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Cytoplasmic Localization of Human cdc25C during Interphase
Requires an Intact 14-3-3 Binding Site
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¢dc25C induces mitosis by activating the cdc2-cyclin B complex. The intracellular localization of cyclin B1
is regulated in a cell cycle-specific manner, and its entry into the nucleus may be required for the initiation of
mitosis. To determine the cellular localization of cdc25C, monoclonal antibodies specific for cdc25C were
developed and used to demonstrate that in human cells, cdc25C is retained in the cytoplasm during interphase.
A deletion analysis identified a 58-amino-acid region (amino acids 201 to 258) in cdc25C that was required for
the cytoplasmic localization of cdc25C. This region contained a specific binding site for 14-3-3 proteins, and
mutations in c¢dc25C that disrupted 14-3-3 binding also disrupted the cytoplasmic localization of cdc25C
during interphase. cdc25C proteins that do not contain a binding site for 14-3-3 proteins showed a pancellular
localization and an increased ability to induce premature chromosome condensation. The cytoplasmic local-
ization of cdc25C was not altered by <y irradiation or treatment with the nuclear export inhibitor leptomycin
B. These results suggest that 14-3-3 proteins may negatively regulate cdc25C function by sequestering cdc25C

in the cytoplasm.

In eukaryotic cells, an active cyclin-dependent kinase com-
plex, cdc2-cyclin B1, promotes entry into mitosis. Prior to mi-
tosis, kinase activity is inhibited by phosphorylation of the cdc2
catalytic subunit on two residues, threonine 14 (T14) and ty-
rosine 15 (Y15) (reviewed in reference 46). Several kinases,
including weel (3, 21, 48), mik1 (32), and myt1 (36, 42), phos-
phorylate cdc2 at residues T14 and Y15 and inhibit mitotic
progression. Entry into mitosis is dependent on dephosphory-
lation of the T14 and Y15 residues, resulting in the formation
of an active cdc2-cyclin B complex (reviewed in reference 46).
Inhibition of cdc2 dephosphorylation is a target of the DNA
replication and DNA damage checkpoints in both yeast and
mammalian cells (reviewed in references 45 and 46).

Dephosphorylation of cdc2 and subsequent entry into mito-
sis are catalyzed by the dual-specificity phosphatase, cdc25C
(11, 27, 33, 40, 57), which in turn is regulated by cell cycle-
dependent phosphorylation events (15, 24). Hyperphosphory-
lation of cdc25C during mitosis is thought to stimulate its
phosphatase activity (19, 22, 24, 29). Although the specific
kinase that phosphorylates cdc25C during mitosis is unknown,
several candidate kinases activate cdc25C in vitro. cdc25C may
be phosphorylated by its own substrate, an active cdc2-cyclin B
complex, to create an autoactivation loop (19, 22, 56). Other
studies have reported that the mitosis-specific hyperphosphor-
ylation of cdc25C can occur in the absence of both cdc2 and
cdk2 (23), suggesting that other kinases may activate cdc25C
during mitosis. A candidate for the cdc25C M-phase kinase is
the product of the Xenopus Plx1 gene, a polo-like kinase. Plx1
can phosphorylate cdc25C in vitro and stimulate cdc25C phos-
phatase activity in vitro (28); however, it is not yet clear wheth-
er PIx1 stimulates the mitotic activation of cdc25C in vivo.

Premature activation of cdc25C is prevented by phosphory-
lation of specific residues in ¢cdc25C during interphase that are
distinct from the sites phosphorylated in M phase. Piwnica-
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Worms and colleagues have demonstrated that during inter-
phase, the major phosphorylation site in human c¢dc25C is a
serine residue at position 216 (S216) (47). Conversely, S216 is
not phosphorylated during mitosis, suggesting that phosphor-
ylation of this residue may contribute to the negative regula-
tion of cdc25C activity (49, 52). Consistent with the above
hypothesis, expression of a cdc25C mutant that substituted
alanine for serine 216 (S216A) induced premature entry into
mitosis by override of a DNA replication checkpoint and a
v-radiation-induced DNA damage checkpoint (49). Several ki-
nases that promote the phosphorylation of the S216 residue in
cdc25C have recently been identified. Piwnica-Worms and col-
leagues purified from HeLa cells a kinase, C-TAKI, that spe-
cifically phosphorylates residue S216 in vitro (47, 50). cdc25C
can also be phosphorylated by chkl, a DNA damage check-
point kinase that was first identified in fission yeast (9, 49, 52,
60, 61). chkl is activated by phosphorylation in response to
y-radiation-induced DNA damage, leading to a cell cycle ar-
rest in G, (9, 52). Recent work with the fission yeast Schizo-
saccharomyces pombe has shown that cdc25 can also be phos-
phorylated by another kinase activated by DNA damage, cdsl
(65). This pathway is replicated in other eukaryotes, as Kuma-
gai et al. have demonstrated that cdc25C is phosphorylated and
capable of responding to checkpoint control in Xenopus laevis
extracts that have been depleted of chkl (30). A human ho-
molog of cdsl, chk2, has recently been cloned and found to
phosphorylate cdc25C at S216 in vitro (38). Therefore, the
S$216 residue in cdc25C may be a substrate for multiple kinases
that specifically inhibit its activity in response to the S-phase or
DNA damage checkpoints.

Phosphorylation of cdc25C at S216 by chk1 or C-TAK1 in vitro
results in the generation of a binding site for the 14-3-3 family of
proteins (44, 49, 50, 52). A consensus binding site for 14-3-3 was
first identified by Muslin et al. as RSXpSXP (X being any amino
acid and pS indicating phosphoserine) (44). Recent work by Yaffe
and colleagues has led to refinement of the 14-3-3 binding con-
sensus to R[S/Ar][+/S]pS[L/E/A/M]P as well as identification
of a second consensus, RX[Ar/S][+]pS[LEAM]P (where Ar is
an amino acid with an aromatic side chain and + is an amino
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acid with a basic side chain) (62). A peptide corresponding to
the first sequence is present in residues 213 to 218 of cdc25C.
14-3-3 proteins have been shown to bind to cdc25C during
interphase, at a time when S216 is phosphorylated (49). Sim-
ilarly, cdc25 has been shown to form a complex with the 14-
3-3¢ and 14-3-3( proteins in X. laevis egg extracts (31). Given
that S216 is critical for regulation of cdc25C activity and can be
phosphorylated by chkl, 14-3-3 proteins may inhibit cdc25C
function in response to DNA damage (49). Consistent with this
model, two 14-3-3 homologues in fission yeast, rad24 and
rad25, are required for the response to radiation induced DNA
damage and G, checkpoint control (1, 8). The rad24 and rad25
proteins associate with the S. pombe cdc25 protein in vitro
when cdc25 is phosphorylated by either chkl or cdsl (65).
Notably, expression of 14-3-3¢ can be induced by +y-radiation-
induced DNA damage in human cells (18).

The activity of a number of cellular proteins is regulated by
their cell cycle-dependent intracellular localization. For exam-
ple, cyclin B1 is located in the cytoplasm during interphase and
then enters the nucleus just prior to mitosis (51). Several re-
ports have demonstrated that the cytoplasmic retention of cy-
clin B1 is maintained due to the presence of a strong nuclear
export signal (NES) (13, 59, 63). Toyoshima and colleagues
demonstrated that inhibition of cyclin Bl nuclear export led to
an override of the DNA damage checkpoint upon treatment
with caffeine (59). Similarly, Jin et al. demonstrated that a
constitutively nuclear cyclin Bl (cyclin B1 was fused to the
simian virus 40 [SV40] nuclear localization signal [NLS]) pro-
tein could override a DNA damage-induced checkpoint arrest
in cooperation with a cdc2 mutant that could not be phosphor-
ylated at T14 and Y15 (cdc2AF) (25). Notably, in both studies,
the nuclear localization of cyclin B1 was necessary but not
sufficient to override the DNA damage checkpoint and pro-
mote entry into mitosis. Similarly, Hagting et al. observed
premature mitosis when an export-defective cyclin B1 mutant
was coexpressed with either cdc2AF, cdc25C, or a dominantly
active mutant of cdc25C, S216G (13). These results suggest
that the DNA replication and DNA damage checkpoints affect
mitotic progression by regulating cyclin B1 localization as well
as by modulating cdc25C function.

Although ¢dc25C activity can be regulated by complex for-
mation with 14-3-3 proteins, association of 14-3-3 proteins with
cdc25C has not been shown to decrease cdc25C phosphatase
activity in vitro (31, 49). This leads to the question of how
14-3-3 proteins may affect cdc25C function. cdc25C has been
reported to contain a bipartite NLS in its N terminus (47), and
at least three reports suggested that human cdc25C was a
predominantly nuclear protein (10, 12, 39). However, an exog-
enously expressed Myc epitope-tagged human cdc25C protein
was reported to be localized primarily in the cytoplasm during
interphase and then translocated to the nucleus just prior to
entry into M phase (16). To address this issue, a panel of
monoclonal antibodies (MAbs) specific for human cdc25C was
developed and used to demonstrate that the endogenous hu-
man c¢dc25C protein is localized in the cytoplasm during inter-
phase in multiple cell types. The region in cdc25C required for
the cytoplasmic localization was mapped to a 14-3-3 binding
site in ¢dc25C. Thus, cytoplasmic localization of c¢dc25C may
depend on its ability to associate with 14-3-3 proteins, suggest-
ing that 14-3-3 proteins prevent mitotic progression by seques-
tering cdc25C in the cytoplasm.

