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Chapter 1

Metastatic breast cancer

Breast cancer is the most common cancer in women in the western world and the 

most prevalent type of cancer in the Netherlands with a ten-year prevalence of 

128.000 cases [1]. Notwithstanding the advances in early detection and improved cure 

rates, breast cancer remains a major cause of cancer related deaths for women [2-

4]. Mortality rates are closely related to the development of distant metastases and 

associated complications [5, 6]. Approximately 5-10% of the patients initially present 

with metastatic breast cancer, while 20-30% of patients eventually develop distant 

metastases during the course of the disease [7, 8]. 

Metastatic progression in cancer is a heterogeneous process and encompasses 

stepwise sequential events initiating with invasion of tumor cells through the basal 

membrane followed by penetration into the bloodstream (intravasation). When cancer 

cells survive in the circulation, subsequent extravasation and eventual colonization 

leads to form a detectable macroscopic tumor. Considering that only less than 0.01% 

of tumor cells that reach the circulation give rise to an overt metastasis, metastasis has 

been regarded as a highly inefficient process [9, 10]. Therefore, accomplishment of this 

complex process requires multistep interactions between the circulating tumor cells and 

the microenvironment of the organ in which metastatic disease develops. 

Organ-specific metastasis
Organotropism (Gk, organon, tool of the body + tropism, turning movement of a 

biological  organism), i.e. organ-specific metastasis, depicts the concept of non-

random involvement of the particular organ within a specific cancer type. Mechanisms 

and determinants of organotropism are intriguing and therefore are often subject of 

investigation for many researchers [5, 11-14]. The “Anatomical/mechanical” hypothesis, 

a rather conventional theory, proposes that the blood circulation pattern, the anatomy 

of the primary tumor and the surrounding vessels principally shape the metastatic 

spread pattern. This theory fails to fully relate the clinically observed metastasis pattern 

for many types of cancer. More than a century ago, Stephen Paget introduced a theory 

implicating that the essence of close interactions between the circulating tumor cells 

would constitute the “seed” and the microenvironment within the targeted area, 
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the “soil”. Since its introduction, Paget’s “Seed and Soil” hypothesis, along with the 

“Anatomical/mechanical” hypothesis, has been acknowledged by experimental and 

clinical research [10, 15-17]. 

Several experimental studies using animal models to decipher the underlying framework 

of these non-random distinct organ metastases, have shown that as well as extrinsic 

factors, tumor intrinsic factors play a substantial role in the development of metastatic 

disease [18-22]. These studies have investigated the underlying biology of organ-

specific metastasis by using animal models of metastatic breast cancer, which were 

developed by injecting human breast cancer cell lines in immune compromised mice. 

The organ-tropic metastatic variants selected from these animal models were further 

analyzed by genomic profiling, which was subsequently combined with clinical genomic 

studies [23-30]. Some of these studies, carried out by Massague and colleagues, 

resulted in distinct gene expression profiling signatures associated with metastasis to 

bone, lung and brain [24-26, 30, 31]. Based on these site-specific signatures, several 

individual genes were further explored by means of validating these discovered genes 

in cohorts of primary breast tumors, to comprehend the biology of metastatic disease.

Clinical Genomics and its application in management 

of breast cancer 

In addition to the histomorphologic features, such as histologic type and the grade of the 

primary tumor, tissue-based biomarkers and clinical characteristics play an important 

role in decision making in the management of breast cancer. Tissue-based biomarkers 

include hormone receptor status (Estrogen receptor, ER; Progesteron receptor, PR; 

Human epidermal growth factor, HER2 and proliferation index, Ki67) of the tumor and 

are most widely assessed in combination of immunohistochemistry and in situ DNA 

hybridization techniques. Despite compelling improvement in disease control, the 

heterogeneity of the breast tumors is still not fully reflected by this basic stratification 

approach. 

1
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In the past decades, extensive research applying genomics on breast cancers was 

carried out to identify the molecular characteristics of distinctive biological behavior of 

these tumors. Genomics is defined as the field of science concerned with applying high-

throughput techniques to the genetic mapping and DNA sequencing of sets of genes 

or the complete genetic material and RNA expression profiling of selected organisms/

samples. Clinical genomics, which employs genomic studies to improve patient care, 

has resulted in several molecular classifiers, particularly in the breast cancer field. 

Several widely accepted molecular classifiers for breast cancer were developed based on 

gene expression profiling analyses of breast cancer [32-37]. Gene expression profiling 

experiments are based on measuring relative amounts of mRNA simultaneously for many 

genes and reflect the pattern of the transcription which is encoded in DNA sequences 

[38]. The data generated by these experiments, following a normalization step, can 

be analyzed in an unsupervised and a supervised manner. Unsupervised classification 

aims to group the genes or samples together with similar traits. Hierarchical clustering is 

one of the most common approaches used in unsupervised classification and operates 

by repetitively joining the two closest clusters from individual clusters or repetitively 

separating clusters starting with the initial dataset [39, 40]. Another frequently used 

unsupervised classification method is the K-means clustering algorithm which works 

by classifying the given data set into a certain number of clusters chosen a priori. This 

algorithm repeatedly calculates the center points for each cluster, following initial 

separation of the linear space into given K components. Using unsupervised hierarchical 

clustering analysis, several investigators have observed distinct gene expression traits of 

ER-positive and ER-negative tumors [34, 35]. These analyses have led to the discovery 

of several subgroups within breast carcinomas with distinct clinical behavior. Based on 

these studies different “intrinsic” subtypes of breast carcinomas are defined: luminal A 

and luminal B tumors (ER-positive tumors characterized by gene expression pattern 

similar to breast luminal cells), HER2-like tumors (ER-negative tumors with HER2 gene 

overexpression), basal-like tumors (ER-negative tumors with gene expression pattern 

overlapping with myoepithelial cells) and normal-like tumors. Even though a very similar 

classification of breast carcinomas into subgroups can be done by immunohistochemical 

analysis of ER, PR and HER2, the results are not consistently in concordance with the 

‘intrinsic’ subtypes assigned by molecular classification of these tumors [41].  
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Supervised classification is described as a knowledge-driven classification of a data 

set to design a classifier with prognostic and predictive value. Usually a subset of 

tumors with known characteristics are used to train a model to classify samples and 

subsequently this classifier is tested in another dataset to create similar groups. Using 

the supervised classification approach, several gene sets have been described with the 

purpose of identifying breast tumors with distinctive clinical behavior [34, 35, 37, 42], 

eventual prediction of the metastatic potential and response to therapy of the tumors 

[24-26]. Some of these gene expression profiling studies have led to commercially 

available gene-expression-based molecular tests [32, 33, 36, 37, 43, 44]. The 21-gene 

recurrence classifier (Oncotype DX®) is one of these molecular tests that estimates the 

recurrence score (RS), which can be defined as a risk of developing distant metastasis 

at 10 years for the patients with ER-positive and lymph-node negative breast cancer. 

This estimation is based on the expression level of 21 genes (16 cancer related genes 

and 5 reference genes) and can be easily applied as a clinical assay on formalin-fixed, 

paraffin-embedded tumor tissue of breast cancer patients. This test is most commonly 

used (most widely in the USA) as a prognostic indicator in addition to tissue-based 

markers and clinicopathological characteristics of the primary tumor in decision-making 

regarding administration of chemotherapy [32, 45, 46]. Another well-known prognostic 

classifier and a companion diagnostic tool is the 70-gene signature (MammaPrint®). 

The 70-gene prognosis signature, classifies the breast tumors into 2 groups as a “good” 

or “poor” prognosis, and gives an estimation of developing distant metastasis, mainly in 

lymph-node negative breast cancer patients with tumor size <5 cm [37]. The prognostic 

value of this signature has been validated in large-scale prospective studies and has 

shown that this signature is also valid to predict the outcome in breast cancer patients 

with 1 to 3 lymph node metastases [47]. 

Clinical management of metastatic breast cancer

Metastatic breast cancer is considered to be an incurable disease. The main aim of 

treating metastatic breast cancer is to prolong survival of the patients with acceptable 

toxicity and to palliate the disease-related symptoms. The decisions of treating patients 

with metastatic disease and the choice of therapy (hormonal, chemotherapeutic and/or 

1
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targeted) depends on the patient’s age/performance, site and the number of the distant 

metastases, hormone receptor status, HER2 status, menopausal status, type and extent 

of prior adjuvant therapy, and time between the last administered therapy [48-50]. 

Hormonal therapy
For patients with hormone receptor positive metastatic breast cancer, hormone therapy 

plays an important role. Even though a well-established consensus on the sequence is 

lacking, in the absence of visceral crisis (severe organ dysfunction as assessed by signs 

and symptoms, laboratory studies, and rapid progression of disease) two to four lines 

of hormonal therapy may be administered before considering to start chemotherapeutic 

therapy. For the patients who are premenopausal at the initial diagnosis, surgical 

(oophorectomy) or medical (gonotropin-releasing hormone analogs) introduction of 

menopause is indicated as an effective therapeutic action. First-line hormonal therapy 

options for the postmenopausal patients include aromatase inhibitors, selective 

estrogen receptor modulators (tamoxifen) or a selective estrogen receptor degrader 

(fulvestrant). Combination therapies with inclusion of cyclin-dependent kinase 4/6 

inhibitors or everolimus can be considered in the treatment of metastatic breast cancer 

as second or further-line therapy [50-52].

Chemotherapy
In the metastatic setting, administration of chemotherapy is considered for the patients 

with hormone receptor negative tumors and for patients with hormone receptor 

positive disease resistant to hormonal therapy and rapidly progressive disease. Choice 

of chemotherapeutic agent depends prior (adjuvant) chemotherapeutic treatments and 

the status of the patient. For the first-line chemotherapy, anthracyline- and/or taxane-

based regimens are the most commonly used therapy agents [49-51, 53]. In case of 

resistance to anthracyclines or taxanes, an antimetabolite cytotoxic agent (capecitabine) 

is usually used as a second-line chemotherapy agent [54].

Targeted therapy 
HER2 is amplified and overexpressed in approximately 15% of breast carcinomas, 

and the tumors with HER2 overexpression are associated with shorter overall survival 

times [55-57]. For the patients with HER2-positive tumors and metastastic disease, 

targeted therapy including combination of HER2- receptor antagonists (trastuzumab, 
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pertuzumab) and taxanes is recommended [49, 50, 58]. As second-line targeted therapy 

option or in case of development of metastases within 6 months after completion of 

an anti-HER2 adjuvant therapy, administration of ado-trastuzumab emtansine (T-DMI) 

is indicated [59]. Dual inhibitors of epidermal growth factor 1 (EGFR1) and HER2 

(lapatinib) can also be used as a single therapy agent or in combination with other 

chemotherapeutics in treatment of metastatic breast carcinoma [60].

Immunotherapy
The immune microenvironment of the tumor has been shown to play an important role in 

cancer progression. Cancer immunotherapy aims to boost antitumor immune response 

and has been historically implemented in passive forms (Interferons, Interleukin-2, 

Calmette-Guerin Bacillus and antibody dependent cell-mediated cytotoxicity) in 

various cancer types [61-65]. Immunotherapy has evolved to a therapeutic approach 

using an immune checkpoint blockade (ICB) with promising results in a variety of tumor 

types [66-70]. Several recent studies have pointed out the association between the 

immune-related genes and the tumor-infiltrating lymphocytes with prognosis in triple-

negative and HER2-positive breast cancer subtypes [71-74]. Subsequent clinical trials 

investigating the usage of novel immunomodulatory agents in treatment of advanced 

breast cancer, have revealed that the blockading of programmed cell death protein 

1(PD1)/programmed death ligand 1 (PDL1) by means of monotherapy or in combination 

with chemotherapy/anti-cytotoxic T lymphocyte antigen-4 (CTLA4) was paired with 

prolonged survival times in patients with triple negative tumors [75-77]. More recently, 

it has been showed that the PD-1/PD-L1 blockade in combination with chemotherapy 

resulted in increased pathologic response rates in the neoadjuvant setting for triple 

negative and HER2-negative breast tumors [78-80]. Despite the emerging role of 

immunotherapy in treatment of advanced breast cancer, refinement of patient selection 

and evaluation of response to these agents remain unsolved [81].  

Evaluation of response to systemic therapy
Assessment of response to given therapeutic agents is determined by estimating the 

changes in tumor burden. To evaluate these changes, a widely accepted guideline, 

Response Evaluation of Solid Tumors (RECIST) criteria, which was introduced by the 

European Organization and Treatment of Cancer (EORTC), the National Cancer Institute 

of the United States and the National Cancer Institute of Canada Clinical Trials Group, 

1
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is commonly used [82]. According to the RECIST criteria, evaluation of an objective 

response is classified as; complete response (CR), partial response (PR), stable disease 

(SD) and progressive disease (PD). This assessment of therapy response in metastatic 

breast carcinoma is performed by means of imaging techniques and tumor marker 

determination [50]. 

Within the metastatic setting, response to combined chemotherapy agents varies 

between 50-70% [48, 83, 84]. To this day, no consensus exists on the optimal 

chemotherapy options or the sequence and duration of the given chemotherapeutics. 

As the current therapy approaches for metastatic breast cancer are mainly of a trial-

and-error approach, predictors of response are needed for optimization the benefit and 

minimization of the toxic side-effects of the therapy. 

Radiotherapy may be implemented to palliate the pain and discomfort for the patients 

with metastatic disease. 

Rationale of this thesis

The aim of this thesis is to identify the characteristics of primary breast tumors that 

are predictive of metastatic behavior in terms of organ-specific metastasis, response to 

systemic therapy and associated patient outcomes. 

Outline of this thesis

Chapter 1 provides a brief introduction to metastatic breast cancer and genomic 

research of breast cancer.

In chapter 2, a viewpoint on genomic alterations of breast cancer and their translation 

into clinical application is presented (in conjunction with article by Russness et al: “ 
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Genomic architecture characterizes tumor progression paths and fate in breast cancer 

patients” [85]). 

Chapter 3 describes a retrospective study, analyzing the clinicopathologic features of 

primary breast carcinomas focusing on the association between breast cancer subtypes 

and their metastatic behavior, including site-specific metastasis and metastasis specific 

survival outcomes.

In chapters 4 and 5, we describe our results of gene expression profiling experiments 

of 157 primary breast carcinomas of patients who all developed distant metastases. 

The correlation of the gene expression profiling data to metastatic behavior is reported. 

Furthermore, specific gene expression profiling signatures, which were found to be 

associated with development of bone metastasis (in chapter 4) and visceral organ 

metastasis (in chapter 5), are presented.

In chapter 6, we investigated the link between primary breast carcinoma features and 

the chemotherapy response in the frame of metastatic disease. We sought to develop 

genomic identifiers of chemotherapy responsiveness by comparing the gene expression 

profiling of primary tumors of the responders and non-responders.

In chapter 7, the concept of epithelial-to mesenchymal transition (EMT) in metastatic 

breast cancer is elaborated. Using a generic EMT-core signature, the EMT-status of 

each primary breast tumor in our data set was assessed and compared with tumor 

characteristics and their metastasis pattern. The concept to reconcile the EMT-status 

of the tumor and to identify the tumor cells with EMT-phenotype, using conventional 

immunohistochemistry, is also explored. 

Chapter 8 provides a general discussion followed by concluding remarks, based on the 

findings generated in the abovementioned studies which form this thesis. 

In chapter 9, a brief summary of this thesis, in the English and Dutch language, is 

presented. 

1
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Abstract

The genetic in breast cancer have in recent years been studied through a variety of 

techniques: analysis of alterations in individual oncogenes and tumor suppressor genes; 

gene expression profiling of both messenger RNA and microRNA; global analysis of 

DNA copy number changes; and most recently, whole-genome sequence analysis. 

Analysis of the association between genetic alterations and gene expression profiles 

with prognosis and response to specific treatments will lead to improved possibilities 

for patient-tailored treatment. Russnes et al. now add an additional view on the 

complex genetic makeup of breast carcinomas by developing algorithms that can be 

used to subclassify tumors based on their patterns of genome-wide DNA copy number 

gains and losses, which vary from very simple (only a few gains and losses) to complex. 

The algorithms provide indices that can be used in conjunction with results from other 

genetic analyses to subclassify breast cancer, with the aim of defining subgroups of 

patients that differ with respect to prognosis and response to therapy.
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Introduction

Breast cancer is markedly heterogeneous with respect to distinctive biological 

characteristics and clinical behavior; this attribute is also reflected by the heterogeneity 

in genetic alterations that have been identified by analyzing large series of tumors. 

Breast cancer, like all malignancies, arises from a multistep process of genetic alterations 

in oncogenes and tumor suppressor genes that affect the function of individual genes 

and cellular processes [1]. DNA copy number alterations are a reflection of the genetic 

aberrations of tumors: An increase from the two copies of a gene present in a normal 

diploid genome to several copies (usually 10 or more) represents gene amplification, 

producing a “gain of function” in the affected tumor cell, and is one way to activate a 

“normal” proto-oncogene to become an oncogene. Inactivation of a tumor suppressor 

gene by the mutation of one tumor suppressor gene allele and complete loss of the 

second allele, producing a “loss of function” in the tumor cell, is another step contributing 

to a malignant phenotype [2].

Because genetic alterations are the cause of cancer development, it is expected that 

the combination of specific genetic alterations in tumors will be predictive of clinical 

behavior [3-5]. The need to recognize genetically defined subtypes of breast cancer is 

enhanced by the increasing availability of specific and more effective therapy regimens. 

One important example of a genetically defined tumor type that guides treatment is 

human epidermal growth factor receptor 2 (HER2)–positive breast cancer; a positive 

HER2 status predicts the response to HER2 targeted therapy such as trastuzumab 

(Herceptin) [6]. Meticulous selection of patients for specific therapies could lead to 

improved treatment outcomes. Determining the molecular mechanism of primary 

or acquired drug resistance can be critical for identifying patients that will fail to 

respond to therapy and might help to design more efficient treatment protocols [7]. 

Genome-wide approaches for the identification of molecular genetic changes therefore 

provide powerful instruments to study cancer. Relevant molecular techniques include 

cytogenetic banding, spectral karyotyping, analysis of loss of heterozygosity, fluorescent 

and chromogenic in situ hybridization, and comparative genomic hybridization (CGH). In 

this issue of Science Translational Medicine, Russnes et al. [8] describe two algorithms 
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to measure changes in genomic architecture using data from CGH experiments; one 

measurement independently predicts breast cancer outcome.

CGH

Array-based CGH (aCGH) offers a good approach to screen whole genomes for a 

detailed analysis of DNA copy alterations [9]. In a CGH experiment, total genomic 

DNA is isolated from test cell populations (tumor tissue) and reference cell populations 

(normal tissue), differentially labeled with green and red fluorescent dyes, mixed in a 

1:1 ratio, and hybridized to a microarray containing DNA fragments representing the 

whole genome, which allows the binding of sequences at different genomic locations 

to be distinguished [9]. Unlabeled human Cot-1 DNA (placental DNA that is enriched 

in repetitive DNA sequences) is contained in the mix to block nonspecific hybridization. 

Data processing of the scanned microarray slide includes signal intensity measurements 

with specialized image software and a fluorescent microscope. Deviation from 1:1 

log-scaled intensity ratios (green/red) is counted as a change in DNA copy number. 

Normally, a threshold is set (gain, ratio 1.2; loss, 0.75), and statistical verification is 

applied (95 to 99% confidence intervals) [10].

The sensitivity of aCGH methods depends on the proportion of tumor cells in the tissue 

(a desirable proportion is > 70%) and the extent of the aberration. Smaller alterations 

in size [for example, a few hundred base pairs (bp)] and copy number are more difficult 

to detect than larger changes. The sensitivity of the technique has improved with 

the advent of high-resolution aCGH platforms. The resolution for the identification 

of genomic gains and losses is determined by the distance between two contiguous 

probes and varies depending on the type of probe: for example, bacterial artificial 

chromosome (BAC) clones (with a length of 100 to 200 kb), cDNA clones (~100 to 1000 

bp), or oligonucleotides (30 to 100 bp). A drawback of aCGH is that it only recognizes 

physical changes in DNA copy number and is unable to identify smaller variations in 

DNA sequence or balanced chromosomal translocations (rearrangements that do not 

involve the loss or gain of any genetic material). aCGH has multiple applications; it can 

be used (i) to identify genomic regions that harbor oncogenes and tumor suppressor 
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genes that have been amplified or deleted, and (ii) to build class discovery tools for 

categorizing independent breast cancers [11].

Identifying aberrant chromosomal regions
An important challenge during the analysis of aCGH data is the detection of regions 

of concentrated high or low fluorescence ratios-that is, aberrant chromosomal regions 

specific to the problem under study. Broadly, there are two obstacles: (i) determining the 

statistical significance of the alteration and (ii) defining the boundaries of the alteration. 

To reach these goals, different approaches and algorithms have been used [12, 13]. 

The first approach uses only aCGH data. Amplifications and deletions in each sample 

are individually identified, and common aberrations between the samples are sought. 

The identification of amplifications and deletions can be simply done by setting a 

threshold and determining which DNA probes (which can be BAC clones, cDNA clones, 

or oligonucleotides) result in hybridization signals that exceed the threshold. These 

regions are considered to be amplified or deleted [14]. More complex algorithms employ 

the fact that copy number changes involve chromosome segments; ratios at contiguous 

sets of probes should be identical, except for occasional abrupt steps to another level 

(indicating a chromosomal breakpoint) [13]. Identification of these breakpoints is 

referred to as “segmentation” and produces “segmented data.”

A second approach to detect aberrations across samples is to use gene expression 

data together with the chromosomal location of the genes [15]. This approach assumes 

that amplification directly affects gene expression. Therefore, the genes in an amplified 

region should have a detectable common overexpression. Similarly, the genes located 

in a deleted region would have a detectable underexpression. Because the alteration 

in expression may be caused by mechanisms other than a change in copy number, the 

potentially underlying chromosomal aberrations would need to be verified either by 

polymerase chain reaction or fluorescent in situ hybridization, if the number of loci to 

be tested is tractable; otherwise, the alterations would need to be confirmed by aCGH 

data.

A third approach combines aCGH and expression data to detect regions of chromosomal 

aberrations. The stepwise linkage analysis of microarray signatures (or SLAM) algorithm 
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[16] is an excellent example of this approach. First, significance analysis of microarrays 

(or SAM) analysis [17] is applied to the aCGH data to identify the DNA probes that 

distinguish tumor versus normal DNA. Then, the focus is on the DNA probes that 

display hybridization patterns that are correlated with the gene expression pattern. An 

algorithm to study this correlation is supervised identification of regions of aberration (or 

SIRAC) of aCGH data sets [12], which has been used to identify chromosomal regions 

associated with the classes of breast tumors defined by prognostic gene expression 

signatures or clinical and pathological characteristics.

Genomic alterations in breast cancer

Using these different approaches and algorithms, frequently observed genomic 

alterations in breast carcinomas include the gain of chromosomal regions 1q, 8q, 16p, 

17q, and 20q; the loss of 16q and 17p; and DNA amplification in 8q12-24, 11q11-

13, 17q12- 21, 17q22-24, and 20q13-ter (reviewed by Reis-Filho et al. [3]) . The 

histological grade of the tumor is strongly associated with the amount and complexity 

of the genomic aberrations; tumors with higher histological grades harbor more 

chromosomal alterations. Well-differentiated tumors (grade 1) often show only gain 

at 1q and loss of 16q, whereas poorly differentiated tumors (grade 3) exhibit more 

amplifications and less frequent loss of 16q [3]. 

aCGH data have also been correlated with the prognosis of patients with breast cancer. 

Tumors from patients with a poor prognosis exhibited significantly more changes 

than those from patients with a good prognosis. Additionally, DNA gains and losses 

have been shown to vary between tumors with different prognostic gene expression 

signatures and clinical and pathological features. For example, the previously identified 

70-gene signature indicating poor prognosis is associated with the gain of 3q26-27, 

8q22-24, and 17q24-25; the 70-gene good prognosis profile is associated with the 

loss of 16q11-24 [18].

The wealth of data derived from aCGH experiments has the potential to improve 

biological understanding of breast cancer development and progression, and in 



31

Translating the genomic architecture of breast cancer into clinical application

combination with well-known clinical and pathological prognostic markers may also 

result in improved prediction of prognosis and response to breast cancer therapy [19]. 

