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Terminally differentiated cell types are needed to live and function in a postmitotic state for a lifetime.
Cellular senescence is another type of permanent arrest that blocks the proliferation of cells in response to
genotoxic stress. Here we show that the retinoblastoma protein (pRB) uses a mechanism to block DNA
replication in senescence that is distinct from its role in permanent cell cycle exit associated with terminal
differentiation. Our work demonstrates that a subtle mutation in pRB that cripples its ability to interact with
chromatin regulators impairs heterochromatinization and repression of E2F-responsive promoters during
senescence. In contrast, terminally differentiated nerve and muscle cells bearing the same mutation fully exit
the cell cycle and block E2F-responsive gene expression by a different mechanism. Remarkably, this reveals
that pRB recruits chromatin regulators primarily to engage a stress-responsive G, arrest program.

Terminal differentiation is fundamental to the development
of a multicellular organism (9). Of particular importance is the
commitment to permanently exit the cell cycle. Many cells
enter a postmitotic state early in life and must remain viable
and nonproliferative throughout the life span of the organism.
Cellular senescence is another form of proliferative control
that can be induced as a natural consequence of aging or
prematurely in response to stimuli such as DNA damage (12).
The physiological differences between terminal differentiation
and senescence suggest that there may be differences in their
mechanisms of growth control; however, the robust control of
cell cycle entry is an obvious similarity. Comparisons between
the two are rare in the current literature.

Coupling cell cycle exit with terminal differentiation requires
the coordinated activities of the retinoblastoma (RB) family of
proteins and cyclin-dependent kinase (CDK) inhibitors (9).
Studies with organisms such as Drosophila and Caenorhabditis
elegans support a general model in which cell cycle exit re-
quires simultaneous regulation of E2F transcription by RB
family proteins and cyclin/CDK activity by their inhibitors (4,
10, 22). While it is unclear how this regulation is coordinated,
it has been speculated that changes in chromatin structure
could offer an explanation. Under this interpretation, hetero-
chromatinization of cell cycle promoters blocks cyclin/CDKs
from activating transcription through E2Fs; likewise, promis-
cuous E2F activity is unable to induce expression of cyclins.
For these reasons, much attention has been focused on chro-
matin regulation in transcriptional control by pRB, and this
function has been reviewed extensively (8, 14, 29). Cell cycle
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exit during terminal differentiation of neurons and skeletal
muscle requires pRB function (13, 18, 21, 26, 35, 57). In addi-
tion, deposition of heterochromatin at E2F-responsive cell cy-
cle promoters is reported to be pRB dependent during the
differentiation of these same cell types (3, 45). Unfortunately,
efforts to uncouple cell cycle exit from differentiation through
loss of pRB have been complicated because this often leads to
cell death, particularly in muscle development (11, 26, 56).
This raises the question of whether chromatin regulation by
pRB is the cause of cell cycle exit or a consequence of differ-
entiation.

Cell cycle exit in senescence also involves the coordinated
action of CDK inhibitors and RB family proteins (46, 51).
However, the frequent participation of p53 in the induction of
senescence distinguishes it from cell cycle exit in differentiation
(12, 16). In this cell cycle arrest paradigm, pRB has a central
role in the generation of senescence-associated heterochro-
matic foci (SAHF) (42). SAHF are single chromosomes com-
pacted into microscopically visible heterochromatin bodies
(24, 58). This compressed genomic structure ensures efficient
silencing of E2F-regulated cell cycle genes. Thus, pRB func-
tion is critical to establishing one of the features of senescence
that best define its permanence. However, not all senescent
human fibroblasts form SAHF (24). Fibroblasts from knockout
mice have been used extensively to genetically dissect the path-
way that induces senescence, and this analysis has demon-
strated that it requires RB family proteins (17, 46, 50). Inter-
estingly, the presence of SAHF in senescent mouse cells
remains in question because pericentromeric heterochromatin
bodies are present under all growth conditions. Because not all
senescent cells contain SAHF, it is unclear whether pRB reg-
ulates chromatin structure in senescence in their absence.

Despite these gaps in our knowledge, regulation of chroma-
tin structure by pRB is frequently linked with its function in
cell cycle control (8, 14). Many reports have shown that chro-
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matin-regulating enzymes such as Brgl (20), Brm (53),
HDACI (36), DNMT1 (48), and Suv39h1 (43), among others,
use a peptide motif called LXCXE to interact with the pocket
domain of pRB (14, 40). Through the simultaneous interaction
with E2F transcription factors, this complex is recruited to E2F
target genes to block transcription and arrest the cell cycle in
G, (8). In this way, a one-size-fits-all model of pRB has
emerged in which this E2F-pRB-chromatin-regulating repres-
sor module is activated under all G, cell cycle arrest circum-
stances to remodel chromatin and block proliferation. How-
ever, it is noteworthy that studies investigating the myriad of
chromatin regulators that interact with pRB have largely been
carried out using cell culture assays and this has prevented us
from truly understanding the biological significance of chro-
matin remodeling by pRB. It is unclear if induction of senes-
cence or terminal differentiation invokes the same pRB func-
tions, even though they both can lead to a permanent G, arrest
that is frequently characterized by changes in chromatin struc-
ture.

