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Abstract

The development of targeted therapies for antiestrogen-
resistant breast cancer requires a detailed understanding
of its molecular characteristics. To further elucidate the
molecular events underlying acquired resistance to the
antiestrogens tamoxifen and fulvestrant, we established
drug-resistant sublines from a single colony of hormone-
dependent breast cancer MCF7 cells. These model systems
allowed us to examine the cellular and molecular changes
induced by antiestrogens in the context of a uniform clonal
background. Global changes in both basal and estrogen-
induced gene expression profiles were determined in hormone-
sensitive and hormonal-resistant sublines using Affymetrix
Human Genome U133 Plus 2.0 Arrays. Changes in DNA
methylation were assessed by differential methylation hybrid-
ization, a high-throughput promoter CpG island microarray
analysis. By comparative studies, we found distinct gene
expression and promoter DNA methylation profiles associated
with acquired resistance to fulvestrant versus tamoxifen.
Fulvestrant resistance was characterized by pronounced up-
regulation of multiple growth-stimulatory pathways, resulting
in estrogen receptor A (ERA)–independent, autocrine-
regulated proliferation. Conversely, acquired resistance to
tamoxifen correlated with maintenance of the ERA-positive
phenotype, although receptor-mediated gene regulation was
altered. Activation of growth-promoting genes, due to
promoter hypomethylation, was more frequently observed in
antiestrogen-resistant cells compared with gene inactivation
by promoter hypermethylation, revealing an unexpected
insight into the molecular changes associated with endocrine
resistance. In summary, this study provides an in-depth
understanding of the molecular changes specific to acquired
resistance to clinically important antiestrogens. Such knowl-
edge of resistance-associated mechanisms could allow for
identification of therapy targets and strategies for resensitiza-
tion to these well-established antihormonal agents. (Cancer
Res 2006; 66(24): 11954-66)

Introduction

The steroid hormone estrogen is strongly implicated in the
development and progression of breast cancer (1). The primary
mediator of estrogen action in breast cancer cells is estrogen
receptor a (ERa), a ligand-activated transcription factor (1).
Consequently, the leading drugs used for endocrine therapy of
breast cancer all block ERa activity, including antiestrogens (i.e.,
tamoxifen and fulvestrant) and aromatase inhibitors (2). Despite
the efficacy and favorable safety profile of these agents, the use of
endocrine therapy is limited by the onset of drug resistance, in
which most patients who initially respond to endocrine therapy
eventually relapse (2).
In breast cancer cells, ERa can mediate ‘‘genomic’’ regulation of

gene transcription and ‘‘nongenomic’’ activation of various protein
kinase cascades [e.g., Src homology and collagen/growth factor
receptor binding protein 2/SOS/mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase/AKT, and cyclic AMP
(cAMP)/protein kinase A (PKA) pathways; ref. 3]. As the trans-
criptional activity and target gene specificity of ERa and subsequent
cellular response(s) to ligands are determined by complex com-
binatorial associations of ERa with coregulators, other trans-
cription factors, and membrane-initiated signaling pathways (3–7),
a myriad of receptor interactions may become altered during the
acquisition of antiestrogen resistance.
ERa transcriptional activity is mediated by a constitutively active

AF-1 and a ligand-regulated AF-2 (8). 17h-Estradiol (E2), the
primary ligand for ERa, binds to the ligand-binding domain (LBD)
and induces a conformational change in the AF-2 domain, resulting
in coregulator recruitment and transcription regulation followed by
rapid ERa degradation (8, 9). The antiestrogen tamoxifen, which
competes with E2 for LBD binding, induces a conformational
change distinct from the E2-ERa complex, leading to inactivation
of the AF-2 domain and receptor stabilization (10, 11). However,
tamoxifen-bound ERa is capable of binding to DNA and regulating
gene transcription, either directly, through the AF-1 domain, or
indirectly, by sequestering coregulators away from other transcrip-
tion factors (12). In addition, tamoxifen can act as an agonist to
elicit nongenomic signaling through membrane ERa (13). These
observations suggest that the action of tamoxifen is not limited
to diminished estrogen-induced gene regulation. However, the
mechanism(s) remains unclear of how the complex, multifactorial
actions of this drug on gene expression and nongenomic signaling
contribute to the acquisition of breast cancer tamoxifen resistance.
In contrast to tamoxifen, the antiestrogen fulvestrant is

recommended for use in postmenopausal women whose disease
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has progressed after first-line endocrine therapies (such as
tamoxifen and aromatase inhibitors). The mechanism of action
of this so-called ‘‘pure antagonist’’ differs markedly from tamoxifen.
Fulvestrant inhibits cytoplasm-to-nucleus ERa translocation,
dimerization, and DNA binding of ERa as well as inducing its
cytoplasmic aggregation, immobilization to the nuclear matrix,
and proteasomal degradation (14). As a consequence of these
actions, both ERa-mediated genomic gene regulation and non-
genomic signaling are attenuated, leading to complete suppression
of ERa signaling pathways (14, 15). Despite the potent effects of
fulvestrant, tumors eventually develop resistance to this selective
ER down-regulator (16), although the underlying mechanism(s) of
this phenomenon remains poorly understood.
Interrupting ERa function by antiestrogens can result in

epigenetic modification of chromatin and altered gene expression
(17, 18). DNA methylation occurs in CpG dinucleotides, which
are concentrated to form CpG islands in the promoter region of
f70% of human genes (19). Hypermethylation of CpG islands in
gene promoters often leads to inactivation of transcription, and an
inverse relationship between promoter methylation levels and
transcriptional activity has been well documented (20). Our recent
studies show that depleting ERa with small interfering RNA
(siRNA) in breast cancer cells triggers repressive chromatin
modifications and DNA methylation in a set of ERa target
promoters, resulting in transcriptional silencing of the corres-
ponding genes (17). Whether interrupting ERa function by
tamoxifen or fulvestrant can similarly affect DNA methylation
patterns has not been explored.
The purpose of the current study was to identify molecular

changes associated with acquired tamoxifen or fulvestrant
resistance. To achieve this objective, we compared gene expression
and DNA methylation profiles in estrogen-responsive MCF7 human
breast cancer cells and tamoxifen- and fulvestrant-resistant MCF7
derivatives. Collectively, our results indicate that significant
changes in downstream ERa target gene networks contribute to
the acquisition of tamoxifen resistance; in contrast, loss of ERa
signaling pathways, activation of compensatory growth-stimulatory
cascades, and global remodeling of gene expression patterns
underlie acquired resistance to fulvestrant. Finally, we report, for
the first time, a prominent role for promoter hypomethylation of
oncogenes in the acquisition of breast cancer antiestrogen
resistance.

Materials and Methods

Reagents. ERa antibody (HC20; Santa Cruz Biotechnology, Santa Cruz,

CA); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Chem-

icon International, Inc., Temecula, CA); epidermal growth factor (EGF)
receptor (EGFR) and ErbB2 antibodies (Cell Signaling Technology, Inc.,

Danvers, MA); h-catenin antibody, AG879, PD153035, and 4557W (EMD

Biosciences, Inc., La Jolla, CA); fetal bovine serum (FBS) and dextran-coated

charcoal-stripped FBS (Hyclone Laboratories, Inc., Logan, UT); TOPflash
and FOPflash (gifts from Dr. Bert Vogelstein, Johns Hopkins University,

Baltimore, MD); other cell culture medium and reagents (Life Technologies,

Inc., Rockville, MD); E2, 4-hydroxytamoxifen (OHT), EGF and insulin-like
growth factor-I (IGF-I), and epigallocatechin-3-gallate (EGCG; Sigma

Chemical Co., St. Louis, MO); fulvestrant (Tocris Cookson Ltd., Ellisville,

MO); Affymetrix Human Genome U133 Plus 2.0 Arrays (Affymetrix, Santa

Clara, CA); and customized 60-mer promoter arrays (constructed by Agilent
Technologies, Palo Alto, CA).

