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Abstract Primary breast carcinomas expressing both es-
trogen and progesterone receptors are most likely to
respond to tamoxifen therapy, especially in patients with
early-stage lesions. However, certain patients exhibit
clinicopathologic features suggesting good prognosis re-
lapse within 10 years, justifying a search for biomarkers
identifying patients at risk for recurrence. Nine candidate
genes associated with estrogen signaling were selected from
microarray studies and combined with those for conven-
tional biomarkers (ESR1, PGR, ERBB2). Expression of
this 12-gene subset was analyzed by RT-qPCR in frozen
tissue specimens from 60 early-stage, estrogen receptor
(ER)+/progestin receptor (PR)+ breast cancers from
patients treated with adjuvant tamoxifen. A multivariate
model was created by Cox regression using a training data
set and applied to an independent validation set. A five-
gene model was developed from the training set (n=36)
that exhibited significant correlations with both relapse-free
and overall survival. Applying this model to Kaplan–Meier
regression, patients were separated into low-risk (100%
relapse-free at 150 months) and high-risk (60% relapse-free
at 150 months) groups (P=0.03). When this model was
applied to the validation set (n=24), similar risk stratifica-
tion was achieved for both relapse-free and overall survival
(P=0.01 and 0.04, respectively). We developed a five-gene
model composed of PgR, BCL2, ERBB4 JM-a, RERG, and
CD34 that identified early-stage, ER+/PR+ breast cancers
in patients treated with tamoxifen that relapsed, although
they exhibited clinicopathologic features suggesting good

prognosis. Within this multivariate model, increased ex-
pression of PgR, ERBB4 JM-a, RERG, and CD34 was
associated with increased survival, while increased expres-
sion of BCL2 was associated with decreased survival.
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Introduction

Recognition of the role of estrogen and estrogen receptor
(ER) signaling in breast carcinoma development and
progression led to development of targeted endocrine
therapies for hormone-dependent breast cancers (e.g., [1]).
Tamoxifen, a widely used anti-estrogen therapy for primary
breast cancer, is classified as a selective ER modulator
(SERM) which acts by competitive antagonism of the
cognate ligand for the ER, resulting in inhibition of growth
and proliferation. Estrogen (ER) and progestin receptors
(PR) are biomarkers for breast cancer assessment of
response to anti-estrogen therapy (e.g., [2–5]). Currently,
patients treated with tamoxifen exhibit a response rate of
50–80% for breast cancers positive for ER and/or PR
compared to only 5–10% response for cancers not express-
ing detectable levels of either receptor protein [6, 7].

Increased expression of ER and PR proteins in human
breast cancers is also a weak predictor of disease-free
and overall survival (OS; e.g., [3–5, 8, 9]). In general,
patients with ER+/PR+ breast cancers exhibit better
prognosis than those with ER−/PR− status. Patients with
ER+/PR− and ER−/PR+ tumors usually exhibit interme-
diate prognosis with more significant differences observed
in later-stage breast cancers [10].
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Although ER status is the strongest predictor of tamoxifen
response, PR status independently predicts tamoxifen response
in both ER-positive [11] and ER-negative [7] cancers. Patients
with ER+/PR+ breast cancers are reported to exhibit higher
response rates than those with carcinomas positive for only
one of the receptors (e.g., [11–13]). For example, Bardou et al.
revealed significant differences in time to recurrence and
mortality as a function of ER/PR status in patients treated with
adjuvant tamoxifen, using data from 1,688 patients [12].
Compared to ER−/PR− cancers, relative risk reduction for
recurrence was 25% and 53% for ER+/PR− and ER+/PR+
cancers, respectively. It is evident ER status alone predicts
prognosis and response to endocrine therapy with less efficacy
than combined expression of ER and PR, indicating ER+/PR+
breast cancers represent a population most likely to respond to
tamoxifen therapy. However, 20–25% of tamoxifen-treated
patients within the ER+/PR+ cancer population exhibit a
recurrence within 10 years [1, 14, 15].

Commercial gene expression assays in the USA are
available, with the most widely used being OncotypeDx™
(Genomic Health, Inc.), designed to determine risk of
recurrence in tamoxifen-treated patients with ER-positive
breast cancers. OncotypeDx™ is a qPCR-based assay that
determines likelihood of recurrence (recurrence score)
using a 21-gene panel, containing 16 cancer-related genes
and five reference genes [16, 17]. For patients treated with
adjuvant tamoxifen, this assay significantly predicted those
at higher risk of recurrence [16]. While candidates for this
assay must have ER-positive breast cancers, there was no
regard for PR status in the validation studies. PR also was
not included in the molecular signature reported by Vendrell
et al. for predicting tamoxifen failure [18]. This represents a
potential drawback considering the importance for PR
status for both prognosis and tamoxifen response in ER-
positive breast cancers [7, 11, 12].

