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A comprehensive ChIP–chip analysis of E2F1, E2F4,
and E2F6 in normal and tumor cells reveals
interchangeable roles of E2F family members
Xiaoqin Xu,1 Mark Bieda,1 Victor X. Jin,1 Alina Rabinovich,1 Mathew J. Oberley,2

Roland Green,3 and Peggy J. Farnham1,4

1Department of Pharmacology and the Genome Center, University of California-Davis, Davis, California 95616, USA;
2University of Wisconsin Medical School, Madison, Wisconsin, 53705 USA; 3NimbleGen Systems Inc.,
Madison, Wisconsin, 53711 USA

Using ChIP–chip assays (employing ENCODE arrays and core promoter arrays), we examined the binding patterns of
three members of the E2F family in five cell types. We determined that most E2F1, E2F4, and E2F6 binding sites are
located within 2 kb of a transcription start site, in both normal and tumor cells. In fact, the majority of promoters
that are active (as defined by TAF1 or POLR2A binding) in GM06990 B lymphocytes and Ntera2 carcinoma cells
were also bound by an E2F. This very close relationship between E2F binding sites and binding sites for general
transcription factors in both normal and tumor cells suggests that a chromatin-bound E2F may be a signpost for
active transcription initiation complexes. In general, we found that several E2Fs bind to a given promoter and that
there is only modest cell type specificity of the E2F family. Thus, it is difficult to assess the role of any particular
E2F in transcriptional regulation, due to extreme redundancy of target promoters. However, Ntera2 carcinoma cells
were exceptional in that a large set of promoters were bound by E2F6, but not by E2F1 or E2F4. It has been
proposed that E2F6 contributes to gene silencing by recruiting enzymes involved in methylating histone H3. To test
this hypothesis, we created Ntera2 cell lines harboring shRNAs to E2F6. We found that reduction of E2F6 only
induced minimal alteration of the transcriptome of Ntera2 transcriptome. Our results support the concept of
functional redundancy in the E2F family and suggest that E2F6 is not critical for histone methylation.

[Supplemental material is available online at www.genome.org. The ChIP–chip data has been deposited as GEO series
GSE8716.]

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 and development and
tumorigenesis) functions (Slansky and Farnham 1996; Dimova
and Dyson 2005; Kong et al. 2007). In general, the ability of E2F
family members to regulate these processes has been linked to
their ability to modulate the transcriptional output of target pro-
moters. 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 alternative promoters (for a re-
cent review of the E2F family, see DeGregori and Johnson 2006).
The highest 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). However, the
E2Fs can be divided into two classes based on whether they func-
tion as hetero- or homodimers. E2Fs 1–6 require dimerization
with a DP family member (DP1 or DP2) to bind in vitro to the
consensus site, whereas E2F7 and E2F8 bind in vitro to the con-
sensus site as homodimers. The E2F family members have also
been divided into several subclasses based on the patterns of their
expression and their transcriptional regulatory properties in re-

porter gene assays (Fig. 1). E2F1, E2F2, and E2F3a are often con-
sidered to be activators and display maximal expression during S
phase of the cell cycle. Members of a second class of E2F proteins,
E2F3b, E2F4, and E2F5, are expressed throughout the cell cycle
and are often referred to as repressors because they are thought to
function mainly in combination with members of the retinoblas-
toma (RB1) family of corepressors. E2F6, E2F7, and E2F8 are also
classified as transcriptional repressors, but they function inde-
pendently of the RB1 family. However, there is little biological
evidence to support the classification of the different E2Fs as
activators or repressors. For example, it is important to note that
the transactivation domain and the RB1 family binding domain
overlap and therefore E2Fs 1–5 have the potential to function as
both activators and repressors. Most studies have relied on arti-
ficial reporter assays to define the role of a specific E2F in the
regulation of a particular gene. It is more likely that it is the
assembly of proteins at a particular promoter and the specific
cellular environment that determines if a specific E2F family
member activates or represses transcription (Fry and Farnham
1999).

Knockout experiments have, in general, revealed fairly mod-
est effects of loss of a single E2F, suggesting redundancy in their
function. However, some phenotypic changes have been ob-
served upon loss of an individual E2F (Dimova and Dyson 2005).
For example, loss of E2F1 results in decreased T-cell apoptosis,
testicular atrophy, and tumor formation (Field et al. 1996); E2F2
mutant mice show defects in the proliferative properties of he-
matopoietic cells (Murga et al. 2001; Zhu et al. 2001); E2F3 mu-
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tants display partially penetrant embryonic lethality and heart
defects (Humbert et al. 2000); E2F4 mutants are runted and have
craniofacial, hematopoietic, and intestinal defects (Humbert et
al. 2000; Rempel et al. 2000); mice lacking E2F5 develop hydro-
cephalus and are perinatal lethal (Lindeman et al. 1998); and
E2F6 knockout mice display modest homeotic transformations of
the axial skeleton (Storre et al. 2002). E2F7 and E2F8 knockout
mice have not yet been reported. Greater effects have been ob-
served when the levels of various combinations of E2Fs have
been reduced. For example, E2F1, E2F2, and E2F3 must be
knocked out simultaneously to see an inhibitory effect on pro-
liferation (Wu et al. 2001). Also, a double knockout of both E2F4
and E2F5 results in embryonic lethality (Gaubatz et al. 2000).
Interestingly, cells derived from the E2F4�/�/E2F5�/� embryos
showed normal cell cycle regulation. One issue that may com-
plicate attempts to understand the role of the individual E2Fs is
that loss of one family member may lead to compensation by
another, either as a result of increased levels of other family
members or replacement of one family member for the other at
particular promoters. In fact, a recent study has suggested that
long-term loss of certain E2Fs may lead to compensatory func-
tion by the others to ensure cell viability and/or survival of the
organism (Kong et al. 2007).

As noted in a recent review (Dimova and Dyson 2005), a
complete understanding of the role of the different E2Fs requires
identification of the full range of their target genes. Therefore, to
gain further understanding of the role of the different E2Fs, we
have taken the unbiased approach of ChIP–chip that allows the
identification of in vivo binding sites for a particular E2F without
artificially altering the ratios of the E2Fs to each other. For these
studies, we have chosen E2F1 as the representative member of
the class of E2Fs that have an N-terminal extension that contains
a cyclin A-interaction domain, E2F4 as the representative mem-
ber of the class of E2Fs that lacks the N-terminal extension but
shares very similar transactivation and RB1 family binding do-
mains with E2Fs 1–3, and E2F6 as the representative member of

the class of E2Fs that lacks a transactivation and an RB1 family
binding domain. To ensure that the results we obtained were not
unique to a specific cell type, we have performed these assays in
the context of five different cell types, including both normal
and tumor cells.

