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The Hippo signaling pathway regulates organ size homeostasis, while its inactivation leads to severe hyperplasia
in flies and mammals. The transcriptional coactivator Yorkie (Yki) mediates transcriptional output of the Hippo
signaling. Yki lacks a DNA-binding domain and is recruited to its target promoters as a complex with
DNA-binding proteins such as Scalloped (Sd). In spite of recent progress, an open question in the field is the
mechanism through which the Yki/Sd transcriptional signature is defined. Here, we report that Yki/Sd synergizes
with and requires the transcription factor dE2F1 to induce a specific transcriptional program necessary to bypass
the cell cycle exit. We show that Yki/Sd and dE2F1 bind directly to the promoters of the Yki/Sd-dE2F1 shared
target genes and activate their expression in a strong cooperative manner. Consistently, RBF, a negative regulator
of dE2F1, negates this synergy and limits the overall level of expression of the Yki/Sd-dE2F1 target genes.
Significantly, dE2F1 is needed for Yki/Sd-dependent full activation of these target genes, and a de2f1 mutation
strongly blocks yki-induced proliferation in vivo. Thus, the Yki transcriptional program is determined through
functional interactions with other transcription factors directly at target promoters. We suggest that such
functional interactions would influence Yki activity and help diversify the transcriptional output of the Hippo
pathway.
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Proper progression through the cell cycle is a complex
process that must be tightly regulated. Evolutionary
conservation of the mechanisms to coordinate this pro-
cess emphasizes the importance of cell cycle regulation.
Indeed, mutations that affect regulatory pathways in-
tegral to this progression are often associated with
disease, such as cancer. Two such pathways are the p16/
pRB (Retinoblastoma tumor suppressor protein) and the
Hippo tumor suppressor pathways.

The textbook model of how the pRB exerts its function
as a tumor suppressor is primarily through limiting the
activity of the family of E2F transcription factors and
promoting the cell cycle exit (Hanahan and Weinberg
2000; Nevins 2001). While E2Fs are capable of regulating
the expression of genes with a vast array of functions,
they are perhaps best known for the ability to regulate

genes that are critical for the G1-to-S-phase transition
(Attwooll et al. 2004; van den Heuvel and Dyson 2008).
Thus, when pRB function is compromised, unrestrained
E2F activity is sufficient to inappropriately drive quiescent
cells into S phase. Loss of pRB is considered an obligatory
early step in cancer initiation, thus emphasizing the im-
portance of identifying mutations in other tumor suppres-
sor pathways that cooperate with pRB inactivation in
promoting cell proliferation.

One such pathway is the recently identified Hippo
tumor suppressor pathway, which has been shown to
play an important role in limiting organ size in a variety
of tissues and different organisms (Pan 2007; Zhao et al.
2008a, 2010; Badouel et al. 2009; Oh and Irvine 2010).
Initially the pathway was identified and delineated in
Drosophila as a core kinase cascade composed of four
tumor suppressor proteins—Hippo (Hpo), Salvador (Sav),
Mob as a tumor suppressor (Mats), and Warts (Wts)—that
function to negatively regulate the potent transcriptional
coactivator Yorkie (Yki). Since Yki lacks a DNA-binding
domain, it requires a DNA-binding partner, and, to date,
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two have been identified: Homothorax (Hth; a TALE
homeodomain protein) and Scalloped (Sd; the lone TEAD/
TEAF homolog in flies) (Wu et al. 2008; Zhang et al. 2008;
Peng et al. 2009).

In Drosophila, inactivation of the Hippo pathway by
a wts mutation strongly enhances the phenotype of rbf-
deficient (pRB in flies) cells, as rbf wts double mutant
cells, but not rbf and wts single mutant cells, fail to exit
the cell cycle upon differentiation (Nicolay et al. 2010).
Genetic interaction between rbf and wts mutations
appears to be specific, as, for example, terminal cell cycle
exit occurs properly in rbf tsc1 double mutants (Hsieh
et al. 2010). However, the severe cell cycle exit defect in
rbf wts double mutant cells could be merely the conse-
quence of the removal of two potent negative regulators
of cell proliferation: rbf and wts. Intriguingly, the lone
Drosophila E2F activator de2f1 is induced following
inactivation of the Hippo signaling and is required in
Hippo pathway mutant cells to undergo inappropriate
proliferation in different contexts (Goulev et al. 2008;
Nicolay and Frolov 2008; Reddy et al. 2010). Altogether,
these observations point to the importance of an in-
teraction between the pRB and Hippo pathways. How-
ever, at present, it remains unclear what the molecular
mechanism is behind this interaction.

In this study, we employed a combination of gene
expression microarrays, transcriptional reporter assays,
and chromatin immunoprecipitation (ChIP) to show that
the two downstream effectors of the pRB and Hippo
pathways—dE2F1 and Yki/Sd, respectively—directly in-
duce a specific transcriptional program that is necessary
to overcome the cell cycle exit. We found that dE2F1 and
Yki/Sd synergistically activate shared target genes, and
that RBF negates this synergy and limits the overall level
of expression of these genes. Significantly, dE2F1 is ne-
eded for complete Yki/Sd-induced activation of these
genes, and a de2f1 mutation strongly blocks Yki-induced
proliferation in vivo. It has been shown that Yki associ-
ates with distinct DNA-binding factors that recruit Yki to
specific targets, and thus execute distinct transcriptional
programs. Our data suggest that, in addition, Yki activity
can be modulated through interaction with other tran-
scription factors at specific target promoters to induce
genes critical for cell proliferation.

Results

Microarray analysis reveals unique gene expression
signature specific to rbf wts double mutant tissue

Failure of rbf mutants to properly exit the cell cycle is due
to deregulation of E2F-dependent transcription. Inactivat-
ing mutations in the Hippo signaling pathway—wts or
hpo—dramatically enhance the cell cycle defects of rbf
single mutant cells, particularly in the larval eye imaginal
disc. To examine the impact of a wts mutation on the E2F
transcriptional program of rbf mutant cells, we performed
gene expression microarray analysis using RNA isolated
from mosaic third instar larval eye discs of animals
carrying a mutation in rbf alone, wts alone, or rbf and

wts together (rbf wts double mutants). We then compared
the pattern of gene expression found in each mutant
background with that of wild-type (Canton S) eye discs.

Microarray analysis revealed unique gene expression
signatures specific to each genotype (Fig. 1A; Supplemen-
tal Table S1). Previously known targets of the RBF and
Hippo pathways were found to be up-regulated in rbf and
wts single mutants, respectively (Fig. 1B; Supplemental
Table S1). Gene ontology of biological processes (GOBP)
analysis revealed that, in the rbf and wts single mutants,
there was a statistically significant number of up-regulated
genes involved in DNA replication and the cell cycle
processes (Fig. 1B; Supplemental Table S2). Importantly,
in the rbf wts double mutant, there was an apparent ad-
ditive effect, defined by a statistically significant increase
in the number of up-regulated genes of these two GOBP
categories (Fig. 1B; Supplemental Table S2). In contrast, no
enrichment for these processes was found in the cluster of
down-regulated genes in any mutant combination (Fig. 1B).
Therefore, in further analysis, we focused on genes in
which expression was elevated in the mutant tissue.

