Role of the Cdc25A phosphatase in human breast cancer
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The phosphatase Cdc25A plays an important role in cell cycle regulation by removing inhibitory
phosphates from tyrosine and threonine residues of cyclin-dependent kinases, and it has been shown
to transform diploid murine fibroblasts in cooperation with activated Ras. Here we show that Cdc25A
is overexpressed in primary breast tumors and that such overexpression is correlated with higher lev-
els of cyclin-dependent kinase 2 (Cdk2) enzymatic activity in vivo. Furthermore, in the breast cancer
cell line MCF-7, Cdc25A activity is necessary for both the activation of Cdk2 and the subsequent
induction of S-phase entry. Finally, in a series of small (< 1 cm) breast carcinomas, overexpression of
Cdc25A was found in 47% of patients and was associated with poor survival. These data suggest that
overexpression of Cdc25A contributes to the biological behavior of primary breast tumors and that
both Cdc25A and Cdk2 are suitable therapeutic targets in early-stage breast cancer.

J. Clin. Invest. 106:753-761 (2000).

Introduction

The key transitions in the process of eukaryotic cellular
division are controlled by the sequential activation and
inactivation of members of the cyclin-dependent kinase
(Cdk) subfamily of protein kinases. The activities of
these enzymes are regulated by multiple mechanisms
including activating and inactivating phosphorylations,
binding to regulatory cyclin subunits, subcellular local-
ization, and association with Cdk inhibitors as well as
controlled proteolysis of regulatory subunits (1-3).

Cyclin D-Cdk4/6 in mid-G1 and cyclin E-Cdk2 in
late G1 are the Cdk complexes required for cellular pro-
gression past the restriction point, by committing the
cells to division regardless of extracellular stimuli (4).
p27 is the primary Cdk inhibitor responsible for inhi-
bition of the cyclin E-Cdk2 complex. In contrast, the
dual phosphatase Cdc25A is an integral component of
cyclin E-Cdk2 activation (5).

Mammalian cells express at least three dual phos-
phatase Cdc25 homologues, named A, B, and C (6, 7).
Although each of the three vertebrate Cdc25 proteins
can dephosphorylate a variety of Cdk’s in vitro, they are
expressed and activated at different times during the
cell cycle and have been proposed to act on different
cyclin-Cdk complexes. Cdc25B and Cdc25C function
primarily at the G2/M transition, while Cdc25A pro-
motes S-phase entry (7-12). In keeping with these roles,
Cdc25A mRNA is expressed early in G1, with maximal
levels occurring at the G1/S transition, while the
Cdc25B mRNA peaks in G2 (11, 12).

The cyclin E-Cdk2 complex is phosphorylated on
the Thr14 and Tyr15 residues of Cdk2 in vivo (9), and
dephosphorylation is necessary for Cdk activation
and S-phase initiation. Cdc25A inhibition through
injection of anti-Cdc25A antibodies into both a nor-
mal rat kidney cell line (NRK) and human fibroblasts
(IMR-90) prevents entry into S phase, demonstrating
that Cdc25A is required for cellular progression
through the G1/S checkpoint (10, 12). Overexpres-
sion of Cdc25A has been shown to induce premature
activation of both cyclin E- and cyclin A-Cdk2 com-
plexes, without any demonstrable effect on cyclin
D-dependent kinase (13). More recently, Cdc25A has
been shown to be rapidly degraded by ubiquitin-pro-
teasome-mediated proteolysis in response to ultravi-
oletlight and ionizing radiation, resulting in a block
in S phase (14). Importantly, overexpression of
Cdc25A eliminates this checkpoint (14, 15). Cdc25A
and B cooperate with active Ras and with deletion of
the RB gene in transformation of murine fibroblasts
(16). In addition, Cdc25B mRNA was found to be
expressed at high levels in 32% of human breast can-
cers. Cdc25B overexpression was most frequently
seen in high-histological-grade cancers and was asso-
ciated with a decrease in disease-free survival at 10
years in patients who did not receive adjuvant thera-
py (ref. 16; M. Loda, unpublished data). More recent-
ly, Cdc25B was shown to induce mammary gland
hyperplasia when the phosphatase was expressed as
a transgene (17).
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Most of the data published on mammalian Cdc25A
are based on experiments performed in fibroblasts. Here
we present studies of the role of Cdc25A in a breast can-
cer cell line model and the evaluation of Cdc25A expres-
sion in a database of human breast cancers.

Methods

Patient population. This study was performed after
approval by the Institutional Review Boards of the
Dana-Farber Cancer Institute and of Brigham and
Women’s Hospital.

Archival T}, breast carcinomas. A previously character-
ized series of breast carcinomas less than 1 cm in diam-
eter (T1,p) diagnosed between 1964 and 1994 was uti-
lized (18). RNA preservation was adequate in 154 cases
(18). In this study, a subset of 144 patients for whom
tumor tissue was still available was analyzed by in situ
hybridization with antisense riboprobes to Cdc25A. In
this set of cases, p27 and Ki67 expression levels had been
previously analyzed by immunohistochemistry (18).
Population characteristics of this cohort have been pre-
viously published and are summarized in Table 1. The
mean age of the patients was 60.7 years, and the median
follow-up was 66.4 months. Follow-up data were
obtained from patients’ charts and tumor registry
records. Death from cancer was accepted when con-
firmed by autopsy or when there was convincing evi-
dence of disease by clinical, pathologic, or radiographic
parameters. Table 2 is a summary of the adjuvant thera-
py received in a subset of patients (n = 61).

