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Background: ERa36 is present in ERa-negative breast cancer and mediates rapid responses.

Results: Estrogen promoted cell survival and increased metastatic factors in breast cancer through membrane ERa36.
Conclusion: ERa36 plays a major role in estrogen responses of ERa-negative breast cancers.

Significance: Examining the role of ERa36 in ERa-negative breast cancer is essential for understanding the negative effects of

estrogen in breast cancer.

Protein kinase C (PKC) signaling can be activated rapidly
by 17p-estradiol (E,) via nontraditional signaling in ERa-
positive MCF7 and ERa-negative HCC38 breast cancer cells
and is associated with tumorigenicity. Additionally, E, has
been shown to elicit anti-apoptotic effects in cancer cells
counteracting pro-apoptotic effects of chemotherapeutics.
Supporting evidence suggests the existence of a membrane-
associated ER that differs from the traditional receptors, ER«
and ERB. Our aim was to identify the ER responsible for rapid
PKC activation and to evaluate downstream effects, such as
proliferation, apoptosis, and metastasis. RT-PCR, Western
blot, and immunofluorescence were used to determine the
presence of ER splice variants in multiple cell lines. E, effects
on PKC activity were measured with and without ER-blocking
antibodies. Cell proliferation was determined by [*H]thymi-
dine incorporation, and cell viability was measured by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
(MTT) whereas apoptosis was determined by DNA fragmenta-
tion and TUNEL. Quantitative RT-PCR and sandwich ELISA
were used to determine the effects on metastatic factors. The
role of membrane-dependent signaling in cancer cell invasive-
ness was examined using an in vitro assay. The results indicate
the presence of an ERa splice variant, ERa36, in ERa-positive
MCF7 and ERa-negative HCC38 breast cancer cells, which
localized to plasma membranes and rapidly activated PKC in
response to E,, leading to deleterious effects such as enhance-
ment of proliferation, protection against apoptosis, and
enhancement of metastatic factors. These findings propose
ERa36 as a novel target for the development of therapies that
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can prevent progression of breast cancer in the primary tumor as
well as during metastasis.

The complexities of breast cancer growth and metastasis
present several problems in development of treatments for
patients. The main screening process in determining the treat-
ment and prognosis of breast cancer patients is receptor status.
Growth of estrogen receptor (ER)>-positive breast cancers is
typically enhanced by estrogen, but ER interactions with DNA
are not necessary for this growth to occur (1, 2), suggesting that
non-nuclear actions of ERs may play a role. Triple negative
breast cancers, which are ER-negative, progesterone receptor-
negative, and human epidermal growth factor receptor 2
(HER2)-negative, are typically characterized as more aggressive
and less responsive to hormone treatments (3). These tumors
are also less responsive to treatments such as tamoxifen, a com-
monly used estrogen antagonist, which reduces tumor aggres-
siveness in ER-positive breast cancer and prevents recurrence
of cancer after chemotherapy or radiotherapy (4). However,
estrogen may have some effects in ER-negative breast cancers
that are not fully understood, and with the discovery of novel
splice variants of traditional ERs (5, 6), patients with ER-nega-
tive breast cancer should not be assumed as nonresponsive to
treatments typical for ER-positive breast cancer patients.

Steroid hormone receptors traditionally function as tran-
scription factors upon ligand binding, but many studies have
identified them in plasma membranes and have shown that
they can rapidly activate signal transduction pathways, leading
to events such as increased proliferation or attenuated apopto-
sis (7). Estrogens, in particular, elicit many of their effects on

2 The abbreviations used are: ER, estrogen receptor; E,, 17-estradiol; E,-BSA,
17 B-estradiol conjugated to bovine serum albumin; RANK, receptor acti-
vator of nuclear factor-«B; RANKL, RANK ligand; CDH1, e-cadherin; PIP,,
phosphatidylinositol bisphosphate; IP5, inositol trisphosphate; DAG, diacyl-
glycerol; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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cells through classical steroid hormone receptor mechanisms
involving two primary receptor classes, ERa and ERf.

Itis now understood that 173-estradiol (E,) exerts some of its
effects via signaling mechanisms other than traditional nuclear
receptor-mediated pathways (1, 8—10). Several studies have
reported the presence of both ERe and ERB in plasma mem-
branes (1, 7), including truncated forms of the receptors, sug-
gesting that they may be involved in membrane-mediated
effects of the hormone. This is supported by studies using E,
conjugated to bovine serum albumin (E,-BSA), which cannot
pass through the plasma membrane and reach the nuclear
receptor, yet it elicits many of the same effects as E, (11-13). E,
and E,-BSA rapidly increase protein kinase C (PKC)-specific
activity without new gene expression or protein synthesis, and
antibodies to nuclear and cytosolic ERa and ERf as well as
activators and inhibitors of classical ERs do not block this effect
(13). However, which one of the ER isoforms is responsible is
not known. Moreover, rapid responses to E, and E,-BSA are
seen in ERa-negative HCC38 breast cancer cells as well as in
ERa-positive MCF7 cells (13), suggesting that either ERP is
responsible or that another ER« isoform mediates the effects
of E,.

