
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 15583–15586, December 1998
Medical Sciences

Endogenous E2F-1 promotes timely G0 exit of resting mouse
embryo fibroblasts

(RBycell cycle control)

ZHIYAN M. WANG*, HONG YANG, AND DAVID M. LIVINGSTON†

Dana–Farber Cancer Institute and Harvard Medical School, 44 Binney Street, Boston, MA 02115

Contributed by David M. Livingston, October 22, 1998

ABSTRACT Much evidence strongly suggests a positive
role for one or more E2F species in the control of exit from
G0yG1. Results described here provide direct evidence that
endogenous E2F-1, as predicted, contributes to progression
from G0 to S. By contrast, cycling cells lacking an intact E2F-1
gene demonstrated normal cell cycle distribution. Therefore,
E2F-1 exerts a unique function leading to timely G0 exit of
resting cultured primary cells, while at the same time being
unnecessary for normal G1 to S phase progression of cycling
cells.

The retinoblastoma tumor susceptibility gene product, pRB,
has been implicated in the control of various cellular processes.
They include entry into S phase, the activity of certain
transcription factors and enzymes, maintenance of certain
cellular differentiation events, and programmed cell death. A
widely held view suggests that pRB functions in cell cycle
control, in part, by binding to and modulating the transcription
regulation behavior of a major cellular partner, E2F-1. E2F-1
is a member of a transcription factor family that consists of six
E2F species (E2F-1, -2, -3, -4, -5, and -6) and two DP members
(DP-1 and -2) (for reviews and references see refs. 1–6). E2Fs
and DPs form heterodimers and are responsible for the
transcription of several genes that are important for cell cycle
progression (7–10). The transcription activity of E2F-1 is
tightly regulated through the cell cycle. In G1, hypophosphor-
ylated pRB binds to E2F-1 suppressing the transactivation
potential of the protein and converting it into a repressor
(11–15). In late G1, pRB is phosphorylated by cyclin-
dependent kinases, leading to the release of E2F-1, which in
turn acquires an ability to activate certain promoters (1,
16–19). After peaking at G1yS and during early S phase, the
transactivation activity of free E2F-1 decreases in mid-late S
phase (10, 16). The down regulation of E2F-1 transactivation
function is likely, in part, because of the rapid degradation of
free E2F-1 through the ubiquitin–proteasome pathway (20–
22). In addition, in late G1 and S, E2F-1 binds cyclin A kinase.
The bound enzyme phosphorylates a DP species heterodimer-
ized to E2F-1, resulting in loss of E2F-1yDP DNA binding
activity (23–26).

Overproduction of E2F-1 can lead to neoplastic transfor-
mation of some immortalized cell lines, and deregulated E2F-1
synthesis can drive serum-starved fibroblasts into S phase (for
review see ref. 1). This suggests that E2F-1 has the potential
to drive G0 cells into the cell cycle. On the other hand, recent
evidence from the Nevins laboratory shows that, unlike E2F-3,
E2F-1 is not essential for G1 exit of proliferating cells (10). This
notwithstanding, whether or not endogenous E2F-1 partici-
pates in the G0 exit process has not been determined. In this

report we describe the results of experiments on genetically
defined, primary mouse embryo fibroblasts aimed at deter-
mining whether endogenous E2F-1 plays a discrete role in the
cycling of proliferating cells andyor in G0 exit regulation. In
keeping with the results of Leone et al. (10), the data suggest
that E2F-1 is not required for G1 exit of cycling cells. By
contrast, it plays an important role in regulating the emergence
of G0-arrested cells into the cell cycle.

MATERIALS AND METHODS

Cells and Cell Cycle Analysis. Cells were cultivated in
DMEM containing 10% fetal calf serum in a 10% CO2-
containing atmosphere. They were detached from plates by
trypsinization. After washing twice with PBS buffer containing
10 mM Hepes (pH 7.3) and 0.1% BSA, cells were fixed in 70%
ethanol at 4°C. Before cell cycle analysis, cells were washed
with PBS containing 10 mM Hepes (pH 7.3), then resuspended
in PI buffer (38 mM sodium citratey69 mM propidium iodidey5
mg/ml RNase), and incubated at 37°C for 30 min. Cell cycle
profiles were analyzed by fluorescence-activated cell sorter
(FACS) in a Becton Dickinson FACScan machine using the
CELLFIT program.

