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Most E2F-driven promoters are transiently activated around the G1/S transition. Although the promoter for
the c-myb proto-oncogene harbors an E2F element, it is induced early in G1 following entry into the cell cycle.
Furthermore, this promoter remains active throughout subsequent cell cycles. Since E2F sites function as
repressor elements during G1 (due to the association of pRb with E2F factors), we investigated whether the E2F
element in the c-myb promoter is regulated differently than E2F elements in promoters that are repressed
during G1. By gel shift analysis, the E2F element from the c-myb promoter was found to form a unique complex,
referred to as E2Fmyb-sp, which was not observed with E2F elements from several other promoters. Antibodies
to DP-1, E2F1 to -5, p107, or pRb failed to either supershift or block E2Fmyb-sp complex formation. Meth-
ylation interference experiments indicate that the DNA contact residues for the E2Fmyb-sp complex are
distinct from but overlapping with residues required for the binding of E2F proteins. In addition to the
identification of E2Fmyb-sp, we have found that SP-1 binds to the c-myb E2F element. Functional studies
revealed that E2Fmyb-sp and/or SP-1 are required to achieve full activation of the c-myb promoter in different
cell types and to maintain elevated expression of the c-myb promoter during G1 in NIH 3T3 cells. These studies
demonstrate that E2F elements can be regulated differently through the binding of unique sets of proteins.

The E2F family of transcription factors plays a pivotal role in
the regulation of cell cycle entry and progression by restricting
the expression of genes involved in cell cycle control (cyclins,
cyclin-dependent kinases, and cyclin-dependent kinase inhibi-
tors, the retinoblastoma tumor suppressor [pRb], and p107),
initiation of replication (Orc1, Cdc6, and Mcms), and DNA
synthesis (DNA polymerase I, thymidylate synthase (TS), thy-
midine kinase [TK], and dihydrofolate reductase [DHFR]) to
the point of the cell cycle at which their protein products
function (1, 11, 24, 28, 36, 59, 64, 72, 74). In addition, several
proto-oncogenes, including c-myb, B-myb, c-myc, and N-myc,
have been shown to be regulated by E2F proteins (28, 64).

E2F transcription factors are composed of two structurally
related subunits, termed E2F and DP, which form het-
erodimeric complexes with a high affinity for specific DNA
sequences (E2F elements) (5, 9, 23, 30). To date, six E2F
(E2F1 through E2F6) and two DP (DP-1 and DP-2) genes
have been identified in mammalian cells (12, 28). Alternate
forms of the DP-2 protein (also referred to as DP-3) can be
produced as the result of alternative splicing and internal
translational initiation (49, 52), adding further complexity to
the E2F family. E2F and DP proteins contain highly conserved
DNA-binding and dimerization domains (64). The carboxyl-
terminal regions of E2F1 to -5 contain potent transactivation
domains, while no equivalent activity has been identified in
E2F6 or in the DP proteins (12, 28, 64).

The activity of E2F factors is regulated in part through
differential association with pRb family members, including
pRb, p107, and p130 (28, 44, 46). pRb, p107, and p130 bind
tightly to the carboxyl-terminal transactivation domains of the
E2F partner, and this interaction likely blocks the association
between the activation domains and transcriptional coactiva-
tors, thus inhibiting transactivation by E2F proteins (18, 22, 51,

58, 69, 70). pRb, p107, and p130, through their association with
E2Fs, also exerts dominant negative effects on promoter activ-
ity, in part through their concomitant interaction with histone
deacetylase molecules (6, 39, 42). The repression function of
E2F-pRb complexes is important for cell cycle control in vivo
since inactivation of at least one E2F family member, E2F1,
leads to increased cell proliferation and tumor formation in
mice (17, 71).

The various E2F family members differ in their association
with pRb, p107, or p130. E2F1- to -3 associate exclusively with
pRb in vivo, while E2F4 and E2F5 associate with pRb, p107,
and p130 but in a cell cycle-regulated manner (46). The
growth-inhibitory properties of pRb family members are reg-
ulated by phosphorylation (8, 28, 55). In quiescent or differ-
entiated cells, pRb family members are hypophosphorylated
and the majority of nuclear E2F proteins are bound to pRb
family members. When cells are stimulated to proliferate, pRb
family members become phosphorylated and release free, pre-
sumably active E2F (21, 46). Consistent with this model, the
induction of pRb phosphorylation at the G1/S transition cor-
relates closely with the timing of transcriptional activation of
many E2F-regulated genes (35, 43).

The proto-oncogene c-myb is involved in the control of nor-
mal cell proliferation and the induction of neoplasia (40).
Induced expression of c-myb has been found during prolifera-
tion of normal cells and tissue of the hemolymphopoietic sys-
tem, and overexpression is observed in tumors of both hema-
topoietic and nonhematopoietic origin, including neuroblastoma,
neuroepithelioma, and neoplasias of the lung, colon, breast,
and melanoma (2, 20, 50, 62, 63, 66, 67, 73).

