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Abstract

The standard treatment for estrogen receptor – positive (ER+)
breast cancer includes several agents that antagonize the
effects of estrogen (1). Tamoxifen, a selective ER modulator
with ER-antagonistic and ER-agonistic activity, is still the agent
of choice in the majority of postmenopausal women with ER+
breast cancer. Second-line therapy typically has consisted until
recently of aromatase inhibitors, such as letrozole, anastrozole, or exemestane, which block endogenous production of
estrogen from testosterone and androstenedione. A number of
recent studies have suggested superiority of aromatase
inhibitors over tamoxifen, which currently is no longer
considered the agent of choice in the majority of postmenopausal patient with hormone-dependent breast cancer.
Mouridsen et al. (2) compared the efficacy of tamoxifen with
letrozole in 900 patients with advanced ER+ or progesterone
receptor – positive (PR+) breast cancer. Patients treated with
letrozole had improved time to progression (median, 41
versus 26 weeks), overall response rate (30% versus 20%), and
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rate of clinical benefit (49% versus 38%). The Arimidex,
Tamoxifen Alone, or in Combination Study compared the
aromatase inhibitor anastrozole to tamoxifen as adjuvant
therapy in >9,000 postmenopausal women with early, ER+
cancer. Patients received either drug or a combination of
the two. There were fewer recurrences and new primary
breast cancers as well as a statistically better disease-free
survival rate in the anastrozole arm compared with the other
two arms (3).
These data fit several preclinical observations that support the
therapeutic targeting of breast tumor cell aromatase. One study
identified aromatase mRNA and protein in tumor cells of
postmenopausal breast cancer patients. Treatment of histocultures from these specimens with testosterone increased cell
proliferation (4), implying that intratumor aromatase has
functional significance. ER+ MCF-7 xenografts in ovariectomized nude mice exhibited increased tumor estradiol and
cellular proliferation in response to androstenedione (5). In
another study, MCF-7 xenografts transfected with the aromatase
gene were inhibited by either aromatase inhibitors or the pure
antiestrogen fulvestrant (ICI 182,780), whereas the dual ER
agonist/antagonist tamoxifen had little effect (5, 6). These
studies support both the importance of intratumor aromatase
in the progression of breast cancer and the use of aromatase
inhibitors as first-line therapy in patients with ER+ mammary
tumors.

Oncogene Signaling and Antiestrogen Resistance
ER+ breast cancers typically progress from antiestrogen
sensitive to being antiestrogen resistant. Several resistance
mechanisms have been proposed. These include the rare loss
of ER by tumors, the uncommon selection of cells with ER
mutations, alterations in the intracellular pharmacology and/or
binding of antiestrogens to breast cancer cells, development of
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We have investigated the effect of HER-2 overexpression on resistance to the aromatase inhibitor
letrozole in MCF-7 breast cancer cells stably expressing cellular aromatase (MCF-7/CA). MCF-7/
CA cells overexpressing HER-2 showed a >2-fold increase in estrogen receptor (ER) ^ mediated
transcriptional reporter activity upon treatment with androstenedione compared with vector-only
control MCF-7/CA cells. Cotreatment with letrozole did not abrogate androstenedione-induced
transcription and cell proliferation in HER-2-overexpressing cells. Chromatin immunoprecipitation
assays using cross-linked protein-DNA from MCF-7/CA/HER-2 cells indicated ligand-independent association of the ERa coactivators AIB-1and CBP to the promoter region of the estrogenresponsive pS2 gene. Upon treatment with androstenedione, there were increased associations
of AIB1 and CBP with the pS2 promoter in the HER-2-overexpressing compared with control
MCF-7/CA cells. These results suggest that ligand-independent recruitment of coactivator complexes to estrogen-responsive promoters as a result of HER-2 overexpression may play a role in
the development of letrozole resistance.

