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Breast Cancer is characterised by a wide heterogeneity regarding outcome and drug sensi-

tivity. A better prediction of these two parameters at the individual level should improve

patient management and therefore also improve both the quality of life and the overall sur-

vival of the patient. Several molecular predictors for prognosis (MammaPrint� or Oncotype

DX) and drug prediction (DLD30, SET index) have been generated using DNA-based arrays

or RT-PCR, some of these being tested in phase III trials. Although they exhibit good metric

performance and should improve the quality of care in the next decade, these predictors

are considered suboptimal regarding the potential of the technology. New study design

and arrays should generate more powerful second generation gene signatures.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Breast cancer is paradoxically both the leading cause of can-

cer deaths in women in the western countries and one of

the most frequently cured cancer. The recent epidemiology

of breast cancer shows an increased rate of good prognosis

breast cancer, together with an increment of use in adjuvant

medical treatments. As a result of screening mammograms

and education, the rate of node negative breast cancers

<2 cm has increased in the recent years. In these patients,

according to Adjuvant! Online,1 the 10-year relapse rate

ranges between 14% and 29% after surgery alone. In the same

population, the absolute benefit from adjuvant chemotherapy

ranges between 2% and 16%. These data point out the fact

that most of the patients treated with this treatment modality

do not get any benefit, albeit presenting toxic effects. This

consideration has led to the hypothesis that identifying pre-

dictors for prognosis could identify patients who could be

spared from adjuvant chemotherapy. The expected benefit

from such predictors would be to decrease acute and late
er Ltd. All rights reserved
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toxic effects and to reduce the cost associated with the treat-

ment of the disease. If not developed in line with the rules of

evidence-based medicine, such predictors could lead to the

under-treatment of thousands of women, and therefore be

more harmful than helpful.

During the last decades, several drugs have shown efficacy

in breast cancer. As an illustration, a node positive breast can-

cer patient is currently treated with an anthracycline and tax-

ane containing regimen, followed by endocrine therapy in

case of ER expression, and trastuzumab in case of HER2 over-

expression. Although currently proven as being the most

effective for the whole population, this ‘one fits all’ approach

presents some limitations: (i) each single drug included in

chemotherapy regimen is administered at suboptimal doses

for sensitive cases, (ii) some highly sensitive patients to a gi-

ven drug will receive unnecessary additional treatments, (iii)

accumulation of treatments would not be cost-effective if

highly sensitive patients could be identified. These consider-

ations have led to the hypothesis that the identification of

molecular predictors for drug efficacy could (i) improve out-
.
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come by allowing an optimal drug delivery in a given patient

and (ii) decrease cost and toxic effects by sparing patients

from additional unnecessary medical treatments.

This introduction highlights the need for two different sets

of molecular predictors: (i) predictors for prognosis and (ii)

predictors for drug sensitivity. In the first part of this review,

we will discuss the feasibility of a molecular diagnosis by

DNA arrays (or RT-PCR). In the second part, we will present

several illustrations of the so-called-‘first generation’ of

molecular predictors, with an emphasis on the limitations

that are usually pointed out. Finally, in the last part, we will

discuss the perspectives of the DNA array-based gene expres-

sion signatures, including the clinical implementation of

existing ones and the design of the ‘second generation’ of

DNA array-based molecular predictors.

2. DNA array-based molecular predictors:
principle and clinical applicability

2.1. Principle

DNA chips or microarrays allow the quantification of the

expression of several thousands of genes in a single experi-

ment. The concept, the different approaches and technolo-

gies of DNA microarrays have already been described

extensively (see [2] for review). In brief, the technique relies

on accurate hybridisation of strands of DNA with its corre-

sponding mRNA derived from the tissue or cell line sample

being studied. A fluorescent probe is then measured by a laser

scanner which will allow the researcher to determine if the

expression of the gene is up or down-regulated, unchanged

or absent compared with a control level.

The array can either be a genome-wide array or a dedi-

cated array, specifically set up for a given purpose (Mamma-

Print�).3,4 The DNA array technology has allowed to build

multigene-based molecular predictors, also called ‘gene sig-

natures’. These signatures are usually based on the differen-

tially expressed genes between the two conditions they are

aimed at predicting prognosis or response to a given treat-

ment. Several bioinformatics approaches that will not be de-

scribed here have been used to generate these signatures

(reviewed in [5]).

During the last years, some concerns have arisen regard-

ing the way DNA arrays are used to generate optimal predic-

tors.5,6 The two most frequent criticisms are related to (i) the

number of events included in training set and stability of the

predictive value of gene signature over series7 and (ii) the

added value of a molecular signature as compared to an opti-

mal clinico-pathological score.6 These two limitations as well

as other more technical concerns regarding this technology

will be discussed further.