In normal cells, transcription of the c-myb gene is tightly
regulated at transcriptional and posttranscriptional levels. To
date, the majority of genes with known E2F promoter elements
are activated at or near the G1/S boundary. An exception to
this, however, is the proto-oncogene c-myb, which contains an
E2F promoter element but is induced early during the G1
phase of the cell cycle in cells that are coming out of quies-
cence (65, 68). Moreover, expression of this gene remains
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constitutive in subsequent cycles (68). Therefore, although
previous studies have shown that the c-myb gene can be in-
duced by ectopically expressed E2F1 (53), it is able to largely
escape the dominant repressive effect of pRb-E2F complexes
during specific times of G1. As a first step in understanding the
mechanisms governing the unique regulation of this promoter
in the context of its E2F element, we investigated factor bind-
ing to the previously described E2F site within this promoter.
While the E2F element from the c-myb promoter binds free,
pRb-associated, and p107-associated E2F factors with affinities
similar to those of other E2F elements, the c-myb E2F element
also binds an apparent non-E2F-related factor which influ-
ences the regulation of its promoter. Therefore, the E2F ele-
ment in the c-myb gene is subject to control by additional
protein components which may contribute to the deregulated
expression of c-myb in certain tumors.

MATERIALS AND METHODS

Cell culture and preparation of nuclear extracts. X50-7 and Jurkat cells were
grown in RPMI 1640 medium supplemented with 10% fetal bovine serum,
penicillin, streptomycin, and glutamine. U2OS and NIH 3T3 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, penicillin, streptomycin, and glutamine. All cells were maintained
at 37°C in a humidified 5% CO2-containing atmosphere.

Nuclear extracts were prepared by using a modified version of the protocol
described by Dignam et al. (10). Cells were isolated and washed with phosphate-
buffered saline (PBS), and the pellet was resuspended in 5 volumes of buffer A
(10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 5 mM dithiothreitol
[DTT], 0.5 mM NaF, 0.5 mM Na3VO4, 0.5 mM phenylmethylsulfonyl fluoride, 1
mg of leupeptin per ml, 1 mg of antipain per ml). The cell suspension was then
incubated for 1 h at 4°C, and cells were lysed in a Dounce homogenizer (25
strokes). Nuclei were pelleted for 10 s in an Eppendorf Microfuge (14,000 3 g),
washed once in buffer A, and resuspended in 3 volumes of buffer B (20 mM
HEPES [pH 7.9], 20% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
5 mM DTT, 0.5 mM NaF, 0.5 mM Na3VO4, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mg of leupeptin per ml, 1 mg of antipain per ml). After incubation on
ice for 30 min, cellular debris was removed by centrifugation at 4°C (14,000 3 g)
for 15 min, and supernatants were aliquoted and stored at 270°C.

Construction of vectors. To generate myb(wt)-Luc, a BamHI DNA insert
(2687 to 1204 from the 59 flanking region of the human c-myb gene described
in reference 47) was subcloned from B1-CAT (kindly provided by Bruno Cala-
bretta, Jefferson Cancer Institute, Philadelphia, Pa.) into the BglII site within the
pGL2-Basic luciferase reporter vector, creating the myb-Luc fragment. The
myb-Luc mutant derivatives were generated by site-directed mutagenesis as
previously described (19), using a Bio-Rad Muta-Gene kit. The mutations intro-
duced are shown in Fig. 5C. Sequence analysis was used to confirm the presence
of the appropriate mutations.

Transfections, reporter gene assays, and cell cycle analysis. U2OS cells were
transfected at 70 to 80% confluence, while NIH 3T3 cells were transfected at 10
to 15% confluence; transfections were carried out in 10-cm-diameter dishes for
16 h by the calcium phosphate method (7). Transfected cells were washed twice
with PBS, refed, and incubated at 37°C and 5% CO2 for 24 h prior to analysis.
Transfections included 5 mg of appropriate luciferase reporter plasmid plus 0.5
mg of pCMV-bgal (41) and 24.5 mg of carrier plasmid (pBluescript; Stratagene).
Jurkat cells (7 3 106) were transfected with Superfect (Qiagen) as recommended
by the manufacturer. Briefly, cells were resuspended at 2 3 106/ml in growth
medium and incubated for 8 h at 37°C and 5% CO2 with a mixture of 5 mg of
appropriate luciferase reporter plasmids plus 1 mg of pCMV-bgal and 20 ml of
Superfect. Cells were then washed once with PBS, resuspended in 10 ml of
growth medium, and incubated at 37°C and 5% CO2 for 36 h prior to analysis.

For synchronization experiments, transfected NIH 3T3 cells were placed in
DMEM–10% serum for 24 h, after which they were washed twice with DMEM
and starved for 48 h in DMEM–0.5% serum. Following starvation, cells were
either harvested or refed with medium containing 10% serum and incubated for
the indicated time periods.

Cell cycle analysis was carried out by flow cytometry. Cells were harvested,
fixed in 70% ethanol, stained with propidium iodide solution (69 mM propidium
iodide, 38 mM sodium citrate, 100 mg of RNase per ml), and analyzed on a
Becton Dickinson flow cytometer. Luciferase assays and b-galactosidase assays
(for normalization of luciferase values) were performed essentially as described
by Krek et al. (30).