To investigate how the recruitment of chromatin-regulating
activities by pRB influences mammalian development and dis-
ease, we have generated a gene-targeted mouse strain in which
mutations in pRB disrupt only LXCXE-dependent interac-
tions (28). We have validated that this mutation (called RbI*")
disrupts numerous interactions between chromatin regulators
and pRB but leaves interactions with E2Fs intact (28). Impor-
tantly, the RbI allele expresses pRB at levels equivalent to
those of the wild type and the expression of the related RB
family proteins p107 and p130 is unchanged (28). This suggests
that defects in RbI**/*" are not suppressed by overexpression
of other family members, as is the case for RbI '~ mutant mice
(27, 41). Despite the interactions that are disrupted, RbI*-2F
knock-in mice are viable (28), raising the question of what
physiological circumstances require pRB to use chromatin reg-
ulation in cell cycle control.

In this study, we compared the cell cycle exit properties of
skeletal muscle and retinal neurons, two long-lived cell types,
with those of senescent cells derived from RbI**/A" mutant
mice. Our work shows that there is defective inhibition of DNA
replication in senescent Rb14~~F mutant cells, but not in per-
manent cell cycle exit during development. This indicates that
one of the primary functions of chromatin regulation by pRB
is an arrest checkpoint that is used during senescence. The
defect in senescence is a failure to create a repressive chroma-
tin structure at E2F-responsive genes and is characterized by a
deficiency in H3K9me3. Conversely, chromatin immunopre-
cipitation (ChIP) analysis of the same promoters in Rb]*%/A"
mutant muscle reveals a different transcriptional silencing
pathway characterized by a combination of H3K27me3 and
H3K9me3 modifications that are present in normal abundance
in Rb14*/2" mutants. Unexpectedly, this reveals that pRB pos-
sesses a stress-responsive growth control mechanism that is
distinct from cell cycle exit in terminal differentiation during
development.

MATERIALS AND METHODS

Mice. The generation of Rb14%/AL mutant mice has been described previously
(28). Rb1™~'~ mice were obtained from MMHCC. Mice bearing Rb /' alleles and
the a-crystallin-Cre transgene were generated as described before (13). All
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animals were housed and handled according to Canadian Council on Animal
Care regulations.

Cell culture. Mouse embryonic fibroblasts (MEFs) were generated from day
13.5 embryos using standard procedures and cultured as previously described
(28). Retroviral transduction with pPBABE-H-RasV12 was as reported by Ser-
rano et al. (51), and viruses were packaged in Bosc-23 cells. Cells infected with
viruses encoding Ras were selected in 4 pg/ml puromycin for at least 3 days
before processing for further experiments using flow cytometry, microscopy, or
extract preparation. Senescent cells prepared by this method were allowed to
senescence for at least 10 days following retroviral infection. Cells induced to
senesce with gamma irradiation were exposed to 15 Gys. Senescence-associated
B-galactosidase (SA B-Gal) staining was performed as described previously (51).
Infections with adenovirus (Ad)-E2F1 were done according to standard meth-
ods, and cells were cultured for an additional 48 h before labeling with bromode-
oxyuridine (BrdU) for 16 h or preparing extracts. Myogenic differentiation was
carried out by infecting MEFs with a pPBABE-MyoD-based retrovirus as de-
scribed above and following the differentiation protocol of Novitch et al. (44).
Following selection, cells were differentiated and restimulated with 15% serum
and labeled with BrdU for 24 h (6 days total). 3T3 culture assays were carried out
following previously reported methods (55), as modified by Classon et al. (15).

Histology and fluorescence microscopy. Hematoxylin-and-eosin (H&E)- and
Ki67-stained tissues were fixed in formalin, embedded, and stained using stan-
dard procedures. All other tissues were fixed in optimum cutting temperature
compound and embedded for cryosectioning. Staining of retinal sections was
carried out as described by Chen et al. (13), and anti-BrdU staining was done as
recommended by the manufacturer (BD, San Jose, CA). Cell cultures were fixed
and permeabilized in alcohol, blocked, and stained for BrdU or protein markers
as previously described (28). Antibodies against the major histocompatibility
complex (MHC) were obtained from the Developmental Studies Hybridoma
Bank, University of Iowa.