Despite these ample data, translation into clinical practice remains a challenge. Until 

a resultant model can be of practical use, some limiting factors may hamper progress: 

(i) The size of sample sets available for microarray-based studies has so far been 

limited, (ii) studies often include a heterogeneous mix of patients with respect to clinical 

stage and treatment received, (iii)combining data sets to increase their size has been 

challenging because various types of array platforms have been used, (iv) validation of 

molecular classification in independent data sets has so far been limited, (v) analyses 

of high dimensional data are complex, and (vi) new genetic factors should demonstrate 

improved prediction accuracy over the combination of standard prognostic factors [20, 

21].

Patterns of genomic aberrations

In the article published in this issue of Science Translational Medicine, a team of 

Norwegian, U.S., Swedish, and British scientists collaborated to overcome some of 

these obstacles. Russnes et al. (8) developed an objective estimate of genome-wide 

architectural distortion and investigated the ability of this marker of genomic complexity 

to provide prognostic information. They used aCGH data from 4 clinical cohorts, 

including 595 breast carcinomas. Their aim to develop such an estimate was inspired 

by three different patterns of segmented genome profiles “Simplex,” “Firestorm,” and 

“Sawtooth” (Fig. 1) that were previously visually recognized by Hicks et al. [22]. These 

patterns were presented as tools for distinguishing distinct processes of genomic 

rearrangement. Simplex has broad segments of duplications and deletions, usually 

comprising entire chromosomes or chromosome arms, with occasional isolated narrow 

peaks of amplification (Fig. 1A). Sawtooth is characterized by many narrow segments 

of duplications and deletions, more or less affecting all the chromosomes. Typically, 

the events in these tumors do not involve high copy number amplification, although 

little of the genome remains at the normal copy number (Fig. 1B). Firestorm resembles 

the Simplex type, except that the genomes contain at least one localized region of 

clustered, relatively narrow peaks of amplification, with each cluster confined to a single 

2
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chromosome arm. In these tumors, the amplifications often occur at high copy number 

(Fig. 1C) [22].

Russnes et al. [8] developed two new algorithms to estimate genomic complexity 

objectively using segmented aCGH data: (i) whole-arm aberration index (WAAI) and 

(ii) complex armwise aberration index (CAAI). This approach to classifying tumors 

is new, because the criteria include not only specific genomic regions but also the 

architectural type of rearrangement, such as the gain or loss of whole chromosome 

arms. Segmentation was performed on data from three different studies that each used 

slightly different methods to obtain DNA copy number data. Because the authors aimed 

to pool all the segmented aCGH profiles, they scaled different parameters to obtain 

roughly equal segmentation resolutions for the three studies.

The WAAI score was designed to capture events that involve whole chromosome 

arms rather than more localized gains and losses of DNA; this was done to reflect 

underlying defects in DNA maintenance, such as processes that lead to the formation 

of isochromosomes (which lack one arm and contain a duplication of the remaining arm) 

and translocations with a breakpoint close to the centromere. Russnes et al. [8] defined 

chromosomal arms with a WAAI score ≥ 0.8 as whole arms, and arms with a score of 

≤–0.8 as whole-arm losses. In contrast, CAAI measures local distortion to recognize 

regions with structural complexity. For each breakpoint found by the segmentation 

algorithm, three scores were calculated: (i) the proximity to neighboring breakpoints, 

(ii) the magnitude of change, and (iii) a weight of importance. Areas of complex 

rearrangements were found by selecting chromosome arms with a CAAI score ≥ 0.5.

To define subgroups based on genomic architecture, the authors first distinguished 

four groups of tumors, based on previously identified genomic alterations that tend to 

occur in different breast cancer subtypes: (i) those with whole-arm gain of 1q and/or 

loss of 16q (group A), (ii) those with regional loss on 5q and/or gain on 10p (group B), 

(iii) those with both group A and group B alterations (group AB), and (iv) those with 

neither (group C). The subgroups displayed pronounced differences with respect to the 

number of whole–chromosome arm loss or gain events. To characterize these groups 

further, each was split into two CAAI sub- groups, depending on the level of complex 

rearrangement: those with CAAI < 0.5 for all arms (low-level CAAI; A1, B1, AB1, and 
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Figure 1. Segmented genome profiles. 
Examples of patterns representing simplex (A), sawtooth (B), and Firestorm (C). the y axis displays 
the geometric mean value of two experiments on a log scale. chromosomes 1 to 22, plus X and Y, 
are displayed in order from left to right, according to the probe position.
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C1) and those with CAAI ≥ 0.5 for at least one arm (high-level CAAI; A2, B2, AB2, and 

C2). The results show that all tumors with complex rearrangements had more whole 

arms affected than those without complex rearrangements.

These subgroups tend to have other characteristics in common. Breast tumors can be 

classified into several subtypes based on their hormone receptor [estrogen receptor 

(ER) and progesterone receptor (PR)] and HER2 status; based on gene expression 

profiling, luminal A, luminal B, HER2-enriched, basal-like, and normal-like tumors can 

be distinguished. The type A tumor class was dominated by ER-positive, luminal A 

tumors. These tumor genomes had high-magnitude WAAI scores, as well as 1q gain 

and 16q loss. As compared to A1 tumors, genomes from A2 tumors had chromosomes 

with more arms with high-magnitude WAAI scores and were more frequently 

aneuploid. A2 tumors tended to be of high grade and were associated with worse 

outcomes than A1 tumors. The B1 class was dominated by the basal-like subtype. Type 

B tumors had different and more heterogeneous genomic patterns; B1 tumor genomes 

were dominated by losses. A majority of HER2-enriched and normal-like tumors were 

classified as C tumors, and almost 30% of all basal-like tumors were classified as C 

tumors.

Next, the CAAI score was shown to have independent prognostic power in 451 

breast carcinomas with clinical follow-up data. Patients with a B type tumor had a 

twofold increased risk of dying of breast cancer as compared with those with the A 

type, independent of lymph node status, tumor size, histological grade, and treatment. 

Individuals with tumors with a high-magnitude CAAI score had a twofold increased 

risk of dying of breast cancer as compared to those with a low-magnitude CAAI score, 

independent of lymph node status, tumor size, histological grade, and WAAI class.

Conclusion

The analyses presented by Russnes et al. [8] illustrate the complexity of the types of 

analysis that are needed to integrate large-scale genomic analysis with clinical and 

pathological parameters. In recent years, it has become possible to give tailored therapy 
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to many breast cancer patients as a result of the multitude of choices for surgical, 

radiotherapy, and adjuvant or neoadjuvant systemic treatment. (Adjuvant therapy is given 

after all detectable disease has been removed to reduce the risk of relapse; neoadjuvant 

therapy is given before the primary treatment.) The prognostic and predictive factors on 

which these choices are presently based include clinical and pathological factors (Fig. 

2). Prognostic factors (defined as factors that predict the course of the disease) and 

predictive factors (defined as factors that predict the response to specific therapies) 

are used to guide treatment in individual patients [23]. With increasing knowledge of 

specific genetic alterations and gene expression profiles of tumors, and the prognostic 

and predictive value of these genetic tumor characteristics, more refined patient 

therapy is starting to be possible. Axillary lymph node status, tumor size, histological 

grade, histological subtype, HER2 status, and hormone receptor status are still the 

most important factors for determining treatment [23]. The St. Gallen [24], National 

Institutes of Health [25], and Nottingham Prognostic Index guidelines [26], as well as 

the Adjuvant Online! decision-making tool [27], use a combination of these prognostic 

Figure 2. Better decisions. 
Integration of clinical, pathological, and possible genetic factors to improve treatment decisions in 
breast cancer. 2
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factors to guide decision-making about adjuvant systemic treatment of patients with 

early breast cancer. However, using these guidelines, a substantial proportion of breast 

cancer patients who would also survive without adjuvant systemic therapy undergo 

systemic therapy and suffer from its side effects without gaining any benefit [28, 29]. 

In addition, more (genetic) tests are urgently needed to predict the responsiveness of 

tumors to chemotherapy and targeted therapies.

To a progressively increasing extent, genetic factors are being added to clinical and 

pathological characteristics to derive individualized predictions of disease outcome and 

response to therapy. The information derived from gene expression profiling, aCGH, and 

more recently, massive parallel sequencing has been used for these reasons. Translation 

into the clinical area has so far been limited by (i) the heterogeneity of the studies, (ii) 

the complexity of breast cancer biology, (iii) the complex analyses, (iv) small sample 

sizes and lack of independent validation, and (v) the relatively rare occurrence of most 

genetic alterations in breast cancer (most alterations occur in only 10 to 20% of breast 

carcinomas); if subgroups of tumors are defined on the basis of combinations of genetic 

alterations, these subgroups become very small.

The study by Russnes et al. [28, 29] demonstrates a correlation between structural 

genomic alterations, molecular subtypes, and clinical outcomes and reveals that an 

objective score of genomic complexity can give independent prognostic information in 

breast cancer. In this way, an additional tool has been added to the arsenal of analysis 

algorithms for genetic data that is currently being used to decipher the association 

between the genetic makeup of breast carcinomas and their clinical behavior.
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Abstract

Among breast cancer patients who develop distant metastases there is marked 

variability in the clinical course, including metastasis pattern. Here, we present a 

retrospective study of breast cancer patients who all developed distant metastases 

focusing on the association between breast cancer subtype and clinical course, including 

organ-specific metastasis. Tissue microarrays (TMAs) were assembled and stained for 

ER, PR, HER2, EGFR, CK5/6, CK14, E-Cadherin, TP53 and Ki67 for 263 breast cancer 

patients with metastatic disease. Tumors were classified into ER+/HER2-/Ki67high, 

ER+/HER2-/Ki67low, ER+/HER2+, ER-/HER2+ and ER-/HER2- groups. Relevant data 

related to metastasis pattern, metastasis timeline, systemic treatment and survival were 

retrieved. Associations between site-specific relapse and patient/tumor characteristics 

were assessed with multivariate models using logistic regression. Median time for 

development of distant metastasis was 30 months (range 0-15.3 years); 75.8% of the 

distance metastases developed in the first 5 years after treatment of the primary tumor.  

Patients with ER-/HER2- tumors had a median overall survival of 27 months; those 

with HER2+ tumors of 52 months; those with ER+/HER2-/Ki67high of 76 months and 

those with ER+/HER2-/Ki67low of 79 months. Bone was the most common site for 

distant metastasis (70.6%) followed by liver (54.5%) and lung (31.4%) respectively. 

Visceral metastasis was found in 76.8% of the patients. Patients with ER-/HER2- 

tumors developed visceral metastases in 81% and bone metastases in 55.2%; those 

with HER2+ tumors developed visceral metastases in 77.4% and bone metastases 

in 69. 8%; those with ER+/HER2-/Ki67high developed visceral metastases in 75.7% 

and bone metastases in 87.8% and those with ER+/HER2-/Ki67low developed 

visceral metastases in 76.9% and bone metastases in 73.1%. In metastatic breast 

cancer patients, tumor subtypes are associated with survival and pattern of distant 

metastases. These associations are of help in choices for surveillance and therapy in 

individual patients.
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Introduction

Although the cure rate of breast cancer is increasing in the western world, breast cancer 

remains the leading cause of female cancer deaths [1]. Most breast cancer deaths are 

related to distant organ metastasis, which is considered to be essentially incurable. The 

development of metastatic breast cancer is a complex multi-step process manifesting 

with distinct patterns of distal organ involvement [2-6]. Using gene expression profiling 

studies, several molecular mechanisms associated with organ-specific metastasis 

patterns have been reported [4, 7-15]. Even though these gene expression signatures 

have already provided useful information in the characterization of novel molecular 

mediators of organ-specific metastasis, translation of these recently published data to 

clinical practice has not been accomplished. Moreover, the number of studies focusing 

on association of more conventional clinicopathologic findings to metastasis pattern is 

limited [3, 7, 16, 17]. 

The metastasis pattern of breast cancer varies by hormone receptor status. It has been 

shown that triple-negative tumors show increased incidence of visceral and cerebral 

distant metastasis, while hormone receptor-positive tumors have been shown to have 

a greater tendency to develop bone metastasis. HER2-positive tumors have been 

reported to metastasize to the brain more frequently than HER2-negative tumors [12, 

16, 18-27]. 

Population-based studies suggest that the survival for metastatic breast cancer patients 

has been prolonged in recent years as a result of more effective systemic treatment 

[28-30]. However patients with triple negative breast cancer continue to have dismal 

outcome after the development of distant metastases [19, 22, 31-33] with a shorter 

median survival compared to hormone receptor and/or HER2 positive breast cancer 

[28]. 

To improve our understanding of the time course and pattern of distant metastases, a 

retrospective study was carried out using tissue microarrays of primary invasive breast 

carcinomas of patients who developed distant metastatic disease. Our objectives were 

3



44

Chapter 3

to compare the clinicopathologic findings with metastatic behavior of the breast tumors 

in terms of organ-specific metastasis and associated patient outcomes.

Material and Methods

Patients and tumor samples
Patients with metastatic breast cancer diagnosed between 1983 and 2009 were 

identified from the archives of the Academic Medical Center and the Netherlands 

Cancer Institute (total n=263) and relevant clinical information was abstracted from 

their clinical charts. This study material was strictly handled after coding of the data 

according to national ethical guidelines of ‘Code for Proper Secondary Use of Human 

Tissue’ developed by Federation of Medical Societies (FMWV) in the Netherlands [34]. 

Therefore the need for obtaining informed consent was waived by the Medical Ethical 

Committee of the Academic Medical Center.

Metastatic disease was defined as recurrence of breast cancer occurring beyond the 

confines of the ipsilateral breast, chest wall and regional lymph nodes. Metastatic site 

was classified as bone, lung, liver, pleura/peritoneum, brain, distant lymph nodes and 

other (including skin, spleen, ovary, eye and other organs). These individual metastasis 

sites were further used to separate patients in subgroups; for each metastatic site it was 

assessed whether patients developed metastases during follow-up (ever versus never 

for each organ site); when patients developed metastases to any organ site, it was 

recorded whether this was the first metastasis or a metastasis arising after metastases 

to other organ site arose (first/not first); and it was recorded when a patient developed 

metastases to one organ site only (only/not only). The presence of multiple metastases 

was also carefully recorded at the time of diagnosis of the first metastases as well 

as after the complete follow up. In instances where patients developed another distal 

organ involvement within less than two months after initial diagnosis of a metastasis, 

this was also considered as multiple organ metastases at first presentation.

Time from surgery to development of first metastasis, time from first metastasis to last 

event (metastasis specific survival, MSS) and overall survival (OS) time for each patient 
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was calculated. Last event date was recorded as most recent follow-up date for the 

patients who were alive and time of death for the others. Nineteen of the patients were 

lost to follow up. 

Furthermore, data on systemic treatment (chemotherapy, hormonal therapy, HER2-

targeted therapy) used to treat primary and metastatic disease was collected for a 

subset of the patients (n= 149 and n=124, respectively). 

Morphological features and immunophenotypic analysis
From all tumors, hematoxylin-eosin stained-slides from paraffin embedded tissues 

were evaluated and tumor type, histologic grade according to Elston and Ellis [35] 

and the presence of lymfangioinvasion were assessed.  Tissue microarrays (TMAs) 

were constructed by a manual tissue arrayer (Beecher Instruments, Silver Spring, 

MD, USA) from the selected representative blocks (n=263). Immunohistochemical 

staining for Estrogen Receptor (ER) [clone SP1, Ventana], Progesterone Receptor 

(PR) [clone 1E2, Ventana], Human Epidermal growth Factor receptor 2 (HER2) [clone 

SP3, Thermo Scientific], Epidermal Growth Factor Receptor (EGFR) [clone H11, Dako], 

Cytokeratin-5/6 (CK5/6) [clone D5/16 B4, Dako], Cytokeratin-14 (CK14) [clone LL002, 

Leica] E-Cadherin [clone HECD-1, Invitrogen], TP53 [clone DO-7 +BP53-12, Thermo 

Scientific], and Ki67 [clone SP6, Thermo Scientific] was performed using an automated 

slide preparation system (Benchmark XT, Ventana Medical Systems, Tucson Arizona, 

USA). On the same platform a Silver In Situ Hybridisation (SISH) was performed 

with INFORM HER2 DNA probe obtained from Ventana Medical Systems. The signal 

detection for IHC was performed with a biotine-free ultraview universal DAB detection 

Kit (Ventana Medical Systems) and for SISH with an ultraview SISH detection kit 

(Ventana Medical Systems). 

The immunohistochemistry results were scored independently by two pathologists 

(C.D.S-H and MJvdV). ER and PR positivity were defined as nuclear staining in 10% or 

more of tumor cells. Scoring for HER2 immunohistochemistry and in situ hybridization 

was performed according to ASCO guidelines [36]. Briefly, HER2 staining was scored 

as 0, 1+, 2+ or 3+; a score of 3+ was considered to be HER2 positive and 0 or 1+ HER2 

negative and 2+ scores were evaluated by silver enhanced in situ hybridization (SISH) 

to determine final HER2 status. For mono color SISH, the number of nuclear spots was 

3
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counted in 30 adjacent tumor cells and tumors with an average number of HER2 signals 

≥ 6 were considered as HER2 amplified; all other tumors were considered as HER2 

non-amplified. Tumors were further grouped by ER/HER2 expression pattern as: ER-

positive/HER2-positive, ER-positive/HER2-negative, ER-negative/HER2-positive and 

ER-negative/HER2-negative tumors. ER-positive/HER2-negative tumors were further 

divided into 2 subgroups according to their Ki67 immunopositivity. For Ki-67 staining, 

the percentage of positively staining tumor cells was counted and a cut-off for low 

versus high of 13% was used according to the St Gallen consensus guidelines [37, 

38]. Hormone receptor-negative group was also divided into 2 subgroups according to 

their so-called basal cell marker status. The hormone receptor-negative tumors which 

were positive for CK5/6 and/or CK14 and/or EGFR and/or C-kit was considered to be 

basal-like tumors whereas the others considered to be non-basal-like group of tumors 

[39, 40].

Samples were considered to be positive for TP53 if more than 50% of tumor cells 

showed positive staining in the nuclei. E-cadherin was scored as positive when there 

was any membranous staining. CK5/6, CK14, C-kit, E-cadherin, and EGFR were scored 

as positive if ≥10% of the tumor cells showed staining. 

Statistical analysis
Association between immunophenotypic findings and metastatic behavior (including 

metastasis site and metastasis pattern) was assessed using either the Fisher Exact 

test (variable with two classes) or Chi-square test. To further explore this association, 

multivariate logistic regression analyses were applied to model the relationship between 

site-specific relapse and patient/tumor characteristics. All statistical tests were two 

sided and p < 0.05 was considered to be statistically significant. Survival analyses were 

estimated by the Kaplan-Meier method and were compared using the log-rank test. 

Analyses were performed using SPSS Statistics for Windows (Release version 21.0; 

IBM Corp. 2012, Armond, NY).
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Results

Clinicopathologic features
For 263 patients treated for breast cancer who all developed distant metastases during 

follow-up, we have collected paraffin-embedded tumor tissue of the primary tumor; 

assessed the histopathological features; and performed immunohistochemical staining 

on tissue micro arrays (TMA’s). Clinicopathologic data are shown in Table 1. The mean 

age at diagnosis was 50 years old (range 27-86). Median follow-up was 57 months 

for all patients (range 0.5-22.4 years) and 11.6 years (range 6.2 to 17.3 years) for 

patients (n=14) who were alive at last follow-up. The majority of the tumors (88.2%) 

was classified as invasive ductal carcinoma and 90.9% of the tumors were grade 2 or 3 

[35]. Tumor size varied from 0,5 cm to 9 cm with a mean size of 3,2 cm.

Out of 149 patients with available adjuvant therapy data, 85 (57%) patients received 

chemotherapy, whereas 61 (40.9%) patients received hormonal therapy. More 

specifically 46.5% of patients with ER+ tumors was noted to receive hormonal therapy. 

Among 122 patients with available chemotherapy data for the metastatic disease, 

50 patients received chemotherapy as first line treatment after the development of 

metastatic disease, whereas 66 patients received hormonal therapy (40.7% and 50.7%, 

respectively).  Selective oestrogen receptor modulators were the most common (45.8%) 

administered first-line hormonal therapy regimen, followed by aromatase inhibitors 

(41.7%) and LH blockers (46.8%). Only 14 patients received Herceptin therapy for 

treating metastatic disease. 

Results of immunohistochemical staining can be seen in Table 2. When grouped into 

subtypes according to ER/HER2 expression, 27.6% were ER-/HER2-, 24.8% were HER2 

positive and 47.6% were ER+/HER2-. Of ER+/HER2- tumors, 93.7% were Ki67 high and 

6.3% were Ki67 low, 31.8% were TP53 positive; 4.1% were EGFR positive; 9.4% were 

CK14 positive and 15.4% were CK5/6 positive. 61.1% of the ER-/HER2- tumors were 

positive for one of the so-called basal cell markers (CK5/6, CK14, EGFR or C-kit).  Of 

note, within the hormone receptor negative group no significant difference was found 

between the tumors with and without basal-like markers regarding clinicopathological 

3
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Table 1. Clinical and pathological characteristics of metastatic breast cancer pa-
tients

N %

Age at diagnosis, years <50 146 55.5

>50 117 44.5

Lmphy node status negative 54 34.4

1-3 positive 52 33.1

>3 positive 51 32.5

Histology ductal 231 88.2

lobular 20 7.6

other 11 4.2

Tumor grade 1 23 9.1

2 134 53.0

3 96 37.9

Tumor size 0-2 cm 63 28.5

2-5 cm 131 59.3

>5 cm 27 12.2

Tumor subtype ER(-) HER2(-) 59 27.6

ER (+) HER2 (-) Ki67high 75 35.0

ER (+) HER2 (-) Ki67low 27 12.6

ER (+) HER2 (+) 28 13.1

ER (-) HER2 (+) 25 11.7

Time to distant metastasisa early 194 75.8

late 62 24.2

Multiple metastasis sites at first 
presentation

no 160 62.7

yes 95 37.3

Multiple metastasis sites during 
follow up

no 50 19.6

yes 205 80.4

CT chemotherapy, HT hormonal therapy, ER, estrogen receptor, PR progesterone receptor; HER2 
Human epidermal growth factor receptor.
a Cut-off point 5 years.
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Table 2. Results of immunohistochemical staining in the primary tumors

N %*

ER negative 84 34.1

positive 162 65.9

PR negative 93 37.1

positive 158 62.9

HER2 negative 199 78.3

positive 55 21.7

E-cadherin negative 24 10.4

positive 206 89.6

CK5/6 negative 193 84.6

positive 35 15.4

CK14 negative 213 90.6

positive 22 9.4

EGFR negative 232 95.9

positive 10 4.1

TP53 negative 163 69.1

positive 73 30.9

c-kit negative 233 96.7

positive 8 3.3

Ki67 low 37 19.3

high 155 80.7

ER estrogen receptor, PR progesterone receptor, HER2 Human epidermal growth factor receptor, 
CK cytokeratine, EGFR  epidermal growth factor receptor. 
* Valid percentages

3
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characteristics, metastatic behavior and survival outcomes. Therefore, we have chosen 

to proceed with hormone receptor-negative group as one group. 

Findings of immunohistochemical staining for TP53, CK5/6, CK14, EGFR, c-kit and Ki67 

in hormone receptor-negative tumors are displayed in Table 3.  10.4% of tumors were 

E-cadherin negative; 54. 2% of these were classified as invasive lobular carcinomas.  

Time to distant metastasis
Median time to develop metastasis was 30 months (range 0-15.3 years) and median 

time from metastasis to death was 19 months and to last follow-up for patients alive 

was 64 months. Using the cut-off point of 5 years, 75.8% of the tumors were recorded 

as early metastasizing tumors. In table 4, the association between histologic and 

immunohistochemical variables and early versus late metastasis is shown.

