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ABSTRACT

Breast cancer is primarily a hormone-dependent tumor that can be regulated by status of steroid
hormones including estrogen and progesterone. Estrogen-related receptors (ERRs) are orphan nuclear
receptors most closely related to estrogen receptor (ER) and much attention has been recently paid to
the functions of ERRs in breast cancer in terms of the interactions with ER. In the present study, we
investigated the expression of ERRy in human invasive breast cancers by immunohistochemical analysis
(n=110) obtained by radical mastectomy. Nuclear immunoreactivity of ERRy was detected in 87 cases
(79%) and tended to correlate with the lymph node status. No significant associations were observed
with other clinicopathological characteristics, including the expression levels of both estrogen and pro-
gesterone receptors. In MCF-7 breast cancer cells, we demonstrated that ERRy mRNA was up-regulated
dose-dependently by estrogen, and that this up-regulation of ERRy mRNA by estrogen was abolished
by ICI 182,780 treatment. We also demonstrated that exogenously transfected ERRy increased MCF-7
cell proliferation. Furthermore, ERRy enhanced estrogen response element (ERE)-driven transcription in
MCF-7 cells. In 293T cells, ERRy could also stimulate ERE-mediated transcription with or without ERa.
These results suggest that ERRy plays an important role as a modulator of estrogen signaling in breast

cancer cells.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Estrogen-signaling pathways are involved in the growth and
development of breast tumors through the activation of estro-
gen receptor o (ERa) [1]. The cells of most breast cancers express
high levels of ERa and exhibit estrogen-dependent proliferation.
ERs are the members of the nuclear receptor superfamily and
regulate various cellular events, including cell growth and apop-
tosis, by acting as transcription factors activating the expression of
target genes. Therefore, comprehensive understanding of estrogen-
signaling pathways in breast cancer is required for both treatment
and diagnosis of the disease.
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Recently, several researchers have focused on estrogen-related
receptors (ERRs) as modulating factors for estrogen-signaling path-
ways [2,3]. ERRs (ERRa, ERR[B, and ERRy) are orphan nuclear
receptors that possess certain homologies to ER but cannot bind
estrogen. In ERR-mediated transcriptional activation, coactivators
are required in the interaction between the receptors and basal
transcriptional machinery. Among such coactivators, peroxisome
proliferator-activated receptor vy (PPARYy) coactivator-1ac (PGC-
1a) and PGC-13 have been revealed to play important roles in
ERR-mediated transcription [4-6]. In addition to PGC-1a/f3, other
coactivators have been shown to associate with both ERRs and
ERs, suggesting that transcriptional cofactors are partially shared
between ERs and ERRs. Furthermore, ERRs can bind to estro-
gen response elements (EREs) as well as ERR response elements
(ERRESs), suggesting that ERRs can affect ER-mediated signaling.

In vivo functions of ERRa and ERRy were partly revealed using
knockout mice. ERRa-knockout mice are viable but exhibit a
phenotype characterized by reduced body weight, peripheral fat
deposits, and resistance to high-fat diet-induced obesity [7]. On the
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other hand, ERRy-null mice die during the early postnatal period
as a result of abnormal heart function; these mice fail to make
the transition at birth from the utilization of glucose as a fetal
energy substrate to mitochondrial fatty-acid oxidation (FAO) [8].
The expression of ERRa is more abundant than that of the other 2
ERR subtypes and is detected in tissues with high metabolism, such
as the heart, kidney, intestinal tract, skeletal muscle, and brown
adipose tissue [9]. The expression patterns of ERR3 and ERRy are
more restricted, but these receptors are abundantly expressed in
the heart and kidneys [9,10]. We have previously shown that ERRa
and ERRvy are upregulated in preadipocyte cells and pluripotent
mesenchymal cells under adipogenic conditions and that they pos-
itively regulate lipid accumulation in preadipocyte cells [11,12].

