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ABSTRACT

The cdc25C phosphatase participates in regulating
transition from the G2 phase of the cell cycle to
mitosis by dephosphorylating cyclin-dependent
kinase 1. The tumor suppressor p53 down-regulates
expression of cdc25C as part of G2/M checkpoint
control. Transcription of cdc25C oscillates during
the cell cycle with no expression in resting cells and
maximum transcription in G2. We had identified
earlier a new mechanism of cell cycle-dependent
transcription that is regulated by a cell cycle-
dependent element (CDE) in conjunction with a cell
cycle genes homology region (CHR). The human
cdc25C gene was the first example. CDE/CHR
tandem elements have since been found in
promoters of many cell cycle genes. Here we show
that the mouse cdc25C gene is regulated by a CHR but
does not hold a CDE. Therefore, it is the first identified
gene with CHR-dependent transcriptional regulation
during the cell cycle not relying on a CDE located
upstream of it. The CHR leads to repression of
cdc25C transcription early in the cell cycle and
directs a release of this repression in G2. Furthermore,
we find that this CHR can cooperate in cell cycle-
dependent transcription with elements placed directly
upstream of it binding E2F, Sp1 or Sp3 transcription
factors.

INTRODUCTION

The phase transitions of the cell division cycle are, in part,
regulated through phosphorylation. The phosphatase cdc25C is
a main regulator involved in transition from the G2 phase to
mitosis in the cell division cycle (1,2). Microinjection of an
antibody against cdc25C into HeLa cells leads to an inhibition

of cell cycle progression before mitosis (3). Consistent with its
function at the time of passage from G2 to mitosis, mRNA
levels of cdc25C change periodically during the cell cycle.
Only small amounts are found in G1 and increasing concentrations
are observed in S phase with maximum levels in G2 (2).

Transcriptional regulation during the mammalian cell cycle
has so far been mostly associated with the function of the E2F
family of transcription factors and the retinoblastoma tumor
suppressor protein pRb (4,5). Heterodimers formed by E2F
and DP components are able to activate transcription of cell
cycle promoters in late G1 and S phase. In G0 and early G1,
complex formation of the retinoblastoma tumor suppressor
pRb family of proteins with E2F/DP represses transcription.
Transition from this repression in the early phase of the cell
cycle to activation at later times is controlled by phosphorylation
of pRb-family members (6,7).

More recently we have identified another mechanism by
which gene transcription can be regulated in a cell cycle-
dependent manner. This mechanism employs a tandem
transcriptional element composed of the cell cycle-dependent
element (CDE) and the cell cycle genes homology region
(CHR). The fluctuations in mRNA levels from genes like
cdc25C, cyclin A, cyclin B2 and cdc2 (cdk1) are dependent on
differential transcription due to these tandem repressor
elements in their promoters. CDE/CHR sites regulate the
promoters by repression in G0 and G1 and release from repression
later in the cell cycle (8–10). Both halves of the CDE/CHR
element are required for transcriptional repression in G0 and
G1. Inactivation of either the CDE or the CHR leads to deregula-
tion of transcription with high expression levels already in
early phases of the cell cycle. The proteins regulating through
CDE/CHR elements have so far only been described poorly. A
factor called CDF-1, which is different from E2F, has been
shown by one group to bind to some CDE/CHR elements (11).
However, this factor has resisted cloning and further molecular
characterization. The cdc2 and cyclin A promoters were shown
to bind E2F to the CDE half of the CDE/CHR site (12).
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In the human cdc25C promoter a recognition site for the
tumor suppressor p53 has been described. This site can bind p53
and is able to activate transcription in response to co-transfection
of a p53-expressing plasmid, at least when artificially placed
adjacent to the adenovirus E1b minimal promoter (13). We
have demonstrated that transcription of cdc25C is repressed by
p53. This down-regulation of cdc25C is not contingent upon
the p53 site in its promoter but depends on CCAAT boxes. The
down-regulation of cdc25C is part of the G2/M checkpoint
control by p53 (14,15).

The trimeric nuclear transcription factor Y (NF-Y) binds to
these CCAAT boxes and is the major activator for CDE/CHR-
regulated promoters (8). NF-Y binding activity varies during
the cell cycle. However, it only contributes as a general activator
to the typical cell cycle-dependent expression of genes like
cyclin B2. Concentration of its NF-YA subunit decreases only
after the peak expression in G2 of the CDE/CHR genes has
already been reached. NF-Y binding activity is also present in
G1, at which time these cell cycle genes are not expressed (16).
Another important transcriptional activator is Sp1. It binds to
GC boxes and is the first identified member of a larger family
of transcription factors (17). Sp1 was also recognized as a factor
involved in transcription of the cell cycle genes, particularly
through cooperation with E2F or pRb (18–20).

Here we describe the first CHR element that does not rely on
intact CDE or E2F sites upstream of it to confer cell cycle-
dependent transcription. The cdc25C CHR can cooperate with
E2F and Sp1/3 sites in regulating promoter activity during the
cell cycle.