Our laboratory and Arcturus Applied Genomics (now
Molecular Devices) incorporated use of laser capture
microdissection (LCM) to procure pure populations of
breast carcinoma cells for microarray analyses of gene
expression [19, 20]. Global gene expression profiles,
analyzed by hierarchical clustering, revealed 200 over-
expressed genes distinguishing four molecular subtypes,
two of which were associated predominantly with ER-
positive breast carcinomas exhibiting distinct survival
characteristics [19]. The set of 200 candidate genes were
selected from our earlier studies of LCM-procured carci-
noma cells since these cells are the target for therapeutic
manipulations. However, the use of LCM collected specific
cell types only served as a discovery tool for our long-term
goal to define clinically relevant gene subsets, avoiding the
use of LCM in a routine gene expression test.

Since the focus of our study was hormone-dependent (i.e.,
ER+/PR+) breast cancers treated with tamoxifen which affects

ERE-dependent gene transcription, the list of genes within the
two ER-positive subtypes was examined for evidence of both
estrogen-dependent and ERE-dependent expression. Using
the web-based program ERTargetDB [21] and additional
literature review, we identified 16 genes from the two ER-
positive subtypes that also exhibited estrogen-responsive
gene expression. Additionally, there were 13 genes identified
within these two ER-positive subtypes of breast cancer that
exhibited known or candidate ERE sequences. Nine genes,
which appeared in each of the two lists, were selected for
qPCR analyses using total RNA from frozen breast cancer
biopsies. Expression of these genes was examined with that
of ESR1, PGR, and ERBB2 genes for conventional breast
cancer biomarkers, ER, PR, and HER2, respectively. While
LCM is a useful tool for global gene expression profiling
using microarray, it is impractical for use in a routine clinical
test of gene expression. Furthermore, techniques such as
qPCR, which focus on specific analytes, easily provide
clinically relevant information using intact tissue. For the
purposes of this study, sections of intact tissue specimens
exhibiting significant cancer cell content were used for the
qPCR analyses reported.

The population studied was composed of patients with
stages 1–2B cancers without distant metastasis present at
diagnosis, excluding those with advanced stage cancers.
The early-stage, ER+/PR+ breast carcinomas selected
represent a population that generally is considered to have
good prognosis [3, 4, 9, 22]. Using training (n=36) and
validation (n=24) populations, we identified a subset of
five estrogen-regulated genes in ER+/PR+, early-stage
breast cancers treated with adjuvant tamoxifen which
classify patients with high risk of recurrence that are
uncharacteristic of their clinicopathologic status.

Methods and Materials

Success of this investigation requires an accurate selection
of breast carcinomas in which levels of ER and PR were
quantified according to clinically accepted criteria (e.g., [4,
23, 24]). Furthermore, genomic analyses critical to our goal
must be performed on frozen tissue biopsies processed
under stringent conditions required in genomic studies
estimating labile macromolecules (e.g., [16, 17, 20]).

Specimen Selection

All tissue specimens and follow-up information were de-
identified and encoded in the Tumor Marker database
established by our laboratory, and no identifiers were available
in any part of this research according to Institutional Review
Board policies. Primary breast carcinoma tissue specimens,
collected between 1988 and 1997, were selected with
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associated ER/PR protein levels, quantified by radio-ligand
binding or enzyme immunoassays under highly controlled
conditions [2, 4, 23, 24]. All assays were performed within
the clinically licensed (CLIA-approved) Hormone Receptor
Laboratory, using FDA-approved reagents and protocols. For
study specimens, clinicopathologic and longitudinal data
were collected.

A qPCR dataset was created using tissue specimens with
associated clinical follow-up from 279 breast cancer patients in
order to determine the clinical relevance of expression of the
12 gene subset. Within this population, there were 60 female
patients meeting the criteria (i.e., ER+/PR+, stages 1–2 breast
cancers, treated with adjuvant tamoxifen) with frozen tissue
available that passed quality assessment standards described
below. This study population (Table 1) was selected with
adherence to REMARK guidelines [25]. For the patients
classified as relapse-free, only one patient had <50 months of
follow-up (31 months). Modified radical mastectomy was the
surgical therapy chosen for 56 cases, and partial mastectomy
(lumpectomy) was used for four cases with external beam
radiation therapy. All patients received adjuvant tamoxifen
therapy, although eight patients did receive additional
chemotherapy (Table 1). The analysis shown in Fig. 3 was
obtained from the entire dataset of 279 cases. This population
includes women with both ER-negative and late-stage breast
cancers.

