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Previous studies have demonstrated cell cycle-dependent specificities in the interactions of E2F proteins with
Rb family members. We now show that the formation of an E2F-p130 complex is unique to cells in a quiescent,
G0 state. The E2F-p130 complex does not reform when cells reenter a proliferative state and cycle through G1.
The presence of an E2F-p130 complex in quiescent cells coincides with the E2F-mediated repression of
transcription of the E2F1 gene, and we show that the E2F sites in the E2F1 promoter are important as cells
enter quiescence but play no apparent role in cycling cells. In addition, the decay of the E2F-p130 complex as
cells reenter the cell cycle requires the action of G1 cyclin-dependent kinase activity. We conclude that the
accumulation of the E2F-p130 complex in quiescent cells provides a negative control of certain key target genes
and defines a functional distinction between these G0 cells and cells that exist transiently in G1.

The role of the E2F transcription factor in the control of cell
proliferation, and as a target for the action of the retinoblas-
toma tumor suppressor protein (Rb) in arresting cell growth in
G1, is now well established (27, 46, 59). Rb activity is regulated
by phosphorylation in G1 (7, 9, 19, 47, 49, 55, 56, 62), through
the action of the G1 cyclin-dependent kinases (18, 26, 31, 33,
41, 81). The growth-regulatory activity of Rb directly coincides
with its ability to physically interact with and regulate E2F (1,
3, 11, 28, 29, 39, 63). Indeed, overexpression of the E2F1
product, or production of an E2F1 chimera lacking sequences
recognized by Rb, is sufficient to induce S phase in quiescent
cell populations (2, 16, 38, 65, 67, 69). Moreover, deregulated
expression of E2F1, in cooperation with an activated ras on-
cogene, can lead to oncogenic transformation of primary rat
embryo cells (36) or an established cell line (73).
The Rb gene defines one member of a family of related

genes encoding proteins that share the ability to interact with
and regulate E2F transcriptional activity and to suppress cell
growth. The p107 and p130 proteins have considerable se-
quence homology with Rb (25, 51, 54, 86, 87), and each is
regulated by the action of G1 cyclin-dependent kinases (4, 78).
Nevertheless, despite these similarities, it is also true that there
are distinct specificities in the interaction of the Rb family of
proteins with the E2F family. A number of experiments have
now shown that p130 interacts with E2F in quiescent, G0 cells
and early G1 cells that have been stimulated to proliferate
whereas the p107 protein forms an E2F complex as cells enter
and progress through S phase (13, 17, 71). The Rb interaction
can be seen throughout the cell cycle although there is an
increase in the complex as cells move through mid- to late G1
that likely reflects the increased amount of E2F at this time
(34). Specificities can also be seen in the nature of the proteins
involved in the various interactions. The p130 and p107 pro-
teins have been shown to bind to a specific subset of the E2F
family proteins that includes the E2F4 and E2F5 products (6,
21, 78). Although the Rb protein may interact preferentially
with the E2F1, E2F2, and E2F3 proteins, it is also clear that
unlike p130 and p107, Rb can be found to interact with each of
the E2F species (34, 57).

Considerable effort has been directed at defining the nature
of the E2F interactions as cells progress out of quiescence and
into a cell cycle, but little is known of the events associated with
a normal cell cycle. We have been particularly interested in the
formation of the E2F-p130 complex in quiescent cells and the
relationship of this complex to the transcriptional repression of
certain genes that contain E2F recognition sequences. For
instance, it is now clear that the low level of transcription in
quiescent cells of certain E2F-regulated genes, including E2F1,
E2F2, HsOrc1, and B-myb, is the result of E2F-mediated re-
pression of transcription (32, 37, 45, 58, 59a, 67a). A role for
E2F-mediated repression follows from other experiments that
have shown an ability of Rb or Rb family members to actively
repress transcription in an E2F-dependent manner (68, 82, 83).
This result, together with the fact that the predominant E2F
species in the quiescent cells is the E2F4-p130 complex (6, 13,
34, 70a, 78), suggests that this complex may play an important
role in maintaining low levels of expression of these genes in
G0 cells. Moreover, the G0-specific repression of B-myb coin-
cides with in vivo footprinting experiments that define an in-
teraction at the E2F sites that is observed in quiescent cells but
that disappears as cells are stimulated to reenter the cell cycle
(89).
We have further investigated the relationship of the E2F-

p130 complex to the control of cell proliferation. We conclude
from these experiments that the E2F-p130 complex is unique
to quiescent cells and does not form as cells pass through G1 of
a normal cell cycle. Moreover, our experiments indicate that
the E2F sites within the E2F1 promoter are important only in
quiescent G0 cells and play little or no role in continuously
cycling cells. Finally, we also show that the loss of the E2F-
p130 complex as cells enter G1, which coincides with the relief
of the E2F-mediated repression, is dependent on G1 cyclin-
dependent kinase activity.

MATERIALS AND METHODS

Cell culture. REF52, HFF, and 3T3 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). The 3T3 cells were the kind gift of Charles Sherr (St. Jude Children’s
Research Hospital), and the HFF cells were obtained from Clonetics. HL60 cells
were the kind gift of Russel Kaufman (Duke University Medical Center) and
were maintained in RPMI 1640 supplemented with 20% FBS. To induce differ-
entiation into the macrophage lineage, HL60 cells in logarithmic growth were* Corresponding author.
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seeded at 105 cells per ml and treated with 20 ng of 12-O-tetradecanoylphorbol-
13-acetate (TPA) per ml (20). U937 cells, the gift of Brice Weinberg (Duke VA
Medical Center), were seeded at 2 3 105 cells per ml in RPMI 1640 supple-
mented with 10% FBS and treated with 40 ng of TPA per ml to induce differ-
entiation.
Cell synchronization. For entry into starvation time courses, REF52 cells were