Cell culture and establishment of tamoxifen- and fulvestrant-
resistant sublines. Cell media used in this study included growth medium

(MEM with 2 mmol/L L-glutamine, 0.1 mmol/L nonessential amino acids,

50 units/mL penicillin, 50 Ag/mL streptomycin, 6 ng/mL insulin, and 10%
FBS), hormone-free medium (phenol red–free MEM with 2 mmol/L

L-glutamine, 0.1 mmol/L nonessential amino acids, 50 units/mL penicillin,

50 Ag/mL streptomycin, 6 ng/mL insulin, and 10% charcoal-stripped

FBS), and basal medium (phenol red–free MEMwith 2 mmol/L L-glutamine,
0.1 mmol/L nonessential amino acids, 50 units/mL penicillin, 50 Ag/mL

streptomycin, and 3% charcoal-stripped FBS). MCF7 human breast cancer

cells were purchased from the American Type Culture Collection

(Manassas, VA). MCF7 cells cotransfected with pcDNA and 2xERE-
pS2-Luc (21) by using LipofectAMINE Plus Reagent were selected in

the presence of 0.5 mg/mL geneticin for 3 weeks. A geneticin-resistant

colony that was E2 responsive, as determined by increased luciferase

expression and cell proliferation after hormone treatment, was expanded
and split into three flasks (106 cells per T75 flask) containing different

media (Supplementary Fig. S1): (a) growth medium (to maintain a

hormone-sensitive subline designated as ‘‘MCF7’’), (b) hormone-free
medium supplemented with 10�7 mol/L OHT (to establish the tamoxifen-

resistant subline ‘‘MCF7-T’’), and (c) hormone-free medium supplemented

with 10�7 mol/L fulvestrant (to establish the fulvestrant-resistant subline

‘‘MCF7-F’’). Cells were continuously cultured under these conditions for
12 months.

Preparation of cell extracts, immunoblotting, and luciferase assay.
Before all experiments, MCF7-T and MCF7-F cells were cultured in

hormone-free medium for 1 week to deplete any residual OHT or
fulvestrant. Cells were cultured in basal medium for 3 days. Preparation

of whole-cell extracts, immunoblotting, and luciferase analyses were

done as described previously (21, 22). To determine h-catenin activity,
cells were transfected with TOPflash or FOPflash (23), along with CMV-

h-gal as internal control for transcription efficiency. h-Catenin activity

was determined by dividing the OT-FLASH value by the OF-FLASH value.

Cell proliferation and clonogenicity assays. Cell proliferation assays
were done as described previously (22). To examine clonogenic activity,

cells were plated (300 per well) in six-well plates, cultured for 2 weeks, and

stained with 0.5% methylene blue in 50% methanol. Colonies that contained

z50 cells were scored.
RNA preparation and microarray hybridization. Cells were cultured

in basal medium for 3 days and treated with E2 (10�8 mol/L) for 4 hours.

Total RNA was prepared using the Qiagen RNeasy Mini kit. A DNase I
digestion step was included to eliminate DNA contamination. cRNA was

generated, labeled, and hybridized to the Affymetrix Human Genome U133

Plus 2.0 Arrays by the Center for Medical Genomics at Indiana University

School of Medicine (Bloomington, IN).6

Microarray data analysis and validation. The hybridized Human

Genome U133A 2.0 Array was scanned and analyzed using the Affymetrix

Microarray Analysis Suite version 5.0. The average density of hybridization

signals from four independent samples was used for data analysis,
and genes with signal density <300 pixels were omitted from the data

analysis. Ps were calculated with two-sided t tests with unequal variance

assumptions, and a P value of <0.001 was considered to be significant.

The following pair-wise comparisons were conducted: E2 versus untreated
for each subline to identify E2-responsive genes and untreated MCF7-T

or untreated MCF7-F versus untreated MCF7 to identify genes whose basal

expression levels were altered in MCF7-T or MCF7-F. The fold change was
described as a positive value when the expression level was increased and

a negative value when the expression level was reduced. False discovery

rate was set at 0.1 in the data analysis. To confirm the gene expression

data from microarray analysis, quantitative PCR was used to examine
the mRNA levels of a subset of genes (Supplementary Fig. S2). The

quantitative PCR results showed a high degree of correlation to the

microarray data.

Differential methylation hybridization. Genomic DNA was prepared
using Qiagen DNeasy Tissue kit. Differential methylation hybridization

was done as described previously (17) using a customized 60-mer

6 http://cmg.iupui.edu/.
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oligonucleotide microarrays, which contain f44,000 CpG-rich fragments
from f12,000 promoters of defined genes. The fold change in methy-

lation density was described as a positive or negative value when

methylation density was increased or decreased, respectively, compared

with MCF7.

Results

Establishment and characterization of breast cancer cell
lines with acquired antiestrogen resistance. The cell line MCF7
is a standard in vitro model for hormone-sensitive breast cancer

Figure 1. Characterization of tamoxifen-
and fulvestrant-resistant sublines.
A, phase-contrast photomicrographs of
MCF7, MCF7-T, and MCF7-F cells.
All cells were in log growth phase.
Magnification, �10. B, ERa mRNA levels
were determined by quantitative PCR and
normalized to ERa mRNA level in MCF7
cells. Columns, mean (n = 3); bars, SE.
ERa protein levels were determined by
immunoblotting with a specific ERa
antibody. GAPDH was used as loading
control. To determine the relative level of
ERa in MCF7-F cells, the ERa level in
50 Ag MCF7-F protein extract was
compared with that in various amounts
of MCF7 protein extracts. C, ERa
transcriptional activity was determined by
measuring luciferase expression driven
by the stably integrated reporter
ERE-pS2-Luc. Cells were treated with
indicated doses of E2 alone (left),
10�8 mol/L E2 in combination with
indicated doses of OHT (middle ), or 10�8

mol/L E2 in combination with indicated
doses of fulvestrant (right ). Luciferase
activity (unit/Ag protein) was normalized
with protein concentration. Points, mean
(n = 4); bars, SE. D, comparison of cell
growth rates among MCF7, MCF7-T, and
MCF7-F. To determine growth rates in
basal medium, cells were plated in 96-well
dishes (2,000 per well) in basal medium for
the indicated time and cell numbers were
determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)
assay. Relative cell growth rates (drug
versus vehicle) in the presence of indicated
doses of E2, OHT, fulvestrant, EGF, and
IGF-I were also examined, and cell
numbers were determined by MTT assay
after 7-day treatment. Points, mean
(n = 6); bars, SE.
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(24). Consequently, we chose this cell line to investigate molecular
changes associated with acquired resistance to tamoxifen and
fulvestrant. MCF7 cultures are likely heterogeneous in nature (25);
thus, to avoid selecting clonal variants with intrinsic drug
resistance, we used a single estrogen-responsive MCF7 clone stably
transfected with an ERa-responsive luciferase reporter (ERE-pS2-
Luc; ref. 21) to derive sublines resistant to tamoxifen (MCF7-T) or
fulvestrant (MCF7-F). The stably integrated ERE-pS2-Luc reporter
was used to monitor ERa transcriptional activity. Because the three
sublines used in the study were derived from a single MCF7 colony,
cellular and molecular alterations observed in the drug-resistant
sublines are likely due to an adaptive process in response to
primary drug action. The overall scheme used to develop our
model system is illustrated in Supplementary Fig. S1.
Cell morphology changes associated with acquired antiestrogen

