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We have previously shown that most sites bound by E2F family members in vivo do not contain E2F consensus
motifs. However, differences between in vivo target sites that contain or lack a consensus E2F motif have not been
explored. To understand how E2F binding specificity is achieved in vivo, we have addressed how E2F family members
are recruited to core promoter regions that lack a consensus motif and are excluded from other regions that contain
a consensus motif. Using chromatin immunoprecipitation coupled with DNA microarray analysis (ChIP-chip) assays,
we have shown that the predominant factors specifying whether E2F is recruited to an in vivo binding site are (1) the
site must be in a core promoter and (2) the region must be utilized as a promoter in that cell type. We have tested
three models for recruitment of E2F to core promoters lacking a consensus site, including (1) indirect recruitment,
(2) looping to the core promoter mediated by an E2F bound to a distal motif, and (3) assisted binding of E2F to a
site that weakly resembles an E2F motif. To test these models, we developed a new in vivo assay, termed eChlP,
which allows analysis of transcription factor binding to isolated fragments. Our findings suggest that in vivo (1) a
consensus motif is not sufficient to recruit E2Fs, (2) E2Fs can bind to isolated regions that lack a consensus motif,
and (3) binding can require regions other than the best match to the E2F motif.

[Supplemental material is available online at www.genome.org. ChIP-chip array data from this study have been
submitted to Gene Expression Omnibus [GEO] (http:/ /www.ncbi.nlm.nih.gov/geo/). under accession no. GSE12126.]

The E2F family has been implicated in controlling a myriad of
critical cellular (entrance into S phase, regulation of mitosis, ap-
optosis, DNA repair, and DNA damage checkpoint control) and
organismal (regulation of differentiation, development, and tu-
morigenesis) functions (Slansky and Farnham 1996; Dimova and
Dyson 2005; Kong et al. 2007). There are eight genes for E2F
family members encoded in the human genome, with one family
member (E2F3) encoding two proteins through the use of alter-
native promoters (for recent reviews of the E2F family, see Di-
mova and Dyson 2005; DeGregori and Johnson 2006). The high-
est degree of homology among the E2F family members is in
their DNA-binding domains, which is consistent with the finding
that in vitro they can all bind to the same consensus motif of
TTTSSCGC (where S is either a G or a C). The E2F consensus motif
has been derived from a number of different types of experi-
ments, including “lining-up” of known targets (for review, see
Slansky and Farnham 1996) and from in vitro casting experi-
ments (Tao et al. 1997). Most E2F family members bind very
poorly in vitro unless they are complexed with a member of the
DP family of transcription factors (Bandara et al. 1993; Helin et
al. 1993; Krek et al. 1993; Dimova and Dyson 2005). To date,
high-affinity in vitro binding of E2F1-6 (to any site) has not been
observed in the absence of DP1. E2F7 and E2F8 are exceptions to
this rule, functioning as homodimers or heterodimers with each
other (de Bruin et al. 2003; Di Stefano et al. 2003; Logan et al.
2004, 2005; Christensen et al. 2005; Maiti et al. 2005; Li et al.
2008a). Although very few differences in binding affinity or
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specificity amongst the E2Fs have been observed in vitro using
purified factors and short DNA oligonucleotides, family member
binding specificity could perhaps be achieved in vivo through
interactions with other proteins and/or competition amongst the
E2F family members for binding sites. If so, then comprehensive
analyses of in vivo binding sites should reveal unique sets of
targets for the different E2F family members. However, our recent
analysis of E2F family member binding using ChIP-chip assays in
five different cell types (Xu et al. 2007) revealed very few differ-
ences in the sets of promoters bound by the different E2Fs. For
example, 70%-80% of the top ranked 2000 binding sites in HeLa
cells were the same when comparing the results of E2F1, E2F4,
and E2F6 ChIP-chip assays. Thus, although binding specificity
has been observed in some cases (Schlisio et al. 2002; Wells et al.
2002; Giangrande et al. 2003), in general, the E2Fs bind to similar
sets of target genes.

Because all of the E2Fs have a conserved DNA-binding do-
main that is necessary and sufficient for binding to the consensus
motif (Helin et al. 1993) and we found a high overlap in sets of
targets of the different E2Fs, it might be expected that the sites
bound in vivo by E2F family members would, in general, contain
consensus sites. Surprisingly, we have found that a very small
percentage of the regions bound in vivo by E2F1, E2F4, or E2F6
contain consensus E2F motifs (Weinmann et al. 2002; Bieda et al.
2006; Xu et al. 2007). ChIP-chip studies of other transcription
factors have also shown a low percentage of in vitro-derived con-
sensus motifs in the set of in vivo binding sites. For example,
only 13% of POUSF1 (OCT4) binding sites identified using ChIP-
chip assays with genomic tiling arrays contain the conventional
POUSF1 motif (Jin et al. 2007). Of course, the percentage of sites
identified as positive for a motif increases when a position weight
matrix (PWM) is used instead of a strict consensus. However, it is
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important to use cut-off criteria that provide more matches to the
PWM in a set of targets than in a matched set of nontargets.
Using criteria that showed a twofold enrichment of sites match-
ing the PWM in the target compared with the nontarget set (0.88
match to the core and 0.85 match to the consensus), up to 70%
of the targets could be classified as having a match to a
POUSF1 PWM. However, there were still ~30% of the sites that
did not fit the POUSF1 PWM. These results are similar to those of
Hollenhorst et al. (2007), who showed that most ETS1-specific
targets did not have a strong match to the PWM, and of Carroll
et al. (2005), who showed that the estrogen receptor (ESR1) bind-
ing site consensus was present in only 49% of the in vivo binding
sites. Other studies have found that the percentage of in vivo
binding sites having a good match to an in vitro-derived PWM is
usually only two- to eightfold higher in a set of targets versus a set
of nontarget binding sites (Cawley et al. 2004; Ji et al. 2006). Also,
Li et al. (2008b) found that although the expected motifs of DNA-
binding factors are enriched in bound regions identified using
ChIP-chip, the enrichment is quite modest. For example, 80% of
the top-ranked Bicoid (BCD) binding sites contain no predicted
recognition site and 20% do not contain any intermediate affin-
ity motifs.

In most cases, differences between in vivo target sites that
contain or lack a consensus motif (or strong match to the PWM)
and sites that do not contain a consensus or strong match to the
PWM have not been explored. The purpose of this current study
was to characterize the binding sites (and nearby genes) that
contain or lack a consensus E2F binding motif. In particular, we
investigated whether E2F motif-containing target promoters
regulate different types of genes, whether the consensus versus
nonconsensus sites show different binding affinities, and wheth-
er the set of E2F target promoters containing consensus motifs is
more conserved throughout evolution than the set of E2F target
promoters that lack a consensus. In addition, we analyzed the
E2F consensus motifs found in core promoter regions that are not
bound by E2F family members to determine how E2Fs are ex-
cluded from these sites. Finally, we

chip data from arrays containing all known human promoters.
Using duplicate E2F1 ChIP-chip data from MCF7 cells (Xu et al.
2007), we calculated the promoter enrichment values by averag-
ing the six highest consecutive probes (as determined by the
ChlIP signal divided by the Input signal) for each promoter (see
Supplemental Table S1 for a list of all of the arrays analyzed in
this study and Supplemental Table S2 for the enrichment values
from the promoter arrays). We then averaged the enrichment
values from the two arrays for each promoter, ranked the pro-
moters by their average enrichment values, and binned them
into sets of 100. Next, we identified all of the promoters on the
array that contained a consensus E2F site (TTTSSCGC) within the
1.5-kb region of each promoter that was represented on the array.
The ratio of promoters in each bin that contained a consensus
E2F site was then plotted vs. rank (Fig. 1). Analysis of the ~24,100
promoters on the human array indicated that there are 2028 E2F
consensus motifs, 462 in the top 2000 E2F1 target promoters
(having an average log, enrichment value of 1.23) and 1566 in
the remaining 22,100 promoters (having an average log, enrich-
ment value of 0.19).

It was possible that the “unbound” E2F consensus motifs
were bound by other E2Fs or were unavailable for binding due to
being located in silenced chromatin. To determine why the 1566
E2F consensus motifs were not bound by E2F1 in MCF7 cells, we
examined the results of MCF7 ChIP-chip assays performed using
antibodies to E2F4 and E2F6 (Xu et al. 2007) and to the silencing
marks H3me3K9, H3me3K27, and 5-meC (Komashko et al. 2008).
We then determined the percentage of the 1566 unbound E2F
motifs that were in the top 2000 of each of these datasets. As
shown in Figure 2, a small percentage of E2F consensus motifs
not bound by E2F1 can be accounted for by binding of E2F4 or
E2F6. The fact that binding of E2F4 and E2F6 accounted for only
a small portion of the unbound consensus motifs was expected,
because we have previously shown that most promoters that are
bound by E2F4 or E2F6 are also bound by E2F1, with a minority
of E2F binding sites being family member specific (Xu et al.
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Figure 1.

target, is shown.

