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Abstract
Purpose:Gene expression profiling classifies breast cancer into intrinsic subtypes based on the biology of

the underlying disease pathways. We have used material from a prospective randomized trial of tamoxifen

versus placebo in premenopausal women with primary breast cancer (NCIC CTG MA.12) to evaluate the

prognostic and predictive significance of intrinsic subtypes identified by both the PAM50 gene set and by

immunohistochemistry.

Experimental Design: Total RNA from 398 of 672 (59%) patients was available for intrinsic subtyping

with a quantitative reverse transcriptase PCR (qRT-PCR) 50-gene predictor (PAM50) for luminal A, luminal

B, HER-2–enriched, and basal-like subtypes. A tissue microarray was also constructed from 492 of 672

(73%) of the study population to assess a panel of six immunohistochemical IHC antibodies to define the

same intrinsic subtypes.

Results: Classification into intrinsic subtypes by the PAM50 assay was prognostic for both disease-free

survival (DFS; P ¼ 0.0003) and overall survival (OS; P ¼ 0.0002), whereas classification by the IHC panel

was not. Luminal subtype by PAM50 was predictive of tamoxifen benefit [DFS: HR, 0.52; 95% confidence

interval (CI), 0.32–0.86 vs.HR, 0.80; 95%CI, 0.50–1.29 for nonluminal subtypes], although the interaction

testwas not significant (P¼0.24), whereas neither subtyping by central immunohistochemistry nor by local

estrogen receptor (ER) or progesterone receptor (PR) status were predictive. Risk of relapse (ROR)modeling

with the PAM50 assay produced a continuous risk score in both node-negative and node-positive disease.

Conclusions: In theMA.12 study, intrinsic subtype classification by qRT-PCRwith the PAM50 assay was

superior to IHCprofiling for both prognosis and prediction of benefit from adjuvant tamoxifen.Clin Cancer

Res; 1–8. �2012 AACR.

Introduction
Breast cancer is increasingly recognized as a heteroge-

neous disease, both on a molecular basis and in terms of
clinical behavior. The initial molecular profiling studies of
primary tumors showed that breast cancers could be seg-

regated into biologic (or "intrinsic") subtypes based on
hierarchical clustering analyses of gene expression (1). One
of the most important distinctions recognized was that
hormone receptor–positive breast cancers could be sepa-
rated into at least 2 categories, luminal A and B, with
significantly different clinical outcomes (2). Subsequent
studies have further shown that gene expression profiles
also contribute additional prognostic value to current stan-
dard clinicopathologic factors (3–9).

Adjuvant hormonal therapy is the backbone of systemic
management in the majority of hormone receptor–positive
early-stage breast cancers. Meta-analyses have confirmed
the potential of tamoxifen and aromatase inhibitors to
reduce the risk of relapse (ROR) by approximately 50%
and the risk of breast cancer death by 30% in the study
populations (10). Adjuvant hormonal therapies, however,
are not devoid of toxicities, costs, and issues surrounding
compliance with 5 years of therapy. At present although,
other than the expression of the hormone receptor proteins,
there are no fully validated predictive biomarker(s) to
enhance the selection of patients for endocrine treatment.
Furthermore, premenopausal women are frequently
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underrepresented in biomarker investigations, leaving
uncertainty to the performance of genomic assays in youn-
ger patient populations.

The intent of this study was to use both an established
immunohistochemical (IHC) classifier and a gene expres-
sion classifier (PAM50) of the breast cancer intrinsic sub-
types to assess for both prognostic and predictive value to
adjuvant hormonal therapy in a study population of pre-
menopausal women, randomized to tamoxifen or placebo
for 5 years. A ROR model, generated from the gene expres-
sion classifier data in addition to clinicopathologic data,
was also applied to generate a continuous risk score for
further investigation as a clinical test.

Materials and Methods
TheNCICClinical TrialsGroup (CTG)MA.12 studywas a

randomized trial of 672 premenopausal women with stage
I–III breast cancer after adjuvant chemotherapy, of any
hormone receptor status, comparing tamoxifen 20 mg per
os dailywith placebo for a planned 5 years. The details of the
conduct of this study and its final results have recently been
published (11). Median follow-up on the study was 9.7
years.

