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Tumor development is dependent upon the inactivation of two key tumor-suppressor networks,
p16Ink4a–cycD/cdk4–pRB–E2F and p19Arf–mdm2–p53, that regulate cellular proliferation and the tumor
surveillance response. These networks are known to intersect with one another, but the mechanisms are
poorly understood. Here, we show that E2F directly participates in the transcriptional control of Arf in both
normal and transformed cells. This occurs in a manner that is significantly different from the regulation of
classic E2F-responsive targets. In wild-type mouse embryonic fibroblasts (MEFs), the Arf promoter is occupied
by E2F3 and not other E2F family members. In quiescent cells, this role is largely fulfilled by E2F3b, an E2F3
isoform whose function was previously undetermined. E2f3 loss is sufficient to derepress Arf, triggering
activation of p53 and expression of p21Cip1. Thus, E2F3 is a key repressor of the p19Arf–p53 pathway in normal
cells. Consistent with this notion, Arf mutation suppresses the activation of p53 and p21Cip1 in E2f3-deficient
MEFs. Arf loss also rescues the known cell cycle re-entry defect of E2f3−/− cells, and this correlates with
restoration of appropriate activation of classic E2F-responsive genes. Our data also demonstrate a direct role
for E2F in the oncogenic activation of Arf. Specifically, we observe recruitment of the endogenous activating
E2Fs, E2F1, and E2F3a, to the Arf promoter. Thus, distinct E2F complexes directly contribute to the normal
repression and oncogenic activation of Arf. We propose that monitoring of E2F levels and/or activity is a key
component of Arf’s ability to respond to inappropriate, but not normal cellular proliferation.
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The development of mammalian tumors is dependent
upon the disruption of two key biological activities, the
control of cellular proliferation and the apoptotic re-
sponse (Hanahan and Weinberg 2000). Remarkably, the
Ink4a/Arf locus encodes two distinct tumor-suppressor
proteins, p16Ink4a and p19Arf (p14Arf in humans), that in-
fluence one or both of these processes (Chin et al. 1998;
Sherr 2001). p16Ink4a is a core component of the cell
cycle control machinery (Sherr and Roberts 1999). It con-
trols the activity of the G1 kinase, cyclinD · cdk4/6, and
consequently, the phosphorylation status of the pocket
protein family. This family includes the retinoblastoma
protein (pRB) tumor suppressor and its relatives, p107
and p130. In the unphosphorylated state, the pocket pro-
teins bind to the E2F family of transcription factors and
prevent the expression of genes that are essential for en-
try into, and passage through the cell cycle (Trimarchi
and Lees 2002). This inhibition occurs through two dis-

tinct mechanisms. pRB binds to the activating E2Fs,
E2F1, E2F2, and E2F3a, and blocks their transcriptional
activity. At the same time, the repressive E2Fs, E2F4,
and E2F5 recruit p107 or p130 and their associated his-
tone deactylases to E2F-responsive promoters. Under
these conditions, the cell is blocked in G0/G1. Mitogenic
signaling activates cell cycle re-entry by allowing
cyclinD · cdk4/6 to overcome the repression by p16Ink4a.
The consequent phosphorylation of the pocket proteins
causes them to dissociate from E2F, enabling activation
of E2F-responsive genes. In normal cells, the p16Ink4a–
cyclinD · cdk4/6–pRB–E2F pathway responds to both
positive and negative growth regulatory signals to deter-
mine whether or not a cell will divide (Sherr and Roberts
1999). This pathway is disrupted in most, if not all,
mammalian tumors through loss of p16Ink4a, up-regula-
tion of cyclinD · cdk4/6 or loss of pRB (Sherr 1996). The
resulting deregulated proliferation is due, at least in part,
to the inappropriate activation of E2F (Pan et al. 1998;
Tsai et al. 1998; Yamasaki et al. 1998; McCaffrey et al.
1999; Ziebold et al. 2001, 2003).

The second product of the Ink4a/Arf locus, p19Arf, is a
key component of the p53 tumor-surveillance network
(Sherr 2001). p19Arf exists at low or undetectable levels
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in most normal cell and tissue types (Zindy et al. 2003).
However, its expression is specifically activated by ab-
normal proliferative signals. These include the contin-
ued in vitro culturing of mouse embryonic fibroblasts
(MEFs; Kamijo et al. 1997) and the inappropriate expres-
sion of proliferative oncogenes including activated ras,
c-myc, E2F, E1A, and v-Abl (Serrano et al. 1997; de
Stanchina et al. 1998; Palmero et al. 1998; Radfar et al.
1998; Zindy et al. 1998; Dimri et al. 2000). Once it is
expressed, p19Arf inhibits the p53 ubiquitin ligase,
mdm2, allowing activation of the p53 tumor suppressor
(Pomerantz et al. 1998; Stott et al. 1998; Zhang et al.
1998; Honda and Yasuda 1999; Weber et al. 1999; Llanos
et al. 2001). Depending on the cellular context, p53 trig-
gers either cell cycle arrest (via induction of the cdk in-
hibitor, p21Cip1) or apoptosis (through activation of vari-
ous apoptosis inducers). In either case, this counteracts
the effect of the abnormal proliferative signals. Essen-
tially, p19Arf acts as a defense to oncogenic signals. The
recent analysis of a mouse strain that expresses GFP in
place of p19Arf confirms that Arf is induced by the on-
cogenic signals present in incipient tumors (Zindy et al.
2003). This explains why inactivation of the p19Arf–p53
network is essential for the survival and proliferation of
tumor cells in vivo (Sherr 2001).