MATERIALS AND METHODS

Cell strains and transfections. The human osteosarcoma cell line U-20S and
the primary diploid human fibroblast strains MRC-5 and WI-38 were obtained
from the American Type Culture Collection and cultured in Dulbecco’s modified
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Eagle’s medium (Cellgro) supplemented with 10% Fetal Clone-I serum (Hy-
clone), 100 U of penicillin per ml, and 100 pg of streptomycin per ml. Cells were
transfected by calcium phosphate precipitation as described previously (58).
Briefly, 15 pg of the cdc25C plasmid was used per 100-mm-diameter dish trans-
fected, and the total amount of DNA was adjusted to 25 wg with pBluescript
(pBSK™). To perform the localization and premature chromosome condensation
(PCC) assays, cells were transfected on a coverslip in a 35-mm-diameter dish; 3
g of each cdc25C plasmid was cotransfected with either 2 pg of pPBSK™ or 2 pug
of the hemagglutinin (HA) epitope-tagged cyclin B1 plasmid per 35-mm-diam-
eter dish. To perform the cell cycle synchrony experiments, 15 pg of cdc25C
plasmid, 8 pg of pBSK™, and 2 pg of a CD19 cDNA (64) were transfected per
100-mm-diameter dish. To perform the 14-3-3 binding assays, 15 ug of cdc25C
plasmid was cotransfected with 7.5 pg of pBSK™ and 2.5 pg of HA-14-3-3¢ per
100-mm-diameter dish.

Plasmids. The N-terminal Myc-tagged cdc25C ¢cDNA has been described
previously (16). All of the cdc25C constructs were tagged with the Myc epitope
(EQKLISEEDL [5, 43]) and expressed from the SV40 promoter in plasmid
pSGS5-L (54). The SV40 NLS (PKKKRKVEDPAV) was fused to the C terminus
of c¢dc25C by PCR using the primers (5" ggg aag ctt gga tcc ATG GAG CAG
AAG CTC 3’ and 5’ ggg gtc gac TCA CAC CGC CCG GAT CTT CTA CTIT
TCC GTT TCT TTT TGG GTG GGC TCA TGT CCT TCA CC 3’ for all
oligonucleotides, coding sequences are in uppercase). The mutation of the ac-
tive-site residue of the phosphatase domain, cysteine 377 to serine (C377S) (4,
11, 40), was generated by PCR using the oligonucleotides 5" TGA GGA GAA
TTC AGA GTG GAA CAC GAT 3’ and 5' ggg tct aga gga tcc TCA TGG GCT
CAT GTC CTT CAC CAG 3’ and inserted into the wild-type (WT) cdc25C
constructs as a BamHI-EcoRI fragment. The deletion mutants 1-258, 1-200, and
1-150 were amplified from WT cdc25C by using the oligonucleotides 5’ ggg aga
tct TCA TAA ACA TAA GCC CTT CCT 3, 5' ggg aga tct TCA TTT CAG
GGA AAA CTC CAT 3', and 5’ ggg aga tct TCA ATT TGC AGA TGA ACT
ACA 3', respectively, with the oligonucleotide 5" ggg aag ctt gga tcc ATG GAG
CAG AAG CTC 3’ in PCRs. The mutant 259-473 was constructed by performing
a PCR with the oligonucleotides 5 aaa aag ctt ATG GAG CAG AAG CTC ATC
TCA GAG GAG GAC CTG GGA TCC AAG AAG ACA GTCTCT CTG TGT
3" and 5’ ggg tct aga gga tcc TCA TGG GCT CAT GTC CTT CAC CAG 3'. The
deletion mutants A 201-258 and A 201-258 C377S were cloned by PCR ampli-
fying either WT cdc25C or the C377S mutant with the oligonucleotides 5’ ttt gga
tcc AAG AAG ACA GTCTCT CTG TGT GAC 3’ and 5’ aaa ctc gag TTA AGA
TCT TTA TCA TGG GCT CAT GTC CTT CAC CAG AAG GGC 3’ and
inserted into pSG5-L as a BamHI-Xhol fragment. Subsequently, another PCR
fragment generated with the oligonucleotides 5’ aaa aag ctt ATG GAG CAG
AAG CTC ATC TCA GAG GAG GAC CTG 3’ and 5' ggg gga tcc TTT CAG
GGA AAA CTC CAT TAA TTC ATG TG 3’ was inserted into the above
construct as a HindIII-BamHI fragment. The point mutant of the serine residue
at position 216 to alanine (S216A) was generated by PCR with the oligonucle-
otides 5" AAC AGG CCT AGA CTG AAG and 5’ ggg tct aga gga tcc TCA TGG
GCT CAT GTC CTT CAC CAG 3’ and inserted in a three-way ligation into
pSGS-L. The clones NEScdc25C and NESS216A were generated by cloning
cdc25C or S216A as BamHI fragments downstream of the influenza virus HA
epitope (YPYDVPDYA [6]) and the human immunodeficiency virus type
(HIV-1) Rev NES (LQLPPLERLTLD [7]) in pSG5-L (55). Cyclin B1 was PCR
amplified by using the primers 5’ ccc gga tcc ATG GCG CTC CGA GTC ACC
AGG AACTCG and 5" ggg ctc gag TTA CAC CTT TGC CAC AGC CTT GGC
TAA ATC 3’ and fused to the HA epitope in pcDNA3 (Invitrogen). Cyclin Bl
was cloned as a BamHI-Xhol fragment downstream of the SV40 NLS and the
HA epitope in pSG5-L (55) to generate HA-NLSBI1. 14-3-3¢ (62) was cloned as
a BamHI-Xhol fragment into pcDNA3 downstream of the HA epitope to gen-
erate HA-14-3-3¢. All clones were verified by DNA sequencing.

Antibodies. To generate specific MAbs to cdc25C, a glutathione S-transferase
(GST) fusion to the first 258 amino acids of human c¢dc25C (GST 1-258) was
constructed. The protein was purified from Escherichia coli on glutathione-
Sepharose beads as described by the manufacturer (Pharmacia). The protein was
eluted off the beads overnight at 4°C in 20 mM glutathione-100 mM Tris (pH
8.0)-120 mM NaCl, and dialyzed against phosphate-buffered saline (PBS). RBF/
DnJ mice were immunized and fusions to NS1 myeloma cells were performed as
described elsewhere (14). Four specific MAbs to cdc25C, TC14, TC15, TC19,
and TC113, were identified. The antibodies were subtyped with an isotype kit
(IsoStrip; Boehringer Mannheim) and belong to the immunoglobulin G1 (IgG1)
subclass. The phosphorylated histone (phospho-histone) H3-specific antiserum
(Upstate Biotechnology) was used at a dilution of 1:200 for immunofluorescence.
Tissue culture supernatants of the mouse monoclonal hybridomas anti-HA
(12CA5) and anti-Myc (9E-10) were used at a dilution of 1:50 for immunoflu-
orescence analysis and Western blotting. Tissue culture supernatants of the
hybridomas DG122 (anti-GST), TC14, TC15, and TC113 were used at a dilution
of 1:50, while the TC19 supernatant was used without dilution for Western
blotting of GST fusion proteins. The anti-cdc25C rabbit polyclonal antibody
(C-20; Santa Cruz Biotechnology) was used at a dilution of 1:500 for Western
blotting. For immunofluorescence analysis, ascites fluid was generated for TC14,
TC15, TC19, and TC113 and used at a dilution of 1:50. A mixture of TC14, TC15,
and TC19 ascites fluid (each at a 1:500 dilution) was used to perform Western
blotting in the immunoprecipitation Western blotting (IP/Western) experiments.
TC14 (1:10), TC15 (1:10), and TC113 (1:100) high-titer tissue culture superna-
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tants were used at the dilutions indicated for direct Western blotting. The
anti-Myc rabbit polyclonal antibody (A-14; Santa Cruz) was diluted 1:1,000 for
immunofluorescence and 1:500 for Western blotting. Tissue culture supernatants
of the cyclin B1 antibody CB169 (Upstate Biotechnology) was used at a dilution
of 1:50 for immunostaining. The anti-Rb (retinoblastoma protein) MAb (MAb
245; Pharmingen) was used at a dilution of 1:500 for Western blotting, and 2 .l
of antibody was used to immunoprecipitate Rb from cellular extracts. The sec-
ondary antibodies goat anti-mouse IgG-rhodamine and goat anti-rabbit IgG-
fluorescein isothiocyanate (FITC) (Boehringer Mannheim) were diluted 1:1,000
for immunofluorescence assays. The MPM2 antibody was used at a dilution of
1:1,000 for immunofluorescence.

