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ABSTraCT
Current evidence suggests that CDC25A is not only a major regulator of both G1/S 

and G2/M transition during unperturbed cell cycle progression, but also a critical 
checkpoint mediator. While CDC25A is overexpressed in a variety of human cancers, a 
key question remained unanswered whether such overexpression of this CDK-activating 
phosphatase was a mechanism or consequence of accelerated proliferation and other 
malignant phenotypes. Recent studies on the tumor suppressive roles of checkpoint 
proteins suggest that overriding checkpoint response leads normal or pre-cancerous cells 
to genomic instability and cumulative malignant changes. Here we provide our views on 
the role of CDC25A in cancer development and genomic stability, discussing insights 
from our recent studies on Cdc25A knockout mice and MMTV-CDC25A transgenic 
mice.

Several lines of evidence indicate that in a normal cell, checkpoint pathways are serving 
as a major tumor suppressive barrier.1 There are three major molecular components of 
these checkpoint pathways designated as sensors, transducers and effectors.2,3 DNA 
damage, a critical inducer of checkpoint pathways, activates the proximal checkpoint 
kinases ataxia‑telangiectasia mutated (ATM) and ATM and Rad3‑related (ATR), which 
basically act as molecular sensors for the downstream checkpoint pathways.4 Signals 
elicited by ATM/ATR activation are further transduced by CHK1 and CHK2 kinases 
and also by the tumor suppressor p53.5‑7 p53‑mediated transcriptional upregulation of 
the cyclin‑dependent kinase (CDK) inhibitor p21Cip1/Waf1 acts as a major and sustained 
checkpoint responder inducing G1 or G2 cell cycle arrest.8,9 In contrast, inactivation of 
CDC25 phosphatases through CHK1/2‑dependent phosphorylation mediates more acute 
checkpoint response without relying on new protein synthesis.10‑12 It is now thought that 
perturbation of the sensors, transducers or effectors of the checkpoint pathways can lead to 
genomic instability, which may be prerequisite for the initiation and progression of cancer. 
For example, loss of ATM, p53, or p21 and even haploinsufficiency of ATR or CHK1 
predispose mice to tumorigenesis.13‑18 This article is focused on the relative contribution 
of CDC25 phosphatases to the control of genomic stability and carcinogenesis.

CDC25 phosphatases activate CDKs by removing the inhibitory phosphate from the 
ATP binding domains (e.g., Tyr‑15 on CDK1 and CDK2), counteracting Wee1/Myt1 
kinases.19‑21 In mammals there are three CDC25 family members (CDC25A, B and C), 
which collaborate in coordinating timely activation of multiple cyclin/CDKs at different 
phases of the cell cycle.22‑25 CDC25B and C are essentially regulators of G2‑M transi-
tion by cooperating to activate Cyclin A, B/CDK1.26‑28 In contrast, CDC25A controls 
not only the G1‑S transition by regulating Cyclin E, A/CDK2 activity,29 but also G2‑M 
transition by participating in CDK1 regulation,30‑32 making this phosphatase an essential 
component for all phases of the cell cycle.

The unambiguous requirement of Cdc25A during cell proliferation was revealed by 
our recent in vivo study.33 The study showed that Cdc25A null (‑/‑) mice die at embry-
onic day 5‑7 during peri‑implantation period, indicating an essential role for CDC25A 
in early embryonic development. In sharp contrast, both Cdc25B and Cdc25C null mice 
are viable,34‑36 indicating the compensatory role of CDC25A in the absence of CDC25B 
and/or C. However, the reverse compensation does not seem operational. Thus, the key 
question is what makes CDC25A so unique in comparison with its siblings, CDC25B and 
C. There could be several reasons to it. First of all, CDC25A may be required for most 
G1/S and G2/M CDK activities including Cyclin D/Cdk4, Cyclin E or A/Cdk2, and 
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Cyclin A or B/Cdk1, whereas, Cdc25B and C may only be part of 
the G2/M CDK1 regulation. Thus, in the absence of Cdc25A there 
would be no compensation of the G1/S CDK activity leading to early 
embryonic lethality. Alternatively, Cdc25A may be a more proces-
sive enzyme than Cdc25B or C is, functioning as the most effective 
CDK activator during unperturbed cell cycle progression. The domi-
nant role of CDC25A in cell cycle control appears consistent with 
high incidence of its misregulation in cancer. Cdc25A protein is 
overexpressed in a variety of human cancers including head and neck, 
liver, thyroid breast, ovary, and lung cancers, and such overexpres-
sion of Cdc25A often correlates with poor prognosis.25 CDC25B 
overexpression has also been described in some cancer types, while 
CDC25C is rarely altered in cancer.25