seeded onto plates at a density of 1,000 cells per cm2. The cells were incubated
for 36 h postplating. The cells were then washed twice with phosphate-buffered
saline (PBS) and incubated in DMEM containing 0.1% FBS. For exit from
starvation time courses, REF52 cells were plated at a density of 1,500 cells per
cm2. The cells were then serum starved in DMEM containing 0.1% FBS for 48 h.
Following this starvation period, cells were serum stimulated by replacing the
0.1% DMEM with DMEM containing 10% FBS. For S-phase progression time
courses, REF52 cells were plated at a density of 1,000 cells per cm2 and serum
starved in DMEM containing 0.1% FBS for 48 h. Cells were released into
DMEM containing 10% FBS and 2 mM hydroxyurea and incubated for a period
of 21 h. Following the hydroxyurea block, cells were washed twice with PBS and
released into DMEM containing 10% FBS.
HFF cells were plated at a density of 1,000 cells per cm2 and were then serum

starved in DMEM containing 0.1% FBS for 48 h. The cells were then serum
stimulated by the addition of DMEM containing 10% FBS. The 3T3 cells were
plated at a density of 1,000 cells per cm2 and synchronized at the G1/S border
with a double hydroxyurea block. Asynchronously growing 3T3 cells were incu-
bated in DMEM containing 10% FBS and 2 mM hydroxyurea for 20 h. The cells
were then released into DMEM containing 10% FBS for 8 h, following which
time the DMEM–10% FBS–2 mM hydroxyurea medium was replaced. The cells
were incubated for an additional 16 h and then released into DMEM containing
10% FBS.
HL60 cell elutriation. HL60 cells in logarithmic growth phase were seeded at

105 cells per ml 48 h prior to the elutriation. The cells were then collected and
washed twice in PBS. The cell pellet (8 3 108 total cells) was then resuspended
in RPMI 1640 without serum (at 48C), and an aliquot of cells was removed to
serve as the asynchronous sample. The HL60 cells were then fractionated on the
basis of buoyant density by centrifugal elutriation in a Beckman J6B centrifuge.
Cells were loaded over a period of 24 min at a flow rate of 5 ml/min and a rotor
speed of 2,100 rpm. The cells were then collected at increasing flow rates (8, 11,
14, 19, 23, and 30 ml/min at 2,100 rpm) with three fractions collected at each flow
rate. Two additional fractions of larger cells were collected. The first was col-
lected at a rotor speed of 1,800 rpm and a flow rate of 25 ml/min. The second was
collected as the rotor decelerated from 1,800 rpm at a flow rate of 25 ml/min.
Cells were initially observed in the first two fractions removed at the 14-ml/min
flow rate. Cells were pelleted and washed twice with cold PBS. An aliquot of each
cell pellet was removed and prepared for flow cytometry as described below. Cell
extracts were then prepared from each fraction as described below. The G1
fraction shown in these experiments was collected from the initial two fractions
taken at a flow rate of 14 ml/min. The S-phase fraction was the final fraction
taken at a flow rate of 30 ml/min, which was combined with the first fraction
taken at 1,800 rpm (prior to flow cytometry and extract preparation). The G2
fraction was the final fraction taken as the rotor was decelerating.
Virus infections. The Ad-C (control) and Ad-p21 viruses were prepared as

described elsewhere (15). REF52 cells were seeded onto 150-mm plates at a
density of 1.5 3 103 cells per cm2. These cells were then starved in DMEM
containing 0.1% FBS for 48 h. The medium was then removed, and the cells were
infected with virus at a multiplicity of 900 PFU per cell as defined by 72K assay
(15). Cells were infected for 1.25 h in 5 ml of DMEM without serum containing
20 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid), pH 7.2.
Following infection, 20 ml of DMEM containing 0.1% FBS was added to each
plate and incubation was continued for 5 h. The cells were then fed with DMEM
containing 10% FBS, and samples were taken at indicated times.
Preparation of cell extracts. Cells were washed twice with 10 ml of cold PBS

and then harvested in cold PBS containing 0.5% bovine serum albumin (BSA).
The harvested cells were spun for 5 min at 1,500 3 g, and the supernatant was
removed. The cell pellet was then washed in 1 ml of cold PBS and spun 5 min at
1,500 3 g. Whole cell lysates were prepared as described elsewhere (34). The
lysate was then spun at 60,000 3 g for 20 min. The pellet was discarded, and the
supernatant was frozen in liquid N2 and stored at 2708C. The protein concen-
tration of each sample was determined by the Bradford assay (Bio-Rad). HL60
cell extracts were prepared by a previously described nuclear extract protocol
(44) with the following modifications. The cell pellet was initially resuspended in
a 53 volume of cytoplasmic extract buffer {10 mMHEPES [pH 7.6], 60 mMKCl,
1 mM EDTA, 0.1 mM EGTA [ethylene glycol-bis(b-aminoethyl ether)-
N,N,N9,N9-tetraacetic acid], 0.075% Nonidet P-40, 1 mM dithiothreitol, 1 mM
sodium orthovanadate, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitors as described elsewhere} (34). Following removal of the cy-
toplasm, nuclei were then lysed for 30 min on ice in a 53 volume of the whole
cell lysis buffer as described previously (34). Following this lysis, the extracts were
spun for 20 min at 60,0003 g. The pellet was then discarded, and the supernatant
was frozen in liquid N2 and stored at 2708C. As the fractions contained unequal
cell numbers, the concentration of each sample was normalized to 1 mg/ml prior
to use in gel shift assays.
Luciferase assays. Cells were harvested in cold PBS containing 0.5% BSA and

washed with cold PBS, and the resulting cell pellet was lysed for 10 min at room

temperature in 100 ml of 13 reporter lysis buffer (Promega). The lysate was spun
for 5 min at 13,0003 g, and the supernatant was collected. Luciferase activity was
determined with the Luciferase Assay System (Promega) and 20 ml of lysate on
a Berthold Lumat LB 9501 luminometer. Total protein concentration was used
to normalize the luciferase activity of each sample. Additionally, the absolute
luciferase activity of each sample was normalized to promoter copy number as
determined by Southern blot analysis.
Flow cytometry. Cells grown in 100-mm plates (luciferase experiments) or

