
The effects of breast cancer therapy on estrogen receptor signaling
throughout the body
Droog, M.

Citation
Droog, M. (2017, June 8). The effects of breast cancer therapy on estrogen receptor signaling
throughout the body. Retrieved from https://hdl.handle.net/1887/49509
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/49509
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/49509


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/49509 holds various files of this Leiden University 
dissertation 
 
Author: Droog, Marjolein 
Title: The effects of breast cancer therapy on estrogen receptor signaling throughout the 
body 
Issue Date: 2017-06-08 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/49509


Chapter 5

Tamoxifen-resistance: From 
Bench to Bedside

Marjolein Droog, Karin Beelen, Sabine C. Linn, and Wilbert Zwart

Adapted from review, 

European Journal of Pharmacology 717(2013)47-57



174

Chapter 5

Abstract
Although tamoxifen is a classic example of a potent targeting drug, 
a substantial proportion of estrogen receptor alpha positive breast 
cancer patients lack benefit. Over the last few decades, cell biologi-
cal studies discovered many potential biomarkers aimed to predict 
tamoxifen sensitivity, and to guide treatment selection. Nonetheless, 
these biomarkers seldom face clinical introduction because the  
number of potential biomarkers is very large. Patient samples with 
clinical follow-up are a depletable resource, and laborious to obtain. 
Therefore, clinical scientists can only validate a fraction of the 
potential biomarkers in clinical material. In this review, we describe 
a number of ‘cell biological biomarkers’ for tamoxifen resistance 
and their possible clinical implications. This may guide the clinical 
scientist in choosing what potential biomarkers to test on tumour 
samples, and catalyse the translation of scientific discoveries into 
daily clinical practice of breast cancer medicine.

Abbreviations
AF, activation function; AIB1 (SRC3) , amplified in breast cancer 1; AKT, RAC-alpha 
serine/threonine-protein kinase; AP-2γ, Activating Protein 2γ; ER, estrogen receptor; 
ERBB2, the gene that encodes HER2; ESR1, the gene that encodes ERα; FOXA1, 
forkheadbox protein A1; GATA3, GATA-binding protein; GRIP1 (SRC2), glucocorticoid 
receptor-interacting protein 1; HER2, human epidermal growth factor receptor 2; 
MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; 
NCOA (SRC), nuclear receptor coactivator; PBX1, pre-B-Cell Leukemia Homeobox 1; 
PI3K, phosphoinositide 3-kinase; SRC, steroid receptor coactivator; TIF-2 (SRC 2), 
transcriptional mediators/intermediary factor 2; XBP1, x-box-binding protein 1.
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Introduction
Breast cancer is the most common malignancy in women, with annually 
over 1.5 million newly diagnosed cases and 400,000 deaths1. It is a het-
erogeneous disease with multiple subtypes that are traditionally defined 
through standard pathological criteria. These include cell morphology, 
invasive phenotype and well-established clinical markers, like estrogen 
receptor (ER)α, progesterone receptor, and human epidermal growth 
factor receptor (HER)2 levels. Over a decade ago, gene expression arrays 
identified distinct gene expression patterns in these subtypes2,3. These 
mRNA expression patterns gave rise to the now well-known breast cancer 
subtypes luminal A, luminal B and HER2, each with their own, more or 
less distinct pathological criteria and treatment options4. 

The vast majority of all breast cancers (75%) fall within the luminal 
subtype, which is positive for, and driven by, ERα. Such tumours are typi-
cally low grade, occur predominantly in postmenopausal women, and have 
a relatively favourable prognosis. Apart from chemotherapeutic treatment, 
ERα-positive breast cancer patients generally receive endocrine agents to 
prevent disease recurrence. 

Tamoxifen and aromatase inhibitors represent the majority of anti-hor-
monal agents that are used to treat ERα-positive breast cancer patients5,6. 
Tamoxifen, a small molecule inhibitor, competes with estrogen to bind 
ERα. In breast cells, this competition prevents the formation of an ERα-
mediated transcription complex, blocking estrogen-driven tumour cell 
proliferation7. In contrast, aromatase inhibitors deplete serum estrogen 
levels in postmenopausal patients because they block the aromatase 
enzymes, which convert testosterone into estrogen8. 

Despite endocrine treatment, a significant proportion of patients who 
receive adjuvant endocrine treatment still develop a recurrence9,10. This 
implies that the treatment was unsuccessful in these patients, who may 
have benefited from a different drug. Even though cross-resistance to other 
ERα inhibiting drugs might occur in some patients, other patients who 
relapse on one kind of endocrine treatment can still respond to another10-12. 
Therefore, in order to choose the right drug for the right patient, clinicians 
need to identify additional biomarkers, apart from ERα, to predict if a 
patient will benefit from a given drug. 