Immunoprecipitation and Western blotting. To determine the specificity of
the anti-cdc25C MADs, E. coli strains expressing GST fusion to full-length human
cdc25A (GST-cde25A) and human cdc25B (GST-cdc25B) or the first 258 amino
acids of human cdc25C (GST-1-258) were induced to synthesize the fusion
protein as described by the supplier (Pharmacia). The bacterial pellets were
boiled in sodium dodecyl sulfate (SDS) buffer (58) and separated in SDS-
polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride mem-
branes, and the immune complexes were detected as described previously (58)
with an alkaline phosphate-conjugated goat anti-rabbit IgG (Boehringer Mann-
heim). To map the epitopes of the different antibodies, various cdc25C constructs
were translated in vitro in the presence of [**S]methionine in the Promega TNT
coupled transcription translation system. The in vitro translation products were
incubated with the various antibodies and protein A-Sepharose in 500 ul of
NET-N (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet
P-40 [NP-40]) for 2 h at 4°C. The immune complexes were washed three times
with NET-N, boiled in SDS buffer, separated in SDS-polyacrylamide gels, and
analyzed by autoradiography.

Whole-cell extracts of U-20S cells were prepared in EBC buffer (50 mM
Tris-HCI [pH 8.0], 120 mM NaCl, 0.5% NP-40, 10 ug of aprotinin per ml, 10 ug
of leupeptin per ml, 0.1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM
sodium orthovanadate, 1 mM EDTA). Extracts were cleared by centrifugation at
12,000 X g for 15 min at 4°C. Two micrograms of EBC extract was rocked
overnight at 4°C with protein A-Sepharose beads and either 200 wl of the
antibody supernatants (9E-10, TC14, TC15, and TC113) or 2 pl of ascites fluid
(TC19). The immune complexes were washed three times with NET-N and
resolved in an SDS-7.5% polyacrylamide gel, followed by Western blotting with
a mixture of TC14, TC15, and TC19 or the anti-cdc25C rabbit polyclonal anti-
body (Santa Cruz). Whole-cell extracts for direct Western blots were prepared by
harvesting cells by trypsinization and boiling the cell pellet in 50 mM Tris (pH
8.0)-2% SDS for 10 min. The extracts were cleared by centrifugation, and 25 to
50 g of extract was loaded onto an SDS-10% polyacrylamide gel. The antibody
antigen complexes were detected by enhanced chemiluminescence as instructed
by the manufacturer (Pierce).

To detect transiently transfected Myc-tagged cdc25C, 40 to 44 h posttransfec-
tion, cells were extracted in 1 ml of EBC buffer and the extracts were rocked
overnight at 4°C with protein A-Sepharose beads and 100 ul of 9E-10 tissue
culture supernatant. Immune complexes were washed thrice with NET-N and
detected by Western blotting as described above. In the experiments where
HA-14-3-3¢ was cotransfected with c¢dc25C, the extracts were lysed in EBC as
described above and then immunoprecipitations were performed with antibodies
to either the Myc (9E-10) or HA (12CAS5) epitope overnight as described above.

Cellular fractionation. Fractionation of U-20S cells was performed by using a
modified version of a protocol described by Schreiber et al. (53). Briefly, U-20S
cells at ~50% confluence were harvested by trypsinization. Whole-cell extracts
were made with EBC. Cytoplasmic extracts were prepared by harvesting cells in
buffer A (10 mM HEPES [pH 7.9], 10 mM KCI, 1 mM EDTA, 0.1 mM EGTA,
1 mM dithiothreitol, 10 g of aprotinin per ml, 10 wg of leupeptin per ml, 0.1
mM phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM sodium orthovanadate)
on ice for 10 min. Additional phosphatase inhibitors (10 wM cypermethrin, 200
M dephostatin, 200 nM okadaic acid, 25 nM tautomycin) were added to buffer
A when indicated. The extracts were spun for 30 s in a microcentrifuge at 4°C.
The cytoplasmic extract was removed, and the nuclear pellets from the two
different preparations were pooled and extracted with EBC to generate nuclear
extracts. Two milligrams of each extract was immunoprecipitated with a MAb to
cdc25C (TC113) or to Rb (MAb 245). The immune complexes were resolved in
an SDS-7.5% polyacrylamide gel and Western blotted for the presence of either
cdc25C or Rb. For direct Western blotting of the extracts, 100 g of each fraction
was separated in an SDS-10% polyacrylamide gel and then Western blotted with
a mixture of the protein A-purified cdc25C MADs.

Localization and PCC assays. To detect endogenous cdc25C protein by im-
munofluorescence, cells were fixed in a solution of 4% paraformaldehyde in PBS
for 20 min at room temperature (RT) and subsequently washed with PBS and
permeabilized with 0.3% Triton X-100 in PBS for 10 min at RT. The fixed
permeabilized cells were incubated with primary antibody, diluted 1:50 in PBS
containing 3% bovine serum albumin and 0.1% NP-40, overnight at 4°C. The
coverslips were washed alternately with PBS containing 0.1% NP-40 and PBS six
times and then incubated with the appropriate secondary antibody in PBS con-
taining 3% bovine serum albumin and 0.1% NP-40 for 30 minutes at RT. The
cells were washed again as described above and counterstained with the DNA
dye 4',6-diamidino-2-phenylindone (DAPI) at a concentration of 5 pg/ml. Con-
focal images were obtained by using a Bio-Rad MRC-1024/2P instrument inter-
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faced with a Zeiss Axiovert S100 microscope. A krypton-argon laser with emis-
sion lines at 488 and 568 nm was used for conventional excitation of fluorescein
and rhodamine with bandpass emission filters at 522 and 598 nm. A Spectra-
Physics Tsunami femtosecond pulsed laser tuned to 770 nm was used for the
multiphoton excitation of DAPI.

To determine the localization of cdc25C in y-irradiated cells, U-20S cells were
plated in a 100-mm-diameter dish containing a coverslip. The next day the
medium was changed to medium containing 200 wM mimosine to induce a G,
arrest (26); 20 h later, the mimosine was removed, and the cells were washed
twice and refed with fresh medium; 6 h after mimosine removal, cells were
irradiated in a Gamma-cell 40 irradiator (MDS Nordion) at a dosage of 6 Gy.
After irradiation, one set of plates was incubated with leptomycin B at a con-
centration of 2 ng/ml for 18 h (13, 59); 18 h postirradiation, the cells were washed
with PBS, and the coverslips were removed and fixed with paraformaldehyde as
described above. After fixation, the coverslips were stored in PBS and then
stained with a MAb to either cdc25C (TC113) or cyclin B1 (CB169). The
remainder of the cells were harvested by trypsinization, fixed in 70% ethanol,
stained with propidium iodide, and processed for fluorescence-activated cell
sorting (FACS) as previously described (64).

Localization of the transfected c¢dc25C and cyclin B1 constructs was deter-
mined by performing indirect immunofluorescence with antibodies to the HA or
Myc epitope. To perform the PCC assays, asynchronously growing U-20S cells
were transfected with the various cde25C and cyclin B1 expression plasmids. At
40 to 44 h after transfection, the cells were fixed and stained with antibodies to
the appropriate epitope tags. In each experiment, at least 100 transfected cells
were counted. The results presented are the averages of at least three indepen-
dent experiments. To perform the cell cycle synchrony experiments, U-20S cells
were plated in a 100-mm-diameter dish containing a coverslip. The next day the
medium was changed with either regular medium or medium containing 200 uM
mimosine to induce a G, arrest (26). Approximately 2 h later, the cells were
transfected as described above; 6 h posttransfection, the DNA precipitate was
removed, and the cells were fed twice with medium containing mimosine; 20 h
after the mimosine was first added, the mimosine was removed, and the cells
washed twice and fed with fresh medium. At the indicated time after mimosine
removal, the cells were washed with PBS, and the coverslip was removed and
fixed with paraformaldehyde as described above. After fixation, the cells on
coverslips were stained with an anti-Myc rabbit polyclonal antibody (Santa Cruz)
and a MAD to cyclin B1 (CB169). The remainder of the cells were harvested by
trypsinization and stained with antibody to CD19 conjugated to FITC (Caltag)
and then processed for FACS as previously described (64). An S-phase arrest was
induced in certain transfections by the addition of 100 wM hydroxyurea (HU).

RESULTS

Generation of specific MAbs to cdc25C. A diagram of the
cdc25C constructs used in this study is shown in Fig. 1. A panel
of MADs to cdc25C, TC14, TC15, TC19, and TC113, was gen-
erated by immunizing mice with a GST fusion protein contain-
ing the first 258 residues of human cdc25C. The specificity of
these antibodies for cdc25C was tested by Western blot anal-
ysis of bacterial lysates expressing GST-cdc25A (Fig. 2A, lane
1), GST-cdc25B (lanes 2 and 3), or the N-terminal GST-
cdc25C fusion protein (GST 1-258; lane 4). All three fusion
proteins were recognized by the anti-GST MAb DG122. In
contrast, the anti-cdc25C antibodies failed to react with either
GST-cdc25A or GST-cdc25B but did react with cdc25C. These
results suggest that each of these antibodies could specifically
detect cdc25C and not cdc25A or cdc25B.

