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Abstract
Loss of the retinoblastoma gene Rb can initiate tumorigenesis in both humans and mice. 
pRB and its two close homologs, p107 and p130, form the family of pocket proteins 
and collectively regulate the activity of E2F transcription factors during G1. pRB-E2F 
interaction blocks E2F’s transactivation domain but can also actively repress E2F target 
genes through the recruitment of proteins containing an LxCxE-motif. This motif is present 
in many proteins involved in chromatin remodeling and transcriptional repression. To 
investigate whether active repression is involved in pRB’s role in development and tumor 
suppression, we generated mice expressing a variant pRB protein in which the asparagine 
at position 750 was replaced for phenylalanine. pRBN750F is abrogated in binding LxCxE-
containing proteins while still able to inhibit E2F-induced transactivation. In sharp 
contrast to Rb+/- mice and Rb-/- chimeras, RbN750F/N750F mice had a normal life span and 
were not predisposed to tumorigenesis, demonstrating that ablation of the pRB-LxCxE 
interaction was not sufficient to induce tumor formation. Because of the compensatory 
role of other pocket proteins in binding LxCxE-containing proteins and in inhibiting E2F-
induced transcription, we combined the RbN750F mutation with loss of p130. Interestingly, 
the RbN750F/N750Fp130-/- genotype caused embryonic lethality, indicating a role for LxCxE-
containing proteins in embryonic development. Furthermore, RbN750F/N750Fp130+/- and 
RbN750F/wtp130-/- mice were viable but showed a reduced lifespan. However, these genotypes 
did not predispose to tumorigenesis, indicating that inhibiting the transactivation function 
of E2Fs is the dominant mechanism of tumor suppression by the pocket proteins.

Introduction
The retinoblastoma tumor suppressor pathway plays a major role in the inhibition of 
human and mouse tumorigenesis. The retinoblastoma protein, pRB, has two homologs, 
p130 and p107, which together form the family of pocket proteins. Pocket proteins are 
essential for regulation of the cell cycle, differentiation and apoptosis. 

Pocket proteins play a key role in the G1 phase of the cell cycle, where they 
inhibit the activity of E2F transcription factors. Binding to pocket proteins blocks E2F’s 
transactivation domain, resulting in inhibition of E2F-dependent transcription. In addition 
to binding E2Fs, pocket proteins can simultaneously bind to proteins containing an 
LxCxE motive (x encoding any amino acid). Since many LxCxE-containing proteins have 
been implicated in chromatin remodeling and transcriptional repression, the recruitment 
of complexes containing pocket proteins, E2Fs and LxCxE-containing proteins may 
result in active repression of E2F target genes. Examples of transcriptional repressors 
that interact with pRB via the LxCxE binding site are histone deacetylase 1 (HDAC1), 
HDAC2, heterochromatin protein 1 (HP1) and the histone methyltransferase Suv39h1 
(Dick, 2007; Frolov and Dyson, 2004; Lai et al., 2001; Nielsen et al., 2001; Vandel et al., 
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2001; Chen and Wang, 2000; Dahiya et al., 2000; Magnaghi-Jaulin et al., 1998). 
The E2F transcription factor family is classically divided into activator E2Fs 

(E2F1, E2F2 and E2F3a) and repressor E2Fs (E2F3b, E2F4, E2F5, E2F6a, E2F6b, 
E2F7a, E2F7b and E2F8). pRB interacts with E2F1-4 (Moberg et al., 1996), whereas 
p130 and p107 interact with E2F4 and E2F5. E2F6-8 function independently of the pocket 
proteins (DeGregori and Johnson, 2006; Dimova and Dyson, 2005; Frolov and Dyson, 
2004). Thus, whereas the transactivation function of activator E2Fs is simply inhibited 
by pRB binding, pocket protein-E2F-chromatin remodeling complexes can be formed 
by pRB-E2F3b, pRB-E2F4, p130/p107-E2F4 and p130/p107-E2F5. Of relevance, the 
division between activator and repressor E2Fs is far from absolute. The E2F3b, E2F4 and 
E2F5 ‘repressors’ contain a transcriptional activation domain, and both E2F3b and E2F4 
have been shown to function as transcriptional activators in vitro and in vivo (Chong et 
al., 2009a; Tsai et al., 2008; Kinross et al., 2006; Wu et al., 2001; Muller et al., 1997). 
Furthermore, E2F1-3a were recently shown to form pRB-E2F repressor complexes in 
differentiating cells (Sahin and Sladek, 2010; Chong et al., 2009b).