150-mm plates (whole cell extract experiments) were processed for flow cytom-
etry essentially as described previously (43) with the following modifications.
Prior to resuspension in propidium iodide, cells were incubated in 1 ml of 2 N
HCl containing 0.2 mg of pepsin per ml for 30 min at room temperature.
Following this incubation, 3 ml of 0.1 M Na tetraborate (borax), pH 8.5, was
added and the cells were pelleted for 5 min at 1,500 3 g. This pellet was then
washed once with PBS plus 1% BSA. The cells were then pelleted once again.
Gel mobility shift assays. The gel mobility shift assays were performed essen-

tially as described previously (16) with the following modifications. The reaction
mixtures were incubated for 20 min at room temperature, and the gel shifts
displayed in Fig. 1, 2, and 6 utilized gels with a 75:1 acrylamide/bisacrylamide
ratio. Antibody supershifts were performed with 1 ml (0.1 mg) of the indicated
antibody: p107 (C-18), p130 (C-20) (0.3 mg was used to minimize cross-reaction
with p107), or Rb (C-15) (Santa Cruz Biotechnology). Competitive binding
reactions included 10 ng of an unlabeled double-stranded oligonucleotide con-
taining wild-type or mutant E2F sites as described previously (34). The gel shift
in Fig. 3 utilized a 29:1 acrylamide/bisacrylamide ratio because of the nonspecific
band between the E2F-Rb and E2F-p130 complexes.
Western immunoblotting. Equal amounts of cell lysates (30 mg of total pro-

tein) were separated on a 7% acrylamide–sodium dodecyl sulfate (SDS) gel and
then transferred to an Immobilon-P membrane (Millipore). The blots were
blocked for 1 h in 5% lowfat milk–0.05% Tween 20 in Tris-buffered saline (20
mM Tris, 137 mM NaCl, pH 7.6) and then incubated with the indicated primary
antibodies. Bands were detected with a horseradish-peroxidase conjugated sec-
ondary antibody and the enhanced chemiluminescence detection system (Am-
ersham). All antibody incubations were for 1 h at room temperature. The Rb
family members were detected as follows: Rb (IF8), 1:1,000 dilution; p107 (C-
18), 1:1,000 dilution; p130 (C-20), 1:1,000 dilution. Each antibody was obtained
from Santa Cruz Biotechnology. Western blots were stripped and reprobed by
the enhanced chemiluminescence protocol.
Generation of stable cell lines. Two 100-mm plates of REF52 cells were

transfected by the calcium phosphate coprecipitation method with 10 mg of DSac
E2F1Luc (WT) or 10 mg of DSac E2F1Luc (E2F2) (37). Each transfection also
contained 1 mg of pCDNA3 (Invitrogen) to provide neomycin resistance and 9
mg of sonicated salmon sperm DNA as a nonspecific carrier. Cells were washed
once with PBS plus 3 mM EGTA and once with PBS 16 h posttransfection,
following which the DMEM–10% FBS medium was replaced. At 48 h posttrans-
fection, the plates were split 1:2.5 and placed in selection medium (DMEM–10%
FBS, 1 mg of geneticin [G418] per ml [Gibco/BRL]). The plates were incubated
in selection medium for 14 days (medium was changed every 4 days), at which
point the colonies on the two E2F1Luc (WT) and the two E2F1Luc (E2F2)
plates were pooled. The pooled colonies were grown for an additional 6 days
under selection, at which point aliquots were frozen for use in time course
experiments. To control for reporter gene copy number in the cell lines, South-
ern blotting was performed with genomic DNA from the E2F1Luc (WT) and
E2F1Luc (E2F2) cells. The blots were probed with the EcoRI-EcoRV fragment
of the luciferase gene, and the bands were quantitated on a Phosphoimager to
determine the relative copy number of integrated luciferase constructs. A second
probing of the blots with an E2F4 genomic probe was used to normalize the
results of the luciferase probe. The E2F1Luc (WT) cell line was found to have 1.9
times the luciferase copy number of the E2F1Luc Mut cell line. This factor was
used to correct the luciferase activities of the experiments in Fig. 5B.

RESULTS

Cell cycle-dependent E2F complex formation. Although pre-
vious experiments have explored the nature of E2F interac-
tions with Rb family member proteins as cells progress from
G0/G1 to S phase (8, 10, 13, 21, 34, 48, 50, 64, 71, 78, 84), very
little emphasis has been placed on the control of E2F as cells
progress through S phase and into a new cell cycle. For in-
stance, it is not clear whether the various fluctuations in
E2F-Rb family member interactions are specifically related to
the stimulation of cell growth or whether these interactions
also reflect cell cycle-dependent events. To approach these
questions, we have chosen to study the interactions of E2F
species with Rb family member proteins in cycling cells as well
as growth-stimulated cells.
An example of the E2F complexes formed during a cell

growth response, as seen in many previous such experiments, is
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depicted in Fig. 1A. In this assay, REF52 cells were synchro-
nized in G0 via serum starvation and released into the cell cycle
by the addition of fresh medium containing 10% serum. The
predominant form of E2F in G0 cells is a complex that contains
the E2F4 protein associated with p130 (6, 13, 34, 78), although
it is clear that the E2F5 product can also associate with the
p130 protein (30, 66). Since we are unable to distinguish be-
tween E2F4 and E2F5 in these assays, we will refer to this
complex as the E2F4/5-p130 complex. As cells are stimulated
to grow by serum addition, the E2F4/5-p130 complex declines
and disappears and is replaced by an accumulation of an
E2F-Rb complex as well as free E2F. Subsequently, as cells
begin to enter S phase, there is an accumulation of the E2F
complex containing the p107 protein and the cyclin A-cdk2
kinase. Specificity controls for this experiment can be seen in
Fig. 1B.
We have also analyzed the effects of induced quiescence on

