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Cdc25A is a cell cycle-activating phosphatase, and its overexpression in breast cancers has been shown to
correlate with poor prognosis. Most recent studies related to Cdc25A and tumor progression have focused on
its role in regulating cell cycle progression. However, less is known about how Cdc25A modulates the metas-
tasis of breast cancer cells. In this study, we revealed that Cdc25A enhances Foxol stability by dephosphory-
lating Cdk2, and Foxol was shown to directly regulate transcription of the metastatic factor MMP1. Further
studies have shown that overexpression of Cdc25A in breast cancer cells enhances metastasis, whereas its
downmodulation inhibits metastasis in mouse models, and the effects of Cdc25A on breast cancer cell metas-
tasis are independent of cell proliferation and apoptosis. Furthermore, we have demonstrated that aberrant
Cdc25A in breast cancer patient samples directly correlates with the metastatic phenotype. Further insights
into this critical role of Cdc25A in the metastasis of breast cancer cells and the trial of an anti-Cdc25A strategy
in mouse models may reveal its therapeutic potential in prevention and treatment of breast cancer cell

dissemination.

Breast cancer is one of the leading causes of morbidity and
mortality in women worldwide (10, 30, 37). The majority of
breast cancer deaths result from metastasis of breast cancer to
other organs (14, 16, 36). Breast cancer metastasis has been
shown to reduce the chances of long-term survival from 90% to
around 5% (22). Therefore, insight into the molecular mech-
anisms underlying breast cancer invasion and metastasis would
enable more effective treatment for breast cancer.

Cdc25 phosphatases (Cdc25A, Cde25B, and Cdc25C) pro-
mote cell cycle progression by dephosphorylating and activat-
ing cyclin-dependent kinases (Cdks) (38). Cdc25A activates
cyclin E (A)-Cdk2 during G, through S and also seems to be
involved in activation of Cdkl at the G,/M boundary, and
Cdc25A plays a nonredundant role in embryogenesis and on-
cogenesis (4, 12, 28). Cdc25B and Cdc25C, which collaborate
for activation of cyclin B-Cdkl at the G,/M boundary, are
dispensable for checkpoint function (11, 18, 34). Among the
Cdc25 family, Cdc25A is highlighted as an indispensable reg-
ulator of cell development and a driver of tumorigenesis (12,
28, 43, 55). While the known role of Cdc25A in cell cycle
progression and proliferation has been studied with respect to
breast cancer pathogenesis (12, 20, 28, 43), little is understood
about whether and how Cdc25A affects the metastatic poten-
tial of breast cancer cells. Although epidemiologic studies have
shown that most breast cancer patients (50 to 69%) have over-
expressed Cdc25A and show poor prognosis (8, 25), not much
is known about its association with breast cancer metastasis. In
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this study, we show that Cdc25A overexpression is correlated
with the metastatic phenotype in breast cancer patient sam-
ples.

Foxol, one of the mammalian Forkhead transcription fac-
tors of class O (FoxO), is involved in a wide range of biological
processes (2, 24). The Foxol protein is tightly regulated by
multiple posttranslational modifications, including phosphory-
lation, acetylation, ubiquitination, and methylation, and Foxol
expression is highly variable in different tissues (47, 52). Inter-
estingly, Cdk2, a downstream target of Cdc25A, directly phos-
phorylates Foxol and affects Foxol stability in cells (23, 54),
which varies in different cell types (23, 47, 52, 54). However,
less is known about whether and how Cdc25A modulates
Foxol activity and stability in breast cancer cells.

In the present study, we elucidated the molecular mecha-
nisms by which Cdc25A mediates Foxol function, which fur-
ther regulates expression of matrix metalloprotease 1 (MMP1).
Interestingly, MMP1 is a hallmark of human metastatic cancer,
and its overexpression represents a high risk factor that ad-
versely correlates with overall survival of patients with invasive
breast carcinoma (14, 31, 33, 40, 53). Our findings explore a
novel role of Cdc25A in breast cancer cell invasion and me-
tastasis, which may provide novel therapeutic strategies to
combat breast cancer metastasis by targeting Cdc25A.

MATERIALS AND METHODS

Cell culture. Human breast cancer MDA-MB-231, MCF7, MDA-MB-453,
MDA-MB-436, and MDA-MB-468 cells were obtained from the American Type
Culture Collection. The metastatic Mary-X cell line was kindly provided by S.
Barsky. The cells were cultured in Dulbecco’s minimum essential medium
(DMEM) (Gibco, Rockville, MD) supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin in a 5% CO, atmosphere
at 37°C.
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FIG. 1. Cdc25A correlates with expression of metastasis factor MMP1. (A) Cdc25A was effectively and specifically overexpressed (Cdc25A-OE)
or knocked down (Cdc25A-KD) in breast cancer cells. The controls Cdc25B and Cdc25C were intact in these cells. Our preexperiments showed
no difference between the cells with pLenti-scramble-siRNA and those with empty pLenti-expressing vector (Invitrogen) that harbor the same
pLenti vector base. Thus, either of them could serve as the control Cdc25A-CK. WB, Western blotting. (B) The relative mRNA expression levels
of the metastasis-related factors were evaluated in the MDA-MD-231 breast cancer cell line and its derivatives Cdc25A-OE (overexpression) and
Cdc25A-KD (knockdown) by quantitative real-time PCR; human GAPDH served as a loading control. These data represent three independent
experiments (%, P < 0.01; means * standard deviations [SD]; n = 5). (C) Detection of MMP1 protein levels in breast cancer cells versus their
derivatives Cdc25A-OE and Cdc25A-KD. (D) Evaluation of human Cdc254 and MMPI mRNA levels in different breast cancer cells by
qRT-PCR. Human GAPDH served as a loading control (*, P < 0.01 compared with the CK or WT; means = SD; n = 5). (E) Degradation
rates of MMP1 protein in breast cancer cells. Exponentially proliferating cells were treated with 50 pg/ml cycloheximide (Chx) for the times
indicated, and cellular MMP1 levels were determined by Western blotting. The data represent three independent experiments. (F) The
pGL4-MMPI-promoter and the control pGL4 vector were transfected into the breast cancer cell line and its derivative Cdc25A-CK,
Cdk25A-0OE, or Cdc25A-KD, and fold induction of MMP1 promoter-induced luciferase activity was analyzed (¥, P < 0.001 compared with
the control or WT cells; mean * SD; n = 5).

