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To determine which E2F/RB-family members are functionally important at E2F-dependent promoters, we used
RNA interference (RNAIi) to selectively remove each component of the dE2F/dDP/RBF pathway, and we
examined the genome-wide changes in gene expression that occur when each element is missing. The results
reveal a remarkable division of labor between family members. Classic E2F targets, encoding functions needed

for cell cycle progression, are expressed in cycling cells and are primarily dependent on dE2F1 and RBF1 for
regulation. Unexpectedly, there is a second program of dE2F/RBF-dependent transcription, in which
dE2F2/RBF1 or dE2F2/RBF2 complexes repress gene expression in actively proliferating cells. These new E2F
target genes encode differentiation factors that are transcribed in developmentally regulated and
gender-specific patterns and not in a cell cycle-regulated manner. We propose that dE2F/RBF complexes
should not be viewed simply as a cell cycle regulator of transcription. Instead, dE2F/RBF-mediated repression
is exerted on genes that encode an assortment of cellular functions, and these effects are reversed on sets of
functionally related genes in particular developmental contexts. As a result, dE2F/RBF regulation is used to
link gene expression with cell cycle progression at some targets while simultaneously providing stable

repression at others.
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The E2F and pRB families of transcription factors play a
pivotal role in cell division control (for review, see Dy-
son 1998; Trimarchi and Lees 2002). The six mammalian
E2F family members function as heterodimers with one
of two DP proteins and can be functionally subdivided
into activators (E2F-1, E2F-2, and E2F-3) and repressors
(E2F-4, E2F-5, and E2F-6; for review, see Trimarchi and
Lees 2002). The activities of E2F1-5 are controlled by
their interaction with members of the pRB family of
“pocket” proteins, which negatively affect gene expres-
sion either by preventing E2F proteins from activating
transcription or by recruiting transcriptional corepressor
complexes to DNA. E2F/RB proteins provide a module of
transcriptional regulation that couples the expression of
many genes required for S-phase entry with cell cycle
progression. In quiescent cells, complexes containing re-
pressor E2Fs and pRB family members strongly repress
transcription. As cells enter the cell cycle, mitogenic sig-
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nals that act through Gl cyclin-dependent kinases
(Cdks) lead to the disruption of E2F/pocket-protein com-
plexes and to the replacement of repressor E2Fs with
activator E2Fs at promoters, leading to high levels of
expression of E2F-target genes (for review, see DeGregori
2002; Cam and Dynlacht 2003). Consequently, the two
E2F groups have opposing effects on cell proliferation.
Cells lacking all activator E2Fs (E2F-1, E2F-2, and E2F-3)
cannot enter S phase, whereas cells deficient for E2F-4
and E2F-5 are unable to respond to some cell cycle arrest
signals (Mann and Jones 1996; Gaubatz et al. 2000; Wu et
al. 2001).

The simple view of E2F-dependent transcription has
greatly expanded in recent years, and we highlight here
three general features. First, “E2F” is a composite activ-
ity that is generated by a large number of interconnected
and interrelated complexes. This suggests a complexity
of function in which individual members may perform
distinct tasks. Although it is clear that the collective
functions of the RB and E2F families are important, the
precise roles played by each of the individual compo-
nents in this network are not well understood.

Second, the current models for E2F action are based, in
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large part, on the effects of overexpressing individual E2F
proteins or selected combinations of E2F/DP and RB
family members. It is not clear how accurately the be-
havior of overexpressed proteins portrays the normal
functions of the endogenous factors. The generation of
animals carrying inactivating mutations in the different
members of the pathway has given a series of unexpected
results (for review, see DeGregori 2002; Trimarchi and
Lees 2002; Cam and Dynlacht 2003). Some of these mu-
tant animals have tissue-specific phenotypes and in
most cases the cell type-specific changes in E2F-depen-
dent transcription that are responsible for these defects
have yet to be identified.

Third, the results of several recent studies suggest that
the E2F transcriptional program is far more extensive
than initially suspected (for review, see Stevaux and Dy-
son 2002; Cam and Dynlacht 2003). Microarray analyses
of the changes in gene expression caused by the overex-
pression of activator E2Fs (Ishida et al. 2001; Muller et al.
2001) show that E2F has the potential to affect a large
number of genes with functions that extend beyond the
“traditional” set of genes with S-phase functions. Simi-
lar conclusions are suggested by the analysis of genomic
DNA bound by E2F proteins in vivo (Weinmann et al.
2001, 2002; Ren et al. 2002). These lists of putative E2F
targets contain both positive and negative regulators of
cell proliferation, cell differentiation, and apoptosis, as
well as a large number of genes with unknown functions,
and genes with known functions that had not previously
been thought to be regulated by E2F. However, transcrip-
tion studies with overexpressed proteins do not neces-
sarily define physiological target genes. Moreover, pro-
moter binding assays do not give information about the
functional significance of the interactions and cannot
distinguish between positive and negative regulation.
Most importantly, these studies do not delineate the
functional contributions of individual family members
to the broad variety of cellular functions that might be
linked to E2F regulation.

Here we describe an approach that complements both
the overexpression microarray and promoter binding
studies that have been used to search for E2F-regulated
genes. We have taken advantage of the streamlined
dE2F/dDP/RBF pathway present in Drosophila, and of
RNA interference (RNAi) techniques to examine the
changes in gene expression that occur when each com-
ponent of the dE2F/dDP/RBF network is removed. These
changes in expression identify transcriptional events
that depend on the endogenous dE2F/dDP/RBF proteins.
The results show how the activities of the various com-
ponents of the E2F/RB pathway are functionally inte-
grated at the promoters of target genes, and demonstrate
redundant, antagonistic, and unique functions for the
family members. This study reveals an unexpected as-
pect of E2F/RB regulation. In addition to the set of “clas-
sic” E2F target genes, we found a novel group of E2F-
regulated targets, which encode differentiation factors
that are repressed by dE2F/RBF complexes in proliferat-
ing cells, and are expressed in developmentally regulated
and gender-specific patterns.