resistance are shown in Fig. 1A . MCF7-T cells were similar to MCF7
cells in appearance, growing as tightly packed colonies with limited
cell spreading. MCF7-F cells, by contrast, showed reduced cell-cell

contacts compared with MCF7 or MCF7-T cells and were loosely
attached to the culture surface.
We next examined the expression levels of ERa mRNA and

protein in the three sublines by quantitative PCR and immunoblot
analyses, respectively (Fig. 1B). To avoid the effects of estrogen
and antiestrogens, the cells were cultured in drug-free medium for
1 week followed by basal medium for 3 days before examining ERa
content. Compared with MCF7 cells, ERa mRNA levels in MCF7-T
and MCF7-F cells were decreased by 50% and 90%, respectively.
Immunoblot analysis showed a 2-fold increase in ERa protein level
in MCF7-T cells compared with a 90% decrease in receptor protein
levels in MCF7-F cells. ERa transcriptional activity in these sublines
was examined by monitoring the expression levels of the stably
integrated ERE-pS2-Luc (Fig. 1C). Compared with MCF7, basal
luciferase activity was higher in MCF7-T (f2-fold versus MCF7),
likely due to the elevated protein level of ERa. E2 treatment
increased ERE-pS2-Luc activity, which was inhibited by cotreat-
ment with OHT or fulvestrant in both MCF7 and MCF7-T cells.

Figure 2. Expression of E2-responsive
genes in MCF7, MCF7-T, and MCF7-F
cells. A, Venn diagrams showing the
numbers of E2-responsive genes in MCF7,
MCF7-T, and MCF7-F cells. E2-responsive
genes were defined as genes whose
expression levels were up-regulated or
down-regulated by E2 (10�8 mol/L,
4 hours) by >2-fold and assigned to nine
groups: up-regulation by E2 in all three
sublines, MCF7 and MCF7-T only, MCF7
and MCF7-F only, MCF7 only, and MCF7-T
only; down-regulation by E2 in MCF7 and
MCF7-T only, MCF7 only, MCF7-T only,
and MCF7-F only. B, two-dimensional
hierarchical clustering of E2-responsive
genes in MCF7, MCF7-T, and MCF7-F,
untreated or E2 treated (10�8 mol/L,
4 hours). Each row represents a single
gene. Red, genes with high expression
levels; green, genes with low expression
levels. The similarities in the expression
pattern among sublines are presented as a
‘‘condition tree’’ on the top of the matrix.
C, Venn diagrams showing the number of
E2-responsive genes that exhibited
significant changes in basal expression
levels in MCF7-T and MCF7-F cells.
Hatched areas with white lines, number
of genes commonly altered in both MCF7-T
and MCF7-F cells. Cutoff was set as
fold change >2 (up-regulated or
down-regulated, versus MCF7).
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These observations suggest that ERa retains its transcriptional
activity and sensitivity to different ligands in MCF7-T cells. By
contrast, basal luciferase activity was dramatically elevated in
MCF7-F (f20-fold versus MCF7), and no effect of E2, OHT, or
fulvestrant on ERE-pS2-Luc expression was observed (Fig. 1C),
showing that the integrated ERE-pS2-Luc reporter became
constitutively activated through an ERa-independent mechanism
in the fulvestrant-resistant subline. Together, these results indicate
that the acquisition of tamoxifen resistance is associated with
retention of functional ERa, whereas acquired fulvestrant resis-
tance is accompanied by loss of ERa protein and E2-induced gene
transactivation.
Response of MCF7-T and MCF7-F cells to estrogen, anti-

estrogens, and growth factors. We next examined growth rates
of the three sublines and cell growth in response to E2,
OHT, fulvestrant, EGF, and IGF-I (Fig. 1D). In basal growth
medium, doubling times for MCF7 and MCF7-F were 6 and 5 days,
respectively. By contrast, MCF7-T cells underwent growth arrest in
this medium, showing only a 1.5-fold increase in cell number
during a 9-day culture in basal medium, indicating that MCF7-T
cells are dependent on a higher concentration of serum or the
presence of OHT for proliferation. To compare the sensitivities to
E2, OHT, and fulvestrant among MCF7, MCF7-T, and MCF7-F cells,
dose responses were examined. E2 treatment increased the growth
rate of MCF7 cells but showed no effect on MCF7-T or MCF7-F
cells. OHT treatment inhibited the growth of MCF7 but not that of
MCF7-T or MCF7-F. Fulvestrant inhibited the growth of MCF7 and,
to a lesser extent, MCF7-T but exhibited no effect on MCF7-F cells.
These observations are consistent with previous reports showing
that OHT-resistant cells remained responsive to fulvestrant with a
reduced sensitivity, whereas fulvestrant-resistant cells were cross-
resistant to OHT (26, 27). Treatment with EGF or IGF-I increased

the growth of MCF7 and MCF7-T cells. However, compared with
MCF7 cells, MCF7-T cells were more sensitive to EGF but less
sensitive to IGF-I. No effects of either EGF or IGF-I on MCF7-F cells
were seen. Collectively, these results indicate that acquisition of
resistance to tamoxifen and fulvestrant involves differential
sensitivity to estrogen, antiestrogens, and growth factors.
Expression profiling of E2-responsive genes. To investigate

whether aberrant changes in basal expression patterns and
estrogen responsiveness of ERa target genes contribute to
antiestrogen resistance, we analyzed gene expression patterns
among MCF7, MCF7-T, and MCF7-F, untreated or treated with E2
(10�8 mol/L) for 4 hours, as most direct ERa target genes are either
induced or suppressed in that period (28, 29). The Affymetrix
Human Genome U133 Plus 2.0 Array, containing 47,000 probe sets
for human transcripts, was used. A total of 360, 175, and 7 genes
were found to be E2 responsive ( fold change z2, decreased or
increased by E2) in MCF7, MCF7-T, and MCF7-F cells, respectively
(Fig. 2A ; Supplementary Table S1). Among the 360 E2-responsive
genes identified in MCF7 cells, 89 (25%) were also similarly
regulated by E2 in MCF7-T cells, whereas 271 (75%) were no longer
inducible by E2 in the MCF7-T cells. Based on these results, we
suggest that the acquisition of tamoxifen resistance is associated
with altered regulation of a cohort of E2-inducible genes. The
development of fulvestrant resistance, by contrast, is associated
with almost complete loss of E2-induced gene regulation.
A two-dimensional (gene tree and condition tree) hierarchical

clustering program7 was used to analyze the expression patterns of
the E2-responsive genes in MCF7, MCF7-T, and MCF7-F, untreated

Figure 3. Alterations in global gene
expression and promoter methylation.
A, Venn diagrams showing the number of
genes whose basal expression levels were
altered (versus MCF7) in MCF7-T and
MCF7-F cells. Hatched areas with white
lines, number of genes commonly altered
in both MCF7-T and MCF7-F cells. Cutoff
was set as fold change >3 (up-regulated or
down-regulated, versus MCF7). B, Venn
diagrams showing the number of genes
with altered promoter methylation intensity
(versus MCF7) in MCF7-T and MCF7-F
cells. Hatched areas with white lines,
number of genes commonly
hypermethylated or hypomethylated in both
MCF7-T and MCF7-F cells. The cutoff was
set as fold change in methylation intensity
>2 (decreased or increased, versus
MCF7). C, correlation of changes in
promoter methylation to gene expression.
Genes showing >2-fold change in relative
methylation density (X axis ) and mRNA
level (Y axis ) in comparison with MCF7 are
depicted in the figure and divided into
four categories: genes with promoter
hypomethylation and increased expression
(a); genes with promoter hypermethylation
and increased expression (b); genes with
promoter hypomethylation and decreased
expression (c ); and genes with promoter
hypermethylation and decreased
expression (d).

