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ABSTRACT The retinoblastoma (RB) tumor suppressor protein is a transcriptional cofactor with essential
roles in cell cycle and development. Physical and functional targets of RB and its paralogs p107/p130 have
been studied largely in cultured cells, but the full biological context of this family of proteins’ activities will
likely be revealed only in whole organismal studies. To identify direct targets of the major Drosophila RB
counterpart in a developmental context, we carried out ChIP-Seq analysis of Rbf1 in the embryo. The
association of the protein with promoters is developmentally controlled; early promoter access is globally
inhibited, whereas later in development Rbf1 is found to associate with promoter-proximal regions of
approximately 2000 genes. In addition to conserved cell-cycle–related genes, a wholly unexpected finding
was that Rbf1 targets many components of the insulin, Hippo, JAK/STAT, Notch, and other conserved
signaling pathways. Rbf1 may thus directly affect output of these essential growth-control and differentia-
tion pathways by regulation of expression of receptors, kinases and downstream effectors. Rbf1 was also
found to target multiple levels of its own regulatory hierarchy. Bioinformatic analysis indicates that different
classes of genes exhibit distinct constellations of motifs associated with the Rbf1-bound regions, suggesting
that the context of Rbf1 recruitment may vary within the Rbf1 regulon. Many of these targeted genes are
bound by Rbf1 homologs in human cells, indicating that a conserved role of RB proteins may be to adjust
the set point of interlinked signaling networks essential for growth and development.
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The retinoblastoma tumor suppressor protein (RB) is an evolutionarily
conserved transcriptional corepressor that controls cell-cycle differen-
tiation, development, autophagy, and apoptosis (Lipinski and Jacks
1999; Bosco et al. 2001; Nevins 2001; Classon and Harlow 2002; Jiang
et al. 2010). Germline mutations of RB are closely linked to retino-

blastoma in early childhood and osteosarcoma in adolescence, and
somatic mutations in the RB gene are extremely frequent in human
cancers (Lohmann 1999; Sherr and McCormick 2002; Tang et al.
2008). The vertebrate RB protein and the related family members,
p107 and p130, are recruited to promoters by interactions with E2F/
DP heterodimers (van den Heuvel and Dyson 2008). Interactions
between E2F transcription factors and RB family proteins are regu-
lated by cyclin/CDK-directed phosphorylation during the cell cycle,
and RB-E2F interactions can also be affected by viral proteins (Nevins
1992a,b; Dick 2007; Flowers et al. 2010). Although less complex than
its human counterpart, the Drosophila retinoblastoma network is
functionally conserved and consists of two RB proteins, Rbf1 and
Rbf2, two E2F proteins, E2F1 and E2F2, and one DP protein (Du
and Pogoriler 2006). Drosophila Rbf proteins are regulated by phos-
phorylation, similar to the vertebrate RB proteins (Xin et al. 2002;
Frolov et al. 2005). Rbf1 activity is also regulated during develop-
ment by proteosome-dependent degradation, which is dependent
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on a C-terminal instability element that is simultaneously required for
corepressor activity (Acharya et al. 2010). The instability mechanism is
conserved in the p107 human homolog, indicating that this novel linkage
between protein lability and repression functionmay be a general prop-
erty of these proteins in multicellular organisms (Acharya et al. 2010).

RB proteins are involved in regulation of both canonical and
noncanonical forms of the cell cycle. The canonical cycling involves
the separation of DNA-synthesis (S-phase) and mitosis (M-phase) by
two gap phases, G1 and G2. However, during development, non-
canonical mitotic programs are common. In Drosophila, the first 13
embryonic cell cycles are synchronous, consisting of only S and M
phases. G2 appears in cell cycle 14 and G1 in cell cycle 17 (Foe 1989;
Edgar and O’Farrell 1990; Shibutani et al. 2007). Endoreplication (in
which mitosis is not followed by cytokinesis) is another variant com-
mon in many larval and adult tissues (Spradling and Orr-Weaver
1987). Endoreduplication in follicle cells is regulated by Rbf1/E2F
(Bosco et al. 2001). This diversity of cell-cycle regulation suggests that
Rbf1/2 and its partners may be differentially used or regulated in
different settings. Consistent with this idea, Rbf1 stability is decreased
in proliferating larval imaginal discs, and E2F1 is specifically turned
over during early S-phase in embryos and larvae (Shibutani et al.
2007; Shibutani et al. 2008; Acharya et al. 2010).

RB proteins also are required in tissue- and stage-specific manners,
as seen in studies of different metazoan RB family members. Although
expressed, the Drosophila Rbf1 protein is not functionally required for
early cell-cycle regulation in the embryo (Du and Dyson 1999; Stevaux
et al. 2002; Keller et al. 2005). In the mouse, early embryonic require-
ments for RB are restricted to the trophectoderm, although the protein
is expressed in other tissues (Wu et al. 2003). The Caenorhabditis
elegans lin-35 (RB homolog) mutant shows a largely nonoverlapping
set of genes that are misregulated in embryo, L1 and L4 larvae (Kirienko
and Fay 2007). These and other studies emphasize that the multifarious
functions of this protein family will require global studies in a develop-
mental setting. A major objective along these lines is the identification of
functional and physical target genes of RB family corepressors.

Among the best-characterized targets of RB family proteins are
genes such as PCNA and DNA pol alpha, which are involved in cell-
cycle regulation; however, RB proteins also regulate a variety of genes
involved in other pathways, such as apoptosis, DNA repair, and dif-
ferentiation (Lipinski and Jacks 1999; Classon and Harlow 2002; Kir-
ienko and Fay 2007). In Drosophila, functional targets of Rbf and E2F
proteins were identified by transcriptomic analysis of Drosophila S2 cells
(Dimova et al. 2003). Physical and functional targets of the MMB/
dREAM complex, with which Rbf1 is also associated, were identified
in Drosophila Kc cells (Georlette et al. 2007). These studies suggest
that Rbf1, and to a lesser extent Rbf2, interact with distinct classes of
genes that show varying sensitivity to loss of Rbf and E2F proteins.
Targets of mammalian RB, p107, and p130 proteins were identified
by chromatin immunoprecipitation (ChIP) in human lung fibroblasts;
the proteins are observed to be redeployed in response to expression
of the RB-binding adenoviral E1A protein (Ferrari et al. 2008). The
genome-wide occupancy of RB and p130 also was reported recently in
growing, quiescent, and senescent human fibroblasts, indicating that
these proteins bind to thousands of putative target genes (Chicas et al.
2010). However, until now no study has presented a picture of the
genome-wide occupancy of RB proteins in a whole organism during
development. Using highly specific antibodies developed against the
endogenous Rbf1 protein, we carried out ChIP to study Rbf1 protein
occupancy through developmental time and used parallel sequencing
(ChIP-seq) to identify genome-wide targets of Rbf1 in the Drosophila
embryo. These results identify a diversity of potential Rbf1 targets

and promoter composition and suggest that in addition to known
links to cell cycle, this protein may play a direct role in the control of
numerous conserved signaling pathways that are linked to metabolic
regulation and growth.

MATERIALS AND METHODS

Fly stocks
Embryos of a Drosophila melanogaster yw67 strain were used for all
ChIP assays.

Reporter constructs and luciferase assay
To further analyze target genes bound by Rbf1, upstream promoter
regions of InR from 21000 to 21, Mer from 2600 to +400, Rab23
from2900 to +100, Hpo from2600 to +61, Dad from2500 to +100,
p53-proximal from 2204 to +50, Stat92E from 2500 to +152, and
Act5C from2900 to +100 with respect to the transcriptional initiation
sites were PCR amplified and cloned into XhoI and AscI sites in
pAC2T-luciferase vector (Ryu andArnosti 2003). Each clone contained
the portion of DNA bound by Rbf1 in the embryo. In addition, the
PCNA-luciferase reporter was used as a positive control (Acharya et al.
2010).Drosophila S2 cells were transfected using Effectene transfection
reagent (QIAGEN, Valencia, CA) according to the manufacturer’s pro-
tocol. A total of 1.5 million cells were transfected with 600 ng of one of
the luciferase reporters, 250 ng of pRL-CMV Renilla luciferase reporter
(Promega,Madison,WI), and 250 ng of pAX-rbf1 (Acharya et al. 2010),
or 20 ng of pIE4-myc-E2F1 (Frolov et al. 2001). Cells were harvested
72 hr after transfection, and luciferase activity was measured using
Dual-Glo Luciferase assay system (Promega) and quantified using the
Veritas microplate luminometer (Turner Biosystems, Sunnyvale, CA).

Chromatin immunoprecipitation
Chromatin immunoprecipitations were conducted using yw Drosophila
melanogaster embryos collected at room temperature and aged as
indicated in Figure 1. For supporting information, Figure S3, embryos
were collected from Drosophila melanogaster harboring Flag epitope
tagged rbf1 (Acharya et al. 2010). Fixing and chromatin preparation
was carried out as described in File S1; immunoprecipitations were
carried out overnight at 4� using polyclonal rabbit anti-Rbf1 serum
(Keller et al. 2005). The Rbf1 antibody does not crossreact with Rbf2
on western blots, and it detects only the appropriately sized poly-
peptide in a western blot of whole embryo extracts (Keller et al. 2005).

