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ABSTRACT

The cdc25C , cdc2  and cyclin A  promoters are controlled
by transcriptional repression through two contiguous
protein binding sites, termed the CDE and CHR. In the
present study we have identified a factor, CDF-1, which
interacts with the  cdc25C  CDE–CHR module. CDF-1
binds to the CDE in the major groove and to the CHR
in the minor grove in a cooperative fashion in vitro , in
a manner similar to that seen by genomic footprinting.
In agreement with in vivo  binding data and its putative
function as a periodic repressor, DNA binding by
CDF-1 in nuclear extracts is down-regulated during cell
cycle progression. CDF-1 also binds avidly to the
CDE–CHR modules of the  cdc2  and cyclin A  promoters,
but not to the E2F site in the B- myb  promoter.
Conversely, E2F complexes do not recognize the
cdc25C  CDE–CHR and CDF-1 is immunologically
unrelated to all known E2F and DP family members.
This indicates that E2F- and CDF-mediated repression
is controlled by different factors acting at different
stages during the cell cycle. While E2F-mediated
repression seems to be associated with genes that are
up-regulated early (around mid G 1), such as B- myb ,
CDE–CHR-controlled genes, such as cdc25C , cdc2
and cyclin A , become derepressed later. Finally, the
fractionation of native nuclear extracts on glycerol
gradients leads to separation of CDF-1 from both E2F
complexes and pocket proteins of the pRb family. This
emphasizes the conclusion that CDF-1 is not an E2F
family member and points to profound differences in
the cell cycle regulation of CDF-1 and E2F.

INTRODUCTION

Transcriptional repression has turned out to be a major mechanism
of gene regulation during the cell cycle. A group of genes has been
identified whose transcription is blocked early during the cell cycle
by complexes consisting of the transcription factor E2F and pocket
proteins of the pRb family including B-myb, E2F-1, p107  and orc-1.

All these genes become derepressed prior to S phase entry. We have
identified a second group of genes which is expressed later during
the cell cycle and seems to be controlled by a different mechanism
of transcriptional repression. When the cdc25C promoter, which is
up-regulated in late S/G2, was studied by in vivo footprinting and
mutational analysis a novel repressor element, the cell cycle-
dependent element (CDE), was identified. The CDE is occupied in
G0/G1 and its occupation is lost in G2, when cdc25C is expressed.
That CDE-mediated repression plays a role in regulating other
promoters as well was shown by the presence of functional CDEs
in the cyclin A and cdc2 promoters, which reach their maximum
expression in S/G2. These studies also led to the discovery of an
additional element contiguous with the CDE, which is identical in
all three promoters. This element was termed the cell cycle genes
homology region (CHR). Mutation of either the CDE or the CHR
in the cdc25C, cdc2 or cyclin A promoter largely abolishes
repression in G0. These functional data were supported by the
demonstration of G0/G1-specific protein binding to both the CDE
and CHR in genomic footprinting. Interestingly, the CDE is
contacted in the major groove of DNA while binding to the CHR
occurs in the minor groove. Meanwhile, two other genes which are
expressed late during the cell cycle and contain CDE–CHR modules
in their promoters have been described, i.e. the centromeric histone
H3 homolog CENP-A  and the Polo-like kinase PLK.

In the present study we have identified the cdc25C CDE–CHR
binding activity, CDE–CHR binding factor-1 (CDF-1). We provide
compelling evidence that CDF-1 behaves in vitro as expected from
the results obtained by in vivo footprinting and in functional assays.
In addition, we show that CDF-1 also interacts with the CDE–CHR
repressor elements in the cyclin A and cdc2 promoters and provide
an initial biochemical characterization of this novel activity.

MATERIALS AND METHODS

Cell culture, DNA transfection and luciferase assays

NIH 3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal calf serum. For synchronization
in G0 cells were maintained in serum-free medium for 2 days.
HeLa cells were grown in S-MEM plus 5% newborn calf serum.
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NIH 3T3 cells were transfected by the DEAE–dextran technique
and luciferase activities were determined as described.

