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Abstract
Background—Patient prognosis and response to endocrine therapy in breast cancer correlate with
protein expression of both estrogen receptor (ER) and progesterone receptor (PR), with poorer
outcome in patients with ER+/PR− compared to ER+/PR+ tumors.

Methods—To better understand the underlying biology of ER+/PR− tumors, we examined RNA
expression (n > 1000 tumors) and DNA copy number profiles from five previously published studies
of human breast cancers with clinically assigned hormone receptor status (ER+/PR+, ER+/PR−, and
ER−/PR−).

Results—We identified an expression signature of genes with either elevated or diminished RNA
levels specifically in ER+/PR+ compared to ER−/PR− and ER+/PR− tumors. We similarly identified
a gene signature specific to ER−/PR− tumors. ER+/PR− tumors, on the other hand, were a mixture
of three different subtypes: tumors manifesting the ER+/PR+ signature, tumors manifesting the ER
−/PR− signature, and tumors not associating with ER+/PR+ or ER−/PR− tumors (which we
considered “true” ER+/PR−). In analyses of both tamoxifen-treated and untreated patients, ER+/PR
− breast cancers defined by RNA profiling were associated with poor patient outcome, worse than
those with pure ER+/PR+ patterns; these differences were not observed when using clinical assays
to assign ER and PR status. ER+/PR− tumors also showed twice as many DNA copy number gains
or losses compared to ER+/PR+ and ER−PR− tumors. Targets of transcriptional up-regulation by
specific oncogenic pathways, including PI3K/Akt/mTOR, were enriched in both ER+/PR− and ER
−/PR− compared to ER+/PR+ tumors.

Conclusion—ER+/PR− tumors as defined by RNA profiling represent a distinct subset of breast
cancer with aggressive features and poor outcome, despite being clinically ER+. Multigene assays
derived from our gene signatures could conceivably provide an improved clinical assay for inferring
PR status for prognostic and therapeutic purposes.
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Introduction
Estrogen and the estrogen receptor (ER) play key roles in breast cancer development and
progression [1,2]. Approximately 70% of breast cancers express ER (ER+). ER+ tumors are
sensitive to endocrine therapy, while ER− tumors are hormone independent [3,4]. Progesterone
receptor (PR) mediates progesterone’s effects in the development of the mammary gland and
breast cancer [2,5]. More than half of ER+ breast cancers express PR [2,6], and estrogen
signaling via ER is necessary to induce PR expression [7,8]. ER and PR are prognostic factors
for patient outcome, though both are considered weak [9]. Although ER is an accepted predictor
of response to endocrine therapy [1–4,10], the predictive ability of PR has been more
controversial [2]. PR was found to be a strong predictor of response to tamoxifen in a
randomized clinical trial in pre-menopausal women [11]. Additionally, retrospective analysis
of adjuvant tamoxifen therapy has shown poorer response in ER+/PR− compared to ER+/PR
+ tumors [9,12,13]. In metastatic breast cancer, a prospectively designed clinical trial of
tamoxifen showed an independent role for PR in predicting response and time to progression
[14,15]. In the adjuvant setting, two large clinical trials of aromatase inhibitor versus tamoxifen
showed poorer outcome in PR−negative disease [16,17]. In contrast, however, the Oxford
overview of all trials of tamoxifen therapy in the early breast cancer setting found that PR status
did not predict benefit [18].

The inconsistent results of PR status in predicting response to endocrine therapy in the
metastatic and adjuvant settings are difficult to explain. Recent clinical correlative studies in
large numbers of patients have shown that PR loss is associated with lower levels of ER, more
positive nodes, aneuploidy, slightly larger tumor size, higher rates of proliferation, and
expression of EGFR and HER2 [12,19,20], factors that would be expected to correlate with
both a more aggressive tumor phenotype and resistance to endocrine therapy. Recent molecular
studies designed to explain loss of PR expression in breast cancer suggests that in most tumors
loss is not simply due to low estrogen levels or a malfunctioning ER pathway, but is more
likely due to suppression of PR transcription by hyperactive growth factor signaling pathways
that can also modify ER functions [2,21,22], by hypermethylation of the PR promoter [23], or
even by loss-of-heterozygosity at the PGR gene locus [2]. These studies in total suggest that
ER+/PR− tumors may be a distinct subset of breast cancer.

Numerous gene expression profiling studies have focused on a molecular classification of
breast cancer into different subsets that reflect clinical subtypes [24–27] (e.g. ER+ versus ER
−, or high versus low grade) or differences in patient outcome or treatment response [27–34].
Here we examined both gene expression and DNA copy number profiles in human breast
cancer, with the goal of defining and characterizing global molecular patterns and potential
underlying biology of ER+/PR− tumors. We hypothesized that ER+/PR− tumors represent a
specific molecularly-defined subset of human breast cancer completely different from ER+/
PR+ tumors and that this subset would demonstrate a unique natural history and response to
treatment.
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Methods
Breast tumor gene expression profile datasets

The breast tumor gene expression profile datasets used in this analysis were previously
processed and publicly available from studies by Wang et al. [30], Miller et al. [35], van de
Vijver et al. [28], Sorlie et al. [25], Hoadley et al. [36], Loi et al. [37], and Chin et al. [26].
CGH array data were also obtained from the Chin study. The sources of these datasets are listed
in Supplementary Table 1. For the Miller and Loi datasets, only the U133A profiles and not
the U133B profiles were considered (for the subset of Loi profiles generated on U133 plus2,
the subset of the probes shared by U133A were selected for analysis). For analysis of the Sorlie
dataset, gene probes with no data values in over two-thirds of the profiled samples were
removed from consideration.