E2F interactions. As shown in Fig. 1C, asynchronously growing
REF52 cells contain several different free E2F species, along
with an E2F-Rb complex and the E2F-p107-cyclin A-cdk2
complex, largely reflecting the activities found when quiescent
cells are stimulated to grow. In contrast, there was no evidence
of the E2F4/5-p130 complex in the asynchronously growing
cells, but as these cells are forced to exit the cell cycle following
serum removal, the complexes found in the growing cells de-
cline or disappear and are replaced by the p130-containing
complex. From these analyses, we conclude that the presence
of the E2F4/5-p130 complex may be largely confined to quies-
cent, G0 cells. We do note that this conclusion is at odds with
a recent report that detected E2F-p130 interactions in both
quiescent and growing cells (78). Although the basis for the
difference is not fully clear, it is true that the assays of Vairo
and colleagues employed single samples for quiescent or pro-
liferating cells. Given the fact that the decline in p130 is not
immediate, the presence of a p130-E2F interaction in prolif-

erating cells may reflect the kinetics of cell cycle reentry. In
addition, the extent to which a fraction of the T-cell population
may not have reentered the cell cycle would also contribute to
the presence of the E2F4/5-p130 complex. Alternatively, as
Vairo et al. measured E2F and p130 proteins and not E2F
DNA binding activity, it is possible that an E2F-p130 interac-
tion persists but is inactive in DNA binding.
The E2F-p130 complex accumulates in G0 cells. The assays

shown in Fig. 1 suggest a correlation between the presence of
the E2F4/5-p130 complex and the quiescent state of the cell
culture. Nevertheless, it is also possible that the complex might
be induced transiently in G1 and thus not represent a signifi-
cant contribution to that seen in the population of asynchro-
nous cells. To more closely examine the nature of E2F com-
plexes as cells move through a cell cycle, growing REF52 cells
were synchronized at the G1/S boundary with a hydroxyurea
block and then released from this arrest and allowed to
progress through S, G2, M, and back into G1. Cell synchrony
was monitored through the use of flow cytometry. As shown in
Fig. 2A, the arrested cells possessed a 2N DNA content indi-
cating cells in G1. Three hours after release from the block, the
majority of cells had entered S phase, exhibiting a .2N DNA
content. Cells are in late S by 6 h postrelease and are in G2 by
8 h postrelease (as indicated by their 4N DNA content). At
10 h, the cells had passed through mitosis and were once again
in G1.
Cell extracts were prepared from the synchronized cells, and

E2F activity was measured by gel shift assay. Although there
were changes evident as the cells progressed through S, G2,
and into the next G1, including a moderate decline in the
E2F-p107-cyclin A-cdk2 complex as cells entered G1, the most
notable feature of these analyses was the relatively constant
nature of the pattern of E2F complexes throughout the cell
cycle (Fig. 2B). The E2F-Rb complex also showed a moderate
decline as cells entered G1. In contrast to the near-constant

FIG. 1. E2F complexes in growing and quiescent cells. (A) REF52 cells were synchronized in G0 via starvation for 48 h in 0.1% serum. In each lane, 1 ml of an extract
prepared at the indicated times post-starvation release was assayed as described in Materials and Methods. The positions of the E2F-p130 complex, E2F-Rb complex,
E2F-p107-CycA-cdk2 complex, and free E2F species are marked. (B) One microliter of extract from quiescent cells (T 5 0) was assayed in each lane. Lanes 2 and 3
depict competition with either wild-type or mutant E2F binding sites. Lane 4 is an antibody supershift assay using 1 ml of a polyclonal p130 antibody. (C) An E2F-p130
complex accumulates in serum-starved cells. Asynchronously growing REF52 cells (A) were placed into medium containing 0.1% serum, and extracts were prepared
at the indicated times. One microliter of extract was assayed as described in Materials and Methods. The E2F-p107-CycA-cdk2 complex, the E2F-p130 complex, and
free E2F species are marked.
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presence of the E2F-p107-cyclin A-cdk2 complex and the
E2F-Rb complex, there was no evidence for the appearance of
the E2F4/5-p130 complex as cells progressed through the cell
cycle. This includes each of the samples that represent en-
riched, early G1-specific populations of cells.
As an alternative approach, we have also assayed for the

presence of the E2F4/5-p130 complex in cell extracts from G1
cell populations that have been isolated by elutriation to enrich
for cells in G1 from asynchronously growing cultures. For this
experiment, we made use of the HL60 cell line in which we
have previously identified and characterized the various E2F
complexes (34). In addition, these cells offer the added advan-
tage of linking these events to the induction of differentiation
and exit from the cell cycle. Extracts were prepared from
growing HL60 cells as well as elutriated fractions of the grow-
ing population enriched for cells in the G1, S, and G2/M stages

of the cell cycle. Extracts were also prepared from HL60 cells
which had been induced to differentiate into macrophages via
the addition of TPA. The elutriated fractions chosen for anal-
ysis represent the most highly enriched fractions for G1, S, and
G2 cells, respectively, as determined by flow cytometry (Fig.
3A). As seen from the data in Fig. 3B, there are changes in the
pattern of E2F DNA binding complexes present in the differ-
ent stages of the cell cycle although the overall pattern is
relatively constant. Importantly, the E2F-p130 complex that is
seen to accumulate in the differentiated HL60 cells (TPA plus
72 h) is absent from the G1 enriched HL60 fraction.
Based on all of these results, we conclude that the E2F4/5-

p130 complex is not found in G1 of a cycling population of cells
but rather is unique to cells that have entered a G0, quiescent
state such as the growth factor-deprived fibroblasts or the
terminally differentiated HL60 cells.