The ability of Arf to specifically respond to inappro-
priate, but not normal proliferative signals must require
a careful balance of transcriptional signals. Understand-
ing how this is achieved remains a major challenge. Nu-
merous studies have implicated E2F in this process
(Phillips and Vousden 2001). The Arf promoter contains
consensus E2F-binding sites and the overexpression of
E2F1 is sufficient to trigger its transcriptional activation
(DeGregori et al. 1997; Bates et al. 1998). However, it is
unclear whether this regulation is direct because the
identified E2F sites are not required for E2F-dependent
activation (Parisi et al. 2002; Berkovich et al. 2003).
There is also considerable debate as to which E2F family
members might activate Arf (Trimarchi and Lees 2002).
Some groups conclude that this is an E2F1-specific ac-
tivity, whereas others propose that this is a shared prop-
erty of the activating E2Fs. Certainly, E2F1 is not re-
quired for Arf induction in numerous settings (Palmero
et al. 2002; Baudino et al. 2003) and p19Arf itself is dis-
pensable for E2F-dependent apoptosis (Russell et al.
2002; Tolbert et al. 2002; Tsai et al. 2002). These findings
could reflect redundancy; perhaps multiple E2Fs can ac-
tivate a large panel of apoptotic inducers that includes
p19Arf. Alternatively, E2F may not contribute to Arf ac-
tivation in vivo. Others have suggested that Arf is regu-
lated by repressive E2F · pocket protein complexes (Row-
land et al. 2002). However, unlike classic E2F-responsive
genes, Arf is not appreciably induced during cell cycle
entry. Thus, if Arf is a genuine E2F target, it must be
regulated in a distinct manner from classic E2F-respon-
sive genes. In this study, we use E2f3-deficient MEFs to
probe the role of E2F in Arf regulation. This analysis
shows that a single member of the E2F family, E2f3, is
required to maintain the transcriptional repression of Arf
under normal proliferative conditions.

Results

E2F3 loss causes induction of p19Arf and activation
of p53 in primary cells

Two E2F family members, E2F3a and E2F3b, are encoded
by a single locus through the use of different promoters
and 5�-coding exons (Leone et al. 2000). These proteins
share domains required for DNA binding, heterodimer-
ization, and pocket protein binding, but have distinct N
termini comprising either 122 (E2F3a) or 6 (E2F3b) amino
acids. We have previously generated an E2f3 mutant
mouse strain that inactivates both of these proteins. For
simplicity, we refer to these mice as E2f3−/− or E2F3 de-
ficient. MEFs derived from E2f3−/− animals typically
have a reduced rate of proliferation (Humbert et al. 2000).
They also display a major defect in mitogen-induced cell
cycle re-entry and a corresponding impairment in the
activation of all known E2F-responsive genes examined
(Humbert et al. 2000; Fig. 1A,B). Given these observa-
tions, we hypothesized that p19Arf expression might be
altered in E2F3-deficient MEFs if it is a bona fide E2F-
target gene. To test this notion, we compared the levels
of p19Arf in early passage wild-type versus E2f3−/− MEFs

Figure 1. E2f3−/− MEFs have increased levels of p19Arf, leading
to activation of p53. (A) Wild-type MEFs (solid line) and E2f3−/−

MEFs (dotted line) were synchronized by serum starvation and
cell cycle re-entry was monitored by [3H]thymidine incorpora-
tion. (B,C) Total protein extracts were prepared at the indicated
times after stimulation with 10% serum and subjected to West-
ern blotting for cyclin A, p107, p19Arf, p16Ink4a, or p21Cip1 (B,C),
or electrophoretic mobility shift assay for active p53 (C).
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during cell cycle re-entry (Fig. 1). Consistent with previ-
ous studies (Sherr and DePinho 2000), p19Arf was barely
detectable in the wild-type cells, and its expression did
not vary significantly during the cell cycle (Fig. 1B).
Strikingly, whereas the expression of the classic E2F-
responsive targets, cyclin A and p107, was lower in the
E2f3−/− MEFs than the wild-type controls, that of p19Arf

was greatly increased (Fig. 1B). Thus, E2F3 loss affects
p19Arf expression, but in an entirely distinct manner
from other E2F-responsive genes.