Sequence analysis and luciferase constructs

The cdc25C and B-myb promoter-driven luciferase constructs
have been described elsewhere. Mutations were introduced by
PCR strategies as previously described.

Protein binding assays

Electrophoretic mobility shift assays (EMSAs) were performed
as described previously. Briefly, nuclear extract (4 µg) was
incubated in 12 µl buffer containing 50 mM Tris–HCl, pH 8.0,
10% (v/v) glycerol, 0.2 mM EDTA, 1 mM DTT, 0.8% sodium
deoxycholate and 1 µg poly(dA/dT) for 10 min. NP-40 was added
to a final concentration of 1.5% and incubation was continued for
another 20 min. 32P-Labeled probe (0.2 pmol) was added and the
reaction mixture incubated for another 20 min. All reactions were
performed on ice. Probes were labeled by filling-in 5′ overhang-
ing ends. The following double-stranded probes were used for
EMSAs: cdc25C-wt, 5′-ACTGGGCTGGCGGAAGGTTTGAAT-
GGTCAA (CDE bold, CHR italic); T1, T4, T7 (also referred to as
cdc25C-mCDE), A8 and C9 are mutated at positions –19, –16, –13,
–12 and –11 respectively as described; cdc25C –10/–7, 5′-ACTGG-
GCTGGCGGActtgTTGAATGGTCAA; cdc25C –6/–3 (also
referred to as cdc25C-mCHR), 5′-ACTGGGCTGGCGGAAGGT-
ggtcATGGTCAA; cdc25C –1/+2, 5′-ACTGGGCTGGCGGAAG-
GTTTGAAggtTCAA; cdc25C –2, 5′-ACTGGGCTGGCGGAA-
GGTTTGAcTGGTCAA. The sequences of all other
oligonucleotides, including B-myb, have been described elsewhere.
The random oligonucleotide contains an irrelevant sequence. DP-1
antibodies were kindly provided by N.La Thangue (Glasgow). All
other antibodies were purchased from Santa Cruz (SC-251X,
SC-632X, SC-879X, SC-512X, SC-999X and SC-830X). In vitro
dimethylsulfate (DMS) methylation protection footprinting was
performed as described.

Genomic footprinting of stable transfectants

For the generation of stable cell lines the wild-type cdc25C
luciferase construct C290 and the CHR mutant C290mCHR5/6
(TTTGAA mutated to TagGAA) were inserted into the pAGLu
vector, which contains a matrix attachment region (MAR/SAR),
and introduced into NIH 3T3 cells by electroporation. Stably
transfected clones were isolated under G418 selection and
analyzed for luciferase expression in quiescent and growing cells.
Clones with the expected expression pattern were expanded and
analyzed by genomic footprinting as described with the exception
that the first primer (P1) was specific for the luciferase gene
(5′-GTAACACAAAGGAATTCAAGC).

Glycerol gradient centrifugation

HeLa nuclear extract was dialyzed against a buffer containing
50 mM Tris–HCl, 100 mM NaCl, 1 mM DTT and proteinase
inhibitors. Two hundred microliters of the dialyzed extract were
applied to 2 ml gradients of 5–20% glycerol and centrifuged at
45 000 r.p.m. for 18 h. Samples were collected in 20 fractions
starting at the top of the gradient. Pocket proteins were identified

by immunoblotting using a mixture of antibodies against pRb,
p107 and p130 (Santa Cruz; SC-50-G, SC-250X and SC-317X).

RESULTS

Delineation of the cdc25C CHR

One important requirement for identification of CDE–CHR
binding protein(s) is the establishment of correlations between the
ability of such proteins to interact with mutated repressor elements
and the function of such mutated elements in cell cycle regulation.
We have previously defined the consensus sequence of the CDE as
G/C G C/T G G/C (GGCGG in cdc25C). For the CHR, however,
such information is not yet available. In order to delineate the
borders of the CHR and to identify critical nucleotide positions we
introduced a number of point, triple and quadruple mutations into
the CHR of the cdc25C promoter and analyzed the function of
these mutant constructs by measuring their repression in NIH 3T3
cells synchronized in G0. The data in Figure 1 clearly show that the
CHR extends from –7 to –2 and that all nucleotide positions in this
region are crucial. In contrast, the nucleotide positions between the
CDE and the CHR (–11 to –8, AAGG) and the nucleotides
downstream of the CHR (≥–1, TGG…) can be altered without