Loss of pocket proteins can intitiate tumorigenesis: in mice, Rb loss induces 
pituitary and thyroid tumors, and the tumor spectrum is extended by the additional loss 
of p130 or p107 (Dannenberg et al., 2004; Harrison et al., 1995; Maandag et al., 1994; 
Williams et al., 1994). However, it is unclear which of the E2F-regulating activities of 
pocket proteins is critical for tumor suppression. On the one hand, a view has emerged 
that mainly regulation of the ‘activator’, and not the ‘repressor’ E2Fs is involved in Rb-
mediated tumor suppression (Parisi et al., 2009; Lee et al., 2002; Yamasaki et al., 1998). 
On the other hand, pocket protein-chromatin remodeling complexes have been implicated 
in processes that are considered critical for tumor suppression, such as (irreversible) cell 
cycle arrest and senescence. The recruitment of p130 and E2F4 to silenced promoters in 
G0-arrested mouse fibroblasts (Rayman et al., 2002) and in G0-and G1-arrested human 
T98G cells (Takahashi et al., 2000) is suggestive for active repression. Furthermore, 
repression of E2F target genes involving pRB and LxCxE-containing proteins was 
detected under various growth inhibitory conditions, including 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, involvement 
of E2F-repressor complexes was demonstrated during contact inhibition and replicative 
or RASV12-induced senescence (Rowland et al., 2002; Zhang et al., 1999). pRB was 
also shown to be required for the establishment of irreversible cell cycle arrest during 
differentiation, via both silencing of cell cycle genes and the induction of differentiation 
specific genes. Interestingly, pRB-mediated silencing during differentiation is associated 
with the presence of repressive chromatin marks (Guo et al., 2009; Blais et al., 2007; 
Khidr and Chen, 2006; Thomas et al., 2001; Chen et al., 1996; Novitch et al., 1996; Gu 
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et al., 1993). Furthermore, a mutant form of human pRB that was deficient in binding 
LxCxE-containing proteins, was unable to establish irreversible cell cycle arrest during 
myogenic differentiation (Chen and Wang, 2000). Taken together, these studies indicate 
that the binding of pRB to LxCxE-containing proteins is involved in the establishment of 
cell cycle arrest under various conditions and is therefore predicted to function in tumor 
suppression. 

Although LxCxE-containing proteins, recruited by pRB, have been implicated 
in processes counteracting transformation, the requirement for these proteins to suppress 
tumorigenesis in vivo remains elusive. We aimed to dissect the involvement of pocket 
protein-chromatin remodeling complexes during tumor formation and therefore made use 
of a mutant form of pRB: pRBN750F. This mutant protein was able to inhibit E2F-induced 
transactivation, but was impaired in binding LxCxE-containing proteins (Chapter 4). 
Consequently, pRBN750F was unable to recruit chromatin remodelers to E2F regulated 
promoters via the LxCxE binding site. Surprisingly, we found that mice homozygously 
mutant for pRBN750F (RbN750F/N750F mice) were viable, had a normal lifespan and were not 
predisposed to tumor formation. Thus, the ablation of complexes consisting of pRB 
and LxCxE-containing proteins was not sufficient to drive tumorigenesis. Given the 
role of p130 in binding ‘repressor’ E2Fs and recruiting LxCxE-containing proteins, we 
combined the RbN750F mutation with loss of p130. We found that homozygous loss of 
p130 completely abolished live birth of RbN750F/N750F mice whereas RbN750F/N750Fp130+/- and 
RbN750F/wtp130-/- animals were viable. Surprisingly, these animals had a reduced lifespan but 
did not show increased tumor incidence. Thus, ablation of LxCxE-dependent interactions 
did not promote tumor formation, indicating that pRB’s tumor suppressor activity mainly 
operates via inhibition of activator E2Fs.

Results
p130 functionally compensates for loss of the pRB-LxCxE interaction
To investigate whether the pRB-LxCxE interaction is critical for pRB’s role in embryonic 
development, we have generated RbN750F/N750F mice. As described before (Vormer et al., 
Chapter 4), the pRBN750F protein was deficient in binding LxCxE-containing proteins, 
whereas inhibition of E2F-induced transcription remained intact. RbN750F/wt murine 
embryonic stem cells, previously generated by oligonucleotide-directed gene modification 
as described in Aarts et al. (2006), were used to generate RbN750F/wt mice. These animals 
were intercrossed and the resulting progeny was genotyped (Table 1). In contrast to full 
ablation of Rb, which was embryonic lethal (Clarke et al., 1992; Jacks et al., 1992; Lee 
et al., 1992), RbN750F/N750F animals were born according to mendelian ratio and survived 
into adulthood.
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Since the recruitment of chromatin-remodeling proteins may also be effectuated 
by other pocket proteins, we wondered whether the additional loss of p107 or p130 in 
RbN750F/N750F mice would cause embryonic or post natal death. RbN750F/wt mice were crossed 
with p130+/- or p107+/- animals and the resulting double heterozygotes were intercrossed. 
The F2 progeny was genotyped at postnatal day 21. RbN750F/N750Fp130-/- animals were 
completely absent in the F2 cohort of 226 animals, whereas 14 animals were expected 
(Table 2). In contrast, Rbwt/wtp130-/- animals were present at normal ratio, showing that 
loss of p130 did not negatively influence survival in an Rb wild-type background (12 
Rbwt/wtp130-/- animals were detected, whereas 14 were expected). RbN750F/N750Fp130+/- 
animals appeared to be underrepresented (13 observed; 28 expected) suggesting that two 
functional p130 alleles were required to fully compensate for the loss of the pRB-LxCxE 
interaction. However, the significance of this observation is doubtful as in this cross also 
RbN750F/N750Fp130+/+ mice were slightly underrepresented (8 observed; 14 expected). 

