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Abstract

Checkpoint pathways help cells maintain genomic integrity,
delaying cell cycle progression in response to various risks of
fidelity, such as genotoxic stresses, compromised DNA replica-
tion, and impaired spindle control. Cancer cells frequently
exhibit genomic instability, and recent studies showed that
checkpoint pathways are likely to serve as a tumor-suppressive
barrier in vivo. The cell cycle–promoting phosphatase CDC25A
is an activator of cyclin-dependent kinases and one of the
downstream targets for the CHK1-mediated checkpoint path-
way. Whereas CDC25A overexpression is observed in various
human cancer tissues, it has not been determined whether
deregulated CDC25A expression triggers or promotes tumori-
genesis in vivo. Here, we show that transgenic expression of
CDC25A cooperates markedly with oncogenic ras or neu in
murine mammary tumorigenesis. MMTV-CDC25A transgenic
mice exhibit alveolar hyperplasia in the mammary tissue but
do not develop spontaneous mammary tumors. The MMTV-
CDC25A transgene markedly shortens latency of tumorigenesis
in MMTV-ras mice. The MMTV-CDC25A transgene also accel-
erates tumor growth inMMTV-neu mice with apparent cell cycle
miscoordination. CDC25A-overexpressing tumors, which invade
more aggressively, exhibit various chromosomal aberrations on
fragile regions, including themouse counterpart of human 1p31-
36, according to array-based comparative genomic hybridiza-
tion and karyotyping. The chromosomal aberrations account
for substantial changes in gene expression profile rendered by
transgenic expression of CDC25A, including down-regulation
of Trp73. These data indicate that deregulated control of
cellular CDC25A levels leads to in vivo genomic instability,
which cooperates with the neu-ras oncogenic pathway in
mammary tumorigenesis. [Cancer Res 2007;67(3):984–91]

Introduction

Development of cancer involves accumulation of genetic
changes that lead to malignant transformation of normal cells.

DNA damage, induced by various genotoxic stresses, compromised
DNA replication, or impaired spindle control, activates checkpoint
pathways and delays cell cycle progression to facilitate repair
functions. Most cancer cells exhibit genomic instability, and recent
studies have provided evidence that checkpoint pathways serve
as a tumor-suppressive barrier in vivo (1). Although normal cells
possess multiple signaling pathways for checkpoint, essentially all
signals converge at negative regulation of cyclin-dependent kinases
(CDK), which form central parts of the cell cycle machinery (2).
CDK2, activated by association with cyclin E and cyclin A during
the G1 and S phase, respectively, is critical for initiation and
completion of DNA replication. CDK1, formally known as CDC2,
associates with cyclin A or cyclin B during the G2 phase and plays
an essential role in initiation and completion of mitosis. Activation
of the checkpoint pathways leads to inhibition of these CDKs,
resulting in arrest at different phases of the cell cycle.

DNA damage activates the proximal checkpoint kinases ataxia-
telangiectasia mutated (ATM) and ATM and Rad3-related (ATR),
which transduce the signal to several downstream effectors, such
as the CHK1 and CHK2 kinases and the tumor suppressor p53
(3–5). In response to the damage-induced signals, p53 trans-
activates the Kip family CDK inhibitor p21Cip1/Waf1 and a cyclin
B/CDK1 inhibitor, 14-3-3j. This p53-mediated transcriptional
control induces G1 or G2 arrest, representing sustained or
sometimes permanent checkpoint responses. In contrast, acute
control of cell cycle checkpoint is mediated by inactivation of
CDC25 family phosphatases. CDC25 proteins activate CDKs by
dephosphorylation at the ATP-binding domains (6). Of three
members of the family, CDC25A plays critical roles in promoting
cell cycle progression at multiple phases by regulating CDK2-cyclin
E, CDK2-cyclin A, and CDK1-cyclin B (7). Knockdown of CDC25A
by RNA interference delays both G1-S and G2-M transitions (8),
whereas overexpression of CDC25A can induce aberrant mitotic
events (9). In response to DNA damage, CHK1 phosphorylates
CDC25A protein on multiple sites, resulting in ubiquitination by
the Skp1-Cullin-h-TrCP E3 ligase and rapid proteasome-dependent
degradation (10, 11). It has been shown that CHK1-mediated
phosphorylation of CDC25A helps cells maintain appropriate levels
of this protein even during unperturbed cell cycle progression.
On the other hand, CHK2-mediated phosphorylation of CDC25C
inactivates this phosphatase by cytoplasmic sequestration, which
forms another G2 checkpoint mechanism. Thus, multiple modes of
CDC25 inactivation play key roles in cell cycle checkpoint (6).

