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Abstract

Aromatase inhibitors (AIs) are the major types of drugs to treat hormone-dependent breast cancer. Although
these drugs work effectively, cancer still recurs in many patients after treatment as a result of acquired resistance
to the AIs. To characterize the resistant mechanisms, a set of MCF-7aro cell lines that acquired resistance to the
AIs was generated. Through an ‘‘Omics’’ approach, we found that the resistance mechanisms of the three AIs
(anastrozole, letrozole, and exemestane) differ and activation of estrogen receptor alpha (ERa) is critical for
acquired AI resistance. Our results reveal that growth factor/signal transduction pathways are upregulated after
ERa-dependent pathways are suppressed by AIs, and ERa can then be activated through different crosstalk
mechanisms.

Introduction

Approximately 60% of premenopausal and 75% of
postmenopausal breast cancer patients have estrogen-

dependent carcinomas. Antiestrogens and aromatase in-
hibitors (AIs) are the major types of drugs used to treat
estrogen-dependent breast cancer. Antiestrogens [such as
tamoxifen (TAM)] act as antagonists that block the binding
of estrogen to ER (ER has two isoforms: ERa and ERb; in
this article, ER refers to ERa unless otherwise indicated).
AIs [such as the third-generation AIs: anastrozole (ANA),
letrozole (LET), and exemestane (EXE)] (Fig. 1) inhibit the
aromatase enzyme that catalyzes estrogen biosynthesis.
Based on results from several major Phase III clinical trials,
these AIs are now considered important drugs for hor-
monal therapy of breast cancer in postmenopausal women
(Baum et al., 2002; Coates et al., 2007; Coombes et al., 2004;
Goss et al., 2003; Howell et al., 2005). AIs have been shown
to be superior to tamoxifen with regard to disease pro-
gression, incidences of locoregional and distant relapses,
and contralateral breast cancers.

Among three FDA-approved AIs, EXE is a steroidal in-
hibitor and an analogue of the androgen substrate. It is also a
mechanism-based inhibitor in that aromatase converts it into
an active derivative, leading to irreversible inactivation of the
enzyme (Hong et al., 2007). Furthermore, irreversible binding
of EXE triggers proteasome-mediated degradation of ar-
omatase protein in cells (Wang and Chen, 2006). LET and
ANA are not androgen analogues and are referred to as
nonsteroidal inhibitors. These two AIs have a triazole func-

tional group, which interacts with the heme prosthetic group
of aromatase, and act as competitive inhibitors with respect to
androgen substrates.

The three FDA-approved third-generation AIs are highly
potent, specific, and effective drugs; however, cancer still re-
curs in many patients after treatment as a result of acquired
resistance to the AIs. In acquired resistance, some patients
respond to treatment well initially, but cancer recurs after a
period of treatment. As part of our long-term goal of under-
standing the mechanisms of such acquired AI resistance and
developing strategies to overcome it, we have generated cell
line models, with the consideration of physiological rele-
vance, in which AI resistance has been generated from long-
term exposure of cells to AIs.

Because there is no ERþ and aromataseþ breast cancer cell
line, MCF-7aro was generated by overexpressing aromatase
in MCF-7 cells (Sun et al., 1997; Zhou et al., 1990), and was
used to study responses to AIs. This enabled the generation of
the first series of MCF-7aro cell lines that acquired resistance
to each of the three AIs (Chen et al., 2006). These MCF-7aro-
derived cell lines have been extensively characterized and
verified as relevant models of acquired endocrine resistance
(Masri et al., 2008, 2009a, 2009b, 2010). Furthermore, long-
term estrogen deprivation MCF-7aro lines (LTEDaro) were
generated and shown to represent a model of late stage ac-
quired resistance that does not respond to treatment with any
AI or tamoxifen (Masri et al., 2008, 2010). LTED cells have
been used as a model of AI resistance by several laboratories
(Lewis et al., 2005; Martin et al., 2003; Nicholson et al., 2004;
Yue et al., 2002).
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An Unbiased ‘‘Omics’’ Approach to Study
the Mechanisms of Endocrine Resistance

