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The retinoblastoma protein (pRB) is best known for regulating cell proliferation through E2F transcription factors. In this re-
port, we investigate the properties of a targeted mutation that disrupts pRB interactions with the transactivation domain of
E2Fs. Mice that carry this mutation endogenously (Rb1�G) are defective for pRB-dependent repression of E2F target genes. Ex-
cept for an accelerated entry into S phase in response to serum stimulation, cell cycle regulation in Rb1�G/�G mouse embryonic
fibroblasts (MEFs) strongly resembles that of the wild type. In a serum deprivation-induced cell cycle exit, Rb1�G/�G MEFs dis-
play a magnitude of E2F target gene derepression similar to that of Rb1�/� cells, even though Rb1�G/�G cells exit the cell cycle
normally. Interestingly, cell cycle arrest in Rb1�G/�G MEFs is responsive to p16 expression and gamma irradiation, indicating
that alternate mechanisms can be activated in G1 to arrest proliferation. Some Rb1�G/�G mice die neonatally with a muscle de-
generation phenotype, while the others live a normal life span with no evidence of spontaneous tumor formation. Most tissues
appear histologically normal while being accompanied by derepression of pRB-regulated E2F targets. This suggests that non-
E2F-, pRB-dependent pathways may have a more relevant role in proliferative control than previously identified.

The retinoblastoma tumor suppressor protein (pRB) has a cen-
tral role in the regulation of the G1-to-S-phase transition. In-

activation of its control over cell cycle progression is one of the
most common events in cancer (1). The RB protein is thought to
regulate entry into S phase through its ability to repress E2F-de-
pendent transcription (2). In the G1 phase of the cell cycle, a direct
interaction between the large pocket domain of pRB (RBLP) and
the transactivation domain of E2Fs blocks transcription and re-
cruits chromatin regulators that maintain the cell in G1 (3). Acti-
vation of cyclin-dependent kinases (CDKs) results in the phos-
phorylation of pRB and the release of E2F transcription factors
(4). Free E2Fs then activate a transcriptional program that drives
the cell into S phase (3). This model of pRB regulation of E2F
dominates our understanding of G1-to-S-phase control. Much of
our knowledge of this model was derived from studies using viral
oncoproteins encoded by small DNA tumor viruses (5, 6). Of
particular note, the human papillomavirus E7 protein has been
shown to compete for pRB-E2F interactions to deregulate prolif-
eration (7, 8). However, E7 must also target pRB for degradation
in order to induce proliferation (8). Thus, the experimental sys-
tem that gave rise to the pRB-E2F regulatory axis in cell cycle
control also suggests that pRB may engage other growth-suppress-
ing activities beyond E2F regulation. By comparison with the
pRB-E2F pathway, we know very little about pRB’s non-E2F-de-
pendent growth control mechanisms and their relative contribu-
tion to cell cycle regulation and tumor suppressor activities.

The minimal growth-suppressive region of pRB has been
mapped to the A, B, and C regions of its open reading frame, a
domain called the “large pocket” that includes amino acids 379 to
928 (3). This is also the minimal domain needed for stable inter-
action with E2Fs and to repress their transcription (9–12). E2Fs
are a family of transcription factors, and each of E2F1, E2F2, E2F3,
and E2F4 is capable of binding to pRB at endogenous levels

through its transactivation domain; this is termed the “general”
interaction (13, 14). E2F1 is unique among E2Fs in that it has roles
outside transcriptional activation of cell cycle genes, including the
regulation of apoptotic targets (15, 16) and DNA replication (17–
19). E2F1 is also capable of making a protein interaction with pRB
qualitatively different from that of the other E2Fs (13, 20), and this
interaction is mediated by separate protein-protein contacts (13,
20–22). This E2F1 “specific” interaction has been suggested to
allow it to regulate apoptotic target genes independently of E2F
transcriptional control during the cell cycle (13, 15, 20, 23). One
reason that the specific interaction with pRB is distinct from the
general interaction is because E2F1 bound to pRB through this site
is unable to efficiently bind the consensus E2F promoter element
(13) but contributes to regulation of apoptotic target genes such as
TA-p73 (15, 23). Furthermore, the regulation of this interaction is
distinct, as the specific pRB-E2F1 interaction is resistant to disrup-
tion by CDK phosphorylation (21, 24). Thus, recent structural
and functional insights into pRB-E2F interactions indicate that
pRB’s relationship with E2F transcription factors may be more
complex than simply silencing their activity during cell cycle ar-
rest. This background highlights the difficulty in understanding
how individual biochemical aspects of pRB function contribute to
its complete role as a cell cycle regulator and tumor suppressor.

In order to investigate pRB-dependent functions in cell cycle
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control that are independent of canonical E2F transcriptional
control, we generated a gene-targeted mouse allele whose encoded
protein is selectively deficient for the general interaction. We call
this allele Rb1�G because it disrupts the interaction between the
transactivation domain of E2Fs and pRB. Our analysis indicates
that this mutant protein is defective for pRB-E2F interactions at
cell cycle promoters and is unable to regulate E2F transcriptional
activity in reporter assays. Primary fibroblast cultures and tissues
from Rb1�G/�G mice exhibit derepression of direct pRB-E2F tran-
scriptional targets and yet maintain the ability to control prolifer-
ation in response to serum deprivation, p16 expression, and
gamma irradiation. Furthermore, Rb1�G/�G mice are relatively
normal in development and remain cancer free throughout their
lives. This study suggests that pRB functions that are independent
of E2F transcriptional control can contribute to its tumor sup-
pressor activity in a meaningful way.

MATERIALS AND METHODS
Protein interaction analysis and Western blotting. To generate extracts
for glutathione S-transferase (GST) pulldowns and gel shifts, cells were
washed twice with phosphate-buffered saline (PBS) and collected in 1 ml
of gel shift extract (GSE) buffer (20 mM Tris, pH 7.5, 420 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 25% glycerol, 5 �g/ml leupeptin, 5 �g/ml
aprotinin, 0.1 mM Na3VO4, 0.5 mM NaF, and 1 mM dithiothreitol
[DTT]) per 15-cm dish of cells. Cells were frozen at �80°C and thawed
rapidly to lyse them; cellular debris was removed by centrifugation at
14,000 rpm. For GST pulldowns, extracts were diluted approximately
2-fold in wash buffer without NaCl (20 mM Tris, pH 7.5, 1.5 mM MgCl2,
0.2 mM EDTA, 25 mM DTT, and 0.1% NP-40) to approximately physi-
ological salt concentrations. Beads and fusion proteins were added and
incubated with rocking for 1 h at 4°C. The protein G-Sepharose beads and
associated proteins were washed twice with immunoprecipitation (IP)
wash buffer and then resuspended in 1� SDS-PAGE sample buffer and
boiled at 95°C for 5 min to elute the bound proteins. The eluted material
was resolved by SDS-PAGE and transferred to a nitrocellulose membrane
by standard techniques.

Nuclear extracts were prepared from mouse embryonic fibroblasts
(MEFs) as previously described (25). A sheep anti-pRB antibody was gen-
erated using the C terminus of murine pRB, and antibodies were purified
using a peptide corresponding to amino acids 867 to 881 of murine pRB
coupled to agarose using the Sulfolink immobilization kit (Pierce). Five
micrograms of antibody, which had previously been covalently coupled to
protein G Dynabeads using bis(sulfosuccinimidyl suberate) (BS3; Pierce),
was used to immunoprecipitate pRB from 1 mg of nuclear extract. Pre-
cipitated proteins were detected in Western blot assays using the following
antibodies: pRB was detected using G3-245 (BD Pharmingen), E2F1 with
C-20 (Santa Cruz), E2F2 with TFE-25 (Santa Cruz), E2F3 with PG37
(Upstate) or C-18 (Santa Cruz), and E2F4 with C-20 (Santa Cruz). Other
antibodies used for Western blotting included PCNA F2 (Santa Cruz),
p107 C-18 (Santa Cruz), Mcm3 4012S (Cell Signaling), cyclin E M20
(Santa Cruz), and cyclin A H432 (Santa Cruz). Rabbit anti-SP1 H225
(Santa Cruz) was used as a loading control.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were per-
formed using DNA probes described in the work of Seifried et al. (26).
These probes were labeled with 50 �Ci of [�-32P]dCTP with Klenow
fragment for 15 min at room temperature. The labeled probes were puri-
fied on a G25 spin column. Extracts were prepared from confluent MEFs
in GSE buffer as described above. Five micrograms of nuclear extract was
diluted into EMSA buffer (20 mM Tris, pH 7.5, 4% Ficoll 400-DL
[Sigma], 2.5 mM MgCl2, 40 mM KCl, 0.1 mM EGTA, 2 mM spermine, 0.5
mM DTT, 0.25 �g salmon sperm DNA, 10 �g bovine serum albumin) in
a 20-�l total volume. Samples with cold competitors were first incubated
with 40 ng of wild-type or mutant unlabeled oligonucleotides for 10 min
on ice. Four hundred picograms of labeled probe was then added to each

reaction mixture and incubated on ice for 10 min. For antibody super-
shifts, antibodies were added and the samples were incubated on ice for a
further 25 min. For supershifts, 1 �g of anti-pRB 21C9 (a kind gift from
Sibylle Mittnacht, London, United Kingdom) and anti-CDK2 (Upstate)
was used. Samples were loaded onto a 4% polyacrylamide gel (containing
0.25� Tris-borate-EDTA and 2.5% glycerol) and electrophoresed at 4°C
for 4 h at 180 V. Gels were dried, and protein-DNA complexes were
detected by autoradiography. Gel shifts for determining differences of
affinity were carried out essentially as described above, except that C33A
nuclear extracts containing overexpressed hemagglutinin (HA)-tagged
E2F1, E2F2, E2F3, and E2F4 with HA-DP1 proteins were used. Anti-HA
antibodies (12CA5 hybridoma supernatant) were used to shift HA-E2F/
DP1 complexes, and the indicated amounts of GST or GST-RBLP pro-
teins were added.