Deregulation of checkpoint pathways, which could lead to
genomic instability, has been implicated for initiation and
progression of tumorigenesis. Loss of ATM strongly predisposes
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humans and mice to tumorigenesis (12, 13). Whereas homozygous
disruption of Atr causes lethality in mice (14), Atr haploinsuffi-
ciency promotes tumorigenesis in mice with defective DNA
mismatch repair (15). Chk1 homozygous mutant mice are also
lethal, and Chk1 haploinsufficiency modestly enhances tumorigen-
esis induced by transgenic expression of Wnt-1 (16). Consistently
with the importance of CDC25A as a checkpoint target, CDC25A
levels are increased in tissues and tumors in Chk1 heterozygous
mice (17). Overexpression of CDC25A has been reported in a
variety of human cancers, including breast, head and neck, liver,
thyroid, ovary, and lung cancers as well as non–Hodgkin’s
lymphomas (18–23), although the mechanisms of cancer-associated
overexpression have been poorly understood. A recent report
described that 47% of breast cancer tissues at early T1 stages over-
expressed CDC25A, which correlated with poor prognosis of the
patients (24). These data imply that perturbed control of cellular
CDC25A levels is a critical step of in vivo tumorigenesis; however,
this hypothesis has not been evaluated directly. In the present study,
we examined the effect of deregulated CDC25A expression on
tumor susceptibility using a new transgenic mouse model.

Materials and Methods

Generation of transgenic mice. MMTV-CDC25A transgenic mice were

developed in the transgenic core at Baylor College of Medicine (Houston,

TX) by conventional DNA injections into single-cell stage FVB/N mouse

embryos as described previously (25). MMTV-H-ras mice and MMTV-neu
mice in the FVB/N background have been described previously (26, 27).

MMTV-CDC25A mice were crossed with MMTV-H-ras or MMTV-neu mice,

and double transgenic offspring were compared with single transgenic

littermates about spontaneous tumorigenesis. Mice were maintained
according to protocols approved by the Institutional Animal Care

Committees at Northwestern University (Evanston, IL), University of Illinois

(Chicago, IL), and Baylor College of Medicine according to the American
Association for Laboratory Animal Science regulation. To detect tumori-

genesis, each mouse was physically examined twice weekly and the date of

detecting palpable tumors was recorded. Mice were sacrificed when

diameters of primary tumors reached 2 cm. To figure out tumor volumes,
the following formula was used: V = a � b2 / 2 (a = longer diameter; b =

shorter diameter). The first identified tumor was measured in each animal.

Karyotyping and pathologic examinations. To establish cell cultures

from tumors developed in transgenic mice, tumor tissues were minced with
scissors and placed on culture dishes containing DMEM with 15% fetal

bovine serum. When cells proliferated on the dish up to 90% confluency,

they were trypsinized and subcultured in 1:3 dilution. For karyotyping, cells
were treated with 770 ng/mL colcemid for 2 h and then treated with

hypotonic KCl solution followed by fixation with methanol/acetic acid (3:1).

Fixed cells were dropped onto a slide glass, treated with trypsin, stained

with Wright stain, and subjected to karyotyping. More than 10 metaphase
cells per sample were analyzed for karyotype data. These procedures were

done in the Cytogenetics Core at Ohio State University (Columbus, OH). For

histochemical analyses of in vivo tumors, mice carrying palpable tumors

were i.p. injected with 50 Ag/mL bromodeoxyuridine (BrdUrd), and 2 h later,
animals were euthanized by CO2 gas. Tumor tissues were then dissected

and fixed in 10% buffered formalin. Fixed tissues were paraffin embedded

and sectioned using standard procedures.

