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Breast cancer metastasis: markers and models 

BREAST CANCER METASTASIS: 
MARKERS AND MODELS 
Britta Weigelt', Johannes L. Peterse' and Laura J. van 't Veer" 

Abstract | Breast cancer starts as a local disease, but it can metastasize to the lymph nodes 

and distant organs. At primary diagnosis, prognostic markers are used to assess whether the 

transition to systemic disease is likely to have occurred. The prevailing model of metastasis 

reflects this view — it suggests that metastatic capacity is a late, acquired event in 

tumorigenesis. Others have proposed the idea that breast cancer is intrinsically a systemic 

disease. New molecular technologies, such as DNA microarrays, support the idea that 

metastatic capacity might be an inherent feature of breast tumours. These data have important 

implications for prognosis predicition and our understanding of metastasis. 

ADIUVANT THERAPY 

Cytotoxic chemotherapy and/or 

endocrine therapy after surgical 

removal ami/or radiotherapy of 

the primary tumour. Adjuvant 

therapy is used to ensure that all 

microscopic disseminated 

:ells are destroyed 

PROGNOSTIC MARKER 

A characteristic ol a patient or 

tumour at the time of diagnosis 

that can be used to estimate (he 

chance of the disease recurring 

in the absence of therapy. 
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Breast cancer is the most common malignant disease 
in Western women. In these patients, it is not the pri
mary tumour, but its metastases at distant sites that 
are the main cause ol death. Recently, the rates of 
metastasis and mortality in breast cancer patients have 
decreased as a result of early diagnosis by mammo-
graphic screening and the implementation of systemic 
ADJUVANT THERAPY. Adjuvant therapy can help eradicate 
breast tumour cells that might have already spread to 
distant sites by the time of diagnosis. In women with 
breast cancer who are younger than 50 years of age, 
chemotherapy increases their 15-year survival rate by 
10%; in older women the increase is 3%'. However, 
chemotherapy has a wide range of acute and long-term 
side effects that substantially affect the patient's quality 
of lifei. As it is not possible to accurately predict the 
risk of metastasis development in individual patients, 
nowadays more than 80% of them receive adjuvant 
chemotherapy, although only approximately 40% of the 
patients relapse and ultimately die of metastatic breast 
cancer. Therefore, many women who would be cured 
by local treatment alone, which includes surgery and 
radiotherapy, will be 'over-treated' and suffer the toxic 
side effects of chemotherapy needlessly. 

New PROGNOSTIC MARKERS are urgently needed 
to identify patients who are at the highest risk for 
developing metastases, which might enable oncolo
gists to begin tailoring treatment strategies to 

individual patients. Gene-expression signatures of 
primary breast tumours might be one way to identify 
the patients who are most likely to develop metastatic 
cancer, and would therefore benefit from adjuvant 
therapy. In addition, gene-expression profiling 
of breast tumours might also help to identify new 
therapeutic targets. 

Improving our understanding ol the molecu
lar mechanisms of the metastatic process might 
also improve clinical management of the disease. 
According to the widely held model of metastasis, 
rare subpopulations of cells within the primary 
tumour acquire advantageous genetic alterations over 
time, which enable these cells to metastasize and form 
new solid tumours at distant sites'. Many studies have 
challenged this 'genetic-selection' model ol metastasis 
in the past '", but only the recent data obtained by 
gene-expression profiling of human breast carcino
mas7 v received broader attention. The DNA-microar-
ray studies reported that primary breast tumours that 
developed metastases could be distinguished by their 
gene-expression profile from those that remained 
localized. The data imply that the metastatic capacity 
of'poor-prognosis' breast tumours might be acquired 
by mutations at much earlier stages of tumorigenesis 
than was previously assumed111. 

This review will describe the current state of the 
clinicopathological and molecular prognostic markers 
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Chapter 7 

S u m m a r y 

• Current prognostic criteria only poorly predict the metastasis risk for an individual 
breast cancer patient. Therefore, many women receive cytotoxic chemotherapy 
unnecessarily. 

• Gene-expression signatures of human primary breast tumours predict more 
accurately than current prognostic criteria which patients are destined to relapse 
and ultimately die of metastatic breast cancer, and should therefore receive 
adjuvant therapy. 

i New molecular insights challenge the traditional model of metastasis, and indicate 
that the metastatic capacity of breast tumours is an inherent feature, and not 
necessarily a late, acquired phenotype. 

i Local breast cancer might have a 'non-metastatic, good-prognosis' stem cell of 
origin; metastasizing systemic breast cancer might have a 'metastatic, poor-
prognosis' stem cell of origin. 

as well as the current thinking on the metastatic proc
ess, which is based on microarray profiling studies and 
model systems. Roth for the clinical and model systems, 
two general concepts have been proposed: metastasis is 
either, first, an intrinsic capacity, or, second, an acquired 
feature, of primary tumour cells. In the clinic this can be 
described as breast cancer that develops either as local 
or as systemic disease. We propose that an integrative 
metastasis model, in which metastasis is an intrinsic 
feature of breast cancer, might best explain the clinical 
and experimental observations. 

Clinical features of breast cancer metastasis 

Breast cancer is a clinically heterogeneous disease. 
Approximately 10-15% of patients with breast cancel

lab le 1 | H is topathologica l types of invasive breast carc inoma 

Histopathological type of invasive Frequency 
breast carcinoma 

Invasive ductal carcinoma, not otherwise 50-80% 
specified 

Invasive lobular carcinoma 5-15% 

Mixed type, lobular and ductal features 4-5% 

Tubular/invasive cribriform carcinoma 1-6% 

Mucinous carcinoma <5% 

Medullary carcinoma 1-7% 

Invasive papillary carcinoma < 1 - 2 % 

Invasive micropapillary carcinoma <3% 

Metaplastic carcinoma <5% 

Adenoid cystic carcinoma 0.1 % 

Invasive aprocrine carcinoma 0.3—4% 

Neuroendocrine carcinoma 2-5% 

Secretory carcinoma 0.01-0.15% 

Lipid-rich carcinoma <1-6% 

Acinic-cell carcinoma 7 cases 

Glycogen-rich, clear-cell carcinoma 1-3% 

Sebaceaous carcinoma 4 cases 

Data from REFS 11,12. 

10-year 
survival rate 

35-50% 

35-50% 

35-50% 

90-100% 

80-100% 

50-90% 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

have an aggressive disease and develop distant metas
tases within 3 years after the initial detection of the 
primary tumour. However, the manifestation of metas
tases at distant sites 10 years or more after the initial 
diagnosis is also not unusual". Patients with breast 
cancer are therefore at risk ol experiencing metastasis 
for their entire lifetime. The heterogeneous nature of 
breast cancer metastasis makes it difficult not only to 
define cure for this disease, but also to assess risk factors 
lor metastasis. 

A wide range of histopathological subtypes of 
invasive breast cancer have been identified, of which 
the invasive ductal carcinomas, defined as a type of 
cancer 'not classified into any of the other categories 
ol invasive mammary carcinoma', represent the largest 
group12 (TABLE i; online supplementary information SI 
(figure)). Although some of the morphologically dis
tinct, special types of breast tumour, which represent 
5-10% of all breast cancers, have certain favourable 
prognostic features, histological typing in general is 
only a weak prognostic marker of metastasis risk1-. 

Once disseminated, metastases from carcinoma óf 
the breast are formed in various organs. The common 
sites for metastatic spread are bone, lung and liver 
(reviewed in REE li) (FIG. D. 

Established prognostic markers 

The risk ol metastasis development increases with 
the presence of lymph-node metastasis, a larger-
sized primary tumour and loss of histopathological 
differentiation (grade)" ' " , which are the estab
lished breast cancer prognostic markers (TABLE 2). 
In patients with tumour-negative axillary lymph 
nodes, vessel invasion is an additional predictor 
lor distant recurrence1"-2" (TABLE 2). Despite this, 
approximately one-third of women with breast 
tumours that have not spread to the lymph nodes 
develop distant metastases, and about one-third 
of patients with breast tumours that have spread 
to the lymph nodes remain free of distant metas
tases 10 years after local therapy" '. Markers that 
can predict the site ol metastasis are also scarce. It 
has been shown that oestrogen-receptor-positive 
breast tumours have a predilection to metastasize 
to bone--, whereas invasive lobular carcinomas recur 
with increased frequency in the gastrointestinal tract 
and ovaries21-2'1. 

Today, the traditional prognostic markers are able 
to confidently identify the group of approximately 30% 
of patients, who are most likely to have either a very 
favourable or a very poor outcome. For the remain
ing 70% of patients, of whom approximately 30% will 
still develop metastases2', new prognostic markers art-
needed to help identify low-risk and high-risk groups, 
to pinpoint those patients who are most likely to benefit 
from systemic adjuvant treatment. 

Recent prognostic markers 

Substantial efforts have been made to identify addi
tional prognostic markers that characterize patients 
with breast cancer who are at the highest risk of 
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Figure 1 | Most common metastasis sites of breast cancer at autopsy. Primary breast 
cancer cells metastasize through the blood vessels to various distant organs, preferentially, to 
the lung, liver and bones. Patients frequently develop metastases at multiple sites. Data adapted 
from REE 13. 

metastasis development. To meet the requirements 
of a prognostic marker, the potential marker should 
be tested retrospectively in large patient cohorts with 
a long tollow-up period, MULTIVARIATE ANALYSIS needs 
to be done in conjunction with established mark
ers to assess its independent value. Subsequently, 
the findings should be validated by an independent 
group ol researchers, and, ideally, a PROSPEi HVI- MI nv 
should confirm the prognostic significance of the 
tested marker"27. 

A large number ol putative molecular prognostic 
markers have been reported in the literature, but only 
a few ol these have so far fulfilled the above described 
requirements (TABU-: 2). Preliminary data indicate that 
nearly all these markers are only ol prognostic benefit 
in certain subgroups, or are not independent of the 
established markers"'. Many other markers are still 
under clinical investigation. 

So, what are the most promising recently devel
oped prognostic markers, and what is their potential 
to accurately predict metastatic potential and patient 
outcome? 

ERBB2. Among many biomarkers epidermal gorwth 
factor receptor 2 (BRBB2; also known as HKR2/neu) 
has raised much attention as a possible prognostic 
marker. The human ERBB2 proto-oncogene encodes 
a transmembrane receptor with constitutive tyrosine-
kinase activity. F.RBB2 is overexpressed due to gene 
amplification in 15-30% of human breast cancers2"21*. 
The prognostic value of ERBB2 was first claimed in 
1987 CREE 28), and from then on it has been extensively-
studied. Ross and colleagues recently reviewed the 
published literature concerning FRBB2, including SI 
studies and 27,161 patients'". Most studies reported 
that ERBB2 amplification or overexpression is asso
ciated with poor outcome in patients with axillary-
lymph-node metastases, but it is not associated with 
poor outcome in patients with tumour-negative lymph 
nodes". However, the ERBB2 status of breast tumours 

MIT nVARlATEANALYSIS 

A statistical test thai examines 

more lhan two variables at [lie 

Mine lime 

PROSPECTIVE STOOT 

A study in which a selected 

croup of patients is followed 

over time to determine 

differences in the rale al which 

disease develops in relation lo 

the Investigated factor. 'ITiese 

factors might include drugs, 

procedures or diets 

I'RI-nic IIVI MARKER 

A characteristic of a patient thai 

is associated with the response 

or lack of response to a 

particular therapy 

has gained clinical relevance due to the introduction 
of trastuzumab, a therapeutic monoclonal antibody 
that is directed against the receptor, and which helps 
prolong survival in patients with metastatic breast 
cancer*. Moreover, increasing evidence also indicated 
that ERBB2 might be a PRKPICIJVE MARKER for response 
to adjuvant chemotherapy and endocrine therapy 
(reviewed in REFS31,32). This might explain why the 
testing of newly diagnosed breast cancer specimens for 
ERBB2 status has achieved 'standard of practice' status 
tor the management ol breast cancer. This is despite 
the prognostic value of F.RBB2 for disease-free and 
overall survival in patients with lymph-node-positive 
breast cancer being specified as weak-to-moderate 
by the World Health Organization Classification 
of Tumours12. Clearly, additional well-controlled 
and well-designed studies with sufficient follow-up 
time must be conducted to adequately validate the 
prognostic significance of F.RBB2. 

Detection of disseminated tumour cells. To establish a 
metastasis, tumour cells have to invade their surround
ing host tissue, enter the circulatory blood stream, arrest 
in capillary beds ol distant organs, invade the host tissue 
and proliferate. As small tumours of less than 2 mm in 
diameter already receive a vascular blood supply33, it is 
likely that cancer cells have spread throughout the body 
years before they are first delected. The development 
of an assay to detect these cells before the manifesta
tion of distant metastases might therefore be useful lor 
patient prognosis. The search for circulating tumour 
cells started in the late 1980s, and today both immu-
nohistochemical staining and PCR-based approaches 
are available to detect disseminated tumour cells. These 
methods are based on the presence of breast epithelial 
markers, in peripheral blood, bone marrow and lymph 
nodes (reviewed in REE >i|. 

Owing to technical issues regarding the rarity ol 
the disseminated cells and the background expres
sion levels of these markers, only a few studies 
have been published that examine the relationship 
between the presence ol circulating tumour cells in 
peripheral blood and patient outcome. Two clinical 
studies showed that the disseminated-tumour-cell 
load in peripheral blood is associated with shortened 
disease-free intervals and reduced overall survival in 
patients with early breast cancer'"". Stathopoulou 
el al. tested the peripheral blood of 148 patients 
for cytokeratin-19 inRNA1 ', whereas Zach and 
colleagues tested 310 patients for mammaglobin 
mRNA1", both using a nested reverse transcriptase 
(RT)-PCR approach. Although both studies selected 
patients with operable breast cancer, the incidence 
of patients with positive tests varied. Stathopoulou 
el al. found 44 patients (30%) to be positive for cytok-
eratin-19 mRNA, of whom 19 developed a metastasis, 
whereas Zach et al. detected mammaglobin mRNA 
in only 5 patients (2%), who all developed distant 
metastases. Remarkably, the detection of putative 
circulating tumour cells predicts early recurrence 
at distant sites in patients with breast cancer; in the 
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Chapter 7 

Table 2 I B reas t c a n c e r metas tas is prognostic markers 

Marker Use in clinic Metastatic determinants Details References 

Tumour size 

Axillary lymph-
node status 

Established 

Established 

Histological grade Established 

Angioinvasion Established in 
patients with 
lymph-node-
negative tumours 

uPA/PAM protein Newly established 
level marker 

Steroid-receptor Established for 
expression adjuvant therapy 

decision 

ERBB2 gene 
amplification and 
protein expression 

Gene-expression 
profiling 

Established for 
adjuvant therapy 
decision 

Currently being 
tested 

Tumours under 2 cm in diameter 
have a low risk ot metastasis; 
tumours of 2-5 cm have a high risk 
of metastasis; tumours over 5 cm 
have a very high risk ot metastasis 

If there are no lymph-node 
metastases, the risk of metastasis 
is low; if lymph-node metastases 
are present, the risk of metastasis 
is high; the presence of over 
4 lymph-node metastases is 
associated with very high 
metastasis risk 

Grade 1 tumours have a low risk of 
metastasis; grade 2 tumours have 
an intermediate risk of metastasis; 
grade 3 tumours have a high risk of 
metastasis 

The presence of tumour emboli in 
over 3 blood vessels is associated 
with metastasis 

High protein levels of uPA and PAH 
are associated with high metastasis 
risk 

Low steroid-receptor levels are 
associated with metastasis 

ERBB2 amplification/overexpression 
is associated with metastasis 

A 'good signature' of 70 genes is 
associated with low metastasis risk; 
a 'poor signature' of 70 genes is 
associated with high metastasis risk 

Independent 14-17 
prognosis marker 

Related to tumour 14,16,17 
size 

Related to tumour 
size 

In patients with 
lymph-node-
negative tumours 

Independent 
prognosis marker 

Short-term 
predictor of 
metastasis risk (5 
years); related to 
histological grade 

In patients with 
lymph-node-
positive tumours 

Tested in patients 
with lymph-node-
negative tumours 

14,16,18 

19.20 

55-60 

14 

28.30,31 

7.8 

PA11, plasminogen activator inhibitor 1: uPA. urokinase-type plasminogen activator. 

MirkOMI.IAMAMN 

Micrometastaseswereoriglnall) 

defined as small occull 

metastases of less than 0.2 cm in 

diameter. Nowadays, the Icrm 

also includes disseminated 
tumour cells that are present in 

peripheral hlood, bone marrow 

or lymph nodes, 

study by Stathopoulou and colleagues, it even does so 
independently of traditional prognostic indicators. 

Further clinical studies with standard techniques in 
clearly defined patient populations will be needed to 
establish the clinical significance of circulating breast 
tumour cells in peripheral blood. However, not all 
studies have supported the prognostic value of detect
ing circulating epithelial cells in blood1", which might 
be attributed to the low sensitivity of the immunohis-
tochemical methods that have been used. 

As opposed to the analysis of peripheral blood, there 
are a significant number of studies that aim to define the 
prognostic value of breast cancer cells that are delected 
in bone-marrow aspirates. Bone marrow represents a 
relevant site ol breast cancer metastasis, and epithelial 
cells are normally not present in this location, which 
enables their immunohistochemical discrimination by 
antibodies against epithelial proteins, mainly against 
cytokeratins. Many studies have demonstrated a corre
lation between the presence of epithelial cells in bone-
marrow aspirates and reduced disease-free intervals and 
overall survival,s ". By contrast, several studies did not 
confirm the bone-marrow status to be an independent 

prognostic indicator'-' ". A meta-analysis of 20 published 
studies that encompassed 2,494 patients reported that 
the prognostic impact of detected epithelial cells in bone 
marrow remains to be substantiated'-. Large multicentre 
trials are therefore required to determine the validity of 
this approach, involving standardized detection and 
quantification procedures. 

The contradictory findings regarding the prognostic 
potential of disseminated tumour cells might be due to 
the fact that <0.1% of the cancer cells that have entered 
the blood circulation are able to establish a metastatic 
lesion*. This implies that most of the MICROMETASTM3C 
cytokeratin-positive cells detected in the bone marrow 
are not capable of forming metastases at distant sites, 
as supported by the large number of these cells found 
to harbour only a poor proliferative potential17. These 
data are in line with the idea that only a lew cancer 
cells actually harbour tumour-initiating capacity and 
could be considered as breast cancer stem cells'*. 
Interestingly, cytokeratin-19, which is frequently used 
as a breast epithelial marker in immunocytochemical 
and molecular assays (reviewed in REE M), was found to 
be a putative marker of stem cells in the breast'"'5''. 

14 



Breast cancer metastasis: markers and models 

ENZYME IINKI-l» 

IMMUNOSORBENT ASSAY 

(EL1SA). A sensitive tesl lo 

quantitatively determine small 

amounts of a particular 

protein in a solution. In an 

ELISA the interaction between 

tllfi protein of interest and 

a specific antibody is detected 

by an enzyme thai i> linked 

to the antibody and converts 

.1 colourless substrate to a 

coloured product. 

RETROSPECTIVE STUDY 

A study in which data are 

collected and analysed after all 

measurements, interventions or 

events in the participants have 

taken place. 

Plasminogen activator uPA and its inhibitor PAIL 
The early steps ol the metastatic cascade involve the 
degradation ot the extracellular matrix (ECM) and 
subsequent invasion of the surrounding host tissue 
by cancer cells. This degradation is accomplished 
by several enzyme systems, including, among oth
ers, the matrix metalloproteinases (MMPs) and the 
urokinase-type plasminogen activator (uPA) system"'1. 
This system consists of the serine protease uPA, its 
glycolipid-anchored receptor uPAR, and its two serpin 
inhibitors, plasminogen activator inhibitor I (PAI1) 
and plasminogen activator inhibitor 2 (PAI2). uPA 
converts plasminogen to plasmin, which degrades 
matrix components and activates latent metalloprotei
nases and latent growth factors"'1. Interestingly, PAH 
is not produced by the epithelial cancer cell but by 
the stromal cells in the tumours''. This indicates that 
stroma and tumour cells have coordinated effects on 
the processes controlling proteolysis in cancer. 

Duffy ct al. were the first to show that patients 
with primary breast carcinomas with high levels of 
uPA activity had a significantly shorter disease-free 
interval than patients with low levels of activity. In 
addition to uPA, increased levels of its inhibitor PAI1 
were paradoxically also reported to be a prognostic 
marker in both patients with node-positive and node-
negative breast tumours-"-'. However, independent ol 
its protease-inhibitory capacity, PAH also has a role 
in cell migration'' and promotes tumour invasion and 
angiogenesis5*, A large number ol studies confirmed 
PAH as well as uPA to be independent prognostic-
markers of disease-free survival and overall survival in 
breast cancer patients'5 '*. The combined assessment of 
both markers, uPA and PAH, more accurately predicts 
metastasis risk and patient survival time than either 
marker alone, or the established prognostic mark
ers"''. Remarkably, and in contrast to the investigations 
regarding disseminated tumour cells, there have been 
no studies published that discredit the association 
between uPA or PAI1 levels with breast cancer metas
tasis. These markers therefore appear to be reliable 
prognostic indicators. The levels of uPA and PAH in 
protein extracts of primary breast tumour tissue are 
determined by an ENZYME LINKED IMMUNOSORBENT ASSAY. 

A pooled analysis by the European Organization 
for Research and Treatment of Cancer (F.ORTC) 
that involved 8,377 breast cancer patients and had a 
median follow-up of 79 months showed that, apart 
from lymph-node status, high levels ofuPA and PAH 
were the strongest prognostic markers for disease-
free survival and overall survival"'. In patients with 
lymph-node-negative tumours, the levels of uPA and 
PAI1 were the strongest predictor ot metastasis''*. In 
addition, the two markers might also be used to pre
dict response to therapy, in particular the response to 
adjuvant chemotherapy"'. 

So far, uPA/PAIl are the only recently developed 
markers that have true prognostic use for patients 
with breast cancer, according lo the Tumour Marker 
Utility Grading System16, a system that evaluates the 
clinical value of tumour markers and establishes an 

investigational agenda for evaluation of new tumour 
markers. However, these markers have not yet seen 
wide application in clinical practice. 

Gene-expression profiling of breast cancer. In search ol 
new prognostic markers thai predict metastasis risk in 
patients with breast cancer, most studies have exam
ined the correlation between only one or a few markers 
and clinical outcome (TABLE3). Considering the het 
erogeneity of the disease, prediction of the metastatic 
potential of a tumour might require the analysis of 
many different markers at once. This is made possible 
by (he introduction of DNA-microarray technology, 
which can analyse gene expression in a genome-wide 
fashion (BOX l). 

The first key finding in breast cancer using the 
DNA-microarray technology and an unsupervised 
analysis was the gene-expression-pattern-based 
classification of breast tumours into four previously 
unrecognized subtypes"1. Three biologically distinct 
subgroups of oestrogen-receptor-negative breast car
cinomas have been identified: the 'basal-like' group, 
which expresses cytokerulin-5 and cytokeratin-17; the 
'ERBB2+' group, which expresses several genes in 
the ERBB2 amplicon including ERBB2 and the gene 
encoding growth-laclor-receptor-bound protein 7; 
and the 'normal-breast-like' group, which expresses 
genes of adipose-cell and other non-epithelial-cell 
origin. The oestrogen-receptor-positive tumours that 
were originally found to be one group"1 have latterly 
been separated into at least two distinct groups: the 
'luminal A' subtype, which expresses high levels ol 
cytokeratin-8 and cytokeratin-18 and other breast lumi
nal genes; and the 'luminal B' subtype, which expresses 
only low levels of these genes*2. Importantly, these five 
subtypes also represent clinically distinct subgroups ot 
patients. For example, the basal-like and the ERBB2+ 
oestrogen-receplor-negative subtypes are associated 
with the shortest survival limes, whereas the oestro
gen-receptor-positive luminal-A subtype rumours have 
the best outcome of all subtypes". These findings have 
been confirmed in independent gene-expression data 
sets6'. As the tumours that belong to the different sub
types have characteristic clinical behaviour, they might 
also share the same therapeutic targets. 

The second approach to determine gene-expres
sion patterns that can predict the clinical behaviour of 
tumours is the supervised classification method. Such 
a classification method was used lo identity an expres
sion profile of 70 genes thai predicted the likelihood of 
distant metastases in young patients (<55 years of age) 
with lymph-node-negative tumours7: This RETROSPEI 
TIVE SR-PY was particularly informative as the patients 
had not received adjuvant therapy, which is likely to 
modify outcome, and were diagnosed with breast can
cer between 1983 and 1994, making a follow-up of 10 
years or more possible. The primary breast tumours 
were classified as having either a poor-prognosis 
signature, which means they were likely to metasta
size, or a good-prognosis signature, meaning that the 
development of metastases was unlikely. 
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Chapter 1 

Table 3 | M icroarray studies on prognost ic 

Microarray type Validation 

cDNA 

CDNA 

Oligonucleotide 

Oligonucleotide 

Oligonucleotide 

Oligonucleotide 

Cross-
validation 

Oligonucleotide Independent 
training set 

Independent 
training set 

Cross-
validation 

Independent 
training set 

Independent 
training set 

Informative 
genes 

456 'intrinsic' 
genes 

534 intrinsic 
genes 

70 genes 

70 genes 

'metagenes' 

76 genes 

gene-express ion profi les in breas t c a n c e r 

Metastasis determinants References 

'Luminal A' tumours have a better outcome 62 
than 'luminal B' tumours. Worst outcome is 
for 'basal-like' and 'ERBB2+' tumours 

Repeated finding in independent data sets 63,66 

'Good signature' is related to low metastasis 
risk; a 'poor signature' is associated with 
a high metastasis risk. Sensitivity: 9 1 % . 
specificity: 73% 

'Good signature' versus 'poor signature'. 
Sensitivity: 93%, specificity: 53% 

Accuracy: 90% 

'Good 76-gene signature' versus 'poor 76 
gene-signature'. Sensitivity: 93%, specificity: 
48% 

442 genes Expression of 'serum-activated' signature 
versus no expression. Sensitivity: 9 1 % , 
specificity: 29% 

69 

B7 

75.76 

The poor-prognosis signature included genes involved 
in the cell cycle, invasion and metastasis, angiogenesis 
and signal transduction. Interestingly, it also comprised 
genes that are almost exclusively expressed by the stromal 
cells that surround the epithelial cells in a tumour. For 
example, these include MMP1 and MMP9, which are 
required for ECM degradation and tumour invasion"'. 
The upregulation ot genes that are highly expressed by 
stromal cells in a prognosis signature for breast cancer 
metastasis, and their defined role in invasion, again 
underlines the influence of the tumour microenviron-
ment on tumour progression. The pure focus on epithe
lial cells using microdissection for the understanding of 
breast cancer progression and detection of prognostic 
markers is therefore most likely not sufficient to provide 
a successfully prognostic gene signature. 

The 70-gene signature was validated in a cohort of 
295 patients that included patients with both lymph-
node-negative and lymph-node-positive tumours". By 

•" 1 | M ic roar ray p la t forms 

At present, multiple microarray platforms exist that use varying parameters. These 
parameters include distinct sets of genes, either cDNAs of variable lengths or small 
oligonucleotide sequences, and the use of two different methods to determine gene 
activity. One approach is to apply a single test set of fluorescently labelled cDNA 
from cancer cells or tissue samples to the array, the other is to hybridize both a test 
and a reference set of differentially labelled cDNAs lo a single microarray, and 
measure the ratio. This might be the reason why different commercially available 
microarray platforms have been found to show considerable divergence in the 
composition of genes in a gene-expression signature'1''. 

For the analysis and interpretation of the microarray data, a range of 
computational tools are available'"2. The two basic approaches are unsupervised 
hierarchical clustering analyses, which orders both rumours and genes on the basis 
of their similarity of gene expression"", and supervised methods, which identify 
gene-expression patterns that discriminate tumours on the basis of pre-defined 
clinical information"". 

multivariate analysis, the gene-expression signature was 
the strongest predictor for metastasis-free survival and 
overall survival, and was independent of the other clini
cal and pathological prognostic markers. In the group 
of 151 patients who had lymph-node-negative disease, 
60% ol the patients were classified as having a high 
metastatic risk (poor prognosis) and 40% of the patients 
as having a low metastasis risk (good prognosis). After a 
follow-up period of 10 years, 56% of the poor-prognosis 
patients developed a metastasis, whereas only 13% of 
the good-prognosis patients did. 

Classifying the patients who are at risk of metasta
sis on the basis of traditional clinical parameters, the 
St Gallen criteria""' assigned 15% of the 151 patients 
with lymph-node-negative breast cancer to the low 
metastasis risk (good prognosis) group8, and the 
National Institutes of Health (NIH) criteria2 assigned 
only 7% of these patients to this group. After 10 years 
of follow-up in these 151 patients, approximately 
20-25% of the good-prognosis patients (as classified 
by the St Gallen or NIH criteria) had recurrences 
at distant sites, and only approximately 45% of the 
high-risk patients experienced metastasis*. These 
results indicate that the present criteria misclassify a 
significant number of patients, which results in their 
overtreatment or undertreatment. The 70-gene-expres-
sion profile might therefore be used to tailor therapy 
for individual breast cancer patients and might reduce 
the number of patients who would receive unneces
sary adjuvant systemic treatment. This gene-expres
sion profile is currently being tested in retrospective 
series from other hospitals as well as in a well-designed 
prospective study by a large translational research 
consortium (known as the Translational Research 
Breast International Group, or TransBIG). This study 
will independently determine whether the prognostic 
power of the 70-gene signature is reproducible in a 
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ME3TAGESE 

Metagenes arc linear 
combinations of individual 
gene-expression values. They 

have the potential to classify 

and predict cellular phenotypes 

resulting from deregulation of 

oncogenic pathways 

more diverse population in a multicentre setting, and 
whether it can replace traditional clinicopathological 
data, as described earlier, in the near future66. 

Recently, using a different microarray platform, a 
gene-expression signature of 76 genes was retrospec
tively found that could be used to predict outcome 
in patients of all age groups with lymph-node-nega
tive breast cancer6". In a group of 115 breast cancer 
patients who had not received adjuvant systemic 
therapy, a 76-gene profile consisting of 60 genes for 
oeslrogen-receptor-positive patients and 16 genes 
for oestrogen-receptor-negative patients was identi
fied. As for the 70-gene signature described above, 
genes involved in cell death, cell cycle and proliferation, 
DNA replication and repair, and immune response 
were represented in the identified profile. In the same 
study, the 76-gene signature was validated by a set of 
171 lymph-node-negative breast cancer patients. This 
signature represents an independent prognostic marker 
strongly associated with a higher risk of tumour metas
tasis and shortened overall survival. Also, this signature 
would result in a reduction of the number of patients 
who would be recommended to have systemic adjuvant 
therapy that was probably unnecessary. According to 
the 76-gene signature, in the group of patients stud
ied, 52% of the patients with a low risk of metastasis 
development would be eligible for adjuvant treatment, 
compared with 90% and 89% by the St Gallen""' and 
NIH : guidelines. 

The comparison of these results to the data dis
cussed earlier is not straightforward, as different micro-
array platforms as well as mathematical algorithms 
were used. This is probably the reason why only three 
genes overlap between the two signatures. It has been 
shown that different microarray platforms might reveal 
different gene sets, but are actually reporting the same 
biological processes"8. Nevertheless, the finding of a 
second signature by an independent research group 
confirms the existence of a gene-expression prognosis 
profile in patients with primary breast carcinoma. 

A third supervised approach identified aggregate pat
terns of gene expression (MKTAGBNES) that are associated 
with lymph-node status at diagnosis and a 3-year-recur-
rence risk in breast cancer patients of all ages6''. Owing to 
small sample numbers, cross-validation is used to deter
mine the accuracy of the 3-year-recurrence predictor 
instead of a second independent set of tumour samples. 
Therefore, further studies are required to validate this 
metagene classifier for breast cancer recurrence. 

Recently, two studies also reported novel markers to 
predict distant metastasis risk and clinical outcome in 
patients with oestrogen-receptor-positive breast tumours 
who have been treated with adjuvant tamoxifen. Ma 
el al. showed that the expression ratio of the two genes 
HIXB13 and IL17BL accurately predicts metastatis 
development", whereas Paik el al identified 21 genes 
that can be detected by RT-PCR analysis in paraffin-
embedded tumour tissue to predict distant recurrence71. 
However, neither the two-gene expression ratio nor the 
21-gene panel is effective in predicting clinical outcome 
of adjuvantly untreated breast cancer patients7"-\ 

Can we determine a signature thai not only predicts 
poor outcome, but also the risk of metastasis develop
ment in a specific organ? Massagué and colleagues 
identified a set of genes in a human breast cancer cell 
line, the expression of which was associated with metas
tasis to bone in mice7'. Subsequently, 63 primary breast 
cancer samples were profiled to determine whether this 
gene-expression pattern could be used to identify those 
that had metastasized to bone in patients7'. Hierarchical 
clustering, however, could not distinguish between 
tumours that had metastasized to bone and those that 
had not. Only when the analysis was restricted to those 
tumours that were known to have metastasized could 
the profile weakly discriminate a bone-metastasis 
cluster from a lung-metastasis cluster. This indicates 
that the data obtained from this mouse model cannot 
directly be transferred to the human situation. 

Interestingly, using published DNA-microarray 
data, a gene-expression signature was developed that 
is associated with the serum response in fibroblasts, 
and it was able to predict metastasis risk in different 
kinds of human tumour, including breast, prostate, 
lung, gastric and hepatocellular carcinomas75. In a 
subsequent study, the predictive power of the serum-
response signature was tested in 295 patients with 
breast cancer; these were the same patients who had 
been used to validate the prognostic 70-gene-expres-
sion profile as described earlier. It was shown that 
both overall survival and metastasis-free survival 
are markedly diminished in patients whose tumours 
expressed the serum-induced gene-expression profile 
compared with those that did not express this signa
ture76. This signature approximately identified 90% of 
patients who developed metastases, and at the same 
time would have spared 30% of women who did not 
develop metastasis from exposure to cytotoxic chemo
therapy. These results illustrate the potential utility 
and improved metastasis risk stratification (that is, 
the more accurate risk assignment) of the signature, 
independently of clinical or pathological risk factors. 
In addition, the observation that the transcriptional 
signature of the response of fibroblasts to serum can 
predict human breast tumour metastasis again reveals 
a possible important contribution of stromal fibroblasts 
to tumour progression. Epithelial tumour cells might 
therefore activate some of the normal wound-healing 
responses that lead to metastasis". 

Finally, it must be stressed that the membership of a 
gene in a prognostic list that is determined by a super
vised classification method is not necessarily indicative 
of the importance of that gene in cancer pathology. 
This is because such lists are strongly influenced by the 
subset of patients who are used for gene selection77. 

In conclusion, gene-expression profiling might 
refine the prognostic classification of breast cancer, 
allowing researchers to more accurately identify 
patients who are at metastasis risk lhan the present 
conventional prognostic markers. Moreover, the 
genes that are deregulated in the molecularly defined 
classes with poor outcome might also constitute 
novel targets for therapy. 
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Figure 2 Models of the metastatic process. 
a | The traditional model of metastasis suggests that only 
subpopulations of tumour cells (red) aquire metastatic 
capacity late in tumorigenesis'. b | Spontaneous 
metastasis assays indicate that all tumour cells have the 
capability to develop a metastasis'•"•"'•":. c | The 'dynamic 
heterogeneity' model proposes that the frequency with 
which metastatic variants arise within the primary tumour 
determines its metastatic potential*4,1", d | The 'clonal 
dominance' theory proposes that metastatic subclones 
within a primary tumour can overgrow and dominate the 
tumour mass itself*""'. e | The 'genometastasis 
hypothesis' proposes that metastasis occurs through 
transfection of susceptible cells in distant organs with 
circulating oncogenes***''. Adapted from RLF. 105 © Nature 
Medicine (2003) Macmillan Magazines Ltd. 

