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A B S T R A C T

Purpose
Recent misclassification (false negative) incidents have raised awareness concerning limitations of
immunohistochemistry (IHC) in assessment of estrogen receptor (ER) in breast cancer. Here we
define a new method for standardization of ER measurement and then examine both change in
percentage and threshold of intensity (immunoreactivity) to assess sources for test discordance.

Methods
An assay was developed to quantify ER by using a control tissue microarray (TMA) and a series of
cell lines in which ER immunoreactivity was analyzed by quantitative immunoblotting in parallel
with the automated quantitative analysis (AQUA) method of quantitative immunofluorescence
(QIF). The assay was used to assess the ER protein expression threshold in two independent
retrospective cohorts from Yale and was compared with traditional methods.

Results
Two methods of analysis showed that change in percentage of positive cells from 10% to 1% did
not significantly affect the overall number of ER-positive patients. The standardized assay for ER
on two Yale TMA cohorts showed that 67.9% and 82.5% of the patients were above the 2-pg/�g
immunoreactivity threshold. We found 9.1% and 19.7% of the patients to be QIF-positive/IHC-
negative, and 4.0% and 0.4% to be QIF-negative/IHC-positive for a total of 13.1% and 20.1%
discrepant cases when compared with pathologists’ judgment of threshold. Assessment of
survival for both cohorts showed that patients who were QIF-positive/pathologist-negative had
outcomes similar to those of patients who had positive results for both assays.

Conclusion
Assessment of intensity threshold by using a quantitative, standardized assay on two independent
cohorts suggests discordance in the 10% to 20% range with current IHC methods, in which
patients with discrepant results have prognostic outcomes similar to ER-positive patients with
concordant results.

J Clin Oncol 29. © 2011 by American Society of Clinical Oncology

INTRODUCTION

It is widely recognized that the immunohistochem-
istry (IHC) test has significant limitations in accu-
racy because of a wide range of variables.1 These
issues were highlighted by a recent incident in Can-
ada that revealed a 40% misclassification rate be-
tween local and central laboratories2 and raised
urgent awareness of the limitations of estrogen re-
ceptor (ER) measurement.3-6 To address this issue,
the American Society of Clinical Oncology/College
of American Pathologists (ASCO/CAP) convened

an expert panel that ultimately issued a series of
guidelines.7 Most significantly, the guidelines low-
ered the standard for ER positivity from 10% posi-
tive nuclei to 1% positive nuclei, but they did not
address the issue of intensity or threshold (that is,
what actually constitutes a “positive” nucleus). They
define positivity as “immunoreactivity… in the
presence of expected reactivity of internal (normal
epithelial elements) and external controls.”

Although these guidelines may represent the
state of the art for assessment of immunoreactivity,
they lack a mechanism for universal standardization.
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Since the amount of ER is scored qualitatively by eye, there is variabil-
ity and lack of reproducibility between pathologists. Different labora-
tories use different antibodies, reagents, and protocols to prepare ER
slides for interpretation. To compound the problem, there has been a
broad shift to core biopsy over the last few years, so specimens are
commonly too small to have normal epithelial elements on the same
slide. Here we describe a potential method for standardization of ER
measurement on a slide. We use quantitative immunofluorescence
(QIF), now commercialized as automated quantitative analysis
(AQUA) technology (HistoRx, New Haven, CT). This method calcu-
lates marker expression on a continuous scale by using pixel inten-
sity and is shown to be widely applicable for biomarker analysis.8-14

Previous measurements of ER by AQUA have correlated well with
IHC analysis on tissue from two large clinical trials and have also
predicted response to tamoxifen.15,16

In an attempt to both quantify and standardize the measurement
of ER in patient tissue, we first sought to define an ER cut point with
biologic and clinical relevance. This was done by using a control
(index) tissue microarray (TMA) containing 40 patient controls
alongside a panel of cell lines (prepared as tissue and built onto the
TMA). This index array was used as a standard and was stained
alongside every cohort that was assessed for ER to allow reproducible
selection of the threshold for positivity. Finally, we used this standard-
ized assay on two independent archival Yale cohorts to estimate the
level of discordance as a function of intensity threshold (rather than
percent positive) in sample populations.

METHODS

Details regarding all methods are provided in the Appendix (online only).

Cell Line Panel and Culture

A panel of American Type Culture Collection (ATCC) breast cancer
cell lines was chosen to span a range of ER expression. We also included
Puro9 cells (MCF-7 cells with tetracycline-inducible ER-� overexpres-
sion),17 maintained as six separate cultures (treated with 0, 0.01, 0.1, 0.5, 1,
and 5 mg/mL doxycycline).

