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ABSTRA      C T

Breast cancer is a heterogeneous disease and existing 
clinicopathological classifications do not fully capture the 
diversity in clinical disease course. Since the oestrogen 
receptor (ER) plays a central role in the crosstalk between 
different signalling pathways in breast cancer, the 
expression of this receptor is important for the behaviour 
of breast cancer cells and is reflected in gene expression 
patterns of breast tumours. High throughput analysis of 
gene expression of breast cancer has increased the insights 
into ER signalling, including its relation with disease 
outcome and therapy response. Expression of ER and its 
numerous downstream targets are driving patterns of 
gene expression and dominate unsupervised analyses in 
the breast cancer specimens studied to date, regardless 
of microarray platform or statistical approach. This paper 
reviews gene expression studies either attempting to 
unravel the functional effect of ER or describing the 
gene expression profiles driven by ER in breast tumours. 
In addition, the development of molecular signatures 
predicting response to endocrine treatment will be 
discussed. 
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INTRODU       C TION  

Hormones have been associated with breast cancer since 
Beatson showed that oophorectomy resulted in tumour 
regression in 1896.1 Oestrogens play a predominant role 
in the growth of breast cancer. The identification of the 
oestrogen receptor (ER) by Jensen in 1960 shifted the 
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paradigm of steroid hormone action from an enzymatic 
one to a model whereby steroids interact with a receptor to 
elicit defined biological responses.2,3 Oestrogens bind to the 
ER, leading to dimerisation, conformational change and 
binding to oestrogen response elements (EREs) upstream 
of oestrogen-responsive genes including those responsible 
for proliferation of the tumour cells. Approximately 75% 
of breast tumours express the ER.4 Patients with an 
ER-positive breast tumour and who have a likelihood to 
develop a relapse of disease will receive adjuvant endocrine 
treatment. The use of endocrine manipulation covers the 
spectrum of metastatic disease, adjuvant and neo-adjuvant 
therapy. Adjuvant endocrine therapy is a major contributor 
to the substantial decline in breast cancer mortality. 

ENDO    C RINE     RESISTAN        C E

Tamoxifen has been the mainstay of treatment for 
ER-positive breast cancer for more than 30 years.5,6 
Tamoxifen is a selective ER modulator (SERM) that 
competes with oestrogens for ER binding. An alternative 
strategy includes the inhibition of aromatase using 
aromatase inhibitors (AIs) that result in a block in the 
production of oestrogen.7,8 In addition, selective ER 
down-regulators (SERDs), such as fulvestrant, are used in 
the treatment of metastatic breast cancer patients.9

In patients with operable ER-positive tumours, tamoxifen 
reduces the risk of recurrence by 41% on average.10 With 
that, tamoxifen has changed the clinical management of 
breast cancer dramatically. However, approximately 30% 
of the ER-positive breast cancer patients will develop a 
recurrence of their disease despite five years of adjuvant 
tamoxifen treatment.10 Moreover, in the metastatic disease 
setting, half of the ER-positive breast cancer patients 
will not benefit from tamoxifen.11 Endocrine resistance 
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is a major problem in the clinical management of breast 
cancer. Figure 1 illustrates the impact of endocrine 
resistance in the Netherlands.
Several mechanisms may contribute to tamoxifen 
resistance.8,12-15 First, genetic variations in genes coding for 
enzymes (cytochrome p450, CYP) that convert tamoxifen 
to its active metabolites can influence the effectiveness of 
tamoxifen. Patients with variant CYP2D6 alleles may have 
a higher risk of recurrence after adjuvant tamoxifen.16,17 
Secondly, a proportion of ER-positive tumours are 
intrinsically resistant to tamoxifen, for example due to 
high levels of growth factor receptors (GFRs) that may 
result in activation of signalling pathways in the tumour 
cells.18-20 Mitogen-activated protein kinases (MAPK), 
protein kinase A (PKA) and p21-activated kinase 1 (PAK1) 
are well-characterised components of pathways that 
may be involved in tamoxifen resistance.21-25 A crosstalk 
between the GFRs and ER has been described.26 In 
addition, epigenetic and post-translational regulation of 
the ER may result in tamoxifen insensitivity via enhanced 
transcriptional activity.27

Thirdly, tumour growth can be stimulated by tamoxifen 
resulting in acquired resistance. Patients will eventually 
relapse despite an initial response.
Since AIs were introduced recently, it is largely unknown 
whether the resistance mechanisms known to be involved 
in tamoxifen resistance contribute to resistance to an 
AI as well.8 In postmenopausal women, the only source 
of oestradiol (E2) is from the aromatisation of adrenal 
androgens. While peripheral conversion in adipose tissue 
contributes to detectable levels of circulating E2, local 
production via tumoural aromatase action results in 10- to 

20-fold higher E2 concentrations in the tumour than in 
the serum.28 Variations in tumour aromatase levels could 
therefore contribute to responsiveness to AIs. A small 
study suggested that the level of intratumoural aromatase 
activity could predict the response to the first-line AI, 
aminoglutethimide.29

Premenopausal patients who responded and relapsed after 
E2 withdrawal by ovarian suppression could respond to 
further suppression of E2 by the addition of an AI at the 
time of relapse.30 This suggested that the initial resistance 
was due to the acquisition of an increased sensitivity to 
residual postmenopausal levels of E2, which could then 
be overcome by further reducing circulating levels of 
E2. Preclinical data from several laboratories support 
this hypersensitivity concept as a means of escape from 
E2 deprivation.31,32 In part, this is caused by an adaptive 
increase in ER expression and function.

C URRENT       C LINI    C AL   PI  C TURE  

For premenopausal patients, tamoxifen is considered 
the standard adjuvant endocrine treatment. In addition, 
suppression of the ovarian function by means of 
oophorectomy or a luteinising hormone-releasing hormone 
(LHRH) analogue is effective, especially in women 
younger than 40 years.33,34 
With regard to postmenopausal patients, recent 
randomised controlled trials showed that AIs are superior 
to tamoxifen in terms of disease-free survival (4.8% 
absolute difference at nine years), but failed to demonstrate 
a significant difference in overall survival.35,36 Sequential 
tamoxifen for two or three years followed by an AI for two 
to three years resulted in a reduction in the risk of breast 
cancer recurrence and death.37,38 The best sequence and 
timing for tamoxifen and AIs is still unclear.39,40

Almost all trials reported an increased risk of arthralgia 
and myalgia, as well as osteoporosis and subsequent 
fractures, when AIs were compared with tamoxifen.35,36 In 
contrast, tamoxifen has been associated with an increased 
risk of endometrial cancer, especially in postmenopausal 
women.37 The cardiovascular risk profile also differs 
between AIs and tamoxifen: thromboembolic events 
are more frequently seen with tamoxifen, and cardiac 
events are more common with AIs. Vasomotor and 
certain gynaecological symptoms are more frequent with 
tamoxifen than with AIs but quality of life, on average, 
appears to be similar.35-38

Clinicians decide whether a patient is likely to respond to 
endocrine treatment based on the presence of the ER and/
or the progesterone receptor (PR) expression.41 Although 
the predictive capacity of ER is indisputable, data on the 
predictive value of PR are conflicting and it could well 
be that PR is a prognostic as well as a predictive marker, 

Figure 1. Breast cancer patients in the Netherlands

12,000 
Breast cancer patients in the Netherlands

9000
ER-positive tumours

7000 High risk →
Adjuvant endocrine therapy

2100 Endocrine resistant (R1)
S1+S2+R2=4900

S1 = endocrine responsive
S2+R2 = overtreatment

Proportion treated with adjuvant endocrine therapy and proportion of 
endocrine resistant ER-positive tumours. Numbers reflect estimates 
of patients per year.4,10,117 R1 = Not cured by local treatment/Endocrine 
resistant (Recurrence); R2 = Cured by local treatment/Endocrine 
resistant (Overtreatment); S1 = Not cured by local treatment/Endocrine 
sensitive (Saved); S2=Cured by local treatment/Endocrine sensitive 
(Overtreatment).
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just as the ER (definitions in Box 1).10,42-44 Up till now 
meta-analyses have used cut-offs for ER and PR at 1% or 
10% positive tumour cells. So, meta-analyses of endocrine 
treatment benefit have not provided the unambiguous 
cut-off for the percentages of ER and PR with regard to 
the predictive value of these markers, which is likely in a 
much higher range, between 50 to 100% positive tumour 
cells.43,45

Despite years of research on endocrine resistance, there are 
no other molecular markers, besides ER and PR, used in 
daily clinical practice to predict the likelihood of response 
to tamoxifen.46 At present, no markers can be used to 
predict differential benefit from tamoxifen as opposed to 
AIs. 