Gene targeting and phenotypic analysis of animals. Embryonic stem
(ES) cell culture, transfection, and selection were performed using stan-
dard methods. Correctly targeted ES cells were identified by Southern
blotting. Genomic DNA was digested with KpnI, and the indicated probes
outside the 5= and 3= arms of homology were used to detect homologous
recombinants. MscI digestion was also performed to cut DNA within the
neomycin resistance gene and outside the 5= arm of homology. A probe
specific to the neomycin resistance gene was used to probe this Southern
blot to ensure that the targeted clones contained only a single site of
integration of the targeting vector. Correctly targeted ES clones were
grown and injected into blastocysts to generate chimeric mice. Male chi-
meras were mated with B6.FVB EIIa-cre transgenic mice to remove the
PGK-Neo selectable marker that was flanked by LoxP sites. Progeny were
then intercrossed to generate mice that had excised the selectable marker
and did not contain EIIa-cre. Rb1�G mice were genotyped by amplifica-
tion of a genomic sequence that surrounds the remaining LoxP site. Using
L-F (5= CTGCAATCTGCGCATTTTTA 3=) and L-R (5= CGATGCTGCA
GGCCTATAAT 3=) primers, a 250- or a 330-bp fragment that corre-
sponds to the wild-type or mutant allele, respectively, is produced.

E2f1�/� mice (B6; 129S4-E2f1tm1Meg/J) (27) were obtained from the
Jackson Laboratory and genotyped as recommended by the distributor.
All animals were housed and handled as approved by the Canadian Coun-
cil on Animal Care. Mice were monitored throughout their lives, and
animals were euthanized after the development of signs of tumor burden
or at defined ages as indicated in the figure legends. Survival data were
subjected to Kaplan-Meier analysis, and significant differences were com-
pared using a log rank test.

Euthanized animals were subjected to a necropsy where tissues of in-
terest and tumors were fixed in formalin. Tumors and tissues were fixed in
formalin for at least 72 h, washed in phosphate-buffered saline (PBS), and
then transferred to 70% ethanol. The tissues were embedded in paraffin,
and 5-�m sections were cut from superficial and deep sections of the
tissue blocks. Sections were subsequently stained with hematoxylin and
eosin (H&E), and images were captured on a Zeiss Axioskop 40 micro-
scope and Spot Flex camera using EyeImage software (Empix Imaging,
Mississauga, Ontario, Canada) or similar system.

Luciferase reporter assays. Luciferase reporter assays were performed
as described previously (28). Saos-2 cells were plated at 5 � 105 per well of
a 6-well dish. Transfection mixtures contained 100 ng of a luciferase re-
porter and 200 ng of cytomegalovirus (CMV)–�-galactosidase (�-Gal).
CMV-RB expression plasmids were included up to a total of 100 ng, and
where indicated, 15 ng of CMV-HA-E2F and 15 ng of CMV-HA-DP1
were included. Total CMV plasmid DNA was normalized with the addi-
tion of CMV-CD20. Cells were lysed 36 h after transfection in reporter
lysis buffer (Promega). Luciferase activity was determined using the lucif-
erase assay system (Promega) and normalized to �-Gal activity. Each data
point is the average of three independent transfections, and the error bars
indicate 1 standard deviation from the mean.

Mouse embryonic fibroblasts (MEFs), retroviral infections, and
myogenic differentiation. Wild-type, Rb1�G/�G, and Rb1�/� fibroblasts
were derived from E13.5 embryos, and experiments were carried out us-
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ing passage 3 to 5 MEFs. Asynchronous cell populations were cultured
according to standard methods. Cell culture was carried out in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum (FBS), 2
mM L-glutamine, penicillin (50 U/ml), and streptomycin (50 �g/ml).
Growth curves were generated by plating MEFs at low density followed by
trypsinization and counting for 5 consecutive days. Cells deprived of se-
rum were cultured for 60 h in medium as described above except with
0.1% FBS. For serum restimulation assays, 10% FBS was added following
60 h of serum deprivation. Gamma irradiation was performed by expos-
ing cells to a cobalt-60 radiation source until a dose of 15 Gy was received.

Retroviral infections of MEFs were undertaken with pBabe-p16 and
pBabe-MyoD constructs at passage 3. Infections were performed as de-
scribed in the work of Pear et al. (29). BOSC or Phoenix-Eco packaging
cells were plated at a density of 10 million cells per 15-cm plate on the day
before the transfections. On the following day, the cells were transfected
with 60 �g of pBabe plasmid or pBabe containing p16 using calcium
phosphate, and on the next morning, the medium was replaced. The me-
dium was removed 48 h later, filtered through a 0.45-�m filter, and sup-
plemented with 4 �g/ml of Polybrene. The filtered viral supernatant was
placed directly on MEFs that had been plated the previous day at 8 � 105

cells in a 10-cm dish. Fresh medium was added to the transfected packag-
ing cells for another 12 h. After 12 h, the medium from the MEFs was
removed and a second round of infection was performed by once again
adding the filtered viral supernatant with Polybrene to the MEFs. The viral
supernatant was incubated on the MEFs for a further 8 to 12 h and then
replaced with medium containing 5 �g/ml of puromycin for 4 days. The
infected MEFs were then replated in puromycin-containing medium for
subsequent analysis. Myogenic differentiation was carried out using MEFs
infected with a pBABE-MyoD-expressing retrovirus and by following the
cell culture methods of Novitch et al. (30). Once differentiated, cells were
restimulated with 15% serum and labeled with bromodeoxyuridine
(BrdU) for 24 h. Cells were fixed and stained for BrdU, myosin heavy
chain (MHC), and DNA with 4=,6-diamidino-2-phenylindole (DAPI)
and analyzed by fluorescence microscopy. BrdU incorporation in MHC-
positive and -negative cells was quantitated as previously reported (31).

Chromatin immunoprecipitation (ChIP) experiments. Asynchro-
nously growing Rb1�/�, Rb1�G/�G, and Rb1�/� MEFs were washed twice
with PBS followed by incubation with 2 mM ethylene glycol bissuccinimi-
dylsuccinate (EGS) diluted in PBS for 1 h with shaking at room tempera-
ture (RT). Formaldehyde was then added to a final concentration of 1%
and incubated at RT for 15 min without shaking. Glycine was then added
to a final concentration of 0.125 M to quench the reaction. Cells were
washed twice and then collected in PBS. Cell pellets were resuspended in
buffer 1 (10 mM HEPES, pH 6.5, 10 mM EDTA, 0.5, EGTA, 0.25% Triton
X-100), incubated on ice for 5 min, and pelleted at 600 � g at 4°C. Pellets
were then resuspended twice in buffer 2 (10 mM HEPES, pH 6.5, 1 mM
EDTA, 0.5, EGTA, 200 mM NaCl), incubated on ice for 5 min, and pel-
leted at 600 � g at 4°C between each wash. Cells were then suspended in
SDS-lysis buffer (1% SDS, 1 mM EDTA, 50 mM Tris-HCl, pH 8.0, and
protease inhibitors) and incubated for 15 min on ice followed by 35 min of
sonication in a Bioruptor (Diagenode). Seventy-five micrograms of chro-
matin was diluted 10-fold in dilution buffer (0.01% SDS, 0.4% Triton
X-100, 1 mM EDTA, 20 mM Tris, pH 8, 200 mM NaCl, and protease
inhibitors) and precleared for 1.5 h with IgG prebound to Dynabeads. IPs
were performed by rotation at 4°C for 16 h using 5 �g each of the follow-
ing antibodies mixed together and prebound to Dynabeads: M-153 and
C-15 (both from Santa Cruz), Rb 4.1 (Developmental Studies Hybridoma
Bank), an affinity-purified sheep antibody raised against amino acids 867
to 881 of mouse pRB, and an affinity-purified rabbit antibody raised
against amino acids 847 to 859 of mouse pRB. Beads were then serially
washed for 5 min with rotation at 4°C for the following washes: twice in
low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCl, pH 8, 150 mM NaCl), once in high-salt buffer (0.1% SDS 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8, 500 mM NaCl), and twice in
TE (10 mM Tris-HCl, pH 8, 1 mM EDTA). Protein was eluted with 2 serial

incubations with 150 �l of elution buffer (1% SDS, 0.1 M NaHCO3) at
65°C for 10 min each. Cross-links were reversed by adding NaCl to a final
concentration of 200 mM and incubating the mixture at 65°C for 4 h.
RNase was added and incubated at 37°C for 30 min followed by addition
of 50 �g/ml protease K and 10 mM EDTA and incubation at 45°C for 1 h.
DNA was then isolated using a PCR purification kit (Invitrogen).