Estimated expression values were log-transformed and centered on the mean centroid (i.e. the
mean of the means) of the clinical assay-based ER+/PR+, ER+/PR−, and ER−/PR− groups
(Sorlie and Hoadley datasets: mean centroid of the luminal A, luminal B, and basal subtypes).
Expression and DNA copy number values were visualized as heat maps using the Cluster and
Java TreeView software [38,39]. Further details on our use of the mean centroid are provided
in Supplementary Material.

Determination of ER and PR status
ER and PR protein expression was assessed in most of these studies by either biochemical
assay (e.g. Wang, Miller) or immunohistochemistry (e.g. van de Vijver). There were very few
clinical assay-based ER−/PR− tumors in the Loi dataset, so these were not considered here.
For the Miller, Chin, and Loi datasets, clinical ER and PR status information was provided
through the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). For the
Miller dataset, four profiles had been designated as PR+, with unknown ER status; on the basis
of mRNA expression, these tumors were inferred to be ER+. For the Wang dataset, as indicated
[30], ER and PR protein expression was measured mainly by ligand-binding assay (LBA) or
enzyme immunoassay (EIA), though a few were by IHC; we called ER values of > 10 fmol/
mg protein as ER+ and PR values of > 4 fmole/mg protein as PR+ (thereby being conservative
in calling ER+/PR− tumors that truly expressed ER but had little or no PR, though qualitatively
we found our overall findings to be essentially the same when considering alternative cut points,
e.g. 5 for ER or 10 for PR, see Supplementary Material and Figure S2 in Additional File 1).
For the Wang dataset, 22 profiles that had been called as ER−/PR+ were not considered in the
analysis (as ER−/PR+ tumors are rare and some are thought to reflect methodological problems
resulting in a false-negative ER assay [3,9]). For the van de Vijver dataset, IHC information
for ER and PR was provided in terms of percentage of tumor cells with positive staining for
ER and PR expression, respectively; greater than 10% positive cells was called as ER+ or PR
+; ten profiles were called as ER−/PR+ and so were removed from the analysis. For the Wang,
Miller, and van de Vijver datasets, profiles used in the analysis, along with biochemical assay
or IHC values, are available as Additional File 2.

Mapping between array datasets
Mapping gene expression patterns between profile datasets was done either using the gene
probe identifier, in the case where the datasets were generated on the Affymetrix U133 platform
(Wang, Miller, Chin, and Loi datasets), or using the Entrez gene identifier, in the case where
the datasets were generated on a different platform (van de Vijver, Sorlie, and Hoadley
datasets). Where a gene was represented by more than one probe in the van de Vijver, Sorlie,
and Hoadley datasets, the “best” probe was selected in an unbiased manner to represent the
gene for each dataset (van de Vijver, the probe with the most variation; Sorlie and Hoadley,
the probe with the most unflagged values, followed by the probe with the most variation). For
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the ER+/PR+ gene signature, 144, 100, and 113 genes of the original 152 could be mapped to
the van de Vijver, Sorlie, and Hoadley datasets, respectively; while for the ER−/PR− gene
signature, 762, 570, and 538 genes of the original 811 genes could be mapped to the van de
Vijver, Sorlie, and Hoadley datasets, respectively.

Definition of ER+/PR+ and ER−/PR− gene signatures
Two-sample t-tests were performed as criteria for determining significant differences in mean
gene mRNA levels between groups of samples. When defining gene signatures specific to ER
+/PR+, ER+/PR−, or ER−/PR− tumors (Figure 1A), one tumor class was compared separately
with each of the other two tumor classes (i.e. ER+/PR+ versus ER+/PR−, and ER+/PR+ versus
ER−/PR−, as compared by t-test, for the ER+/PR+ signature), and genes showing concordant
high or low expression in both comparisons at a particular nominal p-value (see Supplementary
Material) were selected to represent the class-specific signature for a particular dataset.
Permutation testing was used to assess for false positives: for each of the two comparisons, the
sample labels were permuted 100 times, and the genes intersecting with concordant direction
between the two comparisons were tabulated for each permutation test. The same type of
permutation testing was carried out for the DNA copy number profile analysis.

Gene classifier
Classification of the breast tumor profiles on the basis of the gene signatures specific to ER+/
PR+ or ER−/PR− (Figure 2) was carried out in the following steps: (1) each transcript in a gene
signature of interest was represented as 1 or −1 (for “up” or “down,” respectively); (2) after
centering the tumor profiles on the mean of the centroids of the clinical assay-defined subgroups
for the given dataset, the Pearson’s correlation was computed for each tumor profile between
its expression values and the gene signature pattern; (3) tumor profiles with a positive
correlation ( > 0) to the ER−/PR− signature were classified as ER−/PR−; the rest of the tumors
were classified as ER+/PR+ if they had positive correlation with the ER+/PR+ signature. A
“leave one out” approach for determining the mean centroid without the sample profile being
classified was found to yield identical results to those using the global mean centroid
(Supplementary Material).