MATERIALS AND METHODS

Cloning of the cdc25C promoter and plasmid constructs

The cdc25C genomic DNA upstream of the start codon was
amplified from the adaptor-ligated Mouse GenomeWalker
library (Clontech, Palo Alto, CA) by primer walking. The
series of PCRs started with two nested gene-specific primers
derived from the 5′ end of the cDNA (GenBank accession nos
L16926 and L16994): CDCMO2-3′, 5′-ACAGAATGCTTA-
GGTTTGCCGAGTCG-3′; CDMO1-3′, 5′-GTCTAGGTACC-
TCTAGAGTGGGATAGGTCCTGTAGACATGAC-3′. After
the last walking step the m25C-wt-luci construct was obtained
by PCR amplification with the primers M25C-5′, 5′-
GACCCAAGCTTCTGGTCTGCTGCCACCACCATCACT-
AAACCCGCC-3′, and M25C-3′, 5′-CTGTAGCCATGGCTT-
CAGAGTCTTCACCGAGGGAGGTGGG-3′, followed by
cloning (HindIII/NcoI) in pGL3-Basic (Promega, Mannheim,
Germany). In two independent experiments from different
genomic DNA samples clones were obtained and sequencing of
both strands yielded an identical sequence for both clones,
which was submitted to the database (GenBank accession no.
AF450244). The m25C-wt-luci 1302 bp promoter construct
drives expression of firefly luciferase as reporter. The sequence of
the human cdc25C promoter, including the segment close to the
coding sequence (15), was described earlier (GenBank acces-
sion nos AY046902 and Z29077).

Promoter mutants were produced by PCR-based mutagenesis
on the basis of m25C-wt-luci. The mutant M1 was created
employing the primers M1-for, 5′-TTGTTGAGctgtcGGAAG-
GTTTGAATGGTCAGACC-3′, and M1-rev, 5′-CAAACCTT-

CCgacagCTCAACAACCTATCACCAC-3′ (mutations are indi-
cated by lower case letters). The other constructs mutated in the
region of the CDE were obtained by PCR with equivalent
primers. The construct M6 was also produced by PCR using
primers M6-for, 5′-GGAAGGTgcatATGGTCAGACCTCT-
GGCTGTTG-3′, and M6-rev, 5′-CTGACCATatgcACCTTC-
CACTCTCTCAACAAC-3′. The other plasmids mutated in
the region of the CHR were created with equivalent primers.
The plasmid YA13m29 was provided by Roberto Mantovani
and expresses a dominant-negative subunit A of NF-Y (16).
pRL-null (Promega) contains a cDNA encoding Renilla luci-
ferase. The mouse cyclin B2 promoter driving expression of
firefly luciferase in B2-Luci plasmid (10) as well as reagents
investigating the influence of p53 on cdc25C expression were
described earlier (14,15).

A plasmid was created to express recombinant full-length
human DP-1 (GenBank accession no. L23959) in Escherichia
coli as a fusion protein with six histidine amino acids at the
C-terminus. The cDNA was cloned as a NcoI/BglII fragment
into pQE-60 (Qiagen, Hilden, Germany) after PCR amplific-
ation from a cDNA library (Clontech) with the following two
primers: forward, 5′-TTCATGCCATGGCAAAAGATGCC-
GGTC-3′; reverse, 5′-ACCAGAAGATCTGTCG-
TCCTCGTCATTCTCG-3′.

All plasmid DNAs were purified through anion exchange
columns (Qiagen) and confirmed by restriction analysis and
sequencing.

Cell culture and transfections

NIH 3T3 cells were obtained from DSMZ (Braunschweig,
Germany) and cultured in a humidified atmosphere with
10% CO2 at 37°C with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS;
Biochrom, Berlin, Germany).

For cell cycle analyses, 4 × 104 cells were plated per well in
1 ml medium on 12-well plates and cultured overnight before
transfection. Transfections were carried out in 4-fold using 6 µl
Pfx-3 (Invitrogen, Leek, The Netherlands) with 2 µg luciferase
reporter construct and 40 ng of pRL-null vector (Promega) in
1 ml Optimem transfection medium (Gibco, Eggenstein,
Germany) per well. Cells were incubated for 4 h before
replacing transfection medium with DMEM containing 10%
FCS. Cells were then cultured for 1 day in this medium before
starvation in DMEM without FCS for 60 h. After this time cells
were harvested for 0 h time points. The mouse fibroblasts were
stimulated with 20% FCS in DMEM to re-enter the cell cycle
and subsequently analyzed at indicated times.

Transfections using the dominant-negative form of NF-YA
were carried out in triplicate. In 24-well plates 5 × 104 cells
were plated per well in 0.5 ml medium. Cells were cultured
overnight before transfection. Transfection was carried out
using 1 µl Fugene 6 (Roche, Mannheim, Germany) with 125 ng
luciferase reporter construct, 2.5 ng of pRL-null vector and
increasing amounts of construct YA13m29.

