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Abstract To date, three molecular markers (ER, PR, and

CYP2D6) have been used in clinical setting to predict the

benefit of the anti-estrogen tamoxifen therapy. Our aim was

to validate new biomarker candidates predicting response

to tamoxifen treatment in breast cancer by evaluating these

in a meta-analysis of available transcriptomic datasets with

known treatment and follow-up. Biomarker candidates

were identified in Pubmed and in the 2007–2012 ASCO

and 2011–2012 SABCS abstracts. Breast cancer micro-

array datasets of endocrine therapy-treated patients were

downloaded from GEO and EGA and RNAseq datasets

from TCGA. Of the biomarker candidates, only those

identified or already validated in a clinical cohort were

included. Relapse-free survival (RFS) up to 5 years was

used as endpoint in a ROC analysis in the GEO and

RNAseq datasets. In the EGA dataset, Kaplan–Meier

analysis was performed for overall survival. Statistical

significance was set at p\ 0.005. The transcriptomic

datasets included 665 GEO-based and 1,208 EGA-based

patient samples. All together 68 biomarker candidates were

identified. Of these, the best performing genes were PGR

(AUC = 0.64, p = 2.3E-07), MAPT (AUC = 0.62,

p = 7.8E-05), and SLC7A5 (AUC = 0.62, p = 9.2E-05).

Further genes significantly correlated to RFS include FOS,

TP53, BTG2, HOXB7, DRG1, CXCL10, and TPM4. In the

RNAseq dataset, only ERBB2, EDF1, and MAPK1 reached

statistical significance. We evaluated tamoxifen-resistance

genes in three independent platforms and identified PGR,

MAPT, and SLC7A5 as the most promising prognostic

biomarkers in tamoxifen treated patients.
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Z. Mihály � M. Kormos � A. Lánczky
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Introduction

The anti-estrogen tamoxifen was the first targeted therapy

agent approved for the treatment of breast cancer in 1977.

It competes with estrogen receptor (ER) for binding, and

subsequently stops the cell cycle in the G0 and G1 phases

thus preventing the cell division. Adjuvant tamoxifen can

reduce the risks of both breast cancer recurrence and death.

According to the current NCCN guidelines, tamoxifen is

approved for the endocrine treatment of early and advanced

breast cancer in both pre- and post-menopausal women. In

addition, tamoxifen could also be used in patients as a risk-

reducing tool to prevent breast cancer [1].

Tamoxifen therapy can be designated as targeted ther-

apy because the expected response can be estimated by

measuring the expression of the ER. Only ER positive

tumors respond to endocrine therapy where the treatment

results in a reduction of the annual event rate to 0.62

(p\ 1E-05) while ER negative tumors will fail to respond

at all [2]. The lack of response of ER negative patients was

confirmed by a review of four clinical trials [3]. However,

only 50 % of patients with ER positive tumors respond to

hormonal therapy [4]. In addition, although the lack of

expression of ER is highly predictive, its IHC-based

determination displays a high inter-laboratory heterogene-

ity [5]. ER-status determination could be improved by

array-based tests which are more objective and display

higher reliability [6].

Similar efficacy can be achieved by measuring expression

of the progesterone receptor (PR), an estrogen-regulated

gene. About 65 % of ER positive tumors is also PR positive

while the PR positive ER negative tumors account for only

1–2 % of all patients [7]. Although PR status is predictive for

response, this is not significant when the ER status is also

included in the analysis [2]. By a retrospective analysis of

155,175 women between 1990 and 2000, the proportion of

ER negative PR positive patients decreased what could sug-

gest an improvement in diagnostic procedures [8]. Due to

these discrepancies, in contrast to the NCCN, PR is not

included in the NICE guidelines (National Institute for Health

and Clinical Excellence (UK): http://www.nice.org.uk).

