1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Mol Carcinog. 2013 September ; 52(9): 715-725. do0i:10.1002/mc.21913.

Endocrine Disrupting Chemicals Promote the Growth of Ovarian
Cancer Cells via the ER-CXCL12-CXCR4 Signaling Axis

Julie M. Hall! and Kenneth S. Korach?
1Campbell University, College of Pharmacy and Health Sciences, Buies Creek, NC 27506

2Receptor Biology Section, Laboratory of Reproductive and Developmental Toxicology, The
National Institutes of Environmental Health Sciences, National Institutes of Health, Research
Triangle Park, NC 27709

Abstract

The majority of ovarian cancers over-express the estrogen receptor (ERa) and grow in response to
estrogens. We previously demonstrated that ER induction of the chemokine CXCL12 (stromal
cell-derived facor-1) is required for estradiol (E2)-stimulated proliferation of human ovarian
carcinoma cells. In the current study we report that known ‘endocrine disrupting chemicals’
(EDCs) display mitogenic activities in ovarian cancer cells via their ability to activate the ER and
upregulate CXCL12 expression. Notably, the EDCs genistein, bisphenol A and HPTE stimulated
both cell proliferation and induction of CXCL12 mRNA and protein in a manner comparable to
estradiol. The effects were completely attenuated by the ER antagonist ICI 182,780, revealing that
observed activities of these agents were receptor-mediated. In cell proliferation assays the
mitogenic effects of estradiol and EDCs were obviated by siRNAs targeting CXCL12 and restored
upon addition of exogenous CXCL12. Furthermore, an inhibitor to the CXCL12 receptor CXCR4
completely attenuated growth-stimulatory effects of E2 and EDCs. These studies highlight a
potential role of EDCs possessing estrogenic activities in the etiology of ovarian cancer.
Moreover, they suggest that the ER-CXCL12-CXCR4 signaling axis may represent a promising
target for development of therapeutics for ER+ ovarian cancers.
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INTRODUCTION

The steroid hormone 17B-estradiol (E) is a key regulator of growth, differentiation, and
function in a wide array of target tissues, including the male and female reproductive tracts,
mammary gland, and skeletal and cardiovascular systems (1). In addition to the
physiological actions of estrogens, inappropriate responses to this hormone have been
shown to underlie the pathology of most breast, ovarian and uterine cancers (2, 3). The
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predominant biological effects of E; are mediated through two intracellular receptors, ERa
and ERp, members of the nuclear receptor family of ligand-inducible transcription factors
(4, 5). In the absence of ligand the ERs reside in the nuclei of target cells in an inactive form
associated with an inhibitory heat shock protein (hsp) complex. Upon ligand binding the
receptors undergo an activating conformational change which is incompatible with hsp
interactions and which facilitates receptor dimerization. The receptor dimer may interact
directly with target gene promoters or indirectly through interactions with other DNA-bound
proteins (4, 6, 7). It is also now clear that estrogens may display rapid actions through
membrane-bound ERs (8) or GPR30 (9); however, the contributions of nongenomic
signaling to estrogen physiology remains to be fully understood.

In addition to endogenous estrogens, the ERs are activated by an array of natural and man-
made chemicals that bind the receptors in target tissues and may mimic or block the effects
of physiological hormones (10). In the past decade, a compelling body of evidence linking
exposure of environmental endocrine disrupting chemicals (EDCs) to the etiology of cancer
has emerged (11-13). Notably, EDCs such as the isoflavone genistein (found in soy
products) has been linked to proliferative effects in ER-positive cancer cells at
concentrations consistent with those detected in humans ingesting soy-rich beverages (14,
15). Paradoxically, growth inhibitory activities of genistein have also been noted due to
effects on tyrosine kinase activity that manifest at higher (UM-mM) concentrations (16).
Much recent attention has focused on impact of exposure to the plasticizer bisphenol A
(BPA), which is used widely in consumer products, including food and water containers,
soda cans, baby bottles, and medical tubing. BPA has been liberated into food, beverages
and the environments for decades and accumulates to substantial levels humans; (~ 0.5-40
nM) in adult and fetal serum (17). Notably, in animals early-life exposure to BPA causes
increased susceptibility to mammary and prostate tumorigenesis (18, 19). While
epidemiological data awaits, in situ studies showed BPA induces neoplastic transformation
in human breast epithelial cells (20). Another EDC of concern with regards to reproductive
malignancies is the methoxychlor metabolite, 2,2-bis(p-hydroxyphenyl)-1,1,1-
trichloroethane (HPTE). Notably, this agent mimics the proliferative effects of E2 in the
uterus by augmenting ERa-IGF-I signaling (21) and displays an extensive uterine genomic
profile that correlates with that of E2 (22).

