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Rb1 is essential for normal embryonic development, as null mice die in midgestation with widespread
unscheduled cell proliferation. Rb1 protein (pRb) mediates cell cycle control by binding E2F transcription
factors and repressing expression from E2F-dependent promoters. An increasing amount of evidence suggests
that pRb loss also compromises cellular differentiation. Since differentiation is often dependent on cell cycle
exit, it is currently unclear whether the effects of pRb on differentiation are an indirect consequence of
pRb/E2F-mediated cell cycle control or whether they reflect direct cell-type-specific pRb functions. We have
mutated Rb1 in the mouse to express a protein (R654W) specifically deficient in binding E2F1, E2F2, and E2F3.
R654W mutant embryos exhibit cell cycle defects the same as those of Rb1 null embryos, reinforcing the
importance of the interactions of pRb with E2F1, E2F2, and E2F3 for cell cycle control. However, R654W
embryos survive at least 2 days longer than Rb1 null embryos, and increased life span is associated with
improved erythrocyte and fetal liver macrophage differentiation. In contrast, R654W pRb does not rescue
differentiation defects associated with pRb-deficient retinae. These data indicate that Rb1 makes important
cell-type-specific contributions to cellular differentiation that are genetically separable from its general ability
to stably bind E2F1, E2F2, and E2F3 and regulate the cell cycle.

The Rb1 tumor suppressor gene is essential for embryonic
development, as nullizygous mice die in midgestation (6, 22,
25). Nullizygous embryos exhibit developmental defects in the
eye, brain, peripheral nervous system, muscle, liver, placenta,
and hematopoietic system, among other defects (21, 45, 48,
51). Unscheduled cell proliferation is frequently observed in a
number of these tissues, consistent with the well-characterized
ability of Rb1 protein (pRb) to restrain the cell cycle (17). Rb1
protein binds and regulates members of the E2F family of
transcription factors (9); four E2F family members, the tran-
scriptional activators E2F1, E2F2, and E2F3 and the transcrip-
tional repressor E2F4, normally associate with pRb (11). Bind-
ing of pRb blocks E2F-mediated transcriptional activation and
facilitates active gene silencing by recruitment of chromatin-
modifying factors to promoters containing E2F binding sites.
Since E2F activity regulates many cell cycle genes and is re-
quired for a normal cell cycle (52), repression of E2F-depen-
dent transcription is generally considered the principal mech-
anism underlying pRb-mediated cell cycle control.

Rb1 loss also compromises cell-type-specific fate determina-
tion and differentiation (8). The ability of pRb to bind and
modulate the activity of tissue-specific transcription factors has
been proposed to be the mechanism responsible for these
effects on differentiation (21, 32, 47). Since differentiation is

tightly coupled to cell cycle exit, however, it is also possible that
pRb facilitates differentiation indirectly by restraining the cell
cycle. Hence, a major challenge is determining whether pRb’s
effects on differentiation reflect direct, cell-type-specific mech-
anisms or whether they are an indirect consequence of pRb-
mediated cell cycle regulation. Evidence from Rb1 null mouse
retinae indicates there is only mild deregulation of retinal
progenitor cell proliferation but a dramatic reduction in ma-
ture rod photoreceptors (12, 13, 30, 41, 43, 53). Lineage and
gene expression analysis suggests that the role of pRb in rod
photoreceptor differentiation is distinct from its role in retinal
progenitor cell proliferation (53). The differentiation of fetal
liver macrophages (FLM) and myoblasts also defective in the
absence of Rb1. These defects may be distinct from pRb/E2F-
mediated cell cycle control, as they are partially rescued by the
compound loss of Id2 or N-ras, respectively (21, 46). Although
such genetic studies support a direct role for Rb1 in cellular
differentiation, they cannot exclude possible influences of pRb-
mediated cell cycle regulation on differentiation since they
utilize null Rb1 alleles.

To address this issue, we have generated a mutant Rb1 allele
in the mouse that encodes a protein with an arginine-to-tryp-
tophan substitution at codon 654 (R654W). This mutation is
analogous to the naturally occurring human R661W Rb1 mu-
tation associated with partially penetrant, hereditary retino-
blastoma (28, 36). The R661W mutation belongs to a class of
partially penetrant mutations that introduce changes in the
primary amino acid sequence without affecting mRNA or pro-
tein expression (18). R661W pRb is unable to physically or
functionally interact with E2F (37, 38, 44, 49). In vitro assays
indicate R661W is defective for cell cycle control and yet
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retains some activity to promote cellular differentiation (44).
Presumably, such residual functions account for the decreased
penetrance and expressivity observed in hereditary retinoblas-
toma families carrying the allele. Phenotypic analysis of mice
carrying the analogous R654W allele should allow the identi-
fication of cell-type-specific, pRb-dependent in vivo functions
that are genetically separable from pRb/E2F-mediated cell
cycle control.

MATERIALS AND METHODS

Generation the R654W Rb1 mouse allele. The homology arms used in the
targeting vector were PCR amplified from a 129/SV murine Rb1 bacterial arti-
ficial chromosome clone. Codon 654 in exon 20 of the targeting vector was
mutated using the QuikChange method according to the manufacturer’s recom-
mendations (Stratagene, La Jolla, CA). Exons and flanking intronic regions were
verified by DNA sequencing. A 3�-flanking probe was used to screen 158 G418-
resistant embryonic stem (ES) cell clones by Southern blotting of BamHI-
restricted genomic DNA. Targeting was verified by Southern blotting of EcoRI-
restricted genomic DNA using a 5�-flanking probe. A neo probe was used to
verify that each clone contained a single copy of the targeting construct.

Germ line-transmitting chimeras were generated from two targeted ES cell
clones. Chimeras were mated to Zp3-cre mice to remove the floxed neo selection
cassette, and agouti offspring were genotyped by Southern blotting of tail DNA
using the 5�-flanking probe. Routine genotyping was performed by PCR ampli-
fication of tail DNA by using the primers 5�GGTCACTTGAATGTGATATAT
AGC3�, 5�GCTATACGAAGTTATATCG3�, and 5�TATGGAATGCTGCTA
ATAC3�.

