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Abstract
Members of the pocket protein family (pRB, p130 and p107) play a key role in G1 by 
binding and inhibiting the activity of E2F transcription factors via blockage of E2F’s 
transactivation domain and via the recruitment of chromatin remodeling proteins. The 
latter occurs via binding of the pocket region to an LxCxE motif in the target protein. 
In this study, we generated mouse embryonic fibroblasts (MEFs) carrying a mutation 
in pRB, pRBN750F, which abrogated binding of pRB to LxCxE-containing proteins, 
while maintaining the ability to inhibit E2F-mediated transactivation. We show that  
RbN750F/N750F and RbN750F/N750Fp130-/- MEFs arrested efficiently in G1 in response to growth 
factor deprivation or cell-cell contact. Strikingly, RbN750F/N750F MEFs were impaired 
in arresting in response to γ-irradiation. Additionally, RbN750F/N750Fp130-/- MEFs, but 
not p130-/- MEFs, were impaired in arresting in response to expression of RASV12. In 
conclusion, our results show that the pRB-LxCxE interaction is critical for G1 arrest in 
response γ-irradiation or expression of RASV12, thereby possibly contributing to the tumor 
suppressor activity of pRB.

Introduction
A frequent event towards the development of cancer is loss of the retinoblastoma tumor 
suppressor gene, RB1, or one of its upstream regulators. pRB and its close homologs 
p130 and p107 form the family of pocket proteins and play a key role during cell cycle 
regulation. They collectively regulate the family of E2F transcription factors, whose 
activity is essential for progression of the cell cycle from G1 into S phase. To date, eleven 
E2F transcription factors have been identified, which are generally classified as activator 
E2Fs (E2F1, E2F2 and E2F3a) and repressor E2Fs (E2F3b, E2F4, E2F5, E2F6a, E2F6b, 
E2F7a, E2F7b and E2F8). Whereas pRB can interact with E2F1-4 (Moberg et al., 1996), 
p130 and p107 interact with E2F4 and E2F5. E2F6-8 do not bind pocket proteins and thus 
function independently (reviewed by DeGregori and Johnson, 2006; Dimova and Dyson, 
2005; Frolov and Dyson, 2004).

Pocket protein-E2F complexes fluctuate during the cell cycle. E2F4 is present at 
all cell cycle stages, though binding to promoters mainly occurs in G0 and early G1, and is 
correlated with repression of E2F target genes. At this stage, E2F4 primarily complexes 
with p130 and to a lower extent with pRB and p107. At the G1/S transition, E2F4-p130 
complexes are replaced by E2F4-p107 and E2F4-pRB complexes. Simultaneously, free, 
unbound E2Fs become visible at the G1/S transition, coinciding with transcription of E2F 
target genes (Balciunaite et al., 2005; Rayman et al., 2002; Takahashi et al., 2000; Moberg 
et al., 1996; Cobrinik et al., 1993). The balance between pocket protein-bound and free 
E2Fs is regulated by the Cyclin-dependent kinases, which phosphorylate the pocket 
proteins, causing disruption of pocket protein-E2F binding. This enables activating E2Fs 
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to induce transcription and to drive cell cycle progression (reviewed by Macaluso et al., 
2006; Frolov and Dyson, 2004).

Expression of E2F target genes, which is required for cell cycle progression, 
is inhibited by the formation of pocket protein-E2F complexes. Pocket protein-binding 
blocks E2F’s transactivation domain, resulting in direct inhibition of E2F-mediated 
transcription. Additionally, pocket proteins can recruit chromatin-remodeling complexes 
to promoters of E2F target genes by their capacity to simultaneously bind to E2Fs and 
to proteins containing an LxCxE-like motif (x encoding any amino acid) (reviewed by 
Dick, 2007). 

The LxCxE motif was originally identified as the motif present in viral 
oncoproteins that is used to bind and inactivate pRB. The LxCxE-binding site in pRB 
is highly conserved and a variety of proteins use an LxCxE motif to interact with pRB 
and the other pocket proteins (reviewed by Dick, 2007). Many LxCxE-containing 
proteins have been implicated in chromatin remodeling and transcriptional repression, 
indicating that pocket protein-E2F complexes can favor a chromatin state incompatible 
with transcription. Examples of chromatin remodeling proteins containing an LxCxE-
like sequence are histone deacetylase 1 (HDAC1), HDAC2, heterochromatin protein 1 
(HP1) and the CtBP-interacting protein (CtIP) (reviewed by Dick, 2007). HDAC1/2-
pocket protein binding was shown to involve the LxCxE binding site (Chen and Wang, 
2000; Dahiya et al., 2000; Ferreira et al., 1998; Magnaghi-Jaulin et al., 1998) and pocket 
protein-mediated repression of E2F-reporter constructs involved HDAC activity (Brehm 
et al., 1998; Ferreira et al., 1998; Magnaghi-Jaulin et al., 1998). Moreover, pocket 
proteins and HDACs could be detected at the promoter regions of E2F-regulated genes 
during cell cycle arrest (Morrison et al., 2002; Rayman et al., 2002; Dahiya et al., 2001), 
pointing to the involvement of the pocket protein-LxCxE interaction in HDAC-mediated 
transcriptional repression. In addition to HDACs, the Suv39h1 histone methyltransferase 
enhanced pocket protein-mediated repression of reporter constructs in vitro, however, no 
LxCxE-like sequence was detected in Suv39h1. Strikingly, pRB/p107-Suv39h1 complex 
formation and histone methyl transferase activity of pulled down GST-pRB could be 
inhibited by an LxCxE-containing competitor peptide (Nicolas et al., 2003; Nielsen et 
al., 2001; Vandel et al., 2001). Since a pRB-Suv39h1-HP1 complex could be formed in 
vitro (Nielsen et al., 2001), this suggests that pocket protein-Suv39h1 binding possibly 
involves the LxCxE-containing protein HP1. In conclusion, the pocket protein-LxCxE 
interaction has been implicated in both HDAC- and Suv39h1-mediated transcriptional 
repression.
 Given the involvement of LxCxE-mediated interactions between pocket proteins 
and chromatin remodeling proteins in transcriptional repression, we wondered whether 
these interactions are crucial for pRB’s tumor suppressor function. To this aim, we 
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generated MEFs carrying a mutation in the LxCxE binding site of pRB (RbN750F/N750F 
MEFs). As the induction of G1 arrest upon growth inhibitory signals is an important 
aspect of pRB’s tumor suppressor function, we analyzed the response of RbN750F/N750F 
MEFs to various growth inhibitory signals in tissue culture. Importantly, loss of pRB can 
be compensated for by expression of p130: while ablation of pRB had no or a minor effect 
on G1 arrest induced by serum deprivation, prolonged culturing or RASV12 expression, 
the additional loss of p130 bypassed cell cycle arrest and stimulated proliferation 
(Dannenberg et al., 2004; this communication). Therefore, we generated MEFs mutant 
for pRB and deficient for p130 (RbN750F/N750Fp130-/- MEFs) and analyzed the response of 
these MEFs to various growth inhibitory signals in tissue culture. Our results show that 
the pRB-LxCxE interaction contributes to cell cycle arrest in response to expression of 
RASV12 or γ-irradiation.

Results
Mutating the LxCxE binding site of pRB impairs transcriptional repression
The crystal structure of human pRB bound to a human papillomavirus-16 E7 LxCxE 
peptide revealed that LxCxE-mediated binding occurs via a hydrophobic groove in the 
B domain of the pRB pocket. Whereas the A domain is required for stable folding of 
the B domain, binding to the LxCxE peptide involves four conserved residues in the 
B domain: Asn 757, Tyr 756, Lys 713 and Tyr 709 (Lee et al., 1998). Mutating Asn 
757 to phenylalanine in human pRB is predicted to cause steric hindrance and to disrupt 
hydrogen bonding with the LxCxE motif. Indeed, this mutation disrupted binding to 
LxCxE-containing proteins. Importantly, binding to E2F1, which does not contain an 
LxCxE sequence, remained intact (Chen and Wang, 2000; Dahiya et al., 2000). To 
investigate whether binding of LxCxE containing proteins to pRB is crucial for pRB’s 
role in cell cycle regulation, we mutated Asn 750 in murine pRB, which corresponds to 
Asn 757 in human pRB, to phenylalanine. Co-immunoprecipitation experiments showed 
that the N750F substitution abrogated the interaction of pRB with the LxCxE containing 
protein SV40 large T antigen (TAg) (Fig. 1A). This confirms disruption of the LxCxE 
binding site in murine pRBN750F, as was described for human pRBN757F (Chen and Wang, 
2000; Dahiya et al., 2000).