To map the epitopes in cdc25C recognized by the MAbs, in
vitro translates of various cdc25C deletion mutants tagged with
the Myc epitope (Fig. 1) were used in immunoprecipitation
reactions. The anti-Myc antibody 9E-10 immunoprecipitated
each of the cdc25C constructs as expected (Fig. 2B). The
cdc25C MADbs could immunoprecipitate WT cdc25C as well as
an N-terminal fragment expressing the first 258 residues (1-
258) (Fig. 2B, lanes 1 and 5) but not a C-terminal fragment of
cdc25C (259-473) that was not part of the immunizing peptide
(lane 7). Of the four antibodies generated, only TC14 could
immunoprecipitate 1-150 (lane 6), suggesting that it recog-
nized an epitope contained within the first 150 amino acids of
the protein. The other three MAbs failed to immunoprecipi-
tate the A 201-258 or 1-150 protein (lanes 2 and 6), suggesting
that they recognize epitopes between residues 201 and 258.
TC15 and TCI113 recognized an epitope located between
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FIG. 1. Diagram of the human cdc25C constructs used. All cdc25C con-
structs contained an N-terminal Myc epitope tag (black box). A 14-3-3 binding
motif of cdc25C (RSPSMP) is phosphorylated at the second serine residue
(S216) in the consensus (44, 47, 49), and mutation of the serine residue to alanine
abolishes binding to 14-3-3 proteins (49). The phosphatase domain (hatched box)
is located in the C terminus with the active site (HCEFSSER) shown. Substitu-
tion of the cysteine residue at position 377 with serine disrupts phosphatase
activity (4, 11, 40). The N-terminal box (vertical lines) represents the HA epitope
and the HIV-1 Rev NES, and the C-terminal stippled box represents the SV40
large-T-antigen NLS.

amino acids 222 and 246, as determined by the observation that
they could immunoprecipitate the A 201-258 (222-246) mu-
tant (lane 4). TC19 recognized an epitope between amino acids
211 and 246 that was distinct from the epitope recognized by
TC15 and TC113, based on its inability to immunoprecipitate
either A 201-258 (211-221) or A 201-258 (222-246) (lanes
3 and 4) and its ability to immunoprecipitate both the A
201-210 and A 247-258 proteins (data not shown). There-
fore the four MADbs recognize at least three different
epitopes in cdc25C.

The c¢dc25C antibodies were tested for the ability to immu-
noprecipitate endogenous cdc25C in lysates prepared from
U-20S cells. All four ¢de25C antibodies specifically immuno-
precipitated a doublet that migrated at approximately 55 kDa
in U-20S cells upon Western blotting with either a mixture of
the cdc25C MADs or an anti-cdc25C rabbit polyclonal anti-
serum (C-20; Santa Cruz) raised against the C terminus of
cdc25C (Fig. 3A, lanes 2 to 5 and lanes 7 to 10, respectively).
A similar doublet was observed in the normal diploid human
fibroblast line, MRC-5 (data not shown). The anti-Myc MAb
9E-10, which belongs to the same subclass as the anti-cdc25C
antibodies, failed to immunoprecipitate the doublet (lanes 1
and 6). It has been reported previously that the slower-migrat-
ing band in this doublet is due to phosphorylation (47, 49). The
immunoprecipitates were treated with lambda phosphatase,
resulting in a loss of the upper band and an enhancement of
the lower band, confirming that the upper band in the doublet
was a phosphorylated version of the lower band (data not
shown). These results suggest that all four MAbs could specif-
ically immunoprecipitate both the phosphorylated and unphos-
phorylated forms of cdc25C.

To further demonstrate the specificity of these antibodies,
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we tested their abilities to recognize cdc25C in direct West-
ern blot analyses. Whole-cell extracts prepared from U-20S,
MRC-5, and WI-38 cells were resolved on an SDS-10%
polyacrylamide gel and Western blotted with three different
cdc25C MADs (Fig. 3B). The three cdc25C MAbs recognize a
doublet at ~55 kDa in U-20S (lanes 1, 4, and 7), MRC-5
(lanes 2, 5, and 8), and WI-38 (lanes 3, 6, and 9) cells. A band
at ~47 kDa is seen predominantly in U-20S cells, though it
can be seen in the other cell types at longer exposures. To
determine if this band is related to cdc25C, we performed an
immunoprecipitation with each of the MAbs followed by West-
ern blotting with C-20. C-20 recognizes both the 55-kDa dou-
blet and the 47-kDa band (data not shown). Similar results
were obtained when the Western blotting was performed with
a pool of the c¢dc25C MADs (data not shown). This result
suggests that the 47-kDa band is likely to be a truncated prod-
uct of cde25C and not a cross-reactive species.

To determine the intracellular localization of cdc25C, bio-
chemical fractionation experiments were performed in asyn-
chronously growing U-20S cells. Whole-cell, cytoplasmic, or
nuclear extracts were prepared as described in Materials and
Methods. cdc25C was detected in the whole cell as well as the
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FIG. 2. Specificity of MADbs to cdc25C. (A) MAbs were raised to a GST
fusion protein that contained the first 258 amino acids of human cdc25C (GST
1-258). Bacterial lysates expressing either GST-cdc25A (10 pl; lane 1), GST-
cdc25B (20 and 30 pl; lanes 2 and 3, respectively), or GST 1-258 (10 pl; lane 4)
were separated in an SDS-7.5% polyacrylamide gel and Western (W.) blotted
with DG122, a mouse MAD specific for GST, and the four cdc25C antibodies,
TC14, TC15, TC19, and TC113. (B) Indicated Myc-tagged cdc25C constructs
were translated in vitro with [**S]methionine; 15 pl of in vitro translate was
immunoprecipitated with the indicated antibodies, and the immunoprecipitated
proteins were visualized by autoradiography. The A 201-258 construct contains
an in-frame deletion of amino acids 201 to 258 (lane 2). A 201-258 (211-221) and
A 201-258 (222-246) (lanes 3 and 4) are mutant proteins that contain insertions
of the indicated amino acids into the A 201-258 mutant. 1-258, 1-150, and
259-473 (lanes 5 to 7) are shown in Fig. 1. (C) cdc25¢ diagram showing where the
MADs bind. The N-terminal myc tag is recognized by MAb 9E-10.
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FIG. 3. cdc25C is present in the cytoplasm of asynchronously growing human
cells. (A) Two-milligram aliquots of EBC extracts prepared from U-20S cells
were immunoprecipitated with cdc25C-specific antibodies TC14 (lanes 2 and 7),
TCI15 (lanes 3 and 8), TC113 (lanes 4 and 9), and TC19 (lanes 5 and 10) or the
Myc antibody 9E-10 (lanes 1 and 6). The immune complexes resolved in SDS—
7.5% polyacrylamide gels followed by Western blotting with either a mixture of
TC14, TC15, and TC19 (lanes 1 to 5) or an anti-cdc25C rabbit polyclonal
antibody (Santa Cruz) (lanes 6 to 10). The position of cdc25C, which migrated as
a doublet, is indicated by the bracket. The arrow indicates the immunoglobulin
heavy chain. The positions of the molecular weight markers are indicated in
kilodaltons to the left of each gel. B. U-20S (lanes 1, 4, and 7), MRC-5 (lanes 2,
5, and 8), and WI-38 (lanes 3, 6, and 9) cells were harvested by trypsinization, and
the cell pellets were boiled in 2% SDS; 50 (lanes 1 to 6) or 25 (lanes 7 to 9) ug
of protein extract was separated in an SDS-10% polyacrylamide gel, and then
Western blotting was performed with the indicated antibodies. The immune
complexes were detected by using the Pierce Supersignal system. TC14, TC15,
and TC113 all recognized a specific doublet at ~55 kDa in each of the different
cell types. In addition to this band, they specifically recognized a band at ~47
kDa (open arrow) in U-20S cells. On longer exposures, this band was also
detected in MRC-5 and WI-38 cells. No other specific signal was detected with
these antibodies. (C) Two-milligram aliquots of whole-cell (lanes 1 and 4),
cytoplasmic (lanes 2 and 5), or nuclear (lanes 3 and 6) extracts prepared from
U-20S cells were immunoprecipitated with either an anti-Rb antibody (MAb
245; Pharmingen) (lanes 1 to 3) or an anti-cdc25C antibody (TC113) (lanes 4 to
6). The immune complexes were resolved in an SDS-7.5% polyacrylamide gel
and Western blotted with MAD 245 (lanes 1 to 3) or a mixture of TC14, TC15,
and TC19 (lanes 4 to 6). The cdc25C doublet is indicated by the bracket. The
thick arrow indicates the immunoglobulin heavy chains; the position of Rb on the
gel is indicated by the thin arrow. (D) Two-milligram aliquots of whole-cell (lane
1), cytoplasmic (lanes 2 and 3), or nuclear (lane 4) extracts prepared from U-20S
cells were immunoprecipitated with the cdc25C MAb (TC113). The cytoplasmic
extracts in lane 3 were prepared in the presence of a cocktail of phosphatase
inhibitors (10 wM cypermethrin, 200 wM dephostatin, 200 nM okadaic acid, and
25 nM tautomycin). c¢dc25C is indicated by a bracket; the arrow indicates the
position of the immunoglobulin heavy chain.

cytoplasmic extracts but not in the nuclear fraction (Fig. 3C
lanes 4 to 6). As a control, [P/Western experiments were also
performed to determine the localization of Rb, previously
demonstrated to be localized to the nucleus (34, 41). As shown
in Fig. 3B, Rb was present in the nuclear extracts and no Rb
was detectable in the cytoplasmic fraction (lanes 1 to 3). These
results suggest that the cytoplasmic extracts were not contam-
inated by nuclear proteins. A significant increase in amount of
the faster-migrating band of the cdc25C doublet was observed
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when cytoplasmic fractions were prepared from U-20S cells
compared to the whole-cell extracts (Fig. 3D; compare lanes 1
and 2), suggesting that cdc25C may have been undergoing
dephosphorylation while the extract was prepared. To test this
hypothesis, cytoplasmic extracts were prepared in the presence
of additional phosphatase inhibitors. Under these conditions,
only the top band of the doublet can be seen (lane 3); cdc25C
is not present in the nuclear fraction (lane 4). This latter result
suggests that all of the endogenous cdc25C protein exists in the
phosphorylated form.

