
Abstract. We have previously demonstrated that prolonged
treatments with raloxifene (RAL) in vitro will result in phase
II RAL resistance and RAL-induced tumor growth. Clinical
interest prompted us to re-examine RAL resistance in vivo,
particularly the effects of long-term treatments (a decade or
more) on the evolution of RAL resistance. In this study, we
have addressed the question of this being a reproducible
phenomenon in wild-type estrogen receptor (ER)-positive
human breast cell line MCF-7. MCF-7 cells cultured under
estrogen-deprived conditions in the presence of 1 μM RAL
for more than a year develop RAL resistance resulting in an
independent cell line, MCF7-RAL. The MCF7-RAL cells
grow in response to both estradiol E2 and RAL. Fulvestrant
(FUL) blocks RAL and E2-mediated growth. Transplantation of
MCF7-RAL cells into athymic ovariectomized mice and treat-
ment with physiologic doses of E2 causes early E2-stimulated
tumor growth. In contrast, continuous treatment of implanted
animals with daily oral RAL (1.5 mg daily) causes growth of
small tumors within 15 weeks. Continuous re-transplantation
of the tumors growing in RAL-treated mice indicated that
RAL stimulated tumor growth. Tumors in the untreated mice
did not grow. Bi-transplantation of MCF7-E2 and MCF7-
RAL tumors into the opposing mammary fat pads of the
same ovariectomized animal demonstrated that MCF7-E2

grew with E2 stimulation and not with RAL. Conversely,
MCF7-RAL tumors grew with RAL and not E2, a characte-
ristic of phase II resistance. Established phase II resistance of
MCF7-RAL tumors was confirmed following up to 7 years
of serial transplantation in RAL-treated athymic mice. The
ER· was retained in these tumors. The cyclical nature of
RAL resistance was confirmed and extended during a 2-year
evolution of the resistant phases of the MCF7-RAL tumors.
The MCF7-RAL tumors that initially were inhibited by E2

grew in the presence of E2 and subsequently grew with either
RAL or E2. RAL remained the major grow stimulus and RAL
enhanced E2-stimulated growth. Subsequent transplantation
of E2 stimulated tumors and evaluations of the actions of
RAL, demonstrated robust E2-stimulated growth that was
blocked by RAL. These are the characteristics of the anti-
estrogenic actions of RAL on E2-stimulated breast cancer
growth with a minor component of phase I RAL resistance.
Continuous transplantation of the phase I RAL-stimulated
tumors for >8 months causes reversion to phase II resistance.
These data and literature reports of the cyclical nature of
anti-androgen/androgen responsiveness of prostate cancer
growth, illustrate the generality of the evolution of anti-
hormonal resistance in sex steroid-sensitive target tissues.

Introduction

Selective estrogen receptor (ER) modulators (SERMs) are
compounds that bind to the ER and based on tissue specifi-
city, act as agonists or antagonists (1). Tamoxifen (TAM),
the first SERM, is a proven agent for treatment of breast cancer
(2) and breast cancer chemoprevention (3,4). Laboratory
studies during the 1980s demonstrated that long-term
tamoxifen treatment stimulated the growth of ER-positive
MCF-7 breast tumors in vivo (5,6). This unique form of
acquired resistance to a cancer therapy raised clinical concerns
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about extending adjuvant tamoxifen therapy. However, the
risk of developing endometrial cancer during the use of tamo-
xifen for chemoprevention of breast cancer (4) prompted the
examination of other compounds that would capitalize on the
gains in breast cancer prevention made with tamoxifen but
with a superior safety profile.

Raloxifene (also known as keoxifene or LY156,758) (7),
a second generation SERM, inhibits the growth of 7,12-
dimethylbenzanthracene (DMBA)-induced tumors in rats (8),
prevents the development and growth of estrogen-dependent
N-nitrosomethylurea (NMU)-induced mammary carcinoma
in rats (9) and maintains bone density in ovariectomized rats
(10). The recognition that non-steroidal anti-estrogens like
tamoxifen and raloxifene selectively exhibited estrogen-like
effects in bone and anti-estrogenic effects in breast and
mammary tissue (9,10) suggested a new strategy to prevent
breast cancer by treating post-menopausal women to prevent
and treat osteoporosis and prevent breast cancer at the same
time (11).

The clinical finding that patients treated with raloxifene
to improve bone density (12) exhibited significant decrease
in the rates of breast cancer (13), provided a clinical proof of
the laboratory principle and demonstrated raloxifene's
potential as a breast cancer chemopreventive agent. Data
from the study of tamoxifen and raloxifene (STAR) trial
(14), which directly compared raloxifene to tamoxifen for
breast cancer chemoprevention, indicated that raloxifene has
similar chemopreventive properties as tamoxifen but with a
significantly better safety profile. A subsequent clinical trial
(15) examining the effects of raloxifene on coronary heart
disease (CHD) did not achieve its goals but confirmed the
role of raloxifene as a breast cancer chemoprevention agent
with no increase in endometrial cancer. The evaluation by
Martino and coworkers (16) that long-term raloxifene treat-
ment for the prevention of osteoporosis does not increase
endometrial cancer but maintains an inhibiting effect on
breast cancer incidence suggests that the clinical community
may use raloxifene for indefinite periods. However, the
discovery that acquired tamoxifen resistance evolves (17,18)
raises new questions about acquired resistance to raloxifene
treatments.

Acquired tamoxifen resistance is sub-divided into 3 phases:
i) phase I, in which estrogen and the SERM stimulate tumor
growth, ii) phase II, in which the SERM stimulates tumor
growth and estrogen induces tumor regression; iii) phase III
resistance or autonomous growth (1). Laboratory studies
indicate that long-term SERM treatments result in hyper-
sensitivity to low, physiological doses of estrogen resulting
in breast tumor regression and possibly estrogen-induced
apoptosis. It is important to note that these observations were
initially made with an estrogen-supersensitive clone of MCF-7
breast cancer cells (WS8) using only tamoxifen treatment for
5-10 years in vivo (17,18) and raloxifene-resistant model
(19,20) in vitro and few weeks (20) or a year or two (19,20)
in vivo. These data are not confined to SERM-resistant models
as similar observations were made in long-term estrogen-
deprived breast cancer cells (21-24). The findings that
physiological estrogen causes dramatic tumor repression in
anti-hormone-resistant breast cancer (17,18) are reminiscent of
the early clinical trials utilizing high doses of diethylstilbestrol

(DES) (25,26) to treat breast cancer in post-menopausal
patients many years after their menopause. Moreover, recent
clinical trial (27,28) evaluating the role of estrogen treatments
in women with advanced breast cancer following acquired
resistance to anti-hormone therapy noted a 31% objective
response and indicated a substantial role for high dose
estrogen treatments in hormone-dependent breast cancer
resistant to conventional endocrine therapies.

