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Abstract Breast cancer is primarily a hormone-dependent
tumor that can be regulated by the status of the steroid
hormones estrogen and progesterone. Forkhead box Al
(FOXAL) is a member of the forkhead box transcription
factor family and functions as a pioneer factor of the estro-
gen receptor (ER) in breast cancer. In the present study, we
demonstrate that FOXA1 mRNA was upregulated by estro-
gen and that estrogen receptor-o (ERx) recruitment to ER-
binding sites in the vicinity of the FOXA1 gene was increased
by estrogen in ER«-positive MCF-7 breast cancer cells. The
estrogen-induced FOXA1 upregulation was repressed by 4-
hydroxytamoxifen treatment. We also demonstrated that the
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proliferation and the migration of MCF-7 cells were decreased
by FOXATl-specific small interfering RNA (siRNA;
siFOXA1). Furthermore, siFOXA1 decreased the estrogen
response element-driven transcription and the estrogen-
dependent upregulation of ER« target genes in MCF-7 cells.
Next, the immunohistochemical analyses of FOXA1 were
performed using two groups of breast cancer specimens. The
nuclear immunoreactivity of FOXA1 was detected in 80
(74 %) of 108 human invasive breast cancers and was nega-
tively correlated with tumor grade and positively correlated
with hormone receptor status, including ER« and progester-
one receptor, pathological tumor size, and immunoreactivity
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of FOXP1, another FOX family transcription factor.
FOXA1 immunoreactivity was significantly elevated in
the relapse-free breast cancer patients treated with ta-
moxifen. Notably, the double-positive immunoreactiv-
ities of FOXA1l and FOXP1 were significantly
associated with a favorable prognosis for the relapse-
free and overall survival of patients with tamoxifen-treated
breast cancer, with lower P values compared
with FOXA1 or FOXP1 immunoreactivity alone. These
results suggest that FOXA1 plays an important role in
the proliferation and migration of breast cancer cells by
modulating estrogen signaling and that the double-
positive immunoreactivities of FOXA1 and FOXP1 are as-
sociated with a favorable prognosis of tamoxifen-treated
breast cancer.

Abbreviations

FOXA1 Forkhead box Al
FOXP1 Forkhead box P1

ERox Estrogen receptor alpha

PgR Progesterone receptor

GREBI Growth regulation by estrogen in
breast cancer |

TFF1 Trefoil factor 1

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

ERE Estrogen response element

siRNA Small interfering RNA

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

Introduction

Estrogen signaling pathways regulate various cellular
events, including cell growth and apoptosis, through the
activation of estrogen receptor alpha (ER«x) [1]. ER« func-
tions as a transcription factor to activate the target gene
expression. Clinically, ER«x is noted as the defining feature
of luminal breast cancers, which comprise most breast can-
cers. Luminal breast cancers are generally treated with en-
docrine therapies, including the antiestrogen tamoxifen
which acts as an antagonist for the estrogen receptor (ER)
in breast cancer cells. Due to the sensitivity to endocrine
therapy, ER-positive luminal breast cancers are considered
to have better prognosis than ER-negative breast cancers.
However, resistance for antiestrogen therapies is acquired in
a substantial fraction of recurrent breast cancers. Identifica-
tion of the factors involved in drug resistance, recurrence, or
poor prognosis of breast cancer would be useful for the
treatment and the diagnosis of the disease.

The transcriptional activity of ER«x is regulated by vari-
ous co-activators and co-repressors [2], as well as by inter-
actions with other transcription factors, including the
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forkhead box (FOX) family. FOX family transcription fac-
tors influence ERo-regulated transcription by interacting
with the ER « protein, as exemplified by FOXAT1 [3]. Recent
global gene expression studies of breast cancer revealed that
a high FOXAL1 expression was positively correlated with
ERo and PR, but negatively correlated with histological
grade and proliferation markers [4-6]. In addition, FOXA1
expression was associated with better cancer-specific sur-
vival, indicating that it is a better predictor of survival in
breast cancer [4—6]. Recent genome-wide studies aimed at
identifying ERx and androgen receptor (AR)-binding sites
have shown that FOXA1 plays a role in regulating both of
these nuclear receptor networks [7,8]. FOXA1 is recognized
as a pioneer transcription factor because chromatin binding
by this protein can enable subsequent binding by the ER and
AR [8,9]. More recently, genome-wide mapping of ERx-,
AR-, and FOXA1-binding events in breast and prostate
cancer cells by the use of high-throughput sequencing has
uncovered additional details of transcriptional control mech-
anisms in the nuclear receptor-mediated transcription in-
volved in several collaborative factors, including TLEI
and AP-2vy [10,11].

Gene expression profiling studies have classified breast
cancer into five intrinsic subtypes with unique molecular
characteristics and prognostic significance [12,13]: the lu-
minal A and B, HER2+/ER—, basal-like, and normal-like
subtypes. Luminal subtypes A and B are ER«x-positive
breast cancers, with subtype A expressing higher levels of
ERa and having a better prognosis than subtype B [13].
FOXA1 expression correlates with luminal subtype A breast
cancer, and the immunoreactivity of FOXA1 is shown as a
significant predictor of cancer-specific survival in patients
with ER-positive tumors [5]. The prognostic ability of
FOXAT1 in these low-risk breast cancers may prove to be
useful in clinical treatment decisions [5,6].