2.2. Clinical applicability

Since the technology is highly complex and requires several

steps of specific technical expertise, some criticisms have

arisen regarding the reliability and clinical applicability of

DNA array-based molecular predictors. Most of these techni-

cal issues have been addressed in the recent years, mainly

within the Microarray Quality Control (MAQC) project.8
The first usual criticism was related to the reliability of the

quantification of gene expression. The MAQC project has

shown a high degree of correlation between quantitative RT-

PCR and gene expression determined by DNA array, when

the array is performed in well-trained laboratories and using

commercially available arrays. Also, in a study dedicated to

breast cancer, we observed a high level of correlation between

ESR1 (probeset: 205225_at, Affymetrix U133A) and ERBB2/

HER2 (probeset: 216836_s_at, Affymetrix U133A) gene expres-

sion levels with ER and HER2 immunostainings for both pro-

teins.9 These data suggest that DNA arrays are a reliable

technology to evaluate gene expression levels.

The other common criticism is related to the inter-labora-

tory reproducibility. The MAQC project compared gene

expression measurements of two RNA samples using a num-

ber of microarray platforms, as well as alternative technolo-

gies, and demonstrated intra-platform consistency and

inter-platform concordance in terms of genes differentially

expressed. As an illustration of gene signatures applied to

breast cancer, Ach et al. showed a high intra-laboratory and

inter-laboratory reproducibility regarding the 70-gene signa-

ture (MammaPrint�).10 Interestingly, they also reported that

two hybridisations of a given sample several months apart

provided similar results.

Another issue relates to pre-analytical process. To be

qualified for hybridisation after a single round of amplifica-

tion, it is recommended to have high quality RNA, which is

commonly measured by the Agilent Bioanalyser, and an

RNA amount of at least 1 lg. In addition, it is usually recom-

mended to have a minimal percentage of tumour cells in

the samples to be analysed. Although the criteria for quality

control are matter of controversies, it is a fact that some tu-

mours cannot be qualified for hybridisation on DNA arrays,

putting forward the fact that such technology could not be

applied for a minority of patients. Several options are being

developed to increase the percentage of eligible tumours for

DNA array-based diagnosis. Double amplification could de-

crease the amount of RNA required for diagnosis, while ran-

dom priming would allow samples with some degree of RNA

fragmentation to be considered as eligible. Finally, some

have suggested that fine needle aspiration could enrich

sample in malignant cells and therefore abrogate the need

for a high percentage of malignant cells in the tumour.

Thus, there exist some options which allow proposing a

DNA array-based diagnosis in most of the patients eligible

for such approach.

Altogether, these data show that DNA microarrays are reli-

able to measure gene expression levels, in a reproducible

manner and that this technology can be considered ‘ready

for use’ in prospective clinical trials.11

3. Prognostic gene signatures

As stated in the introduction, there is a need to more accu-

rately determine which patients are at risk for metastatic re-

lapse. Several gene signatures have been developed in this

setting, using either the top-down or the hypothesis-driven

approach (reviewed in [12]). We will briefly describe the devel-

opment of the 70-gene signature2 and the Genomic Grade In-

dex13 in order to provide an example of each approach.
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The Netherlands Cancer Institute in Amsterdam and Ro-

setta were the first to conduct comprehensive genome-wide

assessments of gene expression profiling to identify broadly

applicable prognostic markers using the ‘top-down’ approach,

i.e. they derived a prognostic model from global gene expres-

sion data simply by seeking gene expression profiles that are

associated with clinical outcome without any prior biological

assumption.2 Using the Agilent microarray platform, they

generated this molecular predictor considering a leave-one-

out approach from a list of the 231 genes differentially ex-

pressed between tumours from patients free-of-metastasis

and those from patients who presented a metastatic relapse.

The discovery phase presented some important features.