Plasmid and pLenti-virus vector preparation. The modified sequence of anti- time quantitative reverse transcription (RT)-PCR (qRT-PCR) analysis was
CDC25A small interfering RNA (siRNA) was 5'-AGCAACCACTGGAGGTG performed on the ABI Prism 7000 sequence detection system (Applied Bio-
AAGT-3'. pLenti-virus-siRNA preparation and infection of breast cancer cells systems, Foster City, CA). The specific primer sets were as follows: Cdc25A,

were performed following the instructions of the Block-iT lentiviral RNA inter- 5"-CCTCCGAGTCAACAGATTCA-3" and 5'-GGGTCGATGAGCTGAAA
ference (RNAi) manual (Invitrogen). The full-length cDNA of CDC25A was GAT-3'; GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5'-GAAGGT
amplified from MCF10A cells and cloned into pLent6/V5 Topo vector (Invitro- GAAGGTCGGAGTC-3" and 5'-GAAGATGGTGATGGGATTTC-3'; MMP1,

gen) and pCDNAA4 vector. The GFP-Foxol and GFP-Foxol-S249A plasmids 5'-AAATGCAGGAATTCTTTGGG-3' and 5'-ATGGTCCACATCTGCTCTT
were kindly provided by A. Bonni. Cdk2 and Cdk2-AF (T14A and Y15A) were G-3'; Foxol, 5'-GTGACTTGGATGGCATGTTC-3" and 5'-CCCAGCTATGT

kindly provided by H. Huang. RNAi-resistant Foxol-RE and Cdk2-RE con- GTCGTTGTC-3'; and Cdk2, 5'-CAGTACTGCCATCCGAGAGA-3' and 5'-G
structs (see below), as well as Foxol and Cdk2 hpRNA, were generated by the AATGCCAGTGAGAGCAGAG-3'. The relative expression levels were
method described previously (23, 54). All mutations were verified by sequencing. calculated using the comparative cycle threshold (C7) method (274¢7) (User
MMP1 short hairpin RNA (shRNA) (h) pLenti-virus particles were from Santa Bulletin 2, ABI Prism 7700 Sequence Detection System; Applied Biosystems,
Cruz Biotechnology, Inc. Foster City, CA).

RNA preparation and real-time PCR. Total RNA was prepared from the Luciferase reporter assay. Cells were seeded in 24-well plates at a density of
breast cancer cell lines by using TRIzol reagent (Invitrogen, Carlsbad, CA). 1 X 10°. After 24 h, the cells were transfected using Superfect (Qiagen). Briefly,
First-strand cDNA was synthesized from total RNA with SuperScript (Invi- luciferase reporter gene constructs (200 ng) and the pRL-SV40 Renilla luciferase

trogen, Carlsbad, CA) according to the manufacturer’s instructions. Real- construct (1 ng) (for normalization) were cotransfected into the wells. Cell



Vor. 31, 2011 Cdc25A REGULATES BREAST CANCER CELL METASTASIS 3459
Cdk2-WT-RE Cdk2-AF-RE
A c E GFP-Foxo1-WT GFP-Foxo1-S249A
Control- siRNA  + - + - O SN2
WT Cdc25A-OE CK Cdc25A-KD > » O
© -~ Cdc25A-SiRNA -+ -+ & @ &
= i : crp 1 pFox015249
— e e — S p-Cak2 - GFP-Foxof
e — e 0101 S — S—— Fl e L
= e — a e
MCM ﬁ — — —— T —— e W——— |
s s - i Cdk2 v
——— 21 e _B-actin
L
B oc D GFP DAPI MERGE Y
FOXO1 DAPI MERGE o GiN o o GaN
80 m N 80 m N
60 5 60
E 40 40
20 20
° ol m 5 ° Ul om
100 o|w 100
80 g 2 80 *
X 2 0 LS ® 60
o g 40 I @ 40
. 20 O3 # O o
O o . ™ [ | (@] 5 -
w = 100 - X g B
Q o0 2 0]
P 60 < 60
% 40 ﬂ 40 m
20 (S} 20 Ij
8 0= ’+| < 8 [ o
a 50 - * 3 100
xl 40 % w 80 - *
< 30 -0 60
9 20 g < 40
3 i I E o || ]
(8] ° e a‘_ (‘).5’ 0 .
(O]

FIG. 2. Cdc25A mediates Foxol phosphorylation and its cellular localization and stability by dephosphorylating Cdk2. (A) Lysates of the
different cancer cells were immunoblotted with the indicated antibodies. (B) Increased or decreased nuclear Foxol in Cdc25A-OE (overexpres-
sion) and Cdc25A-KD (knockdown) breast cancer cells, respectively. (Left) Foxol. (Middle) DAPI (4',6-diamidino-2-phenylindole). (Right)
Merge. Quantification of Foxol localization is shown on the right (bar graphs). C, cytoplasm; N, nucleus; C+N, cytoplasm and nucleus. n = 200
for each cell type. *, P < 0.01 compared to the CK or WT cells. (C) The mutation Cdk2"4* Y15 interrupted the effect of Cdc25A on Foxol. The
endogenous Cdk2-depleted (by RNAI) breast cancer cells with Cdc25A-WT or Cdc25A knockdown were transfected with Cdk2-WT-RE or
Cdk2-AF-RE plasmids. (D) Breast cancer cells engineered to express GFP-Foxol or GFP-Foxol-S249A were assessed by localization of
GFP-Foxol fusion proteins. (Left) GFP fluorescence. (Middle) DAPI. (Right) Merge. Quantification of GFP-Foxol-WT or GFP-Foxo1-S329A
(bottom) is shown on the right (bar graphs). n = 200 for each cell type. *, P < 0.01 compared to the control cells. (E) The indicated breast cancer
cells engineered to express exogenous GFP-Foxol were harvested, and the lysates were immunoprecipitated with GFP antibody. Similar results
were observed using MDA-MB-231 and MDA-MB-453 breast cancer cells versus their derivatives.

extracts were prepared 48 h after transfection, and the luciferase activity was
measured using the Dual-Luciferase reporter assay system (Promega).

Western blotting. Lysates of the tested cells were generated in SDS sample
buffer (60 mM Tris-HCI at pH 6.8, 10% glycerol, 2% SDS, and 5% 2-mercap-
toethanol). Equal amounts of lysate protein (50 pg) were separated on 8 to 12%
SDS-PAGE gels, transferred to polyvinylidene fluoride (PVDF) membranes
(Amersham), and then incubated with primary antibodies specific for Cdc25A,
Cdc25B, Cdc25C, Cdk2, and p-Cdk2 (Cell Signaling); CXCL1 and MMP1 (Santa
Cruz Biotechnology); green fluorescent protein (GFP) (Molecular Probes);
Foxol, Foxo3, Foxo4, p-Foxo1-S249, p-Foxo1-T24, and p-Foxo01-S256 (Invitro-
gen); or B-actin (Sigma). The blots were then rinsed in Tris-buffered saline—
Tween (TBST) and further incubated in peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibody (49, 56). Protein bands were visualized using the
enhanced chemiluminescence (ECL) detection system (Pierce Biotech) and ex-
posed to film. All experiments were repeated in triplicate.

ChIP. Chromatin immunoprecipitation (ChIP) analysis was performed as de-
scribed previously (39). In brief, breast cancer cells were fixed for 10 min at room
temperature with 10% formaldehyde. After incubation, glycine was added to a
final concentration of 0.125 M to “quench” the formaldehyde. The cells were
pelleted, washed once with ice-cold phosphate-buffered saline (PBS), and then
lysed. The lysates were pelleted, resuspended, and sonicated to reduce DNA
length to between 500 and 1,000 bp. Chromatin was precleared with protein A
agarose beads for 1 h and then incubated with 5 pg of Foxol antibody (Santa

Cruz Biotechnology) or control rabbit IgG overnight. Immune complexes were
precipitated with protein A agarose beads, washed, and eluted in 100 pl of
Tris-EDTA (TE) with 0.5% SDS and 200 pg/ml proteinase K. The precipitated
DNA was further purified by phenol-chloroform extraction and ethanol precip-
itation and analyzed by quantitative PCR (qPCR). The primers used in the
analysis of Foxol potential binding sites in the MMP1 promoter were as follows:
—687 to —456, 5'-TGCCTCGGCCTCCTGAAATT-3' and 5'-CAGTGTTAGT
AATTCCACCC-3"; —468 to —239, 5'-AGTGTTAGTAATTCCACCCT-3" and
5'-TGTTTGAAGTTAATCATGAC-3'; —316 to —11, 5'-AATGAATTGGAG
AAAACCAC-3" and 5-CTTGCACTGAGAAAGAAGAC-3'.