To test the ability of pRBN750F to repress transcription, we introduced a reporter 
construct containing 6 E2F binding sites upstream of the luciferase gene into mouse  
Rb-/- 3T9 cells. Luciferase activity was induced by ectopic expression of E2F1 (Fig. 1B, 
lanes 1 and 2) and could be efficiently reversed by co-expression of either wild-type 
pRB or pRBN750F (Fig. 1B, compare lanes 3 to 5 with lane 6 to 8). As a control, we used 
pRBC699F, the murine variant of human pRBC706F, which is considered a null mutant: the 
C706F mutation disrupted binding to E2Fs (Otterson et al., 1997) and LxCxE-containing 
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Figure 1: Characterization of pRBN750F. (A) pRBN750F does not interact with SV40 TAg. Rb-/- C33A cells were 
transfected with pSG5-TAg plus empty pcDNA3.1(-) (vector) or pcDNA3.1(-) encoding HA-tagged wild-
type or mutant versions of murine pRB. Upper panel: protein extracts were immunoprecipitated using 
anti-HA antibody and immunoblotted using anti-TAg and anti-HA, the latter visualizing HA-pRB. Lower 
panel: total protein extracts (input) were immunoblotted for TAg and HA. (B-E) Transcriptional repression 
by wild-type and mutant pRB in various luciferase reporter assays. Rb-/- 3T9 cells were transfected with 
the indicated constructs, using the following amounts of plasmid per well of a 12-wells plate: 6xE2F-
luciferase reporter or GAL4-TK-luciferase reporter: 200 ng; CMV-HA-E2F1: 0.8 ng; CMV-HA-E2F4: 20 ng; 
pcDNA3.1(-)-mRb wild-type or pcDNA3.1(-)-mRb mutant: 3.2, 8 and 20 ng in (B), 3.2 ng in (C) and 140 
ng in (D); pM encoding GAL4-pRB wild-type or GAL4-pRB mutant: 20 ng; CMV-Renilla: 4 ng. Luciferase/
Renilla luminescence is plotted in B-D and set to 100% in lane 2 (B and D) or lane 1 (C). Fold repression, 
defined as (Luciferase/Renilla luminescence)GAL4-pRB wildtype or  mutant / (Luciferase/Renilla luminescence)GAL4 
is plotted in E. 
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proteins (Kratzke et al., 1992; Bignon et al., 1990; Kaye et al., 1990), caused impaired 
transcriptional repression in reporter assays (Sellers et al., 1995) and was unable to 
inhibit proliferation of SAOS2 cells (Otterson et al., 1997). Indeed, pRBC699F was severely 
impaired in repressing E2F1-induced transcription (Fig. 1B, lanes 9 to 11). In the absence 
of ectopically-expressed E2F1, pRBN750F repressed the luciferase reporter with similar 
efficiency as wild-type pRB, whereas pRBC699F did not repress the reporter at all (Fig. 
1C). These experiments demonstrate the ability of pRBN750F to bind and inhibit E2F 
transcription factors, probably by masking E2F’s transactivation domain.

In contrast to the results obtained with E2F1, pRBN750F could only partly repress 
the E2F-luciferase reporter upon expression of E2F4 (Fig. 1D, compare lanes 2, 3 and 
4). Recruitment of E2F4 to promoters generally correlates with transcriptional repression 
(Rayman et al., 2002; Takahashi et al., 2000), most likely via the formation of E2F4-
pocket protein-chromatin remodeling complexes. Alternatively, E2F4 can also function 
as a transcriptional activator (Kinross et al., 2006; Muller et al., 1997) and indeed, we 
observed E2F4-mediated induction of the E2F-luciferase reporter (Fig. 1D, compare 
lanes 1 and 2). We propose that pRBN750F can inhibit E2F4-mediated transactivation, but 
is impaired in the formation of E2F4-pRB-chromatin remodeling complexes, resulting in 
the observed partial inhibition of E2F4-mediated transcription. 

To specifically analyze repressor activity of pRB, we fused pRBwt, pRBN750F 
and pRBC699F to a GAL4-DNA binding motif, targeting pRB to a co-transfected GAL4-
TK-luciferase reporter construct. Compared to pRBwt, both pRBN750F and pRBC699F were 
severely impaired in repressing transcription of this reporter (Fig. 1E). All together, 
we conclude that pRBN750F is able to interact with E2F transcription factors, as it can 
efficiently inhibit E2F1-induced transcription of the E2F-luciferase reporter. However, 
pRBN750F is unable to establish complete transcriptional repression, as it is impaired in (1) 
repressing E2F4-induced transcription of the E2F-luciferase reporter and (2) repressing 
transcription when targeted to the GAL4-TK-luciferase reporter. 

Generation of RbN750F/N750F and RbN750F/N750Fp130-/- MEFs
To test the impact of mutating the LxCxE binding site in pRB on cell cycle control, we 
generated MEFs homozygous for the RbN750F mutation. As the tumor suppressor function 
of pRB is believed to rely on establishing cell cycle arrest under growth inhibitory 
conditions, the generated MEFs were tested for their ability to arrest in response to various 
inhibitory signals in culture (see below). We and others have previously shown that loss 
of pRB alone did not bypass cell cycle arrest in MEFs, due to compensation by p130 and 
p107. Importantly, while ablation of pRB had no or a minor effect on G1 arrest in response 
to various inhibitory signals, the additional loss of either p130 or p107 bypassed cell cycle 
arrest and stimulated proliferation (Dannenberg et al., 2004; Dannenberg et al., 2000). As 
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p130 is the main pocket protein recruited to repressed promoters during G0 and G1, we 
additionally generated the RbN750F mutation in a p130 null background. 

To generate MEFs containing the RbN750F mutation, we made use of RbN750F/wt mice 
that were generated by Aarts et al. (2006) using oligonucleotide-directed modification 
of the endogenous Rb gene in murine embryonic stem cells (Fig. S1A). These mice 
were crossed with p130wt/- mice and subsequent intercrossings enabled the isolation of 
RbN750F/N750Fp130-/- and RbN750F/N750Fp130wt/wt MEFs. Additionally, Rb-/-p130-/-, Rb-/-p130wt/wt, 
Rbwt/wtp130-/- and Rbwt/wtp130wt/wt MEFs were isolated from inter- and intra-crosses of 
Rbwt/-p130wt/wt and Rbwt/wtp130wt/- mice. 

When compared to Rbwt/wtp130-/- MEFs, RbN750F/N750Fp130-/- MEFs expressed 
similar levels of pRB (Fig. S1B, compare lanes 1 and 3, 4 and 6, and 7 and 8). Strikingly, 
RbN750F/N750Fp130-/- MEFs displayed elevated expression of Cyclin E and p107 during 
asynchronous proliferation (Fig. S1B, lanes 1 and 3), upon expression of RASV12 (Fig. 
S1B , lanes 4 and 6) and after serum starvation (Fig. S1B , lanes 7 and 8). Additionally, 
increased expression of Cyclin A was observed in RbN750F/N750Fp130-/- MEFs upon expression 
of RASV12 (Fig. S1B, lanes 4 and 6). These observations demonstrate the involvement 
of the pRB-LxCxE interaction in repression of E2F target genes. In Rb-/-p130-/- MEFs 
the levels of Cyclin E, Cyclin A and p107 were higher than in RbN750F/N750Fp130-/- MEFs 
(Fig. S1B, compare lanes 2 and 3, 5 and 6). These results are consistent with the relieve 
of pRB-mediated repression of E2F-target genes in RbN750F/N750Fp130-/- MEFs, while the 
regulation of E2F transactivation activity was still intact.

Response of RbN750F/N750F and RbN750F/N750Fp130-/- MEFs to growth inhibitory signals in 
tissue culture
We tested the ability of RbN750F/N750F and RbN750F/N750Fp130-/- MEFs to arrest in response 
to the following growth inhibitory signals: growth factor deprivation, cell-cell contact, 
expression of constitutively active RAS (RASV12), γ-irradiation, and anchorage deprivation. 
We have previously found that (partial) override of cell cycle arrest in response to serum 
deprivation, cell-cell contact or expression of RASV12 could be achieved by loss of both 
pRB and p130, whereas loss of pRB only had a very minor effect (Foijer et al., 2005; 
Dannenberg et al., 2004; Dannenberg, unpublished). In contrast, G1 arrest in response 
to γ-irradiation was predominantly dependent on functional pRB (Brugarolas et al., 
1999; Dannenberg, unpublished). Concerning anchorage deprivation, we have found that  
Rb-/-p130-/- MEFs arrested efficiently in the absence of anchorage, but this could be 
overcome by the combined expression of RASV12 and TBX2 (Vormer et al., 2008).
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Growth factor deprivation
Serum deprivation of wild-type MEFs causes an arrest in both the G1 and G2 phases 
of the cell cycle. Consistent with their role during G1, loss of all three pocket proteins 
bypassed G1 arrest and shifted the arrest towards G2 (Foijer et al., 2005).  Table 1 shows 
the response of RbN750F/N750F, RbN750F/N750Fp130-/- and wild-type MEFs to serum deprivation. 
The strength of the arrest is depicted by the (G1+G2)/S ratios in serum starved versus 
serum stimulated cells. Consistent with previous results (Foijer et al., 2005; Dannenberg, 
unpublished), the single loss of either pRB or p130 did not affect cell cycle arrest upon 
serum deprivation, whereas the combined loss of pRB and p130 resulted in an impaired 
arrest (compare ratios of wild-type, Rb-/-, p130-/- and Rb-/-p130-/- MEFs). In contrast to 
Rb-/-p130-/- MEFs, RbN750F/N750Fp130-/- MEFs arrested as efficiently as wild-type and 
p130-/- MEFs. Additionally, RbN750F/N750Fp130-/- MEFs arrested efficiently in G1, whereas 
arrest in Rb-/-p130-/- MEFs had shifted slightly towards G2 (Fig. S2). These results 
confirm that bypass of G1 arrest upon serum deprivation requires loss of at least two 
pocket proteins, and furthermore, demonstrate that the interaction of pRB with LxCxE-
containing proteins is not required for G1 arrest upon serum deprivation.

