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The Cdc25 family of protein phosphatases positively regulate the cell division cycle by activating cyclin-
dependent protein kinases. In humans and rodents, three Cdc25 family members denoted Cdc25A, -B, and
-C have been identified. The murine forms of Cdc25 exhibit distinct patterns of expression both during
development and in adult mouse tissues. In order to determine unique contributions made by the Cdc25C
protein phosphatase to embryonic and adult cell cycles, mice lacking Cdc25C were generated. We report that
Cdc25C2/2 mice are viable and do not display any obvious abnormalities. Among adult tissues in which Cdc25C
is detected, its transcripts are most abundant in testis, followed by thymus, ovary, spleen, and intestine. Mice
lacking Cdc25C were fertile, indicating that Cdc25C does not contribute an essential function during spermat-
ogenesis or oogenesis in the mouse. T- and B-cell development was also found to be normal in Cdc25C2/2 mice,
and Cdc25C2/2 mouse splenic T and B cells exhibited normal proliferative responses in vitro. Finally, the
phosphorylation status of Cdc2, the timing of entry into mitosis, and the cellular response to DNA damage were
unperturbed in mouse embryo fibroblasts lacking Cdc25C. These findings indicate that Cdc25A and/or Cdc25B
may compensate for loss of Cdc25C in the mouse.

cdc251 was initially identified as a temperature-sensitive
allele that arrests fission yeast in G2 at the restrictive temper-
ature (10). cdc251 was cloned by functional complementation
and shown to be a dose-dependent inducer of mitosis (42). In
humans and rodents, there are three members of the Cdc25
family, designated Cdc25A, -B, and -C (13, 35, 36). Cdc25
family members are dual-specificity protein phosphatases that
dephosphorylate and activate cyclin-dependent protein kinases
(CDKs) (9, 16, 22, 33, 43, 47). Although all three human
homologs can functionally complement a temperature-sensi-
tive mutation of cdc251 in fission yeast, each member is
thought to contribute unique functions throughout embryonic
development and in cycling somatic cells. In mice, Cdc25A, -B,
and -C are expressed in overlapping but distinct patterns
throughout development and show tissue-specific expression
patterns in adult mice (27, 37, 51, 52).

Experiments performed using tissue culture cells have re-
vealed several distinguishing characteristics of individual
Cdc25 family members. Microinjection of Cdc25A antibodies
arrests cells prior to S phase, and ectopic expression of Cdc25A
shortens the G1 phase, thereby accelerating entry into S-phase
(2, 21, 26, 44). These results suggest a role for Cdc25A at the
G1-to-S-phase transition, although Cdc25A is active through-
out all stages of the cell cycle (2, 21). The CDKs targeted by
the Cdc25A protein phosphatase have not been definitively
identified (2, 21, 23, 34, 44, 49). Microinjection of antibodies
specific for either Cdc25B or Cdc25C arrests cells in G2, sug-
gesting roles for these proteins at the G2-to-M-phase transition

(32, 35). In certain cell types, Cdc25B has been shown to be an
unstable protein that accumulates during the S- and G2-phases
of the cell cycle, whereas in other cases the activity of Cdc25B
is regulated so that it is most active during the S- and G2-
phases of the cell cycle (12, 32, 38). Cdc25B has been shown to
activate cyclin A-Cdk2 and cyclin B1-cdc2 complexes in vitro
(11, 22, 43). Unlike Cdc25B, the intrinsic phosphatase activity
of Cdc25C is low during the S and G2 phases of the cell cycle
and is high in mitosis (8, 20, 25, 28, 30, 32, 50). Phosphorylation
has been found to directly activate the enzymatic activity of
Cdc25C, and Cdc2-cyclin B complexes appear to be the sole
target of Cdc25C (9, 16, 20, 24, 25, 30, 33, 47). Two kinases
have been shown to phosphorylate and activate Cdc25C in
vitro. These include Cdc2-cyclin B1 and the Polo-like kinase
Plx1 (20, 24, 29). It has been proposed that a positive feedback
loop exists between Cdc2 and Cdc25C which rapidly induces
both activation of Cdc2 and mitotic entry (20, 24, 46).

Cdc25A is primarily nuclear (21), whereas the localization of
Cdc25B and Cdc25C varies as a function of the cell cycle. Both
Cdc25B and Cdc25C shuttle in and out of the nucleus, and
their accumulation in various subcellular compartments is in-
fluenced by nuclear localization sequences, nuclear export se-
quences, and protein-protein interactions (6, 7, 17, 18). All
three human Cdc25 family members bind to 14-3-3 proteins,
and the localization of both Cdc25C and Cdc25B is regulated
by 14-3-3 interactions (5–7, 17, 18, 40).

Cdc25A and Cdc25B but not Cdc25C cooperate with an
activated H-Ras mutant and with loss of retinoblastoma pro-
tein (RB) to transform primary rodent cells (14). Overexpres-
sion of Cdc25B has been observed in certain human cancer cell
lines (36) as well as in primary human breast cancers (14). In
addition, transgenic mice that overexpress Cdc25B in mam-
mary epithelium more frequently develop carcinogen-induced
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mammary tumors (54). Both Cdc25A and Cdc25B are overex-
pressed in a certain percentage of head and neck cancers,
non-small cell lung cancers, non-Hodgkin’s lymphomas, and
colorectal carcinomas (15, 19, 48, 53).