Quantitative Immunoblotting

The amount of ER was quantified as a concentration (picograms of ER
per microgram of total protein) for each cell line, by using 1D5 antibody
(DAKO, Copenhagen, Denmark).

Immunofluorescent Staining

TMAs were stained for 4,6-diamidino-2-phenylindole (DAPI), cytoker-
atin, and ER (1D5 antibody) by using a standard protocol developed in our
laboratory. IHC assessment of ER was performed by two board-certified
pathologists at Yale (M.H. and D.L.R.) or at The Cancer Institute of New Jersey
who used the 1D5 antibody and standard IHC methods (new 1% cutoff
guidelines for YTMA 49 and 10% cutoff for YTMA 130). These IHC assess-
ments were performed on the same TMAs used for analysis by the AQUA assay
and used the same core from each patient.

AQUA Analysis

ER immunofluoresence (IF) was quantified in tumor nuclei by using
AQUA technology, which was previously developed in our laboratory.

Patient Cohorts

Two large cohorts of archival breast cancer samples from Yale were used:
YTMA 49 (patients diagnosed from 1962 to 1982; n � 619) and YTMA 130
(patients diagnosed from 1976 to 2005; n � 390). Tissues were collected in
accordance with consent guidelines in protocol 8219 issued to D.L. Rimm
from the Yale Human Investigation Committee (institutional review board).

Clinicopathologic characteristics of both cohorts are found in Appendix Table
A1 (online only).

Statistical Analysis

All analyses were performed by using the StatView software platform
(SAS Institute, Cary, NC). Box plots, analysis of variance (ANOVA) tests, and
Kaplan-Meier survival analyses were performed on each cohort (disease-free
survival [DFS]or recurrence-free survival [RFS]), and statistical significance
was assessed by using the log-rank test.

RESULTS

Assessment of Discordance As a Function of the

Change From 10% to 1% Immunoreactive Cells

Although it has been a relatively short time since our institution
has adopted the new ASCO/CAP guidelines for percent positivity, we
have a sufficient volume of patient data to address the effect on ER-
positive classification. By using a custom-designed retrospective
search of the Yale Copath database, we determined the percentage of
total patients called ER-positive by the 10% standard for each year
since 2000. We then compared this number to the percentage of
patients called positive since April 2010 (when the 1% standard came
into effect). By using �2 analysis, we determined that there is not a
significant difference in the percentage of patients who are called
positive when using the adopted 1% standard compared with using
the 10% standard when performing pairwise comparison of patient
samples read in 2010 according to the new standard with those of any
previous year (Table 1).

To test this difference in an experimental setting, three observers
(two pathologists and one student) scored the conventionally stained
TMA according to the new ASCO/CAP guidelines, including both an
intensity score and a percentage score. There is almost no difference
(approximately 1% of cases) in the percentage of cases called ER
positive using the 10% or 1% cutoff (Table 2).

Table 1. Number of Patients With Invasive Breast Carcinoma Diagnosed
As ER Positive at Yale-New Haven Hospital From 2000 to 2010

Year

Patients With Invasive
Carcinoma

�2 P for
Pairwise Comparison

With 2010 Data
No. With

ER Results

ER-Positive
Results

No. %

2000 246 189 76.83 .29
2001 268 212 79.10 .60
2002 264 196 74.24 .09
2003 298 226 75.84 .18
2004 332 266 80.12 .79
2005 455 342 75.16 .11
2006 491 406 82.69 .64
2007 497 395 79.48 .64
2008 502 411 81.87 .82
2009 550 450 81.82 .83
From April 2010 180 146 81.11 —

NOTE. Data from 2010 includes only April 1 through August 31. Note that
over the last 10 years there has been a statistically significant trend toward
increase in ER in the population seen at Yale (Mantel-Haenszel �2 P � .0036).

Abbreviation: ER, estrogen receptor.
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Development of an Immunoblot-Standardized Method

for Quantification of ER

To allow reproducible and quantitative selection of an ER cut
point, we sought to create a control array (which we call the index
TMA) that would serve as a standard curve for ER expression and
include both a panel of cell lines (prepared as patient tissue) and 40
patient controls. The goal of using a panel of cell lines was to perform
quantitative western blotting (provides ER measurement as a concen-
tration) in parallel with quantitative IF (provides ER measurement as
an AQUA score) to create a conversion from AQUA scores to concen-
trations that could be applied to the 40 patient controls.

