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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 o and 3, 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 o and [ inaggressive breast tumors of African-American women, cross-
talk between BRCAT1 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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Hormone Action and Clinical Significance
of the Estrogen Receptor o

Matthew H. Herynk, Jennifer Selever, Janagi Thirugnanasampanthan,
Yukun Cui, and Suzanne A.W. Fuqua

Clinical Relevance of ERox

ERa 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«a 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 ERa
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 (X))

Breast Center, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030,
USA

e-mail: sfuqua@bcm.tme.edu

S.A.W. Fuqua (ed.), Hormone Receptors in Breast Cancer, 1
Cancer Treatment and Research 312, DOI 10.1007/978-0-387-09463-2_1,
© Springer Science+Business Media, LLC 2009



2 M.H. Herynk et al.

ERa 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 ERa 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«a 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, ERa 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«a (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

1 180 263 305 595
| AF-1 | pBD | AF-2 | ERa
I T T~ T
S104 S167 S236 K266 S305 u? Y537
S106 K268
S118 K299

K302
K303

Fig. 1 ERa 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
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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 AKT?2 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 ERo

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 ERa 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. ERa homo- or heterodimerizes with other nuclear recep-
tors such as estrogen receptor B (ER) or androgen receptor (AR) and binds,
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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 (Spl) 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
ERa 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 NcoAl, enhanced the
transcriptional activity of ERa when cells were treated with estrogen [25]. Addi-
tionally, SRC-1 also has been shown to be involved in ligand-independent
activation of ERa. The second member of this coactivator family, SRC-2, also
known as GRIPI 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 called RAC3, p/CIP, AIB1, or ACTR) 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
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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., Cizl) [34]. In addition to the coactivators that directly
interact with ERa, additional cofactors such as protein arginine methyl transfer-
ase, CARMI, and PRMT2 [35] affect ER transcriptional activity through
indirect association with ERa 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
MTAZ2 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 ERa cofactors also contain specific DNA-binding domains (e.g., NcoR,
MTA1/2, or Cizl), raising the possibility that they may affect gene transcription
directly. One study demonstrated that MTA1, an ERa 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.
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Chromatin Remodeling and the Cyclical Occupancy of ERo
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 HDACI) or indirectly deacetylating
histones through interaction with histone deacetylases (e.g., MTAT1 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 PRMTI1 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 PRMTI. 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
ERa 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 SUTR

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 +163 permitting the splicing of several different exons encoding
various 5UTRs. 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
ERa 5UTRs 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«. The more 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 normal mammary 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 ER«

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 ERa 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 DNA methyltransferases [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 ERa promoter silences the gene by repressing transcription
and in some cases is associated with malignant transformation of cells, whereas
hypomethylation of ERa is associated with gene activation indicating
an inverse relationship between promoter methylation and transcriptional
activity [60].
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Acetylation

ERa is known to be acetylated on lysines, and the conserved acetylated amino
acids in ERa 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«a deletion constructs suggest that the
phosphorylation status of S305 within the hinge domain of ER«a 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

ERa 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 be mediated by both the
protein kinase A (PKA) and p21-activated kinase 1 (PAK-1) signaling networks
[44, 64, 65]. PKA-mediated phosphorylation of ERa does not alter its DNA-
binding abilities but instead enhances ligand-binding affinity [64]. Additionally,

Table 1 ERa phosphorylation sites

Amino

acid Modification Effect References

S104 Phosphorylation by Enhanced transcriptional activity [86]
Cyclin A-CDK

S106 Phosphorylation by Enhanced transcriptional activity [87]
Cyclin A-CDK

S118 Phosphorylation by Enhanced transcriptional activity [88]
MAPK

S167 Phosphorylation by Enhanced transcriptional activity [89]
Akt2

S236 Phosphorylation by Enhanced ER dimerization and DNA  [64, 90]
PKA binding

S305 Phosphorylation by Enhanced ligand-binding affinity, [64, 65]
PKA or PAK1 tamoxifen resistance

Y537 Phosphorylation by Src Enhanced transcriptional activity [74, 90, 91]

kinase
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the PKA-mediated phosphorylation of S305 allows tamoxifen to act as an
agonist of ERa, and PKA is known to be frequently overexpressed in breast
tumors [44, 64, 66]. Clearly, ERa phosphorylation has a variety of effects in the
physiologic actions of ER«a 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 ERa may play an important role in the transactiva-
tion of ERa.

