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The cdc254 gene encodes a tyrosine phosphatase which activates cyclin-dependent kinase activity in the G,
phase of the cell cycle. cdc254 RNA levels are induced from 3 to 6 h after serum induction of serum-starved NIH
3T3 cells, suggesting that the cdc25A4 gene is a delayed-early gene. Analysis of cdc254 promoter constructs
showed that the cdc254 promoter is sufficient for serum induction. Surprisingly for a gene expressed in early
to mid-G,, serum induction of the promoter requires an E2F site at position —62 in the promoter. Deletion or
point mutation of the E2F site resulted in activation of expression in serum-starved cells and no further
induction by serum treatment. E2F factors were found to bind to the cdc254 E2F site along with the retino-
blastoma protein (Rb) family members p130 and p107. A shift in mobility of the E2F-p107 complex in extracts
of cells induced for 6 h correlated with induction of cdc25A4 expression. These results suggest that serum
induction of cdc25A4 expression is mediated by inactivation of p107 or p130, both of which repress transcription

when bound to the promoter through E2F.

Cell growth is a process of progression of cells through the
cell cycle, which contains four defined phases: G4, S, G,, and M
(reviewed in reference 52). Mammalian cell cycle progression
has often been studied by synchronizing cells in a quiescent
state, termed G, at the beginning of the G, phase. Serum-
starved, quiescent cells reenter the cell cycle after serum treat-
ment and enter S phase after about 12 h depending on the cell
type. This process of progression from G, to S phase is marked
by specific changes in gene expression. The first genes to be
induced, cellular immediate-early genes, are activated rapidly
by serum stimulation, with a peak of gene expression within 30
to 60 min (25). Immediate-early genes are typified by the c-fos
and c-jun proto-oncogenes, which are themselves transcription
factors. A second class of genes, delayed-early response genes,
are induced after 3 to 6 h of serum induction and, in contrast
to immediate-early genes, require new protein synthesis for
induction of expression (36). There is a third class of genes that
are activated late in G, and that seem to herald the G,-to-S
transition. Many of these genes are regulated by the E2F
transcription factor and retinoblastoma protein (Rb) family
members (13).

The connection, if any, among the different classes of serum-
inducible genes has yet to be established. Since some immedi-
ate-early genes are transcription factors, it is possible that they
serve to activate subsequent gene expression of the delayed-
early or late G, genes. To begin to investigate this possibility,
we have studied the regulation of a delayed-early gene,
cdc254, known to be important for cell cycle progression.

cdc25 was originally identified in the fission yeast, Schizo-
saccharomyces pombe, as a phosphatase that controls cdc2/
cyclin B kinase activity and activates mitosis (reviewed in ref-
erence 12). cdc2 must be dephosphorylated by cdc25 at a
conserved tyrosine residue, tyrosine 15, in order to be activated
(40). Mammalian cells have three cdc25 homologues, cdc25A,
-B, and -C (16, 42, 47). These phosphatases can dephosphor-
ylate cyclin-dependent kinase (cdk)-related kinases in vitro and

* Corresponding author. Mailing address: Department of Biological
Sciences, Columbia University, 1212 Amsterdam Ave., MC2420, New
York, NY 10027. Phone: (212) 854-8281. Fax: (212) 854-7655. E-mail:
mrp6@columbia.edu.

4695

induce their activity (16, 19, 23, 27, 51). cdc25A can also acti-
vate cdc2 kinase activity by competitively blocking its binding
to the p21 cdk inhibitor (48).

The three mammalian cdc25 family members are differen-
tially expressed during the cell cycle following serum stimula-
tion. cdc25A4 is induced in mid-G,, similar to other delayed-
early genes (32). cdc25B is expressed later, during S phase,
while ¢dc25C is expressed in G, phase (32, 34, 47). Besides
undergoing transcriptional induction, cdc25A4 is also activated
by cdk2/cyclin E phosphorylation in late G, and by cyclin B in
vitro (16, 26). Immunodepletion of cdc25A in rat cells by
microinjection blocked cell entry into S phase, demonstrating
that cdc25A is critical for G, phase progression (16, 26, 32).
cdc254 is also a candidate oncogene since it can cooperate
with ras in oncogenic transformation of primary rat fibroblasts
(18).