Table 3. Results of immunohistochemical staining in ER-/HER2- tumors

N %*

TP53 negative 24 42.1

positive 33 5.,9

CK5/6 negative 28 52,8

positive 25 47.2

CK14 negative 39 70.9

positive 16 29.1

EGFR negative 47 82.5

positive 10 17.5

c-kit negative 52 91.2

positive 5 8.8

Ki67 low 2 4.5

high 42 95.5

CK Cytokeratine, EGFR  Epidermal growth factor receptor.
*Valid percentages
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Table 4. Correlation between tumor characteristics and time to distant metastasis

Characteristics	

Metastasis timeline

< 5 years >5 years

N % N % p

Tumor size <2cm 37 21.8 27 42.9 .001

>=2 133 78.2 36 57.1

Tumor grade 1 17 8.5 7 10.6

2 99 49.3 42 63.6 .056

3 85 42.3. 17 25.8

ER negative 73 37.4. 10 15.2

positive 122 62.6. 56 84.8 .001

PR negative 83 41.9 12 17.6

positive 115 58.1 56 82.4 <.001

Tumor subtype ER (-) HER2 (-) 52 30.8 7 13.5

ER (+) HER2 (-) Ki67high 50 29.6 25 48.1

ER (+) HER2 (-) Ki67low 17 10.1 9 17.3 .003

ER (+) HER2 (+) 29 17.2 8 15.4

ER (-) HER2 (+) 21 12.4 3 5.8

ER estrogen receptor, PR progesterone receptor, HER2 Human epidermal growth factor receptor

 
Table 5. Tumor characteristics and interval to metastasis and last event

Interval 
between 

surgery and 
metastasis, 

months

Interval 
between 

metastasis 
and last event, 

months

Overall 
survival

Mean Median Mean Median Mean Median

Tumor subtype

ER (-) HER2 (-) 25 15 17 10 41 27

ER (+) HER2 (-) Ki67high 51 37 36 25 86 76

ER (+) HER2 (-) Ki67low 54 45 39 25 93 79

ER (+) HER2 (+) 40 33 41 25 79 59

ER (-) HER2 (+) 36 22 33 19 69 60

p value <.001 .002 .020

ER estrogen receptor, PR progesterone receptor, HER2 Human epidermal growth factor receptor

3



52

Chapter 3

 

Figure 1. Metastasis specific (A) and overall (B) survival curves of  breast cancer 
patients  with and without visceral metastasis.
Kaplan-Meier plots of patients show that tumors with visceral metastasis had worse survival 
outcomes than the tumors without visceral metastasis.Patients who had visceral metastasis had 
shorter survival time from detection of metastasis to last event and from initial diagnosis of the 
disease to last event (p 0.009 and 0.073, respectively)

Figure 2. Metastasis specific (A) and overall (B) survival curves of  breast cancer 
patients  according to tumor subtypes. ER Estrogen receptor; PR progesterone 
receptor; HER2 Human epidermal growth factor receptor type 2.
Kaplan-Meier plots of patients show that ER-/HER2- had worse survival outcomes compared to 
other tumor subtypes. Patients with hormone receptor-negative (ER-/HER2-) tumors had shorter 
survival time from detection of metastatic disease to last event and from the initial diagnosis of the 
disease to last event (p < 0.001).
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As can be seen, ER-/HER2- and ER-/HER2+ tumors metastasized earlier than other 

subgroups of tumors (p 0.003). Almost 90% of hormone receptor-negative breast 

cancer patients developed distant metastases early; versus 66% of ER+/HER2-; within 

this group there was no significant difference between Ki67 high (66.7%) and Ki67 low 

(65.4%) tumors (p 0.54).  

Survival after development of distant metastasis
Figure 1 shows that overall survival and survival after the detection of distant metastasis 

for patients who developed visceral metastases (n=198) is worse than for those who 

did not develop visceral metastases (p 0.073 and p 0.009, respectively). Figure 2 shows 

overall survival and survival after the detection of distant metastasis for the subgroups 

of patients defined by ER and HER2 status of the primary tumor. 

Table 5 demonstrates the differences of time to develop metastasis and survival time 

after development of metastatic disease in various subgroups. As can be seen, patients 

with ER-/HER2- tumors had a median survival of 10 months after the detection of 

distant metastasis whereas ER-/HER2+ tumors had 19 months median survival (p 

0.020). ER+/HER2- (Ki67 high as well as Ki67 low groups) and ER+/HER2+ tumors had 

a median survival time of 25 and 24 months, respectively (p 0.75). 

Site of distant metastasis
Detailed information about metastatic behavior was available for 256 patients; 

11(4.3%) patients presented with multiple metastasis simultaneously, while 205 

(80.4%) developed multiple metastases during the course of follow-up. Bone was the 

most common site for metastasis (70.6%) followed by liver (54.5%) and lung (31.4%) 

respectively. Visceral (liver, lung and brain) metastases were found in 77.6% of the 

patients. 

Twenty-five (9.8%) of the patients developed only bone metastasis and 29 (11.4%) 

of the patients developed only visceral metastasis during the course of the disease. 

Among these patients median time to develop bone metastasis and visceral metastasis 

differed and was 40 months and 23 months, respectively. 

3
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Multivariate analyses further revealed that patients who developed visceral metastasis 

had a higher prevalence of multiple metastases during follow-up (p < 0.001).

The metastasis pattern was similar for patients who received adjuvant systemic therapy 

compared to patients who did not undergo adjuvant systemic treatment.

Along with 81.3% of ER+ tumors, 88% of ER+/HER2- Ki67 high tumors noted to have 

bone metastasis. Contrarily, hormone receptor-negative (ER-/HER2-) tumors were 

associated with visceral organ metastasis, yet composing 55% of the tumors with only 

visceral metastasis. 

ER status of the tumor was significantly positively correlated to bone metastasis in 

the univariate as well as in the multivariate analyses. Several immunohistochemical 

markers, such as E-Cadherin and Cytokeratine 14, were found to be correlated to 

visceral metastasis (p 0.013 and p 0.018). E-cadherin was found to be positive in 

primary tumors of patients who developed visceral organ metastasis and the ones with 

visceral metastasis as initial site of metastasis (p 0.028 and p 0.040). TP53 positive 

tumors developed brain metastasis with a rate of 38%, as opposed to 21.2% in TP53 

negative ones ( p 0.007).

Discussion

Breast cancer is a heterogeneous disease and this is also reflected in the clinical patterns 

of the development of distant metastases. There is marked variability in the time interval 

between treatment of the primary tumor and the occurrence of distant metastases; in 

the organs involved with distant metastases; and in the response to systemic treatment 

in patients with metastatic breast cancer. The concept of organotropism compasses 

the non-random distinct organ involvement of different cancer types as well as within 

a given type of cancer, which usually implies a more subtle intrinsic heterogeneity 

among organotropic cancer cells [4].  Along with the conventional metastatic model of 

“anatomical/mechanical” hypothesis, Paget’s “seed and soil” hypothesis [41] are widely 

accepted models for site-specific metastasis. Stephen Paget’ s century old theory 

that proposed the organ-preference patterns of tumor metastasis are the product of 

favourable interactions between metastatic tumor cells (the “seed”) and their organ 
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microenvironment (the “soil”) was confirmed by clinical and experimental research [4, 

41-43]. Better understanding of this complex interaction between two compartments 

and consequently the mechanisms that lie beneath the site-specific metastasis may 

improve the clinical management, including developing novel therapeutic options, for 

metastatic disease. 

Despite the increasing tendency to classify breast tumors into molecular subtypes based 

on gene expression profiles first described by Perou et al. [33], immunophenotypic 

characteristics of the tumor also remain an important cornerstone of defining subgroups 

of the disease. In the current study, we investigated the presence of site-specific 

metastasis and concomitant characteristics of the metastatic disease in a retrospective 

series of 263 breast cancer patients, focusing on the immunophenotypic features of the 

primary tumor. 

Together with clinical observations, recent comprehensive molecular studies unveiled 

the considerable differences between ER-positive and ER-negative tumors. It has also 

been shown  that ER status has a time-varying prognostic effect mainly pronounced in 

the early follow-up period [44-48]. ER-positive tumors are known for their tendency to 

relapse later with higher rate of bone recurrences than their ER-negative counterparts. 

In agreement with published literature, our data clearly indicates the close relation 

between ER-positive tumors and metastasis specific survival and bone metastasis 

[18, 45, 46, 49]. In addition to confirming the well-established prognostic markers in 

breast cancer, this study was also able to verify that ER-status is also an important 

factor for bone-only and bone-first metastasis. Likewise, in agreement with previously 

published data, ER-negative tumors showed a higher proportion of patients with 

visceral metastases [18, 20, 44, 45, 50]. HER2-positive tumors have been found as a 

risk factor for cerebral metastasis development (5,12,13,19,22,24,27,29,32,33,52,55)

. However, in this study HER2 positivity was not identified as a strong predictive factor 

for site-specific metastasis and early metastatic disease; of note, in our study we did not 

find an association between HER2 positive status and brain metastasis. The fact that 

almost none of the patients included in this study received HER2-targeted therapy may 

play a role in the absence of a correlation between HER2 status and brain metastases 

(although we could not retrieve data on adjuvant systemic therapy for all patients, we 
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know that HER2-targeted therapy was not yet available as adjuvant therapy during 

large part of the period in which patients were treated). 

A recent cohort study demonstrated that hormone receptor HR+/HER2+subtype was 

associated with the best prognosis after diagnosis of metastatic disease, with a median 

survival of 34.4 months even better than HR+/HER2- subgroup [51]. This subgroup 

was followed by HR+/HER2-, HR-/HER2+ and hormone receptor negative tumors. 

In our study, regardless of their HER2 status, hormone receptor-positive tumors had 

better survival after the diagnosis of distant metastasis. Similarly to Lobbezoo et al., ER-/

HER2+ tumors had better survival than hormone receptor-negative tumors. Improved 

survival rates of HER2+ tumors have already been reported [28, 29, 52]. Even though 

our study includes patients before the implementation of HER2-targeted therapy for 

metastatic disease, our results are comparable to this recent cohort study. Additionally, 

further subgrouping of ER+/HER2- tumors according to their Ki67 status revealed that 

only minority (6.3%) of these tumors had low Ki67 status.  Within this group of tumors 

there was also no significance regarding metastasis pattern. This result may suggest 

that if once metastatic event occurs, prognostic relevance of Ki67 might be limited. 

Our analyses indicate the noticeable distinction between breast tumors with visceral 

metastasis and the ones without visceral metastasis. Additional to the remarkably 

shorter overall survival and metastasis-specific survival compared to the tumors without 

visceral metastasis, higher frequency of developing multiple metastasis during the 

course of disease, make this subgroup of tumors challenging and therefore worth to be 

recognized [49, 53]. Several immunohistochemical markers are known to be associated 

with hormone receptor-negative breast tumors especially the ones with basal-like 

features. It is also claimed that triple-negative status cannot be used as a surrogate for 

the basal cell phenotype [54-56]. In our study, we showed that a group of frequently 

registered immunohistochemistry markers such as CK 5/6, CK 14 and EGFR were related 

to the hormone receptor negative subgroup (p < 0.001), while c-kit was not found to 

be related to this subgroup of tumors (p 0.098). Further analyses within this group 

revealed no significant difference between basal-like group and non-basal-like group 

in relation to metastatic behavior and survival outcomes. Based on gene expression 

profiling studies, Lehmann et al showed that this aggressive type of breast cancer 

can be divided into seven subtypes as; basal-like 1, basal-like 2, immunomodulatory, 
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mesenchymal-like, mesenchymal stem-like, luminal androgen receptor and unstable. 

They also showed that independent analysis of five data sets based on triple-negative 

tumors identified by immunohistochemical staining had similar clustering [57]. In 

conjunction with this information, it is indicated that hormone receptor-negative group 

contains heterogeneous group of tumors with distinct phenotypes. We believe that 

further studies are indicated to explore the role of immunohistochemistry to portray 

these heterogeneous subgroups.

The role of E-cadherin in metastatic potential of the tumors has already been a topic of 

interest. The absence of E-cadherin expression as a result of genetic alterations in the 

E-cadherin gene is observed in the majority of lobular carcinomas. Reduced expression 

of E-cadherin has been reported in breast carcinoma cases with a frequency ranging 

from 4 5% to 63% of cases [58-60]. Several studies showed a higher metastatic 

potential for tumors with reduced E-cadherin expression [58, 61-65], whereas others 

were not able to prove such a relation [66, 67]. Interestingly, in the current study, we 

showed that immunostaining of E-cadherin was positively correlated with developing 

visceral metastases, also with developing visceral metastasis as first site of metastasis. 

It has been shown that tumors with TP53 gene mutations are associated with brain 

metastases. [27, 68, 69]. Recently, Lo et al. have demonstrated that mutation of TP53 

is the most common genetic change identified in brain metastases from breast cancer. 

They identified that 87% of CNS metastatic lesions in their study contained TP53 

mutations compared to 25-34% mutations in all breast cancers. [70]. Consistent with 

the previous reports, we showed that TP53 immunopositivity is significantly associated 

with subsequent brain metastasis. The cohort of patients in our study was treated 

between 1983 and 2009; the median size of the primary tumors was 3.2 cm. It may 

well be that metastatic pattern will differ for patients who were treated more recntly 

and for patients who presented with smaller tumors. It will be therefore be of interest 

to perform a similar study to the one presented here in the future for a cohort of more 

recently treated patients.
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Conclusions

This study demonstrates that subtypes of breast cancer mainly defined by ER, PR 

and HER2 and are strongly related to the metastasis pattern, in terms of site-specific 

relapse, early/late metastasis and survival outcomes. Hormone receptor-positive tumors 

have tendency to develop bone metastasis and they have better survival outcomes 

compared to hormone receptor-negative tumors with a tendency of developing visceral 

metastasis. HER2 status was not associated with pattern of distant metastases; in 

agreement with previous reports, P53-positive tumors were more likely to metastasize 

to the brain than P53-negative tumors. In addition, we show that tumors that develop 

visceral metastasis have worse prognosis than the ones without visceral metastasis 

and immunostaining for E-cadherin and Cytokeratine 14 can be of help to identify 

such tumors.  These associations are of help in choices for surveillance and therapy in 

individual patients.
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Abstract

Metastatic cancer remains the leading cause of death for patients with breast cancer. 

To understand the mechanisms underlying the development of distant metastases to 

specific sites is therefore important and of potential clinical value. From 157 primary 

breast tumors of the patients with known metastatic disease, gene expression profiling 

data were generated and correlated to metastatic behavior including site-specific 

metastasis, metastasis pattern and survival outcomes. We analyzed gene expression 

signatures specifically associated with the development of bone metastases. As a 

validation cohort, we used a published dataset of 376 breast carcinomas for which 

gene expression data and site specific metastasis information were available. 80.5% 

of luminal-type tumors developed bone metastasis as opposed to 41.7% of basal and 

55.6% of HER2-like tumors. A novel 15-gene signature identified 82.4% of the tumors 

with bone metastasis, 85.2% of the tumors which had bone metastasis as first site 

of metastasis and 100% of the ones with bone metastasis only (p 9.99e-09), in the 

training set. In the independent data set, 81.2% of the positive tested tumors had known 

metastatic disease to the bone (p 4.28e-10). This 15-gene signature showed much 

better correlation with the development of bone metastases than previously identified 

signatures and was predictive in both ER- positive as well as in ER-negative tumors. 

Multivariate analyses revealed that together with the molecular subtype, our 15-gene 

expression signature was significantly correlated to bone metastasis status (p <0.001, 

95% CI 3.86-48.02 in the training set; p 0.001, 95% CI 1.54-5.00 in the independent 

set). The 15 genes, APOPEC3B, ATL2, BBS1, C6orf61, C6orf167, MMS22L, KCNS1, 

MFAP3L, NIP7, NUP155, PALM2, PH-4, PGD5, SFT2D2 and STEAP3, encoded 

mainly membrane-bound molecules with molecular function of protein binding. The 

expression levels of the upregulated genes (NAT1, BBS1 and PH-4)  were also found 

to be correlated to epithelial to mesenchymal transition (EMT) status of the tumor. We 

have identified a novel 15-gene expression signature associated with the development 

of bone metastases in breast cancer patients. This bone metastasis signature is the first 

to be identified using a supervised classification approach in a large series of patients 

and will help forward research in this area towards clinical applications.
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Introduction 

After the initial treatment of primary breast cancer, 20-30% of patients develop 

distant metastases [1, 2]. The survival outcomes and sites at which distant metastases 

develop differ greatly among patients [3-6]. Several studies have already reported gene 

expression profiles correlated with risk of distant metastasis, which are in the process 

of being validated with prospective studies [7-9]. Moreover, breast cancer’s propensity 

to spread to certain organs, so called “non-random organ-specific metastasis” has also 

been investigated [10-14]. There have been several important studies using animal 

models to unravel the mechanism of site specific distant metastases in breast cancer 

[15-22]. These studies focusing on organotropism of metastatic breast cancer have 

used human breast cancer cell lines which were injected in immune compromised mice. 

By combining genomic profiling of organ-tropic metastatic variants selected in vivo from 

the animal models of metastatic disease with clinical genomic studies, Massague and 

his colleagues, were able to identify gene expression signatures that were associated 

with metastasis to bone, lung and brain [16, 17, 19].  They have further explored the 

association between specific patterns of gene expression and metastatic pattern. The 

discovered candidate genes were then further investigated and their metastatic role 

was confirmed by means of overexpressing or inactivating their expression. Hereafter 

they have validated these gene expression signatures in several cohorts of primary 

breast tumors with known metastatic disease. 

We have recently described the metastatic behavior (organ-specific metastasis) related 

immunophenotypic findings of the primary tumors in a retrospective study including 

263 primary breast tumors with known metastatic disease [23]. We have shown that 

the time to distant metastasis was less than 5 year in 90% of the hormone receptor 

negative breast cancer patients as compared to 66% of hormone receptor positive 

patients. The role of estrogen receptor  (ER) positivity was found to be closely associated 

to the development of bone metastasis including bone-only and bone-first metastasis 

in the course of the disease; whereas ER negativity was found to be related to visceral 

(liver, lung or brain) metastasis. Along with the hormone status, tumor size and tumor 

grade, we found that patients who developed visceral metastasis had worse survival 

outcome, in terms of metastasis specific survival and overall survival and additionally 
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they frequently developed multiple metastasis during the course of the disease. We 

have concluded that tumor types were associated with survival and pattern of distant 

metastasis during the course of the disease. Gene expression profiling patterns 

predicting site-specific metastasis may aid in better understanding the mechanisms for 

the development of distant metastases. 

In this study, we analysed the gene expression profile of 157 primary tumors that all 

metastasized. In order to identify and validate tumor factors of metastatic breast cancer 

that are predictive of metastatic behavior; gene expression profiling of primary tumors 

are correlated to metastasis pattern and subsequently gene expression signatures are 

investigated for prediction of the site specific distinct metastasis. 

Materials and Methods

Patients and Tumor samples
The study was carried out according to the national ethical guidelines of ‘Code for 

Proper Secondary Use of Human Tissue’ developed by Federation of Medical Societies 

(FMWV) in the Netherlands [24]. Selection of patients and tumor samples and definition 

of metastatic disease has been previously described [23]. 

Briefly, metastatic breast cancer patients were identified and a subset of 157 of tumors 

with available frozen material was selected for further gene expression profiling 

experiments. Subsequently relevant clinical data were abstracted from the clinical 

charts. Detailed information on metastasis site, metastatic behavior and survival 

(metastasis specific and overall) data were collected for 151 patients. 

The individual metastatic sites were recorded and used to separate tumors in subgroups. 

For each metastatic site it was assessed whether patients developed metastases during 

follow-up (ever versus never for each organ site); when patients developed metastases 

to any organ site it was recorded whether this was the first metastasis or a metastasis 

arising after metastases to other organ site arose (first/not first); and it was recorded 

when a patient developed metastases to one organ site only (only/not only). Presence 
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of multiple metastases was also carefully recorded at the time of diagnosis of the first 

metastases as well as after complete follow up. In instances where patients developed 

another distal organ involvement within less than two months after initial diagnosis of a 

metastasis, this was also considered as multiple organ metastases at first presentation. 

Time from surgery to development of first metastasis, time from first metastasis to last 

event (metastasis specific survival, MSS) and overall survival (OS) time for each patient 

was calculated. Last event date was recorded as most recent follow-up date for the 

patients who were alive and time of death for the others. 

Additionally, data on systemic treatment (chemotherapy, hormonal therapy and targeted 

therapy) used to treat primary and metastatic disease was collected (n=142 and n=122, 

respectively).

Hemotoxylin and eosin stained slides from all tumors were evaluated and histologic 

subtype, tumor grade  and hormone receptor status were immunohistochemically 

assessed as previously described [23]. 

Gene expression profiling
From primary tumors of 157 patients 30 sections of 20-μm were used for isolation of 

RNA. The first and last sections (5 μm) were stained with hematoxylin and eosin; only 

samples containing an average of at least 50% tumor cells were used in this analysis. 

Total RNA was isolated with RNA-Bee (Tel-Test) and dissolved in RNase-free water. 

Then, total RNA was treated with DNase with use of the Qiagen RNase-Free DNase 

Kit and RNeasy spin columns and dissolved in RNase-free water. The gene expression 

microarrays used in this study were the HumanHT-12 v4 Expression BeadChip arrays 

(Illumina, Inc.) containing more than 47,000 probes. Details of RNA amplification, 

labeling, and hybridization are available on the Illumina website (http://www.illumina.

com). The arrays were processed in the Central Microarray Facility of the Netherlands 

Cancer Institute. The data was normalized using robust spline normalization (rsn) and 

log2 transformed, followed by ComBat (http://www.bu.edu/jlab/wp-assets/ComBat/

Abstract.html) to adjust for batch effects.

4
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Human breast tumor microarray datasets
Additional to the gene expression profiling data set of 157 primary breast tumors 

generated herein with this study, a second data set which was a combined data set 

of four studies captured from the public domain was analysed. This large data set 

was employed as a combined data set as previously described by Harrell et al [25]. 

Aforementioned combined data set included total 855 tumors of which 376 with known 

metastatic disease. Analyses in order to validate the gene signatures were performed 

using this subset of tumors with known metastatic disease (n= 376) and whole data 

set (n= 855). Four microarray sets are listed as: GSE2034, GSE12276, GSE2603 and 

the NKI295 (microarray-pubs.stanford.edu/wound_NKI/Clinical_Data_Supplement.xls). 

Microarray data analysis/ bioinformatics
All data were analyzed using the R2 (Microarray Analysis and Visualization Platform) 

web application, which is publicly available at http://r2.amc.nl. 

Samples were classified into 5 intrinsic breast cancer subtypes by using the PAM50 

classifier [26]. To assess the prognostic status of the tumors according to the 70-

gene prognostic signature [9], these 70 genes were mapped via Gene Symbol ID to 

the Illumina platform. Out of the 70 genes 62 genes were found to be present on the 

Illumina platform corresponding to 65 Illumina probes. In case of presence of multiple 

probes for one gene, the probe with the highest variance across the samples was 

selected. We calculated the Pearson correlation coefficient between the centroids of the 

original good prognosis template and the gene expression levels of each sample with 

regard to these mapped 62 gene to assign tumors in good or poor prognostic group.

To validate already published gene expression signatures for site specific metastasis for 

bone metastasis [17] and epithelial to mesenchymal transition (EMT) gene signature 

[27], the specified genes from bone metastasis signature and from EMT signature were 

first mapped to the Illumina platform via Gene Symbol ID. As previously mentioned,  in 

the instance of presence of multiple probes for one gene, the probe with the highest 

variance across the samples were selected. Respectively, a K-means method was used 

to cluster the data in 2 groups and a  t-test revealed the performance of these signatures 

(bone metastasis and EMT signature) in our dataset. 
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Identification and validation of site-specific metastasis signature
In order to identify a gene expression signature associated  an organ specific metastasis, 

we used the one-way ANOVA function in R2. Samples were split into 2 groups; one 

group in which the patient developed a metastasis and another group in which a patient 

never developed a certain organ metastasis. The genes with an expression level above 

the background expression level were selected (total 16036 genes. The calculated 

p-values (<0.01) were corrected for multiple testing using Benjamini Hochberg False 

Discovery Rate (FDR) calculation. The metastatic signature was validated in multiple 

datasets using the K-means and t-test function in R2. To further investigate the 

association between this gene signature and clinical variables multivariate logistic 

regression tests were applied using SPSS Statistics for Windows (Release version 

21.0; IBM Corp.2012, Armond, NY). All statistical tests were two sided and p < 0.05 

was considered to be statistically significant.

Results

For 157 primary invasive breast carcinomas from patients who all developed metastatic 

disease, mRNA expression signatures were assessed using microarray analysis. The 

patient characteristics and metastasis patterns are described in Table 1. Tumors were 

subdivided into 5 molecular subtypes using the PAM50 classifier [26]. Out of 157 

cases, 67 (42.7%) were identified as Luminal A, 46 (29.3%) as Luminal B, 18 (11.5%) 

as HER2-like and 25 (15.9%) as basal type. One (0.6%) of these tumors was identified 

as normal-like.  For statistical purposes, the normal like breast tumor was excluded from 

the multivariate analysis. Median follow-up time for patients who were alive was 11.5 

years (range 6.2-17.3 years). 79.4% of the patients with Luminal A, 72.5% of Luminal 

B, 78.6% of HER2-like and 87.5% of basal-type tumors received adjuvant therapy. 