Reporter gene assay. The murine wild-type Rb1 expression plasmid is pECE-
�B/X-HA, which was kindly provided by Brenda Gallie (University of Toronto).
The substitution mutants were constructed by site-directed mutagenesis of the
parent plasmid using the QuikChange method. The coding region of the expres-
sion plasmids was verified by DNA sequencing. C33A cells were obtained from
ATCC and cultured in Dulbecco’s modified Eagle’s medium (BioWhittaker,
Maryland) supplemented with 10% fetal bovine serum and antibiotics. The
reporter gene assay was performed using an E2F1 promoter luciferase reporter
plasmid and the E2F1 expression plasmid (34). A Renilla luciferase-expressing
plasmid was used to normalize for transfection efficiency. These plasmids were
transfected along with the Rb1-expressing plasmids into C33A cells by use of
Lipofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer’s rec-
ommendation. Two days after transfection, cells were assayed for firefly and
Renilla luciferase activity by use of a dual luciferase reporter assay system (Pro-
mega, Madison, WI).

Fatty acid analysis. Tissues were homogenized in chloroform-methanol (2:1,
vol/vol), and lipids were extracted as described previously (16). Individual lipid
classes were separated by thin-layer chromatography using silica gel 60-Å plates
developed in petroleum ether, ethyl ether, acetic acid (80:20:1) and visualized by
use of rhodamine 6G. Phospholipids and triglycerides were scraped from the
plates and methylated using BF3-methanol as described previously (33). The
methylated fatty acids were extracted and analyzed by gas chromatography. Fatty
acid methyl esters were identified by comparing the retention times to those of
known standards. The inclusion of lipid standards with odd-chain fatty acids
permitted lipid quantitation in the sample.

Cell cycle analysis. The cell cycle distribution of asynchronously growing, early-
passage (passage number, �5) mouse embryonic fibroblasts (MEF) was assayed
by propidium iodide staining and flow cytometry. Histograms were modeled
using Modfit software. For analysis of proliferation at high cell density, cultures
were maintained at confluence for 3 days, and then bromodeoxyuridine (BrdU)
was added for 15 h. Fixed cells were stained with BrdU antibody (Amersham,
Piscataway, NJ) and fluorescein isothiocyanate-conjugated secondary antibody
(Sigma, St. Louis, MO). For analysis of DNA damage response, subconfluent
cultures were treated with 20 Gy � radiation or cisplatin at 16 �M. Fourteen
hours later, BrdU was added, and incubation was continued for an additional
10 h before fixing and staining were done.

Protein analysis and histology. Multiple isolates of early-passage and late-
passage (passage number, �25) MEF were extracted and protein lysates immu-
noprecipitated as previously described (27). E2F and Id2 antibodies were from
Santa Cruz Biotechnology (E2F1, Sc-193; E2F2, Sc-633; E2F3, Sc-878; E2F4,
Sc-1082; Id2, Sc-489). Rb1 protein captured in the immunoprecipitates was
detected by Western blotting using the antibody G3-245 (Pharmingen, San Di-
ego, CA). The same antibodies were used to measure input levels of E2F, Id2, or

Rb1 protein in extracts by Western blotting. Hsp70 (SPA-820; Stressgen, Victo-
ria, BC, Canada) or �-actin (CP01; Oncogene Research Products, San Diego,
CA) antibody staining served as loading controls.

Peripheral blood samples were obtained from umbilical cords, and smear
samples were stained with Wright-Giemsa solution (Sigma, St. Louis, MO).
Embryos were fixed in 10% formalin and embedded, and 5-�m sections were cut
and stained with hematoxylin and eosin. The antibodies used for immunohisto-
cytochemistry were F4/80 (A3-1), TER119 (both from Caltag Laboratories,
Burlingame, CA), phospho-histone H3 (06-570; Upstate, Waltham, MA), and
activated caspase-3 (9661; Cell Signaling, Beverly, MA).

Retinal analysis. The conditional, floxed allele of Rb1 was described previously
(31). Cre-mediated excision from the floxed Rb1 allele in retinae was verified by
PCR amplification of predicted recombination junction fragments (see Fig. S1B in
the supplemental material). Possible Cre-mediated interchromosomal recombina-
tion between the floxed and R654W Rb1 alleles was not detected in genomic DNA
from Chx10-cre; Rb1Lox/654 retinae by PCR amplification of the predicted recombi-
nation junctions. Hence, the phenotypes observed in chx10-cre; Rb1Lox/654 retinae
were due to hemizygosity of the R654W allele.

Retinae from P14 pups were immunostained with antibodies to the major
classes of retinal cell types (see Table S1 in the supplemental material). Retinal
cryosections and dissociated retinae were immunolabeled as described previously
(14, 15). To label S-phase retinal progenitor cells, freshly dissected retinae were
incubated in 1 ml explant culture medium containing [3H]thymidine (5 �Ci ml	1;
89 Ci mmol	1) or 10 �M BrdU for 1 h at 37°C. Autoradiography and BrdU
detection were carried out as described previously (14, 15). For apoptosis anal-
ysis, a colorimetric terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling apoptosis system (Promega, Madison, WI) was used, with
tyramide-Cy3 being used for detection. Real-time PCR was performed using an
ABI 7900 HT sequence detection system (Applied Biosystems, Foster City, CA).
Primers and probes were designed using Primer Express software. Probes were
synthesized with 5�-labeled 6-carboxyfluorescein and 3�-labeled BMQ. RNA was
prepared using Trizol, and cDNA was synthesized using a Superscript system
(Invitrogen, Carlsbad, CA). Samples were analyzed in duplicate and normalized
to glyceraldehyde-3-phosphate dehydrogenase and GPI1 expression levels.

RESULTS

Construction of the R654W Rb1 allele. We used targeted
homologous recombination in murine ES cells to generate a
knock-in Rb1 allele containing the R654W mutation. The tar-
geting vector contained a 5.1-kbp fragment of the murine Rb1
gene spanning exons 19 and 20 with a floxed neo selection
cassette inserted into intron 19 (Fig. 1A). The CGA at codon
654 in exon 20 was mutated to TGG in the targeting vector.
Upon the removal of the neo selection cassette, the targeted
allele contained the R654W mutation and a single loxP site in
place of 86 bp of normal intron 19 sequence. Five correctly
targeted ES cell clones were obtained, as assessed by Southern
blotting using a 5�-flanking probe. Two ES cell clones were
used to create germ line-transmitting chimeras. These chime-
ras were crossed with Zp3-cre mice to remove the drug selec-
tion cassette. The predicted structure of the targeted allele was
confirmed by Southern blotting using 5�- and 3�-flanking
probes (Fig. 1B). A PCR assay that distinguished between the
wild-type and mutant alleles was used for routine genotyping
(Fig. 1C).