Results

E2F family members localize to core promoter regions
in both normal and tumor cells

Using ChIP–chip analysis and genomic tiling arrays, we had pre-
viously shown that E2F1 binds predominantly within 2 kb of
transcription start sites in HeLa cells (Bieda et al. 2006). This
striking localization pattern was quite distinct from certain other
transcription factors that bind predominantly to regions outside
of core promoters (Cawley et al. 2004; Carroll et al. 2005; Jin et al.
2007). To determine whether other E2F family members show a
similar binding pattern, we performed ChIP–chip analysis of
E2F1, E2F4, and E2F6. For these experiments, we performed ChIP
assays using three independent cultures of HeLa cells, prepared
amplicons, and probed ENCODE arrays (which contain ∼400
genes and include 44 regions ranging from 500 kb to 2 Mbp). We
used the Tamalpais peak-calling program (Bieda et al. 2006) to
identify E2F1, E2F4, and E2F6 binding sites for each of the three
arrays and then selected all sites that were identified in at least
two of the three experiments as the set of binding sites for that
specific E2F family member (Fig. 2A). A list of all the arrays for
this paper, including the cell type, array platform, and array iden-
tification number, is provided in Supplemental Table S1. The
number of called peaks for each ENCODE array and the overlap
of binding sites for each of the triplicate experiments are detailed
in Supplemental Table S2. As can be seen in Figure 2B, in HeLa
cells all three E2F family members localized within 2 kb of the
start site of transcription. Thus, the binding pattern that we had
previously reported for E2F1 was not unique for this family mem-
ber.

It was possible that the binding pattern we observed was
specific to a particular cell type. In our previous studies (e.g.,
Bieda et al. 2006) and in the experiments reported above, we used
HeLa cells, a cervical cancer cell line that has been grown in
culture for decades. To determine the binding patterns of E2F
family members in other cell types, we next used the GM06990
cell line, which is derived from normal B lymphocytes, and
Ntera2 cells, which are derived from a testicular embryonal car-
cinoma. Again, ChIP–chip experiments using antibodies to E2F1,
E2F4, and E2F6 were performed in triplicate using three indepen-
dent cultures of GM06990 or Ntera2 cells, peaks were called, and
binding sites were identified as those peaks that were common to
at least two of the three experiments. We found that the number
of E2F targets in the 1% of the genome represented by the ENCODE
regions for each cell type is fairly similar (270 in HeLa, 232 in
Ntera2, and 187 in GM06990). After merging all the targets for all
three E2F family members in all three cell lines, the 689 possible
sites collapsed to 480, because many of sites were occupied by an
E2F in more than one cell type. We also noted that the 480 sites
collapse to 387 1-kb regions, indicating that about 20% of the
sites are near other sites. As noted above, the total number of E2F
binding sites that we identified in GM06990 and Ntera2 cells was
fairly similar (187 vs. 232; see Supplemental Table S2). However,
we found that there was a very different distribution of the bind-
ing sites relative to the different E2F family members (Fig. 2A).

Figure 1. The E2F family. Shown is a schematic comparing the domain
structure of E2Fs 1–8; not shown are the lower abundance isoforms of
E2F6 (Kherrouche et al. 2004). We have chosen E2F1 as a representative
of the class of E2F family members that contains the N-terminal cyclin
binding domain and the C-terminal RB1 family binding domain, E2F4 as
a representative of the class of E2F family members that lacks the cyclin
binding domain but contains the RB1 family member binding domain,
and E2F6 as a representative of the class of E2F family members that are
thought to function as repressors in an RB1-independent manner.

ChIP–chip analysis of the E2F family
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Specifically, there was a similar number of E2F1 and E2F4 bind-
ing sites in GM06990 cells, but the number of E2F6 sites was
quite small. In contrast, almost all of the E2F binding sites in
Ntera2 cells were due to binding of E2F6. Importantly, although
the number of binding sites for each E2F family member varied
in the different cells (Fig. 2A), in all cases there was strong pref-
erence for binding near core promoter regions (Fig. 2B). In fact,
the binding pattern of the E2Fs was very similar to the binding
patterns of POLR2A and TAF1 (Fig. 2C). Using a simple analysis
(see Methods), we formed a rough and conservative (i.e., high)
estimate that ∼14% of peaks would randomly be found within 2
kb of a transcription start site. Hence, in all cases, there is a large
enrichment of E2F sites near the transcription start site over the
random expectation.

De novo motif analysis of E2F family members

In our previous study (Bieda et al. 2006), we found that the clas-
sical E2F consensus (TTTSSCGC) previously identified by in vitro
experiments (Tao et al. 1997) was found at only ∼12% of E2F1
binding sites identified by in vivo HeLa cell ChIP–chip experi-
ments. This suggests that an in vivo binding motif may be dif-
ferent than a motif developed using in vitro binding data. To
determine an in vivo binding motif for E2F1, we applied the
ChIPMotifs approach (Jin et al. 2006) to train different data sets
obtained from the ChIP–chip experiments performed using EN-
CODE arrays. Briefly, the ChIPMotifs approach incorporates a

statistical bootstrap resampling method
to identify the top motifs detected from
a set of ChIP–chip training data using ab
initio motif-finding programs such as
Weeder (Pavesi et al. 2004) and MEME
(Bailey and Gribskov 1997). The
strength of our ChIPMotifs approach is
that it takes advantage of the important
discriminating features embedded in
ChIP–chip data that identify the en-
riched binding data as a positive data set
and the nonenriched binding data as a
negative data set. Our approach not only
identifies a consensus-like motif, but it
also provides a cutoff threshold for the
position weight matrix (PWM) of that
motif.

We began by choosing the sites
bound by E2F1, E2F4, and E2F6 in HeLa
cells as a positive training set and a set of
regions not bound by these factors (each
region having an average of length of
500 bp and within 10 kb of a promoter
region of a known gene) as a negative
data set (see Supplemental Table S3). Af-
ter performing the de novo motif analy-
sis (see Methods for details), we identi-
fied motif logos and cutoff thresholds
for the PWMs for E2F1, E2F4, and E2F6
(Supplemental Fig. S1). Our results
clearly show that different E2F family
members share the same core consensus
STTTS binding site in HeLa cells. Using
the cutoff scores shown in Supplemental
Figure S1, more than 50% of the HeLa
cell E2F binding sites identified from the

ChIP–chip experiments included the identified motif, whereas
more than 80% of the sites in the negative control data set lacked
the identified motif. Although the identified E2F motifs partially
resemble the previously defined E2F consensus motif TTTSSCGC
identified using in vitro casting experiments (Tao et al. 1997), it
was surprising that the GC-rich core SSCGC was not the pre-
dominant motif in the set of in vivo E2F binding sites, because
this GC-rich segment appears important for in vitro binding in a
structural study (Zheng et al. 1999). As a further examination of
E2F binding sites, we performed the ChIPMotifs analysis using
the E2F1 and E2F4 binding sites from GM06990 cells (there were
not enough E2F6 binding sites in these cells for analysis) and the
E2F6 binding sites from Ntera2 cells (there were not enough E2F1
or E2F4 binding sites in these cells for analysis). We found that
the STTTS core motif was the predominant in vivo motif, regard-
less of which family member or which cell type was analyzed
(Supplemental Fig. S1). It was possible that a subset of the bind-
ing sites did contain the TTTSSCGC motif but that the de novo
motif identification programs could not pick these up because of
their low occurrence. Therefore, we directly examined the bind-
ing sites and found that 4%–10% (depending on the specific E2F
and cell type) of the in vivo binding sites contained a consensus
motif (Table 1). These numbers are similar to those observed in
previous studies in which pooled ChIP samples (with no ampli-
fication) were used to identify E2F4 targets on CpG arrays (Wein-
mann et al. 2002) or in which amplicons produced by LMPCR

