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Abstract

Approximately one-third of estrogen receptor (ER) positive breast tumors fail to respond to

or become resistant to hormonal therapy. Although the mechanisms responsible for hormone
resistance are not completely understood, resistance is associated with alterations in ERa,;
overexpression of proteins that interact with the receptor; and hormone independent activation

of the receptor by growth factor signal transduction pathways. Our previous studies show that

in estrogen dependent breast cancer cells, activation of the epidermal growth factor signaling
pathway increases intracellular calcium which binds to and activates ERa through sites in the
ligand binding domain of the receptor and that treatment with extracellular calcium increases the
concentration of intracellular calcium which activates ERa and induces hormone independent cell
growth. The present study asked whether overexpression of calcium channels contributes to the
hormone independent and resistant phenotype of breast cancer cells and whether clinically used
calcium channel blockers reverse hormone independence and resistance. The results show that
hormone independent and resistant cells overexpress calcium channels, have high concentrations
of intracellular calcium, overexpress estrogen responsive genes, and, as expected, grow in the
absence of estradiol and that treatment with calcium channel blockers decreased the concentration
of intracellular calcium, the expression of estrogen responsive genes, and cell growth. More
importantly, in hormone resistant cells, treatment that combined a calcium channel blocker with an
antiestrogen reversed resistance to the antiestrogen.
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Introduction

The estrogen receptor (ER) plays a central role in the treatment of breast cancer. At the

time of diagnosis, approximately 70% of breast tumors are estrogen receptor positive but
one-third of ER positive tumors fail to respond to or become resistant to hormonal therapy
(reviewed in (1). Although the mechanisms responsible for hormone resistance are not
completely understood, resistance is associated with loss, mutation, or posttranslational
modification of ERa; overexpression of proteins that interact with the receptor; hormone
independent activation of ERa by growth factor signal transduction pathways as a result

of overexpression of the epidermal growth factor (EGF) receptor, HER2, and insulin-like
growth factor-1 receptor; mutation of PI3K; activation of AKT; loss of PTEN; DNA damage
repair defects; and altered expression of mitotic protein kinases (2-6). The mechanisms by
which growth factor signaling pathways activate ERa are also not completely understood
but are thought to be due to the phosphorylation of the N-terminal transcription activation
function-1 (AF-1) domain. However, phosphorylation of the AF-1 domain does not account
for the conformational changes necessary for the activation of the transcription activation
function-2 (AF-2) domain in the C-terminal ligand binding domain (LBD) suggesting

that additional intracellular events are required for the activation of ERa. Calcium is a
second messenger of signal transduction pathways. Our previous studies show that calcium
mediates the cross talk between the EGF signaling pathway and the LBD of ERa (7). In
contrast to estradiol that binds in the ligand binding pocket of the LBD, calcium binds and
activates the receptor through sites on the solvent accessible surface of the LBD (7). The
calcium interaction sites are located on helices that are repositioned when the receptor is
activated suggesting that the interaction of calcium with these sites induces a conformational
change in the LBD similar to the conformational change induced by estradiol. In addition to
EGF, the study shows that treatment with extracellular calcium increases the concentration
of intracellular calcium which in turn, activates ERa and induces cell growth of estrogen
dependent breast cancer cells in the absence of estradiol (7). The ability of extracellular
calcium to increase the concentration of intracellular calcium and of calcium to activate
ERa suggests a role for calcium and calcium channels in hormone independent and resistant
breast cancer.

In addition to utilizing calcium as a second messenger, the mammary gland is a unique
organ that transports and concentrates calcium for milk production (8-10). The movement
of calcium across mammary epithelial cells is thought to involve two pathways. Calcium is
initially taken up from the plasma by calcium channels in the basolateral membrane and then
transported through the Golgi and released from secretory vesicles at the apical membrane
or transported through the cytoplasm by calcium binding proteins and secreted into the
lumen by plasma membrane calcium-ATPases. Channels in the basolateral membrane that
are responsible for the influx of calcium are not well characterized but may include the
calcium channels CACNAL-A, -B, -C, -G, -H, and -S which are activated by membrane
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potential; the transient receptor potential (TRP) channels TRPC-1, -4, -5, and 6, TRPV-2,
-5, and -6, and TRPM-7 and -8 which respond to heat, cold, stretch, capsacin, vanillin, and
noxious chemicals; and the Orai channels which are store activated (8—10). There is some
evidence linking these channels with breast cancer (reviewed in(11).

The ability of calcium to activate ERa and increase cell growth in hormone dependent
breast cancer cells in the absence of estradiol (7) and the association between expression of
calcium channels and breast cancer suggest that calcium channels are potential therapeutic
targets for treatment of hormone independent and resistant disease. Calcium channel
blockers are drugs that are used to treat hypertension, control heart rate, prevent cerebral
vasospasm, and reduce angina. This study asked whether overexpression of calcium
channels contributes to the hormone independent and resistant phenotype in breast cancer
cells and because calcium channel blockers do not have major side effects, the study also
asked whether clinically used calcium channel blockers reverse hormone independence
and resistance. The results show that hormone independent and resistant breast cancer
cells overexpress calcium channels, have high concentrations of intracellular calcium,

and overexpress estrogen responsive genes. In hormone independent cells, treatment with
calcium channel blockers decreased the concentration of intracellular calcium and mimicked
the effects of an antiestrogen on the expression of estrogen responsive genes and cell
growth. In hormone resistant cells, treatment with calcium channel blockers decreased the
concentration of intracellular calcium, the expression of estrogen responsive genes, and
cell growth and importantly, treatment that combined a calcium channel blocker with an
antiestrogen reversed resistance to the antiestrogen. Taken together, the results suggest a
potential role for calcium channel blockers in the treatment of hormone independent and
resistant breast cancer.

