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Abstract
The role of estrogen exposure in breast cancer risk is well-documented, and both estrogen synthesis
and actions through the estrogen receptor (ER) have been targeted by therapies to control hormone-
dependent breast cancer. The discovery of a second ER form and its therapeutic implications sparked
great interest. Both the original ERα and the more recently identified ERβ subtypes bind and respond
similarly to many physiological and pharmacological ligands. However, differences in phytoestrogen
binding have been noted, and subtype-specific ligands have been developed. Cell-based assays show
that ERβ and its variants are generally less active on gene transcription than ERα, and may influence
ERα activity; however, both gene- and cell-specific responses occur, and nongenomic activities are
less well explored. Specific ligands, and methods to disrupt or eliminate receptor subtype expression
in animal and cell models, demonstrate that the ERs have both overlapping and distinct biological
functions. Overall, in cell-based studies, ERα appears to play a predominant role in cell proliferation,
and ERβ is suggested to be antiproliferative.

The potential for distinct populations of breast tumors to be identified based on ER subtype
expression, and to exhibit distinct clinical behaviors, is of greatest interest. Several studies suggest
that the majority of ER-positive tumors contain both subtypes, but that some tumors contain only
ERβ and may have distinct clinical behaviors and responses. Expression of ERβ together with
ERα favors positive responses to endocrine therapy in most studies, and additional studies to
determine if the addition of ERβ to ERα as a tumor marker is of clinical benefit are warranted. In
contrast, the positive association between ERβ and HER2 expression in high-grade ERα-negative
breast cancer does not favor positive responses to endocrine therapy. Expression of ERβ in specific
clinical subpopulations, and the potential for therapies targeting ERβ specifically, is discussed.

Introduction
The steroid hormone 17β-estradiol (E2) plays an important role in the development and growth
of the mammary gland during puberty, pregnancy, and lactation, as well as cell proliferation
under both physiological and pathophysiological states [1]. Increased time of E2 exposure,
including early menarche and later menopause, is associated with increased risk of breast
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cancer, and may contribute to tumor growth [2,3]. E2 treatment stimulates breast cancer cell
proliferation in vitro, and the growth of human tumor cell xenografts in nude mice [1]. The
ability of E2 to modulate gene transcription is well-documented, although additional biological
activities such as cytoplasmic signaling have recently been described [1].

E2 exerts its biological responses by binding to two estrogen receptor (ER) subtypes, ERα and
ERβ. For many years the presence of immunopositive ERα, alone or with expression of the
E2-stimulated progesterone receptor (PR), was used as a criterion for treatment of patients with
adjuvant antiestrogen therapy such as tamoxifen (TAM) or ICI 182,780 (fulvestrant/faslodex)
[2–5], or recently, aromatase inhibitors that prevent E2 biosynthesis [6]. ERα is present in 40–
70% of breast tumors; with ER+/PR+ tumors accounting for approximately 30–50% and ER
+/PR-representing approximately 10–20% of all breast tumors [2–4]. Although data on
aromatase inhibitor therapy is still accumulating, only 40–80% of patients with ERα-positive
(ER+) tumors respond to adjuvant antiestrogen treatment with longer time to recurrence
(disease-free or relapse-free survival time), and the majority of patients eventually acquire
resistance to such therapies [7,8]. Consequently, additional markers to predict clinical
responses are still needed and sought. The absence of PR has been one predictor for poor
responses to TAM [7,8]. Because the PR gene is ER-regulated, its expression has been
interpreted to indicate a functioning ER and, therefore, an E2-responsive tumor. Alternative
growth factor-sensitive pathways, identified by the presence of the EGF receptor family
member HER2, are also associated with poor response to endocrine therapy and may cause
decreased PR expression [8–10]. The discovery in the mid 1990’s that there are two subtypes
of ER, with different expression profiles in normal and malignant tissues, opened the door to
the possibility that ER+ breast tumors might be even more heterogeneous than originally
supposed [1]. The first ER identified and the first to determine breast tumor ER status was
named ERα, and the more recently isolated receptor named ERβ. As tools to identify and
measure ERβ have become available, its potential role in breast tumor formation and response
to endocrine therapy is of considerable interest and investigation, and is the focus of this review.

