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a b s t r a c t

Estrogen-related receptor alpha (ERR�) is an orphan member of the nuclear receptor family of transcrip-
tion factors. In addition to its function as a metabolic regulator, ERR� has been implicated in the growth
and progression of several malignancies. In the setting of breast cancer, not only is ERR� a putative neg-
ative prognostic factor, but we have recently found that knock-down of its expression retards tumor
growth in a xenograft model of this disease. The specific aspects of ERR� function that are responsible
for its actions in breast cancer, however, remain unclear. Using the coactivator PGC-1� as a protein ligand
to regulate ERR� activity, we analyzed the effects of this receptor on gene expression in the ER�-positive
MCF-7 cell line. This analysis led to the identification of a large number of potential ERR� target genes,

many of which were subsequently validated in other breast cancer cell lines. Importantly, we demon-
strate in this study that activation of ERR� in several different breast cancer cell lines leads to a significant
increase in VEGF mRNA expression, an activity that translates into an increase in VEGF protein secretion.
The induction of VEGF results from the interaction of ERR� with specific ERR-responsive elements within
the VEGF promoter. These findings suggest that ERR�-dependent induction of VEGF may contribute to
the overall negative phenotype observed in tumors in which ERR� is expressed and provide validation

c targ
for its use as a therapeuti

. Introduction

The estrogen-related receptors (ERRs) are members of the
rphan nuclear receptor family of transcription factors. Although
RR� (NR3B1) and ERR� (NR3B2) were initially identified based
n homology with the classical estrogen receptors, their activity
s not regulated by any known physiologically relevant estrogens
1]. Given their sequence similarities, however, multiple levels
f cross-talk between the ERRs and ERs have been proposed.
he convergence of the ERR� and estrogen signaling pathways
ay be particularly relevant in breast cancer, where it has been

etermined that ERR� expression is a negative prognostic factor
2,3]. Distinct from its role as a modulator of estrogen signal-
ng, ERR� has also been shown to function as a regulator of

xidative metabolism in tissues such as muscle, liver and adi-
ose where it is highly expressed [4–7]. The metabolic functions
f the ERRs may also play a role in breast cancer as it has been
uggested that tumor response to hypoxia is significantly affected
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by small molecule inhibitors of ERR [8]. However, given what lit-
tle we know about the additional processes in breast cancer in
which ERR� is involved, we performed a genome-wide analysis of
ERR� biology in breast cancer cells using a microarray approach
[9].

The study of ERR� function has been hampered by the lack of a
high affinity, receptor-specific small molecule agonist. Indeed, it is
now apparent that the regulation of ERR� activity in vivo is likely
accomplished by alterations in the expression level or activity of
coregulatory molecules that function as “protein ligands” of the
receptor; an observation that we have capitalized on in this study.
The PPAR� coactivator (PGC-1) family members are among the
most potent activators of ERR� transcriptional activity. The PGC-
1�–ERR� axis has, in particular, been well-characterized in cardiac
and skeletal muscle [4,10]. We have previously reported on the use
of PGC-1� to activate ERR� activity in the HepG2 hepatocellular
carcinoma cell line; an approach that led to the identification of
pathways in which this receptor is engaged and which may have an
impact on the pathogenesis of cancer [5]. Understanding how these

pathways contribute to breast cancer pathogenesis is the primary
focus of our efforts in this area.

The use of PGC-1� to identify ERR� target genes in an ER�-
positive breast cancer cell line has allowed us to address the
outstanding issue of the extent to which ERR� activity impinges

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:donald.mcdonnell@duke.edu
dx.doi.org/10.1016/j.jsbmb.2009.02.010
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n estrogen signaling. Under the conditions in which our study
as performed, we found that a large portion of genes induced
r repressed by PGC-1�-coactivated ERR� were unaffected by
strogen treatment [9]. However, we did find a high degree of over-
ap between the biological pathways altered by PGC-1�–ERR� in
reast cancer cells and in other tissues. Expectedly, genes involved

n oxidative metabolism were found to be induced by PGC-1�-
oactivated ERR� in MCF-7 breast cancer cells as well as in other
ancer cell types. The role of these metabolic pathways in breast
ancer pathogenesis is currently under investigation.