The altered expression of FOXP1, another FOX family
member, is associated with various types of tumors, includ-
ing breast cancer [14—18]. We recently demonstrated that
FOXP1 plays an important role in the proliferation of breast
cancer cells by modulating estrogen signaling, and FOXP1
immunoreactivity could be associated with the immunore-
activity of ERx and PR in breast cancer, which may predict
favorable prognosis in patients treated with tamoxifen [19].
However, the clinical significance of FOXA1 on tamoxifen
resistance in breast cancer and the correlation between
FOXAT1 and FOXP1 remain to be elucidated.

In the present study, we show that FOXA1 mRNA ex-
pression is induced by estrogen and that ER & recruitment to
the ER-binding sites in the FOXA1 gene region is elevated
by estrogen in ERo-positive MCF-7 human breast cancer
cells. Functional analyses reveal that the knockdown of
FOXA1 impairs the proliferation and migration of MCF-7
cells as well as ER-mediated transcription and estrogen-
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dependent upregulation of ER« target genes in MCF-7 cells.
Furthermore, we evaluated the FOXA1 expression in human
breast cancers using immunohistochemistry and investigat-
ed the correlations between FOXA1 expression levels and
clinicopathophysiological findings. Finally, FOXA1 immu-
noreactivity is negatively associated with the recurrence of
tamoxifen-treated breast cancer. Together with our previous
report on FOXP1 [19], the double-positive immunoreactiv-
ities of FOXA1 and FOXP1 are significantly associated
with longer survival in patients with tamoxifen-treated
breast cancer. Our study provides new insight into the asso-
ciation between FOXA1 and FOXP1 in estrogen signaling
and the prognosis of tamoxifen-treated breast cancer.

Materials and Methods
Tissue Selection and Patient Characteristics

Between January 2005 and March 2006, 108 consecutive
patients with invasive breast cancer diagnosed using a
vacuum-assisted biopsy device (Mammotome, Ethicon
Endo-surgery Inc., Cincinnati, OH) at the Saitama Medical
University Hospital were included in a cohort study.

For a nested control study of the therapeutic effect of
tamoxifen on recurrent breast cancer, 162 patients with
breast cancer diagnosed between 1989 and 1998 with or
without distant metastases during or after tamoxifen therapy
were identified from three institutions (National Hospital
Organization Shikoku Cancer Center, Matsuyama, Japan;
National Cancer Center Hospital, Tokyo, Japan; and Tokyo
Metropolitan Cancer and Infectious Diseases Center,
Komagome Hospital, Tokyo, Japan). Patients experiencing
relapse were defined as those with distant metastases within
5 years after surgery followed by tamoxifen treatment,
whereas those who were considered relapse-free were those
without distant metastases. A total of 113 patients met our
protocol criteria and were included in this study.

Formalin-fixed paraffin-embedded tissue sections
obtained by biopsy or surgery were used in these studies.
These studies were approved by the institutional review
board of Saitama Medical University, and informed consent
was obtained from all the patients. The clinicopathological
characteristics of the series are presented in Tables 1 and 2.

Antibodies

Mouse monoclonal anti-FOXA1 antibody was purchased
from Abcam (Cambridge, UK). Affinity-purified rabbit
polyclonal anti-FOXP1 antibody (anti-GX5050) was gener-
ated by the Genome Network Project of 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.

Immunohistochemistry

The immunohistochemical analyses for FOXA1 and FOXP1
were performed using an EnVision+ visualization kit (Dako,
Carpinteria, CA) as previously described [20]. The tissue
sections (6 wm) were deparaffinized, rehydrated through
graded ethanol, and rinsed in Tris-buffered saline with
0.05 % Tween-20 (TBST). For antigen retrieval, the sections
were heated in an autoclave at 121 °C for 5 min in 10 mM
sodium citrate buffer (pH 6.0). The sections were blocked
with endogenous peroxidase (0.3 % H,0,) and incubat-
ed in 10 % fetal bovine serum for 30 min. The primary
antibody, a monoclonal antibody for FOXA1 (1:2,000
dilution) or a polyclonal antibody for FOXP1 (1:1,000
dilution), was applied, and the samples were incubated
overnight at 4 °C. The sections were rinsed in TBST
and incubated with EnVision+ horseradish peroxidase-
labeled polymer for 1 h at room temperature. The anti-
gen—antibody complex was visualized using the 3,3'-
diaminobenzidine substrate kit for peroxidase (Vector
Laboratories, Burlingame, CA). Mouse or rabbit immuno-
globulin G was used in place of the primary antibody as a
negative control.

Immunohistochemical Assessment

The 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 the 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 [21]. 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 mean immunoreactivity score was used. When the two
investigators found it difficult to evaluate the TS of hetero-
geneous cancerous lesions, the third investigator made the
deciding estimate. To identify potential correlations between
the FOXA1 or FOXP1 expression in the malignant epithe-
lium and clinicopathological characteristics, immunoreac-
tivity scores of 0 or 2 and 3-8 were defined as negative
and positive immunoreactivity, respectively.

