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Abstract: Breast cancer is the 2nd leading cause of cancer-related death among women. Increased risk
of breast cancer has been associated with high dietary cholesterol intake. However, the underlying
mechanisms are not known. The nuclear receptor, estrogen-related receptor alpha (ERRα), plays
an important role in breast cancer cell metabolism, and its overexpression has been linked to poor
survival. Here we identified cholesterol as an endogenous ligand of ERRα by purification from
human pregnancy serum using a GST-ERRα affinity column and liquid chromatography-tandem
mass spectrometry (LC-MS/MS). We show that cholesterol interacts with ERRα and induces its
transcriptional activity in estrogen receptor positive (ER+) and triple negative breast cancer (TNBC)
cells. In addition, we show that cholesterol enhances ERRα-PGC-1α interaction, induces ERRα
expression itself, augments several metabolic target genes of ERRα, and increases cell proliferation and
migration in both ER+ and TNBC cells. Furthermore, the stimulatory effect of cholesterol on metabolic
gene expression, cell proliferation, and migration requires the ERRα pathway. These findings provide
a mechanistic explanation for the increased breast cancer risk associated with high dietary cholesterol
and possibly the pro-survival effect of statins in breast cancer patients, highlighting the clinical
relevance of lowering cholesterol levels in breast cancer patients overexpressing ERRα.
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1. Introduction

Breast cancer is the most frequently diagnosed, and second deadliest cancer in women, with more
than 200,000 new patients, and approximately 40,000 estimated deaths per year only in the United
States [1]. Therefore, it is necessary to reduce incidence and improve outcome by therapeutic approaches
addressing known breast cancer risk factors. Obesity, dyslipidemia and high dietary cholesterol intake
are critical risk factors for breast cancer in pre- and post-menopausal women [2]. Several studies
have indicated that obesity is associated with a higher risk of breast cancer in both triple negative
breast cancer (TNBC) [3,4], and in ER positive women [5,6]. Indeed, post-menopausal women with
high dietary cholesterol intake have been reported to have a ~50% increase in the risk of breast
cancer [2,7]. In addition, in several different mouse models of breast cancer, high dietary cholesterol
alone resulted in a significant decrease in tumor latency, and an increase in tumor volume and total
tumor burden [8–12]. Interestingly, it was shown that established breast cancer is associated with

Cells 2020, 9, 1765; doi:10.3390/cells9081765 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
http://dx.doi.org/10.3390/cells9081765
http://www.mdpi.com/journal/cells
https://www.mdpi.com/2073-4409/9/8/1765?type=check_update&version=2


Cells 2020, 9, 1765 2 of 21

higher low-density lipoprotein (LDL), and very low-density lipoprotein (VLDL)-cholesterol, however
no link was identified with total cholesterol or high-density lipoprotein (HDL) [13].

There is some evidence that high-cholesterol diet affects the biophysical properties of lipid raft
microdomains of the plasma membrane and enhances signaling activity via phosphoinositide 3-kinase
(PI3K) and AKT/protein kinase B in breast cancer cells [9]. However, blood cholesterol levels in the
mouse model used above were far higher than in human hypercholesterolemia. In addition, in the
above study, exogenous cholesterol concentrations required for cancer cell proliferation were much
lower (nanomolar range) than those required for lipid raft formation. Thus, it is unlikely that the
pathological effects of cholesterol in breast cancer progression occur via alterations in lipid raft structure
and associated signaling pathways [14], raising the possibility that cholesterol functions as a signaling
molecule in breast cancer cells.

Interestingly, some studies have shown that the cholesterol metabolite 27-hydroxycholesterol
acts as a signaling molecule through ER and liver X receptor (LXR) in ER+ breast cancer cells, which
may explain how hypercholesteremia increases the risk in ER+ breast cancer cells [2,11,15]. However,
several studies have reported that obesity and high cholesterol intake increase the risk not only in ER+

breast cancer, but also in triple negative breast cancer [3–5,16], supporting the notion that cholesterol
itself acts as a signaling molecule and that such signaling may involve pathways other than the
ER pathway.

The nuclear receptor estrogen-related receptor alpha (ERRα; NR3B1) plays important roles in
energy metabolism by regulating the expression of genes involved in cellular energy metabolism,
including those encoding enzymes in the oxidative phosphorylation (OXPHOS), tricarboxylic acid
(TCA) cycle, glycolysis and in anabolic biosynthesis pathways like lipid, amino-acid and nucleic acid
biosynthesis [17–19]. Importantly, ERRα adapts the metabolic pathways to fuel tumor growth via its
interaction with the peroxisome proliferator-activated receptor coactivator-1α (PGC-1α ) [20,21].

ERRα belongs to the family of orphan nuclear receptors for which no endogenous ligands have
been identified [22]. ERRα levels have been shown to be upregulated in ER+ and, in particular, in TNBC
cells and its overexpression is linked to poor survival in those patients [17,18,23,24]. Following the
identification of ERRα, it was initially thought that ERRα and ERα may have a large overlap in target
genes and activity and therefore, play similar roles in breast cancer. However, it was subsequently
shown that only few genes that are commonly regulated by both ERRα and ERα in MCF7 breast
cancer cells [18]. Consistently, ChIP-on-chip studies demonstrated that only approximately 18% of
ERα target genes are co-regulated by ERRα in MCF7 cells [21]. Furthermore, despite a high degree
of amino acid similarity (68%) in the DNA binding domains (DBDs) of ERRs and ERα, ERRs do not
bind strongly to perfect palindromic ER response elements [19,21,25]. In addition, several studies
have shown that pharmacological modulation of ERRα activity with inverse agonists decreases the
proliferation of both ER-positive and -negative breast cancer cells in vitro as well as tumorigenicity in
nude mice [17,26–28]. Taken together, the above findings indicate that ERRα exhibits ER-independent
pro-tumorigenic activities in breast cancer cells.

Recently, we showed that estradienolone (ED), an endogenous steroid from human pregnancy,
acts as an inverse agonist of ERRs [28], and during ED’s characterization, we identified cholesterol
as an agonist of ERRα, a finding consistent with a recent report that demonstrated that cholesterol
isolated from mouse brain or kidney acts as an endogenous agonist of ERRα [29]. To better understand
the mechanism by which high cholesterol levels increase breast cancer risk, we examined in the present
study whether cholesterol acts through the ERRα pathway in TNBC and ER+ breast cancer cells.
We show that the potent effects of cholesterol on cellular responses, gene expression in TNBC and ER+

cells are mediated via the ERRα pathway.
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2. Methods

2.1. Extraction and Identification of ERRα Endogenous Ligands

Human pregnancy blood samples were collected from healthy pregnant women at 28–38 weeks
of gestation using the informed constant. The samples were centrifuged at 3000 rpm for 10 min at
4 ◦C and the plasma samples were pooled and stored at −20 ◦C for further analysis. In order to
identify endogenous ligand(s) of ERRα, a GST-ERRα pull down assay was performed. GST-ERRα-LBD
(ligand binding domain) plasmid was constructed and GST-ERRα-beads were produced as previously
described [28]. Sample preparation involves removing proteins from human pregnancy serum using
methanol (Sigma Aldrich, Mississauga, ON, Canada). The precipitated proteins were centrifuged and
the supernatant was dried down under nitrogen and reconstituted in methanol (Sigma Aldrich). Equal
amounts of GST-ERRα-beads and GST-beads were incubated with extracted samples in PBS for 24 h at
4 ◦C with continuous shaking. The supernatants, which contain the unbound steroids and lipids, were
collected and the ERRα-ligand complexes were eluted using 10 mM L-glutathione reduced solution
(Sigma Aldrich). The proteins were removed from the eluted samples as described above. The eluted
samples were subjected to liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
(model 1260 Infinity with 1260 Infinity Diode Array Detector HS, Agilent Technologies, Santa Clara,
CA, USA, coupled with an Impact HD MS detector, Bruker, Milton, ON, Canada). An Agilent Zorbax
Eclipse Plus C18 column (4.6 × 10 mm, 3.5 µm) was used for separation. Mobile phase A was
methanol/water/0.1% formic acid (3:1, v/v), and mobile phase B was 100% isopropanol/0.1% formic
acid (Millipore, Sigma-Aldrich). The elution gradient was held at 40% B for the first 0.5 min, 40–90% B
from 0.5 to 4.5 min, held at 90% B from 4.5 to 6.5 min, 90–40% B from 6.5 to 6.6 min, held at 40% B
from 6.6 to 7 min. The flow rate of the mobile phase was 1 mL/min, and the injection volume was
20 µL. For mass spectrometry, the electrospray ionization was operated in positive and total scan mode.
For mass spectrometry, capillary voltage was 4000 V, fragmentor voltage was 500 V; nebulizer gas was
73 psi; drying gas temp was 350 ◦C with the flow of 12 L/min; m/z range was from 150 to 800 Daltons.

2.2. GST-ERRα Pull Down Assay

To confirm that cholesterol directly binds to ERRα-LBD, a GST-ERRα pull down assay was
used as described above. Briefly, 2 µM of cholesterol, XCT-790 or estradiol (E2) (Sigma Aldrich)
were incubated with beads-GST-ERRα-LBD and beads-GST. The pull down and supernatants were
dissolved in methanol, as described earlier. Cholesterol concentrations were measured using a multiple
reaction monitoring (MRM) mode by LC-MS/MS as above. However, XCT-790 and E2 concentrations
were determined using a UV–vis spectrophotometer (Cary Series UV–vis-NIR spectrophotometer,
Agilent Technologies) at the maximum wavelength of 368 nm and 281 nm, respectively.

2.3. Tryptophan Fluorescence Quenching Assay

GST-ERRα-LBD (PV4665) was purchased from Life Technologies (Grand Island, NY, USA).
Four hundred nM of GST-ERRα-LBD was incubated with varying concentration of cholesterol,
XCT-790, and E2 as previously described [28]. Fluorescence excitation was at 295 nm and the florescent
emission was measured at 310 nm using a microplate reader (Infinite M200PRO, TECAN, Männedorf,
Switzerland). The dissociation constant (Kd) was determined using Graph Pad software (San Diego,
CA, USA).