Quantitation of DNA, protein, and mRNA. DNA content and BrdU incorpo-
ration were measured by flow cytometry (see Fig. 1A and C) as described by
Isaac et al. (28). All other measurements of BrdU incorporation were generated
from in situ staining and microscopic evaluation as described above. Flow cy-
tometry measurements of hepatocyte nuclear DNA content were done as de-
scribed by Mayhew et al. (38). Protein expression levels were detected by West-
ern blotting using antibodies against E2F1 (KH95), p107 (C-18), PCNA (pcl10),
p130 (C-20), and MCM7 (141.2) from Santa Cruz. Actin (A2066; Sigma) or
lamin A/C (MAB3211; Chemicon) levels were detected as loading controls.
Message levels for Pcna, Cenel, Ccna2, Tyms, and RblI were detected using the
Quantigene Plex 2.0 reagent system from Panomics (Fremont, CA) and quanti-
fied by comparison with the message for acidic ribosomal phosphoprotein PO
(Rplp0) using a BioPlex200 multiplex analysis system according to the Panomics
instructions. ChIP assays were performed as described previously, using anti-
H3K9me3 and -H3K27me3 antibodies (Upstate) and 2 X 107 cells per immu-
noprecipitation (2). DNA released from precipitated complexes was amplified by
PCR using primers specific to the promoter regions of Airn (AGG GTG AAA
AGC TGC ACA AG and CCC TGA TCA CAG AAC CCT TC) (47), Pcna
(CTG CGC GAG GTC ATG ACG CCA and CTT CCG TGG CGC GGA AAC
TTC C), Ccnel (TGA GGG GCT CGC AGC CCT CG and CCC GGC TTC
GAG CGG GAC AT), Mcm3 (GAA TGC AGT GCT TCC TAG CC and CGG
AAG TTT ATG GTG GAG GA) (3), Mcm5 (AAC CAA TAG GAG CGC AGA
GA and AAG CCC GAC ATG ACT GTA CC) (3). Hoxd10 (GCT GAA AAC
CTC CCC ATCTT and CCT ACT TGG CGC ATT TTC TC), and Ccna2 (ATC
CAC TGA GCA GCA GAG AT and TTG TAG TTC AAG TAG CCC GCG).

RESULTS

The RbI*" mutation causes defects in a senescent cell cycle
arrest. Based on pRB’s well-known role in controlling G,-to-
S-phase progression, we surveyed the ability of fibroblast cells
from RbI*~*F mutant mice to respond to DNA damage
agents, activated oncogenes, and other stimuli that are known
to impinge upon proliferative control by pRB. Consistent with
the discrete nature of the knock-in mutation, some growth
arrest mechanisms worked normally, including serum depriva-
tion over periods ranging from 3 to 5 days (Fig. 1A and data
not shown). However, a number of senescence-inducing stim-
uli, like gamma irradiation and oncogenic Ras, were unable to
generate a complete cell cycle exit in RbI**/*- mutant fibro-
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FIG. 1. Defective arrest of DNA synthesis in RbI mutant cells during senescence. (A) MEFs of the indicated genotypes were serum deprived
for 72 h, and their resulting DNA synthesis was measured by BrdU incorporation. (B) Ten days following retroviral transduction of MEFs with
oncogenic Ras, senescent cell morphology and SA $-Gal activity were examined by light microscopy. The percentage of SA B-Gal-positive cells
of each genotype was determined and is displayed in the graph to the right. (C) DNA content of wild-type and mutant MEFs was examined by

propidium iodide staining and flow cytometry 5 days following irradiat

ion or viral infection to express Ras"'2. The values above the peaks are the

percentages of cells with this DNA content. (D) DNA synthesis in senescent MEFs was measured by BrdU incorporation over 8 h at 10 days
following viral infection. Error bars in all graphs indicate 1 standard deviation from the mean of at least three replicates. The P value for a ¢ test

comparing mean measurements in panel D is 0.04.

blast cells, despite the fact that the cells ceased to divide and
assumed a senescent morphology characterized by SA B-Gal
staining (Fig. 1B). Rb1**/*" mutant MEFs showed a normal
response to DNA damage during the first 48 h following
gamma irradiation and largely ceased to incorporate BrdU
(data not shown). However, even at this early time point,
reduced accumulation of cells in G, became apparent (data
not shown). A similar analysis of DNA content 5 days post-
treatment revealed a striking failure of mutant cells to collect
in G,, with many cells exhibiting abnormally high DNA content
at 8N and beyond, indicative of endoreduplication (Fig. 1C).

This occurred regardless of whether the arrest was induced by
gamma irradiation or activated Ras. Furthermore, 10 days
following the induction of senescence by RasY'?, mutant MEFs
still had elevated levels of BrdU incorporation relative to wild-
type controls (Fig. 1D). This suggests that persistent but low
levels of DNA synthesis lead to the elevated DNA content
found in Rb14~"*F mutant MEFs following the induction of
senescence. We interpret this phenotype to mean that
RbIA*"A" mutant cells are capable of entering a senescent state
based on morphology, the presence of SA B-Gal staining, and
the inability to undergo mitosis. However, the mutation in pRB
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prevents an irreversible withdrawal from the cell cycle that
allows endoreduplication. For these reasons, we will refer to
the state of these cells as defective, or incomplete, senescence
throughout this report.