In another recent study using MMTV‑CDC25A transgenic 
mice we demonstrated that CDC25A overexpression in the mouse 
mammary gland is insufficient to cause spontaneous tumors but 
does cooperate with neu or ras oncogene.37 The MMTV‑CDC25A 
transgene significantly accelerates MMTV‑ras or ‑neu‑induced 
mammary tumorigenesis, in association with mis‑coordinated cell 
cycle progression with enhanced genomic instability. Furthermore, 
Cdc25A heterozygous (+/‑) knockout mice are significantly resis-
tant to MMTV‑neu or ‑ras induced oncogenesis.33 Interestingly, 
Cdc25A+/‑ mouse embryonic fibroblasts (MEFs) show normal 
kinetics of unperturbed cell cycle progression; however, they exhibit 
more efficient G2 checkpoint, earlier onset of replicative senescence, 
and decreased efficiency in ras‑induced transformation.33 Therefore, 
the apparent rate‑limiting role for CDC25A in tumorigenesis in vivo 
may be related to altered checkpoint response associated with cellular 
levels of CDC25A. These studies on the biological impacts of altered 
CDC25A expression suggest that either complete loss or robust 
overexpression of CDC25A could be detrimental to the maintenance 
of physiological coordination of cell proliferation and checkpoint. 
Complete loss results in a permanent halt of cell proliferation during 
prenatal development, whereas overexpression leads cells to overcome 

cell cycle checkpoint and accumulate genomic instability. With our 
recent findings one may speculate that CDC25A plays a major role in 
driving rapid prenatal cell cycle progression, while in postnatal tissues 
the function of CDC25A as a major checkpoint target becomes more 
critical, i.e., controlling cell proliferation by sensing the amount of 
DNA damage. For proper homeostasis, controlling CDC25A tightly 
within optimal levels is required to maintain a balance between the 
rate of proliferation and the efficacy of checkpoint response (Fig. 1). 
This notion has significant clinical implications in the treatment of 
cancer. Chemotherapeutic intervention of CDC25A activity should 
inhibit tumor growth quite effectively, especially when tumor cells 
overexpress CDC25A. However, a few considerations are needed 
about this approach. First, it is uncertain whether chemicals that 
inhibit the phosphatase activity of CDC25A would be better than 
agents that downregulate CDC25A at the protein level. CDC25A 
may have an anti‑apoptotic function independent of its phosphatase 
activity.38,39 Also, cancer‑associated CDC25A overexpression seems 
to result mostly from increased protein stability.40 The stability of 
CDC25A protein is determined by ubiquitin‑mediated proteasomal 
degradation, which may be impaired in cancer. Pathways upstream 
of CDC25A ubiquitination remain to be fully defined, and could 
be reasonable therapeutic targets. Second, it is unknown whether 
anti‑CDC25A therapy would be as effective in advanced stages of 
clinical tumors as it could be in early stages, since current evidence 
suggests that CDC25A plays a rate‑limiting role in proliferation of 
precancerous cells during oncogene‑induced transformation and 
tumor initiation. Third, excess downregulation of CDC25A might 
result in severe side effects, as the complete inhibition of this enzyme 
could be detrimental to physiological control in patients.

Hyperactivation of CDKs are known to play important roles in 
the initiation and progression of cancer mainly due to unrestricted 
proliferation.41 However, recent evidence indicates that CDKs can 
also control the activities of several checkpoint proteins including 
CHK142 and ATRIP.43 Thus, it is tempting to speculate that the 