Table 1: RbN750F/N750Fp130-/- MEFs arrest efficiently in response to growth factor deprivation, which is in 
contrast to Rb-/-p130-/- MEFs and demonstrates that the pRB-LxCxE interaction is not required for G1 arrest 
under these conditions. MEFs were cultured in the presence or absence of serum, stained for BrdU and 
propidium iodide incorporation and analyzed by FACS. G1- and G2-phase populations were defined as 
the populations of cells with a 2N or 4N DNA content as apparent in the propidium iodide profile. The 
S-phase population was defined as the BrdU-positive population of cells with a DNA content ranging 
from 2N to 4N.

Rb-/-

wild-type

Rb-/-p130-/-

Cell line Condition (G1 + G2)/S
Fold increase in (G1+G2)/S 
upon serum starvation

p130-/-

RbN750F/N750F

RbN750F/N750Fp130-/-

+ serum
7 days serum starved

 2,4
27,6

+ serum
7 days serum starved

+ serum
7 days serum starved

+ serum
7 days serum starved

+ serum
7 days serum starved

+ serum
7 days serum starved

 1,6
15,5

 1,8
18,2

 1,6
10,2

 1,7
20,0

 1,7
18,7

11,6

9,6

10,0

6,3

11,8

10,9
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It still remained possible that, in response to serum deprivation, pRBN750F induced 
a less stringent arrest than pRBwt. To test this possibility, we analyzed the rate of cell 
cycle re-entry of serum-starved RbN750F/N750Fp130-/- MEFs upon serum re-addition. As 
shown in Fig. 2, RbN750F/N750Fp130-/- MEFs re-entered the cell cycle with similar kinetics as 
p130-/- MEFs. In contrast, release from G1 arrest occurred slightly earlier in Rb-/-p130-/- 
MEFs compared to RbN750F/N750Fp130-/- or p130-/- MEFs (Fig. 2, compare lane 4 of the upper, 
middle and lower panels: a reduction in G1 phase and increase in S-phase is observed in 
Rb-/-p130-/-, but not in RbN750F/N750Fp130-/- or p130-/- MEFs). We conclude that ablation of 
the pRB-LxCxE interaction did not affect G1 arrest in response to serum deprivation.

Figure 2: Similar kinetics of cell cycle re-entry after growth factor deprivation for RbN750F/N750Fp130-/- and 
p130-/- MEFs. p130-/-, RbN750F/N750Fp130-/- and Rb-/-p130-/- MEFs were either cultured in 10% serum or in 0% 
serum for 7 days, after which they were provided with 10% serum for the indicated time points. BrdU was 
added 1 h before harvesting. Harvested cells were stained for BrdU and propidium iodide incorporation 
and analyzed by FACS. G1-, G2- and S-phase populations were defined conform the legend of Table 1.
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Cell-cell contact 
Similar to serum deprivation, cell-cell contact induced arrest of wild-type MEFs in both 
G1 and G2 phase. Ablation of all three pocket proteins resulted in complete override of 
cell cycle arrest (Table 2 and Dannenberg et al., 2000). Analyzing the (G1+G2)/S ratio 
in contact inhibited versus subconfluent cultures demonstrated a small but reproducible 
reduction of cell cycle arrest in Rb-/-p130-/-, but not in RbN750F/N750Fp130-/- MEFs (Table 2). 
This indicates that in a p130 null background, loss of pRB, but not abrogation of the pRB-
LxCxE interaction, partially bypassed cell cycle arrest (Table 2).

Table 2: RbN750F/N750Fp130-/- MEFs arrest efficiently in response to cell-cell contact, demonstrating that 
the pRB-LxCxE interaction is not required for G1 arrest under these conditions. Subconfluent or contact-
inhibited MEFs were stained with propidium iodide and analyzed by FACS to determine G1-, G2- and 
S-phase populations.

Rb-/-

wild-type

Rb-/-p130-/-

Cell line Condition (G1 + G2)/S
Fold increase in (G1+G2)/S 
upon contact inhibition

p130-/-

RbN750F/N750F

RbN750F/N750Fp130-/-

subconfluent
contact inhibited

 6,2
34,1

 6,8
27,0

 6,4
26,1

 8,2
23,1

 4,7
35,6

 5,3
33,0

5,5

4,0

4,1

2,8

7,6

6,3

Rb-/-p130-/-p107-/-

subconfluent
contact inhibited

subconfluent
contact inhibited

subconfluent
contact inhibited

subconfluent
contact inhibited

subconfluent
contact inhibited

subconfluent
contact inhibited

6,2
7,8

1,2

Ionizing radiation
Also γ-irradiation-induced cell cycle arrest occurs in G1 and G2. However, G1 arrest in 
response to γ-irradiation was primarily dependent on functional pRB (Brugarolas et 
al., 1999; Dannenberg, unpublished). Indeed, we found that Rb-/- MEFs were severely 
impaired in arresting the cell cycle in response to γ-irradiation: in response to irradiation 
with 5.5 Gy, wild-type and p130-/- MEFs displayed a 45-50% reduction in S phase cells, 
whereas Rb-/- MEFs displayed a reduction of only 25% (Fig. 3A, lanes 1-6). Similarly, the 
fold increase in (G1+G2)/S ratio of irradiated versus untreated cells revealed an impaired 
arrest in Rb-/- MEFs (Fig. 3B, compare fold increase of wild-type and Rb-/- MEFs, lanes 
1 and 2). 

In addition to Rb-/- MEFs, we found that also RbN750F/N750F MEFs were impaired in 
arresting in response to irradiation: RbN750F/N750F MEFs treated with 5.5 Gy of γ-irradiation 
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displayed a reduction in S phase cells of only 35% (Fig. 3A, lanes 9 and 10) and the fold 
increase in (G1+G2)/S ratio upon irradiation was very similar for RbN750F/N750F and Rb-/- 
MEFs (Fig. 3B, compare lanes 2 and 5). Thus, RbN750F/N750F MEFs were almost as impaired 
as Rb-/- MEFs in irradiation-induced cell cycle arrest. These results are consistent with 
recent findings of Talluri and co-workers (2010), who showed that MEFs with an impaired 
pRB-LxCxE interaction arrested less stringently in G1 upon γ-irradiation. Furthermore, 
we found that p130 did not affect the cellular response to irradiation, as RbN750F/N750Fp130-/- 
MEFs displayed a similar fold increase in (G1+G2)/S ratio as RbN750F/N750F MEFs upon 
irradiation (Fig. 3B, compare lanes 5 and 6). 

Treatment with higher doses of irradiation demonstrated that RbN750F/N750F MEFs 
displayed an intermediate phenotype: RbN750F/N750F MEFs arrested less efficiently than 
wild-type MEFs, but more efficiently than Rb-/- MEFs upon irradiation with 10 or 15 Gy 
(Fig. 3C, lanes 4 to 6 and 7 to 9). Interestingly, irradiation with 10 or 15 Gy induced a 
shift from G1 towards G2 arrest in both RbN750F/N750F MEFs and Rb-/- MEFs (Fig. S3). These 
results demonstrate that both RbN750F/N750F and Rb-/- MEFs were impaired in arresting in G1 
upon irradiation, resulting in an increase in G2 arrest. 

To study the stringency of the residual G1 arrest in RbN750F/N750F MEFs in response 
to γ-irradiation, we analyzed S phase entry of synchronized, γ-irradiated MEFs: serum 
starved RbN750F/N750F, Rb-/- and Rbwt/wt  MEFs were re-stimulated with serum and subsequently 
irradiated 7 h later. As shown in Fig. 3D, both RbN750F/N750F and Rb-/- MEFs entered S 
phase slightly earlier compared to Rbwt/wt MEFs, with Rb-/- MEFs again displaying a more 
severe phenotype than RbN750F/N750F MEFs. In conclusion, our results point to a small but 
reproducible involvement of the pRB-LxCxE interaction in inducing G1 arrest in response 
to γ-irradiation.

