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Preface

Since radiolabeled estrogens were first observed in the early 1960s to be

preferentially concentrated in estrogen target organs — observations that

gave rise to the concept of an ‘‘estrogen receptor (ER),’’ it has become clear

that many human breast cancers are dependent on estrogen for their growth.

Estrogens’ mitogenic effects are mediated through ERs a and �, which is the

therapeutic target for hormonal therapies. The purpose of the book is to

provide an up-to-date resource on the role of hormone receptors in breast

cancer. Since approximately 1 of 8 women in the United States and 1 of 12

women in European countries are affected by breast cancer, there has been a

massive effort to understand the mechanisms of hormone action. This

explosion of information has led to exciting new areas of gene-specific

targeting of the disease and breast cancer prevention. Paradigm shifts in

treatment options and sequencing of hormonal therapies have recently

occurred in breast cancer management, necessitating close cooperation and

communication between translational scientists and physicians. This book is

focused on providing this communication.
The 11 chapters of this book examine many aspects of hormone

receptors, including basic and translational information on the molecular

biology of the ERs, the utility of the ERs for the clinical management of

breast cancer as it relates to assessing clinical outcome and selecting

appropriate therapy, a review on the biology of ER and its role in the

diagnosis and treatment of breast cancer, the importance of non-nuclear ER

expression in breast cancer and other endocrine target tissues, the importance of

ERs a and � inaggressive breast tumors of African-American women, cross-

talk between BRCA1 and ER, and a detailed discussion of the role of ER in

metastasis of breast cancer. We have included the latest clinical information on

sequencing of hormonal therapies in breast cancer, the use of biomarkers in

presurgical neoadjuvant trials, the problem of clinical hormone resistance,

strategies to utilize hormonal prevention in high-risk patients, and the

elucidation of hormone-responsive phenotypes as defined by state-of-the-art

molecular expression profiling.
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I would like to express my deep thanks to all the authors for their valuable
contribution to the chapters and the successful completion of this book, as well
as Ms. Laura Walsh and Maureen Tobin at Springer US.

Houston, TX Suzanne A.W. Fuqua
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Hormone Action and Clinical Significance

of the Estrogen Receptor a

Matthew H. Herynk, Jennifer Selever, Janagi Thirugnanasampanthan,

Yukun Cui, and Suzanne A.W. Fuqua

Clinical Relevance of ERa

ER� expression in breast cancer has many functions, including tumor growth

enhancement, serving as an efficacious therapeutic target, and being a prog-

nostic and predictive factor. Thus, a great deal of research has attempted to

delineate the roles of ER� in human breast cancer. It has long been known that

approximately two-thirds of human breast cancers express ER� and that

estrogen drives tumor growth through its receptor. Because of its role in

tumor growth, the ER� signaling pathway is a highly useful axis for hormonal

manipulation. Several types of drugs have been developed for this purpose,

including SERMs (selective estrogen receptor modulators), aromatase inhibi-

tors, and pure antagonists. These agents will be discussed in greater detail in

subsequent chapters.
Several assays have been developed for the detection of ER� in breast cancer

patients. The dextran-coated charcoal (DCC) assay utilizes radiolabeled steroid

ligand to detect ER� (reviewed in [1]). Since cutoff values for defining ER�
status vary among different laboratories using this assay, there can be ambi-

guity in the definition of certain tumors. However, using this assay can be

advantageous in that it can provide reproducible quantitation of ER� under

proper conditions. Another method that detects ER� is the use of antibodies

directed against specific epitopes of the receptor [2, 3]. This method also has a

disadvantage in that there are procedural variations among different labora-

tories [4]. However, if this assay can be standardized, then the subjective nature

of the assay will not pose a significant problem. The detection of ER�
in patients can be carried out in different ways with assays that have proble-

matic disadvantages but still serve important roles in the treatment of these

patients.

S.A.W. Fuqua (*)
Breast Center, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030,
USA
e-mail: sfuqua@bcm.tmc.edu

S.A.W. Fuqua (ed.), Hormone Receptors in Breast Cancer,
Cancer Treatment and Research 312, DOI 10.1007/978-0-387-09463-2_1,
� Springer ScienceþBusiness Media, LLC 2009
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ER� has utility as both a prognostic and a predictive factor. The former
indicates the inherent biologic aggressiveness of the disease if left untreated,
whereas the latter indicates the likelihood of a response to treatment. In terms
of prognostic factors, positive ER� expression correlates with a better outcome
[5]. However, prognostic evaluations can change at the time of first relapse, and
this is partly based on ER� status at the time of diagnosis as well as the time
interval between primary treatment and relapse [6]. ER� expression also corre-
lates with other factors indicative of better prognosis such as greater differen-
tiation, diploidy, lower number of dividing cells, and lower mutation rates of
breast cancer-associated genes.

As a predictive factor, ER� expression generally reflects that the patient is
likely to respond to hormonal therapy, including second-line therapies [7]. On
the other hand, lack of ER� expression predicts that the patient may not
respond to hormone-based therapies [8]. The intensity of ER� expression also
directly correlates with the degree of responsiveness to hormonal manipulation.
While the ER� status of metastases may not always be consistent with that of
the primary tumor, the ER� status of metastases is more predictive of response
to hormonal therapy [9]. Thus, the ER� status of a patient is useful in determin-
ing the most appropriate method of treatment.

ERa Activation Domains

Transcription of estrogen-responsive genes is stimulated predominantly via two
transactivation domains, activation function 1 (AF-1) at the amino terminus
and activation function 2 (AF-2) at the carboxyl terminus of ER� (Fig. 1).
These two domains span large areas of the receptor, and both are necessary for
maximal ER� transcriptional activity. AF-1 and AF-2 bind various receptor
co-regulatory proteins leading to different transcriptional outcomes (for a

S104
S106

S118

S167 S236 K266
K268

K299
K302
K303

S305 Y537

1 595180 263 305

ERα

U?

AF-1 AF-2DBD
^^

Fig. 1 ER� is divided into four important functional domains: the amino-terminal
transactivation domain containing the AF-1 motif spanning amino acids 1–180, the DNA-
binding domain spanning amino acids 181–263, the hinge domain spanning amino acids
264–305, and the ligand-binding domain containing the AF-2 motif spanning amino acids
306–595. AF-2a is located between amino acids 282 and 351 (not shown). The post-
translational modified residues are depicted in the figure: phosphorylated residues are
marked with a vertical line, ^^ indicates the region containing the known acetylation and/
or sumoylation sites. Ubiquitination is depicted as a black U? because the exact residue within
the ligand-binding domain is not known

2 M.H. Herynk et al.



complete review, see Hall and McDonnell [10]). Transcription can also be
stimulated to a lesser extent by a less-described transactivation domain referred
to as AF-2a [11], and the significance of this domain is less understood.

AF-1 and AF-2 each function in distinct ways, and depending on the nature
of the cell and the promoter type, one or both can affect signaling. AF-1
functions in a ligand-independent manner to exert transcriptional activity
[12]. AF-1 can be differentially phosphorylated by a number of important
signaling molecules, such as AKT2 (also known as protein kinase B or PKB)
and Erk1/2 (extracellular regulated kinase 1/2), resulting in diverse responses to
SERMs. For example, phosphorylation of serine 167 by AKT2 leads to insen-
sitivity to tamoxifen, whereas phosphorylation of serine 118 by Erk1/2 leads to
sensitivity to tamoxifen [12]. AF-2, on the other hand, stimulates transcription
in a ligand-dependent manner [13]. Thus, transcription of ER�-regulated genes
depends on these two main transactivation domains which function in a highly
regulated manner.

Crystal Structure of ERa

To date, the three-dimensional structure of full-length ER� has not yet been
solved. However, due to ER�’s similarity with other nuclear hormone receptors
and molecular modeling, we can infer a broad model of ER� structure. Crystal-
lization efforts have focused on the DNA-binding and the ligand-binding
domains, which have revealed the mechanism of action for several ER� ago-
nists as well as antagonists. Estradiol binds ER� within a carboxy-terminal
hydrophobic pocket, and upon ligand binding, helix 12 repositions itself over
this pocket [14]. This new confirmation stabilizes helix 12 in the receptor,
allowing it to recruit transcriptional receptor coactivators [15]. The large side
chains of the antagonists tamoxifen, faslodex, or raloxifene prevent helix 12
from adopting an agonist-bound confirmation, thus antagonizing coactivator
binding to the receptor. In contrast, compounds without large side chains, such
as genistein or 5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol (THC),
inhibit ER activation by stabilizing nonproductive conformations of the
ligand-binding pocket [16, 17]. Recently, a number of groups have utilized the
crystal structure and molecular modeling in an attempt to identify better, more
specific drugs for disrupting estrogen receptor signaling [18, 19], an effort which
is currently underway.

Formation of the Transcriptome

Stimulation of transcription by ER� occurs via a number of distinct molecular
events in the nucleus. ER� homo- or heterodimerizes with other nuclear recep-
tors such as estrogen receptor b (ERb) or androgen receptor (AR) and binds,

Hormone Action and Clinical Significance of ER� 3



via the DNA-binding domain (DBD), to estrogen response elements (EREs)
located on the promoters of estrogen-responsive genes [20]. This allows inter-
action with other components of the transcription factor complex, including
receptor co-regulatory proteins which will be discussed in the following sections
of this chapter and the basal transcription machinery (for a complete review, see
Klein and Hitpass [21]). ER� also has the ability to dimerize with proteins such
as stimulating protein 1 (Sp1) and activating protein 1 (AP1) and affects
transcription through the binding of these proteins to non-ERE-containing
sites [22, 23]. Thus, the regulation of ER� transcriptional activity is complex
and involves a myriad of proteins from those specific to nuclear hormone
receptors to components of the basal transcription machinery.

Estrogen Receptor Cofactors

It was well known that ER’s function is tissue specific and ligand dependent,
indicating that ER� alone could not account for its diversified functions, thus
requiring additional signaling factors [24]. This concept led to the discovery of
the first ER cofactors in 1995 [25]. Using techniques such as yeast two-hybrid
and protein library screening, a growing body of proteins and RNAs affecting
ER� transcriptional activity, either directly and/or indirectly, have been iden-
tified [26]. To date, the Nuclear Receptor Signaling Atlas (NURSA) website
(www.nursa.org) lists over 170 known nuclear cofactors. These factors are
generally categorized as coactivators (enhance ER transcriptional activity) or
corepressors (reduce ER transcriptional activity). In general, these cofactors do
not bind to DNA directly but rather through association with sequence-specific
DNA-binding proteins, including but not limited to nuclear receptors. Upon
recruitment to the promoter complex, these factors may affect transcription
directly or via recruiting additional cofactors. In this section, we will focus on
the fundamentals of ER cofactors and some of the latest findings in this field.

Coactivators

The first subcloned steroid receptor coactivator, SRC-1 or NcoA1, enhanced the
transcriptional activity of ER� when cells were treated with estrogen [25]. Addi-
tionally, SRC-1 also has been shown to be involved in ligand-independent
activation of ER�. The second member of this coactivator family, SRC-2, also
known as GRIP1 in mice or TIF2 in human tissues, can only activate ER�
transcriptional activity in the presence of estrogen [27, 28]. Like SRC-1, SRC-3
(also calledRAC3, p/CIP, AIB1, orACTR) activated both ligand-dependent and
ligand-independent ER� transcriptional activity [29, 30]. Sequence analysis of
these family members elucidated an LxxLL nuclear receptor-binding motif (the
so-called NR box, L = leucine, isoleucine, or other large hydrophobic amino

4 M.H. Herynk et al.



acid residues) that is conserved among other coactivators such as CBP/p300 and
TRAP220 [31]. While the coactivators mentioned above act in a ligand-depen-
dent manner, additional coactivators directly interact with the ligand-indepen-
dent AF1 domain (e. g., p68 RNA helicase) [32], hinge domain (e.g., PGC-1�)
[33], or the DBD (e.g., Ciz1) [34]. In addition to the coactivators that directly
interact with ER�, additional cofactors such as protein arginine methyl transfer-
ase, CARM1, and PRMT2 [35] affect ER transcriptional activity through
indirect association with ER� mediated by the SRC family of coactivators.
Coactivator regulation of ER� is a complex process that leads to enhanced
transcriptional activity in both a ligand-dependent and -independent manner.

Corepressors

Compared with coactivators, there are far fewer corepressors identified so far.
Corepressors inhibit transcription of ER� target genes through directly or
indirectly interacting with steroid receptors. Sequence analysis between nuclear
corepressors, including NcoR1 and SMRT, identified an LxxxI/HIxxxI/L con-
served nuclear corepressor-binding motif (the so-called CoNR box), which has
been demonstrated to mediate either ligand-independent or anti-estrogen-sti-
mulated association with the AF2 domain of ER� [36]. Similar to coactivators,
corepressors have been shown to interact with other domains of ER�, including
the AF1 (HDAC4) [37] and hinge domains (SAFB and MTA2) [38, 39]. It has
been reported that overexpression of the nuclear corepressors NCoR and
SMRT enhances tamoxifen antagonist activity without interfering with estro-
gen-stimulated gene expression [40]. This is consistent with a later discovery
that reduced levels of NCoR correlate with hormone resistance in breast cancer
cells [41]. Furthermore, we have recently shown that overexpression of the
MTA2 corepressor resulted in hormone-independent and anti-estrogen-resis-
tant cell growth [39]. These findings, in combination with many additional
corepressor studies, suggest that corepressors may be involved in the processes
of anti-estrogen function and the development of resistance as well.

Transcriptional Cofactor or Transcriptional Factor?

Some ER� cofactors also contain specific DNA-binding domains (e.g., NcoR,
MTA1/2, or Ciz1), raising the possibility that theymay affect gene transcription
directly. One study demonstrated that MTA1, an ER� corepressor, could
activate breast cancer amplified sequence 3 (BCAS3) promoter activity, prob-
ably through direct interaction and recruitment of the p300 coactivator [42]. To
date, the majority of studies have analyzed the ability of these proteins to alter
transcriptional activity as cofactors, however, it is clear that some may directly
effect the transcriptional activity of their target genes.

Hormone Action and Clinical Significance of ER� 5



Chromatin Remodeling and the Cyclical Occupancy of ERa
Cofactors

Acetylation and/or methylation of histones promote decondensation of chro-
matin structure, thereby favoring gene transcription. In contrast, deacetylation
and/or demethylation lead to chromatin condensation, thus abrogating tran-
scription. A large number of steroid receptor cofactors are implicated in these
chromatin remodeling processes by either directly modifying histones (e.g.,
CBP/p300, P/CAF, SRC-1, CARM1, and HDAC1) or indirectly deacetylating
histones through interaction with histone deacetylases (e.g., MTA1 and 2 or
SIN3; for a review, see [26]). The importance of these co-regulatory proteins in
controlling gene activity is further emphasized by the findings that these cofac-
tors or cofactor complexes are recruited to estrogen-responsive promoters in an
ordered, cyclical manner. There is some evidence suggesting that histone pre-
modification is essential to direct the recruitment of individual cofactors. For
example, the recruitment of histone methyl transferase PRMT1 to the pS2
promoter requires the SET (patient SE translocation) protein [43], which
demethylates histone H4 arginine 3 and provides a target for the histone methyl
transferase activity of PRMT1. In addition, ER� and cofactors are also mod-
ified during transcriptional activation. These modifications may represent a
signal to release these cofactors from the promoter. For example, acetylation of
ER� results from agonist-induced interactions with certain coactivators that
leads to decreased transcriptional activity [44]. SRC-3, an ER� coactivator with
intrinsic histone acetyl transferase activity, loses its coactivator ability upon
acetylation by p300 [45]. In addition, the presence of SRC-3 enhances ER�
recruitment to the promoter, however, SRC-3 also helps to direct agonist-
induced ER� degradation [46]. Collectively, these studies suggest that a com-
mon physiologic network exists controlling both the ‘‘ON’’ and ‘‘OFF’’ signals
for ER� action.

Alternative Exons in the 50UTR

One mechanism of regulating ER� protein expression is through differential
usage of upstream untranslated exons. As many as eight exons have been
identified, and this review will use the nomenclature suggested by Flouriot
et al. [47], as modified by Kos et al. [48]. ER� exon 1 contains an acceptor
splice site at þ163 permitting the splicing of several different exons encoding
various 50UTRs. At least seven different promoters have been described that
show relative tissue specificity (for a complete review, see Kos et al. [48]).
Promoter A in exon 1 is the most common promoter expressed in tissues and
cell lines. Promoter C was first described in 1991 [49], but a longer version of
promoter C was described in subsequent years [50]. Additional exons A–E have
been described and have also been shown to affect reporter gene expression
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levels [51]. One hypothesis is that the numerous AUG start codons found in the

ER� 50UTRs inhibit scanning ribosomes from reaching the start codon,

thereby reducing ER� protein expression [51]. Promoters within 2 kilobase

pairs of the acceptor splice site (generally A, B, and C) are utilized in cell lines

and tissues that express high levels of ER�. Themore distal promoters, E and F,

are found in tissues where ER� expression is less abundant, such as the liver and

human osteoblasts [52]. Additionally, promoters T1 and T2 are expressed

predominately in the testis and epididymis [53]. While these alternative promo-

ters can account for the tissue-specific expression of ER�, they may also play a

role in the regulation of ER� levels. In vitro studies analyzing promoter usage

have demonstrated increased use of promoter A in breast cancer cells when

compared with normalmammary epithelium [54]. Additionally, in breast tumor

cell lines, Weigel et al. have shown activation of promoters not normally

activated in breast epithelium [55].

Epigenetic and Post-translational Regulation of ERa

Epigenetic information on the genome provides directions on when, where, and

how the genetic information should be used. Post-translational regulation of

nuclear steroid receptors is an exciting field of study, which is comprised of

events encompassing methylation, phosphorylation, acetylation, ubiquitina-

tion, and most recently protein sumoylation [56]. Post-translational regulation

of the nuclear receptor family is dynamic, with member proteins being differ-

entially affected by modifications either singly or in combination, thereby

influencing receptor conformation, ligand binding, DNA binding, and coacti-

vator interactions [57]. It has been postulated that post-translational modifica-

tions of ER� play a key role in the regulation of its functions.

Methylation

DNA methylation is one of the most important forms of post-translational

modifications in which a methyl group is covalently bonded to the 5-carbon on

the cytosine base by DNAmethyltransferases [58]. Methylation of the estrogen

receptor occurs on cytosine within the CpG islands associated with the promo-

ter [59]. CpG islands are regions close to the promoter of genes that contain

cytosine (C) and guanine (G) residues at a greater than 50% frequency. Hyper-

methylation of the ER� promoter silences the gene by repressing transcription

and in some cases is associated with malignant transformation of cells, whereas

hypomethylation of ER� is associated with gene activation indicating

an inverse relationship between promoter methylation and transcriptional

activity [60].
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Acetylation

ER� is known to be acetylated on lysines, and the conserved acetylated amino
acids in ER� are lysines (K) 266, K268, K299, K302, and K303 (Fig. 1). The
acetylation of K266 and K268 has opposite effects compared to the acetylation
of K302 and K303. K266 and K268 induce DNA-binding and ligand-depen-
dent activation, whereas K302 and K303 inhibit ER� ligand-dependent activa-
tion [61]. Our recent experiments using ER� deletion constructs suggest that the
phosphorylation status of S305 within the hinge domain of ER� coordinately
regulates the acetylation of lysines 302 and 303 [44]. Although mass spectro-
metry has previously identified these same two lysines as sites of acetylations
[62], Kim et al. have recently shown that these two lysine residues may not be
acetylated in the full-length protein, although these results need to be validated
[63]. Thus, the hinge domain of the receptor is replete with post-translational
modifications having the potential for important functional consequences.

Phosphorylation

ER� is phosphorylated on multiple residues and a complete list of phosphor-
ylation sites and their respective kinases is found in Table 1. The diversity of
kinases and responses to phosphorylation illustrate the range of effector path-
ways that are utilized in the complex regulation of ER� or amplification of its
signal. For instance, phosphorylation of S305 ER� can bemediated by both the
protein kinase A (PKA) and p21-activated kinase 1 (PAK-1) signaling networks
[44, 64, 65]. PKA-mediated phosphorylation of ER� does not alter its DNA-
binding abilities but instead enhances ligand-binding affinity [64]. Additionally,

Table 1 ER� phosphorylation sites

Amino
acid Modification Effect References

S104 Phosphorylation by
Cyclin A-CDK

Enhanced transcriptional activity [86]

S106 Phosphorylation by
Cyclin A-CDK

Enhanced transcriptional activity [87]

S118 Phosphorylation by
MAPK

Enhanced transcriptional activity [88]

S167 Phosphorylation by
Akt2

Enhanced transcriptional activity [89]

S236 Phosphorylation by
PKA

Enhanced ER dimerization and DNA
binding

[64, 90]

S305 Phosphorylation by
PKA or PAK1

Enhanced ligand-binding affinity,
tamoxifen resistance

[64, 65]

Y537 Phosphorylation by Src
kinase

Enhanced transcriptional activity [74, 90, 91]
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the PKA-mediated phosphorylation of S305 allows tamoxifen to act as an
agonist of ER�, and PKA is known to be frequently overexpressed in breast
tumors [44, 64, 66]. Clearly, ER� phosphorylation has a variety of effects in the
physiologic actions of ER� and is an emerging area of study.

Ubiquitination

The tight regulation of ER� function is partially due to the ubiquitin–protea-
some pathway regulating the levels of protein and the receptor’s response to
ligand [67]. Ubiquitination is the reversible covalent bonding of the highly
conserved 76 amino acid ubiquitin to lysine residues on target proteins. Upon
ligand binding to ER�, ubiquitin binds the receptor on lysine residues within
the AD core region of the ligand-binding domain inducing the protein to
undergo ubiquitin-mediated proteasomal degradation. This has been shown
to be an important step in the transactivation of ER�, and transactivation can
be inhibited by proteasome inhibitors [67–69]. While ubiquitination and pro-
teasomal degradation are important mechanisms of regulating ER� protein
levels, the ubiquitination of ER�may play an important role in the transactiva-
tion of ER�.

Sumoylation

SUMO-1, a small ubiquitin-like modifier, covalently and reversibly bonds to
target proteins with the assistance of conjugating enzymes. Recent experiments
by Sentis et al. reveal that ligand-dependent sumoylation occurs on lysine
residues within the hinge domain of ER� and that sumoylation regulates
transcriptional activity of this nuclear receptor [70]. The same lysine residues
that are acetylated can also be sumoylated including K266, K268, K302, and
K303 (Fig. 1), suggesting a tight regulatory pathway governing the occupation
of these residues and subsequent downstream effects.

ERa Mutations

A number of mutations and polymorphisms have been identified in ER� from
numerous diseases including psychiatric diseases, precocious puberty, and
many cancers (for a complete review, see Herynk and Fuqua [2]). While over
20 different mutations have been identified, rarely has any independent muta-
tion been found inmore than one sample, in contrast are the A86V,K303R, and
Y537S/N ER�mutations. The A86V mutation was found in 12% of the breast
cancer specimens analyzed and has been associated with lower levels of ER�
protein and spontaneous abortions [71, 72]. The tyrosine at 537 is the only site
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that has been found to be mutated to two different residues, serine and aspar-
agine [73, 74]. This residue lies at the amino-cap of H12, therefore it is not
surprising that mutations at this site would significantly affect the activity of
ER� [74–76].

We originally identified the K303R ER� mutation in 34% of premalignant
breast hyperplasias [77]. More recently, utilizing a sensitive primer extension
sequencing technique, we have demonstrated that this mutation was present in
invasive breast cancer specimens and the presence of the K303R ER�mutation
correlated with older age, larger tumor size, and lymph node-positive dis-
ease [78]. In comparison, Conway et al. have identified this mutation in only
5.7% of breast cancers utilizing a different gel electrophoresis detection method
[79]. Therefore, we propose that while the absolute frequency of this mutation
remains to be validated, it is clearly present in a significant number of breast
cancer samples.

Analysis of the K303R ER�mutation has shown that this mutated receptor
exhibits hypersensitive growth to low concentrations of estrogen [77]. Addi-
tionally, the mutated ER� has increased binding to the coactivator TIF2, and
the corepressorMTA2 was unable to repress the activity of the mutant receptor
[39]. The presence of an arginine at the 303 position removes a key acetylation
site and allows ER� to be more highly phosphorylated by PKA signaling [44].
Collectively, these data indicate that this residue plays a key role in ER�
signaling, and whether or not this mutation will affect other epigenetic regula-
tory mechanisms of ER� remains to be determined. While identification of
mutations has been rare, the role of mutations in breast cancer may be under-
appreciated, and is an underexplored field, which might effect future breast
cancer therapeutic decisions with hormone-based therapies. The use of alter-
native sequencing strategies, employing accurate primer extension sequencing
to replace standard dye terminator approaches, may be warranted in this
regard.

Mouse Modeling of ERa

Mice lacking ER� expression are viable and demonstrate a wide range of
phenotypes altering normal functions including effects on sexual organs and
function, bone, brain, and cardiovascular, to name a few (for a complete review,
see Couse andKorach [80]). Additionally, mice deficient in ER� exhibit normal
early development of mammary glands, however, these glands never develop
beyond the newborn stage [81]. In contrast, ERb knockout (KO) mice develop
normal ductal structures with reduced side branching [82], thereby demonstrat-
ing that ER� has a central role and is the predominant receptor involved in
mammary gland development.

While ER� has a vital role in normal mammary gland development, aber-
rant ER� signaling has been shown to function in the development of preneo-
plastic mammary lesions and breast cancer development and progression.
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Ninety-five percent of mice conditionally overexpressing wild-type ER� dis-
played abnormal ductal structures at 4 months of age [83]. While 52 and 36% of
4-month-old virgin mice had lobular and ductal hyperplasias, respectively, 21%
of 4-month-old virgin mice displayed DCIS [84]. Earlier, the same group
reported 37% of mice overexpressing T antigen – ER� had developed adeno-
carcinomas by 11 months of age [83]. While exogenous estrogen stimulation did
not alter the incidence of hyperplasias or DCIS in the wild-type receptor system
[84], aromatase overexpression was sufficient to cause preneoplastic changes
within the mammary gland [85]. These data demonstrate that increased ER�
can lead to preneoplastic changes contributing to mammary tumorigenesis.

Conclusions

The role of ER� in the human breast has been extensively studied over the past
several decades. The development of transgenic mice overexpressing or lacking
ER� expression has greatly aided in defining the roles of ER� in both normal
mammary gland development and breast cancer development and progression.
Laboratory studies have clearly shown that ER� is a highly regulated molecule
demonstrating complex, multilayered regulation including organ-specific alter-
nate promoters, epigenetics, cofactor levels and interactions, and a highly
regulated degradation. Additionally, disruption of this complex regulation
can drastically effect the physiologic regulation and homeostasis of the body
leading to a variety of disease states. The presence of ER� in human breast
cancer has proven to be clinically useful, both as a prognostic indicator to
suggest the inherent biologic aggressiveness of the disease and as a predictive
factor to guide therapies for the treatment of this widespread disease. Clearly,
ER� has proven to be an important molecule in breast cancer and will further
demonstrate its important roles in the future.
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Role of ERb in Clinical Breast Cancer

Valerie Speirs and Abeer M. Shaaban

Introduction

A second estrogen receptor (ER), ER�, was cloned from rat in 1996 by
Jan-Ake Gustafsson [1] and soon afterward human and murine isoforms
were identified [2, 3]. Although unexpected, the discovery of ER� was not
totally surprising as other members of the steroid receptor superfamily, to
which ER belongs, had multiple family members, and up to this point ER was
an exception in this regard. As shown in Fig. 1, ER� is structurally and
genetically distinct from its sib ER�: mature full-length ER� is 595 amino
acids and located on chromosome 6q while ER� comprises 530 amino acids
and resides on chromosome 14q22-25 [4, 5]. Because of the recognized impor-
tance of ER� in the breast, it follows that ER� may also fulfill an important
role. In this chapter we review the current understanding of ER� in clinical
breast cancer and discuss the potential role it may play in the future manage-
ment of this disease.

ERb Isoforms and Their Function

ER� exists as five distinct isoforms, termed ER�1–5, each distinguished by a
unique exon 8 sequence. Moreover, in breast cancer, these variants are usually
found in greater abundance than wtER� (ER�1) at least in terms of RNA
expression [6–8]. Ethnic differences in expression of ER� isoforms have been
reported with ER�1 and in particular, ER�5 expressed at significantly higher
levels in African Americans compared to Caucasians [9]. Tumors from African
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Americans are often ER� negative with poorer survival [10]; so the high

expression of ER� isoforms suggests that these patients may well benefit from

specific ER�-targeted therapies (discussed later). These isoforms are schemati-

cally illustrated in Fig. 2 and described in detail below.

Fig. 1 Schematic illustration of human ER� and ER�

Fig. 2 Structure of ER�1–5. All five isoforms are identical in structure through exons 1–7 but
have a unique exon 8 sequence
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ERb1

The first published humanER�1 cDNAwas initially believed to encode a protein
of �53 kDa [2]. However, a longer version was subsequently identified, which is
now accepted as full-length ER�1 comprising 530 amino acids and encoding a
protein of �59 kDa [11]. A longer, functionally distinct 548 amino acid form of
ER� has also been describedwith an additional 18 amino acids at theN-terminus
[12], but this is not commonly expressed, as evidenced from studies in three
ethnically diverse populations (Caucasian, African or Asian; [13]).

ER�1 binds estradiol with high affinity [4, 14] via a functional steroid-
binding pocket [15], and the AF-2 domain recruits p160 co-activators necessary
for transcriptional activation [16]. ER�1 exhibits transcriptional activity on
‘‘classic’’ and ‘‘non-classic’’ EREs [17, 14] and can induce gene transcription in
vitro [18, 19].

Introduction of ER�1 into ER-negative cells has inhibitory effects on cell
proliferation and invasion [20–22]. Coupled with the observation that ER�1
expression is reduced in many clinical breast cancers (discussed in detail below),
this has led to the conclusion that ER�1 is a good prognostic factor in breast
and other cancers [23, 24].

ERb2/cx

Originally named ER�cx, ER�2 is identical toER�1 from exons 1 to 7 but has a
unique 26 amino acid sequence in exon 8 [17, 11]. ER�2 cannot bind estradiol
and by itself does not exhibit any significant transcriptional activity on an ERE
reporter gene [14, 25]. However, it can influence the action of other ERs,
through heterodimerization with ER� and ER�2 which subsequently inhibits
DNA binding and ligand-dependent transactivation [17, 11, 14, 26].

ERb3

Two independent studies failed to show ER�3 expression in a panel of breast
cancer cell lines [7, 17] and it is believed to be a testis-specific isoform. However,
unpublished work from our laboratory has shown the presence of ER�3 by RT-
PCR inMCF-7 cells, with sporadic expression and low-level expression in other
studies [27, 28].

ERb4 and ERb5

Originally believed to be truncated isoforms [17], ER�4 and ER�5 have subse-
quently been shown to represent full-length distinct isoforms that bind
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promoter sequences on DNA but do not bind estrogen. They translocate to the
nucleus and exhibit three to four times higher estrogen-independent transcrip-
tional activity than ER�1.

In vitro band shift studies indicate that ER�1–3 are able to form DNA-
binding homodimers and heterodimers with each other with the ER� [17].
Similarly, ER�4 and ER�5 form heterodimers with ER�, negatively regulating
its transcriptional activity [9, 29]. The ability of ER isoforms to influence the
action of other ERs through heterodimerization is a very important finding
with the potential implications of antagonizing the growth-promoting function
of ER�.

ERb Splice Variants

Many splice variants have been identified and comprise deletions, insertions
and point mutations. These have been reviewed in detail elsewhere [30]; so only
selected examples are given below. Their prognostic significance is still under
debate as it is not clear whether or not they are translated into protein. No
significant difference in expression of exon deletion variants ER��2 or �4 has
been reported between tumor tissue and normal breast [31, 32]. Exon 5–6
deletions tend to be decreased in breast cancers while ER��5 expression was
significantly increased in higher grade tumors and post-menopausal patients
[32]. ER��5 lacks part of the ligand-binding domain and although cannot itself
bind ligand it acts as a dominant-negative repressor of estrogen-induced ER�
and ER� transactivation [14, 33]. However, ER��5 is also common in normal
mammary gland [34]. Deletion of ER��6 results in a truncated translation
product which, although common, does not correlate with general clinico-
pathological variables [31, 32].

Distribution of ERb Isoforms in the Breast

ER� is the principal ER in normal breast [35]. Unlike ER�which is localized to
luminal epithelial cells (Fig. 3a), ER� is expressed in luminal epithelium,
myoepithelium, stromal cells and endothelium of blood vessels [35]. The protein
is also expressed in the reactive lymphocyte population within normal breast.

Immunohistochemical studies showed that ER� isoforms are differentially
expressed in normal breast with ER� wild type and ER�1 staining the majority
of nuclei of interlobular ducts and terminal duct lobular units [35, 36] (Fig. 3b).
ER�2 immunoreactivity was also reported in nerve tissue within normal breast
[27]. Data from our laboratory also show an abundance of ER�5 protein within
the nuclei of luminal cells, myoepithelial cells and stromal cells (Fig. 3c). ER�2,
however, appears to be less expressed in normal mammary ducts [37]. This is
illustrated in Fig. 3d.
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Clinical Data

Prior to the availability of reliable antibodies for ER�, the first studies addres-
sing the significance of ER� in clinical breast cancer were conducted at the
mRNA level. Often these considered total mRNA, which did not take into
account the potential role of individual isoforms. Additionally, many studies
used mRNA extracted from non-microdissected tissue which potentially con-
tains not only tumor cells but also adjacent normal tissue, adipose tissue, blood
vessels and immune infiltrates, all known to express ER� [38]. These early
studies have been reviewed in detail elsewhere [23, 39]; so we will focus pre-
dominantly on antibody-based studies since these have greater clinical applic-
ability. Following the development of antibodies against ER� and its isoforms,
in the last few years, studies have determined their efficacy to detect the protein
in breast cancer [40–42]. These studies are important because if ER� is to fulfill

a) b)

c) d)

Fig. 3 (a) ER� immunohistochemistry in a normal mammary lobule showing scattered
positive luminal epithelial cells. Myoepithelial cells and stromal cells do not express the
protein, (b) Normal terminal duct lobular unit showing strong immunoreactivity for ER�1
in luminal epithelium, myoepithelium and stromal cells, (c) Strong positive ER�5 staining in
the majority of luminal, myoepithelial and stromal cells within normal mammary lobules,
(d) Expression of ER�2 in epithelial cells of normal lobules. Both the proportion of positive
cells and intensity of staining are less than ER�1 (c)
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any future prognostic role, it will be necessary to have a simple and robust assay
that can be easily adopted by histopathology laboratories.

Invasive Breast Cancer

The immunohistochemistry studies of ER� in invasive breast cancer and their
association with outcome and/or other pathobiological features published to
date (September 2008) are summarized in Table 1.

In general, studies using antibodies, which do not discriminate between ER�
isoforms, have been mixed. However, it must be noted that study size is variable,

Table 1 Summary of protein-based studies of ER� isoforms in invasive breast cancer and its
association with clinico-pathological features (1999–September 2008)

ER� isoform Number Clinical associations Ref

Total 353 Increased OS and DFS in ER�-negative cases. [104]

Total 319 ER�, PR [57]

Total 305* Improved survival in tamoxifen-treated patients.
No correlation with ER�, PR, size, age, node
status, ploidy

[47]

Total 234 Aneuploidy [93]

Total 165 Increased DFS [45]

Total 92 Node-negative patients, low S-phase fractions, pre-
menopausal

[44]

Total 77 Improved response to endocrine therapy [43]

Total 71 Inverse correlation with ER�, trend with node
status. No correlation with Ki67

[94]

Total 65 ER�, PR and well-differentiated tumors [46]

Total 59 No correlation with ER�, size, grade, node status
or survival

[95]

Total 44 Ki67 and cyclin A [96]

Total 41 No association with ER�, LN, size or
differentiation state

[97]

Total 27 PR. High ER� expression has improved outcome [64]

Total 79 <2 cm, high grade [98]

Total, �2 43 Both increased in invasive cancer [51]

Total, �2 50 Total correlates with �2. �2 correlates withMIB1 in
tamoxifen-resistant tumors. No correlation with
ER�, PR, age, grade, tumor type or node status

[68]

�1 936 Better survival in triple negative and node negative
cases but associated with more aggressive disease
in node positive cases

[105]

�1 181 DFS, ER�, PR, increased topoisomerase IIa.
Inverse correlation with c-erbB2 overexpression,
no correlation with p53

[48]

�1 141 Reduced expression in malignant cells [36]

�1 170 Correlation with PPARg [99]
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ranging from 27 to 319 cases. We believe that the most valid data will come from

larger datasets (>50 cases), and of these some trends are beginning to emerge in

terms of improved response to endocrine therapy, increased survival and associa-

tion with well-differentiated tumor [43–46, 107] in ER�-positive tumors. The
positive association of ER� with improved survival has also been independently

confirmed in aWestern blot study of 234 cases [47]. This association appears even

stronger when the role of isoform-specific antibodies is examined, with ER�1
correlating with improved disease-free survival [48–50, 105–107, 109].

The pathobiological role of ER�2 in breast cancer is just starting to be

defined and protein studies are inconsistent. A study of 26 DCIS, 43 invasive

Table 1 (continued)

ER� isoform Number Clinical associations Ref

�1 167 Ki67. No correlation with ER�, PR, grade or node
status

[100]

�1 150 DFS. Inverse correlation with HER-2 and SRC-1 [49]

�1 88 Increased DFS [50]

�1 52 Node-negative patients and those showing a
positive response to endocrine treatment

[101]

�1 41 Not reported [102]

�2 141 Better prognosis [106]

�2 73 Favorable response to endocrine therapy [67]

�1, �2 150 �1 with small tumor size, negative node status and
low histological grade �2 with ER� and low
histological grade. �1 and �2 associated with
better DFS and OS

[107]

ND 147 HER-2, cathepsinD, p53, pS2, Ki-67. No correlation
with grade, ploidy or S-phase

[103]

�w 57 ER�, PR, low grade [53]

�N Low grade

�C ER�, PR, low grade, better prognosis

�2 No correlation

Total, �1, �2 225# Total and �1 correlated with Ki67 and CK5/6, �2
with c-Jun and NF�Bp65. No effects on survival

[108]

Total, �1, �2 442 Total and �1 associated with better survival,
especially in triple negative cases. �2
uninformative

[109]

�1, �2, �5 757 �1 with ER�, PR, AR, BRCA1. �2 with ER�, PR,
AR, BRCA1 and better OS and DFS and
response to tamoxifen. �5 with better OS.
Cytoplasmic �2 associated with poor OS and
DFS

[110]

�1, �2, �3, �5 17 �3 and �5 with increased tumor size and increased
proliferation.

[27]

�3 with LN status

*Western blot study, #ER� negative cohort, ND=not defined, DFS=disease-free survival,
OS = overall survival. Article dealing with specific histopathological subtypes have been
excluded.
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breast cancers and 39 adjacent normal tissues reported a significant increase of
ER�2 in DCIS and invasive breast cancer compared to normal gland [51]. This
correlates with mRNA studies in which ER�2mRNAwas the most abundantly
expressed ER� isoform in breast tumors [6, 52, 53]. However, a significant
decrease in ER�2 mRNA was reported in 66 breast cancers compared to
adjacent normal tissue from the same individuals, with the opposite trend
observed with ER�5 [54]. More recent studies focussing exclusively on protein
expression and in large cohorts seem to indicate that ER�2 is a good prognostic
factor [106, 107, 110].

While there have been several mRNA studies comparing expression of ER�
isoforms, comparative immunohistochemical studies are rare. A small study of 17
invasive breast carcinomas showed that expression of both ER�3 and ER�5 was
associated with larger tumor size and high proliferative activity whereas ER�5
alone was associated with nodal metastasis [27]. The largest and most comprehen-
sive study of ER� isoforms conducted to date involved immunohistochemical
analysis of ERß1, ERß2 and ERß5 in 757 invasive breast carcinomas with long
term clinical follow up and made into tissue microarrays [110]. Nuclear expression
of ER�2 significantly correlated with tumor grade and size, Nottingham Prognos-
tic Index, cumulative survival (CS), distant metastasis, death from breast cancer,
and ER�, PR, AR and BRCA1 expression. Positive ER�1 expression was not
associated with any pathological parameter. ER�5 was predominantly expressed
in grade 3 carcinomas, showed a highly significant positive correlation with ER�1
and a trend towards shorter survival associated with high Allred scores (�7).
Notably, this study also highlighted the importance of cytoplasmic expression, a
feature that had been consistently reported by different groups, but the significance
of which had not been elucidated. In our study, cytoplasmic ER�2 staining,
whether alone or in combination with nuclear expression, was associated with a
decrease in CS. The mechanism behind this remains unexplored.

A few studies have examined ER� in ER� negative cohorts [reviewed in 111].
Interestingly, in these cohorts ER� expression seems to be associated with more
aggressive disease. Thus when expressed independently of ER�, the role of ER�
is markedly different. ER� has also been examined in triple negative/basal
phenotype breast cancers which are currently receiving much attention and its
presence is predictive of better outcome and response to endocrine therapy [109],
suggesting that any type of ER confers favorable outcome in breast cancer.

ER� is also expressed in male breast cancer [55], but because of the rarity of
the disease in men, it is not yet known if this contributes to prognosis.

Role in Neoplastic Progression

A handful of studies have examined ER� expression in DCIS. Using antibodies
which detect either total ER� or ER�1 widespread expression of ER� was seen
in DCIS [44, 56, 57]. The relationship between DCIS nuclear grade and ER�
expression has also been studied. Both the two largest studies on DCIS thus far
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have examined ER� expression in 59 paraffin wax-embedded cases [56, 58]. An
inverse correlation was seen with nuclear grade [56], however in the second
series, this was not observed [58]. In another series of 35 DCIS examples, 28
cases were classified as positive, but no association was found between nuclear
expression of ER� and DCIS grade [36]. However, when stained for ER�2 a
different expression pattern was noted in DCIS (n=26), with low expression in
normal breast which was increased inDCIS and continued to increase further in
invasive carcinoma [51]. The relationship with HER2 has also been studied
where 50% ofHER2-negative DCIS cases expressed ER�, suggesting that these
tumors might represent a distinct phenotypical subtype [58].

Comparative studies indicate that ER�1 protein expression decreases pro-
gressively from normal breast, through intraductal proliferation, to in situ and
invasive neoplasia [56, 36], although most breast carcinomas express at least
some ER� protein. Similar conclusions were drawn from RNA studies and
therefore loss of ER� appears to be a hallmark of mammary carcinogenesis. It
has been hypothesized that ER� acts as a dominant suppressor inhibiting the
mitogenic effect of ER� [26]. Loss of ER�1 is therefore implicated in the
development of estrogen-dependent tumors [24]. There is experimental evidence
that reduction of ER�1 in invasive carcinomas might be the result of reversible
promoter hypermethylation [59]. Indeed, more than two-thirds of invasive
breast carcinomas showed increased methylation when compared with normal
breast. Many pre-invasive lesions also showed increased methylation indicating
that promoter methylation might be an early indication of malignancy [59].
Furthermore, in epithelial hyperplasia of usual type, higher ER�:ER� protein
ratio was found in patients who subsequently developed breast cancer [60].
Interestingly, ER�2 seems to follow the reverse pattern where its protein
expression increased progressively with neoplastic progression [51] and has
also been borne out in mRNA studies [53].

Role in Tamoxifen Response/Resistance

Studies investigating the relationship between ER� expression response/resis-
tance and hormonal therapy have produced conflicting results. In a prospective
study of 47 patients over 65 years, both ER� (protein) and ER� (mRNA) were
analyzed prior to and after neoadjuvant hormone therapy. The response rate
was assessed by the degree of tumor shrinkage. In this cohort ER� expression
did not predict pre-operative response to hormone therapy whereas higher ER�
levels correlated with better response [61]. However, tumors with positive ER�
mRNA expressed higher levels of the EGFR protein, a feature often associated
with hormone resistance [62], which may have accounted for the lack of pre-
dictive response. In a series of 118 breast cancer patients treated with adjuvant
tamoxifen, positive nuclear expression of total ER�, using a 10% cutoff value
for positivity, was associated with better survival in node-positive (P=0.007)
and -negative patients (P=0.0069) [45]. High levels of ER� were predictive of
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overall survival and disease-free survivals in patients treated with tamoxifen
(n=186 patients) [47]. ER�1 has also been shown to correlate with a longer
disease-free survival (P=0.008) and a negative HER2 status (P<0.001) [49].

An mRNA study in a cohort of 105 patients treated with adjuvant endocrine
therapy showed that expression of ER�2 was significantly related to improved
disease-free survival [63]. Conversely, others showed no correlation between
ER�2 mRNA expression and tamoxifen response [64], also been borne out at
the protein level [65]. A pilot study of 18 core needle biopsies revealed that
ER�2 expression correlated with poor response to endocrine therapy [66]. The
same study showed that ER�2 in ER�+ cells was associated with lack of PR
expression [66]. This was contradicted in a combined immunohistochemistry
andWestern blotting study where ER�2 expression correlated with a favorable
response to endocrine therapy, with ER�2-positive patients having increased
survival [67]. A third study with a cohort of 50 breast tumors, including 34
tamoxifen sensitive and 16 cases of relapse failed to show any difference in
ER�2 expression, leading the authors to conclude that ER�2 is not predictive of
tamoxifen resistance [68].

ER�2 but not ER�1 was significantly associated with a good relapse-free
survival (P<0.005) and was predictive of overall survival in ER�-positive cases
and in patients who received adjuvant tamoxifen therapy [63, 100, 106]. Con-
versely, ER�1, but not ER�2, appears to be predictive of response to tamoxifen
therapy with low levels being associated with tamoxifen resistance [68, 109].
Tumors that responded to endocrine therapy were shown to contain lower
ratios of ER�2:ER�1 protein when compared with non-responders [43].

Tamoxifen-resistant tumors were shown to have less-frequent methylation of
the ER� gene when compared with ER�, leading the authors to hypothesize that
the ER� methylation inversely correlated with tamoxifen resistance [69]. One of
the obvious drawbacks of these studies is the small cohorts, and further valida-
tion on larger datasets with defined clinical outcome is now required as advocated
in a recent review outlining retrospective clinical studies where ER� expression
was associated with increased likelihood of response to hormone therapy [70].

ERb Polymorphisms and Breast Cancer Risk

In Africans, five novel ER� polymorphisms have been described and one of
these, a valine to glycine substitution at position 320 (V320G), was significantly
less transcriptionally active in reporter gene assays than wtER� [71]. A further
novel variant, ER�F289L, with an amino acid change from phenylalanine to
leucine at position 289 has also been described in African Americans. Compared
to wtER� this variant had reduced estrogen-binding affinity and impaired
response to 17�-estradiol-induced transactivation, leading the authors to con-
clude that it might confer genetic susceptibility to particular endocrine-related
diseases in African Americans [71].
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Single nucleotide polymorphism (SNP) genotyping has identified eight ER�
sequence variants in a cohort of 30 Chinese women where increased breast
cancer risk was associated with a CG or GG genotype in SNP [C(33390)G]
combined with high levels of systemic steroid sex hormones or low levels of sex
hormone-binding globulins [72]. Potential synergistic effects between SNP
[C(33390)G] and levels of sex steroid hormones were also seen. In Scandinavian
populations there does not appear to be any clear association of ER� poly-
morphisms in familial or sporadic breast cancer [73, 74], also reported in a
Greek population [75]. Overall, genetic modifications to ER� might alter
receptor–ligand affinities and endogenous estrogen exposure could impact on
breast cancer development in these different ethnic groups. However, data so
far do not indicate any definite association between ER� gene polymorphisms
and the risk of breast cancer.

Detailedmutational analysis of the entire coding region of ER� was done on 93
breast carcinomas using single-strand conformational polymorphisms. One mis-
sense mutation and three silent mutations were identified in breast tumors and in
constitutional DNA with a similar frequency to healthy individuals. The authors
concluded that all those mutations were single nucleotide polymorphisms (SNP)
that were not related to breast cancer risk and that ER� does not act as a classic
tumor suppressor gene [76 and supported by LOH data from our group, 77].

Prospects for Therapy

Epigenetic Targeting

Epigenetic gene silencing through aberrant methylation of promoter CpG
islands is a common event in cancer. There is good evidence that ER� is a
methylation target as there are CpG islands within its promoter [78]. Amechan-
ism can be envisaged wherebymethylated ER� CpG islands could progressively
accumulate during tumor development, resulting in CpG island hypermethyla-
tion, eventually leading to gene silencing. The anti-proliferative effects of ER�
described above would then be lost in these cells, leading to a growth advantage.

In breast cancer cell lines and in clinical breast cancer, a significant correla-
tion between promoter hypermethylation and loss of ER� mRNA expression
has been shown [79]. Methylation-linked silencing of ER� means this gene
represents a potential target for therapeutic strategies based on reversal of
epigenetic silencing since the DNA of epigenetically inactivated genes is not
mutated. In vitro data showed ER� expression can be reversibly modified via
DNA methyltransferase inhibitors such as 50 -aza-deoxycytidine (DAC) [57,
79]. As ER� expression is lost or reduced in many breast tumors, using these
agents to induce its re-expression might be a good prospect for breast cancer
patients. This may have clinical impact as it has been demonstrated that re-
introduction of ER� protein with adenoviral vectors in breast cancer cells in
vitro inhibited cell proliferation, invasion andmotility [20, 22]. Re-expression of
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ER� in ER�-negative tumors by agents such as DAC may lead to suppression
of tumor growth or even sensitization to anti-cancer therapies, which are being
developed specifically to target ER�.