Co-transfection experiments with p53 wild-type or mutant
expression plasmids and the mouse cdc25C reporter were
carried out in SaOS-2 cells (DSMZ) (15,21). Cells were
cultured in a humidified atmosphere with 5% CO2 at 37°C with
McCoy’s 5A modified medium (Biochrom) supplemented with
15% FCS. Transfection was carried out in triplicate using lipo-
fection with Fugene 6 (Roche) according to the manufacturer’s
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instructions. Exponentially growing cells were plated at a
density of 5 × 104/well in 0.5 ml medium in 24-well plates.
Cells were cultured overnight before transfection. m25C-wt-luci
construct (250 ng) was co-transfected with 25 ng of constructs
expressing wild-type or mutant p53 proteins and 25 ng of
Renilla luciferase expression vector (pRL-null; Promega) as an
internal control. DNA amount was held constant in all
experiments by adjusting with pcDNA3.1/His C (Invitrogen).

Luciferase assays

Luciferase activities were assayed with the Dual Luciferase
Assay System (Promega) as suggested by the manufacturer.
Firefly luciferase activity was normalized to Renilla luciferase
activity to compensate for variability in transfection efficiencies.

Fluorescence activated cell sorting (FACS) analyses

Cells were harvested, washed in PBS/EDTA (1 mM) and fixed
with 75% ethanol in PBS/EDTA for ≥12 h at 4°C, and subse-
quently centrifuged and resuspended in 1 ml PBS/EDTA
containing 50 µg/ml RNase A (Sigma, München, Germany).
Propidium iodide (Sigma) staining followed at a final concen-
tration of 40 µg/ml. Cells were filtered through a 35 µm pore
size cell strainer (Falcon, Heidelberg, Germany). Flow cytometry
was performed with a FACSCalibur instrument (Becton
Dickinson, Heidelberg, Germany). A total of at least 10 000
cells per run was analyzed with the CELLQuest software
(Becton Dickinson).

Electrophoretic mobility-shift assays (EMSAs)

Oligonucleotide probes were labeled by filling in 5′ overhangs
using the Klenow fragment of DNA polymerase in the presence
of [α-32P]deoxycytidine-5′-triphosphate. The labeled oligo-
nucleotides were purified using the Nucleotide Removal Kit
(Qiagen) according to the manufacturer’s instructions.

For Sp1/3 EMSAs HeLa nuclear extract with ∼5 µg of
protein were incubated for 15 min at room temperature in 10 mM
Tris pH 7.5, 0.5 mM EDTA, 1 mM MgCl2, 50 mM NaCl,
0.5 mM DTT, 6% glycerol and 0.75 µg of polydeoxyinosinic-
deoxycytidylic acid, poly(dI-dC) (Sigma) in a total volume of
15 µl. Antibodies specific for Sp1 (sc-420) and Sp3 (sc-644)
transcription factors were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA) and incubated with protein mixtures
prior to addition of probe. For Sp1/3 shifts GC-box
oligo_nucleotide was used as a positive control (22). After
probe addition, reactions were incubated for 20 min at room
temperature. The protein–DNA complexes were separated on
native 4.5% polyacrylamide gels at 15°C as described (23).
Gels were dried and visualized using a FLA-3000 Fujifilm phos-
phorimaging system.

E2F EMSAs were carried out with ∼300 ng recombinant
E2F1-GST and DP1-His per assay. Oligonucleotides employed
to shift E2F as wild-type and mutant control were derived
from the mouse B-myb promoter (24) and used in EMSAs as
published earlier (25). The sequences of the mouse cdc25C
gene specific EMSA oligonucleotides were as follows:
Sp25C, 5′-GGAACATGACCCCGCCCCCTAACCAATC-3′ and
5′-GATTGGTTAGGGGGCGGGGTCATGTT-3′; Sp25Cmut,
5′-GGAACATGACTATATATCCTAACCAATC-3′ and 5′-
GATTGGTTAGGATATATAGTCATGTT-3′; wt, 5′-GGTT-
GTTGAGAGAGTGGAAGGTTTGAATGGTCAGAC-3′ and
5′-GTCTGACCATTCAAACCTTCCACTCTCTCAACAA-3′.

The sequences of the mutant EMSA probes can be derived on
this basis from mutations indicated in the figures.

Nuclear extracts from HeLa cells were prepared as described
and were a generous gift from Reinhard Lührmann (26). E2F-1 as
glutathione-S-transferase (GST) fusion protein was expressed
in E.coli from the plasmid pGST20TE2F-1 constructed and
provided by Kristian Helin (27). The protein was expressed in
E.coli using the QIAexpress System (Qiagen). DP-1-His was
purified with Ni-NTA-agarose (Qiagen) according to manu-
facturer’s instructions. After isolation, DP-1 was dialyzed
against 50 mM Tris pH 7.5, 5 mM DTT, 100 mM NaCl and
supplemented with 50% glycerol.

RESULTS

Cell cycle-dependent transcription from the cdc25C 
promoter

A cdc25C promoter construct driving luciferase expression
shows cell cycle dependence (Fig. 1). To obtain DNA
sequence information necessary to create this construct the
mouse cdc25C gene upstream of the coding region was amplified
by primer walking starting from the 5′ end of the cDNA. With
primers derived from the subsequent sequencing a DNA
segment of 1302 bp upstream of the first coding ATG was
amplified and cloned into a vector that could be used to drive
luciferase reporter expression.

