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E2F is a family of transcription factors that regulate both cellular proliferation and differentiation. To establish
the role of E2F3 in vivo, we generated an E2f3 mutant mouse strain. E2F3-deficient mice arise at one-quarter
of the expected frequency, demonstrating that E2F3 is important for normal development. To determine the
molecular consequences of E2F3 deficiency, we analyzed the properties of embryonic fibroblasts derived from
E2f3 mutant mice. Mutation of E2f3 dramatically impairs the mitogen-induced, transcriptional activation of
numerous E2F-responsive genes. We have been able to identify a number of genes, including B-myb, cyclin A,
cdc2, cdc6, and DHFR, whose expression is dependent on the presence of E2F3 but not E2F1. We further show
that a critical threshold level of one or more of the E2F3-regulated genes determines the timing of the G,/S
transition, the rate of DNA synthesis, and thereby the rate of cellular proliferation. Finally, we show that
E2F3 is not required for cellular immortalization but is rate limiting for the proliferation of the resulting
tumor cell lines. We conclude that E2F3 is critical for the transcriptional activation of genes that control the

rate of proliferation of both primary and tumor cells.
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The E2F transcription factors control the cell cycle-de-
pendent expression of genes that are essential for cellular
proliferation (for review, see Dyson 1998; Helin 1998).
E2F activity is regulated by the retinoblastoma protein
(pPRB), a tumor suppressor that is functionally inacti-
vated in most, if not all, human tumors (for review, see
Weinberg 1992; Dyson 1998). pRB binds to E2F during
the G, phase of the cell cycle. This association inhibits
the transcriptional activity of E2F and the resulting com-
plex actively represses E2F-responsive genes by recruit-
ing histone deacetylases to the promoter (for review, see
Dyson 1998; Brehm and Kouzarides 1999). At the G,/S
transition, pRB is phosphorylated by the cyclin-depen-
dent kinases and the released E2F now activates tran-
scription. In this manner, E2F participates in both the
repression and activation of E2F responsive genes.

PRB belongs to a family of proteins, called the pocket
proteins, which includes two additional members, p107
and p130 (for review, see Dyson 1998). Like pRB, p107
and p130 can bind to E2F complexes, inhibit E2F-medi-
ated transactivation and enforce the active transcrip-
tional repression of E2F-responsive genes (Starostik et al.
1996; Zwicker et al. 1996; Iavarone and Massagué 1999).
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However, the biological properties of pl07 and p130
clearly differ from those of pRB (for review, see Mulligan
and Jacks 1998). Mutations within p107 or p130 are
rarely detected in human tumors and they do not in-
crease the tumor predisposition of mutant mouse
strains. Moreover, the homozygous mutation of Rb
causes developmental defects that are distinct from
those resulting from the combined loss of p107 and p130.
It is widely believed that the differential developmental
and tumor suppressive roles of pRB, p107, and p130 arise
from differences in the way in which they regulate E2F.

To date, eight genes encoding components of E2F have
been cloned (for review, see Dyson 1998). Their protein
products can be subdivided into two groups, the E2Fs
(1-6) and the DPs (1,2). Overexpression studies indicate
that E2F and DP must heterodimerize to generate func-
tional E2F activity. Although the DP subunit is critical
for activity, the functional specificity of the E2F - DP
complex is determined by the E2F subunit (for review,
see Dyson 1998). The E2F family can be divided into
three distinct subgroups, on the basis of both sequence
homology and functional properties.

The first subclass contains E2F1, E2F2, and E2F3.
When complexed with DP, these E2Fs each have
high transcriptional activity and are sufficient to in-
duce quiescent cells to enter S phase (DeGregori et al.
1997; Lukas et al. 1997; Verona et al. 1997). DP - E2F1,
DP - E2F2, and DP - E2F3 complexes are specifically
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regulated by pRB, and not pl07 or p130, and the timing
of their release from pRB correlates with the timing of
activation of E2F-responsive genes (Lees et al. 1993;
Moberg et al. 1996). E2F4 and E2F5 represent the second
E2F subclass. The DP - E2F4 and DP - E2F5 species are
very poor transcriptional activators and they are unable
to induce quiescent cells to enter S phase (Lukas et al.
1996; Muller et al. 1997; Verona et al. 1997). Instead,
E2F4 and E2F5 are thought to be important in the repres-
sion of E2F-responsive genes through their ability to re-
cruit pRB, pl07, and pl130 and the associated histone
deacetylases (for review, see Dyson 1998; Helin 1998).
E2F6 represents the final E2F subclass (Cartwright et al.
1998; Gaubatz et al. 1998; Trimarchi et al. 1998). E2F6
lacks the sequences required for transcriptional activa-
tion or pRB family binding and it can inhibit the tran-
scription of E2F-responsive genes. From this point on, we
will use E2F1, E2F2, E2F3, etc., to refer to individual E2F
proteins, free E2F to refer to the E2F - DP complexes, and
E2F activity to refer to the total pool of the endogenous
free and pocket protein-containing E2F - DP complexes.

The individual E2F proteins are thought to have dif-
ferent target gene specificities that will account for the
different biological properties of pRB, p107, and p130.
Potential specificity has been investigated by three dif-
ferent approaches (for review, see Helin 1998). First, a
combination of classic promoter mapping and in vivo
footprinting have been used to compare the relative con-
tribution of repression (by pocket protein - E2F com-
plexes) and activation (by free E2F complexes) in regu-
lating the activity of individual promoters. These studies
concluded that many E2F-responsive genes, including
B-myb, cdc2, cyclin E, cyclin A, and E2F-1, are regulated
primarily by repressive E2F complexes (Dalton 1992;
Lam and Watson 1993; Neuman et al. 1994; Tommasi
and Pfeifer 1995; Huet et al. 1996; Zwicker et al. 1996; Le
Cam et al. 1999). In contrast, the cell cycle regulation of
other E2F-responsive genes (e.g.,, DHFR) seems to be
largely dependent on the presence of activating E2F spe-
cies (Means et al. 1992; Wade et al. 1992).

In the second approach, a variety of overexpression
systems have been used to compare the ability of indi-
vidual E2F family members to activate the transcription
of either endogenous or coexpressed E2F-responsive
genes (DeGregori et al. 1997; Vigo et al. 1999). These
studies have revealed significant differences in the speci-
ficity of target gene activation. However, the identity of
the E2F-specific targets varies considerably from one
study to the next, suggesting that it is highly system
dependent.