2.4. Cell Culture

Human embryonic kidney 293 (HEK-293) cells were purchased from Sigma. The MDA-MB-231
and MCF-7 cell lines were purchased from ATCC (Manassas, Virginia, USA). All the above-mentioned
cell lines were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
For all experiments, cells were switched 24 h before cell treatments to fresh phenol red free medium
(21063029, Thermo Fisher Scientific, Grand Island, NY, USA) supplemented with 2% lipoprotein
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depleted and charcoal-stripped FBS. Lipoprotein depleted FBS was purchased from Kalen Biomedical
LLC (Germantown, MD, USA) and was charcoal-stripped in order to remove steroid hormones as
described previously [30]. Lovastatin (sc-200850A, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
a known cholesterol lowering drug, was used to decrease cholesterol intracellular level. XCT-790 and
compound 29 (cpd29), known synthetic inverse agonists of ERRα, were used to decrease ERRα
transcriptional activity. XCT-790 (X4753-5MG) was purchased from Sigma Aldrich, and cpd29 was a
generous gift from Dr. Donald McDonnell (Duke University, Durham, NC, USA).

2.5. Antibodies

Rabbit monoclonal anti-ERRα antibody (ab76228), mouse monoclonal anti-VEGF antibody [VG-1]
(ab1316), and mouse monoclonal anti-alpha tubulin antibody (ab7291) were from Abcam (Cambridge,
MA, USA). Anti-PGC-1α mouse (4C1.3. mAb) antibody, and mouse monoclonal anti-ERRα antibody
(sc-65715) were from Millipore Sigma and Santa Cruz Biotechnology, respectively. Anti-GAPDH rabbit
(mAB#2118) was purchased from Cell Signaling Technology (Danvers, MA, USA).

2.6. Luciferase Reporter Assay to Determine Cholesterol’s Effect on ERRα’s Transcriptional Activity

To determine whether cholesterol regulates transcriptional activity of ERRα, HEK-293 were
transfected with the pS2-Luc reporter plasmid (400 ng), with or without ERRα expression plasmid
(300 ng), with or without the proliferator-activated receptor gamma coactivator-1 (PGC-1α) co-activator
expression plasmid (300 ng), and a Renilla luciferase expression vector (20 ng) as previously
described [31]. 48 h after transfection, cells were treated with varying concentrations of cholesterol and
XCT-790 (5 µM) as a positive control. Luciferase activity was measured after 24 h and values were
normalized to Renilla. The values shown are representative of three independent experiments.

2.7. Immunoblotting and Immunoprecipitation

MDA-MB-231 cells were seeded in 10 cm plates and were treated with vehicle (veh), lovastatin
(lova), cholesterol + lovastatin (chol + lova) or cholesterol (chol), all at 5 µM. After 24 h the cells
were harvested and lysed with non-denaturing lysis buffer (20 mM Tris-HCl, pH 8, 137 mM
NaCl, 10% glycerol, 1% Nonidet P-40, 2 mM EDTA, and protease inhibitors (Sigma Aldrich)).
Co-immunoprecipitation (co-IP) was carried out as described previously [32]. The above-mentioned
cell lysates (500 µg of total protein) were immunoprecipitated with rabbit anti-ERRα antibody (10 µg) or
control rabbit immunoglobulin G (IgG, 10 µg) (12-370(CH), Millipore) overnight at 4 ◦C with end over
end shaking, followed by a 2 h incubation with Protein A Sepharose 4B (20 µL) (10-1141, Invitrogen)
at 4 ◦C. Supernatants were removed after sample centrifugation. The pellets containing beads were
washed three times with ice-cold lysis buffer and bead-bound proteins were eluted, denatured and
immunoblotted using mouse anti-ERRα antibody or mouse anti-PGC-1α antibody. 2% of the total cell
lysates (TCL) were used to detect endogenous levels of ERRα and PGC-1α in cells treated with vehicle,
lovastatin, cholesterol + lovastatin or cholesterol.

For MCF-7 cells, the immunoprecipitation procedure was slightly different. Cells were seeded
in 10 cm plate and treated with vehicle or 10 µM cholesterol. After 24 h of treatment, a Pierce
co-immunoprecipitation (Co-IP) kit (26149, Thermo Fisher Scientific) was used for the preparation
of whole cell lysates and immunoprecipitation using an anti-ERRα antibody, according to the
manufacturer’s instructions. Briefly, the anti-ERRα antibody was first covalently immobilized to
AminoLink Plus coupling resin for 2 h. The resin was then washed and incubated with 500 µg of
the above-mentioned cell lysates overnight. After incubation, the resin was washed and the protein
complexes were eluted. A negative control (Pierce Control Agarose Resin), provided with the IP kit
to determine nonspecific binding, received the same treatment as the co-IP samples, including the
anti-ERRα antibody. In this case, the coupling resin is not amine-reactive, therefore, it prevents the
antibody from covalent immobilization onto the resin. The eluted co-IP proteins were analyzed by
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SDS-PAGE and immunoblotted (IB) with a PGC-1α or ERRα antibody. 2% of the total cell lysates (TCL)
were used to detect endogenous levels of ERRα and PGC-1α in cells treated with vehicle or cholesterol.

2.8. siRNA Transfection

siRNAs directed against ERRα (AM16708/289481, Invitrogen, Carlsbad, CA, USA) with the sense
sequence 5′-CCGCUUUUGGUUUUAACC-3′ and antisense sequence 5′-GGUUUAAAACCAAA
AGCGG-3′ or control scrambled siRNAs (AM4611, negative control, Invitrogen) were transfected into
MCF-7 and MDA-MB-231 cells using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen)
according to manufacturer’s instructions. At 48 h post-transfection, fresh phenol red-free medium
containing 2% lipoprotein-depleted serum was added and cells were treated with cholesterol and/or
lovastatin (5 µM for MDA-MB-231, 10 µM for MCF-7 cells). The knock-down breast cancer cells were
used for cell growth assays, immunoblotting and qPCR analyses.

2.9. RNA Preparation and Analysis

Total RNA was extracted using an RNeasy mini kit (74104, Qiagen, Germantown, MD, USA).
One microgram of total RNA was used for the first-strand synthesis with high-capacity cDNA
reverse transcription kit (4368814, Life Technologies, Grand Island, NY, US). Real-time PCR was
performed using EvaGreen qPCR master mix (Applied Biological Materials Inc., Mastermix-R,
Diamond, Richmond, BC, Canada) with gene-specific primers. The targets included in this study
are: isocitrate dehydrogenase 3A (IDH3A), pyruvate dehydrogenase kinase 4 (PDK4), vascular
endothelial growth factor (VEGF), glutathione S-transferase M1 (GSTM1), superoxide dismutase 2
(SOD2) and secreted phosphoprotein 1(SPP1). The sequences of the above-mentioned primers are
indicated in Supplementary Table S1. Real-time PCR was performed on the 7500 real-time PCR system
(Applied Biosystems, Woburn, MA, USA). Data analysis was performed using real-time PCR software
7500, version 2.1 (Applied Biosystems). The relative RNA concentrations of the genes of interest
were determined using the comparative threshold cycle (∆CT) method after normalization to the
endogenous control glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.10. Immunocytochemistry (ICC)

MCF-7 and MDA-MB-231 cells were cultured on cover slips (170-C12MM, Ultident Scientific,
Saint-Laurent, QC, Canada). The cells were treated with vehicle or cholesterol (5 µM) for 24 h, and then
washed with PBS twice and fixed with 4% paraformaldehyde in PBS for 10 min, followed by three PBS
washes. The cells were blocked using 3% BSA for 30 min, and then incubated with the VEGF primary
antibody overnight at 4 ◦C. Following three washes the cover slips were incubated with the secondary
antibody (Alexa Fluor 488 anti-mouse, A11029, Molecular Probes, Eugene, OR, USA) for 1 h. The cover
slips were washed again and the nuclei were counterstained with DAPI, and cover slips were attached.
The images were obtained using a florescent microscopy (IX71, Olympus, Richmond Hill, ON, Canada)
with a 20× objective and a LSM780 laser scanning confocal microscope (Zeiss, White Plains, NY, USA)
with a 20×/0.4 LD “Plan-Neofluar” objective.

2.11. Cell Proliferation Assay

In order to obtain half maximal effective concentrations (EC50s) of cholesterol in MDA-MB-231
and MCF-7 cells, and determine the half maximal inhibitory concentration (IC50) of lovastatin on
MDA-MB-231 and MCF-7 cells, proliferation assays with an MTS Cell Proliferation Assay kit (G3582,
Promega, Madison, WI, USA) were performed. The MTS assay is based on the reduction of the MTS
tetrazolium compound by viable cells to generate a colored formazan dye in metabolically-active cells.
According to manufacturer’s instructions, MCF-7 and MDA-MB-231 cells were plated at a density of l04

cells per well in 96 well plates. Cells were treated with varying concentrations of cholesterol, lovastatin,
lovastatin (5 µM) + cholesterol, and treatment medium was replaced every 48 h throughout the 5 days’
duration of the experiment. Also, MDA-MB-231 cells were treated with varying concentrations of
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compound 29, in the absence or presence of cholesterol (5 µM), and with medium replacement every
72 h throughout the 6 day duration of the experiment. MTS reagent (20 µL of per well) was then added
to and was incubated for 2 h at 37 ◦C under standard culture conditions. The optical density (OD)
value was measured at 490 nm using a microplate reader (Infinite M200PRO, TECAN).

2.12. Migration Assay

Scratch-wound migration assays were performed on MDA-MB-231 cells. Confluent monolayer
cells were pre-incubated with serum-free and phenol red-free medium for 24 h to inhibit cell proliferation.
Then monolayers of MDA-MB-231 cells were scratched using a 1mL pipet tip to create a cell-free line
and were washed three times to remove cellular debris. The culture plates were replenished with
fresh red phenol-free media containing vehicle, cholesterol, lovastatin and/or XCT-790 (all at 5 µM).
Wound closure was monitored at times 0 and 24 h, and representative images were photographed
using a bright-field microscope (Evos XL core, Life Technologies). Wound width for each treatment
was calculated based on averaging six individual measurements at time point 0 and 24 h using ImageJ
software. Cell migration was expressed as a percentage of the scratch area filled by migrating cells at
24 h post scratch: migration % = (scratch width at T 0 h − scratch width at T 24 h/width at T 0 h) × 100.

