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In this study, we investigated the effects of ectopic
estrogen receptor (ER)f31 expression in breast cancer
cell lines and nude mice xenografts and observed that
ERP1 expression suppresses tumor growth and re-
presses FOXM1 mRNA and protein expression in ERa-
positive but not ERa-negative breast cancer cells. Fur-
thermore, a significant inverse correlation exists
between ERf1 and FOXM1 expression at both protein
and mRNA transcript levels in ERa-positive breast
cancer patient samples. Ectopic ER31 expression re-
sulted in decreased FOXM1 protein and mRNA expres-
sion only in ERa-positive but not ERa-negative breast
carcinoma cell lines, suggesting that ERB1 represses
ERa-dependent FOXM1 transcription. Reporter gene
assays showed that ERf1 represses FOXM1 transcrip-
tion through an estrogen-response element located
within the proximal promoter region that is also tar-
geted by ERa. The direct binding of ERB1 to the
FOXM1 promoter was confirmed by chromatin im-
munoprecipitation analysis, which also showed that
ectopic expression of ERB1 displaces ERa from the
endogenous FOXM1 promoter. Forced expression
of ERf1 promoted growth suppression in MCF-7
cells, but the anti-proliferative effects of ERB1 could
be overridden by overexpression of FOXM1, indi-
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cating that FOXM1 is an important downstream tar-
get of ERf1 signaling. Together, these findings de-
fine a key anti-proliferative role for ERf1 in breast
cancer development through negatively regulating
FOXM1 expression. (Am J Pathol 2011, 179:1148-1156;
DOI: 10.1016/j.ajpath.2011.05.052)

Estrogens play a crucial role in the development and
proliferation of normal tissues, as well as malignant mam-
mary tissues,” and their biological functions are mediated
primarily through two estrogen receptors (ERs), ERa and
ERB, encoded by distinct genes, ESRT and ESRZ2, re-
spectively.®® ERa and ERB bind to the natural estrogen
17B-estradiol (E,) with equal affinity, but they interact
differentially with other natural and synthetic ligands.* In
response to estrogen signaling, ERa normally promotes
the proliferation of breast epithelium and cancer cells,
whereas ERB has been shown to have an anti-prolifera-
tive and pro-apoptotic effect.?® In the presence of li-
gands, ERa and ERB bind to the estrogen responsive
element (ERE) located in gene promoter regions as either
homodimers (ERa/ERa or ERB/ERB) or heterodimers
(ERa/ERP) to regulate the transcriptional activity of target
genes. In addition, the effects of estrogens can also be
mediated through plasma membrane-localized ERa and
ERpB.2 It has also been reported that ERB is able to reg-
ulate transcription independent of estrogen and in an
ERE-independent manner.>” Although the biological
function of ERB varies in different organs, its deregulation
has been comprehensively linked to breast and colon
tumorigenesis.®

In humans, five common splice variants of ERB (ERB1
to ERB5) have been identified.® Among the five isoforms,
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ERB1 [also called wild-type (WT) ERB] and ERB2 (also
called ERBcx) are the most commonly expressed and
frequently studied. Unlike ERB1, ERB2 does not bind
estrogen and, therefore, can theoretically be a dominant-
negative regulator of ERa. ERB positivity in general has
been shown to be associated with favorable prognosis,
with patients having better response to endocrine ther-
apy.'®'" Although the significance of each isoform is still
unclear, both ERB1 and ERB2 have been shown to be
good prognostic factors for endocrine therapy in breast
cancer.'?"'® As for ERe, despite its mitogenic function, its
expression is generally associated with good prognosis
in breast cancer, because approximately two-thirds of
the patients positive for ERa respond to endocrine ther-
apeutics, such as tamoxifen (OHT), fulvestrant (ICl
182780), and aromatase inhibitor. 18

FOXM1, a member of forkhead box (FOX) family of
transcription factors, is a critical regulator of cell-cycle
progression,'®2° mitotic spindle integrity,®' angiogene-
sis,?® apoptosis,?®2® cell migration,?*?® metastasis,®®
DNA damage repair,®*?> and tissue regeneration.”
FOXM1 is frequently overexpressed in a wide range of
human cancer types, including colorectal,?” lung,?® pros-
tate,? liver,®° and breast®' carcinomas. In agreement, a
microarray study also found FOXM1 expression to be
elevated in multiple carcinomas, including prostate, lung,
ovary, colon, pancreas, stomach, bladder, liver, kidney,
and breast, compared with their normal counterparts.3?

In addition to its involvement in breast cancer tumori-
genesis,®” FOXM1 overexpression/dysregulation has
also been implicated in the development of resistance to
breast cancer drugs, including cisplatin,®* trastuzumab
(Herceptin),®"33 and paclitaxel (Taxol).>®> Consistently,
high levels of FOXM1 expression are associated with
poor prognosis in breast cancer.®* Previous work has
shown that FOXM1 regulates ERa transcription in breast
cancer cells.®®> Conversely, ERa also controls FOXM1
expression at the transcription and gene promoter lev-
els.®® In fact, FOXM1 is a key mediator of the mitogenic
functions of ERa and estrogen signaling in breast cancer
cells. As such, the deregulation of FOXM1 expression
may contribute to insensitivity to breast cancer endocrine
therapies.®® To explore the role of ERB signaling in breast
cancer development, we investigated the relation be-
tween FOXM1 and ERB1 expression in breast cancer cell
lines in vitro and in vitro and in clinical samples. In the
present study, we found FOXM1 to be an ERB1-regulated
gene and ERB1 represses FOXM1 expression through
targeting ERa.