The third approach has utilized mutant mouse embry-
onic fibroblasts (MEFs) to determine how loss of pRB,
p107, and/or p130 affects the regulation of known E2F-
responsive genes (Herrera et al. 1996; Hurford et al.
1997). These studies demonstrated that p107 and p130
have overlapping functions and together regulate a sub-
set of E2F-responsive genes that are distinct from the
pRB-regulated targets. This specificity directly supports
the notion that pRB, p107, and p130 regulate E2F in dis-
tinct ways. This is presumed dependent on the ability of
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the pocket proteins to bind to different E2F family mem-
bers.

To date, mutant mouse models have been generated
for two of the E2F family members. E2f57/~ mice die
from hydrocephalus caused by excessive secretion of ce-
rebral spinal fluid (Lindeman et al. 1998). This pheno-
type appears due to a defect in differentiation rather than
proliferation. E2f1~/~ mice are viable and fertile but they
develop tissue abnormalities, including testicular atro-
phy, exocrine gland dysplasia, and a defect in thymus
apoptosis (Field et al. 1996, Yamasaki et al. 1996). In
addition, these mice also develop a broad spectrum of
late onset tumors, suggesting that E2F1 can act as a tu-
mor suppressor in vivo (Yamasaki et al. 1996). Analyses
of Rb~/~;E2f1~/~ mice suggest that E2F1 accounts for
much of the inappropriate p53-dependent apoptosis and
approximately one-half of the ectopic S-phase entry in
Rb~/~ embryos (Tsai et al. 1998). Consistent with these
observations, the absence of E2F1 significantly reduces
formation of tumors in Rb*/~ mice (Yamasaki et al.
1998). These mouse models confirm that individual
members of the E2F subclasses have very different bio-
logical properties. However, it is unclear how these dif-
ferences relate to the target specificity of the different
E2Fs in vivo.

In this study we have used E2f3 mutant mouse strains
and the resulting E2f3 mutant cell lines to investigate
the role of E2F3 in normal cell cycle regulation. We show
that E2F3 plays a crucial role in mediating the normal
cell cycle-dependent activation of most known E2F-re-
sponsive genes and the reduced expression of one or
more of these genes in E2F3-deficient cells causes spe-
cific defects in the initiation and progression of DNA
synthesis. As a result, E2F3 acts in a dose-dependent
manner to control the rate of proliferation of both pri-
mary and immortalized cells.

Results

E2£3 is critical for full neonatal viability

To establish the role of E2F3 in cell cycle control, we
used standard gene-targeting techniques to generate
E2f3-deficient mice. We functionally inactivated the
E2f3 gene in ES cells by introducing an in-frame termi-
nation codon immediately prior to the nuclear localiza-
tion signal (NLS), and replacing the genomic sequences
encoding the NLS, cyclin A binding, DNA binding, and
the leucine zipper domains (amino acids 134-294) with a
neomycin resistance marker (Fig. 1A). After electropora-
tion and G418 selection, correctly targeted E2f3*/~ ES
cell lines were used to generate chimeric animals. Two
independent cell lines (F3-1-1 and F3-2-13) were used to
transmit the mutation into the germ line. The following
data was obtained from the analysis of mice and cells
derived from ES clone F3-1-1, although both lines
showed identical phenotypes.

To assess the role of E2F3 in normal development, we
intercrossed the E2f3*/~ animals. In this mixed (C57BL/6
x 129/sv) strain background, we were able to detect vi-

GENES & DEVELOPMENT 691



Humbert et al.

gLS DIMERIZATION TRANSACTIVATION
bn;;fi‘l‘u\g DBD -LZ Marked box ’ pRb hinz'ng
E2F3 I__—“‘——__
Wildype S Brobe  TST-I3000 3" probe
Figure 1. E2F3 does not affect the expres- E2f3 allele B X RV B B X
sion of other E2F species. (A) The E2f3 X .
gene was inactivated in ES cells using the Targeting ©BS  PGKTK £ REo X
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the exons encoding the NLS, DNA-bind- Targeted 20 iz NEO .-.;m .
ing domain (DBD), and leucine zipper (LZ) E2f3 allele B X XB- B B X
domain (shown in black) with a neomycin *
resistance gene. (B) Western blot analysis B C E2f3 +/+ E2f3 -/-
was performed on whole cell extracts gen- T T 1
erated from MEFs derived from the prog- P S A e b EE K
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eny of E2f3*/~ crosses. E2F3 is indicated o e g H b mwu
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fects other E2Fispecies, gel shift analysis Mmoo e DOC - + + + + + + + - 7 + + + + + =+
was performed in the absence or presence ‘Fm\? E S "ﬁ . .

of sodium deoxycholate (DOC), which re-
leases the free E2F - DP complexes from
the associated pRB family members. The
free DP - E2F3 complex is indicated (ar-
row).

able E2f37/~ animals at weaning, however, these were
not present at the expected frequency (Table 1; x> = 47.8,
P =0.005). Instead, viable E2f3~/~ animals arose at ap-
proximately one-quarter of the predicted number. Pre-
liminary backcrosses suggest that the partial penetrance
of this phenotype is due to the presence of one or more
strain-specific modifiers (J.E. Cloud, R.L. Landsberg, and
J.A. Lees, unpubl.). We are still investigating the pheno-
types of the E2f3~/~ animals and the nature of the modi-
fier effect, but these studies indicate that E2F3 is critical
for full viability.

Loss of E2F3 does not affect other E2F species

We have used the E2f3 mutant animals to investigate the
molecular consequences of E2F3 deficiency and the role
of E2F3 in cell cycle control. MEFs were isolated from
the progeny of E2f3*/~ crosses at embryonic day 13.5.
Initially, we examined how the mutation of E2F3 affects
the endogenous E2F species. Western blot analysis
showed that the homozygous mutation of E2f3 com-
pletely abolishes expression of the E2F3 protein, con-
firming that this mutation is a null (Fig. 1B). We then
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compared the relative levels and composition of the
other E2F complexes using gel shift analysis (EMSA) of
whole cell extracts. In wild-type cells, the majority of
E2F activity ([(I70%-80%) was generated by pocket pro-
tein-bound rather than free E2F species (Fig. 1C, lane 1).
To facilitate the detection of the individual E2F family
members, we treated the whole cell extracts with so-
dium deoxycholate (DOC) to dissociate the pocket pro-
teins from the E2F - DP complexes. In wild-type MEFs,
addition of anti-E2F-4 antibodies shifts >70% of the re-
leased E2F activity. E2F1, E2F2, and E2F5 were present at
low to undetectable levels (Fig. 1C; data not shown). In
contrast, the anti-E2F-3 antibodies recognized a minor
species (representing [110% of total E2F activity) in the
wild-type MEF extracts (Fig. 1C, cf. lanes 2 and 6). Su-
pershift analysis of non-DOC treated extracts showed
that this was largely derived from the pRb - E2F complex
(data not shown).