Permanent cell cycle exit during development is normal in
RbIA™AL mutant mice. Because cellular senescence is thought
to be an irreversible arrest, we decided to examine cell cycle
exit and differentiation in long-lived cell types that remain
growth arrested throughout life. A number of tissues possess-
ing permanently arrested cells that fit this description are also
known to require pRB for cell cycle exit during terminal dif-
ferentiation. In particular, pRB has a well-recognized role in
cell cycle control of muscle (18, 56), as well as the retina (13,
35, 57), and we have examined the effects of the RbI** muta-
tion in these contexts.

When the placental defects of Rb1 '~ mutant mice are com-
plemented, knockout animals die at birth with defects in myo-
genesis that are characterized by gross histological abnormal-
ities and numerous apoptotic cells (18). The fact that Rb14-/4-
mutant mice are viable and appear normal suggests that pRB’s
role in muscle differentiation is complemented by the RbI*-
allele (Fig. 2A). Indeed, histological analysis of skeletal muscle
stained with H&E from RbI**" mutant mice reveals that
they are indistinguishable from wild-type controls (Fig. 2B).
Beyond the ability of the RbI*" mutant to function in the
differentiation of muscle, we also investigated the permanence
of cell cycle exit in this tissue. Anti-BrdU staining demon-
strates infrequent proliferation in cross-sections of wild-type
and RbI**AF mutant muscle fibers, less than one per micro-
scopic field of view (Fig. 2C). The quantity of rare, positively
stained nuclei is consistent with proliferation of myosatellite
cells that repair postmitotic muscle fibers. From this analysis,
ectopic DNA replication in myotubes appears to be absent. As
a control for our ability to sensitively detect DNA replication,
we also stained highly proliferative cells from intestinal crypts
in the same mice to confirm that our labeling and staining
robustly detect DNA replication (Fig. 2C). This analysis of cell
proliferation in the muscle of RbI**A~ mutant mice indicates
that cells exit the cell cycle and remain postmitotic in a manner
comparable to that of the wild type. In order to test if the
transcriptional silencing function of pRB is intact in differen-
tiated muscle of Rb1**/A" mutant mice, we studied the expres-
sion of E2F target genes like Pcna, Ccnel (cyclin E), RblI
(p107), Ccna?2 (cyclin A), and Tyms (thymidylate synthase). We
found equal expression of these genes between wild-type and
mutant muscles. Western blots also showed similar levels of
protein expression among E2F targets across the two geno-
types, further suggesting that control of gene expression is
properly maintained in Rb1*~/** mutant muscle. Importantly,
this also reveals that expression of the related pRB family
protein p107 remains normal under these conditions. This in-
dicates that myogenesis in RbI*/A mutants is likely not the
result of compensation by other pRB family members.

To complement the in situ analysis of muscle proliferation
described above, we also analyzed the permanence of cell cycle
exit in a cell culture-based assay of muscle differentiation. This
allows us to directly compare the RbI**AL, RbI~'~, and
Rb1™* genotypes, since RbI ~/~ mutant myoblasts do not form
muscle fibers (26). We infected MEFs with a MyoD-expressing
retrovirus to induce the formation of myocytes and stimulated
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differentiation in low serum as described previously (44). Prior
reports have revealed that RbI ~/~ mutant myocytes generated
by this methodology are susceptible to cell cycle reentry upon
serum stimulation (44). The RbI*~ allele readily supports a
growth factor-resistant cell cycle exit that is indistinguishable
from that of the wild-type control (Fig. 2E). These data suggest
that the RbI*" mutant is capable of supporting a permanent
cell cycle exit in terminal differentiation that is just as robust as
that of the wild type. This result stands in stark contrast to the
incomplete senescent arrest described in Fig. 1 because these
cell cycle arrest assays start with the same fibroblast cells.

Similarly, it is known that conditional deletion of RbI in the
retina causes cell death of ganglions, as well as bipolar and rod
cells (13). In addition, RbI deficiency causes differentiation
defects in starburst amacrine cells (SACs). Our analysis of
RbIA*"A" mutants reveals that all of these cell types are spec-
ified normally and at the same developmental time as the wild
type (Fig. 3A). Cell types that are unaffected by conditional
deletion of pRB are also normal in the Rb14*/*" mutant (data
not shown), indicating that retinal cells are correctly specified
in Rb1*-2L mutant mice. We also investigated the prolifera-
tive status of RbI**/*F mutant retinas in both 8- and 18-day-
old mice. As shown in Fig. 3B (and data not shown), prolifer-
ation has ceased in Rb1*"/*F mutant retinas at 8 days of age
and remains absent at 18 days of age. In contrast, proliferation
persists in conditional RbI knockouts at both time points, as
indicated by Ki67 staining (Fig. 3B). This reveals that the
RbI** mutant is capable of mediating normal cell cycle exit
during retinal development, further emphasizing that the cell
cycle exit and terminal differentiation of long-lived cell types is
essentially normal in RbI**** mutant mice.