Electrophoretic mobility shift assays (EMSAs). Gel shifts were performed
with the following double-stranded oligonucleotides: E2Fdhfr-wt (59-CTAGAG
CAATTTCGCGCCAAACTTG-39 and 59-GATCCAAGTTTGGCGCGAAAT
TCGT-39), E2Fdhfr-mut (59-CTAGAGCAATTGCTCGACCAACTTG-39 and
59-GATCCAAGTTGGTCGAGCAATTGCT-39), E2FE2F1-A (59-CTAGAGCT
CTTTCGCGGCAAAAAGGAG-39 and 59-GATCCTCCTTTTTGCCGCGAA

AGAGCT-39), E2FE2F1-B (59-CTAGAGGATTTGGCGCGTAAAAGTGG-39
and 59-GATCCCACTTTTACGCGCCAAATCCT-39), E2Fcdc2 (59-CTAGATT
TCTTTCGCGCTCTAGCCG-39 and 59-GATCCGGCTAGAGCGCGAAAGA
AAT-39), E2Fc-myc-wt (59-CTAGAGAGGCTTGGCGGGAAAAAG-39 and
59-GATCCTTTTTCCCGCCAAGCCTCT-39), E2Fc-myb-wt (59-CTAGACAG
ATTTGGCGGGAGGGGGG-39 and 59-GATCCCCCCCTCCCGCCAATCTG
T-39), and TK-SP1 (59-GATCCCGCGCCGCCCCGACT-39 and 59-CTAGAGT
CGGGGCGGCGCGG-39). For the E2F-c-myb mutants, the point mutations
indicated in Fig. 5C were used. Oligonucleotides were synthesized by AnaGen
Inc. and purified by denaturing polyacrylamide electrophoresis (54). Eluted
oligonucleotides were then purified by passage through SepPak C18 chromatog-
raphy columns (Waters). Complementary oligonucleotides were mixed at an
equimolar ratio in 10 mM Tris (pH 7.5)–50 mM NaCl, heated to 65°C, and
annealed by slow cooling to room temperature. Double-stranded oligonucleo-
tides (100 ng) were labeled by a Klenow fill-in reaction.

For binding reactions, the following components were mixed and preincubated
at room temperature for 20 min: 3 ml (5 to 10 mg) of nuclear extract, 7 ml of BFD
(20 mM HEPES [pH 7.9], 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM
DTT), 2 ml (20 mg) of purified bovine serum albumin (New England Biolabs), 0.4
ml (2 mg) of sheared salmon sperm DNA, and 11 ml of high-pressure liquid
chromatography-grade water. Unlabeled oligonucleotide competitors (100 ng)
and antibodies (1 mg of purified antibodies or 1 ml of crude polyclonal antibod-
ies) were also added to the initial mix prior to the preincubation step. Following
preincubation, the labeled oligonucleotides were added (1 ng), and the mixtures
were incubated for another 20 min at room temperature. Samples were then
loaded directly onto a running nondenaturing 4% acrylamide–0.1% bisacrylam-
ide gel (in 0.53 TBE [13 TBE is 90 mM Tris, 64.6 mM boric acid, and 2.5 mM
EDTA, pH 8.3]) at 4°C. Retarded complexes were visualized by autoradiography
(1 to 16 h at room temperature).

Antibodies against E2F1 (sc-193x), E2F2 (sc-632x), E2F3 (sc-879x), E2F4
(sc-512x), E2F5 (sc-1699x), Ets-1/Ets-2 (sc-112x), and SP-1 (sc-420x) were pur-
chased from Santa Cruz Biotechnology. The anti-c-Myc monoclonal antibody
(MAb) 9E10 was kindly provided by Alberto Gandarillas (Imperial Cancer
Research Fund, United Kingdom). The anti-p107 SD15 and anti-Rb N9 anti-
bodies have been previously described (13, 60) and were kindly provided by
Edward Harlow (Massachusetts General Hospital, Boston, Mass.) and William
Kaelin (Dana-Farber Cancer Institute, Boston, Mass.), respectively. The anti-
DP-1 polyclonal rabbit antiserum A33 was raised against a glutathione S-trans-
ferase–DP-1 fusion protein and will be described elsewhere. The preimmune
serum was obtained from the rabbit prior to immunization.

Methylation interference analysis. Methylation interference analysis was car-
ried out essentially as previously described (4). Double-stranded DNA probes
used for EMSAs were 32P labeled at either the 59 or 39 end as previously
described (4, 54) except that 200 ng of the probe was used. One-fourth of each
sample was then partially methylated with dimethyl sulfate for 3 min. For the
binding reaction, the EMSA protocol was scaled up sixfold and 5 3 106 to 10 3
106 cpm of probe was used. After electrophoresis, the samples were transferred
to a DEAE membrane with a semidry electrophoretic transfer unit, the mem-
brane was exposed for autoradiography, and the relevant bands were cut out and
eluted (61). The DNA was cleaved at the methylated bases by using 1 M
piperidine at 90°C for 30 min. The samples were loaded onto a 10% polyacryl-
amide-urea sequencing gel in 13 TBE running buffer.