Most E2F1 binding regions do not contain a consensus E2F motif. Using E2F1 ChIP-chip
data from two biologically independent cultures of MCF7 cells (Xu et al. 2007), we called peaks for
each of the ~24,100 1.5-kb promoter regions. We ranked the promoters by the enrichment values
(E2F1 IP vs. Input) of the peaks and then binned the promoters into ranked sets of 100 (x-axis). The
ratio of promoters in each bin that contain a consensus E2F site is indicated on the y-axis. For com-
parison, the approximate location of the bin containing the CCNAT promoter, a well-characterized E2F
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Figure 2. Characterization of the promoters that contain E2F consen-
sus motifs but are not bound by E2F1 in MCF7 cells. The set of 1566
consensus E2F1 motifs that were unoccupied by E2F1 in MCF7 cells was
compared with the top 2000 targets identified in ChIP-chip assays for
E2F4, E2F6, H3me3K7, H3me3K9, and 5-meC (Xu et al. 2007; Komashko
et al. 2008). The percentage of promoters in the “unoccupied E2F motif”
set that was bound by E2F4 or E2F6, which was found in silenced chro-
matin (but not bound by E2F4 or E2F6), or was in silenced chromatin and
bound by E2F4 or E2F6 is shown. The number of the 1566 promoters
bound by the various combinations of silencing marks and E2Fs are
shown in Supplemental Table S4. For comparison, the overlap between
the silencing marks and a set of 1566 randomly chosen promoters is
shown in Supplemental Figure S1.

2007). We also found that only a small percentage of the pro-
moters containing a consensus E2F motif but not bound by
E2F1 were present in silenced chromatin (i.e., in the top 2000
set of H3me3K9, H3me3K27, or 5-MeC target promoters); see
also Supplemental Table S4. We note that the small percen-

tage of overlaps we found between the set of 1566 promoters
that had consensus sites but were not bound by E2F1 and
the set of promoters containing the various silencing marks
is similar to the percentage that would be expected if a ran-
dom set of 1566 promoters were analyzed (see Supplemental
Fig. S1).

The analyses described above were specifically focused on
core promoter regions. It was possible that silenced chromatin
could play a larger role in preventing E2F binding to consensus
motifs throughout the genome at locations other than promoter
regions. To examine this possibility, we performed ChIP assays
using antibodies to E2F4, H3me3K27, H3me3K9, and 5-MeC (two
independent ChIP assays were performed for each antibody),
prepared amplicons, and analyzed the samples using ENCODE
arrays that represent 44 regions (~1% of the human genome)
ranging from 500 kb to 2 Mb. We first identified 116 E2F4 bind-
ing sites using the L1 level of the Tamalpais peak calling pro-
gram (http://chipanalysis.genomecenter.ucdavis.edu/cgi-bin/
tamalpais.cgi; Bieda et al. 2006). Next, we compared these experi-
mentally identified E2F binding sites to the 507 consensus E2F
motifs located in the ENCODE regions. We found that only 16 of
the consensus E2F motifs were occupied by E2F4 (Fig. 3A). We
note that although only 16 binding sites contained a consensus
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Figure 3. Characterization of unbound E2F consensus motifs in ENCODE regions. (A) The overlap of the 116 experimentally determined E2F4 sites
and the 507 consensus E2F motifs in the ENCODE regions are shown. (B) The percentage of occupied vs. unoccupied consensus E2F motifs that are
located within 2 kb of the start site of a known gene are shown. (C) Shown are the percentages of unoccupied E2F consensus motifs in the ENCODE
regions that are within the regions identified to be bound by H3me3K27, H3me3K9, and 5-MeC. (D) Shown is a region of chromosome 19, along with
the binding pattern of E2F4, H3me3K27, H3me3K9, and 5-MeC and the location of the consensus E2F motifs and start codons.

Genome Research 1765

www.genome.org



Rabinovich et al.

motif, this is significantly more than expected by random chance
(see Methods). We next characterized the 16 occupied E2F
consensus motifs and the 491 unoccupied E2F consensus motifs
for their position relative to the start site of a known gene using
the Gencode database. We found that 75% of the occupied,
but only 17% of the unoccupied consensus E2F motifs were
within 2 kb of a start site (Fig. 3B). Thus, there is a striking cor-
relation between location of the motif (relative to a gene) and
occupancy. To determine whether the unoccupied E2F consensus
motifs were located in silenced chromatin, we needed to identify
the genomic regions marked by H3me3K27, H3me3K9, and
methylated DNA in the ENCODE regions of MCF7 cells. The
Tamalpais program, which was developed for identifying the
sharp, isolated peaks that characterize binding patterns for
site-specific transcription factors, is very accurate when the raw
data is “peak-like” (Bieda et al. 2006; Johnson et al. 2008). How-
ever, silenced regions of the genome are often quite large and
do not always show peak-like binding patterns. These extended
“regions” are not accurately analyzed by the Tamalpais pro-
gram (see Supplemental Fig. S2). Therefore, we developed a
new program, called fdrPeaks (false discovery rates define Peaks)
that can identitfy both “peaks” and “regions” that are bound by
a particular factor, histone modification, or methylated DNA
(see Supplemental Methods for a description of the program). A
comparison of the regions called by Tamalpais and fdrPeaks
on two 5-MeC ChIP-chip arrays is shown in Supplemental
Figure S2. Having developed a program that accurately iden-
tifies the regions bound by silenced chromatin, we then deter-
mined which of the unoccupied 491 E2F consensus motifs
were present in silenced chromatin. As shown in Figure 3C, ~15%
of the motifs were in silenced chromatin, the vast majority
of which were within regions of methylated DNA. In summary,
the location relative to the start site of a gene is more predic-
tive of whether a consensus E2F motif is occupied than is the
presence of silenced chromatin. However, some consensus E2F
motifs can be silenced by DNA or histone methylation. As
shown in Figure 3D, a region of chromosome 19 has CpG meth-
ylation in MCEF?7 cells specifically over several E2F consensus mo-
tifs.

As a further investigation of a set of unoccupied E2F con-
sensus motifs (Supplemental Fig. S3), we performed additional
ChIP assays using antibodies to histone modifications that
have been associated with silenced chromatin (H3melK27,
H3me3K27, H3me2K9, H3me3K9, and H4K20me3), with tran-
scribed regions (H3K36me3 and H3K79me2), and with promoter
regions (H3K4me3 and H3K9Ac). We also included E2F1 as a
control to ensure that the array data was correct (i.e., that the
tested sites were in fact not bound by E2F1 in MCF7 cells). We
used the MYC promoter as a positive control for an E2F1 target
gene in MCF7 cells. As expected, E2F1 was bound to the MYC
promoter, but not to the nine promoters that were identified as
“unbound” in the ChIP-chip assays. We confirmed very low
binding of H3me3K9 or H3me3K27 to the nine tested promoters
and also saw low binding of H3melK27, H3me2K9, and
H4K20me3 (although RAG2 and PHEX have small amounts of
H3me1K27). These results support the ChIP-chip data that indi-
cated that the lack of binding of E2F1 to the majority of E2F
consensus motifs is not due to repressed chromatin structure.
However, as shown above, there is a striking correlation between
occupancy of an E2F consensus motif and the location of the
motif within a core promoter region. Therefore, it was possible
that the lack of binding of E2F1 was due to the fact that the

regions on the promoter array that contain an E2F consensus
motif but were not bound by E2F1 were, in fact, not promoters.
Others have recently reported that most promoters, regardless of
whether they are active or inactive in a particular cell type, dis-
play H3me3K4 and/or H3AcK9 modifications (Barski et al. 2007;
Bernstein et al. 2007; Guenther et al. 2007; Heintzman et al.
2007; Mikkelsen et al. 2007). As shown in Supplemental Figure
S3, only one of the tested fragments (UNC119) that contain an
E2F1 consensus motif but are not bound by E2F1 has the “pro-
moter-specific” marks. Recent studies have shown that tran-
scribed regions are marked by H3me3K36 or H3me2K79 (Barski
et al. 2007; Mikkelsen et al. 2007). Therefore, to determine
whether the unoccupied E2F consensus motifs are within tran-
scribed regions instead of in promoter regions, we performed
ChlIP assays using antibodies to H3me3K36 and H3me2K79. We
found that many of the regions containing unoccupied E2F con-
sensus motifs are characterized by the presence of H3me3K36
and/or H3me2K79, suggesting that the unoccupied E2F motif-
containing fragments on the promoter arrays are not utilized as
promoters in MCF7 cells, but instead are within transcribed re-
gions. As shown in Supplemental Figure S4, this finding is sup-
ported by the fact that for PGBD3 and RAG2, transcripts have
been identified in which these fragments are internally located.
However, we stress that transcripts have also been identified that
originate from these regions, suggesting that they may be utilized
as promoters (and perhaps be bound by E2F family members) in
other cell types.