There are multiple isoforms of ER« as follows: the traditional
ERa66 (66 kDa) and a lower molecular weight variant ERa46.
Both ERa66 and ERa46 are localized to the nucleus upon ligand
binding (14). Recently, a novel ERa variant was discovered with
a molecular mass of ~36 kDa (ERa36) (14-16). It differs from
ERa66 by lacking both transcriptional activation domains (AF1
and AF2) (exons 7 and 8) but retains the DNA-binding domain
and partial dimerization and ligand-binding domains (14). It
also contains a novel exon 9, which encodes 27 amino acids of
unknown function. ERa36 was shown to be involved in estro-
gen-stimulated MAPK (ERK) activation in HEK293 cells in
which the receptor was overexpressed, as well as in testoster-
one-stimulated ERK and Akt activation in endometrial cancer
cells (16), raising the possibility that this ERa isoform is
involved.

The G-protein-coupled receptor GPR30 has also been shown
to mediate non-nuclear responses of estrogen and has been
reported as an alternative membrane receptor for E, (17). Kang
et al. (18) reported that GPR30 is not responsible for non-
genomic signaling of estrogen in the context of rapid enzyme
activation such as ERK1 and ERK2. In addition, we show in this
study that GPR30 does not play a role in membrane-associated
E,-dependent cell proliferation, but it is not known if GPR30
mediates other responses related to apoptosis or metastasis,
and further examination is needed.

The purpose of this study was to evaluate the role of ERa36 in
membrane-associated estrogen signaling in breast cancer. We
hypothesized that ERa36-associated E, membrane signaling in
breast cancer cells leads to enhanced cancer cell survival by
promoting proliferation, protecting against apoptosis, and
stimulating downstream gene expression associated with
enhanced tumorigenicity and metastasis. The main goal of this
investigation was to help us gain a greater understanding of the
underlying mechanisms of breast cancer tumor aggression and
invasion, providing us with new knowledge vital in the devel-
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opment of novel treatments to control breast cancer growth
and metastasis.

EXPERIMENTAL PROCEDURES

Reagents—ERa-positive MCF7 and ERa-negative HCC38
human breast cancer cells as well as SkBr3, COS7, and HeLa
cells were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA). The PKC assay kit was purchased
from GE Healthcare. Minimal essential media (MEM) and
Roswell Park Memorial Institute 1640 media (RPMI 1640) were
purchased from Invitrogen. Charcoal/dextran-filtered fetal
bovine serum was purchased from HyClone (Logan, UT). E,,
E,-BSA, and taxol (paclitaxel) were purchased from Sigma.
Chelerythrine, a PKC inhibitor, was purchased from EMD
Chemicals (Gibbstown, NJ). Protein content of samples was
measured using the Macro BCA reagent kit from Pierce/
Thermo Scientific (Rockford, IL). Primers were purchased
from Eurofins (Des Moines, IA). Reverse transcription and PCR
reagents were purchased from Bio-Rad. Quantitative RT-PCR
reagents were purchased from Applied Biosystems (Carlsbad,
CA). [**P]JATP and [*H]thymidine were obtained from
PerkinElmer Life Sciences. Polyclonal ERa66 and ERa36 anti-
bodies were purchased from Chi Scientific (Maynard, MA).
Polyclonal ERB and monoclonal glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies were obtained from Mil-
lipore (Billerica, MA). Polyclonal antibodies to caveolin-1 and
GPR30 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal antibodies to cytochrome C oxidase
(COX) IV were from Abcam (Cambridge, MA). Goat anti-rab-
bit horseradish peroxidase (HRP) and goat anti-mouse HRP-
conjugated secondary antibodies were obtained from Bio-Rad.
Goat anti-rabbit Alexa 488, goat anti-rabbit Alexa 594, Hoechst
4322 (nuclear stain), and Select FX 488 endoplasmic reticulum
stain were purchased from Molecular Probes (Carlsbad, CA).

Cell Culture—All cells (SkBr3, MDA-MB-231, HEK293, and
COS7) were cultured in appropriate media as specified by the
ATCC containing 10% charcoal/dextran-filtered FBS and lack-
ing phenol red, which can mimic the effects of E, at low levels.
MCEF7 cells were maintained in minimum Eagle’s-based media,
and HCC38 cells were maintained in RPMI 1640-based media.

Presence of ER Isoforms—To determine whether ERa36 is
expressed in both ERa-positive MCF7 and ERa-negative
HCC38 breast cancer cells, we designed sequence-specific
primers that would selectively identify the three known alter-
native splicing variants of ERa: ERa66, ERa46, and ERa36.
Primers used are shown in Table 1. Because of the sequence
homology of ERa66 and ERa46, we could not identify ERa46
mRNA independent of ERa66. However, because of the exist-
ence of exon 9, which is not expressed in ERa66 or ERa46 (14),
we successfully designed primers that spanned this exon to ana-
lyze expression of ERa36.