Models of the metastatic cascade 
I he metastatic propert ies of t u m o u r cells were exten 

sively investigated in the late 1970s and early 1980s by 

means of 'exper imental metastasis ' assays. By studying 

the metastat ic behaviour of cul tured B16 melanoma 

cells that were injected intravenously into mice, I ulier 

showed thai cells derived from ou tg rowths ol these 

cells (metastases) have a higher metastatic potential 

than those derived from ihe original cell line7". In vitro 

clones from the parent Bin culture varied greatly in 

their ability to produce lung metastases alter intrave 

nous injection into mice . These observations led to a 

metastasis model , which proposed thai mosl pr imary 

tumour cells have a low metastatic potential, and that 

du r ing later stages ol tumorigenesis rare cells acquire 

metastatic capacity through additional somatic muta

tions [FIG 2), I his mode l was actual ly a sequel to 

I .eightons hypothes is ill 1965, which predicted that 

metastases arise from definite genetically determined 

subpopula t ions in p r imary tumours 

However, multiple passages of this heterogeneous 

melanoma cell line, both in animals and in cell culture, 

provide sufficient o p p o r t u n i t y for variant genotypic 

cell types to arise1 0 . ITierefore, metas tas is might be 

more accurately s tudied using spontaneous metasta

sis models , and cells that were not carried in culture. 

In such models the formation oi "natural metastases 

from the pr imary tumours ol the mice is investigated 

Indeed, t u m o u r cells derived from these metastases did 

not have greater metastatic capacitj than those isolated 

from the co r re spond ing pr imary t umour ' 1 Ins 

was also true for the spontaneous metastases th.it arose 

from B16 t u m o u r s - these cells only had increased 

metastatic potential when placed in the experimental 

context developed by l-'idler ct ill. '. The data Iron) the 

spon taneous \u rASTASis VSSAYS indicate that metastases 

are a random representat ion ot disseminated tumour 

cells, all ol which have the ability to form a metastasis 

(FIG 2). Additionally, Weiss ei <d. showed that equal 

sized fragments isolated from large or small t umours 

showed no difference in their metastatic potential in 

mice . indicating that there is no apparent relationship 

between metastatic potential and tumour size. 

Different h y p o t h e s e s a t t e m p t e d to reconci le the 

d iscrepancies in the exper imenta l findings concern 

ing the pu ta t ive select ive n a t u r e of t he metasta t ic 

p h e n o t y p e . T h e ' d y n a m i c h e t e r o g e n e i t y m o d e l 

p r o p o s e s that metas ta t i c s u b p o p u l a t i o n s are gen 

e ra ted at h igh rates in a p r i m a r y t u m o u r , but that 

these var ian ts are relatively unstable , resul t ing in a 

d y n a m i c e q u i l i b r i u m be tween genera t ion and loss 

of metas ta t i c va r i an t s ' ' (FIG 2). T h e 'clonal d o m i 

nance t h e o r y o f metas tas i s , however, proposes thai 

once a metasta t ic subclone emerges within a pr imary 

t umour , the p rogeny ol this subclone overgrow and 

d o m i n a t e the t u m o u r mass itsell " ' [I IG 2). 

G a r c i a - O l m o and col leagues called for a change 

in the concept of metastasis. Their provocative 'geno

metastasis hypothesis', which is based on m vitro work. 

proposes thai metastasis occurs through t r ansac t ion 

ol susceptible cells in dis tant o rgans with dominan t , 

plasma circulating oncogenes that are derived from the 

p r imary t u m o u r ' 

Recently, it has heen shown that the genetic back

g r o u n d t rom which cancer arises also has an atleet 

OH the capacity ol mouse m a m m a r y t u m o u r cells to 

metastasize90. These findings indicate that t hep ropen 

sity to metastasize is. in part , influenced by the normal 

genetic make u p ol the host 

1 he obse rva t ion that the s tromal mic ioei iv i ion 

ment functionally cont r ibutes to the development ot 

breast c a r c i n o m a s (reviewed in RJ ! 5 91 92) indicates 

that breast cancer progress ion might be more com 

plex than the current linear theory ol activation and 

inac t iva t ion ol o n c o g e n e s and t u m o u r suppressor 

genes. 1 herefore. the ke\ quest ion, whether the Imd 

mgs made m a m m a l and also in II: vitro models can be 

directly compared to the metastasis o | breast tumours 

in patients, remains arguable. 
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Figure 3 | New models of the metastatic process in 
breast cancer, a | Gene-expression profiling of human 
primary breast tumours can predict metastasis risk ('poor-
prognosis' (red) versus 'good-prognosis' (pink) signature), 
which indicates that the capacity to metastasize might be 
acquired early during tumorigenesis7•"•"'. b | Primary tumours 
with metastasizing capacity display the poor-prognosis 
signature and an additional tissue-specific expression profile 
predicting the site of metastasis (green, bone; blue, liver; 
purple, lung) ' *. c | The parallel evolution model proposes 
that the dissemination of metastatic cancer cells occurs early 
in oncogenesis and independently from tumour cells at the 
primary site1", d | Only breast cancer stem cells, no! H 
tumongenic bulk of the tumour, have the ability to 
metastasize and form new tumours". See also REE 105. 
Adapted from REE 106 • (2003) Macmillan 

Magazines Ltd. 

Gene-expression analysis of breast cancer metastasis. 
Findings from DNA microarray studies have revived the 
disc ussion about the metastatic process. As described 
above, tiie ability of gene-expression profiles of human 
primary breast carcinomas to predict the metastatic 
potential indicates that the ability to metastasize is an 
early and inherent property of the breast tumour (FIG i). 
I hese results indicate that breast cancer is both a local, 
and a systemic, disease. Furthermore, the data challenge 
the idea that variant cells arise thai give rise to metas 

tases during the late stages ol tumour progression , 
Several independent lines ol evidence seem to support 
this concept. A study by Ramaswamy and colleagues 
shows that different types ol human primary adeno
carcinoma harboui the same gene-expression signature 
that is associated with metastasis9. Furthermore, it was 
reported that pairs oi human primary breast carcino
mas .inA their distant metastases, which developed 

years later, are highly similar at their transcriptome 
level", as are pre malignant, pre -invasive, and invasive 
breast canes rs . 

A variation to this model was proposed by Massagué 
and colleagues . As described above, a human breast 
cancer cell line was shown to harbour, besides a 
poor prognosis signature, an additional gene set that 
mediated osteolytic bone metastasis . These findings 
were interpreted to bridge the gap between the sub 
population metastasis model'and the one based on the 
microarray data ol human tumours '"". The authors 
propose the intriguing model that primary tumours 
with metastatic capacity possess the poor prognosis 
signature and, in addition, subpopulations of cells also 
have a'superimposed' tissue specific gene expression 
profile that predicts the site of metastasis (FIG i). 

In contrast to the microarray studies on primal J 
breast carcinomas, the analysis ol human dissemi
nated breast cancer cells led to a model proposing 
that metastatic disease evokes independently trom the 
primary tumour" il-li. }). This theory dearly challenges 
the paradigm that tumour progression to metastasis 
occurs through clonal genomic evolution. The genomic 
alterations ol disseminated tumour cells in the bone 
marrow of patients without clinical evidence of metas
tases generally did not resemble those of the primary 
tumours, in contrast to tumour cells of patients with 
manilest metastases. I lowever, the authors are notable 
to distinguish between true metastatic cells and tumour 
cells that are not capable ol proliferating at distant sites, 
and cannot exclude the possibility that the cytokeratin-
positive cells might also be of epithelial origin dial is 
unrelated to cancer. 

An alternative, attractive model ol metastasis is based 
on the finding that tumours might contain 'cancel stem 
cells' — rare cells with indefinite proliferative poten 
tial that drive the formation and growth ol tumours 
Experimentally, only a minority ol human breast cancel 
cells, which were derived from Iresh human tumours 
and grown in mammary fat pads of immunocompro
mised mice, were found to have the ability to form 
new tumours1". Al-llaii and colleagues were able to 
distinguish tumour initiating cells from most non 
tumongenic cancer cells based on cell surface marker 
expression. These findings might provide an explan.iln >n 
lor clinical observations m breast cancer patients such 
as the phenomena interpreted as tumour dormancy 
and the lack of prognostic significance of disseminated 
tumour cells in bone marrow — one of the newer 
pi itential prognostic markers as discussed earlier in this 
article. Cancer stem cells have also been identified in 
other human cancers such as brain turni 

Integrative model of breast cancer metastasis 

Studies with prognostic markers such as uPA/PAIl 
the 70-gene expression profile, and the fibroblast 
serum response signature have all demonstrated thai 
the tumour microcnvironment seems to significantly 
contribute to tumorigenesis, which supports numerous 
recent in vrvoand in vitro studies i reviewed ü 
1 he integration ol this knowledge and the proposed 
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Figure 4 An integrative model of breast cancer metastasis. Oncogenic mutations occuring 
in a breast stem cell (red) can cause the transformation to a breast cancer stem cell, generating 
'poor-prognosis' tumours (orange). Mutations occurring in differentiated progenitor colls (yellowi 
might form a non-metastatic 'good-prognosis' breast • itic poor-
prognosis tumours, ur . •- of stromal fibroblasts, only the population of breast 
cancer stem cells has the ability to metastasize. There might be variant cancer stem ceils that 

i selectivity foi metastasis, expressing an additional tissue-specific profile (for 
example: green, bone: purple, lung). At the site of metastasis, the disseminated cancer stem cells 
would again induce a similar stromal response as in the primary breast tumour. 

metastasis models allow us in speculate about a new 
model of the metastatic process il !G I). In this model. 
primary breast carcinomas with metastatic potential can 
be distinguished trom those that have a low likelihood 
of metastasis by their gene-expression profiles — the 
poor and the good prognosis signatures, respectively, 
as determined by the "(I gene expression profile . 
Metastatic tvpe tumours, under the influence ol the 
stromal fibroblasts, might harbour seeding subpopula 
tions, as proposed by lidler and colleagues These vari 
anl cells thai are capable ol forming metastases, which 
have been shown bj ' MA OH BRI i KFUH ll Alius ANALYSIS 

t.i he generated at a rate nl about 5 x 10 per cell per 
generation*1, might, in tact, be a small population ol can 
cer stem cells* " that gives rise to the non-tumorigenic 
bulk ol the tumour. So, the initiating event of metastasis 
might be a breast stem cell that undergoes transform 
ing oncogenic mutations, leading to a cancer stem cell 
that generates pour prognosis tumours Specifica!]] a 
Self-renewing population ol (stem) cells is necessary to 

accumulate the mutations that are required for tumori-
genesis, By contrast, geneti< events that occur in differ 
entiated progenitor cells might display a non-metastatic 
good prognosis breast carcinoma9' 

so mutations that occur at different stages ot 
tumour differentiation control the capacity ol the 
turnout cell to metastasize. Additionally, there might 
be vai ianl cancer stem cells that differ m their propen
sity to metastasize to a specific tissue. ^HL\ therefore 
express an additional tissue specific profile . At the 
site oi metastasis, the disseminated cancer stem cells 
would then again need, or induce, a stromal response 
similar to that of their primary breast tumour, as well 
as the formation ol new blood vessels. 

• I BRUI K 
FLUCTUATION ANALYSIS 

i estimate mutation 
rales in cell populations, 
originally designed for bacteria, 

W h e n breast cancel aet iology has followed the 

'metastasis route' from the start, there is a high likell 

hood of clinically defined systemic disease. By contrast, 
the disease remains local in patients with non-meta
static, good-prognosis types oi tumour. 

Future directions 

New prognostic markers of breast cancer metas
tasis are urgently needed to avoid overt teat ment 
or undertreatment ol newly diagnosed patients. 
Microarray gene-expression analysis has shown 
promise as .1 useful prognostic marker. Itill do these 
studies provide us with new tumour markers that 
can be routinely used for newly diagnosed breast 
cancer patients? Clearly, to allow microarray testing 
in all hospitals, the technology and access to it needs 
to be improved Furthermore, the current system to 
get these gcnc-cxprcssion signatures to the highest 
level ol clinical use ' requires large prospective ran 
domized trials it is believed that the current health 

care system cannot take the financial burden to test 
all new tumour markers in this w.t\ Alternatively, 
based on the great predictive power ot gene expres 
sion signatures, several well designed retrospective 
studies might be sufficient lor their introduction 
into the clinic. 

Gene expression signatures might also be used lo 
predict the site ol human tumour metastasis — these 
can currently be predicted m mice. The idciililua 
tion of tissue specific signatures tor metastasis would 
not only improve our understanding of the mecha
nisms by which tumours spread to specific tissues, 
but would also identity new therapeutic targets. In 
addition, we await the identification oi predictive 
gene expression profiles that will enable us to tailor 
adjuvant therapy choices to individuals. With the 
exception ol a leu small pilot studies, only two stud 
ies which included 24 and 42 patients respectively, 
have so far reported the assoc iation between a gene-
expression signature and drug sensitivity to do< etaxel 
or to a combination regimen containing paclitaxel, 
fluorouracil, doxorubicin and cyclophosphamide in 
hi east cancer patients 

based on the proposed integrative model ol the 
metastatic process, it might be worthwhile focusing 
more research on the characterization ol the cru
cial population ol ciiicci stem cells Breast cancer 
stem cells make an attractive therapeutic target, as 
tumours would be targeted by then cell ol origin. 
1 he isolation ol the C.IIKCI stem cell population and 
the analysis of these cells In gene-expression pro
filing should facilitate the identification of specific 
pathways that are important lor their growth and 
survival. Further elucidation of the contribution ol 
the tumoui environment to regulating tissue spe 
citicitv, tumorigenesis, and probably also the cancer 
stem cells '. is also important. This knowledge will 
allow the development ol Hew therapeutic Strate 
gies targeting both 'seed and soil', which might lead 
to more effective intervention strategies lor breast 
cancel and breast cancer metastasis. 
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A B S T R A C T 

Purpose: W e undertook a systematic approach to iden
tify breast cancer (BC) marker genes with molecular assays 
and evaluated these marker genes for the detection of min
imal residual disease in peripheral blood mononuclear cells 
(PBMCs) . 

Experimental Design: We used serial analysis of gene 
expression to identify a range of genes that were expressed 
in BC but absent in the expression profiles of blood and bone 
marrow cells. Next, we evaluated a panel of four marker 
genes (plB, PS2, CK19, and EGP2) by real-time quantitative 
PC'R in 103 P B M C samples from patienLs with metastatic 
BC (stage III/IV) and in 96 P B M C samples from healthy 
females. 

Results: Increased marker gene expression of at least 
one marker was seen in 3 3 of 1(13 patients. Using quadratic 
discriminant analysis including all four marker genes, we 
determined a discriminant value with 2 9 % positivity in the 
BC patient group that did not yield false positive results 
among the healthy females. 

Conclusions: Real-time PCR for the simultaneous ex
pression of multiple cancer-specific genes may ensure the 
specificity required Tor the clinical application of mRNA 
expression-based assays for occult tumor cells. 

I N T R O D U C T I O N 

The accurate detection of micrometastatic disease would 

constitute a significant advance in the staging of solid tumors. In 
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BC. for example , micrometastat ic disease may be cured by 

systemic therapy, as has been demonstrated convincingly by the 

success of adjuvant therapy (1 , 2). The presence of minimal 

disease in bone marrow has been shown to be of predictive 

value (3) and has been proposed as a criterion to select node-

negative patients for adjuvant chemotherapy. In addition, many 

patients with B C receive high-dose therapy at a time when no 

macroscopic disease can be found with conventional diagnostic 

tests. In these patients, the monitoring of the presence of min

imal disease could provide valuable guidance for physicians. 

The detection of minimal disease in blood or bone marrow 

is usually attempted with immunological methods. Evidence has 

been presented that these assays are of predictive value (3 . 4) , 

However, their execution is laborious and requires a consider

able degree of expertise to differentiate between positively 

stained tumor cells and background staining. In addition, even 

the most experienced groups report significant false positive 

rales U'..t>.. positively stained cells in the bone marrows of 

healthy volunteers; Ref. 3). Much work has been done to stan

dardize the monoclonal antibodies, antisera. and methods used, 

but this has not led to uniformity in methodology or to repro

ducibility of results in different laboratories. As a consequence, 

there is variation in the findings and conclusions in the litera

ture, and no single technique has been universally adopted as 

clinically applicable. 

W e and others have developed assays to detect minimal 

disease that are not based on the detection of cellular epithelial 

proteins, but rather on the mRNA expression of genes that are 

silent in the consti tuents of peripheral blood and bone marrow 

(5). These methods usually involve reverse transcription-PCR or 

a different RNA amplification method, such as nucleic acid 

sequence based amplification (6). Elaborate methods have been 

devised to control for nonlinear amplification of the cDNA or 

RNA. but these have met with little success (7). The main 

problem of RNA-based assays continues to be the almost uni

versally present background signal ( 8 - 1 5 ) . Two recent technical 

developments may enable us to overcome these problems. First. 

a truly quantitative PCR reaction has become available, which is 

known as ""real-time P C R " (Taq.Man: Ref. 16). Second, a much 

higher specificity of RNA-based assays could result from the 

use of a panel of marker genes rather than a single gene (17). A 

systematic search for genes that are highly expressed in BC hut 

not in the cellular consti tuents of blood and bone marrow can be 

achieved by techniques such as S A G E ( 1 8 - 2 0 ) . SAGE produces 

a quantitative representation of all mRNAs and generates a 

' The abbreviations used are: BC. breast cancer; SAGE, serial analysis 
of gene expression: MC. mononuclear cell: PBMC. peripheral blood 
mononuclear cell: EST. expressed sequence tag; NKI. Netherlands 
Cancer Institute: GAPDH. glyceraIdehyde-3-phosphate dehydrogenase: 
QDA. quadratic discriminant analysis; CK19. cytokeratin 19: IHC. 
immunohistochemistry 
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so-called expression profile. Potential marker genes from BC 
can be selected by comparing the gene expression profile of BC 
tissue with that from blood or bone marrow of healthy individ
uals. 

We have used both real-time PCR and SAGE to develop a 
new type of mRNA-based detection system for minimal disease 
in BC. Our results suggest that this technique may overcome the 
shortcomings of the earlier ones and is able to identify occult 
tumor cells in the peripheral blood in the absence of false 
positive results. 

MATERIALS AND METHODS 
SAGE. Gene expression profiles were generated from 

BC tissue, blood of healthy volunteers, and bone marrow of 
control individuals. Total RNA was isolated using RNAzolB 
according to the procedure of the supplier (CA.MPRO Scientific. 
Veenendaal. the Netherlands) using 10 X 10-u.m slides from 12 
different snap-frozen breast carcinomas, from pooled bone mar
row samples of 36 patients with hematological malignancies 
(approximately 5 x 10" MCs in total), and from a pool of three 
buffycoats of healthy blood donors obtained from the Central 
Laboratory of Blood Transfusion (9 X 10* PBMCs in total), 
yielding 690. 670. and 1100 |xg of total RNA. respectively. 

Approximately 600 p.g of total RNA from each of these 
samples were used to isolate mRNA using Dynabeads Oli-
go(dT),, (Dynal. Oslo, Norway), from BC tissue (8.6 u.g). 
normal bone marrow MCs (6.5 p.g) and PBMCs (7.0 u.g). 
respectively. Double-stranded cDNA was synthesized from 5 
|xg of mRNA using superscript II (Life Technologies. Inc.. 
Breda, the Netherlands) and used for SAGE. The construction of 
the three tag libraries was performed according to the detailed 
SAGE protocol version 1.0 [kindly provided by Drs. Victor 
Velculescu and Kenneth Kinzler. Philadelphia. PA (18—20)]. 

Individual clones, which contain concatenated 11-bp tags 
(each representative of a specific transcript), were isolated from 
each library and used for sequence analysis with the Big Dye 
Terminator kit on an ABI377 automated sequencer (Applied 
Biosystems. Nieuwerkerk a/d Ussel. die Netherlands). For the 
identification of tags expressed in BC tissue but not in blood or 
bone marrow, the data of the BC tissue were compared widi the 
data of blood combined with bone marrow using SAGE soft
ware version 1.01 (kindly provided by Drs. Victor Velculescu 
and Kenneth Kinzler). The sequences of the tags expressed 
exclusively in BC tissue were submitted to the National Center 
for Biotechnology Information databases to search for sequence 
homology with known genes or ESTs. 

Blood Samples for Minimal Residual Disease and BC 
Biopsies. Blood samples were collected from 103 unselected 
patients with advanced BC (M, disease, according to the Union 
Internationale Contre le Cancer criteria) during a routine fol
low-up visit in the NKl/Antoni van Leeuwenhoek Hospital 
between 1997 and 1998 and from 96 healthy female volunteers 
who work in the NKI. Forty-four invasive BC biopsies were 
selected from the NKI tissue bank. All patients and volunteers 
gave informed consent, and the study was approved by the 
Medical Ethical Committee of the NKI. 

Blood ( 3 x 8 cc) was collected in tubes containing a 
Ficoll-Hypaque density fluid separated by a polyester gel barrier 

from a sodium citrate anticoagulant (VACUTAINER CPT: Bee-
ton Dickinson. Leiden, the Netherlands). PBMCs were isolated 
from all these samples, and in patients with metastatic BC. a 
mean PBMC count of 15.7 X 106 (SD. 5.6 X 10") was found. 
In healthy individuals, a higher mean PBMC count was found 
|23.8 X 10f' (SD. 5.9 x I06)]. 

Real-time Quantitative PCR. RNA was isolated from 
6 X 10'' PBMCs or from 5 X 10-p.m tissue sections made from 
each tumor specimen using RNAzol B and resuspended in 30 |_d 
of diethyl pyrocarbonale-treated FLO (DEPC; Sigma. St. Louis. 
MO). Two p.1 of total RNA were used for cDNA synthesis (20 
p.1). as described previously (6). 

The sequences of the real-time quantitative PCR primers 
(Isogen Bioscience. Maarssen. the Netherlands) and of the flu
orescence-labeled probe (Applied Biosystems) for plB. PS2, 
CK19, and EGl'2 genes were selected using the primer express 
software (PE Biosystems: Table 1). In addition, commercially 
available primers and probes for the housekeeping genes. 
GAPDH and human transcription factor IID/TATA binding 
factor (HuTBP). were used (Applied Biosystems). 

Serially diluted cDNA synthesized from RNA isolated 
from 6 X 10'' MCF7 cells was used to generate standard curves 
for control and marker gene expression. For all cDNA dilutions, 
the fluorescence was detected from 0-50 PCR cycles for the 
control and marker gene and resulted in the threshold cycle (CT) 
value for each cDNA dilution and each target: the PCR cycle at 
which a significant increase in fluorescence is detected, due to 
the exponential accumulation of PCR products, represented in 
arbitrary units (TaqMan Universal PCR Master Mix Protocol: 
Applied Biosystems; Ref. 16). The quantities found for the 
GAPDH control and marker gene were used to calculate the 
relative quantity of control and marker gene expression in 
PBMCs of healthy individuals and patients with metastatic BC. 
The second control gene. HuTBP, was only used for confirma
tion of GAPDH expression. 

Statistics. To optimally use the expression levels of the 
four marker genes (plB. PS2, CK19. and EGP2) to separate BC 
patients from healthy controls, several variants of discriminant 
analysis were tested, including linear discriminant analysis 
(Fisher's linear discriminant analysis). QDA. nonparametric 
kernel discriminant analysis, and nonparametric k nearest neigh
bors discriminant analysis (21). The predictive capability was 
tested using leave-one-out cross-validation (22). The QDA was 
shown to be the optimal method that gave the maximum number 
of correctly classified patients in the BC group (sensitivity) at 
zero misclassified normal controls (specificity was set to 100%). 
QDA is based on the following formula capturing the predictive 
value of the four quantitative marker genes x. w. y, and z: 

Coo,», + Cm,» * w + C i m * * + C,, , , * y + Cim * z + C:it„ * vr 

+ C,m * x * w + C * w * y + Cim* w*z + C^ * ** 

+ Q *x*y + Cw>l*x*z + Cm2l,*y: 

+ Crinii * y * z + C a r a * z 2 <') 

Parameters are as follows: w = \n{CK19/GAPDH + 0.2); x = 
\MplB/GAPDH + 50): y = \n{PS2/GAPDH + 0.001): and .- = 
)nl E GP2/GAPDH). 
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The coefficienl values are Cl)0()0 = 20.8. C l o o o = 2.58, 
Cö,oü = -6-65. Cooto = -0.46. C«oi = " 4 - 3 - C2ooo = 0.54. 
C u 0 0 = -0.52. C„ ) l 0 = -0 .01 , C100] = 0.104. C01lMI = 0.58, 
C o n o = 0.034, C01()1 = 0.22, Coco = 0.024. C,»,, = 0.148. 
and Qooa = 0.45. 

The C constants are derived from the data in such a way 
that an optimal separation between two groups is attained if the 
/j-dimensional (/> is the number of markers) distribution of the 
marker values can be described by a multivariate normal distri
bution in both groups, with different SDs and/or correlations as 
well different means in the two groups. To obtain an approxi
mately normal distribution, marker values were logarithmically 
transformed after adding a gene-specific constant value. 

Once the values for the C constants are obtained, the 
discriminant score can be evaluated for each subject on the basis 
of her marker values. The higher the score, the more likely it is 
that the subject is a BC patient. We then put a cutoff value on 
the score and predict subjects with a score below this cutoff 
value to be a control and subjects with a score above the cutoff 
value to be a BC patient. By comparing the predicted and actual 
status of subjects, the performance of the prediction on the basis 
of the score function can be evaluated. 

Cytospin Preparation and Immunocvtochemical Stain
ing. The PBMCs were resuspended at 5 X 10'' cells/15 ml (in 
0.9% NaCI). and 21 cytospin slides/sample were made. Cells 
were attached to amino propyl triethoxy silane (Sigma )-coated 
slides using a Cytospin 3 centrifuge (Shandon. Runcorn. United 
Kingdom). Each slide contained two spots of I X 10s cells. 
Slides were air-dried for 30 min. fixed with acetone, and stored 
at —70°C. One slide was fixed with methanol and stained wiih 
May-Griinwald Giemsa (Merck. Darmstadt. Germany) for mor
phological analysis. The BC cell line MCF7 mixed with PBMCs 
was used as a positive and negative control for each immuno-
staining. Five slides (I X 10'' cells) were thawed for staining 
with a monoclonal antibody specific for CKI9 (RCK108: 
DAKO. Glostrup. Denmark) using an alkaline phosphatase pro
cedure. 

In brief, slides were preincubated with 5% goat serum for 
15 min, followed by incubation with the primary antibody 
(1:200) in I % PBS/BSA for 1 h at room temperature. As a 
negative control, the slides were incubated with 1% PBS/BSA 
without the primary antibody. Slides were washed with I X 
PBS. fixed with 1 % paraformaldehyde for 5 min. and washed 
with 2x PBS. Subsequently, the slides were incubated with the 
secondary goat anlimouse antibody for 30 min (DAKO). washed 
with 2X PBS. incubated with the avidin-biotin-alkaline phos
phatase complex (StreptABComplex/AP: DAKO) for 30 min. 
and washed with PBS and 0.2 M Tris-HCI (pH 8.0). The slides 
were exposed to chromogenic substrate solution containing 0.3 
mg/ml naphthol-As-Tris-phosphate. 0.24 mg/ml levamisole. and 
0.1% New Fuchsin in HC1 mixed with 0.1% NaNO, (Sigma). 
Slides were counterstained with hematoxylin. Cells were 
considered immunocytoehemically positive when staining 
was observed of most of the cytoplasm and the cell mem
brane. Cells were considered tumor cells if they stained 
positively and if cell morphology showed features character
istic of malignancy. In addition, all CK7°-stained slides were 
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Table 2 BC unique tags identified by SAGE 

Tag 

Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
TIO 
T i l 
T12 
T I 3 
T I 4 
I 15 

TI6 
TI7 
T Ï 8 
TI9 
T20 
T34 

Frequency of detection 
in BC' tagbank 

32 
30 
21 
16 
16 
10 
10 
9 
8 
7 
7 
7 
7 
7 
7 
7 
7 
6 
6 
6 
4 

Potential marker genes identified 
by SAGE" 

EST. cDNA clone 
Glycoprotein lacritin 
2 matches" 
Secretory protein p l B 
2 matches'' 
Collagen «1 rvpe 1 
Matrix GLA protein 
Cytokeralin 8 
Nut identified 
Not identified 
Episialin 
Keratin 7 
Lectin 
Many different GenBank matches 
cDNA clone DKFZp564F053 
Apolipoprotein C-1 
Mammaglobin 
PS2 
niRNA of PC3 cell line 
Complement C6 
CK19 

GenBank 
accession no. 

W72837 
AY005I50 

LI 5203 

AF0I7I7S 
M58549 J05572 
M77025 

M34088 
BC002700 
AF0077345 

AL049265 
M20902 
AFO15224 
X52003 
X75684 
X72I88 
NM002276 

" GenBank search. 
* Apolipoprotein D (XM003067). ApoD-precursor (AI912925). 
' Bold indicates genes used for the marker panel. 
•' Human Bac clone GSI-542DI8 from 7q31-q32 (AC002528). collagen type T u2 (COLI«2) (NM000089). 

evaluated using an automated cellular image system (Chro-
mavision; ACIS). 

RESULTS 
SAGE of BC, Normal Bone Marrow, and Peripheral 

Blood. For the identification of genes abundantly expressed in 
BC tissue but not in blood or bone marrow. SAGE profiles of 
expressed sequences were generated from BC tissue, control 
bone marrow MCs, and normal PBMCs. 

Sequence analysis was performed on lag libraries of 300-
800-bp cloned fragments. We sequenced 560 colonies of the BC 
library. 700 colonies of the bone marrow MC library, and 1.100 
colonies of the PBMC library, yielding DNA sequences of 
14.000. 14.000. and 30.000 concatenated ll-bp tags, respec
tively. Sixty percent of the sequenced tags were identified by 
SAGE software as known genes or ESTs (8,400 BC. 8.600 MC. 
and 17.800 PBMC lags, respectively). 

BC-specific Taps. To determine which genes are abun
dantly expressed in BC tissue and. at the same time, absent in 
blood and bone marrow, the tag banks from blood and bone 
marrow were combined to allow comparison with the tag bank 
of BC tissue using the SAGE software. Thus, of the 8400 BC 
tags identified by SAGE. 3027 were shown to be BC specific. 
representing 2490 unique BC tags. The abundance of each of 
these tags was assessed: 2215 tags (89%) have a frequency of 1. 
255 tags (10%) have a frequency between 2 and 5. and 20 lags 
(<1%.) have a frequency of s 6 . By their magnitude of differ
ence in the SAGE, these latter 20 tags were considered good 
candidates for application a_s potential marker genes for BC 
cells. When these tag sequences were compared with the infor
mation in the National Center for Biotechnology Information 

gene and EST databases.' 15 of these were associated with 
single known genes, such as episialin. the cytokeratins 8 and 18. 
two members of the collagen gene family, and three members of 
the apolipoprotein gene family or with a single EST (Table 2). 

These 15 genes, which were exclusively and highly ex
pressed in the BC tag bank, have been evaluated by Northern 
blotting for differential expression in a pool of BC RNA versus 
pools of either peripheral blood or bone marrow RNAs of 
normal volunteers (data not shown). Two of these genes. />//? 
and PS2 (T4 and T18. respectively), were confirmed in this 
independent assay to have a low background in the control 
mRNA pools and a strong signal in the BC mRNA pool. 

Real-time PCR of Marker Genes to Detect Circulating 
Tumor Cells. For the detection of tumor cells in peripheral 
blood, a panel of four marker genes was selected. Two genes 
from our SAGE. plB (T4) and PS2 (T18). were chosen, and a 
third marker gene. CKI9, was chosen because this gene has 
been used in numerous other RNA-based assays (SAGE tag 
T34; Table 2; Refs. 6. 10. and II). In addition. EGP2. a 
pan-carcinoma antigen, was selected, based on previously re
ported results (23). The expression of the panel of marker genes 
was determined by quantitative real-time PCR in 103 peripheral 
blood samples from patients with advanced BC and in periph
eral blood samples from 96 healthy females. The real-time 
amplification plots of CK19 in a representative series of PBMCs 
from BC patients and healthy females are shown in Fig. Ifl. For 
all PBMC samples, the expression level of the marker genes 

1 www.ncbi.nlm.nih.goy/. 
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Fig. I Real-time PCR of the CK1V gene. A. standard curves of a 
real-lime PCR experiment for the CA7V gene. PCR amplification curves 
Of undiluted and IÜ-. 100-, 1.000-. and ~i 0.000-fold dilutions of MCF7 
cDNA synthesized from the RNA of 10*' MCF7 cells are shown. On the 
Kaxis. the absolute emission intensity is indicated, and on the .Yaxis, the 
number of PCR cycles is indicated. The C, values for the four MCF7 
cDNA dilutions are 18.0. 21.4. 25.0. and 28.7. respectively. B. ampli
fication plot of a real-lime PCR experiment for the CKI9 gene. Black 
curves. cDNA of PBMCs from BC patients (n = 13); gray curves, 
PBMCs from healthy females (n •= 13). 

Fig, 2 Relative quantity of expression of four marker genes in the 
blood of healthy females and patients. A. plB. B. PS2: C. CKI9: D. 
EGP2. O, healthy females. • . BC patients. The median expression level 
for each marker gene within a group is indicated by a horizontal line. 

relative to the MCF7 standard curve (for CK19, see Fig. \A) was 
calculated and corrected for the input of cDNA based on the 
GAPDH control (in arbitrary units: see "Materials and Methods"). 

Thirty-three of the 103 BC patients revealed a positive 
signal for at least one marker gene that is above any signal seen 
for each of these marker genes separately in the healthy females. 
Fig. 2 shows the relative quantities for each of the four marker 
genes for all individual samples from the healthy females as 
well as the BC patients, with median expression levels for each 
group indicated by a horizontal line. These median expression 
levels were significantly higher for diree marker genes in 
PBMCs of patients with BC than in PBMCs of healthy females 
as determined by the Mann-Whitney test (sec Table 3). Further
more, evaluating the range of expression levels reveals that, for 
all four markers, there are many patients who have a higher 
expression value compared with the healthy females (Fig. 2: 
Table 3). 

Optimal Separation between BC Patients and Healthy 
Controls. A clinical lest to determine the presence of circu
lating tumor cells should be sensitive and should surely avoid 
false positive results for each individual BC patient. Based on 
this consideration, we evaluated the potential of several forms of 
discriminant analysis (see "Materials and Methods") to deter

mine in what way the expression levels of each of our marker 
genes should be weighed to lead to zero false positives in the 
peripheral blood of the healthy volunteers subjects and as many 
true positives as possible in the data set of BC patients. The 
QDA gives the optimal separation, with 30 of 103 patients 
positive on the basis of marker gene expression in the BC group. 
and no false positives in the control group. However, on cross-
validation. 3 of the 96 (3%) healthy females and 29 of the 103 
(28%) BC patients tested positive. 