Western Blot Analysis. Proteins were resolved by SDSy
PAGE, transferred to nitrocellulose membranes (Schleicher &
Schuell), and immunoblotted with rabbit polyclonal anti-cyclin
E Ab (M20; Santa Cruz Biotechnology). Antibody detection
was achieved upon incubation with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Amersham), followed by
enhanced chemiluminescence (Amersham). These procedures
were performed according to the manufacturer’s protocol.

Mouse Embryo Fibroblast (MEF) Preparation. MEFs were
prepared from individual embryos at embryonic day 14.5
(E14.5; 129ySv) bearing E2F-11/1, E2F-11/2, and E2F-12/2

genotypes. The head and internal organs were removed, and
the torso was minced and dispersed in 0.1% trypsin (45–60 min
at 37°C). Cells were grown for two population doublings
(considered as one passage) and then viably frozen. These
MEFs were used for all subsequent experiments. MEFs were
maintained in DMEM containing 10% fetal bovine serum
(FBS; GIBCO) and subcultured 1:4 upon reaching confluence.
For serum starvation experiments, MEFs were plated in
DMEM containing 0.1% FBS and then incubated at 37°C for
72 hr, before stimulation with DMEM containing 10% FBS.

RESULTS

S Phase Entry Is Delayed in E2F-12/2 MEFs. E2F-1, when
overproduced, can activate several genes necessary for S phase
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progression. However, the physiological role of endogenous
E2F-1 in cell cycle regulation is still unclear. To determine
whether E2F-1 function is necessary for G1 exit of cycling
diploid cells, we analyzed the behavior of MEFs isolated from
E14.5 E2F-11/1, E2F-11/2, and E2F-12/2 embryos (27). After
serum starvation for 72 hr, cells were released from G0 by
addition of 10% serum-containing medium and collected at
specific intervals thereafter. They were then subjected to
FACS analysis, the results of which are shown in Fig. 1A.
E2F-12/2 cells exhibited prolonged G0 to S phase transit,
emerging 3–4 hr later than their E2F-11/1 or E2F-11/2

counterparts, which were cultivated, harvested, and analyzed
in parallel (Fig. 1 A and B). By contrast, no significant
differences were noted in cell cycle intervals among these same
MEF strains when all were continuously cultivated in serum-
containing medium (Table 1). This is in keeping with previ-
ously published results (10, 27, 42). Therefore, it would appear
that there is an E2F-1-dependent proliferation effect in cells
emerging from G0 rather than in cycling cells.

In an analogous experiment, we determined the relative
levels of cyclin E in E2F-11/1 and E2F-12/2 cells at various
times after exit from G0. Cyclin E is a pivotal controller of
events in mid-to-late G1 that licenses S phase entry (28–30). As
shown in Fig. 1C, the induction of cyclin E protein levels in

E2F-12/2 cells was also delayed by 3–4 hr compared with the
timing in E2F-11/1 cells. Hence, there is an apparent corre-
lation between timely E2F-1 synthesis and timely synthesis of
a primary effector of G1 exit.

The Restriction Point Is Maintained in E2F-12/2 MEFs.
The restriction (R) point is believed to be a critical checkpoint
affecting G1 progression (31). By definition, once a cell passes
the R point, it progresses into S phase in a serum-independent
and cycloheximide-resistant manner. In short, it no longer
requires exogenous growth factors to progress through the
cycle, nor does it require the synthesis of new proteins. It has
been shown that the R point transition and the onset of RB
phosphorylation occur almost simultaneously in midylate G1
phase, and the R point control is disrupted in RB2/2 MEF cells
(32–36). Given that the phosphorylation and inactivation of
pRB lead to the dissociation of E2F-1 from an RB-E2F-1yDP
complex, we asked whether the R point is maintained in
E2F-12/2 cells.

E2F-1 MEFs were growth-arrested by serum starvation and
then allowed to reenter the cell cycle after serum addition. At
various intervals thereafter, serum was either removed or
cycloheximide (final concentration 5 50 ngyml) was added to
the medium. The fraction of cells entering S phase was then
analyzed by FACS at defined time points. As shown in Fig. 2,
all three MEF strains displayed increasing resistance to both
serum withdrawal and cycloheximide, which began to appear
at approximately the same time, i.e., about 4–6 hr after serum
refeeding. (Fig. 2). This indicates that the restriction point
point was maintained in both mutant cell strains and was
detected at the same time in all three cultures. However, after
the restriction point, the E2F-12/2 cells progressed more
slowly into S phase, in keeping with the results shown in Fig.
1. These data indicate that loss of E2F-1 function does not
affect the ability of a primary mouse embryo fibroblast to
become growth factor-independent after a specific point dur-
ing G0 exit. Rather, it affects events after the restriction point,
in keeping with the delayed onset of cyclin E observed in
nullizygous cells (Fig. 1).