2. Structure of ERα and ERβ
Both ERα (595 aa) and ERβ (530 aa) are members of the nuclear receptor superfamily.
Although they are encoded by separate genes on different chromosomes, they have similar
modular protein structures with considerable homology (Fig. 1). The DNA-binding (DBD)
regions have 96% homology and bind most estrogen response elements (EREs) identically.
However, because other ERα and ERβ regions differentially associate with tethered
transcription factors such as Sp1 or AP-1 to modulate gene transcription, ER subtype-specific
gene regulation can occur [1,11]. Genes regulated in this manner include cyclin D1, through
CREB and AP-1 sites, and IGF-1 through the AP-1/Jun/Fos complex [12,13]. The ligand-
binding (LBD) regions have approximately 54% homology, and bind natural estrogens and
several selective estrogen receptor modulators (SERMS) such as TAM with similar affinity
[14]. However, phytoestrogens bind preferentially to ERβ, and SERMS that activate or inhibit
only one ER subtype have been synthesized and allow independent control of subtype activity
[14,15]. Binding of E2 to either ER reorganizes the LBD structure, and allows binding of
coactivator proteins such as steroid coactivator-1 (SRC-1) or SRC-3, also called Amplified in
Breast Cancer-1 (AIB1) [1]. These proteins, alone or with coregulators such as CBP, have
histone-modifying activity that influences chromatin accessibility to the transcription
machinery. In contrast, binding of antagonists like TAM to ERα increases association of
corepressor proteins NCOR and SMRT that actively repress gene transcription. ERβ also binds
corepressors in the absence of ligand [16]. Consequently, alteration in the levels or ratio of
coactivators to corepressors may alter tissue or tumor responses to SERMS and differentially
affect ERα and ERβ [16,17].
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The human ERα and ERβ genes have been isolated and each contains eight exons [1,5]. For
both genes, alternative mRNA splicing, in which one or more coding exons are deleted, results
in proteins with altered functional domains and either dominant-negative, dominant-positive,
or null biological activity [reviewed in 5]. All ERα variants in breast cancer occur along with
full-length ER, and are generally present at low amounts; their clinical relevance is unproven.
ERβcx, also known as ERβ2, is a splice variant with potential clinical relevance. This variant
is generated by replacing the last 61 amino acids of ERβ with 26 novel amino acids (Fig. 1).
The resulting translated protein does not respond to ligand, exhibits lost or reduced DNA
binding abilities, and has dominant-negative activity against ERα [18]. Although it has been
reported to be present at high levels and may correspond with an ER+/PR- phenotype in some
breast cancers, the clinical significance or causal effect for any phenotype is unproven [18].

3. ERα and ERβ Activity – Homodimers and Heterodimers
a. Transcriptional Activity of ERβ versus ERα

ERα and ERβ are often coexpressed, and could contribute to physiological responses as either
homodimers or heterodimers [19]. As suggested by their structures, the ERs have both common
and divergent activity. ERα alone has greater transcriptional activity than ERβ on ERE
reporters or on chromatin in cell-based assays [20–22]. In ERα the N-terminal ligand-
independent activation function AF-1, and the C-terminal ligand-dependent AF-2, act
independently and cooperatively to stimulate ERE-reporter activity [21]. In contrast, the
isolated AF-1 of ERβ cannot activate transcription, and AF-2 has higher activity than the entire
receptor, suggesting a repressive role for AF-1 [23].

AF-1 domains of each receptor play a critical role in their activity, but ligands determine
biological responses [23–26]. SERMS, phytoestrogens, derivatives, and metabolites exhibit
ER isoform specificity in binding and activation in different cell and promoter contexts [20–
25]. For example, TAM stimulates ERα, but not ERβ, through the N-terminus to activate EREs
and complex promoters in uterine cells, thus contributing to agonist activity of TAM in that
tissue [20,21]. In breast cancer cells E2-bound ERα stimulates the proliferative gene cyclin
D1, but ERβ only activates this promoter in response to SERMS such as TAM or raloxifene
[13,26]. Thus, the complement of ER subtypes could influence biological responses, and the
ratio between the two expressed proteins would be critical in defining the overall response.

Microarray analysis of endogenous gene expression illustrates both common and divergent
genes regulated by ERα versus ERβ in the reproductive tissues of mice treated with isoform-
specific ligands [27,28], or in bone from ERα (ERKO) and ERβ (BERKO) gene-disrupted mice
[29]. Effects of ERβ-E2 on gene expression were generally lower than ERα-E2 [29]. In breast
cancer cells, both ERs stimulate some cell cycle regulation genes such as pS2, TGFα, and
p21Cip1, but only ERα stimulates c-myc [30]. ERβ in the absence of ligand regulates expression
of many genes modulated by ERα plus E2, whereas ERβ plus E2 modulates some genes not
regulated by ERα-E2 [31–33]. Because context plays a major role in ER responses, it is critical
to evaluate the role of ERβ in model systems expressing both ER subtypes.

b. Influence of ERβ on ERα Actions: Novel Activity of Heterodimers
ERα and ERβ preferentially form functional heterodimers that bind DNA with an affinity
similar to that of ERα homodimers, and greater than that of ERβ homodimers [34]. Many cell-
based studies suggest that ERβ acts as a negative modulator of ERα action. When ERα and
ERβ are co-transfected into ER-negative (ER-) cells, ERβ inhibits ERα transcriptional activity
and decreases the sensitivity of the cells to E2 [1,35]. In HeLa cells transfected with ERα or
ERβ, ERβ inhibits cyclin D1 gene activation by E2, suggesting that ERβ may suppress
proliferation [36].
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Importantly, ERβ can influence endogenous ERα activity in ER+ breast cancer cells.
Overexpression of ERβ or ERβcx decreases ERα transcriptional activity and E2 stimulation
of endogenous genes such as VEGF or PR [18,37,38]. Chromatin immunoprecipitation assays
show that ERβ alters ERα-mediated recruitment of c-Fos and c-Jun and decreases ERα
recruitment to E2-responsive promoters such as PR [39]. ERβ also increases the E2-induced
degradation of ERα, and lowers overall ERα mRNA and protein levels in MCF7 cells, thus
indirectly influencing ERα responses [39,40]. Interestingly, female mice in which the ERβ
gene has been disrupted do not show large differences in expression of ERα in many tissues,
including the mammary gland [41].

