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CHAPTER 1 ■ INTRODUCTION

Breast cancer and anti-estrogen therapy
Each year around 14.000 women are newly diagnosed with breast cancer in the 
Netherlands1. Around 75% of all breast cancers are hormone receptor positive, which 
means that the tumor cells display the estrogen receptor (ER) and/or progesterone 
receptor (PR). The growth of these breast cancers is thought to be dependent on the 
growth stimulating effects of estrogens on these hormone receptor positive tumor cells. 

The majority of primary breast cancer patients present with loco-regional disease 
without distant metastases. After diagnosis, loco-regional treatment is achieved by 
surgery with or without radiotherapy. Despite optimal loco-regional treatment, distant 
metastasis may occur even after more than 10 years and account for the majority 
of breast cancer deaths. Distant metastases are thought to develop from micro-
metastases or circulating tumor cells that are already present at the time of primary 
diagnosis. Therefore in patients with a high risk for distant metastases, adjuvant 
systemic therapy (i.e chemotherapy, anti-estrogen therapy and/or targeted therapy) 
is given to prevent distant metastases. In current clinical practice, risk estimations are 
usually based on known clinico-pathological factors like tumor size, histological grade, 
lymph node status and hormone receptor status. These factors can be combined in a 
web-based tool (Adjuvant! online) to estimate the risk of a negative outcome (cancer 
related mortality or relapse) without adjuvant systemic therapy and to estimate the 
potential reduction of these risks afforded by therapy2. Furthermore different gene 
expression profiles have been developed to predict the risk of negative outcome3,4.

Patients with hormone receptor positive primary breast cancer and risk for 
metastases are generally recommended to use adjuvant anti-estrogen therapy (Dutch 
guidelines 2012 5). In high-risk patients, adjuvant chemotherapy is recommended as 
well. The most widely used anti-estrogen is tamoxifen, a selective estrogen receptor 
modulator. It has been shown that 5 years of adjuvant tamoxifen almost halves annual 
recurrence rate and reduces breast cancer mortality rate by a third 6. 

Aromatase inhibitors suppress plasma estrogen levels in postmenopausal women 
by inhibiting or inactivating aromatase (CYP19A1), the enzyme responsible for the 
synthesis of estrogens from androgenic substrates 7. After menopause, aromatization 
of androgens in adipose tissue and muscle is the major source of circulating estrogens, 
while estrogen production by the ovaries has ceased. Since aromatase inhibitors can 
only work when ovarian estradiol production has ceased these compounds are mainly 
applicable in postmenopausal patients. Studies comparing aromatase inhibitors given 
either sequentially after 2 years of tamoxifen or 5 years monotherapy have shown a small 
effect on distant metastasis free survival compared with 5 years of tamoxifen alone 8-11 No 
effect on overall survival was found until recently, when a meta-analysis was published 12. 

For premenopausal patients, at least 5 years of tamoxifen is recommended as 
adjuvant endocrine therapy. The recommended adjuvant anti-estrogen therapy in 
postmenopausal women is either an aromatase inhibitor for at least 5 years, or sequential 
treatment with tamoxifen followed by an aromatase inhibitor or vice versa. The optimal 
treatment duration is a matter of debate. Some recent trials have shown treatment 
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benefit for extended treatment duration 13,14. Despite improvements in recurrence rate 
and breast cancer mortality with adjuvant therapy, still around 25-30% of breast cancer 
patients relapse within 10 years and will eventually die from the disease. 

When a patient is diagnosed with metastatic hormone receptor positive breast 
cancer, primary treatment with anti-estrogen therapy is the first choice, with the 
exception of rapidly progressive disease, in case chemotherapy will be started. In 
previously untreated metastatic breast cancer, 50% of patients with ER-positive tumors 
respond to tamoxifen 15-20, with a median clinical benefit time of 12-18 months 21. In 
postmenopausal women, aromatase inhibitors have increased response rates compared 
with tamoxifen, but this does not result in an overall survival benefit 22-24. 

Clearly, anti-estrogen therapy has an important role in the treatment of hormone 
receptor positive breast cancer, both in the adjuvant setting as well as for metastatic 
disease. However, not all patients benefit from anti-estrogen therapy and primary 
(intrinsic) or acquired resistance is therefore a major clinical problem. 

Resistance to anti-estrogen therapy
The biological mechanisms underlying primary and acquired anti-estrogen therapy 
resistance are of considerable clinical significance, because understanding this 
mechanism in ER positive breast cancer could allow early recognition of these 
patients. It seems clear from different experimental studies and clinical data, that 
there are several potential mechanisms by which resistance to anti-estrogen therapy 
might evolve. Examples are variation in expression of the ER, modifications of the ER 
by growth factor signaling pathways 25-27, variations in expression of cofactors or ER 
independent growth by the process of additional activated growth factor signaling 
pathways 28. Apart from these tumor characteristics, patient related factors, like 
variation in drug metabolizing enzymes 29 may influence the response to anti-estrogen 
therapy. Depending on the underlying mechanism, resistance can have an agent-
selective (i.e. resistance for a specific drug) or broad-endocrine nature (i.e. resistance 
for anti-estrogen therapy in general) 30. 

Prediction of anti-estrogen therapy resistance
Of every 10,000 women with ER positive breast cancer, approximately 8,000 patients 
will receive adjuvant systemic treatment according to the NABON and Dutch Institute 
for Healthcare Improvement (CBO) guidelines5, which consist of either anti-estrogen 
therapy alone or the combination with chemotherapy with or without targeted 
treatment. Approximately 4,000 patients really need effective adjuvant treatment to 
be cured. Around 2,000 patients will be cured by 5 years of adjuvant anti-estrogen 
therapy (with or without chemotherapy), while the other 2,000 patients will relapse 
and ultimately die from the disease. Clearly, predictive tests are needed to identify 
those 2,000 patients who won’t benefit from adjuvant anti-estrogen therapy and who 
should receive alternative adjuvant systemic therapy.
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CHAPTER 1 ■ INTRODUCTION

RATIONALE AND OUTLINE OF THIS THESIS
The overall aim of this thesis is to evaluate the clinical validity of different potential 
biomarkers to predict intrinsic resistance to anti-estrogen therapy. Furthermore we 
tested the relevance of specific cell biological mechanisms underlying acquired anti-
estrogen therapy resistance in clinical samples. 

The first part of this thesis focuses on the existing cell biological and clinical 
knowledge about anti-estrogen therapy resistance. Chapter 2 focuses on potential 
promising biomarkers identified from cell biological studies. Discussed are factors 
influencing estrogen receptor functioning as well as the difference between cell lines 
and patients and consequently the caveats of cell line studies. Provided are criteria 
that can be used to evaluate the likelihood of a putative biomarker which is derived 
from cell biological assays to have clinically validity when tested in tumor samples. 
Next, chapter 3 discusses the currently available evidence for several potential 
predictive biomarkers to predict broad endocrine resistance as well as agent specific 
resistance in the adjuvant setting and discusses the clinical validity of these markers 
in premenopausal and postmenopausal patients. In this review article potential 
methodological flaws are presented that should be considered when evaluating 
biomarker-identification studies. Also an adaption of existing criteria for levels of 
evidence is proposed. Finally, a summary of promising biomarkers and a discussion of 
their possible future roles in personalized medicine are given.

The second part of this thesis focuses on the evaluation of several tumor 
characteristics as potential predictive biomarkers for tamoxifen resistance in 
postmenopausal patients. For this aim, primary tumor tissues and follow-up data 
from a series of postmenopausal breast cancer patients who were randomized 
between adjuvant tamoxifen versus no systemic treatment have been used 31. In 
chapter 4, the results of the evaluation of the clinical validity of different activated 
proteins downstream in the mitogen-activated protein kinases (MAPK) and 
phosphatidylinositol-3-kinase (PI3K) pathways are presented. These pathways have 
been associated with anti-estrogen therapy resistance in vitro 32-34. Tightly linked to 
chapter 4 is chapter 5, which presents and discusses the results from analyses of the 
clinical validity of canonical MAPK and/or PI3K pathway drivers (PIK3CA mutations 35, 
loss of PTEN 36 or over-expression of growth factor receptors like human epidermal 
growth factor receptor 2 (HER2) 37 and insulin like growth factor 1 receptor (IGF-1R) 38) 
to predict intrinsic tamoxifen resistance. Furthermore the association between these 
canonical pathway drivers and downstream-activated proteins is presented. Activation 
of the MAPK pathway may result in phosphorylation of the estrogen receptor at 
serine 118 39 and serine 167 32,40 and these modifications of the receptor have been 
implicated to affect the sensitivity to tamoxifen. Chapter 6 presents the association 
between phosphorylation of the estrogen receptor (serine 118 and 167) and breast 
cancer prognosis and benefit from adjuvant tamoxifen. Chapter 7 presents the results 
of the evaluation of the clinical relevance of the hypothesis from cell biological studies 
regarding the mechanism underlying acquired anti-estrogen therapy resistance. For 
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this aim, a series of breast cancer patients from whom both primary tumor tissue as 
well as biopsies from metastatic tumor lesions were available was used41. Differences 
between expression of activated proteins downstream in the PI3K pathway between 
metastatic and primary tumor tissues were compared between patients who did and 
who did not receive adjuvant endocrine therapy. Next in chapter 8, several markers 
of cell proliferation, like mitotic count, Ki67 index, cyclin D1 protein expression and 
CCND1 gene amplification and their association with breast cancer prognosis and 
adjuvant tamoxifen efficacy will be discussed. 

Finally chapter 9 presents data on the evaluation of one of the patient characteristics 
that may affect tamoxifen metabolism. CYP2C19 is a typical example of a CYP450 enzyme 
that affects both metabolism of tamoxifen to 4-hydroxytamoxifen 42 as well as estrone (E1) 
and estradiol (E2) catabolism 43. The association between genetic variation in CYP2C19 
and breast cancer outcome and benefit from tamoxifen will be discussed, including 
hypothesis of the underlying mechanism. A summary will be given in Chapter 10 and a 
discussion of the data, including future perspectives will be given in Chapter 11. 
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TAMOXIFEN RESISTANCE;  
FROM BENCH TO BEDSIDE

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

Eur J Pharmacol. 717, 47-57 (2013)



ABSTRACT
Although tamoxifen is a classical example of a targeted drug, a substantial proportion 
of estrogen receptor alpha positive breast cancer patients do not benefit from the 
drug. Over the last few decades, many potential biomarkers have been discovered 
in cell biological studies that may aid in the prediction of tamoxifen sensitivity and 
guide in treatment selection. Nonetheless, the transition of such a biomarker from 
the scientific community towards a diagnostic test that can be used in daily clinical 
practice has been far from ideal, and such markers seldom face clinical introduction. 
From a large number of potential predictive biomarkers as described in cell biological 
literature, the clinical (translational) scientist has to make a decision on which of these 
biomarkers should therefore be tested in clinical material to determine their clinical 
validity. This problem is not trivial, since patient samples with clinical follow-up are a 
valuable asset that should therefore be cherished.

In this review, we will 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 tumor samples, which may catalyse the 
translation of scientific discoveries into daily clinical practice of breast cancer medicine.
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CHAPTER 2 ■ PREDICTIVE BIOMARKERS FROM CELL BIOLOGICAL PERSPECTIVE

INTRODUCTION
Breast cancer is the most common malignancy in women, with annually over 1.5 million 
newly diagnosed cases and 400.000 deaths 1. As for most other cancers, breast cancer 
is a heterogeneous disease and multiple subtypes have been defined. These tumor 
subtypes are traditionally defined through standard pathological criteria, including 
cell morphology, invasive phenotype and well-established clinical markers, such as 
Estrogen Receptor alpha (ERα), Progesterone Receptor (PR) and HER2 levels. Over 
a decade ago, gene expression arrays identified that these phenotypically distinct 
subtypes were also recapitulated in their relative gene expression patterns2-3. 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 options 4. 

The vast majority of all breast cancers (75%) fall within the luminal subtype, being 
defined as positive for and driven by ERα. Such tumors are typically low grade, occur 
predominantly in postmenopausal women, have a relatively favourable prognosis and 
are generally treated with endocrine agents to prevent disease recurrence. 

Apart from chemotherapeutic treatment 5-6, ERα-positive breast cancers receive 
anti-hormonal agents in the form of tamoxifen and aromatase inhibitors. Tamoxifen 
is a selective estrogen receptor modulator (SERM) that competes with estrogen for 
the binding to ERα. In breast cells, this competition prevents the formation of an ERα-
mediated transcription complex, blocking estradiol-driven tumor cell proliferation. In 
postmenopausal patients, aromatase inhibitors can be used to deplete serum estradiol 
levels by inhibiting the aromatase enzyme, which is responsible for peripheral estrogen 
synthesis. Unfortunately, a significant proportion of the patients who receive adjuvant 
endocrine treatment still develop a recurrence despite the drug 7. This implies that 
these patients did not receive any benefit from the treatment, and should have been 
treated with a different drug. Although cross resistance to other ERα inhibiting drug 
might occur, patients who relapse on one kind of endocrine treatment can still respond 
to another8-10. Therefore, in order to choose the right drug for the right patient, it is of 
utmost importance to identify additional biomarkers that, apart from the ERα, could 
predict whether or not it is likely that a patient will benefit from these drugs. 

Gradually, due to the emergences of new technologies, it is becoming more 
apparent that tumor specific characteristics exist that may affect the sensitivity to ERα-
targeted therapy. Identification of these characteristics and subsequent translation into a 
clinical test that accurately predicts drug sensitivity would be of great value in the clinic, 
enabling a tailored treatment of each individual breast cancer patient. Since multiple 
mechanisms have been described for tamoxifen resistance in vitro, the question arises 
which of these cell biological markers are likely to have clinical validity (i.e. the potential 
to categorize subgroups of patients with differential drug sensitivity 11, 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 
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hits. Sadly, the vast majority of these biomarkers may never be tested on clinical samples, 
simply due to their massive numbers. In addition, if these biomarkers are tested on 
clinical samples, these studies often suffer from methodological flaws like not discerning 
prognosis from prediction 12. Furthermore one should recognize the difference between 
cell lines and patients and the caveats of cell line studies that are highlighted in Table 
1. Consequently, many potential biomarkers will never face clinical introduction, even 
though the preclinical cell biological data may look very promising. This leaves the 
clinical (translational) scientist in a situation where the choice of biomarker that should 
be assessed for its clinical validity has to be made from the enormous list of potentially 
predictive ‘cell biology biomarkers’. 

We will therefore focus our review on promising cell biological biomarkers that 
give an indication of endocrine treatment resistance on the basis of in vitro type 
of analyses. A cell biological biomarker for resistance would imply the presence of 
the marker to be correlated with unresponsiveness to ERα-inhibition (like tamoxifen 
treatment or hormonal deprivation) of breast cancer cell lines. 

In the discussion of these cell biological biomarkers, we will focus on those that 
are promising and are likely to have clinically validity when analyzed in clinical tumor 
samples. In order to define ‘promising’, we determined the following criteria that the 
biomarker has to meet:

1. An association with unresponsiveness to ERα inhibition of cell proliferation in vitro, 
in several studies from multiple labs.

2. Provides insights in the molecular mechanisms In which the biomarker is involved 
3. It has to be verified in multiple model systems, different cell lines or murine models.
4. If multiple hits from within the same biological pathway are identified as potential 

biomarkers, the functionality of such a pathway as such could be considered as a 
promising biomarker.

5. If the marker itself is druggable, this would open possibilities for novel intervention 
methods and drug target discovery.

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 specific, more 
rapidly growing clones within a population

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

Replaceable from frozen stocks should 
contamination occur

Artefacts are often observed due to tissue 
culture conditions

Often well annotated Out of tissue-context, without interactions with 
extracellular matrix, basal compartment or 
infiltrating immune cells

22



CHAPTER 2 ■ PREDICTIVE BIOMARKERS FROM CELL BIOLOGICAL PERSPECTIVE

Not all novel and potentially powerful biomarkers would directly fulfil all these criteria, 
and some markers included in this review only comply with part of the issues that are 
raised above. 

Tumor-stroma interactions and immune cell infiltration can directly influence breast 
cancer cell behaviour, metastatic outgrowth and possibly response to treatment 13-15. 
In this review we will exclusively discuss cell intrinsic signalling cascades of the tumor 
cell. We will not go into detail regarding immune cell infiltration and tumor-stroma 
interactions, even though we acknowledge the importance of these processes in 
breast cancer biology.

We will first describe the ERα signalling pathway as well as the key components 
involved in the activation of this transcription factor. The potential biomarkers are 
grouped and discussed in two different subsections; as part of the ERα transcription 
complex, as well as the growth factor receptor signalling cascades that can influence 
the ERα transcription complex. Finally, we will 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
Anti-estrogens are targeted against the growth stimulating effects of estrogens on 
breast tumor tissue, mediated by the ERα. Apart from the classical ligand activation of 
the ERα, it can also be activated in a ligand (estradiol) –independent fashion.

In a ligand-dependent mode, the receptor is activated by its natural ligand estrogen, 
rendering the C-terminal activation function 2 (AF-2), which lies in the ligand-binding 
domain (LBD), active. In a ligand-independent fashion, transcription is mediated by 
the receptors activation function 1 (AF1) domain, close to the N-terminus of the ERα. 
Activation of transcription of the ligand-independent pathway is modulated by a number 
of posttranslational modifications. These include the direct phosphorylation of the ERα 
by mitogen activated protein kinase (MAPK) 16-17, Akt 18, p90 ribosomal S6 kinase (Rsk) 19, 
protein kinase A (PKA) 20 and c-Src 21-22. The signalling pathway of this ligand-independent 
ERα activation by posttranslational modification will be discussed in more detail later. 

Upon either mode of activation, the receptor can associate to the chromatin. This 
chromatin association of the ERα is made possible by the action of so-called ‘pioneer 
factors’. The first described and best-studied pioneer factor in breast cancer biology is 
FOXA1. Knockdown of FOXA1 inhibits the association of ERα to chromatin and thereby 
prevents estrogen-induced gene expression 23-25. FOXA1 acts as a pioneer factor by 
preceding other chromatin binding proteins and is needed to open up the chromatin 
so that other proteins can bind. One of the helices of FOXA1 structurally mimics histone 
H1 and H5, which are linker histones that bind the DNA and the core histones 26. In this 
manner, FOXA1 can acquire a means of interaction with histone H3 and H4, rendering 
the chromatin accessible. Silencing of FOXA1 in ERα-positive breast cancer cells results 
in reduced levels of ERα/chromatin binding23. In contrast, overexpression of FOXA1 in 
ERα transfected cell lines sufficed in rendering the receptor capable to interact with 
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the chromatin and can be inhibited by tamoxifen treatment 24,27. As a consequence, 
the proliferation of these ERα-FOXA1 transfected cells could now be inhibited by 
tamoxifen 24. These data show that FOXA1 is essential for direct interactions between 
the ERα and the chromatin and plays a major role in the endocrine response in breast 
cancer cells. Also tamoxifen-resistant derivatives of MCF7 cells that retained their ERα 
dependence required FOXA1 for ER/chromatin binding and cell proliferation, stressing 
the promise of FOXA1 as a potential drug target in hormone-receptor positive breast 
cancer 28. For ERα to exert its functional activity, FOXA1 is required but does not seem 
to be fully sufficient. Thus, it seems likely that in the absence of FOXA1, cell growth 
is not ER dependent and cells will not respond to anti-estrogen treatment. A cellular 
reprogramming into ERα responsive growth requires the expression of a second 
‘luminal-defining’ 2-3 transcription factor, GATA3 27. GATA3 associates to ERα binding 
sites in MCF7 breast cancer cells 27, and inhibits breast cancer growth and metastasis 
formation 29 through a suppression of epithelial-to-mesenchymal transition 30. 

As stated above, FOXA1 is an essential player in estrogen receptor biology, 
being crucial for ERα chromatin interactions and functional activity 24. Since the initial 
reports of FOXA1 co-occupancy at ERα binding sites 23,25, other reports confirmed 
these findings 24,31 and found comparable functions for this pioneer factor in prostate 
cancer 32-33, enabling androgen receptor/chromatin interactions. Gradually, it is 
becoming apparent that FOXA1 is not the only ERα pioneer factor in breast cancer, but 
that other proteins share this function as well. Similar to FOXA1, PBX1 and AP-2y have 
also been implied as pioneer factors to assist ERα/chromatin interactions. While PBX1 
and AP-2y each have their own unique chromatin binding patterns, other binding sites 
are shared with FOXA1. The shared binding sites between FOXA1 with either PBX1 or 
AP-2Y have a synergistic influence on the ERα action 34-35. AP-2γ has been described to 
promote tumor cell proliferation 36 and controls estradiol-responses in breast cancer cell 
lines 37. In addition, AP-2y has been found to be overexpressed in tamoxifen resistant 
cell lines and correlates with poor outcome upon tamoxifen treatment in breast cancer 
patients 38. Like the other two pioneer factors for ERα, PBX1 enables ERα to associate 
to the chromatin and is directly involved in ERα-mediated gene transcription 34.

Upon chromatin association of the ERα, numerous proteins bind the ERα in a ligand-
dependent manner. ERα is able to adopt different conformations that depend on the 
type of ligand that is bound 39-40. Upon estradiol-binding, the AF-2 domain is activated 41, 
which directly leads to the formation of the coactivator-binding pocket of the ERα 39. On 
this surface, the p160 family of coactivators can bind, which is an essential step to initiate 
transcription 42. This protein family is composed of steroid receptor co-activator 1 (SRC-1 
or NCOA1), SRC-2 (also known as TIF-2, GRIP1 or NCOA2) and SRC-3 (also known as 
RAC3, ACTR, AIB1, P/CIP, TRAM or NCOA3) 43. Since two ERα molecules jointly bind a 
single p160 protein 44, these proteins are thought to bind the ERα in a mutually exclusive 
manner. Yet, many of the chromatin-binding sites of these p160 coregulators are shared 
between them, even though unique binding events were found 31. Intriguingly, functional 
compensation between the p160 coregulators is not found for both the shared as well 
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as the unique chromatin-binding events 31, implying that selectivity of ERα for a specific 
p160 is far more complex than was previously thought. 

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 translation 45-49, rendering these coregulators 
key-players in ERα biology. Among these p160 interactors for the ERα complex are 
p300 and CBP 50. Both p300 and CBP can modify the chromatin accessibility through 
acetyltransferases activity, thereby regulating gene expression 51. The p160 proteins 
can also recruit many other proteins to the ERα complex, each of which playing an 
essential role in transcription-regulation. These include histone modifiers (CARM152 53 
and JMJD2B 54-55) and members of the SWI/SNF complex, including BAF57 56. 

Many cofactors are also able to bind the AF-1 domain of the ERα, which is 
stimulated by a MAPK-mediated phosphorylation of the receptor 16-17. Strikingly, 
transcriptional activity of the ERα is enhanced when the AF-1 and the AF-2 domain 
work in a synergistic manner, in which the p160 cofactors play a crucial role as well 57-58. 

The activation of the ERα ultimately results in a downregulation of transcriptional 
repressors, antiproliferative and proapoptotic genes, and an upregulation of positive 
proliferation regulators including genes involved in cell cycle progression 59, including 
Cyclin D1 and Myc. A graphic representation of the ERα transcription complex can be 
found in Figure 1.

When tamoxifen binds the receptor, the conformation of the LBD is altered, 
which prevents the formation of a functional AF-2. This subsequently inhibits a direct 
physical interaction between ERα and the p160 coregulators at the AF2 transactivation 
domain 39. This prevents the formation of an active transcription complex, blocking 
ERα-mediated cell proliferation

Components of the ERα transcription complex as potential biomarkers 
for endocrine therapy response
Since the ERα is a transcription factor and requires the functional involvement of a multitude 
of proteins for its functional activity, it is not unlikely that many potential biomarkers for 
anti-estrogen resistance could be found as a part of the very same complex. 

As the essential player in this complex, the ERα status has been studied as a possible 
biomarker for endocrine responsiveness with limited success. Patients with the highest 
ERα protein expression benefit slightly more from tamoxifen compared to patients with 
low receptor expression, but the latter group still derives substantial benefit7. Analogous 
to the androgen receptor in prostate cancer 60, the ERα was thought to be mutated in 
breast cancer. Indeed, a single point mutation of the ERα at aminoacid 351 (tyrosine for 
aspartate) has been described, and could lead to tamoxifen-stimulated growth of breast 
cancer cells 61. The physiological relevance of this mutation was however challenged in 
other reports 62. The frequency of mutations is debated and may be influenced by the 
detection method 63. ESR1 (the gene encoding ERα) amplification in breast cancer has 
been an area of much debate. Overexpressing ESR1 in cell lines results gave rise to 
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broad anti-estrogen resistance in vitro 64, supporting this mode of resistance. About 22% 
of all breast cancers, including benign and premalignant breast tumors were described 
to carry an ESR1 amplification 65-67, which was accompanied by ERα overexpression 65,67-70. 
However, various other studies have only reported low percentages of patients with ESR1 
amplifications in their cohorts 71-74, who could still expose a possible better prognosis 
but the role of tamoxifen herein remains elusive 65,67,75.

Prior to their recognition as key role players in ERα-mediated transcription, 
many factors had already been categorized as luminal A- defining genes from the 
initial expression array-tumor subtype analysis 2-3. These factors that play a key-role 
in the ERα-mediated transcription include FOXA1 and GATA3 immunohistochemical 
data illustrated that FOXA1 expression levels are tightly correlated with ERα and 
progesterone receptor levels in breast tumors 76-77. FOXA1 expression was found to 
correlate with a favorable prognosis 78-81, also in ERα negative patients 82, even though 

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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this could not be confirmed in another report 77. While the prognostic value of FOXA1 
in breast cancer has been well-established, a role for FOXA1 in anti-estrogen response 
prediction is not likely due to its direct essential role in ERα functionality. Yet, due to this 
essential role in estrogen response and its tissue specific expression profile 83, FOXA1 
could be a highly promising drug target in hormonal breast cancer treatment 28.

As stated above, FOXA1 is not unique in its role as pioneer factor in ERα biology, as 
this function is shared with AP-2γ and PBX1. Overexpression of pioneer factor AP-2γ 
was found to correlate with a poor survival of breast cancer patients and poor outcome 
after endocrine agents, while in vitro data illustrated that endocrine-resistant cell lines 
have elevated levels of AP-2γ 38. PBX1 correlated with an unfavorable outcome of 
ERα-positive breast cancer patients upon tamoxifen treatment 34. Whether or not this 
poor outcome is related to a more aggressive breast cancer or unresponsiveness of 
these tumors to tamoxifen needs to be elucidated. Apart from its essential role for ERα 
biology and as luminal-defining factor 27, in a small study the presence of GATA3 was 
identified as a predictor for hormone responsiveness in breast cancer 84-85. However, 
analysis of GATA3 in a larger series of ERα positive patients did not show a difference 
in outcome, both in patients treated with or without tamoxifen 86. 

Not only the pioneer factors of the ERα could be functional as biomarkers for 
endocrine responsiveness or drug targets, but also the receptors dedicated coactivators 
could fulfill these tasks. Since these coactivators are essential for ERα activation, subtle 
variations in its expression levels or transcriptional modification status could directly 
influence endocrine response. Unlike ESR1, amplifications of cofactors are often and 
consistently found. A well-known example is AIB1 (Amplified In Breast Cancer 1) or 
SRC3 87. SRC3 is overexpressed in a tamoxifen resistant MCF-7 breast cancer cell line 
and is required for the acquisition of EGFR-mediated tamoxifen resistance 88. Genome-
wide binding studies illustrated that the gene profile which was exclusively regulated 
by an SRC3-bound ERα, but not shared with the other two p160 coactivators, enables 
the identification of breast cancer patients with a poor outcome after tamoxifen 
treatment 31. These data suggest that the apparent specificity of p160 coregulators 
can have distinct clinical implications for breast cancer patients. Importantly, SRC3 
is not only impacting classical hormone-receptor positive breast cancer cells, but its 
expression is also tightly correlated with HER2 expression levels and poor outcome after 
tamoxifen treatment 89. This tight correlation can be explained by an SRC3-expression 
level-mediated activation of the HER2 gene, where SRC3 binding to the regulatory 
region is competed by the paired box 2 gene product PAX2 90. In a series of 109 breast 
cancer samples, all of which had been treated with tamoxifen, a positive PAX2 staining 
was associated with significantly improved recurrence-free survival compared to PAX2-
negative tumors 90. Even though the link between PAX2, SRC3 and HER2 is a tempting 
and promising concept, determination of the clinical validity of PAX2 and SRC3 in a 
randomized clinical trial should still be performed. Since Her2 overexpression is most 
commonly mediated through amplification of the locus, the transcriptional regulation 
of HER2 gene expression would therefore be of modest clinical relevance.
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In addition to SRC3, another p160 protein, SRC1, has also been implicated in 
endocrine resistance. Cell lines that were selected to proliferate in the absence of 
estradiol (mimicking aromatase inhibitor resistance), exposed increased levels of 
SRC1 91. In addition, SRC-1 expression in tumors was associated with a reduction in 
disease-free survival in aromatase inhibitor treated patients 91 as well as in tamoxifen-
treated patients 92, even though the predictive value of SRC1 has never been shown 
in the context of a randomized clinical trial 12. SRC1 overexpression studies failed to 
induce tamoxifen resistance or hormone unresponsiveness in cell lines 20,93, indicating 
high SRC1 levels are involved in but not sufficient for endocrine resistance induction.

The members of the p160 coactivator complex have not only been extensively 
studied for their relevance in ERα transcription, but the p160-ERα interaction surface 
was also studied for its drugability. Peptides derived from the ERα binding surface 
of the p160 coregulators could directly target this surface and inhibit ERα action 94. 
This could open the possibilities for novel drug development strategies based on 
the chemical features of the p160/ ERα binding interface, a strategy that has already 
proven successful in highly analogous androgen receptor inhibition studies 95 96. 

Considering that ERα is a transcription factor, it may appear counterintuitive that 
other transcription factors can directly alter ERα activity and thereby response to 
anti-estrogen treatment. Nonetheless, multiple examples thereof have recently been 
described. RARA is a direct ERα-responsive gene 97, which encodes Retinoic Acid 
Receptor Alpha (RAR-α). RARα is a protein that binds the genomic regions that are 
shared with ERα 98-99. Discrepancy was found between two studies, where ERα and 
RAR-α would compete in binding 98 or RAR-α would function as a coactivator for ERα 
activation 99. The last study does have supporting clinical data, showing that patients 
whose tumor expressed high RAR-α had favorable outcome, suggesting a functional 
ERα pathway. Since the latter report describes RAR-α as an ERα coactivator as well as 
an ERα-responsive gene, it still remains to be elucidated whether RAR-α is a possible 
predictive or a prognostic marker in breast cancer.

Also XBP-1 is a direct transcriptional target of E2-stimulated ERα, and is one of the 
key-defining genes for luminal A breast cancer 2-3. XBP-1 is a CREB/ATF transcription 
factor that acts during the unfolded protein response and can increase tumor cell 
survival by inhibition of apoptosis. A spliced XBP-1 variant, XBP-1S, results in a larger 
transcript that is associated with poor outcome after adjuvant tamoxifen 100. XBP-1’s 
dual role in hormone-receptor positive tumors, being a transcription factor itself as 
well as an ERα responsive gene, renders a distinction between a prognostic versus a 
predictive potential troublesome.

Growth factor receptor signalling pathways influence the ERα 
transcription complex 
Apart from the above mentioned alteration in the ERα transcription complex, endocrine 
therapy resistance can be achieved through activation of receptor tyrosine kinase 
pathways, including HER2, EGFR, IGFR and FGFR. Each receptor has its own designated 
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ligand, a mitogen that triggers the cell to proliferate. Upon binding of these mitogens, the 
relevant receptor undergoes conformational changes that cause (hetero)dimerization 101. 
In doing so, the dimerized receptors are activated, autophosphorylated, and cause 
downstream kinase activation 102-104. These growth factor receptor signalling cascades 
share a common mode of downstream kinase activation pathways (Figure 2); the MAPK 
and PI3K pathway. Both kinase pathways share a common feature of stimulating cell 
proliferation. The ERα signalling pathway and transmembrane RTK pathways are tightly 
linked in their functional activities and are able to cross-react. Many residues on the ERα 
have been found to be phosphorylated by kinases of these MAPK and PI3K pathways, 
which affect the receptors behaviour. One of the ERα residues that is directly targeted by 
the MAPK pathway is serine 118 16. This aminoacid can however also be phosphorylated 
through multiple other signalling cascades, including PAK1 105 and CDK7 106. MAPK 
induced ERα phosphorylation resulted in a ligand-independent receptor-activation, 
while CDK7-induced phosphorylation of serine 118 is a direct consequence of liganded-
activation. The functional implication of ERα serine 118 phosphorylation on tamoxifen 
sensitivity might thus be dependent on the underlying signalling cascade. PAK1 
activation leads to Serine 305 phosphorylation on the receptor, inducing tamoxifen 
resistance that was dependent on a subsequent ERαS118 phosphorylation 105. This 
example illustrates that the signalling of kinase activation is complex, and many levels 
of regulation exist. Therefore, the functional interpretation of a biomarker should always 
be made with taking the available upstream pathway data into account.

Apparently, the ERα and transmembrane growth factor receptor pathways are 
tightly linked in their functional activities, cross-react, and represent many possible 
options for therapeutic interventions (Figure 3). 

Components of the growth factor receptor signalling 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. On the level of receptor tyrosine kinase activation, many examples exist 
for tamoxifen resistance in cell line models. 

The contribution of enhanced growth factor signalling in anti-estrogen resistance 
was first recognized when MCF-7 cells were treated with epidermal growth factor 
(EGF), resulting in decreased ERα and progesterone receptor expression and 
decreased response to treatment with anti-estrogens 107. In mouse models, the growth 
of tumors from MCF-7-HER2 overexpressing transfectants is stimulated by tamoxifen, 
while estrogen depletion therapy remains effective 108. This suggests that in tumors 
with high growth factor receptor levels, tamoxifen may acquire agonist-like activities. 
Since ERα still needs a ligand to be activated in such a setting, aromatase inhibitor 
treatment might therefore be superior in these tumors. This is however not supported 
by clinical evidence 109. Therefore the question arises if these HER2 overexpressing 
tumors are still dependent in ERα signalling or not. 
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Another growth factor pathway potentially involved in endocrine resistance is the 
insulin like growth factor (IGF) pathway, using the IGF-I receptor (IGF-IR), which is 
activated by insulin, IGF-I and IGF-II. In vitro data have shown an increased sensitivity to 
the proliferative effects of IGF-I in a tamoxifen resistant MCF-7 cell line 110-111. Moreover, 
cross-talks between the IGF-IR and the EGFR via c-SRC activation have been found, 
which mediate tamoxifen-resistant cell proliferation 112. In a xenograft mouse model, 
elevated phosphorylated IGF-IR levels were found in tamoxifen resistant tumors, while 
total IGF-IR remained suppressed by tamoxifen, suggesting that IGF-IR becomes 
activated at the time of acquired resistance 113. In this study, it was also shown that 
levels of these classically ERα dependent genes (included IGF-1R) remained markedly 
suppressed in tamoxifen treated tumors. This implies that tamoxifen resistance through 

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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this mechanism should not be generalized over all responsive genes, but exposes a 
distinct pattern of genomic features where a subset of genes would be stimulated, 
while other genes are still actively blocked. In addition to the observation of elevated 
phospho- IGF-IR levels in tamoxifen resistant tumors, breast cancer cell lines become 
hormone unresponsive upon IGF1R overexpression 114. In this situation, activation of the 
MAPK and PI3K pathways was observed, as well as tamoxifen unresponsiveness. 

The fibroblast growth factor receptor 1 (FGFR1) was identified as a contributor 
to endocrine resistance in vitro. FGFR1-amplified cell lines showed increased 
activation of the mitogen-activated protein kinase and phosphoinositide 3-kinase 
(PI3K)-AKT signalling pathways in response to FGFR stimulation and resistance to 
tamoxifen treatment 115. In breast cancer samples, 32% showed increased in FGFR4 
mRNA expression as compared to the total population 116. High FGFR4 mRNA levels 
predicted poor clinical benefit and shorter progression-free survival (PFS) for patients 
with recurrent breast cancer treated with tamoxifen 117. 

Substantial scientific and clinical interest has risen for targeting these kinase 
pathways in breast cancer. Since all receptor tyrosine kinase family members share 
a downstream activation of the PI3K/mTOR/Akt pathway, this common denominator 
provides a highly promising mode of action for novel therapeutics. In cell lines, 
long-term estrogen depletion resulted in activation of the mTOR substrated p70S6K 
and p85S6K as well as the PI3K substrate AKT and escape from hormone dependency, 
which could be prevented by inhibition of PI3K and mTOR 118. Acquired resistance 
to aromatase inhibitors can thus be overcome by targeting the PI3K/Akt/mTOR 

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 estradiol-
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 trastuzumab), 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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pathway 119. This could also be shown in patients, where targeting mTOR (Everolimus) 
in combination with an aromatase inhibitor successfully improved PFS in breast cancer 
patients who progressed on non-steroidal aromatase inhibitors 120. Activation of Akt 
and the downstream mTOR pathway can also lead to tamoxifen resistance 18,121-122, and 
a phase II trial has shown benefit from the addition of an mTOR inhibitor to tamoxifen in 
patients with metastatic breast cancer who progressed after an aromatase inhibitor 123. 
The question remains how to identify patients with hormone-receptor positive breast 
cancer that will potentially benefit from (the addition of) PI3K/Akt/mTOR inhibition 
and whether or not 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 of main importance. 

Next to the direct growth-stimulatory effects of these transmembrane receptors, their 
downstream kinase pathways also directly influence ERα activity through phosphorylation 
events. The kinases expose a clear specificity for distinct ERα-phosphorylation sites, each 
with their own downstream biological effects. Since numerous excellent review papers 
have discussed these phosphorylation events on ERα extensively 124-125, we will focus on 
the ERα phosphorylation events with the strongest translational and clinical potential.

MAPK- and PAK1-induced ERα phosphorylation on S118 correlates with in endocrine 
resistance in vitro 16 105, while CDK7-induced phosphorylation is a direct consequence 
of liganded receptor activation and hormone responsiveness. This bivalent mode of 
ERαS118 phoshorylation is also translated into complicated situation in the clinic, 
where menopausal status appeared to play an essential role for the biological 
interpretation of ERαS118 phosphorylation. ERαS118 phosphorylation correlates with 
a benefit from tamoxifen in pre-menopausal breast cancer patients 126, since this would 
be indicative for a functional estrogen receptor pathway. In post-menopausal patients, 
the association between ERαS118 phosphorylation and tamoxifen sensitivity remains 
unclear, since this has only been evaluated in series of patient who were all treated 
with tamoxifen, showing inconsistent results 127-129. Since estradiol-levels are decreased 
after menopause, this ERαS118 phosphorylation is likely to be induced by a MAPK or 
PAK1 mode of activation, possibly explaining the observed endocrine resistance. In 
addition, ERαS118P levels increase after patients develop a relapse following tamoxifen 
treatment 128, suggesting a positive selection of these cells as the metastatic site. 

Estrogen receptor phosphorylation at Serine 305 was found in cell line models to 
be induced by either PKA20 or PAK1 130 stimulation, leading to an agonistic response 
to tamoxifen treatment. This phosphorylation event arrests the ERα in an alternative 
conformation 20, and induces the formation of an active transcription complex, chromatin 
remodelling, RNA polymerase II recruitment and responsive gene activation 131. These 
cell biological observations could also be recapitulated in numerous clinical studies, 
where ERαS305P phosphorylation was found to correlate with tamoxifen resistance 132-134.
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DISCUSSION
The search for cell biological biomarkers for breast cancer has been a fruitful one, 
resulting in the publication of many hundreds of papers describing proteins, genes 
and protein modifications that could be involved in endocrine response. The next 
challenge now lies in the decision of what potential biomarkers could be of use in 
the clinic. Importantly, not all proteins that look promising in cell line models will 
convincingly translate into clinically applicable tools, rendering clinical validation a 
step that should be taken with care. In this review, we have focussed our attention on 
proteins that are shown to 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 biomarkers are yet to be discovered and verified in clinical studies. 
The most promising cell biological biomarkers are listed in Table 3.

An overview of all these criteria for the described markers is shown in Table 2. On 
all levels of estrogen receptor biology, promising biomarkers can be identified. 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 druggability 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 druggable interaction. If the clinical validity of 
these biomarker 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. 

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 processes, pathogenic processes,  
or pharmacologic responses to a therapeutic intervention 135.

Prognostic Biomarker Biomarker that forecasts the likely course of the disease irrespective  
of treatment 135. It provides information on ‘who to treat’.

Predictive biomarker Biomarker that is objectively measured and evaluated as an indicator 
of (in)sensitivity for a particular drug 135. It provides information on 
‘how to treat’.

Predictive biomarker for 
endocrine treatment

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

Predictive cell biological 
biomarker for hormone-
receptor positive breast 
cancer cells

A characteristic of estrogen receptor-driven breast cancer cells that 
is correlated 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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ERα phosphorylation status appears to be a reliable readout for endocrine 
responsiveness, dependent on the phosphorylation site. ERαS305P was predictive 
for resistance to tamoxifen irrespective the menopausal status of the patient. For 
ERαS118P, a benefit from tamoxifen was shown in the premenopausal situation, while 
this issue has not yet been resolved in the postmenopausal case. All and all, current 
literature suggests that the pathological properties of a tumor must be viewed in 
context of the clinical parameters, which as a combined information stream has the 
potency to guide endocrine treatment selection.

Regarding the growth factor receptor pathways, multiple cell line studies have shown 
that activation of the PI3K/MAPK pathways results in tamoxifen resistance. The complex 
regulation of these pathways, with possible alterations at multiple levels, complicates 
the identification of a biomarker with clinical validity. Nevertheless, the increasing 
knowledge 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 would not only co-exist along 
with current clinical markers, but would also lead to novel combinatory treatment 
options on the basis of such biomarkers. This may ultimately lead to a full personalization 
of breast cancer treatment, where the pathway dependence of tumor cell proliferation 
would be interrogated prior to any treatment selection, and the (combination of) 
pathways that drive the tumor will be targeted simultaneously. Breast cancer is above 
all a heterogeneous disease, and the appreciation of the heterogeneity of possibly 
driving pathways within the same tumor may very well be a key concept for the next 
generation of targeted treatment in breast cancer.

Table 3. Promising biomarkers for hormone-receptor positive breast cancer as determined in 
cell biology

low(-) or high (+)  
expression indicative  
of endocrine sensitivity

reproducibly 
found in 

multiple labs
molecular 

mechanism

multiple 
model 

systems

same biological 
pathway as 

other markers

Possible 
drug

target

FOXA1 (+) x 23,90 x 25 x 76 x x28

SRC1 (-) - 92 - x 20,88,92-93 x x 94,96,136

SRC3 (-) x 31,88-90 X 24 x 31,88 x X 94,96,136

AP-2y (+) x 35-38 X 35 x 35-38 x -
phospho-mTOR (+) x 118,122 - x 118,122 x X 120,137-139

PAK1 (-) x 105,132-133 - x x -
ERαS305P (-) x 20,132-133 x 131 x 20,132-133 x -
ERαS118P (+) for premenopausal x 16,126 - x 16,126 x -
PAX2 (-) - 90 x 90 - x -
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ABSTRACT 
Personalized medicine for oestrogen receptor-α (ERα)-positive breast cancer 
requires predictive biomarkers for broad endocrine resistance as well as biomarkers 
capable of predicting resistance to a specific agent. In addition, biomarkers could 
be used to select patients that might benefit from the addition of treatments that do 
not target the ERα. However, biomarker identification studies seem to be far from 
consistent and identified biomarkers seldom face an introduction into clinical practice. 
Importantly, most of the studies that seek to identify biomarkers have been performed 
using material from consecutive series of patients treated with tamoxifen (the most 
commonly prescribed ERα antagonist). Consequently, the predictive value of any 
biomarker identified is confounded by its prognostic value. Another important issue 
is the lack of differentiation between premenopausal and postmenopausal patients 
with breast cancer. The hormonal environment of a tumour in patients who are 
premenopausal is intrinsically distinct from those arising in postmenopausal women. 
Biomarkers of different biological mechanisms might enable the prediction of either 
broad endocrine resistance or resistance to a specific agent in each of these patient 
subtypes. Ultimately, improved study designs are needed to establish   the clinical 
validity of the most promising biomarkers to predict benefit from endocrine therapy. 

Key points
•	 Predictive biomarkers for resistance to tamoxifen and/or aromatase inhibitors are 

essential to select the optimal adjuvant treatment for oestrogen receptor-α (ERα)-
positive breast cancer and increase patient survival rates

•	 As oestrogen signalling is different between premenopausal and postmenopausal 
patients with breast cancer, these subgroups should be analysed separately when 
testing the clinical validity of potential predictive biomarkers 

•	 Although additional activated signalling pathways circumvent ERα signalling in 
vitro, a validated biomarker that predicts the activation status of these pathways 
and resistance to endocrine therapies is not yet clinically available

•	 Targeted agents to these signalling pathways have shown promising results in 
metastatic breast cancer and might provide an additional treatment modality in 
personalized breast cancer treatment
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CHAPTER 3 ■ CLINICAL VALIDITY OF PREDICTIVE BIOMARKERS

INTRODUCTION 
Endocrine therapy is directed against the growth-stimulating effects of oestrogens 
on the breast, mediated by oestrogen receptor-α (ERα), which is a member of the 
nuclear receptor family of ligand-activated transcription factors1. Oestradiol binding 
induces the receptor to associate with discrete DNA sequences of target genes, also 
known as oestrogen-responsive elements (Figure 1), resulting in the downregulation 
of transcriptional repressors (such as Mad4 and JunB), antiproliferative genes and 
proapoptotic genes (such as CCNG2 and CASP9.)2  Furthermore, oestradiol binding 
results in the upregulation of positive-proliferation regulators that include genes 
involved in cell-cycle progression, like CCND1.2  Recruitment of cofactors is essential to 
initiate transcription,3 and include nuclear receptor coactivator 1 (also known as steroid 
receptor co-activator 1, SRC-1), SRC-2 and SRC-3 (also known as AIB1).4 Apart from this 
classic transcriptional activation, ERα-mediated transcription can also be induced by 
receptor binding through nonclassical DNA interactions. These mechanisms involve the 
binding of the oestrogen-ERα complex to cAMP-response elements (CREs) or to AP1 
and Sp1 binding sites, the interactions with which are mediated by the corresponding 
transcription factors activator protein1 (AP-1) and specificity protein 1(Sp1). In addition, 
ligand-independent ERα activation by other growth factor pathways or direct crosstalk 
with membrane growth factor receptors can initiate transcription5. 

Tamoxifen is a selective oestrogen receptor modulator that displays agonistic or 
antagonistic activity depending on the cell and tissue context.6 The molecular details 
of this difference in activity are still not fully understood.  From breast cancer cell 
line experiments its known that when tamoxifen binds to ERα, it alters the receptor 
conformation, which is distinct from that induced by oestrogen binding. Under these 
circumstances, the binding of coactivators is prevented and transcription is inhibited.7 
By contrast, aromatase inhibitors act by suppressing plasma oestrogen levels in 
women by inhibiting or inactivating aromatase (CYP19A1), the enzyme responsible for 
the synthesis of oestrogens from androgenic substrates.8 As aromatase inhibitors can 
only inhibit extraovarian oestradiol production, these compounds are not effacious in 
premenopausal patients without ovarian suppression . The aromatase inhibitors that are 
currently used in the clinic fall into two classes—irreversible steroidal inactivators such 
as exemestane, and reversible nonsteroidal inhibitors such as anastrozole and letrozole. 
Head-to-head comparison of these different aromatase inhibitors is currently ongoing.9 

Personalized medicine is a concept that aims to improve response rates and 
reduce mortality by selecting the right patients for the right drug. Patients with ERα-
positive breast cancer are usually treated with adjuvant endocrine therapy. Tamoxifen 
is typically given to premenopausal patients, whereas aromatase inhibitors are 
given to postmenopausal patients. Alternatively, postmenopausal women are given 
sequential treatment with tamoxifen followed by an aromatase inhibitor or vice versa. 
Despite these treatment options, approximately 30% of patients eventually relapse10 
and are considered to be resistant to the selected therapy. Resistance can be classed 
as broad endocrine resistance or agent-specific resistance. In the former instance, 
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tumour cells are no longer entirely dependent on hormonal signalling for survival, 
but could potentially still be treated with therapy directed against targets other than 
the ERα, including inhibitors of the PI3K and MAPK pathways. In the latter case, 
micrometastatic tumour cells can still be eradicated by endocrine treatment as long as 
the right endocrine agent is administered. These personalized approaches have the 
potentional to improve survival. 

The availability of predictive biomarkers for both classes of endocrine resistance would 
be of major clinical interest. Indeed, preclinical studies have led to the identification of 
many potential predictive markers for resistance.11 However, attempts to validate these 
markers clinically have been inconsistent and as a consequence, identified biomarkers 

Figure 1. The functional behaviour of the ER in mediating gene transcription. Oestradiol binding 
to the ERα initiates a sequence of events, which includes dissociation of HSPs from the receptor,128 
homodimerization of the receptor and receptor binding to discrete DNA sequences proximal 
to target genes (EREs). In addition to this classic transcriptional activation, the oestradiol–
receptor complex can bind to nonclassical binding sites such as AP1-binding elements, CREs 
and Sp1-binding elements.129  Ligand-independent transcriptional activation can occur by direct 
phosphorylation of ERα by growth factor receptor signalling,130 whereas membrane-associated 
ERα can crosstalk with other growth factor receptors to activate transcription.131 Abbreviations: 
AP-1, transcription factor AP-1; CRE, cycline AMP-responsive element; ER, oestrogen receptor; 
ERE, oestrogen-responsive elements; FOXA1, forkhead box protein A1 (also known as hepatocyte 
nuclear factor 3α); HSP, heat shock protein; RNAP II; RNA polymerase II. Sp1, specificity protein 1.
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seldom face an introduction into clinical practice. In this Review, we discuss important 
issues that should be considered when evaluating biomarker-identification studies. 
We focus on clinical evidence for biomarkers for broad endocrine as well as agent-
specific resistance in the adjuvant setting and discuss the validity of these markers in 
premenopausal and postmenopausal patients. Finally, we give a summary of promising 
biomarkers and discuss their possible future roles in personalized medicine.

METHODOLOGICAL FLAWS
Several issues should be considered when evaluating the studies that identify both 
prognostic and predictive biomarkers (Box 1). These issues include the lack of insight into 
resistance mechanisms and variations in assay technique (Box 2).  Before precious clinical 
samples are used to test the validity of a potential biomarker, the molecular mechanisms 
underlying resistance should be elucidated. In the absence of preclinical evidence for such 
a mechanism—such as, gene-expression profiles built on outcome parameters—it would 
be difficult to eliminate chance as the reason for the observed clinical results. 

