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Progression through mitosis requires the coordinated regula-
tion of Cdk1 kinase activity. Activation of Cdk1 is a multistep
process comprising binding of Cdk1 to cyclin B, relocation of
cyclin-kinase complexes to the nucleus, activating phosphory-
lation of Cdkl on Thr'®! by the Cdk-activating kinase (CAK;
Cdk?7 in metazoans), and removal of inhibitory Thr'* and Tyr'®
phosphorylations. This dephosphorylation is catalyzed by the
dual specific Cdc25 phosphatases, which occur in three isoforms
in mammalian cells, Cdc25A, -B, and -C. We find that expres-
sion of Cdc25A leads to an accelerated G,/M phase transition. In
Cdc25A-overexpressing cells, Cdk1 exhibits high kinase activity
despite being phosphorylated on Tyr'®. In addition, Tyr'®-phos-
phorylated Cdk1 binds more cyclin B in Cdc25A-overexpressing
cells compared with control cells. Consistent with this observa-
tion, we demonstrate that in human transformed cells, Cdc25A
and Cdc25B, but not Cdc25C phosphatases have an effect on
timing and efficiency of cyclin-kinase complex formation. Over-
expression of Cdc25A or Cdc25B promotes earlier assembly and
activation of Cdkl-cyclin B complexes, whereas repression of
these phosphatases by short hairpin RNA has a reverse effect,
leading to a substantial decrease in amounts of cyclin B-bound
Cdkl1 in G, and mitosis. Importantly, we find that Cdc25A over-
expression leads to an activation of Cdk7 and increase in Thr!®!
phosphorylation of Cdkl. In conclusion, our data suggest that
complex assembly and dephosphorylation of Cdkl at G,/M is
tightly coupled and regulated by Cdc25 phosphatases.

In eukaryotic cells, progression through the cell division
cycle is driven by sequential activation of cyclin-dependent
kinases. The activity of the Cdk1 kinase is required for mitotic
progression in human cells (1, 2). One of the pivotal events,
occurring at the time of mitotic onset and dramatically increas-
ing the kinase activity of Cdkl, is its binding to cyclin B (3, 4).
Phosphorylation of the Thr'®" residue within the T-loop of
CdKk1 stabilizes its interaction with cyclins and leads to further
activation of the kinase (5). In mammalian cells, this phosphor-
ylation is carried out by a Cdk-activating kinase (CAK)? (6, 7).
Selective inhibition of the CAK catalytic subunit Cdk7 in
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human cells blocks mitotic entry due to impaired assembly of
Cdk1-cyclin B complexes, indicating that the activating phos-
phorylation is a prerequisite for formation of stable complexes
in vivo (8). Cyclin-kinase complexes can be inactivated via
inhibitory phosphorylation of conserved Thr'* and Tyr'® resi-
dues within the ATP-binding pocket of the Cdk1 kinase (9). A
cytoplasmic kinase, Mytl, predominantly phosphorylates
Thr'* (10), whereas nuclear Weel is mainly active toward Tyr'®
(11). Upon entry into mitosis, these inhibitory phosphate
groups must be removed by Cdc25 dual specific phosphatases
to achieve full activation of Cdkl (12). Inhibition of Cdc25
phosphatases, which takes place in response to DNA damage or
other stress conditions, decreases Cdk activity and leads to a
cell cycle block (13-15).

In mammalian cells, the Cdc25 phosphatase family occurs in
three isoforms, namely Cdc25A, -B, and -C (for a review, see
Ref. 16). The Cdc25A and Cdc25B phosphatases act as onco-
genes; they can cause oncogenic transformation of rodent cells
lacking Rb1 or expressing activated Ras (17). Overexpression of
Cdc25A or Cdc25B was detected in a variety of human cancers,
including breast, lung, prostate cancer (18). Transient repres-
sion of Cdc25A or Cdc25B in cancer cells by small interfering
RNA delays the G,/M transition (19), whereas overexpression
of wild type phosphatases induces premature Cdk1 activation
and entry into mitosis (20-22). In contrast, overexpression of
Cdc25C does not lead to oncogenic transformation (17), and
small interfering RNA-mediated repression of this phosphatase
has no effect on G,/M progression in human cells (19). Further-
more, Cdc25A activates both Cdkl- and Cdk2-cyclin A and
Cdkl-cyclin B complexes, whereas Cdc25B seems to be
involved only in activation of Cdk1-cyclin B (23). These differ-
ences between closely related enzymes suggest a diversity in the
regulation and, perhaps, mode of action of Cdc25 phospha-
tases. Therefore, a better insight into the functions of Cdc25A
and Cdc25B phosphatases during cell cycle regulation is crucial
for understanding how the onset of mitosis is regulated and
might serve for development of new approaches for cancer
therapy.

