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Human Cdc25 phosphatases play important roles in cell cycle regulation by removing inhibitory phosphates
from tyrosine and threonine residues of cyclin-dependent kinases. Three human Cdc25 isoforms, A, B, and C,
have been discovered. Cdc25B and Cdc25C play crucial roles at the G,/M transition. In the present study, we
have investigated the function of human Cdc25A phosphatase. Cell lines that express human Cdc25A in an
inducible manner have been generated. Ectopic expression of Cdc25A accelerates the G,/S-phase transition,
indicating that Cdc25A controls an event(s) that is rate limiting for entry into S phase. Furthermore, we
carried out a detailed analysis of the expression and activation of human Cdc25A. Activation of endogenous
Cdc25A occurs during late G, phase and increases in S and G, phases. We further demonstrate that Cdc25A
is activated at the same time as cyclin E- and cyclin A-dependent kinases. In vitro, Cdc25A dephosphorylates
and activates the cyclin-Cdk complexes that are active during G,. Overexpression of Cdc25A in the inducible
system, however, leads to a premature activation of both cyclin E-Cdk2 and cyclin A-Cdk2 complexes, while no
effect of cyclin D-dependent kinases is observed. Furthermore, Cdc25A overexpression induces a tyrosine
dephosphorylation of Cdk2. These results suggest that Cdc25A is an important regulator of the G,/S-phase

transition and that cyclin E- and cyclin A-dependent kinases act as direct targets.

Transitions in the cell cycle of higher eukaryotic cells are
governed by a family of cyclin-dependent kinases (Cdks). Cdk
activities are determined by cyclin-binding, small Cdk inhibitor
proteins and both positive and negative regulatory phosphory-
lations (14, 26, 35). There are two families of Cdk inhibitors
which negatively regulate kinase activities. The first family
includes p21, p27, and p57 and acts on a variety of cyclin-Cdk
complexes. The second group consists of p15, p16, and p18 and
inhibits the formation of cyclin D-Cdk4 (Cdk6) complexes
(13). The regulation of Cdks on the phosphorylation level is
best characterized for cyclin B-Cdk1 (Cdc2) but is conserved
also in Cdks that are active during G, and S phases. A stimu-
latory phosphorylation event is modulated by the Cdk-activat-
ing kinase (Cak), which phosphorylates threonine-161 on Cdk1
(30, 36). Another major regulatory mechanism is governed by
the weel/mik1 and mytl protein kinases, which phosphorylate
Cdkl on threonine-14 and tyrosine-15, thus inactivating the
Cdk kinase activity (22, 24, 27).

The Cdc25 phosphatases are members of the tyrosine phos-
phatase family and catalyze dephosphorylation and activation
of cyclins-Cdks through removal of the inhibitory phosphates.
In the fission yeast, Schizosaccharomyces pombe, only one type
of Cdc25 that activates Cdkl at the G,/M-phase transition
exists, thus representing a key determinant of mitotic timing.
In human cells, three Cdc25 homologs called Cdc25A,
Cdc25B, and Cdc25C have been identified (6, 28, 33). The
three phosphatases have approximately 50% sequence identity
at the amino acid sequence level. The crystal structure of the
catalytic domain of human Cdc25A phosphatase has recently
been determined (4). Interestingly, Cdc25A has its own topol-
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ogy, and only the active site loop, containing the His-Cys-(X)s-
Arg motif, shows similarity to the tyrosine phosphatase family.

Cdc25B and -C are involved in the regulation of the G,/M-
phase transition, while Cdc25A is needed for the G,/S-phase
transition (5, 16, 19, 20, 25). Cdc25C dephosphorylates cyclin
B-Cdk1, thereby activating its kinase activity. Cdc25C in turn
becomes phosphorylated by cyclin B-Cdk1 at mitosis, and this
further stimulates its ability to dephosphorylate Cdk1, thus
creating a positive feedback loop (15, 18, 37). Recent work
indicates that Cdc25B might play the role of a “starter phos-
phatase” by activating cyclin B-Cdk1 in order to initiate the
positive feedback mechanism (20, 29).

Cdc25A and -B are putative oncogenes (8). Cdc25A is able
to transform primary mouse embryonic fibroblasts in cooper-
ation with the Ras oncogene or in a background lacking func-
tional retinoblastoma protein (pRb). It has been reported that
the proto-oncogene product c-Myc directly stimulates the ex-
pression of Cdc25A (7). Although Cdc25A seems to play a
crucial role at the G,/S-phase transition, the nature of its
substrate(s) remains unclear. However, likely substrates for
Cdc25A are cyclin-Cdk complexes that are activated during G,
phase. Cdk2, which forms complexes with cyclins A and E, is
regulated by phosphorylation on sites analogous to those
found in Cdkl1 (11), suggesting an activation mechanism sim-
ilar to that for Cdkl. In addition, the cyclin E-Cdk2 complex
has been shown to physically interact with Cdc25A in vivo (16).
Moreover, cyclin E-Cdk2 phosphorylates Cdc25A, which leads
to an increase of its phosphatase activity (16). Experiments
where immortalized human epithelial cells (MCF-10A) were
treated with transforming growth factor g (TGF-B) revealed a
marked increase in tyrosine phosphorylation of Cdk4 and
Cdk6 and an inhibition of their kinase activities. TGF-f treat-
ment also leads to a repression of Cdc25A and induction of p15
(17). Upon UV treatment of rat fibroblasts, Cdk4 is phosphor-
ylated on Tyr, and its dephosphorylation is required for S-
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phase entry (37). Recently, it was reported that Cdc25A also
acts on substrates apart from Cdks. Cdc25A binds to and
dephosphorylates the homeodomain transcription factor cut,
which in turn leads to a repression of p21 promoter activity (2).

In this study, we show that Cdc25A phosphatase activity first
appears during the end of G, phase, at the same time as cyclin
E-Cdk2 and cyclin A-Cdk2 kinase activities appear but after
cyclin D-Cdk4 or cyclin D-Cdk®6 kinase is activated. In order to
better understand the role of Cdc25A in the regulation of the
G,/S-transition, we have investigated the effects of conditional
ectopic Cdc25A expression on cell cycle progression of rat-1
cells. Overexpression of human Cdc25A shortens the G,
phase, thereby advancing S-phase entry. In addition, high lev-
els of Cdc25A overexpression lead to a premature activation of
cyclin E-Cdk2 and cyclin A-Cdk2 kinases and dephosphoryla-
tion of Cdk2, suggesting that these kinases act as in vivo sub-
strates of Cdc25A.

