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Abstract

Clinically very heterogeneous, breast cancer prognosis and treatment response are difficult to predict with the current
prognostic histoclinical parameters. Mammary oncogenesis remains poorly understood. DNA array technology allows the
simultaneous analysis of the mMRNA expression levels of thousands of genes in biological samples. Applied to breast tumours,
expression profiles will boost our knowledge of oncogenesis, will offer new potential therapeutic targets and new prognostic
and predictive markers. Today, the most accessible approach for academic research teams is that of Nylon DNA arrays witt
radioactive detection, which in addition allows profiling of small clinical sample<ite this article: F. Bertucci et al., C. R.

Biologies 326 (2003).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Réseaux d’ADN sur Nylon et profils d’expression génique dans le cancer du selihétérogénéité évolutive du cancer du
sein est mal appréhendée par les paramétres pronostiques histocliniques actuels. L'oncogenése mammaire reste mal compri;
Les puces a ADN permettent de mesurer simultanément I'expression transcriptionnelle de plusieurs milliers de génes dans ui
échantillon. Leur application a I'analyse des tumeurs mammaires devrait améliorer notre compréhension de I'oncogenése e
permettre l'identification de nouvelles cibles thérapeutiques, de nouveaux marqueurs pronostiques et prédictifs de la répons
thérapeutique susceptibles d’améliorer la prise en charge. Aujourd’hui, I'approche la plus accessible aux équipes académique
est celle des réseaux sur Nylon avec détection radioactive, qui permet en outre I'analyse de petits échantillonsRdimiques.
citer cet article: F. Bertucci et al., C. R. Biologies 326 (2003).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction 2. DNA array technology

DNA arrays provide quantitative and simultaneous
measurements of the mRNA expression levels of thou-
sands of genes in a biological sample (for a review,
see [1,2]). This technology relies on the hybridisa-
tion of a labelled target derived from sample RNA
to large sets of DNA fragments (the probes repre-
senting genes) arrayed on a solid support. The target
is produced by reverse transcription of RNA and si-
multaneous labelling; it contains many different frag-
ments of complementary DNA (cDNA) in various
amounts in solution, corresponding to the numbers
of copies of the original messenger RNA (mMRNA)
species. During the hybridisation, the amount of la-
belled cDNA that hybridises with its probe is pro-
portional to its abundance in the original RNA sam-

Breast cancer (BC) is a complex disease, charac-
terised by the successive accumulation of multiple
molecular alterations in both the cells undergoing neo-
plastic transformation and the host cells. These anom-
alies disturb the expression of genes controlling criti-
cal cell processes, causing the initiation of tumouroge-
nesis and genetic instability, and leading to an increas-
ingly invasive and resistant phenotype. That complex
genetic basis and the combined heterogeneities of tu-
mour and host cells create the potential for each tu-
mour to be molecularly distinct from all others and
consequently to display a unique clinical behaviour.
Better characterisation of tumours and understanding
of oncogenesis are major requirements to improve pa-

tler’:;tlslsur\lnval. di fBC les h ¢ ple. After washes and image acquisition, the sig-
foclalcu ?r s(tju |eds 0 samr;]) es have fso ar suc- g present on each probe is automatically detected
cessiully elucidated some mechanisms of mammary 4 quantified; it is proportional to the expression

oncogenesis and identified BC susceptibility genes o\ q| of the concerned gene. Intensities are normalised
(BRCAlandBRCAZ and other altered key genes such g converted into expression levels that then are
asCDH1, MYC or ERBB2 Yet, the clinical applica- analysed.
tions remain very limited for patients. The main rea-  gjnce hybridisation analysis produces an inordinate
son is that conventional low-throughput analyses, us- amount of data representing thousands of expression
ing a gene-by-gene approach (often based upon spe-easurements, the validation, analysis, interpretation,
cific and limited biological insight), cannot compre- display and storage of this raw information are not
hend the molecular complexity of tumours and their {jyial steps. The quality of the data depends on
clinical diversity. well-controlled hybridisation conditions, such as a
The Genome Projects and various technological good quality RNA, the use of negative and positive
developments now make possible the simultaneouscontrols, an adequate signal-to-noise ratio, and the
analysis of the activity of many genes in biological widest possible dynamic range [2]. The analysis and
samples. The most advanced level of profiling is interpretation of all of the validated data require the
based on the large-scale measurement of mRNA yse of sophisticated analysis programs to extract the
expression. Among the rapidly emerging technologies, maximum meaningful information. In the past years,
DNA arrays have become the method of choice. methods supervised such as neural networks and
There are multiple potential applications in biomedical unsupervised such as the various clustering techniques
research, particularly in the cancer field. Four years have been applied [3].
ago, we launched a project of molecular typing of BC Two different sorts of DNA arrays have been de-
with Nylon DNA arrays combined with radioactive veloped [2]. The first type uses arrays of cDNA
detection. Here, we briefly present the technology clones robotically spotted on a support in the form
and its applications in BC research, including our of bacterial colonies or PCR products. The oldest ver-
results. sions are known as ‘macroarrays’, high-density filters
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that are made on large Nylon membranes (typically sands of PCR products on surfaces of a few square
100 cnf) with the target generally labelled radioac- centimetres. The solid support is generally glass and