In this study, we further investigated the role of Cdc25A and
B phosphatases at the G,/M transition. We found that Cdc25A
and -B but not Cdc25C expression affects Cdk1-cyclin B com-
plex formation. Furthermore, we provide evidence that both
Cdc25A and Cdc25B phosphatases are required for timely
assembly of Cdk1-cyclin B complexes. Our results suggest that
the processes of complex formation and activating dephosphor-
ylation are tightly coupled.
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EXPERIMENTAL PROCEDURES

Cell Culture—U20S Tet-Off cells, a human osteosarcoma
cell line expressing a chimeric tetracycline activator, was
obtained from Clontech and used for generation of stable cell
lines with inducible expression of Cdc25A1 and Cdc25C1. The
U20S Tet-Off cell line expressing HA-Cdc25B3 was a kind gift
from Dr. B. Ducommun (University of Toulouse, France). Cells
were grown in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% (v/v) fetal bovine serum (PAA Labora-
tories GmbH), 2 mM L-glutamine (Sigma), and antibiotic-anti-
mycotic (Invitrogen) in a humidified incubator at 37 °C in 5%
CO,,. For transfection of U20S cells, the Lipofectamine 2000
reagent (Invitrogen) was used according to the manufacturer’s
protocols; HeLa cells were transfected using the calcium phos-
phate method as described previously (24). To generate stable
cell lines expressing Cdc25 phosphatases, the corresponding
plasmids were cotransfected with pPuro vector (Clontech) con-
taining a marker of puromycin resistance. Selection of stable
clones was performed in the presence of 1 mg/ml puromycin.
The Dulbecco’s modified Eagle’s medium for U20S Tet-off
cells were supplemented with 2 ug/ml tetracycline to suppress
induction, and cells were washed three times with phosphate-
buffered saline before the addition of tetracycline-free medium
to induce Cdc25 expression. To synchronize cells at the G,/S
boundary, a double thymidine block was performed as follows.
Thymidine was added to the medium at a final concentration of
2 mM for 17 h, and then cells on plates were washed two times
with phosphate-buffered saline and released into fresh medium
for 10—12 h; afterward, thymidine was added again for 17 h
until final wash/release. Expression of Cdc25 was induced at the
first release (27—-29 h before the final release).

Construction of Plasmids and Site-directed Mutagenesis—
Short hairpin RNAs (shRNA) were annealed and cloned into
the pSuperGFPneo vector (Oligoengine Inc.) according to the
manufacturer’s protocols. The following pairs of oligonucleo-
tides were used: 5'-GATCCCGGCGCTATTTGGCGCTTCA-
TTCAAGAGATGAAGCGCCAAATAGCGCCTTTTTA and
5'-AGCTTAAAAAGGCGCTATTTGGCGCTTCATCTCT-
TGAATGAAGCGCCAAATAGCGCCGGG (underlined se-
quences correspond to positions 84 —102 of the human Cdc25A
open reading frame); 5'-GATCCCGGAAAATGAAGCCTTT-
GAGTTCAAGAGACTCAAAGGCTTCATTTTCCTTTTTA
and 5'-AGCTTAAAAAGGAAAATGAAGCCTTTGAGTC-
TCTTGAACTCAAAGGCTTCATTTTCCGGG (underlined
sequences correspond to positions 423—-441 of the human
Cdc25A open reading frame); 5'-GATCCCAATCCTCCCTG-
TCGTCTGATTCAAGAGATCAGACGACAGGGAGGATT-
TTTTTA and 5'-AGCTTAAAAAAATCCTCCCTGTCGTC-
TGATCTCTTGAATCAGACGACAGGGAGGATTGGG (un-
derlined sequences correspond to positions 287-305 of the
human Cdc25B open reading frame); 5'-GATCCCTCC-
TAGAGAGTGACTTAAATTCAAGAGATTTAAGTCACT-
CTCTAGGATTTTTA and 5'-AGCTTAAAAATCCTAGAG-
AGTGACTTAAATCTCTTGAATTTAAGTCACTCTCTAG-
GAGGG (underlined sequences correspond to positions 698 —
716 of the human Cdc25B open reading frame). The Cdkl
mutants (T14A/Y15F, T14A/Y15E, and T14E/Y15E) were gen-
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erated using the GeneTailor™ site-directed mutagenesis sys-
tem (Invitrogen) following the protocols of the manufacturer.
The pCDNA3.1(+)-HA-cyclin B1 construct was generated by
subcloning of the full-length human cyclin Bl from pGEX-
2TKP-cyclin Bl (kind gift from J. Pines (Cambridge, UK)).
GST-tagged catalytically inactive Cdk2 was obtained by sub-
cloning from the pSM-HA-Cdk2 K33T/K34sS plasmid (D. Mor-
gan (University of California, San Francisco).

Expression and Purification of Recombinant Proteins—Wild-
type and mutated GST-Cdk1 (T14A/Y15F, T14A/Y15E, T14E/
Y15E), GST-cyclin B1, and catalytically inactive GST-Cdk2
K33T/K34S were expressed in the E. coli strain BL21 and puri-
fied as described previously (25).

Immunoblotting and Immunoprecipitations—Preparation of
cell extracts, immunoprecipitations, and immunoblotting were
performed as described previously (26). Nuclear, cytosolic, and
detergent-resistant fractions were prepared as described (27,
28). For Western blotting and immunoprecipitations, the fol-
lowing antibodies were used: rabbit polyclonal antibodies
against Cdc25A (M-191), Cdc25B (C-20), Cdc25C (C-20), and
cyclin A (H-432) and mouse monoclonal anti-Cdc25A (F6),
anti-Cdc2 (p34), anti-APC3 (AF3.1), and anti-cyclin A (BF683)
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); mono-
clonal anti-cyclin Bl antibody from Upstate Biotechnology;
polyclonal anti-Thr(P)'* Cdc2, anti-Tyr(P)** cdc2, anti-
Thr(P)'®! Cdc2, anti-Weel, and anti-MEK1/2 antibodies from
Cell Signaling; anti-Thr(P)*** APC3 from Rockland Inc.; mouse
monoclonal antibodies against a-tubulin, anti-B-actin, anti-
FLAG (M2), and anti-Cdk7 (MOL1.1) from Sigma; and mouse
monoclonal anti-HA antibody (Babco) and anti-poly(ADP-ri-
bose) polymerase (BD Biosciences). The rabbit polyclonal anti-
Cdc25A and anti-cyclin B antibodies were described previously
(26) as well as the anti-Cdc25B (29). Densitometric analyses of
immunoblots were performed using Image] software.