Results
Gene expression signature patterns of ER+/PR+ and ER−/PR− breast tumors

In studying the gene expression patterns of ER+/PR− tumors, our preliminary analysis
(Supplementary Material and Figure S1 in Additional File 1) indicated that we had to consider
the patterns of ER+/PR− relative to both ER−/PR− and ER+/PR+ tumors, as many of the
genome-wide expression patterns of ER+/PR− tumors were shared by ER−/PR− tumors. We
therefore set out to define gene signatures specific to ER+/PR+, ER+/PR−, and ER−/PR−
tumors by identifying genes with high or low expression in only one of the three subtypes
compared to the other two subtypes (Figure 1A). We relied upon two independent gene
expression profile datasets of breast cancer for which ER and PR status was available: one
from Wang et al. [30] of 256 tumors—164 ER+/PR+, 37 ER+/PR−, and 55 ER−/PR−; and one
from Miller et al. [35] of 251 tumors—190 ER+/PR+, 27 ER+/PR−, and 34 ER−/PR−. For
both datasets, ER and PR were determined by biochemical assay as part of the routine clinical
evaluation. We did not consider clinical assay-defined ER−/PR+, as these tumors are rare and
thought to represent methodological problems with assay measurements [3, 9].

From the two datasets separately, we first obtained sets of genes fitting each of our pre-defined
patterns (Figure 1A), and then took the intersection of the Wang and Miller results, thereby
defining patterns that were reproducible. An ER+/PR+ signature common to both datasets
contained 182 transcripts (Figure 1A-I, 152 unique named genes, 74 high in ER+/PR+).
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Similarly, an ER−/PR− signature common to both datasets contained 1005 transcripts (Figure
1A-III, 811 genes, 349 high). The expected false positive number of genes in these signatures
was very low (close to zero), and the concordance of results between the two datasets was high
(Supplementary Material). The numbers of transcripts in the ER+/PR− signatures (Figure 1A-
II) were considerably closer to chance expected, and no transcripts were shared by the two
datasets, suggesting that few genes are uniformly higher (or lower) in ER+/PR− relative to the
ER+/PR+ and ER−/PR− tumors.

Genes down in the ER−/PR− signature shared some overlap with the genes up in the ER+/PR
+ signature (17 shared genes), and genes up in the ER−/PR− signature, with genes down in the
ER+/PR+ signature (16 genes); such overlap would happen where, for instance, a gene is high
in ER+/PR+, intermediate in ER+/PR−, and low in ER−/PR− tumors, and all three groups are
significantly different from each other. Additional File 3 includes the complete list of genes in
the ER+/PR+ and ER−/PR− signatures. Many estrogen-regulated genes or those previously
associated with ER+ tumors (e.g. ESR1, GATA3, IRS1, IGF1R, CCND1, BCL2, NRIP1,
GREB1) were among the genes low in the ER−/PR− signature (i.e. these genes were high in
both ER+/PR+ and ER+/PR− tumors). PGR (the PR gene) was represented in the ER+/PR+
but not the ER−/PR−signature (because its expression was similar in the ER−/PR− and the ER
+/PR− groups).

ER+/PR− tumors share gene expression patterns with both ER+/PR+ and ER−/PR−
Notably, we could not define a gene expression signature specific to ER+/PR− compared to
both ER+/PR+ and ER−/PR− tumors (Figure 1A-II), suggesting that ER+/PR− tumors share
some expression patterns with ER−/PR− and other patterns with ER+/PR+. We viewed the
expression patterns of the ER+/PR+ and ER−/PR− gene signatures as heat maps (Figures 1B
and 1C). Almost all of the ER+/PR+ tumors manifested the ER+/PR+ signature patterns (i.e.
the tumors had high expression of the “up” genes and low expression of the “down” genes in
the signature), and most all of the ER−/PR− tumors manifested the ER−/PR− signature. ER+/
PR− tumors, however, were a mixture of three different subtypes (Figure 1C): 1) tumors
associating with ER+/PR+ tumors, in terms of manifesting the ER+/PR+ signature; 2) tumors
associating with ER−/PR−, in terms of the ER−/PR− signature despite being ER+ clinically;
and 3) tumors that could not be aligned entirely with either ER+/PR+ or ER−/PR−. Tumors in
this third group shared some similarities with ER−/PR−, in that they did not manifest the gene
signature specific to ER+/PR+; this third group also had similarities to ER+/PR+, in that they
did not manifest the signature specific to ER−/PR−. The heat maps indicated that some ER+/
PR− tumors associating with ER−/PR− had low ER mRNA, and other ER+/PR− associating
with ER+/PR+ had high PR mRNA (Figure 1C), suggesting that false positive clinical assay
results could be involved; at the same time, however, the correlation of ER/PR mRNA with
the gene signature-based associations was not perfect (Figure 1C), indicating that other genes
in the signatures were contributing information as well.

To determine how well our gene signatures correlated with clinically measured ER and PR
protein status, we developed a gene classifier to stratify breast tumors into ER+/PR+, ER+/PR
−, or ER−/PR− on the basis of their gene expression profiles (centered on the mean centroid
of the clinical assay-defined groups). The classifier worked in two steps (schematic in Figure
2A). First, profiles were classified as either “ER−/PR−” or “not ER−/PR−,” on the basis of the
ER−/PR−signature. Second, the non-ER−/PR− tumors were further classified as either “ER+/
PR+” or “not ER+/PR+,” on the basis of the ER+/PR+ signature. Tumors that did not associate
with either ER−/PR− or ER+/PR+ were classified as ER+/PR− by default. Importantly, the
classifier made use of the known direction of the genes in each signature (by use of the
Pearson’s correlation, which indicated whether the “up” genes and the “down” genes in each
signature were coordinately up or down, respectively, in the classified sample); in this way, a
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random selection of genes (with randomly assigned directions) would not have yielded similar
results to that of the actual genes used.