7 http://cmg.iupui.edu/mdp/.
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or treated with E2 (10�8 mol/L, 4 hours; Fig. 2B). Based on
similarities in the expression profiles of the E2-responsive genes
among sublines (presented as a ‘‘condition tree’’ on the top of the
matrix in Fig. 2B), MCF7-T and MCF7 cells clustered together and
MCF7-F cells clustered on a separate branch, suggesting that
MCF7-T cells were more similar to the parental MCF7 than MCF7-F
cells.
We then examined MCF7-Tand MCF7-F cells for changes in basal

expression levels of the 360 E2-responsive genes identified in MCF7
cells (Supplementary Table S1). The numbers of E2 up-regulated
and down-regulated genes that showed significant changes in basal
expression levels in MCF7-T or MCF7-F cells were presented in
Fig. 2C . Among the total of 231 genes displaying altered basal
expression in either MCF7-T or MCF7-F cells, only 39 (17%; Fig. 2C,
hatched areas with white lines) were coordinately altered in both
sublines. These results indicate an association between acquired
resistance to tamoxifen and fulvestrant and altered basal expression
levels of distinct subsets of E2-responsive genes.
Global gene expression profiles associated with acquired

antiestrogen resistance. We did gene expression profiling of
MCF7, MCF7-T, and MCF7-F cells after 3 days of culture in basal
medium (Supplementary Table S2). We considered only those genes
that displayed a 3-fold or greater change in basal expression level in
the antiestrogen-resistant sublines. Altered expression of 371 genes
was observed in MCF7-T cells, with nearly an equal number of up-
regulated and down-regulated genes (184 and 187, respectively;
Fig. 3A). In MCF7-F cells, altered expression of 2,518 genes was
observed, with more genes up-regulated (1,753 up-regulated versus
765 down-regulated; Fig. 3A). Only 138 genes were coordinately
altered in both MCF7-T and MCF7-F cells (81 genes up-regulated
and 57 genes down-regulated; Fig. 3A, shadowed areas with white
lines), and 233 and 2,380 genes were uniquely altered in MCF7-T
and MCF7-F, respectively (Fig. 3A). This result revealed that
distinct molecular changes are associated with tamoxifen and
fulvestrant resistance. Furthermore, the acquisition of fulvestrant
resistance was associated with a dramatic remodeling of global
gene expression, with gene up-regulation more prevalent that gene
down-regulation.
Although the functions of the genes with altered expression in

either MCF7-T or MCF7-F cells were diverse, they could be
organized into different functional categories using the Kyoto
Encyclopedia of Genes and Genomes database8 and Gene
Ontology algorithms.9 Signaling pathways coordinately altered
at multiple levels and known to be involved in growth regulation
are listed in Table 1. In MCF7-T cells, five families of genes were
prominently altered: (a) PKA pathway, (b) caveolins, (c) Annexins
and S100 calcium-binding proteins, (d) MAPK phosphatases, and
(e) inhibitor of differentiation proteins. In addition, of the 371
altered genes in MCF7-T cells, 40% were E2-responsive genes
(Supplementary Table S1), suggesting that remodeling of the ERa
target gene network is a mechanism underlying acquisition of
tamoxifen resistance. In MCF7-F cells, prominently altered path-
ways included EGFR and ErbB2 and related proteins, cytokines/
cytokine receptors, Wnt/h-catenin pathway, Notch pathway,
and IFN signaling pathway/IFN-inducible genes (Table 1), showing
an overall up-regulation of growth-stimulatory pathways in
fulvestrant-resistant cells.

Correlation between genes altered in antiestrogen-resistant
cells and known prognostic markers of breast tumors. To
assess the potential clinical relevance of our findings, we examined
the expression levels of multiple breast cancer prognostic markers
(30, 31) in MCF7-T and MCF-F. We observed up-regulation ( fold
change z2; P < 0.001) of 16 and 47 poor prognostic markers in
MCF7-T and MCF7-F, respectively (Supplementary Table S4).
Conversely, we observed down-regulation of 4 and 9 good
prognostic markers in MCF7-T and MCF7-F, respectively (Supple-
mentary Table S4). Next, we examined the expression levels of
genes previously associated with clinical outcome of breast tumors
treated with tamoxifen (32–34). In MCF7-T, seven tamoxifen-
resistant markers were up-regulated, whereas three tamoxifen-
responsive markers were down-regulated (Supplementary Table
S5). Finally, we examined the expression levels of known ERa
signature genes (30, 35). In MCF7-T and MCF7-F, we observed
down-regulation of 41 and 138 signature genes of ERa-positive
tumors, respectively (Supplementary Table S6). Conversely, we
observed up-regulation of 60 and 206 signature genes of ERa-
negative tumors in MCF7-T and MCF7-F, respectively (Supplemen-
tary Table S6). Collectively, our observations that subsets of
potentially clinically relevant genes are altered in MCF7-T and
MCF7-F support the notion that these cell lines may be valuable
models for investigating the molecular events underlying the
development of antiestrogen resistance in human breast cancer.
DNA methylation profiles associated with acquired resis-

tance. Our recent studies showed that ERa depletion by siRNA in
breast cancer cells led to progressive DNA methylation of genes
normally regulated by ERa (17). This finding prompted us to
investigate whether long-term treatment with tamoxifen or
fulvestrant could cause changes in DNA methylation. Thus, we
examined promoter methylation in using differential methylation
hybridization and a customized 60-mer microarray containing
44,000 CpG-rich fragments from 12,000 promoters of defined genes.
Genes showing altered promoter methylation intensities ( fold
change z2, versus MCF7) are listed in Supplementary Table S3. In
MCF7-F cells, 281 genes showed altered promoter methylation,
with 240 (86%) hypomethylated genes (Fig. 3B). In MCF7-T, 160
genes showed altered promoter methylation, with 124 (77.5%)
hypomethylated genes (Fig. 3B). Comparing the promoter meth-
ylation profiles, we found that only 16 promoters were commonly
hypermethylated or hypomethylated in both resistant sublines
(Fig. 3B, shadowed areas with white lines), suggesting that distinct
sets of promoters are targeted for epigenetic modification by
tamoxifen and fulvestrant.
By analyzing the methylation status of the 360 E2-responsive

genes identified in MCF7 cells (Supplementary Table S1), we found
a total of eight genes with altered methylation in MCF7-T (ID4 and
FABP5) and MCF7-F (FHL2, FUT4, MICAL2, P2RY2, PIK3R3 , and
USP31 ). This observation suggests that the acquisition of
antiestrogen resistance is not associated with changes in promoter
methylation status of early E2-responsive genes.
To correlate changes in promoter methylation and basal

gene expression levels, a linear regression analysis was done. An
inverse correlation was observed between promoter methylation
intensities and mRNA expression levels (P < 0.05; Fig. 3C),
such as decreased basal expression levels were associated with
increased promoter methylation. For a subset of genes listed in
Table 2, increased mRNA expression levels were correlated with
hypomethylation or vice versa (decreased mRNA expression levels
were correlated with hypermethylation). Taken together, these

8 http://www.genome.ad.jp/kegg/kegg2.html.
9 http://www.godatabase.org/cgi-bin/amigo/go.cgi.
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Table 1. Cell signaling pathways prominently altered in MCF7-T and MCF7-F