None of the patients received trastuzumab as adjuvant therapy; a subgroup of patients 

(n=10) received trastuzumab for treatment of metastatic disease.  

Bone was the most frequent site of distant metastasis (71.5%) followed by liver (51.7%) 

and lung (34.4%). 74.2% of the patients developed visceral organ metastasis (lung, 

liver or brain).

4
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Table 1. Clinical and pathological characteristics of metastatic breast cancer pa-
tients

N %

Age at diagnosis, years <50 83 52.9

>50 74 47.1

Surgical procedure none 4 2.8

mastectomy 73 51.8

breast conserving 64 45.4

Adjuvant therapy none 30 21.1

only CT 50 35.2

only HT 17 12.0

CT+HT 45 31.7

Lymph node status none 43 29.3

1-3 positive 48 32.7

>3 positive 56 38.1

Histology Ductal 134 86.5

Lobular 14 9.0

Other 7 4.5

Tumor grade 1 13 8.6

2 84 55.3

3 55 36.2

Time to distant metastasisa early 117 77.0

late 35 23.0

Metastasis 
at first presentation

no 141 92.8

yes 11 7.2

Multiple metastasis sites at first 
presentation

no 97 64.2

yes 54 35.8

Multiple metastasis sites during 
follow up

no 37 24.5

yes 114 75.5

CT chemotherapy, HT hormonal therapy.
a  Cut-off point 5 years.
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Survival analysis revealed that luminal-type tumors had better outcomes in terms of 

metastasis specific and overall survival compared to basal-type tumors and HER2-like 

tumors (p < 0.001). Median time to develop metastasis was 37, 27, 19 and 15 months 

for Luminal A, Luminal B, HER2-like tumors and basal-type tumors, respectively. 88.3% 

of basal-type and HER2-like tumors developed metastases within 5 years, versus 

72.7% of luminal A and 76.7% of Luminal B tumors. 

Among luminal subtype 80.5% of the tumors developed bone metastasis as opposed to, 

respectively, 41.7 and 55.6% of basal-type and HER2-like tumors (p 0.001). This group 

of tumors also composed the 81.8% of the tumors which metastasized to bone as initial 

site of metastasis (p 0.001). The rate of development of visceral metastasis were 70.4% 

in luminal-type tumors, 87.5% in basal-type tumors and 77.8% in HER2-like tumors. 

Of basal-type tumors 66.7% developed visceral metastasis as first metastasis site and 

29.2% of these tumors had only visceral site metastasis during the course of disease (p 

0.061 and p 0.034). 

The tumor samples from all patients were assigned to the poor prognostic group 

according to the 70-gene signature [9]. Based on recently published epithelial 

mesenchymal transition (EMT) gene classifiers [27], 100 of the tumors allocated as 

EMT-activated and the rest, n=51, as EMT-non activated.

Validation of a previously identified gene signature for bone-specific 
metastasis
First we have studied the predictive value of the previously published bone metastasis 

signature of Kang et al [17]. This signature was assessed as positive in 110 of the 

tumors in the current study set. All (100%) Luminal A tumors and 90,7% of the Luminal 

B tumors were found be positive for the signature, whereas 33% of the HER2-like 

tumors were positive. None of the basal type tumors were found be positive for this 

site specific metastasis signature. Within this site-specific signature positive subgroup 

of tumors, 80% had clinically identified bone metastasis (n=88, p 4.26e-04).  Kang et 

al’ s 102-gene expression signature for bone metastasis was able to identify 81.5% 

of the tumors with bone metastasis, 84.1% of the tumors which had bone as initial 

site of metastasis and 100% (n=18) of the tumors which had bone only metastasis in 

the training set (p values <0.001, <0.001 and 0.002, respectively. Sensitivity: 81.5% 

4



76

Chapter 4

and specificity: 48.8%). When tested in ER-positive (n=108) and ER-negative (n=43) 

groups separately, 61.1% (n=66) of the ER-positive tumors and 60.4% (n=26) of the 

ER-negative tumors were tested to be positive with this 102-gene expression signature. 

Out of positively tested ER-positive tumors (n=66) 83.3% had clinically evident bone 

metastasis (p 0.456). Of the 26 bone signature positive tested ER-negative tumors, 

50% had bone metastatic disease (p 1.000). 

Supervised classification of bone (specific) metastasis-related genes
To identify site-specific metastasis genes, differentially expressed genes between 

tumors with bone metastasis and the ones without bone metastasis were explored. 

A t test was conducted with a p value of <0.01. After application of filtering criteria, 

differentially expressed genes were identified between two subgroups of tumors 

with and without bone metastasis. The group of differentially expressed genes were 

subsequently validated in the training data set as well as in the independent data set 

with the help of K-means and t testing.

We identified 15 differentially expressed genes between tumors with bone metastasis 

and the ones without bone metastasis (Table 2). The heat map with gene expression 

pattern of these 15 genes is displayed in Figure 1. None of the genes in this set overlapped 

with the bone signature of Kang et al. Three genes, namely NAT1, PH-4 and BBS1, were 

up-regulated and the other genes were found to be down-regulated. Mapping into the 

Gene Ontology and Kyoto Encyclopaedia of Genes and Genomes databases showed an 

overrepresentation of membrane-bound molecules with molecular function of protein 

binding (APOPEC3B, ATL2, BBS1, MMS22L, KCNS1, MFAP3L, NIP7, NUP155, PALM2, 

PH-4 and STEAP3).

In order to validate this gene expression signature, conjointly with our training set, an 

independent large combined microarray data set of four studies was analysed. This 

combined previously published by Harrell et al [25]. With the help of K-means clustering 

method, we have grouped our training data set and independent data set into two 

groups based on their expression levels for our newly developed bone metastasis gene 

expression signature and subsequently these two groups were compared using a t test. 
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The 15-gene bone metastasis gene signature was found to be present in 103 tumors in 

the training data set. With the help of this signature, 82.4% of the tumors with known 

metastatic disease, 85.2% of the tumors which had bone metastasis as first metastasis 

site and 100% of the ones with bone metastasis only were identified (p 9.99e-09, 

sensitivity: 82.4% and specificity: 67.4%). When analysed in the independent data set, 

the 15-gene expression signature was found to be present in 160 tumors (total n=376) 

and 81.2% of these positive tested tumors had also clinically evident bone metastatic 

disease (p 4.28e-10, sensitivity: 54.6% and specificity: 78.2%). The independent data 

base of Harrell et al was also utilized to test the bone-specific metastasis of Kang et 

al. The 102-gene expression signature was assessed as present in 201 tumors (total 

n = 376) and 72.6% of these tumors reported to have bone metastasis (p 6.92e-05, 

sensitivity: 61.3% and specificity: 60.1%). 

In addition, the independent data set was analysed separately in ER-positive and 

ER-negative tumors. Among ER-positive tumors (n = 245) the 15-gene expression 

signature was found to be present in 136 tumors and  83.1% of these tumors had 

known bone metastasis; 38.5% of the negatively tested tumors had no bone metastasis 

(p 2.38e-04, sensitivity: 79.3% and specificity: 57.1%). Out of 139 ER-positive tumors 

which were tested to be positive for the 102-gene expression signature, 75.5% had 

bone metastatic disease and 29.2% of the negatively tested tumors had no bone 

metastasis (p 0.466, sensitivity: 63.2% and specificity: 47.6%). Within the ER-negative 

subgroup (n=128) 74 tumors were tested positive for the 15-gene expression signature 

and 56.8% these tumors had bone metastasis; 70.4% of negatively tested tumors had 

no evidence of bone metastasis (p 3.83e-03, sensitivity: 72.4% and specificity: 56.8%). 

Out of 56 ER-negative tumors which were tested positive for 102-gene expression 

signature, 55.4% had clinically bone metastasis; 62.5% of negatively tested tumors 

had no bone metastasis (p 0.05, sensitivity: 53.5% and specificity: 64.3%). Table 3 

summarizes the validation of gene signatures in training and independent data sets. 

In addition, in a subsequent study a subset of 50-genes (out of initially identified 102 

genes) was selected by Massague’s group [20]; this subset of 50 genes was also 

analysed in our training and in the independent data sets for its predictive value for 

bone-specific metastasis The 50-gene signature was able to identify the patients with 

bone metastasis in the training set (p 1.14e-03) and the independent data set (p 0.014). 
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When tested in the ER-positive and the ER-negative tumors separately, this 50-gene 

signature was not predictive for bone metastatic disease.

When tested among all patients with metastatic and not-metastatic disease in 

the independent data set (n=855), the 15-gene signature was able to identify the 

patients with bone metastasis (p 5.48e04, sensitivity: 54.6% and specificity: 58.7%). 

This gene expression signature remained statistically significant for identification of 

bone metastasis when separately analysed in ER-positive and ER-negative tumors  

(p 3.45e-04, sensitivity: 63.9% and specificity: 52.2%; p 3.82e-03, sensitivity: 75.9% 

and specificity: 45.5%, respectively).

The up-regulated genes and their correlation with molecular subtypes and known 

prognostic gene signatures were further explored. NAT1 was identified to be expressed 

at the highest levels in Luminal A followed by Luminal B, HER2-like group and being 

least expressed in the basal-type group. NAT1 expression was also correlated with the 

EMT-activated group, being overexpressed in this group of tumors compared to the 

not-EMT-activated group (p 5.7e-05) (Figure 2). Similarly the other up-regulated genes, 

Figure 2. The expression levels ( log2) of NAT1 among molecular subtypes (A) and 
in EMT-activated and not-EMT-activated group (B).
The box plots show that NAT1 expression was higher in Luminal-type tumors compared to the 
other molecular subtypes (p 7.2e-20). NAT1 expression was also found to be higher in the EMT 
(epithelial to mesenchymal transition)-activated group (p 5.7e-05)
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BBS1 and PH-4, were also found to be significantly correlated with the EMT-activated 

group of tumors (p 5.8e-04 and p 0.01, respectively). 

The 15-gene bone metastasis signature was positive in 96.9% of the Luminal A tumors, 

in 79.7% of Luminal B tumors and in 38.9% of HER2-like tumors. Similar to Kang’s 

bone metastasis signature, none of the basal like tumors were found to be positive for 

this signature.

Univariate analyses showed that our bone metastasis signature was significantly 

correlated to the development of bone metastasis especially in the group of patients who 

developed only bone metastasis in the course of their disease (p < 0.001). As expected, 

ER status and molecular subtypes were the parameters that were closely related to 

bone metastasis status (p < 0.001). Subsequently, multivariate analyses were applied 

in order to further explore the link between our gene signature and these parameters. 

Table 4 displays the multivariate analyses results for ER status, molecular subtypes and 

two separate gene data sets (training and independent) for bone specific metastasis. As 

shown, the 15-gene signature was the only parameter that was significantly correlated 

to bone metastasis status in the training data set (p <0.001, 95% CI 3.86-48.02). In the 

independent data set, together with the molecular subtype, the 15-gene signature was 

significantly correlated to bone metastasis status (p 0.001, 95% CI 1.54-5.00).

Table 4. Multivariate analyses results of predictive factors among the gene datasets
Training data set

B Wald x2 p Odds ratio 95% CI

ER status -0.48 0.53 .468 0.620 0.17 – 2.25

Molecular subtype 0.53 0.07 .793 1.05 0.71 - 1.57

15-gene signaturea 2.61 16.49 < .000 13.61 3.86 – 48.03

Independent data set

  B Wald x2 p Odds ratio 95% C.I.

ER status  0.25 0.06 .939 1.02 0.54 - 1.96

Molecular subtype 0.30 10.70 .001 1.36 1.13 - 1.64

15-gene signaturea 2.62 11.54  .001 2.78 1.54 – 5.00
a Novel gene expression signature
ER estrogen receptor, CI confidence interval
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Discussion

The metastatic potential of the primary tumor revolves around multistep biological 

processes within host tissue and microenvironment of the distant organ site [28]. In 

addition to the early origin of genetic instability [28-30] and hence the metastatic 

potential of the tumor cells, several intrinsic and extrinsic factors are recognised as 

potential promoters of metastatic relapse [31-33]. Upon sustaining the elementary 

steps of dissemination, the circulating tumor cells can colonize a new organ, forming a 

detectable metastasis [11, 28].

Experimental models of metastasis yielded distinct sets of genes that mediated site-

specific metastasis in breast cancer [16-19]. Kang et al. identified a bone metastasis 

signature composed of 102 genes mostly encoding cell surface and secretory 

proteins, with functions including bone marrow homing and extravasation, pericellular 

proteolysis and invasion, angiogenesis, osteoclastogenesis, growth factor regulation 

and extracellular matrix alteration [17]. The authors concluded that this gene set was 

superimposed on a poor-prognosis gene signature to provide additional functions in 

order to achieve an overt bone-specific metastasis. 

Despite these interesting findings from mouse model system and validation of the 

results from the mouse models in human breast cancer, no clinical application or follow-

up research has emerged since these first findings. Here we present results of the 

largest study to date on the association between gene expression profiling of primary 

breast cancer and the development of bone metastases, and the first study in which 

supervised classification has been used to identify a bone metastasis associated gene 

expression signature. This gene expression signature was composed of 15 genes, with 

3 (NAT1, PH-4 and BBS1) of them being up-regulated in the primary tumor samples. 

The overexpressed genes in this bone-specific metastasis signature were associated 

with metabolic (NAT1) and oxidation-reduction (PH-4) processes, and protein transport 

(BBS-1), in agreement with previous works hypothesizing their potential role in altering 

the host tissue environment in order to achieve a bone metastasis [31, 33-35]. 
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N-acetyltransferase 1 (NAT1) was first reported to be associated with enhanced 

growth and survival of breast epithelial cells by Adam et al. [36], and later reported to 

be a potential biomarker for breast cancer [37-41]. In several studies, inhibiting NAT1 

resulted in cell morphology change, a loss of surface filopodia and subsequent reduction 

of invasive potential both in vitro and in vivo [40]. Likewise, knockdown of this gene 

led to inhibition of invasion and metastasis, by means of modification/rearrangement 

of filopodial (intracellular) actin [41, 42]. In agreement with other gene expression 

profiling studies in human cancer samples, here we showed that NAT1 clusters close 

to the estrogen receptor with higher expression levels in luminal-type tumors [36, 43, 

44]. Tiang et al. also showed that the loss of NAT1 resulted in alteration of cell-to-

cell contact and up-regulation of E-cadherin. Based on aforementioned cell-line studies 

a possible association between this gene and EMT/MET has been speculated [42]. 

Interestingly, in our data set overexpression of this gene was significantly correlated to 

the so-called EMT-activated group (p 5.7e-05). To our knowledge, this is the first study 

pointing to the association between NAT1 and EMT in human female breast cancer 

samples. Along with the considerations of the potentiality of this gene as a drug target 

[42, 45], we believe that further studies in human breast cancer samples are indicated 

to explore this link.

The extracellular matrix (ECM) plays important role in diverse pathological and 

physiological processes, including cancer invasion and metastasis [46, 47].  Collagens 

compose the major component of ECM. Increased expression of collagens, thereupon 

increase in deposition and stiffening in ECM, is associated with tumor progression [48, 

49]. Collagen prolyl 4-hydroxylase (PH-4), a member of post-transcription modification 

enzyme family, is required in collagen biosynthesis and angiogenesis. Hypoxia-induced 

collagen prolyl 4-hydroxylase expression is reported to be associated with increased 

progression and mortality in breast cancer [49-51]. Indeed, animal studies showed that 

knockdown of PH-4 resulted in inhibition of tumor growth and lung metastasis [52, 53]. 

With gene expression profiling of breast cancer samples we have found that PH-4 was 

positively correlated with site-specific metastasis to bone. This finding confirms the 

observations by others [46-49] and advocates for the importance of extracellular matrix 

alterations in disease progression. 
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Twelve out of 15 genes were found to be down-regulated in the primary tumors of breast 

cancer patients who developed bone metastasis. One of these genes, apolipoprotein B 

mRNA editing enzyme, catalytic polypeptide-like-3B (APOBEC3B), is reported to be 

up-regulated in a large proportion of breast tumors and high levels of APOBEC3B were 

found to be associated with worse disease-free and overall survival [54-57]. Recently, 

several independent genome-wide association studies have shown a deletion resulting 

in complete elimination of the APOBEC3B gene-encoding region [58-60]. This 

deletion has been indicated to be associated with decreased expression of APOBEC3B 

in breast cancer cells [58]. In this study, we have also shown that APOBEC3B was 

significantly down-regulated in the group of tumors with bone metastatic disease  

(p 3.55e-03). We believe that further copy number variations studies are required to 

explore such an association between APOBEC3B deletion and site-specific metastasis. 

Six-transmembrane epithelial antigen of prostate 3 (STEAP3), which is thought be 

involved in apoptosis and cell-cycle progression [61-63], is also found to be down-

regulated in the bone metastatic group of primary breast tumors in our study. STEAP3 

expression is shown to be diminished in hepatocellular carcinoma nodules compared 

to cirrhotic peritumoral tissue and healthy liver [64]. Another family member of these 

proteins, STEAP1, has already shown to be overexpressed in breast cancer cells [65-

67]. However, we could not retrieve any similar data pointing STEAP3 expression levels 

in breast cancer tissues. 

In order to determine the validity of the experimentally derived 102 gene bone 

metastasis signature, Kang et al. have utilized a cohort of 63 primary breast carcinomas  

to test this signature. The authors have selected a subset of 50 genes to carry on their 

validation studies and they have shown that this gene set was not able to identify the 

group of tumors with bone metastasis. When the authors restricted their analyses to 

25 breast tumors with known metastatic disease, they were able distinguish the tumors 

preferentialy metastasized to bone rather than other distant organs [20]. In this current 

study along with new identified 15-gene expression signature, we have shown that 

the 102-gene expression signature and the subset of 50 genes as reported by Kang 

et al. were informative in identifying likelihood of developing bone metastasis in the 

training and the independent data sets. However, when datasets subdivided into 2 

groups according to their ER-status, the 102-gene expression signature as well as the 

50-gene signature were not effective in predicting  bone metastasis, whereas herein 
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identified 15-gene expression signature remained associated with the likelihood of 

bone metastasis development in ER-positive and ER-negative tumor groups.

Notably, the bone-specific metastasis signature presented in this study did not include 

any of the genes from already published Kang’ s bone signature [17]. The absence 

of overlap between these gene sets could be justified with the fact that in the former 

study tumor cells from the metastasis site were utilized to generate gene signatures in 

contrast to primary tumors in the current study. Considering that tumor progression and 

development of metastasis requires compiled steps of modification, we may assume 

that these two different gene signature sets play a complementary role in separate 

levels of this multi-complex process. 

Notwithstanding several well received studies focusing on the biology of metastasic 

breast cancer, little progress has been made over the past years to identify a robust 

gene expression signature for site-specific metastasis. Moreover, the experimentally 

derived gene expression signatures when tested in human breast carcinomas were not 

as strongly associated with site-specific metastasis as in the experimental conditions. 

A reproducible gene expression signature associated with the development of bone 

metastases in breast cancer will have clinical utility in two ways: first, the knowledge of 

the specific gene expressed at higher or lower levels in the metastatic disease will lead to 

the investigation of targeted therapy options directed to the altered mechanism related 

to this gene and second, reliable identification of the patients at high risk of developing 

bone metastases may lead to therapeutic interventions specifically aimed at preventing 

the development of bone metastases, for example treatment with bisphosphonates. 

In summary, we present the largest study to date revealing the association between the 

gene expression profiling patterns and bone specific metastasis in breast carcinomas. 

The  identification of novel 15-gene expression signature will forward this area of 

research, including subsequent exploration of the underlying mechanisms of metastatic 

behavior and ultimately help improve outcome for breast cancer patients. 
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Abstract 

Visceral organ metastasis is associated with poor survival outcomes in terms of 

metastasis free survival and overall survival in breast carcinomas. Identification of a 

gene expression profile in tumors that selects a subpopulation of patients that is more 

likely to develop visceral organ metastases will help elucidate mechanisms for the 

development of distant metastases and could be of clinical value. Gene expression 

profiling data of 157 primary tumors from breast cancer patients, who during follow-

up developed distant metastases were analyzed and differentially expressed genes 

between the group of tumors with visceral metastasis (liver, lung and brain) and the 

those without visceral metastases were identified. Published data were used to validate 

our findings. Multivariate logistic regression tests were applied to further investigate 

the association between the gene expression signature and clinical variables. Survival 

analyses were performed by the Kaplan-Meier method. 14 differentially expressed 

genes (WDR6, CDYL, ATP6V0A4, CHAD, IDUA, MYL5, PREP, RTN4IP1, BTG2, 

TPRG1, ABHD14A, KIF18A, S100PBP and BEND3) were identified between the group 

of tumors with and without visceral metastatic disease. Five of these genes (CDYL, 

ATP6V0A4, PREP, RTN4IP1 and KIF18A) were up-regulated and the other genes were 

down-regulated. This gene expression signature was validated  in the training and 

in the independent data set (p 2.13e-08 and p 9.68e-06, respectively). Multivariate 

analyses revealed that the 14-gene expression signature was associated with visceral 

metastatic disease (p 0.001, 95% CI 1.43-4.27), independent of other clinicopathologic 

features. This signature has been also found to be associated with survival status of the 

patients (p < 0.001). We have identified an unique gene expression signature which is 

specific to visceral metastasis. This 14-gene expression signature may play a role in 

identifying the subgroup of patients with potential to develop visceral metastasis.



97

A specific gene expression signature for visceral organ metastasis in breast cancer

Introduction

The implementation of breast cancer screening programmes and improved options for 

the treatment of patients with early breast cancer have contributed to the improved 

outcome in breast cancer [1]. However, once metastatic disease develops, breast 

cancer is still a deadly disease [2, 3]. Predicting the likelihood of metastatic behavior and 

organ-specific metastasis of the primary tumors could help to improve the modalities 

for the treatment of the primary tumor and of metastatic disease.

The relationship between primary tumor and their metastases has been an important 

area in cancer research since the “seed and soil’ theory proposed by Stephen Paget 

[4]. Several studies have  investigated the predictors for metastatic potential [5-7] of 

the primary tumors and site- specific distant organ metastasis [8-11] in breast cancer. 

Some of these studies using animal models and genomic profiling have identified gene 

expression signatures that were associated with organ specific metastasis. In particular, 

using an experimental system based on the in vivo selection of MDA-MB231- derived 

breast cancer cell lines with specific organotropism, Massague and co-workers have 

identified genes related to bone, lung and brain metastasis. They have suggested 

that whereas some genes may determine a breast cancer’s overall classification and 

prognostic signature, some other superimposed tissue-specific metastatic gene 

expression profile(s) in a subset of tumor cells may affect the cancer’s organ specific 

metastatic behavior [12]. 

It has been demonstrated that metastases and primary breast cancers show similar 

gene expression profiles [13-15]. We previously reported gene expression profiling 

experiments performed on primary breast cancers to identify gene expression profiles 

for organ-specific metastasis. We have recently presented a novel 15-gene expression 

signature for bone specific metastasis in breast cancer [16]. This new gene expression 

signature was found to be associated with the likelihood of bone metastasis development 

in ER-positive and ER-negative tumors, in the training set as well as in an independent 

data set including 376 tumors with known clinical metastatic disease. We have shown 

that 80.5% of the patients with luminal subtype tumors developed bone metastasis as 

opposed to, respectively, 41.7% and 55.6% of the basal-type and HER2-like tumors 
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(p 0.001). We have also identified that 70.4% of luminal type tumors, 87.5% of basal 

type tumors and 77.8% of HER2-like tumors developed visceral organ metastasis (liver, 

lung and brain). Among basal type tumors 66.7% developed visceral metastasis as 

first metastasis site and 29.2% of these tumors had only visceral metastasis during 

the course of disease. Survival analyses revealed that  patients who developed visceral 

metastasis had worse survival outcome, in terms of metastasis specific survival and 

overall survival and they frequently developed multiple metastasis during the course of 

the disease [17]. In this study we sought a gene expression profiling identifier to select 

the subgroup of tumors that are most likely to develop visceral organ metastasis.

Here we present a gene expression signature which is found to be associated with 

development of visceral organ metastasis in breast carcinomas. 