Cell cycle-independent RB/E2F control

Results

Microarray analysis of cells depleted of dE2F
and RBF proteins

Drosophila contain two E2F genes (de2f1, de2f2), one DP
gene (dDP), and two RB family members (rbf1 and rbf2).
These have functions and activities that are very similar
to their mammalian counterparts. dE2F1 and dE2F2 both
dimerize with dDP, but dE2F1 is a potent activator of
transcription, whereas dE2F2 is a repressor (Dynlacht et
al. 1994; Ohtani and Nevins 1994; Hao et al. 1995;
Sawado et al. 1998; Cayirlioglu et al. 2001; Frolov et al.
2001). Like pRB, RBF1 interacts with both repressor and
activator E2Fs, whereas RBF2 is only found in a complex
with the repressor, dE2F2 (Stevaux et al. 2002).

We used RNAi to determine how gene expression
changes when each component of this network is re-
moved. SL2 cells were incubated with double-stranded
RNA (dsRNA), and the efficiency of depletion was as-
sessed by Western blotting (Fig. 1A). After 4 d of treat-
ment with the appropriate dsRNA, the levels of dE2F],
RBF1, and RBF2 were greatly reduced, compared to levels
in cells treated with a nonspecific control (luciferase). To
fully deplete dE2F2 it was necessary to treat SL2. cells for
8 d. To assess functional overlap between the RBF genes,
or between the dE2F genes, we examined cells in which
the pairs of proteins were inactivated. We were able to
codeplete RBF1 and RBF2 by treating cells with both
dsRNAs for 8 d. To inactivate all E2F complexes we de-
pleted dDP, the common heterodimeric partner for
dE2F1 and dE2F2, because the depletion was more effi-
cient than the codepletion of dE2F1 and dE2F2.

Western blots confirmed that the depletions were spe-
cific (Fig. 1A; Frolov et al. 2003; data not shown). Re-
moval of either dE2F1 or dE2F2 did not affect the abun-
dance of the other protein. Consistent with the notion
that dE2F1 and dE2F2 form stable complexes with dDP,
the levels of both E2F proteins were reduced in dDP-
depleted cells (M. Frolov, unpubl.). The levels of RBF2
rose in RBFl-depleted cells, and the Rbf2 mRNA was
decreased in dE2F1 and dDP-depleted cells and increased
in RBF1-depleted cells (Supplementary Table 1C, bottom
panel), a phenomenon previously described for p107 in
mammalian cells lacking pRB (Schneider et al. 1994).

The effects of RNAI treatment on cell cycle distribu-
tion were assessed by FACS analysis (Fig. 1C). Cells
treated with dE2F2, RBF1, RBF2, or RBF1 and RBF2 had
profiles similar to control treated cells. As previously
reported, the depletion of dE2F1 or dDP reduced the rate
of cell proliferation and generated a G1 accumulation by
8 d of treatment (Frolov et al. 2003). After 4 d of treat-
ment with dE2F1 and dDP dsRNA, a significant portion
of cells were in S phase, and this was chosen as the op-
timal timepoint at which protein depletion was maximal
but cell cycle effects were minimal.

RNA was isolated from the depleted cells, and changes
in expression of known E2F target genes were monitored
by Northern blot analysis (Fig. 1B). As expected, the lev-
els of PCNA transcripts increased significantly in RBF1-
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Figure 1. Specific depletion of dE2F/RBF pathway components
by RNA interference. (A) Western blot analysis of whole-cell
extracts following treatment with luciferase (Luc), dE2F1 (E1),
dE2F2 (E2), dDP (DP), RBF1 (R1), RBF2 (R2), or RBF1 and RBF2
(R1&2). (B) Northern blot analysis of total RNA isolated from
depleted cells. (C) FACS profile of cells treated for 4 d with
luciferase (Luc), RBF1 (R1), RBE2 (R2), dE2F1 (E1), or dDP (DP)
dsRNA; and for 8 d with luciferase (Luc), dE2F2 (E2), or both
RBFs (R1&2) dsRNA.

depleted cells, decreased in dE2F1-depleted cells, and
were largely unaffected by the removal of dE2F2. These
changes are consistent with previous studies in mutant
animals that showed that the patterning of PCNA ex-
pression is primarily dependent on dE2F1-mediated ac-
tivation and RBF1-mediated repression (Duronio et al.
1995; Du and Dyson 1999; Thacker et al. 2003), with
de2f2 having a minor role in PCNA expression that be-
comes more apparent in de2f1 mutant cells (Frolov et al.
2001).

The RNA isolated from depleted cells was used to
prepare labeled cRNA for hybridization to Affymetrix
GeneChip oligonucleotide arrays containing sequences
for ~13,500 known or predicted Drosophila genes. Cells
treated with a nonspecific dSRNA (luciferase) were used
as control, and each experiment was performed in trip-
licate. We identified mRNAs that displayed a significant
change in level following the depletion of either dE2F1 or
dE2F2. The levels of such transcripts were subsequently
examined in cells lacking dDP, RBF1, RBF2, or both
RBFs (see Materials and Methods). Because dE2F1 and
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dE2F2 heterodimerize with dDP and their activities are
regulated by interactions with pocket proteins, we fo-
cused our initial analysis on transcripts that were
changed following the depletion of more than one com-
ponent of the dE2F/dDP/RBF regulatory network.

The largest cluster of genes affected by the depletion of
dE2F1 or dE2F2 contains 157 transcripts that were de-
creased in dE2F1-depleted cells and/or increased in
dE2F2-depleted cells. The changes in this cluster are con-
sistent with previous studies showing that dE2F1 is an
activator of transcription and dE2F2, a repressor (Fig. 1B;
Frolov et al. 2001). Sixty percent of these transcripts also
changed in dDP-depleted cells, and 68% were increased
in cells lacking RBF1 and RBF2. This cluster was studied
in greater detail as described below. Two additional clus-
ters were observed that were not investigated in this
study but are worthy of further consideration. Ninety-
nine transcripts were found to increase in both dE2F1-
depleted cells and dDP-depleted cells. This pattern mir-
rors changes seen in previous studies of mammalian
cells in which the number of genes repressed following
the ectopic expression of activator E2Fs was similar to
the number of genes induced (Muller et al. 2001). How-
ever, fewer than 6% of these transcripts were affected in
cells lacking RBF1 and RBF2. This suggests that the vast
majority of these genes are either indirectly affected by
the loss of dE2F1 or are repressed by a dE2F1/dDP com-
plex in a manner that is independent of RBF proteins. We
also observed 170 transcripts that changed in dDP-de-
pleted cells but were not significantly altered in cells
lacking either dE2F1 or dE2F2. These targets might be
regulated redundantly by dE2F1/dDP and dE2F2/dDP;
however, the vast majority of them (>90%) were un-
changed following the removal of RBF1 and RBF2 and
seem unlikely to be controlled by dE2F/RBF complexes.