Gene

symbol

Genbank Basal expression (vs MCF7) Description

MCF7-T MCF7-F

PKA pathway

PKIA NM_181839 — �4.70 Protein kinase (cAMP-dependent, catalytic) inhibitor a
PKIB NM_181795 �37.26 �33.38 Protein kinase (cAMP-dependent, catalytic) inhibitor h
PKIG NM_181805 �2.80 �3.20 Protein kinase (cAMP-dependent, catalytic) inhibitor g
PRKACA NM_002730 — �2.46 Protein kinase, cAMP-dependent, catalytic, a
PRKACB NM_182948 5.10 4.26 Protein kinase, cAMP-dependent, catalytic, h
PRKAR2A NM_004157 �1.54 �2.07 Protein kinase, cAMP-dependent, regulatory, type II, a
PRKAR2B NM_002736 10.39 3.39 Protein kinase, cAMP-dependent, regulatory, type II, h

Caveolins

CAV1 NM_001753 �3.56 �1.59 Caveolin 1, caveolae protein, 22 kDa

CAV2 NM_198212 �2.53 �2.32 Caveolin 2
Annexins and S100 calcium-binding proteins

ANXA1 NM_000700 �3.04 14.28 Annexin A1

ANXA10 NM_007193 4.65 162.71 Annexin A10

ANXA11 NM_145869 �1.54 �1.88 Annexin A11
ANXA3 NM_005139 �2.25 �1.53 Annexin A3

ANXA4 NM_001153 �1.65 — Annexin A4

ANXA6 NM_004033 �2.28 �18.63 Annexin A6
ANXA9 NM_003568 �3.52 2.11 Annexin A9

S100A11 NM_005620 �1.79 �2.23 S100 calcium-binding protein A11 (calgizzarin)

S100A13 Hs.446592 �4.02 �3.74 S100 calcium-binding protein A13

S100A14 NM_020672 �7.11 �3.07 S100 calcium-binding protein A14
S100A16 NM_080388 �13.05 �7.30 S100 calcium-binding protein A16

S100A4 NM_019554 �2.11 �1.25 S100 calcium-binding protein A4

S100A6 NM_014624 �1.97 �2.31 S100 calcium-binding protein A6 (calcyclin)

S100P NM_005980 �4.18 3.40 S100 calcium-binding protein P
MAPK phosphatase activity

DUSP23 NM_017823 �1.76 �6.17 Dual specificity phosphatase 23

DUSP4 NM_057158 �4.39 1.23 Dual specificity phosphatase 4

DUSP5 NM_004419 �3.66 �1.26 Dual specificity phosphatase 5
DUSP6 NM_022652 �1.74 3.56 Dual specificity phosphatase 6

Dominant-negative helix-loop-helix proteins

ID1 NM_181353 2.77 2.52 Inhibitor of DNA binding 1, dominant-negative helix-loop-helix protein
ID2 NM_002166 — �2.96 Inhibitor of DNA binding 2, dominant-negative helix-loop-helix protein

ID3 NM_002167 2.62 1.25 Inhibitor of DNA binding 3, dominant-negative helix-loop-helix protein

ID4 NM_001546 6.86 — Inhibitor of DNA binding 4, dominant-negative helix-loop-helix protein

EGFR activity
EGFR NM_201284 1.29 3.24 Epidermal growth factor receptor

ERBB2 NM_004448 — 6.61 V-erb-b2 erythroblastic leukemia viral oncogene homologue 2

ERBB3 NM_001982 1.40 7.07 V-erb-b2 erythroblastic leukemia viral oncogene homologue 3 (avian)

TOB1 NM_005749 1.29 �5.03 Transducer of ERBB2, 1
TOB2 NM_016272 �1.34 �3.98 Transducer of ERBB2, 2

Wnt/Frizzled/h-catenin signaling pathway

WNT11 NM_004626 — 12.64 Wingless-type mouse mammary tumor virus (MMTV)
integration site family, member 11

WNT5A NM_003392 11.59 12.91 Wingless-type MMTV integration site family, member 5A

WNT6 NM_006522 �3.47 3.93 Wingless-type MMTV integration site family, member 6

LRP5 NM_002335 �1.17 2.08 Low-density lipoprotein receptor-related protein 5
LRP6 NM_002336 — 6.76 Low-density lipoprotein receptor-related protein 6

CTNNB1 NM_001904 2.93 4.89 Catenin (cadherin-associated protein), h 1, 88 kDa

FZD7 NM_003507 1.28 2.32 Frizzled homologue 7 (Drosophila)

Notch signaling pathway
ADAM17 NM_021832 — 9.02 A disintegrin and metalloproteinase domain 17

APH-1A NM_016022 — 4.94 Anterior pharynx defective 1 homologue A (Caenorhabditis elegans)

JAG1 NM_000214 1.48 5.97 Jagged 1 (Alagille syndrome)
JAG2 NM_145159 3.89 3.09 Jagged 2

PSEN1 NM_007319 1.33 7.06 Presenilin 1 (Alzheimer disease 3)
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Table 1. Cell signaling pathways prominently altered in MCF7-T and MCF7-F (Cont’d)

Gene

symbol

Genbank Basal expression (vs MCF7) Description

MCF7-T MCF7-F

MAML2 NM_032427 — 4.90 Mastermind-like 2 (Drosophila)

NOTCH2 NM_024408 — 3.39 Notch homologue 2 (Drosophila)

NOTCH2NL Hs.502564 — 6.00 Notch homologue 2 (Drosophila) N-terminal like

Cytokines and cytokine receptors
ANGPTL4 NM_139314 — 3.60 Angiopoietin-like 4

ANGPTL6 NM_031917 — 10.70 Angiopoietin-like 6

BMPR2 NM_033346 — 3.92 Bone morphogenetic protein receptor,
type II (serine/threonine kinase)

CISH NM_145071 �4.76 �3.03 Cytokine-inducible SH2-containing protein

CXCL12 NM_199168 �4.22 1.28 Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)

CXCR4 Hs.421986 5.15 4.35 Chemokine (C-X-C motif) receptor 4
EFNB2 NM_004093 �4.11 8.50 Ephrin-B2

EGFR NM_201284 1.29 3.24 Epidermal growth factor receptor

EPHA2 NM_004431 — 5.83 EPH receptor A2

EPHA4 Hs.244624 �1.37 4.39 EphA4
EPHA7 NM_004440 — 23.64 EPH receptor A7

EPHB2 NM_017449 — 9.04 EPH receptor B2

EPHB3 NM_004443 1.23 3.21 EPH receptor B3
EPHB6 NM_004445 1.24 8.92 EPH receptor B6

FGF13 NM_033642 �1.73 �29.30 Fibroblast growth factor 13

FGFR2 NM_023031 — 5.35 Fibroblast growth factor receptor 2

FGFR4 NM_022963 �1.89 �3.82 Fibroblast growth factor receptor 4
FLT3LG NM_001459 — 4.15 Fms-related tyrosine kinase 3 ligand

GAS6 NM_000820 — 5.45 Growth arrest-specific 6

IFNGR1 NM_000416 — 4.50 IFN-g receptor 1

IGF2R NM_000876 — 4.39 Insulin-like growth factor 2 receptor
IL11RA NM_147162 — 3.48 Interleukin 11 receptor, a
IL13RA1 NM_001560 �1.28 4.16 Interleukin-13 receptor, a1
IL17D NM_138284 — �3.20 Interleukin-17D

IL1A NM_000575 — 3.82 Interleukin-1, a
IL1R1 NM_000877 �1.80 �3.44 Interleukin-1 receptor, type I

IL1RAP NM_134470 — 10.37 Interleukin-1 receptor accessory protein

IL6ST NM_175767 1.54 3.67 Interleukin-6 signal transducer (gp130, oncostatin M receptor)
IL8 NM_000584 — 3.31 Interleukin-8