A comparison of genes that were up-regulated exclusively
in each mutant background revealed a unique gene ontol-
ogy signature associated with the rbf wts double mutant
(Fig. 1C; Supplemental Table S3). This signature comprised
55 up-regulated genes (using a log2 0.5 fold change [FC]
cutoff) that were not identified in either rbf or wts single
mutant tissues. GOBP analysis of the corresponding genes
revealed enrichment for processes involved in cell cycle
progression and DNA replication (Fig. 1C; Supplemental
Table S3). Interestingly, while loss of rbf or wts alone results
in enrichment for up-regulated genes involved in these
processes, (e.g., cell cycle and DNA replication), a signifi-
cantly greater number of genes involved in these processes
were found only to be affected by the loss of both rbf and
wts together (Supplemental Table S3). To complement this
analysis, we performed real-time quantitative PCR (qPCR)
to determine the level of expression of known RBF and
Hippo pathway target genes in single and double mutants.
We found the expression of Expanded, CG11299, and
BubR1 to be elevated in the rbf wts double mutant tissue
compared with each single mutant background alone (Fig.
1D). Thus, rbf wts double mutants are characterized by
the increased level of gene expression and an increase in
the number of up-regulated genes that are involved in cell
cycle progression. Taken together, these results suggested
that rbf and wts mutations exert a strong cooperative
effect on the transcriptome that may account for severe
cell cycle defects in rbf wts double mutants.

Yki and dE2F1 cooperate to promote inappropriate cell
division in vivo

The RBF and Hippo pathways regulate cell proliferation
by limiting the activities of two downstream transcrip-
tion factors: dE2F1 and Yki, respectively. Therefore we
asked whether the rbf wts double mutant phenotype
could be mimicked by coexpression of dE2F1 and Yki.
We used the GAL4/UAS expression system to induce
expression of de2f1 and yki singularly and in combination
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in the posterior compartment of the larval eye disc. In
a wild-type eye disc, the majority of cells exit the cell
cycle at this stage in development, with the exception of
a population of uncommitted cells that undergo a single,
synchronous round of the cell division called the second
mitotic wave (SMW). These dividing cells can be found
along the dorsal/ventral axis as a narrow strip of mitotic
cells (Fig. 2A). Under normal conditions, there are no cell
divisions in the region posterior to the SMW. Thus, in this
setting, any inappropriate proliferation posterior to the
SMW can be readily found and quantified.

As has been reported previously, ectopic expression of
either de2f1 or yki alone induced moderate levels of
inappropriate cell divisions posterior to the SMW, as
revealed by the presence of cells positive for a mitotic
marker, a phosphorylated Histone-H3 (pH3) (Fig. 2B,C).
The increased proliferation posterior to the SMW causes
an expansion in the remaining unspecified cells between

differentiating photoreceptors (denoted by expression of
a neuronal marker, ELAV) (Fig. 2B,D). Remarkably, si-
multaneous expression of de2f1 and yki led to a 1.5-fold
to 2.8-fold increase in the number of mitotic cells in the
posterior compartment when compared with when either
yki or de2f1 was expressed alone (Fig. 2D,E). Thus, we
concluded that dE2F1 and Yki potentiate each other’s
activity in vivo and largely mimic the severe proliferation
defects of the rbf wts double mutant.

Yki and dE2F1 synergistically activate common
target genes and cooperate in reporter-based
transcriptional assays

Since Yki lacks a DNA-binding domain, it is recruited to
its target genes by transcription factors such as Scalloped
(Sd). Sd has been shown to mediate Yki-driven prolifera-
tion in the eye imaginal disc (Wu et al. 2008; Zhang et al.

Figure 1. RBF and Hippo pathways coop-
eratively regulate DNA replication and cell
cycle pathway genes. Three-way Venn dia-
grams of differentially expressed (DE) genes
from rbf/wild type, wts/wild type, and rbf

wts (double mutant [DM])/wild type. The
three-way Venn diagrams represent DE
genes (compared with wild type) when there
is a log2 fold change (FC) >0.5 (;1.4-fold
change). (A) On the left, up-regulated DE
genes in rbf/wild type, wts/wild type, and
DM/wild type. Using a log2FC > 0.5, 55
DE genes are up-regulated only following
inactivation of both the RBF and Hippo
pathways. On the right, down-regulated
DE genes in rbf/wild type, warts/wild type,
and DM/wild type. Using a log2FC > 0.5,
90 DE genes are down-regulated only fol-
lowing inactivation of both the RBF and
Hippo pathways. Uniquely DE genes found
in the rbf wts double mutant tissue repre-
sent a synergy between the two mutant
alleles on gene expression. (B) Matrix of
GOBP within each mutant genotype (rbf,
wts, and rbf wts). Enrichment of genes up-
regulated in each genotype can be seen for
cell cycle and DNA replication. (C) GOBP
enrichment analysis for DE genes found to
be either uniquely up-regulated in the rbf
wts double mutant or commonly within all
three mutant genotypes (rbf, wts, and rbf

wts). For all matrices in B and C, colors are
values of statistical significance (see scale
bar) for enrichment of each process, with
red being the most significant and gray
indicating no significant enrichment. (D)
Real-time qPCR analysis of RNA isolated
from wild-type tissue or rbf, wts, or rbf wts

mutant tissues. Classical target genes from
each pathway, such as expanded (Hippo
pathway) (P-value < 0.1) or BubR1 (RBF),
show increased expression following inacti-
vation of both pathways. Error bars repre-
sent standard deviation from the mean.
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2008). Therefore we sought to test for the presence of Sd-
and E2F-binding sites among genes that are differentially
expressed in the rbf wts double mutant (Fig. 1A). Sd
putative binding sites were predicted using the Transfac
position frequency matrix (pfm) (see the Supplemental
Material for details); however, due to the lack of pfm for
dE2F binding, we inferred target genes from human
experimental targets by orthology mapping. We found
significant enrichment for genes containing putative
binding sites for both Sd and E2F only among genes
up-regulated in the double mutant tissue (19 out of 249,
P-value = 0.0288). When we restricted our analysis to
genes found overexpressed only in the double mutant
tissue, there again was a significant number of putative
dual-regulated genes from which the transcripts were up-

regulated (seven out of 68, P-value = 0.0161; without
a log2 FC cutoff) (Supplemental Table S4). When the
prediction analysis was not restricted to those genes that
were found only up-regulated in one specific genotype,
a GO enrichment signature that was strikingly similar to
the one found in the rbf wts double mutant tissue was
revealed (Fig. 3A,B; Supplemental Table S5).

