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Using Multigene Tests to Select Treatment 
for Early-Stage Breast Cancer

Rodrigo Goncalves, MD, and Ron Bose, MD, PhD

Abstract
Oncotype DX, PAM50, and MammaPrint are multigene tests that are 
being used clinically for early-stage breast cancer to predict recurrence 
risk and guide adjuvant chemotherapy decisions. These tests have 
been validated in multiple retrospective studies, and prospective clini-
cal trials are in progress. The TAILORx trial uses the Oncotype DX recur-
rence score to assign estrogen receptor–positive (ER+), node-negative 
patients to chemotherapy plus hormonal therapy versus hormonal 
therapy alone. The RxPONDER (SWOG S1007) trial uses Oncotype DX 
in a similar approach but on node-positive patients, and it includes the 
PAM50 test as a secondary analysis. The MINDACT trial uses Mamma-
Print and Adjuvant! Online for treatment arm assignments. MINDACT 
has very broad eligibility criteria and 2 secondary randomizations for 
selecting chemotherapy and hormonal therapy regimens. This article 
discusses how the latest results on cancer genome sequencing apply to 
early-stage breast cancer. Several hundred breast cancers have already 
undergone genome sequencing, and the somatic DNA changes found 
in the tumor, compared with the patient’s normal DNA, have been 
identified. Higher rates of point mutations and chromosomal translo-
cations are found in aromatase inhibitor–resistant ER+ cancers and in 
the basal-like and HER2-enriched breast cancer subtypes. Correlations 
of somatic mutations with neoadjuvant aromatase inhibitor response 
are discussed. Genome sequencing can potentially identify the mo-
lecular abnormalities that underlie the poor risk identified by multi-
gene tests and provide potential new targets for therapy, but more 
clinical trials correlating clinical outcome and somatic DNA changes 
are needed. (JNCCN 2013;11:174–182)
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Breast cancer is a heterogeneous disease with a wide 
range of outcomes that are not fully predicted by rou-
tine clinical and pathologic features. Over the past 
decade, major efforts have been made to develop 
predictors of recurrence and adjuvant chemotherapy 
benefit for patients with early-stage breast cancer. 
The first predictors were based on microarray tests 
used in research laboratories,1–3 and multigene tests 
that can be easily ordered by clinicians were subse-
quently developed. Prospective clinical trials are un-
derway to determine whether these multigene tests 
can effectively guide adjuvant chemotherapy deci-
sions for early-stage breast cancer. These prospective 
trials include TAILORx and RxPONDER (SWOG 
S1007), which test Oncotype DX in patients with 
negative nodes (N0) and 1 to 3 positive nodes (N1), 
respectively, and MINDACT, that tests MammaPrint 
in both N0 and N1 patients. This article reviews the 
clinical data on 3 multigene tests: Oncotype DX, 
PAM50, and MammaPrint. Other multigene or mul-
tianalyte tests have been published, such as the Rot-
terdam 76-gene signature,4 a 30-gene panel to predict 
response to neoadjuvant T/FAC chemotherapy,5 the 
3-gene SCMGENE panel,6 and the IHC4 immu-

nohistochemistry panel,7 but they are not discussed 
because approved clinical assays are not currently 
available for them. Finally, how the latest results on 
cancer genome sequencing may apply to early-stage 
breast cancer is discussed. 