Formalin-fixed, paraffin-embedded (FFPE) blocks were
requested from local pathology departments for all patients
on the study. Four hundred and ninety-two FFPE blocks
with invasive breast cancer were available to extract dupli-
cate 0.6-mmtissue cores, creating 4MA.12 tissuemicroarray
(TMA) blocks for IHC studies using methods previously
described (12). An additional three 1-mm2 pathologist-
guided cores were successfully taken from the invasive
component (from areas adjacent to the cores extracted for
the TMA) within 484 FFPE blocks and used to isolate RNA
for quantitative reverse transcriptase PCR (qRT-PCR).

Immunohistochemistry for estrogen receptor (ER), pro-
gesterone receptor (PR), HER-2, Ki67, CK 5/6, and EGF

receptor (EGFR) were conducted concurrently on serial
sections; the specific antibodies used, and the staining
conditions have been described previously (13, 14) but
are also outlined in Supplementary Table S1. Scoring for
the 6 IHC antibodies using published criteria developed
on other breast cancer cohorts (13–15) was conducted by
2 pathologists (T.O. Nielsen and K. Ung) blinded to the
clinicopathologic characteristics and outcome. In brief,
tumors were considered positive for ER or PR if immu-
nostaining was observed in more than 1% of the tumor
nuclei (15, 16). Tumors were considered HER-2 positive if
immunostaining was scored as 3þ according to recent
ASCO/CAP guidelines (17). For equivocal cases (2þ),
FISH was conducted with a ratio of 2.0 or more consid-
ered as positive. Ki67 scoring was conducted visually for
percentage of tumor cell nuclei with positive immunos-
taining above the background level where a cutoff of
more than 13% defined luminal B among ERþ/HER-2�

cases. We have previously shown that more than 13% was
the optimal cut-off to segregate luminal B vs. luminal A
when correlating IHC-stained TMAs to gene expression
profiling for subtype distribution in primary breast can-
cers (14). Only TMA samples, which contained 50 or
greater tumor cells, were considered interpretable. The
stained TMAs were digitally scanned with primary image
data available for public access (http://www.gpecimage.
ubc.ca; username:ma12; password:abc123).

Total RNA was extracted by use of the High Pure RNA
ParaffinKit (RocheApplied Science) as previously described
(18). After treatment with TURBO DNase (Ambion), total
RNA yield was assigned with the ND-1000 Spectrophotom-
eter (NanoDrop Technologies). Of the 484 cases scored,
410 cases yielded sufficient RNA for gene expression anal-
ysis by qRT-PCR, determined as previously described (18–
20). PCR primers optimized for use on FFPEmaterials were
used to make quantitative measurements for a panel of 50
discriminatory genes (PAM50 bioclassifier panel) to segre-
gate tumors into luminal A, luminal B, HER-2–enriched,
basal-like, and normal breast–like expression profiles (19).
398 cases had sufficient complete measurements for sub-
type assignment (REMARK diagram;Supplementary Fig.
S1).

Statistical analyses
The detailed statistical plan and analyses for the MA.12

study are published elsewhere (11). The following are the
definitions for the clinical endpoints of the study; disease-
free survival (DFS): time from randomization to earliest
date of recurrence or death or censored on the last date
the patient was known to be alive; overall survival (OS):
time from randomization to date of death or censored on
the last date the patient was known to be alive. Biomarker
subtype definitions and hypotheses to be tested were
prespecified in writing, and statistical analyses were then
conducted independently by the NCIC CTG statistical
centre. The primary objectives of this translational
study were 2-fold: (i) to determine whether the intrinsic
subtypes, as categorized by PAM50, had prognostic