Gradually, due to the emergence of new technologies, it is becoming 
more apparent that tumour specific characteristics exist that affect the 
sensitivity to ERα-targeted therapy. Identification of these characteristics, 
and subsequent translation into a clinical test that accurately predicts 
drug sensitivity, is of great value in the clinic because it enables a tai-
lored-treatment of each individual breast cancer patient. Because multiple 
mechanisms have been described for tamoxifen resistance in vitro, the 
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question arises which of these cell biological markers are likely to have 
clinical validity (i.e. the potential to categorise subgroups of patients with 
differential drug sensitivity13, and should therefore be tested in clinical 
samples? 

Translation of these cell biological findings into a clinical test that 
predicts tamoxifen sensitivity is until now rarely successful; a pubmed 
search on the criteria ‘tamoxifen resistance’, ‘cell’, and ‘breast cancer’ 
resulted in 997 hits. In addition, if these biomarkers are tested on clinical 
samples, these studies can suffer from methodological flaws like mixing 
prognosis with prediction14. It is also important to recognise the difference 
between cell lines and patients, and understand the pros and cons of cell 
line studies as highlighted in Table 1. Sadly, the vast majority of potential 
biomarkers may never be tested on clinical samples, simply due to their 
massive numbers. We will therefore focus our review on promising cell 
biological biomarkers that give an indication of endocrine treatment resis-
tance on the basis of in vitro type of analyses. 

A cell biological biomarker for resistance associates with unresponsive-
ness to ERα-inhibition (like tamoxifen treatment or hormonal deprivation) 
of breast cancer cell lines. An overview of all criteria and definitions for 
the different types of markers is shown in Table 2. In the discussion of 
these cell biological biomarkers, we focus on those that are promising, 
and likely to have clinically validity when analysed in clinical tumour 
samples. In order to define ‘promising’, we determined the following crite-
ria that the biomarker has to meet: 

Table 1. Advantages and disadvantages for the use of breast cancer cell lines

Advantages Disadvantages

Very straightforward to maintain Prone to undergo geno- and phenotypic drift 
during continuous culture

Able to replicate  perpetually Selection for subpopulations of clones that have 
a growth advantage

Contain high levels of homogeneity Derived from one patient, results can therefore 
not be generalised 

Replaceable from frozen stocks 
should  contamination occur

Artefacts are often observed due to tissue cul-
ture conditions

Often well annotated Out of tissue-context, without interactions with 
extracellular matrix, basal compartment or 
infiltrating immune cells
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1. Associate with unresponsiveness to ERα inhibition of cell proliferation 
in vitro, in several studies from multiple labs;

2. Provide insights in the molecular mechanisms in which the biomarker 
is involved;

3. Be verified in multiple model systems, different cell lines, or murine 
models.

If multiple hits from within the same biological pathway are identified 
as potential biomarkers, the functionality of such a pathway could be 
considered as a promising biomarker. In addition, if the marker itself is 
druggable, this would open possibilities for novel intervention methods 
and drug target discovery.

Although some novel and potentially powerful biomarkers directly 
fulfil all these criteria, other markers included in this review only comply 
with part of the issues that are raised above. Tumour–stroma interac-
tions and immune cell infiltration possibly influence breast cancer cell 
behaviour, metastatic outgrowth, and possibly response to treatment15-17. 
In this review we will exclusively discuss cell intrinsic signalling cascades 
of the tumour cell. We exclude details regarding immune cell infiltration 
and tumour–stroma interactions, even though we acknowledge the impor-
tance of these processes in breast cancer biology. 

Table 2: Definitions of different types of biomarkers

Term Definition

Biomarker A characteristic that is objectively measured and 
evaluated as an indicator of normal biological pro-
cesses, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention 138.

Prognostic biomarker Biomarker that forecasts the likely course of the 
disease irrespective of treatment 138. It provides 
information on ‘who to treat’.

Predictive biomarker Biomarker that is objectively measured and eval-
uated as an indicator of (in)sensitivity for a par-
ticular drug 138. It provides information on ‘how to 
treat’.

Predictive biomarker for endo-
crine treatment

A tumour characteristic that is objectively mea-
sured and evaluated as an indicator of (in)sensitiv-
ity for endocrine treatment in hormone-receptor 
positive breast cancer. It provides information on 
‘how to treat hormone receptor-positive breast 
cancer’.