High frequency of occurrence of the E2F- and Sd-
binding sites in the promoter of differentially expressed
genes indicated that dE2F1 and Yki might regulate
a common set of target genes. To test this idea, we started
by conducting luciferase-based transcriptional assays in
Drosophila S2R+ cells using a synthetic reporter, E2F-Sd-
luc. This reporter contains E2F- and Sd-binding sites, and
therefore can be independently regulated by dE2F1 and
Yki (for details, see the Materials and Methods). The E2F-
Sd-luc reporter was transfected into S2R+ cells depleted of
RBF and Hpo proteins by RNAi. As expected, the reporter
was up-regulated in both RBF- and Hpo-depleted cells,
indicating that the Sd- and E2F-binding sites were fully
functional and responded to elevated endogenous dE2F1
and Yki activities appropriately (Fig. 3C). Consistently,
the cotransfection of Yki/Sd activated the reporter. Im-
portantly, the ability of Yki/Sd to activate the reporter
was enhanced approximately threefold in RBF-depleted
cells compared with untreated cells. This indicated that
Yki/Sd might cooperate with elevated endogenous dE2F1
activity in RBF-depleted cells.

Next, we examined the transcriptional response fol-
lowing coexpression of dE2F1 and Yki/Sd. The Sd-E2F-luc
reporter was activated by dE2F1, and this effect could be
negated by RBF (Fig. 3D). Importantly, when dE2F1 was
coexpressed with Yki/Sd, the reporter was activated in
a strong synergistic manner, showing a more than fivefold
increase in activity compared with when either dE2F1 or
Yki/Sd was transfected alone. Consistent with the ability
of RBF to inhibit dE2F1, coexpression of RBF strongly
diminished the synergy between dE2F1 and Yki/Sd in the
reporter activation. Taken together, these results sug-
gested that dE2F1 and Yki/Sd cooperate to potently in-
duce the synthetic reporters.

To examine whether dE2F1 and Yki/Sd act coopera-
tively in the activation of endogenous promoters, we
selected nine genes that were up-regulated in rbf wts
double mutants and contained predicted Sd and E2F sites.
The genes that were chosen are generally considered to be
Yki/Sd targets (expanded [Ex]) and E2F targets (Mcm2,
Mcm3, Mcm10, CycB3, cdc2c, and DNA pol e), as well as
two possible novel targets (Dachs and dDP). While micro-
array analysis showed that dDP, Ex, Mcm2, and Mcm3
were uniquely up-regulated in the double mutant tissue
alone, Dachs and CycB3 were up-regulated as well in the
wts single mutant tissue, Mcm10 and DNA pol e were up-
regulated as well in the rbf single mutant tissue, and,
finally, cdc2c was up-regulated in all three mutant
settings. First, we measured the relative expression of
each gene by real-time qPCR in cells depleted of the
endogenous negative regulators of both the RBF and
Hippo pathways. We found that Mcm2, Mcm3, Mcm10,
CycB3, cdc2c, DNA pol e, and dDP were up-regulated in

Figure 2. dE2F1 and Yki cooperate to drive inappropriate cell
divisions. (A–D) Images of third instar larval eye discs, where
the posterior is positioned to the right and the morphegenetic
furrow (MF) is marked by a white arrowhead. In all images,
differentiated cells are shown by the presence of ELAV (blue) and
proliferating cells are marked by the presence of phosphorylated
Histone-H3 (pH3) (green). Ectopic expression of UAS-de2f1,
UAS-ykiS168A, or the two together was driven exclusively in
the posterior compartment by the GMR-Gal4 driver. (A) Pro-
liferation is absent from the posterior compartment of wild-type
eye discs. (B,C) When de2f1 or yki is overexpressed, inappropri-
ate cell divisions marked by pH3 (green) can be detected in the
posterior. (D) Overexpression of both de2f1 and yki together
leads to massive cell division in the posterior compartment. (E)
Upon quantification (for details, the see Materials and Methods),
there is an apparent cooperation between dE2F1 and Yki in driving
inappropriate cell divisions (P-value < 0.00003 compared with ei-
ther dE2F1 or Yki overexpression alone). Error bars are represen-
tative of standard deviation from the mean in each experiment.
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the range between onefold and fivefold in RBF/Hippo
dual-depleted cells compared with cells treated with
a nonspecific dsRNA (Fig. 3G). We concluded that, in
S2R+ cells, these genes respond to inactivation of
the RBF and Hippo pathways similarly to in the eye
imaginal discs. Importantly, this result confirmed
S2R+ cells as a valid system for further analysis of the
promoters of these genes in transcriptional reporter
assays.

Next, for each gene, a fragment that ranged between
600 base pairs (bp) and 2 kb of the endogenous promoter
that contained the predicted Sd and E2F sites was cloned
upstream of a luciferase gene. Each reporter was then
tested for response to dE2F1 and/or Yki/Sd expression
in transient transfections. In general, expression of Yki/Sd
alone resulted in no effect or very mild activation. dE2F1
was more potent, as it activated six of the nine reporters in
the range between twofold and 10-fold higher than in cells

Figure 3. dE2F1 and Yki/Sd synergistically
activate common target genes. (A) Statisti-
cal analysis revealed that a statistically sig-
nificant number of DE up-regulated genes
found in the rbf and rbf wts mutant tissues
have both Sd- and dE2F1-binding sites
within the promoters. GOBP enrichment
analysis of these DE up-regulated genes
found a gene expression signature similar
to that of the rbf and rbf wts mutants
(enrichment for processes involved in
DNA replication). (B) An enrichment of
genes involved in DNA replication and cell
cycle progression pathways was found, in
the DE up-regulated genes from the rbf wts

double mutant, to have both Sd- and dE2F1-
binding sites. (C–F) Yki/Sd and dE2F1
cooperate in activation of the reporter in
transient transfection experiments in S2R+

cells. (C) Cells were incubated with non-
specific (NS), RBF/RBF2, and Hippo (Hpo)
dsRNAs for 4 d to deplete the corresponding
proteins. On day 4, the E2F-Sd-Luc reporter
was transfected into the depleted cells with
pIE7-Flag-Sd- and pAc-HA-Yki-expressing
plasmids, and the luciferase activity was
measured 2 d later to determine the level
of the endogenous E2F activity in these
cells. The pAc-Renilla plasmid was cotrans-
fected to normalize for transfection effi-
ciency. Results depict the mean of three
experiments. (D) S2R+ cells were trans-
fected with the Sd-E2F-luc reporter and
a combination of pIE7-Flag-Sd-, pAc-HA-
Yki-, pIE4-Myc-E2F1-, and pIE4-HA-RBF-
expressing plasmids. Yki/Sd and dE2F1
exerted a cooperative effect in activation
of the reporter, while coexpression of RBF
negated such cooperation. The pAc-Renilla

plasmid was cotransfected to normalize for
transfection efficiency. Results depict the
mean of three experiments. (E,F) S2R+ cells