To determine whether the RbN750F/N750Fp130-/- genotype led to embryonic lethality, 
we crossed RbN750F/wtp130+/- females with RbN750F/wtp130-/- males and analyzed 43 embryos 
at E18.5. We found three RbN750F/N750Fp130-/- embryos, whereas five were expected. Two of 
the RbN750F/N750Fp130-/- embryos had an abnormal appearance compared to control embryos 
(one was small and one was pale). Within the group of control embryos, only 3 out of 40 
embryos had an abnormal appearance (one being small and two being small plus pale). 
Histologically, we did not detect abnormalities in the RbN750F/N750Fp130-/- embryos, except 
for degeneration of the myocardium in one of the three embryos. It has previously been 

Table 1: Genotypic analysis of life born animals derived from RbN750F/wt intercrosses. 64 F1 animals were 
analyzed at post natal day 21. Expected: number of animals expected based on mendelian inheritance. 
Observed: observed number of animals.

Table 2: Genotypic analysis of life born animals derived from RbN750F/wtp130+/- intercrosses. 226 F2 
animals were analyzed at post natal day 21. Expected: number of animals expected based on mendelian 
inheritance. Observed: observed number of animals.

Rb N750F/N750F N750F/wt wt/wt

Expected

Observed

14

0

total

226

226

p130 -/- +/-+/+ -/- +/-+/+ -/- +/-+/+

14

8

28

13

28

38

28

32

56

77

14

12

14

15

28

31

Rb N750F/N750F N750F/wt wt/wt

Expected

Observed

16

16

32

31

16

17

total

64

64
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shown that combined ablation of Rb and p130 in cardiac myocytes resulted in increased 
proliferation in the neonatal and adult myocardium, possibly contributing to the early 
death of these mice. Accordingly, pRB, p130 and E2F4 were suggested to repress the 
E2F-regulated Myc-promoter in cardiac myocytes in vitro (MacLellan et al., 2005). 
Our results indicate that RbN750F/N750Fp130-/- animals died at or shortly after E18.5. This 
suggests that pRB-E2F4/E2F3b and p130-E2F4/E2F5 chromatin remodeling complexes 
are required for late embryonic development or perinatal survival. 

Similarly, we investigated the combination of RbN750F and p107-null alleles 
by intercrossing RbN750F/wtp107+/- animals and genotyping the resulting F2 progeny at 
postnatal day 21 (Table 3). RbN750F/N750Fp107-/- animals were completely absent from 
this cohort of 130 animals, however also RbN750F/wtp107-/- and Rbwt/wtp107-/- animals were 
absent, whereas 16 and 8 were expected, respectively. Apparently, the FVB genetic 
background of mice was not compatible with p107 ablation and therefore the effects of 
the pRBN750F mutation in the absence of p107 could not be studied. However, similar to 
RbN750F/N750Fp130+/-, RbN750F/N750Fp107+/- animals were viable. 
 In conclusion, these analyses show that p130 is essential for the survival of 
RbN750F/N750F mice. In the absence of p130, loss of the pRB-LxCxE interaction causes 
pre- or perinatal death. RbN750F/N750Fp130+/- and RbN750F/wtp130-/- animals were viable and 
survived into adulthood.
 
Loss of the pRB-LxCxE interaction in combination with loss of p130 or p107 is not 
sufficient to drive tumorigenesis
RbN750F/N750F animals had a normal lifespan with a mean survival of approximately 75 
weeks, which was similar to that of RbN750F/wt and Rbwt/wt mice (Fig. 1). We did not detect 
any macroscopic or microscopic abnormalities in RbN750F/N750F mice (described below and 
data not shown). Seven sacrificed RbN750F/N750F and 19 sacrificed RbN750F/wt animals were 
microscopically analyzed for abnormalities in the lungs: lung adenomas had developed in 
29% of analyzed RbN750F/N750F and in 26% of analyzed RbN750F/wt mice. The frequency and 
latency of lung adenomas was similar as in Rbwt/wt mice indicating lung tumor development 

Table 3: Genotypic analysis of life born animals derived from RbN750F/wtp107+/- intercrosses. 130 F2 
animals were analyzed at post natal day 21. Expeted: number of animals expected based on mendelian 
inheritance. Observed: observed number of animals.

Rb N750F/N750F N750F/wt wt/wt

Expected

Observed

8

0

total

130

130

p107 -/- +/-+/+ -/- +/-+/+ -/- +/-+/+

8

11

16

13

16

0

16

28

32

56

8

0

8

7

16

15
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Figure 1: RbN750F/N750F mice have a normal life span. Animals of the indicated genotypes were followed 
during 111 weeks and sacrificed when ill. Shown is the percentage of surviving animals per time point.
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to be aging-related background pathology. We therefore conclude that ablation of the 
LxCxE-interacting domain in pRB did not cause tumor predisposition nor a decreased 
lifespan. 