Materials and Methods

Tissue culture

MCF-7 (RRID:CVCL_0031) and MCF7/LCC9 (RRID:CVCL_DP52; LCC9) cells were
obtained from the Tissue Culture and Biobanking Shared Resource at Georgetown
University. MCF7-2A (RRID:CVCL_4Y53) cells were obtained from Dr. V. Craig Jordan’s
Laboratory. All cell lines were authenticated using short tandem repeat profiling within

the last three years. All experiments were performed with mycoplasma-free cells. Cells
were grown and maintained at 37°C under humidified 5% CO, conditions. MCF-7 cells
were maintained in Improved Minimal Essential Media (IMEM; Crystalgen, Commack,
NY) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich). For experiments
with MCF-7 cells, the media was changed to phenol red free IMEM containing 5%
charcoal stripped calf serum (CCS; Valley Biomedical, Winchester, VVA) for 48 hours prior
to treatment. MCF7-2A and LCC9 cells were grown and maintained in phenol red free
IMEM containing 5% charcoal stripped fetal bovine serum (CFBS; Valley Biomedical,
Winchester, VA). ICI-182,780 (catalog number 1047) and 4-hydroxytamoxifen (catalog
number 3412) were purchased from Tocris. Methoxyverapamil chloride (catalog number
M5644), mibefradil (catalog number M54411), and estradiol (catalog number E8875) were
purchased from Sigma-Aldrich.
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Calcium measurements

MCEF7 cells were plated in IMEM containing phenol red and supplemented with 5% FBS.
When 70% confluent, the media was changed to phenol red free IMEM supplemented with
5% CCS for 48 hours. MCF7-2A and LCC9 cells were plated in phenol red free IMEM
supplemented with 5% CCS. When 70-80% confluent, the media was changed and the
cells were incubated for 72 hours with calcium channel blockers. Cells were treated for 72
hours with methoxyverapamil (75uM) and/or mibefradil (5uM) in the absence and presence
of 17B-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or I1CI-182,780 (100nM). Following
treatment, the cells were trypsinized, washed twice with HBSS and incubated at 37°C for 30
minutes with 5uM calcium dye Fluo-4-AM (in HBSS). Following incubation, the cells (0.5
x 106 or 1 x 106) were washed twice with HBSS, resuspended in 2ml HBSS, and incubated
at room temperature for 20 minutes to allow for de-esterification of the dye. The emission
at 516nm was determined using an excitation wavelength of 494nm (QuantaMaster 8000)
and intracellular calcium concentration was calculated using the equation: [Caj, 2*] = Kq %
([F = Fmin])/ ([Fmax —F]) where K is the affinity of the dye for calcium, F is the initial
fluorescence measured, Fmin is the fluorescence measured in absence of calcium following
treatment with 10mM EGTA, and Fmax is the fluorescence measured when calcium is
saturated with the dye using 1% Triton-X.

Quantitative real-time reverse transcription-PCR

As described above, MCF7 cells were plated in IMEM containing phenol red and
supplemented with 5% FBS. When 70% confluent, the media was changed to phenol

red free IMEM supplemented with 5% CCS for 48 hours. MCF7-2A and LCC9 cells

were plated in phenol red free IMEM supplemented with 5% CCS. Cells were treated

with methoxyverapamil (75uM) and/or mibefradil (5uM) in the absence and presence

of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or ICI-182,780 (100nM). RNA was
isolated using the Trizol method and residual DNA was degraded with DNasel (Invitrogen).
For the reverse transcriptase reaction, each 50pL reaction contained 10uL of M-MLV

RT 5x buffer (Promega), 11uL 25 mM MgCl,, 10uL deoxynucleotide triphosphates

(Applied Biosystems), 2.5uL random hexamers, 1uL RNase inhibitor, 1.25uL MuLV reverse
transcriptase, and 1pug RNA. The mixture was incubated in a thermal cycler for 10 minutes at
25°C, 30 minutes at 48°C, and 5 minutes at 95°C. For the real-time PCR reaction, each 10uL
reaction contained 5.0uL Universal Master Mix, 0.5uL of 20x Assay on Demand (Applied
Biosystems), and 4.5uL cDNA. Samples were run on the 7900HT (Fast Real-Time PCR
System (Applied Biosystems) and the data were analyzed by the 2-22Ct method using the
SDS 2.3 software (Applied Biosystems).

Cell growth assays

For growth assays, MCF7-2A and LCC9 cells were grown and seeded at a density of 20,000
and 50,000 cells/well, respectively, in 12 well plates containing 1ml of phenol red free
IMEM supplemented with 5% CFBS. After 24 hours, the cells were treated in triplicate

and allowed to grow for 4 days. Cells were rinsed with PBS, trypsinized, and counted

with a Coulter counter. MCF7 cells were seeded at a density of 20,000 cells/well in 96
wells containing 0.2 ml of phenol red free IMEM with 5% CCS. After 48 hours, the cells

Int J Cancer. Author manuscript; available in PMC 2022 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cyrus et al.