Small Interfering RNA
Synthetic small interfering RNA (siRNA) duplexes target-

ing the human FOXA1 gene (Silencer Select Pre-designed
siRNA) and the luciferase reporter plasmid pGL2
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Table 1 Relationship between
the immunoreactivity of FOXAI
and clinicopathological findings

Clinical findings

Immunoreactivity score of FOXA1?

in invasive breast cancer Positive (n=80) Negative (n=28) P value
(n=108)
Ageb (mean+SD) 59.9+14.8 57.1+14.2
<50 23 (21.3 %) 9 (8.3 %) 0.92
>50 57 (52.8 %) 19 (17.6 %)
pT <20 mm 44 (48.9 %) 9 (10.0 %) 0.047
>20 mm 23 (25.6 %) 14 (15.5 %)
Stage I 1T 73 (68.2 %) 28(26.2 %) 0.31
I, vV 6 (5.6 %) 0 (0.0 %)
Grade L1 58 (70.7 %) 16 (19.5 %) 0.024
All other values represent the 1 3G.7 %) 5(6.1 %)
number and proportion of cases ER Positive (PS>3) 56 (51.9 %) 13 (12.0 %) 0.025
ER estrogen receptor, PgR pro- Negative (PS<2) 24 (22.2 %) 15 (13.9 %)
gesterone receptor, 7S total PgR Positive (PS>3) 36 (33.3 %) 5 (4.6 %) 0.020
score, PS proportion score Negative (PS<2) 44 (40.8 %) 23 (21.3 %)
*FOXA1 and FOXPI immuno- HER2 Positive 17 (18.5 %) 9 (9.8 %) 0.37
reactivity scores of 0, 2, and Negative 51 (55.4 %) 15 (16.3 %)
3-8 were defined as negative Lymph node Positive 28 31.5 %) 9 (10.1 %) 0.92
and po.smlve immunoreactivity, Negative 41 (46.1 %) 11 (12.3 %)
zeSpe"twe y FOXP1® Positive 58 (55.2 %) 13 (12.4 %) 0.027
Data are presented as the mean Negative 21 (20.0 %) 13 (12.4 %)

+SD

(Luciferase GL2 Duplex) used as a negative control were
purchased from Applied Biosystems (Carlsbad, CA) and
Dharmacon (Lafayette, CO), respectively.

Cell Culture and Transfection

MCF-7 cells were purchased from the American Type Cul-
ture Collection (Rockville, MD) and maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10 % fetal
bovine serum (FBS) at 37 °C in 5 % CO,. 173-Estradiol
(E») and 4-hydroxytamoxifen (4-OHT) were purchased

from Sigma-Aldrich (St. Louis, MO). The transfection of
siRNA was performed using the Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocol.

Quantitative Real-Time Reverse Transcription Polymerase
Chain Reaction

Total RNA extraction, first-strand cDNA synthesis, and quan-
titative PCR (qPCR) protocols have been described elsewhere
[20]. The primers for FOXA1, glyceraldehyde-3-phosphate

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) 53.2+9.9 55.2+12.4 0.39
after surgery (n=113) Age <50 20 (17.7 %) 28 (24.8 %) 0.50
>50 23 (20.3 %) 42 (372 %)
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 (26.5 %) 30 (26.5 %) 0.005
Negative (7=0) 13 (11.5 %) 40 (35.4 %)
ERa Positive 39 (34.5 %) 64 (56.6 %) 0.84
Negative 4 (3.6 %) 6 (5.3 %)
All other values represent the PgR Positive 36 (31.9 %) 60 (53.1 %) 0.99
number and proportion of cases Negative 7(62 %) 10 (8.8 %)
pT pathological T stage, ERx es-  FOXAL Positive 19 (16.8 %) 51 (45.1 %) 0.002
trogen receptor-ct, PgR proges- Negative 24 (21.2 %) 19 (16.8 %)
ferone receptor FOXP1 Positive 22 (19.5 %) 57 (50.4 %) <0.001
Data are presented as the Negative 21 (18.6 %) 13 (11.5 %)