Intriguingly, our microarray analysis revealed that ERR� may
egulate not only the utilization of nutrients and oxygen, but also
heir delivery to the growing tumor through the activation of
he highly angiogenic protein, vascular endothelial growth factor
VEGF). Therefore, ERR� may enhance aerobic metabolism while
lso functioning to regulate the angiogenic response to the con-
omitant hypoxic conditions. The successful clinical application
f VEGF inhibitors in oncology is testament to the importance
f this growth factor in tumor angiogenesis. The pivotal role
f angiogenesis in tumor biology suggests that ERR� regulation
f VEGF may be in part responsible for the association of high
RR� expression with poor patient prognosis in breast cancer.
e present herein a study aimed to dissect the molecular mech-

nism of VEGF induction by ERR� with a view toward utilizing
he ERR�–VEGF axis as a new therapeutic target in breast can-
er.

. Materials and methods

.1. Cell culture

All cells were procured from American Type Culture Collection
Manassas, VA) through the Duke Cell Culture Facility (CCF) and cul-
ured in media from Invitrogen (Carlsbad, CA). MDA-MB-231 and
epG2 cells were cultured in Dulbecco’s Modified Eagle Medium

DMEM). AU565 and BT474 cells were grown in Roswell Park Memo-
ial Institute (RPMI) media. MCF-7 cells were grown in Dulbecco’s
odified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12). All
edia was supplemented with 8% fetal bovine serum, 0.1 mM non-

ssential amino acids and 1 mM sodium pyruvate and all cells
rown at 37 ◦C in a humidified 5% CO2 atmosphere.

.2. Plasmids

Plasmids for pcDNA3-ERR� [11], pcDNA3-PGC-1� (WT, ERRsp
2x9) and L2L3M) and VP16–ERR� [5], 3xERE-TATA-luciferase and
xGal4-luciferase [12] were described previously. VEGF-luciferase
romoter constructs were a kind gift from Dr. Salman Hyder
University of Missouri, Columbia, MO) and have been described
reviously [13]. Mutant constructs were generated using site-
irected mutagenesis to change the 5′-TGACCT-3′ at +411 relative
o the transcription initial site to 5′-TGTTTT-3′ and sequenced prior
o use.

.3. Generation and transduction of adenoviruses

The generation and purification of PGC-1� adenoviruses (WT,
RRsp (2 × 9), and L2L3M) and siRNA adenoviruses (siCON and
iERR�) have been described previously [14]. Cells were infected at
he indicated multiplicity of infection (MOI of 10, 20 or 50) either

n suspension or adhered to the cell culture dish for 2 h at 20 ◦C

ith gentle rocking. The MCF-7 microarray experiment has been
escribed in detail previously [9]. In experiments with siRNA and
GC-1� infections, cells were infected with siRNA adenovirus 48 h
rior to a second infection with PGC-1� [15].
& Molecular Biology 114 (2009) 106–112 107

2.4. Generation and transduction of retroviruses

ERR� siRNA oligonucleotides [15] and control siRNA oligonu-
cleotides [14] were ligated into PSR-GFP/Neo (OligoEngine). These
constructs were cotransfected (FuGene, Roche Applied Science)
with the packaging vector pCL10A1 (Imigenex) into the 293TS pack-
aging cell line [16], which was a generous gift from Dr. Christopher
Counter (Duke University Medical Center, Durham, NC). 293TS viral
supernatant was clarified by filtration, supplemented with 8 �g/ml
polybrene, and used to replace the media on MDA-MB-231 target
cells for two serial 24 h infections. Positive cells were selected by
two rounds of cell sorting for GFP expression, encoded with the
siRNA constructs in the bicistronic pSR-GFP/Neo.