MATERIALS AND METHODS

Plasmids and site-directed mutagenesis. A mutant of human Cdc25A, lacking
phosphatase activity, was constructed by mutating the catalytic cysteine to serine
(Cdc25A C430S). A single base mutation was introduced into a PCR primer
(TGTTGTGTTTCACTCCGAGTTTTCTTCTGAG). The PCR product con-
taining the mutation was used as one of the primers in a second PCR to produce
a larger fragment of the Cdc25A gene. Mutagenesis was performed by PCR with
Pfu DNA polymerase (Stratagene). The mutation was confirmed by DNA se-
quencing.

To construct the tetracycline-regulated Cdc25A and Cdc25A C430S expres-
sion vector, we subcloned the blunt-ended Ncol-Xbal fragment of Bluescript/
Cdc25A, which contains the full-length human Cdc25A, into a blunt-ended
EcoRI pUHD 10-3 plasmid. The pUHD 10-3 plasmid contains several repeats of
the tetracycline operator linked to a cytomegalovirus minimal promoter (10).
Cotransfection of pUHD 10-3 and the tetracycline repressor vector (pUHD
15-1) led to a repression of gene expression in the presence of tetracycline. Upon
removal of tetracycline, gene transcription was initiated. The Tk-hygromycin
plasmid contained the hygromycin resistance gene under control of the thymi-
dine kinase promoter.

Expression and purification of recombinant Cdc25 proteins. Human Cdc25A
and Cdc25 C430S (6) were produced in the bacterial strain BL21 with the
pGEX-2T expression vector. After isopropyl-B-p-thiogalactoside (IPTG) induc-
tion for 4 h (1 mM final concentration), the 95-kDa glutathione S-transferase
(GST)-Cdc25A fusion protein was recovered by binding to glutathione-Sepha-
rose beads and eluted with 20 mM glutathione in 50 mM Tris-HCI, pH 8.0.

Cell lines, transfection, and selection procedure. HeLa cells in suspension
were obtained from the Cold Spring Harbor Laboratory Tissue Culture facility
(Cold Spring Harbor, N.Y.) and cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM)-5% fetal calf serum (FCS) containing 1 g of glucose per liter.
Human foreskin fibroblasts (Hs68) and human lung fibroblasts (IMR-90) were
purchased from the American Type Culture Collection and cultivated as de-
scribed in reference 20. All media were supplemented with 100 U of penicillin-
streptomycin per ml and 2 mM glutamine. rat-1 cells containing the tetracycline
repressor expression vector pUHD 15-1, termed R12 cells (31), were maintained
in the presence of 600 wg of G418 (Geneticin; Calbiochem) per ml. R12 cells
were maintained in DMEM containing 4.5 g of glucose per liter. The pUHD 10-3
vector containing Cdc25A or Cdc25A C430S was transfected together with the
hygromycin resistance vector (ratio of 1:20) into R12 cells by using the liposomal
transfection reagents (DOSPER or DOTAP; Boehringer Mannheim). Cells were
then cultivated in the presence of tetracycline (2 pg/ml). Clones were selected in
the presence of 150 wg of hygromycin per ml. Clones showing inducible expres-
sion of Cdc25A and Cdc25A C430S after tetracycline removal for 48 h were
screened for immunoblotting by using specific polyclonal antibodies raised
against Cdc25A.

Elutriation and cell synchronization. G; HeLa cells were obtained by centrif-
ugal elutriation with a JE-5.0 rotor (Beckman) as described previously (3). For
the experiments described in the legend to Fig. 2, cell fractions enriched in early
G, were resuspended in DMEM-5% FCS at a density of 3 X 10° cells/ml.
Samples were taken at the times indicated. Progression through the cell cycle in
the elutriated cells was monitored by propidium iodide staining and flow cytom-
etry. HeLa cells arrested in S phase were obtained by blocking the cells for 19 h
in 10 mM hydroxyurea.

R12 clones were synchronized by serum starvation with DMEM containing
0.1% FCS for 48 h. The cells were released through addition of DMEM con-
taining 10% FCS and harvested at the indicated time points. Hs68 cells were
synchronized by serum starvation in DMEM without FCS for 36 h. They were
then released through addition of DMEM supplemented with 20% FCS.

Cell cycle analysis. The cell cycle distribution was assayed by propidium iodide
or bromodeoxyuridine (BrdU) incorporation with flow cytometry. Adherent cells
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were trypsinized, and HeLa cells grown in suspension were collected by centrif-
ugation. The cells were then washed and resuspended in phosphate-buffered
saline (PBS). Ice-cold methanol was added to a final concentration of 80%. The
cells were incubated for at least 20 min at 4°C and then pelleted and resuspended
in 1 ml of PI mix per 10° cells (50 pg of propidium iodide per ml, 10 mM
Tris-HCI [pH 7.5], 5 mM MgCl,, 10 pg of RNase A per ml). The cells were
incubated for 20 min at room temperature before measurement. To assay the
proportion of cells in S phase, they were incubated with 30 uM BrdU for 1 h
before harvest. The cells were fixed with 70% cold ethanol. The RNA was
degraded by incubation with 10 wg of RNase A per ml in PBS with 0.5% Tween
20 for 30 min at 37°C. The histones were extracted by incubation with 2 M HCl
with 0.5% Tween 20 for 20 min at room temperature. The cells were labelled
with 2 pg of anti-BrdU antibodies from Boehringer Mannheim and fluorescein
isothiocyanate-linked anti-mouse immunoglobulin G from Jackson Immunore-
search (1:50) per ml. The cells were labelled with 40 g of propidium iodide per
ml. The analysis was performed with FACScan (Becton Dickinson) with the Cell
Quest and the Mod Fit software.