Real-time PCR analysis of ChIP. DNA isolated from ChIPs was ana-
lyzed using iQ Sybr green Super Mix (Bio-Rad). Primer sets used for
analysis were as indicated below, and their locations were chosen based on
human pRB ChIP sequencing data previously published by Chicas et al.
(32) visualized on the UCSC genome browser. Primers included Rbl1 TSS
Fwd (5=CTT CGG GGT TTT CTT TTC CCT C 3=), Rbl1 TSS Rev (5=TAG
AGT CCG AGG TCC ATC TTC TTA T 3=), Rbl1 Neg Fwd (5= AGT CGT
TTC AGG AAT AGA GAT GGT C 3=), Rbl1 Neg Rev (5= TAC CTG GTG
CAT CTG AAT GCT ATT A 3=), Mcm3 TSS Fwd (5=ATC CAG GAA GTC
CAA GTA GTC TCT C 3=), Mcm3 TSS Rev (5= TTG AAG TGG TTA GCC
AAT CAT AAC G 3=), PCNA TSS Fwd (5=CAG AGT AAG CTG TAC CAA
GGA GAC 3=), PCNA TSS Rev (5= CGT TCC TCT TAG AGT AGC TCT
CAT C 3=), PCNA Neg Fwd (5=CAT CAG TGA ATA CGT CTC TGT TCC
A 3=), PCNA Neg Rev (5=CTG CTT CTC AGT TGT TTT AGG AAG G 3=),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Fwd (5= GAG
CCA GGG ACT CTC CTT TT 3=), and GAPDH Rev (5= CTG CAC CTG
CTA CAG TGC TC 3=). Percent inputs were calculated as follows:
2�(antibody CT � input CT) � % input used, where CT is threshold cycle.
Values were then normalized to percent input of GAPDH.

Cell cycle analysis. Cell cycle analysis of MEFs was performed by
pulse-labeling cells with bromodeoxyuridine (BrdU; Amersham Biosci-
ences) for 1.5 h before harvesting cells. The cells were fixed in ethanol and
immunostained with anti-BrdU antibodies (BD Biosciences), along with
propidium iodide (PI) as reported in the work of Cecchini et al. (25). Cell
populations were analyzed by flow cytometry on a Beckman-Coulter Ep-
ics XL-MCL instrument, and the relative abundance of each phase was
determined. Gates were used to quantitate the proportion of cells with 8N
DNA content, and the average forward scatter was determined on G1-
phase cells where indicated.

mRNA quantitation. Total RNA was extracted from cells or minced
tissues using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen). RNA from tissues was isolated using an RNeasy fibrous tis-
sue kit (Invitrogen). Expression levels of the E2F target genes, Pcna, Ccne1
(cyclin E1), Ccna2 (cyclin A2), Tyms (thymidylate synthase), Mcm3, and
Rbl1 (p107), were determined using the Quantigene Plex 2.0 reagent sys-
tem from Affymetrix (Santa Clara, CA) and a BioPlex200 multiplex anal-
ysis system. Expression levels were normalized to the expression of actin.

Microarray analysis. Total RNA was extracted from MEFs following
serum starvation using TRIzol reagent. RNA was quality controlled using
an Agilent 2100 Bioanalyzer before labeling and hybridization onto an
Affymetrix mouse 1.0 ST gene array in the London Regional Genomics
Centre. Affymetrix.cel files were normalized with robust multiarray
averaging (33–35) using BRB-Array Tools (http://linus.nci.nih.gov
/BRB-ArrayTools.html). Log ratios of Rb1�G/�G RNA compared with
wild type were determined by subtracting the average wild-type log signal
value from each replicate of Rb1�G/�G. The three log ratios were subjected
to hierarchical clustering using Euclidian distance and average linkage
using MeV (http://www.tm4.org/mev.html). In the figures, positive log
ratios are colored red, and negative ratios are colored green.

Isolation of intestinal villi. Isolation of villi was carried out essentially
as described previously (36). Mice were sacrificed by cervical dislocation,
and the small intestine was immediately removed, measured, and cut into
thirds. The middle section, corresponding roughly to the jejunum, was
opened using blunt-end scissors washed 3 times in PBS and placed in 25
ml of PBS supplemented with 1 mM DTT and 5 mM EDTA for 30 min.
The intestine was then transferred to a 15-ml tube with 10 ml of Release
buffer (PBS, 1 mM DTT) and shaken gently to release intact villi from the
intestine. Five sequential fractions were obtained with increasingly more
vigorous shaking. To release the intestinal crypts, the intestine was placed
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in 25 ml of PBS supplemented with 1 mM DTT and 9 mM EDTA and
incubated for 20 min at room temperature. The intestine was then placed
once again in a 15-ml tube with 10 ml of release buffer and mixed to
release the crypts from the intestines. This was repeated with 5 tubes to
sequentially release the crypts from the intestine. During the fractionation
process, the release of cells was monitored under a dissecting microscope
to quantify the proportion of villi and crypts isolated. Fractions were
further enriched for villi by allowing samples to settle and decanting the
supernatant, which contains largely crypts. In contrast, crypts were en-
riched by filtering samples through 100-�m nylon cell strainers (Fisher
Scientific). Only samples with significant enrichment were utilized for
subsequent analysis.

BrdU staining of intestinal tissue sections. To analyze proliferation,
mice were injected with 200 �l of 16-�g/ml BrdU (Sigma) 2 h before
sacrifice. Intestines were then isolated, fixed in formalin, embedded in
paraffin, and sectioned according to standard protocols. Paraffin was re-
moved, and sections were rehydrated using a series of xylene extractions
and ethanol washes. The sections were brought to a boil in sodium citrate
buffer and then maintained at 95°C for 10 min. The cooled sections were
rinsed in water three times for 5 min each time and then rinsed in PBS for
5 min. The sections were blocked in phosphate-buffered saline (PBS)
supplemented with 2.5% horse serum and 0.3% Triton X-100 for 1 h. The
sections were incubated with anti-BrdU antibodies (BD Biosciences) in
blocking buffer overnight at 4°C and then rinsed in PBS three times for 5
min each time. The slides were incubated with horse anti-mouse immu-
noglobulin G-fluorescein isothiocyanate (Vector) for 1 h and then rinsed
in PBS. The slides were mounted with Vectashield plus 4=,6-diamidino-
2-phenylindole (DAPI) (Vector). Fluorescent images were captured on a
Zeiss Axioskop 40 microscope and Spot Flex camera and colored using
EyeImage software (Empix Imaging, Mississauga, Ontario, Canada) or a
similar system.

BrdU staining of embryos. To analyze proliferation in the embryos,
pregnant mice at embryonic day 18.5 (E18.5) were injected with 10 �g of
BrdU/g of body weight, 2 h before sacrifice. Embryos were collected, fixed
in formalin, embedded in paraffin, and sectioned according to standard
protocols. Paraffin was removed, and sections were rehydrated using a
series of xylene extractions and ethanol washes. The sections were incu-
bated in 2 N HCl at 37°C for 60 min followed by neutralization in 0.1 M
Na2BO4 two times for 5 min each. Sections were rinsed in PBS twice for 5
min. Endogenous peroxidases were blocked by incubating the sections in
3% H2O2 for 20 min followed by washing in PBS twice for 5 min. The
sections were blocked in phosphate-buffered saline (PBS) supplemented
with 5% horse serum for 1 h at room temperature. The sections were
incubated with anti-BrdU antibodies (BD Biosciences) in blocking buffer
for 1 h at room temperature and then rinsed in PBS three times for 5 min
each. The slides were incubated with biotinylated anti-mouse immuno-
globulin (Vector Laboratories) for 1 h and then rinsed in PBS three times
for 5 min each. The slides were incubated with streptavidin-horseradish
peroxidase (HRP) (Vector Laboratories) for 30 min and then rinsed in
PBS before incubation with ImmPACT diaminobenzidine (DAB) sub-
strate (Vector Laboratories). The slides were counterstained with hema-
toxylin, dehydrated in ethanol, and mounted with Vectamount (Vector
Laboratories) for analysis. Microscopic examination and photography of
slides were performed as described above.