The current 10-year laboratory study has paralleled the
translation of the new biology of apoptotic action (17,18,21,23)
to clinical trials (27,28). Most importantly, the increasing
clinical use of raloxifene for the prevention of osteoporosis in
post-menopausal women implies that breast cancer that
develops during a decade or more of raloxifene treatment
will have developed raloxifene resistance. It is important to
address this emerging clinical problem.

Our goal was to revisit this question by utilizing wild-
type MCF-7 cells to recreate a raloxifene-resistant variant of
MCF7 cells in vitro. The failure of wild-type MCF-7 cells to
create acquired resistance in vivo would expose an inade-
quacy of laboratory models or imply that acquired raloxifene
resistance would not occur in the clinic. This was not the case
as the answer is yes to the first question and the answer to the
second question requires clinical investigation. We subse-
quently used the new model in vivo to evaluate the actions
of physiological estrogen and raloxifene on the growth
responses of raloxifene-stimulated tumors passaged over a
decade in ovariectomized athymic mice. This laboratory
strategy mimics the clinical duration of raloxifene exposure.

Materials and methods

Cell lines and tissue culture. The MCF7 breast cells were a
generous gift of Dr Myles Brown (Harvard) in 1995. The
MCF7 cells were maintained in a DMEM red medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin,
100 μg/ml streptomycin and 10 mM non-essential amino
acids (NEAA). Raloxifene-resistant MCF7 cells (MCF7-
RAL) were derived by continuously culturing the MCF7 cells
for up to 10 years in estrogen-free media: DMEM yellow
media with 10% charcoal-stripped FBS, 2 mM glutamine,
100 U/ml penicillin, 100 μg/ml streptomycin and 10 mM
NEAA, supplemented with 1 μM raloxifene-HCl. All cell
lines were cultured at 37˚C, 5% CO2 and 95% humidity.

Verification of cell line identity by DNA fingerprinting. The
identity of the cell lines was verified by DNA fingerprinting
using the commercially available kit, PowerPlex® 1.2 System
(Promega). This system allows the co-amplification and two-
color detection of nine loci (eight STR loci and the Y-specific
Amelogenin) and provides a powerful level of discrimination
in excess of 1 in 108 (29). The following STR markers were
tested: CSF1PO, TPOX, TH01, vWA, D16S539, D7S820,
D13S317 and D5S818. The cells were harvested by trypsini-
zation and DNA was isolated from the resultant cell pellets
using standard methods (30). The PCR amplification was
performed according to the manufacturer's recommended
protocol. Fragment analysis of the PCR product was achieved
using an ABI 3100 capillary sequencer (Applied Biosystems,
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Foster City, CA). The GeneMapper® software (Applied
Biosystems) was used to score the fragment sizes and generate
an alphanumeric score for each locus. The data generated
were then compared to allelic alphanumeric scores for MCF-7
and ECC-1 reported in the ATCC STR database generated
using the same assay (ATCC, VA).

DNA growth assay. MCF7 and MCF7-RAL cells were
seeded in estrogen-free media 4 days prior to start of the
experiment. After 3 days of ligand starvation the appropriate
numbers of cells were seeded in a 24-well plate. Twenty-four
hours later, which was denoted as day 0, the cells were
appropriately treated. The media containing treatments were
changed every other day. All drugs were solubilized in
ethanol and were added as 1:1000 dilutions. Following 15
days of treatment the DNA content of the cells was measured
as previously described (31) with VersaFluor fluorometer
(Bio-Rad Laboratories, Hercules, CA).

Animal procedures
MCF7 tumor models. The MCF7-E2 breast tumor model was
developed by bilaterally injecting 1x107 MCF7 cells into the
mammary fat pads of ovariectomized athymic CrTac: NCR-
Foxn1<nu> mice (Taconic, Hudson, NY) (32), 4-6 weeks of
age, implanted with silastic 17ß-estradiol capsules. The
raloxifene-resistant MCF7-RAL model was similarly
developed by injecting 1x107 raloxifene-resistant MCF7-RAL
cells into the mammary fat pads of ovariectomized female
mice. RAL treatments were started 24 h post-implantation by
administering 1.5 mg RAL or .005 mg TAM via oral gavage.
The MCF7-RAL tumor xenograft model was maintained by
excising the established MCF7-RAL tumors, removing all
extraneous tissues and dissecting them into approximately
1-2 mm3 pieces that were then implanted by trochar into the
mammary fat pads of naïve mice subsequently treated with
RAL. The RAL-resistant MCF7-RAL model was continu-
ously passaged into RAL-treated athymic mice over a 10-year
period. Established tumors were measured every week or as
needed with Vernier calipers and cross sectional area of the
tumor was calculated utilizing the formula: Length (l) x
width (w) x π/4.

Drug administration. The raloxifene solution for oral
gavage was prepared by grinding 10 commercially available
Evista® tablets and dissolving them into 10% PEG 400/
Tween-80 (Sigma, St. Louis, MO) solution to a final concen-
tration of 15 mg/ml. Silastic 17ß-estradiol capsules were
manufactured as previously described (33) and were subcu-
taneously implanted in the mice dorsal region. The 0.3-cm
capsule delivered the equivalent of menopausal levels of
estrogen while the 1.0-cm capsule delivered the equivalent of
pre-menopausal levels of estrogen (34). Fulvestrant
(Fasoldex/ICI 182,780, AstraZeneca) is commercially
available and was purchased from the hospital pharmacy.
Total fulvestrant (FUL) (10 mg) was injected bi-weekly,
subcutaneously (35). All animal studies were approved by
the Fox Chase institutional animal care and use committee.