Tissue Preparation

All tissue preparation was performed in a nuclease/protease-
free environment. Each de-identified tissue specimen was
collected according to stringent policies to preserve both
structural and molecular integrity [2, 4]. Residual tissue was
stored at −80°C in sterile, cryogenic vials prior to processing
on dry ice, embedding in cassettes containing Tissue Tek® O.
C.T.® compound (VWR Scientific, West Chester, PA, USA)
and immediately freezing in a dry ice/isopentane bath for 30–
60 s [20]. For RNA extraction, three to five 20-μm tissue
sections were placed into pre-chilled 1.5 ml microcentrifuge
tubes then stored on dry ice. For histology, 7-μm sections
were prepared on room-temperature charged microscope
slides and stored at −80°C until further processing.

Hematoxylin and Eosin Staining

Slides were transferred directly from −80°C to alcoholic
formalin (nine parts 70% ethanol in water, one part formalde-
hyde) for 5 min, then transferred to dH2O for 4 min with slight
agitation, followed by hematoxylin I (Fisher Scientific,
Pittsburgh, PA, USA) for 3 min and running water for
3 min. Slides were dipped in ammonium, rinsed in water,
then dipped in Eosin Y (Thermo Shandon, Pittsburgh, PA,
USA). Slides were dehydrated in 95% ethanol for 2 min,
100% ethanol for 3 min, and then xylenes for 6 min. After
drying for 10 min, a glass coverslip was applied with
Permount (Fisher Scientific). Slides were examined by light
microscopy, and cellular content (cancer cells, inflammatory
cells, stromal cells) was recorded for each specimen. Speci-
mens selected contained ≥40% carcinoma cells and ≤10%
inflammatory cells (predominantly lymphocytes).

RNA Isolation

Total RNAwas isolated by spin-column chromatography using
RNeasy™ (Qiagen, Valencia, CA, USA) reagents. Tissue
sections were mixed vigorously for 1 min in 350 μl RLT buffer
(1% β-mercaptoethanol), frozen on dry ice, then thawed, and
mixed again for 1 min. Column loading, washing, and RNA
elution were performed as per manufacturer’s protocol. Total
RNA was analyzed by electrophoresis using a Bioanalyzer™
(Agilent Technologies, Santa Clara, CA, USA). RNA integrity
was determined from the 18S/28S ratio and the RNA integrity
number (RIN) [26]. rRNA ratios of 1.5–2.0 and RIN values
≥7 generally indicate intact RNA. Specimens with poor
quality RNA were excluded from this study.

Reverse Transcription

Total RNA (100–500 ng in 10 μl) was combined with
166 ng random hexamers (Promega, Madison, WI, USA),

Table 1 Characteristics of tamoxifen-treated study population

Median age (range) 65 years (39–89+years)

Median observation
time (range)

81 months (11–154 months)

Race Caucasian 57 (95%)

African-American 2 (3.3%)

Unknown 1 (1.7%)

Histology Invasive ductal
carcinoma

49 (81.7%)

Invasive lobular
carcinoma

10 (16.7%)

Medullary
carcinoma

1 (1.7%)

Median tumor size (range) 24 mm (7–70 mm)

Stage 1 17 (28.3%)

2A 23 (38.3%)

2B 20 (33.3%)

Grade 1 9 (15%)

2 23 (38.3%)

3 16 (26.7%)

Unknown 12 (20%)

Lymph node status Negative 37 (61.7%)

Positive 23 (38.3%)

Recurrence status Yes 14 (23.3%)

No 46 (76.7%)

Adjuvant chemotherapy 8 (13.3%)
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10 nmol of dNTPs (Invitrogen, Carlsbad, CA, USA), and
nuclease-free H2O for a total volume of 13 μl. After
allowing primers to anneal for 5 min at 65°C, an enzyme
mix containing 1 μl SuperScript™ III reverse transcriptase,
4 μl 2× Master Mix (Invitrogen), 1 μl RNAsin™ RNAse
inhibitor (Promega), and 1 μl dithiothreitol was added.
Each reaction was incubated at 25°C for 5 min, followed by
55°C for 60 min, then 75°C for 15 min to prepare the
cDNA, which was stored at −20°C.