Predictive cell biological bio-
marker for hormone receptor 
positive breast cancer cells

A characteristic of Estrogen Receptor-driven breast 
cancer cells that correlates with (un)responsiveness 
to endocrine treatment or hormonal deprivation of 
breast cancer cell lines with respect to Estrogen 
Receptor-activity and cell proliferation.
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We first describe the ERα signalling pathway as well as the key com-
ponents involved in the activation of this transcription factor. We group 
and discuss the potential biomarkers in two different subsections; as part 
of the ERα transcription complex, and as the growth factor receptor sig-
nalling cascades that can influence the ERα transcription complex. In the 
concluding remarks, we group the novel biomarkers for their level of being 
‘promising’ according to the criteria as defined above and discuss missing 
issues and possible concerns for future analyses of biomarker validation 
studies.

The Estrogen Receptor as a Transcription Factor, and its 
Pathways
Anti-estrogens target the growth-stimulating effects of estrogens on 
breast tumour tissue that ERα mediates. Estrogen, the natural hormone 
and ligand, activates ERα by binding the C-terminal activation function 2 
(AF-2), which lies in the ligand-binding domain. ERα then binds the DNA 
where transcription is mediated by the receptor’s activation function 1 
(AF-1) domain, close to the N-terminus. 

Apart from the classical ligand activation of ERα, it can also be 
activated in a ligand (estrogen)-independent fashion. A number of post-
translational modifications modulate ERα, activating transcription of the 
ligand-independent pathway. These include the direct phosphorylation of 
ERα by mitogen-activated protein kinase (MAPK)18,19, RAC-alpha serine/
threonine-protein kinase (Akt)20, p90 ribosomal S6 kinase (Rsk)21, protein 
kinase A22, and c-Src23,24. The signalling pathway of this ligand-indepen-
dent ERα activation by posttranslational modification will be discussed in 
more detail later. 

The activation of the ERα ultimately results in a downregulation of 
transcriptional repressors, anti-proliferative and pro-apoptotic genes, 
and an upregulation of genes involved in cell cycle progression25, such 
as Cyclin D1 and Myc. A graphic representation of the ERα transcription 
complex can be found in Figure 1. 

Upon either mode of activation, the receptor associates with the chro-
matin. So called ‘pioneer factors’ facilitate this chromatin association of 
ERα. A pioneer factor precedes other chromatin-binding proteins, even if 
this chromatin is highly inaccessible. The first described, and best-stud-
ied pioneer factor, in breast cancer biology is FOXA1. One of the helices 
of FOXA1 structurally mimics the linker histone H1 and H5, which bind 
the DNA and the core histones26. In this manner, FOXA1 interacts with 
histone H3 and H4, and renders the chromatin accessible. 
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As stated above, FOXA1 is an essential player in estrogen receptor 
biology, being crucial for ERα chromatin interactions and functional 
activity27. Since the initial reports of FOXA1 co-occupancy at ERα binding 
sites28,29, other reports confirmed these findings27 and found comparable 
functions for this pioneer factor in prostate cancer30,31, enabling androgen 
receptor/chromatin interactions. 

In breast cancer cell lines, knockdown of FOXA1 inhibits the association 
between ERα and the chromatin, and thereby prevents estrogen-induced 
gene expression27-29. But although ERα requires FOXA1, it is insufficient 

Figure 1. The estrogen receptor transcription complex. When estrogen diffuses into 
the cell, it binds the estrogen receptor, which leads to a dissociation from HSP90 and 
subsequent homodimerization. The estrogen receptor then binds the DNA at estrogen-
responsive sites where it is able to recruit the transcription complex, resulting in 
transcription of responsive genes that are involved  in cell proliferation.
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for its complete functional activity. A cellular reprogramming into ERα 
responsive growth requires the expression of a second ‘luminal-defin-
ing’2,3 transcription factor, GATA332. GATA3 associates to ERα binding 
sites in MCF-7 breast cancer cells32, and inhibits breast cancer growth 
and metastasis formation33 through a suppression of epithelial-to-mesen-
chymal transition34. 

Gradually, it is becoming apparent that FOXA1 is not the only ERα 
pioneer factor in breast cancer, but that other proteins share this func-
tion as well. AP-2γ promotes tumour cell proliferation35 and controls 
estrogen-responses in breast cancer cell lines36. Like FOXA1 and AP-2γ, 
PBX1 enables ERα to associate with the chromatin, and facilitates ERα-
mediated gene transcription37. Both PBX1 and AP-2γ share some of their 
binding sites with FOXA1, which synergistically influences ERα action37,38. 