We first classified the Wang and Miller tumors using the ER+/PR+ and ER−/PR− signatures.
As expected (as the signatures were derived from these datasets), the vast majority of the tumors
classified as ER+/PR+ or ER−/PR− by clinical assay were classified as such by gene
expression, with 89% ([143+51]/[164+55]) and 84% ([158+30]/[190+34]) accuracies in the
Wang and Miller datasets, respectively (Figure 2B, panels I and II). The clinical assay-defined
ER+/PR− tumors, however, were only classified as such about 33% of the time are were nearly
evenly divided among the three (see Figure 1C). Of the 37 and 27 ER+/PR− tumors defined
by clinical assay in the Wang and Miller datasets, respectively, 13 and 8, respectively, were
defined as ER+/PR− by our gene classifier; 17 and 12, respectively, were defined as ER+/PR
+, and 7 and 7 were defined as ER−/PR−. Despite the high rate of misclassification, the number
of clinical ER+/PR− tumors classified as ER+/PR− by profiling was statistically significant
(p < 0.001 each dataset, one-sided Fisher’s exact). In addition, some clinical assay-defined ER
+/PR+ or ER−/PR− tumors were defined by gene classifier as ER+/PR− (Wang: 6 and 2 tumors,
respectively; Miller: 11 and 1, respectively).

The Wang and Miller datasets were originally used to define the ER+/PR+ and ER−/PR− gene
signatures on which the classifier was based, and so the concordance between the clinical assay
and classifier results were what would be expected, based on the signature heat maps (Figures
1B and 1C). Of note, however, the Wang and Miller results do indicate that, even under the
most optimal conditions of using a gene classifier on the same datasets used to develop the
classifier, we were unable to classify the ER+/PR− tumors with high accuracy. Rather than
this being an indication of poor performance of the classifier, we understood this result to
signify that a substantial percentage of ER+/PR− tumors by clinical assay do indeed associate
with either ER+/PR+ or ER−/PR− tumors at the global molecular level.

For an independent observation of the Wang and Miller results, we went on to evaluate the
classifier on an independent profile dataset of 275 breast tumors from van de Vijver et al.
[28], with ER and PR status determined by immunohistochemistry (IHC). The van de Vijver
dataset (Figure 2B-III) showed the same patterns as the first two datasets, with most of the
IHC-defined ER+/PR+ and ER−/PR− tumors defined as such by gene expression (81%
accuracy), and with a much smaller though significant fraction (33%, one-sided Fisher’s exact
p < 0.001) of the clinical assay-defined ER+/PR− tumors defined as such by the classifier.
While the mean centroid of the IHC-defined ER+/PR+, ER+/PR−, and ER−/PR− groups was
used to center the values in the van de Vijver dataset (see Methods), the gene classifier
assignments were the same regardless of our using all samples to define the mean centroid, or
using a “leave-one-out” approach of redefining the mean centroid without the sample being
classified (see Supplementary Material). An additional profile dataset by Chin et al. [26] of
118 tumors showed similar patterns of concordance as for the van de Vijver dataset (Figure
2B-IV).

(Conceivably, in regards to our gene classifier approach outlined in Figure 2A, we could instead
have separated out the ER+/PR+ tumors in the first step and then the ER−/PR− tumors in the
second step, though in practice the results were essentially the same, with, for example, 98%
concordance between the two ways for the van de Vijver tumors. In addition, results using of
an alternative “3-way” classification approach by weighted voting were also highly concordant
with the results presented here, see Supplementary Material and Figure S3).
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ER+/PR− tumors as defined by gene signatures associate with the luminal B breast cancer
molecular subtype

Previous gene expression profiling studies of breast cancer have defined six intrinsic molecular
subtypes: normal-like, luminal A, luminal B, basal, ERBB2+, and (most-recently) claudin-low
[24–26,36,40,41]. The luminal A tumors are thought to mostly represent ER+/HER2− tumors;
the luminal B tumors, ER+/HER2+; the basal tumors, ER−/HER2−; and the ERBB2+ tumors,
ER−/HER2+. We applied our gene classifier for ER and PR status (Figure 2A) to the dataset
from Sorlie et al. [25], which was first used to define the molecular profile subtypes, in order
to see which profile subtypes would be associated with tumors defined as ER+/PR− by our
classifier. Most (92%) of the luminal A tumors were classified as ER+/PR+ using our ER−/
PR− and ER+/PR+ gene signatures, and all of the basal tumors were classified as ER−/PR−
(Figure 3A). Most of the ERBB2+ tumors (15/24) were also classified as ER−/PR−. We went
on to apply the classifier to a more recent profile dataset from Hoadley et al. [36], where an
independent cohort of 248 tumors had previously been classified using the Sorlie-defined
intrinsic molecular subtypes. Our classifier again assigned most (91%) of the luminal A tumors
to the ER+/PR+ group, all basal tumors to the ER−/PR− group, and most (89%) ERBB2+
tumors to the ER−/PR−group (Figure 3B).

