
E2Fs regulate the expression of genes
involved in differentiation, development,
proliferation, and apoptosis

Heiko Müller,1,3 Adrian P. Bracken,1,5 Richard Vernell,1,5 M. Cristina Moroni,1 Fred Christians,2

Emanuela Grassilli,1 Elena Prosperini,1 Elena Vigo,1 Jonathan D. Oliner,2,4 and Kristian Helin1,6

1Department of Experimental Oncology, European Institute of Oncology, 20141 Milan, Italy; 2Affymetrix Inc. Santa Clara,
California 95051, USA

The retinoblastoma protein (pRB) and its two relatives, p107 and p130, regulate development and cell
proliferation in part by inhibiting the activity of E2F-regulated promoters. We have used high-density
oligonucleotide arrays to identify genes in which expression changed in response to activation of E2F1, E2F2,
and E2F3. We show that the E2Fs control the expression of several genes that are involved in cell
proliferation. We also show that the E2Fs regulate a number of genes involved in apoptosis, differentiation,
and development. These results provide possible genetic explanations to the variety of phenotypes observed as
a consequence of a deregulated pRB/E2F pathway.
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One of the hallmarks of cancer cells is their insensitivity
to antiproliferative signals, such as antigrowth factors
(Hanahan and Weinberg 2000). Scientific results ob-
tained in the last decade have pointed to a central role for
the retinoblastoma protein (pRB), and its relatives, p107
and p130, in mediating these antiproliferative signals.
Consistent with this role, the pRB pathway is deregu-
lated in the majority of human cancers (for review, see
Sherr 1996). In addition to the pRB family members,
this pathway involves cyclin-dependent kinase (CDK)
inhibitors of the INK4 family, which act as negative
regulators of cell proliferation, and the positively acting
D-type cyclins that, in association with CDK4 or CDK6,
form active kinase complexes. The downstream effectors
in the pathway are the E2F transcription factors (for
review, see Dyson 1998; Nevins 1998). The E2Fs regu-
late the timely expression of a series of genes whose
products are essential for cell proliferation (for review,
see Helin 1998).

When associated with pRB family members, the E2Fs
function as transcriptional repressors, whereas ’free’ E2F
activates transcription (for review, see Dyson 1998;
Müller and Helin 2000). Repression of E2F-regulated pro-
moters by pRB family members is alleviated on their

phosphorylation by a D-type cyclin-associated kinase,
and this kinase activity is suppressed by the INK4 CDK
inhibitors. Because all known mutations in this pathway
lead to deregulated E2F activity, it is believed that most
human tumors contain aberrant levels of E2F-regulated
transcripts. In addition to controlling cell proliferation,
the pRB family members also regulate apoptosis, differ-
entiation, and development (for review, see Lipinski and
Jacks 1999). In agreement with its role as a tumor sup-
pressor, mice that carry one disrupted Rb1 allele are pre-
disposed to cancer. However, Rb1 nullizygous embryos
die between day 13 and day 15 of gestation. These em-
bryos show signs of maturation defects in erythropoiesis,
extensive apoptotic cell death, and hyperproliferation in
the nervous system, liver, and ocular lens. In contrast to
the strong phenotype that results from the lack of pRb,
mice nullizygous for p107 or p130 do not have a discern-
ible phenotype in the C57BL/6 genetic background.
Moreover, mice that lack both p107 and p130 are defec-
tive in endochondrial bone development because of a
deficiency in chondrocyte differentiation, which sug-
gests that one of the physiological roles of p107 and p130
is to restrict chondrocyte proliferation and to induce ter-
minal differentiation. pRB family members also play a
role in the terminal differentiation of myoblasts, adipo-
cytes, and cells of a variety of hematopoietic lineages
(Lipinski and Jacks 1999). It has been suggested that the
pRB family members regulate terminal differentiation
through two distinct mechanisms. The first involves
regulation of cell cycle progression and apoptosis
through repression of E2F-dependent promoters. The
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second is related to the differentiation process and re-
sults from interaction of pRB family members with other
transcriptional regulators, such as MyoD, C/EBPs and
HBP1 (Lipinski and Jacks 1999).

There are six members of the E2F transcription factor
family, E2F1–E2F6 (for review, see Dyson 1998; Müller
and Helin 2000). All six E2Fs contain two highly con-
served domains that are involved in sequence-specific
DNA binding and dimerization with DP proteins. Asso-
ciation of the E2Fs with one of the two known DP pro-
teins is required for high-affinity, sequence-specific
DNA binding, and in the case of E2F1–E2F5, association
with members of the pRB family. The E2Fs can be clas-
sified into three subgroups based on their structure, af-
finity for members of the pRB family, expression pattern,
and putative function. The first group consists of E2F1,
E2F2, and E2F3, whose expression is cell-growth regu-
lated. At physiological levels these E2Fs associate
exclusively with pRB, and ectopic expression of each
of these three E2Fs is sufficient to induce S-phase in
serum-starved tissue culture cells. This group of E2Fs
are mainly involved in the regulation of cell prolifera-
tion and apoptosis (see, e.g., Leone et al. 1998; Tsai
et al. 1998; Wang et al. 1998; Yamasaki et al. 1998;
Humbert et al. 2000b). E2F4 and E2F5, members of the
second group, bind to all three pRB family members,
and, although they are expressed throughout the cell
cycle, these E2Fs are unable to induce S-phase in
quiescent cells. Mice that are nullizygous for E2f4 and
E2Ff5 have specific terminal-differentiation defects.
E2f4−/− mice show abnormalities in the development of
hematopoetic lineages and in gut epithelium and dra-
matic shortening and broadening of the snout (Humbert
et al. 2000a; Rempel et al. 2000). E2f5−/− mice develop
hydrocephalus as a result of excessive cerebrospinal fluid
production (Lindeman et al. 1998). E2F6, the only mem-
ber of the third group, lacks the domains that are in-
volved in transactivation and binding to the pRB family
members. The physiological function of E2F6 is un-
known. However, as its structure suggests, it is a repres-
sor of E2F-dependent transcription (Müller and Helin
2000).

E2F DNA-binding sites have been identified in pro-
moters of many genes that are central to the regulation
of cell cycle progression. Among the putative targets for
E2F regulation are genes whose products are essential for
DNA replication and cell cycle control (Helin 1998; Nev-
ins 1998). Expression of the majority of the known E2F
target genes is regulated during cell growth, and they are
activated just before S-phase. A notable exception is the
p19/p14ARF gene, whose expression is not cell-growth
regulated but nevertheless is controlled by E2F (Sherr
1998). Because the E2F transcription factors are essential
for proliferation, identification of genes whose expres-
sion pattern changes as a consequence of deregulated E2F
activity may ultimately lead to a better understanding of
cell proliferation.

Thus, we have used oligonucleotide arrays to monitor
changes in gene expression following activation of E2F1,
E2F2, or E2F3.