The localization of cdc25C changes prior to mitosis in hu-
man cells. To confirm the cytoplasmic localization of endoge-
nous ¢dc25C in human cells, indirect immunofluorescence
analysis was performed on normal diploid human fibroblasts as
well as immortal human cell lines. As shown in Fig. 4A, a
specific cytoplasmic signal for cdc25C was obtained in U-20S
cells when they were immunostained with either TC14 or
TC113. A similar staining pattern in U-20S was obtained with
each of the other cdc25C MAbs, TC15 and TC19 (data not
shown). The normal diploid human fibroblast strains, MRC-5
and WI-38, also showed a cytoplasmic staining pattern for
cdc25C with MADb TC113 (Fig. 4A) as well as with each of the
other MAbs (data not shown).

To determine whether the cellular localization of cdc25C
was altered over the cell cycle, MRC-5 cells were stained with
a MAD to c¢dc25C (TC113) and a polyclonal serum specific for
phospho-histone H3 followed by confocal microscopy. Histone
H3 is not phosphorylated in G, and S phases. Phosphorylation
of histone H3 is initiated during G,, and the intensity and
pattern of the signal phospho-histone H3 signal changes as
cells progress from G, to M phase, with a steady accumulation
of the phosphorylated form of the protein until anaphase (17).
Cells that show no phospho-histone H3 in the nucleus are in
G, or S phase of the cell cycle, while cells that show a punctate
pattern of phospho-histone H3 in the nucleus are in early G,
phase (17). Cells that did not stain for phospho-histone H3
showed a cytoplasmic staining pattern for cdc25C; in contrast,
cells that stain positively with the antibodies to phospho-his-
tone H3 contain cdc25C both in the nucleus and the cytoplasm,
as evidenced by the yellow staining in the merged image (Fig.
4B). The timing of the change in cellular localization just prior
to mitosis is similar to that reported for cyclin B1 (13, 51, 59)
and suggests that, like cyclin B1, cdc25C enters the nucleus just
prior to mitosis in human cells.

The human cyclin B1 protein enters the nucleus just prior to
mitosis due to the inactivation of a NES in cyclin B1 (13, 59).
Notably, DNA damage prevents inactivation of the NES, thus
forcing cyclin B1 to be retained in the cytoplasm (13, 51, 59).
To determine whether DNA damage affects the localization of
cdc25C, U-20S cells were initially synchronized in G, phase
with mimosine (Fig. 4C). Six hours after mimosine was re-
moved, the cells had entered S phase (Fig. 4C). cdc25C and
cyclin B1 could both be detected in the cytoplasm by immu-
nostaining during S phase, while only cdc25C was expressed in
cells arrested in G, with mimosine (data not shown). At this
point, the cells were vy irradiated and then incubated in the
absence or presence of leptomycin B for 18 h. The ~y-irradiated
U-20S cells arrested almost exclusively in the G, phase of the
cell cycle (Fig. 4C). Immunostaining of y-irradiated U-20S
cells with a MAb to cdc25C (TC113) or cyclin B1 (CB169)
demonstrated that both proteins remained in the cytoplasm
(Fig. 4C). The leptomycin B-treated cells also showed a G,
arrest similar to that for the cells that were -y irradiated but not
treated with leptomycin B (Fig. 4C). The localization of
cdc25C was not altered when the cells were treated with lep-
tomycin B (Fig. 4C). In contrast, in cells treated with leptomy-
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FIG. 4. Cellular localization of cdc25C in human cells. (A) Indirect immunofluorescence with the cdc25C antibodies was performed in multiple cell types. U-20S
cells immunostained with either TC14 (left) or TC113 (right) are shown in the top panels. The primary human fibroblasts, MRC-5 (bottom left) and WI-38 (bottom
right), were immunostained with antibody TC113. In each pair, the left panel shows antibody staining while the right panel shows the DAPI stain of the same field
(original magnification, X100). (B) MRC-5 cells were immunostained with polyclonal sera specific for phospho-histone H3 (o pH3) (17), a MADb to cdc25C (TC113),
and DAPI, as indicated, and visualized by confocal microscopy. The merge of the cdc25C and the pH3 staining is shown in the bottom left panel. A cell that stains
positively for histone H3 and shows partial chromatin condensation (DAPI) is indicated by the thick arrow. A cell that does not stain with the phospho-histone H3
antibody in which the chromatin is not condensed is indicated by the thin arrow (original magnification, X63). (C) U-20S cells were treated with mimosine to induce
a G arrest. Six hours after mimosine release, cells were vy irradiated (y-IR) with a dose of 6 Gy and then incubated in either the presence or absence of the crml
inhibitor leptomycin B (LMB) for an additional 18 h. Cells were immunostained with either an anti-cdc25C antibody (TC113) or an anti-cyclin B1 antibody (CB169).
In each pair, the left panel shows immunofluorescence while the right panel shows the DAPI stain of the same field (original magnification, X100). The cell cycle profiles
of the cells in mimosine (mimosine), cells 6 h after release from mimosine (6 hours), and the +y-irradiated cells (y-IR) and irradiated cells treated with leptomycin B
(vy-IR + LMB) are shown.

cin B, the localization of cyclin B1 was dramatically altered,
with a marked increase in the nuclear signal being observed
(Fig. 4C), in agreement with results published by other groups
(13,59). These results suggest that although both cyclin B1 and
cdc25C are maintained in the cytoplasm in +y-irradiated cells,
the cytoplasmic localization and subsequent nuclear transport
of these two proteins are regulated by different mechanisms in
human cells.

A 58-amino-acid domain in cdc25C controls its cellular lo-
calization. To determine the regions of cdc25C that participate
in its normal cytoplasmic localization during interphase, vari-
ous Myc epitope-tagged cdc25C deletion constructs were tran-
siently expressed in U-20S cells. The cells were immuno-
stained with the anti-Myc MAb 9E-10 and imaged by confocal
microscopy. Wild-type cdc25C was found to be localized in the
cytoplasm (Fig. 5A), similar to results for the endogenous
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FIG. 4—Continued.

protein and to previously published results (10, 16). A full-
length cdc25C protein with an inactive phosphatase domain,
C377S (4, 11, 40), as well as an N-terminal cdc25C construct
containing residues 1 to 258, lacking the catalytic domain, also
localized to the cytoplasm (Fig. SA and data not shown), sug-
gesting that the phosphatase activity of cdc25C was not re-
quired for its cytoplasmic retention. Further deletion into the
N terminus (construct 1-200) resulted in a pancellular distri-
bution, with the protein being present in both the cytoplasmic
and nuclear compartments (Fig. SA). An N-terminal deletion
mutant, 259-473, that contained the entire catalytic domain

was also pancellular (data not shown). These results suggest
that residues 201 to 258 contributed to the cytoplasmic local-
ization of cdc25C.

To determine if residues 201 to 258 were necessary for the
cytoplasmic localization of cdc25C, a mutant with an in-frame
deletion of residues 201 to 258 (A 201-258) was constructed.
As shown in Fig. 5A, A 201-258 showed a pancellular local-
ization similar to that observed for 1-200. A consensus binding
site for 14-3-3 proteins is contained in residues 201 to 258
(213-218). Phosphorylation of the serine residue at position
216 is required for binding to 14-3-3 proteins, and mutation of
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FIG. 5. Cytoplasmic localization of c¢dc25C is dependent on a 14-3-3 binding motif. (A) U-20S cells were transiently transfected with the indicated cdc25C
constructs and visualized by confocal microscopy with the anti-Myc antibody 9E-10 (a myc) and DAPI staining. The arrow highlights cells showing condensed fractured
chromatin indicative of PCC (original magnification, X63). (B) Extracts of U-20S cells cotransfected with plasmids expressing an HA-tagged 14-3-3e cDNA and the
indicated Myc-tagged cdc25C constructs were immunoprecipitated with an anti-Myc antibody (9E-10) or an anti-HA antibody (12CAS5). The immune complexes were
washed and then resolved in either an SDS-7.5% polyacrylamide gel (lanes 1 to 4, top panel) or an SDS-10% polyacrylamide gel (lanes 5 and 6, top panel; lanes 7
to 18, middle and bottom panels). The cdc25C constructs were detected by Western blotting (WB) with a polyclonal Myc antibody (Santa Cruz), and the HA 14-3-3¢

was detected by Western blotting with the anti-HA MAb (12CA5).

S216 to alanine has been shown to prevent phosphorylation at
this site, resulting in a loss of 14-3-3 binding (49). To determine
whether S216 was required for cytoplasmic retention of
cdc25C, we generated a substitution mutant that altered the
serine residue at position 216 to alanine (S216A). As shown in

Fig. 5A, S216A showed a pancellular localization similar to
that of the mutant A 201-258, suggesting that S216 may be
required for retention of c¢dc25C in the cytoplasm. A mutant
that substituted an aspartic acid for serine, S216D, also showed
a pancellular localization (data not shown). Mutation of an-
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other serine residue in the same region, S214, did not alter the
cytoplasmic localization of cdc25C (data not shown).