6

Materials and Methods
Cell Culture and Xenograft Model

The human breast carcinoma cell lines CAL51, MCF-7,
MCF-7(ER-), MDA-MB-231, SKBR-3, T47D, ZR-75-1, and
ZR-75-1(ER-) were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum,
2 mmol/L glutamine, and 100 U/mL penicillin/streptomy-
cin in a humidified incubator at 37°C. The MCF-7(ER-)
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cells were established from prolonged culturing of ad-
enovirally infected MCF-7 cells in estrogen-free condi-
tions and were a kind gift from Laki Buluwela (London,
UK). All experiments on the breast cancer cell lines were
performed in full-serum conditions, unless indicated
otherwise. Mice xenograft models have been described
previously.®” Mice were housed at the Centre for Biotech-
nology, Karolinska Institute, Huddinge, Sweden. T47D-
Tet-off-ERB cells, stably transfected with the tetracycline-
regulated ERB expression plasmid, have previously been
described.®” The T47D or T47D-ERB cells were injected
into the mammary fat pad of 5-week-old severe com-
bined immunodeficient/beige mice (Taconic, Ry, Den-
mark). E, pellets, 0.72 mg/pellet (Innovative Research of
America, Sarasota, FL), were placed subcutaneously in
the neck with a pellet trochar (Innovative Research of
America). After 4, 8, 16, or 30 days, the mice were sac-
rificed, and the tumors were fixed in 4% paraformalde-
hyde and paraffin-embedded as described.®” Animal ex-
periments were approved by the Swedish Board of
Agriculture, reference number S 27-08, including ap-
proved animal welfare, experimental protocol, and animal
toxicology.

Plasmids and Transfections

The pcDNAS3-Flag-tagged human ERB1 expression vec-
tor has previously been described.®” For transfections,
cells were seeded to a confluence of ~50% to 70% and
incubated with a mix of transfection reagents containing
FUGENE-6 (Roche, East Sussex, UK) and the plasmid
DNA. CAL51 cells were transfected with Xfect (Clontech,
Saint-Germain-en-Laye, France), and T47D and MCF-7-
ER(-) cells were transfected with GenePulser Il (Bio-Rad,
Hemel Hempstead, UK). The optimized transfection effi-
ciencies for these ER-positive and -negative breast can-
cer cells are usually between 30% and 80% (data not
shown).

Luciferase Reporter Assay

The pGL3-FOXM1(Apa-I) WT and mERE4 reporter con-
structs have previously been described.*® Cells were
transfected with pGL3-FOXM1 reporter constructs (WT or
mMERE4) and an internal transfection control plasmid ex-
pressing the Renilla-luciferase (pRL-TK; Promega, South-
ampton, UK) with the use of FUGENE-6 (Roche). For
promoter analysis, 24 hours after transfection, cells were
collected for firefly/Renilla luciferase assays with the use
of the Dual-Glo Luciferase reporter assay system (Pro-
mega) according to the manufacturer’s instructions. Lu-
minescence was then measured with a plate reader (the
9904 TopCount; Perkin-Elmer, Beaconsfield, UK). The
relative promoter activity was calculated from the ratio of
the luciferase to Renilla luciferase activities.

Proliferation Assays

To determine cell proliferation, the sulforhodamine B
(SRB) assay was performed as previously described®®
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with the use of the Sunrise microplate reader (Tecan UK,
Reading, UK).

Western Blotting, ChIP Analysis, and Antibodies

Western blotting was performed on whole-cell extracts by
lysing cells in buffer as previously described.®® Antibod-
ies against cyclin B1 (H433), B-tubulin (H235), ER«a
(HC20), and FOXM1 (C-20) were obtained from Santa
Cruz Biotechnology (Autogen Bioclear, Wiltshire, UK)
and ERB (ab3576) from Abcam (Cambridge, UK). Chro-
matin immunoprecipitation (ChlP) assays were per-
formed as previously described.®3° Anti-Flag antibody
(F1804) was purchased from Sigma-Aldrich (Poole, UK).