Results

Generation and characterization of inducible E2F
cell lines

We have shown previously that fusion proteins that con-
tain the estrogen receptor ligand-binding domain (ER)
and E2F1, E2F2, or E2F3 were inactive in the absence
4-hydroxy tamoxifen (OHT) and rapidly activated by ad-
dition of OHT (Vigo et al. 1999). To identify genes whose
expression is altered as a result of a deregulated pRB/E2F
pathway, we generated a series of cell lines by infect-
ing human U2OS cells with retroviruses that express
N-terminally HA-tagged ER-E2F1, ER-E2F2, or ER-E2F3.
Following puromycin selection, individual clones were
isolated, and the expression of the E2F proteins was
confirmed using antibodies that specifically recognize
E2F1, E2F2, or E2F3. As can be seen in Figure 1A, ER-E2F
fusion proteins were expressed at approximately five-
to 20-fold higher levels as compared with the endog-
enous level of the respective E2Fs. The highest level
of overexpression is observed for the clones carrying
ER-E2F2.

Several experiments were performed to characterize
the cell lines. In Figure 1B, HA-ER-E2F3 is shown to
change its subcellular localization in response to addi-
tion of OHT. In untreated cells, ER-E2F3 was found al-
most exclusively in the cytoplasm, whereas 8 hr after the
addition of OHT, the majority of the ER-E2F3 protein
was detected in the nucleus (Figure 1B). Similar results
were obtained for the E2F1 and E2F2 fusion proteins
(data not shown).

To test the transcriptional activity of the ER-E2F
fusion proteins, transactivation assays were performed
using a sensitive synthetic E2F-dependent luciferase
reporter construct (pGL3 TATA basic 6xE2F). As shown
in Figure 1C, OHT treatment led to a significant in-
crease in luciferase activity in all cell lines that were
tested. These results showed that the ER-E2F fusion pro-
teins are activated by OHT and suggested that the cell
lines would be suitable for the identification of E2F tar-
get genes.

To identify E2F target genes and to assess changes in
mRNA expression after E2F activation, we used hybrid-
ization to oligonucleotide microarrays (Lockhart et al.
1996). Using this technique it was possible to determine
changes in the expression pattern of up to 35,000 differ-
ent genes after activation of specific E2Fs. To determine
the optimum duration of OHT treatment before isola-
tion of RNA for hybridization, we investigated the ki-
netics of mRNA accumulation of a previously known
E2F target gene, Cyclin E1 (CCNE1) (Dyson 1998; Helin
1998). We observed a strong induction of the Cyclin E1
transcript as early as 4 hr after addition of OHT by semi-
quantitative PCR (Figure 1D), and by Northern blotting
(data not shown). Although in most clones the level of
Cyclin E1 induction had reached its maximum after 4 hr,
in some clones the 8-hr timepoint showed slightly
higher levels of Cyclin E1 transcript. We did not detect
significant changes in cell cycle profiles in any of the cell
lines 8 hr after addition of OHT (data not shown). There-
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fore, 8 hr was determined to be optimum duration for
OHT treatment and was used for these studies.

To perform the microarray analysis, hybridization tar-
gets were prepared from total RNA isolated from the
nine test clones and three independent control cultures
of U2OS cells 8 hr after addition of OHT. Each target was
hybridized to Hu6800, Hu35ksubA, Hu35ksubB,
Hu35ksubC, and Hu35ksubD arrays containing oligo-
nucleotide probe pairs for ∼35,000 different genes.

Statistical analysis of the data

The McNemar test was used to determine the statistical
quality of the data (see Materials and Methods). In
this test we used the difference calls provided by the
GeneChip® software, which were moderately induced
(MI) or induced (I) for up-regulated genes or decreased (D)
or moderately decreased (MD) for down-regulated genes,
to calculate the statistical significance of the expression

Figure 1. Characterization of cell lines. (A) Expression of estrogen receptor E2F (ER-E2F) fusion proteins. Western blot analysis of
whole cell lysates using antibodies specific for E2F1, E2F2, or E2F3 show the expression levels of the ER-E2F fusion proteins as
compared to endogenous E2Fs. (B) Nuclear translocation of ER-E2F3 fusion protein. Immunostaining of HA-tagged ER-E2F3 fusion
protein was performed using HA-specific antibody 12CA5. The fusion protein was nuclear after the addition of 4-hydroxy tamoxifen
(OHT). (C) ER-E2F fusion proteins are transcriptionally active. Fold changes in transcriptional activity were determined by dividing
normalized luciferase activity from induced cells (300 nM OHT for 9 hr) by the normalized luciferase activity from uninduced cells.
(D) Induction of Cyclin E1 transcription by activated fusion proteins. Semiquantitative RT-PCR of endogenous Cyclin E1 was
performed on RNA isolated from cells at the indicated hours after induction of E2F activity by OHT. We used 27 PCR cycles to detect
the Cyclin E1 transcript in the ER-E2F-expressing cell lines, whereas 30 PCR cycles were used to detect the transcript in the control
(U2OS) samples.
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data. By combining the statistically significant changes
(>99% confidence) with the fold change in expression
level for any given gene, we chose a minimal fold change
(cutoff) to keep the number of false positives close to an
acceptable minimum. The number of genes whose ex-
pression was modulated in response to induction of each
of the ER-E2Fs as a function of fold change cutoff is
shown in Figure 2. For one single experiment (Fig. 2A) it
was necessary to use a cutoff of at least fivefold induc-
tion or repression to keep the number of false positives
close to an acceptable minimum. For duplicate experi-
ments (Fig. 2B), reproducible modulation of transcript
levels were scored using a cutoff of threefold without
significant risk of false positives. Figure 2C shows that
triplicate measurements result in a further increase in
sensitivity. Here, at a cutoff of twofold change, no genes
were found to be modulated in the U2OS control, and
the expression of almost no genes were modified in the
randomized data lists.

Our statistical analyses showed that the E2Fs induced
a significant change in the expression of a large number
of genes in U2OS cells. Based on the analysis presented
above, we used the following criteria for characterization
of a gene as induced or repressed. For duplicate measure-
ments, a minimum of threefold change and a difference
call of I or MI for up-regulated genes or a cutoff of three-
fold decrease and D or MD difference calls for down-
regulated genes were used. The cutoff was lowered to
twofold when triplicate measurements were performed.
Using these criteria, we found the expression of 913
genes to be modulated by E2F1, 292 by E2F2, and 652 by
E2F3 (see Table 4 in supplementary information). The
expression of a subset of 162 genes was altered by all
three E2Fs. We characterized 498 genes as selectively
modulated by E2F1, 55 genes by E2F2, and 232 genes by
E2F3. The total number of genes regulated by at least one
E2F was 1240. We estimate that this number represents
∼7% of the genes expressed in U2OS cells (∼19,000 of the
∼35,000 unigenes represented on the microarrays were
expressed at detectable levels). From this list, we se-
lected 42 genes (representing the spectrum from poorly
modulated to strongly modulated) for verification analy-
sis (Table 1 and below).