RNA extractions, reverse transcriptase reactions and real-
time qPCR. Total RNA was extracted with TRIzol reagent
(Invitrogen) and further purified using RNeasy Mini and

Midi kits (Qiagen, Valencia, CA). Total RNA (1 μg) was
reversely transcribed with the High Capacity cDNA reverse
transcriptase kit (Applied Biosystems) following manufac-
turer's instructions. The sequences of the primers utilized for
real-time qPCR are as follows: tff1 forward primer, 5'-CATC
GACGTCCCTCCAGAAGAG-3'; tff1 reverse primer, 5'-CTC
TGGGACTAATCACCGTGCTG-3'; 36B4 forward primer,
5'-GTGTTCGACAATGGCAGGCAT-3'; 36B4 reverse
primer, 5'-GACACCCTCCAGGAAGCGA-3'; c-myc forward
primer, 5'-GCCACGTCTCCACACATCAG-3'; c-myc reverse
primer, 5'-TCTTGGCAGCAGGAATAGTCCTT-3'; ebag9
forward primer, 5'-CTGGCAGAGGACGGAAATTA-3';
ebag9 reverse primer, 5'-TCATCCCAGGAAGTCCACTC-3';
the primer sets for egfr and her2 were previously described
(36,37). Real-time qPCR was performed using the 7900HT
real-time PCR system (Applied Biosystems), the amplicons
were detected with SYBR-Green and analysis was performed
utilizing the 2-ΔΔt method (38).

Transient transfections and luciferase assays. MCF7 and
MCF7-RAL cells were maintained in estrogen-free medium
for 3 days and seeded at confluency of 150,000 cells per
6-well plate. The cells were co-transfected with 5ERE(5X)-
TA ffluc and pTA-srluc utilizing TransIT LT1 transfection
agent (Mirus, Madison, WI) (39). Luciferase activity was
measured utilizing the Dual-luciferase reporter assay system
(Promega) with Mithras LB 940 (Berhold Technologies, Bad
Wildbad, Germany) microplate reader.

Protein isolation and Western blot. The MCF7 and MCF7-
RAL cells were cultured in estrogen-free media for 3 days
and seeded at 50-60% confluency. Twenty-four hours post-
seeding the cells were treated with the appropriate drug or
drug combination. Following 24-h treatment, the cells were
washed with PBS and scraped off the plates. After brief
centrifugation at 4˚C the PBS was aspirated and the cells
were resuspended in RIPA buffer (Sigma) supplemented with
complete mini protease inhibitor cocktail tablets (Roche
Diagnostics, Indianapolis, IN), phosphatase inhibitor cocktail
set (EMD Biosciences, La Jolla, CA) and benzonase (Call
Biochem, La Jolla, CA). The cells were then incubated for
additional 30 min at 4˚C with rotation. The debris was
removed with centrifugation at 12000 rpm for 30 min at 4˚C.

Tumor protein lysates were generated by pulverizing
flash-frozen tumors to a fine powder with a Bio-pulverizer
(BioSpec Products Inc., Bartlesville, OK) and resuspending
them in 400 μl of RIPA buffer supplemented with complete
mini protease inhibitor cocktail tablets and phosphatase
inhibitors cocktail set. The suspension was than sonicated
3 times at maximum power and centrifuged at 12000 rpm for
20 min at 4˚C. Supernatants were collected and stored at
-80˚C.

Protein quantitation was performed with the Bicinchoninic
acid (BCA) Protein Assay (Pierce, Rockford, IL) as per the
manufacturer's protocol. Readings were obtained with a
microplate reader (SpectraMax Plus, Molecular Devices,
Sunnyvale, CA). Protein (50 μg) was resolved by SDS-
PAGE and Western blotting was performed as previously
described (40). Antibodies used were as follows: ER· G-20
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), phospho
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p42/44 MAPK (Thr202/Tyr204) (E10) antibody (Cell
Signalling), p42/44 MAP kinase antibody (Cell Signalling).
ß-actin antibody AC-15 (Sigma) was used as a loading control.
Appropriate horseradish peroxidase-conjugated secondary
antibody was used to visualize bands using an Amersham
Western Blotting Detection kit (GE Healthcare).

Histology and immunohistochemistry. Tissues were fixed in
10% phosphate-buffered formaldehyde for 48 h, subsequently
embedded in paraffin, sectioned and stained. Hematoxylin
and eosin (H&E) staining was used to evaluate tumor tissue
morphology and extent of necrosis. Immunohistochemistry
for Ki-67 (dilution 1:6000) was performed using rabbit
polyclonal antibodies from Vector Labs (Burlingame, CA)
and Cell Signalling, respectively. Immunostaining was pre-
ceded by antigen retrieval in citrate buffer pH6 using a 750 W
microwave oven, boiling the slides at maximum setting for
3 min and at low setting for another 7 min. A rabbit Vectastain
kit (Vector) was used to develop the immunohistochemical
reaction using diaminobenzidine as chromogen. Micropho-
tographs were taken using a Nikon Optiphot research
microscope with a x10 and x20 Plan/Apo objectives and a x10
ocular lens connected to a digital photographic camera
(Optronics, Magnafire camera, Optronics, Goleta, CA).

Statistical analysis. The growth rates in Fig. 2A and B were
estimated for each individual test by fitting the weight of
DNA/well to the linear time term. The rates were compared
using Wilcoxon rank-sum tests. The tumor growth data were

analyzed using growth curve models, where tumor cross
sectional area (CSA) was fit assuming a linear function of
time. The intercepts and the slopes were used as random
effects at the individual tumor level to allow deviation of
individual tumor growth from the mean growth of the group.
Random mouse effects were included to account for within-
animal clustering. The estimated curves were plotted and the
fit examined. The differences in rates were estimated by the
interaction term between time and the treatment. The compa-
risons of either the DNA weight/well or CSA at each time
point were also conducted by using Wilcoxon rank-sum tests.
All tests were 2-sided with 0.05 type I error.