RESULTS
Characterization of an Rb1 mutant that is defective for E2F
transactivation domain binding. To better understand pRB-de-
pendent functions outside E2F transcriptional control, we sought
to develop a gene-targeted mutant mouse line that is deficient for
this function. The interaction between pRB and E2F transcription
factors is complex (Fig. 1A), as pRB possesses a well-studied
mechanism in which it interacts with the C-terminal transactiva-
tion domain of E2Fs, but it also forms an alternate interaction with
E2F1 that has little effect on canonical E2F transcriptional regula-

tion (13, 21, 22). We set about designing an Rb1 allele that disrupts
only pRB’s contact site with the transactivation domain of E2F1,
E2F2, E2F3, and E2F4.

We focused on conserved acidic side chains used by E2F1,
E2F2, E2F3, and E2F4 to interact with basic residues in the groove
formed by the A and B domains of the pRB pocket (Fig. 1B and C).
We generated a charge reversal mutant in which R467 and K548
on pRB were changed to glutamate to antagonize E2F binding
(21). This mutant was titled �G because it disrupts the general
interaction that pRB makes with the E2F transactivation domain
(13, 21). To determine the severity of this mutation, we utilized
electrophoretic mobility shift assays to quantitate the defect in
pRB-E2F interactions. HA-tagged E2F1, E2F2, E2F3, and E2F4
were produced by transfection and mixed with a 32P-labeled dou-
ble-stranded oligonucleotide containing an E2F binding site. E2F
binding was then tested by titrating increasing amounts of GST-
RBLP proteins, a domain that contains both E2F binding sites.
Figure 1D demonstrates analysis for HA-E2F2 and reveals the in-
ability of the GST-�G-RBLP protein to form a complex with HA-
E2F2 on DNA. The percentage of HA-E2F2 bound to wild-type or
mutant GST-RBLP was determined for each lane of the gel and
was plotted in Fig. 1E. From these data, we determined half-max-
imal binding quantities for GST-RBLP and the �G mutant for
each of E2F1, E2F2, E2F3, and E2F4 (Fig. 1F). This indicates that
the �G substitutions have a strong effect on E2F binding, as the
interactions with E2F2, E2F3, and E2F4 are nearly undetectable.
As stated above, E2F1 has the ability to form an alternate complex
with pRB that is reported to have reduced binding to the E2F
sequence element in this probe (13). For this reason, E2F1’s ap-
parent affinity for GST-RBLP is lower and is relatively unaffected
by the �G mutations (Fig. 1F).

In order to assess the effects of �G-pRB on E2F transcriptional
control, we transfected cells with CMV-RB expression vectors and
a p107-luciferase reporter (Fig. 1G). This experiment demon-
strates that �G-pRB is unable to repress transcription of this re-
porter when relying on endogenous E2Fs. In addition, we have
also tested the ability of �G-pRB to block transcriptional activa-
tion of an E2F-responsive reporter when individual E2Fs are over-
expressed. As shown in Fig. 2A, wild-type pRB is capable of re-
pressing transcription by each of E2F1, E2F2, or E2F3. Conversely,
�G-pRB has a similar defect in controlling each E2F, even though
it is still capable of binding E2F1 in interaction assays. These re-
sults are consistent with previous reports that demonstrate that
the pRB-E2F1 complex formed through their alternate interaction
is a poor regulator of cell cycle E2F transcriptional targets (13, 21,
22). Importantly, regulation of a TA-p73 reporter, a uniquely
E2F1-responsive proapoptotic target gene (16), is similar between
wild type and �G-pRB (Fig. 2B). Taken together with the in vitro
binding assays above, the �G substitutions dramatically reduce
the affinity of pRB for the E2F transactivation domain and prevent
transcriptional repression of canonical E2F-responsive genes,
even when overexpressed.

Introduction of an E2F-binding-deficient allele of Rb1 into
the endogenous murine locus. Our next goal was to introduce the
R467E and K548E substitutions (R461E and K542E in murine
numbering) into the Rb1 gene and create an endogenous Rb1�G

mutant. Figure 3A contains a diagram of the Rb1 locus, the target-
ing vector used to introduce the �G mutations, along with rele-
vant restriction enzyme cut sites that were used to map homolo-
gous recombination. Southern blotting assays were performed
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using 5= and 3= external probes, as well as the neomycin resistance
gene, for two candidate clones (Fig. 3B). The smaller KpnI frag-
ments found in both targeted clones are indicative of homologous
recombination at both ends of the targeting vector. The single
band in the MscI-digested, Neor gene-probed lane indicated that

the targeting vector was integrated only once. These clones were
expanded and used to produce chimeric male mice that were bred
to B6; FvB EIIa-cre transgenic animals to establish germ line trans-
mission, excise the selectable marker, and create the gene structure
shown at the bottom of Fig. 3A. Success in creating the Rb1�G

FIG 1 Characterization of an RB mutant that is defective for binding the E2F transactivation domain. (A) The domain structures of pRB and E2F proteins are
depicted. Mapped interaction sites for the different classes of E2F interaction are shown. DBD, DNA binding domain; DMZ, dimerization (with DP) domain;
MB, marked box domain. The E2F transactivation domain is shown in red, and the minimal RB interaction site within it is indicated. (B) Sequence alignment of
the pRB binding region of E2F1, E2F2, E2F3, and E2F4 created using ClustalW. Three conserved aspartate residues in E2Fs make contacts with distinct basic
amino acids on pRB. Codon positions use human numbering. (C) Locations of basic amino acids that were mutagenized to disrupt E2F binding are shown in red
in a crystal structure of the small pocket of pRB (PDB entry 1O9K) (63). RB is shown in blue, and an E2F1-derived peptide is shown in green. (D) Electrophoretic
mobility shift assays utilizing extracts expressing HA-E2F2 and HA-DP1 were combined with a radiolabeled probe containing a canonical E2F binding site.
Migration positions for free E2F bound to the probe and E2Fs bound to GST-RBLP proteins are shown on the right of the gel. 100� WT and 100� MT denote
samples with excess cold oligonucleotide. The �-HA lane denotes the addition of the 12CA5 antibody recognizing the HA epitope on the exogenous E2F/DP
proteins. The GST lane contains 1 �g of GST as a negative control, and the remaining 12 lanes consist of a 10-fold dilution series of recombinant GST-WT-RBLP
and �G-RBLP (R467E and K548E) from 1 �g to 10 pg. (E) To compare the affinities of WT and �G for each E2F, the proportion of RB bound relative to residual
free E2F was determined for each quantity of GST-RBLP used. A graph of percent RB bound versus GST-RBLP quantity is shown for E2F2. (F) The table shows
the half-maximal binding quantity for WT-RBLP and �G-RBLP in EMSAs for each of E2F1, E2F2, E2F3, and E2F4. (G) Increasing amounts of CMV-RB
expression vector were cotransfected along with a constant level of a p107(promoter)-luciferase reporter construct in Saos-2 cells. Extracts were prepared to assess
relative luciferase activity and determine transcriptional repression by the overexpressed �G-pRB mutant. Error bars indicate 1 standard deviation from the
mean (n 	 3). An asterisk indicates a statistically significant difference from E2F/DP1 transfection alone (t test, P 
 0.05).
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allele was assessed by breeding to homozygosity and sequencing
exons 15 and 17 (Fig. 3C), which demonstrated that the relevant
codons were successfully changed to encode glutamate. Further-
more, GST-E7 and GST-E1A pulldowns from Rb1�/� and
Rb1�G/�G fibroblasts were used to confirm that �G-pRB in these
extracts was capable of binding to viral oncoproteins (Fig. 3D).
Lastly, we examined �G-pRB expression by Western blotting in
comparison with wild-type and knockout MEFs (Fig. 3E). This
revealed a slight increase in �G-pRB expression relative to the
wild-type control. Taken together, these experiments reveal that
the Rb1�G allele stably expresses pRB and that �G-pRB is capable
of binding viral proteins through its pocket domain, suggesting
that it is correctly folded.

The properties of �G-pRB were investigated further in
Rb1�G/�G cells by immunoprecipitation and Western blotting
(Fig. 4A). Anti-pRB precipitates were blotted for E2F1, E2F2,
E2F3, and E2F4, and in this analysis, E2F2, E2F3, and E2F4 levels
were greatly reduced but E2F1 levels were considerably increased
(Fig. 4A). This suggests that E2F1’s interaction with pRB at its
alternative interaction site may be competitive with pRB interac-
tions with E2Fs through the general interaction site that we dis-
rupted by mutation. Because the specific pRB-E2F1 complex pre-

fers to bind to sequences such as those in the TA-p73 promoter
and not the consensus E2F sites found in cell cycle genes, we used
DNA binding specificity to identify the type of pRB-E2F1 com-
plexes present in Rb1�G/�G extracts. To investigate the configura-
tion of pRB-E2F1 complexes that form in Rb1�G/�G cells, we took
advantage of the fact that the pRB-E2F1 specific interaction has
low affinity for consensus E2F binding elements by EMSA (Fig.
4B). This analysis revealed that pRB-E2F complexes can readily be
detected in wild-type extracts using an antibody supershift for
pRB (Fig. 4B; compare lanes 3 and 4). However, the presence of
other E2F-containing complexes that migrate to the same position
obscures this complex, and they can be shifted by adding anti-
Cdk2 antibodies (Fig. 4B; compare lanes 3 and 5). Gel shifts of
Rb1�G/�G extracts demonstrate that pRB-E2F complexes are un-
detectable, even when anti-Cdk2 antibodies are used to shift other
complexes away from this position in the gel (Fig. 4B; compare
lanes 6 and 12). Based on this analysis, pRB-E2F complexes that
are competent to repress cell cycle target genes appear to be absent
in Rb1�G/�G cells.