ErbB Receptor Signaling and Antiestrogen Therapy Action
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is not clear. Thus, we have hypothesized that high EGFR/HER-2
and/or MAPK signaling may induce hyper-responsiveness to low
levels of estradiol, permit adaptation of ER+ breast tumor cells to
estrogen deprivation, and eventually result in hormone independence and resistance to aromatase inhibitors. However, a
study by Ellis et al. (23) suggests the opposite. In this study,
postmenopausal women with ER+, EGFR+, and/or HER-2+
tumors responded clinically to 4 months of therapy with
letrozole but poorly to tamoxifen, suggesting that EGFR+ and/
or HER-2+ tumors are highly hormone dependent. This result is
intriguing in that EGFR and HER-2 can activate several other ERindependent transforming signaling pathways (11) that per se
can contribute to tumor progression and that should not be
inhibited by inhibition of aromatase. Considering that the
assessment of clinical response in this study was done after a
short period of 4 months, the possibility that EGFR and/or HER2 can mediate early escape from aromatase inhibitor therapy and
estrogen deprivation cannot be ruled out. Indeed, in patients
treated for 12 weeks with neoadjuvant anastrozole in the
IMPACT trial, the reduction of proliferation as measured by
Ki67 immunohistochemistry seemed short-lived (24), suggestive
of an early escape from the aromatase inhibitor as a function of
oncogene overexpression. Therefore, we have tested the hypothesis that overexpression of EGFR/HER-2 will result in acquired
resistance to aromatase inhibitors.
One therapeutic approach for the inhibition of EGFR and
HER-2 has been the generation of ATP-competitive small
molecules that bind to the ATP site in the receptors’ catalytic
domain (reviewed in ref. 14). Two promising tyrosine kinase
inhibitors of the HER network are gefitinib (ZD1839) and
erlotinib (OSI-774). Both have been shown to inhibit breast
cancer cells that express EGFR and HER-2 in vitro and in vivo
(25, 26). MCF-7 cells selected for resistance to the pure
antiestrogen fulvestrant (ICI 182,780) exhibited increased
dependence on EGFR/MAPK signaling. The resistant cells
were extremely sensitive to gefitinib (27). In another study,
tamoxifen-resistant MCF-7 cells exhibited markedly elevated
levels of EGFR and HER-2 as well as activated MAPK
compared with wild-type cells. Tamoxifen resistance did not
develop if the selection was done in the presence of gefitinib
(28). Finally, Shou et al. showed that gefitinib eliminated
HER-2/ER cross-talk and restored the antitumor effect
of tamoxifen in vivo in MCF-7 cells stably overexpressing
HER-2 (17). These cumulative data suggest that activation of
EGFR/HER-2 signaling is causal to acquired tamoxifen
resistance.