Real-Time Quantitative PCR and Patient
Samples

Frozen samples from patients who had undergone sur-
gery at Charing Cross Hospital (London, UK) were used
for RNA extraction. The ethical approval of this study was
granted by the Riverside Research Ethics Committee,
Hammersmith, London (reference number 05/Q0411/57).
Total RNA (2 ng) isolated with the use of the RNeasy Mini
kit (Qiagen, Crawley, UK) was reverse-transcribed with the
Superscript lll reverse transcriptase and random primers
(Invitrogen, Paisley, UK), and the resulting first-strand cDNA
was used as a template in the real-time PCR. All samples
were performed in triplicates. The following gene-specific
primer pairs were designed with the ABI Primer Express
software version 3.0 (Applied Biosystems, Brackley, UK):
FOXM1-sense, 5-TGCAGCTAGGGATGTGAATCTTC-3,
and FOXMT-antisense, 5'-GGAGCCCAGTCCATCAGAACT-
3'; ERa-sense, 5'-TGATCAGGTCCACCTTCTAGAATG-3',
and ERa-antisense, 5'-CGCCAGACGAGACCAATCAT-3';
ERB-sense, 5'-CTGCTGGAGATGCTGAATGC-3', and ERB-
antisense, 5’-CCGTGATGGAGGACTTGCA-3'; ERB1-sense,
5’-ACTTGCTGAACGCCGTGACC-3’, and ERBT-anti-
sense, 5'-CAGATGTTCCATGCCCTTGTT-3'; L19-sense,
5'-GCGGAAGGGTACAGCCAAT-3', and L719-antisense,
5'-GCAGCCGGCGCAAA-3’; and 18S-sense, 5'-CCT-
GCGGCTTAATTTGACTCA-3’, and 718S-antisense, 5'-
AGCTATCAATCTGTCAATCCTGTCC-3'. Specificity of
each primer was determined with Primer Express soft-
ware (Applied Biosystems). Real-time PCR was per-
formed with ABI PRISM 7700 Sequence Detection Sys-
tem with the use of SYBR Green Mastermix (Applied
Biosystems). FOXM1, ERea, ERB, L19, and 18S transcript
levels were quantified with the standard curve method.
L19 and 18S, non-regulated ribosomal housekeeping
genes, were used as an internal control to normalize input
cDNA.

IHC Analysis, TMAs, and Samples

With ethical approval from the Local Research Ethics Com-
mittee of the Leeds Teaching Hospitals NHS Trust (06/
Q1206/180) formalin-fixed, paraffin-embedded tissue mi-
croarrays (TMAs) from 358 clinical samples collected from
Leeds Teaching Hospitals were subjected to immunohisto-

chemical (IHC) staining. IHC staining was performed on
formalin-fixed, paraffin-embedded tissue sections with the
use of the following antibodies: FOXM1 (C-20; Santa Cruz
Biotechnology) and ERB (ab3576; Abcam), ERa antibody
(clone 6F11; Novocastra, Newcastle, UK), ERB1 (PPG5/10;
Serotec, Kidlington, UK), ERB2 (57/3; Serotec), and ERB5.4°
ERa and each ERB were assessed with the Allred score on
the basis of proportion and intensity of nuclear staining with
a cutoff value >3. FOXM1 was determined as positive when
showing expression of moderate or strong intensity.

Statistical Analysis

Pearson’s x? test and Fisher's exact test were used to test
the relation between ERB and FOXM1 expression. Corre-
lations were assessed with Pearson’s rank correlation
test. SPSS version 16 (SPSS Inc., Chicago, IL) was used
for all analyses. P = 0.05 was considered significant.

Results

Expression of ERB1 Represses Tumor Growth
and FOXM1 Expression in Nude Mice
Xenografts

To evaluate the role of ERB1 on tumor growth in vivo, the
estrogen-dependent T47D (control; ERB-) and the deriva-
tives ectopically expressing ERB1, T47D-ERB,*” breast car-
cinoma cells were transplanted into the mammary fat pads
of athymic nude mice administrated with E,. After 4, 8, 16,
and 30 days, four mice from each treatment group were
sacrificed, and the xenografts were removed for examina-
tion. Tumor xenografts derived from T47D-ERp cells were
significantly smaller (P < 0.005) than the control group that
received a transplant with the parental T47D cells (Figure
1A). The average volume of the T47D-ERB tumors was 50
mm?® in diameter compared with 166 mm? in the controls at
30 days after transplantation (Figure 1B). IHC staining of
tumor sections showed that, although ERB expression was
undetectable, high levels of FOXM1 expression were found
in the nuclei of the faster-growing control T47D-derived
tumors. In contrast, the slower-growing T47D-ERB tumors
contained high levels of ERB but low levels of FOXM1 stain-
ing (Figure 1C). The inverse relation between ERB and
FOXM1 expression in these mice xenografts suggested that
ERB1 might function through repressing FOXM1 expression
to limit breast cancer growth.