Translational Relevance
Adjuvant hormonal therapy is the most commonly

prescribed class of agents for early-stage breast cancer
worldwide. The presence of the estrogen receptor (ER),
even at a 1% threshold by immunohistochemistry, is the
only validated predictive biomarker today. We investi-
gated the prognostic and predictive value of classifying
breast cancers into intrinsic subtypes by qRT-PCR with
the PAM50 bioclassifier panel using material from a
randomized controlled trial comparing tamoxifen with
placebo in premenopausal women also treated with
adjuvant chemotherapy (MA.12). The intrinsic subtypes
were found to have independent prognostic value in a
multivariate analysis that included standard clinical and
pathologic variable. More importantly, the luminal sub-
types, as discriminated by PAM50, had predictive ability
to refine the population of patients who obtained a
greater benefit from adjuvant tamoxifen.
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significance in the entire MA.12 cohort and (ii) to deter-
mine whether the luminal subtypes (A and B), as deter-
mined by PAM50, were predictors of greater efficacy to
adjuvant tamoxifen than the hormone receptor–positive
status in MA.12, as determined by biochemical or IHC
methods. Both OS and DFS by ER status (determined
locally), by subtypes based on the immunohistochemis-
try and by PAM50 classifiers, were described by Kaplan–
Meier curves and compared with log-rank tests. A Cox
model with an interaction term between treatment and
subtype was used to assess for predictive significance
based on differences between treatment arms and subtype
classification. All statistical tests were 2 sided.
PAM50-derived ROR scores were calculated using formu-

las previously trained and described (19, 20). Harrell C-
index was used to compare the prognostic and predictive
capacity of clinical, IHC, and expression profile–derived
models (21). A C-index higher than 0.5 implies a good
prediction ability of the model, whereas a C-index equal to
0.5 implies no predictive ability (no better than random
guessing). Bootstrap percentile method with 200 replica-
tions was used to calculate the 95% confidence interval (CI)
for the predicted probability of disease at 10 years based on
theROR scoreswith the highest C-index. This study received
research ethical board approval from the host institution
(University of British Columbia, Vancouver, British Colum-
bia, Canada).

Results
The NCIC MA.12 study enrolled 672 premenopausal

women from 1993 to 2000: 338 randomized to tamoxifen
and 334 to placebo (11). Baseline characteristics of all
patients randomized (N ¼ 672), patients within the TMA
series for IHC classification (IHC cohort: n¼ 492), and the
PAM50 cohort for intrinsic subtype classification (PAM50
cohort: n ¼ 398) are outlined in Table 1. The standard
clinicopathologic characteristics were similar among all 3
cohorts. Median age was approximately 45 years (range:
26–58 years), approximately 75% of the study cohorts were
node-positive, and all patients received adjuvant chemo-
therapy (45% non-anthracycline and 55% anthracycline-
based, as detailed in Table 1).

In the original MA.12 study population, the ER assay was
done by a biochemical method (quantitative ligand-bind-
ing assay) in 60% of patients randomized to tamoxifen and
in 51% of the placebo group and the remainder by immu-
nohistochemistry. All clinical progesterone receptor (PR)
assayswere done by the biochemicalmethod. The hormone
receptor status was deemed positive (ER- and/or PR-posi-
tive) in 75% (n ¼ 505) of the original study population, as
determined by local laboratories. By the centrally assessed
IHC classifier conducted for this study, 71% were classified
as luminal breast cancers (40% luminal A and 31% luminal
B) with the specific breakdown across all the intrinsic
subtypes detailed in Table 2. Among the 398 patient

Table 1. Cohort characteristics

Characteristic All randomized (n ¼ 672) IHC Cohort (n ¼ 492) PAM50 cohort (n ¼ 398)

Age (median and range) 45.7 y (26–58) 45.6 y (27–58) 45.5 y (27–58)

Stage
I 10% 10% 10%
II 84% 85% 84%
III 6% 5% 6%

Nodal status
0 25% 24% 25%
1—3 56% 56% 55%
� 4 19% 20% 20%

Clinical ER/PR status
ERþ and/or PRþ 75% 74% 73%
ER�/PR unknown 14% 14% 15%
ER�/PR� 11% 12% 12%

Chemotherapy
Cyclophosphamide,
methotrexate and fluorouracil

45% 44% 43%

Doxorubicin and cyclophosphamide 33% 32% 32%
Cyclophosphamide, epirubicin
and fluorouracil

22% 24% 25%

Grade
I 19% 26% 24%
II 30% 42% 42%
III 22% 31% 34%
Missing 29% 2% 0%

PAM50, Adjuvant Tamoxifen, Predictive Assay
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samples that had classification by PAM50, 53% were clas-
sified as luminal breast cancers (34% luminal A and 19%
luminal B). The concordance for intrinsic subtypes among
348 patients who could be classified by both IHC and
PAM50 classifiers (Table 2) was 82.2%, 81.0%, 87.6%, and
97.4% for luminal A, luminal B, HER-2–enriched (defined
by PAM50)/luminal B HER-2þ and ER�/PR�/HER-2þ