Frozen breast carcinomas. Since no frozen tissue was
available from any of the patients with T1,, cancers, 21
frozen tissue samples of breast carcinoma were ran-
domly selected from a series of over 100 patients who
were operated upon between 1989 and 1994. Tumor
specimens were characterized in terms of pathologic
variables, including tumor size (13 Ty, 7 T>, and 1 Tj)
and histologic grade (9 grade IT and 12 grade III). For
each case a hematoxylin and eosin-stained frozen sec-
tion was prepared to ensure the presence of tumor in
the samples. Nontumor tissue surrounding the infil-
trating cancer was dissected away so that at least 80%
of each sample used for RNA and protein extraction
was made up of carcinoma. Ten cases of normal breast
tissue obtained from reduction mammoplasty speci-
mens were utilized as control.

In situ hybridization. 1 Jg of recombinant plasmid
pBluescript II (Stratagene, La Jolla, California, USA)
containing the 514-bp 5’ end of the human Cdc25A
gene from the ATG start codon was linearized using
BamHI and Sall restriction enzymes (Life Technologies
Inc., Gaithersburg, Maryland, USA) to generate sense
and antisense transcripts, respectively. Digoxigenin-
labeled riboprobes were used. In situ hybridization was
performed on the automated in situ hybridization
instrument Gen II (Ventana Medical Systems, Tucson,
Arizona, USA) using identical incubation and detection
time as previously described, with minor modifications
(hybridization at 60°C for 3 hours) (16, 19).

For the scoring of Cdc25A, a total of 1000 cells per
case was counted independently by two investigators.
Only tumor cells strongly positive for Cdc25A were
counted. Categories were made on the basis of percent
positive cells: 0 = negative cases, 1 = 0-25% positive cells,
2 =25-50%, 3 > 50%. Cases were deemed to be overex-
pressers only when more than 50% of cells expressed
high levels of Cdc25A (category 3). Patients were thus
subdivided on the basis of expression as low expressers
or nonexpressers (categories 0, 1, and 2) versus overex-
pressers (category 3) as previously described (16) (Table
1). All statistical analyses were performed comparing
these two groups.

Immunoprecipitation, immunoblotting, and kinase assays.
Frozen breast tumors were thawed and lysed in 200 UL
of lysis buffer (10% sucrose, 20 mM Tris [pH 8.0], 137
mM NaCl, 10% glycerol, 2 mM EDTA, 10 mM NaF, 1
mM NazVO,, 1 mM PMSF, 1% Nonidet P-40 substitute
[Fluka, Ronkonkoma, New York, USA], and 1 pg/mL
leupeptin). MCFE-7 cells before and after transfection
with antisense or sense Cdc25A oligonucleotides were
lysed in RIPA buffer (1% Nonidet P-40 substitute
[Fluka], 1% sodium deoxycholate, 0.1% SDS, 0.15 M
NaCl, 0.01 M sodium phosphate, 2 mM EDTA, 50 mM
sodium fluoride, and 0.2 mM sodium vanadate) con-
taining 100 mM PMSF, 100 mM DTT, and protease
inhibitor cocktail (Boehringer Mannheim Biochemi-
cals Inc., Indianapolis, Indiana, USA).

Conditions for immunoprecipitation and immunoblot-
ting have been previously described (20). For immuno-
precipitation, Cdk2 and Cdk4 rabbit polyclonal (Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA),
and p27 mouse monoclonal (Transduction Laboratories,
Lexington, Kentucky, USA) antibodies were used. For
immunoblotting, cyclin E (2.5 pg/mL; Oncogene
Research Products, Cambridge, Massachusetts, USA),
Cdk2 (1 pg/mL; Santa Cruz Biotechnology Inc.), p27 (0.1
Mg/mL; Transduction Laboratories), phosphotyrosine (2
Mg/mL; Upstate Biotechnology Inc., Lake Placid, New
York, USA), and Cdc25A (1 pg/mL; Santa Cruz Technol-
ogy) antibodies were used. Densitometric analysis was pet-
formed on the developed Western blot for Cdc25A. To
normalize the values, a ratio of the percent area of the test-
ed samples to the one obtained with the control not treat-
ed by antisense oligonucleotides was used.