GENE     E X PRESSION         PROFILING         
TE  C HNOLOGY     

Gene expression is a general term used to describe the 
transcription of information encoded within the DNA into 
messenger RNA (mRNA). It is assumed that for many 
genes there is a linear relation between the number of 
mRNA transcripts and functional proteins expressed in 
a cell. Gene expression profiling, in turn, is defined as 
the simultaneous measurement of the expression of a 
large number of genes. With gene expression profiling 
it has been possible to group gene transcripts of human 
tumours to create ‘molecular signatures’ that give more 
insight into the biology of cancer and consequently may 

predict clinical outcome. Table 1 summarises the current 
applications of gene expression profiling. There are three 
techniques commonly used for gene expression profiling 
in clinical specimens.47 These include gene expression 
profiling using two different microarray platforms 
(complementary DNA (cDNA) and oligonucleotide 
arrays) and multiplex quantitative reverse transcriptase 
polymerase chain reactions (qRT-PCR). On the cDNA 
microarray, double-stranded PCR products amplified 
from expressed sequences tag (EST) clones (length 300 
to 1000 nucleotides) are spotted. Several ten thousands 
of different cDNA clones can be spotted onto the surface 
of a glass slide to produce a high-density cDNA array. 
The affixed DNA segments are known as probes. The 
drawback of studying gene expression using cDNA arrays 
is the frequent cross-hybridisation amongst homologous 
genes, alternative splice variants and antisense RNA. 
These problems have been overcome by oligonucleotide 
arrays, which use shorter probes of uniform length, usually 
20 to 80 nucleotides. By constructing oligonucleotide 
arrays, complete control of the sequence is guaranteed; 
several different probes per gene can be spotted and many 
control spots provide information on contamination and 
hybridisation kinetics. Currently, there are four approaches 
for the production of oligonucleotide arrays. First, the 
oligonucleotides can be synthesised, purified and then 
printed by a robot or inkjet process onto glass slides 
(Agilent). Second, microarrays can be produced by in situ 
synthesis of oligonucleotides directly onto a solid surface 
using photolithographic technology (Affymetrix). Recently, 
a third technology was introduced based on bead-based 
arrays where the oligonucleotides are attached to 
microbeads that are then put onto microarrays (Illumina).48 
Finally, the fourth technique to measure gene expression 
in a high throughput fashion is real-time qRT-PCR, which 
is based on the quantification of mRNA after each round 
of amplification by PCR using a fluorescent reporter.49 
Current qRT-PCR assays can determine the expression of 
up to a few hundred genes simultaneously and may have 
an increased sensitivity compared with the array-based 
technology. 

Box 1. Definitions prognosis and prediction

Prognostic marker
Any measurement available at time of diagnosis that is asso-
ciated with disease-free or overall survival in the absence of 
adjuvant systemic therapy.

Predictive marker
Any measurement associated with response or lack of a 
response to a particular systemic therapy.

From: Disease of the Breast, edited by Jay Harris, © 2000.

Table 1. Gene expression profiling technologies

cDNA arrays Oligoarrays Multiplex RT-PCR

Manufacture Clontech, academic 
microarray 
facilities

Agilent, academic 
microarray facilities

Affymetrix Illumina Taqman, 
Molecular 
Beacons, 
Scorpions

Probe 300-1000 nucle-
otide cDNA clone

60 mer 
oligonucleotides

20 mer 
oligonucleotides

50 mer 
oligonucleotides

~20b PCR primers

Probes per array 44,000 44,000 500,000 48,000 Up to 400

General information Use is decreasing Dual-channel system: 
expression values 
relative to reference

Single channel 
system: absolute 
expression values

Dual-channel system: 
oligos attached to 
beads

Most sensitive 
detection of 
mRNA levels
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For the analysis and interpretation of microarray data, 
a range of computational tools is available. The two 
basic approaches are unsupervised hierarchical clustering 
analysis and supervised analysis.50,51 Unsupervised 
hierarchical clustering analysis (or hierarchical clustering) 
orders both samples and genes on the basis of their 
similarity of gene expression. The object is to group 
together samples or genes that are ‘close’ to one another. 
A key component of the analysis is repeated calculation of 
distance measures between samples, and between clusters 
once samples begin to be grouped into clusters. The 
outcome is represented graphically as a dendogram. For 
example, gene expression studies using breast tumours are 
dominated by two main clusters: ER-negative vs ER-positive 
tumours.52,53 In contrast, supervised analysis identifies 
gene expression patterns that discriminate samples on the 
basis of predefined clinical information such as tumour 
grade, disease outcome or endocrine responsiveness. 
Statistical analysis of expression data is complex and prone 
to false discoveries, e.g., identifying genes of interest just 
by chance. Therefore, it is crucial to validate molecular 
signatures in large independent series of patients before 
clinical application.

GENO    M E - WIDE     ANALYSIS         OF  
OESTROGEN          RE  C EPTOR      FUN   C TION  

Oestrogens are known to regulate the proliferation of 
breast cancer cells and to alter phenotypical properties. 
However, the mechanisms and pathways by which 
oestrogens regulate these events are only partially 
understood. With the sequencing of the human genome 
as well as the advent of microarray technology, it is now 
possible to investigate the complexities of ER-mediated 
gene transcription on a more global scale rather than 
studying one oestrogen-responsive target at a time. Many 
gene expression profiling studies have been conducted 
identifying E2-responsive genes, the number ranged from 
100 to 1000.54-59 The large quantitative and qualitative 
differences are most probably due to the use of different 
cell lines, treatments, microarray platforms and statistics. 
Collectively, expression profiles show that E2 influences 
a large variety of targets including genes involved in cell 
cycle and proliferation, apoptosis and transcriptional 
regulation.
Using gene expression profiling, researchers identified 
patterns of genes that are either stimulated or inhibited by 
E2 in ER-positive MCF-7 human breast cancer cells.56,60,61 
In addition they show that numerous cell cycle-associated 
genes as well as expression of novel transcription factors, 
receptors and signalling pathways are modulated by E2, 
many of which could play roles in mediating the effects 
of E2 on breast cancer proliferation. Subsequently, to 

better understand the actions of endocrine treatment, 
microarray analysis was performed after exposure of 
breast cancer cells to different ER-targeted drugs.62,63 The 
gene expression changes induced as a response to SERMs 
such as tamoxifen and raloxifene or the anti-oestrogen 
fulvestrant indicated the agonistic and/or antagonistic 
actions on a large set of E2-regulated genes. Although the 
regulation of the majority of E2-regulated genes is either 
partially or fully reversed by SERMs and fulvestrant, 
differences can be observed among these ligands in 
their balance of agonistic, partial antagonistic or fully 
antagonistic activities on E2-regulated genes. In addition, 
in 2006 Oh and colleagues used this strategy to classify 
ER or PR-positive breast carcinomas, applying supervised 
analysis (significant analysis of microarray data ‘SAM’, 
software for expression data mining) on gene expression 
data of ER-positive MCF-7 cells treated with E2.64,65 
Using this approach, they identified 822 genes that were 
shown to be E2 regulated. These genes were used to 
develop an outcome predictor, which was then validated 
on independently published breast cancer datasets. Also, 
Musgrove et al. used their E2-induced gene signatures to 
predict survival in tamoxifen-treated patients.60

Translational research performed at the Netherlands 
Cancer Institute, the Netherlands, showed that 
combining in vitro experiments with gene expression 
analyses of clinical breast cancer samples can improve 
the understanding of ER function in cancer patients. 
Using fluorescence resonance energy transfer (FRET) 
that detects changes in the conformation of ER, the 
efficacy of anti-oestrogens to inactivate ER was studied.24 
Phosphorylation of serine 305 in the hinge region of 
ER by PKA induced resistance to tamoxifen. In clinical 
samples, the downregulation of a negative regulator 
of PKA, PKA-RIα, was associated with tamoxifen 
resistance. Activation of PKA by downregulation of 
PKA-RIα converted tamoxifen from an ER inhibitor into 
a growth stimulator. To further test whether ERαS305-P 
is indeed associated with PKA in human breast tumours, 
Michalides and colleagues evaluated gene expression of 
tumours known to have a phosphorylated ERa at serine 
305. Nineteen pathways were differentially expressed in 
ERαS305-P-positive tumours and these pathways were 
enriched for pathways that include one or more PKA 
subunits.25

Whereas oestrogens exert their effects by binding to 
nuclear ER and directly altering transcription, they can 
also initiate extranuclear signalling through activation 
of kinase cascades. Madak et al. investigated the impact 
of E2-mediated extranuclear-initiated pathways on global 
gene expression.66 Their findings document that E2 action 
initiated outside the nucleus stimulates the transcription 
and expression of a significant (~25%) portion of the total 
number of E2-regulated genes. 
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ER-mediated transcription has been intensively studied 
on a small number of endogenous target promoters.67,68 
Recently, ER-binding sites were mapped in a less-biased 
way that did not depend on pre-existing concepts of classic 
promoter domains and subsequently several new features 
of ER-mediated transcription were identified, such as the 
facilitation of ER binding to chromatin leading to gene 
transcription.69 A number of proteins have been identified 
as ER co-factors using chromatin immunoprecipitation 
(ChIP), which has revolutionised our understanding of 
ER action.70 Unbiased ChIP-microarray (ChIP-chip) work 
identified a total of 3665 ER binding sites throughout 
the entire genome.69,71 A similar genome-wide approach 
mapped 1234 ER binding sites across the genome.72 
Combining this unique resource with gene expression 
data from breast cancer patients, it correctly predicted 
that the genes co-expressed with the ER and thereby 
identified important and previously unexplored regions 
of the genome that could be the critical regulators of the 
oestrogen dependence of breast cancer. 