E2FI target promoters lacking a consensus motif have similar
enrichment values as those having a consensus motif

Inspection of Figure 1 indicates that 28% of the top 1000 targets
contain an E2F consensus motif. Although we used average en-
richment values for two independent ChIP-chip experiments, it
was possible that some of the top-ranked promoters that lacked
an E2F consensus motif were false positives (due to having an
inappropriately high enrichment on one of the two arrays). To
eliminate this possibility, we analyzed only those promoters that
were in the set of top 1000 ranked promoters on both individual
arrays. Analysis of this robust set of 730 targets revealed that only
153 promoters (21%) contained a consensus E2F motif (Table 1).
Thus, the percentage of consensus motif-containing promoters is
quite low, even for a set of targets that were highly ranked in two
independent ChIP-chip experiments. One can increase the per-
centage of consensus motif-containing targets by restricting the
set to the very top ranked sites. For example, 50% of the top 20
ranked targets have a consensus motif (see Fig. 1). However, we
note that we have previously validated binding of E2Fs to thou-
sands of target promoters (Bieda et al. 2006; Xu et al. 2007) and
that well-established E2F target genes fall quite far down the rank
ordered list (e.g., rank order on the array for the well-established

Table 1. Comparison of E2F motifs in different sets of promoters

Transfac  PWM without
Consensus?® PWMP motifc
Top 730 promoters 21% 73% 52%
Bottom 9422 promoters 2% 30% 46%
Random 1000 from array 5% 54% 50%

“Match to TTTSSCGC.
PMatch to Transfac PWM BKTSSCGS (>0.9/0.8).
“Match to PWM (>0.9/0.8), with consensus sites removed.
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E2F target genes MYC, RBL1 [p107], POLA1 [DNA polymerase
alpha], RAD51, CCND1 [cyclin D1], CCNAI [cyclin A], and E2F7
are 174, 642, 722, 1008, 1051, 1969, and 2100, respectively).
Thus, the low percentage of E2F motif containing targets in the
top-ranked 730 promoters is not due to the analysis of too large
of a set of targets.

In addition to the strict E2F consensus motif (TTTSSCGC),
others have developed a position weight matrix for E2F1 binding
to the motif BKTSSCGS (Wingender et al. 2000), developed
from comparison of 13 different binding sites. Due to the am-
biguity of almost every position of this motif, a wide variety
of sequences can provide a good match to the PWM. In fact,
the percentage of the top 730 E2F1 targets that have a reasonable
match to this PWM (73%) is not much higher than the per-
centage of promoters having a match to the PWM from a set
of 1000 randomly chosen promoters (54%). The utility of the
E2F PWM is weakened even more after removing the sites that
both match the PWM and that are exact matches to the con-
sensus, resulting in similar percentages of promoters having
a match to the PWM in the set of E2F1 targets, the set of
9422 promoters ranked at the bottom of an E2F1 ChIP-chip
experiment, and in a set of 1000 randomly chosen promoters
(Table 1). Thus, use of the E2F PWM does not provide any
reasonable specificity for identifying E2F binding sites. These re-
sults are similar to those of Li et al. (2008b) who found that
although the eight highest affinity variants of the Bicoid rec-
ognition motif are enriched approximately eightfold in bound
regions relative to nonbound regions, the 184 medium affinity
variants are present only 1.5-fold more often in bound vs. non-
bound regions.

Comparison of enrichment values for E2F1 binding in
MCEF?7 cells showed that there was very little difference between
the entire set of 730 top-ranked targets (having a log, enrichment
value of 1.74) and the set of 153 top-ranked consensus motif-
containing targets (having a log, enrichment value of 1.96).
Thus, the nonconsensus-containing target regions are just as
highly enriched in ChIP assays as are the consensus-containing
target regions.

Human and mouse E2F4 target promoters have similar
characteristics

All of our ChIP-chip studies to date analyzing E2F target genes
(Weinmann et al. 2002; Oberley et al. 2003; Wells et al. 2003;
Bieda et al. 2006; Xu et al. 2007) have utilized human cells. To
determine whether the low percentage of E2F motif containing
target promoters is also true of mouse cells, we performed ChIP-
chip assays using mouse 3T3 fibroblasts, hybridizing the samples
to arrays containing ~26,100 1.5-kb mouse promoter regions. Be-
cause there is very little E2F1 in asynchronously growing 3T3
cells (Wells et al. 2000), we performed E2F4 ChIP-chip assays in
the 3T3 cells. Therefore, for comparison, we also analyzed E2F4
MCEF7 ChIP-chip data (Xu et al. 2007). Using a similar analysis as
described for Figure 1, we compared the percentage of promoters
that contain a consensus E2F motif to different bins of ranked
3T3 and MCF7 E2F4 targets (Fig. 4A). We found that the percent-
age of consensus motif containing E2F4 target promoters was
similar to the percentage of consensus motif containing E2F1
target promoters in MCEF?7 cells, having a maximal value of 35%-
40% in the very top-ranked set of targets. We observed that an
even lower percentage of the E2F4 targets in 3T3 cells contained
a consensus motif, with the maximal level at ~27% in the top 200

set. This is most likely due to the fact that there are fewer pro-
moters on the mouse array that have a consensus E2F motif
(1565 of the 26,200 mouse promoters) than on the human array
(2028 of the 24,100 human promoters). Clearly, the majority of
both mouse and human E2F4 target promoters lack a consensus
motif. To determine the functional categories of genes contain-
ing or lacking a consensus E2F motif that are regulated by E2F4 in
the human and mouse cells, we performed a Gene Ontology
analysis of the two sets using the program DAVID. The classical
view of the role of E2F in cell biology is to regulate genes involved
in cell cycle, cell division, DNA repair, and mitosis (DeGregori et
al. 1995; Dimova and Dyson 2005; DeGregori and Johnson
2006). However, as shown in Figure 4B, we found that these
“classical” categories represent only 2%-5% of the human or
mouse E2F4-bound promoters (see also Supplemental Table S3A).
Instead, DNA-binding proteins, in particular zinc finger tran-
scription factors, constitute the majority of both sets of target
genes.
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Figure 4. Human and mouse E2F4 target promoters have similar char-
acteristics. (A) ChIP-chip assays for E2F4 mouse 3T3 cells were performed
and peaks were called for each of the ~24,000 1.5-kb mouse promoter
regions. E2F4 ChlIP-chip data from MCF7 cells (Xu et al. 2007) was also
analyzed for comparison. We ranked the promoters by the enrichment
values (E2F4 IP vs. Input) of the peaks and then binned the promoters
into ranked sets of 100 (x-axis). The ratio of promoters in each bin that
contain a consensus E2F motif is indicated on the y-axis. (B). Functional
annotations were performed using the program Database for Annotation,
Visualization, and Integrated Discovery (DAVID) 2007 (Dennis et al.
2003; see also http://niaid.abcc.ncifcrf.gov/). The categories used were
InterPro name and SP PIR Keywords. The top categories are shown for the
sets human and mouse E2F4 target promoters, derived from the promot-
ers that were in the top 2000 list in duplicate mouse or human ChIP-chip
experiments. The x-axis indicates the percentage of each set represented
by the different categories; see Supplemental Table S3A for the P-values
for each category.
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Conserved E2F4 targets are more highly enriched in classical
E2F target gene categories, but are not enriched in consensus
E2F motifs

It was possible that the set of E2F4 target promoters that were
conserved between mouse and human cells might have different
characteristics than the nonconserved targets. To examine this
possibility, we needed to identify the set of promoters that was in
both the human and mouse top-ranked E2F4 target lists. There-
fore, we compared the overlap in E2F4 targets in the top 500 and
top 2000 sets of ranked promoters for both the MCF7 and 3T3
ChIP-chip assays (Fig. 5A). For comparison, we also determined
the overlap expected by chance in two ChIP-chip experiments
and the overlap of E2F4 targets in MCF7 versus four other human
cell lines (MCF10A breast cells, GM06990 lymphoblasts, HeLa
cervical cancer cells, and Ntera2 embryonal testicular carcino-
mas). We found that ~40% of the top 2000 E2F4 targets are the
same when MCF?7 targets are compared with the mouse 3T3 tar-
gets and that ~50%-70% of the top 2000 E2F4 targets are the
same in MCF7 vs. the other human cell lines. Thus, many pro-
moters bound by E2F4 are the same in different cell types and in
different species. To determine whether the “common” E2F4 tar-
gets had different characteristics from the targets identified only
in mouse or only in human cells, we performed further DAVID
analyses (Fig. 5B). Interestingly, we found that the promoters
identified in both MCF7 and 3T3 cells had a higher percentage of
genes in the categories of cell cycle, cell division, DNA repair, and
mitosis than did the mouse only or human only sets (Fig. 5B; see
also Supplemental Table S3B). It is possible that cell cycle-related
targets represent a higher percentage of the targets in the con-
served set simply because cell division is a function common to
both breast epithelial cells and embryonic fibroblasts. However,
although enriched for classic E2F target gene functional catego-
ries, these Gene Ontology terms still represent a small percentage
of the conserved E2F targets. On the other hand, the categories of
DNA and RNA binding were fairly similar in the different sets of
E2F4 target promoters.