The predominant function of p19Arf is to activate p53
by inhibiting its negative regulator, the ubiquitin ligase
mdm2. We therefore used electrophoretic mobility shift
assays (EMSA) to determine whether the induction of
p19Arf in the E2f3−/− MEFs affected p53 activity (Figs. 1C,
2B). In wild-type MEFs, p53 DNA-binding activity re-
mained low throughout the cell cycle. p53 activity was
elevated in E2F3-deficient MEFs, especially during qui-
escence. The p53 protein also showed characteristic hall-
marks of activation; there was an increase in the levels of
p53 that was phosphorylated on Ser 15 and a subtle in-
crease in the total p53 protein levels (data not shown).
Thus, deregulation of p19Arf in E2f3−/− MEFs is accom-
panied by the activation of p53. A known downstream
target of p53, the cdk inhibitor p21Cip1, was also ex-
pressed at higher levels in the E2F3-deficient MEFs (Fig.
1C), as was p16Ink4a, the other protein expressed from
the Ink4a/Arf locus (Fig. 1B). It seemed likely that the
elevated levels of p19Arf, p53, and p21Cip1 might contrib-
ute to the defective cell cycle entry in the E2F3-deficient
MEFs.

The up-regulation of p19Arf accounts for the cell cycle
re-entry defect of the E2f3−/− MEFs

To address the biological consequences of p19Arf up-
regulation, we intercrossed E2f3 and Arf mutant mice to
generate E2f3−/−;Arf−/− double-mutant (DKO) MEFs. We
then examined the ability of these cells to re-enter the
cell cycle relative to wild-type, E2f3−/−, and Arf−/− con-
trols (Fig. 2A). Consistent with previous reports (Kamijo
et al. 1997), the Arf−/− MEFs initiated DNA synthesis
more rapidly than the wild-type counterparts. Signifi-
cantly, the cell cycle kinetics of the E2f3−/−;Arf−/− DKO
MEFs were indistinguishable from those of the Arf−/−

MEFs. Consistent with this rescue, Arf mutation also
suppressed the defective mitogen-induced activation of
classic E2F-responsive targets, such as cyclin A and
p107, which exists in the E2f3−/− cells (Fig. 2B). Thus,
p19Arf loss is sufficient to over-ride the cell cycle re-
entry defect of the E2f3−/− MEFs. EMSA and Western
blotting experiments showed that Arf mutation also sup-
pressed the activation of p53 and the induction of
p21Cip1 in the E2f3−/− MEFs (Fig. 2B), confirming that
these events are dependent upon the up-regulation of
p19Arf. Importantly, p53 mutation suppressed the cell
cycle re-entry defect of the E2f3−/− MEFs in an analogous
manner to Arf mutation (Fig. 2C). This correlated with
suppression of the p21Cip1 induction and restoration of
appropriate E2F-responsive gene activation (data not

shown). Taken together, our findings indicate that E2f3
is required to inhibit Arf expression, and this plays an
important role in regulating normal cell cycle re-entry by
preventing inappropriate activation of p53.

E2F3 directly contributes to the transcriptional
regulation of Arf in normal cells

Although numerous studies implicate E2F in Arf con-
trol, it has not been shown that any E2F family member
is a direct transcriptional regulator of this gene. To ad-
dress this question, we first asked whether E2F3 loss

Figure 2. Elimination of p19Arf rescues cell cycle re-entry and
p53 activation defects of E2f3-deficient MEFs. (A) Wild-type
MEFs (solid black line), E2f3−/− MEFs (dotted black line), Arf−/−

MEFs (solid gray line), and E2f3−/−;Arf−/− DKO MEFs (dotted
gray line) were synchronized by serum starvation and cell cycle
re-entry was monitored by [3H]thymidine incorporation. (B) To-
tal protein extracts were prepared at the indicated times after
serum stimulation and subjected to Western blotting for cyclin
A, p107, and p21Cip1, or electrophoretic mobility shift assay
for active p53. (C) Wild-type MEFs (solid black line), E2f3−/−

MEFs (dotted black line), p53−/− MEFs (solid gray line), and
E2f3−/−;p53−/− DKO MEFs (dashed gray line) were analyzed ex-
actly as described in A.

E2F drives Arf inhibition and activation
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affects Arf at the transcriptional level. Using quantita-
tive RT–PCR, we examined the mRNA levels of both Arf
and a well-characterized E2F-responsive gene, p107, in
wild-type versus E2F3-deficient MEFs (Fig. 3A). As in our
previous studies (Humbert et al. 2000), the mitogen-in-
duced activation of the p107 transcript was greatly im-
paired in the E2f3−/− MEFs. In contrast, Arf mRNA levels
were significantly higher in E2f3−/− MEFs than the wild-
type controls (Fig. 3A). This up-regulation was most
striking in the G0 time point (Fig. 3A), where we ob-
served the greatest increase in the levels of the p19Arf

protein (Fig. 1B). Thus, E2F3 loss is acting, at least in
part, through changes in the levels of Arf mRNA. To
determine whether E2F3 is directly involved in Arf regu-
lation, we used chromatin immunopreciptiation (ChIP)
to examine binding of E2F family members to the Arf
and p107 promoters (Fig. 3B). In asynchronously growing
wild-type MEFs, we detected no significant enrichment
of any E2F at a control sequence lacking E2F sites, 1 kb
upstream of the E2F1 promoter. In contrast, several E2F
family members could be detected at the p107 promoter

