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Abstract

The purpose of this study was to examine expression and function of estrogen receptor-related
receptors (ERRS) in human glioma and astrocytoma cell lines. These estrogen receptor-negative cell
lines expressed ERRa and ERRYy proteins to varying degree in a cell context dependent manner, with
U87MG glioma cells expressing both orphan nuclear receptors. Cell proliferation assays were
performed in the presence of ERR isoform-specific agonists and antagonists, and the calculated
ECsp and 1C5q values were consistent with previous reported values determined in other types of
cancer cell lines. Induction of luciferase expression under the control of ERR isoform-specific
promoters was also observed in these cells. These results indicate that ERRa and ERRYy are
differentially expressed in these tumor cell lines and likely contribute to agonist-dependent ERR
transcriptional activity.
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1. Introduction

In humans, gliomas form the vast majority of malignant brain tumors and are among the most
lethal (Wrensch et al., 2006). Gliomas are tumors of glial cells, and among them astrocytomas
represent about half of the central nervous system cancers (Trojan et al., 2007). Glioblastomas,
the highest grade of gliomas, are highly invasive and exhibit spontaneous resistance to
chemotherapeutic drugs, which is partly due to a lack of specificity of the drugs and to the
inability to achieve their efficacious targeting concentrations. As a result, the various
therapeutic means have thus far been inefficient in significantly improving patient survival. So
new ways of treatment are constantly being investigated (Prados et al., 2006; Stupp et al.,
2006).
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It has been previously reported that a subset of estrogen receptor (ER)-negative breast cancers
can respond to tamoxifen (Goldenberg and Froese, 1982, Gelmann, 1996), whereas some
ERa-positive breast cancers are tamoxifen resistant (Ingle et al., 1991, Jaiyesimi et al., 1995).
These and other findings led to the search for novel tamoxifen-binding nuclear receptors and
resulted in the identification of the estrogen related receptors ERRo and ERRy (Giguére et al.,
1988, Heard et al., 2000). It was later found that the antiestrogen tamoxifen was a competitive
inhibitor of ERRy, while being inactive toward ERRa (Coward et al., 2001). A recent study
has showed that tamoxifen can inhibit the proliferation of a series of malignant ER-negative
glioma cells (Hui et al., 2004); however, no attempt was made to establish the presence of ERR
in these gliomas.

ERRa, ERRp, and ERRy form a subfamily of orphan nuclear receptors that have significant
amino acid homology with the estrogen receptors ERo and ERp (Ariazi and Jordan, 2006). As
with other nuclear receptors ERRs are organized into modular domains with a less
characterized N-terminal domain, a highly conserved DNA binding domain (DBD), and a
potential ligand binding domain (LBD). ERRs share high homology in their DBD, and are
constitutively active without binding to natural estrogen (Giguere, Horard and Vanacker,
2003). Like ERs, all ERRs bind to the classic ERE motif (AGGTCANNNTGACCT),
suggesting that ERRs may be involved in related ER-mediated signaling pathways through
association with coregulatory proteins and regulation of target gene expression. ERRs also
bind to ERE-related response elements with extended half-site core sequences
(TNAAGGTCA; ERRE/SF-1RE; Razzaque et al., 2004), indicating that ERRs may also have
their own independent regulatory pathways or functions distinct from ERs. Therefore, it is
likely that ERRs may regulate a broad spectrum of genes in target cells.

Previous studies have demonstrated that ERRs are constitutively active and that this activity
is controlled by coactivator concentration rather than small ligands (Greschik et al., 2002;
Kallen et al., 2004). Indeed, it has been shown that a ligand is not required for the ERRy LBD
to adopt a transcriptionally active conformation and interact with the PPARYy coactivator-1
(PGC-1) (Hentschke et al., 2002). In addition, while ERRs share significant LBD homology
with ERs, they have different responses to ER agonists and antagonists. For example, the ER
agonist estradiol is inactive in ERR expressing cell lines (Giguere et al., 1988, Hong et al.,
1999), and diethyl stilbestrol, a structurally unrelated ER agonist, exerts antagonistic properties
on all three ERR subtypes (Tremblay et al 2001). While 4-hydroxytamoxifen (4-OHT) does
not affect ERRa, it acts instead as an ERRp and ERRy antagonist (Coward P et al., 2001).