Tamoxifen is converted in vivo into several more active

forms including 4-hydroxy-tamoxifen and endoxifen. The

CYP2D6 and CYP3A4 isoforms of the cytochrome P450

participate in this conversion, and a large retrospective

study identified shorter relapse-free survival (RFS) time in

patients who had two variant polymorphisms of CYP2D6

[9]. This was however not confirmed in following studies

[10] and therefore current NCCN and ASCO guidelines do

not recommend CYP2D6 testing as a tool for determining

optimal endocrine treatment [11].

Besides the three markers discussed above (ER, PR, and

CYP2D6) there are numerous new candidates many of

which have not yet been evaluated in an independent

cohort. In present meta-analysis our focus will be on the

expression-based markers as by utilizing transcriptomic

cohorts published in the last decade we can provide the

foundation for an independent validation of these candi-

dates. We have screened the GEO and EGA repositories for

breast cancer patients with known follow-up. In addition,

we also included the RNAseq datasets published by the

TCGA project. We have filtered to include only patients

receiving endocrine (tamoxifen) therapy and in these we

evaluated 59 tamoxifen response biomarker candidates

published in the last 5 years (2007–2012).

Methods

We have structured our review and meta-analysis accord-

ing to the ‘‘Preferred Reporting Items for Systematic

Reviews and Meta-Analyses’’ guidelines published in 2009

(PRISMA) [12]. The original PRISMA flow diagram [12]

includes ‘‘identification’’ of data sources, ‘‘screening’’

methods, ‘‘eligibility’’ criteria, and ‘‘included’’ patients.

Here, we used an approach in which both the markers to be

validated and the data to be used for validation were

identified by a search of available publications. This gen-

erates a new issue, the combination of these. Therefore, we

have extended the PRISMA pipeline by adding a fifth

category for ‘‘analysis’’ in Fig. 1.

Identification of tamoxifen resistance biomarkers

We have performed search in Pubmed and in the ASCO

and SABCS abstracts to identify published biomarker

candidates. In Pubmed, the words ‘‘tamoxifen,’’ ‘‘resis-

tance,’’ ‘‘biomarker,’’ and ‘‘breast’’ were used. The search

was narrowed to include only genes published between

1977 and 2012. Only publications in English were con-

sidered. The search in the ASCO (Journal of Clinical

Oncology) and SABCS (Cancer Research) abstracts was

reduced to include abstracts published between 2007–2012

and 2011–2012, respectively; the reason for the search in

the conference proceedings was to identify biomarkers

currently under investigation but without any relevant
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peer-reviewed publication. In addition, Pubmed was sear-

ched for earlier publications investigating genes described

in the ASCO and SABCS abstracts. The unique gene

symbol and name was identified for each gene by querying

the online repository of the HUGO Gene Nomenclature

Committee (http://www.genenames.org).

Construction of GEO-based microarray database

Breast cancer datasets were identified in GEO

(http://www.ncbi.nlm.nih.gov/gds) using the GEO platform

IDs ‘‘GPL96’’ (for HG-U133A), ‘‘GPL570’’ (for HG-U133

Plus 2.0) and the keywords ‘‘breast,’’ ‘‘cancer,’’ and ‘‘sur-

vival’’. Only datasets including at least 30 patients were

considered (some of the final datasets include less patient

as not all patients within one dataset were actually treated

by endocrine therapy), all together 6,197 breast cancer

patients were processed. The database quality control and

removal of duplicate samples were performed as described

previously [13]. The raw CEL files were MAS5 normalized

in the R statistical environment (http://www.r-project.org)

using the Affy Bioconductor library. MAS5 was used

because it performed among the best normalization meth-

ods compared to RT-PCR measurements in our previous

study [14].

The ER status was determined for each patient using the

probe set 205225_at as implemented in http://www.

recurrenceonline.com [6]. JetSet was used to identify the

most representative Affymetrix probe sets for each gene.

JetSet is based on a method calculating principled, unbi-

ased quality scores for probe sets, and we used these scores

to define a simple, unambiguous mapping from gene to

probe set [15].

