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Abstract Breast cancer is primarily a hormone-dependent
tumor that can be regulated by the status of steroid
hormones, including estrogen and progesterone. Forkhead
box Pl (FOXPI) is a member of the forkhead box
transcription factor family and has been reported to be
associated with various types of tumors. In the present
study, we investigated the expression of FOXP1 in 133
human invasive breast cancers, obtained by core biopsy, by
immunohistochemical analysis. Nuclear immunoreactivity
of FOXP1 was detected in 89 cases (67%) and correlated
positively with tumor grade and hormone receptor status,

T. Shigekawa * N. Jjichi - K. Ikeda - K. Horie-Inoue - S. Inoue
Division of Gene Regulation and Signal Transduction, Research
Center for Genomic Medicine, Saitama Medical University,
Saitama, Japan

T. Shigekawa - A. Osaki - T. Saeki

Department of Breast Oncology, International Medical Center,
Saitama Medical University,

Saitama, Japan

C. Shimizu

Division of Breast and Medical Oncology,
National Cancer Center Hospital,

Tokyo, Japan

T. Shigekawa - S. Saji

Division of Clinical Trials and Research and Department of
Surgery, Tokyo Metropolitan Cancer and Infectious Disease
Center, Komagome Hospital,

Tokyo, Japan

S. Saji

Department of Medical Oncology, International Medical Center-
Comprehensive Cancer Center, Saitama Medical University,
Saitama, Japan

@ Springer

including estrogen receptor alpha (ERx) and progesterone
receptor, and negatively with pathological tumor size. In
ER«&-positive MCF-7 breast cancer cells, we demonstrated
that FOXPI mRNA was upregulated by estrogen and
increased ERa recruitment to ER binding sites identified
by ChIP-on-chip analysis within the FOXP1 gene region.
We also demonstrated that proliferation of MCF-7 cells was
increased by exogenously transfected FOXP1 and de-
creased by FOXP1-specific siRNA. Furthermore, FOXP1
enhanced estrogen response element-driven transcription in
MCEF-7 cells. Finally, FOXP1 immunoreactivity was sig-
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nificantly elevated in relapse-free breast cancer patients
treated with tamoxifen. These results suggest that FOXP1
plays an important role in proliferation of breast cancer
cells by modulating estrogen signaling and that FOXP1
immunoreactivity could be associated with the estrogen
dependency of clinical breast cancers, which may predict
favorable prognosis in the patients treated with tamoxifen.

Keywords FOXP1 - Estrogen - ER - Breast cancer -
Tamoxifen - Recurrence

Abbreviations

FOXP1 Forkhead box P1

FOXA1 Forkhead box Al

ERx Estrogen receptor alpha

PgR Progesterone receptor

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

ERE Estrogen response element

siRNA Small interfering RNA

qRT-PCR Quantitative real-time reverse transcriptase-
polymerase chain reaction

Introduction

Estrogen signaling pathways are involved in the growth and
development of breast tumors through the activation of
estrogen receptor alpha (ER«) [1]. Most breast cancers
express high levels of ERx and exhibit estrogen-dependent
proliferation. Estrogen receptors (ERs) are members of the
nuclear receptor superfamily and regulate various cellular
events, including cell growth and apoptosis, by acting as
transcription factors activating the expression of target genes.
Generally, ER-positive breast cancer has a better prognosis
than ER-negative breast cancer, partly because of differing
sensitivities to hormone therapy. Therefore, a comprehensive
understanding of estrogen signaling pathways in breast cancer
is required for both treatment and diagnosis of the disease.
The transcriptional activity of ER«x is regulated by
various coactivators and corepressors [2], as well as by
interactions with other transcription factors, including the
forkhead box (FOX) family. FOX family transcription
factors influence ER o-regulated transcription by interaction
with the ER« protein, as exemplified by FOXA1 [3].
Recent genome-wide studies aimed at identifying ER« and
androgen receptor (AR) binding sites have shown that
FOXATI plays a role in regulating both of these nuclear
receptor networks [4, 5]. FOXAL is recognized as a pioneer
transcription factor because chromatin binding by this
protein can enable subsequent binding by the estrogen and
androgen receptors [5, 6]. Of other FOX family members,
FKHR (also known as FOXO1A) also binds directly to

ERa and increases its transactivation through an estrogen
response element [7].