2.13. Statistical Analysis

All values are expressed as means of at least three independent experiments ± SEM. The statistical
significance of differences between two experimental groups was analyzed by a two-tailed Student t-test,
and comparisons between more than two groups were analyzed by one-way ANOVA. The experiments
were repeated at least three times to obtain p values. * represents p < 0.05, and was considered to be
statistically significant.

3. Results

3.1. Identification of Cholesterol as a Candidate Endogenous Ligand of ERRα

To identify endogenous ligands of ERRα from human pregnancy serum, steroids and lipids were
extracted from samples in methanol and incubated with beads-GST-ERRα-LBD and beads-GST (as a
negative control). The eluted samples were analyzed using LC-MS/MS in full scan mode with a mass
range of 200–500 m/z. In order to identify specific binders of ERRα-LBD, the mass spectra obtained
with beads-GST-ERRα-LBD and beads-GST were compared. As shown in Figure 1A, a fragment of
369.3 m/z was detected, which represents a daughter ion of cholesterol in the ESI system at the elution
time of 3.2 min. The intensity of the cholesterol daughter ion (369.3 m/z) in beads-GST-ERRα-LBD is
5-fold higher than the one in beads-GST. This result suggests that cholesterol acts as an endogenous
ligand of ERRα-LBD.

3.2. Cholesterol Directly Binds to ERRα and Increases Its Transcriptional Activity

In order to verify whether cholesterol directly binds to ERRα-LBD, we performed a GST-ERRα-LBD
pull down assay (Figure 1B). As shown in Figure 1B, the concentration of cholesterol in the pull
down fraction is approximately three times higher than in the supernatant fraction. As a reference,
the concentration of XCT-790, a synthetic inverse agonist of ERRα, in the pulldown fraction is
approximately 4 times higher than its concentration in supernatant. To demonstrate that cholesterol
binding to ERRα-LBD is specific, we performed the same experiment using GST alone. In this negative
control, cholesterol concentration is about 2.5 times lower in the pulldown than in the supernatant
(Figure 1B). Together, these results suggest that cholesterol directly interacts with ERRα-LBD.
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Figure 1. Cholesterol binds to ERRα and increases its activity: (A) Human pregnancy serum was
incubated with Sepharose beads coupled to GST-ERRα-LBD and or unfused GST for 24 h at 4 ◦C and
pull-down samples were analyzed using LC-MS. The upper panel shows the UV chromatogram and
the lower panel displays the mass spectrum. The cholesterol structure is located at the right corner of
this spectrum. (B) Cholesterol directly binds to ERRα-LBD. GST-ERRα-LBD pull down assays were
performed and cholesterol concentrations were measured using LC-MS in MRM mode. XCT-790 and
E2 concentrations were determined using a UV–vis spectrophotometer. Amounts are reported as
% input. (C) Relative affinity of cholesterol for ERRα was assessed using a tryptophan quenching
assay with fluorescence excitation at 295 nm and florescent emission at 310 nm. (D) Cholesterol
increases transcriptional activity of ERRα in a PGC-1α dependent manner in a luciferase reporter
assay. HEK 293 cells were transiently co-transfected with a pS2-LUC reporter plasmid with or without
expression vectors for ERRα and the PGC-1α co-activator. The data are representative of 3 independent
experiments. A value of p < 0.05 compared with the control group was considered significant (*).

To quantify the relative affinity of cholesterol for ERRα, we performed tryptophan fluorescent
quenching assays using GST-ERRα (Figure 1C). As indicated in Figure 1C, quenching of fluorescence
increases in the presence of either cholesterol or XCT-790 (a positive control) in a dose-dependent
manner, suggesting that cholesterol and XCT-790 bind to ERRα and change its conformation, resulting
in changes in the fluorescent emission of the receptor in the presence of varying concentrations of
cholesterol or XCT-790. However, in the presence of estradiol (E2) as a negative control, fluorescence
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quenching of the GST-ERRα protein remained unchanged. The Kd values for cholesterol and XCT-790
were determined at 213.4 and 49.94 nM, respectively.

We next determined the impact of cholesterol on the transcriptional activity of ERRα. HEK-293
cells were transiently transfected with a reporter plasmid (pS2Luc) and expression vectors for full length
ERRα and/or the PGC-1α co-activator (Figure 1D). Cells were transfected with ERRα, PGC-1α or both,
and then treated with varying concentrations of cholesterol; XCT-790 was used as a positive control.
As demonstrated in Figure 1D, in the presence of both ERRα and PGC-1α, increasing concentrations of
cholesterol significantly enhances ERRα transcriptional activity. In contrast, transfection with ERRα or
PGC-1α alone does not significantly increase transcriptional activity. This indicates that the effects of
cholesterol on ERRα transcriptional activity require both ERRα and PGC-1α. Taken together, these data
demonstrate that cholesterol, as an endogenous ligand of ERRα, binds to ERRα-LBD with a relative
affinity of 213.4 nM, and increases transcriptional activity of ERRα in a PGC-1α dependent manner.

3.3. Cholesterol Enhances ERRα-PGC-1α Interaction in Breast Cancer Cells

To determine whether cholesterol regulates ERRα-PGC-1α interaction in triple-negative
(MDA-MB-231) and estrogen receptor-positive (MCF-7) breast cancer cells, co-immunoprecipitation
experiments were performed. For MDA-MB-231 cells, the procedure involved treating the cells with
vehicle, cholesterol, lovastatin, or lovastatin + cholesterol, and immunoprecipitating the cell lysates
using an anti-ERRα antibody or control IgG. All samples were then subjected to immunoblotting with an
anti-PGC-1α antibody. As demonstrated in Figure 2A, cholesterol significantly enhances the association
of PGC-1α to ERRα compared to the vehicle. No significant decrease in ERRα-PGC-1α association was
detectable in the presence of lovastatin, a cholesterol-lowering drug. Significantly, cholesterol was able
to enhance ERRα-PGC-1α association even in the presence of lovastatin. Importantly, this association
was not detectable when control IgG was used instead of ERRα antibody. Together, these data suggest
that exogenous cholesterol increases ERRα and PGC-1α interaction in MDA-MB-231 cells.

The co-immunoprecipitation procedure for MCF-7- cells involved treating the cells with
vehicle or cholesterol, and incubating the cell lysates with AminoLink Plus Coupling Resin and
immunoprecipitating using anti-ERRα antibody. As shown in Figure 2B, cholesterol significantly
increases the interaction of PGC-1α to ERRα. As expected, this interaction was not detectable in the
negative control experiment using uncoupled Pierce Control Agarose Resin and anti-ERRα antibody
(-ve ctl). Together, these results show that cholesterol treatment enhances the interaction of ERRα and
PGC-1α in both MDA-MB-231 and MCF-7 cells.

3.4. Cholesterol Increases ERRα Levels in Breast Cancer Cells

To assess whether cholesterol regulates ERRα expression levels, we treated cells with varying
concentrations of cholesterol, and ERRα protein and mRNA levels were measured. As shown in
Figure 3A, in the presence of increasing concentrations of cholesterol in MDA-MB-231 cells, a significant
increase in ERRα protein levels was observed. To determine whether cholesterol increases ERRα protein
levels in the presence of lovastatin (a known lowering cholesterol drug), MDA-MB-231 cells were
treated with vehicle, lovastatin, or lovastatin + cholesterol and subjected to immunoblotting (Figure 3B).
As shown in Figure 3B, lovastatin does not alter ERRα protein levels. However, adding cholesterol in
the presence of lovastatin significantly increases ERRα protein levels. Consistent with these results,
we observed a significant induction in ERRα’s mRNA levels in MDA-MB-231 cells upon cholesterol
treatment (Figure 3C). Moreover, as shown in Figure 3D, when MCF-7 cells were treated with increasing
concentrations of cholesterol, ERRα protein levels were significantly increased. In agreement with
these results, we observed a significant induction in ERRα mRNA level in MCF-7 cells upon cholesterol
treatment (Figure 3E). Altogether, these data demonstrate that exogenous cholesterol significantly
enhances the mRNA and protein levels of ERRα in MDA-MB-231 and MCF-7 cells.
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Figure 2. Cholesterol enhances ERRα-PGC-1α interaction in breast cancer cells. (A) MDA-MB-231 cells
were treated with vehicle (Veh), lovastatin (Lova), lovastatin+cholesterol (Veh + Chol) or cholesterol
(Chol) at 5 µM for 24 h. Cell lysates were subjected to immunoprecipitation (IP) with anti-ERRα
or control IgG antibody. The protein complexes were separated by SDS-PAGE and immunoblotted
(IB) with anti-PGC-1α or anti-ERRα antibodies to detect PGC-1α as a co-immunoprecipitated protein
and ERRα as an immunoprecipitated protein. 2% of total cell lysate (TCL) were used to detect the
endogenous levels of ERRα and PGC-1α. To quantify PGC-1α/ERRα ratio, densitometry analysis
of PGC-1α and ERRα proteins derived from the same immunoblot was performed using ImageJ
software. (B) MCF-7 cells were treated with vehicle (Veh) or cholesterol (Chol) at 10 µM for 24 h.
Immunoprecipitation was performed using a Pierce co-immunoprecipitation (Co-IP) kit. The cell
lysates were incubated with the AminoLink Plus Coupling Resin and immunoprecipitated with an
ERRα antibody. Also as a negative control (-Ve Ctl.), the vehicle-treated cell lysate received the same
concentration of anti-ERRα antibody except that the AminoLink Plus Coupling Resin was replaced
with a Pierce Control Agarose Resin that is not amine-reactive, preventing ERRα antibody from binding
to the resin. The bound proteins were eluted and separated by SDS-PAGE and immunoblotted with
anti-PGC-1α or anti-ERRα antibodies to detect PGC-1α as a co-immunoprecipitated protein and ERRα
as an immunoprecipitated protein, respectively. 2% of TCL were used to detect the endogenous protein
levels of ERRα and PGC-1α. To quantify PGC-1α/ERRα ratio, densitometry analysis of PGC-1α and
ERRα proteins derived from the same immunoblot was measured using ImageJ software. A minimum
of 3 independent experiments were performed. A value of p < 0.05 was considered significant (*).
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Figure 3. Cholesterol increases ERRα protein and mRNA levels in MDA-MB-231 and MCF-7 cells in a
dose dependent manner. (A) Cholesterol increases ERRα protein levels in MDA-MB-231 cells in a dose
dependent manner. MDA-MB-231 cells were treated with vehicle (Veh) and varying concentrations of
cholesterol (1, 5, 10 µM) and subjected to western blotting. (B) Cholesterol increases ERRα protein
levels even in the presence of lovastatin in MDA-MB-231 cells. MDA-MB-231 cells were treated with
vehicle (Veh), lovastatin (Lova) or Lovastatin + cholesterol (Lova + Chol) at 5 µM for 24 h. Cell lysates
were subjected to western blotting. Relative ERRα protein levels were assessed using ImageJ software.
(C) Cholesterol induces ERRα mRNA levels in MDA-MB-231 cells. Cells were treated with 5 µM
cholesterol for 24h and ERRα mRNA levels were assessed by RT-qPCR and were normalized to
endogenous GAPDH. (D) Cholesterol increases ERRα protein levels in MCF-7 cells in a dose-dependent
manner. MCF-7 cells were treated with varying concentrations of cholesterol (1, 5, 10 µM) or vehicle
(Veh) and subjected to western blotting. Relative ERRα protein levels were calculated using ImageJ
software. (E) Cholesterol induces ERRα mRNA levels in MCF-7 cells. Cells were treated with 10 µM
cholesterol for 24 h and ERRα mRNA levels were assessed by RT-qPCR, and were normalized to
endogenous GAPDH. A minimum of three independent experiments were performed. A value of
p < 0.05 was considered significant (*).