This feature of ER� may also impact on current hormone therapies as recent
experimental evidence has shown that while ER� expression is increased by
DAC, ER� expression is actually decreased [80]. In breast cancer cell lines,
when ER� and ER� are co-expressed, ER� is anti-proliferative [22]. Therapeutic
strategies could be designed to take advantage of this. In theory, inER�+ER�+
or ER�+ER�� tumors an epigenetically targeted drug such as DAC would
stimulate expression of ER� and all the positive anti-proliferative effects this
would give while at the same time downregulating ER�. This would be followed
by conventional ER-targeted endocrine therapies, which theoretically should still
be effective as most current ER antagonists have similar affinity for ER� and
ER� [81]. This selective approach remains to be tested in patients but preliminary
in vitro work suggests it is feasible [80] and is illustrated schematically in Fig. 4.
Clinical trials of epigenetic therapies are now underway and the histone deacety-
lase inhibitor suberoylanilide hydroxamic acid (SAHA) is in phase I/II clinical
trials and has already shown anti-tumor activity in solid tumors including breast
at well-tolerated doses [82]. It remains possible that these new epigenetically

Fig. 4 Hypothetical outcome of the use of histone deacetylase inhibitors (HDI) in breast
cancers of defined ER phenotype. In theory, HDIs would modulate activity of ER� and ER�
in breast tumors as illustrated. The predicted response of these tumors to conventional ER-
targeted endocrine therapies following HDI treatment is also shown. *Figures adapted from
Saji et al. [39]
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targeted agents could be used in conjunction with conventional endocrine thera-
pies to achievemaximum benefit from selective ER expression, thus giving breast
cancer patients the best possible chance of hormone response and is interesting to
note that an AACR Task Force Report has listed ER� as a possible target for
molecular chemoprevention via epigenetic modulation [83].

ERb-Selective Agents

Development of novel ER�-specific drugs, akin to ‘‘designer estrogens’’ [84] is an
attractive prospect and the possibility now exists for their synthesis which could
maintain the positive benefits of endocrine therapy but without some of the
associated risks, i.e., uterine and breast stimulation. The oral steroidal anti-
estrogen TAS-108, currently in phase II trials for breast cancer, is one such
compound which is a pure antagonist on ER� and a partial agonist on ER�
and has little uterotrophic effect [85]. Many new non-steroidal compounds such
as aryl benzthiophenes [86], aryl diphenolic azoles [87] and indazole compounds
[88] have been developed as potential ER�-selective ligands and their ER�
selectivity could lead to the design of pharmacologically useful ER�-selective
agonists or antagonists. The dihydrotestosterone metabolite 5a-androstane-
3b,17b-diol was shown to potently inhibit migration of prostate cancer cells in
vitro via ER� [89] and this could have potential in other ER�-expressing tumors.

Trials of a 3�-hydroxysteroid dehydrogenase inhibitor, trilostane (Modre-
nal), which is believed to function through ER�-mediated pathways [90], have
just been completed in theUK for advanced breast cancer patients who relapsed
after initial hormone therapy. Dietary phytoestrogens share structural similar-
ity with 17�-estradiol (E2) and have high affinity for ER� [81]. Isocoumarin
analogues structurally related to the phytoestrogens daidzein, genistein and
coumestrol have been developed and show promise in vitro [91].

Of note, a recent AACR Task Force Report has identified resveratrol (a red
wine polyphenol) and TAS-108 (discussed above) as two potential agents that are
currently being tested for breast cancer chemoprevention [83]. This offers the
exciting possibility of a potential new role for ER� as a chemopreventative target.

Conclusions

From the data accumulated thus far it is clear that expression of ER� and its
isoforms is widespread in male and female breast cancer. In addition to their
ability tomodulate hormone action through heterodimerization, these isoforms
are likely to have distinct distribution and functions, however, we still are some
way off fully understanding their individual and collective role. This could be
addressed through microarray analysis. Indeed, a custom-made gene microar-
ray designed to detect estrogen-regulated genes revealed that MCF-7 cells
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stably transfected with ER�2 had a unique gene expression profile compared to
wtMCF-7 cells or those transfected with ER�1, whose gene profiles were
similar [92]. This suggests that ER�2 regulates a distinct set of genes. This
type of approach could be used to more fully define the role of ER� isoforms
and identify pathways activated by them, which could eventually have thera-
peutic potential.

Although clinical data regarding the prognostic significance of ER� have
been conflicting, the emerging view indicates that ER�, particularly the ER�2
isoform, is likely to be associated with favorable prognosis in breast cancer.
With this in mind, it is perhaps time to think about incorporating ER�1 and
ER�2 immunohistochemistry into histopathological review of breast cancer,
especially now that robust antibodies are available. This may be even more
important with the development of new endocrine agents and implementation
of patient-specific therapies, which will only increase the need for detailed
hormone receptor profiles. ER�-selective agents have tremendous potential,
and ongoing trials are likely to shed light on the functional role of ER�.

In conclusion, ER� and its isoforms may have functional implications in
breast cancer and could have important and perhaps complementary roles to
ER� in terms of predicting endocrine response and clinical outcome. Once these
roles are established, routine testing for ER�, in conjunction with ER�, could
be justified.
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Hormone Action and Breast Cancer

Ellis R. Levin

Estrogen Receptors

The two major sex steroids in women, estrogen and progesterone, have each

been implicated to act in various ways to promote the development of breast

cancer. The major form of estrogen produced in the ovary and adrenal is 17-�-
estradiol (E2), and this hormone appears to act exclusively via estrogen-binding

proteins (receptors) in breast cancer.
The overwhelming consensus from many studies is that estrogen acts

through the conventional estrogen receptor, ER�, to promote tumor cell biol-

ogy [1, 2]. This receptor is highly expressed in human breast epithelial cells and

the approximate two-thirds of human breast cancers that arise from trans-

formed epithelial cells [3]. Furthermore, there is evidence that early tumor

progenitor cells (perhaps tumor stem cells) express ER [4]. E2 binding to ER�
also occurs to an extent in stroma surrounding the breast/breast cancer epithe-

lial cells [5], suggesting a paracrine mode of action in addition to the direct

action of the sex steroid on the cancer cell [6]. This mechanism may be particu-

larly applicable to rodent breast, but the precise contributions of stromal ER to

the pathogenesis of human breast cancer remain to be defined.
Recent studies have implied that E2 binding to an orphanG-protein-coupled

receptor, GPR30 [7, 8], is functionally important. However, these studies have

primarily been carried out in ER-negative breast cancer cell lines. Estrogen

effects on the biology of ER null breast tumors in vitro, or in women with ER-

negative tumors in vivo [9], have not been demonstrated. Thus, the importance

of GPR30 for estrogen action in this malignancy remains unsupported.
Understanding the mechanisms of ER action is therefore important to

understand the biology of this malignancy. ER participation occurs either in

response to binding by E2 or through activation from growth factor signaling to

E.R. Levin (*)
Division of Endocrinology and Metabolism, University of California, Irvine and the
Long Beach VA Medical Center, Long Beach, CA, USA
e-mail: ellis.levin@va.gov

S.A.W. Fuqua (ed.), Hormone Receptors in Breast Cancer,
Cancer Treatment and Research 312, DOI 10.1007/978-0-387-09463-2_3,
� Springer ScienceþBusiness Media, LLC 2009

37



phosphorylation of the receptor. The latter does not require E2 presence [10,
11]. Estrogen metabolites may also contribute to the development of breast
cancer [12], and this most often occurs through activating ER. In most forms of
human breast cancer or cell lines derived from human tumors, ER� is the
predominant receptor. However, it is clear that a small amount of ER� is also
present in breast tumors and cell lines, and some studies suggest that ER�RNA
expression correlates to tamoxifen resistance [13, 14]. Little is currently known,
however, about the functions of this ER isoform that might affect the develop-
ment of mammary gland malignancy.

ERa

Downregulation of the estrogen receptor number or function has historically
been the single most effective adjuvant therapy for the treatment of sex
steroid receptor positive breast cancers in women. Current approaches
include aromatase inhibitors to prevent estrogen formation from androgen
precursors [15, 16], receptor inhibition with faslodex, a drug that causes the
loss of ER in tumor cells [17], or SERMS such as tamoxifen or raloxifene
that have various functions to prevent the tumor-promoting actions of ER
[2]. Growth factor receptor tyrosine kinase inhibitors and inhibitory anti-
bodies, such as Iressa and Herceptin, may prevent the cross talk of EGFR/
ErbB2 to enhance nuclear ER transactivation of genes implicated in breast
cancer [18, 19]. Additionally, signaling from ErbB2 probably contributes to
tamoxifen resistance [20].

Nuclear ER

ER� resides in the cytoplasm after synthesis on the ribosome, but translocates
to the nucleus through unclear transport mechanisms. A nuclear localization
sequence largely in the D domain (mid-molecule) facilitates transport. Upon
ligation by the lipophilic sex steroid, ER� is imported into the nucleus, Hsp 70
dissociates from ER, and the receptor localizes to histones/DNA found in
various nuclear compartments. Nucleotides that are present mainly in the E
domain of the receptor mediate homodimerization, a post-translational
requirement for optimal transcription promotion [21]. E2 promotes homodi-
merization, thus facilitating ER function.

In contrast, the N-terminus region (A/B) of ER� including the activator
function 1 (AF-1) sequence promotes target gene transactivation in a steroid-
independent manner [22]. This may arise from the phosphorylation of ER� at ser
118 and other critical residues upon growth factor receptor signaling through
ERKandPI3 kinase [9]. ER� phosphorylation upregulates the activity of ER� in
transcribing some genes in breast cancer cell lines [11, 23], but the relevance of this
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for the in vivo tumor biology is not well supported at present. The ability of the
AF-1 region to augment target gene transcription has been reported to be
independent of co-activator recruitment but may be relevant to E2 action in
highly differentiated cells [22]. The precise functions of this region of the steroid
receptor for tumor biology are undergoing continued investigation. There is some
evidence that this region contributes to tamoxifen resistance [23].

The ability of ER� to increase gene transcription is the fundamental and
perhaps only known function of the nuclear receptor pool that promotes the
biology of the tumor. Thus, the mechanisms by which E2-bound steroid
receptors induce transcription are important to understanding tumor patho-
genesis. ER binds directly to DNA at estrogen response elements through
the receptor’s DNA-binding domain (C domain), or facilitates the ability of
transcription factors such as AP-1 or SP-1 to bind their cognate DNA
sequences [24]. This promotes co-activator recruitment and subsequent tran-
scription, thereby expanding the repertoire of genes that are targets for
steroid hormone action.

Important to transcription is the E domain of the receptor, a region com-
prised of both the ligand-binding domain and the activator function 2 (AF-2)
region. AF-2 appears to be important for the upregulation of genes that
promote breast tumor cell cycle progression (c-myc, cyclin D1) [25]. It is at
AF-2, largely, that P160 family co-activator proteins such as SRC-1 and SRC-
3/AIB1 are recruited to the transcriptosome [24, 26]. This occurs at least in part
through the phosphorylation of discrete residues of co-activators by kinases
such as protein kinase C [27]. Signaling by growth factor receptors including
IGF-1R and the ErbB family at the surface of the transformed epithelial cell is
likely to be important in this regard. However, E2 action at a second pool of
receptors localized to the plasma membrane may also contribute in this regard
[27, 28] (see below). Recent work has defined the kinetics of transcription in
breast cancer cells. This involves sequential on–off cycling of ER, co-activators,
and co-repressors, directing both activating and suppressive phases of chroma-
tin remodeling [29]. It appears that both aspects are required for gene
transcription.

Membrane ER

A small pool of ER� localizes to the plasma membrane of breast cancer cells,
probably contained within membrane raft domains (caveolar and non-caveolar
rafts) or tethered to the cytoplasmic face of the membrane bi-layer (reviewed in
[30]). In conjunction with scaffold proteins (MNAR, caveolin), adaptor pro-
teins (Shc), G proteins, receptor tyrosine kinases (EGFR, ErbB2, IGF1R), and
non-receptor kinases (Src, PKC, PI3 kinase), ER forms a highly plastic signal-
some. Although the kinetics of recruitment and activation are unknown, E2-
induced second messenger generation (cAMP, cGMP), kinase activation
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(PI3K, ERK, p38), and calcium signaling result. This generates further cascades
of signaling through kinase networks, stimulating breast cancer cell prolifera-
tion [31], and survival [32].

Membrane-initiated steroid signaling (MISS) impacts both genomic and
non-genomic functions of E2 [33]. Modulation of cytoskeletal protein function
results from post-translational modifications through phosphorylation [34, 35].
The restraint of ER signaling by intact but not mutant BRCA1 is the result of
phosphatase/kinase activity, regulated jointly by the tumor suppressor and the
liganded steroid receptor [36]. This provides a plausible understanding of the
interactions of BRCA1 mutations and sex steroids to promote breast cancer
development [37]. Signaling through PI3 kinase restrains transcription factors
(e.g., Forkhead family members) from entering the nucleus, thereby preserving
cell viability [38]. Finally, the ability of membrane-localized ER/E2 to transac-
tivate typical growth factor receptors in breast cancer (EGFR,ErbB2, IGFR1)
leads to downstream kinase signaling. This probably contributes to the overall
actions of the sex steroid (reviewed in [30]).

In addition, membrane ER signaling through PI3 kinase and ERK stimu-
lates the transcription of relevant genes, such as cyclin D1, and promotes cell
proliferation [32, 37, 39]. This occurs through several mechanisms. Membrane
ER/E2 transactivates growth factor receptor signaling, required for kinase
activation in breast cancer cells. ERK, PI3K, and other kinases phosphorylate
the nuclear ER, leading to enhanced transcription. The importance of this is
seen in that phosphorylation of ER� at serine 305 changes tamoxifen from an
antagonist to an agonist in vivo [40], contributing to tamoxifen resistance.
Recruitment of co-activator proteins to the promoter of genes enhances target
gene transcription in this malignancy, and recruitment is stimulated in part by
phosphorylation [27]. In addition, kinase signaling activates transcription fac-
tors such as AP-1 and sp-1, leading to the upregulation of cell survival and
proliferation-inducing genes in breast cancer [41, 42]. This may be either nuclear
ER dependent or independent.

Progesterone Receptors

A second female sex steroid, progesterone (P), is primarily formed in the ovary
and adrenal and binds to two known receptor isoforms [43]. Progesterone
receptors A and B (PR-A and PR-B) are products of a single gene and are
differentially expressed in target tissues. The ratio and singular expression of the
two isoforms in discrete cell types dictate the hormonal response. Ablation of
PR-A in mice leads to the loss of normal uterine and ovarian function, produ-
cing infertility [44]. In contrast, PR-B has little discernible function in these
target organs, but significantly contributes to normal mammary duct and
alveolar formation, the latter prominent during pregnancy [45]. PR translocates
to the nucleus and dissociates from chaperone/folding proteins such as heat
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shock proteins in response to ligand. In both ligand-dependent and ligand-
independent fashion, PR modulates gene transcription, through multiple
mechanisms, comparably to ER.

Structure/Function of PR

It is proposed that the PR isoforms are generated by alternative initiation
translation sites from a single mRNA or by transcription arising from two
separate promoters [46, 47]. PR structural organization is very similar to
other steroid receptors (including ER), with specified domains for DNA bind-
ing, nuclear localization, ligand binding and dimerization, and transactivation
of target genes. Dynamic recruitment/displacement of co-activators or co-
repressors helps assemble the mature transcriptosome at target promoters and
is important for function.

Distinct co-activators interact with the transactivation domains (AF-1 and
AF-3) contained in the N-terminus, A/B region of the receptor (reviewed in
[48]). This is in contrast to other co-activators that interact with the AF-2 (helix
12) region of PR, or to the DNA-binding domain of the receptor. Recruitment
of co-repressors leading to gene inhibition is importantly mediated through the
A/B domain. Differential recruitment of co-modulators provides plasticity to
transcription and expands the potential responses to P or other activators of PR
(dopamine, growth factor signaling) (reviewed in [49]). Active areas of PR
research involve defining the mechanisms of differential co-activator recruit-
ment and identifying the resulting gene targets that mediate the cell biology.

AF-3 is contained within the 164-amino acid, N-terminal-extended, PR-B
isoform. This partly explains the differential gene transcription between PR-A
and PR-B. Different genes are potentially activated depending on the formation
of PRA or PRB homodimers, and/or the PRA/PRB heterodimer, but the
importance of multiple dimer(s) expression for cell biology is largely undeter-
mined. PR-B expressing breast tumors growing in ovariectomized mice are
much larger than PR-A expressing tumors [50]. When PR-A is transfected/
expressed, it represses PR-B (and ER�)-mediated transcription [51]. However,
in a breast cell line, PR-A upregulates the survival gene, BCL-xl, perhaps
providing protection against apoptotic cell death [52]. The precise roles of
each isoform as contributing to the pathogenesis of breast cancer are unknown.

Variants of PR have been identified in normal cells and transformed
breast epithelial cells (reviewed in [48]). This includes an N-terminal trun-
cated form of PR, PR-C. Mutant PR that confer a growth or survival
advantage to breast cancer cells are not established in this human malig-
nancy. PR upregulation also results from ER� or ER� signaling, perhaps
providing synergy for the observation that estrogen plus progesterone treat-
ment after the menopause stimulates breast cancer development more effec-
tively than E2 alone [53].
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PR Phosphorylation

Just as with ER, PR can be activated by serine phosphorylation induced by
growth factor signaling (reviewed in [49]). This occurs independently of steroid
ligand and leads to transcriptional regulation of cell proliferation genes in breast
cancer, such as cyclin D1, and c-fos [54]. Growth factor signaling from the
MAPK, ERK, to the transcription factors ETS or the AP-1 heterodimer also
contributes to the upregulation of proliferation-related genes; it is unclear
whether this requires the nuclear PR. Serine 294 of PR is phosphorylated by
ERK, and augments the P-induced transcriptional response, in concert with
growth factor signaling. In part, this may be mediated by promoting rapid
degradation of PR through the ubiquitin-proteosome pathway, now known to
be necessary for the kinetics of nuclear receptor function [55]. Other sites of
phosphorylation (e.g., Ser400) are targets for kinases such as the G1/S cell cycle
regulator, CDK2, potentially augmenting transcription [56]. P-independent
downregulation of PR results from growth factor signaling through the PI3-
kinase modulated, serine/threonine kinase, AKT [57]. PR downregulation is
associated with tamoxifen resistance [58], but the importance of PR loss for this
clinically important issue is unclear. The roles of discrete residue phosphorylation
require further understanding in relation to participation of PR in breast cancer.

Membrane PR

Rapid signaling by P to the modulation of various kinases has been best
documented in xenopus oocytes [59, 60]. These cells lack nuclear PR, but
respond to P with inhibition of cAMP, JNK, and ERK activation, leading
to meiosis. Steroid engagement of the receptor results in the physical asso-
ciation of PR with ERK and PI3 kinase, leading to M-phase transition of
meiosis I. These results suggest that a membrane-localized PR mediates this
rapid signaling, independently of the receptor’s transcriptional functions
(reviewed in [49]).

The nature of this receptor is unclear, as some data suggests that the receptor
is the nuclear PR localized to the membrane [60, 61]. Recently, a novel family of
PRs that are typical heptahelical, G-protein-coupled receptors have been iso-
lated from fish and mammalian cells [62]. These mPR are products of genes
distinct from the classical PR gene, are differentially distributed in different cell
types, and signal to various downstream second messengers and kinases. The
importance of these mPR genes for rapid signaling in breast cancer awaits
demonstration of their existence. As defined initially by Aurrichio and collea-
gues, PR-B signaling from the membrane may require physical association with
membrane ER, transmitting G-protein activation and signaling through Src to
kinases such as ERK [63]. However, the interaction of ER and PR for P-rapid
signaling has not been found necessary by another laboratory [64].
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Estrogen Receptors in Breast Tumors

of African American Patients

Indira Poola

It is now fairly well recognized that African American women (AAW) develop

aggressive breast tumors and experience highermortality rate thanwomen in other

population [1–10]. The highermortality rate inAApopulation has been assumed to

be due to, in part, late stage of disease at diagnosis, low socioeconomic status, and

limited access to medical facilities and services [11–20]. When the above factors

were controlled the high mortality rate appears to be due to differences in tumor

biology observed in AAW [21]. Several studies have established that breast tumors

in AAW are poorly differentiated with increased frequency of nuclear atypia,

higher mitotic activity, higher S-phase fraction, and tumor necrosis [22–27].

Another characteristic of breast tumors in AAW is the frequency of expression of

estrogen receptor (ER) and progesterone receptor (PR); the presence of these

indicate a good prognosis and response to anti-estrogen and other therapies.

Several reports have shown that the presence of ER and PR in AA patient tumors

is lower compared to breast cancer patients in other populations. Reports show

that less than 50% of patients are positive for ER whereas in other population,

more than 65% are positive for ER after adjusting for menopausal state and

age [28–32].
The ER positivity in tumors was traditionally determined based on immu-

nohistochemical assessment of the presence of the major ER protein, ERalpha

(ER�), using monoclonal antibodies. However, it is now well established that

breast tumor samples express a number of splice variants of ER� in addition to

wild-type ER� and the second structurally and functionally related but geneti-

cally distinct receptor, ER�, and a number of its splice variants. Because

estrogen signaling through ERs is known to drive the progression of majority

of breast tumors, we thought that the qualitative and quantitative differences in

the molecular composition of ER isoforms in AAW could, in part, account for
the aggressive tumor biology and lower overall survival observed in this
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population. To determine the above, we studied the two ERs, wild-type ER�
and ER�, and an abundantly expressed variant of ER�, ER�5, in breast tumors
of AAW in comparison with Caucasian patient tumors.

African American Patient Breast Tumors Are

Not Significantly Different from Caucasian Patient Tumors

in the Levels of Wild-Type ERa

To test if AAW breast tumors are different with respect to ER� expression, the
ER� wild-type levels were determined in 40 immunohistochemically ER�-
positive tumors from AAW and 34 tumor samples from Caucasian patients at
mRNA levels by established Q real-time PCR methods that can precisely
determine its exact mRNA copy numbers [33]. The ER�mRNA copy numbers
in tumors of both racial groups were profiled with reference to the mRNA copy
numbers of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The expression data between the tumors of two racial groups was
analyzed using two-sided Wilcoxon rank sum test for any differences. By the
above approach, no statistically significant difference in the expression of ER�
in the tumors between the two racial groups was observed [34]. The expression
levels of ER� mRNA copy numbers in each racial group with reference to
GAPDH mRNA copy numbers are shown schematically in Fig. 1. The mean
values of ER� mRNA levels and standard deviation in each racial group are
also shown in Table 1.

The Wild-Type ERb, the ERb1, Levels Are Significantly
Higher in Both Immunohistochemically ERa -Positive and Negative

Breast Tumors of African American Patients Compared to

Caucasian Patient Tumors

To determine if the AA patient tumors may be different with respect to ER�s
levels, the expression levels of this receptor at mRNA were compared in 40
immunohistochemcially ER�-positive and 40 negative samples with 34 positive
and 20 negative tumor samples from Caucasian patients by Q real-time PCR
and with reference to GAPDH mRNA copy numbers [35]. The ER� mRNA
levels between two racial groups and in between ER�-positive and ER�-negative
tumors were compared by two-sided Wilcoxon rank sum test. By this approach,
statistically significant differences between the two racial groups in the levels of
this receptor were found in the mRNA levels of ER�1. The expression of ER�1
was significantly higher in both ER�-positive and ER�-negative tumors from
African American patients in comparisonwith Caucasian patients (ER�-positive
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Table 1 Expression levels of ER�1 and ER�5 (mean and standard deviation) in ER�-
negative and ER�-positive breast cancer tissues (mRNA copies per 1010 mRNA copies of
GAPDH)

ER� negative ER� positive

Isoform African American Caucasian African American Caucasian

ER�1 5�105 and 1�105 6�104 and 1�104 1�106 and 3�105 6�104 and 8�103
ER�5 2�107 and 1�107 9�105 and 2�105 3�107 and 2�107 1�106 and 3�105
ER� NA NA 6�107 and 1�107 7�107 and 2�107

NA, not applicable.
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Fig. 1 Expression levels of ER�1 and ER�5 transcripts in ER�-negative and ER�-positive
tissues from African American and Caucasian patient tumors
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tumors, p=0.0004, andER�-negative tumors, p=0.0048).However, the expression
levels of ER�1 mRNA are not associated with tumor grade, stage of the cancer,
histological type, menopausal status, progesterone receptor, or nodal status by
ANOVA[34].Themeanexpression levels inboth racial groups and standarddeviation
are shown in Table 1 and Fig. 1.

An Isoform of ERb, an Estrogen-Independent Transcription

Factor, ERb5, Is Abundantly Expressed in Both ERa-Positive

and Negative Breast Tumors of African American Patients

Compared to Caucasian Patient Tumors

Although breast tumors are shown to express a number of splice variants of
both ER� and ER�, ER�5 is by far the most abundant isoform of all the splice
variants. It is a full-length receptor identical to wild-type ER� except it has
unique short nucleotide sequence arising from retention of an intron in the place
of exon 8. Although it lacks estrogen-binding property, it gets internalized to
nucleus, binds ERE sequences on DNA, and activates transcription [36]. This
receptor is expressed at much higher levels in the breast tumors of African
American patients compared to Caucasian patients in both ER�-positive and
ER�-negative tumors (ER�-positive tumors, p= 0.0002, and ER�-negative
tumors, p = 0.0213, by two-sided Wilcoxon rank sum test). However, the
higher expression of this receptor is not related to stage, size, menopausal
status, age, or metastasis to the nodes [34].

The significantly higher levels of ER�1 and ER�5 in ER�-negative tissues in
African American patient tumors offer possibilities to design therapies targeted
at these receptors to treat ER�-negative tumors.
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BRCA1 Cross-Talk with Hormone Receptors

Eliot M. Rosen, Yongxian Ma, and Saijun Fan

Introduction

During the mid-1990s, two breast cancer susceptibility genes, BRCA1 [1] and

BRCA2 [2, 3], were identified and cloned. Together, BRCA1 and BRCA2

mutations account for about 80% of all hereditary breast cancer cases, suggest-

ing the existence of at least one more, as yet unidentified, BRCA genes. BRCA1

fits the definition of a classical Knudsen-type tumor suppressor gene, since

nearly all BRCA1-mutant cancers show loss of the wild-type allele within the

tumors [4]. In studies aimed at understanding why BRCA1 mutations lead to

cancer development, a variety of functional roles for BRCA1 have been identi-

fied, including roles in several different DNA repair pathways (e.g., homology-

directed DNA repair and Fanconi-type repair), DNA damage signaling, DNA

damage-responsive cell cycle checkpoints, and apoptosis susceptibility (cell

‘‘fate’’ decisions) (reviewed in [5, 6]). Consistent with these findings, cultured

cells and tumors deficient in BRCA1 show a characteristic pattern of genomic

instability, including centrosomal amplification, aneuploidy, and chromosome

aberrations [7–9]. Based on these considerations, it has been suggested that

BRCA1 serves as a ‘‘caretaker’’ gene to protect cells against genotoxic damage

and preserve genomic integrity.
While these functions generally fit with the idea that BRCA1 is a tumor

suppressor gene, they do not explain the particular spectrum of tumor types

observed in BRCA1 mutation carriers. Thus, a study of 699 BRCA1-mutant

breast cancer families suggests that in addition to breast and ovarian cancers,

BRCA1 mutation carriers also have a significantly increased risk for
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endometrial and cervical cancers in women and for prostate cancers in men
younger than 65 years [10]. Interestingly, these are all tumor types that appear
to be steroid hormone responsive, at least at some point during their develop-
ment. Thus, breast and endometrial cancers are known to be estrogen respon-
sive, while prostate cancer is an androgen-sensitive tumor type. Although a
hormonal etiology is not as clearly established in cervical cancer as in the other
tumor types, estrogen is thought to contribute to cell proliferation during the
pathogenesis of cervical cancer [11–13]. BRCA2 mutations have been linked to
ovarian, pancreatic, and prostatic cancers; but unlike BRCA1, BRCA2 muta-
tions have not been linked to cervical and endometrial cancers [14, 15]. These
considerations suggest that cross-talk with hormone receptor pathways may
contribute to the development of BRCA1-dependent breast cancers.

Further evidence in support of a hormonal etiology for BRCA1-mutant
breast cancer comes from clinical-epidemiological studies. Although studies
of risk modifiers in BRCA1 mutation carriers have led to conflicting results
[in part, due to the relatively small number of cases], reproductive history does
appear to modify breast cancer risk in BRCA1 carriers. This evidence has been
reviewed elsewhere [16, 17]. Importantly, bilateral oophorectomy, especially
when performed at an early age, confers a significant reduction in the risk for
breast cancer in BRCA1 mutation carriers [18, 19]. And as described below,
animal models of BRCA1-mutant breast cancer suggest that hormonal manip-
ulations can substantially alter the risk of mammary cancer. In this chapter, we
will describe various aspects of BRCA1:hormonal interactions in cell culture
and animal models that may shed some light on the question of how BRCA1
suppresses breast cancer development.

The BRCA1 Protein

The BRCA1 gene is located on human chromosome 17q21, contains 24 exons,
and encodes an 1863 amino acid protein [1]. The BRCA1 protein does not
exhibit significant structural homology to other known proteins (including
BRCA2), with the exception of a conserved N-terminal ring finger domain
(amino acids 20–64) and a carboxy-terminal acidic domain that can mediate
transcriptional activation when linked to a suitable DNA-binding domain [20].
TheN-terminal ring finger domain of BRCA1 interacts with another ring finger
protein, BARD1 (BRCA1-associated ring domain protein 1); and the BRCA1:-
BARD1 complex can function as an E3 ubiquitin ligase, an activity that may be
important for tumor suppression [21–23]. The BRCA1 carboxy-terminal tran-
scriptional activation domain contains a tandem repeat of 95 amino acids called
a BRCA1-associated carboxy-terminal domain (BRCT) that is homologous to
similar domains found in various DNA repair and cell cycle checkpoint pro-
teins [24]. BRCA1 contains functional nuclear import and nuclear export
signals, suggesting that it may shuttle back and forth between the nucleus and
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the cytoplasm [25, 26]. However, it appears that most, if not all, BRCA1
functions require its nuclear localization.

The BRCA1 protein is a 220 kDa nuclear phosphoprotein that is expressed
and phosphorylated during the cell cycle, with maximum expression and phos-
phorylation in late G1 and early to mid-S-phase [27, 28]. BRCA1 appears to
be expressed predominantly in proliferating cells; and quiescence induced
by removal of serum causes down-regulation of its expression [27]. However,
as described below, differentiating mammary epithelial cells express high levels
of BRCA1. Many biological functions of BRCA1 appear to be due to its ability
to regulate transcription (reviewed in [5, 29]). BRCA1 has not been identified
as a sequence-specific DNA-binding transcription factor. It appears to regulate
transcription primarily by binding to various sequence-specific transcription
factors and either increasing (e.g., p53, STAT1, ATF1) or decreasing (e.g.,
c-Myc, ER-�) their activity. In addition, BRCA1 can bind to components of
the RNA polymerase II holoenzyme [e.g., RNA helicase A], transcriptional
co-regulators and chromatin-modifying proteins [e.g., p300/CBP, the retino-
blastoma protein (RB1), several RB1-associated proteins (RbAp46 and
RbAp48), histone deacetylases, the SWI/SNF-related transcriptional activator
BRG1, the cofactor of BRCA1 (COBRA1)], and other transcriptional regula-
tory proteins [5, 29]. In addition to its carboxy-terminal transcriptional activa-
tion domain, a second transcriptional activation domain (called ‘‘AD1’’) has
been identified, located just amino-terminal to the BCRT [30]. The precise
function of AD1 is unclear, but its activity appears to be dependent upon an
interaction between BRCA1 and JunB.

BRCA1 Regulation of Estrogen Receptor (ER-a)

The first demonstration of a functional interaction between BRCA1 and ER-�
was the observation that BRCA1 over-expression inhibits ER-� transcriptional
activity in cultured human breast and prostate carcinoma cell lines [31]. Cur-
iously, in that study, BRCA1 failed to inhibit ER-� activity in several human
cervical cancer cell lines. It was subsequently discovered that human papillo-
mavirus oncoproteins E6 and E7, which are expressed in human cervical cancer
cell lines, can bind directly to BRCA1 and block its ability to repress ER-�
activity [32]. Transcriptional activity assays further revealed that BRCA1
blocked the activity of the conserved carboxy-terminal activation domain of
ER-� [designated ‘‘activation function 2’’ (AF-2)], which is linked to the ligand-
binding domain, but did not inhibit the constitutively active amino-terminal
activation domain (AF-1) [31, 33]. And BRCA1 inhibited the ability of 17�-
estradiol (E2) to stimulate expression of several estrogen-responsive genes (pS2
and cathepsin D) [34].

Two mechanisms have been identified for BRCA1-mediated repression of
ER-�. The first involves a direct interaction of the BRCA1 and ER-� proteins,
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and the second involves down-regulation of p300, a co-activator of ER-�
[33–37], as will be described below. In contrast to wild-type BRCA1
(wtBRCA1), expression of a set of cancer-associated BRCA1-mutant proteins
either did not inhibit ER-� activity or showed a greatly reduced ability to
do so, consistent with the idea that repression of ER-� contributes to the
tumor suppressor function of BRCA1. Interestingly, unlike the binding of
some cofactors to ER-� [e.g., steroid receptor co-activator 1 (SRC-1)], the
BRCA1:ER-� interaction was not E2 dependent (i.e., occurred to a similar
extent in the absence vs presence of E2).

The interacting domains of the BRCA1 and ER-� proteins have been
mapped at a high level of resolution. Here, two contact sites for ER-� on
BRCA1 were identified, one within amino acids 67–100 and the other within
amino acids 101–134 [38]. The ability of BRCA1 to bind ER-� and repress its
activity was found to be particularly dependent upon a conserved helical motif
(amino acids 86–95) that resembles a previously identified nuclear co-repressor
motif [Lxx(I/H)Ixxx(I/L), where x = any amino acid]. Mutation of this motif
disrupted the ability of BRCA1 to both bind and repress ER-� [38]. Consistent
with the observation that BRCA1 inhibits AF-2 activity, the binding sites for
BRCA1 on ER-� were located within the AF-2 domain of ER-�. Two contact
sites were identified, a major site within amino acids 338–379 and a minor site
within amino acids 420–595. Based on these mapping studies, a partial three-
dimensional structure of the BRCA1:ER-� complex was proposed [38]. In this
model, BRCA1 heterodimerizes with ER-� via an anti-parallel �-helix domain,
mainly using the third helix (amino acids 80–96) of BRCA1. The ER-� side of
the interacting surface is an �-helix of ER-� (amino acids 338–379), which is at
the opposite side of the ER-� homo-dimerization surface. Consistent with this
model, two cancer-associated BRCA1 mutations at the interacting surface
(L63F and I89T) significantly impaired the ability of BRCA1 to repress ER-�
activity [38].

As described above, the BRCA1 amino-terminal ring domain (amino acids
20–64) interacts with another ring domain protein (BARD1 [39]); and the
complex can function as an E3 ubiquitin ligase. It was proposed that this
ubiquitin ligase activity is essential for BRCA1 tumor suppressor function;
and it has been shown that the ubiquitin ligase activity is required for the
function of BRCA1 in maintaining the normal state of cellular radiation resis-
tance [40]. Interestingly, while the BRCA1 ring domain is not required for
BRCA1 binding to ER-�, it is required for repression of ER-� activity by the
full-length BRCA1 protein, since two cancer-associated BRCA1 point muta-
tions that disrupt the ring domain structure (61Cys!Gly and 64Cys!Gly) did
not inhibit ER-� activity [34]. Two issues that remain to be addressed are the
mechanism by which the ring domain mutations inactivate the BRCA1 repres-
sion of ER-� and whether or not the BRCA1 ubiquitin ligase activity is required
for repression of ER-�. While we have not adduced any evidence that BRCA1
directs the proteolytic degradation of ER-�, it has been reported recently that
ER-� is a substrate for the ubiquitin ligase activity of the BRCA1/BARD1
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complex, which functions, predominantly, to mono-ubiquitinate ER-� [41].
Interestingly, two residues within the AF-2 domain of ER-� that were found
to be essential for BRCA1-mediated ubiquitination of ER-�, I358 and Q375
[41], fall within the previously identified region of ER-� (amino acids 338–379)
that mediates binding to BRCA1 [38].

As noted above, over-expression of BRCA1 (but not cancer-associated
mutant BRCA1 proteins) down-regulates the expression of p300, a nuclear
receptor co-activator [33, 35]. This down-regulation occurs at the mRNA
level and does not affect the CREB-binding protein (CBP), a functional homo-
log of BRCA1. Exogenous p300 or CBP rescued (i.e., reversed) the wtBRCA1-
mediated inhibition of ER-� activity, suggesting that p300 plays a role in this
process [33]. Interestingly, only a small portion of the p300 protein containing a
conserved cysteine-histidine-rich region (CH3) was both necessary and suffi-
cient to rescue the BRCA1 repression of ER-�. Several other nuclear receptor
co-activators, including the glucocorticoid receptor interacting protein 1
(GRIP1), p300/CBP-associated factor (PCAF), and amplified in breast cancer
1 (AIB1), failed to rescue the BRCA1 inhibition of ER-� activity. Since the
rescue function of p300 did not require its histone acetyltransferase or SRC-1-
binding domains, this function appears to be distinct from its function as an
ER-� co-activator.

Recent studies suggest the existence of a distinct pool of ER-� localized at
the plasmamembrane and possibly other sites (reviewed in [42]). Themembrane
ER-� is G-protein coupled and signals, in part, via cross-talk with the epider-
mal growth factor receptor (EGFR) and insulin-like growth factor-1 receptor
(IGF1R). With regard to BRCA1, it was found that in estrogen-responsive
human breast carcinoma cell lines (MCF-7 and ZR-75-1), E2 caused a rapid
and sustained activation of extracellular signal-related kinase (ERK) that
was strongly inhibited by expression of exogenous wild-type but not cancer-
associated mutant BRCA1 proteins [43]. Of additional note are the findings
that the E2-stimulated proliferation of MCF-7 cells was blocked by either
wtBRCA1 or ERK inhibitors in a manner that was dependent upon mitogen-
activated kinase phosphatase 1, an ERK phosphatase. These findings suggest
that BRCA1may interact functionally withmembrane-localized ER-� and that
this interaction may contribute to its ability to suppress E2-stimulated cell
proliferation.

Ligand-Independent Repression of ER-a Activity by BRCA1

Zheng and colleagues [44] observed constitutive activity of ER-� in Brca1
null mouse embryo fibroblasts (MEFs), suggesting that the endogenous
BRCA1 protein may function to prevent activation of ER-� in the absence
of estrogen. Consistent with this idea, they found that BRCA1 was present at
the estrogen-response element (ERE) site on the promoter of cathepsin D (an
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estrogen-responsive gene) in MCF-7 human breast carcinoma cells before

treatment with E2 but not after treatment. In agreement with these observa-

tions, it was found that knockdown of the endogenous BRCA1 protein using

small interfering RNA (siRNA) caused about a 5- to 10-fold stimulation of

ER-� activity in the absence of E2 and also significantly enhanced ER-�
activity in the presence of E2 [45, 46]. In further studies, the ligand-indepen-

dent activation of ER-� caused by BRCA1 knockdown was attributable, in

part, to activation of the phosphatidylinositol-3 kinase (PI3K)/c-Akt signal-

ing pathway, which results in phosphorylation of several key serine residues

(S118 and S167) within the AF-1 domain of ER-� [46]. The mechanism by

which loss of BRCA1 causes the activation of c-Akt is not totally clear, but it

appears to involve, in part, the inhibition of protein phosphatase 2A, an

enzyme that dephosphorylates and, thereby, inactivates c-Akt [46].

BRCA1 and ER-b

ER-�, a homolog of ER-�, is structurally similar to ER-�; but it exhibits a
different tissue distribution and both similar and distinct functional properties

relative to ligand selectivity, ligand-binding affinity, and transcriptional acti-

vation [47]. In some contexts (e.g., in the uterus), ER-� can inhibit ER-�
activity due, in part, to the E2-stimulated formation of ER-�/ER-� [48,

49, 50]. The co-expression of ER-� and ER-� not only conferred a reduced

sensitivity to E2 but also caused a decrease in the agonist activity and an

increase in the antagonist activity of tamoxifen, a selective estrogen receptor

modulator (SERM) [48, 51]. It is unclear, at present, if ER-� participates in

the BRCA1-mediated repression of ER-� activity, but it is interesting to note

that in cultured MCF-7 cells knockdown of BRCA1 stimulated the agonist

activity of tamoxifen for ER-� [45].

BRCA1 and Aromatase

The enzyme aromatase (also called CYP19A1) is a cytochrome P450 enzyme

that catalyzes the formation of estrogens from androgen precursors. The for-

mation of estrogens from adrenal-derived androgens in peripheral adipose

tissue is thought to be a major contributor to the development of post-

menopausal breast cancer. Several recent studies suggest that BRCA1 nega-

tively regulates aromatase expression in ovarian granulosa cells, adipocytes,

mammary fibroblasts, and breast cancer cells [52–54]. These findings suggest

that in addition to up-regulating ER-� activity, the inactivation of BRCA1 (see

below) might also contribute to increased estrogen synthesis via aromatization.
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BRCA1 Regulation of Progesterone Receptor (PR)

The PR plays an important role in normal mammary development; andwhile its
role is not as well established as for ER-�, both experimental and clinical-
epidemiological studies suggest that it also contributes to breast cancer devel-
opment. In a recent study, it was found that BRCA1 binds to PR, inhibits its
transcriptional activity, and blocks progesterone-stimulated gene expression
and breast carcinoma cell proliferation [55]. Knockdown of BRCA1 caused
about a 4-fold increase in progesterone-stimulated PR activity but did not
confer ligand-independent activation of PR. Like ER-�, the BRCA1:PR inter-
action was ligand independent; but unlike ER-�, the interaction involved
domains within the amino- and carboxyl termini of PR. And unlike ER-�,
over-expression of p300 did not rescue the BRCA1-mediated repression of PR
activity. It has also been reported that BRCA1 exerts control of PR protein
levels through an indirect mechanism in which a wild-type (functional) BRCA1
is required to target PR for proteasomal degradation [56]. These findings such
that the ability of BRCA1 to inhibit PR activity and/or cause its degradation
might also contribute to its ability to suppress breast cancer formation. Animal
model studies suggesting roles for both ER-� and PR in BRCA1-mutant
mammary carcinogenesis are described below.

BRCA1 Stimulation of Androgen Receptor (AR) Activity

AR signaling plays a significant role in human prostate carcinogenesis [57]; and,
in women, androgens counteract the ability of estrogen and progesterone to
stimulate mammary epithelial cell growth [58]. In several studies, BRCA1 was
found to bind toAR and stimulate its activity [59, 60]. In one study, BRCA1 up-
regulated the AR-mediated expression of the cell cycle inhibitory protein
p21WAF1 and enhanced dihydrotestosterone (DHT)-induced cell death in
human prostate cancer cells [60]. In another study, BRCA1 was found to
interact directly with both AR and the nuclear receptor co-activator GRIP1
and to stimulate AR activity through the AF-1 domain of AR [59]. The ability
of BRCA1 to stimulate AR activity was augmented by several co-activators,
including CBP, GRIP1, and the 55 and 70 kDa androgen receptor co-activators
(ARA55 and ARA70). AR mutations have been associated with the develop-
ment of male breast cancer, and as noted above, androgens can inhibit the
proliferation of mammary epithelial cells, suggesting a possible role for AR in
mammary carcinogenesis [58, 61]. AR exhibits polymorphisms in the number of
poly-glutamine (CAG) repeats in its AF-1 domain, with the repeat length
inversely correlated with p160 co-activator binding and AR activity. Some
studies suggest an association between a long CAG repeat length and an early
onset of breast cancer in BRCA1 mutation carriers; while other studies do not
support a correlation [62].
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Role of BRCA1 in Development

BRCA1 homozygous null mutations in mice confer early embryonic lethality
(by day 7.5), while BRCA2 null mutations cause embryonic lethality by about
1 day later (day 8.5) (reviewed in [63]). These findings suggest that both breast
cancer susceptibility genes are required for embryonic development and that, in
this context, they have non-redundant functions (i.e., one cannot substitute for
the other). BRCA1 null embryos exhibited widespread defects in cell prolifera-
tion attributable, in part, to the activation of p53, presumably due to genomic
instability owing to the absence of functional BRCA1. Thus, the BRCA1 null
phenotype was partially rescued by a deficiency of either p53 or G1 cell cycle
inhibitor p21WAF1, whose expression is induced by p53 [64].

Several studies examined the pattern of BRCA1 mRNA expression during
normal development in mice. BRCA1 was highly expressed in many tissues,
particularly in cell compartments containing rapidly proliferating cells and cells
undergoing differentiation [65, 66]. In this regard, BRCA1 expression was
significantly increased in mammary epithelial cells during puberty and preg-
nancy. BRCA1 expression was also found to be up-regulated in cultured
mammary epithelial cells induced to differentiate by a hormonal cocktail [27];
and in several cell culture models, BRCA1 was shown to accelerate mammary
epithelial differentiation [67, 68]. Interestingly, the developmental expression
pattern of BRCA2 was similar to that of BRCA1, with a few exceptions,
including endocrine tissues such as the testis during spermatogenesis and the
breast during pregnancy [69]. These studies raise the possibility that BRCA1
expression during key windows of time [i.e., those in which mammary epithelial
cells undergo differentiation (puberty and pregnancy)] is important for tumor
suppression.

In general, the phenotype of mice heterozygous for BRCA1 in the germ-line
was similar to that of wild-type mice. However, in studies of the endocrine
responses to diethylstilbestrol (DES), a synthetic estrogen, the BRCA1 hetero-
zygousmice showed reducedmammary ductal branching, as compared with the
wild-type mice [70]. Most heterozygous mice showed ovarian atrophy, as com-
pared with wild-type mice, which showed arrested follicular development.
These findings suggest that BRCA1 is haplo-insufficient with respect to some
endocrine tissue responses to the steroid DES.

Mouse Models of BRCA1-Dependent Tumorigenesis

Since mice homozygous for a germ-line BRCA1 null mutation died during
embryogenesis and mice heterozygous for BRCA1 did not develop tumors, it
was necessary to utilize mice with a homozygous mammary-targeted BRCA1
mutation to study BRCA1-mutant mammary tumorigenesis. The best-studied
mouse model of BRCA1-deficient tumorigenesis features a conditional (cre-lox
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dependent) mammary epithelial cell-targeted homozygous deletion of BRCA1
exon 11, which codes for more than 60%of the BRCA1 protein [71]. These mice
contained two floxed BRCA1 alleles and were transgenic for the mouse mam-
mary tumor virus (MMTV) promoter up-stream of a cre recombinase gene. The
mice developed mammary cancers with a low incidence and a long latency
period (12 months). However, the incidence was increased and the latency
period decreased in the setting of a heterozygous deletion of the p53 gene [71].
The requirement for p53 deficiency is analogous to human BRCA1-mutant
tumor development, since about 80% of human BRCA1-mutant breast cancers
exhibit p53 mutations [72, 73]. The mammary cancers that developed in these
BRCA1/p53-deficient mice recapitulated some of the features of human
BRCA1-mutant cancers, including a similar pattern of chromosomal rearran-
gements and p53 mutations [74, 75].

A study of the effect of tamoxifen on the BRCA1/p53-deficient mice revealed
that tamoxifen caused a significant increase in the incidence of mammary
carcinomas [45]. This finding was consistent with the above-cited observation
that tamoxifen increased the ratio of ER-� agonist to antagonist activity in
cultured MCF-7 cells [45]. In further studies, it was found that mice with the
conditional mammary-targeted BRCA1 deletion exhibited longer mammary
ductal extension during puberty than did wild-type mice [76]. Terminal end bud
differentiation was impaired in these mice, prolactin-induced alveolar differ-
entiation remained intact, providing evidence for an increased effect of endo-
genous estrogen. Normally, exposure of mice to exogenous estrogen causes
a burst of mammary epithelial cell proliferation that subsides rapidly due to
normal compensatory mechanisms. However, in BRCA1-deficient animals,
exogenous 17�-estradiol caused an abnormal sustained mammary epithelial
cell proliferative response and appearance of mammary preneoplasia. In a
BRCA1/p53-deficient setting, exogenous E2 caused an increase in the propor-
tion of mice with multiple hyperplastic alveolar nodules (HANs) [76]. Finally,
mice harboring mammary-targeted conditional ER-� over-expression in com-
bination with mammary-targeted BRCA1 deficiency and p53 heterozygosity
exhibited an increased incidence ofmultiple HANs, invasive cancers, and tumor
multiplicity [76].

As noted earlier, bilateral oophorectomy in women who carry germ-line
BRCA1 mutations conferred a reduced incidence of breast cancer. In the
above-described mice with mammary-targeted BRCA1 deficiency and a hetero-
zygous p53 deletion, bilateral oophorectomy conferred a reduced incidence of
mammary cancers after 4 months post-oophorectomy, as compared with sham-
operated mice [77]. These mice also showed mammary gland regression asso-
ciated with a decreased number of mammary epithelial cells after ophorectomy.
These findings are consistent with the idea that in mice, as in humans, ovarian
steroids are required during the early stages of mammary cancer development.

In a similar mouse model, this time featuring a mammary-targeted BRCA1
deletion coupled to a homozygous p53 deletion, the mammary glands of
nulliparous animals exhibited increased lateral branching and alveolar
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morphogenesis, a phenotype that is normally characteristic of progesterone
effect during pregnancy [56]. In this mouse model, PR was found to be over-
expressed due to reduced degradation through the proteasomal pathway.
Here, treatment with a selective progesterone receptor modulator (SPRM),
RU-486 (mifepristone, the ‘‘morning after pill’’), prevented the development
of mammary cancers. These observations are consistent with the previous
findings that BRCA1 inhibits PR function and that exposure of BRCA1-
deficient mice to exogenous progesterone causes an abnormal sustained mam-
mary epithelial cell proliferative response with increased tertiary branching of
the mammary ducts [55]. Together, this research suggests that the ability of
BRCA1 to regulate progesterone action through the PR contributes to the
BRCA1-mutant mammary tumorigenesis.