The two resulting mouse strains heterozygous for the
R654W mutation were fertile and apparently normal. The
strains were maintained on a mixed genetic background
(C57BL/6 
 129/Sv). Both exhibited the same highly penetrant
phenotype during subsequent analysis; hence, data from each
strain were not further distinguished. RNA from the carcasses
of postcoitum day 14.5 (E14.5) embryos was analyzed by re-
verse transcription-PCR (RT-PCR) and DNA sequencing to
validate expression of the mutant allele (Fig. 1D). Hetero-
zygous embryos expressed both the wild-type (CGA) and mu-
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tant (TGG) RNA in roughly equal quantities. Rb1 protein
levels in the brains and livers of homozygous, heterozygous,
hemizygous (654/	), or wild-type embryos were approximately
equal, as assessed by Western blotting (Fig. 1E). Hence, the

mutant allele was expressed at a level comparable to that of the
wild-type allele. Specimens of Rb1 protein from brain extracts
of both wild-type and homozygous R654W mice show evidence
of phosphorylation, as indicated by the presence of slower-
migrating forms of the protein that are characteristic of hyper-
phosphorylation (Fig. 1F). While additional analysis would be
required to assess whether the levels of site-specific phosphor-
ylation of wild-type and mutant proteins are similar, the data
suggest that R654W pRb can be phosphorylated, which is in
agreement with results from previous studies of the analogous
human R661W mutant (37).

R654W pRb is deficient in binding E2F1, E2F2, and E2F3
and regulating the cell cycle. To test the ability of wild-type
and R654W pRb to associate with E2F, we analyzed total
protein extracts from MEF of the relevant genotypes by coim-
munoprecipitation. E2F1, E2F2, and E2F3 immunoprecipi-
tates capture 10- to 20-fold less pRb from homozygous R654W
MEF extracts than from wild-type extracts, based on the quan-
titation of relative signal levels from multiple blots (Fig. 2A).
Input levels of E2F1 and E2F3 are noticeably higher in R654W
MEF extracts than in wild-type extracts (Fig. 2A, right panel),
so the coimmunoprecipitation results may overestimate the
avidity of R654W pRb/E2F1 or pRb/E2F3 binding. Since E2F1
and E2F3 are themselves E2F regulated, this observation also
indicates that any residual R654W pRb/E2F binding is unable
to normally regulate E2F1 or E2F3 expression. The inability of
R654W pRb to functionally interact with E2F1 has been con-
firmed by use of a sensitive reporter gene assay (Fig. 2B).
Exogenously expressed wild-type pRb efficiently represses ex-
pression from a reporter gene driven by the E2F-responsive
E2F1 promoter. In contrast, R654W pRb demonstrates no
activity in this assay relative to the empty vector control or a
previously characterized null pRb mutant (C706Y). As ex-
pected, the analogous human mutant (R661W) also fails to
show significant activity in this assay, consistent with previously
published data (1, 37, 44).

Surprisingly, immunoprecipitates of the repressor E2F4 typ-
ically capture more pRb from homozygous R654W MEF ex-
tracts than from wild-type extracts. Increased association of
R654W pRb with E2F4 in the absence of stable interaction
with activating E2Fs is reproducible in multiple isolates of
MEF as well as in liver extracts of the relevant genotypes,
indicating that the pattern of E2F binding is not cell line or cell
type specific (data not shown). Since R654W pRb retains the
ability to stably bind E2F4, the R654W mutation does not
cause a general decrease in protein binding activity; rather, it
affects some protein interactions but not others. The data also
indicate that pRb binds to E2F1, E2F2, and E2F3 in a manner
that is biochemically distinguishable from the way in which it
binds E2F4.

Previous reports demonstrated various cell cycle defects in
Rb1 null MEF cultured in vitro. For example, loss of Rb1
caused a shift in cell cycle distribution in asynchronously grow-
ing MEF and compromised their ability to arrest at G1/S in
response to DNA damage (19). Loss of Rb1 also compromised
confluence-induced cell cycle arrest of MEF (24). We com-
pared Rb1 null and R654W MEF in these aspects of in vitro
cell cycle control. Relative to asynchronous cultures of wild-
type MEF, both Rb1 null and homozygous R654W MEF had
an increased fraction of cells in the S and G2/M phases of the

FIG. 1. Generation of R654W Rb1 mutant mice. (A) Representation
of the exon/intron structure of the Rb1 gene, the targeting vector, and the
expected structures of the successfully targeted allele. Exons are num-
bered and shown as solid boxes. The positions of the restriction enzyme
sites (E, EcoRI; B, BamHI) and the 5�-flanking probe and the expected
sizes of fragments detected by Southern blotting are indicated. (B) South-
ern blot analysis of representative mice with the indicated genotypes using
the 5�-flanking probe and EcoRI-restricted genomic DNA. (C) PCR
genotyping of mice. The targeted allele lacking the neo selection cassette
generates a 430-bp band, while the wild-type allele amplifies a 400-bp
band. (D) RNA from embryos of the indicated genotypes was amplified
by RT-PCR. PCR fragments were sequenced, and representative chro-
matograms spanning the region of codon 654 are shown. The DNA
sequence indicated by the chromatogram is listed above, with the codon
654 triplet highlighted. (E) Liver and brain protein extracts from E13.5
embryos of the indicated genotypes were analyzed by Western blotting
with an antibody directed against pRb. Hsp70 served as a loading control.
(F) Brain protein extracts from E13.5 embryos of the indicated genotypes
were analyzed for pRb phosphorylation by Western blotting. Note the
presence of pRb species with reduced electrophoretic mobility that are
characteristic of hyperphosphorylated pRb. Hsp70 served as a loading
control.
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cell cycle (Fig. 3A). Rb1 null and R654W MEF cultured at
confluence also had equally high percentages of cells incorpo-
rating BrdU in S phase. In contrast, a low percentage of wild-
type MEF incorporated BrdU when cultured at confluence
(Fig. 3B). Finally, Rb1 null and R654W MEF failed to effi-
ciently trigger G1/S cell cycle arrest in response to DNA dam-
age. In contrast to wild-type MEF, both Rb1 null and R654W
MEF exhibited large fractions of BrdU-positive cells subse-
quent to treatment by irradiation or with cisplatin (Fig. 3C).