INHBB NM_002193 �5.74 �3.73 Inhibin, h B (activin AB h polypeptide)

KITLG NM_003994 — 5.74 KIT ligand

LIFR NM_002310 — 13.72 Leukemia inhibitory factor receptor
OSMR NM_003999 3.69 5.61 Oncostatin M receptor

SOCS2 NM_003877 — �3.60 Suppressor of cytokine signaling 2

SOCS3 NM_003955 — �3.42 Suppressor of cytokine signaling 3

SOCS6 NM_004232 �3.03 1.28 Suppressor of cytokine signaling 6
TGFA NM_003236 �5.94 2.47 Transforming growth factor, a
TGFB1I1 NM_015927 3.28 1.27 Transforming growth factor h1 induced transcript 1

TGFB2 NM_003238 �1.41 �3.45 Transforming growth factor, h 2
TGFBR2 NM_003242 �2.00 4.31 Transforming growth factor, h receptor II (70/80 kDa)

TGFBR3 NM_003243 4.14 4.36 Transforming growth factor, h receptor III (h glycan, 300 kDa)

TNFAIP2 NM_006291 1.27 3.89 Tumor necrosis factor, a-induced protein 2

TNFAIP8 NM_014350 — 3.09 Tumor necrosis factor, a-induced protein 8
TNFRSF10B NM_147187 1.31 5.04 Tumor necrosis factor receptor superfamily, member 10b

TNFRSF11B NM_002546 �8.70 4.38 Tumor necrosis factor receptor superfamily,

member 11b (osteoprotegerin)

TNFRSF12A NM_016639 �3.38 2.02 Tumor necrosis factor receptor superfamily, member 12A
TNFRSF19 NM_148957 �21.63 �13.63 Tumor necrosis factor receptor superfamily, member 19

TNFRSF1A NM_001065 — 4.67 Tumor necrosis factor receptor superfamily, member 1A

TNFRSF21 NM_016629 �2.97 8.53 Tumor necrosis factor receptor superfamily, member 21
TNFRSF25 NM_148974 3.14 5.38 Tumor necrosis factor receptor superfamily, member 25

TNFSF10 NM_003810 — 11.22 Tumor necrosis factor (ligand) superfamily, member 10

TNFSF13 NM_172089 �4.23 �7.18 Tumor necrosis factor (ligand) superfamily, member 12

VEGF NM_003376 1.20 3.05 Vascular endothelial growth factor
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Table 2. Genes with altered expression and promoter methylation in MCF7-T and MCF7-F cells

Gene

symbol

Location of

methylated loci

Expression level

(vs MCF7)

Methylation intensity

(vs MCF7)

Description

Overexpressed and hypomethylated in MCF7-T

CDH2 NM_001792, CDH2:-312 4.14 �2.137 Cadherin 2, type 1, N-cadherin (neuronal)
DIAPH2 NM_007309, DIAPH2:-74 3.64 �3.247 Early lymphoid activation protein

E2F7 NM_203394, E2F7:-116 2.22 �5.525 E2F transcription factor 7

ID4 NM_001546, ID4:247 6.86 �10.000 Inhibitor of DNA binding 4
PCSK9 NM_174936, PCSK9:-28 3.63 �2.004 Proprotein convertase subtilisin/kexin type 9

PRTFDC1 NM_020200, PRTFDC1:-423 3.96 �2.288 Phosphoribosyl transferase domain containing 1

Down-regulated and hypermethylated in MCF7-T

GALNT10 NM_198321, GALNT10:-7 �2.53 2.683 UDP-N-acetyl-a-D-galactosamine:polypeptide
N-acetylgalactosaminyltransferase 10

NR2F2 NM_021005, NR2F2:-200 �2.12 2.008 Nuclear receptor subfamily 2, group F, member 2

PLEKHA9 NM_015899, PLEKHA9:-51 �2.82 2.363 Pleckstrin homology domain containing, A8

SCUBE2 NM_198473, SCUBE2:-88 �9.30 2.255 Signal peptide, CUB domain, EGF-like 2
Overexpressed and hypomethylated in MCF7-F

ANXA4 NM_001153, ANXA4:-218 2.04 �2.045 Annexin A4

AP3M2 NM_006803, AP3M2:-438 2.30 �2.451 Adaptor-related protein complex 3, A2 subunit
APG9L1 NM_018089, APG9L1:-307 2.18 �2.584 APG9 autophagy 9-like 1 (Saccharomyces cerevisiae)

APPL NM_012096, APPL:-43 2.13 �2.320 Adaptor protein containing pH, PTB,

and leucine zipper 1

ASB3 NM_015701, ASB3:-146 2.63 �8.772 Ankyrin repeat and SOCS box-containing 3
ASPH NM_032466, ASPH:-485 4.03 �2.165 Aspartate h-hydroxylase
ATXN7 NM_025075, ATXN7:-788 2.87 �2.451 Ataxin-7

CBLB NM_170662, CBLB:-319 2.64 �2.294 Cas-Br-M ecotropic retroviral transforming sequence b

CDW92 NM_080546, CDW92:-128 3.38 �2.427 CDW92 antigen
CENPJ NM_018451, CENPJ:-279 3.13 �2.370 Centromere protein J

CHD1 NM_001270, CHD1:-1866 2.64 �3.226 Chromodomain helicase DNA binding protein 1

CKAP4 NM_006825, CKAP4:-204 2.39 �4.310 Cytoskeleton-associated protein 4
CORO2A NM_052820, CORO2A:-219 2.07 �10.000 Coronin, actin binding protein, 2A

CTNNB1 NM_001904, CTNNB1:-49 4.89 �2.049 Catenin (cadherin-associated protein), h 1, 88 kDa

CXCL16 NM_032265|, CXCL16:-174 2.10 2.591 Chemokine (C-X-C motif) ligand 16

CYB561 NM_001915, CYB561:-225 3.46 �2.342 Cytochrome b-561
CYHR1 NM_145754, CYHR1:-184 2.16 �3.021 Cysteine/histidine-rich 1

EDIL3 NM_005711, EDIL3:-87 10.00 �3.861 EGF-like repeats and discoidin I-like domain 3

FBXL13 NM_031905, FBXL13:-258 2.57 �2.174 F-box and leucine-rich repeat protein 13

FLJ10052 NM_017982, FLJ10052:-476 4.13 �4.274 Sushi domain containing 4
FRAS1 NM_032863, FRAS1:-617 8.74 �3.344 Fraser syndrome 1

GGH NM_003878, GGH:-423 2.67 �4.695 g-Glutamyl hydrolase

GPAM NM_020918, GPAM:-206 3.05 �2.353 Glycerol-3-phosphate acyltransferase, mitochondrial

GPR51 NM_005458, GPR51:-86 5.45 �2.004 G protein–coupled receptor 51
HIAT1 NM_033055, HIAT1:-203 2.36 �2.618 Hippocampus abundant transcript 1

ITGB1 NM_002211, ITGB1:-48 6.42 �3.115 Integrin, h1
ITGB5 NM_002213, ITGB5:-580 3.34 �2.985 Integrin, h5
ITM2B NM_021999, ITM2B:-287 2.08 �3.058 Integral membrane protein 2B

KIFC2 NM_145754, KIFC2:-704 3.12 �3.021 Kinesin family member C2

LRP6 NM_002336, LRP6:-482 2.73 �7.937 Low-density lipoprotein receptor-related protein 6