FOXP1 is a FOX family member consisting of a winged-
helix DNA-binding domain and an N-terminal transcrip-
tional repression domain and represses its target genes by
forming homodimers or heterodimers with FOXP2 and
FOXP4 [8, 9]. Alteration of FOXP1 expression is associ-
ated with various types of tumors, including breast and
prostate cancers [10—14]. FOXP1 may also be a critical
transcription factor contributing to AR and ER signaling in
a similar manner to FOXA1, although the functional roles
of FOXPI in estrogen signaling pathways, cancer cell
proliferation, and its clinicopathological significance, re-
main to be elucidated.

In the present study, we evaluate the expression of FOXP1
in human breast cancers using immunohistochemistry and
investigate the correlations between FOXP1 expression levels
and clinicopathophysiological findings. Furthermore, we
show that FOXP1 mRNA expression is induced by estrogen
and ER« recruitment to ER binding sites in the FOXP1 gene
region and is elevated in ERo-positive human breast cancer
cells (MCF-7). Functional analyses also reveal that FOXP1
stimulates proliferation of MCF-7 cells and elevates ER-
mediated transcription. Finally, negative FOXP1 immunore-
activity is associated with recurrence of tamoxifen-treated
breast cancer. Our study provides a new insight into the
association of FOXP1 in the estrogen signaling and therapeu-
tic effect of tamoxifen in breast cancer.

Materials and Methods
Tissue Selection and Patient Characteristics

Between January 2005 and March 2006, 133 consecutive
patients diagnosed with invasive breast cancer using a
vacuum-assisted biopsy device (Mammotome®; Ethicon
Endo-surgery Inc., Cincinnati, OH) at Saitama Medical
University Hospital were included in a cohort study.

For nested-control study of the therapeutic effect of
tamoxifen, 162 patients, diagnosed with primary breast
cancer between 1989 and 1998, with or without distant
recurrence, during or after adjuvant tamoxifen therapy,
were identified from 3 institutions (National Hospital
Organization Shikoku cancer center, Matsuyama, Japan;
National Cancer Center Hospital, Tokyo, Japan; Tokyo
Metropolitan Cancer and Infectious diseases Center
Komagome Hospital, Tokyo, Japan). Relapse patients
were defined as those with distant metastases within
5 years after surgery followed by tamoxifen treatment,
and relapse-free as those without distant metastases.
Eventually, 113 patients satisfied the criteria of our
protocol and were included in this study.
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Formalin-fixed paraffin-embedded sections obtained by
biopsy or surgery were used in these studies. These studies
were approved by the institutional review board at Saitama
Medical University, and informed consent was obtained
from all patients. The clinicopathological characteristics of
the series are presented in Tables 1 and 2.

Antibodies

Affinity-purified rabbit polyclonal anti-FOXP1 antibody
(anti-GX5050) was generated by the Genome Network
Project at the Ministry of Education, Culture, Sports,
Science and Technology, Japan (http:/genomenetwork.nig.
ac.jp) from serum derived from rabbits immunized with a
peptide epitope consisting of amino acids 519-677 of the
human FOXP1 protein. Anti-Myc antibody was purchased
from Cell Signaling Technology (Beverly, MA).

Immunohistochemistry

Immunohistochemical analysis for FOXP1 was per-
formed using an EnVision+visualization kit (Dako,
Carpinteria, CA), as previously described [15]. Tissue
sections (6 um) were deparaffinized, rehydrated through
graded ethanol, and rinsed in Tris-buffered saline with
0.05% Tween 20 (TBST). To retrieve antigens, sections
were heated in an autoclave at 121°C for 15 min in 10 mM
sodium citrate buffer (pH 6.0). Endogenous peroxidase
activity was blocked using 0.3% hydrogen peroxide and
the sections were incubated in 10% fetal bovine serum for

30 min. The primary antibody, a polyclonal antibody for
FOXP1 (1:1,000 dilution), was applied and samples
incubated at 4°C overnight. The sections were rinsed in TBST
and incubated with EnVision+HRP-labeled polymer (anti-
rabbit) for 1 h at room temperature. The antigen-antibody
complex was visualized using the 3,3'-diaminobenzidine
substrate kit for peroxidase (Vector laboratories, Burlingame,
CA). Rabbit IgG was used in place of the primary
antibody as a negative control.