3.5. Cholesterol Enhances ERRα-Induced Metabolic Target Genes Through ERRα Pathway

Next, we determined whether cholesterol regulates ERRα metabolic target genes in MDA-MB-231
and MCF-7 cells. The cells were first transfected with siRNA-control or siRNA-ERRα, followed by
treatment with cholesterol. As shown in Figure 4A,B, upon cholesterol treatment, there is a significant
increase in the expression of metabolic target genes of ERRα, including IDH3A, VEGF, PDK4, SOD2,
GSTM1, and SPP1, in breast cancer cells.
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Figure 4. Cholesterol enhances expression of ERRα metabolic target genes through ERRα in MDA-MB-231
and MCF-7 cells. (A,B) Cells were transfected with siRNA-ERRα (siERRα) or siRNA-control (siRNA-CTL)
for 48 h, and treated with vehicle (Veh) or cholesterol (Chol, 5 µM) for 24 h. Total RNA was extracted
and analyzed by RT-qPCR. Genes detected included: isocitrate dehydrogenase 3A (IDH3A), pyruvate
dehydrogenase kinase 4 (PDK4), vascular endothelial growth factor (VEGF), glutathione s-transfrase
M1(GSTM1), superoxide dismutase 2 (SOD2) and secreted phosphoprotein 1(SPP1). The mRNA data were
normalized to endogenous GAPDH (C,E) Cholesterol increases ERRα-induced VEGF protein expression in
MDA-MB-231 and MCF-7 cells using western blotting. The blots for ERRα and VEGF were generated from
the same cell lysates loaded on 2 different gels due to the similar molecular weights of the two proteins.
GAPDH was used as a loading control for VEGF and tubulin was used as a loading control for ERRα.
The densitometry ratio was calculated using ImageJ software. (D,F) Immunocytochemistry (ICC) was
performed to detect VEGF protein expression using anti-VEGF antibody. All cells were transfected with
siRNA-ERRα or siRNA-control (siRNA-CTL), and were treated with cholesterol (5 µM for MDA-MB-231,
10 µM for MCF-7 cells) or with vehicle for 24 h. DAPI is shown in blue and VEGF in green. A minimum
of three independent experiments were performed. A value of p < 0.05 was considered significant in the
comparison with the control group (*).
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However, in ERRα knockdown breast cancer cells, cholesterol does not enhance the expression of
ERRα target genes in either MDA-MB-231 or MCF-7 cells. As shown in Figure 4A,B, the efficiency of
knockdown-ERRα was 89.9% and 82.7% for MDA-MB-231 and MCF-7 cells, respectively.

These data indicate that the induction of ERRα metabolic target gene expression by cholesterol is
ERRα-dependent. To confirm that cholesterol increases expression of ERRα target genes in breast cancer
cells via the ERRα pathway, levels of the VEGF protein were assessed in cells treated with siRNA-ERRα
or siRNA-control in the presence or absence of cholesterol. As shown in Figure 4C–F, cholesterol
increases VEGF protein expression in MDA-MB-231 and MCF-7 cells, as detected by immunoblotting
and immunocytochemistry using anti-VEGF antibody. In the absence of ERRα, the stimulatory effects
of cholesterol were abolished in both types of breast cancer cells. These data suggest that cholesterol
enhances VEGF protein expression through ERRα.

3.6. Cholesterol Enhances Cellular Proliferation of Breast Cancer Cells via the ERRα Pathway

To determine whether cholesterol regulates cellular proliferation in MDA-MB-231 and MCF-7 cells,
cells were treated with varying concentrations of cholesterol. As shown in Figure 5A–C, cholesterol
enhances cellular proliferation of these cells in a dose-dependent manner, and the EC50s of cholesterol
for MDA-MB-231 and MCF-7 cells are approximately 70 and 110 nM, respectively. These results
showing that cholesterol enhances cell proliferation at low nano-molar concentrations support the
notion that cholesterol may act as a signaling molecule in these cells. Interestingly, lovastatin decreases
cell proliferation of breast cancer cells in a dose-dependent manner and cholesterol inhibits this effect
(Figure 5D,E). As demonstrated in Figure 5F, the IC50 of lovastatin in MDA-MB-231 cells is 1.81 µM,
which is slightly lower than the one in MCF-7 cells (5.34 µM), possibly due to the higher expression of
ERRα in MDA-MB-231 compared to MCF-7 cells.

To demonstrate that the effect of cholesterol on breast cancer cell proliferation is mediated via ERRα,
the expression of ERRαwas knocked down by siRNA and cells were treated with lovastatin or cholesterol
(Figure 5G,H). As shown in Figure 5G,H, ERRα was successfully knocked down in MDA-MB-231
and MCF-7 cells and cholesterol-induced cell proliferation is abrogated when ERRα expression is
suppressed. Similarly, lovastatin-induced inhibition of cell proliferation is abolished in ERRα-deficient
cells. These results suggest that both cholesterol-induced cell proliferation, and lovastatin-induced
inhibition of cell proliferation are mediated via ERRα. Consistent with the result shown in Figure 5D,E,
cholesterol is able to rescue the lovastatin-induced inhibition of cell proliferation. The lovastatin
inhibitory effect on cellular proliferation is likely due to lowering intercellular cholesterol level,
although cholesterol-independent effects of lovastatin cannot be ruled out. In order to confirm that
cholesterol mediates cell proliferation in an ERRα-dependent manner, we performed dose-competition
assays between the ERRα antagonist cpd29 and cholesterol. As shown in Figure 5I (black bars),
cpd29 decreases cell proliferation in a dose-dependent manner in MDA-MB-231cells. Importantly,
cpd29 also decreases cholesterol induced cell proliferation in a dose dependent manner in those cells
(Figure 5I gray bars). Collectively, these data show that cholesterol increases cell proliferation of both
MDA-MB-231 and MCF-7 cells, acting via ERRα.
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Figure 5. Cholesterol increases cell proliferation of breast cancer cells in an ERRα-dependent manner.
(A,B) In order to obtain half maximal effective concentrations (EC50s) of cholesterol in MDA-MB-231
and MCF-7 cells, an MTS Cell Proliferation Assay kit was used to assay the cell proliferation of
MDA-MB-231 and MCF-7 cells with varying concentrations of cholesterol (as indicated in the Figure)
on day 5. (C) EC50s were calculated for both MDA-MB-231 and MCF-7 cells using the Prism software.
(D,E) Cell proliferation in the presence of Lovastatin (Lova) and lovastatin (5 µM) + cholesterol (Chol),
at varying concentrations indicated in the Figure, was measured using an MTS kit on day 5. (F) IC50s
of lovastatin were calculated for both MDA-MB-231 and MCF-7 cells using Prism. (G,H) MDA-MB-231
and MCF-7 cells were transfected with siRNA-ERRα or siRNA-control (siRNA-CTL) and the cells were
treated with vehicle, cholesterol (chol), lovastatin (lova) or lovastatin + cholesterol (lova + chol), all at
5 µM for MDA-MB-231 cells and at 10 µM for MCF-7 cells. Cell proliferation assays were performed
using an MTS kit on day 5. Cell lysates were immunoblotted using an anti-ERRα antibody. A value
of p < 0.05 was considered significant (*). (I) MDA-MB-231 cells were treated with compound 29
(cpd29) in varying concentrations as indicated in the figure (black bars). Also, cholesterol at a fixed
concentration of 5 µM was co-administered with varying concentrations of cpd29 as indicated in the
figure (gray bars); 0 indicates cholesterol (5 µM) alone, without cpd29 treatment. Cell proliferation
assays were performed using an MTS kit on day 6. A minimum of three independent experiments
were performed. All treatments were compared to the respective vehicle group, and a value of p < 0.05
was considered significant (*).

3.7. Cholesterol Rescues the Inhibitory Effect of Lovastatin on Cellular Migration, but not that of XCT-790 in
MDA-MB-231 Cells

To verify whether the effects of cholesterol on breast cancer cell migration are mediated through
ERRα, we performed a scratch assay. Cells were treated with lovastatin, cholesterol, and/or XCT-790.
As shown in Figure 6A,B, adding exogenous cholesterol does not significantly increase cellular migration
although a trend in that direction is observed upon cholesterol treatment for 24 h. It is possible that a
significant increase in cell migration requires a cholesterol treatment duration of more than the 24 hours
used in the current study (i.e., 48 h or 72 h). In order to further probe whether cholesterol displays
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any effect on breast cancer cellular migration within 24 h, we used lovastatin to decrease intracellular
cholesterol levels. Interestingly, cholesterol is able to rescue the lovastatin-induced inhibition of cellular
migration in a significant manner. Next, to verify whether ERRα mediates the stimulatory effect of
cholesterol on breast cancer cellular migration in the presence of lovastatin, XCT-790, a small molecule
inhibitor of ERRα activity, was used. As shown in Figure 6A, XCT-790 decreases MDA-MB-231 cellular
migration. However, adding exogenous cholesterol was unable to rescue the migration inhibitory effect
of XCT-790 even in the presence of lovastatin. Together, these results suggest that the inhibition of cell
migration induced by the cholesterol lowering agent lovastatin is rescued by cholesterol. However,
when ERRα is inhibited by XCT-790, cholesterol does not increase cell migration nor does it restore the
effect of lovastatin.