Immunologic analyses. For immunoblotting, cells were scraped on
culture dishes filled with lysis buffer followed by sonication as described

previously (28). Anti-CDC25A monoclonal antibody (clone Ab3) was

obtained from NeoMarkers (Fremont, CA). Anti-Ki67 antibody was
purchased from Novocastra Laboratories (New Castle, United Kingdom),

and anti-BrdUrd monoclonal antibody was purchased from PharMingen

(San Diego, CA). Phosphorylated-specific anti-histone H3 rabbit polyclonal

antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Immunoblotting, immunohistochemistry, and immunocytochemistry were

done as described previously (29). For histologic analyses, similar sizes of
tumors (f1 cm) were sampled from MMTV-H-ras mice at 18 weeks and

from MMTV-H-ras ; MMTV-CDC25A mice at 10 weeks of age. For MMTV-

neu mice and MMTV-neu ; MMTV-CDC25A mice, tumors were sampled at

f25 weeks of age. To determine percentages of cells in S and M phases,
BrdUrd and phosphorylated histone H3 immunoreactivities were scored

in >500 tumor cells per animal, and at least three animals per group were

analyzed.

Comparative genomic hybridization microarray. Genomic DNA was
isolated using DNeasy Tissue kit (Qiagen, Valencia, CA) and labeled using

the BioPrime Array CGH Genomic Labeling Module (Invitrogen, Carlsbad,

CA). Samples were hybridized to Mouse CGH 60-mer oligonucleotide

microarrays (Agilent G4414A, Agilent Technologies, Wilmington, DE) in a
dye-swap replicate configuration (MMTV-CDC25A ; MMTV-neu tumor-

derived cell culture versus normal mouse mammary tissue). Microarrays

were washed with Agilent CGH wash buffers and scanned on an Agilent
Microarray Scanner (G2565BA) as described previously. Images were

analyzed using Agilent Feature Extraction (version 8.5) and data were

analyzed using Agilent CGH Analytics (version 3.2) software with data

averaging across a 1 Mbp window and default variables as described
previously (30). Raw and normalized data were deposited in the Gene

Expression Omnibus (accession GSE4767).9

Gene expression microarray. Gene expression microarray analysis was

done using the materials and protocols from the Agilent Technologies two-
color gene expression platform. Briefly, total RNA was isolated from snap-

frozen tumor samples, linearly amplified, labeled, and hybridized to Mouse

Whole Genome 60-mer oligonucleotide microarrays (G4122A) using a dye-
swap replicate configuration (MMTV-CDC25A ; MMTV-neu tumors versus

MMTV-neu tumors) to eliminate dye bias and maximize statistical power

(31). After scanning and feature extraction, duplicate spots were averaged

and data were normalized (32). Raw and normalized data, along with
completed protocol information, were deposited in the Gene Expression

Omnibus (accession GSE4114).9 The Student’s t test was done using the

MultiExperiment Viewer 3.0 (Institute for Genomic Research, Rockville, MD;

ref. 33).10 For clustering by chromosomal location, a ‘‘sliding window’’
method was used to assess regional differential expression. Briefly, for each

probe, the median expression ratio was calculated for all probes within

F5 � 105 bp of the probe location. Thresholds for differential expression
were chosen to exceed 98% of medians calculated based on analogous

analysis with gene locations scrambled. Agilent Array CGH Analytics

version 3.2 software package was used to identify chromosomal regions

with aberrant gene expression. The hypergeometric Z-score was used to
flag statistically differentially expressed regions using the default variables

of the program and a 1 Mbp window size.

Statistical analyses. Kaplan-Meier tumor-free survival curves were

compared between strains by the log-rank test analysis, and P values were
determined. The significance did not change when we used the Wilcoxon

test instead. Other statistical analyses were done using ANOVA and

Student’s t test.