Inverse Correlation between ERB1 and FOXM'1
Expression in Human Breast Cancer Samples

To test whether the inverse association between ERB1 and
FOXM1 expression also exists in human breast cancer, the
expression patterns of individual ER isoforms, ERB1, ERB2,
or ERB5, and FOXM1 were examined in human breast can-
cer samples by IHC staining (Figure 2A; see also Supple-
mental Figure S1 at http://ajp.amjpathol.org). No significant
correlation was observed between the expression levels of
FOXM1 and ERB2 or ERB5; however, a potential but non-
significant inverse correlation trend was detected between
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Figure 1. Expression of ERB1 represses tumor
growth and FOXM1 expression in nude mice
xenografts. A: T47D (Control; ERB1-) and the
derivatives ectopically expressing ERB1, T47D-
ERB (ERB1+) breast carcinoma cells were trans-
planted into the mammary fat pads of athymic
nude mice administrated with E,. After 4, 8, 16,
and 30 days, four mice from each treatment
group were sacrificed, and the xenografts were
ERB1+ removed for examination. Photographs show tu-
(*Unpaired t test) mors at 30 dayjs after tr:msplanmtl()p. B: Graph
shows comparison of the average size between

the control and T47D-ERB tumors. T47D-ERB
tumors were significantly smaller (*2 < 0.05)
than the controls (6.5 mm and 11.5 mm in diam-

T47D (Control)

eter, respectively) at 30 days after transplanta-
tion. C: IHC staining of tumor sections showed
that, although the expression of ERB1 was un-
detectable, high levels of FOXM1 expression
were found in the nuclei of the controls. In
contrast, the T47D-ERB tumors expressed high
levels of ERB1 but low levels of FOXM1 staining.
Scale bar = 30 pum.

ERB1 and FOXM1 expression (n = 245; P = 0.0717 t-test)
when all samples were analyzed (Figure 2B). When IHC
data were re-evaluated after excluding ERa-negative sam-
ples, a significant correlation between FOXM1 and ERB1

expression (n = 173; P = 0.0197 t-test) was observed,
consistent with the xenograft results (Figure 2C). As for
ERB2 and ERB5, no association was observed with FOXM1
expression in the ERa-positive tumors. Similar results were
obtained when the staining data were scored as plus or
minus and analyzed by Fisher's test (see Supplemental
Figure S2 at http://ajp.amjpathol.org). Notably, the clinical
samples used in this study have previously been analyzed for
correlations between the expression levels of ERB isoforms
and ERa. The results showed no significant associations, ex-
cept for a positive correlation between ERB2 and ERa expres-
sions.*® This finding also indicates that the inverse relation
between ERB1 and FOXM1 is not because of the ability of
ERB1 to repress ERa expression.

Next, the expression levels of ERB1 and FOXM1
mRNAs were analyzed by real-time quantitative PCR in a
further 94 human breast cancer samples (Figure 3A). The
results showed no significant relation between ERB1 and
FOXM1 mRNA transcript levels (n = 94; r = —0.149, P =
0.152 two-tailed Pearson’s correlation) when all samples
were analyzed, but the correlation became significant
when the ERa-negative samples were removed from
the analysis (n = 61; r = —0.256, P = 0.046 two-tailed;
Figure 3B). These findings suggest that ERB1 may
negatively regulate FOXM1 expression at the transcrip-
tional level, and this process depends on the presence
of ERaexpression.

ERB1 Represses FOXM1 Protein and mRNA
Expression Only in ERa-Positive Breast Cancer
Cells

To test the hypothesis that ERB1 represses FOXM1 ex-
pression, we next used an ERa-positive T47D cell line

expressing a Tet-Off-controlled ERB1 construct (T47D-
Tet-Off-ERB),%” in which ERB expression is inducible on
doxycycline (Dox) withdrawal. Removal of Dox from the
T47D-Tet-Off-ERB cells in the presence of 10 nmol/L E,
resulted in an induction of ERB1 expression and a corre-
sponding decrease in FOXM1 expression (Figure 4A). In
contrast, Dox withdrawal caused an increase in FOXM1
expression in the control T47D-Tet-Off cell line, probably
because of the relief of the anti-proliferative effects of Dox
(Figure 4A). Consistent with the Western blot results, real-
time quantitative PCR analysis showed that Dox with-
drawal resulted in a down-regulation of FOXM1 mRNA
expression in the T47D-Tet-Off ERB cells but an increase
in FOXM1 mRNA levels in the control T47D-Tet-Off cells
(Figure 4B).

To confirm these results further and to explore the role
of ERe in this regulatory mechanism, the effects of ERB1
transfection on FOXM1 expression was studied in a panel
of ERa-positive (MCF-7, ZR-75-1, T47D) and ERa-nega-
tive [SKBR3, CAL51, MDA-MB-231, MCF-7(ER-) and ZR-
75-1(ER-)] breast carcinoma cell lines (Figure 4D; see
also Supplemental Figure S3 at http://ajp.amjpathol.org).
Western blot analysis showed that ectopic expression of
ERB1 resulted in a down-regulation of FOXM1 expression
in ERa-positive cell lines, whereas ERB1 overexpression
had no effects on FOXM1 in the ERa-negative SKBR3,
CAL51, and MDA-MB-231 cell lines. Consistent with this,
ERB1 overexpression did not alter the FOXM1 expression
levels in clones of MCF-7 and ZR-75-1 (see Supplemental
Figure S2 at http.//ajp.amjpathol.org), which have lost
ERa expression. It is notable that ERa expression was
also down-regulated by ERB1 overexpression, but the
down-regulation is generally moderate and not suffi-
cient to account for the considerable reduction in
FOXM1 levels. The down-regulation of ERa expression
by ERB1 is probably partially because FOXM1 regu-
lates ERa expression.®® Together with previous find-
ings,®® these results suggest that the ability of ERB1 to
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Total (n=245)
FOXM1 FOXM1 FOXM1
ERB1 + ERB2 + ERBS5 +
high 146 60 high 96 39 high 133 55
low 14 4 low 55 21 low 17 3
neg 8 0 neg 23 6 neg 1 3
test (two-tailed) Welch's t-test t-test (two-tailed)
p=0.0717 (two-tailed) p=0.7154
p=0.4126
ERa+ (n=173)
FOXM1 FOXM1 FOXM1
ERB1 + ERpB2 + ERBS5 +
high [ 108 56 high 75 35 high 93 50
low 1 2 low 38 18 low 13 2
neg 7 0 neg 12 4 neg 1 1
t-test (two-tailed) Welch's t-test Welch's t-test
p=0.0197* (two-tailed) {two-tailed)
p=0.6980 p=0.2680