HER-2 Overexpression and Resistance to Letrozole
We have set out to determine if forced expression of HER-2
results in resistance to letrozole in MCF-7 cells that have
been stably transfected with an aromatase gene cDNA (MCF7/CA cells; ref. 4). The MCF-7/CA cells were provided by
Richard Santen (University of Virginia in Charlottesville).
These cells form tumors in nude mice that are inhibited by
letrozole treatment and can be maintained in culture in
estrogen-depleted conditions in the presence of 10 nmol/L
androstenedione (29). We stably transduced MCF-7/CA cells
with pBabe-erbB2 (HER-2) or pBabe (control) retroviral
vectors and selected in puromycin as described (30) and
confirmed HER-2 expression by immunoblot (Fig. 1A). To
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ligand-independent ER-mediated transcription, and, generally
more accepted, the perturbation of the interactions between ER
and coactivators and corepressors of transcription (reviewed
in ref. 7). Tamoxifen can repress or activate transcription of
estrogen-target genes. Upon the emergence of resistance, the
agonistic effects of selective ER modulators like tamoxifen can
predominate, leading to breast tumor growth and/or endometrial cancer (8).
Several data suggest a causal association between overexpression or aberrant activity of HER-2/neu (erbB2) and
antiestrogen resistance (9, 10). The HER-2 receptor is the
product of the HER-2 proto-oncogene and a member of the
epidermal growth factor (EGF) family of receptor tyrosine
kinases, which also includes EGF receptor (EGFR; HER1 and
erbB1), HER-3 (erbB3), and HER-4 (erbB4). Upon binding of
ligand to either the EGFR, HER-3, or HER-4, the HER-2 receptor
is recruited as the preferred partner of these ligand-bound
receptors into a kinase-active, phosphorylated heterodimeric
complex, which activates signaling pathways that lead to
enhanced proliferation and survival of tumor cells (11). HER2 overexpression in breast cancers is associated with a more
metastatic behavior and poor patient prognosis (12). Patients
with HER-2-overexpressing tumors exhibit lower response rates
and/or shorter duration of response to antiestrogen therapy
(13). Overexpression of the EGFR and/or its ligands has also
been associated with antiestrogen resistance (14). These data
suggest that the EGFR/HER-2 signaling network is a robust
molecular therapeutic target in antiestrogen-resistant human
breast carcinoma.
Overexpression of HER-2 in tamoxifen-sensitive MCF-7 breast
cancer cells results in mitogen-activated protein kinase (MAPK)
hyperactivity and resistance to antiestrogens (15 – 17). In
addition, ER+ breast cancer cells grown in estrogen-depleted
conditions exhibit increased MAPK activity (18, 19). In turn, this
activated MAPK makes cells more sensitive to the mitogenic
effects of low concentrations of estrogen (18). MAPK promotes
increases ER phosphorylation of Ser118 and increases ER
association with coactivators but decreases association with
corepressors, thus favoring hormone-induced gene transcription
(20). Administration of the EGFR tyrosine kinase inhibitor
gefitinib for 4 to 6 weeks to patients with ER+/EGFR+ primary
breast cancers has recently been shown to inhibit Ser118 ERa
phosphorylation, Tyr845 EGFR phosphorylation, and tumor size
(21), strongly suggesting that the activated EGFR cross-talks with
ER signaling and potentially regulates its function in hormonedependent breast cancer. In turn, hormone-activated ER can
increase transcription of EGFR ligands (22), thus establishing a
positive feedback loop that amplifies the output of the cross-talk
between polypeptide growth factor and steroid receptors.
Because both aberrant EGFR and HER-2 can hyperactivate
MAPK, overexpression of these receptors can enhance the agonistic effects of tamoxifen on ER-mediated transcription and
therefore lead to antiestrogen resistance. In addition to facilitating the agonistic effects of tamoxifen, post-translational modifications of the ER and/or its coactivators by oncogene signals
can also result in ER supersensitivity to low doses of endogenous
estradiol and early escape from aromatase inhibitors (see below).
Elevated MAPK activity has been reported in ER+ breast cancer
cells subjected to chronic estrogen deprivation (18, 19). Whether
acquired overexpression of EGFR and/or HER-2 mediates the
MAPK hyperactivity observed as a result of estrogen deprivation

Fig. 1. HER-2 overexpression abrogates letrozole-mediated inhibition of
androstenedione (Ad) ^ induced ER transcription. A, HER-2 immunoblot of
MCF-7/CA cells stably transduced with pBabe-HER-2 or p-Babe vector. B, indicated
cells were cotransfected in phenol red ^ free medium supplemented with 10%
charcoal-stripped fetal calf serum with a pGLB-MERE plasmid and pCMV-R1
(Renilla reniformis) in triplicate wells and then stimulated for 24 hours with 25 nmol/L
androstenedione (Sigma, St. Louis, MO) F 1nmol/L letrozole (provided by Dean
Evans, Novartis, Basel, Switzerland). Firefly and R. reniformis luciferase activities
were determined using the Dual Luciferase Assay System (Promega, Madison,WI),
and the data were expressed as relative luciferase units (RLU) by using the
firefly/R. reniformis luciferase activity ratio as described (35).
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Fig. 2. ER is constitutively associated with coactivators of transcription in
HER-2-overexpressing cells. Cells were incubated in phenol red ^ free medium
supplemented with 10% charcoal-stripped FCS for 3 days and then serum starved
for an additional 24 hours. Monolayers were then treated with androstenedione
(AD; 25 nmol/L) F letrozole (1nmol/L) or estradiol (1nmol/L) for 3 hours, washed
with PBS, and cross-linked with 1% formaldehyde at 37jC for 10 minutes as
described (36). Occupancy of the estradiol-responsive pS2 promoter by ERa
or the transcriptional coactivators AIB-1or CBP was assessed by chromatin
immunoprecipitation as described by Shou et al. (17). Relevant pS2 promoter
sequences were PCR amplified from chromatin-protein complexes precipitated with
ERa, AIB-1, or CBP antibodies. Input lane, DNA that was PCR amplified from
DNA-protein extracts before immunoprecipitation.