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 ERa 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 in more than one sample, in contrast are the A86V, K303R, and
Y537S/N ERa mutations. The A86V mutation was found in 12% of the breast
cancer specimens analyzed and has been associated with lower levels of ERa
protein and spontancous 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
ERa [74-76].

We originally identified the K303R ERa 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«a 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 corepressor MTA2 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 ERa«
signaling, and whether or not this mutation will affect other epigenetic regula-
tory mechanisms of ERa 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 ER«o

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 and Korach [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
ERa 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 disecase and as a predictive
factor to guide therapies for the treatment of this widespread disease. Clearly,
ERa 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 ERS in Clinical Breast Cancer

Valerie Speirs and Abeer M. Shaaban

Introduction

A second estrogen receptor (ER), ERf3, 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 ER3 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 ERa: mature full-length ER« is 595 amino
acids and located on chromosome 6q while ERS 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/3 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.

ERS Isoforms and Their Function

ERp 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 wtERG (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, ER35 expressed at significantly higher
levels in African Americans compared to Caucasians [9]. Tumors from African
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Fig. 1 Schematic illustration of human ER« and ERj

Americans are often ERa negative with poorer survival [10]; so the high
expression of ERf isoforms suggests that these patients may well benefit from
specific ER 3-targeted therapies (discussed later). These isoforms are schemati-
cally illustrated in Fig. 2 and described in detail below.

ATG
¥

ERp2 55kDa
26 aa
44 aa
ERp4 58kDa
52 aa
7 aa

Fig. 2 Structure of ERZ1-5. All five isoforms are identical in structure through exons 1-7 but
have a unique exon 8 sequence
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The first published human ER 31 cDNA was initially believed to encode a protein
of ~53 kDa [2]. However, a longer version was subsequently identified, which is
now accepted as full-length ERG1 comprising 530 amino acids and encoding a
protein of ~59 kDa [11]. A longer, functionally distinct 548 amino acid form of
ER/3 has also been described with an additional 18 amino acids at the N-terminus
[12], but this is not commonly expressed, as evidenced from studies in three
ethnically diverse populations (Caucasian, African or Asian; [13]).

ERf1 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]. ER1 exhibits transcriptional activity on
“classic” and “non-classic” EREs [17, 14] and can induce gene transcription in
vitro [18, 19].

Introduction of ERG1 into ER-negative cells has inhibitory effects on cell
proliferation and invasion [20-22]. Coupled with the observation that ERS1
expression is reduced in many clinical breast cancers (discussed in detail below),
this has led to the conclusion that ER31 is a good prognostic factor in breast
and other cancers [23, 24].

ERB2/cx

Originally named ERGcx, ER 2 is identical to ER(GI from exons 1 to 7 but has a
unique 26 amino acid sequence in exon 8 [17, 11]. ER2 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 ERa and ER 32 which subsequently inhibits
DNA binding and ligand-dependent transactivation [17, 11, 14, 26].

ERB3

Two independent studies failed to show ER33 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 ER33 by RT-
PCR in MCF-7 cells, with sporadic expression and low-level expression in other
studies [27, 28].

ERpB4 and ERBS

Originally believed to be truncated isoforms [17], ER34 and ER 35 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 ER31.

In vitro band shift studies indicate that ER31-3 are able to form DNA-
binding homodimers and heterodimers with each other with the ER« [17].
Similarly, ER34 and ER35 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 ERa.

ERp 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 ERGA2 or A4 has
been reported between tumor tissue and normal breast [31, 32]. Exon 5-6
deletions tend to be decreased in breast cancers while ERGAS expression was
significantly increased in higher grade tumors and post-menopausal patients
[32]. ERBAS 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, ERBAS is also common in normal
mammary gland [34]. Deletion of ERGAG6 results in a truncated translation
product which, although common, does not correlate with general clinico-
pathological variables [31, 32].