4. Crosstalk with Growth Factors and “Nongenomic” E2 Responses
Crosstalk between growth factor and ER pathways may contribute to the pathology of breast
cancer, and growth factors can activate ERs independently of hormone [42]. For example, EGF
stimulates ERα activity and coactivator binding via MAPK phosphorylation of Ser118, and
ERβ through MAPK phosphorylation of Ser60 [42,43]. Overexpression of the EGFR family
member HER2 or constitutive activation of the PI3 kinase pathway also activates ERα in MCF7
cells [44,45].

ERs reciprocally impact growth factor and other signaling pathways through rapid
“nongenomic” effects occurring independently of transcription and translation. These E2-
activated responses are thought to be mediated through a membrane-associated population of
classical ERs. ERα and ERβ are detectable in membrane fractions of breast cancer cells [46]
and by immunohistochemistry (IHC) in breast tumor samples within and outside the nucleus
[47]. In ER+ MCF7 cells, E2 increases ERα association with c-Src, Shc, and the IGF-1 receptor,
ERα-dependent PI3 kinase activation, and proliferation [48–50]. Both ER subtypes can signal
via nongenomic pathways, but cell context, including levels of ER expression or stoichiometry
between signaling molecules, may be crucial. In ER- cells, introduction of ERα or ERβ permits
E2 activation of G proteins and MAPK [42]. E2 stimulates MAPK and Akt and is anti-apoptotic
in ERα-transfected HeLa cells, but activates p38 and apoptosis in ERβ-transfected cells [51].

Crosstalk between ER and growth factor pathways may provide alternative growth pathways
in breast tumors treated with SERMS. For example, HER2 expression correlates with decreased
responsiveness to TAM, but perhaps not to aromatase inhibitors [52–56]. Inhibition of both
E2 and growth factor signaling in breast cancer cells is more effective in suppressing growth
than either strategy alone [54,55]. Clinical trials directed towards joint therapies have begun
investigating this potential [10,56].

5. ERα and ERβ Expression and Activities
The two ER subtypes have both overlapping and distinct expression patterns, and mammary
gland development in animal models requires ER signaling. Although a consensus has now
been reached regarding the characteristics of the mammary gland phenotype in ERKO mice,
some phenotypic differences exist amongst BERKO mouse models that were developed and
housed in different laboratories [1,19,41]. In mice lacking ERα or both ERs, both sexes exhibit
complete infertility. Female BERKO mice exhibit a range of deficiencies from total infertility
to fewer pregnancies and smaller litter size. Most male BERKO mice maintain normal fertility,
but one group has reported sterility in male and female BERKO mice [19,41]. ERKO mice
undergo normal pre-pubescent development of mammary glands, but not the extensive
expansion and branching of ducts to infiltrate the entire fat pad observed in WT mice. In
BERKO mice, this development is not impaired, nor is lactation [19]. However, one group has
observed decreased terminal differentiation, adhesion molecule expression, and increased
proliferation marker expression in the alveoli of lactating BERKO mice [57].
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Human mammary tissue expresses both ER subtypes [58,59]. It is estimated that only 7–10%
of the epithelial cells in normal human breast express ERα, whereas 80–85% of cells express
ERβ; only ERα expression fluctuates during the menstrual cycle [58,59]. Surprisingly, both
ERα and ERβ are seen primarily in non-proliferating cells [60,61]. It has been hypothesized
that dysregulated ER signaling may lead to abnormal cellular proliferation and survival, thus
impacting development and progression of breast cancer. In breast tumors, ERα expression
increases several-fold compared to normal tissue, with 75% of the cells expressing high levels
of ERα in low-grade ductal carcinoma in situ (DCIS) and 30% of the cells expressing low
levels of ERα in high-grade DCIS [5,62]. DCIS lesions have reduced ERβ expression compared
with normal epithelium, with high-grade DCIS showing the most significant reduction [61].
Invasive breast carcinomas tend to have lower levels of ERα and ERβ than DCIS, but
approximately two-thirds of the tumors are still positive by IHC [63]. Interestingly,
hypermethylation of one of two ERβ promoters was observed in cell lines and tumors, and
correlated with decreased ERβ expression [64].

To date, it appears that ERα expression is increased and ERβ expression is decreased in early
breast cancers, whereas expression of both receptors declines in more invasive cancers [61–
63]. This correlates with the loss of ERβ preferentially in other cancers compared to normal
tissue, and led to the hypothesis that ERβ is a tumor suppressor [65,66]. Some investigators
have proposed that the ratio between the two subtypes is most important in determining the
character of ER signaling [62]. In addition, ligand binding may influence ER protein stability.
In breast cancer cells, ERα and ERβ protein levels are decreased by E2 but increased by TAM
[67]. Faslodex treatment results in ERα degradation, but ERβ stabilization [68]. Thus, specific
SERM treatments may result in altered ERα:ERβ ratios.