We have investigated the mechanism of serum induction of
cdc25A4 in order to understand how delayed-early genes are
activated and because cdc254 is an important gene for G,
phase progression. It was previously determined that the
proto-oncogene and immediate-early gene c-myc can induce
cdc25A expression and that there are myc binding sites in the
cdc25A4 gene (17). It was not determined, however, whether
c-myc or the myc binding sites were required for G, phase
induction of cdc254. We have found that the myc sites in the
cdc25A gene are not required for serum induction. Instead we
found that cdc25A4 expression is regulated by an E2F site and
Rb family members.

MATERIALS AND METHODS

Cell culture and cell cycle analysis. NIH 3T3 cells were grown in Dulbecco’s
modified Eagle medium (DMEM) with 10% newborn calf serum (NCS). For
experiments performed to isolate RNA and determine the cell cycle, NIH 3T3
cells were plated at a density of 5 X 10° per 10-cm-diameter dish, grown for 24 h,
starved in DMEM plus 0.2% NCS for 48 h, and then induced with 20% NCS for
various periods of time. For cell cycle analysis, the serum-starved or -induced
cells were trypsinized, centrifuged, resuspended in 0.6 ml of phosphate-buffered
saline, and fixed by addition of 10 ml of methanol. The fixed cells were centri-
fuged and resuspended in 2 ml of a 60-pg/ml solution of propidium iodide in
phosphate-buffered saline containing 20 pg of RNase A/ml. The stained cells
were analyzed with a FACSCalibur flow cytometer (Becton Dickinson), and the
distribution of cells at each stage of cell cycle was determined by using the
CELLQuest and ModFit LT programs (Becton Dickinson).



4696 CHEN AND PRYWES

RNase protection assay. Total RNA were prepared from serum-starved or
-induced NIH 3T3 cells by using Trizol reagent (Gibco/BRL). For RNase pro-
tection, an antisense cdc254 RNA probe was generated from a mouse cDNA
clone containing the 3" end of the gene (IMAGE consortium clone no. 441394).
The plasmid was digested with PvuII and transcribed with T3 RNA polymerase,
yielding a 1,100-nucleotide probe and a 420-nucleotide protected fragment. To-
tal RNA (10 pg) from each time point was hybridized with 2 X 10° cpm of probe
at 49°C overnight and digested with RNase A and RNase T; at 30°C for 1 h as
described elsewhere (49). The products were analyzed on a 4% polyacrylamide-7
M urea gel.

The cyclin E probe was made from a mouse cyclin E cDNA in pBSK (24). It
was digested with Pvull and transcribed with T7 polymerase to generate a
550-nucleotide probe and a 470-nucleotide protected fragment.

Acidic ribosomal phosphoprotein PO (ARPP-PO) RNA was measured as a
loading control, using a full-length mouse cDNA in pBSK (29). The plasmid was
digested with Stul and transcribed with T3 polymerase to yield a 230-nucleotide
probe and a 150-nucleotide protected fragment.

Plasmid construction. The human cdc254 promoter constructs (pPNPGL3 with
and without genomic fragments) were generously provided by David Beach (17).
All of the 5" deletion constructs were prepared by PCR with pNPGL3 as a
template and appropriate primers, with a Xhol site being added at the 5" end of
the cdc25A4 promoter deletions. For the pCF series, various regions of the cdc254
promoter were generated as Xhol-to-Bg/II fragments and cloned upstream of
position —53 of the c-fos promoter in p0-FlucGL3 (8). For pNP-E2F ~, the E2F
site was replaced by a BamHI site in pNPGL3. The wild-type cdc25A4 E2F site
sequence at position —62, TTTGGCGC, was changed to TGGATCCC by using
PCR primers. The identities of all constructs were confirmed by sequencing. The
internal control plasmid pRL-SV40P was generated by placing the simian virus
40 (SV40) promoter from pGL3-Promoter (Promega) into pRL-TK (Promega)
such that the SV40 promoter was driving the Renilla luciferase gene.

Transfection and dual luciferase assay. NIH 3T3 cells were plated at a density
of 2 X 10° per 6-cm-diameter culture dish. After 24 h, the cells were transfected
by the calcium phosphate-DNA coprecipitation method as described elsewhere
(49). Firefly luciferase reporter constructs (2 pg of the pNP series and 4 p.g of the
pCF series) were transfected together with 1 pg of the Renilla luciferase reporter
plasmid pRL-SV40P as an internal control. Expression vectors (3 pg) for wild-
type or mutant E1A (57), E2F-1, or a control vector, pcDNA3, were cotrans-
fected with the reporter genes. The E2F-1 expression vector was kindly provided
by Srikumar Chellapan. Herring sperm DNA was used to bring the total amount
of DNA to 10 wg per dish. The cells were incubated with the transfection cocktail
for 16 h and then grown in DMEM with 0.2% NCS for 36 h for serum starvation.
The cells were then stimulated with DMEM containing 20% NCS for 13 h or as
indicated in the figures. Cells were lysed in 200 pl of passive lysis buffer (Pro-
mega), and 5 ul of lysate was assayed for firefly and Renilla luciferase activity by
using a dual luciferase kit as described by the manufacturer (Promega), except
that one-fourth of the volume was used. The firefly luciferase activities were
normalized to the Renilla luciferase activities to compensate for variability in
transfection efficiencies. All experiments were performed with duplicate plates of
cells for each time point.