dE2F1 and dE2F2 are rate-limiting for the expression
of two different sets of genes

The largest cluster of dE2F1/dE2F2-dependent tran-
scripts is displayed in Figure 2; 119 transcripts were de-
creased in dE2F1-depleted cells, and 47 transcripts were
up-regulated in dE2F2-depleted cells. Unexpectedly, the
overlap between these two sets of genes is very small.
It is evident from Figure 2 that a continuous gradient
exists from genes whose E2F regulation consists mostly
of dE2F1-dependent activation to genes where E2F regu-
lation exclusively requires dE2F2-mediated repression.
The changes in the levels of these transcripts in cells
lacking dDP are largely an integration of the patterns
observed in dE2F1- and dE2F2-depleted cells. A careful
examination of these patterns suggests that these E2F
targets can be subdivided into five groups. At the two
extremes, group A and group E, genes are deregulated in
the absence of dE2F1 or in the absence of dE2F2 only, and
these changes are mirrored in dDP-depleted cells, and in
cells depleted of both dE2F1 and dE2F2 (Fig. 3B). Hence,
E2F regulation of group A genes appears to be primarily
carried out by dE2F1, whereas E-group genes are con-
trolled by dE2F2. The second and fourth groups (B and D)
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Figure 2. Distinct patterns of transcriptional changes upon
loss of individual components of the JdE2F/RBF network.
Fold-change is expressed as a log, of the difference (C) in ex-
pression level between control cells and cells depleted for
dE2F1 (E1), dE2F2 (E2), dDP (DP), RBFI (R1), RBF2 (R2), or
RBF1 and RBF2 (R1&2). Color code: log,C = -1.0, dark green;
-1.0 = log,C = -0.6, light green; no change, pale yellow;
0.6 = log,C = 1.0, orange; log,C = 1.0, red. Data set is orga-
nized by the changes in dE2F1-, dE2F2-, or dDP-treated cells. (A)
Down in dE2F1 and in dDP. (B) Down in dE2F1, no change in
dDP. (C) Down in dE2F1 and up in dE2F2. (D) Up in dE2F2, no
change in dDP. (E) Up in dE2F2 and in dDP.

Cell cycle-independent RB/E2F control

contain transcripts that were changed in the absence of
either dE2F1 or dE2F2, but were unaffected in dDP-de-
pleted cells. These may represent promoters where one
E2F protein gains activity, or importance, when the
other is removed. Similar effects were previously noted
in studies of known E2F target genes in SL2 cells and in
mutant animals (Frolov et al. 2001, 2003). The middle
group (C) contains the small number of genes whose ex-
pression decreased in dE2F1-depleted cells and increased
in dE2F2-depleted cells.

Interestingly, the different sets of E2F targets appear to
represent different types of cellular functions (Table 1). A
striking proportion of the transcripts that decreased in
dE2F1-depleted cells provide functions required for cell
cycle progression and are homologs of genes that are
known or suspected to be E2F-regulated genes in mam-
malian cells. Groups A and B include genes that encode
cell cycle regulators, DNA replication components,
DNA repair proteins, proteins with mitotic functions,
proteins involved in chromosome condensation and seg-
regation, checkpoint proteins, and proteins with func-
tions in chromatin structure and dynamics. These
groups include almost all of the major categories of E2F-
regulated genes that have been previously described (for
a detailed list, see Supplementary Table 1). Group A also
includes several genes that were not known to be E2F-
regulated, such as Netrin A and Nf1, as well as numerous
genes of unknown function. The composition of Groups
A and B supports the idea that E2F proteins are needed to
activate the transcription of genes required for G1/S pro-
gression, DNA replication (i.e., DNA synthesis and re-
pair), and mitosis.

In contrast, Groups C, D, and E lack any genes with
well studied roles in S-phase entry, DNA replication, or
DNA repair. Most of the 47 transcripts up-regulated in
dE2F2-depleted cells encode unknown proteins, and
none of the known transcripts belonging to these groups
were previously thought to be controlled by E2F. Group
C contains eight unknown genes and two with mitotic/
meiotic functions (Septin and nebbish). Interestingly,
groups D and E contain four genes important for oogen-
esis (vasa, Fcp3, spn-E, and bng; Burke et al. 1987,
Gillespie and Berg 1995; Styhler et al. 1998; Tomancak et
al. 1998; Lavoie et al. 1999), and the Drosophila homolog
of the oocyte-specific Xenopus D7 protein (Smith et al.
1988). These groups also include two transcripts ex-
pressed specifically in males (Arp53D and CG8316; Fyr-
berg et al. 1994; FlyBase Consortium 2003), and a gene,
quick-to-court, with a role in male sexual behavior
(Gaines et al. 2000).

We conclude that, in SL2 cells, dE2F1 and dE2F2 are
rate-limiting for the expression of two different, and
nonoverlapping, sets of genes. Based on the distribution
of previously studied genes, these two sets of E2F targets
likely control different biological functions.

The integration of dE2F and RBF functions
at E2F-regulated genes

The biological function of RBF2 was not previously
known. The results presented here show that RBF2 acts
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Figure 3. Unique and redundant functions for RBFs, and op-
posing roles for dE2Fs, at individual E2F-regulated promoters.
(A) Northern blot analysis using probes to multiple transcripts
from each group of targets illustrates differential requirements
for RBF1 and RBF2. Total RNA was isolated from luciferase
(Luc), dE2F2 (E2), RBF1 (R1), RBF2 (R2), RBF1 and RBF2 (R1&2).
Cells were treated for 8 d with dsRNA. (B) Northern blot analy-
sis using probes to Group A and Group E genes shows two
extreme modes of E2F regulation. Total RNA was isolated from
cells treated for 4 d with luciferase (Luc), dE2F1 (E1), dE2F2 (E2),
dDP (DP); and for 8 d with luciferase (Luc) or with dE2F1 and
dE2F2 (E1&2).

redundantly with RBF1 at a subset of E2F-dependent pro-
moters to repress transcription.