6. Potential Role of ERα/ERβ Heterodimers in Biological Responses and
Breast Cancer Proliferation

Given that ERβ inhibits ERα transcriptional activity, it was hypothesized that ERβ is
antiproliferative. In support of this, abnormal epithelial growth, expression of the proliferation
marker Ki67, and age-related cystic breast disease were observed in one model of BERKO
mice [57,69]. However, these results have not been replicated in other BERKO mouse models,
and normal mammary gland histology was observed in a recently developed model of old
BERKO females [41]. Microarray analysis showed that ERβ modulates expression of many
ERα-regulated genes in ER+ breast cancer cells, including TGFβ and class 3 semaphorins,
which are involved in cell proliferation [40]. ERβ overexpression in ERα+ MCF7 and T47D
breast cancer cells also inhibits ERα regulation of a subset of genes involved in DNA
replication, cell-cycle regulation, and proliferation [32,33]. Furthermore, in ER+ breast tumor
samples there was a significant inverse correlation between ERβ transcripts and several cell
cycle and DNA replication genes including CDC2, CKS2, and CDC6, suggesting that ERα/
ERβ heterodimers negatively affect breast cancer proliferation [32].

This ability of ERβ to transcriptionally inhibit proliferative gene expression in breast cancer
cells was confirmed by RT-PCR, in vitro cell proliferation assays, and in vivo xenografts.
Overexpression of ERβ in ERα+ MCF7 and T47D breast cancer cells inhibits cell proliferation
in response to E2 [33,40,70,71], in part by increasing expression of antiproliferative genes
(p21Cip1 and p27 Kip1) and decreasing expression of proliferative and antiapoptotic genes (c-
myc, cyclin A, and cyclin D1), thus inducing G2 cell cycle arrest [40,70]. ERβ overexpression
also inhibits tumor establishment and growth as well as E2-induced tumor formation in vivo
in mouse xenografts of MCF7 and T47D cells [70–72]. Decreased microvessel density and
angiogenesis and expression of the proangiogenic factors VEGF and PDGFβ is also observed
[72]. ERβ or ERβcx expression in MCF7 cells decreases the percentage of cells in the S phase
of the cell cycle [37,71], as well as the number of colonies that grow in soft agar [37].
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Although ERβ reduces E2-stimulated proliferation in ERα+ breast cancer cells, it can have the
opposite effect in more invasive ER- breast cancer cells. Introduction of ERβ into ER-MDA-
MB-435 and MDA-MB-231 breast cancer cells increases cell proliferation in an E2-
independent manner, cell invasiveness, and metastasis [73]. In contrast, introduction of ERα
into ER- breast cancer cells generally decreases their proliferation in an E2-dependent manner,
and their invasiveness and migration by both ligand-dependent and ligand-independent
mechanisms [74,75]. Thus, ERβ actions on proliferation and the potential value of ERβ-specific
ligands may depend on cellular context and ERα status.

Coexpression of ERβ with ERα does not confer TAM resistance in cell lines, and appears to
favor antiproliferative responses to TAM [31,76,77]. ERβ overexpression in MCF7 cells
enhances TAM suppression of cell growth [76]. A recent study showed that ERβ
overexpression in MCF7 cells influences TAM action on 75% of the genes regulated by
ERα, including reversal of TAM stimulation of YWHAZ/14-3-3z and LOC441453, two genes
whose high expression significantly correlates with disease recurrence in patients with ER+
tumors treated with TAM [31]. Thus, cellular levels of ERα and ERβ can determine sensitivity
to E2 and SERMs, and increased ERβ expression favors TAM suppressive responses in cell
models.

7. Coexpression of ERβ with ERα and Other Potential Markers in Human
Tumors

Coexpression studies of ERα and ERβ have been performed at the mRNA level using
semiquantitative or quantitative RT-PCR and at the protein level using primarily IHC. RT-
PCR fails to take into account translational control or turnover of protein, and has the potential
to measure ER expression in contaminating cell types such as normal epithelial and stromal
vascular cells [78,79]. The region of the mRNA targeted by primers may also influence which
variants are detected. Several investigators have reported that ERβ mRNA levels often do not
correlate with ERβ protein in breast tumor tissues [80–84], and confusion with ERβ status in
tumors may result from this method. If fact, in one report only 54% of ERβ mRNA-positive
tumors correlated with ERβ protein levels [84]. Another method to measure functional ER
protein, by ligand-binding assay with dextran-coated charcoal, seems to correlate well with
ERα, but not necessarily with ERβ in tumors expressing only one ER subtype based on IHC
[81]. Although both ERs bind E2 identically, lower levels of ERβ versus ERα in tumors, and
lower levels of ERβ in tumors versus normal tissue, may mean that ERβ protein is under the
detection level of the ligand-binding assay in tumors. Thus, detecting ERβ protein by IHC
appears to be the preferred method to assess ERβ status, providing both a measure of potentially
functional protein and localization to tumors. Because it is protein that should influence tumor
phenotypes and therapeutic responses, we will confine our discussion to studies that measured
ER proteins.