were transfected with luciferase reporters containing fragments of endogenous promoters from genes that are predicted dual targets of
Sd and dE2F and a combination of pIE7-Flag-Sd-, pAc-HA-Yki-, pIE4-Myc-E2F1-, and pIE4-HA-RBF-expressing plasmids. Yki/Sd and
dE2F1 exerted a cooperative effect in activation of the reporters, while coexpression of RBF negated such cooperation. For Mcm3-luc,
dDP-luc, Dachs-luc, Ex-luc, and DNA Pol e- luc, this cooperative effect in activation was a statistically significant (P-value < 0.06)
increase in activation seen when the same amount of dE2F1 or Yki/Sd were expressed singularly. The difference seen in activation for
Mcm2-luc, Mcm10-luc, cdc2c-luc, and CycB3-luc was more modest (P-value < 0.105). The Sd-E2F-luc reporter was used as a positive
control and is denoted by a red asterisk. The pAc-Renilla plasmid was cotransfected to normalize for transfection efficiency. Results
depict the mean of three experiments. (G) S2R+ cells were treated with nonspecific (NS), RBF/RBF2, Hpo/Warts, or RBF/RBF2 + Hpo/
Warts dsRNAs for 4 d to deplete the corresponding proteins. On day 4, RNA was recovered from each treatment, and real-time qPCR
analysis was performed on the corresponding cDNAs. Expression of all genes tested, with the exception of Ex, in the RBF/RBF2 + Hpo/
Warts-codepleted cells was statistically elevated (P-value < 0.07) when compared with cells treated with a nonspecific dsRNA. Results
depict mean of three experiments.
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transfected with an empty vector. However, coexpression
of dE2F1 and Yki/Sd together strongly potentiated the
ability of each transcription factor to activate the reporters
(Fig. 3E,F). For example, Mcm3-luc, Ex-luc, dDP-luc, DNA
pol e-luc, and Dachs-luc reporters were induced between
10-fold and 60-fold higher than cells treated with empty
vector alone, and between threefold and sixfold higher than
cells when the most activity was seen when the same
amount of dE2F1 or Yki/Sd were expressed singularly.
Mcm2-luc, Mcm10-luc, cdc2c-luc, and CycB3-luc showed
a more modest cooperation in activation (onefold to four-
fold increase) between dE2F1 and Yki/Sd compared with
when the same amount of dE2F1 or Yki/Sd was expressed
singularly. Similar to the results obtained using the syn-
thetic reporter (Fig. 3D), coexpression of RBF dramatically
reduced the synergy between dE2F1 and Yki/Sd in reporter
activation (Fig. 3E,F). Additionally, we generated a series of
truncations of the dDP-luc and DNA pol e-luc luciferase
reporters in which multiple predicted E2F- and Sd-binding
sites were progressively deleted. The response of these
reporters to dE2F1 and Yki/Sd was strongly reduced in
comparison with the reporters containing wild-type pro-
moter regions (Supplemental Fig. S1A,B), suggesting that
synergistic activation of the wild-type reporters was de-
pendent on the presence of Sd- and E2F-binding sites. Thus,
we concluded that dE2F1 and Yki/Sd share a set of com-
mon targets and cooperate in their activation, while RBF is
able to negate the synergy between dE2F1 and Yki/Sd.

Yki/Sd and dE2F complexes bind to their target genes
in vivo

We employed ChIP to determine whether dE2F1 and Yki/
Sd bind directly to their common targets in vivo. We
examined the in vivo occupancy of Sd, RBF, dE2F1, and
the dE2F DNA-binding partner dDP within the promoter
regions of four representative genes: Mcm3, Mcm10, dDP,
and DNA polymerase e. These genes were chosen be-
cause, as described above, dE2F1 and Yki/Sd strongly
synergized in activating the Mcm3-luc and DNA pol e-luc
reporters, while the cooperation was less efficient in in-
duction of the Mcm10-luc and dDP-luc reporters (Fig. 3E,F).
As shown in Figure 4 and Supplemental Figure S2, regions
containing the E2F-binding sites from all four genes—but
not a region from a negative control gene, RpP0—were
efficiently immunoprecipitated using dDP, dE2F1, and RBF
antibodies. As a specificity control, a nonspecific antibody
failed to immunoprecipitate any of these regions.

Next, a Flag epitope-tagged Sd protein (Flag-Sd) was
coexpressed with an HA epitope-tagged Yki protein (HA-
Yki), and ChIP was performed with a Flag-specific anti-
body. Two fragments from both the DNA polymerase e and
dDP genes were specifically enriched in comparison with
the negative control gene RpP0 (Fig. 4A,B). Additionally
a single fragment from the Mcm10 gene was specifically
enriched in comparison with the negative control gene
RpP0 (Fig. 4D). Together with the results of the luciferase
assays, these data strongly argue that dE2F1 and Yki/Sd
directly bind and synergistically activate expression of
shared target genes. The presence of RBF on these pro-

moters in vivo suggests that RBF can directly block this
synergistic activation by limiting the dE2F1 activity.

Distinct response to Yki/Sd and dE2F1
in reporter-based transcriptional assays

To examine the relative contribution of endogenous
dE2F1 and Yki/Sd to the expression of shared targets,
we performed transcriptional reporter assays in cells that
were depleted of dE2F1 and Yki/Sd by RNAi. Depletion of
Yki/Sd reduced the expression of the dDP-luc and DNA
pol e-luc reporters by 50%, but had almost no effect on
expression of the Mcm3-luc reporter. In contrast, de-
pletion of dE2F1 reduced the expression of the three
tested reporters between 50% and 80% (Fig. 5A–C). Thus,
this suggests that each of these reporters is very sensitive
to the presence of dE2F1. Interestingly, in dE2F1-depleted
cells, Yki/Sd failed to activate the Mcm3-luc reporter to
the same extent as in wild-type cells, suggesting that Yki/
Sd requires dE2F1 for full activation (Fig. 5D). Thus, Yki/
Sd and dE2F1 activities are important for normal expres-
sion of these genes.

dE2F2 fails to repress dE2F1-Yki/Sd-regulated targets

Unlike the activator dE2F1, the other Drosophila E2F
protein, dE2F2, is a repressor. Both dE2F1 and dE2F2 can
recognize the same E2F-binding site. Therefore, we asked
whether dE2F2 is able to repress DNA pol e-luc, Mcm3-
luc, and dDP-luc reporters. The level of the expression of
the reporters was determined following transfection of
dE2F2 and RBF expression plasmids. In a control experi-
ment, dE2F2/RBF potently repressed the PCNA-luc re-
porter that was validated previously as an accurate
readout of the dE2F2 repression (Fig. 5E). However, the
same amount of dE2F2/RBF very weakly repressed the
dDP-luc and Mcm3-luc reporters and completely failed to
repress the DNA pol e-luc reporter (Fig. 5A–C). While
depletion of Yki/Sd mildly enhanced dE2F2/RBF-mediated
repression of the Mcm3-luc reporter, depletion of dE2F1
had no effect. Notably, depletion of dE2F1 or Yki/Sd did
not enhance dE2F2/RBF-mediated repression of the DNA
pol e-luc reporter, while depletion of dE2F1 mildly en-
hanced dE2F2/RBF-mediated repression of the dDP-luc.
A ChIP assay showed that dE2F2 is normally present at
the promoters of the Mcm3, dDP, and DNA polymerase
e genes, thus confirming that these genes are genuine
dE2F2 targets (Fig. 5F). Additionally, dE2F2 remains as-
sociated with RBF even in cells that were depleted of the
Wts protein by RNAi, indicating that high Yki activity is
insufficient to disrupt the dE2F2/RBF repressor complexes
(Fig. 5G). Taken together, these data strongly argue that
Yki/Sd-dE2F1 shared target genes are regulated primarily
through activation by dE2F1, and are largely insensitive
to the dE2F2 repressor even though the dE2F2 repressor
remains functional.

rbf limits yki-driven proliferation in vivo

The importance of dE2F1 in promoting Yki-driven growth
was further evaluated in the de2f1 mutant mosaic eye
imaginal discs. We used the MARCM system to overexpress
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a constitutively active form of Yki, YkiS168, in wild-type and
de2f1 homozygous mutant cells. In this technique, Yki-
expressing cells are marked with GFP. As expected, Yki
expression resulted in dramatic overgrowth of the wild-type
tissue (Fig. 6A). In contrast, this growth advantage was
largely lost in de2f1 mutant cells (Fig. 6A).