AI-resistant breast cancers result from complex molecular
changes and are challenging to cure. The most obvious
mechanism of acquired resistance involves a selection pro-
cess, that is, although estrogen production is suppressed by
AIs, alternative regulatory pathways are upregulated to allow
cancer to recur. When we initiated research into AI resistance
(Chen et al., 2006), a decision was made to apply a nonbiased
genome-wide approach to identify new genes or pathways
that play roles in AI resistance. We were the first group to
carry out gene expression profiling analysis on the entire
series of AI-resistant cell lines (Masri et al., 2008) and ChIP-
sequencing experiments for genome-wide analysis of ERa-
binding sites in MCF-7aro (AI-responsive) and LTEDaro cells
(Chen et al., 2009). One clinical feature associated with AI
treatment is the lack of crossresistance among the three AIs
(Lonning et al., 2009), suggesting that the different AIs use
different resistance mechanisms or that AI-resistant cells
developed supersensitive responses to ER (i.e., activation of
ER with subphysiological concentrations of estrogen). Studies
of our AI-resistant cell lines revealed for the first time that
the resistance mechanisms of the three AIs differ and activa-
tion of ERa is critical for AI resistance, supporting our cell
lines as valuable tools for studying the resistance mechanisms
to these drugs. Briefly, growth factor/signal transduction
pathways are upregulated after ER-dependent pathways are

suppressed by AIs, and ER can then be activated through
different crosstalk mechanisms.

To first determine whether TAM and AIs work similar or
not at the molecular level, we treated MCF-7aro cells with
testosterone (T), 17b-estradiol (E2), T þ AIs (LET and ANA),
or T þ TAM (Itoh et al., 2005). We found that T or E2 induced
proliferation of MCF-7aro cells at a rate six times faster than
the untreated cells. In addition, the T-induced proliferation of
MCF-7aro cells was effectively suppressed by LET, ANA, or
TAM. Microarray analyses, using Affymetrix Human Gen-
ome U133A GeneChips, were carried out using total RNA
isolated from the control cells and five types of treated cells.
At a false discovery rate of 0.05 and a minimum fold change
criteria of 1.5, 104 genes upregulated and 109 genes down-
regulated by both T and E2 were identified (Fig. 2). More than
50% of these hormone-regulated genes were counterregulated
by all three inhibitors, and more than 90% were counter-
regulated by at least one of the inhibitors. Comparison of the
effect of each inhibitor on gene expression revealed that LET
and ANA were more similar in terms of the genes they af-
fected, compared to treatment with TAM. To validate the
gene expression profiles identified from microarray analyses,
the expression patterns of 13 representative genes were ex-
amined by Northern analysis. We found that the apoptosis
pathway, MAPK cascade, and Wnt signaling pathway were
affected by the treatments of T and inhibitors (Itoh et al., 2005).
The results of this study provide a better understanding of the
actions of AIs and TAM at the molecular level, which could

FIG. 1. Estrogen synthesis and targets for endocrine therapy. Aromatase is the key enzyme involved in the conversion of
androgen to estrogen. Estrogen binds to ER in the cytoplasm and induces its activation and nuclear translocation. Aromatase
inhibitors as well as the ER antagonist tamoxifen are shown.
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serve as an important step in identifying unique expression
patterns following drug treatment, and ultimately be useful in
customizing patient treatment strategies for hormone-
dependent breast cancer. Supporting the physiologic rele-
vance of the findings from our preclinical studies, gene
expression changes induced by AI treatment in normal post-
menopausal breast tissue and malignant tissue (Kendall et al.,
2008; MacKay et al., 2007) are consistent with gene expression
profiles identified in our earlier studies on AI treated MCF-
7aro cells (Itoh et al., 2005). EXE was not included in this set
of microarray experiments because we did not have this
inhibitor when the experiments were carried out. The results
of microarray analysis of EXE-treated MCF-7aro will be
discussed later.