Figure 1. Model showing the importance of CDC25A protein level in determining the balance of proliferation and checkpoint response in the presence of 
neu/ras oncogene activation. CDC25A level higher than the wild type (+/+) level can cooperate with neu/ras to cause mis‑coordinated cell cycle progres-
sion probably by hyperactivating CDKs and also by overriding checkpoint response leading to increased genomic instability. In contrast, complete loss 
of Cdc25A in null (‑/‑) mice leads to a complete halt in cell proliferation causing very early embryonic lethality. Interestingly, intermediate levels (+/‑) of 
CDC25A seem to be beneficial against tumor initiation and progression with modestly enhanced checkpoint response. Thus, keeping the optimum CDC25A 
level (indicated as a red dotted box) may have safety cushion effects, which can maintain a proper balance between proliferation and genomic integrity.
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inappropriate CDK activation may lead to overriding checkpoint 
response. Interestingly, the data obtained from various cyclin and 
CDK knockout mice suggest that the absence of a cyclin or a CDK 
does not impair cell proliferation in a majority of murine tissues, 
however, such loss may significantly inhibit oncogene‑induced 
transformation ex vivo and tumorigenesis in vivo.41 For example, in 
normal nononcogenic proliferation, the absence of CDK4 is prob-
ably compensated by other CDKs, such as CDK6 and CDK2. In 
contrast to controlled mitogenic stimuli, ectopic activation of an 
oncogene induces cellular stress, e.g., accumulated reactive oxygen 
species (ROS), and consequently activates checkpoint response.44 
The checkpoint activation leads to negative feedback control of all 
CDK activities. We hypothesize that the precancerous cells need a 
full array of CDK complexes to overcome the inhibitory threshold 
exerted by the activation of checkpoint, making each CDK indis-
pensable for oncogene‑induced tumor cell proliferation. Then, what 
could be the major mediators of oncogene‑induced checkpoint 
activation? Cells are equipped with p53‑dependent and independent 
checkpoint pathways. Our observations that the levels of CDC25A 
are a rate‑limiting factor for Ras‑mediated tumorigenesis imply that 
CDC25A inactivation is a major mediator of p53‑independent 
checkpoint activated by an oncogene in vivo. This tumor suppressive 
barrier could be overcome by various genetic alterations that lead to 
stabilization and/or increased synthesis of CDC25A protein. Thus, 
the mechanisms of increased CDC25A expression in cancer need to 
be elucidated.

It has been well established that Cyclin D1/CDK4 is an important 
target of the neu‑ras oncogenic pathway, since disruption of either 
Cyclin D1 or CDK4 significantly inhibits or almost abrogates tumor-
igenesis in the MMTV‑ras or ‑neu mouse models.45‑47 In contrast, 
MMTV‑myc induced tumorigenesis can not be inhibited by the 
loss of either Cyclin D1 or CDK4.46,47 As CDC25A was previously 
shown to be a c‑myc target gene,48 it was predicted that CDC25A 
might play an important role in myc tumor models. Interestingly, we 
did not notice any significant delay in MMTV‑myc induced tumori-
genesis upon hemizygous loss of Cdc25A.33 The inability of Cdc25A 
hemizygosity to inhibit the oncogenic action of myc could be due to 
several reasons. First, myc‑induced tumors may arise from stem cells 
or early progenitor cells,49,50 whereas tumors in MMTV‑neu or ‑ras 
mice could be more differentiated luminal cell type. The differential 
impact of Cdc25A hemizygosity on myc‑induced tumorigenesis and 
neu/ras‑induced tumorigenesis may reflect differences in originating 
populations. Another explanation could be differential involvement 
of Cyclin D2. Cyclin D2 has been shown to be a bona fide myc target 
gene.51 Interestingly, Cyclin D2 seems to have a unique preference 
for CDK binding among the D‑type cyclin family.52 Unlike Cyclin 
D1, Cyclin D2 can preferentially bind to CDK2 under some cellular 
contexts. Although it has not been tested, Cyclin D2/CDK2 might 
be relatively insensitive to the control by CDC25A. One possibility is 
that activation of Cyclin D2/CDK2 is rate‑limiting for MMTV‑myc 
induced tumorigenesis. Should CDC25A be either irrelevant to or 
extremely processive for the Cyclin D2/CDK2 activation, reduced 
CDC25A expression by hemizygous disruption would not signifi-
cantly affect Cyclin D2/CDK2‑dependent tumorigenesis. In the 
oncogenic neu‑ras signaling pathway, Cyclin E/CDK2 is thought to 
collaborate with Cyclin D1/CDK4 for tumorigenesis. As Cdk2‑null 
mice are viable,53,54 it would be informative to evaluate the impor-
tance of CDK2 in neu‑ras induced tumorigenesis. As CDC25A 
appears to be the only phosphatase that activates Cyclin E/CDK2, 
we speculate that Cdk2 knockout mice show some resistance to 
MMTV‑neu or ‑ras induced tumor formation (Fig. 2). Also it would 
be interesting to determine the effects of CDK2 or Cyclin D2 
deficiency on MMTV‑myc induced tumorigenesis. If MMTV‑myc 
induced tumorigenesis depends on Cyclin D2/CDK2 activation, we 
should observe significantly prolonged tumor latency in the Cdk2‑null 
or Ccnd2 (Cyclin D2)‑null background, unlike in the Ccnd1 (Cyclin 
D1)‑null, Cdk4‑null, or Cdc25A‑heterozygous background. Further 
investigations on the impacts of altered CDC25A expression upon 
checkpoint control, genomic stability and carcinogenesis will provide 
a solid scientific foundation for therapeutic intervention against the 
p53‑independent checkpoint pathway.
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