In another line of evidence, we examined the effect of
de2f1 mutation on proliferation of Hippo pathway mu-
tant cells in which Yki is becoming hyperactivated. A
null allele of de2f1 (de2f1rm729) was recombined individ-
ually with null alleles for wts (wtsLats1/X1), sav (sav3), or
mats (matse235). The FLP/FRT technique was used to
generate mosaic eyes that contained de2f1 wts, de2f1 sav,
and de2f1 mats double homozygous mutant clones. In the

presence of the wild-type allele of de2f1, inactivation of
the Hippo signaling resulted in significant tissue over-
growth that is particularly evident in the adult eyes (Fig.
6B). Remarkably, a de2f1 mutation strongly suppressed
this phenotype, and tissue overgrowth was blocked in
de2f1 wts, de2f1 sav, or de2f1 mats double mutants.

It has been shown that rbf limits the proliferation of
wts mutant cells, since the rbf wts double mutant
phenotype is more severe than that of the wts single
mutant (Nicolay et al. 2010). To determine whether the
loss of rbf affects proliferation of de2f1 wts double mutant
cells, clones of de2f1 wts homozygous double mutant and
rbf de2f1 wts triple homozygous mutant cells were
generated in the first larval imaginal wing discs, and the

Figure 4. dE2F/RBF and Yki/Sd complexes can bind directly to promoters of shared targets. Schematics of the promoter regions of
DNA pol e (A), dDP (B), Mcm3 (C), and Mcm10 (D). The depicted regions are each a total of 1 kb in length, with the grayscale bar
representing 0.1 kb in length, andthe transcription start site (TSS) for each promoter is designated by a black arrow. Fragments from
within these four regions were used in cloning the reporters described above (for details, see the Supplemental Material). In all of the
schematics, the predicted Sd-binding sites within each promoter region are shown by the open triangles on top, and the predicted dE2F-
binding sites are shown by closed triangles on the bottom. The closed bars represent regions (;0.15 kb) amplified in real-time qPCR
analysis following ChIP experiments using RBF, Dp, and dE2F1 antibodies, as well as a Flag antibody to isolate Sd/DNA complexes. All
closed bars represent amplicons from unique primer sets. ChIP was performed using antibodies specific for dDP, RBF, or dE2F1. An
antibody recognizing the MYC epitope served as a negative control. To determine occupancy by Sd, S2R+ cells were transfected with
Flag-Sd and HA-Yorkie. ChIP was performed with an antibody specific for the Flag epitope. Untransfected cells served as a negative
control. Real-time qPCR analysis was done on the recovered chromatin samples, and the total amount of DNA precipitated with each
antibody was quantified. RpP0 served as the negative control gene for each experiment. Fold enrichment was calculated by dividing
chromatin enriched from transfected cells by untransfected cells for each region specified. Error bars are representative of a standard
deviation from the mean. All differences were statistically significant, with a P-value of <0.08.

dE2F1 and Yki cooperate at shared target genes

GENES & DEVELOPMENT 329



number of cells in the mutant clones were counted 40 h
later. This allowed us to calculate the cell population
doubling time for each genotype. Consistent with the
results described above, the de2f1 wts double mutant
cells proliferated quite poorly, with an average doubling
time of ;35 h compared with their neighboring twin spot
average time of ;13 h (Fig. 6C). However, rbf wts de2f1
triple mutant cells proliferated faster, as the average
doubling time of rbf de2f1 wts triple mutant cells was
;20 h, while the average doubling time of the neighbor-
ing twin spot was ;14 h (Fig. 6D). Thus, the loss of rbf
partially rescued the proliferation defect of de2f1 wts
double mutant cells, but it was insufficient to completely
restore the full ability of these cells to proliferate.

To understand the mechanism of the rescue, we exam-
ined the expression of the PCNA-luc, Mcm3-luc, and
Mcm10-luc reporters in Drosophila cells depleted of
dE2F1, Wts, and RBF proteins. The PCNA-luc, Mcm3-
luc, and Mcm10-luc reporters were down-regulated in
dE2F1 and remained down-regulated in dE2F1 Wts dou-
ble-depleted cells (Fig. 6E). This is consistent with the
result described above, showing that dE2F1 is important
for expression of these reporters. Significantly, depletion
of RBF relieved the repression of the reporters that was due
to the inactivation of the dE2F2 repressor (Supplemental
Fig. S3). This result suggests that rbf limits proliferation of
the de2f1 wts double mutant at least partially by repres-
sing E2F-dependent transcription.

Figure 5. Distinct regulation of gene expression through activation by Yki/Sd and dE2F1. (A–C) Cells were incubated with nonspecific
(White), dE2F1, and a combination of both Yki and Sd dsRNAs for 24 h to deplete the corresponding proteins. Following 24 h, the
MCM3-luc, dDP-luc, and DNA pol e-luc reporters were transfected into the depleted cells with pIE4-HA-RBF-, pIE4-HA-RBF2-, and pIE-
Myc-E2F2-expressing plasmids, and the luciferase activity was measured 2 d later. The pAc-Renilla plasmid was cotransfected to
normalize for transfection efficiency. Depletion of Yki/Sd reduced the expression of dDP-luc and DNA pol e-luc reporters (P-value <

0.07). Depletion of dE2F1 reduced the expression of the three tested reporters between 50% and 80% (P-value < 0.06). Results depict the
mean of three experiments. Depletion of dE2F1 mildly enhanced dE2F2/RBF-mediated repression of the dDP-luc reporter (P-value <

0.06). Depletion of Yki/Sd mildly enhanced dE2F2/RBF-mediated repression of the Mcm3-luc reporter (P-value < 0.05). (D) Yki/Sd failed
to activate the reporters in dE2F1-depleted cells to the same extent as in control treated cells. Nonspecific (White) or dE2F1 proteins
were depleted for 24 h, and then cells were transfected with the three reporters in A–C and either empty vector or pIE7-Flag-Sd- and
pAc-HA-Yki-expressing plasmids. (E) dE2F2 represses the PCNA-luc reporter in control treated and dE2F1-depleted cells. Following 24
h of depletion, the PCNA-Luc reporter was transfected together with pIE4-HA-RBF-, pIE4-HA-RBF2-, and pIE-Myc-E2F2-expressing
plasmids. The pAc-Renilla plasmid was cotransfected to normalize for transfection efficiency. (F) dE2F2 binds at the promoters of dDP,
Mcm10, DNA pol e, and Mcm3. ChIP was performed as described in Figure 4. (G) Inactivation of the Hippo pathway does not disrupt
interaction between RBF and dE2F2. Immunoprecipitation-Western was performed with a RBF (DX5)-specific monoclonal antibody on
lysates from untreated, Warts-depleted, or RBF-depleted S2R+ cells. IgG was used as a nonspecific control. Following immunoprecip-
itation, Western blots were probed with antibodies specific to dE2F2, Warts, RBF (DX2), and b-Tubulin. Western blot analysis reveals
that dE2F2 is immunoprecipitated through RBF in untreated or Warts-depleted cells, but not in cells depleted of RBF.
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Discussion

While recent work has provided insight into how the
regulation of Yki occurs via the location within the cell
through protein–protein interactions, less is known about
how Yki-mediated transcription is regulated (Oh and

Irvine 2010). The results presented here suggest that
Yki may rely on a combinatorial network of transcription
factors to modulate transcriptional output in response to
Hippo pathway signaling. We found that one such tran-
scription factor is dE2F1, which is required for the full
activation of specific target genes by Yki/Sd.