Loss of Rb1 also leads to a detectable cell cycle deregulation
in vivo, as Rb1 null mice exhibit unscheduled cell proliferation
in the eye lens and the nervous system. This loss of cell cycle
control is associated with increased apoptosis. To test whether
R654W embryos show a similar loss of cell cycle control in
vivo, tissue sections were stained for phosphorylated histone
H3 to mark proliferating mitotic cells or for activated caspase
3 to mark apoptotic cells. Ectopic mitoses and apoptosis are
readily detected in the lens fiber compartment of eyes from

FIG. 2. R654W pRb is deficient in E2F1, E2F2, and E2F3 binding
and transcriptional regulation. (A) MEF extracts of the indicated ge-
notypes were immunoprecipitated (IP) with antibodies directed
against the E2F proteins shown or with nonspecific immunoglobulin G
(IgG) as a negative control. The level of pRb coimmunoprecipitating
with E2Fs was determined by Western blotting. The panels at right
show the input levels of E2Fs and pRb. �-Actin served as a loading
control. (B) Expression vectors designed to express wild-type (WT) or
R654W murine pRb or previously characterized human R661W or
C706Y pRb were transfected into C33A cells with an E2F1 promoter
luciferase reporter gene and an E2F1 expression plasmid. Extracts
from transfected cells were assayed for luciferase activity. Firefly lu-
ciferase light units (RLU) were background subtracted, corrected for
variation in transfection efficiency, and normalized to the vector con-
trol. The data represent the means and standard deviations from three
experiments done in duplicate. Note that R654W pRb, like the anal-
ogous human R661W mutant, has no detectable ability to repress
E2F1-dependent transcription relative to the vector control or a pRb
null mutant (C706Y). The panel at right shows a Western blot indi-
cating the levels of ectopic murine pRb expression observed in the
transfections. Hsp70 served as a loading control.

FIG. 3. R654W pRb is deficient in cell cycle control in vitro and in
vivo. (A) The cell cycle distributions of asynchronously growing MEF
were determined by propidium iodide staining and flow cytometry. A
representative histogram is shown. (B) MEF were cultured at conflu-
ence and the fractions of proliferating cells counted by BrdU incorpo-
ration. The black and white bars represent two independent MEF
isolates. The data are the means and standard deviations from two
independent experiments done in triplicate. In some cases, the error
bars may be too small to see, given the scale of the graph. (C) Asyn-
chronously growing MEF were treated with ionizing radiation or cis-
platin. The fractions of cells incorporating BrdU, relative to that of
untreated controls, were calculated. The data shown are the means and
standard deviations from two independent experiments performed in
triplicate. (D) Transverse sections of the eye from E13.5 embryos
were stained for phosphorylated histone-H3 (pHisH3) or activated
caspase 3 (aCasp-3). Arrows indicate positively stained cells in the lens
fiber compartment. Note that the lens fiber cells are disorganized in
the mutant embryos relative to those in the wild-type embryos.
(E) Ectopic cell proliferation and apoptosis were quantitated in the
eye lens, the intermediate zone of the fourth ventricle (central nervous
system [CNS]), and the trigeminal ganglia (peripheral nervous system
[PNS]) as the number of stained cells per microscopic field of view
(FOV) at 
630 magnification. The data represent the mean and stan-
dard deviation from at least four embryos, counting three nonconsec-
utive sections per embryo. Differences between wild-type and either of
the mutant Rb1 embryos were statistically significant (P � 0.01). �, the
peripheral nervous system values are divided by 10.
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both Rb1 null and R654W E13.5 embryos but not in that from
wild-type embryos (Fig. 3D). This cell cycle deregulation prob-
ably contributes to the disorganization of the lens fiber cells in
the mutant embryos; note that the nuclei of lens fiber cells are
organized along the midline of the lens of wild-type embryos,
but that this is not so for mutant embryos. Ectopic mitosis and
apoptosis are also detected in the central nervous system (in-
termediate zones of the third and fourth ventricles) and the
peripheral nervous system (trigeminal and dorsal root ganglia)
of both R654W and Rb1 null embryos. The numbers of mitotic
or apoptotic cells detected per unit area are similar in both Rb1
null and R654W embryos for all tissues examined (Fig. 3E).
Since in vivo and in vitro cell cycle defects are similar in terms
of cells expressing R654W pRb and in terms of cells completely
lacking pRb, R654W pRb does not have a detectable ability to
enforce cell cycle control within the biological contexts exam-
ined.

R654W pRb partially rescues developmental defects char-
acteristic of Rb1 null embryos. Intermating of heterozygous
R654W mice failed to yield viable offspring homozygous for
the R654W allele from among the more than 340 pups that
were genotyped. Hence, the R654W allele was insufficient to
support normal embryonic development. We assessed embryo
cardiac function as a measure of viability from gestational ages
E13.5 to E18.5 to compare the timings of lethality in Rb1 null
and R654W homozygous embryos. Consistent with previously
published reports (6, 22, 25), live Rb1 null embryos were rarely
recovered at E15.5 (2 of 11 viable) and were never recovered
at E16.5 or later (0 of 7 viable). In contrast, live homozygous
R654W embryos were routinely recovered at E15.5 (11 of 18
viable) and E16.5 (6 of 11 viable). Live homozygous R654W
embryos could be recovered as late as E17.5 (2 of 18 viable).
R654W allele dosage did not have a significant effect on via-
bility, since hemizygous R654W embryos (654/	) survived at
least as long as homozygous R654W embryos (16 of 18 viable
at E15.5 and 3 of 7 viable at E17.5). On average, embryos
homozygous for R654W Rb1 survived at least 2 days longer
than Rb1 null embryos.