Results

Transgenic expression of CDC25A results in alveolar
hyperplasia in mammary glands. To examine whether ectopic
expression of CDC25A results in tumorigenesis, we generated a
transgenic mouse line expressing human CDC25A under the mouse
mammary tumor virus (MMTV) promoter (Fig. 1A). To maximize
transgenic expression, a rabbit h-globin gene fragment containing
splice donor and acceptor sites (25) was inserted between the
promoter and the full-length human CDC25A cDNA. Immunoblot-
ting with extracts from mammary tissues showed that levels of
CDC25A protein, as combination of transgenic and endogenous

9 http://www.ncbi.nlm.nih.gov/geo/
10 http://www.tm4.org/mev.html
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expression, were significantly higher in transgenic mice compared
with those in nontransgenic control (Fig. 1B). To determine the
effect of CDC25A overexpression in mammary gland development,
we did whole-mount and histologic examinations on mammary
glands of 8-month-old virgin transgenic mice (Fig. 1C). Transgenic
mammary glands displayed hyperplastic changes, with increased
numbers of alveolar buds, compared with age-matched non-
transgenic tissues. H&E-stained sections confirmed hyperplastic
changes in mammary epithelia, and BrdUrd incorporation assays
showed that percentages of cells in the S phase were increased in
transgenic mammary glands (Fig. 1D). These data suggest that
increased expression of CDC25A accelerates developmental
proliferation of mammary epithelial cells.
Transgenic expression of CDC25A cooperates with oncogenic

ras or neu in mammary tumorigenesis. To determine whether
CDC25A overexpression results in mammary tumorigenesis, we
monitored virgin MMTV-CDC25A transgenic females over 2 years.
None of 22 transgenic mice monitored developed mammary tumors,
suggesting that ectopic expression of CDC25A is not sufficient for
spontaneous mammary tumorigenesis. However, when crossed with

MMTV-H-ras transgenic mice, which have been widely used as a
mammary tumor model (26), we found that MMTV-H-ras ; MMTV-
CDC25A double transgenic mice developed tumors with much
shorter latency than MMTV-H-ras single transgenic mice (12 versus
20 weeks; Fig. 2A). Histologic examinations showed that mammary
tumors with MMTV-CDC25A transgene were more aggressive in
invasion into adjacent stromal tissues (Fig. 2B). To further
characterize tumor tissues, we did immunohistochemistry for the
S-phase marker BrdUrd and for the mitotic marker phosphorylated
histone H3 (Fig. 2C). Tumors in MMTV-H-ras ; MMTV-CDC25A mice
showed 1.9-fold higher percentages of cells in S phase (26.9 F 2.4%
versus 14.1 F 1.8%; mean F SE) and 2.7-fold higher percentages of
cells in mitosis (29.6 F 5.8% versus 10.8 F 3.4%) compared with
tumors in MMTV-H-ras single transgenic mice. These data indicate
that overexpression of CDC25A facilitates tumor initiation with
enhanced proliferative capability.

We then examined the effect of the MMTV-CDC25A transgene
on tumorigenesis induced by the ErbB2/neu oncogene. This well-
established oncogene is amplified in human breast cancer tissues
of 25% to 30% patients, and its overexpression correlates with poor

Figure 1. Generation and characterization of MMTV-CDC25A transgenic mice. A, the transgenic construct contains the 1.54 kb MMTV long terminal repeat
(MMTV-LTR ) and the full-length human CDC25A cDNA. rBGpA, rat h-globin polyadenylation sequence. B, immunoblotting for CDC25A and h-actin in mammary
tissues with indicated genotypes. WT, wild-type nontransgenic. C and D, hyperplastic changes in mammary glands of MMTV-CDC25A transgenic mice. Mammary
tissues from mice with the indicated genotypes were examined by whole-mount analyses, H&E staining on paraffin sections, and anti-BrdUrd immunohistochemistry.
Mice were injected with BrdUrd at 2 h before sacrifice. Low, (�10) magnification; High, (�40) magnification.
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prognosis (34). We crossbred MMTV-CDC25A mice with MMTV-
neu transgenic mice (27) and monitored tumorigenesis. Tumor
latency in MMTV-neu ; MMTV-CDC25A double transgenic mice was
slightly shorter than that in MMTV-neu single transgenic mice,
although the difference was not statistically significant (Fig. 3A).
Nonetheless, the rates of tumor growth after initial identification
were remarkably higher in MMTV-neu ; MMTV-CDC25A mice (Fig.
3B). Of 22 MMTV-neu ; MMTV-CDC25A mice examined, 80%
exhibited tumors in multiple mammary glands, whereas only 25%
of MMTV-neu mice (n = 26) displayed multifocal tumors.
Mammary tumors in double transgenic mice frequently invaded
into adjacent stromal tissues and sometimes showed micro-
papillary changes (Fig. 3C), which are analogous to micropapillary
ductal adenocarcinomas, an aggressive form of human breast
cancer. In contrast, most tumors in MMTV-neu single transgenic