Sequencing of immunoprecipitated DNA fragments
The double-stranded DNA ends were repaired with T4 DNA poly-
merase, Klenow fragment, and T4 PNK enzymes. After a second
purification step, an adenine-residue was added with Klenow [39.59
exo2] enzyme and again purified on Quiaquick columns. Adapters
from Illumina for LM-PCR were then ligated to the end of the DNA
molecules. The product of the reaction was then run on a 2% NuSieve
agarose gel, and a band corresponding to 200 bp was extracted and
purified. A total of 20 cycles of PCR were performed using Phusion
polymerase (Finnzyme F-530S) and the Illumina oligos, and the prod-
ucts were purified by gel electrophoresis. High-throughput sequencing
was performed on an Illumina Genome Analyzer with standard
Illumina 36 cycles reaction kit. The DNA libraries generated (two
Rbf1 and one preimmune) were sequenced in one lane each.

Mapping the reads, peak finding, and visualization
We obtained 13,909,250, 18,070,094, and 1,247,796 reads for two
anti-Rbf1 immunoprecipitation libraries and one control library,
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respectively. The quality-filtered 36-bp short sequence reads were
aligned to Drosophila melanogaster genome (Flybase build r5.28)
using Bowtie 0.12.3 (Langmead et al. 2009) with default parameters
except that sequences were required to map uniquely to the genome
(setting –m 1). To identify Rbf1 bound regions, QuEST software
(Valouev et al. 2008) version 2.4 was used with relaxed stringency.
The peaks were visualized using the online version of UCSC genome
browser. We identified 2187 and 1337 peaks in two biologic anti-Rbf1
immunoprecipitation replicates; there were 1236 peaks that were
present in both replicates, which we termed Class A peaks. An ad-
ditional 951 and 101 nonoverlapping peaks are termed Class B and
Class C peaks respectively (Table S1). Class A peaks were used for
the all analyses except for the signaling pathway components (Figure
3) where Classes A, B, and C peaks were used. Intensities of peaks in
first replicate were greater (from 10 to 656) than in the second rep-
licate (from 10 to 109). The intensities were on average greater for
Class A peaks than for Class B, and greater for Class B than C. We
list the greater intensities obtained from the first replicate experi-
ment in Table S1 for Class A peaks.

Validation of ChIP-seq peaks
To independently assess enrichment of Rbf1 on novel target genes,
several genes were selected and their enrichment in ChIPed chromatin
was tested by PCR (Figure S1). The immunoprecipitated material that
was also used for Illumina sequencing was used to validate the ChIP-
seq peaks. The oligonucleotides used for PCR are listed in Table S6.

Determination of peak overlap in replicates, de novo
motif discovery, and motif analysis
Peaks observed in the two Rbf1-immunoprecipitate experiments for
which the maximum points were located within 200 bp of each other
were considered to be overlapping peaks. For each peak region, 100-bp

sequences on each side of the peak maximum height location were
extracted using a Perl script (output_genomic_regions_from_calls.pl)
that was obtained from QuEST website (http://www-hsc.usc.edu/
~valouev/QuEST/QuEST.html). Motif discovery was performed
using MEME suite version 4.3.0 (Bailey and Elkan 1994). The pro-
gram was set to search for overrepresented 5 through 15 mer motifs
separately. The top four overrepresented motifs identified for each
k-mer were selected and compared against TRANSFAC and JASPAR
databases using the online version of TOMTOM (http://meme.ebi.edu.
au/meme/intro.html). In most cases, similar motifs were found for dif-
ferent lengths (5215 mers); the motifs shown in Figure 6A repre-
sent the shortest version of the motifs found to be overrepresented.
We determined the quality of individual motifs compared with the
defined consensus sequences using MAST (MEME suite version
4.3.0) on the sequences extracted from peak regions. To determine
the significance threshold that would provide the best discrimination
between enriched motifs and chance sequences shown in Figure 6B,
the sequences under the peaks were randomized five times and MAST
was run for each scramble independently. A P , 0.0001 was found
to provide the greatest difference between the percentage of random-
ized promoters containing the overrepresented motif and the
percentage of Rbf1-bound regions. To determine whether the over-
represented motifs identified were enriched specifically on promoter
regions associated with Rbf1 binding shown in Figure 6C, DNA
sequences extending from 2100 to 2300 from 1000 randomly se-
lected Drosophila promoters not bound by Rbf1 were used for back-
ground analysis using MAST, and this process was repeated for total
of five different sets of one thousand non Rbf1-binding promoters.

Gene ontology (GO) analysis
Genes with transcriptional start sites (TSS) within 2 kb from peak
maximum were considered associated with the peak. A total of 1169 of

Figure 1 Rbf1 exhibits dynamic pro-
moter occupancy. Rbf1 occupancy of
regulated promoters measured by
ChIP was low in 0- to 6-hr embryos
and peaked at 12 to 18 hr. Formalde-
hyde cross-linked chromatin was pre-
pared from embryos of different ages
and immunoprecipitated using the in-
dicated antibodies. No specific enrich-
ment was found at a nontarget gene
promoter (sloppy paired 1). No Ab
indicates immunoprecipitation carried
out without antibody; IgG, nonspecific
mouse polyclonal antibodies; a-H3,
antihistone H3 antibody; and a-Rbf1,
rabbit anti-Rbf1 antibody.
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1236 Class A peaks were mapped to TSS of 1890 genes. The enrich-
ment of gene ontology terms was performed using online tool DAVID
(Huang da et al. 2009) and 321 original GO categories were identified.
Using visual inspection, related GO terms such as cell cycle, mitotic
cell cycle, and meiotic cell cycle were pooled into one broader category,
Cell Cycle and DNA replication. In this way, the GO terms with signifi-
cant enrichment were pooled into a total of 10 different categories. Other
terms with fewer genes and less significant enrichment were grouped
under the “others” category. We report in Figure 5 the P values for the
most populous subcategory of each super category shown on the pie chart.

Identification of human orthologs to genes bound
in Drosophila by Rbf1
The human orthologs of the 1890 genes associated with Class A peaks
of Rbf1 in Drosophila were obtained from FLIGHT (http://flight.icr.ac.
uk/). To determine conservation of RB family binding to conserved
signaling pathway genes, the 295 genes listed on Table S8 were input
into FLIGHT. An ortholog was considered bound in both fly and
human if at least one member of an orthologous family was occu-
pied in each species.

RESULTS

Rbf1 exhibits developmentally regulated
promoter occupancy
In previous studies, we and others showed that Rbf1 protein is ex-
pressed throughout embryogenesis, although the cofactor is not re-
quired for early cell cycles (Du and Dyson 1999; Stevaux et al. 2002;
Keller et al. 2005). To investigate possible temporal control of Rbf1
binding to target gene promoters, we performed ChIP using 0- to 6-,
6- to 12-, 12- to 18-, and 18- to 24–hr-old embryos. Enrichment of
Rbf1 protein was studied at selected promoters from different classes
of Rbf1-responsive genes, described previously (Dimova et al. 2003).
In all cases, Rbf1 occupancy was low in early embryos with a peak in
12- to 18-hr embryos (Figure 1 and Figure S1). These results indicate
that Rbf1 promoter association is developmentally regulated; the lack
of early Rbf1 association coincides with the rapid early cell cycles that
lack G1 and G2 phases.

Characterization of genome-wide Rbf1 association
Although many well-characterized targets of RB family proteins are
genes involved in cell-cycle regulation and DNA replication, genes
involved in other processes are also functionally regulated by these
corepressors (Classon and Harlow 2002; Dimova et al. 2003; Kirienko
and Fay 2007). To develop a global understanding of the genomic
targets Rbf1, we used ChIP-seq technology. We prepared chromatin
from 12- to 18-hr embryos where robust signals had been detected by
conventional ChIP (Figure 1 and Figure S1) and generated separate
DNA libraries from two Rbf1 immunoprecipitation experiments and
one experiment using preimmune antibodies. The anti-Rbf1 libraries
yielded ~14 and 18 million reads, whereas the preimmune serum
library generated considerably fewer reads (1.2 million). Approxi-
mately 60% of the reads were uniquely alignable to the Drosophila
melanogaster genome; other reads were found to map to more than
one site or did not align at all using the strict criteria employed. A
total of 1236 peaks were found in both anti-Rbf1 immunoprecipita-
tions, whereas an additional ~1000 peaks were also found, mainly in
one of the two ChIP experiments that exhibited more robust peak
intensities. The preimmune control ChIP results showed an even
distribution of very low peaks as would be expected from nonspe-
cifically precipitated material (data not shown). In contrast, specific

signals were reproducibly observed for both ChIP-seq samples. The
overall low background found with the preimmune immunoprecip-
itation and reproducibility between the two biological replicates
provides a high level of confidence for many of the peaks. Of the
1236 high-confidence peaks recovered in both of the biological rep-
licate experiments, approximately 95% could be mapped to within 2
kb of predicted transcriptional start sites of known genes. These
peaks were proximal to transcriptional start sites of 1890 genes.
Additional strong candidate genes were found in the library that
yielded 18 million reads, generating a total of 3188 genes.