Notably, luminal B tumors in both the Sorlie and Hoadley datasets followed similar patterns
of association as observed for the ER+/PR− tumors in the Wang, Miller, and van de Vijver
datasets. In particular, the 17 Sorlie luminal B tumors were distributed among ER+/PR+, ER
+/PR−, and ER−/PR− groups (5, 7, and 5 tumors, respectively), with a significant number
associating with ER+/PR− by gene signatures (p < 0.001, one-sided Fisher’s exact). Of the 48
Hoadley luminal B tumors, 24, 18, and 6 were assigned to ER+/PR+, ER+/PR−, and ER−/PR
− groups, respectively, with the ER+/PR− association being significant (p < 1E-09, one-sided
Fisher’s exact). When viewing the expression patterns of the ER+/PR+ and ER−/PR− gene
signatures in the Sorlie dataset as heat maps (Figure 3C) we observed the same patterns of
coordinate expression for the genes as observed in the Wang and Miller datasets: genes
previously defined as high in the ER+/PR+ signature tended likewise to be high in luminal A
tumors; genes low in the ER+/PR+ signature were low in luminal A tumors; genes high and
low in the ER−/PR− signature were likewise high and low, respectively, in the basal tumors.
Some of the luminal B tumors associated with ER+/PR+ and some with ER−/PR− in terms of
the associated gene signature patterns, with the rest of the tumors not being associated
completely with either ER+/PR+ nor ER−/PR−, but sharing features with both (in terms of the
ER−/PR− and ER+/PR+ gene signature patterns, respectively).

Patients with tumors designated as ER+/PR− by profiling rather than by clinical assay alone
have poorer prognosis

Our gene signature patterns of ER+/PR+ and ER−/PR− cancers were significantly correlated
with clinically assigned ER and PR status (Figure 2B), although this correlation was not perfect.
Significant differences in patient outcome have often been observed between the three clinical
subtypes of breast cancer [2]. Interestingly, when relying on clinical assay assessment of ER
and PR status, no significant differences in outcome were observed for ER+/PR− compared to
the other two groups for the Wang, Miller, and van de Vijver datasets (Figures 4A–C, left
panels). On the basis of clinical receptor assessment, the Miller dataset showed a modest trend
for ER+/PR− tumors to have the worst outcome of the three groups; this trend, however, was
not evident in the other datasets. When instead the ER and PR status was assigned on the basis
of our gene classifier (where, for example, 6+13+2 Wang tumors were considered ER+/PR−,
see Figure 2B-I), no differences in time to distant metastases among ER+/PR+, ER+/PR−, and
ER−/PR− tumors were observed for the Wang dataset (Figure 4A, right panel), but there were
significant differences in disease-specific survival for the Miller dataset and in time to
metastases in the van de Vijver dataset (log-rank p = 0.007 and p = 2E-05, respectively, Figures
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4B–C, right panels). In both the Miller and van de Vijver datasets, which included patients
who received adjuvant systemic therapy, ER+/PR− tumors (defined by gene classifer) showed
the shortest time to recurrence, followed by ER−/PR− tumors. However, when comparing the
ER+/PR− subset directly with the ER−/PR− tumors a statistically significant difference was
not observed, though ER+/PR− tumors differed significantly from ER+/PR+ (log-rank p <
0.002 each dataset).

None of the Wang patients received adjuvant systemic therapy [30]. Many of the Miller and
van de Vijver patients did receive hormone therapy or chemotherapy or both, precluding an
assessment of prognostic significance. Notably, when removing from consideration the 121
profiles of patients in the van de Vijver dataset that were known to have had adjuvant treatment
(treatment information not available for Miller), stratifying the remaining 155 untreated
patients on the basis of the gene classifier showed the same recurrence pattern as that for the
entire van de Vijver and Miller cohorts (Figure 4D, global log-rank p = 0.0006). Grade or
lymph node status alone could not account for the differences in outcome among the three
tumor groups (Supplementary Material).

While the gene signatures (Figure 1B) could be used to predict prognosis in untreated patients
(Figure 4D), we also tested whether they were prognostic in patients treated with tamoxifen
therapy. We used an independent dataset by Loi et al. [37] of ER+ breast tumors treated with
only adjuvant tamoxifen. Clinical assay-assigned ER+ tumors were stratified as either ER+/
PR+ or ER+/PR− on the basis of the ER+/PR+ signature. The signature was associated with
outcome both for the entire set of 349 patients (Figure 5A, log-rank p = 0.008) and for the
subset of 263 patients who received tamoxifen monotherapy (Figure 5B, log-rank p = 0.02).
For the 86 ER+ tumors from untreated patients, the gene signature showed a trend of being
prognostic that was not statistically significant--perhaps due to the small size of this subgroup
(Figure 5C, log-rank p = 0.12). For the 202 patients for whom both clinical assay-assigned ER
and PR status was available, there was no significant difference between clinical ER+/PR+
and ER+/PR− (Figure 5D, log-rank p = 0.18), though there was a trend for poorer outcome in
the ER+/PR− subset. However, for these same 202 patients, the gene signatures showed a
difference between ER+/PR+ and ER+/PR− that was of borderline significance (Figure 5E,
log-rank p = 0.06).

We furthermore considered whether defining the three tumor groups using ER and PR mRNA
alone (as measured on the expression array), as opposed to using all of the genes in the
signatures, would yield the above findings with respect to patient outcome. As might be
expected, we did find a trend for ER and PR alone to be prognostic, though the survival curves
did appear better separated when using all of the genes rather than just the two genes
(Supplementary Material and Figure S4), which indicated that genes in the signatures in
addition to ER and PR were contributing information towards defining the tumor subtype.