Consistent with the complete absence of E2F3 protein,
we observed no E2F3 species in the E2f3~/~ MEFs in ei-
ther the absence (data not shown) or the presence of
DOC. Apart from this change, we did not detect any
significant alteration in the relative levels of the other
E2F complexes. Thus, at least at a qualitative level, the
homozygous mutation of E2f3 completely disrupts the
relevant E2F3 complexes without any apparent compen-

Table 1. E2f3 is essential for full viabilit
for fu Y sation by the other E2F family members.
E2f3*/+ E2f3*/~ E2f37/~
Number of pups® 80 174 19 / . .
Exepected ratio 1 9 1 E237/~ cells have a proliferation defect
Observed ratio 1 2.2 0.24

2Progeny arising from an intercross of E2f3 heterozygous mu-
tant mice in the mixed (C57BL/6 x 129/sv) genetic background.
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We next wished to determine whether the loss of E2F3
affected the rate of cellular proliferation. For these ex-
periments, passage 4 MEFs, derived from wild-type,



E2f3*/-, and E2f37/~ littermates, were cultured under ei-
ther high or low density conditions. At high density, the
E2f37/~ MEFs grew considerably less well than their
wild-type counterparts (Fig. 2A). The severity of the pro-
liferation defect varied from one preparation of E2f3~/~
MEFs to the next, but the average doubling time was
approximately twice that of wild-type littermate con-
trols. The E2f3*/~ MEFs also exhibited a range in their
growth rates; some grew at rates indistinguishable from
wild type (Fig. 2A), whereas others grew slightly slower
(data not shown). This phenotypic variation only oc-
curred between mutant MEF lines isolated from different
embryos and never the same embryo (data not shown),
arguing that it results from genetic variation in the in-
dividual mixed (C57BL/6 x 129/sv) background em-
bryos. As described below, we have exploited this varia-
tion to dissect the molecular basis of the proliferation
defect.

The proliferation defect of the E2f37/~ cells was more
apparent under low-density culture conditions (Fig. 2B).
Whereas some of the E2f3~/~ MEF cell lines divided at a
greatly reduced rate, a significant proportion did not pro-
liferate at all. There was little or no difference in the
level of apoptosis observed in wild-type and E2f37/-
MEFs and there was also no evidence to suggest that the
E2f3/~ cells reach the end of their proliferative capacity
sooner than the wild-type controls (data not shown).
This suggests that the proliferation defect of the E2f3
mutant cells is due to a defect in cell division rather than
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Figure 2. E2f37/~ cells have a proliferation defect. Passage 4
MEFs derived from wild-type and E2f3 mutant littermates were
cultured under high (A) or low (B) density conditions as de-
scribed in the methods. (@ E2f3*/*; A E2f3*/~; O E2f37/-).

E2F3 target genes control cellular proliferation

the induction of apoptosis or premature senescence. As
in the high-density experiments, some of the E2f3*/~
MEFs grew as well as wild-type cells, whereas others
have a phenotype that is intermediate between that of
the wild-type and E2f3~/~ cells. Thus, E2F3 plays a key
role in controlling the rate of proliferation of MEFs in a
dose-dependent manner.

E2f37/~ cells have a cell cycle defect

To understand the nature of the proliferation defect, we
compared the cell cycle progression of the wild-type,
E2f3*/~, and E2f3~/~ MEFs. The cells were serum starved
for 72 hr and then stimulated to re-enter the cell cycle by
the readdition of serum. Cells were harvested at regular
intervals and labeled for 1 hr with [*H]thymidine to
monitor DNA synthesis. Figure 3A shows the analysis of
MEFs derived from two different sets of littermate em-
bryos (H and E). The wild-type MEFs (H1 and E1) began
incorporating [*H]thymidine 8-12 hr after serum stimu-
lation and showed maximal levels of incorporation at
16-20 hr. The incorporation of [*H|thymidine by the
E2f3*/~ cell lines, H2 and E2, was similar. In contrast, the
E2f37/~ cell lines showed significantly reduced levels and
slower kinetics of [*H|thymidine incorporation. Consis-
tent with our asynchronous studies, some of the E2f3~/~
cell lines (e.g., H8 and E4) were significantly more im-
paired than others (e.g., H6 and E5). In each case, there
was a direct correlation between the rates of prolifera-
tion and [*H]thymidine incorporation (data not shown).
We therefore conclude that the impaired proliferation of
the E2f3~/~ MEFs results from a defect in cell cycle pro-
gression.

There is strong evidence to suggest that E2F1 also
plays a key role in the control of cellular proliferation in
vivo (Field et al. 1996; Yamasaki et al. 1996; Pan et al.
1998; Tsai et al. 1998). We therefore examined the effects
of E2F1 loss on cell cycle regulation. Strikingly, there
was no detectable difference in either the level or timing
of [*H|thymidine incorporation between wild-type,
E2f1*/~, or E2f1~/~ MEFs in serum starvation/restimula-
tion experiments (Fig. 3B). This was true of multiple
MEF preparations (data not shown). Consistent with this
observation, we did not observe any differences in the
rate of proliferation of asynchronous wild-type or E2f1
mutant populations (data not shown). Thus, E2F1 is fully
dispensable for the normal cell cycle regulation of mouse
embryo fibroblasts, whereas E2F3 is rate limiting for cor-
rect cell cycle progression in response to mitogenic fac-
tors.

The reduced thymidine incorporation observed in the
E2f37/~ MEFs could result from a defect in passage
through the G,/S transition and/or a reduction in the
rate of DNA synthesis. To distinguish between these
two models, we followed the cell cycle re-entry of either
wild-type or E2f37/~ cells at the single cell level by scor-
ing for BrdU incorporation by immunofluorescence (Fig.
3C). In the wild-type cells, BrdU incorporation was first
detected 10 hr after serum re-addition. The intensity of
BrdU staining continued to increase during subsequent
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time points, peaking at 20 hr. We detected two clear
differences in the E2f3~/~ cells. First, the intensity of the
BrdU signal was significantly reduced, indicating a sub-
stantial reduction in the rate of BrdU incorporation and
therefore of DNA synthesis. In addition, the timing of
appearance of BrdU-positive cells seemed to be delayed
in the mutants relative to the wild-type cells. To quan-
titate this difference, we counted the number of BrdU-
positive cells at each time point without scoring for the
intensity of the signal (Fig. 3D). At 16 hr, only 5% of the
E2f3/~ cells had incorporated BrdU, compared with 20%
of the wild-type cells. Even 20 hr after serum addition,
the proportion of BrdU-positive cells was still lower in
the E2f37/~ (19%) than in the wild-type (30%) popula-
tion. These data indicate that E2F3 loss delays the ini-
tiation of DNA synthesis and dramatically reduces the
rate at which this process occurs. Together, these two
defects increase the time necessary to complete S phase
in a manner that is consistent with the increased dou-
bling time of the E2f37/~ cells.

