 
promoting the assembly of pre-replication complexes, which would result in entry into 
a next G1 phase without progression through M and cytokinesis. Alternatively, a subset 
of the anchorage-deprived cells may slip through G2 and enter M phase in the absence of 
anchorage, but then encounter problems with cytokinesis. Both mechanisms would lead 
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to replication of a 4N genome causing the appearance of cells with an 8N DNA content 
in the absence of anchorage.

As mentioned above, we could not detect DNA damage in anchorage-deprived, 
RASV12/TKO MEFs. Specifically, RASV12/TKO MEFs were cultured without anchorage 
for 4 days and analyzed for the presence of γH2AX/Rad51 double foci after 2 and 4 hours 
of re-attachment. In striking contrast to the situation upon growth factor withdrawal, we 
only observed background levels of γH2AX/Rad51 double foci in re-attached RASV12/
TKO MEFs (Vormer and van Harn, unpublished results). It remains possible that a high 
level of DNA damage prevented re-attachment, and thus prevented the detection of DNA 
damage in our set-up. Therefore, further study is required to determine whether loss of 
anchorage can promote the acquisition of DNA damage. Our preliminary results indicate 
that, if present, the magnitude of DNA damage is much lower in anchorage-deprived cells 
compared to growth factor-deprived cells. We speculate that growth factor deprivation in 
TKO MEFs interferes with DNA replication, which is likely to contribute to tumorigenesis 
via the promotion of genomic instability. In contrast, anchorage deprivation does not 
interfere with DNA replication and hence under these circumstances, G2 arrest may act as 
a bona fide tumor suppressor mechanism.

Involvement of pocket protein-chromatin remodeling complexes in tumor suppression?
In the second part of this thesis, we aimed to determine the role of pocket protein-bound, 
LxCxE-containing proteins in tumor suppression. 

During G1, pocket proteins inhibit the activity of E2F transcription factors via 
binding and masking E2F’s transactivation domain and via binding proteins containing an 
LxCxE- motif. Since many LxCxE-containing proteins function in chromatin remodeling 
and transcriptional repression, the formation of such complexes is thought to actively 
repress E2F target genes via the promotion of a chromatin structure that is unfavorable 
for transcription (Dick, 2007). Importantly, many studies have pointed to the involvement 
of pocket protein-chromatin remodeling complexes in (irreversible) cell cycle arrest and 
senescence (Narita et al., 2003; Morrison et al., 2002; Rayman et al., 2002; Dahiya et al., 
2001; Chen and Wang, 2000).

To study the involvement of pocket protein-bound, LxCxE-containing proteins, 
we generated mice and MEFs expressing a mutant form of pRB (pRBN750F). The 
pRBN750F protein was unable to bind LxCxE-containing proteins, whereas inhibition 
of E2F-mediated transactivation remained intact (Chapters 4 and 5). Previous studies 
have suggested that mainly deregulation of ‘activator’ E2Fs contributed to the tumor 
susceptibility of Rb+/- mice (Lee et al., 2002; Yamasaki et al., 1998). However, the 
classical division between ‘activator’ and ‘repressor’ E2Fs seems incorrect, and a view 
is now emerging that individual E2Fs can perform both functions (Chong et al., 2009a; 
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Chong et al., 2009b; Kinross et al., 2006). The benefit of the current approach is that 
we studied exclusively the involvement of pocket protein-bound, LxCxE-containing 
proteins. Therefore, the interpretation of our data is independent of which E2F family 
member, ‘activator ‘or ‘repressor’, was bound by pRB.
 

In Chapter 4, we demonstrate that the pRB-LxCxE interaction was not required 
for cell cycle arrest in response to growth factor deprivation or contact inhibition. 
However, the pRB-LxCxE interaction was critical for cell cycle arrest in response to 
γ-irradiation or expression of RASV12, indicating that LxCxE-mediated repression of E2F 
target genes was involved during these types of cell cycle arrest. Strikingly, experiments 
by Avni and co-workers (2003) demonstrated that γ-irradiation caused recruitment of 
pRB to origins of replication. Together, this raises the possibility that upon DNA damage, 
pRB might directly inhibit DNA replication via the recruitment of an LxCxE-containing 
protein. It remains the subject of further study to determine which LxCxE-containing 
protein(s) is involved in cell cycle arrest under these conditions.
 Although we found that ablation of the pRB-LxCxE interaction did alleviate 
RASV12-induced senescence, it did not promote in vitro transformation induced by RASV12 
and TBX2. Consistently, we found that RbN750F/N750F mice had a normal lifespan and were 
not predisposed to tumorigenesis. Even upon concomitant inactivation of p130 or p107, 
we could not detect tumor susceptibility. I.e., RbN750F/N750Fp130+/-, RbN750F/wtp130-/- and 
RbN750F/N750Fp107+/- mice were not tumor prone, although they had a (slightly) reduced 
lifespan (Chapter 5). To exclude that the absence of tumor predisposition was caused 
by the recruitment of LxCxE-containing proteins via the remaining pocket protein, it 
will be helpful to study tumor predisposition in chimeric RbN750F/N750Fp130-/-p107-/- mice. 
Nevertheless, the sharp contrast between strong tumor predisposition in Rb+/- mice and 
Rb-/- chimeras (Maandag et al., 1994; Williams et al., 1994) and the complete absence 
of tumor predisposition in RbN750F/N750F mice, suggests that inhibition of E2F-mediated 
transactivation is the main tumor suppressor mechanism of pRB. Since we did observe 
an involvement of the pRB-LxCxE interaction during cell cycle arrest upon γ-irradiation 
or expression of RASV12, it remains possible that mice with an ablated pRB-LxCxE 
interaction display increased tumor susceptibility in response to for example irradiation 
or upon chemical activation of RAS signaling.
 Lastly, we note that our experiments using pRBN750F focused exclusively on 
the involvement of pRB-bound, LxCxE-containing proteins. As described in Chapter 
5, pRB-mediated repression probably involves many different chromatin remodeling 
proteins, and moreover, complex formation between these remodelers and the pocket 
proteins has not been completely elucidated. Thus, ablation of the interaction between 
pRB and LxCxE-containing proteins might not be sufficient to completely block pRB-
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mediated recruitment of chromatin remodeling complexes. Therefore, our study can not 
exclude that pocket protein-chromatin remodeling complexes could still contribute to 
tumor suppression. Importantly, our study does exclude a main involvement of the pRB-
LxCxE interaction in tumor suppression in vivo.
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