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Abstract

CDC25 phosphatases are not only rate-limiting activators of cyclin-dependent kinases (CDKSs) but
also important targets of the CHK1/CHK2-mediated checkpoint pathway. Each isoform of the
mammalian CDC25 famiy seems to exert unique biological functions. CDC25A is a critical regulator
for both G1-S and G2-M transitions and essential for embryonic cell proliferation after the blastocyst
stage. CDC25B is dispensable for embryogenesis but required for meiotic progression of oocytes in
a manner analogous to Drosophila Twine or C. elegans cdc-25.1. Moreover, CDC25A and CDC25B
appear to regulate different events or stages of mitosis. CDC25B may mediate the activation of
CDKZ1/Cyclin B at the centrosome during prophase, while CDC25A may be required for the
subsequent full activation of nuclear CDK1/Cyclin B. CDC25C is dispensable for both mitotic and
meiotic divisions, although it is highly regulated during the processes. Excessive levels of CDC25A
and CDC25B are often observed in various human cancer tissues. Deregulated expression of these
phosphatases allows cells to overcome DNA damage-induced checkpoint, leading to genomic
instability. Studies using mouse models demonstrated that deregulated expression of CDC25A
significantly promotes RAS- or NEU-induced mammary tumor development with chromosomal
aberrations, whereas decreased CDC25A expression in heterozygous knockout mice delays
tumorigenesis. These biological properties of CDC25 phosphatases provide significant insight into
the pathobiology of cancer and scientific foundation for anti-CDC25 therapeutic intervention.
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INTRODUCTION

The cell division cycle of eukaryotic cells is regulated by temporal activation of cyclin-
dependent kinases (CDKSs), highly conserved serine/threonine protein kinases that are activated
by association with the regulatory cyclin subunits [1]. Mammalian cells entering the cell cycle
from quiescence first exhibit the activation of CDK3/Cyclin C during the GO/GL1 transition,
followed by sequential activation of CDK4(6)/Cyclin D and CDK2/Cyclin E during mid to
late G1 phase [2,3]. The activities of these G1-specific CDK complexes are highly influenced
by extracellular signals, e.g., growth factors, hormones, cytokines, nutrients, cell-cell contact,
and anchorage attachment [4]. Immediately after cells enter S phase, the activity of CDK2/
Cyclin A progressively accumulates, which is essential for DNA replication. During late G2,
CDK1/Cyclin A and CDK1/Cyclin B are activated, which play central roles in the initiation
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and completion of mitosis (M phase). Cells progressing during S, G2 or M phase are generally
less sensitive to the extracellular signals than cells in G1 are. Nonetheless, CDK activity in
these phases must be tightly controlled for the fidelity of DNA replication and the sophisticated
coordination of mitotic events.

CDK activity is under the control by multiple layers of regulatory mechanisms. CDK inhibitors,
such as the KIP/CIP family proteins (p21, p27 and p57) and the INK4 family proteins (p16,
p15, p18 and p19), can inhibit CDK/cyclin complexes by physical association [5]. In addition,
the CDK catalytic subunit undergoes activating and inactivating phosphorylation.
Phosphorylation of a threonine residue on the T-loop domain of each CDK protein, such as
Thr161 of CDK1, Thr160 of CDK2 and Thr172 of CDKA4, is required for full activation. The
CDK activating kinases (CAKSs), including CDK7/Cyclin H and CAK1, mediate the T-loop
phosphorylation [6]. In contrast, phosphorylation of a tyrosine residue within the ATP binding
domain, e.g., Tyrl5 of CDK1and CDK2 and Tyrl17 of CDK4, is inhibitory on the CDK activity.
These tyrosine residues, together with adjacent threonine residues (i.e., Thrl4 of CDK1 and
CDK?2), are phosphorylated by Weel/Mik1/Myt1 protein kinases following cyclin assembly,
providing a fine tuning mechanism for proper timing of CDK activation [7]. The inhibitory
tyrosine and threonine phosphorylation on CDK1 and CDK2 forms a major target of checkpoint
signaling, which delays or halts cell cycle progression in response to cellular damages. The
CDC25 family dual specificity phosphatases play key roles in activating tyrosine-
phosphorylated CDKs by dephosphorylating the tyrosine and threonine residues at the ATP
binding sites [8,9]. In this review the biological roles of the CDC25 family members are
discussed with emphasis on development and oncogenesis.