Gel mobility shift assay. Cell extracts were prepared from four semiconfluent
15-cm-diameter plates of NIH 3T3 cells as described elsewhere (9). Gel mobility
shift assays utilized 3*P-end-labelled double-stranded oligonucleotide probes,
5'-CCGCT CGAGG GATTC CGTTT GGCGC CAACTA-3" and 5'-GGAAG
ATCTAGTTGGCGCCAAACGGAATCC-3', spanning positions —70 to —49 of
the human cdc254 promoter. Cell extracts (7 ng) were incubated with 1 ng of
probe for 30 min at room temperature in 10-ul reaction mixtures containing 50
ng of sonicated herring sperm DNA/ml, 20 mM HEPES (pH 7.6), 4% glycerol,
2.5 mM MgCl,, 40 mM KCI, 0.1 mM EGTA, and 0.5 mM dithiothreitol. For
competition assays, a 40-fold excess of unlabelled specific or nonspecific serum
response element oligonucleotides was used. The samples were subsequently
separated by electrophoresis at 4°C in a 4% polyacrylamide gel in a solution
consisting of 22 mM Tris, 22 mM boric acid, and 0.6 mM EDTA.

Supershift assays were performed in an identical manner except that the cell
extracts were preincubated with antibodies (1 pl) at 4°C for 30 min. The anti-
p130 (sc-317) and anti-DP-1 (sc-610) sera were from Santa Cruz Biotechnology.
Monoclonal antibodies to p107 (SD15) and Rb (21C9) were previously described
(14, 55).

RESULTS

cdc254 mRNA was previously found to be induced by serum
in rat NRK cells (32). We chose to examine serum induction of
cdc25A expression in NIH 3T3 cells since serum-induced ex-
pression of immediate-early and delayed-early genes has been
well studied in this cell line. We measured cdc254 mRNA
levels by RNase protection assay. cdc25A4 expression showed
an increase as early as 3 h after the onset of serum stimulation,
with maximal induction by 6 h (Fig. 1A). The level decreased
by 16 h. The level of a control mRNA of ARPP-P0 was un-
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FIG. 1. (A) Serum induction of cdc254 mRNA in NIH 3T3 cells. NIH 3T3
cells were serum starved for 48 h and induced with serum for the time periods (in
hours) indicated above the lanes. Total RNA was isolated and analyzed by
RNase protection for cde25A, cyclin E, and ARPP-P0 as described in Materials
and Methods. The areas of separate gels with specifically protected bands are
shown. (B) The cell cycle phase of serum-starved and -induced NIH 3T3 cells was
determined by propidium iodide staining and flow cytometry.

changed by serum stimulation (Fig. 1A). The time course of
the increase of cdc25A4 expression in NIH 3T3 cells is similar,
though more gradual, than that of the serum-induced increase
of cdc25A expression in rat NRK cells (32). We compared
cdc254 induction to that of cyclin E, which is regulated by E2F
and Rb family members (4, 20, 45). Induction of cdc254
mRNA occurred earlier than induction of cyclin E mRNA,
which started to increase at 6 h but was not maximal until 9 h
after the onset of serum induction (Fig. 1A). Other E2F-reg-
ulated genes, such as that encoding dihydrofolate reductase,
are activated even later in G, or S phase (29).

To correlate cdc25A4 expression with cell cycle progression,
we analyzed the percentage of cells in each phase of the cell
cycle by flow cytometry. The serum-stimulated NIH 3T3 cells
began to enter S phase after 12 h (Fig. 1B). This indicates that
cdc25A expression is induced in early to mid-G;.