Verification of microarray results by Northern
blot analysis

Two potential sources of false positive signals in micro-
array studies are cross-hybridization between closely re-
lated genes and clonal selection. To confirm the array
results, Northern blot analysis was performed using total
(Fig. 3A) or poly A (Fig. 3B) RNA prepared from cell lines
that express ER-E2F1, ER-E2F2, or ER-E2F3 that were
harvested at 0 hr, 4 hr, and 8 hr after OHT treatment.
The results shown in Figure 3, A and B do not only con-
firm the data from the microarray studies, they also in-
dicate that the fold changes in gene expression calcu-
lated by the GeneChip® software underestimate the
level of modulation as determined by Northern blot

analysis. As can be seen in Figure 3 and in Table 1, strong
induction of mRNA levels was detected for FST, EGR1,
EZH2, CASP3, TEAD4, DYRK2, PTPNS1, PRKAR2B,
RANBPM, and BMP2 after ER-E2F activation. The in-
duction of FST, EZH2, CASP3, TEAD4, DYRK2,
PTPNS1, PRKAR2B, and RANBPM was unaffected
by addition of cycloheximide during the OHT treat-
ment, which suggests that these genes are direct tran-
scriptional targets of E2F. We also observed lower expres-
sion levels of certain genes as a result of ER-E2F activa-
tion (e.g., PAI1, CTGF, EPLIN, TGFB2, BCL3, and IN-
HBA; Fig. 3; Table 1). In this case, however, cyclo-
heximide treatment prevented the apparent repres-
sion of gene expression upon ER-E2F induction, which
suggests that intermediate regulatory factors may be in-
volved.

In 39 out of 40 cases using Northern blot analy-
sis, increased E2F activity was confirmed to alter the
expression of a particular gene identified by the micro-
array method (Table 2). In several cases, a gene that
was predicted to be selectively modulated by one E2F
transcription factor by the microarray analysis was
shown to be regulated by the other E2Fs in Northern
blotting studies (e.g., DMRT1 by E2F1, BMP2 by E2F2,
CTGF by E2F3). We did not detect any discrepancies
between the microarray and Northern blot analyses
with respect to the direction of transcript modulation
(induction vs. repression). Based on these experiments,
we estimate the rate of false positives in the screen to
be ∼2%.

To ensure that the E2F-induced gene expression
changes that were observed were not characteristic of
only U2OS or transformed cells, we generated pools of
human diploid fibroblasts (WI38) that were infected with
retroviral constructs expressing ER-E2F1. Poly A RNA
was isolated from infected WI38 cells at 0 hr, 4 hr, 8 hr,
and 12 hr after addition of OHT, and Northern blots were
performed using probes generated from a subset of the
genes whose expression was modulated in U2OS cells
after ER-E2F induction. As can be seen in Figure 4A, in
WI38 cells the level of transcript modulation was equal
to, and in some cases higher than (CCNE1, APAF1, and
CASP3), that observed in U2OS cells. These results sug-
gest that the set of E2F-regulated genes identified in
U2OS cells is not specific for this cell line but, rather,
that the E2Fs induce similar transcriptional changes in
nontransformed cells.

We also were concerned that the differences in tran-
scriptional activity detected in the microarray experi-
ments might be caused by overexpression of the ER-E2F
fusion proteins and that the genes identified were not
regulated by physiological levels of E2F. We sought to
address this concern by repressing endogenous E2F ac-
tivity by overexpression of pRB. This assumes that genes
that are up-regulated by induction of E2F should be
down-regulated by expression of pRB. Conversely, genes
that are down-regulated by induction of E2F should be
up-regulated by expression of pRB. To test this possibil-
ity, we used a U2OS cell line expressing a pRB mutant
(pRB�CDK) in a tetracycline-dependent manner (Lukas
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et al. 1999). As shown in Figure 4B, two genes up-regu-
lated by E2F (CCNE1, EGR1) were repressed by pRB�cdk
expression.

Conversely, the levels of two E2F-repressed genes
(PAI1, CTGF) were strongly induced as early as 4 hr after
tetracycline removal at a time when the pRB�CDK pro-

Figure 2. Analysis of gene expression changes. The columns represent numbers of regulated genes (hits) in one (A ), two (B), and three
(C) independent measurements. A gene is called regulated when its difference call is induced/moderately induced (I/MI) for up-
regulated genes and decreased/moderately decreased (D/MD) for down-regulated genes in all replicates and the fold change (FC) is equal
to or beyond the fold-change cutoff in all replicates (FC � cutoff for up-regulated genes or FC � cutoff for down-regulated genes).
Checkered bars represent the data. Black bars represent U2OS noise lists (derived from comparing U2OS control chips to each other).
White bars represent randomized data lists. See Materials and Methods for details.
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tein is just starting to be detectable (data not shown).
Although we cannot formally rule out the possibility
that these effects are independent of endogenous E2F ac-

tivity, the most likely explanation is that nonphosphory-
latable pRB binds to and inactivates endogenous E2F ac-
tivity.

Figure 3. Verification of microarray data by Northern blotting. (A) Northern blot analysis to verify target gene regulation using 10 µg
of total RNA. Cells were harvested after 0 hr, 4 hr, and 8 hr of exposure to 300 nM 4-hydroxy tamoxifen (OHT). (B) Northern blot
analysis to verify target gene regulation using 4 µg of poly A+ RNA. Cells were harvested after 0 hr, 4 hr, and 8 hr of exposure to 300
nM OHT.
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Table 2. E2F-induced expression changes for selected genes: Summary call and verification

Symbol

Summary call (P < 0.01) Northern blot

E2F1 E2F2 E2F3 E2F1 E2F2 E2F3

Symbols are given for each gene as in Table 1. Two genes do not have an assigned symbol, and their accession numbers are given. The
average fold change in expression for a gene is shown. The summary call (P < 0.01) is calculated using the McNemar test as described
in the text. The verification of all genes have been performed by Northern blotting, and calls are based on these results (Figs. 3,4; data
not shown).
(ND) Not determined.
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Groups of genes regulated by E2F: Target gene
bias analysis

The E2F transcription factors are best known for their
involvement in the regulation of cell cycle and apopto-
sis. A considerable number of genes involved in these
processes were found to be modulated by ER-E2F induc-
tion (Fig. 5; Tables 1, 2, and 3). In the case of apoptosis,
E2F can induce apoptosis independent of p53 (Müller and
Helin 2000). Based on our results, transcriptional regu-
lation of APAF1, CASP3, CASP7, MAP3K5, and BCL3
genes provides a plausible mechanism whereby E2Fs af-
fect this process. Among the cell cycle regulators, cyc-
lins were the preferred E2F targets. There were 16 differ-
ent known cyclin genes represented on the microarrays
used in our studies, of which E2F1 and E2F3 regulate four
(CCNE1, CCNE2, CCND3, CCNG2), and E2F2 regulates
three (CCNE1, CCNE2, CCND3).

However, most of the E2F target genes identified in the
screen cannot be categorized as regulators of cell cycle or
apoptosis. To better understand the complicated expres-
sion patterns induced by E2F, we performed target gene
bias (TGB) analysis (Fig. 5; see Materials and Methods).
This analysis is based on the hypothesis that a dispro-
portionately high fraction of genes involved in a particu-
lar process will be regulated by a transcription factor if
that transcription factor actually regulates that process.
For example, if that fraction is significantly higher for
TGF� signaling genes, we hypothesize that E2F activity
influences TGF� signaling. In mathematical terms, the
level of significance (P value) is given by the binomial
distribution (Fig. 5A). The negative logarithm (base 10) of
the P value is used as a quantitative measure of signifi-

cance. A bias value of 2 corresponds to a P value of 0.01.
TGB analysis is not restricted to genes that are involved
in signaling pathways but can be applied to arbitrary
groups of genes that share a particular property of inter-
est (see below).