The majority of human breast and ovarian tumors overexpress ERa and grow in response to
estrogens, making this signaling system sensitive to the effects of EDCs possessing
estrogenic activities. Surprisingly, although several decades of research in this regard, it
remains to be determined how this receptor is involved in cell proliferation when activated
by either native hormones or EDCs. Confusing this issue even further is the demonstration
that in addition to transcriptional regulation both estrogens and EDCs exhibit activities that
occur in a non-genomic manner (23). The ability to link proliferation to specific gene
changes has also been difficult as several groups have demonstrated that there are over 200
primary responses to estrogens in breast cancer cells treated with estradiol and over 700
binding sites for the ER in the human genome (24-26). The inability to satisfactorily
annotate the gene expression patterns identified has necessitated a candidate gene approach
in defining the key genes required for proliferation. It was in this manner that we recently
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identified stromal cell derived factor-1 (CXCL12) as a key target of estrogens in ER-positive
breast and ovarian cells (27). Specifically, CXCL12 was shown to be a primary target of ER
and that upon estradiol treatment both the CXCL12 mRNA and secretion of its
corresponding chemokine was increased. Neutralizing antibodies to CXCL12 blocked the
mitogenic actions of estradiol whereas activation of the CXCL12 receptor CXCR4 obviated
the need for estradiol supplementation. The role of CXCL12 as an ER target and mitogen in
human breast and ovarian cancer cells has since been described by others (28-32).
Importantly, these collective data have defined at least one genomic response and signaling
pathway that is required for estrogen-stimulated cell proliferation. It is likely, however, that
additional genomic and non-genomic actions of estrogens may also be required for maximal
proliferative responses.

The discovery of the ER-CXCL12-CXCR4 axis, coupled with the known estrogenic effects
of some EDCs prompted a closer look at the relationship between the two in cancer cell
growth. The current study examined the ability of EDCs genistein, BPA and HPTE to
display mitogenic effects through the ER in BG-1 ovarian carcinoma cells. BG-1 cells
express physiologically relevant levels of ERa and progesterone receptors, but not ERp, and
display proliferative effects in response to estrogenic stimuli. Furthermore, BG-1 is an
established model for ERa+ ovarian epithelial cancer (27, 33, 34) and contains all functional
components of the ER/CXCL12/CXCR4 regulatory pathway (27). Thus using BG-1 cells as
a model, the objectives of this study were to (1) evaluate the ability of EDCs to display
mitogenic effects in ovarian cancer cells, (I1) characterize the ability of EDCs to activate
classical ER gene expression, and (I11) determine whether EDCs may alter ovarian cancer
cell biology by activation and/or perturbation of the ER-CXCL12-CXCR4 signaling axis.

MATERIALS AND METHODS

Biochemicals

PCR reagents were obtained from BIO-RAD (Hercules, CA). 17B-estradiol, genistein and
bisphenol A were purchased from Sigma (St. Louis, MO). 2,2-bis(p-hydroxyphenyl)-1,1,1-
trichloroethane (HPTE) was a gift from Dr. Wendy Jefferson, NIEHS/NIH. ICI 182,780 was
a gift from Dr. A. Wakeling, AstraZeneca Pharmaceuticals, Cheshire, UK. AMD3100
(Plerixafor) was purchased from Cayman Chemical Company (Ann Arbor, Michigan).
Purified human recombinant CXCL12 and the FluoReporter Blue Fluorometric dsDNA
Quantitation Kit were obtained from Invitrogen (Carlsbad, CA). The CXCL12 ELISA kit
was obtained from R&D Systems (Minneapolis, MN). siRNA oligos and DharmaFECT-1
Transfection Reagent were purchased from Dharmacon (Lafayette, CO). gPCR oligos were
obtained from Invitrogen.

Mammalian Cell Culture and Ligand Treatments

BG-1 (human epithelial ovarian cancer) cells were maintained in DMEM F12 medium
supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 0.1 mM nonessential
amino acids, and 1 mM sodium pyruvate (Invitrogen). Cell were grown in a 37°C incubator
with 5% CO,. For RNA analysis, cells were plated at 60% confluency in 6-well culture
dishes in 2 ml phenol red-free DMEM F12 containing 8% charcoal-stripped FCS (HyClone

Mol Carcinog. Author manuscript; available in PMC 2015 January 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hall and Korach

Page 4

Laboratories, Inc., Logan, UT) for 24h prior to treatment. Media was then replaced and
supplemented with ethanol (vehicle), 17p-estradiol, genistein, bisphenol A or HPTE. Note
figure legends for details on concentrations of agents used in specific experiments. For some
studies 1 uM ICI 182,780 (ER antagonist) or 1pg/ml AMD3100 (CXCR4 antagonist) was
coadministered with vehicle or treatments. For cell proliferation assays, cells were induced
with vehicle, 17B-estradiol or other agents in the absence or presence of 100 ng/ml purified
human CXCL12 (SDF-1p).