specific primers for the promoter regions of the pS2 gene. The
pS2 PCR product was detectable in ERa, AIB-1, and CBP
pull downs from untreated MCF-7/CA/HER-2 cells but not in
MCF-7/CA controls. Treatment with androstenedione clearly
induced the pS2 product in both cell types, but the induced
levels were higher and unresponsive to letrozole in the HER-2overexpressing cells (Fig. 2). Consistent with higher transcriptional activity in the presence of androstenedione (Fig. 1B), the
estradiol-induced pS2 PCR primer product was more abundant
in HER-2-overexpressing cells than in control cells.
MCF-7/CA/HER-2 cells showed increased proliferation in
medium containing charcoal-stripped serum supplemented
with androstenedione compared with MCF-7/CA/vector cells.
Cotreatment of androstenedione with the aromatase inhibitor
letrozole did not abrogate androstenedione-mediated cell
proliferation in MCF-7/CA/HER-2 cells. MCF-7/CA/HER-2 cells
were also resistant to letrozole-induced apoptosis in estrogendepleted medium. Aromatase activity of both MCF-7/CA/
HER-2 and MCF-7/CA/vector cells was reduced to similar basal
levels by treatment with letrozole, suggesting that drug
resistance cannot be explained by an intrinsic insensitivity of
the aromatase enzyme itself to letrozole.5 These results suggest
that ligand-independent recruitment of coactivator complexes
to estrogen-responsive promoters as a result of HER-2 overexpression may play a role in developing letrozole resistance.
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test for antiestrogen resistance, we have examined luciferase
expression in cells transiently transfected with a pGLB-MERE
plasmid as described (15). This plasmid contains a double
consensus estrogen response element into the HindIII site
of pGLB. MCF-7/CA/vector and MCF-7/CA/HER-2 cells were
plated in estrogen-depleted medium containing 25 nmol/L
androstenedione. Intracellular aromatase converted androstenedione to estradiol and thus activated estrogen response
element – induced transcription and luciferase expression.
Interestingly, basal and androstenedione-induced ER reporter
activity was higher in MCF-7/CA/HER-2 cells, and the ligandinduced activity was markedly less sensitive to 1 nmol/L
letrozole compared with MCF-7/CA cells (Fig. 1B).
The ligand-independent ER reporter activity prompted us to
next examine the components of the ER transcription complex
in the well-characterized ER-responsive pS2 promoter by using
chromatin immunoprecipitation. The reporter activity suggested that in the absence of androstenedione (or estradiol),
the ER would be constitutively bound to transcriptional
coactivators, such as AIB-1 and the histone acetylase CBP. Cells
were treated with androstenedione F letrozole or estradiol and
cross-linked with formaldehyde. After precipitation of chromatin fragments with ERa, AIB-1, or CBP antibodies, DNA
contained in immune complexes was amplified by PCR using