BRCA1 as a Target for Dietary Factors, Environmental

Exposures, and Breast Cancer Prevention

Epidemiologic evidence suggests that moderate ethanol consumption is a sig-
nificant risk factor for breast cancer development and that ethanol synergisti-
cally stimulates breast cancer risk in conjunction with estrogen replacement
therapy in post-menopausal women [78, 79]. While the molecular basis for the
linkage of alcohol consumption and breast cancer risk is unclear, a study of
cultured human breast cancer cells revealed that exposure to ethanol causes
an increase in ER-� protein levels and ER-� activity associated with a large
dose-dependent decrease in BRCA1 protein levels [80]. Persistent organo-
chlorines (POCs) are environmental carcinogens that contaminate the food
chain. Some of these agents are xeno-estrogens that inhibit ER-� activity and
may contribute to breast cancer risk. Thus, polychlorinated biphenyls (PCBs)
and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, or toxiphene) were reported
to down-regulate E2-stimulated BRCA1 mRNA expression in MCF-7 human
breast cancer cells [81]. The polycyclic aromatic hydrocarbon benzo(a)pyrene
(B[a]P), a suspected mammary carcinogen, inhibited BRCA1 expression in
ER-� positive but not ER-� negative human breast cancer cell lines [82]. The
inhibition of E2-inducible BRCA1 expression by B[a]P and TCDD was
mediated through ligation of the arylhydrocarbon receptor (AhR), which
targets xenobiotic response elements (XREs) within the BRCA1 promoter
[83]. Conversely, BRCA1 appears to function as a co-activator for the AhR
nuclear translocator (ARNT), suggesting that loss of BRCA1 expression
could impair the ability of cells to mount a normal response to xenobiotic
stress [84].

Indole-3-carbinol (I3C) is a micronutrient found in cruciferous vegetables
(e.g., cabbage, cauliflower, broccoli) with cancer preventive activity, particu-
larly for estrogen-dependent tumor types (i.e., breast, cervical, and endometrial
cancers) [85]. Thus, dietary supplementation with cruciferous vegetables or with
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I3C blocks the development of E2-dependent tumors in animals. Protection
against mammary tumorigenesis due to I3C carcinogenesis appears to be due,
in part, to enhanced metabolism of estrone via the 2-hydroxylation pathway,
which yields inert products, and decreased 16-hydroxylation, which yields pro-
carcinogenic metabolites [86]. Recent studies indicate that I3C, its major active
metabolite DIM (3,3́-diindolylmethane), and genistein (a soy isoflavone with
cancer prevention activity) up-regulate the expression of BRCA1 in breast,
cervical, and prostate carcinoma cell lines [87–90]. The up-regulation
of BRCA1 expression by I3C and genistein may be due, in part, to the ability
of these agents to cause an endoplasmic reticulum stress-like response [90]. In
addition, the ability of I3C and genistein to inhibit E2-stimulated ER-� activity
was BRCA1 dependent, as demonstrated by the use of BRCA1-siRNA to
knock down the BRCA1 protein levels [90].

A study of rat mammary tumorigenesis induced by 7,12-dimethylben-
z[a]anthracene (DMBA) revealed that pre-pubertal exposure (age 1–3 weeks)
of female rats to 17�-estradiol or genistein (which has mixed ER-� agonist/
antagonist activity) reduced the risk of developing DMBA-induced mammary
cancers [91]. Both E2 and genistein caused a persistent up-regulation of
BRCA1 expression in the mammary gland that was still present at age
16 weeks. Genistein, which can both activate ER-� by itself and inhibit E2-
stimulated ER-� activity, is a more selective ligand for ER-� than for ER-�,
suggesting that its ability to inhibit E2-stimulated ER-� activity may be due,
in part, to the formation of ER-�/ER-� heterodimers [92, 93]. At present, it is
unclear if the ability of genistein stimulate BRCA1 expression is dependent
upon ER-�. In addition to I3C and genistein, several other dietary agents
that can influence mammary tumorigenesis in rats have also been found to
modulate BRCA1 expression, including whole wheat flour and (n–3) poly-
unsaturated fatty acids (PUFAs) [94, 95]. It remains to be proven whether
the ability of dietary factors to induce the expression of BRCA1 within the
mammary glands of these animals contributes to development of resistance to
tumorigenesis.

Loss of ER-a Expression in BRCA1-Deficient Breast Cancers

Approximately two-thirds of all sporadic (non-hereditary) human breast can-
cers are ER-� positive. In contrast, about 80% of breast cancers that develop
in BRCA1 mutation carriers are ER-� negative [73, 96,97]. Most of these
tumors are negative for PR and HER2/Neu amplification [73]. Thus, BRCA1-
mutant human breast cancers exhibit the so-called triple-negative breast
cancer phenotype, which is also characteristic of ‘‘basal-like’’ breast cancers
that exhibit aggressive clinical behavior [98]. Like human BRCA1-mutant
breast cancers, most mammary cancers that develop in the BRCA1-deficient
mouse models are also ER-� negative [75]. Thus, any accounting of a role for
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hormonal factors in BRCA1-mutant breast carcinogenesis must explain the
apparently conflicting observation that most of these tumors lack ER-� and
PR expression.

In this regard, in mice harboring a mammary-targeted BRCA1 deletion,
tamoxifen-induced mammary hyperplasias exhibited down-regulation of
BRCA1 expression [45]. Furthermore, estrogen-induced preneoplastic lesions
in BRCA1-deficient mice were found to be ER-� negative [76]. Even the
preneoplasias and cancers that developed in mice with mammary-targeted
ER-� over-expression and BRCA1 deficiency were mostly ER-� negative
[76]. These findings suggest that the absence of ER-� observed in BRCA1-
mutant breast cancers is an early and integral component of the tumorigen-
esis pathway rather than a random late event. The mechanism underlying the
loss of BRCA1 expression is unclear. However, one study of human
BRCA1-mutant breast cancers revealed increased CpG methylation of the
ER-� gene in those tumors that were ER-� negative, suggesting that ER-�
promoter methylation might contribute to the loss of ER-� expression in
these tumors [99]. Finally, in a recent study, it was found that in human
breast cancer cells, BRCA1 is recruited to the ER-� promoter by the
transcription factor Oct-1 and that both BRCA1 and Oct-1 are required
for ER-� expression [100].

Functional Inactivation of BRCA1 in Sporadic Breast Cancers

While inherited BRCA1 mutations can account for only a small minority
(2.5–5%) of human breast cancers, various studies have revealed BRCA1
mRNA and protein are absent or significantly decreased in about 30–40% of
sporadic breast cancer cases [101–104]. The decreased expression of BRCA1 in
these tumors may be attributed to hypermethylation of the BRCA1 promoter
on CpG islands and/or loss of one of the BRCA1 alleles [105–107]. Aberrant
expression of the DNA methyl transferase DNMT3B and the CCCTC-binding
factor (CTCF) may account for the loss of BRCA1 expression in some of these
cases [108]. while negative transcriptional elements within the BRCA1 promo-
ter may also contribute to decreased BRCA1 expression [109]. The regulation of
BRCA1 expression is described elsewhere [5]. At present, it is not clear if these
BRCA1-under-expressing sporadic breast cancers represent a phenotypically
distinct subset of cancers or if they resemble BRCA1-mutant breast cancers in
other characteristics, such as hormonal responsiveness.

It should be noted that even in the absence of BRCA1 mutation or down-
regulation of its expression, BRCA1 may be functionally inactivated by other
oncogenic pathways. For example, over-expression of cyclin D1, which is
amplified in about 15–20% of breast cancer cases, can rescue the BRCA1-
mediated repression of ER-� activity through a direct interaction of the
BRCA1 and cyclin D1 proteins [110]. As noted earlier, the human papilloma
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virus oncoproteins E6 and E7 can also reverse the BRCA1 inhibition of ER-�
activity [32]. In addition, c-Akt can rescue the BRCA1 repression of ER-� in a

manner that is dependent upon its kinase activity [46]. These findings raise the

possibility that functional inactivation of BRCA1 through oncogenic signaling

pathways could contribute to de-repression of ER-� activity in breast cancers

that express normal levels of wild-type BRCA1 protein.

Model for BRCA1 Cross-Talk with Hormone Receptor

Pathways in Mammary Tumorigenesis

Figure 1 illustrates schematically some of the interactions between BRCA1 and

steroid hormonal receptor signaling pathways that may contribute to mam-

mary tumor suppression or tumorigenesis. Thus, in the model presented, under

normal conditions, BRCA1 is postulated to function to limit mammary epi-

thelial cell (MEC) proliferation by inhibiting the activity of ER-�, PR, and

aromatase and, possibly, by stimulating AR activity. BRCA1 also serves to

promote MEC differentiation and to maintain genomic stability in this cell

type, both functions that may also contribute to tumor suppression. The loss of

these activities of BRCA1, as may occur through an inherited BRCA1 muta-

tion, environmental exposures, epigenetic silencing, functional inactivation by

activation of oncogenic signaling pathways, or a combination of these factors

tends to promote mammary tumorigenesis, while enhanced BRCA1 expression

due to dietary factors such as I3C and genistein is expected to have the opposite

effect.

BRCA1

E2

ER-α MEC proliferation

PRP

Genomic 
stability

MEC 
differentiation

Aromatase

Mutation
Epigenetic silencing

Functional inactivation
Ethanol

Carcinogens

I3C
Genistein

AR

Fig. 1 Model for BRCA1 cross-talk with hormone receptors in mammary tumorigenesis. See
text for description. MEC, mammary epithelial cell; P, progesterone. Other abbreviations, see
text
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As noted earlier, while BRCA1-mutant tumorigenesis in humans and mice is
clearly hormone sensitive (at least in the early stages), the resultant tumors are
usually ER-� negative. Theoretically, at least two models might account for this
phenomenon. In one scheme, the same progenitor cell might undergo conversion
from ER-� positivity to ER-� negativity during the process of tumorigenesis. In
another scheme, BRCA1-deficient hormone receptor-positive MECs that are
over-stimulated due to the loss of BRCA1-mediated repression of hormonal
signaling might induce the proliferation of hormone receptor-negative MECs
through a paracrine mechanism. Further research will be required to definitively
identify the mechanism through which BRCA1-mutant tumors become ER-�
negative.
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Metastasis of Hormone Receptor Positive

Breast Cancer

Monica M. Richert and Danny R. Welch

Background

Metastasis

Metastasis, or the movement of tumor cells away from the primary tumor to

develop independent tumors at a secondary site, is the final step in tumor

progression toward autonomy from the host [1–4]. In order to metastasize,

tumor cells must invade surrounding tissues and enter the bloodstream or

lymphatics through a process termed intravasation. The neovasculature within

a primary tumor is permeable which allows the tumor cell access to the blood-

stream [5]. Once in the bloodstream, the cell may remain as a single cell or form

an embolus with other tumor cells or other cell types. The disseminated tumor

cells must be capable of surviving the sheer forces it encounters while traveling

through the vasculature. Once the tumor cell reaches its target organ it adheres

either to the vascular or to the lymphatic endothelium or arrests due to the

physical limitation of size within the capillary [6, 7]. The tumor cell will then

either begin to proliferate within the vessel and eventually break through or

leave the vessel through a process termed extravasation. If the tumor cells

extravasate, they must invade the surrounding tissue and begin to proliferate

to form a secondarymass. The formation of this secondarymass is necessary for

metastasis.
The process of metastasis is highly inefficient with less than 0.001% of the

1–4�106 cells per gram of tumor per day that leave the primary tumor establish-

ing secondary masses [8, 9]. While the inefficiency of this process is due to a

number of factors including cell death caused by physical trauma, immune

clearance, and anoikis, as many as 80% of the cells complete most steps of

the metastatic cascade, but either die at the secondary site or never proliferate
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[9–11]. A small portion of the cells will begin to proliferate and an even smaller
percentage goes on to form macrometastases. If any step of this metastatic
cascade cannot be completed, then metastases will not develop. Therefore,
targeting any step of this process could aid in the control of metastatic disease.

Estrogen Receptor and Breast Cancer Metastasis

Several of the risk factors for breast cancer have indicated that steroid hormones
play a role in development and progression of this disease. According to the
American Cancer Society, women are at greater risk for breast cancer when they
have an early age of menarche, late first full-term pregnancy, and late age of
menopause. Therefore, it appears that the length of time the breast is exposed to
steroid hormones, both in the overall and in the undifferentiated (pre-lactation)
state, correlates with incidence of breast cancer. Several hormone receptors
including estrogen receptor and progesterone receptor are critical for develop-
ment and differentiation of the breast and have been shown to be expressed in
some breast cancers. This chapter will focus specifically on estrogen receptor-
positive breast cancers.

Estrogen receptor (ER) is a nuclear hormone receptor that binds to specific
elements within the DNA after ligand binding to result in transcriptional regula-
tion of several genes. There are two isoforms, ER� and ER� [12–14], and it is
believed that ER� plays a predominant role in breast cancer. Some studies have
indicated that a change in expression from ER� to ER� indicates that a tumor
has become endocrine resistant [15]. Along with its effects in the nucleus, ER is
capable of binding to and activating signaling pathways such as Src-PI3K-Akt
[16] or Src-Ras-ERK [17], both of which have been shown to contribution to
tumor progression.

Estrogen receptor expression in tumors is generally associated with decreased
aggressiveness. Expression of ER is generally correlated with decreased rate of
cell proliferation and histologically differentiated tumors [18]. ER-positive tumors
tend to have a lower rate of recurrence in the first years after diagnosis, but there is
a higher recurrence rate in later years. The presence of ER is thought to have a
stimulatory role in cancer cell proliferation, but an inhibitory effect on invasion
andmetastasis [15, 19]. Estrogens can increase the growth of breast cancer cells by
causing cells to enter the cell cycle. Anti-estrogens prevent this activity in breast
cancer cells. The partial agonist/antagonist, Tamoxifen (Nolvadex), is capable of
acting as an anti-estrogen against breast cancer cells while acting as a partial
agonist against other tissues such as the uterus.

In spite of this ability of estrogens to promote a mitogenic response in breast
tumors, expression of ER is most often associated with a more differentiated
and less invasive phenotype along with a more favorable prognosis. Interest-
ingly, ER-positive tumors are more likely to metastasize to the bone, and most
bone metastases are ER positive [20, 21]. This is paradoxical as ER-positive
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tumors are less invasive and metastatic. When ER�-positive cells are implanted
into nude mice, they only form tumors in the presence of supplemental estrogen
and, compared to ER�-negative cell lines, are poorly metastatic [22]. Mechan-
istically, it has been determined that these effects on invasion and metastasis are
due to transcriptional effects of ER and signaling events due to ER interaction
with cytoplasmic proteins (reviewed in [18]). While ER-positive tumors are
generally less likely to metastasize, they are still capable of forming distant
tumors and therefore, treatments for hormone-responsive metastases are
necessary.

It is also important to note that hormone-responsive tumors will eventually
progress to a hormone-refractory state making them more aggressive and
metastatic. Recent work to understand how tumors become hormone refrac-
tory has led to the understanding that expression of the epidermal growth
factor receptor (EGFR) correlates with a lack of response to endocrine
therapy [23, 24]. EGFR belongs to a family of receptor tyrosine kinases
including ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4. EGFR activation
occurs by ligand binding and either homodimerization or heterodimerization
with other family members followed by autophosphorylation [25]. Cross-
activation of the receptors is common; homo- or heterodimerization deter-
mines the specificity of ligand binding; and several of the ligands are capable
of activating more than one family member.

EGFR signaling promotes tumor cell proliferation, survival, migration,
angiogenesis, and metastasis. Estrogen can upregulate TGF� and amphire-
gulin, ligands of EGFR, in an ER-dependent manner causing the formation of
an autocrine loop [26, 27]. Studies are currently underway to determine
whether combination of endocrine treatment with ZD1839 (Iressa), an
EGFR inhibitor, can overcome the hormone-refractory state of most meta-
static disease (reviewed in [28]). Since metastatic disease is the ultimate cause
of cancer morbidity and death, it is therefore critical to address this final step
of tumor progression in order to improve the survival rates of women with
invasive breast cancer.

Effect of Metastatic Disease

It was estimated by the American Cancer Society that about 178,480 new cases
of invasive breast cancer will be diagnosed in the United States in 2007. Breast
cancer is the second leading cause of cancer death in women, with one in eight
developing invasive breast cancer in their lifetime. Three percent of women will
die from breast cancer. Localized disease is diagnosed in approximately 64%
of patients. When tumor cells remain confined to the breast, long-term survival
rates are very high at approximately 98%. Approximately 28% of patients are
diagnosed after tumor cells have spread to regional lymph nodes. In these cases,
the long-term survival rate decreases to 81%. This survival rate drops
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dramatically to only 27% once tumor cells have escaped the primary tumor and

colonized secondary sites, which has already occurred in approximately 6% of

cases at the time of diagnosis. The median survival for patients with metastatic

disease is 2–4 years. This decreases to 4–13 months in patients with multiple

visceral lesions.
In addition to decreased survival, the quality of life for patients with metas-

tasis is far worse. Breast cancer cells predominantly metastasize to the lung,

bone, and brain. Each site of metastasis has it own challenges. For example,

bone metastases result in severe pain, fractures, hypercalcemia, spinal cord

compression, and cachexia, while brain metastases are currently untreatable.

The cost of metastastic disease is staggering with families spending up to 98%of

their income on care of a breast cancer patient [29].

Current Therapies

The therapy chosen for treatment of metastatic breast cancer is very much

dependent on each patient, with the extent of disease, general health, age, and

hormone status taken into account. Endocrine therapy is generally the first line of

treatment for hormone receptor-positive tumors, unless there are life-threatening

visceral metastases which may cause organ failure. In this case, classical

chemotherapy is used as the first therapy as a means of quickly shrinking

tumor size.

Endocrine Therapy

Endocrine therapy consists of either selective estrogen receptor modulators

(SERMs) or aromatase inhibitors. The best known SERM is Tamoxifen, a

partial agonist/antagonist for ER. Tamoxifen is currently combined with

total estrogen blockade by either oophorectomy or GnRH agonists to treat

premenopausal women with ER-positive tumors. Once the disease becomes

Tamoxifen resistant, aromatase inhibitors and the pure-anti-estrogen, fulves-

trant (Faslodex), are used (reviewed in [30–35]).
For postmenopausal women, aromatase inhibitors such as letrozole

(Femara), anastrozole (Arimidex), and exemestane (Aromasin) are the first

line of treatment. It has been shown that these agents are more active than

tamoxifen in terms of clinical benefit. When the disease progresses, tamoxifen

and fulvestrant are turned to as second-line therapy. Fulvestrant has been

shown to be a pure anti-estrogen with no partial agonist activity on the endo-

metrium and vasculature as is found with tamoxifen. It is as active as tamoxifen

or anastrozole in postmenopausal patients whose disease progresses during

endocrine therapy.
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The majority of hormone receptor-positive breast cancer will eventually

progress to become refractory to endocrine treatment. Once this occurs,

several options are available including standard chemotherapy and trastuzu-

mab (Herceptin), as well as bisphosphonates and radiotherapy for bone

metastases.

Standard Chemotherapy

Standard chemotherapy is generally comprised of anthracyclines, taxanes, or a

combination therapy. Anthracyclines such as doxorubicin and epirubicin are

limited by their dose-dependent cardiotoxicity. New formulations of anthracy-

clines including liposomal forms of these drugs are reducing cardiotoxicity,

allowing higher cumulative doses of these drugs. Whether treatment is given

singly or in combination is greatly dependent on the patient. Combination

therapies are more effective, but are also more toxic to the patient and, there-

fore, less well tolerated. Single treatments or treatments given in succession

rather than combined may be more readily tolerated by older or generally less

healthy individuals. Due to these differences in tolerability, it must be decided

between doctor and patient what the end point of chemotherapy will be

(reviewed in [30, 31]).

Herceptin

Trastuzumab (Herceptin) is a monoclonal humanized antibody that recognizes

the extracellular domain of HER2/Neu, a tyrosine kinase receptor. HER2 is

overexpressed or amplified in approximately 25–30% of breast cancer. Breast

cancers are classified as HER2 positive when they are scored as 3+ by immu-

nohistochemistry or are positive for amplification by fluorescence in situ hybri-

dization (FISH). It is important to note that gene amplification can occur

without concomitant overexpression. Overexpression is associated with

increased aggressiveness, rate of recurrence, and mortality in patients with

regional lymph node involvement. Often HER2 expression is increased in

tumors which are no longer hormone responsive. Trastuzumab has been shown

to be effective against HER2-positive tumors with a greater effect on those that

have amplification ofHER2 versus overexpression.Metastasis of HER2-positive

tumors has also been successfully treated using trastuzumab. The combination of

trastuzumab with standard chemotherapy has been shown to be more effective

than chemotherapy alone against HER2-positive tumors. One of the problems

associated with use of this monoclonal antibody is that as lung metastases are

cured using trastuzumab, there has been an increase in the incidence of brain

metastases that cannot be treated using this antibody (reviewed in [30, 31]).
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Bisphosphonates/Radiotherapy

Bone metastases result in immense pain, hypercalcemia, fractures, spinal cord
compression, and cachexia. Radiotherapy has been used to prevent the con-
tinued growth of tumors within the skeletal system and is currently used in
combination with chemotherapy for advanced disease. Bisphosphonates, which
have been used as a treatment for osteoporosis, have been found to inhibit
osteoclast recruitment and activation resulting in decreased bone loss. Bispho-
sphonates are also able to induce apoptosis of cancer cells and interfere with the
attachment of cells to the bone matrix. All of these mechanisms aid in delaying
the effects of bone metastasis. Zolendronic acid (Zometa) is now the standard
bisphosphonate treatment for bone metastases (reviewed in [21, 30]).

Ongoing Research

While the above therapies can help to prolong life and have increased the
quality of life for patients with metastatic disease, metastatic breast cancer is
still currently essentially incurable. In order to begin to truly treat and control
metastatic disease, we must increase our understanding of the molecular events
involved in how a cell completes the metastatic cascade. As a tumor grows and
progresses, it becomes more aggressive. This progression of the tumor toward
metastasis is mediated by genetic instability and selection of subpopulations of
cells within the tumor. Eventually, some of these populations will become
competent to metastasize. The fraction of cells within a tumor that are capable
of metastasis depends on several factors. If mutations allowingmetastasis occur
early in tumor development, a greater proportion of tumor cells will metasta-
size. Also, the size of a tumor can influence its ability to spread with larger
tumors being more likely to metastasize [36, 37].

Cells within a tumor also interact with the surrounding environment. Each
microenvironment can affect a tumor cell’s ability to proliferate and invade the
surrounding tissue. The tumor cell also affects the surrounding environment
through the secretion of factors that can affect nearby stromal cells and extra-
cellular matrix. These interactions can either promote or inhibit the ability of
that tumor cell to form a mass at the secondary site. For example, a tumor cell
can secrete cytokines and chemokines to recruit inflammatory cells, such as
macrophages, neutrophils, and lymphocytes. These cells can then secrete pro-
teases, cytokines, and cytotoxic mediators that can result in tumor cell killing or
tissue remodeling, angiogenesis, and release of growth factors that cause the
tumor cell to proliferate (reviewed in [38, 39]).

It is clear that the process of metastasis is complex. Each step of the cascade is
regulated by several genes and in order for metastasis to be completed some of
those genes must be misregulated or mutated. It is the understanding of these
molecular interactions that will allow us to target therapies to kill tumor cells in
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the secondary site or prevent the outgrowth of established metastases to make
this disease chronic rather than fatal.

Microarrays

Recent work using microarray technology to compare gene expression patterns
between normal and tumor tissue as well as between tumor types has begun to
identify gene signatures that indicate whether or not a tumor has the capacity to
metastasize. It has been shown that breast tumors can be subclassified based on
differences in their gene expression patterns. Five tumor subtypes have been
defined [40]. Three are estrogen receptor negative, while two are estrogen receptor
positive. These subtypes represent clinically distinct groups of patients that have
different disease-free and overall survival. Furthermore, studies done by van’t
Veer and colleagues have identified a 70-gene expression profile that predicts the
presence or absence of later metastatic disease in young patients [41–43]. This
70-gene profile has been used to develop a high-throughput diagnostic test that
has been shown to be reproducible and reliable [44]. Liu et al. have demonstrated
a significant correlation between a 186-gene invasiveness profile with both overall
survival and metastasis-free survival [45]. Several of these microarray studies
have been compared, and it has been found that the results were consistent in
terms of the ability of these methods to classify tumors [46]. Recent work in
mouse models indicates that these genetic profiles are found in normal tissues
[47].Mice with a range of metastatic efficiencies were tested for the latter profiles.
The stratification of mice by profile correlated with their metastatic efficiency.
This indicates that the genetic factors allowing metastasis may not be acquired
features of a tumor, but rather the baseline genetic makeup of the person.
Therefore, these gene profiles may be used clinically to determine which patients
are most likely to develop metastases and the best treatment for the patient based
on the tumor type, ultimately saving those who are unlikely to developmetastatic
disease from undergoing toxic therapies that are unnecessary. In February 2007,
the FDA approved the use of a 72-gene array (MammaPrint;Molecular Profiling
Institute, Inc.) to classify breast cancers.

These microarray studies have also demonstrated that the expression patterns
in primary tumors andmetastases are similar, which has led to the conclusion that
the genes that control tumor development also control metastasis and that genes
specifically regulating metastasis do not exist [48]. In contrast to this conclusion,
several labs have demonstrated that specific signatures exist that determine
whether a tumor cell will metastasize to the lung [49], bone [50, 51], or regional
lymph nodes [52]. For example, the Massague’ and Guise laboratories have used
microarray technology to identify a small subset of genes that control metastasis
of breast cancer cells to bone [50]. MDA-MB-231 metastatic, ER-negative breast
cancer cells were injected intracardially into mice. A subpopulation of cells that
efficiently colonize bone was isolated and compared to the parental cell line using
microarray. Several genes were identified that differed between the parental and
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the bone-colonizing populations. MMP-1, osteopontin, IL-11, CXCR4, and
connective tissue-derived growth factor were found to be overexpressed. Indivi-
dual transfection of these genes into the parental cell line modestly increased bone
metastasis, while co-transfection of combinations of these genes resulted in bone
metastasis as efficient as the bone-colonizing subpopulation. Some breast cancers
produce osteoblastic bone metastases. The Guise laboratory has demonstrated
that secretion of endothelin 1 from ZR75.1 breast cancer cells promotes osteo-
blastic bone metastases [53]. These metastases can be blocked by treatment with
an orally active endothelin A receptor antagonist. These studies demonstrate that
defined gene combinations can control metastasis and encourage the study of
metastasis-controlling genes as potential therapeutic targets.

Metastasis-Promoting Genes

In order for metastasis to occur, there must be coordinated expression of
multiple genes to allow the tumor cell to acquire the ability to complete each
step of the metastatic cascade. Therefore, in studying metatasis-promoting
genes, there is a high level of false-negative results. In spite of this, several
genes have been identified that promote metastasis including Ras, MEK, and
VEGF, while in breast cancer, osteopontin, NF�B, and Twist have been
demonstrated to promote metastasis (reviewed in [54]).

Osteopontin

Osteopontin is a secreted acidic glycoprotein that interacts with a variety
integrins to promote cell adhesion, migration, and invasion. It is variably
phosphorylated on up to 28 sites that are distributed throughout the molecule.
It can be cleaved by thrombin resulting in an enhancement of its function in
promoting cell adhesion and migration [55].

There is a great deal of evidence for a role of osteopontin in tumor progres-
sion. Transfection of cells with osteopontin results in an increase in the malig-
nant phenotype, while down-regulation causes a decrease in malignancy
[56, 57]. Osteopontin knockout mice develop tumors at a slower rate compared
to tumors in wild-type animals [58]. The interaction of osteopontin with �v�3
integrin has been implicated in its functions in cell adhesion, migration, and
invasion [59–62]. Breast cancer cells that are more metastatic express higher
levels of �v�3 integrin and are more sensitive to the effect of osteopontin [63]. It
has also been demonstrated that osteopontin and �v�3 integrin are coordi-
nately regulated in some tissues [64, 65]. Osteopontin is also capable of inducing
extracellular matrix degradation and human breast epithelial cell invasion
through induction of urokinase type plasminogen activator [63, 66]. This occurs
through activation of PI3 kinase, Akt, and NF�B (reviewed in [67]). The
activity of urokinase type plasminogen activator correlates with the metastatic
ability of cells [68]. Finally, osteopontin has been shown to be differentially
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expressed during angiogenesis, indicating a possible role of this molecule in this
process in tumor development and progression. Osteopontin can prevent apop-
totic cell death of endothelial cells through activation of NF�B in a Ras- and
Src-dependent manner [69].

Osteopontin expression in breast tumors has been correlated with increased
aggressiveness (reviewed in [70]). It can be expressed either in the tumor cells
themselves or in the associated macrophages, but it is unclear whether the
location of osteopontin expression plays a role in its ability to promote metas-
tasis. In a test of 154 women with lymph node-negative breast cancer, osteo-
pontin expression was increased in tumor cells in 26% of the tumors [71]. A
statistically significant association was identified between increased osteopon-
tin expression and decreased disease-free and overall survival. Osteopontin can
also be detected in the blood of patients with breast tumors (reviewed in [70]). It
has been demonstrated that the median plasma level of osteopontin is almost
tripled in patients with metastases, and modestly increased in patients with
localized disease compared to healthy women. The level of plasma osteopontin
also indirectly correlated with length of survival and was associated with the
number of sites of metastatic disease. This indicates that plasma osteopontin
levels may be a prognostic factor for women with metastatic disease.

NfkB

NF�B is a transcription factor involved in the control of expression of many
genes involved in tumor progression including Twist [72], osteopontin [67, 70],
matrix metalloproteinases [73–76], and urokinase type plasminogen activator
[67]. During tumorigenesis, NF�B plays a role in protecting cells from apopto-
sis as inhibition of NF�B sensitizes tumor cells to chemotherapeutic-induced
cell death [75, 76]. NF�B has recently been shown to induce and maintain
epithelial-to-mesenchymal transition (EMT) in mammary epithelial cells [76].
Epithelial-to-mesenchymal transition involves the conversion of attached
epithelial cells to more motile mesenchymal-like cells and has been most clearly
described in embryogenesis. During tumor progression, EMT is hypothesized
to be necessary for motility and invasion and the reverse process,MET, for cells
to have an epithelial phenotype at the secondary site. Activation of NF�B
promoted EMT, while inhibition prevented EMT in Ras-transformed cells
and reversed EMT in mesenchymal cells [76]. Inhibition of NF�B activity
significantly decreased metastasis of ras-transformed metastatic mammary
epithelial cells after tail vein injection.

In the basal state, NF�B is inhibited by I�B. When cells are stimulated, I�B
Kinase (IKK) complex phosphorylates I�B and relieves the inhibition of NF�B
(reviewed in [77, 78]). Therefore, preventing phosphorylation of I�B� through
inhibition of IKK or a repressor of I�B� would effectively inhibit NF�B
activity. NF�B activity in breast cancer has recently been demonstrated to
promote osteolytic bone metastases [79]. NF�B activity was found to be con-
stitutive in the MDA-MB-231 breast cancer cell line which forms bone
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metastases after intracardiac injection. These cells were transduced with a
specific NF�B inhibitor – super-repressor of I�B� (SR-I�B�) which is a non-
degradable I�B� with substitutions at the IKK phosphorylation sites. Trans-
duction with SR-I�B� resulted in inhibition, but not abrogation, of primary
tumor growth, while incidence of bone metastasis and size of bone lesions after
intracardiac injection were significantly decreased. Inhibitors of IKK2 were
subsequently used to block NF�B activation and also showed a significant
decrease in the size and number of osteolytic bone metastases. Primary tumor
incidence was not affected, while growth was again inhibited. It was determined
that the effect of NF�B on osteolytic bone metastases was due to its transcrip-
tional control of granulocyte macrophage-colony-stimulating factor which
mediates breast cancer bone metastasis by stimulating osteoclast development.

Twist

Twist is a transcription factor that regulates epithelial-to-mesenchymal transi-
tion and cell movement during embryogenesis (reviewed in [80]). Twist has been
found to be highly expressed in invasive lobular carcinoma of the breast which
is made up of epithelial cells that have lost the normal tissue structure found in
less aggressive tumors [81]. Increased expression of Twist has been found to be
associated with poor survival and metastatic disease in breast cancer patients.
In a highly aggressive murine mammary carcinoma cell line, suppression of
Twist resulted in inhibition of metastasis to the lung without affecting the
formation of primary tumors [81]. It was determined that loss of Twist inhibited
tumor cells from entering the bloodstream.

Twist has been shown to repress expression of E-cadherin, an epithelial
expressed protein involved in cell/cell adhesion, and induce EMT in murine
mammary carcinoma cells (reviewed in [80, 81]). Twist induces expression of the
mesenchymal markers fibronectin and N-cadherin in human mammary epithelial
cells. It is also capable of inhibitingMyc-induced apoptosis in some cell types [82,
83]. Each of these functions can contribute to the ability of Twist to promote
metastasis. Twist has been demonstrated to be upregulated by NF�B, Wnt, and
FGF pathways which are also implicated in breast tumor progression [84].

Metastasis Suppressors

Metastasis suppressors interfere with at least one step of the metastatic cascade
resulting in suppression of metastasis without preventing primary tumor growth.
These genes are distinct from tumor suppressor genes which prevent both tumor-
igenesis and metastasis. This makes metastasis suppressors distinct therapeutic
targets. Currently, more than 20 metastasis suppressors have been identified.
Three examples, Nm23, BRMS1, and KISS1, will be discussed here. Readers are
referred to several excellent reviews for further details [85–88].
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Nm23

Nm23 was the first metastasis suppressor identified. It was discovered using
differential display of metastatic and non-metastatic murine melanoma cell
lines [89]. It is located on chromosome 17q21 and encodes a 17 kDa nucleoside
diphosphate kinase [90]. The kinase activity of Nm23 is not required for meta-
static suppression, rather it is the histidine kinase activity that is responsible
[91]. Nm23 forms a complex with a scaffold protein (KSR – kinase suppressor
of ras) for the mitogen-activated protein kinases (MAPKs) resulting in phos-
phorylation of KSR within its 14-3-3-binding site [92]. This phosphorylation
results in binding of KSR to 14-3-3, sequestration, and inhibition of MAPK
activation. Transfection of Nm23 into MDA-MB-435 cells decreased both
basal and stimulated MAPK phosphorylation indicating that Nm23 signals
through the ERK/MAPK pathway [93, 94].

The Nm23 family has eight members, two of which (Nm23 H1 and H2) are
metastasis suppressors [90]. Decreased expression of Nm23 correlates with meta-
static potential in most tumor types, but expression in neuroblastomas correlates
with an increase in aggressiveness suggesting that the function of Nm23might be
cell type specific (reviewed in [95]). Nm23 expression is decreased in late-stage
metastatic breast, endometrial, ovarian, melanoma, and colon cancers; other
studies have found no correlation with metastasis (reviewed in [96, 97]). Several
studies have demonstrated an inverse correlation between Nm23 and EGFR and
HER2 indicating a potentialmechanismwhereNm23 alters the responsiveness of
a tumor cell to exogenous growth signals [98–103]. As with several metastasis
suppressors, expression may be controlled by epigenetic mechanisms. It has been
demonstrated that increased expression of Nm23 correlates with hypomethyla-
tion of the promoter [93].

BRMS1

BRMS1, or breast cancer metastasis suppressor 1, is located at 11q13.1–q13.2, a
region that is frequently altered in metastatic breast cancer. BRMS1 was
identified using differential display following microcell-mediated chromosomal
transfer of chromosome 11 into a breast cancer cell line [104]. Enforced expres-
sion of BRMS1 suppresses metastasis of breast cancer, bladder carcinoma,
ovarian cancer, and melanoma in vivo [104–109], but does not suppress in
vivo or in vitro growth, adhesion to laminin, fibronectin, collagens I and IV,
or Matrigel [105]. There is also no effect on expression of MMP-2 and -9 or
heparanse as well as invasion in vitro [105]. Motility and growth in soft agar
were modestly inhibited by expression of BRMS1 [105].

BRMS1 is a predominantly nuclear protein that contains a glutamate rich
region, an imperfect leucine zipper, and two coiled-coil domains suggesting that
BRMS1 may have a role in a transcriptional complex. Yeast 2-hybrid and co-
immunoprecipitation studies have demonstrated that BRMS1 interacts with
mSin3:HDAC complexes that may regulate gene expression including
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decreased NF�B activity [110]. This regulation is through deacetylation of the
p65 subunit of NF�B by the BRMS1:HDAC complex resulting in decreased
HDAC1 binding to p65 [111, 112]. Expression of BRMS1 in MDA-MB-435
breast cancer cells results in the restoration of gap junctional intercellular
communication due in part to modification of connexin expression [105, 107].
Osteopontin transcription is decreased in the presence of BRMS1 expression
through decreased NF�B activity [113]. BRMS1 has also been demonstrated to
significantly decrease the levels of the phosphoinositide PI(4,5)P2 which is
essential for PI3 kinase and Akt activation and downstream activation of
NF�B [114, 115]. This indicates that BRMS1 modulates the response of
tumor cells to external growth factors.

Clinical data concerning the role of BRMS1 in tumor progression and
metastasis is conflicting [116–119]. Most studies have used RNA expression
instead of protein. This is problematic in that BRMS1 RNA expression does
not correlate with protein expression. It is also likely that the subcellular
localization of BRMS1 is critical to its function. One study correlated
BRMS1 immunohistochemistry with estrogen receptor, progesterone receptor,
and HER2 status along with survival [119]. BRMS1 was lost in 25% of the
tumors examined. Patients that were less than 50 years old at diagnosis and had
tumors that were PR negative or HER2 positive were most likely to have lost
BRMS1 expression. While there was no overall correlation between BRMS1
expression and disease-free survival, when stratified by loss of ER, PR, or
overexpression of HER2, loss of BRMS1 expression significantly correlated
with reduced disease-free survival.

KISS1

KISS1 was identified after microcell-mediated transfer of chromosome 6 into
human melanoma cell lines followed by subtractive hybridization techniques
[120, 121]. KISS1 maps to 1q32 and encodes a 15.4 kDa secreted protein [121].
It is a downstream effector of the metastasis suppressors TXNIP and CRSP-3
which are located on chromosome 6 [122]. Melanoma and breast cancer cell
lines are suppressed for metastasis after enforced expression of KISS1, and
there is an 80% correlation between KISS1 loss and melanoma metastatic
progression as determined by in situ hybridization [123, 124]. Clinically,
KISS1 has been shown to be inversely correlated with poor prognosis in a
number of cancers including breast cancer (reviewed in [125]). Recent data
demonstrates that KISS1 expression is regulated by the transcription factors
AP2� and Sp1 [126, 127]. This provides amechanism for loss of KISS1 in breast
cancer where AP2� is frequently lost.

Metastin, a secreted 54-amino acid amidated fragment of KISS1, binds to
GPR54, a G-protein-coupled receptor to induce activation of phospholipase C,
hydrolysis of PIP2 and calcium, and arachidonate release [128–132]. This
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signaling cascade results in affects on focal adhesion kinases suggesting a role

for KISS1 in cell adhesion [129]. Activation of GPR54 by metastin resulted in a

decrease in SDF-1-induced Akt activity and chemotaxis [133]. Treatment of

GPR54-transfected B16BL6 melanoma cells with metastin-reduced metastasis

and anchorage-independent growth, but it has not yet been demonstrated that

the endogenous receptor is responsible formetastatic suppression of cancer cells

[129]. GPR54 activity has been demonstrated to affect pubertal development

and pregnancy in transgenic mice, but this does not indicate howKISS1 may be

affecting metastasis. KISS1 is highly expressed in early placenta and molar

pregnancies and is low in choriocarcinoma cells suggesting thatKISS1may play

a role in the invasive and migratory properties of trophoblasts [134]. KISS1 can

form a stable complex with pro-MMPs and MMP-2, -9, -14, -16 and -24 have

been shown to cleave both KISS1 and metastasis [135]. Cleavage of metastin

results in the formation of a decapeptide termed KP10 which can induce focal

adhesion and stress fiber formation in cells expressing GPR54 [135]. Combina-

tion of KP10 and BB-94, an MMP inhibitor, treatment resulted in a significant

block in HT1080 cell migration [135]. KP10 has also been shown to inhibit

trophoblast migration and proteolytic activity without affecting proliferation

[136]. Although these studies indicate that cleavage products of KISS1 may be

important for metastatic suppression, it is not yet clear the exact mechanism of

KISS1 action.
KISS1 inhibits metastasis in mouse models by inhibiting growth of tumor

cells at the secondary site [D.R. Welch, personal communication]. It is not

known whether this KISS1-induced dormancy is mediated through GPR54,

but secretion of KISS1 is required in melanoma cells. As these cells express very

little or noGPR54, it is likely that the tumor cell dormancy is induced through a

paracrine mechanism or another unidentified receptor.

Potential Therapies

The discussion above gives a brief description of the types of research that are

forwarding our understanding of the molecular controls of metastasis. It is clear

that the identification of the molecular interactions occurring in each tumor will

be critical in order to ultimately control metastatic disease. Several molecules

have been identified which can predict the spread of primary tumors and may

have therapeutic value. As more of these are identified, microarray technology

can be employed to profile patient tumors. Based on these genetic profiles, the

right combination of therapies can be determined for each patient [137, 138]. As

we more clearly delineate the molecular interactions that allow tumor cell

survival and metastasis, directed therapies can be developed to target specific

molecules. Based on the molecules discussed above, several therapies could

potentially be derived.
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Inhibition of Signaling Molecules

Small molecule inhibitors of several signaling molecules have already been
designed and tested in the laboratory and clinic. One of these, Iressa, an
inhibitor of the epidermal growth factor receptor, as discussed above is being
used in clinical trials to disrupt the signaling mechanisms that result in
hormone-refractory breast cancer (reviewed in [28]). Likewise, inhibitors of
molecules such as NF�B could be used to promote apoptosis of tumor cells
and inhibit expression of molecules that promote invasion and metastasis
such as the matrix metalloproteinases and urokinase type plasminogen acti-
vator. As described above, inhibitors of IKK which result in decreased
activation of NF�B have been used in animal studies to decrease osteolytic
bone metastases [79].

The effects of osteopontin in breast cancer cells occur predominantly
through binding to the �v�3 integrin. Molecules targeting this integrin are
being designed and tested [139]. Not only would they inhibit the effects of
osteopontin on cell adhesion, migration, invasion, and potentially angiogenesis
but also of other ligands that may work through the �v�3 integrin to promote
tumor progression.

Treatment with Mimics of Secreted Inhibitory Molecules

KISS1 is secreted and cleaved to form a 10-amino acid fragment termed KP10.
This fragment has been shown to inhibit migration and proteolytic activity of
several cell types [135, 136]. The use of KP10 as a treatment to prevent the
spread of metastasis or block the outgrowth of metastatic disease may be
possible. Much work must be done to determine whether treatment must
occur before cells begin to spread to the secondary site or whether KP10
interaction with tumor cells at the secondary site would be sufficient to render
the metastatic cells dormant.

Epigenetic Modifications

Recently, much research has been focused on the epigenetic regulation of
tumor-associated genes. Several of the metastasis suppressor genes have
been shown to be regulated by epigenetic mechanisms including methylation
of the promoter and acetylation of histones (reviewed in [85–88]). In these
circumstances, it may be clinically possible to re-express these genes. This
has been described for the metastasis suppressor Nm23. Treatment of meta-
static breast cancer cell lines with either dexamethasone or medroxyproges-
terone acetate results in increased Nm23 expression [140]. The same has been
demonstrated with treatment with 5-azacytidine which results in hypo-
methylation of the Nm23 promoter and restoration of Nm23 expression
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[93]. Treatment of mice with medroxyprogesterone acetate resulted in a

significant decrease in the incidence and frequency of metastasis [141].

Histone deacetylase inhibitors, which can affect gene expression, are cur-

rently in clinical trials.

Perspectives

Throughout this chapter we have sought to critically evaluate the current

state-of-the-art with regard to regulation of metastasis. Our charge was to

assess metastasis in ER-positive breast cancer. Quite frankly, we can only

report on associations rather than definitive cause and effect relationships. It

is currently unclear whether a cause and effect relationship exits between

estrogen receptor signaling and metastasis. While loss of ER correlates with

decreased sensitivity to hormone treatment and increased likelihood of metas-

tasis, the phenotypes have not been genetically linked. Emerging data on ER-

dependent transcription and describing metastasis regulatory genes provides

the possibility of defining a relationship. On an even more basic level, what

determines the ER status of a tumor and its metastases? We know that tumors

are more likely to develop in a breast that has been exposed to estrogen for

longer periods of time. Do these tumors develop because of increased ER

signaling or is ER expression simply correlative to tumor development? If

hormone exposure is correlated with tumor development, it is surmised that

ER signaling plays a role in the development of the tumor. Understanding

how this happens will allow the development of more effective treatments for

ER-positive breast cancer.
As the molecular basis of metastasis is unraveled, the inter-relationships of

tumor cells with their microenvironments are increasingly appreciated. Cellular

responses to steroid hormones, among other growth factors and growth inhi-

bitors, clearly determines metastatic competency. Still, there remains much to

be done to elucidate the cross-talk and determine which interactions are critical

and which are ancillary associations. Several of the genes described above have

functions that depend on the site of tumor cell growth indicating that they

modulate the interpretation of extra-cellular signals. What signals differ

between the site of primary tumor growth and metastases? What role does the

microenvironment play in tumor cell dormancy? Also, some of the issues we

have raised are paradoxical. For example, if ER-negative tumors are more

aggressive and metastatic to visceral organs, why do ER-positive tumors pre-

ferentially metastasize to the bone? Understanding the molecular events that

control the metastatic behavior of tumor cells including site-specific metastasis

and tumor cell dormancy will provide critical information that will ultimately

lead to more specific therapies to control metastasis making cancer a chronic

rather than acute disease.
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Endocrine Therapy with Selective Estrogen

Receptor Modulators (SERMs) and Aromatase

Inhibitors in the Prevention and Adjuvant

Therapy Settings

Shelly S. Lo, Kathleen I. Pritchard, Patricia Robinson, and Kathy S. Albain

Endocrine-Responsive Breast Cancer

Breast cancer is the most common malignancy in women worldwide. In

2007, approximately 178,480 invasive cases of breast cancer and 62,030 non-

invasive cases were diagnosed in the United States [1]. Approximately 70–80%

of female breast cancers will express receptors for estrogen and/or progesterone

receptors [2].
Hormones have been linked to breast cancer since Beatson demonstrated in

1896 that oophorectomy in premenopausal women resulted in tumor regression

[3]. For many years to follow, sequential surgical removal of the ovaries,

adrenal glands, and pituitary gland to lower estrogen levels was the mainstay

of breast cancer therapy. Supra-physiologic doses of estrogens and androgens

were also used as treatments for advanced breast cancer.
The development of the selective estrogen receptor modulators (SERMs) in

the 1970s, along with recognition of benefit only in estrogen receptor-positive

disease, introduced the first targeted treatment for breast cancer. Currently,

SERMs such as tamoxifen are mainstays in the prevention and treatment of

breast cancer. Raloxifene has also demonstrated efficacy in the prevention

setting [4]. In the 1990s, the aromatase inhibitors (AIs) demonstrated efficacy

in the metastatic and adjuvant breast cancer, and trials are now underway

regarding efficacy in prevention. This chapter will summarize findings from

key clinical trials with these agents in both the prevention and the adjuvant

settings.
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Prevention

Selective Estrogen Receptor Modulators (SERMs)

Chemoprevention is the use of specific natural or synthetic chemical agents to
reverse, suppress, or prevent the progression of premalignant lesions to invasive
carcinoma [5]. Agents used as chemopreventives include SERMs, which are
pharmacological agents that interact with the estrogen receptor (ER) and dis-
play either estrogen-agonistic or estrogen-antagonistic properties, depending
on the specific tissue target and hormonal milieu. Tamoxifen, the best-studied
SERM, is a synthetic non-steroidal agent that binds to the ER and acts as a
competitive antagonist. Its use in the prevention setting is based on efficacy
demonstrated in the adjuvant setting regarding reduction in second primary
breast cancers, reviewed later in this chapter.

Acceptance of tamoxifen as a chemopreventive by both patients and physi-
cians has been low, primarily due to toxicity concerns. Thus, the search for
safer, more tolerable, but effective alternatives ensued [6–9]. Another SERM,
raloxifene, demonstrated similar efficacy to tamoxifen in the STAR trial, with
fewer side effects [4]. These agents are now reviewed in greater detail and are all
summarized in Table 1.

Tamoxifen

The Breast Cancer Prevention Trial (BCPT)

The Breast Cancer Prevention Trial (BCPT) sponsored by the National Surgi-
cal Adjuvant Breast and Bowel Project (NSABP) randomized 13,388 North
American women at high risk for the development of breast cancer to tamoxifen
(20 mg/day) or placebo. Women who were more than 60 years in age, or had a
history of lobular carcinoma in situ (LCIS), or had a 5-year predicted risk (Gail
score) [10] for developing breast cancer of >1.66% were eligible. Tamoxifen
reduced the risk of invasive breast cancer by 49% (two-sided P<0.00001) and of
non-invasive breast cancer by 50% (two-sided P<0.002). ER-positive tumors
decreased by 69%. There was no significant reduction in ER-negative breast
cancer. Risk reduction was observed in women of all age groups, as well as
women with a history of lobular carcinoma in situ or atypical hyperplasia.
Tamoxifen did not alter the average annual rate of ischemic heart disease;
although it did reduce the incidence of fractures of the hip, radius, and spine
by 19%, which was almost statistically significant (RR ¼ 0.81; 95% CI ¼
0.63–1.05). Specifically, hip fractures were decreased by 45% (RR ¼ 0.55; 95%
CI ¼ 0.25–1.15) with tamoxifen. However, endometrial cancer was increased in
the tamoxifen group (RR¼2.53, 95% CI ¼1.35–4.97), as was the incidence of
thromboembolism (RR ¼1.60 95% CI¼0.91–2.86). Both endometrial cancer
and thromboembolism were seen at an increased rate in women older than
50 years, but not in younger women [11].
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An update after 7 years of follow-up confirmed the reduction in the number
of invasive breast cancers (RR¼0.57, 95% CI¼0.46–0.70) and non-invasive
breast cancers (RR¼0.63, 95%CI¼0.45–0.89) in the tamoxifen group [12]. The
incidence of side effects including thromboembolic events, strokes, and catar-
acts were similar to those initially reported.