In summary, Cdc25 family members show distinct patterns
of expression throughout development and in adult tissues of
the mouse. In addition, individual Cdc25 family members can
be distinguished by their intracellular localization, their abun-
dance and/or activity throughout the cell cycle, and the cyclin
or CDKs that they target for activation. Finally, Cdc25A and
Cdc25B, but not Cdc25C, are proto-oncogenes. To further
distinguish members of the Cdc25 family of protein phospha-
tases, we generated mice lacking Cdc25C by targeted gene
disruption. We report that mice lacking Cdc25C are viable,
develop normally, and do not display any obvious abnormali-
ties.

MATERIALS AND METHODS

Construction of the Cdc25C targeting vector. Cdc25C genomic clones were
isolated from a 129/SvJ mouse embryonic stem (ES) cell genomic library (BAC-
4921; Genome Systems, St. Louis, Mo.) by hybridization with murine Cdc25C
(mCdc25C)-specific cDNA probe (37). Restriction enzyme maps of the
mCdc25C locus were determined using bacterial artificial chromosome (BAC)
clones and genomic DNA from mouse tail clippings. One clone (BAC-35-F8)
contained a 7-kb EcoRV restriction fragment of genomic mCdc25C sequence,
including exons 1 through 3 and ;3.9 kb of sequence upstream of exon 1 and
;1.1 kb of intronic sequence downstream of exon 3 (Fig. 1). The EcoRV
genomic fragment was cloned into pBluescript-SK (Stratagene). The genomic
organization of the mouse Cdc25C gene was disrupted by inserting the pTK-neo
cassette (XbaI-HindIII fragment) derived from pSSC9 (4) into the HpaI site
within exon 3 of mCdc25C. The cassette contains the neomycin phosphotrans-
ferase gene as a selectable marker flanked 59 by the thymidine kinase promoter
and 39 by the thymidine kinase polyadenylation sequence. The targeting vector
contained ;5.9 kb and ;1.1 kb of 59 and 39 homology region, respectively.

Generation of mice harboring the Cdc25C mutation. RW4 ES cells (Siteman
Cancer Center at Washington University) were electroporated with SalI-linear-
ized targeting vector and selected with geneticin (G418; Gibco). For detailed
procedures, see http://medicine.wustl.edu/;escore. One hundred forty-four ES
colonies resistant to G418 were analyzed for homologous recombination by
Southern blotting using a PCR-generated probe corresponding to a 500-bp
genomic DNA fragment located in intronic sequence between exons 4 and 5 (Fig.
1). The Southern probe was amplified by PCR using BAC DNA from clone
BAC-35-F8 as a template with primer 1 (59-GAGAGGGCCTCTTAACTG) and
primer 2 (59-CTTGCTGGGAAAGAAGCC). Wild-type (WT) mice produced a
3.3-kb EcoRI fragment, knockout (KO) mice generated a 2.1-kb EcoRI frag-
ment, and heterozygous (HT) mice gave rise to both species. The XbaI-HindIII
fragment of pSSC9 containing the neomycin phosphotransferase gene was used
as a probe to ensure that random integration of the targeting vector had not
occurred elsewhere in the genome. Four ES clones heterozygous for Cdc25C
were injected into C57BL/6 blastocysts, which were subsequently implanted into
the uteri of pseudopregnant C57BL/6 3 C3HF1 foster mothers. Male chimeras
from three clones selected by agouti color were mated to C57BL/6 females.
Germ line transmission was obtained for two clones. F1 animals were tested for
the targeted Cdc25C allele by Southern blotting and PCR analysis of tail DNA.
PCR analysis was achieved using a three-primer PCR with primer 3 (59-GGTT
CCTTGGATTCATCTGGACC) from exon 3, primer 4 (59-CCTCGTGCTTTA
CGGTATCGCCG) from the neomycin cassette, and primer 5 (59-CCCTACCA
TGAGTGCAGGGCACC) from intronic sequence between exons 3 and 4 (Fig.
1B). Heterozygous F1 males and females were interbred to generate F2 litter-
mates used for subsequent breeding and analysis.

Histology. For histological studies, tissues were fixed in 10% neutral buffered
formalin, rinsed in phosphate-buffered saline (PBS), and stored in 70% ethanol.
Fixed tissues were embedded in paraffin by standard procedures. Blocks were
sectioned (5 mm) and stained with hematoxylin and eosin.

Animal growth measurements. Heterozygous crosses were used to generate
mice, and postnatal growth curves were obtained by weighing pups at the indi-
cated times on a Mettler AE 50 scale. Genotyping was performed by PCR
analysis of tail cuttings. All recorded weight averages shown in the growth curves
were compiled from at least 30 mice per genotype per time point.

Purification and stimulation of B and T cells for Northern analysis. Splenic
and thymic tissues were homogenized in PBS with 1% fetal calf serum (FCS)
using frosted glass slides. Red blood cells were removed by density gradient
centrifugation using Histopaque-1119 (Sigma Chemical Company). Cells were
pelleted, washed, and resuspended in PBS with 1% FCS. CD41 T cells were
isolated using Dynabeads Mouse CD4(L3T4) and detached from the beads using
DETACHaBEAD mouse CD4 according to the manufacturer’s instructions (Dy-
nal). The remaining cells were ;50% B2201 B cells. A total of 2 3 106 cells were
plated in each well of a six-well Costar tissue culture dish. T and B cells were
stimulated for 72 h with concanavalin A (5 mg/ml) and lipopolysaccharide (1
mg/ml), respectively (both from Sigma Chemical Co.).