(defined by immunohistochemistry), and basal-like breast
cancers, respectively, with an overall k 0.64 (95% CI, 0.58–
0.71). Within these 348 patients: 209 (60%) were ER- and/
or PR-positive by central immunohistochemistry, 66 (19%)
were HER-2–positive by central immunohistochemistry,
and 75 (21%) were core basal by IHC definition. Other
than assessing for concordance in the 348 patients with
available data across classifiers, no further assessment of
prognosis or prediction was conducted because of the
limited sample size.

Association with outcomes and prognostic values
Among all randomized patients in both treatment groups,

there was no significant difference between patients with
positive andnegative ERby clinical assay in eitherDFSorOS.
Intrinsic subtype classification by the 6 antibody IHC panel
created a larger discriminatory effect forDFS andOSwith the
worst prognostic group being the HER-2–positive nonlum-
inal breast cancers for DFS and basal-like breast cancers for
OScomparedwith thebestprognostic groupbeing luminalA
for both DFS and OS, but none of these differences were

statistically significant. However, with the PAM50 classifica-
tion, bothDFSandOSwere statistically significantlydifferent
across intrinsic subtypes (Fig. 1A and B) with the HER-2–
enriched subtype having the lowest and the luminal A breast
cancers the highest 5-year survival values. In multivariate
analysis (Table 3) adjusting for tumor grade, tamoxifen
treatment, and clinical variables including ER status, nodal
status, and size of tumor, intrinsic subtyping, as classified by
PAM50, was still independently prognostic from the stan-
dard clinicopathologic variables and treatment for both DFS
(P¼ 0.02) andOS (P¼ 0.02). Themultivariable Coxmodels
that included the subtype and clinicopathologic variables
listed earlier were significantly better than either clinicopath-
ologic alone or subtype alone.

We also assessed the performance of ROR scores gener-
ated from PAM50 subtypes with and without clinical infor-
mation based on algorithms developed previously (18, 19).
The C-index for ROR-S (subtype only), ROR-P (subtype
with proliferation signature index), ROR-T (subtype with
tumor size), and for ROR-PT (subtype with both prolifer-
ation signature index and tumor size) are summarized in
Supplementary Table S2. ROR-T had highest numerical
prognostic capacity in both DFS and OS with a C-index of
59.8% (54.8%–64.2%) and 63.1% (57.9%–68.2%),
respectively. Figure 2 shows that the ROR-T scores of
tamoxifen-treated patients have a linear relationship with
probability of 10-year relapse in both thenode-negative and
the node-positive cohorts.

Table 2. Intrinsic subtype distribution by immunohistochemistry and PAM50 (n ¼ 348)

Intrinsic subtypes by IHC/FISH

Intrinsic subtypes by PAM50 Luminal A Luminal B Luminal/HER-2þ HER-2þ/ER�PR� Core basal Total

Luminal A 101 (78%) 20 (15%) 8 (6%) 0 1 (1%) 130
Luminal B 23 (33%) 39 (57%) 7 (10%) 0 0 69
HER-2-E 9 (12%) 14 (19%) 26 (35%) 23 (31%) 3 (4%) 75
Basal-like 1 (1%) 2 (3%) 0 2 (3%) 69 (93%) 74

Total 134 75 41 25 73 348

Table 3. Multivariate analysis of prognostic variables

DFS OS

Variable Comparison HR (95% CI) P HR (95% CI) P

Subtype Basal vs. Luminal A 1.57 (0.75–3.29) 0.02 2.19 (0.91–5.26) 0.02
Her2þ vs. Luminal A 2.25 (1.29–3.90) 2.74 (1.39–5.40)
Luminal B vs. Luminal A 1.98 (1.16–3.39) 2.40 (1.25–4.63)