Royal Marsden Hospital Chemoprevention Trial

The RMH Chemoprevention Trial was a pilot trial for the subsequent IBIS-I
trial. The aim of this randomized placebo-controlled trial was to assess whether
tamoxifen would prevent breast cancer in healthy women at increased risk of
breast cancer based on family history. Each participant had at least one first-
degree relative younger than 50 years with breast cancer, one first-degree
relative with bilateral breast cancer, or one affected first-degree relative of any
age and another affected first- or second-degree relative. Women were allowed
to use hormone replacement therapy (HRT) during the study. Between 1986
and 1996, 2,494 women of age 30–70 years were randomized to receive tamox-
ifen (20 mg/day) or placebo for up to 8 years. The primary end point was the
occurrence of breast cancer [13].

After 20 years of blinded follow-up (median follow-up 13 years), the trial
reported a statistically significant decrease in ER-positive tumors. One hundred
and eighty-six cancers were diagnosed, and 139 were ER positive. Of those
cancers diagnosed, 53 occurred in the tamoxifen-treated arm, while 86 occurred
in the placebo-treated arm (P¼0.005). The risk of developing an ER-positive
breast cancer was not lower in the tamoxifen-treated group compared to placebo
during the 8-year treatment period, but was significantly lower in the post-
treatment period (23 cases versus 47 cases, HR¼ 0.48, P¼0.004) [14]. Therefore,
tamoxifen was associatedwith an overall risk reduction in ER-positive cancers to
a similar magnitude with the other prevention studies.

IBIS-I

The IBIS-I multi-national study randomized 7,152 women to tamoxifen (20mg/
day) or placebo for 5 years. Eligible women had risk factors for developing
breast cancer based on family history, LCIS, atypical hyperplasia, nulliparity,
and prior breast biopsy stratified by age. After a median follow-up of 50months,
breast cancer developed in 69 of the 3,578 participants in the tamoxifen group
compared to 101 of the 3,566 women in the placebo group (P¼0.013). A 32%
(95% CI¼ 8–50) risk reduction of invasive and non-invasive breast cancer was
noted in the tamoxifen arm. The risk reduction in ER-positive invasive tumors
with tamoxifenwas 31% [15]. As observed in theNSABP study, there was no risk
reduction in ER-negative tumors.

The results of IBIS-I were updated after a median follow-up of 96 months.
A 27% risk reduction overall was confirmed, with a 33% risk reduction in the
ER-positive subgroup. The benefits of tamoxifen extended well beyond the
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treatment phase up to 10 years. The side effects of tamoxifen, namely, throm-
bosis and endometrial cancer were increased during the treatment phase only
and did not persist once tamoxifen was discontinued [16]. The lower degree of
risk reduction in this study compared to the NSABP P1 study may be due to the
enrollment of patients who were allowed to take hormone replacement treat-
ment while on study.

The Italian Tamoxifen Prevention Study

The Italian Tamoxifen Prevention Study evaluated tamoxifen in 5,408 healthy
women of ages 35–70 years who had previously undergone a hysterectomy.
Women were randomized to receive tamoxifen (20 mg/day) or placebo for
5 years. Among the 5,378 women with complete data, 48.3% had also under-
gone a prior bilateral oophorectomy and 18.2% had at least one first-degree
relative or an aunt with breast cancer. As in IBIS-I, women were allowed to take
HRT during the study. The primary end points were reduction in the frequency
of and the mortality rate from breast cancer [17].

After 11 years of follow-up, 136 women (74 placebo and 62 tamoxifen)
developed breast cancer (RR¼0.84, 95%CI¼ 0.60–1.17). In the group defined
as ‘‘high risk’’ with at least one functioning ovary, there was a 77% reduction in
the incidence of breast cancer (HR¼0.24, 95% CI ¼ 0.10–0.59) [18].

Raloxifene

To compare the efficacy and safety of raloxifene and tamoxifen, the NSABP
conducted the Study of Tamoxifen and Raloxifene (STAR) trial, a prospective,
double-blind, randomized clinical trial. Patients were 19,747 postmenopausal
women of mean age 58.5 years with increased 5-year breast cancer risk (mean
risk, 4.03� 2.17%) as estimated by the Gail model. Participants were randomly
assigned to receive either tamoxifen (20 mg/day) or raloxifene (60 mg/day)
over 5 years. The results of the NSABP P-2 STAR trial after 47-month
median follow-up showed that raloxifene was as effective as tamoxifen in
decreasing the incidence of invasive breast cancer, but inferior to tamoxifen
in reducing non-invasive breast cancer. Raloxifene was associated with fewer
side effects including a lower cumulative incidence of endometrial carcinoma
(RR=0.62, P=0.07), thromboembolic disease (RR=0.70, P=0.01), and
cataracts (RR=0.79, P=0.002) [4]. The results of this large randomized
study demonstrate that the SERM raloxifene is also an effective alternative
for breast cancer risk reduction.

Aromatase Inhibitors (AIs)

Improvement in disease-free survival (DFS) in the adjuvant setting by aroma-
tase inhibitors (AIs) compared to tamoxifen [19, 20] plus observed reductions
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in second primary breast cancers led to the study of aromatase inhibitors in the
prevention setting, summarized in Table 2. Current trials include the National
Cancer Institute Canada (NCIC) MAP 3 study, which randomizes postmeno-
pausal women to exemestane or placebo, and the IBIS 2-trial, which is rando-
mizing postmenopausal women to anastrozole versus placebo. To date, there
are no active trials that compare an AI to a SERM as chemoprevention. The
APRES study will enroll only BRCA 1 or 2 mutation carriers and randomize
them to exemestane or placebo.

Prevention Summary

As summarized in Table 1, the development of invasive estrogen receptor-
positive breast cancer can be delayed or prevented with the use of SERMs such
as tamoxifen or raloxifene. Tamoxifen is superior compared to raloxifene in
preventing non-invasive breast cancer. The role of the AIs in the prevention of
breast cancer awaits completion of ongoing international trials. Overall, a
significant reduction in annual rates of breast cancer could be achieved by
widespread use of the SERMs in appropriately screened high-risk populations.

Adjuvant Therapy of Early Breast Cancer

Tamoxifen

After demonstrating efficacy in the metastatic setting versus medroxypro-
gesterone, oophorectomy, and diethylstilbestrol [21–24], tamoxifen became the
first targeted therapy for cancer approved by the US Food and Drug Adminis-
tration (US FDA) and was thus subsequently studied in the early breast cancer
(adjuvant) setting.

Tamoxifen is a true targeted agent, since patients with ER- and PR-negative
tumors do not respond to treatment [25]. In the 2000 update published in
2005, the Early Breast Cancer Trialists’ Collaborative Group demonstrated
that 5 years of adjuvant tamoxifen reduced the annual breast cancer death rate
by 31% in women with ER-positive disease, irrespective of age, use of adjuvant
chemotherapy, PR status, nodal status, or other tumor characteristics and that
5 years of use was more effective than 1–2 years of use [26]. However, tamoxifen

Table 2 Ongoing/proposed phase III prevention trials addressing the role of aromatase
inhibitor

Study Randomization

IBIS 2 Anastrozole vs placebo

APRES Exemestane vs placebo in BRCA carriers

MAP 3 Exemestane vs placebo
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was associated with a non-significant increase in pulmonary embolism and
uterine cancer. The 2005 Oxford Overview confirmed efficacy in the ER-
positive subset, irrespective of PR status for recurrence, and found an absolute
survival benefit of 9.3% after 15 years of follow-up in the ER-positive subgroup
(p=0.00001) [27].

Carry-Over Benefit of Tamoxifen

Several studies in the literature have reported a carry-over benefit in which
5 years of tamoxifen in both the preventive and the adjuvant therapy settings
produce a substantial protective effect not only while it is being taken but also
during the follow-up period. This in particular has been striking in the Oxford
Overview of tamoxifen benefit [26], as well as individual adjuvant and preven-
tion trials.

For example, the NSABP P1 prevention trial demonstrated an early benefit
to tamoxifen therapy with a 49% risk reduction of invasive breast cancer at
47.7 months (RR¼0.51, 95%CI¼ 0.39–0.66, p<.00001). During that same time
period, there was a 50% risk reduction of non-invasive breast cancers [11]. After
7 years of follow-up, the risk reduction was similar to the initial report at 43%.
In other words, the benefit carried over as did the degree of benefit. The
incidence of invasive breast cancer (RR ¼ 0.57, 95% CI ¼ 0.46–0.70) and
non-invasive breast cancer (RR ¼ 0.63, 95% CI ¼ 0.45–0.89) was lower in the
tamoxifen arm relative to the placebo arm [12].

The Royal Marsden prevention trial failed to demonstrate a beneficial effect
of tamoxifen for the early risk reduction of invasive breast cancer during the
first interim analysis (RR¼1.06 [95% CI ¼ 0.7–1.7]). There was equal distribu-
tion of invasive and non-invasive breast cancers [13]. However, long-term
results with a median follow-up time of 13 years reported a reduction in risk
of breast cancers in the tamoxifen arm (HR¼0.84, 95% CI¼0.64–1.10;
P¼0.2) [14].

The IBIS-I trial reported a 31% risk reduction for invasive and non-invasive
breast cancers in the tamoxifen arm compared to the placebo arm during active
therapy (OR¼0.68, 95% CI¼ 0.50–0.92, P¼0.013). The 96 month median
follow-up reported fewer breast cancer incidents in the tamoxifen arm versus
the placebo arm. The incidence of invasive and non-invasive breast cancers in
the tamoxifen group were 27% lower than the placebo group in the early setting
(years 0–4) and 44% lower in the long-term follow-up (years 5 and beyond). The
absolute risk reduction of breast cancer increased from 1.1% at 5 years to 1.7%
at 10 years. The absolute risk reduction of ER-positive breast cancer increased
from 1.4% at 5 years to 1.7% at 10 years [16].

The Italian prevention trial also initially reported a null effect of tamoxifen in
reducing the risk of invasive breast cancer (P¼0.63) [17]. At 11 years of follow-
up, the study demonstrated a statistically significant reduction of ER-positive
breast tumors among women in the tamoxifen group relative to the placebo
group (HR¼0.84, [95%CI¼ 0.60–1.17] P¼.30). There were fewer incidences of
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non-invasive breast cancer in the tamoxifen arm as compared to placebo [6
(81%) versus 9(14.5%), respectively] [18].

Thus, the data from the Oxford Overview in the adjuvant setting together
with emerging benefits with longer follow-up in several prevention trials sup-
port the concept that the efficacy of tamoxifen is durable, may emerge late, and
may even grow (or ‘‘carry over’’) in the long-term follow-up period.

Specific Adjuvant Tamoxfen Trials

As previously indicated, tamoxifen is a SERM that inhibits the growth of breast
cancer cells by competitively antagonizing estrogen at the estrogen receptor.
Tamoxifen has partial estrogen agonist activity that can be both beneficial
(increasing bone mineral density) and detrimental (increased risk of uterine
cancer and thromboembolic events). A number of large adjuvant tamoxifen
trials informed the EBCTCG Overview because of efficacy compared to no
systemic treatment in early breast cancer.

The Nolvadex Adjuvant Trial Organization (NATO) study showed a benefit
for tamoxifen versus placebo that was independent of menopausal status, stage,
grade, and ER status [28]. The NSABP B-14 study randomized predominantly
lymph node-negative women with resected early-stage breast cancer to tamox-
ifen versus placebo. The tamoxifen-treated group experienced an improvement
in DFS at 4 years versus placebo (83 versus 77%, p<0.00001). Tamoxifen also
reduced local and distant recurrences, as well as contralateral breast cancers.
Updated results through 10 years of follow-up showed a survival benefit (80%
versus 76%, p¼ 0.02) in favor of the tamoxifen arm [29].

Four studies addressed the optimal duration of adjuvant tamoxifen for early
breast cancer: NSABP B-14, the Scottish study, ECOG 4181/E5181, and
ATLAS (Adjuvant Tamoxifen: Longer Against Shorter). NSABP B14 repor-
ted that greater than 5 years of tamoxifen use was no better than 5 years of
tamoxifen use (overall survival 91% versus 94%, respectively, P¼0.07) [29].
A Scottish study of 1,312 lymph node-negative patients also showed benefit
from tamoxifen in the adjuvant setting [30]. Updated results 5 years after study
closure showed prolonged DFS in premenopausal women and postmenopausal
women [31]. A second randomization of the treatment arm to an additional
5 years of tamoxifen versus placebo showed that at after a median follow-up
of 6 years, additional benefit from tamoxifen was unlikely. Event-free survi-
val analysis showed a trend in favor of discontinuing tamoxifen that did
not meet statistical significance (HR¼1.27). Endometrial carcinoma was also
non-statistically elevated in the group continuing tamoxifen [32]. Evidence from
this study led the authors to conclude that tamoxifen use for greater than 5 years
was not beneficial.

ECOG 4181/5181 examined duration of tamoxifen in patients with lymph
node-positive breast cancer. All patients received adjuvant chemotherapy and
tamoxifen for 5 years at the time of randomization. There was no difference in
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overall survival, time to relapse, toxic side effects, or second cancers in the
tamoxifen arm versus placebo. In an exploratory subset analysis, the time to
recurrence in patients with ER-positive tumors was significantly in favor of
those receiving tamoxifen. The authors concluded, however, that the data did
not support use of tamoxifen longer than 5 years though continued evaluation
of tamoxifen use beyond 5 years was reasonable in the LN-positive, ER-positive
subset [33].

Results from the ATLAS trial demonstrated that after a mean duration
of 4.2 years from randomization between continuation of tamoxifen during
years 5–10 and discontinuation of tamoxifen following completion of 5 years of
therapy, there was a reduction in recurrence in the arm allocated to longer
duration tamoxifen therapy. In this preliminary analysis presented at the 2007
San Antonio Breast Cancer Symposium, no significant difference in breast
cancer survival or overall survival was reported [34]. Details regarding risk of
endometrial cancer and other toxicities are awaited.

Based on the results of the published studies plus the EBCTCG update,
5 years of adjuvant tamoxifen remains the standard duration of adjuvant
hormonal therapy. It is hoped that further follow-up of the ATLAS trial and
results of the Adjuvant Tamoxifen Treatment – offer more Trial (aTTom)
study will help clarify the optimal duration of adjuvant tamoxifen therapy.
Since the NSABP B-14 and the Scottish study enrolled predominantly lym-
ph node-negative patients, perhaps patients at higher risk of relapse, such
as those with involved lymph nodes, will benefit from a longer duration of
endocrine therapy.

Timing of Tamoxifen in Relation to Other Therapies

Starting adjuvant tamoxifen after completion of the systemic chemotherapy,
when given, has become the standard approach after an intergroup study
(INT0100) showed greater benefit in the arm receiving sequential chemother-
apy followed by tamoxifen versus the concurrent chemotherapy plus tamoxifen
group [35]. Retrospective case series of concurrent tamoxifen use with radiation
appear to have equivalent outcomes compared to concurrent treatment [36–38].
Timing of hormonal therapy with radiation therapy may be examined in
a proposed prospective adjuvant NCIC study.

Adjuvant Endocrine Therapy in Premenopausal Women

The EBCTCG overview confirmed a significant reduction in risk of recurrence
and death for premenopausal women with ER-positive breast cancer treated
with adjuvant tamoxifen [39]. This was true for studies of tamoxifen versus nil
as well as for those of chemotherapy plus tamoxifen versus chemotherapy
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alone. There is also evidence that ovarian function suppression (OFS) with

or without added tamoxifen is equivalent to adjuvant cytoxan, methotrexate,

5-fluorouracil (CMF) chemotherapy in premenopausal patients with endocrine

responsive disease [40–43].
There may be additive benefit when OFS is given after chemotherapy. The

IBCSG Trial VIII randomized 1,063 premenopausal women with node-

negative breast cancer to adjuvant CMF chemotherapy plus goserelin or either

modality alone. As expected, in patients with ER-negative disease, 5-year DFS

was better for those who received chemotherapy compared to goserelin alone.

In contrast, in ER-positive disease overall, chemotherapy-alone and goserelin-

alone arms provided similar outcomes. For those who received sequential treat-

ment, there was a non-significant trend toward improved DFS. However, an

unplanned subset analysis showed a marked advantage to CMF followed by

goserelin in the cohort of women �39, providing provocative information on

a potentially useful treatment strategy in younger patients [44].
INT-0101 was a study of 1,504 premenopausal, node-positive women that

compared oral cyclophosphamide, doxorubicin (Adriamycin), and 5-fluorouracil

(CAF), CAF plus goserelin, and CAF plus goserelin and tamoxifen. After a

median follow-up of 9.6 years, there was an improvement in DFS with the

combination of CAF plus goserelin and tamoxifen compared to CAF plus

goserelin alone. There was no advantage with the addition of goserelin to CAF

versus CAF alone. Exploratory, retrospective subset analyses suggested that

women under age 40 years had themost benefit from the addition of goserelin to

CAF, possibly due to incomplete cessation of menses after chemotherapy

alone [45]. Unfortunately, this study lacked an informative fourth arm of

chemotherapy followed by tamoxifen treatment, which would have allowed

this study to answer the question whether OFS is required in addition to

treatment with a SERM after adjuvant chemotherapy in premenopausal

women. A meta-analysis of 16 trials, which included 11,906 premenopausal

women with early breast cancer, showed that the addition of luteinizing

hormone-releasing hormone (LHRH) agonists to tamoxifen, chemotherapy,

or both reduced recurrence by 13% (P¼0.02) and death after recurrence by

15% (P¼0.03) [46].
Currently, there are two ongoing clinical trials that prospectively address

critical questions regarding the optimal adjuvant endocrine therapy in pre-

menopausal women. For premenopausal women with hormone receptor-

positive tumors who maintain ovarian function after adjuvant chemotherapy

or do not receive adjuvant chemotherapy, the Suppression of Ovarian Func-

tion Trial (SOFT) compares the use of tamoxifen alone versus ovarian function

suppression (OFS) plus tamoxifen versus OFS plus an aromatase inhibitor

(exemestane). For premenopausal, hormone receptor-positive patients who are

prescribed ovarian suppression (with or without chemotherapy), the Tamoxifen

and Exemestane Trial (TEXT) evaluate OFS and tamoxifen versus OFS plus

exemestane.
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Adjuvant Endocrine Therapy in Postmenopausal Women

Aromatase Inhibitors

The third-generation aromatase inhibitors (AIs) include two non-steroidal agents

(anastrozole and letrozole) and one steroidal agent (exemestane). TheAIs are only

effective in postmenopausal women in whom the majority of estrogen production

is the result of bio-conversion from androgens in the peripheral tissues. Aroma-

tase inhibitors inhibit the aromatase enzyme, which is involved in the last step of

the bio-conversion of androgens to estrogens. In premenopausal women, AIs

are ineffective, as an intact hypothalamic–pituitary–ovarian axis will sense a

decrease in circulating estrogen, thereby increasing ovarian estrogen produc-

tion. The major, completed phase III adjuvant hormonal studies that include

AIs are summarized in Table 3.

Aromatase Inhibitors as Upfront Hormonal Therapy

Arimidex, Tamoxifen Alone or in Combination (ATAC) Study

The ATAC (Anastrozole Tamoxifen Alone or in Combination) study was con-

ducted in 9,366 postmenopausal women with early breast cancer, node-positive

or -negative, hormone receptor positive or unknown who were randomized to

tamoxifen or anastrozole or both between 1996 and 2000. The primary end

points of this study included disease-free survival (DFS) and safety/tolerability.

Study reports at 33, 47, and 68 months of follow-up showed an improvement in

DFS, time to recurrence, and a reduction in the incidence of contralateral breast

cancer in favor of the anastrozole-alone treatment arm compared to tamoxifen.

The concurrent AT arm was not significantly different from tamoxifen alone

(RR ¼ 0.02, P ¼ 0.8) [19, 47, 48]. In the latest update, after a median follow-up

of 100months, anastrozole significantly prolonged DFS (HR¼ 0.85, P¼0.003),
time to recurrence (HR ¼ 0.76, P¼0.0001), reduced distant metastases (HR

0.84, P ¼ 0.022), as well as contralateral breast cancers (HR 0.60, P ¼ 0.004) in

the hormone receptor-positive patients (ATAC Trialists’ Group, 2007). There

was no difference noted in overall survival. (HR ¼ 0.97, P ¼ 0.7) [49].
The ATAC trial also demonstrated a carry-over benefit, similar to that

described in long-term follow-up of the tamoxifen trials (reviewed above). The

absolute differences in the time to recurrence increased from 2.8% (anastrozole

9.7% versus tamoxifen 12.5%) at 5 years to 4.8% at 9 years (anastrozole 17%

versus 21.8%) (HR¼0.76, [95%CI ¼ 0.67–0.87] P ¼ 0.0001). Other treatment

outcomes including distant metastases (HR ¼ 0.84, [95%CI ¼ 0.72–0.97],

P¼0.022) and contralateral breast cancers (HR ¼ .60, [95%CI ¼ 0.42–0.85],

P¼0.004) also demonstrated a carry over effect with a greater long-term mag-

nitude of benefit by the use of anastrozole in comparison to tamoxifen. There

was no difference in deaths following recurrence or overall survival between the
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two arms. Analysis for the combination arm was discontinued due to no out-
comes differences at the first interim analysis [49].

Anastrozole was associated with statistically significantly fewer hot flashes,
less vaginal bleeding/discharge and endometrial cancer, as well as fewer
ischemic cerebrovascular events, and venous thromboembolic events compared
with tamoxifen. There continues to be no difference in ischemic cardiovascular
disease between anastrozole and tamoxifen at the 9-year follow-up. There was a
statistically significant increase in joint symptoms and fractures in the anastro-
zole arm [49].

Bone loss is a known consequence of AI use. In the ATAC bone sub-protocol,
patients assigned to anastrozole had a decrease in bone mineral density (BMD)
at the lumbar spine and hip from baseline, whereas patients randomized to
tamoxifen had an increase in BMD. Although half of the patients randomized
to anastrozole with normal bone mineral density at baseline became osteopenic
at 5 years, no patients in this group became osteoporotic. In the patients with
baseline osteopenia receiving anastrozole, very few became osteoporotic [50].
These data are somewhat reassuring and suggest that patients with normal
BMD at baseline may not need yearly bone density measurements. Also reas-
suring are data from the 100-month follow-up. The incidence of fractures
decreased after completion of 5 years of anastrozole, and the fracture rate in
the two groups was equivalent at 9 years [49].

Breast International Group (BIG) 1-98 Study

This phase III, four arm randomized multi-national study involved 8,028 post-
menopausal women with hormone receptor-positive, node-positive or -negative
disease who were randomized between 1998 and 2003 to tamoxifen for 5 years
(arm A), letrozole for 5 years (arm B), tamoxifen for 2 years followed by
letrozole for 3 years (arm C), or letrozole for 2 years followed by tamoxifen
for 3 years (arm D). After a median follow-up of 25.8 months, the upfront
letrozole arms (B and D) were compared to the upfront tamoxifen arms (A and
C). The 5-year DFS was 84% versus 81.4% in favor of the letrozole arms
(HR=0.81, P=0.003). There was no difference in relative benefit between
women whose tumors were ER/PR positive and those whose tumors were ER
positive/PR negative in this study.

Fractures were more common in the letrozole group (5.7% versus 4.0%,
P<0.001). Letrozole was associated with statistically fewer thromboembolic
events, vaginal bleeding, fewer endometrial biopsies, and endometrial cancers.
Arthralgias were more common in the letrozole arm (any grade 20.3%) than
in the tamoxifen arm (any grade 12.3%), p<0.001. There was, however, an
increased incidence of grade 3, 4, or 5 cardiac events in the letrozole group
compared to the tamoxifen group (2.1% versus 1.1%, P<0.001) [18, 51]. The
authors speculated that this may be due in part to the protective effect of
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tamoxifen on arteries, but concluded that there was insufficient information to

fully determine the effect of AIs on cardiovascular disease. Longer follow-up of

this study will provide additional follow-up on efficacy and toxicity, as well as

assess the optimal role of sequential endocrine agents compared with endocrine

monotherapy. This is the only study that examines 2–3 years of an aromatase

inhibitor followed by a switch to a SERM (arm D).

Tamoxifen for 2–3 Years Prior to Switching to Aromatase Inhibitors

There have been four studies that have examined the role of aromatase inhi-

bitors after 2–3 years of tamoxifen. Three studies used anastrozole after

tamoxifen (Italian Tamoxifen-Arimidex Trial [ITA], the Austrian Breast

and Colorectal Cancer Study Group trial 8 [ABCSG8], and the Arimidex-

Nolvadex 95 study [ARNO95]) [52–58]. One study utilized exemestane after

2–3 years of tamoxifen (Intergroup Exemestane Study [IES]) [59, 60].
The rationale for switching from a SERM to an AI is based on several con-

cepts. First, tamoxifen use is associated with rare though potentially adverse

life-threatening events including thromboembolic events. Limiting the dura-

tion of tamoxifen use may decrease the overall number of adverse events.

Second, primary tamoxifen resistance in hormone receptor-positive tumors

has been described, in addition to secondary tamoxifen resistance and tamox-

ifen-induced tumor growth [61]. These reasons may explain why longer dura-

tions of tamoxifen use have not been beneficial [62]. Therefore, switching from

tamoxifen to another endocrine-based therapy may improve long-term out-

come with fewer complications.

Italian Tamoxifen–Arimidex Trial (ITA)

The ITA study was an open label, prospective study of 448 women with

hormone receptor-positive, lymph node-positive disease who were randomized

if free of recurrence after completion of 2–3 years of tamoxifen to continue on

tamoxifen or switch to anastrozole. After a median follow-up of 36 months

from randomization, the anastrozole group experienced an improvement in

recurrence-free survival (HR=0.35, P=0.0002). Overall, more adverse events

were recorded in the anastrozole arm (203 versus 150, P=0.04), though there

was fewer life-threatening events or events that required hospitalization (33 of

150 events versus 28 of 203 events) [53].
Updated results after 64 months of median follow-up continue to show

improvement in DFS (HR 0.57, P=0.005) in favor of the anastrozole arm.

There was no difference in cardiovascular events, although significantly more

patients who switched to anastrozole had an increase in cholesterol levels (1.4%

versus 8.1%, P=0.01) [54].
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Austrian Breast and Colorectal Cancer Study Group Trial 8 (ABCSG8)

and the Arimidex-Nolvadex 95 Study (ARNO95)

A combined analysis of two prospective, multi-center, randomized trials

(ABCSG trial 8 and ARNO 95) demonstrated efficacy in favor of anastrozole

over tamoxifen. Both studies involved postmenopausal women with hormone

receptor-positive breast cancer who had completed 2 years of adjuvant tamox-

ifen followed by 3 years of anastrozole versus tamoxifen for 5 years. Two thirds

of patients were lymph node negative. After a median follow-up of 28months, a

40% decrease in the risk for an event was seen in the anastrozole group

compared to the tamoxifen group (HR=0.60, P=0.0009). No difference in

overall survival was reported at the 2005 publication between the two groups.

The side effects noted in this study were similar to the other anastrozole versus

tamoxifen studies demonstrating a statistically significant increase in fractures

(P=0.015) and fewer thromboses (P=0.034) in favor of the anastrozole

arm [55].
The first report of an improvement in overall survival with the aromatase

inhibitors came from ameta-analysis of the three trials switching to anastrozole

(ARNO 95, ABCSG 8, and ITA), which included 3,500 patients. As reported

with each individual trial, there was a statistically significant improvement in

DFS in the meta-analysis (HR=0.59, P<0.0001). With an increased number of

patients in the meta-analysis, an improvement in overall survival for the first

time was reported with the use of AIs. A 29% improvement in overall survival

(HR=0.71, P=0.0377) was seen in the switching arm compared to the tamox-

ifen arm [57].
Individual updates of the ARNO 95 and ABCSG 8 trials were also recently

reported. The ABCSG trial 8 randomized patients after surgery to 5 years of

tamoxifen or tamoxifen for 2 years followed by anastrozole for 3 years. This

was the only study that randomized patients to switch prior to starting any

hormonal therapy. The primary end point of this study is event free survival.

After a median follow-up of 31.1 months following the switch, event-free

survival was associated with a HR of 0.61 (P=0.01). The number of events in

the first 2 years (prior to the switch) was non-statistically in favor of the group

randomized to tamoxifen with 24 versus 29 events in the tamoxifen followed by

anastrozole arm. After the switch, statistically significantly more events

occurred in the tamoxifen arm (HR=0.63, P=0.010). Overall, 5-year analysis

of ABCSG Trial 8 showed the event-free survival to be superior, though diluted

due to the events in the first 2 years, in the switching arm with a HR of 0.68,

P=0.02 [56]. An improvement in OS has not yet been seen in this study.
In contrast to ABCSG Trial 8, the ARNO95 Trial randomized 979 patients

after they had received 2 years of adjuvant tamoxifen to continued tamoxifen for

an additional 3 years or switch to anastrozole. Interim analysis at 30.1 months

median follow-up demonstrated statistically significant improvements in DFS

and for the first time in overall survival (HR=0.53, P=0.045) [58].
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Intergroup Exemestane Study (IES)

This international study randomized 4,742 postmenopausal women with ERþ/
unknown, node-positive or -negative breast cancer who remained disease free
after 2–3 years of tamoxifen to either continue tamoxifen for a total of 5 years
or switch to exemestane to complete a total of 5 years of treatment. A 32%
reduction in breast cancer recurrence was seen at 3 years (HR 0.68, P<0.001)
[52]. Thromboembolic events were statistically increased in the tamoxifen
group. The incidence of cardiac deaths was similar in both groups.

When updated at 58 months of median follow-up, an analysis excluding
2.5% of patients ultimately found to have ER-negative disease after enrollment
was performed. A statistically significant improvement in OS was seen in the
ER-positive/unknown group (HR 0.83, P=0.05) compared to the intention to
treat analysis group (HR 0.85, P=0.08). Patients who switched to exemestane
had a higher incidence of myocardial infarction than patients who remained
on tamoxifen (1.3% versus 0.8), which did not meet statistical significance
(P=0.08) [59]. In this study, patients were not stratified according to cardio-
vascular risk factors. There was no difference in quality of life in regards to hot
flashes, night sweats, weight gain, loss of libido, or diarrhea. There was a
statistical difference in the incidence of vaginal discharge in favor of exemestane
(P=0.002) [60].

Extended Adjuvant Hormonal Therapy

The risk of breast cancer recurrence continues for an indefinite period after
primary surgical, radiotherapy, and systemic adjuvant therapy in hormone
receptor-positive disease [63]. Over half of all recurrences and deaths occur
5 years after breast cancer diagnosis [26]. In the early 1990s, extended tamoxifen
was felt to be no better than 5 years of use and was associated with increased
side effects [29]. Data from the ECOG studies demonstrated that recurrences in
ER-positive patients were most frequently seen in the first 3 years after diag-
nosis, but continued through year 12 [64]. Breast cancer growth requires estro-
gen, so suppression of estrogen production by extension of adjuvant therapy
with subsequent aromatase inhibitors was postulated to lower risk of recurrence
without the adverse side effects associated with extended tamoxifen.

Two studies were designed to examine the use of aromatase inhibitors after
5 years of initial tamoxifen use. Due to the robustness of the data favoring
letrozole use, MA-17 was unblinded in 2003. As a result, the other extended AI
study, NSABP B-33 that looked at exemestane use after 5 years of tamoxifen,
was also unblinded and patients receiving placebo were allowed to switch to
exemestane.

MA-17 Extended Adjuvant Study

This phase III study randomized women who had completed approximately
5 years of adjuvant tamoxifen therapy to letrozole or placebo for 5 years. The
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study was stopped early in 2003 after its primary end point of improved disease-
free survival had beenmet. Four-year disease-free survival was 93%versus 87%
(P� 0.001) in favor of the group receiving letrozole. The side-effect profile of
letrozole was similar to the other aromatase inhibitor studies. The incidence of
osteoporosis was not statistically different, and the rates of fracture were similar
between the two groups [65]. Updated results at 48 months showed an improve-
ment in overall survival in the lymph node-positive subset (HR=0.61,
P=0.04) [66].

In an intent to treat (ITT) analysis, the hazard ratios for events in DFS and
distant disease-free survival (DDFS) progressively decreased over time favoring
letrozole with the trend being statistically significant (P<0.0001 and P=0.0013,
respectively) up to 48 months. The DFS hazard ratio progressively decreased
in favor of letrozole (HR=0.52 at 12 months to HR=0.19 at 48 months,
P<0.0001) indicating a greater letrozole benefit over the time period examined.
In addition, in the node-positive subset, a trend toward improved overall
survival (P=0.038) was seen [67, 68]. In the node-negative subset, an improved
trend was seen only in DFS but not in DDFS or overall survival [66].

An intent to treat (ITT) analysis after 54 months median follow-up contin-
ued to show a decreasing hazard radio in DFS in favor of letrozole (HR=0.64;
P=0.00003) as well as DDFS (HR=0.76; P=0.045) despite the fact that 73%
of patients switched to letrozole at the time the study was unblinded [68]

After 2003, the patients who had completed 5 years of tamoxifen and who
had initially been randomized to the placebo arm were offered letrozole.
Over 1,600 women accepted letrozole treatment. The women who switched
from placebo to letrozole tended to be younger, had more advanced disease, a
worse performance status, and were more likely to have received adjuvant
chemotherapy. Results from this analysis showed that patients who were off
adjuvant hormonal therapy from 1 to 7 years prior to unblinding derived a
benefit from switching to letrozole even though there was the hiatus in adjuvant
therapy. At a median follow-up of 5.3 years from initial randomization, an
improvement in DFS (HR=0.39; P<0.0001), DDFS (HR=0.37; P=0.0008),
OS (HR=0.32; P<0.0001), and contralateral breast cancer (HR=0.21; P=0.012)
was seen in favor of patients who crossed over to letrozole [66]. Patients who
received letrozole following a ‘‘prolonged delay’’ after completing tamoxifen
therapy had improved outcomes associated with letrozole administration. There-
fore, consideration should be given to re-starting adjuvant hormonal therapy
with an AI in patients who have been off endocrine therapy with tamoxifen
from 1 to 5 years. It is still unclear which subsets are more likely to benefit from
re-starting treatment and whether the duration off tamoxifen or LN positivity
have any impact.

Another unanswered question is the optimal total duration of adjuvant
endocrine therapy in general, and specifically, the optimal duration of the AI.
As previously noted, it appears that extending adjuvant therapy with letrozole
beyond 5 years of tamoxifen confers greater benefit with a statistically signifi-
cant trend in DFS and DDFS hazard ratios out to 48 months [65]. Longer
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treatment duration, therefore, appears to be beneficial in this scenario.Whether
5 years of tamoxifen followed by 5 years of an AI is to be preferred over a
switching strategy of tamoxifen to an AI (total therapy of 5 years) or a ‘‘few’’
years of tamoxifen then 5 years of an AI remains unsettled.

An extension ofMA-17 is being conducted in which women receiving 5 years
of letrozole are re-randomized again to stop or continue the drug for 5 more
years. In addition, NSABP B42 will investigate the role of letrozole in the
extended adjuvant setting. Postmenopausal patients will be randomized to
letrozole or placebo after completing 5 years of adjuvant hormonal therapy.

NSABP B-33

This study was designed as a phase III placebo-controlled study of postmeno-
pausal women who had completed 5 years of tamoxifen, randomized to con-
tinue hormonal therapy with exemestane or placebo. B-33 was prematurely
stopped in 2003 after 1,598 women had been randomized due to the unblinding
of MA-17. Of the 1,598 patients randomized, 52% had lymph node-negative
disease and 49% were under the age of 60. After unblinding, 560 of the 783
patients remained on exemestane, while 344 patients originally randomized to
placebo switched to exemestane. After a median follow-up of 30 months, a
trend toward improvement in DFS (RR=0.68, p=0.07), RFS (96% versus
94%; RR=0.44; p=0.004) was seen in favor of the original exemestane arm.
No improvement in OS was seen (RR=1.2, P=0.63) [70]. Despite early termi-
nation of this study, and crossover to exemestane, original exemestane assign-
ment was associated with improved DFS and RFS in a magnitude similar to
that seen in MA-17.

Other Adjuvant Hormonal Studies

The results from a number of studies of drug choice, duration, and/or sequence
are not yet mature. They address direct upfront AI comparisons, extended
treatment withAIs, and re-treatment withAIs after a prolonged treatment break.

MA.27

Postmenopausal women with hormone receptor-positive disease are rando-
mized to anastrozole versus exemestane for 5 years. This study was activated
in 2003 and has completed accrual.

FACE Trial

This adjuvant upfront AI study randomized women with node-positive disease
to letrozole versus anastrozole for 5 years. The study was activated in 2005 and
completed accrual in early 2008.
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NSABP B-42

This study activated in 2006 has an accrual goal of 3,840 postmenopausal

patients who will be randomized to letrozole or placebo after completing

5 years of adjuvant hormonal therapy. Patients completing 5 years of an

aromatase inhibitor or 2–3 years of tamoxifen followed by an AI will be eligible

for this study.

US Oncology Study

In an upcoming study to be sponsored by US Oncology, women who have

completed tamoxifen who are currently not on hormonal treatment will be

given an AI versus placebo. This study will serve to validate the MA-17 finding

of benefit from an AI after a prolonged hiatus of hormonal treatment.

TEAM

The TEAM trial is a multi-national, phase III trial being conducted in appro-

ximately 4,400 postmenopausal women with ER-positive and/or PR-positive

early breast cancer. Patients are randomized to receive exemestane or tamox-

ifen as upfront adjuvant monotherapy for 5 years. The primary end point

is DFS, with secondary end points of OS, contralateral breast cancer, and

safety. Due to the results of the IES study, this study was amended to allow

patients who had received 2–3 years of tamoxifen to be switched to

exemestane.

SOLE Trial

The SOLE trial is an international study randomizing women who have com-

pleted tamoxifen and are not currently on any hormonal treatment to be given

letrozole versus placebo in an attempt to further elucidate the use of an AI after

intervals of no treatment following tamoxifen [71].

Weighing Options for Adjuvant Hormonal Therapy

What is the optimal sequence of hormonal therapy in a postmenopausal

woman? Should women start off with an aromatase inhibitor, switch after

2–3 years of tamoxifen treatment, or switch after 5 years of tamoxifen? At

this point, there is no clear answer based on evidence from prospective clinical

trials. Guidelines have been published to assist medical oncologists on this

aspect of adjuvant hormonal treatment.
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Guidelines and Panel Recommendations

American Society of Clinical Oncology (ASCO) Guidelines

The ASCO updated guidelines published in 2005 concluded that optimal adju-
vant hormonal therapy for a postmenopausal woman with hormone
receptor-positive breast cancer includes an aromatase inhibitor as either initial
therapy or after treatment with tamoxifen. Whether the initial tamoxifen dura-
tion should be a few years or 5 years remains uncertain as is whether there might
be a benefit to the specific sequencing of the therapies. This technology assess-
ment acknowledges our limited knowledge of long-term side effects of AI
use [72].

NCCN Guidelines

The National Cancer Center Network (NCCN) guidelines [73] have incorpo-
rated the ASCO guidelines by including aromatase inhibitors into the treatment
of postmenopausal women with early-stage breast cancer. Premenopausal
women are offered tamoxifen for 2–3 years, andmenopausal status is re-assessed.
Those who remain premenopausal complete 5 years of tamoxifen when reassess-
ment of menopausal status is again performed. Those who remain premeno-
pausal receive no additional therapy. Those who become postmenopausal after
5 years of tamoxifen can be offered letrozole for 5 years. Women who become
postmenopausal after 2–3 years may be offered a switch to exemestane or
anastrozole to complete a total of 5 years of therapy or may complete a total
of 5 years of tamoxifen prior to switching to letrozole for 5 years. Postmeno-
pausal women may be treated with upfront anastrozole or letrozole, or started
on tamoxifen for 2–3 years before switching to exemestane or anastrozole to
complete a total of 5 years. Alternatively, tamoxifenmay be used for 4.5–6 years
and then switched to letrozole [72]. It is controversial whether the duration of
the AI after a few years of tamoxifen should be that required to complete a total
of 5 years of therapy with all agents, or a total of 5 additional years of the AI.
Tamoxifen for 5 years is an option only for women with a contraindication or
who decline aromatase inhibitors.

St. Gallen Guidelines

The 2005 St. Gallen expert consensus meeting highlighted breast cancer endo-
crine responsiveness [74]. Three categories (endocrine responsive, endocrine
non-responsive, and tumors of uncertain endocrine responsiveness) were
acknowledged. These categories were further divided according to menopausal
status and level of risk. The panel recommended adjuvant chemotherapy for
endocrine non-responsive patients.

For the premenopausal, low-risk endocrine responsive/uncertain groups,
tamoxifen, ovarian function suppression, or no treatment were suggested.
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Options for the low-risk postmenopausal women included tamoxifen, an AI or
no treatment. For premenopausal, intermediate-risk patients in the endocrine
responsive/uncertain group, tamoxifen or chemotherapy followed by tamox-
ifen with or without OFS, or OFS alone were suggested options. In the post-
menopausal, intermediate-risk endocrine responsive/uncertain group, either
tamoxifen, an AI or chemotherapy followed by tamoxifen or an AI were
reasonable options, along with switching at 2–3 years to anastrozole or exe-
mestane or after 5 years to letrozole.

The premenopausal, high-risk women were encouraged to have chemother-
apy followed by tamoxifen with or without OFS, or chemotherapy followed by
OFS plus an AI if there is a medical contraindication to tamoxifen use. In
postmenopausal high-risk women with endocrine-responsive/uncertain disease,
chemotherapy followed by tamoxifen, an AI, or sequential hormonal treatment
with tamoxifen for 2–3 years followed by a switch to anastrozole or exemestane
were options. Switching to letrozole after 5 years of tamoxifen was also a
reasonable choice.

The St. Gallen 2007 conference echoed similar opinions as in 2005. In
addition, panelists concluded that adjuvant endocrine treatment for patients
with hormone-responsive breast cancer is mandatory and is not a matter of
controversy. The agent of choice, timing, duration, and combination continues
to be a matter of debate [75].

Decision-Making Models

Two decision-making models have been proposed to assist in the adjuvant
endocrine therapy choice. To determine benefit of sequential versus upfront
AI use, the first model suggested that sequential tamoxifen followed by a cross-
over to an AI at 2.5 years provided a modest improvement in DFS compared to
either drug alone or crossing over after 5 years of tamoxifen [76]. This result
contradicts the UnitedKingdom’smodel that used time to recurrence as the end
point rather than DFS. In that model, upfront AI use was deemed more
favorable than sequential AI use [77]. Fortunately, prospective results from
the four-arm BIG 1-98 study will shed some light on the optimal sequencing of
hormonal agents.

Theoretical Considerations

Proponents of using an aromatase inhibitor upfront state that the use of the
better agent upfront will minimize the risk of early relapse. If tamoxifen is
chosen as the upfront regimen, patients may be at increased risk of relapse in
the first 3 years prior to the switch. Upfront AI also avoids the potentially life-
threatening side effects with tamoxifen such as thromboembolic events,
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ischemic cerebrovascular events, and endometrial cancer which are not asso-

ciated with the AIs. Proponents of the switch (from tamoxifen to an AI)

approach note, however, that side effects will be minimized due to differing
side-effect profiles of the SERMs and AIs and that the short-term losses will be

compensated by the long-term gains. Patients who have not relapsed after
2 years of tamoxifen may be less likely to develop tamoxifen resistance if they

are switched to an aromatase inhibitor at year 2–3.

Overall Survival Data from Clinical Trials

Thus far, improvements in overall survival have been seen only in the switching

studies. Survival benefit has not been demonstrated in the upfront aromatase
inhibitor studies despite long-term follow-up. Updates from two switching

studies (IES and ARNO) have reported OS benefits as did the extended hor-
monal trial (MA-17) involving a switch after 5 years of tamoxifen. The lack of

survival benefit for the overall group seen in some of these trials, such asMA.17

and B-33, probably relates to the fact that these studies were closed early
because of results on disease-free survival, which crossed O’Brian–Fleming

boundaries for early termination of the studies. Following this, women on the
placebo arms were given the active drug, thereby greatly reducing any chance of

survival benefit eventually being seen.
Proponents of upfront AI use point out that it required greater than 10 years

of follow-up to demonstrate a survival benefit in the tamoxifen versus placebo

studies. Further follow-up is required for all of these studies to better define

optimal adjuvant endocrine therapy.

Impact of Drug Metabolism Phenotype on Adjuvant
Hormonal Choice

Endoxifen, a metabolite of tamoxifen, is thought to play an important role in
the anti-cancer effect of tamoxifen. The CYP2D6 enzyme plays an important

role in the conversion of tamoxifen to endoxifen. Patients who have a genetic
variation associatedwith theCYP2D6poormetabolizer phenotype (CYP2D6*4/

*4) and therefore lack functional CYP2D6 have a higher risk of relapse while on

tamoxifen [78]. Compared to intermediate metabolizers or extensive metaboli-
zers, poor metabolizers of CYP2D6 or those on medications causing CYP2D6

inhibition, had a significantly worse time to recurrence and disease-free survival
[79]. Therefore, patients that are poor metabolizers of CYP2D6 perhaps should

not receive tamoxifen. Patients on tamoxifen should not also be on medica-

tions (fluoxetine, paroxetine, sertraline, cimetidine, and amiodarone) that inhibit
CYP2D6. There are also data emerging on the pharmacogenetics of AIs, so that
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trials are being planned to select optimal first-line agent (tamoxifen or AI) based
on drug metabolism phenotypes.

Toxicity Considerations and Choice of Agent

Both tamoxifen and the aromatase inhibitors may increase the incidence of hot
flashes. They differ in many other respects. SERMs have estrogenic effects on
bones, by increasing bone mineral density and reducing bone fractures. Their
estrogenic effect on the uterine lining increases the risk for the development of
endometrial cancer. SERMs are also associated with an increased incidence of
thromboembolic events compared to the AIs.

All AIs are associatedwith a decrease in bonemineral density and an increased
incidence of musculoskeletal complaints (5–10%, ranging from mild to severe)
when compared to tamoxifen. Unlike tamoxifen, AIs are not associated with an
increased risk of endometrial cancer or thromboembolism.

An important concern regarding the use of aromatase inhibitors in postme-
nopausal women is the incidence of cardiovascular disease. Although the num-
bers are small, BIG 1-98 showed a statistically significant increase in grade 3, 4, or
5 cardiac events (2.1% versus 1.1%, P<0.0001) [20]. It is possible that tamox-
ifen’s cholesterol-lowering effect may have resulted in a cardioprotective effect
in the tamoxifen-treated group. Hypercholesterolemia was reported in 43.6%
of patients treated with letrozole versus 19.2% of patients treated with tamox-
ifen [20]. The IES study also demonstrated an increased incidence of cardiac
events, which did not meet statistical significance in the exemestane treatment
arm [52].

Further follow-up of all AI studies is needed to fully elucidate the long-term
effects of this class of medications.

Summary and Unanswered Questions

Both the tamoxifen and the aromatase inhibitors have an established role in the
adjuvant treatment of breast cancer. How to best utilize them is still unclear. An
improvement in DFS is seen in the upfront and sequential treatment from the
AIs. However, OS has been described only in the sequential studies and is not
yet seen in the upfront AI studies. Although there are now hints of a carry-over
benefit to the AIs, this is established for tamoxifen 5–10 years after therapy has
stopped and must be considered in the equation of treatment choice as well.

What is the optimal duration and sequence of aromatase inhibitor therapy
in relation to tamoxifen, or with no tamoxifen at all? Are all the aromatase
inhibitors equally efficacious as upfront adjuvant treatment or as sequential
treatment after tamoxifen? What is the best AI to use upfront? What are
the long-term side effects of continued AI use? Is there an optimal patient
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subset that can be identified that can predict who will benefit fromAI use versus

tamoxifen use? In premenopausal women rendered postmenopausal with the

use of LHRH agonists, are AIs efficacious? These are among the many ques-

tions that remain unanswered. A better understanding of the biology of SERM

andAI resistance and how to counteract it will impact on our use of these agents

in the future.
Given the heterogeneity of hormone receptor-positive breast cancer, one

strategy is unlikely to fit all tumors and patients. More information from clinical

trials with biomarker correlates, currently underway, will assist in the appropriate

tailoring of adjuvant hormonal treatment. For now, it is not unreasonable to

tailor adjuvant hormonal treatment based on the individual’s co-morbidities and

anticipated side effects from the drug while bearing well in mind long-term

survival outcomes reported to date.
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Biomarkers in Neoadjuvant Trials

Regina M. Fearmonti, Khandan Keyomarsi, and Kelly K. Hunt

Introduction

Neoadjuvant chemotherapy trials have consistently reported lower response

rates in patients with hormone receptor-positive (HR+) breast cancers when

compared with hormone receptor-negative (HR�) tumors. There are now

many pharmacologic agents on the market for both the treatment and the

prevention of breast cancer, while even more agents are being studied in the

setting of clinical trials. Endocrine therapy is delivered in the neoadjuvant or

adjuvant settings and in cases of advanced or metastatic disease. No available

agent is free of adverse effects, however, and a mechanism by which to deter-

mine which patients will achieve the most benefit with the fewest side effects is

needed. Biomarkers allow tumor characterization at the molecular level, pro-

viding additional information beyond grade and stage that assists the clinician

with patient selection and in determining prognosis. A risk-benefit profile can

thus be developed for each patient based on tumor-specific information, allow-

ing the most effective therapeutic approach possible with the least possible

morbidity.
Neoadjuvant studies provide a valuable setting in which to identify promis-

ing potential therapies without the large numbers of patients that are needed to

assess benefit in adjuvant trials. The neoadjuvant approach also allows the

clinician to assess response in an individual patient as well as identify those

tumors that are resistant to therapy. They serve as a venue to obtain preliminary

data on which to build the most promising agents to be moved to the adjuvant

setting. Therapies targeted against tumor biological properties are an essential

part of the individualized treatment of breast cancer. Characterization of reli-

able biomarkers is essential for the clinical translation of potential anti-cancer

therapies, for in clinical trials these surrogate markers are essential for

K.K. Hunt (*)
Department of Surgical Oncology, The University of Texas M. D. Anderson Cancer
Center, 1515 Holcombe Boulevard, Unit 444, Houston, TX 77030, USA
e-mail: khunt@mdanderson.org

S.A.W. Fuqua (ed.), Hormone Receptors in Breast Cancer,
Cancer Treatment and Research 312, DOI 10.1007/978-0-387-09463-2_8,
� Springer ScienceþBusiness Media, LLC 2009

125



determining whether a new drug has ‘‘hit its target’’ by providing some indica-
tion of therapeutic response and prognosis aside from interpreting complicated
cell-signaling data. A review of completed trials and those trials currently
underway is essential for understanding what has been gained from studying
tumor biomarkers and what we can hope to gain in the next decade as other
trials approach fruition. This chapter will review the role of hormones in breast
tumorigenesis, agents available for targeting the hormone receptors, agents
used in the adjuvant and neoadjuvant setting, and the role of biomarkers in
assessing response to endocrine therapies.