Having compared duplicate ChIP-chip arrays from both
mouse and human cells, we now had a very robust set of con-
served E2F4 target promoters (i.e., these promoters were identi-
fied in the set of top-ranked targets in both mouse and both
human ChIP-chip experiments). We then determined the per-
centage of these 335 highly ranked, conserved E2F4 target pro-
moters that contained or lacked a consensus E2F motif. Interest-
ingly, we found that only 23% (78/335) contained a consensus
E2F motif (Fig. 5B, inset). Thus, regardless of whether E2F1 or
E2F4 binding is analyzed in either or both human or mouse cells,
most target E2F promoters lack a consensus site. There are not
enough genes in the set of conserved targets that contain a con-
sensus site (78) for reliable Gene Ontology analyses. However,
inspection of the sets revealed that ~10%-20% of both the con-
sensus-containing and consensus-lacking conserved targets en-
coded genes that are involved in cell cycle regulation.

An intact DNA-binding domain is required for binding
to the nonconsensus sites

One mechanism by which E2F could be recruited to core pro-
moters that lack a consensus motif is via protein—protein inter-
actions with another factor, in the absence of direct DNA binding
(Fig. 6, Model A). To test this possibility, we created stable cell
lines that expressed either wild-type E2F1 or E2F1 that is mutated
in the DNA-binding domain. These constructs also included an
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Figure 5. Conserved E2F4 targets are more highly enriched in classical
E2F target gene categories, but are not enriched in consensus E2F motifs.
(A) The percentage of promoters that were identified in either the top
500 or top 2000 sets of ranked promoters from both the mouse 3T3 and
human MCF7 E2F4 ChlIP-chip experiments was determined. For compari-
son, the percentage expected by random chance and the percentage
overlap of E2F4 targets from MCF7 cells with E2F4 targets from four other
human cell lines is also shown. (B) Functional annotations were per-
formed as described in Figure 4. The top categories are shown for the sets
of E2F4 target promoters identified only in the duplicate human E2F4
MCF7 ChlIP-chip experiments (794 promoters), only in the duplicate
E2F4 3T3ChIP-chip experiments (977 promoters), or in all four human
and mouse E2F4 ChlIP-chip experiments (335 promoters). The x-axis in-
dicates the percentage of each set represented by the different catego-
ries; see Supplemental Table S3B for the P-values for each category.
Shown in the inset is the number of the human and mouse conserved
E2F4 target promoters that contain or lack a consensus E2F motif.

HA tag (to allow analysis in ChIP assays without interference by
signals from the endogenous E2Fs) and a modified ER ligand
binding domain to allow regulated translocation to the nucleus.
The stable cells were cultured in the absence of 4-hydroxy-
tamoxifen and then treated with 4-hydroxy-tamoxifen for 30
min. Nuclear extracts were prepared and Western blots were per-
formed to ensure that the amounts of wild-type and mutant E2F1
were similar (see Supplemental Fig. S5). We first compared the
top-ranked promoters identified using the HA antibody in the
HA-wtE2F1 cells to the top-ranked promoters identified using an
E2F1 antibody in parental (untransfected) MCF7 cells. We found
a ~60% overlap in the top-ranked targets, which is similar to the
overlap of many ChIP-chip replicates when the same antibody is
used with two completely independent cultures of cells. Thus,
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Figure 6. Models for recruitment of E2F1 to promoters that lack a
consensus motif. Shown are schematics representing potential modes of
E2F1 recruitment via a mechanism independent of its DNA binding do-
main (A), via looping (B), or via stabilized binding in cooperation with
another transcription factor (C).

the HA-tagged E2F1 (HA-wtE2F1) binds to the same targets as
does the endogenous E2F1. We then performed the ChIP-chip
assays using the HA tagged E2F1 DNA-binding domain mutant
(HA-DBDmut E2F1). These arrays were analyzed in two ways.
First, we selected the set of top-ranked HA-wtE2F1 targets. Then,
we compared the enrichment values at these promoters in the
ChIP-chip assays that measured binding of endogenous E2F1,
HA-wtE2F1, or HA-DBDmut E2F1 and enrichment using the
HA antibody in MCF7 cells harboring only the HA-ER vector
plasmid (Table 2). The top 1000 (or top 2000) promoters on the
HA-wtE2F1 array were bound with high enrichment values by
both the endogenous and tagged wtE2F1. However, the DNA-
binding domain mutant could not bind to these E2F1 targets; the
log, enrichment values were ~0.5, which is similar to the values
at these same promoters when the cells contained only the
HA-ER vector. Thus, the top-ranked targets bound by wtE2F1 are
not bound by the mutant protein. It was possible that a subset of
E2F1 targets (perhaps those having “moderate” enrichment val-
ues on the array and not present in the top 1000 or top 2000
target sets) would be bound by the mutant E2F1. To examine this
possibility, we next ranked the promoters according to their en-
richment on the HA-DBDmut E2F1 arrays. The average enrich-
ment of the top 1000 promoters bound by HA-DBDmut was <0.5,
indicating that there is not a large set of promoters bound by the
mutant. However, there was a very small set of promoters that
showed high binding by the mutant. For example, of the 13,000
promoters on promoter array 1, 18 had an enrichment greater
than 1.0, with an average enrichment of 1.33. Unfortunately, the
average enrichment value for this set of promoters for the HA
vector ChIP-chip experiment was also 1.33, suggesting that these
are not true E2F targets, but rather were enriched due to nonspe-
cific interactions. Thus, we found no evidence that E2F1 can be
recruited to any promoter strictly by protein-protein interac-
tions, in the absence of a functional DNA-binding domain. This
particular E2F1 mutant protein harbors only a two amino acid
change and is expressed at high levels in the transfected cells. It
also retains its ability to interact with the retinoblastoma tumor
suppressor protein and with its heterodimer partner DP1 (Cress
et al. 1993; Helin et al. 1993; Helin and Harlow 1994; Halaban et
al. 1998), indicating that, in general, it adopts the natural E2F1
protein confirmation. However, we do note that we cannot
eliminate the possibility that the double amino acid change
eliminates interaction with a specific, unidentified protein part-
ner, either by mutation of an amino acid contact or due to slight
alterations in protein folding.

E2F family members can bind to promoters that lack
a consensus motif

A second possible mechanism by which E2F might be bound to
a core promoter region that lacks a consensus E2F motif is via
looping from a consensus motif located in an upstream or down-
stream enhancer (Fig. 6, Model B). This would involve E2F1 bind-
ing to a distal consensus motif and then engaging in protein-
protein interactions with a factor bound in the core promoter
region. Due to the fact that formaldehyde can produce both pro-
tein—-DNA and protein—protein cross-links, both the distal (con-
sensus) site and the core promoter (nonconsensus) site to which
the E2F was looped would be pulled down in a ChIP assay. To test
this hypothesis, we examined E2F4 binding on genomic tiling
(ENCODE) arrays. We could not obtain any evidence to support
the hypothesis that E2F4 binds to consensus sites in enhancers
and loops to core promoters. Of the 161 high-affinity (L1 from
the Tamalpais program) E2F4 binding sites identified in the 44
ENCODE regions, only 16 corresponded to consensus sites, and
12 of the 16 were located at core promoters of known genes.
Thus, there are only four possible cases in the ENCODE regions in
which E2F binds to a consensus site not located near a start site
and thus has the potential to loop to a nearby promoter. Of
course, it is also possible that these four sites represent core pro-
moters of novel genes. The disconnect between E2F4 binding and
consensus site location is well illustrated in a ~500-kb region of
chromosome 19 (Supplemental Fig. S6). This region shows strong
E2F4 binding to the core promoter of the LENG8 and LENG9
genes, which do not contain a consensus motif. There are eight
E2F consensus motifs within the 400-kb region shown in Supple-
mental Figure S6 and 18 consensus E2F motifs within 1,000,000
base pairs surrounding this gene, none of which are bound by
E2F4. Therefore, looping from a consensus site would have to
come from a consensus motif located a remarkably large distance
away.