Recently, reliable antibodies detecting either N- (such as Ab288/14C8) or C-terminal (such as
GC17/385P) epitopes of ERβ have been developed [79]. N-terminal antibodies recognize both
full-length ERβ and its splice variants (Fig. 1), whereas ERβ C-terminal antibodies specifically
detect the wild type or variant forms of ERβ [79] and allow distinctions to be made between
full-length ERβ and its variants. Both antibody types have been used; however, sample
preparation and integrity as well as specific staining protocols may influence outcomes [79].
With variation in the choice of ERβ antibody and tissue fixation protocols, there is not yet firm
agreement on the appropriate cutoff value for determining ERβ positivity [78,82].

Even with these caveats, a picture of ERβ expression in breast cancer is emerging.
Coexpression of both ERα and ERβ protein within the same cell is more common in breast
tumor versus normal tissue, and although ERα protein levels increase with tumorigenesis,

Fox et al. Page 6

Steroids. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ERβ protein levels generally decrease [85]. Combined analysis from several studies showed
that approximately 55% of all breast tumors were positive for both ERs, while single positive
and double negative classifications each accounted for 13–16% of the tumors [81,85]. In
general, expression of ERβ is low in these tumors [63,85]. In one instance ERβ was observed
in over 40% of the ERα- samples analyzed [86], and ERβ variants such as ERβcx have been
noted in up to 60% of ERα- samples [87]. Thus, there may be subpopulations of ERβ+ tumors,
with and without ERα, with potentially different phenotypes.

PR is frequently used as an indicator of ER activity and is strongly correlated with ERα
expression [81,85]. Studies examining correlations between ERβ and PR have reported either
no correlation [88,89], a weak positive correlation [81,90], or an inverse correlation [91]. One
confounding variable for interpreting these studies is that there are two populations of tumors
- one containing ERβ only, and another expressing both ERα and ERβ, which may have
different phenotypes. Within this context, one study specifically analyzed significant numbers
of tumors expressing ERβ only compared to those that express both ERs [81]. In this study,
tumors that were ERα+/ERβ+ or ERα+/ERβ− had a strong correlation with PR expression,
whereas ERα− /ERβ+, i.e., ERβ only tumors, had no correlation with PR [81]. Thus, the number
of tumors included in a study expressing ERβ only could influence the overall correlation with
PR. ER expression may also correlate with expression of coregulatory proteins such as SRC-1,
AIB1, and NCoR [92–94], and may impact therapeutic response. For example, high SRC-1
expression is associated positively with endocrine therapy resistance and inversely with ERβ
expression [93,94]. However, there is no simple correlation for all coregulators, and changes
in the overall ratio of coactivators to corepressors, or specific coactivators, may be most
important [85].

HER2 overexpression is a poor prognostic indicator in breast cancer and has been implicated
in TAM resistance [8–10]. In general, HER2 gene amplification and protein overexpression
are inversely correlated with expression of ERα, or with ERα and ERβ together [63,90,94–
97]. Some ER+ tumors have been shown to have HER2 gene amplification, and patients treated
with TAM whose tumors are HER2+/ER+ have poorer disease-free survival (DFS) and overall
survival (OS) than those without HER2 [10,96]. In contrast, there is a positive association
between ERβ and HER2 expression in high-grade ERα-breast cancer [98]. In invasive ductal
carcinoma, HER2 overexpression correlates inversely with ERα levels, but positively with
ERβ [90]. Thus, ERα−/ERβ+ tumors tend to express HER2 but not PR, whereas ERα+/ERβ+,
like ERα+/ERβ− tumors, tend to express PR but not HER2. ER+ (ERα+) breast tumors are
most often thought to resemble luminal epithelial breast cells, whereas ER− (ERα−) tumors
have gene expression levels resembling myoepithelial cells [79]. It is of interest to note that
ERβ is the only ER expressed in breast myoepithelial cells, and thus ERα−/ERβ+ tumors might
arise from a different cancer cell population than those expressing ERα. However, the reason
for such different phenotypes at this time relies only on speculation, and requires additional
information.

8. Clinical Correlations Between ERβ Expression, Proliferation, and
Invasiveness

Whereas ERα expression increases during breast tumorigenesis, ERβ decreases [61,85,99].
ERβ protein expression decreases significantly from normal breast tissue through ductal
hyperplasia and DCIS to invasive cancer [99], and is reduced in proliferative preinvasive
mammary tumors [61]. Increased ERβ promoter methylation, indicative of lower gene
expression, was noted in premalignant lesions as well as in two-thirds of invasive breast cancer,
and corresponds with poor clinical prognosis [64].
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In general, ERα protein expression correlates with low tumor grade and negative lymph node
status, and ERα+ tumors are associated with better DFS and OS [63,81,82]. ERα+ tumors are
usually less invasive and have a more favorable prognosis [100]. However, the correlation
between ERβ expression and invasiveness is less clear. Although numerous researchers found
no significant correlation between ERβ protein expression and tumor grade [81,82,88,90,95,
97,98,101–104], several groups showed that ERβ expression significantly correlates with low
tumor grade [63,80,105] or in one case higher histological grade [89]. In these studies, all
ERβ-containing tumors were analyzed together and included ERα+/ERβ+ (the majority) as
well as ERα−/ERβ+ tumors.