Figure 2. Inverse correlation between ERB1 and FOXMI1 expression in
human breast cancer samples. A: Representative expression patterns of
FOXM1 and ERB1 in TMA. With the use of an ERB1 antibody, IHC staining
showed an inverse correlation/association between ERB1 and FOXM1 ex-
pression in human breast cancer TMA. Scale bar = 30 wm. B: The expression
of the individual ER variant, ERB1, ERB2, or ERB5 was also investigated
independently (see Supplemental Figure S1 at http.//ajp.amjpathol.org). The
staining of FOXM1, ERB1, ERB2, and ERB5 (see Supplemental Figure S1 at
bttp://ajp.amjpathol.org) was assessed with a scanscope (Scanscope Aperio
Technologies, Inc., Vista, CA) connected to a personal computer. The stain-
ing intensity and percentage of staining in the cytoplasm and the nucleus
were each scored independently in a semiquantitative fashion. For each case,
a final score from the nucleus and the cytoplasm was obtained by multiplying
the score of intensity with the score of the percentage, 8 being the maximum
final score. To avoid subjectivity in evaluation, scoring was done by two
independent persons. Allred scores of 0 to 2 are classified as negative (—), 3
to 5 as low positive (+), and 6 to 8 as high positive (++). Analysis of the
staining results showed no significant correlation between the expression
levels of FOXM1 and ERB2 or ERB5; however, a potential but not significant
inverse correlation trend was detected between ERB1 and FOXM1 expression
(n = 245; P = 0.0717). C: Analysis of the staining results after the excluding
ERa-negative patient samples showed a significant correlation between
FOXM1 and ERB1 expression (n = 173; P = 0.0197), further suggesting that
ERB1 represses FOXM1 expression.

repress FOXM1 expression depends on the presence
of ERa.

ERBT Represses FOXM1 Transcription by the
ERE on the FOXM1 Promoter

ERa has previously been shown to regulate FOXM1 ex-
pression through an ERE located on proximal region
(—45 bp from the transcription start site) of the FOXM1
promoter®® (Figure 5A). To examine whether ERB1 sup-
presses FOXM1 expression through the ERE-targeted by
ERa, co-transfection assays were performed in both

MCF-7 and MCF-7(ER-) cells with either the WT or mutant
(mERE4) FOXM1 promoter in the presence of different
amounts of ERB1 and E, (Figure 5, B and C). The results
showed that the WT, but not the mutant (mERE4), FOXM1
promoter was repressed by ERB1 in the ERa-positive
MCF-7 cells (Figure 5B). In contrast, both the WT and
mutant (mMERE4) FOXM1 promoters displayed low-basal
activities and were not responsive to ERB1 repression in
the ERa-negative MCF-7(ER-) cells (Figure 5C). Together
these results indicate that the ERE-like element located at
—45 bp confers the responsiveness to ERB1, confirming
that FOXM1 is a target gene of ERB1. Moreover, these
results further highlight that ERB1 requires ERa for its
repression of FOXM1 expression.

ERBT Displaces ERa from the ERE of FOXM1
Promoter in Vivo

To explore the mechanism by which ERB1 represses
FOXM1 expression, we studied the in vivo occupancy of
the ERE site on the FOXM1 promoter by ERa and ERB1 in
MCF-7 cells in the absence or presence of ERB1 expres-
sion by ChIP assays (Figure 5D). MCF-7 cells collected
24 hours after transfection with pcDNA3 as a control or
pcDNAB-Flag-ERB1 (Figure 5D) were subjected to ChIP
analysis with the use of an ERa antibody and an anti-Flag
antibody, which recognized the transfected Flag-tagged
ERB1. The ChIP assays showed that there was an in-
crease in ERB1 recruitment to the ERE region on ERB1

A

25 R? Linear = 0.022
Total (n=94)
Corelations < 20
ERp | Foxmi H
ERi  Pearson Comelation 1| ue] < 15
Sig. (2-tailed) 152 E
N 84 9 2 10
FOXM1  Pearson Corelation -148 1 S
Sig. (2-talled) 152 E
N 84 94
e
4 6 8
FOXM1/L19 RNA level
B
ERo+ (n=61) 20 R? Linear = 0.066
Correlations °
ERp FOXM1 E 15
ERp Paarson Correlation 1 -256' g
Sig. (2-tailed) 0| E 40
N a1 81 E
FOXM1  Pearson Correlation -256 11 &
Sig. (2-talled) 046 E
N 61 81
*. Comelation is significant at the 0,05 level (2-tailed).