Marker Gene Expression in Primary BCs. Clearly, 
occult tumor cells can only be detected using the marker gene 
panel if these tumors express one or more of these genes. We 
have not been able to test this directly in the BCs of our 103 
patients. Instead, we tested a series of 44 primary BCs from 
other patients for the expression of each of the genes. The 
selected marker genes were expressed in all or in the large 
majority of the cancer specimens (Table 4). 

Comparison with Immunocytochemical Staining. Cy-
tospin preparations were made from 38 peripheral blood sam
ples from patients with advanced BC and peripheral blood 
samples from 49 healthy females that were all part of our 
real-time PCR study. The cytospin preparations (each sample 
contained one million cells) were stained with monoclonal an
tibodies directed aeainst CK19. 
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TubleS Median and range of relative expression levels of the marker genes in healthy females and breast cancer patients 

Healthy females l;i = 96) Patients (n = 103) 
Marker 
gene Median Range" SD Median Range'' SD f* 

pIB 157.1 0.0-129X4 252.2 330.40 0.0-12029.0 I88S.9 0.1X102 
PS2 0.0 0.0-10.4 1.6 0.09 0.0-520.8 52.6 «).000l 
CAT/9 0.7 00 9 1 |.6 117 0.0-633.4 73.6 <0,0001 
EGP2 57.7 13.1^*16.7 67.6 65.90 8.25-1655.2 213.0 0.25 

"Median and range of the expression levels were calculated relative to the MCF7 standard curve and corrected for the input cDNA based on the 
GAPDH housekeeping control gene. 

''Mann-Whitney-test. Bold indicates significant values. 

Table 4 Positive expression of each of the four marker genes in 
tumor samples'' 

Marker 
gene 

,,lli 
l'S2 
CKI9 
EGP2 

Positive expression in primary 
breast cancers (n = 44) 

41 (93%) 
37(84%) 
44(100%) 
44(100%) 

"Marker gene expression was evaluated by real-time PCR. Posi
tively was defined as expression levels higher than the mean -2 SDs of 
the expression level in peripheral blood samples from healthy females. 

Unequivocal tumor cells were identified in none of the 
healthy females, and six samples showed some degree of' stain
ing, although this was interpreted as background signal. Two 
samples from the 38 BC patients contained a morphologically 
identifiable tumor cell without excessive numbers of positively 
stained cells. An additional four samples stained positive with a 
much higher number of stained nontumor cells compared with 
the background of healthy females. 

The 38 samples from the BC patients were also tested by 
quantitative real-time PCR for expression of the four marker 
genes. Sixteen samples were positive based on the QDA of four 
markers (16 of 38 samples, 42%). Nine of these samples had 
positive real-lime PCR values for CKJ9 (9 of 38. 24%). com
pared with the six positive samples obtained with CKI9 1HC (6 
of 38. 17%). The two BC patients with morphologically certi
fied tumor cells, as well as two of the four samples with an 
excessive number of stained cells, were positive in both assays. 
The two other CKI9 IHC-positive samples with very high 
numbers of stained cells were QDA negative, including a neg
ative value for CKI9 real-time PCR. Thus, the RNA-based 
assay shows a higher sensitivity than IHC. and furthermore, 
there is no concordance between the two techniques. 

DISCUSSION 
To develop a sensitive detection assay for circulating BC 

cells, we designed a mRNA-bascd assay system that uses quan
titative real-time PCR and four different marker genes. The four 
marker genes share the following characteristics: all are ex
pressed at high levels in the large majority of primary BCs but 
are not expressed or are expressed only at very low levels in the 
cellular elements of peripheral blood or bone marrow. Two of 
the genes were derived from a SAGE designed to define differ
entially expressed genes in BC. and two had already been used 

in previous experiments by our group and others (CKI9 and 
EGP2). 

Using QDA. it was possible to determine a discriminant 
value that retrospectively separated samples from 30 BC pa
tients from all other samples. The increased marker gene ex
pression was found in 30 of 103 patients with advanced BC. 
whereas elevated expression levels were absent in all 96 sam
ples from healthy females. However, cross-validation indicated 
that this might still be a somewhat overoptimistic picture, and 
hence these results need to be validated in a prospective study. 
At this point, we cannot yet determine the true level of sensi
tivity of the assay. It can be anticipated that only a proportion of 
patients with advanced BC had circulating tumor cells at the 
lime of sample procurement. The blood samples were drawn at 
convenient times when patients visited the outpatient clinic of 
the hospital, and many were in satisfactory remission of their 
BC with endocrine therapy or after chemotherapy. 

We believe that high sensitivity is less important than a 
high degree of specificity for a clinical assay of this kind. 
Should circulating tumor cells prove to be of prognostic or 
predictive value, a positive test may eventually lead to addi
tional or more intensive treatments, which are. unavoidably, 
associated with toxicity. Thus, every effort must be made to 
avoid false positive results, even if this compromises the sensi
tivity of the test. Based on experiences from our own group and 
from others (5. 6). it is unlikely that false positive results can be 
avoided if only a single marker gene is used in a reverse-
transcription-PCR-based lest system. Elevated expression levels 
of genes such as CK19 are found from time to time in the 
peripheral blood cells of healthy volunteers, which may be a 
result of a phenomenon called "illegitimate expression" (24). 
Using more than a single marker gene, as applied in our exper
iments, is a potential way to overcome this problem, assuming 
that there is a little chance of encountering significant illegiti
mate expression of more than one gene at a time. 

Our experiments have focused mainly on samples from 
peripheral blood. Future studies will focus on bone marrow and 
possibly on lymph nodes, both of which could in theory have 
background expression levels of one or more of the evaluated 
genes. The observation that the background problem can be 
significant was shown previously for the expression of carcino-
embryonic antigen, which is absent in peripheral blood but 
present in bone marrow (5). 

A drawback of mRNA-based tests continues to be that it is 
difficult to accurately quantify the number of tumor cells cor
responding to the mRNA levels. This can be done in assays in 
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which cultured breast tumor cells, such as MCF7 cells, are 

added to PBMC pools, but because the marker gene expression 

levels in MCF7 may not correspond to those in BCs occurring 

in patients, such an analysis is relatively unreliable. We have 

attempted to compare the sensitivity of the assay with that of a 

standard immunocytochemical assay on cytospin preparations. 

On the immunocytochemical assay two of the 38 BC samples 

were detected as positive in form of a stained single cell, 

whereas in the RNA-based assay 16 samples were positive. We 

conclude that the real-time PCR-based assay is as sensitive or 

more sensitive than the immunocytochemical one. 

Our findings indicate that the combination of real-lime 

PCR and a panel of suitable marker genes is able to reliably 

detect circulating tumor cells in patients with BC. The panel, 

rather than the single marker gene , decreases the likelihood of 

false positive results in blood from healthy volunteers. It is 

possible or even likely that the panel of marker genes could be 

chosen even more favorably: at least 56 other genes from our 

SAGE remain to be tested. It is hoped that this novel approach 

will eventually result in a standardized assay system that can be 

used in a routine clinical setting. 
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W e investigated the prognostic significance of circulating breast cancer cells in peripheral blood detected by quantitative RT-PCR of 
marker genes in patients with advanced breast cancer. Blood samples from 94 breast cancer patients with metastatic disease (M I ) 
were examined for circulating tumour cells by studying the mRNA expression of CK19, p IB, PS2 and EGP2 by real-time PCR Using a 
score function, developed for predicting circulating tumour cells by quadratic discriminant analysis (QDA). the four expression levels 
were combined into a single discriminant value. Tumour cells were present in 24 out of 94 (31%) of the patients. In 77% (72 out of 
94) of the patients distant metastatic disease was localised in the bone. In 36% (26 out of 72) of the patients with bone metastases at 
the time of blood sampling, a positive Q D A for the four genes was found, in contrast to only 14% (three out of 22) without bone 
involvement. Overall survival rates by Kaplan-Meier revealed no prognostic effect for the presence of bone metastases (P = 0.93). 
However, patients with a positive Q D A value did have a progression-free survival at I year of 3% and overall survival at 2 years of 
17%, against 22 and 36% for patients with a negative Q D A value (P = 0.015 and 0.0053, respectively). Breast cancer patients with 
metastatic disease have a significantly worse progression-free and overall survival when circulating tumour cells can be detected in 
their penpheral blood. 
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Metastases in breast cancer may arise through either lymphatic 
spread or through hematogenous dissemination. While the local 
treatment of breast cancer is quite successful and modern 
treatment can adequately deal with local lymph node metastases, 
a substantial proportion of breast cancer patients ultimately die 
from metastases to distant organs or tissues. Micrometastatic 
disease may be cured by adjuvant systemic therapy and the ability 
to detect it reliably would thus be a significant advance. We have 
recently shown that the tendency for hematogenous spread can 
already be shown in small tumours, using messenger-RNA 
(mRNA) expression profiling (van 't Veer et al, 2002). In addition, 
we and others have developed immunological and RNA-based 
methods to detect circulating tumour cells in blood, bone marrow 
and other nonbreast tissues (Lambrechts et al, 1998). There is 
evidence that the presence of epithelial cells in the bone marrow of 
patients with early breast cancer correlates with prognosis (Braun 
et al, 2000). Antibody-based methods to detect these occult tumour 
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cells have, however, not gained widespread clinical use because of 
significant numbers of false-positive results (Lambrechts et al, 
1998, 1999). 

RNA-based methods have been used to detect the presence of 
mRNA species in RNA isolations from peripheral blood mono
nuclear cells that are characteristic of epithelial cells and that may 
originate from circulating tumour cells. The main problem of 
RNA-based assays continues to be the almost universally present 
background signal (Traweek et al, 1993; Datta et al, 1994; Burchill 
et al, 1995; Krismann et al, 1995; Fields et al, 1996; Moscinski ef al, 
1996; Mapara et al, 1997; Zippelius et al, 1997). We have recently 
developed a method that overcomes these problems by making use 
of two relatively recent developments. First, a truly quantitative 
PCR has become available, which is known as 'real-time PCR' 
(Bieche et al, 1999). Second, we have selected mRNA species using 
SAGE that are not present in peripheral blood RNA isolates or in 
bone marrow cells of healthy volunteers, but that are highly 
expressed in most breast cancers (Bosma et al, 2002). A panel of 
four marker genes (plB, PS2, CK19 and EGP2) was used to detect 
circulating tumour cells in the peripheral blood of breast cancer 
patients; peripheral blood samples of healthy females were used as 
controls. Using a quadratic discriminant analysis (QDA), a score 
function based on the mRNA levels of the four genes was derived 
which, when positive, predicts the presence of circulating tumour 
cells (Bosma et al, 2002). This assay yields positive results in 
roughly 30% of the patients receiving treatment for advanced 
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breast cancer. Here we show that a positive discriminant value is 
more frequent in patients with bone metastases and is furthermore 
associated with a reduced survival. 

MATERIAL AND METHODS 

Patients 

This study is based on the same patient series as reported earlier 
(Bosma et al, 2002). One hundred and three patients with 
advanced breast cancer, who were under treatment at the 
outpatient clinic of the Netherlands Cancer Institute, were asked 
to participate in the study. No other selection criteria were applied. 
Patients receiving hormonal treatment, intravenous administration 
of bisphosphanates or who were undergoing chemotherapy (or any 
combination) were eligible. Blood samples were collected during a 
routine follow-up visit in the Netherlands Cancer Institute/Antoni 
van Leeuwenhoek hospital between 1997 and 1998. A written 
informed consent was obtained from all the patients and the study 
was approved by the institute's protocol review committee. 

Patient characteristics and follow-up information were extracted 
from the clinical charts. These included demographical data, the 
date of diagnosis of breast cancer, performance status, sites of 
metastatic disease, haemoglobin, white blood cell (WBC) count, 
platelets, LDH, CEA and CA15.3. In addition, the presence of either 
progressive or responding disease at the time of blood sampling 
was noted. The dates for first treatment progression and death 
were also extracted from the charts. 

For this study, nine of die 103 patients had to be excluded 
because they were not under further treatment at the NKI and had 
been lost in follow-up, leaving 94 patients for the analysis. 

Statistics 

The QDA score function as defined earlier (Bosma et al, 2002) was 
calculated from the expression levels of the four marker genes plB, 
PS2, CK19 and EGP2. A threshold was set that gave the maximum 
number of correctly classified patients in the breast cancer group 
(sensitivity) at zero misclassified normal controls (specificity was 
set to 100%) (Bosma et al, 2002). 

Survival was calculated from the date of blood sample to the 
date of last follow-up (censored) or date of death from any cause 
(event). Progression-free survival was calculated from the date ol 
blood sampling to the date of last follow-up (censored) or date of 
progression/death from any cause (event). Patients, in whom 
evidence of progression was present at the date of blood sample, 
were assigned a progression-free survival of zero months. 
(Progression-free) survival curves were calculated using the 
method of Kaplan-Meier and compared using the likelihood ratio 
test based on proportional hazard regression analysis. 

Proportional-hazard regression analysis was used to adjust the 
association between QDA and survival or progression-free survival 
for confounding by any other metastastic site (liver, bone, lung or 
other sites) or form of treatment (chemotherapy, hormonal 
therapy or both). 

The median follow-up from the date of blood sampling for all 
the 94 patients included is 15 months (range 0.4 - 53) and for the 
17 patients still alive 45 months (12 - 53). 

Results 

Ninety-four breast cancer patients with metastatic disease were 
studied for the prognostic significance of positive breast cancer 
marker gene expression in their peripheral blood. All the patients 
had metastatic disease, most of them had metastases at several 
locations. Twelve patients did not receive any systemic treatment 
at the time of blood sampling, 36 patients received chemotherapy, 
39 hormonal treatment and seven received both (patient 

characteristics, see Table 1). The circulating breast tumour cell 
assay by real-time PCR quantification for the four marker genes 
plB, PS2, CK19 and EGP2 revealed that 29 out of 94 patients had a 
positive discriminant value for circulating breast tumour cells, as 
reported earlier (Bosma et al, 2002). 

A positive test for circulating tumour cells was (almost 
exclusively) found in patients with bone metastases (Figure 1). 
Twenty-six of the 72 patients (36%) with bone metastases had a 
positive QDA value, versus three of the 22 patients (13.6%) without 
bone metastases (/2 test P = 0.037). A positive QDA value was also 
associated with liver metastases. Thirteen of the 27 patients (48%) 

Table I Clinical characteristics of 94 breast cancer patients with MI 
disease 

Characteristic 

Metastases'' 
Bone metastasis 
Liver metastasis 
Metastases at other sites 

Systemic treatment 
Chemotherapy 
Hormonal treatment 
Chemo- and hormonal therapy 
No treatment 

Progressive disease1 

Age at initial diagnosis (year) 
Age at blood sampling (year) 

Interval initial diagnosis-blood (year) 

No. 

No. 

72 

67 

ir. 
'' 
7 

12 

$1 

48.7 
5-1.1 

5.4 

of patients (r =94) 

% 

77 
29 
71 

38 
42 
7 

13 

33 

(28 - 80) 
(31 - 82) 

(0.03 - 21.6) 

''At the time of blood sampling 

30 

10 -

o -

p=0.037 

" 

• 

1 

o 
o 

o 

o 

° o 
êP° 

-10 
FJM- BM+ 

(/j=22) (n=72) 
Breast cancer patients 

Figure I Twenty-six of the 72 patients with bone metastases (BM+) 
had a positive QDA value against three of the 22 patients without bone 
involvement (BM—) {y} test P = 0.037). We previously defined a cutoff 
value of zero QDA arbitrary units on the QDA score to set the specificity 
to 100% (Bosma et at, 2002). 
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with liver metastases had a positive QDA value, versus 16 of the 67 
patients (24%) without liver metastases (y2 test P = 0.022, data not 
shown). Logistic regression analysis revealed that these associa
tions are independent of each other. The results of the circulating 
breast cancer cell assay were further correlated with each of the 
quantitative data extracted from the patient charts. There was no 
apparent relation with age, the time since primary diagnosis, levels 
of LDH or tumour markers, WBC counts or platelet count or with 
the presence of disease progression at the time of sampling. 

Thirty-three percent of the patients had progressive disease at 
the date of the blood sampling (31 out of 94). After 6 months, 33% 
were still alive without progression, after 12 months 16%, after 2 
years 10% and after 4 years 5%. There is evidence (P = 0.015) that 
progression-free survival is worse for patients with a positive QDA 
value from the four marker genes (Figure 2). The presence of 
circulating tumour cell mRNA in the peripheral blood is clearly 
associated with a worse overall survival (P - 0.0053, Figure 3). The 
median survival of patients with a positive test was 6 months, while 
the median survival of patients with a negative test was 18 months. 
No difference between positive and negative QDA patients was 
found regarding the interval between diagnosis and blood drawing 
(Mest: P=0.71). 

The poor prognosis observed in patients with circulating 
tumour cells is not simply because of the more frequent presence 
of bone metastases: as expected, bone metastases were not a 
particularly negative prognostic feature for breast cancer patients 
with stage IV disease (Figure 4, P = 0.93). 

DISCUSSION 

Many methods have been evaluated to reliably detect circulating 
tumour cells in breast cancer and in other solid malignancies, with 
the purpose to serve as prognostic marker. All are either based on 
the presence of epithelial or tumour-specific antigens in circulating 
cells or are based on the demonstration of RNA-species in 
peripheral blood cells that indicate the presence of epithelial or 
tumour cells. However, assays of both types have been associated 
with false-positive results. 

Recently, the real-time PCR provided a major step forward in 
the power to quantitatively analyse low abundance RNA species 
(Bieche et cil, 1999) and may ensure the specificity that is required 
for a clinically useful test. Using this method, we have recently 
described the identification of four marker genes for the detection 
of occult tumour cells in breast cancer patients and determined 
how the respective expression levels can be combined by QDA to 
allow the avoidance of false-positive results (Bosma et dl, 2002). In 
the peripheral blood of a series of patients with metastatic breast 
cancer who were receiving systemic treatment but were otherwise 
unselected, 30% of the patients revealed a positive QDA. Here we 
show that this positive QDA value is associated with the presence 
of bone metastases and predicts a significantly shortened survival, 
whereas bone metastases do not. 

Our results show that the test has a clear biological correlate and 
may truly represent the presence of circulating breast cancer cells. 
It is tempting to speculate that particularly tumour cells lodging in 
the bone marrow, that are responsible for bone metastases, may 
spill over into the blood and circulate through the body. It could 
also be that our patients with bone metastases and liver metastases 
had a larger total tumour volume than the other patients. It is not 
possible to determine this retrospectively. In fact, a multivariate 
analysis for survival that did take the site of metastasis and form of 
therapy into account, resulted in an increase of the P-value for the 
QDA score for survival to P = 0.094, and was thus not significant 
(data not shown). Our test for circulating tumour cells was, 
however, not designed to predict progression-free survival, but 
rather to establish a biological correlate. 
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Figure 2 Kaplan-Meier curves for progression-free survival in patients 
with or without a positive test for circulating tumour cells (likelihood ratio 
test; P = 0.015). Patients at risk at each time point (years) are indicated for 
'QDA positive' (black) and 'QDA negative' (grey) patients. 
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Figure 3 Kaplan-Meier curves for overall survival of patients with or 
without circulating tumour cells (likelihood ratio test; P = 0.0053). Patients 
at nsk at each time point (years) are indicated for 'QDA positive' (black) 
and 'QDA negative' (grey) patients. 
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Figure 4 Kaplan-Meier curves for overall survival with respect to the 
presence of bone metastases. No prognostic value was found for the 
presence of bone metastases (likelihood ratio test P = 0.93). Patients at risk 
at each time point (years) are indicated for 'bone metastasis' (black) and 'no 
bone metastasis' (grey) patients. 
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We could , however, exclude the possibility that the interval 
between the date of the first metastasis detected and the t ime, at 
which the b lood sample was drawn, influenced the QDA value 
(Figure 5). For 86 pat ients , the t ime of the detection of the first 
metas tas is was available. In the interval of 6 mon ths between the 
da te of the first metastasis and blood sampling, 29% (eight out of 
28) of the pat ients have a positive QDA value, compared with 29% 
(n ine out of 31) in the subsequent interval of one-and-a-half years 
and 3 7 % (10 ou t of 27) in the interval between 2 and 12 years . This 
shows that the positivity for the tour m a r k e r genes is independent 
from the t ime when the b lood sample is d rawn in a metastasized 
pat ient . T h u s , the detect ion of circulat ing t u m o u r cells is no t 
corre la ted with initial t ime or interval after the diagnosis of 
metasta t ic disease. 

At present , it is not clear whether pat ients with a positive 
c i rcula t ing t u m o u r cell test would benefit from different, maybe 
more intensive t rea tment . T h e presence of micrometastat ic disease 
and of c i rcula t ing t u m o u r cells m a y be of much greater impor tance 
in the managemen t of pat ients with early (stages I - III) breast 
cancer . In this s i tuat ion, prognost ic information is essential to 
appropr ia te ly select pat ients for adjuvant therapy, such as 
h o r m o n e t rea tment and /o r chemothe rapy . W e have recently 
shown, us ing expression profiling that even in early, lymph 
node-negat ive t u m o u r s , a g r o u p of pat ients can be identified who 
have a p o o r prognosis (van 't Veer et al, 2002). A reliable 
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Disseminated breast tumour cells in sentinel lymph nodes (SNs) were evaluated by quantitative real-time PCR and the sensitivity of 
this assay was compared to the routine histological analysis. First, several candidate marker genes were tested for their specificity in 
axillary lymph nodes (ALN) of 50 breast cancer patients and 43 women without breast cancer. The marker gene panel selected, 
designed to detect the mRNA of CKI9, pIB, EGP2 and SBEM, was subsequently applied to detect metastases m 70 SNs that were 
free of metastases as determined by standard histological evaluation. Remarkably, seven negative SNs showed increased marker gene 
expression, suggesting the presence of (micro) metastases. Four of these seven SNs positive by real-time PCR proved to contain 
tumour deposits after careful review of the slides or further sectioning of the paraffin-embedded material. In three PCR positive SNs, 
however, no tumour cells were found by haematoxylin and eosm staining (H&E) and immunohistologically analysis. The quantitative 
real-time PCR assay with multiple mRNA markers for the detection of disseminated breast cancer cells in SNs thus resulted in an 
upstaging of SNs containing metastastic disease of 10% compared to the routine histological analysis. The application of this technique 
may be of clinical relevance, as it is suggested that micrometastatic disease in SNs are associated with further nodal non-SN 
metastases in breast cancer. 
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In breast cancer to date, the axillary lymph node (ALN) status 
remains the most valuable individual prognostic factor for disease 
course and recurrence (McGuire, 1987; Foster, 1996). Involvement 
of lymph nodes and the number of lymph nodes harbouring 
metastases at primary diagnosis have an inverse relationship with 
the disease prognosis, meaning that patients with lymph nodes free 
of metastases have a better outcome (Fisher et al, 1983; Carter et al, 
1989; Hellman, 1994; Quiet et al, 1995; Saimura et al, 1999). 
However, 20-30% of node-negative patients will develop a relapse 
in 5-10 years after diagnosis (Kamby et al, 1991; Hellman, 1994). 
In addition, it is known that 20-30% of node-positive patients are 
long-term survivors (Rosen et al, 1989; Joensuu et al, 1998). Based 
on these obvious shortcomings of the lymph node status, new 
procedures and markers are continuously investigated with regard 
to their prognostic value. Recently, it was shown that primary 
tumours themselves already contain a gene expression profile that 
is strongly predictive of metastasis and poor survival (van de 
Vijver et al, 2002; van't Veer et al, 2002), thereby challenging 
treatment choice based on routine prognostic markers in the 
future. However, until gene-expression profiling will increasingly 
be used for clinical decision-making, the nodal status remains a 
main prognostic factor. 

'Correspondence: Dr L] van't Veen E-mail: l.vt.veen@nki.nl 
Received 5 September 2003; revised 17 December 2003; accepted 5 
January 2004; published online 30 March 2004 

Until recently, the standard treatment for patients with operable 
breast cancer included the complete dissection of 10-30 
ALN. More than half of these patients were found to have 
metastases-free lymph nodes and thus had been subjected to 
unnecessary surgical risks and complications (Giuliano et al, 
1997). A less invasive method for the assessment of lymph node 
status is the sentinel lymph node biopsy (SLNB). Thereby, 
the lymphatic route of tumour cells to the lymph node(s) 
that primarily drains the tumour and most likely harbours 
metastatic disease are mapped (Giuliano et al, 1994). The sentinel 
lymph node (SN) is highly predictive of the histo-pathology of the 
remaining lymphatic basin and can accurately predict axillary 
nodal status in at least 98% of cases (Giuliano et al, 1995, 1997). 
Furthermore, the SN biopsy allows a more extensive and focused 
search for metastases in one or two nodes, in contrast to the 
present limited analysis of the multiple lymph nodes trom a 
complete dissection. Multiple step sectioning and immunohisto-
chemistry staining of the SN increases the accuracy ot axillary 
staging in breast cancer patients compared with axillary lymph 
node dissection (ALND) plus routine histo-pathologic examination 
of lymph nodes (Giuliano et al, 1995). In this way additional 
micrometastases are identified, which may relate to prognosis 
(Bourez and Rutgers, 2001; Tjan-Heijnen et al, 2001). The SN 
procedure therewith provides an accurate and feasible alternative 
for complete ALND as a staging tool in breast cancer and can 
prevent lymph node negative women from unnecessary surgery 
(Bourez et al, 2002). 
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In the study presented, a sensitive real-time PCR approach 
is used for tne detection of metastases in SNs. We have examined 
several candidate marker genes, with particular emphasis 
on sensitivity and specificity of these genes in ALN of 
patients with and without metastases. Finally, a marker panel 
of four genes comprising cytokeratin 19 (CK19), trefoil 
factor-3 (plB), epithelial glycoprotein-2 (F.GP-2) and small breast 
epithelial mucin (SBEM) was used to compare the quantitative 
real-time PCR detection method to the routine analysis of SNs, 
including multiple step sectioning and immunohistochemical 
staining. 

MATERIAL AND METHODS 

Axillary and SN specimens from breast cancer patients 

Axillary (n= 50) and SNs (n = 89) of breast cancer patients were 
selected from the tresh-frozen tissue bank of the Netherlands 
Cancer Institute/Antoni van Leeuwenhoek hospital (NKl/AvL). As 
negative controls 43 ALNs were obtained from patients without 
breast cancer undergoing a preventive breast ablation or a lymph 
node biopsy for analysis of lymphoma. The latter group was 
classified to have benign enlarged lymph nodes. The SN procedure 
was introduced in 1996 at the NKI/AvL (Rutgers et al, 1998) and 
since then performed on more than 700 patients. The SN was 
removed after localisation of the node by combination of 
radioactivity measurement by a gamma detection probe (Neo-
probe 100/1500, Neoprobe Corporation, Dublin, UK) exploiting 
the remaining activity after preoperative lymphoscintigraphy, and 
visually by peroperative injection of Patent Blue V (Blue Patente V; 
Laboratoire Guerbet, Aulnay-sous-Bois, France) (Doting et al, 
2000). 

The ALNs obtained at preventive breast ablation and the 
lymph nodes retrieved from analysis of lymphoma were bisected, 
snap frozen in liquid nitrogen and stored at - 80 C. SNs 
were subjected to frozen section evaluation. Sentinel lymph 
nodes up to 0.5 cm were completely embedded in Tissue 
Tek (Sakura Finetek, Zoeterwoude, The Netherlands), larger 
SNs were bisected or lamellated in slices of 0.2 cm and separately 
sectioned. Frozen section cutting was aimed at obtaining a 
complete cross section at a single level and preventing tissue 
loss. Before the frozen section procedure, the microtome was 
carefully cleaned to avoid contamination; all lost tissue 
was collected and stored at —80 C. The amount of lost 
tissue varied, and was estimated at least 20 sections of 
10 //m. Remaining SN tissue was examined after formalin fixation 
and paraffin embedding by haematoxylin and eosin (H&E) 
staining and immunohistochemistry at three levels (150//m 
distance). CAM 5.2 (Becton Dickinson, San Jose, USA) was used 
as antibody. 

RNA isolation and quantitative real-time PCR 

RNA was isolated from 30 tissue sections of 30 /im thickness made 
from each axillary node, and from the lost frozen tissue of the SNs, 
using RNAzol B (Campro Scientific, Amersfoort, The Nether
lands). In total, 1 ;ig total RNA was used for cDNA synthesis 
(20 a\), as described previously (Lambrechts et al, 1999). 

Based on the published genomic sequences of CK19, plB, EGP-
2, PS2, mammaglobin and SBEM, the sequences of the real-time 
quantitative PCR primers (Sigma Genosys, Cambridge, UK) and of 
the 5'-fluorescently FAM labelled probes (Applied Biosystems, 
Nieuwerkerk a/d IJssel, The Netherlands) were selected using the 
Perkin-Elmer Primer Express" software (PE, Foster City, USA) 
(Table 1). All primers were designed to be intron-spanning to 
preclude amplification of genomic DNA. To normalise relative 
levels of expression, commercially available primers and probes 
for the housekeeping genes, glyceraldehyde-3-phosphate dehydro
genase (GAPDH) and //-actin were used (Applied Biosystems). 

Serially diluted cDNA synthesised from RNA isolated and 
pooled from 6 x 10" cells of five breast cancer cell lines (MCF7, 
CAMA, T47D, MPL13, SkBr3 (American Tissue Culture Collection, 
Rockville, USA)), respectively, was used to generate standard 
curves for control and marker gene expression. For all cDNA 
dilutions, the fluorescence was detected from 0 to 50 PCR cycles 
for the control and marker gene in singleplex reactions and 
resulted in the CT-value for each cDNA dilution and each target 
(CT-value (threshold cycle): the PCR cycle at which a significant 
increase in fluorescence is detected, due to the exponential 
accumulation of PCR products, represented in arbitrary units 
(TaqMan Universal PCR Master Mix Protocol, Applied Biosys
tems) (Bieche et al, 1999). The quantities found for the GAPDH 
control and marker gene were used to calculate the relative 
quantity of control and marker gene expression in ALN and SNs. 
The second control gene, /i-actin, was only used for the 
confirmation of GAPDH expression. Each experiment was 
performed in triplicate. The quality control of the PCR reactions 
was assessed by standardised PCR conditions, including in each 
experiment a genomic DNA control and a negative nontemplate 
control. 

Statistics 

The QDA score function, as defined earlier (Bosma et al, 2002), 
was calculated from the expression levels of the six marker genes 
CK19, plB, EGP-2, SBEM, PS2 and mammaglobin tested, in 
different combinations. QDA is a statistical technique to find the 
combination of quadratic and linear functions of variables (e.g. 
marker genes), which leads to an optimal separation between 
groups (e.g. tumour cell positive and negative lymph nodes). It is a 
generalisation of the more familiar Fisher's Linear Discrimination 
Analysis (LDA), which allows only linear functions. QDA performs 

Table I Primer and probe sequences of each breast cancer marker gene for real-time PCR amplification. All sequences are written 5' -»3' 

Marker gene Genbank accession no. Primers Probe (5 FAM-3 TAMRA) 

plB 

pc;-

CKI9 

EGP2 

SBEM 

MaGI 

(L15203) 

(X00-174) 

(NM002276) 

(M32306) 

(AF4I4087) 

(AF0I5224) 

Sense: CTGAGGAGTACGTGGGCCTG 
Antisense: AGTCCACCCTGTCCTTGGC 
Sense: GAGGCCCAGACAGAGACGTG 
Antisense: CCCrGCAGAAGTGTCTAAAATTCA 
Sense: CTACAGCCACTACTACACGAC 
Antisense: CAGAGCCTGTTCCGTCTCAAA 
Sense: CAGTTGGTGCACAAAATACTGTCA 
Antisense: CCATTCATTTCTGCCTTCATCA 
Sense CTCTTGGGGAGI I I ICCATCTTTCTG 
Ant isense CTTCATCATCAGCAGGACCAGTAG 
Sense: TTCTTAACCAAACGGATGAAACTCT 
Antisense. GGTCTTGCAGAAAGTTAAAATAAATCAC 

CTGCAAACCAGTGTGCCGTGCC 

CTGCTGTTTCGACGACACCGTTCG 

CACCATTGAGAACTCCAGGATTGTCCTGC 

TTGCTCAAAGCTGGCTGCCAAATGTT 

CCCAGAATCCGACAACAGCTGCTCC 

TGCTGTCATATATTAATTGCATAAACACCTCAACATTG 

^6 
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belter than LDA if the groups differ not only with respect to the 
means of the variables but also with respect to standard deviations 
and/or correlations. A positive discriminant score of the four 
marker genes selected, CK19, plB, EGP-2 and SBF.M, indicates the 
presence of breast tumour cells, a negative discriminant score 
indicates the absence of tumour cells. The discriminant threshold 
score separating these two groups is zero. 

Sensitivity 

A cDNA pool of three tumour cell positive ALNs was diluted 1:10, 
1:100, 1:1000, 1:10000 and 1 :100 000 in a cDNA pool of three 
control ALNs. For all cDNA dilutions the fluorescence was 
detected from 0 to 50 PCR cycles, for each individual marker 
gene in triplicates. The C,-values obtained were compared to 
serially diluted cDNA synthesised from RNA isolated from 5000 
MCF7 cells. The dilution of MCF7 RNA of 1:10, 1: 100, 1:1000, 
1:10 000 and 1:100 000 corresponds to the total RNA amount 
obtained from 500, 50, 5, 0.5 and 0.05 MCF7 cells, respectively. All 
standard curves for these experiments were generated using the 
cell line mix as described for the marker and control gene real-time 
PCR reactions. 

RESULTS 

Marker gene selection for the detection of metastatic 
breast tumour cells in ALN 

Several potential marker genes were tested to determine genes that 
are highly expressed in 50 ALNs of breast cancer patients with 
pathological verified tumour involvement, but that are at the same 
time expressed at low levels in 43 ALNs of women without 
evidence of breast cancer. Gene expression was quantitated lor the 
four breast cancer marker genes CK19, PS2, EGP-2 and plB, which 
we used earlier for the detection of circulating tumour cells in 
peripheral blood of breast cancer patients (Bosma et al, 2002). 

Table 2 Expression levels (quantities) for each housekeeping gene 
relative to the standard curve and relative quantities for each marker gene 
relative to the standard curve and corrected for the input of cDNA based 
on the GAPDH control in arbitrary units (au) 

Housekeeping 
gene 

GAPDH 

/(-Actin 

Marker gene 

CKI9 

pie 

EGP2 

SBEM 

PS2 

Mammaglobin 

EGFR 

Tissue 

ALNneg 
ALNpos 
ALNneg 
ALNpos 

Tissue 

ALNneg 
ALNpos 
ALNneg 
ALNpos 
ALNneg 
ALNpos 
ALNneg 
ALNpos 
ALNneg 
ALNpos 
ALNneg 
ALNpos 
ALNneg 
ALNj os 

Median quantity 

0.30000 
0.15500 
0.76250 
0.28000 

Median relative quantity 

0.00001 
0.04931 
0.01778 
0.13400 
0.00035 
0.07300 
0.00047 
0.07800 
0.00001 
0.01319 
0.000001 
0.00014 
3.06956 
1.45317 

Range 

0.01800-1.85000 
0.00002-1.90000 
0.09800 275000 
0.00001- 1.35000 

Range 

0.000003-0.000103 
0.00022-8.23529 
0.00009-0.23583 
O.OOOI7-55.5556 
0.00009-0.00270 
0.001 12-0.69109 
0.00011-0.021 12 
0.00073-84.7619 
0.00000-0.00026 
0.00000-10.0457 
0.00000 - 0.00003 
0.00001 -1 16994 
0.80620-10.1852 
0.O546I-58.2897 

Furthermore, the genes mammaglobin, epidermal growth factor 
receptor (EGFR) and SBEM were tested, described in the literature 
as breast cancer marker genes (De Luca et al, 2000; Mitas et al, 
2001; Miksicek et al, 2002; Zehentner et al, 2002). For each gene, 
C] -values for negative control lymph nodes and metastatic breast 
cancer lymph nodes were obtained from triplicate reactions. For all 
ALN samples, the expression level for each of the marker genes 
relative to the breast cancer cell line mix standard curve was 
calculated and corrected for the input of cDNA based on the 
GAPDH control (see Materials and Methods) (Table 2). 