One way to definitely rule out that the recruitment of E2F1
to core promoters that lack a consensus is via looping from con-
sensus sites is to remove the promoter from its normal chromo-
somal environment and determine whether E2F1 can continue
to bind to the isolated region. A technique commonly used to
examine binding of a transcription factor to a particular DNA
fragment is an in vitro gel mobility shift assay. However, in vitro
binding conditions are not the same as in vivo, and although in
vitro binding of E2F1 to a limited number of sites has been dem-
onstrated, there is no reason to assume that binding of E2F to all
sites will require similar conditions. Therefore, we have devel-
oped an in vivo assay to allow us to test whether E2F family
members can bind to isolated DNA fragments. This assay, which
is termed eChlIP, uses stably transmitted, autonomously replicat-
ing, nuclear, extrachromosomal, episomal vectors. These vectors,
which contain the EBV origin of replication (oriP) and express

Table 2. E2F1 requires a functional DNA-binding domain for
recruitment to promoter regions

Top 1000 Top 2000
Promoter Promoter Promoter Promoter
Factor 1 2 1 2
Endogenous E2F1 1.82 1.22 1.44 0.93
HA-ER-E2F1(A) 1.66 1.68 1.35 1.34
HA-ER-DBDmut(A) 0.44 0.49 0.37 0.42
HA-ER-vector(A) 0.49 0.51 0.42 0.45
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the EBNA1 viral replication protein, are stably maintained at 50—
100 copies per cell. These vectors are superior to analyzing tran-
scription factor binding to regions that have been stably inte-
grated into the genome because they are not influenced by the
site of integration or by protein-protein interactions that may
occur between the factors bound to the integrated regions and
factors bound to nearby promoters or enhancers. The EBV-based
vectors can accommodate very large DNA fragments (>100 kb),
replicate just once each cell cycle, and are partitioned faithfully
to daughter cells (Conese et al. 2004; Jackson et al. 2006; Lindner
and Sugden 2007). Maintenance of the EBV episomal vectors
requires both a cis element (an EBV origin of replication called
oriP) and a trans-acting factor (the EBV nuclear antigen 1, called
EBNA1). Although both oriP and EBNA1 can be on the same
vector, the stability of vector maintenance in the cell is improved
if EBNA1 is integrated into the cellular genome. Thus, we have
used 293c18 cells harboring a stably integrated EBNA1 for our
studies. We then introduced into these cells episomal vectors
that contained sequences to be analyzed for ChIP studies. We
note that the original data concerning E2F binding to the target
sites was from MCF7 cells. However, we confirmed that the same
results were also obtained in the 293c18 cells before beginning
the eChlIP studies; in other words, we found that sites that were
bound in MCF7 were also bound in 293c18 cells, and sites that
were unoccupied in MCF7 cells were also unoccupied in the
293c¢18 cells.

To demonstrate the utility of the eChIP assay for in vivo
analysis of isolated E2F binding sites, we first created stable cell
lines harboring only the episomal vector (with no inserted hu-
man promoter) or the episomal vector containing a region of the
CRAMPIL gene. We analyzed binding to the episomes by using
primers specific to the regions of the episomal vector flanking the
cloning site. As seen in the left panel of Figure 7, neither the
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Figure 7. Establishment of the eChlP assay. (Left) Analysis of E2F1 and E2F4 ChIP samples in cells

harboring the episomal negative controls: the empty episomal vector (left, bottom) and an episome
containing a portion of the transcribed region of CRAMPIL (left, top). (Middle) Binding of E2F1 and
E2F4 to episomes containing a 500-bp fragment of the MYC, CDC23, or HISTTH3F promoters, all of
which possess a consensus E2F motif and were previously shown to be bound by E2Fs in the ChIP-chip
experiments. (Right) Binding of E2F1 and E2F4 to episomes containing a 500-bp fragment of the
RASSF5, RAG2, or PGBD3 promoters, all of which possess a consensus E2F motif, but were previously
shown not to be bound by E2Fs in the ChIP-chip experiments. For all experiments, IgG was used as a
negative control antibody and binding to the endogenous MYC promoter was analyzed as a positive
control for E2F enrichment. Furthermore, the binding of E2F1 and E2F4 to the corresponding endog-

enous promoters was analyzed in all of the eChIP samples.

Cells Harboring Episomes with

in the “Not Bound” Category

episome lacking an insert nor the episome containing a region of
the CRAMPIL gene was enriched in any of the ChIP samples.
However, robust binding was observed for the endogenous MYC
promoter for all ChIP samples; confirmation of binding of E2Fs
to the endogenous MYC promoter is performed for every eChIP
experiment to ensure that only high-quality E2F ChIP samples
are analyzed. Next, we created stable cell lines containing epi-
somes harboring promoters that contain a consensus E2F site and
showed high enrichment values in the E2F ChIP-chip assays. As
shown in Figure 7, middle, the episomes harboring the MYC,
CDC23, and HIST1H3F promoters were all enriched in the E2F1
and E2F4 ChIP samples, but not in the IgG samples. We also
created stable cell lines containing episomes harboring promot-
ers that contain a consensus E2F site, but did not show high
enrichment values in the E2F ChIP-chip assays. Interestingly,
these promoters, which were in the “unbound” categories from
the array data, are not bound by E2F1 or E2F4 in the eChIP
assays, even though they contain a consensus E2F site. Analysis
of the endogenous MYC promoter in the same samples demon-
strates that the lack of binding to these episomes was not due to
failure of the ChIP assays. Thus, these experiments indicate that
the eChlIP assay reproduces the ChIP-chip results and provides
assurance that eChIP assays can be used to examine E2F family
members binding in vivo to isolated genomic regions containing
experimentally defined E2F binding sites. Importantly, these re-
sults demonstrate that, unlike in vitro assays in which every con-
sensus E2F motif tested can be bound by the E2Fs in the nuclear
extract, eChlIP assays reflect the biological relevance of a consen-
sus site.

Having demonstrated that the eChlIP assay can detect E2F
binding to target promoters that contain a consensus E2F site, we
next tested whether E2Fs can bind to target promoters that lack
a consensus motif when the regions are transferred onto an epi-
some. The region on chromosome 6 be-
tween 26,364,000 and 26,324,000 con-

the E2F Consensus Sites

E2F1 E2F4 IgG Input

tains seven histone genes, three of
which are strong E2F1 targets in MCF7
cells. Two of the strongly enriched his-

tone promoters contain consensus E2F
sites (HISTIHZAE and HIST1H3F), but
the HIST1HID promoter does not con-
tain a consensus E2F motif and has no

good match to the E2F PWM. It was pos-
sible that the HIST1H1D promoter could
be regulated by looping from a bound
E2F consensus motif located at one of
the other histone promoters within the

cluster. To test this possibility, we cloned

the two histone promoters that were
bound by E2F1 and contained a consen-
sus site and the histone HISTIHID pro-
moter that was bound by E2F1 but

lacked a consensus site into the episomal
vector, created stable cell lines, and ana-
lyzed binding of E2F1 and E2F4 to the
episomal constructs. As expected, the
HIST1IH2AE and HIST1H3F core pro-
moter regions, which contain consensus
E2F motifs and show high enrichment
in the ChIP-chip assays, are bound by
E2Fs when analyzed in eChIP assays (Fig.
8). We also found that a 500-bp region
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Figure 8. Analysis of the chromosome 6 histone cluster using eChlP assays. (A) The binding pattern
of E2F1 and E2F4 in MCF7 cells to a portion of the histone cluster on chromosome 6 is shown. (B)
Binding of E2F1 and E2F4 to 500-bp regions of the HISTTH2AE, HISTTH3F, and HISTTH1D promoters,
as well as to a 150-bp region of the HISTTH1D promoter, is shown. The binding of E2F1 and E2F4 to
the endogenous histone promoters and to the endogenous MYC promoter (as a positive control for the
ChIP samples) was also analyzed. (C) A schematic of the hg17 chromosomal coordinates of the 500-
and 150-bp constructs of the HISTTHTD promoter is shown; the location of the best match to E2F
positional weight matrix (PWM) within the cloned in region is also indicated.

of the HISTIH1D promoter was strongly bound by E2Fs when
analyzed using an eChlIP assay. Thus, although relatively close to
consensus E2F motifs in its natural genomic location, the non-
consensus motif-containing HISTIH1D promoter can directly re-
cruit E2F1. We selected eight other promoters that lack a con-
sensus E2F motif, cloned the promoter fragments into the epi-
somal vector, and created stable cell lines containing each
construct. We then performed eChlP assays using E2F antibodies
and analyzed binding to the episomes and to the endogenous
MYC promoter (as our positive control for each assay); the results
of the eChlIP assays are tabulated in Table 3. In total, we found
that seven of the nine E2F target promoters that lacked a con-
sensus E2F site were bound by E2F1 when isolated from their
normal chromatin context and analyzed in the eChlIP assay.
These results, which demonstrate binding of E2F1 to promoter
regions that lack a consensus motif, do not support the model
that (at least for the majority of the tested promoters) E2F is
detected at the core promoter due to protein—protein interactions
mediated by looping from a distal consensus motif (Model B).