Expression from the cdc25C promoter is low in resting cells
compared with expression in the G2/M phase of the cell cycle
(Fig. 1A). Stimulation of expression is ∼14-fold comparing
minimum expression before addition of serum with maximum
expression at 28 h after restimulation of cell division. Cell
cycle distribution of cells was followed by FACS analysis of
DNA stained cells with the maximum for S phase cells at ∼18 h
after serum restimulation with a subsequent increase in G2/M
cell population (Fig. 1B). Timing of cdc25C expression during
the cell cycle is similar to expression from the cyclin B2
promoter, which is reasonable since products of both genes are
needed in late G2 phase. cdc25C transcription starts earlier and
reaches its peak level shortly after cyclin B2 (Fig. 1). Expression
of the cdc25C reporter matches expression from the chromo-
somal gene in both human and mouse (2,28). Stimulation
factor, timing and levels of expression of the mouse cdc25C
reporter are similar to that of the human promoter (8,29).

Mouse and human cdc25C promoters share limited 
homology

The activating and cell cycle-regulatory sites in the human
cdc25C promoter have been mapped (8). After finding that the
mouse 1302 bp genomic DNA fragment upstream of the
coding region is sufficient to drive transcription typical for the
cdc25C gene we sought to identify the regulatory elements.
We compared sequences of the mouse and human promoters
(Fig. 2 and Supplementary Material). The overall homology
between the two sequences is low. In the promoter region, 756 nt
upstream of the first codon, only 357 bases or 47% are identical in
the mouse and human promoters (Supplementary Material).
However, a few segments are conserved in both promoters. For
the human promoter, NF-Y and Sp1 sites had been identified
as main activating elements (30). The CDE/CHR tandem
element is responsible for cell cycle-dependent transcriptional
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regulation (8). Two of the NF-Y-binding CCAAT boxes are
conserved, both with regard to sequence and distance from
each other (Fig. 2). The third, most upstream of the CCAAT
boxes, is not found in the mouse promoter. Another potentially
activating site, the GC box with a consensus for binding Sp1
and Sp3 proteins, is found in both promoters. Most
interestingly, the region of the CHR cell cycle element is
conserved but the adjacent CDE is not found in the mouse
promoter (Fig. 2).

NF-Y is the main transcriptional activator for cdc25C 
transcription

Transcription of many cell cycle genes is regulated by NF-Y as
the predominant activator (8,16,30,31). A simple method to
test for the activation by the trimeric NF-Y factor is to employ
a dominant-negative subunit of it. We co-transfected, into
normally growing NIH 3T3 cells, increasing amounts of a

plasmid carrying a dominant-negative mutant of NF-YA
(YA13m29) together with the wild-type cdc25C reporter
construct (Fig. 3). More than 60% of the activity is lost at the
highest concentration of the dominant-negative mutant. This
indicates that more than half of the cdc25C promoter activity is
dependent on activation by NF-Y.

p53 down-regulates transcription of cdc25C independent 
of a p53 consensus binding site

The mouse cdc25C promoter does not contain a p53 consensus
binding site (Fig. 2 and Supplementary Material). The site,
which can bind p53 in the human promoter, is located centered
around nucleotide –787 relative to the translational start
(13,15). This region is not homologous in human and mouse
promoters (Fig. 2). However, transfection of SaOS-2 cells with
a plasmid expressing p53 yields a 6.8-fold down-regulation of
the mouse cdc25C promoter luciferase reporter when wild-type

Figure 1. Cell cycle-dependent expression from the mouse cdc25C promoter. NIH 3T3 mouse fibroblast cells were transfected with m25C-wt-luci or B2-luci
plasmids. Cells were cultured for 24 h after transfection and then serum starved for 60 h. For the 0 h time points, resting cells after serum starvation were used,
whereas the other time points are after addition of serum to the medium. (A) Samples from parallel experiments were analyzed for luciferase expression driven by
the cdc25C or cyclin B2 promoters. Within a time point activities were normalized to expression of Renilla luciferase. The highest expression level for each plasmid
measured by luciferase activity was set at 100% and other values were normalized to that. 890 relative light units (r.l.u.) for cdc25C and 2056 r.l.u. for cyclin B2
represent 100%. Assays were carried out four times. (B) In parallel, cells were analyzed for their DNA content by FACS at different times to determine their cycle
distribution of the cell population used in the reporter assays.
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p53 is compared with a mutant form of p53 (Fig. 4). The
mutant used as a control is an altered form with amino acid
changes P72R and V143A, which lead to its inability to serve
as a transcription factor (21,32,33). Down-regulation of tran-
scription from the mouse cdc25C promoter by the p53 tumor
suppressor proves that this regulation is independent of a p53
binding site in the promoter since this promoter lacks such a
site (Fig. 2). This result is consistent with our previous obser-
vations and conclusions on the human cdc25C promoter (15).

The CHR is the major site responsible for regulating cell 
cycle-dependent transcription of mouse cdc25C

In order to elucidate the impact of potential cell cycle elements
we mutated the putative CHR and the region upstream of it in
reporter constructs and tested them for cell cycle-dependent
transcription. These constructs were transfected in NIH 3T3
mouse fibroblasts and expression assayed by luciferase
activity. Cells were starved by serum deprivation to test for G0
expression and restimulated by serum re-addition to the
medium for 24 h to obtain promoter activities for a cell popu-
lation enriched in G2. Stimulation of transcription of 17 mutant
promoters from G0 to G2 was measured relative to the wild-type

cdc25C promoter (Fig. 5). Average stimulation of 13.6-fold for
wt-m25C-luci was set to 100%.