Expression of RASV12

We have previously shown that loss of pRB only was not sufficient for bypass of RASV12-
induced senescence in MEFs. However, senescence bypass could be accomplished by 
loss of pRB and p130, pRB and p107, or all three pocket proteins (Dannenberg et al., 
2004; Peeper et al., 2001). To test whether the pRB-LxCxE interaction is involved in 
G1 arrest in response to RASV12, we analyzed proliferation rates of RbN750F/N750Fp130-/-, 
Rb-/-p130-/- and p130-/- MEFs upon expression of RASV12 (Fig. 4). Strikingly, we found 
that similar to Rb-/-p130-/- MEFs, RbN750F/N750Fp130-/-  MEFs maintained a high proliferation 
rate in the presence of RASV12, whereas proliferation of p130-/- MEFs almost ceased. 
These results show that the pRB-LxCxE interaction is critical for the establishment of cell 
cycle arrest in response to RASV12.
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Figure 3: The pRB-LxCxE interaction is involved in cell cycle arrest after γ-irradiation. (A) MEFs of the 
indicated genotypes were either untreated or irradiated with 5.5 Gy and harvested 16 h post irradiation. 
BrdU was added 1 h before harvesting. Harvested cells were stained for BrdU and propidium iodide 
incorporation and analyzed by FACS. (B) Fold increase in (G1+G2)/S in 5.5 Gy-irradiated versus untreated 
MEFs. Depicted is the average fold increase, calculated from 2 independent experiments. One of 
these experiments is shown in (A). (C) Fold increase in (G1+G2)/S in response to the indicated doses of 
irradiation. (D) Cell cycle re-entry of synchronized, irradiated MEFs. Cells were serum-starved for 7 days 
and subsequently stimulated with 10% serum. Seven h after serum stimulation, cells were irradiated with 
15 Gy and fixed at the indicated time after irradiation. BrdU was again added 1 h before harvesting and 
cells were analyzed by FACS. G1-, G2- and S-phase populations were defined conform the legend of Table 
1.
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RASV12-induced transformation
Cell cycle arrest upon loss of anchorage is a characteristic of non-transformed cells. 
We have previously shown that Rb-/-p130-/- MEFs could be induced to proliferate under 
non-adherent conditions by expression of RASV12 and TBX2 and that this anchorage-
independent growth was strictly dependent on the absence of both pRB and p130 
(Vormer et al., 2008). We therefore tested whether also RbN750F/N750Fp130-/-  MEFs could 
proliferate under these conditions. Surprisingly, we found that in contrast to Rb-/-p130-/-, 
RbN750F/N750Fp130-/- MEFs could not grow anchorage-independently upon expression of 
RASV12 and TBX2 (Fig. 5). These results demonstrate that ablation of the pRB-LxCxE 
interaction did not render cells susceptible to transformation. Moreover, our results show 
that bypass of RASV12-induced senescence was not sufficient to support TBX2-induced 
transformation.
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Figure 4: The pRB-LxCxE interaction is involved in cell cycle arrest in response to expression of RASV12. 
p130-/-, RbN750F/N750Fp130-/- and Rb-/-p130-/- MEFs were infected with pBABE-RASV12-puro (+ RASV12) or pBABE-
puro (- RASV12) and plated for proliferation assays 4 days after infection. Cells were fixed and stained with 
crystal violet at the indicated time points, the relative cell number was determined by dividing OD590nm at 
time point x by OD590 at time point 0. Two independent experiments, performed in triplicate, are shown.
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Rb-/-p130-/- RbN750F/N750Fp130-/-

TBX2 + RASV12

A

B

Rb-/-p130-/- RbN750F/N750Fp130-/-

TBX2 + RASV12

Figure 5: Ablation of the pRB-LxCxE interaction in a p130 null background is not sufficient to induce 
anchorage-independent growth upon expression of TBX2 and RASV12. RbN750F/N750Fp130-/- and Rb-/-p130-/- 
MEFs were infected with pEYK-TBX2 and subsequently with pBABE-RASV12-puro and plated in soft agar. 
Pictures were taken after 2 weeks using a non-phase-contrast lens (x2.5 magnification) in (A) and a 
phase-contrast lens (x5 magnification) in (B). RASV12 and TBX2 were expressed to comparable levels in 
the 2 cell lines (not shown).

Discussion
The pRB tumor suppressor protein is primarily known for binding and inhibiting E2F 
transcription factors. Besides E2Fs, pRB can simultaneously interact with a wide variety 
of proteins via a site that recognizes an LxCxE motif in the target protein. Many of these 
interacting proteins are involved in chromatin remodeling and transcriptional repression 
(examples are HDAC1 and -2, Suv39h1 and HP1). Thus, tri-molecular complexes 
containing pocket proteins, E2Fs and LxCxE-containing proteins can promote a chromatin 
state incompatible with transcription, resulting in active repression of E2F target genes 
(reviewed by Dick, 2007). Whereas chromatin remodeling complexes containing p130 
and p107 are thought to function in G0/G1, pRB-containing chromatin remodeling 
complexes have been implicated in irreversible gene repression during terminal cell cycle 
exit (Balciunaite et al., 2005; Frolov and Dyson, 2004; Narita et al., 2003; Rayman et al., 
2002; Dahiya et al., 2001). E.g., association of pRB and HP1 with stably repressed E2F-
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regulated promoters could specifically be detected in RASV12-induced senescent cells, 
but not in reversibly arrested, quiescent cells (Narita et al., 2003). However, pRB and 
HDAC1 were recruited to the Cyclin E promotor in cells arrested by p16INK4A (Dahiya 
et al., 2001) and in G0 arrested MEFs (Morrison et al., 2002). Furthermore, the pRB-
LxCxE interaction was required for the establishment of irreversible cell cycle arrest 
during myogenic differentiation (Chen and Wang, 2000). These results led to the view 
that the interaction of pRB with chromatin remodeling proteins mainly plays a role during 
terminal cell cycle exit. 

Given the proposed role of the pRB-LxCxE interaction in gene repression and 
cell cycle exit, we asked whether this interaction is essential for pRB’s role in cell cycle 
arrest under growth inhibitory conditions. To this aim, we generated a mutation in the 
LxCxE binding site of murine pRB at position 750: pRBN750F. This mutant protein retained 
the ability to efficiently inhibit an E2F1-induced E2F-reporter, but was unable to bind 
the LxCxE-containing protein SV40 large T antigen. Moreover, pRBN750F was impaired 
in repressing an E2F4-induced E2F-reporter and in repressing a GAL4-TK-luciferase 
reporter when fused to the GAL4 DNA binding domain (Fig. 1). These results are 
consistent with the view that LxCxE-containing proteins are involved in pRB-dependent 
transcriptional repression. Concerning repression of E2F1-induced transcription and 
repression of a GAL4-reporter construct, results similar to ours were obtained with 
human pRB-LxCxE mutants: pRBN757F, the human equivalent of murine pRBN750F, and 
other LxCxE mutants could efficiently repress an E2F1-induced E2F-reporter, but were 
impaired in repressing a GAL4-reporter when targeted via fusion to the GAL4 DNA 
binding domain (Chan et al., 2001; Dahiya et al., 2000). In line with the involvement 
of the pRB-LxCxE interaction in gene repression and chromatin remodeling, Isaac et 
al. (2006) observed aberrant methylation patterns in the pericentric heterochromatin of 
MEFs expressing a pRB protein deficient in binding LxCxE-containing proteins. This 
further underlines the proposed role for the pRB-LxCxE interaction in permanent gene 
silencing.

To study the involvement of the pRB-LxCxE interaction in cell cycle arrest, we 
generated MEFs in which both Rb alleles encode the mutant pRBN750F protein (RbN750F/N750F 
MEFs) and analyzed the ability of these MEFs to bypass cell cycle arrest in response to 
growth inhibitory signals. We generated this mutation both in a wild-type and a p130-/- 
background, since bypass of G1 arrest in response to various inhibitory signals in culture 
required loss of pRB plus loss of either p130 or p107 (Dannenberg et al., 2004; this 
communication). We did not find a contribution of the pRB-LxCxE interaction in the 
induction of cell cycle arrest in response to serum deprivation, contact inhibition or loss 
of anchorage (Tables 1 and 2; Fig. 2 and 5). However, the pRB-LxCxE interaction was 
critical for G1 arrest in response to γ-irradiation and expression of RASV12 (Fig. 3 and 4).
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Growth factor deprivation
The normal cell cycle arrest of RbN750F/N750Fp130-/- MEFs that we observed upon growth 
factor deprivation was somewhat surprising, since active repression of E2F target genes 
was shown to occur during serum starvation (Isaac et al., 2006; Morrison et al., 2002). 
Morrison and co-workers (2002) detected recruitment of pRB and HDAC1 to the Cyclin 
E promoter upon serum starvation and showed that repression of the Cyclin E gene under 
these conditions depended on pRB, could be relieved by the HDAC inhibitor trichostatin 
A, and involved pRB dependent de-acetylation of a part of the Cyclin E promotor. 
Moreover, Isaac and co-workers (2006) detected increased expression of Cyclin E and 
other E2F regulated genes during serum starvation in MEFs carrying a mutation in the 
LxCxE binding site of pRB. This suggests that, during serum starvation, active repression 
of E2F target genes might contribute to cell cycle arrest. However, we found that  
RbN750F/N750Fp130-/- MEFs arrested normally in response to serum starvation, whereas 
Rb-/-p130-/- MEFs displayed an impaired arrest (Table 1). Note that both RbN750F/N750F 

and Rb-/- MEFs arrested efficiently in G1 upon serum deprivation, which is in line 
with our previous findings that pRB loss was not sufficient to bypass G1 arrest upon 
serum deprivation (Table 1, Figure S1, and Foijer et al., 2005). Furthermore, we found 
that serum-starved RbN750F/N750Fp130-/- MEFs re-entered the cell cycle upon serum re-
stimulation with similar kinetics as Rbwt/wtp130-/- MEFs (Fig. 2), demonstrating that cell 
cycle arrest induced by the pRBN750F protein, which is still able to inhibit E2F transcription 
factors, was as stable as arrest induced by pRBwt. Apparently, relieve of repression by 
mutation of the LxCxE binding site in pRB plus loss of p130 was not sufficient to bypass 
cell cycle arrest upon serum starvation. Therefore, although serum deprivation may 
induce pRB-dependent chromatin remodeling, our results imply that bypass of cell cycle 
arrest after serum withdrawal requires loss of pocket protein-mediated inhibition of the 
transactivation activity of E2Fs. 