Page 5

were treated and allowed to grow for 4 days. Cells were rinsed with PBS and stained with
0.5% wi/v crystal violet (25% methanol: 75% water; Sigma-Aldrich) for 10 minutes with
continuous shaking at room temperature. The cells were washed 3 times with deionized
water and allowed to dry overnight. Sodium citrate buffer (0.1M in 50% ethanol: 50% water;
Sigma-Aldrich) was added and the plates were shaken for 5 minutes at room temperature.
The absorbance at 560 nm was read on a plate reader.

Statistical analysis

Results

All statistical analyses were performed in Prism 6.0 (GraphPad, San Diego, CA). Data are
presented as the mean + standard error of the mean (SEM). Statistical differences were
evaluated by ANOVA followed by Fishers LSD test using PRISM. Statistical significance
was defined as a Pvalue of < 0.05. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Expression of calcium channels and concentration of intracellular calcium in hormone
independent and resistant breast cancer cells

To address whether dysregulation of calcium homeostasis and consequently activation of
ERa by the metal contribute to hormone independence and resistance, the expression

of calcium channels and the concentration of intracellular calcium were measured in
hormone independent and resistant variants of the breast cancer cells, MCF-7. MCF-7

is a hormone dependent cell line that requires estradiol for growth (12). MFC7-2A cells

are a hormone independent variant of MCF-7 cells that were selected for growth in the
absence of estradiol (13). MFC7/LCC9 cells are a hormone resistant variant of MCF-7
cells. LCC9 cells were selected for growth in the absence of estradiol and subsequently
selected for growth in the presence of the pure antiestrogen fulvestrant (ICI1-182,780;

ICI) (14), also referred to as a selective estrogen receptor degrader (SERD). In addition

to resistance to ICI-182,780, LCC9 cells are also resistant to the antiestrogen 4-hydroxy
tamoxifen (Tam) known for its selective estrogen receptor modulator (SERM) activity (14).
To ask whether acquisition of hormone independence and resistance was due to perturbation
in calcium homeostasis, the concentration of intracellular calcium was measured in the
MCF-7 variants (Table 1). In the parental MCF-7 cells, the intracellular concentration of
calcium was approximately 188.92nM consistent with our previous report (7). In contrast
to MCF-7 cells, the hormone independent and resistant variants had an approximately 1.8-
to 2.2-fold higher concentration of intracellular calcium. In MCF7-2A and LCC9 cells, the
concentration of calcium was approximately 378.65nM and 338.24nM, respectively, similar
to the binding affinity of calcium for ERa (K4 = ~500nM +/- 160nM) (7). To identify the
calcium channels that contribute to the elevated concentrations of intracellular calcium, the
expression of L- and T-type calcium channels as well as other calcium channels that are
associated with breast cancer was measured (Table 1). Compared to MCF-7 cells, MCF7-2A
cells overexpressed the L-type calcium channel 1C (CANALC; ~ 6.9-fold) and the T-type
calcium channel 1G (CCANALG; ~ 2.1-fold). The LCC9 cells overexpressed the T-type
calcium channel 1G (~ 3.4-fold), the transient receptor potential calcium channels TRPM8
(~2.5-fold) and TRPV6 (~2.3-fold), and the purinergic receptor P2RX6 (~3-fold). The
association between the acquisition of hormone independence, overexpression of calcium
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channels, and elevation of intracellular calcium to concentrations similar to the binding
affinity of calcium for ERa suggests that the overexpression of calcium channels and high
concentrations of intracellular calcium contribute to the hormone independent and resistant
phenotype of breast cancer cells.

Effects of calcium channel blockers in the hormone independent breast cancer cells

MCF7-2A

To determine whether calcium channel blockers reverse the hormone independent
phenotype, MCF7-2A cells were treated with methoxyverapamil and mibefradil and the
effects on the concentration of intracellular calcium, gene expression, and hormone
independent growth were measured. Methoxyverapamil and mibefradil are clinically

used calcium channel blockers that block both L- and T-type calcium channels.
Methoxyverapamil is a nonspecific calcium channel blocker that has greater specificity

for L-type channels (K;/ICsgq for L-type channels approximately 10-16puM; K;/ICsgq for
T-type channels approximately 100uM) (15,16) and mibefradil has greater specificity

for T-type channels (Ki/ICgq for T-type channels approximately 1uM; K;/ICsq for L-

type channels approximately 10-50uM) (16,17). To ask whether the channel blockers
decrease the concentration of intracellular calcium, MCF-7 and MCF7-2A cells were
treated for 72 hours with methoxyverapamil (75uM) and/or mibefradil (5uM) in the
absence and presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or IC1-182,780
(100nM) and the concentration of intracellular calcium was measured (Figure 1A & C).
Treatment of MCF7-2A cells with mibefradil or methoxyverapamil plus mibefradil reduced
the concentration of intracellular calcium from approximately 378.65nM to 241.39nM
(p<0.05) and 266.93nM (p<0.01), respectively, but treatment with methoxyverapamil had
no significant effect on the concentration of calcium (313.9nM). Treatment of MCF7-2A
cells with tamoxifen or IC1-182,780 also reduced the concentration of intracellular calcium
to approximately 249.0nM (p<0.05) and 214.57nM (p<0.01), respectively, and treatments
that combined 1CI-182,780 with methoxyverapamil, mibefradil or methoxyverapamil plus
mibefradil reduced the concentrations of calcium to approximately 182.5nM (p<0.001),
190.7nM (p<0.001), and 224.1nM (p<0.01), respectively. Treatment that combined
tamoxifen with mibefradil or methoxyverapamil plus mibefradil reduced the concentration
of calcium to 194.5nM (p<0.001) and 195.9nM (p<0.001), respectively, however, treatment
that combined tamoxifen with methoxyverapamil had no significant effect on the
concentration of intracellular calcium (410.6nM). In contrast to MCF7-2A cells where
treatment with methoxyverapamil plus mibefradil significantly reduced the concentration
of intracellular calcium, treatment of MCF-7 cells with both channel blockers had no
significant effect on the concentration of intracellular calcium (188.92 vs 190.17nM; Figure
1C).