Homozygous or hemizygous R654W embryos exhibit gross
morphological defects that are similar to those of Rb1 null
embryos although generally less severe (Fig. 4A). For example,
Rb1 null embryos are considerably smaller than wild-type lit-
termates and exhibit pale coloration. Homozygous or hemizy-
gous R654W embryos are larger than age-matched Rb1 null
embryos and exhibit improved coloration. The pale color of
Rb1 null embryos has been associated with deficient erythro-
cyte maturation (6, 22, 25). To assess erythrocyte maturation
in R654W embryos, we counted the percentage of mature,
enucleated erythrocytes in peripheral blood at different
stages of gestation. The percentage of enucleated erythro-
cytes is significantly greater in the blood of homozygous or
hemizygous R654W embryos than in that of Rb1 null em-
bryos. At later stages of gestation, the percentage of enu-
cleated erythrocytes approaches 90%, close to the percent-
age observed in wild-type embryos (Fig. 4B). A small
percentage of erythrocytes still exhibit enucleation defects
and other morphological abnormalities in E17.5 homozy-
gous or hemizygous R654W embryos (Fig. 4C). Hence, the
R654W allele partially rescues the erythrocyte maturation
defect associated with the complete loss of Rb1.

Rb1 can affect erythrocyte differentiation through both cell-
intrinsic and cell-extrinsic mechanisms (5, 29, 29, 45, 45, 50,
50). Defective placental transport caused by unscheduled pro-
liferation of labyrinth trophoblasts in the absence of pRb is one
such cell-extrinsic mechanism (51). We have examined placen-
tal transport function to determine if it accounts for improved
erythrocyte maturation and survival of R654W embryos. Pla-
cental transport can be quantitated by measuring the accumu-
lation of essential fatty acids (EFA) in the fetus relative to the
levels supplied to the placenta by the mother. Since EFA are
obtained only from the diet, EFA accumulation in the fetus is
proportional to placental transport. Consistent with previously
published data (51), Rb1 null E14.5 fetuses show a 7.2%

FIG. 4. Improved erythrocyte maturation in R654W embryos.
(A) Embryos of the indicated gestational ages and genotypes were
photographed in saline. (B) The percentages of enucleated erythro-
cytes (RBCs) were determined for peripheral blood smear samples.
The data points represent the means and standard deviations from
at least three embryos. (C) Photographs of representative Wright-
Giemsa-stained peripheral blood smears at later stages of gestation.
Arrows show examples of the residual enucleation defects that oc-
curred in a small percentage of erythrocytes in E17.5 R654W embryos.
�, significant difference (P � 0.01) between Rb1 null and R654W
embryos.
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(P � 0.01) reduction in accumulation of the EFA linoleic
acid (18:02), arachidonic acid (20:04), and docosahexaenoic
acid (22:06) relative to the level seen in wild-type fetuses
(Table 1). Homozygous R654W fetuses show a similar 7.7%
reduction (P � 0.01). As expected, no statistically significant
difference is observed in the fetal accumulations of the nones-
sential fatty acids palmitic acid (16:0) and stearic acid (18:0),
since these are produced in the fetus and do not require pla-
cental transport. Disruptions of normal labyrinth architecture
are also similar in both Rb1 null and R654W E13.5 placentae
(Fig. 5A). In particular, the porous appearance of the labyrinth
layer characteristic of a wild-type placenta is absent in both
Rb1 null and homozygous R654W placentae. The reduced
surface area of the blood spaces within the labyrinth layer
probably contributes to the placental transport defect (51).
Since R654W and Rb1 null embryos exhibit quantitatively sim-
ilar placental transport defects, placental transport is unlikely
to account for improved erythrocyte maturation in R654W
embryos.

In the absence of Rb1, FLM show defects in differentiation,
as reflected by their smaller size, lack of extensive cytoplasmic
projections, and weak staining for the mature macrophage
marker F4/80. As a consequence, TER119-positive erythroid
cells fail to associate normally with these defective FLM in
erythroblastic islands, thereby compromising erythrocyte mat-
uration (21). Compared to Rb1 null livers, FLM in homo-
zygous R654W livers show improved differentiation, as indi-
cated by the presence of larger cytoplasmic projections on
F4/80-positive FLM and a higher density of F4/80-positive
FLM per unit area of the liver (Fig. 5B and C). In addition, the
fraction of F4/80-positive FLM in close association with five or
more TER119-positive erythroid cells is significantly greater in
homozygous R654W livers than in Rb1 null livers, suggesting
an improvement in the formation of erythroblastic islands.
Although phenotypic rescue by R654W pRb is incomplete, as

the density of FLM and their association with TER119-positive
erythroid cells is still lower than in wild-type livers, these ob-
servations suggest that R654W pRb retains some capacity to
promote FLM differentiation.

Id2 is an inhibitor of the tissue-restricted transcription factor

FIG. 5. Effects of R654W pRb on the placenta and FLM differen-
tiation. (A) Hematoxylin-and-eosin-stained sections of E13.5 placen-
tae are shown. sp, spongiotrophoblast layer; lb, labyrinth. (B) E14.5
liver sections were stained for F4/80 (brown) and TER119 (pink). The
squares show the regions of the images magnified in the lower panels.
Arrows indicate F4/80-positive FLM, while arrowheads designate
some of the TER119-positive cells associated with FLM in erythro-
blastic islands. Note the lack of extensive cytoplasmic projections of
Rb1 null FLM and the relative dearth of associated TER119-positive
cells. (C) The percentages of F4/80-positive cells associated with �5
TER119-positive cells and the densities of prominently stained F4/80-
positive cells per microscopic field of view (FOV) in liver sections are
shown. The data points represent the means and standard deviations
for at least three embryos, counting three nonconsecutive sections per
embryo. �, significant difference between R654W and Rb1 null livers (P
� 0.01). (D) MEF or liver tissue extracts of the indicated genotypes
were immunoprecipitated with Id2 antibody or an immunoglobulin G
(IgG) control. The immunoprecipitates were analyzed for the presence
of pRb by Western blotting. The relative input levels of pRb and Id2
were determined by Western blotting (panels at right). �-Actin served
as a loading control.