Distribution of ERJ Isoforms in the Breast

ERfis the principal ER in normal breast [35]. Unlike ER« which is localized to
luminal epithelial cells (Fig. 3a), ERf 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 ER3 isoforms are differentially
expressed in normal breast with ER3 wild type and ER 31 staining the majority
of nuclei of interlobular ducts and terminal duct lobular units [35, 36] (Fig. 3b).
ER /32 immunoreactivity was also reported in nerve tissue within normal breast
[27]. Data from our laboratory also show an abundance of ER35 protein within
the nuclei of luminal cells, myoepithelial cells and stromal cells (Fig. 3¢). ER32,
however, appears to be less expressed in normal mammary ducts [37]. This is
illustrated in Fig. 3d.
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Fig. 3 (a) ERa 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, (¢) Strong positive ER/35 staining in
the majority of luminal, myoepithelial and stromal cells within normal mammary lobules,
(d) Expression of ER/32 in epithelial cells of normal lobules. Both the proportion of positive
cells and intensity of staining are less than ER/1 (¢)

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 3 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
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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/3 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 (3
isoforms, have been mixed. However, it must be noted that study size is variable,

Table 1 Summary of protein-based studies of ER3 isoforms in invasive breast cancer and its
association with clinico-pathological features (1999—September 2008)

ERp isoform Number Clinical associations Ref
Total 353 Increased OS and DFS in ERa-negative cases. [104]
Total 319 ERa, PR [57]
Total 305%* Improved survival in tamoxifen-treated patients. [47]

No correlation with ERa, PR, size, age, node
status, ploidy

Total 234 Aneuploidy [93]

Total 165 Increased DFS [45]

Total 92 Node-negative patients, low S-phase fractions, pre-  [44]
menopausal

Total 77 Improved response to endocrine therapy [43]

Total 71 Inverse correlation with ERa, trend with node [94]
status. No correlation with Ki67

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

Total 59 No correlation with ERq, size, grade, node status [95]
or survival

Total 44 Ki67 and cyclin A [96]

Total 41 No association with ERa, LN, size or [97]
differentiation state

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

Total 79 <2 cm, high grade [98]

Total, 52 43 Both increased in invasive cancer [51]

Total, 52 50 Total correlates with 52. 32 correlates with MIBl in ~ [68]

tamoxifen-resistant tumors. No correlation with
ERa, PR, age, grade, tumor type or node status
51 936 Better survival in triple negative and node negative  [105]
cases but associated with more aggressive disease
in node positive cases
51 181 DFS, ERa, PR, increased topoisomerase Ila. [48]
Inverse correlation with c-erbB2 overexpression,
no correlation with p53
51 141 Reduced expression in malignant cells [36]
61 170 Correlation with PPARY [99]
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Table 1 (continued)

ERg isoform Number Clinical associations Ref

51 167 Ki67. No correlation with ER«a, PR, grade or node  [100]
status

51 150 DFS. Inverse correlation with HER-2 and SRC-1 [49]

51 88 Increased DFS [50]

51 52 Node-negative patients and those showing a [101]
positive response to endocrine treatment

51 41 Not reported [102]

52 141 Better prognosis [106]

52 73 Favorable response to endocrine therapy [67]

61, 32 150 (41 with small tumor size, negative node status and ~ [107]

low histological grade 32 with ERS and low
histological grade. 51 and 32 associated with

better DFS and OS

ND 147 HER-2, cathepsin D, p53, pS2, Ki-67. No correlation ~ [103]
with grade, ploidy or S-phase

Bw 57 ERa, PR, low grade [53]

6N Low grade

6C ERq, PR, low grade, better prognosis

52 No correlation

Total, 81, 52 225# Total and 1 correlated with Ki67 and CK5/6, 32 [108]
with c-Jun and NFxBp65. No effects on survival

Total, 81, 32 442 Total and 1 associated with better survival, [109]
especially in triple negative cases. (32
uninformative

81, 52, B5 757 Bl with ERa, PR, AR, BRCAL. 52 with ERa, PR,  [110]

AR, BRCAI and better OS and DFS and
response to tamoxifen. 55 with better OS.
Cytoplasmic 32 associated with poor OS and
DFS
61, 82, 33, 35 17 (3 and (85 with increased tumor size and increased  [27]
proliferation.
(33 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.

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 ER3-positive tumors. The
positive association of ER with improved survival has also been independently
confirmed in a Western blot study of 234 cases [47]. This association appears even
stronger when the role of isoform-specific antibodies is examined, with ERf1
correlating with improved disease-free survival [48—50, 105-107, 109].