The ability of these cdc25C mutant proteins to form a com-
plex with 14-3-3 proteins was tested. It has been reported that
the Xenopus cdc25 protein forms a complex with 14-3-3¢ (31).
To determine if human c¢dc25C associated with 14-3-3¢, wild-
type ¢dc25C or the different mutants were transfected into
U-20S cells with an expression construct for a HA epitope-
tagged 14-3-3e cDNA (HA-14-3-3¢). Extracts from the trans-
fected cells were prepared, and immunoprecipitations were
performed with antibodies to either the HA or Myc epitope.
As shown in Fig. 5B, each of the cdc25C proteins (Fig. 5B,
lanes 1 to 6) and the HA-14-3-3¢ protein (lanes 13 to 18) was
expressed at equivalent levels in each transfection. Both WT
¢dc25C and the 1-258 protein formed a complex with 14-3-3¢
in vivo, as demonstrated by their ability to coprecipitate the
HA-14-3-3¢ protein (lanes 8 and 11). In contrast, S216A, A
201-258, and 1-200 were unable to form a complex with the
HA-14-3-3¢ protein above background levels (lanes 9, 10, and
12) (49). In cells transfected with the vector and HA-14-3-3¢,
an immunoprecipitation performed with the Myc antibody did
not result in the coprecipitation of the HA-14-3-3¢ protein
(lane 7). These results demonstrate that the proteins that show
a pancellular distribution by immunostaining, such as S216A, A
201-258, and 1-200 also failed to form a complex with 14-3-3¢,
while the proteins that show a cytoplasmic staining pattern,
such as wild-type cdc25C and 1-258, could bind to 14-3-3¢.

Pancellular localization of c¢dc25C results in an increase in
its ability to induce PCC. To determine whether the alteration
of ¢dc25C localization affected its function, each of these
cdc25C mutants was tested for its ability to induce PCC in
U-20S cells. A minimum amount of cdc25C expression plas-
mid was used in all experiments to yield equivalent levels of
expression detectable by both Western blotting and immuno-
fluorescence analysis (Fig. 5). Some of the cells expressing
Myc-tagged c¢dc25C (Fig. 5SA) or cdc25C and an HA-tagged
cyclin B1 (Fig. 6A) contained condensed fractured chromatin
by DAPI staining as previously reported (13, 16, 49). Cells that
contain condensed fractured chromatin by DAPI staining also
stained positively with the mitosis-specific antibody MPM2 (2)
(Fig. 6A). The morphology of the condensed chromatin in cells
undergoing PCC was readily distinguishable from a normal
mitosis (Fig. 6A).

To determine whether the transient expression of cdc25C
was more likely to induce PCC effectively during S and G,
phases when cells expressed cyclin B1, a cell cycle synchrony
experiment was performed. U-20S cells were transfected with
a wild-type cdc25C plasmid and an expression plasmid for the
cell surface marker CD19 to monitor the cell cycle profile of
the transfected cells. The cell cycle profile was monitored by
staining cells with anti-CD19 antibodies cross-linked to FITC
and propidium iodide followed by FACS analysis. During
transfection, cells were initially arrested in G, phase by mi-
mosine treatment (26) and then released from the G, block by
removing mimosine and monitored over a period of 27 h. A
transfection in which the cells were not treated with any drugs
was also performed (asynchronous). Cyclin B1 expression was
monitored by immunostaining with a MAb to cyclin Bl
(CB169), and the transfected cells were identified by immuno-
staining with an anti-Myc antiserum (Santa Cruz). All Myc-
tagged cdc25C-expressing cells that contained condensed frac-
tured chromatin also stained positively for endogenous cyclin
Bl (Fig. 6D). Cells in mimosine were mostly in G, phase of the
cell cycle (Fig. 6C, 0) and showed low levels of PCC (9%) and
cyclin B1 (22%) staining (Fig. 6C and D). Cells maintained in
mimosine for the duration of the experiment remained ar-
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rested in G, phase. Neither the levels of PCC nor the number
of cells staining positively for cyclin B1 increased significantly
in those transfections (data not shown). After release from
mimosine, cells progressed through the cell cycle and entered
S phase (6 h, >60% S phase) and then G, (12 h) (Fig. 6C), with
a concomitant increase in the number of cells undergoing PCC
(14 and 27% at 6 and 12 h, respectively) and staining for cyclin
B1 (66 and 94%, respectively) (Fig. 6C and D). HU was added
to one set of transfected plates after release from mimosine to
induce an S-phase arrest. As can be seen in the FACS analysis,
HU was effective at preventing cells from entering G, between
6 and 12 h after mimosine removal. However, HU did not slow
the increase in percentage of cells expressing cyclin B1, as the
number of cells staining for cyclin B1 in cells treated with HU
was similar to the number staining positively in the absence of
HU at the same time point (Fig. 6C and D; compare 12 to 12+
HU). Furthermore, the percentage of cells showing condensed
fractured chromatin increased in the presence of HU (Fig.
6C). The percentage of cells undergoing PCC at 27 h after
release from mimosine was similar to that observed in the
untreated asynchronously growing cells not treated with either
mimosine or HU (asynchronous). These results suggest that
the appearance of condensed fractured chromatin reflected an
abnormal mitotic event that is dependent on the presence of
cyclin Bl and transfected cdc25C. Furthermore, this most
likely represents a premature mitotic event, given that tran-
sient expression of cdc25C could induce a similar phenotype in
the presence of HU.

PCC assays were performed to compare the activity of the
wild-type cdc25C construct to those of the cdc25C mutants.
These assays were performed in asynchronously growing cells,
and levels of PCC were determined at a time similar to the
asynchronous time point in the cell cycle synchrony experi-
ment. Approximately 30% of the cells that expressed the wild-
type Myc epitope-tagged cdc25C construct showed PCC (Fig.
6B). A cdc25C mutant with an inactive phosphatase domain,
C377S, was unable to induce PCC above background levels
(Fig. 6B, left panel), consistent with the notion that cdc25C
phosphatase activity was required for entry into mitosis. Sim-
ilarly, the 1-258 and 1-200 mutants (lacking the C-terminal
catalytic domain) were unable to induce PCC at levels above
background (data not shown). Consistent with previous results
(49), the 14-3-3 binding-defective mutant S216A induced PCC
at levels greater than WT (Fig. 6B, left panel). Similarly, A201-
258, which also does not bind 14-3-3¢, was able to induce PCC
in about 50% of the transfected cells (Fig. 6A, right panel).
The specificity of this effect could be demonstrated by the
inability of the corresponding active site mutant, A201-258
C3778S, to induce PCC at significant levels. In cells that did not
undergo PCC, these proteins demonstrated a pancellular lo-
calization (Fig. 5SA). Furthermore, when WT, S216A, or A201-
258 was cotransfected into cells with an expression construct
for cyclin B1, more than 90% of the transfected cells showed
evidence of PCC (Fig. 7B and C and data not shown). How-
ever, the active-site mutants C377S and A201-258 C377S were
unable to cooperate with cyclin Bl to induce PCC, with the
levels of PCC remaining at background levels (data not
shown). These data are consistent with the data from the cell
cycle synchrony experiment that suggest that the induction of
PCC by cdc25C requires the presence of cyclin Bl. They also
provide support for the hypothesis that an intact 14-3-3 binding
motif contributes to regulation of cdc25C activity.

Targeting cdc25C expression to either the cytoplasm or the
nucleus results in a decrease in its ability to induce PCC. The
results described above suggest that the cytoplasmic retention
of cdc25C by 14-3-3 proteins may prevent premature mitosis.
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Furthermore, they suggest the possibility that the entry of
cdc25C into the nucleus is required to initiate mitosis. A pre-
diction of this model would be that a cdc25C protein that
cannot accumulate in the nucleus would not induce PCC as
efficiently as the WT protein, while a cdc25C protein that is
nuclear in interphase cells would induce PCC at levels greater
than the WT protein. To test this hypothesis, cdc25C was fused
to either the HIV-1 Rev NES (7) or the SV40 NLS. As shown
in Fig. 7A, the NEScdc25C fusion localized to the cytoplasm in
interphase cells as expected. Significantly, the NESS216A fu-
sion, containing a substitution mutation in the 14-3-3 binding
domain, was also excluded from the nucleus (Fig. 7A), a phe-
notype distinct from that observed for the S216A mutant. This
result suggests that the heterologous NES can induce the cy-
toplasmic localization of cdc25C independent of its potential
to bind to 14-3-3 proteins. Conversely, the cdc25CNLS fusion
localized exclusively to the nucleus in interphase cells, as did
the corresponding 14-3-3 binding site mutant, S216ANLS (Fig.
7A), suggesting that the SV40 NLS could act dominantly over
the cdc25C cytoplasmic retention signal. Each of these cdc25C
constructs was expressed at equivalent levels as determined by
IP/Western analysis (data not shown).