RNA Isolation and Quantitative PCR

RNA was isolated from cultured BG-1 cells using the RNeasy kit (Qiagen, Valencia, CA).
One pg of RNA was reverse transcribed using the BioRad iScript cDNA synthesis kit. The
ABI PRISM® 7900HT Real Time PCR System was used to amplify and quantitate levels of
target gene cDNA. Quantitative PCR (qPCR) reactions were performed using 0.1 ul of
cDNA, 10 pM gene-specific primers, and 2x SYBR Green Mastermix (Applied
Biosystems). Data are the mean +/-STDEV of three biological replicates performed in
triplicate. All experiments were repeated a minimum of three times. The following primers
were used: CXCL12,

5-GTGGTCGTGCTGGTCCTC-3’ (for) and 5’-GATGCTTGACGTTGGCTCTG-3’
(rev), CXCR4, 5’-TACACCGAGGAAATGGGCTCA-3’ (for) and

5’-AGATGATGGAGTAGATGGTGGG-3’(rev), c-Myc,

5’-CCGCTTCTCTGAAAGGCTCTC-3’(for) and 5’-CTGCTGCTGCTGCTGGTAG-3’
(rev), WISP2, 5’-TGAGAGGCACACCGAAGAC-3’ (for) and

5’-ACAGCCATCCAGCACCAG-3’ (rev), and
36B4 5’-GGACATGTTGCTGGCCAATAA-3’ (for) and
5’-GGGCCCGAGACCAGTGTT-3’ (rev).

Mammalian Cell siRNA Transfection

Validated small interfering RNAs (siRNAS) directed against a control non-targeting
sequence or 3 different regions of human CXCL12 were obtained from Dharmacon (Catalog
numbers: D-001810-01, J-007873-06, J-007873-07, J-007873-08). For transfections, BG-1
cells were plated in 6-well plates for 24 h. Prior to transfection, media was replaced with
phenol red-free DMEM containing 8% charcoal/dextran (C/D) filtered serum (Hyclone).
Cells were transfected 48 h with 50 nmol/L siRNA final concentration using
DharmaFECT-1 transfection reagent according to the manufacturer’s protocol. CXCL12
expression in cells transfected with siRNAs was analyzed 48 h post-transfection using the
reagents and methods described above for gPCR. CXCL12 protein in cells transfected with
SiRNAs was analyzed 48 h post-transfection using the methods below (see ELISA).

Cell Proliferation Assays

Proliferation assays were optimized for BG-1 cells as described previously (27). For
standard assays, BG-1 cells were seeded and adhered in 96-well plates at 2.5 x 10* cells/
well. Cells were incubated in the absence or presence of hormones, purified CXCL12, and
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antibodies for 96 h in phenol red-free DMEM F12 containing 8% charcoal-stripped FCS
(100 pl/well). After 96 h, cell proliferation was measured using the FluoReporter® Blue
Fluorometric dsSDNA Quantitation Kit according to the manufacturers’ protocols
(Invitrogen). All values were corrected for fluorescence values read from blank controls
containing media with no cells. Sextuplicate biological replicates were used for each
treatment condition in each experiment, and data are the mean +/-STDEV of the 6
replicates. All experiments were repeated a minimum of three independent times.

ELISA

BG-1 cell media were analyzed for secreted CXCL12 protein as follows: BG-1 cells were
seeded in 96-well plates in phenol-red free DMEMF12 supplemented with 8% charcoal/
dextran filtered FBS. After 24 h cells were treated with vehicle or ligands. After 24 h and 48
h, media were collected from individual wells and flash frozen until analysis. The CXCL12
ELISA was performed in a 96-well format on triplicate samples of spent media, as according
to the manufacturer’s protocol (R&D Systems). Data are the mean +/- STDEV of two
replicates.

Statistical Analysis

All experiments in this study were repeated a minimum of 3 independent times. Each Figure
shows a representative experiment. For proliferation assays, data points represent the mean
+ STDEV for of 6 biological replicates in a single experiment; for ELISAs, data points
represent the mean £ STDEV of 2 biological replicates in a single experiment; for RT-PCR
data points represent the mean + STDEV of 3 replicates. In all experiments statistical
comparisons were made between control and treatments using a two-sample t-test.

RESULTS

EDCs Promote the Growth of Ovarian Cancer Cells in an ER-Dependent Manner

These studies were initiated by examining the ability of EDCs to function as estrogens in
regulating proliferation of human ovarian cancer cells. BG-1 cells were plated in 96-dishes,
treated with various ligands for 96 h and assayed for changes in cell growth using a
quantitative fluorescent assay (see methods). Estradiol was a potent mitogen in BG-1 cells
(27), reaching maximal efficacy at physically relevant doses of 1-10 nM (Fig. 1). Not
surprisingly EDCs genistein, BPA and HPTE were less potent in the assay, likely reflecting
their lower binding affinities for the ER. However, at 100 nM genistein and BPA were
almost as efficacious as estradiol, promoting a 250% increase in cell growth; likewise, the
lower affinity ligand HPTE reached maximal efficacy at 1 uM. Interestingly, at uM doses
genistein was less effective at promoting proliferation, consistent with previous reports that
the growth-inhibitory activities tyrosine kinase of the compound are manifest in the uM
range (16). Together these data indicate that EDCs can effectively mimic the effects of
estradiol in promoting the proliferation of ovarian cancer cells.