Oncotype DX
Oncotype DX is a quantitative reverse transcriptase 
polymerase chain reaction (RT-PCR)–based test 
that measures 21 genes in formalin-fixed paraffin-
embedded breast tumors (Table 1). Patients are clas-
sified into 3 categories based on their recurrence 
score (RS): low risk (RS<18), intermediate risk (RS 
18–30), or high risk (RS>31).8 Retrospective stud-
ies showed that the Oncotype DX score predicted the 
likelihood of distant recurrence or breast cancer death 
when treated with hormonal therapy alone.8,9 Archival 
samples from the NSABP B-14 trial, which tested the 
use of tamoxifen in patients with estrogen receptor–
positive (ER+), node-negative breast cancer, showed a 
significant difference in the rate of distant recurrence at 
10 years between the low- and high-risk groups (6.8% 
vs. 30.5%, respectively; P<.001).8 Similarly, a retrospec-
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Figure 1 Schema for the (A) TAILORx and (B) RxPONDER clinical trials. 
Abbreviations: ER, estrogen receptor; PR, progesterone receptor; RS, recurrence score; SN, sentinel node.
Sources: (Panel A) Adapted from Sparano JA. TAILORx: trial assigning individualized options for treatment (Rx). Clin Breast Can-
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tive case-control study conducted by Kaiser Perman-
ente in the community hospital setting showed that the  
Oncotype risk categories were strongly associated with 
the 10-year rates of breast cancer death. In patients 
treated with tamoxifen, the death rate was 2.8% in 
those with low risk, 10.7% in those with intermediate 
risk, and 15.5% in those with high risk (P=.003).9

The ability of Oncotype DX to predict benefit from 
adjuvant chemotherapy was determined by retrospective 
analysis of the NSABP B-20 and SWOG-8814 trials.10,11 
NSABP B-20 randomized ER+, node-negative patients 
to either tamoxifen or CMF/MF chemotherapy (metho-
trexate, fluorouracil, +/– cyclophosphamide) plus tamox-
ifen. High-risk patients (RS>31) experienced a sig-
nificant benefit from chemotherapy (hazard ratio [HR], 
0.26; 95% CI, 0.13–0.53), whereas low-risk patients had 
minimal or no benefit from adjuvant chemotherapy.10 
The SWOG-8814 trial extended this result to node-
positive patients.11 This trial randomized postmenopaus-
al, ER+, node-positive patients to tamoxifen or CAF 
chemotherapy (cyclophosphamide, doxorubicin, fluoro-
uracil) followed by tamoxifen. Patients with a high RS 

had improved disease-free survival (HR, 0.59; log rank  
P=.033) with the addition of CAF, but patients with a 
low RS did not benefit from adjuvant chemotherapy 
(HR, 1.02; log rank P=.97). In the low-risk patients, this 
suggests that Oncotype DX may identify women who 
will not benefit from chemotherapy despite the presence 
of positive lymph nodes.11 Based on these findings, On-
cotype DX has changed patient management in 30% to 
40% of cases and has decreased adjuvant chemotherapy 
use in women with early-stage breast cancer.12–14 Onco-
type DX testing is incorporated into current NCCN and 
ASCO guidelines for breast cancer care (Table 1).

Prospective Clinical Trials of Oncotype DX: 
TAILORx and RxPONDER
The TAILORx trial has enrolled more than 11,000 pa-
tients with ER+, HER2–, node-negative breast cancer 
(Figure 1A). Patients with an RS less than 11 are as-
signed to hormonal therapy only (arm A), patients with 
an RS greater than 25 receive adjuvant chemotherapy 
plus hormonal therapy (arm D), and patients with an 

Table 1 Comparison of Oncotype DX, PAM50, and MammaPrint Multigene Tests
Oncotype DX PAM50 MammaPrint

Number of genes 21 50 (+5 control genes) 70

Sample requirements Formalin-fixed, paraffin-
embedded tissue

Formalin-fixed, paraffin-
embedded tissue

Fresh-frozen tissue

Technique Quantitative PCR Quantitative PCR and 
nCounter technology

DNA microarray

Study population used to 
develop the test

Patients with ER+, node-
negative, breast cancer

Patients with stage I–III 
breast cancer

Women <61 years, with 
T1–T2,N0 disease

Features Recurrence score predicts 
likelihood of recurrence at 
10 years

Identify low-risk patients 
who can be spared from 
adjuvant chemotherapy

Provides the intrinsic 
subtype classification

Predicts distant relapse-
free survival and 
likelihood of recurrence at 
10 years in the setting of 
ER+ breast cancer treated 
with tamoxifen

Identifies patients who 
would benefit from 
neoadjuvant endocrine 
therapy or chemotherapy

Stratifies patients into 
good or poor prognosis 
signatures

Guidelines NCCN and ASCO 

CLIA assay, no formal 
regulatory approval

FDA and European 
approvals pending

FDA approved

Prospective clinical trials TAILORx and RxPONDER RxPONDER trial will 
compare PAM50 and 
Oncotype DX scores