including E2F1, E2F2, E2F3, and E2F4 (Fig. 3B; data not
shown). This is entirely consistent with the previous
characterization of archetypal mammalian E2F-respon-
sive genes (Takahashi et al. 2000). Remarkably, the spec-
trum of E2F proteins at the Arf promoter differed com-
pletely from this norm; we observed only a single E2F,
E2F3 (Fig. 3B). This specificity was not restricted to mu-
rine cells, as E2F3 was also the sole E2F bound to the
p14Arf promoter in both primary (WI-38) and transformed
(T98G, BJ-T) human cell lines (data not shown). In
E2f3−/− MEFs, there was no longer any enrichment of the
Arf or p107 promoter sequences by the anti-E2F3 anti-
bodies, confirming their specificity (Fig. 3B). Strikingly,
E2F3 deficiency caused a slight increase in the level of
E2F1 associated with the p107 promoter, but there was
no evidence of E2F1, or any other E2F family member
binding to the Arf promoter in these cells (Fig. 3B).
Taken together, these data show that E2F3 is directly
involved in the regulation of Arf, and that loss of E2F3,
without apparent recruitment of E2F1, is sufficient to
allow Arf activation. On the basis of these findings, we

Figure 3. E2F3 is a direct repressor of Arf. (A) Wild-type (solid lines) or E2f3−/− (dotted lines) MEFs were synchronized by serum
starvation, and RNA was extracted at the indicated times after stimulation. Quantitative real-time RT–PCR analysis of p107 or Arf
mRNA is shown. (B) ChIP analysis of asynchronous wild-type (WT) or E2f3−/− MEFs. Sonicated, cross-linked chromatin was immu-
noprecipitated with the indicated antibodies, and the purified DNA was analyzed by PCR with primers specific for the p107 or Arf
promoters, or a control sequence lacking E2F sites (1 kb upstream of the E2f1 promoter). Input, 0.5% of chromatin in IP reactions was
analyzed by PCR. (C) Schematic of the E2F3a and E2F3b proteins, and the antibodies used in ChIP analysis. (Black box) DNA-binding
domain; (light gray box) dimerization domain; (dark gray box) transactivation domain. (D) Cell lysates of asynchronous (AS) wild-type
MEFs or wild-type MEFs incubated in 0.1% serum for 3 d (SS) were subjected to Western blotting for the two E2F3 isoforms. ChIP
assays for the indicated E2F and pocket protein family members were performed on the serum-starved wild-type MEFs.
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conclude that E2F3 represses Arf expression in normal
cells.

It is well established that the E2F proteins can con-
tribute to the repression of E2F-responsive genes through
recruitment of the pocket proteins, pRB, p107, and p130,
and their associated histone deacetylases (Trimarchi and
Lees 2002). The E2F3 proteins have been reported to bind
to pRB, but not p107 or p130, in vivo (Moberg et al. 1996;
He et al. 2000; Leone et al. 2000). Given this finding, we
used ChIP assays to determine whether one or more
pocket proteins were recruited to the Arf promoter along
with E2F3 (Fig. 3B). Consistent with previous studies,
p130, but not pRB, was readily detected at the p107 pro-
moter. In contrast, none of the pocket proteins were de-
tected at the Arf promoter (Fig. 3B,D; data not shown). It
is entirely possible that pRB is present, but cannot be
detected due to limitations in the assay, the antibodies
or the structure of the pRB/E2F3 repressive complex.
However, we consistently detect pRB at differentiation-
associated promoters using the same ChIP conditions (T.
Yuan and J.A. Lees, unpubl.). This raises the possibility
that E2F3 mediates Arf repression in a pocket protein-
independent manner.

The E2F3 locus encodes two proteins, E2F3a and
E2F3b, which differ only in their N-terminal sequences
(Leone et al. 2000; Fig. 3C). E2F3a has been linked to the
transcriptional activation of E2F-responsive genes, but
this does not rule out a role in repression. The transcrip-
tional properties of E2F3b have not been established. To
discern which species of E2F3 is responsible for regula-
tion of Arf, we made use of two antibodies raised against
the E2F3 proteins. The sc-879x antibody recognizes an
epitope on the unique N terminus of E2F3a, and there-
fore, does not cross-react with E2F3b. In contrast, a C-
terminal antibody (sc-878x) recognizes both E2F3a and
E2F3b. For clarity, we will refer to these antibodies as
E2F3a specific or anti-E2F3a+b. By detecting ectopically
expressed E2F3a and E2F3b proteins, we have confirmed
the specificity of these two reagents (data not shown).
These experiments also showed that the E2F3a-specific
antibody has a considerably lower activity in ChIP as-
says than anti-E2F3a+b (data not shown). Despite its low
avidity, the E2F3a-specific antibody yielded a detectable
ChIP signal at the p107 promoter (Fig. 3B). Under the
same conditions, we did not see any evidence of E2F3a
binding to Arf (Fig. 3B); however, because of the poor
avidity of the E2F3a-specific antibody, we cannot rule
out that E2F3a contributes to the repression of Arf, yet
falls beneath the detection limit of this reagent. To ad-
dress this in an alternative way, we took advantage of the
differential expression patterns of the two E2F3 species.
E2F3a expression is cell cycle regulated, peaking during
the G1/S transition, whereas E2F3b expression is con-
stant throughout the cell cycle. Consequently, E2F3b is
the only E2F3 isoform expressed during quiescence (Fig.
3D). Therefore, we performed ChIP from MEFs that had
been arrested in G0/G1 by serum deprivation (Fig. 3D). In
this setting, the p107 promoter was specifically occupied
by E2F4 and p130, the key components of the archetypal
repressive E2F/pocket protein complex. At the same