mean+SD
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dehydrogenase (GAPDH), progesterone receptor (PgR), and
growth regulation by estrogen in breast cancer 1 (GREB1) are
as follows: FOXA1, 5-AGGTGTGTATTCCAGACCCG-3'
and 5-TTGACGGTTTGGTTTGTGTG-3'; GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3" and 5'-
GTGGTCGTTGAGGGCAATG-3'; PgR, 5'-CG
TGCCTATCCTGCCTCTCA-3' and 5'-CCG
CCGTCGTAACTTTCG-3'; GREBI1, 5'-CGACCA
TCGGCTTTAGGTATCTT-3’' and 5'-CCA
CCCTTTGTGGCGTTTT-3". The fold induction of the
mRNA expression levels was determined by comparing the
estrogen-treated samples with the vehicle-treated controls.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay and the
gPCR were performed as previously described [22,23].
After 72-h hormone depletion, MCF-7 cells were treated
with 100 nM E, or vehicle (0.1 % ethanol) for 45 min.
The cells were fixed in 1 % formaldehyde for 5 min at
room temperature. Chromatin was sheared to a mean
size of 500 bp by sonication using a Bioruptor ultra-
sonicator (Cosmo-Bio, Tokyo, Japan). The lysates were
rotated overnight at 4 °C, with an ERoa-specific anti-
body (sc-543, Santa Cruz Biotechnologies, Santa Cruz,
CA). Protein A-agarose (Upstate Biotechnology, Lake
Placid, NY) was added and incubated for 2 h. Precipi-
tated DNA was used as a template for qPCR using an
ABI PRISM 7000 sequence detector (Applied Biosys-
tems, Foster City, CA) based on SYBR Green I fluo-
rescence. A genomic fragment containing ERE in the
enhancer region of trefoil factor 1 (TFF1; 405/393 bp
from the transcription start site) was used as a positive
control for ER binding [24]. The sequences of PCR
primers are as follows: TFF1 _ERE, 5-TGAGATTCA
GAAAGTCCCTCTTTC-3" and 5'-TGGGCTTCAT
GAGCTCCTT-3'; FOXA1 ER 8127, 5'-TGGGTCAG
GAAGAAAACATCTGT-3" and 5'-TGTGGAAACAC
CCAGACGAA-3'; FOXA1l ER 8128, 5'-GAG
GACGGCCCGACTTG-3" and 5'-CACCGGTTTA
TATCTTTATGACATAACTTT-3'; GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3" and 5'-
GTGGTCGTTGAGGGCAATG-3'; Myoglobin, 5'-
AAGTTTGACAAGTTCAAGCACCTG-3" and 5'-
TGGCACCATGCTTCTTTTAAGTC-3".

Luciferase Assay

The MCF-7 cells were plated in 24-well culture plates at a
density of 10,000 cells per well in phenol red-free medium
containing 10 % charcoal-stripped FBS and transfected with
0.1 pg of a luciferase reporter vector containing ERE (ERE-
TK-LUC) [25] and 0.02 pg of pRL-CMV (Promega,

Madison, WI), together with siRNA for FOXA1 using the
Lipofectamine 2000 reagent (Invitrogen). Twelve hours af-
ter the transfection, the cells were treated with 100 nM E, or
vehicle (ethanol) for 24 h, and the luciferase activities were
then determined using the MicroLumatPlus microplate lumin-
ometer (Berthold Technologies, Bad Wildbad, Germany) and
the Dual-Luciferase Assay System (Promega). The data are
expressed as the mean+SD of three independent experiments
performed in triplicate.

Cell Proliferation Assay

The MCF-7 cells were seeded in 96-well plates at a density
of 5,000 cells per well in DMEM containing 10 % FBS for
24 h. Then, 20 pmol of the siRNA described above was
transfected for 12 h and incubated for 96 h. Cell prolifera-
tion was examined using a (2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt; WST-8) assay kit (Nacalai Tesque, Kyoto,
Japan), performed according to the manufacturer’s protocol.

Cell Migration Assay

To measure the cell migration activity, migration assays
were performed using the Cell Culture Inserts for 24-well
plates (8.0-um pore; BD Falcon, BD Biosciences, Franklin
Lakes, NJ). Before cell culturing, the inside of the insert
membranes was coated with purified fibronectin (BD Fal-
con) in PBS at a concentration of 10 pg/mL for 30 min at
room temperature. After the transfection of siRNA for
48 h, the MCF-7 cells were collected and resuspended
in DMEM containing 10 % FBS. The MCF-7 cells were
subsequently added to the upper chamber at 3x10° cells
per well. After the 24-h incubation, the cells on the
upper surface of the membrane were completely wiped
away with a cotton swab. The cells on the lower surfa-
ces of the membrane were fixed with 100 % methanol,
the insert membranes were cut and stained with Giemsa
stain solution (Wako, Tokyo, Japan), and the permeating
cells within five randomly selected areas were counted
under an inverted microscope. At least three indepen-
dent experiments were performed for all the conditions.
The data are shown as the mean+SD.

Statistical Analyses

The differences between the two groups were analyzed
using a two-sample, two-tailed Student’s ¢ test. Value of
P<0.05 was considered statistically significant. All data
are presented in the text and the figures as the mean+SD.
The correlation between the immunoreactivity score and the
clinicopathological characteristics was evaluated using the
chi-square test. Relapse-free and overall survival curves
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were obtained using the Kaplan—Meier method and verified
using the log-rank (Mantel-Cox) test. Univariate and mul-
tivariate analyses were performed using a logistic regression
model with the JMP 9 software (SAS Institute, Cary, NC),
and P<0.05 was regarded as statistically significant.