ErbB Receptor Signaling and Antiestrogen Therapy Action

Clinical Implications

Open Discussion
Dr. Steven Come: What does acquired resistance look like in
terms of the extent of growth factor signaling in these models,
compared to the clinic? Is it a matter of degree? If you have a
patient whose tumor is 3+ HER-2/neu positive, that tumor is so
driven by growth factors at that point that there’s no turning
back. The only setting where you possibly could have an impact
is with the tumors that are clinically HER-2/neu negative
but will up-regulate to some degree to escape. I’m surprised
that gefitinib would be a choice to treat HER-2/neu – positive
disease. I wouldn’t think it would be very good in the clinic.
Dr. Carlos Arteaga: I would not choose gefitinib to block HER2. To block the ErbB pathway in conjunction with an antiestrogen,
I would choose the EGFR/HER-2 inhibitor lapatinib. Having said
that, you saw the data from Charles Coombes in ER+/EGFR+
tumors [Lancet Oncol 2005;6:383–91]. He was using 250 mg/day
of gefitinib, which is a dose that probably is not that great in
blocking the wild-type EGF receptor, and he found a remarkable
inhibition of phosphorylation of ER at serine 118.
Dr. Come: Right, but would it be a matter of degree? Where
would you make your impact? You would assume that most
patients who are resistant don’t have clinically evident HER-2/
neu overexpression. But it still might be up enough to escape
from the antiestrogens.
Dr. Mitch Dowsett: I think Dr. Come’s point is perhaps more
relevant to EGFR than it is to HER-2, because most of the
data on HER-2 indicate that some measurable degree of
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These data suggest the use of antiestrogens in combination
with EGFR/HER-2 signaling inhibitors in hormone-dependent
breast cancers that also overexpress EGFR and/or HER-2. One
potential difficulty of testing this approach is achieving rapid
patient accrual to randomized studies, as only a minority of
patients with ER+ or PR+ tumors also exhibit detectable levels
of EGFR or HER-2 gene amplification (21, 31). Other data,
however, would support the enrollment of ER+/PR+ tumors
with low EGFR/HER-2 levels in these combination trials. For
example, MCF-7 cells selected for resistance to the pure
antiestrogen fulvestrant show increased EGFR and MAPK levels.
This resistance is abrogated if the selection is done in the
presence of the EGFR inhibitor gefitinib or MAPK inhibitors
(27). Second, a recent report indicates that 3 of 26 (12%)
tumors that relapse early while on adjuvant tamoxifen therapy
exhibit high levels of HER-2 protein and/or gene amplification
at the time of recurrence, suggesting that oncogene overexpression is acquired during antiestrogen escape (32).
Furthermore, MCF-7 cells stably expressing aromatase that
become resistant to letrozole overexpress P-MAPK, a major
signal-transducing pathway regulated by erbB receptors. This
resistance was reversed by gefitinib or MAPK kinase inhibitors
(33). Finally, the EGFR gene contains a 96-bp intron fragment
that is repressed by estradiol; therefore, estrogen depletion upregulates EGFR transcription (34), providing a molecular
explanation for some of the abovementioned studies. Taken
together, these data provide a strong rationale for including
patients with ER+ breast cancer and low levels of EGFR and
HER-2 into trials of antiestrogens and inhibitors of EGFR/HER2 signaling.