Role of Hormones in Oncogenesis

Estrogen and its metabolites, progesterone, and other steroid hormones play a
key role in breast tumorigenesis. This is best demonstrated by the association of
hormone replacement therapy (HRT) with increased breast cancer risk. HRT is
often used in postmenopausal patients to treat symptoms of estrogen with-
drawal, notably vasomotor and urogenital symptoms and decreased libido. Its
harmful effects have been evidenced in two large recent studies, and clinicians
now consider that risk-benefit considerations do not favor the use of HRT for
prevention of cardiovascular disease, bone fractures, or even short-term use to
treat vasomotor symptoms. For over two decades the precise role of HRT—
estrogen alone or estrogen plus progestin—on breast cancer was not known, as
there was no evidence backed by a randomized prospective clinical trial on the
effect of HRT on healthy postmenopausal women. The initial report from the
Women’s Health Initiative (WHI), a randomized, double-blind prospective
trial encompassing 40 centers, compared an estrogen–progestin combination
(conjugated equine estrogens [CEE] plus medroxyprogesterone acetate [MPA])
to placebo in otherwise healthy postmenopausal women. The trial was stopped
early when potential benefits were exceeded by observed risks, which included
increases in coronary heart disease and thromboembolic events as well as an
increased frequency of abnormal mammograms and invasive breast cancers,
with those cancers diagnosed at amore advanced stage. They observed approxi-
mately a 4% increase in abnormal mammograms after only 1 year of estrogen
plus progestin use, and women who remained in the study for the 5.6-year
median average duration had about a 10% chance of having an abnormal
mammogram [1]. The doses and formulations of CEE and MPA used in the
WHI, though standard clinical doses used in theUnited States at that time, gave
rise to questions regarding the timing of initiation of therapy, dosage and
formulations, and their relationship to breast cancer risk. The follow-up ana-
lysis of the WHI demonstrated that the breast cancers found in women taking
estrogen plus progestin, compared with those in women taking the placebo,
were comparable in grade, receptor status, and histology, but were significantly
larger and associated more often with positive lymph nodes. These findings
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directly challenged the concept that cancers resulting from the use of estrogen
plus progestin were early stage, had a more favorable prognosis, and were more
easily treated [2].

The Million Women Study from the United Kingdom concluded that use of
HRT was associated with an increased incidence of fatal breast cancers, with
the combined effect of estrogen plus progesterone greater than the effect of
estrogen monotherapy. The risk of breast cancer increased the longer a woman
used HRT. Oral, transdermal, and implanted hormones also were associated
with increased breast cancers. For the estrogen plus progestin combinations,
similar effects were seen regardless of progestin constituent and regimen. Con-
firming the larger size and advanced stage reported for breast cancers seen with
hormone use in theWHI, the British investigators reported, for the first time, an
increased risk of breast cancer mortality associated with HRT [3].

More recent experimental and clinical studies have indicated that the adverse
effects of HRTmay largely depend on the estrogen and progesterone/progestin
formulation, dosage, mode of administration, patient age, associated diseases,
and duration of treatment. Cardiovascular events and increased risk of invasive
breast cancers are higher with oral estrogen than with transdermal estradiol, as
well as with many progestin compounds than with micronized progesterone.
Similarly, recent observational studies suggest that long-term (>5 years) HRT,
especially with an estrogen–progestin combination, is associated with increased
breast cancer risk.

Taken together, the WHI trial and the Million Women Study provide
compelling evidence regarding HRT use and the increased risk of developing
potentially life-threatening breast cancer.

Rationale for Hormone-Targeted Therapy

Approximately 75% of all breast cancers express estrogen receptors (ER),
progesterone receptors (PgR), or both. Likewise, tumors positive for ER or
PgR demonstrate a response rate to endocrine therapies approaching 50%,
compared to response rates of <10% observed in ER- and PgR-negative
tumors. This provides the rationale for treating only patients with HR-positive
tumors with endocrine therapy, since this subgroup receives the most benefit in
terms of reduction in risk of recurrence and odds of death due to breast cancer.

Benefits of Neoadjuvant Endocrine Therapy for Breast Cancer

Neoadjuvant, or preoperative, therapy is administered before surgical interven-
tion with the intact tumor remaining in the breast and/or regional nodes.
Historically, most neoadjuvant therapy has been limited to chemotherapy,
and most often it has been administered to patients with large, locally advanced
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tumors. The goal of this treatment is to shrink the primary tumor and regional
nodal disease in order to convert patients with inoperable to operable disease
and to decrease the extent of surgical resection required to control the local-
regional disease. The use of endocrine therapy in the adjuvant, or postoperative,
setting has been well established for patients with hormone-sensitive disease.
Neoadjuvant endocrine therapy has largely been utilized in patients with hor-
mone-sensitive disease who are not felt to be good candidates for chemother-
apy, or even surgical intervention, due to advanced age or significant medical
co-morbidities. Increased experience with neoadjuvant endocrine therapies has
demonstrated that endocrine agents can also downsize locally advanced and
large operable breast cancers and allow for breast conservation strategies in
women who would have required mastectomy if surgery was performed as the
initial intervention. In addition, neoadjuvant chemotherapy trials have begun
to report that patients with HR-rich tumors are less likely to experience a
complete pathologic response or even a significant partial response with che-
motherapy. These patients are likely better candidates for neoadjuvant endo-
crine therapies if tumor downsizing is desired.

Experiences with neoadjuvant endocrine therapy are now being reported
with increasing frequency. The strategy of initiating primary therapy with
tamoxifen alone has been practiced in theUnitedKingdom and some European
centers [4]. The 2007 St. Gallen Consensus panel guidelines stress the impor-
tance of determining endocrine responsiveness of a particular tumor prior to
selecting systemic therapy, yet the clinical practice of prescribing neoadjuvant
endocrine therapy is not routine [5]. Possible reasons rest in the finding that
tamoxifen, for example, can take up to 5 weeks to achieve steady-state plasma
levels, thus limiting its usefulness as a single neoadjuvant agent. A retrospective
study published in 2002 byMauriac et al. analyzed 199 women�50 years of age
with HR-positive breast cancer who were treated with neoadjuvant tamoxifen.
They reported rates of breast-conserving surgery for operable breast tumors of
approximately 54%, concluding that successes observed with neoadjuvant
tamoxifen therapy in elderly women could be applied to younger women [6].
Similarly, Dixon et al. reported their results comparing neoadjuvant tamoxifen
with AIs, citing at least a 50% reduction in tumor volume on ultrasound
following neoadjuvant tamoxifen and reductions of 88 and 78% with neoadju-
vant letrozole and anastrozole, respectively [7].

Patient selection is important to optimize neoadjuvant endocrine therapy:
only patients with HR-positive breast cancers are candidates, and as prelimin-
ary studies dictate, postmenopausal women are likely to benefit the most. Such
patients can expect a high probability of responses over a 3-month treatment
period. Response to therapy can bemonitored by clinical examination as well as
by ultrasound, mammography, or other imaging procedures. There is some
evidence to suggest that the nature of the tumor response is different for
preoperative endocrine therapy compared with chemotherapy. In the case of
neoadjuvant chemotherapy, partial or even complete responses can be realized
within one to two cycles of chemotherapy. With neoadjuvant endocrine
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therapy, response time is much slower and may not be fully realized until 3–4
months of therapy has been completed. Investigators have reported a higher
rate of complete tumor excisions with breast-conserving surgery following
neoadjuvant endocrine treatment without the need for as many re-excisions to
achieve negative margins. There also appears to be a low rate of subsequent
local recurrence in patients undergoing breast-conserving therapy following
neoadjuvant endocrine therapy.

While tamoxifen has been the workhorse of endocrine therapy for many
years, third-generation aromatase inhibitors (letrozole, anastrozole, and exe-
mestane) have recently been shown to be more effective than tamoxifen in
postmenopausal women with hormone-sensitive breast cancer. In a large ran-
domized trial of neoadjuvant endocrine therapy in postmenopausal women,
letrozole achieved significantly higher response rates than tamoxifen, and a
correspondingly higher rate of breast-conserving surgery was possible in the
letrozole-treated patients [8].

Neoadjuvant endocrine therapy provides a useful model system by which to
identify mechanisms associated with de novo resistance and signs of early
acquired resistance. Clinical trials examining neoadjuvant endocrine therapy
are underway and promise to identify and validate surrogate markers for
therapeutic responsiveness, resistance, and prognosis.

Available Hormonal Agents for Neoadjuvant Treatment

Estrogen effects in breast tissue can be manipulated by interfering with its
interaction at the receptor level or by altering its downstream-signaling pathways.
Available hormonal agents that have been used in breast cancer treatment
include selective estrogen receptor modulators (SERMs), aromatase inhibitors
(AIs), progestins, androgens, and luteinizing hormone-releasing hormone
(LHRH) agonists. All classes of agents employ distinct approaches to the treat-
ment of estrogen-dependent breast cancer. As their differing efficacies, tolerabil-
ities, and toxicities stem from these biological differences, an understanding of
their mechanisms of action is essential.

Selective Estrogen Receptor Modulators

Selective estrogen receptor modulators, or SERMS, include a group of syn-
thetic non-steroidal compounds that interact with intracellular estrogen recep-
tors in target organs as estrogen receptor agonists and antagonists. These drugs
have been intensively studied over the past decade and have proven to be a
highly versatile group for the treatment of different conditions associated with
aging, including hormone-responsive cancer and osteoporosis. This class of
agents includes tamoxifen, raloxifene, and newer agents currently under
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evaluation. Tamoxifen complexes to the ER and blocks estrogen action in
addition to conferring altered gene regulatory properties. These alterations
are collectively referred to as selective estrogen receptor modulation, which
defines this class of agents. The complex pharmacology of SERMs has resulted
in a growing interest in the development of even more selective agents for other
members of this nuclear receptor superfamily to allow an even more individua-
lized treatment approach.

Tamoxifen

Tamoxifen is the most commonly utilized endocrine agent in the treatment of
ER-positive breast cancer. Beginning as the failed postcoital contraceptive ICI
46474, tamoxifen quickly rose to become the first targeted anti-estrogenic
therapy for the prevention and treatment of breast cancer [9]. It is an anti-
estrogen that competes with estrogen for binding to the ER. Tamoxifen binds to
the ER with high affinity and activates ER dimerization and DNA binding. In
normal tissues, tamoxifen acts as an estrogen receptor agonist, and like HRT
agents, tamoxifen-bound ER promotes bone mineralization and endometrial
proliferation. As a consequence, risks associated with tamoxifen use mimic
those seen with estrogen-replacement therapy, notably deep venous thrombo-
sis, pulmonary embolism, stroke, and endometrial cancer, in addition to catar-
act formation [10, 11]. All risks are more pronounced in women �50 years of
age, especially the risk of endometrial cancer, with an observed almost fourfold
increase. A meta-analysis of 32 published randomized controlled trials demon-
strated that tamoxifen was associated with significantly increased risks of
endometrial cancer (relative risk [RR] 2.70; 95% CI, 1.94–3.75) as well as
gastrointestinal cancers (RR 1.31; 95% CI, 1.01–1.69), strokes (RR 1.49; 95%
CI, 1.16–1.90), and pulmonary emboli (RR 1.88; 95% CI, 1.77–3.01), with
postmenopausal women having the greatest increases in neoplastic outcomes
[12]. Consideration of tamoxifen use requires balance of potential benefits
and risks.

In vivo, tamoxifen is transformed by polymorphic and inducible enzymes of
the cytochrome P450 family, mainly via N-desmethylation, into over 12 char-
acterized metabolites, each with varying biological activity [13]. It is these
metabolites that modulate estrogen action at distinct target sites. Coactivators
are the principal players that assemble a complex of functional proteins around
the ligand ER complex to initiate transcription of a target gene at its promoter
site. Tamoxifen thus demonstrates a variable treatment response with as many
as 33% of patients not benefiting from treatment [14]. Debate still ensues
regarding which metabolites are responsible for tamoxifen’s anti-tumoral
effects, yet the metabolites 4-hydroxytamoxifen and N-desmethyl-4-hydroxy-
tamoxifen demonstrate strong anti-proliferative activity and likely play key
roles [15]. For many years, a 5-year course of treatment with tamoxifen was
the gold standard of adjuvant treatment. Tamoxifen has demonstrated efficacy
in both premenopausal and postmenopausal women and across all age groups.
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Raloxifene

Like tamoxifen, raloxifene belongs to the family of SERMs, yet it is a pure
estrogen antagonist. It exerts its effects in breast and endometrial tissue as well
as bone. Raloxifene remains the only SERM approved worldwide for the
prevention and treatment of postmenopausal osteoporosis and vertebral frac-
tures. Raloxifene maintains bone density (estrogen-like effect) in postmeno-
pausal osteoporotic women, but at the same time reduces the incidence of breast
cancer in both high-risk and low-risk postmenopausal women. Unlike tamox-
ifen, raloxifene does not increase the incidence of endometrial cancer.

Newer Agents

Search for the ideal SERM that exerts favorable estrogenic effects on bone and
serum lipids, minimal effects on the endometrium, and anti-estrogenic effects on
breast tissue is currently underway and has led to the development of newer
agents. Toremifene, like tamoxifen, is currently used to treat advanced breast
cancer and also has beneficial effects on bone mineral density and serum lipids in
postmenopausal women.Ospemifene, lasofoxifene, bazedoxifene, and arzoxifene
are new SERM molecules with potentially greater efficacy and potency than
previous SERMs. Investigations are currently underway examining these agents
for use in the treatment and prevention of osteoporosis. These drugs have been
shown to be comparably effective to conventional HRT in animal models of
osteoporosis with potentially improved safety profiles. Clinical efficacy data from
ongoing phase III trials will lend insight into their full therapeutic potentials.

Aromatase Inhibitors

Unlike tamoxifen, aromatase inhibitors (AIs) do not exhibit intrinsic hormonal
properties, but rather effect ER function indirectly. They exert their effects in
the peripheral (i.e., non-ovarian) tissues, inhibiting the aromatization of andro-
gens to estrogens and thus decreasing circulating estrogen levels [16]. For this
reason, AIs are only effective in postmenopausal women. The two categories of
AIs, type I and II, mimic the endogenous substrates androstenedione and
testosterone, competing with them for binding to the enzyme aromatase. This
halts aromatization which normally leads to the conversion of androgens to
estrogens in peripheral tissues. When deprived of estrogens, ERs cannot bind to
DNA and are thus not capable of engaging signaling pathways. Consequen-
tially, the side effects of AIs stem from estrogen deprivation, namely bone loss
and atrophic vaginitis. Likewise, the estrogen agonist effects observed with
tamoxifen are avoided.

AIs have been applied in both neoadjuvant and adjuvant settings with
excellent results, as AIs, unlike tamoxifen, are capable of achieving therapeutic
concentrations within a matter of days [17].
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The third-generation AIs, anastrozole, letrozole, and exemestane, appear to
result in better overall response rates and improved DFS compared to tamox-
ifen in postmenopausal women with hormone receptor-positive breast cancer.
They are associated with fewer gynecologic and thromboembolic side effects,
which is advantageous in this older, high-risk patient population. The finding
that AIs are more effective than tamoxifen for HR-positive breast cancer in
both the neoadjuvant and the adjuvant settings has set the stage for the devel-
opment of newer agents under investigation in clinical trials.

Steroidal (Type I) Aromatase Inhibitors

Type I agents, also referred to as suicidal inhibitors or steroidals, include
exemestane and formestane. These type I inhibitors bind their active sites and
initiate a chain of enzymatic reactions, ultimately leading to hydroxylation and
an irreversible inhibitor-enzyme covalent bond. Enzyme activity is thus perma-
nently halted until new enzyme synthesis ensues.

Non-steroidal (Type II) Aromatase Inhibitors

Anastrozole, letrozole, and fadrozole are type II aromatase inhibitors, differing
from the type I subset in that their binding to the active site of aromatase is
reversible. Their effectiveness is thus dependent on their relative concentrations
and binding affinities in relation to endogenous substrate. Anastrozole and
letrozole are the subject of numerous trials that will be discussed later in this
chapter. Fadrozole, a second-generation non-steroidal AI, has been shown to
be equivalent to tamoxifen [18] but inferior to letrozole in the neoadjuvant
treatment of advanced breast cancer [19]. To date, its approval is restricted
to Japan.

Predictors of Response to Hormonal Therapy
Patient Characteristics

Menopausal Status

Postmenopausal women rely on the peripheral aromatization of adrenal
androgens to estrogen, which results in overall lower serum estrogen levels
as compared to premenopausal women with ovarian estrogen production.
Postmenopausal women with ER-positive tumors that receive treatment
with AIs experience increased response rates, longer times to disease progres-
sion, and fewer side effects compared to treatment with tamoxifen. In con-
trast, premenopausal women with ER-positive cancers achieve greater benefit
from treatment with tamoxifen or LHRH agonists. Menopausal status is thus
key in patient selection.
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BRCA Mutations

Familial breast cancer represents 5–10%of all breast tumors.Mutations in the two
knownmajor breast cancer susceptibility genes, BRCA1 and BRCA2, account for
a minority of familial breast cancer, whereas families without mutations in these
genes (BRCAXgroup) account for 70%of familial breast cancer cases. Phenotypic
and genotypic heterogeneities are the rule with hereditary breast cancers and thus
dictate a spectrum of treatment approaches. BRCA1 mutation-positive breast
cancers are frequently ER negative in contrast to BRCA2 mutation-positive
cancers, which are more frequently ER positive. Therefore, significant differences
exist with respect to anti-estrogen therapywhich will bemore amenable to BRCA2
versus BRCA1 mutation carriers manifesting breast cancer. Tumors that are
negative for ER, PR, and Her2-neu, or ‘‘triple negative’’ tumors, may also harbor
a unique basal-like gene expression profile and are characterized by poor prognosis
wherein endocrine and/or Her2-neu-targeted therapies are not effective treatment
options. As we learn more about the biology and the molecular aspects of heredi-
tary forms of breast cancer, it will be crucial for the treating clinician to integrate
this knowledge with pharmacologic, radiologic, and surgical treatment options for
these high-risk patients [20].

Tumor Markers

Breast cancer is a heterogeneous disease, and there has been significant interest in
identifying markers that will aid in predicting prognosis and response to therapy.
To date, relatively few markers have established prognostic power, as experience
with endocrine therapy has shown that targeted therapies require the target to be
not merely expressed in the cancer phenotype, but important in regulating growth
of cancer cells. The estrogen receptor (ER) is probably the most powerful pre-
dictive marker in breast cancermanagement, both in determining prognosis and in
predicting response to hormone therapies. The progesterone receptor (PgR) is also
a widely used marker, although its value is less well established. HER-2 status has
also been established as a powerful prognostic and predictive factor in breast
cancer. Given the importance of these biological markers in patient management,
it is essential that assays are quality controlled and that interpretation is standar-
dized. Furthermore, it is important to be aware of the limitations in their predictive
power and how thismay be refined through addition of further biologicalmarkers.
The list of biomarkers for breast cancer currently undergoing investigation is quite
exhaustive; for the present discussion we will focus on those biomarkers that are
being analyzed in the context of neoadjuvant endocrine therapy trials.

IHC Technique and Scoring

More sophisticated techniques for measuring the amount of receptor expres-
sion in the primary tumor have evolved fromwhat was once a tedious process of
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performing Southern blots for DNA determination, Northern blots at the
transcript mRNA level, and reverse transcriptase PCR (RT-PCR), eventually
evolving into FISH and chromogenic in situ hybridization (CISH). Immuno-
histochemical staining has become the preferred method for quantitating hor-
mone receptor expression due to its ease of performance even in community
laboratories. It has a steep learning curve and does not require fresh or fresh-
frozen tissue samples. Enzyme-based IHC was introduced in the 1970s, and a
series of advancements in technology in the 1980s and 1990s led to the devel-
opment of antigen retrieval techniques to make IHC possible on nearly all
archival tissue. This, coupled with sensitive detection systems and better anti-
bodies has made this technique routine in evaluating receptor expression.

Hormone receptor status can be determined from a cell block obtained from
fine-needle aspiration or core needle biopsy with good correlation to corre-
sponding surgical specimens, giving it a role in receptor assessment for patients
planned for neoadjuvant treatment. Immunohistochemistry can also be per-
formed on tissue biopsies obtained during the course of treatment to assess
treatment response, ER or PgR status, or markers of proliferation in tumor
tissue.

IHC employs an antibody that targets an extracellular or intramembranous
domain of the receptor. The bound antibody is then visualized by attaching a
color-emitting molecule that detects the antigen–antibody reaction, and scoring
is performed under a light microscope.

A variety of IHC antibodies and testing protocols exist. For most currently
used IHC antibodies, a score ranging from 0 to 3+ reflecting the intensity of
staining of the cell membrane in more than 10% of the cells is applied, but
different cutoffs have been established to reflect specific hormone receptor
status. In 1999, the College of American Pathology (CAP) approved the use
of IHC for assessing ER and PgR in routine clinical practice yet did not provide
guidelines as to how the testing should be performed [21]. Thereafter, the
American Society of Clinical Oncology and expert panels of pathologists,
oncologists, and surgeons have published general guidelines for assessing and
applying tumor biomarkers [22]. Discrepancies still arise in cases related to
weak-positive staining or with values close to the respective cutoffs. Most
pathologists initially employ IHC to screen, relying on FISH as a confirmatory
technique and in intermediate cases.

In an effort to overcome the interobserver and intraobserver differences in
scoring that results in borderline or weakly staining cases and to make ER
quantification more objective, a variety of automated scoring systems have
been proposed. The ChromaVision Automated Cellular Imaging System and
the Applied Imaging Ariol SL-50 quantify the color intensity of the immunor-
eactive product. Studies comparing these systems to the traditional manual
scoring have demonstrated significant agreement between systems and only
mild discrepancies when compared with manual scoring, with discrepant results
more frequently seen when analyzing tumors with low levels (0–20%) of ER-
positive cells [23].
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Estrogen Receptor

The estrogen receptor (ER) belongs to a superfamily of nuclear hormone
receptors which includes the progesterone receptor (PgR) as well as the thyroid
hormone receptor, vitamin D receptor, and retinoic acid receptors that share in
their ability to function as transcription factors when bound to their respective
ligands. Since cloning of ER cDNA in 1986 by Green and colleagues, much has
been learned about its structure and role in breast cancer [24].

The ER has two structurally and functionally distinct isoforms, ER� and
ER�. It has been demonstrated that ER� is coexpressed with ER� in over 76%
of breast tumors [25]. In general, patients whose tumors have the highest ER
level derive a statistically significant greater reduction in tumor volume with
neoadjuvant treatment [26]. The concentration of receptor isoforms, however,
varies in a tissue-specific manner as do the functions of the receptor ligand. The
ER� and ER� isoforms have contradictory functions, with ER� having a
growth-promoting action and ER� having a growth-inhibitory action in certain
tissues [27]. The tissue-selective ratio of ER� to ER� translates into tissue-
specific functions. The ER is the switch that initiates estrogen action in its target
tissues, which include the uterus, vagina, and pituitary gland. The subsequent
identification of the ER in some breast cancers and not others has created a
mechanistic link to explain the observed heterogeneity of hormonal
dependence.

Endocrine therapies, such as tamoxifen, are commonly given to most
patients with ER�-positive breast carcinoma but are not indicated for ER�-
negative cancers. The factors responsible for response to tamoxifen in 5–10%of
patients with ER�-negative tumors are not clear. There is also controversy
among studies examining ERß, with most studies associating it with better
prognosis, increased DFS survival, and predictive of favorable response to
tamoxifen [28–31], though a few studies cite the contrary [32]. The utility of
ERß as an independent marker for prognosis and tamoxifen responsiveness is
thus limited [33].

Endocrine responsiveness is a continuous variable dependent on levels of
ER, and to a lesser extent, PgR. Because tumors with even a small amount of
measurable protein (3–10 fmol/mg) have response rates to endocrine therapy in
the 20–30% range, stringently low cutoff points should be adopted to avoid
denying patients the benefits of neoadjuvant endocrine therapy. A range for ER
negativity of <3 fmol/mg of cytosolic protein and �1% of positively stained
cells by IHC best separates who will and will not derive benefit from neoadju-
vant therapy [34].

Progesterone Receptor

Large clinical trials have demonstrated that tumors expressing progesterone
receptor (PgR) in addition to ER have a higher response rate to tamoxifen and
other endocrine therapies, and increasing PgR levels are associated with better
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prognosis, longer time to treatment failure, and longer survival [35, 36]. Like the
ER, the progesterone receptor also has two described isoforms, PR-A and
PR-B. It is known that the two isoforms may mediate different effects of
progesterone, possibly by varying in response to different PgR modulators.
PgR modulators are a research interest, as they may be designed to be PgR
isoform and cellular pathway selective to achieve targeted breast cancer therapy
[37]. PgR scoring is similar to that for ER, as are the potential pitfalls.

Ki67

Ki67 is a cell cycle marker that is an assessment of proliferation. Ki67 has been
applied in the assessment of prognosis in breast cancer patients and the efficacy
of neoadjuvant endocrine therapy [38]. It can be measured in a surgical speci-
men and used to objectively assess tumor sensitivity to the prescribed treatment.
Ki67 has been studied in numerous trials, as well as in the letrozole P024 trial
and in a 2007 update from the IMPACT trialists group. In the P024 trial, the
post-treatment reduction in Ki67 was significantly greater with letrozole (87%)
than tamoxifen (75%; analysis of covariance P = 0.0009).

Similar studies have found that by integrating the prognostic value of the
Ki67 level at baseline with the changes in Ki67 level associated with treatment
benefit, Ki67 has served as useful marker for predicting recurrence-free survival
in neoadjuvant endocrine treatment [39–41]. The results of these trials and
others will be discussed in more detail in the sections that follow.

HER1 (EGFR) and HER2 (ErbB2)

HER1 (epidermal growth factor receptor) and HER2 (ErbB2 or neu) are
members of the HER (erb-b) family of transmembrane receptor tyrosine
kinases. HER1, like other members of this superfamily, depends on HER2 to
act as the signal amplifier for the HER network. Increased levels of HER2 are
causally associated with malignant transformation of mammary epithelial cells,
with approximately 25% of invasive cancers exhibiting HER2 amplification
[42, 43]. HER2 also confers shorter survival in breast cancer patients, and hence
has been extensively evaluated in the context of neoadjuvant endocrine
therapy trials.

The letrozole P024 study analyzed pre- and post-treatment specimens for
Ki67, ER, PgR, as well as HER1 and HER2 (ErbB2 or neu) by IHC. The
treatment-induced differences in the average Ki67 reduction observed in the
letrozole arm were particularly marked for ER-positive tumors that overex-
pressed HER1 and/or HER2 (88 versus 45%, respectively; P = 0.0018). Of
those tumors in both arms that demonstrated a paradoxical increase in Ki67
with treatment, the majority of the cases were HER1/2 negative. The findings
that letrozole inhibited tumor proliferation to a greater extent than tamoxifen
were shown to have a molecular basis. Specifically, possible tamoxifen agonist
effects on the cell cycle in both HER1/2-positive and HER1/2-negative tumors
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were proposed [44]. In an era of personalized targeted therapy, HER1/2 expres-
sion and their coexpressive patterns with other EGFR family members could be
an important determinant for appropriate agent selection in neoadjuvant endo-
crine breast cancer therapy.

Trials of Neoadjuvant Endocrine Therapy

Tamoxifen

Early trials examining neoadjuvant therapy with tamoxifen were conducted on
patients that were not pre-screened for ER and PgR status to determine those
most likely to respond. Rather, participants were elderly women with locally
advanced breast cancer [45]. Since then, numerous phase III randomized trials
have been conducted to address the effectiveness of tamoxifen as sole therapy
versus as part of a combined therapeutic approach.

Bates et al. (1991) randomized 381 postmenopausal women �70 years old
with operable breast cancer to receive tamoxifen (40 mg daily) alone versus
tamoxifen and immediate surgery in the Cancer Research Campaign (CRC)
trial. At a median follow-up of 34 months there was no statistically significant
difference in overall survival (OS), yet more patients treated with tamoxifen
alone went on to receive subsequent surgery for local treatment failure [46]. Van
Dalsen et al. (1995) performed a retrospective review of 210 postmenopausal
breast cancer patients that had received tamoxifen as primary treatment versus
tamoxifen with surgery. With a mean follow-up of 41 months, they noted local
progressive disease in 27% of those patients treated with tamoxifen (P< 0.005)
that resulted in the need for further surgery. There was no difference between
the two groups in terms of OS or incidence of metastases. They concluded that
treatment of breast cancer in postmenopausal women with reasonable life
expectancy should include surgery rather than tamoxifen alone [47].

Tan et al. (2001) conducted a prospective randomized phase III study out of
Nottingham examining tamoxifen alone versus multimodal treatment, the
latter of which consisted of neoadjuvant chemotherapy and surgery followed
by postoperative radiation, then adjuvant tamoxifen. This study enrolled 108
premenopausal patients with locally advanced breast cancer and followed them
for a mean of 52 months. There were no statistically significant differences
noted in terms of OS or disease-free survival (DFS) between the two groups, yet
the time to initial locoregional failure was noted to be significantly shorter in the
group receiving tamoxifen alone [48].

Gazet and colleagues (1994) conducted a prospective randomized trial enrol-
ling 200 elderly (�70 years old), postmenopausal patients with surgically
resectable breast cancer, allocating them to receive tamoxifen alone (20 mg
daily) or primary surgery. At a median follow-up of 72 months they noted no
statistically significant differences in the rates of DFS between the two
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treatment arms [49]. In 2003Mustacchi et al. published the long-term follow-up
results of the Group for Research on Endocrine Therapy in the Elderly study,
known as the GRETA trial, which was designed to evaluate the efficacy of
tamoxifen as primary treatment in women with operable breast cancer and�70
years of age in terms of OS and DFS. This randomized trial assigned 235
patients to receive tamoxifen alone (160 mg on day 1, then 20 mg daily) for a
5-year course and 239 patients to undergo surgery plus tamoxifen (20 mg daily)
for 5 years total. After a mean follow-up of 80 months, no statistically signifi-
cant differences were noted between the two arms with regard to OS and DFS.
Similar to the conclusions drawn from preceding studies, they recommended
surgery when medically feasible with tamoxifen due to the high rate of local
disease progression observed with tamoxifen alone [50]. Nonetheless, both
studies again demonstrated the time to first locoregional recurrence to be
significantly shorter in the tamoxifen alone arms.

The EORTC 10851 trial sought to further examine tamoxifen in the treat-
ment of early breast cancer in older women. A randomized trial comparing
modified radical mastectomy to tamoxifen as the sole initial therapy in 164
women aged �70 years with operable breast cancer, survival curves were
estimated and end points included survival, time to first relapse, locoregional
progression, time to distant progression, and progression-free survival. After a
median follow-up of approximately 10 years, there were significantly decreased
times to progression and shorter times to local progression in the tamoxifen
arm, though OS was similar between the two groups [51].

Table 1 further characterizes the key randomized prospective trials of neoad-
juvant tamoxifen.

Letrozole (Femara)

In 2001, Dixon et al. reported the first experience of using neoadjuvant letrozole
in the treatment of locally advanced and large operable breast carcinomas. In
this phase I study, 24 postmenopausal women with ER-positive breast cancer
were treated with either 2.5 or 10 mg of letrozole for 3 months. The study
reported that only one patient treated with the 2.5 mg dose demonstrated a
clinical and pathological complete response (CR), yet 15 patients planned for
mastectomy appreciated such significant reduction in tumor volume that they
were able to undergo breast-conserving surgery [52]. The small sample size and
short-term follow-up in this study prohibited analysis of OS and DFS, yet its
results inspired numerous other studies.

Paepke and colleagues (2003) sought to examine whether longer treatment
with letrozole would increase clinical and pathological response rates. A trial
was conducted enrolling 33 postmenopausal women that received letrozole
(2.5 mg daily) for a period spanning from 4 to �8 months preceding surgery.
Longer treatment resulted in a statistically significant decrease in tumor
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volume, and 90% of the patients that received neoadjuvant letrozole for �4
months had a measurable response compared to 57% of the patients who were
treated <4 months [53].

In a similar study, Renshaw et al. (2004) assessed response to neoadjuvant
letrozole therapy after 3 months, directing non-responders and new breast
conservation candidates to surgery while continuing neoadjuvant letrozole on
the other patients for up to 12 months. At 3, 6, and 12 months, they observed
complete response rates of 95, 29, and 36%, respectively [54].

Both studies suggested that the neoadjuvant treatment effects of letrozole are
in some capacity duration dependent.

In a 2006 study by Miller et al., 63 postmenopausal women with large
primary breast cancers were treated with neoadjuvant letrozole (2.5 mg daily)
for 3 months and both pre- and post-treatment (at 10–14 days and 3 months)
tumor samples were analyzed. Immunohistochemical staining for Ki67, ER,
and PgR was performed and characterized in terms of clinical response and
pathological response after 3 months of treatment. A clinical response was
observed in 76.2% of cases and pathologic response in 75.8% of cases, although
the degree of response was not specified. A statistically significant decrease in
Ki67 was observed in all tumor subgroups at 10–14 days (P<0.005), and at 3
months, decreases from pre-treatment Ki67 scores were highly significant in all
tumor subgroups irrespective of response status. Treatment also significantly
reduced PgR expression at 14 days and 3 months (both P<0.0001), but the level
of change did not correlate with pathologic response. They thus concluded that
letrozole produces rapid and profound decreases in expression of Ki67 and PgR
irrespective of clinical and pathological response rates [55].

Letrozole Versus Tamoxifen

Additional trials emerged comparing neoadjuvant tamoxifen with AIs to assess
overall response rates and disease progression. The results of a 2001 rando-
mized trial comparing neoadjuvant letrozole and tamoxifen in postmenopausal
women with hormone receptor-positive disease demonstrated that letrozole
produced higher clinical and mammographic response rates and incidence of
conversion to breast-conserving surgery than tamoxifen. Supporting the find-
ings from the 2002 ATAC trial of adjuvant endocrine therapy, Eiermann and
colleagues demonstrated that a third-generation AI is more effective than
tamoxifen in the treatment of breast cancer in the neoadjuvant setting as well
[56]. In a further analysis of trial outcomes, HER1 and HER2 surfaced as
possible biomarkers for drug effectiveness, that is, differences in the observed
effects of letrozole and tamoxifen were more pronounced in tumors co-expres-
sing HER1 and/or HER2 with ER [57].

Letrozole was compared to tamoxifen in a phase III randomized trial from
the International Letrozole Breast Cancer Group known as the Femara Study
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P025. Nine hundred and seven patients with positive or unknown hormone
receptor status were enrolled. Letrozole therapy was found to be superior to
tamoxifen, with a median time to progression of 41 versus 26 weeks. In addi-
tion, the median time to treatment failure (40 versus 25 weeks), overall response
rate (30 versus 20%, P= 0.0006), and clinical benefit rate (49 versus 38%, P=
0.001) were significantly better in the patients treated with letrozole versus
tamoxifen [58]. A 2003 update after amedian follow-up of 32months confirmed
the superiority of letrozole over tamoxifen in terms of time to progression
(median 9.4 versus 6.0 months, respectively, P < 0.0001), time to treatment
failure (median 9 versus 5.7 months, respectively, P< 0.0001), overall objective
response rates, and clinical benefit. Of note, the total duration of endocrine
therapy was significantly longer for first-line letrozole than first-line tamoxifen
(median 16 versus 9 months, respectively, P= 0.005), while the time to worsen-
ing Karnofsky performance index was significantly delayed in the letrozole
group [59]. This suggested possible palliative benefits of a first-line AI
approach.

Miller et al. further analyzed the effects of neoadjuvant AIs at differing doses
and subsequent effects on tumor volume reduction and pathology. Postmeno-
pausal women with large primary ER-positive breast cancers were randomized
to receive neoadjuvant treatment with either letrozole (2.5 or 10 mg daily) or
anastrozole (1 or 10 mg daily), and results of both arms were compared to those
observed in a non-randomized group of patients treated with tamoxifen (40 mg
daily) over the same time course. Tumors were analyzed pathologically before
treatment and after 3 months of treatment. Clinical response to treatment was
assessed by sequential measurements of tumor volume based on caliper assess-
ment, ultrasound, and mammography. Following 3 months of treatment, the
groups treated with AIs experienced more tumor shrinkage (88 and 77%
reduction in volumes for letrozole and anastrozole, respectively) than the
tamoxifen-treated group (46% volume reduction), a difference that was statis-
tically significant (P<0.0001). In addition, pathological responses, defined as a
decrease in tumor cellularity or increased fibrosis, were observed in 32 cases
(68%). There was a decrease in immunohistochemical staining for Ki67 in all
tumors treated with AIs, irrespective of clinical and pathological responses.
Staining for PgR was also reduced in all 21 PgR-positive cancers treated with
letrozole and in 16 out of 17 positive cancers treated with anastrozole [60].
These observations on IHC staining provided some objective measurement of
the biological differences between AIs and tamoxifen. As the PgR is regarded as
a marker of a functioning estrogen-signaling pathway, the reduction in PgR
staining corresponds to the described estrogen-deprivation mechanism of
action of AIs.

Miller et al. later analyzed further pathological changes associated with
neoadjuvant letrozole treatment in two further studies. In 2003, they examined
morphological characteristics, grading features, proliferation marker MIB1,
apoptosis Bcl-2 expression, and ER and PgR status in ER-positive breast
cancers before and after 3 months of neoadjuvant therapy with either letrozole
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(2.5 or 10 mg daily) or tamoxifen (20 mg daily). Letrozole treatment was
associated with a pathologic PR in 71% of patients, manifesting as a decrease
in mitosis and reduction in the expression of MIB1. While only small changes
were observed in ER expression following letrozole therapy, PgR reactivity was
reduced in 20 of 21 evaluable cases which were initially PgR positive, becoming
undetectable in 16 patients. Tamoxifen treatment was associated with a patho-
logical PR in 63% of tumors. In contrast to letrozole, the dominant change in
grading feature was an increase in tubule formation, reduction in ER score, and
increased PgR expression. Following treatment with either tamoxifen or letro-
zole, variable effects were observed in the apoptotic index and expression of Bcl-
2. These results indicated that both letrozole and tamoxifen have marked
influences on the pathological features of breast cancer during neoadjuvant
therapy, though effects on clinical and pathologic responses were frequently
discordant [61].

Ellis and colleagues published preliminary results of a randomized, dou-
ble-blind, multicenter, and multinational phase III trial comparing the anti-
tumoral activity of neoadjuvant tamoxifen with AIs. This study, known as
the letrozole P024 trial, included 337 postmenopausal women with ER-
positive and/or PgR-positive primary breast cancers from 55 centers in 16
countries [62]. Overall response rates (clinical CR and PR) by clinical and
radiographic measurements were better in patients that received letrozole,
who demonstrated overall response rates of 60% versus 41% in the taxox-
ifen arm. Though not statistically significant, more women in the letrozole
group were able to undergo successful post-treatment breast conservation
therapy, and less disease progression was observed. In addition, differences
in the response rates were observed based on the HER1 and HER2 expres-
sion status of the tumors, lending a possible explanation to observed endo-
crine therapy resistance. The trial demonstrated that neoadjuvant letrozole is
not only safe but superior to tamoxifen in the treatment of postmenopausal
women with hormone receptor-positive, locally advanced breast cancer and
proposed potentially useful biomarkers for measuring treatment responsive-
ness [63].

Table 2 lists the key features of the randomized prospective trials examining
letrozole in the neoadjuvant setting.

Anastrozole (Arimidex)

A phase I study by Dixon et al. (2000) examined the efficacy of neoadjuvant
anastrozole in postmenopausal women with highly ER-positive locally
advanced or large breast cancers. Patients received either 1 or 10 mg of ana-
strozole daily over 3 months and effects on tumor volume reduction were
examined by ultrasound. They observed a median reduction in tumor volume
of 75.5% for both dosage groups combined, which resulted in a conversion to
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breast-conserving surgery in 15 out of the 17 patients initially felt to require
mastectomy [64]. In a follow-up study, these tumors were stained for erbB2.
There was no observed difference in clinical response in relation to erbB2 status,
and changes in Ki67 and PgR did not differ between tumors that were erbB2
3+ versus those that were erbB2 negative or 1+ [65].

A later study by Milla-Santos and colleagues evaluated response rates in
postmenopausal women with hormone receptor-positive, locally advanced
tumors. One hundred and twelve women were treated with neoadjuvant ana-
strozole (1 mg daily) over a 3-month treatment period preceding their planned
surgery. Following pathological analysis of surgical specimens, they reported a
12% CR rate and a 71% PR rate resulting from a 3-month course of neoadju-
vant anastrozole [66].

Anastrozole Versus Tamoxifen

Anastrozole has been compared to tamoxifen in two randomized, double-blind
trials evaluating postmenopausal breast cancer patients with metastatic disease
and either positive or unknown hormone receptor status. The Tamoxifen or
Arimidex Randomized Group Efficacy and Tolerability (TARGET) study
conducted in European centers demonstrated comparable times to disease
progression (8.3 versus 8.2 months, respectively) and rates of CR, PR, and
disease stabilization in the tamoxifen and anastrozole study arms [67]. Con-
versely, the North American Study by Nabholtz et al. (2000) demonstrated that
anastrozole was significantly superior to tamoxifen in terms of time to disease
progression (11.1 versus 5.6 months, P = 0.005) and clinical benefit rates [68].
Reasons for the discrepancies in reported results may stem from the patient
populations enrolled, as 45% of the patients in the European study versus 89%
in the North American study were known hormone receptor positive. Later
analysis of the combined data from the two studies after an 18.2-month follow-
up demonstrated that anastrozole to be equivalent to tamoxifen in terms of time
to progression, but retrospective subgroup analysis demonstrated anastrozole
to be superior to tamoxifen in terms of time to progression in the receptor-
positive subgroup (10.7 versus 6.4 months). Similarly, while anastrozole had
similar objective response rates, the clinical benefit rates (CR, PR, and disease
stabilization) were higher (57.1 versus 52%) [69]. It is thus suggested from
retrospective analysis that anastrozole is superior to tamoxifen in terms of
time to progression in patients with receptor-positive tumors.

The Immediate Preoperative Anastrozole, Combination or Tamoxifen
(IMPACT) study was designed to be the neoadjuvant counterpart of the
Arimidex, Tamoxifen Alone, or in Combination (ATAC) trial. This study
compared anastrozole (1 mg daily) to tamoxifen (20 mg daily) versus
anastrozole plus tamoxifen. This multicenter, randomized double-blind
trial recruited 330 postmenopausal women with ER- and PgR-positive
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large, operable, or advanced breast cancers and monitored them during a 3-
month neoadjuvant treatment course. The primary study end point was
objective tumor response rate. Secondary end points included incidence of
breast-conserving surgery, while subsequent analyses allowed measurement
of key biomarkers for treatment response, notably hormone receptor expres-
sion and proliferation and apoptotic rates. Clinical response rates were
similar in the anastrozole and tamoxifen treatment arms (37 versus 36%,
respectively) and the combination treatment arm (39%). However, the clin-
ical response rate was significantly increased in the anastrozole arm as
compared to the tamoxifen arm in erbB2-positive patients (58 versus 22%,
P = 0.09), suggesting that anastrozole is preferred over tamoxifen in erbB2-
positive breast cancer patients [70]. These results mirrored those seen in
similar studies analyzing letrozole versus tamoxifen in erbB2-positive
tumors. In addition, more patients that received neoadjuvant anastrozole
were able to undergo breast-conserving surgery as compared to those who
received tamoxifen (46 versus 22%, P = 0.03) [71].

The study of Preoperative Arimidex Compared with Tamoxifen (PROACT)
trial continued to analyze neoadjuvant anastrozole compared to tamoxifen.
The study randomized 451 postmenopausal women with ER-positive breast
cancer to receive either neoadjuvant anastrozole (n = 228) or tamoxifen (n =
223) over a 3-month period preceding surgery. Of note, 137 patients in the study
received concomitant neoadjuvant chemotherapy, so subgroup analysis was
performed to assess responses with endocrine therapy alone. Tumor response
rates, defined in the trial as shrinkage by >30% of the largest tumor diameter,
were 36.2% in the anastrozole arm versus 26.5% in the tamoxifen arm (P =
0.07) [72].

Table 3 further describes the key prospective randomized trials of neoadju-
vant anastrozole.

Exemestane

A randomized phase II trial of the European Organization for the Research and
Treatment of Cancer (EORTC Breast Group) (2001) compared exemestane to
tamoxifen in 117 previously untreated breast cancer patients with positive or
unknown hormone receptor status. The overall response rate was significantly
better for exemestane than tamoxifen (44.6 versus 14.3%) [73]. An ongoing
EORTC phase III trial is comparing the efficacy and time to disease progression
of exemestane versus tamoxifen [74].

A phase II study by Dixon and colleagues (2001) evaluated the efficacy of
neoadjuvant exemestane (25 mg daily for 3 months) in 12 postmenopausal
women with ER-positive operable and locally advanced breast cancers. They
observed median reductions in clinical and radiographic tumor volumes of
82.5–85.5%. Neoadjuvant exemestane resulted in conversion from planned
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mastectomy to breast-conserving surgery in 10 out of 12 patients, resulting in an
83.3% rate for conservative surgery [75].

Two phase I studies have evaluated combined neoadjuvant chemoendo-
crine approaches using exemestane in combination with standard che-
motherapy. Preclinical studies provided the first evidence that exemestane
increases the pathological response rate to neoadjuvant epirubicin when
administered concomitantly. The first study examined 16 patients with
locally advanced breast cancers treated with exemestane (25 mg daily) and
concomitant increasing doses of epirubicin (25, 30, and 35 mg/m2 per week)
for 8–12 weeks. From the 10 evaluable patients, they observed 2 clinical CR,
4 clinical PR, 3 with stable disease, and 1 with disease progression. Breast-
conserving surgery was able to be performed in 66% of the patients, and
they reported one case each with a pathological CR and PR [76]. A similar
study treated 11 patients with locally advanced breast cancer with daily
exemestane (25 mg) and concomitant increasing doses of docetaxel (20, 25,
and 30 mg/m2 per week) for 8–12 weeks. From the nine evaluable patients,
Lichtenegger and colleagues noted 78% with clinical PR which translated
into 78 and 22% with grade 1 and 2 pathological responses, respectively
[77]. Phase II studies analyzing both agents in conjunction with neoadjuvant
exemestane are currently in the works.

A multicenter Spanish phase II trial (2002) evaluated the efficacy of neoad-
juvant exemestane (25 mg daily) for 6 months in 33 postmenopausal breast
cancer patients. They observed a 50% radiographic partial response, and 10
patients previously evaluated for mastectomy were able to undergo breast-
conserving surgery [78].

Miller et al. (2002) performed in vivo and in situ studies in 12 postmenopau-
sal women with untreated large or locally advanced ER-rich tumors. The effect
of exemestane (25 mg daily) for 3 months on aromatization peripherally and in
breast cancer and surrounding normal tissue was determined. Immediately
before starting therapy, patients received an 18-h infusion of radioactively
labeled androgen and estrogen, followed by a wedge biopsy. This procedure
was repeated after the 3-month treatment period, and the data were used to
calculate peripheral and local aromatization. Neoadjuvant exemestane treat-
ment was associated with amarked reduction in aromatization peripherally and
in non-malignant breast tissue in all patients and in the breast tumor in all but
one patient. Clinical and radiographic reduction in tumor volume ranged from
82.5 to 85.5%, resulting in subsequent conversion to breast-conserving surgery
in 8 of 10 patients. Clinical benefits were accompanied by amarked reduction in
cellular proliferation and PgR expression. These data again supported the use
of exemestane as neoadjuvant therapy for breast cancer in postmenopausal
women [79].

Final results from theGermanNeoadjuvant Aromasin Initiative (GENARI)
trial (2003), a phase II study with exemestane, demonstrated a partial clinical
response rate of 37% and no pathological CRs following 16 weeks of treatment
[80]. A similar phase II study examined the effects of 4–5months of neoadjuvant
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exemestane (25 mg daily) on postmenopausal, operable ER-positive breast

cancer. Using the RECIST criteria (described below) for evaluation, they

reported clinical CR and PR rates of 5.9 and 64.7%, respectively, with 23.5%

demonstrating stable disease. In addition, breast-conserving surgery was pos-

sible in 45.2% [81].
A multicenter phase II trial of the Saitama Breast Cancer Clinical Study

Group (SBCCSG-03) in Japan has evaluated the efficacy and tolerability of 4

months of neoadjuvant exemestane in 44 postmenopausal patients with ER-

positive and/or PgR-positive, stage II to IIIB breast cancer measuring �3 cm.