mice were well-confined adenocarcinomas with less obvious
peripheral involvement. Consistently with the histologic observa-
tions, cells cultured from mammary tumors in MMTV-neu ; MMTV-
CDC25A mice showed markedly increased ability to invade into
Matrigel compared with cells from tumors in MMTV-neu mice
(data not shown). Immunohistochemistry for incorporated BrdUrd
and phosphorylated histone H3 showed that tumors expressing the
MMTV-CDC25A transgene were highly proliferative. The percen-
tages of cells in S phase observed in MMTV-neu ; MMTV-CDC25A
tumors were 2.6-fold higher than those in MMTV-neu tumors
(34.3 F 6.5% versus 13.0 F 1.3%; mean F SE), whereas the
percentages of cells in M phases were increased by 4.0-fold in
double transgenic tumors (25.5 F 2.6% versus 6.1 F 0.9%; Fig. 3C).
Interestingly, several cells in MMTV-neu ; MMTV-CDC25A tumors
costained with anti-BrdUrd and anti–phosphorylated histone H3

Figure 2. MMTV-CDC25A transgene cooperates with MMTV-H-ras in murine tumorigenesis. A, Kaplan-Meier tumor-free survival curves of MMTV-H-ras single
transgenic mice and MMTV-H-ras ; MMTV-CDC25A double transgenic mice. The median time of tumor-free survival was 147 and 85 d, respectively. Log-rank test
analysis showed significant difference between the two groups (P = 0.0003). B, invasive tumors with enhanced proliferation in MMTV-H-ras ; MMTV-CDC25A mice.
Top, H&E-stained sections with low (�10) and high (�40) magnification. Increased cells at S and M phases in tumors are shown by immunohistochemistry using
anti-BrdUrd and anti–phosphorylated histone H3 (Phospho-H3 ) antibodies. Mice were injected with BrdUrd at 2 h before sacrifice.
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Figure 3. MMTV-CDC25A transgene promotes mammary tumor development in MMTV-neu transgenic mice. A, Kaplan-Meier curves of MMTV-neu single transgenic
mice and MMTV-neu ; MMTV-CDC25A double transgenic mice. The median time of tumor-free survival was 176 and 168 d, respectively. Log-rank test analysis
did not show significant difference between the two groups (P = 0.58). B, accelerated growth of mammary tumors in MMTV-neu ; MMTV-CDC25A mice. Tumor volumes
were measured every 2 d after detection by palpation. Points, mean of three mice per group; bars, SE. C, increased proliferation in tumors from MMTV-neu ;
MMTV-CDC25A mice. Tumor sections were analyzed by H&E staining and immunohistochemistry for BrdUrd and phosphorylated histone H3. Low, (�10)
magnification; High, (�40) magnification. D, cell cycle miscoordination in tumors of MMTV-neu ; MMTV-CDC25A mice. Tumor sections were analyzed by
immunofluorescent staining for BrdUrd and phosphorylated histone H3.
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antibodies (Fig. 3D), suggesting miscoordination of the cell cycle,
possibly premature mitotic changes, as previously shown in tumors
in Chk1-deficient mice (17). These observations suggest that
CDC25A overexpression promotes development of more malignant
phenotypes in neu-induced tumors.
CDC25A overexpression destabilizes fragile chromosomal

regions. To examine how ectopic CDC25A expression affects
chromosomal stability, cells cultured from tumors in MMTV-neu ;
MMTV-CDC25A mice were analyzed by array-based comparative
genomic hybridization (aCGH; Fig. 4A). Tumors at early stages, with
diameters of <1 cm, were isolated from mice at 26 weeks of age.
One of consistent changes in double transgenic tumor cells was
homozygous deletion at the telomeric region of chromosome 4
around D2.3 (Fig. 4B). This region of the mouse chromosome 4 is
homologous to human chromosome 1p31-36, in which loss of
heterozygosity (LOH) has been described in breast cancer tissues