Figure 1. Structure–function analysis of the cdc25C CHR. cdc25C promoter
constructs (based on C290; with mutations in the CHR region were analyzed
for cell cycle regulation in NIH 3T3 cells. Positions –16 to –12 represent the
CDE defined previously. Results of transient luciferase assays are expressed as
the ratio of RLUs observed with growing cells relative to the activity in
quiescent cells. The results shown summarize the data of four independent
experiments using at least two independent preparations of plasmid DNA.
Values represent averages; standard deviations are indicated by error bars. An
SV40 reporter plasmid was included in each experiment to standardize the
factor of induction (the SV40 reporter typically gave a 1.5-fold higher value in
growing compared with quiescent cells).
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Figure 2. Detection of major groove contacts in vivo by genomic DMS
footprinting in the cdc25C wild-type C290 construct and the CHR mutant
C290-mCHR5/6 stably transfected into NIH 3T3 cells. Protection of two
constitutively occupied NF-Y binding sites and the CDE are indicated. Note the
loss of protection of the CDE in the case of C290-mCHR5/6, indicating
cooperative binding to the CDE and CHR in vivo.

detectable effects on repressor function. The cdc25C CHR can thus
be defined as the sequence TTTGAA.

In vivo CDE occupation is dependent on an intact CHR

Previous data have clearly shown that the CDE and CHR in
different promoters function in a synergistic way, since mutations
in either element destroy repression in G0. This could mean that
the interacting factor(s) binds cooperatively to both elements.
Obviously, this information is of great importance for the
biochemical identification of such a factor(s). We therefore sought
to clarify this question by genomic footprinting of a stably
transfected NIH 3T3 cell line carrying a cdc25C promoter construct
with an inactivating mutation in the CHR (cdc25C-mCHR5/6,
TTTGAA changed to TagGAA). Figure 2 shows that the expected
protection pattern was observed in a control line stably expressing
a wild-type cdc25C promoter construct. In contrast, the cell line
harboring the cdc25C promoter with the CHR mutation did not
show any protection in the region of the CDE and the mutated CHR,
while occupation of two constitutive upstream binding sites for
NF-Y was unchanged in the mutant promoter. We therefore
conclude that CDE occupation is dependent on an intact CHR,
indicating cooperative binding in vivo. This conclusion is supported
by the observation that insertion of either 5 or 10 bp between the
CDE and the CHR in the cdc25C promoter abrogates repression
(data not shown).

Figure 3. Ability of cdc25C CDE–CHR mutants to confer cell cycle regulation
and to bind CDF-1. Functional data were obtained by transient transfection of
luciferase constructs and analyzing their activity in G0 cells. +, ratio
mutant:wild-type <2; –, ratio mutant:wild-type >3. Binding properties were
analyzed by EMSA using HeLa nuclear extract and the probe shown at the top
in the presence of the competitors indicated above the autoradiograph (numbers
refer to the positions in the cdc25C promoter; letters indicate the substituted
nucleotide; e.g. T–19 contains a T at position –19 instead of a G).

Identification of CDF-1

Electrophoretic mobility shift analysis (EMSA) of HeLa cell
nuclear extract led to the identification of an activity that interacts
in a cooperative fashion with both the CDE and the CHR of the
cdc25C promoter (Fig. 3). In addition, binding of this activity to
mutant repressor elements strongly correlated with the functional
properties of these elements. Thus mutants T–19, C–11 and –1/+2,
which all exhibited a wild-type-like repressor function, showed the
same ability to compete in the binding assay as the wild-type
sequence (self-competition). In contrast, six other mutants in the
CDE–CHR region exhibiting decreased or impaired repression in
G0 cells also showed a diminished ability to compete for binding.
The observed cooperative binding taken together with the
correlations established by the structure–function analysis are in
perfect agreement with the expected properties of the CDE–CHR
binding factor. We refer to this activity in the following as CDF-1.