For a biomarker to have clinical validity12 there should be evidence that the marker 
does indeed separate subgroups of patients with different sensitivities to a given drug 
within a large population. Very often, this is tested on historical samples from patients 
who were all treated with endocrine therapy. The drawback of these studies is that the 
outcome of disease is not exclusively influenced by the patient’s sensitivity to the drug, 
but also by the natural history of the disease. Thus, the way to discern a predictive 
biomarker from a prognostic biomarker is using tumour samples derived from patients 
that participated in a randomized controlled trial (RCT), which would enable testing for an 
interaction between the proposed predictive biomarker and the treatment. Hypothetical 
examples of deriving erroneous conclusions from cohort studies of patients treated with 
tamoxifen are given in Figure 2. Alternatively, if a biomarker has been proven not to 
be prognostic in a matched control group that did not receive treatment, one could 
conclude that the effect of the biomarker on patient outcome is exclusively predictive.

Box 1. Definitions of prognostic and predictive biomarkers in the adjuvant setting 

Prognostic biomarker
Biomarker that forecasts the likely course of the disease irrespective of treatment140

Predictive biomarker
Biomarker that forecasts the likelihood of deriving benefit from a specific treatment140

Predictive biomarker for therapy resistance
In the presence of the biomarker, administration of the drug will not alter the course of 
the disease 

Predictive biomarker for benefit from therapy
In the presence of the biomarker, administration of the drug will increase the chance of a 
good outcome
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Box 2. Identification of predictive biomarkers: caveats and solutions 

No insight into resistance mechanism
Hypothesis derived from preclinical studies 

No clinical validity
Statistical test for interaction to prove that treatment effect significantly differs by marker status 

No cinical utility
Estimation of treatment effects in patients who are positive for the marker as well as 
patients who are negative for the marker
In the case of using the predictive marker for resistance to withhold treatment to patients, 
proving the complete absence of treatment benefit requires large sample size 
Discern whether identified biomarker predicts agent specific resistance or is a marker for broad 
endocrine therapy resistance (tamoxifen and aromatase inhibitors) by testing a differential 
treatment effect in a series of patients randomized between one of the two treatments

Different effect of biomarker in tumours from oestrogen-rich versus oestrogen-poor environment
Analyse premenopausal and postmenopausal patients separately
Correct for adjuvant ovarian suppression in premenopausal patients

Case-mix variation
Preferably well-defined selection criteria for patients series 
Test biomarker in multivariate analysis including known prognostic variables

Assay variation
Quality controlled and reproducible marker assays and scoring method reported according 
to internationally accepted criteria16

After approval of tamoxifen, the use of a control group that did not receive 
any systemic adjuvant treatment in breast cancer became unethical; therefore, no 
retrospective data are available (or will ever likely become available) to compare 
aromatase inhibitors with no systemic treatment. Thus, only the relative benefit of 
one drug compared to the other e.g. aromatase inhibitors versus tamoxifencan be 
assessed in specific subgroups. The clinical utility of a biomarker is shown by evidence 
that the use of the biomarker improves outcomes compared to not using it, or reduces 
the number of patients exposed to an ineffective drug. For a potential predictive 
biomarker, this usefulness will not only be dependent on the significance of the 
interaction with treatment, but also on the relative magnitude of the difference in 
drug sensitivity. An estimation of treatment effects in patients who are positive for the 
biomarker as well as those who are negative for the biomarker (estimated by the hazard 
ratios) is therefore highly informative. In addition, whether patients who are positive 
for the marker are likely to be sensitive or resistant to an alternative endocrine agent 
is important, where the latter situation would imply that the patient might benefit from 
the addition of therapy aimed at non-ERα targets. 

Prospective RCTs that evaluate the clinical utility of a biomarker (so-called category 
A13 tumour-marker studies) are considered the gold standard. Alternatively, archived 
tissue specimens from large prospective RCTs (category B tumour-marker studies) could 
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also be appropriate to assess biomarkers under specific conditions such as the presence 
of a predefined biomarker analysis plan.13 This should include a detailed and sound 
statistical description of how the potential relationship between treatment effect and 
biomarker score will be assessed, including comments on the issue of testing multiple 
potential predictive biomarkers, or multiple cut-offs of one biomarker in a single study. 
Preferably, the presence of a continuous relationship between the biomarker and 
treatment effect should be assessed. Depending on validation in additional studies, 
category B studies will result in level I or level II evidence—according to the revised levels 
of evidence criteria described by Simon et al.13  Category C studies are nonrandomized, 
retrospective and assess the utility of a biomarker using samples from patients who were 
enrolled in a prospective observational registry and who received standard treatment. 
A category D study involves retrospective collection of archived tumour samples from a 
consecutive series of patients with retrospective clinical data collection. 

Here, we would like to propose an adaptation of the criteria described by Simon 
Paik and Hayes,13 focusing specifically on predictive tumour marker studies (Table 
1).13,14 Firstly, we propose subdividing category C to distinguish those studies in which 
samples were collected prospectively (category C1) and retrospectively (category 
C2). Furthermore, to assess the clinical utility of predictive markers, both category 
C and D studies as described by Simon et al.13 require a matched control group that 
did not receive the treatment of interest. These matched control groups are usually 
difficult to find because of the inherent bias caused by time-dependent changes in 
therapy guidelines. Prospective trials require long follow-up durations that are not 
always practical, particularly in the case of adjuvant treatment with endocrine therapy; 
therefore, a preoperative window trial using a validated surrogate end point for 
outcome might be an interesting alternative. Such window studies that use a validated 
surrogate end point should have the same level of evidence as a nonwindow study. 
Finally, we propose to add a suffix to the criteria of Simon et al.13 to indicate whether or 
not an underlying molecular mechanism has been described to explain the predictive 
capacity of the biomarker.

Apart from the clinical validity and utility in the evaluation of biomarker-identification 
studies, one should be aware that the biological behaviour of a tumour arising in an 
oestrogen-rich environment (that is, in premenopausal women) is intrinsically distinct 
from one arising in an oestrogen-poor environment (in postmenopausal women)15. 
Consequently, the conclusions drawn for a certain biomarker with respect to oestrogen 
signalling and therapy response might differ depending on the menopausal status of 
the patient. In addition, inconsistent results can be caused by patient subpopulations 
(i.e case mixes) that differ in prognostic variables such as nodal status, grade and 
whether or not adjuvant chemotherapy is administered. Biomarkers should therefore 
always be tested in a multivariate model. Finally, variability in methods used to 
define and assess a specific marker can result in different analytical outcomes. To 
assess the analytical validity of a test, reproducibility and robustness of assays should 
consequently be reported according to internationally accepted guidelines.16 
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Figure 2. Hypothetical examples of deriving erroneous conclusions from cohort studies of 
tamoxifen-treated breast cancer patients and clinical consequences of correct conclusion. a | 
Erroneous conclusion that an unfavourable prognostic marker is a predictive marker for tamoxifen 
resistance. Assuming that the prognostic value of nodal status was unknown, tumour-positive 
axillary lymph node status would be considered a putative predictive marker correlated with 
poor outcome after tamoxifen treatment. Hence, one could erroneously conclude that node-
positive patients with breast cancer will not derive benefit from tamoxifen (left). However, when 
the putative predictive factor is investigated in the context of an RCT (or in an untreated control 
group), nodal status emerges as a prognostic factor, not a predictive one, as both node-negative 
and node-positive patients derive benefit from treatment with tamoxifen (right). Both node-
positive and node-negative patients should be treated with tamoxifen if indicated. b | Erroneous 
conclusion that an unfavourable prognostic marker is a not a predictive marker for tamoxifen 
sensitivity. A putative biomarker for tamoxifen sensitivity (identified from preclinical experiments) 
is being investigated in a cohort of tamoxifen-treated patients. No difference in outcome after 
tamoxifen is observed, whether the biomarker is present or absent. The erroneous conclusion 
could be drawn that the marker has no predictive value (left). However, if the marker was analysed 
in the context of an RCT, the biomarker would demonstrate predictive value as well as prognostic 
value—it is an unfavourable prognostic marker and predictive marker for tamoxifen sensitivity 
(right). Patients without the biomarker should not be treated with tamoxifen. c | Erroneous 
conclusion that a favourable prognostic marker is a predictive marker for tamoxifen sensitivity. 
If genome-wide analysis reveals a biomarker that correlates with favourable outcome after 
tamoxifen, one could erroneously conclude that the marker is a predictive marker for significant 
tamoxifen benefit. However, when the marker is analysed in an RCT, the biomarker demonstrates 
prognostic power and is associated with reduced benefit from tamoxifen. Patients without the 
marker derive more benefit from tamoxifen, so the putative predictive marker for sensitivity is 
in fact a predictive marker for relative tamoxifen resistance. Nevertheless, as patients with the 
marker still derive some benefit from the treatment, the biomarker will not be clinically useful. 
d | Correct conclusion that a marker is a predictive marker for tamoxifen resistance. If a given 
biomarker does not influence prognosis, both patients with and without the biomarker will have 
similar prognoses without treatment. In patients with the biomarker, treatment with tamoxifen will 
not change their outcome (they do not benefit from treatment). Patients without the biomarker 
will benefit from treatment. The correct conclusion is that the biomarker is a predictive marker 
for tamoxifen resistance. Patients with the biomarker should not be treated with tamoxifen. 
Abbreviation: DFS, disease-free survival; HR, hazard ratio (for tamoxifen-treated patients versus 
tamoxifen-untreated patients); RCT, randomized controlled trial.

PREDICTORS FOR ENDOCRINE RESISTANCE 
Nuclear receptor status
Oestrogen receptor

Only a few biomarkers have been proven to predict endocrine therapy resistance 
in patients. A summary of promising biomarkers for endocrine therapy resistance is 
provided in Table 1 and Supplementary 1 online. However, currently, the presence of 
ERα, identified by immunohistochemical staining, is the only biomarker used clinically 
to predict response to endocrine therapy.  Although women with complete ERα-
negative disease do not benefit from endocrine therapy,17 patients with the highest 
ERα expression benefit slightly more from tamoxifen compared to patients with low 
receptor expression. However, even those women with low receptor expression do 
benefit from tamoxifen and should be treated.18 Several studies investigated the 
effect of ERα DNA copy levels by measuring ESR1 copy number changes. Although 
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Table 1. Proposed adaptation* to the criteria for determining levels of evidence for predictive 
biomarker studies13,14

Level Study design‡ Validation 

I-A§ Prospective randomized controlled trial specifically 
designed to assess the utility of the biomarker; samples 
collected and analysed in real-time 

Not necessary, but could 
be useful

I-B§ Randomized controlled trial not specifically designed to 
assess the utility of the biomarker; samples stored during the 
study and analysed after completion, following a protocol

One or more studies with 
consistent results

II-B Randomized controlled trial not specifically designed to 
assess the utility of the biomarker; samples are stored during 
the study and analysed after completion, following a protocol

No validation study 
available or several studies 
with inconsistent results 

II-C1 Nonrandomized retrospective, matched case–control study 
aimed to assess the utility of the biomarker using samples 
that were prospectively collected from patients who were 
enrolled in a prospective observational registry and who 
received standard treatment 

One or more studies with 
consistent results

II-C2 Nonrandomized retrospective, matched case–control study 
aimed to assess the utility of the biomarker using samples 
that were retrospectively collected from patients who were 
enrolled in a prospective observational registry and who 
received standard treatment

One or more studies with 
consistent results

III-C1§ Nonrandomized retrospective, matched case–control study 
aimed to assess the utility of the biomarker using samples 
that were prospectively collected from patients who were 
enrolled in a prospective observational registry and who 
received standard treatment 

No validation study 
available or several studies 
with inconsistent results 

III-C2§ Nonrandomized retrospective, matched case–control study 
aimed to assess the utility of the biomarker using samples 
that were retrospectively collected from patients who were 
enrolled in a prospective observational registry and who 
received standard treatment

No validation study 
available or several studies 
with inconsistent results

IV-D Nonrandomized retrospective, matched case–control 
study aimed to assess the utility of the biomarker using 
samples from a consecutive series of patients who received 
standard treatment with or without the drug of interest; 
both clinical data and samples are collected retrospectively

Not applicable as design 
not satisfactory for 
determination of utility  
as a predictive biomarker

*Original criteria outlined by Simon et al.4  ‡Window studies with a truly validated surrogate 
end point have the same level of evidence as a non-window study. For each level the following 
suffix can be added. –, absence of an underlying molecular mechanism that explains the 
predictive capacity of the biomarker, or +, presence of an underlying molecular mechanism 
that explains the predictive capacity of the biomarker. §Proposed new subcategory. 

patients (both premenopausal and postmenopausal) with ESR1-amplified tumours had 
favourable outcomes after adjuvant tamoxifen therapy (cohort study),19 whether their 
outcomes were the result of an increased benefit from therapy or from less-aggressive 
disease remains unclear.

In 2010, a genomic index for sensitivity to endocrine therapy was reported, which 
was based on the mean expression level of genes that were positively and negatively 
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associated with   ESR1.20 A higher index was associated with decreased risk of distant 
relapse or death in predominantly postmenopausal (chemo)endocrine-treated cohorts, 
but was not prognostic in untreated cohorts,20 which suggests that the index is indeed 
a predictor of benefit from endocrine therapy. Retrospective analysis of ESR1 mRNA 
expression in a series of patients with ERα-positive disease (confirmed using a ligand 
binding assay) randomized to tamoxifen or no adjuvant treatment showed a lack of 
benefit from tamoxifen in patients with the lowest tertile of mRNA levels.21 

In addition to the different levels of ERα expression, the sensitivity of the receptor 
to antioestrogen therapy can also be affected by post-translational modifications, 
predominantly phosphorylation events, which alter the behaviour of the receptor.22,23 
The resulting effects of these modifications is dependent on the upstream signalling 
cascade and the specific phosphorylation site.24 Phosphorylation of ERα at Ser118 
can be mediated by MAPK1 or MAPK3 in an oestradiol-independent manner, 
whereas CDK-7 mediates oestradiol-induced phosphorylation at Ser118.22 Thus, ERα 
phosphorylation at Ser118 might represent a common hallmark of different signalling 
cascades that differ in their oestradiol dependency.

The effect of this ERα phosphorylation on oestrogen sensitivity might differ 
between premenopausal and postmenopausal women. In premenopausal patients, 
low Ser118 phosphorylation was associated with a lack oft benefit from tamoxifen 
treatment25. Since this might reflect a non-functional ERα signalling pathway, it could 
be a biomarker for broad endocrine resistance. In the postmenopausal setting, 
oestradiol levels greatly decrease; therefore, the CDK-7-mediated phosphorylation 
of Ser118 might be reduced and any observed phosphorylation will most likely be a 
result of the MAPK pathway. The effect of Ser118 phosphorylation on antioestrogen 
sensitivity in postmenopausal women is not well-established, because different studies 
show inconsistent results and none have analysed this issue in the context of a RCT.26-29 
The same holds true for phosphorylation of ERα at Ser167, mediated by Akt (typically 
analysed as Akt1, but other isoforms might contribute)30 as well as MAPK1/MAPK3  and 
p90 ribosomal S6 kinase α-1.31 In both premenopausal and postmenopausal women, 
favourable outcomes after endocrine therapy (tamoxifen and aromatase inhibitors) 
have been observed in patients with high levels of phosphorylated Ser167,29,32-34 but 
whether this is a prognostic or a predictive effect remains unclear.

For phosphorylation of the ERα at Ser305, in vitro studies have revealed the likely 
mechanism underlying tamoxifen resistance35. Phosphorylation at Ser305 by protein 
kinase A (PKA, subtypes not specified) or serine/threonine-protein kinase PAK 1 
(PAK-1) leads to a conformational change of the receptor after tamoxifen binding, 
which nullifies the antagonistic effects of tamoxifen.35 Premenopausal patients whose 
tumours express ERα that has been phosphorylated at Ser305 do not benefit from 
tamoxifen.36 When a combined predictive algorithm was used—accounting for PAK-1 
and/or coexpression of phosphorylated PKA and Ser305 phosphorylation—only 
those patients that were negative for these biomarkers benefited considerably from 
tamoxifen.37 Slightly different results were found in postmenopausal women, showing 
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that only those patients with tumours that coexpressed Ser305 phosphorylated ERα 
and nuclear PAK-1 did not benefit from tamoxifen.38 

Although the expression of ERα is well correlated with response to endocrine 
therapy, the role of ERβ is less well established. In vitro data have shown that the 
presence of ERβ sensitizes breast cancer cells to the antioestrogenic actions of 
endoxifen (a tamoxifen metabolite).39 Clinical data also suggest a favourable outcome 
after tamoxifen therapy in patients whose tumours express high levels of ERβ,40 but 
none of these studies was performed in the context of an RCT.

Progesterone receptor

Expression of the progesterone receptor (PR) gene (PGR) is largely dependent on 
an intact and fully functional ERα signalling pathway.41 Thus, lack of PR expression 
might render the tumour independent of oestradiol and insensitive to antioestrogenic 
treatment42. In addition, lack of PR expression might represent downregulation of 
PGR due to excessive growth-factor-receptor signalling (caused by overexpression 
of HER2),43 a mechanism that can also cause endocrine resistance. In 2011, a meta-
analysis reported no difference in tamoxifen benefit between patients with PR-positive 
or PR-negative tumours or for intermediate levels of PR expressions.18 However, in 
most of the analysed studies, PR levels were assessed using the ligand binding assay, 
which is reported to be [discordant with the currently used immunohistochemical 
assay in about 20%.44 In the premenopausal setting, only those patients with tumours 
showing >75% PR-positive nuclei benefited from tamoxifen treatment,45 but whether 
this is also true for postmenopausal patients remains unclear.

Variation in expression of cofactors 
As ERα activity is dependent on coactivating proteins, altered patterns of coactivator 
expression might also contribute to endocrine resistance.46-48 The design of several 
studies investigating this relationship was flawed because the patient series were 
heterogeneous (including premenopausal and postmenopausal patients who had 
received different [chemo] endocrine therapies). One case–control study suggested 
that postmenopausal women with tumours expressing high SRC-3 protein \levels are 
resistant to tamoxifen, whereas SRC-3 was found to be a favourable prognostic factor 
in untreated patients.49 However, in a series of premenopausal patients randomized to 
tamoxifen or no adjuvant treatment, opposite results were found.50 

Methods to assess SRC-3 expression levels differed between studies and might 
have influenced the results. Alternatively, it might be that the function of SRC-3 can be 
modified by the presence of oestrogen, which is not an unexpected finding because 
SRC-3 is actively recruited to the ERα complex only in the presence of oestradiol. This 
hormone dependency of the predictive potential of SRC-3 could explain why some 
studies could not find a correlation with survival when analysing both premenopausal 
and postmenopausal patients.46,51
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Additional growth factor pathways
Growth factor receptor pathways—such as the PI3K and MAPK pathway (Figure 3)—
can stimulate growth independent of ERα, or can communicate via crosstalk with 
ERα  to affect endocrine therapy response.5 In vitro activation of these growth factor 
pathways by overexpression of different growth factor receptors, such as EGFR 
(HER1),52 HER2,53 insulin growth factor 1 receptor (IGF-1R),54 and fibroblast growth 
factor receptor 1(FGFR1)55 resulted in tamoxifen resistance.

Figure 3. Central components of the PI3K and MAPK pathways. Membrane RTK activation 
leads to activation of PI3K, which converts membrane-related PIP2 to the triphosphate PIP3. 
Consequently, Akt phosphorylation inhibits the TSC1–TSC2 complex, which is an inhibitor 
of mTOR. The subsequent phosphorylation of mTOR has a critical role in the transduction of 
proliferative signals through S6K1.132 PTEN is a phosphatase that dephosphorylates PIP3, thereby 
suppressing the PI3K pathway.133 MAPK pathway activation involves Ras activation upon  RTK 
signalling, which translocates to the plasma membrane and promotes Raf phosphorylation. 
Raf phosphorylates and activates MEK ,which subsequently activates MAPK.134 In addition, 
various ERα phosphorylation events occur at serine residues in response to activation of 
different kinases. Abbreviations: AP-1, transcription factor AP-1; ER, oestrogen receptor; ERE, 
oestrogen-responsive elements; MAPK , ERK1 or ERK2 mitogen activated protein kinases; MEK, 
dual specificity mitogen-activated protein kinase kinase (also known as MAPK/ERK kinase); 
P, phosphate; P90RSK, p90 ribosomal S6 kinase; PAK-1, serine/threonine-protein kinase PAK 
1; PI3K, phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol 3,5 bisphosphonate; PIP3, 
phosphatidylinositol 3,4,5 triphosphonate; PKA, protein kinase A; PTEN, phosphatidylinositol 
3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN (also known 
as phosphatase and tensin homolog); RNAP II, RNA polymerase II; RTK, receptor tyrosine kinase; 
S6K1, ribosomal protein S6 kinase 1; TSC1, hamartin (also known as tuberous sclerosis protein 1; 
TSC2, tuberin (also known as tuberous sclerosis 2 protein).  
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In premenopausal patients, high EGFR proteinexpression, but not HER2 
amplification, has been associated with decreased benefit from adjuvant tamoxifen.56,57 
In another series of premenopausal women, the benefit from adjuvant tamoxifen and 
oophorectomy was greater in HER2-positive than in HER2-negative patients, although 
the interaction test was not significant (p-value for DFS 0.18 and OS 0.07)58 and the 
pure tamoxifen effect might have been obscured by the addition of ovarian ablation.

Retrospective analysis of tumours from (predominantly) postmenopausal patients 
randomized to adjuvant tamoxifen alone versus no adjuvant treatment showed a 
reduced benefit from tamoxifen in patients with HER2-positive disease, compared with 
those with HER2-negative disease.59 However, the test for interaction was not significant 
(p=0.18), possibly because of the small study size. The benefit from tamoxifen in this 
series was not affected by EGFR protein expression and the number of patients with 
EGFR-positive tumours was much lower than in the premenopausal series. 

HER2-overexpressing human cell line   xenograft experiments in mice have shown 
that these tamoxifen-resistant tumours remain sensitive to oestrogen depletion.53 
Indeed, neoadjuvant studies have suggested that patients with HER2-positive disease 
would respond better to aromatase inhibitors,60-63 but this hypothesis has not been 
confirmed in the adjuvant setting. Analysis of all three EGFRs (HER1, HER2 and HER3) 
in the tamoxifen and exemestane adjuvant multinational (TEAM) trial revealed that 
only patients with HER1–3-negative tumours had decreased risk of relapse when 
receiving exemestane versus tamoxifen64.  Patients with HER1–3-positive tumours had 
poorer prognosis in both treatment arms, suggesting the relative resistance to both 
endocrine therapies in these women.64 However, HER2 status was not a predictive 
factor for differential benefit from anastrazole versus tamoxifen in the arimidex, 
tamoxifen, alone or in combination  (ATAC) trial.65

None of the studies that analysed the expression of IGF-1R with respect to outcome 
after tamoxifen was performed in the context of a RCT. As IGF1R is an ERα-dependent 
gene,66 its expression might affect prognosis. In patients with advanced-stage disease 
randomly assigned to receive letrozole or tamoxifen, time to progression was not affected 
by IGF-1R expression in either treatment arm.67 Although the total IGF-1R level might 
reflect ERα activity, phosphorylated IGF-1R reflects active IGF-1R signalling, and was 
indicative of poor survival in a series of patients with primary breast cancer treated with 
different endocrine therapies.68 The exact prognostic and predictive value of IGF-1R and 
its phosphorylated counterpart needs to be further explored in the context of an RCT.

Aside from upregulation of growth factor receptors, growth factor pathways can 
also be dysregulated by altered activity of involved kinases, which could induce cell 
proliferation independent of ERα.30 Mutations in PIK3CA are associated with increased 
PI3K activity in vitro69 and occur in approximately 30% of breast cancers—predominantly 
in exon 9, which encodes the helical domain, and exon 20, which encodes the kinase 
domain.70-72 In postmenopausal women with breast cancer randomly assigned to receive 
chemotherapy or radiotherapy with or without tamoxifen, patients with tumours bearing a 
PIK3CA mutation with Akt activation (defined as positive for Akt1, Akt2 or phosphorylated 
Akt1) did not benefit from tamoxifen, whereas those without PIK3CA mutations and/
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or lack of Akt activation did benefit.73 Seemingly, mutations to PIK3CA are not always 
associated with activation of all proteins downstream in the PI3K pathway, possibly because 
a negative feedback mechanism downregulates the pathway after initial activation.74 
Moreover, the outcome after endocrine treatment might depend on the specific location 
of the mutation within the gene. Analysing premenopausal and postmenopausal patients, 
exon 9 mutations have been associated with poor prognosis after endocrine treatment,75 
whereas patients with exon 20 mutations have showed considerably improved survival.75,76 
A PIK3CA gene signature (derived from exon 20 mutation analysis) was shown to be a 
predictor of favourable outcome after adjuvant tamoxifen and was associated with 
relatively low expression of downstream activated proteins.77 The presence of any PIK3CA 
mutation itself is not, therefore, an adequate predictor for response to endocrine therapy. 
Rather, the activation status of the PI3K and MAPK pathways might actually affect response. 

Although several studies have evaluated the association between the expression of 
phosphorylated PI3K pathway proteins—such as Akt1 and Akt2,78-81 mTOR79 and ribosomal 
protein S6 kinase alpha 1 82—and outcome after endocrine treatment, the results have 
been inconsistent. Analysis of the activation status of single members of the MAPK 
pathway in both premenopausal and postmenopausal patients showed that patients 
with tumours expressing high levels of phosphorylated c-RAF had poor outcomes after 
tamoxifen treatment83, whereas expression of phosphorylated MAPK1 or MAPK3 was 
associated with favourable outcomes.27 Phosphorylated proteins in paraffin-embedded 
tissue can be rapidly dephosphorylated and variation in time to fixation can greatly affect 
the observed staining intensity,84 which can skew the results from these studies. In addition, 
these retrospective studies were all performed without a control group of patients who 
did not receive systemic treatment and, therefore, the true effect of these phosphorylation 
biomarkers on endocrine therapy response cannot be accurately assessed. Additionally, 
although in vitro knock-down of PTEN (an inhibitior of the Akt/mTOR pathway) resulted in 
hormone-independent growth and resistance to endocrine therapy,85 a direct association 
between PTEN expression and endocrine therapy response has not been shown in patients.

PAK-1, in addition to its role in phosphorylation at Ser350 of ERα, is also involved 
in growth factor signalling and morphogenetic processes that control proliferation and 
invasion.86 The PAK1 gene is located at 11q13, a chromosomal region that is frequently 
amplified in breast cancer, together with CCND1, the gene that encodes G1/S-specific 
cyclin D1 (cyclin D1). In postmenopausal patients, PAK1 amplification is an independent 
predictor of decreased benefit from tamoxifen treatment.87 In premenopausal patients, 
nuclear PAK-1 expression was indicative of a lack of tamoxifen benefit88 and correlated 
with PAK1 amplification.89  In summary, although in vitro activation of these growth factor 
pathways clearly results in endocrine resistance, the evidence for the clinical validity of 
the different biomarkers of these pathways is scarce. 

Cell-cycle regulators
Tamoxifen and aromatase inhibitors affect cell-cycle regulators (Figure 4). Even though 
the proteins involved in cell-cycle progression could be interpreted as biomarkers of 
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cell proliferation and hence poor prognosis, some of these also possess independent 
predictive value for endocrine therapy response in patients with breast cancer.

In premenopausal patients randomly assigned to receive adjuvant tamoxifen or 
no systemic treatment, patients with CCND1-amplified tumours had an unfavourable 
response to tamoxifen whereas patients with tumours without CCND1 amplifications 
benefited from tamoxifen (p for interaction <0.001).90 Although this finding suggests 
that cyclin-D1 directly affects tamoxifen response, the effect could also be mediated by 
coamplification with PAK1. Indeed, in postmenopausal patients, CCND1 amplification 
did not predict tamoxifen resistance independent of PAK1 amplification.87 

Although high protein expression of cell-cycle regulators (including cyclin-D1,91  
cyclin-A,92 cyclin-E1 and CDK-2)93,94 is associated with poor outcome in endocrine-treated 
patients, this is most likely a prognostic effect due to the association of these markers 
with cell proliferation. An exception is high expression of p27Kip1 (cyclin-dependent 
kinase inhibitor 1B), which has been found to be an independent predictive factor for 
benefit from tamoxifen in premenopausal patients, but not a prognostic factor.95 

Antigen Ki-67 is a well-known biomarker for proliferation that is associated with 
luminal B subtype tumours and poor prognosis.96 A complex relationship between antigen 
Ki-67 and benefit from tamoxifen has been observed in premenopausal patients; patients 
whose tumours express high (>25% of nuclei positive)  or low antigen Ki-67 (< 10% 
positive nuclei) levels benefited more from tamoxifen compared to patients whose tumour 
expressed intermediate levels.97 Aromatase inhibitors induce greater reduction in antigen 
Ki-67 expression than tamoxifen,62 but whether or not aromatase inhibitors are superior to 
tamoxifen in postmenopausal patients with these highly proliferative tumours is currently 
unclear. In the Breast International Group (BIG) 1–98 trial, a trend towards greater benefit 
from adjuvant aromatase inhibition with letrozole (5 years) versus tamoxifen (5 years) was 

Figure 4. Effect of tamoxifen and aromatase inhibitors on cell cycle regulators. Tamoxifen and 
aromatase inhibitors cause a G1 cell-cycle arrest by reducing G1/S-specific cyclin D1 expression,135,136 
and by an increase in CDK inhibitors, especially p21Cip1,137 and p27Kip1 (only known for tamoxifen)138 and 
a decrease in cyclin-E1 and CDK-2 activity.93,139 Abbreviations: CDK, cyclin-dependent kinase.
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Table 2. Biomarkers for resistance to adjuvant endocrine therapy in women with ERα-positive breast 
cancer

Marker*
Menopausal 

status LOE‡ Agent specific resistance

Nuclear receptors
Low ERα phosphorylation at Ser11825 Premenopausal II-B(+) Unknown
 Low expression of PR (<75% tumour  
cells PR-positive)45

Premenopausal II-B(+)§ Unknown

Low ERα protein expression18|| Premenopausal
Postmenopausal

I-B(+)
I-B(+)

Unknown
Broad¶#

Low ESR1 mRNA21 Postmenopausal II-B(+) Broad¶#

Low ERα protein expression18|| Premenopausal
Postmenopausal

I-B(+)
I-B(+)

Unknown
Broad¶#

ERα modifications
ERα phosphorylation at Ser30536 Premenopausal II-B(+)** Specific for tamoxifen 

resistance‡‡

 PAK-1 expression and/or  
phosphorylation of ERα at Ser305 
and PKA37

Premenopausal II-B(+) Specific for tamoxifen 
resistance‡‡

 ERα phosphorylation at Ser305 
and expression of PAK-138

Postmenopausal II-B(+)§ Specific for tamoxifen 
resistance‡‡

Variation in cofactor expression
Low SRC-3 expression50 Premenopausal II-B(+) Unknown
High SRC-3 expression49 Postmenopausal II-B(+)§ Unknown

Additional activated growth factor pathways
High EGFR expression56 Premenopausal II-B(+) Unknown
Nuclear PAK-1 expression88 Premenopausal II-B(+) Unknown
HER2 protein overexpression59 Postmenopausal II-B(+)** Broad¶#‡‡

PAK1 amplification87 Postmenopausal II-B(+) Unknown
PIK3CA mutations with Akt activation73§§ Postmenopausal II-B(+)** Broad¶#‡‡

Cell cycle regulation
CCND1 amplification90 Premenopausal II-B(+) Unknown
Low p27Kip1 expression95 Premenopausal II-B(+)§ Unknown
High HOXB13 expression103 Postmenopausal II-B(+) Unknown

Oestrogen and drug metabolism
Low endoxifen levels112 Premenopausal

Postmenopausal
III-C(+)||||

III-C(+)||||

Specific for tamoxifen resistance
Specific for tamoxifen resistance

High 17β-HSD 1 expression113 Premenopausal II-B(+)§ Unknown
High 17β-HSD 1 to 17β-HSD 2 ratio114 Postmenopausal II-B(+)§ Unknown

*The tested treatment in these studies was tamoxifen. ‡Level of evidence (LOE) based on proposed 
adaptations to the criteria of Simon et al.13,14 (Table 1). §The biomarker cutoff used in the interaction 
test was not prespecified. ||Marker for relative resistance, but patients with low ERα levels might 
still derive benefit from endocrine therapy and should still receive the therapy if indicated. ¶Broad 
resistance for tamoxifen and aromatase inhibitors. #On the basis of clinical data. **No significant 
interaction between biomarker and treatment. ‡‡On the basis of preclinical data. §§Defined as 
positive for Akt1, Akt2 or phosphorylation of Akt1. ||||LOE according to the criteria of Simon et al.13 
Although the study did not strictly fulfill these criteria, measuring the marker of interest in a control 
group that did not receive the treatment of interest would not provide additional information. 
Abbreviations: –, absence of an underlying molecular mechanism that explains the predictive 
capacity of the biomarker. +, presence of an underlying molecular mechanism that explains the 
predictive capacity of the biomarker. 17β-HSD, 17β-hydroxysteroid dehydrogenase; ER, oestrogen 
receptor; PR, progesterone receptor; SRC, steroid receptor co-activator. 59



found among patients with high tumour antigen Ki-67 expression compared with those 
with low expression.98 A composite measurement of standard prognostic factors, including 
antigen Ki-67, revealed a high-risk group that particularly benefited from 5 years letrozole 
versus monotherapy tamoxifen or sequential (tamoxifen then letrozole) treatment.99 
However, in the ABCSG-8 trial, adjuvant tamoxifen followed by anastrazole was superior 
to tamoxifen alone in women with tumours with low antigen Ki-67 expression, but not in 
those with high expression.100 Finally, antigen Ki-67 was not a predictive factor in the ATAC 
trial.65 Despite these uncertainties regarding the predictive value of pretreatment antigen 
Ki-67 levels, post neoadjuvant treatment (either tamoxifen or aromatase inhibitors) levels 
were significantly associated with recurrence-free survival (p=0.01).101 

Proliferation markers are, together with genes associated with ERα, also a major 
component of the OncotypeDX® recurrence score, which is a 21-gene signature 
that defines three risk groups and has been shown to predict distant recurrence in 
tamoxifen-treated patients.102 The series that were used to develop this classifier 
comprised both premenopausal and postmenopausal patients. Although ESR1 levels 
are significantly associated with tamoxifen benefit p<0.001, the proliferation genes 
(like ki67) in this signature are not associated with benefit from tamoxifen.21 

HOXB13 is a member of the homeobox gene family, which is a group of genes 
that encode transcriptional regulators of cell growth and differentiation103. Although 
HOXB13 expression in ERα-positive breast cancer was originally identified as a 
prognostic biomarker,104 high HOXB13 levels were also shown to be predictive for lack 
of tamoxifen benefit in postmenopausal patients.103 

In summary, although some of these cell proliferation markers seem to have at 
least some predictive value, these results have to be validated in other studies before 
they can be implemented into standard clinical practice. 

Metabolic resistance
Tamoxifen requires metabolic activation via the cytochrome-P450-mediated pathway 
to enhance its affinity for ERα.105 Endoxifen is currently considered the most potent 
metabolite.106 Studies on the association between genetic variants of cytochrome 
P450 and tamoxifen-related outcomes have mainly focused on CYP2D6, the main 
enzyme involved in endoxifen formationbut have generated inconsistent results.107 
In a meta-analysis, normal cytochrome P450 2D6 function was only associated with a 
trend towards improved disease-free survival, but not overall survival.108 Analyses of 
CYP2D6 genotypes in patients who were treated with tamoxifen in the BIG 1–98 or 
ATAC trials did not reveal an association with disease recurrence.109,110 Furthermore, 
these data do not support a role for CYP2D6 genotyping as a predictive biomarker, 
which is not unexpected given that the observed variance of endoxifen levels can 
only partly be explained by CYP2D6 genotypes111 and will also be influenced by the 
presence of variants in other cytochrome P450 enzymes.

Direct measurement of endoxifen levels might be a more accurate predictor of 
tamoxifen benefit. In a series of tamoxifen-treated patients with primary breast cancer, 
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a significant reduction in recurrence rate was shown for patients with endoxifen 
levels above the lowest quintile compared to the lowest quintile (HR=0.74; 95% CI, 
[0.55, 1.00]) ,112 which also supports the notion that endoxifen should be included in 
preclinical biomarker identification studies alongside afimoxifene, one of the precursors 
of endoxifen. Tumour levels of oestradiol 17β-hydrogenase type 1 (also known as 
17β-hydroxysteroid dehydrogenase type1, 17β-HSD  1), the enzyme responsible for 
the conversion of oestrone into the more potent oestradiol, were predictive for lack of 
tamoxifen benefit in premenopausal patients.113 Additionally, 17β-HSD 2 catalyses the 
oxidation of oestradiol to oestrone. In postmenopausal patients, a high 17β-HSD 1 to 
17β-HSD 2 ratio predicted a lack of tamoxifen benefit.114 Overall, these data suggest that 
the intratumoural competition between endoxifen and oestrogen for ERα is delicate.

Although aromatase inhibitors do not require metabolic activation, genetic 
variation in the aromatase gene CYP19A1 and, as a result, oestrogen production, 
might contribute to the therapeutic effect of aromatase inhibitors115. Indeed, 
cytochrome P450 variants have been associated with differences in aromatase activity 
and oestradiol levels before and after aromatase inhibitor treatment,115 but they have 
not consistently been associated with differences in response.116,117 In summary, further 
research is needed to explore the potential predictive capacity of CYP19A1 variants 
regarding AI sensitivity.  With respect to tamoxifen, single variants in tamoxifen 
metabolizing enzymes are not likely to predict drug sensitivity. Endoxifen levels during 
treatment might be usefull, however this needs to be further explored.   

Multiple pathway targeted therapy
As additional activated growth factor pathways (like the PI3K and MAPK pathways) are 
major contributors to resistance to endocrine therapy, inhibition of both these pathways 
and oestrogen signaling pathways might be an effective strategy. Indeed, several phase 
II and III clinical trials of treatments targeting EGFR, HER2 or PI3K pathways have been 
carried out in patients with metastatic breast cancer or in the neoadjuvant setting.118,119 

Combining either trastuzumab (a HER2 inhibitor)120 or lapatinib (a HER1 and HER2 
inhibitor)121 with an aromatase inhibitor in HER2-amplified tumours was superior to 
treatment with an aromatase inhibitor alone. In the adjuvant setting, the majority of 
ERα-positive patients with HER2-amplified tumours have an indication for adjuvant 
chemotherapy and will be treated with trastuzumab for 1 year122. Whether these 
patients might benefit from extended HER2 targeted therapy is currently unknown. The 
final data of the HERA trial, in which 1698 patients (both pre and postmenopausal) were 
randomly assigned to 0, 1 or 2 years of adjuvant trastuzumab might shed more light 
on this.123  The lack of benefit from endocrine therapy without HER2 inhibition that was 
observed for postmenopausal HER2-positive patients59 and the positive results of the 
addition of HER2 inhibition in the metastatic setting,120,121 suggests that postmenopausal 
patients might also benefit from the addition of HER2-targeted agents. 

Combination of lapatinib with an aromatase inhibitor in patients with HER2-
negative metastatic breast cancer was not superior to aromatase inhibition alone.121 A 
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neoadjuvant study comparing the sensitivity of letrozole alone with a combination of 
letrozole and everolimus (an mTOR inhibitor) showed an increased sensitivity for the 
combination therapy.124 Only in the combined therapy arm, a reduction in one of the 
downstream biomarkers of mTOR activation (namely, phosphorylated ribosomal protein 
S6) was observed. PIK3CA exon 9 mutations were found to be associated with an 
increased likelihood of an antiproliferative response. A phase III clinical trial comparing 
the addition of temsirolimus (an oral mTOR inhibitor) or placebo to letrozole upfront was 
prematurely terminated after interim analysis did not show benefit for the combination.125 
This negative result reflects suboptimal inhibition of the mTOR pathway owing to dose 
adjustments or inadequate patient selection (the patients included were not heavily 
pretreated, therefore their tumours might not have been dependent on PI3K/mTOR 
activation). However in patients with HER2-negative metastatic breast cancer with prior 
exposure to endocrine therapy, the addition of everolimus to endocrine treatment has 
been shown to be superior to endocrine treatment alone.126,127 A selection of patients 
that are treated with adjuvant endocrine treatment are likely to benefit from upfront 
combination with PI3K-targeted therapy. Identification of a PI3K pathway activation 
marker that predicts endocrine resistance is therefore of major interest. 

CONCLUSIONS
Although in vitro studies have provided many leads to understand the biology of endocrine 
therapy resistance, only a few biomarkers have been proven to predict endocrine therapy 
resistance in patients. Although novel targeted drugs would be of interest for patients with 
broad endocrine therapy resistance, an optimal biomarker that identifies the right patients 
for these drugs is not yet available. Nevertheless, the personalized medicine concept is 
not only applicable in the setting of new targeted drugs, but could also assist treatment 
selection of available compounds. Before clinicians will change treatment decisions 
based on these markers, confirmation of retrospective data in prospective clinical trials 
is needed. However, as breast cancer mortality rates are declining, prospective adjuvant 
trials will be very time consuming, taking years before a significant treatment effect can be 
shown. A possible solution to expedite results would be to confirm the predictive value of 
an identified biomarker retrospectively in two (or more) RCTs. Indeed, such an approach 
would require global collaboration between the few research groups and centres that 
have these precious patient materials and outcome data. 

Alternatively, antiproliferative response (such as a decreased antigen Ki-67 
expression)—measured in pretreatment samples and tumour specimens derived after 
short-term drug exposure in window-studies and neoadjuvant trials—can be  used 
as a surrogate predictor for recurrence-free survival. These trials have not only the 
potential to identify predictive biomarkers in primary tumour tissue, but also adaptive 
changes resulting in an acquired resistance, increasing the transfer efficiency of in vitro 
findings towards clinical validation and eventual introduction into clinical practice. 
Such a swift transfer of potential biomarkers from the scientific to the applied domain 
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of health care can only be achieved by extensive collaborative efforts of clinicians, 
statisticians and wet-lab scientists. 

REVIEW CRITERIA
A MEDLINE search, giving priority to biomarker studies that were performed in the 
context of a randomized trial, was conducted using the search terms “breast cancer”, 
“endocrine therapy”, ”tamoxifen”, “aromatase inhibitor” and “resistance”. Only 
full-text articles published in English by May 2012 were selected. In addition, the 
authors contributed further articles identified from personal knowledge and experience. 
To identify unpublished data, abstracts presented at international meetings (ASCO, 
ESMO and the San Antonio Breast Cancer Symposium) were assessed. 
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Supplementary Table 1. Promising biomarkers for adjuvant endocrine therapy resistance in premenopausal 
and postmenopausal women with oestrogen-receptor-positive breast cancer

Mechanism

menopausal status menopausal status

Marker*

premenopausal

Marker *

postmenopausal

ref

test 
conditions 

(max 012345) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad ref

test 
conditions 

(max 01245) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad 

Nuclear receptors low expression of ERαS118-p
low expression of PgR (<75%)
low ERα protein expression

1
2
3

01245
0124
0145

II-B(+)
II-B(+)^

I-B(+)

N U
U
U

low ESR1 mRNA 
low ERα protein expression

4
3

045
0145

II-B(+)
I-B(+)

N B (C)

ERα modifications ERαS305-p expression 
Pak1 and/ or  
(ERαS305-p + pPKA)

5
6

015
01245

II-B(+)#

II-B(+)
N TS (PC)

TS (PC)
co-expression of ERαS305-p and Pak1 7 01245 II-B(+)^ N TS (PC)

Variation in 
cofactor expression 

low AIB1 expression 8 0124
II-B(+)

N U high AIB1 expression 9 024 II-B(+)^ N U

Additional 
activated growth 
factor pathways 

high EGFR expression
nuclear Pak1 expression 

10
11

0125
01245 II-B(+)

II-B(+)

N U
U

HER2 over-expression
PAK1 amplification
PIK3CA mutations with Akt activation 

12
13
14

0145
01245
0145

II-B(+)#

II-B(+)
II-B(+)#

Y 15

N
N

B (C)
U

B (PC and C)

Mechanism

menopausal status menopausal status

Marker* 

premenopausal

Marker *

postmenopausal

ref

test 
conditions 

(max 012345) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad ref

test 
conditions 

(max 01245) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad 

Cell cycle 
regulation

CCND1 amplification 
Low P27 expression 

16
17

01245
0124

II-B(+)
II-B(+)^

N U
U

High HOXB13 18 1245 II-B(+) N U

Estrogen and  
drug metabolism

Low endoxifen levels
High 17β-HSD1 expression

19
20

045
01245

III-C(+)$

II-B(+)^
N TS (C)

U
Low endoxifen levels
High 17β-HSD1/17β-HSD2 ratio

19
21

045
01245

III-C(+)$

II-B(+)^

N
N

TS (C)
U

0. Hypothesis derived from preclinical studies
1. Tested in context of randomized clinical trial
2. Significant interaction marker x treatment 
3. Either no ovarian suppression in premenopausal patients or corrected for in analysis 
4. Multivariate analysis performed including known prognostic variables
5. Assay method reported according to international accepted guidelined22

* the tested treatment in these studies was tamoxifen
# the study did not show a significant interaction between marker and treatment
^Cutoff for marker that was used for interaction test was not prespecified 
$ LOE according to Simon and Hayes criteria 200923 , the study did not fulfill the strict criteria of a 
predictive biomarker study, however measuring the marker of interest in a control group that did not 
receive the treatment of interest would not provide any information

LOE: level of evidence according to proposed adapted Simon and Hayes criteria 
B=broad (for tamoxifen and AIs)
TS=specific for tamoxifen resistance
U=unknown
C=based on clinical data
PC=based on preclinical data
N=no
Y=Yes
TAM=tamoxifen
AI=aromatase inhibitor

72



CHAPTER 3 ■ CLINICAL VALIDITY OF PREDICTIVE BIOMARKERS

Supplementary Table 1. Promising biomarkers for adjuvant endocrine therapy resistance in premenopausal 
and postmenopausal women with oestrogen-receptor-positive breast cancer

Mechanism

menopausal status menopausal status
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ref
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2
3
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0145

II-B(+)
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N U
U
U

low ESR1 mRNA 
low ERα protein expression

4
3
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0145

II-B(+)
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N B (C)

ERα modifications ERαS305-p expression 
Pak1 and/ or  
(ERαS305-p + pPKA)

5
6
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01245
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co-expression of ERαS305-p and Pak1 7 01245 II-B(+)^ N TS (PC)
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cofactor expression 

low AIB1 expression 8 0124
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N U high AIB1 expression 9 024 II-B(+)^ N U

Additional 
activated growth 
factor pathways 

high EGFR expression
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10
11
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II-B(+)

N U
U
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PAK1 amplification
PIK3CA mutations with Akt activation 
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01245
0145

II-B(+)#

II-B(+)
II-B(+)#

Y 15

N
N

B (C)
U

B (PC and C)

Mechanism

menopausal status menopausal status

Marker* 

premenopausal

Marker *

postmenopausal

ref

test 
conditions 

(max 012345) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad ref

test 
conditions 

(max 01245) LOE

Tested in 
RCT with 
TAM vs AI

Resistance most 
likely specific  

or broad 

Cell cycle 
regulation

CCND1 amplification 
Low P27 expression 

16
17

01245
0124

II-B(+)
II-B(+)^

N U
U

High HOXB13 18 1245 II-B(+) N U

Estrogen and  
drug metabolism

Low endoxifen levels
High 17β-HSD1 expression

19
20

045
01245

III-C(+)$

II-B(+)^
N TS (C)

U
Low endoxifen levels
High 17β-HSD1/17β-HSD2 ratio

19
21

045
01245

III-C(+)$

II-B(+)^

N
N

TS (C)
U

0. Hypothesis derived from preclinical studies
1. Tested in context of randomized clinical trial
2. Significant interaction marker x treatment 
3. Either no ovarian suppression in premenopausal patients or corrected for in analysis 
4. Multivariate analysis performed including known prognostic variables
5. Assay method reported according to international accepted guidelined22

* the tested treatment in these studies was tamoxifen
# the study did not show a significant interaction between marker and treatment
^Cutoff for marker that was used for interaction test was not prespecified 
$ LOE according to Simon and Hayes criteria 200923 , the study did not fulfill the strict criteria of a 
predictive biomarker study, however measuring the marker of interest in a control group that did not 
receive the treatment of interest would not provide any information

LOE: level of evidence according to proposed adapted Simon and Hayes criteria 
B=broad (for tamoxifen and AIs)
TS=specific for tamoxifen resistance
U=unknown
C=based on clinical data
PC=based on preclinical data
N=no
Y=Yes
TAM=tamoxifen
AI=aromatase inhibitor
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ABSTRACT
Introduction: Activation of the phosphatidylinositol-3-kinase (PI3K) and mitogen-
activated protein kinases (MAPK) pathways results in anti-estrogen resistance in 
vitro, but a biomarker with clinical validity to predict intrinsic resistance has not been 
identified. In metastatic breast cancer patients with previous exposure to endocrine 
therapy, the addition of an mTOR inhibitor has been shown to be beneficial. Whether 
or not patients on adjuvant endocrine treatment might benefit from these drugs is 
currently unclear. A biomarker that predicts intrinsic resistance could potentially be 
used as companion diagnostic in this setting. We tested the clinical validity of different 
downstream-activated proteins in the PI3K and/or MAPK pathways to predict intrinsic 
tamoxifen resistance in postmenopausal primary breast cancer patients. 

Methods: We recollected primary tumor tissue from patients who participated 
in a randomized trial of adjuvant tamoxifen (1-3 years) versus observation. After 
constructing a tissue micro-array, cores from 563 estrogen receptor α positive were 
immunostained for p-AKT(Thr308), p-AKT(Ser473), p-mTOR, p-p706SK and p-ERK1/2. 
Cox proportional hazard models for recurrence free interval were used to assess hazard 
ratios and interactions between these markers and tamoxifen treatment efficacy. 

Results: Interactions were identified between tamoxifen and p-AKT(Thr308), p-mTOR, 
p-p70S6K and p-ERK1/2. Applying a conservative level of significance, p-p70S6K 
remained significantly associated with tamoxifen resistance. Patients with p-p70S6K 
negative tumors derived significant benefit from tamoxifen (HR 0.24, p< 0.0001), 
while patients whose tumor did express p-p70S6K did not (HR=1.02, p=0.95), p for 
interaction 0.004. In systemically untreated breast cancer patients, p-p70S6K was 
associated with a decreased risk for recurrence. 

Conclusions: Patients whose tumor expresses p-p70S6K, as a marker of downstream 
PI3K and/or MAPK pathway activation, have a favorable prognosis, but do not benefit 
from adjuvant tamoxifen. A potential benefit from inhibitors of the PI3K/Akt/mTOR 
pathway in these patients needs to be further explored. 
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INTRODUCTION 
Activation of the mitogen-activated protein kinases (MAPK) and phosphatidylinositol-3-
kinase (PI3K) pathways confers anti-estrogen resistance in vitro  1-3. Apart from activation 
by the canonical pathway drivers (PIK3CA mutations 4, loss of PTEN 5 or over-expression 
of growth factor receptors like human epidermal growth factor receptor 2  (HER2) 6 and 
insulin like growth factor 1 receptor (IGF-1R) 7), in vitro data have shown that the PI3K 
pathway can also be activated in response to estrogen depletion. This results in acquired 
hormone resistant breast cancer cells, that are sensitive to PI3K/mammalian target of 
rapamycine (mTOR ) inhibition 8. These preclinical data support the clinical observation 
that estrogen receptor (ER)α positive metastatic breast cancer patients with prior exposure 
to aromatase inhibitors derive substantial benefit from the addition of an mTOR inhibitor 9. 
Whether or not patients who are primarily resistant to adjuvant endocrine therapy might 
benefit from PI3K and/or MAPK pathway inhibition remains to be defined. A biomarker of 
an activated PI3K and/or MAPK pathway with clinical validity to predict resistance in the 
adjuvant setting has not been identified 10, but could potentially be used as companion 
diagnostic for non-ERα targeted drugs, such as an mTOR inhibitor. 