Invasion and wound healing assays. In vitro invasion assays were conducted
using Transwells (Costar, Cambridge, MA) with 8-wm-pore-size polycarbonate
membrane filters in 24-well culture plates. The upper surface of the filter was
coated with Matrigel (Becton Dickinson, Bedford, MA) in a volume of 12.5 pg
per filter. The Matrigel was dried and reconstituted at 37°C into a solid gel on the
filter surface. The lower surface of the filter was coated with fibronectin (20
pg/ml), vitronectin (10 pg/ml), collagen IV (50 pg/ml), or 1% bovine serum
albumin (BSA), used as chemoattractants. After starving in BSA-free DMEM
overnight, the cells were seeded in the upper chamber at a density of 2 X 10*.
The cells were allowed to invade for 24 h. Cells that invaded the lower surface of
the filter were counted in 10 random fields under a light microscope at high
magnification. Experiments were repeated at least in triplicate. Wound healing
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FIG. 3. Foxol directly regulates MMPI and mediates the connection between Cdc25A and MMP1. (A) Modulation of Foxol impacts MMP1
protein levels. The plasmid Foxol-WT-RE or Foxo1-S249A-RE was transfected into the indicated cells with Foxol depletion via Foxol-siRNA.
The cell lysates were immunoblotted with the indicated antibodies. (B and C) The mutation Foxo1-S249A blocks the effects of Foxol on MMPI.
The human Cdc254 and MMPI mRNA levels were evaluated in the cells with Foxo1l-WT-RE (B) and Foxo1-S249A-RE (C) by qRT-PCR (mean *
SD; n = 5). The Cdk2 and Foxol mRNA levels served as loading controls. (D) The conserved putative Foxol binding sites in the MMPI promoter
(http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl). (E) ChIP analyses of Foxol binding in breast cancer cells established binding of Foxol to a conserved
Foxol binding motif at 572 bp upstream of the MMP]I transcription start site. The results are presented as fold template enrichment in
immunoprecipitates of Foxol antibody relative to those of a control antibody (mean = SD; n = 5). (F) Mutated derivatives of the pGL4-MMPI
promoter with three putative Foxol binding sites. (G) pGL4-MMPI-promoter or the mutated derivatives pGL4-MMPI-promoter-mut (Mutl, -2,
or -3) was transfected into breast cancer cells with Foxol-WT or Foxol-siRNA and then assayed for its activity. The empty vectors served as

controls (mean = SD; n = 95).

assays were conducted by seeding 2 X 10° cells onto 96-well plates. Confluent
monolayers were wounded using a pipette tip.

Histopathology. Paraffin-embedded (5 wm), 10% neutral-buffered-formalin-
fixed tissue sections derived from tumor nodules or other tissues were stained
with hematoxylin and eosin (H&E) to evaluate the morphology and invasiveness
of breast cancer cells.

Metastasis assay of cells in a xenograft mouse model. For the tumorigenesis
and metastasis assays by intravenous (i.v.) injection, 5 X 10° breast cancer cells
were injected into the mammary fat pads or lateral flanks of 6- to 8-week-old
BALB/c female athymic mice. The palpable tumor diameters were measured
once per week. Tumor length (L) and width (W) were measured with a caliper,
and volume (V) was calculated by the following equation: V' = (L X W?)/2 (41).
For experimental metastasis assays by i.v. injection, 1 X 10° cancer cells were
injected into the tail veins of the 6- to 8-week-old female BALB/c athymic mice.
For indole-3-carbinol (I3C) assays, the mice were injected i.v. with cancer cells.
Metastatic lung nodules >0.5 mm in diameter were counted. Statistical analyses
were done by analysis of variance (ANOVA) tests. To ensure representative
sampling of lung tumor nodules, four sections were made per lung at various
depths along the coronal plane of the lung (53). The nodules per lung (four
sections) were counted under a light microscope.

The injected mice were maintained under identical conditions and were mon-

itored regularly. Endpoint assays were conducted at 10 weeks after injection
unless significant morbidity required that the mouse be euthanized earlier. Sur-
vival curves were drawn and analyzed using Prism software (GraphPad Software,
San Diego, CA). All animal experiments in this study were done under the
animal use guidelines of the NIH (Bethesda, MD) and the Institutional Animal
Care and Use Committees of Ohio State University and Beijing Medical Uni-
versity.

Statistical analysis. Statistical analyses were performed with Student’s ¢ test
for comparison of two samples.

RESULTS

Cdc25A positively correlates with expression of metastatic
factor MMP1. To gain insight into the potential interaction
between Cdc25A and breast cancer cell metastasis, we first
generated Cdc25A-overexpressing MDA-MB-231 cell lines
(Cdc25A-0OE) by transfecting Cdc25A using pLenti-expressing
vector. As shown in Fig. 1A, second lane from the left, high
expression of Cdc25A was observed in Cdc25A-OE compared
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FIG. 4. Cdc25A expression mediates breast cancer cell invasion phenotypes in vitro. (A) Cdc25A was effectively and specially overexpressed
(Cdc25A-0E) or knocked down (Cdc25A-KD) in breast cancer cells. (B) Growth curve of MDA-MB-231 breast cancer cells and their derivatives
Cdc25A-0OE and Cdc25A-KD. The WT or cells with empty vector served as controls (mean = SD; n = 5). P > 0.5 for Cdc25A-OE compared with
the control or WT cells; P < 0.05 for Cdc25A compared with the control or WT cells. (C) Wound-healing assays. (D) Cell invasion assay on
Matrigel-coated Transwells. (E) Statistical analysis of cell invasive ability. The cells that invaded the lower surface of the filter were counted in 10
random fields under a light microscope at high magnification (X100 [D]). P < 0.01 compared with the control and WT cells. The images are
representative of those for the assay of breast cancer MDA-MB-231 and MDA-MB-453 cells versus their derivatives.

to the wild type (WT). In addition, we also downregulated
Cdc25A in MDA-MB-231 cells using pLenti-Cdc25A-siRNA
(Cdc25A-KD [knockdown]). As shown in shown in Fig. 1A,
fourth lane, significant downregulation of Cdc25A was observed
in Cdc25A-KD- compared to nontargeted-siRNA-transfected
cells (CK). Our experiments showed no difference between the
cells with pLenti-scramble-siRNA and those with empty
pLenti-expressing vector (Invitrogen) that harbor the same
pLenti vector base. Thus, cells with empty pLenti-siRNA vec-
tor served as the control (CK) as a representative of the two
empty vectors.

We further analyzed the effects of Cdc25A overexpression
and downregulation on a variety of metastasis-related factors
in the breast cancer cells with modulation of Cdc25A levels.
Our studies showed that MMP1, a strong cancer cell metastasis
factor and a high risk for overall survival of patients with
invasive breast carcinoma (13, 31, 46), was significantly posi-
tively correlated with Cdc25A levels in the breast cancer cells
(Fig. 1B) (P < 0.01). Cdc25A overexpression led to an increase
in MMP1 protein, whereas Cdc25A knockdown suppressed
expression of MMP1 (Fig. 1C).