MINDACT

Abbreviations: CLIA, Clinical Laboratory Improvement Amendments; ER, estrogen receptor; PCR, polymerase chain reaction.
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RS of 11 through 25 are randomized to hormonal ther-
apy only (arm B) versus chemotherapy plus hormonal 
therapy (arm C).15 The choice of regimens for both hor-
monal treatment and chemotherapy are at the discre-
tion of the treating physician but must be within one of 
several standard options described in the trial. The RS 
scores used as cutoffs between these groups are different 
from those reported in the NSABP studies8,10 and this 
was done to minimize the potential for undertreating 
high-risk patients.15 NSABP B-20 data was reanalyzed 
when designing the TAILORx trial, and this statisti-
cal analysis supported the use of an RS of 11 through 
25 as the group for treatment randomization.15 Use of 
these RS cutoffs would place 27% of the NSABP B-20 
patients in arm A (RS<11), 30% in arm D (RS>25), 
and 43% in the group undergoing randomization (RS 
11–25).15 Trial enrollment completed in 2010 and trial 
results are not yet available.

In January 2011, the RxPONDER trial (SWOG 
S1007) was launched. The study population is patients 
with ER+, HER2– breast cancer with 1 to 3 positive 
nodes (N1). The trial plans to screen 9400 women 
through Oncotype DX testing and enroll 4000 women 
with an RS of 25 or less. Patients may enroll either by 
consenting to study-sponsored Oncotype DX testing or 
by having an RS of 25 or less already obtained through 
recent testing (Figure 1B). Patients are randomized 1:1 
to either hormonal therapy or chemotherapy plus hor-
monal therapy, with 2000 patients per arm planned. 
The primary objective is to determine the effect of che-
motherapy on patients with node-positive breast can-
cer who have an RS of 25 or less. Secondary objectives 
include comparison of Oncotype DX and PAM50 risk 
of relapse (ROR) scores (see next section) and measure-
ment of quality-of-life effects. The design of this trial 
was strongly based on the SWOG-8814 trial of node-
positive patients, and the cutoff of RS of 25 or less was 
chosen to match the TAILORx trial. Similar to TAI-
LORx, the choice of regimens for both hormonal 
treatment and chemotherapy are at the discretion of 
the treating physician but must be within one of sev-
eral standard options described in the trial.16 

PAM50 ROR Score
The PAM50 test is based on biologic subtypes of 
breast cancers, termed the intrinsic subtypes, that 
were identified by Perou and colleagues.1,2 Most of 
the studies on PAM50 use quantitative RT-PCR, 