time, we still specifically detected E2F3 at the Arf pro-
moter using the anti-E2F3a+b antibody. This analysis
strongly implicates E2F3b in the repression of Arf in qui-
escent cells, yet does not exclude contribution of E2F3a,
along with E2F3b, in asynchronous cells.

The activating E2Fs are directly involved in activation
of Arf in response to oncogenic stress

It is well documented that Arf is a key regulator of the
mammalian tumor-surveillance-response network. Through
an as yet undetermined mechanism, the inappropriate
expression of numerous oncogenes induces the expres-
sion of p19Arf. The resulting p53 activation triggers ei-
ther cell cycle arrest (via p21Cip1 induction) or apoptosis
(through activation of pro-apoptotic genes), thereby cir-
cumventing the oncogenes’ ability to drive inappropriate
proliferation. Having established a direct role for E2F3 in
repression of Arf in unstressed cells, we sought to deter-
mine what role E2F might play during the activation of
Arf by oncogenic challenge.

E2F1 is a potent oncogene. Its over-expression acti-
vates both cellular proliferation and also the induction of
p19Arf and high levels of apoptosis (DeGregori et al.
1997; Bates et al. 1998). This latter response greatly im-
pedes investigation of the underlying molecular mecha-
nisms. To overcome this problem, we have used MEFs in
which exons 2 and 3 of the Ink4a/Arf locus are deleted
(Ink4a/Arf−/− MEFs) and therefore p16Ink4a and p19Arf ex-
pression is disrupted (Serrano et al. 1996; Fig. 4A). This
mutation does not affect the upstream regulatory region
of Arf, which is ∼13 kb upstream of the deletion, allow-
ing us to examine E2F binding at the Arf promoter in the
absence of apoptosis or other secondary events that
might result from p19Arf induction. We infected these
Ink4a/Arf−/− MEFs with either control or E2F1-express-
ing retroviruses and used ChIP to assess E2F binding to
either the Arf or p107 promoters (Fig. 4B). When Ink4a/
Arf−/− MEFs were infected with a control retrovirus, the
spectrum of E2F complexes detected at the Arf and p107
promoters was similar to that observed in wild-type, un-
infected cells. Overexpression of E2F1 increased the
level of E2F1 associated with the p107 promoter, and
caused a coordinate decrease in levels of bound E2F3 and
p130 (Fig. 4B). This is consistent with the E2F1’s known
ability to promote cell cycle progression and activate ex-
pression of classic E2F-responsive genes (Trimarchi and
Lees 2002). Strikingly, we also detected significant levels
of E2F1 at the Arf promoter, showing that E2F1 can di-
rectly contribute to the transcriptional activation of Arf
when it is inappropriately expressed (Fig. 4B).

We wished to determine whether the endogenous
E2F1 participates in the induction of Arf by other onco-
genes. To address this question, we examined the effect
of overexpressing the adenoviral oncoprotein, E1A (Fig.
4B). This promotes proliferation and tumorigenesis by
sequestering the pocket proteins and relieving the tran-
scriptional inhibition of their associated E2Fs (Ben-Israel
and Kleinberger 2002). In Ink4a/Arf−/− MEFs expressing
E1A, we observed a decrease in p130 binding to the p107

E2F drives Arf inhibition and activation
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promoter, and an increase in E2F1 binding, as expected
(Fig. 4B). Notably, we also detected E2F1 binding to the
Arf promoter, showing that the endogenous E2F1 protein
contributes to the activation of Arf arising from E1A
expression. In addition, we detected a weak signal with
the E2F3a-specific antibody, indicating that E2F3a was
cooperating with E2F1 in the transcriptional regulation
of Arf. Given these findings, we conclude that the en-
dogenous activating E2Fs play a direct role in the onco-
gene-induced activation of Arf and the tumor-surveil-
lance network.