To determine which sequence elements of the cdc254 pro-
moter are required for serum induction, we transfected into
NIH 3T3 cells cdc25A4 promoter constructs driving a luciferase
reporter gene. A construct, pNPGL3, containing positions
—450 to +126 of the cdc25A4 gene was induced over threefold
(Fig. 2A). Since c-myc, itself an immediate-early gene, was
found to activate the cdc254 gene through myc/max binding
sites in intronic regions of the gene, we tested several con-
structs containing genomic fragments of the cdc25A4 gene in
pNPGL3 (17). The 0.7- and 2.8-kb fragments contain myc-max
binding sites, while the 0.8-kb fragment is upstream of the
promoter region (17). We found that all of the constructs were
induced similarly to pNPGL3, although the levels of expression
differed (Fig. 2A). The level of expression of pNP0.7GL3,
which contains a myc binding site, was significantly higher in
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FIG. 2. Serum induction of cdc254 promoter constructs. (A) NIH 3T3 cells were transfected with the indicated cdc25A4 promoter-luciferase constructs containing
nucleotides —450 to +126 of the cdc254 promoter, pNPGL3, and additional genomic fragments of the cdc254 gene (17). An internal control plasmid, pRL-SV40P,
expressing Renilla luciferase was cotransfected. The transfected cells were serum starved (—serum) and then induced with 20% serum for 13 h (+ serum). Firefly
luciferase activities were measured and normalized to the internal control Renilla luciferase activity. Shown are the averages of data from three experiments and the
standard errors of the means (SEM; error bars). (B) NIH 3T3 cells were transfected with the indicated reporter genes and pRL-SV40P, serum starved, and then induced
with serum for the indicated periods. The results are the average normalized luciferase activities of three experiments = the standard errors of the means. NP0.7WT =
pNP0.7GL3; NP0.7MUT contains a double point mutation in the myc binding site in NP0.7WT.

serum-starved cells, but the subsequent fold serum induction
was lower. These results suggest that the myc-max binding sites
are not required for serum induction of the cdc254 gene.
Similarly, it was found that the myc-max binding sites are not
required for transforming growth factor beta (TGF-B) repres-
sion of cdc25A expression (31).

We tested the time course of serum induction of the pN-
PGL3 reporter gene to determine whether it correlated with
induction of endogenous cdc254 mRNA. Induction of expres-
sion was gradual, reaching a peak at 14 h after serum stimu-
lation (Fig. 2B). A modest induction, however, was apparent as
early as 6 h. Since c-myc is an immediate-early gene, and since
overexpression of c-myc can activate the cdc25A4 gene through
a myc site in the 0.7-kb cdc254 genomic fragment (17), we
tested whether this region could cause an earlier induction of
the reporter gene. While this fragment in NPO.7WT (=
pNP0.7GL3) caused a higher level of basal expression, the time
course of induction was similar to that of NPGL3 (Fig. 2B).
The level of induction of NP0O.7WT (2.2-fold) was actually
lower than the fold induction of NPGL3 (2.9-fold) in these
experiments. Mutation of the myc binding site in the 0.7-kb
fragment in NP0.7MUT (17) reduced the level of expression to
that of NPGL3 (Fig. 2B). These results suggest that the myc
binding site, CACGTG, contributes to expression but does not
significantly affect the level or timing of induction. Besides myc
family members, this E box element can bind several constitu-
tive transcriptional activators, such as TFE3, TFEB, and USF,
which may cause the higher level of expression (1, 7, 22).

Induction of the luciferase reporter gene was somewhat
slower than induction of the endogenous message. There may
be a lag between the induction of transcription and the accu-
mulation of luciferase protein. Nevertheless, we cannot rule
out the possibility that other mechanisms besides those repro-
duced by the pNPGL3 reporter contribute to serum induction
of cdc25A expression. These could involve sequence elements
outside the tested regions, chromatin or locus-specific regula-
tion, or posttranscriptional regulation. While the myc binding
site in pNP0.7 did not affect the kinetics of induction, it is still
possible that this and other myc binding sites in other parts of
the cdc25A gene together contribute to the regulation of the

kinetics of induction of chromosomal (rather than transfected)
c-myc genes.

We sequenced the region of the human cdc254 promoter in
pNPGL3 (Fig. 3). Sequence elements for CAAT box binding
factors, SP1 and E2F, among others, were identified by using
the MatInspector program (46). To determine regions of the
promoter required for serum induction, we made 5’ deletions
in pNPGL3 (Fig. 4). We found that all of the constructs, with
deletions down to position —149 in the promoter, were still
inducible by serum, although the levels of expression were
reduced. This suggests that sequence elements between posi-
tions —149 and +126 of the cdc254 gene are sufficient for
serum induction. Elements upstream of position —149 in-
creased the level of expression but were not required for in-
duction. As an internal control, we included an SV40 promot-
er-Renilla luciferase reporter, for which the Renilla luciferase
activity can be measured separately from the firefly luciferase
activity. Expression from this promoter was not significantly
induced, and all points were normalized to this internal control
to correct for differences in transfection efficiency. An SV40
promoter construct driving the firefly luciferase gene was also
not induced by serum (data not shown). In addition, we tested
a c-fos minimal promoter reporter, p0O-Fluc, which was not
induced (Fig. 4).

