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ABSTRACT

Estrogen exerts cellular effects through both nuclear (ESR1 and ESR2) and membrane-bound estrogen receptors (G-protein
coupled estrogen receptor, GPER); however, it is unclear if they act independently or engage in crosstalk to influence
hormonal responses. To investigate each receptor’s role in proliferation, transcriptional activation, and protein
phosphorylation in breast cancer cells (MCF-7), we employed selective agonists for ESR1 propyl-pyrazole-triol (PPT), ESR2
diarylpropionitrile (DPN), and GPER (G-1) and also determined the impact of xenoestrogens bisphenol-A (BPA) and genistein
on these effects. As anticipated, 17b-estradiol (E2), PPT, DPN, BPA, and genistein each enhanced proliferation and activation
of an ERE-driven reporter gene whereas G-1 had no significant impact. However, G-1 significantly reduced E2-, PPT-, DPN-,
BPA-, and genistein-induced proliferation and ERE activation at doses greater than 500 nM indicating that G-1 mediated
inhibition is not ESR isotype specific. As membrane receptors initiate cascades of phosphorylation events, we performed a
global phosphoproteomic analysis on cells exposed to E2 or G-1 to identify potential targets of receptor crosstalk via
downstream protein phosphorylation targets. Of the 211 phosphorylated proteins identified, 40 and 13 phosphoproteins
were specifically modified by E2 and G-1, respectively. Subnetwork enrichment analysis revealed several processes related
to cell cycle were specifically enriched by G-1 compared with E2. Further there existed a number of newly identified proteins
that were specifically phosphorylated by G-1. These phosphorylation networks highlight specific proteins that may
modulate the inhibitory effects of G-1 and suggest a novel role for interference with nuclear receptor activity driven by E2
and xenoestrogens.
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The predominant female sex hormone, 17b-Estradiol (E2), is es-
sential for reproductive development and function in males and
females (Hess, 2003; Prossnitz and Barton, 2011) and plays criti-
cal roles in the physiology of the nervous, immune, vascular,
muscular, skeletal, and endocrine systems (Prossnitz and
Barton, 2011). Disruption of estrogen signaling contributes to
multiple disorders such as reproductive abnormalities,

cardiovascular disease, hypertension, metabolic diseases, im-
mune disorders, and reproductive cancers, among others
(Deroo and Korach, 2006). As such, it is important to expand our
knowledge of the molecular mechanisms of estrogen-receptor
ligands to increase our understanding of potential pharmaco-
logical and toxicological targets. However, attempts to under-
stand physiological and pathophysiological molecular
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responses of estrogens are complicated by the existence of mul-
tiple types of estrogen receptors (ESRs) capable of signaling
through genomic and non-genomic mechanisms (Heldring
et al., 2007; Prossnitz and Barton, 2011) and the diverse array of
estrogen active chemicals in the environment (Lorand et al.,
2010).

The classical, genomic-based mode of action of E2 and other
known estrogen active chemicals such as bisphenol-A (BPA)
and genistein is well established to involve binding and modu-
lation of nuclear ESRs, of which 2 primary subtypes have been
identified in mammals (ESR1 and ESR2) (Kuiper et al., 1997).
Once bound to a ligand, the ESRs adopt a conformational
change that promotes dimerization and recruitment of various
co-regulatory proteins to the transcriptional complex (McKenna
and O’Malley, 2001). This ESR transcriptional complex subse-
quently interacts directly or through tethering with select re-
sponse elements in the promoters of responsive genes, thereby
initiating or inhibiting downstream gene expression (Hall et al.,
2001).

In addition to nuclear ESRs, a more recently identified puta-
tive membrane-bound ESR, G-protein coupled estrogen receptor
(GPER), has been implicated in mediating non-genomic effects
of E2 (Revankar et al., 2005a). The GPER has been found to medi-
ate E2-induced rapid responses that include activation of ERK-
1/-2, mobilization of intracellular calcium stores, and stimula-
tion of intracellular cAMP production (Prossnitz et al., 2008;
Revankar et al., 2005b). It is known that multiple well-estab-
lished ESR ligands, such as E2, ICI 182,780 and tamoxifen display
similar binding affinities (Hall et al., 2001; Korach et al., 2003;
Revankar et al., 2005a) for nuclear and membrane ESRs.
However, a more unusual observation is that the latter com-
pounds which act as antagonists for ESRs, agonize the GPER.

These results have led to speculation that ESRs and GPER
may engage in crosstalk, and possibly modulate compensatory
or opposing cell signaling pathways. For example, GPER was
able to mediate proliferative effects of E2 in breast cancer cells
lacking ESRs suggesting compensatory mechanisms (Pandey
et al., 2009) whereas GPER inhibited the proliferation of ESR posi-
tive cells suggesting opposing mechanisms are activated (Ariazi
et al., 2010). Further, the observation that ESR1 and GPER are
able to activate kinases such as ERK1/2 (Filardo et al., 2000;
Kang et al., 2010) and PI3K (Revankar et al., 2005a) suggests that
activation of signaling cascades by protein phosphorylation
may be a point of convergent or divergent cellular signaling
pathways that are potentially targets of modulation by
xenoestrogens.