Mutant promoters M6 to M11 have lost most of their ability
to drive cell cycle-dependent transcription (Fig. 5A). These
mutant promoters all contain changes in the putative CHR that
lead to a lack of repression in G0. Activities in G2 stay at the
same level as for the wild-type construct, whereas mutant
reporter activities increase in resting cells. In mutants M6 to
M11 this behavior results in a drop of cell cycle regulation of
transcription to about one-fifth that of the wild-type cdc25C
promoter. Even single nucleotide mutations as in M8 and M11
display a substantial loss of regulation. Therefore, this site is
indeed a CHR.

Functional CHR elements have, until now, only been
described in conjunction with CDEs. The respective sequence
in the mouse cdc25C promoter upstream of the CHR is
different from any CDE identified so far (8–10). Still, mutation
of this region leads to a change in regulation. An alteration in
cell cycle-dependent transcription is seen in mutants M1 and
M4 with about half the regulation lost. Like regulation of
mutants M6 to M11, changes in cell cycle transcription of M1
and M4 are also due to an increase of activity in G0 while tran-
scriptional activation in G2 stays at the same level as activity
for the wild-type promoter. In comparison with the wild-type
cdc25C promoter, mutants M2 and M3 do not give a significant
change in regulation; and the mutation introduced in M5 even
shows an improved cell cycle-regulated transcription (Fig. 5A).

Figure 2. Limited homology between mouse and human cdc25C promoters indicates potential regulatory sites. The mouse cdc25C upstream region was cloned
after amplification by primer walking and sequenced (GenBank accession no. AF450244). This sequence is compared with the human cdc25C promoter for which
some regulatory sites have been mapped (GenBank accession nos AY046902 and Z29077). GC boxes binding Sp1 and Sp3 transcription factors, CCAAT boxes
contacted by NF-Y trimeric proteins and the CDE and CHR cell cycle regulatory elements are indicated. Numbering starts at the first coding nucleotide triplet. A
complete mouse promoter sequence with a longer comparison of mouse and human cdc25C promoters is given in the Supplementary Material.

Figure 3. NF-Y is the main activator for cdc25C transcription. Increasing
amounts of dominant-negative NF-YA subunit down-regulate the wild-type
cdc25C luciferase reporter construct. Firefly luciferase reporter m25C-wt-luci,
together with pRL-null plasmid expressing Renilla luciferase control, was
transfected in NIH 3T3 cells. Increasing amounts of a plasmid coding for a
dominant-negative form of NF-YA, YA13m29, were co-transfected. Firefly
luciferase activity was normalized to Renilla luciferase. The value for transfec-
tions without YA13m29 was set at 100% and other activities are given relative
to that. Three independent experiments were carried out with three assays per
experiment and standard deviations are shown.

Figure 4. Wild-type p53 down-regulates transcription from the cdc25C
promoter. SaOS-2 cells were co-transfected with the mouse cdc25C-promoter
reporter and wild-type or transcriptionally inactive mutant p53-expressing
plasmids. Luciferase activity was measured from lysates. Experiments were
carried out in triplicate and standard deviations are shown.
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Summing up the results from the mutations presented in
Figure 5A, it is obvious that changes in the CHR result in a
much stronger alteration of cell cycle-dependent transcription
than mutations in the region upstream from it, where in other
promoters a CDE is found. If the region upstream of the CHR
in the mouse cdc25C promoter is changed to a CDE-like
sequence, as in mutant M16, or even mutated to the CDE from
the human cdc25C promoter, as in M12, cell cycle-regulated
transcription is improved (Fig. 5B).

All deregulated promoter mutants show an increase in
luciferase activities in G0 instead of a loss in G2. Mutants such
as M5 and M15, for which a stronger regulation than for the
wild-type construct is observed, have an expression in G0 at a

similar level to the wild-type promoter. Their change in stimu-
lation compared with wild type results from an increase of
promoter activity in G2. Mutant M16 is different in that it
shows a lower than wild-type activity in resting cells, thereby
displaying a increased fold induction in comparison with the
wild-type cdc25C promoter. In contrast, the reduced cell cycle-
dependent transcriptional regulation seen in mutants M1 and
M4 is due to an increase in expression in G0 rather than lower
levels of expression in G2 (Fig. 5 and data not shown). Each
deregulated mutant promoter gives activities at the elevated
level at which wild-type cdc25C promoter activity in G2 is
observed. This implies a loss of repression rather than a reduction
of activation when cell cycle elements are mutated.