Developmental roles for CDC25 phosphatases in the worm, fly and mouse

Like most other cell cycle-regulatory proteins, CDC25 phosphatases are conserved in all
eukaryotic cells. The fission yeast cdc25* was originally identified as an essential gene for
entry into mitosis [10,11], and the budding yeast also has an ortholog of the cdc25* gene
[12]. Interestingly, Caenorhabditis elegans has four cdc25 genes, cdc-25.1 to cdc-25.4 [13].
cdc-25.1 is required for germline proliferation and the regulation of meiosis [14,15], while this
gene has been demonstrated to possess an oncogenic function by a gain-of-function mutation
[16]. Drosophila melanogaster has two cdc25 genes, string and twine. string is required for
mitotic divisions after the onset of organogenesis (patterning) during Drosophila
embryogenesis [17-20]. In contrast, twine is required for meiosis in germline [21,22]. These
observations in the worm and fly suggest evolutional development of differential roles for
multiple CDC25 phosphatases in the control of mitosis and meiosis.

Mammals have three CDC25 genes, CDC25A, CDC25B and CDC25C [23-25]. Studies on the
expression of CDC25 proteins in mouse tissues showed that the three family members have
distinct patterns of expression in embryos, as well as in adult tissues [26,27]. CDC25A is not
expressed in the pre-implantation mouse embryo until the late blastocyst stage. The initiation
of CDC25A expression correlates with establishment of a typical G1 phase of the embryonic
cell cycle. During later stages of embryogenesis CDC25A is expressed widely in most
developing tissues. In contrast, CDC25B expression is observed in mouse embryos as early as
the 1-cell stage, apparently from maternal transcripts. CDC25B levels go down at the 2-cell
stage and then up again at the 4-cell stage, corresponding to the maternal to zygotic transition
(MZT). Similar degradation of maternal CDC25C transcripts is observed in porcine embryos
[28]. The dynamic control of CDC25B and CDC25C during MZT of mammalian embryos is
analogous to the zygotic degradation of maternal Twine and String transcripts in Drosophila
[29]. These observations suggest that CDC25B and CDC25C regulate cell cycle progression
in pre-implantation embryos. In adult animals, CDC25B and CDC25C are expressed most
highly in testes and ovaries. CDC25B is expressed also in the spleen, lung, heart, and intestine
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at lower levels [30]. CDC25C expression is observed in various tissues including the thymus,
spleen and intestine of adult rodents. Thus, the CDC25 family members are expressed during
development and adulthood in distinct but overlapping manners.

Studies on knockout mice deficient for CDC25 phosphatases further revealed developmental
functions of this gene family, as summarized in Table (1). Cdc25A-null mice are lethal during
the peri-implantation period (embryonic day 5-7), consistently with its expression pattern in
embryogenesis [31]. Cdc25A-null blastocysts exhibit a defect in hatching, suggesting that the
inner cell mass cannot proliferate without CDC25A (S. Shevtsov and H. Kiyokawa,
unpublished observations). In sharp contrast, Cdc25B-null mice and Cdc25C-null mice are
viable, suggesting these phosphatases are dispensable for embryogenesis. While most adult
tissues also develop normally in the absence of CDC25B or CDC25C, female Cdc25B-null
mice are sterile with a meiotic defect in the ovary [32], which is consistent with high CDC25B
expression in wild-type gonads. In vertebrates, oocytes are arrested at prophase of meiosis | at
birth. During puberty, oocytes in dominant follicles resume meiosis in prior to ovulation, and
progress until metaphase of meiosis Il [33]. This resumption of meiosis is associated with an
increase of Cyclin B-CDK1 activity, a.k.a., MPF (maturation promoting factor). Cdc25B-null
oocytes are defective in activating Cyclin B-CDK1 at the pre-ovulatory stage; thus, they are
unable to resume meiotic progression and permanently arrested in meiosis (prophase) I. These
observations imply that mammalian CDC25B is functionally homologous to C. elegans
cdc-25.1 and Drosophila Twine. Cdc25C-null mice display no appreciable phenotype with
normal fertility in both males and females [34]. Interestingly, Cdc25B, Cdc25C-double null
mice essentially phenocopy Cdc25B-null mice without any additional defect [35]. These data
imply that CDC25A is able to compensate for the absence of CDC25B and CDC25C in
development, although the expression of CDC25A is not upregulated in embryonic fibroblasts
from Cdc25B, Cdc25C-double null mice. Taken together, these studies using mutant mice
highlight the functional differences among the three CDC25 phosphatases.