For most of the genes in Groups A and B, the changes
in cells depleted of both RBFs are the same as the
changes evident in RBF1-deficient cells (Fig. 3A). None
of these genes were affected by the removal of RBF2. In
contrast to the genes in Groups A and B, most of the
genes that were strongly repressed by dE2F2 (Groups D
and E) were unaffected by the removal of either RBF1 or
RBF2 alone. As illustrated in Figure 3A, most of these
genes were strongly deregulated in the absence of both
pocket proteins. Curiously, not all of the transcripts in
Groups A and B change in expression when RBF proteins
are depleted, whereas every gene in the C, D, and E
groups had increased levels of expression in the absence
of both pocket proteins (Fig. 2).
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This pattern of changes is remarkably consistent with
the protein/protein interactions between RBF and E2F
proteins. RBF1 and RBF2 can both repress E2F-reporter
constructs but RBF2 associates specifically with dE2F2,
whereas RBF1 interacts with both dE2F1 and dE2F2
(Stevaux et al. 2002). These results suggest that the func-
tional overlap between RBF1 and RBF2 in the regulation
of an E2F-dependent gene is determined, in large part, by
the relative functional importance of dE2F1 and dE2F2 in
the control of that gene. A unique requirement for RBF1
corresponds strongly with regulation by dE2F1, and a
redundant role for RBF1 and RBF2 correlates in most
cases with regulation by dE2F2.

Groups A through E contain promoters that are direct
targets of E2F/RBF regulation

The gene expression analysis outlined above indicates
that the functions of dE2F/RBF proteins are integrated in
different ways at different promoters. How are these dif-
ferent patterns achieved? A trivial explanation might be
that some of these groups represent direct targets for
dE2F/RBF proteins, whereas others are affected indi-
rectly.

We used chromatin immunoprecipitation (ChIP)
methods to assay in vivo promoter binding of dE2Fs and
RBFs. Analysis of the genomic sequences upstream of
the transcriptional start sites revealed that the proximal
promoter region (-800bp) of almost all the genes listed in
Figure 2 contain potential E2F binding sites (see Supple-
mentary Table 1). We designed primers to amplify the
regions containing putative E2F-binding sites for 28 pro-
moters, choosing representatives from each group, and
assessed in vivo binding by ChIP. Antibodies specific for
each dE2F and RBF protein were used to immunoprecipi-
tate chromatin from SL2 cells, and coprecipitated DNA
sequences were analyzed by PCR. To ensure that ampli-
fied sequences were enriched relative to a nonspecific
sequence, primers for the promoter sequences of rp49, a
gene whose expression is not subject to E2F regulation,
were included in each PCR reaction. The DNA polymer-
ase o promoter, at which every component of the dE2F/
RBF pathway can be found (Frolov et al. 2001; Stevaux et
al. 2002), was amplified from every chromatin prepara-
tion as a positive control.

Table 1. Functional classification of dE2F-regulated genes

Function/Group A B C D E T
S phase 3 0 0 0 0 3
DNA replication 16 12 0 0 0 28
DNA repair 2 7 0 0 0 9
Chromatin 8 3 0 0 0 11
Mitosis 9 4 2 0 0 15
Differentiation 0 0 0 1 7 82
Unknown/other 29 17 8 14 14 82

Number of genes per class of E2F regulated genes encoding vari-
ous biological functions. (A-E) Classes of E2F regulated genes.
(T) Total number of genes for each function.

24/8 function during oogenesis, 1/8 during germ line formation,
3/8 are male-specific as demonstrated in this study (Fig. 6).



In most (22/28) cases, promoter sequences were spe-
cifically enriched in dE2F and RBF immunoprecipita-
tions, indicating that these proteins are normally present
at the presumptive promoter regions. A representative
ChIP analysis is shown in Figure 4A. dDP was detected
at all promoters that displayed E2F binding. In six cases,
we were unable to detect binding by any dE2F/RBF pro-
teins. It is unclear whether these promoters are not di-
rectly controlled by dE2Fs and RBFs, or whether we have
yet to identify the critical regulatory region. If we as-
sume that the promoters analyzed above are representa-
tive of the groups in general, then most of the genes
listed in Figure 2 are likely to be direct targets of dE2F/
RBF proteins.

Which of the dE2F/RBF family members present
at the groups of E2F-regulated promoters
are functionally significant!

The differential requirements for dE2F/RBF family mem-
bers at individual promoters could be explained in two
fundamentally different ways. One possibility is that the
functional differences reflect binding specificity, with
individual dE2F/RBF complexes targeting specific sub-
sets of promoters. This might occur if E2F complexes
have differences in their DNA-binding properties, or if
their recruitment to DNA depends on selective interac-
tions with adjacent factors. An alternative possibility,
based on the idea that most promoters have multiple
regulatory elements, is that most E2F-binding sites are
associated with the same sets of E2F complexes but the
relative importance of dE2F1-mediated activation and
dE2F2-mediated repression varies between promoters,
depending perhaps on the availability of other transcrip-
tion factors and the types of coactivators needed for tran-
scription. To distinguish between these models we com-
pared the results of the promoter binding experiments
with the expression data. As described below, the results
show that both models are true and contribute to the
complexity of E2F regulation.

As expected, dE2F1 was found at the promoters of
genes that are expressed at reduced levels in the absence
of dE2F1 (A, B, and C groups). Similarly, dE2F2 was de-
tected at promoters of C, D, and E group genes that
showed elevated expression in dE2F2-depleted cells. Fur-
thermore, dE2F1 and dE2F2 were both detected at the
promoters of B and D group genes. This observation is
consistent with the idea that the lack of change seen
with most B, C, and D group transcripts in dDP-depleted
cells reflects the antagonistic effects of dE2F1/dDP and
dE2F2/dDP complexes. In each of these cases the pres-
ence of dE2F1 or dE2F2 appears to be functionally sig-
nificant.