Several canonical pathway drivers, like PIK3CA mutations 11,12, loss of PTEN 12, and 
HER2 13 have been studied for their validity to predict resistance. However, none of 
these drivers significantly predicts lack of benefit from endocrine therapy. An important 
issue that should be considered is that the presence of these drivers in clinical samples 
may not necessarily result in high activation of downstream proteins 12,14. In vitro, 
PI3K pathway activation leads to phosphorylation of AKT and subsequently of mTOR 
and p70S6K 10. Phosphorylation of extracellular signal-regulated kinase (ERK)1/2 is a 
result of MAPK pathway activation 15 and mediates activation of p70S6K 16. However, 
relatively moderate activation of the PI3K pathway was seen in tumors with a PIK3CA 
exon 20 mutation-associated gene signature 14. In addition, in a large series of primary 
breast cancer tumors, reverse phase protein analysis did not show activation of 
the typical downstream proteins in the PI3K pathway in PIK3CA mutated luminal A 
tumors 17.  Therefore, it seems likely that the activation status of downstream proteins 
rather than the presence or absence of a canonical driver, ultimately defines anti-
estrogen sensitivity in breast cancer patients. 

We hypothesized that activated proteins downstream in the PI3K and/or MAPK 
kinase pathways could potentially be used as a marker that separates patients who 
are likely to benefit from adjuvant tamoxifen treatment from those who are primarily 
resistant to this drug. The aim of our study was therefore to investigate the predictive 
value of different downstream activated proteins in the PI3K and/or MAPK pathways 
in a large series of ERα positive postmenopausal breast cancer patients randomized 
between adjuvant tamoxifen versus no systemic treatment. 
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METHODS 
Patients and material 
We have recollected primary tumor tissue blocks from stage I-III postmenopausal breast 
cancer patients who were randomized (2:1) between 1 year of tamoxifen (30 mg per 
day) versus no adjuvant therapy (IKA trial, 1982-1994) 18,19. Study data were part of the 
Oxford meta-analysis 20. After 1989, based on two interim analyses showing a significant 
improvement in recurrence free survival in lymph node positive patients, node positive 
patients in this trial skipped the first randomization and all received 1 year of tamoxifen. 
After 1 year a second randomization was performed to receive another 2 years of 
tamoxifen or to stop further treatment. In total 1662 patients were included. None of 
these patients received adjuvant chemotherapy. The patient characteristics and clinical 
outcome of the original study group (1662 patients) have been presented elsewhere 19.

Sufficient tumor material was available for 739 patients, who did not differ in prognostic 
factors from the total group (Supplementary Table S1). After revision of estrogen receptor 
α status as assessed with immunohistochemistry (IHC), a total of 563 ERα positive tumors 
were used for subsequent analysis. We used a cutoff of ≥ 10% of positive tumor cells 
for ERα positivity, since this is common practice in The Netherlands and in addition this 
would avoid the potential inclusion of basal like tumors 21 in our analysis. The original 
trial was approved by the central ethics committee of the Netherlands Cancer Institute 
and informed consent was obtained from all study participants. For this retrospective 
translational study, no additional consent was required according to Dutch legislation 22, 
since the use of archival pathology left-over material does not interfere with patient care. 
Tumor tissue was handled according to the Dutch code of conduct for dealing responsibly 
with human tissue in the context of health research 23.

Immunohistochemistry 
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded 
(FFPE) tumor blocks. A total of three (0.6 mm) cores per tumor were embedded in the 
TMAs that were stained for ERα, progesterone receptor (PgR) and HER2. ERα and PgR 
were considered positive when ≥ 10% of invasive cells showed nuclear reactivity. HER2 
was considered positive when membranous staining was DAKO score 3. In case of a 
DAKO score 2, chromogenic in situ hybridization was performed.  For tumors without 
sufficient cores in the TMA, whole slides were cut and assessed for ERα (N=60), PgR 
(N=55) and HER2 (N=36). Tumor grade was scored on a hematoxylin-eosin stained 
slide using the modified Bloom-Richardson score 24. 

Antibodies used for immunohistochemistry of downstream phosphorylated (p) 
proteins are shown in Supplementary Table S2. For p-AKT(Ser473), antigen retrieval was 
performed using citrate buffer and slides were incubated overnight with antibody (dilution 
1:50). All other phospho-protein stainings (p-AKT(Thr308), p-mTOR, p-ERK1/2 and 
p-p70S6K) were performed using a standardized protocol on the Ventana Benchmark® 
Ultra system. To ensure phospho-specificity of the antibodies, for each antibody a test 
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TMA containing positive cores was dephosphorylated by λ-phosphatase before staining, 
resulting in disappearance of the positive staining (Supplementary Figure S1). 

Cytoplasmic intensity (0-3) was assessed for p-AKT(Ser473), p-AKT(Thr308) and 
p-p70S6K. For p-mTOR the percentage of tumor cells with sub-membranous staining 
was scored and for p-ERK1/2, the proportion of positive nuclei was scored. For each 
staining, one of the TMAs was quantified independently in a blinded manner by a 
second observer to calculate inter-observer variability. For further analyses, we used 
the scores produced by the first observer (MO).

Since the stability of phospho-proteins is a matter of debate 25 we tested whether 
the relative age of tumor samples (divided in quartiles) was associated with quantitative 
phospho-protein staining for each of these markers. In addition, to test for a possible 
effect of different fixation procedures, we tested whether inclusion centre was 
associated with differences in quantitative phospho-protein expression. 

Statistics
Recurrence free interval (RFI) was defined as the time from the date of first randomization 
until the occurrence of a local, regional or distant recurrence or breast cancer specific 
death26. Since a secondary contra-lateral breast tumor cannot be inferred from the 
molecular make-up of the primary tumor, while the other type of events can in relation 
to tamoxifen resistance of the primary tumor, this was not considered as an event and 
these patients were censored at the date of this occurrence. The association between 
expression of downstream activated proteins and known prognostic factors was tested 
Fisher’s exact tests. 

We hypothesized that high expression of downstream activated proteins is associated 
with tamoxifen resistance. Our primary analysis was therefore to test whether tamoxifen 
benefit was dependent on any of the downstream activated proteins in the PI3K and/
or /MAPK pathway. We analyzed these markers as binary factor, using the median 
level as cutoff.  Adjusted Cox proportional hazard regression analyses were performed 
including an interaction variable. Covariates included age (≥ 65 versus < 65), grade 
(grade 3 versus grade 1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus 
negative), and PgR status (positive versus negative). All survival analyses were stratified 
for nodal status. Due to the multiple co-primary endpoints of this study we apply a more 
conservative level of significance (alpha=0.01) when assessing the interactions.

Further exploratory analyses examined tamoxifen benefit when the markers were 
implemented as continuous linear variables. For those continuous linear variables 
that showed an interaction with tamoxifen treatment, we explored which level 
of dichotomization best predicted tamoxifen benefit, by comparing the Akaike’s 
Information Criterion (AIC) of the Cox proportional hazards models for all possible 
cutoffs. In addition, based on knowledge derived from preclinical studies1,3, we explored 
whether a composed variable of either high p-ERK1/2 or high p-mTOR, indicating 
the activation of either the MAPK or PI3K pathway, was associated with tamoxifen 
resistance. To assess the prognostic value of the phospho-proteins we analyzed their 
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putative prognostic potential in the subgroup of patients who were randomized to the 
control arm. The reason that we did not use all patients and corrected for tamoxifen 
treatment is that this correction would assume that all ERα positive breast cancer 
patients would derive similar benefit from tamoxifen. Since the phospho-protein 
might be associated with tamoxifen resistance, simply correcting for the assumed 
tamoxifen benefit without a correction for a potential interaction between treatment 
and phospho-protein could bias the analysis for prognostic potential. Survival curves 
were constructed using the Kaplan-Meier method. This study complied with reporting 
recommendations for tumor marker prognostic studies (REMARK) criteria 27 as outlined 
in Supplementary Table S3. 

RESULTS 
Association of downstream activated proteins in the PI3K  
and/or MAPK pathways with clinico-pathological factors
The inter-observer variability analyzed using the (weighted) Cohen’s kappa coefficient 
is depicted in Supplementary Table S4. Supplementary Figure S2 shows the number of 
evaluable cases for each downstream protein. We did not find a significant difference in 
median phospho-protein expression and relative age of tumor samples (Supplementary 
Figure S3a-e). Median phospho-protein expression was not significantly different 
among inclusion centers (Supplementary Figure S4a-e). 

We did not find a significant association between p-p70S6K and any of the known 
clinico-pathological variables (Table 1). Significant associations were found between 
p-p70S6K and all other downstream activated proteins (Table 1). The association 
between other downstream activated proteins and known prognostic variables is 
shown in Supplementary Table S5. High p-mTOR and positive p-ERK1/2 staining were 
both associated with a positive PgR status and low tumor grade. In addition, high 
expression of p-AKT(Ser473) was associated with a positive PgR status. 

Downstream activated proteins in the PI3K and/or MAPK pathways 
predict resistance to tamoxifen
In the total group of ERα positive patients (N=563), a total of 132 RFI events occurred 
(Supplementary Table S6).  The number of patients in each treatment arm pre and post 
interim analysis is shown in Supplementary Figure S5. Median follow-up of patients 
without a recurrence event is 7.8 years. When stratified by nodal status, the hazard 
ratio (HR) for tamoxifen versus control in this cohort was 0.54 (95% confidence interval 
(CI) 0.36-0.83, p=0.004). In our primary analysis, using the median expression levels 
as cutoff for a binary factor, we did not find a significant interaction between either 
p-AKT(Ser473) or p-mTOR and tamoxifen. In addition, the interactions between both 
p-AKT(Thr308) and p-ERK1/2 and tamoxifen were non-significant (adjusted p for 
interaction 0.09 and 0.06 respectively) (Table 2). However, for p-p70S6K we observed 
a significant interaction with tamoxifen(p=0.004). Patients whose tumor did not 
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express p-p70S6K derived significant benefit from tamoxifen (HR 0.24, 95 % CI= 0.12-
0.47, p< 0.0001), while patients whose tumor did express p-p70S6K had no benefit 
(multivariate HR=1.02, 95% CI=0.48-2.21, p=0.95) (Figure 1a and Supplementary 
Table S7). Performing the same analysis using a 1% cutoff for ERα positivity added 4 
extra patients and did not substantially change these results (data not shown). 

In our exploratory analyses, analyzing the expression of downstream activated 
proteins as a continuous variable, we observed an interaction with tamoxifen for 
p-AKT(Thr308) (adjusted p=0.03), p-mTOR (adjusted p=0.03) as well as p-p70S6K 
(adjusted p=0.006) (Supplementary Table S8). Examining AICs indicated that a 
dichotomization of p-mTOR sub-membranous staining into <60% and ≥ 60% provided 

Table 1. Associations between p-p70S6K and clinico-pathological variables as well as other 
downstream activated proteins in the PI3K and/or MAPK pathway 

p-p70S6K (N=438)

p-value(1)

negative (188)
N(%)

positive (250)
N(%)

treatment no tamoxifen 40 (21) 55 (22) 0.92 (2)

tamoxifen 1 yr 89 (47) 113 (45)
tamoxifen 3 yrs 59 (31) 82 (33)

age <65 82 (44) 128 (51) 0.12
≥65 106 (56) 122 (49)  

lymph node negative 92 (49) 141 (56) 0.12
positive 96 (51) 109 (44)  

T stage T1-2 167 (89) 221 (88) 1.00
T3-4 21 (11) 29 (12)  

grade grade 1-2 123 (65) 153 (61) 0.37
grade 3 65 (35) 97 (39)  

progesterone receptor negative 98 (52) 111 (44) 0.10
positive 88 (47) 139 (56)  
missing 2 (1) 0 (0)

HER2 negative 168 (89) 223 (89) 0.17
positive 12 (6) 26 (10)  
missing 8 (4) 1 (0)  

p-AKT(Ser473)(3) low (0-1) 109 (71) 53 (24) <0.0001
high (2-3) 44 (29) 172 (76)

p-AKT(Thr308)(3) negative 143 (81) 87 (36) <0.0001
positive 34 (20) 153 (64)

p-mTOR(3)

 
low (0-59%) 156 (87) 176 (73) 0.0003
high (≥60%) 23 (13) 66 (27)  

p-ERK1/2(3)

 
negative 114 (65) 61 (26) <0.0001
positive 61 (35) 177 (74)  

1Fisher’s exact test (analysis based on cases without missing values), with the exception of 
2Linear by linear test 
3Missing data not shown
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the best fit to the data (Supplementary Table S9 and Supplementary Figure S6). For 
p-AKT(Thr308), p-ERK1/2 and p-p70S6K a dichotomization in any positive versus 
negative staining (which corresponded with dichotomization with median expression 
levels ass cutoff) provided the best fit to the data (Supplementary Tables S10-11 and 
Supplementary Figures S7-8). Supplementary Tables S12-15 shows the distribution of 
known prognostic factors over the treatment arms both for patients who were positive 
and negative for these markers. 

Based on preclinical knowledge that p-ERK1/2 and p-mTOR represent activation of 
respectively the MAPK and PI3K pathway, we explored the interaction with tamoxifen 
for the combination of these markers. Patients with a tumor that expressed either high 
p-mTOR or positive p-ERK1/2 protein did not benefit from tamoxifen (adjusted HR 
1.00, 95 % CI= 0.48-2.08, p=1.00), while patients whose tumor was negative for these 
two markers did derive significant benefit (adjusted HR 0.25, 95 % CI= 0.13-0.48, 
p<0.0001) (p for interaction 0.004) (Figure 1b and Supplementary Table S16). 

Downstream activated proteins in the PI3K and/or MAPK pathways are associated 
with good prognosis in the absence of adjuvant systemic treatment 

When systemically untreated breast cancer patients were dichotomized according 
to p-AKT(Ser473), p-AKT(Thr308), p-mTOR or p-p70S6K status, the group that was 
positive for the marker (dichotomized according to AICs) exhibited a decreased risk 
for recurrence compared to patients whose tumor had no or low expression of the 
marker (Figure 2 and Tables 3 and Supplementary Tables S17-20). A similar trend was 
seen for patients whose tumor did express p-ERK1/2 (p=0.14).  Hierarchical clustering 
of the downstream activated proteins in the PI3K and/or MAPK is shown in Figure 3. 

Table 2. Adjusted hazard ratios and tests for interaction between PI3K and/or MAPK pathway 
marker and tamoxifen 

adjusted interaction tests for downstream activated proteins in  PI3K and/or MAPK pathway 

variable levels

adjusted hazard ratio(1) for 
tamoxifen versus control
(95% confidence interval)

adjusted p-value 
for interaction

p-AKT(Ser473) below median (0-1) 0.34 (0.17-0.69) 0.16
above median (2-3) 0.68 (0.33-1.38)

p-AKT(Thr308) below median(0) 0.42 (0.24-0.74) 0.09
above median (1-3) 1.03 (0.43-2.50)

p-mTOR below median(0-20%) 0.41 (0.23-0.71) 0.25
above median (21-100%) 0.74 (0.31-1.76)

p-ERK1/2 below median(0) 0.34 (0.18-0.63) 0.06
above median (1-100%) 0.87 (0.40-1.87)

p-p70S6K below median(0) 0.24 (0.13-0.47) 0.004
above median (1-3) 1.02 (0.48-2.21)

1Recurrence free interval survival. Models were adjusted for age, T-stage, grade, progesterone 
receptor status and HER2 status. Models were stratified for nodal status.
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Figure 1b. Kaplan Meier survival analysis according to tamoxifen treatment and p-mTOR and 
p-ERK1/2 expression. Legend: Kaplan Meier survival analyses for recurrence free interval according 
to tamoxifen treatment in patients whose tumors do express low p-mTOR and are p-ERK1/2 
negative (left) and patients whose tumors do express p-ERK1/2 or express high p-mTOR(right)

Figure 1a. Kaplan Meier survival analysis according to tamoxifen treatment and p-p70S6K 
expression. Legend: Kaplan Meier survival analysis for recurrence free interval according to 
tamoxifen treatment in patients whose tumors do not express p-p70S6K (left) and patients whose 
tumors do express p-p70S6K (right).
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Table 3. Adjusted hazard ratios for recurrence free interval according to PI3K and/or MAPK 
pathway markers in patients who did not receive adjuvant systemic treatment

number of cases  
in analysis (events)

Hazard 
ratio(1) 

95% confidence 
interval p-value

p-AKT (Ser 473) (2-3 versus 0-1) 86 (27) 0.30 0.12-0.76 0.01
p-AKT (Thr308) positive versus negative 100 (26) 0.30 0.11-0.80 0.02
p-mTOR high (≥ 60%) versus low (0-59%) 94 (26) 0.11 0.02-0.55 0.007
p-ERK1/2 positive versus negative 94 (26) 0.52 0.22-1.24 0.14
p-p70S6K positive versus negative 94 (25) 0.11 0.04-0.32 <0.0001

1For each marker, Cox proportional hazard models were performed with co-variables: lymph 
node status, age, tumor size, grade and progesterone receptor

DISCUSSION
In this retrospective analysis of tumor samples from ERα-positive, postmenopausal 
breast cancer patients, we have shown the clinical validity of p-p70S6K, as a marker 
of PI3K and/or MAPK pathway activation, to predict adjuvant tamoxifen resistance. 
Patients whose tumor expressed p-p70S6K did not benefit from adjuvant tamoxifen, 
confirming previous in vitro findings 1,2.

We are aware about the discussion on the use of phospo-specific antibodies for 
immunohistochemistry (IHC), which are known to be sensitive to pre-analytic variables 
(like fixation technique and duration) that may result in loss of signal 25. Although we 
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did not observe an association between phospho-protein expression and either tumor 
size, inclusion centre or relative age of the tumor sample and confirmed the phospho-
specificity of the antibodies, we cannot exclude that unknown pre-analytic variables 
might have affected the results of IHC. Nevertheless, since these unknown variables 
would have affected both tumor samples from control as well as tamoxifen-treated 
patients, it is not likely that the observed predictive value of p-p70S6K markers is 
biased by these pre-analytic variables. Unlike others 28,29, we have used automatic 
immuno-stainings to improve robustness and reproducibility of these IHC-based 
tests. Nevertheless, the visual interpretation of IHC-based tests is still a subjective, 
time consuming and variable process, with an inherent intra- and inter-observer 
variability 30,31. The technical validity of IHC-based tests may therefore be further 
improved by image analysis applications on digital slides 32. We deemed a direct 
comparison of the observed frequencies of breast cancers scoring positive for the 
downstream-activated proteins analyzed with those observed in other studies 29,33,34 
not appropriate due to differences in study population, antibodies and staining 
techniques as well as interpretation of these stainings. 

Very few studies have tested the predictive validity of downstream-activated 
proteins in the PI3K and/or MAPK pathway in the context of a randomized clinical 
trial. Perez et al. observed a decreased benefit from tamoxifen only in those patients 
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Figure 3. Unsupervised hierarchical clustering of tumor samples and corresponding expression of 
PI3K and/or MAPK pathway proteins. Legend: Heat map representing unsupervised hierarchical 
clustering of tumor samples and corresponding expression of downstream activated proteins 
in the PI3K and/or MAPK pathways from patients for whom the status of all five proteins were 
known (N=350). Patients are represented horizontally. Phosphorylated proteins are indicated 
vertically. Red represents high/any expression of phosphorylated protein and green represents 
no/low expression of phosphorylated protein (dichotomization was performed according to 
the Akaike’s information criteria). In addition the presence (red) or absence (green) of different 
clinico-pathological factors are shown.
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with PIK3CA mutations who also expressed AKT activation 12, however the test for 
interaction was not significant. Recently, in a subgroups analysis of ERα and PgR 
positive patients, Bostner et al. observed a reduced benefit from tamoxifen in those 
patients whose tumor expressed high p-mTOR 28. These results support our data and 
suggest that downstream activated proteins have a superior clinical validity to predict 
endocrine resistance compared to the presence or absence of a pathway driver35. The 
strength of our study is that we pre-specified the cutoff (median expression level) that 
was used for the primary analysis of the putative marker as binary factor. In addition 
we tested the markers as continuous linear variables and used Aikekes information 
criteria to define the optimal cutoff, which coincided with the median for most putative 
biomarkers. Phosphorylated-p70S6K (as a marker of activation of either the PI3K and/
or the MAPK pathway) was the only significant marker according to our conservative 
definition of significance, although most of the other downstream activated proteins 
showed a similar trend. In addition, we found a significant interaction for the composed 
variable of either high p-ERK1/2 and/or p-mTOR expression, representing activated 
MAPK and PI3K pathways, respectively. 

In our study, interestingly most of the markers of PI3K and/or MAPK activation were 
associated with a favorable prognosis in the absence of systemic treatment. Although 
an association with low grade and positive PgR status was shown, the favorable 
outcome was independent of these factors in multivariate analysis. The question arises 
why these tumors have a favorable prognosis. Although others 8,29,36 have studied 
the association of these markers with prognosis in series of patients treated with 
endocrine therapy, none of these studies discerned prognosis from prediction. In case 
a putative biomarker under investigation results in a reduced treatment efficacy, this 
would cancel out a potential prognostic effect if the biomarker is analyzed in series of 
patients who are all treated with the drug 10. Thereby a direct comparison between our 
data and these studies is not possible. 

Our study has several limitations. First of all, for retrospective biomarker analysis 
we could only use the subgroup of 563 ERα-positive patients from whom sufficient 
tumor material was available. However, this subgroup did not differ from the total 
study population. Furthermore, the duration of tamoxifen therapy differs from the 
current duration of at least 5 years. However, we anticipate that the relative effects of 
the biomarkers analyzed in this study will be similar for shorter and longer duration 
of endocrine therapy. The patients in our study randomized to adjuvant treatment 
received tamoxifen only (and no aromatase inhibitors), while currently most ERα-
positive, postmenopausal breast cancer patients receive an aromatase inhibitor 
preceding or following tamoxifen treatment. Since the putative predictive biomarkers 
studied are considered to cause escape from hormone dependency 8 our data are 
thought to be applicable to current clinical practice as well. Furthermore the patients 
in our trial had not received adjuvant chemotherapy and thereby the observed effects 
of the putative biomarkers were not biased by endocrine resistant patients who were 
cured by adjuvant chemotherapy. In current clinical practice, patients who relapse 
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despite adjuvant endocrine therapy and adjuvant chemotherapy are both endocrine 
therapy resistant and chemotherapy resistant. The adjuvant endocrine therapy 
resistance may be explained by activation of the PI3K/MAPK pathway and our data 
suggest that p-p70S6K may identify those patients.

It would be clinically relevant to determine whether p-p70S6K could be used as 
companion diagnostic for the addition of non-ERα targeted drugs (like PI3K/mTOR 
inhibitors) to endocrine therapy in the adjuvant setting.  In metastatic breast cancer 
patients, who had been randomized between tamoxifen alone or in combination with 
everolimus, a trend for a better treatment efficacy was observed for patients with a tumor 
with high p-p70S6K 37. Randomized clinical trials in the adjuvant setting testing the addition 
of everolimus to hormonal therapy are currently recruiting patients 38 and these studies 
are of great importance to test the treatment predictive value of p-p70S6K in this setting.

Conclusion: With the approval of everolimus for metastatic breast cancer patients 
with acquired endocrine therapy resistance, the first non-ERα targeted drug that can 
overcome endocrine therapy resistance has become clinically available. Whether 
or not inhibitors of the PI3K/Akt/mTOR pathway may overcome endocrine therapy 
resistance in the adjuvant setting is currently under investigation. A biomarker of an 
activated PI3K and/or MAPK pathway with clinical validity to predict endocrine therapy 
resistance in the adjuvant setting has not been identified10, but could potentially be 
used as companion diagnostic for these non-ERα targeted drugs. In our series of ERα-
positive postmenopausal breast cancer patients, p-p70S6K is significantly associated 
with intrinsic tamoxifen resistance. Patients whose tumor expresses p-p70S6K, as 
a marker of downstream PI3K and/or MAPK pathway activation, have a favorable 
prognosis, but do not benefit from adjuvant tamoxifen. It would be of great importance 
to validate these findings in other randomized series with endocrine therapy and to 
further explore this marker as a potential companion diagnostic. 
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Table S2. Antibodies used for immunohistochemical assays

Protein name Clone Company Art. No. dilution

p-AKT (Ser473)   D9E Cell signaling 4060 1/50
p-AKT (Thr308)  C31E5E Cell signaling 2965 1/50
p-ERK1/2 (Thr202/Tyr204) D13.14.4E Cell signaling 4370 1/400
p-mTOR (Ser2448)   49F9 Cell signaling 2976 1/300
p-p70S6K(Thr389)  1A5 Cell signaling 9206 1/300

Table S1. Distribution of clinic-pathological variables between patients with sufficient tumor material for 
biomarker analysis and the total group of patients who entered the study

patients with sufficient tumor material
N (%)

total study population
N (%)

total 739 (100) 1662 (100)
age <65 378 (51) 869 (52)

≥ 65 361 (49) 793 (48)
lymph node negative 393 53) 901 (54)

positive 346 (47) 761 (46)
T stage T 1-2 659 (89) 1482 (89)

T 3-4 80 (11) 180 (11)
ER status1 positive 468 (77) 1014 (77)

negative 142 (23) 311 (23)
PgR status1 positive 224 (57) 513 (60)

negative 168 (43) 346 (40)

1As defined with ligand binding assay. After revision of recollected tumors, a total of 563 were ERα positive 
as assessed with immunohistochemistry

Table S3. Specifications of REMARK recommendations

Introduction

Marker Activated proteins downstrean in PI3K and/or MAPK pathway (p-AKT(Ser473), p-AKT 
(Thr308), p-ERK1/2(Thr202/Tyr204), p-mTOR(Ser2448), p-p70S6K(Thr389).

Objectives To evaluate the predictive capacity of activated proteins downstream in the PI3K and/
or MAPK pathway with regard to adjuvant tamoxifen in postmenopausal breast cancer. 

Hypothesis We hypothesize that activated proteins downstream in the PI3K and/or MAPK kinase 
pathways could potentially be used as a marker that separates patients who are likely 
to benefit from adjuvant tamoxifen treatment from those who are resistant to this drug. 

Methods (1) Patients

Characteristics From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, 
studying the benefit of adjuvant tamoxifen (IKA-trial) in postmenopausal breast cancer 
patients.

Inclusion criteria In the original study, 1662 breast cancer patients were included who were were 
post-menopausal, less than 76 years of age and had a T1–4, N0–3, M0 breast tumor. 
We have traced tissue blocks of participating patients and recollected sufficient 
tumor material of 739 patients, who did not differ in prognostic factors from the total 
group (Table S1).  After revision of estrogen receptor α (ERα) status as assessed with 
immunohistochemistry (IHC), a total of 563 ERα positive (≥10%) tumors were used for 
subsequent analysis.

Exclusion criteria Mastitis or palpable supra- or infraclavicular lymph nodes
Treatment Patients were randomized in a 2:1 distribution between 1 year tamoxifen (30 mg per 

day) versus no adjuvant therapy. After 1 year a second randomization was performed 
to receive another 2 years of tamoxifen or to stop further treatment. From 1989, 
based on two interim analyses showing a significant improvement in recurrence 
free-free survival in lymph node positive patients, these node positive patients were all 
allocated to the tamoxifen treatment arm (ie skipped the first randomization).

92



CHAPTER 4 ■ PI3K AND/OR MAPK PATHWAY ACTIVATION

Table S3. Continued

Methods (2) Specimen characteristics

Material used Formalin-fixed paraffin-embedded (FFPE) breast tumor tissue of the primary tumor. 
Preservation/storage Formalin fixation and paraffin embedding. Storage at room temperature.

Methods (3) Assay methods

Assay Immunohistochemistry for phospho-proteins in the PI3K and or MAPK pathways was 
performed using monoclonal antibodies for phospho- AKT(Ser473) (Cell Signaling # 
4060)(p-AKT(Ser473)), phospho- AKT(Thr308) (Cell Signaling # 2965)(p-AKT(Thr308)), 
phospho-mTOR(Ser2448) (Cell Signaling # 2976) (p-mTOR), phospho-p70S6K(Thr 389) 
(Cell Signalling # 9206)(p-p70S6K) and phospho-p44/42 MAPK(Thr202/Tyr204) (Cell 
Signaling # 4370) (p-ERK1/2) .

Protocol For p-AKT (Ser473), antigen retrieval was performed using citrate buffer and 
slides were incubated overnight with antibody (dilution 1:50). All other stainings 
were performed using a standardized protocol on the Ventana  Benchmark® Ultra 
system.  Staining protocols can be downloaded from our website: http://research.nki.
nl/linnlab/index

Control 
experiments

To ensure phospho-specificity of the antibodies, for each antibody a test TMA 
containing positive cores was dephosphorylated by λ-phosphatase before staining, 
resulting in disappearance of the positive staining (Figure S1).

Reproducibility For each immunohistochemical staining, one of the TMAs was quantified 
independently in a blinded manner by a second observer to calculate inter-observer 
variability. The inter-observer variability analyzed using the (weighted) Cohen’s kappa 
coefficient is depicted in Table S4

Quantification Quantification of immunohistochemical staining was performed as described in the 
method section for immunohistochemistry.

Blinding Scoring of the immunohistochemical stainings was done without  knowledge regarding 
both the recurrence-free-interval survival as well as the treatment arm at the time of 
scoring.  

Methods (4) Study design I

Case selection A randomized controlled trial. The translational study presented here was performed 
retrospectively. The median duration of follow-up for patients without a recurrence 
event was 7.8 years. Patient records were re-evaluated for recurrence until 2000. 

Clinical endpoints The improvement of recurrence free interval (RFI) with tamoxifen versus nil was 
assessed according to the different levels of the tested drivers and downstream 
activated proteins as specified  below. RFI included local, regional, distant recurrences 
and breast cancer-specific death, but not contra-lateral breast cancer, as the primary 
event.

Variables examined 
or considered

Multivariate Cox models included age (≥ 65 versus < 65), grade (grade 3 versus 
grade 1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative) and 
progesterone status (positive versus negative) as covariates.

Rational for  
sample size

The sample size of the translational study is based on the amount of available tumor 
blocks containing invasive, ERα positive tumor cells, that could be recollected and a 
power calculation based on events in this group assuring that meaningful results could 
be deduced.

Methods (5) Statistical analysis

Statistical methods 
and variable 
selection procedure

Recurrence free interval was defined as the time from the date of first randomization 
until the occurrence of a local, regional or distant recurrence or breast cancer specific 
death. A secondary contra-lateral breast tumor was not considered as an event as 
explained in the method section and these patients were censored at the date of this 
occurrence. All calculations were made with Statistical Package for the Social Sciences 
(SPSS) 15.0 Inc., IL, USA.

Missing data Cases with a missing value for one of the variables were excluded from the multivariate 
analysis, with the exception of missing HER2 and PgR data for which a separate level 
was created
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Marker handling  
in analysis

Our primary analysis was to test whether tamoxifen benefit was dependent on any 
of the downstream activated proteins in the PI3K and/or /MAPK pathway. Markers 
were analyzed as binary factor, using the median level as cutoff.  Adjusted Cox 
proportional hazard regression analyses were performed including an interaction 
variable. Covariates included age (≥ 65 versus < 65), grade (grade 3 versus grade 
1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative), and PgR 
status (positive versus negative). All survival analyses were stratified for nodal status. 
We applied  a conservative level of significance (p<0.01)due to multiple co-primary 
endpoints.
Further exploratory analyses examined tamoxifen benefit when the markers were 
implemented as continuous linear variables. In case an interaction was found,  the level 
of dichotomization that best predicted tamoxifen benefit was tested  by comparing 
the Akaike’s Information Criterion (AIC) of the Cox proportional hazards models for all 
possible cutoffs. In addition, based on knowledge derived from preclinical studies a 
composed variable of either high p-ERK1/2 or high pmTOR, indicating the activation 
of either the MAPK or PI3K pathway, was tested for interaction with tamoxifen 
treatment. Survival curves were constructed using the Kaplan-Meier method.

Results (1) Data

Flow of patients See Figure S2 for description of patients excluded for this translational study. See 
Table S1 for characteristics of total study patients versus the 739 patients with 
sufficient tumor material included in TMA .

Characteristics See Table 1 and Table S5.

Results (2) Analysis and presentation

Relation to standard 
prognostic variables

See Table 1.

Univariate analysis See  Figures  2, 3, S5-7. 
Multivariate analysis: See Table 2 and Tables S7-10, S17-20. Estimated effects with CIs for marker and all 

other variables in the model.

Discussion
Interpretation, 
limitations and 
implication

See discussion section

Table S4. Inter-observer variability for antibodies

antibody scoring system 

comparable 
cores from N 

patients 

weighted 
Kappa  

(95% CI)
cutoff used for 

binary score

Kappa 
for binary 

score 

p-AKT(Ser473) cytoplasmic intensity 94 0.53 
(0.42-0.64)

2-3 versus 0  0.70 

p-AKT(Thr308) cytoplasmic intensity 133 0.57 
(0.44-0.68)

(1-3) versus 0 0.53

p-mTOR proportion of tumor cells with 
submembranous staining

101 0.56 
(0.44-0.66)

0-59% versus 
60% and more

0.60

p-ERK1/2 proportion of tumor cells with 
nuclear staining

69 0.74 
(0.60-0.82)

negative versus 
positive 

0.85

p-p70S6K cytoplasmic intensity 97 0.42 
(0.25-0.59)

(1-3) versus 0 0.44
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Table S6. Overview of events in 563 ER positive patients

event total number (%) first event (%)

Loco (regional) recurrence 25 (4) 21(4)
Distant metastasis 0,7 125(22) 110(20)
Secondary contra-lateral breast cancer 23 (4) 21(4)1

Breast cancer specific death 87(15) 1(0)

1censored in RFI analysis

Table S7. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-p70S6K and 
treatment interaction

Variable Hazard Ratio1 95% CI p-value

Age
< 65 204 (54) ref
≥ 65 222 (47) 0.93 0.63-1.39 0.74

p T-stage
T1 or T2 377 (82) ref
T3 or T4 49 (19) 1.67 0.99 – 2.81 0.05

Histologic grade
I-II 269 (53) ref
III 157 (48) 1.26 0.83-2.08 0.16

Progesterone receptor
negative 205 (45) ref
positive 221 (56) 1.35 0.88 – 1.90 0.28

HER2 status 
negative 388 (89) ref
positive 38 (12) 1.36 0.71– 2.63 0.36

p-p70S6K
negative 179 (52) ref
positive 247 (49) 0.22 0.10-0.53 0.001

Treatment 
p-p70S6K negative and control 40 (17) ref
p-p70S6K negative and tamoxifen 139 (35) 0.24 0.13-0.47 < 0.001
p-p70S6K positive and control 54 (8) ref
p-p70S6K positive and tamoxifen 193 (41) 1.02 0.48-2.21 0.95
interaction phospho-S6K  X treatment 0.004

1stratified for nodal status 
Analysis based on 426 cases with 101 events

Table S8. Adjusted p value for the interactions between tamoxifen treatment and downstream activated proteins 
in the PI3K and/or MAPK pathways analyzed as continuous variable. Covariates included age, T-stage, grade, 
PgR status and HER2 status. Models are stratified for nodal status

adjusted interaction tests for markers of PI3K pathway 

variable levels Adjusted p-value for interaction with tamoxifen

p-AKT(Ser473) 0-3 0.17
p-AKT(Thr308) 0-3 0.03
p-mTOR 0-100 0.03
p-ERK1/2 0-100 0.14
p-p70S6K 0-3 0.006
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Table S9. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-mTOR and 
treatment interaction.

Variable N(events) Hazard Ratio1 95% CI p-value

Age
< 65 202 (55) ref
≥ 65 219 (48) 0.90 0.60-1.32 0.58

p T-stage
T1 or T2 372 (82) ref
T3 or T4 49 (21) 1.72 1.05 – 2.84 0.03

Histologic grade
I-II 264 (54) ref
III 157 (49) 1.34 0.88 -2.06 0.18

Progesterone receptor
negative 202 (45) ref
positive 219 (58) 1.31 0.86 – 1.99 0.20

HER2 status 
negative 385 (91) ref
positive 36 (12) 1.45 0.75 -2.78 0.27

p-mTOR
low (0-59%) 330 (86) ref
high(60% and more) 91 (17) 0.19 0.05-0.82 0.03

Treatment 
low p-mTOR and control 67 (24) ref
low p-mTOR and tamoxifen 263 (62) 0.39 0.23-0.64 0.0002
high p-mTOR and control 26 (2) ref
high p-mTOR and tamoxifen 65 (15) 2.03 0.46-9.04 0.35
interaction  p-mTOR X treatment 0.04

1stratified for nodal status 
Analysis based on 421 cases with 103 events

Table S10. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-AKT(Thr308) 
and treatment interaction.

Variable N (events) Hazard Ratio1 95% CI p-value

Age
< 65 204 (53) ref
≥ 65 230 (50) 0.88 0.60-1.31 0.54

p T-stage
T1 or T2 383 (83) ref
T3 or T4 51 (20) 1.46 0.88 – 2.43 0.15

Histologic grade
I-II 280 (54) ref
III 154 (49) 1.53 1.01-2.32 0.05

Progesterone receptor
negative 215 (46) ref
positive 219 (57) 1.26 0.84-1.89 0.27

HER2 status 
negative 397 (91) ref
positive 37 (12) 1.31 0.68– 2.52 0.42

p-AKT (Thr308)
negative 246 (67) ref
positive 188 (36) 0.34 0.13-0.84 0.02

Treatment 
p-AKT (Thr308) negative and control 61 (20) ref
p-AKT (Thr308) negative and tamoxifen 185 (47) 0.42 0.24-0.74 0.003
p-AKT(Thr308) positive and control 39 (6) ref
p-AKT(Thr308) positive and tamoxifen 149 (30) 1.03 0.43-2.50 0.94
Interaction  p-AKT(Thr308)X treatment 0.09

1stratified for nodal status 
Analysis based on 434 cases with 103 events
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Table S11. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-ERK 1/2 
and treatment interaction.

Variable N (events) Hazard Ratio1 95% CI p-value

Age

< 65 201 (52) ref

≥ 65 224 (50) 0.93 0.62-1.38 0.74

p T-stage

T1 or T2 377 (83) ref

T3 or T4 48 (19) 1.62 0.96 – 2.72 0.07

Histologic grade

I-II 268 (54) ref

III 157 (48) 1.34 0.88-2.05 0.18

Progesterone receptor

negative 206 (44) ref

positive 219 (58) 1.32 0.87 – 2.00 0.19

HER2 status 

negative 387 (90) ref

positive 38 (12) 1.33 0.69- 2.57 0.39

p-ERK1/2

negative 178 (46) ref

positive 247 (56) 0.46 0.20-1.08 0.07

Treatment 

p-ERK1/2 negative and control 49 (18) ref

p-ERK1/2 negative and tamoxifen 129 (28) 0.34 0.18-0.63 0.001

p-ERK1/2 positive and control 45 (8) ref

p-ERK1/2 positive and tamoxifen 202 (48) 0.87 0.40-1.86 0.72

Interaction  p-ERK1/2 X treatment 0.06

1stratified for nodal status 
Analysis based on 425 cases with 102 events

Table S12. Patient characteristics by treatment arm and p-mTOR status

p-mTOR

low (0-59%) treatment arm

p value1

high (≥60%) treatment arm

p-value1

control
N (%)

tamoxifen
N (%)

control
N (%)

tamoxifen
N (%)

69 (100) 271 (100) 26 (100) 67 (100)
age <65 38 (55) 128 (47) 0.28 12 (46) 29 (43) 0.82

≥ 65 31 (45) 143 (53) 14 (54) 38 (57)
histology ductal 54 (78) 209 (77) 0.16 16 (62) 45 (83) 1.00

lobulars 9 (13) 19 (7) 3 (12) 9 (17)
others 6 (9) 43 (16) 7 (26) 13 (19)

lymph node negative 52 (75) 122 (45) <0.001 22 (85) 32 (48) 0.001
positive 17 (25) 149 (55) 4 (15) 35 (52)

T stage T 1-2 61 (88) 239 (88) 1.00 24 (92) 59 (88) 0.72
T 3-4 8 (12) 32 (12) 2 (8) 8 (12)

grade I-II 40 (58) 163 (60) 0.78 18 (69) 50 (75) 0.61
III 29 (42) 108 (40) 8 (31) 17 (25) 

progesterone 
receptor

negative 37 (54) 137 (51) 0.79 10 (38) 21 (31) 0.63
positive 32 (46) 132 (49) 16 (62) 46 (69)
missing 0 (0) 2 (1) 0 (0) 0 (0) 

HER2 status negative 65 (94) 236 (87) 0.04 25 (96) 62 (93) 1.00
positive 2 (3) 30 (11) 1 (4) 3 (4)
missing 2 (3) 5(2) 0 (0) 2 (3)

1Fisher’s exact test
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Table S13. Patient characteristics by treatment arm and p-p70S6K status

p-p70S6K

negative treatment arm

p value1

positive treatment arm

p-value1

control
N (%)

tamoxifen
N (%)

control
N (%)

tamoxifen
N (%)

40 (100) 148 (100) 55 (100) 195 (100)
age <65 25 (63) 57 (39) 0.007 27 (49) 101 (52) 0.76

≥ 65 15 (38) 91 (61) 28 (51) 94 (48)
histology ductal 31 (78) 113 (76) 0.40 40 (73) 147 (75) 0.36

lobulars 6 (15) 14 (9) 5 (9) 11 (6)
others 3 (8) 21 (14) 10 (18) 37 (19)

lymph node negative 34 (85) 58 (39) <0.001 41 (75) 100 (51) 0.002
positive 6 (15) 90 (61) 14 (25) 95 (49)

T stage T 1-2 37 (93) 130 (88) 0.57 50 (91) 171 (88) 0.54
T 3-4 3 (8) 18 (12) 5 (9) 24 (12)

grade I-II 23 (58) 100 (68) 0.26 35 (64) 118 (61) 0.76
III 17 (43) 48 (32) 20 (36) 77 (39)

progesterone 
receptor

negative 24 (60) 74 (50) 0.37 22 (40) 89 (46) 0.54
positive 16 (40) 72 (49) 33 (60) 106 (54)
missing 0 (0) 2 (1) 0 (0) 0 (0)

HER2 status negative 39 (98) 129 (87) 0.31 51 (93) 172 (88) 0.22
positive 1 (3) 11 (7) 3 (5) 23 (12)
missing 0 (0) 8(5) 1 (2) 0 (0)

1Fisher’s exact test

Table S14. Patient characteristics by treatment arm and p-ERK1/2 status 

p-ERK1/2

negative treatment arm

p value1

positive treatment arm

p-value1

control
N (%)

tamoxifen
N (%)

control
N (%)

tamoxifen
N (%)

50 (100) 135 (100) 45 (100) 208 (100)
age <65 27 (54) 61 (45) 0.32 24 (53) 96 (46) 0.41

≥ 65 23 (46) 74 (55) 21 (47) 112 (54)
histology ductal 41 (82) 108 (80) 0.40 29 (64) 152 (73) 0.13

lobulars 6 (12) 10 (7) 6 (13) 14 (7)
others 3 (6) 17 (13) 10(22) 42(20)

lymph node negative 39 (78) 58 (43) <0.001 35 (78) 101 (49) <0.001
positive 11 (22) 77 (57) 10 (22) 107 (51)

T stage T 1-2 43 (86) 117 (87) 1.00 42 (93) 187 (90) 0.59
T 3-4 7 (14) 18 (13) 3 (7) 21 (10)

grade I-II 25 (50) 81 (60) 0.24 33 (73) 137 (66) 0.38
III 25 (50) 54 (40) 12 (27) 71 (34)

progesterone 
receptor

negative 29 (58) 71 (53) 0.62 18 (40) 91 (44) 0.74
positive 21 (42) 62 (46) 27 (60) 116 (56)
missing 0 (0) 2 (1) 0 (0) 1 (0)

HER2 status negative 48 (96) 120 (89) 0.18 43 (96) 180 (87) 0.18
positive 1 (2) 11 (8) 2 (4) 24 (12)
missing 1(2) 4 (3) 0 (0) 4(1)

1Fisher’s exact test
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Table S15. Patient characteristics by treatment arm and p-AKT (Thr308) status

p-AKT (Thr308)

negative treatment arm

p value1

positive treatment arm

p-value1

control
N (%)

tamoxifen
N (%)

control
N (%)

tamoxifen
N (%)

61 (100) 195 (100) 40 (100) 153 (100)
age <65 31 (51) 86 (44) 0.38 21 (53) 72 (47) 0.60

≥ 65 30 (49) 109 (56) 19 (48) 81 (53)
histology ductal 46 (75) 146 (75) 1.00 28 (70) 116 (76) 0.17

lobulars 6 (10) 19 (10) 5 (13) 9 (6)
others 9 (15) 30 (15) 7 (18) 28 (18)

lymph node negative 51 (84) 88 (45) <0.001 28 (70) 75 (49) 0.02
positive 10 (16) 107 (55) 12 (30) 78 (51)

T stage T 1-2 52 (85) 169 (87) 0.83 38 (95) 137 (90) 0.37
T 3-4 9 (15) 26 (13) 2 (5) 16 (10)

grade I-II 34 (56) 131 (67) 0.13 30 (75) 94 (61) 0.14
III 27 (44) 64 (33) 10 (25) 59 (39)

progesterone 
receptor

negative 34 (56) 96 (49) 0.47 18 (45) 71 (47) 1.00
positive 27 (44) 96 (49) 22 (55) 82 (54)
missing 0(0) 3 (2) 0 (0) 0 (0)

HER2 status negative 59 (97) 170 (87) 0.17 38 (95) 134 (88) 0.20
positive 2 (3) 18 (9) 1 (3) 16 (10)
missing 0 (0) 7 (4) 1 (3) 3 (2)

1Fisher’s exact test

Table S16. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-mTOR or 
p-ERK1/2 and treatment interaction.

Variable N(events) Hazard Ratio1 95% CI p-value

Age
< 65 201 (52) ref
≥ 65 224 (50) 0.93 0.63-1.39 0.74

p T-stage
T1 or T2 377 (83) ref
T3 or T4 48 (19) 1.70 1.01 – 2.85 0.05

Histologic grade
I-II 268 (54) ref
III 157 (48) 1.32 0.87 -2.03 0.20

Progesterone receptor
negative 206 (44) ref
positive 219 (58) 1.34 0.88 – 2.03 0.17

HER2 status 
negative 387 (90) ref
positive 38 (12) 1.32 0.69 -2.56 0.40

p-mTOR and/or p-ERK1/2 
p-mTOR low (0-59%) and pERK1/2 negative 157 (41) ref
p-mTOR high(60% and more) or  pERK1/2 positive 268 (61) 0.34 0.15-0.77 0.01

Treatment 
(low p-mTOR and pERK/2 negative)  and control 40 (17) ref
(low p-mTOR  and pERK/2 negative) and tamoxifen 117 (24) 0.25 0.13-0.48 <0.0001
(high p-mTOR or pERK/2 positive) and control 54 (9) ref
(high p-mTOR or pERK/2 positive) and tamoxifen 214 (52) 1.00 0.48-2.08 1.00
Interaction  p-mTOR   X treatment 0.004

1stratified for nodal status 
Analysis based on 425 cases with 102 events
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Table S17. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-p70S6K in 
patients who did not receive tamoxifen

Variable N(events) Hazard Ratio 95% CI p-value

Age
< 65 52 (16) ref
≥ 65 42 (9) 0.75 0.32-1.77 0.51

p T-stage
T1 or T2 87 (20) ref
T3 or T4 7 (5) 6.45 1.87 – 22.17 0.003

Histologic grade
I-II 57 (14) ref
III 37 (11) 0.76 0.33-1.76 0.53

Progesterone receptor
negative 45 (11) ref
positive 49 (14) 1.31 0.55-3.18 0.54

Lymph node status 
negative 75 (13) ref
positive 19 (12) 7.47 2.80– 19.90 <0.001

p-p70S6K
negative 40 (17) ref
positive 54 (8) 0.11 0.04-0.32 <0.001

Analysis based on 94 cases with 25 events

Table S18. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-mTOR in 
patients who did not receive tamoxifen

Variable N(events) Hazard Ratio 95% CI p-value

Age
< 65 50 (16) ref
≥ 65 44 (10) 0.52 0.21-1.27 0.15

p T-stage
T1 or T2 85 (20) ref
T3 or T4 9 (6) 5.79 1.88-17.82 0.002

Histologic grade
I-II 57 (14) ref
III 37 (12) 0.85 0.35-2.09 0.73

Progesterone receptor
negative 46 (11) ref
positive 48 (15) 1.91 0.75-4.85 0.17

Lymph node status 
negative 74 (13) ref
positive 20 (13) 4.47 1.90– 10.52 0.001

p-mTOR
Low (0-59%) 68 (24) ref
High (≥ 60%) 26 (2) 0.11 0.02-0.55 0.007

Analysis based on 94 cases with 26 events
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Table S19. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-AKT(Thr308) 
in patients who did not receive tamoxifen

Variable N(events) Hazard Ratio 95% CI p-value

Age
< 65 52 (16) ref
≥ 65 48 (10) 0.52 0.29-1.17 0.12

p T-stage
T1 or T2 90 (20) ref
T3 or T4 10 (6) 1.62 0.54 – 4.88 0.40

Histologic grade
I-II 63 (14) ref
III 37 (12) 1.17 0.49-2.76 0.73

Progesterone receptor
negative 51 (11) ref
positive 49 (15) 1.18 0.50-2.80 0.71

Lymph node status 
negative 79 (13) ref
positive 21 (13) 5.76 2.25– 14.75 0.0002

p-AKT (Thr308)
negative 61 (20) ref
positive 39 (6) 0.30 0.12-0.80 0.02

Analysis based on 100 cases with 26 events

Table S20. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including p-AKT(Ser473) 
in patients who did not receive tamoxifen

Variable N(events) Hazard Ratio 95% CI p-value

Age
< 65 44 (14) ref
≥ 65 43 (10) 0.55 0.23-1.32 0.19

p T-stage
T1 or T2 79 (20) ref
T3 or T4 8 (4) 8.98 2.17-37.10 0.002

Histologic grade
I-II 44 (14) ref
III 43 (10) 0.45 0.47-1.12 0.11

Progesterone receptor
negative 44 (11) ref
positive 43 (13) 1.51 0.61-3.71 0.37

Lymph node status 
negative 67 (21) ref
positive 20 (12) 7.23 2.88-18.12 <0.001

p-AKT (Ser473)
negative 41 (14) ref
positive 46 (10) 0.30 0.12-0.76 0.01

Analysis based on 87 cases with 24 events
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p‐mTOR

p‐AKT473

p‐p70S6K

A

B

C

Figure S1. Phospho-specificity of the antibodies. For each antibody a test TMA containing positive 
cores was dephosphorylated by λ-phosphatase before staining, resulting in no detection of the 
phospho-protein. A. p-AKT(Ser473) without λ-phosphatase (left panel) and after λ-phosphatase (right 
panel). B. p-mTOR(Ser2448) without λ-phosphatase (left panel) and after λ-phosphatase (right panel). 
C. p-p70S6K(Thr389) without λ-phosphatase (left panel) and after λ-phosphatase (right panel). D. 
p-AKT(Thr 308) without λ-phosphatase (left panel) and after λ-phosphatase (right panel). E. p-ERK1/2 
(Thr202/Tyr204) without λ-phosphatase (left panel) and after λ-phosphatase (right panel) 

p‐AKT308

p‐ERK 1/2

D

E
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1200 primary tumor blocks 
collected

739 with material in TMA 

563 ERα positive 

1662 patients entered the study

159 ERα negative  

17 no sufficient core or no invasive 
tumor on tissue slide 

394 evaluable for p-AKT (Ser473) (94 events)

449 evaluable for p-AKT (Thr308) ( 105 events)

433 evaluable for p-mTOR (105 events)

438 evaluable for p-p70S6K (103 events)

438 evaluable for p-ERK1/2 (104 events)

TMA

Figure S2. Data flow.
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Figure S3a. Expression of p-AKT (ser473) according to relative age of tumor samples (divided in 
quartiles). 
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in quartiles). 