ERα adopts different conformations depending on the type of ligand 
it binds39,40. Estradiol-binding activates the AF-2 domain41, which leads 
to the formation of the coactivator‐binding pocket of the ERα39, where the 
p160 family of coactivators can bind to initiate transcription42. This protein 
family is composed of steroid receptor co-activator 1 (SRC1 or NCOA1), 
SRC 2 (also known as TIF-2, GRIP1 or NCOA2) and SRC3 (also known as 
AIB1 or NCOA3)43. Two ERα molecules jointly bind a single p160 protein44, 
implying these proteins bind ERα in a mutually exclusive manner. And 
although the p160 family of coactivators share some chromatin-binding 
sites between them, proof of compensation upon knockdown of individual 
family members remains absent45, implying that  p160 family member are 
irreplaceable to ERα. 

Through their role as protein scaffolds for the ERα complex, the p160 
proteins play an essential role in subsequent transcription initiation, 
elongation, RNA splicing, receptor and coregulator turnover, and trans-
lation46-49. These p160 interactors of the ERα complex include p300 and 
CBP50. Both p300 and CBP can modify the chromatin accessibility through 
acetyltransferase activity, thereby regulating gene expression51. Other 
p160 interactors include histone modifiers CARM152,53 and JMJD2B54,55 as 
well as members of the SWI/SNF complex, including BAF5756. Together, 
these proteins are essential for the ERα-complex to function properly. 

Many cofactors can also bind the AF-1 domain of the ERα, which 
MAPK mediates by phosphorylating the receptor18,19. The AF-1 and the 
AF-2 domains synergistically enhance the transcriptional activity of ERα, 
in which the p160 coactivators play a crucial role as well57,58. When tamox-
ifen binds the receptor, the conformation of the ligand-binding domain 
alters, which inhibits a direct physical interaction between ERα and the 
p160 coactivators at the AF-2 transactivation domain39. This prevents the 
formation of an active transcription complex, blocking ERα-mediated cell 
proliferation.
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Components of the ERα Transcription Complex as 
Potential Biomarkers for Endocrine Therapy Response 
ERα itself could be a potential biomarker. Analogous to the androgen 
receptor in prostate cancer59, the ERα was thought to be mutated in breast 
cancer. Indeed, a single point mutation of the ERα at amino acid 351 
(tyrosine for aspartate) has been described, and could lead to tamoxi-
fen-stimulated growth of breast cancer cells60. However, other reports 
challenged the physiological relevance of this mutation61. The frequency 
of mutations is debated and may be influenced by the detection method62. 

ESR1 (the gene encoding ERα) amplification in breast cancer has been 
an area of much debate. Overexpressing ERα in cell lines gave rise to broad 
anti-estrogen resistance in vitro63, supporting this mode of resistance. 
About 22% of all breast cancers, including benign and premalignant breast 
tumours were described to carry an ESR1 amplification64-66, which was 
accompanied by ERα overexpression65-69. However, various other studies 
have only reported low percentages of patients with ESR1 amplifications 
in their cohorts70-73, who could still expose a possible better prognosis. The 
role of tamoxifen herein remains elusive65,66,74. 

As the essential player in luminal breast cancer, the success of ERα 
status as a biomarker for endocrine responsiveness is limited. Although 
patients with the highest ERα protein expression benefit slightly more 
from tamoxifen compared with patients with low receptor expression, the 
latter group still derives substantial benefit9. It is likely that many poten-
tial biomarkers for anti-estrogen resistance are within the same complex 
as ERα because they facilitate its function.

Unlike ESR1, amplifications of coactivators’s genes are often and con-
sistently found. A well-known example is AIB1 (amplified in breast cancer 
1), also named SRC375, and a member of the p160 family. SRC3 is over-
expressed in a tamoxifen-resistant MCF-7 breast cancer cell line, and is 
required for the acquisition of EGFR-mediated tamoxifen resistance76. 
Genome-wide binding studies illustrated that the gene profile that was 
exclusively regulated by an SRC3-bound ERα, but not shared with the 
other two p160 coactivators, enabled the identification of breast cancer 
patients with a poor outcome after tamoxifen treatment45. These data 
suggest that the specificity of p160 coregulators can have distinct clinical 
implications for breast cancer patients. 

Beside impacting classical hormone-receptor positive breast cancer 
cells, SRC3 expression also associates with the expression of the clini-
cal marker HER2, and poor outcome after tamoxifen treatment77. SRC-3 
competes with the transcription factor PAX2 for binding and regulation 
of ERRB2 (the gene that encodes HER2), of which the outcome deter-
mines tamoxifen response in breast cells78. PAX2 expression associated 
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with improved recurrence-free survival78. The transcriptional regulation 
ERRB2 expression could be clinically relevant because HER2 overexpres-
sion is commonly mediated through amplification of the locus79. 