RNA was extracted from cells using the TRIzol method.
Reverse transcription was performed to produce cDNA for var-
ious ERs from both MCF7 and HCC38 cells as well as several
other cell lines reported as lacking ER¢, including SkBr3, MDA -
MB-231, HEK293, and COS7 (19-21). PCR was then per-
formed to determine whether mRNAs for the various alterna-
tive splice variants of ERa were expressed in these cells.
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TABLE 1

RT-PCR primer sequences for ERa splice variants

Vector NTT software was used to determine alignment of the three alternatively
spliced variants for ERaas follows: ERa66, ERa46, and ERa36. We determined that
it is not possible to distinguish ERa46 from ERa66; however, it is possible to recog-
nize ERa66 from both smaller isoforms. Primers were designed for ERa66 that
spanned exon 1 in its mRNA. Primers for ERa46 and ERa66, designated for ERa46/
66, spanned exons 7 and 8, which are both found in ERa46 and ERa66. Finally,
primers for ERa36 were designed to span exon 9.

Target Primer direction Sequence (5’ to 3')
ERa66 Sense TGCCTGGAGTGATGTTTAAGC
Antisense ACGGGAGCAAGTGCAGTC
ERa46/66 Sense CCACACGGTTCAGATAATCC
Antisense ATCCCTTTGGCTGTTCCC
ERa36 Sense GTGGTTTCCTCGTGTCTAAAGC
Antisense GGTGTTGAGTGTTGGTTGCC

Western blots of isolated membrane fractions were used to
determine the subcellular location of ERa36. For Western blots
of whole cell lysates, cells were lysed with RIPA buffer contain-
ing 5 mMm Nonidet P-40 (Sigma). We first performed Western
blots using unfiltered lysates from MCF7, HCC38, and COS7
cells, which are derived from a non-human primate embryonic
kidney cell line and reported to not contain ERs (21). Whole cell
lysates were filtered with a molecular mass cutoff of 100 kDa
prior to separation on 4-20% SDS-polyacrylamide gels. In
addition, cell lysates were fractionated according to the method
previously described by Smart et al. (22) to obtain crude
nuclear, plasma membrane, and pure caveolae fractions.

Following SDS-PAGE of the isolated membrane fractions,
protein was transferred onto nitrocellulose. Membranes were
blocked with 2% bovine serum albumin in 1X phosphate-buff-
ered saline (PBS) containing 0.05% Tween 20 (Sigma) and
probed with primary antibodies. Secondary HRP-conjugated
antibodies were used for detection by chemiluminescence
using the West Pico chemiluminescence substrate kit (Pierce).

Immunofluorescence microscopy was used to identify the
subcellular localization of ERa66 and ERa36 in MCF7 cells.
Cells were cultured on 4-well chamber slides. At the time of
harvest, cells were fixed with 4% paraformaldehyde. Some sam-
ples were then permeabilized with 0.01% Triton X-100 for 10
min and subsequently stained for ERs using specific antibodies.
These samples were imaged with a Leica DMLB fluorescent
microscope using a Hamamatsu Orca camera. To determine
whether ERa36 colocalizes to lipid rafts and caveolae, cells
fixed in chamber slides were either pre-stained for lipid rafts
(Vybrant lipid raft labeling kit, Invitrogen) and/or probed with
antibodies against ERa36 and protein-disulfide isomerase
(endoplasmic reticulum) followed by incubation with fluores-
cent-tagged secondary antibodies (488 and 594 nm). All sam-
ples were treated with Hoechst dye for nuclear staining (333
nm). These samples were then imaged using a Nikon LSM510
confocal laser-scanning microscope, and multiple Z-slices were
obtained to obtain representative images.

PKC Activity—To determine whether ERa36 mediated the
stimulatory effect of E, on PKC activity, MCF7 and HCC38 cells
were cultured to confluence in 24-well tissue culture-treated
plates. Cells were pretreated with antibodies against ERax36 fol-
lowed by treatment with E, for 9 min. Cells were washed two
times in cold 1X PBS and lysed using RIPA buffer at time of
harvest. Samples were then aliquoted and assayed for protein
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content by Macro BCA protein assay (Pierce) and measure-
ment of PKC activation using the Biotrak protein kinase C assay
kit (GE Healthcare).

HCC38 cultures were also treated with 1 mm methyl B-cy-
clodextrin for 30 min to deplete the membranes of cholesterol,
thereby disrupting the caveolae and lipid rafts (23). The cells
were then treated with E, for 9 min, and protein content and
PKC activity were determined as described.