Northern blotting. RNA was isolated from cells and tissues using the Quick-
Prep total RNA extraction kit (Amersham Pharmacia Biotech). Testes were
frozen in liquid nitrogen, suspended in tissue extraction buffer (QuickPrep total
RNA extraction kit from Amersham Pharmacia Biotech), and homogenized
using a PowerGen 700 (Fisher Scientific). T- and B-cell populations were sus-
pended in lithium chloride buffer prior to the extraction buffer. RNA was iso-
lated according to the manufacturer’s suggestions. RNA was resolved on a 1.2%
agarose gel and then transferred to GeneScreen Plus (NEN). The probes used
for screening mouse tissues and cells include a 440-bp HincII-DraIII restriction
fragment of the mCdc25C cDNA; a 427-bp Xmn-PvuI restriction fragment of the
mCdc25A cDNA; a 466-bp BglII-SacII restriction fragment of the mCdc25B
cDNA; a 600-bp HindIII-EcoRI restriction fragment of the glyceraldehyde-3-
phosphate dehydrogenase gene (GAPDH); and a ;1.2-kb XbaI-HindIII restric-
tion fragment of the neomycin phosphotransferase gene. Probes were labeled
with [a-32P]dCTP (NEN) using the Megaprime DNA labeling system (Amer-
sham). Blots were prehybridized with ExpressHyb solution (Clontech) contain-
ing sonicated salmon sperm DNA (100 mg/ml) for 2 to 3 h at 68°C with shaking.
Labeled probe was added to 106 cpm/ml, and the blot was hybridized in
ExpressHyb solution for 2 h at 68°C. The blot was then rinsed briefly with 23

SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.5% sodium dodecyl
sulfate (SDS) at 65°C twice and then washed once with 23 SSC–0.5% SDS for
15 min with shaking at 65°C.

Generation of MEFs. Mouse embryo fibroblasts (MEFs) were derived from
13.5-day-old embryos. Following removal of the head and organs, embryos were
rinsed with PBS, minced, and digested with trypsin-EDTA (0.5% trypsin, 0.53
mM EDTA) for 10 min at 37°C, using 1 ml per embryo. Trypsin was inactivated
by addition of Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) con-
taining 10% fetal bovine serum (FBS), 2 mM L-glutamine, 0.1 mM nonessential
amino acids, and 140 mM 2-mercaptoethanol plus 100 U of penicillin G and 100
mg of streptomycin per ml. Cells from single embryos were plated into one
100-mm diameter tissue culture dish and incubated at 37°C in a 10% CO2

humidified chamber for 3 days. Cells were trypsinized, and 9 3 105 cells were
replated into 60-mm tissue culture dishes every 3 days. Each trypsinization and
replating represented one passage. Early-passage cells (P4, prior to crisis) were
analyzed for cell cycle progression and for cellular responses to DNA damage.
Later-passage, immortalized cells were used for the 35S-labeling experiments.

Antibodies. mCdc25C was detected with a rabbit polyclonal peptide antibody
(sp1573) raised against 14 amino acids within the C terminus of mCdc25C
(CQLQGQIALLVKGAS) coupled to keyhole limpet hemocyanin or a rabbit
polyclonal antibody raised against bacterially produced glutathione S-transferase
(GST)-mCdc25C. GST fusion proteins were detected with a rabbit polyclonal
antibody specific for GST (Z-5; Santa Cruz Biotechnology). Cdc2 protein was
detected with Cdc2-specific rabbit polyclonal antibody (39). Bound primary an-
tibodies were detected with horseradish peroxidase (HRP)-conjugated rat anti-
rabbit immunoglobulin (Ig) antibody (Zymed), and proteins were visualized by
chemiluminescence using the ECL reagent (Amersham).

Specificity of peptide antibody. All procedures relating to Sf9 insect cell cul-
ture and propagation of recombinant baculoviruses were performed as described
elsewhere (41). Baculoviruses encoding GST fusion proteins of murine Cdc25A,
-B, and -C were generated using the Bac-to-Bac baculoviral expression system
(Gibco-BRL) and vector pFASTBAC1 by standard procedures (41). Sf9 insect
cells were infected with recombinant baculoviruses, and 45 h after infection, cells
were washed with PBS and lysed in mammalian cell lysis buffer (MCLB: 50 mM
Tris-HCl [pH 8.0], 2 mM dithiothreitol, 5 mM EDTA, 0.5% Nonidet P-40, 150
mM NaCl, 1 mM microcystin, 1 mM sodium orthovanadate, 2 mM phenylmeth-
ylsulfonyl fluoride, 0.15 units of aprotinin per ml, 20 mM leupeptin, and 20 mM
pepstatin), and 100 mg of total cellular protein was resolved on an SDS–7%
polyacrylamide gel, transferred to nitrocellulose membranes, and analyzed for
Cdc25A, -B, and -C using a rabbit polyclonal antibody specific for GST or a
peptide antibody specific for mCdc25C.
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Binding of peptide antibody to immobilized protein A. ImmunoPure immobi-
lized protein A-agarose (Pierce) and sp1573 sera were incubated for 1 h at room
temperature in 1 ml of MCLB at a ratio of 1 ml of antiserum to 2.5 ml of packed
beads. The antibody-bead mixture was washed twice with 1 ml of MCLB, twice
with 1 ml of LiCl buffer (0.5 M LiCl, 50 mM Tris[pH 8.0]), and twice with 1 ml
of MCLB. For peptide competition experiments, 25 ml of packed antibody-
coupled protein A-agarose was incubated in 100 ml of MCLB containing 2 mM
peptide for 30 min at room temperature.