Figure S3c. Expression of p-mTOR according to relative age of tumor samples (divided in 
quartiles). 
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Figure S3e. Expression of p-p70S6K according to relative age of tumor samples (divided in 
quartiles).
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Figure S4e. Expression of p-p70S6K according to institute*  
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*institutes including ≥ 10 patients with sufficient data for analysis of at least one phospho-
protein are shown

Figure S4F. Expression of PgR according to institute* 
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Figure S5A.  Numbers per treatment group pre‐interim analysis

Figure S5B. Numbers per treatment group post‐interim analysis
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Figure S5. Numbers of patients per randomization group pre-interim analysis (A) and post-interim 
analysis (B), for the total subset of 563 ERα positive patients. From 1989, based on two interim 
analyses showing a significant improvement in recurrence-free survival among lymph node 
positive patients, these node positive patients were all allocated to the tamoxifen treatment arm 
(i.e. skipped the first randomization). Numbers of lymph node negative patients are depicted in 
green. In red are depicted the numbers of lymph node positive patients. Abbreviations: LN neg: 
lymph node negative, LN pos: lymph node positive, R1: randomization 1, R2: randomization 2. 
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ABSTRACT
Introduction: Inhibitors of the phosphatidylinositol-3-kinase /protein kinase B/mammalian 
target of rapamycine (PI3K/AKT/mTOR) pathway can overcome endocrine resistance in 
estrogen receptor (ER)α-positive breast cancer, but companion diagnostics indicating 
PI3K/AKT/mTOR activation and consequently endocrine resistance are lacking. PIK3CA 
mutations frequently occur in ERα-positive breast cancer and result in PI3K/AKT/mTOR 
activation in vitro. Nevertheless, the prognostic and treatment predictive value of these 
mutations in ERα-positive breast cancer is contradictive. We tested the clinical validity 
of PIK3CA mutations and other canonical pathway drivers to predict intrinsic resistance 
to adjuvant tamoxifen. In addition we tested the association between these drivers and 
downstream activated proteins

Methods: Primary tumors from 563 ERα-positive postmenopausal patients, randomized 
between adjuvant tamoxifen (1-3 years) versus observation were recollected. PIK3CA 
hotspot mutations in exon 9 and exon 20 were assessed with Sequenom Mass 
Spectometry. Immunohistochemistry was performed for human epidermal growth factor 
-receptor 2 (HER2), phosphatase and tensin homolog (PTEN) and insulin-like growth 
factor 1 receptor (IGF-1R). We tested the association between these molecular alterations 
and downstream activated proteins (like phospho-protein kinase B (p-AKT), phospho-
mammalian target of rapamycine (p-mTOR), p-ERK1/2 and p-p70S6K). Recurrence 
free interval improvement with tamoxifen versus control was assessed according to 
the presence or absence of canonical pathway drivers, using Cox proportional hazard 
models including a test for interaction. 

Results: PIK3CA mutations (both exon 9 and exon 20) were associated with low tumor 
grade. An enrichment of PIK3CA exon 20 mutations was observed in progesterone 
receptor positive tumors. PIK3CA exon 20 mutations were not associated with 
downstream-activated proteins. No significant interaction between PIK3CA mutations or 
any of the other canonical pathway drivers and tamoxifen treatment benefit was found.

Conclusion: PIK3CA mutations do not have clinical validity to predict intrinsic resistance 
to adjuvant tamoxifen and may therefore be unsuitable as companion diagnostic for PI3K/
AKT/mTOR inhibitors in ERα- positive, postmenopausal, early breast cancer patients.
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INTRODUCTION
Recently, inhibitors of the phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target 
of rapamycine (mTOR) pathway have been introduced into the clinic to overcome 
endocrine resistance1,2. However, companion diagnostics for these new targeted drugs 
are lacking. Many molecular alterations in this pathway as well as in the mitogen-
activated protein kinase (MAPK) pathway, leading to its constitutive activation, have 
been described. Canonical pathway drivers are mutations in the PIK3CA gene3, loss 
of expression or genetic alteration in the tumor suppressor gene PTEN4, and over-
expression of growth factor receptors like human epidermal growth factor receptor 2 
(HER2) and insulin like growth factor 1 receptor (IGF-1R) 5. 

PIK3CA mutations occur in about 20-25% of invasive ductal breast cancers and in 
approximately 40% of invasive lobular breast cancers6, with hotspots in exon 9 (helical 
domain) and exon 20 (kinase domain). These mutations have been shown to result in 
in vitro activation of the PI3K/AKT/mTOR pathway 3, leading to endocrine resistance 7. 
Nevertheless, the prognostic and predictive value regarding endocrine resistance of 
these mutations in ERα positive breast cancer remains unclear. An important limitation 
of many conflicting clinical studies 8-12 is the analysis of these mutations in consecutive 
series of endocrine treated patients, which is unsuitable to discern prognosis from 
prediction13. Only one previous study 14 analyzed these mutations in the context of a 
clinical trial that randomized between adjuvant tamoxifen versus control. In this study, 
PIK3CA mutations did not predict endocrine resistance, but were associated with a 
decreased risk for local recurrence. In neo-adjuvant endocrine therapy trials, PIK3CA 
mutation status were not associated with treatment-induced Ki67 changes, a surrogate 
marker for recurrence-free survival 15, nor with pathological response 16, while the kinase 
domain mutations were associated with improved overall survival. Several other studies 
have suggested a relatively favorable survival in patients with kinase domain mutated 
breast cancers 8,17, in comparison with patients without such mutated tumors. 

Several other known molecular alterations in the PI3K and or MAPK pathway have 
been studied for their validity to predict endocrine resistance. Loss of PTEN, a negative 
regulator of the PI3K/AKT/mTOR pathway, frequently occurs in breast cancer 18, but 
did not have clinical validity as a single marker in a previous study 14. The same holds 
true for HER2 19, while the clinical validity of IGF-1R has not been analyzed in the 
context of a randomized clinical trial. 

The aim of our study was to investigate the prognostic and treatment predictive value 
of different molecular alterations in the PI3K and/or MAPK pathways in postmenopausal 
breast cancer patients randomized between adjuvant tamoxifen versus no systemic 
treatment. In addition, we studied the association between these molecular alterations 
and downstream-activated proteins in the PI3K and/or MAPK pathways. 
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METHODS 
Patients and material 
We recollected primary tumor tissue blocks from stage I-III postmenopausal breast 
cancer patients who were randomized (2:1) between 1 year tamoxifen (30 mg per 
day) versus no adjuvant therapy (IKA trial, 1982-1994) 20,21. Study data were part of the 
Oxford meta-analysis 22. After 1989, based on two interim analyses showing a significant 
improvement in recurrence free survival in lymph node positive patients, node positive 
patients in this trial skipped the first randomization and all received 1 year of tamoxifen. 
After 1 year a second randomization was performed to receive another 2 years of 
tamoxifen or to stop further treatment. In total 1662 patients were included. None of 
these patients received adjuvant chemotherapy. The patient characteristics and clinical 
outcome of the original study group (1662 patients) have been presented elsewhere 21.

Sufficient tumor material was available for 739 patients, who did not differ in 
prognostic factors from the total group (Supplementary Table S1). After revision of 
ERα status as assessed with immunohistochemistry (IHC), a total of 563 ERα-positive 
tumors were used for subsequent analysis. We used a cutoff of ≥ 10% of positive 
tumor cells for ERα positivity, since this is common practice in The Netherlands and in 
addition this would avoid the potential inclusion of basal like tumors 23 in our analysis. 
The original trial was approved by the central ethics committee of the Netherlands 
Cancer Institute and informed consent was obtained from all study participants. For 
this retrospective translational study, no additional consent was required according 
to Dutch legislation24, since the use of archival pathology left-over material does not 
interfere with patient care. Tumor tissue was handled according to the Dutch code of 
conduct for dealing responsibly with human tissue in the context of health research 25.

Immunohistochemistry 
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded 
(FFPE) tumor blocks. A total of three (0.6 mm) cores per tumor were embedded in the 
TMAs that were stained for ERα, progesterone receptor (PgR) and HER2. ERα and PgR 
were considered positive when ≥ 10% of invasive cells showed nuclear reactivity. HER2 
was considered positive when membranous staining was DAKO score 3. In case of a 
DAKO score 2, Chromogenic in situ Hybridization was performed. For tumors without 
sufficient cores in the TMA, whole slides were cut and assessed for ERα (N=60), PgR 
(N=55) and HER2 (N=36). Tumor grade was scored on a hematoxylin-eosin stained 
slide using the modified Bloom-Richardson score 26. 

Antibodies used for immunohistochemistry are shown in Supplementary Table 
S2. Immunohistochemistry for IGF-1R and PTEN was performed using the Ventana 
Benchmark® Ultra system (protocols can be found at http://research.nki.nl/linnlab/
index). For IGF-1R, membranous intensity was scored from 0-3. For PTEN protein 
expression, cytoplasmic intensity was scored from 0-3. The specificity of both 
antibodies was tested on a previously described series of metastatic breast cancer 
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patients 27 for which we had FFPE material embedded in a TMA as well as Agilent 
44K mRNA expression data. Results are depicted in Supplementary Figures S1-2. 
Immunohistochemistry for downstream phosphorylated (p) proteins in the PI3K/AKT/
mTOR pathway, like p-AKT, p- extracellular signal-regulated kinase (ERK)1/2, p-mTOR 
and p-p70S6K was performed as previously described28. 

The inter-observer variability analyzed using the (weighted) Cohen’s kappa 
coefficient is depicted in Supplementary Table S3. For further analyses, we used the 
scores produced by the first observer (MO).

DNA isolation and PIK3CA mutation analysis
DNA was isolated using a standard DNA isolation protocol as described in appendix 1. 

PIK3CA mutation status was assessed using Sequenom mass spectrometry–based 
genotyping technology for PIK3CA hotspot mutations in exon 9 (E542K and E545K) 
and exon 20 (H1047L and H1047R). PCR primers and extension primers for the various 
mutations are listed in Supplementary Table S4. 

Statistics
The association of PIK3CA mutations, PTEN, HER2 and IGF-1R protein expression with 
known clinicopathological factors was tested using Fisher’s exact tests. The association 
with downstream-activated proteins in the PI3K and/or MAPK pathways was evaluated 
using linear by linear tests. Recurrence free interval was defined as the time from the 
date of first randomization until the occurrence of a local, regional or distant recurrence 
or breast cancer specific death. Since a secondary contra-lateral breast tumor cannot be 
inferred from the molecular make-up of the primary tumor, while the other type of events 
can in relation to tamoxifen resistance of the primary tumor, this was not considered as an 
event and these patients were censored at the date of their contra-lateral breast cancer.

We hypothesized that the presence of a molecular alteration in the PI3K and/or 
MAPK pathway is associated with tamoxifen resistance. In our primary analysis we 
tested the clinical validity of these molecular alterations as single markers, analyzed 
as binary factor. Covariate adjusted Cox proportional hazard regression analyses were 
performed including an interaction variable. The following molecular alterations were 
tested: PIK3CA mutation status (exon 9 mutant versus exon 9 wild type and exon 20 
mutant versus exon 20 wild type imputed as separate factors in one model), HER2 
(positive versus negative), PTEN (negative versus positive) and IGF-1R (score 3 versus 
score 0-2). In addition, we tested the interaction with tamoxifen for a composed 
variable defined as any of these molecular alterations present versus no molecular 
alteration. Covariates included age (≥ 65 versus < 65), grade (grade 3 versus grade 
1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative), and PgR 
status (positive versus negative). All survival analyses were stratified for nodal status. 
Due to multiple co-primary endpoints, the level of significance was set at 0.01. 

To assess the prognostic value of these molecular alterations, we analyzed their 
putative prognostic potential using covariate adjusted Cox proportional hazard 
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regression analyses in the subgroup of patients who were randomized to the control 
arm. The reason that we did not use all patients and corrected for tamoxifen treatment 
is that this correction would assume that all ERα positive breast cancer patients 
would derive similar benefit from tamoxifen. Since the molecular alteration might be 
associated with tamoxifen resistance, simply correcting for the assumed tamoxifen 
benefit without a correction for a potential interaction between treatment and 
molecular alteration could bias the analysis for prognostic potential. 

This study complied with reporting recommendations for tumor marker prognostic 
studies (REMARK) criteria 29 as outlined in Supplementary Table S5. 

RESULTS
Associations between molecular alterations in PI3K/AKT/mTOR pathway 
and known prognostic factors and downstream-activated proteins
Genotyping for PIK3CA exon 9 mutations was successful in 488 ERα positive tumor 
samples. Exon 20 mutations could be assessed in 491 tumor samples (Supplementary 
Figure S3). A total of 76 tumors harbored a PIK3CA exon 9 mutation (15.6%). Mutations in 
exon 20 were found in 89 (18.1%) of the tumors. A total of 4 tumors exhibited both exon 
9 and exon 20 mutations. Over-expression/amplification of HER2 was seen in 41/530 
tumors (7.7%). The frequency of the different hot-spot mutations and the distribution of 
the intensity of IGF-1R protein expression are shown in Supplementary Table S6. PTEN 
protein expression could be assessed in 436 tumors of which 82 (18.8%) did not show 
expression of PTEN. When PIK3CA exon 9 and exon 20 were compared with PIK3CA 
wild type tumors, mutants were more often low grade. PIK3CA exon 9 mutations were 
associated with negative HER2 status, and for PIK3CA exon 20 mutations, an association 
with positive progesterone receptor status was observed.  HER2 positive tumors were 
associated with positive lymph node status, high grade and negative PgR status (table 1). 
In addition, PTEN negative tumors were associated with negative PgR status. 

We did not find significant associations between either PIK3CA exon 20 mutations 
or HER2 status and downstream-activated proteins in the PI3K pathway (Supplementary 
Table S7). PIK3CA exon 20 mutations were associated with higher p-ERK1/2 levels. 
Tumors with a PIK3CA exon 9 mutation were associated with higher p-AKT(Thr308) and 
p-ERK1/2 expression, but not with p-mTOR or p-p70S6K. Tumors that were scored as 
PTEN-negative had significantly lower levels of all the downstream activated proteins 
than tumors that did express PTEN. Higher IGF-1R protein expression correlated 
with higher p-AKT(Ser 473) and p-p70S6K expression. Hierarchical clustering of the 
different downstream-activated proteins in the PI3K and/or MAPK pathway is shown in 
Figure 1. There was no clear enrichment for any of the molecular alterations in tumors 
that express downstream activated proteins in the PI3K and /or MAPK pathway.
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CHAPTER 5 ■ PIK3CA MUTATIONS, TAMOXIFEN AND BREAST CANCER PROGNOSIS
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PIK3CA mutations, loss of PTEN and over-expression/amplification  
of HER2 and/or IGF-1R do not predict resistance to tamoxifen
Median follow-up of patients without a recurrence event is 7.8 years. The total number 
of events in the group of ERα positive patients (N=563) is 132. The number of patients 
in each treatment arm pre and post interim analysis is shown in Figure 2. When stratified 
by nodal status, the hazard ratio (HR) for tamoxifen versus control in this cohort was 0.54 
(95% confidence interval (CI) 0.36-0.83, p=0.004). Known prognostic factors were equally 
divided over the treatment arms for all PIK3CA genotypes, with the exception of lymph 
node status which can be explained by the change in randomization (Supplementary 
Table S8). In our primary analysis, patients with a tumor with either a PIK3CA exon 9 
or exon 20 mutation did not derive significant benefit from tamoxifen (HR 0.82 (95% CI 
0.22-3.04) and 0.77 (95% CI 0.25-2.36), respectively (Table 2 and Supplementary Table S9) 
However, the interaction between PIK3CA mutations and tamoxifen was not significant. In 
addition, we did not observe a significant interaction between any of the other molecular 
alterations and tamoxifen, indicating that the presence or absence of these alterations 
by itself was not associated with a significant difference in tamoxifen efficacy in our series 

Figure 1. Hierarchical clustering of the downstream-activated PI3K and/or MAPK proteins. 
Legend: Heat map representing unsupervised hierarchical clustering of tumor samples and 
corresponding downstream activated proteins in the PI3K and/or MAPK pathways from 
patients for whom the status of all five proteins were known (N=350). Patients are represented 
horizontally. Phosphorylated proteins are indicated vertically. Red represents high/any expression 
of phosphorylated protein and green represents no/low expression of phosphorylated 
protein(dichotomization was performed according to the Akaike’s information criteria28). In 
addition the presence (red) or absence (green) of different molecular alterations in the PI3K and 
or MAPK pathways are shown. (1) Defined as the presence of either a PIK3CA mutation, positive 
HER2 status or IGF-1R overexpression (IHC score 3) 
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Table 2. Adjusted hazard ratios and interaction tests between PI3K and/or MAPK molecular 
alterations and tamoxifen

Number

adjusted HR(3) for tamoxifen 
versus control

(95% confidence interval)

Adjusted 
p-value for 
interaction

PIK3CA wild type 308 0.51 (0.30-0.88)
exon 20 mutant(1) 82 0.77 (0.25-2.36) 0.51
exon 9 mutant(1) 71 0.82 (0.22-3.04) 0.51

PTEN negative 78 0.44 (0.15-1.28) 0.63
positive 348 0.58 (0.34-0.98)

HER2 negative 479 0.52 (0.33-0.80) 0.52
positive 41 0.85 (0.19-3.95)

IGF-1R low (0-2) 390 0.55 (0.33-0.91) 0.90
high (3) 38 0.60 (0.20-1.76)

any molecular alteration absent 206 0.48 (0.22-1.02) 0.36
present(2) 151 0.76 (0.38-1.53)

(1) A total of 4 tumors exhibited both exon 9 and exon 20 mutations
(2) Defined as de presence of either a PIK3CA mutation, negative PTEN status, positive HER 2 
status or high IGF-1R
(3) Covariates included age (≥ 65 versus < 65), grade (grade 3 versus grade 1-2), tumor size 
(T3-4 versus T1-T2), HER2 status (positive versus negative), and progesterone receptor status 
(positive versus negative). 

(Table 2). In addition, the composed variable indicating the presence of any of these 
molecular alterations did not show a significant interaction with tamoxifen (Table 2). 

PIK3CA mutations have no prognostic effect in patients randomized 
to the control arm. 
In patients who did not receive tamoxifen, we did not observe an association between 
either PIK3CA mutation status, HER2, IGF-1R expression or PTEN status and breast 
cancer prognosis (Table 3). 

DISCUSSION
Our results indicate that PIK3CA mutations are unlikely to have important clinical 
validity to predict adjuvant tamoxifen resistance in postmenopausal breast cancer 
patients. In addition, we have shown that the presence of a molecular alteration 
in the PI3K and/or MAPK pathway is not always associated with high expression of 
downstream-activated proteins. 

The observed frequency of PIK3CA mutations in the current study was in line with 
those reported in the literature 8,14,17. Similar to others 16,30, we observed an association 
with low tumor grade and negative HER2 status. Although others did not observe a 
significant association between PIK3CA mutations and tumor grade 6,8,31, this discordance 
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CHAPTER 5 ■ PIK3CA MUTATIONS, TAMOXIFEN AND BREAST CANCER PROGNOSIS

could be explained by the relatively small number of patients in these studies. In the 
studies from Buttitta 6 and Barbareschi 8, patients with lobular breast cancer had more 
often PIK3CA exon 9 mutated tumors compared to non-lobular breast cancer. In our 
study we did not observe such enrichment for PIK3CA exon 9 mutations in lobular breast 
cancer. An important difference between these studies and our study population is that 
we selectively analyzed ERα positive postmenopausal breast cancer patients, which are 
predominantly of low tumor grade. In the other studies 6,8, patients had younger age 
and the group of patients with non lobular breast cancer  included hormone receptor 
negative patients, which are more often high tumor grade, and are less often PIK3CA-
mutated 30. This might explain why we observed a higher frequency of PIK3CA exon 
9 mutations in non-lobular breast cancer compared to the studies from Buttita 6 and 
Barbareschi 8. Similar to the results of PIK3CA mutation analysis in almost 2000 patients 
who participated in the TEAM trial (treated with adjuvant tamoxifen and or exemestane) 32, 
we observed a positive association between PIK3CA kinase domain mutations and PgR 
status. Altogether, our data indicate that in ERα positive postmenopausal breast cancer 
patients, PIK3CA mutations are not enriched in lobular breast cancer, but associated 
with favorable prognostic factors like low grade and positive PgR status. 

In our study, we did not observe an association between PIK3CA mutations and 
activation of downstream proteins like mTOR and p70S6K. Although in vitro data have 
shown that PIK3CA mutations result in activation of the PI3K pathway 3, several studies 
have now shown that this is not necessarily the case in the clinical setting  14,33. Perez 
et al. did not find an association between PIK3CA mutations and p-AKT levels 14, while 
Loi et al. observed relatively moderate activation of the PI3K pathway in tumors with a 
PIK3CA exon 20 mutation-associated gene signature 33. In addition, in a large series of 
primary breast cancers analyzed by exome sequencing and reverse-phase protein arrays, 
PI3K pathway activation was not elevated in PIK3CA-mutated luminal A cancers 34. One 
of the explanations for this could be an AKT independent downstream signaling in 
these PIK3CA mutated tumors 35. Alternatively, relatively moderate pathway activation 

Table 3. Multivariate hazard ratios according to PI3K and/or MAPK molecular alterations in 
control patients 

N(events)
Hazard 
ratio(1)

95% confidence 
interval p-value

PIK3CA exon 9 mutant vs PIK3CA wt 111 (28) 0.49 0.11-2.25 0.36
PIK3CA exon 20 mutant vs PIK3CA wt 111 (28) 0.72 0.24-2.19 0.56
PIK3CA mutant  (exon 9 or exon 20) vs PIK3CA wt 111 (28) 0.62 0.25-1.59 0.32
IGF-1R (3 versus 0-2) 96 (27) 1.81 0.67-4.87 0.24
PTEN positive versus negative 94 (25) 0.97 0.29-3.26 0.96
HER2 positive versus negative 121 (33) 0.60 0.13-2.76 0.51

(1)For each molecular alteration, Cox proportional hazard models were performed with 
co-variables:  lymph node status, age, tumor size, grade and progesterone receptor status.  
mt=mutant, wt= wild type
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could be the result of a feedback mechanism leading to down regulation secondary 
to pathway activation. Previously it was shown that a negative feedback loop between 
mTOR/p70S6K and the IRS protein results in a reduction of the IRS protein in response 
to activation of mTOR/p70S6K, with subsequent inhibition of the PI3K pathway 36. 

In contrast, IGF-1R protein expression was significantly associated with p-p70S6K. 
Elevated IGF-1R signaling has been shown to result in activation of the PI3K and 
MAPK pathways in vitro 37.  Surprisingly, in tumors that scored negative for PTEN, 
we observed relatively low expression of downstream-activated proteins in the PI3K 
pathway. Although the robustness of PTEN antibodies have been a matter of debate, 
the reliability of the PTEN antibody we used was previously shown 38. In addition 
we have shown a significant association between PTEN immunoscoring and mRNA 
expression. Similar to our results, Perez et al 14 observed relatively low expression of 
AKT in patients whose tumor was negative for PTEN. The underlying mechanism for 
this unexpected observation remains unclear. An explanation could be that activation 
of the PI3K pathway in tumors that lack PTEN is relatively low compared to tumors that 
exhibit PI3K pathway activation due to other causes. 

Figure 2A.  Numbers per treatment group pre-interim analysis

Figure 2B. Numbers per treatment group post-interim analysis

all patients

1 year 
tamoxifen 

control

lymph node 
positive patients

lymph node 
negative patients

1 year
tamoxifen 

control

26 LN pos
35 LN neg

R1

67 LN pos
63 LN neg

R2

stop tamoxifen

+2 year tamoxifen

stop tamoxifen

+ 2year tamoxifen
68 LN pos
53 LN neg

70 LN pos
58 LN neg

early event/censoring

16 LN pos
12 LN neg

early event/censoring

21 LN pos
27 LN neg

29 LN pos
27 LN neg
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24 LN neg

51 LN pos
51 LN neg

159 LN pos

R1

138 LN neg

75 LN neg

138 LN pos
111 LN neg

R2

Figure 2. Numbers of patients per randomization group pre- and post interim analysis. Legend: 
Numbers of patients per randomization group pre-interim analysis (A) and post-interim analysis 
(B), for the total subset of 563 ERα positive patients. From 1989, based on two interim analyses 
showing a significant improvement in recurrence-free survival among lymph node positive 
patients, these node positive patients were all allocated to the tamoxifen treatment arm (i.e. 
skipped the first randomization). Numbers of lymph node negative patients are depicted in 
green. In red are depicted the numbers of lymph node positive patients. Abbreviations: LN neg: 
lymph node negative, LN pos: lymph node positive, R1: randomization 1, R2: randomization 2. 
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CHAPTER 5 ■ PIK3CA MUTATIONS, TAMOXIFEN AND BREAST CANCER PROGNOSIS

In patients randomized to the control arm, we did not observe an association 
between PIK3CA mutations, or any of the other tested molecular aberrations, and 
breast cancer prognosis, when corrected for known prognostic factors, such as the 
PgR status and histological tumor grade. The relatively low number of HER2-positive 
breast cancer patients in this series may explain the absence of a significant association 
between HER2 overexpression and breast cancer prognosis. It is well known that the 
incidence of HER2 overexpression in the Netherlands is lower than that observed 
in other countries 39. With respect to the association of IGF-1R with breast cancer 
outcome, discordant results have been published 40-44.  These conflicting results may 
be explained by heterogeneous patient populations (like difference in histological 
subtype and treatment) as well as differences in antibodies used.  The association 
between PIK3CA mutation and breast cancer prognosis has been controversial 30. 
Previously, a PIK3CA exon 20 gene signature was associated with favorable outcome 
in both tamoxifen treated patients as well as patients who did not receive adjuvant 
systemic treatment33. PIK3CA mutation status as defined with sequencing did not 
have prognostic value in this study. Several other studies have suggested a favorable 
prognosis in patients harboring PIK3CA mutations 14 8.  A preliminary analysis of 
PIK3CA mutations in patients participating in the TEAM trial did not find a significant 
association with outcome 32. In a recent meta-analysis showing a favorable clinical 
outcome in ERα positive postmenopausal breast cancer patients with PIK3CA kinase 
domain mutations, a potential favorable response to endocrine treatment was 
suggested as one of the explanations 45. Our results indicate that this is not likely to 
be true. A potential bias of these cohort studies is that the prognostic value of PIK3CA 
mutations is analyzed in breast cancer patients who all received adjuvant endocrine 
therapy. The prognosis of patients with PIK3CA mutations who have been treated with 
endocrine therapy is determined by both tumor biology and treatment effect, where 
the latter can range from substantial to no treatment effect. Hence its tumor biologic 
prognostic value cannot be deduced from such a study design. 

The observed absence of a significant interaction between PIK3CA hotspot mutations 
and tamoxifen treatment benefit in our study does not rule out a potential reduced effect 
of tamoxifen in patients carrying these hotspot mutations. Moreover we cannot exclude 
that the benefit of tamoxifen might be reduced in patients whose tumor express a rare 
mutation in the PIK3CA gene or other genes in the PI3K/AKT/mTOR pathway (like AKT1 
mutations). Considering their relatively low prevalence 34, we did not determine these 
mutations, since the power of this study to demonstrate an interaction between these 
mutations, analyzed as single markers, and tamoxifen treatment is low. For similar reasons, 
we cannot exclude a potential reduced benefit from tamoxifen in patients whose tumor 
exhibit one of the canonical pathway drivers, like loss of PTEN and over-expression of 
HER2 and/or IGF-1R. Nevertheless when a composed variable was tested, indicating 
the presence of any of these molecular alterations, again no significant interaction was 
found. We do not expect that the addition of other (rare) mutations in these analyses 
would substantially change these results. In contrast, analysis of p-p70S6K identified a 
similar amount of patients and showed a highly significant test for interaction28. In PIK3CA 
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mutated tumors that do express p-p70S6K, a reduced effect is likely, but cannot be 
demonstrated due to lack of power. A meta-analysis of these markers on tumor material 
available from randomized clinical trials of adjuvant tamoxifen versus nil (e.g. NSABP B-14 
trial 46, NATO & CRC adjuvant breast trials 47,48, and the Stockholm trial 49) might generate 
more definitive answers regarding these biomarkers. 

Considering our observations in ERα positive early breast cancer patients, it is not 
likely that PIK3CA hotspot mutation status by itself would be a suitable companion 
diagnostic predicting benefit from the putative use of PI3K/AKT/mTOR inhibitors in 
the adjuvant setting. Phase I data have shown a higher response rate for patients with 
gynecological malignancies carrying a PIK3CA mutation treated with PI3K/AKT/mTOR 
inhibitors compared to patients with wild type tumors 50. However, whether this is also 
true for ERα positive breast cancer needs to be defined in prospective randomized 
clinical trials, both in the metastatic and adjuvant setting, with these novel targeted 
agents. Our data indicate that the selection of patients for these trials should not be 
restricted to PIK3CA hotspot mutation carriers only.

CONCLUSION
Novel targeted agents inhibiting the PI3K/AKT/mTOR pathway have a promising role 
in the treatment of patients with hormone receptor positive breast cancer resistant 
to anti-estrogens as single agent. Since PIK3CA hotspot mutations frequently 
occur and are known to activate the PI3K/AKT/mTOR pathway, these mutations are 
generally considered as a potential predictive biomarker.  Our observations indicate 
that PIK3CA hotspot mutations have limited potential to predict intrinsic tamoxifen 
resistance in the adjuvant treatment of ERα-positive, postmenopausal breast cancer 
patients. Furthermore, no clear association between these mutations and activation 
of downstream proteins in the PI3K/AKT/mTOR pathway has been found in these 
patients. For identification of companion diagnostics, the focus should switch to the 
analysis of activated proteins downstream in the PI3K/AKT/mTOR pathway, which are 
associated with adjuvant tamoxifen resistance28. 

COMPETING INTERESTS
The authors declare that they have no competing interests

ACKNOWLEDGEMENTS
We would like to thank Judy Jacobse for her help with DNA isolation procedures. We 
thank Katrien Berns for carefully reading the manuscript. We thank Marcel Winter for 
performing Sequenom Mass Spectometry analysis. We thank all pathology departments 
throughout the Netherlands for submission of FFPE tumor blocks. This work was 
supported by grants from TI Pharma (project number T3-502) and from A Sister’s Hope. 

126



CHAPTER 5 ■ PIK3CA MUTATIONS, TAMOXIFEN AND BREAST CANCER PROGNOSIS

APPENDIX 1
From paraffin embedded tissue blocks, 10-μM-thick sections were cut and attached to 
microscope slides. A total of 10 slides per tumor were used for DNA isolation. Slides 
were deparaffinized in xylene, rehydrated and stained with hematoxylin. The slides 
were incubated with sodiumthiocyanate overnight. Exact tumor location was circled a 
pathologist on a HE stained slide, which was used as a template. After adding a drop 
of tissue lysis buffer, tumor tissue was scraped from the slides, added to a 1.5µl micro 
centrifuge tube containing 200µl mix of tissue lysis buffer/proteinase K. This tube 
was incubated in a thermomixer at 55˚C for 48 hours. An additional 27µl proteinase 
K (2mg/µl) was added after 24 and 36 hours. After 48 hours the tube was incubated 
at 80˚C for 10 minutes to inactivate proteinase K. After centrifuging, the supernatant 
was pipetted into a new tube. DNA was purified using a QIAquick PCR purification kit. 
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Figure S1. Membranous IGF-1R protein expression according to immunohistochemical staining 
of TMA cores from primary breast cancers compared to mRNA levels that were available from 
hybridization to a 44K oligoarray (Agilent Technologies). In total 40 cases out of 69 patients were 
evaluable for IHC. In total 6 IGF-1R probes were available, showing all similar results. The figure 
shows the data for the first IGF-1R probe (A_23_P205986). Linear by linear test was performed 
using IGF-1R mRNA levels split by quartiles. 

Figure S2. Cytoplasmic PTEN protein expression according to immunohistochemical staining 
of TMA cores from primary breast cancers compared to mRNA levels that were available from 
hybridization to a 44K oligoarray (Agilent Technologies). In total 36 cases out of 69 patients were 
evaluable for IHC. In total 3 PTEN probes were available, showing all similar results. The figure 
shows the data for the first PTEN probe (A_23_P98085)
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1200 primary tumor blocks 

collected

739 with material in TMA 

563 ERα positive 

491 (99.4%) evaluable for exon 20 (115 events)

488 (98.9%) evaluable for exon 9 (114 events) 

1662 patients entered the study

159 ERα negative  

17 no sufficient core or no invasive 
tumor on tissue slide 

494 sufficient DNA 

available 436 evaluable for PTEN  (106 events)

439 evaluable for IGF-1R  (112 events)

530 evaluable for 

HER2 (127 events)

TMA
TMA or 

whole slide 

Figure S3. Data flow

132



CHAPTER 5 ■ PIK3CA MUTATIONS, TAMOXIFEN AND BREAST CANCER PROGNOSIS

Table S3. inter-observer variability

antibody scoring system 
comparable cores 
from N patients 

weighted  
Kappa 

cutoff used for 
binary score

Kappa for 
binary score 

PTEN cytoplasmic intensity 126 0.73 (0.64-0.81) (1-3) versus 0 0.75
IGF-1R membranous intensity 107 0.71 (0.61-0.79) (0-2) versus 3 0.82

Table S1. Distribution of clinic-pathological variables between patients with sufficient tumor material for 
biomarker analysis and the total group of patients who entered the study

patients with sufficient tumor material
N (%)

total study population
N (%)

total 739 (100) 1662 (100)
age <65 378 (51) 869 (52)

≥ 65 361 (49) 793 (48)
lymph node status negative 393 53) 901 (54)

positive 346 (47) 761 (46)
T stage T 1-2 659 (89) 1482 (89)

T 3-4 80 (11) 180 (11)
ERα status(1) positive 468 (77) 1014 (77)

negative 142 (23) 311 (23)
PgR status(1) positive 224 (57) 513 (60)

negative 168 (43) 346 (40)

(1)As defined with ligand binding assay. After revision of recollected tumors, a total of 563 were ERα positive 
as assessed with immunohistochemistry

Table S2. Antibodies used for immunohistochemical assays

Protein name Clone Company Art. No.

PTEN  138G6 Cell signaling 9559
IGF-1R    G11 Roche / Ventana 790-4346

Table S4 PIK3CA primers for MassARRAY

Assay
PIK3CA
mutation position 

wild type 
nucleotide 

mutant 
nucleotide

2nd-PCR 
primer 1st-PCR primer

extension 
primer 
(UEP)

UEP 
MASS

UEP 
direction

1 exon 9 
E542K

1624 G A ACGTTGGATG 
GCAATTTCTAC 
ACGAGATCC

ACGTTGGATG 
TAGCACTTAC 
CTGTGACTCC

CACGA 
GATCCT 
CTCTCT

5081,3 F

2 exon 20 
H1047L/R

3140 A G/T ACGTTGGATG 
TCCATTTTTGT 
TGTCCAGCC

ACGTTGGATG 
AACTGAGCAA 
GAGGCTTTGG

TTGTCC 
AGCCAC 
CATGA

5130,4 R

3 exon 9 
E545K

1633 G A ACGTTGGATG 
TAGCACTTAC 
CTGTGACTCC

ACGTTGGATG 
GCAATTTCTAC 
ACGAGATCC

AGAAAA 
TCTTTCT 
CCTGCT

5737,8 R
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Table S5. Specifications of REMARK recommendations

Introduction

Marker Molecular alterations in PI3K/AKT/mTOR pathway : Hotspot mutations in PIK3CA, HER2 over-
expression/amplification, IGF-1R over-expression and loss of PTEN

Objectives To evaluate the predictive  and prognostic capacity of the different molecular alterations in PI3K/
AKT/mTOR pathway in postmenopausal breast cancer randomized between adjuvant tamoxifen 
versus control.

Hypothesis The presence of these molecular alterations have been shown to result in in vitro activation of the PI3K/
AKT/mTOR pathway, which results in endocrine resistance. We hypothesize that the presence of a 
molecular alteration in the PI3K/AKT/mTOR pathway is associated with clinical tamoxifen resistance.

Methods (1) Patients

Characteristics From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, studying the 
benefit of adjuvant tamoxifen (IKA-trial) in postmenopausal breast cancer patients.

Inclusion 
criteria

In the original study, 1662 breast cancer patients were included who were were post-menopausal, 
less than 76 years of age and had a T1–4, N0–3, M0 breast tumor. We have traced tissue blocks of 
participating patients and recollected sufficient tumor material of 739 patients, who did not differ 
in prognostic factors from the total group (Table S5).  After revision of estrogen receptor α (ERα) 
status as assessed with immunohistochemistry (IHC), a total of 563 ERα positive (≥10%) tumors 
were used for subsequent analysis.

Exclusion 
criteria

Mastitis or palpable supra- or infraclavicular lymph nodes

Treatment Patients were randomized in a 2:1 distribution between 1 year tamoxifen (30 mg per day) versus no 
adjuvant therapy. After 1 year a second randomization was performed to receive another 2 years of 
tamoxifen or to stop further treatment. From 1989, based on two interim analyses showing a significant 
improvement in recurrence free-free survival in lymph node positive patients, these node positive 
patients were all allocated to the tamoxifen treatment arm (ie skipped the first randomization).

Methods (2) Specimen characteristics

Material used Formalin-fixed paraffin-embedded (FFPE) breast tumor tissue of the primary tumor.  DNA was 
isolated from FFPE material.

Preservation/
storage

Formalin fixation and paraffin embedding. Storage at room temperature. Tumor DNA was stored at 4ºC.

Methods (3) Assay methods

Assay Genotyping for PIK3CA exon 9 (E542K and E545K) and exon 20 mutations (H1047L and H1047R) 
was performed on genomic DNA  using Sequenom mass spectrometry–based genotyping 
technology. HER2 status was assessed with a standard immunohistochemistry protocol and 
considered positive when membranous staining was DAKO score 3. In case of a DAKO score 
2, Silver in situ Hybridization was performed using ultraView SISH Detection Kit (Ventana ®) 
according to the manufacturer’s instructions and amplified cases were considered as HER2 positive. 
Immunohistochemistry for IGF-1R (Ventana anti-IGF-1R rabbit monoclonal antibody) and PTEN 
(Cell Signaling # 9559) was performed using the Ventana Benchmark® Ultra system.

Protocol PCR primers and extension primers for the various PIK3CA mutations are listed in Table 
S8. Immunohistochemical stainings were performed using a standardized protocol on the 
Ventana  Benchmark® Ultra system.  Staining protocols can be downloaded from our website: 
http://research.nki.nl/linnlab/index.htm

Control 
experiments

The specificity of the PTEN and IGF-1R antibodies was tested on a previously described series of 
metastatic breast cancer patients 21 for which we had FFPE material embedded in a TMA as well 
as Agilent 44K mRNA expression data. Results are depicted in Figure S1-2. For genotyping for 
PIK3CA mutation status control experiments were performed using PCR and capillary sequencing. 
For exon 9, a total of 349 samples could be compared between the two techniques (Sequenom mass 
spectrometry–based genotyping technology versus PCR and capillary sequencing) resulting in 91 % 
concordant results. In 8% of the cases a mutation was found with Sequenom mass spectrometry–based 
genotyping which was not detected with PCR and capillary sequencing, while in 1% of the cases a a 
mutation was found with PCR and capillary sequencing which was not detected with Sequenom mass 
spectrometry–based genotyping. For exon 20, a total of 408 samples could be compared between 
the two techniques (Sequenom mass spectrometry–based genotyping technology versus PCR and 
capillary sequencing) resulting in 96 % concordant results. In 3% of the cases a mutation was found 
with Sequenom mass spectrometry–based genotyping which was not detected with PCR and capillary 
sequencing, while in 1% of the cases a mutation was found with PCR and capillary sequencing which 
was not detected with Sequenom mass spectrometry–based genotyping.
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Table S5. Continued

Reproducibility For each immunohistochemical staining, one of the TMAs was quantified independently in a 
blinded manner by a second observer to calculate inter-observer variability. The inter-observer 
variability analyzed using the (weighted) Cohen’s kappa coefficient is depicted in Table S3

Quantification Quantification of immunohistochemical staining was performed as described in the method section 
for immunohistochemistry.

Blinding Scoring of the immunohistochemical stainings was done without  knowledge regarding both the 
recurrence-free-interval survival as well as the treatment arm at the time of scoring.  

Methods (4) Study design I

Case selection A randomized controlled trial. The translational study presented her was performed retrospectively. 
The median duration of follow-up for patients without a recurrence event was 7.8 years. Patient 
records were re-evaluated for recurrence until 2000. 

Clinical 
endpoints

The improvement of recurrence free interval (RFI) with tamoxifen versus nil was assessed according 
to the different levels of the tested drivers and downstream activated proteins as specified  below. 
RFI included local, regional, distant recurrences and breast cancer-specific death, but not contra-
lateral breast cancer, as the primary event.

Variables 
examined or 
considered

Multivariate Cox models included age (≥ 65 versus < 65), grade (grade 3 versus grade 1-2), tumor 
size (T3-4 versus T1-T2), HER2 status (positive versus negative) and progesterone status (positive 
versus negative) as covariates.

Rational for 
sample size

The sample size of the translational study is based on the amount of available tumor blocks 
containing invasive, ERα positive tumor cells, that could be recollected and a power calculation 
based on events in this group assuring that meaningful results could be deduced.

Methods (5) Statistical analysis

Statistical 
methods 
and variable 
selection 
procedure

Recurrence free interval was defined as the time from the date of first randomization until the 
occurrence of a local, regional or distant recurrence or breast cancer specific death. A secondary 
contra-lateral breast tumor was not considered as an event and these patients were censored at 
the date of this occurrence. The association of PIK3CA mutations, PTEN, HER2 and IGF-1R protein 
expression with expression of downstream activated proteins in the PI3K/AKT/mTORpathway (like 
p-AKT, p-mTOR and p-p70S6K) was evaluated using linear by linear tests. Survival curves were 
constructed using the Kaplan-Meier method. All survival analyses were stratified for nodal status.All 
p-values are based on a two-sided test. All calculations were made with Statistical Package for the 
Social Sciences (SPSS) 15.0 Inc., IL, USA.

Missing data Cases with a missing value for one of the variables were excluded from the multivariate analysis, 
with the exception of missing HER2 and PgR data for which a separate level was created

Marker 
handling  
in analysis

In our primary analysis we tested the clinical validity of these molecular alterations as single 
markers, analyzed as binary factor. Covariate adjusted Cox proportional hazard regression analyses 
were performed including an interaction variable. The following molecular alterations were tested: 
PIK3CA mutation status (exon 9 mutant versus exon 9 wild type and exon 20 mutant versus 
exon 20 wild type imputed as separate factors in one model), HER2 (positive versus negative), 
PTEN (negative versus positive) and IGF-1R (score 3 versus score 0-2). In addition, we tested the 
interaction with tamoxifen for a composed variable defined as any of these molecular alterations 
present versus no molecular alteration. 
Covariates included age (≥ 65 versus < 65), grade (grade 3 versus grade 1-2), tumor size (T3-4 
versus T1-T2), HER2 status (positive versus negative), and PgR status (positive versus negative). 
Due to multiple co-primary endpoints, the level of significance was set at 0.01. 
In addition we tested the prognostic effects of these molecular alterations in control patients using 
covariate adjusted Cox proportional hazard regression analyses.

Results (1) Data

Flow of 
patients

See Figure S3 for description of patients excluded for this translational study. See Table S1 for 
characteristics of total study patients versus the 739 patients with sufficient tumor material included 
in TMA .

Characteristics See Table 1 and Supplementary Table  S8.

Results (2) Analysis and presentation

Relation to 
standard 
prognostic 
variables

See Table 1.
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Univariate 
analysis

Data not shown

Multivariate 
analysis:

See Tables 2 and 3 and  Supplementary Table S9. Estimated effects with CIs for marker and all 
other variables in the model.

Discussion

Interpretation, 
limitations and 
implication

See discussion section

Table S6. Frequencies of specific PIK3CA mutations in exon 9 (A), exon 20 (B) and the distribution of and 
IGF-1R protein expression intensity (C) 
A.

PIK3CA exon 9 N %

wild type 412 84
exon9G1633A (E545K) 45 9
exon9G1624A  (E542K) 31 6
Total 488 100

B.

PIK3CA exon 20 N %

wild type 402 82
exon20A3140G (H1047R) 79 16
exon20A3140T (H1047L) 10 2
Total 491 100

C.

IGF-1R membranous intensity N %

0 49 11
1 120 26
2 231 53
3 39 9
Total 439 100
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Table S9. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including PIK3CA 
mutation status and interaction with tamoxifen treatment

Variable
Hazard 
Ratio(1) 95% CI p-value

Age
< 65 216(56) ref
≥ 65 241 (51) 0.88 0.59-1.31 0.53

p T-stage
T1 or T2 408 (87) ref
T3 or T4 49 (20) 1.56 0.93-2.60 0.09

Histologic grade
I-II 297 (56) ref
III 160 (51) 1.60 1.05-2.44 0.03

Progesterone receptor
negative 223 (47) ref
positive 234 (60) 1.21 0.81-1.80 0.36

HER2 status 
negative 422 (96) ref
positive 35 (11) 1.17 0.60-2.27 0.64

PIK3CA exon 9
no mutation 386 (93) ref 0.23-2.70 0.70
mutant(2) 71(14) 0.79

PIK3CA exon 20
no mutation 375 (87) ref 0.28-2.46 0.74
mutant(2) 82 (20) 0.83

Treatment 
PIK3CA wild type and control 74 (21) ref 0.30-0.88 0.02
PIK3CA wild type and tamoxifen 234 (54) 0.51
PIK3CA exon 9 mutant and control 16 (3) ref
PIK3CA exon 9 mutant and tamoxifen 55 (11) 0.82 0.22-3.04 0.77
PIK3CA exon 20 mutant and control 18 (4) ref
PIK3CA exon 20 mutant and tamoxifen 64 (16) 0.77 0.25-2.36 0.65
interaction PIK3CA (ex 9) status  X treatment 0.51
interaction PIK3CA (ex 20) status  X treatment 0.51

(1)stratified for nodal status , 
(2) 4 out of these had both exon 9 and exon 20 mutation
** Analysis based on 457 cases with 107 events
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ABSTRACT 
Introduction: The sensitivity of the estrogen receptor (ERα) to anti-estrogen therapy 
can be affected by phosphorylation events. In premenopausal breast cancer patients, 
phosphorylation of the ER at serine 118 (ERαS118-p) is predictive for benefit from 
adjuvant tamoxifen. Since ERαS118-p represents the common hallmark of different 
signaling cascades that differ in E2 dependency, the resulting effect on estrogen 
sensitivity may differ between pre- and postmenopausal patients. Phosphorylation 
of serine 167 (ERαS167-p) has been associated with favorable disease outcome, but 
whether ERαS167-p can predict tamoxifen sensitivity is currently unknown. We tested 
the predictive value of both ERαS118-p and ERαS167-p for tamoxifen benefit in 
postmenopausal breast cancer patients. 

Methods: We collected primary tumor blocks from 563 ERα positive (stage I-III) 
postmenopausal patients who had been randomized between tamoxifen (1 to 3 years) 
vs. no adjuvant therapy (IKA trial). The median follow-up of patients without a recurrence 
event was 7.8 years. Immunohistochemistry was performed on a tissue microarray 
using monoclonal antibodies for ERαS118-p and ERαS167-p. The percentage of 
positive nuclei was scored and a score of ≥ 10 % was considered as positive. Cox 
models were used to assess hazard ratios (HRs) for recurrence free interval and the 
interaction between these phosphorylations and tamoxifen treatment. 

Results: We did not find a significant interaction between either ERαS118-p (p=0.99) or 
ERαS167-p (p=0.44) and tamoxifen, indicating that the relative benefit from adjuvant 
tamoxifen in postmenopausal patients is not dependent on the presence of one of these 
phosphorylations. Both tamoxifen treated patients as well as control patients had a better 
prognosis when their tumor was positive for ERαS118-p (HR 0.60 p=0.02). Similarly, 
expression of ERαS167-p was associated with favorable prognosis (HR 0.62, p=0.02). 

Conclusions: ERαS118-p and ERαS167-p are both associated with better prognosis 
in postmenopausal breast cancer patients, but do not predict benefit from tamoxifen. 
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CHAPTER 6 ■ ESTROGEN RECEPTOR PHOSPHORYLATION AND ANTI-ESTROGEN THERAPY

BACKGROUND 
Phosphorylation of the estrogen receptor alpha (ERα) in response to either estradiol (E2) 
or additional activated growth factor pathways affect the receptor function 1. Thereby 
these phosphorylation events may influence sensitivity to endocrine therapy 2,3. In 
premenopausal breast cancer patients, phosphorylation of the ERα at serine 118 
(ERαS118-p) is predictive for benefit from adjuvant tamoxifen 4. The exact mechanism 
of this increased sensitivity is however not yet fully elucidated. Phosphorylation at 
serine 118 can be mediated by the ERK1/2 mitogen activated protein kinases (MAPK) 
in an estradiol (E2) independent manner, while cyclin-dependent protein kinase Cdk7 
mediates (E2)-induced phosphorylation of S118 5. Therefore ERαS118-p may represent 
the common hallmark of different signaling cascades that differ in E2 dependency and 
as a consequence, the ultimate effect on estrogen sensitivity may differ between pre- 
and postmenopausal patients. In postmenopausal patients, the effect of ERαS118-p 
on sensitivity to endocrine therapy is not yet clear. In series of patients that were all 
treated with endocrine therapy, the effect of phosphorylation of ERαS118 on outcome 
has been controversial. Both studies showing an association with favorable outcome 6,7 
as well as  unfavorable outcome8,9,  have been published. Since all these studies lack a 
control group that did not receive endocrine therapy, for any potential observed effect 
it cannot be distinguished whether this is due to a differential sensitivity to endocrine 
therapy or a prognostic effect 10 . 