However, both dE2F1 and dE2F2 were also detected at
each of the Group A promoters tested, even though the
transcription patterns point to a specific requirement for
dE2F1 (Fig. 3B). Indeed, to date we have been unable to
find any promoters that are specifically bound by dE2F1
but not by dE2F2. Thus, dE2F2 binds to a wide spectrum
of genes, but the removal of dE2F2 affects the overall
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Figure 4. Identification of the dE2F/RBF family members pres-
ent at the promoters of each group of E2F target genes. (A) An-
tibodies against dE2F1, dE2F2, dDP, RBF1, RBF2, and rabbit
anti-mouse serum (NS Ab) were used to enrich for the promoter
regions of several E2F target genes. The promoters of Group A,
B, C, and D genes associate with all proteins. Group E genes and
CG8316 are not bound by dE2F1. The asterisks denote genes
that were unaffected in RBF depletions. (B) dE2F1 does not bind
to the promoter of CG3105, even in the absence of dE2F2. ChIP
was performed with chromatin isolated from cells treated for 8
d with control (Luc) or dE2F2 (E2) dsRNA.

level of transcription of only a few of these. In a similar
manner, RBF1 and RBF2 could both be detected at al-
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most every promoter tested, even though the microarray
and Northern blot data show that some targets are de-
pendent only on RBF1 whereas others were dependent on
both RBF proteins (Figs. 2, 3). We found two exceptions
to this trend: DNK and CG15261, which seemed to be
largely RBF1-specific, and CG8316, which gave the
strongest signal with RBF2 (Fig. 4A).

This lack of correlation between the promoter binding
data and the expression patterns is not due to a lack of
specificity in the ChIP assay. The antibodies used are
specific for the appropriate antigens. As described below,
specific targets do exist, and ChIP signals can be selec-
tively eliminated by RNAI (see below). Hence, at an E2F-
regulated promoter, only some of the family members
that bind are rate-limiting for the overall level of gene
expression, and precisely which family members are im-
portant varies from gene to gene.

A further example of this is evident in the subset of
Group A genes whose levels of expression are unchang-
ed in RBF1/RBF2-depleted cells. Some of these genes
may be indirectly affected by the cell cycle changes
caused by the depletion of dE2F1 or dDP (Fig. 1C).
However, ChIP analysis of promoter regions revealed
dE2F1, dE2F2, dDP, RBF1, and RBF2 binding in two of
the four cases examined (Fig. 4A, string and CG14283),
suggesting that these are likely to be direct E2F tar-
gets. At these promoters dE2F1 is necessary for normal
expression, but the release of dE2F1 from the endog-
enous pool of RBF1 is not sufficient to change the over-
all level of transcription. string and other genes with
this pattern of expression provide functions that are
needed for progression through G2/M. This class of tar-
gets may represent a wave of E2F-dependent transcrip-
tion that occurs later in the cell cycle, and expression
of these targets may require additional transcription
factors.

Group E genes provide an example of a group of targets
whose expression patterns correlate with a clear-cut
binding specificity. In a manner that directly parallels
the changes in gene expression, dE2F2, RBF1, and
RBF2 were readily detected at the promoters of Group
E genes, but no dE2F1 binding was evident. As an inter-
nal positive control, DNA polymerase o sequences
were amplified in each PCR reaction. Despite a robust
DNA pola signal, no Group E promoter sequences
could be detected in dE2F1-associated chromatin. We
also failed to detect dE2FI binding at the promoter of
CG8316, a Group D gene (Fig. 4A). We obtained similar
results using two additional «E2F1 antibodies (Seum
et al. 1996; Royzman et al. 1997). Furthermore, we
find that dE2F1 cannot be detected at the CG3105 pro-
moter even in the absence of dE2F2, demonstrating
that these genes represent truly dE2F2-specific targets
(Fig. 4B).

At Group E genes, dE2F/RBF regulation is uncoupled
from cell cycle position

The generally accepted model of E2F regulation is that
the E2F and RB families of proteins are required for the
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tight coupling between the expression of E2F-regulated
genes and cell cycle position. Known E2F-regulated
genes are expressed in actively proliferating cells and
repressed during quiescence and differentiation. Group
E genes do not obviously fit this paradigm. Group E
mRNAs were undetectable in actively dividing SL2 cells
(Fig. 3). The lack of signal is not due to an inability to
detect the transcripts, because they were easily detected
when dE2F2 or both RBFs were removed. The differences
in expression patterns between well-studied E2F target
genes such as PCNA and RNR2 (Group A) and Group E
genes are clearly illustrated in Figure 5. The expression
of PCNA is restricted to the cells of the first and second
mitotic waves in the developing eye disc (Fig. 5A; Frolov
et al. 2001), and similarly RNR2 is expressed only in cells
synthesizing DNA in stage 13 embryos (Fig. 5B; Duronio
et al. 1995). This expression pattern is largely unaltered
in de2f2 mutants. In contrast Arp53D, a Group E gene, is
not expressed in these cells or in any cells in the eye disc
or the embryo. Rather, Arp53D is inappropriately ex-
pressed in a diffuse and relatively uniform manner in
de2f2 mutant animals. Thus, dE2F2 is necessary for the
repression of Arp53D transcription in proliferating and
nonproliferating cells in these tissues and at times when
other E2F-regulated genes are expressed in a precise cell
cycle-dependent and spatiotemporal manner.