Extract preparation and immunochemistry. For cell fractionation, cell mono-
layers were washed twice with ice-cold PBS, and then cells were harvested by
trypsinization.

Cell extracts were prepared by addition of 3 to 5 volumes of lysis buffer (50
mM Tris-HCI [pH 7.4], 0.5 M NaCl, 0.1% Triton X-100, 50 mM NaF, 1 mM
dithiothreitol [DTT], 0.1 mM Na3VO,) to a cell pellet. The following protease
inhibitors were added: 0.1 mM phenylmethylsulfonyl fluoride, 1 mg of leupeptin
per ml, 10 mg of soybean trypsin inhibitor per ml, L-1-chlor-3-(4-tosylamido)-4-
phenyl-2-butanon (TPCK), 10 mg of r-1-chlor-3-(4-tosylamido)-7-amino-2-hep-
tanon-hydrochloride (TLCK) per ml, and 1 mg of aprotinin per ml.

To assay cyclin D-associated kinase activity, the lysates were prepared accord-
ing to the method of Matsushime et al. (23). Cells were lysed in 1 ml of IP buffer
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10%
glycerol, 0.1% Tween 20 1 mM DTT, 10 mM B-glycerophosphate, and the same
protease and phosphatase inhibitors as in the lysis buffer) per 1 X 10° to 5 X 10°
cells. The cells were frozen in dry ice, thawed, and incubated for 1 h on ice. The
lysates were cleared by centrifugation for 10 min at 13,000 X g.

Total protein concentrations were determined by using the Bio-Rad protein
assay system and bovine serum albumin as the calibration standard.

The Cdc25A antibodies used in the immunoprecipitation experiments were
generated by injecting rabbits with a peptide coupled to keyhole limpet hemo-
cyanin. This peptide corresponds to the C-terminal sequence of human Cdc25A
protein (CKREMYSRLKKL). This sequence does not exist in either Cdc25B or
Cdc25C. For use in immunoblotting experiments, an antibody against the full-
length human GST-Cdc25A protein was raised in rabbits. The resulting poly-
clonal antiserum was affinity purified by using the GST-Cdc25A fusion protein
covalently coupled to CNBr-activated Sepharose. Cyclins A, B, and D1 and Cdk2
antibodies were used as described in reference 16. Cyclin E (HE-111, HE-12, and
M-20), Cdk4 (C-22), and Cdk6 (C-21) antibodies were from Santa Cruz Bio-
technology, Inc. p21 (05-345) and antiphosphotyrosine antibodies (05-321) were
purchased from Upstate Biotechnology Inc., Lake Placid, N.Y. For immunoblot-
ting, 50 pg of total protein from HeLa, Hs68, or rat-1 cell lysates was loaded per
lane and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred from gels by semidry blotting as de-
scribed in reference 12. As secondary antibodies, horseradish peroxidase-la-
belled anti-rabbit (Amersham) or horseradish peroxidase-labelled anti-mouse
(Jackson Immunoresearch) antibodies were used.

Conditions for immunoprecipitation have been previously described (3).

Phosphatase and kinase assays. To prepare the substrate for a Cdc25A phos-
phatase assay, cyclin B-Cdkl was immunoprecipitated with anti-cyclin B anti-
bodies from HeLa cells that were arrested in S phase by treatment with 10 mM
hydroxyurea for 14 h. Under these conditions, Cdk1l complexed with cyclin B is
phosphorylated on threonine-14 and tyrosine-15, causing an inactivation of its
kinase activity. The cyclin B immunoprecipitate was incubated with recombinant
or immunoprecipitated Cdc25A for 15 min at 30°C in 50 mM Tris-HCI (pH
8.0)-10 mM DTT, and the resulting activity of the kinase was measured by
phosphorylation of histone H1 as described in reference 15. Briefly, after immu-
noprecipitations pellets were incubated at 30°C in the presence of 50 mM
Tris-HCI (pH 7.5)-10 mM MgCl,~1 mM DTT-50 uM ATP-5 p.Ci of [y-**P]ATP
for 15 min. Samples were resolved by SDS-PAGE and analyzed by autoradiog-
raphy. Cyclin E- and cyclin A-dependent kinase activities were measured on
histone H1 as substrate under the same assay conditions.

For cyclin D-associated kinase assays, lysates prepared with IP buffer were
used and precleared by incubation with Sepharose CL-4B beads (Pharmacia) for
1 h and centrifugation at 13,000 X g for 1 min. Protein A-Sepharose beads
(Pharmacia) were precoated with antibody for 1 h and then mixed with the
precleared lysates and incubated for 3 h at 4°C. The beads were washed four
times with IP buffer and twice with kinase buffer (50 mM HEPES [pH 7.5], 10
mM MgCl,, 1 mM DTT). The kinase reaction was performed in kinase buffer
with addition of 2.5 mM EGTA, 10 mM B-glycerophosphate, 50 uM ATP, 10
wCi of [y-*?P]JATP, and 5 ug of GST-pRb (amino acids 773 to 928). The kinase
reactions were performed at 30°C for 30 min. The reactions were stopped
through addition of Laemmli sample buffer, and reaction mixtures were analyzed
by SDS-PAGE and autoradiography.
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FIG. 1. Characterization of Cdc25A antibodies. (A) Extracts of HeLa cells
(lanes 1 and 3) and HS68 cells (lane 2) were resolved by SDS-PAGE, transferred
to nitrocellulose, and probed with affinity-purified Cdc25A antibodies raised
against the full-length protein (lanes 1 and 2) or preimmune serum (lane 3). (B)
Cdc25A was immunoprecipitated from HeLa cell extracts with a C-terminal
peptide antibody in the absence (lane 1) or presence (lane 2) of antigenic peptide
and incubated with tyrosine-phosphorylated inactive cyclin B-Cdkl complex.
Activation of cyclin B-Cdk1 caused by Cdc25A was monitored on histone H1 as
substrate. Lane 3 shows a control immunoprecipitation using preimmune (PI)
serum. IP, immunoprecipitant.