Cdk2 histone H1 kinase assay was performed as pre-
viously described (21). Cdk4 kinase assay was per-
formed essentially with the same methodology, sub-
stituting histone H1 with 5 mg/mL of Rb peptide
(Santa Cruz Biotechnology Inc.) as substrate. HeLa
cell lysate was used as a positive control. Densitomet-
ric analysis was performed on the developed autora-
diography. To normalize the values, a ratio of the per-
cent area of the tested samples to the one obtained
with the HeLa control in each gel was used. To
account for variability from gel to gel, this ratio was,
in turn, related (as a ratio) to the total area under all
curves in a given gel. Normalized values were used in
the statistical analysis.
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Semiquantitative RT-PCR for Cdc25A levels. Frozen tis-
sue samples were ground by a tissue homogenizer,
and both frozen tissue and cell line RNA were extract-
ed using a guanidine isothiocyanate protocol (TRI
Reagent; Molecular Research Center Inc., Cincinnati,
Ohio, USA). Cdc25A ¢cDNA was synthesized from
equal amounts of RNA (1 Hg) with the downstream
primer, 5'-CCGGTAGCTAGGGGGCTCACA-3', encom-
passing the catalytic domain, using murine leukemia
virus reverse transcriptase (2.5 U/UL) (Perkin-Elmer
Corp., Norwalk, Connecticut, USA). PCR was per-
formed in 25-pL reaction mixture containing DNA
template, PCR buffer (50 mM KCI, 10 mM Tris-HCI,
pH 8.3), 1.5 mM MgCl,, 200 UM of each dNTP, 0.4
MM of each primer (upstream primer 5'-AGCCCCAAA-
GAGTCAACTAATCCAGA-3"), and 0.75 units of Ampli-
Taq DNA polymerase (Perkin-Elmer Corp.) to ampli-
fy a 570-bp product. PCR was performed for 35 cycles
consisting of 95°C for 1 minute, 63°C for 2 minutes,
and 72°C for 1 minute. Levels of Cdc25A were com-
pared with those of the small trimeric G protein GsO
(upstream primer 5'-GTGATCAAGCAGGCTGACTAT-3'
downstream primer 5'-GCTGCTGGCCACCACGAAGAT-
GAT-3'), which was reverse-transcribed and amplified
(200-bp product) using the same conditions
described above for Cdc25A. The resulting amplifica-
tion products were then analyzed by agarose gel elec-
trophoresis using standard methods, and densitom-
etry was performed.

For statistical analysis, the ratio of the densitometric
values of Cdc25A to those of GsO was calculated and
the median value (median = 1) was utilized
as a cutoff for the categorization of cases
into high and non-/low expressers. A sam-

Table 1
Clinicopathol

mutant (7.8 pg), in which the phosphorylatable sites
Thr14 and Tyr1S were replaced with nonphosphory-
latable residues (Alal4 and PhelS5); and (b) wild-type
Cdk2 (10 pg). Cdk2AF cannot be phosphorylated in
the critical residues normally dephosphorylated by
Cdc25A phosphatase (22).

Proliferation and cell cycle analysis. Cells were pulse-
labeled with 10 mM bromodeoxyuridine (BrdU) at
37°C for 30 minutes, harvested, fixed in 70% ethanol,
and treated with 0.2 N HCI for 30 minutes. Cells were
then stained with anti-BrdU FITC-conjugated
(Boehringer Mannheim Biochemicals Inc.) and coun-
terstained with propidium iodide (5 pg/mL). Flow
cytometric analysis was performed using a Becton
Dickinson FACScan flow cytometer (Becton Dickin-
son and Co., Franklin Lakes, New Jersey, USA).

Statistical analysis. In the archival Ty, breast carci-
nomas, the primary study outcome was disease-free
survival, which was measured from the date of sur-
gery to the date of last follow-up or death. Survival
was censored if the patient was still alive or died
from other causes. Survival curves for Cdc25A and
p27 were constructed using the Kaplan-Meier
method. Univariate survival curves were compared
using a Wilcoxon procedure, and differences
between prognostic factors were tested for statistical
significance with the Logrank analysis. A P value of
less than 0.05 was required for significance. Fisher’s
exact test was used to test for an association between
Cdc25A and Ki67 expression levels and to compare
patients who received adjuvant treatment with those

ogical features of study population in relation to Cdc25A status

ple was considered a high expresser for
Cdc25A when this ratio was 2 1; non-/low

Cdc25A groupings

expressers showed a ratio < 1. Non-/Low expressers Overexpressers
Cdc25A antisense o.ligonucleotidfe transfec-  payaffin tissue n % n % Total n
tion. The breast carcinoma cell line MCF— Number of patients 76 68 144
7 (American Type Culture Collection,  Tumor size (cm)
Rockville, Maryland, USA) was main- T:.(50.5) 13 17% 5 7% 18
. . . 0, 0,
tained in DMEM supplemented with 10% E}’ (>|0'5" S|1 .O)d 63 83% 63 93% 126
. . _ Isto OgICa gra e
FBS (Life Technologies Inc.). MCE 7 cells, | 31 1% 29 30% 53
60% confluent, were transfected with anti- 1| 31 41% 32 47% 63
sense (TCAAACACAAACACGACT) or scram- Il 14 18% 14 21% 28
bled (ATCCGAACTCAACAAACA) oligonu-  Local recurrence
d ( ) g . Yes 3 4% 3 4% 6
cleotides (New Second Generation g 73 96% 65 96% 138
Chimeras, Oligos Etc. Inc., Bethel, Maine,  Lymph node metastasis (n = 73)
USA) for Cdc25A according to Life Tech-  (Patients with axillary dissection)
logies Inc. directions. MCF-7 cells were 'S 6 15 0 o b
nologies Inc. directions. M cellswere ] 27 3% 31 77% 53
1r.1ct'1bated with a DNA—hp1d sol.umon CON-  ER immunostaining (n = 141)
sisting of 400-nM oligonucleotides, 12 UL Positive 53 72% 46 69% 99
of lipofectin reagent (Life Technologies Negative 21 28% 21 31% 42
. PR immunostaining (n = 139)
Inc.)‘ anq Opti MEM. I reduced serum .t 30 42% 28 42% 58
media (Life Technologies Inc.) for 6 hours  Negative 42 58% 39 58% 81
at 37°C. Cells were harvested 24 hours Treatment groups
and 48 hours after transfection. Adjuvant therapy 45 59% 38 6% 83
. . Nonadjuvant therapy 31 41% 30 44% 61
Antisense experiments were also per-
formed cotransfecting (a) the Cdk2AF ER, estrogen receptor; PR, progesterone receptor.
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Table 2
Methods of treatment versus p27 and Cdc25A levels in the tumors