Results

Verification of cell line identity. DNA profiling of the cell
lines was conducted using the PowerPlex 1.2 System
resulting in the generation of allelic scores for 8 polymorphic
STR loci and the amelogenin locus which are presented in
Fig. 1A along with the scores for MCF-7 and ECC-1 cells
reported in the ATCC STR database. Data from the amelo-
genin gene amplification were consistent with all samples
being of female origin as expected. Allelic score data from
the 8 polymorphic STR loci reveal a pattern almost identical
among the 5 MCF7 lines that is very closely related to the
scores reported for MCF-7 by the ATCC, and consistent with
their presumptive identity. Scores for 5 of the 8 loci (D13S317,
D7S820, D16S539, TH01 and TPOX) were identical among
the study and ATCC MCF-7 cells (Fig. 1A, areas of identity
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highlighted in pink), but there was some evidence of genetic
drift in some of the study lines. ATCC MCF-7 cells have
D5S818 allelic scores of 11 and 12, whereas 4 of the study
lines (WS8, 5C, 2A and ICI) only have one allele (12) (allelic
loss highlighted in green), whereas the MCF7-RAL cells
have two alleles at this locus: 12 and 13 (variant allele
highlighted in blue). Similarly, for the vMA locus, the ATCC
cells have alleles 14 and 15, as do the 5C, 2A and RAL cells,
whereas the WS8 and ICI cells only have one allele; 15.
Scores for the CSF1PO locus were identical among the lines
showing a single allele (10), with the exception of the 5C
cells that have an additional allele at this locus (11). The
minor variations in the DNA profile exhibited by the MCF-7
cells are similar to the sort of genetic drift that has been seen
previously among sub-lines of cells cultured independently
(41), and overall these fingerprinting data confirm the
presumptive identity of the lines as being of MCF-7 origin.
Furthermore, the profiles from the study cell lines derived
from MCF-7 (WS8) show that they are more closely related
to each other than to the ATCC MCF-7 cells, again consistent
with their having been derived from a common ancestor
subline.

Development of a novel raloxifene-resistant tumor cell line,
MCF7-RAL. To examine the effects of long-term raloxifene
treatments on breast cancer cell growth we derived a novel
breast raloxifene-resistant cell line, MCF7-RAL (GMB). The
MCF7-RAL (GMB) cells were developed by continuously
passaging cells in estrogen-free media supplemented with 1 μM
raloxifene for at least 1 year. The fingerprinting data from the
independently obtained MCF7 cells p184 and MCF7-RAL
p74 (GMB) cells reveal a pattern of allelic scores that is
identical to the scores reported for the ATCC MCF-7 cells,
and highly divergent from the pattern reported for non-related
cells such as the ATCC ECC-1 cells (Fig. 1B). These data
suggest that the cell lines used in this study are in fact of
ATCCMCF-7 origin and not a variant of the MCF-7WS8
clone. For clarity the MCF-7RAL (GMB) are referred to as
MCF-7RAL throughout this paper.

Currently, the MCF7-RAL cells have been propagated in
RAL containing medium for approximately 10 years. The
growth characteristics in vitro were compared and contrasted
with wild-type MCF-7. Within 3 days of treatment the MCF7
cells are significantly (p=0.02) stimulated by 1 nM E2, 2.2-fold
increase as compared to vehicle-treated controls (Fig. 2A).
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Figure 2. The MCF7-RAL cells are spontaneously growing cells that are stimulated by raloxifene (RAL) and 17ß-estradiol (E2). (A) Three days before
seeding the MCF7 cells were cultured in E2-free conditions, RPMI-yellow media with charcoal stripped FBS. The MCF-7 cells were than seeded in a 24-well
plate and 24-h post seeding the cells were treated with vehicle, 1 nM E2, 1 μM RAL, 1 μM fulvestrant (FUL) and combination of drugs as described in
Materials and methods. (B) MCF7-RAL cells were seeded and treated in an identical manner as in (A). (C) MCF-7 and MCF7-RAL cells were either E2 or
RAL starved for 3 days before transfection with the appropriate reporters. Twenty-four h post transfection the cells were treated with vehicle control (EtOH),
1 nM E2, 1 μM RAL, 1 μM TAM, 1 μM FUL and combination of 1 nM E2 and1 μM FUL. Luciferase activity was measured 6 and 24 h after post treatment.
(D) Expression of ER·-regulated genes in MCF7-RAL cells in steady state. Error bars = standard error of the mean (SEM); *p<0.05, statistically significant
finding as compared to EtOH-treated cells.

387-398.qxd  21/6/2010  10:55 Ì  ™ÂÏ›‰·391



Maximum induction, 4.8-fold increase as compared to control
was observed at day 15. The E2-induced growth of the MCF7
cells was blocked by 1 μM FUL treatments. In contrast to E2,
1 μM RAL did not stimulate the growth of the MCF7 cells.
Similarly to the MCF7 cells, within 3 days of treatments, E2

significantly (p=0.02) induced the growth of the MCF7-RAL
cells (Fig. 2B). Maximum E2 induction was observed at day 9,
2.67-fold increase as compared to control. At day 3 of treat-
ment RAL also significantly (p=0.02) induced the growth of
the MCF7-RAL cells. Maximum RAL induction was observed
at day 6, 2.1-fold increase as compared to the controls. The
E2 and RAL-induced growth of the MCF7-RAL cells was
significantly inhibited by 1 μM FUL treatments within 3
(p=0.04) and 6 days (p=0.02) of treatment, respectively. In
addition, the MCF7-RAL cells were spontaneously growing.

To further characterize the RAL-resistant phenotype of
the MCF7-RAL cells we determined the protein expression
levels of ER·. To determine the protein levels of ER· in
MCF7 and MCF7-RAL cells we treated the cells with EtOH,
1 μM RAL, 1 nM E2 and 1 μM FUL for 48 h. The ER·

protein levels in the MCF7-RAL cells are regulated in an
identical manner as in the parental MCF7 cells (data not
shown). Treatments with 1 nM E2 and 1 μM FUL decreased
the protein levels of ER·, while treatments with 1 μM RAL
maintained the protein expression of ER·. The levels of total
MAPK and total AKT in the MCF7-RAL cells appeared to
remain unchanged, regardless of treatment, when compared

to the parental, MCF7 cells. However, the levels of phospho-
rylated MAPK, increased in the EtOH-treated MCF7-RAL
cells (data not shown). Luciferase reporter assays indicated
that 1 nM E2 treatments significantly induced transcriptional
activation of the reporter in MCF7 and MCF7-RAL cells
(Fig. 2C) consistent indicating similar activity of ER· in the
parental and resistant cell line. Fulvestrant (FUL) and RAL
treatments did not induce activation of the reporter. Further-
more, FUL treatments abolished the E2-dependent reporter
activity. TAM treatments significantly induced reporter
activity in both MCF7 and MCF7-RAL cells at the 24-h time
point.