For the cell line panel, we chose ATCC breast cancer cell lines
representing the range of ER levels. To expand the ER dynamic range
so it more closely mirrored that seen in patients, we used MCF-7 cells
stably transfected with a tetracycline-inducible ER overexpression sys-
tem (cultured at 0, 0.01, 0.1, 0.5, 1, and 5 mg/mL doxycycline) as
previously described.17 ER was measured in this panel of cell lines by
quantitative western blot (Fig 1A) alongside a standard curve of re-
combinant ER to determine absolute concentration of ER in pico-
grams per microgram of total protein. Cell lines were also prepared as
tissue (pelleted, formalin-fixed, paraffin-embedded, and cored) and
placed on the index TMA alongside 40 patient controls for quantita-
tive IF analysis by AQUA (scores shown in Fig 1B). The same ER
antibody (1D5) was used for both western blot and IF analysis. Com-
bining the AQUA and quantitative ER determination from select cell
lines, absolute concentrations of ER (in picograms per microgram)
were correlated with ER AQUA scores, and the regression (Fig 1C) was
used to determine concentrations of ER (picograms per microgram)
from AQUA scores in the cell line panel. Known ER expression in
these cell lines allowed us to determine the cut point between the
highest ER-negative cell line and the lowest ER-positive cell line to be
2 pg/�g.

This cut point was applied to the panel of 40 patient controls on
the index TMA, whose ER concentrations (picograms per micro-
gram) were calculated from their AQUA scores using the same regres-
sion (Fig 1C). There was one patient who did not have sufficient tissue
for AQUA analysis, and thus the final panel consisted of 39 patient
controls (Fig 1D). We further validated this threshold of 2 pg/�g by
eye, contracting the dynamic range of the grayscale image (adjusted
maximum red-green-blue [RGB] input level from 255 to 16 by using
Adobe Photoshop) to visualize low levels of specific nuclear staining as

well as nonspecific background. Corresponding images for the highest
negative control case (blue arrow in Fig 1D) and the lowest positive
control case (gold arrow in Fig 1D) are shown in Figure 1E.

This index TMA is incorporated as a key component of the ER
AQUA assay and is stained as a control in every experiment to deter-
mine a cut point and to standardize scores between users, machines,
and sites. It is assessed for reproducibility with each staining run and,
over the course of eight individual runs, has displayed an average
coefficient of determination (r2) of 0.902 (r � 0.950).

Comparison of ER Quantification by QIF Versus

Pathologist Review

To determine the effects of a standardized threshold compared
with current standard methods, we used our assay to measure ER on
two independent retrospective breast cancer cohorts from Yale. For
each cohort, ER status was determined using the standardized assay
described in Figure 1 (using the index TMA) and compared with ER
status as determined by IHC review (read by two independent pathol-
ogists; 0 is negative and 1-3 is positive). The first cohort (YTMA 49) is
a retrospective collection from Yale consisting of 619 patients, with
median follow-up time of 104.1 months (clinicopathologic character-
istics are provided in Appendix Table A1). Because of TMA exhaus-
tion, valid data for ER expression at two-fold redundancy were
obtained on 280 patients. We saw a high overall concordance between
the QIF assay and IHC review (Appendix Fig A1A, online only). Of a
total of 252 patients, 33 (13.4%) had discordant results and 23 (9.1%)
were ER positive by QIF analysis and ER negative by IHC review
(QIF-positive/IHC-negative; Table 3).

Quantification of ER revealed a unimodal distribution with
67.9% of cases above the 2-pg/�g threshold which were thus defined
as positive (Fig 2A). The distribution of discordant cases showed that
many of them fell around the 2-pg/�g threshold (Fig 2A), as expected.
To examine the significance of this discordance with respect to patient
prognosis, we performed Kaplan-Meier survival analysis by using DFS
as an end point. Stratifying patients by using both methods of ER
analysis (Fig 2B), we found that the patients with discrepant ER status
(ER-positive by QIF; ER-negative by IHC) displayed survival behavior
that aligned with that of patients who were ER positive by both assays
(QIF-positive/IHC-positive). To further validate the 2-pg/�g thresh-
old on this cohort, we visually examined images of ER QIF staining for
patient samples that fell on either side of the cut point (Fig 2C). We
confirmed specific nuclear staining seen above the threshold at 4.5
pg/�g, in contrast to low levels of nonspecific background seen below
the threshold at 0 pg/�g.

The second cohort (YTMA 130) is a newer retrospective collec-
tion from Yale consisting of 390 patients, 49% of whom had received
tamoxifen, with a median follow-up time of 80 months (clinicopath-
ologic characteristics are described in Appendix Table A1). Of these,
234 patients had valid data on ER status by the QIF assay. Again we
saw a strong correlation between IHC review and QIF analysis
(Appendix Fig A1B), but a total of 47 patients (20.1%) still had
discordant results, with 98% (46 of 47) of patients being QIF-
positive/IHC-negative (Table 3). Representative AQUA/IF images
of ER staining for each of these classifications are shown in Appen-
dix Figure A1C, confirming specific nuclear staining in patients
considered positive by QIF analysis but negative by IHC review.
Similarly, we saw nonspecific background staining in patients who
were classified as QIF-negative/IHC-positive.