Cell Proliferation, Viability, and Apoptosis—To determine
the consequences of rapid activation of PKC in the context of
breast cancer cell survival, we performed assays to determine
the effect of inhibiting PKC on apoptosis and proliferation. PKC
activity was inhibited using chelerythrine as described previ-
ously (13). Confluent cultures of HCC38 cells were cultured in
the presence of 0.1, 1.0, and 10 um chelerythrine for 24 h, and
MTT was measured. In addition, HCC38 cells were treated
with 5 and 7.5 mm phosphate to induce apoptosis, as we have
previously shown that phosphate induces apoptosis in other
cell types (24). We previously showed that tamoxifen, an ER
agonist that inhibits PKC, blocks the stimulatory effects of E, on
proliferation. Finally, to determine whether ERa36 mediates
the anti-apoptotic effect of E,, we took advantage of the obser-
vation that E, inhibits taxol-induced apoptosis via membrane-
associated signaling (25). Subconfluent cultures of HCC38 cells
were pretreated with E, for 90 min followed by taxol treatment
for 4 h, after which cells were assays for caspase-3 activity and
TUNEL.

Cell proliferation was assessed as a function of [*H]thymi-
dine incorporation, as described previously (13). Subconfluent
cultures of HCC38 cells were made quiescent by starvation for
48 h prior to treatment in starvation media containing 0.1%
charcoal/dextran-filtered FBS. Cells were then treated with
varying concentrations of E, or E,-BSA for 24 h. In addition,
cells were treated with antibodies to ERa36 and GPR30. At 20 h
after the start of treatment time, 1.0 uCi/ml of [*H]thymidine
was added to all samples for the remainder of the treatment. At
24 h, media were removed, and cells were washed two times
with 1X PBS. Cells were then fixed by washing three times with
cold 5% trichloroacetic acid (TCA). During the third wash, the
TCA was left on the cells for 30 min at 4 °C. After fixation, the
TCA was removed, and the cell layers were allowed to dry at
which point 100 ul of 1% SDS was added. The cell layers were
then scraped and transferred to glass scintillation vials for
measurement of radioactive decay (dpm) to determine relative
incorporation of [*H]thymidine.

The number of viable cells was determined by the MTT
assay, which measures the reduction of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (Sigma) to purple form-
azan by mitochondrial reductase of living cells. To determine
the role of PKC signaling in breast cancer cell viability, conflu-
ent cultures of HCC38 cells were treated with the PKC inhibitor
chelerythrine (1077,107%,and 10~ ° m) for 24 h,and MTT activ-
ity and DNA fragmentation were measured. To determine
whether signaling via ERa36 could protect breast cancer cells
against apoptosis, HCC38 cells were treated with E, and
E,-BSA in conjunction with taxol, which induces cell death in
breast cancer cells (26). Apoptosis was assessed using DNA
fragmentation as described previously (27). TUNEL assay was
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FIGURE 1. mRNA expression and protein presence of ER« splice variants in MCF7 and HCC38 cells. A, different cell types show variable expression of ER«
splicing variants. MCF7 express all variants, although ERa-negative HCC38, MDA-MB-231, SkBr3, and HEK293 cells only express ERa36. B, Western blots of
unfiltered cell lysates verify protein presence of ERB and ERa36 in MCF7 and HCC38 cells but no ERa36 in COS7 cells. Filtered lysates of MCF7 and HCC38 cells
clearly show presence of ERa66 (C) and ERa36 (D) by Western blot, although HCC38 cells only show the presence of ERa36.

used to determine the protective effect of E, against taxol-in-
duced cell death. In addition, caspase-3 activity was measured
using the CaspAce assay kit from Promega (Madison, WTI).

E, Effects on Factors That Promote Bone Metastasis—Breast
cancer has a particular affinity for metastasizing to bone (28,
29). Therefore, we measured the effects of E, and E,-BSA on
expression of factors associated with bone metastasis at 12 h.
Quantitative RT-PCR was used to determine the quantitative
effect of E, on expression of receptor activator of nuclear fac-
tor-«kB ligand (RANKL), Snaill, and e-cadherin (CDHI) in
HCC38 cells. In addition, we assessed expression of CXC
chemokine receptor type 4 (CXCR4), which is a receptor for the
chemotactic ligand, stromal cell-derived factor-1 (SDF1) that is
present in high levels in bone (30), syndecan-4, which is
involved cell interaction with matrix (31), and matrix metallo-
proteinase-9 (MMP9), which has been shown to be regulated
through signaling of ER« (31). We also examined the effects of
E,-BSA on secretion of factors related to osteoclast activation
and inhibition. Sandwich ELISAs were used to measure levels of
osteoprotegerin (OPG) and interleukin-6 (IL6) (R&D Systems,
Minneapolis, MN) in the conditioned media 24 h after treat-
ment with E, or E,-BSA.

Scratch-wound Assay to Measure in Vitro Breast Cancer Cell
Invasion—A 10-ul micropipette tip was used to create scratch-
wounds in confluent cultures of HCC38 cells. After washing
with media to remove detached cells and debris, the cultures
were treated with E2-BSA, anti-ERa36 antibody, or both.
Phase-contrast images were obtained at the beginning of the
assay as well as at 6- and 12-h increments until all wounds were
healed. MatLab was used to quantify the mean diameter of the
wounds over time, and data are presented as percent wound
closure.