We observed that the median expression levels of EGFR were 
higher in the control ALNs than in the tumour cell positive lymph 
nodes (Table 2). Thus, this gene was not useful for the detection of 
metastatic breast cancer in lymph nodes, whereas the median 
expression levels for CK19, plB, EGP-2, SBEM, PS2 and 
mammaglobin were significantly higher in the ALNs containing 
metastatic breast cancer (Table 2), determined by the Mann-
Whitney test (data not shown). To optimally use the expression 
levels of these latter marker genes to separate lymph nodes with 
and without tumour cell involvement, the quadratic discriminant 
analysis (QDA) was employed (Bosma et al, 2002) (see Material 
and Methods). A combination of four marker genes was shown to 
have the highest specificity in separating tumour cell negative and 
positive lymph nodes (data not shown). In the following step, we 
tested different combinations of sets of four genes to determine the 
marker gene pane! that gave the largest discriminant score between 
negative and tumour cell positive lymph nodes. The marker set 
including CK19, plB, EGP2 and SBEM gave the largest separation 
between breast tumour cell negative and positive ALNs with zero 
misclassified normal control lymph nodes (Figure 1). The median 

ALNpos 
(n=50) 

ALNneg 
(n=43) 

ALNneg = tumour cell free control axillary lymph nodes; ALNpos = axillary lymph 
nodes harbounng breast tumour cells. 

Figure I Discriminant score of expression of the four marker genes 
CK19, p IB, EGP2 and SBEM in ALN of patients with and without breast 
cancer. The median expression levels for the markergene panel within a 
group are indicated by a horizontal line. Closed circles represent breast 
cancer patients, open circles women without breast cancer. The discriminant 
score separating the two groups is indicated by a dashed line. 
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Standard curve - CK19 

Unknowns L~J 

Standards • 

10 A -4 1 0 A - 3 1 0 A - 2 1 0 ' - 1 

Starting quantity 

Standard curve - SBEM 

10*0 

50.00 
- 45.00 
& 40.00-
« 35.00 
>. 30.00 • 
-5 25.00-

Slope -3.101 Ö 2 0 0 0 . 
Y-Inlercepl 14.773 -^ 15 fj0 
Correclalion g 10.00 

5.00 
0.00 

10A1 10A-5 

Standard curve - p1B 

coell 

10A-4 10"-3 10A-2 10A-1 10A0 10A1 
Starting quantity 

Standard curve - EGP2 

Slope: 
Y-Inlercepl 19.266 
Correclalion 
coelf: 0999 

10A-4 10A-3 10A-2 10A-1 
Starting quantity 

B 40 

10A0 1:0*1 10A-4 10A-3 10A-2 10A-1 10A0 10A1 
Starting quantity 

5000 500 50 5 

MCF7 cells/reaction 

0.5 0.05 

Figure 2 (A) Standard curves of CKI9, pIB, EGP2 and SBEM, used for determining the sensitivity of the marker genes (black circles). Grey circles 
represent lymph node samples tested. The threshold cycle (C-r-value) is plotted against the starting quantity of a pool of five breast cancer cells lines. 
(B) Sensitivity of the markerpanel CK 19. p IB. EGP2 and SBEM real-time PCR defined by analysis of serial dilution of a cDNA pool of three tumour cell 
positive ALN in a cDNA pool of three control lymph nodes. Subsequently, CT-values obtained were compared to serially diluted MCF7 cDNA, for each 
marker gene individually. The detection limit of p IB with regard to the background expression of control lymph nodes corresponds to the amount of 50 
MCF7 cells, for SBEM to five MCF7 cells and for CKI9 and EGP2 to 0.5 MCF7 cells. 

I 

for the positive and negative lymph nodes in the discriminant 
score is 4.05 (range: 1.25-467) and -4.51 (range: -6.97 to -2.79), 
respectively (P-value <0.0001). The threshold score discriminat
ing the two groups is zero. A cross validation also showed a 100% 
separation between the tumour cell positive and negative ALNs 
(data not shown). These results indicate that the real-time PCR 
analysis using a marker panel of genes is specific and at least as 
sensitive as the standard histological analysis. 

Sensitivity 

To define the value of the quantitative real-time PCR analysis for 
the detection of metastatic breast cancer cells, we determined the 
sensitivity of the marker panel. Working with a solid tissue such as 

lymph nodes makes it difficult to dilute breast tumour cells 
directly in the tissue like it is usually done for sensitivity assays in 
peripheral blood (Kufer et al, 2002). Instead, we pooled cDNA of 
three tumour cell positive ALNs and serially diluted this cDNA 
corresponding to five log steps in a cDNA pool of three control 
ALNs. A real-time PCR was performed for all cDNA dilutions, for 
each marker gene individually, and the detection limit of the assay 
was defined. To get an indication of how many breast tumour cells 
can be detected using the quantitative PCR approach, we 
compared the CT-values obtained to those of serially diluted 
cDNA synthesise from RNA isolated from 5000 MCF7 cells. The 
dilution of 10 ' up to 10 5 corresponds to 500 to 0.05 MCF7 cells, 
respectively. The standard curves for all experiments were 
generated from a pool of five breast cancer cell lines, which 
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expressed all four marker genes tested at similar high levels 
(Figure 2A). The limit of detection of the cDNA pool of tumour cell 
positive lymph nodes diluted in a pool of negative lymph nodes is 
shown in Figure 2B for every of the four marker genes individually. 
The CT-value of plB reaches a plateau when less than 50 MCF7 
cells are present, indicating that a sensitivity of 50 breast tumour 
cells can be reliably detected by this marker. The detection limit 
for SBEM corresponds to the presence of five MCF7 cells and for 
CK19 and EGP2 to as low as 0.5 MCF7 cells (Figure 2B). 

Marker gene expression in SNs 

To determine whether real-time PCR analysis was also capable of 
detecting metastases in SNs, we analysed 70 SNs without evidence 
of metastatic breast tumour cells following standard histological 
analysis. The median discriminant score for the tumour cell 
negative SNs was, as for the control ALNs, smaller than zero, the 
threshold score that separates the tumour cell negative from the 
tumour cell positive ALN group. Additionally, 19 histologically 
proven positive SNs were analysed using the marker gene panel to 
stage the accuracy of the real-time approach. The median 
discriminant score is lower compared to the tumour cell positive 
ALNs. However, the set of marker genes is still over expressed in 
the positive SNs and the discriminant scores of all 19 SN are above 
the threshold of zero, indicating the presence of metastatic breast 
tumour cells. The marker panel containing CK19, EGP-2, plB and 
SBEM can therefore also be applied for the evaluation of SNs. 

Remarkably, the evaluation of the 70 histologically negative SNs 
on an individual basis showed for seven SNs a positive 
discriminant score of the four mRNA marker genes, indicating 
the presence of metastatic tumour cells (Figure 3). Subsequently, 
the frozen tissue and paraffin sections of these seven SNs, tumour 
cell positive by real-time PCR, were reviewed. The slides of two 
cases revealed tumour deposits at review, which were missed at the 
first evaluation. In one of these SNs, tumour was present in the 
frozen section slide, in the other one in the H&E stained slide of 

10 

0 

- 5 -

-10 

n A 

ALNpos 
(n=50) 

SNpos 
(n=19) 

SNneg 
(n=70) 

ALNneg 
(n=43) 

Figure 3 Discriminant score of expression of the four marker genes 
CK19. p IB. EGP2 and SBEM in ALN of patients with and without breast 
cancer, and in histologically negative and positive SN of breast cancer 
patients. The median expression levels for the markergene panel within a 
group are indicated by a horizontal line. Seven of the 70 histological 
negative SN show a positive discriminant score, indicated by a surrounding 
black triangle. The discriminant score separating the tumour cell positive 
and negative lymph nodes is indicated by a dashed line. 

the first level. In both cases the deposits were cell clusters with a 
diameter smaller than 0.2 cm (micrometastases). No evidence of 
metastases was found in the slides of the standard evaluation of the 
SNs of the other five cases. The remaining paraffin-embedded 
material of these nodes was completely step sectioned at intervals 
of 50//m, stained by H&E and immunohistochemistry and revealed 
micrometastases in one case, whereas the other four nodes 
remained negative. In one of these latter patients with a tumour 
cell negative SN, however, a non-SN removed during the SN 
procedure showed to harbour breast tumour cells verified by 
standard histological analysis. Therefore, the possibility that the 
histologically negative SN also harbours metastatic cells might be 
high, as the positive discriminant score of the marker panel 
obtained by real-time PCR indicates. 

DISCUSSION 

In this study, we have established a highly sensitive and 
quantitative multimarker real-time PCR approach to detect 
disseminated breast cancer cells in ALNs and SNs. Based on 
experiences it is unlikely that false positive results can be avoided 
if only a single marker gene is used in a RT - PCR based test system 
(Lambrechts et al, 1999). Using more than a single marker gene, as 
applied in our experiments, is a potential way to overcome the 
problem of illegitimate expression (Chelly et al, 1989), assuming 
that there is a little chance of encountering significant illegitimate 
mRNA of more than one gene at a time. 

The marker genes tested, CK19, plB, EGP-2, SBEM, PS2 and 
mammaglobin, share the characteristics that they are all expressed 
at high levels in ALNs harbouring metastatic breast tumour cells, 
but only at very low levels in lymph node tissue itself (Table 2). 
However, EGFR, a mRNA marker gene described for circulating 
tumour cell detection in peripheral blood of breast cancer patients 
(De Luca et al, 2000), appeared not to be applicable as a marker 
gene in lymph nodes due to its high background expression in 
control lymph nodes. Applying a discriminant score (QDA) 
showed that the marker set including CK19, plB, EGP2 and SBEM 
gave the most significant separation between tumour cell negative 
and positive ALNs with zero misclassified control lymph nodes 
(P<0.0001). 

The expression level for each of the marker genes was calculated 
relative to the standard curve and corrected for the input of cDNA 
based on the GAPDH control. The standard curves were generated 
from a mix of five breast cancer cell lines to assure that every 
marker gene tested will be expressed at high levels, therewith 
creating reproducible and reliable experiments (Figure 2A). A 
single breast cancer cell line as standard shows variation in gene 
expression levels of individual marker genes, a noticeable feature 
when determining the sensitivity of our marker panel used. The 
expression levels of SBEM and plB in MCF7 cells are distinctly 
lower than those of CK19 and EGP2. This might be the reason for 
the nonlinear kinetics of the PCR reaction in the sensitivity 
experiment (Figure 2B), compared to the linear kinetics in the real
time PCR assays (Figure 2A), and the establishment of the 
amplification plateau below 30 cycles observed for SBEM and plB. 

When applying the set of marker genes to detect (micro) 
metastases in SNs, seven of the 70 histologically breast tumour cell 
free SNs showed a positive discriminant score, predicting the 
presence of metastatic disease. Four of these seven SNs could be 
histologically confirmed by more intensive review of slides or 
further sectioning of the paraffin-embedded material, what shows 
that standard evaluation is false-negative in 4%, whereas in three 
SNs no tumour cells were found by H&E staining and 
immunohistochemical analysis. 

Using a real-time PCR approach we achieve an upstaging of SNs 
containing breast cancer metastases of 10% compared to the 
standard histological analysis. Our findings are in contrast to the 
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recent results publ ished by Schroder et al (2003) who found that in 
SNs i m m u n o s t a i n i n g appears to be more sensitive/specific than 
quan t i t a t ive PCR for breast t u m o u r cell detect ion. The apparent 
d i sc repancy between o u r results and that of Schroder et al a re 
likely d u e to the increased sensitivity achieved by the use of a 
m u l t i m a r k e r panel in combina t ion with the QDA score. 

The follow-up times of the seven pat ients , whose his to
logically negat ive SNs showed a d iscr iminant score predict ing 
the presence of t u m o u r cells using the real- t ime PCR approach , 
are too shor t to give an indicat ion whether the upstaging ol 
SNs reached by quant i ta t ive PCR has a prognost ic 
value. Fu r the rmore , it remains u n k n o w n whether micrometas ta t ic 
disease in pathology-negat ive SNs have clinical significance. 
Ongo ing clinical trials that will address this impor tan t issue 
(Grube and Giuliano, 2001; Ross, 2001). However, recently it 
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It has been debated for decades how cancer cells acquire metastatic 
capability. It is unclear whether metastases are derived from 
distinct subpopulations of tumor cells within the primary site with 
higher metastatic potential, or whether they originate from a 
random fraction of tumor cells. Here we show, by gene expression 
profiling, that human primary breast tumors are strikingly similar 
to the distant metastases of the same patient. Unsupervised 
hierarchical clustering, multidimensional scaling, and permutation 
testing, as well as the comparison of significantly expressed genes 
within a pair, reveal their genetic similarity. Our findings suggest 
that metastatic capability in breast cancer is an inherent feature 
and is not based on clonal selection. 

etastases are ihe main cause of death in breast cancer. 
They arise, after the spread of cells from a primary tumor 

via the blood circulation, as solid tumors in distant organs (1,2). 
The prevailing model of metastasis suggests that metastatic 
capacity is acquired late in tumorigenesis and is a nonrandom 
and highly selective process (3. 4). This genetic selection model, 
based on in vitro culturing of tumor cell lines subsequently 
transplanted into mice, encompasses the escape, survival, and 
proliferation of a cryptic minority of tumor cells from subpopu
lations with increased metastatic capacity in the primary site 
(3-6). Such a model implies that a metastasis arising from a 
selected subclone would be molecularly distinct from its primary 
tumor. The subpopulation concept by Fidler is widely accepted, 
although the metastatic process has also been described as a 
stochastic event, giving primary tumor cells an equal metastatic 
potential (7-9). 

It has been shown that activation of a single gene, which in turn 
affects a process essential for metastasis, can be sufficient for 
inducing metastasis in vitro (10, 11). This would imply that one 
gene, when activated early in its development, can empower the 
metastatic process once a primary tumor with additional genetic 
changes has been established. In human breast cancer, it has 
recently been shown that expression profiles can predict the risk 
of development of distant metastases even for small primary 
tumors (12. 13). These findings suggest that the capacity to 
metastasize might be acquired relatively early in multistep 
tumorigenesis (14). thereby challenging the subpopulation 
concept. If this inherent model is correct, a metastasis might then 
be genetically similar, if not identical, to that of the primary 
tumor from which it originated. To test this hypothesis, we 
compared pairs of human primary breast carcinomas and their 
metastases, developed years later at distant sites, by gene 
expression profiling. 

Materials and Methods 

Breast Tumors and Metastases. Tumor samples from breast cancer 
patients with a surgically removed distant metastasis were 
selected from the fresh-frozen tissue bank of the Netherlands 
Cancer Institute. The tumor and metastatic material was snap-
frozen in liquid nitrogen within 1 h after surgery. Before and 
after cutting sections for RNA isolation, one slide was prepared 
for a hematoxylin and eosin staining to select only samples with 

50% or more tumor cells. Patient histories and tissue sections 
were studied carefully to assure that only patients with distant 
metastases, and not second primary tumors, were included. 
Patients had no previous malignancies. Estrogen-receptor a 
(CR-«) expression was determined by immunohistochemistry; a 
tumor was deemed to be ER-cr negative when <Wr7r of the 
tumor cells showed staining. 

RNA Isolation and Amplification. From the mammary and meta
static tumors. 30 sections of 30-u.m thickness were used for total 
RNA isolation with RNAzol Bee (Campro Scientific, Amers
foort, The Netherlands). Isolated total RNA was subsequently 
DNase-treated by using the Qiagen RNase-free DNase kit and 
RNeasy spin columns (Qiagen, West Sussex, U.K.) and dissolved 
in RNase-free ITO. Four micrograms of total RNA was used to 
generate cDNA by using superscript II and an oligo(dT) primer 
containing a T7 polymerase recognition site. cRNA was gener
ated by in vitro transcription using T7 RNA polymerase (Me-
gascript T7 kit, Ambion, Huntingdon, U.K.). Amplification 
yields were 1.000- to 2,000-fold. 

cRNA Labeling and Hybridization. Two micrograms of cRNA from 
one breast cancer primary tumor or breast cancer metastasis was 
labeled in a reverse transcriptase reaction with Cy3 or Cy5 
(CyDye, Amersham Biosciences) and mixed with the same 
amount of reverse color Cy-labeled cRNA from a reference pool 
that consisted of pooled cRNA of equal amounts from 60 
primary breast tumors. The breast tissue reference was chosen 
to be closely related to the tumors and metastases, so that we 
would be able to identify small expression level changes between 
the primary and metastatic breast tumor group. For each tumor 
and metastasis, two hybridizations were performed by using a 
reversal fluorescent dye. To monitor the consistency of the array 
experiments, "self-self" experiments were performed by using 
the hybridized tumor or metastasis tissue as reference sample. 
Labeled cDNAs were heated to 100°C for 5 min and added to 
preheated hybridization buffer (Slide hyb buffer 1. Ambion) and 
hybridized at 42°C to 18.336 human cDNA microarrays (Central 
Microarray Facility, Netherlands Cancer Institute). Fluorescent 
images of the microarrays were obtained by using the Scanarray 
4000 microarray scanner (Perkin-Elmer). Fluorescent intensi
ties of the images were quantified by using IMAOENE 4.2 (Bio-
discovery. Marina Del Rey. CA) and corrected for background 
noise. 

Microarray Slides. cDNA microarray slides were manufactured at 
the Central Microarray Facility (Netherlands Cancer Institute). 
Sequence-verified clones were obtained from Research Genetics 
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Table 1. Patient characteristics 

Patient 

1 
2 
3 
4 
5 
6 
7 
8 

metastasis* 

Ovary 
Ovary 
Lymph node' 
Ovary 
Lung 
Arm 
Lung 
Ovary 

metastasis, y 

3,9 
2.9 
3.3 
6.3 
3.0 
4.4 
1.6 

15.0 

mm 

15 
15 
30 
10 
24 
23 
70 
13 

LN 

diagnosis 

-
-
+• 
+ 
+ 
-
-
-

ER-a 
status 

+ 
+ 

-
+ 

-
-
-
+ 

Therapy for 

primary 

Chemo 

t 

+ 
+ 

+ 

tumor 

Horm 

+ 

+ 
+ 
+ 
+ 
+ 

Mastectomy 

+ 
+ 
-
+ 

-
-
+ 

+ 
LN, lymph node; Chemo, chemotherapy; Horm, hormonal treatment. 

•Surgically removed. 
'Supraclavicular. 

(Hunlsville. AL) and were spotted by using the Microgrid II 
arrayer (Biorobotie, Cambridge, U.K.) with a complexity of 
19,200 spots per glass slide (GenelD list and information http:// 
microarrays.nki.nl). 

Analysis and Statistics. Fluorescence intensities of scanned images 
were quantified and normalized, and ratios were calculated and 
compared to the intensities of the reference pool (15). Confi
dence levels were assigned to measurements by using the Rosetta 
error model (16). To determine genes that discriminate between 
primary tumors and metastases, we used a supervised classifi
cation method with a nearest prototype classifier and a leave-
one-out cross-validation method (12). 

Gene clustering and tumor clustering were performed by using 
an unsupervised hierarchical clustering algorithm (Pearson cor
relation coefficient) using the GF.NRSIS program (17). Pairwise 
similarity among tumors and metastases was calculated based on 
the Xdef values across all 18,336 genes, a value to decrease the 
uncertainty of array measurements such as low spot intensities by 
significance corrected expression data. 

Mapping by multidimensional scaling was performed in such 
way that the intertumor distances in the lower-dimensional space 
correspond as well as possible to the intertumor distances in the 
original (i.e.. 18.336) space. We used the Pearson correlation 
(1 — ;-) between two tumor profiles as measure of distance 
between tumors. 

The within-pair-between-pair scatter ratio (WPBPSR) mea
sures the ratio of the dissimilarities between matched pairs with 
respect to the dissimilarities between randomly matched tumors. 
To determine the statistical significance of the WPBPSR. a 
permutation test was performed. During each iteration of this 
test, the given tumors and metastases were randomly paired and 
the WPBPSR was computed for this random pairing: this 
procedure was repeated 10,000 times. 

Additional Microarray Information. The description of this microar
ray study followed the Minimum Information About a Microar
ray Experiment (MIAME) guidelines (18). The original data and 
detailed protocols for RNA isolation, amplification, labeling 
and hybridization are available at www.nki.nl/nkidep/pa/ 
microarray. 

Results 
Despite the fact that only a few cancer patients have distant 
metastases surgically removed, we were able to select eight pairs 
of primary breast carcinomas and their matching distant metas
tases. The interval between the surgical removal of the primary 
tumors and metastases varied from 1.6 to 15 years (median 3.6 
years). Two of the patients developed a metastasis to the lung, 

one patient showed metastatic spread to the skin of the arm. one 
patient showed metastatic spread to a distant (supraclavicular) 
lymph node, and four patients showed metastatic spread to the 
(wary (Table I). 

To study the gene expression profiles of matching primary 
breast and metastatic tumors and gain insight into specific 
changes associated with breast cancer progression, we used 
human 18,336 cDNA microarrays. To identify genes that could 
discriminate primary tumors from metastases, we used a super
vised classification method. The top ranked genes that separate 
the two classes best in a nearest prototype classifier (12) were 
determined and used in a cross-validation procedure. At each 
validation iteration in this procedure, a matched pair was left out 
and subsequently classified. No classifier, employing an incre
mental number of genes, could be determined because of low 
performance; in fact, the performance resembled random clas
sification (data not shown). Moreover, because a low number of 
samples with a high number of genes would more easily give a 
classifier by chance provides an additional argument that the 
primary and metastatic breast tumors tested here do not differ 
by a general subset of genes. 

To further scrutinize our hypothesis, we looked for similarity 
between the primary tumors and matching metastases. Unsu
pervised hierarchical clustering grouped the tumors on the basis 
of their similarity measured over all 18,336 cDNAs on the array. 
Six of the eight pairs clustered next to each other (Fig. LA and 
Fig. 3, which is published as supporting information on the PNAS 
web site). In these pairs, the primary tumors had a higher 
similarity to its affiliated metastasis than to other tumors, 
indicating that the gene expression profiles of the primary and 
matching distant metastatic breast tumors are highly similar. 
Two of the primary tumors did not cluster with its distant 
metastasis, but had a higher similarity to each other (Prim3 and 
Prim6, Fig. 1/1). The division of the dendrogram into the two 
main branches is explained by the notion that four tumors and 
matching metastases display the highly dominant ER-<» expres
sion profile and four pairs do not (12, 19, 20). 

Next, a multidimensional scaling analysis was applied. By 
using this tool, the relations measured over all genes on the 
array between all tumors and metastases can be visualized in 
two dimensions. By doing so, the genetic similarities or 
dissimilarities between tumors and metastases are depicted as 
distance. The gene expression profiles of tumor and metastasis 
of patient 5 are the most similar, as shown by the shortest 
distance (Fig. IB). A two-way pairing of the primary and 
metastatic tumor from the same patient was established in five 
cases (Fig. \B. thick red line). This means that the gene 
expression profiles of these five tumor and metastasis pairs are 
so similar, measured over all genes, that they only match each 
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Fig. 1. (A) Unsupervised hierarchical clustering of 16 matching primary breast and metastatic tumors f r o m eight patients, measured over 18,336 genes. The 
dendrogram has t w o large branches; the orange bar represents ER-u-negative tumors, the green bar represents ER-o-positive tumors. A l ignment of six match ing 
pairs was established, g roup ing of t w o pairs in one subbranch. META, metastasis; PRIM, pr imary tumor . (S) Two-dimensional representation of a mu l t id imen
sional scaling analysis of e ight matching primary and metastatic tumors using 18,336 genes, x and y axes; distance in arbitrary units. A thick red l ine indicates 
two-way-pa i r ing, and a th in red line indicates one-way pair ing. Wp (n = 1-8), pat ient number pr imary tumor ; nm (n - 1-8), pat ient number distant metastasis. 

other in the matrix. As observed in the hierarchical clustering 
analysis, the tumor samples of patients 3 and 6 form a subgroup 
in the multidimensional scaling and have a lower similarity to 
their matching metastases than to each other (Fig. Hi, 3p-3m, 
thin red line). However, in this subgroup, metastasis 3m does 
form a one-way pairing with primary tumor 3p, and metastasis 
6m forms a one-way pairing with tumor 6p. The primary and 
metastatic tumor of patient 1 did not establish a pair, and three 
additional one-way pairings were formed. 

To ascertain whether the similarity we observed between 
primary and metastatic tumors was not a result of chance, a 
computational analysis was performed to establish a WPBPSR 
(see Materials and Methods). Subsequently, we determined the 
statistical significance of this WPBPSR for the eight given pairs 
by a permutation test. During each iteration of this test, repeated 
10,000 times, we randomized the labels of the 16 primary tumors 
and metastases, and the WPBPSR was computed for each 
random pairing. The similarity between matching primary and 
metastatic tumor pairs was shown to be significantly higher than 
the similarity between random pairs (WPBPSR of 0.67 versus 
1.0 ± 0.05; P < 0.0001) (Fig. 2). This finding demonstrates that 
the similarity within the pairs of primary and metastatic tumors 
was not due to chance, but rather that the expression profiles of 
primary breast carcinomas are similar to their corresponding 
metastatic lesions. 

To further confirm the genetic similarity within a pair, we 
selected genes that were significantly expressed in primary and 
metastatic tumor pairs as computed by the Rosetta error model 
{P < 0.01 in at least two experiments) (12, 16). Of the 18,336 

Fig. 2. Permutat ion test of the wi th in-pai r -between-pai r -scat ter rat io 
(WPBPSR). Blue, nul l hypothesisdis t r ibut ion. Distr ibut ion after randomizat ion 
of the labels of the pr imary and metastatic tumors, repeated 10.000 t imes 
(WPBPSR = 1 - 0.05). The red l ine represents the WPBPSR of the e ight 
matching pr imary and metastatic t umor pairs (WPBPSR = 0.67; P < 0.001). 
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genes on the array. 17.748-18,271 genes did not show a differ
ence in expression level between the matching pairs. On average. 
>92% of these genes were coregulated between primary and 
matching metastatic tumors as compared to the reference (data 
not shown). Only 2-44 significantly expressed genes within each 
of the matching primary breast and metastatic tumor pairs were 
antiregulated. None of these genes were antiregulaled in all eight 
tested primary and metastatic tumor pairs (data not shown), 
indicating that these genes arc not involved in a common 
pathway for metastasis in these tumors. 

Discussion 

The data presented here show that gene expression profiles of 
primary breast tumors are maintained in their distant metasta
ses, even if metastases develop after a long interval. For example, 
the profile of the metastasis in the ovary of patient 8 is virtually 
indistinguishable from that of the primary breast tumor, which 
was surgically treated 15 years before. Furthermore, the micro-
environment of a distant metastasis, embedded in a different 
organ, apparently does not influence the overall gene expression 
profile to such an extent that we can distinguish a distant 
metastasis from its matching primary tumor. Only primary 
tumor 3, of the eight pairs tested, showed a higher similarity to 
primary tumor 6 than to its own metastasis. However, this could 
be caused by a relatively low percentage of tumor cells in the 
snap-frozen tissues of these primary tumors (both 50%). com
pared with their metastases (80% and 909r, respectively). Genes 
expressed in the 50'? nontumor cells may influence the gene 
expression profiles of these two primary tumors (21). resulting in 
similarity. 

The maintenance of the overall gene expression is exemplified 
by our inability to establish a pattern in genetic expression 
changes between the primary tumors and metastases. This 
stands in contrast to the prevalent model, which predicts that the 
acquisition of metastatic potential is determined in subpopula-
tions of the primary tumor and is a rare event in cancer 
progression (3-6). Our findings support the notion that the 
genetic changes in primary tumors that favor metastasis occur 
early in tumor progression (13. 14), and are consistent with our 
recent report that disease outcome of breast cancer patients can 
be predicted by a "good" or "•poor" prognosis signature of the 
primary tumor (12. 13). 

So far. basic knowledge on the acquired metastatic phenotype 
is largely based on "single gene" overexpressing cell lines 
injected into mice (10. 22. 23). Recently, however, it has been 
shown that a human breast cancer-derived cell line with estab
lished metastatic capacity docs possess our previously described 
"poor prognosis signature" (12). and also that subpopulations of 
cells display a profile predicting the site of metastasis (24). The 
reported bone-specific capacity is correlated with overexpres-
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sion of a set of genes. Apparently, metastatic outgrowth requires 
additional subtle genetic alterations. The human tumors and 
metastases in our study, however, do not display a metastasis-site 
specific pattern, svhich may relate to the variety of metastasis 
locations (25). 

The overall gene expression approach described here cannot 
exclude that there are single cells, or even subpopulations. with 
distinctive expression profiles in a primary tumor. These differ
ences may confer metastatic potential, which in turn gives 
advantage in escaping the primary tumor and undergoing the full 
multistep metastatic process (3, 4, 6). However, one would then 
expect to be able to detect differences in the gene expression 
profile of a metastasis exclusively grown out of advantageous 
cells with metastatic capacities when compared to the overall 
bulk expression of its matching primary tumor. Clearly, there was 
no such distinction in our matching pairs, showing that the 
metastatic outgrowth at distant sites did not result in major 
changes in the gene expression of the tumor. 

The small number of differentially expressed genes within the 
matching primary tumor and metastasis pairs we observed did 
not reveal a metastasis-specific gene set. It cannot be ruled oul 
that this is due to the small number of samples, although close 
analysis of these antiregulated genes revealed mostly tissue-
specific genes from the site of metastasis (data not shown). If the 
differentially expressed genes would be responsible for metas
tasis development, then a different set of genes is involved in the 
metastatic spread in all eight cases. 

Our results should be distinguished from the recent report that 
primary and metastatic adenocarcinomas can be discriminated 
by a gene expression signature associated with metastasis (26). 
This signature was established by comparing different tumor 
types and unmatched primary and metastatic tumors, which 
might be the reason for the identification of a tissue-independent 
classifier. Furthermore, the reported similarity by hierarchical 
clustering of two primary breast tumors and their paired local 
lymph node metastases by Pcrou el al. (20) is in line with our 
results, but distinctive, because distant metastases were not 
studied. 

Recently, predictive expression profiles of primary breast 
tumors for (neo-) adjuvant systemic treatment have been estab
lished, identifying cancer patients whose tumors are sensitive to 
a specific drug (20, 27). Our finding of a genetic similarity 
between a primary breast tumor and its distant metastasis 
suggests that therapy recommendations based on the expression 
profile of the primary tumor are a rational approach toward 
preventing the outgrowth of micrometastases. 
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ABSTRACT 

Recently, we showed by gene-expression profiling that the molecular program estab
lished in a human primary breast carcinoma is highly preserved in its distant metastases. 
According to the predominant model of metastasis, the capacity of a primary tumor to 
metastasize is acquired only rarely and late in tumorigenesis. Our findings challenge this 
common theory and imply that the metastatic nature of 'poor prognosis profile' breast 
carcinomas is an inherent feature, and not reserved to advantageous subpopulations. 

Metastases—the spread of cells Irom the primary breast carcinoma to distant organs— 
are the main cause of death for breast cancer patients. The question of how metastases arise 
from the primary tumor is not only of importance for the understanding of the molecular 
mechanisms of cancer progression but will also have implications for the clinical management 
of the disease. 1 he long-standing concept about the development of metastases is that a 
few rare cells within a primary tumor acquire mutations over time which provide some 
type of proliferative advantage.' The advantageous genetic alterations enable these cells to 
escape the primary tumor mass and form new solid tumors at distant sites (Fig. 1 A).1 This 
genetic selection model is based on in vitro culturing of tumor cell lines subsequently 
transplanted into mice. Others however have shown that metastases develop through 
stochastic events Irom the average tumor cell that enters the blood circulation.5,6 

More recent studies performed on human tumor material challenge the genetic selec
tion metastasis model and suggest that the acquisition of the metastatic phenocype may 
actually happen relatively early during tumorigenesis (Fig. 1 B). "'' Bernards and Weinberg 
even suggested that some of the genetic alterations acquired by tumor cells early in their 
development are the ones that later enable metastasis.10 This hypothesis was mainly based 
on the finding that expression profiles, obtained by microarray analysis, could predict the 
risk of disease outcome of breast cancer patients. ' , h A 'poor prognosis signature' is strongly 
predictive for the development of distant metastases, in contrast to the 'good prognosis 
signature'. A study by Ramaswamy et al. showed that several types of primary adenocarci
nomas harbor a gene-expression signature associated with metastases, supporting the 
notion that not just a few rare cells in a tumor acquire metastatic ability, but that indeed 
all cells are able to metastasize.9 Different observations support the assumption of the 
relatively early acquirement of metastatic features during tumorigenesis. Micromctastases 
have been frequently observed in patients with small, low stage tumors and metastases 
with unknown primary tumors are also a common clinical diagnostic phenomenon.""'• ' 

Interestingly, our comparison of pairs of human primary breast carcinomas and their 
metastases developed years later at distant sites by gene expression profiling revealed and 
thereby further substantiated their genetic similarity.1'' On average, more than 92% of the 
significantly expressed genes are co-regulated between primary and matching metastatic 
tumors. Hence, also significant biological characteristics are likely to remain similar 
between a tumor and its distant outgrowth. Until now, basic knowledge on the acquired 
metastatic potential was largely based on 'single gene' overexpressing cell lines injected into 
m i c e . ' v ' Our study challenges the concept that the acquisition of a metastatic phenotypc 
and the translocation of a tumor cell to a distant site in the body includes major changes 
in the gene expression of a tumor. In fact, the changes in expression of a metastatic colony 
are much more subtle than expected. Furthermore, we did not observe metastasis-specific 
gene sets for the primary tumors as compared to the metastases, groupwise nor within 
pairs.''1 It cannot be ruled out that this is due to the small sample size. If the average 8% 
of differentially expressed genes observed within pairs would be responsible for metastasis 
development, as assumed in the 'single gene' overexpressing type of metastasis experiments, 
then in all eight primary tumors investigated a different set of genes is involved in the 
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Figure 1. Models of metastasis development. (A) The predominant model < 
metastasis suggests that metastases derive from rare advantageous subpO| 
ulations of tumor cells in the primary tumor which acquired their metastati 
capacity late in tumorigenesis ' (B) The metastatic potential is an inherei 
feature of 'poor prognosis signature' breast tumors (gray], acquired reli 
lively early during tumorigenesis. •• 

metastatic spread. However, close analysis of these anti-regulated 
genes between primary and metastatic tumors showed us mostly 
tissue specific genes from the site of metastasis (data not shown). 