Table 2. Number of Patients With Invasive Breast Carcinoma Scored
As ER Positive on YTMA 49

Scorer

Total No. of Patients
With Invasive Carcinoma

With ER Results

Patients Scored As ER Positive

Using 10%
Cutoff

Using 1%
Cutoff

No. % No. %

D.L.R. 526 312 59.31 318 60.46
M.H. 462 293 63.42 293 63.42
A.W.W. 502 335 66.73 340 67.73

NOTE. Excluded patients could not be scored because of insufficient tumor,
infiltration, or out-of-focus tissue. D.L.R. and M.H. are board-certified pathol-
ogists; A.W.W. is a graduate student in pathology.

Abbreviations: ER, estrogen receptor; YTMA 49, Yale tissue microar-
ray �cohort�.
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Quantification of ER on this cohort revealed a unimodal distri-
bution with 82.5% of cases above the 2-pg/�g threshold (Fig 3A).
Examining the distribution of discordant cases again showed that
many were around the threshold, but some were also at the high range
of expression. Kaplan-Meier analysis was performed by using RFS
instead of DFS because data on patient recurrence was available on this
cohort and also because tamoxifen treatment reduced the overall

number of deaths. Stratification of patients by using both methods of
ER analysis (Fig 3B) showed that the patients with discordant ER
status (QIF-positive/IHC-negative) displayed survival behavior that
was similar to that of the double ER-positive population. As we did previ-
ously, we visually validated the 2-pg/�g AQUA threshold on patients on
eithersideofthecutpoint(Fig3C),confirmingspecificnuclearstainingat
3.8 pg/�g but nothing specific detectable at 0.4 pg/�g.
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Fig 1. Method for quantification of estrogen receptor (ER) using an immunoblot-standardized automated quantitative analysis (AQUA) assay. (A) ER was measured
in a panel of cell line controls by western blot (1D5 antibody; DAKO, Copenhagen, Denmark) alongside a standard curve of recombinant ER (rER) to determine absolute
concentration in picograms per microgram of total protein. Cell lines included Puro9 cells, which are MCF-7 cells with doxycycline-induced overexpression of ER (0,
0.01, 0.1, 0.5, 1, and 5 mg/mL doxycycline). Cell lines were also pelleted, cored, and placed on the index tissue microarray for immunofluoresence and AQUA analysis.
(B) Absolute concentrations of ER (picograms per microgram) were correlated to ER expression by immunofluoresence (AQUA score using 1D5), and the regression
(C) was used to convert AQUA scores to concentrations of ER (picograms per microgram) in the set of patient controls present on the same index tissue microarray;
(D) shows picograms per microgram distribution. Immunofluorescent AQUA images of ER in the highest negative control case (blue arrow) and the lowest positive
control case (gold arrow) are also shown in (E) to validate the cut point. Cytokeratin (CK) was used as a mask to define regions of tumor. For ER, we contracted the
dynamic range of the grayscale image (adjusted maximum red-green-blue input level from 255 to 16 by using Adobe Photoshop) to visualize low levels of specific
nuclear staining as well as nonspecific background. DAPI, 4,6-diamidino-2-phenylindole.
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DISCUSSION

The two key findings of this study are (1) that the threshold of immu-
noreactivity appears to be more important that the percentage positive
in generation of discordant or false-negative assays and (2) that the
standardization method by using the QIF assay appears to be more

sensitive than the traditional IHC assay, even though the same
antibody is used for detection of ER (1D5). In support of the first
finding, although some pathologists report calling more cases pos-
itive as a result of the change in the guidelines, the two data
collections examined in this study suggest that false negatives, like
those reported in the Canadian incident,2 are unlikely to be due to
percentage-positive issues.

False-negative cases may be a significant problem at other sites
around the world as well. Recently presented data on the ER
false-negative rate in the Breast International Group 1-98 (BIG
1-98) population and Adjuvant Lapatinib and/or Trastuzumab
Treatment Optimisation (ALTTO) trial also suggested that be-
tween 15% and 20% of case analyses performed in local laborato-
ries may be falsely assigned a negative score. Other studies in the
United States have much more modest disagreement between cen-
tralized versus local laboratories,18,19 but essentially no laborato-
ries in the United States or elsewhere use a standard curve to assess
the ER detection threshold. The current standard in most labora-
tories is to use a single strongly positive example case as a control
for stainer runs. Other laboratories rely on intrinsic controls pro-
vided by adjacent normal ducts. Neither of these methods specifi-
cally assesses the threshold of positivity.