On the other hand, ERR is thought to be involved in the devel-
opment of human cancer [13,14]. Expressions of ERRa and ERRy
mRNAs are associated with an unfavorable and favorable progno-
sis of breast cancer, respectively [15]. Expression of ERRa protein in
breast tumors correlates with an increased risk of recurrence and a
poor prognosis [13]. In human prostate cancer, patients with high
ERRa and low ERRy immunoreactivities show poor cancer-specific
survival [16]. However, there has been no study investigating the
association of ERRy protein expression with breast cancer, and its
role is yet to be elucidated.

In the present study, we evaluated the expression of ERRy in
human breast cancers by using immunohistochemistry; we then
investigated the correlation between the ERRy expression levels
and clinicopathophysiological findings. Furthermore, we showed
the estrogen-induced expression of ERRy in human breast cancer
MCF-7 cells and the stimulating effects of ERRy on proliferation of
MCF-7 cells. Finally, we revealed that ERRy elevates ER-mediated
transcription.

2. Materials and methods
2.1. Tissue selections and patient characteristics

Between January 2005 and March 2006, 110 consecutive
patients were diagnosed with invasive breast cancer using a
vacuum-assisted biopsy device (Mammotome®, Ethicon Endo-
surgery, Inc., Cincinnati, OH) at Saitama Medical University
Hospital. Formalin-fixed, paraffin-embedded sections obtained by
biopsy or surgery were used in this study. The study was approved
by the institutional review board at Saitama Medical University,
and informed consent was obtained from all patients. Patient age
ranged from 32 to 89 years (mean, 59.5). The clinicopathological
characteristics of the series are presented in Table 1.

2.2. Antibodies

Anti-Flag M2 and anti-f3-actin antibodies were purchased from
Sigma-Aldrich (St. Louis, MO). Anti-ERR+y antibody was generated
from rabbit serum using a glutathione S-transferase (GST) fusion
protein with amino acids 2-51 of human ERRYy protein as an anti-
gen. The antiserum was then purified using an affinity column filled
with GST protein-coupled Affi-Gel 10 (Bio-Rad, Hercules, CA) to
remove anti-GST antibody. The characterization of the antibody
was previously confirmed by western blot analysis in pcDNA3-Flag-
hERRy-transfected 293T cells [16].

2.3. Immunohistochemistry

Immunohistochemical analysis for ERRy was performed using
an EnVision+ visualization kit (Dako, Carpinteria, CA), as previously
described [16]. Tissue sections (6 wm) were deparaffinized, rehy-
drated through graded ethanol, and rinsed in Tris-buffered saline

Table 1
Relationship between immunoreactivity of ERRy and clinicopathological findings in
invasive breast cancer (n=110).

Clinical findings Immunoreactive score of ERRy? Pvalue
High (n=87) Low (n=23)
Age 59.0+14.7 59.8+14.7 0.83
<50 24 7 0.99
>50 63 16
Menopause
Pre 25 6 0.99
Post 62 17
pT
<20mm 41 13 0.61
>20 mm 29 6
Stage
L1 81 22 0.97
111, IV 6 1
Grade
I 32 8 0.95
IL, 11T 32 9
ER
Positive (PS> 3) 57 13 0.43
Negative (PS <2) 30 10
PgR
Positive (PS> 3) 35 8 0.78
Negative (PS <2) 51 15
HER2
Positive 19 7 0.28
Negative 58 10
Lymph node
Positive (n>4) 12 0 0.06
Negative (n <3) 51 16

ER, estrogen receptor; ERR, estrogen-related receptor; PgR, progesterone receptor;
TS, total score; PS, proportion score.

2 ERRy immunoreactive scores of 0-3 and 4-8 were defined as low and high
immunoreactivity, respectively.

with 0.05% Tween-20 (TBST). To retrieve the antigens, the sec-
tions were heated in an autoclave at 121°C for 10 min in 10 mM
sodium citrate buffer (pH 6.0). The sections were blocked with
endogenous peroxidase using 0.3% H,0, and incubated in 10%
bovine serum for 30 min. The primary antibody, a polyclonal anti-
body for ERRy (1:1000 dilution), was applied and incubated at
4°C overnight. The sections were rinsed in TBST and incubated
with EnVision+ and anti-rabbit antibody for 1h at room tem-
perature. The antigen-antibody complex was visualized with 3,
3’-diaminobenzidine (DAB) solution (1 mM DAB, 50 mM Tris-HCl
buffer [pH 7.6], and 0.006% H, 0, ). As a positive control, a section of
human kidney tissue was immunostained with the anti-ERRYy anti-
body in the same manner as described above. Rabbit IgG was used
in place of the primary antibody as a negative control.