(35, 36). aCGH also detected a deletion in the centromeric region of
chromosome 2. Karyotyping showed that MMTV-neu ; MMTV-
CDC25A tumor cells were mostly tetraploid with complex abnor-
malities, including deletions on chromosome 4, a deletion of
chromosome 13 at region D1, additional genetic material on chro-
mosome 17 at region D, and a t(X;18)(F5;A2) translocation (Fig. 4C).
In addition, aCGH and karyotyping consistently showed several
changes in chromosomal numbers, such as increased copies of
chromosomes 10 and 15 and decreased copies of chromosome X. In
contrast, tumor cells from MMTV-neu single transgenic mice
exhibited mostly normal karyotypes, except for tetraploidy, and no
major changes were identified by aCGH (data not shown). A minority
of those cells exhibited t(X;18) translocation according to karyotyp-
ing. To further assess biological effects of the chromosomal
aberrations in CDC25A-overexpressing tumors, we did a genome-
wide gene expression microarray analysis to compare RNA samples

Figure 4. Transgenic expression of CDC25A results in chromosomal instability in MMTV-neu–induced tumors. A, aCGH using cell cultures derived from mammary
tumors in MMTV-neu ; MMTV-CDC25A mice. Representative data from analyses of two independent animals. Arrows, major changes in copy numbers. B, homozygous
deletion of chromosome 4 around the D2.3 region and amplification of a short adjacent region detected in MMTV-neu ; MMTV-CDC25A mammary tumor cells.
C, karyotyping analyses of mammary tumor cells from MMTV-neu mice and those from MMTV-CDC25A ; MMTV-neu mice. Cells were prepared and cultured from
tumors, and metaphase spreads were analyzed by karyotyping as described in Materials and Methods. Left, apparently normal karyotype observed in cells from a
MMTV-neu tumor. A diploid spread is shown, whereas several near-normal tetraploid spreads were also observed. Right, abnormal karyotype observed in all cells from
a MMTV-CDC25A ; MMTV-neu tumor. The tetraploid karyotype includes deletions on chromosome 4 at region D1; a deletion of chromosome 13 at region D1;
additional material on chromosome 17 at region D; a t(X;18)(F5;A2) translocation; decreased copies of chromosomes 2, 3, 8, 9, 12, 16, 18, 19, and X; and increased
copies of chromosomes 10 and 15 as well as marker chromosomes.
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of freshly isolated tumors from MMTV-neu ; MMTV-CDC25A mice
and those from MMTV-neu mice. RNA samples from two mice of
each group were analyzed using a dye-swap replicate design (31) for
a total of four hybridizations. This identified 597 differentially
expressed genes with a t test cutoff of P < 0.001 and fold change
cutoff of F1.4-fold (Supplementary Data). To correlate the changes
in gene expression with chromosomal alterations, cluster analyses
based on chromosomal location of each gene were done (Fig. 5A).
Genes located over an f21 Mbp section in the telomeric region of
chromosome 4 were down-regulated in tumors with the CDC25A
transgene (Fig. 5B). The down-regulated region of chromosome 4
includes several genes that control cell proliferation and death, such
as Jun, Casp9 (death receptor associated caspase-9), and Trp73 (the
p53-related p73 tumor suppressor). In particular, marked down-
regulation of Trp73 was confirmed in tumors from five other double
transgenic mice by quantitative reverse transcription-PCR (RT-PCR;
Fig. 5C). These data suggest that CDC25A overexpression desta-
bilizes fragile chromosomal regions, such as the telomeric end of
chromosome 4, which could play an important role in altered gene
expression associated with tumor initiation and progression.