RT cT TAM
p27 Cdc25A n % n % n %
+ + 8 20 1 2.5 3 7.5
+ - 10 29.4 0 0 4 11.8
- + 7 25 1 3.6 3 10.7
- - 14 333 0 0 6 14.3
Total number of patients 39 2 16

Methods of treatment

RT +CT CT +TAM RT+TAM RT + CT + TAM None

n % n % n % n % n %
3 7.5 0 0 5 12.5 1 2.5 19 47.5
0 0 0 0 1 2.9 0 0 19 55.9
4 14.3 0 0 1 3.6 1 3.6 11 39.3
2 4.8 0 0 7 16.7 1 2.4 12 28.6
9 0 14 3 61

RT, radiation therapy; CT, chemotherapy; TAM, tamoxifen; None, none of the stated treatments were used.

who did not in the four categories stratified accord-
ing to Cdc25A and p27 status.

All data obtained from the frozen breast cancer tis-
sues were analyzed by a linear regression model. This
was used to explain Cdk2 enzymatic activity in terms
of p27 (before or after immunoprecipitation), Cdk2,
cyclin E, and Cdc25A levels.

Results

Cdc25A is overexpressed in breast cancer. In order to deter-
mine whether Cdc25A was overexpressed in breast car-
cinomas, we first used a series of 21 breast carcinomas
in which frozen tissues were available. In addition, as
controls, ten samples of normal breast tissue obtained
from reduction mammoplasties were analyzed in par-
allel. After enrichment of tumor cells to at least 80% by
macrodissection, RNA extracted from these tissues
was subjected to RT-PCR with primers specific to
CDC25A and, as an amplification control, primers spe-
cific for the small trimeric G-protein Gsd. Amplified
products were separated by agarose gel electrophore-
sis and quantitated by densitometry. In normal breast
tissue there is little to no detectable Cdc25A mRNA
(data not shown). In contrast, 11 of the 21 breast car-
cinoma samples (52%) were found to express high lev-
els of Cdc25A, defined by a ratio of Cdc25A to Gsa of
= 1. Representative high and low expressers of Cdc25A
are shown in Figure la.

In addition, Cdc25A expression was determined in a
series of 144 formalin-fixed, paraffin-embedded T,
breast carcinomas and adjacent normal tissues by in
situ hybridization with antisense and, as a control,
sense CDC25A riboprobes (Figure 2). Tables 1 and 2
show the pathologic characteristics and therapeutic
regimens of this series of carcinomas. In agreement
with the data obtained by RT-PCR, faint or no expres-
sion of Cdc25A was detectable in normal (N) breast
tissue (Figure 2b and c), while high expression was
found in 47% of primary tumors (T) when compared
with the adjacent normal breast epithelium (Table 1;
Figure 2, b, e, and f).

Increased expression of Cdc25A is associated with Cdk2 acti-
vation in human breast cancers. Cdk2 kinase activity is reg-
ulated by Cdc25A-mediated dephosphorylation of
Cdk2 at residues threonine 14 and tyrosine 15. There-

fore, we asked whether elevated levels of Cdc25A in the
21 primary breast tumors resulted in or were associat-
ed with a change in Cdk2 kinase activity. To this end,
lysates were prepared from normal breast and breast
carcinoma tissue, and Cdk2 was immunoprecipitated
and used for in vitro kinase reactions using histone H1
as a substrate. Cdk2 activity is governed positively by
the levels of associated cyclin E and negatively by asso-
ciated p27. Thus, in parallel, we also determined the lev-
els of p27 (total and after immunoprecipitation with
Cdk2), Cdk2, and cyclin E protein by Western blot
(Figure 1 and data not shown).

a -
1 z 3 4 MCF7 b 44
Crlo2sA A0 A
AT-FCR = 25
G
control - = 4
Hela & ]
cantral &
Cdkz . o 15
s S . S
Cd“'% — . —— — 05 1
0= +
Cde25A
Figure 1