The pathobiological role of ER(32 in breast cancer is just starting to be
defined and protein studies are inconsistent. A study of 26 DCIS, 43 invasive



24 V. Speirs and A.M. Shaaban

breast cancers and 39 adjacent normal tissues reported a significant increase of
ER 32 in DCIS and invasive breast cancer compared to normal gland [51]. This
correlates with mRNA studies in which ER(G2 mRNA was the most abundantly
expressed ER( isoform in breast tumors [6, 52, 53]. However, a significant
decrease in ER32 mRNA was reported in 66 breast cancers compared to
adjacent normal tissue from the same individuals, with the opposite trend
observed with ER35 [54]. More recent studies focussing exclusively on protein
expression and in large cohorts seem to indicate that ER /32 is a good prognostic
factor [106, 107, 110].

While there have been several mRNA studies comparing expression of ERS3
isoforms, comparative immunohistochemical studies are rare. A small study of 17
invasive breast carcinomas showed that expression of both ER33 and ER35 was
associated with larger tumor size and high proliferative activity whereas ER35
alone was associated with nodal metastasis [27]. The largest and most comprehen-
sive study of ERf isoforms conducted to date involved immunohistochemical
analysis of ERBI, ERB2 and ERB5 in 757 invasive breast carcinomas with long
term clinical follow up and made into tissue microarrays [110]. Nuclear expression
of ER32 significantly correlated with tumor grade and size, Nottingham Prognos-
tic Index, cumulative survival (CS), distant metastasis, death from breast cancer,
and ERa, PR, AR and BRCAI expression. Positive ER31 expression was not
associated with any pathological parameter. ER35 was predominantly expressed
in grade 3 carcinomas, showed a highly significant positive correlation with ERS1
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(32 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 ERf in ERa negative cohorts [reviewed in 111].
Interestingly, in these cohorts ER3 expression seems to be associated with more
aggressive disease. Thus when expressed independently of ERq, the role of ER(
is markedly different. ER3 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.

ERfis 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 3 expression in DCIS. Using antibodies
which detect either total ER3 or ER 31 widespread expression of ER (3 was seen
in DCIS [44, 56, 57]. The relationship between DCIS nuclear grade and ERS
expression has also been studied. Both the two largest studies on DCIS thus far
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have examined ER 3 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 ERG and DCIS grade [36]. However, when stained for ERG2 a
different expression pattern was noted in DCIS (n = 26), with low expression in
normal breast which was increased in DCIS and continued to increase further in
invasive carcinoma [51]. The relationship with HER2 has also been studied
where 50% of HER2-negative DCIS cases expressed ER 3, suggesting that these
tumors might represent a distinct phenotypical subtype [58].

Comparative studies indicate that ER31 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 ERJ protein. Similar conclusions were drawn from RNA studies and
therefore loss of ER3 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 ERf1 is therefore implicated in the
development of estrogen-dependent tumors [24]. There is experimental evidence
that reduction of ERf1 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 ERa:ER/ protein
ratio was found in patients who subsequently developed breast cancer [60].
Interestingly, ER(32 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 ER3 expression response/resis-
tance and hormonal therapy have produced conflicting results. In a prospective
study of 47 patients over 65 years, both ER«a (protein) and ER3 (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/3, 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 ER3 were predictive of



26 V. Speirs and A.M. Shaaban

overall survival and disease-free survivals in patients treated with tamoxifen
(n=186 patients) [47]. ER3] has also been shown to correlate with a longer
disease-free survival (P=0.008) and a negative HER?2 status (P<0.001) [49].

An mRNA study in a cohort of 105 patients treated with adjuvant endocrine
therapy showed that expression of ER[32 was significantly related to improved
disease-free survival [63]. Conversely, others showed no correlation between
ER(32 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
ER32 expression correlated with poor response to endocrine therapy [66]. The
same study showed that ER(32 in ERa + cells was associated with lack of PR
expression [66]. This was contradicted in a combined immunohistochemistry
and Western blotting study where ER 32 expression correlated with a favorable
response to endocrine therapy, with ER32-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
ER32 expression, leading the authors to conclude that ER 52 is not predictive of
tamoxifen resistance [68].