Other clinical studies have investigated the role of ERβ in breast cancer proliferation. ERβ
protein expression in breast cancer epithelium is associated with elevated levels of the
proliferation markers Ki67 and Cyclin A, whereas ERα is associated with decreased levels
[98,106]. Ki67 and Cyclin A were expressed at the highest levels in ERα−/ERβ+ tumors, and
ERβ protein expression significantly correlated with Ki67 staining in ERα− tumors [82,87,
106], suggesting that ERβ may play a role in the proliferation of ERα− breast tumors. In
contrast, one group reported an inverse correlation between ERβ protein and Ki67, especially
in high grade DCIS [61]. Other studies suggested that ERβ and Ki67 expression are not
associated in ERα+/ERβ+ tumors [81,102], but ERα− tumors had higher Ki67, with or without
ERβ [81]. These investigators propose that ERα status could be most critical in determining
some, but not all, prognostic factors [81]. Thus, there is some evidence supporting potentially
separate roles of ERβ in ERα+/ERβ+ (antiproliferative) versus ERα−/ ERβ+ (proliferative)
tumors, but additional data focusing on these groups needs to be obtained. A recent study
concentrating exclusively on 216 ERα−/ERβ+ tumors defined by IHC and ligand-binding
assays noted that the latter group of tumors also expressed markers such as CK5/6 or CK14 of
the basal epithelial phenotype, and that ERβ is widely expressed in basal myoepithelium and
luminal epithelium in normal breast [87]. Although proliferation and basal phenotype markers
are associated with poor survival, the ERα−/ERβ+ patients in this study had no differences in
clinical outcome (relapse-free survival-time to progression or OS) that correlated with either
high versus low levels of ERβ, or high versus low markers of proliferation or markers of the
basal phenotype. The authors postulate the wide variety of treatments the cohort received may
have influenced this result [87].

Although several studies have reported no significant association between ERβ expression and
metastasis based on axillary lymph node status [82,88,89,97,104,107], a few showed that
ERβ protein expression correlates with negative axillary lymph node status [63,93,102,105].
In one study, a gradual reduction in, but not a complete loss of, ERβ expression was observed
during the transition from normal and pre-invasive lesions to invasive cancers, where ERβ was
lost in 21% of cases. If ERβ was in the primary tumor, it persisted in metastasis [103].

Clinical correlations between expression of the ERβ variant ERβcx/β2 and breast tumor
invasiveness have also been explored in a few studies. ERβcx protein levels, which in general
are more highly expressed in breast cancer tissue versus normal tissue, significantly increase
from normal glands to DCIS and invasive cancer [80,108]. Since ERβ and ERβcx are still
frequently expressed in ERα- invasive breast tumors [79,87,99,109], they may be potential
therapeutic targets in these cancers. A few studies have shown that ERβcx protein expression
does not correlate with tumor size, histological grade, or lymph node status [18,83,110].
However, Sugiura et al. reported that ERβcx protein significantly correlates with ERα
expression and low histological grade [105], and decreased ERβcx protein expression was
correlated with venous invasion of cancer cells in one study [18]. Thus, the relationship between
ERβcx and clinicopathological factors requires further investigation.
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9. Clinical Correlations Between ERβ Expression and Response to Endocrine
Therapy

Numerous clinical studies have shown that ERα expression predicts a greater likelihood of
response to TAM therapy and is associated with increased survival in patients treated with
adjuvant TAM [2,7,82], but only about 40–80% of patients with ERα+ tumors initially respond
to TAM, and many of these patients eventually become resistant [7–10]. A recent review notes
that nine of ten retrospective studies support the idea that increased expression of ERβ protein
in ERα+/ERβ+ breast tumors is associated with higher likelihood of response to endocrine
therapy [79]. We found fifteen studies investigating ERβ expression and response to endocrine
therapy. Of these, thirteen examined ERβ protein expression using primarily IHC [82,86,87,
93,94,97,104,105,107,111–114]. Only three of these studies [82,97,107] separate ERβ tumor
populations based on ERα status, although the majority of tumors typically contain both
subtypes. Both ERβ N- and C-terminal antibodies are utilized in these studies. Although more
recent studies tend to use the more specific C-terminal antibody, there has been no significant
correlation to date between the type of antibody used and prognosis.