To elucidate mechanisms of acquired resistance to AIs, MCF-
7aro cell lines resistant to LET (TþLET R), ANA (TþANA R),
and EXE (TþEXE R), as well as LTEDaro and TAM (TþTAM R)
lines were generated. To generate these lines, cells were cul-
tured in phenol red-free Eagle’s MEM with nonessential amino
acids, sodium pyruvate, and 10% charcoal/dextran-treated
FBS with T (1 nM), T þ LET (200 nM), T þ ANA (1mM), T þ
EXE (1mM), or Tþ TAM (1mM). The cells proliferated normally
in the presence of T, but most died out in approximiately 2
weeks in the absence of T. In responding to AIs/TAM, the
growth of cells cultured with T plus AIs/TAM was initially
suppressed, then gradually resumed, and cells eventually grew
at rates identical to cells cultured in the presence of T. As proper
controls, MCF-7aro cells were also cultured in the presence of T
only (i.e., AroT), in addition to medium alone, without T (i.e.,
LTEDaro). Six independent sets of each resistant line were
generated. This is the first complete panel of endocrine therapy
resistant cell lines, which were generated as multiple inde-
pendent biological replicates for unbiased genome-wide anal-
ysis. To check the quality of our microarray analysis, a
hierarchical clustering analysis of the data has been carried out
(Chen et al., 2007). These lines generated high-quality Affy-
metrix microarray results. As a crucial quality control assess-
ment, we are very pleased with our analysis in which replicates
of each type of resistant lines do cluster together. As expected,
our results indicate that data of TþLET R, TþANA R, and
TþEXE R lines are more similar than those of TþTAM R and T-
treated lines. Although similarities are apparent (Fig. 3), the
microarray results clearly demonstrated that gene signatures
unique to AI-resistance were inherently different from LTE-
Daro and TþTAM R gene expression profiles (Masri et al.,

2009a). We also prepared inhibitor-only resistant cell lines. The
time to generate the different resistant cell lines varied among
different inhibitors. Cells growing in the presence of testos-
terone and inhibitor as well as LTEDaro cells had similar
generation times and were all established by 3 months. The
inhibitor-only resistant cells had more variation among them.
EXE R and ANA R were established in 2 months, whereas LET
R and TAM R were established in 8 months and 5 months,
respectively. It is important to point out again that acquired AI
resistance occurs after a period of treatment. Therefore, gene
expression analysis with cells treated with AIs for a few hours
or a couple of days will not identify genes that play roles in
acquired AI resistance (Chen et al., 2006).

A Global Way to View the Data—ER
as the Major Player of Acquired AI Resistance

In addition to cell proliferation assays, aromatase and ER
expression and activity levels in the resistant cell lines were
examined in order to determine if these proteins play a role in
resistance. The aromatase and ER mRNA levels in the resis-
tant cell lines remained at similar levels as the original MCF-
7aro cell line, except for the LTEDaro and AnaR cells in which
ER transcript levels were elevated. Our results indicate that
LTEDaro cell lines are similar to LTED/estrogen withdrawal
cell lines generated in other laboratories, where ER expression
is elevated. The aromatase protein level and activity in the
TþLET R, TþANA R, and TþTAM R cell lines are similar to
the control T-treated cell lines. In addition, aromatase is still
functional in these resistant lines and is responsive to the
treatment of AIs, as measured by aromatase assay (Masri
et al., 2008). These results indicate that AI resistance is not a
result of change in aromatase expression or in its response to
AIs. As expected, we detect a low level of aromatase activity
and aromatase protein in the TþEXE R and EXE R cell lines
because exemestane is a mechanism-based inhibitor and de-
stabilizes the aromatase enzyme.

Based on hierarchical clustering, unique estrogen-responsive
gene signatures varied depending on cell line, with some
genes upregulated in all lines versus other genes upregulated
only in the AI-resistant lines. Characterization of these resis-
tant lines showed that LTEDaro, TþLET R, and TþANA R
cells contained a constitutively active ER that did not require
estrogen for activation (Masri et al., 2008). Although EXE has
previously been shown to act as an androgen (Ariazi et al.,
2007), studies from our laboratory demonstrate the estrogen-
like activity of EXE. Based on genome-wide microarray
analysis, a high correlation was seen between EXE-Only (EXE
O, hormone-free) and T-treated AI-resistant lines. In addition,
the most upregulated genes in the EXE O lines were mostly
estrogen-responsive genes. This estrogen-like activity of EXE
was further validated using ER activity assays, where, in
comparison to E2, EXE was able to induce ER activity, al-
though at 1/1000 the potency of E2. Also, this EXE-mediated
ER activity was blocked by the ER antagonist ICI182,780 (ICI)
as well as the ERa-specific antagonist methyl-piperidino-
pyrazole. Similarly, EXE induced proliferation of the breast
cancer cell lines MCF-7, T47D and MCF-7aro, as well as ac-
tivated transcription of known estrogen-responsive genes,
that is, PGR, pS2, and amphiregulin (AREG). These results
suggest that EXE does have weak estrogen-like activity (Lewis
et al., 2005).