RESULTS

Human Cdc25A phosphatase is activated during late G,
phase. To investigate the function of human Cdc25A phospha-
tase, we first characterized the antibodies to be used. The
polyclonal rabbit antibody raised against the full-length human
GST-Cdc25A protein was affinity purified, and its specificity
was tested by immunoblotting on HeLa and Hs68 cell extracts
(Fig. 1A, lanes 1 and 2). The antibody specifically recognizes a
doublet band at 68 to 70 kDa that was absent in the preimmune
serum (Fig. 1A, lane 3). This antibody was used for immuno-
blotting. To be able to determine the phosphatase activity of
human Cdc25A in extracts, an antibody modelled upon the
Cdc25A C-terminal sequence was raised. The peptide se-
quence has no homology to sequences in either Cdc25B or
Cdc25C phosphatase. The antibody immunoprecipitated
Cdc25A that activated tyrosine-phosphorylated cyclin B-Cdk1
as determined by histone H1 phosphorylation (Fig. 1B, lane 1).
Cdc25A phosphatase activity could not be immunoprecipitated
in the presence of an excess of antigenic peptide (lane 2). Due
to incomplete inactivation of cyclin B-Cdkl1, there is a basal
activity in the control immunoprecipitation by preimmune se-
rum (lane 3). There was no detectable histone H1 kinase ac-
tivity coprecipitating along with Cdc25A (data not shown). The
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C-terminal antibody was used for immunoprecipitations during
this study.

One important unresolved issue is the nature of the Cdc25A
in vivo substrate(s). To study this, we examined the exact
timing of expression and activation of the Cdc25A phosphatase
in comparison to the activation of potential substrates. In a first
set of experiments, Cdc25A protein and phosphatase activity
were analyzed at various time points during the G, and S
phases of the cell cycle in HeLa cells. HeLa cells were syn-
chronized in early G, according to cell size by centrifugal
elutriation. The cells were recultivated, and samples were
taken at the indicated time points. The relative percentages of
G,-, S-, and G,- or M-phase cells in the elutriated fractions
were determined for each time point by flow cytometric anal-
ysis of nuclear DNA content. Cells started to synthesize DNA
between 6 and 8 h after G, reinoculation (Fig. 2A). The
amount of Cdc25A protein in the extracts was determined by
immunoblotting (Fig. 2B). The Cdc25A protein reached max-
imal levels at the end of G, phase and in early S phase. This is
in agreement with data published by Jinno et al. (19). The
discrepancy between our new data and earlier published re-
sults that showed constant Cdc25A levels (16) might be ex-
plained by the different antibodies used. Cyclin E protein is
present at the end of G, and the beginning of S phase. Cyclin
A protein accumulates as the cells proceed through the G, and
S phases. The amount of Cdc25A phosphatase activity contin-
uously increases, starting during mid-G, phase and reaching a
maximum in late S phase and early G, phase. Cyclin E-depen-
dent kinase activity appears simultaneously with Cdc25A phos-
phatase activity and decreases as the cyclin E protein disap-
pears in S phase. The cyclin A-dependent kinase activity
appears slightly later and increases in parallel with the Cdc25A
phosphatase activity (Fig. 2C). Therefore, it is conceivable that
the initial Cdc25A activity is necessary to activate cyclin E-
Cdk2 while the rise in Cdc25A activity up to late S/G, might be
necessary to further activate cyclin A-Cdk2.

To investigate the timing of Cdc25A protein expression and
activity in a cell line that has functional cyclin D-associated
kinase activity, we synchronized human fibroblasts (Hs68) by
serum deprivation and release. Samples were taken at the
indicated time points. In Fig. 3A, the percentages of cells in
G,, S, and G, or M phase are shown. Cells started entering S
phase at 16 h. The samples were then analyzed for protein
levels and activities of Cdc25A and G, cyclin-Cdk complexes.
The protein levels of Cdc25A were slightly down-regulated
during G, but reappeared at 4 h after serum readdition (Fig.
3B). Cyclin A protein was present during the whole time
course, but the levels increased markedly at 13 h after serum
readdition. Cyclin D and E proteins were absent in G, but were
expressed again at the same time as Cdc25A. The protein
levels of Cdk2 and Cdk4 remained unchanged. The overall
level of Cdc25A phosphatase activity in Hs68 cells was notice-
ably lower than that in HeLa cells. An activation of Cdc25A
phosphatase became detectable between 13 and 16 h after
serum readdition (Fig. 3C). Cyclin E-Cdk2 kinase was acti-
vated slightly earlier, and cyclin A-Cdk2 underwent activation
later, than Cdc25A. These results supports the finding that
cyclin E-Cdk2 activates Cdc25A (16). However, cyclin D-de-
pendent kinases and cyclin D-Cdk6 complexes were activated
much earlier, at 7 h after serum readdition. From the timing of
activation of cyclin E- and cyclin A-dependent kinases and the
activation of Cdc25A in HelLa and Hs68 cells, we conclude that
these kinases could act as physiological substrates of Cdc25A
phosphatase.

Cdc25A activates the G, cyclin-Cdk complexes in vitro.
Since the Cdc25A activity appeared during the end of G,, we
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were interested in investigating if Cdc25A was able to activate
the G, cyclin-Cdk complexes that undergo activation at the
same time as Cdc25A. In vitro, Cdc25A reveals a broad bind-
ing specificity for Cdkl and Cdk2 complexes (39). To test the
ability of GST-Cdc25A to activate G, cyclin-Cdk complexes
including cyclin D-dependent kinase, immunoprecipitates of
these cyclin-Cdk complexes from exponentially growing HeLa
cells or human lung fibroblasts (IMR-90) were incubated with
recombinant GST-Cdc25A. To demonstrate that this activa-
tion was linked to the phosphatase activity of Cdc25A, a mu-
tant of Cdc25A lacking phosphatase activity was constructed by

reinoculation (h)