qPCR Analyses

Real-time PCR was performed using SYBR™ Green
detection (Applied Biosystems, Carlsbad, CA, USA).
cDNA was diluted 20-fold in 2 ng/μl polyinositol (Sigma,
St. Louis, MO, USA) and combined with 2× SYBR™
Green master mix for each 12 μl reaction containing
forward and reverse primers (300 nM final concentration).
PCR was performed using 40 cycles (58°C for 30 s, 72°C
for 30 s, then 95°C for 15 s). For each experiment, reactions
were completed in duplicate wells using the 7900HT
Sequence Detection System (Applied Biosystems). Using
β-actin as the reference gene (forward primer ATCCCC-
CAAAGTTCACAATG, reverse primer GTGGCTTTTAG-
GATGGCAAG), relative expression levels of each target
gene were determined by the ΔΔCt method [27]. Human
Universal Reference RNA (Stratagene, Santa Clara, CA,
USA) was analyzed by qPCR in parallel (500 ng per
reverse transcription reaction) as a calibrator in ΔΔCt
calculations. Experiments were performed in triplicate to
calculate a mean±standard deviation. Both no template and
RNA (no RT) reactions were used as negative controls.

Primers were designed using each gene sequence as a
template for the Primer Express™ (Applied Biosystems)
PCR primer selection tool. Based on previous observations
suggesting a clinical role for the protein product of the
ERBB4 JM-a splice variant (e.g., [28]), we developed
primers to measure specific expression of this splice variant.
Sequences used for each of the 13 genes were as follows:
ESR1 (forward—CCAAATTGTGTTTGATGGATTAA, re-
verse—GACAAAACCGAGTCACATCAGTAATAG), PGR
(forward—TCCTGGGAATGGGCTGTAC, reverse—
AAACTCGTGCATGCTGTGAAG), ERBB2 (forward—
AAAAGCGACCCATTCAGAGACT, reverse—AAAAAC
TAAACAGAAAAGCACTCTGTACAA), BCL2 (forward—
GCCCCAAAAGGAGAAGAACATC, reverse—TTCTG
CCCCTGCCAAATCT), CAXII (forward—CAGGCGCAA
CTCCTCCATT, reverse—GGTCGGTTCCTTCTCAGT-
CATG), ERBB4 JM-a (forward—GGCCATTCCACTTTAC
CACAA, reverse—CAGAATGAAGAGCCCACCAATT),
RERG (forward—CTCCAGGCAGGTTAGCACAGA, re-
verse primer AGGCAGAGCACTCGTAAAAAGC), CD34
(forward—CTCCAGAAACGGCCATTCAG, reverse—CCC

ACCTAGCCGAGTCA CAA), EDG1 (forward—CTCTTC
TGCACCACGGTCTTC, reverse—CTCCGAGTCCTGAC
CAAGGA), NQO1 (forward—GATTGGACCGAGCTG
GAAAAC, reverse—CAGCCGTCAGCTATTGTGGATA),
PTGDS (forward—AAATTCACCGCCTTCTGCAA, re-
verse—TGTTCCGTCATGCACTTATCG), and SDF1 (for-
ward—GGGAAATATTCCCTAGAAACTTCCA, reverse—
GAGTCCAGCGAGGTTGCAA).

Statistical Analyses

All qPCR data were log2-transformed before downstream
analyses. For all analyses, a P value of ≤0.05 was accepted
as statistically significant. Variance analyses (e.g., chi-
squared, Mann–Whitney, and Kruskal–Wallis), Cox regres-
sion, and graphical analyses (e.g., scatter plot, receiver
operating characteristic (ROC), and Kaplan–Meier regres-
sion) were performed using PASW Statistics 18.0 (SPSS,
Inc., Chicago, IL, USA) and GraphPad Prism™ 4 (Graph-
Pad, Inc., La Jolla, CA, USA). Cox regression analyses
were performed using both forward and backward condi-
tional selection methods. The multi-gene models obtained
by Cox regression were applied to the following
equation [29] to create an odds value for each case:
Odds=e^(B1X1+B2X2+….+BnXn), where B (beta) is a
coefficient calculated for each gene using the Cox
proportional hazards model and X is the log2-transformed
value of relative gene expression determine by qPCR.
Negative B coefficients indicate that decreased expression
is associated with decreased survival, which also corre-
sponds to hazard ratios <1. Lower odds values, which are
calculated for each patient, are associated with decreased
risk of recurrence/mortality. Cases were grouped accord-
ing to increasing odds values for categorical analyses
using Kaplan–Meier regression.