Figure 6. (A) Lovastatin decreases the migration of MDA-MB-231 cells, while cholesterol rescues the
effect of lovastatin, but not the effect of XCT-790 using a scratch-wound migration assay, MDA-MB-231
cells were treated with vehicle(Veh), cholesterol (chol), lovastatin (Lova), Lovastatin + cholesterol
(Lova + Chol), XCT-790 (XCT), XCT-790 + cholesterol (XCT + chol), XCT-790 + lovastatin (XCT + Lova)
or XCT-790 + lovastatin + cholesterol (XCT + Lova + Chol), all at 5 µM. Wound closure was monitored
at 0 and 24 h, and representative images are provided. (B) Migration percentages were calculated
as follows: migration % = (T 0 h scratch width − T 24 h scratch width/T 0 h scratch width) × 100.
The results represent 3 independent experiments. A value of p < 0.05 was considered significant (*).

4. Discussion

There is accumulating evidence that obesity and high blood cholesterol increase the risk of
breast cancer recurrence [33–35], while the use of statins, known cholesterol lowering drugs, is linked
to increased disease-free survival in breast cancer patients [11,35–38]. However, the underlying
mechanisms by which high cholesterol levels increase breast cancer recurrence risk and mortality are
poorly understood [35,38]. As ERRα orphan receptor is a master regulator of energy metabolism,
and its levels are upregulated in breast cancer with overexpression associated with poor survival,
we pursued identification of its endogenous ligands. We recently reported the identification of an
estradienolone-like molecule (ED) from human pregnancy urine, as an endogenous inverse agonist
of ERRα [28]. In the current study, we demonstrate that cholesterol isolated from human pregnancy
blood acts as an endogenous agonist of ERRα. We show that cholesterol binds ERRα and enhances its
transcriptional activity in ER-positive and triple-negative breast cancer cells, which overexpress ERRα.
Furthermore, we demonstrate that cholesterol enhances the interaction of ERRα with its transcriptional
co-activator, PGC-1α, resulting in the activation of several ERRα’s target genes (including VEGF
and ERRα itself), and in promoting cellular proliferation and migration in an ERRα-dependent
manner, in breast cancer cells. Importantly, lovastatin inhibits cell proliferation and migration in
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both ER positive and triple negative breast cancer cells, possibly due to a decrease in intracellular
cholesterol levels [39], and cholesterol is able to rescue these effects of lovastatin. The anticancer
effects of statins have been shown to involve multiple molecular pathways, including inhibition of
protein kinase B (AKT)/mammalian target of rapamycin (mTOR) [40,41]. the Neverthless, the current
study demonstrates thatin the presence of lovastatin, addition of cholesterol is able to restore the
inhibitory effects of lovastatin on cell proliferation and migration of MDA-MB-231 cells via the ERRα
pathway, while ERRα protein levels remain unchanged. This, together with our results showing that
a well-characterized ERRα antagonist, cpd29 [42–44], is able to inhibit cholesterol-induced cellular
proliferation supports the premise that cholesterol-induced cellular proliferation is mediated via ERRα.

Our finding that cholesterol isolated from human pregnancy blood is an endogenous agonist of
ERRα is in agreement with the findings from another group using cholesterol isolated from mouse
brain and kidney [29]. Our results showing that cholesterol binds directly and specifically to the
purified ligand binding domain of ERRα, with a dissociation constant of approximately 210 nM,
and increases transcriptional activity of ERRα in a PGC-1α-dependent manner in both ER-positive
and triple-negative breast cancer cells, indicate that cholesterol acts as an endogenous agonist of
ERRα-PGC-1α signaling in these cells. In addition, our findings suggest that the mechanism by which
cholesterol enhances ERRα transcriptional activity involves increasing the recruitment of PGC-1α to
ERRα, as detected by enhanced interaction between ERRα and PGC-1α in the presence of cholesterol,
whether in the presence or absence of lovastatin. It is possible that cholesterol acts as an allosteric
activator by binding to the ERRα protein and changes its conformation, leading to enhanced interaction
with its coactivator PGC-1α, and thus promoting ERRα transcriptional activity.

The ERRα/PGC-1α/β complex is the main regulator of genes involved in energy metabolism and
mitochondrial biogenesis and directs metabolic reprogramming in cancer cells. It has been reported that
this complex controls the expression of genes involved in the TCA cycle, OXPHOS, lipid metabolism,
and glycolysis in breast cancer cells [18,21]. It is thus significant that cholesterol binding to ERRα and
cholesterol-mediated increase in ERRα-PGC-1α interaction result in increased expression of ERRα itself
and its metabolic target genes including IDH3A, VEGF, SOD2, GSTM1, PDK4, SPP1 in breast cancer
cells. The finding that the cholesterol-mediated increase in the expression of these genes requires ERRα
in both ER-positive and triple-negative breast cancer cells provides a mechanistic explanation for the
adverse effect of high circulating cholesterol levels and may explain the beneficial effect of statins on
breast cancer outcome.

Cholesterol’s ability to increase ERRα mRNA and protein levels in a dose-dependent manner
can be explained by ERRα specific auto-induction, as ERRα activates the promoter of its own gene,
ESRRA, thus providing positive regulation of its own expression [18,21,27]. It is possible that when
cholesterol binds to ERRα and enhances its interaction to PGC-1α, this leads to the binding of the
ERRα/PGC-1α complex to the ESRRA promoter and induction of ERRα expression itself as well as that
of the metabolic target genes of ERRα. IDH3A, a major metabolic target gene of ERRα, is a key enzyme
in the TCA cycle, and is known to stimulate angiogenesis and metabolic reprogramming of cancer
cells to provide the necessary nutrients for cancer cell growth [45,46]. Similarly, cholesterol-mediated
increase in PDK4 is of significant interest in this regard, as it is also a key enzyme in glucose and fatty
acid metabolism, and its expression is upregulated in breast cancer and correlates with poor patient
outcomes [47]. Together, these findings suggest that cholesterol induces metabolic gene expression via
its modulation of ERRα activity.

SOD2 and GSTM1 are responsible for the detoxification of reactive oxygen species (ROS)
and electrophilic compounds, which are produced mainly by mitochondria in cancer cells [20,48].
The elevation of ROS was shown to be essential for the metabolic reprogramming toward glycolysis [49].
Based on our findings, we suggest that high cholesterol levels resulting in increased interaction of
ERRα with PGC-1α and ERRα-PGC1α signaling provide protection against the production of ROS
from oxidative stress by increasing cell detoxification enzymes like SOD2 and GSTM1, and thus help
avoid irreversible damage on mitochondria and other organelles of cancer cells. In addition, as SPP1 is



Cells 2020, 9, 1765 16 of 21

known to be a direct target gene of ERRα, and has been shown to be overexpressed in breast cancer
cells and functionally contribute to cancer progression [48,49], our finding that the cholesterol-induced
increase in its expression requires ERRα in breast cancer cells is consistent with cholesterol’s adverse
effects on breast cancer outcome.

Vascularization is an important process in metastatic progression. ERRα and its coactivator
PGC-1α have been reported to bind to the promoter of VEGF (known to be involved in tumor invasion
and angiogenesis), and enhance its expression [18,50–52]. In the current study, we showed that
the expression of VEGF is significantly increased in the presence of cholesterol in ER-positive and
triple-negative breast cancer cells and that this cholesterol effect requires ERRα, strongly suggesting that
cholesterol enhances ERRα-induced VEGF expression in breast cancer cells. The ability to proliferate
and migrate are two metastatic hallmarks of cancer cells. Cholesterol promotes cell proliferation and
migration in ER+ and triple-negative breast cancer cells in an ERRα dependent manner, whereas statin
shows opposite effect. Importantly, cholesterol also rescues the effect of statin on proliferation and
migration in an ERRα-dependent manner. Importantly, our results show that cholesterol increases
cell proliferation of triple negative and ER+ breast cancer cells in a dose-dependent manner within a
nanomolar range, implicating cholesterol as a signaling molecule. Lovastatin displays the opposite
effect, decreasing both cell proliferation and migration of both cell types, and cholesterol rescues
lovastatin’s effect. However, cholesterol is unable to rescue the inhibitory effect of XCT-790 (a known
inverse agonist of ERRα) on breast cancer cell migration, presumably because XCT-90 mechanism of
action involves degradation of ERRα [53,54]. Our finding that cholesterol mediates cell proliferation
in an ERRα-dependent manner, was further confirmed using dose-competition assays between
cholesterol and another well-characterized ERRα antagonist cpd29 [42–44] in MDA-MB-231 cells.
Together, these results demonstrate that the knockdown of ERRα or inhibition of ERRα activity using
XCT-790 or cpd29, results in abrogation of the enhancing effect of cholesterol on breast cancer cell
proliferation and migration. These findings suggest that the stimulatory effects of cholesterol on cell
proliferation and migration are mediated via ERRα.

Based on our findings, we propose that the mechanism by which cholesterol may exert its
effects on ER+ and TNBC cells involves cholesterol binding to ERRα and changing its conformation,
thereby enhancing ERRα interaction with its coactivator PGC-1α, with the increased ERRα-PGC-1α
interaction resulting in augmented expression of ERRα itself (auto-induction) and of its target genes
implicated in cellular metabolism, including IDH3A, PDK4, SOD2, GSTM1 and VEGF. We further
propose that together, this may result in the reprogramming of tumor metabolism to provide sufficient
biomass and detoxification against oxidative stress for breast cancer cells to proliferate and migrate
faster (Figure 7). In contrast, treatment with the lipid soluble statin, lovastatin, an inhibitor of HMG-CoA
reductase, the rate limiting enzyme in the cholesterol biosynthetic pathway, results in reduced cell
proliferation and migration in breast cancer cells (Figure 7), likely via reducing cholesterol intracellular
levels [39], and its effects are reversed by exogenous cholesterol addition. Together, our findings
provide insight into the potential mechanisms underlying the increased risk of breast cancer associated
with elevated levels of circulating cholesterol, and the protective effect of statins in improving breast
cancer patients’ survival.