Immunohistochemical Assessment

Slides were evaluated for the proportion (proportion score
(PS): 0, none; 1, <1/100; 2, 1/100-1/10; 3, 1/10-1/3; 4, 1/
3-2/3; and 5, >2/3) and staining intensity (intensity score
(IS): 0, none; 1, weak; 2, moderate; and 3, strong) of
positively stained cells. The total immunoreactivity score
(TS: 0, 2-8) was determined as the sum of the proportion
and intensity scores [16]. Two investigators (H. T. and A. O.)
evaluated the tissue sections independently. If the immuno-
reactivity score differed between the two investigators, a
third investigator (T. S.) evaluated the tissue sections, and the
average immunoreactivity score was used. When the two
investigators found it difficult to evaluate the TS of
heterogeneous cancerous lesions, the third investigator made
a deciding estimate. To identify potential correlation between
FOXP1 expression in the malignant epithelium and clinico-
pathological characteristics, FOXP1 immunoreactive scores
of 0, 2, and 3—8 were defined as negative and positive
immunoreactivity, respectively.

Table 1 Relationship between
immunoreactivity of FOXP1
and clinicopathological findings

Clinical findings

Immunoreactive score of FOXP1*

in invasive breast cancer Positive (n=89) Negative (n=44) P value
(n=133)
Age® (mean+SD) 57+15 61+13
Age <50 26 (19.5%) 13 (9.8%) 0.97
50< 63 (47.4%) 31 (23.3%)
Menopause Pre 27 (20.3%) 11 (8.3%) 0.52
Post 62 (46.6%) 33 (24.8%)
Lymph node Positive 23 (21.3%) 18 (16.7%) 0.40
Negative 43 (39.8%) 24 (22.2%)
pT <20 mm 37 (33.0%) 33 (29.5%) 0.014
20 mm< 32 (28.6%) 10 (8.9%)
Stage Iand II 80 (60.1%) 43 (32.3%) 0.21
All other values represent the 1I and IV 9 (6.8%) 1 (0.8%)
number and proportion of cases  Grade I 33 (30.8%) 12 (11.2%) 0.015
ER estrogen receptor, PgR pro- II and III 31 (29.0%) 31 (29.0%)
gesterone receptor, PS propor- R Positive (PS>3) 68 (51.1%) 23 (17.3%) 0.0048
tion score Negative (PS<2) 21 (15.8%) 21 (15.8%)
‘FOXP1 immunoreactive scores  poR Positive (PS>3) 44 (33.1%) 13 (9.8%) 0.029
of 0, 2 and 3-8 were defined as Negative (PS<2) 45 (33.8%) 31 (23.3%)
negative and positive immuno- - pyppy Positive 30 (25.6%) 18 (15.4%) 0.64

reactivity, respectively
"Data are presented as mean+SD
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Table 2 Clinicopathological
findings in adjuvant tamoxifen- Clinical findings Relapse (n=43) Relapse free (n=70) P value
treated invasive breast cancer
patients followed up for 5 years Age” (mean+SD) 53.249.9 55.2+12.4 0.391
after surgery (n=113) Age <50 20 (17.7%) 28 (24.8%) 0.497
50< 23 (20.3%) 42 (37.2%)
pT <30 mm 22 (19.5%) 52 (46.0%) 0.012
30 mm< 21 (18.6%) 18 (15.9%)
Lymph node Positive (n>1) 30 (26.6%) 30 (26.6%) 0.005
Negative (n=0) 13 (11.5%) 40 (35.3%)
ERx Positive 39 (34.5%) 64 (56.6%) 0.835
All (;)ther V(éiﬂues rep.resenltc the Negative 4 (3.6%) 6 (5.3%)
number and proportion of Cases - p Positive 36 (31.9%) 60 (53.1%) 0.987
pT pathological T stage, ERa Negative 7 (6.2%) 10 (8.8%)
estrogen tecepor % PR pro- poxpy Positive 22 (19.5%) 57 (50.4%) <0.001
g p Negative 21 (18.6%) 13 (11.5%)

“Data are presented as mean+SD

Plasmid Construction and siRNA

Human FOXPI1 (amino acids, 1-677) was C-terminally
tagged with Myc, and human FOXA1 (amino acids, 2—472)
was N-terminally tagged with Flag; both were subcloned
into the pcDNA3 vector (pcDNA3-FOXPI1-Myc and
pcDNA3-Flag-FOXAL1, respectively). Synthetic small in-
terfering RNA (siRNA) duplexes targeting the human
FOXP1 gene (Silencer® Select Pre-designed siRNA) and the
luciferase reporter plasmid pGL2 (Luciferase GL2 Duplex)
were purchased from Applied Biosystems (Carlsbad, CA) and
Dharmacon (Lafayette, CO), respectively.