FIG. 2. E2F complexes in cycling cells. (A) REF52 cells were synchronized at the G1/S boundary via a hydroxyurea block as described in Materials and Methods.
Samples were taken at the indicated times postrelease and prepared for flow cytometry with a propidium iodide stain (Materials and Methods). Cells were then sorted
for relative DNA content. The histograms for a representative time course are shown in the figure. As can be seen, arrested cells have a 2 N DNA content. The cells
then progress into S phase at 3 h postrelease and into G2 (DNA content 5 4 N) at 6 and 8 h postrelease. Entry into another cell cycle is marked by a return to a 2
N DNA content at 10 h postrelease. (B) E2F complexes during the S-to-G1 transition. Whole cell extracts of REF52 cells synchronized as described in Fig. 2A were
prepared. One microliter of these extracts was assayed as described in Materials and Methods. The E2F-p107-CycA-cdk2, E2F-Rb, and free E2F species are marked.
As can be seen, the E2F-p130 complex is not formed as cells enter G1.
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The p130 protein accumulates in quiescent, G0 cells. To
explore the basis for control of the E2F4/5-p130 complex,
Western blotting was performed with cell extracts from syn-
chronized REF52 cells and then blots were probed with anti-
bodies to the three known Rb family members. Consistent with
previous work (13, 34, 78), the p130 protein is abundant in
quiescent cells (Fig. 4A). As these cells reenter the cell cycle,
the p130 protein is seen to initially undergo phosphorylation
(data not shown), as indicated by the change in mobility of the
protein, and then declines to undetectable levels as cells enter
S phase. The levels of the p107 protein behave in a fashion the
inverse of that of the p130 levels. The p107 protein is not
detected in starved cells but then accumulates as cells reenter
the cell cycle. Finally, Rb levels are relatively constant in the
cell during the progression into S phase, although much of the
protein becomes hyperphosphorylated in mid- to late G1 as
shown in numerous previous experiments (81).
We have also examined the levels of the Rb family member

proteins as cells progress into a quiescent state. The p130
protein is virtually undetectable in the asynchronously growing
cells. As cells begin to enter quiescence, the amount of p130
protein in the cell rises dramatically starting approximately
24 h poststarvation. The levels of p107 protein decay in a
manner the inverse of that of the observed rise in p130 levels,
with the majority of p107 disappearing by 24 h following the

removal of serum. The levels of Rb protein in the cell stay
relatively constant compared with the changes in p107 and
p130.
Additionally, we have examined the levels of the Rb family

proteins in cycling cells that progress from G1/S through G2
and back into G1 (Fig. 4C). Consistent with the previous as-
says, very low p130 levels are observed in the growing cells,
compared with a quiescent cell population, and this does not
change as the cells pass through the cell cycle. What little p130
protein is found in growing cells is largely hyperphosphorylated
in comparison with the p130 found in G0 cells. The levels of
p107 and Rb remain relatively constant in the cycling cells.
Both of these proteins show some dephosphorylation upon
entry into G1.
Finally, we have examined the levels of p130 protein in

several additional cell lines to assess the extent to which the
accumulation of p130 is a general feature of cell cycle exit.
Mouse 3T3 and human (HFF) fibroblasts were assayed for
p130 levels in both quiescent and asynchronously cycling cell
populations. HFF cells were brought to quiescence by incuba-
tion in DMEM containing 0.1% FBS for 48 h. The cycling HFF
population represents cells 22 h after release into 10% FBS.
The quiescent mouse 3T3 fibroblasts represent density-ar-
rested cells while the cycling population represents cells which
have passed into G1 following synchronization at the G1/S

FIG. 3. The E2F-p130 complex is absent from HL60 cells in G1 but accumulates as cells enter quiescence. (A) HL60 cells were fractionated by centrifugal elutriation
as described in Materials and Methods. Shown are the flow cytometry profiles from asychronously growing cells (Asy) and the elutriated fractions enriched for G1, S,
and G2/M cells. Also shown are the flow cytometry profiles for HL60 cells treated with TPA to induce differentiation. (B) An E2F-p130 complex is not detected in
G1-enriched HL60 cells. Cell extracts were prepared from HL60 cells as described in Materials and Methods. These extracts were adjusted to equal protein
concentrations, and 1 ml of each was assayed. Lane 1 depicts the assay of the asynchronous HL60 extract, and specificity is indicated by competition with wild-type or
mutant E2F site oligonucleotides (lanes 2 and 3). Assays of the elutriated fractions enriched in G1, S, and G2/M populations are shown in lanes 4 to 6, respectively.
Extracts of cells induced to differentiate by TPA treatment for 24, 48, and 72 h are shown in lanes 7 to 9, respectively. The G1-enriched extracts (lanes 10 to 13) or
the TPA-induced extracts (lanes 14 to 17) were further assayed by antibody supershift with Rb, p107, and p130 antibodies. The band marked as NS represents a
nonspecific binding activity.
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boundary via hydroxyurea block. In both of these cell lines, a
substantial amount of p130 protein was observed in the quies-
cent cell populations whereas little or no p130 was detected in
the cycling cells. We have also examined p130 protein levels in
the HL60 samples described in Fig. 3. The cycling HL60 sam-
ple represents the asynchronous sample from Fig. 3B whereas
the quiescent sample represents the terminally differentiated
TPA plus 72-h sample from the same figure. In these cells, the
p130 band is readily detectable in the quiescent sample. A
small amount of phosphorylated p130 is also detected in the
asynchronous sample, although this protein does not result in
the formation of an E2F-p130 DNA binding complex as was
shown in Fig. 3B. In addition, in view of previous work (78), we
have examined asynchronously growing and differentiated
U937 cells. As shown in Fig. 4D, although we could readily
detect p130 in the TPA-induced U937 cultures, we could not
detect the p130 protein in the growing cell population.
Based on all of these results, we conclude that the accumu-

lation of the p130 protein reflects the quiescent nature of
various types of cell cultures. Thus, it is likely that the lack of
an E2F-p130 complex in actively growing cells reflects the
absence of the p130 protein in those cells. Moreover, whereas
levels of the Rb protein remain relatively constant in both
cycling and quiescent cells, the p107 and p130 proteins show an

inverse regulation in which p107 is found in actively growing
cells whereas the p130 protein accumulates in quiescent cells.
E2F elements in the E2F1 promoter are important in qui-