tively. Macroarrays are flexible and compatible with

targets are labelled with fluorescence, allowing simul-

the equipment present in most academic laboratoriestaneous dual hybridisation of the test sample and of
and can effectively assay sets of hundreds or a few a reference RNA sample [6]. Microarrays can also
thousands genes. We developed this approach in ourbe made on Nylon membranes: in this case targets
laboratory few years ago [2,4,5]. ‘Microarrays’ are the are labelled with radioactivity [7] or colorimetry [8].
miniaturised version: they can contain tens of thou- Hybridisation images of microarrays are obtained us-
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Fig. 1. Gene expression measurements with DNA arrays: different approaches. Hybridisation images are shown with an enlargement at the
centre of each array. DNA arrays contain robotically spotted cDNA cloAeB( C) or oligonucleotide directly synthesised in sit)(

(A) Nylon macroarray (hundreds of probes per square centimetre) hybridised with a radioactivity-labelled target and image acquisition
with a phosphor screen systenB)(Nylon microarray (thousands of probes per square centimetre) simultaneously hybridised with two
colorimetry-labelled targets and image acquisition with a ‘flat-bed’ scanner. The dual hybridisation allows the direct visualisation ofdlifferent
gene expression between the two samples: the cDNA spot appears red when overexpressed in the target labelled in red, blue when overexpress
in the target labelled in blue and purple when similarly expressed in the two targets (adapted fro@)[&ags microarray (thousands of

probes per square centimetre) hybridised with two targets labelled with different fluorescent dyes and image acquisition with confocal laser
scanner. The genes differentially expressed between the two samples can be directly visualised on this pseudo-colour image due to dug
labelling: the cDNA spot appears red when overexpressed in the target labelled with red dye, green when overexpressed in the target labelle
with green dye and yellow when similarly expressed in the two targejsOligonucleotide chips on glass slide (thousands of probes per square
centimetre) hybridised with a target labelled with fluorescent dye and image acquisition with confocal laser scanner. Each gene is representec
by a set of oligonucleotides (20-25 bp-long) complemented by a series of control-mismatched sequences (adapted from [9]).
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ing high-resolution scanners or a sophisticated flat bed widely between apparently similar tumours. The use
scanner. of the comprehensive gene expression profiles of tu-
The second type of DNA array was initially de- mours may identify — based on the similarity in their
veloped by Affymetrix (Santa Clara, CA, USA) and expression profiles — new distinct molecular subgroups
is known as an ‘oligonucleotide chip’. Hundreds of of tumours within histoclinically similar groups. Some
thousands of oligonucleotides are directly synthesised recent publications suggest that these objectives may
in situ on glass slides (a few square centimetres) [9]. be reached within a few years.
For mRNA expression measurements, each gene is
represented by a set of oligonucleotides (20—25 bp- 3.1. DNA arrays and mammary oncogenesis
long) complemented by a series of mismatched control
oligonucleotides used to evaluate background. More = DNA arrays are useful to better characterise genes
recent implementations use longer and more specific involved in oncogenesis. For the majority of them, the
oligonucleotides (60-80 bp-long) allowing each gene precise function, upstream regulation and downstream
to be represented by a single sequence [10]. The targeteffects and their influence on the malignant phenotype
is labelled with fluorescence and the detection scan- remain unknown or unclear. Technology allows the
ner is similar to that used for glass microarrays. Fig. 1 analysis of the transcriptional consequences of activa-
shows hybridisation images provided by these plat- tion or inactivation of genes. Examples include those
forms. reported following the activation of th®YC onco-
gene [12] and the inactivation of tigb3tumour sup-
pressor gene [13]. These types of experiments may
3. Applications in breast cancer research allow the identification of gene networks involved in
cancer. The identification of clusters of co-expressed
By providing a global view of mMRNA expression, genes allows the association of these genes with poten-
DNA arrays provide a molecular biology tool capable tial new functions [14] and the discovery of common
of taking on the complexity and combinatorial nature DNA regulatory motifs in their sequences [15].
of BC genetics. Their use is directed towards two ma-  Key genes implicated in BC can be revealed by
jor objectives [11]. The first, fundamental, objective is DNA array experiments comparing the molecular pro-
to better understand mammary oncogenesis; the iden-files of different stages of the diseases’ develop-
tification of genes that drive disease progression will ment. Using Nylon arrays representirgg00 candi-
allow the development of new more specific therapeu- date genes (Fig. 2A), we identified several genes dif-
tics. The second, clinical, objective is to try to define ferentially expressed between normal breast tissue and
a more accurate BC classification system. The clinical 34 primary breast tumours[16]. The gei&#RBB2and
heterogeneity of disease is partially addressed by the MUC1 were known to be involved in disease, whereas
current histoclinical parameters; in a number of cases, others, such a&ATA3 had not yet been insinuated.
the treatment response and the clinical outcome vary We compared the expression profiles of node-negative