Separating cellular signaling networks specifically modu-
lated by GPER and ESRs has been facilitated by the identification
of a substituted dihydroquinoline, termed G-1, that was pro-
posed as a selective GPER agonist (Bologa et al., 2006).
Availability of this ligand has allowed for studies aimed at in-
vestigating a GPER-specific role in non-genomic biological re-
sponses to E2. However, a number of studies that have
employed G-1, primarily in cell-based experiments, have pro-
duced mixed results. For example, in assessing proliferation,
some studies show that G-1 enhances while others find it in-
hibits proliferation in breast cancer cells both expressing and
lacking ESRs (Albanito et al., 2007, 2008; Ariazi et al., 2010; Lubig
et al., 2012; Lucki and Sewer, 2011). Interestingly, it has been
more recently suggested that G-1 may signal independently of
GPER at high doses (Wang et al., 2012). Moreover, only one study
to date has assessed the role of GPER in mediating estrogen-
driven effects that include direct action on ESR activity (Gao
et al., 2011).

Based on the current body of knowledge and gaps in our
understanding of GPER signaling by E2 and xenoestrogens and
potential for ESR crosstalk, the overall goal of this research was
2-fold. First, we sought to determine the impact of GPER activa-
tion on classic E2- and xenoestrogen-driven cellular responses
in breast cancer cells, including proliferation and ESR isotype
specific reporter gene activity. Second, we sought to identify
novel non-genomic signaling pathways perturbed by E2 and G-1
using a global phosphoproteomic approach.

MATERIALS AND METHODS
Chemicals

All xenoestrogens and other test substances used in the studies
were dissolved in 0.1% DMSO and included 17b-estradiol (Sigma
Aldrich, St Louis, Missouri), BPA (supplied by NIEHS), Genistein
(Acros Organics, Morris Plains, New Jersey), (propyl-pyrazole-
triol (PPT, Tocris, Ellisville, Missouri), diarylpropionitrile (DPN,
Tocris), (6)-1-[(3aR*,4S*,9bS*)-4-(6-Bromo-1,3-benzodioxol-5-yl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]- ethanone
(G-1, Santa Cruz Biotechnology, Santa Cruz, CA), and
(3aS*,4R*,9bR*)-4-(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-
cyclopenta[c]quinolone (G-15, Tocris).

Cell culture

Human breast cancer cells (MCF-7), a gift from Dr Nasser
Chegini previously at University of Florida College of Medicine,
were cultured in Minimum Essential Medium (MEM) without
phenol red (Cellgro 17-305-CV, Manassas, Virginia) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS),
2 mM L-glutamine, Penstrep, 0.1 mM non-essential amino acids,
1 mM sodium pyruvate, and 1.5 g/l sodium bicarbonate. Cells
were maintained at 37 �C in humidified 5% CO2 atmosphere. All
exposures were performed in phenol red free MEM with 10%
charcoal-stripped FBS and the supplements listed earlier.

Proliferation assays

MCF-7 cells were seeded at a concentration of 4 � 103 cells per
well of a 96-well Tissue Culture Treated Microplate (Costar
Corning Incorporated) in 100 ml cell culture medium. The cells
were allowed to adhere overnight then were switched to cell
culture medium containing 10% charcoal-stripped FBS for 24 h.
Cells were then exposed to various concentrations of test sub-
stances dissolved in DMSO (final DMSO� 0.2%) or vehicle con-
trol for 24, 48, and 72 h. Proliferation was measured by modified
MTT assay (Promega Corp., Wisconsin). Briefly, proliferation
was measured every 24 h by incubating cells in 15 ml Dye
Solution for 4 h followed by addition of 100 ml Solubilization/
Stop buffer. After 1 h, absorbance measurements (570 nm) were
acquired on a BioTek Synergy H1 plate reader. Exposure media
was changed every 48 h throughout the time-course.