escent but not cycling cells. The results described in the pre-
ceding experiments demonstrate that the E2F4/5-p130 com-
plex is unique to quiescent cells. This pattern of accumulation
reflects the G0 cell-specific repression of transcription of var-
ious target genes including B-Myb (45), E2F1 (32, 37, 58), and
E2F2 (67a), suggesting that the role for E2F in the control of
these genes may be specific to quiescent cells rather than
cycling cells. To directly address the functional significance of
the E2F4/5-p130 complex in quiescent cells, we have used the
E2F1 promoter as a model system for study of the regulation
of E2F site-containing promoters in cycling cells. Although
previous assays have employed transient transfections followed
by serum withdrawal to synchronize cells in a G0 state (37), the
study of normally cycling cells is difficult if not impossible with
transient transfections. As an alternative approach, we have
generated stable cell lines containing luciferase reporter genes
under the control of the E2F1 promoter constructs as depicted
in Fig. 5A. The E2F1Luc (WT) plasmid contains a 728-bp
fragment of the human E2F1 promoter upstream of the lucif-
erase reporter gene. The E2F1Luc (E2F2) plasmid contains
the same promoter fragment in which the E2F sites have been

FIG. 4. The p130 protein accumulates in G0 cells. (A) REF52 cells were released from starvation as described previously (Fig. 1A). Thirty micrograms of whole
cell extract was separated on a 7% acrylamide-SDS gel, and Western blotting with a polyclonal anti-p130 antibody was performed as described in Materials and
Methods. The blots were then stripped and reprobed with a polyclonal anti-p107 antibody or a monoclonal anti-Rb antibody (as indicated). The “Q” lane represents
the 48-h-into-starvation sample from Fig. 1C. (B) Asynchronously growing REF52 cells were allowed to enter starvation as described previously (Fig. 1C). Thirty
micrograms of whole cell extract was separated on a 7% acrylamide-SDS gel and Western blotted as described above. (C) Hydroxyurea-blocked REF52 cells were
released from arrest and allowed to progress into S phase as described elsewhere (Fig. 2A). Thirty micrograms of whole cell extract was separated on a 7%
acrylamide-SDS gel and Western blotted as detailed above. The “Q” lane again represents the 48-h-into-starvation sample from Fig. 1C. (D) Analysis of p130 levels
in quiescent and growing cells. Growing and quiescent 3T3, HFF, U937, and HL60 cells were analyzed for p130 levels. A sample (30 mg) of whole cell extract from
each cell type was separated on a 7% acrylamide-SDS gel andWestern blotted with a polyclonal anti-p130 antibody. The U9371 TPA and HL601 TPA lanes represent
the differentiated samples of these cell types. 3T3 and HFF cells were made quiescent as described above (Materials and Methods).
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mutated (37). These plasmids were transfected into the REF52
cell line along with a second plasmid containing the neomycin
resistance gene, and cells were then placed under G418 selec-
tion. The resulting colonies were pooled and used in the ex-
periments described below. Luciferase-promoter copy number
was determined for each pooled cell line and used to normalize
the results of luciferase activity as described in Materials and
Methods.
When quiescent REF52 cells were induced to enter the cell

cycle by serum addition, the activity of the wild-type E2F1
promoter, as indicated by the luciferase assays, rose approxi-
mately 10- to 15-fold and with kinetics that reflect the activa-
tion of the endogenous E2F1 gene. In contrast, the activity of
the E2F1 promoter bearing mutations in the E2F sites was
already elevated in the quiescent cells, approximately 10-fold
over the wild-type promoter. This result thus corresponds
closely to the results obtained through transient transfection
experiments and provides further indication for the E2F-de-
pendent repression of E2F1 expression in quiescent cells. Like-
wise, the assays shown in the middle panel, which depict the
activity of the two promoters when asynchronously growing
cells are forced to enter quiescence by serum starvation, are
also consistent with a role for the E2F elements in mediated
repression of E2F1 transcription. In particular, whereas the
activity of the wild-type E2F1 promoter declined approxi-
mately 8- to 10-fold, the activity of the E2F1 mutant promoter
remained high with little decline (,2-fold) as cells entered
quiescence. Clearly, both analyses emphasize the role of E2F-
mediated repression of the E2F1 promoter in quiescent cells.
A quite different result was obtained with growing cells that

synchronously progressed through a cell cycle. As shown in the
bottom panel of Fig. 5B, there was little difference in the
activity of the wild-type versus the mutant promoter during the
course of this experiment. It thus appears that the role of the
E2F sites in the E2F1 promoter is restricted to cells in a
quiescent state and that the elements play little or no role in
growing cells. The fact that the predominant E2F species in
quiescent cells is the E2F4/5-p130 complex suggests that this
complex is a likely candidate for mediating the active repres-
sion of the E2F1 promoter.
Decay of the E2F-p130 complex following growth stimula-

tion requires G1 cyclin-dependent kinase activity. The unique
presence of the E2F4/5-p130 complex in quiescent cells, cou-
pled with the fact that the transcription of various E2F-regu-
lated genes is repressed in quiescent cells, suggests that the
activity of this complex may be critical to the control of cell
proliferation. As such, the events controlling the presence and
then loss of the complex would represent an important aspect
of the initial growth response. A variety of studies have sug-
gested that the G1 cyclin-dependent kinases, both cdk2 and
cdk4, are likely responsible for the phosphorylation of Rb
family member proteins during G1 (4, 18, 26, 31, 33, 41, 81). To
determine if the decline in the E2F4/5-p130 complex may be
the result of p130 phosphorylation by G1 cyclin kinases, we
have examined the effect of inhibiting G1 cyclin kinase activity
on the decay of the E2F4/5-p130 complex.
To inhibit kinase activation, we made use of a recombinant

adenovirus containing the p21 cDNA which encodes a cyclin
kinase inhibitor of broad specificity (70). Following infection of
REF52 cells with the virus, there is an efficient inhibition of G1
cyclin kinase activity, as measured by in vitro kinase assays
following immunoprecipitation with various G1 cyclin antibod-
ies (data not shown). In addition, expression of p21 prevents
the phosphorylation of Rb that would normally occur following
serum stimulation of quiescent cells. We have thus prepared
extracts from cells stimulated for various periods of time by

serum addition that were infected with the p21-expressing virus
or a control virus lacking an insert. As seen in Fig. 6, whereas
the E2F4/5-p130 complex had essentially disappeared by 14 h
following stimulation in the control cells, there was no loss of
this complex through 22 h in the cells infected with the p21-
expressing virus. Additionally, there is no loss of p130 protein,
nor change in its mobility, as seen by Western blot assays of
extracts from the p21-infected cells (data not shown). We thus
conclude that the decline and loss of the E2F4/5-p130 complex
following the stimulation of cell growth is dependent on G1
cyclin-dependent kinase activity.