2.4. 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 [17]. Two investiga-
tors (H.T. and A.O.) evaluated the tissue sections independently.
If the immunoreactivity score differed between the 2 investiga-
tors, a third investigator (T.S.) evaluated the tissue sections, and
the average immunoreactivity score was used. When the 2 inves-
tigators found it difficult to evaluate the TS of the heterogeneous
cancerous lesions, the third investigator estimated the latter and
decided the immunoreactivity score. We defined a TS of 3 as the
cut-off for high ERRy immunoreactivity to identify a potential cor-
relation between ERRy expression in the malignant epithelium and
clinicopathological characteristics.
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2.5. Statistical analyses

The correlation between the immunoreactivity score and clin-
icopathological characteristics was evaluated with the chi-square
test. P values<0.05 were regarded as statistically significant. Dif-
ferences between the 2 groups in luciferase and cell proliferation
assays were analyzed using a 2-sample, 2-tailed Student’s t test. A
P value <0.05 was considered to be significant. All data are pre-
sented in the text and figures as the mean (standard deviation
(SD)).

2.6. Plasmid construction

Human ERa (hERat, amino acids 2-595) and ERRy (hERRy, amino
acids 2-458) were N-terminally tagged with Flag and subcloned
into pcDNA3 vector (pcDNA3-Flag-hERa and pcDNA3-Flag-hERRY,
respectively).

2.7. Cell culture and transfection

The 293T and MCF-7 cells were purchased from American Type
Culture Collection (Rockville, MD) and maintained in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS)
at 37°Cin 5% CO,. 17B-estradiol and ICI 182,780 were purchased
from Sigma and Tocris Bioscience, respectively. Transfection of
hERRY was performed using 2 jLg of pcDNA3-Flag-hERRY and Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. After 48 h, cell extracts were analyzed by
western blot analysis.

2.8. Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR)

Total RNA extraction, first-strand cDNA synthesis, quantita-
tive PCR, and primer sequences have been described elsewhere
[11,18,19]. Fold induction of mRNA expression levels was deter-
mined by comparing the mRNA levels of the estrogen-treated
samples with those of the vehicle-treated control.

2.9. Luciferase assay

MCF-7 and 293T cells were plated in 24-well culture plates at a
density of 10,000 cells/well in phenol red-free medium containing
5% charcoal-stripped serum and transfected with 0.1 pg of ERE-
tk-luc [20], together with 0.02 g of pRL-cytomegalovirus (CMV;
Promega, Madison, WI) using a Lipofectamine 2000 reagent (Invit-
rogen). Twelve hours after transfection, cells were treated with
100nM 17f3-estradiol or vehicle (ethanol) for 24 h, and luciferase
activities were determined by a MicroLumatPlus microplate lumi-
nometer (Berthold Technologies, Bad Wildbad, Germany) using
a Dual-Luciferase Assay System (Promega). Data are expressed
as mean (SD) of 3 independent experiments performed in
triplicate.

2.10. Cell proliferation assay

MCEF-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, pcDNA3-Flag or pcDNA3-Flag-hERR"y
was transfected for 12 h and incubated with 100 nM estradiol or
vehicle for 72 h. Cell proliferation was examined by a tetrazolium
salt (WST-8) assay kit (Nacalai Tesque, Kyoto, Japan) according to
the manufacturer’s protocol.