First, the metastatic relapse was selected to have been ob-

served within the 5 year after diagnosis. Patients who re-

lapsed after 5 years were not considered as events, thereby

avoiding heterogeneity in the biological process of metasta-

ses. Second, clinical characteristics were not taken into ac-

count when the molecular predictor was generated. This

implies that the genes were not selected to provide additional

information to clinical characteristics. Third, this discovery

phase included a high number of cases (n = 78) and events

(n = 44). After a validation phase with samples from the same

centre,14 the performance of the molecular predictor has been

evaluated in a consortium of six European centres. In this

study, 113 of 207 patients presented a good prognosis signa-

ture.15 Such validation showed that MammaPrint� exhibits a

significant prognostic value (hazard ratio for distant metasta-

sis: 2.32, 95% confidence interval (CI): 1.35–4). The sensitivity

and specificity to predict 10-year breast cancer death were

0.84 (0.73–0.92) and 0.42 (0.36–0.48). While Adjuvant! Online1

exhibited a similar sensitivity 0.82 (0.71–0.90), its specificity

was lower 0.29 (0.23–0.35). These findings suggested that

MammaPrint� could potentially increase the detection rate

of patients with good prognosis, and thereby allow a decrease

in the use of chemotherapy in these patients. This has been

the basis for a randomised trial that will address whether

the use of MammaPrint� could allow a decrease in the use

of adjuvant chemotherapy (MINDACT trial).11 If the main

hypothesis of this trial is validated, this study will be the first

one to provide a level I evidence for a decrease in the indica-

tions of adjuvant chemotherapy. It must be pointed that no

clinical or pathological parameter has been reported with

such level of evidence to decrease the indications of adjuvant

chemotherapy.

An example of deriving a prognostic gene expression

signature using a hypothesis-driven approach was the study

reported by our group that focused on histological grade, a

well-established pathological parameter rooted in the cell

biology of breast cancer.13 Indeed, clinicians face a huge prob-

lem with respect to patients who have intermediate-grade tu-

mours (grade 2), as these tumours, which represent 30–60% of

cases, are the major source of inter-observer discrepancy and

may display intermediate phenotype and survival, making

treatment decisions for these patients a great challenge, with

subsequent under- or over-treatment. Performing a super-

vised analysis, we developed a Gene expression Grade Index

(GGI) score based on 97 genes. These genes were mainly in-

volved in cell cycle regulation and proliferation and were

consistently differentially expressed between low and high
grade breast carcinomas. Interestingly, the GGI, which essen-

tially quantifies the degree of similarity between the tumour

expression pattern of these 97 genes and tumour grade, was

able to reclassify patients with histological grade 2 tumours

into two groups with distinct clinical outcomes similar to

those with histological grades 1 and 3, respectively.

Additionally, several signatures have been generated to

predict prognosis in patients treated with endocrine therapy.

The recurrence score (Oncotype DX) was generated as a con-

tinuous variable to predict prognosis of patients treated with

tamoxifen in the NSABP-B14 trial.16 This signature is a com-

bined score of 16 genes of interest, including ER, PGR, HER2

and Ki67. This predictor has allowed to identify a population

(recurrence score < 18) that presents a very good prognosis

(6.8% of 10-year distant metastasis), and could be spared from

adjuvant chemotherapy. As for other molecular predictors,

the added value of recurrence score as compared to optimal

clinico-pathological score has not yet been formally proven.

Of note, this score is a gene expression signature derived

not from DNA microarrays but using quantitative RT-PCR,

and an interesting feature of this test is the fact that frozen

tissues are not needed since the score is generated using par-

affin-embedded tissues. Since it became commercially avail-

able, Recurrence score has been ordered for 40,000 for

patients.17 As for the 70-gene signature, the process of clinical

validation to achieve level I evidence is ongoing for this signa-

ture in a clinical trial named TAILORx—Trial Assigning Indi-

viduaLized Options for Treatment (Rx).

Several criticisms, questions and perspectives have been

raised regarding the prognostic gene signatures reported so

far. First, some argue that most of the signatures only add lit-

tle information compared to an optimal clinico-pathological

score that would include ER, Her2 and Ki67 in addition to

the conventional clinical parameters. It must also be pointed

out that most of the genes included in the various published

prognostic gene signatures are related to cell proliferation18,

and the question then arises as whether a simpler biomarker

for such parameter like Ki67, which has been measured rou-

tinely for decades, could have provided similar results.19

However, gene expression profiling studies suggest that mea-

suring proliferation with a more objective, automated and

quantitative assay may be more robust than less quantitative

assays such as immunohistochemistry.

Another criticism relates to the fact that most of the pre-

dictors were generated using a mix of molecularly heteroge-

neous tumours. It has been reported that breast cancer

population is a mix of at least four different molecular clas-

ses, i.e. basal-like tumours, Her2+/ER– tumours, luminal A

and B tumours (summarised in [12]). Since oncogenic events

are different across molecular classes, some have suggested

that optimal predictors should be set up in each molecular

class. 20 This was applied, for example, by Wang et al. who

developed a 76-gene signature to identify patients at a high

risk of distant recurrence based on the prognostic genes sep-

arately identified in ER– and ER+ tumours.21 We also showed

in a recent meta-analysis of publicly available gene expres-

sion breast cancer data that proliferation is the strongest

parameter predicting clinical outcome in the ER+/HER2– sub-

group of patients only, whereas immune response and tu-

mour invasion appear to be the main biological processes
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associated with prognosis in the ER–/HER2– and HER2+ sub-

groups, respectively.18 This implies that the molecular back-

ground of the tumour should be taken into consideration to

make prediction regarding prognosis.