overexpression is needed. Coombes’ data and your own work
with erlotinib suggest that these agents are having an effect at
lower levels of EGFR expression. The issue here is whether
Coombes has a diagnostic that will tell us where the EGFR
inhibitors are going to be effective. Or, in fact, is it that they’re
effective right across the board? We don’t really know that from
his data, because it’s such an unusual diagnostic.
Dr. Kathleen Pritchard: It was surprising to see as much
response as there was to gefitinib in that study, for a drug that’s
not supposed to work in breast cancer.
Dr. Stephen Johnston: He selected them. He screened about
350 cases to get 50 patients in the end of the study. He screened
a lot of cases using two different antibodies.
Dr. Arteaga: Yes, 348 cases, and they found 114 that were
positive for either or both EGFR antibodies.
Dr. Johnston: Both in your study and Coombes’ study,
where you see the biggest effects are in early breast cancer. The
biomarker studies in advanced breast cancer that Jose Baselga
did with gefitinib [J Clin Oncol 2005;23:5323 – 33] and the
study with erlotinib are disappointing, in terms of the fact that
they haven’t seen effects on Ki67 in tumors. Again, these
advanced breast cancer studies are unselected. I’m interested in
what you said about phospho-MAPK, because if that was
something that could select out responders, maybe that could
be done in Coombes’ study as well, because he did see a lot of
changes in phospho-MAPK. So it could be a surrogate for
upstream growth factor pathway activity.
Dr. Arteaga: What these studies suggest to me is that the
EGFR pathway is a major input to MAPK in vivo. Jose
Baselga’s study, like ours, showed inhibition of phosphoMAPK. His study did not show changes in Ki67. It could be
because his study was in a highly metastatic, heavily
pretreated population, and/or because they used gefitinib
and we used erlotinib. One possibility is that erlotinib is just
a better blocker of EGFR than gefitinib at the maximum
tolerated dose of 150 mg/day. It also blocks HER-2, at the
steady-state concentrations of approximately 3 AM that can be
achieved at the MTD. Of course, it is disappointing that these
drugs don’t have much single-agent activity, but the fact that
one can see tumor reduction and inhibition of Ser118 ER
phosphorylation in the Coombes study, suggests to me that if
MAPK is a major mechanism of escape from antiestrogens, the
combination of MAPK inhibitors or inhibitors of MAPK
activation with hormonal therapies may be effective or, at a
minimum, worth testing.
Dr. Myles Brown: So, in your MCF-7 model, you have EFGR
but no HER-2. The model for the gefitinib experiment we want
to do clinically would be tamoxifen-sensitive and aromatasesensitive cells, expressing EGFR/HER-2, to look for synergy with
EGFR inhibition. That’s the proposal you’re making, that at
normal, inducible, non-amplified EGFR signaling, there’s
enough of a feedback loop that you want to block that pathway
as well.
Dr. Arteaga: Correct, and I think we should do that. With
these models, I would not expect to see much of a change in a
short-term experiment. An experiment related to your question
was done by Angela Brodie in mice [Cancer Res 2005;65:
5380 – 9]. She selected MCF-7CA tumors that had been stably
transfected with the aromatase gene in the presence of letrozole.
Once they escaped letrozole, the selected tumors overexpressed
p-MAPK. One would have to do the same selection experiment

in the presence of an EGFR/HER-2 inhibitor. But I am afraid
the experiment would have to be done in vivo.
Dr. Dowsett: In terms of the clinical studies, we do have a
study which is just completing its recruitment at the moment
with 180 patients. It is anastrozole for 2 weeks, then randomization to gefitinib or not, with maintenance on anastrozole.
About 90 patients will receive gefitinib, and these are actually

unselected, other than for ER positivity. The primary endpoint is
Ki67, and we will actually have the clinical responses fairly soon.
There are some patients who don’t show Ki67 suppression. What
will gefitinib do to those? And there are other patients who show
suppression but then something of a recovery later on. Will
gefitinib prevent that recovery? Those are the thoughts that
provoked the study design.