FIG. 2. Protein levels and activity of Cdc25A and G, cyclins-Cdks in HeLa
cells. (A) Cell cycle distribution. HeLa cells grown in suspension were separated
on the basis of size by centrifugal elutriation. G-enriched cells were reinoculated
in fresh medium and collected at the indicated time intervals. Cells were stained
with propidium iodide and analyzed by flow cytometry. The graph shows the
percentages of cells in Gy, S, and G,/M phases. (B) Immunoblot analysis. Total
cell extracts from the elutriated samples of panel A were analyzed by SDS-PAGE
and immunoblotted with specific antibodies against Cdc25A, cyclins E and A,
and Cdk2. (C) Cdc25A phosphatase activity and cyclin E- and cyclin A-associ-
ated kinase activities. Extracts were prepared at the indicated times from the
elutriated samples, immunoprecipitated with Cdc25A antiserum, and incubated
with tyrosine-phosphorylated inactive cyclin B-Cdk1l complex. Activation of cy-
clin B-Cdkl1, caused by Cdc25A, was monitored on histone H1 as substrate.
Cyclin E- and cyclin A-associated kinase activity was tested on histone H1 as
substrate. P denotes control immunoprecipitations with a preimmune serum.
The results are the means of two independent experiments. rein., reinoculation.

changing the catalytic cysteine to a serine (Cdc25A C430S).
Such mutants of Cdc25 phosphatases were previously shown to
lack phosphatase activity (9). The resulting cyclin-dependent
kinase activities were monitored for their ability to phosphor-
ylate pRb (cyclin D1-Cdk4 or cyclin D1-Cdk6) or histone H1
(cyclin A-Cdk2 and cyclin E-Cdk2). Figure 4A shows that
GST-Cdc25A was clearly able to activate Cdk4 and cyclin D-
dependent kinase complexes (lanes 2 and 6) while the cyclin
D-Cdk6 kinase could be further activated only slightly (lane 4)
in comparison to the inactive GST-Cdc25A C430S protein
(lanes 1, 3, and 5). Both cyclin E-Cdk2 and cyclin A-Cdk2
could be activated by recombinant GST-Cdc25A (Fig. 4B,
lanes 4 and 6) compared to GST-Cdc25A C430S (lanes 3 and
5). No activating activity of Cdc25A C430S in comparison with
bovine serum albumin or buffer alone was observed, indicating
that the phosphatase activity of Cdc25A is critical for its acti-
vating capacity (data not shown). In this context, it should also
be mentioned that Cdc25A is able to activate cyclin B-Cdkl1 in
vitro (Fig. 1B). Although the cyclin-Cdk complexes are acti-
vated to different extents by recombinant Cdc25A, we cannot
draw conclusions about its preferred in vivo substrate.

We then analyzed the phosphotyrosine levels of Cdk2 after
immunoprecipitation with specific antibodies from HeLa cell



VoL. 19, 1999

120 q

100

Histone H1 kinase activity
(% of maximum)

40 1

201

ACCELERATION OF THE G,/S TRANSITION BY Cdc25A 6187

J—
—

ENENENENENENENENENEN

E] cdc25A activity
B cyclin E/cdk2 activity
O cyclin Alcdk1(2) activity

N

N

N

R R R R R R R
N\ ENENEN

time after serum readdition (h)

12 14 h after G1 rein.

——-—oeooew

cdc25A phosphatase activity

cyclin E/cdk2 activity

cyclin A/cdk1(2) activity

FIG. 2—Continued.

extracts (Fig. 4C). Treatment of Cdk2 immunoprecipitates
with recombinant GST-Cdc25A resulted in a marked reduc-
tion of phosphotyrosine while treatment with either GST-
Cdc25A C430S or GST-Cdc25A in the presence of the tyrosine
phosphatase inhibitor sodium orthovanadate did not reduce or
only slightly reduced phosphotyrosine levels (Fig. 4C). These
results clearly demonstrate that the increase in activity of G,
Cdk-cyclin complexes is concomitant with a reduced phospho-
tyrosine content in Cdk2, indicating that it might be a direct
target of Cdc25A.

Transfectant cell lines inducibly expressing Cdc25A. The
tetracycline-inducible system takes advantage of a bacterial
tetracycline resistance operator and transactivator (10). rat-1
cells stably transfected with the tetracycline transactivator were
cotransfected with pUHD 10-3 vector containing Cdc25A or

Cdc25A C430S and a hygromycin resistance vector. Hygromy-
cin-resistant clones were screened by immunoblotting for in-
ducible induction of Cdc25A after removal of tetracycline from
the culture medium for 48 h. The screen resulted in 7 clones of
37 overexpressing wild-type Cdc25A and 3 clones of 20 over-
expressing Cdc25A C4308S. For the data presented, clone M13
expressing Cdc25A C430S and clones 55 and 83 expressing
wild-type Cdc25A were used. These clones displayed highly
regulated expression of Cdc25A. Removal of tetracycline from
the medium led to an increase in Cdc25A protein levels in all
clones (Fig. 5A, lanes 2, 4, and 6) over those in noninduced
cells (Fig. 5A, lanes 1, 3, and 5). No or very weak leakiness was
detected in these clones by immunoblotting. To examine
whether the overexpression of Cdc25A leads to an increased
Cdc25A activity, phosphatase assays on immunoprecipitated
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FIG. 4. Dephosphorylation and activation of cyclin-Cdk complexes by
Cdc25A in vitro. (A) Cyclin D-Cdk4 or cyclin D-Cdk6 complexes were immu-
noprecipitated from exponentially growing IMR-90 cells by using antibodies
against Cdk4 (lanes 1 and 2), Cdk6 (lanes 3 and 4), and cyclin D1 (lanes 5 and
6) or preimmune sera (lanes 7 and 8) and incubated with GST-Cdc25A (lanes 2,
4, 6, and 8) or GST-Cdc25A (C430S) (lanes 1, 3, 5, and 7). Activities of the
complexes were determined on pRb as substrate. (B) Cyclin E-Cdk2 and cyclin
A-Cdk2 complexes were immunoprecipitated from exponentially growing HeLa
cells by using antibodies against cyclin A (lanes 3 and 4) and cyclin E (lanes 5 and
6) or preimmune serum (lanes 1 and 2) and incubated with GST-Cdc25A (lanes
2, 4, and 6) or GST-Cdc25A C430S (lanes 1, 3, and 5). Kinase activities were
measured on histone H1 as substrate. (C) Cdk2 was immunoprecipitated from
exponential HeLa cell extract and incubated with either GST-Cdc25A (lane 1),
GST-Cdc25A (C430S) (lane 2), GST-Cdc25A in the presence of 1 mM sodium
orthovanadate (lane 3), or buffer alone (lane 4); blotted; and incubated with
antiphosphotyrosine antibodies. In lane 5, the immunoprecipitation was carried
out with preimmune serum. Numbers at left indicate molecular masses in kilo-
daltons. IP, immunoprecipitant; PI, preimmune serum; mu, mutant; wt, wild

type.