Statistical Analyses—For all experiments, statistical analyses
were performed by analysis of variance with Bonferroni’s cor-
rection for multiple comparisons at a significance level of 0.05.
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Identification of symbols to signify statistical significance is
found in the respective figure legends.

RESULTS

ER«36 Is Expressed in Both ERa-positive and ERa-negative
Cells—Fig. 1A shows the different exons expressed in the
mRNA of the three known splice variants of ERe. RT-PCR anal-
ysis showed expression of all ERa variants in MCF7 cells.
HCC38 cells expressed only ERa36; neither ERa46 nor ERa66
was detected by RT-PCR. We performed a screen of more than
20 human cell lines for the expression of ERa36 and did not find
a suitable negative control for ERa36 expression (data not
shown). MDA-MB-231, SkBr3, and HEK293 cells exhibited
expression of only ERa36 but not the other variants of ER« (Fig.
1, A and B). COS7 African green monkey embryonic kidney
cells, although they do not express ERa36, are not a relevant
negative control for our studies as they are not human cells, and
they are of embryonic origin. All cells expressed GPR30.

Western blot analysis confirmed the presence of ERa36 in
both MCF7 and HCC38 cell lines but not in COS7 cells, and
ERB was detected in lysates from MCF7, COS7, and HCC38
cells (Fig. 1B). Because we are limited to using polyclonal anti-
bodies to identify ERa66 separately from ERa36 in this study,
and we noticed nonspecific bands above 100 kDa in blots of our
unfiltered lysates, we performed Western analysis on filtered
lysates to verify the specificity of the ERa36 antibody. This
allowed us to look more closely at the recognition bands from
36 to 66 kDa. The antibodies to ERa66 recognized three bands
of varying intensity on blots of MCF?7 cells but did not recognize
a single band in HCC38 cells (Fig. 1C). Polyclonal antibodies
raised against the unique C-terminal end of ERa36 recognized
two bands in MCEF?7 cells (Fig. 1C), but they only recognized a
single band at ~37 kDa in HCC38 cells (Fig. 1D). The presence
of a second band in the MCEF?7 cell lysate does not appear to be
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FIGURE 2. E,-induced rapid activation of PKC in MCF7 and HCC38 cells occurs through ERa36. E, rapidly induces PKC activity within 9 min in both MCF7
and HCC38 cells (A and B), and antibody blocking of ERa:36 on the cell membranes abolishes this effect (Cand D). ¥, p < 0.05 compared with OME,; $, p < 0.05

compared with 1072 M E; #, p < 0.05 compared with IgG.

ERa46 but more likely may be representative of a post-transla-
tionally modified form of ERa36.

Rapid E ,-induced PKC Activation in MCF7 and HCC38 Cells
Occurs via Membrane Signaling through ERa36—E, caused a
dose-dependent increase in PKC activity in MCF7 cells (Fig.
2A) and in HCC38 cells (Fig. 2B) at 9 min. Antibodies to ERa36
completely abolished this effect in both cell types, and a non-
specific IgG had no effect (Fig. 2, C and D).

PKC Maintains Cell Survival in HCC38 Cells—Chelerythrine
caused a dose-dependent decrease in MTT activity in HCC38
cells (Fig. 34), indicating decreased cell viability. In addition,
chelerythrine caused a dose-dependent increase in DNA frag-
mentation (Fig. 3B), indicating that inhibition of PKC promotes
apoptosis of HCC38 cells.

E-dependent Activation of PKC Requires Intact Caveolae—
Immunofluorescence of ERa-positive MCF7 cells showed that
ERa66 and ERa36 were differentially distributed. In MCF7 cells
that were not permeabilized by detergent, ERa66 and ERa36 were
both present on the plasma membrane (Fig. 44). When cells were
permeabilized by Triton X-100, ERa66 was mainly localized peri-
nuclearly. ERa36 was primarily non-nuclear, but it was also dis-
tributed throughout the cells, although not to the same extent
peri-nuclearly as ERa66.

Confocal microscopy indicated that ERa36 co-localized with
lipid rafts and caveolin-1 protein in both MCF7 and HCC38
cells (Fig. 4B). Staining with antibodies to protein-disulfide
isomerase, which is primarily found in the endoplasmic reticu-
lum, showed that ERa36 did not co-localize to endoplasmic
reticulum. Western blots detected ERa36 and caveolin-1 in
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pure caveolae fractions (F3) from both cell lines (Fig. 4C).
COX-IV was not found, demonstrating that the plasma mem-
brane fractions were not contaminated with mitochondrial
membranes. E, did not stimulate PKC activity in HCC38 cells
after treatment with methyl B-cyclodextrin, which destroys
caveolae (Fig. 4D), indicating the importance of the specialized
membrane compartment for E,-dependent PKC signaling.