Cdc25A expression levels are directly correlated with Cdk2 activity.
(a) Cdc25A and Gso mRNA levels were determined by semiquanti-
tative RT-PCR analysis (upper panel) on microdissected frozen tissue
samples of breast carcinomas and on MCF-7 cells. Four representa-
tive cases of high expressers (lanes 1 and 2) and low expressers (lanes
3 and 4) for Cdc25A are shown. Cdk2 enzymatic activity and Cdk2
protein level for the four tissue samples of breast carcinoma (lanes
1-4), for MCF-7 cells, and for the control sample Hela cells are
shown in the lower panel. A direct correlation between Cdc25A lev-
els and Cdk2 enzymatic activity is evident, whereas Cdk2 levels
remain unchanged. (b) Bar graph representing cumulative data of
Cdc25A levels compared with Cdk2 enzymatic activity in 21 patients.
The ratio of the densitometric values of Cdc25A to those of Gst was
calculated, and the median value was used as a cutoff for the cate-
gorization of cases into high and low/nonexpressers. High expressers
(+) and low/nonexpressers (-) for Cdc25A were correlated with the
corresponding Cdk2 enzymatic activity. To normalize densitometric
values of Cdk2 activity, a ratio of the percent area of the tested sam-
ples to the one obtained with the Hela control in each gel was used.
To account for variability from gel to gel, this ratio was, in turn, relat-
ed as a ratio to the total area under all curves in a given gel.
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No appreciable Cdk2 enzymatic activity was
detectable in any of the lysates from normal breast
tissue obtained from reduction mammoplasty speci-
mens, in spite of normal levels of Cdk2 by Western
blot. In contrast, primary breast tumors were found
to have markedly variable levels of Cdk2 kinase activ-
ity, despite an absence of variability in the levels of
Cdk2 protein. Furthermore, the levels of Cdk2 pro-
tein were comparable with those found in normal
breast tissue. While differences in Cdk2 protein lev-
els failed to account for intertumor variability in
Cdk2 kinase activity, a direct correlation between
Cdk2 activity and Cdc25A expression was found in
the 21 breast carcinomas examined (Figure 1b). In
addition, high cyclin E (P = 0.005) and Cdc25A
mRNA (P = 0.008) levels were significant predictors
of Cdk2 activity in a linear regression model. The
overall 72 for the model was 0.58. Thus 58% of the
total variation in Cdk2 kinase activity found in the
breast tumors was explained by the levels of Cdc25A
mRNA and cyclin E protein. A trend of inverse corre-
lation between Cdk2 activity and complex-bound
p27 (but not total p27) levels was found, although
this was not statistically significant.

Cdc25A is required for full activation of Cdk2. These data,
together with those in the literature, suggest that
Cdc25A is a major regulator of Cdk2 kinase activity
and raised the possibility that in breast cancers that
express high levels of Cdc25A this phosphatase may be
required for the maintenance of Cdk2 activity. In order
to test this hypothesis, MCF-7 breast carcinoma cells
were used as a model of a cell line that expresses high
levels of Cdc25A (Figure 1a). MCF-7 cells were trans-
fected with antisense or scrambled oligonucleotides for
CDC25A. Untransfected proliferating cells were also
used as control. Transfection with antisense, but not
scrambled, oligonucleotides led to a marked decrease
in Cdc25A (but not Gs0) mRNA levels at the 24- and
48-hour time points (Figure 3a). Similarly, protein lev-
els of Cdc25A were diminished after antisense trans-
fection as assessed by Western blot (Figure 3a). In spite
of unchanged levels of Cdk2 detected by Western blot,
Cdk2 enzymatic activity decreased by 73% at 24 hours
and by 88% at 48 hours after antisense transfection,
while Cdk4 activity was unaffected (Figure 3b).

Cdc25A can dephosphorylate tyrosine 15 of Cdk2
leading to kinase activation. We thus asked whether, in
antisense transfected cells, tyrosine phosphorylation of
Cdk2 was altered. Following antisense transfection,
immunoprecipitated Cdk2 was blotted with phospho-
tyrosine, cyclin E, p27, and Cdk2 antibodies. Antisense
transfection resulted in a marked increase in Cdk2
tyrosine phosphorylation compared with both
untransfected cells and those transfected with scram-
bled oligonucleotides. Somehow, surprisingly, anti-
Cdk2 immunoprecipitates from antisense transfected
cells were also found to have a marked reduction in
coimmunoprecipitated levels of p27 but not cyclin E
(Figure 3c). The decrease in associated p27 was not sim-

Figure 2

Cdc25A is overexpressed in human breast cancer. (a) Hema-
toxylin-and-eosin stain of invasive ductal carcinoma of the breast
(T). Normal ducts are seen in the lower left corner (N). (b) In situ
hybridization with digoxigenin-labeled, antisense riboprobe for
Cdc25A demonstrates high expression levels of the phosphatase
in tumor cells. Scant to no expression is seen in the adjacent nor-
mal breast tissue. (c) Representative example of a nonexpresser:
no expression of Cdc25A is seen in the infiltrating ductal carcino-
ma cells. Scattered residual normal ducts (N) show weak expres-
sion of the phosphatase. (d) Representative example of a low
expresser for Cdc25A: most infiltrating ductal carcinoma cells do
not express Cdc25A mRNA. Rare ducts (arrowhead) show weak
expression of the phosphatase. (e and f) Representative examples
of high expressers for cdc25A: all infiltrating ductal carcinoma
cells show strong staining with the antisense riboprobe for
Cdc25A (Panels b, ¢, d, e, and f: alkaline phosphatase: nitro blue
tetrazolium cytoplasmic reaction product, section counterstained
with methyl green). Sense controls were negative (not shown).
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Figure 3