To further narrow the region required for serum induction,
we made heterologous constructs with nucleotides —450 to
—30 of the cdc25A gene fused to the c-fos minimal promoter of
pO-Fluc. Deletions from the 3" end of the cdc25A4 region were
then made (Fig. 5). The heterologous construct pCF1 was
induced by serum similarly to pNPGL3. Deletion to position
—50 had no effect, while deletion to nucleotide —65 or —137
resulted in activation of the promoter in serum-starved cells,
with no further increase upon serum stimulation (Fig. 5).
These results suggest that deletion of a repressor element
between positions —50 and —65 activates the promoter and
that serum induction functions by inactivating the repressor.
This segment of the cdc25A4 promoter contains a putative E2F
site.

The E2F site at position —62 of the cdc254 promoter, TTT
GGCGQC, is identical to E2F sites in the dihydrofolate reduc-
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-450 CGGCCAGACC TCCACAGGTC TTCCTTAGCC TCCACATTGC CTCAGAGTGT
~400 GGGGCGLCCG GCTGGGGGCG AGGTAGCGGA GGCCCAAAGG GGGCCGAAGC
~350 TAACTGGACG GCAGCTCGCG ATGGGAACTA CGCTTCCCAG CATGCGACGG

~300 GGCAAAGGGG CCTTTCAGCC GCGAGCAGCG CCTCGCAGGT TCTGCTGGGA

]

-250 GTTTTCATTG ACCTCTGCTC CCCCTCTCAT TTTGATCCCC GCTCTTCTGC
-200 TCTGGGCTCC GCCCCCTTCT GAGAGCCGAT GACCTGGCAG AGTCCCGCGA
-150 GCCGCTTTCT TCTTCCCCTC TCATTGGCCC AGCCTAGCTG CCATTCGGTT

-100 GAGAGGAGGA GAAGTTGCTT ACTGATTGGT GGATTCCHIT TGGCGCLAAC

-50 TAGGAAAGGG GGGCGGGGCA GCAGCTGGCC CCACTGRGCC GCTATTALCG
+1 CGAARGGCCG GCOTGGCTGC GACAGCCTGG GTAAGAGGTG TAGGTICGGCT
+51 TGGTTTTCTG CTACCCGGAG CTGGGCAAGC GGGTGGGAGA ACAGCGAAGA

+101 CAGCGTGAGC CTGGGCCGTT GCCTCG +126

FIG. 3. Sequence of the cdc254 promoter. The sequence of the human
cdc25A4 promoter in pNPGL3 was determined. Position +1 indicates the 5’ end
of the full-length cDNA (16). Two potential E2F sites are boxed, CAAT boxes
are underlined, and a potential SP1 site has a dashed underline. The start codon
for cdc25A is at position +460.

tase, DNA polymerase «, and N-myc genes (44). To test
whether this E2F element is involved in serum induction of the
cdc25A4 promoter, we mutated the E2F site (pNP-E2F ™~ [Fig.
4]) and tested for serum induction. As with the heterologous-
promoter constructs, mutation of the E2F site resulted in con-
stitutive activation of the reporter gene (Fig. 6A). We also
found that mutation of the E2F site in the context of
pNP0.7GL3 (which contains a myc binding site) resulted in
high-level expression in serum-starved cells (data not shown).

1600
1400
= 1200 4 B -serum
E + serum
2 1000
o
2
‘s 800
3
-
0
Z 600
Kl
e
400
200
0
PNPGL3 pNP350 pNP250 pNP149 0-Fluc
-450 -350 -250 -150 +1 +126
t | t l | |
NPGL3 } [TUC
p f 1
pNP350 = {Toe—
pNP250 I [~TUC
J e
pNP149 I : LUC
pNP-E2F” | * [Toc

FIG. 4. Serum induction of cdc254 promoter deletions. The constructs indi-
cated at the bottom of the figure were transfected into NIH 3T3 cells with
PRL-SV40P as an internal control and analyzed for serum induction as described
in the legend to Fig. 2A. A minimal c-fos promoter plasmid, p0-Fluc (see Fig. 5),
was tested as a control. Shown are the averages of data from three experiments
and the standard errors of the means (error bars). — serum, no serum induction;
+ serum, serum induction performed.