3. Results

3.1. Correlation of ERRy protein expression with
clinicopathological values of invasive breast cancer

To investigate the expression levels of ERRy protein in breast
cancer, immunohistochemical analysis was performed using 110
invasive breast cancers (Fig. 1). Strong nuclear immunoreactivity
of ERRy was detected in 79% of breast cancer specimens (Fig. 1A
and C). A human kidney tissue was immunostained with the ERRy
antibody as a positive control, and ERRy immunoreactivity was also
observed in the nuclei of kidney tubule cells (Fig. 1E). Statistical
analysis showed that the nuclear immunoreactivity of ERRy tended
to correlate with lymph node status (P=0.06) while no significant
associations were found with other clinicopathological characteris-
tics (Table 1). In the DCIS component of the ERRy-positive invasive
carcinomas, ERRy immunoreactivity was detected in the nucleus.
ERRy immunoreactivity was also detected in the nuclei of nor-
mal mammary epithelium and intratumoral stromal cells (data not
shown).

3.2. Upregulation of ERRy in estrogen-treated MCF-7 cells

Next, we examined the expressional regulation of 3 ERR genes
(ERRa, ERRP, and ERRYy) by estrogen in an ERa-positive breast
cancer cell line (MCF-7) using quantitative real-time reverse tran-
scription polymerase chain reaction (QRT-PCR) (Fig. 2A-C). ERRYy
mRNA level was significantly up-regulated by 6-fold at 3 h after
estrogen stimulation. ERRoe mRNA was also slightly up-regulated
by 2.5-fold in a time-dependent manner while ERR3 mRNA was
not largely influenced by estrogen. In addition, ERRy mRNA
was up-regulated dose-dependently by estrogen (Fig. 2D). This
estrogen-dependent up-regulation of ERRy mRNA was abolished
by ICI 182,780 treatment, while ICI 182,780 itself did not up-
regulate ERRy mRNA expression (Fig. 2D). These results suggested
that ERRy expression is regulated by estrogen.

3.3. ERRy contributes to estrogen-dependent and
estrogen-independent proliferation in breast cancer cells

To further assess the role of ERRy in breast cancer, we performed
a gain-of-function study for ERRy. Under an estrogen-deprived
culture condition, ERRy-overexpressing MCF-7 cells exhibited
a significantly higher growth rate compared with control cells
expressing empty vector at days 3 and 4 (Fig. 3A). Furthermore,
growth of ERRy-overexpressing MCF-7 cells was also stimulated
in the presence of 100 nM estrogen (Fig. 3B). We confirmed that
the ERRvy protein was overexpressed in MCF-7 cells after transient
transfection with ERRy expression plasmid by immunoblotting
(Fig. 3C). These results indicate that ERRy promotes proliferation of
breast cancer cells regardless of the presence or absence of estro-
gen.

3.4. ERRy promotes ER-mediated transcription

To examine whether ERRy influences ER-ERE-mediated tran-
scription, a luciferase reporter vector containing an ERE (ERE-
tk-luc) was introduced into 293T cells with or without ERRy
expression vector (Fig. 4A). The result showed that ERRYy signifi-
cantly stimulated ER-ERE-mediated transactivation in 293T cells
when the cells were transfected with ERa and treated with estro-
gen. We also observed that the estrogen-dependent transactivation
was elevated depending on the increasing amount of ERRy in
MCE-7 cells (Fig. 4B). These results indicate that ERRy stimulates
ER transcription activity in response to estrogen. Next, we exam-
ined the effect of ERRy on ERE-mediated transcription under the
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Anti-ERRYy (X 1000)

Control (X 1000)

A

Fig. 1. Immunohistochemistry of estrogen-related receptor (ERR) v in breast cancer. Representative immunohistochemical staining of breast cancer tissues (A-D) and normal
kidney tissue (E and F) with anti-ERRY (A, C, and E) and rabbit IgG (B, D, and F). Positive staining for ERRy was observed in the nuclei of breast cancer cells, as well as of kidney

tubule cells. Bar, 100 pm.

estrogen-free condition. Intriguingly, the transcriptional activity of
the ERE-luciferase reporter construct was dose-dependently stim-
ulated by ERRvy in an estrogen-independent manner (Fig. 4C).