GENE     E X PRESSION         PROFILES         DRIVEN      
BY   OESTROGEN          RE  C EPTOR   

The first large-scale study of gene expression profiling in 
breast cancer was performed by Perou and colleagues who 
showed that based on overall gene expression profiles, 
breast carcinomas can be subdivided into five molecular 
subtypes (figure 2).52 Three biologically distinct subgroups 
of ER-negative breast tumours have been identified: the 
‘basal-like’ group, which expresses cytokeratin-5 and 
cytokeratin-17; the ‘HER2-positive’ group, expressing 
several genes located in the human epidermal growth 
factor receptor 2 (HER2) amplicon including HER2 and 
the gene encoding for growth factor receptor-bound 
protein 7 (GRB7); and the ‘normal-breast-like’ group, 
which expresses genes usually expressed in normal breast. 
The ER-positive tumours that were originally found 
to be a single group have in subsequent studies been 
separated into at least two distinct groups: the ‘luminal 
A’ subtype, which expresses high levels of cytokeratin-8 
and cytokeratin-18 and other breast luminal genes, and 
the ‘luminal B’ subtype, expressing low levels of these 
genes.73 Importantly, these five subtypes also represent 
clinically distinct subgroups of patients. For example, 
the ER-negative ‘basal-like’ and ‘HER2-positive’ subtypes 
are associated with a shorter overall and disease-free 
survival, whereas the ER-positive ‘luminal A’ tumours have 
the best outcome. These findings have been confirmed 
in independent datasets.74,75 It has to be realised that 
classifications generated by hierarchical clustering may be 
unstable. For example, adding more breast cancer samples 
resulted in a changed dendrogram, as demonstrated by the 

disappearance of the luminal C subtype.74 Furthermore, 
it can be argued that these analyses do not provide more 
information than currently given by histological grade and 
immunohistochemistry (IHC) for ER and HER2 of the 
tumour. For example, recently Cheang et al. showed that 
expression of ER, PR, HER2 and Ki67 determined by IHC 
appear to distinguish luminal A from luminal B breast 
cancer subtypes.76 
The gene expression grade index (GGI), which defines 
histological grade based on gene expression profiles, could 
also define two ER-positive molecular subgroups (high and 
low genomic grade).77,78 Despite tracking a single biological 
pathway, these subgroups were highly concordant with the 
previously described luminal A and B classifications. 
Subsequent studies confirmed that there are large-scale 
gene expression differences between ER-positive (most 
‘luminal-like’) and ER-negative (most ‘basal-like’) cancers. 
Table 2 summarises different studies describing the 
dominant gene expression pattern in breast carcinomas 
driven by ER. To study the characteristics of ER-positive 
and ER-negative breast tumours in more detail, Gruvberger 
and colleagues profiled a homogeneous group of lymph 
node-negative breast cancers.79 They reported that 
ER-positive and ER-negative tumours display remarkably 
different molecular phenotypes. To gain insight into the 
genes of this dominant expression signature, Van ’t Veer 
et al. associated gene expression data with ER expression as 
determined by IHC.53 Out of 39 tumours stained negative 
for ER by IHC, 34 clustered together. By this unsupervised 
approach, known ER target genes formed a cluster with the 
ER gene (ESR1). Supervised classification showed that 550 
genes optimally reported the dominant pattern associated 
with ER status; reporter genes included cytokeratin-18, 
bcl-2, HER3 and HER4. Twenty-one out of the 50 ER 
reporter genes as determined by Gruvberger et al. were also 
present in the 550 gene list.79 
Since the introduction of high throughput analysis of 
gene expression, several molecular signatures predicting 
prognosis in breast cancer patients have been developed.80-83 
All classifiers have been developed using different 
microarray platforms and approaches to select genes. 
Consequently, a direct comparison between the various gene 
lists generated is difficult. However, these different gene 
sets show significant agreement in the outcome predictions 
for individual patients and are probably tracking a common 
set of biological phenotypes.75 In addition to the degree of 
proliferation and histological grading, information on ER 
signalling is present in all prognostic signatures. Wang and 
colleagues included this information in the development 
of their prognostic test.83 Tumours used for their discovery 
study were allocated to one of two subgroups stratified by 
ER status. Markers selected from each subgroup (60 genes 
for ER-positive tumours and 16 for ER-negative tumours) 
were combined to form a single signature to predict 
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Figure 2. Molecular subtypes of breast cancer

Gene expression patterns of 85 experimental samples representing 78 
carcinomas, three benign tumours and four normal tissues analysed 
by hierarchical clustering of cDNA clones. a Tumour specimens were 
divided into five (or six) subtypes based on differences in gene expres-
sion: luminal A, luminal B, luminal C, normal breast-like, basal-like 
and HER2+. b Full cluster diagram scaled down, bars on the right 
represent the inserts present in c–g. c HER2 amplicon. d Unknown 
cluster. e Basal epithelial cell-enriched cluster. f Normal breast-like 
cluster. g Luminal epithelial gene cluster containing ER. 
Copyright © 2001 by The National Academy of Science of the United 
States of America, all rights reserved.52

tumour metastasis in a subsequent independent validation 
consisting of both ER-positive and ER-negative tumours. 
This result supports the idea that the extent of heterogeneity 
and the underlying mechanisms for disease progression 
could differ for the two ER-based subgroups of breast cancer 
patients. In addition, Dai et al. showed within a subset of 
young patients (<55 years) characterised by relatively high 
ER expression for their age (i.e., the ER/age high group) 
that the occurrence of metastases is strongly predicted by 
a homogeneous gene expression pattern almost entirely 
consisting of cell cycle genes.84 By combining information 
on expression of ER with clinical variables such as age at 
diagnosis, a subgroup of patients was identified in which 
expression of proliferation-associated genes is a very strong 
predictor of outcome. All the above findings describe the 
marked influence of ER and its numerous targets on gene 
expression in breast cancer. Expression of ER drives patterns 
of gene expression and dominates unsupervised analyses in 
the breast cancer specimens studied to date, regardless of 
microarray platform or statistical approach. mRNA levels of 
ER (gene name ESR1) show strong correlation with protein 
expression.52,53,85 Although there is preliminary evidence 
that quantitative mRNA levels of ESR1 and gene lists 
containing ER target genes could be predictive for outcome 
after endocrine treatment, clinical application of these tests 
requires further investigation.
In 2010, Dunbier and colleagues were the first to show 
a relationship between the expression of E2-dependent 
genes in ER-positive breast carcinoma and basal levels of 
E2 in plasma.86 Their data challenge the view and strongly 
suggest that differences in plasma E2 levels between 
patients have a significant influence on the behaviour of 
breast tumours.

Table 2. Gene expression profiling using human breast tumours to identify genes related to oestrogen receptor (ER)

Microarray type Samples ER-related 
genes

Identified by Prediction results Reference

Oligonucleotide 25k, 
Agilent

98	
Breast tumours

550 Unsupervised clustering 95% of ER status (IHC) 
predicted correctly (training 
only)

53

cDNA array
10k ESTs

38	
Breast tumours

105 Supervised analysis 16/20 ER status (IHC) predicted 
(validation)

85

cDNA array
4.5k ESTs

38	
Breast tumours

98 Median difference per gene in 
ER+ vs ER- tumours

46 genes more expressed in ER+, 
52 genes more expressed in ER-

109

cDNA array
6,728 clones

58	
Breast tumours

Top 100 Artificial neural networks 
models

100% of ER status (LBA) 
predicted correctly (validation)

79

cDNA array
8,102 clones

85	
Breast tumours 
and normal 
tissue

427 Differentially expressed between 
subtypes of breast tumours

Discrimination of ER+ (luminal) 
vs ER- tumours (basal, HER2, 
normal-like subtypes)

52,73

Oligonucleotide
Hu6800 Affymetrix

49	
Breast tumours

Top 100 Correlation coefficient per gene 
with ER+ and ER- tumours

8/9 ER status (IHC) predicted 
correctly (validation)

110

Oligonucleotide
44k Agilent

65	
Breast tumours 
and MCF7 cell 
line

822 Stimulation of MCF7 cells with 
oestradiol

Good discrimination of relapse-
free survival

64

IHC = immunohistochemistry.
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While most gene expression studies have focused on the 
presence or absence of ER, Creighton et al. examined RNA 
expression of ER-positive breast cancers in relation to the 
presence of PR.87 ER+/PR- breast cancer defined by gene 
expression profiling (i.e., tumours neither truly ER+/PR+ 
nor ER-/PR- but sharing expression patterns with both) 
tended to have a poor outcome and this was not observed 
when using the IHC assays to determine ER and PR status. 
This shows that gene expression profiles may provide a 
clinically relevant tool to assess PR levels for diagnostic or 
therapeutic purposes. 