Results

Estrogen Upregulates FOXA1 mRNA Expression and ERx
Recruitment to the Putative ER-Binding Sites
Within the FOXA1 Gene Region in MCF-7 Cells

We examined the transcriptional regulation of the FOXAL1
gene by 173-estradiol (E,) in the ERx-positive MCF-7 cells
(Fig. 1a). The FOXA1 mRNA level was significantly upre-
gulated twofold at 3 h and threefold at 48 h after E, stimu-
lation, while E,-mediated upregulation of FOXA1 was
repressed by 4-OHT (Fig. 1b). These results suggest that
the mRNA expression of FOXAL is transcriptionally regu-
lated by estrogen in breast cancer cells owing to the rela-
tively early response (by 1 h). In support of these results, the
genome-wide ChIP-on-chip analysis using the MCF-7 cells
reported by Carroll et al. [26] demonstrated the presence of
two estrogen receptor-binding sites (ERBSs; ER 8127 and
8128) within a 3-kb distance from the start or end point of
the gene (Fig. 1c). To determine whether these ERBSs are
bona fide ERBSs in the MCF-7 cells, we performed a
conventional ChIP assay using ERa-specific antibody in
comparison with a known estrogen response element of
TFF1 as a positive control and the coding region of myo-
globin (MB) as a negative control (normalized by the coding
region of GAPDH) [24]. As shown in Fig. 1d, basal
estrogen-independent ERx binding on ER 8128 in the
FOXA1 promoter region is larger than that on ER 8127 in
the downstream region, and substantial E,-induced ER«x
recruitment is observed in both ER 8127 and ER 8128.
These data suggest that both ERBSs contribute to the
estrogen-dependent transcription of FOXA1.

FOXAT1 Contributes to Breast Cancer Cell Proliferation
and Migration

To assess the role of FOXA1 in breast cancer, we performed
loss-of-function studies for it. Transient transfection of
siFOXA1 in MCF-7 cells resulted in a downregulated
FOXAT1 expression compared with that of the control
siRNA (siControl), as confirmed by qRT-PCR (Fig. 2a).
The MCF-7 cell growth was suppressed by the siFOXA1
treatment (Fig. 2b). Furthermore, the siFOXAI1 treatment
resulted in a decreased MCF-7 cell migration (Fig. 2c, d).
These results indicate that FOXA1 regulates breast cancer
cell proliferation and migration.
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FOXAT1 Regulates ER-Mediated Transcription

To examine whether FOXA1 influences ER-ERE-mediated
transcription, ERE-TK-LUC was introduced into the MCF-7
cells together with siFOXAT1 or siControl (Fig. 2e). The
results indicate that siFOXA1 reduced ER-ERE-mediated
transactivation in the presence or absence of estrogen in
MCEF-7 cells. To further confirm the contribution of FOXA1
to ER-mediated transcriptional regulation, we evaluated the
expressions of endogenous ER« target genes including PgR
and GREBI in the presence or absence of FOXA1 siRNA
(Fig. 2f, g). We showed that E,-induced expressions of PgR
and GREB1 were reduced by FOXA1 siRNA treatment,
suggesting that FOXA1 affects E,-mediated target gene
activation.

Correlation Between FOXA1 Immunoreactivity
and the Clinicopathological Features of Invasive
Breast Cancer

To investigate the expression levels of the FOXA1 protein
in breast cancer, immunohistochemical analysis was per-
formed using samples from 108 invasive breast cancers.
Representative images of FOXA1 immunostaining are
shown in Fig. 3. Positive nuclear immunoreactivity of
FOXA1 was detected in 74 % of breast cancer specimens
(Table 1). FOXA1 immunoreactivity in grade III breast
cancer was significantly lower than that in grade I breast
cancer. Namely, the mean Allred score of FOXA1 immuno-
reactivity in grade I was 5.83, whereas that in grade III was
2.38 (P=0.002). The nuclear immunoreactivity of FOXA1
was significantly correlated with ERx immunoreactivity
(P=0.025, Table 1). The positive nuclear immunoreactivity
of FOXAT1 was also significantly correlated with patholog-
ical tumor size (pT), low histological grade, and positive
immunoreactivity of PgR and FOXP1 (P=0.047, 0.024,
0.020, and 0.027, respectively), whereas no significant as-
sociation was found with other clinicopathological charac-
teristics (Table 1).

Positive FOXA1 Immunoreactivity is Correlated with Good
Prognosis for the Relapse-Free Survival in Patients
with Tamoxifen-Treated Breast Cancer

To examine the correlation of FOXA1 with the recurrence of
breast cancer after endocrine therapy, immunohistochemical
analysis was performed using samples from 113 patients
with tamoxifen-treated invasive breast cancers whose
relapse-free survival could be followed. Within 5 years
after the surgery, a relatively large fraction of the relapse-free
patients showed positive FOXA1 immunoreactivity (Table 2).
Furthermore, patients with positive immunoreactivity for
FOXAT1 showed good relapse-free and overall survival, with
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on-chip at the 14q region [26] are shown. Two significant ERBSs

significant differences compared with FOXA1-negative
patients (Fig. 4a, b, respectively).