In addition to SRC3, another p160 protein, SRC1, has also been impli-
cated in endocrine resistance. Cell lines that were selected to proliferate 
in the absence of estrogen (mimicking aromatase inhibitor resistance), 
exposed increased levels of SRC180. In addition, SRC1-positive tumours 
associated with a reduction in disease-free survival in aromatase inhibi-
tor-treated patients 80 as well as in tamoxifen-treated patients81. However, 
the predictive value of SRC1 has never been shown in the context of a ran-
domized clinical trial (where treatments were compared in patients with 
similar clinical parameters without them receiving this treatment)14. SRC1 
overexpression studies failed to induce tamoxifen resistance or hormone 
unresponsiveness in cell lines22,82, indicating high SRC1 levels are insuffi-
cient for endocrine resistance induction. 

In addition to their relevance in  ERα-mediated transcription, the 
p160-ERα interaction surface has also been studied for its druggabil-
ity. Peptides that are also present in the ERα-binding surface of p160 
coactivators, could directly prevent the interaction between ERα and p160 
proteins by competitive inhibiton, and thus inhibit ERα action83. This 
could open the possibilities for novel drug development strategies based 
on the chemical features of the p160-ERα-binding interface84, a strategy 
that has already proven successful in highly analogous androgen receptor 
inhibition studies85. 

Before their recognition as key-role players in ERα-mediated transcrip-
tion, many factors had already been categorised as luminal A-defining 
genes2,3. These include FOXA1 and GATA3. Immunohistochemical data 
illustrated that FOXA1 expression levels associate with ERα and proges-
terone receptor levels in breast tumours86,87. 

Tamoxifen-resistant derivatives of MCF-7 cells, which retained their 
ERα dependence, required FOXA1 for ERα/chromatin-binding and cell 
proliferation88. Overexpression of FOXA1 in ERα-transfected cell lines 
render the receptor capable to interact with the chromatin and sensitive 
to tamoxifen treatment, which then inhibits cell proliferation27,32. FOXA1 
expression associates with a favourable prognosis89-92, also in ERα nega-
tive patients93, but this was unconfirmed in another report86. Even though 
a clear role for FOXA1 in anti-estrogen response prediction in ERα positive 
breast cancer remains absent, it might be a promising drug target in hor-
monal breast cancer treatment88,90 due to its role in estrogen response and 
its tissue specific expression profile94. 

As stated above, FOXA1 is not unique in its role as pioneer factor 
in ERα biology because this function is shared with AP-2γ and PBX1. 
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Overexpression of pioneer factor AP-2γ was found to associate with a 
poor survival of breast cancer patients and poor outcome after endocrine 
agents, and in vitro data illustrated that endocrine-resistant cell lines 
have elevated levels of AP-2γ95. PBX1 associated with an unfavourable 
outcome of ERα-positive breast cancer patients upon tamoxifen treat-
ment37. Whether this poor outcome is related to a more aggressive breast 
cancer or unresponsiveness of these tumours to tamoxifen needs to be 

Figure 2. Growth factor receptor signalling cascades that share a common mode 
of downstream kinase activation; the MAPK and PI3K pathway. Upon ligand binding, 
the transmembrane growth factor receptors initiate a downstream phosphorylation 
cascade that will activate the MAPK and PI3K pathways. Along with PKA and PAK1, 
these pathways can lead to a phosphorylation of the estrogen receptor and other 
transcription factors, which leads to a cell cycle progression. 
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elucidated. Similar to FOXA1, AP-2γ and PBX1 could be interesting drug 
targets. 

Apart from its essential role for ERα biology and as luminal-defining 
factor2,32, the presence of GATA3 was identified in a small study as a pre-
dictor for hormone responsiveness in breast cancer96,97. However, analysis 
of GATA3 in a larger series of ERα-positive patients did not show a differ-
ence in outcome, both in patients treated with, or without tamoxifen98. 

XBP-1 is a direct transcriptional target of E2-stimulated ERα, and 
is one of the key-defining genes for luminal A breast cancer2,3. XBP-1 is 
a CREB/ATF transcription factor that acts during the unfolded protein 
response (a cellular stress response related to the endoplasmatic retic-
ulum), and inhibits apoptosis . A spliced XBP-1 variant (XBP-1S) results 
in a larger transcript, and associates with poor outcome after adjuvant 
tamoxifen treatment99. 