The MCF7-RAL cells grew spontaneously and were
inhibited by FUL treatment (Fig. 2B). To further characterize
the RAL-resistant phenotype of the MCF7-RAL cells at steady
state, we determined by quantitative real-time PCR, the basal
mRNA expression of ER·-regulated genes in MCF7 and
MCF7-RAL cells (Fig. 2D). In the basal state, the MCF7-
RAL cells exhibited 3-fold up-regulation of tff-1, 4.1-fold up-
regulation of the c-myc and 3.1-fold up-regulation of ebag9.
In contrast, the levels of egfr and her2 were down-regulated
by 7.7- and 1.99-fold, respectively.

Development of an MCF7-RAL xenograft tumor model. To
develop MCF7-RAL xenograft tumor model in vivo, 1x107

MCF7-RAL cells were injected into the mammary fat pads of
nude athymic mice as described in Materials and methods.
The mice were treated with vehicle, implanted with 0.3-cm
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Figure 3. Establishment of MCF7-RAL tumor xenograft model. (A) MCF7-RAL-resistant cells (1x107) were injected into the axillary mammary fat pads of
ovariectomized athymic mice. The mice were then divided into 4 groups and treated as follows: placebo, implanted with silastic 0.3-cm E2 capsule, orally
gavaged with RAL (1.5 mg daily) and TAM (1.5 mg daily). (B) A single tumor from the RAL-treated group was transplanted (passage 1) into 20 naïve
ovariectomized athymic mice and divided into 2 groups: placebo and RAL treated. Error bars = SEM; *p<0.0001, E2 vs. all other treatment groups; ^p=0.048
RAL vs. control. **p=0.05, RAL vs. control (C) MCF7-E2 and MCF7-RAL tumor xenogratfs were bi-transplanted into each ovariectomized athymic mouse
(total of 40). The MCF7-E2 tumor was implanted in the left and the MCF7-RAL tumor was implanted in the right axillary mammary fat pad. The mice were
randomized into groups of 10 and implanted with 0.3-cm E2 capsule or treated with RAL (1.5 mg daily), FUL (5 mg s.c., twice a week) or no treatment
(control). (C) MCF7-E2 tumors; (D) MCF7-RAL tumors; error bars = SEM; *p<0.05, E2 vs. all other treatment groups.
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silastic E2 capsule or orally gavaged with 1.5 mg daily RAL
or 0.5 mg daily TAM. At week 9, average cross sectional area
(CSA) of the estradiol-treated group was 1.47 cm2, signifi-
cantly greater (p<0.0001) than the control and the other
treatment groups (Fig. 3A). The E2-treated mice grew large
tumors and were sacrificed at week 10 because of ethical
considerations. By week 15, palpable tumors were observed
in the RAL-treated group (average CSA = 0.24 cm2) which
were significantly larger than the control group (p=0.048)
(Fig. 3A). At week 20, a single tumor from the raloxifene-
treated group was excised, resected and transplanted into
20 ovariectomized athymic mice (Fig. 3B). The mice were
divided into control (no treatment) and a RAL- (1.5 mg daily)
treated group. Starting at week 7, RAL promoted tumor
growth which by the conclusion of the experiment at week
13 was statistically significant as compared to the control
group (p<0.05) (Fig. 3B).

To further characterize the MCF7-RAL tumor xenograft
model and to determine the effects of E2 and RAL on estrogen
and raloxifene-dependent breast tumor growth, we bi-
transplanted MCF7-E2 and MCF7-RAL tumors on opposite
sides in the axillary mammary fat pads of the same animal.
MCF7-E2 xenografts were implanted into the left and the
MCF7-RAL xenografts were implanted into the right mam-
mary fat pad of 40 ovariectomized athymic mice. As antici-
pated the E2-treated MCF7-E2 tumors displayed robust tumor
growth and at week 10 the mean tumor size was 1.67 cm2

(Fig. 3C). No tumor growth was observed in the control,
RAL- and FUL-treated groups (Fig. 3C). In contrast, at week
10, RAL and FUL stimulated MCF7-RAL tumor growth while

the E2-treated tumors exhibited minimal growth (Fig. 3D). At
week 10, the mean size of the RAL- and FUL-treated tumors
was 0.57 and 0.53 cm2, respectively. Interestingly, sponta-
neous tumor growth was observed in the control MCF7-RAL
(at this point considered passage 3) (mean tumor size = 0.4 cm2,
p<0.05 as compared to the E2 group) (Fig. 3D).