Cdc25A from induced or noninduced cells were performed
(Fig. 5B). Induction of Cdc25A by tetracycline removal led to
a two- to fourfold increase in Cdc25A phosphatase activity
(Fig. 5B, lanes 3 and 6) over that in noninduced cells (Fig. 5B,
lanes 2 and 5) or for immunoprecipitations performed with
preimmune serum (Fig. 5B, lanes 1 and 3). Overexpression of
Cdc25A lacking phosphatase activity did not lead to increased
phosphatase activity (data not shown).
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FIG. 5. Inducible expression and activities of human Cdc25A in R12 cells.
Clones M13 (lanes 1 and 2), 55 (lanes 3 and 4), and 83 (lanes 5 and 6) were grown
in the presence (no induction of Cdc25A) and absence (induction of Cdc25A) of
tetracycline for 48 h. Cells were then lysed as described in Materials and Meth-
ods. (A) Immunoblot analysis. Protein extracts from induced (+) and nonin-
duced (—) cells were run on an SDS-10% polyacrylamide gel and blotted on
nitrocellulose. The blot was then incubated with Cdc25A antibodies. HeLa cell
lysates (lane 7) were used as controls. (B) Protein (1 mg) was used to analyze
Cdc25A phosphatase activity by using inactive tyrosine-phosphorylated cyclin
B-Cdk1 as substrate. Cyclin B-Cdk1 activation was determined by histone H1
phosphorylation. Lanes 1 and 4, control immunoprecipitations with preimmune
serum; lanes 2 and 5, activity without induction of Cdc25A; lanes 3 and 6, activity
with induction of Cdc25A.

Effects of Cdc25A overexpression on S-phase entry. Micro-
injection experiments with Cdc25A-neutralizing antibodies
have shown that Cdc25A is required for entry into S phase (16,
19). Therefore, we wanted to test if Cdc25A is also rate limiting
in the process of S-phase entry. To study this, clones 55 and 83
were synchronized by serum starvation in the presence or ab-
sence of tetracycline for 48 h. Cells were released by serum
addition (with or without tetracycline) and harvested for flow
cytometry at the indicated time points after release (Fig. 6).
Cdc25A overexpression was confirmed by immunoblotting
(data not shown). Removal of tetracycline led to an accelera-
tion of S-phase entry by 1.5 to 2 h in clone 55 (Fig. 6A). Similar
results were obtained when the experiment was carried out
with clone 83 (data not shown). These results indicate that the
induced Cdc25A is functionally active and that Cdc25A per-
forms a rate-limiting function in progression from quiescence
to S phase. Tetracycline removal from synchronized R12 cells
had no effect on S-phase entry (data not shown), indicating
that tetracycline itself does not have any effect on S-phase
entry.

To confirm the acceleration of S-phase entry, an alternative
method was used to assay the number of cells in S phase. Cells
were synchronized and induced as described above, but they
were incubated with BrdU 1 h before harvest to allow BrdU
incorporation into newly synthesized DNA. The BrdU-labelled
cells were detected with an anti-BrdU antibody and a fluores-
cein isothiocyanate-linked secondary antibody by flow cytom-
etry analysis. In agreement with results in Fig. 6A, we detected
an entry into S phase after Cdc25A overproduction that was
nearly 2 h earlier (Fig. 6B).

Effects of Cdc25A overexpression on G, cyclin-associated
kinase activities. We have shown that Cdc25A is able to acti-
vate cyclin D1-, E-, and A-associated kinase activities in vitro
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FIG. 6. Effects of Cdc25A overexpression on cell cycle progression of rat-1
cells. Clone 55 was arrested in G, with DMEM containing 0.1% FCS in the
presence (+) (no induction of Cdc25A) or absence (—) (induction of Cdc25A)
of tetracycline (tet) for 48 h. The cells were released with 10% FCS (with or
without tetracycline). Cells were harvested at the indicated times after release.
(A) The samples were fixed, stained with propidium iodide, and analyzed by flow
cytometry. (B) One hour before harvest, 30 puM BrdU was added. Cells were
double labelled with anti-BrdU antibodies and propidium iodide. BrdU staining
of the cells was analyzed by flow cytometry. The figure indicates the percentage
of S-phase (BrdU)-labelled cells.

(Fig. 4). We now tested whether overexpression of Cdc25A
would lead to activation of any of the G, cyclins-Cdks in vivo.
Therefore, we compared the cyclin-associated kinase activities
of exponentially growing clones 55 and 83 where Cdc25A was
either induced or not. Cyclin-Cdk complexes were immuno-
precipitated with specific antibodies, and their activity was
assayed on histone H1 (for cyclin A- and cyclin E-dependent
kinases) or on pRb (for cyclin D-dependent kinases). Cyclin A-
as well as cyclin E-associated kinase activities were increased
approximately three- to fivefold after Cdc25A overexpression
(Fig. 7A). No effect on Cdk4- or Cdké6-associated kinase activ-
ities could be detected even though Cdc25A is able to activate
Cdk4 complexes in vitro (Fig. 4A). Activation of cyclin A-de-
pendent kinase activity occurs later in the cell cycle than cyclin
E-Cdk?2 activation (Fig. 2C). Therefore, we cannot exclude the
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possibility that the activation of cyclin A-Cdk2 observed after
overproduction of Cdc25A is a consequence of increased cyclin
E-Cdk?2 activity. We did not observe any effect on cyclin A- and
E-dependent kinase activities after overproduction of the in-
active Cdc25A C430S in clone M13 (Fig. 7B). In a further
experiment, the levels of phosphotyrosine in Cdk2 immuno-
precipitates were analyzed after overproduction of wild-type
Cdc25A. Figure 7C shows that the phosphotyrosine levels of
Cdk2 markedly decreased after Cdc25A induction, indicating
that the increase of cyclin E-Cdk2 and cyclin A-Cdk2 kinase
activities is due to a direct dephosphorylation of Cdk2. Taken
together, activation of cyclin A and E complexes shows not
only that Cdc25A is involved in their activation but also that
there is an inactive pool of cyclin E and A complexes in expo-
nentially growing cells that can be activated after Cdc25A
overexpression.