Figure 5B shows the results of TGB analysis for genes
grouped by function and/or structural similarities as de-
fined by GeneCards (see Materials and Methods). As a
positive control for our analysis, we included previously
reported E2F target genes. Two randomly selected sets of
genes similar in size to the analyzed gene groups are
included as negative controls. We observed significant
bias (−log(P) > 2) for transcription factors (in particular
homeobox genes), genes of the TGF � signaling pathway,
and receptor tyrosine kinases. As expected the E2Fs also
produced a significant bias toward cell cycle and apop-
tosis genes.

We also sought to determine if a significant overlap
existed between the expression patterns found in other
published gene expression screens and the patterns ob-
served by induction of E2F activity. Figure 5C shows that
there is indeed a significant overlap between E2F-modu-
lated genes and those induced after addition of serum to
starved fibroblasts (Iyer et al. 1999) as well as genes regu-
lated by receptor tyrosine kinases (RTKs; Fambrough et
al. 1999). We also observed significant bias toward genes
regulated by p53 (Zhao et al. 2000), c-Myc (Coller et al.
2000), activated Ras (Zuber et al. 2000), and replicative
senescence (Shelton et al. 1999). However, genes found
to be regulated by aging (Lee et al. 2000) and caloric re-
striction (Lee et al. 1999) showed biases equal to those
from randomly selected subsets of genes. The gene ex-
pression patterns for E2F1, E2F2, and E2F3 were also

Figure 4. E2F-induced changes in transcript levels are neither confined to transformed cells nor caused by overexpression of E2F
fusion proteins. (A) Northern blot analysis of E2F-regulated genes in human diploid WI-38 ERE2F1 cells. 2 µg poly A RNA was loaded.
(B) Northern blot analysis of RNA prepared from U2OS pRB�cdk cells. 15 µg of total RNA was loaded. Hours indicate the time after
removal of tetracyclin. Note the increase in the levels of the faster migrating mouse Rb�CDK with time. Blots were probed using a
human probe, which likely is the reason that mouse Rb�cdk mRNA produced a much weaker signal than endogenous human RB1.
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ctompared to each other (Fig. 5D). As expected, the over-
laps are highly significant and they show the relatedness
of these three factors as well as the sensitivity of TGB
analysis to reveal similarities in gene expression pat-
terns.

E2F-regulated genes are widely expressed

The known functions of the E2F transcription factors
suggest that they play a fundamental role in a number of
cellular processes. It is therefore expected that E2F target
genes are expressed in a variety of tissues and cell types.
We tested this hypothesis by determining the distribu-
tion of E2F target genes in different cDNA libraries and
compared this distribution to the profile of all genes ex-
pressed at detectable levels in U2OS cells. As shown in
Figure 5E, most genes represented on the microarrays in
our studies were isolated from a small number of cDNA
libraries (Fig. 5E; “19K exp”) and this profile does not
change significantly for genes that are expressed in
U2OS cells (genes called “present” by GeneChip® soft-
ware; Fig. 5E; “19K obs”).

Therefore, U2OS cells express a random subset of the
genes that are present on the microarrays. A completely
different profile is observed for E2F target genes. The
results for E2F3 are shown (Fig. 5F), but very similar
profiles were obtained for E2F1 and E2F2. Genes that are
found in only a few libraries are strongly underrepre-
sented, whereas genes with a broader library representa-
tion (7–31) are overrepresented. Although it may be a
simplistic line of reasoning, these results suggest that
E2F target genes serve fundamental functions required in
a large number of cell types and tissues.

Discussion

Previous experiments have suggested that, in addition to
having a role in cell proliferation, E2F also plays a role in
regulating apoptosis, differentiation, and development.
However, to date most known E2F-regulated genes are
characterized as functioning in cell cycle control and/or
DNA replication, which suggests that we only know of a

subset of E2F-regulated genes. The major findings of our
experiments are that increased E2F activity leads to sig-
nificant changes in the overall gene expression profile of
a given cell and that E2F modulates the expression of a
large number of transcripts. Furthermore, E2F controls,
in addition to those involved in cell cycle control and
DNA replication, genes that are directly involved in cell-
fate decisions such as apoptosis, differentiation, and
early development (see below).

Our results show that the activation of the E2Fs in-
duced a significant change in the expression of 1240
genes present on the 35K microarray chips, or ∼7% of the
total 19,000 genes that were found to be expressed in
U2OS cells. Of these, 718 or 58% were induced and the
expression of 522 were decreased following E2F activa-
tion. Of the 1240 genes, ∼60% were unnamed expressed
sequence tags (ESTs).

There are several measures for the reliability of our
gene expression data. Our statistical analysis has shown
that the observed changes are highly significant. Biologi-
cal and technical variability was significantly reduced by
the use of three independently derived U2OS cell lines
expressing each of the ER-E2F fusion proteins. In several
cases, we also observed reproducible expression changes
of the same gene represented more than once on the
microarrays. Moreover, Northern blot analysis was used
as an independent test for the observed expression
changes and the results were extremely consistent with
the microarray data. Of 40 genes determined to be sig-
nificantly induced or repressed by E2F1, Northern blot
analysis confirmed 39 of these changes. For E2F2 and
E2F3 the corresponding numbers were 21 of 21 and 29 of
30. For the verification by Northern blotting, we delib-
erately chose several genes that showed only two- to
threefold change in expression levels, as well as genes
that fell just outside a statistically significant change.
Several of these genes were found by Northern blot
analysis to be regulated by E2F, clearly showing that our
statistical test is conservative and that 1240 significant
changes is a low estimate for the number of E2F targets.
In addition, the Northern blot results also showed that
the candidate genes are rapidly induced by E2F in the
absence of de novo protein synthesis, which suggests

Figure 5. Bias analysis. (A) Principle of target gene bias analysis (TGB). TGB determines the significance of a particular class of genes
being regulated based on the fraction of these genes being regulated in the total set of detectable genes on the microarrrays. Applied
to subsets of genes on a microarray (see panel B), it asks whether the fraction of regulated genes in this subset of genes is equal to the
overall fraction of regulated genes. Applied to other microarray experiments (see panel C,D), TGB is sensitive to the relatedness of gene
expression patterns. In both cases, significant deviation from the expected value (bias) is hypothesized to imply biological relevance.
(B) TGB analysis of functional gene groups. Previously described E2F target genes were included as a positive control. (C) TGB analysis
of published screens. Note that TGB is not confined to microarray-based screens. Ras transformation targets were identified by
subtractive suppression hybridization (Zuber et al. 2000). (D) Comparison of E2F1, E2F2, and E2F3 expression patterns by TGB. (E)
U2OS cells express a random subset of the genes present on the microarray chips. The distribution of unigenes on the chip found in
a certain number of libraries is shown. The expected profile (19K exp) is the result of multiplying the number of genes in each category
by the fraction of genes expressed in U2OS cells (i.e., the ∼19,000 genes that have been called present in either control or test
chips/28,000 unigenes found on the chips). The observed profile (19K obs) represents the genes expressed in U2OS cells. (F) E2F target
genes tend to be widely expressed. E2F3 was shown to regulate significantly the expression of 633 genes. The expected profile presents
a random expression of these genes, and is found by multiplying the number of genes in each category of genes expressed in U2OS cells
(19K obs in panel E ) by the fraction of regulated genes (i.e., 633/19,000). The observed profile (633 obs) represents the distribution of
the 633 genes regulated by E2F3.
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that the majority of the induced genes are regulated di-
rectly by E2F. In contrast, in all cases tested, the repres-
sion of a gene by the E2Fs required de novo protein syn-
thesis. This result suggests that the E2Fs themselves do
not function as transcriptional repressors, but may in-
duce a repressor(s) of transcription.