Given the importance of disrupting endogenous pRB-E2F
complexes in the interpretation of phenotypes in Rb1�G/�G mice,
we also investigated this question by chromatin immunoprecipi-
tation (ChIP). The presence of pRB-E2F complexes was quantita-
tively assessed by ChIP in which pRB was precipitated, and known
E2F-responsive promoter regions were PCR amplified. ChIP se-
quence tracks for human pRB (32), at three E2F target genes that
were used as a guide to design positive- and negative-control PCR
amplicons to determine if �G-pRB can associate with these pro-
moters (Fig. 4C, top). This experiment demonstrates that PCR
amplification of sequences within the peak of pRB occupancy can
readily detect wild-type pRB at these promoters, whereas it is re-
duced or missing at the negative-control location (Fig. 4C, bot-
tom; compare black bars). PCR amplification of �G-pRB precip-
itates demonstrates that occupancies are similar between the peak
and negative-control amplicons (Fig. 4C, bottom; compare gray
bars), and these are generally equivalent to background levels de-
fined by ChIP from Rb1�/� cells (Fig. 4C, bottom; compare white
bars).

The characterization of pRB from Rb1�G/�G cells reveals that it
has a specific defect in E2F interactions. Presumably because pRB
can autoregulate itself through repression of E2F transcription
factors (37), pRB is mildly increased in Rb1�G/�G cells. Despite its
overexpression, and increased association with E2F1, pRB-E2F
complexes that are capable of interaction with cell cycle E2F pro-
moter elements are undetectable in Rb1�G/�G MEFs.

Normal cell cycle progression in asynchronous Rb1�G/�G

MEFs. Given the biochemical defect in pRB-E2F interactions de-
scribed above, we sought to understand the functional conse-
quences of this defect in transcriptional and cell cycle control.
Asynchronously proliferating MEFs were pulse-labeled with BrdU
and processed for flow cytometry to examine cell cycle phases in
Rb1�G/�G cells. As shown in Fig. 5A, Rb1�G/�G MEFs have a cell
cycle phase distribution very similar to that of the wild type, and
this is clearly different from Rb1�/� cells that are characterized by
lower G1, higher S-phase, and higher G2/M levels (38). We also
carried out growth curves to see if the proliferation rate of
Rb1�G/�G cells differs from those of knockout or wild-type con-
trols. As shown in Fig. 5B, the quantity of cells increased similarly
between genotypes over a 5-day period, suggesting that prolifera-
tion rates were similar across all genotypes. It is known that

FIG 2 Regulation of E2F transcriptional activity by �G-pRB. (A) The E2F4B-
luciferase construct containing four tandem E2F recognition sites was cotrans-
fected with E2F1/DP1, E2F2/DP1, or E2F3/DP1. Where indicated, wild-type
pRB or �G-pRB was transfected to assess the ability of each to regulate E2F. (B)
A reporter construct containing the TA-p73 promoter was transfected with
E2F1/DP1 and the indicated pRB expression vectors to assess regulation of
E2F1. Error bars indicate 1 standard deviation from the mean (n 	 3). An
asterisk indicates a statistically significant difference from E2F/DP1 transfec-
tion alone (t test, P 
 0.05).
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Rb1�/� MEFs enter S phase prematurely under these growth con-
ditions, and this is detectable by smaller cell size in G1 (38). Figure
5C demonstrates that the average forward scatter size measure-
ments are similar between wild-type and Rb1�G/�G cells but statis-
tically different from that of Rb1�/� cells. Taken together with cell
cycle phase proportions in Fig. 5A and similar proliferative rates in
Fig. 5B, this suggests that cell cycle phase lengths, particularly G1,
are unchanged between wild-type and Rb1�G/�G MEFs. Lastly, we
also quantitated 8N cells between these genotypes of MEFs as a
surrogate marker for endoreduplication. Again, Rb1�G/�G fibro-
blasts are similar to those of the wild type, whereas Rb1�/� cells
have elevated levels of 8N cells (Fig. 5D). Taken together, these
analyses demonstrate the surprising finding that impairing E2F
transcriptional repression by pRB has little effect on cell cycle
progression.

Discrete defects in E2F transcriptional control in Rb1�G/�G

fibroblasts in cell cycle arrest. The retinoblastoma protein is per-
haps best known for its role in mediating negative growth signals
and arresting the cell cycle (39). For this reason, we investigated a
number of cell cycle exit scenarios to determine the effects of the
Rb1�G/�G genotype on proliferative control. In response to serum
deprivation for 60 h, we discovered that known E2F transcrip-
tional targets of pRB fail to be repressed in Rb1�G/�G cells com-
pared to wild-type levels (Fig. 6A). Similar levels of gene expres-

sion were found in Rb1�/� cells following the same treatment. In
addition, we also utilized BrdU labeling and flow cytometry to
investigate proliferative control at the same time point following
serum withdrawal, and this revealed that Rb1�G/�G fibroblasts re-
spond equivalently to the wild type in their ability to exit the cell
cycle (Fig. 6B). Conversely, Rb1�/� cells are defective for cell cycle
withdrawal under these conditions (Fig. 6B). Since this cell cycle
exit scenario reveals an instance in which Rb1�G/�G cells resemble
a wild-type cell cycle arrest, we further investigated E2F regulation
under these conditions. Expression levels of known E2F target
genes were compared between wild-type, Rb1�G/�G, and Rb1�/�

cells by microarray (Fig. 6C). Log2 ratios were generated compar-
ing Rb1�G/�G expression levels relative to that of the wild type, as
well as ratios of Rb1�/� expression levels to that of the wild type.
Gene expression changes are clustered based on similarity, and
this reveals that Rb1�G/�G cells are mostly defective in repressing
E2F targets that function in DNA replication (Fig. 6C). Interest-
ingly, this class of E2F target genes is known to be direct regulatory
targets of pRB in senescence (32). Not surprisingly, since Rb1�/�

cells fail to arrest under these serum deprivation conditions, most
E2F targets display increased expression relative to the wild type in
this microarray experiment (Fig. 6C). The implication of these
experiments is that �G-pRB may have the ability to arrest the cell
cycle independently of E2F repression at cell cycle genes.

FIG 3 Gene targeting of the murine Rb1�G allele. (A) The region of the Rb1 gene targeted in this study is shown on top. The locations of exons are indicated by
black rectangles, and relevant KpnI locations are shown. The targeting vector is shown in the middle with the locations of selectable markers (and additional KpnI
and MscI cut sites), as well as newly introduced restriction sites and the mutations in exons 15 and 17 (amino acid positions are described using murine
numbering). The bottom diagram shows the Rb1�G allele after homologous recombination and removal of the PGK-Neo cassette by breeding to EIIa-cre
transgenic mice. The locations of 5= and 3= probes used in Southern blotting are shown. (B) Genomic DNA from two candidate clones was digested with the
indicated restriction enzymes and analyzed by Southern blotting to demonstrate homologous recombination and single integration. T, targeted; R, random
integration. (C) DNA was extracted from Rb1�G/�G embryos, and exons 15 and 17 were PCR amplified and sequenced. Electropherograms of the relevant regions
are shown for wild type and Rb1�G/�G (using murine codon numbering). (D) Extracts were prepared from wild-type and Rb1�G/�G MEFs, and GST, GST-E7, or
GST-E1A was added to precipitate pRB. The amount of precipitated pRB was determined by Western blotting. (E) Nuclear extracts from cells of the indicated
genotypes were analyzed by SDS-PAGE and Western blotting for pRB and SP1.
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Much of our knowledge of pRB-E2F control of transcription
and their response to cyclin/CDK regulation comes from serum
starvation and restimulation experiments. Under these circum-
stances, Rb1�/� and p107�/�; p130�/� double-knockout cells dis-
play accelerated progression through G1 and premature expres-
sion of E2F target genes (38, 40). We subjected wild-type,
Rb1�G/�G, and Rb1�/� cells to serum stimulation and monitored
their progress through G1 and into S phase by BrdU labeling and
flow cytometry analysis. This experiment revealed that Rb1�G/�G

cells progress rapidly through G1 in response to serum, and they
reach peak BrdU incorporation at the same time as Rb1�/� cells.
In this respect, Rb1�G/�G MEFs very much resemble knockout
cells, and this suggests a context where pRB-dependent repres-
sion of E2F transcription is key to regulating cell cycle progres-
sion.