Compared to MCF-7 cells, MCF7-2A cells also overexpress the estrogen responsive genes
progesterone receptor (PgR; ~11-fold; data not shown) and trefoil factor 1 (pS2; ~5-fold;
data not shown). To determine whether elevated concentrations of intracellular calcium
contribute to hormone independent activation of ERa and expression of ERa regulated
genes, MCF7-2A cells were treated with methoxyverapamil (75uM) and/or mibefradil
(5uM) in the absence and presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM)
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or IC1-182,780 (100nM) and the expression of progesterone receptor (Figure 2A) and pS2
(Figure 3A) was measured at 48 and 72 hours. Treatment with estradiol increased the
expression of progesterone receptor and pS2 by approximately 2- to 3-fold (p<0.00001) and
treatment with 1CI-182,780 decreased expression by approximately 80% to 90%. Treatment
with tamoxifen had no effect on the expression of pS2 and increased the expression of
progesterone receptor by 2-fold (p<0.05) consistent with its SERM like activity. Treatment
with either methoxyverapamil or mibefradil had no effect on the expression of progesterone
receptor or pS2 but consistent with the overexpression of both the L- and T-type channels,
treatment with methoxyverapamil plus mibefradil decreased expression by approximately
50% and 60%, respectively. Treatment that combined the channel blockers with tamoxifen
or ICI-182,780 did not inhibit the estrogen like activity of tamoxifen or further enhance the
antiestrogen like activity of 1CI-182,780. To ask whether calcium channel blockers interfere
with the function of ERa, the cells were treated with estradiol and methoxyverapamil,
mibefradil, or methoxyverapamil plus mibefradil. Treatment with the channel blockers did
not inhibit estradiol induction of progesterone receptor or pS2 suggesting that the calcium
channel blockers do not interfere with the function of ERa. As a control, MCF-7 cells

were treated with methoxyverapamil (75uM) and/or mibefradil (5uM) in the absence and
presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or 1CI-182,780 (100nM) in
hormone free media. The expression of progesterone receptor (Figure 2C) and pS2 (Figure
3C) was measured at 48 and 72 hours. In the absence of estradiol, MCF-7 cells have
undetectable expression of progesterone receptor and low expression of pS2. Treatment with
methoxyverapamil and/or mibefradil, 4-hydroxytamoxifen, or ICI-182-780 had no effect
on the expression of progesterone receptor and pS2 but treatment with estradiol increased
expression by 22- to 27-fold and 5-fold, respectively. Treatment with the calcium channel
blockers did not interfere with the ability of estradiol to increase gene expression. The
ability of methoxyverapamil plus mibefradil to decrease the concentration of intracellular
calcium and the expression of progesterone receptor and pS2 in MCF7-2A cells but not
interfere with the function of ERa suggests that blocking the influx of calcium reduces the
concentration of intracellular calcium and reverses the activation of the receptor.

To ask whether the calcium channel blockers reverse hormone independent growth,
MCF7-2A cells were treated with methoxyverapamil (75uM) and/or mibefradil (5uM) in the
absence and presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or ICI-182,780
(100nM) and growth was measured on day 4 (Figure 4A). As expected, MCF7-2A cells
were hormone independent; there was an approximately 10- and 9.5-fold increase in the
number of cells in the absence or presence of estradiol, respectively. Treatment with
tamoxifen or 1CI-182,780 reduced cell growth by approximately 50% (p<0.001) and

80% (p<0.0001), respectively. Treatment with methoxyverapamil or mibefradil reduced
growth by approximately 40% (p<0.05) and 50% (p<0.001), respectively, and treatment
that combined methoxyverapamil and mibefradil reduced growth by approximately 80%
(p<0.0001), consistent with the overexpression of both L- and T-type channels. Compared
to treatment with tamoxifen, methoxyverapamil, or mibefradil, treatment that combined
tamoxifen with methoxyverapamil, mibefradil, or methoxyverapamil plus mibefradil further
reduced growth by approximately 70% (p<0.001), 80% (p<0.001), and 90% (p<0.0001),
respectively. However, treatment that combined 1CI-182,780 with methoxyverapamil,
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mibefradil, or methoxyverapamil plus mibefradil did not further reduce cell growth
(approximately 80%, 90%, and 90% reduction, respectively) compared to treatment with
ICI-182,780. The MCF-7 cells were also treated with methoxyverapamil (75uM) and/or
mibefradil (5uM) in the absence and presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen
(1uM) or ICI-182,780 (100nM) and growth was measured on day 4 (Figure 4B). Treatment
with methoxyverapamil and/or mibefradil, 4-hydroxytamoxifen, or 1C1-182-780 had no
effect on cell growth but treatment with estradiol increased growth by approximately 2.6-
fold. Treatment with the calcium channel blockers did not interfere with the ability of
estradiol to increase growth. Taken together, the overexpression of calcium channels and the
ability of calcium channel blockers to decrease the concentration of intracellular calcium,
block the expression of estrogen responsive genes, and inhibit hormone independent growth
in the MCF7-2A cells suggest that high concentrations of intracellular calcium contribute to
the hormone independent phenotype due, in part, to the ability of calcium to activate ERa..