Table 3. Comparison of ER Status by IHC Review Versus AQUA Assay for
YTMA 49 and YTMA 130

ER Status
YTMA 49

(1962-1982)
YTMA 130
(1976-2005)AQUA (positive �

2 pg/�g; negative
� 2 pg/�g)

IHC Review
(positive � 1-3,
negative � 0) No. % No. %

Positive Positive 148 58.7 147 62.8
Positive Negative 23 9.1 46 19.7
Negative Positive 10 4.0 1 0.4
Negative Negative 71 28.2 40 17.1
Total 252 234

Abbreviations: ER, estrogen receptor; IHC, immunohistochemistry; AQUA,
automated quantitative analysis; YTMA, Yale tissue microarray �cohort�.
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Fig 2. Discordant classification of estrogen receptor (ER) status in YTMA 49 cohort. (A) ER status was determined by immunofluorescence and automated quantitative
analysis (AQUA) in Yale retrospective breast cancer cohort YTMA 49 (diagnosed between 1962 and 1982; clinicopathologic characteristics provided in Appendix Table
A1) and compared with ER status as determined by immunohistochemistry (IHC), read by two certified pathologists (M.H. and D.L.R.) using the current 1% positive
nuclei cutoff guidelines. Distribution of ER by AQUA (picograms per microgram standardized as illustrated in Fig 1) is shown in which each case is color coded in the
bar below, according to its ER status by both AQUA and IHC. (B) Kaplan-Meier curves show 10-year disease-free survival (DFS), in which patients are grouped according
to the classifications shown in (A). The AQUA-negative/IHC-positive group (n � 10) was excluded from survival analysis on account of small size and insufficient power.
(C) To confirm and further validate the AQUA cut point of 2 pg/�g in this cohort, representative immunofluorescence images of ER staining for patients on either side
of the cut point are shown (right panels). Cytokeratin (CK) was used as a mask to define regions of tumor (green, left panels). For ER, we contracted the dynamic range
of the grayscale image (adjusted maximum red-green-blue input level from 255 to 16 by using Adobe Photoshop) to visualize low levels of specific nuclear staining as
well as nonspecific background. DAPI, 4,6-diamidino-2-phenylindole.
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The second key finding of this study is that the use of a standard-
ized method results in a reproducible system for assessment of that
threshold. Furthermore, it reveals a threshold that by QIF appears to
be more sensitive than by traditional IHC. This may be due to the use
of the hematoxylin counterstain that, when applied too heavily, can
obscure faint staining, as has been previously described for other
tumors.20 Examples of two discordant cases that were QIF-positive/
IHC-negative are shown in Appendix Figure A2 (online only). Some
automated technologies claim to be able to “unmix” the colors, and
they may have similar capacity and sensitivity. However, to the best of
our knowledge, a head-to-head comparison has not yet been done.

There are several limitations in the conclusions that can be drawn
from this study. Perhaps the most important is that we are unable to
determine ground truth for ER status. Although we can assess test
discordance and compare discordant cases to concordant cases with
respect to survival, we have no absolute way of determining the true
ER expression status of each patient. The best method to adjudicate
this would be response to endocrine therapy. That information is not
available for this study, although studies are planned to test this assay
in clinical trial specimens in which that information is available.

The assay we developed represents our best attempt to accurately
measure ER protein in tissue, but any assay can only measure protein
that is present on the slide. Preanalytic factors, most significantly cold

ischemic time, can decrease the amount of ER epitope present on the
slide and may account for some level of misclassification in the clinical
setting.1 However, in this study, both assays were performed on the
same tissue specimens; thus, preanalytic variation is unlikely to con-
tribute to the observed discordance. Another limitation of this study is
that the cohort analyses were done on TMAs rather than on whole
sections as used in the clinical setting. Although TMAs have been
shown to be representative, they may have a limitation with respect to
assessment of sufficient area. TMAs may also have a limitation in that
the heterogeneity seen in a tissue section is unlikely to be completely
represented in a TMA. In cases of discordance distant from the thresh-
old, the cause could be tumor heterogeneity.

In this study, our goal was to derive a biologically relevant cut
point and a method of standardization that could be used in clinical
laboratories. Using cell lines allowed us to convert patient ER expres-
sion to an absolute concentration within a field of view. An absolute
concentration, along with a confidence interval for measurement, is a
standard readout for many laboratory tests based on fluid specimens,
and thus it is a reasonable goal for ER. The use of cell lines may be a
good future universal standard. However, we have found that, even if
authenticated, cell line expression can vary as a function of confluence,
passage number, and other variables that are yet to be determined.
Studies are underway in the laboratory to develop alternative universal

DAPI
CK

DAPI
CK

ER = 0.4 pg/µg  

ER = 3.8 pg/µg  

P 1 = .053
P 2 = .025

P 1 P 2

A

B

C
ER

 p
g/

µg
700

600

500

400

300

100

200

0

0

10
-Y

ea
r R

FS
 (p

ro
ba

bi
lit

y)