RESULTS

The E2F element from the c-myb promoter binds a unique
factor(s) which does not interact with E2F elements from
several other promoters. EMSA was used to compare the
binding of nuclear factors to the E2F element in the c-myb
promoter relative to the E2F elements from several other
genes (Fig. 1). In nuclear extracts from the nontransformed
human lymphoblastoid cell line X50-7, we observed four major
protein complexes (a to d) which are common to each of the
probes tested (Fig. 2). Interestingly, different E2F sites show
different ratios of these complexes. In addition to complexes a
to d, the E2F element from the c-myb promoter forms a com-
plex (e) which is not observed with any of the other E2F
elements (Fig. 2). A fifth major band was also detected with the
E2FE2F1-A probe, but further analysis revealed that this band is
nonspecific (data not shown).

Competition experiments were performed to assess the
specificity of the protein-DNA interactions observed with the
E2F sites from the DHFR and c-myb promoters. As expected,
the formation of complexes a to d on the DHFR E2F site are
competed efficiently by each of the other E2F elements but not
by a mutant DHFR E2F element, indicating the presence of
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E2F or E2F-related factors in these complexes (Fig. 3A). The
binding of proteins in complexes a to d in assays using the
c-myb E2F element are competed efficiently by each of the
other E2F elements (Fig. 3B). In contrast, formation of com-

plex e on the c-myb E2F site is competed only by a self-
oligonucleotide, consistent with the apparent absence of a
band with similar mobility in assays using any other labeled
E2F element (Fig. 2). Therefore, the c-myb E2F element forms
a complex (referred to here as E2Fmyb-sp) which does not
interact with any other E2F element tested.

Identification of E2F and pRb family members in complexes
a to d, the DHFR and c-myb E2F elements: E2Fmyb-sp is not
recognized by antibodies against E2F or pRb family members.
Other investigators have found that DP-1 is a major compo-
nent of the vast majority of E2F-DNA complexes (28). With
X50-7 nuclear extracts and the E2F element from the DHFR
promoter, a DP-1 antibody effectively inhibits the formation of
complexes b to d and partially inhibits the formation of com-
plex(es) migrating at position a (Fig. 4). (Note that crude
rabbit polyclonal antiserum invariably results in a nonspecific
stabilization of protein-DNA interactions in our EMSA stud-
ies, and therefore the level of binding observed with the DP-1
and pRb antisera should be compared to that of the DP-1
preimmune sera [Fig. 4, Control].) With the DHFR and c-myb
probes, formation of complex b is specifically inhibited by an
anti-pRb antiserum, indicating that this complex is likely com-
posed primarily of pRb-associated E2Fs. A p107 antibody par-
tially inhibits the formation of complex a and presents a su-
pershifted band with each probe, indicating that p107 is a
component of at least some complexes migrating at this posi-
tion (Fig. 4). Importantly, the E2Fmyb-sp complex is unaf-
fected by either the DP-1, pRb, or p107 antibody (Fig. 4). In
addition, E2Fmyb-sp is not affected by the anti-E2F1, -2, -3, -4,
or -5 antibody (Fig. 4). In contrast, the anti-E2F4 antibody
effectively inhibits formation of complex c on the DHFR and
c-myb probes. In addition, the E2F4 antibody partially de-
creases the level of complex a and b, indicating the presence of
E2F4 in some pRb- and p107-containing complexes. The anti-

FIG. 1. (A) Schematic representation of several E2F-regulated cellular pro-
moters. Arrows indicate transcription initiation sites. (B) Alignment of E2F
elements from the DHFR, E2F1, cdc2, c-myc, and c-myb promoters.

FIG. 2. EMSA of E2F elements from different promoters. Complex forma-
tion in nuclear extracts from the lymphoblastoid cell line X50-7 and the indicated
radiolabeled E2F elements (Fig. 1) was analyzed by EMSA as described in
Materials and Methods. Protein-DNA complexes are indicated as a to e. DHFR,
c-myc, c-myb, and CDC2, oligonucleotides corresponding to the E2F sites within
the DHFR, c-myc, c-myb, and cdc2 promoters, respectively; E2F1-A and
E2F1-B, oligonucleotides corresponding to the two E2F sites found in the E2F1
promoter; n.s., a nonspecific complex.