Effects of calcium channel blockers in the hormone resistant breast cancer cells MCF7/

LCCo.

To ask whether intracellular calcium also contributes to the hormone resistant phenotype,
LCC9 cells were also treated with calcium channel blockers and the effects on the
concentration of intracellular calcium, gene expression, and cell growth were measured.
To ask whether the calcium channel blockers decrease the concentration of intracellular
calcium, LCC9 cells were treated for 72 hours with methoxyverapamil (75uM) or
mibefradil (5uM) in the absence and presence of 17p-estradiol (1nM), 4-hydroxy
tamoxifen (1uM) or ICI-182,780 (100nM) and the concentration of intracellular calcium
was measured (Figure 1B). Treatment with methoxyverapamil or methoxyverapamil
plus mibefradil reduced the concentration of intracellular calcium from 338.24nM to
202.22 (p<0.05) and 225.26nM, respectively, but treatment with mibefradil had no effect
on the concentration of calcium (337.6nM). Treatment with tamoxifen or 1CI-182,780
reduced the concentration to 244.58 and 234.20nM, respectively. Treatment that combined
ICI-182,780 with methoxyverapamil, mibefradil, or methoxyverapamil plus mibefradil
reduced the concentration of calcium to approximately 179.30nM (p<0.01), 178.1nM
(p<0.01), and 91.7nM (p<0.001), respectively, and treatment that combined tamoxifen
with methoxyverapamil, mibefradil, or methoxyverapamil plus mibefradil reduced the
concentration of calcium to approximately 139.7nM (p<0.05), 135.2nM (p<0.05), and
89.95nM (p<0.001), respectively.

Compared to MCF-7 cells, LCC-9 cells overexpress progesterone receptor (~2.7-fold;

data not shown) but do not overexpress pS2 (data not shown). To ask whether elevated
concentrations of intracellular calcium activate ERa in the hormone resistant cells, the
LCC-9 cells were treated for 24, 48, or 72 hours with methoxyverapamil (75uM) and/or
mibefradil (5uM). Cells were also treated with the calcium channel blockers in the absence
and presence of 17p-estradiol (1nM), 4-hydroxy tamoxifen (1uM) or 1CI-182,780 (100nM)
(Figure 2B). Treatment with estradiol increased the expression of progesterone receptor

by approximately 1.8-fold at 48 hours but not at 24 and 72 hours while treatment with
tamoxifen, 1CI-182,780, methoxyverapamil, or mibefradil had no significant effect on

the expression of progesterone receptor. However, treatment with both channel blockers
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decreased expression of progesterone receptor by approximately 46% and 76% (p<0.05) at
48 and 72 hours, respectively. Although treatment with an antiestrogen or a calcium channel
blocker had no significant effect on the expression of progesterone receptor, treatment that
combined tamoxifen and methoxyverapamil decreased expression by approximately 64%
(p<0.05) and treatment that combined 1CI-182,780 with mibefradil decreased expression

by approximately 37% to 48% suggesting that the calcium channel blocker sensitized the
resistant cells to the antiestrogen. The effects of channel blockers were reversed by estradiol
again demonstrating that the channel blockers do not interfere with the function of ERa.

To ask whether elevated concentrations of intracellular calcium also contribute to hormone
resistant growth, LCC9 cells were treated for four days with methoxyverapamil (10uM to
100pM) or mibefradil (1uM to 10uM) in the absence and presence of 17p-estradiol (1nM),
4-hydroxy tamoxifen (1uM) or ICI-182,780 (100nM) and growth was measured (Figure 5).
As expected, LCC9 cells are hormone independent and resistant and grow in the absence and
presence of estradiol, tamoxifen, or ICI-182,780 (Figure 5B). In the absence of estradiol,
there was an approximately 5-fold increase in cell growth and in the presence of estradiol,
tamoxifen, or ICI-182,780, there was a similar increase in growth (~6.6-, 3.8-, and 3.6-fold
increase, respectively). Treatment with 75uM, 90uM and 100uM of methoxyverapamil
reduced cell growth by approximately 40% (p<0.05), 46% (p<0.001) and 65% (p<0.001),
respectively, while treatment with 3uM, 5uM, 7.5uM, and 10uM of mibefradil reduced

cell growth by approximately 35% (p<0.05), 56% (p<0.01), 80% (p<0.0001), and 94%
(p<0.0001), respectively (Figure 5A). To ask whether calcium channel blockers reverse
hormone resistant growth, the cells were treated with tamoxifen or ICI1-182,780 and
concentrations of methoxyverapamil (75uM) or mibefradil (5uM) that reduce cell growth
by approximately 40%. Treatment with mibefradil decreased growth by approximately
43% (p<0.01) and treatment that combined mibefradil with tamoxifen decreased growth by
approximately 50% (p<00.001) while treatment that combined mibefradil with 1CI-182,780
decreased growth by approximately 60% (p<0.001). Treatment with methoxyverapamil
also decreased growth by approximately 45% (p<0.01) and treatment that combined
methoxyverapamil with tamoxifen or 1C1-182,780 decreased growth by approximately 65%
(p<0.001) and 70% (p<0.001), respectively (Figure 5B), further suggesting the calcium
channel blocker sensitized the resistant cells to the antiestrogens. The association between
hormone resistance, overexpression of calcium channels, and increased concentrations

of intracellular calcium and the ability of calcium channel blockers to decrease the
concentration of intracellular calcium, expression of an estrogen responsive gene, and
growth suggests that calcium contributes to hormone resistance due, in part, to activation of
ERa. The combined effects of calcium channel blockers and antiestrogens further suggests
that calcium channel blockers reverse hormone resistance.