4. Discussion

In the present study, ERRy immunoreactivity was detected in
79% of invasive breast cancers (n=110) by immunohistochemistry
and tended to correlate with the lymph node status (P=0.06). Gen-
erally the ER-positive breast cancer has a better prognosis than
ER-negative one. Consistently with this observation, immunos-
tainings of some estrogen responsive genes, such as progesterone
receptor [21], were known to be correlated with a good prognosis.
On the other hand, immunostainings of some estrogen responsive
genes, such as cathepsin D [22], ERRa [13,23] and Efp [24], were

shown to be as poor prognostic factors. Indeed, the immunoreac-
tivities of Efp and ERR« in breast cancer specimens were reported
to be positively correlated with lymph node status. Besides, as
demonstrated in the present study, ERRy could function as an estro-
gen responsive gene and facilitate the proliferation of MCF-7 cells.
Notably, ERRy could also stimulate the ERE-mediated transcription
by itself. These findings may explain that the immunoreactivity
of ERRvy tends to be correlated with the lymph node status in
breast cancer. In our immunohistochemical analysis of invasive
breast carcinomas, no significant association between ERRy and
ERa expressions was observed. Although the present study is the
first to evaluate the expression of ERRYy protein in human breast
cancers by using immunohistochemistry, a previous association
study reported that overexpression of ERRyY mRNA is associated
with ER-positive and PgR-positive status in primary breast tumors
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Fig. 2. Regulation of ERRs in MCF-7 cells by estrogen stimulation. (A-C) MCF-7
cells were treated with 100nM 17f3-estradiol for 48 h. ERRa (A), ERRB (B), and
ERRYy (C) mRNA levels were examined at indicated time points by quantitative real-
time reverse transcription polymerase chain reaction (QRT-PCR), and the results are
shown as fold change over the expression level at 0 h. *P<0.05 compared with 0h;
***P<0.001 compared with 0 h (by Student’s t test). (D) MCF-7 cells were treated
with 17(3-estradiol (100 pM, 1 nM, or 100 nM) and/or ICI 182,780 (1 xM), or vehicle
for 2 h. ERRY mRNA levels were examined by qRT-PCR, and the results are shown
as fold change over the expression level with vehicle treatment. *P<0.05 compared
with vehicle treatment; **P<0.01 compared with vehicle treatment or 100 nM E2
treatment (by Student’s t test).
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Fig. 3. ERRy overexpression promotes estrogen-dependent and estrogen-
independent proliferation of MCF-7 cells. (A and B) MCF-7 cells were transfected
with pcDNA3-Flag-hERRY for 24 h and then treated with vehicle (A) or 100 nM 17§3-
estradiol (E2) (B) for 4 days. Cell proliferation was examined using a tetrazolium
salt (WST-8) assay kit. *P<0.05 compared with vehicle; ***P<0.001 compared with
vehicle (by Student’s ¢ test). (C) Total cell lysates from the parental MCF-7 cells (—)
or the MCF-7 cells transfected with pcDNA3-Flag (Flag) or pcDNA3-Flag-hERRy
(Flag-ERRv) for 48 h were immunoblotted by anti-Flag, -ERR, or -B-actin antibodies.
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Fig.4. Effect of ERRy overexpression on ERE-mediated transcription activity in 293T
(A and C) and MCF-7 (B) cells. (A) The 293T cells were transfected with a DNA mix-
ture of 100 ng of estrogen response element (ERE)-tk-Luc, 0.02 pg of pRL-CMV with
or without 0.01 g of pcDNA3-Flag-ERa, and increasing amounts of pcDNA3-Flag-
hERRY. After a 12-h incubation, cells were treated with 173-estradiol (100 nM, E2)
or vehicle (EtOH) for 24 h. (B) MCF-7 cells were transfected with a DNA mixture
of 100 ng of ERE-tk-Luc, 0.02 g of pRL-CMV, and increasing amounts of pcDNA3-
Flag-hERRy. After a 12-h incubation, cells were treated with 173-estradiol (100 nM)
or vehicle for 24 h. (C) The 293T cells were transfected with a DNA mixture of
100 ng of ERE-tk-Luc, 0.02 p.g of pRL-CMV, and increasing amounts of pcDNA3-Flag-
hERRY, and incubated for 36 h. **P<0.01; ***P<0.001 compared with corresponding
conditions with no ERRY transfection (by Student’s t test).