Gel Electrophoresis—SDS-PAGE was performed as described
previously (26). For two-dimensional gel electrophoresis sepa-
rations, immunoprecipitated proteins were uncoupled from
beads in rehydration buffer, containing 8 m urea, 0.4% dithio-
threitol, 1% CHAPS, and 2.5% Pharmalyte (pH 3-10). Samples
were then applied to immobilized linear pH gradient (pH 3-10)
strips (Amersham Biosciences) for in-gel rehydration for 10 h at
room temperature. Proteins were resolved by isoelectric focus-
ing on the IPGphor apparatus (Amersham Biosciences), follow-
ing the protocols of the manufacturer. Afterward, the immobi-
lized linear pH gradient strips were equilibrated as described
elsewhere (30) and loaded onto 12% SDS-polyacrylamide gel
slabs for separation in the second dimension.

Kinase Assays—The activity of Cdkl kinase (immunopre-
cipitated directly using anti-Cdk1 or anti-Tyr(P)'® antibodies
or indirectly using anti-cyclin B antibodies) was measured in
histone H1 kinase assays as described previously (25). To deter-
mine Cdk7 and Weel kinase activities, the proteins were
immunoprecipitated using the respective antibodies, and beads
were incubated with 2 ug of purified recombinant catalytically
inactive GST-Cdk2 K33T/K34S (31) in 30 ul of kinase buffer
(50 mm Tris-HCI, pH 7.5, 10 mm MgCl,, 100 um ATP, 1 mm
dithiothreitol), supplemented with 2.5 uCi of [y->*P]ATP.
Reactions were stopped by the addition of 4X Laemmli buffer,
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and samples were denaturated for 5 min at 95 °C before loading
to a 12% SDS-polyacrylamide gel. Phosphorylation was
detected and quantified with a PhosphorImager (Amersham
Biosciences) and Image] software and normalized according to
the amount of the immunoprecipitated protein.

Immunofluorescence and Time Lapse Microscopy—For
immunofluorescent stainings, cells were seeded on acid-
washed coverslips and fixed with 3% paraformaldehyde (Sigma)
in phosphate-buffered saline for 10 min at room temperature
and permeabilized with 100% MeOH at —20 °C for 3 min. Anti-
cyclin B1 (Upstate Biotechnology), anti-Thr(P)*** APC3 (Rock-
land Inc.), anti-Thr(P)'®' Cdc2 (Cell Signaling), and anti-mouse
Alexa 488 and anti-rabbit Alexa 594 (Invitrogen) antibodies
were used. DNA was stained with Hoechst 33342 (Molecular
Probes). Pixel intensity quantifications were performed
using Adobe Photoshop and Image] software. For live cell
imaging, cells were seeded onto thin glass bottom dishes
(Ibidi) and placed into a Tokai Hit environmental chamber
(Tokai Hit Co.). Video recording was performed using a
Nikon TIRF TE2000-U inverted microscope equipped with
the Nikon Perfect Focus System, S Fluor X20 and Plan Apo
TIRF X40 objectives, and a Hamamatsu ORCA-AG camera.
Images of differential interference contrast microscopy were
collected every 2 min and processed using the NIC Elements
(Nikon) software.

Flow Cytometry—Pulse-labeling of synchronized cells
with BrdUrd was performed by the addition of BrdUrd to the
medium to a final concentration of 10 mum for 1 h. Cells were
then harvested and fixed in 70% ice-cold ethanol and stored
at —20 °C. After washing cell pellets in phosphate-buffered
saline, DNA was stained using propidium iodide at a final
concentration of 50 mg/ml in 38 mm sodium citrate buffer,
pH 7.5, containing RNase A at 2 mg/ml. Incorporated
BrdUrd or phosphorylated Ser'® histone H3 was labeled first
by anti-BrdUrd (BD Biosciences) or anti-Ser(P)'® H3 anti-
bodies (Cell Signaling) in accordance to the manufacturer’s
guidelines and then with fluorescent secondary antibody
(Alexa 488 from Invitrogen). Bivariate FACS analyses were
performed on a FACSCalibur flow cytometer (BD Bio-
sciences). Data were analyzed using the Cell Quest (BD Bio-
sciences) software; statistical analyses (when done) were
performed using the GraphPad Prism software.