Materials and Methods

Patients and Tumor samples
157 primary breast carcinomas from patients who all developed distant metastases 

were included in this study. This series of tumors has been described previously [17]. 

The national ethical guidelines of ‘Code for Proper Secondary Use of Human Tissue’ 

developed by Federation of Medical Societies (FMWV) in the Netherlands were followed 

for this study [18].

Clinical data with detailed information on metastatic behavior, metastasis site and 

survival outcomes were abstracted from the clinical charts for 151 patients as 

previously published . Briefly, metastasis site was carefully recorded and classified into 

ever versus never, first versus not first  and only versus not only for each organ site. In 

addition, data on systemic treatment (chemotherapy, hormonal therapy and targeted 

therapy) used to treat primary and metastatic disease was also available for a subset 

of patients (n=142 and n=122, respectively). Tumors were evaluated and histological 

and immunohistochemical characteristics were assessed as previously published [17]. 
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Gene expression profiling and human breast tumor microarray data 
sets
RNA extraction, amplification, labeling and hybridization have been described and 

details are available on Illumina website (http://www.illumina.com) [16]. As described, 

the arrays were processed in the Central Microarray Facility of the Netherlands Cancer 

Institute. The data was normalized using robust spline normalization (rsn) and log2 

transformed, followed by ComBat (http://www.bu.edu/jlab/wp-assets/ComBat/

Abstract.html) to adjust for batch effects. Next to this already published gene expression 

profiling data set of 157 primary breast tumors a combined data set (GSE2034, 

GSE12276, GSE2603 and the NKI295 (microarray-pubs.stanford.edu/wound_NKI/

Clinical_Data_Supplement.xls) captured from public domain was used [19]. A subset of 

tumors (n=376) with clinically proven metastatic disease was utilized for the analyses 

[19].

Microarray data analysis
All data were analyzed using the R2 (Microarray Analysis and Visualization Platform) 

web application, which is publicly available at http://r2.amc.nl. The tumors were also 

designated to have a “good prognosis” or a “poor prognosis” profile based on the 70-

gene prognostic signature as described previously [16].

To validate already published gene expression signatures for lung metastasis [10, 11] 

and brain metastasis [8], the indicated genes were mapped to Illumina platform via 

Gene Symbol ID. As previously described [16], respectively a K-means method was 

used to cluster the patients in 2 groups and a t-test revealed the performance of these 

signatures in our dataset.

Identification and validation of site-specific metastasis signature
To identify a gene expression signature associated  with organ specific metastasis, we 

used the one-way ANOVA function in R2. Only the genes with an expression level 

above background level were included in the analysis (total 16051 genes). Samples 

were split into 2 groups; one group in which the patient developed a metastasis and 

another group in which a patient never developed a certain organ metastasis. The genes 

that showed a significant differential expression between these groups (p value, 0.001) 

were included in the signature. The metastatic signature was subsequently validated 

5
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in multiple datasets using the K-means and t test function in R2. To further investigate 

the association between this gene signature and clinical variables multivariate logistic 

regression tests were applied using SPSS Statistics for Windows (Release version 

21.0;IBM Corp.2012, Armond, NY). Overall survival and metastasis free survival were 

analyzed by the Kaplan-Meier method in the training data set. Due to missing survival 

data in the publicly available files, additional survival analyses were not conducted in the 

independent dataset. All statistical tests were two sided and p < 0.05 was considered 

to be statistically significant.

Results

From 157 primary invasive breast cancer from patients who developed distant 

metastases during follow-up, mRNA expression signatures were assessed using micro 

array analysis. The patient and tumor characteristics have been described previously 

[16].

Tumors were subdivided into molecular subtypes with the help of the PAM50 classifier 

[20]. The distribution of metastatic behavior including site of metastasis, metastasis 

timeline and survival outcomes among the molecular subtypes have been published 

previously and are summarized in Table 1. 79.4% Of the patients with Luminal A, 72.5% 

of Luminal B, 78.6% HER2-like and 87.5% of basal-type tumors received adjuvant 

systemic therapy. None of the patients received trastuzumab as adjuvant therapy; a 

subgroup of patients (n = 10) received trastuzumab for treatment of metastatic disease. 

The tumors were also subdivided in “good prognosis signature” and “poor prognosis 

signature” based on their 70-gene expression profile. 

Validation of previously identified gene signature(s) for lung and 
brain specific metastasis
We have investigated three previously published gene signatures for lung [10, 11] and 

brain metastasis [8]. 
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The gene expression signature (consisting of 54 genes) predicting lung metastases 

identified by Minn et al. [11] identified 55 primary tumors as having a “lung metastasis” 

gene expression signature. Out of the 55 tumors which positively tested for this 

signature,  17 (30.9%) were found to have developed lung metastases. Of negatively 

tested primary tumors 61 (63.5%) had no lung metastasis (p 0.594, sensitivity: 32.7% 

and specificity: 61.6%). When separated according to ER status, of 29 positively tested 

ER-positive tumors 6 (35.3%) and of 26 positively tested ER-negative tumors 11 

(42.3%) developed  metastatic disease to the lung (p 0.165 and p 0.368, respectively). 

These results show that the 54 gene lung metastasis signature did not predict the 

development of lung metastases in our patient series. 70.8% of the basal type tumors, 

44.4% of the HER2-like tumors and 27.7% of the luminal type tumors was positive for 

the lung metastasis associated gene expression signature. 

The six-gene expression lung metastasis associated signature of Landemaine et al [10] 

was present in 23 tumors. Nine (39.1%) of these patients with positively tested tumors 

had lung metastasis, whereas of 128 patients with negatively tested tumors 85 (66.5%) 

had no metastatic disease to lung (p 0.638, sensitivity: 17.3% and specificity: 85.9%).

87.5% of the basal-type tumors and 0.9% (n = 1) of the luminal-type tumors was 

positive for the signature. None of the HER2-like tumors were positive. The 17-gene 

expression signature of Bos et al. for brain specific metastasis was tested as positive 

in 56 tumors. Sixteen (28.6%) of the patients with positively tested tumors developed 

brain metastases and 79 (83.2%) of the patients with negatively tested tumors did 

not develop brain metastases (p 0.102, sensitivity: 50% and specificity: 66.4%). When 

the tumors which were positively tested for 17-gene signature [8] grouped according 

to ER-status, 11 (44%, n = 25) of ER-positive tumors and 12 (38.7%, n = 31) of ER-

negative tumors had brain metastasis (p 0.795 and p 0.74, respectively). All basal-type 

tumors, 33.3% of the HER2-like tumors and 24.1% of the luminal type tumors were 

positive for the brain metastasis associated gene expression signature.

Supervised classification of visceral organ metastasis related genes
Subsequently, we have performed supervised classification comparing 112 tumors 

from patients who developed visceral metastases and 39 tumors from patients who did 

not develop visceral metastases. Using this approach,14 differentially expressed genes 
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were identified. The 14 genes included in the visceral organ specific gene expression 

signature were WDR6, CDYL, ATP6V0A4, CHAD, IDUA, MYL5, PREP, RTN4IP1, BTG2, 

TPRG1, ABHD14A, KIF18A, S100PBP and BEND3 (Table 2). Figure 1 illustrates the 

heat map with gene expression pattern of these 14 genes in all tumors.  Six of these 

genes, CDYL, ATP6V0A4, PREP, RTN4IP1, BEND3 and KIF18A were up-regulated 

and the other genes were down-regulated. None of these genes overlapped with the 

genes included in the already published gene expression signatures for lung and brain 

metastasis [8, 10, 11]. Mapping to the Gene Ontology and Kyoto Encyclopaedia of 

Genes and Genomes databases revealed that five of these genes (ABDHD14A, IDUA, 

ATP6V0A4, PREP and KIF18A) were involved in hydrolase activity. 

This 14-gene expression signature for visceral metastasis was subsequently validated 

in the training and the independent datasets. This novel signature was found to be 

positive in 72 primary tumors of the patients with metastatic breast carcinoma. Out 

of the 14-gene expression signature positive 72 patients 68 (94%) had visceral 

organ metastasis. Of 79 patients which were tested as negative for this signature, 35 

(44.3%) did not develop visceral metastatic disease (p 2.13e-08, sensitivity: 60.7% and 

specificity: 89.7% ). Among the group of patients which had only visceral metastasis 

during the disease course (n = 18) 88.9% tested positive for the 14-gene expression 

signature (p 2.0e-04). Among the ones which had visceral organ metastasis as first site 

of metastasis (n = 68) 70.6% tested positive for the signature (p 3.4e-07).  

When tested separately in ER-positive and ER-negative tumor groups, 50% of the 

ER-positive tumors and 60.5% the ER-negative tumors were assessed as visceral 

metastasis signature positive. Out of 54 ER+/signature+ tumors 94.4% developed 

metastatic disease in a visceral organ; of 54 ER+ tumors/signature – tumors 53.7% did 

not develop visceral metastases (p 3.2e-08, sensitivity: 67.1% and specificity: 90.6%). 

Of 24 ER-/signature+ tumors 91.7% had visceral organ metastasis and of 19 ER-/

signature – tumors, 26.3% did not have a visceral organ metastasis (p 0.211, sensitivity: 

61.1% and specificity: 71.4%).

Subsequently, the predictive value of 14-gene expression signature was investigated 

in an independent data set including 376 primary tumors of patients with metastatic 

breast carcinoma. Of 271 tumors assessed as visceral metastasis signature positive, 
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170 (62.7%) developed visceral organ metastases. Out of 105 tumors which were 

tested as negative, 66 (62.9%) had no evidence of metastatic disease to the visceral 

organs (p 9.68e-06, sensitivity: 81.3% and specificity: 39.5%). This 14-gene expression 

signature was also assessed separately in ER-positive and ER- negative tumor groups 

(n = 373, ER status was missing in 3 cases). The 14-gene expression signature was 

found to be positive in 160 of the 245 ER-positive cases. 50% of these ER+/signature+ 

tumors developed visceral organ metastasis; of 85 ER+/signature – tumors 63.5% did 

not develop visceral metastases (p 4.50e-02, sensitivity: 72.1% and specificity: 40.3%). 

There were 128 ER-negative tumors, 104 of which tested as positive for the visceral 

specific gene expression signature. 76% of these ER-/signature+ tumors developed 

visceral organ metastases; of 24 ER-negative tumors which were found to be negative 

for this signature 33.3% had no evidence of visceral organ metastasis (p 4.37e-01, 

sensitivity: 83.2% and specificity: 24.2%).

Table 3 summarizes the performance of visceral metastasis specific gene expression 

signature in the data sets described.

Univariate analyses in the training dataset revealed that next to development of visceral 

organ metastasis (ever, as first site of metastasis and as the only metastasis) the 14-

gene expression signature was also found to be significantly correlated to the histologic 

subtype of the tumor, ER status, PR status and molecular subtype of the primary tumor 

(p 0.003, p < 0.001, p < 0.001, p < 0.001 and p =< 0.001, respectively). The other 

parameters that were associated with development of visceral organ metastases were 

tumor size (p 0.002) tumor grade (p 0.009) and tumor type (p 0.008). Multivariate 

analyses showed that along with tumor type the 14-gene expression signature was  

remained significantly correlated to visceral organ metastasis (p 0.001, 95% CI 1.43-

4.27).

Similarly, univariate analyses in the independent dataset showed that the 14-gene 

expression signature was significantly correlated with the development of metastatic 

disease to visceral organs (p < 0.001). Molecular subtype of the tumor, ER status, PR 

status and lymph node status were the other parameters that were statistically related 

to visceral metastasis in this data set. Multivariate analysis showed that hormone 

receptor status (ER and HER2) remained significantly correlated to the development of 
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visceral metastases (p 0.047 , 95% CI -3.36-0.003, ER status; p 0.025, 95% CI 0.2-3.2) 

whereas the 14-gene expression signature was not retained as a significant predictor 

(p 0.49, 95% CI -0.97-1.9). 

Additional survival analyses in the training dataset exhibited that the 14-gene 

expression signature was associated with survival status of the patients, indicated by 

metastasis free survival and overall survival (p 0.001 and p < 0.001, respectively). 

Discussion

Development of visceral organ metastases in breast carcinoma is related to dismal 

prognosis with poor overall and metastasis free survival rates [17, 21]. The identification of 

genomic tumor characteristics associated with a higher likelihood of developing visceral 

organ metastasis will help understanding the mechanisms leading to the development 

of visceral metastases.  In this study, we have compared the gene expression profiles 

of primary tumors of breast cancer patients who developed visceral organ metastasis 

to the ones without visceral metastasis using gene-expression microarrays. We have 

identified a unique group of genes which were differentially expressed in the group of 

tumors with clinical metastatic disease to the visceral organs. This association between 

14-gene expression signature was significant not only with development of visceral 

organ metastasis (any time, as first site and as only site of metastasis) but also with 

both overall survival and metastasis free survival.

The identified gene expression signature included 14 genes, five (CDYL, ATP6V0A4, 

PREP, RTN41P1, BEND3 and Kif18A) of which were up-regulated in the group of 

primary tumors of the patients with visceral organ metastasis. Two of these genes 

(Kif18a and ATP6V0A4) have been already reported to be associated with human 

breast carcinogenesis [22-25]. Kif18a, kinesin family number 18a, which has function 

to produce force and movement along microtubules, was previously found to be 

deregulated in different cancers including breast cancer [25]. It has been shown that 

overexpression of Kif18a is associated with tumor grade, development of metastasis 

and poor survival. Functional analyses have also shown that ablation of this protein 

5
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results in inhibition of proliferative capability of breast cancer cells with inactivation of 

phosphatidylinositol 3-kinase-Akt signalling pathway [24]. Zou et al. have shown that 

knockdown of kinesin gene family members strongly disrupted the proliferation and 

induced the apoptosis in both tamoxifen-sensitive and resistant breast cancer cells and 

they have suggested the potential role of developing novel inhibitors of the kinesins for 

effective treatment of human cancers including tamoxifen-resistant  breast cancer [25].  

ATP6VOA4, vacuolar ATPase, H+ transporting, lysosomal V0 subunit a4, was another 

gene that found to be up-regulated in the group of tumors from patients with visceral 

metastatic disease. Previous studies have suggested an association between vacuolar 

ATPases  (V-ATPase) and tumor invasion [26, 27]. Also, specific V-ATPase inhibitors, 

such as bafilomycin and concanamycin, have been shown to inhibit invasiveness of 

MDA-MB231 breast cancer cell lines [22, 23]. Subunit isoforms a3 and a4 are expressed 

at high levels in highly invasive breast cancer cell lines (MB231). It has been speculated 

that isoform a4 (ATP6VOA4) is involved in targeting V-ATPAse in cell membrane and 

this V-ATPase plays a role in invasive capability of these cells. This effect may be caused 

by locally acidifying the extracellular environment which may accelerate tumor invasion 

via creating an optimal acidic environment for proteases [28]. Further clinical studies 

investigating the effect of  V-ATPase inhibitors on tumor invasiveness and metastasis 

will be of interest.

Nine out of 14 genes were downregulated in the subgroup of tumors with visceral organ 

metastasis. One of these downregulated genes is BTG2 (B-cell translocation gene-2 ), 

which has antiproliferative activity and has been reported to be altered in breast tumors 

[7, 29, 30]. It has also been shown that decrease of BTG2 expression in human breast 

cancer correlates with disease progression [31]. In order to explore the underlying 

mechanism, Takahashi and colleagues have further implemented experimental studies 

showing that knockdown of BTG2 expression led to increased cell motility. They have 

also demonstrated that BTG2 suppresses the activation of the HER2 pathway and 

suggested  that HER pathway inhibitors, such as lapatinib, may play a role in controlling 

the progression of disease among breast cancers with decreased BTG2 expression. 

Moreover, the same group has demonstrated a modulator role of BTG2 on tamoxifen 

responsiveness in ER-positive/HER2-negative breast cancer and further validated 

BTG2 expression as a single predictor of survival following tamoxifen therapy [32]. 

Likewise, protein expression levels of BTG2 have also been found to be associated with 
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5-year overall survival in breast cancer patients. A prognostic model combining BTG2 

expression, HER2 expression, patient age and Ki67 expression has been proposed with 

higher prediction accuracy than the currently used prognostic markers [33]. Consistent 

with the published data, we have shown that lower BTG2 expression was associated 

with shorter survival time (p 2.6e-04). Luminal type tumors had higher gene expression 

levels of BTG2 compared to HER2-like and basal type tumors (p 1.6e-10) and our 

current study has revealed a strong correlation between BTG2 expression and visceral 

metastasis (p 2.13e-08). 

In conclusion, we present a unique 14-gene expression signature for visceral metastasis 

in breast carcinomas. Further validation of this gene expression signature is warranted 

in order to test the reproducibility and the robustness of the correlations between the 

signature and metastatic behavior. 

5
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Abstract 

To better predict the likelihood of response to chemotherapy, we have conducted a study 

comparing the gene expression patterns of primary tumors with their corresponding 

response to systemic chemotherapy in the metastatic setting. mRNA expression 

profiles of breast carcinomas of patients that later developed distant metastases were 

analyzed using supervised and non-supervised classification techniques to identify 

predictors of response to chemotherapy. The top differentially expressed genes 

between the responders and non-responders were identified and further explored. An 

independent dataset which was generated to predict response to neo-adjuvant CT was 

utilized for the purpose of validation. Response to chemotherapy was also correlated 

to the clinicopathologic characteristics, molecular subtypes, metastatic behavior and 

survival outcomes. Anthracycline containing regimens were the most common first line 

treatment (58.4%), followed by non-anthracycline/non-taxane containing (25.8%) and 

taxane containing (15.7%) regimens. Response was achieved in 41.6% of the patients 

to the first line CT and in 21.8% to second line CT. Response was not found to be 

significantly correlated to tumor type, grade, lymph node status, ER and PR status. 

Patients with HER2+ tumors showed better response to anthracycline containing 

therapy (p 0.002). Response to first and second line chemotherapy did not differ among 

gene expression based molecular subtypes (p 0.236 and p 0.20). Using supervised 

classification, a 14 gene response classifier was identified. This  14-gene predictor 

could successfully predict the likelihood of better response to first and second line CT  

(p < 0.0001 and p 0.761, respectively) in the training set. However, the predictive value 

of this gene set in data  of response to neoadjuvant chemotherapy could not be validated. 

To our knowledge, this is the first study revealing the relation between gene expression 

profiles of the primary tumors and their chemotherapy responsiveness in the metastatic 

setting. In contrast to the findings for neoadjuvant chemotherapy treatment, there was 

no association of molecular subtype with response to chemotherapy in the metastatic 

setting. Using supervised classification, we identified a classifier of chemotherapy 

response; however, we could not validate this classifier using neoadjuvant response 

data.
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Introduction

The main aim of treating metastatic breast cancer is to prolong survival of the patients 

with acceptable toxicity and to palliate the disease-related symptoms. Response to 

combined chemotherapy agents varies between 50-70% in the metastatic setting 

[1, 2]. In order to avoid unnecessary chemotherapy treatment it would be of great 

benefit to be able to distinguish the group of patients which are not likely to respond to 

chemotherapy in general and to specific chemotherapy regimens. The decision to treat 

patients with metastatic breast cancer with chemotherapy  is usually taken depending 

on many factors such as patient age and performance status, site of metastasis, 

hormone receptor status and prior exposure to chemotherapy, [3, 4]. Commonly used 

first-line therapeutic options in the metastatic setting include anthracycline- and/or 

taxane-based regimens [5]. In case of disease progression other cytotoxic agents may 

be applied to maximize the duration of quality time for these patients [6]. 

The current treatment approaches for metastatic disease consist to a large extent of 

trial-and-error type models, as predictors of response are lacking. The response rate 

to the chemotherapy regimens and the median duration of survival differs between 

breast cancer subtypes [7-11]. Several gene expression profiling studies aimed at the 

identification of a genomic predictor of chemotherapy response in the neoadjuvant 

setting have been performed and already provided important insights [12-17]. However 

a clinically validated gene expression profiling assay to predict the chemotherapy 

response has not yet been accomplished. Gene expression profiling studies of 

chemotherapy response in metastatic breast cancer have thus far been lacking.

We have previously investigated the association between the gene expression patterns 

of primary tumors and metastatic behavior in metastatic breast cancer [18]. 

In the current study, using the gene expression profiling data of  89 patients, the link 

between primary tumor and chemotherapy response in the frame of metastatic disease 

is explored. In order to develop genomic identifiers of chemotherapy  responsiveness, 

gene expression patterns of the primary tumors of the responders and non-responders 

have been investigated.

6
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Material and methods

Patients and tumor samples
Metastatic breast cancer patients from the Academic Medical Center and Netherlands 

Cancer Institute (NCI)  were identified (n = 263) and a subgroup of patients from whom 

frozen tumor material from the primary tumor was available, were included in this study. 

This group constituted of 118 patients whose primary tumors were diagnosed between 

1984 and 2000. The study protocol was approved by the Medical Ethical Committee 

of the Academic Medical Center and permission to use the data of the patients from 

Netherlands Cancer Institute was granted by the Core Facility-Molecular Pathology 

and Biobanking. Relevant clinical data and detailed information on metastatic behavior 

were abstracted from the clinical charts. Information related to metastatic behavior 

included  data on site of metastasis (ever/never, first/not first and only/not-only for each 

metastasis site), metastasis pattern (uni/multiple) and  metastasis timeline (early/late) 

has been previously published [11]. Time to develop metastatic disease, time from 

development of metastatic disease (metastasis-specific survival, MSS) to last event and 

overall survival (OS) were recorded. Last event date was defined as the most recent 

follow up date for the patients who were alive and time of death for the others. 

Histopathologic examination of the sections from the primary tumors was performed 

by two pathologists (C.D.S-H and M.J.V.) and as needed immunohistochemical stains 

and in-situ hybridization were applied in order to determine the hormone receptor and 

HER2 status as previously described [11]. 

Chemotherapy data 
For each patient, administered systemic therapy was recorded for the adjuvant and 

metastatic settings separately. The therapy given was grouped as hormonal therapy 

(HT) and chemotherapy (CT). In addition, the type of the therapeutic agent, the 

duration and the chronology of the therapy were noted. Due to the heterogeneity of the 

chemotherapy regimens, we have grouped the chemotherapy regimens into 3 groups 

as : anthracycline containing, taxane containing and non-anthracycline/non-taxane 

containing. Response to chemotherapy in metastatic patients was assessed for each line 

of chemotherapy according to RECIST [19] criteria and classified as complete response 
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(CR), partial response (PR), stable disease (SD) and progressive disease. For statistical 

purposes,  CR and PR were considered as response and SD and PD were considered as 

non-response. Response to first and second line CT and each chemotherapeutic group 

was separately assessed.  Response to the given chemotherapy group were scored as 

response in case of response  as first line treatment. 

Gene expression profiling
The gene expression profiling experiments have been described previously and detailed 

information on RNA amplification, labeling and hybridization can be found at Illumina 

website (http://www.illumuna.com) [18].The gene expression data was normalized 

utilizing robust spline normalization (rsn) and log2 transformed and followed by 

ComBat (http://www.bu.edu/jlab/wp-assets/ComBat/Abstract.html). Data analyses 

were conducted using  R2 (Microarray Analysis and Visualization Platform), a publicly 

available web application (http://r2.amc.nl). 

For each tumor, the previously assessed 70-gene prognostic signature [20] was used to 

categorize tumors as good prognosis or poor prognosis signature. Genes were mapped 

to the Illumina platform via Gene Symbol ID. 62 Genes  were found be present on the 

Illumina platform corresponding to 65 probes. The probe with the highest variance 

across the samples was selected in the event of existence of multiple probes for one 

gene. Tumors were assigned into the good or poor prognostic group based on the  

Pearson correlation coefficient between the centroids of the original good prognosis 

template and the gene expression levels of each sample. Classification into molecular 

subtypes (basal type, HER2 like, luminal A and luminal B type) were done using the 

genes from the PAM50 classifier [21]. The 21-gene recurrence score for each tumor 

was calculated as described by King et al. [22].

Identification and validation of predictors for chemotherapy 
response 
To identify a gene expression predictor associated to response to chemotherapy, we 

used the one-way ANOVA function in R2 to select from a set of 15526 genes with 

an expression level above background. 14 genes had a significant different expression 

(p < 0.001) between the group which the patient had a tumor  response (CR and PR) 

to first line chemotherapy and the group in which the patient had no tumor response 

6
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(SD and PD) to chemotherapy were identified. For validation, there are no published 

datasets for patients with metastatic disease; there are, however, various datasets 

of gene expression profiles of tumors from patients who underwent neoadjuvant 

chemotherapy treatment. Therefore, the predictive chemotherapy signature was then 

validated in an independent data set using the K-means and t test function in R2. A 

data set (GSE25066) which includes 488 breast carcinomas with response data in the 

neoadjuvant setting was used for validation [12] .