Rapid E, Signaling in HCC38 Breast Cancer Cells Protects
Cells from Taxol-induced Apoptosis through ERa36 while
Enhancing Proliferation—Treatment of HCC38 cells with taxol
increased apoptosis (Fig. 5, A—D). When cells were pretreated
with E,, the apoptotic effects of taxol were reduced, based on
decreases in TUNEL (Fig. 54) and caspase-3 activity (Fig. 4B).
The fact that E,-BSA also exhibited this effect (Fig. 5, C and D)
indicates that reduction of taxol-induced apoptosis by E, was
through a membrane-dependent mechanism.

The proliferative effect of E, also involved a membrane-as-
sociated mechanism. Both E, and E,-BSA enhanced [*H]thymi-
dine incorporation in HCC38 cells (Fig. 6, A and B). Treatment
of the cultures with antibodies to ERa36 blocked this effect. In
contrast, neither nonspecific IgG nor antibody against GPR30
reduced the effect of E, or E,-BSA.

Estrogen Signaling through ERa36 Increases Expression of
Factors That Can Enhance Cancer Cell Metastasis and Bone
Resorption—E,-BSA  treatment of HCC38 cells caused
increased expression of the metastatic factor Snaill, although
pretreatment with antibody against ERa36 blocked this effect
(Fig. 7A). At the same time, E,-BSA down-regulated e-cadherin
(CDH1) (Fig. 7C) indicating that expression of factors associ-
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ated with epithelial to mesenchymal transition may also be
mediated by ERa36-dependent signaling. E,-BSA also had a
stimulatory effect on CXCR4 expression (Fig. 7E). We also saw
an inhibitory effect of E, and E,-BSA on syndecan-4 expression
when normalized to GAPDH, but this was not blocked by anti-
bodies to ERa36 (supplemental Fig. 1). We did not see any
effect of estrogen on MMP9 expression under these experimen-
tal conditions (data not shown). E,-BSA increased expression
of the osteoclast activator RANKL by an ERa36-dependent
mechanism, based on inhibition of the effect by anti-ERa36
antibodies (Fig. 7B). E,-BSA had no effect on osteoprotegerin
production (Fig. 7D). Levels of this RANKL decoy receptor
remained unchanged. Interestingly, E, treatment led to a slight
decrease in osteoprotegerin levels (data not shown), potentially
via a mechanism not mediated by ERa36. Finally, E,-BSA
increased production of interleukin-6 (Fig. 7F).

Estrogen Signaling through Membrane-associated ERa36 Pro-
motes in Vitro Invasiveness of HCC38 Breast Cancer Cells—
Using the scratch-wound method, we observed that E,-BSA treat-
ment of HCC38 cells caused more rapid closure of the wound
created in a two-dimensional culture (Fig. 84). Furthermore, we
found that treatment with antibody against ERa36 inhibited this
effect (Fig. 8B).

DISCUSSION

This study exhibits that ERa-negative HCC38 breast cancer
cells do in fact express ERa36 and that rapid activation of PKC
in these cells in response to E, occurs through membrane-as-
sociated ERa36. It is unknown if ERa36 is expressed in all can-
cers; however, the findings presented in this study open the
possibility that many ERa-negative breast cancers may actually
express ERa36. In fact, the HCC38 cell line used in this study is
triple-negative (13, 32) and therefore does not express proges-
terone receptor or HER-2, suggesting that triple-negative
breast cancers may also express this specific splice variant of
ER. Although MDA-MB-231 and SkBr3 breast cancer cells have
been cited in the literature as ERa-negative (33), our results
show that even these cells express ERa36, which further sup-
ports the claim that ER@36 has a function in ER-negative breast
cancers. We did however see that the COS7 cell line did not
contain protein for ERa36, but this may be due to the fact that
this cell line is derived from a non-human primate, and we can
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account for this based on inter-species differences as well as the
fact that the cell line is of embryonic origin.

GPR30 is a very well studied alternative receptor for estrogen
that remains controversial as far as its subcellular localization is
concerned (18, 34, 36, 37). We saw that all ER-negative cells,
including HCC38, expressed GPR30 mRNA. This may suggest
a role of GPR30 in ER-negative breast cancer, but our results
here do not indicate a role for GPR30 in breast cancer cell pro-
liferation. The fact that the antibody against GPR30 did not
block the effect of E, nor E,-BSA on [*H]thymidine incorpora-
tion is evidence that GPR30 does not mediate the membrane-
associated response of ERa66-negative cells to E,, at least
where cell proliferation is concerned. However, ERa36 is
responsible for mediating breast cancer cell proliferation. We
did observe that when cells were treated with estrogen and pre-
treated with antibodies against GPR30, [*H]thymidine incorpo-
ration increased above base-line estrogen treatment. We can
speculate that by blocking GPR30, we may be altering the kinet-
ics of E, signaling by allowing more E, to be available for sig-
naling through ERa36, but this requires more in depth analysis
to come to this conclusion.