We recently reported that FOXP1, another FOX family
member, was also correlated with the relapse-free survival
of the patients with tamoxifen-treated breast cancer [19]. In
this study, patients with positive immunoreactivity for
FOXP1 also showed good relapse-free and overall survivals,
with significant differences compared with the FOXP1-
negative patients (Fig. 4c, d, respectively). Finally, we
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100 nM of E, or vehicle for 45 min and then subjected to ChIP analysis
with the ERa-specific antibody. Immunoprecipitated DNA was quan-
tified by qPCR; the results were represented as the fold enrichment of
ER«x occupancy in the immunoprecipitated DNAs vs. input DNAs.
The estrogen response element of the Trefoil factor 1 (TFF1) gene
(TFF1 ERE) and non-ERBS within the myoglobin (MB) gene region
were used as the positive and negative controls, respectively

divided the patients into two groups: those with double-
positive FOXA1 and FOXP1 immunoreactivities and those
with the FOXA1-positive/FOXP1-negative, FOXA1-
negative/FOXP1-positive, and FOXA1-negative/FOXP1-
negative immunoreactivities. It is notable that patients with
double-positive FOXA1 and FOXP1 immunoreactivities
showed good relapse-free and overall survival with significant
differences compared with the FOXA 1-positive/FOXP1-neg-
ative, FOXA1-negative/FOXP1-positive, and FOXAI-
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Fig. 2 Knockdown of FOXA1 suppresses cell proliferation and mi-
gration of the MCF-7 cells. a Total RNA was prepared from the MCF-7
cells transfected with 20 nM of siRNA specific for FOXAL1 (siFOXAI)
or control siRNA (siControl) for 48 h; the FOXA1 mRNA level was
examined by quantitative reverse transcription polymerase chain reac-
tion (¢RT-PCR). ***P<0.001 compared with the siControl (Student’s ¢
test). b MCF-7 cells were transfected with 20 nM of siFOXA1 or
siControl for 4 days in Dulbecco’s modified Eagle medium (DMEM).
The relative cell proliferation at indicated time points was examined
using a WST-8 assay kit and determined photometrically as the absor-
bance at OD=450 nm. ***P<(0.001 compared with the siControl
(Student’s ¢ test). ¢, d The MCF-7 cells were transfected with 20 nM
of siFOXA1 or siControl for 48 h in DMEM, and then the cells were
transferred into transwells for an additional 48 h. The representative

negative/FOXP1-negative immunoreactivities (Fig. 4e, f,
respectively).

@ Springer

photographs (¢) and numbers of migrated cells (d) are shown. e Effect
of FOXAL on estrogen response element (ERE)-mediated transcription
in the MCF-7 cells. The MCF-7 cells were transfected with a DNA
mixture of 0.1 pug of ERE-TK-LUC, 0.02 ug of pRL-CMYV, and 20 nM
of siFOXA1 or siControl. After 12 h, the cells were treated with 173-
estradiol (100 nM) or vehicle (EtOH) for 24 h, and then the cell lysates
were prepared for and used in the luciferase assay. f, g Effect of
siFOXAT1 on the expression of ERx target genes. MCF-7 cells were
transfected with 20 nM of siFOXA1 or siControl. After 12 h, cells were
treated with E,, 4-OHT, or EtOH for 24 h. mRNA levels of progester-
one receptor (PgR) (f) and growth regulation by estrogen in breast
cancer 1 (GREBI) (g) were examined by qRT-PCR; the results are
shown as a fold change over EtOH treatment

Table 3 shows the results of the univariate and multivar-
iate proportional analyses of the relapse-free and overall
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Fig. 3 Immunohistochemistry
of FOXAL in breast cancer. The
representative images of the
immunohistochemical staining
of breast cancer tissues with the
anti-FOXA1 antibody are
shown. Positive staining for
FOXAI1 was observed in the
nuclei of the breast cancer cells.
The FOXA1 immunoreactiv-
ities in grade III breast cancer
were significantly lower than

b Grade |

those in grade I breast cancer

(5.83 vs. 2.38, P=0.002).
Bar, 100 pm

cGradell

d Grade Il

survival rates associated with FOXA1 and FOXP1 immu-
noreactivities and the patients’ clinicopathological charac-
teristics. For the relapse-free survival, either FOXP1 or
FOXA1 immunoreactivity was found to be a significant
prognostic predictor through the univariate analysis
(P=0.001 and 0.002, respectively), whereas only FOXP1
immunoreactivity was a significantly better prognostic
predictor based on multivariate analysis (P=0.026, odds
ratio=0.35, 95 % confident index=0.14-0.88; Table 3,
relapse-free survival). On the other hand, neither
FOXP1 nor FOXA1 was significantly associated with
overall survival based on the multivariate analysis
(Table 3, overall survival). It is an interesting finding
that double-positive FOXP1 and FOXAI1 immunoreac-
tivities were significantly associated with favorable
prognosis for the relapse-free and overall survival with
lower P values compared with either FOXP1 or FOXAI
immunoreactivity based on the multivariate analyses
(P=0.002 and 0.002 in Table 4, respectively). These
results indicate that the double-positive FOXA1 and
FOXP1 immunoreactivities are favorable prognostic pre-
dictors of the relapse-free and overall survivals in
patients with tamoxifen-treated breast cancer.

Discussion

In the present study, the FOXA1l mRNA expression was
found to be upregulated by estrogen in ERo-positive MCF-
7 breast cancer cells. In addition, ERx recruitment to
ERBSs within the FOXA1 gene region was significantly
enriched by estrogen treatment in the ChIP assays using

the ERx antibody. In the reporter assay, knockdown of
FOXA1 impaired ERx-ERE-mediated transcription in the
MCEF-7 cells. Together with these findings and our previous
report on FOXP1 [19], it is possible that ERx receives
positive feedback regulation from FOXA1 and FOXPI1 in
breast cancer cells.