DISCUSSION

We believe that the experiments described here provide
additional insight into the nature of the E2F interactions that
are regulated during the cell proliferation process. In particu-
lar, we believe that these experiments demonstrate that an
E2F-p130 complex, previously shown to accumulate in quies-
cent cells, is in fact unique to quiescent cells and distinguishes
a G0 cell state from a cell merely passing through G1. The
presence of the complex in quiescent cells coincides with the
repression of transcription of the E2F1 gene (32, 37, 58), the
E2F2 gene (67a), B-myb (45), and the human homolog of the
yeast Orc1 gene (59a). Moreover, the decay of the complex,
and thus the decay of repression of these genes, is dependent
on the action of G1 cyclin-dependent kinase activity, previously
shown to be critical for the entry of cells into a cell cycle (53,
60, 61, 77, 79). As such, the phosphorylation-dependent loss of
the E2F-p130 complex may represent a critical biochemical
event associated with the initial action of these kinases in
promoting cell cycle entry, such as when resting lymphocytes
receive a mitogenic signal. Conversely, the accumulation of the
p130 protein and formation of the E2F-p130 complex may
represent a critical event associated with cell cycle exit, such as
during the process of terminal differentiation.
Distinct roles for E2F and Rb family proteins in transcrip-

tional control. Previous experiments have suggested a role for
the E2F transcription factor in the activation of transcription
of cell growth-regulated genes. Targets include the genes en-
coding dihydrofolate reductase (DHFR), DNA polymerase a,
thymidine kinase, thymidylate synthetase, cyclin A, and prolif-
erating cell nuclear antigen (PCNA) (59). This activation is
presumed to reflect the accumulation of free, active E2F as
cells progress through G1 and is consistent with other experi-
ments demonstrating an ability of E2F1 overexpression to in-
duce S phase in otherwise quiescent cells (38, 65, 69, 85).
Recent work suggests that one role for Rb may be in regulating
this accumulation of free E2F as cells pass through G1 (34).
Other experiments have suggested quite a different scenario
whereby the E2F-Rb family protein complex functions as a
transcriptional repressor, inhibiting the activity of an otherwise
functional promoter (Fig. 7). Thus, rather than simply negating
the transcriptional activity of E2F, the association of Rb or Rb
family members with E2F creates a dominant-acting repressor
of transcription (82, 83). This has been most clearly shown as
the elevation of promoter activity upon elimination of E2F
binding sites, such as that seen with the E2F1 (32, 37, 58) and
B-myb (45) promoters. Moreover, in vivo footprinting experi-
ments have provided evidence for an interaction involving the
B-myb E2F elements in quiescent but not proliferating cells
(89). This result, together with the fact that the E2F4/5-p130
complex predominates in quiescent cells, provides compelling
evidence for an active role for this complex in the control of
transcription of key cell cycle regulatory genes.
The characteristics that determine which cellular promoters
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are targeted by the E2F-p130 complex, and thus subject to
E2F-dependent repression, remain to be determined. How-
ever, the observation that the Rb family of proteins can inter-
act with various cellular transcription factors (5, 14, 22–24, 80,
82) suggests the possibility that these interactions could under-
lie the specificity in repression of transcription. For instance, if
the binding of E2F4 or E2F5 with its DNA recognition se-
quence is a relatively weak interaction, it is possible that the
ability of p130 to associate with other promoter-bound factors
not only defines the basis for the repression, by interfering with
the ability of these factors to activate transcription, but also
determines the specificity of repression. That is, the stabiliza-
tion of the E2F4/5-p130 complex through interaction with
other transcription factors would depend on the transcription
factors bound to other sites in the promoter. This could then
explain the presence of an E2F-specific footprint at the B-myb
promoter in quiescent cells but not in growth-stimulated cells
(89), despite the abundance of free E2F at this time.
Alternatively, it is also possible that subtle variations in the

sequence of the E2F consensus site could result in preferential
binding by different members of the E2F family. This would in
turn lead to differential promoter regulation as sites favored by
E2F4 or E2F5 would be able to recruit the p130 complex
during G0 whereas sites favored by E2F1 or E2F2 would be
unoccupied in a G0 cell. Thus, E2F-p130 mediated promoter
repression may actually be a complex mixture of the structure

of the E2F sites present as well as the overall promoter archi-
tecture.
If promoter context, either through DNA sequence specific-

ity or protein factor specificity, determines which genes are
subject to E2F-p130-mediated repression, how then does the
accumulating free E2F result in the activation of genes during
G1? For instance, mutation of the E2F sites in the DHFR
promoter does not elevate activity in quiescent cells but rather
eliminates the activation in mid- to late G1 (74). Moreover,
although cyclin D-cdk4 can activate the E2F1 promoter in
quiescent cells, consistent with the elimination of repressor
activity by phosphorylation of p130 or Rb, cyclin D-cdk4 does
not activate the DHFR promoter under these circumstances
(35). Thus, in this case it is the accumulation of free, active
E2F that would drive the transcription of the DHFR promoter
(Fig. 7). Whether this will also be the case for other genes
encoding DNA synthesis activities, such as thymidine kinase,
PCNA, DNA polymerase a, and others, is yet to be deter-
mined. The E2F activity associated with this activation remains
to be determined, but the E2F1 or E2F2 protein appears to be
a likely candidate. Clearly, E2F1 and E2F2 cannot be respon-
sible for the repression of transcription in G0 cells because of
their absence at this time. In contrast, both E2F1 and E2F2
accumulate at precisely the time when genes such as DHFR
are activated. Perhaps the specificity is inherent in the partic-
ular E2F family member which possesses a unique ability to

FIG. 6. Inhibition of G1 cyclin-dependent kinase activity prevents loss of the
E2F4-p130 complex. REF52 cells were brought to quiescence and infected with
either the control adenovirus lacking an insert (Ad-C) or the p21-containing
virus (Ad-p21). One microliter of cell extract was assayed in each lane. The times
indicated represent hours post-serum addition. The position of the E2F-p130
complex is indicated.