Previous studies have shown that the EDCs utilized here, genistein, BPA and HPTE, are
capable of altering ER signaling in a variety of tissues including the breast, uterus, prostate,
and heart (14, 18,19, 21, 22, 35). The impact of EDCs on ovarian function is less well
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characterized, however, and it was not clear whether the observed mitogenic effects in
ovarian cells were due to ER-dependent mechanisms. To examine this more closely, EDCs
were administered to BG-1 cells at the dose which yielded maximal efficacy in Fig. 1A (100
nM for genistein and BPA; 1 uM for HPTE). To assess ERa-dependence, additional
experiments were carried out with cells coadministered EDCs together with the pure ER
antagonist 1CI 182,780 (Fig. 1B). Strikingly, IC1 182,780 completely attenuated the
mitogenic effects of estradiol and all EDCs, and consistent with the known inverse agonist
activities, decreased basal levels of proliferation to approximately 75%. These results
indicate the proliferative effects of EDCs in ovarian cancer cells are mediated through ERa.

EDCs Enhance Expression of ER-Regulated Genes in Ovarian Cancer Cells

Traditionally the biological actions of estrogens, antiestrogens and EDCs have been ascribed
to their ability to regulate ER transcriptional activity and impact subsequent gene
expression. There are various reports that EDCs may manifest their estrogenic effects
through both genomic and nongenomic signaling pathways (10, 22, 23). Previously, using
microarray experiments in BG-1 cells a series of estrogen-regulated genes were identified
that serve as markers for classical pathways of ER action in ovarian cancer cells (27). In the
current study quantitative real-time PCR (qPCR) was used to examine the effects of EDCs
on the expression of several genes that exhibited differential expression profiles in the
microarrays. Dose response studies determined the concentration at which ligand displayed
maximal efficacy for the selected genes (Supplemental Fig. 1). Figure 2 shows the qPCR
results from BG-1 cells administered estradiol or EDCs at doses yielding maximal responses
(see Supplemental data). Strikingly, EDCs were as effective in inducing expression of
WISP2 and cMyc as estradiol, and coadministration of the ER antagonist ICI 182,780
diminished all responses. Thus, it appears that EDCs are capable of activating both
proliferation and gene expression in ovarian cancer cells through direct actions on ERa.

With the abundance of ER regulated genes that have been annotated in cancer cells, it has
been a challenge to identify those that mediate the growth-promoting effects of estrogens.
Previously we characterized one such gene in demonstrating that the mitogenic effects of
estradiol in breast and ovarian cancer cells require ERa-mediated induction of the growth-
stimulatory chemokine CXCL12. Thus, the next series of studies addressed the question of
whether like estradiol the proliferative effects of EDCs in human ovarian cancer cells are
mediated through the ER-CXCL12 signaling axis.

EDCs Enhance Expression and Production of CXCL12 in Ovarian Cancer Cells

CXCL12 expression in response to estradiol and EDCs was next assessed. BG-1 cells were
treated for 24 h with various doses of ligands, and RNA was harvested and processed for use
in a gPCR analysis of CXCL12 expression (Fig. 3A). While estradiol was the most potent
agent in the assay, genistein and BPA displayed similar efficacy to the hormone at 100 nM,
the dose that yielded maximal responses to these agents in the proliferation analysis (Fig. 1).
Genistein showed a decreased induction of CXCL12 at higher doses, consistent with the
decreased proliferation observed in the uM range. HPTE, while a moderately weaker
agonist, produced a 6-fold increase in CXCL12 levels at 1 pM, also a dose that yielded
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maximal cell proliferation (Fig 1). Coadministation of ICI 182,780 attenuated the responses,
demonstrating that observed effects were ER-dependent.