Figure 2. E2F family members bind near start sites in both normal and tumor cells. ChIP–chip assays
were performed using three independent cultures for each of three different cell types (HeLa,
GM06990, or Ntera2 cells) and antibodies to E2F1, E2F4, or E2F6. The samples were analyzed on
ENCODE arrays (see Methods) and peaks were called for each array using the L1 category of peaks
called by the Tamalpais program (Bieda et al. 2006). A binding site was identified if a site was enriched
in at least two of the biological replicate experiments for a particular antibody/cell type combination.
(A) Shown are the number of E2F1, E2F4, or E2F6 binding sites identified in the ENCODE regions for
the three different cell types. Because the E2Fs bind to many of the same regions, the total number of
E2F binding sites for a given cell type is less than the sum of the E2F1, E2F4, and E2F6 sites; there were
270 distinct E2F binding sites for HeLa cells, 187 for GM06990 cells, and 232 for Ntera2 cells (see
Supplemental Table S2). (B) Shown is the % of each set of E2F1, E2F4, and E2F6 binding sites for each
cell type that is within 2 kb of a transcription start site. (C) ChIP–chip binding patterns for a region of
chromosome 1 are shown for RNA polymerase II (POLII), TAF1 (TAF), E2F1, E2F4, and E2F6 in
GM06990 (GM) cells. The Y-axis indicates fold enrichment of the ChIP sample.
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were used to identify E2F1 targets on ENCODE arrays (Bieda et al.
2006). Thus, multiple types of experimental samples (pooled
ChIPs, amplicons produced by LMPCR, or amplicons produced
by the whole genome amplification procedure used in this study)
and multiple types of array platforms all identify E2F binding
sites that differ from the in vitro consensus motif.

Comparison of binding specificity of E2F family members

Because the experiments using ENCODE arrays demonstrated
that E2F1, E2F4, and E2F6 were highly enriched at core promoter
regions in all cell types analyzed, we were confident that core
promoter arrays would be suitable for identifying a fairly com-
prehensive set of E2F target genes. For our experiments, we used
arrays that contain 1.5 kb for each of 24,000 human promoters
and performed two independent (from different cultures of cells)
E2F1, E2F4, or E2F6 ChIP–chip assays for each of five different
cell lines (see Supplemental Fig. S2 below for a Western blot
analysis of the E2Fs in the different cell types). Promoters were
then ranked based on the average enrichment value of the top 11
of the 15 probes for each promoter and the ranked lists were
compared for each of the two experiments for a given E2F and
cell line combination. The results using a particular antibody and
cell type combination are very reproducible. For example, as
shown in Figure 3A, 70%–80% of the promoters ranked in the
top 2000 were the same for the two E2F1, E2F4, or E2F6 ChIP–
chip assays in HeLa cells. For comparison, we performed dupli-
cate ChIP–chip assays using a nonspecific rabbit IgG sample; only
10% of the top ranked targets pulled down by IgG overlapped
with the E2F targets, a number approximately equal to what
would be expected on a random basis. Based on the motif analy-
sis described above indicating that at least half of the binding
sites in the E2F1, E2F4, or E2F6 ENCODE data sets contained the
same core motif, we would predict that at least half of the target
promoters bound by the different family members should be the
same in HeLa cells. In fact, we found that 55%–75% of the target
promoters were the same for any pairwise comparison of E2F1,
E2F4, or E2F6 and that a set of 1000 promoters (from the top
2000) were bound by all three family members in HeLa cells. In
general, the same results were obtained using the other four cell
lines; that is, most of the promoters that were in the top 2000
ranked list for one E2F family member were also in the top 2000
ranked list for the other E2F family members. However, the
MCF10A cells gave a slightly different pattern. Although E2F1
and E2F4 bound to the same set of promoters in these cells, there
was only a very small overlap between E2F6 and either E2F1 or
E2F4 (Fig. 3E). We noted that the E2F6 replicates in MCF10a also
showed very low overlap in the top 2000. To eliminate the pos-
sibility that one of the E2F6 experiments did not work, we per-
formed a third E2F6 ChIP–chip assay using MCF10A cells. The
same low percentage overlap in the top 2000 targets was seen
when the third E2F6 experiment was compared with either the
first or the second array (data not shown). Closer inspection of

the E2F6 target genes in MCF10A cells revealed that a very good
overlap is seen in the top 25 or top 50 promoters on each array
(Fig. 3F), suggesting that there are only a few E2F6 target genes in
MCF10A cells. One explanation for the small number of E2F6
target promoters in MCF10A cells could be that MCF10A cells
express very little E2F6. To investigate this possibility, we per-
formed a Western blot analysis of E2F6 using nuclear extracts
(Supplemental Fig. S2). We found that the amount of E2F6 pro-
tein expressed is similar for all five cell types. Thus, the low num-
ber of E2F6 target genes in MCF10A cells is not due to a low
abundance of E2F6. However, the amount of E2F4 expressed in
MCF10A cells is quite high, in comparison with the other cell
types. Therefore, it is possible that E2F6 is excluded from target
promoters because of the abundance of E2F4.

Comparison of cell-type specificity of E2F family members

Having shown that, in general, the sets of target genes for E2F1,
E2F4, and E2F6 are similar in a given cell type, we next wanted to
determine whether the E2F family members regulated the same
or different sets of target genes in different cell types. The five cell
types that we have chosen to study include two nontumorigenic
cell lines (GM06990 B lymphocytes and MCF10A breast cells)
and three tumor cell lines (MCF7 breast tumor cells, HeLa cervi-
cal carcinoma cells, and Ntera2 testicular embryonal carcinoma
cells). We have grouped these five cell lines into several different
categories, including normal cells, normal versus tumor breast
cells, and tumor cells (see Fig. 4A). We first asked whether the
promoters having the highest enrichment values (the top 100
enriched promoters of the set of all 24,000 promoters on the
array) for E2F1, E2F4, or E2F6 were the same in the normal cells
(GM06990 vs. MCF10A), in normal versus tumor breast cells, or
in any pairwise comparison of the three different tumor cell lines
(Fig. 4B). We found that many of the highest enriched E2F1 and
E2F4 target genes were the same in all the cell types, indicating
that stable binding of E2F1 or E2F4 is not heavily influenced by
cell type-specific factors. In particular, the set of promoters in the
top 100 bound by E2F1 in the two normal cell lines was 75%
identical, a large enrichment over the random expectation value
of <1%. We also compared a larger set of target genes for each
factor in the different cell types. As shown in Figure 4C, a large
percentage of the top 2000 promoters bound by the E2F family
members was similar in the different cell types. For example, the
set of top 2000 E2F4 target genes was about 70% identical in the
two normal cell lines and in the two breast cell lines, much above
the random expectation value of ∼8%. The E2F6 target genes
varied more in the different cell types, due in large part to the
very low number of E2F6 target genes in MCF10A cells. We
merged the list of promoters ranked in the top 100 for all E2Fs
and all cell types (3 E2Fs � 5 cell types � 100 promoters = 1500
total) and produced a list of ∼450 unique promoters (Supplemen-
tal Table S4).