This study focused on nontraditional mechanisms of ERa36,
as we were highly interested in the role that this protein plays in
rapid membrane-initiated signaling. Our findings suggest that
ERa66 plays a greater role in nuclear receptor signaling than it
does in the cytosol or membrane, although ER®36 may have
functions more prevalent outside of the nucleus. Localization of
ERa36 to caveolae within the cell membrane suggests that
ERa36 plays a major role in rapid membrane-initiated signal-
ing. Caveolae typically house several proteins that are involved
in many rapidly activated membrane-associated pathways (22,
23), such as those associated with vitamin D, metabolites (38,
39), testosterone, and especially estrogen (39). The loss of cave-
olae by B-cyclodextrin treatment indicates the requirement of
caveolae for these membrane-specific responses of estrogen.
Because of the complex nature of caveolae and the many pro-
teins that may be found within caveolae, it is quite possible that
ERa36 does not work alone in these pathways.

As observed previously, we found that E, rapidly activated
PKC within minutes in both MCF7 and HCC38 cells. When we
pretreated cells with antibodies that specifically target ERa36,
the effects of E, were completely abolished. When we account
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for the fact that in our previous study (13), we did not see inhi-
bition of this PKC effect when we used antibodies to block
ERa66, we can conclude that ERa36 is responsible for this
effect, and this response is initiated from the membrane due to
the fact that the antibodies cannot cross the membrane and are
therefore targeting membrane-associated receptors.

We have found that these rapid membrane-mediated effects
are associated with enhanced breast cancer cell survival. The
PKC pathway appears to be crucial to the anti-apoptotic effects
of estrogen in these cells as evidenced by the effect of cheleryth-
rine on MTT and DNA fragmentation. Because we did not
observe cell death in response to phosphate treatment, yet we
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did when we inhibited PKC with chelerythrine, we can con-
clude that PKC plays a major role in breast cancer cell survival
and tumorigenesis.

One mechanism by which E,-dependent activation of PKC
may function in cell survival is by promoting cell proliferation.
We previously demonstrated that the addition of tamoxifen, an
antagonist of the estrogen receptor, which actually inhibits
PKC in breast cancer, caused inhibition of DNA synthesis in
MCEF7 and HCC38 breast cancer cells (13). Together with data
from Marino et al. (40) showing that estradiol increases DNA
synthesis through PKC activation, our observations support
this hypothesis.
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In addition, numerous studies (41—-45), including a previous
study by our group (13), have implicated PKC signaling as a
major contributor to tumor progression. We found a strong
correlation among PKC activity and tumor size and recurrence,
which contained well over 100 patients. This observation indi-
cated that patients diagnosed as ER-negative according to the
current screening method may in fact respond to tamoxifen.

Because we observed that tamoxifen inhibits PKC through
this specific pathway of E,, we decided to observe the effects of
E, on different pathways of other chemotherapeutics, such as
taxol. Our results indicate that not only does E, enhance cell
survival by increasing cell proliferation through this mem-
brane-mediated mechanism, as evidenced by effects of E,-BSA,
but E, also elicits anti-apoptotic effects on these cells that can
oppose the effects of very commonly used chemotherapeutic
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agents, such as taxol. Enhancement of cell proliferation in con-
junction with the anti-apoptotic effects of E, can be implicated
in primary aggressive tumor growth. The ability of estrogen to
counteract the effects of taxol in these breast cancer cells poses
a great problem in the treatment of the disease.

The progression of a tumor and development of metastasis is
a very complex process. As the tumor continues to grow, the
intracellular signaling of local factors associated with angiogen-
esis alleviates the requirement of a neo-vasculature. Expression
of several factors such as Snaill and Snail2 leads to a down-
regulation of cell-cell interaction proteins such as cadherins,
leading to what is known as an epithelial to mesenchymal tran-
sition (46 —48). This alteration in cancer cell phenotype imparts
the ability of the cells to detach from the primary tumor and
migrate to distant sites of the body. Breast as well as prostate
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FIGURE 7. Membrane estrogen signaling via ERa36 enhances expression of factors that can enhance metastasis of breast cancer cells. Quantitative
RT-PCR analysis indicates that E, signaling in HCC38 cells increases expression of Snail1 (A), and a correlating down-regulation of E-cadherin expression is also
observed (C). E,-BSA also up-regulates expression of CXCR4, the chemokine receptor for SDF-1 (E). E,-BSA signaling via ERa36 enhances expression of
osteoclastogenic factors. Quantitative RT-PCR analysis indicates that E, signaling in HCC38 cells increases expression of RANKL through ERa36 at the mem-
brane (B) with no observed change in osteoprotegerin (OPG) production (D), although IL-6 production is enhanced (F). Ct/, control. *, p < 0.05 compared with

control + 0 M E,-BSA; #, p < 0.05 compared with control + 107 m E,-BSA.

cancer cells appear to have a particular affinity for metastasiz-
ing to osseous tissue (28), which indicates poor prognosis for
the patient. The effect of estrogen on RANK ligand in our sys-
tem indicates the possibility that estrogen signaling within the
primary breast tumor can enhance secretion of factors by the
tumor inducing osteoclastogenesis, thereby promoting bone
remodeling. This can create a “fertile” soil for the attachment of
migrating cancer cells, and because bone is so highly vascular-
ized (28), the probability of migrating cancer cells to find a
location in bone on which to attach and form metastases is
extremely high. Increases in chemotactic receptors such as
CXCR4, as we observed, also promote migration to sites where
ligands for this receptor, such as SDF-1, reside in high levels. In
addition, effects of estrogen on extracellular matrix interacting
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components, such as membrane syndecan-4, can also promote
detachment of cancer cells from the primary tumor.