MGC43690 NM_182552, MGC43690:-323 4.01 �3.546 WD repeat domain 27
NAPE NM_198990, NAPE-PLD:-217 2.68 �2.899 N-acyl-phosphatidylethanolamine-hydrolyzing

phospholipase D

NCKAP1 NM_205842, NCKAP1:-177 2.03 �2.899 NCK-associated protein 1

NR1D2 NM_005126, NR1D2:-63 2.47 �2.364 Nuclear receptor subfamily 1, group D, member 2
P2RY2 NM_002564, P2RY2:-115 3.21 �2.653 Purinergic receptor P2Y, G protein coupled, 2

PAQR3 NM_177453, PAQR3:-141 2.79 �2.604 Progestin and adipoQ receptor family member III

PLCG2 NM_002661, PLCG2:-21 2.01 �3.846 Phospholipase C, g 2 (phosphatidylinositol specific)
PPT2 NM_030651, PPT2:-2776 3.16 �3.460 Palmitoyl-protein thioesterase 2

PSIP1 NM_033222, PSIP1:-659 4.12 �2.740 PC4 and SFRS1 interacting protein 1

RAB24 NM_013237, RAB24:-191 2.05 �2.320 RAB24, member RAS oncogene family

RBM11 NM_144770, RBM11:-174 9.11 �2.151 RNA binding motif protein 11
RCOR3 NM_018254, RCOR3:-586 3.33 �2.110 REST corepressor 3
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results show that MCF7-F and MCF7-T display highly divergent
DNA methylation patterns; furthermore, promoter hypomethyla-
tion was more prevalent in antiestrogen-resistant sublines than in
MCF7 cells.
EGFR/ErbB2 and Wnt/B-catenin signaling pathways and

antiestrogen resistance. As several signaling pathways showed
coordinate alteration of multiple components in MCF7-T and
MCF7-F (Table 1), we first examined the role of EGFR/ErbB2 in
supporting estrogen-independent cell proliferation. Immunoblot-
ting analysis revealed that EGFR is up-regulated and activated
(phosphorylated) in MCF7-F and ErbB2 is up-regulated and
activated (phosphorylated) in both MCF7-T and MCF7-F cells
(Fig. 4A, top). Cell proliferation assays showed that 4557W (an
inhibitor of both EGFR and ErbB2) and AG879 (an ErbB2-specific
inhibitor) both inhibited cell proliferation of MCF7-T and MCF7-F
but not MCF7 (Fig. 4A, bottom). We also examined the effect of
PD15303, an EGFR-specific inhibitor. At 10 Amol/L PD15303, only
the growth of MCF7-F was inhibited; however, 30 Amol/L PD15303
completely blocked MCF7-T and MCF7-F cell growth but only
partially inhibited MCF7 growth (Fig. 4A, bottom).
Next, we examined the role of the Wnt/h-catenin pathway in

supporting estrogen-independent cell growth. Immunoblotting
analysis revealed that h-catenin is up-regulated in both MCF7-T
and MCF7-F but only activated in MCF7-F, indicated by the

presence of h-catenin in the nuclear fraction (Fig. 4B). To inhibit h-
catenin activity, we used EGCG (36). Cell proliferation and
clonogenicity assays were used to show that inhibiting h-catenin
activity blocked MCF7-F cell growth but not MCF7-T or MCF7
(Fig. 4B, bottom). Reporter analysis using a TOPflash construct (23)
confirmed that h-catenin-mediated gene transcription was in-
creased in MCF7-F, which was eliminated by EGCG treatment
(Fig. 4B, bottom). Taken together, these results show that the EGFR/
ErbB2 pathway plays an important role in supporting MCF7-T and
MCF7-F cell growth as well as the involvement of h-catenin
activation in fulvestrant resistance.

Discussion

Based on the unique molecular actions of tamoxifen and
fulvestrant, we hypothesized that the two antiestrogens induce
distinct adaptive responses in breast cancer cells and subsequently
promote the emergence of drug-resistant cells with specific
molecular characteristics. To test this possibility, we generated
breast cancer cells with acquired resistance to either tamoxifen or
fulvestrant and did global gene expression and DNA methylation
analyses on the resistant cells. In our model system, to avoid
clonal selection of variants with intrinsic drug resistance from a
heterogeneous population, we isolated a single estrogen-responsive

Table 2. Genes with altered expression and promoter methylation in MCF7-T and MCF7-F cells (Cont’d)

Gene

symbol

Location of

methylated loci

Expression level

(vs MCF7)

Methylation intensity

(vs MCF7)

Description

RYK NM_002958, RYK:-20 3.35 �2.016 RYK receptor-like tyrosine kinase

SFRS15 NM_020706, SFRS15:-29 3.11 �5.587 Splicing factor, arginine/serine-rich 15
SMYD2 NM_020197, SMYD2:-289 4.93 �5.525 SET and MYND domain containing 2

SS18L1 NM_002792, SS18L1:-729 2.07 �8.696 Synovial sarcoma translocation gene on ch18-like 1

TAF1C NM_139174|, TAF1C:-114 3.58 �3.731 TBP-associated factor, RNA polymerase I, C
TM7SF1 NM_003272, TM7SF1:-1135 2.36 �4.255 Transmembrane 7 superfamily member 1

TMPO NM_003276, TMPO:-98 2.75 �4.484 Thymopoietin

TNFRSF12A NM_016639, TNFRSF12A:-240 2.02 �3.145 Tumor necrosis factor receptor superfamily, 12A

TRPC1 NM_003304, TRPC1:-46 2.42 �4.464 Transient receptor potential cation channel, C 1
USP31 NM_020718, USP31:-101 4.56 �2.208 Ubiquitin-specific protease 31

VKORC1L1 NM_173517, VKORC1L1:-218 3.35 �2.008 Vitamin K epoxide reductase complex, subunit 1-like 1

WDR10 NM_003925, WDR10:-472 2.04 �2.075 WD repeat domain 10

WNT11 NM_004626, WNT11:-3989 10.00 �3.333 Wingless-type MMTV integration site family, member 11
XRN1 NM_019001, XRN1:-43 2.34 �2.392 5¶-3¶ exoribonuclease 1
ZDHHC9 NM_016032, ZDHHC9:-510 2.42 �3.106 Zinc finger, DHHC-type containing 9

Down-regulated and hypermethylated in MCF7-F

BXDC1 NM_032194, BXDC1:-193 �2.22 2.321 Brix domain containing 1
CREB3L4 NM_014437, CREB3L4:-455 �3.58 2.057 cAMP-responsive element binding protein 3-like 4

EPPB9 NM_015681, EPPB9:-480 �2.64 3.142 B9 protein

FLJ12671 NM_015997, FLJ12671:-518 �2.00 2.07 IFN-stimulated exonuclease gene 20 kDa-like 2
HDGF NM_004494, HDGF:344 �3.10 2.859 Hepatoma-derived growth factor

MAZ NM_007317, MAZ:-1107 �2.15 2.664 MYC-associated zinc finger protein

MRPL23 NM_021134, MRPL23:42 �3.43 2.457 Mitochondrial ribosomal protein L23

PCMT1 NM_005389, PCMT1:-134 �2.83 2.166 Protein-L-isoaspartate (D-aspartate) O-methyltransferase
PIK3R3 NM_003629, PIK3R3:-170 �2.98 2.216 Phosphoinositide 3-kinase, regulatory subunit 3

PLSCR3 NM_020360, PLSCR3:-169 �3.68 2.391 Phospholipid scramblase 3

POLR2J NM_006234, POLR2J:-327 �2.09 2.032 Polymerase (RNA) II (DNA directed) polypeptide J

PTS NM_000317, PTS:-67 �3.19 2.426 6-Pyruvoyltetrahydropterin synthase
PYCARD NM_013258, PYCARD:295 �3.04 2.239 PYD and CARD domain containing