Interestingly, CDF-1 was detectable in HeLa nuclear extracts
only in the presence of NP-40 and deoxycholate (unpublished
observations), which might point to the presence in these extracts
of an inhibitory activity interacting with CDF-1 and interfering
with its DNA binding. For this reason the subsequent DNA
binding studies with HeLa nuclear extract were carried out in the
presence of these detergents.

In vitro footprinting shows that CDF-1 contacts the CDE in
the major groove and the CHR in the minor groove

In order to obtain additional evidence that CDF-1 is the activity
interacting with the repressor elements in vivo, we analyzed the
interaction of CDF-1 with DNA by DMS methylation protection
footprinting in vitro. We have previously shown that in vivo the
CDE is contacted in the major groove, while the CHR is occupied
in the minor groove. A very similar result was obtained by in vitro
footprinting of the upper strand. Figure 4 shows specific
protection of the four G residues in the CDE, indicating major
groove contacts, and of the two A residues in the CHR, indicating
minor groove contacts. The mode of interaction between CDF-1
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Figure 4. In vitro methylation protection footprinting of CDF-1 and free
cdc25C probe after separation by EMSA. Open circles indicate minor groove
contacts of adenines (N-3) within the CHR, filled circles indicate major groove
contacts of guanines (N-7) in the CDE.

and the CDE–CHR in vitro is thus fully compatible with the
observations made in vivo.

CDF-1 interaction with the CDE–CHR is cell cycle
regulated

We next sought to establish that the activity identified above
shows the expected pattern of cell cycle-regulated DNA binding.
For this investigation we had to switch to NIH 3T3 cells, since the
cell cycle in HeLa cells is deregulated. NIH 3T3 cells were serum
deprived for 48 h, restimulated with 10% FCS and nuclear
extracts were analyzed by EMSA using the cdc25C CDE–CHR
probe in the absence of detergents. The data in Figure 5A clearly
show CDF-1 activity (identified by its co-migration with HeLa
CDF-1) in quiescent cells and at 6 and 12 h post-stimulation. At
later time points between 16 and 24 h, however, CDF-1 binding
activity was greatly diminished. This pattern was inversely
correlated with expression of CDC2 (Fig. 5B), whose transcrip-

Figure 5. Cell cycle regulation of CDF-1. (A) Nuclear extracts from quiescent
and serum-stimulated NIH 3T3 cells at different times after stimulation were
analyzed by EMSA in the absence of detergents. The CDF-1 complex was
identified by virtue of its co-migration with the HeLa complex and its lack of
binding to cdc25C probes mutated in the CDE or CHR (not shown). The two
bands below CDF-1 are NIH 3T3 specific, but also seem to be cell cycle
regulated. The other bands are non-specific. (B) The same extracts as in (A) were
analyzed for CDC2 expression by immunoblotting.

tion is controlled by a CDE–CHR repressor module. Thus the
kinetics of CDF-1 binding to DNA are in perfect agreement with
its presumptive function as a cell cycle-regulated repressor.

CDF-1 interaction with multiple promoters containing
CDE–CHR modules

Our previous studies have shown that functional CDE–CHR
modules are present in different promoters, including cdc25C,
cdc2 and cyclin A. In addition, a similar configuration of binding
sites is found in the B-myb promoter, where an E2F site with a
sequence similar to the cdc25C CDE is located immediately
upstream of a CHR-like element. It was therefore of obvious
interest to investigate whether the CDF-1 activity identified
above would interact with the repressor sites in these promoters.
The experiment shown in Figure 5A provides a clear answer to
this question. Both CDE–CHR-containing promoters, i.e. cdc2
and cyclin A, bind the CDF-1 activity with a similar efficiency as
the cdc25C promoter. In all three cases binding was dependent on
cooperative binding to both the CDE and CHR, since mutation in
either site impaired competition with the cdc25C probe. At an
identical ratio of probe to competitor (1:20) competition by the
B-myb promoter E2FBS–CHR module was insignificant (Fig. 6),
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Figure 6. Interaction of CDF-1 with different promoters. EMSA was carried out
with nuclear extract and the cdc25C CDE–CHR as probe in the presence of various
competitors, including the cdc25C CDE–CHR (self-competition), the cyclin A
CDE–CHR, the cdc2 CDE–CHR and the B-myb E2FBS–CHR. Each competitor
was used as the wild-type sequence and with inactivating mutations in the CDE,
E2FBS or CHR (see Materials and Methods for details). The ratio of probe to
competitor was 1:20 in each case. Random, irrelevant oligonucleotide competitor.