Figure 6. An rbf mutation partially relieves the
effect of the loss of de2f1 on yki-driven pro-
liferation in vivo. (A) Loss of de2f1 prevents
yki-induced hyperplasia. The MARCM system
is used to overexpress yki in both a wild-type and
de2f1�/� background. Tissue overexpressing yki

is marked by the presence of intense GFP. (B)
Inactivation of the Hippo pathway through a
mutation in wts, sav, or mats leads to hyperpla-
sia of the adult eye due to severe proliferation
and inhibition of apoptosis. Concomitant loss of
de2f1 in the background of Hippo pathway in-
activation leads to a dramatic reduction in mu-
tant tissue representation. Mosaic tissue was
generated by the FLP/FRT system. Wild-type
tissue is identified by the presence of red pig-
ment. Mutant tissue is identified by the absence
of red pigment. (C–D9) Clonal twin spot analysis
done in the third instar larval wing disc of either
de2f1 wts double mutant (C,C9) or rbf de2f1 wts

triple mutant (D,D9) tissue compared with wild-
type tissue. Nineteen total clonal twin spots
were analyzed for each comparison, and the total
number of cells for each genotype was then
counted. Wild-type tissue is marked by two
copies of GFP and is outlined in white in C9 and
D9. Mutant tissue was represented by the ab-
sence of GFP and is outlined in yellow in C9 and
D9. The histograms in C and D represent the
distribution of the total number of cells detected
in each clonal twin spot. Wild-type samples are
represented by the open bars, and the mutant
samples are represented by yellow bars. Differ-
ences between each mutant cell population and
the corresponding wild-type sample were statis-
tically significant, with a P-value of <0.002. (E)
Depletion of RBF partially restores reduced
level of expression of reporters in dE2F1-depleted
cells. Cells were incubated with nonspecific
(White), Wts, or a combination of Wts, RBF, and
RBF2 dsRNAs for 4 d to deplete the correspond-
ing proteins. On day 4, cells were incubated with
dE2F1 dsRNA for 24 h. Following 24 h, cells
were transfected with PCNA-luc, Mcm3-luc, and
Mcm10-luc reporters. Depletion of dE2F1 greatly
reduces endogenous activity from the PCNA-luc,
Mcm3-luc, and Mcm10-luc reporters. Codeple-
tion of Warts is unable to rescue this reduced
activity. However, upon depletion of Warts, RBF,
and RBF2 together, activity from each reporter is
increased (P-value < 0.005).
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Our studies were prompted by the strong enhancement
of the wts mutant phenotype by an rbf mutation. Both the
pRB and Hippo pathways are negative regulators of cell
proliferation. In flies, RBF functions to limit the activity
of the transcriptional activator dE2F1, while the Wts ki-
nase inhibits the transcriptional coactivator Yki. There-
fore, one possibility is that, in rbf wts double mutants,
dE2F1 and Yki are left unchecked to independently in-
duce genes that promote cell proliferation. However, our
data do not support such a trivial explanation. Microarray
profiling followed by GOBP analysis demonstrated that
the rbf wts double mutant gene expression signature was
distinct from that of either rbf or wts single mutants.
Importantly, the rbf wts double mutant signature con-
tained a significant number of up-regulated genes in-
volved in cell cycle progression and cell proliferation that
were not present in the rbf or wts single mutant signa-
tures. Thus, an alternative explanation, and the one that
we favor, is that, in rbf wts double mutants, hyper-
activated dE2F1 and Yki synergistically up-regulate a
novel set of genes and establish the distinct gene expres-
sion signature needed to overcome terminal cell cycle
exit upon differentiation. Importantly, the synergy results
from a direct binding and cooperation between the two
factors on the target promoters, since both can be de-
tected by ChIP on dE2F1-Yki/Sd coregulated genes.
Consistently, inhibition of dE2F1 by RBF, which is also
present on the same set of promoters, is sufficient to limit
this synergistic activation by dE2F1 and Yki/Sd.

Previous studies demonstrated that, in the absence of
de2f1, Yki fails to drive inappropriate proliferation, indi-
cating that Yki alone is not sufficient to induce the tran-
scriptional program to prevent cell cycle exit (Nicolay
and Frolov 2008). Importantly, Yki is still active and
capable of inducing other Yki-dependent target genes,
such as dIAP1 (Nicolay and Frolov 2008). Thus, it appears
that the interplay between Yki/Sd and dE2F1 is highly
specific to the activation of a distinct set of target genes
and is not simply a reflection of a Yki transcription pro-
gram gone awry. We suggest that Yki requires an assist
from dE2F1 to up-regulate some, if not all, of the dE2F1-
Yki/Sd target genes. This assist is critical, since, in the
absence of dE2F1, Yki is unable to fully activate these
genes to a level sufficient to bypass the cell cycle exit and
undergo inappropriate proliferation. Such an interpreta-
tion is supported by the transcriptional reporter assays
demonstrating that the activation potential of Yki/Sd is
reduced in dE2F1-depleted cells. We note that the dE2F1-
Yki/Sd target genes are regulated primarily through
activation. It remains unclear why RBF/dE2F2 complexes
are bound at promoters that are regulated by dE2F1, yet
these genes remain insensitive to RBF/dE2F2-mediated
repression. Interestingly, two of the dE2F1-Yki/Sd target
genes, dDP and cdc2c, were isolated in a genome-wide
RNAi screen for factors that are required for Yki to
activate a synthetic reporter (Ribeiro et al. 2010). Given
that de2f1 is a transcriptional target of Yki activity as
well, it is tempting to speculate that a positively rein-
forcing signaling loop occurs between Yki/Sd and
dE2F1.