The absence of tumor development in RbN750F/N750F mice sharply contrasts with the 
strong predisposition to pituitary and thyroid tumors in chimeric Rb-/- mice and Rb+/- mice 
(Harrison et al., 1995; Maandag et al., 1994; Williams et al., 1994). Our previous studies 
showed that the tumor spectrum induced by Rb loss, was broadened by the additional 
loss of p130 or p107, and included retinoblastoma, osteocarcoma, lymphosarcoma, 
pheochromocytoma and adenocarcinoma in the coecum (Dannenberg et al., 2004; 
Robanus-Maandag et al., 1998). We therefore wondered whether tumor development in 
RbN750F/N750F mice was suppressed by compensatory activities of p130 and p107. Several 
reports have shown that p130/p107 efficiently interacted with E2F4, bound chromatin 
remodeling proteins via their LxCxE binding sites (Nicolas et al., 2003; Ferreira et 
al., 1998), and were present at repressed, de-acetylated promoters in G0 (Balciunaite 
et al., 2005; Rayman et al., 2002; Takahashi et al., 2000). Since RbN750F/N750Fp130-/- and 
RbN750F/N750Fp107-/- animals were not viable, we analyzed the lifespan and tumor 
incidence in mice with three mutated alleles, i.e., RbN750F/N750Fp130+/-, RbN750F/wtp130-/- and 
RbN750F/N750Fp107+/-. Similar to previous observations in Rb+/-p107-/- chimeric mice, tumor 
development may ensue from loss of the remaining wild-type allele (Dannenberg et al., 
2004). Animals were followed during 70 weeks and sacrificed when ill. The survival of 
RbN750F/N750Fp130+/- and RbN750F/wtp130+/- animals (Fig. 2A) was approximately 80% at 50 
weeks of age, which was similar to that of RbN750F/N750Fp130+/+ mice (Fig. 1). After 70 weeks, 
the survival of RbN750F/N750Fp130+/- animals appeared lower: 40% of RbN750F/N750Fp130+/- 
animals was alive in contrast to 70% of RbN750F/wtp130+/- animals (Fig. 2A). Strikingly 
however, of the five sacrificed RbN750F/N750Fp130+/- animals, only one was diagnosed with 
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Figure 2: RbN750F/N750Fp130+/- mice (A), RbN750F/wtp130-/- mice (B) and RbN750F/N750Fp107+/- mice (C) have a 
decreased lifespan. Animals of the indicated genotypes were followed during 70 weeks and sacrificed 
when ill. Shown is the percentage of surviving animals per time point.
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a tumor: an alveolar-bronchiolar adenoma in an animal sacrificed at 61 weeks (Table 4). 
In comparison, two adenomas (one in the lung and one in the harderian gland) and one 
sarcomatoid neoplasia were detected in six sacrificed RbN750F/wtp130+/- animals (Table 4). 
In conclusion, although RbN750F/N750Fp130+/- mice showed a slightly reduced life span, we 
did not detect increased tumor formation in these animals before 70 weeks of age.

A severely reduced survival was seen in the cohort of RbN750F/wtp130-/- animals 
(Fig. 2B). Fifty percent of these animals had died by 32 weeks of age, and only 13.5% 
of the cohort was alive after 60 weeks. This was in sharp contrast to RbN750F/wtp130+/- 
and Rbwt/wtp130-/- animals, of which approximately 75% was still alive at 60 weeks. 
RbN750F/wtp130-/- animals generally appeared unhealthy (most were skinny and had an 
irregular structure of the coat) and rapidly became very ill requiring them to be sacrificed. 
Of the cohort of 37 animals, 24 were sacrificed due to ill appearance and 8 animals had 
suddenly died before 60 weeks of age. In none of these animals we could detect overt 
macroscopical defects upon autopsy. Only limited microscopic analysis was possible for 
the animals that had suddenly died: we did not find indications for tumor formation or any 
other abnormalities in these animals. Tissues of the sacrificed 24 animals were elaborately 
analyzed at the microscopic level: pituitary (n=10), thyroid (n=16), brain (n=24), eyes 
(n=23), digestive system (stomach, intestines, liver, pancreas; n=22), testes (n=7), ovary 
(n=15), heart (n=15), lungs (n=22), adrenals (n=16), spleen (n=22), thymus (n=19), and 
bone marrow (sternum, hind leg, head; n=16). Except for some abnormalities in the 
spleen (see below) and some rare cases of tumor formation, all these tissues appeared 
generally normal. Remarkably, only 3 of these animals were diagnosed with tumor(s): 
1 alveolar-bronchiolar adenoma, 2 adenomas in the pituitary gland and 1 lymphoma. 
All tumors were detected in animals older than 50 weeks (Table 4). For comparison, 
previous studies demonstrated that Rb+/- animals had to be sacrificed between 32 and 36 
weeks of age due to pituitary tumors (Maandag et al., 1994; Williams et al., 1994), and 
in Rb+/-p130-/- chimeric mice, 5 out of 15 animals developed a tumor (Dannenberg et al., 
2004). Taken together, we conclude that RbN750F/wtp130-/- animals were not predisposed to 
tumorigenesis. 

We also analyzed the survival of RbN750F/N750Fp107+/- animals (Fig. 2C). 
Forty percent of these animals were still alive at 70 weeks of age, which was lower 
than in the cohorts of RbN750F/wtp107+/- and RbN750F/N750Fp107+/+ animals, of which 
70% and 60% survived till week 70, respectively (Figs. 1 and 2C). Tumors were 
detected in 2 of the 18 sacrificed RbN750F/N750Fp107+/- animals, at an age of 51 
and 58 weeks, however, tumors were also detected in 2 RbN750F/wtp107+/- animals 
that were sacrificed at 58 and 70 weeks of age (Table 4). Therefore, also RbN750F/