ER32 but not ERS1 was significantly associated with a good relapse-free
survival (P<0.005) and was predictive of overall survival in ERa-positive cases
and in patients who received adjuvant tamoxifen therapy [63, 100, 106]. Con-
versely, ER31, but not ER(32, 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(G2:ERf31 protein when compared with non-responders [43].

Tamoxifen-resistant tumors were shown to have less-frequent methylation of
the ERG gene when compared with ERa, 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 ER3 expression
was associated with increased likelihood of response to hormone therapy [70].

ERp Polymorphisms and Breast Cancer Risk

In Africans, five novel ERf 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 wtERG [71]. A further
novel variant, ERFF289L, 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 ER3
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 ERS poly-
morphisms in familial or sporadic breast cancer [73, 74], also reported in a
Greek population [75]. Overall, genetic modifications to ER(G 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 3 gene polymorphisms
and the risk of breast cancer.

Detailed mutational analysis of the entire coding region of ER3 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]. A mechan-
ism can be envisaged whereby methylated ER3 CpG islands could progressively
accumulate during tumor development, resulting in CpG island hypermethyla-
tion, eventually leading to gene silencing. The anti-proliferative effects of ERj
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 ERZ mRNA expression
has been shown [79]. Methylation-linked silencing of ER(3 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 5 -aza-deoxycytidine (DAC) [57,
79]. As ER/3 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 ERf protein with adenoviral vectors in breast cancer cells in
vitro inhibited cell proliferation, invasion and motility [20, 22]. Re-expression of



28 V. Speirs and A.M. Shaaban

ER{ in ERG-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 ERf.

This feature of ER may also impact on current hormone therapies as recent
experimental evidence has shown that while ERS expression is increased by
DAC, ERa expression is actually decreased [80]. In breast cancer cell lines,
when ERa and ER are co-expressed, ER 3 is anti-proliferative [22]. Therapeutic
strategies could be designed to take advantage of this. In theory, in ERa+ ER3 +
or ERa+ ERf3— tumors an epigenetically targeted drug such as DAC would
stimulate expression of ERS 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 ERa 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
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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 ERa and ERf3
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 achieve maximum 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 ERS as a possible target for
molecular chemoprevention via epigenetic modulation [83].

ERpB-Selective Agents

Development of novel ER 3-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 ERj3
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 ERS
selectivity could lead to the design of pharmacologically useful ER3-selective
agonists or antagonists. The dihydrotestosterone metabolite Sa-androstane-
3b,17b-diol was shown to potently inhibit migration of prostate cancer cells in
vitro via ER3 [89] and this could have potential in other ER 3-expressing tumors.

Trials of a 33-hydroxysteroid dehydrogenase inhibitor, trilostane (Modre-
nal), which is believed to function through ER3-mediated pathways [90], have
just been completed in the UK for advanced breast cancer patients who relapsed
after initial hormone therapy. Dietary phytoestrogens share structural similar-
ity with 173-estradiol (E2) and have high affinity for ERf [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/3 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 to modulate 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 32 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(32 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 ER3 have
been conflicting, the emerging view indicates that ER3, particularly the ER 52
isoform, is likely to be associated with favorable prognosis in breast cancer.
With this in mind, it is perhaps time to think about incorporating ER51 and
ER32 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 ERpS.

In conclusion, ERf and its isoforms may have functional implications in
breast cancer and could have important and perhaps complementary roles to
ERa 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 17-43-
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, ERa, 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 orphan G-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
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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 3 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.

ERco

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

ERa 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
ERK and PI3 kinase [9]. ERa phosphorylation upregulates the activity of ERa in
transcribing some genes in breast cancer cell lines [11, 23], but the relevance of this



Hormone Action and Breast Cancer 39

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 ERa 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/AIBI1 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 BRCAL 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 ERa or ERJ 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 higher mortality rate than women in other
population [1-10]. The higher mortality rate in AA population 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
(ERa), 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, ERf3, 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 3, and an abundantly expressed variant of ER3, ER35, 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 ER«x

To test if AAW breast tumors are different with respect to ER« expression, the
ERa wild-type levels were determined in 40 immunohistochemically ERa-
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 ERa 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 ERae mRNA copy numbers in each racial group with reference to
GAPDH mRNA copy numbers are shown schematically in Fig. 1. The mean
values of ERa mRNA levels and standard deviation in each racial group are
also shown in Table 1.