FOXM1/L19 RNA level

Figure 3. Inverse correlation between ERB and FOXM1 mRNA expression in
human breast cancer samples. Expression levels of ERB and FOXM1 mRNA
were analyzed by real-time quantitative PCR in 94 breast cancer patient
samples with FOXM1, ERB, and 18S primers. The FOXM1 and ERB mRNA
levels were normalized against 18S RNA levels. A: The results showed no
significant relation between ERB and FOXM1 mRNA transcript levels (12 = 94;
r = —0.149, P = 0.152 two-tailed) when all samples were studied by
Pearson’s correlation analysis. B: The correlation became significant when
the only ERe-positive samples (7 = 61) were analyzed (1 = 61; r = —0.250,
P = 0.046 two-tailed), showing a significant inverse correlation between ER3
and FOXM1 mRNA levels.
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T47D-Tet T47D-Tet- 5
(Control) ERB+ [ —— Figure 4. ERBI represses FOXM1 protein and
. < 150 * mRNA expression only in ERa-positive breast
Doxycycline: + - + - (481’1} B cancer cells. Dox was removed from the control
w 100 T47D-Tet cells and a T47D cell line expressing a
FOXM1 -.. EX ‘ g Tet-Off controlled ERB construct (T47D-Tet-
- . - = 50 ERP), in which ERB1 expression is inducible on
ERB1 5 Dox withdrawal. A: T47D-Tet and T47D-Tet-ER3
— — ~ e 0 cells collected at 0 and 48 hours after Dox re-
ERa | —— — | 0 12 24 48 0 12 24 48 hafter moval were used for Western blot analysis. Re-
T47D-Tet T47D-Tet- Dox-Off moval of I)QX from the T47D-Tet-ER cells in the
Tubulin m— | (Control) ERp+ presence of 10 nmol/L E, resulted in an induc-
tion of ERB1 expression and a corresponding
decrease in FOXM1 expression at 48 hours. In
C ERa + ERq - contrast, Dox withdrawal caused an increase in
FOXM1 expression in the T47D-Tet-control
MCF-7 ZR-75-1 T47D SKBR3 CAL51 MDA-MB-231 MCF-7-(ER-) cells. B: Real-time quantitative PCR analysis was
ERB: - + = + = + = + - + = + = + (48h) ]f;rf;);}'med104213 1;]47D—Tt;t an]c)i T47Q—ITTI—ERL13 alElO,
, 24, and ours after Dox withdrawal. The
ERq | &8 == - e - [ results showed that Dox withdrawal caused a
- . é » -‘ down-regulation of FOXM1 mRNA expression in
ERp1 —_;.. e = - — —_— ! 4 ' the T47D-Tet-ERB cells but an increase in
FOXM1 . S| .. - - e L—! = -- FOXM1 mRNA levels in the T47D-Tet-control
Tubulin 0 —r cells, probably as a result of the relief of the
| [T, R | | | e— - e anti-proliferative effects of Dox. Statistical anal-
yses were done using Student’s 7 test. *P < 0.05,
significant; **P < 0.01, very significant. C: Effects
D ERa + ERa - of ERBI ectopic expression on FOXM1 expres-
MCF-7 ZR-75-1 T47D SKBR3 CAL51 MDA-MB-231 MCF-7-(ER-) sion was examined in a panel of ERa-positive
60 2 2 2 2 2 1 2 A (MCF-7, ZR-75-1, and T47D) and ERa-negative
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ERp1: - + -+ - + - + - + - + - + sults showed that ectopic expression of ERB1
resulted in a down-regulation of FOXM1 expres-
@ §' 2 1 2 5 2 2 2 1 2 1 N - )
= sion in ERa-positive but not ERa-negative cell
g p-! o 14 14 i . . . lines. Thus, these results suggest that the ability
XK ._l “ “ of ERB1 to repress FOXM1 expression depends
'S o 0 0 A o A o 4 o 4 0 4 on the presence of ERa.
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ectopic expression. Concomitantly, occupancy of ERE
region by ERa was drastically reduced in MCF-7 cells on
ectopic ERB1 expression, indicating that ERB1 expres-
sion caused the disassociation of ER« from ERE region of
the FOXM1 promoter (Figure 5D).