We next probed the biological significance of CXCL12 induction by the various ER ligands
in ovarian cancer cells. CXCL12 protein is functional after it is secreted from cells, an event
that enables it to signal through its cell surface receptor CXCR4 and trigger downstream
growth-stimulatory pathways (36). Thus, the effect of estradiol and EDCs on extracellular
CXCL12 production was next assessed. For these studies BG-1 cells were plated in 6-well
plates and treated with various ligands for 24 or 48 h. Spent media was removed from
individual cells and CXCL12 protein content was quantitated by ELISA. A 3-4 fold
increase in CXCL12 was apparent with all treatments after 24 h (Fig. 3C). After 48 h, a 10-
fold increase was observed for E2, Gen and HPTE (from 200 pg/ml in Veh treated cells
compared with 2000 pg/ml in treated cells) and 7-fold increase with BPA. Previously it was
shown that addition of 500, 1000 and 2000 pg/ml exogenous CXCL12 caused maximal
growth of cultured BG-1 cells (27). Thus, EDCs, like estradiol, appear to be capable of
inducing production of sufficient extracellular levels of CXCL12 for stimulating growth of
ovarian cancer cells.

siRNA Knockdown of CXCL12 Attenuates the Proliferative Effects of Estradiol and EDCs in
Ovarian Cancer Cells

The next objective was to determine whether if like estradiol, induction of CXCL12 is
important for the proliferative actions of the various EDC ligands in the study. The growth
of BG-1 cells was evaluated following treatment with either of three siRNA duplexes
directed against independent regions of CXCL12. A reduction in CXCL12 mRNA was
confirmed using gPCR analysis. Importantly each siRNA was effective in completely
suppressing CXCL12 even in the presence of respective ligands (Fig. 4A). Likewise,
quantitation of CXCL12 protein levels in the spent media of transfected cells revealed that
SiRNAs suppressed extracellular CXCL12 levels to that of the Veh treated control and in
some cases below basal levels (Fig. 4B).

When assayed for growth, in BG-1 cells transfected with a control, non-targeting SiRNA
duplex, estradiol and EDCs significantly increased proliferation (Fig. 4C). Strikingly, the
mitogenic activity of all ligands was completely attenuated in cells treated with each of the
SiRNA duplexes targeting CXCL12. Furthermore, sSiRNA2 and siRNA3 treatments
decreased growth below that of the control, perhaps reflecting the decrease in basal
CXCL12 expression observed in Fig. 4A and B. Cell viability assays confirmed that the
inhibitory effects of the sSiRNAs were not due to cell toxicity or cell death (not shown).

The next objective was to determine whether CXCL12 is indeed a limiting factor for ovarian
cancer growth stimulated by EDCs. BG-1 cells were transfected with control or SiRNAs
targeting CXCL12, treated with various ligands and assayed for cell proliferation. As seen
before, in cells administered siRNAs to CXCL12, the mitogenic effect of estradiol and
EDCs were suppressed in a similar manner (Fig. 5). Addition of exogenous CXCL12 protein
to the media effectively restored the proliferative effects of all ligands. Of further note,
CXCL12 treatment augmented the basal growth rate (Veh) to that of ligand-treated cells.
These studies suggest that at least some of mitogenic effects of EDCs in BG-1 ovarian
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cancer cells require activation of classical ER pathways, and thus share a common
mechanism with estradiol that involves induction of CXCL12.

CXCR4 Antagonist AMD3100 Attenuates the Proliferative Effects of Estradiol and EDCs in
Ovarian Cancer Cells

The biological effects of CXCL12 are mediated through its receptor CXCR4, which is
expressed on the surface of ovarian epithelial cancer cells (28). We demonstrated previously
that the CXCL12-CXCR4 signaling pathway is functional in BG-1 cells and when activated
induces cell proliferation (27). gPCR analysis revealed that the CXCR4 expression is
unchanged in BG-1 cells treated with E2 or EDCs (not shown). However whether the
CXCL12 produced by these ligands was sufficient to induce CXCR4 activation was next
assessed in the study. AMD3100 is a CXCR4 receptor antagonist that was shown previously
to be effective in inhibiting the growth and invasiveness of ER+ ovarian cancer cells (32). In
the current study, when coadministered with estradiol or EDCs, AMD3100 completely
attenuated the proliferative effects of these ligands (Fig. 6). Taken together, these studies
indicate that the mitogenic effects of estrogen and EDCs in human ovarian cells can occur
through activation of the ER and elevation of extracellular CXCL12 levels, which in turn
enhances activation of the CXCR4 signaling pathway, resulting in cell proliferation.

DISCUSSION

Endocrine Disrupting Chemicals and Ovarian Cancer

The persistent industrialization of modern society has raised increasing concern over the
impact of industrial byproducts on human health. Indeed, many common organic pollutants
function as endocrine disrupting chemicals (EDCs) in humans and animals, as they interfere
with sex hormone signaling and reproductive function (37). In recent years there is emerging
evidence that exposure to EDCs may be a risk factor for reproductive cancers. Several
cohort studies demonstrate that the presence of detectable levels of polychlorinated
biphenyls (PCBs), pesticides, phthalates and other toxicants in women is strongly correlated
with incidence of breast cancer (38). While, epidemiological data linking EDC exposure to
ovarian cancer has lagged behind, evidence from cell-based and animal studies is beginning
to emerge as a cause for concern. Notably, BPA and HPTE were shown to enhance ovarian
epithelial cancer cell proliferation (39, 40) and accelerate the formation of ovarian cysts and
adenomas in mice (41, 42).