The Wild-Type ERS, the ERS1, Levels Are Significantly

Higher in Both Immunohistochemically ER« -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 ER3s
levels, the expression levels of this receptor at mRNA were compared in 40
immunohistochemcially ERa-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 ERG mRNA
levels between two racial groups and in between ERa-positive and ERa-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 ER1. The expression of ERf31
was significantly higher in both ERa-positive and ERa-negative tumors from
African American patients in comparison with Caucasian patients (ERa-positive
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Fig. 1 Expression levels of ERG1 and ERfS transcripts in ERa-negative and ERa-positive
tissues from African American and Caucasian patient tumors

Table 1 Expression levels of ERGl and ER(G5 (mean and standard deviation) in ERa-
negative and ERa-positive breast cancer tissues (nRNA copies per 10'° mRNA copies of

GAPDH)

ERa« negative ERa positive
Isoform  African American  Caucasian African American  Caucasian
ERpSI 5%10%and 1x10°  6x10%*and 1x10*  1x10°and 3x10°  6x10* and 8x10°
ERS5 2x107and 1x107  9x10°and 2x10° 3x10”and 2x10”  1x10°and 3x10°
ERao NA NA 6x107 and 1x10”  7x10” and 2x 107

NA, not applicable.
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tumors, p = 0.0004, and ER«-negative tumors, p = 0.0048). However, the expression
levels of ERS1 mRNA are not associated with tumor grade, stage of the cancer,
histological type, menopausal status, progesterone receptor, or nodal status by
ANOVA [34]. The mean expression levels in both racial groups and standard deviation
are shown in Table 1 and Fig. 1.

An Isoform of ERf, an Estrogen-Independent Transcription
Factor, ERS5, 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 ERa and ER3, ER(S is by far the most abundant isoform of all the splice
variants. It is a full-length receptor identical to wild-type ERJ3 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 ERa-positive and
ERa-negative tumors (ERa-positive tumors, p= 0.0002, and ERa-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 ER31 and ER35 in ERa-negative tissues in
African American patient tumors offer possibilities to design therapies targeted
at these receptors to treat ERa-negative tumors.
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BRCAT1 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 BRCAT1 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
BRCALI serves as a “caretaker” gene to protect cells against genotoxic damage
and preserve genomic integrity.

While these functions generally fit with the idea that BRCAI 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 BRCAI-mutant
breast cancer families suggests that in addition to breast and ovarian cancers,
BRCA1 mutation carriers also have a significantly increased risk for

E.M. Rosen (<)

Department of Oncology, Lombardi Comprehensive Cancer Center, Georgetown
University, 3970 Reservoir Road, NW, Box 571469, Washington, DC 20057-1469, USA
e-mail: emr36@georgetown.edu

S.A.W. Fuqua (ed.), Hormone Receptors in Breast Cancer, 53
Cancer Treatment and Research 312, DOI 10.1007/978-0-387-09463-2_5,
© Springer Science+Business Media, LLC 2009



54 E.M. Rosen et al.

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 BRCAI 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 BRCAI
suppresses breast cancer development.

The BRCA1 Protein

The BRCAI gene is located on human chromosome 17q21, contains 24 exons,
and encodes an 1863 amino acid protein [1]. The BRCAI protein does not
exhibit significant structural homology to other known proteins (including
BRCA?2), 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].
The N-terminal ring finger domain of BRCA1 interacts with another ring finger
protein, BARD1 (BRCA1-associated ring domain protein 1); and the BRCA1:-
BARDI 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 BRCA-associated carboxy-terminal domain (BRCT) that is homologous to
similar domains found in various DNA repair and cell cycle checkpoint pro-
teins [24]. BRCAL1 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 BRCAL 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]. BRCAL1 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., pS3, STATI1, 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 RBl-associated proteins (RbAp46 and
RbAp48), histone deacetylases, the SWI/SNF-related transcriptional activator
BRG1, the cofactor of BRCA1 (COBRAL1)], 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-)

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, BRCAI 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 BRCAI
blocked the activity of the conserved carboxy-terminal activation domain of
ER-a [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 BRCAI inhibited the ability of 173-
estradiol (E2) to stimulate expression of several estrogen-responsive genes (pS2
and cathepsin D) [34].