ERRα/PGC-1α/β activity is under the regulation of several oncogenic signals, including the
PI3K/AKT/mTOR pathway which plays a key role in activating SREBP, a critical transcription factor
involved in intracellular cholesterol synthesis in cancer cells [55]. Thus, cholesterol may provide a link
between the mTOR pathway and ERRα/PGC-1 complex activation in cancer cells.
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Figure 7. Schematic representation of the proposed mechanism by which cholesterol promotes breast
cancer cell growth and migration via the ERRα-PGC-1α pathway and how statins (cholesterol lowering
drug) may inhibit this effect. The proposed scheme depicts that cholesterol binds to ERRα and changes
its conformation, which causes an increase in recruitment of PGC-1α and as a result induces transcription
of the metabolic target genes of ERRα and increases breast cancer cell growth and migration. However,
statins, drugs tthat inhibit HMG-CoA reductase, possibly lower cholesterol levels and as a result
decrease breast cancer cell progression.

In the present study, we have not performed a detailed analysis of the cholesterol-ERRα binding
complex and kinetics, by methods such as nuclear magnetic resonance (NMR), or X-ray crystallography.
However, a previous study by another group has reported the binding kinetics and structural basis
of cholesterol-ERRα interaction [29]. Using computational docking of cholesterol into the LBD of
ERRα they have demonstrated that the hydroxyl group of cholesterol makes a hydrogen bond to
E235 of ERRα’s LBD. Also, they have shown that F232 and L228 of ERRα possibly make important
hydrophobic contacts with cholesterol [29]. A limitation of our study is that cholesterol lowering
drugs like statins have been reported to have cholesterol-independent effects [40,41]. Unfortunately,
there are no known cholesterol depleting agents that do not exhibit cholesterol-independent effects.
While our findings in the current study show that cholesterol enhances cell proliferation and migration
in an ERRα-dependent manner, the question as to whether other upstream targets are involved in this
process remains to be determined. In the current study, we have used a cholesterol concentration of
5 µM for MDA-MB-231 and 10 µM for MCF-7 cells, because these doses showed the optimal response in
the biological assays used. It is not possible to ascertain the physiologic relevance of the dose chosen as
it is difficult to mimic in vivo concentrations of extracellular or intracellular cholesterol levels in vitro
in the cell lines. In addition, it should be noted that the results presented in the present study are
limited to a representative triple negative (MDA-MB-231) and to a representative ER+ (MCF-7) breast
cancer cell line; using other breast cancer cells expressing varying levels of ERRα would strengthen the
clinical implications of the current study.

5. Conclusions

In the present study, we demonstrate that cholesterol binds ERRα, enhances its interaction with
its transcriptional co-activator PGC-1α and promotes ERRα transcriptional activity in ER-positive and
in triple-negative breast cancer cells. Furthermore, we show that cholesterol activates several ERRα
metabolic target genes and enhances cellular proliferation and migration, ERRα being required for
these effects. Statins inhibit cell proliferation and migration in both ER-positive and triple-negative
breast cancer cells, possibly by decreasing intracellular cholesterol levels [39]. Importantly, exogenous
cholesterol is able to rescue these effects of statin.
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There is increasing evidence that the expression levels of ERRα are higher in human breast tumors
when compared to normal breast tissue [23], and that ERRα overexpression is associated with adverse
clinical outcome and recurrence in breast cancer patients [52,56,57]. Thus, it has been suggested that
the expression of ERRα could be used as a marker of unfavorable prognosis and response to therapy
in breast cancer [56]. The interest in inhibiting ERRα activity in breast cancer patients is based on
ERRα’s strong involvement in regulating a vast array of oncogenic functions, including metabolic
reprograming of cancer cells [58,59]. Thus, the identification of cholesterol as an endogenous agonist
of ERRα provides a potential avenue for targeting intracellular cholesterol action to globally impinge
on the metabolic impairments in cancer cells. Further studies are warranted to explore the potential
of drugs such as statins and SREBP inhibitors to prevent or treat breast cancer, in particular TNBC,
which has a poor prognosis and no satisfactory treatment options. Furthermore, identification of
cholesterol as an agonist of ERRα and a regulator of ERRα target gene expression, and proliferation in
ER+ and TNBC cells, also has relevance to other subtypes of breast cancer, like the human epidermal
growth factor receptor 2 positive (HER2+) subtype, and other cancer types such as prostate, ovary, and
colorectal cancers, where ERRα is overexpressed and known to play a pathological role.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/8/1765/s1,
Table S1: The primer sequences used for qPCR.

Author Contributions: F.G.—designed, performed, analyzed, interpreted and wrote the original draft of the
manuscript. A.P.—supervised the project, wrote and reviewed the manuscript. S.M.—contributed to data interpretation
and manuscript reviewing. All authors have read and agreed to the published version of the manuscript.

Funding: The current study was funded by Natural Sciences and Engineering Research (NSERC) grant, RGPIN
138634-07, to A.P., a Canadian Institutes of Health Research (CIHR) grant, RN372207-410053 to A.P., and Fond de
la recherché en sante du Quebec (FRQS) Studentship Award to F.G.

Acknowledgments: We thank Alice Benjamin for kindly providing us with urine and blood samples of pregnant
women. In addition, compound 29 (cpd29) was a generous gift from Donald Patrick McDonnell from Duke University.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]

2. McDonnell, D.P.; Park, S.; Goulet, M.T.; Jasper, J.; Wardell, S.E.; Chang, C.Y.; Norris, J.D.; Guyton, J.R.;
Nelson, E.R. Obesity, cholesterol metabolism, and breast cancer pathogenesis. Cancer Res. 2014, 74, 4976–4982.
[CrossRef] [PubMed]

3. Yang, X.R.; Chang-Claude, J.; Goode, E.L.; Couch, F.J.; Nevanlinna, H.; Milne, R.L.; Gaudet, M.; Schmidt, M.K.;
Broeks, A.; Cox, A.; et al. Associations of breast cancer risk factors with tumor subtypes: A pooled analysis
from the Breast Cancer Association Consortium studies. J. Natl. Cancer Inst. 2011, 103, 250–263. [CrossRef]
[PubMed]

4. Pierobon, M.; Frankenfeld, C.L. Obesity as a risk factor for triple-negative breast cancers: A systematic
review and meta-analysis. Breast Cancer Res. Treat. 2013, 137, 307–314. [CrossRef] [PubMed]

5. Bianchini, F.; Kaaks, R.; Vainio, H. Overweight, obesity, and cancer risk. Lancet Oncol. 2002, 3, 565–574.
[CrossRef]

6. Garcia-Estevez, L.; Moreno-Bueno, G. Updating the role of obesity and cholesterol in breast cancer. BCR
Breast Cancer Res. 2019, 21, 35. [CrossRef]

7. Kotepui, M. Diet and risk of breast cancer. Contemp. Oncol. 2016, 20, 13–19. [CrossRef]
8. Danilo, C.; Frank, P.G. Cholesterol and breast cancer development. Curr. Opin. Pharmacol. 2012, 12, 677–682.

[CrossRef]
9. Alikhani, N.; Ferguson, R.D.; Novosyadlyy, R.; Gallagher, E.J.; Scheinman, E.J.; Yakar, S.; LeRoith, D.

Mammary tumor growth and pulmonary metastasis are enhanced in a hyperlipidemic mouse model.
Oncogene 2013, 32, 961–967. [CrossRef]

http://www.mdpi.com/2073-4409/9/8/1765/s1
http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1158/0008-5472.CAN-14-1756
http://www.ncbi.nlm.nih.gov/pubmed/25060521
http://dx.doi.org/10.1093/jnci/djq526
http://www.ncbi.nlm.nih.gov/pubmed/21191117
http://dx.doi.org/10.1007/s10549-012-2339-3
http://www.ncbi.nlm.nih.gov/pubmed/23179600
http://dx.doi.org/10.1016/S1470-2045(02)00849-5
http://dx.doi.org/10.1186/s13058-019-1124-1
http://dx.doi.org/10.5114/wo.2014.40560
http://dx.doi.org/10.1016/j.coph.2012.07.009
http://dx.doi.org/10.1038/onc.2012.113


Cells 2020, 9, 1765 19 of 21

10. Ferguson, R.D.; Gallagher, E.J.; Cohen, D.; Tobin-Hess, A.; Alikhani, N.; Novosyadlyy, R.; Haddad, N.;
Yakar, S.; LeRoith, D. Hyperinsulinemia promotes metastasis to the lung in a mouse model of Her2-mediated
breast cancer. Endocr. Relat. Cancer 2013, 20, 391–401. [CrossRef]

11. Nelson, E.R.; Wardell, S.E.; Jasper, J.S.; Park, S.; Suchindran, S.; Howe, M.K.; Carver, N.J.; Pillai, R.V.;
Sullivan, P.M.; Sondhi, V.; et al. 27-Hydroxycholesterol links hypercholesterolemia and breast cancer
pathophysiology. Science 2013, 342, 1094–1098. [CrossRef] [PubMed]

12. Pelton, K.; Coticchia, C.M.; Curatolo, A.S.; Schaffner, C.P.; Zurakowski, D.; Solomon, K.R.; Moses, M.A.
Hypercholesterolemia induces angiogenesis and accelerates growth of breast tumors in vivo. Am. J. Pathol.
2014, 184, 2099–2110. [CrossRef] [PubMed]

13. Laisupasin, P.; Thompat, W.; Sukarayodhin, S.; Sornprom, A.; Sudjaroen, Y. Comparison of Serum Lipid
Profiles between Normal Controls and Breast Cancer Patients. J. Lab. Physicians 2013, 5, 38–41. [CrossRef]

14. Nelson, E.R.; Chang, C.-y.; McDonnell, D.P. Cholesterol and breast cancer pathophysiology. TEM Trends
Endocrinol. Metab. 2014, 25, 649–655. [CrossRef]