but this test has been implemented on the nano-
technology-based nCounter digital gene expression 
platform,17 which allows it to be performed in any 
pathology laboratory. PAM50 measures expression 
of 50 classifier genes and 5 control genes, catego-
rizes tumors into the 4 intrinsic subtypes (luminal 
A, luminal B, HER2-enriched, and basal-like), and 
provides an ROR score to estimate the probability 
of relapse at 5 years.18 PAM50 provides information 
that is independent of standard criteria (stage, grade, 
HER2, ER, and Adjuvant! Online), and in multi-
variate models of tamoxifen-treated, early-stage, 
ER+ breast cancer, only the PAM50 and stage re-
main significant.19 The PAM50 was predictive of 
the benefit of tamoxifen in premenopausal women 
in the NCIC MA12 trial, whereas ER status alone 
had limited value.20 The PAM50 has now been fully 
transferred to the nCounter system and comparisons 
to Oncotype DX are being reported. Dowsett et al21 
recently presented a TransATAC analysis that dem-
onstrated that the nCounter PAM50 ROR score 
provided more prognostic information about 10-year 
distant recurrence than Oncotype DX, and fewer 
patients were assigned to the intermediate-risk cat-
egory. These findings are mirrored by a recent publi-
cation from Kelly et al,22 who used the RT-PCR ver-
sion of PAM50 on a panel of 304 sequential treated 
patients and found that although good agreement 
was seen between PAM50 ROR and Oncotype DX, 
more patients were assigned to the low-risk category 
by PAM50.22 In this study, approximately half of the 
patients in the intermediate-risk Oncotype DX group 
were classified into the low-risk PAM50 luminal A 
category. Prat et al23 compared 6 different multigene 
tests in a breast cancer panel assembled from several 
publically available microarray datasets. They found 
that most of these multigene tests successfully pre-
dicted outcome for ER+ breast cancer, and suggested 
that combining several multigene tests may offer 
more accurate outcome prediction.23 However, this 
conclusion was not based on validated clinical tests 
but was a research bioinformatics study in which 
multiple signatures were derived from a single micro-
array database. Prospective comparisons of the clini-
cal nCounter version of the PAM50 ROR and On-
cotype DX are needed, and this is being performed in 
the RxPONDER trial.16
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MammaPrint and the MINDACT 
Prospective Clinical Trial
Using DNA microarrays, a 70-gene prognostic signa-
ture, MammaPrint, for node-negative breast cancer was 
developed in 2002.3 This signature assigned patients to 
either being low- or high-risk for distant metastases at 
5 years. The MammaPrint test has been validated in 
retrospective studies. Researchers at the Netherlands 
Cancer Institute tested it in both node-negative and 
node-positive patients, and the TRANSBIG consor-
tium tested it in 307 node-negative patients.24,25 Both 
of these studies showed that MammaPrint outperformed 
standard clinical and histologic predictors of patient 
prognosis. MammaPrint was approved by the FDA in 
2007 for node-negative patients (Table 1).26 Because 
MammaPrint is performed using a DNA microarray, it 
requires frozen breast cancer samples, which is difficult 
to obtain in many US cancer centers. 

The MINDACT trial (Microarray In Node-nega-
tive and 1–3 Node-Positive Disease May Avoid Chemo-
Therapy) is a prospective randomized phase III clinical 
trial comparing the MammaPrint test with commonly 
used clinical criteria, as calculated in a modified ver-
sion of Adjuvant! Online, for decision-making about 
adjuvant chemotherapy. The trial initially enrolled only 
node-negative patients but was amended in 2008 to 
include patients with 1 to 3 positive lymph nodes (N1 
disease).26,27 MINDACT had a predefined pilot phase in 
which the data and treatment decisions of the first 800 
patients were analyzed, and those results were published 
in 2011.26 MINDACT eligibility criteria include both 
ER+ and ER–, HER2+ and HER2–, and premenopausal 
and postmenopausal patients.26 The patient’s clinical 
risk from breast cancer is calculated using Adjuvant! 
Online, version 8.0, with the addition of HER2 status.26 
Patients with a 10-year breast cancer–specific survival 
rate of greater than 92% for ER– disease or greater than 
88% for ER+ disease are defined as having low clinical 
risk (C-low; Figure 2). Genomic risk is calculated based 
on the MammaPrint result, and patients are determined 
to be high risk or low risk (G-high or G-low, respec-
tively). Patients who are C-high and G-high (Figure 2) 
are assigned to receive adjuvant chemotherapy, whereas 
those who are C-low and G-low do not receive chemo-
therapy.26 Patients with discordant clinical and genomic 
risk assessment results are randomized 1:1 to receive or 
not receive adjuvant chemotherapy. Analysis of the first 
800 patients showed that approximately 25% of patients 
were C-high and G-high, 48% were C-low and G-low, 

and 27% had discordant results between the 2 risk cal-
culation tests. Compliance with the assignments from 
randomization was very good, with greater than 92% of 
the discordant patients following the randomization as-
signments.26