A frequent question our Study provoked was whether the similarity 
we detected between primary tumors and distant metastases was 
based on patient-specific genes only. To disprove this assumption we 
tested breast cancer patients who developed a second primary tumor 
in the ovaries (confirmed by hisropathology and loss-of-hetcro/.ygosity 
analysis). The hierarchical cluster analysis revealed that primary 
breast tumors obtained from different patients are more similar to 
each other than to their second primary tumor (data not shown). 
Furthermore. Alon et al. compared paired normal colon and colon 
carcinoma tissue obtained from the same patient by gene expression 
profiling. They showed in a very elegant paper that clustering 
distinguished tumor and normal samples from the same patient even 
when the genes used for clustering were chooser) to have only small 
average difference between tumor and normal samples. These findings 
combined with the fact that no classifier could discriminate the 
primary from the metastatic tumors underscores that the observed 
similarity in gene expression herween primary breast tumors and 
their distant metastases is rather remarkable. 
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Abstract 

Microarray analysis has been shown to improve risk 

stratification of breast cancer. Breast tumors analyzed 

by hierarchical clustering of expression patterns of 

'intrinsic' genes have been reported to subdivide into 

five molecular subtypes, which are associated \> ith 

distinct patient outcomes. Using a supervised method, 

a 70-gene expression profile has been identified that 

predicts the later appearance or absence of clinical 

metastasis in young breast cancer patients. Here we 

show that distant metastases display both the same 

molecular breast cancer subtype as well as the 70-

gene prognosis signature as their primary tumors. 

Our results suggest that the capacity to metastasize is 

an inherent feature of breast cancer. Furthermore, 

our data imply that the molecular subtypes and the 

70-gene prognosis groups represent distinct disease 

entities that seem to be sustained throughout the 

metastatic process. 

Introduction 

DNA microarray technology, which allows the 

analysis of the expression levels of thousand of genes in a 

single experiment, offers great potential to improve our 

knowledge of tumor molecular biology, but also for the 

discovery of new molecular markers. Over the past years, 

microarray analysis has been extensively used to improve 

the diagnosis and risk-stratification of many cancers (I-

6). Two major studies have described the use of this 

technology to assess the molecular classification of 

human breast cancer and have defined new subgroups 

based on expression that are relevant to patient 

management. Using hierarchical clustering. Perou et at. 

showed that breast tumors can be classified into specific 

subtypes based solely on differences in gene expression 

patterns, named the molecular portraits of breast tumors 

(3). Three estrogen receptor (KR)-negative subtypes of 

breast carcinomas were identified ('basal-like', 'HER2+', 

and "normal breast-like"), and later at least two ER-

positive tumor subtypes ('luminal A' and 'luminal B') 

were defined (4). Importantly. Ihe breast cancer subtypes 

also represent clinically distinct subgroups of patients, as 

they show differences in metastasis-free and overall 

survival (4). Sorlie el at. identified the "luminal A' 

subgroup of ER-positive tumors to be associated with the 

best outcome, whereas the "basal-like' and Ihe "I1ER2+' 

tumors have the worst outcome (4). The identification of 

the distinct subtypes was based upon the hierarchical 

clustering of an "intrinsic' gene set. which comprises 

genes that show little variance within repeated samplings 

of the same tumor, but which show high variance across 

differeni tumors (3). Recently, a new "intrinsic' gene sel 

of 1300 genes (i.e. the intrinsic/UNC" gene set) was 

identified using a larger set of breast tumors and genes 

than in the original report, and was validated on a test set 

of tumors from independent microarray studies (7). The. 

breast tumor subtypes based on the new 'Intrinsic/UNC' 

gene set were nearly identical to those previously 

identified and shown to be reproducible across 

independent data sets, across different microarray 

platforms, also with respect to clinical outcome (7). 

In complementary studies, van 't Veer el at used a 

supervised classification method to identify a gene 

expression signature in young breast cancer patients with 

lymph node-negative tumors that is associated with 

patient outcomes and prognosis (6). Using this signature, 

consisting of 70 genes, primary breast tumors can be 

classified as having either a 'poor prognosis' signature. 

which means they arc likely to metastasize, or a good 
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prognosis' signature, meaning that the development of 

metastases is unlikely. This 70-gene signature was 

subsequently confirmed in a consecutive series of 295 

patients with both lymph node-positive and lymph node-

negative disease (8). 

The finding that the metastasis risk of a breast cancer 

patient can be predicted by the overall gene-expression 

profile of its primary tumor challenged the widely 

accepted idea that metastatic potential is acquired 

relatively late during multistep tumorigenesis (9). The 

concept that the ability to metastasize to distant sites is an 

early and inherent genetic property of breast cancer 

seemed to be supported by our previous finding that the 

molecular program established in a human primary breast 

carcinoma is highly preserved in its distant metastasis 

(10). Here we test in a larger patient group whether the 

molecular subtypes of breast cancer as well as the 70-

gene prognosis profiles are also maintained throughout 

the metastatic process. 

Material and Methods 

Detailed information on RNA isolation, 

amplification. labeling. hybridization. scanning, 

microarray analysis and patient information has been 

described previously (6, 7. 9. 10). The microarray data 

presented here have been deposited into the GEO under 

the series number GSE2741, with the 23 samples not 

described in Hu et al. (7) being GSM52910 to 

GSM52932. 

In brief, seven pairs of matching primary breast 

tumors and distant metastases of the Netherlands Cancer 

Institute (NKI) described previously (10) (pair 1. 3 - 8) 

were hybridized and analyzed for their 70-gene 

expression profile (6). and 5 pairs (pair 3. 5 - 8) analyzed 

by hierarchical clustering for their molecular breast 

cancer subtype. The hierarchical clustering analysis was 

done using the "Intrinsic'UNC' gene list comprising 1410 

microarray elements (representing 1300 genes) (7) using 

156 arrays (Agilent Human 1A Oligo Microarray (V2)) 

representing 107 patients. The molecular subtypes of the 

samples were determined by the dendrogram that was 

associated with characteristic gene expression patterns. In 

addition, a different set of 5 pairs of primary breast 

tumors and lymph node metastases. 1 pair of primary 

breast tumor and a brain metastasis, as well as multiple 

distant metastasis samples of 5 autopsy patients from the 

University of North Carolina (UNC) at Chapel Hill were 

analyzed for their molecular breast cancer subtype. 

These studies were approved by the Medical Ethical 

Committee of the NKI and the IRB of UNC. 

Results 

Hard-wiring of molecular signatures throughout 

the metastatic process 

To test whether the molecular subtype of a primary 

breast minor is preserved in its metastasis, five of the 

seven pairs of primary tumors and matching metastases 

described in Weigelt el al. (10) were re-tested and 

analyzed using hierarchical clustering and 107 additional 

breast minors using a new breast 'intrinsic gene list' (7). 

All primary breast tumors paired with their matching 

metastases, even when added to a large data set of breast 

tumors from 107 patients (Fig. I. red codes). Two 

matching pairs were classified into the 'HER2-' group, 

one pair into the "basal-like' group and one pair was 'ER-

negative unclassified' and clustered near the 'basal-like' 

and the 'HER2+' group. These ER-negative breast cancer 

subtypes are associated with the shortest relapse-free and 

overall-survival times (4. 7). Pair 8 was classified into the 

luminal group of breast cancer subtypes. The finding that 

the individual portraits of tumors are maintained in their 

metastases was further confirmed by the paired clustering 

of an independent set of five pairs of primary tumors and 

simultaneous lymph node metastases (Fig. 1. light blue 

codes) and one primary and metastatic brain tumor pair 

(Fig. 1. red code) of the University of North Carolina 

(UNO at Chapel Hill. In a few additional cases from 

autopsy patients, we were able to sample and compare 

multiple metastasis sites from the same individual. The 

primary tumor and metastases of the spinal cord, liver, 

adrenal gland, lymph node and lung of autopsy patient 

Al were analyzed for their molecular subtype, of autopsy 

patient A7. metastases of the liver, kidney. lung, lymph 

node, diaphragm and brain were tested. Remarkably, all 

metastasis samples obtained from one breast cancer 

patient cluster together and show the same molecular 

breast cancer subtype (Fig. 1. pink codes). 

In the next step, the maintenance of the 70-gene 

prognostic signature throughout the metastatic process 

was tested for seven pairs of primary tumor and matching 

metastases (6. 10). Five primary breast carcinomas had a 
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HER2* 

Figure 1 Determination of the molecular intrinsic subtypes of primary tumors and their metastatic counterparts A hierarchical clustering analysis 
was performed using a 1300 gene intrinsic gene list (7) Genes were arranged in horizontal and samples in vertical Sample names in red 
represent 6 primary tumor-distant metastasis pairs, those in light blue represent primary tumor-lymph node metastasis pairs, and those in pink 
represent local and distant metastasis samples from autopsy patients (which for patient A1 includes the primary) 

'' pfQ0RMSl "~~i"- I ;• • • ' 

Figure 2 Expression data matrix of 70 prognostic marker genes from 78 pnmary breast tumors plus seven pairs of matching pairs of primary 
tumors and distant metastases (6. 10) Each row represents a tumor and each column a gene Genes are ordered according to their correlation 
coefficient with the two prognostic groups, tumors are ordered by the correlation to the average profile of the good prognosis group (right panel) 
Above the yellow line patients have a good prognosis signature, below the line a poor prognosis signature 
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70-gene signature associated with "poor prognosis*, as 

did their distant metastases (Fig. 2). Interestingly, pair 8 

that was classified into the good prognosis 'luminal' 

group of breast tumors also has a 'good prognosis' 70-

gene signature in both its primary and recurrence that was 

separated in time by 15 years. Only the primary tumor of 

pair 4 has a different 70-gcnc signature than its 

metastasis. 

Discussion 

Gene expression profiling confirms that breast 

cancer is a very heterogeneous disease, both biologically 

and clinically (3. 4. 6. 7. 12. 13). Nevertheless, the 

genome-wide expression analysis of breast cancers has 

made it possible to identify signature patterns in primary 

breast carcinomas thai are associated with patient 

outcomes and prognoses. Our data show that distant 

metastases mirror the specific prognostic profiles, the 

molecular breast cancer subtypes and 70-gene prognostic 

signatures, of their primary breast tumors. The fact that 

the likelihood of similarity between the expression 

profiles of primary tumors and metastases from the same 

individual rapidly decreases as the size of the gene set 

across which this comparison is performed, also 

decreases, underlines our findings. Remarkably, multiple 

metastases from one patient all display the same 

molecular breast cancer subtype independent of the organ 

in which they developed and still maintain the unique 

molecular identify of the primary that they arose from. 

Our findings support the hypothesis thai the molecular 

subtypes might originate from different cell types within 

the breast and therefore reflect different biological 

entities (14). which are maintained throughout the multi-

step metastatic process. 

Almost all pairs arc cither of the poor prognosis 

molecular subtype 'HF.R2+' or "basal-like" or have a 

'poor prognosis' signature of 70 genes, which is what 

might be expected since all tumors metastasized. Primary 

tumor 8 and its distant metastasis sample in the ovary, 

however, had a 'good prognosis' signature of 70 genes 

and a 'luminal' breast cancer subtype, both of which are 

associated with a low metastasis risk. Of note, the 

metastasis of this primary tumor developed 15 years after 

primary diagnosis, compared to a mean of 4.5 years 

(range 1.6 6.3) in the other six patients. Only one 

primary breast carcinoma did not maintain the 70-gene 

signature in its distant metastasis (pair 4). though these 

two samples were relatively close as observed by their 

pcarson correlation coefficient. This pair was due to 

limited amounts of RNA not tested for its breast cancer 

subtype. For the samples analyzed from UNC. all 

primary tumors and their associated metastases were 

collected at the same lime. 

The analysis of the 70-gene signature revealed that 

in 6/7 pairs the metastasis has a higher correlation with 

the 'poor prognosis' signature than its primary tumor (see 

Fig. 2). Genes correlated with Ihe 'good prognosis' 

signature of 70 genes remain virtually unchanged 

between primary and metastatic tumors within a patient. 

A small number of' genes correlated with the 'poor 

prognosis' signature is. however, up-regulated in the 

metastases compared with their matching primary breast 

carcinomas (data not shown), which leads to the 'poorer' 

70-gene signature of the metastases. The genes up-

regulated in the metastatic tumors are amongst others 

involved in DNA replication (RFC'4. ORC6L) and signal 

transduction (IGFBP5. PRC1) (data not shown). 

Interestingly, only MMP9. which plays an important role 

in the proleolysis of the extracellular matrix (15). is 

down-regulated in five of the six metastases showing a 

'poorer' profile than their primary tumors (data not 

shown). 

Our results presented here emphasize that the 

metastatic nature of poor prognosis breast carcinomas, 

which are depicted by the 'poor prognosis' 70-gene 

profile or the 'luminal B'. 'I1ER2+'. or 'basal-like' 

molecular subtype, is an inherent feature of breast 

cancers that remains stable with time, and across distinct 

tumor outgrowth locations within the same individual. 

Since both the molecular breast cancer subtype and 

prognostic expression profile of a primary breast tumor 

are maintained throughout the metastatic process, future 

treatment decisions based on the expression profile of a 

primary tumor is a rational approach towards preventing 

the outgrowth of metastases. 
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The axillary lymph node status is the most powerful prognostic factor for breast cancer patients to date. The 

molecular mechanisms that control lymph node metastasis, however, remain poorly understood. To define 

patterns of genes or gene regulatory pathways that drive breast cancer lymph node metastasis, we compared the 

gene expression profiles of 15 primary breast carcinomas and their matching lymph node metastases using 

microarrays. In general, primary breast carcinomas and lymph node metastases do not differ at the transcriptional 

level by a common subset of genes. No classifier or single gene discriminating the group of primary tumours from 

those of the lymph node metastases could be identified. Also, in a series of 295 tumours no classifier predicting 

lymph node metastasis could be developed. 

However, subtle differences in the expression of genes involved in extracellular-matrix organization and growth 

factor signalling are detected in individual pairs of matching primary and metastatic tumours. Surprisingly, 

however, different sets of these genes are either up- or down-regulated in lymph node metastases. Our data 

suggest that breast carcinomas do not use a shared gene set to accomplish lymph node metastasis. 

Keywords: breast cancer, lymph node metastasis, expression profiling, prognosis marker, CXCR4, VEGF 

Distant metastases are the main cause of death for 
breast cancer patients. To successfully establish a 

metastatic colony, primary tumour cells have to 
invade their surrounding host tissue and enter the 

blood stream. Subsequently, the neoplastic cells 

must survive in the blood circulation, arrest in 

capillary beds of distant organs, and extravasate 

into the parenchyma. Finally, tumour cells need to 
proliferate and establish vascularization (Fidler. 

1978; Chambers et til. 2002). The biology of this 
multistep metastatic process has mainly been 
studied for tumour cells that disseminate via the 

haematogenous route. In breast cancer, however, 

the axillary lymph nodes are often the first sites to 
harbour metastases (Stacker et cil. 2002). 

"Correspondence: Dr. LJ van 'I Veer E-mail I v! veer@nki.nl 

•-'- A wholly owned subsidiary of Merck & Co., Inc 

These regional metastases are not life threatening 
per se, yet their presence or absence is the most 

powerful prognostic factor for disease course that is 

currently available for breast cancer patients 

(Foster. 1996: McGuire. 1987). Approximately one 

third of women with breast cancer and tumour-

negative lymph nodes develop distant metastases, 
whereas about one-third of patients with positive 

lymph nodes remain free of distant metastases ten 
years after local therapy (Hellman, 1994: Rosen et 

cil. 1989). Given this lack of correlation between the 
lymph node status and tumour recurrence at distant 

organs, it remains unclear whether metastasis to 
distant sites proceeds sequentially from lymph node 
metastasis or in parallel by a haematogenous route 

(Chambers et al, 2002). Moreover, it is still under 
debate to what extent lymph node metastasis 

depends on lymph vessel growth or on invasion of 
existing lymph vessels (Nathanson. 2003: Padera et 
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al. 2002; Williams el al. 2003). The identification 
of molecules promoting lymphangiogenesis and 

lymphatic metastasis in mouse models, such as the 
vascular endothelial growth factor family members 
C and D, suggests that lymph vessel neogenesis is 

an essential step in the process of lymph node 
metastasis (Karpanen el al 2001; Mandriota el at, 

2001: Skobe el al. 2001; Stacker el al. 2001). The 
invasion into the lymph nodes has also been 

suggested to be activated by chemokines. including 

CXCL12 that acts on its receptor CXCR4 (Muller 

et al, 2001). Furthermore, lymph node metastasis 

has been proposed to be a passive, mechanical 

process, based on the fluid pressure within a 

tumour, washing cells into draining lymphatics 

(Hartveit. 1990). However, once passively 

transported cells have reached the lymph nodes, 
they have to be able to proliferate in this new 

environment in order to form a metastasis. 

Thus, there is need for a better understanding 

of the molecular basis of breast cancer initiation 

and metastasis to improve prognosis prediction and 

develop targeted, molecular-based therapies. In the 

present study, we compared the gene expression 

profiles of primary mmours and their matching 

lymph node metastases obtained from the same 

patient. Our aim was to define patterns of genes or 
gene regulatory pathways that drive the metastatic 

dissemination of primary breast cancer cells to the 

lymph nodes. 

MATERIAL AND METHODS 

Tissue samples 

15 breast cancer patients with lymph node 

metastases at diagnosis. 4 patients with two 

primary breast carcinomas and a metastasis, and 
additional primary tumour samples (n=31) for real

time PCR analysis were selected from the fresh-
frozen tissue bank of the Netherlands Cancer 

Institute. The rumour and metastatic material was 
snap-frozen in liquid nitrogen within 1 h after 
surgery. Before and after cutting sections for RNA 

isolation, one slide was stained with haematoxylin 

and eosin to select only samples of 60% or more 
rumour cells in primary tumours and of 70% or 
more in lymph node metastases. Patients had no 

prior malignancies. A tumour was ER-ct negative 

when less than 10% of the cells showed staining by 
immunohistochemistry. 

For real-time PCR analysis, fresh-frozen 
material from normal lymph nodes (n=10) and 

normal skin (n=10) were obtained from patients 
without breast cancer undergoing a preventive 

breast ablation, normal breast tissue (n=10) from 
healthy women undergoing breast reduction. 

Additionally, total RNA of normal bone marrow, 

normal liver and normal lung was obtained from 

BD Biosciences (Palo Alto, USA). 

This study was approved by the Medical Ethical 

Committee of the Netherlands Cancer Institute. 

Patient Age at Primary Number ER-a WHO type 
number diagnosis tumour positive status carcinoma 

(y) diameter LN 
(mm) 

1 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

14 

15 

16 

17 

77.4 

40.5 

70.4 

66.3 

49.0 

65.6 

37.6 

56.5 

55.0 

49.2 

89.0 

37.6 

70.1 

83.7 

39.8 

30 

80 

45 

18 

50 

18 

35 

35 

22/12* 

35 

21/24' 

30 

23 

30 

35/18* 

1/14 

12/12 

2/8 

1/18 

2/8 

14/14 

6/24 

17/17 

16/18 

1/17 

3/18 

2/22 

2/17 

2/12 

2/14 

+ 

+ 
+ 

-
-
-
+ 
+ 

+ 

+ 

+ 
+ 

-
-

IDC 

IDC 

mucinous 

IDC 

IDC 

IDC 

metaplastic 

ILC 

ILC 

IDC 

IDC 

IDC 

IDC 

IDC 

IDC 

Table 1 Patient characteristics of 15 patients with matching primary 

tumours and lymph node metastases. One tumour with two foci of 

different sizes. LN: lymph node; ER: estrogen-receptor; WHO: world 

health organization: IDC: invasive ductal carcinoma (NOS); ILC: 

invasive lobular carcinoma. 

RNA isolation and amplification. cRNA labelling 
and hybridisation 

RNA isolation and amplification was performed as 
described previously (Weigelt el al. 2003). 

Amplification yields were 1000 - 2000 fold and 
quality was checked on agarose gel. Detailed 
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protocols for RNA isolation and amplification can 

be found at http://www.nki.nl/nkidep/pa,' 
microarray'protocols.htm. 

cRNA labelling and hybridisation was 
performed as described previously (Weigelt et al, 

2003). The reference-pool consisted of pooled 
cRNA of equal amounts of 100 primary breast 

tumours. For each tumour and metastasis two 
hybridisations were performed using a reversal 

fluorescent dye. Detailed protocols for cRNA 

labelling and hybridisation can be found at 

http://www.nki.nL/nkidep/pa/microarray/ 

protocols.htm. 

Fluorescent images of the microarrays were 

obtained using the Agilent DNA microarray 

scanner (Agilent Technologies. Palo Alto, USA). 

Fluorescent intensities of the images were 

quantified using ImaGene 5 (Biodiscovery. Marina 

Del Rey. USA) and corrected for background noise. 

The original data are available at http://www.nki.nl/ 

nkidep/pa/microarray. 

Patient 
number 

Age at 
diagnosis 

(y) 

Primary 
tumour 

diameter 
(mm) 

Number 
positive 

LN 

ER-a 
status 

WHO type 
carcinoma 

18A 

18B 

21A 

21B 

23A 

23B 

24A 

24B 

55.4 

55.4 

44.9 

48.9 

66.0 

66.0 

62.9 

64.5 

12 

17 

24 

37 

36 

24 

15 

18 

0/10 

3/11 

2/18 

0/10 

1/13 

0/13 

0/11 

0/16 

+ 
+ 

-
-
-
+ 

-
+ 

IDC 

IDC 

IDC 

IDC 

IDC 

ILC 

IDC 

IDC 

Table 2 Patient characteristics of four patients with two primary 

breast tumours and a metastasis of either of the two tumours. 

LN: lymph node; ER: estrogen-receptor; WHO: world health 

organization; IDC: invasive ductal carcinoma (NOS); ILC: 

invasive lobular carcinoma. 

Microarray slides 

Complementary DNA microarray slides were 
manufactured at the Central Microarray Facility 

(CMF) of the Netherlands Cancer Institute. 
Amsterdam. The Netherlands. Sequence verified 

cDNA clones (InVitrogen. Huntsville. USA) were 

spotted using the Microgrid 11 arrayer (Apogent. 
Cambridgeshire, UK) with a complexity of 19.200 

spots per glass slide. The complete list of genes and 
controls spotted on the cDNA arrays, as well as 

detailed protocols for spotting and preparation of 
the slides are available on the CMF web site 
(http://microarrays.nki.nl/download/geneid.html. 

http://microairays.nki.nl/download/protocols.html). 

Analysis and statistics 

Fluorescence intensities of scanned images 

were quantified, normalized and ratios were 

calculated and compared to the intensities of the 

reference pool (Yang et al, 2002). Weighted 

averages and confidence levels were computed 

according the Rosetta Error Model (Hughes et al. 

2000). To determine genes that discriminate 
between primary tumours and metastases, we 

employed a supervised classification method using 

a nearest prototype classifier, and a leave-one-out-

cross validation method (van't Veer el al, 2002). 

A 'predicting analysis of microarrays' (PAM) 

was performed to find genes that accurately predict 

class labels (supervised analysis) (Tibshirani el al. 

2002) using all 18.336 genes of the array. 

Differentially expressed genes between primary 

tumours and lymph node metastases were selected 

by the 'significance analysis of microarrays' (SAM) 

(http://wwAv-stat.stanford.edu/~tibs/SAM) (Tusher 

et al, 2001). The input criteria selected for SAM 

included a Delta of 0.4 and one-fold or greater 
expression in the primary breast tumour group as 

compared to the lymph node metastases group 
using all genes. 

Gene clustering and rumour clustering was 

performed as described previously (Weigelt et al, 

2003). For tumour clustering complete linkage 

clustering was based on Xdev (defined as log(ratio) 
divided by error of log(ratio)) values across all 18k 

genes. Mapping by multidimensional scaling was 
performed as described previously (Weigelt et al, 

2003). The permutation test to compute the 
WPBPSR was repeated 20.000 times. 
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Addit ional microarray information 

The description of this study followed the MIAME 

guidelines issued by the Microarray Gene 

Expression Data Group (Brazma et al, 2001). 

Real-time quantitative PCR 
One ug total RNA was used for cDNA synthesis, as 
described previously (Lambrechts el al. 1999). 

Real-lime quantitative PCR primers (Sigma 

Genosys. Cambridge, UK) and eventually 5"-

nuorescently FAM labelled probes (Applied 

Biosystems, Nieuwerkerk a/d Ussel. The 

Netherlands) for MMP3 and MMP9 were selected 

using the Perkin Elmer Primer Express" software 

(PE, Foster City, USA). The primer and probe 

sequences of VEGF-C. VEGF-D, CXCR4 and 
CXCLI2 were selected from the literature (Niki T 

et al, 2000: Schrader et al, 2002; Van Trappen et al, 

2003) (Supplementary Table SI). Commercially 

available primers and probes for GAPDH and P-

actin were used (Applied Biosystems) as 

housekeeping genes. The quantities found for the [5-

actin control and marker gene in singleplex 

reactions (ABI PRISM 7700, Applied Biosystems) 

were used to calculate the relative quantity gene 
expression; GAPDH to confirm fi-actin expression. 

Each experiment was performed in triplicate. The 

quality control of the PCR reactions were assessed 

by standardized PCR conditions, including in each 

experiment a genomic DNA control and a negative 

non-template control. 

RESULTS 

Gene expression profiling of primary breast 
carcinomas and matching lymph node 

metastases 

We selected 15 breast cancer patients with axillary 
lymph node metastases at diagnosis of whom both 
invasive primary and metastatic tumour were stored 

in the tissue bank of the Netherlands Cancer 

Institute. No other selection criteria regarding age 
of the patient, oestrogen-receptor status, tumour 
diameter or histological type of breast carcinoma 

were applied (Table 1). The patients had no prior 
malignancies and did not receive neo-adjuvant 

treatment. At the most recent follow-up (median 2.7 

years), four patients (patient number 7. 8. II. 14, 
respectively) developed distant metastases. 

We used human 18k complementary DNA 

(cDNA) microarrays to study the gene-expression 
profiles of matching primary breast tumours and 
lymph node metastases and to gain insight into 

specific changes associated with breast cancer 
metastasis to the lymph nodes. First, we employed a 

supervised classification method to identify genes 

that could discriminate the group of primary 

tumours from those of lymph metastases. The top 

ranked genes to separate the two classes in a nearest 

prototype classifier were determined and used in a 

cross-validation procedure (Hughes el al, 2000; van 

't Veer LJ et al, 2002). No classifier, employing an 

incremental number of genes, which performed 
significantly better than random classification could 

be determined (data not shown). A second 

supervised analysis, the 'predicting analysis of 

microarrays' (PAM), was used to classify and 

predict the category of the primary tumours and 

lymph node metastases on the basis of their gene 

expression profiles (Tibshirani el al. 2002). No 

subset of genes could be identified using PAM that 

can distinguish primary from metastatic tumours 
since the classification accuracy obtained from the 

cross-validation procedure never exceeded 57% 

(Supplementary Figure SI). Additionally, we used 

the 'significance analysis of microarrays' (SAM) 

(Tusher el al, 2001) to select genes differentially 

expressed between the primary breast carcinomas 

and the lymph node metastases. SAM did not 
identify a differentially expressed gene between the 

two groups (Supplementary Figure S2). Our null 
detection strongly suggests that the primary breast 

carcinomas and lymph node metastases do not 

differ at the transcriptional level by a common 

subset of genes. 

To further scrutinize our results, we examined 

the similarity between primary and matching 
metastatic tumours. Unsupervised hierarchical 
clustering, the grouping of tumours based on their 

similarity measured over all genes on the array, 
revealed that the gene-expression profiles of 

primary breast and matching regional metastatic 
tumours are highly alike (Figure 1A). The division 

of the dendrogram into the two branches is based on 
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the highly dominant oestrogen-receptor-u 
expression profile displayed by nine of the 15 
tumours and matching metastases (Weigelt et al, 

2003; van 't Veer el at, 2002: Gmvberger el al. 

2001). 

•» = -
: i . 

Figure 1 (A) Unsupervised hierarchical clustering of 30 

primary breast carcinomas and lymph node metastases from 

15 patients, measured over 18,336 genes. The dendrogram 

has two large branches; the orange bar represents ER-« 

negative, the green bar ER-u positive tumours. Alignment of 

all matching pairs was established. (B) Permutation test of the 

within-pair-between-pair-scatter-ratio (WPBPSR). Blue: null 

hypothesis distribution. Distribution after randomization of the 

labels of the primary and metastatic tumours, repeated 20,000 

times (WPBPSR = 1 ± 0.05). The red line represents the 

WPBPSR of the 15 matching (WPBPSR = 0.45; P<0.0001). 

Prim = primary tumour and LNmeta = lymph node metastasis; 

Prim n, LNmeta n {n = 1-17), patient number primary tumour, 

patient number lymph node metastasis, respectively. 

A multidimensional scaling analysis further 

emphasizes the high similarity in overall gene 
expression between primary breast carcinomas 

and their lymph node metastases, since all 
matching primary and metastatic tumours, except 

those of patient 6. establish a pair (Supplementary-
Figure S3). 

Given the relatively small number of samples 
included in this study, it is essential to ascertain that 

the similarity we observed between primary and 
metastatic tumours was not a result of chance. 
Therefore, a computational analysis was performed 

to establish a within-pair-between-pair scatter ratio 

(WPBPSR) (Weigelt el al, 2003). Subsequently, we 

determined the statistical significance of this 
WPBPSR for the 15 given pairs by a permutation 

test. The similarity between matching pairs of 

primary breast carcinomas and lymph node 

metastases was shown to be significantly higher 

than the similarity between random pairs (WPBPSR 

of 0.45 versus 1.0 ± 0.05; PO.0001) (Figure IB). 

This finding demonstrates that the similarity within 

the matching pairs was not due to chance, but rather 

that the expression profiles of primary breast 
carcinomas are highly similar to their corresponding 

metastatic lesions. 

To validate our finding that gene-expression 

profiles of primary breast carcinomas are 

maintained in their lymph node metastases, a 

random subset of samples from our matching pairs 

(pair number 3. 4, 5. 12, 16, 17) was re-profiled and 

analysed using a different platform of inkjet-

synthesized oligonucleotide microarrays. containing 

approximately 25.000 human genes. The primary 

tumours were not hybridised against a reference-
pool, but directly against their matching lymph 

node metastases obtained from the same patient. 
Using different analytical approaches including 

parametric and non-parametric methods, no 

significant universal differences between the groups 

of primary and metastatic tumours could be found 

(data not shown). Nonetheless, an unaccordant 
difference for individual pairs was observed in a 

small number of genes comparable to false 
discovery. These results in an even smaller sample 

set underscore the remarkable similarity in overall 
gene expression found between primary breast 
tumours and lymph node metastases. 

The similarity in gene expression detected 

between primary tumours and their affiliated lymph 

node metastases is also reflected in the high 
similarity of their histology (Figure 2). Though the 
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Primary breast carcinomas Lymph node metastases 

Figure 2 Haematoxylin and eosin staining of two paraffin embedded primary infiltrative ductal breast carcinomas and 
their matching lymph node metastases (5x). (A and C) show normal mammary gland tissue next to tumour cells, (B and 
D) the lymph node capsule adjacent to tumour cells. S: stromal cells, T: tumour cells. 

morphological spectrum of breast cancers varies 

widely, the resemblance of the phenotypes of the 

pairs of primary tumours and lymph node 
metastases is striking. Metastases in the lymph 

nodes (Figure 2B. 2D) share distinct histological 

characteristics, like the growth pattern, with their 

primary ductal carcinomas (Figure 2A. 2C). 

Phenotypically, primary tumour and metastasis are 

visually distinguishable only by the normal 
mammary gland tissue and the lymph node capsule 

adjacent to the tumour mass itself. 

Similarity of primary breast carcinomas and 

matching metastases based on tumour-specific 

genes 
Since both primary and metastatic tumour tissue 

were derived from one individual, we attempted to 
show that the similarity in overall gene expression 
between primary breast carcinomas and their 

metastases is based on genes specific for the 
primary tumour rather than specific for the patient. 

We selected two patients who developed bilateral 

breast cancer and a lymph node metastasis of either 

one of the two primary tumours (patient 18. 21), 
one patient with contralateral breast cancer and a 

distant metastasis in the ovary (patient 24). and one 

patient who developed two primary breast 

carcinomas in one breast and a lymph node 

metastasis (patient 23) (for patient and tumour 

characterisation see Table 2). The primary and 

metastatic tumours were then analysed for their 
gene expression profiles. Unsupervised hierarchical 

clustering using all 18.366 genes underscored our 
histological observations, namely that the gene 

expression profile of a primary breast tumour is 
more similar to that of its affiliated metastasis than 

to that of the second primary tumour (Figure 3). 
The above findings suggest that the similarity 
between primary tumours and their matching lymph 

node metastases might be attributed to the 
metastasis' clonality and the related expression of 

genes specific for the primary tumour rather than 
specific for the patient. 
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Figure 3 Unsupervised hierarchical clustering of eight primary 

breast carcinomas, obtained from four patients with two primary 

tumours, and matching metastases, measured over 18,336 

genes. Alignment of primary tumours with their metastases, not 

with the second primary tumour. Prim = primary tumour, LNmeta 

= lymph node metastasis, Meta = distant metastasis; Prim n, 

LNmeta/Meta n (n = 18, 21, 23, 24), patient number primary 

tumour, patient number metastasis, respectively. Prim nA, Prim 

nB = two primary tumours, LNnA/B = lymph node metastasis 

developed from either primary tumour A or B. 

Genes differentially expressed between pairs of 
primary breast tumours and matching lymph 
node metastases 
To gain insight in a pattern of genes or gene 

regulatory pathways allowing the primary tumours 

to metastasize to the lymph nodes, we selected 

genes that were significantly expressed in both 

primary tumour and lymph node metastasis of one 
patient as computed by the Rosetta error model 

(p<0.01) (Hughes el al, 2000; van 't Veer et al. 

2002). Of these significantly expressed genes per 

pair, on average more than 97% were co-expressed 

between primary and matching metastatic lesion, 

again underscoring their high genetic similarity. 

Within the matching pairs, three to 149 
significantly expressed genes were anti-expressed 

(Supplementary Table S2), i.e.. up-regulated in the 
primary tumour and down-regulated in the lymph 
node metastasis or reciprocally, compared to a 

reference-pool of 100 primary breast tumours. The 

scrutiny of the molecular functions of the 
differentially expressed genes in some of the 15 
matching pairs revealed several repeating biological 

themes (Supplementary Table S3). On average 18% 

(range 4.7 - 66.6%) of the contrarily expressed 

genes within a matching pair were extracellular-
matrix and cell-matrix interaction molecules (e.g., 

MMP3, MMP9, osteopontin. CD44, COL1A1. L-
selectin, VCAM-1. integrin alpha 2, 

thrombospondin 4) and 4.2% (range 0 - 20%) 
growth factors, growth factor receptors and growth 
factor binding proteins (e.g.. IGF I. IGF2. t-PA, 

IGFBP3). as well as immune response, cell cycle 

and signal transduction molecules (see 

Supplementary Table S3). Since only 
approximately 1% of the 18,336 genes on the 

cDNA array represent genes involved in 

extracellular structure organization and biogenesis, 

defined by the gene ontology tool "FatiGO" (Al-

Shahrour el al. 2004) (data not shown), we see a 

noticeable increase in this functional group of genes 

anti-expressed within the matching pairs. No 

distinct pattern of these differentially expressed 
genes can be identified, since different sets of these 

genes are up-regulated in some lymph node 

metastases and down-regulated in others compared 

to their matching primary breast tumours. 