Ionizing radiation
In response to γ-irradiation, cell cycle arrest enables repair of DNA damage, after which 
cell cycle progression can be resumed. Because of the transient nature of this arrest 
we intuitively expected pRB-chromatin remodeling complexes, and thus pRB-LxCxE 
interactions, not to play a major role. We found that cell cycle arrest after γ-irradiation 
critically depends on pRB and, strikingly, involved its interaction domain with LxCxE-
containing proteins. Thus, RbN750F/N750F MEFs were impaired in the establishment of cell 
cycle arrest after γ-irradiation (Fig. 3) and additionally, in response to higher doses of 
irradiation, residual cell cycle arrest in RbN750F/N750F MEFs had shifted to G2 (Fig. S3). 
These results clearly point to an involvement of pRB-LxCxE interactions in DNA-
damage-induced G1 arrest. In agreement with our data, Pennaneach and co-workers 
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(2001) reported that ectopically expressed human pRBN757F protein could not induce cell 
cycle arrest in UV-irradiated Rb-/- C33a cells. Moreover, Talluri et al. (2010) reported 
recently that MEFs expressing a pRB protein with a mutated LxCxE-binding site arrested 
less stringently in G1 in response to γ-irradiation.

Previous work has shown that cell cycle arrest upon γ-irradiation coincided with 
reduced CDK2 kinase activity (Brugarolas et al., 1999). This may point to pRB-HDAC-
mediated repression of the CDK2 regulator Cyclin E. Besides HDACs, several other 
LxCxE containing proteins are candidates for mediating pRB-induced cell cycle arrest 
after γ-irradiation. First, Pennaneach and co-workers (2001) reported that the LxCxE 
containing protein RF-Cp145 enhanced survival after DNA damage in the presence of 
pRB. RF-Cp145 is a component of the replication factor C (RF-C) complex that is involved 
in DNA replication. Strikingly, RF-C can also function in transcriptional repression: 
RF-C enhanced pRB-mediated repression of a p73-luciferase reporter (Pennaneach et al., 
2004). Therefore, a possible role for RF-Cp145 in inducing cell cycle arrest could involve 
direct inhibition of DNA replication and/or transcriptional repression. Second, members 
of the p200 family, which contain an LxCxE motive and bind to the pocket proteins, 
have been reported to inhibit S phase entry in a pRB proficient background (Hertel et 
al., 2000). As the p205 protein, a member of the p200 family, contains a putative ATM 
phosphorylation site (Dermott et al., 2004), it is possible that p200 proteins are activated 
by ATM/ATR signaling after DNA damage. These proteins can then interact with pRB via 
the LxCxE binding site and inhibit S phase entry, for example by stabilization of the hypo-
phosphorylated form of pRB. Of interest, a differential sensitivity to phosphorylation 
of wild-type and mutant pRB was found during muscle differentiation: whereas wild-
type pRB was stabilized in the hypo-phosphorylated form and could no longer be 
phosphorylated by serum stimulation, the pRBN757F protein remained sensitive to serum-
induced phosphorylation (Chen and Wang, 2000). Possibly, a similar mechanism occurs 
after irradiation, involving the stabilization of pRBwt in the active, hypo-phosphorylated 
state, while the pRBN750F protein is inactivated by Cdk-dependent phosphorylation, 
causing aberrant S phase entry. Finally, an interesting observation was made by Binne 
and colleagues (2007), who showed that pRB could bind to APC-cdh1 in an LxCxE-
dependent manner and suggested that the pRB-APC interaction in G1 downregulates Skp2 
and stabilizes p27KIP1. Thus, reduced p27KIP1 levels in RbN750F/N750F MEFs could contribute 
to bypass of G1 arrest in response to irradiation.

RASV12-induced senescence
Previously, we found that bypass of RASV12-induced senescence could be accomplished 
by combined ablation of pRB and p130 (Dannenberg et al., 2004). Strikingly, we have 
now found that not only Rb-/-p130-/-, but also RbN750F/N750Fp130-/- MEFs were refractory 
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to the growth inhibitory effect of RASV12 (Fig. 4). Thus, the interaction between pRB 
and LxCxE-containing proteins is critical for the establishment of cell cycle arrest in 
response to RASV12. This is in agreement with the view that cell cycle arrest induced 
by RASV12 is irreversible and involves transcriptional silencing via the recruitment of 
chromatin remodeling proteins. A role for E2F-repressor complexes during RASV12-
induced senescence was previously suggested by Rowland et al. (2002), who showed 
that expression of the DNA binding domain of E2F1 (E2F-DB) could bypass RASV12-
induced senescence. Since E2F-DB was unable to activate or repress transcription and 
could displace endogenous E2Fs from promoter regions, these results implied that relieve 
of E2F-mediated transcriptional repression can overcome RASV12-induced senescence. 
Additionally, Narita and colleagues (2003) detected recruitment of HP1γ and the presence 
of methylated H3K9 to promoter regions specifically in RASV12-induced senescent cells, 
and not in confluent quiescent cells, pointing to the involvement of chromatin remodeling 
proteins during RASV12-induced senescence. Our present results using RbN750F/N750Fp130-/- 
MEFs clearly point to an essential role for the pRB-LxCxE interaction during RASV12-
induced senescence and suggest that E2F-pRB-chromatin remodeling complexes are 
critical for the establishment of RASV12-induced cell cycle arrest.

RASV12-induced transformation
Loss of anchorage generally induces cell cycle arrest and bypass of this arrest is a 
hallmark of transformation. Our previous studies showed that expression of RASV12 and 
TBX2 bypassed cell cycle arrest in Rb-/-p130-/- MEFs under non-adherent conditions and 
induced tumor formation in nude mice (Vormer et al., 2008). We wondered whether 
RbN750F/N750Fp130-/- MEFs could also be induced to proliferate anchorage-independently 
by expression of RASV12 and TBX2. To our surprise, we found that, in contrast to 
Rb-/-p130-/- MEFs, RbN750F/N750Fp130-/- MEFs could not grow anchorage-independently upon 
expression of RASV12 and TBX2 (Fig. 5). Since RbN750F/N750Fp130-/- MEFs were refractory 
to RASV12-induced senescence, but were not transformed by RASV12 and TBX2, these 
results demonstrate that bypass of RASV12-induced senescence meets lower requirements 
than transformation induction by RASV12 and TBX2. Interestingly, we found that 
RbN750F/N750Fp130-/- MEFs displayed higher Cyclin E protein levels compared to p130-/- 
MEFs, but lower levels compared to Rb-/-p130-/- MEFs (Fig. S1). Thus, pocket protein-
mediated suppression of Cyclin E transcription in wild-type MEFs occurs via both 
recruitment of chromatin remodeling proteins, as was previously suggested (Morrison et 
al., 2002; Dahiya et al., 2001; Nielsen et al., 2001) and via inhibition of E2F-mediated 
transactivation. Elevated expression of Cyclin E is expected to induce Cyclin E-CDK2 
kinase activity. Possibly, derepression of Cyclin E in RbN750F/N750Fp130-/- MEFs induces 
Cyclin E-CDK2 kinase activity to a level sufficient to bypass RASV12-induced senescence, 
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but insufficient to counteract the dramatic drop in kinase activities, which occurs upon 
loss of anchorage (Vormer et al., 2008). 

In summary, we have shown that the pRB-LxCxE interaction is not involved 
in cell cycle arrest upon serum starvation or cell-cell contact, suggesting that blocking 
the transactivation function of E2F is the main mechanism by which pRB establishes 
cell cycle arrest under these conditions. The pRB-LxCxE interaction is critical for cell 
cycle arrest in response to γ-irradiation and expression of RASV12. However, ablation of 
the pRB-LxCxE interaction was not sufficient to induce anchorage-independent growth 
upon additional ablation of p130 plus expression of RASV12 and TBX2. We conclude 
that, whereas ablation of the pRB-LxCxE interaction in MEFs bypasses some barriers 
involved in counteracting transformation, it is not sufficient to bring cells beyond the 
verge of transformation. We are currently investigating whether the pRBN750F mutation in 
a p130 null background predisposes to tumorigenesis in vivo.