To understand the mechanism underlying the stable
repression of Arp53D we examined the proteins bound to
the Arp53D promoter in S phase. Cells were synchro-
nized in early S phase by a double HU/aphidicolin block,
then released from the arrest and harvested 3 h after the
release. BrdU staining showed that 85% of these cells
were in S phase. ChIP analysis revealed that, at this point
in the cell cycle, where classic E2F targets are expressed,
only dE2F1 could be detected at the DNA pola promoter.
In contrast, dE2F2, RBF1, and RBF2 remained present at
the Arp53D promoter, indicating that, at Group E pro-
moters, the dE2F/RBF repressor complexes remained in-
tact during S phase (Fig. 5C). To verify that these pro-
teins were actively repressing transcription, we prepared
RNA from synchronized populations of S-phase cells af-
ter treatment with dE2F2, RBF1 and RBF2, or control
dsRNA and analyzed the expression of several Group E
genes (Fig. 5D). No mRNA was evident in control S-
phase cells, but Group E transcripts were readily de-
tected in dE2F2- or RBF1/RBF2-depleted cells. These re-
sults demonstrate that dE2F2/RBF1/RBF2 complexes ac-
tively repress transcription of Group E genes in S phase
and persist at the promoter, at a time when dE2F1 drives
the expression of classic E2F target genes.

dE2F2-mediated repression is required
for developmentally regulated patterns of transcription

The expression patterns of several Group D and E genes
have been studied previously. For instance, vasa expres-
sion is restricted to ovaries (Styhler et al. 1998), quick-to
court (qtc) is known to be specific to the olfactory or-
gans, the central nervous system, and the male reproduc-
tive tract (Gaines et al. 2000), and Arp53D is expressed in
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Figure 5. dE2F/RBF regulation of Group E genes is independent of cell cycle position. In situ hybridization of third instar eye discs
(A) or stage 13 embryos (B) from w8 (wild type) and de2f2~/- mutant animals with probes to PCNA or RNR2 (Group A) and Arp53D
(Group E). Arp53D does not exhibit the cell cycle-regulated patterns of expression seen with PCNA and RNR2. (C) Binding analysis
of dE2F/RBF proteins in S-phase cells at the promoters of DNA polymerase o (Group A) and Arp53D (Group E). dE2F2/RBF repressor
complexes are not disrupted in S phase at promoters of Group E genes. (D) dE2F2/RBF complexes repress transcription of Group E genes
in S phase. Northern blot analysis of total RNA isolated from S-phase cells treated with control (Luc), dE2F2 (E2), or RBF1 and RBF2

(R1&2) dsRNA.

testis (Fyrberg et al. 1994). We asked, therefore, whether
other Group D and E genes exhibit gender-specific ex-
pression patterns, and whether these patterns require
dE2F2.

Northern blots were used to compare the levels of
some of these transcripts in female and male wild-type
(w) and de2f2 mutant (e27) adults (Fig. 6). nebbish, a
Group C gene that is expressed in adult animals only in
the reproductive tracts of both males and females, was
used as a control (Andrews et al. 2000; FlyBase Consor-
tium 2003). It did not exhibit gender-specific expression,
but was deregulated in de2f2 mutant flies. A similar pat-
tern is seen with the Group E gene CG17142. This gene
was expressed at low levels in wild-type males and fe-
males, and its expression was greatly increased in both
male and female de2f2 mutants.

The most surprising results were obtained with
Arp53D, CG8316, and CG5250. These genes are ex-
pressed in males, but no transcripts were detected
in females (Fig. 6). Strikingly, all three of these genes
were misexpressed in de2f2 mutant females. The
levels of the Arp53D transcript were also elevated in
male de2f2 mutant flies. Thus, dE2F2 is essential for the
repression of these male-specific transcripts in wild-type
females.

Not all Group D and E genes were deregulated in the
same way by the loss of dE2F2. vasa, a gene that is nor-
mally only expressed in females, is expressed at higher

levels in de2f2 mutant females but remained undetect-
able in de2f2 mutant males. We detected two different
CG3505 transcripts. The faster-migrating transcript (Fig.
6, CG3505a) was expressed at high levels in males,
poorly expressed in females, and was unchanged in de2f2
mutants. The slower-migrating form (Fig. 6, CG3505b)
was not detected in wild-type flies, but high levels of this
transcript appeared in de2f2 mutants, especially in
males, and this corresponded to the CG3505 transcript
detected in dE2F2-depleted SL2 cells. Taken together,
these results show that dE2F2, RBF1, and RBF2 are re-
quired for the stable repression of a variety of genes. The
loss of dE2F2 causes the misexpression of genes whose
expression is normally male-specific (Arp53D, CG8316,
CG5250), female-specific (vasa, bng, Fc3), and tissue- or
stage-specific (gtc), and of genes that are expressed in
both males and females (nebbish, CG17142). Clearly,
Groups D and E do not represent a single transcription
program. Some of these changes may well explain the
defects in both male and female fertility that have been
reported for de2f2 mutant animals (Cayirlioglu et al.
2001; Frolov et al. 2001).

Discussion

Here we describe the existence of a program of E2F-de-
pendent transcription that is the very antithesis of the
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Figure 6. dE2F2 is required to repress the transcription of genes
with tissue- and/or gender-specific expression patterns. Total
RNA isolated from w’?® (wild-type) male and female adults (w)
and from de2f2 mutant male and female adults (e27) was ana-
lyzed by Northern blot for the expression levels of several
Group E and D genes and for the nebbish transcript (a Group C
gene).

conventional view of E2F/RB action. The analysis of
RNAi-treated cells and mutant animals reveals a group
of E2F-regulated targets, the Group E genes, that are
strongly repressed by dE2F2, RBF1, and RBF2 in actively
proliferating cells. These dE2F/RBF-regulated genes are
expressed in a variety of developmentally regulated, tis-
sue-specific, and/or gender specific patterns.

These results challenge the dogma that E2F-regulated
genes have cell cycle-regulated patterns of expression. At
Group E promoters, dE2F2 and RBF proteins provide a
repressor activity that is uncoupled from cell cycle pro-
gression, and the loss of E2F-mediated repression results
in the inappropriate expression of tissue-specific genes
and markers of differentiation.

ChIP experiments illustrate two clear-cut differences
between the promoters of Group E genes and the more
conventional, cell cycle-regulated E2F targets. The first
distinction lies in the recruitment of the activator E2F,
dE2F1. Whereas dE2F2, dDP, RBF1, and RBF2 were
readily detected at most E2F-dependent genes and at
each of the different groups of E2F targets uncovered in
this study, dE2F1 was conspicuously and specifically ab-
sent from Group E promoters. This specificity does not,
at first glance, appear to be due to a simple distinction in
the types of E2F binding sites. Computer searches re-
vealed multiple E2F-like binding sites upstream of
Group E genes, but each of these variants could also be
found in Group A and Group B promoters. It seems likely
therefore that the specific recruitment of dE2F proteins
is influenced by selective interactions with other factors,
as was recently demonstrated for mammalian E2F pro-
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teins (Schlisio et al. 2002; Giangrande et al. 2003). The
absence of dE2F1 at Group E promoters provides a simple
mechanism to explain why these promoters escape the
cell cycle-regulated burst of dE2F1-mediated activation
that occurs during G1/S progression.