ER+/PR− tumors defined by gene expression profiling show increased DNA copy number
alteration, including specific regions of gain or loss

In a recent study by Chin et al. [26], profiles of both gene expression and DNA copy number
were assessed on the same panel of 89 breast tumors. Analysis of the DNA profiles indicated
that there were patterns of copy number alteration (CNA) that were more specific to ER+/PR
− tumors [26]. Using expression profile data available for 118 tumors in the Chin cohort (89
of which had DNA profile data), we stratified the tumors into ER+/PR+, ER+/PR−, and ER−/
PR− tumors using our gene classifier. As observed above for the other datasets (Figure 2B),
most of the clinical assay-defined ER+/PR+ and ER−/PR− tumors in the Chin dataset were
defined as such on the basis of the classifier, and the gene classifier called seven of the 17
clinical assay-designated ER+/PR− tumors as ER+/PR−, a significant number (p = 0.002, one-
sided Fisher’s exact).
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We separated the 89 tumor DNA copy number profiles (consisting of 2149 DNA probes) into
ER+/PR+, ER+/PR−, and ER−/PR− groups, as defined by the RNA profiling. We found 46
DNA probes to be higher or lower in ER+/PR− compared to both ER−/PR− and ER+/PR+
tumors (t-test p < 0.01 each comparison, chance mean expected = 5 by permutation testing,
SD = 6). We found 56 probes higher or lower in ER−/PR− compared to both ER+/PR+ and
ER+/PR− (expected 1), and 8 probes specific to ER+/PR+ tumors. We found the probes specific
to ER+/PR− or ER−/PR− tumors to be enriched for probes in chromosomes 11, 12, 17, and
22; CNA patterns for these regions were viewed as a heat map (Figure 6A). ER+/PR− tumors
(defined by expression profiling) tended to show DNA copy number gains within regions
11q13 (68–72 Mb), 12q14-q15 (63–68 Mb), and 17q21-q25 (45–73 Mb), and copy number
loss within 11q13-q25 (82–134 Mb). Gain of 17q21-q25 in particular appeared almost entirely
specific to tumors defined as ER+/PR− by gene expression profiling rather than to clinical
assay-defined ER+/PR− tumors. Additionally, we saw evidence for loss of chromosome 22 in
many ER+/PR+ and ER+/PR− tumors but not in ER−/PR− tumors.

We also found that ER+/PR− tumors defined by the gene signatures in general showed
increased CNA compared to ER+/PR+ and ER−/PR− tumors. When plotting the genome-wide
variation (as assessed by standard deviation) from normal copy number in the Chin tumor
cohort (Figure 6B), the ER+/PR− tumors tended to show significantly greater variation than
either ER+/PR+ or ER−/PR− tumors (p = 0.0001 and p = 0.002, respectively, two-sample t-
test). As another assessment of the relative amount of CNA in ER+/PR−, the number of DNA
probes showing gain or loss of 1.5 times the control were counted for each tumor profile; ER
+/PR− tumors showed the most gains or losses (78 on average compared to 32 for ER+/PR+,
p = 0.0004 by t-test, and 38 for ER−/PR−, p = 0.01, Figure 6C). Interestingly, when using the
clinical assessment rather than the gene signatures to determine ER and PR status, the patterns
of increased CNA in ER+/PR− tumors was not as evident (57 probes with gain or loss of 1.5
in ER+/PR−, compared to 35 in ER−/PR− and 39 in ER+/PR+, p = 0.24 and p = 0.23,
respectively, t-test).

Gene signature of oncogenic pathway PI3K/Akt/mTOR is manifested in ER+/PR− tumors
For clues to specific signaling pathways activated in ER+/PR− tumors, targets of transcriptional
up-regulation by various pathways as measured in public profile datasets were examined. These
pathways included the cell cycle, Myc, c-Src, beta-catenin, E2F3, H-Ras, Akt (both mTOR
and non-mTOR branches), cyclin D1, Her2, EGFR, MEK, Raf, MAPK, and PI3K. Using
stringent statistical approaches, we found that both the PI3K and Akt/mTOR pathway
signatures were significantly enriched in both ER+/PR− and ER−/PR− tumors for each of four
tumor profile datasets (complete details in Supplementary Material and Figure S5).

The enrichment patterns for genes up-regulated in the PI3K/Akt/mTOR pathway in ER+/PR−
compared to ER+/PR+ breast cancer were evident when viewing the associated expression
patterns as a heat map (Figure 7). We selected 670 transcripts more highly expressed in ER+/
PR− compared to ER+/PR+ tumors in both the Wang and Miller datasets (p < 0.01 each
comparison, using the gene signature-based rather than the clinical assay-based assignments)
and viewed the corresponding expression patterns for these genes in the “CMaP” dataset [42]
of gene expression profiles of cultured cells (mostly MCF-7 cells) under treatment with 164
different small molecule inhibitors. The PI3K inhibitors, LY-294002 and wortmannin, and the
mTOR inhibitor, rapamyacin, all repressed a significant number of the genes that were high in
ER+/PR− tumors. Of the 670 transcripts (534 unique named genes) selected on the basis of
the breast tumor profile data, 143 (123 genes) were down-regulated (p < 0.01, t-test) in the
CMaP LY-294002 and wortmannin profiles (p < 1E-20, one-sided Fisher’s exact test, heat map
in Figure 7). Genes with high expression in ER+/PR− compared to ER+/PR+ tumors were
similarly expressed in ER−/PR− compared to ER+/PR+ tumors (Figure 7 and Supplementary
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Figure S1), which accounts for enrichment of the PI3K/Akt/mTOR-associated gene sets in ER
−/PR− tumors as well as ER+/PR− tumors.