Cell culture and Transfection

MCF-7 cells were purchased from American Type Culture
Collection (Rockville, MD) and maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum at
37°C in 5% CO,. 173-Estradiol (E2) was purchased from
Sigma-Aldrich (St. Louis, MO). Transfection of FOXPI
was performed using 2 pg of pcDNA3-FOXPI1-Myc and
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Whole cell
extracts were analyzed by western blot analysis.

Quantitative Real-time Reverse Transcription Polymerase
Chain Reaction

Total RNA extraction, first-strand cDNA synthesis, and
quantitative PCR have been described elsewhere [15]. Primers
are as follows: FOXP1, 5'-ACCGCTTCCATGGGAAATC-3’
and 5-CCGTTCAGCTCTTCCCGTATT-3'; small hetero-
dimer partner (SHP), 5-TGGACTTCCTTGGTTTGGAC-3'
and 5-TTCTGGTCCAATAAGCAGCC-3"; liver receptor
homolog-1 (LRH-1), 5-TGCAGGCAGTATCCCTCATC-3'
and 5-AAATCCAACAATGCCAAAGC-3'; GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3’' and 5'-

GTGGTCGTTGAGGGCAATG-3'. Fold induction of mRNA
expression levels was determined by comparing estrogen-
treated samples with those of the vehicle-treated control.

Western Blotting

Whole cell lysates were resolved by 10% denaturing SDS—
PAGE and the blotted Immobilon-P Transfer Membrane
(Millipore, Billerica, MA) was incubated with anti-FOXP1
antibody (anti-GX5050) or anti-f-actin antibody (Sigma).
The band intensity in the captured images was quantified
using the Scion Image program (Scion Corporation,
Frederick, MD). The results were indicated as the mean =+
SD of the relative intensity in three independent images.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay and quantitative real-time reversed transcription
polymerase chain reaction (QRT-PCR) were performed as
previously described [17, 18]. After 72-h hormone depletion,
MCE-7 cells were treated with 100 nM E2 or vehicle (0.1%
ethanol) for 45 min. Cells were fixed in 1% formaldehyde for
5 min at room temperature. Chromatin was sheared to an
average size of 500 bp by sonication using a Bioruptor
ultrasonicator (Cosmo-Bio, Tokyo, Japan). Lysates were rotated
at 4°C overnight with a specific antibody against ER. Salmon
sperm DNA/protein A-agarose (Upstate Biotechnology, Lake
Placid, NY) was added and incubated for 2 h. Precipitated
DNA was used as a template for qPCR using an Applied
Biosystems 7000 sequence detector (Foster City, CA) based on
SYBR Green I fluorescence. A genomic fragment containing
ERE in the enhancer region of TFF1 (405/393 bp from
the transcription start site) was used as a positive
control for ER binding [19]. Sequences of PCR primers
are as follows: TFF1 ERE, 5-TGAGATTCAGAAAG
TCCCTCTTTC-3" and 5-TGGGCTTCATGAGCTCCTT-3";
FOXP1_ER 790, 5'-AACATCTGACAAATTATT
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GGGTGGTT-3" and 5'-TGGCTTACCAGTTTAATGTCC
CATA-3"; FOXP1 ER 791, 5'-AGGGTGAACCACA
GCCTGTT-3" and 5-AAAGTGACAGTTTCCCAAGTA
CATGT-3"; FOXP1 _ER 792, 5-TGCAAGGTCTGTTTAA
CAGACACA-3'" and 5-CCCCTTCATCCAAGCAAAAG-3'.

Luciferase Assay

MCF-7 cells were plated in 24-well culture plates at a
density of 10,000 cells/well in phenol red-free medium
containing 10% charcoal-stripped serum and transfected
with 0.1 pug of ERE-tk-luc [20], together with 0.02 pg of
pRL-cytomegalovirus (CMV; Promega, Madison, WI)
using Lipofectamine 2000 reagent (Invitrogen). Twelve
hours after transfection, cells were treated with 100 nM
E2 or vehicle (ethanol) for 24 h, and luciferase activities
were determined using a MicroLumatPlus microplate lumin-
ometer (Berthold Technologies, Bad Wildbad, Germany) and
a Dual-Luciferase Assay System (Promega). Data are
expressed as the mean (standard deviation (SD)) of 3
independent experiments performed in triplicate.

Cell Proliferation Assay

MCF-7 cells were seeded in 96-well plates at a density of 5000
cells/well in phenol red-free medium containing 5% charcoal-
stripped serum for 24 h. Then, 0.2 pg of plasmid or 20 pmol of
siRNA described above was transfected for 12 h and incubated
with 100 nM E2 or vehicle for 120 h. Cell proliferation was
examined using (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt) (WST-8) assay kit (Nacalai Tesque, Kyoto, Japan)
according to the manufacturer’s protocol.