The tissue-specific distribution, expression levels, and function of various ERR subtypes has
been reported previously (Giguére et al., 2008; Bookout et al., 2006). However, the relative
quantity and/or repertoire of ERR subtypes in glioma and astrocytoma tumor lines has not been
addressed to date. The objectives of this study were to examine the expression of ERRs in a
number of human ERa-negative glioma and astrocytoma cell lines. Moreover, the effect of
known isoform-specific agonists and antagonists of ERRa and ERRy on cellular proliferation
and ERR reporter activity was investigated. These results could lead to new therapeutic
approaches for the treatment of malignant gliomas and astrocytomas.

2. Materials and Methods
2.1. Cell culture

All cell lines were purchased from American Type Culture Collection (Manassas, VA). T98G,
U87MG, U138, U118MG, U373MG, and LN229 cells were cultured in phenol red-free
minimal essential medium (a-MEM) (Invitrogen, Carlsbad, CA), while the A-172 and MCF-7
cells were maintained in phenol red-free DMEM (Invitrogen). Both media were supplemented
with penicillin (25 U/ml), streptomycin (25 U/ml), L-glutamine (Invitrogen), pyruvic acid,
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nonessential amino acids, and 5% charcoal/dextran-treated fetal bovine serum (Hyclone,
Logan, Utah). Cells were maintained at 37°C in a humidified incubator with 5% CO,.

2.2. Western blotting

Cells grown at approximately 70-80% confluence were lysed in lysis buffer (10 mM Tris-HCI,
pH 7.4,0.15 M NaCl, 5 mM EDTA, pH 8.0, 1% Triton X-100) supplemented with a protease
inhibitor cocktail (Complete EDTA-free protease inhibitor mixture tablets; Roche Molecular
Biochemical, Indianapolis, IN). Insoluble material was removed by centrifugation (12,000 x
g for 20 min at 4 °C) and the precleared lysates were aliquoted and stored at —70 °C until
analysis. The protein concentration of the lysates was measured with the BCA protein assay
kit (Pierce Biotechnology, Inc., Rockford, IL) using bovine serum albumin as standard, and
samples were normalized for protein content. An equal amount of 3X sample buffer was added,
and samples (70 pg) were separated by 10% SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes using iBLOT (Invitrogen). The
membranes were blocked with 5% milk in Tris-buffered saline/0.1% Tween-20, and then
probed with primary antibodies at optimal dilutions, followed by horseradish peroxidase-
conjugated secondary antibodies. The ECL Western blotting detection system (GE Healthcare,
Piscataway, NJ) was used for visualization. The primary antibodies used were: rabbit
polyclonal antibodies against ERRa and ERRy (Affinity BioReagents, Golden, CO) and mouse
monoclonal anti-B-actin (Abcam, Cambridge, MA).

2.3. MTS assay

The non-radioactive CellTiter 96® AQequs Cell proliferation assay was performed according
to the manufacturer’s protocol (Promega, Madison, W1). Briefly, cells were seeded in 96-well
plates at a density of 3500 cells/well and cultured in complete phenol red-free medium for 24
h. Test compounds dissolved in dimethyl sulfoxide (DMSO) and mixed with culture medium
were added to the cells in different concentrations. The compounds were as followed: DY 131
(Tocris Bioscience, Ellisville, MO) [25, 50, 75, 100, 125, 150 and 175 nM]; 4-OHT (Sigma-
Aldrich, St. Louis, MO) [0.1, 0.25, 0.5, 0.75, 1 and 2 pM]; 5,7-dihydroxy-4’-
methoxyisoflavone (biochanin A) (Sigma-Aldrich) [25, 50, 75, 100, 125 and 250 nM]; and
XCT790 (Sigma-Aldrich) [0.1, 0.5, 1, 2, 3 and 4 uM]. Control cultures were treated with
DMSO. The maximum concentration of DMSO added to the medium was 0.5 % and was found
not to be cytotoxic. After 48 h, 20 pl of 0.5 mg/ml MTS solution was added to each well, and
the cultures were further incubated for 1 h. The absorbance was measured at 490 nm with a
microplate reader (Thermo Scientific, USA). Change in growth rate was calculated as follows:
[As90nm Of treated cells/A4gonm Of control cells]. Three wells were used for each treatment,
and the experiments were repeated three times. ECsgq for agonists DY 131 and biochanin A,
and ICsq for antagonists 4-OHT and XCT790 were calculated using the Graphpad Prism
software (La Jolla, CA).