Matrix metalloproteases (MMPs). one tissue 

inhibitor of metalloproteases (TIMP-3) and 
members of the insulin-like growth factor family 
(IGFs) are regularly contrarily expressed between 

primary tumours and lymph node metastases. The 

differential expression of MMP3 in primary and 

metastatic tumour of patient 1 and 7 and of MMP9 

in patient I and 15 could be confirmed by 

quantitative real-time PCR (Supplementary Figure 

S4). 

Expression of genes determining the lymph node 
as metastatic destination of tumour cells 

When analyzing the significant genes anti-regulated 

between primary tumours and matching lymph node 
metastases, we expected to identify chemokines. 
since they had been reported to be differentially 

expressed between primary tumours and various 

metastasis sites in a mouse model (Muller el al, 

2001). However, no chemokine was differentially 
regulated in our matching pairs what might be due 

to changes in gene expression that are too subtle to 
detect by microarrays. We subsequently determined 

CXCR4 and CXCL12 expression by quantitative 
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real-time PCR in the pairs as well as in normal 

tissues of the breast, lymph nodes, bone marrow, 
lung, liver and skin (Figure 4A, 4B). Still, using a 

more sensitive technique, we did not detect a 
difference in CXCR4 and CXCL12 expression 

between primary breast carcinomas and matching 
lymph node metastases. We found the median 
expression of CXCR4 to be significantly higher in 

breast rumours, in both primary and metastatic 

carcinomas, than in normal mammary tissue 

(p=0.0027 and p=0.016. respectively) (Figure 4A). 
CXCR4 is. however, even more highly expressed in 

normal bone marrow and normal lung, two breast 

cancer metastasis sites, than in the breast tumours 

studied (Figure 4A). GXCL12 expression is higher 

in breast cancer metastasis organs, normal lymph 

nodes, bone marrow, liver and lung, compared to 

skin, a site of low metastasis frequency, as 

described (Muller et al, 2001) (Figure 4B). 
However. CXCL12 expression is highest in normal 

mammary tissue, and no difference in the median 

CXC'I.12 expression between normal lymph nodes 

or liver and the 15 matching pairs can be observed 

by quantitative real-time PCR. 

A second group of molecules we expected to be 

highly expressed in our primary breast carcinomas 

were the vascular endothelial growth factor genes 

VEGF-C and VEGF-D, as their overexpression was 

associated with lymph vessel neogenesis and 
increased lymphatic metastasis in mice (Karpanen 

et al. 2001; Mandriota et al, 2001; Skobe et al. 

2001; Stacker et a!, 2001). We determined the 

VEGF-C/D expression levels by quantitative real

time PCR in our matching pairs, and in primary 

tumours of ten breast cancer patients who 
exclusively developed distant metastases, of ten 

patients who developed both lymph node- and 
distant metastases, and of eleven patients who did 

not develop any regional or distant metastases 
within a median follow-up of 8.6 years. The 

tumours show large spread in VEGF-C/D 
expression (Figure 4C). No significant differences 
in the median expression levels of these two 

molecules between the different groups of primary 
breast carcinomas investigated were found. 

Prediction of the lymph node status 

Although lymph node metastasis is a prognostic 
factor for disease outcome in breast cancer, it is still 

unknown whether metastasis to distant sites 
proceeds sequentially from lymph node metastasis 

or in parallel by a haematogenous route. The 
finding that expression profiles of human primary 
breast tumours can predict the risk of distant 

metastasis development, in patients with both 

lymph node-negative and lymph node-positive 

disease (van de Vijver et al, 2002). suggests that the 
molecular mechanisms underlying distant 

haematogenous and lymphogenic metastasis are 

distinct. Furthermore, in this dataset, including 151 

lymph node-negative and 144 lymph node-positive 

patients, no expression signature predicting the 

lymph node status could be determined 

(Supplementary Figure S5A and S5B). In contrast, 

Huang et al. identified a gene expression pattern 
associated with the breast rumouris likelihood of 

having lymph node metastases at diagnosis (Huang 

et al. 2003). For validation, we applied this lymph 

node expression signature on the dataset of the 295 

patients described above. The classification 

accuracy obtained from the cross-validation 

procedure for predicting the lymph node status in 

these patients was however only about 50% 
(Supplementary Figure S5C and S5D). This implies 

that the expression pattern illustrated (Huang et al, 

2003) is not a general predictor of nodal metastasis 

in primary breast carcinomas. 

DISCUSSION 
Elucidation of the molecular mechanism underlying 

lymph node metastasis is likely to have implications 

for the clinical management of breast cancer. The 

data presented here show that gene expression 

profiles of primary breast carcinomas are 
maintained in their lymph node metastases, which 

has been suggested earlier in two patients using a 
smaller subset of genes (Perou et al, 2000). In this 

larger study, we have not been able to identify 
common differentially expressed genes that 
discriminate the group of primary tumours from the 

group of lymph node metastases using two different 
microarray platforms. 
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Figure 4 Relative quantity of expression of (A) CXCR4, (B) CXCL12 and (C) VEGF-C and VEGF-D in primary breast 
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This finding is rather surprising, since we only 
analysed metastases from one metastasis site. 
Furthermore, we showed by expression profiling of 

two primary breast carcinomas and a metastasis 
obtained from the same patient that the similarity 

between primary and metastatic tumours can be 
attributed to tumour-intrinsic rather than to patient-

specific factors. 

We were not able to develop a classifier 

predicting the lymph node status in a series of 295 
primary breast tumours. These data suggest that 
lymph node metastasis occurs independent from 

distant haematogenous metastasis, and that 
therefore the axillary lymph node status is not the 

most reliable predictor of disease course in breast 
cancer patients. 
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Moreover. the molecular mechanisms 

determining breast cancer lymph node metastasis 
remain poorly understood. Whether the expression 
of VEGF-C and VEGF-D also play a role in 

lymphangiogenesis and the formation of lymph 
node metastases in human tumours, as described for 

immunodeficient mice (Karpanen el al. 2001: 
Mandriota et al. 2001: Skobe et al. 2001: Stacker el 

at, 2001), is still unknown. We did not find a 

correlation between the VEGF-C and/or VEGF-D 

expression level, determined by real-time PCR, and 

the formation of lymph node metastases in the 

human primary breast carcinomas studied. In this 

context it is important to note that the results 

obtained with the experimental VEGF breast 

tumour models and the correlative clinical studies 
are rather inconsistent. The expression of VEGF-C 

in MB-435 tumours did not only cause an increase 

of lymph node but also of lung metastases (Skobe 

et al, 2001). MCF-7-VEGF-C tumours caused 

lymph node metastasis in nude mice in one study 

(Mattila et al, 2002). but in another report it did not 

(Karpanen et al. 2001). In clinicopathological 

studies, a positive correlation between VEGF-C 
levels in primary breast carcinomas and lymph 

node metastases was observed only once 

(Gunningham et al. 2000; Kinoshita et al, 2001: 

Koyama et al. 2003: Kurebayashi et al, 1999). 

VEGF-D expression was shown to be associated 

with lymph node metastasis (Kurebayashi et al, 

1999: Nakamura et al. 2003), although an inverse 

correlation with lymphatic invasion and the number 
of nodal metastases was described (Koyama et al, 

2003). Taken together, these results indicate that 
the involvement of VEGF-C/D in human breast 

tumour lymph node metastasis is far from firmly 

established. 

In contrast to the mammary tumours in the 
animal models (Karpanen et al. 2001; Skobe et al, 

2001: Mattila et al. 2002) we did not observe 
inlratumoral lymph vessels and only a low density 
in the peritumoral areas in our human invasive 

breast cancers (data not shown), in agreement with 
others (Williams el al, 2003). In line with this 

observation, no association between the presence of 
intratumoral lymphatic structures and the axillary 

nodal status or survival could be found, but 

between the peritumoral lymph vessel density and 
poor outcome in ductal breast cancer (Bono et al. 

2004). The peritumoral lymphatics in human breast 
carcinomas appear to be mature pre-existing vessels 

rather than newly proliferating ones, as no cycling 
endothelial cells could be found (Williams et al. 

2003). These findings not only reveal fundamental 
differences in the histology between human and 

mouse mammary tumours metastasizing to the 

lymph nodes, but also suggest that human breast 

tumours disseminate by invasion of pre-existing 

peritumoral lymphatics and do not require lymph 
neogenesis. 

The organ-specific spread of breast cancer cells 
to different sites, including the lymph nodes, has 

been reported in a mouse model to require the 

chemokine receptor CXCR4 on tumour cells and 

the chemokine CXCL12 in target organs (Muller et 

al. 2001). Using real-time PCR we found CXCR4 

expression to be significantly higher in breast 

carcinoma cells than in normal mammary tissue, in 

concordance with others (Muller et al. 2001: 

Balkwill. 2004). Our present results suggest a role 
for CXCR4 in breast tumorigenesis rather than in 

the invasion of metastasis target organs. Indeed, it 

has recently been shown that carcinoma-associated 

fibroblasts secret CXCL12 and therewith stimulate 

tumour proliferation directly by acting through 

CXCR4 found on the breast cancer cells (Orimo et 

al. 2005). 

The subtle differences in gene expression 

observed within the individual pairs of matching 

primary tumour and lymph node metastasis did not 

reveal one common lymph node metastasis-specific 

gene set. Hao et al. also identified differences 

within tumour and lymph node metastasis pairs 
obtained from one individual, although employing a 

less detailed analysis (Hao et al. 2004). We did 
identify common gene groups, involved in ECM 

remodelling, cell-matrix interaction, growth factor 
signalling and immune response, to be differentially 

expressed between primary and metastatic tumours. 
Our findings might reflect the dynamic changes in 
tumour cell interactions with the 

microenvironment. and suggest that most of the 

subtle differences between primary breast tumours 
and lymph node metastases relate to the stromal 
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component rather than to the tumour itself. An 
example is MMP9 which is highly expressed in the 
lymph node metastasis of patient 1 (1318 relative 

expression units), and more than 40 tunes lower in 
the metastasis of patient 15 (32 relative expression 

units), who in turn shows high MMP9 expression in 
its primary breast rumour (65N relative expression 

units) (Supplementary Figure S4). Based on these 
data metastasizing primary breast carcinomas 

appear to be unique and complex organs that may 

use individual sets of genes to accomplish lymph 

nodes metastasis. 

In summary, based on the result that no 
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Supplementary Figure S1 Predicting analysis of microarrays (PAM). The analysis includes 15 pairs of primary 

tumours and lymph node metastases, using all 18,366 genes of the array. After training, a 10-fold balanced cross 

validation was performed. (A) shows the prediction accuracy for the separate classes (primary tumours (blue) and 

metastases (pink)). Accuracy rates are 60% for lymph node metastases (misclassification 40%) and 50% for 

primary tumours. (B) shows the overall performance (both on primary tumours and metastases) of the cross 

validation. The threshold depicted on the X-axis correspondence to changing the number of genes used (see top 

bar - horizontal). The changes of miss classification are depicted on the Y-axis. For the first analysis performance 

never exceeds 57% accuracy (=43% misclassification). 
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Supplementary Figure S2 Significance analysis of microarrays (SAM). The input criteria included a Delta of 0.4 

and one-fold or greater expression in the primary breast tumour group as compared to the lymph node 

metastases group. No gene of the 18,336 genes on the cDNA array was identified as differentially expressed 

between the two groups. 

MDSl Stress = 0.072642 

Supplementary Figure S3 Two-dimensional representation of a multidimensional scaling analysis of 15 matching 

primary and metastatic tumours using 18336 genes. X- and Y-axis: distance in arbitrary units. A thick red line 

indicates two-way-pairing, and a thin red line one-way pairing. Prim ft, LNmeta n (n = 1-17): patient number 

primary tumour, patient number lymph node metastasis, respectively. 
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Supplementary Figure S4 Relative quantity of expression of (A) MMP3 and (B) MMP 9 of primary breast 

carcinomas (striped bars) and matching lymph node metastases (black bars) for patient number 1, 7 and 15. LN 

meta = lymph node metastasis. 
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Supplementary Figure S5 Predicting analysis of microarrays (PAM). For the first analysis the most significantly 

expressed 5000 probes across 295 tumour samples were selected (van de Vijver et al. 2002) (A and B). The 

second analysis was done on 151 lymph node-negative and 144 lymph node-positive patients (van de Vijver et al. 

2002) and the gene list exists of 172 probes matched from the lymph node classifier by Huang et al. (Huang et al. 

2003)(C and D). (A and C) show the overall performance (predicting both LN negative and LN positive status) of 

the cross-validation. The threshold depicted on the X-axis corresponds to changing the number of genes used. 

The changes of misclassification are depicted on the Y-axis. (A) The overall accuracy to predict the LN status in 

295 patients is 60% (0.40 misclassification). (C) The performance to predict the LN status in 295 patients using 

the classifier by Huang et al. never exceeds 56% accuracy (=0.44 misclassification). B and D show the prediction 

accuracy for the separate classes (LN positive (pink) and LN negative (blue)). The prediction of LN negative 

reaches 100% accuracy in both analyses; however at this threshold of 2.7 and 1.75, respectively, the 

misclassification of LN positive patients also reaches 100%. (B) The performance for predicting classes is stable 

until the reduction to 20 probes with an accuracy of 44-48% (52-56% misclassification) in the first analysis. (D) 

For the best performance in second analysis all genes are used. Accuracy rates are 52% for both classes 

(misclassification 48%). LN: lymph node. 
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Gene 

VEGF-C 

VEGF-D 

CXCR4 

CXCL12 

MMP3 

MMP9 

Accession No. 

(NM_005429) 

(AJ000185) 

(BC020968) 

(L36034) 

(NM_002422) 

(J05070) 

Primers 

Sense: TCAAGGACAGAAGAGACTATAAAATTTGC 

Antisense: ACTCCAAACTCCTTCCCCACAT 

Sense: GTATGGACTCTCGCTCAGCAT 

Antisense: AGGCTCTCTTCATTGCAACAG 

Sense: GCCTTATCCTGCCTGGTATTGTC 

Antisense: GCGAAGAAAGCCAGGATGAGGAT 

Sense: GGAACCTGAACCCCTGCTGTG 

Antisense: CCATTCATTTCTGCCTTCATCA 

Sense: GTTCCTGATGTTGGTCACTTCAGA 

Antisense: TCACAATCCTGTATGTAAGGTGGGT 

Sense: ACGCAGACATCGTCATCCAGT 

Antisense: CCACAACTCGTCATCGTCGA 

Probe (5'FAM-3TAMRA) 

ATACACACCTCCCGTGGCATGCATTG 

AAGAACTCAGTGCAGCCCTAGAGAAACG 

AGGGATACCCGTCTCCGTGCTCCG 

Supplementary Table S1 Primer and probe sequences for real-time PCR amplification. All sequences are written 
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Supplementary Table S2 Significant genes (p<0.01) anti-expressed between pairs of primary 

tumours and matching lymph node metastases (LNmeta). 

Pair number 1 
Genbank 

AA424786 

N39161 

AA487429 

T70586 

AA455120 

AA634109 

W51794 

AA968514 

AA425227 

Al 344545 

AA490837 

Description 

golgi autoantigen, golgin subfamily a 2 

CD36 antigen (collagen type I receptor, thrombospondin receptor) 

ATP-binding cassette, sub-family B (MDR/TAP), member 2 

penhpin 

ESTs 

Fc fragment of IgG, low affinity I la. receptor for (CD32) 

matrix rnetalloproteinase 3 (stromelysin 1. progelatinase) 

WW domain binding protein 1 

matrix rnetalloproteinase 9 (gelatinase B, 92kD gelatinase) 

serum amyloid A4. constitutive 

clone HQ0477 PRO0477p 

Log2ratio 
Primary tumour 

0.3949 

0.3075 

0.9411 

2.1684 

-0.9577 

1.4537 

1.0410 

0.5177 

-0.7585 

2.3588 

0.6417 

Log 2 rati o 
LNmeta 

-0.6399 

-0.5119 

-0.5231 

-0.4353 

0.6690 

-0.4582 

-1.3090 

-0.5641 

1.0761 

-1.0309 

-0.4885 

Pair number 3 
Genbank 

AA075307 

AA489640 

AA464526 

N91887 

AA434115 

T63761 

AA160507 

AA449715 

R52654 

AA129677 

T70586 

AA157001 

R26046 

AA099153 

AA496149 

AA074446 

T95113 

AA634109 

N92901 

AA486554 

AA464601 

AA398356 

H04769 

N57557 

H23252 

AA160751 

R38933 

AA450363 

Description 

matrin 3 

mterferon-induced protein with tetratricopeptide repeats 1 

interleukin 1 receptor, type I 

thymosin, beta, identified in neuroblastoma cells 

chitinase 3-like 1 (cartilage glycoprotein-39) 

uteroglobin 

keratin 5 (epidermolysis bullosa simplex) 

sushi-repeat-containing protein, X chromosome 

cytochrome c 

MKP-1 like protein tyrosine phosphatase 

perilipin 

ESTs 

interleukin enhancer binding factor 3. 90kD 

tissue inhibitor of rnetalloproteinase 3 (Sorsby fundus dystrophy) 

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) 

GTP cyclohydrolase I feedback regulatory protein 

Homo sapiens cig5 mRNA, partial sequence 

Fc fragment of IgG, low affinity lla, receptor for (CD32) 

fatty acid binding protein 4. adipocyte 

hypothetical protein FLJ10743 

tetraspan 5 

chromosome 11 open reading frame 14 

Homo sapiens cAMP-dependent protein kinase inhibitor beta mRNA 

chromosome 11 open reading frame 14 

hypothetical protein FLJ20533 

map kinase phosphatase-like protein MK-STYX 

plasminogen activator tissue 

phosphatidylinositol glycan, class F 

Log2ratio 
Primary tumour 

0.3867 

-0.5249 

1.8126 

0.7256 

-0.6617 

-0.3829 

-1.8956 

-0.7124 

0.7129 

-0.4123 

-1.8685 

-0.5017 

0.5717 

0.4628 

-0.8117 

-1.1477 

-0.5496 

-1.5520 

-1.7166 

-0.5043 

-0.6123 

-0.7592 

-1.3328 

-0.8068 

0.7494 

0.9718 

-1.0581 

-0.3528 

Log2ratio 
LNmeta 

-0.6202 

1.3275 

-0.6641 

-0.7364 

0.3539 

0.6481 

0.6572 

0.4743 

-0.4110 

0.3849 

1.3001 

0.3303 

-0.3487 

-0.3353 

0.4862 

0.5453 

0.7570 

1.3351 

1.3456 

0.4403 

0.7519 

0.4386 

0.9677 

0.3771 

-0.7805 

-0.6983 

0.8091 

0.5471 
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AA974008 

AI344545 

AI049675 

AI420743 

meiotic recombination (S. cerevisiae) 11 homolog A 

serum amyloid A4, constitutive 

GDNF family receptor alpha 1 

alcohol dehydrogenase 3 (class I), gamma polypeptide 

-0.8592 

-2.0227 

0.5440 

-1.4659 

0.7518 

1.7188 

-0.7501 

1.1590 

Pair number 4 
Genbank 

AA131664 

AA775616 

AA504356 

Description 

hypothetical protein FLJ20277 

secreted phosphoprotein 1 (osteopontin, bone sialoprotein I) 

ESTs 

Log2ratio Log2ratio 
Primary tumour' LNmeta 

0.4415 

-1.0049 

0.3344 

-0.8294 

0 5746 

-0.6856 

Pair number 5 
Genbank 

AA485893 

AA598601 

H90899 

N64504 

AA056013 

T56281 

AA455237 

AA404609 

AA954935 

Description 

ribonuclease. RNase A family, 1 (pancreatic) 

insulin-like growth factor binding protein 3 

desmoplakin (DPI, DPII) 

ESTs 

Microfibril-associated glycoprotein-2 

RNA helicase-related protein 

hypothetical protein FLJ20705 

hypothetical protein FLJ22418 

matrix metalloproteinase 11 (stromelysin 3) 

Log2ratio 
Primary tumour 

0.7329 

0.3272 

-0.3133 

-0.4598 

0.7498 

0.7267 

-0.4759 

-0.8530 

0.5563 

Log2ratio 
LNmeta 

-0.5170 

-0.8430 

0.7674 

0.5418 

-0.6443 

-0.6399 

0.4551 

0.5199 

-0.6240 

Pair number 6 
Genbank 

H69531 

AA039370 

H74265 

R26186 

AA031514 

AA143331 

N62847 

H20822 

W67174 

H11482 

H18070 

H77652 

W58032 

R06567 

W02101 

H65660 

AA029308 

AA490466 

R93124 

H23187 

R05278 

Description 

transferrin 
Homo sapiens transcribed sequence with strong similarity to protein 
pir:A40032 (H.sapiens) A40032 transcription enhancer factor TEF1 

protein tyrosine phosphatase, receptor type. C 

protein phosphatase 1. catalytic subunit, beta isoform 

matrix metalloproteinase 7 (matrilysin. uterine) 

matrix metalloproteinase 1 (interstitial collagenase) 

lysosomal-associated membrane protein 2 

Fc fragment of IgG, low affinity 1Mb, receptor for (CD16) 

Homo sapiens integrin, beta 1 (fibronectin receptor) (ITGB1), mRNA 

interferon gamma receptor 1 

mitochondrial translational initiation factor 2 

GATA binding protein 6 

frizzled-related protein 

phosphoinositide-3-kinase, regulatory subunit, polypeptide 3 (p55) 

heterogeneous nuclear ribonucleoprotein A2/B1 

acyl-Coenzyme A oxidase 1, palmitoyl 

mature T-cell proliferation 1 

gap junction protein, beta 2, 26kD (connexin 26) 

aldo-keto reductase family 1, member C1 

carbonic anhydrase II 

UDP-N-acetyl-alpha-D-galactosamine 

Log2ratio Log2ratio 
Primary tumour LNmeta 

-0.7171 

-0 6426 

-0.7840 

-0.9039 

-0.7851 

-0.9058 

-0.4645 

-0.3142 

-0.8275 

-0.9255 

-1.0642 

-0.7533 

-1.0860 

-0.4781 

-0.7193 

-0.2806 

-0.5997 

-0.4964 

-0.4313 

0.5471 

-0.6021 

0.8919 

0.7638 

1.5902 

0.6770 

1.3873 

0.5769 

0.4790 

1.8526 

0.4998 

0.8573 

0.8784 

0 7429 

0.8707 

0.9349 

0.9115 

0.5274 

0.6355 

0,6364 

1.1175 

-0.3627 

0.3940 
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AA478589 

H63077 

H16591 

H65676 

AA279804 

AA088745 

AA457042 

AA488073 

AA465366 

AA150828 

AA459866 

AA490996 

AA598601 

AA441930 

AA449753 

AA449975 

AA279762 

AA446028 

AA447551 

AA463498 

AA487914 

AA425687 

AA504351 

AA448157 

AA463492 

AA283090 

N71003 

N57773 

R65792 

N54338 

T96603 

W86653 

N54265 

N95381 

R63694 

H73961 

R33103 

N89738 

AA454617 

N36402 

N20593 

AA032221 

H94739 

AA043501 

AA488084 

AA682631 

AA677388 

AA496628 

AA677706 

apolipoprotem E 

annexin A1 

vascular cell adhesion molecule 1 

suppression of tumorigenicity 13 (Hsp70-interacting protein) 

RAP1A. member of RAS oncogene family 

RAB6A. member RAS oncogene family 

myxovirus (influenza) resistance 1, homolog of murine 

mucin 1, transmembrane 

leukotriene A4 hydrolase 

mitogen-activated protein kinase kinase kinase 5 

KIAA0332 protein 

interferon, gamma-inducible protein 16 

insulin-like growth factor binding protein 3 

phosphatidylinositol binding clathrin assembly protein 

capping protein (actin filament) muscle Z-line, alpha 1 

novel RGD-containing protein 

N-myc (and STAT) interactor 

paraoxonase 2 

RBP1-like protein 

immunoglobulin (CD79A) binding protein 1 

hydroxysteroid (17-beta) dehydrogenase 4 

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 1 

zinc finger protein 146 

cytochrome P450, subfamily I (dioxin-inducible), polypeptide 1 

cytochrome b-245, beta polypeptide (chronic granulomatous disease) 

CD44 antigen (homing function and Indian blood group system) 

programmed cell death 4 

Homo sapiens mRNA for KIAA1771 protein, partial cds 

uncharactehzed hypothalamus protein HCDASE 

B7 homolog 3 

hypothetical protein FLJ14153 

FK506-binding protein 5 

oxysterol binding protein-like 1 

APG5 (autophagy 5, S cerevisiae)-like 

ESTs 

actin related protein 2/3 complex, subunit 3 (21 kD) 

KIAA0610 protein 

Arg/Abl-interacting protein ArgBP2 

Homo sapiens mRNA; cDNA DKFZp434E2023 

hypothetical protein PRO2032 

hypothetical protein FLJ13194 

six transmembrane epithelial antigen of the prostate 

DKFZP566C0424 protein 

v-maf musculoaponeurotic fibrosarcoma (avian) oncogene homolog 

Homo sapiens, clone MGC 
protein phosphatase 3 (formerly 2B). catalytic subunit. alpha isoform 
(calcineurin A alpha) 

inter-alpha (globulin) inhibitor, H1 polypeptide 

non-metastatic cells 2, protein (NM23B) expressed in 

lactotransferrin 

-1.4286 

-1.7623 

-0.5842 

-0.6314 

-0.4130 

-0.5452 

0.7186 

1.0070 

-0.6039 

-0.5134 

-0.7906 

-0.7780 

-0.6276 

-0.9221 

-0.9085 

-0.6270 

-0.5026 

-0.5374 

-0.5419 

-0.5791 

-0.6942 

-0.9904 

-0.9191 

-1.2112 

-0.7567 

-0.4543 

-1.5455 

-0.5117 

-1.0558 

0.8176 

-0.4667 

-0.9928 

0.3504 

-0.6396 

-0.4365 

-0.4509 

-0.6468 

0.3405 

-0.4171 

-0.7709 

-0.5604 

-0.7394 

-0.5334 

-0.9306 

-0.5722 

-0.5309 

-2.8836 

-1.1537 

-3.2133 

0.5499 

0.6122 

0.6715 

0.7034 

0.9240 

1.0175 

-1.1522 

-0.7388 

0.7574 

0.3486 

0.6665 

1.2922 

0.7386 

0.7705 

0.7668 

0.4378 

0.3908 

0.6086 

0.6935 

0.8441 

0.2763 

0.6903 

0.7537 

1.3876 

1.2846 

1.4448 

0.4289 

0.4534 

1.5290 

-0.4326 

1.5745 

0.9973 

-0.3947 

0.5837 

0.8872 

0.6801 

0.7344 

-0.7858 

0.4455 

0.6600 

0.5228 

0.4274 

0.3669 

0.5765 

0.5486 

0.2919 

2.7280 

0.4500 

3.2339 
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AA701545 

AA670438 

AA485371 

H88599 

H87471 

AA430675 

AA683085 

AA634028 

N29844 

AA496097 

AA680136 

AA625995 

AA446907 

AA669674 

W93520 

AA186804 

AA186327 

AA069704 

N22924 

AA400292 

AA032205 

AA454668 

AA454969 

AA424568 

AA495835 

AA456302 

AA450334 

AA451886 

N74285 

W76339 

AA775616 

H98619 

N34436 

N34316 

N45236 

N91588 

AA417761 

AA629027 

AA489210 

AA504164 

AA677432 

AA864554 

AA970720 

AI002301 

AA705221 

AA488899 

H23211 

AA971543 

AA969785 

ribonuclease, RNase A family. k6 

ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) 

bone marrow stromal cell antigen 2 

predicted osteoblast protein 

kynureninase (L-kynurenine hydrolase) 

Fanconi anemia, complementation group G 

high-mobility group (nonhistone chromosomal) protein 1 

Human mRNA for SB classll histocompatibility antigen alpha-chain 

peptidase (mitochondrial processing) beta 

Heterogeneous nuclear protein similar to rat helix destabilizing protein 

coagulation factor V (proaccelerin, labile factor) 

zinc finger protein 9 (a cellular retroviral nucleic acid binding protein) 

Homo sapiens CDA02 mRNA, complete cds 

eukaryotic translation initiation factor 3. subunit 6 (48kD) 

hypothetical protein FLJ13194 

ER01 (S. cerevisiae)-like 

NS1-associated protein 1 

6.2 kd protein 

disabled (Drosophila) homolog 1 

disabled (Drosophila) homolog 2 (mitogen-responsive phosphoprotein) 

hypothetical protein FLJ10853 

prostaglandin-endoperoxide synthase 1 

Hypothetical protein DKFZp586F1122 similar to axotrophin 

ADP-ribosylation factor-like 5 

erythrocyte membrane protein band 4.1-like 3 

hypothetical protein DKFZp547A023 

hypothetical protein FLJ20481 

EST 

CDC5 (cell division cycle 5, S. pombe, homolog)-like 

nuclear factor (erythroid-derived 2)-like 3 

secreted phosphoprotein 1 (osteopontin, bone sialoprotein I) 

LCHN protein 

v-maf musculoaponeurotic fibrosarcoma (avian) oncoqene homolog 

protein phosphatase 1, regulatory (inhibitor) subunit 1B (DARPP-32) 

ESTs 

Homo sapiens cDNA 

Homo sapiens clone 24416 mRNA sequence 

hypothetical protein FLJ23293 similar to ARL-6 interacting protein-2 

CGI-07 protein 

hypothetical protein FU11273 

phospholipase C, epsilon 2 

S100 calcium-binding protein A9 (calqranulin B) 

KIAA0592 protein 

RAB13. member RAS oncogene family 

hypothetical protein FLJ 10587 

KIAA0916 protein 

hypothetical protein MGC3077 

apolipoprotein L. 3 

Homo sapiens cDNA FLJ20667 fis. clone KAIA596 

-0.3171 

0.6815 

-0.7697 

-0.3954 

-1.0687 

0.5724 

-0.4660 

-0.7656 

-0.7969 

-0.3582 

-0.7845 

-0.5392 

-0.9636 

-0.6458 

-0.6201 

-0.5545 

-0.7583 

-0.4776 

-0.5715 

-0.8506 

-0.7807 

-0.4498 

-1.0399 

-1.0036 

-1.1704 

-0.3270 

-0.3195 

-1.4951 

-0.7661 

-0.5488 

-1.3832 

-0.7575 

-0.6752 

1.0592 

1.3832 

-0.7467 

-0.8181 

-0.3782 

-1 5057 

-0.7640 

-0.5907 

-1.1119 

-0.5895 

-0.5277 

0.4818 

-0.5231 

-1.2163 

-0.5214 

-0.4971 

1.2603 

-0.5424 

0.7215 

0.3784 

1.1034 

-0.4100 

0.3804 

1.6982 

0.7632 

0.6531 

1.4428 

0.7445 

1.1065 

0.5473 

0.6264 

0.3614 

0.6548 

1.1644 

0.5673 

0.6069 

0.6819 

0.9303 

0.5906 

0.5752 

0.5626 

0.8305 

0.5473 

1.4516 

0.4204 

0.3906 

1.0808 

0.9964 

0.6186 

-1.7652 

-0.3424 

0.5611 

1.1202 

0.6335 

0.3670 

0.4908 

0.7554 

3.6683 

0.5019 

0.6388 

-1.1818 

0.5345 

0.5975 

0.9138 

0.5466 
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N74203 

AA454111 

AA630549 

AI141490 

AI218900 

AI344545 

AI360840 

AI360356 

AI039001 

AI206454 

AI669320 

delta-like homolog (Drosophlla) 

frizzled-related protein 

major histocompatibility complex, class II, DR beta 1 

pentaxin-related gene, rapidly induced by IL-1 beta 

H4 histone family, member I 

serum amyloid A4. constitutive 

SWAP-70 protein 

synaptophysin 

DKFZP586D211 protein 

fatty-acid-Coenzyme A ligase, long-chain 3 

differentially expressed in hematopoietic lineages 

1.3500 

-0.8903 

-0.8581 

-0.6476 

-0.3011 

-1.0704 

-0.9124 

0.7664 

-0.7175 

-0.6981 

-1.9614 

-0.6044 

0.8882 

0.7280 

0.6304 

0.5464 

2.9974 

0.4467 

-0.7543 

0.4149 

0.4474 

5.1000 

Pair number 7 
G e n b a n k 

AA478268 

N68467 

AA434390 

N31808 

AA457700 

T56281 

W93370 

R44647 

W51794 

AA042812 

T63245 

W38387 

AI000285 

AA989502| 

AA496376 

AI344545 

AI361330 

AM 47534 

AI241434 

Description 

C-terminal binding protein 1 

peroxiredoxin 5 

hypothetical protein PRO0899 

ARP1 (actin-related protein 1. yeast) homolog A (centractin alpha) 

stearoyl-CoA desaturase (delta-9-desaturase) 

RNA helicase-related protein 

killer cell lectin-like receptor subfamily C. member 3 

ESTs, Weakly similar to ALU1 HUMAN ALU SUBFAMILY J 

matrix metalloproteinase 3 (stromelysin 1, progelatinase) 

hypothetical protein FLJ10326 

ESTs 

Homo sapiens mRNA; cDNA DKFZp56402364 

RAB11B, member RAS oncogene family 

ESTs 

solute carrier family 25 ( adenine nucleotide translocator), member 6 

serum amyloid A4, constitutive 

methylene tetrahydrofolate dehydrogenase (NAD+ dependent), 

glutathione peroxidase 3 (plasma) 

ESTs, Highly similar to inositol 1,3.4-trisphosphate 5/6-kinase 

Log2ratio 
Primary tumour 

-0.4337 

-0.4042 

-0.4368 

0.9721 

0.4438 

0.3383 

0.2814 

0.3080 

0.3272 

-0.4550 

-0.5354 

0.4319 

-0.4097 

0.4207 

-0.5092 

0.3366 

-0.4041 

-0.3655 

-0.3788 

Log2ratio 
LNmeta 

0.2973 

0.4388 

0.3796 

-1.4020 

-0.3511 

-0.7783 

-0.5090 

-0.4390 

-1.2857 

0 4249 

0.3268 

-0.6962 

0.3952 

-0.3984 

0.4146 

-0.5505 

0.4586 

0.4476 

1.0246 

Pair number 8 
Genbank 

H00662 

R32848 

T61271 

AA489498 

AA598817 

AA598478 

T86934 

T67053 

H04382 

W73140 

R16098 

Description 

selectin L (lymphocyte adhesion molecule 1) 

S100 calcium-binding protein P 

phospholipase A2, group IIA (platelets, synovial fluid) 