(aand b) Antisense oligonucleotides directed to Cdc25A decrease Cdk2 activity and inhibit S-phase entry in MCF-7 cells. MCF-7 cells
transfected with antisense (AS) or scrambled (S) oligonucleotides for Cdc25A were analyzed at 24 hours and 48 hours after transfec-
tion. Untransfected, proliferating MCF-7 cells represent base-line values (Control). (a) Immunoblot and RT-PCR for Cdc25A show sig-
nificant decreases in Cdc25A protein and mRNA levels at 24 hours and 48 hours after transfection with AS but not S oligonucleotides.
The bar graph is the densitometric quantitation of Cdc25A protein levels in three separate experiments. A 61% decrease in Cdc25A pro-
tein level was noted at 48 hours following AS transfection. No change is noted in Gsa mRNA levels after transfection. (b) Histone H1
and Rb kinases for Cdk2 and Cdk4 after immunoprecipitation with the respective antibodies and corresponding immunoblot. Cdk2
enzymatic activity decreases by 73% at 24 hours and by 88% at 48 hours after AS but not S transfection. In contrast, Cdk4 activity
remains unchanged. No change in either Cdk2 or Cdk4 protein levels (Cdk2 WB and Cdk4 WB) is seen. WB, Western blot. (c and d)
Antisense oligonucleotides against Cdc25A result in increased Cdk2 phosphorylation and decreased complexed p27. MCF-7 cells were
transfected with antisense (AS) or scrambled (S) CDC25A oligonucleotides and analyzed 48 hours after transfection. Untransfected
proliferating MCF-7 cells represent base-line values (Control). (¢) Immunoprecipitated lysates with unrelated rabbit IgG (left) and Cdk2
were blotted with phosphotyrosine, Cdk2, cyclin E, and p27 antibodies. AS CDC25A results in a marked increase in Cdk2 phosphory-
lation. Concomitant to this, a decrease in complexed p27 is seen. (d) Total lysate immunoblots for Cdk2, cyclin E, and p27. No change

in total levels of Cdk2, cyclin E, and p27 is seen.

ply a reflection in alterations in total p27, as no change
in total levels of Cdk2, cyclin E, and p27 were detectable
after antisense transfection (Figure 3d). Thus, inhibi-
tion of Cdc25A and the subsequent reconstitution of’
tyrosine phosphorylation of Cdk2 lead to a marked
reduction in Cdk2 kinase activity despite a decrease in
the association of the inhibitor p27. These data strong-
ly suggest that Cdc25A is required for maintaining
Cdk2 kinase activity in these cells.

Inactivation of Cdc25A inbibits S-phase entry in breast car-
cinoma cells. We next sought to determine whether
inactivation of Cdc25A had functional consequences
on cell cycle progression. MCF-7 cells were again
transfected with antisense or scrambled oligonu-
cleotides to CDC25A. The cell-cycle distribution of the
entire population of cells was determined by BrdU
labeling and two-color FACS analysis utilizing an
FITC-conjugated anti-BrdU antibody and propidium
iodide to measure DNA content. In these experi-
ments, transfection of antisense oligonucleotides, but
not sense oligonucleotides, resulted in a marked inhi-
bition of S-phase entry (Figure 4, a and b). Inhibition
of S-phase entry by antisense treatment was com-
pletely reversed by cotransfection of a constitutively
active form of Cdk2 (Figure 4, a and b). This mutant
form of Cdk2 (Cdk2AF) contains substitutions at
threonine 14 and tyrosine 15 that render the protein
insensitive to inactivating phosphorylations and is
thus no longer regulated by Cdc25SA. Importantly,

transfection of the antisense oligonucleotide to
Cdc25A with wild-type Cdk2 resulted in a decrease in
Cdk2 activity, strongly suggesting that the activating
dephosphorylations of Cdc25A are required for Cdk2
activity and S-phase entry in MCF-7 cells. Together
the above data support the notion that in these cells
Cdc25A-mediated dephosphorylation of Cdk2 is
required for cell cycle progression.

High Cdc25A expression is associated with poor survival in
patients with T, breast carcinoma. Since we had estab-
lished that Cdc25A is overexpressed in breast carcino-
mas and that overexpression of this phosphatase was
positively associated with Cdk2 enzymatic activity and
cell cycle progression, we examined whether overex-
pression of Cdc25A was associated with outcome in the
cohort of patients with breast carcinomas < 1 centime-
ter in diameter (T1ap).