Defective senescence in RbI**/*" mutant fibroblasts con-
tributes to immortalization. In contrast to the cell cycle exit
that occurs normally during development in Rb14*/" mutant
mice, we investigated whether the defective senescent arrest
allows cells to escape and resume proliferating. Using a 3T3
culture protocol, we passaged wild-type and mutant fibroblasts
to determine if they have similar proliferative potentials by
measuring the passage at which they enter senescence. Figure
4A shows that they enter senescence at an equivalent passage.
DNA replication was measured in successive passages of se-
nescent cultures by BrdU incorporation, and levels were found
to be elevated in RbI***~ mutants (data not shown). This
indicates that RbI*~’*~ mutant MEFs respond similarly to a
3T3 culture protocol as they do to other senescence-inducing
stimuli (Fig. 1) that produce an incomplete arrest. To detect
early escape from this defective senescence, we continued to
culture these fibroblasts and counted the first passage at which
they resumed doubling as escape (Fig. 4A). Based on this
criterion, RbI*~/*F mutant cultures become immortal signifi-
cantly earlier than wild-type controls do (P < 0.05). This sug-
gests that not only do cells from RbI**/*F mutant mice enter
into an incomplete senescent state, but this allows them to
escape and resume proliferating more readily.

We also sought a developmental comparison for the rapid
escape from senescence that we observed in Rb14-*F mutant
3T3 cells. Unfortunately, none of the experiments character-
izing the cell cycle arrest of whole tissues in Rb1*%A% mutant
mice in Fig. 2 or 3 are capable of detecting rare cells that
undergo sporadic DNA replication. Thus, to search for rare
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wild-type littermates. (B) Anterior tibialis muscle tissue from 8- to 10-week-old animals was stained with H&E to examine the gross morphology
of the wild type and Rb1°-/A- mutants. Transverse and sagittal sections are shown. (C) Cell proliferation in muscle was examined by BrdU staining,
the number of BrdU-positive cells per microscopic field was quantified, and the average is displayed in the graph. As a control for detection of
BrdU in mature muscle fibers, we also stained cryosections of intestinal epithelia prepared from the same mice. DAPI, 4',6-diamidino-2-
phenylindole. (D) mRNA and protein were extracted from the muscle of 6-week-old wild-type and Rb1*%*- mutant mice. Western blot assays
show the expression of known E2F target genes, and the graph to the right displays the relative abundance of the specified transcripts. Message
levels of acidic ribosomal phosphoprotein PO (Rplp0) and actin protein levels were used as controls. (E) The indicated genotypes of MEFs were
infected with MyoD-expressing retroviruses and induced to differentiate into myocytes under low-serum conditions. Cells were then restimulated
with 15% fetal bovine serum and pulse-labeled with BrdU (24 h) to detect DNA synthesis. Myocytes were identified by MHC staining (red), DNA
synthesis was detected by BrdU staining (green), and DNA was counterstained with DAPI (blue). The percentage of myocytes (MHC positive)
and surrounding fibroblasts (MHC negative) that incorporated BrdU in response to serum is shown in the graph to the right. The error bars in
all of the graphs indicate 1 standard deviation from the mean of at least three replicates.
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DNA replication events, we analyzed the DNA content of
hepatocyte nuclei. While hepatocytes retain proliferative po-
tential for regeneration that separates them from muscle and
retinal cells, they become extensively growth arrested in adult
mice (54). As mice age, ectopic DNA replication occurs in
hepatocytes at a low level; however, many of these cells fail to
undergo a subsequent cell division, resulting in endoredupli-
cation (38). Thus, rare replication events that accumulate over
time are identifiable by increased nuclear DNA content. Im-
portantly, conditional deletion of pRB in hepatocytes is known
to exacerbate this age-dependent endoreduplication effect
(38). Our analysis of RbI*"/~" mutant livers showed that they
appear histologically normal by H&E staining of tissue sections
(Fig. 4B). We also did not detect any proliferating cells, as
measured by Ki67 staining, in either wild-type or mutant liver
sections (Fig. 4B), suggesting that the growth arrest is normal
in RbI**AL mutant livers. As an internal control for our stain-
ing efficiency, we also stained other mouse tissues in parallel
and could detect cells positive for Ki67 staining (data not
shown). We also found that DNA content increases uniformly
with age in wild-type and Rb14~*F mutant animals, indicative
of normal control of DNA replication (Fig. 4C). In addition,
expression levels of E2F targets and other RB family proteins
remain normal under these circumstances, further suggesting
that compensation by related proteins does not underlie the
maintenance of cell cycle arrest in RbI*** mutant hepato-
cytes (Fig. 4D). Because hepatocytes undergo sporadic DNA
replication as part of a normal aging process, this analysis
shows that even the most sensitive measurements of DNA
replication support the conclusion that cell cycle exit in devel-
opment is as robust in RbI**F mutant mice as in wild-type
controls.