MoL. CELL. BIOL.

1200 4

1000

800

600

400

Relative Luciferase Level

-450
!
I
t

pCF1

| —
pCF2 | | Luc

PCF3  frmm

pCF4 |-

p0-Fluc

FIG. 5. Serum induction of heterologous-promoter constructs. Regions of
the cdc25A4 promoter were fused upstream of a c-fos minimal promoter construct
as indicated at the bottom of the figure (LUC, luciferase gene). The constructs
were transfected into NIH 3T3 cells with pRL-SV40P and either not serum
induced (— serum) or serum induced (+ serum) as described in the legend to
Fig. 2A. Shown are the averages of data from three experiments and the standard
errors of the means (error bars). The c-fos minimal promoter alone, p0-Fluc, was
not inducible (Fig. 4).

Overexpression of E2F-1 also activated the cdc254 promoter
further, suggesting that it contains a functional E2F site (Fig.
6B). An additional putative E2F site at position —3 of the
cdc25A4 promoter was deleted in the pCF series of constructs
such that it is not required for serum induction or repression of
the promoter (Fig. 5). Since it is present in the pNP-E2F™
construct, the E2F site at nucleotide —3 is also not sufficient
for repression of the reporter gene in serum-starved cells, and
we have not studied it further.

E2F family members are regulated by Rb family proteins.
Rb-related proteins (Rb, p107, and p130) either suppress E2F
activity or repress the activity of transcription factors binding
nearby in the promoter (reviewed in reference 13). Phosphor-
ylation of Rb proteins during G, progression leads to their
inactivation and, hence, the activation of promoters with E2F
sites (13). To test whether Rb family members are required for
the low level of expression of the cdc25A4 reporter in serum-
starved cells, we transfected an adenovirus E1A expression
vector. E1A binds and neutralizes Rb family proteins (13).
E1A strongly activated pNPGL3, and this activation was not
further elevated by serum induction (Fig. 6C). Since E1A binds
several cellular proteins, we used E1A point mutants to cor-
relate its binding with specific proteins to its activation of the
cdc25A reporter gene. A point mutation, RG2, that strongly
reduces binding to p300 and CREB binding protein (CBP)
(57) had no effect on activation of pNPGL3. In contrast, a
double point mutation, YH47/928, that abolishes Rb, p107,
and p130 binding (57) no longer activated the reporter (Fig.
6C). These results suggest that Rb family members are re-
quired to repress cdc25A4 expression in serum-starved cells.
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FIG. 6. E2F regulation of the cdc25A4 promoter. (A) The cdc25A E2F site at position —62 was mutated as diagrammed in Fig. 4 (pNP-E2F ") and tested for serum
induction in NIH 3T3 cells. (B) The cdc25A4 reporter construct pNPGL3 was transfected with an E2F-1 expression vector or vector pcDNA3 and tested for
serum-induced expression. (C) Adenovirus E1A expression vectors were transfected with pNPGL3 and pRL-SV40P. Wild-type E1A (E1A.WT) and mutants were
transfected. A plasmid with a frameshift of E1A, pSFS, which does not express E1A served as a control vector. The EIA.RG2 mutant binds Rb family proteins but
not p300 or CBP (57). The E1A YH47/928 mutant (E1A.YH) binds p300 and CBP but not Rb family proteins (57). Shown are the averages of data from three
experiments and the standard errors of the means (error bars). — serum, no serum induction; + serum, serum induction performed.

We examined binding of nuclear proteins to the putative
E2F site by gel mobility shift assays. A double-stranded oligo-
nucleotide spanning the site was used as a probe. Nuclear
extracts were made from serum-starved and -stimulated NIH
3T3 cells. With each extract, several complexes were observed
that were specifically competed by excess unlabelled probe
(Fig. 7A). To confirm that these complexes contain E2F-re-
lated proteins, we performed a gel mobility shift assay with
anti-DP1 serum. DP1 is a common heterodimer partner for
E2F family members (13). Anti-DP1 serum disrupted the bind-
ing of complexes A, B, and C, while control antiserum (anti-
E1A) had no effect (Fig. 7B).