Fig. 2. Large-scale gene expression measurement using DNA arrays in breast cancer. Nylon macroarrays containing PCR pr2@icts of

genes spotted in duplicate were hybridised with complex targets made from 5 pg of total RNA (1 normal breast NB tissue and 34 breast

cancer BC samples) arfdP-labelled. Data were analysed with hierarchical clustering software BBHybridisation images. The left image

corresponds to the whole membrane hybridised with NB target and the right images represent the right part of the membranes hybridised

with two BC targets. Some genes are numbefedGAPDH, 2 and 3, STMY3and ERBB2overexpressed in NB4 and5, FOSand desmin
underexpressed in BC adGATA3overexpressed in a ER-positive tumo@) Coloured representation of expression levels-800 genes in

35 breast samples. Each row represents a gene and each column represents a sample. Expression levels relative to the median across all sam
are displayed using a colour scale ranging from green for underexpressed genes to red for overexpressed genes. Hierarchical clustering applie
to genes and to samples ordered them according to the similarity of their expression patterns. The respective gene and sample dendrogran

represent the relatedness between genes and between samples. Two groups of Auindoitse(andB in orange) were separated. Grodip
was further subdivided in two subgroups Al and A2, with different outcome after chemothe&ZqSulf-classification of group with gene
expression profiles. Display of results of hierarchical clustering applied to 12 samples offgemgpthe top 23 differentially expressed genes

between Al (dark blue cluster) and A2 (light blue cluster) subgroups. Patients of these two subgroups have different metastasis-free and overal