Yki is a potent oncogene and can elicit a dramatic effect
on cell proliferation and apoptosis. Therefore Yki is tightly
regulated at multiple levels, including its transcriptional
activity, nuclear localization, and degradation (Oh and
Irvine 2010). Additionally, it appears that Yki target gene
specificity is determined by the transcription factors that
interact with Yki and tether it to DNA. For example, Yki
partners with Sd and Hth transcription factors (Wu et al.
2008; Zhang et al. 2008; Peng et al. 2009). Notably, Hth/
Yki transcriptional complexes appear to be important for
promoting cell proliferation and survival within the
anterior compartment of the eye disc, while in the pos-
terior of the eye disc, Yki switches to partner with Sd to
regulate a different set of target genes. The ability of Yki
to partner with different DNA-binding proteins in differ-
ent contexts is thought to provide a basis for altering the
transcriptional output of the Hippo pathway. Our results
exemplify how, under oncogenic conditions, another tran-
scription factor, such as dE2F1, helps to set up a specific
Yki/Sd gene expression signature that is needed to over-
come the cell cycle exit. Thus, one conclusion we draw
from these results is that the Yki transcriptional program
is determined not only by DNA binding proteins that
recruit Yki to its target genes, but additionally through
interactions with other transcription factors directly at
specific target genes. Such functional interactions would
influence Yki activity and essentially help to further
shape the transcriptional output of the Hippo pathway.

Another implication of our results is that not only does
dE2F1 help to engage a Yki/Sd transcriptional program,
but, conversely, a hyperactive Yki/Sd complex contrib-
utes to the deregulation of E2F transcription in rbf wts
double mutant cells. Given that E2F-dependent transcrip-
tion is often deregulated in tumor cells (Nevins 2001),
this is an important point. Thus, depending on the
identity of other cooperating mutations in pRB-deficient
tumor cells, E2F can potentially synergize with a distinct
repertoire of transcription factors to engage in transcrip-
tional programs unique to tumor cells of different origins.

Although initially Yki-induced ectopic proliferation
was characterized by an up-regulation in the expression
of cyclin E, cyclin A, and cyclin B in flies (Oh and Irvine
2010), this mechanism does not appear to be conserved.
In mammals, the up-regulation of cyclin D1 by YAP (the
Yki mammalian homolog) is thought to be more critical
in promoting inappropriate cell divisions (Camargo et al.
2007; Zhao et al. 2007). Thus, it is possible that, in
mammals, YAP relies on a different network of transcrip-
tion factors to promote cell cycle progression than Yki
does in flies. Indeed, although YAP has been shown to
partner with the Sd homologs TEAD1–4 in mammals, it
is also known to interact with other transcription part-
ners (SMAD1 and p73) under specific contexts (Strano
et al. 2001; Cao et al. 2008; Oka et al. 2008; Ota and
Sasaki 2008; Zhao et al. 2008b; Alarcon et al. 2009). Thus,
it appears that, similar to Yki, YAP may rely on a distinct
repertoire of transcription factors to relay the response to
various cellular stimuli.

Intriguingly, it has been demonstrated that the pRB and
Hippo pathways are functionally integrated in human cells
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(K Tschöp, AR Conery, L Litovchick, JA DeCaprio, J
Settleman, E Harlow, and N Dyson, in prep.). However,
the precise mechanism of interaction has seemingly
evolved, as it has been shown that inactivation of the
Wts homolog LATS2 interferes with the formation of the
p130/DREAM repressor complex at E2F target promoters
(K Tschöp, AR Conery, L Litovchick, JA DeCaprio,
J Settleman, E Harlow, and N Dyson, in prep.). The in-
ability to repress E2F targets in the absence of LATS2 pre-
vents pRB-induced senescence in human cells (K Tschöp,
AR Conery, L Litovchick, JA DeCaprio, J Settleman,
E Harlow, and N Dyson, in prep.). In contrast, the
Drosophila dREAM complex appears to be functional in
wts mutants (data not shown), and instead the cross-talk
between the two pathways occurs at the level of cooper-
ation between Yki and dE2F1. Nonetheless, although the
mechanistic paths taken may have diverged between flies
and humans, the end point is the same: limit E2F tran-
scriptional activity to prevent inappropriate proliferation.

To date, the most well-defined oncogenic role for YAP,
in the context of Hippo pathway signaling, is in the
formation of hepatocellular carcinoma (HCC) (Dong
et al. 2007; Zhou et al. 2009). However, YAP is also cap-
able of transforming immortalized human mammary
epithelial cells, which appears to be through an interac-
tion with the EGFR signaling pathway (Zhang et al. 2009).
In the future, it will be interesting to determine how
many other signaling networks oncogenic YAP activity is
dependent on, and with what degree these interactions
are tissue- or cell type-specific. Finally, in conjunction
with others (K Tschöp, AR Conery, L Litovchick, JA
DeCaprio, J Settleman, E Harlow, and N Dyson, in prep.),
our findings support a conserved function of the pRB and
Hippo pathways and suggest that a complex coordination
of gene expression by these two pathways may underlie
a key mechanism during oncogenic proliferation.

Materials and methods

Fly stocks

The following stocks were used during final analysis of the
experiments (all crosses were done at room temperature unless
otherwise stated): rbf1120a hs-FLP/Y; 82BFRT de2f1729 wtsX1/82B

FRT [Ubi-GFP], rbf1120a hs-FLP/Y; 82BFRT wtsX1/82B FRT [Ubi-
GFP], GMR-Gal4/UAS-YkiS168A, GMR-Gal4/UAS-dE2F1,dDP,
and GMR-Gal4,UAS-dE2F1,dDP/UAS-YkiS168A.

Heat-shock treatment

To generate mosaic tissue, clones were induced 48 h after egg
deposition for 10 min at 37°C, and then larvae were grown at
25°C. Wing discs were dissected at 40 h post-heat shock, fixed,
and then stained with DAPI for cell counting.

Immunohistochemistry

Antibodies used were as follows: rat anti-ELAV 1:200 (DSHB),
rabbit anti-phosH3 1:175 (Upstate Biotechnologies), Cy3, Cy5-
conjugated anti-rabbit, and anti-rat secondary antibodies
(Jackson ImmunoLaboratories). Larval tissues were fixed in
4% formaldehyde for 30 min on ice, washed in phosphate-
buffered saline, and then incubated with antibodies overnight

at 4°C in phosphate-buffered saline, 10% normal donkey serum,
and 0.3% Triton-X100 as described previously (Nicolay and
Frolov 2008).

Microarray analysis

RNA was harvested in biological triplicates from eye imaginal
discs from animals with the following genotypes: rbf1120a ey-

FLP/Y; 82BFRT wtsX1/82B FRT [Ubi-GFP], ey-FLP / +; 82BFRT
wtsX1/82B FRT [Ubi-GFP], rbf1120a ey-FLP/Y, and Canton S.

Hybridization and performance of the microarrays was carried
out at the Functional Genomics Facility (University of Chicago).
Downstream analysis is described in the Supplemental Material.
Microarray data were deposited in Gene Expression Omnibus
with the accession number GSE24978.

Cloning of reporters

To generate the pE2F_3XSd2-Luciferase reporter gene, one copy
of a tandem dE2F-binding site taken from the mus209/pcna
promoter (Yamaguchi et al. 1995) was cloned into the MluI site
of the pGL3-Basic vector that already contained the 3XSd2-

Luciferase reporter gene (Zhang et al. 2008). To generate the
p1.5XSd2_PCNA-Luciferase reporter gene, one and one-half
copies of a tandem Sd-binding site taken from the dSRF enhancer
(Halder et al. 1998) were cloned into the MluI site of the PVBG

vector that already contained the PCNA-luciferase reporter gene
(Yamaguchi et al. 1995). Details regarding the cloning of the
luciferase reporters containing fragments of the nine endogenous
promoters are described in the Supplemental Material.