Rbf1 target genes indicate regulation of RB pathway
at multiple levels
Clear signals were observed on a number of promoters that we expected
to find in this data set, including DNA pol alpha, DNA primase, and
PCNA, known physical targets of Rbf1 (Stevaux et al. 2002; Dimova
et al. 2003). To validate the process of Illumina sequencing and peak
calling used to generate this data, we selected a set of promoters to
independently analyze by direct PCR; positive and negative signals were
confirmed in all cases (Figure S2 and data not shown). We also carried
out experiments with a different antibody to test the reproducibility of
these ChIP results. Chromatin was prepared from flies harboring
transgenic Flag-epitope tagged Rbf1 (Acharya et al. 2010), and immu-
noprecipitations were carried out using either anti-Rbf1 or Flag anti-
bodies (Figure S3). In each case, ChIP signals coincided exactly.

We found that diverse classes of genes were targeted by Rbf1, in-
cluding a set of genes that indicates that Rbf1 may regulate its own
functional output at multiple levels (Figure 2 and Table S1). The auto-
regulatory properties of Rbf1 were suggested by particular genes, such
as cyclin A, B3, E, and cdk4/6, which encode the kinase complexes that
downregulate Rbf activity; the rbf1 gene itself; and cyclin-dependent
kinase subunit 30A, a component of the Cdk12cyclin B kinase complex
that phosphorylates numerous proteins involved in DNA replication,
translation, and chromatin structure (Holt et al. 2009). Consistent with
this notion, negative feedback loops of regulation of RB and p107 have
been reported in mammalian cells (Burkhart et al. 2010a,b). A peak was
also associated with the 59 promoter of the l(3)mbt gene, whose protein
product is a member of a conserved MMB/dREAM transcriptional reg-
ulatory complex that also involves the Rbf1 protein (Lewis et al. 2004).

Other MMB/dREAM components were also targeted by Rbf1,
consistent with autoregulation of the entire complex by Rbf1 and
MMB/dREAM (Lewis et al. 2004; Tabuchi et al. 2011). Rbf1 peaks also
were associated with additional chromatin-regulatory components,
including the E(bx) gene, which encodes the NURF301 component
of a SWI/SNF nucleosome remodeling complex that has been shown
to antagonize the action of RB in C. elegans development (Andersen
et al. 2006). These data indicate that Rbf1’s direct transcriptional
regulation may well control RB pathway output at five levels; Rbf
activity via cyclins and kinases that directly phosphorylate the protein,
production of rbf1 transcripts, of cofactors that work together with
Rbf proteins, of factors that antagonize Rbf activity, and kinases that
are implicated in cell-cycle regulation of downstream genes. The po-
tential effect of this regulatory structure is that changes in Rbf protein
abundance or activity will reset levels of other components that would
magnify or dampen the control of the entire Rbf regulon.

Rbf1 target genes include multiple components
of conserved signaling pathways
One of the most striking observations about the roster of genes
occupied by Rbf1 was its extensive and hitherto unappreciated
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occupancy of genes involved in essential, conserved signaling path-
ways. One of the strongest Rbf1 peaks is found proximal to the
insulin receptor promoter (Figure 2F). Further investigation of the
3188 gene data set revealed that Rbf1 peaks were extensively asso-
ciated with other components of insulin signaling, including three of
the four Drosophila PI3 kinase genes, S6 kinase, and Thor/4E-BP
(Figure 3 and Table S2). JAK/STAT signaling components identified
as Rbf1 targets include the signal mediator JAK kinase, the STAT92E
transcriptional effector, as well as regulators of this pathway, Ken, E(bx),
Pzg, and STAM. A large number of the genes in the Hippo growth-
control pathway, including those for the central Hippo and Warts
kinases, are bound by Rbf1. Components of the Notch signaling
pathway, in particular regulatory proteases that process the Notch
protein, were also found among Rbf1 target genes. Wingless, Hedge-
hog, nuclear factor-kB, transforming growth factor-b, target of rapa-
mycin, epidermal growth factor receptor/Ras, and JNK pathway
components also were bound by Rbf1. In total, we identified 137 sig-
naling pathway genes that were bound by Rbf1; 75 of these were

clearly identified in both ChIP-seq samples, with a further 13 present
as peaks in both datasets but just below the cutoff in one of the ChIPs.

Association of Rbf1 with signal pathway genes was confirmed in
additional biological ChIP experiments (Figure S2, Figure S3, and data
not shown). The promoter-proximal positions of most Rbf1 peaks, as
well as the comparatively small number of regions bound by Rbf1
overall, suggest that these binding events are not simply the effect of
large numbers of promiscuously bound Rbf1 proteins. Genes for al-
most one-half of insulin signaling and more than one-half of Hippo
signaling components were occupied by the Rbf1 protein compared
with the genome-wide average of 22%, indicating a strong enrichment.
The extensive physical interaction between Rbf1 and components of
diverse signaling pathways suggests a novel means by which cell-cycle
information may be integrated with the information related to meta-
bolic status, organ and tissue size, and differentiation states. The occu-
pancy of genes located at multiple levels of signaling, such as the insulin
receptor and the S6 kinase genes, indicate that Rbf1 may be in a po-
sition to regulate these pathways in a complex, multifactorial manner.

Figure 2 Rbf1 promoter-proximal occupancy of diverse classes of genes suggests autoregulatory effects. Strong peaks were noted on cell-cycle
related genes, such as DNApol-a60 and cyclin-dependent kinase 30A (A, B). Autoregulation is suggested by occupancy of the Rbf gene (C). The
59 region of the Rbf1-related corepressor l(3)mbt is also associated with Rbf1 (D). The promoter of the dNURF 301/E(bx) gene, a chromatin
remodeling component important for RB function in development, is also bound (E). Numerous components of cell signaling pathways, including
the insulin receptor InR, also are targeted by Rbf1 (F). Relative peak intensities are shown on the Y-axis. Representative individual peaks are
visualized on the UCSC genome browser. Bent arrows indicate the direction of transcription of the genes and absence of arrows indicates 39
region of a gene.
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To test whether Rbf1 indeed represses some of these novel
targets, we created InR (insulin signaling) and Rab23 (hedgehog
signaling) reporter constructs and measured their sensitivity to Rbf1
overexpression compared with Act5C and PCNA controls. As ex-
pected, Rbf1 effectively repressed the PCNA reporter and not the
Act5C reporter. Significantly, strong inhibition of InR and Rab23
promoters was observed, indicating that Rbf1 can functionally reg-
ulate in S2 cells at least some of the novel targets identified (Figure
S4). Removal of the Rbf1 binding region from an InR reporter
inhibited this repression by Rbf1 (Y. Wei, unpublished data). Our
study clearly indicates potential involvement of Rbf1 in regulating
signaling pathway components; however, the functional significance
of these physical interactions remain to be investigated, and further
research will be required to fully understand possible crosstalk
between Rbf1 and conserved signaling pathways.

Rbf1 exhibits a strong promoter-proximal
targeting bias
As noted previously, most Rbf1 peaks were located within 2 kb of
transcriptional initiation sites; mapped on a finer scale, we found that
there was a strong preference for binding centered at2205 bp (Figure
4). Unlike other corepressors such as CtBP and Groucho, the strong
preference of Rbf1 for the 59 ends of genes suggests that Rbf1 can only
exhibit activity near the initiation site, or that transcription factors that
it interacts with, such as E2F proteins, can only activate effectively
from promoter-proximal locations. Interestingly, Rbf1-associated
MMB/dREAM complex proteins are also found to bind in promoter-
proximal locations; neither this complex nor Rbf1 alone appear to fre-
quently interact with distal cis-regulatory sequences (Georlette et al.
2007). Rbf1 peak intensities (representing the number of sequences
recovered for particular genomic positions) spanned approximately

Figure 3 Rbf1 occupies multiple nodes in conserved signaling pathways. Genes in the insulin (A), JAK/STAT (B), Notch (C), and Hippo/Warts/
Yorkie (D) signaling pathways are targeted at multiple levels by Rbf1. Proteins of genes targeted by Rbf1 are indicated in red.
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an order of magnitude, with relatively few outliers showing more
than tenfold greater than the median value. Overall peak heights
were not correlated to the types of genes targeted, as genes in func-
tionally related classes exhibited peaks of a range of intensities. As
discussed below, the sequences underneath the peaks presented
a very heterogeneous picture, indicating that different transcription
factors may provide alternative pathways for recruiting Rbf1.