Figure 5. Cell cycle-dependent transcription from wild-type and mutant cdc25C promoter luciferase constructs. Dominant importance of the CHR for cell cycle-
dependent transcription. The CHR can cooperate with Sp1/3, CDE or E2F sites. Stimulation rates represent transcriptional regulation of wild-type cdc25C and
mutant promoters during the cell cycle. NIH 3T3 cells were transfected with wild-type (wt) or mutant m25C-luci constructs, grown for 24 h, starved by serum
deprivation and restimulated to enter the cell cycle. Cell lysates were assayed for luciferase activity. Wild-type and mutant constructs were tested in parallel experiments.
Stimulation of promoter activity during the cell cycle was calculated by dividing luciferase activities 24 h after serum addition by activities before serum stimul-
ation. Stimulation for wt-m25C-luci was set as 100% and percentages for mutants were calculated for every experiment relative to this stimulation. Average
stimulation for wild-type was 13.6-fold. Experiments were repeated between two and six times for each individual mutant. Standard deviations are shown in the graphs.
(A) Mutational analysis of the CHR and the region upstream of the CHR. (B) Analysis of bona fide CDE, E2F or Sp1/3 sites introduced upstream of the CHR. M12
represents a CDE and M13 represents an E2F site, M15 and M16 represent Sp1/3 sites, respectively. E2F/CHR or Sp1/3-CHR hybrid sites with additional muta-
tions in the CHR, as in mutant M6, were analyzed with mutants M14 and M17, respectively.
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The CHR is able to cooperate in regulating cell cycle-
dependent transcription with CDE, E2F or Sp1/3 sites

All CHR elements identified so far to be relevant for cell cycle-
dependent transcription are found in conjunction with a CDE
site 4 nt upstream of the CHR (8–10). Therefore, we tested if
the CDE from the human cdc25C promoter, introduced in the
proper position with mutant M12 to create the CDE/CHR
tandem element, would lead to cell cycle transcription in the
context of the mouse promoter. The mutant M12 with an intact
CDE/CHR is not only transcribed in a cell cycle-dependent
manner, but displays an even stronger regulation with a lower
activity in G0 compared with the wild-type promoter (Fig. 5B).
As a control, mutation of the CHR in this CDE/CHR context
has been described earlier (8). This indicates that the CHR
from the mouse cdc25C promoter can cooperate with a CDE
artificially placed in tandem with it. Yet the CDE alone cannot
regulate cell cycle-dependent transcription in the human
promoter (8).

An E2F site originating from the mouse B-myb promoter
(25) was another element we chose to test in tandem with this
CHR. Mutant promoter M13 with an E2F/CHR site shows a
stronger cell cycle transcription than the wild-type promoter
with just a CHR (Fig. 5B). As a control that the cell cycle-
dependence of this new tandem element is contingent upon the
CHR and not simply attributable solely to the introduced E2F
site we changed the CHR in this context. M14 as the corre-
sponding mutant has almost no ability to direct cell cycle-
dependent transcription (Fig. 5B). Therefore, E2F and CHR
sites cooperate in the M13 mutant promoter to regulate cell
cycle-dependent transcription.

The ability of the mutant sites to bind E2F protein was tested
in EMSAs. As a control, an oligonucleotide from the B-myb
promoter carrying an E2F site was used by incubating it with
E2F-1 and DP-1. This binding was compared with the same
oligonucleotide with its E2F site mutated (Fig. 6, lanes 1 and
2). E2F does not bind to the wild-type cdc25C promoter oligo-
nucleotide nor to probes mutated in the CHR and upstream
from it (lanes 3–6). However, when an E2F site is introduced
upstream of the CHR, binding similar to that of the B-myb
probe is also observed in the context of the cdc25C promoter
(M13 and lane 1). Binding to this E2F site is not dependent on
an intact CHR since mutant oligonucleotide M14 is still able to
bind E2F with similar affinity as M13 (Fig. 6). Taken together
with functional assays this indicates that, on the one hand, an
E2F site can bind E2F-1/DP-1 heterodimers even in the
absence of an intact CHR in tandem with it. But, on the other
hand, this isolated E2F site is not able to regulate cell cycle-
dependent transcription (Figs 5B and 6).

Two other mutants were tested to see if changing the region
upstream of the CHR to DNA binding sites for Sp1 and Sp3
would diminish cell cycle-dependent transcription, like a
random mutation did in M1 and M4 mutants (Fig. 5A). Unex-
pectedly, both mutants M15 and M16, which were created to
place Sp1/3 sites upstream of the CHR, do not show a reduced
cell cycle-dependent transcription. Instead, cell cycle tran-
scription is even more pronounced (Fig. 5B). Additional muta-
tion of the CHR in the M16 construct to the M17 mutant leads
to a total loss of cell cycle-dependent transcription (Fig. 5B). This
proves that introduction of Sp1/3 sites alone is not sufficient to
create a cell cycle element.

We tested protein binding to the Sp1/3 sites that were intro-
duced in the cdc25C promoter and could support cell cycle-
dependent transcription. Because of the similarity between
E2F and Sp1/3 sites we used E2F-1/DP-1 proteins in EMSAs.
The M16 and M17 mutants, both based on the cdc25C
promoter and mutated to an Sp1/3 site, were able to shift a
weak band compared with bona fide E2F sites (Fig. 6).
However, mutant M15, also a cdc25C promoter segment with
an Sp1/3 site, cannot yield a band with E2F (Fig. 6). Since
mutants M15 and M16 showed cell cycle-dependent transcrip-
tion and mutant M17 did not, and only mutants M16 and M17
but not M15 could bind E2F, it can be excluded that only E2F
is responsible for cell cycle transcription through Sp1/3 sites
introduced in the cdc25C promoter (Figs 5B and 6).