TABLE 1. Essential fatty acid transport in Rb1 mutant embryos

Sample
% of total fatty acid composition

18:02 � 20:04 � 22:06a 16:0 � 18:0b

Wild type (n � 9)
Placenta 40.2 � 1.5 43.2 � 1.3
Fetus 30.6 � 0.9 42.8 � 0.4
Ratio of fetus/placenta 0.76 � .02 0.99 � .04

654/654 (n � 5)
Placenta 40.5 � 1.2 42.9 � 1.0
Fetus 28.5 � 1.0 42.1 � 0.7
Ratio of fetus/placenta 0.70 � .02 0.98 � .01
% Reductionc 7.7d 1.1e

	/	 (n � 4)
Placenta 40.4 � 2.0 42.1 � 0.3
Fetus 28.5 � 1.1 43.8 � 2.0
Ratio of fetus/placenta 0.71 � .03 1.04 � .07
% Reductionc 7.2d 	4.8e

a Essential fatty acids.
b Nonessential fatty acids.
c Reduction in fetal fatty acid accumulation compared to that for the wild type

(% for wild-type fetus 	 % for mutant fetus/% for wild-type fetus normalized for
placental fatty acid accumulation).

d P � 0.01 by Student’s t test.
e P � 0.1 by Student’s t test.
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PU.1, a regulator of macrophage differentiation (35). Rb1 pro-
tein binds Id2 and prevents it from inhibiting PU.1, thereby
promoting FLM differentiation (21). We have tested whether
this mechanism may account for the improved FLM differen-
tiation observed in R654W embryos. R654W pRb retains the
ability to bind Id2, as assessed by coimmunoprecipitation; Id2
immunoprecipitates from MEF or liver extracts capture at
least as much R654W pRb as wild-type pRb (Fig. 4D). Hence,
the ability to physically interact with Id2 is retained by R654W
pRb, and this interaction may directly contribute to the im-
proved differentiation of FLM by blocking Id2-mediated inhi-
bition of PU.1. Further, improved FLM differentiation may
indirectly contribute to the increased erythrocyte maturation
observed in homozygous R654W embryos.

Retinal defects in homozygous R654W mice. During normal
development of the mouse retina, Rb1 is expressed in prolif-
erating retinal progenitor cells and postmitotic neurons and
glia (53). Loss of Rb1 causes mild deregulation of retinal pro-
genitor cell proliferation, yet there is a dramatic loss of rod
photoreceptors. Rather than switching fates, cells destined to
become rod photoreceptors remain immature and express ret-
inal progenitor cell markers, such as Pax6 and Chx10. We have
examined postnatal retinae to assess the effects of R654W pRb
on retinal progenitor cell differentiation. To overcome the
embryonic lethality in the mutant mice, we have inactivated a
floxed wild-type Rb1 allele specifically in the retina in a hetero-
zygous R654W background with a Chx10-cre transgene. The
mating generates offspring heterozygous for the R654W allele,
and hence viable, but hemizygous for R654W in retinal cells.
Predominant expression of the R654W allele in Chx10-cre;
Rb1Lox/654 retinae has been confirmed by RT-PCR and DNA
sequence analysis of RNA (see Fig. S1A in the supplemental
material).

Retinae from P14 pups were immunostained with antibodies
to the major classes of retinal cell types (see Table S1 in the
supplemental material). Rod photoreceptors were significantly
reduced in hemizygous R654W retinae, and there were no
changes in the quantities of other major cell types (Table 2 and
Fig. 6). In particular, cones and bipolar cells differentiated

normally (Fig. 6 and Fig. S2 in the supplemental material).
Horizontal cell synaptogenesis was also defective in the Chx10-
cre; Rb1Lox/654 retinae, as previously observed in Rb1 null ret-
inae (12). Proliferating cells incorporating [3H]thymidine ex-
pressed markers of retinal progenitor cells, including Chx10
and Pax6. For example, the proportion of Pax6-positive,
[3H]thymidine-positive cells to [3H]thymidine-positive cells
was 14% � 2.5% in P14 Chx10-cre; Rb1Lox/654 retinae (Table
2). No [3H]thymidine-positive cells were detected in the reti-
nae from control littermates (Chx10-cre; Rb1654/� or Chx10-
cre; Rb1�/	). Ectopic Pax6- and Chx10-positive cells were ob-
served in the outer nuclear layer, consistent with the
observation that cells that normally differentiated into rods
remained as immature cells (12, 53). Real-time RT-PCR dem-
onstrated that retinal progenitor cell markers Fgf15, Eya2, and
Sfrp1 (2) were upregulated in the Chx10-cre; Rb1Lox/654 reti-
nae. Expression of the E2F-regulated p107 gene was also up-
regulated in these retinae, consistent with the lack of pRb/
E2F1-, pRb/E2F2-, and pRb/E2F3-mediated transcriptional
regulation in these cells. Analysis of E14.5 retinae from homo-
zygous R654W embryos and their heterozygous and wild-type
littermates verified that there was no proliferation or differen-
tiation defect in the embryonic retina that could contribute to
the failure of rods to form (see Fig. S3 in the supplemental
material). In sum, the phenotype of Chx10-cre; Rb1Lox/654 ret-
inae was indistinguishable from that of Chx10-cre; Rb1Lox/	

retinae.

DISCUSSION

The data presented here indicate that Rb1 makes important
cell-type-specific contributions to cellular differentiation that
are genetically separable from its general ability to stably bind
E2F1, E2F2, and E2F3 and regulate the cell cycle. R654W pRb
is unable to efficiently bind E2F1, E2F2, and E2F3 and regu-
late E2F1-, E2F2-, and E2F3-dependent gene expression. As a
result, cells expressing R654W pRb are as deficient in several
aspects of cell cycle control in vitro and in vivo as cells com-
pletely lacking pRb. Compound loss of activating E2Fs has

TABLE 2. Ectopic proliferation and cell type distribution in P14 Rb1654/	 retinaea

Cell typeb
Ectopic proliferation, cell type distributionc in the retinae of individual mice of the indicated genotype

Chx10-cre; Rb1654/� Chx10-cre; Rb1�/	 Chx10-cre; Rb1Lox/654 Chx10-cre; Rb1Lox/654