Cell-cycle and DNA replication2related genes
represent only a minority of bound sites
The previous functional assessment of genes regulated by Rbf in cell
culture had highlighted genes related to cell cycle and DNA repli-
cation, although a much broader spectrum of gene functionalities was
indicated by analysis of genes regulated and bound by the Rbf-related
MMB/dREAM complex (Dimova et al. 2003; Georlette et al. 2007). To
characterize the nature of Rbf1 direct targets, we performed GO anal-
ysis on genes associated with the greatest confidence peaks using the
DAVID annotation analysis system (Huang da et al. 2009). Of 1890
Rbf1 target genes, 42% were enriched for GO terms. Rbf1 peaks were
associated primarily with protein-coding genes, but 12 annotated non-
coding RNA genes also were associated with the cofactor. Approxi-
mately one quarter of the genes were enriched for cell cycle and DNA
replication categories, the areas that showed the most significant en-
richment of all groups of genes (Figure 5 and Table S3). Other cate-
gories that were enriched included processes, such as chromatin
modification and transcription, cellular systems, such as cytoskeleton,
and developmental programs, including oogenesis and neurogenesis.
A large number of smaller categories comprised 36% of the target
genes. Previous studies have shown that RB family members have
particular roles in distinct developmental settings, such as the role
for RB in mouse trophectoderm development, vulval development
in C. elegans, and osteoblast differentiation (Wu et al. 2003; Bender
et al. 2007; Berman et al. 2008). The smaller number of noncell-
cycle–related genes previously found to be functionally regulated
by Rbf1, Rbf2 and E2F proteins indicate that perhaps in cell cul-
ture, many physiological targets of these proteins are relatively
quiescent (Dimova et al. 2003). Our data suggest that taken in
a developmental context, Rbf1 function may be distributed over
a very wide set of diverse cellular processes.

Enrichment of transcription factor motifs in
Rbf1-bound peaks
Rbf1 does not bind to DNA directly but is instead recruited by trans-
cription factors, generally of the E2F family. RB has been reported to
interact with other types of transcription factors, including MyoD,
NeuroD1, GATA1, and components of the RNA polymerase III basal
transcriptional machinery (Gu et al. 1993; Felton-Edkins and White
2002; Batsche et al. 2005; Kadri et al. 2009). In consideration of the
wide diversity of genes targeted by Rbf1, we sought to understand
whether particular subsets of these genes would be characterized by
distinct constellations of protein binding sites in the promoter prox-
imal regions. We extracted sequences representing the 200-bp sequen-
ces from the center of each peak and performed de novo motif
discovery analysis using MEME (Bailey and Elkan 1994). We sought
the top five overrepresented motifs for 5 to 15 mers and noted that
variations of four motifs occurred most frequently (Figure 6A). We
searched the motifs in the JASPAR and TRANSFAC databases, and
one of the motifs was similar to the E2F site, as expected. Another
bears clear similarity to the DREF site, which is bound by the DNA
replication-related element-binding factor, involved in the expression

of a wide variety of proliferation-related genes and whose function in
the context of cell-cycle regulation has been investigated on the PCNA
and DNApol alpha promoters (Yamaguchi et al. 1995; Takahashi et al.
1996; Seto et al. 2006). We also found a motif similar to the binding
sequence of the mammalian Forkhead transcription factor FOXJ2,
and one novel motif that did not closely match any other sequence
in the database, which we designated RAM (Rbf associated motif).
The motifs occur much more frequently than they would in scrambled
sequences of similar composition, indicating that these motifs have a
high information value (Figure 6B). The threshold for calling each of the
motifs (P = 0.0001) was selected to provide a high discrimination
between the bound sequences and scrambled DNA of similar compo-
sition (Figure S5). Promoters selected from those in the genome that did
not exhibit Rbf1 binding were tested for frequency of these motifs; E2F,
DREF, and RAM motifs were considerably less enriched on these pro-
moters than on those bound by Rbf1 (Table S4), indicating that these
sequences may play a role in recruiting of Rbf1, or coregulation of the
associated promoters (Figure 6C). FOXJ2 sequences were not pref-
erentially enriched on Rbf1 bound promoters, although these sequences
occur at a higher frequency than would be expected by chance, thus it
is likely that these motifs are relevant to promoter function in general.

Figure 4 Rbf1 exhibits a strong promoter-proximal targeting bias. (A)
The distribution of peaks relative to the nearest TSS. The majority of
peaks are centered 205 bp 59 of the TSS. Distances were grouped into
100-bp bins and points fitted with a smooth curve. (B) Distribution of
peak intensities. Most peaks had an intensity within a few fold of the
average, although some peaks were .10-fold greater.
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Regarding overall promoter composition, just less than one-half of
the peaks contained at least one copy of one of the four motifs
identified. A quarter of the peaks had a mixture of two of the motifs,
and a small percentage had three or all four of the motifs (Figure 6D).
One-fourth lacked any of these motifs; these promoters may contain
novel motifs that are not found in many genes, or they may contain
low-affinity canonical sites that fell below the threshold used here (see
Materials and Methods). Interestingly, of the peaks that contained
recognizable motifs, only about a third contained the E2F motif, al-
though this has been presumed to be the chief route by which Rbf
proteins are recruited to promoters (Figure 6D insert). There may be
other factors involved in recruiting Rbf1, or low-affinity E2F sites may
be important on some genes. Indeed, Rbf1-bound regions as a group
tend to be enriched in E2F-like sites (Figure S6). Although this man-
uscript was under review, a similar study from the Dyson laboratory
(Korenjak et al. 2012) showed that in larvae, Rbf1 is recruited to some
promoters that lack canonical E2F sites by E2F2, and that binding is
abolished in a dp mutant background. This evidence strongly suggests
that Rbf1 association is E2F dependent, whether or not recognizable
E2F sites are present. On the basis of the available data, a very large
proportion of the genes identified in the larvae are also present in our
dataset, suggesting that Rbf1 targets similar genes in these different
developmental stages. Both studies combine chromatin from diverse
tissues, thus there may be tissue-specificity in Rbf1 binding that
remains to be elucidated.

Enrichment of motifs in different promoter subclasses
In light of the diverse cellular processes represented among the targets
of Rbf1, we studied whether different classes of genes exhibited
distinct promoter composition (Figure 7). Sorting genes by GO cate-
gory, we noted that genes involved in Phagocytosis, Chromatin Mod-
ification, and Cell Cycle were among those most highly enriched in
E2F motifs, whereas Neurogenesis and Oogenesis GO categories are
depleted of these motifs. The novel RAM motif cooccurred frequently
with E2F sites, except for certain GO categories such as Chromatin
Modification while DREF sites, which had been previously shown to
help regulate cell-cycle–related genes such as PCNA and DNApol
alpha, were not overall enriched on this class of gene, instead showing
strong association with genes involved in Apoptosis. FOXJ2 was also
differentially distributed, showing some correlation with RAM sites,
but it was not highly enriched in any subcategory (Figure 7A). The

overall impression obtained from this analysis is that Rbf1-bound
regions vary strongly in their average composition; it is likely that
functional classes of genes are coordinately regulated by unique com-
binations of factors that interact with these motifs. Factors responsible
for Rbf1 recruiting may vary as well, possibly placing some Rbf1-
bound promoters out of reach of the canonical cell-cycle regulatory
pathways.

We also analyzed the association of motifs with groups of genes
drawn from our set of Rbf1-associated promoters that are defined by
other properties, rather than the GO categories identified by DAVID.
This analysis identifies a strikingly distinct signature for signal trans-
duction genes that suggests Rbf1 may target these promoters through
entirely different proteins. The separate categories analyzed included
a set of genes affected by RNAi knockdown of Rbf1, Rbf2, E2F1, and
E2F2 in S2 cells (Dimova et al. 2003), genes misexpressed by knock-
down of the l(3)mbt malignant brain tumor protein that interacts with
Rbf-containing complexes (Janic et al. 2010), functional targets of the
MMB/dREAM complex identified by knockdown in Kc cells, physical
targets of the Rbf1-associated MMB/dREAM complex components
identified by ChIP (Georlette et al. 2007), and the set of genes that
we identified in this study that are components of conserved signaling
pathways (Figure 7B). Grouping genes in these five (nonexclusive)
categories, we found that the E2F motif is especially enriched for
functional targets of Rbf1 and MMB/dREAM identified in S2 cells.
As noted previously, the motif is associated with cell-cycle–related
genes, which would be expected to be expressed in these mitotically
active cells. The E2F motif is also associated with phagocytosis-related
genes, which may also be preferentially active in the S2 cell line, which
has properties of hemocytes (insect macrophages). E2F sites were less
enriched, and RAM sites were more enriched, on physical targets of
MMB/dREAM and genes misexpressed in l(3)mbt brain tumor sam-
ples; these genes may represent developmentally regulated targets of
Rbf1, as opposed to genes that are tightly integrated into regular
mitotic control pathways (Lee et al. 2010). In the fifth group, genes
involved in conserved signaling pathways, we noted that Rbf1-bound
regions were depleted of all four motifs, suggesting a distinct promoter
signature for these genes. Further bioinformatic analysis of that group
as a whole did not find enrichment of new motifs, although weak E2F
sites were found (data not shown).