Statistical Analyses

Correlation between the immunoreactivity score and clin-
icopathological characteristics was evaluated using the chi-
square test. Differences between the 2 groups in luciferase
and cell proliferation assays were analyzed using a 2-
sample 2-tailed Student’s ¢ test. P values<0.05 were
considered statistically significant. All data are presented
in the text and figures as the mean (SD).

Results
Correlation of FOXP1 Immunoreactivity
with Clinicopathological Features of Invasive

Breast Cancer

To investigate expression levels of FOXP1 protein in breast
cancer, immunohistochemical analysis was performed using

@ Springer

samples from 133 invasive breast cancers (Fig. 1). Positive
nuclear immunoreactivity of FOXP1 was detected in 67%
of breast cancer specimens (Fig. la, c). No signal was
observed in the same specimens when rabbit IgG was used
in immunostaining (Fig. 1b, d). We used kidney tissue as a
control in this study (Fig. le, f), because FOXP1 was
demonstrated to be expressed in normal kidney tissue by
immunohistochemical analysis [10]. FOXP1 immunoreac-
tivities in Grade III were significantly lower than those in
Grade I in breast cancer. Namely, averaged Allred score of
FOXP1 immunoreactivity in Grade [ was 4.71, whereas that in
Grade III was 2.73 (P=0.01). In the luminal epithelium and
myoepithelium, FOXP1 was strongly positive in almost all
constituent cells. In addition, in stromal cells, FOXP1 was
also strongly positive in almost all constituent cells. The
nuclear immunoreactivity of FOXP1 was significantly
correlated with ERx immunoreactivity (P=0.0048, Table 1).
The nuclear immunoreactivity of FOXP1 was also signifi-
cantly correlated with tumor size (pT), histological grade,
and progesterone receptor (PgR) (P=0.014, 0.015, and
0.029, respectively), while no significant association was
found with other clinicopathological characteristics (Table 1).

Upregulation of FOXP1 mRNA by Estrogen
Through the Putative ER Binding Sites in MCF-7 cells

We examined transcriptional regulation of the FOXP1 gene
by estrogen in ER x-positive MCF-7 cells (Fig. 2a). FOXP1
mRNA level was significantly upregulated by 3-fold at 3 h
after estrogen stimulation, suggesting that mRNA expres-
sion of FOXP1 is regulated by estrogen in breast cancer
cells. FOXP1 protein was also upregulated by 1.73+0.13
and 1.63+0.18 fold at 12 and 24 h after estrogen
stimulation, respectively, as confirmed by western blotting
(Fig. 2b). In support of these results, genome-wide
chromatin immunoprecipitation (ChIP)-on-chip analysis
using MCF-7 cells demonstrated the presence of 3 estrogen
receptor-binding sites (ERBSs; ER 790, 791, and 792)
within the human FOXP1 gene region (Fig. 2¢) [21]. To
determine whether these ERBSs are bona fide ERBSs in
MCF-7 cells, we performed a ChIP assay using the
antibody specific for ERoc. More than 2-fold ER« enrich-
ment was observed on each of the 3 ERBSs after treatment
with 100 nM estrogen for 45 min compared with controls
treated with vehicle only in MCF-7 cells (Fig. 2d). ERx
was enriched about sixfold on the ERBS within the TFF1
gene region, used as a positive control [19].

FOXP1 Contributes to Estrogen-Dependent Proliferation
in Breast Cancer Cells

To further assess the role of FOXP1 in breast cancer, we
performed both gain- and loss-of-function studies for
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Fig. 1 Immunohistochemistry
of FOXP1 in breast cancer.
Representative immunohisto-

Anti-FOXP1

Rabbit I9G

chemical staining of breast A
cancer tissues (a—d) and kidney
(e, f) with anti-FOXP1 antibody
(a, ¢, and e) or rabbit IgG

(b, d, and f). Positive staining
for FOXP1 was observed in the
nuclei of breast cancer cells and
kidney tubule cells. Immunore-
activity for FOXP1 tended to be
strong in grade I breast cancer
(a; total score, 8) and weaker in

Grade |

grade III breast cancer (c; total

score, 3). Bar, 100 um C

Grade Il

Kidney

FOXP1. Overexpression of FOXP1 was achieved by
transient transfection of MCF-7 cells with pcDNA3-
FOXP1-Myc for 1, 2, and 4 days and confirmed by
immunoblotting (Fig. 3a). In the presence of estrogen,
FOXP1-overexpressing MCF-7 cells exhibited a significant-
ly higher growth rate compared with control cells expressing
empty vector throughout the examined time points (Fig. 3b).
In contrast, transient transfection of siRNA specific for
FOXP1 in MCF-7 cells resulted in downregulation of
FOXP1 expression as confirmed by qRT-PCR and western
blotting after transfection (Fig. 3c). Growth of MCF-7 cells
was suppressed by the FOXPI-specific siRNA treatment
(Fig. 3d). These results indicate that FOXP1 promotes
estrogen-dependent proliferation of breast cancer cells.