Materials and Methods
Constructs
The 6xE2F-luciferase reporter, CMV-HA-E2F1, CMV-HA-E2F4, CMV-Renilla and pJ3-mRb were 
kindly provided by Dr. R. Bernards, GAL4-TK-luciferase was obtained from Dr. R. Medema and 
pECE-pRbΔcdk-HA was from Dr. J. Lukas. An N-terminal HA-tag was added to pRB by replacing 
the EcoRI/ClaI fragment from pJ3-mRb with the EcoRI/ClaI fragment from pECE-pRbΔcdk-
HA, thereby creating pJ3-HA-mRb. Mutation of the Rb cDNA was done by subcloning the BglII 
fragment (~1 kb) from pJ3-Rb into the BglII site of LITMUS 28, followed by mutagenesis using 
the QuikChange Site-Directed Mutagenesis Kit (Stratagene 200518). Regeneration of full-length 
Rb in an expression vector was achieved by co-ligation of the EcoRI/BglII fragment from pJ3-HA-
mRb and the wild-type or mutated BglII fragment from LITMUS 28 into the EcoRI/BamHI site of 
pcDNA3.1(-), thereby creating pcDNA3.1(-)-HA-mRb, pcDNA3.1(-)-HA-mRb N750F, pcDNA3.1(-
)-HA-mRb C699F and pcDNA3.1(-)-HA-mRb R654W. Generation of vectors encoding GAL4-pRB 
fusion proteins was achieved by PCR cloning of an Rb fragment (encoding amino acid residues 372-
921) from the pcDNA3.1(-)-HA-mRb series using 5’ and 3’ primers encompassing EcoRI and XbaI 
sites, respectively. These EcoRI/XbaI fragments were inserted in-frame into the EcoRI/XbaI site of 
pM (Clontech). pSG5-Tag was kindly provided by Dr. J. A. DeCaprio, pBABE-RASV12-puro by Dr. 
T. Brummelkamp and pCL-Eco by Dr. D. Peeper. The pEYK-TBX2 vector was previously isolated 
from MEFs infected with the pEYK-MCF7 library (Vormer et al., 2008), which was a gift of Dr. G. 
Q. Daley.

Reporter assays
Subconfluent Rb -/- 3T9 cells were transfected one day after seeding using FuGENE6 Transfection 
Reagent (Roche) according to the manufacturer’s protocol. Transfections were performed using 0.4 
µg DNA per well of a 12-well plate, in a DNA-FuGENE ratio of 1 to 3 (µg and µl respectively). All 
transfections included a luciferase reporter plasmid (6xE2F-luciferase or GAL4-TK-luciferase) and a 
Renilla luciferase expression plasmid. Empty pcDNA3.1 or empty pM plasmids were added to each 
reaction to reach the total amount of 0.4 µg DNA/well. Twenty-four h post transfection, cells were 
washed in PBS and lysed in 100 µl lysis buffer (provided with the Dual-Luciferase Reporter Assay 
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System (Promega E1910). Lysates were measured for Luciferase and Renilla luminescence activity by 
using the Dual-Luciferase Reporter Assay System (Promega E1910) according to the manufacturer’s 
protocol. For each sample, luciferase luminescence was divided by Renilla luminescence. All 
transfection experiments were carried out at least in duplicate.

MEF isolation
We previously generated RbN750F/wt mice 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. Subsequently, RbN750F/wt mice were crossed with 
previously generated p130wt/- FVB mice (Dannenberg et al., 2000), generating RbN750F/wtp130wt/- mice. 
These animals were intercrossed enabling the isolation of RbN750F/N750Fp130-/- and RbN750F/N750Fp130wt/wt 
MEFs at embryonic day 14.5 (day of vaginal plug was defined as day 0.5). Additionally, we generated 
Rbwt/-p130wt/- animals by crossing Rbwt/-  FVB animals (Dannenberg et al., 2000; te Riele et al., 1992) 
with Rbwt/wtp130wt/- mice, which had been derived from RbN750F/wtp130wt/- intercrossings. Subsequent 
intercrossings of Rbwt/-p130wt/- animals enabled isolation of Rb-/-p130-/- MEFs. Lastly, intercrossing 
Rbwt/-p130wt/wt  animals enabled isolation of Rb-/-p130wt/wt MEFs, whereas intercrossing Rbwt/wtp130wt/- 
animals was used to isolate Rbwt/wtp130-/- and Rbwt/wtp130wt/wt MEFs. Due to embryonic lethality, 
Rb-/-p130-/- MEFs were isolated at embryonic day 13.5, all other MEF isolations were performed at 
embryonic day 14.5. Rb-/-p130-/-p107-/- MEFs were previously generated by (Dannenberg et al., 2000).

Cell culture
MEFs were cultured in GMEM (Invitrogen/Gibco), containing 10% fetal calf serum, 1 mM 
nonessential amino acids (Invitrogen/Gibco), 1 mM sodium pyruvate (Invitrogen/Gibco), 100 
units/ml penicillin (Invitrogen/Gibco), 100 μg/ml streptomycin (Invitrogen/Gibco) and 0.1 mM 
β-mercaptoethanol and incubated at 37 °C in the presence of 5% CO2. 

For serum starvation experiments, cells were seeded at a density of 8 x 105 per 10- cm 
dish. Three h after plating, cells were washed in PBS and medium as described above was added, but 
containing 0% fetal calf serum. Cells were harvested for FACS at the indicated time points and BrdU 
was added to a concentration of 10 µΜ 1 h before harvesting.

For contact inhibition experiments, cells were plated at a density of 8 x 105 per 10-cm dish 
and analyzed 10 days after plating. Cells were given fresh medium every 2 or 3 days. 

For γ-irradiation experiments, cells were plated at a density of 5 x 105 per 10-cm dish, 
irradiated the next day with 5.5, 10 or 15 gray and analyzed 16 h after irradiation. One h before 
harvesting, BrdU was added to a concentration of 10 µΜ.
 For retroviral infections, cells were plated at a density of 8.5 x 105 per 10-cm dish and infected 
twice the next day with retroviral supernatants, supplemented with polybrene to a concentration of 
4 μg/ml during a time-span of at least 6 h per infection. For serial infections, MEFs were cultured 
in non-virus containing media for at least 36 h between infections and reseeded before infection to 
obtain optimal cell density. Retroviral supernatants were produced by calcium phosphate transfection 
(Invitrogen) of phoenix cells with 16 μg of the desired construct and 4 μg pCL-Eco. Forty-eight h post 
transfection, retroviral supernatant was filtered using 0.45 μm filters (MCE membrane, Millipore) 
and either used directly or immediately frozen using a dry-ice ethanol bath and stored at -80 °C. 
After harvesting viral supernatant, phoenix cells were supplemented with GMEM containing media 
supplements as described above, and supernatant was again harvested using the same procedure, with 
an interval of at least 6 h. 
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Soft agar plating was performed as previously described (Vormer et al., 2008): 6 x 104 
MEFs were suspended in 2 ml of a 37 °C, 0.35% soft agar solution (low gelling agarose type VII from 
Sigma) in GMEM containing 10% fetal calf serum, the same medium supplements as mentioned 
above plus gentamicin (Invitrogen/Gibco) to a concentration of 0.02 mg/ml and plated in one well of 
a six-well plate. To prevent cells from attaching to the bottom of the well, the 0.35% soft agar solution 
was poured into an ultra-low-attachment surface plate (catalog no. 3471; Corning Incorporated) 
coated with a 1% soft agar layer. To allow solidification of the agar, plates were incubated at 4°C 
for 30 minutes. Subsequently, cells were incubated at 37°C in the presence of 5% CO2 for 2 weeks. 
Pictures were taken using a non-phase-contrast lens (x2.5 magnification) and assembled using 
Axiovision 4.5. Detail images were taken using a phase-contrast lens (x5 magnification).

Proliferation curves: crystal violet assays
For proliferation curves, cells were seeded in triplicate at a density of 2.5 x 104 cells per well of a 
12-well plate (Corning Incorporated, 3512). At the indicated time points (time point 0 was defined 
as 3 h after seeding), cells were fixed for 5 minutes in 4% formaldehyde in PBS, which was freshly 
made from a 37% formaldehyde stock. Subsequently, cells were washed three times in demineralized 
water and stained with 0.1% crystal violet solution for 30 minutes. Again, cells were washed three 
times in demineralized water and allowed to dry in the dark. Dye was extracted by adding 1 ml 10% 
acetic acid per well. 100 µl of this solution was used to determine the optical density at 590 nm using 
a microplate reader (M200 Tecan).