Cdc25A levels were determined by in situ hybridiza-
tion in 144 cases of breast carcinomas < 1 centimeter
in diameter (T1,p). Patients with tumors overexpress-
ing Cdc25A had an increased risk of dying of disease
compared with nonexpressers by univariate analysis
(Logrank = 0.0198, Wilcoxon = 0.0231) (Figure 5a). In
fact, the group of patients with overexpression of
Cdc25A had 24% mortality compared with 5% in
patients who did not express Cdc25A. When the orig-
inal cohort of 202 patients with T1,}, breast cancer was
analyzed, p27 was found to have independent prog-
nostic significance, with low expression predicting
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Figure 4

Inactivation of Cdc25A inhibits S-phase entry in breast carcinoma cells. (a) S phase in MCF-7 cells is measured by FACS analysis of
BrdU-stained cells. Antisense oligonucleotides inhibit S-phase entry by 31% at 24 hours and 43% at 48 hours after AS transfection. No
change is noted after transfection with scrambled oligonucleotides. S-phase entry is restored by the cotransfection of the nonphos-
phorylatable mutant of Cdk2, Cdk2AF, and antisense oligonucleotides to Cdc25A. (b) Nonphosphorylatable Cdk2 catalytic mutant
(Cdk2AF) abolishes Cdc25A antisense effects on MCF-7. MCF-7 cells were transfected with antisense Cdc25A (AS), wild-type Cdk2
(Cdk2WT), or Cdk2AF, or cotransfected with AS and Cdk2AF or AS and Cdk2WT. Untransfected proliferating MCF-7 cells represent
base-line values of Cdk2 activity and S-phase fraction (Control). At 48 hours after transfection, Cdk2 kinase activity (a) and BrdU incor-
poration as a measure of S-phase fraction (b) show that Cdk2AF, but not Cdk2WT, abolishes the Cdc25A AS effect.

poor survival, while Ki67 had no predictive value of
survival status (18). In the residual 144 cases used
here, stratification according to p27 status showed a
trend toward predicted survival but was not signifi-
cant. A stratification of mortality risk was identified
when four different combinations of Cdc25A and p27
levels were evaluated for their relative effect on sur-
vival. The group with the highest mortality was the
one in which breast carcinomas overexpressed
Cdc25A and had low (< 50% of cells) p27 levels
(Logrank = 0.0218, Wilcoxon = 0.0233) (Figure 5b).
Interestingly, the two curves with the worse survival
(red and black curves) represented patients with over-
expression of Cdc25A regardless of p27 status, rather
than patients with low p27 (green and black curves).
When a Cox proportional hazards model was con-
structed for the entire series, nodal status was the only
significant covariate (P = 0.0010); age, tumor differ-
entiation, extent of intraductal component, tumor
size, c-erbB2, p53, p27, estrogen receptor- and prog-

esterone receptor-immunostaining, Cdc25A (P =
0.1241), and Cdc25B were not significant covariates.
There was no statistically significant difference when
we compared patients who received adjuvant treat-
ment with those who did not in the four categories
stratified according to Cdc25A and p27 status (P =
0.10) (Table 2). Ki67 had no prognostic significance,
and no association was found between Cdc25A and
Ki67 expression levels (P = 0.40).

When patients with axillary dissection were ana-
lyzed as a group (n =73), the presence of lymph node
metastases was a significant predictor of behavior by
univariate analysis (P < 0.001). In this group Cdc25A
still showed a trend toward discrimination of biolog-
ic behavior, although this was not statistically signif-
icant (P < 0.09). Interestingly however, in the 15
patients with lymph node metastasis, seven of nine
patients with concomitant overexpression of Cdc25A
died of disease. In contrast, none of the six with
Cdc25A-negative tumors died.

b

a
11 11 !
Ry R 5 ‘_|I:I_':I
E8 5.8
£ £
] R w 6
¢ $
Mo o L oa) — —-Cdc284 7 +p27
el Wt ) 91 — cdeesar per
g +Cdo25A g — +Cdc25A [ +p27
2 5] @ o =—— +0de25A 7 —p27
O ()
Logrank p=0.01%8 Lagrank p=0.0212
G Wilcoxan p=0.0221 04 Wicoxon p=0.0253
T T T T T 1 T T 1
B 20 40 B0 80 100 120 140 160 1ED 0 3 40 &0 _ B0 100 120 140 160 180
N RV o Y
Time (Manths) Tima {Months)
Figure 5

Cdc25A overexpression, with or without concomitant loss of p27, is associated with poor survival. (a) High levels of Cdc25A are associat-
ed with decreased disease-free survival in the 144 patients studied. (b) When Cdc25A is analyzed together with p27, stratification of dis-
ease-related mortality risk is based on four different combinations of Cdc25A and p27 levels. The group with the highest mortality is the one
in which breast carcinomas overexpress Cdc25A and have low p27 levels (black curve).