Construction of EGA-based microarray database

Illumina microarrays published by the Metabric project

were downloaded from the European genome–phenome

archive (EGA) (https://www.ebi.ac.uk/ega/) [16]. The

database contains 1,988 patients, the average overall sur-

vival is 8.07 years, 76 % of the patients are ER positive

and 47.3 % are lymph node positive.

Instead of using the processed table, we have re-run the

complete pre-processing for all arrays. First, the rawdatawere

imported into R and summarized using the beadarray package

[17]. For annotation, the illuminaHumanv3 database of Bio-

conductor was used (http://www.bioconductor.org). During

summarization, 319 unmapped probes were removed. Then,

quantile normalization was performed using the preproces-

sCore package [18]. For genes with several probes, the one

with the highest dynamic range was retained.

Construction of database using RNA-seq data

RNA-seq data for breast cancer patients [19] were pub-

lished in The Cancer Genome Atlas (TCGA) of the

Fig. 1 A flow diagram depicting the processing of GEO (A) and

METABRIC (B) microarrays, the search for biomarker candidates in

the published scientific literature as well as recent conference

proceedings (C), and the selection of patients with RNA-seq data in

the NCI-TCGA project (D)
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National Cancer Institute (http://cancergenome.nih.gov/)

and we downloaded the pre-processed level 3 data gener-

ated using the Illumina HiSeq 2000 RNA Sequencing

Version 2 platform. For these samples, expression levels

were determined using a combination of MapSplice and

RSEM. We have combined the individual patient files in R

using the plyr package [20].

Statistical analyses

ROC analysis was performed in the R statistical environ-

ment (http://www.r-project.org) using the ROC Biocon-

ductor library. A Kaplan–Meier analysis platform was

established previously [21]. For present study, our online

available Kaplan–Meier plotter was upgraded to enable

future biomarker validation in the 665 tamoxifen-treated

patients (http://www.kmplot.com/breast). For the expres-

sion of the genes, each percentile (of expression) between

the lower and upper quartiles was computed and the best

performing threshold was used as the final cutoff in the

Cox regression analysis. Kaplan–Meier survival plot, and

the hazard ratio with 95 % confidence intervals and log-

rank P value were calculated and plotted in R using Bio-

conductor packages. To assess correlation to proliferation,

Spearman correlation to MKI67 expression was computed

within the tamoxifen-treated patients. Multiple testing

correction was performed using a step-up method (http://

www.kmplot.com/multipletesting/) as described previously

[22]. The supplemental material contains R scripts for ROC

analysis (Supplemental R script 1.R) and Kaplan–Meier

analysis (Supplemental R script 2.R). Statistical signifi-

cance was set at p\ 0.005.

Results

Construction of microarray databases

After selection, the microarray files were re-processed from

the original raw files. The normalized table of the 665

microarray files of tamoxifen-treated samples downloaded

from GEO including the gene expression values for all

genes used in the study is available as Supplemental

Table 1. The clinical characteristics of the individual

datasets used for assessing RFS is listed in Table 1 and the

detailed characteristics for each patient are listed in Sup-

plemental Table 2. The normalized table for the 1,208

microarray files of endocrine therapy-treated patients

downloaded from EGA is available in Supplemental

Table 3 and the detailed characteristics for each patient in

Supplemental Table 4. T
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Biomarker candidates

After screening the published literature and the presenta-

tions at large international conferences of the last three

years, 98 publications were identified describing biomarker

candidates of tamoxifen resistance. Of these, 17 did not

have a clinical validation, these were excluded. In the

remaining 81 publications, 84 genes were described as new

biomarker candidates. Of these, 16 were either not present

on the Affymetrix/Illumina microarrays or the published

gene symbol was not unambiguously recognized in the

HUGO database. The remaining 68 genes were evaluated

in the established transcriptomic databases. None of these

genes were identified using the microarray cohorts used for

construction of the database.