In addition to serum withdrawal, we also tested if �G-pRB
could be activated through inhibition of cyclin D-associated ki-
nases and gamma irradiation as a means to assess if it could arrest

the cell cycle in response to these signals. Ectopic expression of
p16Ink4a in proliferating wild-type, Rb1�G/�G, and Rb1�/� cells
was used to induce a G1 arrest, and BrdU labeling and flow cytom-
etry were used to measure DNA replication 3 days later (Fig. 7A).
These data demonstrate that Rb1�G/�G cells exhibit a reduction in
BrdU incorporation similar to that of the wild type, whereas
Rb1�/� MEFs continue to proliferate. At the same time point that
these cultures were analyzed for cell cycle progression, we also
extracted RNA and measured relative expression levels of E2F tar-
get genes. These experiments reveal a modest but similar reduc-
tion in E2F target gene expression in Rb1�/� and Rb1�G/�G MEFs
(Fig. 7B). Surprisingly, a similar reduction in expression was ob-
served for Ccne1 and Tyms in Rb1�/� cells (Fig. 7B). We also
carried out PI-BrdU analysis and E2F gene expression profiling of
Rb1 wild-type, mutant, and knockout MEFs in response to
gamma irradiation (Fig. 7C and D). These experiments again re-
vealed that Rb1�G/�G cells were fully capable of arresting prolifer-
ation in response to DNA breaks. Furthermore, investigation of

FIG 4 Loss of �G-pRB binding at E2F-responsive promoters. MEFs were induced to exit the cell cycle by serum withdrawal, and pRB’s interaction with E2Fs was
investigated. (A) Anti-pRB antibodies were used to precipitate pRB, and associated E2F transcription factors were detected by Western blotting. (B) EMSAs were
performed to compare the abundance of all pRB-E2F-containing complexes in Rb1�/� and Rb1�G/�G nuclear extracts. The migration positions of free E2F, E2Fs
bound to RB family proteins (labeled as pocket protein), antibody-supershifted pRB-E2F complexes (SS-pRB), and antibody-supershifted complexes containing
p107/p130 –E2F-cyclin-CDK (SS-CDK-pocket protein) are all indicated to the right. Cold competitor probes (100� WT and 100� Mut), as well as the
antibodies used to shift complexes, are listed on top. (C) Sequence read peaks from ChIP sequence analysis of human pRB are shown for Mcm3, Rbl1, and Pcna
on top. The locations of negative-control and proximal promoter PCR amplicons used in this study are shown along with the transcriptional start site and exons.
ChIP quantitative PCR analysis was undertaken for pRB at the indicated promoters. All ChIP enrichment values are scaled relative to a neutral genome location,
the GAPDH promoter. Error bars indicate the standard errors.
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E2F target gene expression again revealed that expression in
Rb1�G/�G cells was reduced as much as it was in the wild type, and
Rb1�/� cells also reduced expression of E2F targets even though
they did not arrest.

In summary, Rb1�G/�G MEFs undertake relatively normal pro-
gression through the cell cycle during asynchronous proliferation.
In response to serum deprivation, ectopic p16 expression, and

gamma irradiation, Rb1�G/�G cells again display wild-type levels
of cell cycle arrest activity. Importantly, Rb1�G/�G cells exhibit an
acceleration through G1 in response to serum stimulation that
very much resembles the defect found in Rb1�/� cells. From this
perspective, Rb1�G/�G MEFs have defects in cell cycle control that
are consistent with restraining cell cycle entry rather than facili-
tating cell cycle exit. During some situations of cell cycle arrest,
E2F target gene expression in wild-type, Rb1�G/�G, and Rb1�/�

cells was decreased. While this was surprising, it should be noted
that p107 and p130 are also capable of repressing E2F target genes
and that these pocket proteins would be expected to be dephos-
phorylated and active in cells that successfully arrest cell cycle
progression. The implications of these experiments for linking
E2F transcriptional control and cell cycle progression will be dis-
cussed later.

Cell cycle control in development and homeostasis of
Rb1�G/�G mice. In addition to the cell cycle defects observed in
Rb1�/� fibroblasts, Rb1 knockout mice also have defects in devel-
opment that lead to embryonic lethality beginning at 13.5 days of
gestation (E13.5) (41–43). We investigated Rb1�G/�G mutants to
characterize the role of E2F transcriptional repression in these
developmental contexts. Live Rb1�G/�G mice were obtained and
are indistinguishable from wild-type littermates on a gross ana-
tomical level (Fig. 8A and B). We also examined embryos at dis-
tinct developmental stages, and newborns, to characterize the vi-
ability of Rb1�G/�G mice. As shown in Table 1, Rb1�G/�G embryos
were obtained at the expected Mendelian ratios up until birth.
After birth, approximately half of the Rb1�G/�G animals die. Based
on these observations, we focused our investigation at E18.5 to
search for developmental defects. Figure 8C shows hematoxylin
and eosin (H&E) staining as well as BrdU immunohistochemistry
on sections from a number of major organs and tissues. We ob-
served that approximately half of the Rb1�G/�G animals display an
atrophy phenotype in their skeletal muscle without accompanying
increases in proliferation (Fig. 8C and D). Most notably, we ob-
served this phenotype in the diaphragm, which may explain new-
borns that were observed struggling to breathe. Analysis of dying
and surviving newborns at postnatal day 0.5 (P0.5) revealed that
defective skeletal muscle correlates with poor survival (Fig. 9A).
This prompted us to investigate muscle development in Rb1�G/�G

mice and cells. We isolated RNA from skeletal muscle and ana-
lyzed E2F target gene expression. As shown in Fig. 9B, there were
few differences between wild-type muscle, histologically normal
muscle from Rb1�G/�G mice, and atrophied muscle from
Rb1�G/�G animals. This further suggests that the muscle defects
observed in some Rb1�G/�G mice were not caused by aberrant
proliferation or loss of transcription of these E2F cell cycle target
genes. However, to investigate the question of cell cycle exit in
Rb1�G/�G muscle development in a separate context where we can
better detect proliferation, we generated myotubes in culture. In-
terestingly, differentiation of wild-type, Rb1�G/�G, or Rb1�/�

MEFs into myotubes, followed by restimulation with serum, in-
dicated that only the Rb1�/� controls can be induced to incorpo-
rate BrdU (Fig. 9C and D). This suggests that muscle defects in
Rb1�G/�G cells are very unlikely to be caused by cell cycle arrest
deficiency, and our gene expression profiling suggests that E2F
target expression levels do not correlate with this phenotype.

In addition to the developmental stage where some Rb1�G/�G

animals fail to survive, we also searched for examples of defective
proliferative control and E2F gene derepression in adult mice.

FIG 5 Normal cell cycle progression in asynchronous Rb1�G/�G MEFs. (A)
Asynchronously proliferating cell cultures were pulse-labeled and stained for
BrdU incorporation along with total DNA using propidium iodide. The pro-
portion of cells in each respective cell cycle phase was determined by flow
cytometry. (B) Growth curve for Rb1�/�, Rb1�G/�G, and Rb1�/� cells over a
5-day period of proliferation. (C and D) Mean forward scatter (C) and 8N
DNA content (D) from cultures of asynchronously grown Rb1�/�, Rb1�G/�G,
and Rb1�/� cells. Error bars indicate 1 standard deviation from the mean (n 	
3). An asterisk represents a statistically significant difference from the wild-
type control (t test, P 
 0.05).
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Previously, we have demonstrated that transforming growth fac-
tor � (TGF-�)-induced arrest of mammary epithelium requires
E2F repression (44). Accordingly, we investigated the histology of
mammary ductal epithelium and determined its state in 6- to
8-week-old females (Fig. 10A and B). Mutant ducts were hyper-
plastic, as characterized by additional layers of epithelium, and
these were more frequent in Rb1�G/�G females than in controls
(Fig. 10B). From this perspective, loss of E2F repression by �G-
pRB leads to excessive proliferation but does not compromise the
ability of Rb1�G/�G females to nurse their pups. Interestingly, nu-
merous other tissues display normal histology with little evidence
of hyperplasia. Figures 10C, E, and G show normal histology of
Rb1�G/�G lungs, cardiac muscle, and brain, respectively. We have
also examined skeletal muscle, kidney, liver, and intestines with
similar results (Fig. 10I and data not shown). Measurement of
pRB-E2F target transcript levels revealed that upregulation of at

least some of these genes is detectable in these tissues (Fig. 10D, F,
and H). We also investigated cell cycle arrest and E2F target gene
expression in columnar epithelial cells from the surface of intesti-
nal villi, as they are known to require pRB function for cell cycle
arrest. Unlike most other tissue isolates that are a mix of cell types,
they can be isolated to allow gene expression to be assessed specif-
ically within this cell type (45). Rb1�G/�G intestinal epithelium
retained normal tissue structure, characterized by a single layer of
polarized epithelial cells (Fig. 10I), despite derepression of E2F
transcriptional targets in these cells (Fig. 10J). BrdU labeling and
staining of intestines further revealed that DNA synthesis was ab-
sent in epithelial cells of Rb1�G/�G and wild-type villi, but condi-
tional deletion of Rb1 resulted in BrdU labeling of more than 10%
of epithelial cells (Fig. 10K and L).