2.5. RNA preparation and analysis

Total RNA was isolated using Bio-Rad RNA purification columns,
which included an on-column DNAse step (Bio-Rad, Hercules, CA).
Isolated RNA (1 �g) was used to synthesize cDNA in a 20 �l reaction
volume using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Real-time PCR was performed using the iCycler PCR platform with
0.25 �l cDNA, 0.4 �M specific primers and iQ SYBRGreen supermix
(Bio-Rad, Hercules, CA). A cDNA dilution series was analyzed along
with each experiment to establish a standard curve and target gene
mRNA level was quantified using the 2(−��Ct) method [17].

2.6. VEGF ELISA

VEGF was measured with a Quantikine ELISA kit (R&D
Diagnostics, Minneapolis, MN) according to the manufacturer’s rec-
ommended protocol. Stable MDA-MB-231 siCON or siERR� cells
were plated at a density of 50,000 cells in a 96-well plate (in 100 �l
media) and the conditioned media was assayed 3 days later. MCF-7
cells were infected with adenovirus (MOI 100) and 10,000 cells were
plated in 100 �l media; 3 days later media was subjected to VEGF
ELISA. Cell number was assayed at the time of the ELISA using the
FluoReporter Blue Fluorometric dsDNA Quantitation kit (Molecular
Probes, Eugene, OR) to ensure equal cell numbers. Each experi-
ment was repeated at least 3 times and a representative experiment
is shown +SEM for replicate wells. Human recombinant VEGF165
provided in the Quantikine ELISA kit was used as a standard.

2.7. Transient transfections

HepG2 cells were split 24 h before transfection into 24-well
plates. MCF-7 cells were split into phenol-red free media 48 h prior
to infection. All cells were transfected using Lipofectin (Invitrogen,
Carlsbad, CA) and luciferase analyzed 24 h thereafter as described
previously [18]. Each experiment was repeated at least three times,
and results are expressed as mean + SEM for biological replicates
unless otherwise indicated.

3. Results

3.1. ERR˛ regulates VEGF mRNA expression in ER-positive and
ER-negative breast cancer cell lines

Due to the absence of a classical small molecule to activate ERR�
transcriptional activity, the coactivator PGC-1� has been used as a
protein ligand to enable the identification of the genes regulated
by ERR�. For the purpose of screening for ERR� targets, however,

the use of PGC-1� carries with it the caveat that it also activates a
host of other nuclear receptors, including ER�, the glucocorticoid
receptor and PPAR family members [5] (Fig. 1). Our lab has devel-
oped a novel technology to separate the ERR-coactivating function
of PGC-1� from its other activities [14]. Specifically, as reported
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Fig. 1. Customization of PGC-1� to selectively coactivate ERR�. (A) Schematic of PGC-1� with the three LXXLL-containing motifs illustrated and the wild-type sequence
shown for L2 and L3 which are responsible for interacting with nuclear receptors. To generate the ERR-selective ERRspPGC1, these sequences were replaced with the ERR-
interacting peptide indicated. (B) Wild-type PGC-1� coactivates both ERR� and ER�, while ERRspPGC1 coactivates ERR� only. HeLa cells were transfected with the indicated
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eceptor, coactivator, and a 3XERE-luciferase reporter construct. ER� transfected cell
uciferase expression normalized to �-galactosidase for transfection efficiency +SEM
eceptors on its cognate response element (with agonist as indicated) as describe
oactivating ERR� and with some cross-reactivity with HNF4�. Modified from Gaill

nitially by Gaillard et al., the NR-interacting domains of PGC-1�
ere mutated such that the resultant “customized” coactivator

named ERRspPGC1) selectively interacts with the ERR family mem-
ers. The successful use of the ERR-selective ERRspPGC1 to identify
ovel ERR� target genes in HepG2 hepatoma cells validated the
ustomized coactivator approach [5].