Discussion

Taken together, our data show that the E2F proteins play
a direct role in the transcriptional regulation of Arf. This
firmly establishes Arf as a bona fide E2F-responsive gene.
However, the nature of this regulation diverges consid-

erably from that of archetypal E2F-responsive targets; for
example, genes encoding key components of the cell
cycle control and DNA replication machinery (Fig. 5).
These classic E2F-responsive genes are expressed in a
cell cycle-dependent manner that is orchestrated by the
specific binding of the repressive E2F/pocket protein
complexes (predominantly E2F4/p130) during G0/G1 or
the activating E2Fs (E2F1, E2F2, and E2F3a) during late
G1 and G1/S phase. In contrast, our data show that Arf is
regulated by a more restricted subset of E2F complexes,
whose activity is somehow determined by the stress sta-
tus, rather than the cell cycle staging of the cell.

In normal cells, Arf is constitutively repressed, and our
data show that this correlates with the promoter binding
of E2F3, and not other E2F family members. Because the
E2F3a-specific antibody works poorly in ChIP assay, our
inability to detect a signal with this reagent does not
exclude the possibility that E2F3a contributes to Arf
regulation. In contrast, the presence of a robust anti-
E2F3a+b ChIP signal in quiescent cells that express
E2F3b and not E2F3a, clearly shows that E2F3b is in-
volved. At least in MEFs, the absence of E2F3 is suffi-
cient to trigger the expression of Arf, without obligatory
recruitment of the activating E2Fs. Thus, E2F3b (possi-
bly in parallel with E2F3a) is required for the constitu-
tive repression of Arf in normal cells. On the basis of its
high expression in G0/G1 cells, E2F3b had been proposed
to function as a transcriptional repressor (Leone et al.
2000). Our data provide the first direct evidence for this
hypothesis.

Remarkably, our analysis of the double-mutant MEFs
shows that Arf loss completely suppresses the cell cycle
entry defect of the E2f3−/− MEFs. This correlates with the
loss of activation of the p53 pathway and also restoration
of the normal cell cycle-dependent activation of classic
E2F-responsive genes. This genetic rescue experiment is
entirely consistent with the notion that E2F3 is acting to
repress Arf, and therefore p53, in a linear pathway. How-

Figure 4. The activating E2Fs bind to the Arf promoter during
oncogenic challenge. (A) Schematic of the mouse Ink4a/Arf lo-
cus, indicating the exon structure, and the region deleted in the
Ink4a/Arf−/− MEFs (bracket). Shaded regions in the exons indi-
cate regions coding for the p16Ink4a (light gray) and p19Arf (black)
proteins. The small black boxes indicate two consensus E2F-
binding sites in the Arf promoter, and the two small arrows
indicate the location of the primers used in ChIP analysis. (B)
Ink4a/Arf−/− MEFs were infected with retrovirus overexpressing
E2F1, E1A, or an empty virus (vector) and subjected to ChIP
assays with the indicated antisera.

Figure 5. Arf is regulated by E2F in a distinct manner from
classic E2F-responsive genes.
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ever, it is also possible that the loss of Arf (or p53) confers
a proliferative advantage on the cells that outweighs or
overrides the proliferative disadvantage that results from
E2f3 loss. In this scenario, Arf and E2f3 could be acting in
parallel pathways or, alternatively, E2f3 could exert its
effects through both Arf/p53-dependent and Arf/p53-in-
dependent mechanisms. We currently favor the second
alternative. Taken together, the presence of E2F3 at the
Arf promoter and the derepression of Arf in E2f3−/− MEFs
strongly support the existence of an Arf-dependent
mechanism. However, additional experiments indicate
that the p19Arf–p53 pathway does not fully account for
the phenotypic consequences of E2F3 loss. First, whereas
loss of Arf or p53 completely rescues the cell cycle re-
entry defect of the E2f3−/− MEFs, it only partially sup-
presses their asynchronous proliferation defect (A. Asla-
nian and J.A. Lees, unpubl.). Second, loss of Arf or p53
has no detectable effect on the developmental pheno-
types and the resulting embryonic/neonatal lethality of
the E2f3−/− mice (A. Aslanian and J.A. Lees, unpubl.).
Thus, E2f3 has at least one essential function that is
Arf/p53 independent. This second function remains to
be established. We had previously concluded that the
cell cycle re-entry defect of the E2f3−/− MEFs reflected a
direct role for E2f3 in the activation of classic E2F-re-
sponsive genes. However, this current study shows that
the defect in gene activation in the E2f3−/− MEFs is fully
reversed by the loss of Arf or p53. On the basis of the
same logic outlined above, these results can be explained
in two ways. First, the defect in activation of classic
E2F-responsive genes in the E2f3−/− cells could be an in-
direct consequence of activation of the p19Arf–p53 path-
way. Alternatively, E2f3 may be required for the appro-
priate activation of classic E2F-responsive genes, but the
consequent loss of this activation in E2F3-deficient cells
is outweighed or overridden by the increased induction
of these targets that results from the loss of Arf or p53.
Given the extensive cross-talk between the pRB and p53
pathways, both models are highly plausible. More subtle
experiments will be required to distinguish between
these two possibilities.