N750Fp107+/- animals were not predisposed to tumorigenesis before 70 weeks of age. 
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Table 4: Overview of tumors and pre-neoplastic lesions detected in mice of various genotypes, which 
were sacrificed when ill. Shown are mice sacrificed before or at 70 weeks of age.
*1: 5 animals out of this cohort (n=10) were sacrificed before 70 weeks of age, 1 additional animal was 
found dead
*2: 6 animals out of this cohort (n=22) were sacrificed before 70 weeks of age
*3: 24 animals out of this cohort (n=37) were sacrificed before 70 weeks of age, 8 additional animals were 
found dead
*4: 6 animals out of this cohort (n=11) were sacrificed at or before 70 weeks of age
*5:18 animals out of this cohort (n=31) were sacrificed at or before 70 weeks of age, 2 additional animals 
were found dead
*6: 2 animals out of this cohort (n=14) were sacrificed at or before 70 weeks of age, 1 additional animal 
was found dead

Genotype: RbN750F/N750Fp130+/- *1

alveolar/bronchiolar adenoma 1 61

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)

Genotype: RbN750F/wtp130+/- *2

alveolar/bronchiolar adenoma
nodular hyperplasia in adrenal-cortex
sarcomatoid neoplasia
papillary adenoma harderian glands

1
1
1
1

33
61
61
64

Genotype: RbN750F/wtp130-/- *3

alveolar/bronchiolar adenoma
lymphoma
adenoma pars distalis pituitary

1
1
2

51
55

51 and 59

Genotype: Rbwt/wtp130-/- *4

adenomatous hyperplasia in 
   pars distalis pituitary

2 66 and 70

Genotype: RbN750F/N750Fp107+/- *5

Tumor type/pre-neoplastic lesion Number of cases detected Age at sacri�ce (weeks)
Genotype: RbN750F/wtp107+/- *6

alveolar/bronchiolar adenocarcinoma
adenomatous hyperplasia in 
   mucosa epithelia ileum
adenoma in mucosa ileum

1
1

1

51
51

58

papillary adenoma in lung
adenomatous hyperplasia in      
   alveolar/bronchiolar epithelium
sarcomatoid neoplasia

1
1

1

58
58

70
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 In conclusion, we have found that RbN750F/N750Fp130+/-, RbN750F/wtp130-/- and 
RbN750F/N750Fp107+/- animals were not predisposed to tumorigenesis, although these 
genotypes did affect survival. 

Possible causes of increased mortality in RbN750F/wtp130-/- animals
In an attempt to explain the strongly reduced lifespan of RbN750F/wtp130-/- animals we 
looked for defects in the hematopoietic compartment. Defective hematopoiesis was 
suggested by the reduced number of hematopoietic cells in the red pulp of the spleen 
(referred to as ‘reduced cellularity’) in 24% of sacrificed RbN750F/wtp130-/- animals (n=21; 
included are the animals described above that were analyzed for the spleen, minus the 
animal that was diagnosed with lymphoma). Reduced cellularity was not detected in 
spleens of sacrificed RbN750F/wtp130+/- and Rbwt/wtp130-/- animals (both n=6). Increased 
break down of red blood cells (hemosiderosis) in the spleen was detected in 38% of  
RbN750F/wtp130-/- mice, but also in RbN750F/wtp130+/- and Rbwt/wtp130-/- mice (30 and 50%, 
respectively). Although the pocket proteins have been reported to function in controlling 
proliferation and mobilization of hematopoietic stem cells in the bone marrow (Viatour 
et al., 2008; Walkley et al., 2007), we were unable to link the defects in the spleen to 
defects in the bone marrow. First, we microscopically analyzed bone marrow in hind 
leg, head and/or sternum. Table 5 summarizes this analysis, which was performed on 
8 ill RbN750F/wtp130-/- animals with abnormalities in the spleen (reduced cellularity and/
or hemosiderosis), and on 5 ill RbN750F/wtp130-/- animals, in which no abnormalities in the 
spleen were detected. Reduced cellularity in the red pulp of the spleen was in 3 out of 
5 cases accompanied with hemosiderosis but 3 cases of hemosiderosis were seen with 
normal cellularity, indicating that these two abnormalities were unrelated. Furthermore, 
reduced cellularity in the red pulp of the spleen was accompanied by reduced cellularity 
in the white pulp in 2 out of 5 cases and by increased apoptosis in the white pulp in 2 of 5 
cases (Table 5). Additionally, in two out of five cases, hematopoietic defects in the spleen 
coincided with reduced hematopoiesis in the bone marrow (animals 1 and 2 in Table 5, 
both animals displayed reduced cellularity in both red and white pulp). In conclusion, 
reduced cellularity in the spleen could not be explained by increased breakdown of red 
blood cells in the red pulp or increased apoptosis in the white pulp. Furthermore, defective 
production of hematopoietic cells in the bone marrow could not account for the observed 
reduced cellularity in the red pulp of the spleen. Strikingly though, reduced cellularity in 
the bone marrow was observed in the 2 animals that displayed reduced cellularity in both 
the red and the white pulp of the spleen. 

Finally, we determined red and white blood cell counts in 5 ill RbN750F/wtp130-/- 
animals (Table 6). Compared to the reported minimum values in healthy mice (Carpenter, 
2005; Quesenberry and Carpenter, 2003), red blood cell count was low in 2 of the 5 
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Table 5: Microscopic analysis of spleen and bone marrow in ill RbN750F/wtp130-/- animals (n=13).
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animals (mouse 3 and 7), whereas white blood cell count was low in 3 of the 5 mice 
(mouse 2, 3 and 7). Thus, reduced cellularity in the spleen did not correlated with reduced 
red blood cell count (compare Tables 5 and 6) and therefore the cause and significance of 
this observation remain elusive. 