We first determined that the over-expression of both wild-type
GC-1� and ERRspPGC1 induced VEGF mRNA as suggested in our
nitial HepG2 and MCF-7 microarray studies [9]. In order to further
alidate that PGC-1� induction of VEGF is ERR�-dependent, MCF-7
ells were infected with an siRNA to ERR� (or control siRNA) and
ubsequently with ERRspPGC1. As illustrated in Fig. 2A, both basal
nd PGC-1�-dependent induction of VEGF were completely abro-
ated by ERR� ablation. A similar result was observed when this

xperiment was repeated under identical conditions in the ER�-
egative MDA-MB-231 breast cancer cell line (Fig. 2B).

To determine whether VEGF expression was similarly regulated
n other cells types, ER�-positive (BT474 and MCF-7) and ER�-
egative (AU565 and MDA-MB-231 cell lines) were infected with

ig. 2. PGC-1� induction of VEGF is dependent on ERR� expression. MCF-7 (A) and MDA-M
y ERRspPGC1 or the control �-galactosidase virus. mRNA levels were assessed by quanti
treated for 24 h with 17�-estradiol (100 nM). Results are plotted as fold induction of
representative experiment. (C) Wild-type PGC-1� coactivates each of the indicated
ER� in (B). The mutated PGC-1�, ERRspPGC1, displays a much restricted activity,
al. [9].

PGC-1� (Fig. 3A). It was observed that VEGF mRNA was induced
in all of these cell lines and that basal VEGF expression could be
inhibited in all cases by adenoviral infection with an siRNA to ERR�
(Fig. 3B). We concluded from these experiments that VEGF is a bona
fide transcriptional target of ERR�.

3.2. ERR˛ regulates VEGF secretion in breast cancer cell lines

After determining that PGC-1� activated ERR� induced VEGF
mRNA expression in breast cancer cell lines, the impact of this
effect on VEGF protein expression was assessed. As VEGF must be
secreted from tumor cells to exert its pro-angiogenic effects, we
assayed the levels of VEGF secreted into the media following the
activation of ERR� activity in MCF-7 cells. To ensure that the effect

we observed was specific to the PGC-1�/ERR� complex, we per-
formed an analogous experiment using a vector that expressed the
non-NR interacting PGC-1� L2L3M variant or a �-gal control virus
(Fig. 4A). Cell growth media was harvested 3 days after infection
with the respective viruses and subjected to VEGF ELISA analysis.

B-231 (B) cells were serially infected with the siRNA adenovirus indicated followed
tative RT-PCR, normalized to the expression of 36B4 and represented +SEM.
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Fig. 3. Activation of ERR� induces VEGF while ERR� siRNA suppresses basal VEGF
expression. (A) Each breast cancer cell line was infected with PGC-1� adenovirus
or �-galactosidase (�-gal) control for 2 days and then RNA was collected. (B) Breast
cancer cell lines were infected with siRNA-expressing adenovirus, either directed to
ERR� (siERR�) or a scrambled control sequence (siCON) for 2–3 days and then RNA
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ity (e.g., ERR� induces Sp1 which induces VEGF transcription).
However, taken together with the experiments using PGC-1� to
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as collected. mRNA levels were assessed by quantitative RT-PCR, normalized to the
xpression of 36B4 and represented +SEM.

n this manner, we determined that both ERRspPGC1 and wild-type
GC-1� expression led to an increase in VEGF secretion (1.5–2-fold).
otably, the magnitude of this increase is similar to that observed
hen cells are grown under hypoxic conditions [19]. The inverse

xperiment was performed in MDA-MB-231 cells as they express a
igh constitutive level of ERR� activity. Specifically, we measured
EGF secretion in MDA-MB-231 cells that were engineered to stably
xpress an siRNA to ERR�. Preliminary characterization of these cell
ines demonstrated that VEGF mRNA expression was significantly

educed by ERR� RNAi. When media was collected from siCON ver-
us siERR� MDA-MB-231 cells, ERR� knock-down resulted in an
pproximately 40% reduction in secreted VEGF (Fig. 4B).