Cell cycle regulation by mammalian CDC25 phosphatases

The mitotic control in mammalian somatic cells apparently involves the collaboration of all
three CDC25 phosphatases, which determines the timing of CDK1/Cyclin B activation and the
initiation of mitosis. Although an undefined level of functional redundancy exists among the
three CDC25 phosphatases, a recent study using siRNA and time-lapse microscopy elegantly
showed that CDC25A and CDC25B cooperate for mitotic entry presumably by exerting distinct
functions [36][see Fig. (1)]. CDC25B may specifically activate CDK1/Cyclin B at the
centrosome, the microtubule organizing center for mitotic spindles. The activation of
centrosomal CDK1/Cyclin B1 is an essential process not only for spindle assembly but also
for other mitotic events. Active CDK1/Cyclin B first appears on centrosomes in prophase, and
subsequently is imported into the nucleus [37]. Thus, CDC25B is a critical initiator of mitosis,
triggering the first ignition of CDK1/Cyclin B activation. In addition, CDC25B may be
involved in activation of CDK2/Cyclin E or A at the centrosome, which is required for the
centrosome duplication cycle [38-41]. This hypothesis is supported by a recent study showing
that overexpression of CDC25B results in centrosome overduplication and forced expression
of CDC25B targeted on the centrosomes causes centrosome amplification and aberrant
microtubule organization [42]. At this time it is not well understood how CDC25B is activated
at the centrosomes. Aurora-A has been shown to phosphorylate Ser339 of centrosomal
CDC25B, possibly activating the phosphatase [43]. During interphase, the checkpoint kinase
Chk1 negatively regulates CDC25B and prevents premature mitotic entry [44,45]. On the other
hand, CDC25A may be involved directly in promoting chromatin condensation. CDK1/Cyclin
B imported into the nucleus stabilizes CDC25A by direct phosphorylation [46], which in turn
sustains CDK1/Cyclin B activity high enough for chromatin condensation. It is still
controversial whether CDC25C plays a unique or essential role for mitotic initiation, although
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it has been shown that microinjection of CDC25C protein could induce premature mitosis
[47].

In contrast to the G2-M regulation involving multiple CDC25 proteins, the G1-S progression
is controlled predominantly by CDC25A. In human cell cultures synchronized with serum
starvation, CDC25A is activated prior to the S phase initiation [48]. Forced expression of
CDC25A accelerates the G1-S transition with an increase in CDK2/Cyclin E activity [49],
while microinjection of cells with anit-CDC25A antibody has been shown to result in G1 arrest
[48]. These data suggest a role for CDC25A in the control of the G1-S transition, as shown in
Fig. (1). The transcription of CDC25A is activated by the E2F family transcription factors
during late G1, and sustained high during S and G2 [50]. Furthermore, an additional layer of
regulation exists at the level of protein degradation [51,52]. The anaphase promoting complex
or cyclosome (APC/C) in complex with the activating subunit Cdh1 ubiquitinates CDC25A
during mitosis through G1, targeting the phosphatase to proteasomal degradation [53]. In late
G1, E2F transactivates Emil, a major inhibitor of APC/C-Cdh1 [54], leading to a decrease in
CDC25A degradation. These mechanisms allow cells to upregulate CDC25A at the G1-S
boundary. During S phase, CDC25A continuously activates CDK2/Cyclin A as a driving force
of DNA replication. Consistent with the critical G1/S function of CDC25A, inactivation of this
phosphatases is one of the mechanisms of transforming growth factor-p (TGF-p)-induced G1
arrest. While TGF-p signals repress the CDC25A promoter via the E2F-responsive element
[55,56], TGF-B signals also inactivate CDC25A at the post-translational level. TGF- promotes
ubiquitination of CDC25A mediated by the B-TrCP ubiquitin ligase complex [57]. TGF-p also
upregulates ROCK1 kinase, which phosphorylates and inhibits the phosphatase activity of
CDC25A [58]. Thus, CDC25A activity constitutes a rate-limiting mechanism for G1-S
progression, which is highly regulated by extracellular signals. Interestingly, a previous study
suggested that CDC25C was involved in S phase transition [59], awaiting follow-up
investigations.