35S labeling and mCdc25C immunoprecipitations. Tissue culture dishes (100
mm) were seeded with 2 3 106 MEFs 1 day prior to labeling. Cells were rinsed
with 5 ml of labeling medium (DMEM lacking methionine and cysteine) and
then incubated with labeling medium supplemented with 10% dialyzed FBS for
30 min. [35S]methionine-cysteine (NEN) was added to a final concentration of
0.5 mCi/ml, and cells were incubated overnight. Cells were washed with PBS and

harvested by trypsinization. Cells were lysed in MCLB at 4°C for 15 min, and
lysates were centrifuged at 10,000 3 g for 10 min at 4°C. Equal amounts of
trichloroacetic acid-precipitable counts from Cdc25C1/1 and Cdc25C2/2 MEFs
representing ;3 mg of total cellular protein were precleared by incubation with
25 ml of packed ImmunoPure immobilized protein A per sample for 2.5 h at 4°C.
Precleared lysates were then incubated with 25 ml of packed antibody-bead
mixture (prepared as described above) for 3 h at 4°C. Immunoprecipitates were
centrifuged and washed twice with LiCl buffer and four times with MCLB.
Washed beads were resuspended in 0.2 ml of SDS lysis buffer (0.4% SDS, 100
mM NaCl, 50 mM Tris [pH 7.4], 2 mM EDTA), boiled for 5 min, and then cooled
to room temperature, and 40 ml of buffer T (10 mM Tris [pH 7.5] 10 mM NaCl,
1 mM EDTA, 10% Triton X-100) was added. The mixture was clarified by
centrifugation for 10 min. The clarified supernatant was transferred to a fresh
tube, and 0.5 volume of MCLB was added. Cdc25C was reimmunoprecipitated

FIG. 1. Targeted disruption of mouse Cdc25C gene. (A) Structure of the targeting vector. The genomic organization of the mouse Cdc25C gene
was disrupted by inserting into exon 3 the neomycin phosphotransferase gene (neo) driven by the thymidine kinase promoter (pTKneo) as a
selectable marker. Restriction sites in the introns and exons flanking the targeted exon are indicated. Exons 1 to 4 are represented by black boxes.
The bar under the targeted locus indicates the probe used for Southern blot analysis. EcoRI digestion fragments probed by Southern blotting are
also indicated. (B) PCR analysis of mouse tail DNA; PCR strategy and expected sizes of the amplified DNA fragments for wild-type (top) and
Cdc25C mutant (bottom) alleles. Small arrows depict the locations of PCR primers used for genotyping. Wild-type (WT) mice produced a 302-bp
PCR fragment, null mice (KO) generated a 186-bp fragment, and heterozygous mice (HT) gave rise to both the 302- and 186-bp PCR products.
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with 25 ml of packed antibody-bead mixture at 4°C overnight. Immunoprecipi-
tates were washed four times in MCLB and then resolved by SDS–7% polyacryl-
amide gel electrophoresis (PAGE). The gel was treated with 1 M sodium salic-
ylate for 30 min, and labeled proteins were visualized by fluorography (3).

Cell cycle analysis. MEFs at passage 4 (106) were seeded onto 100-mm tissue
culture dishes 36 h prior to bromodeoxyuridine (BrdU) labeling. Cells were
incubated in 5 ml of culture medium (DMEM with 10% FBS and 0.1 mM
nonessential amino acids) containing 20 mM BrdU (Amersham) at 37°C for 1 h.
The medium was removed and replaced with 3 ml of culture medium, and cells
were either mock irradiated or exposed to 4 Gy from a 60Co source. An addi-
tional 7 ml of culture medium was added, and cells were incubated for the
indicated times. Cells were harvested by trypsinization and collected by centrif-
ugation. After removal of the supernatant by aspiration, cells were washed once
in PBS and then suspended in 0.5 ml of PBS. Cells were fixed by the addition of
5 ml of 70% ethanol at 4°C in the dark. Pelleted cells were resuspended in 1 ml
of 0.4-mg/ml pepsin (Sigma Chemical Co.) in 0.1 N HCl and incubated with
rocking for 30 min. Nuclear pellets were suspended in 1 ml of 2N HCl–0.5%
NP-40 and incubated with rocking for 1 h. After neutralization by incubation with
1 ml of 0.1 M sodium borate (pH 8.5) for 5 min, nuclear pellets were suspended
in 100 ml of PBS-TB (PBS with 0.5% Tween 20 and 1% bovine serum albumin)
and stained with 1.4 mg of fluorescein isothiocyanate (FITC)-conjugated anti-
BrdU monoclonal antibody (Caltag Inc.) for 1 h in the dark. Nuclei were washed
once with 1 ml of PBS-TB and then incubated with 1 ml of PBS-TB containing
propidium iodide (PI, 30 mg/ml) for 30 min in the dark. Cells were analyzed for
DNA content by fluorescence-activated cell sorting (FACS) using a FACS Cali-
bur (Becton Dickinson Instruments). The data were analyzed using CellQuest
analysis software (Becton Dickinson).