Phosphorylation of serine 167 (ERαS167-p) is mediated by Akt 11 as well as MAPK 
and p90 S6 kinase 12. In addition, low levels of ERαS167-p can be induced by estradiol 13. 
ERαS167-p has been associated with favorable disease outcome 14,15. Previously we have 
shown that patients with p-ERK1/2 positive tumors did not benefit from tamoxifen 16. 
Whether or not the benefit from endocrine therapy can similarly be predicted by the 
phosphorylation status of ERαS118 and/or ERαS167-p is currently unclear.  Elucidating 
these effects would have important clinical consequences regarding the optimal choice 
for a biomarker that can be used to assign adjuvant therapy. 

The aim of our study is to determine the predictive and prognostic value of both 
ERαS118-p and ERαS167-p in ERα positive postmenopausal breast cancer patients that 
were been randomized between adjuvant tamoxifen versus no systemic treatment. 

METHODS 
Patients and material 
We recollected primary tumor tissue blocks from stage I-III postmenopausal breast 
cancer patients who were randomized (2:1) between 1 year tamoxifen (30 mg per 
day) versus no adjuvant therapy (IKA trial, 1982-1994) 17,18. Study data were part of the 
Oxford meta-analysis 19. After 1989, based on two interim analyses showing a significant 
improvement in recurrence free survival in lymph node positive patients, node positive 
patients in this trial skipped the first randomization and all received 1 year of tamoxifen. 
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After 1 year a second randomization was performed to receive another 2 years of 
tamoxifen or to stop further treatment. In total 1662 patients were included. None of 
these patients received adjuvant chemotherapy. The patient characteristics and clinical 
outcome of the original study group (1662 patients) have been presented elsewhere 18.

Sufficient tumor material was available for 739 patients, who did not differ in 
prognostic factors from the total group (Table S1). After revision of ERα status as 
assessed with immunohistochemistry (IHC), a total of 563 ERα-positive tumors were 
used for subsequent analysis. We used a cutoff of ≥ 10% of positive tumor cells for 
ERα positivity, since this is common practice in The Netherlands and in addition this 
would avoid the potential inclusion of basal like tumors 20 in our analysis. The original 
trial was approved by the central ethics committee of the Netherlands Cancer Institute 
and informed consent was obtained from all study participants. For this retrospective 
translational study, no additional consent was required according to Dutch legislation 21, 
since the use of archival pathology left-over material does not interfere with patient 
care. Tumor tissue was handled according to the Dutch code of conduct for dealing 
responsibly with human tissue in the context of health research 22.

Immunohistochemistry 
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded 
(FFPE) tumor blocks. The TMAs were stained for ERα, progesterone (PgR) and HER2 
using standard diagnostic antibodies and staining protocols. ERα and PgR were 
considered positive when ≥ 10% of invasive cells showed nuclear reactivity. HER2 was 
considered positive when membranous staining was DAKO score 3. In case of a DAKO 
score 2, chromogenic in situ hybridization was performed.  In addition the TMAs were 
stained for ERα phosphorylation at serine 118 (Cell Signaling # 2511) and serine 167 
(Cell signaling #5587).  Since the MAPK pathway is one of the common drivers of 
both these phoshorylation events, we also stained the TMAs for phospho-p44/42 
MAPK (ERK1/2) (Thr202/Tyr204) (Cell Signaling # 4370) as previously described16.  The 
ERαS118-p and ERαS167-p stainings were performed using a standardized protocol on 
the Ventana Benchmark® Ultra system. To ensure phospho-specificity of the ERαS118-p 
and ERαS167-p antibodies, for each antibody a test TMA containing positive cores was 
dephosphorylated by λ-phosphatase before staining, resulting in no detection of the 
phospho-protein (Figure S1).  For both ERαS118-p and ERαS167-p, the proportion of 
invasive tumor cells with positive nuclei was scored. Scorings were performed blinded 
to pathologic and clinical data. The maximum score of 3 cores per tumor was used 
for analysis. Similar to scoring of the estrogen receptor, a maximum score of ≥ 10 % 
was considered as positive. One of the TMAs was assessed by a second observer. For 
ERαS167-p, 61 tumors could be compared between the two observers and applying 
the cutoff of 10%, this resulted in a kappa of 0.83. For ERαS118-p the exact scores of 
56 tumors could be compared between the two observers and applying the cutoff of 
10%, this resulted in a kappa of 0.68. Tumor grade was scored on a hematoxylin-eosin 
(HE) stained slide using the modified Bloom-Richardson score 23. 
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Statistics
Recurrence free interval (RFI) was taken as the time from the date of (first) randomization 
until the occurrence of a local, regional or distant recurrence or breast cancer specific 
death 24. A secondary contra-lateral breast tumor was not considered as an event and 
these patients were censored at the date of this occurrence (table S2). The median 
duration of follow-up for patients without a recurrence event was 7.8 years. In the 
subset of 563 ER positive patients, the adjusted HR (tamoxifen versus control) for 
recurrence free interval was 0.5 (95% CI 0.3-0.8, p=0.002) stratified by nodal status. 
The distribution of clinico-pathological characteristics by the presence or absence of 
ERαS118-p and ERαS167-p was evaluated using Chi-square tests. The association 
between ERαS118-p and ERαS167-p and p-ERK1/2 was also tested using Chi-square 
tests. In addition we compared the association between p-ERK1/2 and different levels 
of ERαS118-p and ERαS167-p using Chi-square tests for trend.

Survival curves were constructed using the Kaplan Meier method and compared 
using log-rank tests. To determine whether the benefit from tamoxifen was different 
in patients with tumors that express ERα phoshorylation, compared to the benefit 
from tamoxifen in patients with tumors without ERα phoshorylation, multivariate Cox 
proportional hazard regression models were constructed with an interaction test 
between treatment and ERα phoshorylation. ERαS118-p (positive versus negative) 
and ERαS167-p (positive versus negative) were analyzed in separate models.  In 
exploratory analyses, we tested the interaction between tamoxifen and these ERα 
phosphorylation sites analyzed as continuous linear factor and as binary factor using 
the median expression level as cutoff. Other co-variables in these models included 
age (≥ 65 versus < 65), grade (grade 3 versus grade 1-2), tumor size (T3-4 versus 
T1-T2), HER2 status (positive versus negative), progesterone status (positive versus 
negative) and level of ERα expression (≤75% versus >75%). Since only a small part (4%) 
of ERα positive tumors had an ERα score below 50%, we did not use this commonly 
used cutoff for dichotomization. To account for the change in randomization of node 
positive patients, all survival analyses are stratified by nodal status. No adjustments for 
multiple testing were performed. This study complied with reporting recommendations 
for tumor marker prognostic studies (REMARK) criteria 25 outlined in table S3. 

RESULTS 
Study population and ERα phosphorylation 
Sufficient invasive tumor material on the TMA for assessment of ERαS118-p and 
ERαS167-p was available for 429 and 465 patients respectively. A total of 323 (75%) 
tumors had an ERαS118-p score of 10% or more. For ERαS167-p a total of 282 (61%) 
scored positive. The distribution of scores for both phosphorylation sites and the 
association between both phosphorylations are depicted in Figure S2-3.  ERαS118-p and 
ERαS167-p were highly correlated (p<0.001). The association of both phosphorylation 
sites with known prognostic variables as well as pERK1/2 is shown in table 1. ERαS118-p 
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as well as ERαS167-p positive tumors were more often PgR positive and were associated 
with higher ERα levels. Both the presence of ERαS118-p as well as ERαS167-p was 
significantly associated with positive p-ERK1/2 staining. Considering the binominal 
distribution of both ERαS118-p and ERαS167-p levels in tumors that were positive 
for these ERα phosphorylation sites (Figure S2), we analyzed the association between 
p-ERK1/2 and 3 different levels of these phosphorylations (0-9% versus 10-50% and 
more than 50%)  Predominantly those tumors with higher levels of ERαS118-p and 
ERαS167-p were likely to be ERK1/2 positive (Table S4a and b). 

Association of ERα phosphorylation and benefit from tamoxifen 
We did not find a significant interaction between ERαS118-p and treatment 
(unadjusted and adjusted p for interaction=0.99) (table S5). This indicates that the 
benefit from tamoxifen is not significantly different in patients with an ERαS118-p 
positive tumor (HR 0.56, 95% confidence interval 0.31-0.99) compared to patients with 
an ERαS118-p negative tumor (HR 0.56, 95% confidence interval 0.25-1.27). Similarly, 

Table 1. Distribution of ERαS118-p and ERαS167-p according to clinico-pathological variables.

ERαS118-p ERαS167-p

0-9 %
N (%)

10-100%
N (%)  p-value1

0-9 %
N (%)

10-100%
N (%)   p-value1

  total 106 (25) 323 (75) 183(39) 282(61)
age < 65 50 (47) 158 (49) 0.76 91 (50) 125 (44) 0.25
  ≥ 65 56 (53) 165 (51)   92 (50) 157 (56)  
lymph node status negative 48 (45) 178 (55) 0.08 97 (53) 158 (56) 0.52
  positive 58 (55) 145 (45)   86 (47) 124 (44)  
T stage T1-2 93 (88) 288 (89) 0.69 161 (88) 249 (88) 0.92
  T3-4 13 (12) 35 (11)   22 (12) 33 (12)  
grade grade 1-2 62 (58) 204 (63) 0.39 121 (66) 181 (64) 0.67
  grade 3 44 (42) 119 (37)   62 ( 34) 101 (36)  
PgR negative 60 (57) 147 (46) 0.04 99 (55) 124 (44) 0.03
  positive 45 (43) 175 (54)   82 (45) 156 (56)  
Her2 negative 93 (92) 286 (91) 0.83 155 (92) 248 (92) 0.96
  positive 8 (8) 27 (9)   14 (8) 22 (8)  
ERαS167-p negative 88 (88) 69 (22) <0.001 na na  
  positive 12 (12) 244 (78)   na na  
ERαS118-p negative na na   88 (56) 12 (5) <0.001
  positive na na   69 (44) 244 (95)  
ER alpha level ≤ 75% 28 (26) 33 (10) <0.001 42 (23) 21 (7) <0.001
  > 75% 78 (74) 290 (90)   141(77) 261 (93)  
p-ERK1/2 negative 70(77) 92(32) <0.001 107 (70) 60 (25) <0.001

positive 21(23) 192(68) 45 (30) 183 (75) 

1 Chi-square test
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when ERαS118-p was analyzed as continuous linear factor or as binary factor using the 
median expression level (30%) as cutoff, a significant interaction with treatment was 
not observed (p for interaction 0.52 and 0.47 respectively). 

In addition we did not find an interaction between ERαS167-p and treatment 
(unadjusted p for interaction = 0.56. adjusted p for interaction =0.44) (table S6). 
The effect of tamoxifen in patients with an ERαS167-p positive tumor (HR 0.59, 95% 
confidence interval 0.32-1.08) is thus not significantly different from those with an 
ERαS167-p negative tumor (HR 0.41, 95% confidence interval 0.20-0.84). Also, 
when ERαS167-p was analyzed as continuous linear factor or as binary factor using 
the median expression level (20%) as cutoff, the interaction with treatment was not 
significant (p for interaction 0.44 and 0.09 respectively).

Considering the association between both phosphorylation events and pERK1/2 
and the fact that we previously observed that patients with p-ERK1/2 positive tumor did 
not benefit from tamoxifen, we analyzed the effect of tamoxifen in subgroups defined 
by these phosphorylations and p-ERK1/2. In patients with whose tumor was p-ERK1/2 
negative, both the patients whose tumor that was ERαS118-p positive as well as patients 
whose tumor was ERαS118-p negative benefitted from tamoxifen. However in patients 
whose tumor was p-ERK1/2 positive, both patients who were ERαS118-p positive and 
negative did not benefit from tamoxifen (table S7). Similarly, in patients with whose tumor 
was p-ERK1/2 negative, both the patients whose tumor that was ERαS167-p positive as 
well as patients whose tumor was ERαS167-p negative benefitted from tamoxifen, while 
lack of benefit was observed if the tumor was p-ERK1/2 positive (table S8).

Association of ERα phosphorylation and breast cancer prognosis 
We analyzed the prognostic effect of these markers combining both tamoxifen 
untreated and tamoxifen treated patients and corrected for treatment in a multivariate 
model. Both the presence of ERαS118-p (HR 0.60 p=0.02) and ERαS167-p (HR 0.62, 
p=0.02) were significantly associated with favorable prognosis (Figures 1 and S4-5 and 
table 2). In addition we performed a sensitivity analysis by analyzing the prognostic 
effect of the phosphorylation events in tamoxifen treated and control patients 
separately. Both in tamoxifen treated patients as well as in control patients, those 
patients with a tumor that is positive for ERαS118-p had better outcome than those 
with a tumor that was negative for ERαS118-p (adjusted HR 0.57 (p=0.02) and HR 0.48 
(p=0.15) respectively (Figure S4A-S5A and tables S9A-S10A). Similar results were seen 
for ERαS167-p (adjusted HR in tamoxifen treated patients 0.65 (p=0.06) and in control 
patients HR 0.29 (p=0.01)) (Figures S4B-S5B and tables S9B-10B). 

CONCLUSION & DISCUSSION
Our data show that in ERα positive postmenopausal breast cancer patients, those 
patients whose tumors have phosphorylated ERα at serine 118 or serine 167 have a 
favorable prognosis, independent of adjuvant endocrine therapy. 

147



Although others have previously reported favorable outcome for endocrine 
treated patients with tumors that express these phosphorylations 7,14, we are the first 
who analyzed this is the context of a randomized clinical trial, enabling to discern 
prediction from prognosis. Conclusions about drug sensitivity that are drawn from 
analysis of a marker in a consecutive series of patients that are treated with the drug 
can be erroneous, since the marker may have unknown prognostic value.  We now 
show that the sensitivity for tamoxifen in postmenopausal patients cannot be predicted 
by the presence of these ERα phosphorylations. 

Previously we have shown in premenopausal patients that only those patients 
whose tumor expressed ERαS118-p benefitted from tamoxifen 4. Considering the 
different signaling cascades that can lead to phosphorylation of ERαS118-p, one could 
hypothesize that the E2/CDK7 induced ERαS118 phosphorylation is more prominent 
in premenopausal patients, while in postmenopausal patients, when estradiol levels 
greatly decrease, an observed ERαS118 phosphorylation will be most likely the result of 
MAPK activation. Indeed phosphorylation of ERαS118 in postmenopausal breast cancer 
patients was highly significantly associated with a positive p-ERK1/2 staining. However 
in patients whose tumor was p-ERK1/2 positive, the tamoxifen treatment effect did 
not differ between those patients with a ERαS118-p positive tumor and those with a 
ERαS118-p negative tumor. Thereby a positive ERαS118-p -p staining in postmenopausal 
patients is likely to be predominantly the result of MAPK pathway activation, which 
renders the cell growth independent of the ERα. In contrast, a positive ERαS118-p 
staining in premenopausal patients could be predominantly induced by estradiol and 
thereby reflect an active ER signaling, which results in sensitivity to anti-estrogens. 

The mechanism that leads to the favorable prognosis of patients whose tumor 
is positive for ERαS118-p or ERαS167-p is currently unclear. Previously, it has been 
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Figure 1. Kaplan Meier curve for recurrence free interval according to ERαS118-p (A) and 
ERαS167-p (B) in all ERα positive patients.  
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suggested that ERα S118-p is an indicator of an intact ligand dependent ERα pathway7. 
It could therefore be proposed that this phosphorylation event is a marker for active 
ERα signaling and might therefore result in favorable outcome, similar to other markers 
of intact ERα signaling like PgR expression 26. However, the prognostic value of these 
ERα phosphorylations was independent of PgR status and ERα levels. In addition, 
as previously discussed, the observed ERαS118 phosphorylation in postmenopausal 
patients is more likely to be induced by MAPK. In a series of predominantly 
postmenopausal patients, a highly significant association between both p-MAPK and 
p-90RSK and phosphorylation of ERαS118 and ERαS167 was shown14. MAPK pathway 
activation has previously been associated with longer disease free survival 14,27,28. 
Likhite at all 13 studied the functional consequences of MAPK and AKT induced ERα 

Table 2. Multivariate Cox proportional hazard models for recurrence free interval including 
ERαS118-p (A) and ERαS167-p (B). 
Table 2A. Multivariate Cox proportional hazard model of recurrence free interval including 
ERαS118-p in all ERα positive patients. 

Variable Hazard Ratio1 95% CI p-value

Age
< 65 1.00
≥ 65 0.91 0.62-1.34 0.63

p T-stage
T1 or T2 1.00
T3 or T4 1.56 0.93 – 2.61 0.09

Histologic grade
I-II 1.00
III 1.41 0.93-2.15 0.11

Progesterone receptor
negative 1.00
positive 1.24 0.82 – 1.86 0.31

HER2 status 
negative 1.00
positive 1.31 0.68– 2.53 0.43

ERα protein expression
Low (10-75%) 1.00
High (>75%) 1.37 0.75-2.50 0.31

ERαS118-p
negative (0-9%) 1.00
positive (10-100%) 0.60 0.40-0.91 0.02

Treatment 
control 1.00
tamoxifen
control no CYP2C19*2 tamoxifen

0.56 0.34-0.91 0.02

Analysis based on 418 patients and 105 events
1Stratified for nodal status
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phosphorylations. In the absence of estradiol, MAPK phosphorylated ERα resulted 
in reduced affinity for estrogen responsive elements compared to unphosphorylated 
ERα. Moreover they showed an increased recruitment of steroid receptor coactivator 3 
(AIB1) receptor interaction domain to the DNA-bound receptor. High AIB1 expression 
has previously been associated with better prognosis in postmenopausal patients 29. 
Although these correlative data do support the favorable prognosis of patients with 
(MAPK induced) ERα phosphorylation, the exact mechanism remains unclear. 

In conclusion, ERαS118-p and ERαS167-p are both associated with better prognosis 
in postmenopausal breast cancer patients, but did not predict benefit from tamoxifen 
in this series. Differences in underlying signaling cascades, with a predominance of 
MAPK induced ERαS118 phosphorylation in postmenopausal patients, may explain 
the differences with results observed in premenopausal patients. 

Table 2B. Multivariate Cox proportional hazard model of recurrence free interval including 
ERαS167-p in all ERα positive patients. 

Variable Hazard Ratio1 95% CI p-value

Age
< 65 1.00
≥ 65 0.95 0.65-1.40 0.81

p T-stage
T1 or T2 1.00
T3 or T4 1.64 1.00 – 2.69 0.05

Histologic grade
I-II 1.00
III 1.45    0.95-2.20 0.08

Progesterone receptor
negative 1.00
positive 1.19 0.79 – 1.78 0.41

HER2 status 
negative 1.00
positive 1.13 0.58– 2.23 0.72

ERα protein expression
Low (10-75%) 1.00 0.76-2.54 0.28
High (>75%) 1.40

ERαS167-p
negative (0-9%) 1.00
positive (10-100%) 0.62 0.42-0.92 0.02

Treatment 
control 1.00
tamoxifen
control no CYP2C19*2 tamoxifen

0.51 0.32-0.82 0.005

Analysis based on 447 patients and 107 events
1Stratified for nodal status
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Figure S1. Phospho-specificity of the antibodies used: ERαS167-p without λ-phosphatase 
(left) and ERαS167-p with λ-phosphatase (right) ERαS118-p without λ-phosphatase (left) and 
ERαS118-p with λ-phosphatase (right)
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Figure S2. Distribution of scores for ERαS118-p (left panel) and ERαS167-p (right panel)

Figure S3. The association between ERαS118-p (y-axis) and ERαS167-p (x-axis) 
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Figure S4. Kaplan Meier curve for recurrence free interval according to ERαS118-p (A) and 
ERαS167-p (B) in tamoxifen treated patients. 

Figure S5. Kaplan Meier curve for recurrence free interval according to ERαS118-p (A) and 
ERαS167-p (B) in control patients. 
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Table S2. Overview of events in 563 ER positive patients

event total number (%) first event (%)

Loco (regional) recurrence 25 (4) 21(4)
Distant metastasis 125(22) 110(20)
Secondary contra-lateral breast cancer* 23 (4) 21(4)*
Breast cancer specific death 87(15) 1(0)

*were censored in RFI analysis

Table S1. Comparison between patients from whom primary tumor blocks with sufficient tumor material for 
biomarker analysis was recollected and the total study population

patients with sufficient  tumor material
N (%)

total study population
N (%) p-value

total 739 (100) 1662 (100)
age <65 378 (51) 869 (52) 0.59

≥ 65 361 (49) 793 (48)
lymph node neg 393 53) 901 (54) 0.61

pos 346 (47) 761 (46)
T stage T 1-2 659 (89) 1482 (89) 0.99

T 3-4 80 (11) 180 (11)
ER* status pos 468 (77) 1014 (77) 0.87

neg 142 (23) 311 (23)
PR* status pos 224 (57) 513 (60) 0.31

neg 168 (43) 346 (40)

*As defined with ligand binding assay. After revision of recollected tumors, a total of 563 were ER positive 
as assessed with immunohistochemistry

Table S3. Specifications of REMARK recommendations

Introduction

Marker Phosphorylation of the estrogen receptor at serine118 (ERαS118-p) and serine 167 
(ERαS167-p).

Objectives To evaluate the predictive and prognostic capacity of ERαS118-p and with regard to the 
benefit from adjuvant tamoxifen  in postmenopausal breast cancer patients. 

Hypothesis The sensitivity of the estrogen receptor (ERα) to anti-estrogen therapy can be affected 
by phosphorylation events. In premenopausal breast cancer patients, phosphorylation of 
the ER at serine 118 (ERαS118-p) is predictive for benefit from adjuvant tamoxifen.  Since 
ERαS118 phosphorylation represents the common hallmark of different signaling cascades 
that differ in E2 dependency, the resulting effect on estrogen sensitivity may differ between 
pre- and postmenopausal patients. Phosphorylation of serine 167 (ERαS167-p) has been 
associated with favorable disease outcome, but whether ERαS167-p can predict tamoxifen 
sensitivity is currently unknown. We tested the predictive and prognostic value of both 
ERαS118-p and ERαS167-p for tamoxifen benefit in postmenopausal breast cancer patients. 

Methods (1) Patients

Characteristics From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, studying 
the benefit of adjuvant tamoxifen (IKA-trial) in postmenopausal breast cancer patients.

Inclusion 
criteria

In the original study, 1662 breast cancer patients were included who were were post-
menopausal, less than 76 years of age and had a T1–4, N0–3, M0 breast tumor. Primary tumor 
blocks were recollected and after revision for the presence of invasive tumor cells and positive 
ER status (≥10%), tumor material of 563 patients was used for this translational study.

Exclusion 
criteria

Mastitis or palpable supra- or infraclavicular lymph nodes
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Table S3. Continued

Treatment Patients were randomized in a 2:1 distribution between 1 year tamoxifen (30 mg per day) versus 
no adjuvant therapy. After 1 year a second randomization was performed in the tamoxifen 
arm, to receive another 2 years of tamoxifen or to stop further treatment. From 1989, based 
on two interim analyses showing a significant improvement in recurrence free-free survival in 
lymph node positive patients, these node positive patients were all allocated to the tamoxifen 
treatment arm (ie skipped the first randomization).

Methods (2) Specimen characteristics

Material used Formalin-fixed paraffin-embedded (FFPE) breast tumor tissue of the primary tumor.  DNA 
was isolated from FFPE material. No control samples were used

Preservation/
storage

Formalin fixation and paraffin embedding. Storage at room temperature. Tumor DNA was 
stored at 4ºC.

Methods (3) Assay methods

Assay Immunohistochemistry for ERαS118-p and ERαS167-p
Protocol TMAs were stained for ER phosphorylation at serine 118 (Cell Signaling # 2511) and serine 

167 (Cell signaling #5587).  These stainings were performed using a standardized protocol 
on the Ventana Benchmark® Ultra system.

Control 
experiments

To ensure phospho-specificity of the ERαS118-p and ERαS167-p antibodies, for each 
antibody a test TMA containing positive cores was dephosphorylated by λ-phosphatase 
before staining, resulting in no detection of the phospho-protein (Figure S ..). Wil be 
provided by MARK

Reproducibility To ensure phospho-specificity of the ERαS118-p and ERαS167-p antibodies, for each 
antibody a test TMA containing positive cores was dephosphorylated by λ-phosphatase 
before staining, resulting in no detection of the phospho-protein (Figure S ..). Wil be 
provided by MARK

Quantification For both ERαS118-p and ERαS167-p, the proportion of invasive tumor cells with positive 
nuclei was scored. The maximum score of 3 cores per tumor was used for analysis. A 
maximum score of ≥ 10 % was considered as positive

Blinding Scoring  were performed without  knowledge regarding both the recurrence-free-interval 
survival as well as the treatment arm at the time of scoring.  

Methods (4) Study design I

Case selection A randomized controlled trial. The translational study presented her was performed 
retrospectively. The median duration of follow-up for patients without a recurrence event 
was 7.8 years. Patient records were re-evaluated for recurrence until 2000. 

Clinical 
endpoints

The improvement of recurrence free interval (RFI) with tamoxifen versus no nil was assessed 
according to the presence or absence of ERαS118-p and ERαS167-p. RFI included local, 
regional, distant recurrences and breast cancer-specific death, but not contra-lateral breast 
cancer, as the primary event.

Variables 
examined or 
considered

Multivariate Cox models were included age (≥ 65 versus < 65), grade (grade 3 versus grade 1-2), 
tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative), and progesterone status 
(positive versus negative) and level of ERα expression (≤75% versus >75%) as covariates.

Rational for 
sample size

The sample size of the translational study is based on the amount of available tumor blocks 
containing invasive, ER positive tumor cells, that could be recollected.

Methods (5) Statistical analysis

Statistical 
methods 
and variable 
selection 
procedure

The distribution of clinico-pathological characteristics by the presence or absence of ERαS118-p 
and ERαS167-p was evaluated using Chi-square tests. Survival curves were constructed using 
the Kaplan Meier method and compared using log-rank tests. To determine whether the 
benefit from tamoxifen was different in patients with tumors that express either ERαS118-p 
or ERαS167-p compared to the benefit from tamoxifen in patients with tumors without these 
phosphorylation, multivariate Cox proportional hazard regression models were constructed with 
an interaction between treatment and either ERαS118-p (positive versus negative) or ERαS167-p 
(positive versus negative). To account for the change in randomization of node positive patients, 
all survival analyses are stratified by nodal status. All p-values are based on a two-sided test. All 
calculations were made with Statistical Package for the Social Sciences (SPSS) 15.0 Inc., IL, USA.

Missing data Cases with a missing value for one of the variables were excluded from the multivariate analysis.
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Table S3. Continued

Marker 
handling  
in analysis

The following subgroups were compared to detect a difference in tamoxifen effect :  
ERαS118-p (positive versus negative) and ERαS167-p (positive versus negative).

Results (1) Data

Flow of 
patients

See Figure S1 for description of patients excluded for this translational study. See Table 
S1 for characteristics of total study patients versus the 739 patients with sufficient tumor 
material included in TMA .

Characteristics See Table 1.

Results (2) Analysis and presentation

Relation to 
standard 
prognostic 
variables

See Table 1 .

Univariate 
analysis

All presented HRs are multivariate tested

Multivariate 
analysis:

See table 2 and S 5-10. Estimated effects with CIs for marker and all other variables in the model.

Discussion

Interpretation, 
limitations and 
implication

See discussion section

Table S4. Association between p-ERK1/2 and levels of ERαS118-p(A) and ERαS167-p (B) 
A

 

ERαS118-p

p-value1 
0-9%
N (%)

10-50%
N (%)

> 50%
N (%)

p-ERK1/2 negative 70 (77)) 68 (49) 24 (17) p<0.001
positive 21 (23) 72 (51) 120 (83)

1Chi-square test for trend

B

 

ERαS167-p

p-value1 
0-9%
N (%)

10-50%
N (%)

> 50%
N (%)

p-ERK1/2 negative 107 (70) 44 (33) 16 (14) p<0.001
positive 45 (30) 88 (67) 95 (86)

1Chi-square test for trend
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Table S5. Multivariate Cox proportional hazard model of recurrence free interval including ERαS118-p and 
treatment interaction 

Variable Hazard Ratio 95% CI p-value

Age
< 65 1.00
≥ 65 0.91 0.62-1.34 0.63

p T-stage
T1 or T2 1.00
T3 or T4 1.56 0.93 – 2.61 0.09

Histologic grade
I-II 1.00
III 1.41 0.93-2.15 0.11

Progesterone receptor
negative 1.00
positive 1.24 0.82 – 1.86 0.31

HER2 status 
negative 1.00
positive 1.31 0.68– 2.54 0.43

ERα protein expression
Low (10-75%) 1.00
High (>75%) 1.34 0.74-2.51 0.31

ERαS118-p
negative (0-9%) 1.00
positive (10-100%) 0.61 0.26-1.42 0.25

Treatment 
ERαS118-p negative and control 1.00
ERαS118-p negative and tamoxifen control no CYP2C19*2 tamoxifen 0.56 0.25-1.27 0.17
ERαS118-p positive and control 1.00
ERαS118-p positive and tamoxifen 0.56 0.31-0.99 0.05
Interaction  ERαS118-p X treatment 0.99

Analysis based on 418 patients with 105 events;  1stratified for nodal status

Table S6. Multivariate Cox proportional hazard model of recurrence free interval including ERαS167-p and 
treatment interaction 

Variable Hazard Ratio1 95% CI p-value

Age
< 65 1.00
≥ 65 0.95 0.65-1.39 0.79

p T-stage
T1 or T2 1.00
T3 or T4 1.65 1.00 – 2.71 0.05

Histologic grade
I-II 1.00
III 1.44     1.10-2.48 0.02

Progesterone receptor
negative 1.00
positive 1.25 0.95 – 2.18 0.09

HER2 status 
negative 1.00
positive 1.13 0.58– 2.23 0.72

ERα protein expression
Low (10-75%) 1.00
High (>75%) 1.39 0.76-2.53 0.28

ERαS167-p
negative (0-9%) 1.00
positive (10-100%) 0.48 0.22-1.03 0.06

Treatment 
ERαS167-p negative and control 1.00
ERαS167-p negative and tamoxifen control no CYP2C19*2 tamoxifen 0.41 0.20-0.84 0.01
ERαS167-p positive and control 1.00
ERαS167-p positive and tamoxifen 0.59 0.32-1.08 0.08
Interaction  ERαS167-p X treatment 0.44

Analyses based on 447 patients with 107 events; 1Stratified for nodal status
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Table S7. Multivariate Cox proportional hazard model of recurrence free interval including tamoxifen treatment 
in subgroups defined by ERαS118-p and pERK1/2

Variable Hazard Ratio1 95% CI p-value

Age (≥ 65 versus < 65) 0.95 0.62-1.45 0.82
pT-stage (T3-4 versus T1-2) 1.61 0.92 – 2.81 0.09
Histologic grade (gr III versus gr I-II) 1.43 1.90 - 2.27 0.13
PgR (positive versus negative) 1.25 0.80 – 1.97 0.33
HER2 status (positive versus negative) 1.36 0.68- 2.70 0.38
ERα (high (>75%) versus low (10-75%) 1.60 0.78 - 3.26 0.20
ERαS118-p (positive versus negative) 0.70 0.26-1.85 0.47
p-ERK1/2(positive versus negative) 0.45 0.16-1.23 0.12
Treatment (tamoxifen versus control)

ERαS118-p(-)/p-ERK1/2(-) 0.36 0.14-0.93 0.03
ERαS118-p(-)/p-ERK1/2(+) 1.47 0.36-5.95 0.59
ERαS118-p(+)/p-ERK1/2(-) 0.30 0.12-0.74 0.01
ERαS118-p(+)/p-ERK1/2(+) 0.95 0.39-2.32 0.90

Analyses based on 367 patients with 90 events
1Stratified for nodal status

Table S8. Multivariate Cox proportional hazard model of recurrence free interval including tamoxifen treatment 
in subgroups defined by ERαS167-p and pERK1/2

Variable Hazard Ratio1 95% CI p-value

Age (≥ 65 versus < 65) 0.96 0.63 - 1.47 0.86
pT-stage (T3-4 versus T1-2) 1.69 0.98 - 2.92 0.06
Histologic grade (gr III versus gr I-II) 1.67 1.06 - 2.65 0.03
PgR (positive versus negative) 1.33 0.85 – 2.09 0.21
HER2 status (positive versus negative) 1.14 0.56- 2.30 0.72
ERα (high (>75%) versus low (10-75%) 1.66 0.83 - 3.32 0.15
ERαS167-p (positive versus negative) 0.64 0.25 - 1.69 0.37
p-ERK1/2 (positive versus negative) 0.47 0.17 - 1.33 0.15
Treatment (tamoxifen versus control)

ERαS167-p(-)/p-ERK1/2(-) 0.31 0.13-0.75 0.01
ERαS167-p(-)/p-ERK1/2(+) 0.99 0.26-3.78 0.99
ERαS167-p(+)/p-ERK1/2(-) 0.31 0.11-0.89 0.03
ERαS167-p(+)/p-ERK1/2(+) 0.86 0.35-2.12 0.74

Analyses based on 385 patients with 90 events
1Stratified for nodal status
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Table S9A. Multivariate Cox proportional hazard model of recurrence free interval including ERαS118-p in 
adjuvant tamoxifen treated patients

Variable Hazard Ratio1 95% CI p-value

Age
< 65 1.00
≥ 65 0.90 0.57-1.40 0.63

p T-stage
T1 or T2 1.00
T3 or T4 1.26 0.67 – 2.30 0.46

Histologic grade
I-II 1.00
III 1.43 0.88 - 2.32 0.15

Progesterone receptor
negative 1.00
positive 1.24 0.78 – 1.98 0.36

HER2 status 
negative 1.00
positive 1.58 0.80– 3.16 0.19

ERα protein expression
Low (10-75%) 1.00
High (>75%) 1.42 0.68 – 2.98 0.39

ERαS118-p
negative (0-9%) 1.00
positive (10-100%) 0.57 0.35-0.92 0.02

Analysis based on 327 patients with 80 events
1stratified for nodal status

Table S9B. Multivariate Cox proportional hazard model of recurrence free interval including ERαS167-p in 
adjuvant tamoxifen treated patients

Variable Hazard Ratio1 95% CI p-value

Age
< 65 1.00
≥ 65 1.06 0.68-1.66 0.80

p T-stage
T1 or T2 1.00
T3 or T4 1.46 0.81 – 2.62 0.20

Histologic grade
I-II 1.00
III 1.47 0.90-2.39 0.12

Progesterone receptor
negative 1.00
positive 1.13 0.71 – 1.79 0.62

HER2 status 
negative 1.00
positive 1.29 0.64– 2.60 0.49

ERα protein expression
Low (10-75%) 1.00 0.71-3.18 0.29
High (>75%) 1.50

ERαS167-p
negative (0-9%) 1.00
positive (10-100%) 0.65 0.41-1.02 0.06

Analysis based on 344 patients with 79 events 
1stratified for nodal status
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Table S10A. Multivariate Cox proportional hazard model of recurrence free interval including ERαS118-p in 
patients who did not receive adjuvant tamoxifen 

Variable1 Hazard Ratio2 95% CI p-value

Age
< 65 1.00
≥ 65 0.86 0.40 - 1.99 0.73

p T-stage
T1 or T2 1.00
T3 or T4 2.78 0.97 – 7.98 0.06

Histologic grade
I-II 1.00
III 1.06 0.40 – 2.83 0.91

Progesterone receptor
negative 1.00
positive 1.30 0.52 – 3.30 0.58

ERα protein expression
Low (10-75%) 1.00 0.51-5.99 0.37
High (>75%) 1.75

ERαS118-p
negative (0-9%) 1.00
positive (10-100%) 0.48 0.18-1.30 0.15

Analysis based on 91 patients with 25 events 
1HER2 was left out of analysis due to low numbers
2stratified for nodal status

Table S10B. Multivariate Cox proportional hazard model of recurrence free interval including ERαS167-p in 
patients who did not receive adjuvant tamoxifen 

Variable Hazard Ratio 95% CI p-value

Age
< 65 1.00
≥ 65 0.60 0.27-1.30 0.19

p T-stage
T1 or T2 1.00
T3 or T4 2.48 0.91 – 6.72 0.08

Histologic grade
I-II 1.00
III 1.14 0.48- 2.69 0.77

Progesterone receptor
negative 1.00
positive 1.41 0.61 – 3.29 0.42

ERα protein expression
Low (10-75%) 1.00
High (>75%) 1.44 0.51-4.02 0.49

ERαS167-p
negative (0-9%) 1.00
positive (10-100%) 0.29 0.11-0.75 0.01

Analysis based on 103 patients with 28 events
1HER2 was left out of analysis due to low numbers
2stratified for nodal status
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ABSTRACT
Both preclinical and clinical data suggest that activation of the PI3K/AKT/mTOR 
pathway in response to hormonal therapy results in acquired endocrine therapy 
resistance. We evaluated differences in activation of the PI3K/AKT/mTOR pathway 
in estrogen receptor α (ERα) positive primary and corresponding metastatic breast 
cancer tissues using immunohistochemistry for downstream activated proteins, like 
phosphorylated mTOR (p-mTOR), phosphorylated 4E Binding Protein 1 (p-4EBP1) 
and phosphorylated p70S6K (p-p70S6K). For p-mTOR and p-4EBP1, the proportion 
of immunostained tumor cells (0-100%) was scored. Cytoplasmic intensity (0-3) was 
assessed for p-p70S6K. The difference between expression of these activated PI3K/
AKT/mTOR proteins- in primary and metastatic tumor was calculated and tested for an 
association with adjuvant endocrine therapy. In patients who had received endocrine 
therapy (N=34), p-mTOR expression increased in metastatic tumor lesions compared 
to the primary tumor (median difference 45%), while in patients who had not received 
adjuvant endocrine therapy (N=37), no difference was found. Similar results were 
observed for p-4EBP1 and p-p70S6K expression. In multivariate analyses, adjuvant 
endocrine therapy was significantly associated with an increase in p-mTOR (p=0.01), 
p-4EBP1 (p=0.03) and p-p70S6K (p=0.001), indicating that compensatory activation 
of the PI3K/AKT/mTOR pathway might indeed be a clinically relevant resistance 
mechanism resulting in acquired endocrine therapy resistance. 

Key words: PI3K/AKT/mTOR pathway, acquired hormone resistance, 

Novelty and impact of the work 
Compensatory activation of the PI3K/AKT/mTOR pathway in response to estrogens 
depletion results in hormone resistance in vitro. We show that PI3K/AKT/mTOR 
pathway activation in metastatic breast tumors is associated with adjuvant endocrine 
therapy, suggesting that compensatory activation of the PI3K/AKT/mTOR pathway 
is a clinically relevant mechanism of acquired hormone resistance. For identification 
of companion diagnostics for PI3K/AKT/mTOR inhibitors, analysis of primary tumor 
tissue is likely to fail to predict treatment response in the metastatic setting.
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INTRODUCTION 
Until recently, interference with estrogen receptor alpha (ERα) and/or HER2 signaling 
were the only molecular targeted therapies clinically available for breast cancer 
patients. With the approval of everolimus for postmenopausal patients with ERα-
positive metastatic breast cancer, targeting the PI3K/AKT/mTOR pathway has become 
a new therapeutic option in the disease. In breast cancer cell lines exposed to long 
term estrogen depletion, activation of the PI3K/AKT/mTOR pathway occurs as an 
adaptive change and results in hormone independent cell growth1. This escape from 
hormone dependency can be overcome by exposure of cells to inhibitors of the PI3K/
AKT/mTOR pathway, like mTOR inhibitors 1,2. Metastatic breast cancer patients with 
previous exposure to endocrine therapy do derive substantial benefit from the addition 
of an mTOR inhibitor to endocrine therapy compared to endocrine therapy alone 3,4 . 
This suggests that mTOR activation in response to anti-estrogens is indeed a clinically 
relevant mechanism, resulting in acquired endocrine therapy resistance. Nevertheless, 
the occurrence of compensatory activation of the PI3K/AKT/mTOR pathway in response 
to anti-estrogens has not yet been well established in clinical samples. Tumor biopsies 
from patients that progressed after treatment with anti-estrogens are not routinely 
taken in clinical practice. In addition, in prospective randomized trials, fresh biopsies 
from metastatic tumors are hardly ever mandatory.  In a small series of primary breast 
tumors and their distant metastases, Akcakanat et al observed discordant expression of 
phosphorylated 4EBP1, a marker of mTOR activity 5. Most of these primary tumors were 
ERα negative and thereby an association with adjuvant endocrine therapy could not 
be explored.  Our aim was to evaluate changes in PI3K/AKT/mTOR pathway activation 
between ERα positive primary tumors and corresponding metastatic tumors and to test 
whether potential differences are associated with adjuvant endocrine therapy.

MATERIAL AND METHODS 
From a previously described series of 233 breast cancer patients from whom both 
primary tumor tissue as well as metachronous non-bone distant metastatic tumor 
tissue was collected 6, we selected patients based on adjuvant treatment data, which 
were obtained from the Netherlands cancer registry (IKNL, the Netherlands, (http://
www.ikcnet.nl/). In the Netherlands, adjuvant hormonal therapy became standard 
of care for high-risk postmenopausal women around the year 1995 and for high-risk 
premenopausal women around 1999.  From the total of 233 breast cancer patients, 
174 primary breast tumors were ERα positive and a total of 60 of these ERα positive 
patients were treated with adjuvant endocrine therapy.  Sufficient tumor material was 
available for 42 ERα positive patients who had received adjuvant endocrine therapy 
(original diagnosis 1985-2005). A comparable amount of control patients (n=42) who 
had not received adjuvant endocrine therapy was selected (original diagnosis 1985-
2007). The association between these two groups and known prognostics factors was 
calculated using Mann Whitney U or Fisher exact tests. Immunohistochemical analysis 
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was carried out on 4-μm sections. ERα, progesterone receptor (PgR) and HER2 status 
were determined as previously described 6. Samples with 1% or more immunopositive 
ERα or PgR malignant cells were classified as hormone receptor-positive according to 
the new ASCO guidelines 7. Primary tumor and corresponding metastatic tumor tissue 
were stained for the expression of activated proteins downstream in the PI3K pathway  
using  standardized protocols on the Ventana Benchmark® Ultra system automatic 
immunostainer with  monoclonal antibodies raised against p-mTOR(Ser2448) (Cell 
Signaling # 2976), p-4EBP1 (Cell Signaling 9456) and p-p70S6K (Cell Signaling 9206) 
(Table S1). For p-mTOR and p-4EBP1, the percentage of immunostained tumor cells 
was scored by one observer (JW and JS respectively). Cytoplasmic intensity (0-3) was 
assessed for p-p70S6K (scored by JS). Scoring of tumor slides was performed blinded 
to other data in the paired samples. The difference in expression of these activated 
proteins between primary and metastatic tumor was calculated. We assessed whether 
this difference between primary and metastatic tumor was associated with known 
clinico-pathological factors (age, location of metastasis, lymph node status, T-stage, 
grade, HER2 status and PgR status) or varied between patients who did and did not 
receive endocrine therapy, using Mann-Whitney tests. In addition we performed a 
multivariate linear regression model including the same clinico-pathological factors. 

RESULTS 
Of the 84 selected patients, a total of 71 (34 from patients who had received adjuvant 
endocrine therapy and 37 from patients who had not received endocrine therapy) could 
be used for analysis after staining with p-mTOR.  For p-4EBP1 and p-p70S6K changes, 
a total of 67 and 68 tumor pairs respectively could be adequately assessed (Figure S1). 
Location of metastasis was predominantly skin (N=26) and liver (N=21). In addition, 
metastases were localized in brain (N=13), lung (N=7) or gastro-intestinal (N=4). Median 
time to metastasis was 54 months. Patient characteristics of both endocrine-treated 
patients and patients who had not received endocrine therapy are shown in Table 1. 
Patients who had received endocrine therapy were older and had more often lymph 
node positive compared to patients who had not received adjuvant endocrine therapy. 

In the total group of 71 patients evaluable for p-mTOR changes, median p-mTOR 
expression in primary tumor tissue was 40% (41% mean), compared to 80% (65% 
mean) in tumor biopsies from metastatic sites. Median p-4EBP1 expression in primary 
tumor tissue was 20% (31% mean), compared to 60% (48 % mean) in tumor biopsies 
from metastatic sites. The majority of tumors were negative for p-p70S6K. Mean 
cytoplasmic p-p70S6K intensity score in primary tumor tissue was 0.16 compared to 
0.38 in tumor biopsies from metastatic tumors.  

In univariate analyses, none of the evaluated clinico-pathological factors was 
significantly associated with a differential p-mTOR change between primary and 
metastatic tumor tissue (Table 2a). A high grade primary tumor was associated with 
increased p-4EBP1 expression in metastatic tumor tissue compared to the primary 
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tumor (Table 2b). Positive HER2 status was associated with increased p-p70S6K 
expression in metastatic tumor tissue compared to the primary tumor (Table 2c). 
In patients who had received endocrine therapy we observed an increase in both 
p-mTOR and p-4EBP1 expression in metastatic tumor tissue compared to the primary 
tumor (median difference 45% and 30 % respectively) (Figures 1A and 1B). This was 
significantly different from the change observed in patients who did not receive 
endocrine therapy (median p-mTOR difference 0 % and median p-4EBP1 difference 
0 %) (Table 2A and B and Figure 1A and 1B) p=0.003 and p=0.02 respectively). 
Comparable results were observed for p-p70S6K, with a mean increase of 0.52 in 
patients who had received adjuvant endocrine therapy, compared to a -0.06 in patients 
who did not receive adjuvant endocrine therapy (p=0.002) (Table 2C and Figure 1C).

In multivariate regression models, adjuvant endocrine therapy was significantly 
associated with an increase in p-mTOR (p=0.01), p-4EBP1 (p=0.03) and p-p70S6K 
(p=0.001)(Table S2-S4). In addition, in multivariate analysis, a positive PgR status was 
associated with an increase in p-mTOR (p=0.01). The results of multivariate regression 

Table 1. Characteristics of patients who had not received endocrine therapy and who had 
received endocrine therapy

total
N(%)

adjuvant endocrine therapy

p-value
no (37)
N (%)

yes (34)
N (%)

median time to metastasis (months) 54 53 54 0.46*

median age (range) (28-88) 47 (28-74) 55 (37-88) 0.01*

Location   skin 26 (37) 15 (41) 11 (32) 0.62#

  other 45 (63) 22 (59) 23 (68)
grade grade 1-2 31 (44) 18 (49) 13 (38) 0.47#

  grade 3 40 (56) 19 (51) 21 (62)
T-stage T 1-2 51 (72) 28 (76) 23 (68) 0.29#

  T 3-4 9 (13) 3 (8) 6 (18)
  missing 11 (15) 6 (16) 5 (15)
lymph node status negative 18 (25) 15 (41) 3 (9) 0.002#

  positive 43 (61) 17 (46) 26 (76)
  missing 10 (14) 5 (14) 5 (15)
Progesterone receptor negative 9 (13) 3 (8) 6 (18) 0.26#

  positive 62 (87) 34 (92) 28 (82)
HER2 negative 64 (90) 36 (97) 28 (82) 0.05#

positive 7 (10) 1 (3) 6 (18)
chemotherapy no 42 (59) 19 (51) 23 (68) 0.23#

  yes 29 (41) 18 (49) 11 (32)
trastuzumab no 70 36 (97) 34 (100) 1.00#

yes 1 1 (3) 0 (0)

*Mann Whitney U tests 
# Fisher exact test (only cases without missing data were analyzed)
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analysis did not substantially change when a cutoff of 10% was applied for ERα positivity. 
A sensitivity analysis performed in patients who did not receive chemotherapy showed 
no significant association between adjuvant endocrine therapy and change in p-4EBP1 
(p=0.38) or p-p70S6K (p=0.12) (Table S5-6). However adjuvant endocrine therapy 
remained significantly associated with an increase in p-mTOR expression in metastatic 
tumor tissue compared to primary tumors (p=0.005) (Table S7).

DISCUSSION
In this study, we showed that adjuvant endocrine therapy is significantly associated 
with an increase in expression of downstream activated proteins in the PI3K pathway 
in biopsies from subsequent metastatic tumor tissue compared to corresponding 
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Figure 1. Changes in activated PI3K/AKT/mTOR protein expression between primary and 
corresponding metastatic tumor tissue from patients who had not received adjuvant endocrine 
therapy (left panels ) and who had received adjuvant endocrine therapy (right panels). A. change in 
p-mTOR expression between primary and corresponding metastatic tumor. B. change in p-4EBP1 
expression between primary and corresponding metastatic tumor. C. change in p-p70S6K 
expression between primary and corresponding metastatic tumor; pos=positive; neg=negative
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primary tumor tissue. This suggests that PI3K pathway activation in response to anti-
estrogens results in acquired hormone resistance. 

The observed increase in p-mTOR expression in metastatic tumor tissue was not 
only associated with adjuvant endocrine therapy, but in our multivariate analysis we 
did also observe an association with a positive progesterone receptor status. It is well 
known that PgR expression is driven by estrogen receptor signaling 8. We hypothesize 
that tumors that are highly dependent on ER-signaling are more likely to acquire 
activation of additional growth factor pathways compared to tumors that are not 
selectively dependent on ER-signaling. 