Subsequent experiments confirmed that Cdc25A expression
positively correlates with MMP1 mRNA levels (Fig. 1D) but is
not involved in the stability and degradation of MMP1 protein
(Fig. 1E). To investigate whether the regulation of MMP1
takes place at the transcript level, we further cloned the MMPI
promoter into the PGL4 vector and measured its activity by
the luciferase signal in the different cells. As shown in Fig.

1F, the MMPI promoter activity was greatly increased in the
Cdc25A-overexpressing cells and was significantly reduced
in the Cdc25A knockdown cells compared to the WT or CK
cells (P < 0.001).

Similar results were observed in the MDA-MB-453 breast
cancer cells in response to Cdc25A up- or downregulation. The
data suggest that Cdc25A mediates expression of the meta-
static factor MMPI gene at the transcriptional level.

Cdc25A mediates phosphorylation and cellular localization
of Foxol. Next, we analyzed the mechanism through which
Cdc25A regulates MMP1 expression at the transcriptional
level. Since Cdc25A is a phosphatase and not a transcription
factor, we hypothesized that Cdc25A may indirectly mediate
MMP]I expression through modification of a specific transcrip-
tion factor. Cdk2, a downstream target of Cdc25A (19, 55),
directly phosphorylates the transcription factor Foxol (23, 54).
We set out to determine whether Cdc25A can mediate Foxol
stability and activity though regulation of Cdk2 in breast cancer
cells.

We first detected the status of Foxol phosphorylation at
Ser249 in MDA-MB-231 breast cancer cells under conditions
of Cdc25A overexpression or Cdc25A knockdown. As sus-
pected, Cdc25A overexpression, which enhanced Cdk2 activity
by dephosphorylating Cdk2 at Thr** and Tyr"® (Fig. 2A) (19,
27, 57), increased the levels of phospho-Ser249 Foxol (Fig.
2A). Conversely, Cdc25A suppression attenuated Cdk2 activity
and decreased the levels of phospho-Ser249 Foxol (Fig. 2A).
Moreover, the elevated levels of phospho-Ser249 Foxol in the
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under a light microscope (n = 10 mice for each cell type). Similar results were also observed for the assay of MDA-MB-231 and MDA-MB-453

breast cancer cells versus their derivatives.

Cdc25A-0E cells led to an increase in the nuclear localization
and stability of Foxol; in contrast, the decreased levels of
phospho-Ser249 Foxol mediated by Cdc25A knockdown re-
duced the nuclear localization and stability of Foxol (Fig. 2B).

Furthermore, to determine if Cdk2 links Cdc25A to Foxol,
we transfected Cdk2-WT-RE or Cdk2-AF-RE (23) (AF, mu-
tation Cdk2™'44 Y15P; RE, resistance to Cdk2-siRNA) into
MDA-MB-231 or MDA-MB-453 breast cancer cells in which
both endogenous Cdk2 and Cdc25A were already downregu-
lated. As shown in Fig. 2C, Cdc25A knockdown displayed
reduced phosphorylation of Foxol at Ser249 and total Foxol in
the cells with the transfected Cdk2-WT (Fig. 2C, lane 2 versus
lane 1). On the other hand, the Cdk2™4* Y!5F (Cdk2-AF)
mutant interrupted the effect of Cdc25A suppression on
Foxol, and the levels of phospho-S249 Foxol were not atten-
uated and total Foxol was not reduced compared to the con-
trol cells without Cdc25A downmodulation (Fig. 2C, lane 4
versus lane 3).

Next, we expressed a GFP-Foxol-S249A mutant in the
breast cancer cells while GFP-Foxol-WT served as the control.
Consistent with the results shown in Fig. 2B, Cdc25A overex-
pression resulted in nuclear localization and stabilization of
exogenous GFP-Foxol-WT (Fig. 2D, second row versus the

top row), whereas silencing Cdc25A by RNAI reversed these
effects (Fig. 2D, third row versus top row). However, in the
mutated GFP-Foxo1-S249A cells, Cdc25A overexpression
failed to enhance the nuclear localization and stability of GFP-
Foxo1-S249A (Fig. 2D, bottom row). No significant difference
was observed in the cellular localization and stability of GFP-
Foxo1-S249A between Cdc25A-OE, Cdc25A-KD, and WT
cells due to the S249A mutation of Foxol. Additional experi-
ments and analyses also showed that the S249A mutation in
Foxol-GFP inhibited the effect of Cdc25A on Foxol-GFP
(Fig. 2E), which further confirmed that Ser249 of Foxol is
required for regulation of Cdc25A on Foxol.

Foxol directly regulates MMPI transcription and mediates
the link between Cdc25A and MMP1. We sought to test the
hypothesis that Foxol mediates the connection between Cdc25A
and MMP1. We transfected the plasmid Foxol-WT-RE or
Foxo1-S249A-RE (RE, resistance to Foxol-siRNA) into the
breast cancer cells in which the endogenous Foxol was knocked
down and Cdc25A was overexpressed. The experiments and
analyses revealed that Cdc25A overexpression increased the
levels of phospho-S249 Foxol, total Foxol protein, and MMPI
expression in the cells transfected with Foxol-WT-RE versus
the control cells (Fig. 3A, lane 2 versus lane 1 [from left], and
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3B). In contrast, the S249A mutation in Foxol interrupted this
effect of Cdc25A overexpression on MMP1 (Fig. 3A, lane 4
versus lane 3, and C).

To determine whether Foxol directly regulates MMPI gene
transcription, we first conducted bioinformatics analysis of
transcription factor binding sites and detected three highly
conserved Foxol binding sequences within the MMPI pro-
moter, located in the regions around —572 bp, —341 bp, and
—213 bp upstream of the start codon site (Fig. 3D). We further
performed chromatin immunoprecipitation from the breast
cancer cells, using Foxol or control antibody and primer sets
designed to amplify sequences located in the noncoding pro-
moter regions. The genomic fragment around —572 bp up-
stream of the start codon of MMPI was selectively enriched in
the Foxol antibody immunoprecipitation (Fig. 3D and E).
These findings suggest that MMP1 is a direct Foxol target gene
in breast cancer cells.

To further support this conclusion, we produced a mutation
in each putative Foxol binding site of the MMPI promoter
(about 1 kb) (Fig. 3F) and measured the relative activity of
each promoter mutation derivative by the luciferase signal.
Consistent with the results from the chromatin immunopre-
cipitation assay (Fig. 3D and E), mutation of the putative
Foxol binding site (mutl) of the MMPI promoter significantly
blocked MMPI promoter activity induced by altered Foxol
expression (Fig. 3G).

Similar results were observed in the assays done using
MDA-MB-231 and MDA-MB-453 cells. These data suggest
that Foxol directly regulates MMPI transcription by its pro-
moter and mediates the connection between Cdc25A and met-
astatic factor MMP1.