Mapping the binding site using eChIP

A third model (Model C) that could account for E2F recruitment
to regions that lack a consensus motif is “assisted binding.” In

moter regions. We began by comparing
binding of E2F1 and E2F4 to a 500- and
a 150-bp region of the HISTIHID pro-
moter (Fig. 8). We found that the 150-bp
fragment, which contains the best
match to the E2F PWM, is sufficient for
recruitment of E2Fs in the eChlIP assay.
We then tested several different frag-
ments from the TIMELESS promoter
(Fig. 9). Regions spanning 500, 300, or 150 nt were cloned into
the episomal vector, stable cell lines were created, and binding of
E2Fs was tested using the eChlIP assay. We found that the 500-
and 300-bp fragments could recruit E2F1, but the 150-bp frag-
ment was not able to recruit E2F1 in the eChlIP assay. Thus, in
this case, the best match to the E2F PWM is not sufficient for
direct binding. To determine whether the best match to the E2F
PWM is necessary to recruit E2F family members to the TIMELESS
promoter, we created a construct containing ~300 nt of the core
promoter region, but lacking the E2F PWM. A stable cell line was
created harboring this episomal construct and binding was tested
using the eChIP assay. We found that deletion of the E2F PWM
eliminated binding of E2F1 and E2F4 to the TIMELESS promoter.
Thus, a region containing the best (albeit quite poor) match to
the E2F PWM is necessary, but not sufficient for recruitment of
E2F family members, to the TIMELESS promoter, providing sup-
port for the assisted binding model.

Discussion

The main purpose of our study was to develop an understanding
of how E2F-binding specificity is achieved in vivo. In particular,
we have addressed how E2F family members are recruited to core
promoter regions that lack a consensus and are excluded from
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Table 3. Summary of eChIP experiments

Match to PWM Motifs ChlIP-chip (log,) eChlP binding
E2F targets
MYC Consensus TTTCCCGC 1.9 YES
cDC23 Consensus TTTCCCGC 23 YES
MRPL15 1.00/0.98 TGTCGCGC 1.3 No binding
RNF168 1.00/0.97 AGTCGCGC 1.2 YES
UBE2S 1.00/0.97 AGTCGCGC 2.4 YES
PPWD1 0.98/0.98 GTTGGCGC 3.2 YES
FAM46C 0.94/0.95 CTTCCCGC 1.5 YES
NUDCD1 0.94/0.89 TCTCCCGC 1.6 No binding
LSM4 0.93/0.91 AGTGCCGC 2.4 YES
Histone cluster
HISTTH3F Consensus TTTCGCGC 2.4 YES
HISTTH2AE Consensus TTTGCCGC 3.5 YES
HISTTH1D-500 bp 0.84/0.87 GTTCGGGC 2.4 YES
HISTTH1D-150 bp 0.84/0.87 GTTCGGGC NA YES
TIMELESS series
TIMELESS 500 bp 0.87/0.82 CATAGCGC 1.3 YES
TIMELESS 300 bp 0.87/0.82 CATAGCGC NA YES
TIMELESS 150 bp 0.87/0.82 CATAGCGC NA No binding
TIMELESS no E2F PWM NA NA NA No binding
Consensus sites not enriched by ChlIP-chip
RASSF5 Consensus TTTGGCGC -0.1 No binding
HOXC13 Consensus TTTGGCGC -04 No binding
MEOX2 Consensus TTTGGCGC 0.0 No binding
RAG2 Consensus TTTGCCGC 0 No binding
PGBD3 Consensus TTTCCCGC 0 No binding
Negative controls
Empty vector pFC62 NA NA NA No binding
CRAMPITL NA NA NA No binding
NA, Not applicable.
other regions that contain a consensus E2F motif. We have tested
three models for recruitment of E2F to core promoters lacking a
consensus site, including (1) indirect recruitment, (2) looping to
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the start site of transcription. In general, consensus motifs that TIMELESS
are not bound by E2F family members are not located in core Endogenous |—- = '—'l |— e . |
promoter elements. For example, only 86 of the 495 (17%) con- Myc
sensus E2F motifs located in the ENCODE regions that were not
bound by E2F4 in MCF7 cells were within 2 kb of a promoter B. T|MEL-IESS o
region. In addition, eight of nine tested regions containing con- P 'l >
sensus E2F motifs that were not bound by E2F4 did not have the 55129270 | 500bp insert———| 55129769

histone modifications normally associated with core promoter
regions. Many of these regions appeared to be within actively
transcribed regions, suggesting that in MCF7 cells those genes
must utilize different promoters. This is in accordance with re-
cent findings that many genes contain alternative promoter re-
gions (Kimura et al. 2006). Therefore, the predominant factors
specifying whether E2F is recruited to an in vivo binding site are
(1) the site must be in a core promoter and (2) the promoter must
be utilized as a promoter by the transcriptional machinery in that
particular cell type.

55129341} 300bp insert—— 55129639
55129490 - 450bp insert 55129639
55129270 ———No E2F PWM insert———| 55129591

Figure 9. Delineation of the E2F recruitment site at the TIMELESS
promoter. (A) Binding of E2F1 and E2F4 to various fragments of the
TIMELESS promoter is shown. The binding of E2F1 and E2F4 to the en-
dogenous TIMELESS promoter and to the endogenous MYC promoter was
also analyzed in the same samples as positive controls. (B) A schematic of
the hg17 chromosomal coordinates of the tested fragments of the TIME-
LESS promoter is shown; the location of the best match to the E2F posi-
tional weight matrix (PWM) within the cloned in region is also indicated.

1772 Genome Research
www.genome.org



Determinants of E2F binding specificity

Promoters that are utilized in a particular cell type display
specific histone modifications, especially acetylation of histone
H3 and H4, suggesting the possibility of a link between binding
of E2F and histone acetylation. Although it is generally difficult
to separate cause and effect (i.e., does E2F binding cause the
histone modifications or is E2F binding dependent upon the
histone modifications), a recent study has addressed these possi-
bilities at one particular promoter. Leung et al. (2008) have
shown that knockdown of MYC results in loss of acetylation on
histone H4 and loss of E2F1 binding to the E2F2 promoter. They
propose that binding of MYC to the E2F2 promoter causes in-
creased histone acetylation at the promoter region and thus pro-
vides access of E2F1 to its binding site. It is likely that factors
other than MYC could also function in a similar manner to pro-
vide open chromatin structure, and thus E2F access, at different
subsets of promoters. If E2Fs are in fact dependent upon specific
histone modifications for their recruitment, it is not clear wheth-
er this would be because binding of E2F requires prior binding of
other factors (such as the general transcriptional machinery) or if
binding of E2F requires the “loosening” of DNA/histone interac-
tions that result from acetylation of the N-terminal tails of his-
tones.