Incomplete senescence in RbI**F mutant cells is charac-
terized by defective transcriptional repression. Our initial ex-
periments have revealed that cells from Rb14*/" mutant mice
are defective in their senescent cell cycle arrest. To explore the
cause of this defect further, we investigated the effects of the
RbI*F mutation on the transcriptional silencing of E2F target
genes. In order to generate an opportunity to manipulate E2F-
dependent gene transcription in a senescent environment, we
induced senescence by using oncogenic Ras and ectopically
expressed human E2F1 by subsequent adenoviral infection. In
this way, we were able to probe the accessibility and potential
for transcriptional activation of E2F-responsive promoters. As
shown in Fig. 5A, E2F1 was expressed equally in wild-type
and mutant cells. In addition, expression levels of three
E2F-responsive targets, pl107, MCM?7, and PCNA, were in-
creased in the incompletely senescent Rb1*%/AL mutant MEFs
and are further elevated by E2F1 expression. More impor-
tantly, E2F1 induced higher levels of BrdU incorporation into
RbI1*MAE mutant cells than into wild-type cells (Fig. 5B). Be-
cause basal levels of BrdU incorporation into Rb14%** mutant
cells are slightly higher than those of the wild type under these
conditions (Fig. 1D), we also calculated the fold induction of
BrdU incorporation in response to E2F1 (Fig. 5B), and this
was also significantly higher in mutant cells (P < 0.05). Thus,
by using ectopic E2F1 expression, we have demonstrated that
the incomplete senescent cell cycle arrest in Rb1*%A% mutant
cells is more susceptible to being overridden by proliferative
signals that activate E2F-dependent transcription.
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To examine the transcriptional effects of E2F1 expression
more closely, we compared mRNA levels from five well-char-
acterized E2F-responsive genes, Pcna, Ccnel, Ccna2, Rbll, and
Tyms (thymidylate synthase). In each case, the expression level
was higher in senescent RbI**“F mutant cells than in the
wild-type controls (Fig. 5C). Upon E2F1 expression, these
target genes were also more readily transcribed as they accu-
mulated to higher levels in the RbI**AL mutants. Further-
more, as determined by measuring the fold induction of each

E2F target gene, the ability of E2F1 to activate transcription in
RbIA-AE mutant cells was again significantly higher than in the
wild type (Fig. 5SD). This demonstrates that cell cycle-regu-
lated, E2F-responsive promoters are more readily activated in
defective senescence. This suggests that transcriptional silenc-
ing is likely altered in senescent RbI**L mutant cells. Impor-
tantly, this difference allows E2F1 expression to stimulate se-
nescent RbI*AF mutant cells to synthesize DNA more
readily.
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RbIAYAL mutant cells fail to heterochromatinize E2F target
gene promoters in senescence. Given recent studies that have
demonstrated the role of chromatin regulation in reorganizing
the genome during senescence (42), we wondered if the Rb1*F
mutation affects this process. We sought to investigate repres-
sive histone tail modifications to determine if they are also
altered or absent. In particular, we were interested in
H3K9me3 status because one of the histone methyltrans-
ferases responsible for adding this modification, Suv39hl, is
required for oncogene-induced senescence (6) and is reported
to interact with pRB through its LXCXE binding cleft (43).

Chromatin from proliferating and Ras-induced senescent
cells was immunoprecipitated to determine the relative abun-
dance of H3K9me3 at E2F-responsive promoters. As a control
for our immunoprecipitation experiments, we amplified se-
quences from the imprinted Airn promoter. Because of its
allele-specific expression, we are able to detect H3K9me3 that
originates from the silenced allele under all growth conditions
(47). In cells that have been induced to senesce with oncogenic
Ras, H3K9me3 becomes enriched at E2F-responsive promot-
ers (Fig. 6A). Importantly, H3K9me3 is not enriched at E2F
promoters in Rb14*/*" mutant cells. This analysis reveals that
LXCXE interactions with pRB are crucial for assembling het-
erochromatin in senescence. In addition to the increase in
H3K9me3, it has also been proposed that repressive marks like
H3K27me3 play an important role in silencing cell cycle genes
such as Ink4a in an RB family-dependent manner (5, 30). For
these reasons, we also investigated H3K27me3 histone tail
modifications at the same E2F-responsive promoters in senes-
cence (Fig. 6B). We also amplified sequences from the Hoxd10
homeobox gene promoter, which has been shown previously to
be enriched for this mark, as an additional control for our
immunoprecipitations (3). This analysis demonstrates that
some E2F target genes also increase their abundance of
H3K27me3 in senescence compared with asynchronously
growing cells. Interestingly, deposition of this histone tail mod-
ification is not dependent on pRB-LXCXE interactions. Given
the ability of ectopic E2F1 to activate genes like Ccnel in
incompletely senescent Rb14-~F mutant cells and the fact that
only H3K9me3 is added at this promoter in a pRB-LXCXE-
dependent manner, we suggest that H3K9me3 is a key repres-
sive modification that silences gene expression under senescent
growth arrest conditions.