Effect of Cdc25A o the invasive phenotype of breast cancer
cells in vitro. Cdc25A positively correlates with expression of
MMP1 (Fig. 1 to 3), a strong cancer cell metastasis factor (13,
31, 46). This connection implies that altered Cdc25A may be
related to breast cancer cell metastasis. To investigate the
potential role of Cdc25A in breast cancer cell metastasis, we
first analyzed the role of Cdc25A in regulating transendothelial
migration and wound healing, which are important factors in
regulating metastasis. As shown in Fig. 4A to C, Cdc25A over-
expression (Cdc25A-OE) enhanced wound healing (Fig. 4C),
although it did not significantly accelerate cell growth in vitro
(Cdc25A-0OE versus WT or CK; P > 0.5 [Fig. 4B]), whereas
Cdc25A downregulation (Cdc25A-KD) inhibited wound heal-
ing compared to WT or vector control (CK) cells. Although
Cdc25A-KD slightly reduced cell growth, the extended wound-
healing assay for Cdc25A-KD cells (up to 48 or 72 h) showed
the result was not significantly different from that of the 24-h
assay (data not shown). These data suggest that the effect of
Cdc25A on breast cancer cell migration in vitro is independent
of cell proliferation.

We further analyzed the invasive ability of the cell lines by
chemoinvasion assays using Matrigel-coated Transwell Boyden
chambers. As shown in Fig. 4D and E, the breast cancer cells
with Cdc25A overexpression showed enhanced invasive prop-
erties compared to WT or CK cells (P < 0.01). In contrast,
Cdc25A knockdown significantly reduced breast cancer cell
migration and invasion (Fig. 4B to E; P < 0.01). Similar data
were observed using another breast cancer cell line, MDA-
MB-453, in response to Cdc25A up- or downregulation. These
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FIG. 6. Modulation of Cdc25A expression impacts the survival of
mice with implanted breast cancer cells. (A) Cdc25A overexpression
leads to breast cancer cell invasion and metastasis into multiple mouse
organs. In the mice injected with Cdc25A-OE cells, approximately
20% (4 of 20) had eye metastasis and 30% (6 of 20) had tumor nodules
in their livers. In addition, almost all mice had aggressive lymph and
lung metastasis. In contrast, no tumor nodules in the eyes or livers
were observed and there was a marked reduction in lymph and lung
metastasis for the control and Cdc25A-KD breast cancer cells.
(B) Kaplan-Meier survival curves of the mice implanted with breast
cancer cells with modulation of Cdc25A expression. The horizontal
line indicates the time after the mice were injected with the cells via the
tail vein. WT, parent MAD-MB-231 breast cancer cells; CK, breast
cancer cells with the empty vector; Cdc25A-OE, breast cancer cells
with Cdc25 overexpression; Cdc25A-KD, breast cancer cells with
Cdc25 knockdown. The number of tested mice was 15 for each group.

results suggest that Cdc25A regulates breast cancer cell migra-
tion and invasion in vitro.

Cdc25A overexpression promotes metastasis in a xenograft
model. To further confirm the connection between Cdc25A
and breast cancer metastasis observed in vitro, we assessed
Cdc25A effects on metastasis using in vivo mouse model systems.
The MDA-MB-231 (Cdc25A-WT), vector control (Cdc25A-
CK), and Cdc25A overexpression (Cdc25A-OE) cell lines were
injected into the mammary fat pads of 6- to 8-week-old athymic
nude mice and monitored for tumor growth. Compared to
those injected with either Cdc25A-WT or Cdc25A-CK, we
found that all mice (10/10) injected with the Cdc25A-OE cells
had massively enlarged lymph nodes with the invasive breast
cancer cells (Fig. 5A and 6A, row i). In contrast, only approx-
imately 40% of the mice (4/10) injected with the Cdc25A-WT
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FIG. 7. Aberrant Cdc25A expression correlates with human breast cancer metastasis. (A and B) The relative Cdc25A mRNA (A) and protein
(B) levels in human invasive cells versus noninvasive cells were evaluated by qRT-PCR and Western blotting. The error bars indicate SD.
(C) Representatives of the Cdc25A signal intensity stages. The samples were graded on a scale of 1 (lowest) to 5 (maximum staining) scores or
stages according to the Cdc25A signal intensity in the patient breast cancer samples. (D and E) Distribution of the invasive breast cancer patient
cases (D) and noninvasive breast cancer patient cases (E) among the different Cdc25A signal intensity stages.

or Cdc25A-CK cells had enlarged lymph nodes at termination
of the study (Fig. 5A). Further histological examination
showed that cancer cells also metastasize into the lung. To
ensure representative sampling of the lungs, four sections were
made per lung at various depths along the coronal plane of the
lung (53). The nodules per lung (four sections) were counted
under a light microscope (Fig. 5B and C). The results showed
a remarkable increase in metastatic incidence in the lungs of
mice injected with Cdc25A-OE cells versus WT or CK cells
(Fig. 5D; P < 0.05). Interestingly, metastases were also ob-
served in the eyes and livers in some mice implanted with
Cdc25A-0E cells, but not in mice injected with the WT and
CK cells (Fig. 6A). Similar results were observed with the
implants injected via mouse flanks. These studies indicate that
Cdc25A overexpression may enhance the breast cancer cell
ability to metastasize to multiple tissues.

We further analyzed the effect of Cdc25A overexpression on
cancer cell metastasis by injecting these cells via the tail vein
into female nude mice. The study also revealed a significant

increase in metastatic incidence in the implants (via the tail
vein) with Cdc25A-OE cells versus WT or CK cells (Fig. SE).
More tumor nodules were detected in the lungs of transplants
with Cdc25A-OE cells (27 to 33 per lung) versus WT or CK
cells (Fig. 5F; P < 0.01). The results also demonstrate that
Cdc25A overexpression enhances breast cancer cell invasive
and metastatic abilities in vivo.

Cdc25A suppression attenuates metastasis of breast cancer
in vivo. To further confirm that Cdc25A regulates metastasis in
vivo, we injected the Cdc25A-KD cells into the mammary fat
pads or flanks of athymic nude mice. As expected, it was shown
that fewer instances of tumor invasion into lymph nodules were
observed in the mice implanted with Cdc25A-KD cells (1 of 10
mice) versus the mice implanted with WT and CK cells (Fig.
5A). The number of tumor nodules in the lung was also sig-
nificantly reduced in the implants with Cdc25A-KD versus WT
and CK cells (Fig. 5D) (P < 0.05). Similarly, the xenograft
assay by injection via the tail vein demonstrated that Cdc25A
knockdown significantly attenuated breast cancer cell metasta-
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FIG. 8. MMP1 blockage inhibits the effects of Cdc25A on metastasis of breast cancer cells in vitro and in vivo. (A) Detection of MMP1 levels
in breast cancer cells versus their Cdc25A overexpression derivative. (B) Cell invasion assay on Matrigel-coated Transwells. The migrated cells
were counted per high-power field (X40). The bars and error bars represent the means = SD; n = 10 random fields. #, P < 0.01, and *, P < 0.001
compared with the CK-siRNA control. (C and D) Statistical analysis of the numbers of mice with metastasis (C) and tumor nodules in lungs (D) of
the mice injected with the different breast cancer cells via the tail vein. The lungs and the H&E staining of metastatic tumors in the lungs are similar
to those in shown in Fig. 5B and C. The nodules per lung for all 4 sections were counted under a light microscope. #, P < 0.05, and *, P < 0.01
compared with the CK-siRNA control (n = 10 mice per cell type). Similar results were observed in MDA-MB-231 and MDA-MB-453 breast cancer

cells versus their derivatives.

sis. Our results also showed that only 20% of mice injected with
Cdc25A knockdown cells via the tail vein were found to have
tumor nodules in the lung (Fig. S5E, bar 4 from the left).
Moreover, in the Cdc25A-KD implants that showed metasta-
sis, fewer tumor nodules (1 to 3 per lung) were observed (Fig.
SF, bar 4). In contrast, 70 to 80% of mice injected with WT or
CK cells and 100% of implants with Cdc25A-OE cells exhib-
ited metastases in the lung (Fig. 5F, bars 1 to 3). Further
survival studies revealed that Cdc25A overexpression acceler-
ated breast cancer cell invasion and mouse mortality, whereas
Cdc25A knockdown attenuated the cell metastases and ex-
tended mouse survival times (Fig. 6B).