The meiosis-promoting function of CDC25 phosphatases has been well established in lower
eukaryotes. The initiation of meiosis requires the activation of CDC25 phosphatase(s) in prior
to CDK1 activation. At meiotic initiation of Xenopus eggs, CDC25C is activated by a series
of phosphorylation at the N-terminal regulatory domain, mediated by p42MAPK (the
Xenopus orthologue of ERK2), CDK1/Cyclin B, and Pix1 (the orthologue of polo-like kinase
1 or PLK1)[60-62]. Progesterone, a meiosis-promoting hormone, triggers the MOS-MEK-
MAPK kinase cascade, leading to CDC25C phosphorylation. CDK1- and Pix1-mediated
phosphorylation forms a positive feed-back loop to further activate CDC25C. Phosphorylation
of the Polo-box motif in CDC25C by CDK1 facilitates the association with Pix1 and subsequent
phosphorylation of CDC25C, which is analogous to the regulation of other PIk1 substrates.
CDC25 phosphatases in mammalian oocytes seem to undergo a similar activation process
[61]. Purified ERK2 can phosphorylate and activate all three human CDC25 proteins in
vitro, and CDC25C is found in complex with ERK2 in human cells. Although the mouse
knockout studies indicate that CDC25B plays an essential role in meiosis [32], the detail in the
regulation and action of CDC25B during meiotic initiation remains to be fully understood.

CDC25 inactivation as a major mechanism of p53-independent checkpoint

Cell cycle checkpoint is a major mechanism of tumor suppression, delaying or halting cell
cycle progression in response to a variety of damage on the genome, such as ionizing
irradiation, ultraviolet light, oxidative stress, perturbed DNA replication, and other genotoxic
agents [63]. It is well known that the critical tumor suppressor p53 plays a key role in cell cycle
checkpoint, by transactivating the CDK inhibitor p21 (CDKN1A) and a CDK1 inhibitor,
14-3-3c. While the p53-dependent checkpoint is important in essentially all cell types, p53-
deficient cells are still capable of arresting in response to DNA damage, with mechanisms
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leading to inactivation of CDC25 phosphatases [8,64-66]. DNA damage generally triggers
activation of ATM (ataxia-telangiectasia-mutated) and ATR (ATM-and Rad3-related) kinases.
These proximal checkpoint kinases in turn activate the downstream effector kinases, Chk1 and
Chk2. A number of studies indicated that CDC25 phosphatases are critical substrates of Chk1
and Chk2. Chk1 phosphorylates CDC25A on Ser76, Ser124, Ser178, Ser279, Ser 293 and
Thr507, while Chk2 can phosphorylate Ser124, Ser178, Ser279 and Ser 293. Of these sites,
Ser76 phosphorylation functions as a priming event, promoting subsequent phosphorylation
of Ser82 and Ser88 by undefined kinase(s). The sequence including Ser82/Ser88 constitutes a
phospho-degron, which is recognized by the B-TrCP ubiquitin ligase complex,
SCFFbwL(B.TrCP) [67,68]. Polyubiquitinated CDC25A is recruited to proteasome-mediated
degradation. Therefore, Ser76 phosphorylation initiates the process of destabilizing CDC25A
protein. ldentification of the Ser82/Ser88 kinase(s) should provide a significant insight into
the checkpoint pathway. As the entire process from Chk1 activation through CDC25A
degradation does not require new protein synthesis, it constitutes a fast checkpoint response in
comparison with the p53-dependent checkpoint requiring transcription of effector genes. In
addition, Chk1/Chk2-mediated phosphorylation results in inhibition of CDC25A phosphatase
activity. The sequence surrounding Ser178 contains a 14-3-3 docking site, and Ser178
phosphorylation facilitates association with 14-3-3 scaffold proteins. 14-3-3 binding has been
shown to inactivate the enzymatic activity of CDC25A. The significance of CDC25A as a
checkpoint target is further supported by the data that Cdc25A-heterozygous mouse embryonic
fibroblasts (MEFs) show a decrease in the basal level of CDC25A expression and modestly
enhanced G2 checkpoint response to ionizing irradiation [31]. Besides Chk1, two other kinases
have been identified to phosphorylate Ser76 of CDC25A and destabilize the protein. MAPKAP
kinase-2, an effector kinase of the p38MAPK pathway, phosphorylates Ser76 and Ser124,
leading to CDC25A ubiquitination and degradation. This p38MAPK-dependent control has
been implicated for cell cycle arrest of lymphocytes in response to cytokine (IL-3 or IL-7)
withdrawal [69] and arrest by osmotic stress [70]. The other kinase that can phosphorylates
Ser76 is GSK-3p [71]. Interestingly, Ser76 phosphorylation by GSK-3p requires priming
phosphorylation of Thr80 by polo-like kinase-3 (PLK3). The regulation of CDC25A
degradation by GSK-3p implicates that CDC25A protein may be stabilized in cancer cells that
have mutations in the PTEN-PI3K-AKT pathway and consequently lower GSK-3p activity.