WW Domain-Containing Gene 

preferentially expressed antigen in melanoma 

complement component 7 

CD79A antigen (immunoglobulin-associated alpha) 

immunoglobulin lambda locus 

wingless-type MMTV integration site family member 2 

kallikrein 5 

ipopolysaccharide-binding protein 

Log2ratio 
Primary tumour 

-0.6345 

0.6732 

-0.5820 

-0.5207 

-1.1780 

-1.5463 

-0.6421 

-2.8167 

-0.6490 

-1.6551 

-0.4589 

Log2ratio 
LNmeta 

0.6459 

-0.4671 

1.0751 

0.6263 

0.6403 

0.5428 

0.6980 

1.8789 

0.4623 

0,4722 

1.2060 
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AA459935 

N78828 

T64192 

AA40602Ü 

W73790 

AA485371 

H87471 

AA669674 

AA194043 

AA455696 

AA863383 

AA876021 

R34568 

AA939088 

AA146773 

AA206042 

AI299994 

AA913206 

AA971714 

AA490837 

AI654630 

AI669320 

AI688230 

AI357590 

Homo sapiens cDNA 

wingless-type MMTV integration site family member 2 

Homo sapiens TCR BV3 mRNA for T cell receptor beta chain (CDR3) 

nterferon-stimulated protein. 15 kDa 

mmunoglobulin lambda-like polypeptide 1 

bone marrow stromal cell antigen 2 

<ynureninase (L-kynurenine hydrolase) 

eukaryotic translation initiation factor 3. subunit 6 (48kD) 

bradykinin receptor B2 

glypican 1 

pim-2 oncogene 

cytochrome b-245. alpha polypeptide 

2'-5'oligoadenylate synthetase 2 

hypothetical protein FLJ10781 

2',5'-oligoadenylate synthetase 1 (40-46 kD) 

variable charge. X chromosome 

immunoglobulin kappa variable 3D-15 

G antigen 5 

Clone BCSynL38 immunoglobulin lambda light chain variable region 

clone HQ0477 PRO0477p 

immunoglobulin heavy constant mu 

differentially expressed in hematopoietic lineages 

peptidyl arginine deiminase. type II 

2'-5'oligoadenylate synthetase 3 

0.3788 

-0.6493 

-0.4474 

-1.0626 

-2.7401 

-0.6498 

-0.4423 

0.3946 

-1.5796 

-1.1130 

-0.8283 

-0.4543 

-0.5576 

0.7812 

-0.5567 

-0.5789 

-2.4014 

-0.3354 

-1.2568 

-1.8672 

-1.4879 

-0.6304 

-1.0524 

-0.4533 

-0.4088 

0.4123 

0.6615 

1.0328 

0.8058 

0.6011 

1.2416 

-0.5785 

0.6363 

0.7925 

0.8347 

0.6803 

0.9703 

-0.5823 

0.9428 

1.6104 

0.8303 

1.9410 

0.8005 

0.9645 

0.5818 

0.6366 

0.4837 

0 4201 

Pair number 9 
Genbank 

H63077 

AA485893 

AA496795 

AA504891 

W73366 

N74623 

H87536 

R97095 

AA399633 

AA456306 

AA777187 

H21977| 

R59136 

T74255 

H91046 

AA931725 

AA974008 

AI351740 

N69062 

AA012944 

Description 

annexin A1 

ribonuclease, RNase A family, 1 (pancreatic) 

ntersectin 1 (SH3 domain protein) 

crystallin. alpha B 

ESTs 

nsulin-like growth factor 2 (somatomedin A) 

collagen, type XVII. alpha 1 

T-cell leukemia/lymphoma 1A 

ESTs 

ESTs 

cysteine-rich, angiogenic inducer. 61 (IGFBP10) 

ESTs, Weakly similar to CP4Y HUMAN CYTOCHROME P450 4A11 

Ig superfamily protein 

hypothetical protein MGC10993 

H.sapiens gene from PAC 426I6, similar to syntaxin 7 

secreted modular calcium-binding protein 2 

meiotjc recombination (S. cerevisiae) 11 homolog A 

lymphotoxin beta (TNF superfamily. member 3) 

insulin-like growth factor 1 (somatomedin C) 

cysteine-rich. angiogenic inducer, 61 (IGFBP10) 

L o g 2 r a t i o L o g 2 r a t i o 

Primary tumour, LNmeta 
0.5062 

0.5145 

0.4993 

0.3461 

0.5824 

0.7014 

0.4416 

-0.4008 

0.7058 

0.3454 

0.9953 

1.3204 

0.3593 

0.5485 

0.8649 

0.3744 

0.5151 

-0.4562 

0.6176 

0.8379 

-0.7493 

-0.4818 

-0.3340 

-0.7039 

-0.3668 

-0.3755 

-0.7308 

0.8051 

-0.5894 

-0.3582 

-0.5372 

-0.5461 

-0.3806 

-0.5935 

-1.1165 

-0.3641 

-0.9498 

2.0023 

-0.4429 

-0.4064 

99 



Chapter 8 

Pair number 10 
Genbank 

H64347 

W96155 

H51766 

T70337 

AA464691 

AA633882 

AA464246 

AA680186 

AA428959 

H86554 

AA432066 

R40057 

N51577 

AI004331 

AA918982 

AI299994 

AI351740 

AA490837 

AI417982 

Description 

syndecan 2 (heparan sulfate proteoglycan 1. cell surface-associated) 

v-jun avian sarcoma virus 17 oncogene homolog 

KIAA1051 protein 

ESTs. Highly similar to Multidrug resistance protein MRP1 

DKFZP56411922 protein 

CD63 antigen (melanoma 1 antigen) 

major histocompatibility complex, class I, C 

small inducible cytokine subfamily A (Cys-Cys). member 19 

cyclin G associated kinase 

ceruloplasmin (ferroxidase) 

sarcoglycan, epsilon 

prominin (mouse)-like 1 

KIAA0608 protein 

major histocompatibility complex, class II. DQ beta 1 

Homo sapiens cDNA 

mmunoglobulin kappa variable 3D-15 

ymphotoxin beta (TNF superfamily, member 3) 

clone HQ0477 PRO0477p 

cartilage intermediate layer protein, nucleotide pyrophosphohydrolase 

Log2ratio 
Primary tumour 

-0.3632 

0.3173 

1.1638 

1.2527 

-0.4863 

0.3801 

0.3609 

0.5292 

0.6163 

1.6517 

0.8362 

0.6012 

-0.4588 

0.6262 

1.2932 

1.2810 

0.4825 

0.9468 

-0.5023 

Log2ratio 
LNmeta 

0.3482 

-0.3761 

-1.0353 

-1.0277 

0.6034 

-0.3698 

-0.4489 

-0.4028 

-0.4175 

-0.7502 

-0.5434 

-0.7094 

0.3599 

-0.3296 

-0.7938 

-0.3306 

-0.8348 

-0.8425 

1.5551 

Pair number 11 
Genbank 

H42728 

AA457026 

H57494 

T77840 

W04668 

R76554 

AA459935 

AA460282 

N47113 

N74332 

R91570 

AA630082 

AA677403 

H29215 

AA418903 

AA495803 

AA460225 

AA489232 

AA504652 

AA598796 

AA460374 

AA478949 

W16836 

Description 

major histocompatibility complex, class II. DM alpha 

KIAA0071 protein 

protein kinase H11; small stress protein-like protein HSP22 

discs, large (Drosophila) homolog 5 

ESTs, Weakly similar to SKD1_HUMAN SKD1 PROTEIN 

matrix Gla protein 

Homo sapiens cDNA 

signal transduction protein (SH3 containing) 

PRO2000 protein 

ESTs 

signal transducer and activator of transcription 4 

cyclin-dependent kinase inhibitor 1B (p27. Kip1) 

glycoprotein hormones, alpha polypeptide 

fatty-acid-Coenzyme A ligase, long-chain 3 

cell cycle progression 2 protein 

ESTs 

hypothetical protein FLJ14007 

ATPase, H+ transporting, lysosomal membrane sector associated protein 

UDP-Gal 

transforming, acidic coiled-coil containing protein 1 

matrix Gla protein 

discs, large (Drosophila) homolog 5 

major histocompatibility complex, class II. DQ alpha 1 

Log2ratio Log2ratio 
Primary tumour; LNmeta 

-0.8768 

0.4401 

-0.7870 

0.5797 

0.4698 

0.8592 

0.3913 

-0.6545 

0.4580 

-0.4781 

-0.6997 

1.0860 

-0.6947 

0.6527 

0.4089 

0.6140 

0.4179 

0.4470 

0.4682 

0.5878 

0.4972 

0.6476 

-1.8510 

0.3933 

-0.5456 

0.6277 

-0.6092 

-0.5227 

-0.3880 

-0.6213 

0.8325 

-0.6403 

0.3211 

0.4889 

-0.7596 

0.9854 

-0.5289 

-0.4523 

-0.4727 

-0.5272 

-0.5956 

-0.3731 

-0.6972 

-0.3935 

-0.5410 

0.3691 
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Pair number 12 
Genbank 

AA458982 

AA054073 

AA463257 

T95052 

W72748 

N62620 

H72937 

H08820 

AA456298 

AA130633 

AA458472 

N63845 

T74567 

H42728 

AA446928 

AA504348 

AA487893 

AA151486 

AA598561 

AA457042 

AA482231 

AA458472 

T63324 

AA497051 

AA598817 

AA485959 

AA460727 

AA452933 

AA431770 

AA521490 

W32272 

AA258396 

AA488609 

AA448157 

AA599177 

AA598478 

T62048 

N66737 

AA456931 

AA283090 

T63324 

T67053 

R60847 

AA031284 

R63543 

R65573 

Description 

sodium channel nonvoltage-gated 1 alpha 

carcinoembryonic antigen-related cell adhesion molecule 6 

ntegrin, alpha 2 (CD49B. alpha 2 subunitof VLA-2 receptor) 

caspase 1, apoptosis-related cysteine protease (interleukin 1) 

guanylate binding protein 2. interferon-inducible 

potassium channel, subfamily K. member 1 (TWIK-1) 

2,4-dienoyl CoA reductase 1, mitochondrial 

sopentenyl-diphosphate delta isomerase 

H2B histone family, member Q 

SRB7 (suppressor of RNA polymerase B, yeast) homolog 

major histocompatibility complex, class II, DQ beta 1 

phytanoyl-CoA hydroxylase (Refsum disease) 

complement factor H related 3 

major histocompatibility complex, class II. DM alpha 

v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 

topoisomerase (DNA) II alpha (170kD) 

transmembrane 4 superfamily member 1 

phosphoribosyl pyrophosphate synthetase 2 

CD164 antigen, sialomucin 

myxovirus (influenza) resistance 1, homolog of murine 

myristoylated alanine-rich protein kinase C substrate (MARCKS) 

major histocompatibility complex, class II. DQ beta 1 

major histocompatibility complex, class II, DQ alpha 1 

sialyltransferase 

preferentially expressed antigen in melanoma 

keratin 7 

adaptor-related protein complex 3, sigma 1 subunit 

H2A histone family, member L 

Human Chromosome 16 BAC clone CIT987SK-A-362G6 

KIAA0430 gene product 

IQ motif containing GTPase activating protein 2 

pleckstrin hornology-like domain, family A, member 1 

nucleoporin 88kD 

cytochrome P450. subfamily I (dioxin-inducible), polypeptide 1 

cystatin C (amyloid angiopathy and cerebral hemorrhage) 

complement component 7 

complement component 1, s subcomponent 

collagen, type II, alpha 1 (primary osteoarthritis, congenital) 

cytochrome c oxidase subunit Vic 

CD44 antigen (homing function and Indian blood group system) 

major histocompatibility complex, class II, DQ alpha 1 

immunoglobulin lambda locus 

TRK-fused gene 

src homology three (SH3) and cysteine rich domain 

p75NTR-associated cell death executor; ovarian granulosa cell protein 

hypothetical protein 

Log2ratio 
Primary tumour 

0.5252 

2.1148 

1.2787 

1.4545 

0.3439 

0.8833 

0.4281 

0.5107 

1.9007 

0.5493 

0.4553 

0.6578 

1.1557 

1.0576 

-0.7993 

-0,3086 

0.4333 

0.4613 

0.4424 

1.2613 

1.1043 

0.4886 

1.5610 

-0.6286 

1.9654 

0.8925 

0.4829 

1.0211 

-0.6816 

-0.5320 

0.5286 

0.9695 

1.0457 

1.6242 

0.3795 

0.6421 

0.4278 

-0.5891 

0.7048 

0.3761 

1.7676 

0.8151 

0.7067 

0.8143 

0.9589 

-0.2991 

Log2ratio 
LNmeta 
-0.3843 

-0.5556 

-0.6531 

-0.7886 

-0.7504 

-0.5968 

-0.6021 

-0.3809 

-0.4600 

-0.8392 

-0.8901 

-0.3461 

-0.5511 

-0.4829 

1.5992 

0.9158 

-1.1775 

-0.4805 

-0.5452 

-0.6971 

-0.6276 

-0.7734 

-0.6046 

1.0426 

-0.9511 

-1.2354 

-0.7718 

-0.3835 

0.6247 

0.5051 

-0.3222 

-0.8033 

-0.8670 

-0.9011 

-0.3292 

-1.0617 

-0.5123 

0.9896 

-1.0457 

-0.6904 

-0.5771 

-1.5009 

-0.3033 

-0.3534 

-1.6605 

0.4237 
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N74362 

R31679 

H20138 

AA454862 

AA485449 

AA609598 

AA459935 

AA453994 

AA464578 

AA464180 

N27145 

W72167 

N21237 

AA010223 

AA683073 

N53959 

AA633882 

R63647 

AA670439 

AA682423 

AA011096 

AA155913 

AA485739 

AA702254 

AA664195 

H53703 

AA485371 

H87471 

AA485442 

AA152347 

AA626370 

AA634028 

AA134871 

H86554 

AA677185 

AA430052 

H08674 

AA191461 

AA644092 

AA159620 

H96654 

AA056377 

H87106 

AA486288 

AA608707 

AA120866 

AA487054 

AA425437 

AA460254 

serologically defined colon cancer antigen 3 

Homo sapiens cDNA FLJ20767 fis, clone COL06986 

RAB6A, member RAS oncogene family 

CGI-135 protein 

Homo sapiens RAB39 (RAB39) mRNA, complete cds 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

Homo sapiens cDNA 

NPD007 protein 

Homo sapiens, clone MGC 

uncharacterized hypothalamus protein HBEX2 

L1 cell adhesion molecule (hydrocephalus, spastic paraplegia 1) 

ESTs 

Homo sapiens cDNA FLJ13545 fis, clone PLACE1006867 

H2B histone family, member Q 

synaptotagmin I 

Rhesus blood group. CcEe antigens 

CD63 antigen (melanoma 1 antigen) 

prolactin receptor 

Norrie disease (pseudoglioma) 

monoamine oxidase B 

monoamine oxidase A 

matrix Gla protein 

major histocompatibility complex, class II, DR beta 3 

major histocompatibility complex, class II. DN alpha 

major histocompatibility complex, class II. DR beta 1 

growth factor receptor-bound protein 7 

bone marrow stromal cell antigen 2 

kynureninase (L-kynurenine hydrolase) 

hypothetical protein 

glutathione S-transferase A4 

heme oxygenase (decycling) 2 

Human mRNA for SB classll histocompatibility antigen alpha-chain 

fibulin 1 

ceruloplasmin (ferroxidase) 

ankyrin 3, node of Ranvier (ankyrin G) 

KIAA1488 protein 

ESTs. Moderately similar to ALU4 HUMAN ALU SUBFAMILY SB2 

phosphoinositide-3-kinase, catalytic, beta polypeptide 

non-metastatic cells 1, protein (NM23A) expressed in 

ecotropic viral integration site 2B 

pp21 homolog 

ESTs 

ransmembrane 4 superfamily member 6 

KIAA0663 gene product 

(inesin family member 5B 

ESTs 

ESTs. Weakly similar to ALU4_HUMAN ALU SUBFAMILY SB2 

mmunoglobulin superfamily, member 3 

EST 

-0.3532 

0.6010 

-0.8741 

-0.4506 

-0.8779 

1.5206 

-0.4210 

-0.3308 

0.9359 

0.3925 

1.8198 

-0.4576 

-0.6575 

0.9798 

0.3728 

-1.1056 

0.5138 

0.7041 

2.6096 

-2.0035 

-0.9018 

-1.8219 

0.8056 

0.6461 

0.3641 

-0.6807 

0.5437 

0.7600 

0.7834 

0.7090 

0.5818 

0.4889 

1.0048 

1.7536 

1.0269 

0.4900 

-0.4963 

0.5902 

0.6395 

0.5216 

1.2055 

-1.0199 

0.5383 

-0.4478 

-0.3345 

-0.7243 

-0.5465 

-0.5194 

-0.8538 

0.4493 

-0.5319 

1.8432 

0.4556 

0.7860 

-0.5759 

0.6803 

0.5797 

-0.3912 

-1.0012 

-0.4007 

1.0861 

0.7289 

-0.4560 

-0.3538 

1.0677 

-0.8486 

-0.3550 

-0,6139 

1.4937 

0.5977 

1.6164 

-0.8517 

-0.5433 

-0.8429 

0.8168 

-0.5539 

-1.0295 

-0.6024 

-0.5190 

-0.7997 

-1.1223 

-0.6620 

-1.7494 

-0.3960 

-0.6113 

0.5459 

-0.7268 

-0.4265 

-0.3564 

-0.6071 

0.4470 

-0.4151 

0.5325 

0.8511 

0.4086 

0.5719 

0.7458 

0.5644 
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AA398356 

AA436565 

AA479967 

AA451886 

AA453170 

AA194043 

H70775 

N71982 

AA044307 

R34568 

R37817 

H03978 

H99120 

N66158 

N57557 

N50654 

AA489232 

AA521384 

AA148505 

AA629027 

AA676625 

H50623 

AA995282 

AA115054 

AA670383 

R38885 

R38703 

R38260 

H08424 

AA705221 

AA705142 

AA626362 

R69522| 

AA669152 

AA918982 

AA939088 

AA933892 

AA630549 

W85807 

AA776176 

AA954935 

AA704242 

AI076718 

W16836 

AA181643 

AA147186 

AA455942 

AA682402 

AA158584 

chromosome 11 open reading frame 14 

Homo sapiens cDNA 

ESTs 

EST 

hypothetical protein FLJ14299 

bradykinin receptor B2 

ESTs 

H2B histone family, member A 
fatty acid binding protein 3, muscle and heart (mammary-derived growth 
nhibitor) 

2'-5'oligoadenylate synthetase 2 

hypothetical protein FLJ 11269 

sphingosine-1 -phosphatase 

ESTs 

cytochrome c oxidase subunit Vic 

chromosome 11 open reading frame 14 

Homo sapiens cDNA 

ATPase. H+ transporting, lysosomal membrane sector associated protein 

up-requlated by BCG-CWS 

L13 protein 

hypothetical protein FLJ23293 similar to ARL-6 interacting protein-2 

DKFZP434G032 protein 

major histocompatibility complex, class II, DR beta 1 

four and a half LIM domains 2 

Homo sapiens clone 24775 mRNA sequence 

KIAA0551 protein 

ESTs 

ESTs 

RAB2, member RAS oncogene family 

HSKM-B protein 

hypothetical protein FLJ 10587 

H2B histone family, member Q 

EST 

Homo sapiens clone 25194 mRNA sequence 

KIAA0310 gene product 

Homo sapiens cDNA 

hypothetical protein FLJ10781 

ESTs 

major histocompatibility complex, class II, DR beta 1 

paired basic amino acid cleaving system 4 

gamma-aminobutyric acid (GABA) A receptor, alpha 1 

matrix metalloproteinase 11 (stromelysin 3) 

serine (or cysteine) proteinase inhibitor, clade A. member 3 

H2B histone family, member R 

major histocompatibility complex, class II, DQ alpha 1 

reticulocalbin 1. EF-hand calcium binding domain 

putative NFkB activating protein 373 

Homo sapiens mRNA, cDNA DKFZp434D2111 

major histocompatibility complex, class II. DR beta 1 

calpastatin 

-1.1213 

0.9270 

0.4397 

1.4733 

-0.7752 

0.6839 

0.6771 

1.0907 

0.8691 

0.7278 

0.7179 

-0.9905 

-0.5156 

0.7350 

-0.9359 

0.9307 

0.4935 

0.5468 

0.4153 

0.6183 

0.6488 

1.2658 

0.7010 

0.4829 

0.4275 

0.4597 

-0.7465 

0.3128 

0.4062 

1.9401 

2.0271 

0.7421 

-0.3204 

-0.3753 

1.8460 

0.8141 

-0.5700 

1.4978 

-0.6295 

-0.3082 

-0.5658 

-0.4103 

0.6660 

0.7487 

1.3945 

0.6227 

0.5913 

1.1518 

1.2940 

0.5135 

-0.7513 

-0.4982 

-0.7745 

0.6445 

-1.0995 

-0.4767 

-0.9810 

-0.7162 

-0.4755 

-0.6817 

0.6278 

0.4512 

-0.9855 

0.7428 

-0.7800 

-0.4047 

-0.5662 

-0.7181 

-0.5140 

-1.9715 

-0.6803 

-0.5827 

-0.3804 

-0.5367 

-0.5777 

0.8580 

-0.3158 

-0.9388 

-0.5786 

-0.5101 

-0.8209 

0.4199 

0.4822 

-0.7817 

-0.7659 

0.6699 

-0.4380 

1.0154 

0.3838 

0.3955 

0.5754 

-0.5929 

-1.3362 

-0.3347 

-0.4287 

-0.6094 

-0.6625 

-0.5027 
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AA158236 

AI214586 

AI654630 

AI675311 

AI688440 

hypothetical protein FLJ13052 

major histocompatibility complex, class II, DQ alpha 1 

immunoglobulin heavy constant mu 

tryptase beta 1 

diazepam binding inhibitor (GABA receptor modulator) 

1.3606 

1.1205 

0.9828 

0.3567 

0.4030 

-0.6356 

-0.7372 

-1.2210 

-0.9292 

-0.6939 

Pair number 14 
Genbank 

AA454868 

AA598601 

AA459100 

AA451904 

N53492 

R66101 

AA455497 

AA457116 

AA136707 

W74079 

AA485739 

W70234 

AA461086 

AA417363 

AA459980 

N63575 

AA775616 

AA878048 

H23252 

AA664081 

AA465697 

AA128200 

AA191353 

AI417982 

Description 

platelet-derived growth factor receptor-like 

insulin-like growth factor binding protein 3 

tumor protein D52 
epididymis-specific, whey-acidic protein type, putative ovarian carcinoma 
marker 

hypothetical protein FLJ20980 

neuritin 

protein tyrosine phosphatase, receptor type, C 

Homo sapiens cDNA FLJ14162 fis, clone NT2RM4002504 

procollagen-lysine. 2-oxoglutarate 5-dioxygenase (lysine hydroxylase) 2 

CEGP1 protein 

major histocompatibility complex, class II, DR beta 3 

dipeptidylpeptidase IV (CD26) 

ESTs 

KIAA0942 protein 

protein kinase, cAMP-dependent, catalytic, beta 

KIAA0013 gene product 

secreted phosphoprotein 1 (osteopontin, bone sialoprotein I) 

<eratin 15 

hypothetical protein FLJ20533 

ESTs 

BCL2/adenovirus E1B 19kD-interacting protein 3-like 

coxsackie virus and adenovirus receptor 

hypothetical protein FLJ23399 

cartilage intermediate layer protein, nucleotide pyrophosphohydrolase 

Log2ratio 
Primary tumour 

-0.4319 

-0.5738 

-0.4685 

-0.5549 

-0.3636 

-1.0728 

-0.4386 

-0.4328 

-0.6972 

1.7371 

-0.5002 

-0.8998 

-0.7132 

-0.8465 

-0.7804 

-0.5035 

-0.8565 

0.8944 

-1.1071 

-0.4635 

-0.5804 

-0.7932 

-0.4321 

-0.9608 

Log2ratio 
LNmeta 

0.3634 

1 3249 

0.4277 

0.4023 

0.6295 

1 3768 

0.9715 

0.3119 

0.8675 

-0.4615 

0.4047 

0.6627 

0.5210 

0.4457 

1.0808 

0.3190 

1.7782 

-0.6194 

0.5182 

0.4022 

0.4480 

0.7899 

0.3853 

0.5634 

Pair number 15 
Genbank 

AA447781 

H82536 

R31701 

R75635 

R00859 

AA447761 

AA426227 

AA490462 

AA598653 

AA436142 

AA478543 

R71093 

Description 

lumican 

cyclic nucleotide gated channel beta 1 

ESTs 

collagen, type V, alpha 1 

cathepsin K (pycnodysostosis) 

aminolevulinate, delta-, synthase 1 

uridine monophosphate synthetase 

AE-binding protein 1 

osteoblast specific factor 2 (fasciclin l-like) 

sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 

A kinase (PRKA) anchor protein (gravin) 12 

serine (or cysteine) proteinase inhibitor, clade H (hsp 47), member 2 

Log2ratio 
Primary tumour 

0.4064 

0 8048 

0.7403 

0.7114 

0.5412 

0.7438 

0.6138 

0.7661 

1.1160 

0.6814 

0.7225 

0.7999 

Log2ratio 
LNmeta 

-0.3513 

-0.4600 

-0.5024 

-0.4585 

-0.6761 

-0.4440 

-0.4476 

-0.5477 

-1.8219 

-0.6811 

-0.5383 

-0.8526 
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W72294 

H95960 

AA405569 

AA634109 

N92901 

H08839 

AA186427 

AA479883 

AA158211 

AA449321 

AA777187 

AA099554 

AA775270 

AA410434 

R48844 

AA988574 

AA425227 

AA450363 

AI341604 

AI356709 

AI262129 

AA012944 

H59614 

small inducible cytokine subfamily B (Cys-X-Cys), member 14 (BRAK) 

secreted protein, acidic, cysteine-rich (osteonectin) 

fibroblast activation protein, alpha 

Fc fraqment of IgG, low affinity Ha. receptor for (CD32) 

fatty acid bindinq protein 4, adipocyte 

ESTs 

hypothetical protein FLJ21127 

hypothetical protein DKFZp434G0522 

Homo sapiens cDNA FLJ12280 fis, clone MAM MA 1001744 

cysteine-rich, angiogenic inducer, 61 (IGFBP10) 

a disinteqrin and metalloproteinase domain 12 (meltrin alpha) 

Homo sapiens mRNA; cDNA DKFZp586E2023 

ESTs, Weakly similar to ORF YGL050w [S.cerevisiae] 

collaqen, type I, alpha 1 

vacuolar protein sorting 29 (yeast homolog) 

matrix metalloproteinase 9 (gelatinase B, 92kD gelatinase,) 

phosphatidylinositol qlycan, class F 

37 kDa leucine-rich repeat (LRR) protein 

Melanoma associated gene 

osteoblast specific factor 2 (fasciclin l-like) 

cysteine-rich, angioqenic inducer, 61 (IGFBP10) 

insulin-like growth factor 2 (somatomedin A) 

-0.8817 

0.7853 

1.0100 

0.5026 

0.5461 

-1.0768 

0.6079 

1.1386 

0.7607 

0.6367 

0.8537 

0.4135 

0.5572 

0.5529 

0.8926 

0.4988 

0.3291 

0.7539 

0.6733 

0.3445 

0.9674 

0.8228 

0.6102 

1.0396 

-0.3601 

-0.4277 

-0.5598 

-0.6283 

0.5597 

-1.0014 

-0.5814 

-0.8671 

-0.8764 

-0.5199 

-0.7937 

-0.4019 

-0.5104 

-1.1222 

-0.6464 

-0.8679 

-0.5092 

-0.3899 

-0.8710 

-1.6089 

-0.4934 

-0.5620 

Pair number 16 
Genbank 

AA039370 

AA158396 

AA011057 

R69796 

AA490462 

H08561 

H62387 

AA063521 

H22653 

AA487429 

AA423957 

AA521490 

AA425947 

AA436142 

AA448157 

AA449742 

H58873 

R05934 

R00226 

W49799 

H58645 

R78580 

Description 

Homo sapiens transcribed sequence with similarity to protein pir:A40032 

major histocompatibility complex, class II, DO beta 

ectin, galactoside-binding, soluble, 7 (galectin 7) 

EST 

AE-binding protein 1 

Human insulin-like growth factor binding protein 5 (IGFBP5) mRNA 

immunoglobulin superfamily containing leucine-rich repeat 

BCL2/adenovirus E1B 19kD-interacting protein 3 

qlia maturation factor, beta 

ATP-bindinq cassette, sub-family B (MDR/TAP). member 2 

thrombospondin 4 

KIAA0430 gene product 

dickkopf (Xenopus laevis) homolog 3 

sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 

cytochrome P450, subfamily I (dioxin-inducible). polypeptide 1 

coaqulation factor XIII. A1 polypeptide 

solute carrier family 2 (facilitated glucose transporter), member 1 

KRAB-zinc finger protein SZF1-1 

hypothetical protein FLJ21620 

neuronal protein 

tumor endothelial marker 8 

hypothetical protein from EUROIMAGE 1759349 

Log2ratio 
Primary tumour 

-0.7175 

-0.3579 

0.4264 

-0.3719 

0.7933 

0.7877 

0.9129 

-0.5322 

-0.6857 

0.6102 

0.8583 

0.3459 

0.8800 

0.3075 

-0.3225 

1.0394 

-0.6623 

-0.4882 

-0.6335 

0.3585 

0.6512 

1.2528 

Log2ratio 
LNmeta 

1.2496 

0.3742 

-0.6164 

0.7007 

-0.3144 

-1.0211 

-0.3887 

1.4025 

0.6345 

-0.3313 

-0.3184 

-0.3249 

-0.5657 

-0.6668 

0.7498 

-0.7750 

0.4977 

0.7092 

0.4490 

-0.3911 

-0.3397 

-0.4160 
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AA446839 

AA131664 

AA126982 

N35241 

AA496149 

N93924 

R56123 

AA485713 

AA669674 

AA449321 

AA478623 

AA463639 

AA775616 

H21977 

H98619 

AA465147 

AA670296 

AI005515 

R39162 

H05772 

H17315 

AA976544 

AA479202 

AA086038 

AI359985 

AI360356 

AI365571 

R37234 

AA417710 

BCL2/adenovirus E1B 19kD-interactinq protein 3 

hypothetical protein FLJ20277 

sin3-associated polypeptide, 30kD 

Ser-Thr protein kinase related to the myotonic dystrophy protein kinase 

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) 

replication factor C (activator 1) 4 (37kD) 

ESTs, Weakly similar to fatty acid omega-hydroxylase [H.sapiens] 

COBW-like protein 

eukaryotic translation initiation factor 3, subunit 6 (48kD) 

Homo sapiens cDNA FLJ12280 fis. clone MAMMA1001744 

cathepsin B 

eukaryotic translation elongation factor 1 alpha 1 

secreted phosphoprotein 1 (osteopontin, bone sialoprotein I) 

ESTs, Weakly similar to CP4Y HUMAN CYTOCHROME P450 4A11 

LCHN protein 

SH3-containing protein SH3GLB1 

translocase of inner mitochondrial membrane 10 (yeast) homolog 

hexokinase 2 

DNA sequence from clone RP1-310013 on chromosome 20q11.2. 

ESTs 

EST 

hypothetical protein MGC2771 

tissue inhibitor of metalloproteinase 3 (Sorsby fundus dystrophy) 

.hjJDholipase A2 receptor 1 180kD 
serine (or cysteine) proteinase inhibitor, clade A (alpha-1 antiproteinase, 
antitrypsin), member 8 

synaptophysin 

regulatory factor X-associated protein 

ankylosis, progressive (mouse) homolog 

Homo sapiens mRNA: cDNA DKFZp761B1514 

-0.4271 

0.7775 

-0.3500 

0.4984 

-0.4445 

-0.6214 

1.2220 

-0.7016 

-0.3818 

0.9366 

0.6831 

-0.5679 

-0.3693 

2.1637 

-0.7112 

-0.3612 

0.6668 

-0.8053 

0.7257 

-1.4952 

-0.6447 

0.7978 

0.6938 

0.5338 

0.4286 

0.3660 

0.4672 

0.4291 

-0.3799 

1 5399 

-0.9175 

0.3884 

-1.3273 

2.2565 

0.4627 

-1.0693 

0.4691 

0.4788 

-0.3829 

-0.4311 

0.5177 

1.7519 

-0.9491 

0.6463 

0.5184 

-0.6178 

1.2195 

-0.7867 

0.3135 

0.7284 

-0.2988 

-0.8180 

-0.6645 

-0.4382 

-0.4977 

-0.8529 

-0.6195 

0.3721 

Pair number 17 
Genbank 

H20822 

R38102 

R41779 

H08820 

AA458653 

H24688 

AA454852 

H22653 

R91950 

AA478589 

H63077 

N93428 

AA399473 

AA278759 

AA405562 

Description 

Fc fragment of IgG, low affinity lllb, receptor for (CD16) 

KIAA0203 gene product 

KIAA0156 gene product 

isopentenyl-diphosphate delta isomerase 

GS3955 protein 
SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily c, member 2 

proteasome (prosome, macropain) 26S subunit, non-ATPase, 2 

glia maturation factor, beta 

cytochrome b-5 

apolipoprotein E 

annexin A1 

complement component 3 

tissue factor pathway inhibitor 2 

proteoglycan 1, secretory qranule 

protein phosphatase 4 (formerly X). catalytic subunit 

Log2ratio 
Primary tumour 

-0.5264 

-0.5253 

-0.2861 

-0.4369 

-0.4813 

-0.4445 

0.5342 

-0.9055 

0.3519 

-0.5928 

-1.4213 

-0.6910 

0.3987 

-0.4632 

-0.3753 

Log2ratio 
LNmeta 

0.4889 

0.6594 

0.4775 

0.4538 

1.3036 

0.5371 

-0.3871 

0.5188 

-0.5536 

0.4726 

0.4698 

0.9757 

-0.3873 

0.4639 

0.4836 
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AA598795 

AA598517 

AA490996 

R65792 

T96603 

N91900 
R76553| 
R76276 

N95358 

N77877 

W69216 

T70586 

AA148641 

AA136707 

W90128 

AA496628 

AA633835 

AA056013 

T56281 

AA634109 

N92901 

AA430367 

AA401441 

R55747 

H17623 

AA429946 

W86182 

AA463512 

AA452813 

AA195021 

AA406266 

AA775616 

AA101875 

AA857496 

AA485214 

H19804 

AA291972 

AA775840 

H23252 

AA010211 

AA968514 

AA888213 

AA521388 

AI352345 

AA878527 

AI206454 

AI420743 

AI653116 

Homo sapiens cDNA FLJ41727 fis, clone HLUNG2015578. highly similar 
0 SERINE/THREONINE PROTEIN PHOSPHATASE 2A 

keratin 8 

nterferon, gamma-inducible protein 16 

uncharacterized hypothalamus protein HCDASE 

hypothetical protein FLJ14153 

ESTs. Weakly similar to endo-alpha-D-mannosidase [R.norvegicus] 
a disintegrin-like and metalloprotease (reprolysin type) with 
thrombospondin type 1 motif. 1 

Homo sapiens cDNA FLJ20153 fis, clone COL08656 

hypothetical protein DC42 

ESTs 

perilipin 

Meis (mouse) homolog 2 

procollagen-lysine. 2-oxoglutarate 5-dioxygenase (lysine hydroxylase) 2 

X-box binding protein 1 

non-metastatic cells 2, protein (NM23B) expressed in 

ipoprotein lipase 

Microfibril-associated glycoprotein-2 

RNA helicase-related protein 

Fc fragment of IgG. low affinity lla. receptor for (CD32) 

fatty acid binding protein 4. adipocyte 

cystathionine-beta-synthase 

B-factor, properdin 

ESTs 

ESTs 

peroxisomal short-chain alcohol dehydrogenase 

pinin, desmosome associated protein 

CGI-99 protein 

GK001 protein 

GK001 protein 

hypothetical protein FLJ23309 

secreted phosphoprotein 1 (osteopontin. bone sialoprotein I) 

chondroitin sulfate proteoglycan 2 (versican) 

matrix metalloproteinase 10 (stromelysin 2) 

nucleobindin 2 

ESTs 

ubiquinol-cytochrome c reductase (6.4kD) subunit 

Homo sapiens mRNA; cDNA DKFZp434O1230 

hypothetical protein FLJ20533 

ESTs 

WW domain binding protein 1 

DnaJ (Hsp40) homolog, subfamily C. member 8 

RuvB (E coli homolog)-like 1 

carbonyl reductase 3 

kinectin 1 (kinesin receptor) 

fatty-acid-Coenzyme A ligase, long-chain 3 

alcohol dehydrogenase 3 (class I), gamma polypeptide 

KIAA1077 protein 

-0.6199 

0.3058 

-0.4786 

-0.5295 

-0.8563 

-0.4329 

-0.5177 

-0.5207 

-1.0916 

-0.3501 

-1.6744 

-0.8851 

-0.6361 

0.3382 

-0.5164 

-0.8206 

-0.8290 

-0.6660 

-1.7926 

-1.4594 

-0.7784 

0.3235 

-0.5203 

-0.5749 

0.5300 

-0.4580 

-0.4573 

-0.4682 

-0.3977 

0.4526 

-0.9310 

-0.3484 

-0.7263 

-0.7848 

-0.5458 

0.7573 

0.9209 

0.9098 

-0.4816 

0.4379 

-0.6011 

0.3141 

0.6860 

-0.6879 

-0.6383 

-0.9081 

-1.0453 

0.4370 

-0.5841 

0.4897 

0.3965 

0.4070 

0.5514 

0.4657 

0.7492 

0.4240 

0.4129 

0.7481 

0.5018 

0.5956 

-0.4193 

0.5834 

1.6735 

0.4884 

0.4108 

1.4330 

1.5052 

0.4764 

-0.8560 

0.5017 

0.5324 

-0.4026 

0.6824 

0.5855 

0,6468 

0.8468 

-0.3255 

1.4186 

0.8963 

0.7030 

0.6678 

0.3369 

-0.3753 

-0.3676 

-1.2176 

1.0804 

-0.4273 

0.5191 

-0.3799 

-0.6194 

0.5259 

0.3319 

0.9956 

0.3592 
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Summary 

Summary 

Breast cancer is the most frequent 
malignancy among women in Western 
countries. The major cause of death from 
breast cancer is not the primary tumor, 
but the development of metastases in vital 
organs. Approximately 40% of the 
patients with breast cancer will develop 
metastases and ultimately die of their 
disease. Consequently, the prevention and 
control of lethal metastatic spread is the 
most important goal of breast cancer 
treatment. In the clinic, prognostic 
indicators are used to identify those 
patients who have a high risk of 
metastasis development, and who 
therefore should receive adjuvant therapy 
(chemotherapy or hormonal treatment) 
after local treatment of the tumor in the 
breast. However, none of the established 
prognostic markers, including tumor size, 
lymph node status, and histological grade, 
can accurately predict for an individual 
patient whether a breast tumor is most 
likely to metastasize (reviewed in Chapter 
1). Instead, these markers only provide a 
general estimation of metastasis risk. 