Treatment Tamoxifen vs. placebo 0.58 (0.41–0.82) 0.002 0.68 (0.45–1.02) 0.06
ER Positive vs. negative 0.82 (0.53–1.28) 0.38 0.58 (0.35–0.97) 0.04
Nodal status 1–3 vs. negative 1.97 (1.20–3.22) 0.02 1.61 (0.92–2.81) 0.17

>3 vs. negative 1.97 (1.12–3.48) 1.78 (0.94–3.37)
Tumor size T stage 1 vs. >1 0.64 (0.44–0.92) 0.02 0.62 (0.40–0.96) 0.03
Tumor grade 1 vs. 2 vs. 3 0.96 (0.71–1.31) 0.81 0.83 (0.58–1.19) 0.30
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Prediction of tamoxifen benefits
With all randomizedpatients included in the analysis, the

original MA.12 study showed a trend for improved DFS for
tamoxifen (HR, 0.77; 95%CI, 0.59–1.01; P¼ 0.06; ref. 11).
Differences between tamoxifen and placebo were not sta-
tistically significant in OS for the trial as a whole (HR 0.78
with 95% CI 0.57–1.06 and P ¼ 0.12) and, therefore, the
following analyses were restricted to DFS only. Being ER-
positive by a clinical test could not identify a group with
statistically significant better outcomes on tamoxifen (Fig.
3A). Within the luminal cohorts (luminal A þ B) based on
the IHC classifier, there appeared a greater trend for benefit
of adjuvant tamoxifen, though this was again not statisti-
cally significant (HR, 0.75; 95%CI, 0.51–1.09;P¼0.13; Fig.
3B). However, using the PAM50 classifier to identify lumi-
nal subtypes, there was a statistically significant benefit in
DFS for tamoxifen (HR 0.52; 95% CI, 0.32–0.86; P ¼
0.009; Fig. 3C), whereas no statistically significant benefit

was found for patients with nonluminal subtypes (HR,
0.80; 95% CI, 0.50–1.29). However, the interaction test
between luminal type by PAM50 and tamoxifen treatment
was not statistically significant (P¼ 0.24). The correspond-
ing absolute improvement in 5-year DFS rate was 11.8% for
tamoxifen versus placebo in the hormone-sensitive cohort
(luminal A and B), as defined by PAM50 (5-year DFS rate¼
86.1% vs. 74.3%, respectively; Fig. 3C). A forest plot com-
paring the efficacy of tamoxifen versus placebo across the
various predictive classifiers is presented in Supplementary
Fig. S2.

Discussion
The NCIC Clinical Trials Group MA.12 study was one of

several randomized trials to assess the benefit of adjuvant
tamoxifen for premenopausal early-stage breast cancer
(11). The results of the main study showed a marginal, but
nonsignificant, improvement in DFS for tamoxifen over
placebo (HR, 0.77; 95%CI, 0.59–1.01). Somewhat surpris-
ing, the trend in benefit was irrespective of hormone recep-
tor status, with the clinically ER-positive patients having a
HR of 0.82. One possible explanation for this observation
may be the limited accuracy of hormone receptor testing in
community hospitals. When we conducted central immu-
nohistochemistry-based testing to classify the luminal sub-
types, the HR improved (HR 0.75), but this was still not
statistically significant—in part perhaps due to the smaller
sample size and subsequent limited power. Only when we
used the RT-PCR approach with the PAM50 classifier was
there a statistically significant benefit of adjuvant tamoxifen
among patents with luminal subtypes (HR, 0.52; 95% CI,
0.32–0.86; P¼ 0.009). Furthermore, the benefit of adjuvant
hormonal therapy in this premenopausal population is
additive to the gains from adjuvant chemotherapy (all
patients received adjuvant chemotherapy inMA.12), which
is in keeping with the recent update from the EBCTCG

DFS plot in TAM patients

1.0

0.8

0.6

0.4

0.2

0.0

0 20 40 60 80 100

ROR-T

Probability and 95% CI for node-positive patients
Probability and 95% CI for node-negative patients

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
 a

t 1
0 

y

Figure 2. Probability of disease event at 10 years based on the ROR-T
model.