A second feature of Group E promoters is that dE2F2/
RBF1 and dE2F2/RBF2 complexes appear to be stable and
persist in S phase, at times when only dE2F1 is bound at
cell cycle-regulated promoters. The implication of this
result is that the activation of G1 Cdks is not sufficient
to disrupt all dE2F2/RBF repressor complexes; hence,
there must be an additional level of control that dictates
which repressor complexes remain stable and which re-
pressor complexes are disrupted. It is not yet clear
whether dE2F2/RBF compexes remain stable despite be-
ing phosphorylated or whether they escape Cdk action.
Observations that mammalian E2F4/p107 and E2F4/pRB
complexes of unknown function exist in S-phase cells
(Schwarz et al. 1993; Moberg et al. 1996) suggest that this
type of regulation may not be unique to Drosophila.
Moreover, Wells and colleagues (2003) identified human
promoters that are bound by E2F1 and pRB during S
phase, and found that pRB was poorly phosphorylated at
some of these sites. Factors other than Cdks have been
found to disrupt E2F/pocket-protein complexes (Wang et
al. 1998; Timchenko et al. 1999a,b), and future studies
are needed to determine how different signals may dis-
tinguish between repressor complexes at different pro-
moters.

The discovery of E2F target genes that are regulated by
dE2F and RBF proteins in a manner that is so different
from the known pattern illustrates the limitations of
current models for E2F action. These models are based in
large part on the analysis of overexpressed E2F proteins
and the detailed analysis of only a few cell cycle-regu-
lated promoters. The mutation of E2F and RB family
members in mice, flies, or worms has given a variety of
unexpected and unexplained tissue-specific defects (for
review, see DeGregori 2002; Stevaux and Dyson 2002;
Trimarchi and Lees 2002; Cam and Dynlacht 2003). It
has been suggested that these differentiation phenotypes
are caused by defects in cell cycle exit prior to terminal
differentiation and as a consequence of changes in the
expression of cell cycle regulators. However, the discov-
ery that dE2F/RBF complexes are needed to repress de-
velopmentally regulated genes raises the possibility that
many of the changes seen in mutant animals may be due,
at least in part, to the inappropriate expression of differ-
entiation factors. For example, it seems likely that the
misexpression of genes with known functions in game-
togenesis and genes normally expressed in gender-spe-
cific patterns, which occurs in de2f2 mutants, contrib-
utes to the fertility defects seen in these animals (Cay-
irlioglu et al. 2001; Frolov et al. 2001).

Several workers have pointed out that the key to un-
derstanding the biological functions of E2F- and RB-re-
lated genes lies in understanding how this network op-
erates over its full range of targets (DeGregori 2002; Cam
and Dynlacht 2003). Which E2F proteins are important,
at which promoters, and when? And what are the rules



that govern how these activities are integrated? By ex-
amining the consequences of specifically and systemati-
cally removing each dE2F and RBF protein, we are able to
identify transcripts that depend on each component of
the Drosophila dE2F/RBF network for their normal regu-
lation. The results give the first glimpse of how the func-
tions of these family members are organized. The general
conclusions are summarized below.

First, it is clear that there is not one program of E2F-
dependent transcription. Instead, different groups of
functionally related genes are coordinately regulated by
subsets of dE2F/RBF family members. We separate the
E2F-regulated genes into two fundamentally different
categories (Fig. 7A). The first category consists of genes
with functions required for cell cycle progression (DNA
replication, DNA repair, chromatin structure, and mito-
sis) that are highly expressed during cell division. Expres-
sion of these targets is mainly dependent on dE2F1 acti-
vation. A second category, which includes the Group E
genes, contains E2F targets that are not expressed in di-
viding cells. These genes are strongly repressed by
dE2F2, and depend very little if at all on dE2F1 activa-
tion. This category includes genes with functions in ga-
metogenesis and markers of differentiation, and these
genes have an assortment of dE2F2-restricted expression
patterns suggesting that they are normally expressed in
distinct developmental programs.

Second, the functional overlap between RBF1 and
RBF2 at a given promoter is tightly connected to the
relative roles of dE2F1 and dE2F2. Of the 61 genes up-
regulated in RBF1-depleted cells, 57 (93%) were de-
creased in cells lacking dE2F1. Conversely, of the 52

Cell cycle-independent RB/E2F control

transcripts increased in cells lacking both RBF1 and
RBF2, but not in cells lacking RBF1 alone, 37 (71%) were
up-regulated in dE2F2-depleted cells. Hence, genes regu-
lated by dE2F1 activation are mostly dependent on RBFI,
whereas genes regulated by dE2F2 repression can be
equally repressed by RBF1 or RBF2. These results closely
parallel the pattern of protein/protein interactions be-
tween dE2F/RBF family members (Stevaux et al. 2002).
The observation that RBF2 levels increase in the absence
of RBF1 suggests a simple model in which RBF2 can
functionally compensate for RBF1 at certain promoters.
This situation closely parallels the mammalian pocket-
protein network, where p107 is known to compensate
for the absence of pRB during myotube formation
(Schneider et al. 1994). Because RBF2 is developmentally
regulated (Stevaux et al. 2002), its normal function may
involve the repression of some dE2F2-regulated genes in
cell types or tissues where RBF1 is limiting.

Third, E2F proteins clearly do have different target
specificities. However, most E2F-regulated promoters
bind all family members, and it is impossible to predict
from ChIP experiments precisely which dE2F and RBF
family members will be rate-limiting for overall levels of
gene expression. This distinction between binding and
functional significance is not limited to Drosophila
cells. Recent studies in yeast and mammals have found
discrepancies between promoter binding assays and ex-
periments that test functional significance (Futcher
2002; Hsu et al. 2003). Studies in mammalian cells show
that particular E2F/RB proteins are important at differ-
ent sets of promoters (DeGregori et al. 1997; Hurford et
al. 1997; Muller et al. 2001; DeGregori 2002 and refer-
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ences therein). However, ChIP experiments have failed
to find any correlation with selective binding to indi-
vidual E2F or pRB family members (Takahashi et al.
2000; Wells et al. 2000; Rayman et al. 2002). Thus, in
most cases the key issue is not “which E2F or pRB family
members bind to a promoter” but “which, of the many
E2F and pRB family members that do bind, are important
for function.”