To investigate the hematopoietic system in more detail, FACS analysis was 
performed for spleen, bone marrow, peripheral blood and thymus in four RbN750F/wt

p130-/- animals, of which two where severely ill, and in two healthy RbN750F/wtp130+/- and 
two healthy Rbwt/wtp130-/- animals (Table S1 and data not shown). Consistent with the lack 
of abnormalities in the microscopic analysis (Table 5), we detected normal percentages 
of the following populations in the bone marrow of RbN750F/wtp130-/- animals: LSK, LT-
HSC, ST-HSC, myeloid progenitors, lymphoid progenitors, erythroid progenitors, 
monocytes and granulocytes (data not shown). Two of the four RbN750F/wtp130-/- animals 
had a decreased population of cells with intermediate levels of staining for CD19 and 
B220, which possibly reflects a defective pre-B cell population (mouse a and c in Table 
S1; 0.75 and 1.7% respectively, versus on average 6.6% in RbN750F/wtp130+/- and Rbwt/wt

p130-/- control animals). However, mature B cells, characterized by high levels of CD19 
and B220, where only mildly reduced (1.7 and 2.1%, versus on average 3.3% in control 
animals, see Table S1 for the percentages in the individual animals). Additionally, the 
percentage of B and T cells in spleen, peripheral blood and thymus were normal (data 
not shown), arguing against a B cell defect in RbN750F/wtp130-/- mice. In conclusion, both 
the microscopic and the FACS analyses argue against a major bone marrow defect in 
RbN750F/wtp130-/- animals. Microscopic analysis did show defects in the spleen, which may 
have contributed to the early death of RbN750F/wtp130-/- animals. However, as only 24% of 
RbN750F/wtp130-/- animals displayed these defects, it is likely that other defects, which were 
not detected in our study, had contributed to the reduced life span of these mice. 

Table 6: Red and white blood cell count in ill RbN750F/wtp130-/- animals. Animal numbering corresponds 
to that in Table 5. Depicted is the red or white blood cell count in the peripheral blood divided by the 
minimum reported value in healthy mice.

Animal WBC count in peripheral blood/ 
minimum value in healthy mice

RBC count in peripheral blood/ 
minimum value in healthy mice

2
3

1 1,17 1,25

0,45
0,25

1,54
0,60

7 0,150,51
13 1,901,34
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Discussion
LxCxE-containing proteins are good candidates to execute pRB’s tumor suppressor role. 
The recruitment of LxCxE-containing proteins by chromatin-bound pocket protein-E2F 
complexes has been associated with silencing of E2F target genes, and importantly, 
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 is required for 
the establishment of irreversible cell cycle arrest during differentiation (Guo et al., 2009; 
Blais et al., 2007; Novitch et al., 1996), which possibly involves silencing of cell cycle 
genes by LxCxE-containing proteins. For example, pRB-mediated silencing of cell cycle 
genes during muscle differentiation correlated with the presence of repressive chromatin 
marks (Blais et al., 2007) and additionally, the Suv39H1 methylase, which binds to the 
pocket proteins at the LxCxE-binding site, has been implicated in establishing terminal 
silencing of cell cycle genes during muscle differentiation (Ait-Si-Ali et al., 2004). 
 We aimed to determine whether the capacity of pRB to recruit LxCxE-
containing proteins is critical for mouse development and survival and for suppression of 
tumorigenesis. Therefore, we generated RbN750F/N750F mice, which expressed the pRBN750F 
protein from the endogenous locus. The pRBN750F protein retained the ability to inhibit 
E2F-induced transactivation, but was impaired in binding LxCxE-containing proteins. 
pRBN750F was impaired in repressing transcription in various reporter assays and was 
unable to bind the LxCxE-containing protein SV40 large T antigen (Chapter 4). Because 
of the compensatory role of p130 and p107, which could bind chromatin remodeling 
proteins via their LxCxE binding sites (Nicolas et al., 2003; Ferreira et al., 1998) and were 
detected at repressed, de-acetylated promoters in G0 (Balciunaite et al., 2005; Rayman et 
al., 2002; Takahashi et al., 2000), we combined the RbN750F mutation with loss of either 
p130 or p107.

Embryonic development
In sharp contrast to the embryonic lethal phenotype of Rb-/- mice (Clarke et al., 1992; 
Jacks et al., 1992; Lee et al., 1992), RbN750F/N750F mice were born alive and had a normal 
lifespan (Table 1 and Fig. 1). Strikingly though, RbN750F/N750Fp130-/- animals could not be 
recovered at postnatal day 21 (Table 2), and we have strong indications that these animals 
had died during late embryonic development (post E18.5). Unfortunately, the effect of 
p107 ablation on survival of RbN750F/N750F mice could not be assessed as p107 deficiency 
alone already caused perinatal death in FVB mice (Table 3). Our results imply that 
recruitment of chromatin remodeling complexes is essential for completion of embryonic 
development and that this can be achieved by either pRB-E2F4/E2F3b or p130-E2F4/
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E2F5 complexes. The importance of LxCxE-mediated interactions during development is 
consistent with previous studies on p130-/-p107-/- and E2F4-/-E2F5-/- mice, which could not 
be recovered as life newborns (Gaubatz et al., 2000; Cobrinik et al., 1996). Thus, partial 
ablation of pocket protein-E2F-chromatin remodeling complexes is not compatible with 
postnatal survival.