Discussion
We found that ER+/PR− breast tumors as defined by gene expression profiling are a small but
distinct molecular subtype from ER+/PR+ or ER−/PR−. ER+/PR− tumors as diagnosed in the
clinic were a mixture of three different groups: tumors that appeared ER+/PR+ at the level of
genome-wide expression patterns, tumors that appeared ER−/PR−, and tumors exhibiting an
expression profile composed of a mixture of the other two groups. Tumors in this latter group
we define as “true” ER+/PR− tumors since they are distinct from either the ER+/PR+ or the
ER−/PR− subsets. While we did not find a gene expression pattern manifested only in the ER
+/PR−group, we did find evidence for DNA copy number alterations that were more specific
to tumors of this group. We found no significant overlap between genes within these genomic
regions and genes in our ER+/PR+ or ER−/PR− gene signatures (data not shown). The
molecularly-defined ER+/PR− subset was also characterized by a gene expression profile
indicative of active growth factor signaling via the PI3K/Akt/mTOR pathway.

In most datasets, univariate analysis indicated that the classification of hormone receptor status
using molecular profiling was more strongly associated with outcome than clinical assessment
by IHC or biochemical assay. The poor outcome of the molecularly-defined ER+/PR− subset
was at least as bad as the ER−/PR− group, a subset recognized for its aggressive behavior
[4]. This adverse outcome was not observed in the clinical assay-defined ER+/PR− subset in
these cohorts (though the trend was evident, just not to statistical significance). In contrast to
a number of previous expression profiling studies [27–34,43], we did not set out to identify
gene signatures of poor patient outcome or treatment response; rather, our aim was to further
characterize tumors associated with the clinical ER+/PR− designation. We believe our gene
signature-defined ER+/PR− subset to bear resemblance to the luminal B subset initially defined
by Perou et al. [44], the amplifier phenotype subgroup defined by Chin et al. [26], and the ER
+, high grade tumors defined by the gene expression grade index of Loi et al. [37].