In addition to verifying the expression changes ob-
served on the microarrays by Northern blot analysis, we
performed two other sets of experiments to determine
the relevance of our data.

First, we have shown that increased E2F activity in
primary human diploid cells leads to a similar change in
expression of the tested genes as observed in U2OS cells.
This shows that deregulation of E2F activity can lead to
significant changes in gene expression in nontrans-
formed cells in addition to tumor cells. This point is
supported by our database analysis, which shows that
the E2F-regulated genes are widely expressed and not
restricted to specific tissues or certain tumor cell lines
(see Fig. 5E,F). Second, we have shown that ectopic ex-
pression of a dominant form of pRB leads to down-regu-
lation of genes that are induced by E2F and up-regulation
of genes that are repressed by E2F activity. Importantly,
we observed a change in expression of the E2F-regulated
genes before the cells were arrested in G1 by pRB expres-
sion, which suggests that the changes in gene expression
were not a consequence of pRB-induced pleiotropic cell
cycle regulation but, rather, they resulted from pRB’s
ability to regulate E2F transcriptional activity. Because
pRB is a repressor of E2F activity, these results suggest
that endogenous levels of E2F regulate the expression of
the tested genes.

Difference in target gene regulation by E2F
family members

An open question is whether the E2F transcription fac-
tors regulate distinct genes or if they regulate a common
set of genes. In the latter case, the differences in the
biological function of the E2Fs could be explained by
differences in expression levels and/or by tissue-specific
expression patterns of the E2Fs. We addressed this ques-
tion by analyzing the expression changes induced by
three members of one of the E2F subgroups. Indeed, we
observed that E2F1 activity led to significant changes in
more genes than E2F2 and E2F3, which indicates that
E2F1 was capable of specific regulation of certain genes.
However, despite the fact that E2F1 was not overex-
pressed to the same extent as E2F2 and E2F3, our results
show that the induction of E2F1 in the U2OS cells led to
a stronger transactivation of a sensitive E2F reporter con-
struct than did E2F2 and E2F3. Therefore, our results
could be explained by a stronger transactivation poten-
tial of E2F1 in these cells. However, we also identified
genes whose expression was selectively changed as a
consequence of E2F2 or E2F3 activation, and which were
not significantly modulated by either of the other E2Fs,
thereby suggesting that some target-gene specificity in-
deed exists. However, we have not been able to confirm
strict target-gene specificity by Northern blot analysis

and in the cases in which we observed significant induc-
tion by one of the E2Fs, we also detected a lower but
consistent regulation of that gene by the other E2Fs.
These results suggest that the E2Fs may not have strict
target-gene specificity, but they may convey specificity
in how efficiently they can activate a given gene (see e.g.,
DMRT1; Fig. 3B). Our findings are consistent with a re-
cent report that showed that the different E2Fs bind to
the promoter region in the same gene in vivo; however,
they do so at distinct times during the cell cycle (Taka-
hashi et al. 2000). Taken together, it is therefore likely
that all E2Fs are candidates to regulate the expression of
the E2F-induced genes identified in our analysis.

Comparison to published screens and TGB analysis

Based on the results of verification by Northern blots, we
estimate that 2%, or ∼20–30 genes out of 1240 in the list
of regulated genes will be false positives. It is, therefore,
difficult to draw conclusions based on changes observed
for a single gene until they are verified by Northern blot-
ting. It is, however, unlikely that a group of genes with a
similar function that are characterized by our analysis as
target genes are all false positives. We therefore sought to
interpret the expression patterns induced by E2Fs based
on changes of groups of genes. To this end, we analyzed
the gene expression patterns for biases toward functional
groups of genes and toward previously published expres-
sion patterns. We call this target gene bias (TGB) analy-
sis.

TGB analysis of functional gene groups is problematic
in the sense that the quality of results depends crucially
on the quality of the functional classification that is ap-
plied. To minimize the probability of misleading conclu-
sions, we used two independently assembled classifica-
tions. One was prepared by us based on information
found in GeneCards and GenBank records and the other
was published by Shelton et al. (1999). Although the nu-
merical outcome was different, as expected, the main
conclusions and statistical significance were surpris-
ingly stable. Our analysis revealed significant bias to-
ward genes that are involved in the regulation of cell
cycle and apoptosis. The role of E2F in these processes is
well documented and our data, which reveal several un-
known cell cycle and apoptosis genes, provide some new
vital insights as to the mechanisms of this regulation.
Furthermore, significant bias toward gene groups with
functions in processes that are known to be regulated by
E2F validates our approach. Surprisingly, we observed
highly significant bias toward homeobox and TGF� sig-
naling genes. These genes are key regulators of develop-
ment and differentiation. These findings suggest that
E2Fs may play a role in coordinating fundamental bio-
logical processes such as proliferation, apoptosis, differ-
entiation, and development.

We also compared the E2F-induced gene expression
patterns to published expression patterns observed in
discrete settings. This was done using TGB analysis by
treating the previously published sets of regulated genes
as individual functional gene groups. As compared to
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functional gene groups, sets of regulated genes are well
defined, which makes the analysis less sensitive to sub-
jective judgements. We observed highly significant over-
lap between genes regulated by E2F and those regulated
by serum. Serum acts largely by activation of tyrosine
kinases and, interestingly, both receptor tyrosine kinases
and receptor tyrosine kinase target genes also produced
significant biases. Furthermore, tyrosine kinases are
known to activate Ras and Ras transformation target
genes also show strong TGB. One interpretation of this
analysis is that E2F is a key mediator of the effects of
serum, RTK, and Ras activation.

This interpretation has been supported previously by
experiments showing that Ras is linked to cell cycle pro-
gression via the pRB/E2F pathway (Peeper et al. 1997).
The spectrum of E2F target genes expressed at a certain
point in time is therefore influenced by signals commu-
nicated by surrounding cells and the cellular environ-
ment and this may be the key to understanding the role
of the E2Fs in integrating cell cycle, apoptosis, differen-
tiation, and development. Because these processes are
relevant to all cells, it would be expected that E2F target
genes are expressed in a wide range of cell types. Our
analysis of cDNA library distribution of E2F target genes
suggests that this is indeed the case. The observed biases
towards c-myc, p53, and replicative senescence genes
may reflect the involvement of the E2Fs in these pro-
cesses in ways that are not yet understood, but the in-
vestigation of commonly regulated target genes could
provide some insight into this.