Synchronization of MEFs and analysis of Cdc2 phosphorylation. MEFs (5 3
105) at passage 6 were seeded onto 100-mm tissue culture dishes. The following
day, cells were incubated in 10 ml of culture medium (DMEM with 2 mM
L-glutamine and 0.1 mM nonessential amino acids plus 100 U of penicillin G and
100 mg of streptomycin per ml) containing 0.1% FBS for 48 h. Cells were then
incubated in culture medium containing 15% FBS and aphidicolin (1 mg/ml)
(Calbiochem) for 20 h. Cells were released from the aphidicolin block by washing
twice with 10 ml of PBS and then incubating in culture medium containing 15%
FBS. Cells were harvested prior to release (time 0) or at 3, 6, 9, or 12 h after
release and analyzed for DNA content or processed to monitor for Cdc2 phos-
phorylation status. For DNA content analysis, cells were suspended in 0.5 ml of
PBS, fixed by the addition of 5 ml of 70% ethanol, and then stained with PI.
Analyses were performed on a Becton Dickinson FACS Calibur equipped with
CellQuest software. For monitoring Cdc2 phosphorylation, cells were lysed in
MCLB for 10 min on ice. Cell lysates containing 2 mg of total cellular protein
were incubated with 50 ml of packed p13suc1-agarose (Upstate Biotechnology).
After incubation at 4°C for 3 h, precipitates were washed four times with 1 ml of
MCLB. Proteins were resolved by SDS-PAGE on a 10% gel. Cdc2 phosphory-
lation status was monitored by immunblotting.

Flow cytometry of immune cells. Splenic and thymic tissues were homogenized
in PBS with 1% FCS using frosted glass slides. Red blood cells were removed by
density gradient centrifugation using Histopaque-1119 (Sigma Chemical Com-
pany). Cells were pelleted, washed, resuspended in PBS with 1% FCS, and
counted using a hemacytometer. A total of 106 cells were mixed with various
monoclonal antibodies conjugated to either FITC or phycoerythrin (PE) from
PharMingen. Antibodies included FITC-conjugated anti-CD4, PE-conjugated
anti-CD8, PE-conjugated anti-CD45R/B220, and FITC-conjugated anti-CD3.
All antibodies were used at 1 mg/106 cells after blocking nonspecific Fc binding
with anti-CD16/CD32 cocktail (PharMingen). Analyses were performed on a
Becton Dickinson FACS Calibur equipped with CellQuest software.

Proliferation assays. Proliferation assays were performed with purified popu-
lations of CD41 T cells and B2201 B cells. Splenic tissue was homogenized in K5
medium (RPMI 1640 containing 10% FBS, 15 mM HEPES, 10 mM nonessential
amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 nM 2-mercaptoetha-
nol, 100 U of penicillin/ml, 100 mg of streptomycin/ml) using frosted glass slides.
Red blood cells were removed by density gradient centrifugation using His-
topaque-1119 (Sigma Chemical Company). Cells were pelleted, washed, and
resuspended in K5 medium. CD41 T cells were isolated by positive selection
using Dynabeads Mouse CD4(L3T4) and detached from the beads using
DETACHaBEAD mouse CD4 according to the manufacturer’s instructions (Dy-
nal). CD41-depleted cells were next incubated with MACs beads (Miltenyi
Biotech) at 10 ml of magnetic beads/107 cells to specifically bind CD43-positive
cells. B cells that flowed through the column were used for proliferation assays.
Purified B cells and CD41 T cells (2 3 105) were plated in each well of a 96-well
Costar tissue culture dish. Cells were incubated for the indicated amounts of
time. CD41 T cells were grown on plate-bound anti-CD3 monoclonal antibody

(0.1 to 2 mg/ml; PharMingen). Goat anti-mouse IgM F(ab9)2 (Jackson Immu-
noresearch) was used as the B-cell mitogen at a final concentration of 20 mg/ml.
All conditions were tested in triplicate. Cells were incubated with 2 mCi of
[3H]thymidine per well (10 mCi/ml final) during the final 12 h of culture. Cells
were harvested using a Skatron Instruments Micro96 harvester and counted
using a Beckmann 6500 multipurpose scintillation counter.

RESULTS AND DISCUSSION

Targeted disruption of Cdc25C gene. Genomic clones of the
murine Cdc25C gene obtained from a 129/SvJ mouse ES cell
library were used for construction of the pKOCdc25C-neo tar-
geting construct (Fig. 1A). pKOCdc25C-neo was used to dis-
rupt exon 3 in the endogenous mouse Cdc25C gene by homol-
ogous recombination. In addition, the construct was designed
so that if splicing were to occur between exons 2 and 4 to
remove the neo cassette, the resulting transcript would not be
in frame. The targeted Cdc25C allele was introduced into the
mouse genome by electroporation into the RW4 ES cell line,
which was derived from mouse strain 129/SvJ. Of 144 G418-
resistant clones screened for homologous recombination by
Southern blot analysis, 5 (3%) contained correct targeting
events. Four of the targeted clones were injected into C57BL/6
blastocysts, and a total of 18 chimeric males from four inde-
pendent clones were obtained. Two of the four clones pro-
duced germ line-transmitting chimeric males. Southern blot
and PCR analysis indicated that ;50% of the agouti offspring
produced by chimeric males were heterozygous for the tar-
geted mutation of the Cdc25C locus. Mice from two indepen-
dent targeted ES cell lines were separately bred to homozy-
gosity for the disrupted Cdc25C gene. Results reported were
observed in both lineages.