Functional analysis of E2F target genes in Ntera2 cells

The L1 set of peaks from ENCODE ChIP–chip data represents the
most stable binding sites. As seen in Figure 2A, in Ntera2 cells
there are many more robust E2F6 sites than E2F1 or E2F4 sites in
the ENCODE regions. Similarly, the promoter arrays (Table 2)
show that the enrichment values for the E2F6 target promoters in
Ntera2 cells are considerably higher than the enrichment values
for the top E2F1 and E2F4 target promoters (unlike HeLa cells,
which show approximately equal enrichments at E2F1, E2F4, and

Table 1. Percentage of E2F binding sites that have the TTTSSCGC
motif

E2F1 E2F4 E2F6

HeLa 4% (3/77) 9% (15/161) 10% (19/183)
GM06990 9% (8/86) 5% (4/88) ND
Ntera2 ND ND 5% (11/226)

(ND) Not determined.
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E2F6 target promoters). These values suggested that perhaps E2F6
has a relatively greater influence on gene expression in Ntera2
cells than in the other cell types. To investigate the role of E2F6
in Ntera2 cells further, we first identified promoters bound in
common by E2F1, E2F4, and E2F6; this set is composed of 500
promoters that were in the top 2000 targets on all six arrays of
the duplicate experiments for E2F1, E2F4, and E2F6. Although
the log2 enrichment values for E2F6 are higher than for the other

E2Fs, these promoters were also enriched approximately twofold
by the antibodies to the other E2Fs (Table 3). We next deter-
mined whether we could identify any targets that are bound by
E2F6 but not by the other E2Fs. As seen in Table 3, we identified
about 500 promoters that were in the top 2000 on both E2F6
arrays but were not bound by E2F1 or E2F4 (we could not identify
any targets that were bound by E2F1 or E2F4 and not by E2F6).
Thus, it appears as if E2F6 might play two roles in Ntera2 cells,

Figure 3. E2Fs bind to a similar set of target genes in a given cell type. Pairwise comparisons of the percentage of promoters in common in the sets
of top 2000 ranked promoters in E2F1, E2F4, and E2F6 ChIP–chip assays in HeLa (A), Ntera2 (B), MCF7 (C), GM06990 (D), and MCF10A (E) cells. In
A–C the overlap in top-ranked promoters after comparison of E2F arrays to IgG arrays is also shown. In A–E, the number expected by random chance
to be in common when comparing the data sets is also shown. In F, the percentages of promoters in common in two independent E2F6 ChIP–chip assays
in the set of the top 25, 50, 100, 500, 1500, and 2000 ranked promoters is shown for MCF10A cells. Also shown in F is the number expected by random
chance to be in common when comparing the various numbers of ranked promoters.
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perhaps functioning in opposition to the activating E2Fs and also
playing another role that is independent of the other E2Fs.

To determine whether the types of genes bound by E2F6
alone are different than the types of genes bound by E2F6 plus
the other E2Fs, we performed a functional annotation using the
analysis program DAVID. To select the set of E2F1 targets, we
compared the promoters in the top 2000 set for both arrays
probed with E2F1 samples. Similarly, we obtained a set of E2F4
and a set of E2F6 targets. Because of the overlap in binding speci-
ficity, many of the promoters in these three lists are the same.
Not surprisingly, many of the promoters bound by the E2F family
members are in the class of transcriptional regulators or involved
in cell cycle control, DNA damage, or DNA repair. Then, we ana-
lyzed the set of genes bound only by E2F6. Interestingly, the
promoters bound only by E2F6, and not by E2F1 or E2F4, in-

cluded transcriptional regulators but did not include genes in-
volved in cell cycle control, DNA damage, or DNA repair. Rather,
the E2F6-specific targets were highly enriched for zinc finger
genes, glycoproteins, and genes involved in cell adhesion (Fig. 5;
Supplemental Table S5).

Although we have shown a strong correlation between E2F6
and binding of POLR2A, others have proposed that E2F6 func-
tions as a transcriptional repressor. However, most studies of
E2F6 activity have been performed using overexpression of E2F6
and reporter gene assays. To investigate the hypothesis that E2F6
functions as a transcriptional repressor under normal physiologi-
cal conditions, we first analyzed the gene expression levels of the
E2F target genes in Ntera2 cells using Illumina Sentrix Expression
Beadchips. The expression levels of the promoters bound by
E2F1, E2F4, or E2F6 in Ntera2 cells were divided into two catego-
ries: not expressed (P-value greater than 0; signals less than ∼300)
and expressed (P-value of 0; signals greater than ∼300). We found
that all three of the E2F family members bound predominantly
to promoters of expressed genes. Although E2F1 is considered to
be an activator and E2F6 is considered to be a repressor, the
percentage of E2F1 versus E2F6 target genes having high or low
expression levels was not very different (Fig. 6). Specifically, we
note that there are a considerable number of genes in the E2F6-
specific class that are expressed.

In general, it is quite difficult to determine the effects of a
particular E2F on gene expression, because of the fact that mul-
tiple E2Fs bind to the same promoters. In particular, we could not
identify any promoters in Ntera2 cells that were bound by E2F1
and not by E2F4 or E2F6 or any promoters bound by E2F4 and
not by E2F1 or E2F6. Therefore, we cannot examine the role of
E2F1 or E2F4 in Ntera2 cells. However, as noted above, we have
identified a set of promoters that are specifically bound by E2F6
and not by E2F1 or E2F4. This allows us to address two related
questions. First, does reduction of E2F6 affect gene expression of
the E2F6-specific targets? Second, do the E2F6 promoters have a
unique structure (such as a binding motif for an interacting fac-
tor) that allows E2F6, but not E2F1 or E2F4, to bind? To deter-
mine the role of E2F6 in gene regulation, we knocked down ex-
pression of E2F6 using cell lines in which we had stably trans-
fected shRNA constructs (see Supplemental Fig. S3). Using
Illumina Gene Expression Arrays, we then compared RNA levels

Table 2. Average enrichment values (log2) for the top 100 E2F
target promoters

E2F1 E2F4 E2F6

Ntera2 1.81 1.66 3.23
HeLa 2.73 3.21 3.04
GM06990 1.89 2.08 1.55
MCF7 2.6 2.41 0.94
MCF10A 2.45 4 0.92

Table 3. Identification of E2F6-specific targets

E2F1a E2F1 E2F4 E2F4 E2F6 E2F6

Promoters bound by E2Fs
(464) 1.2 0.94 1.5 1.1 2.2 2.3

E2F6-specific promoters
(504) 0.27 0.23 0.36 0.23 1.9 2.1

aShown are the average enrichment values (log2) of the two sets of pro-
moters for all ChIP–chip experiments in Ntera2 cells

Figure 4. E2F family members show little cell type specificity in bind-
ing. (A) Shown are the five cell types used in this study, with an indication
of how they are organized into different comparison sets. (B) A compari-
son of the top 100 E2F1, E2F4, or E2F6 target promoters in both normal
cells (GM06990 vs. MCF10A), in the normal vs. tumor breast cells
(MCF10A vs. MCF7), and in all pairwise comparisons of the three tumor
cell lines is shown; a combined list of the names for the top 100 E2F target
promoters in the five cell types is provided as Supplemental Table S4. (C)
A comparison of the top 2000 E2F1, E2F4, or E2F6 target promoters in
both normal cells (GM06990 vs. MCF10A), in the normal vs. tumor
breast cells (MCF10A vs. MCF7), and in all three tumor cell lines is shown.
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for 48,000 transcripts in the control Ntera2 cells versus knock-
down cells. We found that the levels of seven transcripts were
increased at least 1.5-fold and the levels of 46 transcripts were
decreased at least 1.5-fold upon reduction of E2F6. Of the seven
genes whose expression increased (suggesting that E2F6 might
normally repress their expression), only two of them are bound
by E2F6 and of the 46 genes whose expression decreased (sug-
gesting that E2F6 might function as an activator), only 18 are
bound by E2F6. Only one of the two genes up-regulated and
bound by E2F6 and five of the 18 genes down-regulated and
bound by E2F6 showed a consistent change in expression in a
second knockdown experiment (Supplemental Table S12). Thus,
the reduction of E2F6 has essentially no effect on the overall
transcriptional output of Ntera2 cells.