Our analysis of the E2f3 mutant cells reinforces a
growing body of evidence that the p19Arf–p53 network is
the key determinant of the proliferation status of cul-
tured primary fibroblasts (Sherr 2001). Several other tran-
scriptional regulators, such as Bmi1, TBX2, TBX3, and
Twist, have been linked to the repression of Arf and the
inhibition of p53 signaling (Jacobs et al. 1999, 2000; Mae-
stro et al. 1999; Brummelkamp et al. 2002; Lingbeek et
al. 2002). There is limited insight into the mechanism(s)
of action of these repressors. In vitro promoter mapping
studies show that TBX2 and TBX3 can bind to a variant
T-site located within the Initiator sequence of the hu-
man Arf promoter (Lingbeek et al. 2002). However, pro-
moter binding has not been demonstrated in vivo. Simi-
larly, antibodies against Bmi1 have not worked in ChIP
assays. This is thought to be an issue of antibody acces-
sibility, as Bmi1 is a component of the multiprotein
polycomb complex (van Lohuizen 1998). However, it is
unclear how the Bmi1–polycomb complex is recruited to

Arf, with respect to either the target DNA sequence/
chromatin structure or the identity of the component(s)
that mediate the DNA/chromatin binding. Our identifi-
cation of E2F3 as an additional repressor of Arf raises
additional questions. First, what is the precise nature of
the repressive E2F3 complex? Is it a unique function of
E2F3b or does E2F3a contribute? Does it involve a higher
order, antibody-inaccessible pRB complex, or does it
function in a pocket protein-independent manner? Sec-
ond, what directs E2F3, but not other E2F complexes, to
bind specifically to the Arf promoter in normal cells?
Finally, what is the relationship between E2F3 and the
other known Arf repressors? Do they function indepen-
dently of one another or work cooperatively to ensure
the repression of Arf? Careful analysis of both the repres-
sor complexes and the Arf promoter will be required to
unravel this complexity.

Our data show that E2F is also involved in the activa-
tion of Arf in response to oncogenic signals. Although
there is extensive literature suggesting a link between
E2F and Arf (Trimarchi and Lees 2002), this is the first
study to demonstrate that the action of these proteins is
direct. During oncogenic activation, we see recruitment
of the endogenous E2F1 and, to a lesser extent, the other
activating E2Fs, E2F2 (P. Iaquinta and J.A. Lees, unpubl.),
and E2F3a. It is important to note that we do not com-
pletely lose the anti-E2F3a+b signal at the Arf promoter
under conditions of oncogenic stress (Fig. 4B). We believe
that this partially reflects differences in the level of on-
cogenic activation within the population of infected
cells; some have sufficient E2F activation to disrupt the
E2F3b repression, whereas others do not. The continued
presence of p130 at the p107 promoter in E1A-infected
cells, strongly suggests that some cells express insuffi-
cient E1A to fully dissociate the pocket protein/E2F
complexes. A second possibility is that the sustained
anti-E2F3a+b signal at the induced Arf promoter reflects
recruitment of transcriptionally active E2F3a. We sus-
pect that this is the case, at least in the E1A-expressing
cells, because we see a weak signal with the E2F3a-spe-
cific antibody and an enhanced signal with the anti-
E2F3a+b antibody. Finally, as there are at least two E2F
consensus-binding sites in the Arf promoter, we cannot
rule out the possibility that E2F3b remains bound to the
Arf promoter during the stress response, despite recruit-
ment of E2F1 or other activating E2Fs. In this scenario,
the activating E2Fs must somehow override or negate
the repressive function of E2F3b to ensure Arf induction.

Importantly, this study provides considerable insight
into the cross-talk between the two key tumor-suppres-
sor networks, pRB–E2F and p19Arf–p53. It is already well
established that p53’s growth-suppressive properties are
at least partially dependent upon the ability of its down-
stream target, p21Cip1, to inhibit phosphorylation of pRB
and thereby promote its ability to repress E2F (Sherr
2001). In this study, we now show that E2F also plays a
direct role in regulation of the p19Arf–p53 pathway. Con-
sistent with previous hypotheses, the activating E2Fs di-
rectly contribute to the induction of Arf that occurs in
response to oncogenic stress, frequently referred to as the
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tumor-surveillance response. In addition, our data show
that E2F3 plays a key role in maintaining the p19Arf–p53
network in the repressed state, when there is no onco-
genic stress signal. There has been considerable debate as
to how a cell could know whether it initiates inappro-
priate, as opposed to appropriate, proliferation, and regu-
late Arf accordingly (Lowe and Sherr 2003). It is well
known that the state of E2F complexes is a key determi-
nant of whether normal cells will divide. Our current
finding that various E2F complexes contribute to both
the repressed and activated states of Arf regulation
strongly suggests that monitoring of E2F levels and/or
activity is likely to lie at the heart of this tumor-surveil-
lance mechanism.