Discussion

The mechanisms responsible for resistance are not completely understood. Our previous
study showed that in the hormone dependent MCF-7 cells, calcium activates ERa. (7). The
results of this study show that hormone independent and resistant cells overexpress calcium
channels; have elevated concentrations of intracellular calcium; overexpress estrogen
responsive genes; and as expected, grow in the absence of estradiol and that treatment with
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calcium channel blockers decreases the concentration of intracellular calcium, expression

of estrogen responsive genes, and cell growth in hormone independent cells and treatment
combining a calcium channel blocker with an antiestrogen reverses resistance in hormone
resistant cells suggesting that hormone independence and resistance may be due, in part, to
the overexpression of calcium channels, increase in intracellular calcium, and the subsequent
activation of ERa and that treatment with calcium channel blockers may reverse hormone
independent and resistant breast cancer.

Estrogen receptor-a is a ligand inducible transcription factor that belongs to the superfamily
of nuclear receptors (18). It is divided into regions A through F (19). The A/B region
contains the AF-1 domain that plays a role in activation of the receptor; region C is the DNA
binding domain that contains two zinc fingers; region D is the region between the DNA
binding domain and the ligand binding domain; and region E is the ligand binding domain
that contains the ligand binding pocket, a dimerization domain, and the AF-2 domain that is
responsible for ligand dependent activation of the receptor. Similar to other nuclear receptors
(20-24), the LBD of ERa contains 11 a-helices (H1, H3-H12) folded into a three layered
antiparallel a-helical sandwich. The central core of the LBD contains the ligand binding
pocket that is formed by helices H5/6, H9, and H10 sandwiched between two layers of
helices composed of H1-4, H7, H8, and H11 and flanked by H12. Based upon the crystal
structure of the apo- and holo-RXR-a (20,25), it has been proposed that upon binding of
estradiol in the pocket, helix H11 is repositioned and forms a continuous bent helix with
helix H10. Together with helices H8 and H9, helix H10/H11forms the dimerization domain.
In addition to formation of the dimerization domain, the repositioning of helix H11 results
in the repositioning of helix H12 over the binding pocket which entraps the hormone.
Together with helices H3, H4, and H5, helix H12 forms the AF-2 domain, the binding site
for coactivators. In addition to inducing major structural changes, estradiol interacts with
hydrophobic amino acids on helices H3, H5, H7, and H11 and in the turn between the
B-sheets (21,23,24) resulting in one to two additional turns at the ends of helices H3, H8,
H11 and H12 (23). Calcium is a ligand of ERa that also binds to the LBD and activates the
receptor. In contrast to estradiol that binds inside the pocket, calcium binds to four sites on
the aqueous surface of the LBD (7). One site is located at the interface of helices H10 and
H11; the second site is located at the C-terminal end of helix H11 and in loop 11-12; the
third site is located at the N-terminal end of helix H12; and the fourth site is located at the
bend between helices H4 and H5. In proteins, metals such as calcium have several functions
including the formation and stabilization of protein structure. Although the mechanism by
which calcium activates ERa in the absence of estradiol is not completely understood, the
identification of calcium binding sites at the ends of helices H10, H11, and H12 suggests
that, similar to estradiol, one of the functions of calcium is to alter and/or stabilize the ends
of the a-helical structures of the LBD (26) thereby promoting a conformational change

that results in the formation of the dimerization and AF-2 domains. More specifically, the
interaction of calcium at the interface of helices H10 and H11 would promote the formation
of the dimerization domain while the interaction of calcium at the C-terminal end of helix
H11 and in loop 11-12 and at the N-terminal end of helix H12 would stabilize additional
turns in helices H11 and H12 that would shorten and/or induce a conformational change

in loop 11-12 resulting in the repositioning of helix H12 over the binding pocket and the
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formation of the AF-2 domain. Additionally, the interaction of calcium at the interface of
helices H4 and H5 would induce a kink in the helix formed by helices H4/H5 to facilitate
the binding of coactivators (23). The mechanism by which calcium contributes to hormone
resistance is also not understood. The ability of estradiol to activate ERa by binding in the
ligand binding pocket of the LBD and calcium to activate the receptor by binding to sites
on the outer surface of the LBD suggests that tamoxifen and 1C1-182,780 are competitive
inhibitors of estradiol but noncompetitive inhibitors of calcium. Hormone resistance may be
due, in part, to the interaction of calcium with sites on the aqueous surface of the LBD that
repositions helix H12 over the binding pocket and prevents the antiestrogen from entering
the pocket. Consistent with this model, treatment of the hormone resistant MCF7/LCC9
cells with an antiestrogen did not decrease expression of the estrogen responsive gene or cell
growth; treatment with a calcium channel blocker decreased gene expression and growth;
and treatment that combined a calcium channel blocker with an antiestrogen decreased gene
expression and growth more than treatment with just the calcium channel blocker. Although
the proposed model of hormone resistance suggests that the combined effects of a calcium
channel blocker and antiestrogen are due to the ability of calcium to activate ERa, it is

also possible that the calcium channel blockers act independently of ERa, e.g., elevated
concentrations of intracellular calcium are necessary for cell cycle progression through late
G1 and mitosis. This proposed model of hormone resistance remains to be tested.