One reason why large effects on gene expression may not
have been observed could have been that other E2Fs substituted
for E2F6. To determine whether other E2Fs take the place of E2F6
in the knockdown cells, we chose 10 promoters that were bound
by E2F6, but not E2F1 or E2F4, in the Ntera2 ChIP–chip assays.
We then performed ChIP assays using antibodies to E2F1, E2F4,
and E2F6 in Ntera2 cells stably transfected with constructs ex-
pressing control shRNAs or shRNAs specific for E2F6. The loss of
signal in the E2F6 ChIP sample in the knockdown versus control
cells illustrates the specificity of the E2F6 antibody (Supplemen-
tal Fig. S4); additional specificity is shown by the fact that E2F6
does not cross-react with any other protein as analyzed by West-
ern blot (Supplemental Fig. S5). We found that at certain pro-
moters, such as MAX, reduction of E2F6 allowed increased bind-
ing of E2F1 and E2F4 (Supplemental Fig. S4). In contrast, at other
promoters (such as DYT3), reduction of E2F6 had little effect on
the binding of E2F1 and E2F4. However, it remains possible that
other E2F family members bind to the apparently “E2F6-specific”
target promoters.

E2F6 does not affect silencing of HOX genes

It has been proposed that E2F6 is a transcriptional repressor that
mediates chromatin silencing by methylation of histone H3. For
example, E2F6 has been purified in a complex containing EZH2

(Attwooll et al. 2005), which is involved
in trimethylation of histone H3 at lysine
27, a modification associated with gene
repression (Levine et al. 2004). Others
have purified E2F6 in a complex with a
histone methyltransferase that modifies
lysine 9 of histone H3 (Ogawa et al.
2002), another mark associated with
gene silencing. However, none of the
previous studies linking E2F6 with his-
tone methyltransferases examined his-
tone modifications at E2F6 target genes.
Therefore, we performed ChIP–chip as-
says using antibodies that specifically
recognize histone H3 when it is trimeth-
ylated on lysine 27 or lysine 9 and com-
pared the promoters having these modi-
fied histones with the E2F6 target pro-
moters. To ensure that differences in cell
culture conditions would not affect our
results, we repeated the E2F6 ChIP–chip
assays using the same set of cross-linked
cells as used for analyzing the histone
modifications. For comparison, we also

included E2F1 and E2F4 in our analyses. As can be seen in Figure
7A, there is a high overlap in the top 2000 promoters bound by
E2F1 versus E2F4, E2F1 versus E2F6, and E2F4 versus E2F6. How-
ever, there is very little overlap of any of the E2F family members
with the promoters bound by H3me3K27 or H3me3K9. These
results suggest that most promoters that contain these modifica-
tions are silenced by mechanisms that are not related to E2F6.
However, it is possible that the few promoters that are bound by
both E2F6 and H3me3K9 or E2F6 and H3me3K27 are a specific
class of genes. To investigate this possibility, we performed analy-
ses of the genes bound by E2F6 and H3me3K27 and the set of
genes bound by E2F6 and H3me3K9 using the DAVID program.
Not surprisingly since DNA binding proteins constitute a large
portion of E2F6 target genes, most of the genes in both categories
are transcription factors. However, zinc finger proteins were
bound only by the combination of E2F6 and H3me3K9, whereas
homeodomain proteins were bound by E2F6 plus H3me3K9 and
E2F6 plus H3me3K27 (Fig. 7B).

Several studies have suggested that E2F6 may play a specific
role in regulating homeobox genes because an E2F6 knockout

Figure 5. E2F6 has a unique set of target genes in Ntera2 cells. The top 2000 ranked promoters in
the E2F1, E2F4, and E2F6 ChIP–chip assays from Ntera2 cells were analyzed using the DAVID program.
The set of promoters that were in the top 2000 on both E2F6 arrays but not in the top 2000 on either
of the E2F1 or E2F4 arrays was also analyzed (E2F6-specific targets). All categories shown are signifi-
cantly enriched as compared with a random list of genes (see Supplemental Table S6).

Figure 6. Comparison of RNA levels of E2F target genes. The expres-
sion levels of the RNA of the top 2000 E2F1, E2F4, and E2F6 target genes
were determined by analyzing RNA from Ntera2 cells using Illumina ar-
rays. For comparison, the set of E2F6-specific genes was also analyzed.
Values <300 are considered to represent genes that are not expressed,
whereas values >300 represent expressed genes.

Xu et al.

1556 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


mouse shows modest homeotic transformations (Storre et al.
2002). Also, E2F6 has been shown to interact with PcG proteins,
which are known to regulate HOX genes. For example, E2F6 has
been shown to interact with Polyhomeotic-like (PHC3) (Isono et
al. 2005; Deshpande et al. 2007) and with BMI1 (Trimarchi et al.
2001), two members of the hPRC-H family of PcG proteins. One
study copurified E2F6 with EZH2 (Attwooll et al. 2005) and we
have previously shown that Ezh2 binds to the promoters of hun-
dreds of homeobox genes (Squazzo et al. 2006). Finally, Ogawa
purified E2F6 with several PcG proteins, including RNF1, RNF2,
h-l(3)mbt-like protein, and YAF2 (Ogawa et al. 2002). Therefore,
we examined in more detail the relationship between the E2F
family and the HOX A-D clusters of homeobox genes. As seen in
Supplemental Table S13, E2F1 and E2F4 do not bind to the pro-
moters of HOX genes but some of the HOX promoters are highly
enriched in the E2F6 ChIP sample; all of the HOX promoters
show high levels of H3me3K27. Although the expression of these
HOX genes was not changed in the E2F6 knockdown cells, it was
possible that changes in histone modification did occur. To de-
termine whether E2F6 contributes to the levels of histone modi-
fication at HOX genes, we performed ChIP assays using antibod-
ies to E2F6 and H3me3K27 in the wild type and E2F6 knockdown

cells. We found that reduction of E2F6
did not result in a loss of H3me3K27 at
the HOX promoters or at other promot-
ers bound by H3me3K27 (Fig. 8). Thus,
our studies do not support the hypoth-
esis that E2F6 plays a critical role in si-
lencing of HOX genes or in recruitment
of histone methylases to genomic tar-
gets.