References
14. Arteaga CL. The epidermal growth factor receptor:
from mutant oncogene in nonhuman cancers to therapeutic target in human neoplasia. J Clin Oncol 2001;
19:32 ^ 40S.
15. Kurokawa H, Lenferink AE, Simpson JF, et al. Inhibition of HER2/neu (erbB-2) and mitogen-activated
protein kinases enhances tamoxifen action against
HER2-overexpressing, tamoxifen- resistant breast
cancer cells. Cancer Res 2000;60:5887 ^ 94.
16. Benz CC, Scott GK, Sarup JC, et al. Estrogendependent, tamoxifen-resistant tumorigenic growth
of MCF-7 cells transfected with HER2/neu. Breast
Cancer ResTreat 1993;24:85 ^ 95.
17. Shou J, Massarweh S, Osborne CK, et al. Mechanisms of tamoxifen resistance: increased estrogen
receptor-HER2/neu cross-talk in ER/HER2-positive
breast cancer. J Natl Cancer Inst 2004;96:926 ^ 35.
18. Shim WS, Conaway M, Masamura S, et al. Estradiol
hypersensitivity and mitogen-activated protein kinase
expression in long-term estrogen deprived human
breast cancer cells in vivo. Endocrinology 2000;141:
396 ^ 405.
19. Coutts AS, Murphy LC. Elevated mitogen-activated
protein kinase activity in estrogen-nonresponsive
human breast cancer cells. Cancer Res 1998;58:
4071 ^ 4.
20. Lavinsky RM, Jepsen K, HeinzelT, et al. Diverse signaling pathways modulate nuclear receptor recruitment of N-CoR and SMRT complexes. Proc Natl
Acad Sci U S A 1998;95:2920 ^ 5.
21. Polychronis A, Sinnett HD, Hadjiminas D, et al.Preoperative gefitinib versus gefitinib and anastrozole in
postmenopausal patients with oestrogen-receptor
positive and epidermal-growth-factor-receptorpositive primary breast cancer : a double-blind
placebo-controlled phase II randomised trial. Lancet
Oncol 2005;6:383 ^ 91.
22. Yarden Y, Sliwkowski MX. Untangling the ErbB
signalling network. Nat Rev Mol Cell Biol 2001;2:
127 ^ 37.
23. Ellis MJ, Coop A, Singh B, et al. Letrozole is more
effective neoadjuvant endocrine therapy than tamoxifen for ErbB-1- and/or ErbB-2-positive, estrogen
receptor-positive primary breast cancer : evidence
from a phase III randomized trial. J Clin Oncol 2001;
19:3808 ^ 16.
24. Dowsett M, Ebbs SR, Dixon JM, et al. Biomarker
changes during neoadjuvant anastrozole, tamoxifen,
or the combination: influence of hormonal status and
HER-2 in breast cancer-a study from the IMPACT trialists. J Clin Oncol 2005;23:2477 ^ 92.
25. Moulder SL,Yakes FM, Muthuswamy SK, Bianco R,
Simpson JF, Arteaga CL. Epidermal growth factor
receptor (HER1) tyrosine kinase inhibitor ZD1839

Clin Cancer Res 2006;12(3 Suppl) February 1, 2006

1012s

(Iressa) inhibits HER2/neu (erbB2)-overexpressing
breast cancer cells in vitro and in vivo. Cancer
Res 2001;61:8887 ^ 95.
26. Hernan R, Fasheh R, Calabrese C, et al. ERBB2 upregulates S100A4 and several other prometastatic
genes in medulloblastoma. Cancer Res 2003;63:
140 ^ 8.
27. McClelland RA, Barrow D, Madden TA, et al. Enhanced epidermal growth factor receptor signaling in
MCF7 breast cancer cells after long-term culture in
the presence of the pure antiestrogen ICI 182,780
(Faslodex). Endocrinology 2001;142:2776 ^ 88.
28. Nicholson RI, Hutcheson IR, Harper ME, et al.
Modulation of epidermal growth factor receptor in
endocrine-resistant, oestrogen receptor-positive
breast cancer. Endocr Relat Cancer 2001;8:175 ^ 82.
29. Yue W, Wang JP, Conaway MR, Li Y, Santen RJ.
Adaptive hypersensitivity following long-term estrogen deprivation: involvement of multiple signal
pathways. J Steroid Biochem Mol Biol 2003;86:
265 ^ 74.
30. Muraoka RS, Lenferink AE, Law B, et al. ErbB2/
Neu-induced, cyclin D1-dependent transformation is
accelerated in p27-haploinsufficient mammary epithelial cells but impaired in p27-null cells. Mol Cell Biol
2002;22:2204 ^ 19.
31. Konecny G, Pauletti G, Pegram M, et al. Quantitative
association between HER-2/neu and steroid hormone
receptors in hormone receptor-positive primary breast
cancer. J Natl Cancer Inst 2003;95:142 ^ 53.
32. Gutierrez MC, Detre S, Johnston S, et al. Molecular
changes in tamoxifen-resistant breast cancer: relationship between estrogen receptor, HER-2, and p38
mitogen-activated protein kinase. J Clin Oncol 2005;
23:2469 ^ 76.
3 3. Jelovac D, Sabnis G, Long BJ, Macedo L,
Goloubeva OG, Brodie AM. Activation of mitogenactivated protein kinase in xenografts and cells during
prolonged treatment with aromatase inhibitor letrozole. Cancer Res 2005;65:5380 ^ 9.
34. Wilson MA, Chrysogelos SA. Identification and
characterization of a negative regulatory element
within the epidermal growth factor receptor gene first
intron in hormone-dependent breast cancer cells. J
Cell Biochem 2002;85:601 ^ 14.
35. Dumont N, Bakin AV, Arteaga CL. Autocrine transforming growth factor-beta signaling mediates Smadindependent motility in human cancer cells. J Biol
Chem 2003;278:3275 ^ 85.
36. Wang SE, Wu FY, Shin I, Qu S, Arteaga CL. Transforming growth factor {beta} (TGF-{beta})-Smad
target gene protein tyrosine phosphatase receptor
type kappa is required for TGF-{beta} function. Mol
Cell Biol 2005;25:4703 ^ 15.