Markers predicting relapse-free survival

The power of the genes to predict RFS was assessed by

ROC analysis in two pre-defined cohorts of patients either

relapsing before 5 years or not relapsing until 5 years. The

ROC analysis has the advantage over Cox regression that it

evaluates all available cutoff values and thus its output is

representative for the overall performance of the biomarker

candidate. The predictive power of each biomarker is listed

in Table 2. Higher expression of SLC7A5, HOXB7,

TPM4, and CXCL10 was associated with shorter RFS—for

all other genes higher expression was correlated to better

survival. For the best performing genes, we have com-

pleted a Kaplan–Meier analysis using the best performing

cutoff to demonstrate their potential to discriminate those

with good and bad prognosis. Of the top genes, PGR, FOS,

and BTG2 showed negative correlation to MKI67 (coeffi-

cients -0.17, -0.22, and -0.20, respectively), MAPT,

SLC7A5, TP53, CXCL10, and TPM4 showed a positive

correlation (0.14, 0.29, 0.25, and 0.18, respectively).

HOXB7 and DRG1 were independent of MKI67 expres-

sion. The Kaplan–Meier plots for the strongest genes

including PGR, SLC7A5, CXCL10, MAPT, TP53, and

HOXB7 are depicted in Fig. 2.

Genes predicting overall survival

We have assessed the power of the genes to predict overall

survival in the endocrine-treated patients of the META-

BRIC dataset. We have not evaluated progression-free

survival in these patients as PFS data were not available.

Moreover, for the METABRIC patients only the usage of

endocrine therapy was published and not the actual pro-

tocol. For these reasons, the principal ranking of the genes

was made by using the AUC values achieved in the ROC

analysis for relapse-free survival. A similar analysis for

overall survival was not possible in the GEO-based datasets

using Affymetrix microarrays, as only a limited number of

tamoxifen-treated patients had overall survival data. Of the

best performing genes predicting RFS, only five (PGR,

MAPT, SLC7A5 FOS, and CXCL10) were capable to

predict overall survival. Five additional genes, EZH2,

KRAS, NCOA3, RAF1, and SERPINE1 were only signif-

icant when predicting overall survival—for all these genes

higher expression resulted in shorter overall survival. The

complete results for each gene are presented in Table 2.

Evaluation of RNA-seq data

In TCGA, all together 840 breast cancer patients were

available with complete RNAseq results and survival

information. The normalized RNA-seq expression values

for the genes are listed in Supplemental Table 5 and the

clinical data for all RNA-seq patients are available in

Supplemental Table 6. Of the 840 breast cancer patients,

89 received tamoxifen treatment. However, due to limited

follow-up time many of the patients were censored before

5 years. Therefore, in the ROC analysis 15 responder

patients (those not relapsing before 5 years) were com-

pared to 8 non-responder (relapsing before 5 years)

patients. Three genes achieved statistical significance in the

ROC analysis: ERBB2 (AUC = 0.83, p = 1.95E-04),

EDF1 (AUC = 0.81, p = 1.14E-3) and MAPK1

(AUC = 0.79, p = 1.9E-3). None of the remaining genes

were significant.

Discussion

ER expression per se is not a positive biomarker as missing

expression predicts lack of response, but only half of those

expressing it will actually respond to therapy—this has

prompted numerous investigators to seek alternative bio-

marker candidates.

Resistance against endocrine therapy is an important

issue, as the majority of breast cancer patients are ER

positive and therefore eligible for such treatment. There are

several mechanisms of resistance including the decreased

expression of ER, the expression of truncated ER receptors,

the increased activity of AP1 and of the ER activator

molecules, the activation of the MAPK and PIP3 K path-

ways, and the disturbed regulation of apoptotic machinery

[23]. Of the numerous list of candidate genes investigated

in our meta-analysis, only ten genes reached statistical

significance. Of these, besides the previously discussed and

clinically used PGR the most promising candidates were

SLC7A5 and MAPT.