FIG. 3. Identification of a DNA-binding species which interact solely with
the E2F elements within the c-myb promoter. Complexes formed with X50-7
nuclear extracts and radiolabeled E2F elements from the DHFR (A) and c-myb
(B) promoters were analyzed by EMSA. Reaction mixtures were preincubated in
the absence (None) or in the presence of a 100-fold excess of the indicated
unlabeled competitor oligonucleotides. Positions of complexes a to e are indi-
cated. DHFRwt, c-myc, c-myb, and CDC2, oligonucleotides corresponding to the
E2F sites within the DHFR, c-myc, c-myb, and cdc2 promoters, respectively;
E2F1-A and E2F1-B, oligonucleotides corresponding to the two E2F sites found
in the E2F1 promoter; DHFRmut, mutant DHFR probe.
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E2F5 antibody specifically inhibits complex d formation with
either the DHFR or the c-myb probe. Although the E2F1, -2,
and -3 antibodies did not significantly affect any complex (per-
haps due to low relative abundance), these antibodies were
able to specifically supershift corresponding E2F complexes in
extracts from cells transfected with E2F1, -2, or -3 expression
vectors (data not shown). Moreover, when these antibodies
were added together in combination with the E2F4 antibody,
formation of complex b was completely inhibited whereas
binding of complex e remained unaffected (data not shown). In
conclusion, the inability of any of these antibodies to affect
E2Fmyb-sp is consistent with the inability of various non-self
E2F oligonucleotides to compete for binding of these factors to
the c-myb E2F element. In addition, the inability of DP-1, E2F,
and p107 antibodies to completely block binding of complex
suggests the possibility that other factors are present in this
complex.

Distinct nucleotide sequence recognition by E2Fmyb-sp-
and E2F-containing complexes. Methylation interference anal-
ysis revealed no differences in sequence specificity for the bind-
ing of complexes a to d to the c-myb E2F element (Fig. 5A and
B). Methylation at positions 7, 8, 10, 11, 12, 13, and 14 of the
sense strand or position 9 on the antisense strand each pre-
vented binding of any of the E2F-containing complexes (a to
d). In contrast, methylation of position 7 or 8 (sense strand) or
9 (antisense strand) did not affect the formation of complex e,
but formation of this complex was inhibited by methylation of

positions 10 to 17 of the sense strand (Fig. 5A and B). There-
fore, the sequence-binding specificity of E2Fmyb-sp is distinct
from but overlapping that of E2F-containing complexes.

Based on these methylation interference data, c-myb E2F
site mutants were designed so as to interact specifically with
either E2F-containing complexes (E2Fmyb-m15,16), E2Fmyb-sp
factor(s) (E2Fmyb-m7-9), or neither (E2Fmyb-null) (Fig. 5C).
As shown in Fig. 5D, addition of competitor E2Fmyb-m7-9
oligonucleotide inhibited the formation of E2Fmyb-sp- but not
E2F-containing complexes (a to d) on the wild-type c-myb E2F
element (E2Fmyb-wt) (although a loss of the upper portion of
complex a was observed due to the loss of an SP-1-containing
complex which also binds E2Fmyb-m7-9 [see Fig. 6]). In con-
trast, E2Fmyb-m15,16 competed for binding of complexes a
(the faster-migrating portion), b, c, and d but not complex e,
indicating specificity for E2F proteins. As expected, E2Fmyb-wt
inhibited formation of all five complexes whereas E2Fmyb-null
did not affect the formation of any complex.

When the E2Fmyb-m7-9 was used as a probe, complex e was
detected (Fig. 5D). However, complex a was also observed with
E2Fmyb-m7-9, and this activity corresponds to the binding of
SP-1, which is shown below to bind both E2Fmyb-m7-9 and
E2Fmyb-wt (see Fig. 6). The binding of proteins in complexes
a and e to the E2Fmyb-m7-9 probe is inhibited by an excess of
cold E2Fmyb-wt and E2Fmyb-m7-9 but not E2Fmyb-m15,16
or E2Fmyb-null oligonucleotide (Fig. 5D).

With E2Fmyb-m15,16 as a probe, only complexes a to d are
observed; these complexes are competed by the E2Fmyb-wt
and E2Fmyb-m15,16 but not the E2Fmyb-m7-9 or E2Fmyb-
null oligonucleotide (Fig. 5D). Therefore, E2Fmyb-m15,16
specifically binds E2F-containing protein complexes.

SP-1 binds to the E2F element in the c-myb promoter. As
shown in Fig. 5D, binding of a factor(s) with the mobility of
complex a is evident with the E2Fmyb-m7-9 probe. To date, we
have tested a panel of different mutant oligonucleotides and
have been unable to genetically dissociate the binding of
E2Fmyb-sp-containing factor(s) and a factor(s) which binds
with the mobility of complex a (data not shown). This suggests
that the factor(s) that gives rise to complex a with E2Fmyb-
m7-9 as a probe interacts with sequences similar to those
required for the formation of the E2Fmyb-sp complex. We
have tested a variety of antibodies which recognize transcrip-
tion factors that are known to bind GC-rich sequences in
EMSAs in an attempt to identify this factor (data not shown
and Fig. 6). As shown in Fig. 6A, an antibody that recognizes
SP-1 abrogates the binding of proteins in complex a to
E2Fmyb-m7-9 but does not affect the binding of E2Fmyb-sp.
In contrast, an antibody which recognizes the transcription
factors Ets-1 and Ets-2 does not affect the binding of either
complex a or complex e. Therefore, SP-1 is a major component
of complex a with E2Fmyb-m7-9 as a probe. As shown in Fig.
6B, purified recombinant human SP-1 binds to both E2Fmyb
and E2Fmyc but not to E2Fdhfr, E2Fcdc2, E2FE2F1-A, or
E2FE2F1-B. However, the apparent affinity is significantly lower
than the observed affinity for a previously described SP-1 site
(TK-SP1).