Long-term RAL treatments of the MCF7-RAL tumor
xenogratfs. To determine the effects of E2 on long-term RAL-
treated MCF7-RAL xenografts, we evaluated the effects
of pre- and post-menopausal levels of E2 (34) on the growth
of MCF7-RAL tumors that were serially transplanted and
continuously treated with RAL for at least 8 years. The
MCF7-RAL tumor xenografts were transplanted into 45 ova-
riectomized athymic mice that were treated with RAL, FUL
and 0.3- or 1.0-cm silastic E2 capsules (Fig. 4A). At week 7, the
RAL-treated xenografts exhibited a statistically significant
(p<0.001) RAL-stimulated growth (mean CSA = 1.1 cm2) as
compared to the FUL, 0.3 and 1.0 cm E2-treated tumors
(mean CSA = 0.37, 0.63, 0.46 cm2, respectively). There were
no statistical differences between the FUL, 0.3 and 1.0 cm
E2-treated tumors. To further characterize the effects of E2 on
the long-term RAL-treated MCF7-RAL tumor xenografts we
analyzed the ER· expression of the xenografts (Fig. 4B). The
long-term RAL-treated MCF7-RAL xenografts continue to
express ER· and RAL treatments increased the expression of
ER· while FUL treatments down-regulated the expression
of ER·. No differences in ER· protein expression was
observed between the two different concentrations of E2-
treated tumors.
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Figure 4. Pre- and post-menopausal concentrations of E2 significantly impair the growth of long-term RAL-treated MCF7-RAL xenografts. (A) MCF7-RAL
tumor xenografts serially transplanted for at least 8 years were implanted into 45 ovariectomized athymic mice. The animals were treated with RAL (1.5 mg
daily), FUL (5 mg s.c twice weekly) or implanted with either 0.3-cm or 1.0-cm silastic E2 capsules. (B) Western blot analysis of protein extracts collected
from (A). *p=0.001 RAL vs. all other treatment groups.
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Estrogen treatments inhibit the growth of established MCF7-
RAL tumors. To determine the effects of E2 on established
MCF7-RAL tumors, MCF7-RAL tumor xenografts were
implanted into ovariectomized athymic nude mice and the
animals were treated with RAL until the average CSA of the
tumors reached 0.3 cm2. At this point the animals were
randomized into 2 groups: 1) continued RAL treatments and
2) implanted with 0.3-cm E2 capsules (Fig. 5A). Within 3
days post-E2 implantation, there were visible morphological
and size differences between the RAL- and E2-treated tumors
(Fig. 5A insert). At day 7, the mean CSA was 0.64 cm2 for
the RAL-treated and 0.41 cm2 for the E2-treated tumors. At
day 17 the CSA of the RAL-treated tumors was 1.00 cm2 and
the CSA of the E2-treated tumors was 0.64 cm2 (p=0.03). At
the end-point of the experiment statistically significant diffe-
rences (p=0.02) were observed between the RAL-treated
tumors (average CSA = 1.32 cm2) and the E2-treated tumors
(average CSA = 0.79 cm2) (Fig. 5A).

Histological analysis of the RAL- and E2-treated tumors
at the conclusion of the experiment (Fig. 5B) by hematoxylin
and eosin staining indicated that there are no significant
morphological changes between the two treatment groups.
However, significant differences in the expression of Ki-67,
a known marker of proliferation, were observed between the
two groups. There were significant statistical differences
(p=0.02) between the average labeling index (LI) of the
RAL-treated group and the E2-treated group which were
0.56±0.04 and 0.40±0.09, respectively.

Effects of long-term estrogen treatments on the growth of
MCF7-RAL tumors. To determine the effects of long-term E2

treatments on the growth of MCF7-RAL tumor xenografts

we transplanted long-term RAL-treated MCF7-RAL tumors
into 45 ovariectomized athymic mice. The mice were divided
into 3 groups: no treatment, RAL and 0.3 cm E2 (Fig. 6A).
Three weeks post-implantation the average CSA of the tumors
were 0.17, 0.08 and 0.09 cm2 for the RAL, placebo and the
0.3-cm E2-treated tumors. At week 5, differences could be
observed between the treatment groups; the average CSA of
the RAL-treated tumors was 0.41 cm2 and the average CSA
of the 0.3-cm E2-treated tumors was 0.11 cm2. The average
CSA of the untreated tumors was 0.2 cm2 indicating spontane-
ously growing tumors. The 0.3-cm E2 treatment was continued
for additional 5 weeks and at week 10 the average CSA was
0.32 cm2. At that point the E2-treated tumors were excised,
resected and bitransplanted into 25 ovariectomized athymic
mice. The animals were divided into 5 groups: RAL, placebo,
0.3 cm E2, FUL and combination of E2- and RAL-treated
(Fig. 6B). Treatment with RAL continued to induce the
growth of the MCF7-RAL tumor and at week 8, the average
CSA was 1.3 cm2. At week 8, the average CSA of the placebo
and the FUL-treated tumors was 0.36 and 0.29 cm2. Unex-
pectedly, E2 treatments either individually or in combination
with RAL induced the growth of the MCF7-RAL xenografts.
At week 8 the average CSA of the E2-treated tumors was
0.64 cm2 and combination of E2 and RAL treatments resulted
in tumor growth (average CSA = 1.15 cm2). The placebo, E2

and FUL treatments were continued and at week 10 the
average CSA of the tumors was: 0.49, 1.16 and 0.52 cm2. The
growth rates of the RAL-treated tumors were significantly
different compared to the placebo (p=0.003) and FUL-treated,
tumors (p=0.005). However, the growth rate of the E2- and E2

+ RAL-treated tumors was indistinguishable from the RAL-
treated tumors. At week 10 the E2-treated tumors were
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Figure 5. 17ß-estradiol treatments impair the growth of established MCF7-RAL xenografts. (A) Long-term RAL-treated MCF7-RAL xenografts were
implanted into 30 ovariectomized athymic mice and the animals were treated with RAL until the cross sectional area (CSA) of the tumors reached 0.3 cm2.
The animals were than randomized into 2 groups: continued RAL treatments or implanted with 0.3-cm E2 capsules. Estradiol treatments significantly impaired
the growth of the MCF7-RAL xenografts by day 38 (20 days post-introduction of E2). Insert: representative images of E2- and RAL-treated tumors. (B)
Histological analysis of tumors from (A). *p=0.02 RAL vs. E2.
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excised, resected and implanted into 25 naïve animals. The
treatments were identical to the previous experiment and
consisted of placebo, RAL, FUL, E2 and combination of E2

and RAL (Fig. 6C). At week 3 post-implantation there were
no significant differences in the average CSA between the
various treatments, and the average CSA was 0.05, 0.08,
0.08, 0.12 and 0.06 cm2 for the placebo, RAL-, FUL-, E2- and
the E2 + RAL-treated tumors. However, dramatic changes
were observed at week 4 as E2 treatments started to induce
significant tumor growth (average CSA = 0.44 cm2). In contrast
RAL inhibited the estrogen-induced tumor growth as the com-
bination of E2 + RAL treatments average CSA was 0.27 cm2.
The average CSA of the RAL-treated tumors was 0.33 cm2 and
the placebo- and FUL-treated tumors were 0.18 and 0.22 cm2,
respectively. At conclusion of the experiment at week 6, the
E2-treated tumors reached average CSA of 1.27 cm2. The
average CSA of the RAL-treated tumors was 0.62 cm2 and
the E2 + RAL group was 0.54 cm2. The growth rate of the E2-
treated group was significantly different (p<0.01) from all
other groups with the exception of the RAL-treated tumors,