Taken together, results of histological analysis of developing
Rb1�G/�G mice demonstrate that loss of E2F repression by �G-

FIG 6 Discrete defects in E2F transcriptional control in Rb1�G/�G MEFs. (A) The relative expression levels of six pRB-regulated E2F cell cycle target genes are
shown. Each transcript was quantified from serum-starved Rb1�/�, Rb1�G/�G, and Rb1�/� fibroblasts with the relative level of message present in wild type scaled
to 1. (B) Serum-starved cell cultures were pulse-labeled and stained for BrdU incorporation along with total DNA using propidium iodide. The proportion of
cells in each respective cell cycle phase was determined by flow cytometry. (C) Microarray analysis was performed on serum-starved Rb1�/�, Rb1�G/�G, and
Rb1�/� cells, and E2F target gene expression is shown. Log ratios of expression of Rb1�G/�G or Rb1�/� relative to that of wild-type control are shown as a heat
map, and genes were clustered based on similarity of expression. The genotypes of each lane are shown above. Categories of E2F target genes are shown to the
right. (D) Serum-starved cells of the indicated genotypes were stimulated to reenter the cell cycle with 10% FBS. Rb1�/�, Rb1�G/�G, and Rb1�/� cells were
pulse-labeled with BrdU and harvested at the indicated time points. All graphs represent at least 3 individual experiments, and error bars indicate 1 standard
deviation from the mean. An asterisk represents a statistically significant difference from the wild-type control (t test, P 
 0.05).
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pRB is largely tolerated during developmental proliferative
control events. Most tissues tested demonstrate derepression of
some E2F targets with few examples of hyperplasia, and the stron-
gest developmental phenotype, partially penetrant muscle atro-
phy, appears not to be proliferation related.

Rb1�G/�G mice do not develop spontaneous tumors. Posses-
sion of one null allele of Rb1 predisposes mice to develop pituitary
tumors within the first year of life (46, 47). Chimeric mice con-
taining Rb1�/� cells, or conditionally deleted for Rb1 in the pitu-
itary, succumb to pituitary tumors in the first 4 months of life
(48, 49). Consequently, we followed a cohort of wild-type and
Rb1�G/�G mice to investigate the incidence of spontaneous tumor
formation in these animals (Fig. 11A). Wild-type and Rb1�G/�G

animals were tumor free beyond 1.5 years of life; in contrast,
Rb1�/� control mice developed pituitary tumors with a mean sur-
vival of 400 days. This suggests that loss of E2F repression by pRB
alone is not sufficient to predispose these mice to cancer.

While Rb1�G/�G mutants did not succumb to pituitary or other
cancers, we searched for evidence of neoplastic lesions in these mice
(Fig. 11B). Pituitary adenocarcinomas are known to be slowly pro-
gressing tumors, so we searched for evidence of hyperplasia in 8- to
11-month-old animals, as well as in aged Rb1�G/�G mice. However,
gross morphology of Rb1�G/�G pituitaries was indistinguishable from

that of wild-type controls (Fig. 11B). Furthermore, H&E staining of
pituitaries failed to reveal aberrant proliferation even in aged
Rb1�G/�G mutants (Fig. 11C). Lastly, it has been demonstrated that
pituitary tumorigenesis can be suppressed in Rb1�/� mice if the in-
termediate lobe fails to properly develop (50). We note that the inter-
mediate lobe is present in Rb1�G/�G animals and shows normal his-
tology (Fig. 11C, marked by “I”).

Throughout this report, we have provided evidence that pRB’s
specific interaction with E2F1 represents a separate biochemical
function that is not related to the control of cell cycle E2F target
genes. However, we decided to challenge this interpretation by
crossing Rb1�G/�G mutants with E2f1�/� mice to see if compound
mutant mice or cells have more severe phenotypes that do
Rb1�G/�G mice alone. We found that compound mutant mice
displayed a reduction in survival similar to that of Rb1�G/�G mu-
tants based on the genotype of P14 pups (Fig. 12A and Table 1). In
addition, preparation of compound mutant fibroblasts and sub-
jection of them to serum withdrawal growth arrest failed to reveal
a defect in this cell cycle exit paradigm (Fig. 12B). Lastly, we fol-
lowed small cohorts of E2f1�/� and Rb1�G/�G; E2f1�/� mice over
a 450-day period and failed to observe spontaneous tumor forma-
tion in compound mutant mice (Fig. 12C). Based on these further
analyses of pRB-E2F1 function, we conclude that the specific pRB-

FIG 7 Rb1�G/�G MEFs are able to exit the cell cycle in response to p16 expression or DNA damage. (A) Fibroblast cells of the indicated genotypes were transduced
with control or p16INK4A-expressing retroviruses. Following drug selection, cells were pulse-labeled with BrdU and the percentage of positive cells was deter-
mined by flow cytometry. All graphs represent at least 3 individual experiments, and error bars indicate 1 standard deviation from the mean. An asterisk
represents a statistically significant difference from the wild-type control (t test, P 
 0.05). (B) Expression of E2F target genes was measured at the same time point
as was BrdU labeling in panel A. Fold repression of six pRB-dependent E2F cell cycle target genes is shown for Rb1�/�, Rb1�G/�G, and Rb1�/� cells. Measurements
are expressed as a log2 ratio of p16-expressing cells over empty vector for each respective gene target and genotype of cells. All graphs represent at least 3 individual
experiments, and error bars indicate 1 standard deviation from the mean. (C) Fibroblast cells of the indicated genotypes were treated with 15 Gy of radiation or
allowed to grow asynchronously. Forty-eight hours following exposure, cells were pulse-labeled with BrdU and the percentage of positive cells was determined
by flow cytometry. Statistical analysis is as reported for panel A. (D) Following irradiation, the expression of E2F target genes was measured in Rb1�/�, Rb1�G/�G,
and Rb1�/� cells. Gene expression measurements were made as in panel B.
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E2F1 interaction is unlikely to replace general E2F interactions to
control cell cycle E2F target genes.

Collectively, our analysis of cancer incidence in Rb1�G/�G mice
suggests that loss of E2F transcriptional repression is insufficient to
cause tumor formation and has limited effects on cell cycle control.
Our data suggest that tumor suppression by pRB is likely to be a more
complex process than this individual biochemical function.

DISCUSSION

The strongest phenotype observed in Rb1�G/�G mice is partially
penetrant muscle degeneration. Previous work has suggested that

FIG 8 Viability of Rb1�G/�G mutant mice and proliferative control during early development. (A) Photographs of 1-year-old wild-type and Rb1�G/�G mice. (B)
Photographs of newborn pups at P0.5. The wild-type animal and the Rb1�G/�G mutant were both viable. (C) Embryos were isolated at E18.5 and fixed in formalin,
and serial sections were cut and stained with either hematoxylin and eosin or BrdU to assess tissue architecture and proliferation. Representative images of major
organs, including heart, lung, diaphragm, skeletal muscle, intestine, and kidney, from Rb1�/� and Rb1�G/�G mice are included. In total, 9 embryos from each
genotype were examined and stained for BrdU incorporation. (D) Quantification of BrdU-positive cells in the indicated tissue types. Error bars indicate 1
standard deviation from the mean (n 	 4). Bars, 20 �m.

TABLE 1 Early development of Rb1�G/�G micea

Genotype

No. of offspring at time point:

E13.5 E18.5 P0.5 P14

Rb1�/� 11 (16) 24 (23) 15 (15) 163 (127)
Rb1�G/� 34 (32) 46 (46) 29 (31) 291 (254)
Rb1�G/�G 19 (16) 22 (23) 9 live; 9 dead (15) 54 (127)

Total 64 92 62 508
a Intercrosses between Rb1�G/� mice were used to determine the frequency of wild-
type, heterozygous, and Rb1�G/�G animals. Numbers in parentheses represent the
expected values based on Mendelian predictions.
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pRB plays a crucial role in regulating autophagy and that in its
absence muscle cells catabolize themselves, leading to an apopto-
sis-independent death (51). Importantly, inhibition of autophagy
rescues this phenotype even in the absence of pRB function (51).
Intriguingly, Araki et al. have recently demonstrated that loss of
nuclear localization by pRB interferes with sarcomere structure in
skeletal muscle, leading to a nonapoptotic cell death (52). This
may offer a nontranscriptional explanation of our phenotype, as
loss of E2F binding likely reduces pRB anchorage in the nucleus. It
is not clear if both of these mechanisms or others are contributing
to the observed defect in Rb1�G/�G mice, but our results further
strengthen the role for pRB in muscle development. We expect
that the partial penetrance of this muscle phenotype is due to
genetic modifiers. Crossing homozygous mutants leads to full vi-
ability of offspring (data not shown), indicating that this trait
could be bred out of our colony. We note that there are other
examples of genetic background effects on pRB- and E2F-related
phenotypes such as the role of E2F3 in proliferation (53), the
impact of E2F1 on tumorigenesis (54), and the effects of p107 and
p130 on proliferative control in development (55, 56).