BrdU staining and FACS
For BrdU labeling, BrdU was added to the culture medium 1 h before harvesting to a concentration 
of 10 µM. After this incubation, cells were trypsinized and fixed in 70% ethanol in PBS at 4 ºC. To 
detect incorporated BrdU, cells were first washed in cold PBS and then suspended in 5 M HCl/0.5% 
Triton and incubated at room temperature for 20 minutes. Next, cells were washed in 1 M TrisHCl pH 
7.5 and subsequently in PBS/0.5% Tween 20. Cells were thereafter incubated with mouse anti-BrdU 
Antibody (DAKO, clone BU20A M0744) in a concentration of 1:40 in PBS/0.5% Tween 20/1% 
BSA for 30 minutes at room temperature. Next, cells were washed twice in PBS/0.5% Tween 20 and 
incubated with goat anti-mouse immunoglobulins/FITC (DAKO F0479) in a concentration of 1:20 in 
PBS/0.5% Tween 20/1% BSA for 30 minutes at room temperature in the dark. After washing twice 
with PBS/0.5% Tween 20, cells were suspended in PBS containing 200 µg/ml RNase A and 20 µg/ml 
propidium iodide, incubated at 37 ºC for 15 min, measured in FL1 for FITC and FL3 for propidium 
iodide, and analyzed using ‘Cell Quest’ and ‘Summit’ software.
 Cells that were analyzed for propidium iodide only were fixed overnight in 70% ethanol in 
PBS at 4 ºC, washed in PBS and directly suspended in PBS containing 200 µg/ml RNase A and 20 
µg/ml propidium iodide, incubated at 37 ºC for 15 min and measured in FL3.

Protein isolation, immunoprecipitation and immunoblot
For protein isolations, cells were lysed for 30 minutes on ice in lysis buffer containing 150 mM NaCl, 
50 mM Hepes pH 7.5, 5 mM EDTA, 0.1% NP-40 and 1 tablet complete protease inhibitor cocktail 
(Roche) per 50 ml. After centrifugation, protein concentration was determined using Bio-Rad protein 
assay (Bio-Rad). For immunoblot analysis, protein was separated on 3-8% Tris-Acetate and 4-12% 
Bis-Tris NuPage gradient gels (Invitrogen). Blotting was performed using standard protocols. 

For immunoprecipitation experiments, Rb-/- C33A cells were co-transfected with pSG5-
TAg and pcDNA3.1(-)-HA-mRb (wild-type, N750F, R654W or C699F) or empty pcDNA3.1(-) 
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using calcium phosphate (Invitrogen). Protein was isolated using the lysis buffer described above 
plus 5 mM NaF, 0.5 mM vanadate, 20 mM β-glycerolphosphate and 1mM PMSF. Lysates were 
incubated O/N at 4 °C with anti-HA antibody and 50 % protein A/G beads (Santa Cruz) in lysis 
buffer while rotating. Subsequently, lysates were washed 5 times in lysis buffer, separated on a 12% 
polyacrylamide gel and immunoblotted. The membrane was probed with mouse anti-TAg and mouse 
anti-pRB and next with HRP-conjugated secondary antibody. 

Used primary antibodies were: mouse monoclonal anti pRB (554136, BD Biosciences 
Pharmingen), rabbit polyclonal anti-p107 (C18, SC-318, Santa Cruz), rabbit polyclonal anti-cyclin 
E (M20, SC-481, Santa Cruz), rabbit polyclonal anti-cyclin A (C19, SC-596, Santa Cruz) and goat 
polyclonal anti-cdk4 (C22-G, SC260-G, Santa Cruz). Secondary antibodies were: HRP conjugated 
goat anti mouse, goat anti rabbit and rabbit anti goat (DakoCytomation).

Acknowledgments
We thank Anja van der Wal and Elly Delzenne-Goette for MEF isolations and Tanja van Harn, Rob 
Dekker, Marieke Aarts and Eva Wielders for helpful discussions. This work was financially supported 
by the Dutch Cancer Society, grant nr. NKI 2002-2634.

References

Aarts,M., Dekker,M., de,V.S., van der Wal,A., and te Riele,H. (2006). Generation of a mouse 
mutant by oligonucleotide-mediated gene modification in ES cells. Nucleic Acids Res. 34, e147.

Balciunaite,E., Spektor,A., Lents,N.H., Cam,H., te Riele,H., Scime,A., Rudnicki,M.A., Young,R., 
and Dynlacht,B.D. (2005). Pocket protein complexes are recruited to distinct targets in quiescent and 
proliferating cells. Mol. Cell Biol. 25, 8166-8178.

Bignon,Y.J., Shew,J.Y., Rappolee,D., Naylor,S.L., Lee,E.Y., Schnier,J., and Lee,W.H. (1990). A 
single Cys706 to Phe substitution in the retinoblastoma protein causes the loss of binding to SV40 T 
antigen. Cell Growth Differ. 1, 647-651.

Binne,U.K., Classon,M.K., Dick,F.A., Wei,W., Rape,M., Kaelin,W.G., Jr., Naar,A.M., and 
Dyson,N.J. (2007). Retinoblastoma protein and anaphase-promoting complex physically interact and 
functionally cooperate during cell-cycle exit. Nat. Cell Biol. 9, 225-232.

Brehm,A., Miska,E.A., McCance,D.J., Reid,J.L., Bannister,A.J., and Kouzarides,T. (1998). 
Retinoblastoma protein recruits histone deacetylase to repress transcription. Nature 391, 597-601.

Brugarolas,J., Moberg,K., Boyd,S.D., Taya,Y., Jacks,T., and Lees,J.A. (1999). Inhibition of cyclin-
dependent kinase 2 by p21 is necessary for retinoblastoma protein-mediated G1 arrest after gamma-
irradiation. Proc. Natl. Acad. Sci. U. S. A 96, 1002-1007.

Chan,H.M., Smith,L., and La Thangue,N.B. (2001). Role of LXCXE motif-dependent interactions 
in the activity of the retinoblastoma protein. Oncogene 20, 6152-6163.

Chen,T.T. and Wang,J.Y. (2000). Establishment of irreversible growth arrest in myogenic 
differentiation requires the RB LXCXE-binding function. Mol. Cell Biol. 20, 5571-5580.

Cobrinik,D., Whyte,P., Peeper,D.S., Jacks,T., and Weinberg,R.A. (1993). Cell cycle-specific 
association of E2F with the p130 E1A-binding protein. Genes Dev. 7, 2392-2404.



Chapter 4

98

Dahiya,A., Gavin,M.R., Luo,R.X., and Dean,D.C. (2000). Role of the LXCXE binding site in Rb 
function. Mol. Cell Biol. 20, 6799-6805.

Dahiya,A., Wong,S., Gonzalo,S., Gavin,M., and Dean,D.C. (2001). Linking the Rb and polycomb 
pathways. Mol. Cell 8, 557-569.

Dannenberg,J.H., Schuijff,L., Dekker,M., van der Valk,M., and te Riele,H. (2004). Tissue-specific 
tumor suppressor activity of retinoblastoma gene homologs p107 and p130. Genes Dev. 18, 2952-
2962.

Dannenberg,J.H., van Rossum,A., Schuijff,L., and te Riele,H. (2000). Ablation of the retinoblastoma 
gene family deregulates G(1) control causing immortalization and increased cell turnover under 
growth-restricting conditions. Genes Dev. 14, 3051-3064.

DeGregori,J. and Johnson,D.G. (2006). Distinct and Overlapping Roles for E2F Family Members 
in Transcription, Proliferation and Apoptosis. Curr. Mol. Med. 6, 739-748.

Dermott,J.M., Gooya,J.M., Asefa,B., Weiler,S.R., Smith,M., and Keller,J.R. (2004). Inhibition of 
growth by p205: a nuclear protein and putative tumor suppressor expressed during myeloid cell 
differentiation. Stem Cells 22, 832-848.

Dick,F.A. (2007). Structure-function analysis of the retinoblastoma tumor suppressor protein - is 
the whole a sum of its parts? Cell Div. 2, 26.

Dimova,D.K. and Dyson,N.J. (2005). The E2F transcriptional network: old acquaintances with 
new faces. Oncogene 24, 2810-2826.

Ferreira,R., Magnaghi-Jaulin,L., Robin,P., Harel-Bellan,A., and Trouche,D. (1998). The three 
members of the pocket proteins family share the ability to repress E2F activity through recruitment 
of a histone deacetylase. Proc. Natl. Acad. Sci. U. S. A 95, 10493-10498.

Foijer,F., Wolthuis,R.M., Doodeman,V., Medema,R.H., and te Riele,H. (2005). Mitogen 
requirement for cell cycle progression in the absence of pocket protein activity. Cancer Cell 8, 455-
466.

Frolov,M.V. and Dyson,N.J. (2004). Molecular mechanisms of E2F-dependent activation and 
pRB-mediated repression. J. Cell Sci. 117, 2173-2181.

Hertel,L., Rolle,S., De Andrea M., Azzimonti,B., Osello,R., Gribaudo,G., Gariglio,M., and 
Landolfo,S. (2000). The retinoblastoma protein is an essential mediator that links the interferon-
inducible 204 gene to cell-cycle regulation. Oncogene 19, 3598-3608.

Isaac,C.E., Francis,S.M., Martens,A.L., Julian,L.M., Seifried,L.A., Erdmann,N., Binne,U.K., 
Harrington,L., Sicinski,P., Berube,N.G., Dyson,N.J., and Dick,F.A. (2006). The retinoblastoma 
protein regulates pericentric heterochromatin. Mol. Cell Biol. 26, 3659-3671.