This study considered various datasets from different laboratories, in which ER and PR status
was defined by different measurement techniques (e.g. IHC, LBA) or different cutoffs. This
variability in methodology reflects the current state of how ER and PR is currently assessed in
the clinic [45]. We identified robust, reproducible gene sets and gene expression patterns
underlying ER+/PR+, ER+/PR−, and ER−/PR− tumors, although the correlation between the
clinically-assessed ER and PR and the multigene expression pattern was not perfect. While
disparities may be due to technical issues relating to IHC and biochemical assay measurements
[45] and/or the choice of cut-off values, it is tempting to speculate that the molecular profile
identifies tumors that may behave differently than thought on the basis of ER/PR status alone
as determined clinically. This idea is best illustrated in the expression heat maps where, for
example, there is a proportion of clinically ER+/PR− tumors that have a profile of ER+/PR+
gene expression (perhaps due to independent loss of PR via LOH, or perhaps due to low
estrogen levels in some postmenopausal women insufficient to induce PR), and a proportion
of ER+/PR− tumors that show a pattern of ER−/PR−. Studies of endocrine therapy in metastatic
breast cancer report that the response rate in ER+/PR− is half that in ER+/PR+ tumors [14,
15], data consistent with the public molecular data showing that this group is likely a mixture
of tumor types. Additional study is needed to determine whether those patients with ER+/PR
− tumors who do respond to hormone therapy are those whose tumors manifest the ER+/PR+
gene signature. Similarly, not all ER+/PR+ tumors respond and ~5–10% of ER−/PR− tumors
do respond to therapy, and these groups could potentially be identified on the basis of molecular
profiling.
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The fact that the gene expression profiles but not the clinical assay-assigned ER/PR status were
able to distinguish high and low risk patient groups raises the intriguing possibility of
developing an improved clinical assay for ER/PR status, based on genes selected from our gene
classifier. However, Affymetrix expression arrays are not ideal as a clinical diagnostic tool,
since they do not quantitate absolute RNA levels; an expression profile from any one individual
patient would therefore need to be compared with a comparable population of profiles
generated from the same laboratory. On the other hand, RT-PCR assays using RNA from
paraffin-embedded tissues have recently been developed [43,46], and so it would be technically
feasible to develop an RT-PCR-based, multi-gene assay for ER and PR status and function,
using genes selected from our classifier. Such an assay would naturally include ESR1 and
PGR, though our study—along with others [37,43]—indicates that other genes besides these
two would add more information as to the tumor’s true molecular subtype. Finally, the poor
prognosis of patients with ER+/PR− tumors suggests that testing of new biological treatment
regimens or the addition of aggressive adjuvant chemotherapy for these tumors is warranted.
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Figure 1.
Global gene expression patterns associated with ER+/PR+ (“+/+”), ER+/PR− (“+/−“), and ER
−/PR− (“−/−“) clinical assay-assigned human breast tumors. (A) Number of RNA transcripts
found over- or under-expressed specifically in one of the three breast tumor subtypes in each
of the Wang and Miller expression profile datasets, as well as the number of subtype-specific
transcripts common to both datasets (“Wang | Miller”). +/+ gene signature, genes/transcripts
expressed specifically in ER+/PR+ compared to both ER+/PR− and ER−/PR− tumors (p < 0.01
each comparison in Wang dataset, p < 0.05 each comparison in Miller dataset). −/− gene
signature, genes expressed specifically in ER−/PR− compared to both ER+/PR+ and ER+/PR
− tumors. (B) Heat map representation of expression patterns of the ER+/PR+ and ER−/PR−
gene signatures in the Wang and Miller profile datasets. Rows of the map represent genes;
columns, profiled tumors. Relative expression is represented as colorgram (yellow: high
expression). Expression values centered on the mean of the clinical group centroids. RNA
expression patterns for genes ER, PR, and HER2 corresponding to the tumors are also indicated,
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as well as protein expression of ER and PR in the Wang dataset (protein data not available for
Miller dataset), and recurrence events (gray: missing data). (C) Heat map representation of ER
+/PR+ and ER−/PR− gene signatures in ER+/PR− tumors only (expanded from part B). Profiles
were manually sorted to highlight those similar to ER+/PR+ and those similar to ER−/PR−
tumors.
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Figure 2.
Classification of breast tumors into ER+/PR+, ER+/PR−, and ER−/PR− on the basis of gene
expression profiles, as compared to clinical assay-based classification. (A) Decision tree for
classifying the subtype of a tumor profile using the ER+/PR+ and ER−/PR− gene signatures
(Figure 1). (B) Confusion matrices comparing subtype assignments based on gene classifier
with the clinical-based assignments in the Wang and Miller datasets used to originally define
the signatures (panels I and II, respectively), as well as in additional datasets from van de Vijver
et al. [28] and Chin et al. [26] (panels III and IV, respectively), which were not used to define
the signatures. Red bold denotes a significant number of assignments of an actual class within
a predicted class (p < = 0.002, one-sided Fisher’s exact).
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Figure 3.
ER+/PR− tumors as defined by gene signatures associate with the luminal B breast cancer
molecular subtype. (A) Confusion matrix for the tumor profile dataset from Sorlie et al. [25],
comparing subtype assignments using the ER+/PR+ and ER−/PR− gene signatures with the
molecular profile subtypes as defined previously by unsupervised analysis. Red bold denotes
a significant number of subtype assignments by the gene classifier of Fig. 2a within one of the
Sorlie molecular subtypes (P < 0.001, one-sided Fisher’s exact). (B) Confusion matrix for the
profile dataset from Hoadley et al. [36]. (C) Heat map of the ER+/PR+ and ER−/PR− gene
signatures (100 and 570 genes represented, respectively) in the Sorlie tumor profile dataset
(gray: missing data values)
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Figure 4.
Patients with ER+/PR− breast tumors as defined by gene expression profiling rather than by
clinical assay alone tend to have poorer prognosis. Kaplan-Meier analysis of breast cancer
patients stratified by ER+/PR+, ER+/PR−, and ER−PR−, where the status was determined by
either clinical assay (left panels) or gene classifer (right panels). Profile datasets from Wang
(A), Miller (B), and van de Vijver (both all tumors (C), and the subset of tumors that did not
receive either hormone therapy or chemotherapy (D), are considered). Log-rank statistic p-
values evaluate whether there are significant differences in time to poor outcome event between
any of the three groups. For Wang and van de Vijver datasets, measured outcome is distant-
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metastasis-free survival; for Miller dataset, outcome is disease-specific survival. N, number of
patients.
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Figure 5.
ER+/PR− tumors as defined by gene expression profiling tend to have poorer prognosis in ER
+ breast cancer patients receiving tamoxifen hormone monotherapy. Kaplan-Meier analysis of
ER+ patients in dataset from Loi et al. [37] stratified by ER+/PR+ and ER+/PR−, where the
status was determined by either clinical assay (D) or gene expression profiling (A,B,C,E). For
gene classifier-based separation, all patients (A), the subset of patients for which clinical ER
and PR status was available (E), and the subset of patients treated with tamoxifen (B) were
considered. Outcome is disease-free survival. N, number of patients. P-values by log-rank
statistic.
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Figure 6.
DNA copy number alterations (CNAs) in ER+/PR− breast tumors. (A) Heat map representation
of CNA in the Chin tumors within chromosomes 11, 12, 17, and 22. DNA probes are ordered
by genome location. Tumors are separated into ER+/PR+, ER+/PR−, and ER−/PR− as defined
by gene classifier (see Figure 2A); histology-based ER and PR status are indicated, as well as
RNA expression for ER, PR, and HER2. (B) Plot of the standard deviations from normal control
across all of the DNA probes for each tumor profile. The ordering of the tumors corresponds
to that of part (A). (C) Box plot of the number of DNA probes showing gain or loss of 1.5
times the control among the three tumor groups (as defined by gene classifier), based on 89
DNA copy number profiles from Chin et al. [26].
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Figure 7.
A gene signature of oncogenic pathway PI3K/Akt/mTOR is manifested in ER+/PR− tumors.
Heat map of 670 transcripts more highly expressed in ER+/PR− over ER+/PR+ tumors in both
the Wang and Miller datasets (p < 0.01 in each, using the gene signature-based rather than the
clinically-based assignments). Alongside the patterns of the clinical breast tumor data are the
corresponding expression patterns in a compendium of expression profiles from cell lines
treated with 164 different small molecule inhibitors (the “Connectivity Map,” or CMap, from
Lamb et al. [42]). Profiles in CMap of cells treated with PI3K inhibitors LY-294002 and
wortmannin and the mTOR inhibitor rapamyacin are highlighted.
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