Previous studies have shown that the E2F consensus motif is
the most highly preferred binding site in vitro (Tao et al. 1997)
and a myriad of gel mobility shift assays have confirmed that
mutation of key residues in the consensus motif eliminates E2F
binding in vitro. However, we found that only a small percentage
of in vivo E2F binding sites contain a consensus E2F motif and
that not all consensus motifs are bound in vivo. As discussed
above, others have also found that a low percentage of experi-
mentally determined in vivo binding sites contain the expected
motif (Cawley et al. 2004; Carroll et al. 200S5; Jin et al. 2007; Li et
al. 2008b). Differences in binding-site sequence preferences for a
transcription factor between in vitro and in vivo assays could be
related to the existence of multiple protein partners for a given
factor. Such “assisted” or “cooperative” binding is not easily op-
timized using in vitro assays (which often use purified proteins),
especially if the partner has not previously been shown to asso-
ciate with that factor. Also, it is possible that post-translational
modifications could modulate the binding specificity of a tran-
scription factor; such modifications may be lost (if using nuclear
extract) or not present (if using bacterially-expressed protein).
Because the presence of a consensus E2F motif is by far the pri-
mary determinant of in vitro binding affinity, we suggest that
analyses of E2F binding in vitro are not biologically relevant.
Because of the possibility that chromatin may be involved in
specifying E2F binding, we felt it important to develop an in vivo
binding assay that could allow mutational analyses of binding
regions while monitoring E2F/DNA interactions in the context of
normal chromatin, but without the influence of surrounding ge-
nomic regions. Toward this goal, we developed the eChlIP assay,
which is based on stably-maintained, self-replicating, extra-
chromosomal plasmids. Several advantages of using episomes to
monitor transcription factor binding are: (1) Episomes are main-
tained at 50-100 copies per cell, as opposed to the thousands of
copies of plasmids in transient transfection assays. (2) Episomes
are not subject to influence from the site of integration. (Pro-
moter regions that are integrated into random chromosomal re-
gions are often silenced if they integrate into heterochromatin or
are inappropriately activated if they integrate near an enhancer;
in contrast, we have shown [A. Rabinovich and P.J. Farnham,
unpubl.] that promoters that are normally silenced in 293 cells

by H3me3K9, H3me3K27, or MeC show these same marks when
analyzed as episomal constructs.) (3) The stable maintenance of
the episome allows a series of ChIP experiments to be performed.
(4) Small fragments can be analyzed; most promoters show pro-
gressive loss of activity when smaller and smaller regions are
stably integrated into the genome, likely due to the fact that the
regulation conferred by the surrounding genomic sequences
overpowers the activity conferred by the small fragments. Using
the eChIP assay, we were able to demonstrate that E2F family
members can bind in vivo to small isolated fragments of DNA
that lack a consensus site.

Our observation that the region containing the best match
to the E2F PWM in the TIMELESS promoter is necessary, but not
sufficient for recruitment of E2F suggests that the presence of
other transcription factors bound nearby are stabilizing the bind-
ing of E2F to the DNA, either through direct protein-protein
interactions or via a protein complex. “Assisted” recruitment of
E2F family members has been previously reported. For example,
mutation of an Sp1 motif adjacent to an E2F-binding site resulted
in loss of binding of E2F, as monitored by in vivo footprinting
(Karlseder et al. 1996). Also, overexpression of CUX1 can increase
the recruitment of E2F1 to the POLA1 promoter, dependent upon
a nearby CUX1 binding site (Truscott et al. 2008). Similarly, Gia-
grande et al. (2003) have shown that both TFE3 and E2F3 are
bound to the POLA2 promoter in vivo and that the interaction of
either E2F3 or TFE3 with the promoter is facilitated by the pres-
ence of both proteins. Our future studies will be focused on fur-
ther characterizing the mechanisms by which the additional se-
quence elements of the TIMELESS promoter help to specify E2F
recruitment.

Methods

Cell culture

Mouse 3T3 fibroblasts were grown in Dulbecco’s Modified Eagle
Medium supplemented with 10% BCS, 4 mM glutamine, and
1% penicillin and streptomycin. Ntera2, MCF7, and 293c18
cells were grown in Dulbecco’s Modified Eagle Medium sup-
plemented with 10% FBS, 2 mM glutamine, and 1% penicillin
and streptomycin. MCF10A cells were grown in Clonetics serum-
free Mammary Epithelial Growth Medium (MEGM) from Cam-
brex supplemented with 100 ng/mL cholera toxin from Calbio-
chem, and all of the contents of the Clonetics MEGM Single-
Quots, except for GA-1000. HeLa-S3 cells were grown by the
National Cell Culture Center using Jokliks’s modified MEM
supplemented with 5% NCS in spinner flask culture. GM06990
were grown by the National Cell Culture Center in Joklik’s modi-
fied MEM supplemented with 15% FBS in spinner flask culture.
HeLa-S3 and GMO06990 cells were cross-linked according to the
Young and Chevalier (Whitehead Institute) protocol and ob-
tained from the National Cell Culture Center through the
ENCODE consortium (e-mail swaniger@nccc.com) for ChIP
analysis. All cells were incubated at 37°C in a humidified 5% CO,
incubator.

Generation of HA-ER-E2F stable cell lines

Stable clones were generated by transfecting MCF7 cells on 6-well
dishes with 1 pg of either pCMV-HA-ER, pCMV-HA-ER-E2F1
wild-type, or pCMV-HA-ER-E2F1 (E132) constructs (generous
gifts from Kristian Helin, University of Copenhagen, Denmark)
using FuGene 6 Transfection Reagent (Roche) according to
manufacturer’s recommendations. Forty-eight hours after trans-
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fection, the cells were placed under selection in medium con-
taining 1 mg/mL G418. Individual drug-resistant colonies were
isolated and assayed for ectopic HA-ER and HA-ER-E2F fusion
protein expression by Western Blot analysis of total cellular pro-
tein using anti-HA.11 (16B12 clone; Covance) and anti-E2F1
(KH9S clone; Santa Cruz) antibodies. To ensure that the stably
integrated fusion proteins properly translocated into the nucleus
upon stimulation with 4-hydroxytamoxifen (4-OHT), clones de-
termined to have high ectopic expression of each fusion protein
were treated with 600 nM of 4-OHT (Sigma) for 20 min and
processed for cytoplasmic and nuclear protein extraction. Briefly,
subconfluent cells were harvested after 4-OHT treatment by
scraping in ice-cold PBS containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) and swelled in ChIP cell lysis buffer. After incu-
bation on ice for 10 min, nuclei were released using a B dounce
homogenizer and spun at 4000 rpm for 5 min at 4°C. The super-
natant was reserved as the cytoplasmic fraction and the pelleted
nuclei were resuspended in ChIP Nuclei Lysis Buffer, left on ice
for 10 min, sonicated to reduce viscosity, and spun at 13,200 rpm
for 10 min in 4°C. Both the nuclear and cytoplasmic extracts
(15 pg) were boiled in SDS sample buffer for 5 min, loaded
onto a 10% SDS-polyacrylamide gel and further processed for
Western Blot as described previously (Xu et al. (2007). Positive
MCEF7 clones for each fusion protein were expanded in cul-
ture, and subsequently treated for 30 min with 4-hydroxytamoxi-
fen (Sigma) at a final concentration of 600 nM immediately
prior to formaldehyde cross-linking and harvesting for ChIP as-
says.

ChIP assays and amplicons preparation

ChIP assays were performed following the ChIP protocol pro-
vided at http://www.genomecenter.ucdavis.edu/farnham and
http://genomecenter.ucdavis.edu/expression_analysis. 5-Meth-
ylcytidine (5-MeC) ChIPs were performed as described in the
MicroChlIP protocol (Acevedo et al. 2007), with the exceptions
that the cells used in this native ChIP assay were not cross-linked
with formaldehyde, but instead harvested by trypsinization, and
NaOH was added to the IP dilution buffer at a final concentration
of 7 mM to separate the DNA strands during the overnight incu-
bation with the 5-MeC antibody at 4°C. The primary antibodies
used in this study were as follows: E2F1 (Upstate Cell Signaling,
cat. no. 05-379), E2F4 (Santa Cruz Biotechnology, cat. no. sc-
866X), E2F6 (Santa Cruz Biotechnology, cat. no. sc-22823X),
HA.11 (16B12 clone; Covance, cat. no. MMS-101P), H3Me2K9
(Upstate Cell Signaling, cat. no. 05-768), H3me3K9 (Abcam, cat.
no. ab8898), H4Me3K20 (a generous gift from Thomas Jenuwein,
Max Planck Institute, Freiburg, Germany), H3MelK27 (Upstate
Cell Signaling, cat. no. 07-448), H3me3K27 (Upstate Cell Signal-
ing, cat. no. 07-449), H3Me3K36 (Abcam, cat. no. 9050),
H3Me2K79 (Abcam, cat. no. 3594), H3AcK9 (Upstate Cell Signal-
ing, cat. no. 07-352), H3Me3K4 (Upstate Cell Signaling, cat. no.
07-473), mouse monoclonal RNA polymerase II 8WG16 1gG2a
(Covance, cat. no. MMS-126R), and mouse monoclonal 5-meth-
ylcytidine (Eurogentec, cat. no. BI-MECY-0100). The secondary
rabbit anti-mouse IgG was purchased from MP Biomedicals (cat.
no. 55436). The nonspecific rabbit IgG used as a negative control
in the ChIP assays was purchased from Alpha Diagnostics (cat.
no. 20009-5). For PCR analysis of the ChIP samples prior to am-
plicon generation, purified immunoprecipitates (QIAquick PCR
purification kit, QIAGEN) were dissolved in 50 puL of water or
QIAGEN EB Buffer. Standard PCR reactions using 2 uL of the
immunoprecipitated DNA were performed. PCR products were
separated by electrophoresis through 1.5% agarose gels and visu-
alized using ethidium bromide. Amplicons were prepared by

adapting the standard protocol for the whole-genome amplifica-
tion using the Sigma GenomePlex WGA2 kit as described in
O’Geen et al. (2006). Briefly, the initial random fragmentation
step was eliminated and DNA from an entire ChIP sample or
from 30 ng of total chromatin was amplified. A detailed protocol
for the WGA2 method is provided at http://genomics.uc-
davis.edu/farnham and http://genomecenter.ucdavis.edu/
expression_analysis. Precipitated DNA from ChIPs with smaller
starting material (4-30 pg/assay) was measured by Quant-iT Pi-
coGreen assay (Invitrogen) (Acevedo et al. 2008). DNA was puri-
fied and amplified using the Sigma GenomePlex Single Cell
WGAA4 Kit, as described in Acevedo et al. (2007). PCR positive and
negative primers used for ChIP samples and amplicons confir-
mation are described in Supplemental Table S1.