Calcium may also contribute to the SERM like activity of tamoxifen. Selective estrogen
receptor modulators are estrogen receptor ligands that exhibit antiestrogen like activity in
some tissues but estrogen like activity in other tissues. Tamoxifen is a SERM that exhibits
antiestrogen like activity in breast tissue but estrogen like activity in bone, uterus, and some
breast tumors. The estrogen like activity of tamoxifen has been attributed to differences

in tissue specific regulation of target genes, the relative expression of coactivators and
corepressors, and tamoxifen induced structural changes in ERa (27,28). In addition to its
interaction with ERa., tamoxifen increases the concentration of intracellular calcium by
increasing calcium release from the endoplasmic reticulum and influx from the extracellular
medium (29-32). The ability of tamoxifen to increase intracellular calcium may contribute
to its SERM like activity and provide an explanation for its estrogen like activity in the
MCF7-2A cells.

Calcium homeostasis is tightly regulated by influx through voltage operated calcium
channels, ligand activated channels, and store activated channels; release and uptake by
intracellular organelles; and efflux through pumps and exchangers. There is increasing
evidence from population studies linking breast cancer with the loss of calcium

homeostasis (reviewed in (11)). In a meta-analysis of microarray datasets of breast tumors,
overexpression of the L-type calcium channels C and D, the T-type channels G and I,

and the N-type channel B is associated with invasive breast cancer (33). In addition to
overexpression of membrane potential operated channels, overexpression of ligand activated
channels is associated with the disease. Overexpression of TRPM7 and TRPV®6 is associated
with poorly differentiated and aggressive tumors, respectively, (34—36) and overexpression
of the calcium sensing receptor is associated with metastatic disease. In addition to calcium
channels, overexpression of the ryanodine receptor is associated with tumor grade (37).
There is also evidence that women with hypercalcemia, hypercalcemia associated with
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hyperparathyroidism, or idiopathic hypercalciurea have a higher risk of developing breast
cancer and women with breast cancer associated hypercalcemia have a poor prognosis and
metastatic disease (38-41).

Although the causal link between dysregulation of calcium homeostasis and hormone
independent and resistant breast cancer remains to be established, the results of the present
study show that hormone independent and resistant breast cancer cells overexpress calcium
channels, have high concentrations of intracellular calcium, and overexpress estrogen
responsive genes. In hormone independent cells, treatment with calcium channel blockers
decreased the concentration of intracellular calcium, expression of estrogen responsive
genes, and cell growth. In hormone resistant cells, treatment with calcium channel blockers
also decreased the concentration of intracellular calcium, expression of estrogen responsive
genes, and growth and treatment that combined a calcium channel blocker with an
antiestrogen reversed resistance to the antiestrogen. Taken together, the results suggest that
calcium channels may be potential targets for the treatment of hormone independent and
resistant breast cancer.
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Novelty and Impact:

The results of this study suggest a potential role for calcium channel blockers in the
treatment of hormone independent and resistant breast cancer.
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One-third of oestrogen receptor-positive breast tumours fail to respond to or become
resistant to hormonal therapy, due to mechanisms that remain to be fully understood.
Here, hormone-independent and resistant breast cancer cells were found to overexpress
calcium channels. The cancer cells’ high concentration of intracellular calcium,
overexpression of estrogen-responsive genes, and growth in the absence of estradiol
were decreased by calcium channel blockers. In hormone-resistant cells, treatment that
combined a calcium channel blocker with an antiestrogen reversed resistance. The
results suggest a potential role for calcium channel blockers in the treatment of hormone-
independent and resistant breast cancer.
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Figure 1.

Effects of calcium channel blockers on the concentration of intracellular calcium

MCF7-2A and MCF7/LCC9 cells were grown in phenol red free IMEM supplemented with
5% CFBS. MCF-7 cells were grown in phenol red containing IMEM supplemented with
10% fetal bovine serum; prior to treatment, the media of MCF-7 cells was changed to phenol
red free IMEM containing 5% CCS for 48 hours. Cells were treated for 72 hours with
methoxyverapamil (MV; 75 uM) and/or mibefradil (MF; 5 uM) in the absence and presence
of 17p-estradiol (E2; 1 nM), 4-hydroxy tamoxifen (TAM; 1 uM), or ICI-182,780 (ICl; 100
nM). To quantify the concentration of intracellular calcium, the cells were trypsinized and
incubated for 20 minutes with 5 uM Fluo-4-AM. The emission at 516 nm was determined
using an excitation wavelength of 494 nm and the concentration of intracellular calcium was
calculated using the equation: [Caj, 2] = Kq x ([F = Fmin])/ ([Fmax —F]) where Ky is the
affinity of the dye for calcium. Data are the mean £ SEM (n = 3). *, p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001. panel A, MCF7-2A cells; panel B, MCF7/LCC9 cells; panel
C, MCF-7 cells.
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Figure 2.