DISCUSSION

E2F family members and RB play important roles in cell cycle
regulation (reviewed in ref. 1). Certain E2F species, operating
as transcription factors, normally drive cell proliferation, which
is in keeping with the fact that overproduction of certain E2F
species stimulates G1yS progression.

E2F-1, when overproduced, can force certain G0-arrested
cells to enter the cell cycle (37, 38). Synthesis of E2F-1
commences during the G0 to S phase parade and then falls
after S phase entry (39). A number of genes encoding cell cycle
progression proteins appear to be activated by E2F-1, such as
DNA Pol a, cyclin E, cdk 2, cdc6 (for references see ref. 40),
and certain members of the Mcm-family (10), and these varied
observations all suggest that timely E2F-1 synthesis during G0
exit is an important event in the exit process. The analysis of
cells that can and cannot synthesize E2F-1, presented here,
now shows that E2F-1 function is essential for timely S phase
entry after G0 exit. Indeed, the kinetics of cyclin E synthesis
paralleled those of G0 to S progression, underscoring the fact
that timely E2F-1 synthesis during G0 exit contributes in a
significant way to cell cycle progression (41).

FIG. 1. Cell cycle kinetics of E2F-1 MEFs. (A) Cell cycle profiles
of serum-starved E2F-11/1, E2F-11/2, and E2F-12/2 MEFs at indi-
cated times after readdition of serum. (B) Relative increases in S phase
E2F-11/1 (E), E2F-11/2 (D), and E2F-12/2 (F) MEFs. (C) Western
blot analysis of cyclin E in serum-starved E2F-11/1 and E2F-12/2

MEFs at various times after serum stimulation.

Table 1. Cell cycle distribution of asynchronously growing MEF
cells of various E2F-1 genotypes

E2F-1 G1 S G2yM

1y1 46.3% 34.3% 19.4%
1y2 46.4% 33.2% 20.4%
2y2 47.5% 34.5% 18.0%
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These results indicate that there is a unique role for E2F-1
function during G0 exit, which is not substituted in MEFs by
any other member of the E2F family. Cyclin E RNA synthesis
is an E2F-dependent event, and the kinetics of cyclin E
synthesis are a dominant factor in the determining the kinetics
of G0 exit (8, 29, 30). Hence, it seems fair to hypothesize that
E2F-1 synthesis is a rate limiting event in the normal activation
of the cyclin E promoter during the G0 exit process.

Consistent with what has been published previously (27, 42),
no change in cell cycle intervals was observed among cycling
MEF populations that do and do not synthesize E2F-1. Hence,
in keeping with prior results, one might hypothesize that there
are fundamental differences that govern the mechanisms of G1

exit in cells, which began this process in G0 as opposed to those
that did so at the MyG1 boundary and never exited from the
cell cycle.

Another feature of the nullizygous cells was that they
displayed normal restriction point control. Thus, E2F-1 does
not contribute, in a unique way, to the maintenance of

restriction point regulation. By contrast, it plays an individu-
ated role in events after the restriction point, given that it took
longer to reach S phase from the restriction point in nullizy-
gous than in wild-type cells. This conclusion fits with a model
in which free E2F-1 function translates into the promotion of
G1 progression after the restriction point, whereas phosphor-
ylation of RB, an event that results in the release of free
E2F-1yDP complexes, is part of the mechanism that deter-
mines whether and when restriction point regulation occurs
(33).

The cell cycle entry promotion function of E2F-1 does not
explain its role as a tumor suppressing agent in mice. In one
model that could explain the latter function, it has been argued
that E2F-1 acts as a component of an RByE2F complex
dedicated, in part, to normal proliferation control (42–44). In
another, based again on evidence obtained in E2F-1 knockout
mice, it can be shown that loss of E2F-1 function is linked to
a defect in apoptosis of certain cell populations (27, 43, 44).
Furthermore, we have recently observed that E2F-1, when
overproduced, can have a negative effect on cell proliferation
and cell cycle progression (Z.M.W., H.Y., F. Martelli, and
D.M.L., unpublished work). Whatever the detailed mechanism
of the tumor suppression effect, there is a dichotomy between
the function of E2F-1 as a cell cycle entry promotion agent and
a relatively long latency tumor suppressor.
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