Figure 3. Possible therapeutic interventions to estrogen receptor- and growth factor-
mediated cell proliferation. The estrogen receptor activity can be blocked by inhibiting 
ligand binding or preventing its phosphorylation through upstream kinases. The 
inhibition of ligand binding can be achieved by estrogen-depletion (using aromatase 
inhibitors), a direct competion with estrogen-binding to the receptor (using tamoxifen) 
or through degradation of the estrogen receptor (using fulvestrant). The second 
approach to block estrogen receptor activation is by preventing the estrogen receptor 
to be phosphorylated. Additionally, this will also prevent the phosphorylation of other 
transcription factors that might otherwise lead to cell cycle progression. This may be 
achieved by drugs that block growth factor receptor activation (such as Herceptin), 
but also through an inhibition of any step in the PI3K or MAPK pathway, e.g. mTOR 
(Everolimus) or ERK inhibitors. 
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Also RARA is a direct ERα-responsive gene100, which encodes retinoic 
acid receptor alpha (RAR-α). RARα is a protein that binds the genomic 
regions that are shared with ERα101,102. One study claimed ERα and RAR-α 
competed in binding101, whereas a different study claimed RAR-α functions 
as a coactivator for ERα activation 102. The last study showed supporting 
clinical data, where patients whose tumour expressed high RAR-α levels, 
showed favourable outcome, suggesting a functional ERα pathway. 

Growth Factor Receptor Signalling Pathways Influence 
the ERα Transcription Complex 
Endocrine resistance can rely on other mechanisms than the ligand-de-
pendent ERα pathway. Activation of receptor tyrosine kinase pathways, 
including HER2, EGFR, IGFR and FGFR, can cause endocrine therapy 
resistance. Each receptor has its own designated ligand, a mitogen that 
triggers the cell to proliferate. Upon binding of these mitogens, the rel-
evant receptor undergoes conformational changes that cause (hetero)
dimerisation103. In doing so, the dimerised receptors are activated, auto-
phosphorylated, and cause downstream kinase activation104-106. These 
growth factor receptor signalling cascades share a common mode of 
downstream kinase activation pathways (Figure 2); the MAPK and phos-
phoinositide 3-kinase (PI3K) pathway. Both kinase pathways share a 
common feature of stimulating cell proliferation. 

In addition to the direct growth-stimulatory effects of these transmem-
brane receptors, their downstream kinase pathways also directly influence 
ERα activity through phosphorylation of its residues. The kinases expose 
a clear specificity for distinct ERα-phosphorylation sites, each with their 
own effects. Because numerous review papers have discussed these phos-
phorylation events on ERα extensively107,108, we will only focus on two ERα 
phosphorylation events  (serine 118 an serine 305) that affect the binding 
of ERα with coactivators in the presence of tamoxifen109 because these 
might have strong translational and clinical potential. 

One of ERα’s residues that is directly targeted by the MAPK pathway is 
serine 11819. This amino acid can also be phosphorylated through multiple 
other signaling cascades, including PAK1110 and CDK7111. MAPK-induced 
ERα phosphorylation involves a ligand-independent receptor activation, 
whereas CDK7-induced phosphorylation of serine 118 is a direct conse-
quence of ligand-activation111. The functional implication of ERα serine 
118 phosphorylation on endocrine sensitivity might thus be dependent on 
the upstream signaling cascade. 

Another ERα-residue that can be phosphorylated is serine 305, which 
lies within a domain that is important for the interaction with coregulatory 
proteins. The phosphorylation of ERαS305 can trigger the phosphorylation 
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of ERαS118110. Phosphorylation of ERαS305 alters the conformation of 
ERα depending on the ligand it binds22,109, which influences the orienta-
tion between ERα and coactivators109, and stimulates activation. 

Components of the Growth Factor Receptor Signaling 
Pathways as Potential Biomarkers for Endocrine Therapy 
Response 
Each level of regulation within the membrane-initiated receptor tyrosine 
kinase pathway could provide possible biomarkers for endocrine response, 
and therapeutic intervention. Many examples exist for tamoxifen resis-
tance in cell line models in regard to receptor tyrosine kinase activation. 
This link was first recognized in MCF-7 cells that were treated with epider-
mal growth factor (EGF), which decreased ERα and progesterone receptor 
expression, and decreased response to antiestrogens112. 

In mouse models, tamoxifen stimulated tumour growth from HER2-
overexpressing-transfected MCF-7 cells, although estrogen depletion 
therapy remained effective113. Because ERα still needs a ligand to be acti-
vated in such a setting, aromatase inhibitor treatment might be superior 
in similar tumours. A clinical study however, was unable to show benefit 
from aromatase inhibitors versus tamoxifen in HER2 positive cases114. 
Possibly, these HER2 overexpressing tumours lost their dependency on 
ERα signaling for growth. 

Endocrine resistance can also involve the insulin-like growth factor 
(IGF) pathway. In this pathway, insulin, IGF-I, and IGF-II, activate the IGF-I 
receptor (IGF-IR). In vitro data show an increased sensitivity to the pro-
liferative effects of IGF-I in a tamoxifen-resistant MCF-7 cells115,116. Breast 
cancer cell lines become unresponsive to antiestrogens upon IGF-1R over-
expression in response to IGF-1 ligand stimulation, involving active MAPK 
and PI3K pathways117. Moreover, cross-talks between the IGF-IR and the 
EGFR via c-SRC activation exists, which mediates tamoxifen-resistant cell 
proliferation118.