Reporter gene activity assays

MCF-7 cells were seeded at a concentration of 2 � 105 cells per
well of a 24-well Tissue Culture Treated Plates (Multiwell,
Falcon) in 1.0 ml of complete cell culture medium. The cells
were allowed to adhere overnight then were switched to 10%
charcoal-stripped FBS-containing medium without Penstrep.
Cells were transiently transfected with 500 ng reporter plasmid
containing a 2X estrogen response element (2XERE) upstream of
the luciferase gene and 50 ng Renilla pRL-TK using
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Lipofectamine 2000 (Invitrogen). After 24 h, cells were exposed
to chemicals dissolved in DMSO for 24 h. Cells were washed
with 500 ml 1X Phosphate Buffered Saline without Magnesium
and Calcium (Corning cellgro, Manassas, Virginia) and collected
in 100 ml 1X Passive Lysis Buffer (Promega). To facilitate lysis,
cells were rocked on a shaking platform at 50 rpm for 20 min at
room temperature. Cell lysates were collected and placed in
1.5 ml microcentrifuge tubes and centrifuged at 12 000 � g at
4 �C. Thereafter, luciferase activity was measured using the
Dual Luciferase Reporter Kit (Promega Corp., Wisconsin) on a
BioTek Synergy H1 plate reader. To each well of a 96-well
LUMITRAC 200 white immunology plate (USA Scientific), 20 ml of
each lysate was added followed by 50 ml of the Firefly Luciferase
Reagent. The activity in each well was read, followed by the ad-
dition of 50 ml of Stop & Glo Substrate. Firefly luciferase lumines-
cence was normalized to Renilla luminescence and reported as
either fold change over control or percent maximal response.

Phosphoproteomic enrichment and LC-MS/MS

MCF-7 cells were exposed to 10 nM E2, 1 mM G-1 or vehicle con-
trol (n¼ 1) for 30 min and total protein was isolated from cells
by washing 3 times with 2 ml ice-cold PBS and harvested in 100
ul ice-cold whole cell lysis buffer (20 mM Tris pH 7.6, 1% Triton-
X 100, 137 mM NaCl, 0.1 mM EDTA, 1X EDTA Free Protease
Inhibitor Tablet [Pierce 88 661]). Lysates were passed through a
26-gauge needle and incubated on ice for 30 min, then centri-
fuged at 14 000�g for 15 min at 4 �C. Supernatant was collected
and quantified by the Bradford Protein Assay (BioRad). Protein
phosphorylation was assessed using a quantitative, label-free
approach at Duke University by the Proteomics Core Facility
(Soderblom et al., 2011). Protein extracts were digested with
trypsin and subjected to phosphopeptide enrichment using
TiO2-packed spin columns. After elution, phosphopeptides were
identified using DIA MSE HPLC-MS/MS. All MS/MS samples were
analyzed for protein identity using Mascot (Matrix Science,
London, UK). Mascot was set to search the Swiss Prot_2012�
database (selected for Homo sapiens, unknown version, 20321
entries) assuming the digestion enzyme trypsin. Mascot was
searched with a fragment ion mass tolerance of 0.040 Da and a
parent ion tolerance of 10.0 PPM. Iodoacetamide derivative of
cysteine was specified in Mascot as a fixed modification.
Deamidation of asparagine and glutamine, oxidation of methio-
nine and phosphorylation of serine, threonine, and tyrosine
were specified in Mascot as variable modifications. Scaffold
(version Scaffold_4.4.1.1, Proteome Software Inc., Portland,
Oregon) was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications were accepted if they
could be established at >52.0% probability to achieve an false
discovery rate (FDR) <1.0% by the Peptide Prophet algorithm
(Beausoleil et al., 2006) with Scaffold delta-mass correction.
Protein identifications were accepted if they could be estab-
lished at >32.0% probability to achieve an FDR < 1.0% and con-
tained at least 1 identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm (Olsen et al., 2006).
The lower protein probability scores were allowed due to identi-
fication of proteins by only the phosphorylated peptides.
Proteins that contained similar peptides and could not be differ-
entiated based on MS/MS analysis alone were grouped to satisfy
the principles of parsimony. Scaffold Post-Translational
Modification (PTM) (Proteome Software, Portland, Oregon) was
used to annotate PTM sites contained in MS/MS spectra. The
program utilizes the ASCORE’s probabilistic approach and scor-
ing technique developed by Beausoleil et al. (2006).

Phosphopeptides with ASCORE values above 13 (� 95% cer-
tainty) were considered unambiguously assigned.

Pathway analysis

Subnetwork enrichment analysis of proteins/chemicals regulat-
ing cell processes was performed using Pathway Studio Version
9.0 (Elsevier) using all identified phosphorylated proteins. For
the analysis, 2 entities (proteins) had to be present in a subnet-
work for inclusion and results were limited to 200 subnetworks
with best p-value < .05 for enrichment cut-off. Pathways were
generated in pathway studio using only proteins differentially
phosphorylated among E2 and G-1 experimental groups ie, ex-
cluding proteins similarly phosphorylated in all 3 exposure
groups. The shortest path algorithm was used and the filter pa-
rameters were set to include cell process and protein entities,
and the relation type was designated as regulation.

Statistical analysis

Statistically significant differences in the proliferation experi-
ments were determined by 2-tailed Mann-Whitney test using a
95% confidence interval. Differences were considered signifi-
cant with a P-value< 0.05. Data obtained from the gene reporter
and qRT-PCR assays were analyzed by 1-way ANOVA followed
by Newman-Keuls Multiple Comparisons post-hoc test to deter-
mine statistical differences between treatments. Differences
were considered significant with a P-value< .05.