Solute carrier family 7, member 5 (SLC7A5) is a

membrane-localized amino acid transporter included in the

Mammostrat 5-gene IHC-based biomarker assay [24]. The
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test classifies SLC7A5 as positive when it is expressed by

more than 10 % of the invasive tumor cells. The gene was

identified in a previous study also employing a sizeable

cohort of patients for evaluating 700 computationally

identified target genes [25]. Besides SLC7A5 two addi-

tional genes of the Mammostrat five-gene panel (TP53 and

DRG1) were also significant, while the remaining two

genes failed to deliver a decisive correlation. However, no

other group has yet identified SLC7A5 as a gene correlated

to endocrine sensitivity or progression in breast cancer. In

our analysis, SLC7A5 was correlated to RFS and higher

expression also resulted in shorter overall survival thereby

suggesting a feasible option to be embattled by a targeted

therapy to circumvent tamoxifen resistance.

Microtubule-associated protein tau (MAPT) is a protein

promoting microtubule assembly having additional

unknown cellular functions via its yet unclear involvement

in cell cycle [26]. ER influences MAPT expression in

human breast cancer cell lines, and the expression of

MAPT was increased when the cells were stimulated with

tamoxifen. [27]. In this study, the expression of MAPT also

correlated to sensitivity to taxanes and silencing of MAPT

increased cellular sensitivity to taxanes. Despite being

identified as correlated to tamoxifen resistance in a rela-

tively small cohort, MAPT delivered the highest signifi-

cance of the previously unemployed genes in both

correlation to relapse-free survival and to overall survival.

Among the remaining top candidate genes are TP53,

BTG2, FOS, HOXB7, DRG1, CXCL10, and TPM4. The

tumor suppressor TP53 is one of the most studied gene

which is mutated in over 70 % in HER2 and basal subtypes

but only 12 and 29 % of ER positive Luminal A and

Luminal B subtypes, respectively [28]. Besides TP53, FOS

BTG2, PGR, DRG1 and HOXB7 also regulate the tran-

scription, but only TP53 and BTG2 affect directly the cell

cycle as well. HOXB7 is overexpressed in breast cancer

[29] and also has a role in DNA repair [30]. Moreover,

HOXB7 is also involved in cell proliferation and differ-

entiation and HOXB7 antagonism was recently shown to

circumvent tamoxifen resistance [31]. BTG2 participates in

DNA repair, is a negative regulator of cell proliferation,

and is also an ESR2 effector [32]. FOS is a transcription

factor participating in both acquired and primary endocrine

resistance [33]. TPM4 was identified by a shRNA screen as

one of the genes whose silencing caused sensitivity to

endocrine therapy [34]. TPM4 and CXCL10 influence cell

motility. All together despite some overlapping biological

roles, the significant genes seem to be involved in distinct

functional pathways.

Another important question is the correlation of the best

genes to the Luminal A and Luminal B subtypes. Both of

these molecular groups are ER positive, but they funda-

mentally differ as the Luminal B samples generally showT
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high proliferation by displaying higher MKI67 expression.

We also assessed the correlation of the top genes to MKI67

and only two genes (HOXB7 and DRG1) were not related to

MKI67 at all—these genes could be promising biomarker

candidates independently of the tumors’ molecular subtype.

The most remarkable negative result is the lack of cor-

relation between ERBB2 expression and survival after

endocrine treatment in the microarray datasets. Previously,

the clinical endocrine resistance was correlated to HER2

and HER1 overexpression [35]. The reason behind this

possible correlation might be a cross-talk between the

downstream components of the signal transduction path-

ways. Furthermore, the higher expression of common

downstream genes (p38, MAPK, and ERK) has also been

correlated to resistance [36]. These observations provide

the background for several ongoing clinical trials in which

tamoxifen is combined with HER2- or EGFR-inhibitors

(trastuzumab, gefitinib, and lapatinib).