RESULTS

Overexpression of Cdc25A Leads to an Accelerated G.,/M
Transition—Recent publications point to a potential impor-
tance of Cdc25A in mitosis (20-22). In order to further inves-
tigate the role of Cdc25A phosphatase in an unperturbed cell
cycle, we made use of a stable inducible U20S cell line, express-
ing Cdc25A in a tetracycline-dependent manner. To assess the
dynamics of S phase progression in non-induced and induced
cells, they were synchronized at the G, /S boundary using a dou-
ble thymidine block and pulse-labeling with BrdUrd at different
time intervals after release. Incorporated BrdUrd was detected
by anti-BrdUrd antibodies, whereas the DNA was stained with
propidium iodide, and cells were analyzed by FACS. The results
show a similar rate of BrdUrd incorporation in induced and
non-induced cells in S phase (Fig. 1A4), suggesting that overex-
pression of Cdc25A did not accelerate S phase progression.
Concomitantly, analysis of the DNA content until 9 h after
release (beginning of G, phase in U20S, as can be estimated by
FACS) revealed no significant difference in growth of the 4 N
cell population between induced and non-induced cells (Fig.
1B). However, in Cdc25A-overexpressing cells, collected 11 h
after release, the mitotic index was significantly higher in com-
parison with control cells, as detected by FACS analysis of cells
labeled with anti-Ser(P)'° histone H3 antibodies (Fig. 1C, left).
Correspondingly, induced cells seemed to pass through G, or
mitosis faster because they appeared earlier in the next G;
phase (Fig. 1C, right). To investigate whether G, phase or
mitosis was shortened upon Cdc25A overexpression, we
used time lapse microscopy. Synchronized non-induced and
induced U20S cells were monitored for 16 h after release
from the double thymidine block. We found that in induced
cells, the mitotic onset, detected as a characteristic rounding
up of cells (32), started ~1 h earlier than in non-induced cells
(Fig. 1D). However, the total length of mitosis, estimated as
the time from the beginning of prometaphase (rounding of
cells, preceding DNA condensation) until cytokinesis, was
not changed upon Cdc25A overexpression (not shown).
Thus, the FACS analysis and time lapse data show that over-
expression of Cdc25A did not affect substantially S phase
progression or the length of mitosis but markedly shortened
the duration of G, phase.

FIGURE 1. Overexpression of Cdc25A leads to shortened G, phase and early mitotic onset. A, U20S cells with stable inducible expression of Cdc25A were
synchronized at G,/S using a double thymidine block and then released as described under “Experimental Procedures.” After pulse-labeling with BrdUrd, cells
were collected, fixed, and subjected to staining with anti-BrdUrd antibodies and PI. The top panels show DNA content-based cell cycle profiles in non-induced
(+tet; left) and induced (—tet; right) cells. The lower left panels demonstrate the absence of a significant difference between BrdUrd-positive populations in
non-induced and induced cells at 8 h after release; the middle lower table shows quantified data for sequential time points from 4 to 8 h after release; a WB in
the lower right panel illustrates levels of Cdc25A protein in non-induced and induced states. Representative results of one of three experiments are shown.
B, quantifications of four independent FACS-assisted measurements of DNA content during cell cycle progression in synchronized U20S cells. Results were
analyzed using a paired t test, p for 95% confidence interval indicated above the graphs. Note the absence of a significant difference in rate of accumulation of
cells with completed DNA replication (4N). C, U20S Cdc25A cells were collected at different time intervals after release, fixed, and stained with the anti-
phospho-Ser'® histone H3 antibody and propidium iodide. The quantification of three independent series of FACS-assisted measurements is shown (a
representative time point, 11 h, was selected) for phospho-H3 (pH3)-positive cells (upper left panel) and 2 N cells in the next G, phase (upper right panel). The
lower panels represent the volume of pH3-positive population (left) and DNA profiles (right) in non-induced (+tet) and induced (—tet) cells at 11 h after release.
D, U20S Cdc25A cells were released from a double-thymidine block and monitored using differential interference contrast microscopy. The beginning of
characteristic rounding of cells was considered as the onset of mitosis because soon after that, condensation of DNA was observed. Top, still photographs of
one representative non-induced and induced cell are shown. The numbers indicate the time from release in minutes (scale bars, 10 um). Bottom, durations
of time from release to prophase for each individual cell were grouped into six intervals. The percentage of prophase cells at each interval is shown (non-
induced, n = 51; induced, n = 46). pSer10, Ser(P)'°. E, U20S Cdc25A cells were released from a double-thymidine block and monitored using differential
interference contrast microscopy. Duration of mitosis was measured for 51 induced and 46 non-induced cells as described in the text. Results were analyzed
using paired t-test; p for 95% confidence interval is indicated above the graphs.
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FIGURE 3. Partially dephosphorylated Tyr(P)'® Cdk1 is catalytically active. A, Cdk1 was immunoprecipitated from 500 ug of lysates of U20S Cdc25A cells,
collected at 10 h after release. Samples were split and used forimmunoblotting (right) or kinase assays (left). Note the high levels of Tyr'® (pTyr15) phosphorylation and
Cdk1 kinase activity in induced cells. B, same lysates as in A were used for IP with the anti-Tyr(P)'* or anti-Cdk1 antibody and split for subsequent H1 kinase assays and
WB (G). C, quantifications of relative kinase activities of Cdk1 in non-induced and induced U20S cells. The kinase was immunoprecipitated using anti-Cdk1 or
anti-Tyr(P)'> antibodies. Activity in non-induced cells was considered as 1; n = 3. Error bars, S.D. D, lysates and Cdk1 immunoprecipitates prepared as in A were
immunoblotted with the anti-Tyr(P)'* antibody. £, the same lysates as above were depleted of Cdk2 kinase by two rounds of immunoprecipitations, and efficiency of
depletion was controlled by immunoblotting (right). After depletion, IP with the anti-Tyr(P)' antibody was performed, and the kinase activity of immunoprecipitates
was assessed inan H1 kinase assay (left). F, 293T cells were co-transfected with pCDNA3.1(+)-FLAG-Cdk1 WT or the indicated mutants and pCDNA3.1(+)-HA-cyclin B1;
amounts of DNA were equilibrated using the empty vector pPCDNA3.1(+). After 24 h post-transfection, cells were lysed, and immunoprecipitations using the anti-FLAG
M2 antibody were performed and used for H1 kinase assays. G, immunoprecipitates obtained using the anti-Tyr(P)'® (B) were probed in WB with the indicated
antibodies. Note the substantial increase in amounts of cyclin B co-immunoprecipitated with Tyr(P)'®> Cdk1 from induced cells.

toward Thr(P)** over Tyr(P)'® (33). Moreover, in starfish
oocytes at the prophase-to-metaphase transition, Cdkl was
shown to be dephosphorylated sequentially (first Thr(P)'* and
then Tyr(P)*®), and the Tyr'®>-phosphorylated Cdkl was
described as a prophase-specific form (34). Therefore, the
observed accumulation of Tyr(P)'* Cdk1 in human cells upon
overexpression of Cdc25A might be due to increased removal
of phosphate from Thr(P)'*, whereas Tyr(P)'® remains intact.