F1 heterozygous offspring were intercrossed, and F2 off-
spring were genotyped by Southern blotting (data not shown)
or by PCR analysis. As shown in Fig. 1B, all three genotypes
were detected. Cumulative genotyping of heterozygous crosses
revealed that the numbers of wild-type to heterozygous to
homozygous mutant mice were 197 (23%) to 444 (51%) to 229
(26%). Similar ratios were obtained when males and females
were tallied separately (data not shown).

Mice were examined for the presence of Cdc25C at both the
RNA and protein levels to verify that the targeted disruption
of Cdc25C was successful in producing a null allele of the
locus. Northern blot analysis was performed on total testicular
RNA isolated from wild-type, heterozygous, and knockout an-
imals. As reported previously (52), two testicular Cdc25C RNA
species of 2.1 and 1.9 kb were detected in wild-type animals
(Fig. 2A, lane 1). A single species of ;3.1 kb was detected in
the Cdc25C2/2 mice due to insertion of the ;1.2-kb neomycin
phosphotransferase (neo) gene after homologous recombina-
tion (lane 3). All three RNA species were present in the testis
of heterozygous animals (lane 2). The same blot was stripped
and then incubated with probes specific for either neo or
GAPDH. The 3.1-kb RNA species detected in testicular RNA
derived from heterozygous and null animals was detected with
both the mCdc25C and neo probes. Results obtained with
GAPDH confirm similar amounts of RNA loaded per sample.

Next, fibroblasts were derived from wild-type and knockout
MEFs to monitor for the presence of Cdc25C protein. MEFs
that had been incubated with [35S]methionine-cysteine were
lysed, and lysates were incubated with peptide antibody
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that specifically recognized mCdc25C but not mCdc25A or
mCdc25B (Fig. 2B). Immunoprecipitates were resolved by
SDS-PAGE, and the presence of Cdc25C was analyzed by flu-
orography. A 54-kDa protein, the expected size of mCdc25C,
was readily detected in MEFs derived from Cdc25C1/1 ani-
mals (Fig. 2C, lane 1), but not in MEFs derived from
mCdc25C2/2 animals (lane 3). The 54-kDa protein was spe-
cifically detected with two independent antibodies, a peptide
antibody specific for the C terminus of mCdc25C (Fig. 2C) and
an affinity-purified antibody raised against bacterially pro-
duced GST-mCdc25C (data not shown). In addition, immuno-
precipitation of the 54-kDa protein was specifically blocked by
incubation with the immunizing peptide (Fig. 2C, lane 2).
These results confirm that the targeted disruption of Cdc25C
was successful in producing a null allele of the locus.

The growth rate of individual mice of all three genotypes
from birth to 3 months of age was also determined. As shown
in Fig. 3, there was no detectable difference in growth rates
between female and male Cdc25C2/2 mice relative to their
wild-type littermates. In addition, kidney, heart, lung, spleen,
liver, thymus, testis, and ovary from knockout animals were
examined histologically after hematoxylin-eosin staining and
appeared normal (data not shown). Cdc25B is expressed to
various degrees throughout development, including preim-
plantation development, and Cdc25A mRNA is first detected
at the blastocyst stage and is then expressed ubiquitously
throughout the rest of embryonic development. In addition,
maternal stores of Cdc25A protein may function to sustain the
preimplantation embryo (51, 52). Thus, the early embryonic
development of mice lacking Cdc25C may be sustained by the
activities of Cdc25A or Cdc25B. Alternatively, other pathways
may compensate for the lack of Cdc25C.

Fertility is unaltered in Cdc25C2/2 mice. In adult mice,
Cdc25C is expressed at highest levels in tissues with mitotically
or meiotically active cells, including testis, thymus, ovary,
spleen, and intestine (37, 52). Cdc25B expression has been
reported to be restricted to the mitotically quiescent somatic
cells of the testis, suggesting that it does not contribute to
spermatogenesis (52). However, Cdc25A is expressed at high
levels in the testis of adult mice, particularly in meiotic germ
cells, but it is also present in mitotic germ cells (51, 52).
Cdc25A is also expressed in ovary during most stages of follic-
ular development, and Cdc25B expression is detected in the
germ line of the ovary (51).

To evaluate testicular and ovarian function, we determined
whether fertility was impaired in Cdc25C2/2 mice. Homozy-
gous crosses demonstrated that both male and female mice
with a disruption of Cdc25C were fertile (data not shown). To
determine if the fertility of male Cdc25C2/2 animals could be
accounted for by upregulation of either Cdc25A or Cdc25B,
total RNA isolated from the testis of Cdc25C1/1 and
Cdc25C2/2 animals was subjected to Northern blot analysis
using probes specific for Cdc25A and Cdc25B. As shown in Fig.
2A, both mRNAs were present in testis from Cdc25C1/1 an-

FIG. 3. Growth curves. Cdc25C1/1(WT), Cdc25C1/2(HT), and
Cdc25C2/2(KO) male (left) and female (right) mice were weighed
beginning at birth and at weekly intervals up to 12 weeks. Weights (in
grams) represent averages of at least 30 mice per genotype per time
point.