FOXMT1 Is an Important Downstream Target of
ERB1

To show that FOXM1 is a functionally important down-
stream target of ERB1, the parental MCF-7 cells and
MCF-7 cells overexpressing WT FOXM1 (MCF-7-FOXM1)
were transiently transfected with pcDNA3 or pcDNA3-
Flag-ERB1, and the rates of cell proliferation were moni-
tored by SRB assays over 72 hours. Western blot analysis
showed that overexpression of ERB1 repressed FOXM1
expression in the MCF-7 cells but had little effects on
FOXM1 in the MCF-7-FOXM1 cells at 48 hours (Figure
6A). Cell proliferation SRB assays showed that, although
the MCF-7 cells transiently transfected with ERB1 grew
slower than the control cells, ERB1 overexpression had
no detectable effects on the proliferation of MCF-7-
FOXM1 cells (Figure 6B), suggesting that FOXM1 is a
critical downstream target of ERB1 in the control of cell

proliferation. The results also support the notion that
ERB1 negatively regulates FOXM1 expression at the
gene promoter level, because FOXM1 expression was
driven by the exogenous viral cytomegalovirus promoter,
and, consequently, its transcription was not affected by
ERB1.

Discussion

In humans, ERB has at least five major isoforms (ERB1 to
ERB 5) with distinct functions and tissue distributions.®
The importance of ERB expression in breast cancer is
well documented, with a number of studies showing that
patients with ERB-positive breast cancer treated with ad-
juvant tamoxifen have a better survival rate.*' Consis-
tently, ERB expression has been shown to be frequently
associated with lower-grade tumors and negative axillary
node status.*? In contrast, other studies have found that
breast tumors co-expressing ERa and ERB are often
node positive and of higher grades,*® and breast tumors
with increased ERB expression are linked to tamoxifen
resistance.** These findings highlight the discrepancies
in the knowledge on ERB and its isoforms and emphasize
that the clinical implications of ERB expression, their
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Figure 5. ERpB1 represses FOXM1 transcription by the ERE on the proximal
promoter. A: Schematic representation of the Apal FOXMI-luciferase re-
porter construct, showing the WT and the mutant ERE (mERE4) sequences.
B: MCF-7 cells were transfected with pGL3-FOXM1(Apal) WT or mERE4 and
0, 5, 10, or 20 ng of pcDNA3-Flag-ERB1 expression vector in the presence of
E,. The transfected cells were collected after 24 hours for firefly/Renilla
luciferase assays with the use of the Dual-Glo Luciferase reporter assay
system (Promega) according to the manufacturer’s instructions. C: The ERa-
negative, MCF-7(ER-) cells were transfected with pGL3-FOXM1(Apal) WT or
mERE4 and 0, 5, 10, or 20 ng of pcDNA3-Flag-ERB1 expression vector in the
presence of E,. The transfected cells were collected after 24 hours and
analyzed for promoter activity as described. The WT, but not the mutant
mERE4, FOXM1I-luc activity was repressed by ERB1 in the ERa-positive
MCF-7 cells. In contrast, both the WT and mERE4 FOXM1-luc displayed low
basal activities and were not responsive to ERB1 repression in the ERa-
negative MCF-7(ER-) cells. D: ChIP assays were performed to study the in
vivo occupancy of the ERE region of the FOXM1 promoter. MCF-7 cells
transfected with the control pcDNA3 vector or pcDNA3-Flag-ERB1 were
subjected to ChIP analysis with the ERa antibody and anti-Flag antibody,
which recognized the transfected flag-tagged ERB. The ChIP assays (inverted
agarose gel images) showed that there was an increase in ERB1 recruitment
to the ERE region on ERB1 ectopic expression. The occupancy of the ERE
region by ERa was drastically reduced on ERB1 expression, suggesting that
ERP1 displaces ERa from the ERE of FOXM1 promoter in vivo. Western blot
analysis was also performed to show the expression levels of FOXM1, ERB1,
ERa, and tubulin in the transfected cells (right panel).

mechanisms of action, and downstream targets in breast
cancer still remain enigmatic.

The forkhead transcription factor FOXM1 is fundamen-
tal to breast cancer initiation and progression. Accord-

ingly, FOXM1 expression increases during breast cancer
tumorigenesis,®’ and deregulated FOXM1 expression
has been linked to resistance to chemotherapeutic
agents, including gefitinib, lapatinib, and cisplatin, in
breast cancer.2*3"5 Recently, FOXM1 has been shown
to have a role in sensitivity and resistance of breast can-
cer endocrine therapy.®® Here, we studied the effects of
ERB1 ectopic expression in breast cancer cell lines and
nude mice xenografts and observed that ERB1 expres-
sion suppresses tumor cell proliferation and represses
FOXM1 expression at mRNA and protein levels in ERa-
positive but not ERa-negative breast cancer cells. This
notion is further supported by the finding of a significant
inverse correlation between ERB1 and FOXM1 expres-
sion at both protein and mRNA transcript levels in ERa-
positive breast cancer patient samples. Notably, there is
no correlation between FOXM1 and ERB2 or ERB5 ex-
pression in total or ERa-positive breast cancer cases,
although we cannot exclude that this might relate to the
modest sample size. The finding that the repression of
FOXM1 expression by ERB1 in breast cancer depends
on ERa suggests that ERB1 represses FOXM1 expres-
sion through ERa. Consistent with this idea, the activity of
WT and ERE-mutant FOXM1 promoters was lower in the
ERa-negative MCF-7-(ER-) cells compared with the ERa-
positive MCF-7 cells. Although ER is able to act in an
ERE-independent manner,” our data evidently show that
ERB1 acts through the ERE located on the FOXM1 pro-
moter. Indeed, the in vitro promoter analysis showed that
ERB1 represses FOXM1 promoter activity through a prox-