While sensitivity of gene signatures for prognostic purpose

looks good, there is still around 5–10% of patients who will

present a metastatic relapse in the group predicted as low risk

of relapse. If we considered that third generation chemother-

apy decreases by �30% the risk of breast cancer death in the

whole population of breast cancer22, it cannot be excluded

that an optimal chemotherapy could provide benefit even in

this good prognostic population. Nevertheless, it must be

emphasised that most of the tumours classified as good prog-

nosis are actually predicted to be resistant to chemotherapy.23

Some gene signatures have been reported to present a strong

time-dependency.15,24 This finding makes sense, since these

signatures were built to predict the occurrence of metastases

within the first 5 years, and are enriched in genes involved in

cell proliferation. This consideration points out the need for a

predictor of late metastatic relapse. This predictor could be set

up based on the patients with ER+ disease who are free-of-dis-

ease at 5 years, and could help determining which patients

are eligible for prolonged adjuvant endocrine therapy.

To conclude, several gene signatures for prognostic pur-

pose have been generated at this time. At least two of them

are being validated in prospective trials.2,16 Although they al-

low an increase in the rate of patients who could be spared

adjuvant chemotherapy while still correctly identifying the

high-risk patients, they present some limitations that will

have to be taken into account to generate more accurate ‘sec-

ond generation’ gene signatures.

4. Gene expression predictors for drug
sensitivity

In addition to prognostic signatures, some gene signatures

have been developed to identify patients who are highly sen-

sitive to specific drugs. The goal of such approach is to deliver

the appropriate drug to the right patients, thereby decreasing

the use of other unnecessary drugs. This approach is named

pharmacogenomics.

Drug-specific predictors are usually developed in the pre-

operative setting when the drug is a chemotherapeutic agent.

In a study that included 133 patients treated with a preopera-

tive paclitaxel (T)/FAC regimen, Hess et al. have identified a

30-probe predictor for T/FAC efficacy.25 The predictor pre-

sented a 92% sensitivity and 71% specificity to predict a path-

ological complete response (PCR). A prospective validation of

such predictor is being started. When compared to an optimal

clinico-pathological score, the predictor presented a better

sensitivity (0.92 versus 0.61), but the overall accuracies of both

approaches were similar (0.76 and 0.78). Further studies have

shown that some probes (microtubule-associated protein-tau

(MAPT)) included in the score correlate with ER and HER2 sta-

tuses.26,27 This highlights the fact that, as for predictors for

prognostic purpose, the first generation of gene signature

usually includes genes related to clinical characteristics. In

addition to the limitations previously discussed for prognostic

signatures, a potential limitation to this predictor is related to

the fact that using single arm treatment in the preoperative
setting does not allow to identify pure drug-specific predic-

tors. With this design, the predictor is indeed expected to be

a mixture of non-specific cytotoxic predictors and drug-spe-

cific predictors. Using randomisedrandomised trials compar-

ing two different drugs could be one solution to improve the

drug specificity of the predictor.

Others groups have developed different approaches to

generate predictor for drug sensitivity. Lee et al. have for in-

stance used 60 panel cell lines from NIH to generate predic-

tors for drug sensitivity (paclitaxel).28 They showed that

when applied to a small clinical dataset these predictors

accurately predicted sensitivity to docetaxel (p = 0.03).

Efforts have also been made to identify predictors for

endocrine sensitivity. The identification of patients highly

sensitive to endocrine therapy could lead to a decrease in

the use of chemotherapeutics, by identifying the patients dis-

playing a good clinical outcome because of endocrine therapy

who would therefore not need additional treatment.