M OLE   C ULAR     SIGNATURES          
PREDI     C TING     RESPONSE         TO  
ENDO    C RINE     TREAT     M ENT 

Adjuvant tamoxifen treatment reduces the breast cancer 
death rate by 31% in patients with ER-positive disease.10 
Gene expression studies have consistently confirmed the 
heterogeneity of ER-positive breast cancer and may provide 
insights into the mechanisms of response to endocrine 
treatment. 
Current research efforts are focusing on the discovery 
of molecular signatures that might identify those 
patients most responsive to tamoxifen. The expression 
of ER does not guarantee functional activity and other 
molecular events unrelated to ER signalling can also 
influence sensitivity to endocrine treatment regimens. A 
multigene assay calculating a recurrence score (Oncotype 
DXTM) represents an important conceptual evolvement 
in the diagnosis of ER-positive breast cancer.81 This 
RT-PCR-based assay was derived from 250 candidate 
genes selected by a literature search of the most important 
microarray studies in breast cancer. For the recurrence 
score, out of these 250, 16 genes were selected as well as 
five control genes. This assay measures ER mRNA levels in 
a quantitative and reproducible manner and also measures 
expression of several downstream ER-regulated genes (PR, 
bcl2 and SCUBE2) that probably contain information on 
the functionality of ER. The same assay also quantifies 
HER2 expression and proliferation-associated genes (Ki67, 
cyclin B1 and survivin). This RT-PCR-based test has 
been optimised for paraffin-embedded material and has 
been shown to accurately identify a group of patients 
with excellent prognosis when treated with adjuvant 
tamoxifen.81,88 A disadvantage included the pre-selection of 
genes and a subsequent algorithm that may not encompass 
more than quantitative ER and PR levels, proliferation and 
HER2 expression, all currently easy to test and hence may 
provide no new biological insights into tamoxifen response. 
Another study, conducted in 60 ER-positive breast 
carcinomas treated with adjuvant tamoxifen, suggested 
the utility of a two-gene index of HOXB13 and IL17BR in 

identifying a subset of patients who are at risk for relapse 
of disease.80 In an independent dataset of patients receiving 
tamoxifen, Reid et al. reported that the two-gene index 
failed to detect differences in outcome.89 Taking into 
account that Fan and colleagues calculated the two-gene 
index using microarray data, again no association with 
outcome was seen.75 However, in three other large cohorts 
the two-gene index showed a relation with tumour 
aggressiveness and response to first-line tamoxifen 
monotherapy for relapse of disease.90-92 In studies of 
relatively small sample size, a model based on analysis 
of only two genes is much more likely to be sensitive to 
technical differences or patient selection. Further, in a 
substantial proportion of ER-positive tumours HOXB13 
expression was below the detection level.92 Rodriguez et 

al. showed by functional experiments that HOXB13 is an 
ER target gene and that its repression is mediated by DNA 
methylation in ER-positive tumours.93 The observation by 
Wang et al. that HOXB13 and IL17BR expression strongly 
correlates with the expression of ER, PR and HER2 as 
determined by the routinely used IHC supports this 
regulation mechanism.94 Independent studies will reveal 
whether HOXB13 and IL17BR might be useful predictive 
markers when used instead of IHC or add information to 
the standard markers. 
In addition, using Affymetrix Gene Chip arrays, 
investigators from the Jules Bordet Institute, Belgium, 
selected 181 genes by Cox proportional regression analysis 
to predict patients having an early relapse after adjuvant 
tamoxifen treatment.95 
While the recurrence score and two-gene index might 
be very helpful in predicting the likelihood of relapse of 
disease, a major limitation of these tests is that tamoxifen 
is prescribed as adjuvant treatment. A disadvantage of 
assessing response in the adjuvant setting is that both 
the response of tumour cells to tamoxifen and intrinsic 
aggressiveness of the malignancy are measured. 
Furthermore, some resistant tumours will not recur 
because they were already cured by surgery and radiation. 
The proportion of this group of patients is unknown. 
In contrast, Jansen and colleagues discovered, using 
cDNA microarrays, an 81-gene signature in tumours of 
breast cancer patients treated with tamoxifen for their 
metastases.96 In this palliative setting, tumour response 
can be visualised. Subsequently, this response profile was 
tested on 66 independent cases and could select patients 
who had a short time to tumour progression (TTP). 
The genes were involved in oestrogen action, apoptosis, 
extracellular matrix formation and immune response. 
Recently, these 81 genes were validated in tumour samples 
from another hospital using a more advanced microarray 
platform.97 It is provocative to speculate on the predictive 
value of this tool if used for adjuvant treatment decisions. 
Identification of a subset of patients who might have more 
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chance to be cured by tamoxifen instead of an AI may open 
the door to more individualised medicine. 
While adjuvant tamoxifen treatment reduces the risk 
of breast cancer death by 31%, AIs slightly improve 
disease-free survival compared with tamoxifen.98 
In addition, a survival benefit has been shown for 
sequential tamoxifen and an AI.37,99 A molecular test 
helping clinicians to make a choice between starting 
with tamoxifen, an AI or rather with chemotherapy 
would have enormous potential for tailoring treatment. 
Mackay et al. conducted gene expression profiling on 
pre-treatment and post-treatment biopsies of breast 
cancer patients who received an AI for two weeks before 
surgery.100 Profound changes in gene expression were seen 
after treatment, including many classical E2-dependent 
genes (TFF1, CCND1, PDZK1 and AGR2) as well as a 
prominent decrease in the expression of proliferation-
related genes. Using a similar approach, Miller and 
colleagues identified letrozole-induced changes in 
gene expression associated with cell cycle progression, 
organ development, extracellular matrix regulation and 
inflammatory response.101-103 With regard to the steroidal 
anti-oestrogen AI exemestane, Harvell and colleagues 
identified 50 genes that can predict response or intrinsic 
resistance to neoadjuvant exemestane treatment.104 This 
study showed upregulation of a lipogenic pathway in 
non-responsive tumours that may serve as a marker 
for intrinsic resistance. Subsequently Harvell et al. 
demonstrated that an AI alone alters gene expression five 
times more than an AI in combination with tamoxifen, 
and is 11 times more effective in modifying expression of 
E2-regulated genes.105 Moreover, in vitro studies suggest 
that gene profiles unique to AI resistance are inherently 
different from tamoxifen resistance profiles.106 Larger 
datasets and samples derived from a randomised trial are 
necessary to enable the identification of markers or gene 
signatures specifically associated with AI response. 

FUTURE       PERSPE      C TIVE  

The published literature is awash with examples of 
biomarkers promising to predict responses to endocrine 
therapy in breast cancer. However, only two molecular 
markers, ER and PR, have become standard measurements 
in the management of breast cancer patients with regard 
to assessment of endocrine sensitivity. Moreover, even 
their exact predictive value, e.g. sensitivity and specificity 
at a well-optimised cut-off value, is largely unknown 
regarding the important clinical question: has an individual 
patient more benefit from tamoxifen or an AI? Apparently 
the discovery of a biomarker related to endocrine 
responsiveness is relatively easy. However, translation of 
the findings into clinical practice seems extremely difficult. 