survivals (dotted branches, patients who relapsed and died). (Adapted from [16].)
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tumours to tumours with massive axillary extension sion patterns. This was further confirmed by Golub et
(10 or more positive nodes) and found a positive cor- al., who used expression profiles of bone marrow col-
relation between the expression levelERBB2and lections to distinguish acute myeloid leukaemia from
the number of tumour-involved nodes. Similar studies acute lymphoid leukaemia [24]. Alizadeh et al. [25]
comparing primary tumours and metastases have beerthen showed the prognostic value of such molecu-
reported [17]. lar classification. The authors identified two new sub-
Another application is in the development of new types of large B-cell diffuse lymphomas with biolog-
anticancer treatments. In addition to the identification ical and clinical relevance: the tumours with a pattern
of new therapeutic targets, DNA arrays may also be close to that of germinal centre B cells had a signifi-
used to investigate the resistance of tumours to treat- cantly better prognosis than the tumours with expres-
ments. Knowledge of the relationships between the sion patterns corresponding to activated B cells.
hormone sensitivity of BC and the presence of oestro-  Analyses of BC samples have revealed extensive
gen receptor (ER) is not sufficient to understand the heterogeneity of tumours at the transcriptional level
variable response of tumours to hormonal treatments. and the ability of separating them, using clustering
It is probable that other genes related to ER status aretechniques, on the basis of differing ER status [16,
more useful in predicting treatment responsiveness. 19,20,26—29]. We also identified differences in sur-
Their identification might influence therapeutic deci- vival between new molecularly distinct tumour sub-
sions and stimulate the development of new anticancer groups [16,27]. Profiling of 34 localised breast tu-
drugs. To search for genes whose expression is affili- mours with Nylon macroarrays containing200 can-
ated with the ER status, expression profiles of BC cell didate genes and hierarchical clustering analysis al-
lines were first compared [5,18]. A strong correlation lowed to distinguish, among tumours with poor prog-
between the expression of ER and GATA3 transcrip- nosis according to classical criteria, two subgroups
tion factors was evidenced and was further confirmed with different survival after adjuvant chemotherapy
with tissue samples [16,19-21]. By comparing the [16]. This separation, which resulted from expression
expression profiles 0200 candidate genes in ER- profiles of 23 discriminator genes, was not possible us-
positive versus ER-negative tumours, we identified ing the conventional prognostic features. Among these
several genes which mRNA level was associated with genes, some were already associated with the prog-
ER status, includin@GATA3 XBP1, MYB[16]. Several nosis of diseaseERBB2 EGFR MYC) as well as
molecular mechanisms of chemoresistance have beermther genes not yet recognised as import@ATA3
identified, including increased drug efflux outside the CRABP2and EFNAJ). We validated and extended
cell, but many more mechanisms probably operate to these results by measuring the mRNA expression of
determine responsiveness to chemotherapy. DNA ar-a thousand candidate genes (including the previous
rays by monitoring large-scale changes in gene expres-200 genes) in a larger and independent series of
sion related to the acquisition of the chemoresistant 55 poor prognosis primary BC treated with adjuvant
phenotype in cancer cell lines [22] can help to identify chemotherapy [27]. Using a refined 40-gene set de-

new predictive factors. rived from the previous one, we distinguished among
the 55 tumours three classes with significantly differ-
3.2. DNA arrays and prognostic classification of ent 5-year survival.

breast cancer

Because of the great heterogeneity of disease, treat-4. Discussion and perspectives
ments need to be tailored to each tumour phenotype.
This major challenge depends on the improvement of ~ Such prognostic classifications were recently re-
tumour classification. ported in localised BC [20,29], in locally advanced
The first demonstration of the utility of DNA arrays BC [26] and in multiple forms of disease [28]. In all
for cancer classification came from the profiling of cell these studies, including ours, no prognostic classifi-
lines [23] showing that lines derived from the same or- cation as accurate as expression profiles-based clas-
gan clustered together according to their gene expres-sification could be obtained using classical prognos-
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Fig. 3. Nylon microarrays with radioactive detection. Nylon microarray ¢4 1.8 cmz) containing 2000 cDNA clones hybridised with
radioactive33P-labelled targets. Hybridisation with a vector oligonucleotié§ gnd with a labelled target made from 0.5 pg of total RN (
Enlargements of a part are shown under microarrays.

tic factors. In every case, the classification required  For less sensitive techniques, a greater quantity of
expression measurements of some tens of genes thastarting material is required. One way to obtain a us-
probably included potential molecular targets for new able amount is to amplify the mRNA before labelling
and more specific therapies. To further explore the va- using linear amplification methods [31], but that re-
lidity of results we compared the lists of discrimina- mains coupled with a risk of modifying the relative
tor genes identified. Despite several different method- abundances of individual sequence species in the tar-
ological aspects, 26 genes were found in at least two get. However techniques are being improved, even
lists [30]. Reassuringly, some have a known prognos- though there is some bias in the amplification [32].
tic value (e.g.ESR1ERBBJ but most are notyet as-  Another solution is to improve the intrinsic perfor-
sociated with prognosis but have functions that make mances of current DNA arrays. Glass microarrays and
them prime candidates for novel therapeutic targets. oligonucleotide chips require a few micrograms of
All these studies thus revealed the great and promis- mRNA, while Nylon macroarray uses some micro-
ing potential of DNA arrays for capturing the true di- grams of total RNA (5 pg in our studies). We compared
versity of BC and refining the prognostic classifica- the sensitivity of these three implementations with-
tion. But a number of issues need to be addressed be-out taking into account mRNA amplification meth-
fore DNA arrays translate into clinical benefits [30]. ods [7]. Relating the minimal relative abundance, gen-
We discuss here only the issue concerning the amounterally reported by authors as a sensitivity limit, to the
of starting RNA required that depends on the sensitiv- target concentration, and ultimately to the size of the
ity of the chosen technique. starting material, we showed that the sensitivity for
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