The majority of E2F-responsive genes are
down-regulated in the E2£3~/~ MEFs

The timing of the cell cycle defect is consistent with the
known timing of action of E2F-responsive genes. We
therefore wished to determine whether the loss of E2F3
altered the expression of E2F-responsive genes and
whether or not there was any correlation between the
severity of the transcriptional changes and the degree of
the proliferative defect. To address this issue, we com-
pared the expression of E2F-responsive genes in a wild-
type control (H1), an E2f3*/~ cell line (H2) whose prolif-
erative properties were indistinguishable from wild type,
and two E2f37/~ cell lines, one of which had a moderate
cell cycle defect (H6) and one of which was dramatically
impaired (H8). Parallel cell cycle fractions were used to
assess [*H]thymidine incorporation (Fig. 3A) or to gener-
ate RNA for Northern blot analysis. The blots were nor-
malized according to the levels of ARPP PO, a gene
whose expression does not vary in quiescent or cycling
cells (Hurford et al. 1997), and then probed for the known
E2F-responsive gene transcripts, cyclin E, cyclin A2,
cdc2, B-myb, cdc6, PCNA, RRM2, TS, DHFR, and E2f1
(Fig. 4A; data not shown). For representative genes, we
quantitated the expression level relative to that of the
internal ARPP PO control (Fig. 4B).

In the wild-type cells, we detected a significant cell
cycle-dependent induction of most of the genes, includ-
ing cyclin E, cyclin A2, cdc2, B-myb, cdc6, PCNA, and
RRM?2 (Fig. 4A). (The one exception, E2f1, will be de-
scribed in the following section). These cell cycle-regu-
lated genes could be divided into three groups, on the
basis of whether peak expression occurred at earlier (16
hr, cyclin E, B-myb, cdc6, and PCNA), intermediate (16—
20 hr, RRM2) or later (20-24 hr, cyclin A2 and cdc2)
timepoints.

The loss of E2F3 has a profound effect on the expres-
sion of all of these cell cycle-regulated, E2F-responsive
genes. The severity of the transcriptional defect was

E2F3 target genes control cellular proliferation

most pronounced in the cell line (H8) with the severest
cell cycle and proliferation defect (Figs. 3A and 4A). In
the HS cells, we saw a dramatic reduction in the maxi-
mal transcript levels and peak expression was signifi-
cantly delayed compared with the wild-type control (Fig.
4A,B). Thus, the cell cycle-dependent induction of these
genes was almost completely ablated. Similar results
were observed with other E2F-responsive genes includ-
ing TS and TK (data not shown). The transcriptional de-
fects were less severe in the second E2f3~/ cell line, H6.
In this cell line, there was little or no change in the
timing of peak expression, but the maximal induction of
these target genes was greatly reduced. We were also able
to detect some variation in the degree of down-regula-
tion of individual target genes (Fig. 4B). In some cases
(e.g., cyclin A2, cdc2, B-myb, and RRM2), the mRNA
levels were intermediate between those observed in the
wild-type and the HS8, E2f3~/~ cell line. In others (e.g.,
cyclin E and cdc6), the degree of transcriptional impair-
ment approached that observed in the H8 cells. Signifi-
cantly, there did not appear to be any correlation be-
tween the degree of the transcriptional defect and
whether or not the gene was normally expressed at ear-
lier, intermediate, or later timepoints. Taken together,
these data indicate that the loss of E2F3 significantly
impairs the cell cycle-dependent induction of most E2F-
responsive genes and the severity of this defect correlates
with the severity of the cell cycle and proliferation de-
fect.

We also detected a significant reduction in the expres-
sion of most E2F-responsive genes in the E2f3*/~ cell
line, H2 (Fig. 4A,B). In most cases (e.g., cyclin A2, cdc2,
B-myb, and RRM2), the level of expression seemed to be
intermediate between that observed in the wild-type and
the E2f37/~ cell lines. In contrast, expression of PCNA
was only slightly lower than that observed in the wild-
type cells, whereas the expression of cyclin E and cdc6
much more closely resembled that seen in the E2f37/~
cell lines. These data indicate that E2F3 contributes to
the correct transcriptional activation of most E2F-re-
sponsive genes in a dose-dependent manner. Impor-
tantly, the cell cycle regulation and proliferative proper-
ties of the H2, E2f3*/~ cell line are indistinguishable
from those of the wild-type control, H1 (Fig. 3A; data not
shown). Thus, changes in the levels of E2F3 can impair
the transcriptional activation of most E2F-responsive
genes without causing any detectable cell cycle defect.
Similar results were observed in several other E2f3*/~
cell lines (data not shown). This strongly suggests that
the defects in cell cycle progression are a consequence,
and not a cause, of the failure to induce the appropriate
activation of one, or more, of these E2F-responsive genes.

E2F1 and E2F3 play distinct roles
in the transcriptional regulation of MEFs

Our transcriptional analysis detected only one known
E2F-responsive gene, E2f1, whose expression was unal-
tered in the E2f3 mutant MEFs (Fig. 4A). However, con-
trary to the literature, the expression of this gene did not
alter significantly across the cell cycle. We therefore ex-
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amined the expression pattern of E2f1 in wild-type (E1),
E2f3*/~ (E2), and E2f3~/~ (E4) MEFs from a second set of
littermate embryos (see Fig. 3A). We were able to detect
a significant cell cycle dependence in the expression of
E2f1 in these wild-type MEFs (Fig. 4C). Consistent with
our previous studies, the expression of B-myb was par-
tially impaired in the E2f3*/~ (E2) cell line and was dra-
matically down-regulated in the E2f37/~ (E4) cell line
(Fig. 4C). We also observed a dramatic down-regulation
of cyclin E, cyclin A2, cdc2, cdc6, PCNA, and RRM?2
(data not shown). In contrast, we did not detect any sub-
stantive difference in the expression pattern of E2f1 be-
tween wild-type, E2f3*/~ or E2f3~/~ MEFs. We therefore
conclude that E2F3 is not required to maintain the nor-
mal cell cycle regulation of E2f1 in mouse embryonic
fibroblasts. This strongly suggests that the deregulation
of cyclin E, cyclin A2, cdc2, cdc6, B-myb, PCNA, RRM2,
TS, and TK arising from the loss of E2F3 is not an indi-
rect consequence of changes in the level of the E2f1
mRNA.