E2F proteins have been observed to bind diverse sequences in vivo
(Bieda et al. 2006). To directly test the possibility that some of the

Figure 5 Rbf1 target genes represent diverse GO
categories. A total of 42% of 1890 Rbf1 target genes
were enriched for GO terms. Of these, only approxi-
mately one-quarter were associated with Cell Cycle and
DNA replication, whereas the majority of targets grouped
into other gene regulatory and developmental processes.
The GO terms are arranged in the pie chart in decreasing
order of significance of enrichment from Cell Cycle and
DNA replication to Other DNA/RNA Metabolic Process.
“Others” indicates numerous smaller groups of en-
riched genes. The P values for the categories are as
follows: Cell Cycle, 7E-16, Cytoskeleton, 5E-13; Chro-
matin Modification, 2E-12, Recombination/Repair, 7E-09;
Phagocytosis, 1E-03; Apoptosis, 5E-03; Transcription,
2E-02; Neurogenesis, 2E-02; and other DNA/RNA
Metabolic Process, 4E-02.
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promoters with weak or nonexistent E2F sites may nonetheless interact
with this transcription factor, we overexpressed E2F1 and measured its
ability to activate a diverse panel of signaling pathway gene promoters.
E2F1 strongly activated the PCNA promoter as expected, however, none
of the signaling pathway gene promoters tested were activated by E2F1,
indicating that these promoters are E2F-independent (Figure S7). Some
promoters such as InR were slightly repressed, possibly because E2F1
may drive expression of the rbf1 gene itself. Taken together, we see
evidence that Rbf1 binding takes place in the context of a rich di-
versity of motifs among the different categories of genes targeted,
suggesting that regulation of promoters by this corepressor may involve
separate regulatory programs, consistent with recent studies (Dimova
et al. 2003; Kirienko and Fay 2007; Lee et al. 2010).

Divergence and conservation of Rbf1 regulon
To determine whether the genomic targets of the Drosophila Rbf1
protein represent deeply conserved regulatory interactions, we com-
pared human orthologs of the Rbf1-occupied genes with those bound
by human RB and p130 proteins in fibroblasts (Chicas et al. 2010).
The 1890 Drosophila genes identified in our study correspond to 2310
human orthologs. We compared these genes to those bound by RB or
p130 in growing, quiescent, or senescent fibroblasts (Figure 8). Close
to one-half of the orthologs were identified as RB targets under at least
one condition, whereas just more than 60% of the orthologous genes

were bound by p130 (Figure 8A-E). Among the genes bound by RB or
p130, the GO categories DNA Replication, Cell Cycle, DNA Damage/
Repair, and Chromatin Modification were under all conditions
enriched. The GO category Cytoskeleton, which was found to be
enriched in the Rbf1 targets in the Drosophila embryo, was actually
depleted from genes bound by RB in growing and quiescent cells;
however, it was enriched in genes bound by RB in senescent cells,
as well as p130. This result indicates that certain categories of genes
can be selectively occupied depending on the state of the cells, under-
scoring the differential regulation of subsets of RB/p130 targets. Fi-
nally, GO categories such as Oogenesis, Phagocytosis, and Neurogenesis
that were overrepresented among Drosophila targets were slightly or
not at all enriched in the set of human genes. The common binding
of genes involved in chromatin modification, cell cycle, DNA repair
and replication by RB family members suggests that they represent
deeply conserved functions of this family of proteins. Other categories
of genes may represent lineage-specific innovations or tissue-specific
binding interactions that are not present in the cell culture system.

The intriguing targeting of many conserved signaling genes by
Rbf1 in the Drosophila embryo led us examine whether RB/p130 show
similar binding preferences. The vast majority (106/137) of signaling
components bound in the fly were also found to have RB and/or p130
at the promoter in human fibroblasts. These corepressors were found
at 111 additional signaling pathway genes that lacked Rbf1 occupancy

Figure 6 Transcription factor motifs
enriched in Rbf1-bound peaks. (A)
The four most overrepresented motifs
identified by the MEME motif discov-
ery tool, including one previously un-
known motif (RAM). (B) Rbf1-
associated motifs are highly enriched
compared with average occurrence in
DNA of the same A/T composition.
The sequences under Rbf1 peaks were
scrambled five times, and specific
motifs with P, 0.0001 were identified.
E2F sites showed the greatest level of
enrichment in specifically bound
regions compared with randomized
DNA sequences. (C) E2F, DREF, and
RAM motifs preferentially associate
with Rbf1-bound promoters. The pres-
ence of motifs in Rbf1-bound sequen-
ces was compared with the presence
in Rbf1-unbound promoters. FOXJ2
sites are not restricted to Rbf1-associ-
ated promoters and may represent
a motif for a broadly acting factor.
Note that the canonical DREF sites
are 8-mers (Yamaguchi et al. 1995). In
our data, the eighth nucleotide was
not conserved. (D) Diversity of motif
composition of peaks. A total of 42%
of total peaks contained only one of
the four different motifs (E2F, DREF,
FOXJ2, or RAM). A quarter of the

peaks had a combination of two different motifs; 6%, a combination of three, and 1% contained all four motifs. Only 36% or peaks had an
identifiable E2F motif (small insert). Strikingly, a quarter of the peaks did not have any of the four motifs. The heterogeneity of sequences in Rbf1-
bound peaks suggests that E2F may not be the only transcription factor that recruits Rbf1 to target gene promoters. Peaks used in this analysis
were drawn from the 1236 bound regions found in both Rbf1 ChIP biological experiments. A peak with multiple E2F motifs, but no other motif
types, was counted as one type of motif; a similar treatment applies for the other three motifs. “None”means the peaks did not contain any motifs
for E2F, DREF, FOXJ2, or RAM.
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in the embryo (Table S8). The high proportion of conserved signaling
pathway genes targeted by RB family proteins suggests that this pro-
posed regulatory connection may represent an essential link between
multiple cellular components of growth control and differentiation.

DISCUSSION
Our analysis of genomic occupancy of Rbf1, the major RB protein in
the Drosophila embryo, provides intriguing new pictures of activities
of this conserved cofactor. Previous genetic studies of this factor
showed that the protein is not required in early embryogenesis, despite
the presence of this protein (Du and Dyson 1999; Stevaux et al. 2002;
Keller et al. 2005). Consistent with this picture, our temporal analysis
indicates that there is a widespread, perhaps universal, regulation of
Rbf1 binding during this period of development, limiting access to
promoter regions. Although phosphorylation of RB proteins is a well-
studied pathway that regulates contact of the cofactor with E2F pro-
teins, there is no evidence that RB proteins from early embryos show
a preferentially hyperphosphorylated, slower-migrating form; thus,
additional forms of regulation may be important for this developmen-
tally controlled binding (Stevaux et al. 2002; Keller et al. 2005). In our
analysis we found low levels of occupancy of target gene promoters by
Rbf1 during early stages, especially 0- to 6-hr embryos. During this
developmental time window, the nuclei in the embryo are either
engaged in rapid mitotic cycles (cycles 1–13, where there are no G1
and G2 phases) or have just finished, and may not have yet established
the regulated Rbf1-bound state. Further analysis of the occupancy of
Rbf1-recruiting transcription factors during development will shed
light on this matter.

Our study identified 1890 promoters that are bound by Rbf1; this
is an order of magnitude higher than the number of genes identified as
functional targets of Rbf/E2F factors in RNAi experiments conducted
on cultured S2 cells (Dimova et al. 2003). A large majority of the genes
misregulated in S2 cells after RNAi knockdown of Rbf1 were bound
by the corepressor in the embryo, indicating that many of these
genes are indeed direct Rbf1 targets, but the question remains how
to interpret the other identified binding events. Some may represent
fortuitous associations that do not materially contribute to gene reg-
ulation, as has been suggested for some genome-wide associations of
transcription factors (Georlette et al. 2007; Li et al. 2008); however, the
tight promoter localization puts the corepressor in a position that is
very likely to influence basal promoter activity and indeed we show
evidence that at least some of these promoters can be repressed by
Rbf1. We favor the idea that only a fraction of the genes that we
identified are affected in cell culture because S2 cells do not represent
the complex mixture of differentiated tissues that we sampled in the
embryo. Activation of some of these genes may require co-stimulatory
signals that are lacking in the cell culture system. Alternatively, the
RNAi knockdown may have not been extensive enough to uncover
the true scope of Rbf1 regulation.