In the majority of clinics the endocrine dependence of a 
breast carcinoma is simply rated as ER-positive or ER-negative. 
Around the world several cut-offs are used to determine 
whether a tumour is ER-positive. Meta-analyses have never 
showed an analysis that addressed at which particular cut-off 
the ER was best at predicting tamoxifen benefit. Although 
the presence or absence of ER is widely used to guide therapy, 
less attention has been paid to the quantitative aspects of ER. 
Thirty years ago, McGuire and colleagues observed that the 
response of metastatic disease to endocrine treatment was 
directly related to the level of ER expression.107 The Oxford 
overview analysis has extended this to primary disease 
showing a greater proportional reduction in recurrence 
rate with tamoxifen treatment in high vs low ER-positive 
tumours.108 However, a quantitative measurement of ER 
is still not used in the clinic. Besides ESR1 mRNA levels, 
tumour profiling using genes that incorporate an ERE in their 
promoter could be informative with regard to the assessment 
of endocrine sensitivity. Future research should focus on how 
exactly ER activity has to be quantified.
In a short period of time, analysis of gene expression 
in breast cancer has increased the understanding of ER 
signalling and the diversity of ER-positive and -negative 
breast cancer subtypes. However, there are still many 
questions remaining that could be answered by continuing 
research using gene expression profiling of human tumour 
samples. The advantage of microarray technology is that 
thousands of genes can be studied at the same time instead 
of focusing on a single gene of interest. Regarding the 
genes responding to activation of ER, several lists of either 
putative ER targets or genes correlating with ER expression 
have been published.53,64,71,80,109,110 However, currently there 
is no consensus on the comprehensiveness of these gene 
sets. A complete overview of genes also including processes 
in which ER is influencing gene expressing by functioning 
as a transcriptional co-factor or driving other co-factors, is 
still lacking. Furthermore, gene expression profiling is not 
suitable to pinpoint post-translational modifications of ER or 
epigenetic regulation by ER by binding to chromatin. 

While the description of breast cancer phenotypes in 
distinct molecular subtypes, as first portrayed by Perou 
and colleagues, has been exciting, further refinement of 
subdivision of ER-positive breast cancer is needed.52,111 How 
to define the group of patients with a very good outcome 
for which systemic treatment can be safely omitted? And 
since some ER-positive tumours show a moderate response 
to chemotherapy, it will be very interesting to screen this 
subgroup for specific drug targets.108,112-114 If these can 
be identified, clinicians can offer endocrine treatment 
combined with targeted therapy. 
Although the high throughput analysis of gene expression 
of breast cancer cells has increased the insights into the 
behaviour of the disease, the relation with outcome and 
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therapy response, accurate and robust validation of the 
candidate response profiles is necessary before clinical 
application. Standardisation of technology and properly 
designed clinical trials performed on a large scale will be 
essential. Moreover, the discrimination of the prognostic 
value of a set of genes, e.g., aggressiveness of tumour cells 
regardless of systemic treatment versus the capacity to 
predict response to a specific drug needs more detailed 
investigation. 
Currently, whole genome analyses require frozen material. 
The isolation of sufficient and high-quality mRNA from 
formalin-fixed paraffin-embedded (FFPE) material will 
allow the analysis of the complete genome from archived 
material. Besides, it saves the complex logistics of the 
storage of frozen material. Important challenges for the 
future include the implementation of a technically robust 
gene expression technology in daily clinical practice, and 
to combine multiple separate predictive tests into a single 
assay to improve cost-effectiveness. In an ideal world, a 
breast tumour will be profiled using a single microarray 
resulting in information on prognosis, endocrine 
resistance, chemo-sensitivity, expression of drug targets 
and genetic variation in drug metabolising enzymes.
Series of prospectively designed clinical studies enrolling 
patients whose clinical characteristics match the intended 
use of the test are needed. Since endocrine treatment 
has an undisputed efficacy, a trial incorporating a study 
arm that withholds adjuvant endocrine treatment for 
intermediate-high risk ER-positive breast cancer patients 
is impossible to conduct. However, collecting material 
from patients randomised between tamoxifen and an AI 
may enable the discovery of gene profiles that predict the 
response to either tamoxifen or an AI. In the MINDACT 
trial novel gene expression signatures predicting clinical 
response in patients treated with sequential tamoxifen-
letrozole vs letrozole alone will be compared.115 In addition, 
the trans-ATAC has been set up as a follow-up of the 
ATAC trial to try to identify the molecular characteristics 
of tumours of patients that benefit more from anastrozole 
than tamoxifen and pinpoint the resistance mechanisms 
that still allow many patients to relapse.116

GRANT      SUPPORT     

Dutch Cancer Society (NKI 2006-3706), A Sister’s Hope, 
Top Institute Pharma.

A C K NOWLEDGE        M ENTS  

Supported by grants from the Dutch Cancer Society (NKI 
2006-3706), A Sister’s Hope and Top Institute Pharma. 
No potential conflict of interest relevant to this article was 

reported. We thank Prof. Dr. Laura Van ‘t Veer and Prof. 
Dr. Marc Van de Vijver for their contributions and the Dr. 
C.J. Roos Foundation for the Dr. C.J. Roos Award 2010.

REFEREN       C ES

1.	 Beatson GW. On the treatment of inoperable carcinoma of the mamma: 
suggestions for a new method of treatment wit illustrative cases. Lancet. 
1896;2:104-6.

2.	 Jensen E, Jacobson HI. Basic guides to the mechanism of estrogen action. 
Recent Prog Horm Res. 1962;18:387-414.

3.	 O’Malley BW, McGuire WL, Middleton PA. Altered gene expression during 
differentiation: population changes in hybridizable RNA after stimulation 
of the chick oviduct with oestrogen. Nature. 1968;218(5148):1249-51.

4.	 Anderson WF, Chatterjee N, Ershler WB, Brawley OW. Estrogen receptor 
breast cancer phenotypes in the Surveillance, Epidemiology, and End 
Results database. Breast Cancer Res Treat. 2002;76(1):27-36.

5.	 Jordan VC. Tamoxifen: a most unlikely pioneering medicine. Nat Rev Drug 
Discov. 2003 Mar;2(3):205-13.

6.	 Riggs BL, Hartmann LC. Selective estrogen-receptor modulators -- 
mechanisms of action and application to clinical practice. N Engl J Med. 
2003;348(7):618-29.

7.	 Eisen A, Trudeau M, Shelley W, Messersmith H, Pritchard KI. Aromatase 
inhibitors in adjuvant therapy for hormone receptor positive breast 
cancer: a systematic review. Cancer Treat Rev. 2008;34(2):157-74.

8.	 Johnston SR, Dowsett M. Aromatase inhibitors for breast cancer: lessons 
from the laboratory. Nat Rev Cancer. 2003;3(11):821-31.

9.	 Howell A, DeFriend DJ, Robertson JF, Blamey RW, Anderson L, Anderson 
E, et al. Pharmacokinetics, pharmacological and anti-tumour effects of 
the specific anti-oestrogen ICI 182780 in women with advanced breast 
cancer. Br J Cancer. 1996;74(2):300-8.

10.	 EBCTCG. Effects of chemotherapy and hormonal therapy for early breast 
cancer on recurrence and 15-year survival: an overview of the randomised 
trials. Lancet. 2005;365(9472):1687-717.

11.	 Pritchard KI. Endocrine therapy of advanced disease: analysis and 
implications of the existing data. Clin Cancer Res. 2003;9:460S-7S.

12.	 Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies for 
combating resistance. Nat Rev Cancer. 2002;2(2):101-12.

13.	 Clarke R, Skaar TC, Bouker KB, Davis N, Lee YR, Welch JN, et al. Molecular 
and pharmacological aspects of antiestrogen resistance. J Steroid 
Biochem Mol Biol. 2001;76(1-5):71-84.

14.	 Jordan VC, O’Malley BW. Selective estrogen-receptor modulators 
and antihormonal resistance in breast cancer. J Clin Oncol. 
2007;25(36):5815-24.

15.	 Milano A, Dal Lago L, Sotiriou C, Piccart M, Cardoso F. What clinicians 
need to know about antioestrogen resistance in breast cancer therapy. Eur 
J Cancer. 2006;42(16):2692-705.

16.	 Goetz MP, Rae JM, Suman VJ, Safgren SL, Ames MM, Visscher DW, 
et al. Pharmacogenetics of tamoxifen biotransformation is associated 
with clinical outcomes of efficacy and hot flashes. J Clin Oncol. 
2005;23(36):9312-8.

17.	 Schroth W, Antoniadou L, Fritz P, Schwab M, Muerdter T, Zanger 
UM, et al. Breast cancer treatment outcome with adjuvant tamoxifen 
relative to patient CYP2D6 and CYP2C19 genotypes. J Clin Oncol. 
2007;25(33):5187-93.

18.	 Dowsett M, Allred C, Knox J, Quinn E, Salter J, Wale C, et al. Relationship 
between quantitative estrogen and progesterone receptor expression and 
human epidermal growth factor receptor 2 (HER-2) status with recurrence 
in the Arimidex, Tamoxifen, Alone or in Combination trial. J Clin Oncol. 
2008;26(7):1059-65.

19.	 Osborne CK, Bardou V, Hopp TA, Chamness GC, Hilsenbeck SG, Fuqua 
SA, et al. Role of the estrogen receptor coactivator AIB1 (SRC-3) and 
HER-2/neu in tamoxifen resistance in breast cancer. J Natl Cancer Inst. 
2003;95(5):353-61.