A MCF-7 MCF-7-FOXM1
ERp1 (48h)
FOXM1
ERB1
ERa
Tubulin
B MCF-7 MCF-7-FOXM1
3.5 1 &
s -0~ Control - -0 Control
8 301 4 ERrp 3.0 1
= -+ ERB
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e 20 2.0
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E 1.5 1 1.5 1
=
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Figure 6. FOXML is a key downstream target of ERB1 in breast cancer cells.
Parental MCF-7 cells and MCF-7 cells overexpressing WT FOXM1 (MCF-7-
FOXM1) were transiently transfected with pcDNA3 or pcDNA3-Flag-ERB1
and used for Western blot analysis and SRB assays. A: Transfected cells were
collected at 48 hours and analyzed for FOXM1, ERB1, ERe, and tubulin
expression by Western blot analysis. B: SRB assays were performed on these
cells at 0, 24, 48, and 72 hours. Aliquots of the transfected cells were split into
96-well plates, and their proliferation was analyzed at the times indicated by
SRB assays. Cell proliferation assays showed that. although the MCF-7 cells
transiently transfected with ERB1 grew slower than the control cells, ERB1
overexpression had no detectable effects on the proliferation of MCF-7-
FOXM1 cells.



imal ERE site, which has previously been shown to be
responsible for ERa induction in breast cancer cells.®® In
addition, ChlIP assays showed that ERB1, when ectopi-
cally expressed, displaces ERa from the ERE region of
the FOXM1 promoter in vivo, indicating that ERB1 func-
tions by competing with ERa for ERE binding. ERB/ERB
homodimers have been suggested to have lower tran-
scriptional activity than ERa/ERa or ERa/ERB,*® and this
might provide one mechanistic explanation as to how
ERB antagonizes ERa transcriptional output in the regu-
lation of FOXM1 expression. The data also showed that
ERB1 functions primarily through antagonizing the action
of ERa, because ERB1 overexpression had no effects on
FOXM1 expression and FOXM1 promoter activity in ERa-
negative breast cancer cells.

The findings that ERB1 is able to repress FOXM1
through antagonizing ERa is expected to have funda-
mental implications for the treatment of ERa-positive
breast cancer. A number of highly selective ER ligands
have already been generated, and some are currently
under clinical evaluation for breast cancer treatment.**’
However, loss of ERB expression is a common event
during breast and ovarian cancer tumorigenesis as well
as progression,*® and this loss of ERB expression has
been linked to DNA methylation.*®~5° In fact, treatment of
ovarian and breast carcinoma cells with the demethylat-
ing agent 5-aza-2' deoxycytidine has been shown to
result in re-expression of the ERB gene.**~®" Thus, treat-
ment of ERB-negative breast cancer with demethylating
agents can be a viable strategy to reactivate ERB expres-
sion to antagonize the ERa signaling in breast cancer.
Because most patients with ERa-positive breast cancer
are treated with and respond to endocrine therapy, '8
these demethylating agents could also be used in com-
bination with anti-estrogens or aromatase inhibitors to
antagonize ERa signaling and, thus, to increase the effi-
cacy of endocrine therapy in breast cancer. Equally,
ERB1 can also be an important prognostic biomarker as
well as predictive factor for endocrine treatment sensitiv-
ity in breast cancer. Consistent with the hypothesis that
ERB1 is an important target for breast cancer treatment
and marker for prognosis, we have obtained preliminary
data showing that re-expression of ERB1 can enhance
the anti-proliferative effects of tamoxifen in the ERa-pos-
itive breast cancer cell line MCF-7 (see Supplemental
Figure S4 at http.://ajp.amjpathol.org).

In summary, our study shows that the most common
ERB isoform, ERB1, negatively regulates the expression
of the oncogenic forkhead transcription factor FOXM1 in
breast cancer cells. This is consistent with the observa-
tions that ERB1 is associated with the suppression of
breast cancer cell proliferation and survival. We also ob-
served that ERB1 represses FOXM1 expression primarily
through competing with ERa on binding to the ERE lo-
cated on the proximal promoter. The inverse relation be-
tween ERB1 and FOXM1 expression was confirmed in
human breast cancer samples. In addition, our data
showed that suppression of FOXM1 expression is the key
mechanism mediating the anti-proliferative actions of
ERB1, and ectopic expression of FOXM1 can override the
anti-proliferative effects of ERB1. In summary, our find-
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ings provide insights into the role and mechanism of
action of ERB1 and identify FOXM1 as a crucial down-
stream target of ERB1 in breast cancer. The indirect
regulation of FOXM1 by ERB1 by ERa could determine
the responsiveness to breast cancer endocrine therapy,
and this estrogen-signaling axis can therefore be impor-
tant for breast cancer treatment and prognosis, espe-
cially because some two-thirds of breast carcinomas co-
express ERa and ERpB.5?
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