To identify new prognosis markers 
and therapeutic targets, it is essential to 
understand the extraordinarily complex 
metastatic process. To colonize a distant 
organ, a tumor cell must complete a 
sequential series of steps before it 
becomes a clinically detectable lesion. 
Some of these steps include invasion 
through the extracellular matrix, 
intravasation, survival in the blood stream, 
extravasation into a distant organ, 
development of a vascular network, and 
progressive growth at the distant site. A 
widely held hypothesis is that cancer 
metastasis arises from rare cells in the 
primary tumor that acquire additional 
genetic changes during the later stages of 
tumor development which enable these 

cells to complete the whole metastatic 
cascade (reviewed in Chapter 1). 

This thesis describes two ways of 
gaining insight into the biology of the 
metastatic process: first, the detection and 
prognostic role of disseminated breast 
cancer cells, the ultimate cause of distant 
metastases, and second, the gene 
expression profiles of primary breast 
carcinomas and matching metastases. 

In contrast to prognostic markers 
detected in the primary tumor, the 
identification of circulating tumor cells in 
blood offers dynamic information 
regarding the clinical evolution of the 
metastatic process. 

Chapter 2 describes the 
development of an mRNA-based assay 
system to detect tumor cell genes by 
applying quantitative real-time PCR and a 
panel of four marker genes. Two of the 
genes employed, p1B and PS2, were 
derived from our SAGE analysis designed 
to identify differentially expressed genes in 
breast cancer, whereas CK19 and EGP2 
had already been successfully used by 
others. Using a quadratic discriminant 
analysis including all four marker genes, 
we determined an increased marker gene 
expression in the peripheral blood of 
30/103 patients with advanced breast 
cancer (29%), while elevated expression 
levels were absent in all 96 samples of 
healthy females. 

In Chapter 3 we show that 
patients with advanced breast cancer have 
a significantly worse progression-free and 
overall survival if mRNA of tumor cells can 
be detected in their peripheral blood. The 
assay we have developed therefore has a 
clear biological correlation and may reflect 
the presence of circulating breast cancer 
cells. Whether the detection of circulating 
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tumor cells in early breast cancer patients 
is of relevance for the future clinical 
management of the disease, however, 
remains to be established. 

Due to the convincing data 
obtained with our mRNA-based approach 
in peripheral blood, we developed a 
similar test to detect breast cancer cells in 
lymph nodes (Chapter 4). In breast cancer 
to date, the axillary lymph node status at 
primary diagnosis remains the most 
valuable individual prognostic marker for 
disease course and recurrence. A less 
invasive method for the assessment of the 
lymph node status than the standard 
treatment involving the complete 
dissection of 10-30 axillary lymph nodes, is 
the sentinel lymph node biopsy. In this 
approach, the first lymph node that 
receives drainage from the primary tumor 
is mapped. If the sentinel node does not 
contain tumor cells, no further axillary 
clearance is carried out. Using a sensitive 
real-time PCR approach including four 
marker genes (CK19, p1B, EGP2 and 
SBEM), 7/70 sentinel lymph nodes tested 
(10%) that were free of metastases as 
determined by the standard histological 
evaluation showed an increased marker 
gene expression, suggesting the presence 
of disseminated breast cancer cells. Four 
of the seven sentinel nodes marked 
positive by real-time PCR indeed proved to 
contain tumor cells after careful review of 
the paraffin-embedded material. These 
results show that the application of our 
technique may be of clinical importance. 

To improve our understanding of 
the molecular mechanisms of the 
metastatic process, we determined the 
gene-expression profiles of primary breast 
carcinomas and matching metastases. In 
Chapter 5 we show that gene expression 
profiles of primary breast tumors are 
maintained in their distant metastases, of 
which some are detected years later. 
Furthermore, no general subset of genes 

discriminating between the primary and 
metastatic breast tumors tested could be 
identified. This, however, might be due to 
the small sample size and the different 
sites of metastasis studied. The 
differentially expressed genes detected in 
the individual pairs of primary tumors and 
metastases mainly originate from the 
organs analyzed harboring metastatic 
spread. 

Our findings challenge the 
prevalent model of metastasis, and imply 
that the genetic changes in primary 
tumors that favor metastasis occur much 
earlier in tumor progression than 
previously appreciated. Moreover, our 
study argues against the concept that the 
translocation of a tumor cell to a distant 
site in the body includes major changes in 
the gene expression of a tumor. In fact, 
the changes in gene expression of a 
metastatic colony when compared with 
the primary tumor are much more subtle 
than expected (Chapter 6). 

Two major studies have described 
the use of microarray technology to assess 
the molecular classification of human 
breast cancer and have defined new 
subgroups based on gene expression that 
are relevant to patient management. 
Breast tumors analyzed by hierarchical 
clustering of the expression patterns of 
'intrinsic' genes have been shown to 
subdivide into at least four molecular 
subtypes, which are associated with 
significantly distinct patient outcomes 
(Perou ef a/., Nature 406, 2000; Sorlie et 
a/., PNAS 98, 2001). Using a supervised 
method, a 70-gene expression profile has 
been identified which accurately predicts 
the later appearance or absence of clinical 
metastasis within 5 years in young breast 
cancer patients (van 't Veer et a/., Nature 
415, 2002). In Chapter 7 we show that 
distant metastases display not only the 
overall gene expression profile but also 
the same molecular breast cancer 
subtypes and 70-gene prognostic 

116 



Summary 

signature when compared to their primary 
breast carcinomas. These findings suggest 
that the metastatic nature of breast 
carcinomas is an inherent feature of 
breast cancer. 

In breast cancer, the axillary lymph 
nodes are often the first sites to harbor 
metastases. We show that primary breast 
carcinomas and lymph node metastases 
do not differ at the transcriptional level by 
a common subset of genes. However, 
subtle differences in the expression of 
genes involved in extracellular-matrix 
remodeling, cell-matrix interaction and 
growth factor signaling are detected in 
individual pairs of matching primary and 
metastatic tumors (Chapter 8). Our data 
suggest that primary breast carcinomas 
are unique and complex organs that may 
use individual sets of genes to accomplish 
lymph node metastasis. Furthermore, in a 
dataset of 295 breast cancer patients, 
including 151 lymph node-negative and 
144 lymph node-positive patients (van de 
Vijver er al., N Engl J Med 347, 2002), no 
expression signature predicting the lymph 
node status could be identified. These 
data imply that lymph node metastasis 
may occur independently of 

hematogenous metastasis, and therefore 
that the axillary lymph node status is not 

the most reliable predictor of disease 
course in breast cancer patients. 

The experiments described in this 
thesis show that the presence of mRNA 
species that may originate from circulating 
tumor cells could be detected in blood 
and lymph nodes by a quantitative 
multimarker PCR assay. Furthermore, our 
results suggest that the presence of 
circulating tumor cells in peripheral blood 
are of prognostic benefit. 

The research in this thesis has also 
contributed to a further understanding of 
the metastatic process, by showing that 
the overall gene expression profile, the 
molecular breast cancer subtype and 
prognostic expression profile of a primary 
breast tumor are maintained throughout 
the metastatic process. Currently, there is 
considerable interest in the use of 
microarray profiling to predict therapy 
response, which will eventually provide a 
further step toward the achievement of 
'personalized medicine' for the treatment 
of breast cancer. The data presented in 
this thesis imply that treatment decisions 
based on the expression profile of a 
primary tumor might be a rational 
approach towards preventing the 
outgrowth of micrometastases. 
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Borstkanker is de meest 
voorkomende vorm van kanker bij 
vrouwen in de Westerse wereld. Als 
vrouwen aan borstkanker overlijden dan is 
dat ten gevolge van uitzaaiingen van 
tumorcellen naar organen elders in het 
lichaam, bijvoorbeeld de lever, longen of 
hersenen. Ongeveer 40% van de 
patiënten met borstkanker krijgt 
uitzaaiingen (metastasen) en overlijdt 
uiteindelijk aan de gevolgen hiervan. Het 
voorkomen of remmen van het 
verspreiden van kankercellen door het 
lichaam is dan ook het belangrijkste doel 
van de behandeling van borstkanker. In de 
kliniek worden prognostische markers 
gebruikt om te voorspellen welke 
patiënten een grote kans hebben op het 
ontwikkelen van metastasen en daarom 
aanvullende (adjuvante) therapie zouden 
moeten krijgen (chemotherapie of 
hormonale behandeling) na de lokale 
behandeling van de tumor in de borst. 
Maar de huidige prognostische markers, 
zoals de grootte van de tumor, 
uitzaaiingen in lymfklieren van de oksel, of 
de histologische differentiatiegraad van de 
tumor, kunnen voor een individuele 
patient niet precies voorspellen of 
metastasering zal optreden of niet 
(besproken in Hoofdstuk 1). Deze 
factoren geven alleen een grove schatting 
van de kans op metastasering. 
Om betere prognostische markers en 
nieuwe aangrijpingspunten voor 

medicijnen te identificeren, is het 
essentieel om het complexe metasta-
seringsproces te begrijpen. Alvorens in 
een orgaan te kunnen uitgroeien moet 
een tumorcel een aantal stappen nemen: 
het doorbreken van de extracellulaire 
matrix, invasie in de bloedvaten, overleven 
in de bloedstroom, uittreden uit de 
bloedvaten en invaderen in een orgaan en 

het ontwikkelen van een eigen 
bloedvoorziening, zijn hiervoor nood
zakelijk. Een algemeen geaccepteerde 
hypothese is dat slechts enkele cellen van 
de primaire tumor tot metastasering in 
staat zijn. Deze cellen hebben laat tijdens 
de tumorontwikkeling extra genetische 
veranderingen ondergaan die het mogelijk 
maken de gehele cascade van 
metastasering te doorlopen (besproken in 
Hoofdstuk 1). 

Dit proefschrift beschrijft twee 
strategieën om nieuw inzicht in de 
biologie van het metastaseringsproces te 
verkrijgen. Allereerst wordt een methode 
om uitgezaaide borstkankercellen aan te 
tonen beschreven, alsmede de 
prognostische betekenis daarvan. Ten 
tweede worden genexpressie-profielen 
van primaire borsttumoren en bijpassende 
metastasen vergeleken. 

In tegenstelling tot de 
prognostische markers die in de primaire 
tumor worden bepaald, biedt het 
aantonen en analyseren van in het bloed 
circulerende tumorcellen informatie over 
de dynamiek van het metastaserings
proces. 

In Hoofdstuk 2 wordt de 
ontwikkeling van een op mRNA-
gebaseerde techniek beschreven om, met 
behulp van kwantitatieve real-time PCR en 
een set van vier markergenen, tumorcellen 
in het bloed van patiënten met 
mammacarcinoom te detecteren. Twee 
van de gebruikte genen, p1B en PS2, zijn 
uit onze SAGE analyse geselecteerd als 
genen waarvan de expressie in 
borstkanker verschilt van die in bloed en 
beenmerg. De andere twee markergenen, 
CK19 en EGP2, zijn daarentegen al met 
succes door anderen gebruikt. Met een 
kwadratische discriminantanalyse die alle 
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vier markergenen insloot, vonden we een 
verhoogde gen-expressie in het bloed van 
30/103 patiënten met gemetastaseerde 
borstkanker (29%), terwijl in het bloed 
van 96 gezonde vrouwen geen verhoogde 
expressiewaarde werd aangetoond. 

In Hoofdstuk 3 laten we zien dat 
patiënten met gemetastaseerde borst
kanker een significant slechtere 
progressie-vrije en totale overleving 
hebben, als mRNA afkomstig van 
tumorcellen in hun bloed kan worden 
aangetoond. De ontwikkelde techniek 
heeft dan ook een duidelijke biologische 
relevantie en weerspiegelt de aan
wezigheid van circulerende tumorcellen. 
Of deze test ook zinvol toegepast kan 
worden voor de diagnostiek in vroege 
stadia van de ziekte moet verder worden 
onderzocht. 

In Hoofdstuk 4 beschrijven wij de 
ontwikkeling van een vergelijkbare op 
mRNA gebaseerde test om borst
kankercellen in lymfklieren op te sporen. 
Bij borstkanker is uitzaaiing van tumor
cellen in de okselklieren ten tijde van het 
ontdekken van de tumor de sterkste 
prognostische marker voor de kans op 
uitzaaiingen elders in het lichaam. Om 
uitzaaiingen in de oksellymfklieren op te 
sporen, werden tot voor kort bij de 
standaardbehandeling van borstkanker 
alle oksellymfklieren verwijderd (okselklier-
toilet). De schildwachtklier-procedure 
heeft in de meeste gevallen het oksel-
kliertoilet vervangen. Hierbij wordt 
selectief de eerste lymfklier (schildwacht-
klier) die de lymfafvoer van de tumor 
ontvangt, uitgenomen. Als deze klier vrij 
van uitzaaiingen is, hoeft er geen volledig 
okselkliertoilet te worden verricht. Met 
behulp van kwantitatieve real-time PCR 
testen, gebruik makend van vier 
markergenen (CK19, p1B, EGP2 en 
SBEM), bleken 7/70 schildwachtklieren 
(10%), die bij histologisch onderzoek vrij 
van tumorcellen waren, een verhoogde 
markergen-expressie te hebben. In vier 

van de zeven schildwachtklieren werd bij 
aanvullend histologisch onderzoek alsnog 
tumor gevonden. Deze bevindingen laten 
zien dat toepassing van onze techniek in 
de klinische praktijk nuttig zou kunnen 
zijn. 

Om meer inzicht te verkrijgen in 
metastasering, hebben we de 
genexpressie-profielen van primaire 
borsttumoren en bijbehorende metastasen 
bepaald. In Hoofdstuk 5 laten we zien 
dat de genexpressie-profielen van primaire 
borsttumoren bewaard blijven in hun 
metastasen, ook als deze vele jaren na de 
primaire behandeling worden ontdekt. 
Bovendien kan er geen set van genen 
worden gevonden die de primaire 
tumoren van de metastasen kan 
onderscheiden. Dit kan uiteraard komen 
omdat we een te klein aantal metastasen 
uit verschillende organen hebben 
bestudeerd; de genen die verschillend tot 
expressie komen in de individuele paren 
van primaire tumoren en metastasen zijn 
voornamelijk afkomstig van de cellen van 
de organen die de metastasen bevatten. 
De overeenkomst van het genexpressie
profiel van de primaire tumor met die van 
de metastase vecht het heersende model 
van metastasering aan en suggereert dat 
de genetische veranderingen die nodig 
zijn voor metastasering veel eerder in de 
ontwikkeling van een tumor plaatsvinden 
dan voorheen werd gedacht. Bovendien 
pleit onze studie tegen het idee dat de 
verplaatsing van een tumorcel naar een 
orgaan elders in het lichaam, grote 
veranderingen in de genexpressie van de 
tumor met zich meebrengt. Waarschijnlijk 
zijn de veranderingen in genexpressie veel 
subtieler dan eerder werd aangenomen 
(Hoofdstuk 6). 

Twee grote studies hebben het 
gebruik van de microarray-techniek 
beschreven om borsttumoren moleculair 
te classificeren. Deze hebben nieuwe 
prognostische subgroepen gevonden die 
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belangrijk kunnen zijn voor de 
behandeling van patiënten. Borsttumoren 
die met behulp van hiërarchische 
clustering van hun expressie patronen van 
de 'intrinsieke' genen zijn geanalyseerd, 
kunnen worden onderverdeeld in 
tenminste vier moleculaire subtypes. Deze 
subtypes zijn geassocieerd met een 
significant verschillend ziektebeloop 
(Perou et al., Nature 406, 2000; Sorlie et 
al., PNAS 98, 2001). Met behulp van een 
gesuperviseerde methode is een 70-genen 
expressie profiel geïdentificeerd dat 
nauwkeurig het optreden of het uitblijven 
van uitzaaiingen binnen vijf jaar bij jonge 
patiënten voorspelt (van 't Veer et al., 
Nature 415, 2002). In Hoofdstuk 7 laten 
wij zien dat metastasen op afstand niet 
alleen hetzelfde genexpressie profiel 
hebben als de bijbehorende primaire 
tumor, maar dat ook het moleculaire 
borstkanker-subtype en het 70-genen 
profiel behouden blijven. Deze bevinding 
duidt erop dat metastasering een 
intrinsieke eigenschap van een borsttumor 
is. 

Als borstkanker uitzaait, komen de 
tumorcellen meestal het eerst in de 
okselklieren terecht. Wij laten zien dat 
primaire borsttumoren en metastasen in 
de lymfklieren op transcriptioneel niveau 
niet door een algemene set van genen te 
onderscheiden zijn. Subtiele verschillen in 
de expressie van genen die betrokken zijn 
bij cel-matrix interacties en groeifactor
signalering zijn echter ontdekt in paren 
van primaire tumoren en metastasen 
(Hoofdstuk 8). Onze bevindingen 
suggereren dat primaire borstkankers 
unieke en complexe 'organen' zijn die 
waarschijnlijk van bepaalde groepen 
genen gebruik maken om lymfklier-
metastasen te ontwikkelen. Verder is in 
een groep van 295 borstkankerpatiënten, 
waarvan 151 zonder en 144 met oksel-

lymfklier metastasen (van de Vijver et al., 
N Engl J Med 347, 2002), geen expressie
profiel gevonden dat uitzaaiingen in de 
lymfklieren voorspelt. Deze bevindingen 
suggereren dat lymfklier-metastasering 
mogelijk onafhankelijk van de 
hematogene afstandsmetastasering 
gebeurt en dat daarom de aanwezigheid 
van tumorcellen in de okselklieren niet de 
meest betrouwbare voorspeller van het 
ziektebeloop van borstkankerpatiënten is. 

De in dit proefschrift beschreven 
experimenten laten zien dat de 
aanwezigheid van mRNA, dat van 
circulerende tumorcellen zou kunnen 
afstammen, in bloed en lymfklieren 
aangetoond kan worden met een 
kwantitatieve multimarker PCR techniek. 
Onze resultaten tonen aan dat de 
aanwezigheid van circulerende tumor
cellen in het bloed bij patiënten met 
gemetastaseerd mammacarcinoom een 
prognostische waarde heeft. 

Door aan te tonen dat niet alleen 
het algemene genexpressie profiel maar 
ook het moleculaire borstkanker subtype 
en het prognostische 70-genen profiel van 
een primaire borsttumor door het proces 
van metastasering heen bewaard blijft, 
draagt het onderzoek beschreven in dit 
proefschrift ook bij aan een verdieping van 
het inzicht in het proces van 
metastasering. Op dit moment wordt veel 
aandacht besteed aan het gebruik van 
gen-expressie profielen om respons op 
therapie te voorspellen. Deze benaderings
wijze is een verdere stap in de richting van 
de 'op het individu toegespitste genees
kunde'. De resultaten gepresenteerd in dit 
proefschrift, laten zien dat keuze van 
behandeling gebaseerd op het expressie 
profiel bepaald in de primaire tumor, een 
veelbelovende manier is om uitgezaaide 
ziekte te behandelen. 
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Brustkrebs ist die haufigste Krebs-
erkrankung der Frau in der westlichen 
Welt. Die Todesursache von Brustkrebs ist 
jedoch nicht der primare Tumor in der 
Brust, sondern die Ansiedlung von 
verschleppten Krebszellen in lebens-
wichtigen Organen wie die Leber, Lunge 
oder das Gehirn. Diese Tochterge-
schwülste, sogenannte Metastasen, treten 
bei ungefahr 40% aller Patientinnen mit 
Brustkrebs auf. Die Vorbeugung und 
Bekampfung der tödiichen Ausbreitung 
von Krebszellen durch den Körper ist 
somit das wichtigste Ziel bei der 
Behandlung von Brustkrebs. In der Klinik 
werden verschiedene prognostische 
Indikatoren benutzt, um Patiënten mit 
einem erhöhten Metastase-Risiko zu 
identifizieren, die anschlieBend eine 
erganzende (adjuvante) medikamentöse 
Therapie erhalten sollten (Chemotherapie 
oder hormonale Behandlung). Für 
Brustkrebs gibt es keine einheitliche 
TherapiemaBnahme, da auch zunachst 
scheinbar gleiche Tumorerkrankungen 
unterschiedlich verlaufen können. Keiner 
der heutzutage bewahrten prognos-
tischen Marker, wie zum Beispiel 
TumorgröGe, Tumorzellbefall der axillaren 
Lymphknoten oder Differenzierungsgrad 
des Tumors, kann einer individuellen 
Patientin exakt voraussagen, ob der 
Brusttumor metastasieren wird oder nicht 
(besprochen in Kapitel 1). Stattdessen 
können diese Faktoren nur eine grobe 
Einschatzung des Metastasierungs-Risikos 
geben. 

Um bessere prognostische 
Faktoren und neue therapeutische 
Angriffspunkte zu identifizieren, ist es 
unerlasslich, den auGergewöhnlich 
komplexen Prozess der Metastasierung zu 
verstehen. Bevor sich eine Tumorzelle in 
ein Organ einnisten und zu einer klinisch 

feststellbaren Lasion auswachsen kann, 
muss diese eine Reihe von Schritten 
bewaltigen: das Durchbrechen durch die 
extrazellulare Matrix, den Eintritt in die 
BlutgefaSe, das Überleben im Blutstrom, 
Austritt aus den BlutgefaGen in ein Organ, 
sowie die Entwicklung einer eigenen 
Blutversorgung sind dafür unerlasslich. 
Eine weit akzeptierte Hypothese ist, dass 
Metastasen aus einigen wenigen Zeilen im 
primeren Tumor entstehen, die in einem 
spaten Stadium der Tumorentwicklung 
zusatzliche genetische Veranderungen 
erworben haben. Dadurch wird es diesen 
besonderen Zeilen ermöglicht, die 
gesamte Metastasierungs-Kaskade zu 
durchlaufen (besprochen in Kapitel 1). 

Diese Doktorarbeit beschreibt zwei 
Ansatze, um neue Einsichten in die 
Biologie der Metastasierung zu erwerben: 
Erstens sind der Nachweis und die 
prognostische Bedeutung disseminierter 
Brustkrebszellen, der direkten Ursache von 
Fernmetastasen, dargestellt. Zweitens sind 
die Genexpressionsmuster primarer 
Mammakarzinome und deren zugehöriger 
Metastasen beschrieben. 

lm Gegensatz zu den prognos-
tischen Markern, die im primeren Tumor 
detektiert werden, gibt der Nachweis von 
zirkulierenden Tumorzellen im Blut 
dynamische Informationen bezüglich der 
klinischen Entwicklung des metastatischen 
Prozesses preis. 

In Kapitel 2 beschreiben wir die 
Entwicklung eines neuen, auf mRNA 
basierten Testsystems für die Detektion 
von Tumorzellgenen mit Hilfe quantitativer 
Echtzeit-PCR und vier Makergenen. Zwei 
der verwendeten Gene, p1B and PS2, 
wurden in unserer SAGE-Analyse 
identifiziert als Gene, die unterschiedlich 
zwischen Mammakarzinomen und Blut 

123 



Zusammenfassung 

und Knochenmark exprimiert werden. Die 
zwei anderen Gene, CK19 und EGP2, 
dahingegen wurden bereits vorher 
erfolgreich durch uns und andere 
Forschungsgruppen verwende! Mit Hilfe 
einer quadratischen Diskriminanzanalyse, 
die alle vier Markergene berücksichtigt, 
haben wir eine erhöhte Markergen-
Expression in Blut von 30/103 Patien-
tinnen mit metastasiertem Mamma-
karzinom nachweisen können (29%), 
wahrend keine erhöhten Expressionswerte 
im Blut von 96 gesunden Frauen gefunden 
wurden. 

In Kapitel 3 zeigen wir, dass 
Patientinnen mit fortgeschrittenem Brust-
krebs signifikant schlechtere Aussichten 
auf ein progressionsfreies Überleben 
haben und eine verkürzte Lebensdauer 
aufweisen, wenn Tumorzell-mRNA im Blut 
nachgewiesen werden kann. Das 
entwickelte Testsystem hat daher eine 
klare biologische Bedeutung und spiegelt 
die Anwesenheit disseminierter Tumor-
zeilen wider. Ob der Nachweis von 
zirkulierenden Krebszellen auch im 
Frühstadium des Mammakarzinoms für die 
zukünftige Diagnose und Behandlung der 
Krankheit von Bedeutung ist, muss jedoch 
noch weiter untersucht werden. 

Aufgrund der überzeugenden 
Ergebnisse, die wir mit Hilfe unseres auf 
mRNA basierten Testsystems erhalten 
haben, haben wir einen ahnlichen Test für 
den Nachweis von Brustkrebszellen in 
Lymphknoten entwickelt (Kapitel 4). 
Heutzutage stellt das Vorliegen von 
Lymphknotenmetastasen zum Zeitpunkt 
der Krebsdiagnose den bisher wichtigsten 
negativen Prognosefaktor für den Krank-
heitsverlauf dar. Urn eine representative 
Aussage über den sogenannten 
Nodalstatus (= Lymphknoten befallen oder 
nicht befallen) treffen zu können, wurden 
bisher bei der Standardbehandlung alle 
Lymphknoten aus der Achselhöhle 
entfernt. Eine weniger drastische 
Methode, um den Lymphknotenbefall zu 

untersuchen, ist die Wachterlymphknoten-
Technik. Bei dieser Prozedur wird der erste 
Achsellymphknoten, der im Abfluss der 
Brust liegt, und damit auch der Ort mit 
der wahrscheinlichsten Metastasierung 
darstellt, durch Markierungssubstanzen 
identifiziert und gezielt entnommen. Bei 
einem unauffalligem Befund kann von 
einer Entfemung der Achsellymphknoten 
abgesehen werden. Mit Hilfe eines 
sensitiven Echtzeit-PCR Tests von vier 
Markergenen (CK19, p1B, EGP2 und 
SBEM) zeigten sieben der 70 untersuchten 
Lymphknoten (10%), die nach 
standardisierter histologischer Unter-
suchung tumorfrei waren, eine erhöhte 
Expression dieser Markergene, was auf die 
Prasenz von disseminierten Brust
krebszellen hindeutet. In vier der sieben 
Wachterlymphknoten mit einem positiven 
PCR Test wurden nach zusatzlichen 
histologischen Untersuchungen tatsachlich 
Tumorzellen gefunden. Diese Ergebnisse 
weisen darauf hin, dass die Anwendung 
unserer Technik von klinischer Relevanz 
sein kann. 

Um neue Kenntnisse über die 
molekularen Mechanismen der Ent-
stehung von Metastasen zu erwerben, 
haben wir die Genexpressionsprofile von 
primeren Tumoren und den zugehörigen 
Metastasen bestimmt. In Kapitel 5 zeigen 
wir, dass Metastasen, die erst mehrere 
Jahre nach der Entfernung des 
Primartumors detektiert werden können, 
das gleiche Expressionsprofil wie ihre 
Stammtumore haben. AuBerdem konnte 
kein allgemeines Set von Genen 
identifiziert werden, das alle primare von 
den metastatischen Brusttumoren unter-
scheiden konnte. Dieses könnte auf die 
kleine ProbengröBe und auf die 
verschiedenen Metastasenorte, die 
analysiert wurden, zurückgeführt werden. 
Die Gene, die unterschiedlich zwischen 
Primartumoren und Metastasen in den 
einzelnen Paaren exprimiert werden, sind 
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hauptsachlich spezifisch für die Organe, 
aus welchen die Metastasen entnommen 
wurden. 

Unsere Ergebnisse stellen das 
herrschende Metastasierungsmodell in 
Frage und implizieren, dass die 
genetischen Veranderungen in einem 
Primartumor, welche Metastasierung 
begunstigen, viel früher in der Tumor-
entwicklung stattfinden als bisher 
angenommen. AuBerdem spricht unsere 
Studie gegen das Konzept, dass bei der 
Translokation einer Tumorzelle zu einem 
fernen Organ im Körper groGe 
Veranderungen in der Genexpression des 
Tumors stattfinden. Nach unseren 
Ergebnissen sind die Veranderungen in der 
Genexpression einer metastatischen 
Kolonie verglichen mit dem primeren 
Tumor viel subtiler als erwartet (Kapitel 

6)-
Zwei wichtige Studiën haben von 

der Mikroarray - Technologie Gebrauch 
gemacht, urn humane Brusttumore auf-
grund ihrer Genaktivitat zu klassifizieren. 
Dabei wurden neue Gruppen von 
Brusttumoren identifiziert, die von groBer 
Bedeutung für die Behandlung von 
Patiënten sein können. Brusttumore, die 
mit hierarchischem Clustering von Expres-
sionsmustern der 'intrinsischen' Gene 
analysiert wurden, konnten in mindestens 
vier molekulare Subtypen eingeteilt 
werden. Diese molekularen Subtypen sind 
mit signifikant unterschiedlichen 
Krankheitsverlaufen assoziiert (Perou er 
al., Nature 406, 2000; Sorlie et al., PNAS 
98, 2001). Mit Hilfe einer 'supervisierten' 
Klassifikation wurde eine 70-Gen-Signatur 
identifiziert, die wesentlich genauer als 
bisher das spatere Entstehen oder 
Fernbleiben von Metastasen innerhalb von 
fünf Jahren in jungen Brustkrebspatienten 
vorhersagen kann (van 't Veer et al., 
Nature 415, 2002). In Kapitel 7 zeigen 
wir, dass Metastasen nicht nur das 
Gesamt-Expressionsprofil, sondern auch 
dieselben molekularen Brustkrebs-

Subtypen und die 70-Gen-Signatur auf-
zeigen wie ihr Primartumor. Diese 
Ergebnisse deuten darauf hin, dass die 
Fahigkeit eines Mammakarzinoms, Fern-
metastasen bilden zu können, schon früh 
in der Tumorentwicklung festgelegt wird. 

Die axillaren Lymphknoten sind oft 
die ersten Stellen, die Metastasen des 
Primartumors beherbergen. Wir konnten 
zeigen, dass primare Mammakarzinome 
und Lymphknotenmetastasen sich auf 
transkriptioneller Ebene nicht durch eine 
gemeinsame Gengruppe voneinander 
unterscheiden. Jedoch können wir subtile 
Unterschiede in der Expression von Genen, 
die bei Umgestaltung der extrazellularen 
Matrix, den Zell-Matrix Wechselwirkungen 
und bei der Signalwirkung von 
Wachstumsfaktoren eine Rolle spielen, in 
den individuellen Paaren von primeren und 
metastatischen Tumoren nachweisen 
(Kapitel 8). Unsere Daten suggerieren, 
dass primare Mammakarzinome unikale 
und komplizierte 'Organe' sind, die 
individuelle Gensets verwenden können, 
urn zu den Lymphknoten zu metasta-
sieren. Darüber hinaus konnten in dem 
Datensatz von 295 Brustkrebs Patiënten, 
der 151 nodal-negative und 144 nodal-
positive Patiënten umfasst (van de Vijver 
et al., N Engl J Med 347, 2002), keine 
Expressionsmuster nachgewiesen werden, 
die den Nodalstatus in der Achselhöhle 
voraussagen können. Diese Ergebnisse 
deuten darauf hin, dass die Metasta
sierung zu den Lymphknoten unabhangig 
von der hamatogenen Metastasierung 
stattfindet. Somit ist der Lymphknoten-
Status ein wenig verlasslicher Pradiktor 
des Krankheitsverlaufs bei Brustkrebs-
patientinnen. 

Die in dieser Doktorarbeit beschrie-
benen Experimente zeigen, dass die 
Prasenz von mRNAs, die von zirku-
lierenden Tumorzellen stammen konnten, 
mit einer quantitativen Multimarker PCR-
Analyse in Blut und Lymphknoten 
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nachgewiesen werden können. Darüber 
hinaus suggerieren unsere Ergebnisse, 
dass die Prasenz von zirkulierenden 
Tumorzellen im Blut von prognostischer 
Bedeutung sind. Die Ergebnisse dieser 
Doktorarbeit haben auBerdem zum 
weiteren Verstandnis des Metastasierungs-
prozesses beigetragen, da wir gezeigt 
haben, dass die allgemeinen Expressions-
muster, die molekularen Brustkrebs-
Subtypen sowie die 70-Gen-Signatur eines 
primeren Mammakarzinoms wahrend der 
Metastasierung erhalten bleibt. Gegen-

wartig herrscht ein erhebliches Interesse 
an Genexpressionsanalysen, urn den Erfolg 
einer Therapie voraussagen zu können, 
was einen weiteren Schritt in die Richtung 
der 'personalisierten Medizin' für die 
Behandlung von Brustkrebs darstellt. Die 
Daten, die in dieser Doktorarbeit prasen-
tiert werden, implizieren, dass Therapie-
empfehlungen, die auf Expressions-
mustern des Primartumors basieren, eine 
vielversprechende Vorgehensweise für das 
Bekampfen von Mikrometastasen sind. 
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