Considerable emphasis has been placed on under-
standing the specificity of target gene expression by the
individual E2F family members. Therefore, we wished to
establish how the loss of E2F1, the other major pRB-
specific E2F, would affect the expression patterns of E2F-
responsive genes. To address this issue, we conducted
Northern blot analysis of cell cycle fractions derived
from serum starved/restimulated wild-type, E2f1*/~ and
E2f1-/- MEFs (Fig. 5). The loss of E2F1 had no detectable
effect on the cell cycle-dependent expression of cyclin
A2, cdc2, cdc6, B-myb, PCNA, TS, or RRM2. However,
the expression of cyclin E was consistently down-regu-
lated in the E2f1 mutant cells. This suggests that E2F1
and E2F3 both contribute to the transcriptional regula-
tion of the cyclin E gene. However, there appears to be
significant specificity in the regulation of other targets.
E2F3 acts, in a dose-dependent manner, to determine
both the timing and maximal activation of the majority
of E2F-responsive genes, including cyclin A2, cdc2,
B-myb, cdc6, PCNA, TS, TK, DHFR, and RRM2. In con-
trast, E2F1 is fully dispensable for the correct regulation
of these targets. Significantly, E2F3 is not required for
the correct transcriptional regulation of the E2f1 gene
and its cell cycle-dependent expression can be uncoupled
from that of other E2F-responsive genes and from the
G, /S transition.

Ectopic expression of E2F3 or E2F1 rescues
the proliferation defect of E2£3~/~ cells

Given these findings, we wished to establish whether we
could rescue the proliferation defect of the E2f3 mutant
cells by ectopic expression of E2F3 or E2F1. To address
this issue, we used recombinant replication-deficient
retroviruses to reintroduce the human E2F3 and E2F1
genes into wild-type or E2f37/~ cells and then compared
the growth rate of large pools of drug-resistant clones
(Fig. 6). The control virus had no effect on the growth
rate of the E2f37/~ cells. In contrast, the expression of
either E2F3 or E2F1 was sufficient to rescue the prolif-

E2F3 target genes control cellular proliferation

eration defect of the E2f3~/~ cells. This confirms that the
reduction in the rate of proliferation of the E2f3~/~ cells
is caused by the absence of E2F3 and this defect is fully
reversible. At least when overexpressed, E2F1 can sub-
stitute for the loss of E2F3.

E2F3 is rate limiting for the proliferation
of transformed cells

The tumor-suppressive properties of pRB are thought to
be largely dependent on its ability to inhibit the tran-
scriptional activity of the E2F transcription factors. Our
data indicate that the loss of E2F3 significantly impairs
the proliferation of primary cell lines. Given these find-
ings, we wished to establish whether the absence of E2F3
would affect either the generation or proliferation of tu-
mor cells.

Initially, we tested whether E2F3 is essential for gen-
eration of immortalized cell lines. An activated ras allele
(H-rasV12) was introduced into wild-type and E2f37/-
MEFs with either E1A or a dominant-negative p53 allele
(p53R175H) by use of recombinant replication-deficient
retroviruses. We were able to select pure populations of
E2f37/~ cells that expressed either E1A plus H-rasV12 or
p53R175H plus H-rasV12, albeit at reduced efficiency
compared with the wild-type controls (data not shown).
The selected wild-type and E2f3~/~ populations exhib-
ited characteristic morphologies of transformed cells
(data not shown), indicating that E2F3 is not essential for
the immortalization of primary mouse cells.

We next asked whether the absence of E2F3 would
affect the rate of proliferation of these transformed cells.
The growth rate of the wild-type and E2f3~/~ transfor-
mants was compared under low density conditions, as
described previously for the parental primary MEFs (Fig.
2B). The expression of these oncogenes did improve the
ability of the E2f3~/~ cells to grow at low density (cf. Figs.
2B and 7). However, the E2F3-deficient cells still grew at
a considerably reduced rate compared with the wild-type
controls (Fig. 7).

Anchorage-independent growth of transformed cells
correlates with tumorigenic potential in vivo. To exam-
ine the requirements for E2F3 in tumor cell proliferation,
we assessed the ability of the wild-type and E2F3-defi-
cient transformants to grow in soft agar. After 5 days in
the semisolid medium, the wild-type cells formed dis-
crete foci that increased in size over time (Fig. 7; data not
shown). Significantly, the E2f3~/~ cells formed far fewer
foci that each contained significantly fewer cells than
their wild-type controls (Fig. 6; data not shown). This
was true regardless of whether the cells were trans-
formed with E1A and H-rasV12 or p53R175H and H-
rasV12. On the basis of these findings, we conclude that
E2F3 deficiency does not prevent the transformation of
primary murine cells and the subsequent ability of these
cells to grow in soft agar. However, the absence of E2F3
compromises the ability of these cells to proliferate.
Taken together, our data indicate that E2F3 is rate lim-
iting for the proliferation of both primary and tumor
cells.
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Figure 5. The loss of E2F1 does not affect the expression of most E2F-responsive genes. Wild-type, heterozygous, or homozygous E2f1
mutant MEFs were synchronized by serum starvation/readdition and Northern blot analysis was performed at various cell cycle
stages. The expression levels of selected genes was quantitated by Phosphorlmager analysis and normalized to the ARPP PO control.