To further investigate the association between this 14-gene predictor and clinical 

variables including response to chemotherapy multivariate logistic regression tests 

were applied using SPSS Statistics for Windows (Release version 21.0; IBM Corp.2012, 

Armond, NY). All statistical tests were two sided and p < 0.05 was considered to be 

statistically significant.

Results

Gene expression profiles from primary tumors (n = 118) were assessed using microarrays. 

All patients were known to have developed distant metastasis and underwent 

(palliative) chemotherapy. The clinicopathologic features of the patients are displayed 

in Table 1. The mean age at diagnosis was 50.77 years (range 28 to 85 years). Median 

follow-up time was 63 months ( range 9 to 211 months) for all patients and 136.50 

months (range 74 to 208 months) for the patients who were alive at last follow-up. In 

this study group, 17.2% (n = 21) previously received neo-adjuvant systemic therapy 

and 80.4% (n = 98) adjuvant systemic therapy as part of the treatment of the primary 

tumor. Out of 98 patients who were given adjuvant therapy 39.8% (n = 39)  received 

only chemotherapy, 15.3% (n = 15) received only hormonal therapy and 44.9% (n = 44) 

received chemotherapy and hormonal therapy. Adjuvant chemotherapy  consisted of 

anthracycline containing regimens for 56.3%, non-anthracycline/non-taxane containing 

regimens for 42.3% and taxane containing drugs for 1.4% of the patients who received 

adjuvant chemotherapy (n = 71). None of the patients received trastuzumab as adjuvant 

treatment. 
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In the metastatic setting all patients (n = 118) received palliative systemic therapy. Of 

these patients 49.2% (n = 58) received chemotherapy and hormonal therapy , 27.1% 

(n = 32) received only chemotherapy  and 23.7% (n = 28) only hormonal therapy in 

the course of metastatic disease. The chemotherapeutic agents given in the metastatic 

setting were quite heterogeneous. As first line chemotherapy, 58.4% (n = 52) received 

an anthracycline containing regimen, 25.84% (n = 23) an non-anthracycline/non-taxane  

containing regimen and 15.73% (n = 14) received a taxane containing regimen (total 

n = 89). Second line CT was given to 63 patients and consisted of an anthracycline 

containing regimen for 22.2% (n = 14), a non-anthracycline/non-taxane containing 

regimen for 36.5% (n = 23) and a taxane containing regimen for 41.3% (n = 26) patients. 

Ten patients received a trastuzumab containing regimen as first line therapy.

The response rate for the first and second line chemotherapy was 41.6% and 21.8%, 

respectively. Patients who received anthracycline containing therapy showed  a response 

rate of 51.8%, patients who received  non-taxane/non-anthracycline containing therapy 

showed a response rate of  24.3% and the ones who were given taxane containing 

therapy had a response rate of 30.6%. Table 2 shows the distribution of the administered 

chemotherapy and response rates among patients. Response to chemotherapy was not 

found to be significantly correlated with histologic type, tumor grade and lymph node 

status. Response to first line chemotherapy treatment was better among patients who 

were younger than 50 years (p 0.005).

ER and PR status were not associated with response to chemotherapy treatment, 

whereas HER2 positive patients showed better response rate to anthracycline 

containing regimens (p 0.002). Out of 13 HER2 positive patients with good response 

to anthracycline containing regimen, only 3 patients received trastuzumab for the 

treatment of metastatic disease (23.1%).

When classified into molecular subtypes 95 of the tumors classified as luminal (59, 

luminal A ; 36, luminal B), 16 tumors as basal, 10 tumor as HER2-like and one tumor 

as normal like subtype. Out of luminal type tumors 65 and 49; of basal type tumors 

16 and 8, of HER2-like tumors 9 and 5 received first and second line chemotherapy 

respectively. Response to first  and second line chemotherapy did not differ among the 

6
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molecular subtypes (p 0.236 and p 0.20). Molecular subtypes and their corresponding 

metastatic behavior have already been published [18, 23].

Analyses were further carried out based on specific chemotherapy regimen. 

Anthracycline containing therapy was given to 41 patients with luminal type tumors, 7 

patients with HER2-like tumors and 8 patients with basal-type tumors as first or second 

line CT in the metastatic setting. Among these patients 51.21% of the patients with 

luminal type tumors, 71.4% of the patients with HER2-like tumors and 37.5% of the 

patients with basal type tumors showed response to anthracycline containing therapy 

(p 0.624). Non-anthracycline/non-taxane containing therapy was given to 28 patients 

with luminal tumors, 3 patients with HER-2 type tumors and 6 patients with basal type 

Table 1. Clinicopathologic characteristics of the primary tumors

N %

Age at diagnosis, years <50 68 55.7

>50 54 44.3

Histology Ductal 105 86.8

Lobular 12 9.9

Other 4 3.3

Tumor grade 1 9 7.6

2 69 58.5

3 40 33.9

Lymph node status none 35 30.2

1-3 positive 35 30.2

>3 positive 46 39.7

Neoadjuvant chemotherapy no 100 82.6

yes 21 17.4

Adjuvant therapy none 23 19.0

only CT 39 32.2

only HT 15 12.4

CT+HT 44 36.4

CT chemotherapy, HT hormonal therapy.
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tumors. Response rate to non-anthracycline/non-taxane containing regimens was 25%, 

33.3% and 16.7% of the patients with luminal, HER2-type and basa- type tumors, 

respectively (p 0.954).

Taxane containing therapy was administered to 23 patients with luminal type tumors, 

3 patients with HER2-type tumors and 10 patients with basal type tumors. Of 

luminal type tumors 39.1%, of HER2-type tumors 33.3% and of basal-type tumors 

10% responded to taxane containing therapy (p 0.033). The association between the 

molecular subtypes of the tumors and their response status is displayed in Table 3.

Table 2. Distribution of the administered CT and response rates among patients

Response N %

First line chemotherapy

A-CT no 25 48.1

yes 27 51.9

NA/NT-CT no 14 66.7

yes 7 33.3

T-CT no 11 7.,6

yes 3 21.4

Second line chemotherapy

A-CT no 10 71,4

yes 4 28,6

NA/NT-CT no 20 87,

yes 2 8,7

T-CT no 17 68,0

yes 8 32,0

A-CT anthracycline containing chemotherapy, NA/NT-CT non-anthracyline/non-taxane contain-
ing chemotherapy, T-CT taxane containing chemotherapy.
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The group of patients who received trastuzumab was composed of  6 with luminal type 

tumors, 3 with HER2-like tumors an 1 with a basal type tumor. There was no significant 

association between trastuzumab use and chemotherapy response (p 0.291).

Identification of genomic predictor(s) for chemotherapy response
Using supervised classification the differentially expressed genes between the primary 

tumors of metastatic breast cancer patients in responders (n = 37) and non-responders 

for the first line chemotherapy  were explored (n = 52). Using supervised classification 

the top  14 differentially expressed genes  between responders and non-responders 

were selected for further analyses. These  14 differentially expressed genes are listed as 

BGN, BMP7, C16ORF35, C20ORF111, CCNO, FLNC, HMG20B, KLHL24, , LOC727865, 

MAPK10, MRPS6, NDUFS8, THRA and VPS37C. Three of these genes were found to 

be down-regulated and the rest to be up-regulated in the group of patients with a good 

response to chemotherapy (Table 4). Figure 1 displays the expression profiling pattern 

of  14 differentially expressed genes among the patients. This heat map shows that the 

set of  14 genes separates the responders and non-responders in group of  89 tumors 

(p < 0.001).

Table 3. The association between the molecular subtypes of the primary tumors 
and chemotherapy response rates

Response Molecular subtype

Basal Luminal A Luminal B HER2

N % N % N % N %

A-CT no 5 62,5 12 48,0 8 50,0 2 28,6

yes 3 37,5 13 52,0 8 50,0 5 71,4

NA/NT-CT no 5 83,3 12 75,0 9 75,0 2 66,7

yes 1 16,7 4 25,0 3 25,0 1 33,3

0 0 0

T-CT no 9 90,0 4 36,4 10 83,3 2 66,7

yes 1 10,0 7 63,6 2 16,7 1 33,3

A-CT anthracycline containing chemotherapy, NA/NT-CT non-anthracyline/non-taxane contain-
ing chemotherapy, T-CT taxane containing chemotherapy.

6
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The correlation between these 14 differentially expressed genes and chemotherapy 

response was further explored. In the group of patients who received chemotherapy in 

the metastatic setting,  43 patients had a tumor with a “ chemotherapy responsive ” gene 

expression profile. Out of those  43 patients,  76.7% (n = 33) showed good response to 

first line therapy; whereas out of  46 patients who were predicted to be non-responsive 

to chemotherapy  91.3% had indeed no response (p < 0.0001, sensitivity: 89.2% and 

specificity: 80.8%) In the case of response to second line CT, 37 were predicted to have 

good response with the  14-gene predictor and 24.3% (n = 9) of these showed good 

response; out of  27 tumors which were predicted as non-responder 81.5%(n = 22) had 

no response to CT (p 0.249, sensitivity: 64.3% and specificity: 44%). However, as this 

was the set of tumors in which the chemotherapy response signature was identified, 

validation in an independent dataset is required. 

No other gene data set with chemotherapy response data in the metastatic setting was 

available for the validation of this gene set. Therefore  an independent dataset with 

available chemotherapy response data for neo-adjuvant administered chemotherapy 

was utilized [12]. This data set included total 488 tumors with available information on 

chemotherapy response and 205 of these were predicted as responsive with the 14-

gene predictor. Of these 205 tumors which were predicted as responsive , 47 (22.9%) 

showed response to chemotherapy. Out of 283 tumors which were assessed as non-

responsive with the predictor, 231 (81.6%) had actually no response to CT (p 0.254, 

sensitivity: 47.5% and specificity: 59.4%). The validation of this 14-gene predictor is 

summarized in Table 4. 

Other signatures which were developed to predict the response to neoadjuvant 

chemotherapy were also tested in this study group. DLDA30 signature correctly 

predicted 76.3% of the responsive and 62% of the non-responsive tumors (p 6,5E-

01). In contrast,  the genomic grade index (GG1) and genomic predictor of Hatzis et al. 

were not able to distinguish the responsive and non-responsive groups (p 0.317 and 

p 0.212, respectively). The relationship between the 21-gene recurrence score and CT 

response in our study set was also further investigated in the subgroup of ER-positive/

HER2-negative tumors. Out of 74 tumors 40.5% (n = 30) had low-risk, 16.2% (n = 12) 

had intermediate-risk and 43.2% (n = 32) had high- risk recurrence scores. A high-risk 

recurrence scores was found to be correlated with shorter overall survival time and 

6
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time to develop metastases (p 0.016 and p 0.033, respectively); but not correlated with 

survival time after the development of metastatic disease (p 0.117). The recurrence 

scores were not found to be correlated to chemotherapy response (p 0.854).

Additional analyses to explore the correlation of the 14-gene predictor to the site of 

metastasis (bone metastasis ever, visceral metastasis ever, bone only metastasis and 

visceral only metastasis) have not revealed any significant relation (p 0.72, p 0.58, 

p 0.38 and p 0.80, respectively).  Yet it was found that this 14-gene predictor was 

significantly correlated to time to metastasis (metastasis within 5 year vs later than 

5 year), more specifically tumors with present 14-gene expression profile developing 

metastases at a later time than the others (p 0.021). 

Survival analyses revealed no significant association between survival time (overall and 

metastasis specific) and chemotherapy responsiveness. Survival time also did not differ 

between patients with a responsive 14-gene predictor and the ones without it.

Discussion 

With the purpose of identifying a genomic predictor for response to chemotherapy in 

metastatic breast cancer, we have compared gene expression profiles of primary breast 

carcinomas to their  response to  chemotherapy treatment. We have identified a  14 gene 

expression profile associated with response to chemotherapy. This gene set was able 

to successfully predict  the group of primary tumors which were more likely to respond 

to chemotherapy in the training set. We do not have access to a validation cohort of 

tumors from patients with metastatic breast cancer; therefore, we have studied the 

predictive value of the 14 gene predictive profile in published series of tumors from 

patients who underwent neoadjuvant chemotherapy treatment. 

Specifically, Hatzis et al. have introduced a predictive test for neoadjuvant chemotherapy 

among patients with HER2-negative tumors. The chemopredictive test algorithm 

developed by this study was shown to predict the chemosensitivity with positive 

predictive value of 56% (95% CI, 31%-78%) and absolute risk reduction of 18% (95% 
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CI, 6%-28%). When compared to the other predictive signatures such as genomic 

grade index (GG1), PAM50 and DLDA30 [13, 14, 21], the predictive algorithm of Hatzis 

et al. had greater positive predictive value in a validation cohort. 

Neoadjuvant chemotherapy is increasingly employed for the treatment of breast cancer 

and predictors of response to neoadjuvant chemotherapy has been previously studied by 

several groups. Especially triple negative breast cancer (TNBC), which is characterized 

by lacking expression of ER, PR and HER-2, has shown to be more sensitive to systemic 

chemotherapy compared to the non-TNBC group. In particular, pathologic complete 

remission (pCR) has been reported to be achieved in 21.6-45% of TNBC patients. In 

contrast, hormone receptor positive tumors have been shown to be associated with 

very low pCR rates (4.9% -11%) [24-28]. Treatment of patients with HER2-positive 

tumors with chemotherapy plus HER2 targeted neoadjuvant therapy results in pCR 

rates of approximately 65% with 37% relative improvement in overall survival and an 

increase in 10-year overall survival rate from 75.2% to 84% [29-32]. Gene expression 

based analyses have shown similar results with basal like and HER2-type tumors 

having better pCR response to neoadjuvant chemotherapy (41.7% - 48.8%), compared 

to luminal type tumors which have shown to have response rates ranging from 2% to 

8.2% [27, 33]. It is also known that, regardless of hormone receptor status and intrinsic 

subtype of the tumor, patients with residual disease after neoadjuvant chemotherapy 

have significantly shorter overall and disease free survival than patients who achieve 

pCR [24-26]. In this study identified chemotherapy response rates in the metastatic 

setting and their association with molecular subtypes and hormone receptor status 

differed from the ones in the neoadjuvant setting. Response rates to first line therapy 

given for metastatic disease was not found to be significantly different between 

molecular subtypes, i.e. basal like tumors and HER2-type tumors did not show better 

response rates compared to the luminal type tumors. On the other hand, HER-2 positive 

tumors were associated with better response which is in agreement with published 

studies [34, 35]. 

Recently, the Translational Breast Cancer Research Consortium (TBCRC) has 

conducted a study to explore the usefulness of the 21-gene recurrence score (RS) in 

predicting response to therapy among breast cancer patients presenting with Stage IV 

disease [22]. In the group of 69 patients with ER-positive/HER2-negative tumors, they 

6
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have found that both time to first progression (TTP) and 2 year overall survival (OS) 

time were shorter for the patients with high-risk RS values (≥  31 ) and who received 

first line endocrine therapy. There were no differences by means of TTP and 2-year 

OS in the group of patients with similarly high-risk RS values who received first-line 

chemotherapy. Therefore, the 21-gene RS has been suggested as a tool for selection 

of the patients presenting with stage IV ER-positive/HER2-negative breast cancer who 

may benefit from first-line chemotherapy. In the current study we have shown that ER-

positive/HER2-negative tumors with high-risk recurrence scores had shorter time to 

develop metastatic disease and shorter overall survival, however we were not able to 

confirm an association with chemotherapy response. 

In this study several limitations have been recognized. As already mentioned, 

heterogeneity of the given chemotherapeutic agents and non-availability of an 

independent gene expression data set with CT response information in the metastatic 

setting are the main limitations to be acknowledged.  Nonetheless, the detailed 

information on response to CT in the setting of metastatic disease in a group of 118 

patients is one of the strengths of this study. 

Conclusions

We present a comprehensive study comparing the gene expression patterns of primary 

tumors from metastatic breast cancer patients according to their responsiveness 

of chemotherapy during their treatment of metastatic disease.  The 14 differentially 

expressed genes among these two groups have been further investigated and led to 

the exploration of couple genes that might play role in the response to CT. In contrast 

to the findings for neoadjuvant chemotherapy treatment, there was no association of 

molecular subtype with response to chemotherapy in the metastatic setting. Using 

supervised classification, we identified a classifier of chemotherapy response; however, 

we could not validate this classifier using neoadjuvant response data. We believe that 

the data generated in this study may inspire new studies leading to development of 

improved and individualized therapy strategies in treatment of metastatic breast cancer.
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Abstract

Background: Epithelial-to-mesenchymal transition (EMT) has been implicated as an 

important step in the development of distant metastases. We therefore wished to 

study EMT-status of primary breast carcinomas from patients who during follow-up 

developed distant metastases.

Methods: mRNA expression profiles of primary breast carcinoma samples (n=151) 

from patients who developed metastatic disease were analyzed and EMT-status 

was designated using a previously described EMT-core signature. EMT-status of the 

primary tumor was correlated to clinicopathological characteristics, molecular subtypes, 

metastasis pattern, chemotherapy response and survival outcomes. In addition, using 

immunohistochemistry, the expression of several proteins implicated in EMT were 

studied (CDH1, CDH2, NAT1, SNAI2, TWIST1, VIM and ZEB1) compared with the 

designated EMT-status and survival. 

Results: Utilizing the 130-gene-EMT core signature, 66.2% of the primary tumors in the 

current study was assessed as EMT-activated. In contrast to our expectations, analyses 

revealed that 84.6% of Luminal A tumors, 65.1% of Luminal B tumors and 55.6% 

of HER2-like had an activated EMT-status, compared to only 25% of the basal type 

tumors (p < 0.001). EMT-status was not correlated to the pattern of metastatic disease, 

metastasis specific survival and overall survival. Similarly, there was not a significant 

association between EMT-status of the primary tumor and chemotherapy response in 

the metastatic setting. Immunostaining for NAT1 and TWIST1 correlated with the EMT-

status (p 0.003 and p 0.047, respectively). Multivariate analyses showed that NAT1 

and TWIST1 staining was significantly associated with EMT-status regardless of the 

estrogen receptor status of the tumors (p-values: 0.020 and 0.027, respectively).

Conclusions: The EMT-status of breast cancers, as defined by presence of a core EMT 

gene expression signature is associated with non-basal type tumors, but not with the 

pattern of distant metastases. Of several potential immunohistochemical EMT markers, 

only NAT1 and TWIST1 expression were associated with the gene expression based 

EMT-status.
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Introduction

Epithelial-to-mesenchymal transition (EMT) is a complex and dynamic process that 

involves transdifferentiation of the cells by means of changes in the cell state. This 

process of epithelial-mesenchymal plasticity plays an established role in embryogenesis 

and early organ development [1-3]. EMT is initiated with activation of transcription 

factors such as Snail, Twist, Slug and Zeb1 and is regulated by modulation of multiple 

epigenetic regulatory mechanisms [3, 4]. This process results in the loss of epithelial 

features and acquiring mesenchymal properties such as motility, invasiveness and 

resistance to apoptosis, eventually leading to colonization and metastasis formation [5]. 

It is thought that once colonization of the tumor cells at distant sites has occurred, these 

EMT-derived mesenchymal cells with stem cell like properties go through mesenchymal-

to epithelial transition (MET) and re-gain epithelial features and continue to proliferate 

[6]. Along with its role in cancer metastasis, epithelial–mesenchymal plasticity is also 

indicated as the origin of systemic therapy resistance in breast cancer stem cells [7-9].  

Several transgenic mouse models have provided evidence for the existence of tumor 

cells with a mesenchymal phenotype in different types of carcinomas [10-13]. Using 

genetically engineered knock-in reporter mouse lines and fluorescence activated cell 

sorting, Ye et al have isolated Slug+ and Snail+ cells in normal mammary tissue. They 

have shown that epithelial-to-mesenchymal transition-inducing transcription factors  

(EMT-TFs) Snail, Twist and Zeb1 were expressed in stromal fibroblasts surrounding 

the mammary ducts, whereas  Slug was found to be expressed in basal mammary 

epithelial cells. Adopting a transgenic model of mammary tumor development, as 

tumors progressed to more undifferentiated  phase(s), they have identified that the 

Snail+ cancer cells dissociating from epithelium acquired an elongated morphology 

similar to mesenchymal cells. These cells were found to have lost E-cadherin expression 

and activated expression of Zeb1. During  the process of tumor progression these 

cells were also shown to gain CK14 expression especially at the invasive edges of 

the organoids. With these results the authors have demonstrated the potential role of 

Snail and subsequent EMT activation in obtaining basal features usually seen in more 

aggressive breast tumor types [14]. 
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Despite the increasing interest in this dynamic process, it is still unknown what the 

exact role of EMT is in the development of distant metastases in human breast cancer. 

Several authors have suggested that the EMT state of a tumor can range from partial to 

full as opposed to a static event leading to gain or loss of a function [4, 15-17]. These 

studies have also identified that the main tumor bulk and the invasive front of the tumor 

differ, the invasive front being the main area for the EMT program to interact closely 

with the tumor microenvironment. Individual tumor cells which undergo EMT have been 

defined at the invasive front of the tumor and have been described as individual cells or 

small cell groups detaching from the main mass into the adjacent stroma [16, 18-21]. 

The difficulty to recognize and distinguish these individual cells from the pre-existing 

stromal cells has contributed to the controversy of existence of clinical evidence of EMT. 

Recently, a quantitative EMT scoring system based on gene expression profiling of cell 

lines was identified. It was shown that each cancer type had its own characteristic 

EMT spectrum, however EMT-status of the tumors did not correlate to poorer survival 

or to chemotherapy resistance [22]. A prior EMT-core signature generated by using 

EMT-induced human mammary epithelial cells was found to be strongly correlated 

to metaplastic and claudin low breast cancer, but not to other gene expression based 

subtypes; and lacked to show correlation with poorer survival outcome [23].

To explore the accordance of the concept to reconcile the EMT-ness in clinical practice 

we have conducted a study utilizing gene expression profiling data from primary breast 

cancers of a group of patients with known metastatic disease. In the current study, the 

association between EMT-status of the primary tumors and their pattern of metastatic 

disease and the possibility of determining this EMT-status with the help of selected 

routine immunohistochemical stains was investigated.
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Material and Methods

Patient and tumor samples
This study was conducted in line with national ethical guidelines of ‘Code for Proper 

Secondary Use of Human Tissue’ developed by Federation of Medical Societies (FMWV) 

in the Netherlands [24]. Metastatic breast cancer patients from the Academic Medical 

Center and the Netherlands Cancer Institute with available frozen material from their 

primary tumors were identified. Relevant detailed clinical information on metastatic 

disease including the metastasis site, timeline of the metastatic disease and the outcome 

measures (metastasis specific survival and overall survival) was collected from a group 

of 151 patients. The clinicopathological features of these tumors and their affiliated 

metastasis pattern have been reported previously [25]. For each patient, administered 

chemotherapy and therapy related data including chemotherapy response for the 

given regimen(s) during the metastatic process was carefully recorded as previously 

described in a subgroup of the patients (n=142) [26].

The histologic sections from the primary tumors were reviewed and additional routine 

staining techniques were applied to determine the hormone receptor status of the 

tumors [25]. 

Identification and validation of EMT-status
Comparing the first and the last H-E stained sections, the samples with more than 

50% tumor cells were used for the gene expression profiling experiments. The details 

about the RNA isolation and gene expression microarrays (HumanHT-12 v4 Expression 

BeadChip arrays [Illumina, Inc., > 47,000 probes] have been reported previously [27]. Full 

information on RNA amplification, labeling and hybridization can be also found on the 

Illumina website (http://www.illumina.com). Following the robust spline normalization, 

the data was log2 transformed and processed by ComBat to tailor the batch effects.