but approached significance (p=0.06). Upon conclusion of
the experiment at week 6 the RAL-treated tumors were
excised, resected and implanted into ovariectomized athymic
animals that were continuously treated with RAL. Following
28 weeks of continuous RAL treatments the long-term treated
MCF7-RAL tumor xenografts were implanted into 25 animals
that were divided into 5 groups and treated as follows:
placebo, RAL, E2, FUL and E2 + RAL (Fig. 6D). Within 3
weeks of treatments highly statistically significant differences
(p<0.01) emerged between the E2-treated tumors and all other
treatment groups. At week 3 tumor growth was observed in
the placebo, FUL, RAL and E2 + RAL while negligible
tumor growth was observed in the E2-treated group (average
CSA = 0.008 cm2). These differences persisted throughout the
duration of the experiment and at its conclusion at week 7,
the average CSA of the E2-treated tumors was 0.1 cm2. In
contrast, significant tumor growth was observed in all other
treatment groups. Paradoxically, maximum tumor growth
was observed in the FUL treatment groups (average CSA =
1.4 cm2). Significant tumor growth was also observed in the
RAL group (CSA = 0.96 cm2) and in the placebo group (CSA
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Figure 6. Long-term estrogen and raloxifene treatments result in changes in the phases of SERM resistance. (A) MCF7-RAL tumor xenografts were implanted
into 45 ovariectomized athymic mice, the mice were divided into 3 groups and were either left untreated, treated with RAL (1.5 mg/daily) or implanted with
0.3-cm E2 capsules. (B) E2-treated tumors from (A) were resected and re-transplanted into 25 ovariectomized athymic mice that were either left untreated or
treated with RAL (1.5 mg/daily), FUL (5 mg subcutaneously, twice weekly), implanted with 0.3-cm E2 capsules and combination of RAL and E2. (C) E2-treated
tumors from (B) were serially retransplanted into 25 ovariectomized athymic mice that were either left untreated or treated with RAL, FUL, implanted with
0.3-cm E2 capsules and combination of RAL and E2. (D) RAL-treated tumors from (C) were implanted into naïve animals and continuously treated with RAL
for 28 weeks before being implanted into 25 naïve animals that were either left untreated or treated with raloxifene, FUL, implanted with 0.3-cm E2 capsules
and combination of RAL and E2. See Results for a precise description of the evolution of raloxifene resistance and statistical significance of the findings in the
individual experiments.
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= 0.72 cm2). The average CSA of the E2 + RAL group was
0.62 cm2, indicating that E2 treatments significantly inhibited
the RAL-stimulated tumor growth (p=0.03).

Discussion

In a previous study, we used a select clone of MCF7 cells
(MCF7-WS8) (42) that is extremely sensitive to estrogen
stimulation, to create an MCF7 raloxifene-resistant cell line
in vitro (MCF7-RAL) (20). In a short-term growth experi-
ment in vivo MCF7-RAL cells grew into tumors in response
to raloxifene and tamoxifen but estradiol inhibited tumor
growth (20). This biological response to SERMs and estradiol
is classified as phase II SERM resistance (1). We have now
addressed the question of the predictable creation and
evolution of SERM resistance with raloxifene in vivo using a
wild-type MCF7 cell line from a source that is external to our
laboratory. The origins of the line (MCF7 GMB) were
confirmed by genotyping (Fig. 1) and unlike the MCF7-WS8
cells were similar to the wild-type MCF7 from ATCC and
the original MCF7 cells derived by Soule (43). We created a
new MCF7-RAL cell line that is able not only to grow in
response to raloxifene in vitro but eventually grow in response
to raloxifene in vivo with phase II resistance, i.e. estradiol-
inhibited tumor growth (Fig. 3). However, in this 10-year re-
transplantation study in vivo we demonstrate the reversal
of the biological characteristics of phase II anti-hormone-
resistant tumor growth with long-term estradiol therapy to
phase I resistance; i.e., estradiol- or raloxifene-stimulated
growth, and then predominately estradiol-stimulated growth.
Raloxifene now acts as an anti-estrogen, inhibiting estradiol-
stimulated growth (Fig. 6C). Thus raloxifene has the potential
to cause the classic evolution of SERM resistance in the
clinical setting and reverse the process during long-term
physiologic estrogen therapy. Nevertheless clinical studies
need to be considered to evaluate the efficacy of estrogen on

patients whose breast tumors develop during long-term raloxi-
fene treatment to prevent osteoporosis (16). Current anti-
hormonal therapies used for the treatment of breast cancer
(tamoxifen or aromatase inhibitors) can develop acquired
resistance in the clinical cells. The best clinical responses to
estrogen are observed with high-dose (15 mg) DES therapy
following exhaustive anti-hormonal therapy (27). Indeed, one
patient had a complete response during the 5-year to DES
therapy administered continuously and a further 5-year
disease-free response following the cessation of therapy (44).
In contrast, no complete responses were observed in the study
of Ellis et al (28) probably because the patient population was
not selected based on exhaustive anti-hormonal therapy but
only failure of therapy following aromatase inhibitors.
Experience in the laboratory demonstrates that long-term (>5
years) tamoxifen treatment is necessary to cause the evolution
of tamoxifen resistance in vivo to expose the apoptotic
actions of physiologic estrogen (18). Consistent with these
observations, a profound antitumor effect was noted with
physiologic estrogen after 10 years of alternating treatments
with raloxifene and physiologic estrogen (Fig. 6D).