The MINDACT trial has a complex design, with 
secondary randomizations for choice of chemotherapy 
and hormonal therapy regimens.26,27 Patients assigned 
to chemotherapy are further randomized to receive ei-
ther an anthracycline-containing regimen or docetaxel/
capecitabine. Of the first 800 patients, approximately 
50% of those assigned to chemotherapy underwent this 
randomization.26 All ER+ patients are offered a non-
mandatory randomization for hormonal therapy, with 
the 2 arms being: 1) a switching strategy of tamoxifen 
for 2 years, then letrozole for 5 years, versus 2) letro-
zole for 7 years.26 Premenopausal patients are required 
to have ovarian ablation or suppression for the entire 
duration of hormonal therapy. Of the first 800 pa-
tients, approximately 84% are ER+ and 16% are ER–; 
67% are 50 years of age or older and 33% are younger 
than 50 years; and 86% are HER2–, 11% are HER2+, 
and 2.9% are HER2 status unknown.26 Other prospec-
tive clinical trials using MammaPrint are the neoad-
juvant trials I-SPY1 and I-SPY2.28,29 

Future Developments:  
Cancer Genome Sequencing
A revolution in DNA sequencing technology began 
in 2005 with the development of massively parallel, 
next-generation DNA sequencing methods, which 
has enabled genome sequencing studies on hundreds 
of individual human cancers.30 Next-generation 
DNA sequencing has an output that is several or-
ders of magnitude greater and many-fold cheaper 
than the traditional DNA sequencing method first 
developed by Nobel laureate Frederick Sanger.30 Us-
ing next-generation DNA sequencing, the first in-
dividual breast cancer genomes were sequenced in 
2009–2010 by researchers at Washington University 
School of Medicine in St. Louis, Missouri, and the 
Michael Smith Genome Sciences Centre in Van-
couver, Canada.31,32 Both studies sequenced the pa-
tient’s normal DNA, the primary tumor DNA, and 
the DNA of the metastasis. Through comparing 
the DNA sequences of the primary tumor and the 
patient’s normal DNA, the somatic DNA changes 
present in the cancer were identified. Comparison 
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of the DNA of the primary tumor and the metasta-
sis showed that although they share many of these 
somatic DNA changes, significant evolution in the 
cancer can occur during metastatic spread. 

Four publications appearing in June 2012 col-
lectively sequenced approximately 350 breast cancer 
cases,33–36 and in October 2012, a publication by The 
Cancer Genome Atlas (TCGA) project provided re-
sults on over 500 breast cancer cases.37 These studies 
have predominantly sequenced patients with stage I–
III disease. This wealth of information is starting to 
create a picture of the types of alterations present in 
the different subtypes of breast cancer. For example, 
in luminal subtype breast cancers, a statistically sig-
nificant difference (P=.02) is seen in the number of 
point mutations between cancers that are aromatase 
inhibitor (AI)–sensitive and AI-resistant.33 Figure 3A 
shows a genome wheel in which the 23 chromosomes 
are represented by the multicolored outer ring. Point 
mutations are indicated by lettering pointing outward 
from the wheel; DNA copy number changes are in-

dicated by the black line in the grey inner ring; and 
chromosomal translocations are indicated by the arcs 
or lines on the inside of the rings. Translocations can 
either be interchromosomal events (between 2 chro-
mosomes, as indicated by the green lines) or intra-
chromosomal events (within 1 chromosome, as indi-
cated by the blue lines in Figure 3A). The genomes of 
an AI-sensitive cancer and an AI-resistant cancer are 
shown in Figure 3A, and the striking differences in 
numbers of point mutations and chromosomal trans-
locations can be readily seen.33 Similarly, comparison 
of the genomes of basal-like, HER2-enriched, luminal 
A, and luminal B breast cancers, as defined by PAM50, 
shows that the number of translocations is much 
higher in basal-like and HER2-enriched cases (Fig-
ure 3B).35 Weigman et al38 recently reported similar 
findings after examining DNA copy number changes 
(amplifications and deletions) across the breast cancer 
subtypes. They found that basal-like cancers had the 
highest number of DNA copy number changes, and 
luminal A had the lowest.