In the current study we have expanded these observations by showing that exposure to
genistein, BPA and HPTE, 3 structurally and pharmacologically distinct EDCs, markedly
accelerates the growth of human ovarian cancer cells in a manner comparable to estradiol.
Notably, the proliferative effects of these agents were manifest even at relatively low (nM)
concentrations, those that are found in humans with average/moderate exposure (17).
Although there exists evidence that genistein may offer protection against some types of
cancers, it is suggested that these effects require high (uM) concentrations. Likewise, we
found that the proliferative effects were less pronounced in ovarian cells at uM levels, which
may be explained by the tyrosine kinase inhibitor properties apparent at these doses.
Collectively, these findings further raise the concern over the impact of exposure to these
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agents on reproductive health and suggest that the relationship between xenoestrogen
exposure and ovarian cancer should be further explored.

Endocrine Disrupting Chemicals Activate ER-CXCL12-CXCR4 Signaling in Ovarian Cancer

Cells

A significant outcome of this study was the observation that the growth-promoting effects of
EDCs in ovarian cancer cells are mediated via activation of the ER and downstream target
gene expression. This is notable given that both endogenous estrogens and xenoestrogens
are known to activate rapid, nongenomic pathways initiated at the membrane via membrane-
associated estrogen receptors or GPR30 (43-44). Genistein was shown to induce
proliferation of MCF-7 breast cancer cells via activation of GPR30 (45). However, Park et
al. (2009; 39) recently noted although EDCs like BPA could rapidly induce activation of
extracellular signal-regulated kinase (ERK) 1/2 and p38 MAPK in ovarian cancer cells, the
growth of ovarian cancer cells stimulated by xenoestrogens involved an estrogen-ER
dependent genomic pathway independent of activation of cellular kinases (39).

Here, we advanced these findings by delineating an ER genomic pathway by which
xenoestrogens may display proliferative effects in ovarian cancer cells. Xenoestrogens were
shown to activate the ER, upregulate CXCR12 gene and protein expression, leading to an
augmentation of CXCR4 signaling. Knock-down of CXCL12 attenuated the proliferative
effects of EDCs, and the observation that this was reversed by exogenous CXCL12 addition
indicated ER-induction of the cytokine is required for the proliferative effects of EDCs in
the ovary. Thus, while it is likely that other genomic and non-genomic pathways may also
contribute to maximal proliferative responses, we have identified one genomic response and
signaling pathway that is required for both estrogen and xenoestrogen-stimulated growth of
ovarian cancer cells.

Targeting the ER-CXCL12-CXCR4 Signaling Axis in Ovarian Cancer

The majority of ovarian cancers are epithelial adenocarcinomas that include a spectrum of
disease ranging from low-grade cancers to grade I, Il, 111 and IV. These cancers are often
cystic and spread easily throughout the abdominal cavity and peritoneal surfaces. Currently
the standard initial treatment for advanced staged cancers is surgical removal of the uterus,
fallopian tubes and ovaries as well as any large nodules of cancer, followed by adjuvant
chemotherapy. Despite the aggressive mode of treatment ovarian cancer has remained the
most deadly of all gynecological cancer with a five-year survival rate for Stage 111-1V
cancers less than 30% following treatment (46). The relatively high recurrence rate together
with the poor survival for aggressive ovarian cancer suggests that additional therapeutic
approaches are necessary for the treatment of this disease.

Most ovarian cancers overexpress the ER and grow in response to hormones, suggesting that
agents that target estrogen-ER pathways should be effective therapeutics. While the efficacy
of antiestrogens in treatment of some ER-positive breast cancers is established, surprisingly,

these agents have been widely ineffective in ovarian cancer. From a physiological standpoint
it is possible that exogenous ER ligands may not accumulate in sufficient levels to block the

high levels of local production of estrogens in the ovary at least in pre-menopausal women.
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Further complicating this issue is the evidence that ER can be activated by a number of
alternative signaling pathways (CAMP, Cyclin D1, calveolin, leptin) in the absence of
hormone (47). This ligand-independent activation is associated with nuclear localization of
the ER and transcriptional activation, indicating that the genomic actions of the receptor are
enhanced. Collectively, these observations promoted us to propose that targeting specific
downstream effectors of estrogen signaling may constitute a rational approach to developing
selectivity in cancer drug design and addressing the difficulties in treating ovarian
malignancies. Thus, notwithstanding the limitations of the in vitro system used to study this
regulatory axis, our data, taken together with that of others, indicates that the ER-CXCL12-
CXCR4 signaling axis is a key player in the mitogenic effect of estrogens (and EDCs) in
ovarian epithelial cancer cells. Furthermore, clinical data revealed that CXCL12 and
CXCR4 were overexpressed in primary ovarian epithelial carcinomas, and CXCR4
expression correlated with metastatic spread and predicted a significantly poorer survival
rate (48, 49). It is feasible therefore that agents that either block CXCL12 expression and/or
CXCR4 activation could be therapeutic. Interestingly, there is emerging evidence that such
an approach might be successful. Treatment of ovarian cancer cells inhibited ovarian cancer
cell migration to CXCL12, but on longer incubation, caused cell death in CXCR4-positive
cells in an additive manner with the drug paclitaxel (50). In mouse models of ovarian cancer,
use of the selective CXCR4 antagonist AMD 3100 caused tumor cell apoptosis and
significantly reduced the spread of cancer throughout the peritoneal cavity (48, 51).