Effects of calcium channel blockers on the expression of progesterone receptor

MCF7-2A and MCF7/LCC9 cells were grown in phenol red free IMEM supplemented with
5% CFBS. MCF-7 cells were grown in phenol red containing IMEM supplemented with
10% fetal bovine serum; prior to treatment, the media of MCF-7 cells was changed to
phenol red free IMEM containing 5% CCS for 48 hours. The cells were treated for 24,

48 or 72 hours with methoxyverapamil (MV; 75 pM) and/or mibefradil (MF; 5 uM) in the
absence and presence of 17p-estradiol (E2; 1 nM), 4-hydroxy tamoxifen (TAM; 1 pM), or
ICI-182,780 (ICI; 100 nM). RNA was isolated. The amount of PgR mRNA was measured
using a quantitative real time-PCR assay and normalized to the expression of ribosomal
large protein PO (RPLPO) mRNA using the 2722Ct method. Data are presented as fold
change compared to control. (mean £ SEM; n = 3; *, p<0.05; **, p<0.01; ***, p<0.001;
**x* p<0.0001; a, 24 hours; b, 48 hours; ¢, 72 hours). panel A, MCF7-2A cells; panel B,
MCF7/LCC9 cells; panel C, MCF-7 cells.
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Figure 3.
Effects of calcium channel blockers on the expression of pS2

MCF7-2A cells were grown in phenol red free IMEM supplemented with 5% CFBS. MCF-7
cells were grown in phenol red containing IMEM supplemented with 10% fetal bovine
serum; prior to treatment, the media of MCF-7 cells was changed to phenol red free

IMEM containing 5% CCS for 48 hours. The cells were treated for 48 or 72 hours with
methoxyverapamil (MV; 75 uM) and/or mibefradil (MF; 5 uM) in the absence and presence
of 17p-estradiol (E2; 1 nM), 4-hydroxy tamoxifen (TAM; 1 uM), or ICI-182,780 (ICl; 100
nM). RNA was isolated. The amount of pS2 mRNA was measured using a quantitative real
time-PCR assay and normalized to the expression of ribosomal large protein PO (RPLPO)
mRNA using the 2724Ct method. Data are presented as fold change compared to control.
(mean £ SEM; n = 3; a, 48 hours; b, 72 hours; *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001). panel A, MCF7-2A cells; panel B, MCF-7 cells.
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Figure 4.
Effects of calcium channel blockers on the growth of MCF7-2A and MCF-7 cells

MCF7-2A cells were grown in phenol red free IMEM supplemented with 5% CFBS. MCF-7
cells were grown in phenol red containing IMEM supplemented with 10% FBS; the media
of MCF-7 cells was changed to phenol red free IMEM containing 5% CCS for 48 hours
prior to treatment. The cells were not treated (control; C) or treated with methoxyverapamil
(MV; 75 pM) and/or mibefradil (MF; 5 pM) in the absence and presence of 17p-estradiol
(E2; 1 nM), 4-hydroxy tamoxifen (TAM; 1 uM), or ICI-182,780 (ICI; 100 nM) for four days
beginning on day 1. The number of cells was determined using a coulter counter. Data are
presented as fold change compared to day 1. (mean £ SEM, n = 3; *, p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001). panel (A), MCF7-2A; panel B, MCF-7 cells.
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Figure 5.
Effects of calcium channel blockers on the growth of MCF7/LCC9 cells

MCF7/LCC9 cells were grown in phenol red free IMEM supplemented with 5% CFBS.
The cells were not treated (control; C) or treated with methoxyverapamil (MV; 10-100 yuM)
or mibefradil (MF; 1-10 pM) (panel A) or with methoxyverapamil (MV; 75 pM) and/or
mibefradil (MF; 5 uM) in the absence and presence of 17g-estradiol (E2; 1 nM), 4-hydroxy
tamoxifen (TAM; 1 uM), or ICI-182,780 (ICI; 100 nM) (panel B) for four days beginning
on day 1. The number of cells was determined and the data are presented as fold change
compared to day 1. (mean + SEM, n = 3; *, p<0.05; **, p<0.01; ***, p<0.001; ****
p<0.0001)
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Table 1.

Intracellular calcium and calcium channels in hormone independent and resistant breast cancer cells.
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[Cali,
nM (+/
-SEM)

CACNALC

CACNAI1D

CACNALG

CACNA1H

TRPC6

TRPM7

TRPMS8

TRPV6

P2RX6

MCF-7

188.92
+/-21.5

MCF7-2A

378.65
+/-27.7

1.67

1.51

0.47

1.08

0.37

1.35

MCF7/

LCC9

338.24
+/-47.2

0.71

1.56

3.39

0.58

0.32

0.46

251

2.34

3.01

MCF7-2A and MCF7/LCC9 cells were grown in phenol red free IMEM supplemented with 5% CFBS. MCF-7 cells were grown in phenol red
containing IMEM supplemented with 10% fetal bovine serum; prior to measurements, the media of MCF-7 cells was changed to phenol red free
IMEM containing 5% CCS for 48 hours. To quantify the concentration of intracellular calcium, the cells were trypsinized and incubated for 20
minutes with 5 uM Fluo-4-AM. The emission at 516 nm was determined using an excitation wavelength of 494 nm and the concentration of

intracellular calcium was calculated using the equation: [Caijn 2+] =Kd x ([F - Fmin])/ ([Fmax —F]) where K{ is the affinity of the dye for

calcium. Data are the mean + SEM (n = 3). To determine the expression of calcium channels, the amount of CACNA1-C, -D, -G, - H; TRPCS;
TRPM-7, -8; TRPV6; and P2RX6 mRNA was measured using a quantitative real time-PCR assay and normalized to the amount of ribosomal large

protein PO (RPLPO) mRNA using the 2~ DACt method. Data are presented as fold change compared to MCF-7 cells, (mean + SEM; n = 3).
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