Diagnosis of breast cancer
Registration and screening

Surgery

MammaPrint testing 

Adjuvant! Online 
Enrollment

C-high/G-high Discordant

Genomic risk

C-low/G-low

Randomization

Chemotherapy No chemotherapy

HR-positive

Endocrine
therapy

Local pathology
T1–3,N0-1, ER status, HER2 status

Follow-up

HR-negative

Figure 2 Schema for the MINDACT clinical trial. 
Abbreviations: C-low/high, low/high clinical risk; ER, estrogen receptor; G-low/high, low/high genomic risk; HR, hormone receptor.  
Source: Adapted from Rutgers E, Piccart-Gebhart MJ, Bogaerts J, et al. The EORTC 10041/BIG 03-04 MINDACT trial is feasible: 
results of the pilot phase. Eur J Cancer 2011;47:2742–2749, ©2013, with permission from Elsevier. 
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Correlation of somatic DNA changes with clinical 
outcome is just beginning. Breast cancer samples from 
the neoadjuvant AI trial, ACOSOG Z1031, were se-
quenced and tumors with mutations in the p53 tumor 

suppressor gene (official gene symbol TP53) were found 
to have higher preoperative endocrine prognostic index 
scores and higher pretreatment and posttreatment pro-
liferation indexes, as measured with immunostaining 

Figure 3 Breast cancer genome sequencing results. (A) The genome wheels show point mutations, copy number changes, and 
chromosomal translocations in aromatase inhibitor (AI)–sensitive and AI-resistant breast cancer cases. (B) Genome wheels showing 
chromosomal translocations in the 4 intrinsic subtypes of breast cancer. Interchromosomal and intrachromosomal translocations are 
indicated by purple and green arcs/lines, respectively.  
Sources: (A) From Ellis MJ, Ding L, Shen D, et al. Whole-genome analysis informs breast cancer response to aromatase inhibition. 
Nature 2012;486:353–360. (B) Data from Banerji S, Cibulskis K, Rangel-Escareno C, et al. Sequence analysis of mutations and trans-
locations across breast cancer subtypes. Nature 2012;486:405–409.
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for Ki-67.33 In contrast, mutations in the transcription 
factor, GATA3, were associated with response to AI 
therapy because these mutations were associated with 
low post-AI treatment Ki-67, but not baseline Ki-67 
staining. The MAP kinase gene, MAP3K1, was associ-
ated with both low pre– and post–AI treatment Ki-67 
level (the opposite of p53), and therefore is correlated 
with good-prognosis breast cancer.33 Several more years 
of research are required before genome sequencing 
can be applied in the clinic, but this is an area of great 
promise. Genome sequencing may ultimately identify 
the molecular abnormalities that underlie the poor risk 
identified by multigene tests and provide potential new 
targets for therapy that may improve the outcome for 
these patients. The authors encourage physicians to 
watch for clinically applicable results from future cancer 
genomics studies. 

Conclusions
The use of Oncotype DX and MammaPrint testing for 
early-stage breast cancer has improved adjuvant che-
motherapy decision-making. The results of the ongo-
ing prospective trials are eagerly awaited and will show 
whether these tests should be the standard of care for 
early-stage breast cancer. The PAM50 test, performed 
on the nanotechnology-based nCounter system, has the 
potential to be the first gene expression test that can be 
performed in any pathology laboratory, and FDA ap-
proval is currently pending. Dr. George Sledge, in his 
2011 ASCO Presidential Address, said that “we are 
now, I would suggest, just beginning to enter…the era of 
genome-based therapy.”39 Genome sequencing is highly 
likely to play a growing role in the future, but more clini-
cal trials correlating clinical outcome and somatic DNA 
changes are needed.
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3.  True or False: Oncotype DX testing is 
incorporated into current NCCN and 
ASCO guidelines for breast cancer 
care.

choice questions. Credit cannot be obtained for tests complet-
ed on paper. You must be a registered user on NCCN.org. If you 
are not registered on NCCN.org, click on “New Member? Sign 
up here” link on the left hand side of the Web site to register. 
Only one answer is correct for each question. Once you suc-
cessfully answer all posttest questions you will be able to view 
and/or print your certificate. Software requirements: Internet.