The generated data were analyzed with help of R2 ( Microarray Analysis and Visualization 

Platform, http://r2.amc.nl). Molecular subtypes were assessed for each tumor using the 

Pam50 classifier [28]. Also the percentage of tumor cells on the slides used for gene 

expression profiling experiments were correlated to the molecular subtypes.  
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To designate the EMT-status of each tumor, the EMT core gene list of Groger et. al was 

utilized [29]. The 130 genes of this EMT-core gene list were first mapped to the Illumina 

platform via Gene Symbol ID. In case of existence of multiples probes for one gene, 

the one with highest average signal across the samples was selected. Subsequently, 

a K-means clustering method was applied to separate the tumors into two groups as 

EMT-activated or not-EMT-activated. By means of K-means clustering method, the 

EMT core gene list was also applied to an independent set composed of a subset of  a 

combined database including 376 breast cancer samples with distant organ metastases 

[30]. Additionally, based on gene expression levels, z-scores were calculated for each 

tumor to define the EMT-status in accordance with distribution of the z-scores. EMT-

status identified by K-means method and z-scores of the tumors were subsequently 

compared to verify the identified EMT-status of the given tumor. Given the significant 

concordance in assigned EMT-status with K-means method and the z-scores method 

(p 3.92e-20 ) in our dataset, further analyses and comparisons were carried out on the 

EMT-status based on K-means method. 

To further reconcile the EMT-ness with the help of immunohistochemical stains, a subset 

of 46 tumors (EMT-activated, n=23 and not-EMT -activated, n=23) were selected.  The 

heat map created by supervised clustering with the EMT-core signature was carefully 

observed.  Based on the current literature information on their established role in EMT, 

a subgroup of 7 proteins (CDH1, CDH2, NAT1, SNAI2, TWIST1, VIM and ZEB1) was 

selected for further evaluation. To test the representativeness of this subset of genes, 

respectively a K-means clustering method and a t-test were carried out first to classify 

the tumors into two groups according to their EMT-status and then to validate the 

performance of this classification in the same study set (used for immunophenotypic 

evaluation).

Immunophenotypic evaluation
Whole mount slides of the tumors from a subgroup of patients (total n=46; EMT-activated 

n=23, not-EMT-activated n=23) were selected for the additional immunophenotypic 

evaluations. 

Immunohistochemical staining for E-Cadherin (CDH1, clone 24E10, Cell signaling), 

N-cadherin (CDH2, clone 32N/Cadherin, BD transduction Laboratories), NAT1 (Abcam), 
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SNAI2 (Abcam), Vimentin (clone D21H3, Cell Signaling) and ZEB1 (Sigma Life science) 

were performed using an automated slide preparation system (Benchmark XT, Ventana 

Medical Systems, Tucson Arizona, USA). The signal detection for immunohistochemistry 

was performed with a biotin free ultraview universal DAB detection Kit (Ventana medical 

systems). Immunohistochemical staining for TWIST1 (Clone Twist2C1a, Abcam) was 

performed manually with a Bright DAB detection. 

The immunostained slides were scored by two pathologists (C.D. S-H, S.L.M). The 

invasive edges and the main tumor mass were evaluated separately. Immunostaining 

patterns for the other antibodies were evaluated semi-quantitatively; the extent and the 

intensity of the expression were scored for each antibody. For NAT1, SNAI2, TWIST 

and ZEB1 a cut-off value of 10% was used to designate tumors as positive or negative. 

Absence of E-Cadherin expression in > 1% of the tumor cells was considered as loss of 

expression and presence of N-cadherin and Vimentin expression in >1% of tumor cells 

were noted as gain of expression. Immunohistochemical findings were then correlated 

to the designated EMT-status.

Statistical analysis
The association between the EMT-status of the tumors and clinical variables were 

further investigated with multivariate logistic regression tests applying SPSS Statistics 

for Windows (Release version 21.0; IBM Corp. 2012, Armond, NY). Paired t-tests were 

applied for the comparisons of the immunostaining results to the EMT-status. The 

statistical tests were two sided and p value being less than 0.05 was considered to be 

significant.
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Results

We studied epithelial-mesenchymal transition status, as assessed by gene expression 

profiling, for 151 primary invasive breast carcinomas of patients whom all developed 

metastatic disease. Clinical and pathologic characteristics of the primary breast tumors 

have been previously described [25] and are shown in Table 1. 

Using the 130-gene-EMT core signature, 66.2% (n=100) of the primary tumors in the 

current study was assigned as EMT-activated and 33.8% (n=51) as not-EMT- activated. 

The heat map in Figure 1 displays the gene expression profiling pattern of 130 genes of 

Figure 1. The gene expression pattern of 130-genes of EMT-core signature.
Heat map shows the gene expression profiling pattern of 130-genes of EMT-core signature 
among 151 patients. For each primary tumor the expression level of the specific gene is exhibited 
as red, if up-regulated and green, if down-regulated. 
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Table 1. Clinical and pathological characteristics of metastatic breast cancer pa-
tients

N %

Age at diagnosis, years <50 83 52.9

>50 74 47.1

Surgical procedure none 4 2.8

mastectomy 73 51.8

breast conserving 64 45.4

Adjuvant therapy none 30 21.1

only CT 50 35.2

only HT 17 12.0

CT+HT 45 31.7

Lymph node status none 43 29.3

1-3 positive 48 32.7

>3 positive 56 38.1

Histology Ductal 134 86.5

Lobular 14 9.0

Other 7 4.5

Tumor grade 1 13 8.6

2 84 55.3

3 55 36.2

Time to distant metastasisa early 117 77.0

late 35 23.0

Metastasis 
at first presentation

no 141 92.8

yes 11 7.2

Multiple metastasis sites at first 
presentation

no 97 64.2

yes 54 35.8

Multiple metastasis sites during 
follow up

no 37 24.5

yes 114 75.5

CT chemotherapy, HT hormonal therapy.
a  Cut-off point 5 years.
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the EMT-core signature. In the independent dataset 72,9% (n= 274) of the tumors was 

identified as EMT-activated and 27,1% (n=102) as not-EMT-activated. 

Comparisons of the histopathological characteristics of the tumors from EMT-activated 

group with the tumors from not-EMT-activated group showed that 76.9% of Grade 1 

and 78.5% of grade 2 tumors had an activated EMT-status as opposed to the 45.5% of 

grade 3 tumors (p <0.001). Histologic type or the size of the tumor were not found to 

be correlated with the gene expression based EMT-status (p 0.635). 

Among ER-positive and PR-positive tumors 77.8% and 81.1% were identified as EMT-

activated, respectively (p < 0.001). Of Luminal A tumors 84.6%, of Luminal B tumors 

65.1% and of HER2-like 55.6% was assessed as having an activated EMT status, 

whereas only 25% of the basal type tumors were assigned to the EMT-activated group 

(p < 0.001). Similarly, in the independent dataset [30] of total 376 tumors, 100% of the 

Luminal A tumors , 97,5% of the Luminal B tumors, 92,1% of HER2-like tumors and 

8,3% of the basal type tumors were designated as EMT-active (p < 0.001). Mean tumor 

percentage in the basal type tumors was 72.1% (range 66.8 to 77.3). In the non-basal 

tumor groups, mean percentage was 58.9% in luminal A type, 65.8% in luminal B type 

and 62.1% in HER2-like tumors (p < 0.001).

EMT-status did not differ between the patients who developed metastasis within 5 

years’ time and the ones who developed metastatic disease later than 5 years (p 0.310). 

Regarding the metastasis site, out of 108 patients who developed bone metastasis 

72.2% had an EMT-activated primary tumor (p 0.021); versus 65.2% of the tumors of 

the patients with visceral metastasis (p 0.698).

Median overall survival time was 60 months and 37 months for the EMT-activated and 

the not-EMT-activated group respectively (p 0.162). Metastasis specific survival time 

was 33 months for the patients with EMT-activated tumors and 19 months for those 

with non-EMT-activated tumors (p 0.036).

118 patients underwent chemotherapy treatment; 48.1% of the patients with EMT-

activated tumors showed a response versus 31.4% of those with not-EMT-activated 

ones (p 0.130). 
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We subsequently wished to study the correlation of the gene expression based 

EMT-status of the tumors with the expression of EMT associated proteins in using 

immunohistochemistry in a subset of 50 tumors (25 EMT activated; 25 not-EMT 

activated);  the findings are summarized in Table 2. Immunohistochemical evaluation 

for all stains revealed comparable expression patterns at the invasive edges and at the 

center of the tumors; therefore analyses were further carried out  based on single score.  

The expression patterns of staining for  E-cadherin, N-cadherin, Vimentin, SNAI2 and 

ZEB1 did not differ between the EMT-activated and not-EMT-activated groups (p 

values: 1.000,  0.699, 0.109, 1.000 and 0.071, respectively).

Table 2.  Correlation of immunohistochemical findings and EMT-status

  IHC EMT  status

  not-activated activated p

CDH1
negative 3 2

1.000
positive 20 21

CDH2
negative 20 18

0.699
positive 3 5

NAT1
negative 16 5

0.003
positive 7 18

SNAI2
negative 7 6

1.000
positive 16 17

TWIST1
negative 20 13

0.047
positive 3 10

VIM
negative 19 23

0.109
positive 4 0

ZEB1
negative 17 10

0.071
positive 6 13

IHC immunohistochemistry, EMT epithelial-to-mesenchymal transition
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NAT1 expression was scored as positive in 25 cases with a range of 30% to 100% 

positivity in the tumor cells. Out of positively stained cases, 72% was assigned to 

the EMT-activated group; of negatively stained cases 76.2% was marked as not-

EMT-activated (p 0.003). Further evaluations showed that NAT1 expression was not 

significantly correlated to the overall survival (p 0.223) and metastasis specific survival 

(p 0.146). 

TWIST1 expression was found to be positive in 13 cases with 76.9% of these tumors 

being EMT-activated and of 60.6% of TWIST1 negative tumors belonged to the not-

EMT-activated group (p 0.047). TWIST1 expression was not found to be significantly 

correlated with overall survival and metastatic specific survival (p 0.675, p 0.461, 

respectively).  

To investigate the additional role of NAT1 and TWIST1 staining to predict EMT-

status, multivariate regression analyses were applied. Multivariate analyses results 

are displayed in Table 3 and shows that positive NAT1 and TWIST1  staining was 

significantly correlated to EMT-activated status independent of ER-status of the tumor 

(p values: 0.020 and 0.027, respectively).

Table 3. Multivariate analyses results displaying the correlation between immuno-
histochemical findings and EMT-status

B Wald x2 p Odds ratio 95% C.I.

ER-status -1.11 0.68 .410 0.33 .02 – 4.63

NAT1-status 3.18 5.37 .020 23.98 1.63 – 352.24

TWIST1-status 2.12 4.92 .027 8.35 1.28 – 54.55

EMT epithelial-to-mesenchymal transition, ER estrogen receptor.
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Discussion

In this study, gene expression profiles from primary breast carcinomas of patients with 

known metastatic disease  have been utilized to assess the EMT-status of the primary 

tumor. Subsequently, the designated EMT-status has been correlated to the metastatic 

behavior and survival outcomes. In addition, the expression of EMT associated proteins 

to the EMT-status as assessed by gene expression profiling was studied.

The previously suggested reciprocal link between basal type breast cancer as assessed 

by immunohistochemistry and EMT [31] was not found in our data set. Unexpectedly, 

the low grade tumors tended to be more frequently EMT-activated than high grade 

tumors. 

The role of epithelial to mesenchymal transition (EMT) in cancer progression has been 

demonstrated in several tumor models. Yet, the translation of this concept to clinical 

breast cancer remains problematic and it has been argued that EMT may not be 

required for the development of distant metastases [32]. Recent investigations focusing 

on these debates have led to adoption of a new concept of EMT indicating the flexibility 

and intermediate hybrid state of this process rather than a rigid state [4, 16, 17, 33, 34]. 

These recently proposed transitional states and the heterogeneity of EMT may explain 

the difficulty to visualize the EMT-status. In our study, we were not able to show any 

significant association between EMT-status and the metastasis time (early versus late 

metastasis). Overall survival and metastasis specific survival outcomes did not differ 

significantly between EMT-activated and not-EMT activated group, either. Although 

these results seem to be opposing to common concept that EMT-active status has bad 

prognostic implications, they can be due to proposed intermediate hybrid states. Tan et 

al have already addressed this issue with their study including several types of cancer 

tissue [22]. Applying a generic EMT signature, they have quantitatively estimated the 

extent of EMT in human tumor samples and cell lines. In this study, authors have not 

found a relation between EMT-status and overall and disease free survival. Particularly 

in the breast carcinoma samples, they have shown that tumors with mesenchymal 

(Mes) profile appeared to have better prognosis than the ones with epithelial (Epi) 

profile. The authors have suggested the role of stromal component and the distribution 
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of molecular subtypes for the contradictory results. Concordantly, in this study we 

have demonstrated that the percentage of tumor cells, hence the epithelial component 

differed among the molecular subtypes and luminal type tumors had relatively more 

stromal component than the basal type tumors (p < 0.001). 

Next to its association with cancer progression and metastasis formation, EMT has 

been linked to chemoresistance in several cancer types [5, 7, 9, 35-38]. Several studies 

have demonstrated that cells with an EMT profile, rather than directly establishing 

metastasis,   showed more resistance to chemotherapy (CT) and have indicated the 

potential role of EMT-targeted therapy. In our current study we were not able to 

demonstrate a link between EMT-status of the primary breast tumors and response 

to CT in the metastatic setting. The study conducted by the group of Tan has also 

failed to show a direct translation of EMT status to chemotherapy resistance [22].  

These authors have concluded that in addition to acquiring EMT, gaining stem cell-like 

properties plays an important role in chemoresistance. Several studies have already 

shown that overexpression of EMT-inducing transcription factors leads to changing 

luminal lineage cells to a more stem cell-like trait suggesting that these breast cancer 

stem cells showing an EMT-like profile are more chemotherapy resistant [5, 35, 36, 39]. 

A generic EMT signature which is developed to assess the EMT-status, may not be the 

optimal tool to assess the stemness of the cancer cells and their potential response 

profile [6, 22, 31, 40].

Activation of an EMT program has been suggested as a critical event for cancer 

progression which grants epithelial cancer cells with more invasive mesenchymal 

phenotypes [3].  Direct visualization of these cells going through this process and their 

morphological changes remains an area of interest. To reveal/recognize the cancer cells 

with EMT-phenotype, we have performed immunostaining for CDH1, CDH2, NAT1, 

SNAI2, TWIST1, VIM and ZEB1. We were not able demonstrate significant difference 

between EMT-activated and not-EMT-activated group regarding CDH1, CDH2, SNAI2, 

VIM and ZEB1 expression, in the tumor bulk as well as at the invasive edges of the tumor 

tissue. Noteworthy, the staining pattern of TWIST1 and NAT1 have appeared to be 

related to the EMT-status of the primary tumor. We have already pointed out this link in 

a previous gene expression profiling based study [27] and its potential role, particularly 

as a drug target in cancer development [41-43]. Many investigators have faced 
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difficulties to detect cancer cells with EMT phenotype. To overcome the main obstacle 

which is to differentiate the stromal fibroblasts from the cells with EMT phenotype, 

Yu et al conducted a study using RNA in situ hybridizations on HER2-positive breast 

tumors in order to distinguish primary tumor cells from the surrounding stromal cells 

[34]. By using dual-colorimetric RNA-in situ hybridizations, they were able to identify 

breast cancer  cells co-expressing epithelial and mesenchymal markers. Contrary to 

expectations, these biphenotypic cells were observed mainly in draining lymph nodes 

but not at the invasive fronts of primary tumors. Alongside the heterogeneous nature 

of EMT process and possibility of an incomplete EMT state, it has also been suggested 

that molecular alterations that initiate a signal transduction cascade leading to EMT 

properties does not necessarily prompt acquirement of a complete mesenchymal 

phenotype [15]. 

In conclusion, our results fails to draw a direct line between the gene expression based 

EMT-status of a primary tumor and its associated metastatic behavior. In this study we 

have also demonstrated that, immunostaining for NAT1 and TWIST1 may be of help 

to identify the tumor cells with EMT-phenotype. We believe that our study is a valuable 

addition to the current literature and gives additional perspective on EMT in human 

metastatic breast carcinomas. 
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General discussion

Breast cancer is a heterogeneous disease, also with respect to the process of developing 

distant metastases. There is marked variability in the time interval between the initial 

presentation of the primary tumor and the manifestation of distant metastases; sites 

and the sequence of the organs involved; and the survival outcomes including response 

to systemic therapy for each patient. It has been known for a long time that the 

metastasis pattern of breast cancer differs by hormone receptor status of the primary 

tumor. Hormone receptor positive tumors are known to have a tendency to develop 

bone metastases, while triple negative tumors show increased rates of visceral organ 

metastases. Human epidermal growth factor receptor 2 (HER2) positive tumors are 

also reported to have more frequently metastases to the brain compared to HER2-

negative tumors [1-8]. Despite the recent improvements in prolonging the survival time 

of patients with metastatic disease [9-11], patients with triple negative breast tumors 

continue to have a dismal prognosis following the development of distant metastases [1, 

12-15] and have shorter overall survival times compared to the patients with hormone 

receptor- and/or HER2-positive tumors [9].

The concept of organotropism comprises the propensity of a primary tumor to 

metastasize to secondary organ-sites in a non-random fashion. This non-random 

distribution to secondary organ-site involvement is observed in different cancer types 

as well as within a given type of cancer, which suggests intrinsic heterogeneity between 

cancer cells [16]. The investigations focusing on this distinct manner of metastasis 

brought forth several hypothetical explanations for this process. One of the widely 

accepted metastasis models is Stephen Paget’s “seed and soil” hypothesis, which 

advocates a more directed way of metastasizing instead of a haphazard manifestation. 

According to the “seed and soil” hypothesis, the development of metastasis fully relies 

on the favourable interactions between the subpopulation of tumor cells, “seed”, and 

the microenvironment of organ sites, “soil”, that they preferentially select to grow in 

[17]. Paget’ s century old hypothesis is supported by both clinical and experimental 

research and still forms a basis for organ-specific metastasis related investigation to 

unravel the underlying mechanisms [18, 19].



157

General discussion and concluding remarks 

The analyses of large numbers of breast carcinomas has revealed that breast cancer 

shows distinctive and greatly variable genetic alterations [20]. Identification of specific 

genetic alteration patterns associated with certain clinical behavior may be of clinical 

value in the clinical management of breast cancer. Genome-wide associated studies 

using various molecular techniques provide considerable value in studying the underlying 

biology and the possible links leading to better clinical outcomes in this heterogeneous 

process. In chapter 2 of this thesis, a perspective on genomic alterations of breast 

cancer and their translation into clinical application is presented in conjunction with the 

article by Russness et al [21]. Using array based comparative genomic hybridization 

(aCGH) data of 4 clinical cohorts, including 569 breast tumors, these authors present 

two new algorithms to predict the genomic complexity of a given tumor. These two 

algorithms include a whole-arm aberration index (WAAI); measuring all events involving 

whole chromosome arms and a complex arm-wise aberration index (CAAI); measuring 

events including local aberrations to recognize regions with structural complexity. 

The results reveal that type A tumors, those with whole-arm gain or 1q and/or loss 

of 16q, are composed mainly of estrogen receptor (ER) positive and luminal A tumors 

showing high-magnitude WAAI scores. A2 tumors showed more arms with high-

magnitude WAAI scores and tended to be more aneuploid compared to A1 tumors. A2 

tumors were also histologically higher-grade tumors and associated with poor clinical 

outcomes. Type B tumors, those with regional loss on 5q and/or gain on 10p, showed 

more divergent genomic patterns and included mainly basal-type tumors. Most of the 

HER2-like tumors and normal-like subtype tumors, as well as the 30% of the basal-

type tumors, were classified as Type C tumors (tumors showing none of the genetic 

alterations defined in groups A and B). Importantly, the CAAI score was shown to be 

independently prognostic with high scores of CAAI indicating poor clinical outcomes 

compared to low CAAI scores. This study displays the complexity of the analyses 

needed to overlay the genetic alterations and other clinicopathological parameters. In 

order to provide individualized therapy with minimal side-effects, genomic tests are 

increasingly being utilized as a companion diagnostic in the treatment of breast cancer 

patients. Translation of these genomic applications into the clinic remains challenging 

because of (i) the heterogeneity of the studies and (ii) the intricate biology of breast 

cancer, (iii) the complexity of the analyses, (iv) small-scale studies with limited sample 

sizes and therefore lack of independent validation, and (v) the relatively uncommon 

occurrence of most of genetic events in breast cancer [21]. The study by Russness et 
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al, which was discussed in this perspective paper, is an example of integrating genetic 

alterations with clinicopathological features and the molecular subtype leading to a 

scoring system with independent prognostic value. 

Several comprehensive molecular studies revealed notable differences, regarding 

clinical behavior, between ER-positive and ER-negative tumors [22-26]. ER-positive 

tumors tend to develop more often metastases to bone when compared to ER-negative 

tumors [23, 24, 27, 28]. Regardless of the recent discovery of intrinsic subtypes based 

on gene expression profiling, immunohistochemistry still is a practical tool to define 

the subgroups in breast cancer. In the study presented in chapter 3, we investigated 

the presence of organ-specific metastasis and accompanying characteristics of 

the metastatic breast cancer in a retrospective case series of 263 breast cancer 

patients, focusing on the immunophenotypic features of the primary tumor. This 

study demonstrated that subtypes of breast tumors, mainly defined by conventional 

immunohistochemistry, show significant association with metastatic behavior, with 

respect to site-specific relapse, metastasis time and survival outcomes. Median overall 

and metastasis-specific survival times were longer for the patients with hormone 

receptor positive tumors. Hormone receptor positive tumors showed higher tendency 

to develop bone metastases, while hormone receptor negative tumors had more 

propensity to develop visceral organ metastases. HER2 status of the tumor was not 

found to be correlated to the pattern of metastasis in this data set. Patients who had 

primary breast tumors, which developed visceral metastases, were also observed to 

have shorter overall survival times, shorter metastasis specific survival times and more 

frequent presence of multiple metastases in the course of disease, compared to the 

tumors without visceral organ metastases. The associations identified in this study are 

of help for decisions for further follow-up and therapy in individual patients. 

Experimental models of metastasis development have identified several distinct gene 

sets, which are reported to mediate organ-specific metastasis in breast cancer [29-

32]. These distinct gene sets discovered in mouse model systems, were subsequently 

validated in human breast cancer cohorts. Despite the indisputable significance of 

these well received studies investigating the biology of metastatic breast cancer, little 

progress has been accomplished since then to identify a clinically applicable gene 

expression signature for organ-specific metastasis. Moreover, when tested in human 
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breast cancer samples, these experimentally identified gene sets were not as strongly 

associated with organ-specific metastasis as in the experimental mouse models. Taking 

into consideration the fact that primary tumors and the metastases display similar gene 

expression profiles [33], in chapters 4 and 5, we investigated the association between 

gene expression profiles of primary tumors and their metastasis patterns with the aim 

of developing predictors for organ-specific distinct metastasis. These chapters present 

studies based on analysis of gene expression profiling data of 157 primary invasive 

breast carcinomas of patients with known metastatic disease. Next to the correlation 

of gene expression profiling to the metastatic behavior of the tumor, bone and visceral 

organ specific metastases related genes were explored in the chapters 4 and 5, 

respectively. 

Chapter 4 introduces a novel gene expression signature identified by using supervised 

classification. This gene expression signature included 15 genes with three of these 

genes, namely NAT1, PH-4 and BBS1 being upregulated. These overexpressed genes 

of the 15-gene bone–specific metastasis signature were linked to protein transport 

and metabolic and oxidation-reduction processes, corresponding to the earlier 

studies suggesting the possible role of these genes in modification of the host tissue 

microenvironment to reach a bone metastasis [34-37]. When tested in an independent 

data set composed of 376 breast carcinomas with available site-specific metastasis 

information, our 15-gene signature performed better in terms of correlation with the 

development of bone metastasis independent of ER-status of the tumors, compared to 

the previously identified signatures. 

In the course of metastatic disease, development of visceral organ metastasis has been 

linked to worse overall and metastasis-specific survival outcomes and occurrence of 

more frequent multiple metastases [38]. Therefore, in chapter 5, we sought a gene 

expression signature to identify the group of primary tumors with more likelihood 

to develop visceral organ metastasis. Utilizing the microarray data generated from 

157 primary breast tumors, we were able to identify a set of genes, which were 

differentially expressed in the primary tumors of the patients who developed visceral 

organ metastasis. This gene expression signature that was composed of 14 genes was 

not only significantly associated with development of visceral organ metastasis (as 

first site, as only site and at any time), but also found to be significantly correlated to 

8
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overall and metastasis specific survival outcomes. A robust gene expression predictor 

for development of site specific metastasis in breast cancer has potential clinical value; 

gained information on genes being expressed at higher or lower levels in the metastatic 

setting may initiate the development of novel targeted therapies to prevent development 

of site specific metastases.