Discussion

We have examined the binding patterns
of three members of the E2F family in
five different cell types, including both
tumorigenic and nontumorigenic cells.
Importantly, the close relationship of
the number and position of E2F,
POLR2A, and TAF1 binding sites support
the conclusion that a chromatin-bound
E2F may be a signpost for the presence of
transcription initiation complexes. Our
studies indicate that, in general, several
E2F family members bind to a given pro-
moter region and that there is only mod-
est cell type specificity (somewhat de-
pendent on the amount of each family
member in the nucleus). Finally, our re-
sults suggest, contrary to previously pro-
posed models, E2F6 does not play a ma-
jor role in histone methylation.

The universe of E2F target genes

To assist in future studies of motif analy-
ses and E2F–DNA interactions, we have
provided a list of promoters that repre-
sent the very strongest E2F binding sites
(identified by merging the top 100 lists
for E2F1, E2F4, and E2F6 in all five cell
types; ∼500 promoters, see Supplemental

Table S4). However, these 500 promoters represent only a small
subset of all E2F targets. By selecting all the promoters that were
enriched more than twofold in the ChIP assays for the three
different E2Fs in the five cell types, we have identified 8000 E2F
target genes (see Supplemental Tables S7–S11 for the enrichment
values for E2F1, E2F4, and E2F6 for all promoter arrays in all cell
types). We note that 48% of these 8000 E2F target genes that we
have identified are bound by multiple E2Fs in multiple cell types

Figure 7. E2F6 binds to a small percentage of the H3me3K9 or H3me3K27 targets. (A) The top 2000
E2F1, E2F4, E2F6, H3me3K9 and H3me3K27 promoters were compared. As a negative control, the top
2000 promoters from a nonspecific IgG ChIP–chip assay were also compared with the E2F target
promoters. (B) DAVID analysis of the set of promoters bound by both E2F6 plus H3me3K9 and by E2F6
plus H3me3K27.

Figure 8. Reduction of E2F6 does not affect histone modifications at
HOX promoters. ChIP analysis was performed using antibodies to E2F6
and H3me3K27 in control Ntera2 cells (C) and Ntera2 cells harboring a
plasmid that produces shRNAs against E2F6 (KD).
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(Fig. 9). Accordingly, we have not found distinct binding motifs
for the different E2Fs. As shown in Supplemental Figure S1, we
identified the motif STTTS in the sets of E2F1-, E2F4-, and E2F6-
bound promoters identified in the ChIP–chip studies that used
ENCODE arrays. We have also analyzed the E2F1 targets identi-
fied using MCF7 cells and promoter arrays. We found that ∼20%
of the promoters that were in the top 1000 ranked E2F1 targets in
two independent ChIP–chip assays contain the consensus E2F
site. In comparison, ∼8%–15% of promoters that are not bound
by E2F1 in MCF7 cells also contain the consensus site. In con-
trast, ∼96% of the top 1000 ranked E2F1-bound targets identified
using the promoter arrays contain the STTTS sequence. However,
in vivo binding studies of site-directed mutations of the pro-
moter regions are required before we can conclude that STTTS is
critical for recruiting E2Fs to promoter regions. The difference
between the previous casting experiments and the ChIP–chip
experiments may be because the in vitro experiments used puri-
fied E2F and DP heterodimeric complexes, which may not rep-
resent the in vivo situation because of alterations in post-
translational modifications of the E2Fs. In addition, recent data
suggest that E2F family members might be recruited to promoters
via interactions with factors other than, or in addition to, DP
proteins (Schlisio et al. 2002; Giangrande et al. 2004; Jin et al.
2006). If so, then the in vitro studies do not represent the in vivo
environment.

Almost all of the examples of only one E2F binding to a
promoter and that binding occurring in a specific cell type are
from the set E2F6 targets in Ntera2 cells; further analysis of this
category of E2F targets is described below. The most enriched
category of genes bound by all of the E2F family members is
composed of transcriptional regulators. Although E2Fs do bind to
the promoters of genes involved in DNA synthesis, cell cycle
regulation, and DNA repair, these genes represent only a small
percentage of the genes bound by E2F family members (5%–8%).
At this point, we cannot identify characteristics of the set of
promoters driving genes involved in cell cycle, DNA replication,
or DNA repair that distinguish them from the thousands of other
E2F-bound promoters. For example, the members of the cell cycle
class of promoters do not all have a consensus E2F site nor are
they overrepresented in the set of genes having the highest en-
richment values. Only 6% of the set of the top 100 E2F1 targets
(merged for all cell types) and 8% of the set of top 100 (merged
for all cell types) E2F4 targets represent genes involved in cell
cycle control.

The relationship between E2F and the transcription initiation
complex

As noted above, we have identified over 8000 promoters that are
bound by E2F1, E2F4, or E2F6 in at least one of five cell types.
Intriguingly, we have found that most of the promoters bound
by POLR2A in a given cell type are also bound by an E2F. For
example, the binding pattern of the E2F family is essentially
identical to that of POLR2A and TAF1, the largest subunit of TBP
(Fig. 2C) and the majority of active promoters, as identified on
ENCODE arrays by being bound by TAF1 in GM06990 cells or as
identified on promoter arrays by being bound by POLR2A in
Ntera2 cells, are also bound by E2F1, E2F4, or E2F6 (Table 4).
Importantly, the GM06690 cells are nontumorigenic B lympho-
cytes; thus, our conclusions that a bound E2F is present at the
majority of the active transcription complexes comes from cells
expressing physiological levels of the E2Fs. Considering that
there are five other E2Fs, our results suggest an intriguing hy-
pothesis that a bound E2F site is the actual signal that the nearby
sequences function as a promoter in that particular cell type.

The role of E2F6 in transcription regulation

By investigating three E2Fs and five different cell types, we were
able to identify one cell type (Ntera2 cells, derived from a tes-
ticular embryonal carcinoma) in which one E2F (E2F6) domi-
nated the other tested family members. Initial studies of E2F6
suggested that it is a transcriptional repressor (Cartwright et al.
1998; Gaubatz et al. 1998; Trimarchi et al. 1998; Kherrouche et al.
2004). However, most of the previous work had been performed
using artificial promoter constructs because of a lack of known
E2F6 target genes. Within the last several years, a small set of 42
promoters has been identified as E2F6 target genes. Inspection of
our ChIP–chip data indicates that almost all of these were iden-
tified as E2F6 targets in Ntera2 cells (Supplemental Table S6).
Now, however, we have increased the number of E2F6 binding
sites from ∼40 to >8000 (as identified by promoters that were
enriched greater than 1.5-fold by ChIP–chip in Ntera2 cells). We
have tested previous hypotheses that E2F6 modulates gene re-
pression by recruiting enzymes involved in methylating histone
H3 on lysine 9 or lysine 27 and have found that most promoters
that are bound by histones having these modifications are not
bound by E2F6. We have also reduced the levels of E2F6 and
shown that levels of H3me3K27 and H3me3K9 do not decrease at
the small subset of promoters bound by both E2F6 and
H3me3K27 and H3me3K9. Thus, our studies do not support the
hypothesis that E2F6 plays a role in silencing chromatin.