In summary, the present studies demonstrate that EDCs at physiological levels enhance the
growth of ovarian cancer cells by activating the ER and augmenting the CXCL12-CXCR4
signaling axis. These results support previous in situ and rodent studies showing an increase
in ovarian cancer growth following exposure to EDCs with estrogenic activities. Given the
current challenges in treating aggressive ovarian cancers, the clinical development of
CXCL12 and/or CXCR4 inhibitors may provide an effective alternative to current primary
or adjuvant therapies. Further, these studies suggest that there may exist an unappreciated
relationship between xenoestrogen exposure and ovarian cancer, and further investigation
into this area is warranted.
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Fig. 1. Estradiol and EDCs Promote the Growth of Ovarian Cancer Cells in an ER-Dependent
Manner

A, BG-1 cells were seeded in 96-well plates and treated with vehicle (Veh) (ethanol), 1 pM-
1 uM 17-estradiol (E5), 10 pM-10 pM Genistein (Gen), 1 nM-10 uM Bisphenol A (BPA),
or 1 nM -10 uM HPTE for 92 h and then assayed for cell growth. Graphical data are
represented as % increase in cell number over vehicle (set at 100%). Data points represent
the average of 6 samples +/-— STDEV for each condition in a representative experiment.
Proliferation assays were optimized for BG-1 cells as described previously (27). B, BG-1
cells were seeded in 96-well plates and treated with Veh, 1 nM E,, 100 nM Gen, 100 nM
BPA, or 1 uM HPTE as above in the absence or presence of 1 uM ICI 182,780 for 92 h. Cell
proliferation (sextuplicate samples per treatment) was assayed as described above. *p < 0.05
for comparison between Veh and each treatment. * p < 0.05 for comparisons between each
treatment alone and each treatment + IC1 182,780.

Mol Carcinog. Author manuscript; available in PMC 2015 January 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hall and Korach

A

Fold Induction cMye

Ln

[ 5]

|

Page 15

Veh

14
W -1CT 182,780 ‘ § -ICT 152,780
D+ICI 182780 : . D+ICI 182780
12
. 10
o
-
= 3
=
T
=
-
E 6
. =
=
- G Bna WRIE Veh E2 Gen  BPA  HPTE

Fig. 2. EDCs Enhance Expression of Classical ER-Regulated Genes in Ovarian Cancer Cells
Changes in A, c-Myc and B, WISP2 RNA levels in BG-1 cells treated with EDCs were

measured by real-time PCR. BG-1 cells were grown for 24 h in phenol-red free DMEM +
10% stripped FCS and then treated for an additional 24 h with vehicle (Veh), 1 nM Estradiol
(E2), 100 nM Genistein (Gen), 100 nM Bisphenol A (BPA), or 1 uM HPTE in the absence
or presence of 1uM ICI 182,780. Dose-response analysis revealed that these doses yielded
maximal gene induction (see Suppl. Figure 1). Total RNA was harvested, and cDNA was
prepared and used as a template for gene expression analysis. All values were normalized to
a 36B4 control. Graphical data are represented as fold induction over vehicle (set at 1). Data
points represent the average of triplicate amplification reactions +/— STDEV for each
condition in a representative experiment. *p < 0.05 for comparison between Veh and each
treatment. * p < 0.05 for comparisons between each treatment alone and each treatment +
IC1 182,780.
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Fig. 3. EDCs Enhance Expression and Production of CXCL12 in Ovarian Cancer Cells
A, Changes in CXCL12 RNA levels in BG-1 cells treated with EDCs were measured by
real-time PCR. BG-1 cells were grown for 24 h in phenol-red free DMEM + 10% stripped
FCS and then treated for an additional 24 h with vehicle (Veh), or increasing concentrations
of ligands; 100 pmol, 1 nM, 10 nM and 100 nM Estradiol (E2), 1 nM, 10 nM, 100 nM and 1
UM Genistein (Gen), 1 nM, 10 nM, 100 nM and 1 uM Bisphenol A (BPA), or 10 nM, 100
nM, 1 uM and 10 uM HPTE. Total RNA was harvested, and cDNA was prepared and used
as a template for gene expression analysis. All values were normalized to a 36B4 control.
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Graphical data are represented as fold induction over vehicle (set at 1). Data points represent
the average of triplicate amplification reactions for each condition in a representative
experiment +/- STDEV. B, BG-1 cells were grown for 24 h in phenol-red free DMEM +
10% stripped FCS and then treated for an additional 24 h with Veh, 1 nM E2, 100 nM Gen,
100 nM BPA, or 1 uM HPTE in the absence or presence of 1uM ICI 182,780. Gene
expression analysis was carried out as above. C, BG-1 cells were seeded in 96-well plates
and treated with Veh, 1 nM E2, 100 nM Gen, 100 nM BPA, or 1 uM HPTE for 24 or 48 h.
Spent media was removed from individual wells and assayed for CXCL12 protein by
ELISA. Data points represent the average of duplicate assays for each condition. (A-C) *p <
0.05 for comparison between Veh and each treatment. * p < 0.05 for comparisons between
each treatment alone and each treatment + 1CI 182,780.
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Fig. 4. siRNA-Mediated Knockdown of CXCL12 Attenuates the Proliferative Effects of Estradiol
and EDCs