although some competition could be seen at higher competitor
concentrations (data not shown). The fact that the CDF-1 activity
shows a strong and selective interaction with all three CDE–CHR-
containing promoters provides additional evidence for the relevance
of the activity identified in the present study.

CDF-1 does not contain known E2F family members

In view of the similarity of the CDE with an E2FBS we sought
to investigate whether the CDE–CHR binding activity identified
above might contain known E2F or DP family members. For this
purpose, EMSA was performed in the presence of antibodies
directed against specific DP and E2F proteins. All of these
antibodies have been shown to either induce supershifts or
extinguish binding in different settings (17; unpublished
observations). However, the results depicted in Figure 7 clearly
show that none of the antibodies used affected complex formation,
indicating that CDF-1 does not contain any of the known E2F or
DP family members. This finding also implies that the cdc25C
CDE–CHR sequence does not interact with E2F complexes
present in HeLa nuclear extracts. In agreement with this conclusion
we could not detect binding of recombinant GST–E2F or GST–DP
proteins in any combination of the eight known family members
to the cdc25C CDE–CHR sequence, whereas strong binding to
the B-myb E2FBS was observed under the same conditions
(K.Engeland and N.Liu, unpublished observations).

CDF-1 does not co-fractionate with E2F and pocket
proteins

We finally asked the question whether CDF-1 might associate
with, and thus be regulated by, pocket proteins of the pRb family.
For this purpose we separated the nuclear protein (complexes)

Figure 7. Effect of DP/E2F family-specific antibodies on CDF-1–DNA
complex formation. The EMSA reactions were performed with HeLa nuclear
extract in the presence or absence of different antibodies previously shown to
be able to supershift or extinguish E2F complexes (see text).

from HeLa cells under native conditions by glycerol gradient
centrifugation. Fractions were analyzed by EMSA for both
CDF-1 and E2F binding activities (in the presence of detergent,
which disrupts higher order complexes) and by immunoblotting
for the presence of pocket proteins. The data in Figure 8 show that
E2F binding activity was found in fractions 2–10, while pocket
proteins (pRb, p107 and p130) were present in fractions 4–10, but
not in fraction 2. Thus fraction 2 contains ‘free’ E2F, while
fractions 4–10 contain the higher order E2F–pocket protein
complexes. Strikingly, CDF-1 was detectable in fraction 2 and
was not found in fractions 4–10, which contained the pocket
proteins. This finding suggests that these proteins may not form
complexes with the bulk of CDF-1.

DISCUSSION

The major goal of the present study was to identify the cdc25C
CDE–CHR binding activity. Using specific EMSA conditions we
were able to identify an activity (CDF-1) that fulfils the criteria
expected of a CDE–CHR binding repressor. First, CDF-1
interacts in a cooperative fashion with the CDE and the CHR in