Breast-conserving surgery was performed in 27 (90%) of 30 patients that

underwent surgery at 4 months, and a pathological response was observed in

13 (43%) of those patients. A clinical response was seen in 27 (66%) of 41

evaluable patients. Though their study lacks long-term follow-up, with an

incidence of adverse events recorded as �10%, their findings suggested that

neoadjuvant exemestane is not only effective but well tolerated in postmeno-

pausal women with ER-positive breast cancer [82].
Table 4 summarizes the key features of trials evaluating exemestane in the

neoadjuvant setting.

Comparison Between AIs: The ACOSOG Z1031 Trial

In 2006 the American College of Surgeons Oncology Group (ACOSOG)

Z1031 trial opened for accrual (Fig. 1). The trial is currently accruing

postmenopausal women with stage II/III ER-positive breast cancer who

are randomized to receive neoadjuvant anastrozole (1 mg daily), exemestane

(25 mg daily), or letrozole (2.5 mg daily) for 16–18 weeks preceding their

planned surgery. With planned accrual to 375 patients over 3 years, the trial

is designed not only to compare neoadjuvant anastrozole, exemestane, and

letrozole with regard to radiographic response rates and safety, but to

determine which of the three agents will be targeted in a future phase III

study comparing neoadjuvant AIs with neoadjuvant chemotherapy [83].

Using an algorithm that considers both clinical and radiographic response

rates, Z1031 will validate results from the IMPACT trial in addition to

examining these other end points.
Pathologic response rates will be determined by analysis of both pre- and

post-treatment primary tumor samples and patient blood samples in a central

laboratory. Treatment effects will be analyzed in an effort to establish a mole-

cular signature or gene expression profile that is predictive of AI treatment

response and resistance. Tumor samples will be subjected to the Oncotype DX

assay to determine a recurrence score and analyzed for ER, PgR, HER2, and

Ki67.
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Measurement of Response to Neoadjuvant Hormonal Therapy

Clinical Response

Clinical response is a subjective measurement of treatment efficacy, as
demonstrated by that equivalent clinical responses observed among all
three treatment arms in the IMPACT trial, a finding that was attributed
to difficulties in assessing small tumors [84]. Measurement of tumor
response by radiographic imaging offers another alternative to quantify
and compare response to treatment, and as demonstrated in the letrozole
P024 study, mammographic tumor measurements do allow for comparison
of treatment effects. Both mammography and ultrasound have been shown
to correlate well with actual tumor sizes, with one limitation of the latter
being operator dependence. MRI has also been suggested by the National
Cancer Institute but awaits validation. With regard to assessing response
criteria, the NCI currently favors breast tumor evaluation with the RECIST
criteria or Response Evaluation Criteria in Solid Tumors. This method
evaluates the change in a measurable lesion as determined by ruler or
micrometer caliper in a single dimension [85]. While attempts have been to
standardize tumor measurements, bi-dimensional measurements are still
obtained and reported in neoadjuvant endocrine therapy trials.

Postmenopausal women, stage II/III 
ER(+) breast cancer
Accrual Goal = 365

Randomize to 16–18
weeks of

(1 mg daily)
Neoadjuvant exemestane

(25 mg daily)
Neoadjuvant letrozole

(2.5 mg daily)

Surgery

Endpoint analysis and 10-year 
follow-up ± 5 years of adjuvant 

anastrozole or tamoxifen 

Neoadjuvant anastrozole

Fig. 1 ACOSOG Z1031 trial schema
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Surgical Outcome

The best argument in favor of neoadjuvant endocrine therapy is the observation
that it has been shown to improve surgical outcomes in terms of tumor down-
sizing and subsequent conversion to breast-conserving surgery. In the letrozole
P024 trial, treatment with letrozole improved rates of breast-conserving surgery
over tamoxifen [86]. Though more subjective, reports on the rates of conversion
to breast-conserving surgery in cases where mastectomy was deemed unavoid-
able are a potentially measurable outcome for comparisons of neoadjuvant
endocrine therapeutic response.

Pathologic Response

Pathologic complete response, or pCR, is defined as the disappearance of all
invasive disease in the breast and regional nodes. Pathological partial response,
or pPR, is defined as a 51–99.9% reduction in measurable disease. A patholo-
gical CR is a validated surrogate end point in the context of neoadjuvant
chemotherapy trials. A pathological CR, however, is uncommon in endocrine
therapy trials to have comparative value. Other criteria have thus been adopted
as alternatives to describe the treatment effects and allow comparisons among
neoadjuvant endocrine therapy trials.

Examination of the Ki67 data from the letrozole P024 trial, in which
approximately 50% of tumors demonstrated a post-treatment Ki67 level of
�1% (the detection limit), has suggested a complete cell cycle arrest in response
to treatment, as such a dramatic drop in Ki67 levels suggests that those tumors
must have been entirely estrogen dependent. Tao and colleagues have suggested
that a cell cycle CR can be interpreted as a pathological CR in the neoadjuvant
endocrine setting. That is, Ki67 is a variable that can be easily measured in post-
treatment specimens and identifies a specific tumor to be highly responsive to
treatment. Further analysis has statistically linked ER expression to cell cycle
CR [87]. At higher levels of ER positivity, cell cycle CRs were more common
with letrozole (69%) than tamoxifen (40%, P= 0.0002) [88]. This suggests that
cell cycle CR may be an alternative method to determine efficacy of endocrine
therapy where pathological CR is not valid.

Cautionmust be exercised in biomarker end point analysis, however, for as also
demonstrated in the P024 trial, observed early changes in tumor cell proliferation
following neoadjuvant treatment with letrozole did not accurately predict subse-
quent clinical response. Changes in proliferation seen at later times can be the
consequence of response andmay be associated with early resistance. High expres-
sion of c-erbB2 did not hinder tumor responses to neoadjuvant treatment with
letrozole but was associated with high tumor proliferation before and during
treatment [89]. It remains to be determined whether these characteristics confer
subsequent resistance to treatment and early relapse in the adjuvant setting.
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Gene Expression Profiling

Patient Profiling Using Microarrays

Selection of endocrine therapy requires the identification of markers that
accurately predict response and resistance. Microarray analysis of tumor
RNA is an extremely powerful tool which allows global gene expression to be
measured. When used in combination with neoadjuvant treatment, sequential
biopsies may be analyzed and results correlated with clinical and pathological
response. Several studies are examining the potential of RNA microarrays in
patients receiving neoadjuvant endocrine therapy to identify the molecular
signatures associated with tumor sensitivity and resistance. Miller and collea-
gues have analyzed clinical response in postmenopausal women with large,
ER-rich breast cancers who received a 3-month course of treatment with
neoadjuvant letrozole. Their objectives were to discover genes that change
with estrogen deprivation—specifically, those whose change in expression differ
between tumors which are either responsive or resistant to treatment. Using
tumor RNA from pre- and post-treatment tissue, a total of 91 down-regulated
genes have been identified that are functionally associated with cell cycle
progression, particularly mitosis [90]. Their results indicate that molecular
profiling of early changes with neoadjuvant treatment offers the opportunity
to distinguish between clinically responsive and resistant tumors and provides
important information about the heterogeneity of endocrine resistance [91].

Similar studies of expression profiling using cDNA arrays on ER-positive
tumor tissue preceding and following neoadjuvant treatment with anastrozole
or letrozole have also demonstrated profound changes in expression of prolif-
eration-related genes as well as many classical estrogen-dependent genes such as
TFF1, CCND1, PDZK1, and AGR2. The changes in gene expression have
been integrated into a Global Index of Dependence on Estrogen (GIDE), which
enumerates the genes changing by at least twofold with therapy. The GIDE
variedmarkedly between tumors and related significantly to pretreatment levels
of HER2 and changes in immunohistochemically detected Ki67 [92]. This study
also demonstrated the existence of transcriptional signatures associated with
neoadjuvant AI use. Larger data sets using this approach should enable identi-
fication of estrogen-dependent molecular changes, which are the key determi-
nants of benefit or resistance to endocrine therapy.

The Oncotype DX Assay

Patients diagnosed with axillary node-negative ER-positive breast cancer have
an excellent prognosis, yet at least 15% of them fail after 5 years of tamoxifen
treatment. A patient-specific prognostic assay to identify those patients that
would benefit the most from chemotherapy in addition to tamoxifen, or those
best treated by tamoxifen alone, would avoid overtreatment and undue
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morbidity. Neoadjuvant trials have established biomarkers for responsiveness

and resistance to adjuvant treatment, which has led to molecular assays to

predict prognosis in breast cancer. This is exemplified in the emergence of the

Oncotype DX assay. The assay is a reverse transcription-PCR genomic test

that predicts the likelihood of breast cancer recurrence in early-stage, node-

negative, ER-positive breast cancer and thus those patients most likely to

appreciate benefit from adjuvant endocrine or chemotherapy. The assay uses

a stepwise approach of going through independent model-building and vali-

dation sets to generate a 21-gene Recurrence Score (RS), which is based on

monitoring of mRNA expression levels of 16 cancer-related genes in relation

to five reference genes. The RS is used to stratify patients into low- (RS<11),
intermediate- (11–25), and high-risk (>25) categories. The RS provides a

more accurate, reproducible measure of breast cancer aggressiveness, thera-

peutic responsiveness, and prognosis than standard measures. It does not

require fresh tissue, and its application to pooled RNA samples from fixed

paraffin-embedded tissues has demonstrated precision and reproducibility

[93]. Clinically validated among the patient subsets in the NSABP B-14 and

B-20 trials, the assay now serves as a clinical adjunct in determining those

patients most likely to benefit from adjuvant tamoxifen (low RS) or che-

motherapy (high RS) [94]. The RS identified approximately 50% of the

patients who had excellent prognosis after tamoxifen alone and suggested

that high-risk patients identified by RS would preferentially benefit from

chemotherapy. A prospective study—the Trial Assigning Individualized

Options for Treatment (Rx) (TAILORx)—is currently accruing in North

America and will examine whether chemotherapy is required for the inter-

mediate-risk group defined by the RS [95].

Current Recommendations

Neoadjuvant endocrine therapy trials for breast cancer are now accepted

investigational approaches for oncology group and pharmaceutical company-

based research programs. A 2007 update from the American Society of Clinical

Oncology recommends CA 15-3, CA 27.29, carcinoembryonic antigen, ER, PR,

human epidermal growth factor receptor 2, urokinase plasminogen activator,

and plasminogen activator inhibitor 1 for clinical use as tumor markers in

breast cancer, with insufficient evidence to support the use of DNA/ploidy by

flow cytometry, p53, cathepsin D, cyclin E, proteomics, certain multiparameter

assays, detection of bone marrow micrometastases, and circulating tumor cells

[96]. Data from ongoing trials are needed to further assess the efficacy of such

markers, how exactly they should be applied to patient management, and the

role they should play in determining candidates for neoadjuvant endocrine

treatment.
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Future Directions

Despite data collected from previous and ongoing studies, neoadjuvant endo-

crine therapy is not being administered routinely to patients outside the setting

of clinical trials. Neoadjuvant endocrine treatment with AIs has evolved from

being an experimental effort to palliate women with locally advanced breast

cancer unsuitable for surgery or chemotherapy to representing a viable and

possibly preferred alternative for postmenopausal women with hormone recep-

tor-positive large tumors or locally advanced breast cancer.
The absence of a large validation study comparing patients receiving neoad-

juvant endocrine therapy to those receiving neoadjuvant chemotherapy or

immediate surgery continues to be a major hurdle in the routine adoption of

first-line endocrine therapy. Ellis and colleagues have proposed a trial similar to

NSABP B18 to investigate neoadjuvant AIs versus immediate surgery or

neoadjuvant AIs versus neoadjuvant chemotherapy [97]. This type of trial

could help to demonstrate that neoadjuvant endocrine therapy improves OS

beyond that observed with traditional postoperative chemotherapy. In the

interim, studies of neoadjuvant endocrine therapy will continue to serve as

platforms for biomarker discovery as well as a forum in which to test new

potential therapeutic agents, with promise of contributing to our understanding

of the molecular basis for observed therapeutic responses to endocrine agents.
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Hormone Resistance

Stephen R.D. Johnston

Introduction

About 75% of breast cancers are estrogen and/or progesterone receptor (ER,

PgR) positive, and estrogen is the main stimulant in the development and

growth of these tumours. Thus deprivation of estrogenic signalling has been

the basis of hormonal therapy for patients with ER/PgR-positive disease.

Currently available endocrine strategies include targeting the ER itself with

the selective estrogen receptor modulator tamoxifen or the ER downregulator

fulvestrant, as well as suppressing the amount of available ligand (estrogen) for

the receptor with gonadal suppression in pre-menopausal women (ovariectomy

or luteinising hormone-releasing hormone agonists), or aromatase inhibitors

in post-menopausal women. Large-scale randomised trials have shown that

5 years of tamoxifen given immediately after surgery for early-stage ERþ breast

cancer reduces mortality by 28% [1]. Indeed among post-menopausal women

with early-stage ERþ breast cancer, endocrine therapy has actually been shown

to have a greater impact on reducing annual breast cancer death rate than

adjuvant chemotherapy (31% vs 20%) [2].
Given their proven efficacy and generally favourable side effect profile, endo-

crine therapies are widely used in the treatment of both early-stage and recurrent/

metastatic breast cancer. Unfortunately, despite documented levels of ER in

recurrent disease, up to 50% of patients with metastatic disease do not respond

to first-line endocrine treatment (de novo resistance), while the remainder will

eventually relapse despite an initial response (acquired resistance) [3]. In the last

two decades there have been major efforts to understand the various biological

mechanisms responsible for the development of endocrine resistance, with the

ultimate aim of identifying new therapeutic strategies to enhance the efficacy of

current treatment strategies for hormone receptor-positive breast cancer.
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Various theories, each supported by pre-clinical and in some instances
clinical data, have been suggested to explain endocrine resistance. These include
mechanisms that have a sustained dependence on ER-mediated signalling,
while others implicate growth factor-mediated mitogenic signalling which
may or may not cross-talk with existing ER-signalling pathways (Table 1).
Just as breast cancer is proving to be a heterogenous disease with different
molecular phenotypes [4], the strong likelihood is that even in ERþ disease
there will be no single unifying mechanism for endocrine resistance. Therefore,
identifying which resistance mechanism is operational in an individual patient
could become clinically relevant in tailoring the most appropriate subsequent
therapy, e.g. non-ER-targeted treatment, further endocrine manipulation, or a
combination of both. Central to all research in endocrine resistance, however, is
having a clear molecular understanding of ER signalling, and in particular how
current therapies modulate the ER pathway.

Modulation of ER Signalling

In the classical model of estrogenic signalling, estrogen (E2) diffuses into the cell
and binds nuclear ER, which in turn activates receptor dimerisation and asso-
ciation with various co-activator (NCOA) and co-repressor (NCOR) proteins

Table 1 Postulated mechanisms of endocrine resistance and potential therapeutic implica-
tions for the clinic

Biological mechanism Therapeutic options

Genomic ER related

Loss of ER expression and/or function by growth factor
suppression

Sequential growth factor ER-
targeted therapy

ER silencing due to promoter hypermethylation Demethylating agents or
HDAC inhibitors

Enhanced genomic functions of ER via HER2 andAIB1
or p38MAPK

Dual ER and HER2 targeting

ER hypersensitivity to low residual estrogen levels Continued ED þ ER
downregulator or growth
factor inhibitor

ER mutations/variants Rare

Pharmacological/pharmacogenomic

Altered tamoxifen metabolism and cellular clearance,
possibly related to CYP2D6 genotypes

Higher tamoxifen doses in
selected patients?

Aromatase expression and function Relevance unknown

Growth factor signalling

Switch to ER-independent proliferation (i.e. loss
CDK10 and ER-independent ERK activation)

Non-ER-targeted therapy

Growth factor-mediated activation of classical ER via
AF-1 – requires ER ligand

Combined growth factor ER-
targeted therapy

Enhanced non-genomic ER interaction at membrane
with growth factor pathways (EGFR, IGFR, HER2)

Combined growth factor ER-
targeted therapy
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to a greater or lesser extent [5]. The activated ER binds as a dimer to estrogen

response elements (ERE) in the promoters of target genes and activates gene

transcription through two separate transactivation domains within ER, termed

AF-1 in the amino-terminal region and AF-2 in the carboxy-terminal region

[6, 7] (Fig. 1). Activation by AF-2 requires ligand (i.e. E2) binding to the

ligand-binding domain (LBD), while AF-1 can be phosphorylated by growth

factor receptors or other downstream effectors and may act both indepen-

dently of hormone and synergistically with AF-2 to increase the efficiency of

ER-transcriptional activity [8]. Studies have indicated that ERE-bound ER is

subsequently ubiquitinated and targeted for proteosomal degradation, such

that each ER molecule appears to be destined for only one cycle of signalling

[9]. In addition to its role as a classical transcription factor, ER can also

enhance transcription without direct DNA binding by participating in pro-

tein–protein interactions with other transcription factors (non-classical geno-

mic activity) [10]. For example, ER can essentially act as a co-activator and

increase the activity of the jun/fos activator protein 1 (AP-1) transcription

complex [11]. In addition non-genomic functions for ER have been described

whereby estrogen-bound ER interacts directly with, and phosphorylates,

membrane-associated growth factor receptors [12, 13] as well as downstream

effectors such as the p85 subunit of phosphoinositide-3-kinase (PI3K) [14]

resulting in further pro-survival and anti-apoptotic signalling. As discussed
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below, a shift in the relative contribution of classical vs non-classical genomic,

or non-genomic, ER signalling has been implicated in the development of

endocrine resistance.
Current endocrine therapies that modulate ER signalling do so either by

competitive antagonism with endogenous ligand (E2) for binding to ER (i.e.

tamoxifen, fulvestrant) or by reducing the supply of available ligand for ER

(i.e. ovarian ablation or aromatase inhibition). Tamoxifen acts as a competi-

tive inhibitor upon binding to the LBD, and by preferentially recruiting co-

repressors (NCORs) induces a conformational change that inactivates AF-2,

but has no effect on AF-1 transcriptional activity [15] (Fig. 2) Because ER

activity in the breast is predominantly mediated via AF-2, tamoxifen has an

overall antagonist effect in the breast, but may act as an agonist in other

tissues primarily driven by AF-1, such as bone and the endometrium of the

uterus [16]. Alterations in the relative contributions of AF-1/AF-2 to ER-

mediated gene transcription, as well as the relative amounts of co-activators

and co-repressors available in individual cells, may shift the balance of tamoxifen

activity from antagonism to agonism, and this also has been implicated in some

mechanisms of tamoxifen resistance (see below).
By contrast, it is envisaged that removal of all endogenous ligands for ER

might prevent activation of all ER-mediated transcriptional events, regardless

of whether AF-1 or AF-2 regulated (Fig. 3). Clearly the success of such a

transcription

Effects of Tamoxifen on ER Classical Transcription

no transcription

co-act

loss of HSPs
phosphorylation, 

dimerisation
conformational change

Type I gene

Type II gene

ANTAGONISM

AGONISM

ER +T
H
S
P

T
AF1

T
AF1

AF2

T
AF1

T
AF1

AF2

co-act

Fig. 2 Effects of tamoxifen on ER classical transcription

164 S.R.D. Johnston



strategy depends on achieving near complete estrogen deprivation, especially as

residual amounts of endogenous estradiol might be sufficient to still activate the

receptor [17]. Model systems have helped understand the differences in mode of

action between estrogen deprivation and antiestrogens such as tamoxifen. In

the MCF-7 xenograft model in which human hormone-sensitive ERþ breast

cancer cells are established as tumours in athymic oophorectomised mice, the

tumours require exogenous estradiol support for their growth [18]. We have

previously shown that removal of all estradiol support, which in this model

provides complete estrogen deprivation similar to that achieved with third gen-

eration aromatase inhibitors, was superior to tamoxifen with greater tumour

regressions and prolonged time to re-growth. Moreover, molecular analysis of

the treated tumours revealed that estrogen-regulated genes were more effec-

tively switched off by estrogen deprivation than by tamoxifen [19], with a

greater induction of apoptosis and more substantial inhibition of cell pro-

liferation. Analogous results have been reported by others demonstrating

that aromatase inhibitors (AIs) were more effective than tamoxifen in MCF-

7 xenografts in which the cells had been transfected with the human aroma-

tase gene [20]. These laboratory data mirror evidence from the clinic that

in post-menopausal women with ERþ breast cancer AIs are clinically super-

ior to tamoxifen when given adjuvantly upfront [21]. This supports the

notion that estrogen deprivation may overcome some of the mechanisms of
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tamoxifen-specific resistance, which in turn may relate to specific pharma-
cological or pharmacodynamic features of acquired resistance to antiestro-
gen drugs.

Thus an understanding of ER signalling, and how this is modulated both by
its natural ligands and by various endocrine therapies, provides the basis for
investigating the changes that might account for hormonal resistance. In essence,
these are likely to involve either loss or alteration of ER function, pharma-
cological/pharmacodynamic changes to individual drug therapies, or enhanced
growth factor/mitogenic signalling with or without interaction with the ER-
signalling pathway. Evidence for each of these mechanisms is presented below.

ER Function in Hormone Resistance

Most in vitro and clinical observations suggest that even following the devel-
opment of endocrine resistance, ER signalling continues to play an important
role in the proliferation of breast cancer [22]. The clinic biopsies of tumours
from breast cancer patients who have relapsed on an antiestrogen show a
functional ER that is still able to bind to DNA [23], while women who have
become refractory to tamoxifen or non-steroidal aromatase inhibitors actually
respond to further endocrine manipulation with the ER-alpha downregulator
fulvestrant [24], indicating that ER-mediated signalling remains functional.
As discussed later in this chapter, there is an increasing body of evidence that
cross-talk with growth factor and downstream mitogenic pathways can aug-
ment the genomic and non-genomic functions of ER.

Loss of ER

While ER expression is an obligate requirement for sensitivity to endocrine
therapy, loss of ER either due to the clonal selection of ER-negative cells or
due to transcriptional suppression of ER gene expression could account for
acquired endocrine resistance associated with progressive disease. We and
others have shown in sequential paired biopsies from patients treated with
tamoxifen that ER loss over time might account for hormonal resistance in a
minority of patients [22, 25, 26] (Fig. 4). PgR loss during endocrine therapy
occurs more frequently, and when this occurs the tumour often takes on a more
aggressive course [27]. Laboratory studies have suggested that transcriptional
repression of the PgR gene by signalling through the insulin-like growth factor
(IGFR) and epidermal growth factor receptor families (EGFR/HER2) may be
the cause of PgR downregulation in some tumours [28].

ER silencing as a result of promoter hypermethylation has been documented
in a proportion of breast cancers [29]. Importantly, this process has been shown
to be reversible. Demethylating agents or histone deacetylase (HDAC)
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inhibitors can reactivate expression of a functional ER in cell lines with ER

silencing due to promoter methylation [30, 31]. These observations are quite

provocative and have obvious clinical implications for a proportion of patients

with ER– tumours who might potentially benefit from endocrine therapy if ER

expression could be reactivated using a demethylating agent. A trial of tamox-

ifen in combination with a HDAC inhibitor in patients who have relapsed after

endocrine therapy is ongoing to investigate whether the HDAC inhibitor may

restore endocrine sensitivity by enhancing/restoring ER expression.
There is some evidence that enhanced peptide growth factor signalling due to

overexpression of HER2 can directly suppress ER expression, which in turn

may eventually lead to complete loss of ER [32]. ERþ cell lines stably trans-

fected with full-length HER2 demonstrate downregulation in ER, while

quantitative measurements of ER levels in tumour samples show consisten-

tly lower levels of the receptor among patients with HER2-amplified breast

cancer [33]. Furthermore, interruption of hyperactive mitogen-activated pro-

tein kinase (MAPK) signalling or epidermal growth factor receptor (EGFR)

has been shown to re-induce ER expression both in cell lines and in xenograft

models [34, 35]. In fact, in a small study of 10 ER–/HER2þ patients treated

with trastuzumab, three patients acquired ER expression in sequential biop-

sies during treatment [36]. Furthermore, studies with the dual EGFR/HER2
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tyrosine kinase inhibitor lapatinib have shown that long-term treatment was
associated with an adaptive increase in ER signalling [37]. As discussed later in
this chapter, the dynamic interaction between ER and growth factor signalling
certainly supports using ER and growth factor-targeted therapies in combina-
tion, or in fact in sequence, as one may sensitise to the other and thus enhance/
retain endocrine responsiveness longer than would otherwise occur.

The degree to which complete loss of ER secondary to peptide growth factor
signalling may contribute to acquired endocrine resistance needs further con-
firmation from serial clinical samples from women who have relapsed on
endocrine therapy. Likewise it is unclear whether this is always a reversible phe-
nomenon or whether tumours bypass endocrine pathways and permanently switch
to ER-independent signalling. A recent report using an in vitro RNA interference
(RNAi) screening approach in tamoxifen-treated ERþMCF-7 breast cancer cells
has identified key modifiers of tamoxifen sensitivity that induce signalling which
bypasses ER [38]. In particular, loss of cyclin-dependent kinase 10 (CDK10) via
gene silencing may induce resistance to ER signalling and overcome the G1-cell
cycle arrest caused by tamoxifen. Themechanism for this appears to involve release
of the ETS2 transcription factor (normally suppressed by CDK10), which in turn
activates c-RAF-1 and ERK 1/2 signalling independent of any upstream growth
factors. This results in enhanced cell proliferation that does not involve any
activation of ER-alpha or any ER-regulated genes. As such, this represents a
novel ER-independent means by which cells may escape regulation from tamox-
ifen – the authors confirmed the possible significance of their finding in two clinical
data sets whereby lowCDK10 expression in primary breast cancers was associated
with a statistically shorter time to distant relapse/overall survival. Further pro-
spective studies are required to see if loss of CDK10 is a reliable biomarker of
endocrine resistance in ERþ breast cancer.

Potentiation of Genomic ER Activity

ER transcription is tightly regulated by the balance of NCOAs/NCORs within
individual cells. Mitogenic signalling can alter the expression of some of these co-
regulators thereby enhancing both classical and non-classical genomic ER tran-
scription. The co-activator NCOA3, also known as AIB1 (amplified in breast
cancer-1) is overexpressed in 50% of breast carcinomas and amplified in 5% of
tumours [39]. Among untreated ERþ patients, AIB1 expression is associated
with an improved survival. In contrast, in HER2-amplified breast cancer AIB1
has been associated with a poorer outcome with tamoxifen – this might be
explained by the fact that HER2 activates AIB1 and enhances the agonist effects
of tamoxifen [40, 41]. Similarly, decreased levels of NCORs have been shown to
enhance tamoxifen agonism by shifting the balance towards ER-transcriptional
activity [42]. These data suggest that mitogenic signalling via other pathways (i.e.
HER2) can alter the ratio ofNCOAs/NCORs and result in an altered response of
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ER to endogenous E2 or to exogenous tamoxifen, in particular enhancing an
agonist response. Whether profiling tumours by measuring the levels of various
transcription co-regulators may offer useful predictive information regarding
endocrine responsiveness has not been clearly established.

The hormonally regulated cell cycle regulator cyclin D1 is overexpressed/
amplified in 50/25% of ERþ human breast cancers. As a transducer of both
ER and growth factor-mediated cell cycle progression, cyclin D1 emerged as
another potentiator of ER genomic activity that might account for endocrine
resistance in some tumours. In addition, experimental data have suggested that
cyclin D1 could interact directly with ER via recruitment of members of the
SRC (steroid receptor co-activators) family of NCOAs in the absence of endo-
genous ligand [43]. However, clinical data regarding any causal relationship
between cyclin D1 and endocrine responsiveness are conflicting [44, 45].

In addition to directly binding with DNA and increasing classical genomic
transcription of ER-dependent genes, ligand-bound ERmay also complex with
other transcriptional factors, such as fos/jun via AP-1 non-classical genomic
activity. Stress and/or cytokine signalling pathways can contribute to AP-1
signalling, and thus have been associated with resistance to tamoxifen. Labora-
tory and clinical studies suggest that elevated levels of phosphorylated jun
N-terminal kinase (JNK) are associated with tamoxifen resistance, and preli-
minary data have also implicated activated p38MAPK [46]. The p38 MAPK is
activated by a variety of environmental stresses including ionizing radiation,
heat, oxidative stress, inflammatory cytokines (TNF family), growth factor
receptors such as HER2, and tissue ischemia (hypoxia). In endometrial cancer
cells estrogen and tamoxifen both stimulate p38 MAPK activity. In turn, p38
MAPK signalling has been reported to phosphorylate ER (Thr311), inhibit ER
nuclear export, enhance ER’s interaction with co-activators, and increase the
estrogen agonist activity of tamoxifen-bound ER. Although the mechanisms by
which signalling through these pathways might contribute to tamoxifen resis-
tance in clinical breast cancer are not well defined, preliminary evidence in
human tumours and MCF-7 xenografts has suggested an association of p38
MAPK with hormonal resistance [46]. In tissue microarrays (TMAs) from 39
patients with paired biopsies before and after acquired resistance to tamoxifen,
all ERþ tumours that overexpressedHER2 originally or at resistance expressed
high levels of phosphorylated p38MAPK. In three patients, ERþ tumours that
were initially HER2– had converted to HER2þ at the time of relapse on
tamoxifen, including conversion to FISHþ in two cases (Fig. 5). In the pre-
treatment and tamoxifen-resistant specimens there were strong correlations
between phosphorylated p38 MAPK and phosphorylated ERK1/2 MAPK.
In the tamoxifen-resistant xenograft tumours high ER expression was pre-
served, and, like the clinical samples, there was a striking increase in phos-
phorylated p38 MAPK. These data support the concept that adaptive changes
in ER genomic signalling occur during development of hormonal resistance to
tamoxifen and implicate various cross-talk between mitogenic signalling and
ER pathways in the underlying process.
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Hypersensitive ER Signalling Following Prolonged
Estrogen Deprivation

Although loss of ER may occur in some tumours during prolonged endocrine
therapy, it is clear that in many instances signalling through ER is retained. In
particular, the biological mechanisms contributing to resistance following
long-term estrogen deprivation (LTED) using aromatase inhibitors or gona-
dal suppression have been associated with retention and enhanced ER signal-
ling. Adaptation to LTED may lead to upregulation in ER, and in vitro
models have shown that part of the adaptive process involves an increase in
ER expression and E2 hypersensitivity to very low levels of residual estrogen
[47]. Data from several groups support this hypersensitivity concept as a
means of escape from estrogen deprivation. While wild-type MCF-7 cells
respond maximally to doses of estradiol of c. 10–11 to 10–10 M, cells exposed
to LTED adapt and instead respond maximally at c. 10–13 M [17, 48, 47]. In
part, this is caused by an adaptive increase in ER expression and function, but
there is additional evidence for increased ‘cross-talk’ between various growth
factor receptor-signalling pathways and ER at the time of relapse, with
ER becoming activated and super-sensitised by a number of different intra-
cellular kinases, including mitogen-activated protein kinases (MAPKs) and
the insulin-like growth factor (IGF)/AKT pathway [49]. Increased expression
of HER2/HER3, MAPK, and IGFR signalling in cells that become resistance

Pre

Relapse

Pat 221 Pat 228 Pat 259

FISH+ FISH+ FISH-

FISH- FISH- FISH-

Change in HER2 status at time of tamoxifen
relapse in paired breast cancer biopsies

Fig. 5 Change in HER2 status at time of tamoxifen relapse in paired breast cancer biopsies
during acquisition of resistance to tamoxifen (from [46])
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to LTEDmay activate residual and enhanced levels of ER in a manner similar
to that observed in acquired tamoxifen-resistant cells. Evidence to support
this is provided by increased levels of ER phosphorylated at Ser 118, together
with increase in pp90RSK which is one of the kinases thought to be involved
in ER activation. Proof of principle has then been provided by evidence that
ER-mediated gene transcription (which is enhanced 10-fold in these cells that
become sensitive to LTED) can be abrogated by a number of different
approaches to interrupt upstream signalling, including gefitinib, the MEK
inhibitor UO126, and the ER downregulator fulvestrant which degrades
receptor [47]. Thus, it would appear that the ER remains an integral part of
signalling, even following failure of aromatase inhibitors.

ER Mutations/Variants

Until recently little evidence has been found for significant mutations in the ER
gene in human breast cancer patients [50–52]. A mutation has been described in
the ER in tamoxifen-resistant xenografts of the humanMCF-7 breast cancer cell
line. The mutation (tyr351asp) leads to the tumours being growth-stimulated by
tamoxifen [53] but has not been found in human breast carcinomas. An estrogen
hypersensitive ER mutant (lys303arg) has been reported in a large proportion of
atypical breast hyperplasias and breast carcinomas, which may result in an
agonist response to tamoxifen or sensitisation to the low levels of residual estro-
gen with aromatase inhibitors [54]. If confirmed by others this may play a role in
acquired resistance to tamoxifen or estrogen deprivation.

Pharmacological Mechanisms of Hormonal Resistance

Tamoxifen

Measurements of intratumoural levels of tamoxifen have shown thatwomenwith
acquired resistance to tamoxifen have lower levels than sensitive controls [55].
Whether low intracellular levels of tamoxifen are attributable to decreased influx
of the drug or increased efflux via a membrane pump such as p-glycoprotein has
not been established. However, this mechanism is likely a minor contributor to
tamoxifen resistance as clinical samples have consistently demonstrated that
tamoxifen saturates ER with greater than 99.9% occupancy [56].

The cytochrome P450 2D6 enzyme is required to convert tamoxifen to its
more potent metabolite, endoxifen. It has been suggested that reduced activity
of this enzymemay lead to lower circulating levels of endoxifen, and thus reduce
the therapeutic efficacy of tamoxifen. Approximately 7–10% of the population
may be classified as poor metabolisers of tamoxifen due to CYP2D6 variants
(i.e. the biallelic polymorphism CYP2D6*4), which in turn may be associated
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with fewer hot flushes and a decreased level of circulating endoxifen. In a
retrospective analysis of an adjuvant tamoxifen trial, the CYP2D6*4 genotype
was associated with an increased risk of relapse among tamoxifen-treated
women [57]. Similarly, CYP2D6 inhibitors, such as the selective serotonin
reuptake inhibitor antidepressants, frequently used to treat post-menopausal
hot flushes, also decrease endoxifen levels leading some to suggest that these
agents should be avoided in tamoxifen-treated women [57, 58].Whether women
with homozygous CYP2D6 variants would benefit from higher doses of tamox-
ifen or an alternate endocrine therapy has not been investigated. Likewise,
routine testing for CYP2D6 genotypes is not recommended at this time in the
clinical setting, but as further studies report this host factor could become a
recognised mechanism for tamoxifen-specific resistance that would be screened
for prospectively.

Aromatase

In post-menopausal women, the only source of estradiol is from the aromatisa-
tion of adrenal androgens. While peripheral conversion in adipose tissue con-
tributes to measurable levels of circulating estradiol, local production via
tumoural aromatase activity results in 10- to 20-fold higher estradiol concen-
trations in the tumour than in plasma [59]. Variations in tumour aromatase
levels could therefore contribute to responsiveness to AIs. A small study sug-
gested that the level of intratumoural aromatase activity could predict the
response to the first-generation aromatase inhibitor, aminoglutethemide [60].
However, more recent studies have shown no correlation between mRNA
aromatase levels and response to AIs [61].

A number of single nucleotide polymorphisms (SNPs) have been identified in
the aromatase gene (CYP19) and the CYP3A enzymes that metabolise aroma-
tase inhibitors, although most do not translate into a clinically significant
variation in circulating estradiol levels [62]. One SNP has been shown in vitro
to reduce affinity of the aromatase enzyme for exemestane [63]; however, there
is no clinical evidence to date that genetic variations in CYP19 lead to resistance
to aromatase inhibition in vivo.

Growth Factor Signalling and Hormonal Resistance

Membrane peptide growth factor receptors such as the epidermal growth
factor receptor (EGFR), the human epidermal receptors-2 (HER2), or the
insulin growth factor 1 receptor (IGF1R) have been implicated in endocrine
resistance. Overexpression of HER2 due to gene amplification occurs in
approximately 15–20% of all human breast cancers [64] and has been
associated with poor prognosis and de novo resistance to tamoxifen in the
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neoadjuvant setting [65]. Similarly, EGFR is overexpressed in a number of

breast cancers and has also been associated with poor response to tamoxifen

[65]. Importantly, cell models of acquired resistance to both tamoxifen and

estrogen deprivation (ED) have shown that the development of resistance

over time is associated with an adaptative upregulation in growth factor-

signalling pathways, whereby cells enhance their dependence on EGFR- or

HER2-signalling pathways [47].
Activation of these membrane receptors stimulates two major intracellular

kinase signalling cascades – the ras/mitogenic-activated protein kinase

(MAPK) pathway and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway

(Fig. 6). These pathways activate downstream effectors leading to a cascade of

signals involved in malignant growth and survival, and can be involved in

endocrine resistance by a number of mechanisms including downregulation

and loss of ER expression (described above), a total switch to ER-independent

growth using these pathways, or bi-directional cross-talk between ER and

mitogenic signalling. This latter ‘cross-talk’ mechanism in particular involves

synergistic interaction between ER and mitogenic signalling resulting in

enhanced genomic and non-genomic functions of ER.
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pathways in hormonal resistance
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Cross-Talk via Classical ER Transcription Mechanisms

Growth factor-mediated activation of MAPK or Akt can potentiate E2-
mediated ER classical transcriptional activity by directly phosphorylating
AF-1 [66]. Importantly, both MAPK and Akt have been shown to phosphor-
ylate ER within AF-1, at serine 118 and serine 167, respectively, in the absence
of E2, thereby contributing to ligand-independent ER transactivation [67, 68]
(Fig. 6). Other downstream effectors of peptide growth factor receptors have
also been shown to activate ER such as protein kinase A and the cyclin E-cdk-2
complex [6].

An increase in AF-1 transcription may predict for differential sensitivity to
endocrine agents. Tamoxifen may quite efficiently block AF-2-mediated tran-
scription; however, in tumours that exhibit high levels of AF-1 activity driven
by mitogenic signalling, tamoxifen may act as an agonist [16]. This is supported
by the high rate of primary tamoxifen resistance observed in neoadjuvant trials
of HER2-amplified breast cancer [65]. There are some data to suggest that E2
deprivation using an aromatase inhibitor or ER downregulation using fulves-
trant may therefore be a more effective anti-cancer strategy in EGFR/HER2þ
breast cancer [65, 69, 70].

Enhanced Non-genomic Role for ER in Cross-Talk

Conversely, in addition to its effects on transcription, estrogen-bound ER has
also been shown to result in non-genomic effects via rapid activation of EGFR
[12], IGF1R [13], HER2 [71], or the cleavage of membrane-bound growth
factor receptor ligands, such as EGF or TGF-alpha [72]. This bi-directional
interaction between ER and growth factor pathways creates a self-reinforcing
synergistic loop that potentiates pro-survival signals and may allow breast
cancer to escape normal endocrine responsiveness (Fig. 6). Furthermore, the
extranuclear functions of ER appear to require a ligand, and both E2 and
tamoxifen can act as agonists [12].

Importantly, this non-genomic cross-talk does not seem operational in hor-
mone-sensitive ERþMCF-7 cells, its relevance appears to be limited to HER2
amplified or cell lines with acquired endocrine resistance [73]. Our group have
recently demonstrated that in tamoxifen-resistant clones of MCF-7 cells (Tam-
1R) there are elevated levels of phosphorylated AKT and ERK1/2-activated
p90RSK compared to parental MCF-7 cells (Wt) [74]. While there was no
change in the overall level of ER-alpha between the two cell lines, ER location
was shifted to extranuclear sites in Tam-1R cells with co-localisation of ER and
HER2 demonstrated by immunoprecipitation and confocal analysis (Fig. 7).
Furthermore, Tam-1R cells had increased phosphorylation of ER-alpha at
ser167 which was not inhibited by siRNA blockade of AKT or ERK1/2. In
contrast, HER2 tyrosine kinase inhibition resulted in re-localisation of ER to
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the nucleus and restoration of endocrine responsiveness. Unfortunately, while
supported by extensive in vitro models, the clinical relevance of the non-geno-
mic actions of ER and its interaction with membrane peptide growth factor
receptors remain somewhat controversial, and membrane and/or cytoplasmic
ER has yet to be conclusively demonstrated in clinical samples.

Cross-Talk as Mechanism of Resistance to Estrogen Deprivation

Recent laboratory research with ERþ breast cancer cells into the mechanisms
of resistance to long-term estrogen deprivation (LTED) has demonstrated that
various growth factor pathways and oncogenes involved in the signal transduc-
tion cascade become activated and utilised by breast cancer cells to bypass
normal endocrine responsiveness [75, 76]. Pre-clinical data indicate that expo-
sure to LTED (analogous to that caused by AIs) and subsequent development
of acquired resistance may be accompanied by adaptive increases in ER gene
expression and intercellular signalling, resulting in hypersensitivity to low
estradiol levels [47, 77–79]. There is evidence for increased ‘cross-talk’ between
various growth factor receptor-signalling pathways and ER at the time of
relapse on LTED, with ER becoming activated and super-sensitised by a
number of different intracellular kinases, including mitogen-activated protein

IP:HER2

IP:ERα

WT  TamR

ERα
HER2

ERα
HER2

TamR

HER2

ERα

Merge

WT

HER-2 Associates With ER in TamR Cells

Fig. 7 HER2 associates with ER in tamoxifen-resistant cells as determined by immunopreci-
pitation and confocal analysis of parental vs tamoxifen-resistant MCF-7 cells (from [74], with
permission from Dr Lesley-Ann Martin)
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kinases (MAPKs), epidermal growth factor receptor (EGFR) and HER2/HER3
signalling, and the insulin-like growth factor (IGF)/AKT pathway [49, 79]. In
cells resistant to long-term estrogen deprivation (LTED-R), ER-mediated gene
transcription is enhanced 10-fold in these cells, but can be abrogated by a number
of different approaches to interrupt upstream signalling including the EGFR
tyrosine kinase inhibitor gefitinib, MEK inhibitors, and the ER downregulator
fulvestrant which degrades ER protein [47].

Thus, it would appear that both ER and various peptide growth factors are an
integral part of signalling even following failure of estrogen deprivation therapies,
and that a possible successful approach to overcoming hormonal resistance could
involve the use of the ER downregulator fulvestrant or various signal transduction
inhibitors (STIs) to remove ER and/or activation of ‘cross-talk’ ER signalling,
respectively. Furthermore as discussed below, evidence is now emerging that such
drugs may be more effective when given in combination with existing endocrine
therapies in an attempt to delay or prevent resistance occurring.

Clinical Implications for Overcoming Hormonal Resistance

The clinical implications of a retained, albeit an altered or hyperactive, ER-
signalling pathway with or without ‘cross-talk’ activation of peptide growth
factor pathways are that further endocrine therapies can be used after develop-
ment of hormonal resistance, either alone or in combination with novel signalling
agents. Pre-menopausal patients who respond and relapse after estrogen with-
drawal by ovarian suppression can respond, at the time of subsequent relapse, to
further suppression of estrogen levels by the addition of an aromatase inhibitor
[80]. This suggests that the initial resistance was to acquisition of enhanced
sensitivity to residual post-menopausal levels of estrogen, which can be overcome
by further reducing circulating levels in these patients. This has been further
supported by a recent clinical trial showing that women who have relapsed on an
AI respond to more potent endocrine manipulation using the irreversible aro-
matase inhibitor exemestane or ER downregulation with fulvestrant [24].

Fulvestrant – Targeting Activated ER in Hormonal Resistance

Fulvestrant is a novel type of estrogen receptor (ER) antagonist that unlike
tamoxifen has no known agonist effects [81]. Fulvestrant binds to the ER but
due to its steroidal structure and long side chain induces a different conforma-
tional shape with the receptor to that achieved by the non-steroidal antiestrogen
tamoxifen. Because of this, fulvestrant prevents ER dimerisation and leads to
the rapid degradation of the fulvestrant–ER complex, producing the loss of
cellular ER. Thus fulvestrant, unlike tamoxifen, inhibits ER binding with DNA
and produces abrogation of estrogen-sensitive gene transcription [82]. It has
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been shown that due to its unique mechanism of action, fulvestrant delays the
emergence of acquired resistance compared with tamoxifen in an MCF-7
hormone-sensitive xenograft model [83]. The lack of agonist effects means
that fulvestrant did not support the growth of tumours that became resistant
to, and subsequently stimulated by, tamoxifen.

Clinical data from three phase II studies in a total of 293 post-menopausal
women with advanced breast cancer suggest some modest efficacy for fulves-
trant in a second/third-line setting [84, 85, 86]. In these three studies clinical
benefit rates (i.e. that include objective tumour responses and stable disease for
at least 6 mo) of 30, 44, and 35%, respectively, have been reported. Many of
these patients had progressed on prior treatment with several endocrine agents,
and these results imply that disease progression after non-steroidal aromatase
inhibitors may not preclude subsequent treatment with fulvestrant. This was
confirmed in the large randomised phase III ‘Evaluation of Faslodex vs Exe-
mestane Clinical Trial’ (EFECT) study that demonstrated similar efficacy for
fulvestrant vs exemestane in patients who have progressed on treatment with
non-steroidal AIs [24].

Recent pre-clinical data have suggested that the efficacy of fulvestrant, espe-
cially in the setting of endocrine resistance where activated ER signalling may be
dominant, may critically depend on the background estrogen environment in
which the cells exist. Recent experiments with tamoxifen-stimulated breast cancer
xenografts demonstrated paradoxical effects on tumour growth dependent on
whether fulvestrant was administered in the presence or absence of estrogen [87].
While wild-type MCF-7 xenografts were growth stimulated by estrogen and
inhibited both by tamoxifen and fulvestrant, in contrast long-term tamoxifen-
treated (MCF-7TAMLT) tumours which became resistant and growth stimu-
lated by tamoxifen were inhibited by estradiol. The addition of fulvestrant to
estradiol-treated tumours reversed these effects and actually stimulated growth of
MCF-7TAMLT tumours. However, when fulvestrant was given to these
tumours on its own in a low-estradiol environment, tumours did not grow.
Similar results have been reported in LTED-R cells in vitro where maximal
growth inhibition of cells was observed with a dose of 10–8 M fulvestrant, yet
the titration back of increasing amounts of estradiol resulted in re-growth of cells
which fulvestrant was no-longer able to effectively antagonise [88].

On the basis of these findings, phase III clinical trials of fulvestrant are
currently in progress that will investigate additional roles for fulvestrant in
breast cancer therapy either following prior non-steroidal AI treatment or in
combination with AIs (to maintain low estradiol levels) as first-line therapy.
The comparator for several of these studies is the steroidal aromatase inacti-
vator exemestane which in phase II studies has shown some efficacy following
progression on non-steroidal AIs [89]. An ongoing phase III trial (SoFEA) will
compare progression-free survival in patients who have progressed on a non-
steroidal AI and who are subsequently treated with either fulvestrant plus
continued anastrozole or with fulvestrant alone. Secondary aims include a
comparison of fulvestrant vs exemestane and an examination of biological
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markers of response. In addition, two trials (FACT and SWOG 226) will
compare the efficacy of a combination of fulvestrant plus anastrozole with
anastrozole alone in the first-line setting. As AIs move forward into the adju-
vant setting the results of these trials will help define optimal sequencing of
endocrine therapies, and in particular whether fulvestrant used alone or in
combination with aromatase inhibitors is the most effective strategy [90].

Endocrine Therapy in Combination with Anti-growth
Factor Receptor Therapies

Growth factor signalling has been extensively implicated in endocrine resis-
tance, and in some cases the interaction between ER and mitogenic pathways
can be described as a dynamic inverse relationship, where inhibition of one
results in compensatory increase in the other. As discussed above this is sup-
ported by pre-clinical and clinical data showing that growth factor inhibition
may increase ER expression or function and re-sensitise breast cancer cells to
endocrine therapy and would support combination or, in fact, sequential treat-
ment. Alternatively, growth factor signalling can interact synergistically with
ER and augment both genomic and non-genomic functions of the receptor.
This would provide a strong rationale for simultaneous blockade of both ER
and mitogenic pathways using various signal transduction inhibitors (STIs).

For hormone-resistant breast cancer, in particular ERþ cells that overexpress
HER2, the strategy of combined STIs and endocrine therapy may be more
effective than using STIs alone in this setting. Most of the experimental data in
support of this concept has come from HER2+ tamoxifen-resistant models
rather than LTED-resistant scenarios, but similar principles may apply. It has
been shown that signal transduction blockade using a HER2 tyrosine kinase
inhibitor (AG1478) or a MAPK inhibitor (UO126) may abrogate antiestrogen
resistance, while combined treatment with tamoxifen and STI was significantly
more effective than either therapy alone, not only at inhibiting estrogen-mediated
gene transcription and tumour colony survival in vitro, but also at delaying
tumour xenograft growth in vivo [91]. Others have shown that hormone-resistant
MCF-7 cells with upregulated HER2 signalling are sensitive to the TKI gefitinib,
and that combined therapy of gefitinib and tamoxifen provided maximal growth
inhibition and significantly delayed the time to progression of the disease [92].
Using an in vivo model of MCF-7/HER2 overexpressing xenografts, similar
effects were seen with gefitinib combined with estrogen deprivation, which pro-
vided greater inhibition of growth and substantially delayed acquired resistance
compared with estrogen deprivation alone [35].

Based on the evidence outlined above, a number of trials were initiated with
either the HER2 monoclonal antibody trastuzumab or the EGFR/HER2 tyr-
osine kinase inhibitors (TKIs) gefitinib, erlotinib, or lapatinib in combination
with endocrine therapy (Table 2) [93]. While some of these trials are in patients
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with established hormonal resistance where activated growth factor pathways
may be operative, many of the trials are in the first-line ERþ hormone-sensitive
setting in combination with an aromatase inhibitor, where clinical and experi-
mental data have shown that TKIs alone may have limited activity. Therefore,
the primary endpoint for these trials is to investigate whether time to disease
progression (TTP) can be significantly prolonged by the addition of an STI to
endocrine therapy, thus delaying the emergence of resistance as demonstrated
in various pre-clinical models described above.