300

o c t o b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 0

Kok, et al. Gene expression profiles of the oestrogen receptor in breast cancer

20.	 Hurtado A, Holmes KA, Geistlinger TR, Hutcheson IR, Nicholson 
RI, Brown M, et al. Regulation of ERBB2 by oestrogen receptor-PAX2 
determines response to tamoxifen. Nature. 2008;456(7222):663-6.

21.	 Gutierrez MC, Detre S, Johnston S, Mohsin SK, Shou J, Allred DC, et al. 
Molecular changes in tamoxifen-resistant breast cancer: relationship 
between estrogen receptor, HER-2, and p38 mitogen-activated protein 
kinase. J Clin Oncol. 2005;23(11):2469-76.

22.	 Holm C, Rayala S, Jirstrom K, Stal O, Kumar R, Landberg G. 
Association between Pak1 expression and subcellular localization and 
tamoxifen resistance in breast cancer patients. J Natl Cancer Inst. 
2006;98(10):671-80.

23.	 Kato S, Endoh H, Masuhiro Y, Kitamoto T, Uchiyama S, Sasaki H, et al. 
Activation of the estrogen receptor through phosphorylation by mitogen-
activated protein kinase. Science. 1995;270(5241):1491-4.

24.	 Michalides R, Griekspoor A, Balkenende A, Verwoerd D, Janssen L, 
Jalink K, et al. Tamoxifen resistance by a conformational arrest of the 
estrogen receptor alpha after PKA activation in breast cancer. Cancer Cell. 
2004;5(6):597-605.

25.	 Kok M, Zwart W, Holm C, Fles R, Hauptmann M, Van’t Veer LJ, et al. 
PKA-induced phosphorylation of ERalpha at serine 305 and high PAK1 
levels is associated with sensitivity to tamoxifen in ER-positive breast 
cancer. Breast Cancer Res Treat. 2010 DOI: 20213082.

26.	 Osborne CK, Shou J, Massarweh S, Schiff R. Crosstalk between estrogen 
receptor and growth factor receptor pathways as a cause for endocrine 
therapy resistance in breast cancer. Clin Cancer Res. 2005;11:865s-70s.

27.	 Herynk MS, Thirugnanasampanthan J, Ciu Y, Fuqua S. Hormone action 
and clinical significance of the estrogen receptor alpha. In: Fuqua SA, 
editor. Hormone Receptors in Breast Cancer. New York: Springer; 2009. 
p. 1.

28.	 Chetrite GS, Cortes-Prieto J, Philippe JC, Wright F, Pasqualini JR. 
Comparison of estrogen concentrations, estrone sulfatase and aromatase 
activities in normal, and in cancerous, human breast tissues. J Steroid 
Biochem Mol Biol. 2000;72:23-7.

29.	 Miller W, Anderson T, Jack WJ. Relationship between tumour aromatase 
activity, tumour characteristics and response to therapy. J Steroid 
Biochem Mol Biol. 1990;37:1055-9.

30.	 Dowsett M, Stein RC, Coombes RC. Aromatization inhibition alone or in 
combination with GnRH agonists for the treatment of premenopausal 
breast cancer patients. J Steroid Biochem Mol Biol. 1992;43:155-9.

31.	 Santen R, Jeng MH, Wang JP, Song R, Masamura S, McPherson R, et al. 
Adaptive hypersensitivity to estradiol: potential mechanism for secondary 
hormonal responses in breast cancer patients. J Steroid Biochem Mol 
Biol. 2001;79:1-5.

32.	 Chan CM, Martin LA, Johnston SR, Ali S, Dowsett M. Molecular changes 
associated with the acquisition of oestrogen hypersensitivity in MCF-7 
breast cancer cells on long-term oestrogen deprivation. J Steroid Biochem 
Mol Biol. 2002;81:333-41.

33.	 Early Breast Cancer Trialists’ Collaborative Group. Ovarian ablation 
in early breast cancer: overview of the randomised trials. Lancet. 
1996;348(9036):1189-96.

34.	 Cuzick J, Ambroisine L, Davidson N, Jakesz R, Kaufmann M, Regan M, et 
al. Use of luteinising-hormone-releasing hormone agonists as adjuvant 
treatment in premenopausal patients with hormone-receptor-positive 
breast cancer: a meta-analysis of individual patient data from randomised 
adjuvant trials. Lancet. 2007;369(9574):1711-23.

35.	 Coates AS, Keshaviah A, Thurlimann B, Mouridsen H, Mauriac L, Forbes 
JF, et al. Five years of letrozole compared with tamoxifen as initial adjuvant 
therapy for postmenopausal women with endocrine-responsive early 
breast cancer: update of study BIG 1-98. J Clin Oncol. 2007;25(5):486-92.

36.	 Forbes JF, Cuzick J, Buzdar A, Howell A, Tobias JS, Baum M. Effect 
of anastrozole and tamoxifen as adjuvant treatment for early-stage 
breast cancer: 100-month analysis of the ATAC trial. Lancet Oncol. 
2008;9(1):45-53.

37.	 Coombes RC, Kilburn LS, Snowdon CF, Paridaens R, Coleman RE, Jones 
SE, et al. Survival and safety of exemestane versus tamoxifen after 2-3 
years’ tamoxifen treatment (Intergroup Exemestane Study): a randomised 
controlled trial. Lancet. 2007;369(9561):559-70.

38.	 Jakesz R, Jonat W, Gnant M, Mittlboeck M, Greil R, Tausch C, et 
al. Switching of postmenopausal women with endocrine-responsive 
early breast cancer to anastrozole after 2 years’ adjuvant tamoxifen: 
combined results of ABCSG trial 8 and ARNO 95 trial. Lancet. 
2005;366(9484):455-62.

39.	 Miller WR, Bartlett JM, Canney P, Verrill M. Hormonal therapy for 
postmenopausal breast cancer: the science of sequencing. Breast Cancer 
Res Treat. 2007;103(2):149-60.

40.	 Mouridsen H, Giobbie-Hurder A, Goldhirsch A, Thurlimann B, Paridaens 
R, Smith I, et al. Letrozole therapy alone or in sequence with tamoxifen in 
women with breast cancer. N Engl J Med. 2009;361(8):766-76.

41.	 Harris L, Fritsche H, Mennel R, Norton L, Ravdin P, Taube S, et al. 
American Society of Clinical Oncology 2007 update of recommendations 
for the use of tumor markers in breast cancer. J Clin Oncol. 
2007;25(33):5287-312.

42.	 Dowsett M, Houghton J, Iden C, Salter J, Farndon J, A’Hern R, et al. 
Benefit from adjuvant tamoxifen therapy in primary breast cancer patients 
according oestrogen receptor, progesterone receptor, EGF receptor and 
HER2 status. Ann Oncol. 2006;17(5):818-26.

43.	 Stendahl M, Ryden L, Nordenskjold B, Jonsson PE, Landberg G, Jirstrom 
K. High progesterone receptor expression correlates to the effect of 
adjuvant tamoxifen in premenopausal breast cancer patients. Clin Cancer 
Res. 2006;12(15):4614-8.

44.	 Viale G, Regan MM, Maiorano E, Mastropasqua MG, Dell’Orto P, 
Rasmussen BB, et al. Prognostic and predictive value of centrally reviewed 
expression of estrogen and progesterone receptors in a randomized trial 
comparing letrozole and tamoxifen adjuvant therapy for postmenopausal 
early breast cancer: BIG 1-98. J Clin Oncol. 2007;25(25):3846-52.

45.	 Goldhirsch A, Wood WC, Gelber RD, Coates AS, Thurlimann B, Senn HJ. 
Progress and promise: highlights of the international expert consensus 
on the primary therapy of early breast cancer 2007. Ann Oncol. 
2007;18(7):1133-44.

46.	 Payne SJ, Bowen RL, Jones JL, Wells CA. Predictive markers in breast 
cancer--the present. Histopathology. 2008;52(1):82-90.

47.	 Tan PK, Downey TJ, Spitznagel EL Jr, Xu P, Fu D, Dimitrov DS, et 
al. Evaluation of gene expression measurements from commercial 
microarray platforms. Nucleic Acids Res. 2003;31(19):5676-84.

48.	 Fan JB, Gunderson KL, Bibikova M, Yeakley JM, Chen J, Wickham Garcia E, 
et al. Illumina universal bead arrays. Methods Enzymol. 2006;410:57-73.

49.	 Walker SJ, Worst TJ, Vrana KE. Semiquantitative real-time PCR for analysis 
of mRNA levels. Methods Mol Med. 2003;79:211-27.