FIG. 2. Northern and Western blot analysis of Cdc25C2/2 mouse
tissues and MEFs. (A) RNA was isolated from the testes of Cdc25C1/1

(WT), Cdc25C1/2(HT), and Cdc25C2/2 (KO) mice and processed for
Northern blotting using probes specific for mCdc25A, mCdc25B,
mCdc25C, neomycin phosphotransferase (neo), and GAPDH. (B) Ly-
sates prepared from Sf9 insect cells infected with baculoviruses encod-
ing GST-mCdc25A, GST-mCdc25B, and GST-mCdc25C were lysed
and then resolved by SDS-PAGE. Proteins were analyzed by Western
blotting using peptide antibody specific for 14 amino acids in the C
terminus of mouse Cdc25C (Cdc25C) or with antibody specific for
GST. (C) MEFs derived from Cdc25C1/1 (WT) and Cdc25C2/2 (KO)
mouse embryos were incubated with [35S]methionine-cysteine. Cells
were lysed, and lysates were incubated with peptide antibody specific
for Cdc25C in either the absence (2) or presence (1) of the immu-
nizing peptide. Immunoprecipitates were boiled, and mCdc25C was
reimmunoprecipitated prior to SDS-PAGE. Radiolabeled mCdc25C
was visualized by fluorography.
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imals, and neither Cdc25A nor Cdc25B mRNA levels were
upregulated in Cdc25C2/2 mice.

T- and B-cell development and function are normal in
Cdc25C2/2 mice. Cdc25C transcripts are also abundant in the
thymus and to a lesser extent in spleens of adult mice (37). We
therefore examined T- and B-cell development and function in
Cdc25C2/2 mice. FACS analysis using the T-cell markers CD3,
CD4, and CD8 revealed the expected number of thymic T cells
(data not shown) and demonstrated that thymic T-cell devel-
opment was normal in Cdc25C2/2 mice (Fig. 4A and B). In
addition, percentages of total single and double positive CD41

and CD81 splenic T cells were similar in Cdc25C1/1 and
Cdc25C2/2 mice (Fig. 4C and D). B-cell development ap-
peared normal, based on the presence of similar numbers of
B2201 cells in the spleens of Cdc25C1/1 and Cdc25C2/2 mice
(data not shown). The role of Cdc25C in T-cell function was
determined by measuring proliferative responses after T-cell
receptor cross-linking in vitro. CD41 splenic T cells isolated
from 8-week-old Cdc25C2/2 and Cdc25C1/1 mice showed
similar proliferative responses to anti-CD3 cross-linking in
vitro (Fig. 5A). In addition, B-cell proliferative responses to
IgM cross-linking were similar in Cdc25C1/1 and Cdc25C2/2

mice (Fig. 5B). Northern analysis revealed that loss of Cdc25C
did not affect mRNA levels of either Cdc25A or Cdc25B in
stimulated populations of splenic T and B cells (data not
shown).

Cell cycle and checkpoint analysis of cells lacking Cdc25C.
Given that Cdc25C regulates entry into mitosis by dephosphor-
ylating and activating the Cdc2 protein kinase, we next exam-
ined the length of time required for cells lacking Cdc25C to
traverse from the S-phase of the cell cycle through G2 and into
mitosis. Early-passage MEFs were pulse labeled with BrdU to
specifically mark cells undergoing DNA replication. Cells were
harvested at various times after the incubation and stained
with PI and with monoclonal antibodies to BrdU. Processed
cells were analyzed for DNA content by FACS. By gating on
BrdU-positive cells, cell cycle progression from S through
G2/M and into the G1-phase of the cell cycle could be moni-
tored. As shown in Fig. 6A and B and Table 1, the cell cycle
profiles obtained for Cdc25C1/1 cells and Cdc25C2/2 cells
were quite similar. By 3 h, 47.39 and 43.56% of BrdU-positive

FIG. 5. T- and B-cell proliferation assays. Splenic CD41 T cells
were stimulated to proliferate by incubation on plate-bound anti-CD3
(A) and B2201 splenocytes were induced to proliferate by incubation
with anti-IgM Ab (20 mg/ml) (B) for the indicated times. Cell prolif-
eration was measured by [3H]thymidine incorporation. Standard devi-
ations for triplicate samples are shown as error bars along the y axis.
These data are representative of six and eight independent T- and
B-cell proliferation assays, respectively.

FIG. 4. T-cell development is normal in Cdc25C2/2 mice. Thymo-
cytes (A and B) and splenocytes (C and D) harvested from 6-week-old
mice were stained with FITC-anti-CD4 and PE-anti-CD8. Stained cells
were analyzed by flow cytometry gated on lymphocytes, and results are
shown as dot plots. The percentage of gated cells in each quadrant is
indicated. These data are representative of four independent experi-
ments.
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Cdc25C1/1 and Cdc25C2/2 cells, respectively, had progressed
to the G2/M phases of the cell cycle, and by 6 h, 23.15 and
25.09% of BrdU-positive Cdc25C1/1 and Cdc25C2/2 cells,
respectively, had progressed to the G1 phase of the cell cycle.
These findings indicate that the time required for cells to
progress from the S to the G1 phase of the cell cycle is unal-
tered in murine cells lacking Cdc25C

In humans, Xenopus, and fission yeast, Cdc25C has been
shown to be an important target of the G2 DNA damage
checkpoint (31, 40, 55, 56). Therefore, we examined murine
cells lacking Cdc25C for their ability to delay cell cycle pro-
gression in response to DNA damage. BrdU-labeled MEFs
were gamma irradiated and monitored for their ability to delay

the G2 phase of the cell cycle. As shown in Fig. 6C and D and
Table 1, the cellular response to DNA damage was intact in
cells lacking Cdc25C. A predominant G1 peak of cells was not
observed until 12 h after irradiation for both Cdc25C1/1 and
Cdc25C2/2 cells (Fig. 6C and D). This is in contrast to control
cells, where a strong G1 peak was observed by 6 h (Fig. 6A and
B). Thus, murine cells lacking Cdc25C are fully capable of
mounting a G2 DNA checkpoint response.