The cdc25C constructs with heterologous localization signals
were tested for the ability to induce PCC. As shown in the left
panel of Fig. 7B, the NEScdc25C and NESS216A fusions in-
duced PCC at similar levels despite the loss of the 14-3-3
binding site in NESS216A (Fig. 6B, left panel). Notably, these
NES fusions did not induce PCC as well as WT. To test wheth-
er the NEScdc25C fusions could cooperate with cyclin Bl to
induce PCC, they were transfected into U-20S cells with an
expression vector for an HA epitope-tagged cyclin B1. Upon
coexpression of WT cdc25C and cyclin B1 in U-20S cells,
more than 90% of the transfected cells showed evidence of
PCC (Fig. 7B, right panel). This effect requires cdc25C phos-
phatase activity, as when cyclin B1 was cotransfected with a
catalytically inactive cdc25C mutant, C377S, the levels of PCC
were at background levels (data not shown). Similarly, when
either the NEScdc25C or NESS216A fusion was cotransfected
with cyclin B1, more than 90% of the transfected cells showed
PCC (Fig. 7B, right panel). These results suggest that the NES
fusion proteins had no intrinsic phosphatase defect and were
fully capable of inducing PCC in the presence of sufficient
cyclin B1. To test if the NEScdc25C fusions could cooperate
with a nuclear version of cyclin B1, they were cotransfected
with a nuclear version of cyclin B1, HA-NLSB1 (B1 was fused
to the T-antigen NLS), into U-20S cells. HA-NLSB1 was pre-
dominately a nuclear protein, although there was a significant
signal observed in the cytoplasm as well (data not shown).
Notably, when the HA-NLSB1 construct was coexpressed with
the NEScdc25C fusions, more than 90% of the cells expressing
both proteins underwent PCC (data not shown). This high de-
gree of cooperativity may be due to the presence of readily
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detectable amounts of the HA-NLSBI1 protein in the cyto-
plasm of U-20S cells (data not shown).

The ability of the nuclear versions of cdc25C to induce PCC
was also compared to that of WT cdc25C. Both the cdc25C
NLS and S216ANLS fusion proteins were not as effective as
the WT cdc25C protein at inducing PCC in U-20S cells (Fig.
7C, left panel). Furthermore, coexpression of these constructs
with cyclin B1 resulted in only 70% of the cells showing PCC
(Fig. 7C, middle panel). In cells not showing PCC, cdc25CNLS
and S216ANLS were nuclear whereas the transfected cyclin B1
remained cytoplasmic (data not shown), suggesting that the
NLS fusion proteins did not alter the localization of cyclin Bl
and that the reduced level of PCC exhibited by these nuclear
cdc25C proteins may be due to limiting amounts of cyclin B1 in
the nucleus (59). To test whether an NLS-tagged version of
cyclin B1 could cooperate with the NLS fusion proteins to
induce PCC, cdc25CNLS and S216ANLS were cotransfected
with HA-NLSBI1 into U-20S cells. When transfected alone,
HA-NLSBI1 did not induce PCC above background levels (data
not shown). However, when HA-NLSB1 was cotransfected
with either cdc25CNLS or S216ANLS, more than 90% of the
transfected cells showed evidence of PCC (Fig. 7B, right pan-
el). The specificity of this effect was demonstrated by the fail-
ure of the inactive mutant C377SNLS to induce PCC in coop-
eration with HA-NLSBI1 (data not shown). This result suggests
that the nuclear versions of cdc25C were not compromised in
the ability to function as phosphatases but failed to induce
PCC at WT levels due to limiting amounts of cyclin Bl in the
nucleus due to the rapid nuclear export of cyclin B1 (13, 51,
59).

DISCUSSION

The results presented herein suggest that the ability of 14-
3-3 proteins to regulate cdc25C function is mediated, at least in
part, by promoting the retention of cdc25C in the cytoplasmic
compartment during interphase. Cytoplasmic retention of
cdc25C by 14-3-3 required an intact 14-3-3 binding motif.
cdc25C mutants that do not contain a 14-3-3 binding motif,
either by deletion or mutation of the S216 residue, showed a
pancellular distribution when transiently expressed in U-20S
cells, in contrast to the predominantly cytoplasmic appearance
of a WT construct. It was observed that transient expression of
cdc25C with a disrupted 14-3-3 binding site led to a signifi-
cantly increased tendency to induce PCC compared to WT
cdc25C expressed under similar conditions. The same 14-3-3
binding site in cdc25C has been reported to represent an im-
portant regulatory motif affecting the activity of cdc25C during
the DNA replication and under DNA damage checkpoint (49).
Therefore, 14-3-3 proteins may serve to regulate cdc25C activ-
ity by restricting its cellular localization to the cytoplasm under
various conditions.

FIG. 6. Effect of localization on cdc25C function. (A) U-20S cells transfected with Myc-tagged cdc25C and cyclin B1 were immunostained with antibodies to the
Myc epitope (a-myc) the mitosis-specific antibody MPM2 (a-MPM2) and DAPI. A cell immunostained with both the Myc and MPM2 antibodies showed condensed
fractured chromatin when stained with DAPI (thin arrow). An untransfected cell undergoing mitosis is stained by the MPM2 antibody (thick arrow). (B) U-20S cells
transfected with the indicated Myc-tagged c¢dc25C constructs were immunostained with the anti-Myc antibody (9E-10) and DAPI. More than a 100 Myc-positive,
cdc25C-expressing cells were counted, and the percentage of cells containing condensed fragmented chromatin was determined in three independent experiments. (C)
U-20S cells were treated with mimosine to induce a G, arrest. Cells were transfected with cdc25C and a CD19 cDNA in the presence of mimosine. Six hours after
transfection, the DNA was removed and the cells were refed twice with mimosine-containing medium; 20 h after mimosine was first added to the cells, cells were refed
with fresh medium; cells were then harvested at the indicated time points for FACS analysis or were immunostained for Myc-tagged cdc25C and the endogenous cyclin
B1 as described in the text and with DAPI to determine PCC. Six hours after mimosine was removed, 100 uM HU was added to one set of plates for 6 h. Open bars
indicate the percentage of cells undergoing PCC; filled bars indicate the percentage of transfected cells staining positively for cyclin B1. A, asynchronous. The
percentages of CD19-positive cells in G4, S, and G, phases at the indicated timepoints are tabulated at the bottom. (D) Cells from the experiment described above were
stained with a polyclonal antibody to the Myc epitope (a-myc) a MADb to cyclin Bl (a-B1), or DAPI. Cells arrested in mimosine (0) show little staining for cyclin B1.
After mimosine release, the percentage of cells staining for cyclin Bl increases until all cells stain for cyclin B1 (12 and 12+HU). All cells undergoing PCC (thin arrow)
show staining for cyclin B1 (original magnification, X60).
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FIG. 7. Effect of a heterologous NES or NLS on cdc25C localization and function. (A) U-20S cells were transfected with constructs expressing either the
Myc-tagged NLS or HA-tagged NES fusion of cdc25C. The cells were fixed and visualized with indirect immunofluorescence with antibody to the HA or Myc epitope
(left panel of each pair) and DAPI (right panel of each pair). The original magnification on all the panels is X60 except for the S216ANLS panel (X40). (B) WT cdc25C
and the NES fusions were transfected into U-20S cells either alone (left) or in the presence of ectopically expressed cyclin B1 (right). (C) WT and the NLS fusions

were transfected into U-20S cells alone (left), cotransfected with cyclin B1 (middle), or cotransfected with an NLS-tagged version of cyclin B1 (right).

Cytoplasmic localization of human cdc25C. There has been
some controversy in the field regarding the cellular localization
of cdc25C. Previously, three studies reported that cdc25C was
a nuclear protein in human cells (10, 12, 39). However, each of
these studies used a polyclonal serum that had the potential to
recognize both cdc25A and cdc25B, in addition to cdc25C. For
example, Girard et al. used a polyclonal rabbit antiserum
raised against a peptide derived from the catalytic domain of
starfish cdc25 (12). Every residue within this peptide was per-
fectly conserved in the catalytic domains of all three human
cdc25 proteins. Therefore, this antiserum may have recognized
cdc25A and cdc25B in addition to c¢dc25C. Two other groups
generated polyclonal antibodies by immunizing rabbits with
bacterially produced, full-length cdc25C protein followed by
affinity purification with the immunogen (10, 39). The purified
antisera may have recognized highly conserved elements within
cdc25A, cdc25B, and c¢dc25C. Notably, cdc25A was reported to
be a nuclear protein with a predicted molecular mass (58 kDa)
similar to that of cdc25C (53 kDa) (20). In contrast to the
cdc25C antiserum, the cdc25A antibody generated in this latter
study was raised against an N-terminal peptide in cdc25A not
present in c¢dc25C and therefore was unlikely to recognize
cdc25C (20).

In this report, four different MAbs were generated to the
N-terminal 258 residues of cdc25C, a region not highly con-
served with either cdc25A or cdc25B. These MAbs specifically
recognized at least three distinct epitopes within cdc25C and
could not detect cdc25A or cdc25B by Western blotting. Im-
munostaining of a number of primary human cell strains and
immortal cell lines with each of these antibodies revealed a
specific cytoplasmic signal. The cytoplasmic localization of
cdc25C was confirmed by the appearance of a specific Western
blot signal of the appropriate molecular weight in the cytoplas-
mic but not the nuclear extracts prepared from U-20S cells.
The cytoplasmic localization of the endogenous cdc25C pro-
tein was consistent with earlier reports for transiently ex-
pressed, epitope-tagged cdc25C protein. These observations
were extended in this report to demonstrate that the cytoplas-
mic localization of transiently expressed cdc25C was depen-
dent on an intact 14-3-3 binding motif.