Time to Recurrence (months)

1.0

0.8

0.6

0.4

0.2

20 40 60 80 100 120

AQUA positive/IHC negative
Double negative
Double positive

19.7% AQUA positive/IHC negative (n = 46)
0.4% AQUA negative/IHC positive (n = 1)
Double negative (n = 40)
Double positive (n = 147)

2 pg/µg

Fig 3. Discordant classification of estrogen receptor (ER) status in the YTMA 130 cohort. (A) ER status was determined by immunofluorescence and automated quantitative
analysis (AQUA) in Yale retrospective breast cancer cohort YTMA 130 (diagnosed between 1976 and 2005; clinicopathologic characteristics in Appendix Table A1) and
compared with ER status as determined by immunohistochemistry (IHC) using the 10% positive nuclei cutoff guidelines. A distribution of ER by AQUA (picograms per
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standards. We believe the best current standard, even though it is not
perfect, can be derived from a set of control cases in conjunction with
a standardized set of cell lines. The index TMA in this article included
samples from 39 patients with a range of ER expression, represented
cases around the threshold, and showed strong run-to-run reproduc-
ibility (r � 0.9). It is a good example of a standard array that could be
processed with each stainer run to ensure reproducibility around the
ER threshold.

Overall, our results suggest that use of a standardized, quantita-
tive, IF-based assay could significantly improve the way ER status is
evaluated, overcoming the limitations of IHC by providing a method
for reproducible assessment of the threshold. Furthermore, they sug-
gest potential biologic relevance for low levels of ER expression and
reinforce our need to adopt a standardized assay that can discern this
subtle, but potentially important phenomenon. The AQUA method
for analysis of patients’ specimens has now be implemented by a
Clinical Laboratory Improvement Amendments (CLIA) laboratory in
an effort to offer a more accurate and reproducible test for ER, pro-
gesterone receptor, and human epidermal growth receptor factor 2
(HER2). Studies are now needed to confirm that using this test in
routine practice will result in improved patient outcome.
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Appendix

Methods

Cell line panel and culture. A panel of breast cancer cell lines (as well as a few non-breast controls) were chosen to span a range of
estrogen receptor (ER) expression, including A431, BT-20, BT-474, CHO, H 1666, H 2126, H 2279, HT 29, MCF-7, MDA-MB-175,
MDA-MB-231, MDA-MB-435S, MDA-MB-436, MDA-MB-468, SKBR3, SUM-159, T-47D, and ZR-75-1. All cells were maintained at
37°C and 5% CO2 and were grown either in suggested media or in RPMI 1640 culture medium (GIBCO, Grand Island, NY) supplemented
with 10% fetal bovine serum (Gemini Bioproducts, Calabasas, CA), 100 U/mL penicillin G, 100 �g/mL streptomycin (GIBCO), 1 mM
sodium pyruvate (GIBCO), and 2 mM L-GLUTAMINE (GIBCO).

We also used Puro9 cells (MCF-7 line engineered by Alarid Laboratory, Madison, WI, to overexpress a hemagglutinin [HA] -tagged
ER) to maximize the dynamic range, so it was more comparable with that seen in patients. This Puro9 system uses tetracycline-inducible
gene expression to alter ER-� levels. We maintained six separate cultures of Puro9 cells (treated with 0, 0.01, 0.1, 0.5, 1, and 5 mg/mL
doxycycline), all in a culture medium of high-glucose DMEM with phenol red and L-glutamine (GIBCO), supplemented with 10% fetal
bovine serum, 100 U/mL penicillin G, and 100 �g/mL streptomycin (GIBCO). Each dish was maintained in the presence of 0.5 �g/mL
puromycin (Sigma-Aldrich, St. Louis. MO) and 200 �g/mL G418 (Sigma-Aldrich) to ensure selection. To induce ER-HA, cells were
treated with doxycycline (Sigma-Aldrich) at the concentrations above for 48 hours prior to lysis or cell block preparation.

Quantitative immunoblotting. Whole-cell lysates were prepared in buffer containing 1% Nonidet P-40, 20 nM Tris HCl pH 8.0, 137
mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM NaVO3, and complete mini EDTA-free protease inhibitor
cocktail (Roche Biomedical Laboratories, Research Triangle Park, NC) in distilled water. Ten micrograms of each lysate was resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 4% to 12% Bis-Tris gel (NuPage, NuPage; Invitrogen,
Carlsbad, CA) by using NuPage 3-(N-morpholino)propanesulfonic acid (MOPS) SDS Running Buffer at 45 mA. On each gel, five
different dilutions (1, 2.5, 5, 7.5, and 10 ng) of recombinant ER-� (US Biological, Swampscott, MA) were also resolved to be used for
quantification. Resolved protein was transferred by using NuPage Transfer Buffer at 50 V for 2 hours. Western blotting was performed
according to standard procedures by using ER with mouse monoclonal 1D5 antibody (DAKO), diluted 1:500. �-tubulin (2146; Cell
Signaling Technology, Danvers, MA), diluted 1:4,000, was used as a loading control.