FOXP1 Promotes ER-Mediated Transcription
To examine whether FOXP1 influences ER-ERE-mediated

transcription, a luciferase reporter vector containing an ERE
(ERE-tk-luc) was introduced into MCF-7 cells with or

without the FOXP1 expression vector (Fig. 4). The results
indicate that FOXP1 significantly stimulated ER-ERE-
mediated transactivation in MCF-7 cells when they were
treated with estrogen. We also observed that the estrogen-
dependent transactivation was elevated in response to
increasing amounts of FOXA1 in MCF-7 cells (Fig. 4a).
Consistent with these observations, we also evaluated the
transcriptional regulations of previously reported estrogen-
responsive genes, including SHP and LRH-1 [22, 23].
Upregulations of these genes were observed in FOXPI-
overexpressing MCF-7 cells treated with 100 nM of
estrogen (Fig. 4b, c). These results indicate that FOXP1
stimulates ER transcription activity in response to estrogen.

Positive FOXP1 Immunoreactivity Was Correlated
with Favorable Prognosis for Distant Disease-Free Survival

in Patients with Tamoxifen-Treated Breast Cancer

To examine the correlation of FOXP1 with the recurrence
of breast cancer after endocrine therapy, immunohistochem-
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Fig. 2 Transcriptional regulation of FOXP1 by estrogen in MCF-7
cells. a, b MCF-7 cells were treated with 100 nM 173-estradiol (£2)
for 48 h. Expression levels of FOXP1 mRNA (a) and protein (b) were
examined at indicated time points by qRT-PCR and western blotting,
respectively. The mRNA expression levels are shown as fold change
over the expression level at 0 h. ***P<0.001 compared with 0 h (by
Student’s ¢ test). ¢ Schematic representation of the FOXP1 gene region
in UCSC genome browser. Three ER binding sites (ERBSs) within the

ical analysis was performed using samples from 113 patients
with tamoxifen-treated invasive breast cancers, whose 5-year
disease-free survival could be followed. Within 5 years after
surgery, a relatively large fraction of relapse-free patients
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FOXP1 gene region were found by genome-wide ChIP-on-chip
analysis [3]. d Estrogen-dependent recruitment of ER« to the FOXP1
ERBSs. MCF-7 cells were treated with 100 nM of E2 or vehicle for
45 min and then subjected to ChIP analysis with ERo-specific
antibody. Immunoprecipitated DNA was examined by qPCR, and fold
enrichments relative to vehicle control were plotted. The estrogen
response element of the TFF1 gene (TFF! ERE) was used as a
positive control [19]