We next tested whether SP-1 present in X50-7 nuclear ex-
tracts interacts with the E2Fmyb-wt probe. As shown in Fig.
6C, complex a consists of two closely migrating complexes, a9
and a0, which are specifically inhibited in the presence of anti-
SP-1 (lane 2) and DP-1 (lane 5) antibodies, respectively. More-
over, the combination of SP-1 and DP-1 antibodies (lane 6)
completely eliminates formation of both complexes, while the
combination of either SP-1 plus a preimmune DP-1 serum
(lane 3) or DP-1 plus c-Myc (lane 7) blocked the formation of
only complex a9 or a0, respectively. On the other hand, addition

FIG. 4. Identification of E2F or pRb family members in E2Fdhfr and
E2Fmyb protein-DNA complexes. Binding reactions were performed with X50-7
nuclear extracts and either DHFR (A and B) or c-myb (C and D) E2F site
probes. Extracts were preincubated in the absence (None) or in the presence of
antibodies against the indicated proteins for 20 min prior to addition of the
labeled probes. Control denotes a DP-1 preimmune rabbit polyclonal antibody.
A nonspecific increase in overall binding was noticed in the presence of crude
rabbit polyclonal antibodies (Control, DP-1, and pRb). Positions of complexes a
to e are indicated. (E) Summary of the results shown in panels A to D detailing
the composition of each of the specific complexes.
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of the SP-1 antibody did not affect any complex observed with
the E2Fdhfr and E2FE2F1-A probes (which do not bind SP-1
[Fig. 6B]), while addition of the anti-DP-1 antibody partially
decreases the amount of complex a in assays using these probes
(Fig. 6C and data not shown). We conclude that cellular SP-1
binds to the E2F site in the c-myb promoter and makes up a
fraction of the complexes that migrate at position a but does
not interact with the E2F sites in the DHFR, cdc2, and E2F1
promoters.

Analysis of E2Fmyb-sp complex in c-myb promoter function.
We have shown that a factor with biochemical properties dis-
tinct from those of known E2F proteins interacts with the
DNA-binding site that overlaps the E2F element in the c-myb
promoter. Using mutant or wild-type oligonucleotide probes,
we have determined that E2Fmyb-sp is significantly expressed
in every mammalian cell type tested to date, including 14
human cell lines from different tissues, primary T lymphocytes,

and NIH 3T3 cells (data not shown). We therefore assessed the
relative influence of E2F factors versus E2Fmyb-sp and/or
SP-1 on c-myb promoter activity in several cell lines. The c-myb
promoter was linked to a luciferase reporter gene, and muta-
tions were introduced into the E2F element of each promoter
which were shown in Fig. 5C to result in selective factor bind-
ing (Fig. 7A).

The results shown in Fig. 7B indicate that E2Fmyb-sp and/or
SP-1 contributes to the activity of the c-myb promoter in sev-
eral cell lines, although the relative contribution of E2F and
either E2Fmyb-sp/SP-1 may be cell line dependent. E2F fac-
tors play a lesser role than E2Fmyb-sp/SP-1 in the overall level
of promoter activity observed in asynchronous U2OS cells,
since myb(E2F)-Luc and myb(null)-Luc have similar activities
which are lower than those of myb(wt)-Luc or myb(myb-sp)-
Luc (Fig. 7B). On the other hand, in asynchronously growing
Jurkat and NIH 3T3 cells, the activity of myb(wt)-Luc is higher

FIG. 5. E2Fmyb-sp and E2F complexes interact with overlapping DNA sequences. (A) Methylation interference analysis of complexes a to e was performed with
X50-7 nuclear extracts and the E2Fmyb probe. Sequences of the sense and antisense strands are indicated adjacent to the gels. Triangles and squares indicate bases
whose methylation completely (filled) or partially (empty) blocked formation of complexes a to d (triangles) or e (squares). The cleavage pattern observed with an
unbound probe (F) is also shown. (B) Summary of methylation interference analysis shown in panel A. (C) Sequence of wild-type and mutant E2Fmyb probes. For each
mutant, alterations relative to the wild-type sequences are indicated by dots. (D) EMSA analysis of complexes formed between X50-7 nuclear factors and radiolabeled
E2Fmyb-wt, E2Fmyb-m7-9, and E2Fmyb-m15,16 probes. Reaction mixtures were incubated in the absence (None) or in the presence of a 100-fold excess of the
indicated unlabeled competitor oligonucleotides. Positions of complexes a to e are marked.
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than those of myb(E2F)-Luc and myb(myb-sp)-Luc, which are
higher (three- to sixfold) than that of myb(null)-Luc but similar
to each other. This suggests that E2F and either E2Fmyb-sp or
SP-1 may each contribute to the activation of the c-myb pro-
moter (perhaps at different phases of the cell cycle). To test this
possibility, we performed cell synchronization experiments in
NIH 3T3 cells. Although these cells do not enter a G0 state iden-
tical to that of primary fibroblasts (8), they are a useful system
to address events that occur after the G0/G1 transition. Accord-
ingly, the wild-type c-myb promoter is active in serum-starved
NIH 3T3 cells and does not dramatically increase following
serum stimulation. Significantly, the activity of myb(wt)-Luc
closely parallels the activity of myb(myb-sp)-Luc throughout
the cell cycle (Fig. 8A). Moreover, like the activity of myb(wt)-
Luc, the activity of myb(myb-sp)-Luc is significantly higher in
G0/G1 (0, 2, 4, and 8 h) than that of a mutant which selectively
binds E2F proteins [myb(E2F)-Luc], indicating that E2Fmyb-
sp and/or SP-1 are likely responsible for the observed activity