In MCF-7 xenografts, EGFR and HER2 increased when tumors became 
tamoxifen-resistant. These tumors also showed increased phosphoryla-
tion of IGF-IR, which can interact with both EGFR and ERα, while total 
IGF-IR levels remained the same119. Classic ERα-gene targets however, 
remained suppressed, implying tamoxifen stimulates a subset of genes 
in these tumors, while blocking expression of another subset of genes. 
Gefitinib, an EGFR inhibitor, improved tamoxifen response and delayed 
acquired resistance, but lacked effect on estrogen-stimulated growth, 
whereas tamoxifen did. This study suggests that tamoxifen functions like 
estrogen on some genes, while working agonistically on other genes that 
should be targeted with a second drug. 
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Another contributor to endocrine resistance is the fibroblast growth 
factor receptor 1 (FGFR1). In response to FGF2, activation of the MAPK-
PI3K-AKT signaling pathways increased in FGFR1-amplified breast cell 
lines that turned tamoxifen resistant120. In breast cancer samples, 32% 
showed high FGFR4 mRNA levels compared with the total population121. 
High FGFR4 mRNA levels predicted poor clinical benefit and shorter pro-
gression-free survival for patients with recurrent tamoxifen-treated breast 
cancer122. 

Because all receptor tyrosine kinase family members share a down-
stream activation of the PI3K/ mammalian target of rapamycin (mTOR)/
Akt pathway, this common denominator provides a promising target for 
novel therapeutics. In response to long-term estrogen depletion, cell lines 
showed activation of mTOR substrates (P70S6K and P85S65), as well as 
PI3K substrates (AKT), and became hormone independent, which reversed 
upon mTOR and PI3K inhibition123. In agreement, tumors that developed 
aromatase inhibitor resistance also associated with the PI3K/AKT/mTOR 
pathways124. Dual inhibition of the mTOR and ERα pathways, by simul-
taneous treatment of the mTOR inhibitor Everolimus and aromatase 
inhibitor, induced cell death in vitro125, and improved progression-free 
survival in patients who previously received aromatase inhibitors only126. 

Activation of Akt and the downstream mTOR pathway can also lead 
to tamoxifen resistance20,127,128. A phase II trial showed benefit from the 
addition of an mTOR inhibitor to tamoxifen in patients with metastatic 
breast cancer who progressed after an aromatase inhibitor129. The ques-
tion remains how to identify patients with hormone receptor-positive 
breast cancer who will benefit from (the addition of) PI3K/Akt/mTOR 
inhibition, and whether a selection of patients might even benefit from 
these drugs in the adjuvant setting or as first line therapy in metastatic 
disease. Determination of the clinical predictive validity of biomarkers of 
the PI3K/Akt/mTOR pathway for hormonal therapy resistance is therefore 
important. 

As described above, MAPK- and PAK1-induced ERα phosphorylation on 
ERαS118 associate with endocrine resistance in vitro19,110, whereas ligand 
activation causes CDK7-induced ERαS118 phosphorylation111. ERαS118 
phosphorylation associates with a benefit from tamoxifen in pre-meno-
pausal breast cancer patients130, which indicates a ligand-dependent ERα 
pathway. In contrast, the association between ERαS118 phosphorylation 
and tamoxifen sensitivity remains unclear in postmenopausal patients 
because this was only evaluated in series of patients who were all treated 
with tamoxifen, and showed inconsistent results131-133. However, ERαS118 
phosphorylation levels increased after patients developed a relapse follow-
ing tamoxifen treatment132, suggesting a positive selection of these cells 
at the metastatic site. It is likely that MAPK or PAK1 induces ERαS118 
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phosphorylation in these postmenopausal patients since estrogen levels 
decrease after menopause. Thus, cell biological data suggest that ERαS118 
phosphorylation should be interpreted differently depending on upstream 
kinases, which may possibly be loosely deducted from menopausal status. 

In response to stimulation, PKA22 and PAK1134 induced phosphoryla-
tion of ERαS305, which led to tamoxifen resistance. This phosphorylation 
arrests the ERα in an alternative conformation22. It furthermore induces 
the formation of an active transcription complex, chromatin remodeling, 
RNA polymerase II recruitment, and gene activation109. Numerous clini-
cal studies validated these cell biological observations, by showing that 
ERαS305 phosphorylation associated with tamoxifen resistance, irrespec-
tive of the patients’s postmenopausal status135-137. 