With regard to treatment strategies for SERM-resistant
disease, it is important to note that the response to the injec-
table steroidal pure anti-estrogen fulvestrant is unpredictable
(Fig. 6). At some stages of acquired resistance, fulvestrant
acts as an antitumor agent but at other stimulates tumor
growth (Fig. 6). This may in part explain the low reported
efficacy of fulvestrant in clinical trials treating patients who
already have acquired resistance to tamoxifen or aromatase
inhibitors. However, it also appears that the recommended
monthly doses of fulvestrant used clinically may be sub-
optimal and in fact actually enhance tumor growth in tumors
with phase II resistance with physiologic estrogen present
(45). A recent clinical study on metastatic breast cancer
demonstrates that doubling the monthly dose of fulvestrant
enhances antitumor activity (46). In a laboratory study, an
antitumor dose of fulvestrant in athymic animals implanted
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Figure 7. Proposed model of the evolution of acquired raloxifene resistance in ER·-positive MCF-7 breast cancer. On the left (Fig. 7A) is our original proposal
from cyclical evolution of acquired resistance to tamoxifen in a clonal derivative (MCF-7 WS8) of wild-type MCF-7 cells originally acquired from Dr Dean
Edwards (University of Texas, San Antonio, TX) in 1985. All steps in the cycle (17,18) were documented with experimental data in the peer reviewed
literature. On the right (Fig. 7B) is a summary of our current results that illustrate the cyclical evolution of acquired resistance to raloxifene in wild-type MCF-7
cells (MCF-7 GMB) acquired from Dr Myles Brown (Dana Farber Cancer Center, Harvard University, Boston, MA) in 1995. The technique of employing an
estrogen-deprived environment with raloxifene accelerates the evolution to phase II-acquired resistance where estradiol causes tumor regression. This process
can be reversed through phase I-acquired resistance in a continuous estrogenic environment so tumor growth is again controlled by raloxifene treatment.
Continuous raloxifene does again cause phase II-acquired resistance and exposes estrogen-induced tumor regression.
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with phase II-resistant tumors reversed the apoptotic actions
of estrogen (45). In the present study, despite using repeated
subcutaneous injections of fulvestrant weekly, tumor growth
was enhanced in some tumor passages with long-term acquired
resistance to raloxifene (Fig. 6D). It appears that the efficacy
of fulvestrant may depend both upon bioavailability, pharma-
cokinetics and, as yet, unresolved pharmacodynamic factors
of the steroidal antiestrogens at unknown targets within the
tumor with acquired raloxifene resistance.

Two further conclusions emerged from the present study.
The variant of MCF7 cells that is closely related to wild-type
MCF-7 from ATCC could develop acquired resistance to
raloxifene in vitro and the resulting cell line MCF7-RAL
grew in response to either estradiol or raloxifene (Fig. 2).
MCF7-RAL cells exhibited gene activation consistent with
autonomous growth (Fig. 2C). The cells responded to estradiol
both in vitro and in vivo as a growth stimulus but only
developed raloxifene-stimulated tumors in vivo after 5
months of continuous treatment. This was confirmed by re-
transplantation into raloxifene-treated ovariectomized athymic
mice (Fig. 3B). In contrast to MCF7-RAL cells in vitro,
estradiol is no longer a growth stimulus in vivo and
completely inhibits tumor development (Fig. 3D). This new
biology of estrogen action classifies the MCF7-RAL cells as
phase II-resistant in vivo. Secondly, the observation that
treatment with tamoxifen in vivo (Fig. 3A) did not result in
tumor growth and that this MCF7 variant could not be used
to develop acquired tamoxifen resistance in vitro (H. Liu,
unpublished), was unusual and unanticipated based on
previous studies over two decades. All cells died during
incubation with 4-hydroxy-tamoxifen. This observation is
currently under investigation as it may provide insight into
the cytocidal actions of tamoxifen.

Based on this long-term study, and studies using prostate
cancer cells, a general principle is emerging in cancer endo-
crinology. An androgen-independent cell line, LNCaP 104
R2 was derived from the androgen-dependent cell line,
LNCaP 104 S (47). The LNCaP 104 R2 cells are androgen-
independent, continue to express the androgen receptor (AR)
and low concentrations of androgen in the media inhibited
their growth. Implantation of the LNCap104-R2 cells in male
athymic-castrated nude mice resulted in tumor growth, that
was inhibited by implantation of testosterone capsules (48).
In a subsequent study utilizing the LNCaP 104-R2 tumor
model, Chuu et al (49) significantly impaired established
tumor growth with androgen treatments; approximately
2 months post-cell injections. However, within 40 days of
initiation of androgen treatments tumor growth resumed,
which was a clear indication that the tumors adapted to the
presence of the androgen and utilized it for growth. Subse-
quent androgen withdrawal inhibited tumor growth. These
data are consistent with the assumption that androgen-
dependent and androgen-independent tumor cells coexist in
prostate cancer patients resulting in positive selection of
androgen-independent tumor cells during androgen ablation
therapies, resulting in androgen-independent growth. There-
fore, intermittent androgen replacement therapy has been
tested in recent years (50).

Nearly 20 years ago, we first described the antitumor
potential of physiologic estrogen to destroy what is now

known as phase II-acquired tamoxifen resistance (17) We
noted that the interplay of apoptotic estrogen and tamoxifen
would create a cyclical method for controlling the growth of
ER-postitive breast cancer by purging with estrogen at the
appropriate time and then continuing anti-hormone therapy
(17). The cycles could be repeated. This original work is
summarized in Fig. 7. Our current 10-year in vitro and in vivo
study of the evolution of acquired raloxifene resistance was
initiated to explore the potential of raloxifene to exhibit
acquired resistance in breast cancer during the long-term
treatment and prevention of osteoprosis (16). We conclude
that the predictable evolution of acquired resistance to the
SERM tamoxifen and estrogen deprivation (aromatase inhi-
bitors) also occurs with raloxifene. The current conclusions
are summarized in Fig. 7, following the creation of MCF7-
RAL cells in vitro is a raloxifene/estrogen-free environment
which was then transplanted into athymic mice. The develop-
ment of phase II-acquired resistance i.e.: estrogen-induced
apoptosis or estrogen-inhibited tumor growth (51) occurs with
raloxifene and the principle is also true for the evolution of
acquired androgen withdrawal in prostate cancer in the
laboratory (47-49). Preliminary studies to translate these
laboratory findings to aid patients have shown merit (27,
28,44). Further understanding of the mechanism of sex steroid-
induced apoptosis (52) and the definition of vulnerable tumors
following exhaustive anti-hormonal therapy have the potential
to identify appropriate patient populations to amplify the
effectiveness of a sex steroid apoptotic trigger in metastatic
breast cancer and possibly prostate cancer (53).
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