Sp1 and Sp3 protein binding to wild-type and mutant oligo-
nucleotides was tested by EMSA from HeLa cell nuclear
extract (Fig. 7). The GC control probe provides mobilities for
the Sp1 and Sp3 protein–DNA complexes (Fig. 7A, lanes 1 and
2). A wild-type DNA fragment from the cdc25C promoter cell
cycle regulatory region containing the CHR does not bind Sp1 or
Sp3 (Fig. 7A, lane 3). Probes based on the same oligonucleotide
with mutations in the CHR or the region upstream of it (M1,
M4, M6 and M9) do not give an Sp1/3 shift (Fig. 7A).
However, cdc25C promoter mutants engineered to contain
Sp1/3 sites shift bands with the mobility of Sp1 and Sp3 (Fig. 7A,
M15–M17). To confirm the identity of Sp1 and Sp3 shifts, we
carried out competition EMSAs and experiments including
specific antibodies (Fig. 7B). An oligonucleotide (GC) which
can bind both Sp1 and Sp3 factors shifts two bands that can be
self-competed (Fig. 7B, lanes 1 and 2). The bands are reduced
in intensity or disappear and supershifted complexes become
visible when antibodies specific for Sp1 or Sp3 are added
(Fig. 7B, lanes 3 and 4). The same Sp1 and Sp3 complexes are

Figure 6. E2F/DP heterodimers cannot bind to the wild-type cdc25C promoter
but form complexes on E2F/CHR sites. EMSAs with recombinant E2F-1-GST
and DP-1-His proteins were carried out with probes from the B-myb promoter
as controls (myb and myb mut). Sequences of wild-type and mutant
oligonucleotides used to test binding to the cdc25C promoter can be derived
from Figure 5.
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shifted by the cdc25C promoter mutants M14 to M17. Competition
with the Sp1/3-binding GC oligonucleotide abrogates binding
of the two specific bands (Fig. 7B, lanes 5–12).

Sp1 and Sp3 can bind to an activator site in the cdc25C 
promoter

There is one putative Sp1/3 site in the cdc25C promoter
centered around nucleotide –709 in the mouse promoter (Fig. 2).
The homologous region in the human promoter, containing a
sequence for a classical Sp1 site (34), had been deleted with a
loss of about one-third of the activity and thereby shown to be

relevant for activation (30), but protein binding to this site
remained to be tested. In EMSAs the GC oligonucleotide and a
specific antibody were used as positive controls. The Sp25C
probe containing the putative Sp1/3 site from the mouse
cdc25C promoter was employed to compete with the two
complexes specific for Sp1 and Sp3 (Fig. 7C, lanes 1–4). The
cdc25C promoter segment used as a probe was able to shift
Sp1 and Sp3 factors whereas a mutant of the Sp1/3 site
(Sp25Cmut) did not (Fig. 7C, lanes 5 and 9). Supershift with
the antibody against Sp1 and competition with self and the GC
oligonucleotide (Fig. 7C, lanes 6–8) are consistent with the

Figure 7. Binding of Sp1 and Sp3 proteins to the mutants of the cdc25C promoter tested by EMSA. Nuclear extracts from HeLa cells were employed to test for
binding of Sp1 and Sp3 proteins to wild-type and mutant oligonucleotides derived from the mouse cdc25C promoter. The GC probe was used as positive control.
cdc25C mutant probes follow the same nomenclature given in Figure 5. (A) EMSA with GC control oligonucleotide, wild-type and mutant cdc25C promoter
probes. (B) EMSA bands representing Sp1 or Sp3 shifts are identified by reaction with specific antibodies. (C) The Sp25C oligonucleotide represents a segment
from the mouse cdc25C promoter upstream of the CHR and NF-Y binding sites probing for Sp1/3 binding (Fig. 2). GC probe and Sp1-specific antibody serve as
reagents to identify Sp1/3 proteins.



Nucleic Acids Research, 2002, Vol. 30, No. 9   1975

notion that the putative Sp1/3 site in the cdc25C promoter is
indeed a binding site for Sp1 and Sp3.