RESULTS
G-1 Suppresses Nuclear ESR-Driven Cell Proliferation

We utilized a modified MTT assay to explore the effect of GPER
activation by the putative selective agonist, G-1, on the prolifer-
ation of breast cancer cells. MCF-7 cells were exposed to 10 nM
E2 alone or in combination with 1 mM G-1, and proliferation was
measured every 24 h over a 72-h time period. The dose of G-1
was chosen based on a previous study showing that no substan-
tial binding of this compound to the ESRs occurred at concen-
trations up to 1 lM. The known Ki values of E2 and G-1 for GPER
are reported as 5.7 and 11 nM, respectively (Bologa et al., 2006).
As expected, E2 significantly increased cellular proliferation
compared with the untreated control group (P < .05); however,
exposure to 10 nM E2 in the presence of 1 lM G-1 eliminated
proliferation, which was undistinguishable from the control
cells (Figure 1A). Co-exposure of E2 with a lower dose of G-1
(10 nM), which is close to the calculated Ki of G-1 for GPER, had
no effect on E2-induced proliferation (data not shown).
Importantly, the observed reduction of E2-induced proliferation
by G-1 was not due to a decrease in cell viability in G-1 exposed
cells (Supplementary Figure S1). Of note, individual exposures
to low (10 nM, data not shown) and high (1 mM) doses of G-1 indi-
vidually had no effect on proliferation (Figure 1A).

Next, cells were exposed to 100 nM PPT (ESR1 specific ago-
nist), or 100 nM DPN (ESR2 specific agonist) individually and in
combination with 1 mM G-1 in order to determine the ESR iso-
form specificity of the inhibitory effect of G-1 on MCF-7 prolifer-
ation. Although exposure of MCF-7 cells to both 100 nM PPT and
100 nM DPN significantly increased proliferation over the
untreated control group (P < .05), co-exposure with 1 mM G-1 de-
creased proliferation to the level of control cells for both treat-
ments (Figures 1B and C).
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G-1 Inhibits Xenoestrogen-Induced Cellular Proliferation

MCF-7 cells were exposed to 10 mM BPA or 1 mM genistein indi-
vidually and in combination with a high dose of G-1 (1 mM) to
determine whether G-1 could also suppress xenoestrogen-
driven cellular proliferation. Cell proliferation was assessed
with a modified MTT assay every 24 h throughout a 72-h time
period. In agreement with previous reports (Hsieh et al., 1998;
Nakaya et al., 2007; Schafer et al., 1999), exposure to BPA and ge-
nistein significantly increased proliferation of MCF-7 cells com-
pared with the untreated control group over the course of 72 h
(P < .05) (Figures 2A and B). Similar to results obtained with E2,
co-exposure with the high dose of G-1 (1 mM) decreased BPA-
and genistein-driven proliferation to the level of the untreated
control group (Figures 2A and B). This inhibition was not ob-
served when the low dose (10 nM) of G-1 was used (data not
shown).

G-1 Suppresses ESR-Mediated Transcriptional
Activation

We examined the ability of G-1 to modulate ESR activity by uti-
lizing a 2XERE-driven luciferase reporter gene assay in order to
further examine a plausible mechanism for the G-1 mediated
inhibition of E2 and xenoestrogen-driven cell proliferation. In
addition to E2, ESR isoform specific agonists (PPT, DPN) were
used individually and in combination with G-1 to examine ef-
fects on ESR activity. MCF-7 cells were transfected with a
2XERE-Luciferase reporter gene, and then exposed to E2 or the
ESR isoform specific agonists individually and in combination
with 1 mM G-1 for 24 h. Data from these experiments revealed
that individual exposures to 10 nM E2, 100 nM PPT, and 100 nM
DPN significantly increased (P < .05) ERE activation 12, 17, and
8-fold, respectively, over the untreated control group (Figures
3A and C). These results indicated that both ESR1 and ESR2 acti-
vated the 2XERE reporter in our model cell line. Exposing MCF-7

cells to 1 mM G-1 did not have any effect on ERE activation. In
agreement with results from the proliferation assays, exposure
to 10 nM E2, 100 nM PPT, or 100 nM DPN in combination with 1
mM G-1 significantly decreased (P < .05) ERE activation compared
with individual exposures with 10 nM E2, 100 nM PPT, and
100 nM DPN, (37.5, 44, and 25%, respectively) (Figures 3A and C).
Surprisingly, attempts to rescue this inhibition by G-1 in E2 ex-
posed cells by pretreating cells with a GPER selective antagonist
(20 mM G-15) were unsuccessful (Figure 3A).