Why do the contributions of individual family mem-
bers vary between promoters that bind the same sets of
proteins? We favor an explanation that highlights the
combinatorial nature of transcriptional regulation: The
contribution of any one component of the dE2F/RBF net-
work to the transcription of any given promoter is deter-
mined by both its recruitment to the promoter and by
the availability of other activators and repressors. Thus,
promoters that are coordinately regulated by dE2F1/
RBF1, for example, share a specific requirement for
dE2F1/RBF1, rather than being the only promoters where
these proteins bind. In addition, differences in affinity
and timing of binding may also be important. Although
relative differences in ChIP signals are difficult to inter-
pret, we note that the intensity of the dE2F1 and dE2F2
ChIP signals varied between the groups of E2F targets in
a manner that paralleled the relative importance of
dE2F1 and dE2F2 in the expression patterns. Studies of
the mammalian B-Myb promoter have shown that it is
bound by activating E2F complexes for only a short win-
dow of time at the end of G1, whereas other cell cycle-
regulated promoters are occupied by activator E2F
throughout S phase (Takahashi et al. 2000; Wells et al.
2000). Such differences in occupancy might affect the
strength of E2F-mediated repression and/or activation.

Finally, based on the analysis outlined above, we pro-
pose a revised view of E2F regulation in Drosophila (Fig.
7). We suggest that dE2F2-repressor complexes occupy
the promoters of a diverse variety of genes. Such dE2F2-
mediated repression is relieved at particular subsets of
genes in response to cues that may come from develop-
mental signals or from cell cycle signals. At cell cycle-
regulated, E2F-controlled promoters, the transcriptional
activation is mediated by dE2FI1, and this switch from
repression to activation is likely to involve Cdk-medi-
ated disruption of the repressor complexes. However,
dE2F1 fails to target other dE2F2-repressed genes, and
the repressor complexes remain stable. Based on the re-
stricted expression patterns of Group E genes, and our
failure to detect dE2F1 at Group E genes even when
dE2F2 is removed, we propose that dE2F2/RBF-mediated
repression is relieved at these targets by developmentally
regulated signals, and that gene expression is driven by
factors other than dE2F1 (Fig. 7B). The notion that not all
E2F-regulated genes are expressed at any one time raises
the question of whether the set of targets that are in-
duced by activator E2Fs in cycling cells is fixed or vari-
able. Recent studies of mammalian E2F proteins show
that the recruitment of activator E2Fs to a promoter in-
volves synergistic interactions with adjacent transcrip-
tion factors (Schlisio et al. 2002; Giangrande et al. 2003).
It is therefore easy to imagine how the expression of
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genes that have the potential to be induced by activator
E2Fs might also be tailored in different cellular situa-
tions to favor different subsets of targets.

Materials and methods

Cell culture, RNAi, antibodies, and cell cycle analysis

Drosophila SL2 cells were cultured and treated with dsRNA as
described (Stevaux et al. 2002 and references therein). To obtain
an S-phase population, cells were treated with hydroxyurea/
aphidicolin essentially as described (Ina et al. 2001); for de-
tails, see the Supplemental Material. Cell cycle analysis using
CellQuest (Becton Dickinson) was performed as described
(Classon et al. 2000). Antibodies used for Western blot analysis
have been described (Stevaux et al. 2002 and references therein).

RNA isolation and Northern blotting

Total RNA was isolated using Trizol (Invitrogen). Northern
blots were performed as described (Frolov et al. 2001). Radiola-
beled probes were generated by in vitro transcription with T7
RNA polymerase (Promega).

Affymetrix GeneChip and data analysis

Biotin-labeled cRNA was prepared according to the manufac-
turer’s instructions. Total RNA, cRNA, and target (fragmented
cRNA) quality were checked using the Agilent BioAnalyser (Ag-
ilent Technologies), and by hybridizations to test-chips. All tar-
gets used for hybridization to real-chips satisfied the following
criteria: 3'/5’ ratios = 1.5-2.5, RawQ < 3, and Background < 80.
Hybridization, washes, and staining were performed according
to Affymetrix specifications. For data analysis we used the
MicroArray Suite version 5.0, MicroDB, and Data Mining Tool
software (Affymetrix), and Microsoft Excel. To assess signifi-
cance of changes in expression, a t-test was performed with a
cut-off of 0.025.

Promoter analysis and chromatin immunoprecipitations

DNA sequences were analyzed with Regulatory Sequence
Analysis Tools (http://rsat.ulb.ac.be/rsat/). Chromatin immu-
noprecipitations were performed essentially as described (Fro-
lov et al. 2001; Stevaux et al. 2002). dDP and dE2F1 antibodies
for ChIP asasays were raised in rabbits (COCALICO Biologicals)
using purified full-length recombinant proteins. Additional
dE2F1lantibodies were a kind gift from T. Orr-Weaver (Depart-
ment of Biology, Massachussetts Institute of Technology and
Whitehead Institute, Cambridge, MA) and C. Seum (Depart-
ment of Zoology and Animal Biology, University of Geneva,
Geneva, Switzerland).

Fly strains

Wild-type stock: w''?8; de2f2 mutant stocks: trans-heterozy-
gous combinations between the two de2f2 mutants described to
date: de2f27Q?/CyO (Frolov et al. 2001) and Df(2L)E2f2%%°/Cy O
(Cayirlioglu et al. 2001).

In situ hybridization

Hybridizations of eye discs (Du 2000) and stage 13 embryos
(Tomancak et al. 2002) were performed as described. Riboprobes
were obtained by in vitro transcription with a DIG RNA label-



ing kit (Roche). Discs were developed for 20 min when labeled
with a PCNA probe and for 3.5 h when labeled with Arp53D.
Embryos were developed for 2 h when labeled with RNR2 and
for 24 h when labeled with Arp53D.
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