DISCUSSION

All CHR elements identified until now need a CDE in tandem
with them to be functional (8–10). We describe here for the
first time a CHR that does not have a CDE 4 nt upstream. The
CHR in the mouse cdc25C promoter is homologous to the
CHR in the human promoter (Fig. 2). However, the human
cdc25C CHR can only repress and, thereby, regulate transcrip-
tion during the cell cycle while the CDE 5′ from it is intact (8).
The nucleotide sequence 5′ from the mouse cdc25C CHR is
different from any known CDE (8–10). Nevertheless, mutation
of this segment reduces cell cycle-dependent transcription in
mutants M1 to M4 to some extent, but it is clearly not as
pronounced as with mutations in the CHR (Fig. 5A). In
contrast, for cyclin A, cdc2 and human cdc25C promoters
mutations in CDEs and CHRs had equally strong effects on
deregulation of cell cycle-dependent transcription. Further-
more, an extensive and detailed mutational analysis of the
CDE in the human cdc25C promoter shows that a mutation
from 5′-GGCGG-3′ to 5′-AGTGG-3′, as found in the mouse
promoter described here, would clearly result in a loss of cell
cycle-dependent transcriptional regulation (8). Comparison of
the CHR elements in the human and mouse cdc25C promoters
reveals that the homology extends beyond the CHR core (Fig. 2).
However, a detailed study testing various nucleotides in and
around the CHR core in the human promoter has shown that
nucleotides outside the core 5′-TTTGAA-3′ are not needed for
cell cycle-dependent transcriptional regulation in this assay
(11). The difference in CDE/CHR combinations of mouse and
human cdc25C promoters is not likely the result of a general
species difference since CDE/CHR-regulated promoters from
mouse have been described with CDEs that conform the CDE
consensus derived from human cdc25C CDE, e.g. as seen in
the mouse cyclin B2 promoter (10). Another point indicating
that it is not just the difference in organism that dictates the
combination of CDEs and CHRs results from the fact that in
most transfections of reporter constructs for cell cycle assays
mouse NIH 3T3 cells are used irrespective of the origin of the
gene.

CDE sequences display some homology to E2F sites. In fact,
for cyclin A and cdc2 it has been described that E2F can bind to
CDEs in the promoters (12). Furthermore, in the B-myb
promoter a CHR-like element, named the downstream repression
site, was identified to regulate cell cycle-dependent transcrip-
tion together with an E2F site (35,36). Therefore, we tested if
the isolated CHR in the mouse cdc25C promoter can cooperate
with an E2F site. Transcriptional up-regulation during the cell
cycle by this hybrid E2F/CHR is even more pronounced than
with wild-type CHR element alone (Fig. 5B). Still, this regula-
tion is dependent on the CHR since its mutation leads to a drop
of cell cycle transcription despite an intact E2F site (Fig. 5B,
mutant M14). We conclude that the cdc25C CHR can cooperate
with an E2F site.

Originally thought of as a negative control we created two
constructs that yielded Sp1/3 sites upstream from the CHR
(mutants M15 and M16). Surprisingly, the two mutant
promoters did slightly better in up-regulating cell cycle-
dependent stimulation of transcription (Fig. 5B), different from

promoters with other mutations in this region which show a
moderate loss of regulation (Fig. 5A, mutants M1 to M4). Both
Sp1/3 mutants of the cdc25C promoter (M15 and M16) are
able to bind Sp1 and Sp3 proteins. Also the E2F mutants M13
and M14 bind well to Sp1/3 (Fig. 7A and B). This suggests that
Sp1 and Sp3 proteins can also bind in vivo to this region adjacent
to the central regulator site CHR, implying that E2F as well as
Sp1/3 sites can cooperate with the CHR in cell cycle-regulated
transcription.

Sp1/3 had earlier been implicated in cell cycle transcription
but never in conjunction with CDE/CHR regulation. For
example, binding of Sp1/3 to a GC element has been shown for
the hamster thymidine kinase promoter which is necessary for
growth-related transcription from this promoter (37). Further-
more, it has been shown that Sp1 and E2F sites overlap in the
mouse cyclin E promoter and have an antagonistic effect on
transcriptional activity (38). It has been found that pRb can
form complexes with Sp1 during all phases of the cell cycle.
This complex activates the hamster dihydrofolate reductase
promoter (19). Karlseder et al. showed that cooperation between
E2F and Sp1 is necessary for general activity of growth-
dependent transcription of the mouse thymidine kinase promoter
(18). Sp1 binding sites are necessary for E2F-1-dependent
repression of the human cyclin D1 promoter. E2F-1 can act
through an Sp1 site (20). To a limited extent this could also be
the case for cdc25C transcription since we observe a weak
binding of E2F also to the Sp1/3 mutants M16 and M17 (Fig. 6).
Recently, cooperation between Sp1 and E2F sites has been
reported in a promoter regulating DNA polymerase expression
(39). In summary, it appears to be a novel finding that Sp1/3
sites can substitute for the CDE in a CDE/CHR tandem
element.

Generally, standard deviations in experiments presented in
Figure 5 are relatively large. The reason is that we have
performed several completely independent experiments and
included them in these results. Therefore, variations stemming
from, for example, synchronization of cells, transfections and
luciferase measurements are the cause for these standard
deviations. In particular, quality of synchronization varies to a
large extent from one experiment to another. Because of these
strong potential variations we refrained from just presenting
several measurements from experiments carried out in parallel
with just one representative synchronization.

The regulatory region of other cdc25 genes, like that of
mouse cdc25B, are different from that of cdc25C. The cdc25B
promoter contains a TATA box and its transcription during the
cell cycle is, in part, mediated by a cell cycle-regulated
repressor (40). The two sites overlap and are different from the
CHR described for the cdc25C promoter (Fig. 2).

In summary, it becomes evident that the CHR can act as a
single element in cell cycle-dependent transcription or function
in tandem with CDE, E2F or Sp1/3 sites. It appears that E2F,
Sp1 and Sp3 proteins can cooperate with the protein binding to
the CHR. So far this factor has eluded identification. From the
work described here it is obvious that a priority of future work
will be to elucidate the identity of this transcriptional regulator
and analyze its interactions with other factors.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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