BrdU� �0/250, 0/250 (0) 0/250, 0/250 (0) 5/250, 4/250 (1.8 � 0.3) 11/250, 6/250 (3.4 � 1.4)
Rhod� 145/250, 130/250 (55 � 4.2) 151/250, 122/250 (54 � 8.2) 65/250, 55/250 (24 � 2.8) 78/250, 69/250 (29 � 2.5)
Recov� 139/250, 127/250 (53 � 3.3) 168/250, 150/250 (64 � 5.1) 64/250, 68/250 (26 � 1.1) 23/250, 27/250 (10 � 1.1)
Cone� 6/250, 4/250 (2 � 0.5) 7/250, 4/250 (2.2 � 0.8) 7/250, 5/250 (2.4 � 0.5) 6/250, 7/250 (2.6 � 0.2)
PKC� 10/250, 9/250 (3.8 � 0.3) 8/250, 6/250 (2.8 � 0.5) 8/250, 11/250 (3.8 � 0.8) 10/250, 9/250 (3.8 � 0.2)
Chx10� 19/250, 17/250 (7.2 � 0.5) 12/250, 16/250 (5.6 � 1.1) 27/250, 22/250 (9.8 � 1.4) 32/250, 28/250 (12 � 1.1)
Pax6� 11/250, 9/250 (4 � 0.5) 6/250, 8/250 (2.8 � 0.5) 24/250, 23/250 (9.4 � 0.2);

16% � 2%d
23/250, 20/250 (8.6 � 0.8);

12% � 3%d

Syntax� 20/250, 18/250 (7.6 � 0.5) 14/250, 11/250 (5 � 0.8) 11/250, 9/250 (4 � 0.5) 5/250, 7/250 (2.4 � 0.5)
Calb� 1/500, 2/500 (0.3 � 0.1) 1/500, 0/500 (0.1 � 0.1) 1/500, 0/500 (0.1 � 0.1) 1/500, 0/500 (0.1 � 0.1)
GluSyn� 4/250, 5/250 (1.8 � 0.3) 5/250, 6/250 (2.2 � 0.3) 17/250, 13/250 (6.0 � 1) 22/250, 27/250 (9.8 � 0.1.4)

a Mice received an intraperitoneal injection of [3H]thymidine (5 �Ci/g) 1 hour prior to retinal dissection. [3H]thymidine� cells expressed Chx10 (�1 to 2%
[3H]thymidine�, immunopositive/[3H]thymidine�) and Pax6.

b Rhod, rhodopsin; recov, recovesin; PKC, protein kinase C ; calb, calbindin; GluSyn, glutamine synthetase; syntax, syntaxin; cone, cone arrestin.
c Indicated cell type/total (% mean � % standard deviation).
d The fraction of proliferating cells expressing Pax6 ([3H]thymidine�, immunopositive/[3H]thymidine�) is indicated. The number of grains for 10 randomly selected

[3H]thymidine-labeled cells varied from 10 to 27 grains per cell (mean, 14 � 10). The number of grains for 10 randomly selected unlabeled cells varied from 0 to 3.
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previously shown that the cell cycle defects associated with Rb1
loss are dependent on activating E2F activity (40, 48, 54), thus
establishing E2F1, E2F2, and E2F3 as important targets of
pRb-mediated cell cycle control in vivo. The results obtained
with R654W pRb extend these findings by demonstrating that
genetic interactions between Rb1 and activating E2Fs are
based on direct physical association. Thus, the data provide
additional support to the hypothesis that pRb/E2F1, pRb/
E2F2, and pRb/E2F3 association is the primary mechanism
underlying pRb-mediated cell cycle control. However, the
analogous human R661W mutant is also deficient in binding
viral oncoproteins containing the LXCXE binding motif (37,
44). Hence, we cannot rule out the possibility that R654W pRb

fails to bind other LXCXE-containing cellular proteins that
are important for cell cycle regulation. However, disruption of
the LXCXE binding domain within pRb does not compromise
its ability to enforce cell cycle control (4, 10), so such proteins
have yet to be identified.

An E2F-independent mechanism involving pRb/Skp2 inter-
action and stabilization of p27kip1 has also been proposed to
contribute to pRb cell cycle regulation, and human R661W
pRb apparently retains this activity (23). We have been able to
detect stable pRb/Skp2 interaction in MEF, liver, or rescued
prostate epithelial cell extracts, although the R654W pRb
typically interacts less well with Skp2 (H. Sun and D. W.
Goodrich, unpublished). While pRb/Skp2 binding is detect-

FIG. 6. Effects of R654W pRb on retinal development. (A and B) P14 retinae are immunostained to identify rod cells (arrows). Rod cell defects
are produced in a mosaic pattern across the retina due to heterogeneous Chx10-cre expression. (C) Quantitation of the proportions of different
cell types in dissociated P14 Chx10-cre; Rb1Lox/654 retinae and in control littermates. (D) Cone photoreceptors are produced in their correct laminar
position and proportion (arrow). (E) Protein kinase C -immunopositive bipolar cells are produced in their correct proportion and position
(arrow). (F) Ectopic Chx10-immunopositive cells in the outer nuclear layer are observed (arrow). Many of these ectopic cells are weakly
immunopositive (�), suggesting that they are retinal progenitor cells. (G) Ectopic Pax6-immunopositive cells in the outer nuclear layer where rods
normally form (arrow). Pax6 is expressed in retinal progenitor cells and mature amacrine cells. (H) Like Rb1 null retinae, horizontal cells form
ectopic processes that extend apically into the outer nuclear layer. (I) Real-time RT-PCR of P14 retinae to assess expression of the genes shown.
Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; wt, wild type; PKC-alpha, protein kinase C ; Glu
Syn, glutamine synthase; dic, differential interference contrast. Scale bars, 10 �m.
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able, the level of p27Kip1 is no greater in wild-type extracts
than in Rb1 null extracts. The pRb/Skp2 mechanism has orig-
inally been identified in osteosarcoma cell lines by use of ex-
ogenously expressed Rb1 proteins. Hence, the disparity between
our results and those of Ji et al. (23) may be due to the different
cell types in which the experiments are performed, differences
between human pRb and mouse pRb, or differences in the effects
of endogenous versus ectopic pRb expression.