Tumorigenesis
RbN750F/N750F mice had a normal lifespan and where not tumor prone (Fig. 1). Since 
Rb+/- mice and chimeric Rb-/- mice were strongly predisposed to pituitary and thyroid 
tumors (Harrison et al., 1995; Maandag et al., 1994; Williams et al., 1994), this 
implies that, in a p130/p107-proficient background, regulation of E2F transactivation 
activity by pRB is sufficient for pRB’s tumor suppressive activity. To our surprise, also  
RbN750F/N750Fp130+/-, RbN750F/wtp130-/- and RbN750F/N750Fp107+/- mice did not show increased 
tumor susceptibility, although these animals, in particular RbN750F/wtp130-/- mice, did show 
a reduced lifespan (Fig. 2). Our previous studies demonstrated that Rb+/-p107-/- chimeric 
mice developed a wide spectrum of tumors. Importantly, the wild-type Rb allele was lost 
in 100% of the detected pituitary tumors and in 70% of the other tumors (osteosarcomas, 
lymphosarcomas, adenocarcinomas in the coecum, and others). Also Rb+/-p130-/- chimeric 
mice developed tumors, although with lower incidence (5 tumors were detected in 15 
chimeras (Dannenberg et al., 2004)). The absence of tumor susceptibility in RbN750F/N750F

p130+/-, RbN750F/wtp130-/- and RbN750F/N750Fp107+/- mice implies that RbN750F/N750Fp130-/- and 
RbN750F/N750Fp107-/- cells, which are expected to frequently arise by spontaneous loss of 
heterozygosity, do not readily undergo oncogenic transformation. Our results therefore 
argue against a major role for LxCxE-containing proteins in tumor suppression and rather 
suggest that inhibiting the transactivation function of E2Fs is the main mechanism of 
tumor suppression by pRB. This finding is surprising in view of the importance of LxCxE-
containing proteins in transcriptional regulation and cell cycle arrest. Moreover, the 
human mutant protein pRBR611W causes retinoblastoma with reduced penetrance, although 
it is impaired in binding E2Fs (Sellers et al., 1998; Otterson et al., 1997). It has therefore 
been suggested that, next to E2Fs, other pRB interactors are involved in pRB-mediated 
tumor suppression. LxCxE-containing proteins were considered good candidates, but this 
is now questioned by our observations. 

There are several explanations for the absence of tumor predisposition in mice 
with an ablated pRB-LxCxE interaction. First, chromatin remodelers that interact with 
pRB independent of the LxCxE-binding site might contribute to pRB-mediated silencing. 
Via its LxCxE binding site, pRB interacts with chromatin remodelers, such as Suv39h1, 
HP1 and HDAC1 and -2, which are co-operatively involved in silencing. For example, 
Suv39h1, which enhances pRB-mediated repression (Nielsen et al., 2001) and creates a 
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binding site for HP1 (Lachner et al., 2001), can only methylate H3K9 when this residue 
is not acetylated (Rea et al., 2000), suggesting a cooperation between pRB, Suv39h1, 
HDACs and HP1 in silencing. Indeed, Suv39h1 was shown to interact with HDAC1, 2 
and 3 and Suv39h1-mediated repression required HDAC activity (Vaute et al., 2002). 
Moreover, both pRB, Suv39h1 and HP1 bound to a methylated H3K9 peptide (Nielsen et 
al., 2001). However, also LxCxE-independent interactions between pRB and chromatin 
remodelers have been described, such as the interaction between pRB and Suv4-20h1 and 
Suv4-20h2 (Isaac et al., 2006). It is therefore possible that silencing can also be achieved 
by chromatin remodelers that interact with pRB outside the LxCxE-binding domain.

Second, we haven’t studied the effect of complete ablation of the pocket protein-
LxCxE interaction, so possibly, the remaining pocket protein forms sufficient LxCxE 
dependent interactions to inhibit tumor formation. Embryonic lethality of RbN750F/N750F

p130-/- and RbN750F/N750Fp107-/- mice complicated our analysis but it may be possible to 
analyze tumor predisposition in chimeras generated with RbN750F/N750Fp130-/-p107-/- ES cells. 
 Third, one can envision that, although we did not detect tumor predisposition 
in this study, loss of the pRB-LxCxE interaction may stimulate tumor formation under 
specific conditions. Interestingly, we have found that RbN750F/N750Fp130-/- MEFs were 
impaired in arresting the cell cycle upon γ-irradiation or expression of oncogenic RASV12 
(Chapter 4). This demonstrates that G1 arrest after DNA damage involves the interaction 
between pRB and LxCxE-containing proteins, suggesting that mice deficient for the 
pRB-LxCxE interaction might be susceptible to tumor formation upon DNA damage. 