We suggest that TGB analysis can be useful in the
analysis of complex gene expression patterns. As com-
pared to hierarchical cluster analysis, TGB analysis can
take advantage of prior knowledge about genes and, by
doing so, makes the results easier to interpret. If applied
to functional gene groups, the results depend on our cur-
rent understanding of gene function, and as long as this
understanding is incomplete, the bias analysis will be
incomplete. If applied to published expression patterns,
TGB analysis is conceptually similar to sequence simi-
larity searches. As is the case also for sequence similari-
ties, such similarities give rise to hypotheses that have
to be tested by further experimentation. A particularly
appealing application of this concept is the possibility to
analyze signaling pathways as shown here in the case of
the serum → RTK → Ras → E2F connection. It is tempt-
ing to speculate that it may be possible to use expression
patterns observed in tumors or in virus-infected cells to
identify the signaling pathways that are disturbed. This
knowledge would be of tremendous value for the identi-
fication of drug targets whose manipulation results in
selective cytotoxicity.

Compared to hierarchical clustering analysis (Eisen et
al. 1998), TGB analysis includes supplementary informa-
tion. This is of significant help in the process of inter-
preting observed gene expression patterns. In TGB analy-
sis, clusters of genes (functional gene groups) are as-
sembled beforehand (based on shared gene properties of
interest) and then analyzed for statistical significance.
The clusters in TGB analysis are therefore homoge-

neous, have clearly defined borders, and their signifi-
cance is evaluated numerically rather than visually. On
the other hand, TGB analysis is only as good as the gene
groups that are available for analysis.

Hierarchical clustering and TGB analysis may there-
fore be used as complementary approaches to help in the
interpretation of complex gene expression patterns.

Classification of E2F target genes

One of the most intriguing aspects of gene expression
profiling is that the results can correlate gene expression
patterns with specific phenotypes. Therefore, the profil-
ing can provide several predictions and hypotheses that
subsequently can be tested. Here, we identified a number
of genes whose function could provide a molecular ex-
planation as to how the proteins in the pRB/E2F-path-
way control normal growth. We have listed 100 of these
genes in Table 3. Although it will be too extensive to go
into the specific function of each gene, we would like to
highlight possible connections between the expression
of some of these genes and the physiological function of
the pRB/E2F pathway.

Cell cycle control and DNA replication As an internal
control for our experiments, we performed a database
search for genes that have been reported to be regulated
by E2F or have an E2F DNA-binding site (or binding
sites) in their promoters. A number of these genes were
expressed at detectable levels in U2OS cells, and the ex-
pression of several of them was changed after E2F acti-
vation (e.g., Cyclin E1, Cyclin D3, and c-Myb; Table 3).
Strikingly, we also detected down-regulation of the plas-
minogen activator inhibitor, type 1, PAI-1, the only gene
so far reported to be repressed by E2F (Koziczak et al.
2000). In our screen, we did not detect regulation of sev-
eral genes previously reported to be E2F targets. Most
notably, we did not observe significant regulation of the
MCM genes, CDC6 and B-Myb. The reason for this lack
of regulation is at present unclear, but may be because of
the fact that the expression of these genes is strongly
regulated during the transition from quiescence to
growth and not in each cycle of exponentially growing
cells. Because we performed our analysis using asynchro-
nous populations of exponentially growing U2OS cells,
the increased E2F activity may not have further affected
change in the mRNA levels of these genes. An alterna-
tive, but less likely, explanation for the lack of detect-
able regulation could be the quality of the chosen oligo-
nucleotide probes for these genes on the arrays.

Among the novel E2F target genes that are involved in
cell cycle regulation, the expression of Cyclin E2
(CCNE2) was found to be strongly induced by the all
three E2Fs.

Cyclin E2 expression is cell cycle regulated, and it is
expressed with similar kinetics as Cyclin E1 (Lauper et
al. 1998; Zariwala et al. 1998; Gudas et al. 1999). Our
data indicate that, as for Cyclin E1, the cell cycle regu-
lation of Cyclin E2 expression is controlled by the pRB/
E2F pathway.
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Centrosome duplication Recently, it was shown that
E2F and Cyclin A/CDK2 activity are required for centro-
some duplication (Meraldi et al. 1999). We identified
RanBPM as a direct target for the E2F transcription fac-
tors (Figure 3; Table 3). RanBPM colocalizes with �-tu-
bulin and is required for microtubule nucleation (Naka-
mura et al. 1998). Interestingly, overexpression of this
protein can induce ectopic microtubule nucleation, and
these data could indicate that pRB restricts centrosome
duplication through the transcriptional regulation of
RanBPM. Furthermore, because the pRB/E2F pathway is
abrogated in the majority of human tumors, it may pro-
vide an explanation for the increased number of centro-
somes in many tumors.

Apoptosis Loss of pRB has been shown to lead to both
p53-dependent and p53-independent apoptosis (Lipinski
and Jacks 1999). It is widely believed that the apoptosis is
a result of higher levels of E2F activity because ectopic
expression of the E2Fs also can induce both p53-depen-
dent and p53-independent apoptosis (Dyson 1998; Helin
1998). Although some E2F-regulated candidate genes
have been suggested, none of these explain the strong
apoptotic effect of deregulated E2F activity. Therefore, it
is intriguing to find that the E2Fs induce the expression
of several key regulators of apoptosis, such as the cyto-
chrome-C-binding protein APAF1, and the crucial effec-
tor caspases, caspase 3 and caspase 7. Moreover, the
MAP kinase kinase, kinase 5, also known as apoptosis-
signal-regulating kinase 1 (ASK1), which is required for
TNF�-induced apoptosis (Ichijo et al. 1997), was strongly
induced. The E2Fs induced these four genes in the ab-
sence of de novo protein synthesis (Fig. 3), which shows
that they are direct targets for the E2F transcription fac-
tors. Moreover, we observed a strong down-regulation of
Bcl-3, a known coactivator of NF�B, which is, therefore,
an inhibitor of apoptosis (Rebollo et al. 2000). The alter-
ation of expression in any of these five genes or a com-
bination thereof could explain the strong apoptotic ef-
fects of E2F activity. However, as is often the case for
signal transduction pathways, the E2Fs stimulate both
positive and negative signals of proliferation. The deci-
sion of whether to proliferate, differentiate, or die be-
comes a balance between the intensity of the various
signals. Although the E2Fs induce cell proliferation, they
also induce p18INK4C, an inhibitor of the cell cycle, and
although the E2Fs induce apoptosis, they also induce
growth factors and antiapoptotic genes, such as BCL2.
However, because E2F expression induces apoptosis, the
induction of BCL2 and growth factors is apparently in-
sufficient for counteracting the strong expression of the
apoptosis inducing proteins.