2.4. Luciferase assays

For reporter assays, cells were approximately 70% confluent at the time of transfection in six-
well plates. For each dish, 0.2 pg ERR reporter plasmid (AAB-TATA-Luc or 3X ERE-TATA-
Luc; both kindly provided by Christina T. Teng, National Institute of Environmental Health
Sciences, Research Triangle Park, NC) and 0.1 ug pCMV-gal vector (Clontech Laboratories,
Mountain View, CA) were mixed and used for transient transfection using Lipofect AMINE
2000. After overnight incubation, the medium was replaced with complete medium with or
without test compounds. Twenty-four hours later, cells were harvested and aliquots of each
lysate were assayed for luciferase and B-gal activities according to the manufacturer’s
instructions (Promega). The luciferase activity was normalized to that of -gal. These
experiments were performed in three separate experiments each in triplicate.
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2.5. Statistical analyses

All the experiments were performed in triplicate and repeated three times. Unless otherwise
indicated, the data represent the means + SE. Differences between mean values were compared
statistically by Student’s t test and ANOVA. P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Estrogen receptor-related receptor expression in glioblastoma and astrocytoma cell

lines

A comparative analysis of the relative expression levels of ERRs was performed in seven
human ER-negative glioblastoma and astrocytoma cell lines using Western immunoblotting
(Fig. 1). The breast cancer cell line MCF-7 was used as positive control as it expresses
ERRo and ERRy (Cheung et al., 2005). The results demonstrated cell-type specific expression
of ERRa and ERRYy proteins. High constitutive levels of ERRa expression were observed in
A-172 and UB7MG cells, and significantly lower abundance in T98G, U138MG, and LN229
cells (Fig. 1). In contrast, the levels of ERRy were the highest in T98G and U87MG cells, but
almost undetectable in the other cell lines. These findings demonstrate that these ER-negative
glioma and astrocytoma cell lines express a unique repertoire of ERR proteins, which could
be reflective of distinct cellular functions.

3.2. Role of ERRs in cell proliferation

The constitutive expression of ERRa and/or ERRy in T98G, A-172 and U87MG cells make
them suitable models for the study of the role of ERRs in astrocytoma and glioblastoma cell
proliferation. The non-radioactive MTS cell proliferation assay can be substituted for [3H]
thymidine incorporation. Consequently, compounds blocking cell proliferation will decrease
the reduction of the soluble tetrazolium salt, MTS, to formazan product in intact cells.

The ERRy agonist DY131, which has been shown to induce a ~3 to 4-fold increase in ERRy
transcriptional activity in CV-1 cells (Yu and Forman, 2005), and 4-OHT were used to
characterize the role of endogenous ERR in cell proliferation. Treatment of T98G and U87MG
cells with DY131 for 48 h increased cell proliferation in a dose-dependent manner, with a
maximum at 0.175 pM and ECsgg values of 0.054 £+ 0.016 pM and 0.062 = 0.001 uM in T98G
and UB7MG cells, respectively (Fig. 2A). Blocking the ERRYy activity with 4-OHT markedly
reduced cell proliferation, with ICsg values of 1.58 + 0.21 pM and 1.46 £ 0.16 puM in T98G
and U87MG cells, respectively (P <0.01) (Fig. 2B). These values are consistent with the
previously reported I1Csq value of 4.2 + 2.0 uM in MCF-7 human breast cancer cells (Davis et
al., 2008). The A-172 cells did not respond to either DY 131 or 4-OHT, consistent with their
lack of ERRYy protein (see Fig. 1).