QIL1 NM_205767, QIL1:208 �2.32 2.025 QIL1 protein

THAP5 NM_012328, THAP5:-37 �2.41 2.647 THAP domain containing 5
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MCF7 clone to subsequently derive the tamoxifen- and fulvestrant-
resistant sublines. Hormone-free medium was used during the
selection process to exclude interference from estrogens. Conse-
quently, the cellular and molecular changes identified in our model
systems can be considered ‘‘acquired traits’’ in response to
tamoxifen and fulvestrant treatment. Although originating from
the same MCF7 clone, the sublines developed strikingly divergent
phenotypes (Fig. 1) and molecular characteristics (i.e., gene
expression and promoter methylation patterns).
In MCF7-T cells, expression of a functional ERa was maintained,

and the cells responded to E2 treatment with altered gene
expression (Fig. 1B ; Supplementary Table S1). Although E2-
stimulated cell growth was no longer observed in the MCF7-T
subline, the cells retained a transcriptional response to E2 and
remained sensitive to growth inhibition by fulvestrant (Fig. 1D),
suggesting that ERa signaling continues to contribute to growth
regulation after the acquisition of tamoxifen resistance. Compar-
ative analysis revealed that E2-responsive gene profiles were
markedly different between MCF7 and MCF7-T (Fig. 2), suggesting
that different groups of genes were targeted by ERa in the parental
MCF7 cells compared with the tamoxifen-resistant subline.

Analysis of basal gene expression levels revealed a subset of 371
genes with altered expression in MCF7-T cells; a significant number
of these (f40%) were E2 responsive, suggesting that genes
normally regulated by ERa are targeted for molecular alteration
during acquisition of tamoxifen resistance. Based on these findings,
we suggest that breast cancer cells with acquired tamoxifen
resistance continue to use ERa to support cell growth/survival but
through an altered ER target gene network. Functional analysis of
altered genes in MCF7-T cells revealed that several signaling
pathways were coordinately up-regulated at multiple levels,
including PKA pathway, caveolins, Annexins and S100 calcium-
binding proteins, MAPK phosphatases, and inhibitor of differen-
tiation proteins (Table 1). Deregulation of these pathways has
previously been implicated in breast cancer pathogenesis (37–41),
but their precise roles in tamoxifen action and acquired resistance
remain to be established.
In contrast to MCF7-T cells, the MCF7-F cells showed dramati-

cally reduced expression of ERa and were refractory to E2-induced
gene regulation and growth stimulation (Fig. 1; Supplementary
Table S1). A large number of signature genes of ERa-positive
tumors were significantly down-regulated in MCF7-F, suggesting

Figure 4. Roles of EGFR/ErbB2 and
Wnt/h-catenin pathways in estrogen-
independent proliferation of MCF7-T and
MCF7-F. A, inhibition of EGFR/ErbB2
activity prevents cell growth of MCF7-T and
MCF7-F. EGFR and ErbB2 protein and
phosphorylation levels in whole-cell lysates
were examined by immunoblots. To
examine cell growth rates, MCF7 cells
(in growth medium), MCF7-T cells
(in hormone-free medium with 100 nmol/L
OHT), and MCF-F cells (in hormone-free
medium with 100 nmol/L fulvestrant) were
treated with EGFR/ErbB2 inhibitors as
indicated. Cell numbers were determined
by MTT assay after a 7-day treatment
period. Points, mean (n = 6) relative cell
growth rate (drug versus vehicle); bars,
SE. B, inhibition of h-catenin activity
prevents cell growth of MCF7-F. Level of
h-catenin protein in whole-cell lysate
and nuclear fraction was examined by
immunoblots. Cell growth rates in the
presence of EGCG were determined as in
(A). To examine clonogenic activity, cells
were treated with EGCG for 2 weeks.
Colonies that contain >50 cells were
scored. Points, mean (n = 6) relative
clonogenic activity (drug versus vehicle);
bars, SE. To examine h-catenin
transcription activity, cells were transfected
with TOPflash or FOPflash construct and
treated with EGCG for 16 hours as
indicated. The transcription activity of
h-catenin was presented as the ratio of
TOPflash against FOPflash.
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that acquired fulvestrant resistance is coupled with the generation
of ERa-negative phenotype. One striking observation from the
global gene expression analysis is the up-regulation of multiple
growth-regulatory pathways in MCF7-F cells, including EGFR/
ErbB2 and related proteins, cytokines/cytokine receptors, Wnt/h-
catenin pathway, and Notch pathway (Table 1). We showed that
both EGFR/ErbB2 and Wnt/h-catenin pathways play a role in
supporting estrogen-independent cell growth of MCF7-F, and the
contribution of the other signaling pathways to the development of
the resistant phenotype remains unclear.
Although aberrant promoter methylation is an early event in

tumorigenesis and frequently observed in breast tumors (42),
to our knowledge, a role for DNA methylation in remodeling
gene expression patterns associated with acquired antiestrogen
resistance has not been reported. Our genome-wide promoter
methylation analysis of MCF7-T and MCF7-F cells showed that
tamoxifen and fulvestrant can cause hypermethylation or hypo-
methylation of particular CpG-rich loci, resulting in distinct
promoter methylation patterns. We predicted, based on our
previous study (17), that inhibition of ERa signaling would result
primarily in gain of methylation on promoter regions of ERa direct
target genes (i.e., hypermethylation of CpG-rich loci). In contrast
to our hypothesis, the promoter methylation status of only eight
E2-responsive genes (FABP5, FHL2, FUT4, ID4, MICAL2, P2RY2,
PIK3R3 , and USP31) was found to be altered in the antiestrogen-
resistant cells. One possible explanation is that, although most
early E2-responsive genes in MCF7 cells are involved in cell growth
control, their inactivation by promoter methylation could result
in cell growth arrest or death. Thus, only cells without hyper-
methylation of ERa target genes, perhaps due to defective DNA
methylation, may be able to escape the detrimental effects of
antiestrogens. In support of this possibility, promoter hypomethy-
lation was more prevalent than promoter hypermethylation in
the antiestrogen-resistant sublines. Intriguingly, our observation
agrees with a previous study reporting that the DNA methylation
inhibitor 5-azacytidine promoted the generation of antiestrogen
resistance colonies from hormone-sensitive breast cancer ZR-75-1
cells (43).

Most current studies on cancer-related DNA methylation have
been focused on suppression-linked promoter hypermethylation of
tumor suppressors (44). However, a correlation between hypome-
thylation of promoter regions and transcriptional activation of
tumor-promoting genes in tumors has been described (45, 46).
Several genes that showed increased basal expression levels and
promoter hypomethylation in MCF7-T or MCF7-F cells were found
to be up-regulated in cancer cells and possess oncogenic activity,
such as CDH2, ID4, ANXA4, BRAF, CTNNB1 , and Wnt11 (47–50).
Taken together, our results suggest that promoter hypomethylation
plays a role in the development of antiestrogen resistance. Further
studies are required to elucidate how other epigenetic events, such
as histone modification and chromatin remodeling, contribute to
altered promoter methylation and acquired antiestrogen resistance
in breast cancer cells.
In this first study to provide a detailed analysis of the ERa target

gene network, global gene expression, and DNAmethylation profiles
in tamoxifen- and fulvestrant-resistant cells, we show that the acqui-
sition of resistance to tamoxifen and fulvestrant involves distinctly
different pathways (summarized in Supplementary Fig. S3). Tamox-
ifen resistance is associated with the maintenance of the ERa-
positive phenotype and use of an altered ERa signaling network to
promote cell proliferation/survival. Acquired resistance to fulvestrant
is an ERa-independent phenomenon, using multiple growth-
stimulatory pathways to establish autocrine-regulated proliferation.
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