Next, the phosphorylation status of Cdc2 was monitored in
early-passage fibroblasts derived from wild-type and knockout
mouse embryos. The phosphorylation of Cdc2 varies as a func-
tion of the cell cycle (1, 45). In G1, Cdc2 is not bound to the
B-type cyclins and is unphosphorylated. During S and G2, Cdc2
binds to the B-type cyclins and is subsequently phosphorylated
on Thr-161, Thr-14, and Tyr-15. Thr-161 phosphorylation does
not alter the electrophoretic mobility of Cdc2. However, the
electrophoretic mobility of Cdc2 decreases upon phosphoryla-
tion of either Thr-14 or Tyr-15, and a further decrease in
mobility is observed when Cdc2 is phosphorylated on both
residues simultaneously. Loss of phosphorylation at Thr-14
and Tyr-15 occurs at the onset of mitosis, when Cdc2 is de-
phosphorylated and activated by the Cdc25C protein phospha-
tase. Thus, Cdc2 from G1- and M-phase cells migrates with the
fastest electrophoretic mobility on SDS gels, whereas the two
slower electrophoretic forms of Cdc2 are observed in the S and
G2 phases of the cell cycle. Therefore, changes in the electro-
phoretic mobility of Cdc2 can be used as a specific indicator
both of Thr-14 and Tyr-15 phosphorylation and cell cycle po-
sition (S and G2).

Cells were arrested in early S phase by first culturing in
medium containing low serum and then releasing into com-
plete medium containing aphidicolin. Cells were harvested
prior to release (time 0) or at various times after release from
the block and analyzed for DNA content by FACS (data not
shown) or processed to monitor for Cdc2 phosphorylation sta-
tus (Fig. 7). Cdc25C1/1 and Cdc25C2/2 cells that escaped the
block were in S phase by 3 h after release, in G2 phase by 6 h
after release, and in the M and G1 phases of the cell cycle by
9 and 12 h after release. Lysates prepared from cells at each
time point were incubated with p13suc1-agarose, and precipi-
tates were resolved by SDS-PAGE and probed with Cdc2-
specific antibody. As shown in Fig. 7, Cdc2 existed in three

FIG. 6. Cell cycle and checkpoint analysis of cells lacking Cdc25C.
MEFs prepared from Cdc25C1/1 and Cdc25C2/2 mice were pulse
labeled with BrdU for 1 h and then treated with 0 (2IR) or 4 Gy
(1IR) of g-irradiation. Cells were harvested at the indicated times
(hours) and stained with PI and for BrdU. Cellular DNA content of
BrdU-positive cells was analyzed by flow cytometry.

TABLE 1. Cell cycle and checkpoint analysis of cells lacking Cdc25Ca

Time (h) Genotype

% of cells

Without ionizing radiation With ionizing radiation

G1 S G2/M G1 S G2/M

3 WT 1.76 51.27 47.39 0.52 57.83 41.98
KO 7.12 49.75 43.56 1.17 56.94 42.21

6 WT 23.15 31.43 45.81 0.29 36.37 63.63
KO 25.09 34.20 41.13 1.45 42.25 56.71

9 WT 38.61 27.53 34.26 6.29 27.88 66.06
KO 35.99 31.62 32.79 7.57 31.62 61.12

12 WT 40.11 32.10 28.05 24.26 26.42 49.64
KO 38.68 30.43 31.20 20.11 27.86 52.36

15 WT 37.29 33.83 29.13 36.46 22.13 41.65
KO 41.56 27.85 30.87 31.20 25.67 43.41

a Data were assembled from FACS analyses shown in Fig. 6. WT, wild type; KO, knockout.
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electrophoretic forms in early S (lane 1)-, S (lane 2)-, and G2

(lane 3)-phase cells. As expected, a loss of the two slower
electrophoretic forms of Cdc2 with a concomitant increase in
the fastest electrophoretic form of Cdc2 was observed as cells
entered mitosis (lane 4) and moved into G1 (lane 5). We did
not observe any difference in cell cycle progression or Cdc2
phosphorylation status in Cdc25C1/1 and Cdc25C2/2 cells.

Concluding remarks. Mice lacking Cdc25C were viable, de-
veloped normally, and did not display any obvious abnormal-
ities. It is unknown at this time whether Cdc25A and/or
Cdc25B compensates for lack of Cdc25C throughout mouse
development or whether other compensatory mechanisms exist
in mice lacking Cdc25C. Analysis of Cdc25A and Cdc25B singly
deficient mice along with doubly deficient mice may elucidate
the contribution made by individual members of the Cdc25
family of protein phosphatases to cell cycle regulation through-
out development and in adult mouse tissues.
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