Three isoflavones (daidzein, biochanin A and genistein) and one flavone (6, 3’, 4’-
trihydroxyflavone) have been identified as specific ERRa. agonists, capable at inducing
ERRo transcriptional activity in HeLa cells (Suetsugi et al., 2003). Of these, biochanin A was
the most potent phytoestrogen tested. In contrast, the compound XCT790 has been found to
inhibit ERRa transcriptional activity in the human breast cancer derived MCF-7 cell line, while
promoting proteosomal degradation of this orphan nuclear receptor (Lanvin et al., 2007).
Treatment of A-172 and U87MG cells with biochanin A significantly increased cell
proliferation after 48 h, with a maximum at 0.250 uM and ECg values of 0.046 + 0.001 uM
and 0.045 £ 0.002 uM in A-172 and U87MG cells, respectively (Fig. 2C). These values are
10-fold lower than the previously reported ECgq value of 0.46 UM in MCF-7 cells (Joung et
al., 2003). The ERRa antagonist XCT790 produced a significant inhibition of cell proliferation
in A-172 and U87MG cells, with ICsq values of 2.1 £ 0.19 uM and 3.7 + 0.4 UM, respectively
(Fig. 2D), in close agreement with the reported 1Csq value of ~ 0.40 uM in various cell-based
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assays (Willy et al., 2004). The T98G cells did not respond to either biochanin A or XCT790,
consistent with their lack of ERRa protein (see Fig. 1).

Because U87MG cells contain both ERRa and ERRYy, we evaluated the effect of the
combination 4-OHT plus XCT790 on cell proliferation. When used at concentrations at or near
ICsg, both compounds acted in an additive fashion with more than 67 % inhibition as compared
to the 24% and 29% inhibition when 4-OHT and XCT790 were added alone (Fig. 2E).

3.3. In vitro transcriptional activity of ERRs

To confirm that the endogenously expressed ERRs are transcriptionally active, a luciferase
reporter construct containing either the 3XERE-TATA-Luc or AAB-TATA-Luc (Zhang and
Teng, 2007) was transfected into T98G, A-172 and U87MG cells along with a plasmid
encoding B-galactosidase for normalization (Fig. 3A). The AAB-TATA-Luc promoter activity
was greater in T98G and U87MG cells than in A-172 cells, in agreement with an earlier report
showing that ERRY is specific for AAB elements (Zhang and Teng, 2007). Conversely, 3XERE-
TATA-Luc promoter activity level was significantly higher in A-172 and U87MG cells when
compared to T98G cells, consistent with a previous report showing that ERRa is specific for
3XERE element (Zhang and Teng, 2007).

We examined the ability of ERRy agonist and antagonist to modulate AAB-TATA-Luc
promoter activity in T98G and U87MG cells. The ligand DY 131 (175 nM) stimulated the
promoter activity level by ~2.5-fold, while the antagonist 4-OHT (2 uM) blocked the
constitutive ERRy transcriptional activity (Fig. 3B). Moreover, the ability of ERRo agonist
and antagonist to modulate the 3XERE-TATA-Luc promoter activity was examined in A-172
and U87MG cells. The promoter activity level was stimulated approximately 2-fold with
biochanin A (250 nM), but markedly inhibited upon cell treatment with XCT790 (2 uM) (Fig.
3C).

It has been recently reported that the transcriptional activity of ectopically expressed ERRy
construct was dependent on AP-1/c-Jun complex, indicating a non-nuclear action of ERRy
(Riggins et al., 2008). Of interest, we sequenced the two promoters used in our study (3XERE-
TATA-Luc and AAB-TATA-Luc), and could not find the consensus AP-1 sequence
(TGAC/GTC/GA). However, several ‘AP-1 like’ sites were present especially in the AAB-TAT-
Luc construct (Supplemental Fig. S1). Future experiments aimed at determining the role of
these “AP-1 like’ sites in ERR transcriptional activity is warranted but these fall outside the
scope of the current study.

Given that ERRa and ERRYy are differentially expressed both in normal and tumor tissues, it
is tempting to speculate that some of the cellular processes involved in the control of gene
expression may depend on the expression profile of ERR isoforms. On the other hand, protein
dimerization modulates the transcriptional activities of ERRs. Although active as a monomer,
ERRy homodimer exhibits enhanced transcriptional activity, whereas its heterodimerization
with ERRa results in impaired activities of both ERRa and ERRy (Huppunen and Aarnisalo,
2004). Therefore, formation of ERRy-ERRa heterodimers in U87MG cells may well direct
some gene expression program distinct from that of ERRy homodimers or ERRa homodimers
in T98G and A-172 cells, respectively.