Aberrant Cdc25A expression correlates with human breast
cancer metastasis. Although high expression of Cdc25A (ap-
proximately 50 to 69%) has been observed in breast cancer
patients (8, 25), less is known about its expression in different
stages of breast cancers, especially invasive types. Initially, we
determined expression of Cdc25A in various human invasive
and noninvasive breast cancer cell lines by qRT-PCR and
Western blotting. As shown in Fig. 7A and B, higher Cdc25A
expression was observed in highly invasive metastatic cell lines,
such as MDA-MB-231, MDA-MB-453, and Mary-X cells, than
in noninvasive MDA-MB-468, MCF7, and MDA-MB-361
cells.

Next, to determine whether aberrant Cdc25A expression
correlates with human breast cancer metastasis, we randomly

collected microarray samples from 175 invasive/metastatic and
138 noninvasive breast cancer patients from the Ohio State
University Department of Pathology and U.S. Biomax Inc. and
then stained the samples with a specific Cdc25A antibody. In
general, little to no Cdc25A expression was detected in normal
mammary cells, but most breast cancer cells showed higher
levels of Cdc25A protein expression. According to the Cdc25A
signal intensity, the samples were graded on a scale of staining
scores from 1 (lowest) to 5 (maximum) (Fig. 7C) and used for
subsequent statistical analysis.

Among all invasive samples, approximately 67% (118 of 175)
showed a broad range of staining and higher Cdc25A signal
intensity (stages 4 and 5) (Fig. 7D). In contrast, only approxi-
mately 17% of noninvasive cases (24 of 138) showed stronger
Cdc25A signal intensity (stage 4 or 5) (Fig. 7E). These data
establish a significant correlation between aberrant Cdc25A ex-
pression and the human breast cancer metastatic cases (P < 0.01).

Taken together, these results suggest that Cdc25A is highly
expressed in primary metastatic breast cancer patient tissues,
as well as in invasive breast cancer cell lines.

MMP1 downmodulation suppresses the effect of Cdc25A on
metastasis of breast cancer cells. To further confirm that
Cdc25A mediates breast cancer cell metastasis through regu-
lating MMP1 (at least in part), we knocked down MMP1 in the
cells (Fig. 8A) and analyzed the effect on cell invasion. As
shown in Fig. 8B, MMP1 suppression significantly attenuated
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FIG. 9. Effects of Cdc25A on breast cancer cell metastasis are independent of cell proliferation and apoptosis. (A) Soft-agar colony formation
assays were performed using control MDA-MB-231 breast cancer cells with empty vector, Cdc25A-OE cells, and Cdc25A-KD cells, following the
procedure previously described (56). The numbers of colonies in soft agar per plate were scored on day 21 after plating the cells (first three bars
from left) (P > 0.5 for Cdc25A-OE or Cdc25A-KD versus control cells; means = SD; n = 5). To match the colony size formed by the Cdc25A-OE
cells (recorded at 3 weeks), we further extended soft-agar colony formation assays for the control cells (to 5 weeks) and for the Cdc25A-KD cells (to 9
weeks). The results showed no significant change in the number of colonies formed for the extended groups (P > 0.5) (last two bars versus first three
bars). The results showed that the colony formation numbers in soft agar (tumorigenesis in vitro) were independent of the proliferation of these breast
cancer cells. (B) MMP1 knockdown does not affect the cell cycle of breast cancer cells driven by Cdc25A overexpression. The MDA-MB-231 breast
cancer cell derivatives (overexpressing Cdc25A [CdC25A-OE]) with the CK-siRNA control and MMP1-siRNA were harvested in PBS and stained with
a hypotonic solution containing propidium iodide (PI). The stained nuclei were subjected to flow cytometry analysis. The results are representative of five
independent sets of experiments. Similar results were also observed for the assay of MDA-MB-453 breast cancer cell derivatives (Cdc25A-OE) with
CK-siRNA and MMP1-siRNA. (C) The MDA-MB-231 breast cancer cell derivatives with CK-siRNA, MMP1-siRNA, and Cdc25A-siRNA were
harvested and stained with PI-annexin V and further subjected to flow cytometry and apoptosis analysis. Apoptosis of the original breast cancer cells
treated with UV served as a control (1). The results are representative of five independent sets of experiments. The results showed that under normal
culture conditions, MMP1 knockdown or Cdc25A knockdown alone did not cause breast cancer cell apoptosis.

the impact of Cdc25A overexpression on the invasion of breast if the metastatic effects observed were due to enhanced growth

cancer cells in vitro (P < 0.01). of these breast cancer cells in our models, we first performed
We further assayed the metastatic ability of these cells in a soft-agar colony formation assay and showed that the number
mouse models in vivo. The cells were injected into nude mice, of colonies formed in soft agar (the number of tumors formed

and lung metastasis was analyzed as previously described.
MMP1 downregulation showed reduced metastasis, similar to

the results observed with Cdc25A downregulation. The results TABLE 1. Metastatic phenotypes of breast cancer cells are
showed that the numbers of mice with metastasis (Fig. 8C) and independent of cell growth
tumor nodules in the lung were markedly reduced in the breast Value®
cancer cells with siRNA-MMP1 versus siRNA-CK (Fig. 8D) Parameter Cdo2SAOFE CK Cde2SAKD CK Cda25AKD
(P < 0.05). Similar effects of MMP1 knockdown were observed —— . . . " -
in the MDA-MB-231 and MDA-MB-453 cells and their  gumor se (b’ L s0 0 14 140
Cdc25-OE derivatives. The results demonstrated that MMP1 No. of mice with LN- 1010 5/10 2/10 6/10 2/10
: S s hihg invasive tumors/total

downmodulation mgnlﬁcan?ly.lnh.lblts the effect of Cdc25A on No. of mice with lung- 1010 610 210 6/10 310
breast cancer cell metastasis in vivo. invasive tumors/total

Effects of Cdc25A on breast cancer cell metastasis are in- No-gflil“;nor nodules 2 12 3 13 4
dependent of cell proliferation and apoptosis. Cell prolifera- P ¢
tion and metastasis are two different properties of cancer cells, “CK, MDA-MB-231 breast cancer cells with the empty vector control;

di d th 1l 1 . did Cdc25A-OE, MDA-MB-231 breast cancer cells with Cdc25A overexpression;
and 1t was reported that cancer cell cycle progression did not 4254 KD, MDA-MB-231 breast cancer cells with Cdc25A knockdown.