Effect of 14-3-3 on cdc25C function and subcellular local-
ization. S216 has been identified as the major phosphorylation
site in c¢dc25C during interphase (47, 49), suggesting that its
phosphorylation may contribute to the negative regulation of
cdc25C activity during interphase. It was subsequently demon-
strated that phosphorylation of S216 results in the generation
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of a binding site for 14-3-3 proteins that may serve to inhibit
cdc25C function (44, 49, 62). However, the precise manner in
which 14-3-3 proteins inhibit ¢cdc25C function was not known.
The results presented here suggest that an intact 14-3-3 bind-
ing site in ¢cdc25C may be required for the cytoplasmic reten-
tion of ¢dc25C during interphase. Binding to 14-3-3¢ was dis-
rupted by substitution of residue 216 with alanine (Fig. 5B).
Loss of the 14-3-3 binding site in the transiently expressed
construct, S216A or A 201-258, resulted in pancellular local-
ization of cdc25C (Fig. 5A) and an increased ability to induce
PCC compared to WT cdc25C (Fig. 6B). These results suggest
that at least one mechanism by which 14-3-3 proteins regulate
cdc25C function is by inducing its cytoplasmic localization.

At least seven different 14-3-3 proteins have been identified
in mammalian cells (62). This leads to the question of which
14-3-3 protein modulates cdc25C function in response to the
DNA replication or DNA damage checkpoints. 14-3-3¢ and
14-3-3¢ have been shown to complex with cdc25 in Xenopus egg
extracts (31). Another human homologue, 14-3-3¢, may have a
specific role in a G,/M checkpoint, given that its expression was
stimulated by DNA damage induced by v irradiation in a
p53-dependent manner (18). Furthermore, 14-3-30° overex-
pression induced a G, arrest, leading to the speculation that at
least part of this effect may be dependent on its interaction
with cdc25C. It is possible that cdc25C is regulated by any one
of several 14-3-3 proteins in response to distinct DNA repli-
cation and damage checkpoints. In this report, 14-3-3¢ was
shown to bind specifically to cdc25C and required an intact
S216 residue. Whether other 14-3-3 proteins can bind specifi-
cally to cdc25C remains to be tested.

Phosphorylation of the S216 residue may also occur in re-
sponse to a variety of situations. Three kinases (chkl, chk2,
and C-TAK1) have been shown to be capable of specifically
phosphorylating the S216 residue in cdc25C, resulting in the
generation of a consensus binding site for 14-3-3 proteins (38,
49, 50, 52). Notably, C-TAK1 was found to be cytoplasmic in
human cells and could potentially promote the phosphoryla-
tion of cdc25C in the cytoplasm, resulting in association with
14-3-3 proteins and cytoplasmic retention (50). In contrast,
chkl and chk2 have been reported to be nuclear proteins (38,
52). chkl and chk2 may phosphorylate the S216 residue when
cdc25C enters the nucleus. Whether this phosphorylation of
$216 can promote the nuclear export of cdc25C is not known.
It has been recently reported that S. pombe cdc25 may be
exported from the nucleus in complex with rad24, a 14-3-3
homolog. This export is abolished in a strain lacking chk1 (37).
Therefore, in response to DNA damage, chkl may promote
the nuclear export of a cdc25 protein that has entered the
nucleus prematurely.

The ability of 14-3-3 proteins to sequester important regu-
latory proteins was previously demonstrated for the apoptosis
inducer BAD (66). Phosphorylation at serine residues within
two 14-3-3 binding consensus sites in BAD promotes the for-
mation of a complex with 14-3-3 proteins, leading to its reten-
tion in the cytoplasm. Upon dephosphorylation of these resi-
dues, BAD becomes capable of forming a complex with
BCL-X; within the mitochondrial membrane fraction. Associ-
ation with BAD inhibits the antiapoptotic activity of BCL-X|,
resulting in apoptosis and cell death (66). Therefore, it appears
that 14-3-3 proteins may serve an important role in cell survival
and cell division by sequestering regulatory proteins in the
cytoplasm.

Cellular localization and PCC. In the PCC assays described
here, WT cdc25C was capable of inducing fractured condensed
chromatin in 25 to 30% of the transfected cells. This percent-
age was much higher than that reported previously (13, 49).
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The difference in frequency of PCC observed in these assays
compared to previous reports (13, 49) may be attributable to
the differences in cell type (U-20S cells versus HeLa) or meth-
ods used for expression (transient transfection in this study
versus inducible stable cell lines or microinjection of cDNA in
others). Furthermore, the cell cycle synchrony experiments
shown here suggest that PCC was initiated only in the presence
of cyclin Bl. In asynchronously growing U-20S cells, more
than 60% of the cells were in S and G, phases of the cell cycle,
with a similar percentage containing cyclin B1, as determined
by immunostaining (Fig. 6). Therefore, the high numbers ob-
served in the PCC assay may reflect the highly proliferative
nature of these cells. Consistent with this finding was the ob-
servation that cotransfection of ¢dc25C and cyclin B1 resulted
in nearly all of the cells undergoing PCC (Fig. 7) (13, 16). The
higher numbers of PCC observed in this assay system permit-
ted the analysis of cdc25C mutant proteins with lower activity
than the WT construct.

The timely translocation of cdc25C from the cytoplasm to
the nucleus may be an important component of the entry into
mitosis. The increased tendency of the 14-3-3 binding site
mutant S216A to induce PCC may indicate that cdc25C should
be excluded from the nucleus until the appropriate time in the
cell cycle. The requirement for nuclear entry for initiation of
mitosis by cdc25C was supported by the reduced tendency of
the cdc25C constructs containing the heterologous NES. Par-
adoxically, a cdc25C construct containing a heterologous NLS
was not more active than the WT construct. Since the cyto-
plasmic localization of cyclin B1 in interphase cells was unal-
tered in the presence of NLS-tagged cdc25C, it may be argued
that cdc25CNLS was unable to activate a cytoplasmic cdc2-
cyclin B complex. Consistent with this possibility cdc25C-NLS
was as active as WT cdc25C when coexpressed with an NLS-
tagged variant of cyclin B1. The reduction in activity of the
NLS and NES constructs may imply that there may be a dy-
namic shuttling of cdc25C into various cellular compartments
during the cell cycle that was altered by the presence of the
heterologous NES or NLS tag.

Cyclin B1 is maintained in the cytoplasm in interphase cells
due to the presence of an N-terminal NES (13, 59, 63). Several
recent reports have suggested that the entry of cyclin Bl into
the nucleus is necessary but not sufficient for M-phase progres-
sion (13, 25, 59). The cytoplasmic localization signal in cdc25C
shows no apparent homology to the NES of cyclin B1 (13, 51,
59), suggesting that the intracellular localization of ¢dc25C and
cyclin Bl may be regulated by different mechanisms. This is
further supported by the observation that treatment of U-20S
cells with leptomycin B led to the nuclear accumulation of
cyclin B1 (13, 59, 63), but the cytoplasmic localization of
cdc25C was not altered, and there was no indication of an
increased tendency for cells to undergo PCC or advance past
G, phase and enter mitosis. These results are consistent with
the hypothesis that cdc25C may not be excluded from the
nucleus due to the presence of an NES but maybe retained in
the cytoplasm by complex formation with 14-3-3 proteins in
U-20S cells. However, it has been reported that the rad24
gene product of S. pombe, a 14-3-3 homologue, promotes the
nuclear export of cdc25 in a crm1-dependent manner (37). It is
possible that the association of c¢dc25C with 14-3-3 proteins
results in the nuclear export of cdc25C via a mechanism that is
not sensitive to leptomycin B in U-20S cells. The differential
regulation of the intracellular localization of cdc25C and cyclin
B1 by the checkpoint apparatus in human cells may provide an
independent regulation of the entry into mitosis whereby, un-
der certain conditions, cdc25C would be restricted to the cy-
toplasm and be unable to activate a cdc2-cyclin B complex that
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had already translocated to the nucleus. It has been shown in
Xenopus that phosphorylation of consensus cdc2 sites in cyclin
B1 are required to inhibit its nuclear export (35, 63). Given
that cdc25C also undergoes hyperphosphorylation during mi-
tosis, it is possible that the cytoplasmic retention of cdc25C is
disrupted by phosphorylation of consensus cdc2 sites. Thus,
activation of ¢dc25C in the cytoplasm could promote the nu-
clear transport of cyclin Bl-cdc2 complexes as well as its own
transport, resulting in further activation of cyclin B-cdc2 com-
plexes in the nucleus.

We propose the following model for cdc25C regulation.
cdc25C is retained in the cytoplasm by association with 14-3-3
proteins during interphase. This effect is dependent on an
intact residue S216 that is most likely constitutively phosphor-
ylated by any one of several kinases during interphase. In late
G,, S216 is dephosphorylated, resulting in the loss of 14-3-3
binding and free diffusion or active transport of cdc25C into
the nucleus. Independently, but perhaps at a similar time, the
NES of cyclin Bl is inactivated, leading to accumulation of
cyclin Bl-cdc2 complexes in the nucleus (13, 35, 51, 59, 63).
Subsequently, the activity of the cdc25C phosphatase is stim-
ulated by hyperphosphorylation, resulting in the activation of
nuclear cdc2-cyclin B complexes. This model does not exclude
the possibility that the regulation of cdc25C by 14-3-3 proteins
occurs through other mechanisms in addition to regulating the
subcellular localization of c¢dc25C.
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