Results

A Five-Gene Model Was Generated Using qPCR Results
from the 12-Gene Subset

The study population was sorted randomly, then divided into a
training set (n=36) and a validation set (n=24). Significance
of expression of each of the 12 genes relative to relapse-free
survival (RFS) was determined by univariate Cox regression
relating qPCR results to clinical outcome in the training set.
None of the 12 candidate genes exhibited independent
associations with RFS in the study population (P>0.05).
Multivariate Cox regression was performed using both
forward conditional and backward conditional selection
[29]. Since expression of each gene did not exhibit an
independent association with RFS, forward selection did not
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reveal any clinically relevant candidates. However, backward
selection revealed five genes, whose collective expression
was associated with RFS (Table 2). Expression of four genes
(PgR, ERBB4 JM-a, RERG, and CD34) were positively
associated with RFS (hazard ratios <1.00). Expression of
BCL2, however, exhibited a negative impact on prediction of
RFS in this model. A higher absolute value of the B
coefficient gives more weight to that variable, making CD34
and BCL2 the most influential variables contributing to the
overall odds value for each case.

Prognostic Model is Associated with RFS and OS
in the Training Population

The B coefficients determined from the five-gene model
(Table 2) were applied to the equation described in
“Methods and Materials” section to obtain an odds value
for each case. Odds values were compared to recurrence
status of the training population using ROC analysis
(Fig. 1a) which calculates sensitivity and 1-specificity for
predicting relapse using each of the 36 data points as a
potential cutoff. This analysis provides an overall indication
of the power of the model for predicting relapse, as shown
by an area under the curve (AUC) value approaching 1
(Fig. 1a). Similar ROC analysis was performed for OS, in
which the AUC was 0.88 (95% confidence interval (CI)
0.77–0.99, P=0.01) indicating a similar power for predict-
ing OS. Mortality is defined as death due to breast
carcinoma.

Odds values obtained for cases in the training population
were also used for categorical comparisons by Kaplan–
Meier regression. Data sets were initially divided into
thirds, representing low-, intermediate-, and high-risk
groups with increasing odds values in each group, as
suggested by Paik et al. [16] and Sparano and Paik [17].
There was a progressive increase in incidence of breast
cancer recurrence for intermediate- and high-risk groups
(Fig. 1b) with the low-risk group remaining recurrence-free

at 150 months. The odds value cutoff separating low- and
intermediate-risk groups was also applied to the validation
set (described below), and the intermediate- and high-risk
groups were combined for comparison with the low-risk
group (Fig. 1c, d). There was significant separation between
clinical outcome of the two groups for RFS and OS. The
low-risk group remained recurrence-free at 150 months,
while approximately 55% of breast cancer patients in the
intermediate-/high-risk group remained recurrence-free at
150 months. The hazard ratios could not be determined
because there were no events in the low-risk group;
however, the logrank test was significant for both groups
(chi-squared of 4.93 and 4.11, respectively).

The Five-Gene Model Predicts RFS and OS
in the Validation Set

qPCR results from breast carcinoma specimens in the
validation set were applied to the equation described in
“Methods and Materials” section to obtain odds values for
each specimen. Odds values were then compared to
clinical outcome using both ROC and Kaplan–Meier
analyses (Fig. 2). ROC curve AUC values for both relapse
and mortality (Fig. 2a, b) were comparable to those
obtained in the training set (Fig. 1a). For categorical
analysis of survival probabilities, the same odds value
cutoff that separated low- and intermediate-risk groups in
the training set (6.6E−8) was applied to the validation set.
This cutoff value divided the validation set into low- and
high-risk groups (Fig. 2c, d). Although patients in the low-
risk group did not exhibit any relapse or mortality after
150 months of follow-up, approximately 50% of patients
in the high-risk group remained recurrence-free at
150 months.

There Are No Significant Differences in the Clinical
Parameters of Cases in the Low- and High-Risk Groups
Assigned to Either the Training or Validation Sets

Gene expression results from training and validation sets
provided significant separation of patients with different
clinical outcomes using the same odds value cutoff. For
each population, clinical parameters were compared
between low- and high-risk patient groups (Table 3).
Intermediate- and high-risk groups were combined in the
training set since this odds value cutoff was also applied to
the validation set. For grade, nodal status, and additional
therapies, chi-squared analysis was used to compare
groups. Age and tumor size were compared between
groups using the Mann–Whitney test. There were no
significant differences between risk groups regarding age,
nodal status, grade, tumor size, or additional chemother-
apy (Table 3).