Since Cdc25A overexpression causes an acceleration of en-
try into S phase, it might be speculated that this is mediated by
a premature activation of the kinases promoting G,- to S-
phase progression. In addition, the activation of cyclin E- and
cyclin A-dependent kinases in exponentially growing cells
could be due to a decrease of the G, fraction rather than a
direct effect of Cdc25A overproduction. Therefore, we per-
formed a time course assay of G, Cdk-cyclin activation in cells
released from G, and after overproduction of Cdc25A. As
shown in Fig. 8, the activity of cyclin A-Cdk complexes ap-
peared already at 6 h in Cdc25A-overproducing cells, while in
noninduced cells the activity first appeared after 12 h. The
cyclin E-Cdk2 activity appears almost 3 h earlier in cells over-
expressing Cdc25A than in noninduced cells. Cyclin D-Cdk4
and cyclin D-Cdko6 kinase activities are not affected by Cdc25A
overproduction (Fig. 8). After Cdc25A overexpression, cyclin
A-associated kinase starts to get activated 6 h earlier than in
nonoverproducing cells, indicating that Cdc25A is a rate-lim-
iting factor for the activation of cyclin A-associated kinases.
Although less striking, cyclin E-associated kinase activity ap-
pears at least as much earlier as the premature S-phase entry
occurs (Fig. 6) after Cdc25A overexpression.

While this work was in progress, it was reported that Cdc25A
modulates p21 expression through dephosphorylation of the
transcription factor cut, which then leads to a down-regulation
of p21 promoter activity (2). Therefore, we tested whether the
effects of Cdc25A overexpression on cyclin E- and A-depen-
dent kinase activities could be due to a decrease of p21 levels
in the cell. Figure 9A shows that equal amounts of p21 protein
were detected in cells with and without Cdc25A overproduc-
tion. Our results suggest that Cdc25A overproduction does not
lead to a down-regulation of p21 protein levels in this partic-
ular system. It has previously been reported that Cdc25A com-
petes with p21 for cyclin binding (34). We therefore investi-
gated if Cdc25A overproduction might cause a decrease of the
amount of p21 bound to Cdk2. This was tested by immuno-
precipitation of cyclin E- or A-dependent kinases from in-
duced or noninduced clone 83, followed by SDS-PAGE and
immunoblotting with p21-specific antibodies. We did not ob-
serve any difference in p21 binding to cyclin A-Cdk2 in
Cdc25A-overproducing cells (Fig. 9B), while a slight difference
was observed in the amounts of p21 binding to cyclin E-Cdk2
(Fig. 9B). However, this small difference in binding cannot
account for the strong activation of cyclin E-dependent kinases
that we observed. Taken together, our data show that dephos-
phorylation of inhibitory phosphates on Cdk2 catalyzed by the
Cdc25A phosphatase rather than displacement of p21 binding
is critical for the observed activation of cyclin-Cdk2 kinases.
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FIG. 7. Effect of Cdc25A overproduction on cyclin-dependent kinase activi-
ties in asynchronously growing HeLa cells. (A) Wild-type Cdc25A was not in-
duced (lanes 1 and 3) or induced (lanes 2 and 4) by tetracycline addition or
removal, respectively, for 24 h. The histone H1 kinase activities associated with
cyclin A and cyclin E or pRb kinase activities associated with Cdk4 and Cdk6
immunoprecipitates were analyzed. The experiment was performed with clones
55 (lanes 1 and 2) and 83 (lanes 3 and 4). (B) Mutant Cdc25A was either
noninduced (—) or induced (+) as described for panel A, and the histone H1
kinase activities associated with cyclin A and cyclin E were analyzed. (C) Wild-
type Cdc25A (clone 83) was either noninduced (—) or induced (+) as described
for panel A. Cdk2 was immunoprecipitated and analyzed by immunoblotting
with antiphosphotyrosine antibodies. P denotes a control precipitation with pre-
immune serum.
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DISCUSSION

Our results suggest that human Cdc25A phosphatase plays
an important role in the control of cell cycle progression at the
G,/S-phase transition. We show that induced expression of
Cdc25A, utilizing a tetracycline conditional expression system,
in a serum starvation-stimulation experiment resulted in an
accelerated entry into S phase by shortening the G, phase by
10 to 15%, in comparison with that for noninduced cells. A
decrease of the length of the G, phase has also been observed
by overproduction of the G, cyclins D1, E, and A (31, 32). It is
conceivable that additive effects of G, cyclin expression would
have a stronger impact on shortening the G, phase. Induction
of a Cdc25A protein lacking phosphatase activity (Cdc25A
C430S [data not shown]) resulted in a modest retardation of
S-phase entry. The slight effect observed with the inactive
Cdc25A mutant protein suggests that a possible dominant-
negative effect might be titrated out by the presence of endog-
enous Cdc25A protein in the R12 cell lines. Taken together,
these results show that the phosphatase activity of Cdc25A is a
critical regulator of entry into S phase. A similar role for
Cdc25A has previously been proposed based on microinjection
studies with specific antibodies against Cdc25A. Ablation of
Cdc25A function blocks entry into S phase (16, 19). Our data
are in good agreement with these previous findings and further
suggest that Cdc25A is a rate-limiting, positive regulator of the
G,- to S-phase progression.