Assembly of repressive heterochromatin has also been im-
plicated in the establishment of a stable cell cycle exit in ter-
minal differentiation (1, 3, 45). We next wanted to determine if
the epigenetic landscape of the same E2F-responsive genes
was similar in differentiated muscle and whether it differs be-
tween wild-type and mutant mice. In agreement with previous
work, we found that the H3K9me3 mark can be detected at the
promoters of some E2F-responsive cell cycle genes in muscle
(Fig. 7A). We observed that some promoters, like the Ccnel
and Mcm3 promoters, are enriched for both H3K9me3 and
H3K27me3. In the case of genes like Mcm)5, there is a signif-
icant enrichment of H3K27me3 whereas we were unable to
detect H3K9me3 levels above the background, suggesting that
H3K27me3 has a prominent role in the repression of this gene.
Conversely, Ccna2 and Pcna are enriched for H3K9me3, but
not H3K27me3, in muscle. Thus, comparing the epigenetic
landscape of these E2F targets in senescence and muscle in-
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dicates that senescence is highly dependent on H3K9me3 while
gene silencing in muscle is likely a varied combination of both
H3K9me3 and H3K27me3. This strongly suggests that there is
a fundamental difference in the growth arrest pathways that
silence E2F target genes under these different arrest condi-
tions. Furthermore, neither the deposition of H3K27me3 nor
that of H3K9me3 is different between wild-type and mutant
muscle tissues. Providing additional evidence that a different
mechanism governs the silencing of E2F-responsive genes in
terminal differentiation. Previous reports demonstrate that
H3K9me3 and H3K27me3 deposition at E2F target genes oc-
curs in response to pRB-dependent myogenesis (3). For these
reasons, we interpret our results to mean that pRB has multi-
ple growth arrest mechanisms at its disposal and that the path-
ways used in cell cycle arrest during senescence and terminal
differentiation are fundamentally distinct.

DISCUSSION

Our work reveals the surprising finding that pRB possesses
the ability to block DNA replication in senescence using a
fundamentally different mechanism from a permanent cell
cycle arrest in development. In particular, pRB requires
LXCXE-type interactions to regulate chromatin structure and
silence E2F-responsive genes in senescence. This is an impor-
tant distinction because it demonstrates that pRB uses more
than just a single growth-suppressive mechanism to block pro-
liferation. It reveals that specific growth arrest signals like
DNA damage elicit different functions from pRB than the
development programs that govern myogenesis and neurogen-
esis. It also suggests that different external signals (as conveyed
by expression of MyoD versus oncogenic Ras) activate differ-
ent functions of pRB. Although both are growth restrictive,
there is clearly an important distinction between these two
types of stimuli that activate distinct functions of pRB. An
important distinction may be that expression of MyoD under
growth-restrictive conditions further signals cells to exit the cell
cycle and differentiate. Alternatively, expression of oncogenic
Ras under high-serum conditions activates conflicting signals
by driving rapid proliferation on the one hand and activating
growth arrest signals by inducing DNA damage on the other.
We think it is in the context of persistent, conflicting signals
that the LXCXE-dependent functions of pRB are activated or
required.

This study emphasizes that cell cycle arrest in senescence
requires a repressor module containing E2F-pRB and a chro-
matin-regulatory component (Fig. 7A). Rowland et al. have
previously shown that expression of a pRB binding-deficient
mutant of E2F3 can disrupt pRB-E2F function in senescence,
demonstrating the need for E2F to recruit this complex to
promoters (49). The response of RbI**/*" mutant cells to
DNA damage indicates that the initial steps in cell cycle arrest
take place normally, allowing these cells to reach a reversible
arrest. This suggests that pRB-E2F interactions are sufficient
to mediate this initial step (Fig. 7B). The low level of DNA
synthesis that persists over time in RbI*""** mutants suggests
that the true role of chromatin regulation by pRB in senes-
cence is to function as a failsafe mechanism in cell cycle arrest
that establishes permanence. Because complete cell cycle exit
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in senescence is dependent on chromatin remodeling, we de-
scribe pRB’s role at this step as a checkpoint.