Table 2 A five-gene model for predicting disease-free survival

Gene B Hazard ratio (95% CI) P

PGR −0.57 0.57 (0.35–0.92) 0.02

BCL2 1.98 7.27 (1.37–38.64) 0.02

ERBB4 JM-a −0.62 0.54 (0.27–1.05) 0.07

RERG −1.30 0.27 (0.06–1.20) 0.09

CD34 −2.42 0.09 (0.01–0.75) 0.03

Multivariate Cox regression was performed using the log2-trans-
formed data for relative gene expression as determined by qPCR in a
training set of 36 patients with ER+/PR+, early-stage primary breast
carcinomas who were treated with adjuvant tamoxifen
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Gene Expression of BCL2 Exhibits the Expected
Relationships in an Expanded Population

In the multivariate model, increased BCL2 expression was
associated with a negative clinical outcome, that suggest a
positive relationship with prognosis, which appears con-
trary to previous reports [30–32]. To confirm absence of
bias in the measurement of BCL2, qPCR results for BCL2
gene expression in each carcinoma specimen were com-
pared to ER status, grade, stage, and RFS in the entire
qPCR dataset (Fig. 3). As described earlier, this patient
population includes ER-negative and later-stage breast
cancers. The median level of BCL2 gene expression was
greater in ER-positive cancers compared to ER-negative
cancers, confirming previous reports [32]. Furthermore, the
median level of BCL2 expression was lower in higher-
grade and later-stage cancers. When the median of BCL2
expression levels of 279 specimens was applied as a cutoff,
increased BCL2 mRNA levels were associated with longer
RFS of breast cancer patients, in agreement with previous
reports [30–32]. Independently, BCL2 mRNA levels
exhibited the expected association with clinical parameters,
including RFS. The negative association between BCL2

gene expression breast cancers and RFS/OS was observed
only in the multivariate model developed using ER+/PR+,
early-stage breast cancers treated with adjuvant tamoxifen.
In our opinion, these results suggest the possibility of a
novel relationship between BCL2 and RFS in this ER+/PR+,
tamoxifen-treated population of breast cancer patients,
which may be explained in part by its biological interaction
with ERBB4.

Discussion

Following NCI conferences relating the presence of ER and
PR in breast cancer to clinical outcome [33], the NSABP
conducted clinical trials administering adjuvant tamoxifen
[23, 24]. After gathering biochemical and clinical data,
NSABP investigations demonstrated the relationship be-
tween clinical outcome of tamoxifen-treated breast cancer
and levels of either ER or PR in primary breast cancer
biopsies. Decades of studies (e.g., [1]) established that
while ER is a weak predictive index of prognosis, its
clinical utility is significant in predicting a breast cancer
patient’s response to tamoxifen administration.

Fig. 1 Prognostic significance of the five-gene model in the training
population. ROC analysis was utilized to compare the five-gene model
with RFS (a) in the training set (n=36). The AUC for RFS was 0.87
(95% CI 0.75–0.99, P=0.01). Patients were categorized on the basis of
their risk scores into low-, intermediate-, and high-risk groups (n=12
for each group) and RFS for each group compared using Kaplan–

Meier curves (b). Logrank test indicated significant separation among
groups (P=0.03) with a significant trend (P=0.01). Intermediate- and
high-risk groups were combined for Kaplan–Meier analyses of RFS
(c) and OS (d). Logrank test indicated significant differences in RFS
and OS for the low- and high-risk groups (P=0.03 and 0.04,
respectively)
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With widespread use of tamoxifen for ER-positive breast
cancers, it was recognized that a number of these patients
have breast cancers refractory to this therapy (e.g., [1, 14]).
In addition, PR expression is of clinical relevance (e.g.,
[12]), in that expression of only one of the sex-hormone
receptors is associated with increased risk of failing
tamoxifen therapy. The goal of our investigation was to
use gene expression profiling to identify a sub-population

of unresponsive breast cancer patients among those
considered to be the most likely to respond to tamoxifen,
i.e., women with early-stage, ER+/PR+ breast cancers. The
results of this study, while significant, warrant further
investigation in a larger retrospective study.