By comparison to previous data on E2F, we determined that
it is likely that complex A consists of E2F family members
complexed with DP-1 while complexes B and C are complexes
of Rb family member bound to E2F-DP-1 (29, 54). We ob-
served a shift from complex B to C at between 3 and 6 h of
serum induction (Fig. 7A). There was also a shift of complex A
from a doublet to a single band between 3 and 6 h. These shifts
correlated with increased expression of the cdc25A4 gene (Fig.
1A). The change in complex A could be due to the presence of
different E2F family proteins or differential binding to Rb
family members. To determine which Rb family members are
present in complexes B and C, we used specific antisera to
supershift the complexes. At the 0-h point, complex B was
partially supershifted by either anti-p107 or anti-p130 serum. A
combination of both antisera completely supershifted the com-
plex (Fig. 7C). At 12 h of serum induction, antiserum to p107
completely supershifted complex C while anti-p130 serum had
no effect. Antiserum to Rb had no effect at either time point.
From these results, we concluded that E2F is complexed with
p107 and p130 in nuclear extracts of serum-starved cells while
it is complexed with only p107 in nuclear extracts of serum-
induced cells. The shift from complex B to C s likely due to the
association of the E2F-p107 complexes with cdk’s (6, 11, 53).
Among the E2F family members E2F-1 to -5, the p107 protein
binds preferentially to E2F-4 (3, 9, 21, 50, 56), suggesting that
complex C contains E2F-4.

DISCUSSION

We have found that serum induction of cdc254 expression is
regulated by an E2F site in the cdc254 promoter. Mutation of
the cdc25A E2F site resulted in derepression of a cdc25A4

reporter gene and constitutive expression in serum-starved and
-induced cells. These results suggest that serum induction of
cdc25A expression is mediated by inactivation of repressors
acting via the E2F site. This type of regulation by E2F sites has
been well characterized in a number of genes, including cdc2,
B-myb, and E2F-1 (10, 28, 33, 35, 43), and is due to repression
by Rb family members binding to E2F factors (reviewed in
reference 13). Rb family members can repress transcriptional
activation either by E2F or by adjacent factors binding to the
promoter. In the former case, E2F function is required. Since
a site mutation in E2F results in activation of the cdc254
reporter, it appears that direct transcriptional activation by
E2F is not required and that Rb family proteins repress the
activity of other transcriptional activators binding to the
cdc25A promoter.

Overexpression of E2F-1 activated the cdc25A4 reporter, fur-
ther suggesting that the latter contains a functional E2F site.
Overexpression of E2F-1 may have activated the promoter by
bringing a potent transcriptional activation domain to the pro-
moter or by titrating out Rb family repressors. E1A can bind
and titrate out Rb family members (13, 57), and transfection of
E1A with the cdc25A4 promoter activates the reporter. In con-
trast, point mutations in E1A that specifically reduce Rb bind-
ing abolish the activation of the cdc25A4 reporter gene. These
results support the conclusion that cdc25A4 is regulated by E2F
and Rb family members.

We found that E2F-related factors bound to the cdc254 E2F
site and that there was a shift in the mobilities of E2F com-
plexes from 3 to 6 h after serum induction. This shift correlates
well with induction of cdc254 expression and suggests that
changes in the E2F complex could control cdc25A4 expression.

We initially investigated cdc25A4 as an example of a delayed-
early gene since it is expressed in early to mid-G, phase after
serum induction of quiescent cells (Fig. 1) (32). Serum induc-
tion of cdc25A expression was apparent by 3 h after the onset
of stimulation and peaked by 6 h in NIH 3T3 cells. This was
about 3 h before the peak for cyclin E, a known E2F-regulated
gene (4, 20, 45). It is thus surprising that cdc25A4 expression is
regulated by E2F factors, which have generally been associated
with late-G;- and S-phase gene expression (reviewed in refer-
ence 13). The peak of induction of the cdc254 promoter re-
porter was delayed compared to the induction of endogenous
cdc25A mRNA. This partially reflects a lag in accumulation of
luciferase protein but leaves open the possibility of additional
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FIG. 7. Binding of E2F and Rb family proteins to the cdc254 E2F site. (A)
Extracts were prepared from NIH 3T3 cells that were serum starved and then
induced with serum for the time periods (in hours) indicated above the lanes.
Extracts were incubated with 3?P-labelled cdc254 E2F site oligonucleotide with
a 40-fold excess of unlabelled probe (+) or nonspecific competitor (—). (B)
Extracts from serum-starved (0) or 12-h serum-stimulated (12) cells were incu-
bated with the E2F site probe, as described for panel A, without antiserum (—),
with a nonspecific antiserum (anti-E1A), or with anti-DP1. (C) Extracts from
serum-starved (0) or 12-h serum-stimulated (12) cells were incubated with anti-
serum to Rb, p107, or p130 or with a combination of anti-p107 and anti-p130 sera
as indicated. Complexes A, B, and C indicate E2F containing the complexes
discussed in the text. B’ and C’ indicate complexes supershifted by antiserum.
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mechanisms for early induction of cdc254 expression that are
not reproduced by the reporter gene. The inclusion of myc
binding sites from genomic fragments of the cdc254 gene (17)
did not significantly affect the timing or level of induction,
suggesting that the myc site is not required for serum induction
of the promoter. In addition, it was recently found that cdc254
induction was not significantly affected in myc ™/~ null fibro-
blasts (5). Thus, while the myc binding sites may contribute to
regulation of cdc25A in other contexts, they do not appear to
mediate activation of the promoter by myc in serum-stimulated
cells. In fact, since mutation of the E2F site results in dere-
pression and constitutive expression of the cdc25A4 reporter
gene, it appears that other activating factors binding to the
promoter are constitutively active but are sensitive to E2F
repression.