A limitation of our study is the lack of a control group of patients that did not 
relapse. The analysis of PI3K/AKT/mTOR pathway activation in a control group of 

Table 2. Association between change in activated PI3K/AKT/mTOR protein expression and 
clinico-pathological factors.  Histologic grade was assessed according to the Nottingham 
modification of the Bloom-Richardson system, applying standardized mitotic counts16.
Table 2a. Association between change in p-mTOR expression and clinico-pathological factors 

number

median difference between % 
p-mTOR expression metastatic 

and primary tumor tissue p-value*

age < 55 year 41 20% 0.52
≥ 55 year 30 30%

location skin 26 25% 0.76#

liver 21 20%
brain 13 0%
lung 7 60 %
gastro-intestinal 4 40%

grade grade 1-2 31 20 % 0.34
grade 3 40 30 %

T-stage T 1-2 51 30 % 0.77
T 3-4 9 20 %
missing 11 10 %

lymph node status negative 18 15 % 0.94
positive 43 30 %
missing 10 20 %

Progesterone receptor negative 9 0 % 0.16
positive 62 30 %

HER2 negative 64 25 % 0.56
positive 7 30 %

endocrine therapy no 37 0% 0.003
yes 34 45 %

chemotherapy no 42 30 % 0.25
yes 29 20 %

all 71 40%

* Mann-Whitney test, except for # Kruskall Wallis test 
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adjuvant endocrine treated patients who did not relapse is however unfeasible. To 
analyze differences in PI3K/AKT/mTOR pathway activation between responders and 
non-responders, serial biopsies from patients treated with neo-adjuvant endocrine 
therapy would be suitable. Cavazonni et al 2 observed an increase in PI3K/AKT/mTOR 
related gene and protein expression in a small series of breast tumor biopsies from 
patients who progressed after neo-adjuvant endocrine therapy (N=9). Unfortunately, 
tumor biopsies from patients who did not progress were not analyzed. Nevertheless, 
these and our results suggest that adaptive activation of the PI3K/AKT/mTOR 
pathway in response to adjuvant endocrine therapy is a clinically relevant mechanism 
resulting in acquired endocrine therapy resistance. An alternative explanation for 
the observed increase in PI3K/AKT/mTOR pathway activity could be that endocrine 
therapy results in clonal selection of tumor cells that are not selectively dependent 
on estrogen signaling. Although it is conceivable that small biopsies might have had 

Table 2b. Association between change in p-4EBP1 expression and clinico-pathological factors. 

number

median difference between % 
p-4EBP1 expression metastatic 

and primary tumor tissue p-value*

age < 55 year 38 18 % 0.81
≥ 55 year 29 20%

location skin 25 10 % 0.53#

liver 21 40 %
brain 12 0 %
lung 7 30 %
gastro-intestinal 2 -15%

grade grade 1-2 29 0 % 0.03
grade 3 38 30 %

T-stage T 1-2 48 18 % 0.37
T 3-4 9 30 %
missing 10 10 %

lymph node status negative 18 13 % 0.85
positive 39 30 %
missing 10 20 %

Progesterone receptor negative 9 20 % 0.99
positive 58 18 %

HER2 negative 61 10 % 0.48
positive 6 40 %

endocrine therapy no 34 0% 0.02
yes 33 30 %

chemotherapy no 40 20 % 0.84
yes 27 0 %

all 67 30%

* Mann-Whitney test, except for # Kruskall Wallis test 
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better fixation and therefore would be more likely to stain for phospho-proteins, the 
observed increase in expression of phosphorylated PI3K/AKT/mTOR pathway proteins 
in the group of endocrine treated patients was significantly different from the group of 
patients who did not receive endocrine therapy, and is therefore not likely to be simply 
explained by difference in fixation.  

Apart from acquired adjuvant endocrine therapy resistance, activation of the 
PI3K/ AKT/mTOR pathway has previously been associated with intrinsic resistance. 
Retrospective analysis of p-mTOR expression in primary tumor tissue from breast cancer 
patients randomized between adjuvant tamoxifen versus no systemic therapy indicated 
that those patients whose tumor exhibit high p-mTOR expression do not benefit from 
adjuvant tamoxifen9,10. Similar results were observed for p-p70S6K expression9. 

Activation of the PI3K/ AKT/mTOR pathway does not only result in endocrine 
therapy resistance, but may also cause trastuzumab resistance in HER2 positive 

Table 2c. Association between change in p-p706K expression and clinico-pathological factors.

number

mean difference between  
cytoplasmic p-p70S6K expression 

metastatic and primary tumor tissue p-value*

age < 55 year 40 0.28 0.53
≥ 55 year 28 0.14

location skin 26 -0.50 0.07#

liver 20 0.38
brain 13 -0.04
lung 7 0.40
gastro-intestinal 2 0.57

grade grade 1-2 29 0.17 0.48
grade 3 39 0.26

T-stage T 1-2 49 0.24 0.33
T 3-4 9 0.44
missing 10 -0.10

lymph node status negative 17 0.12 0.21
positive 41 0.34
missing 10 -0.10

Progesterone receptor negative 9 0.11 0.60
positive 59 0.24

HER2 negative 62 0.15 0.03
positive 6 1.00

endocrine therapy no 35 -0.06 0.002
yes 33 0.52

chemotherapy no 40 0.20 0.67
yes 28 0.25

all 68

* Mann-Whitney test, except for # Kruskall Wallis test 

173



breast cancer 11. Similar to our results, Chandarlapaty et al observed a higher rate of 
PI3K/ AKT/mTOR pathway activation in metastatic breast tumors from patients with 
previous exposure to trastuzumab compared to trastuzumab naïve controls 12. The 
number of patients treated with trastuzumab in our series was too small to analyze 
the association between trastuzumab and differences in activation of the PI3K/ AKT/
mTOR pathway.  Considering these adaptive molecular changes in response to various 
treatments, it seems clear that the biological behavior of a metastatic tumor cannot 
always be predicted by the molecular make-up of the primary tumor. Consequently, 
for identification of companion diagnostics for molecular targeted drugs, analysis of 
primary tumor tissue is likely to fail to predict treatment response in the metastatic 
setting. As an example, biomarker analysis in metastatic breast cancer patients who 
participated in the Cleopatra trial (randomizing between Pertuzumab and placebo) 
failed to identify a subgroup of patients particularly benefitting from dual HER2 
blockade 13. The majority of analyzed tumor tissue in this study originated from 
primary tumors. Translational studies within the TAMRAD phase II trial were selectively 
performed in primary tumor tissues from a subset of 51 patients.  In this small subset, 
only a trend towards increased benefit from the addition of everolimus to tamoxifen was 
observed for patients with high expression of p-4EBP1)14. Biomarker analysis in primary 
tumor tissue from 227 patients who participated in the Bolero-2 trial showed that the 
benefit from everolimus added to exemestane was regardless of genetic alterations 
in the PI3K pathway15. Since inhibitors of the PI3K/AKT/mTOR are not without side 
effects, one would like to specifically identify those patients who will substantially 
benefit from these drugs. For identification of potential companion diagnostics for 
these drugs, it is of utmost importance to mandate biopsies from metastatic tumor 
lesions in future clinical trials. This will improve our knowledge about drug sensitivity 
and escape mechanisms and thereby accelerate developments that may eventually 
result in managing hormone receptor positive breast cancer as a chronic disease.   

In conclusion, we observed a significant association between adjuvant endocrine 
therapy and PI3K/AKT/mTOR pathway activation in metastatic breast tumor tissue, 
suggesting that compensatory activation of the PI3K/AKT/mTOR pathway is a 
clinically relevant mechanism resulting in acquired hormone resistance. This stresses 
the importance of performing biopsies from metastatic tumor lesions, not only for 
predictive biomarker identification in clinical trials but also in general clinical practice.   
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Supplementary Table 1. Antibodies and standardized protocols on the Ventana Benchmark® 
Ultra system 

Protein name Clone Company Titer Art. No. antigen retrieval primary

mTOR (phospho Ser2448) 49F9 Cell signaling 1/300 2976 36 min Cc1 1h
4EBP1 (phoshpo Ser65) 174A9 Cell signaling 1/1000 9456 36 min Cc1 1h
S6K1 (phospho Thr389) 1A5 Cell signaling 1/300 9206 36 min Cc1 32 min

Supplementary table 2. Multivariate linear regression model for the difference in p-mTOR 
expression between metastatic and primary tumor tissue

Beta p-value 

95% Confidence  
Interval for Beta

Lower Bound Upper Bound

(Constant) -25.60 0.29 -73.47 22.28
age < 55 versus ≥ 55 year -5.54 0.72 -36.40 25.32
location non-skin versus skin -3.80 0.76 -29.03 21.42
grade grade 3 versus grade 1-2  15.77 0.19 -8.27 39.81
T-stage T3-4 versus T1-2 7.92 0.69 -31.00 46.83
lymph node status positive versus negative -10.78 0.57 -48.63 27.06
HER2 status positive versus negative 3.28 0.88 -38.68 45.24
progesterone receptor positive versus negative 44.78 0.02 7.37 82.20
endocrine therapy treated versus untreated 39.41 0.01 9.11 69.70
chemotherapy treated versus untreated -17.67 0.32 -52.63 17.29

Supplementary table 3. Multivariate linear regression model for the difference in p-4EBP1 
expression between metastatic and primary tumor tissue

Beta p-value 

95% Confidence  
Interval for Beta

Lower Bound Upper Bound

(Constant) 3.93 0.85 -36.06 43.93
age < 55 versus ≥ 55 year -9.63 0.46 -35.56 16.30
location non-skin versus skin -11.11 0.30 -32.42 10.21
grade grade 3 versus grade 1-2  21.76 0.04 1.01 42.51
T-stage T3-4 versus T1-2 12.42 0.45 -20.21 45.04
lymph node status positive versus negative -7.76 0.64 -40.82 25.29
HER2 status positive versus negative 9.18 0.63 -28.21 46.56
progesterone receptor positive versus negative 4.50 0.77 -26.56 35.55
endocrine therapy treated versus untreated 29.16 0.03 3.39 54.93
chemotherapy treated versus untreated -11.04 0.48 -41.96 19.89
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Supplementary table 4. Multivariate linear regression model for the difference in p-p70S6K 
expression between metastatic and primary tumor tissue

Beta p-value 

95% Confidence  
Interval for Beta

Lower Bound Upper Bound

(Constant) 0.05 0.87 -0.59 0.69
age < 55 versus ≥ 55 year -0.34 0.11 -0.75 0.08
location non-skin versus skin -0.30 0.08 -0.63 0.04
grade grade 3 versus grade 1-2  0.10 0.55 -0.23 0.42
T-stage T3-4 versus T1-2 0.25 0.33 -0.26 0.76
lymph node status positive versus negative -0.41 0.11 -0.92 0.10
HER2 status positive versus negative 0.50 0.10 -0.10 1.09
progesterone receptor positive versus negative 0.25 0.31 -0.24 0.75
endocrine therapy treated versus untreated 0.74 0.001 0.34 1.14
chemotherapy treated versus untreated 0.05 0.84 -0.42 0.52

Supplementary table 5. Multivariate linear regression model for the difference in p-4EBP1 expression 
between metastatic and primary tumor tissue in patients who did not receive chemotherapy. 

Beta p-value 

95% Confidence  
Interval for Beta

Lower Bound Upper Bound

(Constant) 13.33 0.60 -37.91 64.57
age < 55 versus ≥ 55 year 1.33 0.94 -31.84 34.49
location non-skin versus skin -16.63 0.22 -43.43 10.16
grade grade 3 versus grade 

1-2  
13.86 0.33 -14.43 42.15

T-stage T3-4 versus T1-2 40.51 0.05 0.24 80.78
lymph node status positive versus negative -12.53 0.57 -57.44 32.39
HER2 status positive versus negative -3.55 0.91 -66.74 59.63
progesterone 
receptor 

positive versus negative -3.95 0.84 -42.42 34.52

endocrine therapy treated versus untreated 20.21 0.38 -26.31 66.72
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Supplementary table 7. Multivariate linear regression model for the difference in p-mTOR expression 
between metastatic and primary tumor tissue in patients who did not receive chemotherapy. 

Beta p-value 

95% Confidence 
 Interval for Beta

Lower Bound Upper Bound

(Constant) -34.59 0.23 -92.45 23.28
age < 55 versus ≥ 55 year -20.39 0.28 -58.36 17.58
location non-skin versus skin -7.61 0.61 -37.60 22.38
grade grade 3 versus grade 1-2  32.97 0.05 0.78 65.15
T-stage T3-4 versus T1-2 16.99 0.45 -28.07 62.04
lymph node status positive versus negative -36.73 0.13 -84.24 10.78
HER2 status positive versus negative -19.25 0.52 -79.62 41.13
progesterone receptor positive versus negative 52.27 0.02 8.67 95.88
endocrine therapy treated versus untreated 75.21 0.005 24.04 126.39

Supplementary table 6. Multivariate linear regression model for the difference in p-p70S6K expression 
between metastatic and primary tumor tissue in patients who did not receive chemotherapy. 

Beta p-value 

95% Confidence  
Interval for Beta

Lower Bound Upper Bound

(Constant) 0.10 0.79 -0.62 0.81
age < 55 versus ≥ 55 year 0.06 0.81 -0.42 0.53
location non-skin versus skin -0.35 0.06 -0.72 0.02
grade grade 3 versus grade 1-2  -0.12 0.53 -0.52 0.28
T-stage T3-4 versus T1-2 0.19 0.49 -0.36 0.73
lymph node status positive versus negative -0.31 0.29 -0.88 0.27
HER2 status positive versus negative -0.04 0.93 -0.91 0.83
progesterone receptor positive versus negative 0.21 0.44 -0.33 0.74
endocrine therapy treated versus untreated 0.50 0.12 -0.13 1.13
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ABSTRACT 
Background: Breast cancer patients whose tumor exhibit markers of high cell 
proliferation have worse prognosis compared to patients with low proliferating tumors. 
In the clinic, assessment of different cell proliferation markers, like mitotic count, Ki67 
and Cyclin D1 protein expression, is common practice and these markers help to select 
those patients who need adjuvant systemic therapy. Whether proliferation markers 
could also be used to assign the right drug in estrogen receptor α (ERα) positive breast 
cancer patients is not well established. We tested the predictive value of these markers 
for benefit from tamoxifen in ERα positive postmenopausal breast cancer patients. 

Methods: We collected primary tumor blocks from 563 ERα positive patients who 
had been randomized between tamoxifen (1 to 3 years) vs. no adjuvant therapy (IKA 
trial). Mitotic count, Ki67 and cyclin D1 protein expression were centrally assessed 
by immunohistochemistry on tissue microarrays. In addition, we tested the predictive 
value of CCND1 gene copy number variation using MLPA technology. Multivariate 
Cox proportional hazard models including interaction between marker and treatment 
were used to test the predictive value of these markers. 

Results: patients with tumors with low mitotic count derived substantial benefit from 
tamoxifen (adjusted HR 0.24, p<0.0001), while patients with tumors with high mitotic 
count derived modest benefit (adjusted HR 0.64, p=0.14) (p for interaction 0.03). 
Similarly, a higher CCND1 log 2 copy number ratio was associated with reduced 
tamoxifen benefit (p for interaction 0.04). We did not find a significant interaction 
between either cyclin D1or Ki67 and tamoxifen, indicating that the relative benefit 
from tamoxifen was not dependent on the level of these markers in our series.

Conclusion: Both high mitotic count as well as an increased CCND1 log 2 copy 
number ratio are factors significantly associated with reduced tamoxifen efficacy in 
ERα positive postmenopausal breast cancer patients. 
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INTRODUCTION 
Decisions on adjuvant systemic therapy in breast cancer are generally made on the 
basis of clinico-pathological variables that may predict both prognosis and treatment 
efficacy. While tumor size, lymph node status and histological grade are important 
factors to predict prognosis (and to decide whom to treat), hormone receptor status and 
HER2 status can predict both prognosis and well as treatment efficacy for respectively 
endocrine treatment and HER2 blockade. Apart from these traditional parameters, 
several multigene assays have been developed that can give additional prognostic 
information1-3. Some of these multigene assays can actually be predicted by a combination 
of traditional pathological variables and proliferation markers, like Ki67 labeling. Intrinsic 
subtypes (PAM50 profiling) can be approximated by using a combination of hormone 
receptor levels, HER2 status and Ki67 labeling, called IHC4 score4. However PAM50 
profiling seems to be superior to predict late recurrences 5.The Oncotype Dx recurrence 
score can be approximated by using the same variables 6. Thereby, the combination 
of receptor status and Ki67 labeling index as proliferation marker is considered to be 
a useful tool in predicting prognosis. Whether or not proliferation markers can predict 
benefit from adjuvant endocrine treatment is less clear. 

In their guidelines for adjuvant systemic therapy, the St. Gallen international 
breast cancer conference expert panel included Ki67 labeling into the variables that 
define surrogate definitions of the intrinsic subtypes 7,8. For luminal A breast cancer, 
defined as both ER and PgR positive, HER2 negative and low Ki67 labeling index, the 
recommended treatment is endocrine therapy alone. For luminal B/HER2 negative 
breast cancer, defined as ER positive with either high Ki67 labeling index or low/absent 
PgR expression, the majority of the panel recommends to add cytotoxic therapy. Low 
hormone receptor levels have been associated with reduced efficacy of endocrine 
therapy 9 and increased benefit from cytotoxic agents 10,11 compared to higher levels. 
In contrast to this treatment predictive value of hormone receptor levels, the predictive 
value of Ki67 labeling index for benefit from endocrine therapy is less clear 12. In the 
NSABP B-14 trial, comparing adjuvant tamoxifen with placebo, proliferation genes 
like Ki67 did not significantly interact with treatment 13. Retrospective analysis of 
Ki67 in a randomized trial in premenopausal patients, identified a complex relation 
between Ki67 and benefit from tamoxifen; patients whose tumors expresses high or 
low Ki67 expression benefitted more from tamoxifen compared to patients whose 
tumor expressed intermediate levels of Ki6714. No predictive role for benefit of 
chemotherapy over endocrine therapy alone has been shown for patients with high 
tumor Ki67 expression 15. A weak association between high ki-67 levels and increased 
benefit from aromatase inhibition over tamoxifen was observed in the BIG 1-98 trial 16.

The efficacy of adjuvant endocrine therapy may also be affected by proliferation 
markers other than Ki67. An example is cyclin D1, which is involved in G1 progression. In 
addition to its role in cell cycle progression, cyclin D1can also enhance ligand independent 
activation of ERα 17. The sensitivity of tumor cells with high cyclin D1expression to selective 
estrogen receptor modulators appeared to be compound specific, but no effect on the in 
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vitro efficacy of tamoxifen was shown 18,19. Also clinically, cyclin D1 protein expression was 
not associated with efficacy of tamoxifen in patients randomized between either tamoxifen 
or control 20. The gene encoding cyclin D1, CCND1, is located in a frequently amplified 
region, 11q13 21. In premenopausal patients randomized to tamoxifen versus control, 
the efficacy of tamoxifen was reduced in patients whose tumor carried CCND1 gene 
amplification as defined with FISH 22. In postmenopausal patients, however, amplification 
of CCND1, as defined with realtime-PCR, did not have independent predictive value 23. 
In this series, amplification of a gene in the same region, PAK1 (also known to affect the 
ERα) did actually reduce tamoxifen efficacy 23. 

A proliferation marker that is assessed as a standard clinico-pathological variable 
is the mitotic count, used as one of the factors contributing to the modified Bloom-
Richardson grading score 24. Although mitotic count is clearly associated with breast 
cancer prognosis 25, it is currently unclear whether the mitotic count does affect the 
efficacy of endocrine therapy. 

The aim of our study was to determine the predictive value of different proliferation 
markers for efficacy of tamoxifen in postmenopausal breast cancer patients randomized 
to tamoxifen versus no systemic treatment. 

MATERIAL AND METHODS 
Patients and material 
From 1982 until 1994 a randomized clinical trial has been conducted in The Netherlands, 
studying the benefit of adjuvant tamoxifen (IKA-trial). Patients were randomized in 2:1 
distribution between 1 year tamoxifen (30 mg per day) versus no adjuvant therapy. Patients 
were eligible if they were post-menopausal, less than 76 years of age and had a T1–4, 
N0–3, M0 breast tumor 26 but no mastitis or palpable supra- or infraclavicular lymph nodes. 
Study data were part of the Oxford meta-analysis 27. After 1989, based on two interim 
analyses showing a significant improvement in recurrence free survival in lymph node 
positive patients, these node positive patients skipped the first randomization and all 
received 1 year of tamoxifen. After 1 year, for patients in the tamoxifen arm who were on 
study, a second randomization was performed to receive another 2 years of tamoxifen or 
to stop further treatment. In total 1662 patients were included. The patient characteristics 
and clinical outcome of tamoxifen treatment of the original study group (1662 patients) 
have been presented elsewhere 28. We have recollected tissue blocks with sufficient tumor 
material of 739 patients, who did not differ in prognostic factors from the total group 
(Supplementary table 1). After revision of estrogen receptor α (ERα) status as assessed 
with immunohistochemistry (IHC), a total of 563 ERα positive tumors were used for 
subsequent analysis. Median follow-up of patients without a recurrence event is 7.8 years. 

Immunohistochemistry 
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded 
(FFPE) tumor blocks. A total of three cores per tumor were embedded in the TMA.
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TMAs were stained for ERα, progesterone receptor (PgR) and HER2. ERα and PgR 
were considered positive when ≥ 10% of invasive cells showed nuclear reactivity. HER2 
was considered positive when membranous staining was DAKO score 3. In case of a 
membranous score of 2, chromogenic in situ hybridization (CISH) was performed on 
whole tissue slides. For tumors that did not have sufficient cores in the TMA, whole 
slides were cut and assessed for ERα (N=60), PgR (N=55) and HER2 (N=36). Tumor 
grade was scored on a hematoxylin-eosin (HE) stained slide using the modified Bloom-
Richardson score 24. The mitotic count was assessed (PvD) per 2 mm2 as before 29.

Immunohistochemistry for Ki67 was performed using the monoclonal mouse 
anti-human Ki67 antigen, clone MIB-1 (DAKO, Agilent Technologies, Santa Clara, 
California, USA) and a standard staining protocol on the Ventana Benchmark® Ultra 
system (Ventana Medical Systems, Tucson, USA). Cyclin D1protein expression was 
assessed using the cyclin D1/ Bcl-1(SP4) antibody (Neomarkers, Portsmouth, USA) 
and a standard staining protocol on the Labvision system (Thermo Fisher Scientific 
Inc., Waltham, USA). For both stainings, the proportion of invasive tumor cells with 
nuclear staining was assessed by the first observer (MO). For each staining, one of 
the TMAs was quantified independently in a blinded manner by a second observer 
(JS) to calculate inter-observer variability. The inter-observer variability was analyzed 
using the Cohen’s kappa coefficient, which is depicted in Supplementary table 2. The 
maximum score of the 3 cores as assessed by the first observer was used for analysis. 
For a random series of 55 tumors, whole tissue slides were stained and scored by one 
observer (MO) for Ki67 and results were compared with TMA scores.

DNA isolation
From paraffin embedded tissue blocks, 10 μm thick sections were cut and mounted on 
microscope slides. A total of 10 slides per tumor were used for DNA isolation. Slides 
were deparaffinized in xylene, rehydrated and stained with hematoxylin. The slides 
were incubated with sodiumthiocyanate overnight. Exact tumor location was circled 
by the pathologist on a HE stained slide, which was used as a template. After adding 
a drop of tissue lysis buffer, tumor tissue was scraped from the slides, added to a 1.5μl 
micro centrifuge tube containing 200μl mix of tissue lysis buffer/proteinase K. This 
tube was incubated in a Thermomixer (Eppendorf, Hamburg, Germany) at 55 ºC for 
48 hours. An additional 27μl proteinase K (2mg/ul) was added after 24 and 36 hours. 
After 48 hours the tube was incubated at 80 ºC for 10 minutes to inactivate proteinase 
K. After centrifuging, the supernatant was pipetted into a new tube. DNA was purified 
using a QIAquick (Qiagen, Venlo, the Netherlands) PCR purification kit. 

CCND1 gene copy number variation 
CCND1 gene copy number variation was assessed with multiplex ligation-dependent 
probe amplification-based copy number analysis (MLPA). The P078-B1 Breast tumor 
probe-mix (MRC Holland, Amsterdam, the Netherlands) was used, which contains 
probe sets for several genes that frequently show copy number changes in breast 
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tumors. The probe mix contains 2 different targeted probe sets for CCND1, one at 
chr11: 69465909-69465963 and the other at chr11: 69458599-69458665 (hg19). It 
also contains 2 probe sets for EMSY, a gene which is also located in the 11q13 region, 
closer to PAK1. Figure S1 shows the location of the different CCND1 and EMSY probe 
sets in the genome. The probe mix additionally contains 11 reference probe sets. We 
carried out MLPA reactions according to the manufacturer’s protocols for 2010 (see 
appendix 1). For normalization of the signals, we discarded 5 references probe sets 
that exhibited high between batch variation (Supplementary figure S2). The log 2 
transformed signal of each CCND1 and EMSY probe set was normalized by dividing 
by the sum of the log 2 transformed signal of the 6 remaining reference probe sets. 
Similarly, the log 2 transformed signal of each reference DNA sample was normalized 
by dividing by the sum of the log 2 transformed signal of the 6 remaining reference 
probe sets. For each gene, the ratio between the normalized signal of each patient 
sample and the mean normalized signal of the reference DNA, was subsequently used 
for data-analysis (and will be referred to as log2 copy number ratio).

Statistical Methods
Recurrence free interval was defined as the time from the date of first randomization until 
the occurrence of a local, regional or distant recurrence or breast cancer specific death. 
Since a secondary contra-lateral breast tumor cannot be inferred from the characteristics 
of the primary tumor, while the other type of events can in relation to tamoxifen resistance, 
this was not considered as an event and these patients were censored at the date of 
this occurrence. To test whether the benefit from tamoxifen treatment was dependent 
on proliferation markers, unadjusted and co-variable adjusted Cox proportional hazard 
regressions were performed including interaction tests. Treatment groups were defined 
according to the results of the first randomization (1-3 years of tamoxifen versus no adjuvant 
systemic treatment). The change in randomization that occurred after the interim analysis 
resulted in an enrichment of lymph node positive patients in the group of tamoxifen 
treated patients. Therefore Cox proportional hazard regression models were stratified for 
nodal status. As continuous linear variables were tested: Ki67 score, mitotic count (square 
root transformed), cyclin D1and CCND1 and EMSY log 2 copy number ratio (probe sets 1 
and probe sets 2 were tested separately). In addition, we tested Ki67, mitotic count and 
cyclin D1 as binary factors using the median as cutoff.  For analysis of CCND1 and EMSY 
log2 copy number ratio as binary factor, 0 was defined as cutoff.  For all tested variables, 
proportional hazard assumption was tested and in case of a failure of proportional hazards, 
the interaction was tested separately for a time period without failure of proportional 
hazards, as indicated by Schoenfeld residuals. Co-variables included age (≥ 65 versus < 
65), grade (grade 3 versus grade 1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive 
versus negative), and PgR status (positive versus negative). We did not adjust for multiple 
testing. Survival curves were constructed using the Kaplan Meier method and compared 
using the log-rank test. This study complied with reporting recommendations for tumor 
marker prognostic studies (REMARK) criteria 30 as outlined in Supplementary Table S3. 
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RESULTS 
Success rate of cell cycle marker assessment
Mitotic count could adequately be assessed in 557/563 (99%) of ERα positive tumors. 
Immunohistochemistry for Cyclin D1 and Ki67 on TMA was successful in 442 and 
423 tumors, respectively (Supplementary figure 3). We did not observe a significant 
difference between Ki67 scores on whole slides compared to TMA scores (p=0.38)
(Supplementary figure S4).  Analyses of inter-observer variability for Ki67 and Cyclin 
D1 resulted in a kappa value of 0.85 and 0.55, respectively (Supplementary table 2). 

Sufficient DNA was available for 494/563 tumors. CCND1 gene copy number 
variation could be assessed in 486 (98%) tumors for probe set 1 and 476 (96%) tumors 
for probe set 2. EMSY gene copy number variation could be assessed in 491 (99%) 
tumors for probe set 1 and 492 (99%) tumors for probe set 2 (Supplementary figure 
3). The distribution of the scores for the different cell cycle markers is depicted in 
Supplementary figure 5. 

Mitotic count, ki67 and differential benefit from tamoxifen 
The numbers of patients in each treatment arm pre- and post interim analysis is shown in 
figure 1. When stratified by nodal status, the adjusted hazard ratio for tamoxifen versus 
control in ERα positive patients is 0.54 (95% CI 0.36-0.83, p=0.004). We did not find a 
significant interaction between treatment and the expression of Ki67 (Table 1). For the 
mitotic count, analyzing the total follow up, no significant interaction with treatment was 
found. However evidence of a failure of proportional hazards was observed (p=0.07) in 
the univariate Cox-model for mitotic count. Schoenfeld residuals (Supplementary figure 
6) suggested a change in effect around 6 years. Tumors with high mitotic count were 
more likely to relapse than those with low mitotic count in the first 6 years. However after 
6 years, risks for recurrence were comparable. In a survival analysis in which follow-up 
was truncated at 6 years, we observed a significant interaction between treatment and 
mitotic count, analyzed as binary factor (p=0.03). Patients with a tumor with low mitotic 
count (< 8 mitotic per 2mm2) derived substantial benefit from tamoxifen (adjusted HR 
0.24, 95% confidence interval 0.12-0.49, p<0.0001), while patients with a tumor with 
high mitotic count (≥ 8 mitotic per 2mm2) did not (adjusted HR 0.64, 95% confidence 
interval 0.35-1.17, p=0.14) (Figure 2 and Tables 1 and S4). 

Analyzing HER2 negative patients only did not substantially change these results 
(interaction between tamoxifen and mitotic count p=0.07) (Supplementary table 5.) 
We had insufficient power to analyze these differences separately in patients whose 
tumor had either negative or positive Ki67 staining. 

High mitotic count was significantly associated with poor prognostic features 
like positive lymph node status, higher tumor grade and T stage as well as negative 
progesterone status and positive HER2 status. In addition, we found significant 
associations between mitotic count and other cell proliferation markers like Ki67 and 
Cyclin D1 protein expression (Table 2).
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Figure 1A:  Numbers per treatment group pre-interim analysis

Figure 1B: Numbers per treatment group post-interim analysis
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Figure 1. Numbers of patients per randomization group pre-interim analysis (A) and post-interim 
analysis (B), for the total subset of 563 ERα positive patients. From 1989, based on two interim 
analyses showing a significant improvement in recurrence-free survival among lymph node 
positive patients, these node positive patients were all allocated to the tamoxifen treatment arm 
(i.e. skipped the first randomization). Numbers of lymph node negative patients are depicted in 
green. In red are depicted the numbers of lymph node positive patients. Abbreviations: LN neg: 
lymph node negative, LN pos: lymph node positive, R1: randomization 1, R2: randomization 2. 

High CCND1 copy number ratio is associated with tamoxifen resistance
We did not find a significant interaction between tamoxifen treatment and the 
expression of Cyclin D1, indicating that the efficacy of tamoxifen is not significantly 
different between patients whose tumor express low Cyclin D1 and patients whose 
tumor express high levels of Cyclin D1. For CCND1, we observed no interaction between 
probe set 1 and treatment (Table 1). However, for the second probe set we observed 
a significant interaction with treatment both in the unadjusted as well as the adjusted 
analysis (p=0.005 and 0.0002 respectively). Patients whose tumor had higher CCND1 
log2 copy number ratio derived less benefit from tamoxifen. When analyzed as binary 
factor, patients with a log2 copy number ratio of less than 0 derived substantial benefit 
from tamoxifen (adjusted HR 0.32, 95% confidence interval 0.16-0.61, p=0.001) while 
those patients with a CCND1 copy number ratio above 0 did not (adjusted HR 0.81, 95% 
confidence interval 0.44-1.52, p=0.52) (Figure 3 and Tables 1 and S6). 

Although patients with high CCND1 log 2 copy number ratio had more often 
tumors with high mitotic count (p=0.03), we did not observe significant associations 
between CCND1 log 2 copy number ratio and other cell cycle markers (Table 2). 
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Figure 2. Kaplan Meier survival analyses (truncated at 6 years) according to tamoxifen treatment 
in patients with a tumor with low mitosis count (A) and high mitosis count (B). 

Figure 3. Kaplan Meier survival analyses according to tamoxifen treatment in patients with a 
tumor with low CCND1 log 2 copy number ratio(A) and high log 2 copy number ratio (B)

To explore co-amplification of other regions in the 11q13 region that may possibly 
cause tamoxifen resistance we analyzed the association between CCND1 and EMSY log 
2 copy number ratio. We found a significant, albeit weak association between the second 
CCND1 probe set and the second EMSY probe set, but not between the other probe sets 
(data not shown). None of the EMSY probe sets by itself was significantly associated with a 
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Progesterone receptor

HER2

Estrogen receptor

0 50 100 150 200 250 300

mitotic count
  cyclinD1

  Ki67
CCND1 probeset 1

EMSY probeset 1
EMSY probeset 2

CCND1 probeset 2

344

Figure 4. Heat map representing unsupervised hierarchical clustering of tumor samples and 
corresponding cell cycle markers and EMSY data. Patients are represented horizontally. Cell cycle 
markers and EMSY data are indicated vertically. Red represents marker expression above median 
and green represents expression below median. In addition the status of ERα (100% (red) or 
below 100% (green)), PR (present (red) or absent (green)) and HER2 over-expression (present (red) 
or absent (green)) is shown. 

difference in benefit from tamoxifen (Table S7). Figure 4 shows a heatmap of unsupervised 
hierchical clustering of all analyzed cell cycle markers as well as the EMSY probesets

DISCUSSION
Although cell proliferation markers are generally used to predict prognosis and are, 
together with hormone receptors, a major component of several clinically used prognostic 
multigene assays, the ability of these markers to predict benefit from endocrine therapy 
has not well been established. We here show that in patients whose tumors express high 
mitotic count, tamoxifen efficacy is reduced. In addition our results indicate that a high 
copy number ratio of CCND1 predicts relative tamoxifen resistance. 

In our series we did not observe an association between Ki67 labeling and tamoxifen 
efficacy. Nevertheless, Ki67 labeling is recommended as a standard variable to determine 
surrogate definitions of the intrinsic subtypes, enabling to predict prognosis and decide 
on optimal adjuvant systemic therapy.  According to the St.Gallen guidelines, patients 
with low Ki67 expression would have been recommended adjuvant endocrine therapy 
only. In our series in approximately half of the patients with low Ki67 expression, the 
mitotic count was above the threshold that predicted reduced tamoxifen efficacy. This 
raises the question whether or not Ki67 should be replaced by mitotic count in these 
guidelines, in order to predict the likelihood of deriving benefit from endocrine therapy 
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alone. As expected, almost all tumors with histological grade III had a mitotic count >= 
8/mm2. Most current guidelines recommend the addition of chemotherapy to endocrine 
therapy in grade III tumors. The clinical added value of mitotic count might therefore lay 
in the subgroup of histological grade I/II tumors. Of these, 24% had a high mitotic count, 
and might be considered for adjuvant chemotherapy in addition to endocrine therapy.  

One explanation for the relatively low expression of Ki67 in our series is that the 
patient population was ERα positive and postmenopausal, reflecting a subset of 
patients with relatively low proliferating tumors. Although in the past there have been 
concerns about the reliability of Ki67 on TMAs, recently another study demonstrated 
that Ki67 can reliably be used on TMAs 6.We observed relative concordance between 
Ki67 scores on whole slides versus TMA.  A discrepancy between Ki67 and mitotic count 
has previously been described. Jalava et al 31 observed that mitotic count was a better 
predictor for prognosis than Ki67. Patients with low Ki67 levels and high mitotic count 
had an unfavorable prognosis, similar to those patients whose tumor expressed both 
high Ki67 as well as high mitotic count. Considering that Ki67 levels are low in the G1 
and S phases and rise to their peak level in mitosis15, a biological explanation for this 
observed discrepancy remains unclear. In addition, although the ki67 protein seems to 
have an important role in cell division, its exact function has not been fully elucidated 15. 

In contrast to the currently recommended treatment duration of at least 5 years, 
the duration of tamoxifen treatment in our series was only 1-3 years. We cannot 
exclude that prolonged tamoxifen treatment would have been beneficial for patients 
with high mitotic count. However, these patients were at particularly high risk of early 
recurrences as shown by the Schoenfeld residuals. Therefore, a potential risk reduction 
of tamoxifen would be most pronounced in the first few years after diagnosis in 
patients with tumors with a high mitotic count. Time dependent hazard ratios, similar 
to our observation for mitotic count, have previously been described by Hilsenbeck 
et al 32. It would be valuable to test the predictive value of mitotic count in a trial of 5 
year tamoxifen versus nil, like the NSABP-14 trial 33.

Similar to previous results in premenopausal patients 22, we observed a significant 
interaction between CCND1 copy number as assessed with probe 2 and tamoxifen in 
postmenopausal patients. Patients whose tumor expressed a high log 2 copy number 
ratio of CCND1 as assessed with probe 2 did not benefit from tamoxifen. We did not 
observe an association between CCND1 log 2 copy number ratio and Cyclin D1 
protein expression. This is in agreement with results observed by Bostner et al 23 and 
can be explained by post-transcriptional regulation of nuclear Cyclin D134

.  In line with 
our findings regarding CCND1 probeset 1 that is close to the probeset Bostner et al 
used (see supplementary figure 2), Bostner et al did not observe a significant interaction 
between CCND1 amplification and tamoxifen23. They did however observe a significant 
interaction with PAK1 amplification23. Of note, the numbers in their study were much lower 
than our series (N=153)..As previously suggested 35, this hints to the presence of several 
independent amplification cores instead of involvement of a single large amplicon. This 
may also explain why we did not observe a strong correlation between the different 
CCND1 probes and EMSY probes, which we used as a proxy for PAK1 amplification. 
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Clinically relevant would be to know what would be the optimal adjuvant treatment 
in patients with either high mitotic count or amplification of CCND1. Considering the 
reduced benefit from tamoxifen only, one could argue that chemotherapy should be 
added in these patients. Very recently, cell cycle inhibitors have been shown to be 
beneficial in metastatic breast cancer patients when added to endocrine therapy 36.  
A potential role of these new drugs in the adjuvant setting needs to be explored. 
Our data suggest that patients, whose tumors express high mitotic count or CCND1 
amplification, would be suitable candidates for such therapies.

In conclusion, we have shown that amplification of CCND1 is predictive for reduced 
efficacy of adjuvant tamoxifen in postmenopausal patients. Moreover mitotic count, a 
commonly assessed prognostic factor in breast cancer, might be an additional factor 
that can be used to predict the likelihood to derive benefit from adjuvant tamoxifen. 

Appendix 1: MLPA reaction protocol. 
We first denatured a total of 50ng of template DNA dissolved in TE in a volume of 2.5 μl in 
a thermocycler at 98 ºC for 5 minutes before allowing to cool to 25 ºC. We then hybridized 
the denatured DNA with 1.5 μl of MLPA buffer and 1.5 μl of P078-B1 probe mix at 95 ºC 
for 1 min, then 60 ºC for 18 hours. A volume of 4 μl of the hybridization reaction was then 
added to 1.5 μl  of Ligase-65 buffer A, 1.5 μl of Ligase-65 buffer B, 12.5 μl of water and 
0.5 μl of Ligase-65 and ligated at 15 ºC for 15 minutes, then heat inactivated at 98 ºC for 5 
minutes. Next, the ligation reaction was diluted 1:2  with water and 1μl was added to 1μl 
of Polymerase mix and 3μl of SALSA PCR buffer mix. Polymerase mix contains 0.2 μl of 
SALSA PCR primers, 0.2 μl of SALSA Enzyme Dilution Buffer, 0.55 μl water and 0.05 μl of 
SALSA polymerase. SALSA PCR buffer mix contains 0.4 μl of SALSA PCR buffer and 2.6 μl 
of water. While at 60 ºC, the polymerase mix was added to the ligation reaction and PCR 
buffer mixture. PCR conditions for the reaction began immediately with 30 cycles of 95 
ºC denaturation for 30 seconds, hybridization for 30 seconds at 60 ºC and an extension of 
72 ºC for 60 seconds. There was an additional extension of 20 minutes at 72 ºC. A volume 
of 2 μl of PCR product was then added to 9.8 μl of HiDi Formamide (Roche) and 0.2 μl 
of ROX 500 standard (Invitrogen). Fragment separation was carried out on the ABI-3730 
according to manufacturer’s suggestions. We analyzed the series in 15 batches, with each 
experiment containing duplicate reference DNA samples. Reference DNA was a pool of 
8 normal individuals sheared to simulate FFPE DNA. 
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Supplementary figure 1. Location of the different CCND1 and EMSY probe sets in the genome. 
In addition the CCND1 and PAK1 probes used for PCR by Bostner are depicted. The UCSC 
Genome Browser was used to visualize the loci of interest in hg19 coordinates.

Supplementary figure 2. A mixed effects regression of the log2-transformed reference sample 
estimates were modeled with reference probe-set, batch and their interaction as a fixed effect 
and sample as a random effect. Presented is a bar plot is of the variance in the batch estimates 
per probe-set. 
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1200 primary tumor blocks 
collected

739 with material in TMA 

563 ERα positive 

486 (98 %) evaluable for CCND1 probeset 1

476 (96 %) evaluable for CCND1 probeset 2

491 (99%) evaluable for EMSY probeset 1 

492 (99%) evaluable for EMSY probeset 2

1662 patients entered the 
study

159 ERα negative  

17 no sufficient core or no 
invasive tumor on tissue slide 

494 tumors with sufficient 
DNA available 

IHC on TMA slide successful for
Cyclin D1 : 442 tumors
Ki67 : 423 tumors

Mitotic count evaluable in 557  tumors

Missing cores or no invasive tumorreference pool or reference probe failed

 

Supplementary figure 3. Data flow.

Supplementary figure 4. differences between Ki67 score on whole tissue slide and maximum score 
from 3 corresponding cores on TMA from tumors of a random series of 55 patients (comparable 
scores were available for 54 patients, since the staining on whole tissue slide failed for 1 tumor) 
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Supplementary figure 5.Distribution of scores for mitosis markers 
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Supplementary figure 6. Schoenfeld residuals for mitotic count (high (≥ 8 mitosis/2mm2 ) versus 
low (< 8 mitosis/2mm2 )) over years in the entire cohort of 557 ER α positive patients for whom 
mitotic count could be assessed. Recurrence free interval survival was stratified by nodal status. 
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Supplementary table 1 Distribution of clinico-pathological variables between patients with sufficient tumor material 
for biomarker analysis and the total group of patients who entered the study  

patients with sufficient tumor material
N (%)

total study population
N (%) p valuea

total 739 (100) 1662 (100)
age <65 378 (51) 869 (52) 0.59

≥ 65 361 (49) 793 (48)
lymph node neg 393 53) 901 (54) 0.61

pos 346 (47) 761 (46)
T stage T 1-2 659 (89) 1482 (89) 0.99

T 3-4 80 (11) 180 (11)
ER statusb pos 468 (77) 1014 (77) 0.87

neg 142 (23) 311 (23)
PR statusb pos 224 (57) 513 (60) 0.31

neg 168 (43) 346 (40)

aChi-Square test 
bAs defined with ligand binding assay. After revision of recollected tumors, a total of 563 were ER positive 
as assessed with immunohistochemistry

Supplementary table 2. Inter-observer variability for Ki67 and cyclin D1 immunohistochemistry scores

antibody scoring system 
comparable cores 
from N patients cutoff for binary score 

Kappa for 
binary score 

ki67 proportion of positive nuclei 74 5% or more versus below 5% 0.89
Cyclin D proportion of positive nuclei 59 above median versus below median 0.55

Supplementary table 3. Specifications of REMARK recommendations

Introduction

Marker Cell proliferation markers: mitosis count, Ki67, cyclin D1 protein expression and 
CCND1 copy number variation.

Objectives To evaluate the predictive capacity of the different cell proliferation markers for benefit 
from adjuvant tamoxifen in postmenopausal breast cancer patients. 

Hypothesis High expression of cell proliferation markers  would result in decreased benefit from 
adjuvant tamoxifen in postmenopausal breast cancer patients.  .

Methods (1) Patients

Characteristics From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, 
studying the benefit of adjuvant tamoxifen (IKA-trial) in postmenopausal breast cancer 
patients.

Inclusion criteria In the original study, 1662 breast cancer patients were included who were  post-
menopausal, less than 76 years of age and had a T1–4, N0–3, M0 breast tumor. We have 
traced tissue blocks of participating patients and recollected sufficient tumor material 
of 739 patients, who did not differ in prognostic factors from the total group (Table S1).  
After revision of estrogen receptor α (ERα) status as assessed with immunohistochemistry 
(IHC), a total of 563 ERα positive (≥10%) tumors were used for subsequent analysis.

Exclusion criteria Mastitis or palpable supra- or infraclavicular lymph nodes
Treatment Patients were randomized in a 2:1 distribution between 1 year tamoxifen (30 mg per 

day) versus no adjuvant therapy. After 1 year a second randomization was performed 
to receive another 2 years of tamoxifen or to stop further treatment. From 1989, based 
on two interim analyses showing a significant improvement in recurrence free survival 
in lymph node positive patients, these node positive patients were all allocated to the 
tamoxifen treatment arm (ie skipped the first randomization).
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Supplementary table 3. Continued

Methods (2) Specimen characteristics

Material used Formalin-fixed paraffin-embedded (FFPE) breast tumor tissue of the primary tumor.  
DNA was isolated from FFPE material.

Preservation/storage Formalin fixation and paraffin embedding. Storage at room temperature. Tumor DNA 
was stored at 4ºC.

Methods (3) Assay methods

Assay Mitosis count was assessed  (PvD) on an HE slide per 2 mm2 as described before.  
Immunohistochemistry for Ki67 was performed using the monoclonal mouse anti-
human Ki67 antigen, clone MIB-1 (DAKO) and a standard staining protocol on the 
Ventana Benchmark® Ultra system. Cyclin D1 protein expression was assessed using 
the cyclin D1 / Bcl-1(SP4) antibody (Neomarkers) and a standard staining protocol on 
the Labvision system. CCND1 gene copy number variation was assessed with multiplex 
ligation-dependent probe amplification-based copy number analysis (MLPA). The 
P078-B1 Breast tumor probe-mix (MRC Holland, Amsterdam, the Nethetlands) was 
used, which contains probe sets for several genes that frequently show copy number 
changes in breast tumors

Protocol Staining protocols can be downloaded from our website: http://research.nki.nl/linnlab/
index.htm. We carried out MLPA reactions according to the manufacturer’s protocol for 
2010 (appendix 1)

Control 
experiments

For MLPA analysis, Reference DNA was a pool of 8 normal individuals sheared to 
simulate FFPE DNA. 
Normal surrounding tissue was taken along as control for immunohistochemistry

Reproducibility For each immunohistochemical staining, one of the TMAs was quantified 
independently in a blinded manner by a second observer to calculate inter-observer 
variability. The inter-observer variability analyzed using the (weighted) Cohen’s kappa 
coefficient is depicted in Table S1

Quantification Quantification of immunohistochemical staining was performed as described in the 
method section for immunohistochemistry.  For MLPA analysis,  normalization of the 
signals and calculation of copy number ratio are described in section methods. 

Blinding Scoring of the immunohistochemical stainings was done without knowledge regarding both 
the recurrence-free-interval survival as well as the treatment arm at the time of scoring. 

Methods (4) Study design I

Case selection A randomized controlled trial. The translational study presented her was performed 
retrospectively. The median duration of follow-up for patients without a recurrence 
event was 7.8 years. Patient records were re-evaluated for recurrence until 2000. 

Clinical endpoints The improvement of recurrence free interval (RFI) with tamoxifen versus nil was 
assessed according to the different proliferation markers as mentioned below. RFI 
included local, regional, distant recurrences and breast cancer-specific death, but not 
contra-lateral breast cancer, as the primary event.

Variables examined 
or considered

Multivariate Cox models included age (≥ 65 versus < 65), grade (grade 3 versus 
grade 1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative) and 
progesterone status (positive versus negative) as covariates.

Rational for  
sample size

The sample size of the translational study is based on the amount of available tumor 
blocks containing invasive, ERα positive tumor cells, that could be recollected and a 
power calculation based on events in this group assuring that meaningful results could 
be deduced.

Methods (5) Statistical analysis

Statistical methods 
and variable 
selection procedure

Recurrence free interval was defined as the time from the date of first randomization 
until the occurrence of a local, regional or distant recurrence or breast cancer specific 
death. A secondary contra-lateral breast tumor was not considered as an event and 
these patients were censored at the date of this occurrence. Survival curves were 
constructed using the Kaplan-Meier method and compared using the log-rank test. 
All p-values are based on a two-sided test. All calculations were made with Statistical 
Package for the Social Sciences (SPSS) 15.0 Inc., IL, USA.

Missing data Cases with a missing value for one of the variables were excluded from the multivariate 
analysis.
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Supplementary table 3. Continued

Marker handling  
in analysis

To test whether the benefit from tamoxifen was dependent on proliferation markers, 
unadjusted and adjusted interaction tests were performed using Cox proportional 
hazard regression. As continuous linear variables were tested: Ki67 score, mitotic count 
(square root transformed), cyclin D1 and CCND1 and EMSY log 2 copy number ratio 
(probe sets 1 and probe sets 2 were tested separately). In addition, we tested Ki67, 
mitotic count and cyclin D1  as binary factor using the median as cutoff.  For analysis 
of CCND1 and EMSY log2 copy number ratio as binary factor, 0 was defined as cutoff.

Results (1) Data

Flow of patients See Figure S3 for description of patients excluded for this translational study. See 
Table S1 for characteristics of total study patients versus the 739 patients with 
sufficient tumor material included in TMA .

Characteristics See Table 2.

Results (2) Analysis and presentation

Relation to standard 
prognostic variables

See Table 2.

Univariate analysis See Figures 2 and 3.
Multivariate analysis See Tables 1 and S4-7. 