FIG. 2. Venn diagrams showing the numbers of genes re-
sponsive to individual inhibitors in hormone-regulated
genes.
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Because ER function was found to be upregulated, in the
absence of estrogen, in a few resistant cell lines, we would
expect that the expression of most estrogen-responsive genes
remains high even in the presence of AI/tamoxifen. Interest-
ingly, although genes like CCND1, CTSD, and TFF1 were
found to be upregulated in all resistant cell lines, PGR was
found to be upregulated in T-treated, TþANA R, TþLET R,
TþEXE R, EXE R, and TþTAM R, but not in LTEDaro and
ANA R. These results would indicate that the expression of
PGR in LTEDaro and ANA R is not regulated through ER.
With the results generated so far, we think that we have four
types of hormone-resistant cell lines. The first type includes
LTEDaro and ANA R, which are ER overexpressing, with
constitutively active ER, and with ERþ/PR� phenotype. The
second type includes TþANA R and TþLET R, which are
with constitutively active ER. The third type includes EXE R
and TþEXE R, which contain ER that is estrogen-dependent
or hormone responsive. The fourth type includes TþTAM R,
which has the gene expression profile that is clearly different
from those of LTEDaro and AI resistant cell lines. Using mi-
croarray analysis, we believe that our large panel of AI and
tamoxifen-resistant lines will provide new insight into
mechanistic differences between steroidal versus nonsteroidal

aromatase inhibitors and how these pathways differ from
tamoxifen resistance.

Experimental Confirmation of ER Function
in AI-Resistant Cells

Further characterization of these resistant lines was per-
formed using cell cycle analysis, immunofluorescence to vi-
sualize ER subcellular localization, as well as crossresistance
studies to determine second-line inhibitor response (Masri
et al., 2008). Using this well-defined model system, our studies
provide important information regarding differences in re-
sistance mechanisms to AIs, TAM, and LTEDaro, which are
critical in overcoming resistance when treating hormone-
responsive breast cancers. Our results indicate the resistance
mechanisms of the four drugs are probably not identical, and
our resistant-cell lines are valuable tools for studying the re-
sistance mechanisms of these four drugs.

Based on results generated so far, we propose a model of
acquired resistance that progresses from hormone-dependence
(TþTAM R and TþEXE R) to hormone-independence
(TþLET R and TþANA R), eventually resulting in hormone-
independence that does not rely on conventional ER signaling

FIG. 3. Similarity matrix of resistant cell lines. All resistant cell lines were normalized with parental MCF-7aro and the
correlation coefficients of 5007 significant genes were displayed as a similarity matrix, using Pearson’s correlation. Significant
genes were selected based on a fold change criteria of� 1.2-fold and a p-value <0.05. Correlation coefficients ranged between
0.36 and 0.95, with red indicating good correlation and green representing less correlated lines.
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(LTEDaro) (Fig. 4) (Masri et al., 2008). Importantly, although
the TAM-resistant cell lines responded to treatment with every
AI and LTEDaro did not respond to any AI, all AI-resistant cell
lines responded to treatment with another AI (Masri et al.,
2008). Thus, our resistant cell lines behave similar to resistant
tumors following AI treatment, that is, the lack of cross-
resistance among three AIs (Lonning, 2009).