of the c-myb promoter during G1. During S and G2/M phases
(14 and 20 h after readdition of serum), E2F and/or either
E2Fmyb-sp or SP-1 may contribute to the elevated activity of
this promoter, since myb(E2F)-Luc and myb(myb-sp)-Luc are
more active than myb(null)-Luc but less active than myb(wt)-
Luc (Fig. 8A).

DISCUSSION

A large number of promoters contain potential E2F-binding
sites which, in many cases, have been shown to be key control-
ling elements governing the regulated expression of their cor-
responding genes. E2F sites in the cyclin A and the mouse TK
promoters function as repressor elements in growth-arrested
cells and as activators following the G1/S transition (29, 56).
On the other hand, although mutation of the E2F binding site
in several other promoters (B-myb, E2F1, E2F2, cdc6 and
orc-1) was shown to result in a dramatic increase in activity in
G0 and/or G1, the activity of such mutants during S phase was
not elevated relative to wild-type promoters (26, 27, 33, 34, 45,
48, 57, 72). Therefore, while the activation function of E2F
proteins bound to these promoters was not always clearly man-
ifested under the experimental conditions used, the influence
of the dominant repressor function of pRb family members
was consistently apparent.

While most genes studied to date which contain E2F ele-
ments are induced near the G1/S phase transition, some of the
genes which contain E2F elements are regulated either earlier
(e.g., c-myb and c-myc) or later (e.g., the cyclin A gene and
cdc2) in the cell cycle. The timing of cyclin A promoter acti-
vation is regulated through the coordinate action of E2F pro-
teins and another factor, CDF-1, which binds to an element
which is contiguous to the E2F element (37, 38). We have
found that the E2F element in the c-myb promoter binds dis-
tinct factors relative to the E2F elements from several other
promoters. Specifically, we have identified a novel binding ac-
tivity, E2Fmyb-sp, which interacts with the c-myb E2F element
but not several other E2F elements. In addition, we have
shown that SP-1 binds to the c-myb E2F element. With recom-
binant protein, however, the affinity of SP-1 for the c-myb E2F
element is significantly lower than its affinity for a prototypical
SP-1-binding site. Despite a low affinity for the c-myb E2F
element, the high abundance of SP-1 compared to E2F factors
may still allow it to contribute to c-myb promoter activation
under some circumstances. In this regard, SP-1 has been shown
to mediate serum responsiveness for other promoters such as
the ornithine decarboxylase gene promoter (32) and could
possibly contribute such a role in c-myb regulation.

We have not determined the identifies of the factor(s) in the
E2Fmyb-sp complex. CDF-1, a factor known to participate in
the timing of activation of other E2F element-containing
genes, is likely not E2Fmyb-sp since (i) CDF-1 interacts with
DNA through a bipartite binding site whose sequence is dis-
tinct from the myb-sp interaction sequence; and (ii) CDF-1 is
a repressor factor (37), while E2Fmyb-sp appears to be an
activator in every cell type tested to date. A transcription factor
database search suggested that MZF-1 (myeloid zinc finger 1)
may bind to the DNA sequence recognized by E2Fmyb-sp.
However, MZF-1 and E2Fmyb-sp do not appear to be the
same factor since UV cross-linking experiments indicated that
the molecular mass of E2Fmyb-sp is ca. 30 kDa (7a) whereas
that of MZF-1 is ca. 56 kDa (3). In addition, MZF-1 has been
shown to be a transcriptional repressor in nonhematopoietic
cells (16), while we have shown here that E2Fmyb-sp is a
transcriptional activator in different cellular types, including
the nonhematopoietic U2OS and NIH 3T3 cell lines. Although

FIG. 6. SP-1 binds to the c-myc and c-myb E2F elements. (A) Complex
formation in assays employing X50-7 nuclear extracts and a radiolabeled
E2Fmyb-m7-9 probe. Reaction mixtures were incubated in the absence (None)
or in the presence of the indicated antibodies (Ab). (B) Binding of recombinant
SP-1 to a TK-SP1 or to the indicated E2F elements. Binding reactions were
performed with 0.5 footprint units of baculovirus-generated SP-1 (Promega). (C)
Competition analysis of complexes formation in assays using X50-7 nuclear
extracts and either an E2Fmyb-wt (lanes 1 to 7) or E2Fdhfr (lanes 8 to 14) probe.
Reaction mixtures were incubated in the absence or in the presence of the
indicated antibodies: anti-SP-1 (lanes 2, 3, 5, 9, 10, and 13), preimmune anti-
DP-1 (P.I.; lanes 3, 4, 10, and 11), anti-DP-1 (lanes 5 to 7 and 12 to 14), and
anti-c-Myc (lanes 7 and 14).
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the inability to genetically dissociate the binding of E2Fmyb-sp
and SP-1 suggests that E2Fmyb-sp could be a member of the
SP-1 family, the low molecular weight of E2Fmyb-sp suggests
that it is different from the known prototypical SP-1 family
members. In addition, gel shift competition experiments
showed that an excess of cold oligonucleotide that binds SP-1
family members (TK-SP1) did not compete for binding of
E2Fmyb-sp but efficiently inhibited the binding of SP-1 family
members to itself (7a).