ig. 4. Activation of ERR� induces VEGF secretion while knock-down of ERR� diminishes
MOI 100) and conditioned media subjected to VEGF ELISA. The wild-type (WT) and ERR�
-galactosidase (�-gal) or non-NR interacting mutant PGC-1� L2L3M. (B) Stable cell lines

he indicated siRNA construct. Conditioned media from each cell line was harvested and
xperiment are shown (*p < 0.001; **p < 0.0001).
& Molecular Biology 114 (2009) 106–112 109

3.3. VEGF is a direct transcriptional target of ERR˛

We next sought to determine if ERR� had a direct transcrip-
tional effect on VEGF mRNA expression. ERR� binds to the promoter
region of target genes through a conserved ERR� responsive ele-
ment (ERRE). Pattern map searches of the VEGF gene revealed
several potential ERREs within the promoter as well as one con-
tained in an untranslated region downstream of the transcription
initiation site (Fig. 5A). Although ERR� alone has low constitutive
activity on the VEGF promoter region containing these elements,
we observed that the coexpression of the coactivator PGC-1�, with
ERR�, or of the constitutively active ERR�–VP16 fusion protein,
strongly drives VEGF transcription.

To define in detail the mechanism(s) by which ERR� mani-
fests its regulatory actions on the VEGF promoter, we transfected
plasmids containing VEGF promoter constructs driving luciferase
expression into MCF-7 cells together with vectors expressing ERR�
and PGC-1� (ERRsp or L2L3M). In this manner we determined that
PGC-1� expression increased transcription in an ERR�-dependent
manner even on the shortest construct (−135 WT VEGF-luc, bp
−135 to +955). This reporter contained a single ERRE within the
transcribed region of VEGF (at +411). Mutation of this site com-
pletely abrogated PGC-1�–ERR� induction of VEGF, suggesting that
ERR� likely can activate the VEGF promoter directly through this
ERRE (Fig. 5A).

Having established that PGC-1� coactivates ERR� on the VEGF
promoter, we sought to determine if this occurs through direct
ERR� binding to the promoter. We evaluated ERR� interaction with
the VEGF promoter without use of a cofactor by using a constitu-
tively active chimera VP16–ERR� (Fig. 5B) in which transcriptional
activity is a surrogate for DNA binding. In HepG2 cells, VP16–ERR�
induces transcription from the full length (−1810) WT VEGF-luc
(which includes three putative ERREs) 6.8-fold. However, when the
proximal ERRE is mutated, the induction is reduced to a maxi-
mum of 3.5-fold. This is consistent with the analysis of a series
of promoter deletion mutants (Fig. 5A), but indicates that even on
the mutated promoter, VP16–ERR� retains activity. The remaining
activity on the mutated promoter could be due to direct ERR� bind-
ing and activation of the promoter (at the putative ERRE despite
mutation or at the upstream putative ERREs), transcriptional regu-
lation by ERR� binding to another transcription factor which binds
to the promoter (e.g., Sp1), or secondary effects of ERR� activ-
coactivate ERR� on the VEGF promoter, our results indicate that
the proximal ERRE within the promoter is in part responsible for
the direct transcriptional activation of VEGF by ERR�.

basal VEGF secretion. (A) MCF-7 cells were infected with the indicated adenovirus
-specific (ERRsp) PGC-1� induce VEGF secretion compared to the negative controls
were derived from MDA-MB-231 breast cancer cells using retroviral expression of