affect their invasion and metastasis (32). In order to determine ®Mean = SD (n = 10).
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or Cdc25C-KD) did not affect the cellular location and stability of Foxol in breast cancer cells. (Left) Foxol. (Middle) DAPI. (Right) Merge.
Quantification of Foxol localization in cells is shown in the bar graphs. n = 200 for each cell type. (C) Foxol and MMPI mRNA levels were
evaluated in breast cancer cells with modulation of Cdc25C by quantitative real-time PCR; human GAPDH and Cdk?2 served as loading controls
(means * SD; n = 5). (D) Cell invasion assay on Matrigel-coated Transwells and statistical analysis of cell invasive ability in vitro. The cells that
invaded the lower surface of the filter were counted in 10 random fields under a light microscope at high magnification (X100 [B]). The error bars
represent the means * SD; n = 10. (E) Metastasis assay in vivo. The nodules per mouse lung for all 4 sections were counted under a light
microscope (injected via the tail vein; 10 mice for each cell type). Similar results were also observed for the assay of MDA-MB-231 and
MDA-MB-453 breast cancer cells versus their derivatives. The experimental evidence showed that Cdc25C did not regulate Foxol-MMP1 and

metastasis of these cancer cells, although altered Cdc25C expression affected the cell cycle through the G,/M checkpoint (11, 18).

in vitro in a certain site or location) was independent of the
growth rate of the cells (Fig. 9A). Our further assays showed
that the length of the study (10 weeks) was sufficient to distin-
guish the metastatic difference between the breast cancer cells
in our tested models and that the extended cell growth did not
significantly affect the metastatic phenotypes of these cells
(Table 1). Moreover, we also showed that MMP1 suppression
did not change the cell cycle and proliferation of breast cancer
cells (Fig. 9B) but markedly blocked the effect of Cdc25A on
breast cancer cell invasion and metastasis (Fig. 8). In addition,
we revealed that Cdc25C, a member of the Cdc25 phosphatase
family, does not affect the invasion and metastasis of breast
cancer cells (Fig. 10), although altered expression of Cdc25C
impacts cell proliferation through G,/M transition (11, 18).
Furthermore, no apoptosis under the normal culture condi-
tions was observed in these cell lines with modulation of
Cdc25A or MMP1 (Fig. 9C). These findings suggest that effects
of Cdc25A on breast cancer cell metastasis are independent of
cell proliferation and apoptosis.

IC3 targets Cdc25A degradation and metastasis of breast
cancer cells in vivo. Our studies described above identify
Cdc25A as an attractive target in the treatment of metastatic
breast cancer. We further investigated whether the natural
dietary phytochemical I3C, which induces Cdc25A degradation
through the Chk2-Cdc25A pathway (51), also can attenuate
breast cancer metastasis. We overexpressed Cdc25A5'244
Cdc25A5824 Cdc25AYT, or their control empty vector using
pLenti-virus into MDA-MB-231 cells (Fig. 11A to C). These
special cells were injected into female BALB/c athymic mice at
6 to 8 weeks of age via the tail vein. After 2 days, the implanted
mice were administered I3C (1.5 mg/day/mouse) daily by oral
gavage as described in Materials and Methods. The mice were
divided into eight groups based on the injected cell types and
I3C treatment status: groups 1 and 2, vector with or without
I3C treatment, i.e., control, I3C* or I3C~; groups 3 and 4,
Cdc25AWT, 13C™" or I3C; groups 5 and 6, Cdc25AS%A 13C™*
or I3C™; and groups 7 and 8, Cdc25A5'**A 13C* or 13C~
(Table 2).
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FIG. 11. I3C targets Cdc25A degradation and metastasis of breast cancer cells in vivo. (A) Diagram of the pathways related to Cdc25A
degradation (7, 42). (B) Expression of exogenous Cdc25A and its derivatives by pLenti-expressing vectors. (C) Response of the mutation
Cdc25A51%*A to I3C treatment in metastatic breast cancer cells. Cdc2SAYT and Cdc25A5%# served as controls. DMSO, dimethyl sulfoxide.
(D) Assay and analysis of tumor nodules in mouse lungs. The mice were injected with different breast cancer cells. The tumor nodules per lung
(4 sections) were counted under a light microscope (means = SD; 10 mice per cell type). CK, without I3C treatment. (E) The mutation
Cdc25A51*A failed to respond to I3C treatment (in the tumor nodules formed in the mouse lungs). The immunohistochemical staining
(brown) of the breast cancer cells in the sections with anti-Cdc25A monoclonal antibody is presented at higher magnification. (F) Kaplan-
Meier survival curves of the implanted mice with/without I3C treatment (15 mice for each group). The horizontal line indicates the time after
the mice were injected with the breast cancer cells via the tail vein. Similar results were observed for the assay of MDA-MB-231 and

MDA-MB-453 breast cancer cell lines versus their derivatives.

As expected, more than 90% (14/15) of implants without I3C
treatment (groups 3, 5, and 7) progressed to mortality during
the 10 weeks following injection of cells with exogenous over-
expression of Cdc25AWYT, Cdc25A5824, or Cdc25A5!%*A due to
aggressive lung metastases and tumor nodules in the lung (Fig.
11D and F; Table 2). However, the mice treated with 13C
(groups 2, 4, and 6) showed significant extension of survival
time; 60 to 70% of the mice survived with I3C treatment over
the course of the 10-week study. Although I3C treatment sig-
nificantly attenuated lung metastasis and extended survival in
mice injected with exogenous Cdc25A™T and Cdc25A5%*4
(Fig, 11D, bar 3 or 4 versus 1 or 3; Table 2, group 4 or 6 versus
3 or 5), the mutated Cdc25A5'*** failed to respond to 13C
treatment (Fig. 11C to E; Table 2, group 8 versus 7). Further-
more, immunohistochemical staining revealed that mutant
Cdc25A5'2*A protein levels remained higher in the tumor
nodules formed by the breast cancer cells with exogenous

Cdc25A512*4 ) regardless of the presence or absence of 13C
treatment; in contrast, levels of the control Cdc25AWYT and
Cdc25A582A proteins decreased in response to I13C treatment
(Fig. 11E).

These data indicate that I3C, which induces Cdc25A degra-
dation, inhibits metastasis of breast cancer cells. These studies
imply the therapeutic potential of targeting Cdc25A in inhib-
iting breast cancer cell metastasis.

DISCUSSION

Despite compelling evidence for the correlation of Cdc25A
and breast cancer outcomes (8, 25), almost all previous studies
of Cdc25A pathogenesis focus on cell cycle progression and
proliferation (20, 27, 28, 43, 55). In the present studies, we
initially revealed that Cdc25A impacted breast cancer cell mi-
gration and invasion in vitro. Subsequent studies on xenograft
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TABLE 2. Effect of I3C on metastasis of breast cancer cells through targeting Cdc25A degradation in a xenograft mouse model
Grou Cancer cells No. of 13CP % of mice with No. of No. of tumor nodules % reduction in P value
P injected” mice lung metastasis dead mice® per lung (mean? = SD) tumor nodule no.¢

1 Control 15 - 73 7 15+3
2 Control 15 + 20 2 6=*1 60 <0.01
3 Cdc25AVT 15 - 100 14 30+4
4 Cdc25AVT 15 + 27 3 11x2 63 <0.01
5 Cdc25A5%4 15 - 100 14 31+4
6 Cdc25A5824A 15 + 33 4 12+3 61 <0.01
7 Cdc25A3"44 15 - 100 14 34+4
8 Cdc25AS124A 15 + 93 13 32+3 <6 >0.5

@ Control, MDA-MB-231 breast cancer cells without exogenous Cdc25A; Cdc25AWT, cells with exogenous wild-type Cdc25A; Cdc25A 5824, cells with exogenous
mutation Cdc25A5%24; Cdc25A S124A cells with exogenous mutation Cdc25AS!244,

» The concentration of 13C was 1.5 mg/day/mouse. +, treated; —, untreated.
¢ The number of dead mice during the study period (10 weeks).