FOXA1-binding sites were detected in 50 % of genes that
are regulated by ER, and FOXA1 depletion partially atten-
uated the estrogen response in breast cancer cells [7,27,28]
responsible for the transcriptional regulation of various
ER«-target genes, including TFF1, GREBI1, and cyclin
DI1. We showed previously that FOXP1 overexpression
upregulates the transcription of ER« target genes including
LRH-1 and SHP in breast cancer cells [19]. Notably, the
binding site for ERo was identified to overlap with that for
FOXAI1 in the far upstream of the LRH-1 gene region [26].
These findings would suggest that FOXA1 and FOXPI
have a partially redundant function of modulating ER -
mediated transcription. It would be worthwhile to identify
the genome-wide binding sites of FOXP1 to elucidate the
functional correlation between FOXA1 and FOXP1 in ER«x-
mediated transcription in breast cancer cells.

In our previous data, FOXP1 immunoreactivity was sig-
nificantly elevated in tamoxifen-treated breast cancer
patients without relapse compared with those with relapse
(P<0.001) [19]. FOXP1 immunoreactivity is also an inde-
pendent prognostic factor for relapse-free survival by both
univariate and multivariate analyses in the present study
(P=0.001 and 0.026, respectively, Table 3). With regard to
FOXA1 immunoreactivity, a significant association with
relapse-free survival was shown by univariate analysis
(P=0.002, Table 3). Consistent with our observation in part,
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Fig. 4 Relapse-free survival and overall survival according to the
FOXA1 and/or FOXP1 immunoreactivities in the patients with
tamoxifen-treated breast cancer with or without distant metastasis
within 5 years after surgery or entire follow-up period (n=113). The
Kaplan—Meier survival curves were plotted using JMP 9 software, and
the statistical significances were determined using the log-rank test. a,
b Patients with the positive FOXA1 immunoreactivity showed good
relapse-free survival and overall survival (a and b, respectively). ¢, d
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Table 3 Univariate and multi-
variate analyses of relapse-free Variable Univariate Multivariate
survival and overall survival in
tamoxifen-treated patients with Odds ratio (95 % CI) P value Odds ratio (95 % CI) P value
breast cancer (n=113)
Relapse-free survival
FOXAL (positive vs. negative) 0.30 (0.13-0.65) 0.002° 0.44 (0.18-1.07) 0.070
FOXP1 (positive vs. negative) 0.24 (0.10-0.55) 0.001* 0.35 (0.14-0.88) 0.026
pT (<30 vs. >30 mm) 0.36 (0.16-0.80) 0.013* 0.59 (0.24-1.45) 0.25
Lymph node (0 vs. >1) 0.33 (0.14-0.72) 0.005* 0.51 (0.21-1.23) 0.14
ERa (positive vs. negative) 0.91 (0.25-3.76) 0.90
PgR (positive vs. negative) 0.86 (0.30-2.55) 0.77
Age (<50 vs. >50 years) 1.30 (0.60-2.82) 0.50
Overall survival
FOXAL (positive vs. negative) 0.41 (0.13-1.27) 0.12
. . g a g
C1 confidence interval, ERa es- FOXP1I (positive vs. negative) 0.27 (0.08-0.84) 0.024 0.34 (0.99-1.11) 0.072
trogen receptor-o, PgR proges- pT (<30 vs. >30 mm) 0.24 (0.07-0.76) 0.015% 0.30 (0.08-0.97) 0.044
terone receptor Lymph node (0 vs. >1) 0.41 (0.13-1.31) 0.14
“Data were considered signifi- ERa (positive vs. negative) 0.53 (0.12-3.76) 0.47
cant in the univariate analyses PgR (positive vs. negative) 2.51 (0.45-47.1) 0.34
and examined in the multivariate  Age (<50 vs. >50 years) 1.97 (0.64-6.39) 0.24

analyses

Mehta et al. [29] recently reported that FOXA1 is an inde-
pendent prognostic marker for ER-positive breast cancer.
Although significant correlations are not observed between
overall survival and either FOXA1 or FOXP1 immunoreac-
tivities, we found that double-positive staining of FOXA1
and FOXP1 is a powerful independent prognostic factor for
both relapse-free and overall survival using univariate and
multivariate analyses, independent of ER« status of the
tumors in the tamoxifen-treated patients. These results sug-
gest that the combined analyses of the FOXA1 and FOXP1

immunoreactivities provide powerful prognostic indicators
for the tamoxifen-treated patients with ERx-positive breast
cancers.