Discussion

The role of E2F3 in the control of cellular proliferation

We have used cell lines derived from E2f3 mutant mice
to investigate the role of E2F3 in cell cycle regulation.
These studies show that the loss of E2F3 significantly
reduces the rate of cellular proliferation of both primary
and transformed cell lines. This is caused by an increase
in doubling time that results from defects in the initia-
tion and rate of progression of DNA synthesis. This ob-
servation is highly consistent with the prior report that
anti-E2F3 antibodies can inhibit rat embryonic fibro-
blasts from entering S phase (Leone et al. 1998). In addi-
tion, our E2F3 mutant cells have a major defect in the
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regulation of E2F-responsive gene transcription. In the
E2f37/~ cells, we see a dramatic impairment of the tran-
scriptional activation of many E2F-responsive genes.
The degree of this transcriptional defect correlates
closely with the severity of the proliferation defect, in-
dicating that these two phenotypes are closely linked. In
contrast, in the majority of the E2f3*/~ cell lines, we see
a reduction in the maximal activation of the same panel
of E2F-responsive genes without any detectable cell
cycle or proliferation defects. This observation yields
two important conclusions. First, E2F3 contributes to
the transcriptional regulation of many E2F-responsive
genes in a dose-dependent manner. Second, cells can tol-
erate limited reduction in the expression of these targets
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Figure 6. The proliferation defect of the E2f3~/~ cells can be
rescued by the ectopic expression of E2F3 or E2F1. Wild-type or
E2f3 mutant MEFs were infected with either control or E2F3- or
E2F1-expressing retroviruses. (@) E2f3*/*; (O) E2f37/~. After 4
days in selection, the cells were plated at equal densities and
their growth rates monitored.

without any deleterious consequences but, once expres-
sion drops below a critical threshold, there is a direct
correlation between the level of expression and the rate
of proliferation. By extension of this logic, we conclude
that E2F3 plays a key role in regulating the expression of
one, or more, target genes that determine the rate of
initiation and progression of DNA synthesis.

E2F3 plays a key role in mediating the transcriptional
activation of most E2F-responsive genes

Our studies yield considerable insight into the general

E2F3 target genes control cellular proliferation

mechanisms of regulation of individual E2F-responsive
genes. On the basis of a combination of in vivo footprint-
ing and promoter mapping experiments, other studies
have concluded that many E2F-responsive genes, includ-
ing B-myb, cdc2, cyclin A, and E2f1, will be primarily
regulated by the binding of repressive, pocket
protein - E2F complexes during the G,/G, stage of the
cell cycle (Dalton 1992; Lam and Watson 1993; Neuman
et al. 1994; Tommasi and Pfeifer 1995; Huet et al. 1996;
Zwicker et al. 1996; Le Cam et al. 1999). In this work, we
have shown that the mutation of E2F3 has no effect on
the regulation of E2F-responsive genes during G,/G,, but
it inhibits the normal, cell cycle-dependent induction of
these targets in a dose-dependent manner. This indicates
that activating E2F complexes must play a key role in
mediating the induction of these genes at the G, /S tran-
sition. It is unclear why previous approaches have failed
to appreciate the importance of activating E2F com-
plexes. Because in vivo footprinting requires site occu-
pancy within a high proportion of the cell population, it
is biased toward the detection of stable complexes. It is
therefore possible that the transcriptionally active E2F-3
complexes bind to the promoter in a narrow window of
time that cannot be detected by existing cell synchroni-
zation methods. It is less easy to explain why the pro-
moter mapping studies detect repressive and not activat-
ing E2F complexes, but this could be attributed to differ-
ences in chromatin assembly on transiently transfected
reporters versus the endogenous promoter. Clearly, our
data do not refute the importance of repression in the
regulation of E2F-responsive genes but they provide
strong genetic evidence that activation by E2F3 plays a
major role in mediating the cell cycle-dependent induc-
tion of these targets.

Identification of E2F3 downstream target genes

It is widely believed that the different biological proper-
ties of pRB family members are mediated through their
ability to regulate different E2F family members with
distinct biological properties. This is supported by the
finding that different subsets of E2F-responsive genes are
deregulated in Rb™/~ or p107~/~; p130~/~ mutant MEFs
(Herrera et al. 1996; Hurford et al. 1997). This has raised
considerable interest in establishing the target specific-
ity of the individual E2F complexes. Our studies provide
strong genetic evidence that the normal cell cycle-depen-
dent activation of many known E2F-responsive genes is
dependent on E2F3. In particular, we have identified a
number of genes, including cyclin E, cyclin A2, cdc2,
cdc6, B-myb, and RRM2, whose transcription is down-
regulated in E2f3*/~ cell lines that have no detectable
cell cycle defect. This strongly suggests that the altered
expression of these genes occurs independently of any
changes in the timing of the G,/S transition.

We can subdivide these target genes into two distinct
subgroups. The expression of genes in the first subgroup,
which includes cyclin A2, cdc2, B-myb, and RRM?2, is
directly proportional to the E2f3 gene dosage. In contrast,
genes in the second subgroup, cyclin E and cdc6, appear
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particularly sensitive to any change in the levels of E2F3.
Mutation of a single E2f3 allele impairs the cell cycle-
dependent expression of these genes almost as efficiently
as the complete loss of E2F3. Thus, expression of cyclin
E and cdcé6 seems to require a critical threshold level of
free E2F activity that is close to the maximal levels pres-
ent in these cells and higher than the levels required to
activate expression of cyclin A2, cdc2, B-myb, and
RRM2. Significantly, the peak expression of cyclin E and
cdcé6 occurs earlier in the cell cycle than that of many of
the other E2F-responsive targets. This suggests that ac-
cumulation of critical threshold levels of E2F3 cannot
fully account for the differential timing of expression of
these genes.

Our data strongly suggest that the loss of expression of
one, or more, of the E2F3-regulated genes impairs the
ability of the cells to proliferate. It is clearly important
that we identify the rate-limiting gene(s). Because the
absence of E2F3 significantly reduces the rate of DNA
synthesis, it is tempting to speculate that at least one of
the critical targets may be directly involved in the DNA
replication process. Several of the E2F3-dependent genes
are known to be required for the initiation of DNA rep-
lication (cdc6; Stillman 1996) or the maintenance of the
nucleotide pools (RRM2 and TS), and there are many
other candidates, including DNA polymerase «, orcl,
and mcm 2-7 (Stillman 1996), whose expression we have
yet to analyze.

We have also identified E2F-responsive genes that do
not appear to be directly regulated by E2F3. Because we
detect little difference in the expression of PCNA be-
tween the wild-type and the E2f3*/~ cell lines, it is un-
clear whether the reduced PCNA expression in E2f3~/~
cells is a direct consequence of E2F3 loss or an indirect
consequence of changes in cell cycle regulation. More
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striking is the regulation of E2f1. Our studies indicate
that the expression pattern of this gene is not altered in
any of the E2f3 mutant cell lines despite the presence of
a well-documented E2F site in the E2f1 promoter (Hsiao
et al. 1994; Johnson et al. 1994; Neuman et al. 1994).
This suggests that E2F3 is not required to maintain the
correct cell cycle regulation of E2f1. Consequently, at
least in the absence of E2F3, the expression of this gene
must be mediated by other E2F family members or in an
E2F-independent manner. Most importantly, our data in-
dicate that E2f1 expression continues to be activated
normally despite a substantial delay in the timing of the
initiation of S phase. This result indicates that E2f1 ex-
pression can be uncoupled from the G,/S transition and
from the induction of most other E2F-responsive genes.
These data strongly suggest that E2F1 and E2F3 function
independently of one another.