One of the most surprising findings of our study is the extensive
occupancy of multiple nodes of conserved signaling pathways by Rbf1
(Figure 3 and Table S2). This aspect highlights one feature of RB
biology that our ChIP-seq analysis in developing embryos has brought
to the fore. Previous studies that examined the regulons or direct
physical targets of RB proteins have not emphasized this striking
aspect of the system (Dimova et al. 2003; Georlette et al. 2007; Kir-
ienko and Fay 2007; Ferrari et al. 2008; Chicas et al. 2010), which may
be partially due to the heavy reliance on cell culture systems for this
information; certain promoters may only be bound in a developmental
context. However, this aspect of RB biology may also have been

Figure 7 Enrichment of Rbf1-associated motifs indicates distinct
promoter subclasses in the Rbf1 regulon. (A) Heat map for association
of motifs with different GO categories. E2F sites were present in
a significant fraction of bound regions as a whole, especially in GO
categories Phagocytosis, Chromatin Modification, and Cell Cycle.
Genes involved in Neurogenesis and Oogenesis tend to be depleted
of E2F motifs. RAM sites tend to occur on a subset of E2F-containing
sequences, but Chromatin Modification and Nucleotide Metabolic
Process genes are depleted of RAM motifs. Apoptosis and Transcrip-
tion/Translation genes are associated with DREF motifs. Chromatin
Modification, Phagocytosis, and Oogenesis genes are depleted of
FOXJ2 motifs, whereas a larger fraction of Neurogenesis and
Oogenesis genes lack all of the four motifs. (B) Heat map for
association of motifs with selected functional and physical targets of
Rbf1, including functional targets of Rbf in S2 cells (Rbf); functional and
physical targets of the Rbf- and Myb- containing dREAM complex;
functional targets of l(3)mbt, a corepressor and a binding partner of
Rbf; and physical targets of Rbf1 identified in this study that are
involved in signaling pathways. The E2F motif alone is preferentially
associated with Rbf1 functional targets in S2 cells (Rbf) and dREAM
functional targets, however, a combination of E2F and RAM sites is
found preferentially on l(3)mbt functional and dREAM physical targets.
Signaling pathway Rbf1 target genes are depleted of all four motifs,
suggesting a distinct promoter signature. “Percent” indicates fraction
of genes in a selected GO category containing at least one occurrence
of the indicated motif within the Rbf1 peak. The category “all” repre-
sents all 1236 peaks present in both ChIP replicates. The category
“other” represents small clusters of genes found to be overrepre-
sented in numerous GO categories (see Figure 5). “Signaling path-
way” represents 136 genes found in diverse conserved Drosophila
signaling networks (Table S3). Numerical values for heat map shown
here are found in Table S5.
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overlooked in part because some GO categories do not specifically
identify individual signaling pathway genes. We reanalyzed the genes
identified as RB and p130 targets in human fibroblasts and found that
more than 200 signaling pathway genes are bound in these cells
(Chicas et al. 2010 and data not shown). An additional feature of
the human cell data set is that RB and p130 in cultured cells appear
to occupy a greater percentage of total promoters than does Rbf1 in
the Drosophila embryo, which tends to obscure the enrichment of any
particular set of genes.

There is abundant functional evidence linking RB and con-
served signaling pathways. The Hippo growth control pathway has
been recently found to control Rbf1 activity itself, suggesting that
there are homeostatic feedback loops regulating Rbf and Hippo
levels (Nicolay et al. 2011; Tschop et al. 2011). Previous func-
tional studies linked RB regulation to individual components of the
insulin signaling and S6 kinase pathways in mammals and plants (Hsieh
et al. 2008; Annicotte et al. 2009; Mercader et al. 2009; Henriques et al.
2010). Recent studies have also highlighted the functional interac-
tion of RB regulatory pathways with insulin signaling (Hsieh et al.
2008; Mercader et al. 2009; Henriques et al. 2010). The direct target-
ing of signaling component gene promoters by RB family members
may provide one means for a molecular linkage of these conserved
pathways. To identify the true functional significance of these Rbf1-
promoter interactions, more extensive analysis of cis-elements re-
quired for Rbf1 recruitment on individual promoters is required, as
well as evaluation of the interplay of Rbf1 and these signaling path-
ways in a developmental context.

The integration of RB and insulin signaling would provide a means
by which the sensitivity of this pathway would be controlled through

differential expression of the insulin receptor, downstream kinases,
and targets such as 4E-BP, a regulator of translation. Occupancy of
target genes in the Wnt, Hh, EGFR, JNK, transforming growth factor-
b, PI3K/Akt, insulin, AMPK, Notch, Hippo, JAK/STAT, nuclear fac-
tor-kB, and target of rapamycin pathways indicates that Rbf1 may
have the potential to exert broad and concerted regulation of multiple
signaling systems. Of the ~300 genes that we identified as core con-
stituents of these pathways in Drosophila, approximately 46% exhibit
significant promoter-proximal signals for Rbf1 occupancy, more than
twice the frequency for genes at large. It is possible that Rbf1 controls
all promoters involved in signaling pathways in a unified manner, or
that some promoters are especially sensitive to the levels/activity of
Rbf1 protein; determining how promoters of individual components
of these pathways respond to this corepressor will be a first step to
quantitatively modeling the interaction of these systems. One feature
of the signal transduction genes bound by Rbf1 is the relative paucity
of genes encoding extracellular signaling proteins; despite rich repre-
sentation of receptors and intercellular components, very few ligands
involved in the signaling pathways were among the observed targets of
Rbf1. Perhaps Rbf1 is involved more in setting the cellular response
curves of these systems than the levels of signals impinging on a cell.

Analysis of the physical targets of Rbf1 points to a richer suite of
regulatory mechanisms for this protein’s output than has been pre-
viously indicated. Much attention has been focused on the role of
reversible phosphorylation in regulation of RB activity, and other
posttranslational forms of RB protein family regulation are well
known, including proteolysis, methylation, and acetylation that control
abundance, binding of regulatory factors, and nuclear localization.
Our genomic analysis indicates that regulation of the RB pathway

Figure 8 Divergence and conservation
of RB regulon. A total of 2310 identifiable
human orthologs of Rbf1 targets were
compared with RB targets in growing (A),
quiescent (B), and senescent (C) cells and
p130 targets in quiescent (D) and senes-
cent (E) cells. The overlaps in (A), (B), and
(C) were further compared with each other
(F) and the overlaps in (D) and (E) were
compared with each other (G). Compari-
son of the total genes in (F) and (G) with
each other (H), shows that most of the
targets of Rbf1 and RB, as well as Rbf1
and p130, are the same. In all overlaps in
A-E, GO terms DNA Replication, Cell
Cycle, DNA Repair, and Chromatin
Modification were enriched, indicating
that these genes may form a conserved
ancient regulon of RB proteins. The over-
lap of human homologs of Rbf1 targets in
Drosophila embryos and RB and p130
targets in human cell culture suggests that
many genes have retained regulation by
RB proteins since divergence of these
organisms. Other categories of genes
may represent divergence of RB family
function, or context-dependent differen-
ces in binding. Human homologs for
Rbf1 targets were compared with pub-
lished RB and p130 targets in growing,
quiescent and senescent human lung
fibroblasts (Chicas et al. 2010).
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may extend to five levels of a functional hierarchy: through tran-
scriptional control of cyclin and Hippo kinases that modify the pro-
tein and its function, through direct regulation of its own promoter,
through regulation of proteins that work together with Rbf1 in some
contexts to effect repression (MMB/dREAM and l(3)mbt), through
regulation of downstream kinases that control meiotic and mitotic
cell cycle, and finally through regulation of the levels of proteins that
can functionally antagonize Rbf1 repression, namely the E(bx)/
NURF301 chromatin remodeling factor. These types of regulatory
linkages are unlikely to be restricted to Drosophila, thus the picture
that emerges of RB pathways is one of tightly interwoven connec-
tions, where transcriptional links mediated through this family of
proteins are likely to play important roles in adjusting the set points
of numerous signaling pathways.

The almost exclusive genomic binding of Rbf1 very close to tran-
scriptional start sites indicates that Rbf1 associates with genes in a very
different sort of way compared to the binding of other transcriptional
cofactors. Groucho and CtBP corepressor proteins are very broadly
distributed, with no predisposition to localize to the transcriptional
start sites (modENCODE). In contrast, most of the E2F2-containing
MMB/dREAM components are tightly linked with basal promoters
(Georlette et al. 2007). We hypothesize that E2F proteins may be short-
range activators that only function when bound close to the basal pro-
moter, similar to Sp1 activator proteins. To antagonize them, Rbf1
would be colocalized to these regions. Interestingly, in reanalyzing the
data developed in Chicas et al. we note that approximately 70% of RB
and p130 binding interactions are found within 1 kb of the transcrip-
tional start sites of genes, suggesting that promoter proximity is a con-
served feature of the RB family of corepressors (Chicas et al. 2010).

Our bioinformatic analysis of the Rbf1-bound regions clearly
indicates that the regions occupied by Rbf1 are heterogeneous and that
certain combinations of motifs are closely associated with functionally
related genes (Figure 7). In some cases, these motifs may recruit
proteins that bind adjacent to Rbf1 to provide specialized responses,
similar to the way that modulatory proteins in mammals bind near
E2F sites to functionally differentiate subclasses of these promoters
(Jin et al. 2006; Freedman et al. 2009). The Rbf-associated MMB/
dREAM complex, which contains several DNA-binding proteins,
provides one example of this context: the complex binds to approx-
imately 70% of the genes targeted by Rbf1 in the embryo (Table S7)
(Georlette et al. 2007). Interestingly, few of these genes are involved
in signaling pathways, suggesting that alternative Rbf1-containing
complexes may form on these promoters. An additional feature of
the signaling pathway genes is their lack of high-affinity E2F motifs,
or sequences resembling the other three overrepresented motifs
found on the rest of the Rbf1 targets, suggesting that E2F may interact
with these promoters via non-canonical sites (Bieda et al. 2006; Xu
et al. 2007). Our functional testing for E2F1 responsiveness (Fig-
ure S7) and Dyson lab’s recent publication (Korenjak et al. 2012)
suggest that E2F2 and not E2F1 recruits Rbf1 to such promoters.
A preliminary bioinformatic analysis of these signaling pathway
promoter regions did not identify motifs common to the whole
set; therefore, it is possible that there are subclasses of motifs that
are involved in setting a transcriptional “grammar” for individual
pathways.