15. Baek, A.E.; Yu, Y.-R.A.; He, S.; Wardell, S.E.; Chang, C.-Y.; Kwon, S.; Pillai, R.V.; McDowell, H.B.;
Thompson, J.W.; Dubois, L.G.; et al. The cholesterol metabolite 27 hydroxycholesterol facilitates breast cancer
metastasis through its actions on immune cells. Nat. Commun. 2017, 8, 864. [CrossRef] [PubMed]

16. Munsell, M.F.; Sprague, B.L.; Berry, D.A.; Chisholm, G.; Trentham-Dietz, A. Body mass index and breast
cancer risk according to postmenopausal estrogen-progestin use and hormone receptor status. Epidemiol. Rev.
2014, 36, 114–136. [CrossRef]

17. Chang, C.-y.; Kazmin, D.; Jasper, J.S.; Kunder, R.; Zuercher, W.J.; McDonnell, D.P. The metabolic regulator
ERRα, a downstream target of HER2/IGF-1R, as a therapeutic target in breast cancer. Cancer Cell 2011, 20,
500–510. [CrossRef]

18. Stein, R.A.; Chang, C.Y.; Kazmin, D.A.; Way, J.; Schroeder, T.; Wergin, M.; Dewhirst, M.W.; McDonnell, D.P.
Estrogen-related receptor alpha is critical for the growth of estrogen receptor-negative breast cancer.
Cancer Res. 2008, 68, 8805–8812. [CrossRef]

19. Deblois, G.; Giguère, V. Functional and physiological genomics of estrogen-related receptors (ERRs) in health
and disease. Biochim. Biophys. Acta 2011, 1812, 1032–1040. [CrossRef]

20. Chen, E.I.; Hewel, J.; Krueger, J.S.; Tiraby, C.; Weber, M.R.; Kralli, A.; Becker, K.; Yates, J.R., 3rd;
Felding-Habermann, B. Adaptation of energy metabolism in breast cancer brain metastases. Cancer Res. 2007,
67, 1472–1486. [CrossRef]

21. Deblois, G.; Hall, J.A.; Perry, M.C.; Laganiere, J.; Ghahremani, M.; Park, M.; Hallett, M.; Giguere, V.
Genome-wide identification of direct target genes implicates estrogen-related receptor alpha as a determinant
of breast cancer heterogeneity. Cancer Res. 2009, 69, 6149–6157. [CrossRef] [PubMed]

22. Giguere, V.; Yang, N.; Segui, P.; Evans, R.M. Identification of a new class of steroid hormone receptors. Nature
1988, 331, 91–94. [CrossRef] [PubMed]

23. Manna, S.; Bostner, J.; Sun, Y.; Miller, L.D.; Alayev, A.; Schwartz, N.S.; Lager, E.; Fornander, T.; Nordenskjöld, B.;
Yu, J.J.; et al. ERRα Is a Marker of Tamoxifen Response and Survival in Triple-Negative Breast Cancer.
Clin. Cancer Res. 2016, 22, 1421–1431. [CrossRef] [PubMed]

24. Berman, A.Y.; Manna, S.; Schwartz, N.S.; Katz, Y.E.; Sun, Y.; Behrmann, C.A.; Yu, J.J.; Plas, D.R.; Alayev, A.;
Holz, M.K. ERRα regulates the growth of triple-negative breast cancer cells via S6K1-dependent mechanism.
Signal. Transduct. Target. Ther. 2017, 2, 17035. [CrossRef]

25. Kraus, R.J.; Ariazi, E.A.; Farrell, M.L.; Mertz, J.E. Estrogen-related receptor alpha 1 actively antagonizes
estrogen receptor-regulated transcription in MCF-7 mammary cells. J. Biol. Chem. 2002, 277, 24826–24834.
[CrossRef] [PubMed]

26. Bianco, S.; Lanvin, O.; Tribollet, V.; Macari, C.; North, S.; Vanacker, J.M. Modulating estrogen receptor-related
receptor-alpha activity inhibits cell proliferation. J. Biol. Chem. 2009, 284, 23286–23292. [CrossRef]

27. Chisamore, M.J.; Wilkinson, H.A.; Flores, O.; Chen, J.D. Estrogen-related receptor-alpha antagonist inhibits
both estrogen receptor-positive and estrogen receptor-negative breast tumor growth in mouse xenografts.
Mol. Cancer Ther. 2009, 8, 672–681. [CrossRef]

28. Ghanbari, F.; Hebert-Losier, A.; Barry, J.; Poirier, D.; Giguere, V.; Mader, S.; Philip, A. Isolation and functional
characterization of a novel endogenous inverse agonist of estrogen related receptors (ERRs) from human
pregnancy urine. J. Steroid Biochem. Mol. Biol. 2019, 191, 105352. [CrossRef]

http://dx.doi.org/10.1530/ERC-12-0333
http://dx.doi.org/10.1126/science.1241908
http://www.ncbi.nlm.nih.gov/pubmed/24288332
http://dx.doi.org/10.1016/j.ajpath.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24952430
http://dx.doi.org/10.4103/0974-2727.115934
http://dx.doi.org/10.1016/j.tem.2014.10.001
http://dx.doi.org/10.1038/s41467-017-00910-z
http://www.ncbi.nlm.nih.gov/pubmed/29021522
http://dx.doi.org/10.1093/epirev/mxt010
http://dx.doi.org/10.1016/j.ccr.2011.08.023
http://dx.doi.org/10.1158/0008-5472.CAN-08-1594
http://dx.doi.org/10.1016/j.bbadis.2010.12.009
http://dx.doi.org/10.1158/0008-5472.CAN-06-3137
http://dx.doi.org/10.1158/0008-5472.CAN-09-1251
http://www.ncbi.nlm.nih.gov/pubmed/19622763
http://dx.doi.org/10.1038/331091a0
http://www.ncbi.nlm.nih.gov/pubmed/3267207
http://dx.doi.org/10.1158/1078-0432.CCR-15-0857
http://www.ncbi.nlm.nih.gov/pubmed/26542058
http://dx.doi.org/10.1038/sigtrans.2017.35
http://dx.doi.org/10.1074/jbc.M202952200
http://www.ncbi.nlm.nih.gov/pubmed/11986328
http://dx.doi.org/10.1074/jbc.M109.028191
http://dx.doi.org/10.1158/1535-7163.MCT-08-1028
http://dx.doi.org/10.1016/j.jsbmb.2019.04.001


Cells 2020, 9, 1765 20 of 21

29. Wei, W.; Schwaid, A.G.; Wang, X.; Wang, X.; Chen, S.; Chu, Q.; Saghatelian, A.; Wan, Y. Ligand Activation
of ERRalpha by Cholesterol Mediates Statin and Bisphosphonate Effects. Cell Metab. 2016, 23, 479–491.
[CrossRef]

30. Traboulsi, T.; El Ezzy, M.; Dumeaux, V.; Audemard, E.; Mader, S. Role of SUMOylation in differential ERα
transcriptional repression by tamoxifen and fulvestrant in breast cancer cells. Oncogene 2019, 38, 1019–1037.
[CrossRef]

31. Tremblay, G.B.; Bergeron, D.; Giguere, V. 4-Hydroxytamoxifen is an isoform-specific inhibitor of orphan
estrogen-receptor-related (ERR) nuclear receptors beta and gamma. Endocrinology 2001, 142, 4572–4575.
[CrossRef] [PubMed]

32. Li, T.; Paudel, H.K. 14-3-3zeta Mediates Tau Aggregation in Human Neuroblastoma M17 Cells. PLoS ONE
2016, 11, e0160635. [CrossRef]

33. Anderson, G.L.; Manson, J.; Wallace, R.; Lund, B.; Hall, D.; Davis, S.; Shumaker, S.; Wang, C.Y.; Stein, E.;
Prentice, R.L. Implementation of the Women’s Health Initiative study design. Ann. Epidemiol. 2003, 13,
S5–S17. [CrossRef]

34. Bahl, M.; Ennis, M.; Tannock, I.F.; Hux, J.E.; Pritchard, K.I.; Koo, J.; Goodwin, P.J. Serum lipids and outcome
of early-stage breast cancer: Results of a prospective cohort study. Breast Cancer Res. Treat. 2005, 94, 135–144.
[CrossRef] [PubMed]

35. Jiralerspong, S.; Kim, E.S.; Dong, W.; Feng, L.; Hortobagyi, G.N.; Giordano, S.H. Obesity, diabetes, and
survival outcomes in a large cohort of early-stage breast cancer patients. Ann. Oncol. 2013, 24, 2506–2514.
[CrossRef] [PubMed]

36. Kwan, M.L.; Habel, L.A.; Flick, E.D.; Quesenberry, C.P.; Caan, B. Post-diagnosis statin use and breast cancer
recurrence in a prospective cohort study of early stage breast cancer survivors. Breast Cancer Res. Treat. 2008,
109, 573–579. [CrossRef]

37. Ahern, T.P.; Pedersen, L.; Tarp, M.; Cronin-Fenton, D.P.; Garne, J.P.; Silliman, R.A.; Sorensen, H.T.; Lash, T.L.
Statin prescriptions and breast cancer recurrence risk: A Danish nationwide prospective cohort study. J. Natl.
Cancer Inst. 2011, 103, 1461–1468. [CrossRef]

38. Beckwitt, C.H.; Brufsky, A.; Oltvai, Z.N.; Wells, A. Statin drugs to reduce breast cancer recurrence and
mortality. BCR Breast Cancer Res. 2018, 20, 144. [CrossRef]

39. Michalik, M.; Soczek, E.; Kosinska, M.; Rak, M.; Wojcik, K.A.; Lasota, S.; Pierzchalska, M.; Czyz, J.; Madeja, Z.
Lovastatin-induced decrease of intracellular cholesterol level attenuates fibroblast-to-myofibroblast transition
in bronchial fibroblasts derived from asthmatic patients. Eur J. Pharm. 2013, 704, 23–32. [CrossRef]

40. Matusewicz, L.; Meissner, J.; Toporkiewicz, M.; Sikorski, A.F. The effect of statins on cancer cells—Review.
Tumor Biol. 2015, 36, 4889–4904. [CrossRef]