Target specificity of individual E2F family members

We have shown that E2F3 plays a key role in mediating
the cell cycle-dependent induction of most E2F-respon-
sive genes in mouse embryonic fibroblasts. Clearly, the
remaining E2F family members are unable to substitute
for the loss of E2F3. This is true even in the presence of
E1A, which mediates the release of all E2F - DP com-
plexes through the sequestration of pRB family mem-
bers. These observations raise clear questions about the
role of other E2F family members. Do they have distinct
transcriptional targets or is there some degree of func-
tional redundancy? To address this question, we directly
compared the consequences of E2F3 and E2F1 deficiency.
We selected E2F1 for a number of reasons. First, E2F1
and E2F3 are the major pRB-specific E2Fs. Second, the
analyses of mutant mouse strains show that E2F1 makes



a significant contribution to the inappropriate prolifera-
tion arising from the functional inactivation of pRb (Pan
et al. 1998; Tsai et al. 1998; Yamasaki et al. 1998). Third,
the availability of E2f1 mutant mice (Yamasaki et al.
1996) allowed us to compare the roles of E2F1 and E2F3
within a common cell type. Finally, our data indicate
that the E2f1 gene is regulated independently of E2F3.
Our analyses of E2f1 mutant MEFs indicate that the loss
of E2F1 has no detectable effect on either the cell cycle
regulation or the proliferative capacity of primary mu-
rine fibroblasts. Similarly, E2F1 is not required for the
correct cell cycle expression of many E2F-responsive
genes, including most of those affected by E2F3 loss (cy-
clin A2, cdc2, cdc6, B-myb, and RRM2). However, the
loss of E2F1 causes a down-regulation in the levels of
cyclin E that are comparable with that observed in the
E2F3 mutant cells. Consistent with this finding, Wang et
al. (1998) have also reported that the cell cycle-depen-
dent expression of cyclin E is impaired in E2F1-deficient
cells. Because there is no proliferation defect in the E2f1
mutant MEFs, the down-regulation of the cyclin E
mRNA levels cannot fully account for the cell cycle de-
fects arising in the E2f3~/~ MEFs.

The differential regulation of E2F-responsive genes in
E2f1 and E2f3 mutant cells supports two alternative
models of E2F function. First, E2F1 and E2F3 could have
very different biological properties that result from dif-
ferences in target gene regulation. In this model, E2F3
acts as the work-horse to mediate the cell cycle-depen-
dent activation of the key components of the cell cycle
control and DNA replication machinery in response to
mitogenic signals. In contrast, E2F1 acts primarily in re-
sponse to inappropriate signals, such as DNA damage or
uncontrolled proliferation, as a surveillance mechanism.
This model is supported by the finding that E2F3 is criti-
cal for the normal proliferation of cell lines and the nor-
mal development and viability of E2F3-deficient mice. In
contrast, E2F1 seems largely dispensable for normal cel-
lular proliferation and development, but there is strong
evidence to support its role in apoptosis. First, E2F1, but
not the other E2Fs, induces apoptosis when overex-
pressed in quiescent cells (DeGregori et al. 1997). Sec-
ond, E2f1~/~ mice exhibit a defect in thymocyte apopto-
sis and are tumor prone (Field et al. 1996; Yamasaki et al.
1996). Finally, loss of E2F1 causes a dramatic reduction
in the level of apoptosis arising from the functional in-
activation of pRB (Pan et al. 1998; Tsai et al. 1998).

The second model proposes that E2F1 and E2F3 regu-
late common target genes, but their differential biologi-
cal properties result from differences in their relative ex-
pression levels. Because E2F3 is expressed at higher lev-
els than E2F1 in MEFs, the loss of this protein brings the
levels of free transcriptionally active E2F below the criti-
cal threshold that is required for the correct regulation of
most E2F-responsive genes. In contrast, the reduction in
free E2F activity arising from the loss of E2F1 is only
sufficient to impair the expression of a single gene, cyc-
Iin E. This model is entirely consistent with our conclu-
sion that cyclin E is extremely sensitive to the levels of
activating E2F. Moreover, at least when overexpressed,

E2F3 target genes control cellular proliferation

E2F1 can rescue the proliferation defect in the E2F37/~
MEFs in a similar manner to E2F3.

Understanding the role of E2F3 in tumorigenesis

The retinoblastoma protein is functionally inactivated
in most, if not all, human tumors (Weinberg et al. 1992).
E2F3 is one of three E2F family members that are spe-
cifically regulated by this tumor suppressor (Lees et al.
1993). We have now shown that E2F-3 regulates the ex-
pression of genes that determine the rate of proliferation
of both primary and tumor cell lines. These observations
suggest that E2F3 will make a major contribution to the
inappropriate proliferation resulting from the loss of
pRB. Given this hypothesis, it will be important to es-
tablish whether the loss of E2F3 alters the viability of Rb
homozygous mutant embryos or the rate of tumor for-
mation in Rb heterozygous mutant mice. This will allow
us to establish how E2F3 contributes to tumorigenesis in
vivo and will yield critical insight into the relative roles
of E2F1 and E2F3.

Materials and methods

Construction of E2{3 targeting vector

Overlapping mouse E2f3 genomic clones containing the E2f3
cyclin A-binding domain, DNA-binding domain, and the dimer-
ization domain exons were isolated from a 129/Sv mouse li-
brary by standard techniques. A 0.9-kb HindIIl fragment con-
taining the cyclin A-binding domain was subcloned into pBKS.
An in-frame STOP codon was inserted after the third codon of
the E2f3 cyclin A-binding domain by inserting an engineered
Xbal-Pvull linker. A 750-bp Kpnl-Xbal fragment was then
transferred into pPNT (Tybulewicz et al. 1991) and a 3.1-kb
Kpnl genomic fragment containing additional 5’ sequences was
added. The targeting vector, E2f3-neo, was completed by sub-
cloning a 3.4-kb EcoRI-EcoRV 3’ genomic fragment into the
Notl and Xhol sites using linkers.