In the context of ER/FOXA1-driven signaling in breast
cancer cells, it remains to be clarified whether the estrogen-
mediated induction of FOXA1 contributes to the increased
proliferation and whether the migration of cells or the
estrogen-mediated proliferation leads to the enhancement
of FOXAT induction. In the present study, we showed that
the estrogen-dependent upregulation of FOXA1 was

Table 4 Univariate and multi-
variate analyses including
double-positive FOXA1 and
FOXP1 immunoreactivities of

relapse-free survival and overall
survival in tamoxifen-treated
patients with breast cancer
(n=113)

CI confidence interval, ERx es-
trogen receptor-«, PgR proges-
terone receptor

“Data were considered signifi-
cant in the univariate analyses

Variable Univariate Multivariate
Odds ratio (95 % CI) P value  Odds ratio (95 % CI) P value
Relapse-free survival
FOXA1/FOXP1 (+/+ vs. +/—, —=/+,  0.20 (0.09-0.46) <0.001*  0.26 (0.11-0.62) 0.002
and —/-)
pT (<30 vs. >30 mm) 0.36 (0.16-0.80) 0.013*  0.55(0.23-1.34) 0.19
Lymph node (0 vs. >1) 0.33 (0.14-0.72) 0.005*  0.46 (0.19-1.10) 0.081
ERa (positive vs. negative) 0.91 (0.25-3.76) 0.90
PgR (positive vs. negative) 0.86 (0.30-2.55) 0.77
Age (<50 vs. >50 years) 1.30 (0.60-2.82) 0.50
Overall survival
FOXA1/FOXP1 (+/+ vs. +/—, —/+,  0.06 (0.003-0.34) <0.001*  0.08 (0.004-0.44) 0.002
and —/-)
pT (<30 vs. >30 mm) 0.24 (0.07-0.76) 0.015*  0.36 (0.10-1.20) 0.096
Lymph node (0 vs. >1) 0.41 (0.13-1.31) 0.14
ERo (positive vs. negative) 0.53 (0.12-3.76) 0.47
PgR (positive vs. negative) 2.51 (0.45-47.1) 0.34
Age (<50 vs. >50 years) 1.97 (0.64-6.39) 0.23

and examined in the multivariate
analyses
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repressed by 4-hydroxytamoxifen. Migration study also
showed that the siRNA-mediated knockdown of FOXAI1
leads to the reduction of cell migration, suggesting that
ER-regulated FOXAL1 plays a role in the pathophysiology
of breast cancer cells. Our conventional ChIP assay data
may also support our idea as the early response of ER«x
recruitment was observed in the ER-binding sites in the
vicinity of FOXAT1 gene region. In terms of FOXA1 protein
expression, Laganiére et al. [27] showed that the estrogen
upregulates also FOXA1 protein level in MCF-7 cells 4-8 h
after stimulation. Taken together, these data suggest that
FOXAI1 functions as an ER target in the MCF-7 cells,
although it might also be possible that the estrogen-
dependent proliferation at late phase will affect the expres-
sion profile of FOXAI.

Our clinical data revealed that positive FOXA1 immuno-
reactivity is correlated with good relapse-free and overall
survival in patients with tamoxifen-treated breast cancer,
which is consistent with the previous gene expression pro-
filing study [13] as FOXAT1 expression is correlated with
luminal subtype A with higher levels of ER o expression and
having a better prognosis than subtype B. Similar to
FOXA1, another ER target cyclin D1 has been shown as a
marker of good prognosis in previous studies [30,31], al-
though this molecule is a positive cell cycle regulator and
responsible for the estrogen-dependent proliferation in
MCEF-7 cells [32]. In contrast, Ross-Innes et al. [33] recently
proposed that FOXA1 also plays a role in the differential
ER-binding events in the tumors with poor outcome. Nota-
bly, it has been shown that ERo signals including ERx
occupancy and estrogen-dependent cell proliferation are
FOXA1-dependent in both tamoxifen-sensitive and
tamoxifen-refractory MCF-7 cells by performing the
siRNA-mediated knockdown study [28]. Further study will
be required to answer the question whether ER/FOXAT1-
driven proliferation is associated with tumor recurrence in
various disease stages.

Recent genome-wide study revealed that most of ER—
chromatin interactions and gene expression changes
depended on the presence of FOXA1 [28]. FOXA1 influ-
enced genome-wide chromatin accessibility under different
ligand conditions, including estrogen and tamoxifen in
breast cancer cells [28]. Thus, it is suggested that FOXA1
is a major determinant of estrogen—ER activity and endo-
crine response in breast cancer cells. Taken together with
our data showing that FOXA1 and FOXP1 have analogous
functions on the ER-mediated transcription and clinicopath-
ological significance in breast cancer, it can be speculated
that FOXP1 may have an important role in the regulation of
ER activity and tamoxifen response in conjunction with
FOXAI1 in breast cancer cells.

In summary, our results show that FOXA1 expression
was induced by estrogen in breast cancer cells and that

@ Springer

FOXA1 promoted cancer cell proliferation and migration
by enhancing ERE-mediated transcription. We further dem-
onstrated that immunoreactivities for FOXA1 and FOXP1
were positively correlated with the relapse-free survival for
tamoxifen resistance in breast cancer. These results suggest
that pharmacological modulation of FOXA1 and FOXP1
activities may be clinically useful in the prevention and/or
treatment of breast cancer and that the combined evaluation
of FOXA1 and FOXP1 immunoreactivities may predict the
prognosis of tamoxifen-treated patients with breast cancer.
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