Several gene expression-based studies to identify a genomic predictor of chemotherapy 

responsiveness in the neoadjuvant setting have been conducted, but have not 

increased our understanding of chemotherapy responsiveness/resistance [39-48]. 

Some interesting results of such studies have been obtained; for example, a predictive 

algorithm for response to neoadjuvant therapy among HER2-negative patients reported 

to have superior/better positive predictive values in comparison with other predictors 

to chemosensitivity such as, PAM50, genomic grade index (GGI) and DDLA30 [43]. 

Additionally, several studies investigating the role of the 21-gene recurrence score in 

predicting chemotherapy response, have reported encouraging results regarding the 

use of 21-gene RS as a selective tool, including among patients with Stage IV disease 

[49-51]. 

In breast cancer, several prognostic gene expression signatures are used to guide 

adjuvant systemic therapy decisions. The prognostic value of MammaPrint® in ER-

positive/PR-positive breast cancer has been demonstrated in retrospective studies 

[52-56] and validated by an independent multi-center study [57]. The prospective 

MINDACT trial (Microarray in Node negative Disease may Avoid ChemoTherapy) has 

investigated the clinical benefit of the inclusion of the 70-gene assay to standard 

clinicopathologic criteria to select patients for adjuvant chemotherapy [58]. This study 

has included 6,693 women with early-stage breast cancer and categorized the patients 

into risk groups based on their genomic risk (using the 70-gene assay) and their clinical 

risk (assessed by a modified version of Adjuvant! Online). Among the patient group, 

which was assigned to have a high clinical risk and low genomic risk, the patients who 

did not receive adjuvant chemotherapy had a 5-year distant metastasis-free survival 

rate of 94.4%. Within the same group, those who received chemotherapy had a 5-year 

survival rate of 95.9%. Furthermore, similar rates of survival outcomes were observed 

in the group of patients with ER-positive and/or PR-positive/HER2-negative, and either 

lymph node-negative or lymph node-positive tumors. The results of this study have 
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indicated that approximately 46% of women with breast cancer, who are identified 

to have high clinical risk, may avoid chemotherapy [58]. The data presented by the 

MINDACT study revealed that the addition of MammaPrint® may provide guidance in 

decision-making on adjuvant chemotherapy for women who have a high clinical risk but 

low genomic risk. These results have also led to a recent update in recommendations to 

use biomarkers to guide decisions on adjuvant chemotherapy by American Society of 

Clinical Oncology clinical practice guideline [59]. Similarly, based on the data reported 

by preceding retrospective studies [60, 61] showing that the 21-gene recurrence score 

predicts benefit from adjuvant chemotherapy in ER-positive breast cancer, a prospective 

clinical trial, Trail Assigning Individualized Options for Treatment (TAILORx) has been 

performed [62]. The TAILORx study included women with hormone receptor-positive, 

HER2-negative and lymph node negative breast cancer. Of these patients, 15.9% (n= 

1626) was assigned to have low-risk profile (recurrence scores 0-10) tumors according 

to the 21-gene assay (Oncotype DX®). These patients who had low-risk profile tumors 

underwent endocrine therapy alone, without adjuvant chemotherapy. The analyses have 

demonstrated that the survival rates at 5-years were 93.8% for disease-free, 99.3% 

for distant metastases free and 98% for overall survival times for these patients with 

low-risk profile tumors who received endocrine therapy alone [62]. The 6,711 women 

with hormone receptor positive/HER-2 negative and lymph node negative breast 

cancers from the TAILORx study with midrange recurrence scores (11 to 25) assessed 

by 21-genes assay, were randomized to undergo aduvant chemoendocrine therapy or 

endocrine therapy. The patients in both arms had similar disease-free (84.3% in the 

endocrine therapy only group and 83.3% in the chemoendocrine therapy group) and 

overall (93.8% in the endocrine therapy only group and 93.9% in the chemoendocrine 

therapy group) survival rates [63]. 

To this day a clinically validated genomic predictor for chemotherapy response 

in metastatic breast cancer has not been identified. Chapter 6 describes a study of 

the association between gene expression profiles of primary breast tumors and 

their chemotherapy responsiveness in the metastatic setting. In this study, gene 

expression profiles of primary breast carcinomas and their corresponding response to 

given chemotherapy were compared and resulted in a distinct gene set composed of 

14-genes. Due to lack of an available data set with chemotherapy response data in the 

metastatic setting, the performance of this gene set was validated in tumor series from 

8
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patients who received neoadjuvant chemotherapy. Next to the newly generated 14-

gene predictor, we have also validated the other gene sets that reported to be predictive 

of response to neoadjuvant chemotherapy. Other than the DLDA30 signature, none of 

the signatures (GGI, genomic predictor of Hatzis, PAM50 and 21-gene RS) tested, were 

found to predict the response to chemotherapy successfully in the therapy setting of 

metastatic disease. In this study, we have also identified that chemotherapy response 

rates and their association with hormone receptor status and molecular subtypes differed 

from the association reported in the neoadjuvant chemotherapy setting. In contrast to 

the response rates to neodjuvant chemotherapy, no significant correlation between 

molecular subtypes and chemotherapy response were determined. Specifically, when 

compared to luminal-type tumors; basal- type and HER2-like tumors were not found to 

have better chemotherapy response. 

Along its established role in embryogenesis and early organ development, epithelial-

to-mesenchymal transition (EMT), is also implicated in cancer progression and 

therapy resistance in various cancer types [64-69] and breast cancer stem cells [70]. 

EMT is defined as a complex reversible process of epithelial-mesenchymal plasticity 

and comprises the transdifferentiation of cell states. In chapter 7, we examined the 

association between gene expression based EMT-status of the primary breast cancers 

to their metastasis pattern and survival outcomes. In this study, we report distinctive 

results, which fail to indicate a direct connection between EMT-status of the primary 

breast cancers and site of metastasis, time to develop metastasis, or overall survival 

time. We were also not able to show any significant relation between EMT-status and 

chemotherapy response in the metastatic setting. As opposed to the expectations, only 

25% of the basal-type tumors in our study were assessed as EMT-active, compared 

to the with 84.6% and 65.1% of luminal A and luminal B tumors, respectively. These 

unexpected findings may be due to a large contribution of the gene expression pattern 

of stromal cells to the EMT core signature, as there was a strong correlation between 

tumors positive for the EMT core signature and the percentage of stromal cells. 

Additional immunohistochemistry applied to reconcile the EMT-ness in the tumor cells 

did not reveal correlation between expression patterns of immunostaining for Vimentin, 

E-cadherin, N-cadherin, SNAI2, and ZEB1. Our analyses demonstrated that staining for 

NAT1 and TWIST1 could be of value to capture EMT-like properties in breast cancer. 

Notably, NAT1 staining was found to be significantly related to metastasis specific and 
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overall survival. In addition to the heterogeneity of the EMT process, we explain the 

discrepancy of our results with newly proposed possible intermediate hybrid states 

of EMT, which suggests that the EMT-state of a tumor can range from being partial to 

full-state [68, 71-74]. 

Concluding remarks

The work described in this thesis, confirms that some traits (i.e. intrinsic subtypes) 

identified by gene expression profiling of primary breast carcinomas, are correlated with 

metastasis pattern, but fail to fully conceal the behavior of metastatic breast cancer. 

Furthermore, our analyses show that correlations between gene expression profiles of 

the primary breast carcinomas and prediction of chemotherapy response differ in the 

neoadjuvant and the metastatic setting. To unravel the mechanisms that lead to site-

specific metastasis and the mechanisms that underlie the responsiveness/resistance 

to chemotherapy will require more research to establish clinically validated genomic 

predictors. 8
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SUMMARY

This thesis describes studies aimed at understanding the behavior of metastatic breast 

carcinoma through the gene expression profiling of primary breast tumors. 

Chapter 1 provides a brief introduction to clinical management of metastatic breast 

cancer and application of genomic research in breast cancer. Furthermore, the rationale 

and the outline of this thesis are described. 

In chapter 2, we present a viewpoint on genomic alterations of breast cancer and their 

translation into clinical application along with an article by Russness et al: “Genomic 

architecture characterizes tumor progression paths and fate in breast cancer patients” 

[1]. Within the scope of two algorithms developed by the authors to assess the genomic 

complexity of a tumor, the difficulty of overlaying genetic alterations with clinical and 

pathological findings is discussed. Translating the genomic alterations into clinical 

applications remains challenging, as a result of the heterogeneity and complexity of the 

performed studies, the intricate biology of breast carcinoma and rare occurrence of most 

of the genetic events. Genomic algorithms, as reported by the authors, can subclassify 

tumors based on genome-wide DNA copy number gains and losses; and incorporation 

of clinicopathologic characteristics and genetic alterations carry a promising role in 

improved patient outcomes.

With the aim of identifying the characteristics of the primary tumor and associated 

metastatic behavior, including metastatic disease related survival outcomes, in chapter 

3, we examined the histomorphologic features of the primary tumors, associated 

metastasis pattern and survival outcomes. The retrospective study presented in this 

chapter utilized immunohistochemical staining for estrogen receptor (ER), progesterone 

receptor (PR), human epidermal growth factor 2 (HER2), epidermal growth factor 

receptor (EGFR), cytokeratin 5/6, cytokeratin 14, E-Cadherin, P53, and Ki67 on tissue 

microarrays that were assembled from 263 primary breast carcinomas of patients who 

were all known to have developed metastatic disease. Among 263 patients, median 

time to develop distant metastasis was 30 months (0-15.3 years) with 75.8% of these 

metastases occurring in the first 5 years following the initial treatment of the primary 
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tumor. Median overall survival times for the patients with ER-negative/HER2-negative, 

HER2-positive, ER-positive/HER2-negative/Ki67high, and ER-positive/HER2-negative/

Ki67low tumors were 27, 52, 72, 76 and 79 months, respectively. Bone was found 

to be the most common site of distant metastasis (70.6%), followed by liver (54.5%) 

and lung (31.4%). The development of visceral metastases was observed in 81% of 

patients with ER-negative/HER2-negative tumor, 77.4% of with HER-positive, 76.9% 

of ER-positive/HER2-negative/Ki67low tumor and 75.7% of patients with ER-positive/

HER-negative/Ki67high tumor. Of patients with ER+/HER2-/Ki67high tumors 87.8%, 

with ER+/HER2-/Ki67low tumors 73.1%, with HER2-positive 69.8% and with ER-

negative/HER2-negative tumors 55.2% developed bone metastases. In this study, 

we demonstrate that subtypes of breast carcinoma defined by immunohistiochemical 

staining for ER, PR and HER2 are strongly correlated to metastatic behavior, in terms 

of site-specific metastasis, early/late metastasis and survival outcomes. Knowledge of 

these associations may aid in selection of treatment and follow-up options in metastatic 

breast cancer.

Subsequently, in chapters 4 and 5, we analyzed the gene expression profiles of 

primary breast carcinomas and their association with metastatic behavior and survival 

outcomes in search for gene expression signatures for bone- and visceral organ-

specific metastases. In these chapters, we analyzed the gene expression profiling 

data generated from 157 primary breast tumors of patients with distant metastases. 

The correlation of the generated data with metastatic behavior revealed that 80.5% 

of luminal-type tumors developed bone metastasis, compared to 55.6 and 41.7% of 

HER2-like and basal-type tumors. The occurrence of visceral organ metastasis was 

observed in 87.5% of basal-type tumors, 77.8% of HER2-like tumors and 70.4% of 

luminal-type tumors. Survival analyses also showed that luminal-type tumors had 

longer metastasis specific and overall survival times compared to HER2-like and 

basal type tumors. Furthermore, the analyses led to the identification of differentially 

expressed genes between tumors with subsequent development of bone/visceral 

metastases and the ones without bone/visceral metastases. In addition, we report two 

novel gene expression signatures, respectively a 15-gene and a 14-gene expression 

signature associated with development of bone and visceral organ metastases. The 15-

gene signature for bone-specific metastasis performed better in terms of identifying the 

tumors that developed bone metastases compared to other bone metastasis-specific 

9
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gene signatures from the literature. This novel gene expression signature, which was 

identified by using a supervised clustering method, was also found to predict the tumor 

with a higher likelihood of developing bone metastasis in ER-positive as well as ER-

negative tumor groups. The 14-gene visceral-metastasis signature was found to be 

significantly related to the development of visceral metastases in the training and the 

independent data sets. In addition, the 14-gene signature was also closely related to 

the survival status of the patients. Considering the differences in the survival outcomes 

among the tumors with different organ site metastases, the gene expression signatures, 

such as the ones identified in the abovementioned studies, are potential tools to identify 

patients with a likelihood of developing bone or visceral metastasis.

Chapter 6 describes a study of the association between gene expression profiling 

patterns of primary breast cancer and chemotherapy response in the metastatic 

setting. Our results reveal no significant correlation between the molecular subtypes, 

tumor grade, lymph node status, and chemotherapy response in the metastatic setting. 

Response to chemotherapy was noted in 41.6% of the patients receiving first-line 

chemotherapy and in 21.8% of patients receiving second-line chemotherapy in the 

metastatic setting. Patients with HER2-positive tumors appeared to show better 

response to anthracyline-containing regimens compared to other subgroups of 

tumors. With the help of a supervised classification approach, a classifier composed of 

14-genes to predict chemotherapy response in the metastatic setting was identified. 

This 14-gene classifier predicted the response successfully to first and second-line 

chemotherapy in the training set. However, we could not further validate this 14-gene 

predictor for chemotherapy response in an independent data set with available data on 

chemotherapy response in the neoadjuvant setting. Based on our analyses, we suggest 

that response to chemotherapy may differ in the neoadjuvant setting and the metastatic 

setting. 

In Chapter 7, we studied the link between epithelial-mesenchymal transition (EMT) 

and metastatic breast cancer. EMT-status was assessed using a previously reported 

130-gene-EMT-core signature and compared to the characteristics of metastatic 

breast cancer. Contrary to the expectations based on current literature, our results 

failed to indicate a direct association between EMT-status of the primary tumor and 

the pattern of metastasis and response to chemotherapy. Moreover, we found that 
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non-basal type tumors were associated with activated EMT-status. Additionally, we 

used immunohistochemical analyses to capture the EMT-status of a tumor, showing a 

significant correlation between immunostaining for NAT1 and TWIST1 and EMT-status. 

In chapter 8, the results that were generated in this thesis are discussed. In conclusion, 

this thesis reveals that the traits that have been identified through gene expression 

profiling of primary breast tumors, are associated with metastatic behavior of breast 

cancer. 

References
1.	 Russnes HG, Vollan HKM, Lingjaerde OC, Krasnitz A, Lundin P, Naume B, Sorlie T, Borgen E, 

Rye IH, Langerod A et al: Genomic architecture characterizes tumor progression paths and 
fate in breast cancer patients. Sci Transl Med 2010, 2(38):38ra47.
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NEDERLANDSE SAMENVATTING

In dit proefschrift worden studies beschreven die als doel hebben het (klinische) 

gedrag van gemetastaseerde mammacarcinomen beter te begrijpen met behulp van 

genexpressieprofilering van de primaire tumor. 

In hoofdstuk 1 wordt een introductie gegeven over de klinische behandeling van 

gemetastaseerde mammacarcinomen en over de toepassing van genomisch onderzoek 

bij borstkanker. Daarnaast wordt onderbouwd waarom de studies in dit proefschrift zijn 

uitgevoerd met een uiteenzetting van de opzet van het proefschrift.  

In hoofdstuk 2 geven we onze visie op genomische veranderingen in mammacarcinomen 

en hoe deze veranderingen mogelijk kunnen worden toegepast in de klinische praktijk. 

Daarbij geldt een publicatie van Russness et al, waarin de auteurs twee algoritmes 

hebben ontwikkeld om de genomische complexiteit van de tumoren in kaart te brengen, 

als leidraad om de problemen van correlatie van genetische veranderingen aan 

klinische en pathologische bevindingen te bediscussiëren. Zij gebruiken genomische 

veranderingen om de tumoren te subclassificeren op basis van genoomwijde DNA-

copynumbervariatie. De translatie van genomische veranderingen naar klinische 

behandeling kent zijn uitdagingen, doordat de meeste studies die zijn uitgevoerd 

op dit gebied sterk verschillen in opzet en de analyse van de data complex is, maar 

ook door de ingewikkelde biologie van het mammacarcinoom en de lage frequentie 

van voorkomen van de meeste genomische veranderingen. Samengevat lijkt de 

integratie van clinicopathologische karakteristieken met genetische veranderingen 

een veelbelovende te kunnen krijgen bij het verbeteren van de behandeling van 

mammacarcinoompatiënten.

In hoofdstuk 3 worden histomorfologische kenmerken van primaire mammacarcinomen 

in kaart gebracht met als doel om de latere geassocieerde metastasen, en de 

metastasevrije overleving, te onderzoeken. In deze retrospectieve studie wordt gebruik 

gemaakt van immunohistochemische kleuringen voor ER, PR, HER2, EGFR, CK5/6, 

CK14, E-Cadherine, TP53 en Ki67 op weefsel-microarrays samengesteld uit weefsel 

van 263 primaire mammacarcinomen waaruit in de loop van de tijd afstandsmetastasen 
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zijn ontstaan. Bij deze 263 patiënten was de mediane tijd totdat deze metastasen 

ontstonden 30 maanden (0-15.3 jaar), waarbij 75.8% van deze metastasen is ontstaan 

binnen 5 jaar na de initiële behandeling van de primaire tumor. De mediane overleving 

van de patiënten met ER-negatieve/HER2-negatieve, HER2-positieve, ER-positieve/

HER2-negatieve/hoge Ki67 en ER-positieve/HER2-negatieve/lage Ki67 tumoren 

is respectievelijk 27, 52, 72, 76 en 79 maanden. Het skelet was de meest frequent 

voorkomende locatie van de afstandsmetastasen (70.6%), gevolgd door de lever 

(54.5%) en longen (31.4%). Viscerale metastasen ontwikkelden zich in 81% van de 

patiënten met ER-negatieve/HER2-negatieve primaire tumoren, 77.4% van de HER2-

positieve tumoren, 76.9% van de ER-positieve/HER2-negatieve/lage Ki67 tumoren 

en 75.7% van de patiënten met ER-positieve/HER-negatieve/hoge Ki67 tumoren. 

Daarnaast ontwikkelden 87.8% van de patiënten met ER-positieve/HER2-negatieve/

hoge Ki67 tumoren, 73.1% van de patiënten met ER-positieve/HER2-negatieve/lage 

Ki67 tumoren, 69.8% van de patiënten met HER2-positieve tumoren en 55.2% van de 

patiënten met ER-negatieve/HER2-negatieve tumoren botmetastasen. Met deze studie 

tonen we aan dat verschillende subtypes van het mammacarcinoom, gedefinieerd 

door immunohistochemische kleuringen voor ER, PR en HER2, sterk correleren aan 

metastatisch gedrag, en meer specifiek aan locatiegebonden metastasen, vroeg/laat 

optredende metastasen en overleving. Kennis over deze associaties kan behulpzaam 

zijn bij de behandelkeuze en vervolgstrategieën bij patiënten met een gemetastaseerd 

mammacarcinoom.

Vervolgens analyseren we in hoofdstukken 4 en 5 de genexpressieprofielen van 

primaire mammacarcinomen en de associatie van deze profielen met metastatisch 

gedrag en overleving, op zoek naar specifieke genexpressieprofielen die correleren 

met botmetastasen of andere (viscerale) afstandsmetastasen. In deze hoofdstukken 

worden data van genexpressieprofielen geanalyseerd die zijn gegenereerd uit weefsel 

van 157 primaire mammacarcinomen van patiënten met afstandsmetastasen. De 

studie laat zien dat 80.5% van de luminaaltype tumoren botmetastasen ontwikkelt, in 

vergelijking tot de 55.6 en 41.7% van de HER2-type en basaaltype tumoren. Viscerale 

afstandsmetastasen worden gezien in 87.5% van de basaaltype tumoren, 77.8% van 

de HER2-type tumoren en 70.4% van de luminaaltype tumoren. Overlevingsanalyses 

tonen daarnaast dat de luminaaltype tumoren een langere metastasevrije overleving en 

algemene overleving hebben dan HER2-type en basaaltype tumoren. Bovendien zijn er 

9
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differentieel tot expressie komende genen geïdentificeerd tussen tumoren die uiteindelijk 

wel afstandsmetastasen genereerden en tumoren zonder afstandsmetastasen in de 

follow-up. Daarbij rapporteren we twee nieuwe specifieke genexpressieprofielen, 

één met 15 genen en één met 14 genen, die geassocieerd zijn met het ontwikkelen 

van respectievelijk botmetastasen en viscerale metastasen, geïdentificeerd middels 

een gesuperviseerde hiërarchische clustermethode. Het specifieke 15-genenprofiel 

voor botmetastasen is in het cohort beter voorspellend voor het ontwikkelen van 

botmetastasen dan andere genexpressieprofielen waarover is gerapporteerd in 

de literatuur, zowel in de groep van ER-positieve als ER-negatieve tumoren. Het 

specifieke 14-genenprofiel voor viscerale metastasen is significant gerelateerd aan het 

ontwikkelen van viscerale metastasen in zowel de trainingsset als de onafhankelijke 

dataset. Daarnaast is dit 14-genenprofiel ook duidelijk gerelateerd aan de overleving 

van de patiënten. Aangezien de overleving van patiënten met metastasen naar 

verschillende organen wisselt, kunnen genexpressieprofielen (zoals de profielen die in 

bovenbeschreven studies zijn geïdentificeerd) potentieel bijdragen aan het identificeren 

van patiënten die meer waarschijnlijk botmetastasen of viscerale afstandsmetastasen 

zullen ontwikkelen. 

Hoofdstuk 6 beschrijft een studie naar de associatie tussen genexpressieprofielpatronen 

van primaire mammacarcinomen en respons op chemotherapie van deze tumoren in 

het geval van afstandsmetastasen. Onze resultaten laten zien dat er geen significante 

correlatie is tussen moleculaire subtypes, tumorgraad, lymfklierstatus en respons op 

chemotherapie in een gemetastaseerde setting. Respons op chemotherapie werd 

gezien bij 41.6% van de patiënten die eerstelijnschemotherapie kregen en bij 21.8% van 

de patiënten met tweedelijns chemotherapie. Patiënten met HER2-positieve tumoren 

lijken een betere respons te tonen op anthracyclinehoudende chemotherapieschema’s 

in vergelijking met de andere tumorsubtypes. Met een benadering via gesuperviseerde 

classificatie is vervolgens een specifiek profiel van 14 genen geïdentificeerd. Dit 

specifieke 14-genenprofiel kon de respons op chemotherapie voor zowel de eerste- als 

tweedelijnstherapie succesvol voorspellen in de trainingsset. We konden dit predictieve 

14-genenprofiel echter niet verder valideren bij onderzoek in een onafhankelijke dataset 

voor respons op neoadjuvante chemotherapie. Op basis van deze resultaten kan dus 

gesuggereerd worden dat de respons op chemotherapie tussen de neoadjuvante 

setting en de metastatische setting verschilt.
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In hoofdstuk 7 is de link tussen epitheliale-mesenchymale transitie (EMT) en het 

gemetastaseerde mammacarcinoom onderzocht. De EMT-status werd geëvalueerd 

met een specifiek 130-genen-EMT-genexpressieprofiel dat eerder is beschreven 

in de literatuur. De resultaten zijn vergeleken met de moleculaire subtypes van het 

mammacarcinoom en met klinische parameters. In tegenstelling tot wat wordt verwacht 

op basis van de literatuur, laten onze resultaten geen directe associatie zien tussen de 

EMT-status van de primaire tumor, het patroon van metastasering en de respons op 

chemotherapie. Wel tonen we aan dat de primaire tumoren die niet van het basale 

type zijn, zijn geassocieerd met een geactiveerde EMT-status. Als vertaalslag van het 

genexpressieprofiel passend bij EMT zijn immunohistochemische kleuringen verricht, 

waarbij een significante correlatie werd gevonden tussen immunohistochemische 

aankleuring met NAT1 en TWIST1 en EMT-status. 

In hoofdstuk 8 worden de resultaten die beschreven zijn in dit proefschrift 

bediscussieerd. Concluderend laat dit proefschrift zien dat eigenschappen van primaire 

mammacarcinomen die met genexpressieprofilering in kaart zijn gebracht behulpzaam 

kunnen zijn in het voorspellen van het metastatische gedrag van het mammacarcinoom. 
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