Gefitinib and erlotinib are both small-molecule tyrosine kinase inhibitors of
the ATP-binding site of the EGFR and have been shown to delay the develop-
ment of tamoxifen resistance in vitro [92]. Two studies have explored the
potential benefit for combining either gefitinib or erlotinib with an aromatase
inhibitor (Table 2) [94, 95]. Neither study showed significant clinical efficacy.
More definitive answers to the question of combined EGFR inhibition with
endocrine therapy might be obtained by studying homogenous tumour popula-
tions in the early (primary) breast cancer setting. However, a randomised
neoadjuvant trial of anastrozole alone or in combination with gefitinib given
for 3 months prior to surgery in 206 post-menopausal patients with ER+
primary breast cancer was also negative (Table 2) [96]. This study also failed
to select patients for EGFR overexpression, although molecular studies of
tumour specimens obtained pre- and post-treatment will be crucial to explain
response/resistance to both therapies. In contrast, a pre-operative trial of
gefitinib vs gefitinib combined with anastrozole for 4–6 weeks prior to surgery
was conducted in women with known ER+ and EGFR+ primary breast
cancer [97]. This study showed that both treatments effectively reduced the
size of breast tumours and levels of ER phosphorylation, and that combined
treatment induced the greatest reduction in tumour proliferation. These studies
of EGFR therapies illustrate the importance of selecting tumours with the
known target for combined STI–endocrine therapy, although the reported
rates for EGFR expression in primary breast cancer do vary quite dramatically
among studies (range 15–90%) [98].

The results of a randomised, double-blind placebo-controlled phase II trial of
tamoxifen with/without gefitinib in 290 patients with ER+ metastatic breast
cancer were recently presented [99]. This study set out to prove the pre-clinical
concept that combination therapy could delay the onset of acquired resistance to
endocrine therapy, as demonstrated both in vitro [72] and in xenograft models in
vivo [35, 92]. Patient’s disease was either endocrine naı̈ve or had developed greater
than a year after completion of adjuvant tamoxifen (Stratum 1, n=206), or had
developed during or after AI therapy (Stratum 2 n=84). In the endocrine naı̈ve
patients (Stratum 1) there was a numerical increase in progression-free survival
from10.9 to 8.8months (hazard ratio 0.84, 95%CI 0.59–1.18, p=0.31)whichmet
the pre-defined criterion of a 5% improvement in PFS. Clinical benefit rate was
also numerically superior (50.5 vs 45.5%). Patients that had been pre-exposed to
AIs did not gain any benefit from the combination, suggesting that difference in
patient populations is crucial in selecting an appropriate population to test in these
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studies. Further randomised trials inmetastatic disease of gefitinib and anastrozole
vs anastrozole alone are in progress to see if a delay in acquired resistance to
estrogen deprivation can be delivered by combined therapy, again as previously
demonstrated in xenograft models [35].

HER2 signalling may repress expression of ER directly via hyperactivated
MAPK [34], and clinical evidence exists that trastuzumab may restore both ER
expression and endocrine responsiveness in advanced breast cancer [36]. A
phase II clinical trial of letrozole and the monoclonal antibody trastuzumab
in patients with ER+/HER2+ metastatic breast cancer revealed that the
combination was well tolerated and had a clinical benefit rate (PR + SD) of
50% [100] (Table 2). A randomised phase II trial in 207 patients with known
ER+/HER2+ metastatic breast cancer recently reported a doubling of pro-
gression-free survival with the addition of trastuzumab over anastrozole alone
(4.8 mo vs 2.4 mo, p=0.0016) [101]. Ongoing studies remain looking at
trastuzumab in combination with aromatase inhibitors, although a three-arm
randomised trial of trastuzumab, an aromatase inhibitor, or the combination is
required to confirmwhether the combination actually offers an additive benefit.

Lapatinib is a potent oral tyrosine kinase inhibitor of both EGFR and
HER2. As a dual inhibitor it may have the potential for greater anti-tumour
effect than strategies targeting a single receptor, and in vitro data have demon-
strated that estrogen deprivation significantly enhances the antiproliferative
effects of lapatinib in HER2-amplified breast cancer cell lines [37, 102]. A phase
I study has shown that the combination of lapatinib with letrozole was well
tolerated with toxicities consisting mainly of grade 1–2 diarrhoea, nausea, rash,
and fatigue [103], while a small phase II trial of lapatinib and tamoxifen was
designed on the basis of pre-clinical evidence that lapatinib can significantly
enhance sensitivity to tamoxifen in cell lines with acquired tamoxifen resistance
[102, 104]. A phase III trial has completed recruitment of 1200 patients with
metastatic ER+ breast cancer who were randomised to receive either letrozole
alone or letrozole combined with lapatinib. Importantly, patients were selected
regardless of their known EGFR/HER2 status in the primary tumour, but were
stratified according to the time interval since adjuvant tamoxifen (> or <6
months). This large study may offer an important insight into the subgroups of
patients most likely to benefit from a lapatinib–endocrine combination, such as
known HER2+/ER+ breast cancer with potential de novo endocrine resis-
tance (at least 200 such patients should be included in the study) or tumours that
might develop acquired resistance to letrozole during treatment due to adaptive
HER2 upregulation. To identify the latter, all patients had serum taken at
baseline entry for assessment of circulating extracellular domain (ECD)
HER2 which has been reported to be a predictor of poorer outcome with
endocrine therapy, with sero-conversion occurring during endocrine therapy
in up to 25% of patients with ER+ metastatic disease treated with either
letrozole or tamoxifen [105, 106]. Thus, correlative biomarker studies will be
crucial to the interpretation of which ER+ tumours derive benefit from com-
bined STI–endocrine therapy.
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Endocrine Therapy Combined with Farnesyltransferase Inhibitors

Interfering with the downstream effectors of growth factor receptors has
emerged as another effective anti-tumour strategy. Ras proteins are mem-
brane-bound GTP-binding proteins that are frequently aberrantly expressed
in breast cancer [107], and act as mitogenic switches between growth factors
receptors and downstream intracellular signalling via Raf/MAPK. This reac-
tion is catalysed by the farnesyltransferase enzyme. FTIs such as tipifarnib and
lonafarnib were developed in an effort to interrupt this pathway by inhibiting
farnesylation, the first step in Ras activation. Based on encouraging results in
cell line and tumour xenograft models [108] trials have been conducted in
combination with tamoxifen or aromatase inhibitors (Table 2). Again, small
phase I/II studies that included patients with endocrine resistance suggested
evidence of efficacy [109, 110]. Unfortunately a larger randomised phase II
study of letrozole alone or in combination with tipifarnib failed to show added
benefit for the combination [111]. Mistakes in this trial included underpowering
with inappropriate clinical endpoints of response rate rather than disease
stabilisation. However, the true target for FTIs remains poorly understood,
with up to 30 proteins that require farnesylation having a role in cellular growth
and survival [112].

Endocrine Therapy Combined with mTOR Antagonists

The PI3K/Akt/mTOR pathway is activated by a number of growth factors,
including insulin, insulin-like growth factor I (IGF-1), basic fibroblast growth
factor (bFGF), EGF, and vascular epidermal growth factor (VEGF). Inhibit-
ing this key effector of multiple pro-survival signals has therefore emerged as a
viable therapeutic strategy in cancer.Mutations in the catalytic domain of PI3K
have been identified in 20–25% of breast cancers [113, 114]. A further 15–35%
of breast cancer patients demonstrate reduced expression of PTEN (phospha-
tase and tensin homolog deleted on chromosome Ten), a known inhibitor of the
PI3K/AKT pathway which may be associated with poor prognosis in patients
with ER+ breast cancer treated with tamoxifen [115, 116]. As such these
cancers may be resistant to strategies targeting upstream growth factor recep-
tors, but particularly sensitive to PI3K or mTOR inhibition. Furthermore, pre-
clinical studies have demonstrated that the combination of letrozole with an
mTOR inhibitor results in synergistic growth inhibition and apoptosis in ER+
breast cancer cell models [117].

While PI3K inhibitors are still in the early stages of development, mTOR
inhibitors have been tested in breast cancer in combination with endocrine
therapies (Table 2). A randomised phase II study of letrozole alone or in
combination with another inhibitor, temsirolimus, has also been reported
[118]. Preliminary results suggested a modest benefit to the combination in
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terms of median progression-free survival (13.2 mo vs 11.6 mo). Unfortunately,
the resulting large phase III randomised trial of letrozole alone or in combina-
tion with temsirolimus in 992 post-menopausal women was terminated early
after an interim analysis demonstrated a lack of benefit for the combination
[119]. As with gefitinib, the inability to identify patients in whom the tumours
demonstrate dependence on PI3K-mTOR activation severely limited the like-
lihood of success for this large phase III trial. Likewise, concern has been
expressed that mTOR inhibition may induce a feedback loop via S6kinase
and IGFR which enhances further Akt activation, thus overcoming the effects
of mTOR inhibition.

Further studies in the neoadjuvant setting have evaluated the benefit of
adding the mTOR inhibitor everolimus (RAD-001) to letrozole [120]. In a
randomised phase II study in 270 post-menopausal women with ER+ primary
operable breast cancer (>2 cm in size), the combination of letrozole 2.5 mg/day
and everolimus 10 mg/day for 4 months pre-surgery resulted in a significantly
greater tumour shrinkage as judged by ultrasound (58 vs 47%, p=0.03) and a
greater reduction in cell proliferation as measured by changes in Ki-67 after
15 days therapy. In associated biomarker studies to determine those tumours
most likely to respond to combined mTOR antagonists and AI, elevated levels
of one of the downstream biomarkers of mTOR activation (pS6240 kinase) was
associated with a greater chance of response to the combination (odds ratio 2.1)
[121]. These types of clinical studies in primary breast cancer are more likely to
yield informative biomarker data than correlative studies in advanced disease,
and as such may help select appropriate patients for combination strategies
which attempt to overcome endocrine resistance pathways.

Conclusion

A number of theories have been proposed as contributing to endocrine resis-
tance, and it is unlikely that there is any single dominant mechanism in the
clinic. As discussed in this chapter pre-clinical evidence exists to support a
number of valid hypotheses, including loss/repression of ER and various phar-
macological/pharmacogenetic host factors that may account for resistance to
tamoxifen. However, there is an increasing body of evidence to suggest that ER
signalling survives, and that growth factor receptor and downstream kinases
often operate in conjunction with ER to account for both de novo and acquired
endocrine resistance. The nature of the interaction between ER and mitogenic
signalling likely varies over time and from one patient to another. In some
activated growth factor-mediated signalling suppresses ER expression and
function, raising the possibility that growth factor-targeted therapy may
directly restore endocrine responsiveness. In other cases, ER and growth factor
signalling may interact synergistically providing the basis for combination
strategies. Unlike tamoxifen resistance, relatively less is known about the
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mechanisms underpinning resistance to long-term estrogen deprivation,
although as more post-menopausal women are receiving first-line adjuvant
treatment with AIs, this question will become increasingly relevant. Both
growth factor signalling and E2 hypersensitivity have been shown to contribute
and would suggest that continued ED with an AI might be a superior approach
to growth factor targeting alone.

Despite the strong pre-clinical data and rationale, translation of these hor-
mone resistance hypotheses into clinical studies of combined STI and endocrine
therapies has yielded disappointing results to date, which may be in part
attributable to a poor selection of patients. It is unlikely that patients will
respond to combination with specific inhibitors unless the intended target is a
significant driver of endocrine-resistant growth. Conversely, while significant
overexpression of HER2 is a known requirement for benefit from trastuzumab,
further studies are needed to determine whether more moderate receptor
expression or activation may be relevant in the setting of endocrine resistance.
A number of trials are currently exploring the benefit of various targeted agents
in combination or in sequence with endocrine therapy and include biological
analyses that may shed further light on the clinically relevant mechanisms of
endocrine resistance. Integrating these biological studies into ongoing clinical
trails, together with appropriate and intelligent combinations of various signal-
ling agents together, may ultimately be the smart way to combat the various
hormonal resistance pathways that cancer cells utilise to survive.
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Strategies of Hormonal Prevention

Yuxin Li and Powel H. Brown

Introduction

Breast cancer is the most common cancer in women excluding skin cancer.

Estimated by the National Cancer Institute, one in eight women in the United

States will develop breast cancer during their lifetime. The high risk of this

disease had prompted extensive studies in breast cancer prevention and treat-

ment. With aggressive screening to detect early breast cancer and significant

advances in treatment, breast cancer mortality rate has declined dramatically.

However, it remains the second leading cause of cancer death in women,

exceeded only by lung cancer [1]. In contrast to the progressions in detection

and treatment, the incidence of breast cancer in the United States has been

increased by almost 40% in an 18-year period (1980–1999), and showed a

declining trend in recent years. The decreased incidence of breast cancer was

observed mainly in women aged 50 years or older and was more evident in

estrogen receptor (ER)-positive cancers than in ER-negative cancers. Ravdin et

al. have proposed that the decline of breast cancer incidence might be related to

the drop of hormone replacement therapy among postmenopausal women in

the United States [2]. The influence of hormonal medication on breast cancer

incidence is a strong evidence of using endocrine interventions to prevent the

development of breast cancer.
Mammary carcinogenesis was noted to be a hormonally dependent process

more than a century ago. The association of estrogen with breast cancer has

been recognized since Beatson first demonstrated that bilateral oophorectomy

could benefit premenopausal women with inoperable breast cancer in 1896 [3].

Subsequent investigations implicated that estrogen is a key factor for

the initiation and promotion of breast cancer, suggesting the potential
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therapeutic and preventive effects of antiestrogenic agents. Therefore, strate-
gies to reduce the estrogen exposure to breast tissue, or to antagonize the
estrogen activity, represent the mainstream in the current breast cancer pre-
vention studies.

Currently available approaches to prevent breast cancer can be categorized
into enhanced surveillance, lifestyle adjustment, prophylactic surgery, and
chemoprevention. Enhanced surveillance includes regular self-examination,
clinical breast examination, and annual mammography. This is secondary
prevention approach that aims to detect breast cancer at the earlier stages
(Fig. 1). However, it has no role to inhibit mammary carcinogenesis. Prevention
of mammary carcinogenesis will rely on the primary prevention approaches
that include lifestyle adjustment, prophylactic surgery, and chemoprevention.
All of these strategies have involved hormonal changes or modulation of
hormonal signaling pathways as the underlying mechanisms.

Lifestyle Adjustments

Lifestyle adjustments are considered as safe and natural processes to reduce
the risk of breast cancer. The idea of lifestyle adjustment originated from
promising data of observational studies. A comparison of breast cancer
incidence across geographic regions demonstrated a tremendous variation in
incidence in which more than 5-fold difference was observed between low-risk
and high-risk areas [4]. Moreover, migration studies showed that breast
cancer rates increased in persons who moved from low-risk area to high-risk
area [5], suggesting that environmental exposures and lifestyle changes con-
tribute substantially to the risk of breast cancer. Abundant epidemiological
data suggest that early pregnancy, physical activity, or dietary factor may
prevent the development of breast cancer.

Fig. 1 Breast cancer prevention approaches
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Early Pregnancy

Extensive epidemiological and clinical data indicate that womenwho have early
full-term pregnancy (especially before the age of 20 or 24 years) have a sig-
nificant reduction in their lifetime risk of developing breast cancer, and addi-
tional pregnancies increase the protection [6]. This phenomenon is consistently
observed in both human and rodents [7, 8], suggesting that hormonal changes
during the pregnancy is attributed to the protection of breast tissue from
carcinogenesis. At present, the mechanism by which parity protects against
breast cancer is not fully understood. It is suggested that this protective effect
could result from terminal differentiation of a subpopulation of mammary
epithelial cells at increased risk of carcinogenesis. The induction of preg-
nancy-driven differentiation could be induced by either the hormonal milieu
of pregnancy [9] or the environmental milieu and alterations in the immunolo-
gical profile of the host [10, 11]. The Russo group have described the normal
mammary tissue as consisting of the undifferentiated lobules type 1 (Lob 1), the
more-developed lobules type 2 and 3, and lobules type 4 which occur during
pregnancy and lactation. After menopause, the breast regresses to Lob 1 in both
nulliparous and parous women. It was postulated that the Lob 1 in breast of
nulliparous women, which had not gone through the full process of differentia-
tion, contains a high concentration of reproducing progenitor cells (also called
‘‘stem cells 1’’). These stem cells 1 are susceptible to neoplastic transformation
when exposed to carcinogenetic events. In contrast, Lob 1 in postmenopausal
parous breast contains a different group of reproducing progenitor cells called
‘‘stem cells 2,’’ which are refractory to neoplastic transformation. The early
pregnancy-induced mammary differentiation changes the genomic signature in
Lob 1 and shifts the stem cell 1 to stem cell 2; these changes with genomic
expression may be the mechanism by which early pregnancy prevents breast
cancer [12]. In addition, Trichopoulos et al. have postulated that the number of
mammary stem cells was reduced through the process of terminal differentia-
tion after the first full-term pregnancy, which has also contributed to the breast
cancer risk reduction [13]. Clearly, clarifying the underlying mechanism of early
pregnancy protection could help us develop new hormonal strategies to reduce
the risk of breast cancer.

Physical Activity and Breast Cancer

During the past 20 years, numerous observational studies have demonstrated
that women who exercise regularly have a reduced risk of developing breast
cancer than sedentary women. However, there are a number of studies that
reported no relation between physical activity and risk of breast cancer. The
inconsistent findings may be attributable to the large heterogeneity in study
design, exposure measurements, sample populations, and other aspects.
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Recently, Monninkhof et al. have performed the meta-analysis of 19 cohort
studies and 29 case–control studies concerning physical activity and breast
cancer risk published between 1994 and 2006 [14]. The number of cases ranged
from 46 to 3,424 in cohort studies and from 81 to 6,888 in case–control studies.
These observational studies have been scored by quality assessment according
to three important sources of error (selection, misclassification, and confound-
ing bias). Thus, studies were classified into higher or lower quality groups based
on the median study quality score. In cohort studies, the three studies assessing
total activity show inconsistent results. About 8 of the 17 cohort studies on
leisure time activities showed a decreased breast cancer risk (RR<0.8) and the
other 9 reported no association. In general, the lower quality studies show
greater risk reductions than the higher quality studies. Risk reduction in higher
quality studies ranged from 21 to 39%. In case–control studies, four of the six
studies assessing total activity demonstrated a decrease in breast cancer risk
(RR<0.8) ranging from 21 to 52%. A total of 14 out of 28 case–control studies
on leisure time activity observed a reduced risk ranging from 23 to 65%. Over-
all, physical activity is associated with a modest (15–20%) risk reduction on
breast cancer. When menopausal status was considered, majority studies asses-
sing risk among postmenopausal women showed reduced risk ranging from 20
to 80%. In contrast, in premenopausal women, the evidence is much weaker
and judged as indecisive. Evidence for a dose–response relationship was
observed in approximately half of the higher quality studies that reported a
reduced risk. The results of the trend analysis of 17 case–control studies suggest
a 6% reduction in risk per hour physical activity per week assuming that activity
would be sustained over a longer period of time.

Lahmann et al. have analyzed 9 studies which include 218,169 premeno-
pausal and postmenopausal women aged 20–80 years from European Pro-
spective Investigation into Cancer and Nutrition (EPIC) cohort studies [15].
During 6.4 years of follow-up, 3,423 incident invasive breast cancers were
identified. Overall, increasing total physical activity was associated with a
reduction in breast cancer risk among postmenopausal women. Interestingly,
only household activity was associated with a significantly reduced risk in
both postmenopausal (HR: 0.81, 95% CI=0.70–0.93, p=0.001) and preme-
nopausal (HR: 0.71, 95% CI=0.55–0.90, p=0.003) women. Occupational
activity and recreational activity were not significantly related to breast cancer
risk in either premenopausal or postmenopausal women.

Multiple physiological responses to physical activity have been postulated to
be attributed to the reduced risk of breast cancer [16]. These include decreased
body fat and sex hormone, decreased insulin and IGFs, enhanced immune
function, decreased adipocytokines, decreased mammographic density, and
improved antioxidant defense systems. Among them, changes in sex hormones
are perhaps the most consistently cited mechanism for the association between
physical activity and breast cancer. McTiernan et al. have conducted a
12-month randomized controlled exercise trial in postmenopausal women
[17]. Moderate-intensity exercise was associated with significant decrease of
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serum estrogen level (3.8–8.2% after 3 months of exercise), which was propor-
tional to the degree of body fat loss. Decreased body fat will result in less
substrate for estrogen and testosterone production and lead to less tissue
capable of aromatization of the adrenal androgens to estrogens.

Diet and Breast Cancer

Dietary factors are thought to be important factors for the geographic change in
incidence rates of breast cancer [18]. An interesting group of dietary factors is
the natural phenolic compound group, which potentially can act as steroid
action modulator. Phytoestrogens, which include flavonoids, tannins, stilbe-
noids, and lignans, are a broad group of plant-derived phenolic compounds
that can bind to ER and mimic the effects of estrogen, although with low
potency. Multiple epidemiologic data suggest a decreased risk of breast cancer
in women from countries with high phytoestrogen consumption [19]. This has
been followed by in vitro and in vivo animal studies suggesting a potential role
for phytoestrogen in reducing the risk of breast cancer [20]. However, recent
reviews have failed to provide strong evidence showing phytoestrogens can
prevent breast cancer [21]. Several randomized clinical trials are being con-
ducted to evaluate the preventive effect of phytoestrogens on breast cancer. In
addition to phytoestrogens, a randomized controlled trial run by the Women’s
Health Initiative demonstrated that low-fat diet was associated with a 9%
reduction (HR: 0.91, 95% CI=0.83–1.01) in breast cancer risk over a 8.1-year
average follow-up; however, this reduction did not reach statistical significance
(p=0.09) [22, 23].

The majority of epidemiologic studies on diet and breast cancer are
case–control studies which are retrospective and constitute with recall
bias, selection bias, and other bias. Recently, more data from prospective
cohort studies have become available. Given the wealth of studies,
Michels et al. have reviewed prospective cohort studies on diet and breast
cancer incidence [24]. The review covers the wide range of nutritional
factors including fat intake, fruit and vegetable consumption, antioxidant
vitamins (vitamins A, C, E, and beta-carotene), serum antioxidants,
carbohydrate intake and glycemic load, dairy and vitamin D consump-
tion, heterocyclic amines, soy products, green tea, and others. To date,
there is no association that is consistent, strong, and statistically signifi-
cant between diet and breast cancer incidence, except for regular alcohol
consumption and weight gain. A recent pooled analyses of six prospective
cohort studies showed that consumption of each additional 10 g of
alcohol per day was associated with a 9% (95% CI=4–13%) increase
in the risk of breast cancer [25]. Similarly, analysis of pooled data from
seven prospective cohort studies demonstrated an association between
high body mass index (BMI) and breast cancer [26]. This study showed
increased breast cancer risk in postmenopausal women with high BMI,
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with a relative risk (RR) of 1.26 (95% CI=1.09–1.46) for postmenopau-
sal women with a BMI above 28 kg/m compared to postmenopausal
women with a BMI of less than 21 kg/m [26].

Prophylactic Surgeries

Prophylactic surgeries consist of bilateral mastectomy and bilateral oophorect-
omy. These are highly invasive approaches that are only applied to women with
extremely high risk of breast cancer, such as hereditary breast cancer. Unlike
familial breast cancer, which has one or more first- and/or second-degree
relatives affected by breast cancer, but lacks theMendelian inheritance pattern,
hereditary breast cancer is developed from women who carry a mutated phe-
notype of a specific gene segregating with a Mendelian inheritance pattern [27,
28]. These cancers account for 5–10% of all breast cancers. Majority (75%) of
hereditary breast cancer patients carry the mutation of BRCA1 (breast cancer
gene no. 1) or BRCA2 genes [29]. It is estimated that BRCAmutations occurred
in 10% of breast cancers diagnosed in women younger than 40 years. Mutation
of either gene has amarkedly increased risk of developing breast and/or ovarian
cancer during their lifetime, particularly at younger ages. BRCA1/BRCA2
mutations confer the lifetime risk of breast cancer from 54 [30] to 85% [31]
and the lifetime risk of ovarian cancer from 20 to 54% [30, 32].

Owing to their extremely high risk of developing breast cancer, some BRCA
mutation carriers may consider accepting bilateral mastectomy, which is the
most effective method to prevent breast cancer. Recently, both Rebbeck and
Hartmann showed that women with BRCA mutations could benefit from
bilateral prophylactic mastectomy [33, 34]. However, mastectomy is not
100% effective. Previous reports indicated that mastectomy reduced the risk
of breast cancer by 90–100% [35–37]. Breast cancers developed after prophy-
lactic mastectomy were from the nipple-areolar complex, elsewhere in the
breast, or metastatic locations. In a large case study done at Mayo clinic [38],
7 out of 639 women who accepted subcutaneous mastectomy developed breast
cancer. Only one patient had cancer in the nipple, and the other six had cancer
in the breast (one patient), chest wall (three patients), breast above areola (one
patient), and the bone marrow (one patient). Cancer that developed after
mastectomy is probably the result of inadequate removal of all the mammary
tissues. Any amount of residual mammary gland will have significant risk to
develop cancer. Metastatic disease is probably a result of the spread of cancer
before the surgery.

Considering the high risk of developing both breast cancer and ovarian
cancer in BRCA mutation carriers, and the poor prognosis of ovarian cancer,
application of the bilateral oophorectomy in these patients is a reasonable
modality. More women with BRCA mutations will prefer oophorectomy than
mastectomy due to the more acceptable cosmetic outcome and the preventive
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effect for both ovarian and breast cancers. The idea of oophorectomy to prevent
breast cancer originated from accumulating observations showing the close
relationship of ovary function and breast cancer, which was noted more than
a century ago. It was Albert Schinzinger, a German surgeon, who first proposed
surgical oophorectomy (surgical removal of ovaries) as treatment for advanced
breast cancer and prophylaxis against local recurrence after he observed that
the prognosis for breast cancer appeared better in older women than in younger
women [39]. In 1895, George Thomas Beatson first conducted bilateral oophor-
ectomy in a premenopausal woman with metastatic breast cancer. Follow-up
observation showed that this patient experienced a complete clinical remission
and survived 4 years after surgery [3]. Influenced by this result, English surgeon
Stanley Boyd first applied oophorectomy as adjuvant treatment for breast
cancer. As he described, ‘‘my working hypothesis is that internal secretion of
the ovaries in some cases favors the growth of the cancer.’’ In 1900, he reported
that one-third of breast cancer patients benefited from ovarian ablation.
Although these clinical data were not very encouraging, they did imply a strong
relationship between estrogen and the development of breast cancer. In 1992,
the Early Breast Cancer Trialists’ Collaborative Group reported a meta-
analysis of clinical trials of adjuvant oophorectomy by radiation or surgery,
which indicated that ovary ablation in breast cancer patients showed long-term
benefits including increased disease-free and overall survival. Results of several
following adjuvant trials have given direct evidence of clinical benefits of
oophorectomy in breast cancer patients, particularly in patients whose cancers
express hormone receptors [40–42].

The effectiveness of prophylactic oophorectomy in BRCAmutation carriers
was demonstrated in recent studies. Rebbeck et al. have reported that bilateral
oophorectomy in BRCA1 or BRCA2 carriers reduced the risk of breast cancer
by 50% [43, 44]. In a multicenter retrospective study of 551 women with
BRCA1 or BRCA2 mutations, 259 women had accepted prophylactic oophor-
ectomy and 292 had not. After a mean follow-up of 8.8 years, 6 women (2.3%)
among those who accepted the surgery received a diagnosis of stage I ovarian
cancer, while 58 women (19.9%) in the control group were diagnosed with
ovarian cancer. In a subgroup of 241 women with no history of breast cancer or
prophylactic mastectomy, the incidence of breast cancer was reduced from
42.3% (60 out of 142 women who did not accept prophylactic surgery) to
21.2% (21 out of 99 women who had accepted bilateral oophorectomy). Simi-
larly, Kauff et al. conducted a study in 170 BRCA mutation carriers identified
between 1995 and 2001 [45]. During a mean follow-up of 24.2 months, 3 of the
98 (3.1%) women who chose salpingo-oophorectomy developed breast cancer,
compared to 8 of the 72 (11.1%) women who did not choose the surgery. These
studies indicated that bilateral oophorectomy reduced the risk of breast cancer
by �50% in BRCA mutation carriers. In addition, most hereditary ovarian
cancers occur at the age around 50 years in BRCA1 carriers [46]. Therefore,
prophylactic oophorectomy is recommended for older women who complete
childbearing. This is supported by Deborah Schrag et al. who have shown that
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oophorectomy may be delayed by 10 years in 30-year-old BRCA carriers with
little loss of life expectancy [47]. Although prophylactic surgeries are highly
effective to prevent breast cancer, the invasive nature has limited their extensive
clinical usage as a prevention approach.

Chemoprevention

Given the modest effect of lifestyle adjustments and high invasive nature of
prophylactic surgeries, recent breast cancer prevention studies have focused
heavily on chemoprevention. Chemoprevention was first defined by Michael
Sporn as ‘‘prevention of cancer by the use of pharmacological agents (natural or
synthetic) to inhibit or reverse the process of carcinogenesis’’ [48]. By nature,
any biologically active agent is likely to have some adverse effects especially
with long-term use. Chemopreventive agents are given to healthy women who
have much lower tolerance to toxicity than cancer patients. Therefore, the
decision to consider chemoprevention of breast cancer will require careful
balancing of its benefits and harms for each woman. Clearly, individual risk
of breast cancer will be the primary factor for the physician to select the right
women who will be benefited from chemoprevention.

Breast Cancer Risk Assessment Tools

The assessment of women’s risk for breast cancer challenges all physicians. To
quantify the individual risk of breast cancer, a number of statistical models have
been developed. The most commonly used risk assessment models are Gail
model and Claus model.

Gail model was developed by Mitchell Gail in 1989, who used data from
284,780 predominately white women in the Breast Cancer Detection and
Demonstration Project (BCDDP) [49]. The model estimated the overall risk
of breast cancer based on six risk factors: age (valid for women aged 35 years
and above), age at first menstrual period, age of first live birth, number of first-
degree relatives with breast cancer, number of previous breast biopsies, and
breast pathology exhibiting atypical hyperplasia. The validity of Gail model
was first verified by the Texas Breast Screening Project [50], in whichGail model
performed well. In another validation study of the Gail model using data from
the Nurses Health Study (NHS), the model did well in predicting breast cancer
risk, but had only 58% discriminatory power [51]. This means that a woman
chosen randomly from the cohort of breast cancer patients has only a 58%
chance to have a higher Gail index than a woman who remained disease free.
The 58% of power is only slightly better than guess, which gives 50%. There-
fore, Gail model is good to predict the number of breast cancers in a large group
of women, but cannot predict which specific women will get breast cancer with
significant accuracy. In spite of that, Gail model is still the clinical standard for
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breast cancer risk assessment in the prevention setting. It was the main elig-
ibility criteria for enrolling women in the NSABP P1 trial, which demonstrated
the chemopreventive effect of tamoxifen. The Breast Cancer Risk Assessment
Tool, which is based on theGail index, is available online through the website of
National Cancer Institute (http://www.nci.nih.gov/bcrisktool). It is widely used
for counseling and determining eligibility for breast cancer prevention trials.
However, the NCI Breast Cancer Risk Assessment Tool is not designed for
African American women. Tomore accurately predict risk in African American
women, data from the Women’s Contraceptive and Reproductive Experiences
(CARE) study and the Surveillance Epidemiology and End Results (SEER)
program were used to develop a modified model called CARE model [52]. The
CARE model was validated with data from the Women’s Health Initiative. It
gives more accurate risk projection of breast cancer for African American
women than the currently available NCI Breast Cancer Risk Assessment Tool.

A major limitation of Gail model is the negligence of family histories, which
are significant in predicting breast cancer risk. In contrast, the other commonly
used model, Claus model, is based entirely on family history [53]. Claus model
was derived from the Cancer and Steroid Hormone (CASH) case–control study
which includes 4,730 breast cancer patients and 4,688 matched controls. This
model is based on the premise that breast cancer is transmitted as an autosomal
dominant trait from either maternal or paternal inheritance. Both first-degree
and second-degree relatives as well as the ages of breast cancer onset were taken
into account. Risk can be estimated as lifetime likelihood of developing breast
cancer or the probability of developing breast cancer during a 10-year interval.

Besides Gail and Claus models, there are several models that can predict the
probability of BRCA mutations, which imply an extremely high risk of devel-
oping breast cancer and ovarian cancer. They are most useful for women who
have both breast and ovarian cancers in their family members. These models
include the Couch [54], Frank [55], and BRCAPRO models [56]. The Couch
model was one of the earliest models that attempted to assess the risk of BRCA1
mutation. The Frank model calculated the risk of mutations of both BRCA1
and BRCA2 genes. Both models only assess the risk of BRCA mutations, but
not the risk of developing breast cancer. The BRCAPRO model will calculate
the probabilities of either carrying a BRCA mutation or of developing breast
and ovarian cancers at a given age.

Recently, Tyrer and Cuzick have developed a Tyrer–Cuzick model which
calculates the mutation probability of BRCA genes and a low-penetrance gene
and then refines the maximum likelihood calculation by incorporating personal
risk factors such as age at menopause and menarche, weight, height, age, use of
hormonal replacement therapy, and previous benign breast biopsies [57]. It is
being used as a risk assessment tool in the current International Breast Cancer
Intervention Study (IBIS)-2 prevention trial. Although the Tyrer–Cuzickmodel
has combined both Gail and Claus models, it is still far less satisfactory to many
physicians. More recently, a group of investigators interested in breast cancer
prevention met in St. Gallen, Switzerland, to form an ongoing group called the
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Breast Cancer Prevention Collaborative Group (BCPCG) [58]. The BCPCG
critically analyzed and selected additional risk factors that could be further
examined by multivariate analysis in future studies. These risk factors include
mammographic density, plasma hormone levels, bone density and fracture
history, history of weight gain, age of menopause, body mass index (BMI),
and waist–hip ratio. The BCPCG believed that incorporation of additional risk
factors could improve existing models and will ultimately lead to a more
favorable risk/benefit ratio in future breast cancer prevention studies.

Quantitative risk assessment models are extensively used in the clinics to
assess the risk of women to develop breast cancer. But these models are not
standard for the clinicians to decide whether to initiate chemoprevention.
Histological identification of atypia, a premalignant mammary lesion, confers
a 2- to 10-fold increased risk of developing breast cancer in a number of clinical
studies [59– 63].Moreover, womenwith atypical ductal hyperplasia had a better
response to tamoxifen in theNSABPP1 trial [64], in which a 86% risk reduction
was observed, suggesting that atypia can predict either increased risk of breast
cancer or the increased benefits from tamoxifen treatment. Methods used
clinically to identify atypia changes include surgical biopsy, nipple aspirate
fluid (NAF), random fine-needle aspiration (rFNA), and ductal lavage (DL).
Surgical biopsy is more accurate to find atypia lesions, but is more invasive and
often used in women with mammographic abnormality. Atypia found in NAF
represents an �2-fold increase in the risk of breast cancer [60]. However, NAF
cannot be obtained from every woman and only very limited amount of cells
can be collected for cytological examination. Ductal lavage, a safe and mini-
mally invasive technique, yields more mammary epithelial cells than NAF, but
fewer cells than rFNA [65]. Compared to NAF, ductal lavage demonstrated a
3-fold sensitivity in the detection of atypia [65]. Fabian et al. [63] have found
that atypia found on rFNA carries a 5-fold increased risk of breast cancer. Both
rFNA and ductal lavage were cost-effective in high-risk women for breast
cancer preventive interventions [66]. These histological examinations provide
invaluable tools for the clinicians in screening high-risk women who could
benefit from chemoprevention.

Chemoprevention Using Hormonal Intervention

The fundamental concern to develop chemopreventive agents is to understand
the carcinogenesis process to identify the most relevant target. Estrogen is
known to play a critical role in the development and growth of breast cancer.
The accumulating understanding of estrogen signaling and the identification of
estrogen receptors ultimately led to the design of drugs targeting ERs [67].
Selective estrogen receptor modulators (SERMs) represent the major group
of compounds that block ER signaling. Unlike estrogens, which are uniformly
agonists toward ERs, the SERMs exert selective agonist or antagonist effects on
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ERs depending on the target tissues [68]. Compared to the structure of natural
estrogen 17�-estradiol, SERMs lack the steroid structure of estrogen, but
possess a tertiary structure that allows them to bind to ER (Fig. 2). The selective
activity of SERMs is due to a distinct conformational change of the SERM–ER
complex and/or differential recruitment of transcriptional co-regulators, which
result in activation, repression, or silencing of transcription of ER-target genes
in specific tissues [69]. Currently, there are several SERMs that have been
approved for clinical use or are under development (Fig. 2). Among them,
tamoxifen is the prototypical SERM for breast cancer treatment and
prevention.

Tamoxifen: National Surgical Adjuvant Breast and Bowel Project P-1 Trial

Tamoxifen is the first antiestrogenic agent that was approved for the treatment
of breast cancer [70]. It has estrogen antagonist effect to breast, but remains as
an estrogen agonist at bone and uterus (Fig. 3). In several adjuvant studies,
tamoxifen was found to reduce the incidence of contralateral breast cancer by
nearly 50% as a secondary endpoint [71–73]. These observations implicated
that giving tamoxifen to healthy high-risk women would produce equivalent
results, and ultimately led to a series of cancer prevention trials including four
major trials outlined in Fig. 4.

The largest tamoxifen prevention trial is the National Surgical Adjuvant
Breast and Bowel Project (NSABP) P-1 trial. From 1992 to 1997, 13,388 women
with high risk of breast cancer were recruited and randomly assigned to receive

Fig. 2 Chemical structures of estrogen and SERMs
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either placebo or tamoxifen (20 mg/day) for 5 years. The initial report showed

that tamoxifen reduced the risk of invasive breast cancer by 49% after an

average of 47.7 months of follow-up [64]. Recent updated data result in a

43% risk reduction of invasive breast cancer after an average of 74 months of

follow-up [74]. The cumulative rate of invasive breast cancer was reduced from

42.5 per 1,000 women in the placebo group to 24.8 per 1,000 women in the

tamoxifen group (risk ratio: 0.57, 95% CI=0.46–0.70). Tamoxifen

Fig. 3 Tissue-specific activity of tamoxifen

Fig. 4 Meta-analysis of four tamoxifen prevention trials. All data were obtained from
published reports. The graphs were plotted using the Comprehensive Meta Analysis (Version
2) software
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substantially reduced the risk of invasive breast cancer every year after 7 years

of follow-up, suggesting that the preventive effect persists evenmany years after

completing tamoxifen intake. Risk was reduced in all subgroups with different

ages, history of preinvasive breast cancer, and levels of predicted risk of breast

cancer. The risk was reduced by 36% in women aged 49 years or younger, 43%

in those aged 50–59 years, and 51% in those aged 60 years or older. This

suggested that tamoxifen is effective in both premenopausal and postmenopau-

sal women. When estrogen receptor status was considered, tamoxifen only

reduced the risk of ER-positive breast cancer (Fig. 4). ER-positive breast cancer

was reduced by 62% (4.58 per 1,000 vs 1.74 per 1,000). However, there was no

statistical difference in the rates of ER-negative breast cancer between these two

groups (1.06 per 1,000 vs 1.39 per 1,000).
Another benefit from tamoxifen treatment is the beneficial effect on

bones. In the P1 trial, women who received tamoxifen had reduced bone

fractures from hip, spine, and radius. There was a 32% reduction in hip

fractures, 31% reduction in Colles’ fractures (distal radius fracture), and

25% reduction in spine fracture. Since tamoxifen has estrogen agonist effect

on the uterus, long-term use of this agent confers increased risk of develop-

ing endometrial cancer. Based on the observation through 7 years of follow-

up, tamoxifen increased risk of invasive endometrial cancer by 3.28-fold,

from 4.68 per 1,000 women in the placebo group to 15.64 per 1,000 women

in the tamoxifen group [74]. This increased risk is only observed in women

aged 50 years or older and not in younger women aged below 50 years.

Most endometrial cancers were at International Federation of Gynecology

and Obstetrics (FIGO) stage I. Another major side effect of tamoxifen is

thromboembolic events including stroke, pulmonary embolism, and deep-

vein thrombosis. Although tamoxifen increased the incidence of stroke (RR:

1.42, 95% CI=0.97–2.08) and deep-vein thrombosis (RR: 1.44, 95%

CI=0.91–2.30), the increases were not statistically significant. The incidence

of pulmonary embolism was statistically increased by tamoxifen (RR: 2.16,

95% CI=1.08–4.51).
While endometrial cancer and thromboembolic events are the two most

severe adverse effects of tamoxifen, they are not the major complaints from

the women who received tamoxifen due to their very low incidence rate. The

only difference noted between women who took tamoxifen and placebo is

related to hot flush and vaginal discharge. Hot flushes occurred in 45.7% of

women who received tamoxifen and 28.7% of women in the placebo group.

Vaginal discharge was reported in 29.0% of women in the tamoxifen group, as

compared with 13.0% in the placebo group. About 8% more women in the

tamoxifen group than the placebo group reported that their hot flushes were

extremely bothersome, and 2% complained about the vaginal discharge in the

same manner. Because of the promising data from NSABP P1 trial, the US

Food and Drug Administration (FDA) has approved the clinical usage of

tamoxifen to prevent breast cancer in high-risk women.
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Other Tamoxifen Prevention Trials

Before the P1 trial was started, a pilot prevention trial was initiated at the Royal
Marsden Hospital, London, UK, in 1986 [75]. This trial recruited 2,494 healthy
women at an increased risk of breast cancer based on family history. The first
efficacy analysis published in 1998 reported no reduction in breast cancer
incidence when the tamoxifen arm was compared with the placebo arm (tamox-
ifen, 34; placebo, 36; RR=1.06). However, in 2007, a 20-year follow-up (med-
ian follow-up=13 years) report showed that the risk of ER-positive breast
cancer was not statistically significantly lower in the tamoxifen arm than in
the placebo arm during the 8-year treatment period (tamoxifen, 30; placebo, 39;
HR=0.77), but was statistically significantly lower in the posttreatment period
(tamoxifen, 23; placebo, 47; HR=0.48) [76]. Thus, these results of Royal
Marsden trial indicate the long-term breast cancer prevention of ER-negative
breast cancer by tamoxifen.

In 1992, The Italian Tamoxifen Study Group initiated a double-blinded
randomized trial in women who had no breast cancer and had undergone
hysterectomy due to the potential adverse effect of endometrial cancer
[77–79]. Between 1992 and 1997, a total of 5,408 women were randomized to
take either placebo or tamoxifen (20 mg/day). After a median follow-up of 81.2
months, 79 women had developed breast cancer in which 34 occurred in the
tamoxifen arm and 45 in the placebo arm. There was no statistical difference
between the two groups. However, tamoxifen significantly reduced the risk of
breast cancer in the subgroup of women who also received hormone replace-
ment therapy (17 of 791 in the placebo arm vs 6 of 793 in the tamoxifen arm). In
the additional subgroup of women at high risk of ER-positive breast cancer,
tamoxifen significantly reduced the incidence of breast cancer by 82% (HR:
0.108, 95% CI=0.05–0.62). Recently, an updated report after 11 years of
follow-up showed similar results, in which tamoxifen only significantly reduced
the incidence of breast cancer among women with high risk of developing
hormone receptor-positive tumors [80].

Guided by the pilot study of Royal Marsden Hospital trial, the United
Kingdom Coordinating Committee for Cancer Research (UKCCCR) at the
Royal Marsden Hospital launched the International Breast Cancer Interven-
tion Study (IBIS)-1 trial in UK, Australia, New Zealand, and some European
countries [81, 82]. The IBIS-1 trial lasted 5 years and enrolled 7,154 women with
high risk of breast cancer. The largest risk group was women who had two or
more first-degree or second-degree relatives with breast cancer (62%). Women
were randomized to receive either tamoxifen (n=3,579) or placebo (n=3,575).
A total of 337 breast cancers (invasive andDCIS combined) have been recorded
after a median follow-up of 95.6 months. Among them, 195 were from the
placebo group and 142 were from the tamoxifen group. The reduction rate was
27% (95% CI=0.58–0.91). Tamoxifen reduced the risk of both invasive breast
cancer (168 vs 124; reduction 26%) and non-invasive breast cancer (27 vs 17;
reduction 37%). When ER status was considered in invasive breast cancer,
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tamoxifen reduced the development of ER-positive breast cancer by 34%, but
had no effect in reducing the risk of ER-negative breast cancer. The frequency
of endometrial cancer was increased by 1.55-fold (tamoxifen group 17, placebo
group 11). Most of the endometrial cancers occurred in women older than 50
years. Venous thromboembolic events were increased by 1.72-fold (95%
CI=1.27–2.36) by tamoxifen. Other side effects that were significantly
increased by tamoxifen treatment were vasomotor and gynecological com-
plaints, which include hot flash, vaginal discharge, and abnormal vaginal
bleeding. However, these toxicities were observed only in the active treatment
phase and not in the subsequent period.

Ameta-analysis of the four tamoxifen prevention trials was recently reported
[83]. The overall reduction rate of breast cancer by tamoxifen was 38% (95%
CI=0.28–0.46, p<0.001). There was no difference in reduction rate between
women aged under or over 50 years. Tamoxifen reduced the risk of ER-positive
breast cancer by 48%, but had no effect in reducing the risk of ER-negative
breast cancer. We performed another meta-analysis based on updated data
from these trials (Fig. 4). This analysis shows that tamoxifen still reduced the
risk of ER-positive breast cancer by 45% even many years after completing
tamoxifen intake. As seen in the previous meta-analysis, the incidence of ER-
negative breast cancer was not significantly changed by tamoxifen. Recently,
Decansi et al. have found that a reduced dose of tamoxifen (� 5 mg/day) can
still modulate favorably breast tissue biomarkers in hormone replacement
therapy users without increasing endometrial proliferation and menopausal
symptoms [84]. These results suggest that it may be possible that low doses of
tamoxifen will prevent breast cancer with reduced toxicity.

Raloxifene

Although tamoxifen effectively reduces the risk of ER-positive breast cancer, its
tumor-promoting effect on the uterus limits its uses. Raloxifene (Evista) is
another SERM that has estrogen agonist effects on bone, but has estrogen
antagonist effect on breast and uterus [85]. This agent does not induce endo-
metrial cancer, but retains the favorable activities of tamoxifen on bone [86].
Based on several trials showing that raloxifene prevents bone fractures, this
agent was approved for the prevention and treatment of postmenopausal
osteoporosis [87]. In the Multiple Outcomes of Raloxifene Evaluation
(MORE) trial which aimed to evaluate the effect of raloxifene on bone mineral
density and vertebra fracture incidence in postmenopausal women with osteo-
porosis, the frequency of breast cancer was investigated as a secondary end-
point [88, 89]. TheMORE trial had enrolled 7,705 postmenopausal womenwho
were diagnosed with osteoporosis from 1994 to 1998. Women were randomly
assigned to receive placebo (n=2,576), raloxifene 60 mg/day (n=2,557), or
raloxifene 120 mg/day (n=2,572). After 4 years of follow-up, 77 breast cancers
were diagnosed, in which 44 cases occurred in the placebo group, as compared
with 33 cases in the two raloxifene groups. The reduction rate was 62%
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(raloxifene vs placebo, RR: 0.38, 95% CI=0.24–0.58). Among the participants
who were diagnosed with invasive breast cancer (62), raloxifene reduced the risk
by 72% (RR: 0.28, 95% CI=0.17–0.46). When ER status was considered,
raloxifene significantly decreased the incidence of ER-positive breast cancer
by 84%, but had no effect to reduce the incidence of ER-negative breast cancer.

As expected, raloxifene significantly reduced vertebral fracture in both
60 mg/day and 120 mg/day groups. Bone mineral density was also increased
by 2.1% (60 mg) and 2.4% (120 mg) in the femoral neck and by 2.6% (60 mg)
and 2.7% (120 mg) in the spine (p<0.001 for all comparisons). The incidence of
endometrial cancer had no significant difference among the three groups, but
raloxifene significantly increased the risk of venous thromboembolism (RR:
3.1, 95% CI=1.5–6.2) [88].

The Continuing Outcomes Relevant to Evista (CORE) trial investigated the
effect of raloxifene for an additional 4 years on the incidence of invasive breast
cancer in women who had participated in the MORE trial [90]. A total of 3,510
women who received raloxifene (either 60 or 120 mg/day) were assigned to
continually receive 60 mg/day of raloxifene, and 1,703 of women in the placebo
group inMORE trial remained in the placebo group. After 4 years of follow-up,
raloxifene reduced the incidence of invasive breast cancer and ER-positive
invasive breast cancer by 59% (RR: 0.41, 95% CI=0.24–0.71) and 66% (RR:
0.34, 95% CI=0.18–0.66), respectively. Over the 8 years of both trials, the
incidence of invasive breast cancer and ER-positive invasive breast cancer was
reduced by 66% (RR: 0.34, 95% CI=0.22–0.50) and 76% (RR: 0.24, 95%
CI=0.15–0.4), respectively.

Both MORE and CORE trials demonstrated that raloxifene is an effective
agent to prevent the development of breast cancer in older women with osteo-
porosis. To directly compare the effectiveness and toxicity profile of raloxifene
and tamoxifen, the NSABP launched the Study of Tamoxifen and Raloxifene
(STAR) trial [91]. From 1999 to 2005, the STAR trial had recruited 19,747
postmenopausal women who had high risk of breast cancer based on Gail
model [49]. Women were randomly assigned to receive either 20 mg/day of
tamoxifen or 60 mg/day of raloxifene for a maximum of 5 years. After a mean
follow-up of 3.9 years, 4.3 per 1,000 of women in the tamoxifen group developed
invasive breast cancer, as compared with 4.41 per 1,000 in the raloxifene group.
The preventive effects of these two agents were equivalent. In contrast, there were
fewer non-invasive breast cancers in the tamoxifen group (1.51 per 1,000) than in
the raloxifene group (2.11 per 1,000; RR: 1.4, 95%CI=0.98–2.00), although this
did not reach statistical significance. As expected, fewer endometrial cancers
occurred in the raloxifene group (23 cases vs 36 cases, RR: 0.62, 95%
CI=0.35–1.08), although the difference lacked statistical significance. There
was a statistically significant difference between the treatment groups in the
incidence of uterine hyperplasia (RR: 0.16, 95% CI=0.09–0.29), indicating
that raloxifene has less effect on uterus than tamoxifen. Overall, raloxifene had
a more favorable side effect profile. Women who received raloxifene had less
pulmonary emboli and deep venous thromboembolic events than those assigned
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to tamoxifen. There were fewer complaints of hot flashes and vaginal discharges
in women taking raloxifene as compared to those taking tamoxifen. The inci-
dence of cataracts was also less in women taking raloxifene. The risk of other
cancers, fractures, ischemic heart disease, and stroke was similar for both agents.
There was no difference in the total number of death or in causes of death.