Development and differentiation E2F activity is essen-
tial for early development in Drosophila and Xenopus
(Duronio et al. 1995; Suzuki and Hemmati-Brivanlou
2000), and recent results have also suggested that E2F
activity is required for early development in mice (L.
Yamasaki, pers. comm.). More specifically, Xenopus and
Drosophila E2F activity was shown to be required for

axis determination in early development. It has been
suggested that the E2Fs regulate axis determination
through homeobox-containing proteins in Xenopus (Su-
zuki and Hemmati-Brivanlou 2000) and an EGF-receptor
ligand, Gurken in Drosophila (Myster et al. 2000).

Our results confirm and extend these previous data by
showing that the E2Fs regulate the expression of several
proteins that are involved in early development, includ-
ing homeobox proteins, transcription factors involved in
cell fate decisions, a number of proteins that determine
homeotic gene transcription, and signaling pathways
such as the TGF� and Wnt pathways that are essential
for early development. As an example of the relevance of
these findings, it has been reported that position-effect
variegation (PEV) in Drosophila depends on E2F activity
(Seum et al. 1996). Loss of E2F activity enhanced PEV,
whereas overexpression of E2F activity suppressed PEV
in Drosophila (Seum et al. 1996). These data suggested
that the E2Fs themselves have an epigenetic effect by
regulating chromatin structure or, more likely, that the
E2Fs control PEV by regulating genes of the Polycomb
group (PcG) family. In our screen, we have identified
several PcG genes, like Enhancer of Zeste 2 (EZH2), Em-
bryonic Ectoderm Development protein (EED) and Ho-
molog of Polyhomeotic (EDR2/HPH2; see Table 3). The
E2F-induced expression of these genes may provide an
explanation for the role of E2F in the regulation of PEV
and, more importantly, in development.

The pRB/E2F pathway is known to be central in the
regulation of various types of cellular differentiation (see
introduction; Lipinski and Jacks 1999). For example, pRB
is required for erythroid, neuronal, eye, muscle, and adi-
pocyte differentiation (Chen et al. 1996; Lipinski and
Jacks 1999). Both p107 and p130 are required for normal
endochondrial bone development (Cobrinik et al. 1996).
In addition, E2F4 is known to contribute to hematopo-
etic lineage and to craniofacial development (Humbert et
al. 2000a; Rempel et al. 2000), whereas loss of E2f5 leads
to overproduction of cerebrospinal fluid and to hydro-
cephalus (Lindeman et al. 1998). Although these pheno-
types are complex, our gene expression analysis may
help to elucidate the role (or roles) played by the E2Fs in
pRB/p107/p130 regulated differentiation. First, we found
a number of transcription factors that are involved in cell
fate decisions, such as Hairy/enhancer of split related
(HEY1), Paired-like homeodomain (PTX1), ID4, MAF
family members, and Sox9. These transcription factors
have been associated with neurogenesis (HEY1; Leimeis-
ter et al. 1999)), morphogenesis, hindlimb, and craniofa-
cial development (PTX1; Crawford et al. 1997; Szeto et
al. 1999), block of differentiation of various tissues (ID4;
Kondo and Raff 2000), the regulation of early differentia-
tion (MAF family; Blank and Andrews 1997), and carti-
lage formation (Sox9; Bi et al. 1999). The expression of
transcription factors that are involved in cell fate deci-
sions is exquisitely controlled, and in several cases it has
been described that the over- or misexpression of such
transcription factors leads to malformations and/or
transformation. Second, E2F activation led to a dramatic
change in the expression of genes in the TGF� pathway.
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TGF� family members, which include TGF�s, activins,
and bone morphogenetic proteins (BMPs), are secreted
molecules that regulate a plethora of cellular responses,
such as proliferation, differentiation, migration, and
apoptosis (for review, see Massague and Chen 2000). E2F
activation led to strong suppression of Inhibin � A and
TGF�2, and to a strong induction of Follistatin expres-
sion. Inhibin � A participates in the regulation of game-
togenesis and craniofacial development, and mice that
are homozygously null for Inhibin � A die within 24 h of
birth (Matzuk et al. 1995).

Interestingly, Inhibin � A was also isolated as ery-
throid differentiation factor (Murata et al. 1988) and the
gene has been shown to be an important regulator of
photoreceptor differentiation in the developing retina
(Davis et al. 2000). Together with the fact that Follistatin
is an inhibitor of Activin A (the homodimer of inhibin �

A that binds Activin receptors), our data suggest that the
simultaneous induction of Follistatin and repression of
inhibin � A could be involved in specific differentiation
defects observed in the eye and in the erythrocytes of the
Rb−/− mice. For example, Rb−/− erythroid cells develop
normally in high percentage Rb−/− chimeric mice (Maan-
dag et al. 1994; Williams et al. 1994), which suggests that
the Rb wild-type cells rescued the Rb−/− cells, perhaps by
secreting paracrine or endocrine erythroid differentiation
factor (or factors) such as inhibin � A or Follistatin.

The last phenotype that we wish to discuss is the re-
quirement for a normal pRB/E2F pathway in chondro-
cyte differentiation. We identified several genes that are
involved in chondrocyte differentiation, such as the
TGF� pathways genes, FGF receptor 2 and FGF receptor
3, Cartilage linking protein 1, and Connective Tissue
Growth factor (Fig. 3; Table 3). Discrete changes in the
expression of several of these genes as a result of dereg-
ulated E2F activity could lead to both the defects in
chondrocyte differentiation observed in the p107/p130
double-knockout mice, and the craniofacial abnormali-
ties observed in the p107/p130 and the E2f4 knockout
mice. Moreover, it is striking that activating mutations
of FGF receptor 3 causes achondroplasia, which is the
most common genetic form of dwarfism in humans
(Burke et al. 1998), considering the fact that p107/p130
knockout mice have short bones.

In summary, the experiments presented in this article
have provided us with a list of genes whose expression
levels are significantly altered after E2F activation. The
E2F-regulated genes code for proteins whose activity
control cell cycle progression, proliferation, apoptosis,
differentiation, and development. The identification of
these genes allows us to test a number of new hypoth-
eses as to why the pRB/E2F pathway is so crucial for
normal development and proliferation. The list of E2F-
regulated genes could be important for diagnostic pur-
poses as, for example, in determining the efficacy of tar-
geting a deregulated pRB/E2F pathway by therapeutic
drugs. Finally, 60% of the identified genes are without
any known function (ESTs). Because the expression of
these ESTs is regulated by the E2Fs, several of these may
have important functions in cellular homeostasis.

Therefore, future experiments will pay special attention
to identifying a possible function of some of these ESTs.

Materials and methods

Cell culture

U2OS cell lines that express HAER-E2F1, HAER-E2F2, or
HAER-E2F3 were generated by infection of the human osteo-
sarcoma cell line U2OS (which expresses functional pRB and
p53, but does not express p16INK4A or p14ARF) with retrovi-
ruses that express the three fusion proteins (Vigo et al. 1999).
Cells were selected in 2.5 µg/mL puromycin. Individual clones
were isolated after 3 weeks of selection and tested for the ex-
pression of the ER-fusion proteins by Western blotting. The
cells were grown in DMEM supplemented with 10% fetal calf
serum. Puromycin resistant clones were continuously grown in
the presence of 2.5 µg/mL puromycin.