CDC25B and CDC25C also undergo similar phosphorylation by Chk1/Chk2 and MAPKAP
kinase-2 [66,72—76]. However, the consequence of phosphorylation is not ubiquitination or
degradation. Chk2-mediated phosphorylation of CDC25C at Ser216 facilitates binding with
14-3-3, which sequesters CDC25C in the cytoplasm. MAPKAP kinase-2-mediated
phosphorylation of CDC25B at Ser309 and Ser361 promotes similar cytoplasmic sequestration
with 14-3-3. Interestingly, CDC25B, but not CDC25A or CDC25C, is required along with
PLK1 for recovery from DNA damage-induced G2 arrest and subsequent mitotic entry [77].
Taken together, damage-induced phosphorylation and inactivation of CDC25 phosphatases are
a central mechanism of p53-independent checkpoint. Cells are equipped with multiple modes
of CDC25 inactivation, all of which are rapidly responsive to damage. Such nature of the
regulation makes these phosphatases attractive targets of therapeutic intervention.

CDC25A and CDC25B as oncogenes critical for tumor initiation and progression

Accumulating evidence indicates that CDC25 phosphatases, especially CDC25A and
CDC25B, are oncogenes (reviewed in [8,65]). CDC25A overexpression has been reported in
a variety of human malignancies, such as liver, breast, ovarian, thyroid, colorectal, laryngeal
and esophageal cancers and non-Hodgkin lymphomas. CDC25B overexpression also has been
observed in all these types of malignancies, plus gastric, endometrial and prostate cancers and
gliomas. In most cases, overexpression of CDC25A and CDC25B correlates with poor
prognosis of patients. As gene amplification has not been identified, precise mechanisms of
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cancer-associated overexpression of these proteins remain to be elucidated. Since CDC25
phosphatases are critical targets of the checkpoint pathway, deregulated expression of the
proteins could allow aberrant cell cycle progression even in the presence of DNA damage,
possibly leading to genomic instability. A previous report described that ectopic expression of
CDC25A or CDC25B cooperates with RAS activation or RB loss to transform rodent
fibroblasts in culture [78], suggesting that these phosphatases are involved in tumor initiation.
In vivo studies using MMTV-CDC25A [79] and MMTV-CDC25B [80,81] transgenic mice
demonstrated that ectopic expression of CDC25A or CDC25B alone results in alveolar
hyperplasia of mammary glands, but is insufficient for spontaneous tumorigenesis [Table (1)].
However, CDC25A overexpression in MMTV-H-ras transgenic mice significantly shortens
the latency of mammary tumorigenesis. Ectopic expression of CDC25A in MMTV-c-neu
transgenic mice minimally affects tumor latency, but significantly accelerates tumor growth
with mis-coordinated cell cycle progression and various chromosomal aberrations.
Furthermore, it has been demonstrated that decreased expression of CDC25A is inhibitory to
in vivo tumorigenesis [31]. Mammary tumor initiation of MMTV-H-ras or MMTV-c-neu mice
is markedly delayed in the Cdc25A-heterozygous knockout background. These studies suggest
that CDC25A plays a rate-limiting role in tumorigenesis, cooperating with other tumor
initiating oncogenes such as RAS [82]. It is noteworthy that Chk1 heterozygous mice exhibit
increased susceptibility to Wnt-induced mammary tumorigenesis [83], and Chk1 heterozygous