50.	 Golub TR, Slonim DK, Tamayo P, Huard C, Gaasenbeek M, Mesirov JP, et 
al. Molecular classification of cancer: class discovery and class prediction 
by gene expression monitoring. Science. 1999;286(5439):531-7.

51.	 Quackenbush J. Computational analysis of microarray data. Nat Rev 
Genet. 2001;2(6):418-27.

52.	 Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees 
CA, et al. Molecular portraits of human breast tumours. Nature. 
2000;406(6797):747-52.

53.	 Van ‘t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao M, et al. 
Gene expression profiling predicts clinical outcome of breast cancer. 
Nature. 2002;415(6871):530-6.

54.	 Charpentier AH, Bednarek AK, Daniel RL, Hawkins KA, Laflin KJ, Gaddis 
S, et al. Effects of estrogen on global gene expression: identification of 
novel targets of estrogen action. Cancer Res. 2000;60(21):5977-83.

55.	 Coser KR, Chesnes J, Hur J, Ray S, Isselbacher KJ, Shioda T. Global 
analysis of ligand sensitivity of estrogen inducible and suppressible genes 
in MCF7/BUS breast cancer cells by DNA microarray. Proc Natl Acad Sci 
USA. 2003;100(24):13994-9.

56.	 Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, Katzenellenbogen BS. 
Profiling of estrogen up- and down-regulated gene expression in human 
breast cancer cells: insights into gene networks and pathways underlying 
estrogenic control of proliferation and cell phenotype. Endocrinology. 
2003;144(10):4562-74.

57.	 Kininis M, Chen BS, Diehl AG, Isaacs GD, Zhang T, Siepel AC, et al. 
Genomic analyses of transcription factor binding, histone acetylation, 
and gene expression reveal mechanistically distinct classes of estrogen-
regulated promoters. Mol Cell Biol. 2007;27(14):5090-104.



301

o c t o b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 0

Kok, et al. Gene expression profiles of the oestrogen receptor in breast cancer

58.	 Stender JD, Frasor J, Komm B, Chang KC, Kraus WL, Katzenellenbogen 
BS. Estrogen-regulated gene networks in human breast cancer cells: 
involvement of E2F1 in the regulation of cell proliferation. Mol Endocrinol. 
2007;21(9):2112-23.

59.	 Welboren WJ, Sweep FC, Span PN, Stunnenberg HG. Genomic actions of 
estrogen receptor alpha: what are the targets and how are they regulated? 
Endocr Relat Cancer. 2009;16(4):1073-89.

60.	 Musgrove EA, Sergio CM, Loi S, Inman CK, Anderson LR, Alles MC, et al. 
Identification of functional networks of estrogen- and c-Myc-responsive 
genes and their relationship to response to tamoxifen therapy in breast 
cancer. PLoS One. 2008;3(8):e2987.

61.	 Cicatiello L, Mutarelli M, Grober OM, Paris O, Ferraro L, Ravo M, et al. 
Estrogen receptor alpha controls a gene network in luminal-like breast 
cancer cells comprising multiple transcription factors and microRNAs. 
Am J Pathol. 2010;176(5):2113-30.

62.	 Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, Katzenellenbogen BS. 
Selective estrogen receptor modulators: discrimination of agonistic 
versus antagonistic activities by gene expression profiling in breast cancer 
cells. Cancer Res. 2004;64(4):1522-33.

63.	 Fan M, Yan PS, Hartman-Frey C, Chen L, Paik H, Oyer SL, et al. Diverse 
gene expression and DNA methylation profiles correlate with differential 
adaptation of breast cancer cells to the antiestrogens tamoxifen and 
fulvestrant. Cancer Res. 2006;66(24):11954-66.

64.	 Oh DS, Troester MA, Usary J, Hu Z, He X, Fan C, et al. Estrogen-regulated 
genes predict survival in hormone receptor-positive breast cancers. J Clin 
Oncol. 2006;24(11):1656-64.

65.	 Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays 
applied to the ionizing radiation response. Proc Natl Acad Sci U S A. 
2001;98(9):5116-21.

66.	 Madak-Erdogan Z, Kieser KJ, Kim SH, Komm B, Katzenellenbogen JA, 
Katzenellenbogen BS. Nuclear and extranuclear pathway inputs in 
the regulation of global gene expression by estrogen receptors. Mol 
Endocrinol. 2008;22(9):2116-27.

67.	 Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics 
and sufficiency in estrogen receptor-regulated transcription. Cell. 
2000;103(6):843-52.

68.	 Metivier R, Penot G, Hubner MR, Reid G, Brand H, Kos M, et al. Estrogen 
receptor-alpha directs ordered, cyclical, and combinatorial recruitment of 
cofactors on a natural target promoter. Cell. 2003;115(6):751-63.

69.	 Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, et al. 
Chromosome-wide mapping of estrogen receptor binding reveals 
long-range regulation requiring the forkhead protein FoxA1. Cell. 
2005;122(1):33-43.

70.	 Green KA, Carroll JS. Oestrogen-receptor-mediated transcription and 
the influence of co-factors and chromatin state. Nat Rev Cancer. 
2007;7(9):713-22.

71.	 Carroll JS, Meyer CA, Song J, Li W, Geistlinger TR, Eeckhoute J, et al. 
Genome-wide analysis of estrogen receptor binding sites. Nat Genet. 
2006;38(11):1289-97.

72.	 Lin CY, Vega VB, Thomsen JS, Zhang T, Kong SL, Xie M, et al. 
Whole-genome cartography of estrogen receptor alpha binding sites. 
PLoS Genet. 2007;3(6):e87.

73.	 Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene 
expression patterns of breast carcinomas distinguish tumor subclasses 
with clinical implications. Proc Natl Acad Sci U S A. 2001;98(19):10869-74.

74.	 Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, et al. 
Repeated observation of breast tumor subtypes in independent gene 
expression data sets. Proc Natl Acad Sci USA. 2003;100(14):8418-23.

75.	 Fan C, Oh DS, Wessels L, Weigelt B, Nuyten DS, Nobel AB, et al. 
Concordance among gene-expression-based predictors for breast cancer. 
N Engl J Med. 2006;355(6):560-9.

76.	 Cheang MC, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index, 
HER2 status, and prognosis of patients with luminal B breast cancer. J 
Natl Cancer Inst. 2009;101(10):736-50.

77.	 Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, et al. Gene 
expression profiling in breast cancer: understanding the molecular 
basis of histologic grade to improve prognosis. J Natl Cancer Inst. 
2006;98(4):262-72.

78.	 Loi S, Haibe-Kains B, Desmedt C, Lallemand F, Tutt AM, Gillet C, et al. 
Definition of clinically distinct molecular subtypes in estrogen receptor-
positive breast carcinomas through genomic grade. J Clin Oncol. 
2007;25(10):1239-46.

79.	 Gruvberger S, Ringner M, Chen Y, Panavally S, Saal LH, Borg A, et al. 
Estrogen receptor status in breast cancer is associated with remarkably 
distinct gene expression patterns. Cancer Res. 2001;61(16):5979-84.

80.	 Ma XJ, Wang Z, Ryan PD, Isakoff SJ, Barmettler A, Fuller A, et al. A 
two-gene expression ratio predicts clinical outcome in breast cancer 
patients treated with tamoxifen. Cancer Cell. 2004;5(6):607-16.

81.	 Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, et al. A multigene assay 
to predict recurrence of tamoxifen-treated, node-negative breast cancer. 
N Engl J Med. 2004;351(27):2817-26.

82.	 van de Vijver MJ, He YD, van ‘t Veer LJ, Dai H, Hart AA, Voskuil DW, et al. 
A gene-expression signature as a predictor of survival in breast cancer. N 
Engl J Med. 2002;347(25):1999-2009.

83.	 Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang F, et al. 
Gene-expression profiles to predict distant metastasis of lymph-node-
negative primary breast cancer. Lancet. 2005;365(9460):671-9.

84.	 Dai H, van’t Veer L, Lamb J, He YD, Mao M, Fine BM, et al. A 
cell proliferation signature is a marker of extremely poor outcome 
in a subpopulation of breast cancer patients. Cancer Res. 
2005;65(10):4059-66.

85.	 Pusztai L, Ayers M, Stec J, Clark E, Hess K, Stivers D, et al. Gene 
expression profiles obtained from fine-needle aspirations of breast 
cancer reliably identify routine prognostic markers and reveal large-scale 
molecular differences between estrogen-negative and estrogen-positive 
tumors. Clin Cancer Res. 2003;9(7):2406-15.

86.	 Dunbier AK, Anderson H, Ghazoui Z, Folkerd EJ, A’Hern R, Crowder 
RJ, et al. Relationship between plasma estradiol levels and estrogen-
responsive gene expression in estrogen receptor-positive breast cancer 
in postmenopausal women. J Clin Oncol. 2010;28(7):1161-7.