Figure 8. Glycerol gradient centrifugation of nuclear HeLa cell extract under
native conditions. (A) EMSA using the cdc25C CDE–CHR probe to detect
CDF-1 binding activity. (B) EMSA using the B-myb E2F binding site as probe
to detect E2F binding activity. The EMSA was performed in the presence of
detergent which disrupts higher order complexes. (C) Immunoblot of the same
fractions using a mixture of antibodies against pRb, p107 and p130.
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the cdc25C promoter (Fig. 3), which is in agreement with the
CHR-dependent occupation of the CDE seen in vivo (Fig. 2).
Second, CDF-1 interacts with G residues in the CDE (major
groove) and with A residues in the CHR (minor groove) (Fig. 4).
This protection pattern is identical to that found by in vivo
footprinting. Third, the binding of CDF-1 to sequences contain-
ing mutated CDE or CHR motifs correlates precisely with the
function of such mutated elements in cell cycle-regulated
repression (Fig. 3). Fourth, the DNA binding activity of CDF-1
is clearly cell cycle regulated and is inversely correlated with
expression of the CDC2 gene, whose transcription is controlled
by a CDE–CHR repressor module (Fig. 5). Fifth, CDF-1 binds
with similar efficiency to all known CDE–CHR-regulated
promoters, i.e. cdc25C, cdc2 and cyclin A, but only weakly to the
B-myb E2F site (Fig. 6). In each case this binding was dependent
on the presence of intact versions of the CDE and CHR. Taken
together these findings are compelling evidence that CDF-1
represents the CDE–CHR interacting repressor.

It is now well established that transcriptional repression plays
a major role in control of cell cycle genes. One of the factors
implicated in cell cycle-regulated repression is E2F, which can
form DNA binding repressor complexes through its interaction with
pocket proteins, such as pRb. Pocket proteins are endowed with
repressor domains which are able to interact with and inhibit other
promoter-bound transcription factors and thereby down-modulate
transcription. Among the promoters controlled by transcriptional
repression through E2F sites are E2F-1, orc-1 and B-myb. However,
the mechanism of B-myb gene repression deviates from all models
proposed for the action of E2F in that it requires a second element
located directly downstream of the E2F site, termed the B-myb
CHR or DRS. This observation is very similar to those made with
other promoters, such as cdc25C, cdc2 and cyclin A, which are
periodically repressed through two cooperating elements, the
CDE and the adjacent CHR. This raises the possibility that similar
factors might be involved in repression of B-myb and the
CDE–CHR-regulated promoters, such as cdc25C. In this study
we present clear evidence that this is not the case: E2F complexes
do not interact with the cdc25C promoter (Fig. 7), while CDF-1
does not bind the B-myb promoter under conditions where a
strong interaction is seen with the cdc25C, cdc2 and cyclin A
promoters (Fig. 6). This conclusion is supported by our
observation (not shown) that recombinant E2F complexes bind
avidly to the B-myb E2F site but not at all to the cdc25C promoter.
Interestingly, the E2F-repressed B-myb gene is up-regulated
around mid G1, while the CDF-1-controlled genes cdc25C, cdc2
and cyclin A become derepressed later. These data strongly
suggest that E2F and CDF-1 exert phase-specific roles in the
repression of genes during the cell cycle.

E2F and CDF-1 not only differ in their target specificity but
apparently also with respect to their regulation during the cell
cycle. It is now well established that the function of E2F as a
transcriptional repressor is dependent on its association with
pocket proteins, which seem to endow the complex with an active
repressor domain. In contrast, our results suggest that CDF-1 does
not form complexes with pocket proteins. Thus pocket proteins
co-migrated with a fraction of E2F but not with CDF-1 on native
glycerol gradients (Fig. 8). This conclusion is supported by the
observation that the CDF-1 complex seen in EMSA experiments

with NIH 3T3 nuclear extracts (Fig. 5A) showed an unchanged
mobility in the presence of detergents which disrupt higher order
E2F complexes (data not shown). It cannot, however, be excluded
that a minor fraction of CDF-1, below the detection limit of the
experiments in Figures 5A and 8, forms complexes with pocket
proteins, even though the physiological relevance of such a
situation could not easily be explained. Our observations
therefore suggest that the bulk of CDF-1 activity is regulated by
other mechanisms, perhaps phosphorylation or interaction with
another factor(s) blocking its DNA binding domain. The fact that
CDF-1 is detectable in HeLa cell extract only in the presence of
detergent (see Results) may point to the existence of such a
putative inhibitory factor. These questions cannot be clarified at
present, but have to await the purification and cloning of CDF-1.
The present study should provide the basis for this future work.
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