www.aacrjournals.org

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/12/3/1008s/1967420/1008s.pdf by guest on 16 May 2022

1. Goss PE, Strasser K. Aromatase inhibitors in the treatment and prevention of breast cancer. J Clin Oncol
2001;19:881 ^ 94.
2. Mouridsen H, Gershanovich M, SunY, et al. Superior
efficacy of letrozole versus tamoxifen as first-line therapy for postmenopausal women with advanced breast
cancer: results of a phase III study of the International
Letrozole Breast Cancer Group. J Clin Oncol 2001;19:
2596 ^ 606.
3. Baum M, Buzdar A, Cuzick J, et al. Anastrozole alone
or in combination with tamoxifen versus tamoxifen
alone for adjuvant treatment of postmenopausal women with early-stage breast cancer: results of the ATAC
(Arimidex, Tamoxifen Alone or in Combination) trial
efficacy and safety update analyses. Cancer 2003;
98:1802 ^ 10.
4. Yue W, Wang JP, Hamilton CJ, Demers LM, Santen
RJ. In situ aromatization enhances breast tumor estradiol levels and cellular proliferation. Cancer Res 1998;
58:927 ^ 32.
5. Brodie A, Lu Q, Liu Y, Long B. Aromatase inhibitors
and their antitumor effects in model systems. Endocr
Relat Cancer 1999;6:205 ^ 10.
6. Lu Q, Yue W, Wang J, Liu Y, Long B, Brodie A. The
effects of aromatase inhibitors and antiestrogens in
the nude mouse model. Breast Cancer Res Treat
1998;50:63 ^ 71.
7. Simak A, Coombes C. Endocrine-responsive breast
cancer and strategies for combating resistance. Nat
Rev Cancer 2002;22:101 ^ 12.
8. Fisher B, Costantino JP, Wickerham DL, et al. Tamoxifen for prevention of breast cancer: report of the
National Surgical Adjuvant Breast and Bowel Project
P-1Study. J Natl Cancer Inst 1998;90:1371 ^ 88.
9. Kurokawa H, Arteaga CL. ErbB (HER) receptors can
abrogate antiestrogen action in human breast cancer
by multiple signaling mechanisms. Clin Cancer Res
2003;9:511 ^ 5S.
10. Schiff R, Massarweh SA, Shou J, Bharwani L,
Mohsin SK, Osborne CK. Cross-talk between estrogen receptor and growth factor pathways as a molecular target for overcoming endocrine resistance. Clin
Cancer Res 2004;10:331 ^ 6S.
11. Olayioye MA, Neve RM, Lane HA, Hynes NE.
The ErbB signaling network: receptor heterodimerization in development and cancer. EMBO J 2000;19:
3159 ^ 67.
12. Slamon DJ, GodolphinW, Jones LA, et al. Studies of
the HER-2/neu proto-oncogene in human breast and
ovarian cancer. Science 1989;244:707 ^ 12.
13. Kurokawa H, Arteaga CL. Inhibition of erbB receptor
(HER) tyrosine kinases as a strategy to abrogate antiestrogen resistance in human breast cancer. Clin Cancer Res 2001;7:4436 ^ 42s.