The physiological target(s) of the Cdc25A phosphatase re-
mained unclear for a long time. In NRK cells, treated with UV
light, an increased tyrosine phosphorylation of Cdk4 (on Tyr-

17) was observed, resulting in a G, arrest (38). Microinjection
of Cdc25A antibodies blocked the wild-type cells but not cells
expressing the Cdk4¥'>F mutant, suggesting that Cdk4 might
be a target for Cdc25A. After TGF-B treatment, down-regu-
lation of Cdc25A might be involved in an event causing the
phosphorylation of Cdk4 and Cdk6 on Tyr-17 and Tyr-24,
respectively, leading to cell cycle arrest in G, (17). Induction of
a nonphosphorylatable mutant of Cdko6 is not able to rescue
the cell from a TGF-B-induced arrest. In contrast, induction of
Cdc25A partly allows the cells to circumvent the arrest, indi-
cating that Cdc25A also acts on other targets. However, the
increase in phosphorylation(s) in Cdk4 and Cdk6 could also be
caused by an activation of the inhibiting kinase. To date, the
nature of the inhibiting kinase(s) acting on G, Cdks is unclear.
Cdc25A is transcriptionally regulated by c-Myc (7). Coexpres-
sion of c-Myc and Ras in quiescent cells causes a cell cycle
progression (21). While Ras alone leads to an activation of the
cyclin D-Cdk4 (or Cdk6)/pRB/E2F pathway, c-Myc is needed
for cyclin E-Cdk2 activation, possibly via Cdc25A induction
(21). In order to assess the in vivo role of Cdc25A, we studied
the exact timing of activation of Cdc25A during G, and S phase
after serum stimulation of Gy-arrested human foreskin fibro-
blasts (Hs68) and in synchronized HeLa cells. In both cell
lines, activation of Cdc25A occurred simultaneously with the
activation of cyclin E-Cdk2 but before cyclin A-Cdk2 and, as
shown in Hs68 cells, after cyclin D-Cdk4 and cyclin D-Cdké
activation. In addition, inducible overexpression of Cdc25A
leads to activation of cyclin E-Cdk2 and cyclin A-Cdk2. No
activation of cyclin D-Cdk4 or cyclin D-Cdk6 could be detected
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FIG. 9. Expression and cyclin binding of p21 in Cdc25A-overproducing cells.
(A) Clones 55 and 83 were induced (+) or noninduced (—) by tetracycline
removal and addition for 24 h. Total levels of p21 after immunoblotting with p21
antibodies without induction (lanes 1 and 3) and with induction of Cdc25A (lanes
2 and 4) are shown. (B) Clone 83 was induced as described above. Amounts of
p21 bound to immunoprecipitated cyclin A-Cdk2 (lanes 1 and 2) or cyclin
E-Cdk2 (lanes 5 and 6) complexes or to control immunoprecipitations (with
preimmune [P] serum) (lanes 3 and 7) were determined by immunoblotting with
p21 antibodies. Lane 4 shows the migration and levels of p21 in whole rat-1 cell
(C) lysates. IP, immunoprecipitant.

after Cdc25A overexpression. This observation is supported by
the fact that neither Cdk4 nor Cdk6 is phosphorylated on
Tyr-17 or Tyr-24, respectively, in an exponentially growing
immortalized epithelial cell line (MCF-10A) and NRK cells.
On the other hand, Cdk2 is phosphorylated on Tyr-15 in ex-
ponentially growing cells, indicating that Cdc25A is necessary
for full activation of Cdk2 (11, 38). Moreover, Cdc25A has a
transforming activity in an Rb~/~ background (8). Since pRb is
directly inactivated by cyclin D-dependent kinases, this would
suggest that Cdc25A plays a role different from that of dephos-
phorylation of cyclin D-Cdk4 or cyclin D-Cdk6. Our results
suggest that cyclin E-Cdk2 and cyclin A-Cdk2 act as critical
targets for Cdc25A in both cycling cells and serum-induced
cells. We can, however, not exclude the possibility that, as a
consequence of external factors, Cdc25A functions on different
targets.

Recent work indicates that Cdc25A also acts on substrates
apart from Cdks. Cdc25A dephosphorylates the homeodomain
transcription factor cut, leading to a decrease in p21 promoter
activity (2). According to our data, overexpression of Cdc25A
in exponentially growing cells does not affect the p21 protein
levels, but we cannot exclude the possibility that Cdc25A is
involved in regulation of p21 promoter activity. Cdc25A and
p21 have also been shown to counterbalance each other by
competing for the same binding site on the cyclin-Cdk com-
plexes in vitro (34). p21 disrupts the interaction of Cdc25A
with the cyclin-Cdk complex, thus blocking the removal of
inhibitory phosphate groups on Cdk2. In our in vivo system,
Cdc25A overexpression causes only a minor displacement of
p21 from cyclin E-Cdk2.

Cdk2 is phosphorylated on Thr-14 and Tyr-15, and both
phosphorylations lead to an inactivation of Cdk2 kinase activ-
ity since replacement of Thr-14 and Tyr-15 on Cdk2 with non-
phosphorylatable residues results in elevated Cdk2 kinase ac-
tivity (11). This suggests that Cdk2 is regulated by a Cdc25
phosphatase family member, similar to the regulation of Cdk1
by Cdc25C. From the timing of activation, the Cdc25A phos-
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phatase would be a good candidate for regulating Cdk2 kinase
activity. Furthermore, our results show that both cyclin E-Cdk2
and cyclin A-Cdk2 immunoprecipitates can be dephosphory-
lated and activated by treatment with Cdc25A but not by treat-
ment with a Cdc25A mutant lacking phosphatase activity
(Cdc25A C430A). This indicates that Cdc25A expression di-
rectly leads to an increase in activity of cyclin E-Cdk2 and/or
cyclin A-Cdk2. The inactive mutant Cdc25A C430S protein
strongly interacts with both cyclin A-Cdk2 and cyclin E-Cdk2
but does not lead to an activation of Cdk2 kinase activity (39).
This indicates that although p21 can be competed out from
cyclin E-Cdk2 complexes, this step is not sufficient to activate
the kinase activity. The phosphatase activity of Cdc25A is nec-
essary for Cdk2 activation, most likely due to dephosphoryla-
tion on Tyr-15 and Thr-14 of Cdk2. Since p21 levels do not
change dramatically during the cell cycle (1), our favorite hy-
pothesis is that when Cdc25A protein levels and activity rise,
Cdc25A overcomes the inhibition of Cdk2 by p21, leading to
G, progression and entry into S phase. This would explain the
observed acceleration of S-phase entry after Cdc25A overex-
pression.
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