Materials and methods

Generation of mouse strains and MEF preparation

E2f3+/−;Arf+/− and E2f3+/−;p53+/− mice were generated by inter-
crossing E2f3+/− mice (Humbert et al. 2000) with either Arf−/−

mice (Kamijo et al. 1997) or p53+/− (Williams et al. 1994), re-
spectively. Genotyping was performed as previously described.
Double heterozygous mutant mice were intercrossed, and MEFs
were prepared from e13.5 embryos as previously described
(Humbert et al. 2000). Ink4a/Arf−/− mice (Serrano et al. 1996)
were used to generate Ink4a/Arf−/− MEFs.

Serum starvation and release experiments

Passage 4 MEFs were plated in triplicate onto 3.5-cm dishes at
2 × 105 cells/dish and cell cycle re-entry was performed as pre-
viously described (Humbert et al. 2000). After 48 h, cells were
washed twice with DME and then incubated in low serum
(0.1% FCS) for 72 h. Cells were subsequently fed with medium
containing 10% FCS. For each timepoint, cells were labeled
with 5 µCi of [3H]thymidine for 1 h. Cells were harvested and
[3H]thymidine incorporation was measured as previously de-
scribed (Moberg et al. 1996).

RNA preparation and Quantitative Real-time PCR analysis

Passage 4 MEFs were plated onto 15-cm dishes at 3 × 106 cells/
dish and cell cycle re-entry was performed as described above.
For each time point, cells were harvested and total RNA was
isolated using RNeasy (Qiagen), and an on-column DNAse step
was performed according to the manufacturer’s instructions.
cDNAs were generated with Superscript First Strand Synthesis
System (Invitrogen). Quantitative realtime PCR reactions using
SYBR Green dye (Applied Biosystems) were run in triplicate on
an ABI Prism 7000 Real-time PCR machine (Applied Biosys-
tems). Control 18S rRNA reactions (Applied Biosystems) were
also run to normalize �Ct values. Fold change was calculated as
2^(��Ct). Primer sequences for Arf were 5�-CACCGGAATCCT
GGACCAG-3� and 5�-GCAGTTCGAATCTGCACCGT-3�, and
for p107 were 5�-GATGCTCATCTGACCGGAGT-3� and 5�-
ATAAGTCACGTAGGCGCACA-3�.

Protein preparation, Western blotting,
and gel-retardation assays

Passage 4 MEFs were plated onto 15-cm dishes at 3 × 106 cells/
dish and cell cycle re-entry was performed as described above.

For each time point, cells were harvested and total protein was
isolated as described previously (Moberg et al. 1996). Western
blotting was performed with 100 µg of whole-cell extract using
anti-cyclin A (Santa Cruz sc-596), anti-p107 (Santa Cruz sc318),
anti-p19Arf (Novus NB200-106), anti-p16Ink4a (Santa Cruz
sc-1207), and anti-p21Cip1 (Santa Cruz sc-6246). In Figure 3D,
extracts were prepared as above from asynchronous MEFs, or
MEFs incubated in 0.1% serum for 3 d. Western blotting was
performed on 30 µg of extract using the anti-E2F3a+b antibody
(sc-878, Santa Cruz). p53 gel-retardation assays were performed
in the presence of supershifting antibody using NuShift
(Geneka) according to the manufacturer’s instructions.

Retroviral infection

Infections were performed exactly as described (Serrano et al.
1997), except that 15-cm plates were used at all steps, and the
procedure was scaled up accordingly. Target Ink4a/Arf−/− MEFs
were selected for 2 d in 2 mg/mL puromycin, grown for a further
2 d, and then subjected to ChIP analysis as described below.
pBabe-Puro, pBabe-Puro-E2F1 (Humbert et al. 2000), and LPC-
12S-E1A have been described (de Stanchina et al. 1998).

ChIP

ChIP was performed essentially as described (Takahashi et al.
2000). Early-passage (passage 3–5) MEFs were used for all experi-
ments. Sonicated, cross-linked chromatin corresponding to
∼3 × 106 cells was immunoprecipitated with the following an-
tibodies: E2F1, sc-193; E2F3a, sc-879x; E2F3a+b, sc-878x; E2F4,
sc-1082x; p130, sc-317x (all from Santa Cruz); pRB, MS-594 and
MS-595 (Neomarkers); control (anti-Luciferase) 05-603 (Upstate
Biotechnology). A total of 3%–4% of the precipitated DNA, or
0.5% input DNA, was amplified by 30 cycles of PCR using the
following primer sequences: p107 (5�-TTAGAGTCCGAGGTC
CATCTTCT-3� and 5�-GGGCTCGTCCTCGAACATATCC-3�),
Arf (5�-GCTGGCTGTCACCGCGAT-3� and 5�-GCGTTGAGG
CACCTCGAGA-3�), and E2f1-upstream (control, 5�-TGGAG
GTCAAGTAGTGGCCCAAA-3� and 5�-ACAATGTCTGGTT
TGCTCCGCCC-3�). PCR products were resolved on 8% poly-
acrylamide gels and stained with ethidium bromide.
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