G-1 Mediated Suppression of E2 and Xenoestrogen-
Driven ESR Activity Is Effective at High Doses

After establishing that a high dose of G-1 inhibited ESR-medi-
ated activity, we next sought to determine whether the inhibi-
tion was dose-dependent and whether xenoestrogen-induced
transcriptional activation was similarly inhibited. For these ex-
periments, MCF-7 cells were transfected with a 2XERE-
Luciferase reporter gene and exposed to 10 nM E2 individually
and in combination with increasing concentrations of G-1 (10,
100, 500 nM, or 1 mM) for 24 h. Results revealed that only the
high dose of G-1 (1 mM) caused a statistically significant (P < .05)
reduction (60%) in ERE activation compared with cells exposed
only to 10 nM E2 (Figure 4A). Because 1 mM G-1 also inhibited
xenoestrogen-induced proliferation, we next examined the po-
tential inhibitory effects of low and high doses of G-1 on xen-
oestrogen-induced ERE activation. For these experiments, EC50

values for BPA and genistein were calculated based on a dose-
response assessment of ERE activity and were determined to be
640 nM and 284 nM, respectively (data not shown). MCF-7 cells
were exposed to these concentrations individually and in com-
bination with increasing concentrations of G-1 (10, 100, 500 nM,
or 1 mM) for 24 h. Similar to results observed with E2, low doses
of G-1 (10–500 nM) had no statistically significant effect on BPA-
induced ESR activity whereas co-exposure to 1 mM G-1 resulted

FIG. 1. A high dose (1 lM) of the GPER agonist (G-1) inhibits ESR1 and ESR2 induced proliferation. MCF-7 cells were exposed to the ESR agonist (10 nM E2, A), the ESR1

specific agonist (100 nM PPT, B), or the ESR2 specific agonist (100 nM DPN, C), individually and in the presence of 1 lM G-1. Absorbance at 570 nm was measured and ex-

pressed as percent of control. Bars are Mean 6 SEM of at least 1 experiment. Asterisk (*) indicates significant differences from control (P < .05).

FIG. 2. A high dose (1 lM) of G-1 inhibits xenoestrogen induced proliferation. MCF-7 cells were exposed to BPA (10 lM BPA, A) or genistein (1 lM Gen, B) individually and

in the presence of 1 lM G-1. Absorbance at 570 nm was measured and expressed as percent of control. Bars are Mean 6 SEM of 2 experiments. Asterisk (*) indicates sig-

nificant differences from control (P< .05).
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in a statistically significant (P < .05) reduction (37%) in ERE acti-
vation compared with cells exposed to BPA (640 nM) individually
(Figure 4B). Co-exposure to both 500 nM G-1 and 1 lM G-1 signifi-
cantly reduced (P < .05) genistein (284 nM)-induced ESR activity
by 45 and 33%, respectively.

G-1 and E2 Exhibit Overlapping and Unique
Phosphorylation Profiles

We utilized a global, non-gel-based phosphoproteomic strategy
to identify rapid signaling pathways modulated by E2 and G-1.
MCF-7 cells were exposed to vehicle control, 10 nM E2 or 1 mM G-
1 for 30 minutes in order to identify early targets of G-1 and E2 -
induced non-genomic signaling networks. Phosphopeptides
were identified using LC-MS/MS strategies and matched to pro-
teins using MASCOT. Results revealed the presence of 299 phos-
phorylated peptides derived from 211 proteins. Most peptides
were phosphorylated on only one residue (239), 55 were phos-
phorylated at 2 sites, 3 peptides were phosphorylated at 3 sites,
and 2 peptides were phosphorylated at 4 sites. The distribution
of the 336 unique phosphorylation sites on the 299 peptides
identified was 90.8% serine, 8.9% threonine, and 0.3% tyrosine
which is consistent with other studies investigating phosphory-
lation induced by membrane receptors which identified 90%
serine, 10% threonine, and 0.5% tyrosine phosphorylation
events (Olsen et al., 2006).

The distribution of phosphoproteins by treatment group is
depicted in Figure 5A. Overall, 37 and 12 phosphoproteins were
differentially phosphorylated by E2 and G-1, respectively, and
14 were similarly phosphorylated by both. Gene symbols for
each protein are provided in parenthesis throughout this report
for reference to the Subnetwork Enrichment and Pathway

analyses. As expected a number of proteins involved in signal
transduction and protein phosphorylation were phosphorylated
after exposure to E2 such as RAF proto-oncogene serine/threo-
nine-protein kinase (RAF1), epidermal growth factor receptor
substrate 15-like 1 (EPS15L1), and proline-rich AKT1 substrate 1
(AKT1S1). G-1 induced phosphorylation of serine/arginine-rich
protein-specific kinase 1 (SRPK1), and both treatments caused
phosphorylation of ras GTPase-activating protein-binding pro-
tein 1 (G3BP1) at the same sites (S149 and S232). Other proteins
that were phosphorylated by both treatments were phosphory-
lated on distinct residues by each such as La-related protein 1
(LARP1) which was phosphorylated at S774 by E2 and T526 by G-
1 while S627 and S631 were phosphorylated after each treat-
ment including control (Table 1).