9 Mean for the mice with lung metastasis and counting tumor nodule numbers per lung in four sections as described in Materials and Methods.
¢ Relative percentage of the group with I3C treatment versus that without I3C treatment among the mice for each breast cancer cell type.

mouse models and patient samples confirmed that aberrant
accumulation of Cdc25A was strongly associated with metastatic
phenotypes of Cdc25A. Interestingly, we observed abnormal
and aggressive eye and liver metastasis in some implants with
Cdc25A-overexpressing cells. Thus, Cdc25A overexpression
may also expand breast cancer cell invasive and metastatic
ability into multiple tissues. Our further findings support the
idea that the effects of Cdc25A on breast cancer cell metastasis
are independent of cell proliferation and apoptosis.

The results led us to the novel notion that the poor prognosis
and survival associated with breast cancers overexpressing
Cdc25A may be attributed to its role in cell metastasis. This
relates to the larger observation that the majority of breast
cancer deaths result from metastases rather than from direct
effects of the primary tumor itself (14, 16, 35). Thus, our
findings present a more plausible model to explain previous
clinical observations and also underscore the therapeutic po-
tential of anti-Cdc25A strategies that may target breast cancer
cell metastasis.

Our studies uncovered a previously unrecognized molecular
pathway, Cdc25A-Foxol-MMP1, mediating the connection be-
tween Cdc25A and breast cancer cell metastasis. Foxol, which
is tightly regulated by multiple posttranslational modifica-
tions, including phosphorylation, acetylation, ubiquitina-
tion, and methylation, is involved in a wide range of biological
processes (2, 24). The statuses of Foxol’s modifications and
functions are altered under different environmental conditions
and in different cell types (23, 47, 52, 54). Thus, it is possible
that the Cdc25A-mediated phosphorylation and stability of
Foxol may vary in different cell types or under different envi-
ronmental conditions. Notably, the effects of Cdc25A on Foxol
may be selective in the breast cancer cells, as the modulation of
Cdc25A expression did not seem to impact Foxo3 and Foxo4
(data not shown).

Interestingly, blocking MMP1 significantly attenuated
Cdc25A-mediated metastasis of breast cancer cells (Fig. 8).
This suggested that MMP1 is an important factor for media-
tion of the connection between Cdc25A and breast cancer
metastasis. Notably, CXCLI1, another cancer cell metastatic
factor (3, 31), seems to be modulated by Cdc25A as well, but
the modulated effects are weaker than that of Cdc25A on
MMP1 (Fig. 1B and 12). Interestingly, the modulation of

Cdc25A on CXCLI is associated with the CXCL1 promoter
activity through its NF-«kB binding site (reference 17 and data
not shown). Whether and how Cdc25A regulates NF-«kB di-
rectly or indirectly, as well as downstream CXCLI1, will be
investigated separately in the future. In the present study, we
focused on how Cdc25A modulates MMP1 and regulates
breast cancer cell metastasis, and we revealed that MMP1 is an
important and major factor for the mediation of the connec-
tion between Cdc25A and breast cancer metastasis.

Notably, Cdc25A overexpression is associated with poor
prognosis of breast, colorectal, lung, prostate, and esophageal
cancers (5, 8, 15, 21, 50); similarly, MMP1 overexpression was
also observed in these different types of cancer (6, 9, 26, 40,
45). The potential molecular connection between Cdc25A and
MMP1 may reflect their clinical similarity. Although it was
reported that Cdc25A associates with hepatocellular carci-
noma metastasis (48) and that the 263C/T polymorphism of
Cdc25A was significantly associated with breast cancer and risk
of metastasis (29), details regarding the possible molecular
mechanism(s) have so far been absent. Thus, it would be of
great interest to investigate the possible connection between
Cdc25A, Foxol, MMP1, and metastasis in other cancer cells, in
addition to breast cancer.

In relating Cdc25A to breast cancer cell metastasis, our
studies indicate that Cdc25A would be an attractive pharma-
cological target in treatment of metastatic breast cancer. Re-
cent advances in the Cdc25A field have led to the identification
of anti-Cdc25A reagents, but it has been difficult to predict
therapeutic success due to uncertainties surrounding safety
and efficacy (44). We found that the natural dietary I3C, which
induced Cdc25A degradation through its Ser124 site (Fig. 11A
to C) (51), blocked breast cancer cell metastasis. This may
represent an effective and safe strategy for prevention and
treatment of human metastatic breast cancers.

In summary, our studies provide the novel notion that the
poor prognosis and survival associated with breast cancers
overexpressing Cdc25A may be attributed to its role in cell
metastasis and a mechanism by which this occurs. These stud-
ies are important, as the majority of breast cancer deaths result
from metastases rather than from direct effects of the primary
tumor itself (14, 16, 35). Our findings for interaction of aber-
rant Cdc25A and an invasive phenotype present a plausible
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FIG. 12. Comparison of the effects of CXCL1 knockdown or MMP1 knockdown on invasion and metastasis of breast cancer cells driven by
Cdc25A overexpression. The relative mRNA data (Fig. 1B) seem to indicate that CXCL1 is regulated by modulation of Cdc25A, as well, but these
effects are weaker than that of Cdc25A on MMP1. To confirm and measure the contributions of MMP1 and CXCL1 in breast cancer cell metastatic
phenotypes mediated by Cdc25A, we performed further assays. (A) CXCL1 protein levels in the indicated breast cancer cell line and its derivative
with Cdc25A-OE were detected by Western blotting. (B) Cell invasion assay on Matrigel-coated Transwells and statistical analysis of cell invasive
ability. The migrated cells were counted per high-power field (X200; 10 random fields). #, P < 0.01, and *, P < 0.1 compared to the CK-siRNA
control in the Cdc25A-OE cells. The error bars indicate standard deviations. (C and D) The number of mice with metastasis (C) and tumor nodules
in the lung (D) of the mice injected with the different breast cancer cells via the tail vein. The lungs and the H&E staining of metastatic tumors
in the lungs were similar to those in shown in Fig. 5B and C. The nodules per lung for all 4 sections were counted under a light microscope. #,
P =0.015, and *, P = 0.21, compared to the CK-siRNA control cells and Cdc25A-OE cells; n = 10. Similar results were observed in MDA-MB-231
and MDA-MB-453 breast cancer cells versus their derivatives. The results showed that CXCL1 may play a small role in mediating the link between
Cdc25A and the metastatic phenotypes. In contrast, MMP1 is a major factor in mediating the connection between Cdc25A and breast cancer
metastasis.
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