(n=38) [15]. One possible explanation for this discrepancy is that
the expression level of ERRy protein did not necessarily corre-
lated with that of ERRy mRNA in breast cancer cells. Alternatively,
this may have resulted from the differences in numbers or types
of breast tumor specimens. One third of the clinical cases of ER-
positive/PR-positive breast tumor patients treated with tamoxifen
do not respond to initial treatment, and the remaining 70% are still
atrisk for relapse in the future. Riggins et al. recently reported that
ERRvy expression was increased in a tamoxifen-resistant invasive
lobular carcinoma (ILC) cell model [25]. In line with this notion,

we observed that the ERRy mRNA level in ER-negative breast can-
cer MDA-MB-231 cells was higher than that in MCF-7 cells (data
not shown), suggesting that ERRy could be involved in tamoxifen
resistance of breast cancer cells.

In the present study, we demonstrated that ERRy expression is
stimulated dose-dependently by estrogen in MCF-7 breast cancer
cells, while this stimulation was abolished by ICI 182,780 (Fig. 2C
and D). Supporting our results, several estrogen receptor-binding
sites (ERBSs) have been found within the second intron of the
human ERRy gene by genome-wide chromatin immunoprecipi-
tation (ChIP)-on-chip analysis using MCF-7 cells [26]. Thus, it is
possible that ERRy expression is regulated by ER through these
ERBSs. In addition, we found that ERRYy overexpression promotes
the growth of MCF-7 cells. Moreover, a transcriptional reporter
assay revealed that ERRy enhances ER-mediated transcription in
MCF-7 cells. ERR recognizes not only the consensus sequence
TCAAGGTA, referred to as ERRE, but also the ERE that is bound to
ER[10]. Thus, ERR control of the transcription of target genes partly
overlaps withERa [2,10,27]. It has also been reported that ERR asso-
ciates with ER and modulates ER-mediated transcription [28,29].
Besides, ERRy itself could stimulate the ERE-mediated transcrip-
tion in ER-negative 293T cells in an estrogen-independent manner.
These findings together with our data suggest that ERRy, a down-
stream target of ERa itself, could stimulate the growth of breast
cancer cells by modulating estrogen-signaling pathways or tran-
scriptional activity of ERav.

Our data and a previous report indicate that, as in the case of
ERRY mRNA, expression of ERRoe mRNA is induced by estrogen
in MCF-7 cells [23]. ERRa immunoreactivity was also noted to be
significantly associated with an increased risk of recurrence and
adverse clinical outcome in breast cancer, but it does not correlate
with ERa immunoreactivity [13]. Although ERR possesses charac-
teristics that are structurally and functionally similar to ER, ERR has
no natural ligand and regulates expression of target genes that are
distinct from those of ER, except for coregulated genes. Therefore,
ERR is assumed to have ER-independent functions in breast cancer.
For example, ERRs are implicated in the transcriptional response
to hypoxia and the growth of solid tumors. The development of
intratumoral hypoxia is a universal hallmark of rapidly growing
solid tumors, and the adaptive response to hypoxia is mediated
primarily through the hypoxia-inducible factor (HIF)-dependent
transcriptional program. HIF regulates gene networks involved in
glucose uptake and metabolism in tumor angiogenesis. ERRYy, as
well as ERRa and ERRf3, can physically interact with HIF1a, HIF2¢,
and HIF1P both in vitro and in vivo to enhance HIF-mediated
gene transcription, suggesting that ERRs may be required for HIF
function [30].

In summary, our results suggest that ERRy expression is induced
by estrogen in breast cancer cells, and expression of this recep-
tor promotes cancer cell proliferation by enhancing ERE-mediated
transcription. These results further suggest that pharmacological
modulation of ERRvy activity may be clinically useful to prevent
and/or treat breast cancer.
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