Bands were quantified with ImageJ software (National Institutes of Health) and normalized to �-tubulin. The area under the serum
concentration-time curve (as measured by ImageJ) versus nanograms of protein loaded for each concentration of recombinant ER was
plotted, and linear regression was fit to the linear portion of the curve. This equation was used to transform the normalized area under the
serum concentration-time curve for each cell line to an amount of ER (nanograms) and to calculate the concentration of ER in picograms
per microgram for each cell line by dividing raw amount (nanograms) by total protein loaded (10 �g). This cannot be done for the
ER-negative cell lines (those that are true negatives or those with ER levels below the limit of detection by western blotting).

Construction of tissue microarrays. Whole cell pellets (fixed in formalin, paraffin-embedded, and cored for a tissue microarray
[TMA]) were created from the above-mentioned cell line panel (detailed protocol available in Giltnane JM, et al: Arch Pathol Lab Med
132:1635-1647, 2008). The control TMA was constructed by using the cell line panel as well as an index of 40 patient controls (random
selection of patients with a range of ER expression).

Immunofluorescent staining. Slides were deparaffinized by melting at 60°C for 20 minutes, followed by soaking twice for 20 minutes
in xylene (JT Baker, Phillipsburg, NJ). Rehydration was performed twice in 100% ethanol for 1 minute, followed by 70% ethanol for 1
minute and tap water for 5 minutes. Antigen retrieval was performed in citrate buffer (3.84 g sodium citrate dihydrate in 2 L
double-distilled water, brought to pH 6.0 with 1 M citric acid) by using the PT module from LabVision (Thermo Scientific, Fremont, CA).
Endogenous peroxidases were blocked by 30-minute incubation in 2.5% hydrogen peroxide in methanol at room temperature (RT). After
washing, nonspecific antigens were blocked by incubation in 0.3% bovine serum albumin in Tris-buffered saline Tween-20 for 30 minutes
at RT in a humidity chamber. Rabbit cytokeratin (DAKO) was diluted 1:100 in block (bovine serum albumin in Tris-buffered saline
Tween-20) and was incubated overnight at 4 °C. ER antibody (1D5; DAKO) diluted 1:50 in block was incubated for 1 hour at RT, followed
by Alexa 546-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Invitrogen) diluted 1:100 in mouse EnVision reagent
(DAKO) for 1 hour at RT. The signal was amplified by using Cyanine 5 (Cy5)-tyramide (Perkin-Elmer, Norwalk, CT) at a dilution of 1:50
for 10 minutes at RT. Nuclei were stained by using 10 �g/mL 4,6-diamidino-2-phenylindole (DAPI; Molecular Probes) in block for 20
minutes at RT, and coverslips were mounted with Prolong mounting medium (ProLong Gold; Molecular Probes).

AQUA analysis. ER immunofluoresence was quantified by using automated quantitative analysis (AQUA). Briefly, a series of
high-resolution monochromatic images were captured by the PM-2000 microscope (HistoRx, New Haven, CT) by using AQUAsition 2.2
software (HistoRx). Images were collected for each histospot after autofocus and autoexposure. Fluorophores included DAPI (to create
nuclear compartment), Cy3 (Alexa 546-cytokeratin to distinguish tumor from stroma and create cytoplasmic compartment), and Cy5 for
the target (ER). Image analysis was performed by using AQUAnalysis 2.2 software (HistoRx), which binarizes the cytokeratin stain (each
pixel being “on” or “off”) to create an epithelial tumor mask. It uses a clustering algorithm to assign each pixel, with 95% confidence, to
either a nuclear or cytoplasmic compartment. The AQUA score of ER in each subcellular compartment (nuclear, cytoplasmic, and whole
tumor mask) is calculated by dividing the ER pixel intensities by the area of the compartment within which they were measured. AQUA
scores are normalized to the exposure time, bit depth, and lamp hours at which the images were captured, allowing scores collected at
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different exposure times to be directly comparable. AQUA scores for each case are converted to picograms per microgram of total protein
by using the methods described in Results.

Development of ER AQUA assay. Five cell lines (SKBR3, ZR751, MCF-7, Puro 0.01, and MB435) as well as one patient control could
not be scored by AQUA analysis; thus, the patient panel consisted of 39 patient controls as opposed to the original 40.