87.	 Creighton CJ, Kent Osborne C, van de Vijver MJ, Foekens JA, Klijn JG, 
Horlings HM, et al. Molecular profiles of progesterone receptor loss in 
human breast tumors. Breast Cancer Res Treat. 2009;114(2):287-99.

88.	 Paik S, Tang G, Shak S, Kim C, Baker J, Kim W, et al. Gene expression and 
benefit of chemotherapy in women with node-negative, estrogen receptor-
positive breast cancer. J Clin Oncol. 2006;24(23):3726-34.

89.	 Reid JF, Lusa L, De Cecco L, Coradini D, Veneroni S, Daidone MG, et 
al. Limits of predictive models using microarray data for breast cancer 
clinical treatment outcome. J Natl Cancer Inst. 2005;97(12):927-30.

90.	 Ma XJ, Hilsenbeck SG, Wang W, Ding L, Sgroi DC, Bender RA, et al. The 
HOXB13:IL17BR expression index is a prognostic factor in early-stage 
breast cancer. J Clin Oncol. 2006;24(28):4611-9.

91.	 Goetz MP, Suman VJ, Ingle JN, Nibbe AM, Visscher DW, Reynolds CA, 
et al. A two-gene expression ratio of homeobox 13 and interleukin-17B 
receptor for prediction of recurrence and survival in women receiving 
adjuvant tamoxifen. Clin Cancer Res. 2006;12:2080-7.

92.	 Jansen MP, Sieuwerts AM, Look MP, Ritstier K, Meijer-van Gelder ME, van 
Staveren IL, et al. HOXB13-to-IL17BR expression ratio is related with tumor 
aggressiveness and response to tamoxifen of recurrent breast cancer: a 
retrospective study. J Clin Oncol. 2007;25(6):662-8.

93.	 Rodriguez BA, Cheng AS, Yan PS, Potter D, Agosto-Perez FJ, Shapiro CL, 
et al. Epigenetic repression of the estrogen-regulated Homeobox B13 gene 
in breast cancer. Carcinogenesis. 2008;29(7):1459-65.

94.	 Wang Z, Dahiya S, Provencher H, Muir B, Carney E, Coser K, et al. The 
prognostic biomarkers HOXB13, IL17BR, and CHDH are regulated by 
estrogen in breast cancer. Clin Cancer Res. 2007;13(21):6327-34.

95.	 Loi S, Haibe-Kains B, Desmedt C, Wirapati P, Lallemand F, Tutt 
AM, et al. Predicting prognosis using molecular profiling in estrogen 
receptor-positive breast cancer treated with tamoxifen. BMC Genomics. 
2008;9:239.



302

o c t o b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 0

Kok, et al. Gene expression profiles of the oestrogen receptor in breast cancer

96.	 Jansen MP, Foekens JA, van Staveren IL, Dirkzwager-Kiel MM, Ritstier 
K, Look MP, et al. Molecular classification of tamoxifen-resistant breast 
carcinomas by gene expression profiling. J Clin Oncol. 2005;23(4):732-40.

97.	 Kok M, Linn SC, Van Laar RK, Jansen MP, van den Berg TM, Delahaye LJ, 
et al. Comparison of gene expression profiles predicting progression in 
breast cancer patients treated with tamoxifen. Breast Cancer Res Treat. 
2009;113(2):275-83.

98.	 Howell A, Cuzick J, Baum M, Buzdar A, Dowsett M, Forbes JF, et al. 
Results of the ATAC (Arimidex, Tamoxifen, Alone or in Combination) trial 
after completion of 5 years’ adjuvant treatment for breast cancer. Lancet. 
2005;365(9453):60-2.

99.	 Jonat W, Gnant M, Boccardo F, Kaufmann M, Rubagotti A, Zuna I, et 
al. Effectiveness of switching from adjuvant tamoxifen to anastrozole 
in postmenopausal women with hormone-sensitive early-stage breast 
cancer: a meta-analysis. Lancet Oncol. 2006;7(12):991-6.

100.Mackay A, Urruticoechea A, Dixon JM, Dexter T, Fenwick K, Ashworth 
A, et al. Molecular response to aromatase inhibitor treatment in primary 
breast cancer. Breast Cancer Res. 2007;9(3):R37.

101.	Miller WR, Larionov AA, Renshaw L, Anderson TJ, White S, Murray J, 
et al. Changes in breast cancer transcriptional profiles after treatment 
with the aromatase inhibitor, letrozole. Pharmacogenet Genomics. 
2007;17(10):813-26.

102.	Miller WR, Larionov A, Anderson TJ, Walker JR, Krause A, Evans DB, et 
al. Predicting response and resistance to endocrine therapy: profiling 
patients on aromatase inhibitors. Cancer. 2008;112(3 Suppl):689-94.

103.	Miller WR, Larionov A, Renshaw L, Anderson TJ, Walker JR, Krause A, et al. 
Gene expression profiles differentiating between breast cancers clinically 
responsive or resistant to letrozole. J Clin Oncol. 2009;27(9):1382-7.

104.	Harvell DM, Spoelstra NS, Singh M, McManaman JL, Finlayson C, Phang 
T, et al. Molecular signatures of neoadjuvant endocrine therapy for breast 
cancer: characteristics of response or intrinsic resistance. Breast Cancer 
Res Treat. 2008;112(3):475-88.

105.	Harvell DM, Richer JK, Singh M, Spoelstra N, Finlayson C, Borges VF, 
et al. Estrogen regulated gene expression in response to neoadjuvant 
endocrine therapy of breast cancers: tamoxifen agonist effects dominate 
in the presence of an aromatase inhibitor. Breast Cancer Res Treat. 
2008;112(3):489-501.

106.	Masri S, Phung S, Wang X, Wu X, Yuan YC, Wagman L, et al. Genome-wide 
analysis of aromatase inhibitor-resistant, tamoxifen-resistant, and 
long-term estrogen-deprived cells reveals a role for estrogen receptor. 
Cancer Res. 2008;68(12):4910-8.

107.	Byar D, Sears M, McGuire W. Relationship between estrogen receptor 
values and clinical data in predicting the response to endocrine therapy 
for patients with advanced breast cancer. Eur J Cancer 1979;15(3):299-310.

108.	EBCTCG. Polychemotherapy for early breast cancer: an overview of the 
randomised trials. Early Breast Cancer Trialists’ Collaborative Group. 
Lancet. 1998;352(9132):930-42.

109.	Nagai MA, Da Ros N, Neto MM, de Faria Junior SR, Brentani MM, Hirata 
R, Jr., et al. Gene expression profiles in breast tumors regarding the 
presence or absence of estrogen and progesterone receptors. Int J Cancer. 
2004;111(6):892-9.

110.	West M, Blanchette C, Dressman H, Huang E, Ishida S, Spang R, et 
al. Predicting the clinical status of human breast cancer by using gene 
expression profiles. Proc Natl Acad Sci U S A. 2001;98(20):11462-7.

111.	 Weigelt B, Mackay A, A’Hern R, Natrajan R, Tan DS, Dowsett M, et 
al. Breast cancer molecular profiling with single sample predictors: a 
retrospective analysis. Lancet Oncol. 2010;11(4):339-49.

112.	Colleoni M, Bagnardi V, Rotmensz N, Gelber RD, Viale G, Pruneri G, et al. 
Increasing steroid hormone receptors expression defines breast cancer 
subtypes non responsive to preoperative chemotherapy. Breast Cancer 
Res Treat. 2009;116:359-69.

113.	 Lippman ME, Allegra JC, Thompson EB, Simon R, Barlock A, Green 
L, et al. The relation between estrogen receptors and response rate 
to cytotoxic chemotherapy in metastatic breast cancer. N Engl J Med. 
1978;298(22):1223-8.

114.	Pagani O, Gelber S, Simoncini E, Castiglione-Gertsch M, Price KN, 
Gelber RD, et al. Is adjuvant chemotherapy of benefit for postmenopausal 
women who receive endocrine treatment for highly endocrine-responsive, 
node-positive breast cancer? International Breast Cancer Study Group 
Trials VII and 12-93. Breast Cancer Res Treat. 2009;116:491-500.

115.	Cardoso F, Van ’t Veer L, Rutgers E, Loi S, Mook S, Piccart-Gebhart M. 
Clinical application of the 70-gene profile: the MINDACT trial. J Clin 
Oncol. 2008;26(5):729-35.

116.	Dowsett M. Biomarker investigations from the ATAC trial: the role of TA01. 
Breast Cancer Res Treat. 2004; 87(Suppl 1):S11-8.

117.	 http://www.cbo.nl/thema/Richtlijnen/Overzicht-richtlijnen/Oncologie/. 

[updated May, 30, 2010].