Kaye,F.J., Kratzke,R.A., Gerster,J.L., and Horowitz,J.M. (1990). A single amino acid substitution 
results in a retinoblastoma protein defective in phosphorylation and oncoprotein binding. Proc. Natl. 
Acad. Sci. U. S. A 87, 6922-6926.

Kinross,K.M., Clark,A.J., Iazzolino,R.M., and Humbert,P.O. (2006). E2f4 regulates fetal 
erythropoiesis through the promotion of cellular proliferation. Blood 108, 886-895.



The pRB-LxCxE interaction in cell  cyle arrest

99

Kratzke,R.A., Otterson,G.A., Lin,A.Y., Shimizu,E., Alexandrova,N., Zajac-Kaye,M., 
Horowitz,J.M., and Kaye,F.J. (1992). Functional analysis at the Cys706 residue of the retinoblastoma 
protein. J. Biol. Chem. 267, 25998-26003.

Lee,J.O., Russo,A.A., and Pavletich,N.P. (1998). Structure of the retinoblastoma tumour-suppressor 
pocket domain bound to a peptide from HPV E7. Nature 391, 859-865.

Macaluso,M., Montanari,M., and Giordano,A. (2006). Rb family proteins as modulators of gene 
expression and new aspects regarding the interaction with chromatin remodeling enzymes. Oncogene 
25, 5263-5267.

Magnaghi-Jaulin,L., Groisman,R., Naguibneva,I., Robin,P., Lorain,S., Le Villain,J.P., Troalen,F., 
Trouche,D., and Harel-Bellan,A. (1998). Retinoblastoma protein represses transcription by recruiting 
a histone deacetylase. Nature 391, 601-605.

Moberg,K., Starz,M.A., and Lees,J.A. (1996). E2F-4 switches from p130 to p107 and pRB in 
response to cell cycle reentry. Mol. Cell Biol. 16, 1436-1449.

Morrison,A.J., Sardet,C., and Herrera,R.E. (2002). Retinoblastoma protein transcriptional 
repression through histone deacetylation of a single nucleosome. Mol. Cell Biol. 22, 856-865.

Muller,H., Moroni,M.C., Vigo,E., Petersen,B.O., Bartek,J., and Helin,K. (1997). Induction of 
S-phase entry by E2F transcription factors depends on their nuclear localization. Mol. Cell Biol. 17, 
5508-5520.

Narita,M., Nunez,S., Heard,E., Narita,M., Lin,A.W., Hearn,S.A., Spector,D.L., Hannon,G.J., and 
Lowe,S.W. (2003). Rb-mediated heterochromatin formation and silencing of E2F target genes during 
cellular senescence. Cell 113, 703-716.

Nicolas,E., Roumillac,C., and Trouche,D. (2003). Balance between acetylation and methylation 
of histone H3 lysine 9 on the E2F-responsive dihydrofolate reductase promoter. Mol. Cell Biol. 23, 
1614-1622.

Nielsen,S.J., Schneider,R., Bauer,U.M., Bannister,A.J., Morrison,A., O’Carroll,D., Firestein,R., 
Cleary,M., Jenuwein,T., Herrera,R.E., and Kouzarides,T. (2001). Rb targets histone H3 methylation 
and HP1 to promoters. Nature 412, 561-565.

Otterson,G.A., Chen,W., Coxon,A.B., Khleif,S.N., and Kaye,F.J. (1997). Incomplete penetrance of 
familial retinoblastoma linked to germ-line mutations that result in partial loss of RB function. Proc. 
Natl. Acad. Sci. U. S. A 94, 12036-12040.

Peeper,D.S., Dannenberg,J.H., Douma,S., te Riele,H., and Bernards,R. (2001). Escape from 
premature senescence is not sufficient for oncogenic transformation by Ras. Nat. Cell Biol. 3, 198-
203.

Pennaneach,V., Barbier,V., Regazzoni,K., Fotedar,R., and Fotedar,A. (2004). Rb inhibits E2F-1-
induced cell death in a LXCXE-dependent manner by active repression. J. Biol. Chem. 279, 23376-
23383.

Pennaneach,V., Salles-Passador,I., Munshi,A., Brickner,H., Regazzoni,K., Dick,F., Dyson,N., 
Chen,T.T., Wang,J.Y., Fotedar,R., and Fotedar,A. (2001). The large subunit of replication factor C 
promotes cell survival after DNA damage in an LxCxE motif- and Rb-dependent manner. Mol. Cell 
7, 715-727.



Chapter 4

100

Rayman,J.B., Takahashi,Y., Indjeian,V.B., Dannenberg,J.H., Catchpole,S., Watson,R.J., te Riele,H., 
and Dynlacht,B.D. (2002). E2F mediates cell cycle-dependent transcriptional repression in vivo by 
recruitment of an HDAC1/mSin3B corepressor complex. Genes Dev. 16, 933-947.

Rowland,B.D., Denissov,S.G., Douma,S., Stunnenberg,H.G., Bernards,R., and Peeper,D.S. (2002). 
E2F transcriptional repressor complexes are critical downstream targets of p19(ARF)/p53-induced 
proliferative arrest. Cancer Cell 2, 55-65.

Sellers,W.R., Rodgers,J.W., and Kaelin,W.G., Jr. (1995). A potent transrepression domain in the 
retinoblastoma protein induces a cell cycle arrest when bound to E2F sites. Proc. Natl. Acad. Sci. U. 
S. A 92, 11544-11548.

Takahashi,Y., Rayman,J.B., and Dynlacht,B.D. (2000). Analysis of promoter binding by the E2F 
and pRB families in vivo: distinct E2F proteins mediate activation and repression. Genes Dev. 14, 
804-816.

Talluri,S., Isaac,C.E., Ahmad,M., Henley,S.A., Francis,S.M., Martens,A.L., Bremner,R., and 
Dick,F.A. (2010). A G1 checkpoint mediated by the retinoblastoma protein that is dispensable in 
terminal differentiation but essential for senescence. Mol. Cell Biol. 30, 948-960.

te Riele,H., Maandag,E.R., and Berns,A. (1992). Highly efficient gene targeting in embryonic stem 
cells through homologous recombination with isogenic DNA constructs. Proc. Natl. Acad. Sci. U. S. 
A 89, 5128-5132.

Vandel,L., Nicolas,E., Vaute,O., Ferreira,R., it-Si-Ali,S., and Trouche,D. (2001). Transcriptional 
repression by the retinoblastoma protein through the recruitment of a histone methyltransferase. Mol. 
Cell Biol. 21, 6484-6494.

Vormer,T.L., Foijer,F., Wielders,C.L., and te Riele,H. (2008). Anchorage-independent growth of 
pocket protein-deficient murine fibroblasts requires bypass of G2 arrest and can be accomplished by 
expression of TBX2. Mol. Cell Biol. 28, 7263-7273.



The pRB-LxCxE interaction in cell  cyle arrest

101

Supplemental figures

Figure S1: RbN750F/N750Fp130-/- MEFs express wild-type levels of pRB, but increased levels of E2F-target genes. 
(A) Oligonucleotide-directed modification of exon 22 of Rb in murine ES cells resulted in the substitution 
of asparagine at position 750 with phenylalanine. The upper sequence shows a part of wild-type Rb 
encoding asparagine at position 750. The lower sequence depicts the oligonucleotide which was used 
for modification of the Rb locus, resulting in incorporation of phenylalanine at position 750. The part 
of the oligonucleotide that differs from the wild-type sequence is shown in red. A detailed description 
of the procedure can be found in (Aarts et al., 2006). (B) MEFs of the indicated genotypes were infected 
with pBABE-puro (lanes 1 to 3) or pBABE-RASV12 (lanes 3 to 6) and cultured in the presence of serum. 
Additionally, non-infected MEFs were cultured in the absence of serum (lanes 7 and 8). Protein extracts 
were immunoblotted using the depicted antibodies.
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>Figure S2: RbN750F/N750Fp130-/- MEFs arrest efficiently in G1 upon serum starvation. MEFs of the indicated 
genotypes were cultured in the presence or absence of serum, stained for BrdU and propidium iodide 
incorporation and analyzed by FACS. Shown are cell cycle profiles of the MEFs depicted in Table 1. The 
depicted numbers of G1- and G2–phase cells represent the percentages of cells with a 2N or 4N DNA 
content based on propidium iodide incorporation (FL3-A). The depicted number of S-phase cells represent 
the BrdU-positive population of cells with a DNA content ranging from 2N to 4N.

Figure S3: Cell cycle arrest in RbN750F/N750F and Rb-/- MEFs shifts towards G2 in response to high doses of 
γ-irradiation. MEFs of the indicated genotypes were treated with γ-irradiation, harvested after 16 h and 
stained for BrdU and propidium iodide incorporation. Shown are cell cycle profiles of the MEFs depicted 
in Fig. 3C. The depicted numbers of G1, G2 and S phase cells were determined as described in the legend 
of Fig. S2.
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