showed positive FOXP1 immunoreactivity (Table 2). These
results suggest that the immunoreactivity for FOXP1 is
positively associated with a favorable 5-year discase-free
survival in patients with tamoxifen-treated breast cancer.
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Fig. 3 FOXPI1 promotes estrogen-dependent proliferation of MCF-7
cells. a Total cell lysates from MCF-7 cells transfected with pcDNA3
or pcDNA3-FOXP1-Myc (Myc-FOXPI) for 1, 2, and 4 days were
immunoblotted with anti-FOXP1 or anti-3-actin antibodies. b MCF-7
cells were transfected with pcDNA3-FOXP1-Myc for 24 h and then
treated with 100 nM 173-estradiol (E2) for 4 days. Relative cell
proliferation at indicated time points was examined using a WST-
8 assay kit. **P<0.01 compared with control vector; ***P<0.001
compared with control vector (Student’s ¢ test). ¢ Total RNA from
MCEF-7 cells transfected with siRNA specific for FOXP1 (siFOXP1)
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or luciferase (siLuc) for 48 h was examined by qRT-PCR (upper). *P<
0.05 compared with control siRNA (siLuc; Student’s ¢ test). Total cell
lysates from MCF-7 cells transfected with siFOXP1 or siLuc for 1, 2,
and 4 days were immunoblotted with anti-FOXP1 or anti-{3-actin
antibodies (lower). d MCF-7 cells were transfected with siRNA
specific for FOXP1 or luciferase and then treated with 100 nM 17(3-
estradiol (£2) for 4 days. Relative cell proliferation at indicated time
points was examined as b. *P<0.05 compared with control siRNA
(siLuc; Student’s ¢ test)
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Fig. 4 Effect of FOXP1 on ERE-mediated transcription and ER-p» A
target gene expressions in MCF-7 cells. a MCF-7 cells were
transfected with a DNA mixture of 0.1 pg of estrogen response
element (ERE)-tk-Luc, 0.02 pg of pRL-CMYV, and increasing
amounts of pcDNA3-FOXP1-Myc (Myc-FOXPI) or pcDNA3-Flag-
FOXAL1 (FOXAI). After a 12-h incubation, cells were treated with
17p3-estradiol (£2; 100 nM) or vehicle (EtOH) for 24 h and then cell
lysates were examined by luciferase assay. *P<0.05; **P<0.01; and
***P<(0.001 compared with control vector (pcDNA3) transfection
(Student’s ¢ test). b, ¢ MCF-7 cells were transfected with pcDNA3 or
pcDNA3-FOXP1-Myc (Myc-FOXPI) for 12 h and treated with E2
(100 nM) or EtOH for 24 h and then expression levels of SHP (b)
and LRH-1 (¢) were examined by qRT-PCR. *P<0.05; ***P<0.001
compared with control pcDNA3 (Student’s ¢ test)
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Recent gene expression profiling studies have classified
breast cancer into five intrinsic subtypes with unique [E2 (100 nM
molecular characteristics and prognostic significance [24,

+ + o+ o+ o+

~—
1

25]. These include luminal subtypes A and B, HER2+/ER—, FOX (ug): 0 0 0.02 0.05 0.02 0.05
basal-like, and normal-like subtypes. Luminal subtypes A 1 _—]
and B are ERa-positive breast cancers with subtype A FOXP1 FOXA1

expressing higher levels of ERa and having a better
prognosis than subtype B [25]. FOXA1 expression corre-
lates with luminal subtype A breast cancer and is a
significant predictor of cancer-specific survival in patients
with ER-positive tumors. The prognostic ability of FOXA1
in these low-risk breast cancers may prove to be useful in
decisions regarding clinical treatment [26, 27].

FOXP1 is targeted by recurrent chromosome trans-
locations, and its overexpression confers a poor prognosis

*

i
in numerous types of lymphomas [28-32], suggesting that 0.00010 -
it functions as an oncogene. However, FOXP1 localizes to a
tumor suppressor locus at 3p14.1 [10], and loss of FOXP1 0.00005 |-
expression in breast cancer is associated with a worse
outcome [12]; this suggests that FOXP1 functions as a
tumor suppressor in other tissue types. In the present study, o ——
we demonstrated that immunoreactivity for FOXP1 was
significantly correlated with ERa immunoreactivity in E2 - E2 +
breast cancer. FOXP1 immunoreactivity in breast cancers
was also positively correlated with immunoreactivity for
PgR, which is recognized as an estrogen-inducible gene 0.0040 - [ pcDNA3
[33]. These results suggest that FOXP1 is profoundly B Myc-FOXP1
involved in estrogen signaling pathways in breast cancer.
FOXP1 is associated with improved survival in primary and 0.0030 - T
familial breast carcinoma [12, 34]. In addition, we showed
that immunoreactivity for FOXP1 is positively associated
with a favorable 5-year disease-free survival in patients
with tamoxifen-treated breast cancer. Overall, FOXP1

expression is associated with a better clinical outcome and
will be useful in deciding the clinical treatment for breast

0.0010 - I
lium and myoepithelium, FOXP1 was strongly positive in o —+—-

W

0.00020 D pcDNAS

B Myc-FOXP1
* %%

0.00015 -

SHP mRNA expression

O

0.0020 -

LRH-1 mRNA expression

cancer, alongside FOXA1 [35, 36]. In the luminal epithe-

almost all constituent cells. In addition, in stromal cells,
FOXP1 was also strongly positive in almost all constituent E2 - E2 +

@ Springer



HORM CANC (2011) 2:286-297

295

cells. These expression patterns of FOXP1 resembled
those of ERf [37, 38]. One explanation for this
phenomenon is that FOXP1 might regulate ER3 expres-
sion levels, however, silencing of FOXP1 protein expres-
sion using siRNA did not reveal any effect on the
expression of ER3 in the MCF-7 cell line [38]. Another
possibility is that ER[3-dependent transcriptional activity
is involved in FOXP1 gene expression. ERox and ERf3 are
assumed to have opposite effects on cellular function [39],
postulating that FOXP1 may involved in antagonistic role
of ERf3 to ER«x in these cells.