subjected to a VEGF ELISA. The average VEGF expression +SEM for a representative



110 R.A. Stein et al. / Journal of Steroid Biochemistry & Molecular Biology 114 (2009) 106–112

Fig. 5. PGC-1� coactivation of ERR� on the VEGF promoter. (A) In the 1800 bp upstream and the 955 bp downstream of the VEGF transcriptional initiation site, there are three
potential ERR�-response elements (ERRE, 5′ AGGTCA 3′). Serial deletion constructs of the VEGF promoter were tested in MCF-7 cells in a transactivation assay. All conditions
included transfection with an expression plasmid for ERR�, without which none of the PGC-1� constructs showed activity. Two negative controls (pcDNA3 and non-NR
interacting PGC-1� (PGC-1� L2L3M)) were used in addition to the ERR�-specific PGC-1� (ERRspPGC1). While PGC-1� L2L3M did not activate ERR� on any of these fragments,
ERRspPGC1 coactivation of ERR� induced even the shortest promoter construct (−135 WT) indicating that ERR� may induce VEGF through this ERRE. Furthermore, mutation
of this ERRE eliminated PGC-1�-coactivation of ERR�. (B) HepG2 cells were transfected with a VEGF promoter construct in addition to increasing amounts of a constitutively
active ERR� chimera formed by fusion to the VP16 activation domain (VP16–ERR�). Binding of this complex to the VEGF promoter stimulates luciferase expression. Mutation
o oter b
a ction
+

4

s
c
s
f
i
m
[

V
o
(
i
E
t
s
e
o
o

p
a
u
V
o

f the proximal ERRE blunts but does not eliminate the activation of the VEGF prom
lso drive transcription through an alternative site. Results are plotted as fold indu
SEM for a representative experiment.

. Discussion

In this study we demonstrate that VEGF is a downstream tran-
criptional target of the PGC-1�/ERR� complex in breast cancer
ells. Indeed we were able to implicate a specific DNA binding
equence within the VEGF promoter that is likely to be required
or PGC-1�–ERR� activity. Interestingly, this ERR�-responsive site
n the human VEGF promoter was also identified recently in the

urine VEGF promoter and shown to bind ERR� using ChIP analysis
20].

Although it is probable that ERR� interacts directly with the
EGF promoter, it is also possible that its actions on this promoter
ccur in an indirect manner. The Sp1 and Sp3 binding elements
−131 to −52) that are partially responsible for mediating ER�
nduction of VEGF are included in the constructs tested above [21].
RR� itself has been shown to bind to Sp1 and to activate TR�
hrough an Sp1 binding site [22]. Moreover, ERR� has recently been
hown to induce the expression of Sp1 [23]. In the context of VEGF
xpression in vivo, the transcriptional regulation defined herein is
f biological significance whether it occurs through direct binding
f ERR� to the promoter or by an alternate mechanism.

During the course of these studies, Spiegleman and colleagues

ublished a series of experiments demonstrating that this axis plays
crucial role in the induction of angiogenesis in skeletal muscle

nder ischemic conditions [20]. Furthermore, they used the murine
EGF promoter to show that the induction of angiogenesis is a result
f direct transcriptional regulation of VEGF by ERR�.
y VP16–ERR�. This suggests that while ERR� can bind to the proximal ERR�, it may
of luciferase expression normalized to �-galactosidase for transfection efficiency

Given the role of ERR� as a regulator of oxidative metabolism
it is not surprising that it also regulates the expression of VEGF.
Indeed if ERR� activity drives increased aerobic ATP produc-
tion, which may support the high metabolic rate characteristic of
highly proliferative cells, it would also increase the cellular oxy-
gen requirement. The concomitant induction of angiogenesis by
ERR�, therefore, would serve to supplement the limited oxygen
and nutrient supply provided by existing vessels or by passive
diffusion across cells within a tumor. ERR� has previously been
shown to induce endothelial nitric oxide synthase (eNOS) which
catalyzes the synthesis of nitric oxide [24]. Nitric oxide signaling
has been implicated in many aspects of the tumor–stromal inter-
action, including increasing vascular permeability. ERR� induction
of VEGF and eNOS could work together to recruit new, leaky
vessels which would provide the tumor with oxygen and nutri-
ents.