Indeed, using the anti-Thr(P)"*-specific antibody, we detected
a substantial reduction in Thr(P)'* level in induced cells (Fig.
2D). On the other hand, it is known that Weel kinase counter-
acts Cdc25 phosphatases and phosphorylates Cdkl on the
Tyr'® residue (11, 35). We could not rule out the possibility that
hyperactive Cdc25A induces a negative feedback loop that
leads to activation of Weel. To verify this, we analyzed Weel
protein levels and kinase activity. Neither in lysates prepared

FIGURE 2.In Cdc25A-overexpressing cells, the major pool of cyclin B-bound Cdk1 kinase is phosphorylated on Tyr'® at G,/M. A, U20S Cdc25A cells were
synchronized as in Fig. 2, and samples for WB were collected at the indicated time points and probed with respective antibodies. Note the increase in the
Tyr(P)'® (pTyr15) band intensity in induced cells. B, Cdk1 was immunoprecipitated from lysates of U20S Cdc25A cells collected at 10 h after release. Proteins
were resolved on two-dimensional PAGE and analyzed using anti-Cdk1 and anti-Tyr(P)'* antibodies. Asterisks correspond to double-phosphorylated Thr(P)'*/
Tyr(P)'> (**) and monophosphorylated Tyr(P)'® Cdk1 (¥). The arrowheads mark phosphorylation of Cdk1 on Thr'®' (pThr167). C, cyclin B-bound Cdk1 was
co-immunoprecipitated using the anti-cyclin B antibody, and protein complexes were resolved and analyzed as in A using the indicated antibodies. D, the same
lysates as in B and C were resolved using SDS-PAGE and analyzed by WB with the respective antibodies. £, nuclear extracts and lysates of detergent-resistant
fractions of non-induced and induced U20S Cdc25A cells were analyzed by immunoblotting. The figure represents WB of lysates prepared from cells collected
at 10 h after release. F, the same lysates as in E were used for IP with the anti-Wee1 antibody or rabbit IgG as a control. After binding to Protein A-Sepharose
beads (Amersham Biosciences), immunoprecipitates were split for kinase assay (top) and WB (bottom). The middle panel shows equal loading of the substrate
(catalytically inactive purified GST-Cdk2 K33T/K34S). IEF, isoelectric focusing. PARP, poly(ADP-ribose) polymerase.
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from whole cells nor in nuclear frac-
tions was any change in protein lev-
els of Weel observed (Fig. 2E). We
also found no significant difference
in kinase activities of Weel immu-
noprecipitated from lysates of non-
induced and Cdc25A-overexpress-
ing cells (Fig. 2F). Thus, we
concluded that accumulation of
Tyr(P)'® at G,/M and in early mito-
sis upon overexpression of Cdc25A
occurs because Cdc25A preferen-
tially dephosphorylates Thr'* of
Cdkl.

Cdk1 Phosphorylated on Tyr'® Has
High Kinase Activity in Cdc25A-over-
expressing Cells—In our FACS and
time lapse experiments presented
above, we observed an earlier mitotic
onset in Cdc25A-overexpressing
cells. Therefore, we expected to find
an elevated Cdkl kinase activity in
those cells in comparison with non-
induced ones. Indeed, when we
measured the kinase activity of
Cdkl immunoprecipitated from
lysates collected at 10 h after release,
it proved to be significantly elevated
in induced, Cdc25A-overexpressing
cells (Fig. 3A, left). Interestingly,
activation of Cdk1 occurred despite
high levels of Tyr'® phosphorylation
(Fig. 34, right; see also Fig. 2, A and
D). Because in vitro experiments
published previously demonstrated
that this phosphorylation strongly
inhibited the activity of recombi-
nant Cdkl-cyclin B complexes (11,
35), we suggest that enhanced
kinase activity of immunoprecipi-
tates, obtained from induced U20S
Cdc25A cells using the anti-Cdkl
antibody, might be due to an
increased content of dephosphor-
ylated Cdk1. If this hypothesis is
true, immunoprecipitations using
phospho-specific antibodies against
Tyr(P)'® should not detect any dif-
ference between induced and non-
induced cells. To our surprise, we
repeatedly observed that the kinase
activity of immunoprecipitated
Tyr(P)'® Cdk1 was substantially ele-
vated in Cdc25A-overexpressing
cells (Fig. 3, Band C). The phospho-
specific antibody used recognizes
both Cdkl and Cdk2 phosphor-
ylated on Tyr'®. Although overex-
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pression of Cdc25A did not cause an accumulation of phospho-
Tyr'® Cdk2 but rather its reduction (Fig. 3D), we decided to use
experimental conditions where Cdk2 kinase activity was
absent. Therefore, we depleted endogenous Cdk2 using double
immunoprecipitations with the respective antibody followed
by immunoprecipitations with anti-Tyr(P)'® antibodies.
Reduction in Cdk2 level did not abrogate the difference in
kinase activity of Tyr(P)'® immunoprecipitates between non-
induced and induced cells (Fig. 3E), confirming that mono-
phosphorylated Tyr(P)'® Cdkl from Cdc25A-overexpressing
cells is more active than the Thr(P)'*/Tyr(P)'®> Cdk1 from non-
induced ones. We also analyzed kinase activities of FLAG-
tagged wild-type Cdkl or the phospho-mimicking mutants
T14A/Y15F, T14A/Y15E, and T14E/Y15E, co-expressed with
HA-cyclin B in 293T cells. Exogenous FLAG-Cdk1 and mutant
Cdks in complex with cyclin B were immunoprecipitated using
anti-FLAG antibodies, and the kinase activities toward histone
H1 were measured in vitro. As expected, the Cdkl T14A/Y15F
mutant exhibited the highest kinase activity, whereas the activ-
ity of Cdkl T14E/Y15E was just slightly above the background
(Fig. 3F). More interestingly, although the kinase activity of the
T14A/Y15E mutant (mimicking singly phosphorylated
Tyr(P)'® Cdkl) was lower in comparison with Cdkl T14A/
Y15F, it was at least as active as the wild-type FLAG-Cdk1.
Thus, our results show that phosphorylation on Tyr*® did not
lead to inactivation of Cdkl. In order to uncover the cause of
elevated activity of Tyr'>-phosphorylated Cdk1, we analyzed by
WB a part of the same Tyr(P)"® immunoprecipitates from non-
induced and induced U20S Cdc25A cells that were used for
kinase assays. Notably, in immunocomplexes obtained from
induced cells, the level of co-immunoprecipitated cyclin B was
substantially higher than in those from non-induced cells,
although the amount of Cdk1 was only slightly increased (Fig.
3G).