FIG. 7. Positive and negative control of transcription by E2F. Depicted are
two roles for transcriptional control by E2F. Based on the data presented here
and elsewhere, E2F elements in promoters typified by E2F1 facilitate a negative
control of transcription in quiescent cells, coincident with the presence of the
E2F4/5-p130 complex. In this context, p130 functions as a corepressor brought to
the promoter by E2F4/5, blocking the transcriptional activation capacity of other
promoter-bound factors. Specificity in the repression, such as seen for the E2F1
promoter, might result from specificity in these interactions or specificity in
sequence recognition by the E2F4/5-p130 complex. An alternative circumstance
can be seen with the DHFR promoter, in which the E2F elements appear to
facilitate positive activation of transcription in mid- to late G1, coincident with
the accumulation of free E2F. Again, one possible mechanism could involve
specific interactions with other factors binding to promoter elements.

FIG. 5. E2F-dependent transcription control in cycling and quiescent cells. (A) REF52 cells were stably transfected with plasmids containing the E2F1Luc (WT)
plasmid which contains the native E2F1 promoter upstream of the luciferase reporter gene. Neomycin resistance was conferred via the cotransfection of a second
plasmid. The E2F1Luc (E2F2) plasmid, in which the E2F sites in the E2F1 promoter have been mutated, was used to construct stable cell lines in a similar manner.
(B) Analysis of E2F1 promoter activity in the cell cycle. Stably transformed REF52 cell lines were synchronized as described previously, and duplicate cell extracts were
prepared at the indicated time points. Cells were lysed in reporter assay buffer (Promega), and the lysate luciferase activity was assayed. The luciferase values of each
sample were normalized to protein concentration, and the duplicate time points were averaged for the graphs shown. The graphs are from representative experiments
(each experiment was performed at least three independent times). (Top) Cells were starved 48 h in 0.1% serum and released. (Middle) Asynchronous cells were placed
into 0.1% serum and allowed to enter starvation. (Bottom) Cells were blocked at G1/S and allowed to progress through S, G2/M, and back into G1.
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interact with these promoters, either due to subtle differences
in DNA recognition specificity or due to specific protein inter-
actions involving other promoter-bound factors. Indeed, the
latter possibility is supported by recent work that demonstrates
a synergy between E2F1 and Sp1 in transcriptional activation
(52) that correlates with a physical interaction between the two
proteins (40, 52).
Although the work presented here along with that described

elsewhere (13, 34, 35, 42, 57, 72, 76, 78, 81) has helped to
further define the role of the Rb and p130 proteins in cell
growth control, a cellular role of the p107 protein is far from
clear. Although p107 specifically interacts with E2F4 and
E2F5, as does p130, the pattern of expression of p107 clearly
suggests a role in growing rather than quiescent cells. The
assembly of an E2F4/5-p107 complex also includes cyclin A
and cdk2, and while this association has been shown not to be
required for the ability of p107 to repress cell growth or alter
E2F function (75, 86), the persistent presence of the complex
suggests that the p107-cyclin association is important for the
physiological role of the p107 protein.
A unique role for the E2F-p130 complex in quiescent cells.

The experiments described here and elsewhere strongly sug-
gest that an E2F-p130 complex is uniquely found in quiescent
cells, either serum-starved fibroblasts, resting lymphocytes, or
terminally differentiated HL60 cultures (34). As such, the pres-
ence of this complex provides a molecular identity to a G0,
quiescent cell that distinguishes it from a cell passing through
the G1 phase of the cell cycle. Furthermore, the presence of
the complex can be seen as a functional activity that may play
a role in the creation of a quiescent state through the inhibition
of genes that encode activities important for cell proliferation.
This distinguishes the p130 protein from the related p107 pro-
tein that is found only in proliferating cells. In fact, it is pos-
sible that E2F4-p130 also controls the expression of the p107
gene, given the presence of E2F sites in the p107 promoter
(88) and the inverse relationship of p130 and p107 expression.
An additional consequence of this view of the E2F-p130 com-
plex is that E2F4 or E2F5, in conjunction with p130, would
take on the role of a growth suppressor by providing a means
by which the repressor complex is targeted to critical promot-
ers. Recent work has analyzed the consequence of targeted
disruption of the p130 gene for mouse development. Although
the disruption of the p130 gene had no apparent consequence
on mouse development, there clearly was compensation of
p130 function by the p107 gene product and likely the Rb
protein (12). Whether there will be circumstances in which
p130 plays a uniquely important role in controlling cell growth
is yet to be seen.
Finally, the fact that the p130 protein is found predomi-

nantly in quiescent and terminally differentiated cells, together
with the role of the E2F-p130 complex in repressing transcrip-
tion of growth-regulatory genes, suggests that the mechanisms
regulating the accumulation of p130 will be a critical aspect of
cell cycle withdrawal. Possibly, the p130 promoter may be
regulated by transcription factors that are activated as cells are
induced to leave the cell cycle. Alternatively, the rise in p130
protein could be a posttranscriptional event. Regardless of the
underlying mechanism, an understanding of this process may
well contribute important insights into the early events associ-
ated with cell cycle exit and terminal differentiation.
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