In two studies, investigators used the concept that the

activation of ER-regulated genes is associated with a high sen-

sitivity to endocrine therapy. Symmans et al. have generated

a predictor that includes 200 probesets selected to be corre-

lated with ER expression (SET index).29 In the first validation

cohorts, the SET index, as a continuous variable, significantly

predicted prognosis in patients treated with tamoxifen

(n = 211, HR: 0.71, p = 0.005), but not in those who did not re-

ceive endocrine therapy (n = 174, HR: 0.92, p = 0.19). In the sec-

ond validation cohorts, SET index was associated with a 32%

reduction in the risk of metastatic relapse for tamoxifen-trea-

ted patients (HR: 0.68, p = 0.01), as compared to a 2% reduction

in untreated patients (HR: 0.98, p = 0.81). A similar approach

was used by Oh et al.30 In this study, the authors used a set

of genes induced by an in vitro exposure of MCF7 cell line to

estradiol to further generate a gene signature of 822 genes

that aim at predicting endocrine sensitivity.

5. Perspectives

5.1. Development of second generation predictors

As discussed in the previous sections, while gene signatures

clearly represent a major step forward in the molecular pre-

diction of patient outcome and drug sensitivity, they are still

showing some limitations that nowadays are the basis for

the development of the second generation gene predictors.

These limitations are summarised in Table 1, together

with some solutions which we will describe here. First, con-

sidering that most of the first generation gene signatures cap-

ture genes that are correlated to clinico-pathological

characteristics, some are developing molecular predictors

that contain genes selected to provide additional information

to the clinico-pathological characteristics. Second, since it is

now clear that breast cancer can be considered as four dis-

tinct molecular groups, next generation of molecular predic-

tors should focus on homogenous classes, as already done

by several groups.18,31 Third, predictors for metastatic relapse

should be designed to predict both early and late relapses.

Fourth, drug-specific predictors should be optimally defined

either in randomised trials that compare two drugs, or based

on the two series of similar patients treated with different



Table 1 – Strengths and weaknesses of the first generation gene expression predictors

Strengths Weaknesses Solutions (second generation
molecular predictors)

Feasible and reproducible

across platforms

Predictors for prognosis and drug sensitivity:

• Added value to optimal

clinico-pathological characteristics not proven

• Metric performances not optimal

• Generated regardless of breast

cancer molecular classes

• Generated using the 1st generation of arrays

Predictors for prognosis
• Poor performance to predict metastases

over 5 years

Predictors for drug sensitivity
• Not generated based on the direct comparison

between two drugs: drug specificity

to be determined

• Predictors generated to provide

additional prediction to an optimal

clinico-pathological score: select

probes that increase performance

of clinical characteristics, etc.

• Predictors generated for each

molecular class

• Use of last generation of arrays to

generate predictors: exon arrays

and splice arrays

• Predictor for late events

• Generation of drug-specific predictor

based on the randomised trials

(interaction test)

Validated in retrospective studies

Medical usefulness under evaluation

in phase III trials (will provide

level I evidence for clinical use)
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treatment schedules. This latter approach was used to gener-

ate a predictor that is specific to ixabepilone B as opposed to

paclitaxel.25

DNA microarrays used to generate first generation predic-

tors contained between 22 and 44 K probesets. Although some

genes presented multiple probesets, the vast majority of such

probes were located in 3’. This implies that gene profiling

actually detects the transcriptional activity, but is unable to

determine which of the transcripts are expressed for a single

gene. Several new arrays32, including Splice Arrays, are

detecting both gene expression and splicing events, thereby

providing a more functional picture of the genomic pro-

gramme in every single patient.
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involvement34, as well as the identification of activated path-

ways35 and the expression of therapeutic targets.9 Also the

fact that recent technological advances have made possible

the measurement of gene expression in single cells36,37 opens

new avenues to evaluate gene expression profile of circulating

tumour cells, cancer stem cells or some other cells of interest

including mesenchymal stem cells and endothelial progeni-

tor cells.

This suggests that besides prognostic and predictive infor-

mation related to chemotherapy and endocrine therapy, DNA

arrays could allow in the future to determine all the informa-

tion needed for optimal patient’s care. Since the current trend

is to increase the number of independent bioassays or analy-

ses to be done in a single sample (conventional pathology,

immunohistochemistry, FISH, RT-PCR, . . .), the use of DNA ar-

rays could change this tendency by doing all analyses in a sin-

gle experiment in certified laboratories. In addition to

facilitate logistics, decrease time before treatment decision,

this approach would probably save costs by decreasing the

rate of bioassays to be done. Fig. 1 illustrates how genome-

wide DNA arrays could affect patient’s management in the

next decades.

6. Conclusion

Pioneer studies have shown that gene signatures provide

powerful information that should allow a better tailoring of

treatment for breast cancer patients in the next few years.

Based on the limitations exhibited by the first generation pre-

dictors, the second generation of gene signatures is being

developed. This new wave of predictors should present a

higher accuracy and be complementary to the pre-existing

decision tools.
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