Despite the loss of cell cycle control observed in R654W
embryos, embryonic development is partially rescued relative
to the development of Rb1 null embryos. Partial rescue is
associated with a significant improvement in the differentiation
of some tissues but not of others. Thus, differentiation in these
cell types requires a function of pRb that is independent of its
general ability to bind E2F1, E2F2, and E2F3 and regulate the
cell cycle. We propose a model for three tissue-specific mech-
anisms that pRb may use to directly influence differentiation
(Fig. 7). We suggest that E2F1, E2F2, and E2F3 facilitate
expression of a gene that prevents rod cell fate specification in

the retina. The pRb/E2F1, pRb/E2F2, and pRb/E2F3 com-
plexes would silence expression of this gene, permitting rod
cell differentiation. Previous characterizations of Rb1 null ret-
inae suggest that impaired rod photoreceptor differentiation is
unrelated to progenitor cell cycle control (12, 53). Hence, the
hypothetical pRb/E2F1-, pRb/E2F2-, or pRb/E2F3-regulated
gene would function primarily in differentiation and not in the
cell cycle. This proposed mechanism is consistent with the
inability of R654W pRb to affect rod cell differentiation and
the observation that a number of potential E2F1 target genes
are involved in cellular differentiation (3). While other, un-
identified pRb protein interactions lost in the R654W mutant
may also be involved, our hypothesis makes the testable pre-
diction that the compound loss Rb1 and E2F1, E2F2, or E2F3
will rescue rod cell differentiation. Loss of E2F4 causes a
cell-autonomous defect in erythrocyte maturation similar to
that observed in Rb1 null mice (20, 39). The fact that both Rb1
and E2F4 null mice exhibit an overlapping phenotype suggests
that the pRb/E2F4 interaction may be required; the pRb/E2F4

FIG. 7. A model for tissue-specific, pRb-mediated mechanisms in cellular differentiation. In the absence of pRb activity either by protein loss
or by inhibitory phosphorylation, the developmental program of retinal cells, erythrocytes, and macrophage progenitor cells is blocked. In retinal
progenitors, we propose that this is due to a theoretical retina-specific gene whose expression is dependent on E2F1, E2F2, or E2F3. For
erythrocyte progenitors, the theoretical gene is active unless repressed by pRb/E2F4. E2F4 cannot activate gene expression in its free form because
it requires association with a pocket protein for nuclear localization. In macrophage progenitors, the activity of the required PU.1 transcription
factor is blocked by Id2. In postmitotic, differentiation-competent cells, pRb phosphorylation is reduced and pRb complexes form. Expression of
the rod repression gene is blocked by the pRb/E2F1, pRb/E2F2, or pRb/E2F3 complexes, while the red blood cell (rbc) repression gene expression
is inhibited by pRb/E2F4. In macrophages, pRb/Id2 interaction blocks Id2 activity, freeing PU.1 to activate expression of the macrophage
differentiation program. R654W pRb does not support rod cell differentiation, since it fails to bind E2F1, E2F2, and E2F3. R654W pRb does
support erythrocyte and FLM differentiation, due at least in part to the retained pRb/E2F4 and pRb/Id2 interactions. Based on this model, nearly
normal rod formation should occur in retinae lacking Rb1 and E2F1, E2F2, or E2F3, because reduction in E2F activity compromises the expression
of the rod repression gene. The loss of Id2 relieves the Id2-mediated block to PU.1 activity, permitting FLM maturation. In contrast, the loss of
E2F4 prevents targeting of the pRb/E2F4 repressive complex to the rbc repression gene, thereby blocking erythrocyte maturation. It should be
noted that the rod repression gene, the rbc repression gene, and the FLM gene may be a family of genes. Moreover, these genes do not necessarily
regulate genes that are directly involved in the differentiation-specific transcriptional network. For example, these regulated genes may alter
chromatin structure, a hallmark of rod cell differentiation. DP indicates the heterodimeric binding partners of the E2F transcription factors. aE2F
refers to the activating E2F family members E2F1, E2F2, and E2F3. The encircled “P” designates phosphorylation of pRb.
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complex may silence the expression of an inhibitor of erythro-
cyte maturation. This hypothesis is supported by the obser-
vations that R654W pRb retains the ability to stably bind
E2F4 and that this correlates with improved erythrocyte
maturation in R654W embryos. Additional reconstitution
and conditional ablation experiments will be required to
critically test this hypothesis since pRb also makes cell-
extrinsic contributions to erythrocyte maturation. Id2 is an
inhibitor of the tissue-restricted transcription factor PU.1,
which controls the expression of genes important for mac-
rophage differentiation (35). Binding of pRb to Id2 blocks
Id2-mediated inhibition of PU.1, facilitating normal FLM
differentiation in a cell-autonomous manner (21). Since
R654W pRb retains the ability to interact with Id2, this
mechanism is proposed to account for the improved FLM
differentiation observed in R654W embryos.

The differential binding of R654W pRb to E2F4 and to
E2F1, E2F2, and E2F3 reveals a previously unappreciated
biochemical difference in the way pRb physically associates
with different classes of E2F transcription factors. This obser-
vation also indicates that the R654W mutation does not cause
a general loss of pRb protein binding activity but rather affects
some protein interactions and leaves others unaffected. Since
R654W pRb retains the ability to bind E2F4, the data also
suggest that the pRb/E2F4 interaction is insufficient for pRb-
mediated cell cycle control. The increased pRb/E2F4 associa-
tion observed probably reflects decreased competition with
E2F1, E2F2, and E2F3 for R654W pRb binding. Interpreta-
tion of phenotypes caused by mutation of Rb1 therefore must
account for the potential redistribution of pRb protein com-
plexes and the possibility that this may elicit gain as well as loss
of function. For example, in the absence of abundant interac-
tion of pRb with E2F1, E2F2, and E2F3, R654W pRb may
increase its interactions with other protein partners, potentially
generating potentially novel functions. Likewise, Rb1 mutant
phenotypes must also be considered in the context of the
pocket protein family. The two other pocket proteins, p107 and
p130, share the ability to regulate the cell cycle through inter-
action with E2Fs. This functional overlap is reflected in the
observation that the loss of all three pocket proteins causes cell
cycle defects more pronounced than those caused by the loss of
individual members (42). Functional compensation is also ob-
served in vivo, as developmental defects associated with Rb1
nullizygosity are exacerbated by the compound loss of p107
(26). While there is specificity in the preference of individual
pocket proteins for binding different E2Fs, atypical pocket
protein/E2F complexes can be observed in some situations
(24). Thus, phenotypes observed upon Rb1 mutation may be
affected by redistribution of p107 and p130 complexes. Despite
this, it is clear that pRb has unique functions, as only pRb is
required for embryonic development. Further, only the loss of
pRb is consistently associated with tumorigenesis in both mice
and humans (7, 9). Among the molecular mechanisms utilized
by the pocket proteins, those specific for pRb are likely to be
particularly relevant to its unique role in embryonic develop-
ment and tumor suppression.
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