Consistent with the positive correlation between FOXP1
and ER« immunoreactivities, we demonstrated that FOXP1
mRNA expression was upregulated by estrogen in ERo-
positive breast cancer MCF-7 cells. Supporting the role of
estrogen in regulation of FOXP1, three ERBSs within the
human FOXP1 chromosomal region, identified by genome-
wide ChIP-on-chip analysis using MCF-7 cells [21], were
significantly enriched by estrogen treatment in ChIP assays
using the ER« antibody. Thus, it is possible that FOXP1
expression is regulated by ER through these ERBSs.
FOXP1 mRNA level was significantly upregulated by
threefold at 3 h after estrogen treatment, whereas irregularly
regulated thereafter. Estrogen-mediated transcription of
individual estrogen-responsive gene is distinctly and time-
dependently regulated by promoter-specific associations of
various factors, including ER, transcription factors other
than ER, co-factors, chromatin remodeling factors, and
general transcription factors. In addition, cyclic,
proteasome-mediated turnover of ERo was assumed to
permit continuous responses to changes in the concentra-
tion of estradiol [40], resulting in the temporal mRNA
expression pattern of each gene. Indeed, a similar time-
dependent mRNA expression pattern after estrogen stimu-
lation is found in other estrogen-responsive genes including
NRF-1 [41], postulating a common mechanism underlying
the transcriptional regulation of these genes by estrogen.

The present study showed that FOXPI, as well as
FOXAI1, enhanced ERo-ERE-mediated transcription in
breast cancer cells. One possible mechanism is that FOXP1
acts as a coregulator of ER«x, because ligand-dependent
activation of gene transcription by nuclear receptors such as
ER and AR is dependent on the recruitment of coactivators.
The a-helical LXXLL motif found in some coactivators is
sufficient for ligand-dependent interaction with nuclear
receptors, and this is present in the NH, terminus of the
FOXP1 protein [12]. Therefore, FOXP1 might physically
associate with the ER through this motif. Interestingly, we
previously reported that FOXP1 could interact with AR and
act as a corepressor of AR-mediated transcription in an
androgen-dependent manner [14]. These findings would
also suggest that the coregulatory function of FOXP1
occurs in a nuclear receptor-specific manner. It would be

worthwhile to identify the domains of the FOXP1 protein
responsible for physical interaction with nuclear receptors
and coregulatory effects on nuclear receptor-mediated gene
expression.

FOXP1, 2, and 4 are highly related forkhead
transcription factors expressed in various tissues, includ-
ing the heart, lung, brain, and hematopoietic lineages.
FOXP factors regulate cell proliferation in a cell
context-dependent fashion [42]. Although regulation of
cancer cell proliferation by FOXPI has not previously
been the subject of intensive study, FOXP1 overexpression
was detected in gastric diffuse large B cell lymphoma, and
FOXP1 knockdown efficiently blocked DLBCL prolifer-
ation [43]. In this study, FOXP1 was found to promote
estrogen-dependent proliferation of MCF-7 cells, consis-
tent with findings of a positive correlation between
FOXP1 immunoreactivity and pT in breast cancer. In the
endocardium, FOXP1 represses SOX17 expression,
which, through regulation of (-catenin activity, controls
FGF16/20 expression [44]. Furthermore, continued ex-
pression of FGF-20 is necessary for maintenance of the
anchorage-independent growth state in RK3E cells, a rat
epithelial cell line, transformed by (3-catenin, implying
that FGF-20 may be a critical element in oncogenesis
induced by the Wnt signaling pathway [45]. Whether
these regulation mechanisms are also involved in FOXP1-
regulated breast cancer cell proliferation remains to be
elucidated.

In summary, our results show that FOXP1 expression
is induced by estrogen in breast cancer cells and that
FOXP1 promotes cancer cell proliferation by enhancing
ERE-mediated transcription. We further demonstrate that
immunoreactivity for FOXP1 is positively correlated
with favorable distant disease-free survival in the
patients treated with adjuvant tamoxifen. These results
suggest that pharmacological modulation of FOXPI
activity may be clinically useful to prevent and/or treat
breast cancer and that evaluation of FOXP1 immunore-
activity may predict the therapeutic effect of tamoxifen
on breast cancer.
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