Although the best-characterized functions of VEGF relate to its
ability to induce angiogenesis and enhance vascular permeabil-
ity, VEGF is also thought to have an autocrine function in certain
tumor cells. For instance, while VEGFR-2 (Flk-1/KDR) is primar-
ily expressed in endothelial cells, VEGFR-1 (Flt-1) is expressed in
many normal and malignant cell types, including several types

of breast cancer cells [25]. Indeed, Price et al. demonstrated in
T47D breast cancer cells that VEGF autocrine stimulation activates
the MAPK (mitogen-activated protein kinase) and PI3K signal-
ing pathways and enhances the invasive phenotype of these cells
in vitro [26]. This finding is intriguing in light of our observa-
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ion that activation of ERR� also increases the migration of the
DA-MB-231 breast cancer cell line and conversely that knock-

own of ERR� decreases their migration [9]. However, we have
ot yet addressed the specific role of ERR� regulation of VEGF

n this phenotypic observation. The potential link between tumor
ell migration and angiogenesis in the metastatic setting has
ecently been explored using a dorsal skinfold window chamber
o observe the dynamics of tumor cell and blood vessel inter-
ction. Li et al. found that breast cancer cells migrate towards
xisting vasculature even at the earliest stages of tumor develop-
ent, prior to the onset of angiogenesis [27]. The dorsal skinfold
odel would provide a unique view of how ERR� affects early

umor development and may reveal a role for ERR� in the control
f tumor cells themselves and in altering the tumor microenviron-
ent.
In addition to a potential role of VEGF in breast cancer cell migra-

ion other autocrine functions have been suggested, including that
t may be mitogenic and anti-apoptotic in tumor cells. Although
everal studies report a mitogenic activity of autocrine VEGF, there
s conflicting evidence in the literature. Liang et al. tested a panel
f seven breast cancer cell lines and found that exogenous VEGF
nduced proliferation in the majority (five) of the cell lines [28].
his group observed that the particular cell culture conditions had
significant effect on VEGF-induced proliferation and suggested

hat this may account for the conflicting findings that have been
ublished. An alternative explanation for the sensitivity of VEGF-

nduced proliferation to culture conditions is that the observed
ffects in part reflect a combination of decreased sensitivity to
he withdrawal of growth factors and to the presence of apop-
otic signals. This hypothesis is supported by data implicating both
he anti-apoptotic Bcl-2 and the MAPK signaling pathways in the
utocrine effects of VEGF [29].

While VEGF has both mitogenic and anti-apoptotic effects in
any types of breast cancer, a unique role for VEGF in ER�-

ositive breast cancer has been suggested. In particular, VEGF
as been implicated in the development of hormone-resistance

n breast cancers [28]. In MCF-7 cells, exogenous VEGF blocked
he anti-proliferative effects of the anti-estrogen ICI 182,780.
n addition, VEGF over-expression has been shown to promote
strogen-independent growth in MCF-7 cells [30]. It has been
uggested not only that VEGF regulates hormone-responsiveness,
ut also that hormones regulate VEGF under both physiologic
nd pathologic conditions. The role of hormone induced VEGF
s well-established in cyclical uterine angiogenesis and prolifera-
ion [31]. Although the effects of estrogen and progesterone on
EGF expression in breast cancer are more controversial, several
eports have shown that VEGF can be induced by hormone treat-
ent in ER�-positive breast cancer cell lines [32] and tumors

33].
While the intersection of the estrogenic and angiogenic path-

ays has been explored in breast cancer, our study is the first to
escribe ERR� regulation of VEGF in this context. We demonstrated
hat PGC-1� coactivation of ERR� induces VEGF in both ER�-
ositive and ER�-negative cell lines and that ERR� activity supports
asal VEGF expression. Due to its dual effects on tumor metabolism
nd potentially on tumor angiogenesis, ERR� is uniquely situated to
oordinate aerobic respiration with oxygen and nutrient delivery.
herefore, interfering with the ERR� signaling pathway may repre-
ent a novel strategy to concomitantly starve a tumor of nutrients
nd inhibit the metabolic pathways that provide energy to sustain
umor growth and progression.
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