Instructions for Completion
To participate in this journal CE activity: 1) review the learning 
objectives and author disclosures; 2) study the education con-
tent; 3) take the posttest with a 70% minimum passing score 
and complete the evaluation at http://education.nccn.org/
node/11346; and 4) view/print certificate. After reading the 
article, you should be able to answer the following multiple-

Posttest Questions
1.  True or False: The MINDACT trial (Microarray In Node-neg-

ative and 1–3 Node-Positive Disease May Avoid Chemo-
Therapy) is a prospective randomized phase III clinical trial 
comparing the MammaPrint test with commonly used clini-
cal criteria, as calculated in a modified version of Adjuvant! 
Online, for decision-making about adjuvant chemotherapy.

2011;71(Suppl 24):Abstract S4–5.

 22. Kelly CM, Bernard PS, Krishnamurthy S, et al. Agreement in risk 
prediction between the 21-gene recurrence score assay (Oncotype 
DX(R)) and the PAM50 Breast Cancer Intrinsic Classifier in 
early-stage estrogen receptor-positive breast cancer. Oncologist 
2012;17:492–498.

 23. Prat A, Parker JS, Fan C, et al. Concordance among gene 
expression-based predictors for ER-positive breast cancer treated 
with adjuvant tamoxifen. Ann Oncol 2012;23:2866–2873.

 24. Buyse M, Loi S, van’t Veer L, et al. Validation and clinical utility 
of a 70-gene prognostic signature for women with node-negative 
breast cancer. J Natl Cancer Inst 2006;98:1183–1192.

 25. van de Vijver MJ, He YD, van’t Veer LJ, et al. A gene-expression 
signature as a predictor of survival in breast cancer. N Engl J Med 
2002;347:1999–2009.

 26. Rutgers E, Piccart-Gebhart MJ, Bogaerts J, et al. The EORTC 
10041/BIG 03-04 MINDACT trial is feasible: results of the pilot 
phase. Eur J Cancer 2011;47:2742–2749.

 27. Cardoso F, Piccart-Gebhart M, Van’t Veer L, Rutgers E. The 
MINDACT trial: the first prospective clinical validation of a 
genomic tool. Mol Oncol 2007;1:246–251.

 28. Barker AD, Sigman CC, Kelloff GJ, et al. I-SPY 2: an adaptive breast 
cancer trial design in the setting of neoadjuvant chemotherapy. 
Clin Pharmacol Ther 2009;86:97–100.

 29. Esserman LJ, Berry DA, Demichele A, et al. Pathologic complete 
response predicts recurrence-free survival more effectively by cancer 
subset: results from the I-SPY 1 trial—CALGB 150007/150012, 
ACRIN 6657. J Clin Oncol 2012;30:3242–3249.

 30. Mardis ER. A decade’s perspective on DNA sequencing technology. 
Nature 2011;470:198–203.

 31. Shah SP, Morin RD, Khattra J, et al. Mutational evolution in a 
lobular breast tumour profiled at single nucleotide resolution. 
Nature 2009;461:809–813.

 32. Ding L, Ellis MJ, Li S, et al. Genome remodelling in a basal-like 
breast cancer metastasis and xenograft. Nature 2010;464:999–
1005.

 33. Ellis MJ, Ding L, Shen D, et al. Whole-genome analysis 
informs breast cancer response to aromatase inhibition. Nature 
2012;486:353–360.

 34. Shah SP, Roth A, Goya R, et al. The clonal and mutational 
evolution spectrum of primary triple-negative breast cancers. 
Nature 2012;486:395–399.

 35. Banerji S, Cibulskis K, Rangel-Escareno C, et al. Sequence analysis 
of mutations and translocations across breast cancer subtypes. 
Nature 2012;486:405–409.

 36. Stephens PJ, Tarpey PS, Davies H, et al. The landscape of 
cancer genes and mutational processes in breast cancer. Nature 
2012;486:400–404.

 37. Cancer Genome Atlas Network. Comprehensive molecular 
portraits of human breast tumors. Nature 2012;490:61–70.

 38. Weigman VJ, Chao HH, Shabalin AA, et al. Basal-like breast 
cancer DNA copy number losses identify genes involved in 
genomic instability, response to therapy, and patient survival. 
Breast Cancer Res Treat 2012;133:865–880.

 39. Sledge GW Jr. The challenge and promise of the genomic era. J 
Clin Oncol 2012;30:203–209.