A Subnetwork Enrichment Analysis was performed in
Pathway Studio to organize the 211 phosphorylated proteins
into functional groups according to their Gene Ontology (GO)
terms. A large number of proteins were assigned to the catego-
ries of cell proliferation, apoptosis, cell cycle, cell growth, G2/M
transition, G1/S transition, G1 phase, cell differentiation, G0/G1
transition, S phase, ROS generation, and senescence (Figure 5B).
The phosphorylated proteins involved in cell cycle are listed in
more detail in Table 1. Of note, although a similar percentage of
phosphorylated proteins were involved in cell cycle, the suite of
proteins phosphorylated varied among the treatments
(Figure 5C). Among the proteins involved in cell cycle, E2 specifi-
cally induced phosphorylation of 9 proteins, G-1 specifically in-
duced phosphorylation of 5 proteins, and both E2 and G-1
induced the phosphorylation of 3 proteins that were not phos-
phorylated in the control group. Proteins that shared phosphor-
ylation profiles between E2 and G-1 included actin-binding
protein anillin (ANLN), DNA (cytosine-5)-methyltransferase 1

FIG. 3. A high dose (1 lM) of G-1 inhibits ESR1- and ESR2-induced transcriptional activation at an ERE. MCF-7 cells were exposed to E2 (A), PPT (B), or DPN (C) individually

and in the presence of 1 lM G-1. Fold changes are expressed in Relative Luciferase Units (RLU) compared with control. Bars are Mean 6 SEM of at least 3 experiments.

Letters indicate statistically significant differences (P< .05).

FIG. 4. G-1 mediated reduction in (xeno)estrogen induced transcriptional activation at an ERE is most effective at a high dose. MCF-7 cells were exposed to the ESR ago-

nist (10 nM E2, A), BPA (640 nM, B), or genistein (284 nM Gen, C) individually and in the presence of increasing concentrations of G-1. Fold changes in RLU compared

with control were calculated and graphed as percent of individual exposure. Bars are Mean 6 SEM of 3 experiments. Letters indicate statistically significant differences

(P < .05).
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(DNMT1), dihydropyrimidinase-related protein 1 (CRMP1),
dihydropyrimidinase-related protein 2 (DPYSL2), ras GTPase-ac-
tivating protein-binding protein 1 (G3BP1) PDZ domain-contain-
ing protein GIPC1 (GIPC1), prelamin-A/C (LMNA), DNA
replication licensing factor MCM2 (MCM2), and microtubule-as-
sociated protein tau (MAPT). Noteworthy were 3 proteins specif-
ically phosphorylated by G-1; N-Myc downstream regulated
gene 2 (NDRG2), wings apart-like protein homolog (WAPL), and
partitioning defective 6 homolog beta (PAR6B). Other proteins
conspicuously lacked phosphorylation in treatments dosed
with G-1 (PEBP1, UNG, RLA2, UFD1, EAPP, GORS2, HNRPK, IF5,
MYPT1, PAK4) compared with control and E2 treatments, which
induced phosphorylation of these proteins. Other trends in-
cluded proteins that were phosphorylated only by E2 or showed
shared phosphorylation patterns by E2 and G-1 as previously
described. Pathways were constructed in Pathway Studio to
highlight the aforementioned differential phosphorylation pat-
terns (Figure 6). The proteins that were differentially

phosphorylated between the treatments and involved in cell cy-
cle are enlarged for emphasis.

DISCUSSION

The biochemistry and molecular biology of nuclear ESRs has
been a focus of study for decades, but the recently discovered,
putative membrane receptor for estrogens, GPER, has been
found to contribute to rapid non-genomic actions of E2
(Revankar et al., 2005c; Thomas et al., 2005). Some suggest that
GPER and ESRs may signal through both convergent and diver-
gent pathways, which complicates attempts to fully understand
their role in E2 signaling.

Several studies report that G-1 inhibits proliferation in a va-
riety of cell types (Ariazi et al., 2010; Wang et al., 2012; Wei et al.,
2014; Weißenborn et al., 2014) and attempts to elucidate respon-
sible mechanisms have shown this compound can produce off-
target effects (Wang et al., 2012). Although our studies similarly

FIG. 5. E2 and G-1 exhibit unique and overlapping phosphorylation profiles. MCF-7 cells were exposed to 10 nM E2, 1 lM G-1, or vehicle control for 30 min to capture

early targets of non-genomic signaling pathways mediated by phosphorylation cascades. A, Venn diagram organizing all identified phosphorylated proteins among

the exposure groups. B, Histogram representing the number of phosphorylated proteins sorted by Subnetwork Enrichment Analysis into cell processes using Pathway