Our results suggest that many breast cancer cell responses to
estrogen include up-regulation of many of these factors, and the
fact that ERa36 directly mediates these responses, as well as
promoting in vitro invasiveness, suggests that this receptor may
play a major role in breast cancer metastasis. ERa36 has even
been shown to have a high association with lymph node metas-
tasis in patients with gastric cancer (49).

Because ERa36 does retain the DNA-binding domain found
in traditional ERe, it is still possible that this receptor may play
some role in directly regulating gene expression; however, the
fact that it does not retain either transcriptional activation
domain (AF1/AF2) suggests that it may only function as a
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cofactor for transcription or even as a transcriptional repressor.
This suggests that ERa36 may play multiple roles in regulating
cell differentiation and survivability. Taking this into account
with data showing different effects of estrogen signaling
through ERa36 in rat costochondral resting zone chondrocytes
(35), the possibility remains that ERa36 also plays different
roles depending on the cell type, especially whether the cells are
cancerous or not.

From our previous data on estrogen signaling in MCF7 and
HCC38 breast cancer cells and with our current findings, we
hypothesize that E, interacts with ERa36 at the cell membrane
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to rapidly activate PKC through a phosphatidylinositol-specific
phospholipase C-dependent mechanism that cleaves PIP, to
IP, and DAG. IP; promotes calcium influx from the smooth
endoplasmic reticulum, and DAG helps to anchor PKC to the
cell membrane, thereby promoting activation of PKC. Because
PKC can activate ERK1/2 (12), which can rapidly enhance
phosphorylation of proteins that promote proliferation, as well
as factors that may enhance downstream gene expression, this
pathway may lead to indirect effects on gene expression. This
can be inhibited by chelerythrine, which directly inhibits PKC.
Genes that may be affected, such as RANKL and Snaill, can
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proteins Bax and BAD, leading to release of cytochrome ¢ from the mitochondria. This initiates the caspase cascade involving caspases-9 and -7, eventually
leading to activation of caspase-3, which causes apoptosis. E, signaling through membrane-associated receptor prevents taxol-induced apoptosis through a

mechanism that may activate Akt and cause inhibition of caspase-3.

promote metastatic activity of the breast cancer cells. These
responses that can rapidly activate ERK1/2 can lead to diverg-
ing pathways by which PIP, cleavage can also enhance anti-
apoptotic effects of E, possibly through activation of Akt. Taxol
has been shown to activate apoptosis of breast cancer cells by
enhancing activity of c-Jun kinase (JNK), which alters the ratio
of the Bcl-2 family of proteins such as Bax (pro-apoptotic) and
BAD (anti-apoptotic), which in turn leads to enhanced perme-
ability of the mitochondrial membrane and release of cyto-
chrome ¢ (25). This eventually leads to activation of the apopto-
tic caspase cascade, eventually leading to activation of
caspase-3 and apoptosis. This study has specifically shown that
membrane-associated estrogen signaling can inhibit taxol-in-
duced caspase-3 activity. A schematic representation of this
proposed pathway is seen in Fig. 9.

The findings of this study present a novel target for develop-
ment of new therapies such as pharmaceutical intervention
against progression of breast cancer primary tumor growth and
prevention of metastasis. The mechanism of the membrane
receptor for estrogen in breast cancer tumorigenesis and
metastasis has not been previously reported. This study identi-
fies a membrane receptor for estrogen in breast cancer cells that
activates an array of pathways. We show that estrogen signaling
via ERa36 initiated at the cell membrane activates cross-talk
among multiple pathways important for breast cancer aggres-
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siveness. Fig. 9 proposes a model for the mechanism by which
membrane estrogen signaling through ERa36 enhances cell
proliferation, anti-apoptotic effects, and metastatic effects. A
drug that specifically targets the membrane-associated estro-
gen receptor, ERa36, may not pose harmful effects on normal
estrogen processes that occur within the cells, as ERa36 cannot
activate expression of genes containing traditional estrogen
response elements. A multifaceted approach to treatment
remains necessary as cancer, especially breast cancer, exempli-
fies a class of diseases rather than a single disease. Every patient
is unique, but further investigation and understanding of mem-
brane-associated signaling of estrogen in breast cancer can pos-
sibly lead to new routes of treatment for this devastating
disease.
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