The Journal of Clinical Investigation | September2000 | Volume 106 | Number6 759



760

Discussion

CDC25A behaves as an oncogene in murine fibrob-
lasts. We thus investigated the expression of Cdc25A
in a previously characterized series of human breast
carcinomas, to assess whether its oncogenic potential
in vitro is accompanied in vivo by overexpression in
carcinomas, particularly in those tumors with more
aggressive behavior. A cohort of patients with invasive
carcinomas that measured less than 1 cm (T1,p) was
studied. Patients with these tumors represent up to
30% of patients presenting with invasive carcinoma
and have a generally good prognosis (23), but a sig-
nificant mortality of up to 13% is still recorded (18,
24). In the original cohort of patients analyzed (n =
202), we had previously demonstrated that loss by
tumor cells of the Cdk inhibitor p27, which acts pre-
dominantly to inhibit the cyclin E-Cdk2 complex,
was a significant predictor of survival even in node-
negative patients (18). Here, using the residual sam-
ples available from this database, we have shown that
overexpression of Cdc25A is also associated with poor
prognosis, particularly in patients with tumors with
low p27. Furthermore, it appears that stratification
into four categories according to p27 and Cdc25A
status separates survival curves by Cdc25A expres-
sion, suggesting that overexpression of the phos-
phatase may be a critical determinant of the biologic
behavior in these tumors. Unfortunately, because of
the limited number of cases examined and because of
the relatively low overall mortality in this cohort of
patients (13%), multivariate analysis failed to demon-
strate the independent prognostic significance of
Cdc25A. However, the scope of this study was not to
identify yet another prognostic marker in breast can-
cer, but to evaluate Cdc25A’s role in breast cancer and
to determine whether this phosphatase itself or its
substrates constitute potential therapeutic targets in
the early phases of this disease. Larger series of high-
er-stage breast cancers (with intrinsically higher mor-
tality rates) will have to be analyzed to determine the
independent prognostic significance of Cdc25A in
breast carcinomas. In addition, development of anti-
bodies that immunoreact in paraffin-embedded tis-
sue (the ones we used did not, after exhaustive trials)
will both validate the data presented and allow the
analysis of larger databases.

We have shown that inactivation of CDC25A by
antisense oligonucleotides inhibits S-phase entry in
MCEF-7 breast cancer cells. Although both S-phase
fraction quantitation and Ki67 index have prognos-
tic significance in breast cancer (25, 26), in our series
of small breast cancers the proliferative index as
assessed by Ki67 immunostaining was extremely low
(18) and did not show significant correlation with
either prognosis or Cdc25A levels. This lack of cor-
relation may be ascribed to the low sensitivity of
Ki67 immunohistochemistry in the determination
of cell proliferation in the early stages of breast can-
cer, in which only a low percentage of tumor cells is

cycling and a limited number of cells is available for
assessment.

Our data suggest that both Cdc25A and its sub-
strate Cdk2 represent important therapeutic targets
in breast cancer. In fact, using microdissected breast
carcinomas, we demonstrated that Cdc25A expres-
sion, together with cyclin E, correlated with Cdk2
enzymatic activity. In addition, oligonucleotides
designed to inactivate Cdc25A resulted in inhibition
of Cdk2 enzymatic activity and G1 arrest in MCF-7
cells. As expected, inhibition of Cdk2 was accompa-
nied by increased tyrosine phosphorylation of Cdk2
itself. Our data obtained in breast cancer cells sup-
port initial (22) and recent (13) evidence obtained in
other cellular systems that Cdk2 undergoes increased
tyrosine dephosphorylation as cells enter S phase.
The decrease in BrdU incorporation, which occurred
as a result of antisense CDC25A transfection, could
be overridden by a Cdk2 mutant, which cannot be
phosphorylated, but not by wild-type Cdk2. In con-
trast, inactivation of Cdc25A has no effect on Cdk4
activity, suggesting that Cdk2 complexes are specific
targets of Cdc25A. Accordingly, overexpression of
Cdc25A has been shown to lead to a premature acti-
vation of both cyclin E-Cdk2 and cyclin A-Cdk2
complexes, with no effect on cyclin D-dependent
kinases (13). Finally, Cdc25A degradation has been
shown to be the early DNA damage checkpoint
mechanism resulting in a p53-independent blockage
of S-phase entry via inhibition of Cdk2 activity (14,
15). Overexpression of Cdc25A, which we find in 47%
of Tiap breast carcinomas, may thus contribute to
overriding a physiologic G1 block in breast tumor
cells. Taken together, these data strongly suggest that
Cdk2 activation by Cdc25A is necessary for S-phase
entry in human breast cancer.

Overexpression of Cdc25A has been shown to titrate
p21 off of the cyclin E-Cdk2 complex, thus potentiat-
ing cyclin E-Cdk2 activity (21). Here, a decrease of p27
was found when antisense oligonucleotides against
CDC25A were transfected in MCF-7 cells, suggesting
that cyclin A-Cdk2 and cyclin E-Cdk2 complexes not
activated by Cdc25A may not require inhibition by p27.

In summary, we have shown that Cdc25A activates
Cdk2 and promotes S-phase entry in breast cancer
cells. Cdc25A overexpression is associated with a
worse outcome in patients with Ty, breast carcino-
mas who undergo potential curative surgery. Our
study suggests that adjuvant therapy, which benefits
patients with advanced breast cancer, may also be
appropriate for patients with Ty, disease whose
tumors have lost p27 and overexpress Cdc25A. Spe-
cific inhibitors of both Cdc25A and cyclin-dependent
kinases such as Cdk2, should they became available,
may prove to be particularly useful in this setting.
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