Overexpression of Cdc25A and Cdc25B Causes a Shift in the
Timing of Cyclin B-Cdkl Complex Assembly—The fact that
upon overexpression of Cdc25A, more cyclin B was detected in
complex with Cdk1 at 10 h after release from a double thymi-
dine block prompted us to examine the levels of Cdk1-cyclin B
complexes at different time points from G, to M phase. We
observed that the amount of Cdk co-immunoprecipitated using
the anti-cyclin B antibodies markedly varied in non-induced
cells (gradually increased, reached the maximum, and then
decreased again). More notably, the highest amounts of cyclin B
bound to Cdkl were detected in Cdc25A-overexpressing cells
approximately 1 h earlier than in non-induced cells, despite
similar levels of cyclin B in immunoprecipitates and lysates in
non-induced and induced cells (Fig. 4A4). In accordance with
the WB results, the peak of the cyclin B-associated kinase activ-
ity was shifted in induced cells toward earlier time points (Fig.
4B). Reciprocal immunoprecipitations with anti-Cdk1 antibod-
ies exhibited analogous results; the amount of co-immunopre-

cipitated cyclin B1 varied similarly, despite a constant level of
Cdk1 (Fig. 4B) (data not shown). Thus, an excess of Cdc25A
protein caused changes in the timing of Cdk1-cyclin B complex
assembly and activation. To test whether overexpression of
Cdc25B or Cdc25C might have analogous effects, we per-
formed immunoprecipitations of cyclin B from lysates of syn-
chronized U20S Cdc25B and Cdc25C cells in induced and
non-induced states. As shown in Fig. 4, Cand D, overexpression
of Cdc25B caused similar changes in timing of Cdk1-cyclin B
complex formation, whereas high levels of the Cdc25C protein
affected neither abundance nor activity of cyclin B-bound Cdk1
in G, and mitosis (Fig. 4, E and F). To further confirm an earlier
activation of Cdkl-cyclin B in response to Cdc25A induction,
we made use of an antibody that recognizes APC3 phosphory-
lated on Thr***, a well established Cdk1 target in vivo at the
centrosome (36). We find that overexpression of Cdc25A leads
to an earlier phosphorylation on APC3-Thr*** compared with
control cells, as shown in Western blots (Fig. 54) and by mon-
itoring the accumulation of Tyr(P)***-APC3 at the centrosome
(Fig. 5B).

Simultaneous Inhibition of Both Cdc25A and -B Phospha-
tases Markedly Affects CdkI-Cyclin B Complex Assembly—To
test whether repression of Cdc25A might have a reverse effect
on the abundance of Cdkl-cyclin B complexes or the time of
complex assembly, we transfected HeLa cells with plasmids
expressing ShRNA against Cdc25A or firefly luciferase as a con-
trol. After synchronization by a double thymidine block, cells
were collected at different intervals after release, and cyclin B
was immunoprecipitated. Although the Cdc25A protein was
not completely abolished and protein levels of cyclin B in
repressed and control cells were similar, we could observe in
Cdc25A-depleted cells a slight reduction in the amounts of
Cdk1, co-immunoprecipitated with cyclin B (Fig. 64). We per-
formed the same experiments but this time using sShARNA-me-
diated repression of Cdc25B and detected similar effects (Fig.
6B). Thus, when Cdc25A or Cdc25B were repressed separately,
the decrease in Cdkl-cyclin B complexes levels was modest
although reproducible. However, when HeLa cells were
co-transfected with shRNA targeting both Cdc25A and
Cdc25B, we observed a dramatic drop in amounts of cyclin
B-bound Cdk1 at time points corresponding to G,/M transition
and mitosis (i.e. time points 6 and 9) (Fig. 6, C and D). Taken
together, our results demonstrate that normal levels of Cdc25A
and Cdc25B proteins are important for the timely assembly of
complexes between Cdk1 and cyclin B.