Generation of targeted ES cells and E2f3-deficient mice

D3 ES cells were electroporated with 50 pg of Notl linearized
E2f3-neo and selected for resistance to G418 (300 ug/ml) and
Gancyclovir (0.5 pg/ml). DNA from double-resistant ES cell
clones was digested with BgIIl and analyzed by Southern blot-
ting using a 720-bp Rsal DNA fragment as the 5’ probe. Two
independent electroporations yielded 29 clones with a novel
6.5-kb band corresponding to a correctly targeted 5’ end (wild
type, 9.5 kb). DNA from these clones was digested with Xbal
and probed with a 650-bp EcoRI-Kpnl 3’ fragment (mutant, 9 kb
vs. wild type, 11 kb) and then a 450-bp PstI-HindIIl neo frag-
ment. A total of 22/29 ES clones contained a single integration
of the E2f3 targeting vector that had undergone correct homolo-
gous recombination on each side of the neo cassette. These ES
cell clones were injected into 3.5-day C57BL/6 blastocysts and
the resulting chimerics were mated to C57BL/6 females. One
clone from each electroporation (ES clones F3-1-1 and F3-2-13)
transmitted the mutation through the germ line. The targeted
E2{f3 allele was detected in agouti pups by Southern blotting of
tail DNA as described above. PCR of mouse ear punch DNA
was then used for subsequent genotyping using the common
primer 5-GTATCTGGGAAACACAAGGAGGTG, the wild-
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type E2f3-specific primer 5-GGTACTGATGCCACTCTC-
GCC, and the targeting vector specific primer, 5'-GCT-
CATTCCTCCCACTCATGATC.

MEF preparation

E2f3*/~ females were crossed with E2f3*/~ males and embryos
were dissected 13.5 days after detection of vaginal plugs. The
head and internal organs were removed and the embryos were
minced and incubated in trypsin for 30 min at 37°C. The cells
were resuspended in Dulbecco’s modified Eagle medium
(DMEM)] supplemented with 10% FCS, 50 U/ml penicillin, 50
pg/ml streptomycin, and 2 mMm L-glutamine. Fetal livers and/or
yolk sacs were used for PCR genotyping.

High- and low-density growth experiments

For the high-density experiments, the MEFs were plated at
2 x 10°/6-cm dish. Cells were counted as they reached conflu-
ence and replated at 2 x 10° cells/6-cm dish. For low density
experiments, MEFs were plated at a density of 1 x 10° cells/10-
cm dish and their growth rate was monitored by daily counting
for 10 days. For the E2F3 and E2FI rescue experiments, trans-
duced wild-type or E2f3 mutant cells were plated at 2 x 10°/6-
cm dish, and their growth rate was monitored for 4 days. Trans-
formed cells were plated at 5 x 10*/10-cm dish and counted
daily for 6 days.

Serum starvation and release experiments

Passage 4 MEFs were plated in triplicate at 2 x 10°/3.5-cm dish.
After 48 hr, the cells were washed twice with PBS and then
incubated in DMEM containing 0.1% FCS for 72 hr. The cells
were then fed with DMEM containing 10% FCS. For each time
point, the cells were incubated with 5 uCi [*H]thymidine for 1
hr at 37°C, washed with PBS and harvested. [*H]thymidine in-
corporation was quantitated as described (Moberg et al. 1996).
For BrdU incorporation experiments, cells were plated onto cov-
erslips. At each timepoint, the cells were incubated in medium
containing 3 mg/ml BrdU and 0.3 mg/ml fluorodeoxyuridine
for 2 hr at 37°C (Sigma). The cells were fixed for 15 min in 2%
paraformaldehyde and permeabilized with PBS/0.25% Triton
X-100. After denaturing the DNA for 10 min in 1.5 N HCI, the
cells were incubated with mouse anti-BrdU antibodies (Beck-
ton-Dickinson, 1:50) for 30 min and then with FITC-anti-mouse
antibodies (Capel, 1:1000) for 30 min. The coverslips were
washed four times, incubated with DAPI (0.1 mg/ml) for 5 min,
washed, and mounted on glass slides with Vectashield (Vector).

Northern blot analysis

Passage 4 MEFs were plated onto 15-cm dishes at 3 x 10° cells/
dish and then serum starved as described above. At each time
point, the cells were pelleted and RNA purified using the Ul-
traspec RNA isolation system (Biotex Laboratories, Inc). The
RNA was denatured and separated on gels containing 1% aga-
rose, 6% formaldehyde, and 1xMOPS buffer (pH 7.0). The RNA
was transferred to Hybond-N nylon membranes (Amersham),
hybridized in ExpressHyb solution (Clontech) and washed twice
in 2x SSC, 0.1% SDS for 30 min at 65°C. The cDNA probes were
labeled using the Prime-It II-kit (Stratagene) with 100 uCi of
[a-*?P]dCTP. The amount of RNA used for each timepoint was
determined by probing a test Northern with the ARPP PO con-
trol. Subsequent Northerns were then probed with full-length
cDNAs for B-myb, cdc2, cdc6, cyclin A2, cyclin E, RRM2,
PCNA, or cyclin D1 or a partial E2F-1 cDNA fragment (nucleo-
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tides 524-1388) and then reprobed for ARPP PO. The expression
level of each gene was quantitated by Phosphorlmager analysis
and normalized to the levels of ARPP PO.

Western blot and gel retardation assays

Western blotting and gel retardation assays were performed as
described previously (Moberg et al. 1996) using 100 or 30 pg of
whole cell lysates, respectively. Western blotting was con-
ducted using anti-E2F3 (Santa Cruz sc-878, 1:1000) and an HRP-
coupled anti-rabbit antibody (Amersham, 1:5000). Gel retarda-
tion assays were performed in the absence or presence of sodium
DOC as described (Moberg et al. 1996) using antibodies against
E2F1 (KH95 and KH20), E2F2 (LLF2-1), E2F3 (Santa Cruz sc-
878x), E2F4 (LLF4-1), or E2F5 (Santa Cruz, sc-1083x).

Retrovirus-mediated gene transfer and soft agar assay

pBabe-E2F3 and pBabe-E2F1 were generated by subcloning hu-
man E2F3 and E2F1 into the pBabe vector. The retrovirus-me-
diated transfer was conducted as described by Serrano et al.
(1997), except that the infected cells were grown for 2 days prior
to selection with 2 pg/ml puromycin (pBABE-E2F3, pBABE-
E2F1, and pBABE-H-rasV12) or 75 pg/ml hygromycin (pWZL-
E1A and pWZL-p53R175H). For soft agar assays, 6-cm dishes
were coated with 0.5% low melting point agarose (GIBCO BRL)
in DME containing 10% FCS. Cells (5 x 10%) were resuspended
in 0.3% LMP agarose plus DME with 10% FCS and grown on
the coated dishes for 1-2 weeks.
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