Of the thirteen studies examining ERβ protein expression (Table 1), one reported no significant
correlation between ERβ levels and the response to TAM therapy in ERα+ only tumors
[111]. Another group looked exclusively at ERα− tumors from patients treated with hormonal
therapy, chemotherapy, or radiotherapy, either alone or in combination [87]. They observed
no difference in relapse-free survival (RFS) or OS between patients whose tumors express high
versus low ERβ levels, although they did not compare this to survival in patients with ERβ-
tumors [87]. However, ten out of thirteen studies suggest that increased ERβ expression
predicts a more favorable response to endocrine therapy as well as better disease outcome.
These studies look at either ERα+ only tumors, or a mixed cohort containing primarily ERα+
but also ERα− tumors. Iwase et al. have reported that patients with ERβ+ tumors tend to have
a better response to endocrine therapy than those with ERβ− tumors [112]. In breast cancer
patients treated with adjuvant TAM, high ERβ expression significantly correlates with
increased overall [86,107] and disease-free survival [107], no disease progression [113], or no
relapse within five years [93,114]. In patients treated with chemotherapy as well as TAM,
ERβ expression also significantly correlates with increased OS [97,105] and DFS [94,97,
104,105]. Higher ERβ expression is observed more frequently in TAM-sensitive breast tumors
than in TAM-resistant tumors [113], and lower ERβ is associated with TAM resistance [107,
113,114]. One study analyzing 138 postmenopausal patients with invasive cancer observed a
trend toward worse outcome in ERβ+ patients treated with TAM, although it was not
statistically significant and only seventeen ERβ− tumors were used in this comparison. ERα
status was not defined for the ERβ− cohort, but a trend for worse OS was seen in a mixed
cohort of ERα+ and ERα− tumors as well as in ERα+ only tumors [82]. Thus, out of a total of
1,463 breast cancer patients from thirteen clinical studies, high ERβ expression is associated
with a better response to TAM therapy and increased patient survival in 1,079 patients,
compared to a trend towards a worse response in only 138 patients.

Thus, the value of ERβ in predicting response to endocrine therapy may vary with ERα
coexpression. The majority of studies in Table 1 indicate that patients with ERα+/ERβ+ tumors
respond better to adjuvant endocrine therapy, suggesting that measurement of ERβ status along
with ERα may allow for better prediction of response. One group found that patients with
ERα+/ERβ+ tumors have increased DFS and OS after chemotherapy and TAM, patients with
ERα−/ERβ+ tumors have a less favorable prognosis, and those with ERα−/ERβ− tumors have
the worst prognosis [97]. In another study of ER+ patients receiving no adjuvant therapy,
patients with ERα+/ERβ+ tumors (n=45) had improved DFS, but patients with ERα− /ERβ+
tumors (n=7) had a significantly worse prognosis [107]. Thus, coexpression of ERα and
ERβ, or ERα, ERβ, and PR, may have favorable implications for TAM therapy. Expression of
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ERβ alone may predict a worse outcome, but significant numbers of patients have yet to be
analyzed.

The role of ERβcx has also been investigated in seven studies [18,83,87,105,110,111,114]
analyzing protein expression levels (Table 1). Two observed no significant correlation between
ERβcx protein expression and response to TAM [111,114], and a third showed no difference
in RFS or OS between patients with ERα− only tumors expressing high versus low ERβcx
levels [87]. However, three studies have utilized ERβcx-specific C-terminal antibodies to show
that ERβcx expression significantly correlates with increased OS [105], increased RFS [83],
and a longer survival rate [110] in a total of 314 patients treated with adjuvant or neoadjuvant
endocrine therapy. These three studies used both ERα+/ERβ− and ERα−/ERβ+ tumors together
in their analyses. One of the studies also found no correlation between ERβcx protein and
outcome when only ERα+ tumors were considered [83]. In contrast, another group reported
that ERβcx protein expression correlates with poor responses to TAM treatment, especially in
tumors with low PR expression [18]. However, these investigators evaluated core needle
biopsies from only eighteen tumors [18]. Thus, although some groups have found ERβcx
expression to be beneficial, additional investigations of a possible role of ERβcx expression
in TAM therapy are required. Because this protein can form heterodimers with both ERα and
ERβ, it might act in opposition to both receptor subtypes, and the overall ER expression
(ERα, ERβ, ERβcx) and their ratio might control the therapeutic response.

10. Clinical Correlations Between ERβ Expression and Patient Population
Several groups have examined ER subtype expression in specific patient populations. In
general, ERα expression is higher in tumors of older patients, and older or postmenopausal
women are more likely to have ER+ tumors than younger women [88,115,116]. However,
several studies failed to find significant correlations between ERβ expression and patient age
[88,103,104,107]. Although one group found no association between ERβ and menopausal
status [97], two different studies found that ERβ protein expression significantly correlates
with premenopausal status [63,91].

In general, there is a higher proportion of ER- breast tumors among African American,
Hispanic, and Indian women than Caucasian women [116,117]. Although no studies to date
have examined differences in ERβ protein expression with regards to ethnicity, two studies
showed that ERβ mRNA levels are significantly decreased in ERα+ breast tumors from African
American women (n=18) and from Taiwan-raised East Asian women (n=49), although there
is no significant change in ERα mRNA [118,119]. In contrast, ERβ mRNA levels are either
unchanged or increased in ERα− tumors from African American women (n=6) [118]. However,
these are small studies and the results need to be confirmed with additional patients and IHC,
particularly as ERβ protein does not correlate with mRNA in several studies [80–84]. If
apparent mRNA trends are verified at the protein level, it would suggest that ER+ tumors in
different ethnic groups could have different clinical phenotypes and responses to endocrine
therapy.