Conclusions

Perhaps the most surprising finding in our study is that although
>8000 genes are bound by E2F6 in Ntera2 cells, representing over
half of the promoters that are bound by POLR2A in these cells,
removal of E2F6 from these promoters by expression of shRNAs

Figure 9. Categorizing the universe of promoters that bind E2F. Com-
bining the lists of highly enriched (>1.0 on the array) promoters from one
array from each of the 15 conditions (3 E2Fs � 5 cell types), we found a
total of exactly 8000 unique promoters. Then, we classified each promoter
into the displayed categories. Almost half of the 8000 promoters were
found in multiple cell types and were bound by multiple E2Fs. A large
fraction of the 1 E2F in 1 Cell Type category is comprised of promoters
that were only found as Ntera2 E2F6 promoters, consistent with pairwise
promoter array analyses across E2Fs and cell types (see Figs. 3 and 4).

Table 4. E2F binds to the majority of active promoters

Cell type Array type Factor Percent

GM06990 ENCODE TAF1 58a

Ntera2 1.5 kb POLR2A 55b

aPercent L1 TAF1 sites within 2 kb of an E2F1, E2F4, or E2F6 L1 site.
bSites enriched greater than twofold by POLR2A also enriched greater
than twofold by E2F1, E2F4, or E2F6.
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does not alter the transcriptome of the cells. These findings are
particularly puzzling in light of the fact that E2F6 binds at the
core promoters of these 8000 target genes, not to upstream or
downstream enhancer regions. A speculative hypothesis to ac-
count for the fact that E2F6 binds to a majority of the active
promoters in Ntera2 cells but is not critical for transcriptional
activity is that recruitment of this factor to core promoters may
be a consequence, not a cause, of transcription complex forma-
tion. Recruitment of E2F6 by a general transcription factor could
explain both the identical binding patterns of the factor with
POLR2A and TAF1 and the finding that very few of the target
promoters have an E2F consensus site. Previous studies have
shown that E2F1 can interact with TBP (Emili and Ingles 1995;
Pearson and Greenblatt 1997; Fry et al. 1999). It is not known
whether the interactions of E2F1 with the general transcriptional
machinery are conserved among the other E2Fs. Future studies
will be directed at understanding in detail the mechanisms by
which the different E2F family members are recruited to core
promoters and the cause and effect relationships between bind-
ing of a particular E2F and the general transcriptional machinery.

Methods

Cell culture
Ntera2 and MCF-7 cells were grown in Dulbecco’s Modified Eagle
Medium supplemented with 10% FBS, 2 mM glutamine, and 1%
penicillin/streptomycin. MCF10A cells were grown in Clonetics
serum-free Mammary Epithelial Growth Medium (MEGM) from
Cambrex supplemented with 100 ng/mL cholera toxin from Cal-
biochem and all the contents of the Clonetics MEGM Single-
Quots (containing BPE, hEGF, insulin, and hydrocortisone) from
Cambrex except for GA-1000. HeLa-S3 cells were grown in our
laboratory and by the National Cell Culture Center using Jok-
liks’s modified MEM supplemented with 5% NCS in spinner flask
culture. GM06990 were grown by the National Cell Culture Cen-
ter in Joklik’s modified MEM supplemented with 15% FBS in
spinner flask culture. All cells were incubated at 37°C in a hu-
midified 5% CO2 incubator. All cells were cross-linked for 10 min
using a final concentration of 1% formaldehyde except for the
HeLa-S3 and GM06990 cells obtained from the National Cell
Culture Center, which were cross-linked for 20 min.

Generation of shE2F6 stable cell lines
The pRS–shE2F6 gene-specific shRNA expression cassettes, along
with control shRNA plasmids including the original pRS vector
(TR20003) and the pRS-shGFP vector (TR30003), were purchased
from OriGene. The sequence of the E2F6-specific 29mer shRNA is
ATGTGACCTATCAAGACATTCATAGCATT. Stable clones were
generated by transfecting Ntera2 cells on 10-cm dishes with 1 µg
of each of the shRNA plasmids using lipofectamine 2000 (Invit-
rogen), according to manufacturer’s recommendations. Forty-
eight hours after transfection, the cells were placed under selec-
tion with 0.5 µg/mL of puromycin for a week, splitting 1:5 when
the cells reached confluency. Multiple clones from the same
transfection were pooled and grown under puromycin selection
for ChIP assays and RNA analyses.

Western blots
Adherent cells (MCF-7, Ntera2, and MCF10A) were harvested by
trypsinization, and suspension cells (HeLa-S3) were taken di-
rectly from spinner flask culture for centrifugation at 1000 rpm
for 3 min. The cell pellets were washed once in PBS and processed
for nuclear extraction using the NE-PER Nuclear and Cytoplas-

mic Extraction kit from Pierce, according to manufacturer’s in-
structions. Nuclear extracts (10 µg), as quantified using the BCA
Protein Assay Reagents (Pierce), were separated by a 12% SDS-
polyacrylamide gel and electrophoretically transferred to a nitro-
cellulose membrane. The membrane was blocked for 2 h in 5%
nonfat dry milk (dissolved in TBST, 0.1% Tween-20) and subse-
quently probed with primary antibodies directed against either
E2F1 (Santa Cruz Biotechnology, cat. no. sc-251), E2F4 (Santa
Cruz Biotechnology, cat. no. sc-866X), E2F6 (Santa Cruz Biotech-
nology, cat. no. sc-22823X), or Nucleoporin p62 (Transduction
Laboratories, cat. no. N43620), which was used as a loading con-
trol and to confirm the efficiency of nuclear extraction relative to
whole-cell extracts and cytoplasmic extracts (data not shown).
After extensive washing in TBST, the membranes were then in-
cubated with the appropriate secondary antibody, either goat-
anti mouse IgG conjugated to horseradish peroxidase (HRP)
(Santa Cruz Biotechnology, cat. no. sc-2031) or goat-anti rabbit
IgG HRP (Santa Cruz Biotechnology, cat. no. sc-2030) for 30 min.
After extensive washing with TBST, the immunoreactive proteins
were visualized using ECL Detection Reagents (GE Healthcare).

ChIP assays and amplicon preparation
ChIP assays (1 � 107 cells/assay) were performed following the
protocol provided at http://genomics.ucdavis.edu/farnham and
http://genomecenter.ucdavis.edu/expression_analysis. The pri-
mary 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), H3me3K27 (Upstate Cell Signaling, cat. no. 07-449),
H3me3K9 (Abcam cat. no. ab8898), POLR2A (Santa Cruz Biotech-
nology, cat. no. sc-899), and TAF1 (Santa Cruz Biotechnology,
cat. no. sc-735). The nonspecific rabbit IgG used as a negative
control in the ChIP assays was purchased from Alpha Diagnostics
(cat. no. 210-561-9515 or cat. no. 20009-5). The secondary rabbit
anti-mouse IgG was purchased from MP Biomedicals (cat. no.
55436). For PCR analysis of the ChIP samples before amplicon
generation, QIAquick-purified immunoprecipitates were dis-
solved in 50 µL of water. Standard PCR reactions using 2 µL of the
immunoprecipitated DNA were performed, and primer se-
quences are available upon request. Amplicons were prepared by
adapting the standard protocol for whole genome amplification
using the Sigma GenomePlex WGA kit as described in O’Geen et
al. (2006). Briefly, the initial random fragmentation step was
eliminated and DNA from the entire ChIP sample was used for
amplification. A detailed protocol for the WGA method is pro-
vided at http://genomics.ucdavis.edu/farnham and http://
genomecenter.ucdavis.edu/expression_analysis.