41. Zaleska, M.; Mozenska, O.; Bil, J. Statins use and cancer: An update. Future Oncol. 2018, 14, 1497–1509.
[CrossRef] [PubMed]

42. Park, S.; Safi, R.; Liu, X.; Baldi, R.; Liu, W.; Liu, J.; Locasale, J.W.; Chang, C.Y.; McDonnell, D.P. Inhibition of
ERRalpha Prevents Mitochondrial Pyruvate Uptake Exposing NADPH-Generating Pathways as Targetable
Vulnerabilities in Breast Cancer. Cell Rep. 2019, 27, 3587–3601. [CrossRef] [PubMed]

43. Park, S.; Chang, C.Y.; Safi, R.; Liu, X.; Baldi, R.; Jasper, J.S.; Anderson, G.R.; Liu, T.; Rathmell, J.C.;
Dewhirst, M.W.; et al. ERRα-Regulated Lactate Metabolism Contributes to Resistance to Targeted Therapies
in Breast Cancer. Cell Rep. 2016, 15, 323–335. [CrossRef] [PubMed]

44. Deblois, G.; Smith, H.W.; Tam, I.S.; Gravel, S.P.; Caron, M.; Savage, P.; Labbé, D.P.; Bégin, L.R.; Tremblay, M.L.;
Park, M.; et al. ERRα mediates metabolic adaptations driving lapatinib resistance in breast cancer.
Nat. Commun. 2016, 7, 12156. [CrossRef] [PubMed]

45. DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond
aerobic glycolysis: Transformed cells can engage in glutamine metabolism that exceeds the requirement for
protein and nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 19345–19350. [CrossRef] [PubMed]

46. Zeng, L.; Morinibu, A.; Kobayashi, M.; Zhu, Y.; Wang, X.; Goto, Y.; Yeom, C.J.; Zhao, T.; Hirota, K.;
Shinomiya, K.; et al. Aberrant IDH3α expression promotes malignant tumor growth by inducing
HIF-1-mediated metabolic reprogramming and angiogenesis. Oncogene 2014, 34, 4758. [CrossRef]

47. Guda, M.R.; Asuthkar, S.; Labak, C.M.; Tsung, A.J.; Alexandrov, I.; Mackenzie, M.J.; Prasad, D.V.; Velpula, K.K.
Targeting PDK4 inhibits breast cancer metabolism. Am. J. Cancer Res. 2018, 8, 1725–1738. [PubMed]

http://dx.doi.org/10.1016/j.cmet.2015.12.010
http://dx.doi.org/10.1038/s41388-018-0468-9
http://dx.doi.org/10.1210/endo.142.10.8528
http://www.ncbi.nlm.nih.gov/pubmed/11564725
http://dx.doi.org/10.1371/journal.pone.0160635
http://dx.doi.org/10.1016/S1047-2797(03)00043-7
http://dx.doi.org/10.1007/s10549-005-6654-9
http://www.ncbi.nlm.nih.gov/pubmed/16261412
http://dx.doi.org/10.1093/annonc/mdt224
http://www.ncbi.nlm.nih.gov/pubmed/23793035
http://dx.doi.org/10.1007/s10549-007-9683-8
http://dx.doi.org/10.1093/jnci/djr291
http://dx.doi.org/10.1186/s13058-018-1066-z
http://dx.doi.org/10.1016/j.ejphar.2013.02.023
http://dx.doi.org/10.1007/s13277-015-3551-7
http://dx.doi.org/10.2217/fon-2017-0543
http://www.ncbi.nlm.nih.gov/pubmed/29722274
http://dx.doi.org/10.1016/j.celrep.2019.05.066
http://www.ncbi.nlm.nih.gov/pubmed/31216477
http://dx.doi.org/10.1016/j.celrep.2016.03.026
http://www.ncbi.nlm.nih.gov/pubmed/27050525
http://dx.doi.org/10.1038/ncomms12156
http://www.ncbi.nlm.nih.gov/pubmed/27402251
http://dx.doi.org/10.1073/pnas.0709747104
http://www.ncbi.nlm.nih.gov/pubmed/18032601
http://dx.doi.org/10.1038/onc.2014.411
http://www.ncbi.nlm.nih.gov/pubmed/30323966


Cells 2020, 9, 1765 21 of 21

48. Hervouet, E.; Simonnet, H.; Godinot, C. Mitochondria and reactive oxygen species in renal cancer. Biochimie
2007, 89, 1080–1088. [CrossRef]

49. Finley, L.W.; Carracedo, A.; Lee, J.; Souza, A.; Egia, A.; Zhang, J.; Teruya-Feldstein, J.; Moreira, P.I.;
Cardoso, S.M.; Clish, C.B.; et al. SIRT3 opposes reprogramming of cancer cell metabolism through HIF1alpha
destabilization. Cancer Cell 2011, 19, 416–428. [CrossRef]

50. Stein, R.A.; Gaillard, S.; McDonnell, D.P. Estrogen-related receptor alpha induces the expression of vascular
endothelial growth factor in breast cancer cells. J. Steroid Biochem. Mol. Biol. 2009, 114, 106–112. [CrossRef]

51. Fradet, A.; Sorel, H.; Bouazza, L.; Goehrig, D.; Depalle, B.; Bellahcene, A.; Castronovo, V.; Follet, H.;
Descotes, F.; Aubin, J.E.; et al. Dual function of ERRalpha in breast cancer and bone metastasis formation:
Implication of VEGF and osteoprotegerin. Cancer Res. 2011, 71, 5728–5738. [CrossRef]

52. Chang, C.Y.; McDonnell, D.P. Molecular pathways: The metabolic regulator estrogen-related receptor alpha
as a therapeutic target in cancer. Clin. Cancer Res. 2012, 18, 6089–6095. [CrossRef]

53. Lanvin, O.; Bianco, S.; Kersual, N.; Chalbos, D.; Vanacker, J.M. Potentiation of ICI182,780 (Fulvestrant)-induced
estrogen receptor-alpha degradation by the estrogen receptor-related receptor-alpha inverse agonist XCT790.
J. Biol. Chem. 2007, 282, 28328–28334. [CrossRef] [PubMed]

54. Tremblay, A.M.; Wilson, B.J.; Yang, X.-J.; Giguère, V. Phosphorylation-dependent sumoylation regulates
estrogen-related receptor-alpha and -gamma transcriptional activity through a synergy control motif.
Mol. Endocrinol. 2008, 22, 570–584. [CrossRef] [PubMed]

55. Casaburi, I.; Chimento, A.; De Luca, A.; Nocito, M.; Sculco, S.; Avena, P.; Trotta, F.; Rago, V.; Sirianni, R.; Pezzi, V.
Cholesterol as an Endogenous ERRα Agonist: A New Perspective to Cancer Treatment. Front. Endocrinol.
2018, 9, 525. [CrossRef] [PubMed]

56. Suzuki, T.; Miki, Y.; Moriya, T.; Shimada, N.; Ishida, T.; Hirakawa, H.; Ohuchi, N.; Sasano, H. Estrogen-related
receptor alpha in human breast carcinoma as a potent prognostic factor. Cancer Res. 2004, 64, 4670–4676.
[CrossRef]

57. Jarzabek, K.; Koda, M.; Kozlowski, L.; Sulkowski, S.; Kottler, M.-L.; Wolczynski, S. The significance of the
expression of ERRalpha as a potential biomarker in breast cancer. J. Steroid Biochem. Mol. Biol. 2009, 113,
127–133. [CrossRef]

58. Vander Heiden, M.G.; Lunt, S.Y.; Dayton, T.L.; Fiske, B.P.; Israelsen, W.J.; Mattaini, K.R.; Vokes, N.I.;
Stephanopoulos, G.; Cantley, L.C.; Metallo, C.M.; et al. Metabolic pathway alterations that support cell
proliferation. Cold Spring Harb. Symp. Quant. Biol. 2011, 76, 325–334. [CrossRef]

59. Zhao, Y.; Butler, E.B.; Tan, M. Targeting cellular metabolism to improve cancer therapeutics. Cell Death Dis.
2013, 4, e532. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biochi.2007.03.010
http://dx.doi.org/10.1016/j.ccr.2011.02.014
http://dx.doi.org/10.1016/j.jsbmb.2009.02.010
http://dx.doi.org/10.1158/0008-5472.CAN-11-1431
http://dx.doi.org/10.1158/1078-0432.CCR-11-3221
http://dx.doi.org/10.1074/jbc.M704295200
http://www.ncbi.nlm.nih.gov/pubmed/17631492
http://dx.doi.org/10.1210/me.2007-0357
http://www.ncbi.nlm.nih.gov/pubmed/18063693
http://dx.doi.org/10.3389/fendo.2018.00525
http://www.ncbi.nlm.nih.gov/pubmed/30254608
http://dx.doi.org/10.1158/0008-5472.CAN-04-0250
http://dx.doi.org/10.1016/j.jsbmb.2008.12.005
http://dx.doi.org/10.1101/sqb.2012.76.010900
http://dx.doi.org/10.1038/cddis.2013.60
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Extraction and Identification of ERR Endogenous Ligands 
	GST-ERR Pull Down Assay 
	Tryptophan Fluorescence Quenching Assay 
	Cell Culture 
	Antibodies 
	Luciferase Reporter Assay to Determine Cholesterol’s Effect on ERR’s Transcriptional Activity 
	Immunoblotting and Immunoprecipitation 
	siRNA Transfection 
	RNA Preparation and Analysis 
	Immunocytochemistry (ICC) 
	Cell Proliferation Assay 
	Migration Assay 
	Statistical Analysis 

	Results 
	Identification of Cholesterol as a Candidate Endogenous Ligand of ERR 
	Cholesterol Directly Binds to ERR and Increases Its Transcriptional Activity 
	Cholesterol Enhances ERR-PGC-1 Interaction in Breast Cancer Cells 
	Cholesterol Increases ERR Levels in Breast Cancer Cells 
	Cholesterol Enhances ERR-Induced Metabolic Target Genes Through ERR Pathway 
	Cholesterol Enhances Cellular Proliferation of Breast Cancer Cells via the ERR Pathway 
	Cholesterol Rescues the Inhibitory Effect of Lovastatin on Cellular Migration, but not that of XCT-790 in MDA-MB-231 Cells 

	Discussion 
	Conclusions 
	References