Immunofluorescence experiments were carried out to look
at subcellular localization of ER in the resistant cell lines, in
comparison to MCF-7aro (Masri et al., 2008). Upon treatment
of MCF-7aro cells with E2, nuclear translocation of ER was
apparent. This is different from LTEDaro and TþLET R lines,
where ER staining, after E2 treatment, is seen in both the cy-
toplasm and the nucleus. Immunofluorescence analysis also
revealed a unique morphology to the LTEDaro lines. The
LTEDaro cells exhibit long axon-like extensions, or pseudo-
podia, as described by Santen et al. (2005). These pseudopodia
were not seen in other resistant lines, or the parental MCF-7aro.

Using this well-defined model system, our studies provide
important information regarding differences in resistance
mechanisms to AIs, TAM, and LTEDaro, which are critical in
overcoming resistance when treating hormone-responsive
breast cancers. We hypothesize that EXE resistance results
from the weak estrogen-like activity of EXE, LET/ANA re-
sistance is mainly driven by ER hypersensitivity and growth
factor (GF)-ER crosstalk, and the late stage of AI resistance
(i.e., LTEDaro) results from GF–ER crosstalk.

We also carried out miRNA microarray analysis that
identified 49 hormone-responsive miRNAs (Masri et al.,
2009). Our study has revealed that miRNA-128a (associated
with breast cancer aggressiveness) (Foekens et al., 2008) reg-
ulates TGF-b signaling in TþLET R cells.

Next Steps—Prevention and Treatment of AI Resistance

Affected by tumor microenvironment, it is not unexpected
that multiple signaling pathways are upregulated in endo-
crine resistant tumors, that is, ER can be activated by different
pathways. Therefore, inhibitors that target a single pathway
will be only effective for some, but not all, endocrine resistant
patients. Furthermore, secondary resistance may occur fol-
lowing the treatment with a highly selective drug. As dis-
cussed nicely in a recent review by Xu and Huang (2010), the
complex and dynamic process of receptor tyrosine kinase
coactivation during drug resistance needs treatment either by
inhibitor combinations or by multitarget inhibitors. Re-
cognizing such possible outcomes, we feel that effective

treatment of endocrine resistance could result from the use of
drugs with multiple targets. Heat-shock protein 90 (HSP90) is
a chaperone protein that functions to assist other proteins,
termed ‘‘client proteins,’’ in their proper folding. Many HSP90
client proteins include those involved in cell proliferation and
survival. Therefore, HSP90 inhibitors were thought to be
useful against AI resistance due to their capability of targeting
multiple proteins simultaneously. As proof-of-principle
studies, we examined the effect of 17-(dimethylaminoethyla-
mino)-17-demethoxygeldanamycin (17-DMAG), a HSP90 in-
hibitor, on our hormone-responsive and -resistant cell lines.
Our experiments reveal that proliferation of hormone-
responsive MCF7aro cells can be suppressed by 17-DMAG
and letrozole in a synergistic manner. Furthermore, 17-
DMAG was found to be very effective in suppressing the
proliferation of both de novo and acquired endocrine resistant
cells, but the treatment cannot resensitize the cells to letrozole.
17-DMAG induced apoptosis and G2 cell cycle arrest in both
cell lines. Moreover, detailed mechanistic studies revealed
decreased HER2, Akt, cyclin D1, and Bcl2 protein expression
with 17-DMAG treatment (Wong and Chen, 2009). Results
from our preclinical studies are being used as the basis of a
clinical trial to evaluate the utility of HSP90 inhibitors to
prevent/delay and treat/overcome AI resistance in patients
with hormone-dependent breast cancer.

In summary, resistance to AIs is emerging as a complex
phenomenon, based on new experimental information dis-
cussed in this article. Therefore, analysis of a large panel of
resistant cell lines by microarray is an unbiased genome-wide
examination of signaling pathways responsible for steroidal
and nonsteroidal AI resistance. Acquired resistance to AIs is a
hindrance in the clinic, and better understanding of the mo-
lecular mechanisms responsible for such occurrences would
be beneficial for effectively treating hormone-dependent
breast cancers. Our AI-resistant cell lines have been demon-
strated to be valuable for both the determination of the re-
sistance mechanisms and the evaluation of new drugs or
approaches to help patients against recurring cancer follow-
ing AI treatment.
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