Two mechanisms have been identified for BRCAl-mediated repression of
ER-a. The first involves a direct interaction of the BRCA1 and ER-a 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 BRCA 1-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-a contributes to the
tumor suppressor function of BRCAI. Interestingly, unlike the binding of
some cofactors to ER-a [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-a proteins have been
mapped at a high level of resolution. Here, two contact sites for ER-a on
BRCA1 were identified, one within amino acids 67-100 and the other within
amino acids 101-134 [38]. The ability of BRCAI 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 BRCAT1 inhibits AF-2 activity, the binding sites for
BRCATI on ER-a were located within the AF-2 domain of ER-a. 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-a complex was proposed [38]. In this
model, BRCA1 heterodimerizes with ER-« via an anti-parallel a-helix domain,
mainly using the third helix (amino acids 80-96) of BRCA1. The ER-« side of
the interacting surface is an a-helix of ER-a (amino acids 338-379), which is at
the opposite side of the ER-a 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 (BARDI1 [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 BRCALI in maintaining the normal state of cellular radiation resis-
tance [40]. Interestingly, while the BRCAT1 ring domain is not required for
BRCAI binding to ER-q, it is required for repression of ER-« activity by the
full-length BRCAL1 protein, since two cancer-associated BRCA1 point muta-
tions that disrupt the ring domain structure (*'Cys — Gly and **Cys — 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-«v and whether or not the BRCA1 ubiquitin ligase activity is required
for repression of ER-«. While we have not adduced any evidence that BRCAI
directs the proteolytic degradation of ER-«, it has been reported recently that
ER-« is a substrate for the ubiquitin ligase activity of the BRCA1/BARDI



BRCAI Cross-Talk with Hormone Receptors 57

complex, which functions, predominantly, to mono-ubiquitinate ER-« [41].
Interestingly, two residues within the AF-2 domain of ER-a that were found
to be essential for BRCAl-mediated ubiquitination of ER-a, 1358 and Q375
[41], fall within the previously identified region of ER-a (amino acids 338-379)
that mediates binding to BRCAT [38].

As noted above, over-expression of BRCA1 (but not cancer-associated
mutant BRCAI1 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 BRCAI. Exogenous p300 or CBP rescued (i.c., 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 (CHj3) was both necessary and suffi-
cient to rescue the BRCA1 repression of ER-a. 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 plasma membrane and possibly other sites (reviewed in [42]). The membrane
ER-a 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 BRCALI, 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 BRCA1 may interact functionally with membrane-localized ER-a and that
this interaction may contribute to its ability to suppress E2-stimulated cell
proliferation.

Ligand-Independent Repression of ER-o Activity by BRCA1

Zheng and colleagues [44] observed constitutive activity of ER-« in Breal
null mouse embryo fibroblasts (MEFs), suggesting that the endogenous
BRCAI protein may function to prevent activation of ER-« in the absence
of estrogen. Consistent with thisidea, 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 BRCAT1 protein using
small interfering RNA (siRNA) caused about a 5- to 10-fold stimulation of
ER-«a 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-a 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 BRCA 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].

BRCAL1 and ER-8

ER-3, a homolog of ER-q, 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-a/ER-( [48,
49, 50]. The co-expression of ER-a 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-{3 participates in
the BRCA 1-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].

BRCAT1 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 BRCAI 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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BRCAT1 Regulation of Progesterone Receptor (PR)

The PR plays an important role in normal mammary development; and while 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 BRCAI1 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-c,
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 BRCAI1 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-a and PR in BRCAI-mutant
mammary carcinogenesis are described below.

BRCAL1 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 to AR and stimulate its activity [59, 60]. In one study, BRCA1 up-
regulated the AR-mediated expression of the cell cycle inhibitory protein
p21WAF! 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 BRCAL to stimulate AR activity was augmented by several co-activators,
including CBP, GRIP1, and the 55 and 70 kDa androgen receptor co-activators
(ARASS5 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 BRCAT1 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). BRCAT1 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 p21WAF! 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 BRCAI, 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 BRCAI
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 BRCAT 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-
zygous mice showed reduced mammary 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 BRCAL 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 BRCAI1 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 BRCAI-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 BRCAT alleles and were transgenic for the mouse mam-
mary tumor virus (MMTYV) 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 BRCA 1-mutant breast cancers
exhibit p53 mutations [72, 73]. The mammary cancers that developed in these
BRCA1/pS3-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 MCEF-7 cells [45]. In further studies, it was found that mice with the
conditional mammary-targeted BRCAT1 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 173-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 (HANSs) [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 of multiple 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 BRCAT1 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 BRCAI1 inhibits PR function and that exposure of BRCAI-
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
BRCAI1 to regulate progesterone action through the PR contributes to the
BRCAI-mutant mammary tumorigenesis.