A biomarker should always be chosen while taking the available 
upstream pathway data into account. This is illustrated by an active 
PAK1 that phosphorylates Serine 305 on ERα, leading to phosphoryla-
tion of ERαS118, and induces tamoxifen resistance that depends on110. 
These data show that ERα and transmembrane growth factor receptor 
pathways intertwine in their functional activities, which present many 
possible options for therapeutic interventions (Figure 3).

Concluding Remarks
The search for cell biological biomarkers for breast cancer has resulted 
in hundreds of studies, describing proteins, genes, and posttranslational 
modifications that could be involved in endocrine response. Not all pro-
teins that look promising in cell line models however, will translate into 
clinically applicable tools and so the next challenge lies in the decision of 
which of these biomarkers to test in the clinic. In this review, we focused 
on proteins that play a role in (un)responsiveness to endocrine treatment 
in vitro, and in multiple studies, and where at least some form of clinical 
data is available to illustrate the marker’s usefulness in the clinic. Clearly, 
not all cell biological potential biomarkers for breast cancer treatment 
outcome have been discussed in this review, and many potential biomark-
ers are yet to be discovered and verified in clinical studies. We listed the 
most promising cell biological biomarkers in Table 3. 

On all levels of ERα biology, promising biomarkers can be identi-
fied. FOXA1 is of considerable interest, due to the large body of evidence 
from both in vitro and in vivo studies as well as the potential drugga-
bility of the protein. The same line of reasoning can be applied for the 
p160 coregulators SRC1 and AIB1, in conjunction with the p160-ERα 
interface as a possible druggable interaction. Coactivators of ERα could 
possibly also function as biomarkers for endocrine responsiveness or drug 
targets because these coactivators are essential for ERα activation. Subtle 
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variations in their expression levels or transcriptional modification status 
could directly influence endocrine response. If the clinical validity of these 
biomarkers for tamoxifen resistance would be established, these markers 
could potentially be used to guide treatment decisions. In addition, these 
potential novel biomarkers could pave the way for novel drug development 
strategies for patients with an otherwise poor outcome.

ERα phosphorylation status appears to be a reliable readout for endo-
crine responsiveness, dependent on the phosphorylation site. ERαS305 
phosphorylation was predictive for resistance to tamoxifen irrespective of 
the menopausal status of the patient. For ERαS118 phosphorylation, a 
benefit from tamoxifen was shown in the premenopausal situation, but 
remains unresolved in the postmenopausal setting. All and all, current 
literature suggests that the pathological properties of a tumour must be 
viewed in context of the clinical parameters, which as a combined infor-
mation stream has the potency to guide endocrine treatment selection. 

Regarding the growth factor receptor pathways, multiple cell line 
studies showed that activation of the PI3K/MAPK pathways resulted in 
tamoxifen resistance. However, the complex regulation of these pathways, 
with possible alterations at multiple levels, complicates the identification 
of a biomarker with clinical validity. Nevertheless, the increasing knowl-
edge from cell biological studies regarding downstream activated proteins 
may ultimately lead to the identification of a biomarker that can predict 
clinical resistance. 

Tailored treatment, on the basis of novel biomarkers, could co-exist 
with current clinical markers. This may ultimately lead to novel dual 
treatment options, where the pathways on which the tumor depends, will 
serve as dual targets. Breast cancer is above all a heterogeneous disease 
that contain driving pathways within the same tumour, which may very 
well be a key concept for the next generation of targeted endocrine treat-
ment in breast cancer. 
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Table 3. Promising biomarkers for hormone receptor-positive breast cancer as deter-
mined in cell biology

Low(-) or high (+) 
expression
indicative of 
endocrine sensi-
tivity

Reproducibly 
found in mul-
tiple studies

Molec-
ular 
mecha-
nism

Multiple 
model 
systems

Same 
bio-
logical 
path-
way as 
other 
mark-
ers

Possible 
drug
target

FOXA1 (+) X 27-29 X 26,32 X 87,91 X X 88

SRC1 (-) X 80,81 - X 76,81 X X 83,84,139

SRC3 (-) X 45,76-78 X 78 X 45,76 X X 83,84,139

AP-2γ (-) X 35,36,38,95 X 38 X 35,36,38,95 X -

PI3K/MAPK path-
way activation (-)

X 115,120,121,123,128 - X 20,123,127,128 X X 
126,129,140,141

PAK1 (-) X 110,136,137 - X 110,136,137 X -

ERαS305P (-) X 22,40,136,137 X 109 X 22,136,137 X -

ERαS118P (+) for 
premenopausal 
patients

X 111,130,142 - X 130,142 X -

PAX2 (-) - 78 X 78 - X -

Report contains clinical data
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