Since the E2F site mediates repression, activation early in
G, must overcome that repression. The correlation of changes
in E2F complex formation with cdc25A4 expression further sug-
gests that there is direct regulation via factors complexed with
E2F. An alternative model, however, is that factors binding
elsewhere in the cdc254 gene overcome repression by E2F-
associated factors early in G,. While this work was under
review, lavarone and Massagué (30) also identified the E2F
site in the cdc25A4 promoter as being critical for TGF-B repres-
sion of cdc25A expression. Since TGF-B causes cell cycle ar-
rest, together these results suggest that control of E2F can
either activate or repress expression of cdc25A4 in response to
growth-activating or -inhibitory signals, respectively.

In analyzing factors binding to the cdc254 E2F site, we
found a complex B that contains E2F and either p130 or p107
in extracts from serum-starved cells and a complex C that
contains E2F and p107 in serum-stimulated cells (Fig. 7). The
pattern of complexes observed is similar to that observed by
Hurford et al. (29) in extracts of serum-induced mouse embryo
fibroblasts (MEFs) except that the shift of the E2F complex in
MEFs did not occur until 14 h after serum stimulation. The
slower time course likely occurs because MEFs take several
hours longer than NIH 3T3 cells to enter S phase. In contrast
to our results, Smith et al. (54) found only p130 in E2F com-
plexes from serum-starved REF52 cells. They then observed a
loss of the p130 complex followed by gradual accumulation of
a pl07-E2F complex as cells entered S phase. While we ob-
served a loss of the pl130 complex, the pl07 complex was
present in serum-starved and -induced cells. These differences
may be due to the use of different cell types and, possibly, to
different mechanisms or extents of quiescence.

Since we find pl107-E2F complexes in serum-starved and
-stimulated cells, the shift in migration of the complex after 6 h
must reflect a change in modifications or complexing proteins.
Cyclins A and E have been found in complexes with p107- or
p130-E2F such that binding of cyclin-cdk factors could account
for the shift of the complex (6, 9, 11, 53). Cyclin D1-cdk4
complexes are induced earlier in G, phase than cyclin E, and
hence they are good candidates for complexing proteins (38).
In fact, cyclin D1-cdk4 has been found to phosphorylate p107
and p130 and to stably complex with Rb and p107 (2, 15, 39,
58). It will be interesting to determine whether cyclin D1 be-
comes associated with E2F and whether this association or
phosphorylation of p107 or p130 is required for derepression
by the E2F site.

Another difference in our E2F gel mobility shift assays from
those of others is in complex A (Fig. 7). This complex appears
to contain E2F without complexing factors. We observed a
generally constant amount of E2F binding, while others have
found an increase following serum stimulation (29, 54). We
also observed a conversion of a doublet to a single band. This
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may reflect a change in E2F family members. Leone et al. (37)
found E2F-4 and E2F-5 complexes in serum-starved cells and
a stimulation of E2F-3 complex formation 14 h after serum
stimulation of REF52 cells. Determination of the exact nature
of the E2F complexes in NIH 3T3 cells and the importance of
the changes will require further investigation.

Regulation by E2F and Rb family members is complex be-
cause of the multiple members of each family and the multiple
cyclin-cdk kinases that can phosphorylate them (13, 41). We
have shown here that an E2F site can mediate repression of the
cdc25A4 promoter in serum-starved cells and that this repres-
sion can be relieved as early as 6 h after the onset of serum
stimulation. It will be interesting to determine how the E2F
system is regulated at this point of the cell cycle.
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