Discussion

Interpretation, 
limitations and 
implication

See discussion section

Supplementary table 4. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including 
mitosis count and treatment interaction, follow up truncated at 6 years

Variable N(events) Hazard Ratio* 95% CI p-value

Age
< 65 246 (43) 1.00
≥ 65 269 (49) 1.02 0.67-1.55 0.92

p T-stage
T1 or T2 458 (75) 1.00
T3 or T4 57 (17) 1.46 0.84 – 2.52 0.18

Histologic grade
I-II 337 (43) 1.00
III 178 (49) 2.04    1.05-3.95 0.04

Progesterone receptor
negative 248 (46) 1.00
positive 267 (46) 0.95 0.63– 1.45 0.82

HER2 status 
negative 474 (81) 1.00
positive 41 (11) 1.08 0.56– 2.11 0.82

Mitosis count 
Low (< 8 / 2mm2) 253 (33) 1.00
High (≥ 8 / 2mm2) 262 (59) 0.47 0.20-1.16 0.10

Treatment 
Low mitosis and control 59 (14) 1.00
Low mitosis and tamoxifen 194 (19) 0.24 0.12-0.49 <0.0001
High mitosis and control 62 (15) 1.00
High mitosis and tamoxifen 200 (44) 0.64 0.35-1.17 0.14
Interaction mitosis and  X treatment 0.03

*stratified for nodal status 
Analysis based on  515 cases with 92 events
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Supplementary Table 5. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including 
mitosis count and treatment interaction, follow up truncated at 6 years in HER2 negative patients 

Variable N(events) Hazard Ratio* 95% CI p-value

Age
< 65 228 (38) 1.00
≥ 65 246 (43) 1.02 0.65-1.58 0.95

p T-stage
T1 or T2 424 (67) 1.00
T3 or T4 50 (14) 1.45 0.80 – 2.63 0.22

Histologic grade
I-II 328 (42) 1.00
III 146 (39) 2.19    1.09-4.42 0.03

Progesterone receptor
negative 218 (37) 1.00
positive 256 (44) 1.03 0.66– 1.62 0.88

Mitosis count 
Low (< 8 / 2mm2) 250 (33) 1.00
High (≥ 8 / 2mm2) 224 (48) 0.48 0.19-1.23 0.13

Treatment 
Low mitosis and control 59 (14) 1.00
Low mitosis and tamoxifen 191 (19) 0.24 0.12-0.49 <0.0001
High mitosis and control 56 (14) 1.00
High mitosis and tamoxifen 168 (34) 0.56 0.30-1.07 0.08
Interaction mitosis and  X treatment 0.07

*stratified for nodal status 
Analysis based on  474 cases with 81 events

Supplementary Table 6. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including 
CCND1 copy number ratio and treatment interaction

Variable N (events) Hazard Ratio* 95% CI p-value

Age
< 65 210 (52) 1.00
≥ 65 229 (50) 1.00 0.67-1.49 1.00

p T-stage
T1 or T2 391 (85) 1.00
T3 or T4 48 (17) 1.52 0.88 – 2.62 0.13

Histologic grade
I-II 284 (53) 1.00
III 155 (49) 1.58 1.03-2.40 0.03

Progesterone receptor
negative 216 (45) 1.00
positive 223 (57) 1.23 0.82– 1.85 0.31

HER2 status 
negative 404 (92) 1.00
positive 35 (10) 0.96 0.48-1.90 0.90

CCND1 copy number ratio 
Low ( < 0 ) 404 (92) 1.00
High (> 0) 35 (10) 0.55 0.26-1.15 0.11

Treatment 
CCND1 low and control 39 (15) 1.00
CCND1 low and tamoxifen 151 (28) 0.32 0.16-0.61 0.001
CCND1 high and control 69 (14) 1.00
CCND1 high and tamoxifen 180 (45) 0.81 0.44-1.52 0.52
Interaction CCND1  X treatment 0.04

*stratified for nodal status 
Analysis based on 439 cases with 102 events
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Table S7b. Interaction tests between tamoxifen and EMSY probe sets analyzed as binary factor   

log 2 copy nr ratio
HR (95% CI) for tamoxifen  

versus control p-value for interaction

EMSY probeset 1 < 0 0.62 (0.25-1.55) 0.67
> 0 0.49 (0.29-0.83)

EMSY probeset 2 < 0 0.65 (0.30-1.43) 0.45
> 0 0.45 (0.26-0.79)

Table S7a. Interaction tests between tamoxifen and EMSY probe sets analyzed as continuous linear variables  

variable variable values N (events) Interaction p-value

EMSY probeset 1 log2 copy number ratio  -1.46 to 3.98 454 (103) 0.10
EMSY probeset 2 log2 copy number ratio  -1.79 to 2.88 454 (104) 0.98
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CYP2C19*2 PREDICTS SUBSTANTIAL 
TAMOXIFEN BENEFIT IN POSTMENOPAUSAL 

BREAST CANCER PATIENTS RANDOMIZED 
BETWEEN ADJUVANT TAMOXIFEN VERSUS 

NO SYSTEMIC TREATMENT

K Beelen, M Opdam, Tesa M. Severson, Rutger H. Koornstra, Andrew D. Vincent, 
Michael Hauptmann, Ron H.N van Schaik, Els M.J.J Berns, Jan B .Vermorken,   

Paul J. van Diest, Sabine C. Linn

Breast Cancer Res Treat 139, 649-655 (2013)



ABSTRACT
Estrogen catabolism is a major function of CYP2C19. The effect of CYP2C19 
polymorphisms on tamoxifen sensitivity may therefore not only be mediated by variation 
in tamoxifen metabolite levels, but also by an effect on breast cancer risk and molecular 
subtype due to variation in lifelong exposure to estrogens. We determined the association 
between these polymorphisms and tamoxifen sensitivity in the context of a randomized 
trial, which allows for the discernment of prognosis from prediction. We isolated primary 
tumor DNA from 535 estrogen-receptor positive, stage I-III, postmenopausal breast 
cancer patients that had been randomized to tamoxifen (1-3 years) or no adjuvant 
therapy. Recurrence free interval improvement with tamoxifen versus control was 
assessed according to the presence or absence of CYP2C19*2 and CYP2C19*17. Hazard 
ratios and interaction terms were calculated using multivariate Cox proportional hazard 
models, stratified for nodal status. Tamoxifen benefit was not significantly affected by 
CYP2C19*17. Patients with at least one CYP2C19*2 allele derived significantly more 
benefit from tamoxifen (HR 0.26; p= 0.001), than patients without a CYP2C19*2 allele 
(HR 0.68; p=0.18) (p for interaction 0.04). In control patients, CYP2C19*2 was an adverse 
prognostic factor. In conclusion, breast cancer patients carrying at least one CYP2C19*2  
allele have an adverse prognosis in the absence of adjuvant systemic treatment, which 
can be substantially improved by adjuvant tamoxifen treatment. 
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BACKGROUND
Although polymorphisms in CYP450 enzymes are extensively studied in the context 
of drug metabolism, the primary physiologic role of these enzymes is metabolism of 
endogenous steroids, like catabolism of estrogens 1. Thereby, in breast cancer patients, 
a potentially observed effect of a CYP450 polymorphism on tamoxifen sensitivity, may 
not only be mediated by variation in tamoxifen metabolite levels, but possibly also by 
variation in lifelong exposure to estrogens that affect tumorigenesis. 

CYP2C19 is a typical example of a CYP450 enzyme that affects both metabolism of 
tamoxifen to 4-hydroxytamoxifen 2 as well as estrone (E1) and estradiol (E2) catabolism 1. 
In addition, CYP2C19 has been shown to catalyze metabolism of testosterone 3. Both 
estrogens and testosterone have been demonstrated to affect the risk of estrogen 
receptor α (ERα) positive breast cancer in postmenopausal women 4. Relatively 
frequent CYP2C19 polymorphisms are the (non functional) CYP2C19*2 variant, with a 
minor allele frequency of 13% in healthy Caucasians 5 and the (ultra active) CYP2C19*17 
variant, with a minor allele frequency of around 20% 6. Previously it has been shown 
in postmenopausal breast cancer patients that genetic variation in CYP2C19 affects 
estrone levels 7. The highest estrone levels were found in patients who were either 
heterozygous or homozygous for the CYP2C19*2 allele, while the ultra rapid variant 
of this enzyme, CYP2C19*17, was associated with low estrone levels 7 and decreased 
breast cancer risk 8.  

Estrogens are not only associated with breast cancer risk, but may also influence 
breast cancer molecular subtype, therefore polymorphisms that affect estrogen levels, 
might have an effect on breast cancer prognosis and drug sensitivity9. Intriguingly 
both the non functional CYP2C19 variant as well as the ultra-rapid variant have 
been associated with favorable outcome after endocrine therapy. CYP2C19*2 was 
associated with a favorable progression free survival in patients with metastatic breast 
cancer treated with tamoxifen 10, while carriers of a CYP2C19*17 allele who were 
treated with adjuvant tamoxifen  had a favorable disease free survival compared to 
non CYP2C19*17 carriers 11. A general methodological flaw in studies which analyze 
the polymorphism in consecutive series of patients treated with the same drug, is that 
the predictive value of these polymorphisms with respect to drug sensitivity cannot be 
discriminated from the prognostic value. Therefore, the optimal method of discerning 
a predictive marker from a prognostic marker is within a randomized clinical trial. 

The aim of our study was to analyze the predictive and prognostic value of genetic 
polymorphisms in CYP2C19 in postmenopausal breast cancer patients, randomized 
between adjuvant tamoxifen versus no systemic treatment.

METHODS 
Patients and material 
From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, 
studying the benefit from adjuvant tamoxifen (IKA-trial) versus no adjuvant therapy 12,13. 
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Study data were part of the Oxford meta-analysis14. Patients were randomized in a 2:1 
ratio between 1 year tamoxifen (30 mg per day) versus no adjuvant therapy. Eligible 
patients were post-menopausal, less than 76 years of age and had a T1–4, N0–3, M0 breast 
tumor 15 with no mastitis or palpable supra- or infraclavicular lymph nodes. After 1 
year, for patients in the tamoxifen arm who were on study, a second randomization was 
performed to receive another 2 years of tamoxifen or to stop further treatment. From 
1989, based on two interim analyses showing a significant improvement in recurrence-
free survival among lymph node positive patients, these node positive patients were 
all allocated to the tamoxifen treatment arm (i.e. skipped the first randomization). In 
total 1662 patients were included. The patient characteristics and clinical outcome of 
tamoxifen treatment have been presented elsewhere 13. 

We have traced tissue blocks of participating patients and recollected sufficient 
tumor material of 739 patients, who did not differ in prognostic factors from the 
total group (Table S1).  After revision of estrogen receptor α (ERα) status as assessed 
with immunohistochemistry (IHC), a total of 563 ERα positive tumors were used for 
subsequent analysis. The numbers of patients in each treatment arm of randomization 
1 and randomization 2 pre and post interim analysis is shown in Figure S1. 

Immunohistochemistry 
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded 
(FFPE) tumor blocks. The TMAs were stained for ERα, progesterone receptor (PgR) 
and HER2. ERα and PgR were considered positive when ≥ 10% of invasive cells 
showed nuclear reactivity. This  cutoff was chosen because it is common practice in 
the Netherlands and in addition this would avoid the potential inclusion of basal like 
tumors 16 in our analysis. HER2 was considered positive when membranous staining 
was score 3. In case of a membranous score of 2, chromogenic in situ hybridization 
(CISH) was performed on whole tissue slides. For tumors that did not have sufficient 
cores in the TMA, whole slides were cut and could adequately be assessed for ERα 
(N=60), PgR (N=55) and HER2 (N=36). Tumor grade was scored on a hematoxylin-
eosin (HE) stained slide using the modified Bloom-Richardson score 17. 

DNA isolation
From paraffin embedded tissue blocks, 10 μM-thick sections were cut and attached 
to microscope slides. A total of 10 slides per tumor were used for DNA isolation. 
Slides were deparaffinized in xylene, rehydrated and stained with hematoxylin. The 
slides were incubated with sodiumthiocyanate overnight. Exact tumor location was 
circled by the pathologist on a HE stained slide, which was used as a template. After 
adding a drop of tissue lysis buffer, tumor tissue was scraped from the slides, added 
to a 1.5 μl micro centrifuge tube containing 200 μl mix of tissue lysis buffer/proteinase 
K. This tube was incubated in a Thermomixer at 55˚ C for 48 hours. An additional 27 
μl proteinase K (2 mg/μl) was added after 24 and 36 hours. After 48 hours the tube 
was incubated at 80˚ C for 10 minutes to inactivate proteinase K. After centrifuging, 
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the supernatant was pipetted into a new tube. A total of 150 μl was purified using a 
QIAquick PCR purification kit. DNA isolation was successful for 535 tumor samples 

Genotyping 
Genotyping for CYP2C19*2 (681G>A, rs4244285) and CYP2C19*17 (-806C>T, 
rs12248560) was performed on tumor DNA. The concordance between selected 
genotyping from FFPE derived tumor DNA and DNA from serum has previously been 
established 18. Taqman allelic discrimination assays were used (Applied Biosystems, 
Nieuwerkerk ad IJssel, The Netherlands) on an ABI Prism 7500 Sequence Detection 
system (Applied Biosystems). Each assay consisted of two allele-specific minor groove 
binding (MGB) probes, labeled with fluorescent dyes VIC and FAM. The assays IDs are 
C_25986767_70 (CYP2C19*2) and C_469857_10 (CYP2C19*17). Thermal profile for 
genotyping consisted of 95˚ C for 10 minutes, followed by 50 cycles of 15 seconds at 
92˚ C and 90 seconds at 60˚ C. Genotypes were scored by allele-specific fluorescence 
using 7500 fast system SDS software (Applied Biosystems). 

Statistics
Recurrence free interval (RFI) was taken as the time from the date of (first) randomization 
until the occurrence of a local, regional or distant recurrence or breast cancer specific 
death 19. Since these CYP2C19 variants are associated with breast cancer risk and 
the duration of treatment in this trial was relatively short to prevent the occurrence 
of a secondary breast cancer, patients with a secondary contra-lateral breast cancer 
were censored at the date of this occurrence (table S2).  In the subset of 563 ERα 
positive patients, median follow-up of patients without a recurrence event is 7.8 years. 
Genotypes were tested for Hardy Weinberg equilibrium using a Chi-square test. The 
distribution of clinico-pathological characteristics by the CYP2C19*2 and CYP2C19*17 
variants was evaluated using Chi-square tests. Survival curves were constructed using 
the Kaplan Meier method and compared using log-rank tests. To determine whether 
the benefit from tamoxifen was different in CYP2C19 (one or two *2 alleles versus no 
*2 allele and one or two CYP2C19*17 alleles versus no CYP2C19*17 allele) genotypes, 
covariate adjusted Cox proportional hazard regression models were constructed with 
an interaction between treatment and the genotype. Treatment groups were defined 
according to the results of the first randomization (1-3 years of tamoxifen versus no 
adjuvant systemic treatment). The change in randomization that occurred after the 
interim analysis resulted in an enrichment of lymph node positive patients in the group 
of tamoxifen treated patients. Therefore Cox proportional hazard regression models 
were stratified for nodal status.The following factors were included as covariates:  age 
(≥ 65 versus < 65), grade (grade 3 versus grade 1-2), tumor size (T3-4 versus T1-T2), 
HER2 status (positive versus negative), estrogen receptor expression (10-99% versus 
100 %) and progesterone status (positive versus negative). No adjustments for multiple 
testing were performed. To assess the prognostic value of the CYP2C19 genotypes, 
we performed covariate adjusted Cox proportional hazard regression (including lymph 
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node status) in the subgroup of patients who were randomized to the control arm. This 
study complied with reporting recommendations for tumor marker prognostic studies 
(REMARK) criteria 20 outlined in table S3. 

RESULTS 
Study population and genotypes
Adequate genotype data for CYP2C19*2 and CYP2C19*17 was available for 494 and 
504 patients, respectively (figure S2).  For CYP2C19*2 a total of 12 (2.4%) patients were 
homozygous carrier and 127 (25.7%) heterozygous carriers were found. The homozygote 
CYP2C19*17/*17 genotype was seen in 28 (5.6%) of patients, while 151 (30.0%) were 
heterozygous. Genotype frequencies of CYP2C19*2 and CYP2C19*17 were in Hardy 
Weinberg equilibrium (p=0.86 and p=0.06, respectively). A weak association between 
CYP2C19*2 and low ERα expression was observed (table 1). A higher frequency of grade 
III was observed in patients carrying a CYP2C19*17 allele. (table S4). In general known 
prognostic factors were equally divided over the treatment arms for all genotypes (table 

Table 1 Distribution of CYP2C19*2 carriers according to clinico-pathological variables

cyp2C19*2 genotype

total 
N

no *2 allele
N (%)

one or two *2 alleles
N (%) p valuea

494 354 (100) 140(100)
age <65 237 170 (48) 67 (48) 0.97

≥ 65 257 184 (52) 73 (52)
treatment control 119 86 (24) 33 (24) 0.30b

tamoxifen 1yr 230 171 (48) 59 (42)
tamoxifen 3yr 145 97 (27) 48 (34)

lymph node status negative 271 202 (57) 69 (49) 0.12
positive 223 152 (43) 71 (51)

tumor size T1-2 439 316 (89) 123 (88) 0.65
T3-4 55 38 (11) 17 (12)

grade I-II 322 225 (64) 97  (69) 0.23
III 172 129 (36) 43 (31)

ERα Low (0-90%) 128 83 (23) 45 (32) 0.05
High (100%) 366 271 (77) 95 (68)

PgR negative 230 164 (46) 66 (47) 0.87
positive 254 184 (52) 70 (50)
missing 10 6 (2) 4 (3)

HER2 negative 428 302 (85) 126 (90) 0.15
positive 38 31 (9) 7 (5)
missing 28 21 (6) 7 (5)

a Chi-square test, analysis based on cases without missing values
b

 Chi-square test for trend
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S5-6), with the exception of lymph node status which can be explained by the change in 
randomization. In patients without a CYP2C19*17 allele, the tamoxifen arm included more 
HER2 positive patients than the control arm, while in patients with a CYP2C19*17 allele, 
the patients in the control arm were younger than the patients in the tamoxifen arm.

Association of genotypes with tamoxifen response in ERα positive patients 
When stratified by nodal status, the tamoxifen effect in all 563 ERα positive patients 
is 0.54 (95% CI 0.36-0.83, p=0.004). In univariate analysis, positive lymph node status 
was associated with an unfavorable outcome (HR 2.61, p< 0.001). No significant 
interaction between lymph node status and tamoxifen was observed. 

We did not find a significant interaction between the CYP2C19*17 genotype and 
treatment (adjusted p for interaction =0.62) (Table S7). However a significant interaction 
between CYP2C19*2 genotype and treatment was found (both unadjusted and adjusted 
p for interaction =0.04). Patients carrying one or two CYP2C19*2 alleles derived more 
benefit from tamoxifen than patients with no CYP2C19*2 allele (CYP2C19*2 carriers: 
adjusted HR=0.26, p=0.001; non CYP2C19*2 carriers: adjusted HR=0.64, p=0.18; 
Figures 1 and S3 and Table 2). Performing a sensitivity analysis, using a 3-level factor for 
T-stage (T1, T2 and T3-4), did not substantially change these results (Table S8).

Tamoxifen untreated patients with a CYP2C19*2 variant allele (N=33) had 
an unfavorable RFI when compared with tamoxifen untreated patients without a 
CYP2C19*2 allele (N=86). After correcting for the prognostic factors as described in 
the methods section, CYP2C19*2 remained an independent adverse prognostic factor 
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Figure 1. Kaplan-Meier survival analysis for recurrence free interval according to tamoxifen 
treatment in patients without a CYP2C19*2 allele (A) and patients with a CYP2C19*2 allele (B). 
Hazard ratios, 95% confidence intervals and p values were based on multivariate Cox regression 
analysis, stratified for nodal status. 
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(HR=2.77, p=0.01) (Table S9). We did not find a difference in RFI in control patients 
with a CYP2C19*17 allele (p=0.91) (Table S10). 

CONCLUSION & DISCUSSION 
In this study population, postmenopausal breast cancer patients with a CYP2C19*2 
variant allele had a worse prognosis, but derived more benefit from adjuvant tamoxifen 
treatment compared to patients without a CYP2C19*2 allele. 

Previously, others have found discordant effects of CYP2C19*2 with respect to 
outcome after tamoxifen treatment. Okishiro et al 21 found a favorable recurrence free 

Table 2 Multivariate Cox proportional hazard model of recurrence free interval (RFI) including 
CYP2C19*2 and treatment interaction

Variable N (events) Hazard Ratioa 95% CI p-value

Age
< 65 217 (56) 1.00 0.38
≥ 65 240 (48) 0.84 0.56-1.24

p T-stage
T1 or T2 405 (84) 1.00 0.04
T3 or T4 52 (20) 1.71 1.03 – 2.86

Histologic grade
I-II 294 (54) 1.00 0.03
III 163 (50) 1.58     1.04-2.40

Estrogen receptor 
Low (10-99%) 120 (29) 1.00 0.64
High (100%) 337 (75) 1.11 0.72-1.73

Progesterone receptor
negative 220 (43) 1.00 0.19
positive 237 (61) 1.31 0.88 – 1.97

HER2 status 
negative 419 (93) 1.00 0.61
positive 38 (11) 1.19 0.61– 2.32

CYP2C19*2 genotype
no CYP2C19*2 allele 328 (72) 1.00 0.02
1 or 2  CYP2C19*2 alleles 129 (32) 2.50 1.18-5.31

Treatment 
no CYP2C19*2 control 77 (17) 1.00 0.18
no CYP2C19*2 tamoxifen 251 (55) 0.68 0.39-1.19
1 or 2 CYP2C19 *2 allele(s) control 30 (12) 1.00 0.001
1 or 2 CYP2C19 *2 allele(s) tamoxifen 99 (20) 0.26 0.12-0.55
Interaction CYP2C19*2 X treatment 0.04

astratified for nodal status 
analysis based on 457 cases with 104 events
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survival for Japanese patients treated with adjuvant tamoxifen who were homozygous 
for CYP2C19*2 or CYP2C19*3 variants, compared with patients with heterozygote or 
wild type phenotype, although this difference was not significant (HR=0.37, p=0.21). 
The number of patients in that study was relatively small (N=173) and the comparison 
that was made was different from our analysis, since we grouped homozygous and 
heterozygous CYP2C19*2 carriers together. In a study from van Schaik et al 10, the 
CYP2C19*2 variant was assessed in three independent series of patients who were 
treated with tamoxifen for metastatic breast cancer. An increased time to treatment 
failure was observed for patients with the CYP2C19*2 variant. Ruiter et al 22 analyzed 
CYP2C19*2  in a Dutch population-based cohort study. In this study a subset of 80 
female breast cancer patients who were treated with tamoxifen (adjuvant or palliative), 
CY2C19*2 carriers had a better survival (HR=0.26, p=0.03). However, in a series of 
patients who were all treated with adjuvant tamoxifen, Schroth et al observed an 
unfavorable outcome for patients carrying either a CY2C19*1, *2 or *3 allele compared 
to patients with a CYP2C19*17 allele 11. Since none of the above mentioned studies 
included a (matched) control group, the predictive value of the polymorphism cannot 
be discerned from its prognostic value. In the adjuvant setting with recurrence free 
survival as endpoint, the prognosis is not only affected by the molecular subtype of 
the primary tumor but also by the occurrence of secondary primary breast cancer. 
Since CYP2C19*2 and CYP2C19*17 have been associated with respectively increased 
and decreased breast cancer risk 8, this might also affect the occurrence of secondary 
breast tumors, particularly in the case of relatively long follow-up. In addition, CYP2C19 
variants might influence breast cancer prognosis by their lifelong affect on estrogen 
levels, which might potentially influence breast cancer molecular subtype 9. 

We observed in our series that the CYP2C19*2 variant was associated with 
unfavorable prognosis. In the series of Ruiter et al, CYP2C19*2 was not significantly 
associated with breast cancer mortality in patients not using tamoxifen. We exclusively 
analyzed ERα positive patients which may explain the inconsistency in our findings 
and those of Ruiter et al. To our knowledge, there are no other studies that analyzed 
the effect of this CYP2C19 variant on breast cancer prognosis. 

Several explanations for the increased benefit from tamoxifen in patients who carry 
a CYP2C19*2 allele can be considered. Since the presence of this non-functional allele 
would expectedly result in a decrease in active metabolites and a reduced tamoxifen 
benefit, simply the variation in active tamoxifen metabolite levels is not an obvious 
explanation. Previously, it has been suggested that reduced isomerization of trans-
endoxifen into the less potent cis-endoxifen in patients with a CYP2C19*2 allele may 
result in an increased response to tamoxifen therapy 10. Since we did not observe an 
opposite association with tamoxifen response for patients carrying the highly active 
CYP2C19*17 variant, this is not likely the case. Moreover, CYP2C19 polymorphisms do 
not seem to significantly affect tamoxifen metabolite levels in breast cancer patients 23, 
which also argues against an effect mediated by tamoxifen metabolism.  

It is more likely that women carrying a CYP2C19*2 genotype are susceptible to 
tumors that are highly dependent on estrogen signaling due to their life-long higher 
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exposure to estrogens 7 and would therefore be more sensitive to estrogen inhibiting 
therapy. Since we did not have serum available from patients who participated in 
this trial, we were not able to obtain supportive data for this hypothesis in our series. 
Neither did we have gene expression data available to test whether patients with a 
CYP2C19*2 variant had a different molecular subtype. 

We did not correct for multiple testing. In early stage research the concern is both to 
avoid type II as well as type I errors. It would be interesting to confirm our observations 
and further explore our hypothesis in randomized series of patients from whom genotype, 
gene-expression and serum are available, treated with and without anti-estrogens. 

Another limitation of our study is the relatively short duration of tamoxifen therapy 
(1-3 years) in this retrospectively analyzed randomized trial. Currently a minimal 
duration of 5 years is common clinical practice, however we anticipate that the relative 
effects of the genotypes analyzed in this study will be similar for shorter and longer 
duration of endocrine therapy. The patients in our study randomized to adjuvant 
treatment received tamoxifen only (and no aromatase inhibitors), while currently most 
ERα-positive, postmenopausal breast cancer patients receive an aromatase inhibitor 
preceding or following tamoxifen treatment. Since we hypothesize that tumors from 
women with a CYP2C19*2 genotype are highly dependent on estrogen signaling 
we expect an increased benefit from aromatase inhibitors as well in these patients. 
It would be interesting to analyze this question in randomized trials comparing 
aromatase inhibition with tamoxifen. The patients in our trial had not received adjuvant 
chemotherapy and thereby the observed effect of the CYP2C19 genotype was not 
biased by adjuvant chemotherapy that might have cured endocrine resistant patients. 

In summary, CYP2C19 is primarily involved in endogenous steroid metabolism and 
may therefore influence tumorigenesis and sensitivity to endocrine therapy which has 
not yet been appreciated before. We show that the presence of a CYP2C19*2 variant 
allele identifies those ERα positive postmenopausal breast cancer patients who have 
an adverse prognosis, but will derive substantially benefit from adjuvant tamoxifen. 
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Figure S1A:  Numbers per treatment group pre-interim analysis

Figure S1B: Numbers per treatment group post-interim analysis
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Figure S1. Numbers of patients per randomization group pre-interim analysis (A) and post-interim 
analysis (B), for the total subset of 563 ERα positive patients. From 1989, based on two interim 
analyses showing a significant improvement in recurrence-free survival among lymph node 
positive patients, these node positive patients were all allocated to the tamoxifen treatment arm 
(i.e. skipped the first randomization). Numbers of lymph node negative patients are depicted in 
green. In red are depicted the numbers of lymph node positive patients. Abbreviations: LN neg: 
lymph node negative LN pos: lymph node positive, R1: randomization 1, R2: randomization 2. 

Figure S2. Data flow
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Figure S3. Kaplan Meier survival analysis by nodal status according to tamoxifen treatment in 
patients without a CYP2C19*2 allele (A) and with a CYP2C19*2 allele (B)
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Table S2. Overview of events in 563 ER positive patients

event total number (%) first event (%)

Loco (regional) recurrence 25 (4) 21(4)
Distant metastasis 125(22) 110(20)
Secondary contra-lateral breast cancer 23 (4) 21(4)a

Breast cancer specific death 87(15) 1(0)

a censored in RFI analysis

Table S1. Distribution of clinico-pathological variables between patients with sufficient tumor material for 
biomarker analysis and the total group of patients who entered the study  

patients with sufficient  tumor material
N (%)

total study  population
N (%) p valuea

total 739 (100) 1662 (100)
age <65 378 (51) 869 (52) 0.59

≥ 65 361 (49) 793 (48)
lymph node status neg 393 53) 901 (54) 0.61

pos 346 (47) 761 (46)
T stage T 1-2 659 (89) 1482 (89) 0.99

T 3-4 80 (11) 180 (11)
ER statusb pos 468 (77) 1014 (77) 0.87

neg 142 (23) 311 (23)
PR statusb pos 224 (57) 513 (60) 0.31

neg 168 (43) 346 (40)

aChi-Square test 
bAs defined with ligand binding assay. After revision of recollected tumors, a total of 563 were ER positive 
as assessed with immunohistochemistry

Table S3. Specifications of REMARK recommendations

Introduction

Marker Polymorphisms in CYP2C19 (*2 and *17) assessed by Taqman allelic discrimination
Objectives To evaluate the predictive capacity of CYP2C19 variants with regard to tamoxifen response 

in postmenopausal breast cancer. 
Hypothesis Polymorphisms in estrogen metabolizing enzymes , like CYP2C19, may affect  breast cancer 

molecular subtype  as well as response to anti-estrogens. We hypothesize that patients 
carrying variant  CYP2C19 alleles may  derive  differential benefit  from tamoxifen compared 
to patients  who carry the wild type alleles.

Methods (1) Patients

Characteristics From 1982 until 1994 a randomized clinical trial was conducted in the Netherlands, studying 
the benefit of adjuvant tamoxifen (IKA-trial) in postmenopausal breast cancer patients.

Inclusion 
criteria

In the original study, 1662 breast cancer patients were included who were were post-
menopausal, less than 76 years of age and had a T1–4, N0–3, M0 breast tumor. Primary tumor 
blocks were recollected and after revision for the presence of invasive tumor cells and positive 
ER status (≥10%), tumor material of 563 patients was used for this translational study.

Exclusion 
criteria

Mastitis or palpable supra- or infraclavicular lymph nodes

Treatment Patients were randomized in a 2:1 distribution between 1 year tamoxifen (30 mg per day) 
versus no adjuvant therapy. After 1 year a second randomization was performed to receive 
another 2 years of tamoxifen or to stop further treatment. From 1989, based on two interim 
analyses showing a significant improvement in recurrence free-free survival in lymph node 
positive patients, these node positive patients were all allocated to the tamoxifen treatment 
arm (ie skipped the first randomization).
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Table S3. Continued

Methods (2) Specimen characteristics

Material used Formalin-fixed paraffin-embedded (FFPE) breast tumor tissue of the primary tumor.  DNA 
was isolated from FFPE material. No control samples were used

Preservation/
storage

Formalin fixation and paraffin embedding. Storage at room temperature. Tumor DNA was 
stored at 4ºC.

Methods (3) Assay methods

Assay Genotyping for CYP2C19*2 (681G>A, rs4244285), CYP2C19*17 (806C>T, rs12248560) and 
CYP2D6*4 (1846G>A, rs3892097) was performed on genomic DNA.

Protocol Taqman allelic discrimination assays were used (Applied Biosystems, Nieuwerkerk ad IJssel, 
The Netherlands) on an ABI Prism 7500 Sequence Detection system (Applied Biosystems). 
The assays IDs are C_25986767_70 (CYP2C19*2), C_469857_10 (CYP2C19*17) and 
C_27102431_D0 (CYP2D6*4). Thermal profile for cyp2D6*4 genotyping consisted of 95˚ 
C for 10 minutes, followed by 60 cycles of 15 seconds at 92˚ C and 30 seconds at 60˚ C. 
Thermal profile for cyp2DC19*2 and CYP2C19*17 genotyping consisted of 95˚ C for 10 
minutes, followed by 50 cycles of 15 seconds at 92˚ C and 90 seconds at 60˚ C. 

Control 
experiments

Each (96 well) plate that was run for allelic discrimination, included 1-2 water samples as 
negative control

Reproducibility For each genotyping assays  a series of 50 tumor samples were run in duplo, showing > 
95% concordance.

Quantification Genotypes were scored by allele-specific fluorescence using 7500 fast system SDS software 
(Applied Biosystems).

Blinding Scoring of the genotypes was done without  knowledge regarding both the recurrence-free-
interval survival as well as the treatment arm at the time of scoring.  

Methods (4) Study design I

Case selection A randomized controlled trial. The translational study presented her was performed 
retrospectively. The median duration of follow-up for patients without a recurrence event 
was 7.8 years. Patient records were re-evaluated for recurrence until 2000. 

Clinical 
endpoints

The improvement of recurrence free interval (RFI) with tamoxifen versus no nil was assessed 
according to the presence or absence of CYP2C19*2 and CYP2C19*17 variants. RFI 
included local, regional, distant recurrences and breast cancer-specific death, but not 
contra-lateral breast cancer, as the primary event.

Variables 
examined or 
considered

Multivariate Cox models were included age (≥ 65 versus < 65), grade (grade 3 versus 
grade 1-2), tumor size (T3-4 versus T1-T2), HER2 status (positive versus negative), estrogen 
receptor expression (10-99% versus 100 %) and progesterone status (positive versus 
negative) as covariates.

Rational for 
sample size

The sample size of the translational study is based on the amount of available tumor blocks 
containing invasive, ER positive tumor cells, that could be recollected.

Methods (5) Statistical analysis

Statistical 
methods 
and variable 
selection 
procedure

Genotypes were tested for Hardy Weinberg equilibrium using a Chi-square test.  The 
distribution of clinico-pathological characteristics by the CYP2C19*2 and CYP2C19*17 
variants was evaluated using Chi-square tests. Survival curves were constructed using 
the Kaplan Meier method and compared using log-rank tests. To determine whether 
the benefit from tamoxifen was different in CYP2C19 *2 carriers  ( one or two *2 alleles 
versus no *2 allele) or CYP2C19*17 carriers (( one or two *17 alleles versus no *17 allele), 
(covariate unadjusted) Cox proportional hazard regression models were constructed 
with an interaction between treatment and the genotype. To account for the change in 
randomization of node positive patients, all survival analyses are stratified by nodal status. 
All p-values are based on a two-sided test. All calculations were made with Statistical 
Package for the Social Sciences (SPSS) 15.0 Inc., IL, USA.

Missing data Cases with a missing value for one of the variables were excluded from the multivariate analysis, 
with the exception of missing HER2 and PR data for which a separate level was created

Marker 
handling  
in analysis

The following genotypes were compared to detect a difference in tamoxifen effect : 
CYP2C19  (one or two *2 alleles versus no *2 allele and one or two CYP2C19*17 alleles 
versus no CYP2C19*17 allele).
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Table S3. Continued

Results (1) Data

Flow of 
patients

See Figure S1 for description of patients excluded for this translational study. See Table 
S1 for characteristics of total study patients versus the 739 patients with sufficient tumor 
material included in TMA .

Characteristics See Table 1.

Results (2) Analysis and presentation

Relation to 
standard 
prognostic 
variables

See Table 1 and S4-6.

Univariate 
analysis

All presented HRs are multivariate tested

Multivariate 
analysis:

See table 2 and S7-10. Estimated effects with CIs for marker and all other variables in the 
model.

Discussion

Interpretation, 
limitations and 
implication

See discussion section

Table S4. Distribution of CYP2C19*17 carriers according to clinico-pathological variables

total

cyp2C19*17 genotype

no *17 allele
N (%) 

one or two *17 alleles
N (%) p valuea

504 325 (100) 179 (100)
age <65 243 156 (48) 87 (49) 0.90

≥ 65 261 169 (52) 92 (51)
treatment control 122 87 (27) 35 (20) 0.07

tamoxifen 382 238 (72) 144 (80)
lymph node status negative 278 186 (57) 92 (51) 0.21

positive 226 139 (43) 87 (49)
tumor size T1-2 451 288 (89) 163 (91) 0.39

T3-4 53 37 (11) 16 (9)
grade I-II 334 228 (70) 106 (59) 0.01

III 170 97 (30) 73 (41)
ERα Low (0-90%) 132 88 (27) 44 (25) 0.54

High (100%) 372 237 (73) 135 (75)
progesterone receptor negative 231 154 (47) 78 (44) 0.46

positive 229 145 (45) 96 (54)
missing 44 26 (8) 5 (3)

HER2 negative 413 286 (88) 155 (87) 0.74
positive 35 23 (7) 14 (8)
missing 56 16 (5) 10 (6)

 aChi-square test, analysis based on cased without missing values
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Supplementary Table 7. Multivariate Cox proportional hazard model of recurrence free interval (RFI) 
including CYP2C19*17 and treatment interaction.

Variable N(events) Hazard Ratioa 95% CI p-value

Age
< 65 225 (56) 1.00 0.64
≥ 65 245 (51) 0.91 0.61-1.35

p T-stage
T1 or T2 420 (88) 1.00
T3 or T4 50 (19) 1.46 0.86 – 2.47 0.16

Histologic grade
I-II 308 (57) 1.00 0.02
III 162 (50) 1.64     1.08-2.49

Estrogen receptor 
Low (10-99%) 125 (29) 1.00
High (100%) 345 (78) 1.11 0.72-1.73 0.63

Progesterone receptor
negative 224 (46) 1.00 0.28
positive 246 (61) 1.25 0.83 – 1.86

HER2 status 
negative 433 (96) 1.00
positive 37 (11) 1.04 0.53– 2.04 0.91

CYP2C19*17 genotype
no CYP2C19*17 allele 305 (74) 1.00 0.76
1 or 2  CYP2C19*17 alleles 165 (33) 0.88 0.37-2.02

Treatment 
no CYP2C19*17 control 80 (21) 1.00
no CYP2C19*17 tamoxifen 225 (53) 0.57 0.34-0.98 0.04
1 or 2 CYP2C19 *17 allele(s) control 31 (8) 1.00
1 or 2 CYP2C19 *17 allele(s) tamoxifen 134 (25) 0.45 0.20-1.03 0.06
Interaction CYP2C19*17 X treatment 0.62

astratified for nodal status
 analysis based on 470 cases with 107 events
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Table S8. Multivariate Cox proportional hazard model of recurrence free interval (RFI) including CYP2C19*2 
and treatment interaction including T-stage as 3-level factor

Variable N (events) Hazard Ratioa 95% CI p-value

Age
< 65 217 (56) 1.00 0.31
≥ 65 240 (48) 0.81 0.55 -1.21

p T-stage
T1 135 (14) 1.00
T2 270 (70) 2.54 1.42 - 4.55 0.002
T3 or T4 52 (20) 3.56 1.75 - 7.26 <0.001

Histologic grade
I-II 294 (54) 1.00 0.05
III 163 (50) 1.52 1.00-2.31

Estrogen receptor 
Low (10-99%) 120 (29) 1.00 0.56
High (100%) 337 (75) 1.14 0.73-1.78

Progesterone receptor
negative 220 (43) 1.00 0.27
positive 237 (61) 1.26 0.84 - 1.90

HER2 status 
negative 419 (93) 1.00 0.44
positive 38 (11) 1.31 0.67- 2.56

CYP2C19*2 genotype
no CYP2C19*2 allele 328 (72) 1.00 0.05
1 or 2  CYP2C19*2 alleles 129 (32) 2.16 1.02 - 4.60

Treatment 
no CYP2C19*2 control 77 (17) 1.00 0.10
no CYP2C19*2 tamoxifen 251 (55) 0.63 0.36-1.10
1 or 2 CYP2C19 *2 allele(s) control 30 (12) 1.00 0.001
1 or 2 CYP2C19 *2 allele(s) tamoxifen 99 (20) 0.28 0.13-0.61
Interaction CYP2C19*2 X treatment 0.09

astratified for nodal status
 analysis based on 457 cases with 104 events
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Table S9: Multivariate Cox proportional hazard model of recurrence free interval (RFI) in patients who did 
not receive tamoxifen, including CYP2C19*2

Variable N(events) Hazard Ratio 95% CI p value

Age
< 65 56 (17) 1.00 0.16
≥ 65 50 (12) 0.53 0.22-1.29

p T-stage
T1 or T2 97 (24) 1.00
T3 or T4 9 (5) 3.21 1.05 – 9.77 0.04

Lymph node 
negative 85 (16) 1.00 0.001
positive 21 (13) 4.35 1.84-10.25

Histologic grade
I-II 65 (14) 1.00
III 41 (15) 1.08 0.46-2.56 0.85

Estrogen receptor 
Low (10-99%) 31 (11) 1.00 0.64
High (100%) 75 (18) 0.83 0.37-1.82

Progesterone receptor
negative 52 (13) 1.00 0.78
positive 54 (16) 1.12 0.50 – 2.54

HER2 status 
negative 100 (27) 1.00 0.86
positive 6 (2) 0.87 0.18– 4.16

CYP2C19*2 genotype
no CYP2C19*2 allele 77 (17) 1.00 0.01
1 or 2  CYP2C19*2 alleles 29 (12) 2.77 1.23-6.21

Analysis based on 106 cases with 29 events

Table S10. Multivariate Cox proportional hazard model of recurrence free interval (RFI) in patients who did 
not receive tamoxifen, including CYP2C19*17

Variable N(events) Hazard Ratio 95% CI p value

Age
< 65 59 (17) 1.00 0.39
≥ 65 51 (12) 0.69 0.29-1.63

p T-stage
T1 or T2 103 (25) 1.00
T3 or T4 7 (4) 2.01 0.58 – 6.98 0.27

Lymph node 
negative 89 (16) 1.00 0.001
positive 21 (13) 4.11 1.74-9.69

Histologic grade
I-II 69 (15) 1.00 0.92
III 41 (14) 0.96 0.40-2.31

Estrogen receptor 
Low (10-99%) 33 (11) 1.00 0.47
High (100%) 77 (18) 0.75 0.34-1.64

Progesterone receptor
negative 52 (13) 1.00 0.97
positive 58 (16) 1.02 0.45 – 2.29

HER2 status 
negative 104 (27) 1.00 0.65
positive 6 (2) 0.70 0.15– 3.35

CYP2C19*17 genotype
no CYP2C19*17 allele 79 (21) 1.00
1 or 2 CYP2C19*17 alleles 31 (8) 0.95 0.39-2.29 0.91

Analysis based on 110 cases with 29 events
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Anti-estrogen therapy, raised against the growth stimulating effects of hormones on 
breast cancer cells, is one of the oldest targeted treatments. Despite a substantial 
decline in breast cancer relapse and mortality, disease relapse occurs in around 30% 
of hormone receptor positive breast cancer patients treated with anti-estrogens and 
these women eventually die from the disease1. For the Dutch population, this implies 
that yearly 2,000 patients present with a disease recurrence despite adjuvant endocrine 
therapy, either due to intrinsic or acquired resistance.  A biomarker with clinical validity 
to predict anti-estrogen therapy resistance is urgently needed. Despite a wealth of cell 
biological and retrospective clinical data that provide interesting leads, none of these 
have lead to a diagnostic test that can be used in current clinical practice. 

Knowledge about the ER signaling pathway as well as the key components involved 
in the activation of this transcription factor is a major requirement to understand potential 
mechanisms of resistance to anti-estrogen therapy. Importantly, receptor activation may 
not only occur by its natural ligand estrogen, but additional activated signaling pathways, 
like the MAPK pathway, can activate the receptor in a ligand-independent manner. Pioneer 
factors, like FOXA1, are essential for the association of the ER to chromatin and thereby 
affect receptors functional activity. After activation of the receptor, the p160 family of co-
activators can bind the co-activator pocket, which is an essential step to initiate transcription. 

When analyzing the ER itself and other key components of the ER transcription 
complex in cell biological assays, it seems clear that deregulation may result in 
escape from hormone dependent growth and/or non-responsiveness to anti-estrogen 
therapy.  Over-expression of the co-activator SRC3 has been observed in ER positive 
breast cancer cell lines and the gene profile, which was exclusively regulated 
by an SRC3-bound ER has been found to be associated with poor outcome after 
tamoxifen 2 (Chapter 2). Moreover in postmenopausal women, SRC3 over-expression 
was associated with tamoxifen resistance 3 (Chapter 3). Since many of the other key 
components of the ER signaling pathway are tightly linked to expression of the ER, the 
question remains whether or not these components can predict anti-estrogen therapy 
resistance independent from ER expression. Nevertheless, the clinical relevance of 
some of these factors may lay in their potential role as drug target (Chapter 2). 

Apart from the above mentioned alterations in the ER transcription complex, cell 
biological assays have shown that anti-estrogen therapy resistance can be achieved 
through activated growth factor receptors (including HER2, EGFR1, IGF1-R and FGFR), 
that share common downstream kinase activation pathways; the MAPK and PI3K 
pathway.  Many residues on the ER have been found to be phosphorylated by kinases 
of these MAPK and PI3K pathways, which affect the receptors behavior. Since these 
phosphorylations are not exclusively mediated by these pathways, the ultimate effect 
of ER phosphorylation on anti-estrogen therapy sensitivity might be dependent on 
the upstream pathway. Each level of regulation within the above mentioned receptor 
tyrosine kinase pathways could provide potential biomarkers for anti-estrogen therapy 
resistance as well as targets for therapeutic intervention. Finally one should consider 
potential caveats when using cell biological assays for biomarkers identification, like 
geno- and phenotypic drift, artifacts and the “out of tissue” context (Chapter 2).

233



These caveats might explain why only a few of the potential biomarkers derived 
from cell biological assays have been proven to predict anti-estrogen therapy 
resistance in patients. Also, in the analysis of a putative predictive biomarker in 
clinical samples, many studies suffer from methodological flaws (Chapter 3, box 2). 
Importantly, to test the clinical validity 4 of a potential predictive biomarker, a statistical 
test for interaction, to prove that treatment effect significantly differs by marker 
status, is essential.  Furthermore, the effect of the biomarker should be analyzed in 
pre- and postmenopausal patients separately, with a correction for prognostic factors 
in a multivariate analysis. The ultimate clinical utility4 will not only be dependent on 
the clinical validity of a marker, but also on the magnitude of treatment effect and 
the presence of broad or agent selective resistance. Finally the technical validity4 of a 
predictive test should demonstrate a quality controlled and reproducible marker assay 
and scoring method before the test can potentially be introduced into clinical practice. 

Existing criteria for levels of evidence for biomarker studies are described by Simon, 
Paik and Hayes5,6. We propose an adaptation of these criteria, focusing specifically on 
predictive biomarker studies. Most important, in case a nonrandomized study is used, we 
propose a requirement for a matched control group that did not receive the treatment 
of interest. Furthermore, considering the long follow-up durations of prospective trials 
in the adjuvant setting, we propose that a preoperative window-trial using a validated 
surrogate end point for outcome (such as a decreased antigen Ki67 expression), 
should have the same level of evidence as a non-window study (Chapter 3, table 1). 
Low ERα protein expression predicts (relative) anti-estrogen therapy resistance with a 
high level of evidence in pre and postmenopausal patients (Level I-B) 7. Nevertheless 
the clinical utility of this biomarker is limited, since patients whose tumor expresses 
low ERα protein expression still derive some benefit from endocrine therapy. Most of 
other promising predictive biomarkers fall into category II-B and the clinical validity of 
these markers is shown specifically in premenopausal (like low expression of ERαS118-
p8, high EGFR expression9 and CCND1 amplification10) or postmenopausal (like 
PAK1 amplification11 and high HOXB13 expression12) patients only. PAK1 expression 
and phosphorylation of ERα at Ser305 have shown clinical validity in both pre-and 
postmenopausal patients13,14. For expression of SRC-3, discordant effects in pre and 
postmenopausal patients are observed15,16 (Chapter 3, table 2). 

Given the evidence from cell biological data showing that activation of the PI3K and/
or MAPK pathways results in hormone independent cell growth, it remains remarkable 
that the evidence from clinical evaluation of components of these pathways to predict 
anti-estrogen therapy resistance is rather weak. Previous studies have mainly focused 
on the analysis of canonical pathway drivers (like PIK3CA mutations, loss of expression 
of PTEN and over-expression of HER2) rather than evaluation of downstream activated 
proteins. We tested the clinical validity of these downstream activated proteins to 
predict adjuvant tamoxifen resistance in a series of postmenopausal primary breast 
cancer patients using quantitative immunohistochemical assays. We observed a highly 
significant test for interaction between p-p70S6K expression and tamoxifen. Patients 
with a p-p70S6K negative tumor derived significant benefit from tamoxifen (HR 0.24, p< 
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0.0001), while patients whose tumor did express p-p70S6K did not (HR=1.02, p=0.95), 
p for interaction 0.004. Similarly, when a combination of either p-ERK1/2 and/or high 
p-mTOR expression was analyzed, as marker of activation of respectively the MAPK and 
PI3K pathway, the test for interaction with tamoxifen was again highly significant (p for 
interaction 0.004). In systemically untreated breast cancer patients, these downstream 
activated proteins were associated with a decreased risk for recurrence (Chapter 4). 

In the analyses of canonical pathway drivers (PIK3CA mutations in exon 9 and 20, loss 
of expression of PTEN and over-expression of HER2 and/or IGF-1R) in the same series of 
patients, we did not observe clinical validity for any of these (single or combination of) 
molecular alterations to predict tamoxifen resistance. The benefit from tamoxifen was not 
statistically different between any of the pre-specified subgroups of patients (as defined by 
the presence or absence of a canonical pathway driver). A previously reported association 
between PIK3CA mutations and lobular breast cancer was not observed. PIK3CA mutations 
(both exon 9 and exon 20) were associated with low tumor grade and an enrichment of 
PIK3CA exon 20 mutations was observed in progesterone receptor positive tumors.  This 
indicates that in ERα positive postmenopausal breast cancer patients, PIK3CA mutations 
are not specifically enriched in lobular breast cancer, but associated with favorable 
prognostic factors like low grade and positive PR status. No clear association between the 
canonical pathway drivers and downstream-activated proteins was observed (Chapter 5). 

Considering that residues on the ER have been found to be phosphorylated by 
activated kinases in these MAPK and PI3K pathways, which may affect the receptors 
behavior, we tested the potential clinical validity of these ER phosphorylations to predict 
anti-estrogen therapy resistance. The benefit from tamoxifen was not significantly 
different between patients whose tumor did or did not express phosphorylation of 
the ERα at either Serine 118 or Serine 167. Both tamoxifen treated patients as well as 
control patients had a better prognosis when their tumor was positive for ERαS118-p 
(HR 0.60 p=0.02) or ERαS167 (HR 0.62, p=0.02) compared to patients whose tumor did 
not express these ERα phosphorylations. Considering the different signaling cascades 
that can lead to phosphorylation of the ERα, we hypothesize that estradiol/CDK7 
induced ERαS118 phosphorylation is more prominent in premenopausal patients, 
while in postmenopausal patients, when estradiol levels greatly decrease, ERαS118 
phosphorylation will be most likely the result of MAPK activation.  In our series, we 
observed that predominantly those tumors with higher levels of ERαS118-p were likely 
to be p-ERK1/2 positive (as a marker of MAPK pathway activation). Thereby a strong 
positive ERαS118-p staining in postmenopausal patients is likely to be predominantly 
the result of MAPK pathway activation, which renders the cell growth independent of the 
ERα. Indeed patients with a tumor that was positive for both ERαS118-p and p-ERK1/2 
did not benefit from tamoxifen, while those patients with an ERαS118-p positive 
tumor without p-ERK1/2 expression derived significant benefit from tamoxifen. Since 
ERαS118 phosphorylation can also be induced by CDK7 activity through an estradiol-
dependent process, it seems likely that phosphorylation of ERαS118 in the patient 
population with p-ERK1/2 negative tumors, is induced through this estradiol-CDK7-
dependent process, by postmenopausal estradiol levels. This estradiol-CDK7-mediated 
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ERαS118 phosphorylation is also likely to be the dominant mode of phosphorylation 
in premenopausal patients, where a positive ERαS118-p staining (reflecting active ER 
signaling) is associated with sensitivity to anti-estrogens 8 (Chapter 6).

Proliferation markers, like mitotic count and Ki67 labeling are clearly associated with 
breast cancer prognosis. Some modern multigene assays can actually be predicted by a 
combination of traditional pathological variables and Ki67. The St Gallen guidelines (2011 
and 2013) for adjuvant therapy recommend using Ki67 labeling to select patients for anti-
estrogen therapy only or to add chemotherapy. However, it is unclear whether proliferation 
markers can predict the benefit from adjuvant endocrine therapy. We tested the predictive 
value for different proliferation markers (including mitotic count, Ki67, Cyclin D1 expression 
and CCND1 and PAK1 gene amplification).  Patients with a tumor with low mitotic count 
derived substantial benefit from tamoxifen (adjusted HR 0.24, p<0.0001), while patients 
with a tumor with high mitotic count derived modest benefit (adjusted HR 0.64, p=0.14) (p 
for interaction 0.03). A high CCND1 log 2 copy number ratio was associated with reduced 
tamoxifen benefit (p for interaction 0.04). We did not observe significant interactions 
between either Cyclin D1 or Ki67 and tamoxifen, indicating that the relative benefit from 
tamoxifen was not dependent on the level of these proliferation markers (Chapter 8). 

Apart from the above-mentioned tumor characteristics, patient related factors may 
influence whether or not a patient derives benefit from adjuvant tamoxifen.  A large amount 
of research has focused on the analysis of genetic variation in tamoxifen metabolizing 
enzymes.  The primary physiologic role of these CYP450 enzymes is metabolism of 
endogenous steroids, like catabolism of estrogens.  CYP2C19 affects both metabolism 
of tamoxifen to 4-hydroxytamoxifen as well as catabolism of estrone (E1) and estradiol 
(E2).  We analyzed different CYP2C19 variants in the series of postmenopausal breast 
cancer patients. Patients with at least one (non-functional) CYP2C19*2 allele derived 
significantly more benefit from tamoxifen (HR 0.26; p= 0.001), compared to patients 
without a CYP2C19*2 allele (HR 0.68; p=0.18) (p for interaction 0.04). We hypothesize that 
patients carrying a CYP2C19*2 allele are susceptible to tumors that are highly dependent 
on estrogen signaling due to a life-long higher exposure to estrogens (Chapter 9).  