ChIP-chip assays

Several different promoter array designs were used in this study.
Mouse amplicons samples were hybridized to the UCSC mm
5 1.5 kb promoter array, which consists of a single array design
containing 26,842 promoters. Human samples were hybridized
either to ENCODE arrays, UCSC hgl7 1.5-kb promoter arrays or
to UCSC hgl7 5-kb promoter arrays. The human UCSC hgl7
1.5-kb promoter array is a single array design containing 24,275
promoters. The human UCSC hg17 5-kb promoter arrays consist
of two individual arrays (promoter 1 and promoter 2), containing
a total of 27,295 promoters. The ENCODE arrays contain
~400 well characterized genes and includes 44 different regions
of the genome ranging from 500 kb to 2 Mbp. The exact design
used for each experiment is indicated in Supplemental Table S1
(see also www.nimblegen.com, for details concerning each
array platform). Amplicons were applied either to mouse pro-
moter arrays or human promoter arrays. The labeling and hy-
bridization of DNA samples for ChIP-chip analysis was per-
formed by NimbleGen Systems, Inc. or at UC Davis. Briefly, each
DNA sample (1 pg) was denatured in the presence of 5'-Cy3-
or CyS-labeled random nonamers (TriLink Biotechnologies)
and incubated with 100 U of (exo-) Klenow fragment (NEB) and
dNTP mix (6 mM each in TE buffer [10 mM Tris/1 mM EDTA
at pH 7.4; Invitrogen]) for 2 h at 37°C. Reactions were termi-
nated by addition of 0.5 M EDTA (pH 8.0), precipitated with
isopropanol, and resuspended in water. Then, 12 pg of the CyS-
labeled ChIP sample and 12 pg of the Cy3-labeled total sample
were mixed, dried down, and resuspended in 40 pL of Nimble-
Gen Hybridization Buffer (NimbleGen Systems). After denatur-
ation, hybridization was carried out in a MAUI Hybridiza-
tion System (BioMicro Systems) for 18 h at 42°C. The arrays
were washed using NimbleGen Wash Buffer System (NimbleGen
Systems), dried by centrifugation, and scanned at 5-um resolu-
tion using the GenePix 4000B scanner (Axon Instruments).
Fluorescence intensity raw data was obtained from scanned im-
ages of the oligonucleotide tiling arrays using NimbleScan 2.2
extraction software (NimbleGen Systems). For each spot on the
array, log,-ratios of the Cy5-labeled test sample versus the Cy3-
labeled reference sample were calculated. Then, the biweight
mean of this log, ratio was subtracted from each point; this pro-
cedure is similar to the mean normalization of each channel.
GEO accession numbers for all arrays are provided in Supplemen-
tal Table S1.

Analysis of arrays

Regions on the promoter arrays bound by each factor were de-
termined by the median percentile rank method (Iyer et al. 2001;
Lieb et al. 2001). We first computed the mean enrichment values
of four consecutive probes for the 5-kb promoter arrays and six
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consecutive probes for the 1.5-kb promoter arrays for each
promoter and then ranked the promoters based on the enrich-
ment values from the order of highest to lowest enrichment
values. We note that most investigators average all 11 probes
that represent each of the 1.5 core promoters when analyzing
NimbleGen 1.5-kb arrays (this is the default parameter used by
NimbleGen to provide users with their ranked data). We have
used all 11 probes and compared the data with our target set
obtained using six consecutive probes and the results are essen-
tially identical. However, for the studies in this manuscript
we used the six highest consecutive probes instead of all 11 so
that we could delineate the location of the E2F motif in a 500-
600-bp region rather than using the entire 1500-bp region. For
those factors having two ChIP-chip replicates, we determined the
targets by finding the overlapping targets from the Top 50, 100,
500, 1000, and 2000 ranked lists. For the analysis of the con-
served mouse and human E2F4 targets, we first determined
mouse or human E2F4 targets by finding the Top 2000 overlap-
ping targets from the two mouse and two human arrays, re-
spectively. Then, we limited these sets to only those promoters
found on both human and mouse array platforms using the
NCBI HomoloGene database, which detects and collects the ho-
mologs among the annotated genes of several completely
sequenced eukaryotic genomes (including the information of
the pairs of mouse and human homologous genes; see http://
www.ncbi.nlm.nih.gov/sites/entrez?db=homologene). Some
genes were represented by more than one promoter on the
human and/or mouse arrays. For our analyses, we collapsed all
of the promoter regions for a particular gene into a single unit.
We then compared the constrained sets to determine which
E2F4 targets were identified in both the top-ranked mouse
and human ChIP-chip experiments. For the overlap of ChIP-chip
data expected by random chance, the random datasets were
generated 1000 times from a data set from a 1.5-kb promoter
array using our in-house Perl program; we reported the average
of the results from 1000 random datasets. The methods used
to detect the E2F consensus motif and E2F PWMs were de-
scribed in our previous publications (Bieda et al. 2006; Jin et al.
2006).

Functional annotations were performed using the pro-
gram Database for Annotation, Visualization, and Integrated
Discovery (DAVID) 2007 (Dennis et al. 2003; see also http://
niaid.abcc.ncifcrf.gov/). The same parameters were used for all
analyses presented in this study. These parameters were InterPro
name in the Protein Domains section and SP_PIR_Keywords in
the Functional Category section. The EASE Score Threshold was
set at 0.01.

To determine whether identification of 16 consensus E2F
motifs within the 116 experimentally identified 500 bp E2F
binding regions on the ENCODE arrays was statistically en-
riched over random chance, we did the following analyses.
First, we randomly retrieved 116 segments with 500 bp length
from the ENCODE regions, then scanned them to see how many
have an E2F consensus motif; we did this procedure 10,000
times. We found one E2F consensus motif; therefore, the 116
sites are more enriched than expected by random chance (the
P-value is much greater than 0.0001). Second, we noted
that there are a total of 507 E2F consensus motifs in the entire
30-Mb ENCODE region; 16 occur within the 116 500-bp E2F4
binding regions and 491 occur within ~30,000 nonbinding
segments with a length of 500 bp (note that half of the
ENCODE regions are repeat-masked and are not included in
this analysis). Using the Fisher test, the enrichment P-value
is ~0; therefore, the identification of the 16 sites was highly sig-
nificant.

Episomal ChlIPs (eChlPs)

All E2F targets (with the exception of MYC) were amplified from
the MCF7 genomic DNA template by PCR with Pfx polymerase
(Invitrogen) using primers that introduced unique Xhol and
HindlIII sites immediately 5" and 3’ to the binding site of interest,
respectively. The E2F binding site within the MYC P2 pro-
moter was digested from the XNM-Luc plasmid (Facchini et al.
1997) using Xhol and HindIII enzymes (New England Biolabs).
The isolated E2F target sequences were introduced into the
pFC62 episome (a generous gift from Fred Chedin, University of
California, Davis) using the Xhol and HindIII sites; successful
cloning of the various inserts was confirmed by sequencing at the
UC Davis Sequencing Facility. The episome constructs (1 pg)
were transfected into 293c18 cells stably expressing EBNA1 (a
kind gift from Fred Chedin) on 6-well dishes using FuGene 6
Transfection Reagent (Roche) according to manufacturer’s rec-
ommendations. Forty-eight hours after transfection, cells were
selected in medium containing 500 pg/mL of both G418 (Sigma)
and Hygromycin B (CellGro), and drug-resistant colonies were
pooled and expanded for ChIP assay. Subconfluent stables were
harvested by cross-linking with 1% formaldehyde and swelled in
RSB buffer (3 mM MgCl,, 10 mM NacCl, 10 mM Tris-HCI at pH
7.4, and 0.1% IGEPAL CA-330) instead of the normal cell lysis
buffer to isolate cross-linked nuclei, and further processed using
the standard ChIP protocol.
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