Interactions between pRB and E2Fs are commonly considered
to be the mechanism that regulates the transition between the G1

and S phases of the cell cycle (1). Our data demonstrate that the
Rb1�G mutation disrupts this regulatory interaction, but mice car-
rying this allele tolerate its effects and display few defects in cell
cycle control. The strongest defect in proliferative control that we
observed in Rb1�G/�G mutants was in restraining cell cycle entry

following serum stimulation. This is intriguing because a number
of key cell cycle regulators, D- and E-type cyclins, are dispensable
for asynchronous proliferation and knockout embryos develop
almost to term (57, 58). Strikingly, knockout MEFs deficient for
all D- or E-type cyclins are impaired for cell cycle reentry following
serum starvation. This suggests that the cellular response to serum
stimulation may be fundamentally different from cell cycle exit
paradigms as cyclin-CDK and now pRB-E2F functions are essen-
tial in coordinating cell cycle reentry in response to growth factor
signaling.

We suggest that the data in this report should be considered
carefully. While our biochemical measurements of pRB-E2F in-
teraction and regulation indicate a strong loss of function in the
�G-pRB protein, it is important to separate its effects in isolation
from the broader role of E2F transcriptional control in cell prolif-
eration. For example, p16 expression and gamma irradiation ex-
periments indicate that Rb1�G/�G cells can arrest; however, E2F
transcript levels drop even at E2F target genes, where we show that
pRB no longer localizes. In these arrest assays, p16 and gamma
irradiation inhibit cyclin-CDK activity and the other pocket pro-
teins become active and can block E2F transcription. Importantly,
it is known that p107/p130 and E2F4/E2F5 are required to arrest
in response to p16 (59, 60). For this reason, we think that our data
do not indicate that the E2F transcriptional regulatory network is
unnecessary for proliferative control but rather that it retains
some function independent of pRB. This is reinforced by the re-
duction in E2F gene expression that takes place in Rb1�/� cells

FIG 9 Muscle degeneration in Rb1�G/�G embryos. (A) H&E staining of tissue sections from newborn diaphragms of the indicated genotypes. The leftmost
Rb1�G/�G sample is from a viable newborn, and the rightmost Rb1�G/�G sample is from a newborn that was found struggling to breathe and died shortly after
birth. Analogous sections from embryos isolated at E18.5 with either normal or atrophied diaphragm (and other skeletal muscle) are presented. (B) The relative
expression levels of six pRB-dependent E2F cell cycle target genes are shown. Each transcript was quantified from RNA isolated from dissected quadriceps muscle
from E18.5 mice. The relative level of message present in the wild type was scaled to 1, and the Rb1�G/�G embryos were stratified into normal and atrophied based
upon H&E staining of skeletal muscle. Error bars indicate 1 standard deviation from the mean (n 	 3). Statistically significant differences are indicated by an
asterisk (t test, P � 0.05). (C) Wild-type, Rb1�G/�G, and Rb1�/� MEFs were infected with a MyoD-expressing retrovirus and induced to differentiate into
myotubes. Upon differentiation, cells were stimulated with 15% FBS and labeled with BrdU for 24 h. Cells were fixed and stained for myosin heavy chain (MHC),
BrdU incorporation, and DNA as shown. The arrow indicates an MHC- and BrdU-positive cell. (D) The frequency of double-positive BrdU- and MHC-stained
cells, as well as single-positive cells that stained only for BrdU, was determined. Graphs indicate the averages, error bars represent 1 standard deviation, and an
asterisk indicates a statistically significant difference from the wild-type control (t test, P 
 0.05). Bars, 20 �m.
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FIG 10 Limited hyperplasia in tissues of Rb1�G/�G mice. (A) Sections of mammary ducts from 8-week-old wild-type and Rb1�G/�G mice stained with H&E.
Arrows indicate cell layers in the lumen of the duct. (B) Quantification of the proportions of hyperplastic (hp) ducts found in wild-type and Rb1�G/�G mammary
glands. Ducts three or more cells thick were scored as hyperplastic. Proportions were compared by �2 test (*, significant difference, P 
 0.05). (C) H&E staining
of lung tissue from 8-week-old mice. (D) Relative mRNA levels for cyclin E1 (Ccne1), cyclin A2 (Ccna2), p107 (Rbl1), thymidylate synthase (Tyms), Pcna, and
Mcm3 were also determined in wild-type and Rb1�G/�G lung tissue from 8-week-old mice. Wild-type expression levels are scaled to 1. (E and F) H&E staining of
cardiac muscle from 6- to 8-week-old mice is shown along with expression analysis of E2F transcriptional targets. (G and H) H&E staining of brain tissue from
8-week-old mice. Accompanying analysis of E2F transcriptional targets from this tissue is shown to the right. (I) H&E staining of crypts and villi from the small
intestines of 8-week-old mice. (J) The relative expression level of six E2F cell cycle target genes in mRNA prepared from isolated villi is shown. (K) Eight-week-old
mice of the indicated genotypes were injected with BrdU 2 h prior to sacrifice. Tissue sections from intestines were stained for BrdU incorporation (red) and DNA
(blue). (L) The frequency of BrdU-positive nuclei in columnar epithelial cells of villi is shown. Each graph represents at least 3 individual experiments, and error
bars indicate 1 standard deviation from the mean. An asterisk represents a statistically significant difference from the wild-type control (t test, P 
 0.05). Bars, 20
�m (5 �m in panel C).
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even though they do not arrest proliferation in response to p16 or
gamma irradiation. Lastly, in 1998 Dyson (61) described the lack
of E2F regulation data in cell cycle exit paradigms such as these as
a “quirk” of the pRB-E2F literature, and we suggest that our study
adds valuable new information in this area.

E2F gene expression levels in Rb1�G/�G embryonic and adult
tissues are upregulated at a modest level, and there is no evidence
of increased proliferation in these tissues. Conversely, conditional
deletion of Rb1 in intestinal epithelia as reported by Chong et al.
displays approximately 20- to 40-fold-increased expression of E2F
target genes (45). In considering these Rb1 knockout data, it is
important to remember that loss of Rb1 in these cells is accompa-
nied by proliferation. In quiescent cells, p130 is dephosphorylated
and active for repression of E2F target genes (40, 62). Further-
more, when cells are stimulated to proliferate, E2Fs and Myc tran-
scribe E2F genes, further leading to amplification of E2F tran-

scription levels (61). For this reason, it is difficult to examine the
expression data in proliferating knockout cells and quiescent
Rb1�G/�G mutant cells and determine the level of expression that is
necessary to advance the cell cycle. As with our cell cycle exit ex-
periments, these measurements also reinforce the idea that loss of
pRB-E2F transcriptional control does not necessarily stimulate
advancement of the cell cycle or fully activate the E2F transcrip-
tional program.

Based on data from this study, we propose the models in Fig.
13. Figure 13A shows the RB pathway in cell cycle regulatory con-

FIG 11 Rb1�G/�G mutant mice have normal life expectancy. (A) Mice of the
indicated genotypes were allowed to age to determine their life span and nat-
ural demise. Kaplan-Meier plots depict tumor-free survival of the indicated
genotypes. Tick marks indicate the ages at which individual mice were ana-
lyzed anatomically and histologically for abnormalities. Wild-type (n 	 40)
and Rb1�G/�G (n 	 42) mice are significantly different from Rb1�/� (n 	 9)
mice (log rank test, P 
 0.05). (B) Photographs of pituitary glands from wild-
type, Rb1�G/�G, and Rb1�/� mice are representative of findings for animals
between 8 and 12 months of age. Arrows identify the locations of pituitary
glands. Bars, 1 cm. (C) H&E staining of a tissue section from the pituitary gland
of a 2-year-old Rb1�G/�G mutant. The different lobes of the pituitary are la-
beled: A, anterior lobe; I, intermediate lobe; P, posterior lobe. Bar, 1 mm.

FIG 12 E2F1 loss does not affect cell cycle control, viability, or cancer suscep-
tibility in Rb1�G/�G mice. (A) Genotypes of offspring at P14 from a cross of
compound heterozygote Rb1�G/�; E2f1�/� mice. The expected number of
mice based on Mendelian ratios is presented in parentheses. (B) Serum-
starved cell cultures from compound mutant fibroblasts of the indicated ge-
notypes were pulse-labeled and stained for BrdU incorporation along with
total DNA using propidium iodide. The proportion of cells in each respective
cell cycle phase was determined by flow cytometry. (C) Mice of the indicated
genotypes were allowed to age to determine their life span and natural demise.
Kaplan-Meier plots depict tumor-free survival of the indicated genotypes. Tick
marks indicate individual mice that were analyzed anatomically and histolog-
ically for abnormalities.
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trol as it is widely accepted, in which pRB control of E2F transcrip-
tion is central to the regulation of entry into S phase. Figure 13B
depicts cell cycle regulation in the absence of pRB repression of
E2Fs in which alternate pathways allow control of S-phase entry
even in the absence of physical control of E2Fs by pRB (14). Mech-
anisms in which pRB function influences cell cycle control outside
E2F transcription, but before the commitment to DNA replica-
tion, may prove to be important means to influence cell cycle
progression.
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