In contrast, by analyzing the RNA-seq data, ERBB2

(and two additional genes, EDF1 and MAPK1) achieved a

high discriminative power for predicting RFS in tamoxi-

fen-treated breast cancer patients. RNA-seq can provide a

more robust estimate of genes expression with higher

dynamic range and sensitivity as compared to other

methods [37]. However, due to the limited number of

patients actually passing the eligibility threshold for this

analysis, these findings must be validated in a larger cohort

and we therefore have also omitted to display the detailed

result in the tables.

Interestingly, ESR1 itself was not significant when

predicting survival after tamoxifen treatment. However, the

correlation might be obscured by the fact that only ESR1

positive patients are eligible for endocrine therapy. Thus,

the important implication we can draw is the potential of

low-ER positive tumors to respond to endocrine therapy.

This observation is in line with recent studies reporting

benefit of endocrine therapy in patients with minimal ESR1

expression [38]. It can thus be suggested that the majority

of high-ER and a substantial group low-ER expressing

tumors stimulate the corresponding signaling pathways

(also resulting in higher PGR expression) and behave as

luminal-type breast cancers being responsive to anti-

estrogen treatment.

Besides gene expression-based biomarkers one could

also measure gene polymorphisms related to tamoxifen

resistance. Besides CYP2D6, ESR1 has also been investi-

gated in a recent SABCS abstract [39]. In this study, the

authors paradoxically observed that rare ESR1

PGR CXCL10 SLC7A5

TP53 MAPT HOXB7

Fig. 2 Kaplan–Meier survival curves for relapse-free survival in

patients with tamoxifen endocrine therapy for a selection of the best

performing genes (see complete list in Table 2). Genes with higher

expression correlated to better prognosis (like PGR) are probably

estrogen targets and thus are independent biomarker candidates.

Genes with higher expression correlated to worse prognosis (like

SLC7A5) represent potential therapeutic targets for combinatorial

therapy to circumvent endocrine resistance
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homozygous polymorphisms were associated with lower

recurrence. As the gene expression dataset do not allow to

make extrapolations for gene polymorphisms, we were not

able to evaluate these findings.

We have performed a validation of predictive biomarker

candidates by using survival data in endocrine therapy-

treated patients. By using a cutoff to define responders and

non-responders, our analysis is based on assessment of

prognosis in cohorts of patients. We have compensated for

this limitation by performing a ROC analysis which is

independent of a given cutoff value. In this, the results give

an overall estimate of the markers potential as a biomarker.

However, this was not possible for overall survival, so

there we had to rely on the results of a Kaplan–Meier

analysis. For identifying the most significant results, an

alternative to the used maximally selected logrank proce-

dure is the computation of a twofold a cross-validation

[40]. However, we rejected the null hypothesis for the top

genes using results of the ROC analysis, and therefore

omitted computation and reporting of the two cut-points

obtained in a cross-validation.

The application of a cutoff 5 year was selected as the

current NCCN guidelines suggest a 5 year initial tamoxifen

therapy. Several studies show that ER positive patients

show a constant recurrence rate over time after an initial

peak after 3 years [41, 42]. However, increasing the

threshold in our analysis would also increase the proportion

of censored patients. The usage of the 5 year threshold to

divide the patients into two cohorts provided a good bal-

ance between reliability and feasibility.

Finally, we must also note another important limitation

of our meta-analysis: dosage and treatment length data

were not available for the patients of the transcriptomic

datasets. Moreover, additional systemic therapies were not

documented for these patients. Therefore, the potential

heterogeneity of included patients might represent a bias

for our study.

Conclusions

We performed a validation of tamoxifen treatment outcome

predictor candidates. The majority of the genes failed to

reach significance and are therefore unlikely to represent

robust biomarkers. Those most significant include PGR,

MAPT, SLC7A5, FOS, TP53, and five additional genes.

Our results suggest the role of alternative pathway activa-

tion in the resistance. The potential of these genes to predict

survival after tamoxifen by using immunohistochemistry of

formalin-fixed, paraffin-embedded (FFPE) samples should

be evaluated using the same patient samples in an inde-

pendent clinical validation study.
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