Cdc25A Overexpression Leads to Increased Thr'®* Phosphor-
ylation on Cdkl and Activation of Cdk7—CAK phosphorylates
Cdkl and Cdk2 on a conserved threonine residue within the
T-loop of the catalytic domain (6). This phosphorylation (in
mammalian Cdk1 the Thr'®! residue) leads to activation of Cdk
and can improve its binding to cyclins (5, 37). It has been shown
recently that Cdk7 (the catalytic subunit of CAK) plays an

FIGURE 4. Overexpression of Cdc25A or Cdc25B but not Cdc25C induces an earlier Cdk1-cyclin B complex assembly and activation. A,immunoprecipi-
tations obtained with anti-cyclin B antibodies from 500 wg of lysates of synchronized U20S Cdc25A cells were used for WB. The right panel shows protein levels
in 50 pg of lysates used for IP, detected by WB with the indicated antibodies. B, kinase assays were performed with immunoprecipitations obtained using
anti-cyclin B or anti-Cdk1 antibodies from the same lysates as in A. C and D, similar to A and B, but lysates from synchronized inducible U20S cells expressing
Cdc25B were used. E and F, similar to A and B, but lysates from synchronized inducible U20S cells expressing Cdc25C were used.
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important role in complex assembly between Cdk1 and cyclin B
at the G,/M transition (8). We assumed that Cdk7 may be more
active in Cdc25A-overexpressing cells because we noticed that
Cdkl co-immunoprecipitated with cyclin B from lysates of
induced cells was more extensively phosphorylated on Thr'®',

as was shown by two-dimensional electrophoresis and subse-
quent immunoblotting (Fig. 2C). However, this could be due to
higher amounts of co-immunoprecipitated Cdk1, existing in
complexes with cyclin B at this time point in induced cells (Fig.
4A). This prompted us to analyze WB blots with anti-Thr(P)"'®*
antibodies in crude lysates prepared from cells taken 10-11 h
after release from a double thymidine block. In these experi-
ments, we observed only little difference between non-induced
and induced cells (Fig. 7A). As further readout of an earlier
Cdk1-cyclin B complex formation in response to Cdc25A over-
expression, we then analyzed Thr(P)'®! accumulation directly
in cells in response to Cdc25A overexpression. As shown in Fig.
7B, we observed a clear increase of the Thr'®! signal around the
cell nucleus, which was similar to cyclin B localization. It is
known that Cdk7 has a predominantly nuclear localization, and
a part of its cellular pool is also associated with some poorly
soluble intracellular structures (28). Therefore, we decided to
test lysates prepared from nuclear and detergent-resistant sub-
cellular fractions of U20S cells, collected at sequential time
points after release. In detergent-resistant fractions (and less

16986 JOURNAL OF BIOLOGICAL CHEMISTRY

pronounced in nuclear fractions), higher levels of Cdk1 Thr'®!
phosphorylation were clearly detectable in Cdc25A-
overexpressing cells (Fig. 6B). Correspondingly, a faster migrat-
ing, presumably Thr(P)'®*/Thr(P)'”°-phosphorylated and
active fraction of Cdk7 (28) was more pronounced in induced
cells in comparison with non-induced cells (Fig. 7C). It has been
shown that Cdk7 mutants mimicking phosphorylation of
Thr'®*/Thr'”° can slightly increase Cdk7 kinase activity toward
Cdk2 (28). To detect a difference in the activity of Cdk7
between non-induced and induced synchronized U20S cells,
we performed immunoprecipitations from whole cell lysates
and detergent-resistant fractions using the same anti-Cdk7
antibody as in the previous experiment. In accordance with the
increase in the activating phosphorylation of Cdk7, we also
observed an increase in Cdk7 activity (Fig. 7D) in Cdc25A-over-
expressing cells using GST-Cdk1-KD as a substrate in in vitro
kinase assays. Taken together, our findings show that Cdc25A
phosphatase induces complex assembly of cyclin B and Cdkl
through activation of Cdk7. This then leads to an increase in
Thr'®! phosphorylation, thus stabilizing the complex.

DISCUSSION

It is known that Cdc25A can activate Cdkl in vivo, whereas
repression of Cdc25A leads to a decreased Cdk1 kinase activity
and delayed G,/M transition (19, 21). Here we show that over-
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expression of Cdc25A in transformed human cells does not
affect the duration of S or M phases but markedly shortens G,
phase and leads to an early mitotic entry. Surprisingly, upon
elevated protein levels of Cdc25A, we detected a pronounced
accumulation of Cdk1 kinase phosphorylated on Tyr'®. This
phosphorylation is known to be catalyzed by Weel kinase,
which inhibits Cdkl-cyclin B catalytic activity (11, 35). How-
ever we found that stockpiling of Tyr(P)'®> Cdk1 was not due to
elevated Weel kinase activity but rather the result of incom-
plete dephosphorylation because overexpressed Cdc25A phos-
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kinase activity. In addition, we
observed that Tyr(P)'®> Cdkl immu-
noprecipitated from G, cells in
response to Cdc25A overexpression
bound substantially more cyclin B
than Thr(P)'*/Tyr(P)'® Cdkl, im-
munoprecipitated from non-in-
duced cells. These findings raise the
question of whether the two-step
dephosphorylation has a physiolog-
ical relevance in mammalian cells.
Regulation of Cdkl-cyclin B
complex assembly in human cells
remains poorly understood. In
many cancer cell lines, the protein
levels of cyclin B are relatively high
in S phase and do not increase dra-
matically at the G,/M transition (38,
39). On the other hand, the protein
levels of Cdk1 kinase are known to
be constant throughout the cell
cycle (40). Although both proteins coexist in the cytoplasm dur-
inginterphase (41, 42), our data confirm other published results
(20) and show that the abundance and activity of Cdk1-cyclin B
complexes remain low in G, and S phases. In U20S and HeLa
cells used in our experiments, we detected that the amounts of
Cdk1 co-immunoprecipitated with cyclin B were dramatically
increased only at G, and mitosis despite a relatively small
change in cyclin B protein levels. Even more interesting is our
finding that overexpression of Cdc25A caused a precocious for-
mation of Cdkl-cyclin B complexes, which correlated with
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KD) as a substrate (top). As a control, mouse IgGs were used.