The DNA recognition sequence of E2Fmyb-sp clearly over-
laps the core E2F element sequence. Methylation interference
analysis indicates that binding of E2Fmyb-sp factor to DNA
requires direct contact with nucleotides that are required for
the binding of E2F molecules. This indicates that the binding
of E2Fmyb-sp and that of E2F are likely mutually exclusive,
suggesting that competition for binding to the c-myb E2F ele-
ment dictates the mode of regulation governing the expression
of the c-myb gene.

Using reporter plasmids bearing defined mutations within
the E2F element of the c-myb promoter, we have demon-
strated that E2Fmyb-sp and/or SP-1 proteins contribute more
significantly to c-myb promoter activity than E2F factors in
cycling U2OS. The same was also observed in X50-7 cells
(our unpublished observations). In contrast, both E2F and
E2Fmyb-sp/SP-1 could potentially contribute similarly to
c-myb promoter activation in cycling Jurkat and NIH 3T3 cells,
suggesting that each may play a role at different phases of the
cell cycle. In this regard, our results indicate that E2Fmyb-sp
and/or SP-1 are required for full activity of the c-myb promoter
during the G1 phase of the cell cycle, while both E2F and
E2Fmyb-sp/SP-1 could potentially contribute similarly to the
overall activity of the c-myb promoter during the S phase.
These data suggest that binding of each factor might prevail
over binding of the others at different phases of the cell cycle.
Although by EMSA analysis we did not observe significant
differences in the E2F/E2Fmyb-sp/SP-1 DNA-binding ratio
throughout the cell cycle (7a), it is possible that factors gov-
erning chromatin structure determine site occupancy by either
E2F or E2Fmyb-sp/SP-1 in vivo. Alternatively, protein modi-
fications which control DNA binding affinities of these factors
may not be maintained during preparation of nuclear extracts.
The differences observed in the contribution of E2F factors in
the overall activity of the c-myb promoter among different cell
lines might be attributed to differences in cell growth, which
might be more vigorous in NIH 3T3 and Jurkat cells than in
U2OS or X50-7 cells. In addition, Hofferer et al. (25) have
shown that UV or gamma irradiation induces the level of E2F
DNA-binding activity (likely by increasing E2F protein levels),
suggesting that the cell environment may also affect the rela-
tive contribution of E2F to the activity of the c-myb promoter.
Therefore, a number of factors regulating the DNA-binding
activity of the various proteins that interact with the c-myb E2F

FIG. 7. Functional regulation of the c-myb promoter through the E2F ele-
ment in asynchronous cells. (A) Schematic representation of the luciferase re-
porter plasmids used in panel B and Fig. 8. Wild-type (solid box) and mutant
(dashed box) E2F and E2Fmyb-sp binding sites are shown as boxes; the presence
of other elements in the c-myb promoter which were left unmodified is repre-
sented as semicircles labeled X and Y. (B) The indicated myb-Luc reporter
plasmids containing wild-type or mutant E2F elements were cotransfected with
pCMV-bgal into asynchronously growing Jurkat, U2OS, and NIH 3T3 cells; 40 h
later, cell extracts were prepared and luciferase and b-galactosidase assays were
performed. Luciferase values were normalized for b-galactosidase activity and
represent the means of at least four different experiments. Luciferase activities of
the indicated promoter reporter plasmids relative to cells transfected with myb-
(null)-Luc 6 standard deviation (error bars) are shown.
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element will dictate whether they are subject to control by
either E2Fmyb-sp, SP-1, or E2F protein.

Results from previous experiments suggest that a cyclin A-
associated kinase negatively regulates the DNA-binding activ-
ity of E2F1, -2, and -3 through its interaction with a cyclin-
binding domain that is present in the amino termini of these
factors, while the absence of this domain in E2F4 and -5 allows
these members to escape this regulatory pathway (28, 31). In
this report, we have provided evidence suggesting the existence
of a more general mechanism that negatively regulates the in-
teraction of all E2F family members with certain DNA-binding
sites through the occupation of these sites by non-E2F factors.

Finally, our findings may be relevant to the possible role of
c-myb overexpression in oncogenesis. Since E2Fmyb-sp or
SP-1 is required for full activation of the c-myb gene, it is
possible that deregulated expression of these factors in some
cases contributes to the overexpression of c-myb which has
been observed in multiple tumors (2, 14, 15, 20, 50, 62, 63, 66,
67, 73).
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