The discovery that pRB-LXCXE interactions are dispens-
able for a terminal differentiation-related cell cycle arrest is
very surprising. As stated earlier, an E2F-pRB-chromatin reg-
ulatory complex such as that shown for a senescent arrest in
Fig. 7B is highlighted in many reviews of pRB function as
controlling cell cycle exit in a ubiquitous arrest scenario that
includes terminal differentiation (7, 8, 14, 25, 29). We offer the

following explanations, as well as our own data in support of
the model of terminal differentiation shown in Fig. 7B, where
LXCXE-dependent chromatin regulation is dispensable. We
think that pRB’s role in a developmentally induced cell cycle
exit may be accomplished largely through negative regulation
of activator E2F activity. This interpretation is supported by
the fact that a number of differentiation defects caused by
complete loss of pRB can be rescued by crossing to null alleles
of activator E2Fs. In the murine retina, it is known that con-
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ditional deletion of RbI triggers ectopic division and death of
ganglion, bipolar, and rod cells (13). These defects in terminal
differentiation are reversed by E2fI deficiency. Furthermore,
ablation of RbI in the telencephalon has been reported to
dissociate proliferative control from the initiation of neuronal
differentiation (21). Ectopic cell division in the intermediate
zone and cortical plate regions of RbI '~ mutant mouse brain
tissue can be suppressed by E2f1 or E2f3 deficiency (39). Be-
yond E2F regulation, a number of reports have also shown
pRB-dependent effects on chromatin in terminal differentia-
tion of muscle that may, on the surface, seem to contradict our
model. Ablation of Rb1 in skeletal muscle progenitors has been
demonstrated to lead to complete failure of myogenesis (26),
and recent experiments using RNA interference to deplete
pRB expression in myotubes indicate that cell cycle reentry is
triggered in its absence (3). For these reasons, formation of
myotubes and resulting chromatin changes are clearly pRB
dependent. However, pRB is also able to influence the activity
of differentiation-inducing factors like ID2 and MyoD, and
through molecules like these, it may regulate chromatin in
differentiation indirectly (8). For these reasons, we suggest that
chromatin regulation in terminal differentiation of muscle that
is pRB dependent is an indirect consequence of cell cycle exit,
is independent of LXCXE interactions with pRB, or is induced
indirectly through prodifferentiation factors (Fig. 7B).

In addition to senescence, we have also determined that
pRB-LXCXE interactions are critical to transforming growth
factor B (TGF-B) regulation of continuously proliferating
mammary epithelial cells (23). While this is a different growth-
regulatory paradigm, the ability of TGF-B to induce senes-
cence through chronic stimulation further suggests that pRB-
LXCXE interactions can be implicated in a broad, stress-
responsive growth control program (33). It is tempting to
speculate that the pRB-LXCXE-dependent arrest pathway
plays a key role in pRB’s tumor suppressor function. We have
not detected spontaneous tumors in our RbI**/L mutants
(data not shown). However, it is noteworthy that the RbI*-
mutation does not abrogate senescence completely but uncou-
ples its permanence from the initial arrest. Other genetically
modified strains of mice whose lesions completely abrogate
this senescence arrest pathway, such as Ink4a '~ mutant mice,
already have surprisingly low rates of spontaneous tumorigen-
esis themselves (31, 52). Future work to determine the impor-
tance of heterochromatin at E2F-responsive targets in senes-
cence will require crosses to transgenic mice with defined
oncogenic lesions. In this way, we will be able to directly relate
the chromatin assembly step in senescence to cancer progres-
sion.

Intriguingly, our data reveal an unexpected parallel between
pRB and p53 in mammalian physiology. Like our Rb1*-/AF
mutant mice, Trp53~'~ mutant mice are relatively normal de-
velopmentally (19). While, p53’s role in responding to cancer-
causing insults like DNA damage is well known, only recently
has it been demonstrated that p53’s role in stellate cell senes-
cence is essential for the liver to respond appropriately to
chemical toxicity and avoid fibrosis (32). The unique role for
pRB-LXCXE regulation of chromatin in senescence that we
describe offers a similar glimpse at a fundamental stress re-
sponse mechanism. Indeed, other reports have suggested a role
for pRB in stress responses (34, 37). In particular, lung epi-
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thelium appears to use pRB in a very specific role in control-
ling proliferation following injury, but not in development (37).
Thus, it seems that pRB plays a unique role in this growth
control paradigm that developed to respond to stressful exog-
enous stimuli, including DNA damage or the release of TGF-$
in response to tissue trauma, or as a protective response to
chemical toxicity. Such responses, which are largely indepen-
dent of cell cycle control during development, imply that a
stress-responsive growth control program is a pervasive and
important aspect of mammalian physiology. It is difficult to
know to what degree evolution has selected for anticancer
functions in the genes that code for p53 and pRB; however, the
involvement of these master regulators in a stress-specific
growth arrest reveals an important biological feature of pro-
liferative control. Genes involved in a checkpoint that is stress
responsive, as opposed to ones that are largely regulated by
developmental cues, may offer a starting point for growth con-
trol mechanisms that, in the present day, offer antioncogenic
properties as genetic damage accumulates in response to en-
vironmental pressures.
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