Patient cohorts. The AQUA assay was used to quantify ER protein expression in two large cohorts of archival breast cancer samples
from Yale: YTMA 49 (diagnosed between 1953 and 1983; n � 619) and YTMA 130 (diagnosed between 1976 and 2005; n � 389).
Clinicopathologic characteristics of both cohorts are found in Appendix Table A1. ER classification by AQUA was compared with
pathologic immunohistochemical (IHC) assessment of ER performed by two independent pathologists at Yale (YTMA 49 cohort) or at
The Cancer Institute of New Jersey (YTMA 130 cohort) by using conventional antibodies and IHC methods (in which 0 is negative and
1-3 is positive). These IHC assessments were done on the same TMAs used for analysis by the AQUA assay and thus used the same core
from each patient. The results of the IHC analysis are summarized in Appendix Table A1 and are also listed in Table 3 for the subset of
patients who had sufficient tissue for successful analysis by AQUA (280 patients in YTMA 49 and 234 patients in YTMA 130).

Statistical analysis. All analyses were performed by using the StatView software platform (SAS Institute, Cary, NC). Box plots and
analysis of variance (ANOVA) tests were performed to assess concordance between AQUA classification and pathologist classification.
Kaplan-Meier survival analyses were performed on each cohort (disease-free survival [DFS] or recurrence-free survival), stratifying
patients by both AQUA and pathologist ER status. We do not have reliable clinical information on patient recurrence in YTMA 49; thus,
we analyzed DFS in this cohort. Furthermore, since YTMA 130 was treated with tamoxifen, there were fewer deaths than in the YTMA 49
cohort, so recurrence-free survival was analyzed instead of DFS to increase the number of events and improve the statistical power of the
study. Statistical significance was assessed by using the log-rank test.

Table A1. Clinicopathologic Characteristics of YTMA 49 and YTMA 130 Cohorts

Characteristic

YTMA 49 Cohort YTMA 130 Cohort

No. % No. %

All patients 619 389
Age, years

� 50 164 26.5 129 33.2
� 50 443 71.6 249 64.0
Unknown 12 1.9 11 2.8

Nodal status
Positive 317 51.2 68 17.5
Negative 292 47.2 229 58.9
Unsampled/unknown 10 1.6 92 23.7

Tumor size, mm
� 2 272 43.9 269 69.2
2-5 196 31.7 77 19.8
� 5 95 15.3 4 1.0
Unknown 56 9.0 39 10.0

ER (IHC)
Positive (1-3) 331 53.5 220 56.6
Negative (0) 288 46.5 169 43.4
Unknown 0 0 0 0

PgR (IHC)
Positive (1-3) 302 48.8 37 9.5
Negative (0) 295 47.7 343 88.2
Unknown 22 3.6 9 2.3

HER2 (IHC)
Positive (2-3) 109 17.6 39 10.0
Negative (0-1) 495 80.0 337 86.6
Unknown 15 2.4 13 3.3

Follow-up, months
Median 104.1 97.0
Range 2.4-646.5 2-327

Abbreviations: YTMA, Yale tissue microarray �cohort�; ER, estrogen receptor; IHC, immunohistochemistry; PgR, progesterone receptor; HER2, human epithelial
growth factor receptor 2.
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Fig A1. Comparison of estrogen receptor (ER) quantification by automated quantitative analysis (AQUA) versus immunohistochemistry (IHC) review. In two separate
Yale breast cancer cohorts on tissue microarrays (YTMA 49 in panel A and YTMA 130 in panel B), ER status was determined by AQUA analysis (y-axis) and compared
with ER status as determined by IHC review (0 is negative and 1-3 is positive). Box and whisker plots are shown in which the edge of the box represents the 25th
and 75th percentile and the midline is the mean. The whiskers represent the 95th percentile and outliers are shown as spots. (C) Representative immunofluorescent
images of ER staining (high-magnification insets) for each AQUA/IHC classification. Low-magnification images are of cytokeratin, which was used to define tumor
regions (binary white mask, low-magnification inset). We purposely contracted the dynamic range of the grayscale image (adjusted maximum red-green-blue [RGB]
input level from 255 to 16 by using Adobe Photoshop) to visualize low levels of specific nuclear staining as well as nonspecific background.
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Fig A2. Representative images of two discordant cases that were considered automated quantitative analysis (AQUA) positive/immunohistochemistry (IHC) negative.
(A) and (B) show case 1, and (C) and (D) show case 2. Both cases were visualized by immunofluorescence (A and C) or by conventional diaminobenzidine (DAB) stain
with hematoxylin counterstain (B and D). CLIA, Clinical Laboratory Improvement Amendments; QIF, quantitative immunofluorescence.
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