mammary epithelial cells overexpress CDC25A [84]. There is also some experimental
evidence for the in vivo oncogenic action of CDC25B. Ectopic expression of CDC25B
increases the susceptibility of murine mammary tissues to tumorigenesis induced by the
chemical carcinogen DMBA [81]. Finally, it has been obscure whether CDC25C is involved
in tumorigenesis. A recent study showed that MEFs lacking the Fez1/Lzts1 tumor suppressor
display enhanced mitotic degradation of CDC25C, impaired CDK1 activation, accelerated
mitotic progression and chromosomal instability [85]. Importantly, Fez1/Lzts1-null mice are
predisposed to tumorigenesis. Thus, perturbation of the fine tuning mechanism for CDC25C
regulation, unlike CDC25A or CDC25B overexpression, may lead to tumor predisposition. It
will be informative to examine the susceptibility of Cdc25B-and Cdc25C-null mice to
tumorigenesis induced by various oncogenes or carcinogens.

The specific biological functions of CDC25A and CDC25B implicate that deregulation of these
two proteins may promote tumorigenesis in distinct manners. Since CDC25 phosphatases are
therapeutic targets with high potential, further investigations are necessary to fully characterize
the biological impacts of ablation or inhibition of each phosphatase in vivo. The mechanisms
of cancer-associated overexpression of CDC25A and CDC25B are yet to be clarified. In
addition, the developmental and oncogenic roles for CDC25C remain to be defined. The
biological functions of each CDC25 phosphatase should be carefully considered to refine the
strategy of anti-CDC25 therapeutic intervention.
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Fig. 1.
Specific roles for CDC25 phosphatases in the regulation of mammalian cell cycle progression.
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Table 1

Mouse models for altered expression of CDC25 phosphatases
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Mouse strain

Phenotype

Reference

Cdc25A—/—

Cdc25A+/—

Cdc25B—/-

Cdc25C—/-

Cdc25B—/-;

Cdc25C—/-

MMTV-CDC25A

MMTV-CDC25B

Embryonic lethal at the peri-implantation stage (E5-E7)

Defective hatching of null blastocysts

Viable

No developmental defect observed

Delayed mammary tumorigenesis induced by MMTV-H-ras or c-neu
MEFs: Normal cell cycle progression but earlier replicative senescence.
Partial resistance to Ras-mediated transformation

Viable

Female sterility with oocytes permanently arrested in meiosis 1.

Normal male fertility

Viable

No developmental defect observed

MEFs: Normal cell cycle progression. Normal G1, S and G2 checkpoint
T- and B-lymphocytes: Normal development and proliferation

Viable

Female sterility similar to Cdc25B—/— mice

MEFs: Normal cell cycle progression. Normal G1, S and G2 checkpoint
T-lymphocytes: Normal development and checkpoint response to in vivo lonizing irradiation
Alveolar hyperplasia of mammary glands

Rare spontaneous tumorigenesis (<5%)

Shortened latency of mammary tumorigenesis and more invasiveness in MMTV-H-ras
transgenic mice

Accelerated growth of mammary tumors with more invasiveness and Genomic instability in
MMTV-c-neu transgenic mice

Alveolar hyperplasia and retarded involution of mammary glands

No spontaneous tumorigenesis but higher susceptibility to DMBA-induced mammary
tumorigenesis

[31]

[31]

[32]

[34]

[35]

[79]

[80,81]
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