However, although limited data exists, studies to date indicate that African American and
Caucasian women respond similarly to endocrine therapy, both in the adjuvant and metastatic
setting, when they are diagnosed at a comparable disease stage [120–122]. Thus, the mRNA
studies [118,119] do not correlate with overall clinical data, reinforcing the importance of
examining protein expression for both ER subtypes. Although African American women in
the United States have a higher age-adjusted breast cancer mortality rate, this could be due to
more advanced cancer stage at diagnosis, differences in tumor biology that include cell type
of origin, sociodemograhic issues, treatment differences, and the presence of comorbid
illnesses [120]. One study showed that African American and Caucasian women with both
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lymph node-negative and lymph node-positive tumors benefit to a similar extent from the
addition of systemic adjuvant TAM therapy to surgery [121], and others showed that African
American and Caucasian women with ER+ breast cancer experience a similar reduction in
contralateral breast cancer following adjuvant TAM treatment [122]. However, both studies
included trials with disproportionately more Caucasian participants than African Americans
[121,122], and tumors were not analyzed according to both ER subtypes. A more recent study
demonstrates that five years of letrozole treatment following five years of TAM in
postmenopausal females with early stage breast cancer significantly improves DFS in
Caucasian women but not in minorities [123]. It is important to note, however, that this study
included 4,708 Caucasian women but only 352 minority women, about half of which were
African American [123]. Furthermore, the results did not distinguish between minority
subgroups, and the minority patients had significantly poorer compliance with the study’s
protocols than Caucasians [123]. Thus, additional clinical studies including larger numbers of
defined groups of minority women, and similar compliance rates, will be required to clarify
any racial differences that may exist in response to endocrine therapy.

11. Summary and Future Considerations
The current published data on tumors and patient profiles shows that the majority of ER+ breast
tumors contain both ERα and ERβ, and that a small population of tumors contains only ERβ.
Data from cell and xenograft studies suggest that ERβ modifies the responses of ERα in breast
cancer cells, and is generally antiproliferative. This may be because ERβ is less active
transcriptionally and constrains ERα activity through heterodimers, and/or because the
heterodimers or ERβ homodimers may have distinct beneficial activities. Because ERβ mRNA
levels do not always correspond to protein levels, and protein is the gold standard for evaluation
of biological relevance, ERβ measurement by IHC appears to be most valuable. Because
ERβ protein measurement does not correspond to ER measurement by ligand-binding assays,
and there are significant populations of tumors that express one or both ER subtypes, ERβ is
not simply a surrogate for measuring ERα. At this point, measuring total ERβ protein (with N-
terminal antibodies) generally gives similar results and correlates with measuring distinct full-
length ERβ1 (with C-terminal antibodies).

In the majority of clinical studies, ERβ expression indicates a favorable response to adjuvant
TAM therapy, and patients with ERα+/ERβ+ tumors appear to respond at least as well as or
better to endocrine therapy than patients with ERα+/ERβ− tumors. Thus, ERβ has emerged as
an important potential prognostic marker for predicting response to endocrine therapy.
Although some groups have suggested that expression of the variant ERβcx is also beneficial,
its role is not clear-cut and requires further investigation. This protein could act in opposition
to both beneficial and harmful effects of ERs, and might counteract both ERα and ERβ effects,
although this has not been tested directly.

The presence of only ERβ in breast tumors (ERα−/ERβ+ tumors) appears to be associated with
a poorer response to endocrine therapy and a poorer clinical outcome than the presence of both
ER subtypes. However, it is unknown if this is due to the direct activities of ERβ or the
coexpression of other molecules such as HER2 in high grade tumors, or from the development
of such tumors from a different type of mammary cancer cell such as myoepithelial cells. Given
that combination of the ER subtypes results in novel biological responses, and that crosstalk
between E2 and other cellular signaling pathways contributes to proliferation and resistance
to endocrine therapy, it is unclear if benefit would be gained from treatment of ERα+/ERβ+
tumors with subtype-specific ligands, or if treatment of ERβ only tumors with ERβ− specific
antagonists would be successful or more successful compared to current aromatase inhibitor
therapies that prevent activation of both ERα and ERβ. However, the potential to treat ERα−/
ERβ+ tumors with specific ERβ antagonists might allow for fewer unwanted effects on ERα-
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containing tissues, and could be combined with additional therapies based on other tumor
signaling molecules, such as those targeting HER2. Measurement of ERα, ERβ, PR and
additional molecules such as HER2 and the EGFR in breast tumors could provide important
additional information for predicting therapeutic responses and choices. As the degree of
heterogeneity of breast tumors is increasingly appreciated, multiple biomarkers for molecular
profiling and tracking therapeutic treatment and outcome should increase the potential for
choosing optimal treatments.
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Fig. 1.
Structures of the two ER subtype proteins, and the ERβ variant ERβcx. The amino acid
positions for each structural motif are shown above the proteins, and the percent amino acid
homology between the two subtypes is shown below ERβ. ERβcx has 100% homology with
ERβ, except for replacement of the last 61 amino acids by 26 novel amino acids, shown by the
striped bar.
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