Pools of early passage WI-38 HAER-E2F1 cells were generated
by infection with the retroviral vector pBabePuro HAER-E2F1
(Vigo et al. 1999), and selection in 1.5 µg/mL puromycin. Cells
were grown in DMEM supplemented with 10% FCS. U2OS
cells expressing a pRB mutant (pRB�CDK) in a tetracycline-
dependent manner has been described previously (Lukas et al.
1999).

Western blotting

Western blots were performed using the mouse monoclonal an-
tibodies KH95, TFE22, and TFE31 that specifically recognize
E2F1, E2F2, and E2F3, respectively (Helin et al. 1993; K. Helin,,
unpubl.).

Immunostaining

Cells, treated with or without 300 nM 4-hydroxytamoxifen
(OHT) for 6 hr, were stained for the expression of HA-tagged
ER-E2F proteins using the 12CA5 antibody as previously de-
scribed (Müller et al. 1997).

Transactivation assays

Transactivation assays were performed as described previously
(Müller et al. 1997). Briefly, cells were transfected with 2 µg
pGL3TATAbasic-6xE2F luciferase reporter, 2 µg pCMV-�Gal
reporter, and 2 µg pCMVneoBam carrier. To perform assays,
lysates were prepared from cells exposed to 300 nM OHT for 9
hr and from control cells. Normalized luciferase activity was
determined as previously described (Müller et al. 1997).

Semiquantitative RT-PCR

Reverse transcription PCR (RT-PCR) was performed essentially
as described (Vigo et al. 1999), except that total RNA was pre-
pared using the RNeasy extraction kit (Qiagen).

High density oligonucleotide microarrays

Total RNA was prepared from test and control cells using the
RNeasy kit (Qiagen).

Targets for hybridization to the microarrays were prepared as
described (Lockhart et al. 1996; Fambrough et al. 1999), except
that hybridization was performed in 1 × MES buffer (0.1 M
2–[N-Morpholino] ethanesulfonic acid [MES] pH6.7, 1 M NaCl,
0.01% Triton X-100) and chips were washed in 0.1 × MES buffer
(0.1 M 2–[N-Morpholino] ethanesulfonic acid [MES] pH6.7, 0.1
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M NaCl, 0.01% Triton X-100). Target concentration was 30 µg
fragmented cRNA in 200 µL hybridization solution. Images
were scanned at 3-µm resolution using a Hewlett Packard
GeneArray Scanner. The images were analyzed using Af-
fymetrix’s GeneChip® software.

Statistical analysis

The McNemar test was used to determine data quality and cut-
off (Abell et al. 1999). A special purpose software was developed
and is available on request or at http://marray.lar.ieo.it. The
McNemar test is often used in clinical trials to assess the effi-
cacy of drug treatment versus placebo controls. The test com-
pares lists of yes/no values. A P value >0.01 indicates lack of
efficacy (the lists are equivalent), whereas P values <0.01 sug-
gest the presence of a therapeutic effect. Applied to our data, we
used the results from pairwise chip comparisons to obtain these
lists where yes means “gene regulated” and no means “gene not
regulated”. A gene was called regulated when the difference call
provided by the GeneChip® software was MI or I for up-regu-
lated genes, or D or MD for down-regulated genes, and the fold
change was equal to or beyond a variable cutoff value.

Chip comparisons between two test chips or between two
control chips were used to determine the noise level of the
experiments (called noise lists or control lists here), whereas
chip comparisons between a test and a control chip were used to
determine the signal (called signal lists or data lists).

We estimated three parameters:
The equivalence of samples and chip performances (noise list

versus noise list, P > 0.01).
The presence of differences in transcript levels (noise list ver-

sus signal list, P < 0.01).
The reproducibility of measurement of such differences (sig-

nal list versus signal list, P > 0.01. Note that this test does not
depend on reproducibility of transcriptional regulation for the
same gene in independent experiments.) Although all signal-to-
noise comparisons were highly significant for the presence of
signal (see below), they were not all equivalent. The following
ranking was observed:

E2F1_1 = E2F1_3 > E2F1_2
E2F2_1 = E2F2_2 > E2F2_3
E2F3_1 > E2F3_2 = E2F3_3
Next, we asked if the detected signal reflected reproducible

changes in gene expression.
Signal lists that resulted from single-chip comparisons were

combined into three duplicate and one triplicate list using the
logical AND operator (meaning that a gene was called regulated
only when it was found to be regulated in each of the composing
sublists, see above). Noise lists and randomized signal lists com-
bined the same way were used as controls.

Randomization of signal lists was carried out using a pseudo-
random number generator that reassigned a new position to
each gene in the list before combining them. The numbers of
genes that were found to be regulated in each of these lists as a
function of fold-change cutoff is shown in Figure 2. For example,
in Figure 2A it is evident that there are significantly (P
∼1.0E−150, E2F1_1 at cutoff 3) more regulated genes in the data
lists as compared with the U2OS control lists. The randomized
data lists contain the same number of regulated genes as the
data lists. In Figure 2B, the randomized lists contain signifi-
cantly (P = 1.6E−103 at cutoff 3 for E2F1) fewer regulated genes,
which indicates reproducible measurement of regulated tran-
script levels for a large proportion of genes. Even fewer genes are
found to be regulated because of noise in the control lists. The
fact that the randomized and nonrandomized U2OS derived du-
plicate lists contain similar numbers of regulated genes

(P = 0.43 at cutoff 1) illustrate the stochastic nature of the noise
lists.

Cloning of probes for Northern blots

Primers were designed using Oligo 4.1 (Primer Analysis soft-
ware). Total RNA was prepared from cycling U2OS cells using
the RNeasy kit (Qiagen). Double-stranded (ds) cDNA was syn-
thesized using the ds cDNA synthesis system from Life Tech-
nologies. We used 10 ng of ds cDNA in a standard 50 µL PCR
reaction using Taq polymerase. PCR fragments were cloned into
pCR2.1 using a TA cloning kit (Invitrogen). The identity of the
PCR fragments was verified by sequencing.

Northern blots

Nearly confluent cultures or U2OS clones were trypsinized and
plated at 5 × 106 cells per 15-cm plate on the day before induc-
tion. The ER-E2F fusion proteins were activated by adding OHT
to a final concentration of 300 nM, and samples were harvested
at the indicated times. Cycloheximide was added where indi-
cated to a final concentration of 10 µg/mL. RNA was isolated
using either the RNeasy kit (Qiagen) for analysis of total RNA
or by CsCl ultracentrifugation method as described (Ausubel et
al. 1988) for analysis of poly A RNA. Poly A RNA was isolated
with the Oligotex reagents from Qiagen using a batch protocol
as described by the manufacturer.

Either 10 µg of total RNA or 4 µg of poly A RNA were sepa-
rated on 1.25% formaldehyde-agarose gels, transferred to Hy-
bond N+ membrane (Amersham) and probed as described (Aus-
ubel et al. 1988).

TGB analysis

TGB analysis was performed as described in the results section
using a special purpose software available on request or at
http://marray.lar.ieo.it.
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