Using 12 candidate genes, we developed a five-gene
model for predicting recurrence in patients treated with
adjuvant tamoxifen for stages 1–2 breast cancers that are

Fig. 2 Prognostic significance of the five-gene model in the validation
population. ROC analyses were utilized to compare the five-gene model
with RFS (a) and OS (b) in the validation set (n=24). The AUC for RFS
was 0.82 (95% CI 0.65–0.99, P=0.03). The AUC for OS was 0.82
(95% CI 0.65–0.99, P=0.03). Patients were categorized by their risk

scores into low- and high-risk groups (n=12 for each group). RFS (c)
and OS (d) for each group were compared using Kaplan–Meier curves.
Logrank test indicated significant differences in both RFS and OS of
patients in low- and high-risk groups (P=0.01 and 0.04, respectively)

Training set (n=36) Validation set (n=24)

Low risk
(n=12)

Intermediate/high risk
(n=24)

P Low risk
(n=12)

High risk
(n=12)

P

Grade 1 2 3 0.62 3 1 0.33
2 3 11 3 6

3 2 9 3 2

Node-negative 9 16 0.37 8 4 0.10
Node-positive 3 8 4 8

Median age 61.5 67.0 0.84 65.5 58.5 0.16

Median tumor size 22.5 24.0 0.94 20.5 25.0 0.89

Chemotherapy 2/12 4/24 1.00 0/12 2/12 0.14

Table 3 Clinicopathologic char-
acteristics of patients in the
categorical groups as determined
by the five-gene model applied
to the training and validation
data sets
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ER+/PR+. In general, these patients are considered at low-
risk of recurrence [1, 10, 14]. It is proposed that collective
expression of this gene set composed of PgR, BCL2,
ERBB4 JM-a, RERG, and CD34 provides a molecular tool
for identifying patients at a high risk for breast cancer
recurrence. This gene expression model stratified the
training population according to RFS and OS with similar
significance observed using an independent patient popula-
tion for validation. Furthermore, focusing on a population
of early-stage breast cancers positive for both ER and PR is
an important distinction due to the prognostic significance
of PR expression in tamoxifen-treated patients. Patients
with these types of breast cancers are most likely to respond
to tamoxifen therapy, and the gene expression model we
describe identifies refractory breast cancers within this
group that would have otherwise been misclassified
according to standard clinical parameters.

Other investigators have reported gene expression profiles
in breast cancer from patients treated with tamoxifen (e.g.,
[16, 17]). A study by Kok et al. compared a number of gene
expression tests available using “an independent cohort of
(neo)adjuvant systemic treatment naïve breast cancer patients
treated with first-line tamoxifen for metastatic disease” [34].
Although they reported that there was a low concordance of
results among the three gene expression tests examined, in

that only 45–61% of patients were classified in the same
category, inclusion of gene signatures was recommended
with IHC assays of ER. Unlike our investigation, the report
from Kok et al. describes time to progression of tamoxifen-
naïve patients who have already had a metastasis, whereas
we examined a population of patients with early-stage
lesions given tamoxifen for their primary cancer. In
agreement, their investigation and ours incorporated PR
substantiating the importance of considering both estrogen
and progestin receptor levels when treating breast cancer
patients with tamoxifen in either the adjuvant setting or after
appearance of distant metastases.

Our multivariate analyses revealed expression of PgR,
ERBB4 JM-a, RERG, and CD34 in breast cancer was
positively associated with RFS. In contrast, increased BCL2
expression exhibited a negative association with RFS in this
model. BCL2 is a member of a family of pro- or anti-apoptotic
proteins that influence release of cytochrome c from mito-
chondria. Despite its anti-apoptotic function, BCL2 expres-
sion has been shown to have a positive association with breast
cancer prognosis (e.g., [30, 32]), low tumor grade, and ER
positivity (e.g., [32]). Callagy et al. [30] performed a meta-
analysis (5,892 total cases) and concluded absence of BCL2
protein expression in primary breast cancers was associated
with decreased RFS and OS. BCL2 gene expression was