shortened G, phase and early mitotic onset in induced cells.
Overexpression of Cdc25B has a similar, if not stronger, effect
on cyclin-kinase complex assembly, whereas high levels of
exogenous Cdc25C protein did not affect this process. Corre-
spondingly, shRNA mediated inhibition of Cdc25A and
Cdc25B phosphatases resulted at G,/M in a substantial
decrease of cyclin B levels bound to Cdk1. These findings sug-
gest that Cdc25A and Cdc25B participate (directly or indi-
rectly) in the assembly of Cdkl-cyclin B complexes. The sim-
plest explanation of this phenomenon would be a higher
stability of Tyr(P)'”>-Cdkl-cyclin B in comparison with
Thr(P)"*/Tyr(P)**-Cdk1-cyclin B, but we could not confirm
this using different in vitro approaches.®> Other scenarios are

3 0. Timofeev, O. Cizmecioglu, F. Settele, T. Kempf, and I. Hoffmann, unpub-
lished results.
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more difficult to investigate, and one of them lies in CAK-
mediated stabilization of Cdkl-cyclin B complexes. It is
known that an activating phosphorylation of the Thr'®" res-
idue within the T-loop of Cdkl improves binding of the
kinase to cyclins (5, 37). In mammalian cells, this phosphor-
ylation is carried out by CAK consisting of catalytic Cdk7,
regulatory cyclin H, and accessory Matl subunits (6, 7).
When the kinase activity of analog-sensitive Cdk7 was elim-
inated in G, phase, mitotic entry was blocked due to defects
in assembly of Cdk1-cyclin B complexes, indicating that acti-
vating phosphorylation is required for stabilization of the
complexes in vivo (8). Although the kinase activity of Cdk7
seems constant throughout the cell cycle (43, 44), it is known
to be enhanced via phosphorylation on two sites in the
T-loop, Thr'®* and Thr'”® (28, 45). In a manner similar to
Cdk1, these phosphorylations improve interactions of Cdk7
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with cyclin H and slightly increase its activity toward Cdk2
(28). It has been shown that both Cdk2-cyclin A and Cdk1-
cyclin B can phosphorylate and activate Cdk7, but in vivo,
mitotic Cdkl-cyclin B does it more efficiently (45), which
explains why Cdk7 activity can be restricted until mitosis.
Our data provide new insights into the coordination of recip-
rocal activation of Cdk7 and Cdkl in G,/M. We observed
that overexpression of Cdc25A stimulates phosphorylation
of Cdk7 at G,, leading to a corresponding increase in phos-
phorylated Thr'®!-Cdk1 levels, which confirms early activa-
tion of CAK in induced cells. It is unlikely that this strong
activation is caused by Cdk2-cyclin A, because (i) it has low
efficiency in Cdk7 phosphorylation in vivo (45) and (ii) over-
expression of Cdc25B has a strong effect on Cdkl-cyclin B
complex assembly despite its low activity toward Cdk2-cy-
clin A in vivo (23). We suggest that accumulation of Cdc25A
and B phosphatases at the G,/M transition leads to primary
activation of low abundant Cdk1-cyclin B complexes via par-
tial dephosphorylation and thus provides the initial signal
for launching a Cdk1-Cdk?7 positive feedback loop. In addi-
tion, removal of the phosphate from Thr'* can facilitate
nuclear relocation of Cdkl-cyclin B complexes because
overproduction of Mytl (which phosphorylates Thr'* pref-
erentially (10)) impairs intracellular trafficking of Cdkl-cy-
clin B (46). Thus, partially dephosphorylated “prophase-spe-
cific” Tyr(P)'*-Cdkl-cyclin B might have a role as a starter
kinase, being a better substrate for CAK (than fully phosphor-
ylated Thr(P)'*/Tyr(P)**-Cdk1-cyclin B) or performing ini-
tial phosphorylation and activation of Cdk7. Phosphoryla-
tion of Cdc25A and Cdc25B by Cdkl improves its stability
(21) or activity toward Cdkl-cyclin B (47), respectively,
therefore leading to a further boost of the activating feed-
back loop. We also cannot rule out the possibility that Tyr">-
phosphorylated “prophase” Cdkl has different substrate
specificities than its fully dephosphorylated “metaphase”
form; likewise, it has been described in yeast (48). Interest-
ingly, Cdc25C phosphatase cannot accelerate the G,/M
transition and Cdk1-cyclin B complex assembly. In fact, in
our experiments, overexpression of Cdc25C did not induce
accumulation of Tyr(P)'>-Cdkl despite high phosphatase
activity,” which may suggest a role for Cdc25C beyond
prophase. However, to unravel this possibility, a separate
investigation would be required.
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