BRCAL1 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 BRCAT1 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-a 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, BRCAT1 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 (3,3-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 BRCAI1 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 BRCAI1 dependent, as demonstrated by the use of BRCA1-siRNA to
knock down the BRCAT1 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 170-estradiol or genistein (which has mixed ER-« agonist/
antagonist activity) reduced the risk of developing DM BA-induced mammary
cancers [91]. Both E2 and genistein caused a persistent up-regulation of
BRCAI1 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-3 than for ER-c,
suggesting that its ability to inhibit E2-stimulated ER-« activity may be due,
in part, to the formation of ER-a/ER-( heterodimers [92, 93]. At present, it is
unclear if the ability of genistein stimulate BRCA1 expression is dependent
upon ER-G. 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-a positive. In contrast, about 80% of breast cancers that develop
in BRCA1 mutation carriers are ER-a negative [73, 96,97]. Most of these
tumors are negative for PR and HER2/Neu amplification [73]. Thus, BRCAI-
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 BRCAIl-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 BRCAl-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
BRCAL expression [45]. Furthermore, estrogen-induced preneoplastic lesions
in BRCAIl-deficient mice were found to be ER-a negative [76]. Even the
preneoplasias and cancers that developed in mice with mammary-targeted
ER-a over-expression and BRCAT1 deficiency were mostly ER-a negative
[76]. These findings suggest that the absence of ER-a observed in BRCAI-
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 BRCAI1 expression is unclear. However, one study of human
BRCA1-mutant breast cancers revealed increased CpG methylation of the
ER-a gene in those tumors that were ER-« negative, suggesting that ER-«
promoter methylation might contribute to the loss of ER-«a expression in
these tumors [99]. Finally, in a recent study, it was found that in human
breast cancer cells, BRCAI1 is recruited to the ER-a promoter by the
transcription factor Oct-1 and that both BRCAI and Oct-1 are required
for ER-a 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 BRCAI
mRNA and protein are absent or significantly decreased in about 30-40% of
sporadic breast cancer cases [101-104]. The decreased expression of BRCALI in
these tumors may be attributed to hypermethylation of the BRCA1 promoter
on CpG islands and/or loss of one of the BRCAI 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
BRCAT expression is described elsewhere [5]. At present, it is not clear if these
BRCA I-under-expressing sporadic breast cancers represent a phenotypically
distinct subset of cancers or if they resemble BRCAI-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 BRCAI-
mediated repression of ER-a activity through a direct interaction of the
BRCALI 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 BRCATI repression of ER-a 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 BRCAI1 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, BRCAI1 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. BRCAT1 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.

13C
Genistein

I—

| MEC

differentiation
ER-a. |——> | MEC proliferation [—> | BRCA

1 |/7
-T- \ Genomic

/ <—, stability
QET

Mutation
Epigenetic silencing
Functional inactivation
Ethanol
Carcinogens

Aromatase

Fig. 1 Model for BRCAI1 cross-talk with hormone receptors in mammary tumorigenesis. See
text for description. MEC, mammary epithelial cell; P, progesterone. Other abbreviations, see
text



66 E.M. Rosen et al.

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-a 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-a negativity during the process of tumorigenesis. In
another scheme, BRCA 1-deficient hormone receptor-positive MECs that are
over-stimulated due to the loss of BRCAl-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 BRCAI-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 secondary mass. The formation of this secondary mass is necessary for
metastasis.

The process of metastasis is highly inefficient with less than 0.001% of the
1-4x10° 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«a and ER3 [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
and metastasis [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 ERa-positive cells are implanted
into nude mice, they only form tumors in the presence of supplemental estrogen
and, compared to ERa-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.

Itis 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 TGFa 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 fo