Fig. 3 Relationships between BCL2 gene expression and clinico-
pathologic parameters of 279 primary breast carcinoma patients.
Median BCL2 gene expression was compared between ER-negative
and ER-positive breast cancers (a) by the Mann–Whitney test (P<
0.001). Similar comparisons were performed for tumor grade (b) and

stage (c) using the Kruskal–Wallis test (P<0.001 and P=0.001,
respectively). BCL2 expression was correlated with RFS by Kaplan–
Meier regression (d). Logrank test revealed a hazard ratio (95% CI) of
1.91 (1.17–3.09) for decreased BCL2 expression (P=0.001)
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also reported to be an independent prognostic marker for
breast cancer [31] and is included in the Oncotype Dx
platform (e.g., [16, 17]). Our results suggest we have
identified a novel relationship between BCL2 gene expres-
sion and clinical outcome in the context of this multivariate
model. In experimental models, tamoxifen appears to induce
cytochrome c release from mitochondria [35, 36] as well as
downregulate expression of BCL2 [37, 38]. When BCL2
expression is already decreased, these effects may be
enhanced by tamoxifen, which may explain the positive
clinical outcome (i.e., increased RFS and OS) associated
with decreased BCL2 expression in our multivariate model
for tamoxifen-treated patients. The clinical significance of
BCL2 expression in this model may also be related to the
expression of the other genes, including ERBB4.

ERBB4 is one of the four receptor proteins in the ErbB
receptor tyrosine kinase family. Characteristics of ERBB4 are
unique in that activity of one of its splice variants, JM-a,
encodes a 23 amino acid sequence that is susceptible to
proteolytic cleavage, allowing release of an intracellular
cytoplasmic domain (4ICD) [39]. In cultured breast cancer
cells, 4ICD appears to translocate into mitochondria and
promote apoptosis as a BH-3 only protein inhibiting anti-
apoptotic function of BCL2 [40]. Furthermore, a ER–ERBB4-
4ICD complex has been reported to influence transcription of
certain genes via an estrogen response element (ERE) half-
site, allowing for an autocrine mechanism increasing ERBB4
expression, as well as that of PgR [41]. Tamoxifen treatment
of breast cancer cells apparently disrupts the ER–4ICD
transcriptional coactivator complex and promotes activation
of intrinsic apoptotic signaling by 4ICD, thereby enhancing
BCL2 inhibition by ERBB4 [28]. Furthermore, 4ICD
expression has been reported as a possible protein biomarker
predicting breast cancer response to tamoxifen treatment [28].
The inhibitory effect of ERBB4 on BCL2 anti-apoptotic
activity (enhanced by tamoxifen treatment) may explain the
opposing relationships between their gene expression and
RFS/OS in this tamoxifen-treated population.

Ras-like estrogen-regulated growth inhibitor (RERG) is
a protein in the ras family with intrinsic GTP hydrolase
activity but lacks a prenylation signal causing cytoplasmic,
rather than membrane localization [42]. Finlin et al.
reported RERG gene expression was stimulated by estradi-
ol and inhibited by tamoxifen, indicating likely regulation
by ER alpha [42]. Using microarray analyses, they also
suggested RERG gene expression was associated with a
breast cancer subtype exhibiting low proliferation and ER
positivity. Similarly, we previously described RERG gene
expression in an ER-positive molecular subtype associated
with favorable clinical outcome [19]. The positive associ-
ation between RERG expression and RFS in our multivar-
iate model is consistent with results obtained in these
previous studies.

CD34 is a cell surface glycoprotein found on certain
hematopoietic stem cells with the capability of reconstitut-
ing all hematopoietic lineages [43]. The CD34 gene is
estrogen-responsive with a high-affinity ERE sequence
[44]. In breast cancer, CD34 expression is considered an
immunohistochemical marker of angiogenesis, apparently
correlating with decreased prognosis in patients not
receiving systemic therapy [45]. In our multivariate
analyses, CD34 gene expression had a positive association
with the clinical outcome of patients treated with adjuvant
tamoxifen. This clinical correlation may be explained by
the biological function of CD34 (i.e., increased angiogen-
esis) which could enhance drug delivery to the lesion.

Using qPCR measurements of gene expression, a five-
gene model was developed for assessment of prognosis in
ER+/PR+, early-stage breast cancers treated with adjuvant
tamoxifen. Collectively, these genes, each of which con-
tains a known or candidate ERE sequence in the 5′ flanking
region, appear to play roles in estrogen signaling pathways
critical for breast cancer progression and response to
endocrine therapy. Furthermore, there are direct biological
interactions of the protein products of ERBB4 JM-a with
those of BCL2 and PgR in breast cancer cells affecting
apoptosis, cell growth, and mechanisms of tamoxifen
response, which may be the molecular basis for the clinical
relevance of expression of these genes identified in the
multivariate model. Overall, this unique five-gene subset
classified tamoxifen-treated patients with early-stage, ER+/
PR + lesions who are at high risk for breast cancer
recurrence although their clinicopathologic features indicat-
ed a favorable outcome.
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