In summary, our genomic identification of Rbf1 targets in the
Drosophila embryo provides the first view of this important class of
corepressor in a whole animal; we find that in addition to a core of
conserved genes related to RB protein function in cell cycle and DNA
replication, the Rbf1 occupied genes are distributed among a diversity
of functions. The complexity of binding regions occupied by Rbf1

among different classes of genes strongly indicates that this co-
repressor is involved in gene regulation in very different contexts,
interacting with promoters that are occupied by distinct types of
transcription factors. Such complexity would allow the develop-
ment of independently-controlled groups of Rbf1 target genes.
Much work remains in deciphering the “promoter grammar” of
these regulatory regions. Most intriguingly, a high degree of en-
richment of genes for conserved signaling pathways suggests that
Rbf1 is directly involved in setting levels of components of these
systems at multiple points; such regulation would change the sen-
sitivity of signaling, which may vary from tissue to tissue. Identi-
fying the functional significance of RB interactions with genes from
these pathways will clarify new pathways of regulation of impor-
tance in development and disease.

ACKNOWLEDGMENTS
We thank Titus Brown, Mark Robinson, Shin Han Shiu, Gaurav
Moghe, Nitin Raj, Satyaki Sengupta, Liang Zhang, Heming Wang, and
Arnosti lab members for helpful discussions. We also thank the
Michigan State University (MSU) Institute for Cyber Enabled Re-
search (iCER) for computational support, He Zhang for construction
of InR-luciferase reporter. P.A., R.W.H, and D.N.A. conceived of the
project. P.A. carried out chromatin immunoprecipitations, cloning,
luciferase assays and bioinformatic analysis, and wrote the paper. N.
N. and K.P.W. conducted the sequencing and assisted with bioinfor-
matic analysis. J.J. assisted with custom python scripts. Y.W. carried
out some of the transfection assays and qPCR. D.N.A. and R.W.H.
directed the project, helped interpret the data, and assisted with writ-
ing. This study was supported by National Institutes of Health grant
GM079098 to D.N.A and R.W.H. and U01HG004264 from the Na-
tional Human Genome Research Institute to K.P.W. P.A. was sup-
ported by a dissertation continuation fellowship from MSU College of
Natural Science and the Hsiung-Kimball Scholarship from the MSU
Department of Microbiology and Molecular Genetics.

LITERATURE CITED
Acharya, P., N. Raj, M. S. Buckley, L. Zhang, S. Duperon et al., 2010 Paradoxical

instability-activity relationship defines a novel regulatory pathway for reti-
noblastoma proteins. Mol. Biol. Cell 21: 3890–3901.

Andersen, E. C., X. Lu, and H. R. Horvitz, 2006 C. elegans ISWI and
NURF301 antagonize an Rb-like pathway in the determination of mul-
tiple cell fates. Development 133: 2695–2704.

Annicotte, J. S., E. Blanchet, C. Chavey, I. Iankova, S. Costes et al., 2009 The
CDK4-pRB-E2F1 pathway controls insulin secretion. Nat. Cell Biol. 11:
1017–1023.

Bailey, T. L., and C. Elkan, 1994 Fitting a mixture model by expectation
maximization to discover motifs in biopolymers. Proc. Int. Conf. Intell.
Syst. Mol. Biol. 2: 28–36.

Batsche, E., P. Moschopoulos, J. Desroches, S. Bilodeau, and J. Drouin,
2005 Retinoblastoma and the related pocket protein p107 act as coac-
tivators of NeuroD1 to enhance gene transcription. J. Biol. Chem. 280:
16088–16095.

Bender, A. M., N. V. Kirienko, S. K. Olson, J. D. Esko, and D. S. Fay,
2007 lin-35/Rb and the CoREST ortholog spr-1 coordinately regulate
vulval morphogenesis and gonad development in C. elegans. Dev. Biol.
302: 448–462.

Berman, S. D., T. L. Yuan, E. S. Miller, E. Y. Lee, A. Caron et al., 2008 The
retinoblastoma protein tumor suppressor is important for appropriate
osteoblast differentiation and bone development. Mol. Cancer Res. 6:
1440–1451.

Bieda, M., X. Xu, M. A. Singer, R. Green, and P. J. Farnham, 2006 Unbiased
location analysis of E2F1-binding sites suggests a widespread role for
E2F1 in the human genome. Genome Res. 16: 595–605.

1470 | P. Acharya et al.

http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.112.004424/-/DC1/TableS7.xls
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.112.004424/-/DC1/FigureS7.pdf
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.112.004424/-/DC1/FigureS7.pdf


Bosco, G., W. Du, and T. L. Orr-Weaver, 2001 DNA replication control
through interaction of E2F-RB and the origin recognition complex. Nat.
Cell Biol. 3: 289–295.

Burkhart, D. L., L. K. Ngai, C. M. Roake, P. Viatour, C. Thangavel et al.,
2010a Regulation of RB transcription in vivo by RB family members.
Mol. Cell. Biol. 30: 1729–1745.

Burkhart, D. L., S. E. Wirt, A. F. Zmoos, M. S. Kareta, and J. Sage, 2010b Tandem
E2F binding sites in the promoter of the p107 cell cycle regulator control
p107 expression and its cellular functions. PLoS Genet. 6: e1001003.

Chicas, A., X. Wang, C. Zhang, M. McCurrach, Z. Zhao et al.,
2010 Dissecting the unique role of the retinoblastoma tumor suppressor
during cellular senescence. Cancer Cell 17: 376–387.

Classon, M., and E. Harlow, 2002 The retinoblastoma tumour suppressor in
development and cancer. Nat. Rev. Cancer 2: 910–917.

Dick, F. A., 2007 Structure-function analysis of the retinoblastoma tumor
suppressor protein—is the whole a sum of its parts? Cell Div. 2: 26.

Dimova, D. K., O. Stevaux, M. V. Frolov, and N. J. Dyson, 2003 Cell cycle-
dependent and cell cycle-independent control of transcription by the
Drosophila E2F/RB pathway. Genes Dev. 17: 2308–2320.

Du, W., and N. Dyson, 1999 The role of RBF in the introduction of G1
regulation during Drosophila embryogenesis. EMBO J. 18: 916–925.

Du, W., and J. Pogoriler, 2006 Retinoblastoma family genes. Oncogene 25:
5190–5200.

Edgar, B. A., and P. H. O’Farrell, 1990 The three postblastoderm cell cycles
of Drosophila embryogenesis are regulated in G2 by string. Cell 62: 469–480.

Felton-Edkins, Z. A., and R. J. White, 2002 Multiple mechanisms contrib-
ute to the activation of RNA polymerase III transcription in cells trans-
formed by papovaviruses. J. Biol. Chem. 277: 48182–48191.

Ferrari, R., M. Pellegrini, G. A. Horwitz, W. Xie, A. J. Berk et al.,
2008 Epigenetic reprogramming by adenovirus e1a. Science 321: 1086–1088.

Flowers, S., G. R. Beck Jr, and E. Moran, 2010 Transcriptional activation by
pRB and its coordination with SWI/SNF recruitment. Cancer Res. 70:
8282–8287.

Foe, V. E., 1989 Mitotic domains reveal early commitment of cells in
Drosophila embryos. Development 107: 1–22.

Freedman, J. A., J. T. Chang, L. Jakoi, and J. R. Nevins, 2009 A combina-
torial mechanism for determining the specificity of E2F activation and
repression. Oncogene 28: 2873–2881.

Frolov, M. V., D. S. Huen, O. Stevaux, D. Dimova, K. Balczarek-Strang et al.,
2001 Functional antagonism between E2F family members. Genes Dev.
15: 2146–2160.

Frolov, M. V., N. S. Moon, and N. J. Dyson, 2005 dDP is needed for normal
cell proliferation. Mol. Cell. Biol. 25: 3027–3039.

Georlette, D., S. Ahn, D. M. MacAlpine, E. Cheung, P. W. Lewis et al.,
2007 Genomic profiling and expression studies reveal both positive and
negative activities for the Drosophila Myb MuvB/dREAM complex in
proliferating cells. Genes Dev. 21: 2880–2896.

Gu, W., J. W. Schneider, G. Condorelli, S. Kaushal, V. Mahdavi et al.,
1993 Interaction of myogenic factors and the retinoblastoma protein
mediates muscle cell commitment and differentiation. Cell 72: 309–324.