In conclusion, we have shown that ablating the interaction between pocket 
proteins and LxCxE-containing proteins was not sufficient to initiate tumorigenesis. This 
may be explained by a compensatory role of a remaining pocket protein or non-LxCxE-
containing chromatin remodelers that still interact with mutant pRB. Nonetheless, as the 
pRB-LxCxE interaction was involved in establishing cell cycle arrest in MEFs in response 
to expression of oncogenic RAS or ionizing radiation (Chapter 4), it is of interest to assess 
the susceptibility of RbN750F/N750F mice to radiation- or carcinogen-induced tumorigenesis.
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Materials and Methods
Mice
RbN750F/wt mice were previously generated by injecting an RbN750F/wt embryonic stem cell clone into 
B6 blastocysts. The RbN750F/wt embryonic stem cell clone was generated by oligonucleotide-directed 
modification of the endogenous Rb gene in 129OLA embryonic stem cells (Aarts et al., 2006). The 
resulting RbN750F/wt chimeras were backcrossed to FVB. Intercrossing the resulting RbN750F/wt mice 
generated both RbN750F/N750F and RbN750F/wt mice, which were used to study tumor predisposition. 
RbN750F/wt mice were also crossed with previously generated p130wt/- FVB mice (Dannenberg et al., 
2000), generating RbN750F/wtp130wt/- mice. Intercrossing these animals generated RbN750F/N750Fp130wt/-, 
RbN750F/wtp130-/- and RbN750F/wtp130wt/- mice, which were used to study tumor predisposition. Additionally, 
RbN750F/wt mice were crossed with p107wt/- FVB mice, which were previously generated by injecting 
p107-/- ES cells (Robanus-Maandag et al., 1998) into B6 blastocysts and subsequent backcrossing 
of the resulting chimeras with FVB mice. RbN750F/wtp107wt/- mice were intercrossed, generating 
RbN750F/N750Fp107wt/- mice RbN750F/wtp107wt/- mice, which were used to study tumor predisposition. Mice 
were inspected twice a week and sacrificed when ill.

Cellular preparations and FACS analysis
All cellular preparations were performed at 4°C, except where indicated. Splenocytes: spleens were 
chopped with scissors and digested for 20 min at room temperature in a mixture of 6 mL RPMI-
2% containing 7 mg Collagenase (121 U/mg - Type III, Worthington Biochemicals) with a further 
addition of 1 mL of DNase (1mg/mL) (Roche). Pipetting the tissue through a wide bore pipette 
tip repetitively during digestion facilitated dispersion to single cell suspension. EDTA (600 mL of 
0.1 M solution) was then added and mixed by pipetting for a further 5 min to ensure separation 
of dendritic cells and T cells. Undigested fragments were removed by using a 70 µM filter. Bone 
marrow: bone marrow was extracted from the tibia and femur with RMPI-2% using a 3 mL syringe 
and 21-gauge needle. This single cell suspension was then centrifuged and the pellet was resuspended 
in a small volume (0.5-2 mL) RCRB for 1 minute to lyse erythrocytes. Subsequently, cells were 
diluted up to 10 mL in RPMI-2% and washed 2-3 times. Pellets were resuspended in RPMI-2% and 
passed through a sieve to remove bone fragments and dead cell clumps. Blood leukocytes: blood 
was collected by lumbar puncture into heparinized syringes using a 25-gauge needle and collected 
directly into 1mL of RCRB, mixed and kept on ice. Cells were centrifuged, washed in medium and 
resuspended in FACS buffer. Thymus: thymus cells were isolated by mashing through a 70 µM filter. 
Staining: cells were stained in the antibody cocktails for 15-20 min on ice at a concentration of 1 x 
106 per 10 µL in FACS buffer containing 2mM EDTA and 2% BSA in PBS. Cells were subsequently 
washed in 10 volumes of FACS buffer and subsequently suspended in FACS buffer plus propidium 
iodide. FACS analysis was performed using a Cyan flow cytometer (Dako). Stains used to identify 
the different cell populations were as follows: LSK: c-kit high/sca1 high; LT-HSC: pre-gate: c-kit 
high/sca1 high gate: CD150-slam high/CD48 low; ST-HSC: pre-gate: c-kit high/sca1 high gate: 
CD150-slam low/CD48 high; myeloid progenitors: pre-gate (1): lin negative/c-kit positive; pre-gate 
(2): TER119 negative; gate: FC receptor high/IL7 receptor low; lymphoid progenitors: pre-gate (1): 
lin negative/c-kit positive; pre-gate (2): TER119 negative; gate: FC receptor low/IL7 receptor high; 
erythroid progenitors: pre-gate: lin negative/c-kit positive; gate: TER119 high; monocytes: Ly6Chi 
^high/Gr1^int; granulacytes: Ly6Chi^intermediate/Gr1^hi; B-cells: CD19 high/CD3 low and CD19 
high/B220 high; T-cells: CD19 low/CD3 high and B220 low/CD3 high.
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Determination of red and white blood cell count in peripheral blood
Blood was collected into heparinized tubes and diluted 2x in PBS. Red- and white blood cell counts 
were determined using a Coulter-counter.
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Supplemental Table

Table S1: FACS analysis of bone marrow of mice with the indicated genotypes shows that 2 out of 4 
RbN750F/wtp130-/- mice display a decreased amount of cells with an intermediate level of staining for CD19 
and B220 (possibly reflecting a pre-B cell population).
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