Thus, the results of STAR trial demonstrated that raloxifene had equivalent
preventive effect against breast cancer and had less-toxic side effects than those
of tamoxifen. However, these results are only relevant to postmenopausal
women. Raloxifene has not been tested in premenopausal women and is not
approved in this population. Given the strong evidence from the STAR trial,
the FDA approved raloxifene for breast cancer risk reduction in postmenopau-
sal women who have osteoporosis or who have a high risk for invasive breast
cancer. Thus, two agents (raloxifene and tamoxifen) are available for breast
cancer prevention for postmenopausal women.

Other SERMs

The selective effects of SERMs on different tissues have made it possible to
develop new SERMs with more favorable selective modulating activity, such as
agents with more potent estrogen antagonist effects in the breast, estrogen
agonist effects on the bone and on lipid metabolism, and no effect on the uterus.
Arzoxifene is a raloxifene derivative that has antiestrogenic effects in breast and
uterus while estrogenic effects on bone and lipid metabolism [92]. In structure
(Fig. 2), the carbonyl group in raloxifene has been replaced by an ether linkage
in arzoxifene, which makes arzoxifene to have higher affinity to the estrogen
receptor. The methylated phenolic hydroxyl group gives arzoxifene potent
pharmacokinetic activity. It was found to be more potent than raloxifene as
an estrogen antagonist on uterus and as an estrogen agonist on bone and lipid
metabolism [93]. Therefore, arzoxifene represents a promising SERM for pre-
venting osteoporosis and breast cancer. A phase II clinical trial showed that
20 mg/day of arzoxifene was well tolerated, and was effective for treatment of
patients with tamoxifen-sensitive and tamoxifen-resistant breast cancer [94].
Fabian et al. performed two phase I clinical trials to evaluate arzoxifene in
women with newly diagnosed DCIS or T1/T2 invasive breast cancer [95]. Both
trials demonstrated that arzoxifene decreased in serum insulin-like growth
factor I (IGF-I) and serum IGF-I:IGF-binding protein-3 ratio. These data are
important because high levels of circulating IGF-I and low levels of IGF-
binding protein-3 are clinically associated with increased risk of breast cancer
[96, 97]. In addition, a decrease in ER expression was observed with arzoxifene
compared with placebo. Given the favorable side effect profile and these
biomarker modulations, arzoxifene is a promising agent for breast cancer
prevention.

Other SERMs that have favorable selective estrogen modulator profile
include lasofoxifene [98], acolbifene [99], and bazedoxifene [100]. All of these
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novel SERMs have estrogenic effect on bone, antiestrogenic effect on breast,
and no undesirable uterotrophic effects of tamoxifen. The ultimate clinical
effect and application of these new agents will depend on future clinical
trials.

Aromatase Inhibitors

SERMs prevent the development of breast cancer primarily through their
estrogen antagonist effect on breast tissue. Aromatase inhibitors (AIs) offer
an alternative approach to antagonize the estrogen signaling pathway [101].
Unlike SERMs, AIs work by depleting the availability of estrogen. The estro-
gen production is determined by the enzyme aromatase and its substrates:
testosterone and androstenedione. AIs inhibit the activity of aromatase, a
rate-limiting enzyme catalyzing the last step in estrogen synthesis: conversion
of androgen to estrogen (Fig. 5) [102]. AIs are effective in reducing circulating
estrogen levels in postmenopausal women. However, the premenopausal ovary
is relatively resistant to AIs [103]. This is because the ovaries produce large
amounts of androstenedione. The feedback increase of LH and FSH hormones
when estrogen is low will stimulate ovary to produce more androstenedione and
aromatase, which will allow the ovary to continue producing significant
amounts of estrogen even during AI treatment. Therefore, AIs are only used
in postmenopausal women.

Fig. 5 Biosynthesis of estrogen and the action of aromatase
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Compared to SERMs, AIs have some potential advantages. First, some

toxicities of SERMs are due to their estrogen agonist effects including increased

risk of endometrial cancers seen with tamoxifen and increased risk of throm-

boembolic events seen with both tamoxifen and raloxifene. AIs have no estro-

gen agonist activity, and thus do not have these side effects. Second, long-term

usage of SERMs may induce drug resistance, which is a common consequence

of SERM treatment [104]. Third, SERMs can have partial agonistic activity,

and in some cases can stimulate breast cell growth [105]. AIs reduce estrogen

levels and thus do not have many of these unfavorable effects of SERMs.
Aminoglutethimide was the first AI introduced and shown to have clinical

efficacy in treating ER-positive breast cancer. However, the high toxic profiles

had limited its extensive clinical application. It was not until the development of

relatively non-toxic third-generation AIs that these drugs were widely used for

treatment and prevention of breast cancer. Three third-generation AIs, includ-

ing non-steroidal AIs, anastrozole and letrozole, and the steroidal AI, exemes-

tane, have been extensively assessed for the treatment of breast cancer. All of

these AIs were found to be superior to tamoxifen as first-line treatment for

advanced breast cancer. Their chemopreventive effects, like tamoxifen, were

first observed in the adjuvant studies.
Results of the Anastrozole, Tamoxifen, Alone or in Combination (ATAC) trial

[106] suggests that the aromatase inhibitor anastrozole may be an effective cancer

preventive agent. In this trial, 9,366 postmenopausal women with early-stage

invasive breast cancer were randomly assigned to receive adjuvant therapy after

surgery: anastrozole alone, tamoxifen alone, and the two in combination. Initial

analyses of the ATAC trial at 33 and 47 months of median follow-up showed that

anastrozole significantly prolonged time-to-recurrence and reduced the incidence

of contralateral breast cancer, comparedwith tamoxifen [106, 107]. After amedian

follow-up of 68 months, anastrozole significantly prolonged time-to-recurrence

(402 vs 498, HR: 0.79, 95% CI=0.70–0.90, p=0.0005) and greatly reduced con-

tralateral breast cancers by 42% in all patients (59 vs 35, 95% CI=0.12–0.67,

p=0.01) and by 53% in hormone receptor-positive patients (95% CI=0.25–0.71,

p=0.001), as compared with tamoxifen [108]. Thus, while tamoxifen reduces the

risk of breast cancer by 50%, the ATAC results suggest that anastrozole reduces

this risk even further, possibly as much as by 70–80%.
The occurrence of side effects was similar between the tamoxifen and com-

bination groups. However, in comparison with tamoxifen alone, anastrozole

was associated with significantly fewer endometrial cancers, hot flushes, cere-

brovascular events, venous thromboembolic events, and less vaginal bleeding

and discharge. Not surprisingly, tamoxifen was associated with a significantly

reduced rate of musculoskeletal disorders and fractures. Overall, treatment-

related adverse events occurred significantly less often with anastrozole than

with tamoxifen (61 vs 68%; p<0.0001), as did treatment-related serious adverse

events (5 vs 9%; p<0.0001) and adverse events leading to withdrawal (11 vs

14%; p=0.0002) [109]. Thus, in general, anastrozole was better tolerated than
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tamoxifen and had a more favorable overall risk–benefit profile and lower
recurrence rate than tamoxifen.

Results from two additional adjuvant trials also provide evidence that AIs
may prevent breast cancer. In the MA-17 trial [110, 111], a total of 5,187
postmenopausal womenwith breast cancer who completed 5 years of tamoxifen
therapy were randomly assigned to receive 5 years more of letrozole (n=2,593)
or placebo (n=2,594). After a median follow-up of 30 months, women taking
letrozole showed a 37.5% relative reduction (HR=0.63, 95% CI=0.18–2.21,
p=0.12) in risk of contralateral breast cancer compared with women taking
placebo. Moreover, there was a 40% reduction in risk of distant recurrence in
the letrozole group as compared with the placebo group (HR=0.60, 95%
CI=0.43–0.84, p=0.002). The Intergroup Exemestane Study (IES) trial [112,
113] was a double-blind randomized trial to test whether exemestane was more
effective than tamoxifen in breast cancer women who had already received 2–3
years of tamoxifen therapy. About 4,724 participants were randomized to
receive either exemestane (n=2,352) or tamoxifen (n=2,372) for 5 years.
After a median follow-up of 55.7 months, 809 first events (local or metastatic
recurrence, contralateral breast cancer, or death) were reported in which 354
were in the exemestane group while 455 were in the tamoxifen group. Exemes-
tane significantly reduced the risk of contralateral breast cancer by 49% (18 in
exemestane group vs 35 in tamoxifen group). The results from all the three
adjuvant trials suggest that AIs are effective in preventing breast cancer and
that AIs have different toxicity profile than SERMs. These promising results
have provided a compelling rationale for exploring the use of AIs in breast
cancer prevention. A number of AI prevention trials are being conducted in
high-risk women (Table 1).

The International Breast Cancer Intervention (IBIS)-2 prevention trial was
initiated in 2003 to evaluate the chemopreventive effect of anastrozole in high-
risk postmenopausal women [114]. The IBIS-2 trial was split into two parts: the
IBIS-2 prevention trial and the IBIS-2 DCIS trial. In the IBIS-2 prevention
trial, 6,000 women without breast cancer but who were at increased risk of
breast cancer are to be randomized to either anastrozole or placebo for 5 years.
In the IBIS-2 DCIS trial, 4,000 women who had a surgery to remove a hormone
receptor-positive DCIS will be randomly assigned to receive either anastrozole
or tamoxifen for 5 years. The NSABP has initiated a trial similar to the IBIS-2
DCIS trial, the B-35 trial, to compare 5 years treatment of anastrozole and
tamoxifen in preventing the recurrence of breast cancer in postmenopausal
women with DCIS treated by lumpectomy and radiation therapy [115]. The
National Cancer Institute of Canada is also conducting the Mammary Preven-
tion 3 (MAP3) trial to assess the preventive effects of exemestane in postmeno-
pausal women with increased risk of breast cancer. TheMAP3 trial was initially
designed as a three-arm trial testing placebo, exemestane alone, and exemestane
plus celecoxib in breast caner prevention [116]. However, the rare but serious
toxicities caused the MAP3 trial to be modified with removal of the exemestane
plus celecoxib arm. A total of 4,560 patients (2,280 per treatment arm) are to be
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recruited to receive either exemestane or placebo for 5 years. Italian investiga-

tors have initiated the Aromasin Prevention Study (APreS) trial to evaluate the

preventive effect of exemestane vs placebo in postmenopausal women who have

a BRCA 1 or 2 mutation (and who have not developed breast cancer). The

APreS trial accrual goal is 666 such women [117].
Because prevention trials using these third-generation AIs are not yet com-

plete, the American Society of Clinical Oncology (ASCO) has not recom-

mended using AIs for primary prevention of breast cancer outside of research

studies.

Novel Agents for the Prevention of ER-Negative Breast Cancer

Despite the promise of SERMs and AIs for breast cancer prevention, these

agents are expected to have no effect on the development of ER-negative breast

cancer. Mammary tumorigenesis is a diverse and complicated process that

involves aberrant regulation of multiple signaling pathways. To effectively

prevent and treat breast cancer, especially ER-negative breast cancer, identifi-

cation of estrogen-independent signaling pathways will be necessary. Recent

Table 1 Ongoing breast cancer prevention trials using AIs

Trials Therapy
Planned
accrual 1̊ Endpoint

Eligibility
(postmenopausal
women)

NSABP B-35
[115]

Anastrozole vs
tamoxifen

�5 years

3,000 Ipsilateral/
contralateral
breast cancer
incidence

ER+/PR+DCIS

IBIS-2 (DCIS)
[114]

Anastrozole vs
tamoxifen

�5 years

4,000 Ipsilateral/
contralateral
breast cancer
incidence

ER+/PR+DCIS

IBIS-2
prevention
[114]

Anastrozole vs
placebo

�5 years

6,000 Breast cancer
incidence

Increased risk of
breast cancer

APreS [117] Exemestane vs
placebo

�5 years

666 Breast cancer
incidence

BRCA 1/2
mutation carriers

NCIC-MAP3
[116]

Exemestane vs
placebo
�5 years

4,560 Breast cancer
incidence

� 35 years of age
and increased
risk of breast
cancer
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research has revealed various signaling pathways that are involved in ER-
negativemammary tumorigenesis. Clearly, pharmacologic interventions target-
ing these pathways represent promising strategies for ER-negative breast cancer
prevention. Figure 6 illustrates several estrogen-independent signaling path-
ways that are important for breast cell growth. Novel agents targeting on these
non-endocrine pathways have been shown to prevent ER-negative breast can-
cer in animal models. Some of these agents are currently being used to treat
cancer patients and are well tolerated. Representative agents include tyrosine
kinase inhibitors against erbB receptors, selective COX-2 inhibitors, and ligand
of nuclear receptor families such as retinoids.

Retinoids are natural and synthetic derivatives of vitamin A (retinol) that
have profound effects on development, differentiation, and cell growth [118].
Fenretinide is one of the most extensively studied retinoids due to its favorable
toxicological profile in humans. A multicenter phase III chemoprevention trial
of fenretinide showed that fenretinide significantly reduced the occurrences of
both contralateral and ipsilateral breast cancer incidence in premenopausal
women (HR: 0.66, 95% CI=0.41–1.07 and HR: 0.65, 95% CI=0.46–0.92,
respectively) but not postmenopausal women [119, 120, 121]. We have demon-
strated that RXR-selective retinoids, commonly referred as rexinoids, have
potent cancer preventive activity, with less toxicity than retinoids in preclinical
studies [122]. We also showed that both the rexinoids bexarotene and

Fig. 6 Novel target for the prevention of ER-negative breast cancer. Novel agents targeting
non-endocrine pathways include retinoids, COX-2 inhibitors, EFGR/tyrosine kinase inhibi-
tors, transcription factor inhibitors, and others
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LG100268 prevent ER-negative mammary tumorigenesis in multiple mouse

models [123–126], suggesting the preventive potential of rexinoids on ER-

negative breast cancer.
Besides nuclear receptors, peptide growth factor receptors represent a

different group of signaling molecules that are critical for the growth and

differentiation of both normal and malignant tissues. Our laboratory has

demonstrated that gefitinib (ZD1839 or Iressa), an epidermal growth factor

receptor (EGFR; also termed HER-1 or ErbB1) tyrosine kinase inhibitor,

suppressed ER-negative mammary tumor formation in MMTV-ErbB2 trans-

genic mice [127]. In humans, however, gefitinib use is rarely associated with

interstitial lung disease (overall incidence at about 1%) [128]. Concerns about

this potentially serious side effect caused the FDA to halt clinical cancer

preventive trials using gefitinib. We have also shown that lapatinib

(GW572016), a dual kinase receptor that targets both EGFR and erbB2

receptors, significantly delays ER-negative breast cancer development in

MMTV-erbB2 transgenic mice [129]. Both gefitinib and lapatinib also prevent

the development of premalignant mammary lesions in these mice, suggesting

that these agents inhibit mammary carcinogenesis at an early step. In addition

to lapatinib, a number of novel multitarget inhibitors have been developed

[130]. Selection of appropriate candidate agents for prevention studies will

depend heavily on the toxicity profiles of these agents.
Accumulating epidemiology data suggest that long-term usage of aspirin or

non-steroidal anti-inflammatory drug (NSAIDS) is associated with reduced

risk of cancer from various tissues including breast [131, 132]. The main target

of NSAID is cyclooxygenase (COX), which consists of two isoforms, COX-1

and COX-2. Aberrant expression of COX-2 is a marker of poor prognosis in

human breast cancer and correlates with increased tumor size, negative ER

status, HER-2 overexpression, and the presence of metastatic lesions [133–135].

Several preclinical studies have shown that celecoxib, a selective COX-2 inhi-

bitor, reduced the incidence of both ER-positive and ER-negative breast can-

cers in animal models [136, 137]. Compared toNSAIDs, COX-2 inhibitors have

less gastrointestinal toxicity often observed with NSAIDs (believed to occur

due to COX-1 inhibition). This promoted extensive clinical testing of the

chemopreventive effect of selective COX-2 inhibitors. Unfortunately, increased

risk of heart attacks by COX-2 inhibitors was observed in multiple clinical trials

[138]. These rare but serious side effects have reduced interest in using COX-2

inhibitors as cancer prevention agents. Researchers are searching for alternative

strategies to antagonize the COX-2 pathway. Downstream activation of the

COX-2 product, PGE2, is an important mediator for tumorigenesis. Blocking

PGE2 activity through targeting prostanoid receptors (EP receptors) is one

promising strategy to prevent cancer development [139, 140]. New agents

targeting alternative COX-2 pathways are expected to retain the anticancer

activity of COX-2 inhibitors, but lack the severe side effect. These new strategies

will be the focus of future studies targeting COX-2 pathways.
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In addition to the agents summarized above, there is a growing list of
molecularly targeted agents that block critical signaling pathways in cancer
cells. Promising agents include peroxisome proliferator-activated receptor
(PPAR) ligands [141–146], vitamin D analogues [147–150], imatinib mesylate
(gleevec) [151], demethylating agents and histone deacetylase inhibitors [152,
153], polyamine synthesis inhibitors [154, 155], metalloprotease inhibitors [156],
angiogenesis inhibitors [157], and triterpenoids [158]. Most of these agents have
shown anticancer activities in preclinical studies. Future clinical studies are
needed to determine the efficacy of these agents in preventing ER-negative
breast cancers.

Combination Chemoprevention

It is well accepted that carcinogenesis is a multistep process that involves the
activation of multiple signal transduction pathways. Thus, to effectively pre-
vent all forms of breast cancer, multiple drugs that block different pathways
may be needed.

Both in vitro and in vivo experiments have shown that combinations of SERMs
with retinoids or rexinoids are more effective in preventing breast cancer than the
agents alone. In in vitro studies, tamoxifen and all-trans retinoic acid (RA) act
synergistically to inhibit the growth of MCF-7 human breast cancer cells [159]. In
addition to ER-positive breast cancer cells, combination of fenretinide and tamox-
ifen was found to synergistically inhibit the growth of ER-negative breast cancer
cells [160]. In animal studies, fenretinide plus tamoxifen was more effective than
either agent alone in preventing chemical-induced mammary tumors [161]. More-
over, the ability of 9cRA against chemical-induced mammary tumorigenesis was
enhanced by combination with either tamoxifen or raloxifene [124].

Recently, Michael Sporn’s group demonstrated that arzoxifene and the
rexinoid LG100268 synergized to prevent the ER-positive breast cancer devel-
opment in rat models [162–164]. The synergistic effect is primarily through
inhibiting proliferation and promoting apoptosis, which result from a com-
bined action of induction of transforming growth factor � by arzoxifene with
inhibition of the NF�B and phosphatidylinositol 30 kinase signaling pathways
by LG100268. More recently, this group also showed that this combination
prevented ER-negative breast cancer in MMTV-erbB2 mice [164]. The syner-
gistic effect was so profound that none of the 12 mice treated with arzoxifene
and LG100268 had tumor at the end of the experiment, as compared with 100%
of tumor incidence in the control group. Similar preventive effect was also
observed by the combination treatment of LG100268 with acolbifene, another
SERM. In addition, they developed a new protocol using intermittent high
dosing for short periods, followed by more prolonged drug-free rest periods.
Such a protocol was highly effective for the prevention of breast cancer in rats.
This is clinically important because it maximizes efficacy while minimizing
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undesirable chronic side effects. It would be interesting to test whether this

protocol is applicable to other combination studies.
Combining chemopreventive agents that target non-endocrine signaling

pathways represent a promising approach to prevent ER-negative breast can-

cer. Preclinical studies have found that several combinations had synergistic

effect in reducing the mammary tumor growth and development. These combi-

nations include a PPAR-gamma ligand and a retinoid or rexinoid [145, 165] and

an EGFR inhibitor with a COX-2 inhibitor [166–168]. Although combination

therapy has already been widely used to treat cancer patients, combination of

drugs to prevent breast cancer has only recently been tested. In addition to

improved effectiveness, a potential advantage of combination chemoprevention

is that low doses of each individual agent might decrease the incidence of

adverse effects. Such combination chemoprevention is expected to attract

more attention in the near future.

Choosing the Right Women for Chemoprevention

Although tamoxifen has shown significant preventive efficacy in multiple clin-

ical trials, most women have not accepted it due to concerns about side effects.

When considering preventive therapy, the clinicians should assess the risk of

breast cancer in candidates, the risk of adverse effects, and the balance between

potential benefits and adverse effects (Fig. 7). Given the fact that BRCA

Fig. 7 Balance between benefit and toxicity
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mutation carriers have a very high lifetime risk (54–85%) to develop breast
cancer, prevention approaches in these patients are highly recommended. Pre-
vention choices for women with BRCA mutations include prophylactic mas-
tectomy, prophylactic oophorectomy, and chemoprevention.

For women who do not have the BRCAmutations, chemoprevention will be
primarily used in those who have increased risk of breast cancer. Gail model
provides a good assessment for the risk of breast cancer. The US Food and
Drug Administration (FDA) has approved the use of tamoxifen to prevent
breast cancer in women who are 35 years or older and have a 5-year risk of
1.66% ormore as calculated byGail model. This standard is similar to what has
been recommended by ASCO, in which 20 mg/day of tamoxifen for 5 years is
recommended to women with a 5-year projected breast cancer risk of 1.66% or
higher [169]. In addition to tamoxifen, FDA has recently approved raloxifene
for breast cancer risk reduction in postmenopausal women who have osteo-
porosis or who have high risk for invasive breast cancer.

Consistent with this, USPSTF only recommends the use of tamoxifen or
raloxifene for the prevention of breast cancer in women at high risk but not at
low or average risk for breast cancer. For example, USPSTF has recommended
the usage of tamoxifen only in high-risk women in their 40 s and 50 s due to
toxicity consideration [170]. Women younger than 40 years have a low risk of
developing breast cancer and will not benefit from chemoprevention. Women
older than 60 years will have a higher risk of complications, and thus have a less-
favorable balance of benefit and toxicity.

Besides the risk calculated by quantitative risk assessment models, atypia
identified in cytological or histological examinations presents a solid evidence
of increased risk of developing breast cancer, and women who have it definitely
meet the criteria for chemoprevention. Other significant risk factors for breast
cancer that confer chemopreventive considerations include personal history of
breast cancer or DCIS, breast irradiation prior to age 20 years, presence of
LCIS, and combined estrogen–progesterone replacement therapy for more
than 10 years [171]. When considering the use of chemopreventive agents in
these high-risk women, physicians should avoid using the agents in women who
are susceptible to its severe side effects. For example, tamoxifen should not be
used in women who have a history of stroke, deep venous thrombosis, or
pulmonary embolus.

Conclusions

The demonstration that tamoxifen reduces the incidence of breast cancer has
made hormone preventive therapy a standard approach to prevent breast
cancer. During the past 20 years, a number of preventive clinical trials have
demonstrated significant breast cancer risk reduction using SERMs. However,
although SERMs and AIs are promising agents to prevent ER-positive breast
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cancers, they do not reduce the incidence of ER-negative breast cancers. A

growing number of chemopreventive agents have emerged and shown potential

values in preventing ER-negative breast cancers in preclinical models. Despite

the promising effect of these novel agents, issues of safety and toxicity con-

tinually hamper the progression of the field. Clinically observed toxicity has

halted the development of several chemoprevention trials including those test-

ing the COX-2 inhibitor celecoxib and the EGFR inhibitor gefitinib. Even

tamoxifen or raloxifene, two well-tolerated SERMs that have been shown to

be effective in preventing breast cancer, are not recommended for routine use in

women at low or average risk of breast cancer due to safety reasons. Therefore,

breast cancer risk assessment becomes critical to select the high-risk women

who will benefit from chemoprevention. More recently, preclinical studies have

shown that combination chemoprevention is a promising strategy that will

greatly enhance the efficacy of cancer preventive effect. Thus, to ultimately

prevent all forms of breast cancers, it will be necessary to combine both endo-

crine interventions as well as agents inhibiting critical estrogen-independent

pathways.
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Estrogen Receptor Phenotypes Defined by Gene

Expression Profiling

Introduction

Breast cancer is a heterogeneous disease and existing clinicopathological classi-
fications do not fully capture the diversity in clinical disease course. Since the
estrogen receptor (ER) � plays a central role in the cross-talk between different
signaling pathways in breast cancer, the expression of this receptor is important
for the behavior of breast cancer cells and is reflected in gene expression
patterns of breast tumors.

High throughput analysis of gene expression of breast cancer has increased
the insights in ER signaling, including its relation with disease outcome and
therapy response.

Expression of ER and its numerous downstream targets are driving pat-
terns of gene expression and dominate unsupervised analyses in breast cancer
specimens studied to date, regardless of microarray platform or statistical
approach.

This chapter reviews gene expression studies either attempting to unravel the
functional effect of ER or describing the gene expression profiles driven by ER
in breast tumors. In addition, the development of molecular signatures predict-
ing response to endocrine treatment will be discussed.

Gene Expression Profiling Technology

Gene expression is a general term used to describe the transcription of informa-
tion encoded within the DNA intomessenger RNA (mRNA). It is assumed that
for many genes there is a linear relation between the number of mRNA
transcripts and functional proteins expressed in a cell. Gene expression profil-
ing, in turn, is defined as the simultaneous measurement of the expression of a
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large number of genes. With gene expression profiling it has been possible to
group gene transcripts of human tumors to create ‘molecular signatures’ that
give more insight in the biology of cancer and consequently may predict clinical
outcome.

Table 1 summarizes the current applications of gene expression profiling.
There are three techniques commonly used for gene expression profiling in
clinical specimens [1]. These include gene expression profiling using two differ-
ent microarray platforms (complementary DNA (cDNA) and oligonucleotide
arrays) and multiplex quantitative reverse transcriptase polymerase chain reac-
tions (qRT-PCR).

On the cDNA microarray, double-stranded PCR products amplified from
expressed sequences tag (EST) clones (length 300–1000 nucleotides) are spotted.
Several ten thousands of different cDNA clones can be spotted onto the surface
of a glass slide to produce a high-density cDNA array. The affixed DNA
segments are known as probes. The drawback of studying gene expression
using cDNA arrays is the frequent cross-hybridization amongst homologous
genes, alternative splice variants and antisense RNA.

These problems have been overcome by oligonucleotide arrays, which use
shorter probes of uniform length, usually 20–80 nucleotides. By constructing
oligonucleotide arrays, complete control of the sequence is guaranteed, several
different probes per gene can be spotted and many control spots provide
information on contamination and hybridization kinetics. Currently, there
are three approaches for the production of oligonucleotide arrays. First, the
oligonucleotides can be synthesized, purified and then printed by a robot or
inkjet process onto glass slides (Agilent). Second, microarrays can be produced
by in situ synthesis of oligonucleotides directly onto a solid surface using
photolithographic technology (Affymetrix). Recently, a third technology was
introduced [2] based on bead-based arrays where the oligonucleotides are
attached to microbeads which are then put onto microarrays (Illumina).

Finally, the third technique to measure gene expression in a high throughput
fashion is real-time qRT-PCR, which is based on the quantification of mRNA
after each round of amplification by PCR using a fluorescent reporter [3].
Current qRT-PCR assays can determine the expression of up to a few hundred
genes simultaneously and may have an increased sensitivity compared to the
array-based technology.

For the analysis and interpretation of microarray data, a range of computa-
tional tools are available. The two basic approaches are unsupervised hierarch-
ical clustering analysis, which orders both samples and genes on the basis of
their similarity of gene expression, and supervised methods, which identify gene
expression patterns that discriminate samples on the basis of predefined clinical
information [4, 5].

Statistical analysis of expression data is complex and prone to false discov-
eries, e.g., identifying genes of interest just by chance. Therefore, it is crucial to
validate molecular signatures in large independent series of patients before
clinical application.
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Genome-Wide Analyses of Estrogen Receptor Function

Estrogens are known to regulate the proliferation of breast cancer cells and to

alter phenotypical properties. However, the mechanisms and pathways by

which estrogens regulate these events are only partially understood. With the

sequencing of the human genome as well as the advent of microarray technol-

ogy, it is now possible to investigate the complexities of ER-mediated gene

transcription on a more global scale rather than studying one estrogen-respon-

sive target at a time.
Using gene expression profiling, Frasor and colleagues identified patterns of

genes that are either stimulated or inhibited by estradiol (E2) in ER-positive

MCF-7 human breast cancer cells [6]. Their findings reveal that almost 70% of

the genes regulated by E2 are, in fact, downregulated. In addition they show that

numerous cell cycle-associated genes as well as expression of novel transcription

factors, receptors and signaling pathways are modulated by E2, many of which

could play roles in mediating the effects of E2 on breast cancer proliferation.
Subsequently, to better understand the actions of endocrine treatment,

microarray analysis was performed after exposure of breast cancer cells to

different estrogen receptor-targeted drugs [7, 8]. The gene expression changes

induced as a response to selective estrogen receptor modulators (SERMs) such

as tamoxifen and raloxifene or the anti-estrogen fulvestrant indicated the

agonistic and/or antagonistic actions on a large set of estrogen-regulated

genes. Although the regulation of the majority of E2-regulated genes is either

partially or fully reversed by SERMs and fulvestrant, differences can be

observed among these ligands in their balance of agonistic, partial antagonistic

or fully antagonistic activities on E2-regulated genes.
In addition, in 2006 Oh and colleagues used this strategy to classify ER or

progesterone receptor (PR)-positive breast carcinomas [9], applying supervised

analysis (significant analysis of microarray data ‘SAM,’ software for expression

data mining) on gene expression data of ER-positive MCF-7 cells treated with

E2 [10]. Using this approach, they identified 822 genes that were shown to be

estrogen regulated. These genes were used to develop an outcome predictor,

which was then validated on independent published breast cancer datasets.
Translational research performed at the Netherlands Cancer Institute, the

Netherlands, showed that combining in vitro experiments with gene expression

analyses of clinical breast cancer samples can improve the understanding of ER

function in cancer patients. Using fluorescence resonance energy transfer

(FRET) that detects changes in the conformation of ER, the efficacy of anti-

estrogens to inactivate ERwas studied [11, 12]. Phosphorylation of serine 305 in

the hinge region of ER by protein kinase A (PKA) induced resistance to

tamoxifen. In clinical samples, the downregulation of a negative regulator of

PKA, PKA-RI�, was associated with tamoxifen resistance. Activation of PKA

by downregulation of PKA-RI� converted tamoxifen from an ER inhibitor

into a growth stimulator.
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ER-mediated transcription has been intensively studied on a small number
of endogenous target promoters [13, 14]. Recently, ER-binding sites were
mapped in a less-biased way that did not depend on preexisting concepts of
classic promoter domains and subsequently several new features of ER-
Mediated transcription were identified, such as the facilitation of ER binding
to chromatin leading to gene transcription [15]. Subsequently, all ER and RNA
polymerase II binding sites were mapped on a genome-wide scale in breast
cancer cells stimulated by E2, identifying a broad range of cis-binding sites and
target genes [16]. Since the cis-regulatory elements can be located in the pro-
moter region 50 to the gene it controls, as well as in the intron, or in the 30 region,
this study found a more complete set of ER-binding sites across the genome.
Combining this unique resource with gene expression data from breast cancer
patients, it correctly predicted that the genes co-expressed with the ER and
thereby identified important and previously unexplored regions of the genome
that could be the critical regulators of the estrogen dependence of breast cancer.

Gene Expression Profiles Driven by Estrogen Receptor

The first large-scale study of gene expression profiling in breast cancer was
performed by Perou and colleagues who showed that based on overall gene
expression profiles, breast carcinomas can be subdivided into five molecular
subtypes (Fig. 1) [17]. Three biologically distinct subgroups of ER-negative
breast tumors have been identified: the ‘basal-like’ group, which expresses
cytokeratin-5 and cytokeratin-17; the ‘HER2-positive’ group, expressing sev-
eral genes located in the HER2 amplicon including HER2 and the gene
encoding for growth factor receptor-bound protein 7 (GRB7); and the ‘nor-
mal-breast-like’ group, which expresses genes usually expressed in normal
breast. The ER-positive tumors that were originally found to be a single
group have in subsequent studies been separated into at least two distinct
groups: the ‘luminal A’ subtype, which expresses high levels of cytokeratin-8
and cytokeratin-18 and other breast luminal genes, and the ‘luminal B’ sub-
type, expressing low levels of these genes [18]. Importantly, these five subtypes
also represent clinically distinct subgroups of patients. For example, the ER-
negative ‘basal-like’ and ‘HER2-positive’ subtypes are associated with a
shorter overall and disease-free survival, whereas the ER-positive ‘luminal
A’ tumors have the best outcome. These findings have been confirmed in
independent datasets [19, 20].

It has to be realized that classifications generated by hierarchical clustering
may be unstable. For example, adding more breast cancer samples resulted in a
changed dendrogram, as demonstrated by the disappearance of the luminal C
subtype [19]. Furthermore, it can be argued that these analyses do not provide
more information than currently given by histological grade and immunohis-
tochemistry (IHC) for ER and HER2 of the tumor. When interpreting these
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Fig. 1 Molecular subtypes of breast cancer. Gene expression patterns of 85 experimental
samples representing 78 carcinomas, 3 benign tumors and 4 normal tissues analyzed by
hierarchical clustering of cDNA clones. a Tumor specimens were divided into five (or six)
subtypes based on differences in gene expression: dark blue: luminal A, yellow: luminal B, light
blue: luminal C, green: normal breast like, red: basal like and pink: HER2+. b Full cluster
diagram scaled down, colored bars on the right represent the inserts present in c–g. c HER2
amplicon. d Unknown cluster. e Basal epithelial cell-enriched cluster. f Normal breast-like
cluster. g Luminal epithelial gene cluster containing ER. Copyright # 2001 by The National
Academy of Science of the United States of America, all rights reserved [18]
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observations, it is important to keep in mind that many of these correlations are

expected because of the strong association between molecular class and con-

ventional histopathological variables.
The gene expression grade index (GGI), which defines histological grade

based on gene expression profiles [21], could also define two ER-positive

molecular subgroups (high and low genomic grade) [22]. Despite tracking a

single biological pathway, these subgroups were highly concordant with the

previously described luminal A and B classifications.
Subsequent studies confirmed that there are large-scale gene expression

differences between ER-positive (most ‘luminal-like’) and ER-negative (most

‘basal-like’) cancers. Table 2 summarizes different studies describing the domi-

nant gene expression pattern in breast carcinomas driven by ER. To study the

characteristics of ER-positive and ER-negative breast tumors in more detail,

Gruvberger and colleagues profiled a homogeneous group of lymph node-

negative breast cancers [23]. They reported that ER-positive and ER-negative

tumors display remarkably different molecular phenotypes. To gain insight into

the genes of this dominant expression signature, van’t Veer et al. associated

gene expression data with ER expression as determined by IHC [24]. Out of 39

tumors stained negative for ER by IHC, 34 clustered together. By this unsu-

pervised approach, known ER target genes formed a cluster with the ER-� gene

(ESR1). Supervised classification showed that 550 genes optimally reported the

dominant pattern associated with ER status; reporter genes included cytoker-

atin-18, bcl-2, HER3 and HER4 (see Fig. 2). Twenty-one out of the 50 ER

reporter genes as determined by Gruvberger et al. were also present in the 550

gene list [23].
Since the introduction of high throughput analysis of gene expression,

several molecular signatures predicting prognosis in breast cancer patients

have been developed [25–28]. All classifiers have been developed using different

microarray platforms and approaches to select genes. Consequently a direct

comparison between the various gene lists generated is difficult. However, these

different gene sets show significant agreement in the outcome predictions for

individual patients and are probably tracking a common set of biological

phenotypes [20]. In addition to the degree of proliferation and histological

grading, information on ER signaling is present in all prognostic signatures.

Wang and colleagues included this information in the development of their

prognostic test [28]. Tumors used for their discovery study were allocated to one

of two subgroups stratified by ER status. Each subgroup was analyzed sepa-

rately for selection of genes. Markers selected from each subgroup (60 genes for

ER-positive tumors and 16 for ER-negative tumors) were combined to form a

single signature to predict tumor metastasis in a subsequent independent vali-

dation consisting of both ER-positive and ER-negative tumors. This result

supports the idea that the extent of heterogeneity and the underlying mechan-

isms for disease progression could differ for the two ER-based subgroups of

breast cancer patients.
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In addition, Dai et al. showed within a subset of young patients (<55 years)
characterized by relatively high ER expression for their age (i.e., the ER/age

high group) that the occurrence of metastases is strongly predicted by a

homogeneous gene expression pattern almost entirely consisting of cell cycle

genes [29]. By combining information on expression of ER with clinical

variables such as age at diagnosis, a subgroup of patients was identified in

which expression of proliferation-associated genes is a very strong predictor

of outcome.
All the above findings describe the marked influence of ER and its numerous

targets on gene expression in breast cancer. Expression of ER drives patterns of

gene expression and dominates unsupervised analyses in breast cancer speci-

mens studied to date, regardless of microarray platform or statistical approach.

Fig. 2 Supervised classification by ER status. a Outline of classification system: 98 breast
tumors are classified into an ER-positive and ER-negative group. b Expression data matrix
across 550 optimal ER reporter genes. The contrasting patterns discriminate between tumors
with an ER-negative signature (below solid line) and an ER-positive signature (above solid
line). The reporter genes were ordered on the basis of their level of contribution to the
classifier. Tumors are arranged according to the leave-one-out correlation coefficients to
the average signatures of the classifier. The ER status, as determined by IHC and microarray,
are indicated in the two right panels. Adapted by permission fromMacmillan Publishers Ltd:
Nature (van’t Veer et al. copyright 2002 [24])
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Fig. 3 Relation of ER
protein expression, ER
mRNA levels and the
corresponding expression of
ER-related genes with
tamoxifen response. a
Scatter plot depicting ER as
determined by IHC (x-axis,
% of tumor cells positive)
and mRNA level (y-axis,
calculated using four probes
for ESR1 on 44 k Agilent
array) expressed in log-ratio
relative to reference
consisting of pool of breast
tumors. Red circles indicate
patients resistant to
tamoxifen in metastatic
disease setting (�6 months
benefit), green circles
indicate the patients who
showed a response (clinical
benefit for more than 6
months). b Heatmap of 385
ER-related genes (identified
by mapping the 550 ER
reporter gene described by
van’t Veer et al. to the 44 k
Agilent array). Tumors
ranked based on ER
determined by IHC. Genes
ranked based upon
correlation coefficient with
ESR1 as determined in
dataset of van’t Veer et al.
Yellow lines group tumors in
ER negative (left), ER low
(middle) and ER high (right)
(Kok et al. unpublished
data; [24])
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mRNA levels of ER (gene name ESR1) show strong correlation with protein
expression as depicted in Fig. 3 (Kok et al. unpublished data; [17, 24, 30]).
Although there is preliminary evidence that quantitative mRNA levels of ESR1
and gene lists containing ER target genes could be predictive for outcome after
endocrine treatment [27], clinical application of these tests requires further
investigation.

While most gene expression studies have focused on the presence or absence
of ER, Creighton et al. examined RNA expression of ER+ breast cancers in
relation to the presence of PR [31]. ER+/PR� breast cancer defined by gene
expression profiling (i.e., tumors neither truly ER+/PR+ nor ER�/PR� but
sharing expression patterns with both) tended to have poor outcome and this
was not observed when using the IHC assays to determine ER and PR status.
This shows that gene expression profiles may provide a clinically relevant tool
to assess PR levels for diagnostic or therapeutic purposes.

Molecular Signatures Predicting Response to Endocrine Treatment

Adjuvant tamoxifen treatment reduces the breast cancer death rate with 31% in
patients with ER-positive disease [32]. However, a substantial proportion of
patients develop metastases despite tamoxifen treatment. Moreover, only half
of the recurrences in ER-positive breast tumors respond to tamoxifen while the
other half is resistant [33]. Gene expression studies have consistently confirmed
the heterogeneity of ER-positive breast cancer and may provide insights into
the mechanisms of response to endocrine treatment.

Current research efforts are focusing on the discovery of molecular signa-
tures that might identify those patients most responsive to tamoxifen. The
expression of ER does not guarantee functional activity and other molecular
events unrelated to ER signaling can also influence sensitivity to endocrine
treatment regimens. Amultigene assay calculating a recurrence score (Oncotype
DXTM) represents an important conceptual evolvement in the diagnosis of ER-
positive breast cancer [26]. This RT-PCR-based assay was derived from 250
candidate genes selected by a literature search of themost important microarray
studies in breast cancer. For the recurrence score, out of these 250, 16 genes
were selected as well as 5 control genes. This assaymeasures ERmRNA levels in
a quantitative and reproducible manner and alsomeasures expression of several
downstream ER-regulated genes (PR, bcl2 and SCUBE2) that probably con-
tain information on functionality of ER. The same assay also quantifies HER2
expression and proliferation-associated genes (Ki67, cyclin B1 and survivin).
This RT-PCR-based test has been optimized for paraffin-embedded material
and has been shown to accurately identify a group of patients with excellent
prognosis when treated with adjuvant tamoxifen [26, 34]. Notably, the predic-
tive power was independent of age and tumor grade or size. A disadvantage
included the preselection of genes and a subsequent algorithm that may not
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encompass more than quantitative ER and PR levels, proliferation and HER2
expression, all currently easy to test and hence may provide no new biological
insights into tamoxifen response.

Another study, conducted in 60 ER-positive breast carcinomas treated
with adjuvant tamoxifen, suggested the utility of a two-gene-index of
HOXB13 and IL17BR in identifying a subset of patients who are at risk
for relapse of disease [27]. In an independent dataset of patients receiving
tamoxifen, Reid et al. reported that the two-gene-index failed to detect
differences in outcome [35]. Taking into account that Fan and colleagues
calculated the two-gene-index using microarray data, again no association
with outcome was seen [20]. However, in three other large cohorts the two-
gene-index showed a relation with tumor aggressiveness and response to
first-line tamoxifen monotherapy for relapse of disease [36–38]. In studies
of relatively small sample size, a model based on analysis of only two genes is
much more likely to be sensitive to technical differences or patient selection.
Further, in a substantial proportion of ER-positive tumors HOXB13 expres-
sion was below the detection level [38]. Rodriguez et al. showed by functional
experiments that HOXB13 is an ER target gene and that its repression is
mediated by DNA methylation in ER-positive tumors [39]. The observation
by Wang et al. that HOXB13 and IL17BR expression strongly correlates
with the expression of ER, PgR and HER2 as determined by the routinely
used immunohistochemistry supports this regulation mechanism [40]. Inde-
pendent studies will reveal whether HOXB13 and IL17BR might be useful
predictive markers when used instead of immunohistochemistry or add
information to the standard markers.

In addition, using Affymetrix Gene Chip arrays, investigators from the Jules
Bordet Institute, Belgium, selected 62 genes by Cox proportional regression
analysis to predict patients having an early relapse after adjuvant tamoxifen
treatment [41]. In a large validation set, they were able to identify patients who
will probably have more benefit from other endocrine approaches such as
upfront treatment with aromatase inhibitors.

While the recurrence score and two-gene-index might be very helpful in
predicting the likelihood of relapse of disease, a major limitation of these tests
is that tamoxifen is prescribed as adjuvant treatment. A disadvantage of asses-
sing response in the adjuvant setting is that both response of tumor cells to
tamoxifen as well as intrinsic aggressiveness of the malignancy are measured.
Furthermore, some resistant tumors will not recur because they were already
cured by surgery and radiation. The proportion of this group of patients is
unknown.

In contrast, Jansen and colleagues discovered, using cDNA microarrays, an
81-gene signature in tumors of breast cancer patients treated with tamoxifen for
their metastases [42]. In this palliative setting, tumor response can be visualized.
The 81 genes were found – by supervised hierarchical clustering – to be differ-
entially expressed between tamoxifen-sensitive and tamoxifen-resistant,
ER-positive breast tumors (n=46, heatmap of genes shown in Fig. 4).
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Subsequently, this response profile was tested on 66 independent cases and

could select patients who had a short time to tumor progression (TTP). The

genes were involved in estrogen action, apoptosis, extracellular matrix forma-

tion and immune response.

Fig. 4 Supervised clustering of tamoxifen-resistant and -sensitive breast carcinomas (n=46)
using the 81-gene signature. a Expression plot showing clusters of tumors with progressive
disease and objective response.Orange bars below indicatemisclassified tumors.Red indicates
upregulated genes and green indicates downregulated genes. b Bars next to plot indicate genes
of predictive signature (green), apoptosis (black), extracellular matrix (purple) and immune
system (blue). Information includes cytoband location and references of estrogen function.
Reprinted with permission from the American Society of Clinical Oncology: Jansen et al. [42]
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Recently, these 81 genes were validated in tumor samples from another

hospital using a more advanced microarray platform [43]. Combining this

tamoxifen response profile with PR determined by IHC, patients with an

excellent TTP could be identified. It is provocative to speculate on the predictive

value of this tool if used for adjuvant treatment decisions. Identification of a

subset of patients who might have more chance to be cured by tamoxifen

instead of an aromatase inhibitor may open the door to more individualized

medicine.
While adjuvant tamoxifen treatment reduces the risk of breast cancer death

by 31% [32], aromatase inhibitors slightly prolong disease-free survival com-

pared to tamoxifen [44], In addition, a survival benefit has been shown for

sequential tamoxifen and an aromatase inhibitor [45, 46]. A molecular test

helping clinicians to make a choice between starting with tamoxifen, an aroma-

tase inhibitor or rather with chemotherapy would have enormous potential for

tailoring treatment.
Mackay et al. conducted gene expression profiling on pretreatment and

posttreatment biopsies of breast cancer patients who received an aromatase

inhibitor for 2 weeks before surgery [47]. Profound changes in gene expression

were seen after treatment, including many classical estrogen-dependent genes

(TFF1, CCND1, PDZK1 and AGR2) as well as a prominent decrease in the

expression of proliferation-related genes. Using a similar approach, Miller and

colleagues identified letrozole-induced changes in expression in genes asso-

ciated with cell cycle progression, organ development, extracellular matrix

regulation and inflammatory response [48].
Since most of the aromatase inhibitors are prescribed for advanced disease

after adjuvant tamoxifen, Lin et al. retrospectively studied primary tumors of

this group of patients and subsequently measured levels of E2-related genes

using RT-PCR [49]. An algorithm combining mRNA levels of ER, PgR and

BRCA1 resulted in the best predictive value. Larger datasets and samples

derived from a randomized trial are necessary to enable the identification of

markers or gene signatures specifically associated with aromatase inhibitor

response.
Currently, the use of microarray technology in clinical practice is being

tested (EORTC trial: http://www.eortc.be/services/unit/mindact/) and we spec-

ulate that a gene expression profile predicting treatment response might provide

additional information on top of measurement of nuclear receptors. Thereby,

endocrine treatment decisions can be tailored, e.g., starting tamoxifen, an

aromatase inhibitor or rather focus on disease control by chemotherapy. Never-

theless, most algorithms developed to predict outcome after tamoxifen are

based on adjuvant treatment [26, 27, 41]. Further investigations are needed to

elucidate whether these gene profiles truly predict drug response or solely

prognosis. In the absence of frozen material obtained in a randomized con-

trolled trial addressing whether a drug is effective in the adjuvant setting

including a control arm with untreated patients, response to treatment can
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only be visualized in neoadjuvant treatment settings [50, 51] or in patients with
measurable disease in metastatic disease setting [42, 43].

Perspectives

In a short period of time, analysis of gene expression in breast cancer has
increased the understanding of ER signaling and the diversity of ER-positive
and -negative breast cancer subtypes. However, there are still many questions
remaining which could be answered by continuing research using gene expres-
sion profiling of human tumor samples.

The advantage of microarray technology is that thousands of genes can be
studied at the same time instead of focusing on a single gene of interest.
Regarding the genes responding to activation of ER, several lists of either
putative ER targets or genes correlating with ER expression have been pub-
lished [9, 16, 23, 24, 52, 53]. However, currently there is no consensus on the
comprehensiveness of these gene sets. A complete overview of genes also
including processes in which ER is influencing gene expressing by functioning
as a transcriptional co-factor or driving other co-factors is still lacking. Further-
more, gene expression profiling is not suitable to pinpoint posttranslational
modifications of ER or epigenetic regulation by ER by binding to chromatin.

While the description of breast cancer phenotypes in distinct molecular
subtypes, as first portrayed by Perou and colleagues, has been exciting, further
refinement of subdivision of ER-positive breast cancer is needed [17]. How to
define the group of patients with a very good outcome for which systemic
treatment can be safely omitted? And since some ER-positive tumors show a
moderate response to chemotherapy, it will be very interesting to screen this
subgroup for specific drug targets. If these can be identified, clinicians can offer
endocrine treatment combined with targeted therapy.

Although the high throughput analysis of gene expression of breast cancer
cells has increased the insights in the behavior of the disease, the relation with
outcome and therapy response, accurate and robust validation of the candidate
response profiles is necessary before clinical application. Standardization of
technology and properly designed clinical trials performed at large scale will be
essential. Moreover, the discrimination of the prognostic value of a set of genes,
e.g., aggressiveness of tumor cells regardless of systemic treatment, versus the
capacity to predict response to a specific drug needsmore detailed investigation.
In ideal clinical practice, a single platform will be used that is able to provide
prognostic (who to treat?) as well as predictive information (how to treat?).

The perspective for the coming years is that the normal function of the ER
and its downstream targets will continue to be unraveled and that combining
this knowledge with gene expression profiling of breast cancers of patients in
defined clinical settings will lead to diagnostic tests that can guide endocrine
treatment, and finally to more insight in mechanisms underlying resistance to
endocrine therapy that can help in developing novel treatment strategies.
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