Real-time PCR analysis of endogenous CXCL12 expression. A, BG-1 cells were transfected
with either a nontargeting siRNA duplex (Control siRNA) or one of three independent
CXCL12 siRNAs (siRNA 1-3). After 24 h cells were treated with vehicle (Veh), 1 nM
Estradiol (E2), 100 nM Genistein (Gen), 100 nM Bisphenol A (BPA), or 1 uM HPTE for an
additional 24 h. 48 h post-transfection cells were harvested for total RNA, which was used
for real-time PCR. Graphical data are represented as fold induction over vehicle (set at 1).
Data points represent the average of triplicate amplification reactions for each condition in a
representative experiment. B, CXCL12 protein production in siRNA-transfected cells. BG-1
cells with transfected with either a Control siRNA, or siRNAL or siRNA2 targeting
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CXCL12. After 24 h cells were counted, seeded in 96-well plates at equal densities per
siRNA treatment, and administered ligands at the concentrations above for an additional 48
h. Spent media was removed from individual wells and assayed for CXCL12 protein by
ELISA. Data points represent the average of duplicate assays for each condition in a
representative experiment. C, Cells with transfected with either a Control siRNA or one of
three independent siRNAs targeting CXCL12. After 24 h cells were trypsinized, seeded in
96-well plates at equal densities, and administered ligands as above for 92 h and then
assayed for cell growth. Graphical data are represented as % increase in cell number over
vehicle (set at 100%). Data points represent the average of 6 samples for each condition in a
representative experiment. For (A—-C) *p < 0.05 for comparison between Control siRNA and
CXCL12 siRNA 1, Control siRNA and CXCL12 siRNA 2, and Control siRNA and
CXCL12 siRNA 3 for each separate ligand (Veh, E2, Gen, BPA or HPTE).
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Fig. 5. Exogenous CXCL12 Restores the Proliferative Effects of EDCs in Ovarian Cancer Cells
Proliferation of siRNA transfected BG-1 cells. Cells with transfected with either a

nontargeting siRNA duplex (Control siRNA) or one of two independent CXCL12 siRNAs.
After 24 h cells were trypsinized, seeded in 96-well plates at equal densities. Cells were
administered treatments as indicated for 96 h and then assayed for cell growth. Treatments
were as follows: vehicle (Veh), 1 nM Estradiol (E2), 100 nM Genistein (Gen), 100 nM
Bisphenol A (BPA), 1 uM HPTE, and 100 ng/ml purified CXCL12 protein were indicated.
Graphical data are represented as % increase in cell number over vehicle (set at 100%). Data
points represent the average of 6 samples (+/— STDEV) for each condition in a
representative experiment. *p < 0.05 for comparison between Control siRNA for each
separate ligand (Veh, E2, Gen, BPA or HPTE; 15 cluster of bars) and each ligand under the
other treatment conditions (+ siRNA 1, SIRNA 2 or CXCL12).
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Fig. 6. CXCR4 Antagonist AMD3100 Attenuates the Proliferative Effects of Estradiol and EDCs
in Ovarian Cancer Cells

BG-1 cells were seeded in 96-well plates and treated with vehicle (Veh), 1 nM 17p-estradiol
(E2), 100 nM Genistein (Gen), 100 nM Bisphenol A (BPA), or 1 uyM HPTE in the absence
or presence of 1 ug/ml AMD3100 for 92 h and then assayed for cell growth. Graphical data
are represented as % increase in cell number over vehicle (set at 100%). Data points
represent the average of 6 samples for each condition in a representative experiment +/-
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STDEV. *p < 0.05 for comparison between Veh and each treatment. * p < 0.05 for
comparisons between each treatment alone and each treatment + AMD3100.
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