4. Conclusion and implications

There have been a number of clinical studies exploring the use of tamoxifen in the treatment
of gliomas, both as monotherapy or in combination with DNA alkylating agents or radiotherapy
(Parney and Chang, 2003; Robins et al., 2006). The results have been varied and, on the whole,
disappointing as the use of high dose tamoxifen appears to have limited efficacy in a majority
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of the patients. However, there continues to be interest in the use of tamoxifen and other
selective estrogen receptor modulators (SERMs) in the treatment of gliomas, even though these
tumors are estrogen receptor negative. A recent study by Hui et al. (2004) demonstrated that
both tamoxifen and CC-8490, a benzopyrone with SERM activity, displayed antiglioma
activity in vitro and in vivo. The ability of tamoxifen to inhibit glioma cell proliferation and
induce apoptosis has been associated with inhibition of protein kinase C (PKC) activity
(Baltuch etal., 1995; Mastronardi et al., 1998) and the data from the study of Hui. et al. suggests
that the antiglioma activity of SERMs can be enhanced through the inhibition of the NF-x
pathway (Hui et al., 2004).

It is of interest that the majority of the in vitro data reported by Hui et al. was obtained using
the U87MG cell line and the in vivo xenograft model was also based upon implanted U87TMG
cells (Hui et al., 2004). The data from this study indicates that the U87MG cells express high
levels of both ERRa and ERRY (Fig. 1) and that these proteins are responsive to isoform-
specific inhibitors (Fig. 2 and Fig. 3). This suggests that the SERM related antiglioma activity
observed by Hui et al. (2004) might by due in part to the antagonist activity of these compounds
at the level of ERRY. In addition, the data from this study demonstrate that ERRo and ERRy
were differentially expressed at the protein levels in the three glioma and astrocytoma cell lines
examined, and that the A172 and T98G cell lines contained only ERRa or ERRYy protein,
respectively. Our results suggest that the variable response to tamoxifen in the clinical treatment
of glioblastomas may reflect the variable expression of ERRa or ERRy and that better outcomes
may be obtained through the use of tamoxifen and an ERRa antagonist. The expression of
ERRa and ERRy in tumor biopsy samples is currently in progress and the results will be
reported elsewhere.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Constitutive expression of cellular ERRa.and ERRy proteins. The human brain tumor cell lines
T98G, A-172, UBTMG, U138MG, U118MG, U373MG and LN229, and the MCF-7 breast
cancer cells were lysed and processed for Western blot analysis. The relative units (Rel) show
the average of triplicate experiments, where the densitometric quantitation of the signals
corresponding to ERRa and ERRYy proteins were normalized to that of B-actin.
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FIG. 2.

Effect of ERR agonists and antagonists on glioma cell proliferation. A-172, T98G and U87TMG
cells were incubated with the indicated concentrations of the ERRy agonist, DY131 (A),
ERRy antagonist, 4-OHT (B), ERRa agonist, biochanin A (C), or ERRa antagonist, XCT790
(D) for 48 h followed by another 60 min incubation in the presence of 0.5 mg/ml MTS.
Reduction of MTS was determined colorimetrically. (E) U87MG cells were incubated either
with vehicle, 1 uM 4-OHT, 1.5 pM XCT790 or the combination 4-OHT plus XCT790 for 48
h followed by MTS treatment. Values are means + SE from 3 independent experiments
performed in triplicate. Statistical analysis by ANOVA, with 2P < 0.05 and PP < 0.01 vs.
vehicle-treated controls.
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Constitutive and ligand-induced ERR promoter activity in human brain tumor cell lines. (A)
A-172, T98G and U87MG cells were transiently transfected with either the 3XERE-TATA-
Luc or AAB-TATA-Luc plasmid together with B-galactosidase vector. Twenty-four hours

later, the cells were incubated in

medium supplemented with 5% charcoal/dextran-treated

serum for 24 h. (B) T98G and U87MG cells were transfected with the AAB-TATA-Luc
plasmid followed by a 24-h incubation either with DMSO, 175 nM DY 131, or 2 uM 4-OHT.
(C) A-172 and U87MG cells were transfected with the 3XERE-TATA-Luc plasmid, followed
by a 24-h incubation either with vehicle (DMSO), 250 nM biochanin A, or 2 uM XCT790.
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Results are expressed as means + SD of a single experiment performed in triplicate dishes.
Results are representative of three separate experiments with similar results.

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 February 5.