Discussion

The present study is the first in vivo study to establish the causal
relationship between CDC25A overexpression and oncogenesis.
The cooperation of the MMTV-CDC25A transgene with MMTV-H-
ras or MMTV-neu verifies tumor-promoting action of CDC25A in
mice. It was reported that f50% of T1a,b breast cancer tissues
exhibited CDC25A overexpression, which correlated with poor
survival (24). Our data on faster tumor growth and more invasive
characteristics rendered by the MMTV-CDC25A transgene suggest
that CDC25A plays a critical role in malignant phenotypes of
human breast cancer. The gene expression microarray showed that
neu-induced tumors with the MMTV-CDC25A transgene had
increased expression of multiple genes that can promote

oncogenesis, including Ccnd2 (cyclin D2), Nek1 (NIMA), and Elf4
(an ETS transcription factor also known as MEF; see Supplemen-
tary Data). The aggressiveness of CDC25A-overexpressing tumors
could result from accumulation of genetic alterations associated
with chromosomal instability. The expression microarray and
aCGH analyses have revealed that CDC25A overexpression
promotes the loss of genes on the telomeric region of chromosome
4. The region of mouse chromosome 4 is orthologous with human
1p31-36, on which LOH and deletions have been described in breast
cancers (35–37). Similar genomic imbalances have been previously
described in tumors from MMTV-neu mice at late stages (38).
Therefore, we hypothesize that rapid proliferation induced by the
oncogenic neu-ras signaling pathway makes chromosomal fragile
sites (e.g., mouse chromosome 4 or human chromosome 1p)
susceptible to DNA damage and impaired checkpoint function with
CDC25A overexpression facilitates clonal expansion of cells with
allelic imbalance. Interestingly, the chromosomal region contains
several genes with possible tumor-suppressive function, such as
Trp73 and Casp9 , whose expression levels are down-regulated in
tumors overexpressing CDC25A. Further investigations are neces-
sary to determine how changes in these genes with CDC25A
deregulation affect progression of mammary tumorigenesis.

CDC25A has attracted much attention as a major target of CHK1-
mediated response to DNA damage (8, 39, 40). Whereas Chk1�/�

mice are embryonic lethal, Chk1+/� mice exhibit increased
susceptibility to Wnt-induced tumorigenesis (16). Chk1+/� mam-
mary epithelial cells express high levels of CDC25A (17). The
increased tumorigenesis in Chk1+/� mice could depend largely on
stabilization of CDC25A protein. Although the mechanisms of
CDC25A overexpression in human cancers are not well understood,
protein stabilization may play a key role in many cases (41). The
present study provides evidence that increased CDC25A expression
in vivo leads to genetic alterations in fragile chromosomal loci in
neu-induced mammary tumors. Forced expression of CDC25A in
cultured cell lines can induce premature mitotic changes and DNA

Figure 5. Mammary tumors in MMTV-neu ; MMTV-CDC25A mice exhibit down-regulation of genes in a telomeric region of chromosome 4. A, gene expression
microarray data showing down-regulation of genes within the telomeric region of chromosome 4 in tumor tissues from MMTV-neu ; MMTV-CDC25A mice compared with
those from MMTV-neu mice. Shaded curves, hypergeometric Z-score representing the extent of differential expression within a 1 Mbp sliding window. Negative
and positive values denote lower and higher expression in MMTV-neu ; MMTV-CDC25A double transgenic mice, respectively. B, hypergeometric Z-score across
chromosome 4. C, expression levels of Trp73 in mammary tumors from five individual MMTV-neu ; MMTV-CDC25A mice (black columns ) relative to those from
MMTV-neu mice (white column ). Columns, mean (n = 5); bars, SE. The level of each transcript was determined by quantitative RT-PCR.
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damage (1, 42). Thus, maintenance of proper CDC25A levels is
important for genomic stability and tumor suppression. One of the
critical downstream targets of CDC25A is cyclin E/CDK2, and
knock-in mice with highly stable cyclin E (T393A) exhibit genomic
instability and greatly increased susceptibility to ras-induced lung
tumorigenesis (43). Deregulated CDC25A expression can result
in ectopic activation of cyclin E/CDK2 (44), which allows cells to
override S-phase checkpoint and subsequently leads to genomic
instability. Cyclin B/CDK1 may also be activated by CDC25A
overexpression (9), leading to perturbed G2-M checkpoint. Better
understanding of CHK1-dependent and CHK1-independent path-
ways that control CDC25A levels is necessary for more effective
therapeutic options. MMTV-CDC25A mice are useful tools not only
for elucidating the role of cell cycle checkpoint in tumor
suppression but also as platforms for testing therapeutic strategies.
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