In the above-mentioned studies, biomarker analyses were all performed using 
primary tumor tissue and thus give an indication of primary or intrinsic anti-estrogen 
therapy resistance.  From cell biological data it is known that acquired resistance may 
occur during estrogen deprivation via activation of the PI3K/AKT/mTOR pathway. We 
tested the clinical relevance of this mechanism in a series of breast cancer patients 
from whom both primary tumor tissue as well as biopsies from metastatic tumor 
lesions were available. The difference between the expression of activated proteins 
downstream in the PI3K pathway between primary and metastatic tumor was assessed 
using immunohistochemistry in patients who received adjuvant endocrine treatment 
and in a control group without adjuvant endocrine treatment.  Adjuvant anti-estrogen 
therapy was significantly associated with an increase in p-mTOR, p-p70S6K and 
p-4EBP1 in metastatic tumor biopsy compared to primary tumor tissue, indicating that 
compensatory activation of the PI3K/AKT/mTOR pathway might indeed be a clinically 
relevant mechanism resulting in acquired anti-estrogen therapy resistance (Chapter 7).  
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Moving forward results to current clinical practice
In the Netherlands, each year around 2000 women with hormone receptor positive breast 
are insufficiently treated to prevent breast cancer recurrence. About 35 years of research 
focusing on anti-estrogen therapy resistance has failed to provide a diagnostic test that 
can be introduced into current clinical practice to identify these women. Clearly it is time 
to move forward the transition of data from the scientific to the applied domain of health 
care and ultimately provide such a diagnostic test. For this aim, it is of utmost important to 
focus on the clinical validity, clinical utility and technical validity 1 of promising biomarkers 
identified from cell biological assays. The data presented in this thesis give an overview of 
existing knowledge about estrogen receptor signaling, mechanisms of resistance (Chapter 
2) and promising biomarkers (Chapters 2 & 3) and adds new evidence for the clinical 
validity of several putative markers involved in the PI3K and/or MAPK pathways, cell cycle 
markers and CYP2C19 variants (Chapters 4-9). The following question is what would be 
the implication for current clinical practice and how to move forward the transition of 
these results. Several issues are important to consider;

Levels of evidence for the clinical validity
Applying the proposed adaptation for levels of evidence for predictive biomarker studies 
(Chapter 3), p-p70S6K would add to the existing data with the highest level of evidence. 
Based on the presence of a pre-specified cutoff, a significant test for interaction (after 
correction for multiple testing) and the presence of an underlying molecular mechanism 
that explains the predictive capacity, the level of evidence would be II-B (+). Similarly, 
however without a pre-specified cut-off, the combined variable of either p-ERK1/2 
positive and/or high p-mTOR expression predicted for tamoxifen resistance. 

To achieve level I evidence, one would either need a prospective clinical trial, or an 
additional retrospective analysis confirming the above mentioned results. The former 
would take years before conclusions can be drawn and with the current knowledge 
about the benefit from anti-estrogen therapy 2, a control arm withholding patients 
from adjuvant anti-estrogen therapy  would be unethical. Therefore, analyses of tumor 
material available from other randomized clinical trials of adjuvant tamoxifen versus nil 
(e.g. NSABP B-14 trial 3, NATO & CRC adjuvant breast trials 4,5, and the Stockholm 
trial 6) would be the quickest way to generate more definitive answers regarding these 
biomarkers. Collaboration between the few research groups and centers that have these 
precious patient materials and outcome data available is therefore extremely important. 

The level of significance of the identified interactions between tamoxifen and 
mitosis count, CCND1 log 2 copy number ratio and CYP2C19*2 were less strong. 
Furthermore, the underlying molecular mechanism that explains the predictive capacity 
needs to be further explored. Nevertheless, particularly for the markers involved in cell 
cycle (mitosis count and CCND1), a potential role for cell cycle inhibitors 7 in patients 
whose tumor exhibit these markers, would be interesting to explore.  
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Clinical utility and modern clinical practice
Since current clinical practice differs in several ways from the treatment that was given 
to patients that participated in the randomized trial used for biomarker analysis, the 
question arises whether or not the data identified from this retrospective analysis can 
be translated to the current clinical practice. 

Currently most ER-positive, postmenopausal breast cancer patients receive an 
aromatase inhibitor, substituting or following tamoxifen treatment. No retrospective 
data are available to compare aromatase inhibitors with no systemic treatment. For 
some of the identified tamoxifen resistance markers, it seems likely from preclinical 
data 8 that they predict for broad anti-estrogen therapy resistance (like p-p70S6K, 
p-ERK1/2 and p-mTOR), while for others (like CYP2C19 and mitosis count) the 
resistance mechanism could be either tamoxifen specific or broad anti-estrogen 
resistance. Analysis of these markers in trials comparing aromatase inhibitors versus 
tamoxifen (like the TEAM 9 or BIG 1-98 10 trials) could shed more light on this issue.  

Furthermore, the duration of tamoxifen therapy (1-3 years in the RCT that was used 
for biomarker analysis) differs from the current anti-estrogen therapy duration of at 
least 5 years. Whether the relative effects of the biomarkers analyzed in this study will 
be similar for shorter and longer duration of anti-estrogen therapy  remains unclear, but 
could potentially be analyzed using  tumor material from patients randomized to 5 years 
of adjuvant tamoxifen versus nil (like the NSABP-B14 trial 3). Finally, in current clinical 
practice all patients with lymph node positive disease as well as a substantial part of 
those with lymph node negative disease are recommended adjuvant chemotherapy in 
addition to anti-estrogen therapy 11. The observed effects of the biomarkers analyzed in 
the randomized trial described in this thesis were not biased by anti-estrogen therapy 
resistant patients who were cured by adjuvant chemotherapy. Hypothetically, if the 
putative biomarker for resistance would be used in current clinical practice, it might be that 
some of the predicted anti-estrogen therapy resistant patients selected by the biomarker 
will actually be cured by adjuvant chemotherapy. Furthermore, in the group of patients 
predicted to be anti-estrogen therapy sensitive, patients may actually be cured by anti-
estrogen therapy and the addition of chemotherapy might not add any additional benefit. 

Apart from the above mentioned differences between current clinical practice and 
the treatment given during the RCT that was used for biomarker analysis, one should 
also consider the clinical utility of identified biomarkers. The clinical utility should be 
shown by evidence that the use of the biomarker would improve outcomes compared 
to not using it, or reduces the number of patients exposed to an ineffective drug 
(Chapter 3). For patients not carrying a CYP2C19*2 allele, or whose tumor exhibited 
high mitotic count or CCND1 copy number ratio, the hazard ratios for the benefit from 
tamoxifen indicated only a reduced benefit, but not a complete absence of treatment 
effect.  Considering the observed hazard ratios for the tamoxifen benefit in patients 
whose tumor expressed a marker of downstream activation of the PI3K and/or MAPK 
pathways, it is likely that those patients won’t derive any benefit from tamoxifen, or 
outcomes might even be worsened by tamoxifen.  However, confidence intervals were 
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broad and again a potential meta-analysis using tumor material available from other 
randomized clinical trials 3-6 would have more power to show complete lack of benefit. 
The next question would then be how to improve outcomes in these patients, in order 
to increase the total rate of patients that can be cured from the disease. 

Technical validity
Before a potential biomarker can be used as diagnostic test, its technical validity 
should be established. The main challenges in this process and potential sources of 
bias using immunohistochemistry-based assays have previously been described by 
Marchio 12.  Although automatic immuno-stainings were used to improve robustness and 
reproducibility of the IHC-based tests described in this thesis, the visual interpretation of 
these tests has an inherent intra- and inter-observer variability 13,14, as was also shown for 
p-p70S6K. A potential role of  image analysis applications on digital slides15 to reduce this 
variability, needs to be further explored. Alternatively a ring study could be performed, 
like was previously done to validate in situ hybridization as a test for assessing HER2 
status in breast cancer 16. Gene expression signatures and mutational analysis are less 
prone to variability in interpretation of test results. Nevertheless, these assays do not take 
into account posttranslational modification of proteins and gene mutations do not always 
correlate with expected protein activation in the specific pathway (Chapters 4 & 5). 

Finally it cannot be excluded that the performance of the antibodies that were 
used for the studies described in this thesis may differ between archival tissues and 
fresh material. Therefore before a potential application into current clinical practice, 
the performance of the antibodies when using this material needs to be explored. 

Potential effect of using predictive biomarkers in patient care
The aim of using predictive biomarkers as diagnostic test in patient care is to give the 
right drug to the right patient in order to improve disease outcomes and reduce the 
number of patients exposed to an ineffective drug (with potential side effect).  Ideally, 
such a test should select resistant patients with a high sensitivity and specificity. In other 
words, a high proportion of patients who won’t benefit from treatment should be selected 
while it should not select patient who could benefit from therapy. It seems clear from the 
data presented in this thesis that it is unlikely that a single marker will have the capacity 
to specifically select sensitive and resistant patients. The process of resistance is multi-
factorial and at the current status of science, cannot be reflected into one single test. 

What would be the hypothetical effect of implementation of the PI3K and/or MAPK 
pathway activation status as diagnostic test in breast cancer patients? In the RCT described 
in this thesis, the PI3K and/or MAPK pathway was activated in approximately 50% of all 
patients (as measured by p-p70S6K or the combined variable of either p-ERK positive 
and/or p-mTOR high). If selection of patients for adjuvant anti-estrogen therapy would 
only be based on hormone receptor status (like in current clinical practice), 50% of all 
patients would actually not need adjuvant treatment, since they are cured by optimal 
local therapy. Anti-estrogen therapy reduces recurrences in approximately 50% of the 
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remaining patients (25% of all patients, Figure 1). Using PI3K and/or MAPK pathway 
activation status as diagnostic test would identify patients with a favorable prognosis 
(approximately 25% recurrences), but no benefit from tamoxifen (Figure 2A). The other 
halve of the patients have an unfavorable prognosis (approximately 75% recurrences), but 
recurrence can be prevented in approximately 50% of these patients (Figure 2B). When 
the diagnostic test indicating PI3K and/or MAPK pathway activation would be used to 
identify resistant patients, a consequence could be to withhold anti-estrogen therapy in 
these patients. Thereby, overtreatment of patients who would not need the drug can be 
reduced with 50%. To further improve disease outcome in the total group of ER positive 
patients, it is of utmost importance to investigate alternative drug sensitivity of endocrine 
resistant patients as well as development of additional diagnostic tests identifying the 
remaining group of patients who do not benefit from anti-estrogen therapy. 

Alternative treatment for tamoxifen resistant patients
Alternative treatment for tamoxifen resistant patients could be a different anti-estrogen, 
chemotherapy or (addition) of molecular targeted drugs.  Although aromatase 
inhibitors are widely used as anti-estrogen, it seems likely from pre-clinical data 8 that 
tamoxifen resistant patients whose tumor has an activated PI3K pathway, won’t benefit 
from aromatase inhibitors as well. Several inhibitors of the PI3K/AKT/mTOR pathway 
are under development and these drugs would be an obvious choice in anti-estrogen 
therapy resistant patients with an activated PI3K pathway. In metastatic breast cancer 
patients with progression after anti-estrogen therapy, the addition of an mTOR inhibitor 
has been shown to be beneficial 17,18. Furthermore, a trend for a better treatment 
efficacy was observed for patients with a tumor with high p-p70S6K 19. Randomized 
clinical trials in the adjuvant setting testing the addition of everolimus to hormonal 
therapy are currently recruiting patients 20. These studies are of great importance to 
test the treatment predictive value of PI3K pathway activation in this setting. 

Patient cured by optimal locoregional therapy (overtreated with adjuvant therapy) 

Patient cured by optimal locoregional therapy and adjuvant therapy

Patient with recurrence despite optimal locoregional therapy and adjuvant therapy

Figure 1. Effect of adjuvant anti-estrogen therapy when given to all patients with hormone 
receptor positive disease
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Effect of endocrine therapy  

Effect of endocrine therapy  

Patient cured by optimal locoregional therapy (overtreated with adjuvant therapy) 

Patient cured by optimal locoregional therapy and adjuvant therapy

Patient with recurrence despite optimal locoregional therapy and adjuvant therapy

Figure 2a. Effect of adjuvant anti-estrogen therapy when given to patients with a tumor with an 
activated PI3K and/or MAPK pathway

Figure 2b. Effect of adjuvant anti-estrogen therapy when given to patients with a tumor without 
activation of the PI3K and/or MAPK pathway

Whether or not patients whose tumor express high mitotic count or CCND1 
amplification, indicating reduced benefit from tamoxifen, might benefit more from 
aromatase inhibitor over tamoxifen remains to be defined. It is suggested that patients 
with high proliferating tumors as defined with Ki67, HER2 and hormone receptor levels, 
might benefit more from aromatase inhibition over tamoxifen, as observed in the BIG 
1-98 trial 21,22. In general, high proliferating tumors exhibit relatively low hormone 
receptor levels, which are associated with an increased benefit from cytotoxic agents 
23,24. However high tumor Ki67 expression is not associated with increased benefit 
from chemotherapy over anti-estrogen therapy  alone 25. Recently, the addition of cell 
cycle inhibitors to anti-estrogen therapy  have been shown to be beneficial as first 
line treatment in metastatic breast cancer patients 7.  Whether or not these new drugs 
could improve benefit from adjuvant anti-estrogen therapy, particularly in patients 
whose tumors express high mitotic count or CCND1, remains to be defined. 
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Identification of companion diagnostics for molecular targeted drugs
In the evolving landscape of molecular targeted drugs that are under development, 
identification of companion diagnostics that might help to select the right patient for 
the right drug is extremely important in order to improve therapeutic index (greater 
efficacy / less toxicity). However trials with an investigational drug are usually initiated by 
pharmaceutical companies that, for commercial reasons, do not benefit from narrowing 
the group of patient with an indication for the drug. Clearly, collaboration between wet-lab 
scientists, clinicians and Pharma, could improve the development of such companion 
diagnostics. However, several important issues need to be considered in this search. 

First of all, in metastatic breast cancer, treatment strategies are often based on data 
derived from primary tumor tissue. However, the molecular make up of metastatic tumor 
cells might differ from those of primary tumor cells. For example, hormone receptor 
conversion occurs in about 10%, while discordant HER2 status occurs in about 5% 
of patients 26. Furthermore, differences in activation of the PI3K/AKT/mTOR pathway 
occur between primary and metastatic tumor tissues (Chapter 7). Whether or not this is 
caused by adaptive changes to previous therapy, genetic drift 27 or clonal selection, it 
seems clear that treatment strategies based on analyses of primary tumor tissue might 
be inappropriate. Thereby, for the analysis of potential companion diagnostics for 
modern molecular targeted drug in the metastatic setting, it is of utmost importance 
to collect metastatic tumor tissue. In the majority of clinical trials, this is hardly ever 
mandatory and this might explain the deficient identification of companion diagnostics. 
Although biopsies of metastatic tumor tissue might not always be feasible, awareness 
of their significance for patient care should stimulate clinical researchers and physicians 
to motivate their patients for such diagnostic intervention. 

Furthermore, in an area of growing interests to develop companion diagnostics, to 
a large extend this is focused on genetic profiling of tumors 28. Although comprehensive 
analysis of cancer genomes have identified many driver mutations involved in cell 
signaling pathways that can be inhibited with modern targeted agents, the presence 
of such driver mutations do not always predict activation of these pathways. For 
example, in luminal A breast cancer, PIK3CA mutations are not associated with 
activation downstream in the PI3K pathway 29, as was the case in the analyses of 
tumors from patients that participated in the RCT described in this thesis (Chapter 
5). As a consequence, it seems likely that the analyses of the presence of canonical 
pathway drivers won’t always be appropriate to predict benefit from inhibitors of these 
pathways. Clearly, the focus should be broadened with functional analysis of cancer 
signaling pathways. 

Considering tumor heterogeneity and clonal evolution over time, once progression 
on treatment occurs, repeat molecular assessment of tumor tissue will be required to 
predict treatment efficacy of subsequent therapy.  However, repeat tumor biopsies are 
not always feasible and patient friendly. A less invasive technique would be to analyze 
circulating tumor cells (CTCs). Molecular characterization of CTCs by mutation analyses 
and protein expression is a promising technique to monitor treatment efficacy and tailor 
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therapy 30,31. These techniques will also be of great interest for patients with primary 
breast cancer, for early detection of (acquired) resistance to adjuvant treatment. 

Final conclusions
Molecular analyses of primary breast tumor tissue from patients who participated in the 
RCT described in this thesis have provided several interesting biomarkers associated 
with differential benefit from adjuvant tamoxifen. The transition of these data to 
daily clinical patient care requires improvement of both technical validity and clinical 
validity (achievement of level I evidence). Collaboration with other research groups 
and centers is therefore extremely important. Activation of the PI3K and/or MAPK 
pathway (as measured by p-p70S6K or the combined variable of either p-ERK positive 
and/or p-mTOR high) is the most promising marker that predicts primary tamoxifen 
resistance.  Implicating this marker into the clinic would probably halve the number 
of patients treated with an ineffective drug. Further improvement in breast cancer 
outcome could potentially be achieved by tailored use of new molecular targeted 
drugs, which requires both genomic and functional analyses of cancer signaling 
pathways using (repeat) molecular assessment of tumor tissue. 
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CHAPTER 12 ■ NEDERLANDSE SAMENVATTING

NEDERLANDSE SAMENVATTING 
Behandeling met anti-oestrogenen, die de groeistimulerende werking van hormonen 
op borstkankercellen remmen, is een van de oudste doelgerichte kankertherapieën. 
Ondanks een aanzienlijke daling van borstkankersterfte, komt de ziekte in ongeveer 
30 % van de patiënten met hormoon-receptor positief borstkanker die behandeld 
worden met anti–oestrogenen terug1. De meeste van deze vrouwen sterven 
uiteindelijk aan de ziekte. Voor de Nederlandse bevolking betekent dit dat jaarlijks 
bij 2000 patiënten een recidief optreedt ondanks adjuvante behandeling met anti-
oestrogenen. Dit kan het gevolg zijn van zowel intrinsieke als verworven resistentie. 
Een biomarker die gebruikt kan worden als test om resistentie tegen anti-oestrogeen 
therapie te voorspellen zou daarom van grote waarde kunnen zijn.  Alhoewel vele 
celbiologische studies en retrospectieve analyses van klinische data interessante 
aanknopingspunten hebben opgeleverd, hebben deze studies nog niet geleid tot een 
betrouwbare test die kan worden gebruikt in de huidige klinische praktijk.

Om inzicht te krijgen in mogelijke oorzaken van resistentie tegen anti–
oestrogeentherapie is kennis over de oestrogeen receptor (ER) signaleringsroute en 
de belangrijkste componenten betrokken bij de activatie van deze transcriptiefactor 
belangrijk.  Activatie van de receptor wordt niet alleen gemedieerd door oestrogenen 
(de natuurlijke ligand), maar kan ook - onafhankelijk van oestrogenen - veroorzaakt 
worden door andere signaleringsroutes, zoals de MAPK route. Transcriptiefactoren, 
zoals FOXA1, zijn essentieel voor de associatie van de ER met chromatine en hebben 
daardoor invloed op de functionele activiteit van de receptor. Na activatie van de 
receptor, kunnen co-activatoren (uit de p160 familie) aan de ER binden, wat een 
essentiële stap is om transcriptie te initiëren. 

Uit eerder onderzoek van de ER en andere belangrijke componenten van het 
ER transcriptiecomplex in celbiologische studies, blijkt dat deregulering van deze 
componenten kan leiden tot oestrogeen onafhankelijke groei en/of resistentie tegen 
anti–oestrogeentherapie. In ER-positieve borstkanker cellijnen is overexpressie 
van de co-activator SRC3 waargenomen. Tevens is het genprofiel, dat uitsluitend 
gereguleerd wordt door een aan SRC3 gebonden ER, geassocieerd met een 
ongunstige prognose na behandeling met tamoxifen 2 (hoofdstuk 2). Bovendien is 
SRC3 overexpressie bij postmenopauzale vrouwen geassocieerd met tamoxifen 
resistentie 3 (hoofdstuk 3). Aangezien veel belangrijke componenten van het 
ER transcriptiecomplex nauw zijn verbonden met de expressie van de ER, blijft 
het de vraag in hoeverre deze componenten onafhankelijk van de ER resistentie 
tegen anti-oestrogeen therapie kunnen voorspellen. Deze factoren zouden wel 
klinische relevant kunnen zijn als potentieel doelwit voor therapie (hoofdstuk 2).
Naast de bovengenoemde veranderingen in het ER transcriptiecomplex hebben 
celbiologische studies aangetoond dat resistentie tegen anti-oestrogeentherapie kan 
worden veroorzaakt  door geactiveerde groeifactorreceptoren (zoals HER2, EGFR1, 
IGF1-R en FGFR). Activatie van deze receptoren resulteert in activatie van de MAPK 
en/of PI3K signaleringsroutes. Geactiveerde kinases binnen deze signaleringsroutes 

253



kunnen de ER fosforyleren en daarmee de functionaliteit van de receptor 
beïnvloeden. Fosforylering van de ER wordt niet uitsluitend gemedieerd door deze 
signaleringsroutes. Het wel of niet optreden van resistentie tegen anti-oestrogenen 
zou daarom af kunnen hangen van welke signaleringsroute de fosforylatie veroorzaakt. 
Op elk niveau binnen de hierboven genoemde receptor tyrosine kinase pathways 
kunnen potentiële biomarkers voor resistentie tegen anti-oestrogeen therapie evenals 
potentiële drug targets geïdentificeerd worden. Bij het gebruik van celbiologische 
studies voor biomarker identificatie moet er wel rekening gehouden worden met 
potentiële valkuilen, zoals geno- en fenotypische drift, artefacten en de “buiten het 
weefsel “ context (hoofdstuk 2).

Deze valkuilen zouden kunnen verklaren waarom slechts enkele van de potentiële 
biomarkers geïdentificeerd uit celbiologische studies, ook daadwerkelijk resistentie 
tegen anti-oestrogeen therapie bij patiënten blijken te voorspellen. Daarnaast zijn er 
ook methodologische tekortkomingen bij het onderzoek naar de waarde van potentiele 
biomarkers in patienten samples (hoofdstuk 3, box 2).  Om de klinische validiteit4 van 
een potentieel predictieve biomarker te bewijzen is het van essentieel belang om 
met een statistische test voor interactie aan te tonen dat het effect van behandeling 
significant verschilt tussen de door de biomarker gedefinieerde groepen. Daarnaast is 
het belangrijk om de predictieve waarde van de biomarker apart te analyseren in pre 
- en postmenopausale patiënten en te corrigeren voor prognostische factoren in een 
multivariate analyse. De uiteindelijke klinische bruikbaarheid4 is niet alleen afhankelijk 
van de mate van verschil in behandelingseffect, maar is ook afhankelijk van de te 
verwachten gevoeligheid voor andere therapieen. Daarom is het van belang om te 
weten of de marker voorspelt voor brede resistentie of resistentie tegen een specifiek 
anti-oestrogeen. Voordat een predictieve test uiteindelijk kan worden geïntroduceerd 
in de klinische praktijk moet aangetoond worden dat de test reproduceerbaar is en 
aan kwaliteitscontroles voldoet (de technische validiteit 4).

Criteria voor de mate van bewijs voor biomarker studies zijn eerder beschreven 
door Simon, Paik en Hayes5,6. We stellen een aanpassing van deze criteria voor, 
specifiek voor predictieve biomarker studies. Wanneer niet gerandomiseerde studies 
gebruikt worden, zou een gematchte controlegroep van patiënten die de behandeling 
niet heeft ontvangen, als extra criterium moeten worden toegevoegd. Vanwege 
de lange follow-up die nodig is bij adjuvante studies, stellen we voor dat een pre-
operatieve window studie, waarin een gevalideerd surrogaat eindpunt voor ziektevrije 
overleving (zoals daling van Ki67 expressie) wordt gebruikt, dezelfde bewijskracht 
zou moeten hebben als een als een niet window studie (hoofdstuk 3, tabel 1). Lage 
expressie van de ER voorspelt (relatieve) resistentie tegen anti-oestrogeen therapie 
met een hoge mate van bewijs in pre-en postmenopauzale patiënten7.  Toch is de 
klinische bruikbaarheid van de ER als biomarker beperkt, omdat bij patiënten met 
een tumor met lage ER expressie anti-oestrogeen therapie toch nog enig effect kan 
hebben. Voor de meeste andere veelbelovende predictieve biomarkers is er minder 
sterk bewijs en de klinische validiteit van deze markers is afhankelijk van menopauzale 
status. Zo is bij premenopauzale patiënten lage expressie van ERαS118-p8, hoge 
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EGFR-expressie9 en CCND1 amplificatie10 geassocieerd met tamoxifen resistantie. 
Bij postmenopauzale patienten is PAK1 amplificatie11 en hoge HOXB13 expressie12 
geassocieerd met tamoxifen resistentie. Van PAK1 expressie en fosforylering van de 
ER op Ser305 is de klinische validiteit in zowel pre-als postmenopausale patiënten 
aangetoond13,14. De invloed van SRC3 expressie op tamoxifen resistentie blijkt in pre-en 
postmenopauzale patiënten echter tegengesteld te zijn 15,16 (hoofdstuk 3, tabel 2).
Hoewel uit celbiologische onderzoek vrij consistent blijkt dat een geactiveerde PI3K 
en/of MAPK route resulteert in oestrogeen onafhankelijke celgroei, is het klinisch 
bewijs dat PI3K en/of MAPK biomarkers resistentie tegen anti-oestrogeen therapie 
kunnen voorspellen nogal zwak. Eerdere studies hebben voornamelijk gezocht naar 
de predictieve waarde van de bekende activatoren van deze signaleringsroutes (zoals 
PIK3CA mutaties, verlies van expressie van PTEN en overexpressie van HER2) en niet 
naar de invloed van de downstream- geactiveerde eiwitten. We hebben de klinische 
validiteit van deze geactiveerde eiwitten voor het voorspellen van tamoxifen resistentie 
geanalyseerd in een serie van postmenopauzale patiënten. Hieruit blijkt dat expressie 
van p-p70S6K tamoxifen resistentie kan voorspellen. Bij patiënten met een p-p70S6K 
negatieve tumor heeft adjuvant tamoxifen een significante winst qua recidief vrije 
overleving (HR 0,24, p < 0,0001), terwijl bij patiënten met een p-p70S6K positieve 
tumor tamoxifen geen winst geeft (HR=1,02 , p=0,95), met een p voor interactie van 
0.004. Tamoxifen was ook niet effectief bij patienten met een tumor met p-ERK1/2 
expressie en/of hoge p-mTOR expressie (als marker van activering van respectievelijk de 
MAPK en PI3K route). De test voor interactie was ook voor deze marker sterk significant 
(p=0.004). Bij patiënten die geen adjuvant systemische therapie kregen blijken deze 
geactiveerde eiwitten geassocieerd met een gunstige prognose (hoofdstuk 4).
In dezelfde serie patiënten zagen we dat de bekende activatoren van de PI3K en/of MAPK 
signaleringsroutes (PIK3CA mutaties in exon 9 en 20, verlies van expressie van PTEN en 
overexpressie van HER2 en/of IGF-1R ) tamoxifen resistentie niet konden voorspellen. 
De eerder beschreven verrijking van PIK3CA mutaties in borstkanker van het lobulaire 
subtype zagen we niet terug in onze studie. PIK3CA mutaties bleken wel geassocieerd 
met lage tumor gradering en aanwezigheid van de progesteron receptor. In deze serie 
werd geen verband gezien tussen de aanwezigheid van een bekende activator van de 
PI3K en/of MAPK routes en downstream-geactiveerde eiwitten (hoofdstuk 5).

Omdat de ER gefosforyleerd kan worden door geactiveerde kinases in de MAPK 
en PI3K signaleringsroutes en daardoor de functionaliteit van de ER beïnvloed kan 
worden, hebben we de potentiële klinische validiteit van deze ER fosforylaties voor 
het voorspellen van resistentie tegen anti-oestrogeentherapie getest. Het effect van 
tamoxifen was niet significant verschillend tussen patiënten bij wie de tumor wel of geen 
fosforylatie van de ER op Serine118 had. Hetzelfde werd gevonden voor fosforylatie 
van de ER op Serine167. Zowel tamoxifen behandelde patiënten als controle patiënten 
hadden een betere prognose wanneer de tumor positief was voor ERαS118-p (HR 0,60, 
p = 0,02) of ERαS167-p (HR 0,62, p = 0,02). Verschillende signaleringsroutes kunnen 
leiden tot fosforylering van de ER. We suggereren dat bij premenopauzale patiënten 
fosforylatie van Serine 118 voornamelijk gemedieerd wordt door oestradiol/CDK7, 
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terwijl bij postmenopauzale patiënten (met lagere oestradiol spiegels) aannemelijk is 
dat fosforylatie van Serine 118 voornamelijk het gevolg is van MAPK activatie. In de 
onderzochte patientenserie waren voornamelijk de tumoren met hoge expressie van 
ERαS118-p ook positief voor p-ERK1/2 (een marker van MAPK route activering). Een 
sterk positieve ERαS118-p kleuring bij postmenopauzale patiënten lijkt dus voornamelijk 
het gevolg van activering van de MAPK route, leidend tot ER onafhankelijke celgroei. 
Bij patiënten met een tumor die positief was voor zowel ERαS118-p en p-ERK1/2 
blijkt tamoxifen dan ook geen effect te hebben, terwijl tamoxifen wel een effect had 
bij patiënten met een ERαS118-p positieve tumor zonder p-ERK1/2 expressie. Het 
is aannemelijk dat fosforylatie van de ER in de laatste groep het gevolg is van lage 
oestradiol spiegels bij deze postmenopauzale patiënten. Deze oestradiol geinduceerde 
ERαS118 fosforylering is waarschijnlijk ook het dominante mechanisme van fosforylatie 
bij premenopauzale patiënten en betekent dat er een actieve ER signalering is, hetgeen 
resulteert in gevoeligheid voor anti-oestrogenen8 (hoofdstuk 6).

Proliferatie markers, zoals mitotische activiteit en Ki67 labeling, zijn geassocieerd 
met de prognose van borstkanker. De St Gallen richtlijnen (2011 en 2013) voor 
adjuvante therapie raden het gebruik van de Ki67 score aan om patiënten te selecteren 
die alleen behandeld zouden kunnen worden met anti-oestrogeen therapie zonder 
adjuvante chemotherapie. Het is echter niet goed uitgezocht of  proliferatie markers 
de effectiviteit van adjuvante therapie met anti-oestrogenen kunnen voorspellen. In de 
serie van postmenopauzale patiënten hebben we de predictieve waarde voor tamoxifen 
resistentie getest voor verschillende proliferatie markers (waaronder mitotische 
activiteit, Ki67, cycline D1 expressie en CCND1 en PAK1 genamplificatie). Bij patiënten 
met een tumor met een lage mitotische activiteit blijkt adjuvant tamoxifen een grote 
winst qua recidief vrije overleving te geven (gecorrigeerde HR 0.24, p < 0,0001), terwijl 
bij patiënten met een tumor met een hoge mitotische activiteit de winst beperkt lijkt 
(gecorrigeerde HR 0.64, p = 0,14) (p waarde voor interactie 0,03). Een hoge CCND1 
log 2 copy number ratio blijkt geassocieerd met een verminderde effectiviteit van 
tamoxifen (p voor interactie 0,04). Er werd geen significante interactie gevonden tussen 
tamoxifen en cycline D1 of Ki67, wat aangeeft dat de winst van tamoxifen waarschijnlijk 
niet gerelateerd is aan deze proliferatie kenmerken (hoofdstuk 8).

Naast de hierboven genoemde tumor karakteristieken, kunnen patiënt gebonden 
factoren de effectiviteit van tamoxifen beinvloeden. Er is veel onderzoek gedaan naar 
de voorspellende waarde van genetische variaties in enzymen die betrokken zijn bij 
tamoxifen metabolisme. De belangrijkste fysiologische functie van deze CYP450- 
enzymen is metabolisme van endogene steroïden, zoals afbraak van oestrogenen. 
CYP2C19 beïnvloedt zowel het metabolisme van tamoxifen naar  4-hydroxytamoxifen 
als de afbraak van oestron (E1) en oestradiol (E2) . Onze analyse van verschillende 
CYP2C19 varianten in de serie van postmenopauzale borstkankerpatiënten toont aan 
dat patiënten met tenminste één (niet-functionele) CYP2C19 * 2 allel relatief veel 
winst hebben van adjuvant tamoxifen (HR 0,26 , p = 0,001) vergeleken met patiënten 
zonder CYP2C19 * 2 allel (HR 0,68, p = 0,18) (p voor interactie 0,04) . De hypothese 
is dat patiënten die een CYP2C19 * 2 allel dragen, gevoelig zijn voor het ontwikkelen 
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van borstkanker die sterk afhankelijk is van oestrogeen receptor signalering, door een 
levenslange hogere blootstelling aan oestrogenen (hoofdstuk 9).

In de bovengenoemde onderzoeken werd gebruik gemaakt van materiaal van primair 
tumorweefsel en de gevonden resultaten geven dus een indicatie over primaire of 
intrinsieke resistentie tegen anti-oestrogeentherapie. Uit celbiologisch onderzoek blijkt 
dat verworven resistentie (ook wel secundaire resistentie genoemd) kan ontstaan tijdens 
oestrogeendeprivatie via activatie van de PI3K/AKT/mTOR signaleringsroute. De klinische 
relevantie van dit mechanisme hebben we getest in een serie van borstkankerpatiënten 
van wie zowel primair tumorweefsel als biopten van metastasen beschikbaar waren. Het 
verschil in expressie van geactiveerde eiwitten in de PI3K/AKT/mTOR signaleringsroute 
tussen de primaire tumor en metastase werd getest met immunohistochemie. Zowel 
materiaal van patiënten die adjuvante behandeling met anti-oestrogenen hadden gehad 
als van een controlegroep zonder adjuvante anti-oestrogeen therapie werd getest. 
Adjuvante behandeling met anti-oestrogeentherapie was significant geassocieerd met 
een verhoging van expressie van deze geactiveerde eiwitten (p-mTOR, p - p70S6K en 
p-4EBP1) in de metastase ten op zichte van primaire tumorweefsel, wat aangeeft dat 
activatie van de PI3K/AKT/mTOR signaleringsroute inderdaad klinisch relevant lijkt te zijn 
bij verworven resistentie tegen anti-oestrogeen therapie (hoofdstuk 7). 

Beknopte leken samenvatting
Borstkanker patiënten met een hormoon receptor positieve tumor worden vaak 
behandeld met anti-oestrogenen (zoals tamoxifen), maar deze behandeling is niet 
bij alle patiënten effectief. Daarom wordt er gezocht naar biologische kenmerken 
(biomarkers) die resistentie tegen een behandeling kunnen voorspellen om daarmee 
de keuze voor behandeling beter te kunnen bepalen, oftewel “op maat”  te 
kunnen behandelen. Resistentie kan veroorzaakt worden door kleine veranderingen 
in de oestrogeenreceptor (ER) signaleringsroute en door activatie van andere 
eiwitsignaleringsroutes in de tumorcel, zoals de MAPK en/of PI3K route. Binnen de 
tumorcel ontstaat er als het ware een omleidingsroute.  Bekende stimulatoren van deze 
signaleringsroutes (zoals PIK3CA mutaties, PTEN en HER2) blijken tamoxifen resistentie 
niet te kunnen voorspellen. Daarentegen blijkt dat diverse actieve eiwitten (zoals 
p-p70S6K) in deze signaleringsroutes wel geassocieerd zijn met tamoxifen resistentie. 
Bij patiënten met een p-p70S6K negatieve tumor werkt tamoxifen goed, terwijl bij 
patiënten met een p-p70S6K positieve tumor deze behandeling niet effectief is. PIK3CA 
mutaties komen vaker voor in tumoren met een lage tumor graad en een positieve 
progesteron receptor.  Fosforylatie is een voorbeeld van een kleine verandering van 
de ER en kan onder andere voorkomen op Serine118 en Serine167. Deze fosforylaties 
zijn niet voorspellend voor tamoxifen resistentie maar wel geassocieerd met een 
betere prognose. Hoge mitotische activiteit (een kenmerk van snelle celdeling) en 
de aanwezigheid van meerdere CCND1 genkopien blijken geassocieerd met een 
verminderde effect van  tamoxifen.  Het CYP2C19 enzym is betrokken bij de verwerking 
van tamoxifen in het lichaam en ook bij de afbraak van oestrogenen. Bij patiënten 

257



met een genetische variant van dit enzym (CYP2C19 * 2), werkt het enzym niet goed, 
maar blijkt  tamoxifen wel heel goed te werken. Dit zou mogelijk verklaard kunnen 
worden doordat levenslange expositie aan veel oestrogenen leidt tot het ontstaan van 
borstkankercellen die sterk hormoon gevoelig zijn. 

Resistentie kan ook ontstaan tijdens de behandeling met anti-oestrogenen, doordat 
in de tumorcel eiwitten in de PI3K route actief worden (de omleidingsroute gaat  open).  
Inderdaad blijkt dat bij patiënten die uitzaaingen hebben ontwikkeld nadat ze behandeld 
zijn met anti-oestrogenen deze eiwitten actiever worden in de uitgezaaide tumor.  Om 
een mogelijk therapie effect  te kunnen voorspellen bij uitgezaaide borstkanker is het 
daarom belangrijk tumor materiaal van de uitzaaing te verkrijgen.
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DANKWOORD 
Februari 2009- februari 2014; met uitzicht op sneeuw en bergen kijk ik van een 
afstandje eens terug op deze afgelopen 5 jaar. Een periode die wel te vergelijken is 
met het beklimmen van een hoge berg. Je begint uitgerust en vol goede moed, maar 
hebt nog geen idee wat er onderweg gaat komen en hoe het uitzicht op de top zal 
zijn. Bij iedere bocht stel je je weer in op het bereiken van de volgende en zo komt 
het eindpunt steeds beter in zicht. Intussen genieten van kleine successen onderweg, 
prachtige uitzichten en het gevoel lekker bezig te zijn. Maar ook wel eens denken 
niet vooruit te komen, een soort vals plat, en dan uiteindelijk toch weer een stap 
verder te zijn gekomen. Zo had ik in 2009 met veel trainen, maar vooral doorzetten, al 
aardig wat topjes bereikt. Deze berg was echter van een heel ander kaliber en had ik 
dus nooit kunnen beklimmen zonder de aanmoedigingen en tips van vele supporters 
onderweg die ik daarom ontzettend wil bedanken.

Beste Professor dr Linn, lieve Sabine, jij bent met recht de meest inspirerende en 
trouwe supporter geweest. We hadden de route in 2009 aardig uitgestippeld en 
nu terug kijkend zijn we niet eens zoveel afgeweken. Ik bewonder je enorm om je 
kunst je niet te laten afleiden door tegenliggers, drukte of doodlopende sporen. Je 
weet altijd bij de inhoud te blijven en te zoeken naar de waarheid, desnoods via een 
omweg. Publiceren is voor jou niet een primair doel, maar vooral een middel om 
resultaten te delen en daarmee vooruitgang voor de patiënt te bereiken. Balancerend 
tussen wetenschap, kliniek en thuis wisten we altijd weer onze overleg momentjes te 
vinden, waarbij gelukkig ook regelmatig kleine zijpaadjes naar niet wetenschappelijke 
onderwerpen niet ontbraken. Sabine, dank voor al deze momenten en mogelijkheden 
die je gecreëerd hebt, ik hoop in de toekomst nog veel met je te mogen samenwerken.

Om in 2009 vanuit de kliniek de weg te kunnen vinden in een laboratorium met vooral 
basale wetenschappers had ik tevoren misschien eens beter op de kaart moeten kijken. 
Gelukkig waren er velen die me onderweg de juiste weg wisten te wijzen.Wilbert, jij wist 
me alles te vertellen over oestrogeen receptor signalering, cofactoren en DNA bindings 
plaatsen. Ik was dan ook ontzettend blij te horen dat je als junior groepsleider terug 
kwam binnen het NKI. Jouw groep vormt nu samen met het lab van Sabine een sterk 
team en een mooi voorbeeld van een goede samenwerking tussen “wed lab scientists” 
en klinische wetenschappers.  Onderweg kwam ik ook de muismodellen van de groep 
van Jos Jonkers tegen. Vele  werkbesprekingen voelde ik me redelijk verdwaald in deze 
materie. Alhoewel ik de weg naar het muizenhuis nooit heb opgezocht, heeft het mijn 
blik op de mogelijkheden binnen de wetenschap zeker verrijkt. Jos, bedankt voor je 
respect en kritische blik bij onze gemeenschappelijke werkbesprekingen. Mocht er ooit 
nog eens een goed muismodel van het luminale type mammacarcinoom ontwikkeld 
worden, dan zoek ik het pad naar het muizenhuis misschien nog wel eens op.

Verdwaald tussen de muizenwetenschappers was er gelukkig ook een vertrouwde 
thuishaven op P2, waarin ik mijn dwalingen kon delen met kamergenoten Marco, 
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Chris en Marieke, die toevallig ook allen wel van een klimmetje hielden. Marieke, 
zonder jouw dagelijkse lach, tips en kritische blik, had ik me die eerste tijd aardig 
verloren kunnen voelen. Ik bewonder je enorm om je perfectionisme, brede oriëntatie 
en scherpe mening. Twee woorden zijn bij jou genoeg om door te hebben waar het 
om gaat, niet alleen qua werk, maar vooral ook daarnaast. Dat ik jou ooit als paranimf 
zou vragen was voor mij dus vanzelfsprekend. Nu maar hopen dat je er ook echt bij 
kan zijn. Na een tijdje gestuntel met DNA isoleren, PCRs en immunokleuringen vond 
Sabine het tijd worden voor serieuze analisten en daar kwamen Mark en Tesa de groep 
versterken. Mark, jij hebt een ontzettende hoeveelheid werk verricht met het kleuren 
en scoren van al die TMAs. Je weet met al die data heel goed de systematiek te 
bewaken en hebt altijd, en op tijd, bruikbare kritiek op manuscripten. Veel dank voor 
al dit werk, maar vooral ook voor de ontzettend prettige samenwerking. Dear Tesa, I 
admire your knowledge about DNA technologies, accuracy and above all your funny 
humor, thank you for all of this. Daarnaast kwam er versterking met een student; Judy 
Jacobse,  jij hebt een enorme hoeveelheid DNA kunnen isoleren van al die tumor 
blokjes, dit is ontzettend waardevol geweest! 

Inmiddels heeft de groep promovendi zich verder uitgebreid. Beste Qwen en Annelot, 
jullie hebben allebei een stukje van de puzzel opgepakt en ik weet zeker dat jullie 
een belangrijk deel zullen oplossen. Dear Izhar, your strength to continue despite 
adversities is really admirable. Please keep on fighting this fight. 

Maar behalve opvolgers, waren er ook belangrijke voorgangers, de zogenaamde 
koprijders. Marleen, het voelt nog als de dag van gisteren dat wij in 2009 het stokje 
aan elkaar overdroegen. Toen al was ik enorm onder de indruk van jouw verteltalent, 
het verhaal over oestrogeen receptor fosforylatie leek wel een spannend sprookje! 
In 2013 kwamen onze wegen in de kliniek weer parallel te lopen en daar was ik heel 
gelukkig mee. Ik zal de waardevolle koffiemomentjes zeker gaan missen. Je blijkt niet 
alleen een voorbeeld als wetenschapper, maar ook als klinische dokter. Ontzettend 
leuk dat je mijn paranimf wil zijn!

Rutger, wat een ontzettende klus is het geweest om al dat weefsel te verzamelen! 
Samen met Professor Paul van Diest, die al die tumor samples gereviseerd heeft, heb je 
uren naar die glaasjes getuurd. Dit is enorm waardevol geweest en eenhele belangrijke 
basis geweest voor mijn promotie. Geachte Professor van Diest, beste Paul, jouw 
feedback was altijd snel en waardevol. Jullie hadden in Utrecht al lang in de gaten dat 
de informatie van gemetastaseerd tumorweefsel tot veel inzichten zou kunnen leiden. 
De serie die je samen met Laurien Hoefnagel hebt verzameld is enorm waardevol en ik 
heb het ontzettend gewaardeerd dat ik het materiaal heb mogen gebruiken voor het 
testen van de PI3K markers. Laurien, bedankt voor de prettige samenwerking hierin.

Op de afdeling pathologie van het NKI-AvL maakte ik een belangrijke verandering 
mee. Het eerste jaar liep ik nog in het rond met een kookwekker en probeerde ik 
met eindeloos variëren in verdunning, antigen retrieval etc een “Zweedse” kleuring 
na te bootsen. Met ondersteuning van eindeloos geduld van Donnee Majoor kwam 
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ik dichtbij, maar daar kwam toen gelukkig de automatische immunostainer. Met inzet 
van Donnee, Mark en ook Ingrid Hofland, liep de ene na de andere kleuring met 
succes. Annegien Broeks maakte dit onderdeel van de central core facility, waarmee 
het voor onderzoekers uit het hele instituut mogelijk werd hier gebruik van te maken.

Maar wat heb je aan een immunohistochemische kleuring zonder te weten waar je 
naar kijkt? Daar heb je toch echt een patholoog voor nodig die daar iets over durft te 
zeggen. Jelle Wesseling, heeft veel dank voor alle tijd die je hier naast het drukke werk 
van de diagnostiek aan hebt willen besteden. Maar vooral ook voor alle relativerende 
gesprekken waarin jij de nodige humor stopt! Jettie Muris en Yoyce Sanders, heel fijn 
dat jullie dit zonder enig belang ook op jullie wilde nemen.

Maar dan, een SPSS bestand vol data, hoe dat te interpreteren? En vooral,  hoe bewijs 
je dat dat wat je denkt gevonden te hebben, niet berust op toeval of beïnvloed is door 
andere factoren? Then you really need to talk to your statistician. Dear Andrew, we have 
had lots of confusing discussions, but all of them were very valuable. I have very much 
appreciated your patience and interest in clinical and biological aspects of science. Ook 
wil ik Harm van Tinteren en Michael Hauptman bedanken voor de prettige samenwerking. 

En dan heb je mooie data, maar hoe schrijf je dat zo op dat anderen er ook in geloven? 
Een frisse blik van een “buitenstaander”, jawel, helemaal uit Rotterdam is dan erg 
waardevol. Professor Berns, beste Els, heel veel dank voor deze kritische blik!

Het uiteindelijk doel van de onderzoeken van dit proefschrift  is het verbeteren van 
de overleving van patienten met borstkanker. Met veel enthousiasme heb ik dan 
ook gewerkt aan de ontwikkeling van een klinische studie (niet beschreven in dit 
proefschrift). The collaboration with academic partners, particularly Carlos Caldas 
and Richard Baird from Cambridge University, was inspiring. Dear Carlos and Richard, 
it’s a pleasure to work with you, hopefully POSEIDON will start very soon! Ook de 
samenwerking met  de wetenschappelijke administratie is hierbij onmisbaar. Met 
name wil ik bedanken Ingrid Mandjes, die met een enorme inzet al heel wat voorwerk 
heeft kunnen doen. Ingrid, ik beloof dat dit ditkeer niet voor niets is geweest!

Mijn dank gaat ook uit naar Prof. dr J. Schellens, Prof. dr. S. Sleijffer, Prof. dr. E. van der Wal, 
Prof. dr.ir J.J.M van der Hoeven en dr G.Sonke voor het beoordelen van mijn manuscript.

De afgelopen  2 jaar  stonden weer vooral in het teken van de kliniek, waar de zorg voor 
de  (borst)kanker patient centraal staat. Ook hier zijn er vele supporters langs de route 
geweest die me hebben onderweg hebben gesteund. Het AvL is een prachtige plek om te 
mogen worden opgeleid tot internist-oncoloog. Ik wil alle leden van het opleidingsteam 
ontzettend bedanken voor de goede sfeer waarin ik me heb kunnen ontwikkelen. 
Met name wil ik noemen Sjoerd Rodenhuis en Jacqueline Stouthard als fantastische 
opleiders en Jan Paul de Boer, Gabe Sonke, Martijn Kerst en Joke Baars als inspirerende 
mentoren. Medewerkers van de 4de verdieping, polikliniek en dagbehandeling, bedankt 
voor de geweldige sfeer en fijne samenwerking. Hinke en Ilse, heel veel dank voor jullie 
ondersteuning bij de dagelijkse rompslomp, er was nooit iets teveel voor jullie. 
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Het eindpunt van de beklimming is bijna bereikt. Het is een mooie weg geweest en ik 
heb ervan genoten. Wat heerlijk om lieve familie en vrienden om me heen te hebben 
gehad die me af en toe een duwtje in de rug gaven. Karin van Galen, op de fiets 
voelen wij ons het beste, heerlijk, maar ook de etentjes met Noortje en Liselot zijn erg 
waardevol. Lot, het begon ooit  in een korjaal over de Marowijne rivier, later was het 
een hok en een lampekapje in Stockholm, ik hoop nog veel van jou en je positieve kijk 
op het leven mee te maken! Esther, wat heerlijk om jou zo dichtbij te hebben, ik hoop 
snel weer in jouw tempo mee te kunnen rennen en samen te genieten van alles wat 
mooi is. Lieve Sandra en Irma (van het edele drietal), Saskia en Antoinette, gelukkig 
kennen jullie mij langer dan vandaag en het is waardevol te weten dat we altijd op elkaar 
terug kunnen vallen. Bastiaan and Sara, thank you so much for your hospitality and you 
interest in me and our live. I’m looking forward to visit you again. Ronald, je bent een 
top fotograaf!  Lieve Dora en Gerard, dank voor alle opvang van de kinderen en de 
liefde aan hen en ons. Ik hoop dat er een cake klaarstaat. Lieve zus, wat ben ik blij dat 
we elkaar begrijpen en bewonderen. Ik kijk uit naar het volgende wondertje. Lieve papa 
en mama, van jullie heb ik geleerd om door te zetten en tegelijkertijd te genieten van 
de gewone kleine mooie dingen om ons heen.  Daarom is het leven iedere dag mooi. 

Lieve Martijn, samen hadden we al heel wat klimmetjes gemaakt, maar ditmaal moest 
ik alleen op kop. Ik ben je heel dankbaar voor alle ruimte die je me hiervoor hebt 
gegeven en de liefde en support onderweg. Ik kijk uit naar nieuwe beklimmingen die 
we samen durven aan te gaan, maar vooral ook naar het genieten van de simpele 
dingen; een bakkie koffie in het zonnetje,  Harry Pikee, op het fietsie door de straat 
met onze lieve schatten.  Pien en Joppe, mamma haar boekje is eindelijk klaar! Jullie 
hoeven niet meer te struikelen over het snoertje van mijn laptop,  we gaan lekker 
genieten van elkaar! Martijn, Pien en Joppe, ik hou ontzettend veel van jullie! 
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