Studio as a percentage of the total number of phosphorylated proteins identified in each exposure group. C, Pathway depicting the differentially phosphorylated pro-

teins ie, those not found to be similarly phosphorylated in all 3 exposure groups that were involved in the cell process of cell cycle.
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show repression of both E2-induced proliferation and ERE acti-
vation by G-1 at doses >1 lM without a reduction in cell viabil-
ity, we further suggest that this effect is due to inhibition of ESR
activity that is not receptor isotype specific. Further, G-1 doses
below 1 lM had no effect on ESR induced proliferation (data not
shown) or ERE activation (Figure 4). This finding is in agreement
with other reports that show G-1 at doses above 1mM inhibited
proliferation of certain breast and ovarian granulosa cells while
a lower dose did not have a statistically significant effect sug-
gesting that the inhibition has a dose threshold (Ariazi et al.,
2010; Gertz et al., 2012; Routledge et al., 2000; Wang et al., 2012).
Of note, low doses of G-1 (10–100 nM) also failed to inhibit ERE
activation driven by lower doses of E2 (10–100 pM) which is not
consistent with assertions that failure of low doses of G-1 to in-
hibit ESR function is due to saturation of the ESRs (data not
shown). These data suggest that one plausible mechanism by
which G-1 inhibits E2 induced proliferation is through interfer-
ence of transcriptional activation at an ERE.

We further report the novel observation that the inhibitory
effect of G-1 is not ESR isotype specific as proliferation and acti-
vation of a 2XERE reporter gene induced by both ESR-specific ag-
onists PPT (ESR1) and DPN (ESR2) was inhibited by G-1. PPT
induced greater induction at an ERE which coincides with previ-
ous reports that show ESR1 is more highly expressed in MCF-7
cells (Mollerup et al., 2002). The repression of proliferation with-
out a complete loss of ERE activation suggests that G-1 is target-
ing other mechanisms of ESR induced proliferation which
perhaps involves phosphorylation of proteins.

Because previous reports indicated that BPA and genistein
can bind ESRs (Kuiper et al., 1997) and more recently GPER with
weak affinity (GPER RBA for genistein¼ 13.41; BPA¼ 2.83,
(Thomas and Dong, 2006), and are able to stimulate proliferation
of MCF-7 cells (Hsieh et al., 1998; Nakaya et al., 2007; Recchia
et al., 2004; Schafer et al., 1999), we examined the ability of G-1 to
inhibit xenoestrogen-induced cellular proliferation and ERE ac-
tivation by these compounds. We found that 1 mM G-1 inhibited
proliferation and activation at an ERE stimulated by BPA and ge-
nistein (Figures 2A and B 4B and C) while lower doses (� 500 nM)
of G-1 were less effective. Interestingly, co-exposure to 500 nM
G-1 significantly reduced genistein induced ERE activation by
about 2 fold (P < .05). Although a similar trend was observed for
BPA, repression at this dose was not significant. The exposure
doses of BPA and genistein produced equivalent activation
(based on EC50 of ERE activity) and therefore the more sensitive
repression of genistein-induced ERE activity is not likely due to
variable receptor binding affinities per se but is more likely a re-
sult of variable promoter activity due to distinct receptor confor-
mation, co-regulatory recruitment or phosphorylation of
interacting signaling proteins. It is also possible that lower
doses of G-1 are more effective at inhibiting ESR2 induced tran-
scriptional activation in this cell line, as it has been reported
that genistein has a stronger affinity for ESR2 relative to ESR1
(Kuiper et al., 1998).

Only a handful of studies have investigated the precise non-
genomic mechanisms involved in G-1-mediated inhibition of
proliferation and most have primarily focused on a few select
kinases (eg, MAPK, PI3K) and downstream genes involved in cell
cycle progression (eg, cyclins, tumor suppressor proteins) and
apoptosis (caspases) (Ariazi et al., 2010; Bologa et al., 2006; Lubig
et al., 2012; Wang et al., 2012; Wei et al., 2014; Weißenborn et al.,
2014). To our knowledge, no studies have assessed the global
phosphoproteome which can facilitate the identification of bio-
logical pathways that are modulated by G-1. As the propagation
of signaling pathways through kinases and other moleculesT
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FIG. 6. Exposure of MCF-7 cells to 10 nM E2 (A) and 1 lM G-1 (B) induced phosphorylation of proteins involved in cellular processes associated with cell cycle although

the specific phosphorylation profiles varied. Proteins in red were identified in respective treatments while proteins in white were not identified in that exposure group.

Proteins in gray were not identified in our analysis in any exposure group but were added using the shortest path algorithm in Pathway Studio. Cell Processes (gray

boxes) included in the pathways were limited to those found to be significantly enriched by Subnetwork Enrichment Analysis (P< .05). Proteins involved in cell cycle

that were differentially phosphorylated between the treatments are shown larger for emphasis.
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largely relies on reversible post-translational modifications
such as phosphorylation (Metodiev and Alldridge, 2008), global
phosphoproteomic strategies are emerging as powerful discov-
ery-based tools to decipher rapid and complex signaling net-
works (Harsha and Pandey, 2010; Sudhir et al., 2011).