NormalBasalHer2Lum BLum A

P
er

ce
nt

ag
e

0

20

40

60

80

100

Time (y)
121086420

P5-year DFSPAM50 subtype

0.000384.2%Lum A
72.8%Lum B
52.8%Her2
72.9%Basal
87.5%Normal

A

NormalBasalHer2Lum BLum A

P
er

ce
nt

ag
e

0

20

40

60

80

100

Time (y)
121086420

P5-year OSPAM50 subtype

0.000295.7%Lum A
85.8%Lum B
68.1%Her2
75.3%Basal
93.8%Normal

B

Figure 1. Prognosis based on PAM50 classifier for DFS (A) and OS (B).

PAM50, Adjuvant Tamoxifen, Predictive Assay

www.aacrjournals.org Clin Cancer Res; 2012 OF5

 American Association for Cancer Research Copyright © 2012 
 on July 20, 2012clincancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst on June 18, 2012; DOI:10.1158/1078-0432.CCR-12-0286

http://clincancerres.aacrjournals.org/
http://www.aacr.org/


overview of adjuvant tamoxifen (22). Our study illustrates
the importance of accurate testing of predictive biomarkers,
and the potential improvements that can be made with
more advanced assay methodologies that also more com-
prehensively reflect pathway biology. The concordance
between IHC assessment of limited biomarkers (ER and
PR) versus the measurement globally of multiple activated
genes in the luminal pathways, as with PAM50, wasmodest
in our study at approximately 80%, suggesting the later
approach ismore reflective of the responsiveness of biologic
pathways.

The luminal subtypes comprise the majority of breast
cancer cases. Adjuvant hormonal therapies potentially have
the greatest clinical impact (with relative risk reductions
approximating 50%) in improving breast cancer outcomes,
but the benefit is only in hormone receptor–positive breast
cancers (10). Patients with hormone receptor–negative
breast cancer would be at risk of treatment toxicities
without potential benefit. Both the previous methodology
of quantitative ligand-binding biochemical assay and

current methodology using immunohistochemistry are
subject to preanalytical and analytical variability, leading
to estimates that, up to 20% of current hormone receptor
testing worldwide, may be inaccurate (23). A recent guide-
line developed by a joint American Society of Clinical
Oncology and College of American Pathologists taskforce
recommended testing algorithms for more accurate and
reproducible assays in hormone receptor testing (24).

qRT-PCR measures gene expression using RNA extracted
from FFPE tumor tissue. Although this newer methodology
has advantages in its ability to precisely quantitate multiple
gene transcripts simultaneously, it could also potentially
suffer from variabilities in RNA extraction, primer selection,
PCRprotocols, andmeasurement platforms. Recent studies,
however, comparing PCR-based assays and IHC techniques
have showed high correlation between these 2 methodol-
ogies (25–28).

The intrinsic subtypes luminal A, luminal B, HER-2–
enriched, basal-like, and normal-like have been extensively
studied by microarray-based gene expression profiling
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(1, 2, 6, 29, 30). These subtypes have been shown to not
only segregate based on biology, but also are independently
prognostic (2). The PAM50 assay was developed with the
aim to identify these intrinsic subtypes, and has also been
validated across multiple cohorts and platforms (19). An
advantage of intrinsic subtype determination using the
PAM50 assay over other gene expression signatures is its
ability to provide outcome prediction not only in ER-
positive but also in ER-negative tumors. By virtue of the
design of MA.12, which permitted enrolment of patients
with ER-negative cancers, we were able to show that PAM50
was superior to IHC classification for prognosis across the
full spectrum of breast cancer subtypes. Furthermore, in a
recently published study of 786 primary tumors linked to
long-term outcome, the PAM50 assay was able to identify a
very low-risk prognostic group (>95%DFS at 10 years) in a
cohort of women treated with tamoxifen but no chemo-
therapy (18). These results were similar in discriminatory
magnitude to those obtained from the 21-gene assay when
it was applied to clinical trial material (4, 5).
In conclusion, intrinsic subtype classification by RT-PCR

with the PAM50 assay is feasible on routinely collected FFPE
tumor material. Within the context of the randomized
MA.12 study, this methodology and assay was superior to
conventional local and central IHC ER assessment for both
prognosis and more importantly prediction of benefit to
adjuvant tamoxifen comparedwith placebo in a population
of younger women showing the PAM50 model is effective
regardless of the age of the patient at presentation.
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