DNA microarrays
Amplicons were applied either to ENCODE arrays or to 1.5-kb
promoter arrays (see Supplemental Table S1 and http://
www.nimblegen.com for details). The labeling and hybridization
of DNA samples for ChIP–chip analysis was performed by
NimbleGen Systems, Inc. Briefly, each DNA sample (1 µg) was
denatured in the presence of 5�-Cy3- or Cy5-labeled random
nonamers (TriLink Biotechnologies) and incubated with 100
units (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 terminated by addition of 0.5 M
EDTA (pH 8.0), precipitated with isopropanol, and resuspended
in water. Then, 13 µg of the Cy5-labeled ChIP sample and 13 µg
of the Cy3-labeled total sample were mixed together, dried down,
and resuspended in 40 µl of NimbleGen Hybridization Buffer
(NimbleGen Systems) plus 1.5 µg of human COT1 DNA. After
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denaturation, hybridization was carried out in a MAUI Hybrid-
ization 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-µm resolu-
tion using the GenePix 4000B scanner (Axon Instruments). Fluo-
rescence intensity raw data were obtained from scanned images
of the arrays using NIMBLESCAN 2.0 extraction software
(NimbleGen Systems). For each spot on the array, log2-ratios of
the Cy5-labeled test sample versus the Cy3-labeled reference
sample were calculated. Then, the biweight mean of this log2

ratio was subtracted from each point; this procedure is approxi-
mately equivalent to mean-normalization of each channel.

Data analysis

Binding sites on the ENCODE arrays were identified using the
highest stringency level, L1 (six consecutive probes above the
98th percentile threshold, P < 0.0001, with S = 50 meaning that a
100 nucleotide gap was allowed between peaks), of the Tamalpais
peak calling algorithm previously described (Bieda et al. 2006);
see also http://genomics.ucdavis.edu/farnham. For ENCODE ar-
rays, localization was evaluated relative to the GENCODE set of
transcripts downloaded from the UCSC browser (hg17 set). If the
distance from the transcription start site to the closest edge of an
E2F1 binding site was <2 kb, this binding site was considered a
“within 2 kb” binding site. To form a rough estimate of the num-
ber of peaks that would randomly occur within 2 kb of a tran-
scription start site (for ENCODE-type array analyses), we calcu-
lated the total number of nucleotides that were found within 2
kb of all the transcription start sites (upstream and downstream)
in the ENCODE regions, taking into account overlapping seg-
ments. This led to a total of 2080 kb. Of the 30 Mb in the EN-
CODE regions, ∼15 Mb are in repeat regions and not represented,
with the other 15 Mb represented on the array. Hence, we find
that 2.08/15 = 13.9% of nucleotides are in these regions, result-
ing in an ∼13.9% chance of a peak randomly being within 2 kb of
a transcription start site. Because most E2F binding sites that were
in the “within 2 kb” set were actually significantly closer to the
TSS, and most were slightly upstream as opposed to downstream,
this is a conservative (high) and very rough estimate of the ran-
dom expectation. The number of genes in the ENCODE regions
(433) was derived from the GENCODE set (hg17, UCSC genome
browser). To derive the set of “overall nonredundant E2F family
binding sites” for a single cell type, peak sets from each E2F for
that cell type were combined and sites that were either overlap-
ping or within 100 nucleotides of each other were merged. To
form the overall set of nonredundant sites across cell types, we
used an identical procedure, combining the predicted binding
sites for each combination of E2F and cell type. All localization
and set combination procedures were performed by custom Perl
and bash programs under a Linux operating system. For 1.5 kb
promoter array analysis, the overall enrichment value for each
promoter was calculated by NimbleGen software based on the
median value of the top 11 of the 15 probes for each promoter
region. Comparison of sets (e.g., number in common in the top
100) was performed using the Farnham promoter array analysis
website (http://chipanalysis.genomecenter.ucdavis.edu/cgi-bin/
promoterarray.cgi). Functional annotations were performed us-
ing the program Database for Annotation, Visualization, and In-
tegrated Discovery (DAVID) 2.1 (http://david.abcc.ncifcrf.gov),
as previously described (Squazzo et al. 2006). To categorize the
universe of E2F genes (Fig. 9), we chose one array from each of
15 conditions (3 E2Fs � 5 cell types). To choose a single array for
analysis for each of the 15 conditions, we used the array replicate
that had the largest number of promoters with enrichment above

1.0. We chose promoters with values >1.0 from each of the 15
arrays and combined the lists. Each promoter was scored as to
which of the 15 conditions in which it was present and results
were summarized as displayed in Figure 9. Very similar results
were found using the top 2000 promoters from each of the 15
arrays instead of the 1.0 cutoff criterion (data not shown).

Identification of binding site motifs
The motifs for each E2F family member in different cell types
were identified using the ChIPMotifs approach developed in our
previous study (Jin et al. 2007). Briefly, a set of in vivo binding
sequences identified by ChIP–chip for a given factor in any cell
type (also called a positive data set) was used as input for the
Weeder and MEME programs. The output candidate motifs from
these programs were then automatically converted to positional
weight matrix (PWM) formats and subsequently tested on a set of
more than ten thousand randomly rearranged sequences, gener-
ated from the same set of input sequences from our ChIP–chip
experiments, at different percentile levels to determine the ap-
propriate PWM thresholds. The latter output sequence rearrange-
ment step was carried out to obtain randomized sequences that
no longer correspond to the experimentally identified binding
sites but have the same nucleotide frequencies as the experimen-
tally identified binding sites. The Fisher test was used on the
positive data set (identified by our TAM program; Bieda et al.
2006) and the negative data set (the set of regions not bound by
the transcription factor of interest, where each region has an
average of length of 500 bp and is within 10 kb of a promoter
region of a known gene) to evaluate the best cutoff threshold for
each E2F family member (see Supplemental Table S3). The simi-
larity to the classical E2F consensus was estimated by screening
against the TRANSFAC database of E2F binding sites.

RNA expression arrays
Total RNA was prepared from Ntera2 cells using the RNAeasy Kit
(QIAGEN) following the manufacturer’s instructions. RNA qual-
ity was ensured using the Agilent Systems Bioanalyzer. For Illu-
mina arrays, the Illumina TotalPrep RNA amplification kit from
Ambion (AMIL1791) was used to generate biotinylated, ampli-
fied RNA for hybridization with the Illumina Sentrix Expression
Beadchips, HumanRef-6 v2. The Sentrix gene expression bead-
chips used for this study consisted of an 8-array format compris-
ing more than 22,000 transcripts/array from Refseq sequences
(for more details, see (http://www.illumina.com/pages.ilmn?ID=
197). Arrays were processed and scanned at medium PMT settings
according to manufacturer’s recommendations, and analyzed us-
ing Bead Studio Software v. 2.3.41. Data was normalized using
the “average” method, which simply adjusts the intensities of
two populations of gene expression values such that the means
of the populations become equal.
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