Henriques, R., Z. Magyar, A. Monardes, S. Khan, C. Zalejski et al.,
2010 Arabidopsis S6 kinase mutants display chromosome instability
and altered RBR1–E2F pathway activity. EMBO J. 29: 2979–2993.

Holt, L. J., B. B. Tuch, J. Villen, A. D. Johnson, S. P. Gygi et al., 2009 Global
analysis of Cdk1 substrate phosphorylation sites provides insights into
evolution. Science 325: 1682–1686.

Hsieh, M. C., D. Das, N. Sambandam, M. Q. Zhang, and Z. Nahle,
2008 Regulation of the PDK4 isozyme by the Rb-E2F1 complex. J. Biol.
Chem. 283: 27410–27417.

Huang da, W., B. T Sherman, and R. A. Lempicki, 2009 Systematic and
integrative analysis of large gene lists using DAVID bioinformatics re-
sources. Nat. Protoc. 4: 44–57.

Janic, A., L. Mendizabal, S. Llamazares, D. Rossell, and C. Gonzalez,
2010 Ectopic expression of germline genes drives malignant brain tu-
mor growth in Drosophila. Science 330: 1824–1827.

Jiang, H., V. Martin, C. Gomez-Manzano, D. G. Johnson, M. Alonso et al.,
2010 The RB-E2F1 pathway regulates autophagy. Cancer Res. 70: 7882–7893.

Jin, V. X., A. Rabinovich, S. L. Squazzo, R. Green, and P. J. Farnham,
2006 A computational genomics approach to identify cis-regulatory
modules from chromatin immunoprecipitation microarray data–a case
study using E2F1. Genome Res. 16: 1585–1595.

Kadri, Z., R. Shimizu, O. Ohneda, L. Maouche-Chretien, S. Gisselbrecht et al.,
2009 Direct binding of pRb/E2F–2 to GATA-1 regulates maturation
and terminal cell division during erythropoiesis. PLoS Biol. 7: e1000123.

Keller, S. A., Z. Ullah, M. S. Buckley, R. W. Henry, and D. N. Arnosti,
2005 Distinct developmental expression of Drosophila retinoblastoma
factors. Gene Expr. Patterns 5: 411–421.

Kirienko, N. V., and D. S. Fay, 2007 Transcriptome profiling of the C. elegans
Rb ortholog reveals diverse developmental roles. Dev. Biol. 305: 674–684.

Korenjak, M., E. Anderssen, S. Ramaswamy, J. R. Whetstine, and N. J. Dyson,
2012 RBF binding to both canonical E2F targets and non-canonical targets
depends on functional dE2F/dDP complexes. Mol. Cell. Biol. (in press).

Langmead, B., C. Trapnell, M. Pop, and S. L. Salzberg, 2009 Ultrafast and
memory-efficient alignment of short DNA sequences to the human ge-
nome. Genome Biol. 10: R25.

Lee, H., K. Ohno, Y. Voskoboynik, L. Ragusano, A. Martinez et al.,
2010 Drosophila RB proteins repress differentiation-specific genes via
two different mechanisms. Mol. Cell. Biol. 30: 2563–2577.

Lewis, P. W., E. L. Beall, T. C. Fleischer, D. Georlette, A. J. Link et al.,
2004 Identification of a Drosophila Myb-E2F2/RBF transcriptional re-
pressor complex. Genes Dev. 18: 2929–2940.

Li, X. Y., S. MacArthur, R. Bourgon, D. Nix, D. A. Pollard et al.,
2008 Transcription factors bind thousands of active and inactive re-
gions in the Drosophila blastoderm. PLoS Biol. 6: e27.

Lipinski, M. M., and T. Jacks, 1999 The retinoblastoma gene family in
differentiation and development. Oncogene 18: 7873–7882.

Lohmann, D. R., 1999 RB1 gene mutations in retinoblastoma. Hum. Mutat.
14: 283–288.

Mercader, J., J. Ribot, I. Murano, S. Feddersen, S. Cinti et al., 2009 Haploinsufficiency
of the retinoblastoma protein gene reduces diet-induced obesity, in-
sulin resistance, and hepatosteatosis in mice. Am. J. Physiol. Endocri-
nol. Metab. 297: E184–E193.

Nevins, J. R., 1992a E2F: a link between the Rb tumor suppressor protein
and viral oncoproteins. Science 258: 424–429.

Nevins, J. R., 1992b Transcriptional regulation. A closer look at E2F. Nature
358: 375–376.

Nevins, J. R., 2001 The Rb/E2F pathway and cancer. Hum. Mol. Genet. 10:
699–703.

Nicolay, B. N., B. Bayarmagnai, A. B. Islam, N. Lopez-Bigas, and M. V. Frolov,
2011 Cooperation between dE2F1 and Yki/Sd defines a distinct transcrip-
tional program necessary to bypass cell cycle exit. Genes Dev. 25: 323–335.

Ryu, J. R., and D. N. Arnosti, 2003 Functional similarity of Knirps CtBP-
dependent and CtBP-independent transcriptional repressor activities.
Nucleic Acids Res. 31: 4654–4662.

Seto, H., Y. Hayashi, E. Kwon, O. Taguchi, and M. Yamaguchi,
2006 Antagonistic regulation of the Drosophila PCNA gene promoter
by DREF and Cut. Genes Cells 11: 499–512.

Sherr, C. J., and F. McCormick, 2002 The RB and p53 pathways in cancer.
Cancer Cell 2: 103–112.

Shibutani, S., L. M. Swanhart, and R. J. Duronio, 2007 Rbf1-independent
termination of E2f1-target gene expression during early Drosophila em-
bryogenesis. Development 134: 467–478.

Shibutani, S. T., A. F. de la Cruz, V. Tran, W. J. Turbyfill 3rd, T. Reis et al.,
2008 Intrinsic negative cell cycle regulation provided by PIP box- and
Cul4Cdt2-mediated destruction of E2f1 during S phase. Dev. Cell 15:
890–900.

Spradling, A., and T. Orr-Weaver, 1987 Regulation of DNA replication
during Drosophila development. Annu. Rev. Genet. 21: 373–403.

Stevaux, O., D. Dimova, M. V. Frolov, B. Taylor-Harding, E. Morris et al.,
2002 Distinct mechanisms of E2F regulation by Drosophila RBF1 and
RBF2. EMBO J. 21: 4927–4937.

Tabuchi, T. M., B. Deplancke, N. Osato, L. J. Zhu, M. I. Barrasa et al.,
2011 Chromosome-biased binding and gene regulation by the Caeno-
rhabditis elegans DRM complex. PLoS Genet. 7: e1002074.

Volume 2 November 2012 | Global Binding of Rbf1 Tumor Suppressor | 1471



Takahashi, Y., M. Yamaguchi, F. Hirose, S. Cotterill, J. Kobayashi et al.,
1996 DNA replication-related elements cooperate to enhance promoter
activity of the drosophila DNA polymerase alpha 73-kDa subunit gene. J.
Biol. Chem. 271: 14541–14547.

Tang, N., W. X. Song, J. Luo, R. C. Haydon, and T. C. He, 2008 Osteosarcoma
development and stem cell differentiation. Clin. Orthop. Relat. Res. 466:
2114–2130.

Tschop, K., A. R. Conery, L. Litovchick, J. A. Decaprio, J. Settleman et al.,
2011 A kinase shRNA screen links LATS2 and the pRB tumor sup-
pressor. Genes Dev. 25: 814–830.

Valouev, A., D. S. Johnson, A. Sundquist, C. Medina, E. Anton et al.,
2008 Genome-wide analysis of transcription factor binding sites based
on ChIP-Seq data. Nat. Methods 5: 829–834.

van den Heuvel, S., and N. J. Dyson, 2008 Conserved functions of the pRB
and E2F families. Nat. Rev. Mol. Cell Biol. 9: 713–724.

Wu, L., A. de Bruin, H. I. Saavedra, M. Starovic, A. Trimboli et al.,
2003 Extra-embryonic function of Rb is essential for embryonic de-
velopment and viability. Nature 421: 942–947.

Xin, S., L. Weng, J. Xu, and W. Du, 2002 The role of RBF in develop-
mentally regulated cell proliferation in the eye disc and in Cyclin D/Cdk4
induced cellular growth. Development 129: 1345–1356.

Xu, X., M. Bieda, V. X. Jin, A. Rabinovich, M. J. Oberley et al., 2007 A compre-
hensive ChIP-chip analysis of E2F1, E2F4, and E2F6 in normal and tumor cells
reveals interchangeable roles of E2F family members. Genome Res. 17: 1550–1561.

Yamaguchi, M., Y. Hayashi, Y. Nishimoto, F. Hirose, and A. Matsukage,
1995 A nucleotide sequence essential for the function of DRE, a com-
mon promoter element for Drosophila DNa replication-related genes. J.
Biol. Chem. 270: 15808–15814.

Communicating editor: K. S. McKim

1472 | P. Acharya et al.