Luciferase reporter assays

S2R+ cells were transfected with one of the luciferase reporters
and with either empty vector or together with constructs
expressing Sd, Yki, dE2F1, RBF, dE2F2, or RBF2 in 24-well plates
using Fugene HD (Roche). A copia-renilla luciferase plasmid was
used to normalize for transfection efficiency. The reporter assay
was carried out 48 h post-transfection using the dual-luciferase
reporter system (Promega). Dual-luciferase measurements were
performed in triplicates at least twice.

RNAi

S2R+ cells were soaked with dsRNA for 4 d in six-well plates that
targeted White (nonspecific control), RBF1, and/or Hippo. After
4 d, cells that received each treatment were replated into 24-well
plates in triplicates. Luciferase reporter assays were then per-
formed as described above.

Immunoprecipitation-Western

Immunoprecipitation-Western was performed using 2 3 108

Drosophila S2R+ cells per immunoprecipitation. Cells were
harvested and lysed in 350 mL of 20 mM HEPES (pH 7), 420
nM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, and 25% glycerol with
protease inhibitor cocktail added fresh (Roche, Complete). Im-
mediately following the addition of lysis buffer, lysates were
subjected to ‘‘snap-freeze’’ treatment (30-sec incubation in liquid
nitrogen, 45 sec in 37°C water bath, followed by 30-min in-
cubation on ice). Lysates were then spun down and transferred to
a fresh tube. Inputs were set aside, and then lysates were
immunoprecipitated overnight at 4°C with either a mouse RBF
monoclonal antibody (DX5) or a mouse IgG antibody for use as
a nonspecific control. Following immunoprecipitation, RBF pro-
tein–protein complexes were purified from the lysate with
a mixture of Protein G:Protein A (1:20) sepharose beads (Gibco).
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Purified complexes were then washed four times for 10 min at
4°C in 100 mM NaCl, 20 mM TrisHCL (pH 8), 1 mM EDTA, and
0.5% NP-40 solution, with protease inhibitor cocktail added
fresh. After washes, lysates were boiled and samples were sub-
jected to Western blot analysis. Membranes were probed with
rabbit anti-dE2F2 (1:3000), rabbit anti-Warts (1:10000), mouse
anti-E7 (b-tubulin, 1:10000), or mouse anti-RBF (DX2, 1:50).

ChIP

ChIP was performed as described in Negre et al. (2006) using 2 3

108 cells per ChIP. The cells were cross-linked in 1.8% formal-
dehyde for 10 min at room temperature. Chromatin was sheared
in 1-mL volume of lysis buffer (140 mM NaCl, 15 mM HEPES at
pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate,
1% Triton X-100, 0.5 mM DTT, 0.1% SDS, 0.5% lauroylsarco-
sine, protease inhibitors [Complete, Roche]) using a Branson
450 Digital Sonifier (six pulses of 30 sec with amplitude of
45%). Chromatin was immunoprecipitated with the following
antibodies: mouse anti-RBF, rabbit anti-DP, rabbit anti-E2F1
(Dimova et al. 2003), mouse anti-Myc (9E10), mouse anti-Flag
(M2, Sigma), and rabbit anti-Flag (Sigma). Following immuno-
precipitation, the lysates were incubated with 20 mL of Invitro-
gen Dynabeads Protein G at 4°C for 1.5–2 h and washed four
times with lysis buffer, followed by two washes with 13 TE (pH
8). Cross-linking was reversed for 5–6 h at 65°C followed by a 2-h
Proteinase K treatment at 50°C. The immunoprecipitated DNA
was phenol-chloroform-extracted and ethanol-precipitated. The
DNA was analyzed by real-time qPCR using the standard curve
method and presented as percentage of precipitated DNA nor-
malized to input.

Statistical analysis

GO terms enrichment analyses were performed using Gitools
(http://www.gitools.org; C Perez-Llamaz and N Lopez-Bigas, in
prep.). A one-tailed, paired, Student’s t-test was performed on all
qPCR and luciferase assay data to draw statistically significant
comparisons cited in the text or the figure legends. Other sta-
tistical analysis is described in the Supplemental Material.
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Ribeiro PS, Josué F, Wepf A, Wehr MC, Rinner O, Kelly G, Tapon
N, Gstaiger M. 2010. Combined functional genomic and
proteomic approaches identify a PP2A complex as a negative
regulator of Hippo signaling. Mol Cell 39: 521–534.

Nicolay et al.

334 GENES & DEVELOPMENT



Strano S, Munarriz E, Rossi M, Castagnoli L, Shaul Y, Sacchi A,
Oren M, Sudol M, Cesareni G, Blandino G. 2001. Physical
interaction with Yes-associated protein enhances p73 tran-
scriptional activity. J Biol Chem 276: 15164–15173.

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

Wu S, Liu Y, Zheng Y, Dong J, Pan D. 2008. The TEAD/TEF
family protein Scalloped mediates transcriptional output of
the Hippo growth-regulatory pathway. Dev Cell 14: 388–398.

Yamaguchi M, Hayashi Y, Matsukage A. 1995. Essential role of
E2F recognition sites in regulation of the proliferating cell
nuclear antigen gene promoter during Drosophila develop-
ment. J Biol Chem 270: 25159–25165.

Zhang L, Ren F, Zhang Q, Chen Y, Wang B, Jiang J. 2008. The
TEAD/TEF family of transcription factor Scalloped mediates
Hippo signaling in organ size control. Dev Cell 14: 377–387.

Zhang J, Ji JY, Yu M, Overholtzer M, Smolen GA, Wang R,
Brugge JS, Dyson NJ, Haber DA. 2009. YAP-dependent in-
duction of amphiregulin identifies a non-cell-autonomous
component of the Hippo pathway. Nat Cell Biol 11: 1444–
1450.

Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, Xie J, Ikenoue T,
Yu J, Li L, et al. 2007. Inactivation of YAP oncoprotein by the
Hippo pathway is involved in cell contact inhibition and
tissue growth control. Genes Dev 21: 2747–2761.

Zhao B, Lei Q-Y, Guan K-L. 2008a. The Hippo–YAP pathway:
New connections between regulation of organ size and
cancer. Curr Opin Cell Biol 20: 638–646.

Zhao B, Ye X, Yu J, Li L, Li W, Li S, Lin JD, Wang CY,
Chinnaiyan AM, Lai ZC, et al. 2008b. TEAD mediates
YAP-dependent gene induction and growth control. Genes
Dev 22: 1962–1971.

Zhao B, Li L, Lei Q, Guan K-L. 2010. The Hippo–YAP pathway
in organ size control and tumorigenesis: An updated version.
Genes Dev 24: 862–874.

Zhou D, Conrad C, Xia F, Park JS, Payer B, Yin Y, Lauwers GY,
Thasler W, Lee JT, Avruch J, et al. 2009. Mst1 and Mst2
maintain hepatocyte quiescence and suppress hepatocellular
carcinoma development through inactivation of the Yap1
oncogene. Cancer Cell 16: 425–438.

dE2F1 and Yki cooperate at shared target genes

GENES & DEVELOPMENT 335