Results of our phosphoproteomic analysis of MCF-7 cells ex-
posed to E2 and G-1 revealed both distinct and overlapping pro-
files. We identified 211 proteins in total that were
phosphorylated on specific serine, threonine, and tyrosine resi-
dues among the treatments. A similar percentage of proteins
phosphorylated by E2 and G-1 were sorted into cell processes in-
volved in cell growth, cell cycle, apoptosis, cell proliferation,
and more specifically, G1 phase, G1/S transition, and G2/M tran-
sition, however the specific suite of proteins phosphorylated
were different. As seen in Figure 5C, similar percentages of
phosphorylated proteins were sorted into cell cycle; however,
there were a number of distinct targets of phosphorylation in
each exposure group. Further, G-1 specifically did not induce
phosphorylation of proteins sorted into cell differentiation or S
phase. These results are consistent with previous reports indi-
cating 1 lM G-1 decreased the number of MCF-7 cells in S phase
after 24 h (Weißenborn et al., 2014). A GPER independent mecha-
nism is further suggested by another study where 1 lM G-1 de-
creased the number of GPER negative HEK293 cells in S phase
(Wang et al., 2012). Our results highlight protein targets involved
in S phase that could contribute to the observed effects, in addi-
tion to previously studied cyclins and tumor suppressor pro-
teins, that were specifically not phosphorylated by G-1 but were
phosphorylated in other treatments in our analysis such as
RAF1, HNRNPK, PRKAR1A, PEBP1, UNG, TMPO, SCRIB, PCYT1A,
UFD1L, and EAPP. It is possible that phosphorylation of these
proteins facilitates progression of cells into S phase and that the
absence of their phosphorylation in the G-1 group could
contribute to the observed repression of E2-induced prolifera-
tion by G-1.

Our observation that a high dose of G-1 and E2 exhibited
unique but overlapping phosphorylation profiles is intriguing
because it substantiates the notion that G-1 may signal inde-
pendently of GPER at high doses but through GPER at lower
doses as studies have indicated that low doses of G-1 activated
kinases analogous to E2 (Kato et al., 1995; Albanito et al., 2007;
Revankar et al., 2005a). Certainly these data warrant future
knockdown studies that would directly assess the involvement
of GPER in the effects observed. Nonetheless, we identified a
number of proteins that were similarly phosphorylated by E2
and G-1 that have been shown to be modulated by E2 such as
ANLN which is involved in cell cycle progression and is highly
expressed in diverse human tumors (Hall et al., 2005), and
DNMT1 which has been shown to be down-regulated at the pro-
tein level by E2 in lung cancer cells (Lai et al., 2009) and CD4-pos-
itive T cells (Wu et al., 2014), and CRMP1 which has also been
shown to be down-regulated at the protein level by E2 in rat
brain mitochondria (Nilsen et al., 2007). Of note is the E2-specific
phosphorylation of ESR binding site associated, antigen, 9
(EBAG9), a gene known to be transcriptionally regulated by ESR1
(Nakashima et al., 1999).

A number of the proteins that were specifically phosphory-
lated by G-1 compared with controls were involved in cell cycle
(Figure 6) including N-Myc downstream regulated gene 2
(NDRG2), wings apart-like protein homolog (WAPL), and parti-
tioning defective 6 homolog beta (PAR6B). Of particular interest
is the G-1 specific phosphorylation of the candidate tumor sup-
pressor protein NDRG2 which plays a role in cell growth inhibi-
tion of colon cancer cells when phosphorylated at the particular

residue (S332) identified in our phosphoproteomic analysis
(Kim et al., 2009). Neither the control nor E2 treatments resulted
in S332 phosphorylation of this protein. Although the results of
our phosphoproteomic analysis are qualitative, the data offer
new insight regarding a role for G-1 in influencing ESR activity
through differential phosphorylation of target proteins. These
studies provide a solid foundation for more extensive quantita-
tive analyses in future studies.

Overall, results of this work indicate that doses of
G-1> 500 nM inhibit E2 and xenoestrogen-induced, nuclear ESR-
mediated proliferation of human breast cancer cells. Because
the dose of G-1 used produced no substantial binding to ESR1 or
ESR2 (Bologa et al., 2006), we hypothesize that the observed inhi-
bition is not due to interference of receptor binding, but may be
a result of suppression of downstream processes such as ESR-
mediated transcriptional activation, or through modulation of
signaling cascades targeting cell cycle proteins among others.
Although the direct involvement of GPER cannot be definitively
answered without knockdown studies, these data support the
possibility that G-1 may act independently of GPER and are sig-
nificant because they highlight a novel role for G-1 in inhibiting
E2 and xenoestrogen-dependent proliferation. Additional exper-
iments with a larger sample size, a range of doses, and addi-
tional time points are needed to increase our understanding of
the role of G-1 modulated cell signaling pathways and phos-
phorylation profiles in inhibiting ESR function. Although these
data do not necessarily support a role for xenoestrogens in acti-
vating GPER, elucidating pathways that inhibit their effects
(through ESRs) have enormous implications for adjuvant thera-
pies in the treatment of ESR-positive breast cancers or ESR-me-
diated endocrine disease.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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